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ABSTRACT: Polymers featuring photolabile groups are the subject of intense research because they allow the alteration of
polymer properties simply by irradiation. In particular, the o-nitrobenzyl group (o-NB) is utilized frequently in polymer and
materials science. This Perspective pays particular attention to the increasing utilization of this chemical group in polymer
chemistry. It covers the use of (i) o-NB-based cross-linkers for photodegradable hydrogels, (ii) o-NB side chain functionalization
in (block) copolymers, (iii) o-NB side chain functionalization for thin film patterning, (iv) o-NB for self-assembled monolayers,
(v) photocleavable block copolymers, and (vi) photocleavable bioconjugates. We conclude with an outlook on new research
directions in this rapidly expanding area.

1. INTRODUCTION
Photolabile groups have been used extensively in synthetic
organic chemistry and have found numerous applications in
academia and industry. While organic synthesis engaged the use
of photolabile protecting groups as a tool for orthogonal
deprotection, the development of photoacid generators, which
act as H+ sources upon irradiation, and acid-sensitive photo-
resists have enabled the production of photosensitive materials
employed in the microelectronic1 and coatings industries.2

Bochet has previously summarized the various photolabile
groups that find intensive application in synthetic chemistry.3

Among the many photolabile groups that have been studied,
o-nitrobenzyl (o-NB) alcohol derivatives have gained tremendous
attention in the area of synthetic organic chemistry and beyond.
First described by Schofield and co-workers,4 the chemistry was
not widely recognized until Woodward and co-workers utilized
what has become one of the most popular photolabile protecting
groups.5 It is based on the photoisomerization of an o-nitrobenzyl
alcohol derivative into a corresponding o-nitrosobenzaldehyde
upon irraditation with UV light (Scheme 1), simultaneously
releasing a free carboxylic acid. This mechanism has been
investigated in detail, most recently by Wirz and co-workers.6,7

The photodeprotection of o-NB esters usually yields carboxylic
acids, accompanied by an o-nitrosobenzaldehyde.10 Frećhet and
co-workers demonstrated that the concept could be expanded to
yielding organic bases by employing o-nitrobenzyl carbarmates of
amines and diamines, which then result in the release of the
respective alkylamines.11 Logically, this chemistry was extended
to o-NB variants used for alcohol deprotection12 and peptide
deprotection.13 2-Nitrobenzylidene acetals have also been
utilized, releasing 1,2-dihydroxy compounds after photolysis
and subsequent ester hydrolysis.14 This chemistry has recently
been extended to an o-nitrobenzyl triazole linker, prepared by
the [2 + 3] Huisgen cycloaddition or “click” reaction of alkynes
and azides, releasing a free 1,2,3-triazole leaving group.15 Recent
developments have focused on the design of o-NB-based
protecting groups with a red-shifted absorption to allow photo-
lysis to occur using two-photon excitation techniques.16

Linkers and protecting groups based on o-NB chemistry can
usually be cleaved in minutes when exposed to 300−365 nm
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light, with times varying from several hours with a low-intensity
1.3 mW/cm2 365 nm source15 to 5 min or less when applying
light intensities of 20−40 mW/cm.2,17 Photocleavage efficiency
tends to improve when wavelengths near 300 nm are used, as
the o-NB linker itself displays an absorption maximum at or
near this wavelength.6 Studies have also shown that including
substitutents on the aromatic ring or at the benzyl position of
the linker can shift the photocleavage wavelength18 or prevent
the formation of photodimerized byproducts.19

Other advances in photocleavable junction structure and
application include o-NB thioxanthone derivatives, which act as
intramolecular sensitizers,20 and the 2-(2-nitrophenyl)-
propoxycarbonyl (NPPOC) photolabile protecting group,
which was developed to address possible issues with photo-
cleavage byproduct photodimerization.21−24 Its photocleavage
proceeds via a β-elimination mechanism, resulting in a styrenic
product that protects against the formation of the expected
o-nitrosobenzaldehyde. Other studies focused on the integra-
tion of an orthogonal photolysis of different photoprotecting
groups, e.g., 3′,5′-dimethoxybenzoin, in conjunction with o-NB
derivatives.3,25,26

The application of photolabile molecules, especially o-NB
derivatives, is not limited to organic synthesis as can be seen by
recent developments in biological applications of such photo-
labile compounds.27 Photoactivated bioagents, so-called
“caged compounds”, are an important tool for studying cell
signaling events.7 Consequently, reversible photoswitches have
also been investigated. As an example, Chang and co-workers
presented a “caged peroxide generator” based on photolysis of
an o-NB-protected 1,2,4-trihydroxybenzene. This linker can be
triggered on demand and was shown to produce H2O2 by
reducing molecular oxygen via a superoxide intermediate.28

Reviews by Heckel, Xing, Zhang, and their respective co-workers
have summarized the various applications of caged and light-
switchable small molecules (e.g., neuroactive amino acids,
steroid hormones, lipids, and cellular signaling molecules),
proteins, and nucleic acids.29−31

Recently, Katz and Burdick have reviewed developments in
the area of light-responsive biomaterials, which include the use
of the o-NB functionality.32 Besides its focus on biological
complexes, it represents the first summary of synthetic
polymers that contain o-NB moieties. Even though o-NB esters
have been investigated in polymer science since 1977,33,34 it has
not been until very recently that studies appeared that take full
advantage of this photolabile group in polymer and materials
science applications.

Within this Perspective, we focus on the incorporation of
o-NB-based photolabile groups in polymer materials. We pay
particular attention to the increasing utilization of this
chemical group in polymer chemistry in the past few years.
We cover the use of (i) o-NB-based cross-linkers for photo-
degradable hydrogels, (ii) o-NB side chain functionalization in
(block) copolymers, (iii) o-NB side chain functionalization for
thin film patterning, (iv) o-NB for self-assembled monolayers,
(v) photocleavable block copolymers, and (vi) photocleavable
bioconjugates, and we conclude with an outlook on this rapidly
expanding area.

2. O-NB-BASED CROSS-LINKERS FOR
PHOTODEGRADABLE HYDROGELS AND
NETWORKS

While research directions in biochemistry and biomaterials have
focused on “caged compounds”,31 the first breakthrough
applications of o-NB-based photolabile linkers in polymer
science have been achieved in the preparation of cross-linked
networks.35 Motivated by biological applications, the scientific
community has found these photodegrabable hydrogels to be of
great interest. For example, o-NB-based cross-linkers have been
used in the cross-linking of hydrophilic poly(ethylene gylcol)
chains, resulting in hydrogels which are commonly used as
scaffolds in tissue engineering and drug delivery. Torro and
co-workers reported a first example of model cross-linked
networks based on o-NB linkers in 2007.36 Their synthesis can
be summarized in two steps: First, a four-armed star polymer
containing o-NB linkers and terminal azides was prepared by
atom transfer radical polymerization (ATRP) of tert-butyl
acrylate followed by a simple postmodification of the terminal
bromide into azide. In the second step, cross-linking was
achieved by adding a bifunctional alkyne under copper(I)
catalysis conditions, resulting in the CuAAC formation of
1,2,3-triazole linkages. An alternative route used a bifunc-
tional o-NB linker and a tetrafunctional unit for the CuAAC
cross-linking reaction (Scheme 2). Further, they demon-
strated that a photodegradable four-arm star polymer with
terminal azides can be prepared by a one-pot CuAAC/ATRP
reaction. The insoluble network could be degraded to linear
polymers with a defined molecular weight by exposure to
UV light.
Similarly, Kasko and co-workers also used a cross-linking

system based on o-NB (Figure 1, upper).17 However, they
combined the efficient light degradable property of o-NB esters
with the biocompatibility of PEO, resulting in a photocleavable
hydrogel.37−39 This laid the foundation to trap living cells in the
hydrogels, which may be released upon irradiation with light in a
highly controlled manner (Figure 1a). Using two-photon
photolithography, 3D channels for the migration of cells can
successfully be obtained (Figure 1b). This “smart hydrogel”
takes advantage of o-NB-based cross-links and thus opens an
exciting application area for hydrogels.40,41 More recently, Kasko
and co-workers have extended the application of photo-
degradable hydrogels based on o-NB cross-links to negative
and positive patterning strategies. Furthermore, conjugating the
o-NB unit to a coumarin dye in the photodegradable macromer
enabled the two-photon degradation of the o-NB group as well
as fluorescence visualization of the hydrogel.42

Similarly, Kros and co-workers prepared photodegradable
hydrogels based on dextran.43 By utilizing the acrylate−thiol
Michael addition of dithiolated PEG to dextran functionalized
with acrylate-modified o-NB moieties, they were able to form

Scheme 1. Photoisomerization Mechanism of o-Nitrobenzyl
Alcohol Derivatives into an o-Nitrosobenzaldehyde,
Releasing a Carboxylic Acid3,8,9
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biocompatible hydrogels. Photodegradation of the hydrogels
was achieved by UV irradiation at 365 nm for 72 h, releasing
green fluorescent protein from the hydrogel. They also
demonstrated that the photodegradation was possible via a
two-photon excitation using a pulsed near-infrared laser.
Shoichet and co-workers have extended these photolabile
chemistries to agarose- and hyaluronan-based materials,44

producing three-dimensional structured materials with applica-
tions to tissue scaffolding45 and using the unmasking of
photolabile moieties to anchor biomolecules to hydrogel
surfaces to allow these materials to control cell growth and
mobility.46 Recently, Anseth and co-worker showed that thiol−
ene click chemistry as well as strain-promoted azide−alkyne
cycloaddition in combination with o-NB-based localized
degradation allows fabrication of 3D cytocompatible hydro-
gels.47 Kasko and co-workers could also demonstrate that o-
nitrobenzyl ether linkers allows the photorelease of potential
drugs within hydrogels.48

Further, Burdick and co-workers showed that thin film
poly(hydroxyethyl methacrylate)-based hydrogels could be
spatially altered when copolymerized with o-NB acrylate and
subsequently irradiated, resulting in dramatic swelling in the
irradiated areas,49 thereby controlling spatially and temporally
material properties and cellular interactions. The spatial and
temporal manipulation of mechanical properties of hydrogels

plays an important factor in cell growth, which was investigated
by Wang and co-worker, who studied the photoinduced
softening of o-NB cross-linked polyacrylamide hydrogels.50

Besides macroscopic gels and networks, Landfester and
Klinger recently demonstrated the successful use of o-NB-based
cross-linkers for the fabrication of photodegradable PMMA
microgels. Utilizing miniemulsion techniques, particles in the
range of 140−200 nm were prepared. Of particular note is the
wavelength-controlled selective degradation of these hydrogels,
achieved by using carbonate and carbamate o-NB cross-
linkers.51

3. O-NB SIDE CHAIN FUNCTIONALIZATION IN
POLYMERS AND BLOCK COPOLYMERS TO
PHOTOTRIGGER MICELLE DISRUPTION

Responsive micelles formed from environmentally (pH, redox,
light, temperature, etc.) sensitive block copolymers in solution
have attracted great attention since they find potential
applications in targeted drug delivery, cosmetics, and many
other fields.52 In particular, light is an intriguing external stimulus
because it is efficient and convenient and can be applied in a
targeted and specific manner via a variety of focusing or litho-
graphic techniques. Consequently, light responsive block
copolymer micelles have been explored for entrapping dyes
and drugs with the intention of releasing them at a defined time

Figure 1. Chemical structure of a photodegradable hydrogel based on an o-NB linker (upper) (redrawn after ref 17) and light-induced migration of
entrapped cells (lower).37

Scheme 2. Cross-Linking Network Based on o-NB Linker (Reprinted with Permission from Ref 36. Copyright 2007 American
Chemical Society)
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and location. For recent reviews on photoresponsive block
copolymers, see publications by Gohy and co-workers and
Zhao.53,54 o-NB esters are a good candidate for constructing light
responsive materials since they are efficiently cleavable upon
UV exposure. Early works by Zhao and co-workers explored the
use of pyrenylmethyl esters, which can be cleaved upon UV
irradiation to yield 1-pyrenylmethanol and the corresponding
carboxylic acid.55 Later, Zhao and co-workers turned their focus
to o-NB and nicely demonstrated its use as a side chain
functionality within amphiphilic block copolymers to prepare
light responsive micelles (Figure 2).56 In this aspect, Gohy and

co-workers conducted a fundamental study on the possibilities of
polymerizing 2-nitrobenzyl methacrylate under various con-
trolled radical polymerization conditions.57 It was discovered that
2-nitrobenzyl acrylate cannot be polymerized under conditions
suitable for ATRP, nitroxide-mediated polymerization (NMP),
or reversible addition−fragmentation chain transfer (RAFT)
polymerization. In contrast, 2-nitrobenzyl methacrylate can be
polymerized under RAFT conditions with some degree of control
and under ATRP with better control as long as conversions are
kept below 30%.
Accordingly, Zhao and co-workers synthesized an amphiphilic

block copolymer composed of poly(ethylene oxide) (PEO) and
poly(2-nitrobenzyl methacrylate) (PNBM) by ATRP starting
from a PEO macroinitiator. Because of the o-NB group, this
amphiphilic block copolymer can be turned into a double hydro-
philic block copolymer upon irradiation, i.e., photocleavage of the
ONB ester yielding essentially a poly(methacrylic acid) block.
Consequently, Zhao and co-workers demonstrated that this
results in the destruction of the micelles, as demonstrated by the
controlled release of Nile Redpreviously trapped inside the
hydrophobic core of the micelleupon irradiation (Figure 2).
Thus, it is one of the first examples showing the potential appli-
cation of o-NB linkers in drug delivery and phototherapeutics.
Zhao and co-workers extended this concept by adding a

thermosensitive material, yielding multiresponsive (temper-
ature and light) micelles based on o-NB.58 They synthesized a
thermal- and light-sensitive diblock copolymer composed of a
hydrophilic poly(ethylene oxide) (PEO) block and a temper-
ature- and light-sensitive poly(ethoxytri(ethylene glycol)-
acrylate-co-o-nitrobenzyl acrylate) (P(TEGEA-co-NBA)) block
by ATRP (Figure 3). Above the lower critical solution

temperature (LCST) of the thermosensitive poly(ethoxytri-
(ethylene glycol)) block, the block copolymer is amphiphilic
and self-assembles into micelles. After UV irradiation, the
LCST of the block copolymers shifted from 25 to 36 °C due
to the change of hydrophilicity from the deprotection of the
o-nitrobenzyl acrylate comonomer to acrylic acid (Figure 3).
Nile Red is known to fluoresce in hydrophobic environments,
but this fluorescence is negligible in aqueous solution and was
used to probe the micelle formation. Before irradiation, micelles
were formed of the photoprotected block copolymer that had
Nile Red in their core, resulting in high fluorescence. After
irradiation, the fluorescence dropped sharply, indicating release
of the dye and disintegration of the micelles. Raising the
temperature further caused the now-deprotected copolymer to
again form micelles, sequestering the Red Nile and restoring
the system’s fluorescence (Figure 3).
It was later shown that a 20 wt % solution of PEO-b-

P(TEGEA-co-NBA) forms micelles upon heating above the
LCST, resulting in a optically isotropic gel that can withstand
finite yield stress. Upon UV irradiation the o-NB ester is
cleaved resulting in dissociated micelles, leading to a trans-
formation from a gel to a free-flowing liquid.59 Similar effects
have been observed for the thermo- and light-sensitive triblock
copolymer P(TEGEA-co-NBA)-b-PEO-b-P(TEGEA-co-NBA),
in which the temperature-induced sol−gel transition originates
from the formation of a 3D network of hydrophobic cores of
dehydrated P(TEGEA-co-NBA) blocks bridged by hydrophilic
PEO chains.60

In efforts to accelerate the degradation time, Zhao and
co-workers designed an amphiphilic triblock copolymer with
multiple photocleavable moieties positioned repeatedly along
the hydrophobic middle block.61 PEO chains were attached as
hydrophilic blocks to a hydrophobic polyurethane containing
o-NB groups. The block copolymer micelles showed fast

Figure 2. Chemical structure and photolysis of o-NB-containing
amphiphilic block copolymers and their use for photocontrolled drug
release (redrawn after ref 56).

Figure 3. Thermo- and light-sensitive micelles based on o-NB-
containing copolymer and their hydrodynamic diameter (Dh) response
to temperature changes and UV irradiation. (Reprinted with
permission from ref 58. Copyright 2008 American Chemical Society.)
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photocleavage of the micelle core within 180 s, and as a result
a burst release of hydrophobic guests was achieved. An
alternative approach was reported by Thayumanavan and
co-workers, who synthesized photocleavable facially amphiphilic
dendrimers that form micelles in water.62 Upon irradiation with
UV light (365 nm, 200 s) photocleavage of the o-NB esters
occurred and resulted in a slight change of the hydrophilic−
lipophilic balance, which was sufficient to cause dissociation of
the micelles and subsequent release of hydrophobic guest
molecules. Noteworthy, the cleavage of o-NB groups from
polymeric side chains results in the release of nitrosaldehyde,
which may be toxic or cause other side effects in vivo.
While most approaches focused on micellization in water,

Gohy and co-workers synthesized poly(dimethoxynitrobenzyl
acrylate)-block-polystyrene as a block copolymer with photo-
cleavable side groups in one block.63 Upon UV irradiation in
chloroform the resulting hydrophilic poly(acrylic acid) block
becomes insoluble, and the block copolymer self-assembles in
micelles, which were used to trap dyes into the micelle core.
Rather than utilizing o-NB esters to alter the solubility pro-
perties of a polymer chain, Grubbs, Tirrell, and their respective
co-workers have used o-NB esters for the photoinduced release
of covalently bound drugs from bottle-brush polynorbornene-g-
PEO polymers (Figure 4).64 UV irradiation released the drug
molecules (doxorubicin or camptothecin) from the brush core.
Viability tests of MCF-7 human breast cancer cells mixed with
the micelles showed at least a 12-fold increase in toxicity after
irradiation-induced drug release.65

Meijer and co-workers showed that particle aggregation can
also be controlled via an intramolecular collapse of a single
polymer chain. They designed and synthesized a poly-
(norbornene) with 2-ureidopyrimidone (UPy) groups in the
side chain, which were protected at the terminal carbonyl site
with an o-NB ether. As a result, this effectively decreased the
strong association of UPy groups. Photodeprotection of the o-NB
group released the UPy groups, permitting their intramolecular
dimerization and resulted in a decrease in hydrodynamic volume.
AFM analysis of spin-cast films of these solutions revealed
single chain nanoparticles.66 In an elegant approach, Almutairi

and co-workers designed light-sensitive polymers based on a self-
immolative quinone−methide system.67 Photocleavage was
possible via one- and two-photon processes. They were able to
encapsulate Nile Red as a model guest molecule within polymeric
nanoparticles and release the guest upon irradiation. In contrast,
Wei and co-workers utilized third-, fourth-, and fifth-generation
poly(imidoamine) (PAMAM) dendrimers as nanocarriers and
peripherally modified these dendrimers with photocleavable o-NB
groups.68 Salicylic acid and adriamycin could be encapsulated
in the core of the dendrimers and released upon UV irradiation
(365 nm). They found that the fourth generation dendrimer was
best suited to hosting the guest molecules.

4. O-NB SIDE CHAIN FUNCTIONALIZATION FOR THIN
FILM PATTERNING

There has been one early report on including o-NB ethers in
the main chain of polyethers, which were prepared by poly-
condensation of 2-nitro-1,3-xylylenedibromide with 4,4′-iso-
propylidenediphenol.69 It was demonstrated that these
polymers decomposed upon UV irradiation and thus suggested
these materials for positive-type photoresists. Similar work was
conducted by Lee and co-workers, who synthesized a polyimide
precursor with o-NB ester functionalities in the side chains.
They could show that this polyimide became soluble in basic
solution after UV irradiation and thus can be used as positive
photoresist.70 Doh and Irvine designed a terpolymer poly(o-
nitrobenzyl methacrylate-co-methyl methacrylate-co-(ethylene
glycol) methacrylate) (P(o-NBMA-co-MMA-co-EGMA)) to
prepare thin film patterns on the micrometer scale. They
demonstrated that for a terpolymer composition of 43 wt %
o-NBMA, 38 wt % MMA, and 19 wt % EGMA the exposed areas
of a thin film could be dissolved by phosphate-buffered saline
after UV irradiation (see Figure 5). Conjugation of biotin to
the hydroxyl end groups of PEGMA units allowed selective
immobilization of streptavidin on the surface and led to
multicomponent protein patterning.71 In follow-up work, Doh
and co-workers used an optimized photosensitive terpolymer to
pattern arrays composed of several proteins by utilizing

Figure 4. Synthesis and structure of polynorbornene-g-PEO polymers. (Reprinted with permission from ref 65. Copyright 2010 American Chemical
Society.)
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microscope projection lithography. They could also extend this
approach to the photopatterning of immune cells.72

Batt and co-workers undertook a similar approach. They pre-
pared a photosensitive hydrogel surface composed of acrylamide,
methylenebis(acrylamide) and functional group-containing meth-
acrylate (FGM). This FGM could either be 2-nitrobenzyl
methacrylate or 2-aminoethyl methacrylate hydrochloride, which
after polymerization was used to form the 2-nitrobenzyl-derived
carbamate. UV irradiation resulted in cleavage of the o-NB group
and allowed for local protein immobilization through primary
amines available on lysine residues by bis(sulfosuccinimidyl)-
suberate or carbodiimide coupling chemistry.73

Another exciting approach was taken by Ionov and Diez, who
utilized the combination of thermoresponsive and photo-
responsive characteristics for the patterning of thin polymer
films. They synthesized a series of copolymers composed of
N-isopropylacrylamide and o-nitrobenzyl acrylate and could
show that the LCST of these polymers differed by almost 50 °C
before and after UV irradiation. This temperature-dependent
solubility behavior was used to pattern spin-coated thin films
by patterned UV irradiation. Sequential removal of irradiated
and nonirradiated areas could be achieved by washing steps at
different temperatures, allowing the patterning of proteins.74

o-NB-based photoresists can be employed in the patterning of
organic electronics, which was shown by Ober and co-workers.
They synthesized a copolymer composed of 3,3,4,4,5,5,6,6,7,-
7,8,8,9,9,10,10,10-heptadecafluorodecyl methacrylate and o-
nitrobenzyl methacrylate and observed that it was soluble in
hydrofluoroethers before irradiation and insoluble after irradia-
tion with UV light at 365 nm (Figure 6). Thus, they could
demonstrate that this copolymer represents a nonchemically
amplified acid-stable resist for submicrometer patterning of
PEDOT:PSS.75

5. O-NB FOR SELF-ASSEMBLED MONOLAYERS
(SAMS) TO CONTROL SURFACE PROPERTIES

While applications of photopatternable polymer thin films on
the basis of o-NB are continuously growing, there have also been
studies presented on photocleavable self-assembled monolayers
(SAMs). SAMs in general have proven powerful tools to control
surface energy, which influences a variety of properties, e.g.,
adhesion, wetting and flow profiles, or etch resistance. Moore
and co-workers have utilized photopatternable SAMs using
o-NB chemistry to direct liquid flow inside microchannels
(Figure 7).76 Essentially, the o-NB-based SAM was employed in
a photolithographicand thereby contact freemethod
resulting in patterns of differing surface free energies inside micro-
channels. This difference in the surface free energies confined
aqueous solutions to the irradiated, and thus hydrophilic, regions
resulting in control of the flow patterns, as shown in Figure 7.
Rather than merely taking advantage of a change in surface

hydrophilicity after UV irradiation of an o-NB-derived SAM,
several studies have concentrated on utilizing the distinct surface
chemistry obtained after photocleavage. Evans and co-workers
first studied a SAM containing o-NB as a protecting group for
COOH and NH2 groups on gold surfaces. In comparison to
photodeprotection by UV irradiation in solution, on gold
surfaces a lower chemical yield (<50%) was achieved. This
might presumably be due the quenching of excited molecules by
the gold or an imine formation in case of protected amines.77

However, for o-NB-protected carboxylic groups on SAMs, the
yield during UV irradiation could be dramatically improved in
the presence of acids.78 Using HCl/methanol as a catalyst
resulted in formation of the methyl ester.
Kikuchi and co-workers prepared a SAM on a glass substrate

featuring an o-NB group as well as an activated ester group, 1-
[3-methoxy-6-nitro-4-(3-trimethoxysilylpropyloxy)phenyl]ethyl

Figure 5. Chemical structure of a photosensitive terpolymer and its
mechanism for patterning. (Reprinted with permission from ref 71.
Copyright 2004 American Chemical Society.)

Figure 6. Synthesis of the UV-sensitive acid-stable polymer resist and patterned photoresist SEM images.75
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N-succinimidyl carbonate, that allowed for the attachment of
amino-terminated poly(ethylene glycol) (PEG-NH2), resulting
in photopatternable PEG-SAMs.79 Upon UV irradiation, it was
possible to detach PEG and thus change from a cell nonadhesive
to a cell adhesive substrate. In combination with illumination
through a photomask, cellular patterns were created.
Jonas and co-workers demonstrated that surface modification

based on o-NB groups is orthogonal to a benzoin-based photo-
protection group. They showed that mixed SAMs of both
photocleavable groups can be selectively cleaved by choosing
the appropriate irradiation wavelength. The benzoin group is
almost quantitatively cleaved by irradiation at 254 nm, while the
o-NB group remained fully intact under these conditions.
Irradiation at 365 nm resulted in the cleavage of not only the
o-NB but also the benzoin group, likely due to its weak
absorbance band at 380 nm. However, irradiation at 411 nm
leads to cleavage of the o-NB with the benzoin group being
stable.80 In further studies, they described an optimized o-NB-
based photodeprotection for carboxylic acid groups to be
utilized within SAMs on quartz slides, 1-(4,5-dimethoxy-2-
nitrophenyl)ethyl 4-(triethoxysilyl)butanoate. Standard depro-
tection by a single-photon process (UV irradiation at 365 nm)
was confirmed in solution and in a monolayer. Additionally, a
two-photon deprotection could be achieved with a 780 nm
laser, which provided access to near-field induced patterning.81

They could also induce the photodeprotection by localized
two-photon induced activation through neighboring enhanced
electromagnetic near-fields around metallic nanostructures.82

Zhao and co-workers prepared gold nanoparticles function-
alized on the surface with o-NB alcohol as well as gold
nanoparticles with benzylamine on the surface (Figure 8).83

Taking advantage of the light-triggered “click” reaction of
o-nitrobenzyl alcohol with benzylamine, which results in the
formation of 2-(N-benzyl)indazolone, they were able to assemble
the gold nanoparticles upon irradiation with UV light. The length
of the formed nanochains increased with increasing irradiation
time.
Such surface-immobilized photocleavable groups based on

coumarin have recently been used by Zhu and co-workers, who
presented a mesoporous silica nanoparticle-based drug delivery
system.84 Bowman and co-workers immobilized o-NB acrylate
on silica nanoparticles and used those to grow linear polymer
grafts by a thiol−acrylate polyaddition reaction.85 Upon exposure
to UV light, the grafted polymers were released and analyzed and
were found to be similar to polymers formed in bulk.

6. O-NB JUNCTIONS TO CLEAVE BLOCK
COPOLYMERS

Block copolymers (BCPs) have been studied extensively due to
their ability to self-assemble into a range of well-defined, well-
ordered structures. Most common are the spherical, cylindrical,
gyroidal, and lamellar morphologies found in bulk.86 In recent
years the interest in block copolymers serving as nano-
technological templates has resulted in a multitude of research
efforts. Block copolymer thin films with a morphology oriented
perpendicular to the substrate are the current focus of many
research groups, with a particular aim of preparing well-ordered,
nanoporous thin polymer films. Currently, several challenges
have to be addressed to overcome the limitations still present in
thin block copolymer films. The first is achieving high lateral
order in the morphology, and the second is facile, selective
removal of one phase.

Figure 7. (A, B) Photopatterning by UV light to induce hydrophilic and hydrophobic surface patterns inside microchannels. (C, D) Flow profiles of
dilute Rhodamine B aqueous solution inside the surface patterned microchannels.76
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Several methods that allow for selective removal of one
domain have been presented in the literature, such as chemical
etching, ozonolysis, pH induced hydrolysis, and UV degrada-
tion. In particular, block copolymers with a cleavable junction
are interesting since they can be used as precursors for
generating hollow structures after cleavage and selective removal
of one of the blocks. This can have an impact on the formation
of hollow micelles and nanoporous polymeric materials.87,88

As o-NB is a well-known photocleavable junction, photo-
cleavable block copolymers can be prepared based on this
structure. In early work, Penelle and co-workers explored the
synthesis of a photolabile initiator for ATRP on the basis of
o-NB. The polymer obtained by ATRP was then coupled
to amine-terminated polystyrene to yield the photocleavable
block copolymer, whose photolability was demonstrated by
GPC analysis.89 However, no thin film characterization was
performed, even though the same group presented an alternative
approach that utilizes an anthracene dimer as a photocleavable
junction point which resulted in PS-b-PMMA that showed a
cylindrical microdomain morphology.90,91 The anthracene

dimer approach suffered from the fact that symmetric dimers
as well as nonreacted homopolymer had to be removed by
selective solubilization.
Kang and Moon adopted the original idea of Penelle,

becoming the first to prepare and characterize photocleavable
block copolymer thin films based on o-NB.92 They prepared
the photocleavable diblock copolymer polystyrene-block-poly-
(ethylene oxide) (PS-hν-PEO) by ATRP using an o-NB-
functionalized PEO macroinitiator (Figure 10). The photolysis
of PEO-hν-PS has been studied by GPC, which showed that
the molecular weight of the block copolymer decreased with
increasing time of UV exposure. Since PEO-b-PS is a well-
known block polymer for the generation of well-ordered films,
they also used the PEO-hν-PS to get ordered nanoporous films
by spin-coating. Compared to other cleavable block copolymers
(i.e., the acid-cleavable trityl ether junction),93 the o-NB-based
block copolymer can be cleaved into two blocks under mild
conditions. As a result, they demonstrated that a porous
polystyrene film can be obtained after irradiating the block

Figure 9. (a) Photocleavable PEGylated lysozyme105 and (b) schematics of a photoinduced peptide bond cleavage (redrawn after ref 106).

Figure 8. (left) Light-triggered covalent assembly of gold nanoparticles. (right) TEM micrographs of the Au NPs after UV irradiation of increasing
time: (a) 0, (b) 5, (c) 10, (d) 15, and (e) 30 min. Images (f) and (g) are the high-resolution TEM characterizations of an obtained Au NPs
nanochain.83
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copolymer thin film with UV light followed by washing with a
water/methanol mixture (Figure 11).
A bifunctional o-NB-based ATRP initiator can also be

prepared for the synthesis of symmetric homopolymers that
can be degraded upon UV irradiation.94 Recently, Fustin and
co-workers developed a more versatile synthetic route toward
photocleavable block copolymers on the basis of an o-NB
junction.95 As copper(I) is known to be a catalyst for both
ATRP and azide−alkyne cycloaddition (CuAAC) click reaction,

they performed ATRP and click chemistry in a one-pot
synthetic strategy using an ONB ester featuring dual
functionality to synthesize several photocleavable block
copolymers including PS-hν-PEO, which was used in the work
of Kang and Moon (Figure 12). An advantage of their work is
that their synthesis avoids the preparation of a macroinitiator,
(PEO-o-NB-Br in Figure 10), which are often more difficult to
synthesize than small molecule initiators (Figure 12). Theato,
Coughlin, and co-workers extended this approach by combining

Figure 10. Synthesis and photolysis of PEO-hν-PS by ATRP (redrawn after ref 92).

Figure 11. (A) AFM image (1 × 1 μm2) of PS-hν-PEO (23.7-b-5.0 K) films (thickness = 43 nm) spin-coated onto silicon wafers and solvent
annealed for 2 h (benzene/water). (B) SEM image of the nanoporous PS thin film resulting from photocleavage and selective solvent removal
(methanol/water) of PEO phase. A side view (45°) is shown in the inset image. (Reprinted with permission from ref 92. Copyright 2009 American
Chemical Society.)

Figure 12. Synthesis of PEO-hν-PS by ATRP−CuAAC click reaction (redrawn after ref 95).
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RAFT polymerization and a subsequent intermacromolecular
azide−alkyne click reaction, providing more flexibility in the
synthesis of photocleavable block copolymers.96 Highly ordered
thin films were prepared, and after photoetching the resulting
nanoporous films were used to prepare the first examples of
nanostructures from a photocleavable polymer template.
Besides well-ordered nanoporous thin film applications,

amphiphilic block copolymers with an o-NB junction also find
use in the encapsulation/release of objects through, for example,
a polymersome−micelle transition. Meier and co-workers
synthesized an amphiphilic poly(γ-methyl-ε-caprolactone)-
block-poly(acrylic acid) (PmCL-o-NB-PAA) with o-NB junction
by ring-opening polymerization and ATRP (Figure 13). A dual

initiator based on o-NB was synthesized and used for the
sequential ring-opening polymerization of mCL and ATRP of
tert-butyl acrylate (tBA).97 Afterward, the PtBA block was
hydrolyzed, resulting in the amphiphilic diblock copolymer
PmCL-o-NB-PAA, which forms aggregates in aqueous solution.
Those aggregatesproposed to be micelles or polymersomes
can be degraded by light, demonstrated by a decrease in the size
of the aggregates after UV irradiation.
An alternative approach was presented by Zhao et al., who

utilized a photodegradable polyurethane block (PUNB) in their
synthesis of an amphiphilic triblock copolymer, PEO-b-PUNB-
b-PEO. The short polyurethane middle block was composed of
multiple o-NB units that allowed a fast photodegradation of the
micelles in solution.61

Poly(ε-caprolactone)-based block copolymers that feature an
o-NB photocleavable junction have also been investigated by
Nojima and co-workers. They have prepared a polystyrene-block-
poly(ε-caprolactone) diblock copolymer with an o-NB-based
junction. They demonstrated that this block copolymer possesses
a cylindrical morphology and the crystallization behavior of the
PCL chains behaves very differently before and after irradiation
with light, as a result of the cleavage of the PCL chains.98

Klań and co-workers extended the use of photocleavable
junctions based on o-NB to an orthogonal photocleavable
linker, which functionalized the benzylic and phenacyl posi-
tions with leaving groups.99 The detachment of the groups
can be achieved selectively and orthogonally upon irradiation.
A very promising alternative to the o-NB-based photocleav-
able junction was reported by Keller and co-workers, who
prepared photolabile diblock copolymers with a truxillic acid
junction.100

7. PHOTOCLEAVABLE BIOCONJUGATES

Applications of o-NB linkers in conjugating biological and
synthetic molecules have increased over the past few years.
Hydrophilic o-NB-based photocleavable linkers can be cleaved
using small UV diodes, which combine several advantages
(small, no heat release, narrow emission profile). Such linkers
have been described as suitable for supports in chemical
proteomics.101 Similarly, biotinylated photocleavable polyethy-
lenimine has been synthesized and investigated for the
controlled release of nucleic acids from solid supports.102

Nagamune and co-workers have presented a biotinylated photo-
cleavable caging agent on the basis of the 6-bromo-7-
hydroxycoumarine-4-ylmethyl group that can be used for site-
selective caging of plasmids.103 Burke and co-workers
demonstrated a mulitpurpose o-NB linker that featured two
orthogonal functional groups, N-hydroxysuccinimidyl and
sulfhydryl, allowing for the selective binding of peptides or
other amine-terminated groups and oligonucleotides, which can
then be used for nucleic acid selections.104

The idea of selective removal of polymers has also inspired
protein scientists. While PEGylation is a common technique to
enhance the pharmacokinetic properties of proteins, it
abrogates protein activity in many other applications. Deiters
and co-workers have taken advantage of this fact and
conjugated a photocleavable PEG to lysozyme. This resulted
in a completely inactive enzyme whose activity could be
recovered after irradiation with UV light (λ = 365 nm) for 30
min, due to removal of the PEG unmasking the protein (Figure
9a).105 The concept of alteration of peptides by light was taken
further by Shigenaga and co-workers, who designed a
photocleavable amino acid that could induce a peptide bond
cleavage at the C-terminal position based on the integration of
an o-nitrobenzyl ether group that triggers a cascade of reactions
upon irradiation with either single-photon UV or two-photon
near-IR light (Figure 9b).106

8. OUTLOOK AND CHALLENGES OF PHOTOLABILE
GROUPS IN POLYMER CHEMISTRY

We have highlighted active research areas in polymer and
materials science that utilize the photolysis of o-nitrobenzyl
groups. This field is rapidly developing and new reports are
published frequently. We have paid particular attention to
research achievements in polymer chemistry. Photodegradable
hydrogels with o-NB-based cross-linkers are being used to
construct tailored hydrogels that can be further elaborated by
selective photodegradation. These hydrogels are currently
studied as three-dimensional matrices to entrap and guide
cells, and future applications may include adjustable feature size
and novel geometries. Side chain functionalization in block
copolymers uses o-NB to produce smart materials with tunable
hydrophobicity−hydrophilicity and LCST properties, with an
overall goal of producing micelles with tunable assembly and

Figure 13. The concept of photocleavable nanocarriers based on amphi-
philic block copolymers with o-NB junctions (redrawn based on ref 97) .
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disassembly behavior. Further investigation of these materials
may include micelles designed to host guest molecules for
photoinduced delivery. Thin film patterning with side chain
functionalized o-NB materials and o-NB-based self-assembled
monolayers allows for the tailoring of surface energies and
chemistries through photocleavage. Side chain functionalized
o-NB materials may provide new methods of photolithographic
patterning of microscale thin polymer films, while photo-
cleavable self-assembled monolayers may allow the modification
of surfaces on the nanoscale, such as those in microfluidic
channels or on nanoparticles. This is particular interesting, as it
could be foreseen to use such surface modification techniques to
guide liquid flows between two plates without the need for static
side walls. Technologically exciting is the utilization of o-NB
junctions to cleave block copolymers upon irradiation, accessing
feature sizes that are difficult to achieve with current lithographic
techniques. Herein, the distinct synthetic placement of the
photocleavable moiety becomes important. Selective solvent
removal of one component generates nanoporous membranes,
which can further serve as nanoscopic templates. Finally,
bioconjugates based on o-NB chemistry lend researchers the
ability to use photolysis to trigger the unmasking or release of a
biologically active compound, causing a cascade of reactions. The
possibility to trigger the photolysis of o-NB moieties by one- and
two-photon inducted absorption have already been applied in a
few examples, and further investigations of these chemistries are
expected to lead to exciting developments when it comes to
localized release of biological moieties. More fundamental
investigations to enhance photolysis, via increased kinetics or
alteration of photolysis wavelength, will permit faster dynamics
and system responses.
While this Perspective has highlighted some of the current

developments, there are certainly untold opportunities to
combine the orthogonality of photolability with other chemical
transformations and techniques for material manipulation. In
this respect, the utilization of o-NB photocleavable moiety can
be regarded as the counterpart to “click chemistry” in polymer
science. “Unclicking” chemical bonds selectively and precisely
presents a new and rising research area in polymer science and
o-NB groups will surely play a dominant part in this area.107−109

Thus, the synthetic combination of click methods to prepare
macromolecules with phototriggered “unclicking” based on
o-NB groups will result in advancements in macromolecular
engineering with high fidelity. Undoubtedly, the careful
application of o-NB cleavage strategies will continue to facilitate
the preparation of macromolecular materials with unprece-
dented structural control.
Further, insight regarding the limits of the photocleavage

reaction of o-NB groups is needed. The fact that a nitro-
soaldehyde is released after cleavage may be problematic for
certain biological applications. However, aldehydes are also
suitable candidates to be used in a “reclicking” chemistry with
amines, hydrazines, or hydroxyamines.110 This may be utilized to
cleave and re-form polymer and block copolymer chains on the
molecular level.
All in all, it is fascinating to see that the precise positioning of

a single functional group within a polymer chain allows the
delicate control of a variety of polymer properties,111 ranging
from the controlled folding of polymer chains to synthetic
routes that may eventually facilitate the synthesis of macro-
molecules with controlled primary structures.112−114 The
opportunity to combine this controlled synthesis of macro-

molecules with the cleaving polymer chains in a controlled way
by utilizing o-NB groups provides myriads of possibilities.
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ABSTRACT: Bimolecular photoinitiators based on benzo-
phenone and N-phenylglycine ideally overcome limitations of
classical two-component systems, such as the possibility of
deactivation by a back electron transfer or the solvent cage
effect. Furthermore, if they are covalently linked, loss of
reactivity by diffusion limitation could be reduced. Here we
show that such an initiator displays unusually high photo-
reactivity. This is established by photo-DSC experiments and
mechanistic investigations based on laser flash photolysis, TR-
EPR, and photo-CIDNP. The β-phenylogous scission of the
C−N bond is highly efficient and leads to the production of
reactive initiating radicals at a short time scale.

■ INTRODUCTION
Radical photopolymerization is the key technique for the curing
of decorative and protecting films and coatings within a fraction
of a second.1 In this process, the photoinitiators (PIs) play an
important role as they have a great impact on the curing rate,
double bond conversion (DBC), and the resulting polymer
properties. Standard bimolecular photoinitiating systems
generally consist of a ketone-based initiator such as
benzophenone (BP) combined with tertiary amines as co-
initiators. After excitation, BP is able to accept an electron from
the co-initiator, followed by the slower and rate-determining
proton transfer. However, the efficiency of such systems is
usually reduced by the much faster back electron transfer
(BET), resulting in a deactivation of the process. To avoid this
problem, N-phenylglycine (NPG) is used as co-initiating
species due to its ability for spontaneous decarboxylation
after electron transfer to the excited ketone, thus preventing the
BET (Scheme 1).2,3

Another limitation of the well-known type II photoinitiators
is the bimolecularity, especially in formulations of higher
viscosity or at a higher degree of conversion, where diffusion is
hampered. To circumvent this problem, we have bound the
NPG co-initiator covalently to the chromophore unit, thus
keeping the co-initiator in close vicinity of the PI.4 Additionally,
as the solvent cage effect is avoided, substantially enhanced
photoreactivity could be observed, especially in water-based
systems.5 Generally, the photochemical and photophysical
properties of such a PI chromophore are influenced by the type
of linker, usually heteroatoms. Various covalently bound BP−

amine systems have been investigated, revealing an optimum in
photoreaction quantum yield by using an aliphatic linker
between the moieties.6−8 For our research we employed a
methylene spacer to covalently bind phenylglycine derivatives
to the PI chromophore as in [(4-benzoylbenzyl)phenylamino]-
acetic acid (1; Scheme 1). Recent studies compared the
reactivity of such covalently bound systems to the physical
mixtures of the single components (4-methylbenzophenone,
MBP, with 3 or 4, respectively) and BP/triethanolamine
(TEA), a widely used mixture in industry. Surprisingly, 1
showed a polymerization rate 3 times higher than the reference
PIs.4 Further experiments with 2, the ethyl ester of compound
1, revealed also remarkable photoreactivity, thus indicating that
additional mechanisms besides decarboxylation might be
responsible for the high efficiency. By steady-state photolysis
experiments photoproducts could be identified that indicated a
β-phenylogous cleavage.4

The promising reactivity of compounds 1 and 2 motivated us
to carry out an in-depth investigation presented here. A basis
for the understanding of the photochemical processes can be
provided by the reference PIs (4-benzoylbenzyl)-N-methyl-N-
phenylamine (5) and (4-benzoylbenzyl)-S-phenyl sulfide (6),
the latter being an established model compound for the β-
phenylogous cleavage mechanism.9 Sulfide 6 is another
candidate for a comparable reaction mechanism.
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Herein we present our investigations on the photoreactivity
and photochemistry of the investigated PIs. Moreover, we
tested the influence of oxygen inhibition in comparison to
commercially available PI systems.
The mechanism was examined by laser flash photolysis

(LFP), time-resolved electron paramagnetic resonance (TR-
EPR), and photochemically induced dynamic nuclear polar-
ization (photo-CIDNP).

■ EXPERIMENTAL SECTION
Materials. All reagents were purchased from Sigma-Aldrich and

were used without further purification. The solvents were dried and
purified according to standard laboratory procedures.
[(4-Benzoylbenzyl)phenylamino]acetic acid (1),4 [(4-

benzoylbenzyl)phenylamino]acetic acid ethyl ester (2),4 N-methyl-
N-phenylaminoacetic acid (3),10 N-methyl-N-phenylaminoacetic acid
ethyl ester (4),11 (4-benzoylbenzyl)-N-methyl-N-phenylamine (5),12

and (4-benzoylbenzyl)-S-phenyl sulfide (6)13 were synthesized
according to procedures described in the literature. All spectroscopic
data were in agreement with the reported data.
Characterization. 1H and 13C NMR spectra were recorded on a

Bruker AC-200 FT-NMR spectrometer with CDCl3 as solvent. ATR-
FTIR spectra were recorded on a Biorad FTS 135 spectrophotometer
with Golden Gate MkII diamond ATR equipment (L.O.T.). TLC was
performed on silica gel 60 F254 aluminum sheets from Merck. UV
absorption was measured using a Hitachi U-2001 spectrometer with
spectrophotometric grade methanol (MeOH), acetonitrile (MeCN),
and cyclohexane as solvent. HPLC measurements were carried out on
a reversed-phase HP-1100 HPLC system with a DAD detector. All
separations were carried out on a Waters Xterra MS C18 column,
particle size 5 μm, 150 × 3.9 mm2 i.d. A linear gradient with flow 0.8
mL/min was formed from 97% water to 97% MeCN over a period of
30 min. Gas chromatography/mass spectrometry was performed on a
Hewlett-Packard 5890/5970 B system using a fused silica capillary
column (SPB-5, 60 m × 0.25 mm). MS spectra were recorded using EI
ionization (70 eV) and a quadrupole analyzer.
Photo-DSC was conducted with a Netzsch DSC 204 F1 Phoenix

with autosampler.14 The compounds were irradiated with filtered UV-

light (EXFO Omnicure 2001, 280−450 nm) by a wave guide attached
to the photo-DSC unit. The light intensity at the surface level of the
cured samples was measured with an EIT Uvicure high energy
integrating radiometer to be 13 mW/cm2. The default light intensity at
the tip of the light guide was 1000 mW/cm2. All measurements were
carried out in an isocratic mode at room temperature under a nitrogen
atmosphere. To permit an oxygen free irradiation of the samples, a
nitrogen purge (∼50 mL/min) was used for at least 5 min prior to the
measurements.

Nanosecond transient absorption spectroscopy was carried out
using the third harmonic (355 nm) of a Q-switched Nd:YAG laser
(Spectra-Physics LAB-150) with a pulse duration of 8 ns. Transient
absorbances were measured in a right-angle setup using a cell holder
with incorporated rectangular apertures defining a reaction volume of
dimensions 0.17 cm (height), 0.32 cm (width), and 0.13 cm (depth)
within the cell. Pulse energies between 0.1 and 4 mJ/pulse were used,
the typical value for the measurement of transient spectra being 2 mJ/
pulse. Pulse energies were measured using a ballistic calorimeter
(Raycon-WEC 730). Solutions were deoxygenated by bubbling them
with argon. Further details of experimental procedures have been
published previously.15

Time-resolved continuous-wave electron paramagnetic resonance
(cw TR-EPR) experiments were performed using a frequency-tripled
Continuum Surelite II Nd:YAG laser (20 Hz repetition rate; 355 nm;
ca. 10 mJ/pulse; ca. 10 ns), a Bruker ESP 300E X-band spectrometer
(unmodulated static magnetic field), and a LeCroy 9400 dual 125
MHz digital oscilloscope. In the course of a TR-EPR experiment, the
desired magnetic field range is scanned by recording the accumulated
(usually 50−100 accumulations) EPR time responses to the incident
laser pulses at a given static magnetic field. The system is controlled
using a program developed, kindly provided and maintained by Dr. J.
T. Toerring (Berlin, Germany). Argon-saturated solutions were
pumped through a quartz tube (i.d. 2 mm, flow ca. 2−3 mL/min)
in the reactangular cavity of the EPR spectrometer. The solutions were
5−20 mM of PI concentration in acetonitrile.

The hyperfine coupling constants (hfcs) of the free radicals were
calculated using the Gaussian03 package.16 All calculations (geometry
optimizations and single point calculations) were conducted at the
B3LYP17,18 level of theory with the basis set TZVP.19

Photo-CIDNP experiments were performed on a 200 MHz Bruker
AVANCE DPX spectrometer. Irradiation was carried out using a
frequency-tripled Spectra-Physics Nd:YAG INDI laser (355 nm, ca. 40
mJ/pulse, ca. 10 ns) and a Hamamatsu (Japan) Hg−Xe lamp (L8252,
150 W, 300 ms). The following pulse sequence was used:
presaturation−laser/lamp flash−30° rf detection pulse (2.2 μs)−free
induction decay. The concentrations of the initiators were typically
0.01 M in d3-acetonitrile, deaerated by bubbling argon through the
solution.

■ RESULTS AND DISCUSSION
Laser Flash Photolysis. Nanosecond transient absorption

spectroscopy of solutions of the ethyl ester 2 at concentrations
between 2 × 10−4 and 3 × 10−3 M was used to gain information
on the early photochemical steps. The irradiation wavelength
(355 nm) excites 2 into the n, π* state of the benzophenone

Scheme 1. Combined Electron and Proton Transfer from NPG to the Excited BP Followed by Spontaneous Decarboxylation of
NPG

Figure 1. Structures of the investigated PIs.
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moiety; the π, π* transitions of the benzophenone and the
aniline moieties both lie at higher energies (λ < 320 nm). It was
therefore expected that the first transient appearing on the
nanosecond time scale would be the characteristic benzophe-
none triplet−triplet absorption around 520 nm.3 The expected
absorption band was indeed observed in the apolar solvent
2,2,4-trimethylpentane, but not in more polar solvents, in which
case the first measured transients indicated an entirely different
excited-state structure. The corresponding photophysics was
analyzed in detail; these data, which have no direct bearing on
the mechanism of photopolymerization initiation, will be
published elsewhere.
In deaerated MeCN, the excited-state transients decayed

within a time interval of 200 ns. On a longer time scale, two
absorption bands remained. The microsecond-range lifetimes of
these transients suggested that they originated from radical
photoproduct species. Figure 2 shows the temporal absorbance

change as well as the spectrum of a transient 7, exhibiting a
narrow absorption band with a maximum at 325 nm,
resembling the absorption of the p-benzoylbenzyl radical
obtained by photolysis of p-benzoylbenzylphenyl sulfide.9

The decay of the transient 7, as shown in the inset of Figure
2, proceeded by a superposition of first- and second-order
components with rates k1 = 105 s−1 and 2k2/ε = 6 × 105 cm s−1,
respectively. While the second-order component is probably
caused by radical dimerization, the first-order component may
be due either to a reaction of the radical with the substrate or to
the influence of residual O2. In an oxygen-saturated solution,
the lifetime of the radical is indeed reduced and the decay
purely first-order, corresponding to a rate constant with O2 of
1.6 × 109 M−1 s−1; this is in excellent agreement with published
values for the reaction of substituted benzyl radicals with O2,
which is known to generate benzylperoxyl radicals.20

A second transient 8 present 200 ns after the laser pulse
displayed a spectrum with maximum absorption at 410 nm.
The spectrum as well as the decay of 8 is shown in Figure 3.
With reference to a combined pulse radiolysis and pulsed laser
photolysis study of N-phenylglycine,21 8 can unambiguously be
assigned to the neutral aminyl radical derived from the N-
phenylglycine ethyl ester moiety of 2. 8 was found to decay in a
clean second-order reaction, the rate constant of which was
determined as 2k2 = 1.2 × 109 M−1 s−1 based on the extinction
coefficient, ε = 1650 M−1 cm−1, given for the N-phenylglycine
aminyl radical in aqueous solution at pH 10.21

In MeCN as solvent, the formation of both 7 and 8 was
completed within 200 ns after the laser pulse, but the kinetics of
their formation could not be measured because of overlapping

excited-state absorptions. Using 2,2,4-trimethylpentane as an
apolar solvent, the radical transient spectra were similar to
those in MeCN and could again be assigned to 7 and 8. The
excited state spectrum, on the other hand, was different and
corresponded to the triplet−triplet band of benzophenone with
a maximum at 530 nm, as mentioned above. The decay of the
triplet at 530 nm (2T) and the buildup of the absorption of 8 at
410 nm are shown in Figure 4. The kinetic congruence between

both traces is a strong indication that the local benzophenone
triplet is the precursor of the aminyl radical 8.
An important question was whether the formation of the

radicals 7 and 8 was due to a unimolecular bond cleavage
process or to a bimolecular interaction between a triplet-excited
molecule 2T with another molecule 2 in its ground state.
Remarkably, the transient spectra gave no indication of the
formation of benzophenone ketyl radicals, as would be
expected for an H-abstraction reaction by the triplet. Any
other bimolecular reaction that might lead to bond cleavage in
2, caused either by ground-state complex formation or by a
diffusion-influenced excited-state process, would depend on the
concentration of 2. We therefore measured the yield of the
aminyl radicals 8 at [2] ranging from 2 × 10−4 to 3 × 10−3 M.
The results are shown in Figure 5 in the form of the absorbance
of 8 at 410 nm, normalized to the same optical density at the
laser wavelength (A = 1 at λ = 355 nm), versus the energy of
the laser pulse. The dependence found is linear, with all data
points lying on the same straight line. Two conclusions can be
drawn from this experiment: (1) there is no influence of the
concentration of 2, and (2) the formation process is purely
monophotonic.
The photodegradation of 2 is thus a unimolecular as well as

monophotonic process. On the basis of the chemical

Figure 2. Transient absorption spectrum obtained at 200 ns upon 355
nm laser flash photolysis of the ethyl ester 2 (6 × 10−4 M) in MeCN.
Inset: temporal absorbance change at 325 nm at 1.4 mJ/pulse.

Figure 3. Transient absorption spectrum obtained at 200 ns upon 355
nm laser flash photolysis of the ethyl ester 2 (3 × 10−3 M) in MeCN.
Inset: temporal absorbance change at 410 nm at 1.6 mJ/pulse.

Figure 4. Temporal absorbance change of 2T at 530 nm and 8 at 410
nm upon 355 nm laser flash photolysis of the ethyl ester 2 (1 × 10−3

M) in 2,2,4-trimethylpentane.
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assignment of the observed radicals, it must be assumed that
photolysis of 2 proceeds by a direct, β-phenylogous cleavage of
the C−N bond (Scheme 2).
A further result shown in Figure 5 concerns the influence of

O2 saturation on the yield of 8 in MeCN, which was found to
be reduced by a factor of 7 compared to a deoxygenated
solution. A similar reduction was observed for the formation of
7, which further strengthens the conclusion that both 7 and 8
originate from the same photochemical step. The radical yield
will moreover merely be reduced by a factor of about 1.4 in an
air-equilibrated solution, in good agreement with the polymer-
ization data (Figure 3).
Finally, the yield of radical 8 was found to be strongly

dependent on the solvent (Figure 5). The value of the product
ε410 × Φ(8) was found to be 640 M−1 cm−1 in MeCN and 3820
M−1 cm−1 in 2,2,4-trimethylpentane. Because of lack of
knowledge concerning the extinction coefficient of the aminyl
radical and its possible solvent dependence, a serious estimation
of the quantum yield is not possible. Interestingly, assuming a

solvent-independent extinction coefficient and a quantum yield
of unity in 2,2,4-trimethylpentane, we obtain Φ(8) = 0.17 in
MeCN.

Magnetic Resonance: General. Insight into the early
stages of the polymerizations was obtained by continuous-wave
TR-EPR and 1H CIDNP. Whereas EPR is able to establish
radicals formed within the first 50 ns after irradiation,22,23 the
CIDNP technique provides insight into the products formed
via the primary radical pair.24,25 As a model for the reactivity of
phenylglycin-derived photoinitiators, we have, as a paradigm,
investigated ethyl ester 2. Moreover, we present CIDNP
investigations of 6, which should display similar reactivity.

TR-EPR. Laser flash photolysis of the ester 2 inside a
microwave cavity of an EPR spectrometer leads to the time-
resolved EPR spectrum displayed in Figure 6a. Slices of the
spectrum taken at consecutive time frames (boxcar-type)
indicate that, within the detection period of the experiment
(ca. 5 μs), the EPR signal remains constant in terms of its
splitting pattern (see Supporting Information). The almost
matching signal intensities at the low- and high-field portion of
the spectrum indicate that the triplet mechanism is
dominating.26 The EPR spectrum is composed of (at least)
two components (Figure 6b) with the dominating component
stemming from radical 7 originating from the MBP moiety.
This is borne out by comparison with published data27 and
DFT calculations (Figure 7). Accordingly, the biggest 1H hfc is
attributed to the α-protons at the exocyclic methylene group
carrying the highest spin population; the smaller 1H hfcs of 0.50
and 0.173 mT are assigned to the ortho and the meta protons of
the adjacent phenyl group, respectively. The phenyl group
carries a spin population that is too small to lead to discernible
splittings. At closer inspection of the EPR signal, it can be
anticipated that the EPR signal is composed of at least two
components (see arrows in Figure 6b), which have a somewhat
bigger g-factor as the spectrum of 7. Owing to the dominance
of the spectrum of 7, the hyperfine structure of these weaker

Figure 5. Absorption of 8 at 410 nm obtained 200 ns after 355 nm
laser flash photolysis of the ethyl ester 2 (■, 3 × 10−3 M; ◆, 1 × 10−3

M; ●, 6 × 10−4 M; ▲, 2 × 10−4 M) in (a) 2,2,4-trimethylpentane, (b)
MeCN, and (c) oxygen-saturated MeCN as a function of laser pulse
energy.

Scheme 2. Reaction Products Generated by Photolysis of 2 Determined by LFP, TR-EPR, and 1H CIDNP (See Color Code for
Assignments)
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spectra cannot be unambiguously determined. Nevertheless, it

can be provisionally attributed to the aminyl radical 8 and its

follow-up products. The theoretical predictions for 8 are in
excellent agreement with published data of comparable radicals,
and several line distances in the weaker EPR components can
be connected with these hfcs.28,29

Accordingly, we were able to establish the primary radicals
formed directly upon photolysis of 2 by TR-EPR. The
occurrence of more than two spectra suggests that particularly
the aminyl radical 8 presumably forms paramagnetic follow-up
products on a time scale that is shorter than 0.5 μs.

1H CIDNP. The NMR signals (Figure 8a) of 2 can be
assigned in the following way: The aromatic region can be
divided into two parts: one from δ = 7.40 to 7.80 ppm
comprising the 1H resonances of the benzophenone moiety and
the second one attributed to the phenyl hydrogens of the
glycine moiety with two multiplets at δ = 6.65 and 7.17 ppm.
The two singlets at δ = 4.72 and 4.22 ppm are assigned to the
methylene protons adjacent to the nitrogen atom. The
quadruplet at δ = 4.17 ppm and the triplet at δ = 1.24 ppm
(3J = 7.1 Hz) stem from the terminal ethyl group (see the
color-coded assignment in Figure 8a).
The CIDNP spectrum (Figure 8b) recorded immediately

after the laser pulse shows a new signal in absorption at δ =
2.44 ppm. This singlet can be assigned to the methyl group of
MBP (reference NMR spectrum, see Supporting Information).
Another prominent signal in this region is an emissive singlet at
δ = 3.08 ppm. It can be assigned to the methylene protons of
10, an “escape” product of two radicals 7 (see Scheme 2). The
different polarization compared to the MBP peak adds to this
assignment because these products have to be formed via
“escape” and “cage” processes, respectively, causing differing
polarizations according to Kaptein’s rules.30 The polarized
singlets at δ = 4.72 and 4.22 ppm stem from the recombination
of the initial radical pair (7 and 8) leading to parent 2 in the
singlet state. In the aromatic region, various polarization
patterns occur. They can be connected to 2, but significantly,

Figure 6. (a) TR-EPR spectrum obtained upon photolysis of 2. (b)
Boxcar-type slice between 1 and 1.5 μs and simulation of the EPR
spectrum comprising radical 7 (red).

Figure 7. Calculated hyperfine coupling constants (B3LYP/TZVP) of
7 and 8 in mT (the numbers in italics at 7 indicate the experimental
data used for the simulation of the EPR spectrum).

Figure 8. (a) 1H NMR spectrum of 2. (b) 1H CIDNP spectrum obtained immediately after the laser pulse. (c) 1H CIDNP spectrum obtained after
irradiation using a Hg−Xe high-pressure lamp (300 ms).
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the absorptive peaks around δ = 7.35 ppm can be
straightforwardly assigned to the meta-protons next to the
aliphatic bridge of dimer 10.
The remaining resonances are attributable to the aromatic

protons of the diverse disproportionation products shown in
Scheme 2. The signal with the highest shift lies at δ = 7.92 ppm
in absorption. It can be assigned to the imine hydrogen of
disproportionation product 9.
The remaining signals are a singlet at δ = 4.01 ppm and a

multiplet around δ = 3.85 ppm. The multiplet is probably
composed of at least two overlapping signals. Their multi-
plicities are not distinct, and they can therefore not be explicitly
assigned to reaction products. An indication of their origin can
be deduced from time-resolved CIDNP. In Figure 9, it can be

seen that the two emission peaks increase in intensity when the
time delay between laser and rf pulse is increased to 10 and 100
μs, respectively. This suggests that the products are formed via
a relatively long-lived radical species, presumably aminyl radical
8. Thus, the peaks can be provisionally assigned to products
formed via 8 (see Scheme 2). Another possible reaction
pathway is a hydrogen shift, which generates radical 13 by
transferring the radical center from N to the neighboring C
atom. This would finally lead to products 14 and 15, and the
corresponding methylene protons should be detected in the δ =
4 ppm region.
The use of a Hg−Xe high-pressure UV lamp provides the

possibility of observing additional follow-up products owing to
the substantially longer irradiation time (millisecond range).
The corresponding 1H CIDNP spectrum (Figure 8c), however,
is essentially similar to the one obtained by laser irradiation.
One difference is that the peak group around δ = 3.85 ppm
shows no emissive components. This is very likely the
consequence of the longer evolution time for the products in
the case of the lamp experiment causing a different polarization
pattern.
To investigate if the same principle of β-phenylogous

cleavage is also observed at the same time regime as for 2,

when the amino group is replaced by S−Ph, we have
additionally investigated compound 6. In the aromatic region,
the NMR spectrum (Figure 10a) of 6 shows resonances
between δ = 7.15 and 7.80 ppm with the high-field signal
attributable to the S−Ph protons and the methylene proton
singlet at δ = 4.25 ppm. After laser irradiation the CIDNP
spectrum (acquisition without delay) shows two distinctive
polarized signals (Figure 10b). The first is visible in absorption
at δ = 4.25 ppm, indicating the regeneration of the parent
compound via the radical pair (geminate recombination). The
second peak appears in emission at δ = 3.08 ppm and is
attributed to 10 formed by the “escape” recombination of two
radicals 7. Although the peaks in the aromatic region show
polarizations in absorption and emission, their individual
assignment is hindered by massive overlap. An expected
product, only containing aromatic protons is the S−S product
17, which should form concurrent to dimer 10. Further CIDNP
spectra were recorded using the Hg−Xe UV lamp (Figure 10c).
For 6, in contrast with 2, products are found, which do not
originate from the primarily formed species. Whereas the
signals at δ = 4.25 and 3.08 ppm (the latter showing different
polarization because of signal evolution over time) and those in
the aromatic region remain (although with a more pronounced
polarization pattern), a new emission peak of MBP can be
found at δ = 2.43 ppm. Here, MBP cannot be formed directly
from the primary radical pair because no source for easily
abstractable hydrogens is present. Consequently, a second
molecule of 6 or 10 can serve as a hydrogen donor; therefore,
this process does not occur at the short time scale of the laser
experiment, but the longer irradiation period of the lamp allows
for such secondary reactions. The reaction mechanism derived
for 6 is shown in Scheme 3.

Photoreactivity and Influence of Oxygen Inhibition.
The PI concentration of a given formulation generally varies
between 1 and 7 wt % for industrial applications and has a high
impact on reactivity and curing depth. To analyze the influence
of concentration of the covalently bound PIs on their reactivity,
photo-DSC experiments with PIs 1 and 2 and the reference PI
systems MBP/3 and MBP/4 were performed. The PI
concentration varied from 1 to 50 mM (0.03−1.7 wt % of 1)
in 2-ethoxyethoxyethyl acrylate (EEEA) as monomer. Mono-
functional EEEA was selected because of its low viscosity, and it
is significantly more susceptible to oxygen inhibition compared
to highly viscous, multifunctional monomers.
The double-bond conversion (DBC), the time until

maximum polymerization rate (tmax) is achieved and the rate
of polymerization (RP) itself are the parameters to characterize
the reactivity of a PI.14 As presented in Figure 11, the DBC was
quite high and above 75% for all PI systems. Especially with
acid 1, a high level (85%) of conversion was reached already
with a concentration of about 3 mM (0.1 wt %), which might
result from the decarboxylation step. The value for tmax
remained also steady until a concentration of 6 mM and
increased at lower concentrations. The highest impact of
concentration could be seen for the Rp. The acid 1 and ethyl
ester 2 exhibited both very high rates of polymerization at
higher concentrations compared to the physical mixtures of
MBP and 3 and 4, respectively. The sudden decrease of Rp at
lower concentrations might be rationalized by the fact that in
formulations containing the covalently bound PIs 1 and 2
electron and proton transfers occur not only on an intra-
molecular but also on an intermolecular level, whereas the

Figure 9. Zoom into the CIDNP spectrum of 2 recorded using the
Nd:YAG laser with different time delays between laser and rf pulse
(0−100 μs).
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intermolecular processes are reduced by far at lower
concentrations.
Comparison of PI Reactivity under Nitrogen Atmos-

phere and Air. For economic reasons, the use of nitrogen
atmosphere for industrial applications of photocuring should be
avoided, being an additional cost factor. Therefore, PI systems
should be developed, which are unperturbed by oxygen
inhibition. Using NPG as co-initiator, the decarboxylation
step delivers enough CO2 to entirely displace the dissolved
oxygen and hinders the permeation of additional oxygen into
the coating.31 To investigate the behavior of the BP-NPG PI 1
during photopolymerization under different conditions, com-
parative experiments under N2 atmosphere (50 mL min−1) and
under air were carried out. The formulation consisted of a
mixture of three different acrylates (56% Genomer 4312, 21%

Miramer M220, and 21% Miramer M320) and the PI (2 wt %).
We investigated benzophenone methylamine 5, which cannot
undergo a decarboxylation reaction, and the physical mixtures
of MBP and NPG and N,N-dimethylaminoethyl benzoate
(DMAB) as reference PI systems. Generally, the effect of
oxygen inhibition in MBP/amine systems is less pronounced
than in monomolecular type I PIs like 2-hydroxy-2-methyl-1-
phenyl-propan-1-one (Darocur 1173), as recent studies have
shown.32 This can be easily explained by the role of the amine,
which acts as effective hydrogen donor for the peroxy radicals.
Therewith a highly reactive radical in the α-position of the
amine is generated, which is able to restart the polymerization
process. Additionally, it is well-known that excited state BPs are
able to decompose peroxides, giving new oxygen-centered

Figure 10. (a) 1H NMR spectrum of 6. (b) 1H CIDNP spectrum obtained immediately after the laser pulse. (c) 1H CIDNP spectrum obtained after
irradiation using a Hg−Xe high-pressure lamp (300 ms).

Scheme 3. Reaction Products Generated by Photolysis of 6, Determined by 1H CIDNP
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radicals which are also able to initiate the polymerization

process.33,34

Figure 12 displays, that covalently bound BP-NPG 1

exhibited the highest photoreactivity (short tmax), which was

only slightly decreased (longer tmax) by curing under air. More

interesting were the results for the DBC and RP. For the PI

systems containing the NPG moiety, 1, and MBP/NPG, DBC

and RP did not change significantly when switching from

nitrogen to air atmosphere due to formation of the CO2 layer.

Thus, the covalently bound PI 1 showed a better reactivity

under air than the industrially used PI system MBP/DMAB and

the structure analogous benzophenone methylamine 5, which

possesses no acid group for decarboxylation.

■ SUMMARY

The aim of our studies was to investigate the photochemical
and photophysical behavior of a covalently bound BP N-
phenylglycine PI system. Particularly the principle that the BET
process is avoided by spontaneous decarboxylation from N-
phenylglycine after electron transfer to the excited ketone leads
to a high efficiency. The reactivity of the new PI was tested by
photo-DSC experiments, determining values for tmax, DBC, and
RP at different PI concentrations. The values for the rate of
polymerization exceeded the RP of the physical mixtures of
MBP/NPG and MBP/NPG ethyl ester by far, showing the high
impact of the covalently bound co-initiator group on the
efficiency. Thus, the properties of the primary radicals formed
from the photoinitiator are decisive for the polymerization. In
this context, it will be challenging to determine in which
manner these primary radicals can be established in the growing
polymer chain.35,36 Comparing our new covalently bound PI 1
to PI systems used in industry, our compound exhibited
improved performance in the presence of oxygen outperform-

Figure 11. Dependence of PI reactivity on PI concentration (in
EEEA) expressed by (a) tmax, (b) RP, and (c) DBC.

Figure 12. Data for photo-DSC experiments of PI 1 in comparison to
5, MBP/NPG, and MBP/DMAB: (a) tmax, (b) Rp, and (c) DBC.
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ing typically used bimolecular PIs. During the curing process a
protecting CO2 layer on the polymer surface was formed from
the decarboxylation step, thus preventing the oxygen inhibition.
Scheme 2 indicates the decisive intermediates, which were

established by optical spectroscopy (LFP), TR-EPR, and
photo-CIDNP. These methods provided the quantum yield
and the time regime of the initial processes. In addition to the
structure of the primary radicals, their follow-up products could
be characterized. Thus, the mechanism of the β-phenylogous
cleavage was established.
Our investigations also underpin the substantial efficiency of

the MBP-moiety for β-cleavage reactions.37
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ABSTRACT: New organic photocatalysts derived from pyrene, anthracene, naphthacene, and pentacene are presented here for
the formation of free radicals through a photoredox catalysis. These OPCs can work according to an oxidative cycle in a three
component system in combination with diphenyl iodonium salt and a silane or in a reductive cycle in combination with amine and
alkyl halide. This OPC behavior is highlighted through an investigation of the associated excited state and redox properties. The
free radicals generated are characterized by ESR or photolysis experiments. Upon household LED bulb or Xe lamp exposure, the
oxidative three-component system is able to promote the ring-opening polymerization ROP of an epoxide whereas the reductive
three-component system is very efficient to initiate the free radical photopolymerization FRP of an acrylate. This ability of OPCs
to initiate different polymerization reactions (ROP and FRP) is clearly an outstanding property.

■ INTRODUCTION
Recently, photoredox catalysis using ruthenium or iridium com-
plexes has emerged in organic synthesis as a unique approach for
the formation of free radicals or ions under very soft irradiation
conditions: sunlight, fluorescent bulb, or LED bulb.1 However,
these metal complexes are very expensive and must be often
prepared. The development of organic photocatalystsOPC for the
photoredox catalysis is very important: the advantages could be a
lower cost, commercial availability, lower toxicity, better stability
and solubility, easier extractability. Very recently, OPC based on
different dyes (e.g., eosin-Y) were proposed but the reversibility of
the redox process that governs the OPC regeneration remains an
open question.2

Metal based photocatalysts PC were recently proposed in
different photoinitiating systems for polymerization reactions
under very soft irradiation conditions.3,4 In this area, the PCs
play the role of a photoinitiator (PI) that would be recovered
during the initiation step. In an oxidative cycle, the three
component system (PC/iodonium salt (Ph2I

+)/silane where
PC = e.g. Ru, Ir, anthracene derivatives - Scheme 1) generates

silyliums that can initiate the ring-opening polymerization ROP
of an epoxy.3 In a reductive cycle associated with a different
three component system (PC/amine/alkyl halide where PC =
e.g. Ru or Ir derivativesScheme 1), free radicals can also be
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generated to initiate the free radical polymerization FRP of
acrylates.3a,4,5

The development of OPCs for polymerization under very
soft irradiation conditions (sunlight, LED, or fluorescence bulbs...)
remains a huge challenge. In the present paper, new OPCs work-
ing according to the oxidative and reductive cycles shown in
Scheme 1 will be proposed. These OPCs are based on polycyclic
aromatic hydrocarbons (PAHs): pyrene, anthracene, naphthacene,
and pentacene derivatives (Scheme 2a). Interestingly, they exhibit
different light absorption properties that can be tuned from the
UV to the red wavelength range through an appropriate selection
of the PAHs. OPCs usable upon different excitation wavelengths
(blue, green, yellow, and red) have never been reported before for
ROP and FRP6a−c (see a first review on PCs in ref 6d). The use
of Anth as PC in a oxidation cycle has been already presented in
ref 5; this compound will be used here as reference.
The proposed OPCs will be used in conjunction with a silane

(tris(trimethylsilyl)silane, TTMSS, (TMS)3SiH) and an iodo-
nium salt (Ph2I

+) in an oxidative cycle for the photopoly-
merization of an epoxide ((3,4-epoxycyclohexane)methyl 3,4-
epoxycyclohexylcarboxylate, EPOX) or in conjunction with an
amine (ethyldimethylaminobenzoate) and an alkyl halide (phenacyl
bromide) in the reductive cycle for the photopolymerization of an
acrylate (trimethylol propane triacrylate, TMPTA) (Scheme 2b).
Photopolymerization profiles will be recorded; the excited state
processes, the redox properties as well as the free radicals generation
will be discussed in detail.

■ EXPERIMENTAL PART
1. Compounds. The compounds investigated here are presented

in Scheme 2 and used with the best purity available (>98%). Pyrene
(Pyr), 9,10-bis[(triisopropylsilyl)ethynyl]anthracene (Anth), 5,12-
Bis(phenylethynyl)naphthacene (Napht), 6,13-Bis(triisopropylsilylethynyl)-
pentacene (Pent), tris(trimethylsilyl)silane ((TMS)3SiH), diphenyliodo-
nium hexafluorophosphate (Ph2I

+), ethyldimethylaminobenzoate (EDB)
and phenacyl bromide were obtained from Aldrich.
2. Irradiation Sources. Several lights were used: (i) LED bulbs

(I0 = 15 mW cm−2 at a distance of 4 cm) centered at 462; 514; 591 or
630 nm for blue, green, yellow and red light, respectively - the
emission spectra for these LED bulbs are given below in Figure 1; (ii)
polychromatic light from a Xe−Hg lamp (I0 = 56 mW cm−2).
3. Free Radical Photopolymerization (FRP) Experiments.

Trimethylol propane triacrylate (TMPTA from Cytec) was used as a
low viscosity monomer. The film polymerization experiments were

carried out in laminate. The three-component photoinitiating systems
are based on OPC/EDB/phenacyl bromide (0.5%/4.5%/3% w/w).
The films (20 μm thick; the thickness of the sample was determined
from the IR spectrum of the formulation7) deposited on a BaF2 pellet
were irradiated (see the irradiation sources above). The evolution of
the double bond content was continuously followed by real time FTIR
spectroscopy (JASCO FTIR 4100) at about 1630 cm−1.7

4. Free Radical Promoted Cationic Polymerization (FRPCP).
The two- and three-component photoinitiating systems are based on

Scheme 2

Figure 1. (A) UV−visible absorption spectra for the investigated
OPCs. (B) Emission spectra of the used LED bulbs.
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PC/Ph2I
+ (0.5%/2% w/w) and PC/(TMS)3SiH/Ph2I

+ (0.5%/3%/
2% w/w), respectively. The residual weight content is related to
the monomer. The experimental conditions are given in the figure
captions. The monomer (3,4-epoxycyclohexane)methyl 3,4-
epoxycyclohexylcarboxylate (EPOX or UVACURE 1500) was obtained
from Cytec.
The photosensitive formulations were deposited on a BaF2 pellet

(25 μm thick). The evolution of the epoxy group content is con-
tinuously followed by real time FTIR spectroscopy (JASCO FTIR
4100).8 The absorbance of the epoxy group was monitored at about
790 cm−1. The Si−H conversion for (TMS)3SiH is followed at about
2050 cm−1.
5. ESR Spin Trapping (ESR-ST) Experiments. ESR-ST experi-

ments were carried out using a X-Band spectrometer (MS 400
Magnettech). The radicals were produced at RT under LED bulb
exposure (except otherwise noted) and trapped by phenyl-
N-tert-butylnitrone (PBN).9

6. Fluorescence Experiments. The fluorescence properties of the
different photocatalysts were determined using a JASCO FP-750
spectrometer. The fluorescence lifetimes of the different OPCs were
determined from time-resolved experiments (Jobin-Yvon Fluoromax 4).
The interaction rate constants kq were extracted from a classical Stern−
Volmer treatment:6b 1/τ = 1/τ0 + kq[Q] where τ and τ0 stand for the
lifetime of the photocatalyst in the presence and absence of quencher Q,
respectively.
7. Redox Potentials. The redox potentials were measured in

acetonitrile by cyclic voltammetry with tetrabutylammonium hexa-
fluorophosphate 0.1 M as a supporting electrolyte (Voltalab 06-
Radiometer; the working electrode was a platinium disk and the
reference a saturated calomel electrode-SCE). Ferrocene was used as a
standard and the potentials determined from the half peak potential
were referred to the reversible formal potential of this compound. The
free energy change ΔGet for an electron transfer reaction is calculated
from the classical Rehm−Weller equation (eq 1)10 where Eox, Ered, ET,
and C are the oxidation potential of the donor, the reduction potential
of the acceptor, the excited state energy and the Coulombic term for
the initially formed ion pair, respectively. C is neglected as usually
done in polar solvents.11

Δ = − − +G E E E Cet ox red T (1)

■ RESULTS AND DISCUSSION

1. Photochemical Properties of the Studied Organo-
photocatalysts. The absorption spectra of the different OPCs
depicted in Figure 1A allow a large and efficient covering of the
emission spectra of (i) the different LED bulbs in the visible
wavelength range (blue, λmax = 462 nm; green, 514 nm: yellow,
591 nm; and red, 630 nm; Figure 1B) or (ii) the Xe−Hg lamp
that delivers a UV−visible light. Pent is well adapted for red
and yellow lights, Napht for green light, Anth for blue light, and
Pyr for UV light (Figure 1).
The redox properties of the compounds investigated are

gathered in Table 1. The oxidation potentials decrease in the
series Pyr > Anth > Napht > Pent. The cyclic voltammetry
investigation of the OPCs investigated reveals that the

oxidation process is partly reversible: in Figure 2A, it can be
observed that the ratio of the anodic/cathodic peak currents

ia/ic is <1. The reversibility for Napht and Pent is rather good
(ia/ic ∼ 0.8): better than that found for Anth (ia/ic ∼ 0.4) in ref
5. The reduction potentials are also strongly affected by the
selected OPC and decrease in the series: Pent > Napht > Anth >
Pyr. The reversibility of these reduction processes is rather good,
e.g., the ratio of the anodic/cathodic peak currents ia/ic close to 1
for Napht and Pent (Figure 2B).
The excited state energy levels decrease in the series Pyr >

Anth > Napht > Pent in agreement with the red-shifted transi-
tions when going from Pyr to Pent. The S1 lifetimes of the
selected compounds are rather long: this ensures that these
excited states can easily react with the quenchers to start the
catalytic cycles.

2. The Oxidative Cycle to Initiate ROP. 2.1. Reaction
Mechanisms. From fluorescence quenching experiments

Table 1. Parameters Characterizing the Photochemical Properties of the Photocatalystsa

λmax (nm)/ε (M
−1 cm−1)

Eox (V/
SCE)

Ered (V/
SCE) ES1 (eV) τ (ns)b kox(Ph2I

+) in M−1 s−1 [ ΔGox (eV)] kred(EDB) in M−1 s−1 [ ΔGred (eV)]

Pyr 334/54000 1.33 −2.2 3.44 14.7 1.7 × 1010 [−1.91] 7.3 × 108 [−0.24]
Anth 440/40600 0.97 −1.47 2.78 5.5 4 × 109 [−1.61] 6.6 × 109 [−0.31]
Napht 548/23600 0.87 −1.1 2.23 7.97 2.8 × 1010 [−1.16] 8.1 × 109 [−0.13]
Pent 638/23800 0.83 −0.93 1.90 6.78 4.1 × 109 [−0.87] 1.6 × 108 [+0.03]

aLight absorption and redox properties (in acetonitrile), singlet state energy level (ES1) and lifetime (τ), and rate constants of interaction with Ph2I
+

and EDB in acetonitrile are given. The free energy changes for the oxidation 1OPC/Ph2I
+ (ΔGox) or reduction of 1OPC/EDB (ΔGred) were

calculated by eq 1 using Eox(EDB) = 1 V and Ered (Ph2I
+)= −0.2 V.12 bUnder air. cFor methyldiethanolamine.

Figure 2. Examples of cyclic voltammograms: (A) oxidation and (B)
reduction of Pent.
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(Figure 1 in the Supproting Information), very high 1OPC/
Ph2I

+ interaction rate constants are determined (e.g., k = 4.1 ×
109 M−1 s−1 for Pent and 2.8 × 1010 M−1 s−1 for Napht; Table 1).
This process promotes the decomposition of the iodonium salt
(1) by electron transfer: for all the investigated OPCs, this
reaction is favorable according to the highly negative free energy
change (from ΔG = −0.87 eV for Pent to −1.61 eV for Pyr).

+ → + + −+ •+ •OPC OPCPh I Ph Ph I1
2 (1)

+ − → − +• •Ph (TMS) Si H Ph H (TMS) Si3 3 (2)

+ → +• •+ +OPC OPC(TMS) Si (TMS) Si3 3 (3)

+ → −+ +(TMS) Si M (TMS) Si M3 3 (4)

The formation of phenyl radicals (Ph•) is well supported by
ESR-ST experiments for all the investigated OPCs, e.g., upon
irradiation of a Pent/Ph2I

+ solution with a red LED bulb, the
PBN radical adduct (characterized by aN = 14.3 and aH = 2.2 G;
reference values in3,13) is easily observed (Figure 3A).3,13

In presence of silane, these Ph• radicals are converted into
silyl radicals R3Si

• by a hydrogen abstraction reaction 2. This is
also well supported by the observation of R3Si

• in the irradiated
three component system (OPC/Ph2I

+/R3SiH) in ESR-ST experi-
ments: the irradiation of a Pent/Ph2I

+/(TMS)3SiH solution with
a red LED bulb leads to two PBN radical adducts corresponding

to Ph• and (TMS)3Si
• (Figure 3B). For the silyl radical, the PBN

radical adduct is characterized by aN = 14.8 G and aH = 5.7 G (see
reference values in refs 3 and 13). Free radicals are not observed
for the irradiation of Ph2I

+/(TMS)3SiH solution with red light
clearly indicating that OPC is required.
The photolysis of the OPC in the three component systems

(OPC/Ph2I
+/(TMS)3SiH) is much slower than in the two-

component systems (OPC/Ph2I
+) as shown in Figure 4. For

example using Pyr as OPC, the oxidation photoproducts
(pyrene-l,6quinone and pyrene-l,8 quinone) characterized by a
strong absorption at about 450−460 nm14 are only observed in
the absence of (TMS)3SiH (Figure 4A). In the presence of the
silane, these photoproducts do not appear anymore (Figure 4B).
These results highlight a regeneration of the OPC in the
presence of (TMS)3SiH. Such a behavior was previously
observed in metal photocatalysts (iridium or ruthenium based)3

and can be ascribed to the oxidation of the silyl radicals by
PC•+ (Scheme 1) leading to the formation of silylium ions
(TMS)3Si

+, known to easily initiate a ROP process (4).3,8 The
ability of these three-component systems to initiate the ROP of
epoxides is in full agreement with the mechanism given in
Scheme 1. This polymerization initiating ability will be discussed
below (see in part 2.2 below).
The reduction potentials of OPC•+ (0.83 V for Pent•+ to

1.33 V for Pyr•+) are quite close to that of Ru(bpy)3
3+ (1.2 V)

or Ir(ppy)3
+ (0.77 V); the oxidation of (TMS)3Si

• by
Ru(bpy)3

3+ or Ir(ppy)3
+ was already evidenced.3 Therefore,

these redox properties of OPCs quite well support (3) and the
associated photocatalyst behavior (i.e., the regeneration of OPC
in the three component systems). However, the lack of a
complete reversibility of the oxidation process (see above)
suggests that the cation radical OPC•+ can lead to side
reactions. This is a nonperfect photocatalyst behavior in line
with a partial recovery of the OPC in the photolysis of the
three-component systems.

2.2. OPC/Iodonium Salt/Silane: An Initiating System for
ROP. The ring-opening photopolymerization of (3,4-
epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate
EPOX under air in the presence of OPC/Ph2I

+ is quite slow
for the different selected irradiation conditions, e.g., Xe−Hg
lamp for Pyr/Ph2I

+ or red LED bulb for Pent/Ph2I
+ (Figure 5).

Rather low final conversions are reached, e.g., <20% using
Pent/Ph2I

+. This highlights the low ability of OPC•+

(generated from the 1OPC/Ph2I
+) as an initiating species of

ROP. In absence of Ph2I
+, the polymerization process is not

observed.
Interestingly, in the presence of the silane, excellent poly-

merization profiles are obtained: the different three-component
systems (OPC/Ph2I

+/(TMS)3SiH) can be considered as excel-
lent initiating systems (Figure 5A curve 1 vs curve 2 and Figure
5B curve 1 vs curve 2). Upon red or green light exposure, the
Pent and Napht based systems exhibit higher polymerization
initiating abilities than that found for previously proposed
systems involving violanthrone derivatives.15 The conversion
limits for these systems can be partly ascribed to significant
increases in viscosity lowering diffusion rates; the consumption
of the OPC is also involved.

3. The Reductive Cycle to Initiate FRP. 3.1. Reaction
Mechanisms. Fluorescence quenching experiments (Figure 2
in the Supporting Information) lead to high 1OPC/EDB
interaction rate constants k (from k = 1.6 × 108 M−1 s−1 for
Pent to 8.1 × 109 M−1 s−1 for Napht; Table 1). The electron
transfer reaction 5 is favorable for Pyr, Anth and Napht as

Figure 3. ESR spectra obtained after red LED bulb irradiation of: (A)
a Pent/Ph2I

+ solution (in tert-butylbenzene/acetonitrile), [Ph2I
+] =

0.01 M: experimental (a) and simulated (b) spectra; (B) a Pent/Ph2I
+/

(TMS)3SiH solution (in tert-butylbenzene/acetonitrile), [Ph2I
+] = 0.01

M: experimental (a) and simulated (b) spectra. Phenyl-
N-tert-butylnitrone (PBN) is used as spin-trap.
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revealed by the calculated negative free energy changeΔG (Table 1).
For Pent, the process is not exergonic (ΔG = +0.03 eV): this is in
agreement with the lower 1Pent/EDB interaction rate constant
compared to those found for the other OPCs.

+ → +•− •+OPC EDB OPC EDB1 (5)

+ − → + +•− • −OPC OPC RR Br Br (6)

In the presence of phenacyl bromide, phenacyl radicals are
generated according to eq 6, i.e., for the irradiation of a Napht/
EDB/phenacyl bromide solution with a green LED bulb, the
PBN adduct of the PhC(O)CH2

• radical is observed (aN =
14.8 G; aH = 4.6 G, in agreement with ref 13) (Figure 6). For
the two component system (Napht/phenacyl bromide), free
radicals are not observed thereby demonstrating that the amine

Figure 4. UV−visible spectra at different irradiation times. Photolysis of Pyr/Ph2I
+ (1.75 × 10−5 M/8.6 × 10−3 M) (A) and Pyr/Ph2I

+/(TMS)3SiH
(1.75 × 10−5 M/8.6 × 10−3 M/2 × 10−2 M) (B); from t = 0 to 60 s; in acetonitrile; Xe−Hg lamp exposure. Photolysis of Pent/Ph2I+ (1.75 × 10−5 M/
8.6 × 10−4 M) (C) and Pent/Ph2I

+/(TMS)3SiH (1.75 × 10−5 M/8.6 × 10−4 M/2 × 10−2 M) (D); from t = 0 to 240 s; in acetonitrile/tert-butylbenzene; red
LED bulb exposure.

Figure 5. Compared polymerization profiles of EPOX under air upon: (A) a Xe−Hg lamp exposure in the presence of (1) Pyr/Ph2I
+ (0.5%/ 2% w/w)

and (2) Pyr/(TMS)3Si−H/Ph2I+ (0.5%/3%/ 2% w/w) under air. (B) a red LED bulb irradiation in the presence of (1) Pent/Ph2I
+ (0.5%/ 2% w/w) and

(2) Pent/(TMS)3Si−H/Ph2I+ (0.5%/3%/ 2% w/w).
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is necessary in eq 5 and in the catalytic cycle. The reduction
potential of phenacyl bromide (−0.78 V vs SCE)16 is higher
than the oxidation potentials of the different OPC•−

(−2.2, −1.47, −1.1, and −0.93 V for Pyr, Anth, Napht, and
Pent, respectively; see Table 1): reaction 6 is therefore
thermodynamically favorable. These results show that the
reductive cycle presented in Scheme 2 is still valid for the new
OPCs proposed here.
3.2. OPC/Amine/Alkyl Halide: An Initiating System for FRP.

The free radical polymerization of trimethylol propane
triacrylate (TMPTA) in laminate in the presence of OPC/
EDB/phenacyl bromide is rather efficient under visible lights
(Table 2 and Figure 7: curve 3) ∼ 67% conversion within 400s

under the Xe−Hg lamp exposure. In the absence of phenacyl
bromide (Figure 7, curve 2) or EDB, the efficiency drastically

drops down. This clearly highlights the role of the three-
component combination in the formation of the polymerization
initiating radicals i.e. the phenacyl radicals (as observed by
ESR). The relative efficiency of the different OPCs to initiate
the polymerization can be ascribed to (i) their different light
absorption properties (Figure 1A) and (ii) the 1OPC/EDB
interaction rate constants which are strongly affected by the
selected OPC (see Table 1).

■ CONCLUSION
In the present paper, new colored organophotocatalysts that
can work according to oxidative (in the presence of a silane and
iodonium salt) or reductive (in the presence of an amine and
alkyl halide) catalytic cycles are presented. Through the
oxidative cycle, silylium ions are easily generated and start a
ring-opening polymerization under very soft irradiation
conditions and under air. Using the reductive cycle, phenacyl
radicals are formed and initiate the FRP. This OPC series
allows a tunable character (from blue to red) for the excitation.
The use of these OPCs for applications in organic chemistry
deserves to be investigated in forthcoming papers.
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Gigmes, D.; Fouassier, J. P. J. Polym. Sci., Part A: Polym. Chem. 2010,
48, 1830−1837.
(9) Tordo, P. In Spin-trapping: recent developments and applications,
Atherton, N. M., Davies, M. J., Gilbert, B. C., Eds.; Electron Spin
Resonance 16; The Royal Society Of Chemistry: Cambridge, U.K.,
1998.
(10) Rehm, D.; Weller, A. Isr. J. Chem. 1970, 8, 259−271.
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ABSTRACT: We report the preparation of acrylic monomers D- or L-
mono-(6-phenylalanine-acrylamido-6-deoxy)-β-cyclodextrin 3D/3L and
their corresponding copolymers 4D/4L bearing NIPAAm and D- or L-
phenylalanine as guest and β-cyclodextrin as host moieties. To
implement the cyclodextrin resin (CD) into the monomer, microwave
accelerated cycloaddition (click-reaction) was performed. For the new
design of polymers having both host and guest species in the polymer
side chain, inter- and intramolecular interactions could be observed.
The resulting supramolecular structures were characterized by NMR,
DLS, TEM, and LCST measurements.

■ INTRODUCTION
Supramolecular structures are ubiquitous in nature particularly
in biological systems, the most common are DNA, microtubuli,
or microfilaments which are built out of proteins.1 Scientist
have been inspired by nature and have investigated various
systems mimicking biomolecules by synthetic supramolecular
structures with interesting properties and functions.2−6 Super-
structures formed by hydrogen bonds were reported for the
first time by Lehn et al.7 Many contributions about the
formation of supramolecular polymers formed by hydrogen
bonding can be found in literature.8−12 However there have
been few works dealing with the self-assembly into supra-
molecular polymeric structures via host−guest interaction.13,14
For example Harada et al. reported about the formation of
supramolecular helical polymers, recently.15 The self-assembly
behavior of phenyl modified β-cyclodextrins has been
investigated by Liu et al.16

Also self-assembly of gels through shape selective molecular
recognition with CD for linear and cyclic guest molecules was
investigated on a macroscopic scale very recently.17 Further-
more there have been few works dealing with self-assembly of
chiral compounds. For example a monomer end-capped with a
cholesteryl group was threaded with CD to form a helical
polymer.18 Star polymers and polymer brushes were synthe-
sized from amphiphilic chiral monomers and their self-assembly
investigated.19,20

However there have been few works dealing with supra-
molecular structures based on host−guest interaction from
chiral monomers.21 Monomers based on macrocyclic hosts
comprising both host and guest moiety offer a wide range of
opportunities for new supramolecular materials and applica-

tions.22 Next to calixarenes and cucurbiturils particularly
cyclodextrins (CDs) are important macrocyclic hosts, because
they are water-soluble, natural products suitable for medical
applications.23,24 Although cyclodextrins are frequently used for
chiral separation of racemates in column chromatography, the
phenomena of chiral recognition of synthetic polymers has not
yet been extensively investigated.25−29 Thus, we want to report
about the preparation and properties of a new typ of
polymerizable acrylic monomer containing chiral β-CD as
host and phenylalanine as guest moiety in the same molecule.
We chose CD as a host and phenylalanine as a guest compound
because the aromatic moiety builds stable complexes with CD
and phenylalanine is an important, chiral biomolecule.

■ MATERIALS AND EXPERIMENTAL SECTION
All reagents used were commercially available (Sigma-Aldrich, Acros
Organics) and were used without further purification. β-cyclodextrin
was obtained from Wacker Chemie GmbH, Burghausen, Germany,
and used after drying overnight at a vacuum oil pump over P4O10. D-
and L-Phenylalanine (98.5%) were purchased from Alfa Aesar GmbH
& CoKG, Germany. Acryloylchloride (97%) and N-isopropylacryla-
mide (NIPAAm, 97%) were obtained from Sigma-Aldrich, Germany,
and used as received. Azoisobutyronitrile (AIBN) (96%) and N,N-
dimethylformamide (DMF) were purchased from Fluka, Germany.
Dimethyl sulfoxide-d6 (99.9 atom % D) and deuterium oxide, D2O,
were obtained from Deutero GmbH, Germany.

1H NMR was performed using a Bruker Advance DRX 200
spectrometer operating at 200.13 or 500 MHz for protons using
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DMSO-d6 or Deuteriumoxide 99.9% as solvents. The chemical shifts
(δ) are given in ppm using the solvent peak as an internal standard.
FT-IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer
equipped with an ATR unit. MALDI−TOF mass spectrometry
(MALDI−TOF MS) was performed on a Bruker Ultraflex TOF
time-of-flight mass spectrometer using a 337 nm nitogen laser. The
samples were dissolved in acetonitrile/water and mixed with dithranol
matrix. Molecular weights and molecular weight distributions were
measured by size exclusion chromatography (SEC) using a Viscotek
GPCmax VE2001 system that contained a column set with one
Viscotek TSK guard column HHR-H 6.0 mm (ID) × 4 cm (L) and
two Viscotek TSK GMHHR-M 7.8 mm (ID) × 30 cm (L) columns at
60 °C. N,N-Dimethylformamide (DMF, 0.1 M LiCl) was used as
eluent at a flow rate of 1 mL × min−1. A Viscotek VE 3500 RI detector
and a Viscotek Viscometer model 250 were used. The system was
calibrated with polystyrene standards with a molecular range from
580 D to 1 186 kD.
Turbidity experiments were performed on a Tepper cloud point

photometer TP1. Relative transmission of a laser beam with a
wavelength of 670 nm was recorded for each experiment. The
measurements were performed at a temperature range between 5 and
70 °C and a heating rate of 1 °C min−1 using Hellma Suprasil precision
cells 110 Q-S. Critical solution temperatures derived from these
experiments were determined at 50% relative transmission. Dynamic
Light Scattering (DLS) experiments were carried out with a Malvern
Zetasizer Nano; ZS ZEN 3600 at a temperature of 20 °C. The particle
size distribution is derived from a deconvolution of the measured
intensity autocorrelation function of the sample by a General Purpose
Methode (non-negative least squares) algorithm included in the DTS
software. Each experiment was performed at least five times.
Polarimetric measurements were performed at T = 20 °C in dimethyl
sulfoxide or water (λ = 590 nm). Microwave-assisted synthesis was
performed using a CEM Discover synthesis unit (monomode system).
The temperature was measured by infrared detection with continuous
feedback temperature control and maintained at a constant value by
power modulation. Reactions were performed in closed vessels under
controlled pressure. Transmission electron microscopy (TEM) images
were recorded on a Zeiss EM902 A microscope at 80 kV.

• The N-acrylated aminoacid 1D/1L was prepared according to
the method described before.30

• Mono(6-azido-6-desoxy)-β-CD was synthesized according to
the method described before.31

D- or L-N-(1-Oxo-3-phenyl-1-(prop-2-yn-1-ylamino)propan-
2-yl)acrylamide, 2D/2L. The respective N-acrylated amino acids 1D/
1L (10 mmol, 2.19 g) were solubilized in THF (100 mL) at room
temperature. N-Methylmorpholine (1.01 g, 10 mmol) was then added
to the amino acid solution, followed by further addition of isobutyl
chloroformiate (10 mmol, 1.37 g). During the addition of the isobutyl

chloroformiate, a white precipitate of N-methylmorpholine hydro-
chloride was formed. Propargylamine (10 mmol, 0.55 g) was then
added to the reaction mixture. A slight formation of CO2 could be
observed. The mixture was further stirred for 1 h at room temperature.
The hydrochloride salt was then filtered, and the clear solution
evaporated to dryness. The product was further dried at a high vacuum
pump to yield 1.3 g (47%) of white solid. Polarimetric measurement
(DMSO) 2L αD

20 = 30°; 2D αD
20 = −28°. 1H NMR (200 MHz,

DMSO-d6) δ (ppm): 8.60 (s, 1H), 8.43 (d, J = 8.7, 1H), 7.36 − 7.07
(m, 5H), 6.36 − 6.18 (m, 1H), 6.02 (dd, J = 2.4, 17.1, 1H), 5.57 (dd, J
= 2.4, 10.0, 1H), 3.94−3.78 (m, 2H), 3.16 (t, J = 2.5, 1H), 3.00 (dd, J
= 4.8, 13.7, 1H), 2.79 (dd, J = 9.7, 13.6, 2H). FT- IR (diamond)
ν(cm−1): 3273.3 (ν NH), 3069.6, 2961.5, 1645.7 (amide I), 1622.4
(CC), 1547.2 (amide II), 1496.1 (Ar), 1436.2, 1382.4, 1325.0,
1241.4, 1224.6, 1192.7, 990.8. Anal. Calcd: C, 69.7; H, 5.43; N, 11.61.
Found for 2L: C, 69.7; H, 6.6; N, 10.6. Found for 2D: C, 70.02; H, 6.4;
N, 10.59.

D- or L-Mono(6-phenylalanine-acrylamido-6-deoxy)-β-cyclo-
dextrin, 3D/3L. We approached microwave-assisted cycloaddition by
giving 2D/2L (0.2 g, 0.82 mmol) to a solution of mono-(6-azido-6-
desoxy)-β-CD (1.42 g, 1.23 mmol) in 2 mL DMF in a pressure-
resistant test tube. To the clear solution were added sodium ascorbate
(25 mg, 0.1 mmol) and copper(II) sulfate pentahydrate (40 mg, 0.2
mmol). The tube was sealed and placed in the CEM monomode
microwave and irradiated at 85 °C and 140 W for 60 min. After
precipitating with acetone (50 mL) the products were collected by
filtration to yield 1.5 g (80%) product. FT-IR (diamond) ν (cm−1):
3356.4 (ν OH), 2927.2, 2102.7, 1652.1, 1497.1, 1437.5, 1385.8,
1254.9, 1082.1, 1029.1, 1003.0, 936.0, 863.9. MALDI TOF MS m/z =
1416 [M + Na]+.

Copolymer 4D/4L. A 0.5 g sample of 3D/3L (0.18 mmol) was
solved with 0.24 g (1.8 mmol) N-Isopropylacrylamide in 10 mL DMF.
The solution was flushed with argon for 15 min, and then 7.4 mg
(1 wt %) AIBN in DMF was added to the solution. The mixture was
further stirred at 80 °C for 24 h. The product was obtained by
precipitation in diethylether and afterward purificated by dialysis in a
MWCO 3500 and lyophilized to yield 0.6 g. 1H NMR (200 MHz,
D2O): δ = 7.93−7.83 (m), 7.44−7.06 (m), 5.31−4.82 (m), 3.86 (s),
3.14−2.69 (m), 1.10 (s). FT-IR (diamond) ν (cm−1): 3295.3 (OH),
2971.1, 2931.4, 1640.5 (amide I), 1536.8 (amide II), 1459.2 (Ar),
1387.1, 1367.1, 1240.5, 1153.7, 1130.7, 1080.7, 1032.0, 1004.3. 4L αD

20

= 14° 4D αD
20 = 18°, SEC measurement: 4D, Mn = 45 000, PD 1.3; 4L,

Mn = 42 000, PD 1.3.

■ RESULTS AND DISCUSSION

Monomers N-acryloyl-D-phenylalanine (1D) and N-acryloyl-L-
phenylalanine (1L) were prepared according to the method
described before. Further modification of monomers 1 was

Scheme 1. Synthesis of Monomers 3D, 3L and Copolymers 4D, 4L
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carried out by condensation of the carboxylic group with
propargylamine to obtain the corresponding alkin moiety N-(1-
oxo-3-phenyl-1-(prop-2-yn-1-ylamino)propan-2-yl)acrylamide,
2D/2L. The microwave accelerated click-reaction employing
Cu(I) catalysis with sodium-ascorbate lead to the desired
monomers mono-(6-phenylalanine-acrylamido-6-deoxy)-β-cy-
clodextrin, 3D and 3L. To confirm that the monomers did not
racemize significantly during the synthesis, polarimetric
measurements were performed in dimethyl sulfoxide as solvent,
3D exhibited αD

20 = −28° and 3L αD
20 = +30°, respectively.

Copolymers 4D and 4L comprising N-isopropylacrylamide
(NIPAAm), D-mono-(6-phenylalanine-acrylamido-6-deoxy)-β-
cyclodextrin (3D) and L-mono(6-phenylalanine-acrylamido-6-
deoxy)-β-cyclodextrin (3L), respectively, were obtained by free
radical polymerization with AIBN as initiator (Scheme 1). The
structures of all synthesized polymeric compounds have been
characterized by spectroscopic methods, elemental analysis and
polarimetric measurements. The molecular weights and molar
weight distribution of polymers 4D and 4L were determined by
size exclusion chromatography (SEC) showing similar results.
To confirm the formation of the proposed intermolecular

interaction between the hydrophilic and hydrophobic moieties
in case of the monomers 3D and 3L 2D ROESY-NMR-
spectroscopy was carried out to show the expected correlation
between the inner cavity protons of β-CD and the protons of
the phenyl ring. Figure 1, as an example for a 2D ROESY NMR
spectrum of 3D, illustrates clearly interactions of protons from
the phenyl group with protons of the CD cavity (for ROESY of
3L, see Supporting Informations).
In addition the 1H NMR spectra of the monomer exhibits

clear peak shifts compared to the 1H NMR spectra of β-CD
which can be assigned to the complexation of the monomer 3D
(Supporting Information).
The formation of large supramolecular structures formed by

intramolecular interactions were found in DLS measurements
of the monomers 3D and 3L exhibiting hydrodynamic diameters
with a mean coil size of about 100 nm (Figure 2 as an example
for 3D). The structure can then be disassembled by addition of
adamantylcarboxylate (ad-COO− K+)in slight excess, which is a

suitable competing guest molecule with a higher complex
stability with β-CD than the phenylring of 3D. After addition of
ad-COO− K+ to the aggregate of 3D the hydrodynamic
diameter decreases as mentioned above down to 25 nm, as
the β-CD moieties have the tendency to aggregate, the
diameter does not further decrease even after addition of ad-
COO− K+ in great excess.
Furthermore, we were able to show that the supramolecular

aggregates of 3 can also be disassembled by increasing the
temperature of the solution and that the formation of the
supramolecular structure can be monitored over time
(Supporting Information).
In order to qualify the structure and nature of the

supramolecular inclusion complexes, TEM (Transmission
Electron Mikroscopy) was conducted. The microscope image
(Figure 3) shows the formation of large linear structures for the

Figure 1. 2D ROESY NMR experiment of 3D showing the correlation between protons of the phenyl ring and protons of the inner cavity of CD.

Figure 2. DLS measurement of monomers 3D (2 mg/mL) and 3D
complexed with potassium adamantylcarboxylate (1 mg) and
schematic illustration of complexes.
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supramolecular structure formed from the monomers. In
comparison the picture of the copolymers 4 exhibits round
vesicles with a higher order than the aggregates of 3. Both
samples exhibit aggregation induced by the intermolecular
host−guest interaction.
Furthermore, the solution properties of copolymers 4D and

4L were investigated. As expected, copolymers 4D, 4L (1:10) are
soluble in cold water below the critical solution temperature
(LCST). However, due to the presence of incorporated
hydrophilic comonomers 3D, 3L a significant affect on the
cloud point value of pure Poly-(NIPAAm) is shifted from 32 to
39.0 °C (3L) and to 40.5 °C (3D) respectively. The cloud point
shift difference of 1.5 °C regarding the D- or L-enantiomer is a
strong hint to different stereoinduced interactions (Figure 4).

To confirm the supposed diastereomeric effects, DLS
measurements of the copolymers were carried out. Surprisingly,
in contrast to the small difference in cloud points copolymers
exhibited strong differences of hydrodynamic diameters of 16
nm for the 4L and 63 nm for the 4D, respectively (Figure 5).
Since SEC measurements of 4D and 4L confirm nearly

identical masses and mass distributions; the big difference of
supramolecular aggregates in aqueous solution is a result of the
phe chirality.

■ CONCLUSION
We have investigated the formation of a new cyclodextrin- and
phenylalanine-based monomer and the resulting supramolecule.
The intermolecular interaction was proven by 2D ROESY
NMR experiments. The quality of the supramolecule was
investigated via TEM and DLS, exhibiting large formations of
100 nm in diameter, which could be disassembled by addition
of potassium adamantylcarboxylate. Thus we conclude that we
have succeeded in synthesizing a new type of monomer bearing
both host and guest moiety forming supramolecular structures.
Furthermore we were able to show enantioselective recognition
of copolymers containing D- or L-phenylalanine moieties by use
of DLS and LCST measurement. The results clearly indicate
that enantioselective recognition of the polymeric attached
chiral amino acid takes place due to host−guest interaction with
β-CD. The D-enantiomer of polymeric attached phe shows a
much stronger increase in hydrodynamic diameter than the L-
enantiomer due to CD-interaction.
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ABSTRACT: β-Diketiminato and 1-aza-1,3-butadienyl−imido
complexes [MCl3{TbtNC(Me)CHC(Me)NMes}(thf)n] (1a,
1b, 1c) and [M(NTbt)Cl2{C(Me)CHC(Me)NMes}Li-
(tmeda)] (3a, 3b, 3c) (M = Ti, Zr, Hf) bearing an extremely
bulky substituent, Tbt group (Tbt = 2,4,6-[(Me3Si)2CH]3C6H2)
showed high activities for ethylene polymerization and ethylene/
1-hexene copolymerization (up to 1.1 × 107 g of polymer·mol
M−1 h−1). Complexes 1a, 1b, 3a, 3b, and 3c could produce
ultrahigh molecular weight ethylene/1-hexene copolymers
(Mw > 4 × 106) that were hardly soluble in o-dichlorobenzene
under the molecular weight measurement conditions.

■ INTRODUCTION
In recent years, there has been immense research interest in
preparing catalysts to produce linear low-density polyethylene
(LLDPE) such as ethylene/α-olefin copolymers. This is due to
the following significant rheological and mechanical properties of
LLDPE compared to the conventional polymers of ethylene: high
tensile strength, higher impact and puncture resistance, superior
toughness, good organoleptics and low blocking, excellent clarity
and gloss, and easy blending with other polyolefins.1

On the other hand, ultrahigh molecular-weight polyethylenes
(UHMW−PEs: Mw = 106−107) are an example of engineering
plastics. Although polyethylenes (PEs) with molecular weights
on the order of 105 are easily accessible with a variety of
metallocene catalysts, UHMW−PEs with molecular weights on
the order of 106 are difficult to obtain. Catalysts that display
ultrahigh selectivity for chain growth (propagation) are required
for the production of UHMW−PEs. Such catalysts have to
perform 35 000 to 350 000 insertions without any “errors” (e.g.,
β-hydride elimination or chain transfer reaction). UHMW−PEs
possess excellent abrasion resistance and impact strength, very
low coefficient friction, good self-lubricants properties, as well as
good resistance at low temperature.2−7 Heterogeneous Ziegler−
Natta catalysts are capable of producing ultrahigh molecular-
weight copolymers, however, they have broad distributions of
molecular weight and chemical composition.8 With regard to
homogeneous catalysts, Aida and co-workers reported that
crystalline nanofibers of linear PEs with an ultrahigh molecular-
weight (Mw = 6.2 × 106) and a diameter of 3 to 5 Å were formed

by the polymerization of ethylene with mesoporous silica fiber-
supported titanocene, using MAO as a cocatalyst.9 Starzewski and
co-workers reported on simple structural variations based on the
donor−acceptor metallocene which unexpectedly resulted in
high efficiency as polymerization catalysts for the synthesis of
UHMW−PEs (Mη = 3.9 × 106).10 Recently, Huang and Ma’s
groups reported that bis(β-diketiminato)Zr complexes bearing
two different substituents on the N-terminals show moderate
catalytic activity for ethylene polymerization and formation of
UHMW−PE (Mη = 1.2 × 106).11

As for ethylene/propylene copolymerization, Fujita and co-
workers reported the synthesis of ultrahigh-molecular-weight
amorphous ethylene/propylene copolymers with Mw of 1.0 ×
107 using a bis(salicylaldimine)Zr complex.12 As for 1-hexene
polymerization, Kakugo, Miyatake, and co-workers reported
the formation of ultrahigh-molecular-weight 1-hexene homo-
polymers with Mw of 5.7 × 106 using a thiobis(phenoxy)titanium
complex.13 As for ethylene/1-hexene copolymerization, Jordan
and co-workers achieved the formation of ultrahigh-molecular-
weight ethylene/1-hexene copolymers withMw of 1.6 × 106 using
a sterically crowded tris(pyrazolyl)borate complex.14

While much attention has focused on the modification of
cyclopentadienyl ligands to provide stereoselective catalysts,15

other efforts have sought new catalyst systems by the inclusion
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of non-cyclopentadienyl ancillary ligands about the transition
metals not limited to group 4 metal (so-called post-metallocene
catalysts).16 Especially, the olefin polymerization catalysts
bearing the nitrogen ligands have been developed because
various substituents could be introduced on N-terminals near to
the metal center.
For example, in 1996, McConville and co-workers repor

ted a non-metallocene living higher α−olefin polymerization
catalyst based on a bulky chelating diamido complex [DipN-
(CH2)3NDip]TiMe2 (Dip = 2,6-diisopropylphenyl) (A, Chart 1)
although this catalyst (A) did not show high catalytic activity (up
to 7.6 × 105 g of [poly(1-octene)] mol Ti−1 h−1).17 Fujita and co-
workers at Mitsui Chemicals have developed the so-called “FI
catalysts”, which are salicylaldimine complexes of group 4 metals
(B).18 These catalysts (B) display very high ethylene polymer-
ization activity (up to 6.6 × 109 g of PE mol Zr−1 h−1). Since
1998, Gibson, Solan and Brookhart groups reported that the
cobalt and iron complexes bearing the bis(arylimino)pyridine
ligands (C) show very high (unprecedented for these metals)
catalytic activities for ethylene polymerization (up to 1.1 × 108 g
of PE mol Fe−1 h−1), in some cases as high as those of the most
efficient group 4 metallocenes.19

On the other hand, the chemistry of β-diketiminato com-
plexes is of much current interest.20 β-Diketiminato ligands are
bidentate ligands bearing two nitrogen atoms. β-Diketiminato
ligands attract considerable attention due to their isoelectro-
nic relationship with cyclopentadienyl anion. β-Diketiminato
ligands play important roles as monoanionic spectrator ligands
by the virtue of their strong binding ability to metals, their
tunable steric and electronic demands, and their diversity of
bonding modes. β-Diketiminato complexes of trivalent titanium
and tetravalent group 4 metals have already been reported
by Lappert,21 Theopold,22 Budzelaar,23 Smith,24 Mindiola,25

Huang,11 and so forth.
In 2006, we have already reported the preparation of

unsymmetric β-diketiminato complexes of Ti(III), Ti(IV),
Zr(IV), and Hf(IV) bearing two different N-aryl groups, an
extremely bulky substituent [Tbt = 2,4,6-[(Me3Si)2CH]3C6H2]
and a moderately bulky substituent [Mes = 2,4,6-(CH3)3C6H2]

(Chart 2).22a Furthermore, we reported that the reductions of
these β-diketiminato complexes gave the ring-contracted 1-aza-
1,3-butadienyl−imido complexes of Ti(IV), Zr(IV), and Hf(IV)
(Chart 2).26a

Here, we report the catalytic activities of these β-
diketiminato, 1-aza-1,3-butadienyl−imido, and 1-aza-2-butenyl−
imido26b complexes and the formation of an ethylene/
1-hexene copolymer having unprecedentedly ultrahigh molecular-
weight using extremely bulky catalyst systems.

■ RESULTS AND DISCUSSION

Catalytic Activities of β-Diketiminato and 1-Aza-1,3-
butadienyl−Imido Complexes by Using a High-
Throughput Screening System. Ethylene polymerization
and ethylene/1-hexene copolymerization catalyzed by several
complexes (1a, 1b, 1c, 2a, 3a, 3b, 3c, 4a, 4b, and 4c) with
several cocatalysts [modified-methylalumoxane (MMAO),
Al(i-Bu)3/B(C6F5)3, Al(i-Bu)3/[PhNHMe2][B(C6F5)4] and
Al(i-Bu)3/Ph3C[B(C6F5)4] were systematically investigated.
Polymerization conditions were as follows: 40 °C, ethylene =
0.6 MPa, 1-hexene = 60 μL (in the case of copolymerization),
toluene (total) = 5 mL, MMAO/complex = 1000/1, Al(i-Bu)3/
complex/B-compound = 400/1/3, complex = 0.1 μmol, 20 min
(Figure 1, Figure 2 and Table 1).

Chart 1. Representative Post-Metallocene Catalysts for Olefin Polymerization

Chart 2. β-Diketiminato Complexes and 1-Aza-1,3-Butadienyl−Imido Complexes

Figure 1. Ethylene homopolymerization catalyzed by several
complexes and several cocatalysts (red, MMAO; yellow, Al(i-Bu)3/
B(C6F5)3; green, Al(i-Bu)3/[PhNHMe2][B(C6F5)4]; blue, Al(i-Bu)3/
Ph3CB(C6F5)4; ethylene pressure, 0.6 MPa).
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The results indicate that a combination of Al(i-Bu)3 and
[PhNHMe2][B(C6F5)4] is the best cocatalyst for both ethylene
polymerization (activity: 7.2 × 106 g of PE mol Ti−1 h−1 using
3a, Figure 1) and ethylene/1-hexene copolymerization (activity:
1.1 × 107 g of copolymer mol Ti−1 h−1 using 3a, Figure 2). The
activities for the copolymerization of ethylene and 1-hexene
using 1-aza-1,3-butadienyl−imido titanium complexes (3a, 4a)
were higher than those for ethylene homopolymerization. This
phenomenon, so-called “comonomer effect” is often observed in
metallocene catalysts.27 These results indicate that the catalytic
activities of titanium, zirconium and hafnium complexes decrease
in this order, and in the same metal systems, the catalytic
activities also decrease in the order of LiCl(tmeda)-coordinated
1-aza-1,3-butadienyl−imido complexes (3a, 3b, 3c), THF-
coordinated 1-aza-1,3-butadienyl−imido complexes (4a, 4b, 4c),
tetravalent metal β-diketiminates (1a, 1b, 1c) and trivalent tita-
nium β-diketimiate 2a (Chart 3).
The β-diketiminato and imido complexes bearing a Tbt

group showed good activity (Table 1, up to 1.1 × 107 g of
copolymer mol Ti−1 h−1) for synthesis of polyolefins using a
non-metallocene system. A number of examples of active
catalysts for ethylene polymerization with early transition metals
bearing β-diketiminato ligands have been reported, but their
activities in olefin polymerization are generally moderate to
low.12,28,29 High catalytic activity for ethylene polymerization
catalyzed by β-diketiminato complexes has been reported by

Collins and co-workers.30 They synthesized mono-, bis(β-
diketiminato) complexes and monocyclopentadienyl β-diketi-
minato mixed complexes of group 4 metals, and found that
monocyclopentadienyl β-diketiminato zirconium complexes
having an electron-withdrawing group in the N-aryl moiety
showed the highest catalytic activity for ethylene polymerization
(up to 1.1 × 107 g of PE mol Zr−1 h−1).
As for ethylene polymerization, terminal imido complexes of

group 4 metal usually show low activity31−33 except for some
examples such as tris(pyrazolyl)methane-supported terminal
imido complexes of titanium, which show a dramatically different
activities depending on the imino groups on the N-terminal.34

The most active catalysts (5.0 × 107 g of PE mol Ti−1 h−1)
are found for bulky, electron-donating alkyl N-substituents
(adamantyl, t-Bu and 1,1,3,3-tetramethylbutyl groups).
On the other hand, the 1-aza-1,3-butadienyl−imido complexes

of Ti(IV), Zr(IV), V(III) and Nb(V) were recently reported by
Mindiola,35 Stephan,36 Tsai,37 and Bergman group.38 However,
they did not mention the catalytic activity for olefin polymer-
ization. Thus, the high catalytic activities of the β-diketiminato
and 1-aza-1,3-butadienyl−imido complexes of group 4 metals
bearing a Tbt group for olefin polymerization are very interesting.

Formation of Ultrahigh Molecular-Weight Ethylene/
1-Hexene Copolymer. We carried out the ethylene/1-hexene
copolymerization catalyzed by the new complexes by stirring
for a long time (60 min) at 2.5 MPa of ethylene pressure, and
compared their activities with those using Zr−Dip2 [zirconium
β-diketiminate bearing two bulky Dip (2,6-diisopropylphenyl)
groups on the N-terminals],29 CGC−Ti,39 and PHENICS
(Table 2, Chart 4).40

CGC−Ti (developed by Dow and Exxon) and PHENICS
(developed by Sumitomo Chemical) catalysts exhibited an
excellent catalytic performance of producing high molecular
weight ethylene/1-hexene copolymers with high 1-hexene
contents due to the open nature of the catalyst active site
that allowed them to incorporate sterically large monomers into
a growing polymer chain.
The copolymerization were examined by using the

complexes (1a, 1b, 2a, 3a, 3b, 3c, and 4a) combined with
cocatalysts of Al(i-Bu)3 and [PhNHMe2][B(C6F5)4]. This
copolymerization became to take place violently after stirring
for 40 min. The titanium 1-aza-1,3-butadienyl−imido complex
3a produced ultrahigh molecular-weight copolymer with
Mw 3.5 × 106 (Mw/Mn 5.5) determined by gel permeation
chromatography (GPC). Much high molecular weight copoly-
mers were obtained using the complexes (1a, 1b, 3b, 3c,
and 4a). However, we were not able to determine either their
Mw using GPC or their viscosity-average molecular weight
(Mη) based on [η] due to their extremely low solubility in
o-dichlorobenzene, which is indicative of their exceptionally
ultrahigh molecular-weight. The copolymers was also insoluble
in 1,2,4-trichlorobenzene at 152 °C. The general technique for
studying the microstructure and evaluating α-olefin incorpo-
ration is 13C NMR spectrum. However, we could not determine

Figure 2. Ethylene/1-hexene copolymerization catalyzed by several
complexes and several cocatalysts (red, MMAO; yellow, Al(i-Bu)3/
B(C6F5)3; green, Al(i-Bu)3/[PhNHMe2][B(C6F5)4]; blue, Al(i-Bu)3/
Ph3CB(C6F5)4; ethylene pressure, 0.6 MPa).

Table 1. Ethylene Homopolymerization and Ethylene/
1-Hexene Copolymerization Catalyzed by Several Complexes
with Cocatalyst (Al(i-Bu)3/[PhNHMe2][B(C6F5)4]) by Using
a High-Throughput Screening System for 20 mina

activity

entry complex
homopolymerization, 106 g

of PE mol M−1 h−1
copolymerization, 106 g of
copolymer mol M−1 h−1

1 1a 6.5 5.1
2 2a 3.9 3.3
3 3a 7.2 11.3
4 4a 4.7 10.4
5 1b 3.3 2.9
6 3b 6.4 6.4
7 4b 4.9 4.9
8 1c 0.2 0.2
9 3c 0.9 0.9
10 4c 0.2 0.3

aConditions: polymerization temperature 40 °C, polymerization time
20 min, ethylene pressure 0.6 MPa, (in the case of copolymerization:
60 μL 1-hexene added), toluene (total) 5 mL, Al(i-Bu)3/complex/
[PhNHMe2][B(C6F5)4] = 400/1/3, and complex = 0.1 μmol.

Chart 3. Tendency of Catalytic Activities
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comonomer sequence distributions in ethylene/1-hexene co-
polymers due to less solubility in o-dichlorobenzene at 135 °C.
These ultrahigh-molecular weight ethylene/1-hexene copoly-

mers represent the highest molecular weight hitherto known.
The 1-hexene contents of copolymers in the use of the titanium

complexes (3a and 4a) and the hafnium complex (3c) are
higher than those of copolymers in the use of the titanium
complex (1a) and the zirconium complexes (1b and 3b). We
examined catalytic activity for ethylene/1-hexene copolymeriza-
tion using 1-hexene amount as follow (1a, 1b, 2a, 3a, 3b, 3c, 4a,
and Zr−Dip2 (10 mL), CGC−Ti (8 mL), and PHENICS
(4 mL)) because we wanted to obtain ethylene/1-hexene
copolymers with the almost same 1-hexene content. The
comonomer (1-hexene) reactivity decreases as follow:
PHENICS > CGC−Ti > 3a, 3c, 4a > 1a, 1b, 3b ≫ Zr−
Dip2. The ethylene/1-hexene copolymer obtained by 1a
showed a high melting point (Tm = 136 °C) and contained
12 short chain branches carbons per 1000 of polymer chain
calculated from FT−IR spectrum.41

Chain termination pathway is governed by several factors
such as temperature, solvent, and counteranion. Scheme 1
shows some chain termination reactions such as (a) direct
β-hydride transfer from the propagating chain end to the
coordinating monomer (Scheme 1a), (b) β-hydrogen elimi-
nation giving metal hydride (Scheme 1b) and transfer to
aluminum compounds (Scheme 1c).42

The reason for the formation of an ultrahigh molecular-
weight copolymer might be interpreted in terms of the inhibi-
tion of chain termination by β-hydride transfer or β-hydrogen
elimination due to the steric protection afforded by the Tbt
group. This effect has also been observed by Brookhart and
co-workers for NiII and PdII α-diiminato complexes on various
N-terminals,43 and is consistent with the calculations by Ziegler
and co-workers,44 which show that steric pressure promotes
olefin insertion and disfavors β-hydrogen elimination.
Furthermore, ethylene/1-hexene copolymerization by the

use of zirconium β-diketiminate (Zr−Dip2) bearing two 2,6-
diisopropylphenyl (Dip) groups on the N-terminals afforded
only UHMW−PE.29 Novak and co-workers have already
reported the preparation of zirconium β-diketiminate bearing
on N-terminals of various R-groups (Me, Ph, o-tolyl, 2,6-
dimethylphenyl, and Dip) and catalytic activities for ethylene
polymerization.29 However, the molecular weight of PEs have
not been described by Novak and co-workers. Collins and
co-workers reported the molecular weight of PEs were low
(Mn ∼ 8 × 104) catalyzed by the zirconium β-diketiminates
bearing two Ph and p-CF3C6H4 groups on N-terminals.30

Chart 4. Reference Complexes of Group 4 Metal

Scheme 1. Representative Chain Termination Pathways in Polymerization Catalyzed by Group 4 Metal Complexes

Table 2. Ethylene and 1-Hexene Copolymerization Using
Several Metal Complexes

entry complex

activity, kg of
copolymer
mol M−1 h−1

Tm
(DSC),
°C Mw

c × 104 Mw/Mn
c

short
chain

branchesb

1a 1a 580 136 d d 12
2a 2a trace
3a 3a 1600 115 347 5.5 18
4a 4a 640 118 d d 18
5a 1b 2240 128 d d 11
6a 3b 3880 132 d d 13
7a 3c 12 121 d d 19
ref 1a Zr−Dip2 420 131 450 4.5 0.0
ref 2e PHENICS 140 000 108 188 4.3 20
ref 3 f CGC−Ti 130 000 108 111 3.8 20
aReactor: 0.4 L autoclave. Conditions: polymerization temperature
40 °C, polymerization time 60 min, ethylene 2.5 MPa, 1-hexene
10 mL, toluene 190 mL, complex 2.5 μmol, Al(i-Bu)3 0.25 mmol, and
[PhNHMe2][B(C6F5)4] 7.5 μmol. bNumber of short chain branches
per 1000 carbons determined by FT−IR. cDetermined by GPC with
polystyrene standard (conversion as PE:Mw = 17.7 × Aw).

dCannot be
determined because of less solubility. eThe polymerization condition is
similar to that of condition a except 1-hexene 4 mL, toluene 196 mL,
complex 0.005 μmol, and [PhNHMe2][B(C6F5)4] 1.5 μmol. fThe
polymerization condition is similar to that of condition a except
1-hexene 8 mL, toluene 192 mL, complex 0.001 μmol, and
[PhNHMe2][B(C6F5)4] 1.5 μmol.
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This phenomenon is most likely explained by supposing
that, in the case of Zr−Dip2, two bulky Dip groups on the
N-terminals prevented a 1-hexene molecule from approaching
to the zirconium center, whereas, in the case of 1b, a 1-hexene
molecule is able to approach to the zirconium center from the
side of less bulky Mes group (Scheme 2).

In fact, judging from the space-filing model representations
(X-ray analysis) of 1b and 3b, there seems to be enough space
around the zirconium centers of 1b and 3b relative to that of
Zr−Dip2 because of the cavity afforded by the combination of
the Tbt and Mes groups (Figure 3).26a

Effect on the Polymerization Temperature. The temp-
erature effect (from 40 to 180 °C) on the ethylene/1-hexene
copolymerization was examined (Table 3, Figure 4).

On increasing polymerization temperature from 40 to 180 °C,
the catalytic activity for 3a was found to remarkably decrease.
The reduction of catalyst activity in the polymerization per-
formed at higher temperature could be attributed to a catalyst
irreversible deactivation rather than increase of chain propagation
rate. A very high molecular weight with Mw = 1.1 × 106 was
achieved even for the copolymer formed at 140 °C. The GPC
trace at 40 °C is not symmetric and bears a shoulder toward low
molecular weight, which is indicative of more than one active
species. As a matter of course, the number of active species at 60,
100, 140, and 180 °C is more than that of active species at 40 °C.
The Mw/Mn values correlating with the molecular-weight

distribution exhibit a substantial increase from 5.5 to 24.2 when
the temperature increases from 40 to 60 °C, and then decrease
to 9.7 at 100 °C and increase again to 19.9 at 140 °C. Although
there appears no clear reason at this moment why the Mw/Mn
values display this irregular change, the separations of broad
peaks in GPC curves into normal curves (the Flory
component) may provide an explanation for this phenomenon
(Figure 5).
The model of multiple active sites on this catalyst may be

described as follows: each type of active center produces a
polymer characterized by a most probable distribution curve.
The GPC traces of the whole polymer sample would be formed
by adding together the most probable distribution curves of
different active centers.45 The mathematical expression of the
most probable distribution is shown in the following eq 1:

= −W M ky M yM(ln ) exp( )2 2
(1)

where W(ln M) is the nongeneralized weight fraction, as the
function of lnM; y is a parameter defining the average molecular
weight; and k is a parameter that defines the peak area. Through
several regression calculations, the parameters (k and y) of a
suitable number of Flory curves were determined and the sum
of these curves was determined to fit the experimental data of

Scheme 2. View Showing a Frame Format for Ethylene and
1-Hexene Approach to Zirconium Center [(a) Zr−Dip2 (b) 1b]

Figure 3. Space-filling model representations of zirconium complexes
1b, 3b, and Zr−Dip2 (gray, C; light green, H; orange, Li; blue, N; red,
O; yellow, Si; greenish yellow, Cl; purple, Zr).

Table 3. Temperature Effect of Ethylene/1-Hexene Copolymerizationa

entry complex
polymerization
temperature, °C

activity, kg of copolymer
mol Ti−1 h−1 Tm (DSC), °C [η], dLg−1 Mw

c × 104 Mw/Mn
c short chain branchesb

1 3a 40 1600 115 d 347 5.5 18
2 3a 60 1400 121 11.6 166 24.2 17
3 3a 100 1280 125 9.1 122 9.7 17
4 3a 140 600 129 6.9 112 19.9 14
5 3a 180 200 131 2.8 19 13.7 6

aReactor: 0.4 L autoclave. Conditions: polymerization time 60 min, ethylene 2.5 MPa, 1-hexene 10 mL, toluene 190 mL, complex 2.5 μmol,
Al(i-Bu)3 0.25 mmol, and [PhNHMe2][B(C6F5)4] 7.5 μmol. bNumber of short chain branches per 1000 carbons determined by FT−IR.
cDetermined by GPC with polystyrene standard (conversion as PE: Mw = 17.7 × Aw).

dCannot be determined because of less solubility.

Figure 4. GPC traces of ethylene/1-hexene copolymers obtained by
3a/Al(i-Bu)3/[PhNHMe2][B(C6F5)4] under several polymerization
temperature (red, 40 °C; yellow, 60 °C; green, 100 °C; blue, 140 °C;
purple, 180 °C).
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catalysts (Figure 5). It is found that all the GPC traces can be
deconvoluted into from four to six Flory components. Each
Flory component should correspond to polymers produced on a
certain type of active center. Therefore, it is possible to deduce
the distribution of active centers and its changes by tracing the
position and relative peak intensity of each deconvoluted Flory
component. The six most-probable peaks were named as peaks
I, II, III, IV, V, and VI, respectively.
The separation of GPC curve at 40 °C shows that the

copolymers produced by the active species II are predominant at
this temperature. The GPC curve at 60 °C is separated to six
normal curves, derived from three predominant active species
(II, III, and IV) and minor two active species (V and VI), which
provide the lower molecular-weight copolymers. Since the

existence of many active species results in the wide distribution
of the molecular weight of copolymers, these separations may
explain the increase of the Mw/Mn values from 5.5 to 24.2 with
the temperature increase from 40 to 60 °C. The separation of
GPC curve at 100 °C suggests that active species III is pre-
dominant relative to active species II and IV. The smaller
number of active species at 100 °C than that at 60 °C may
explain the smaller Mw/Mn value at 100 °C (9.7) than that at
60 °C (24.2). Because of the similar reason, the Mw/Mn value at
140 °C (19.9) is larger than that at 100 °C (9.7).
The Table 3 showed that the higher polymerization temp-

erature resulted in the increase in the Tm values despite the
decrease in the Mw values with keeping almost the same short
chain branches. Although there is no clear reason for these
phenomena, a possible explanation is as follows. The copolymer
at 40 °C bears long chain branches and the copolymers at
60 and 100 °C do not almost have them. Therefore, the Tm
value at 40 °C is lower than those at 60 and 100 °C.

Effect on the Ethylene Pressure. The ethylene pressure
effect (from 0.4 to 4.0 MPa) on the ethylene/1-hexene
copolymerization was examined at 40 °C using 3a/Al(i-Bu)3/
[PhNHMe2][B(C6F5)4] catalyst system compared with CGC−
Ti as a reference. (Table 4, Figure 6).

The catalytic activity of 3a was found to increase as the
ethylene pressure increases from 0.6 to 2.5 MPa, giving higher
molecular weight for the resulting copolymer (Figure 7). Higher
ethylene pressure means the enhancement of ethylene
concentration in toluene, which should be the main reason for
the increase in the catalytic activity. The detailed analyses on the

Figure 5. Segmentation of GPC curves into from 4 to 6 normal
distribution curves [(a) polymerization temperature, 40 °C; (b)
polymerization temperature, 60 °C; (c) polymerization temperature,
100 °C; (d) polymerization temperature, 140 °C; (e) polymerization
temperature: 180 °C; black, experimental GPC traces; brown,
simulated GPC traces (the sum of the Flory components); red,
yellow, green, blue, violet, and pink, the Flory components].

Table 4. Ethylene Pressure Effect of Ethylene/1-Hexene Copolymerization

entry complex ethylene pressure, MPa activity, kg of copolymer mol Ti−1 h−1 Tm (DSC), °C Mw
c × 104 Mw/Mn

c short chain branchesb

1a 3a 0.6 880 78 145 4.7 35
2a 3a 1.0 1200 92 177 4.7 22
3a 3a 2.5 1600 115 347 5.5 18
4a 3a 4.0 1120 123 d d 18
ref 1e CGC−Ti 0.6 100 000 71 89 2.7 34
ref 2e CGC−Ti 2.5 130 000 108 111 3.8 20

aReactor 0.4 L autoclave, conditions: polymerization temperature 40 °C, polymerization time 60 min, 1-hexene 10 mL, toluene 190 mL, complex
2.5 μmol, Al(i-Bu)3 0.25 mmol, [PhNHMe2][B(C6F5)4] 7.5 μmol. bNumber of short chain branches per 1000 carbons determined by FT−IR.
cDetermined by GPC with polystyrene standard (conversion as PE: Mw = 17.7 × Aw).

dCannot be determined because of less solubility. eThe
polymerization condition is similar to that the condition a except 1-hexene 8 mL, toluene 192 mL, complex 0.001 μmol and [PhNHMe2][B(C6F5)4]
1.5 μmol.

Figure 6. GPC traces of ethylene/1-hexene copolymers obtained by
3a and CGC−Ti using cocatalysts of Al(i-Bu)3 and [PhNHMe2][B-
(C6F5)4] under several ethylene pressure [(a) 3a; (b) CGC−Ti; blue,
0.6 MPa; yellow, 1.0 MPa; red, 2.5 MPa].
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increase in the catalytic activity turned out that increasing
ethylene pressure from 1.0 to 2.5 MPa caused a considerable
growth in the catalytic activity, but the growth was not linear.
Similar relations were also noted for polymerization with the
use of other catalytic systems.46 In contrast, the catalytic activity
of 3a was found to decrease as the ethylene pressure increases
from 2.5 to 4.0 MPa (Figure 7). This behavior might be
explained by the insufficient diffusion of the monomer caused by
high-viscosity of polymerization solution and/or polymer
precipitation, resultant from less soluble ultrahigh molecular
weight of copolymer.
The molecular weight of the copolymers for 3a received

a considerable effect by changing the ethylene pressure from
0.6 to 2.5 MPa compared with the molecular-weight of the
copolymers for CGC−Ti. In the case of 3a, the nearly linear
relation of the Mw values with ethylene pressure was found
within the pressure range of 0.6−2.5 MPa (Figure 7). Olefin
reactivities mostly depended on the structure of alkyl groups R
attached to the double bond in α-olefin (CH2CH2−R)
molecules [relative olefin reactivities with Ziegler−Natta
catalysts: 80 (R = H) and 1 (R = n-hexyl)].47 The insertion
of ethylene to the active center is predominant to the insertion
of 1-hexene in the case of both CGC−Ti and 3a. The rate of the
chain termination reaction in the case of 3a is slower than that
in the case of CGC−Ti due to steric hindrance by an extremely
bulky substituent, Tbt group. Therefore, the ultrahigh molecular
weight copolymer (Mw > 4 × 106) can be formed by using 3a
when the ethylene pressure is 4.0 MPa.
The DSC analysis indicated that the Tm values of copolymers

increased gradually along with ethylene pressure from 0.6 to
4.0 MPa. The introduction of 1-hexene produces butyl
branches which result in lower melting points than those of
the linear PEs. The short chain branches decreased along with
the increase in ethylene pressure from 0.6 to 2.5 MPa and the
Tm value increased gradually. The reason for increasing the Tm
value at 4.0 MPa of ethylene pressure relative to the Tm value at
2.5 MPa might be formation of ultrahigh molecular-weight
ethylene/1-hexene copolymer although the values of the short
chain branches were same in the both case of 2.5 and 4.0 MPa
of ethylene pressure.
Catalytic Activities of β-Diketiminato Complexes of

Titanium and Zirconium Bearing Cp and Cp* Ligands.
Group 4 metal complexes bearing β-diketiminato and cyclo-
pentadienyl ligands [M(C5R5)Cl2{TbtNC(Me)CHC(Me)-
NMes}] (5a: M = Ti, R = H, 5b: M = Ti, R = Me, 6a: M =
Zr, R = H, 6b: M = Zr, R = Me) is prepared by the reaction of a
lithium β-diketimiante [Li{TbtNC(Me)CHC(Me)NMes}]
with MCl3(C5R5) (Scheme 3).
The copolymerization of ethylene and 1-hexene was

examined by using complexes (5a, 5b, 6a, and 6b) in the

presence of cocatalysts of Al(i-Bu)3 and [PhNHMe2][B(C6F5)4]
(Table 5). These results indicated that Cp*-supported titanium

β-diketiminate 6b show almost 14 times higher catalytic activity
for ethylene/1-hexene copolymerization (activity: 3.1 × 107 g of
copolymer mol Zr−1 h−1) than 1b.
Such high activity may suggest the η5-coordination mode of

the β-diketiminato ligand in 5a, 5b, 6a, and 6b as in the case of
[TiCl2(η

5-Cp){η5-[DipNC(Me)]2CH}].
30 The η5-coordination

mode of the β-diketiminato ligand in 5a, 5b, 6a, and 6b might
lead to the less steric protection of the Tbt groups, and hence
5a, 5b, 6a and 6b could produce the relatively lower molecular-
weight copolymer (Mw < 1.5 × 106) compared with 1a and 1b
(Mw > 4 × 106).

Catalytic Activities of 1-Aza-2-butenyl−Imido Com-
plexes Bearing Phosphonium Ylide. We have successfully
transformed the 1-aza-2-buteneyl complexes [Ti(NTbt)Cl-
{C(Me)(PMe3)CHC(Me)NMes}] (7a) and [Ti(NTbt)Cl-
{C(Me)(PMe2CH2CH2PMe2)CHC(Me)NMes}] (8a) bearing
a phosphonium ylide moiety from the 1-aza-1,3-butadienyl
complex (3a) just by adding PMe3 and Me2PCH2CH2PMe2,
respectively (Scheme 4).26b The copolymerization of ethylene

Figure 7. Catalytic activity and molecular weight of for ethylene/1-
hexene copolymer obtained by 3a/Al(i-Bu)3/[PhNHMe2][B(C6F5)4]
under several ethylene pressure (○, activity; ▲, molecular weight of
copolymer (Mw); broken line, linear approximation from 0.6 to 1.0
MPa of ethylene pressure).

Scheme 3. Preparation of Titanium and Zirconium β-
Diketiminates Bearing Cp and Cp* Ligands

Table 5. Ethylene and 1-Hexene Copolymerization Catalyzed
with Complexes/Al(i-Bu)3/[PhNHMe2][B(C6F5)4]

entry complex

activity, kg of
copolymer mol

M−1 h−1

Tm
(DSC),
°C Mw

c × 104 Mw/Mn
c

short
chain

branchesb

1a 5a 9600 128 38 9.3 11
2a 6a 33 600 108/118 78 9.2 18
3a 5b 18 400 134 52 3.9 11
4a 6b 30 800 130 153 3.2 14
ref 1e 1a 576 136 d d 12
ref 2e 1b 2240 128 d d 11
ref 3 f CGC−Ti 130 000 108 111 3.8 20
aReactor: 0.4 L autoclave. Conditions: polymerization temperature
40 °C, polymerization time 60 min, ethylene pressure 2.5 MPa,
1-hexene 10 mL, toluene 190 mL, complex 0.25 μmol, Al(i-Bu)3
0.25 mmol, and [PhNHMe2][B(C6F5)4] 1.0 μmol. bNumber of short
chain branches per 1000 carbons determined by FT−IR. cDetermined
by GPC with polystyrene standard (conversion as PE: Mw = 17.7 ×
Aw).

dCannot be determined because of less solubility. eThe
polymerization condition is similar to that the condition a except
complex 2.5 μmol and [PhNHMe2][B(C6F5)4] 7.5 μmol. fThe
polymerization condition is similar to that the condition a except
1-hexene 8 mL, toluene 192 mL, complex 0.001 μmol, and
[PhNHMe2][B(C6F5)4] 1.5 μmol.
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and 1-hexene was also examined by using the 1-aza-2-butenyl-
imido titanium complexes (7a and 8a) in the presence of
cocatalyst Al(i-Bu)3 and [PhNHMe2][B(C6F5)4] (Table 6).
These results indicated that the catalytic activity for

ethylene/1-hexene copolymerization of the 1-aza-2-butenyl
complex 7a (activity: 2.2 × 106 g of copolymer mol Ti−1 h−1)
is higher than that of the 1-aza-1,3-butadienyl complex 3a
(activity: 1.6 × 106 g of copolymer mol Ti−1 h−1) at 2.5 MPa of
ethylene pressure, whereas the catalytic activity of 8a for
ethylene/1-hexene copolymerization is lower than those of 3a
and 7a. The reason for the high activity in the case of 7a
relative to 3a and 4a is interpreted by changing electron density
of the C3N moiety which of 7a is more negative than that of 3a
determined by the DFT calculations.26b On the other hand,
the reason for the low activity in the case of 8a is most likely
interpreted in terms of the coordination of phosphorus atom
(not ylide part) of Me2PCH2CH2P

+Me2 to cationic titanium
center during the chain propagation. The catalytic activities and
Mw of ethylene/1-hexene copolymers using 7a and 8a were
found to increase as the ethylene pressure increases from 0.6 to
2.5 MPa. The complexes 7a and 8a can also afford ultrahigh
molecular-weight ethylene/1-hexene copolymer at 2.5 MPa.
However, 1-hexene incorporation in the copolymer obtained by
the use of 7a and 8a are less than that in the case of 3a under
the same conditions.

■ CONCLUSION

(1) β-Diketiminato, 1-aza-1,3-butadienyl, and 1-aza-2-butenyl
complexes of group 4 metals bearing an extremely bulky sub-
stituent (Tbt) showed high catalytic activity for making
polyolefins (up to 1.1 × 107 g of PE mol Zr−1 h−1). (2) Ultrahigh
molecular-weight ethylene/1-hexene copolymers (Mw > 4 × 106,
short chain branches C/1000C up to 19.0) were obtained by

using the complexes (1a, 1b, 3a, 3b, 3c, 4a, 7a, and 8a). The
ethylene/1-hexene copolymer obtained by 1a showed a high
melting point (Tm 136 °C) and contained 12 short chain
branches carbons per 1000 of polymer chain calculated from FT−
IR spectrum. (3) The molecular-weight of copolymers increased
as the ethylene pressure increased from 0.6 to 4.0 MPa in the case
of 3a. (4) The catalytic activities decreased and the molecular
weight distribution irregularly changed but tended to broaden as
the polymerization temperature increased from 40 °C to higher
temperature in the case of 3a. Even the copolymer formed at
140 °C was found to have a very high molecular weight of Mw =
1.1 × 106, although the catalytic activity showed remarkable
decrease at the higher temperature. (5) The 1-hexene contents in
copolymers obtained by the use of titanium complexes (1a and
3a) were higher than those in the case of zirconium complexes
(1b and 3b). (6) The tendency of catalytic activities of various
complexes for ethylene/1-hexene copolymerization and molecular
weight of ethylene/1-hexene copolymer are shown in Chart 5.
The physical properties such as tensile strength impact and

puncture resistance of ultrahigh molecular-weight ethylene/
1-hexene copolymers are under investigation.

■ EXPERIMENTAL SECTION
Materials. Unless otherwise described, all operations were

performed in an MBRAUN Labmaster glovebox under an atmosphere
of purified argon. Celite was activated at 200 °C under vacuum for 1
day. Cyclopentadienyltitanium trichloride, cyclopentadienylzirconium
trichloride, pentamethylcyclopentadienyltitanium trichloride, pentam-
ethylcyclopentadienylzirconium trichloride were purchased from
AZmax. Co. Ltd. Isobutylmethylaluminoxane (MMAO; MMAO−3A
5.7 wt % Al in toluene) and triisobutylaluminum (1 M solution in
toluene) were purchased from Tosoh Finechem. Co. Ltd. Tris-
(pentafluorophenyl)borane, Trityl tetrakis(pentafluorophenyl)borate
and N,N-dimethylanilinium tetrakis(pentafluorophenyl)borate were
purchased from Asahi Glass Co. Ltd. and used as 5.0 mM and 1.0 mM
toluene solutions. [TiCl3{TbtNC(Me)CHC(Me)NMes}] (1a),
[TiCl2{TbtNC(Me)CHC(Me)NMes}] (2a), [Ti(NTbt)Cl2{C-
(Me)CHC(Me)NMes}Li(Me2NCH2CH2NMe2)] (3a), [Ti(
NTbt)Cl{C(Me)CHC(Me)NMes}(thf)] (4a), [ZrCl3{TbtNC(Me)-
CHC(Me)NMes}(thf)] (1b), [Zr(NTbt)Cl2{C(Me)CHC(Me)-
NMes}Li(Me2NCH2CH2NMe2)] (3b), [Zr(NTbt)Cl{C(Me)-
CHC(Me)NMes}(thf)] (4b), [HfCl3{TbtNC(Me)CHC(Me)NMes}-
(thf)] (1c), [Hf(NTbt)Cl2{C(Me)CHC(Me)NMes}Li(Me2NCH2-
CH2NMe2)] (3c), and [Hf(NTbt)Cl{C(Me)CHC(Me)NMes}-
(thf)] (4c) were prepared according to the methods in the
literature.26a [Ti(NTbt)Cl{C(Me)(PMe3)CHC(Me)NMes}] (7a),
and [Ti(NTbt)Cl{C(Me)(PMe2CH2CH2PMe2)CHC(Me)NMes}]
(8a) were prepared according to the methods in the literature.26b

Li{TbtNC(Me)CHC(Me)NMes}],48 [ZrCl3{[DipNC(Me)]2CH}-
(thf)] (Zr−Dip2),29 CGC−Ti,39 and PHENICS,40 were prepared
according to the methods in the literatures, respectively. 1H NMR
(300 MHz) and 13C NMR (75 MHz) spectra were recorded on a

Scheme 4. Preparation of Titanium Complexes Bearing
1-Aza-2-butenyl−Imido and Phosphonium Ylide

Table 6. Ethylene and 1-Hexene Copolymerization Catalyzed with Complexes/Al(i-Bu)3/[PhNHMe2][B(C6F5)4]
a

entry complex ethylene pressure, MPa activity, kg of copolymer mol Ti−1 h−1 Tm (DSC), °C Mw
c × 104 Mw/Mn

c short chain branchesb

1 7a 0.6 720 82/104 228 4.2 14
2 7a 2.5 2240 120 446 5.4 3
3 8a 0.6 180 77/115 191 13 25
4 8a 2.5 920 122 423 9.2 3
ref 1 3a 0.6 880 78/116 145 4.7 35
ref 2 3a 2.5 1600 115 347 5.5 18
ref 3 4a 2.5 640 118 d d 18

aReactor: 0.4 L autoclave. Conditions: polymerization temperature 40 °C, polymerization time 60 min, 1-hexene 10 mL, toluene 190 mL, complex
0.25 μmol, Al(i-Bu)3 0.25 mmol, and [PhNHMe2][B(C6F5)4] 1.0 μmol.

bNumber of short chain branches per 1000 carbons determined by FT−IR.
cDetermined by GPC with polystyrene standard (conversion as PE: Mw = 17.7 × Aw).

dCannot be determined because of less solubility.
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JEOL JNM AL-300 spectrometer. The 1H NMR chemical shifts were
reported with reference to the internal residual C6D5H (7.15 ppm).
The 13C NMR chemical shifts were reported with reference to the
carbon-13 signal of C6D6 (128.0 ppm). Multiplicity of signals in 13C
NMR spectra was determined by DEPT techniques. Melting points
were determined on a Yanaco micro melting point apparatus and are
uncorrected. Elemental analyses were carried out at the Micro-
analytical Laboratory of the Institute for Chemical Research, Kyoto
University.
Synthesis of [TiCpCl2{TbtNC(Me)CHC(Me)NMes}] (5a). A

solution of [Li{TbtNC(Me)CHC(Me)NMes}] (40.0 mg, 51.7 μmol)
in benzene (1 mL) was added to a slurry of pentamethylcyclopenta-
dienyltitanium trichloride (13.6 mg, 62.0 μmol) in benzene
(1 mL), and the reaction mixture turned dark red. After stirring for
1 d, the solvent was removed under reduced pressure. Toluene was
added to the red residue, and the filtration through Celite gave a dark
red solution. The solution was concentrated by evaporation and
recrystallized from n-hexane/toluene at −40 °C, yielding dark red
crystals. [TiCpCl2{TbtNC(Me)CHC(Me)NMes}] (5a, 28.1 mg,
57%): mp 158−161 °C (dec). 1H NMR (300 MHz, C6D6, 25 °C):
δ 0.22 (s, 18H, SiMe3), 0.24 (s, 18H, SiMe3), 0.37 (s, 18H, SiMe3), 1.48
(s, 1H, Tbt p-benzyl), 1.83 (s, 2H, Tbt o-benzyl), 2.04 (s, 6H, Mes
o-Me), 2.06 (s, 3H, Me), 2.07 (s, 3H, Me), 2.44 (s, 3H, Me), 6.14 (s,
5H, C5H5), 6.22 (s, 1H, 3−CH), 6.63 (s, 2H, Mes m-H), 6.66 (br s,
2H, Tbt m-H). 13C NMR (75 MHz, C6D6, 25 °C): δ 2.2 (q, SiMe3),
2.9 (q, SiMe3), 18.3 (q, Me), 19.0 (q, Me), 20.4 (q, Mes o-Me), 21.2
(d, Tbt o-benzyl), 22.5 (d, Tbt o-benzyl), 25.4 (q, Me), 29.3 (d, Tbt
p-benzyl), 119.0 (s, C5H5), 127.9 (d, Tbt Cm), 128.9 (d, 3-CH), 129.2
(d, Tbt Cm), 129.9 (d, Mes Cm), 130.1 (s), 131.3 (s), 132.2 (s), 135.2
(s), 137.5 (s), 145.7 (s), 146.5 (s), 157.8 (s, C(N)), 167.1 (s, C(N)).
Anal. Calcd for C46H82N2Si6Cl2Ti: C, 58.13; H, 8.70; N, 2.95. Found:
C, 58.00; H, 8.92; N, 2.93.
Synthesis of [ZrCpCl2{TbtNC(Me)CHC(Me)NMes}] (5b). A

solution of [Li{TbtNC(Me)CHC(Me)NMes}] (40.1 mg, 51.7 μmol)
in benzene (1 mL) was added to pentamethylcyclopentadienylzirco-
nium trichloride (16.3 mg, 62.0 μmol), and the reaction mixture turned
yellow. The procedure similar to that in the preparation of 5a afforded
the product as yellow crystals. [ZrCpCl2{TbtNC(Me)CHC(Me)-
NMes}] (5b, 38.2 mg, 74%): mp 182−184 °C (dec). 1H NMR
(300 MHz, C6D6, 25 °C): δ 0.22 (s, 18H, SiMe3), 0.27 (s, 18H, SiMe3),
0.29 (s, 18H, SiMe3), 1.49 (s, 1H, Tbt p-benzyl), 1.91 (s, 6H, Mes
o-Me), 1.96 (s, 2H, Tbt o-benzyl), 2.10 (s, 3H, Me), 2.20 (s, 3H, Me),
2.40 (s, 3H, Me), 5.93 (s, 1H, 3−CH), 6.02 (s, 5H, C5H5), 6.62 (br s,
2H, Tbt m-H), 6.66 (s, 2H, Mes m-H). 13C NMR (75 MHz, C6D6,
25 °C): δ 1.8 (q, SiMe3), 2.5 (q, SiMe3), 18.6 (q, Me), 19.1 (q, Me),
20.8 (q, Mes o-Me), 21.2 (d, Tbt o-benzyl), 22.8 (d, Tbt o-benzyl), 25.8
(q, Me), 29.8 (d, Tbt p-benzyl), 119.2 (s, C5H5), 127.4 (d, Tbt Cm),
128.6 (d, 3-CH), 129.7 (d, Tbt Cm), 130.6 (d, Mes Cm), 130.9 (s),

131.5 (s), 132.5 (s), 135.9 (s), 137.9 (s), 145.6 (s), 145.9 (s), 158.9 (s,
C(N)), 168.1 (s, C(N)). Anal. Calcd for C46H82N2Si6Cl2Zr: C, 55.59;
H, 8.32; N, 2.82. Found: C, 55.78; H, 8.38; N, 2.90.

Synthesis of [TiCp*Cl2{TbtNC(Me)CHC(Me)NMes}] (6a). A
solution of [Li{TbtNC(Me)CHC(Me)NMes}] (80.1 mg, 103 μmol)
in benzene (1 mL) was added to pentamethylcyclopentadienyltitanium
trichloride (36.0 mg, 128 μmol), and the reaction mixture turned dark
red. The procedure similar to that in the preparation of 5a afforded the
product as dark red crystals. [TiCp*Cl2{TbtNC(Me)CHC(Me)-
NMes}] (6a, 84.4 mg, 80%): mp 198−201 °C (dec). 1H NMR
(300 MHz, C6D6): δ 0.18 (s, 18H, SiMe3), 0.20 (s, 18H, SiMe3), 0.21
(s, 18H, SiMe3), 1.39 (s, 1H, Tbt p-benzyl), 1.82 (s, 3H, Me), 1.89
(s, 3H, Me), 1.91 (s, 6H, C5Me5), 2.00 (s, 3H, Me), 2.05 (s, 2H, Tbt
o-benzyl), 2.11 (s, 9H, C5Me5), 2.40 (s, 6H, Mes o-Me), 6.18 (s, 1H,
3−CH), 6.62 (br s, 2H, Tbt m-H), 6.72 (br, 2H, Mes m-H). 13C NMR
(75 MHz, C6D6, 25 °C): δ 1.0 (q, SiMe3), 1.8 (q, SiMe3), 14.0 (q,
C5Me5), 14.2 (q, C5Me5), 18.0 (q, Me), 18.8 (q, Me), 20.4 (q, Mes
o-Me), 20.8 (d, Tbt o-benzyl), 22.3 (d, Tbt o-benzyl), 25.2 (q, Me),
29.6 (d, Tbt p-benzyl), 120.8 (s, C5Me5), 127.1 (d, Tbt Cm), 128.3 (d,
3-CH), 129.1 (d, Tbt Cm), 130.2 (d, Mes Cm), 130.3 (s), 131.7 (s),
132.7 (s), 135.4 (s), 137.2 (s), 144.5 (s), 144.6 (s), 156.9 (s, C(N)),
165.1 (s, C(N)). Anal. Calcd for C51H92N2Si6Cl2Ti: C, 60.02; H, 9.09;
N, 2.74. Found: C, 60.32; H, 8.82; N, 2.77.

Synthesis of [ZrCp*Cl2{TbtNC(Me)CHC(Me)NMes}] (6b). A
solution of [Li{TbtNC(Me)CHC(Me)NMes}] (79.8 mg, 103 μmol)
in benzene (1 mL) was added to pentamethylcyclopentadienylzirco-
nium trichloride (42.6 mg, 128 μmol), and the reaction mixture turned
yellow. The procedure similar to that in the preparation of 5a afforded
the product as yellow crystals. [ZrCp*Cl2{TbtNC(Me)CHC(Me)-
NMes}] (6b, 81.7 mg, 60%): mp 230−233 °C (dec). 1H NMR
(300 MHz, C6D6): δ 0.23 (s, 18H, SiMe3), 0.26 (s, 18H, SiMe3), 0.30
(s, 18H, SiMe3), 1.44 (s, 1H, Tbt p-benzyl), 1.78 (s, 3H, Me), 1.82 (s,
6H, Me), 1.88 (s, 3H, Me), 2.00 (s, 3H, Me), 2.06 (s, 6H, Me), 2.11 (s,
2H, Tbt o-benzyl), 2.13 (s, 6H, Me), 2.32 (s, 3H, Me), 5.26 (s, 1H,
3−CH), 6.64 (br s, 2H, Tbt m-H), 6.70 (s, 2H, Mes m-H). 13C NMR
(75 MHz, C6D6, 25 °C): δ 1.7 (q, SiMe3), 1.9 (q, SiMe3), 14.8 (q,
C5Me5), 15.1 (q, C5Me5), 18.3 (q, Me), 18.8 (q, Me), 20.7 (q, Mes
o-Me), 21.1 (d, Tbt o-benzyl), 22.6 (d, Tbt o-benzyl), 25.8 (q, Me),
30.3 (d, Tbt p-benzyl), 120.9 (s, C5Me5), 127.2 (d, Tbt Cm), 128.4 (d,
3-CH), 129.4 (d, Tbt Cm), 130.4 (d, Mes Cm), 130.7 (s), 132.5 (s),
133.4 (s), 135.6 (s), 137.8 (s), 144.9 (s), 145.5 (s), 157.8 (s, C(N)),
165.4 (s, C(N)). Anal. Calcd for C51H92N2Si6Cl2Zr: C, 57.57; H, 8.72;
N, 2.63. Found: C, 57.80; H, 8.54; N, 2.69.

Polymerization Characterization. The copolymer samples were
prepared in sample tubes (10 mm in diameter) by dissolving 250 mg
of the copolymers in 3.0 mL of o-dichlorobenzene containing 0.3 mL
of o-dichlorobenzene-d4.

49 As short chain branches (1-hexene content)
of ethylene/1-hexene copolymers were measured using a JASCO

Chart 5. Tendency of Catalytic Activities and Molecular Weight of Ethylene/1-Hexene Copolymer Using β-Diketiminato,
1-Aza-1,3-butadienyl−Imido, and 1-Aza-2-butenyl−Imido Titanium Complexes
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IR−810 spectrometer with an estimated error of ±0.5 mol %.40

Molecular weights (Mw and Mn) and molecular weight distributions
(Mw/Mn) were determined by high-temperature gel permeation
chromatography (GPC) and calibrated using polystyrene standards.
GPC analysis was performed with a HLC−8121GPC/HT liquid
chromatograph at 152 °C in o-dichlorobenzene using a TSK−GEL
GMHHR−H(20)HT column. Differential scanning calorimetry
(DSC) melting curves were recorded at a rate of 5 °C/min using a
Seiko SSC-5200 instrument. The melting point (Tm) of copolymers
was measured from the second heating.
Polymerization by Screening System. A Symyx PPR system

was used for primary screening experiments. A preweighed glass vial
insert and disposable stirring paddle were fitted to each reaction vessel
of the reactor. The reactor was then closed, and 0.25 M Al(i-Bu)3
(160 μL, 40 μmol) and toluene were injected into each reaction vessel
through a valve. The total volume of reaction mixture (in the case of
copolymerization: 60 μL 1-hexene added) was adjusted to 5 mL with
toluene. The temperature was then set to 40 °C, the stirring speed was
set to 800 rpm, and the mixture was pressurized to 0.6 MPa. A toluene
solution of precatalyst (a 0.1 μmol, 1 mM toluene solution) and a
toluene solution of a boron compound [B(C6F5)3, [PhNHMe2]-
[B(C6F5)4] or Ph3CB(C6F5)4] (a 0.3 μmol, 1 mM toluene solution)
was successively added. When MMAO was used as a cocatalyst, MMAO
(a 100 μmol, 0.25 M toluene solution) and a catalyst precursor
(a 0.1 μmol, 1 mM toluene solution) were added. Ethylene pressure in
the cell and the temperature setting were maintained by computer
control until the end of the polymerization experiment. The
polymerization reactions were allowed to continue for 20 min unless
consumption of ethylene reached preset levels. After polymerization
reaction, the temperature was allowed to drop to room temperature and
the ethylene pressure in the cell was slowly vented. The glass vial insert
was then removed from the pressure cell and the volatile components
were removed using a centrifuge vacuum evaporator to give a polymer
product.
Typical Procedure of Ethylene/1-Hexene Copolymerization

in the Case of β-Diketiminato, 1-Aza-1,3-butadienyl−Imido
and 1-Aza-2-butenyl−Imido Complexes of Group 4 Metals. An
autoclave having an inner volume of 0.4 L was dried under vacuum at
130 °C, and purged with argon. Then, 1-hexene (10 mL) and toluene
(190 mL) were charged, and the vessel was heated to 40 °C. After
ethylene was introduced (2.5 MPa), Al(i-Bu)3 (a 0.25 mmol, 1.0 M
toluene solution) was added. Subsequently, the complex (a 2.5 μmol,
0.10 mM toluene solution) and [PhNHMe2][B(C6F5)4] (a 7.5 μmol,
5.0 mM toluene solution) were added. Polymerization was carried out
at 40 °C for 1 h, and the reaction was quenched by adding methanol
(5 mL). A few minutes later, the reaction mixture was poured into acidic
methanol (400 mL with 5 mL of 1 M HCl). The polymer was collected
by filtration and washed with methanol and dried in a high vacuum oven
at 80 °C for 8 h to constant weight.
Procedure of Ethylene/1-Hexene Copolymerization in the

Case of PHENICS. The polymerization procedure is similar to that in
the case of other complexes as shown above except for the use of
toluene 196 mL, 1-hexene 4 mL, the complex (PHENICS, 0.005 μmol)
and [PhNHMe2][B(C6F5)4] (a 1.5 μmol, 5.0 mM toluene solution).
Procedure of Ethylene/1-Hexene Copolymerization in the

Case of CGC−Ti. The polymerization procedure is similar to that in
the case of other complexes as shown above except for the use of
toluene 192 mL, 1-hexene 8 mL, the complex (CGC−Ti, 0.001 μmol)
and [PhNHMe2][B(C6F5)4] (a 1.5 μmol, 5.0 mM toluene solution).
Effect on Polymerization Temperature for Ethylene/1-

Hexene Copolymerization. The polymerization procedure is similar
to other copolymerization procedures as shown above except that the
polymerization temperatures are 60, 100, 140, and 180 °C instead of
40 °C.
Effect on Ethylene Pressure for Ethylene/1-Hexene Copoly-

merization. The polymerization procedure is similar to other
copolymerization procedures as shown above except that the ethylene
pressures are 0.6, 1.0, and 4.0 MPa instead of 2.5 MPa.
Procedure of Ethylene/1-Hexene Copolymerization in the

Case of PHENICS. The polymerization procedure is similar to that
the above one except toluene 196 mL, 1-hexene 4 mL, the complex

(PHENICS, 0.005 μmol) and [PhNHMe2][B(C6F5)4] (a 1.5 μmol,
5.0 mM toluene solution).

Procedure of Ethylene/1-Hexene Copolymerization in the
Case of CGC−Ti. The polymerization procedure is similar to that the
above one except toluene 192 mL, 1-hexene 8 mL, the complex
(CGC−Ti, 0.001 μmol) and [PhNHMe2][B(C6F5)4] (a 1.5 μmol,
5.0 mM toluene solution).

Effect on Polymerization Temperature for Ethylene/1-Hexene
Copolymerization Using 3a. The polymerization procedure is
similar to that the above one except that the polymerization temp-
eratures are 60, 100, 140, and 180 °C instead of 40 °C.

Effect on Ethylene Pressure for Ethylene/1-Hexene Copoly-
merization Using 3a. The polymerization procedure is similar to
that the above one except that the ethylene pressure are 0.6, 1.0, and
4.0 MPa instead of 2.5 MPa.
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Angew. Chem., Int. Ed. Engl. 1989, 28, 1216−1218. (c) Tsutsui, T.;
Ishimaru, N.; Mizuno, A.; Toyota, A.; Kashiwa, N. Polymer 1989, 30,

Macromolecules Article

dx.doi.org/10.1021/ma2024107 | Macromolecules 2012, 45, 1758−17691768



1350−1356. (d) Yoshida, T.; Koga, N.; Morokuma, K. Organometallics
1995, 14, 746−758.
(43) (a) Killian, C. M.; Tempel, D. J.; Johnson, L. K.; Brookhart,
M. J. J. Am. Chem. Soc. 1996, 118, 11664−11665. (b) Rix, F. C.;
Brookhart, M. L.; White, P. S. J. Am. Chem. Soc. 1996, 118, 4746−
4764.
(44) Margl, P.; Deng, L.; Zieger, T. Organometallics 1999, 18, 5701−
5708.
(45) (a) Kissin, Y. V. J. Polym. Sci., Part A: Polym. Chem. 1995, 33,
227−237. (b) Jiang, X.; Wang, H.; Tian, X.; Yang, Y.; Fan, Z. Ind. Eng.
Chem. Res. 2011, 50, 259−266. (c) Soares, J. B. P. Chem. Chem. Eng.
Sci. 2001, 56, 4131−4153.
(46) (a) Zuo, W.; Zhang, M.; Sun, W.-H. J. Polym. Sci., Part A: Polym.
Chem. 2009, 47, 357−372. (b) Pietruszka, A.; Białek, M.; Czaja, K.
J. Appl. Polym. Sci. 2012, 123, 1848−1852.
(47) Krentsel, N. A.; Kissin, Y. V.; Kleniner, V. I.; Stotskaya, L. L.
Polymers and Copoymers of Higher α-Olefins; Hanser Publichers:
Munich, Germany, 1997; pp 243−335.
(48) (a) Takeda, N.; Hamaki, H.; Tokitoh, N. Chem. Lett. 2004, 33,
134−135. (b) Hamaki, H.; Takeda, N.; Yamasaki, T.; Sasamori, T.;
Tokitoh, N. J. Organomet. Chem. 2007, 692, 44−54.
(49) de Pooter, M.; Smith, P. B.; Dohrer, K. K.; Bennet, K. F.;
Meadows, M. D.; Smith, C. G.; Schouwenaars, H. P.; Geerards, R. A.
J. Appl. Polym. Sci. 1991, 42, 399−408.

Macromolecules Article

dx.doi.org/10.1021/ma2024107 | Macromolecules 2012, 45, 1758−17691769



Alternating Ring-Opening Polymerization of Cyclohexene Oxide and
Anhydrides: Effect of Catalyst, Cocatalyst, and Anhydride Structure
Elham Hosseini Nejad, Carlo G. W. van Melis, Tim J. Vermeer, Cor E. Koning, and Rob Duchateau*

Laboratory of Polymer Chemistry, Eindhoven University of Technology, P.O. Box 513, 5600 MB, Eindhoven, The Netherlands

*S Supporting Information

ABSTRACT: Ring-opening copolymerization of cyclohexene
oxide with alicyclic anhydrides containing different ring strain
(succinic anhydride, cyclopropane-1,2-dicarboxylic acid anhy-
dride, and phthalic anhydride) was performed applying metal
salen chloride complexes, (salen)MCl (M = Al, Cr, Co; salen =
N,N-bis(3,5-di-tert-butylsalicylidene)diimine) with different
metals and ligand−diimine backbones. While some of the
bulk copolymerizations afforded poly(ester-co-ether)s, all
solution polymerizations produced perfect alternating copoly-
mers. The chromium catalysts performed best while the
aluminum catalysts were the least active ones. For each metal, the salophen complexes yielded the best performing catalyst. A
variety of cocatalysts have been employed: bis(triphenylphosphoranylidene)ammonium chloride, N-heterocyclic nucleophiles
including 4-(dimethylamino)pyridine, N-methylimidazole, and 1,5,7-triazabicyclododecene and the phosphines trimesitylphos-
phine, tris(2,4,6-trimethoxyphenyl)phosphine, tricyclohexylphosphine to triphenylphsophine. Of all cocatalysts, bis-
(triphenylphosphoranylidene)ammonium chloride was found to be the most efficient cocatalyst in combination with
salophenCrCl for the copolymerization of cyclohexene oxide with phthalic anhydride, and 1 equiv was enough to reach optimum
activity. N-Heterocyclic nucleophiles showed the lowest activity. Of the three anhydrides used, phthalic anhydride is the most
reactive giving the highest conversions and the highest molecular weight products.

■ INTRODUCTION
Approximately 40 years ago, Inoue and co-workers reported for
the first time the copolymerization of oxiranes with carbon
dioxide and anhydrides using organometallic compounds.1 The
design of efficient metal-based catalysts for the selective
coupling of carbon dioxide and various epoxides to obtain
polycarbonates has made significant improvement over the past
decades.2−9 In the meanwhile, copolymerization of epoxides
and anhydrides has received much less attention.10,11 The
earlier studies by Inoue12 and Maeda13 on the anhydride−
oxirane copolymerization with aluminum porphyrinato and
magnesium diethoxide catalysts were promising, but the
difficulty of obtaining high molecular weight polymers along
with the undesirable side reaction of oxirane homopolymeriza-
tion prevented its development as a general pathway for quite
some time. Recent reports on the copolymerization of several
alicylic oxiranes and anhydrides using a zinc 2-cyano-β-
diketiminate11,14 and chromium salophen and porphyrinato10

catalysts renewed the attention to this scientific area. Like for
the corresponding oxirane−CO2 copolymerization,1,15−17 the
metal salen and porphyrinato-catalyzed oxirane−anhydride
copolymerizations generally require a cocatalyst to obtain
good yields and selectivity.10 For example, mainly oligoethers
and low activities were observed when aluminum and
chromium tetraphenylporphyrinato and chromium salophen
complexes were employed without cocatalysts. Adding
nucleophilic cocatalysts considerably improved the catalyst’s

performance and ester content of the poly(ester-co-ether)s
obtained. Interestingly, recently Coates and co-workers
reported the alternating epoxide−maleic anhydride copoly-
merization using a salen chromium chloride catalyst without a
cocatalyst.18

Here we describe the alternating ring-opening copolymeriza-
tion of cyclohexene oxide with anhydrides containing different
ring strain; succinic anhydride (SA), cyclopropane-1,2-
dicarboxylic acid anhydride (CPrA), and phthalic anhydride
(PA, Figure 1) using metal−salen complexes, (salen)MCl (M =
Al, Cr, Co; salen = N,N-bis(3,5-di-tert-butylsalicylidene)-
diimine), with different metals and ligand−diimine backbones
(Figure 2) as catalysts. Regarding the important role of a
cocatalyst for the metal salen-catalyzed epoxide−CO2 copoly-
merizations10,15−17 and concerning the limited amount of data
on the related epoxide−anhydride copolymerizations, we have
also investigated the effect of various cocatalysts and solvents in
the ring-opening copolymerization of cyclohexene oxide and
alicyclic anhydrides.

■ EXPERIMENTAL SECTION
Reagents. Succinic anhydride, cyclopropane-1,2-dicarboxylic acid

anhydride, phthalic anhydride, 4-(dimethylamino)pyridine, N-methyl-
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imidazole, 1,5,7-triazabicyclododecene (TBD), and bis-
(triphenylphosphorylidine)ammonium chloride were purchased from
Aldrich and used as received. Trimesitylphosphine, tris(2,4,6-
trimethoxyphenyl)phosphine, and tricyclohexylphosphine were pur-
chased from Strem Chemicals. Triphenylphosphine was bought from
Fluka. All phosphine cocatalysts were used as received. Cyclohexene
oxide was purchased from Aldrich, dried over CaH2, then distilled, and
stored under argon. Succinic anhydride and cyclopropane-1,2-
dicarboxylic acid anhydride were sublimed prior to use. Phthalic
anhydride was recrystallized from chloroform. The salen complexes
were prepared according to the procedure found in the literature.19

Toluene (Aldrich), petroleum ether (60−80 fraction, Aldrich), and
Isopar E (ExxonMobil), a solvent which consisits predominantly of
C8−C9 isoparaffinic haydrocarbons with the boiling point of 118−140
°C, were dried over an alumina column and stored on 4 Å molecular
sieves under argon. All manipulations were performed under an inert
atmosphere or in a nitrogen-filled MBraun glovebox unless stated
otherwise. The catalysts 1−12 have been synthesized according to
literature procedures.2,20−27

Copolymerizations of Anhydrides and CHO. The copolymer-
izations were performed at 110 °C in both bulk (150 min) and in
toluene (300 min) with an oxirane:anhydride:catalyst(:cocatalyst)
ratio of 250:250:1(:1).
Bulk. A mixture of anhydride (2.5 mmol), CHO (2.5 mmol), and

catalyst (10 μmol) was reacted in a 2 mL crimp cap vial equipped with
a stirring bar placed in an aluminum heating block mounted on top of
a stirrer/heating plate. The polymerization was conducted at 110 °C
for 150 min unless stated otherwise. All analyses were performed on
crude samples.
Solution. A 2 mL crimp lid vial equipped with a stirring bar was

charged with a mixture of anhydride (2.5 mmol), CHO (2.5 mmol),
and catalyst (10 μmol) in toluene (1 mL) and was placed in an

aluminum heating block mounted on top of a stirrer/heating plate.
The polymerization was conducted at 110 °C for 300 min. All analyses
were performed on crude samples.

Methods. NMR spectra were recorded on a Varian Mercury Vx
(400 MHz) spectrometer at 25 °C in chloroform-d1, and

1H NMR
spectra were referenced internally using residual solvent proton signals.
SEC analysis was carried out using a Waters 2695 separations module,
a model 2414 refractive index detector (at 40 °C), and a model 486
UV detector (at 254 nm) in series. Injections were done by a Waters
model WISP 712 autoinjector, using an injection volume of 50 μL.
The columns used were a PLgel guard (5 μm particles) 50 × 7.5 mm
column, followed by two PLgel mixed-C (5 μm particles) 300 × 7.5
mm columns at 40 °C in series. THF was used as eluent at a flow rate
of 1.0 mL min−1. Samples were filtered through a 0.2 μm PTFE filter
(13 mm, PP housing, Alltech). For calibration polystyrene standards
were used (Polymer Laboratories, Mn = 580−7.1 × 106 g mol−1). Data
acquisition and processing were performed using Waters Millennium
32 (v4.0) software. MALDI-ToF-MS analysis was performed on a
Voyager DE-STR from Applied Biosystems equipped with a 337 nm
nitrogen laser. An accelerating voltage of 25 kV was applied. Mass
spectra of 1000 shots were accumulated. The polymer samples were
dissolved in THF at a concentration of 1 mg mL−1. The cationization
agent used was potassium trifluoroacetate (Fluka, >99%) dissolved in
THF at a concentration of 5 mg mL−1. The matrix used was trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)
(Fluka) and was dissolved in THF at a concentration of 40 mg mL−1.
Solutions of matrix, salt and polymer were mixed in a volume ratio of
4:1:4, respectively. The mixed solution was hand-spotted on a stainless
steel MALDI target and left to dry. The spectra were recorded in the
reflectron mode. All MALDI-ToF-MS spectra were recorded from the
crude products. In-house developed software was used to characterize
the polymers in detail and allowed us to elucidate the individual chain
structures, the copolymer’s chemical composition, and topology (see
Supporting Information for more details).28,29

■ RESULTS AND DISCUSSION
Effect of Catalyst Structure on Catalytic Behavior. To

study the effect of the steric and electronic environment of the
catalyst on the catalytic performance, we decided to vary both
the salen−diimine backbone and the metal in the catalysts
(salen)MCl (1−12, Figure 2). The copolymerizations were
carried out in bulk and toluene with DMAP as cocatalyst.
As expected, the bulk polymerizations showed higher

conversion rates compared to the solution polymerizations,
but the effect of the metal and ligand structure on the catalytic
behavior was very similar as for the solution polymerizations.
Whereas some of the bulk polymerizations afforded poly(ester-
co-ether)s, all solution polymerizations produced perfect
alternating copolymers (Figures 3 and 4). The results of the

Figure 1. Synthesis of polyesters from cyclohexene oxide and
dicarboxylic acid anhydrides (succinic anhydride, cyclopropane-1,2-
dicarboxylic acid anhydride, and phthalic anhydride).

Figure 2. General structure of (salen)MCl catalysts utilized for the
copolymerization reactions.

Figure 3. CHO conversion for the copolymerization of CHO and
anhydrides catalyzed by (salen)MCl catalysts.
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bulk and solution polymerizations are tabulated in the
Supporting Information as Tables S1 and S2, respectively.
From Figure 3 it is clear that overall the chromium catalysts
performed best while the aluminum catalysts were the least
active ones. When looking at the CHO−SA copolymerization,
it is clear that the salophen complexes (3, 7, 11) gave the
highest activity, followed by the ethylene-bridged chromium
(5) and cobalt (9) complexes and the aluminum meso-diphenyl
complex 4. The corresponding meso-diphenyl salen chromium
(8) and cobalt (12) complexes proved to be the least active for
CHO−SA copolymerization. Summarizing, for each metal the
salophen complexes yielded the best performing catalysts, and
chromium clearly outperformed the other two metals, making
chromium salophen 7 the most active catalyst of all tested.
Sterically encumbering substituents such as two diphenyl
groups on the diimine backbone had a negative effect on the
catalytic activity. The catalytic behavior of catalysts containing
sterically less demanding ethylenediimine and cyclohexylene-
diimine backbones was almost identical. Darensbourg et al.19

reported a similar trend in catalytic activity for the
copolymerization of cyclohexene oxide and CO2 catalyzed by
chromium salen systems: 8 showed the lowest reactivity while 5
and 6 exhibited similar activities.
It was assumed that increasing the ring strain in the

anhydride backbone would also lead to higher reactivity and
possibly also to higher molecular weight products.10 To
investigate the effect of anhydride ring strain in this type of
copolymerization, the aliphatic succinic anhydride (SA)
monomer was replaced by the alicyclic anhydrides: phthalic
anhydride (PA) and cyclopropane anhydride (CPrA). PA
indeed showed higher reactivities than SA. For CPrA the
situation was less clear as aluminum and cobalt catalysts gave
slightly higher conversions for SA-based copolymers while
chromium clearly yielded higher conversions for CPrA-based
copolymers. The polymer molecular weight seemed to be
related to the reactivity of the anhydride. Polymers obtained
from PA and CHO copolymerizations showed quite high Mn
values (Figure 4). CPrA- and SA-based copolymers generally
exhibited lower molecular weights. In all cases though, the
observed molecular weights were lower than the theoretical
values for a living system. This is attributed to the presence of
small amounts of hydrolyzed anhydrides that can function as
chain transfer agents (CTAs).30−32 To verify this, the
copolymerizations of PA and CHO without and with a small
amount (0.5%) of isophthalic acid in addition to PA and CHO
were compared. The results obtained confirm that presence of
hydrolyzed anhydrides can indeed act as CTA lowering the

polymer molecular weight (CHO + PA: 86% conversion, Mn =
16 200 g/mol, PDI = 1.2; CHO + PA + diacids: 90%
conversion, Mn = 12 100 g/mol, PDI = 1.3). The differences in
molecular weight for the CHO−anhydride copolymers at
comparable CHO conversion (e.g., see the runs with 7 in
Figures 3 and 4) indicate the presenc of varying amounts of
diacids depending on the anhydride. Atempts to purify the
anhydrides by double sublimation or crystallization did not
result in a significant improvement of the molecular weight,
which indicates that removal of the traces of diacids is difficult
or that the water responsible for the diacid formation is
introduced during the sample preparation or polymerization.
All polymers exhibited narrow molecular weight distributions

and the Mn values displayed a linear relationship with the %
CHO conversion, which is consistent with a living or, taking the
unintended presence of CTAs into account, immortal polymer-
ization process (Figure 5).

Effect of Cocatalysts on Catalytic Behavior. While there
have been numerous studies on epoxide−CO2 copolymeriza-
tion involving metal salen or porphyrinato catalysts in
combination with nucleophilic cocatalysts,4,15,17,19,23,25,33,34

thus far there have only been few reports on the
copolymerization of epoxides and anhydrides utilizing these
catalyst systems. A recent report on the chromium porphyr-
inato, TTPCrCl, and salophen (7) catalyzed copolymerization
of CHO and anhydrides (e.g., SA, CPrA, PA) clearly showed
that the presence of a cocatalyst dramatically improved the
catalytic activity and ester content of the obtained polymers.10

Conversely, a recent study demonstrated that the copoly-
merization of propylene oxide and maleic anhydride (MA)
catalyzed by 6 proceeds smoothly in petroleum ether without
the need of a cocatalyst.18

Herein we have studied and compared the effect of different
types of cocatalysts including N-heterocyclic nucleophiles,
phosphines, and PPN+Cl− in ring-opening copolymerization
of cyclohexene oxide and phthalic anhydride. Since 6 is an
effective epoxide−CO2 copolymerization catalyst in combina-
tion with the above-mentioned cocatalysts and both 6 and 7
proved to be effective catalysts for the copolymerization of
CHO and anhydrides, these two catalysts were chosen to study
the effect of different cocatalysts on the catalytic behavior.

Figure 4. Mn values for the copolymerization of CHO and anhydrides
catalyzed by (salen)MCl catalysts.

Figure 5. Development of Mn (green) and PDI (red) versus CHO
conversion for the 7/DMAP catalyzed CHO−PA copolymerization.
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Cocatalyst-Free. First we investigated whether the recent
finding of Coates, that the copolymerization of propylene oxide
and MA catalyzed by 6 proceeds smoothly in petroleum ether
at 45 °C in the absence of a cocatalyst, is a general feature.18

Thus, the copolymerization of maleic anhydride (MA) and
CHO were carried out in toluene and petroleum ether, in both
the presence and absence of DMAP as cocatalyst and using 6
and 7 as catalysts. After 24 h at 45 °C in toluene in the presence
of DMAP as cocatalyst, no conversion of CHO and MA could
be observed. This is in agreement with previous results that
copolymerization of CHO and anhydrides (e.g., SA, PA, CPrA)
catalyzed by 7/DMAP in toluene were only found to proceed
with good catalytic activity at elevated temperatures (110
°C).10 Copolymerizations in toluene without cocatalyst
resulted in low conversions and produced poly(ester−ether)s
with mainly (>85%) ether functionalities. In petroleum ether
and in the presence of DMAP an insoluble lump of probably
cross-linked material was produced. Only in petroleum ether in
the absence of DMAP a tractable soluble polymer was formed.
The obtained polymer was found to be a poly(ester−ether),
poly[(C6H10O)x(C(O)CHCHC(O)−OCH6H10O)y],
with 58% and 30% ester functionalities for 6 (conversion 89%;
Mn = 5800 g/mol, PDI = 4.4) and 7 (conversion 99%; Mn =
3400 g/mol, PDI = 2.5), respectively. Because of the low
solubility of SA, CPrA, and PA in petroleum ether at room
temperature, the copolymerization of CHO and SA, CPrA, or
PA in petroleum ether could not be performed as a comparison.
The copolymerization of SA, the saturated congener of MA, in
Isopar E at 110 °C using 6/DMAP as catalyst system after 5 h
resulted in a perfect alternating copolymer with 98% conversion
of CHO and SA. The same copolymerization carried out
without a cocatalyst resulted in low conversion (27%) after 5 h.
Extending the polymerization time to 24 h increased the
conversion up to 73%. Interestingly, also in this case pure
alternating copolymers were obtained. Using 7/DMAP resulted
in full conversion and formation of pure alternating CHO−SA
copolymers after 5 h. In the absence of cocatalyst only 50%
conversion was observed, but again a pure polyester was
formed. These results indicate that the double bonds of MA
moieties in the CHO−MA copolymers are most probably
cross-linked in the presence of DMAP. Furthermore, it can be
concluded that aliphatic hydrocarbons are suitable solvents for
the CHO−anhydride copolymerization and seem to have a
positive effect on the selectivity of the catalyst, while without
cocatalyst in toluene poly(ester-co-ether)s were obtained, in
aliphatic hydrocarbons pure polyesters were formed. For the
CHO−SA/PA/CPrA copolymerizations, the presence of a
cocatalyst clearly enhances the catalytic activity of the catalyst.
However, DMAP has no influence on the selectivity as pure
polyesters were also obtained in the absence of cocatalyst.
N-Heterocyclic Nucleophiles. DMAP, N-MeIm (N-methyl-

imidazole), and TBD (1,5,7-triazabicyclododecene) were
selected as N-heterocyclic nucleophilic cocatalysts. DMAP has
proven to be one of the more effective cocatalysts in epoxide−
CO2 copolymerizations, while N-MeIm and TBD have shown
lower reactivities in epoxide−CO2 copolymerizations catalyzed
by 6.17,19 Studies by Darensbourg et al. demonstrated that
DMAP showed 5 times higher reactivity than N-MeIm at 1
equiv loading during epoxide−CO2 copolymerization using 6.17

The same trend as found for the epoxide−CO2 copolymeriza-
tion was also observed for the epoxide−anhydride copoly-
merizations. Of the three cocatalysts, TBD was clearly the least
effective one (Table 1). In line with the results displayed in

Figure 3 (Table S1), complex 7 shows for all three cocatalysts a
slightly higher activity than 6.
Next, the effect of variation in the cocatalyst:catalyst ratio

was studied using 7 as catalyst and four different
cocatalyst:catalyst ratios (Figure 6). Whereas for DMAP

variation in the cocatalyst concentration had no effect on the
catalytic activity of the system, for N-MeIm and especially TBD
there was a significant increase in catalytic activity with
increasing cocatalyst:catalyst ratio. The same enhancement of
the catalytic activity by increasing the N-MeIm:catalyst ratio
was reported earlier for the epoxide−CO2 copolymerization.

23

This suggests that the catalyst−cocatalyst interaction is
reversible and the strength of the binding interaction is in the
order DMAP > N-MeIm > TBD. Interestingly, the polymer
molecular weight decreased with increasing amount of DMAP
and to a lesser extent for N-MeIm, whereas the opposite effect
was observed for TBD (Table S6, Supporting Information).
Although the observed effect of the cocatalyst:catalyst ratio on
the molecular weight of the polymer is significant and not an
inaccuracy of the SEC measurement, its explanation is not
straightforward. The increase of the polymer molecular weight
with increasing TBD concentration can be explained by the
increase in conversion, keeping in mind that we are dealing
with an intrinsically living system. The decrease of the polymer
molecular weight with increasing DMAP (or N-MeIm) clearly
has another origin. Introduction of water by increasing the

Table 1. CHO−PA Solution Copolymerization Catalyzed by
6 and 7 with Different N-Heterocyclic Nucleophiles as
Cocatalystsa

entry catalyst cocatalyst CHO convb (%) Mn
c (g/mol) PDIc

1 6 DMAP 62 5200 1.2
2 7 DMAP 91 9300 1.2
3 7 DMAP (3) 90 7800 1.2
4 7 DMAPd 70 11600 1.3
5 7 DMAPd (3) 80 8800 1.2
6 6 N-MeIm 56 5700 1.2
7 7 N-MeIm 78 6900 1.2
8 6 TBD 17 2100 1.3
9 7 TBD 43 4300 1.2

aReaction condition = toluene, temperature = 110 °C, time = 60 min,
[anhydride]:[CHO]:[cat]:[cocat.] = 250:250:1:1. bDetermined by 1H
NMR. cDetermined by SEC. dRecrystallized DMAP.

Figure 6. Effect of cocatalyst:catalyst ratio on CHO−PA copoly-
merization using 7 and N-heterocyclic Lewis bases as cocatalyst.
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concentration of the cocatalyst seems plausible since recrystal-
lized (diethyl ether) DMAP produced somewhat higher
molecular weight polymers than unpurified DMAP under the
same conditions (Table 1). Nevertheless, comparing the
polymers produced with dried DMAP show a drop in
molecular weight with increasing DMAP:Cr ratio. MALDI-
ToF-MS spectra of the polymers obtained with 6 or 7 and
DMAP as cocatalyst mainly showed DMAP end-functionalized
charged chains. Although MALDI-ToF-MS is a qualitative
technique, it is clear that at least some of the polymers are
initiated by DMAP, indicating that DMAP functions as a chain
transfer agent. Therefore, increasing the DMAP concentration
is believed to result in more chains of lower molecular weight
for the same conversion. Alternatively, since the thus obtained
chains are zwitterionic, DMAP+-C6H10O-[C(O)-R-C(
O)O−C6H10-O]n

−, it is not unlikely that backbiting occurs
resulting in low molecular weight cyclic polymer structures.35,36

Unfortunately, since the charged DMAP-end-capped polymers
obscured the MALDI-ToF-MS spectra, it was impossible to
make a reliable statement about the relative concentration of
cyclic structures and water-initiated polymers as a function of
DMAP concentration.
Phosphines. Four sterically and electronically different

phosphines have been selected to be used as cocatalysts in
combination with 6 and 7 for the copolymerization of CHO
and PA: trimesitylphosphine (PMes3), tr is(2,4 ,6-
trimethoxyphenyl)phosphine (TMPP), tricyclohexylphosphine
(PCy3), and triphenylphsophine (PPh3). The copolymerization
results are given in Table 2. The negligible activity for PMes3

can be attributed to the large cone angle of the phosphine
considerably lowering its nucleophilicity.37 The other phos-
phines showed comparable results and there was no clear trend
in activity with respect to steric bulk or electron-donating
ability of the phosphines. Kinetic studies of the CHO−PA
copolymerization catalyzed by 7 in the presence of PCy3 as
cocatalyst showed a linear relationship between CHO
conversion and molecular weight, characteristic for a living
behavior (Figure 7).
However, the PDI did increase at higher conversion, which

suggests that concurrent transesterification is taking place at
higher monomer conversion.
Complex 7 shows the best activity in combination with PCy3,

followed by TMPP and PPh3. We therefore investigated the
effect of the cocatalyst:catalyst ratio for these phosphines on
the catalytic activity of 7 in the CHO−PA copolymerization

(Figure 8, Table S7 in the Supporting Information). For all
three phosphines, the catalytic activity increased with increasing

cocatalyst:catalyst ratio and differences between the phosphines
were only small. For a cocatalyst:catalyst ratio of ≥5 all three
phosphines gave the same activity. Whereas for DMAP and
TBD a significant dependence of the polymer molecular weight
on the cocatalyst:catalyst ratio was observed, for the phosphines
no clear trend was found.

Bis(triphenylphosphoranylidene)ammonium Chloride
( P PN +C l − ) . U l t im a t e l y , w e f o c u s e d o n b i s -
(triphenylphosphoranylidene)ammonium chloride as cocata-
lyst. As this type of cocatalyst produced one of the most active
(salen)MCl catalysts for epoxide−CO2 copolymerization,

15,17,38

and on the basis of similarities between the epoxide−CO2 and
epoxide−anhydride copolymerization observed in this study,
we expected similar good results. Indeed, PPN+Cl− proved to
be an efficient cocatalyst, and 1 equiv was enough to reach
optimum activity. Comparing complexes 6 and 7 with PPN+Cl−

showed a very similar activity for 6 and 7 (6: 90% CHO
conversion, Mn = 13 100, PDI = 1.2; 7: 92% CHO conversion,
Mn = 14 000, PDI = 1.2). Increasing the cocatalyst:catalyst ratio
had no effect on the activity (Table 3).15,17,34,39 The linear

Table 2. Copolymerization of CHO and PA Catalyzed by 6
and 7 with Different Phosphine Cocatalystsa

entry catalyst phosphine
cone angle
(deg)

CHO convb

(%)
Mn

c

(g/mol) PDIc

1 6 PMes3 212 3 800 1.2
2 7 PMes3 212 0 800 1.2
3 6 TMPP 185 76 6900 1.4
4 7 TMPP 185 85 8200 1.3
5 6 PCy3 170 76 6100 1.2
6 7 PCy3 170 91 7000 1.2
7 6 PPh3 145 6 5600 1.3
8 7 PPh3 145 71 5400 1.3

aReaction condition = solution, temperature = 110 °C, time = 60 min,
[anhydride]:[CHO]:[cat.]:[phosphine] = 250:250:1:1. bDetermined
by 1H NMR. cdetermined by SEC.

Figure 7. Development of Mn (green) and PDI (red) vs CHO
conversion % of CHO−PA copolymers with PCy3 as the cocatalyst
catalyzed by complex 7.

Figure 8. Effect of cocatalyst:catalyst ratio on CHO−PA copoly-
merization using 7 and phosphines as cocatalyst.
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relationship between CHO conversion and molecular weight
and the low PDI even at high conversions confirmed the living
nature of this copolymerization in the presence of PPN+Cl− as
cocatalyst (Figure 9).

Worth mentioning is the gradual decrease of the polymer
molecular weight with increasing PPN+Cl−:7 ratio. The SEC
shows a bimodal distribution in which two distributions differ
by approximately a factor of 2 in molecular weight (Figure 10).
As reported earlier, this is most likely due to the presence of
traces of hydrolyzed anhydrides, leading to bimetallic catalyti-
cally active species. Increasing the PPN+Cl− concentration leads
to an overall reduction of the molecular weight, suggesting that
either water present in PPN+Cl− or PPN+Cl− itself functions as
a chain transfer agent, resulting in more polymer chains with
lower molecular weight upon increasing cocatalyst:catalyst
ratio. Independent experiments using dried PPN+Cl− (double
recrystallization from diethyl ether and acetone) confirmed that
drying this particular cocatalyst significantly affects the
molecular weight (9600 g/mol vs 4600 g/mol for dried and
undried PPN+Cl− (3 equiv), respectively). However, comparing
runs with differet amounts of double recrystallized PPN+Cl−

and nonrecrystallized PPN+Cl− revealed that also for dried
PPN+Cl− a clear drop of molecular weight was observed which
is attributed to PPN+Cl− functioning as chain transfer agent.

■ CONCLUSIONS

Variation of salen backbone, the metal, and the type of
cocatalyst and cocatalyst:catalyst ratio all affect the epoxide−
anhydride copolymerizations in a similar way as was found for
the corresponding CHO−CO2 copolymerization.40 The
chromium salophen complex 7 proved to be the most effective
catalyst for the epoxide−anhydride copolymerization. Of all
cocatalysts tested, PPN+Cl− exhibited the highest activity, and
only 1 equiv was sufficient to reach the optimum activity.
Phosphines and N-hetrocyclic nucleophiles were less effective
cocatalysts, and higher than equimolar amounts of cocatalyst
were necessary to reach the optimum activity. Worth
mentioning is the fact that several cocatalysts (e.g., DMAP,
PPN+Cl−) function as chain transfer agents, and increasing the
cocatalyst:catalyst ratio results in a reduction of the molecular
weight of the produced polymer, while the catalytic activity is
not affected. It has to be said though that the absolute
molecular weights cannot be compared as variable traces of
water in monomer and cocatalyst can result in effective chain
transfer and therefore has a significant effect on the polymer
molecular weight as well.
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Table 3. Copolymerization of CHO and PA Catalyzed by 7
with Different PPN+Cl−:7 Ratiosa

entry cocat. (equiv) CHO convb (%) Mn
c PDIc

1 PPN+Cl− (1) 98 8100 1.2
2 PPN+Cl− (3) 99 4600 1.2
3 PPN+Cl− (5) 99 4000 1.2
4 PPN+Cl− (7) 99 3000 1.1
5 PPN+Cl− d (1) 84 15000 1.2
6 PPN+Cl− d (3) 93 9600 1.2

aReaction condition = solution, temperature = 110 °C, time = 60 min,
catalyst = 7, [anhydride]:[CHO]:[cat.]:[PPNCl] = 250:250:1:1.
bDetermined by 1H NMR. cDetermined by SEC. dDouble recrystal-
lized PPN+Cl−.

Figure 9. Development of Mn (green) and PDI (red) vs CHO
conversion % of CHO−PA copolymers with PPN+Cl− as the
cocatalyst catalyzed by complex 7.

Figure 10. Development of Mn in GPC of CHO−PA copolymers
obtained at various PPN+Cl−:7 ratios.
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ABSTRACT: The solution polymerization of ethylene was
studied in a semibatch reactor using a constrained geometry
catalyst (CGC) and methylaluminumoxane (MAO). The
influence of ethylene concentration, temperature, MAO, and
catalyst concentrations on ethylene polymerization kinetics
was investigated systematically. The deactivation of the CGC/
MAO system during ethylene polymerization was described
with a first order thermal deactivation mechanism that
included reversible activation and deactivation with MAO.
Interestingly, the polymerization order with respect to
ethylene varied with ethylene concentration from first to
second order. The trigger mechanism was shown to describe
well the effect of ethylene concentration on polymer yield and
polymerization kinetics. Low MAO concentration favored formation of polymer chains with unsaturated chain ends that in turn
led to the production of polymers with higher long chain branch densities. It was also observed that CGC did not behave as a
true single site catalyst at low MAO concentrations.

■ INTRODUCTION
Constrained geometry catalysts (CGC) are transition metal
complexes bearing linked amido ligands that have found wide
interest both in academia and industry since 1990.1 This type of
catalyst retains one of the cyclopetadienyl rings of metallocenes,
but replaces the other ring with a nitrogen substituent that co-
ordinates with the metal center, usually a group 4 metal (Zr or Ti).2

Figure 1 depicts the structure of an exemplary CGC. These com-
plexes are also known as half-sandwich catalysts.

When activated with MAO or borates, CGC can produce
polyolefins with long chain branches (LCB) by the reinsertion
of chains terminated with reactive double bonds (macro-
monomers). In the case of ethylene polymerization, vinyl-
terminated chains are created by chain transfer to ethylene or
β-hydride elimination.
The amide donor ligand of the complex depicted in Figure 1

stabilizes the electrophilic metal center, while the short Me2Si<
bridging group creates a more open environment at the metal
site compared to conventional metallocenes.3 Consequently,
these catalysts allow the facile incorporation of bulky

monomers, including 1-alkenes, cycloalkenes, and styrene4 into
random ethylene copolymers that are characterized by narrow
molecular weight and chemical composition distributions.
Although several experimental studies on olefin homo- and

copolymerization with CGC have been published,5−11 only a
few investigations have dealt with polymerization kinetic
studies. In one such study, ethylene was polymerized with
CGC and the authors concluded that as monomer concen-
tration increased, the polymer yield also increased, but that the
MAO/CGC ratio had no effect on polymer yield; unfortu-
nately, no information was reported on catalyst decay, which
has a marked influence on polymer yield.12 In another study,13

the CGC TiMe2/tris(pentafluorophenyl)boron/MMAO sys-
tem was used in a continuous stirred-tank reactor (CSTR) for
ethylene homopolymerization. Ten polymerization runs were
performed to investigate the effect of reactor average residence
time, temperature, ethylene and hydrogen concentrations on
polymerization kinetics. Polyethylene samples with LCB
frequencies varying from 0.07 to 0.16 were made and the
CGC appeared to behave as a single site catalyst. The authors
concluded that a first order catalyst decay model was not
appropriate to explain the observed results, but did not propose
an alternative theoretical model to describe their data. They
assumed a first order propagation step with respect to ethylene
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Figure 1. Structure of a constrained geometry catalyst.
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concentration and based on this assumption estimated some
reaction rate constants.
In the present investigation, ethylene was polymerized with

CGC/MAO in a semibatch solution reactor. The polymerization
of ethylene was studied systematically by changing ethylene,
catalyst, and MAO concentrations. A kinetic model, based on the
trigger mechanism,14 was proposed, tested, and then refined based
on monomer uptake curves and polymer yield data. First order
thermal decay of the catalyst along with reversible and irreversible
deactivation of the catalyst sites by MAO were satisfactory to
explain the effect of catalyst and ethylene concentration, as well as
polymerization time, on ethylene uptake curves. Polymers
produced at low MAO concentrations had higher unsaturated
chain end density and long chain branch frequencies.

■ EXPERIMENTAL SECTION
Materials. Methylaluminoxane (MAO, 10 wt % in toluene, Sigma-

Aldrich) was used as received. Ethylene and nitrogen (Praxair) were
purified by passing through molecular sieves (3 and 4 Å) and copper(II)
oxide packed beds. Toluene (EMD) was purified by distillation over a
n-butyllithium/styrene/sodium system and then passed through two
packed columns in series filled with molecular sieves (3, 4, and 5 Å) and
Selexorb for further purification. All air-sensitive compounds were handled
under inert atmosphere in a glovebox.
The catalyst, dimethylsilyl(N-tert-butylamido)(tetramethylcyclo-

pentadienyl)titanium dichloride (CGC−Ti), was purchased as a
powder from Boulder Scientific and dissolved in toluene, which was
first distilled over metallic sodium and then passed through a
molecular sieve bed before polymerization.
Polymer Synthesis. All polymerizations were performed in a

500 mL Parr autoclave reactor operated in semibatch mode. The
polymerization temperature was controlled using an electrical band
heater and internal cooling coils. The reaction medium was mixed
using a pitched-blade impeller connected to a magneto-driver stirrer,
rotating at 2000 rpm. This stirring speed was selected to ensure that
mass and heat transfer limitations did not influence the flow rate of
ethylene to the reactor. Prior to use, the reactor was heated to 125 °C,
evacuated, and refilled with nitrogen six times to reduce the oxygen
concentration in the reactor; then, 250 mL of toluene and 0.5 g of
triisobuthyl aluminum (as impurity scavenger) were charged to the
reactor. The reactor temperature was increased to 120 °C and kept
constant for 20 min for stabilization. Finally, the reactor contents were
blown out under nitrogen pressure. This procedure ensured the
removal of impurities from the reactor walls.
In a typical polymerization run, 200 mL of toluene was charged into

the reactor, followed by an appropriate amount of MAO (10 wt %
toluene solution), introduced via a 5 mL tube and a 20 mL sampling
cylinder connected in series with an ethylene pressure differential of
40 psig. A specified volume of toluene was placed in the sampling cylinder
before injection to wash the tube wall from any residual MAO solution.
Then, the band heater was powered on to commence heating of the
reactor up to 120 °C. Ethylene was introduced to the reactor until the
solvent was saturated with ethylene. After approximately
10 min, when the reactor temperature was stabilized, catalyst solution
was injected using the same method for MAO injection, but with a lower
pressure differential to ensure a minimum pressure increase in the reactor
at the start of the polymerization, but still enough to transfer the catalyst
solution completely to the reactor. Ethylene was supplied on demand to
maintain a constant reactor pressure and monitored with a mass flow
meter. With the exception of a 1−2 °C exotherm upon catalyst injection,
the temperature was kept at 120 °C ± 0.15 °C throughout
polymerization. After 15 min, the polymerization was stopped by closing
the ethylene valve and immediately blowing out the reactor contents into
a 2-L beaker filled with 400 mL of ethanol. The polymer produced was
then kept overnight, filtered, washed with ethanol, dried in air, and further
dried under vacuum.
Polymer Characterization. Polymer molecular weight distribution

(MWD) and averages were measured at 145 °C with a Polymer Char

high-temperature gel permeation chromatographer (GPC), under a
trichlorobenzene (TCB) flow rate of 1 mL/min. A column bank of three
PLgel Olexis 13 μm mixed pore type 300 × 7.5 mm columns were used
for GPC separations. The GPC was equipped with three detectors in
series (infrared, 15° angle light scattering and differential viscometer) and
calibrated with polystyrene narrow standards.

The 13C NMR spectrum was taken on a Bruker 500 MHz system with
5 mm tube. The probe temperature was set at 120 °C. Acquisition
parameters were 14 μs 90° pulse, inverse gated proton decoupling and
10 s delay time between pulses. 10,000 scans were used for data averaging.
The highest intensity peak was referenced to 30.0 ppm. Deuterated
o-dichlorobenzene was used to obtain the field-frequency lock.

Fourier transform−infrared spectroscopy was used to quantify the
vinyl groups in the polymer chains.15 The spectra were recorded from
400 to 4000 cm−1, after 32 scans, with a resolution of 2 cm−1. The
absorption band at 908 cm−1, representative of vinyl groups, was used
to measure the amount of vinyl groups in the polymer.

■ RESULTS AND DISCUSSION

Effect of Ethylene Concentration. The effect of ethylene
concentration on polymerization kinetics was investigated by
varying the total reactor pressure from 35 to 220 psig at
a constant temperature of 120 °C. A complete randomized
design, with 11 monomer concentration levels and at least
two replicates at each level, was adopted. All polymeriza-
tions were performed at a catalyst concentration of 0.547 μmol/L,
222.8 mL of solvent, and 2.0 g of MAO solution. Polymer
yields and molecular weight measurements are summarized
in Table 1.

Polymerization Order with Respect to Ethylene
Concentration. Polymer yield versus ethylene concentration
in the reactor liquid phase is shown in Figure 2. (The
experimental data by Lee et al.16 were used to calculate ethylene

Table 1. Polymerization Run Results (Monomer Concentration
Effect)

run

reactor
pressure
(psig) Mw Mn PDI

polymer
yield (g)

activity (kg
PE/(mol Ti·h))

120A 120 188 600 91 500 2.06 5.59 40 900
60A 60 121 000 52 600 2.30 1.70 12 400
100A 100 166 600 74 100 2.25 4.39 32 100
80A 80 142 800 69 900 2.04 3.01 22 000
120B 120 174 900 80 600 2.17 6.01 44 000
80B 80 150 700 68 600 2.20 2.80 20 500
60B 60 115 600 55 300 2.09 1.75 12 800
100B 100 163 100 78 100 2.09 4.10 30 000
120C 120 173 700 75 800 2.29 5.51 40 300
100C 100 167 300 74 400 2.25 4.10 30 000
45A 45 95 600 40 800 2.34 1.01 7 300
140A 140 202 600 96 500 2.10 6.70 49 000
140B 140 212 600 99 000 2.15 7.80 57 000
45B 45 110 500 48 900 2.26 0.90 6 600
140C 140 206 100 99 000 2.08 7.78 56 900
180A 180 237 300 109 600 2.17 10.40 76 100
35A 35 73 800 32 200 2.29 0.50 3 700
160A 160 216 600 105 000 2.06 8.60 62 900
160B 160 227 200 102 000 2.23 9.13 66 800
180B 180 240 400 106 900 2.25 10.44 76 300
220A 220 261 300 115 500 2.26 13.23 96 700
200A 200 247 900 102 000 2.43 12.20 89 200
220B 220 253 900 112 000 2.27 14.40 105 300
200B 200 250 700 110 200 2.27 11.69 85 500

Macromolecules Article

dx.doi.org/10.1021/ma202577n | Macromolecules 2012, 45, 1777−17911778



concentration in the liquid phase corresponding to total reactor
pressure.) As expected, the curve passes through the origin, but
a curvature is seen at low ethylene concentrations which clearly
points out to a nonfirst order dependence of the polymerization
rate on ethylene concentration. When the polymer yield is
plotted versus the square of ethylene concentration in the
reactor liquid phase for the low concentration range (Figure 3),

a linear relation is observed, suggesting a second order dependency
at low ethylene concentrations. Contrarily, Figure 2 shows that
polymer yield depends linearly on ethylene concentration for
values higher than approximately 0.4 mol/L. This indicates that
the propagation order with respect to ethylene concentration
changes from two to one when the ethylene pressure is increased.
Ethylene polymerization orders higher than one were also
reported by other investigators.17−22 We propose the mechanism
described in eqs 1 and 2 as a possible explanation for the observed
change in propagation order.

* + ⇄ *·P M P M
k

k

r

f

(1)

*· + → *·P M M P M
kp

(2)

The formulation of eqs 1 and 2 is consistent with the main
assumptions of the trigger mechanism,14,23 according to which
a monomer molecule first forms a complex with the active site
and insertion into the growing polymer chain only takes place if
a second monomer unit approaches the active site, “triggering”
the insertion. In the above mechanism P* is the uncomplexed
active site with a growing polymer chain of any length, while
P*·M is a growing polymer chain complexed with a monomer
molecule. Reversible complex formation between active site
with one monomer molecule is also accepted.24−26

Assuming that the reaction described in eq 1 is at fast
equilibrium, one can write,

*· =
*k

k
[P M]

[M][P ]f

r (3)

The total concentration of active sites, Ct, in the reactor at a
given time is given by the sum of complexed and uncomplexed
active sites

= *· + *C [P M] [P ]t (4)

Substituting eq 3 in eq 4 and solving for [P*] yields,

* =
+

k
k k M

C[P ]
[ ]

r

r f
t

(5)

Finally, combining eqs 5 and 3 gives the concentration of
complexed sites in the reactor at a given time,

*· =
+

k C

k k
[P M]

[M]

[M]
f t

r f (6)

According to eq 2, the polymerization rate is given by the
expression,

= *·R k [P M][M]p p (7)

which can be combined with eq 6 to find the final expression
for the polymerization rate governed by the mechanism
expressed in eqs 1 and 2,

=
+

R
k C k

k k

[M]

[M]p
p t f

r f

2

(8)

or,

=
+

R
k C K

K

[M]

1 [M]p
p t

2

(9)

where

=K
k

k
f

r (10)

Consequently, at low ethylene pressures K[M] ≪ 1, and eq 9
simplifies to

=R k C K[M]p p t
2

(11)

and the polymerization order with respect to ethylene
concentration approaches two. Inspection of eq 9 will also
demonstrate that the polymerization rate becomes first order
with respect to ethylene concentration as [M] increases and
K[M] ≫ 1. Therefore, eq 9 seems adequate to describe the
change in polymerization order depicted in Figure 2.

Figure 2. Polymer yield versus ethylene concentration in the reactor
liquid phase.

Figure 3. Polymer yield versus the square of ethylene concentration in
the reactor liquid phase (low ethylene concentration range).
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Catalyst Deactivation. The activation of coordination
catalysts, such as CGC, by MAO involves fast reduction and
alkylation reactions yielding the catalytically active sites. After
achieving a maximum polymerization activity, most coordina-
tion catalysts deactivate following a profile that depends on
catalyst type, polymerization temperature, and impurity level in
the reactor. Figure 4 shows the ethylene consumption rates as a
function of polymerization time for several ethylene pressures.
Since the catalyst solution is injected using an ethylene pressure
differential, as described in the Polymer Synthesis section, the
ethylene pressure inside the reactor after catalyst injection is
momentarily increased above the pressure regulator set point,
generating an apparent lag in ethylene flow rate depicted in
Figure 4 for the first few seconds of polymerization. In addition,

for the few runs performed at very high ethylene pressures, the
ethylene flow meter was deliberately bypassed during the first
couple of minutes because the ethylene flow rates at the
beginning of those runs were beyond the flow meter measuring
range. Finally, when the catalyst solution is injected, the
temperature inside the reactor is disturbed by a few tenths of a
degree during the first one or 2 min of polymerization. These
experimental limitations decrease the reliability of the ethylene
flow rate measurements during the first 2 min of polymer-
ization; therefore, this data will not be used during model fitting
below.
The first order catalyst decay model requires a linear

relationship between the logarithm of monomer consumption
rate and time. However, this model fails to describe the poly-
merization data with CGC adequately, as shown in Figure 5 for
a typical polymerization run.
As an alternative to the first order catalyst decay model

commonly assumed for coordination catalysts, a second order
model could be proposed to describe the data presented in
Figure 4,

= −
C
t

k C
d
d

t
d t

2
(12)

In eq 12, it is assumed that the catalyst activation is
instantaneous: as soon as the catalyst is injected in the reactor
and comes in contact with MAO, all the catalyst sites are
activated. Starting with eq 12, the following expression for

monomer consumption rate can be derived (derivation details
are given in Appendix A, Supporting Information):

=
+ +

F
k KV C

K k C t

[M]

(1 [M])(1 )M in
p R

d
,

0
2

0 (13)

Rearranging eq 13 gives

= + +
+V

F
K

k KC

K k C

k KC
t

(1 [M])

[M]

(1 [M])

[M]
R

M in p

d

p, 0
2

0

0
2

(14)

Equation 14 shows that, for second order catalyst decay
kinetics, the plot of the reciprocal of the monomer consump-
tion rate versus time is linear. Figure 6 illustrates this behavior

for some typical polymerization runs performed at different
ethylene partial pressures. As explained above, the reliability of
the ethylene flow rate measurements during the first minutes of
polymerization is not high; therefore, short polymerization time
data was omitted during data fitting.
Equation 13 can be integrated to derive an expression for the

total number of moles of polymer, n, made in the reactor after a
given polymerization time,

=
+

+n
k KV

K k
k C t

[M]

(1 [M])
ln(1 )

p R

d
d

2

0
(15)

Figure 4. Ethylene reactor feed flow rate versus time at different total
reactor pressures.

Figure 5. Experimental ethylene uptake curve and first order catalyst
deactivation model for ethylene polymerization with CGC at total
reactor pressure of 120 psig (run 120 B in Table 1).

Figure 6. Second order decay model for CGC deactivation at several
ethylene partial pressures.
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Although the polymerization curves presented in Figure 6 seem
to be well described with a second order decay model, eq 15
reveals that the polymer yield is not a linear function of the
initial catalyst concentration (C0). However, the additional
experimental results that will be reported below show that the
polymer yield is indeed linearly related to catalyst concen-
tration, which contradicts the dependency predicted by eq 15.
Consequently, a simple second order catalyst decay law is not
adequate to describe the system under consideration. Before
proposing a modification for this deactivation mechanism,
results for the effect of catalyst concentration on the
polymerization rate will be discussed.
Effect of Catalyst Concentration at High MAO

Concentration. Effect of Catalyst Concentration on
Polymer Yield. Six polymerizations were performed at a
constant MAO concentration (the same MAO concentra-
tion at which the previous set of polymerization runs, given in
Table 1, were performed), but different catalyst concentrations
and two polymerization temperatures, to investigate the effect
of catalyst concentration on polymer yield at high MAO
concentration. The polymerization conditions are summarized
in Table 2. Runs 160A, 160B, 180A, and 180B have already

been reported in Table 1 and are reproduced in Table 2 for
easy comparison. Polymer yield and molecular weight measure-
ments using GPC are shown in Table 3.

The first three polymerization runs in Table 2 (runs C-1,
C-2, and C-3) have the same polymerization conditions, except
for the catalyst concentration. Figure 7 plots polymer yield
versus catalyst concentration for these three runs, showing a
clear linear relationship. Moreover, a linear extrapolation shows

that the line passes through the origin, as expected. Ethylene
flow rate curves for these three polymerizations are shown in
Figure 8a. As a further test, we plotted the corresponding

products of ethylene flow rates times catalyst ratio C/CC‑3,
where CC‑3 is the catalyst concentration of run C-3, selected as
the base, and C is the catalyst concentration of the other runs.
All curves merge into a single one, proving that ethylene flow

Table 2. Polymerization Conditions (Catalyst Concentration
Effect)

run
temperature

(oC)
pressure
(psig)

catalyst concentration
(μmol/L)

C-3 140 120 2.55
C-2 140 120 1.89
C-1 140 120 1.22
160A 120 160 0.547
160B 120 160 0.547
160C 120 160 0.274
160D 120 160 0.274
180A 120 180 0.547
180B 120 180 0.547
180C 120 180 0.274

Table 3. Polymer Yield and Molecular Weight Results
(Catalyst Concentration Effect)

run Mn Mw PDI polymer yield (g)

C-1 35 500 93 400 2.63 5.68
C-2 33 900 94 400 2.79 3.95
C-3 34 000 91 400 2.68 2.78
160A 105 000 216 600 2.06 8.6
160B 102 000 227 200 2.23 9.13
160C 101 700 225 400 2.22 4
160D 99 700 232 200 2.33 4.35
180A 109 600 237 300 2.17 10.4
180B 106 900 240 400 2.25 10.44
180C 105 800 247 900 2.34 5.03

Figure 7. Polymer yield versus catalyst concentration for runs C-1, C-2,
and C-3.

Figure 8. (a) Ethylene feed flow rate for runs C-1, C-2, and C-3.
Legends indicate catalyst concentrations. (b) Products of ethylene
flow rates times catalyst ratio C/CC‑3 for the same runs.
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rate is proportional to catalyst concentration in the reactor
(Figure 8b).
Comparing the polymerization yields for runs 160A and

160B with 160C and 160D shows that doubling catalyst
concentration doubles polymer yield. The same conclusion is
reached when the polymer yields for runs 180A, 180B, and
180C are compared. Therefore, there is enough evidence to
show that the polymer yield is proportional to the catalyst
concentration in the reactor, at least at high MAO/CGC ratios
and when the change in catalyst concentration is within the
range investigated in this study. These experimental findings are
in disagreement with eq 15, which results from the direct
application of a second order decay profile to polymerizations
with CGC.
Effect of Catalyst Concentration on Polymer Molecular

Weight. A good estimate of variance for Mn and Mw is
necessary to check whether catalyst concentration affects
molecular weight averages. Since variances for Mn and Mw are
independent of ethylene concentration and they are nearly the
same (Compare spread of molecular weights data in Table 1),
combining variances using the pooled estimator of variances
can provide these estimates. The pooled estimates of the
common standard deviation27 for Mw and Mn based on the data
in Table 1 were found to be 5864 and 4200, respectively. This
variability includes errors from molecular weight measurements
and polymerization replicates. The difference between the
meanMw of polyethylene samples made at two levels of catalyst
concentration at 160 psig (runs 160A to 160D) is 6931, which
is less than two times of pooled estimate of the common
standard deviation (2 × 5864). The difference between the
mean Mn of the same samples is 1,150 which is again less than
two times of pooled estimate of the common standard
deviation for Mn (2 × 4200). This means that the difference
between the means of average molecular weights at the two
levels of catalyst concentrations results from random error
variable. A similar calculation was performed for the two levels
of catalyst concentration at 180 psig, reaching the same
conclusion. Therefore, there is no evidence that changing
catalyst concentration affects average molecular weights under
the investigated polymerization conditions.
Modified Deactivation Mechanism. As demonstrated

above, a simple second order catalyst decay mechanism cannot
predict a linear relationship between polyethylene yield and
catalyst concentration. However, the experimental results
described in the previous section show that such a linear
relationship is indeed observed for the range of conditions
investigated in this study. Therefore, it is necessary to propose a
mechanism that can describe the nonfirst order catalyst decay
rate and, at the same time, account for the linear relation
between polymer yield and catalyst concentration in the
reactor.
In order to model the catalyst decay behavior with CGC−Ti,

three elementary steps were assumed: thermal deactivation,
MAO-promoted deactivation and reactivation. The thermal
deactivation step is given by the reaction below,

⎯ →⎯⎯⎯C Ct
k

pd
dth

(16)

where kdth denotes the thermal deactivation rate constant, and
Cdp are the permanently deactivated sites. MAO-promoted (or,
possibly TMA-prompted, since TMA is always often present in

equilibrium with MAO) deactivation and reactivation reactions
are represented as,

+ →C CMAOt
k

d
d

(17)

+ →C CMAOd
k

t
a

(18)

where Cd is a reversibly deactivated (or dormant) catalyst site
that can be reactivated by reaction with MAO. This type of
reversible deactivation mechanism has been used before to
model the catalyst decay behavior of Cp2ZrCl2 for the
polymerization of ethylene and propylene.28,29

The corresponding molar balances for Ct and Cd are given by

= − − +
C
t

k C k C k C
d
d

[MAO] [MAO]t
dth t d t a d (19)

= − +
C
t

k C k C
d
d

[MAO] [MAO]d
a d d t (20)

Since MAO is present at a much higher concentration than
CGC, ka[MAO] and kd[MAO] may be assumed to be invariant
during polymerization and will be represented by the lumped
constants k′a and k′d, respectively.
Equations 19 and 20 can be solved with Laplace transforms

under the initial conditions Ct = C0 and Cd = 0 at t = 0 to yield
eq 21 (details of this derivation are given in Appendix B,
Supporting Information:

=
−

+ ′ − + ′C
C
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where s1 and s2 are constants defined as,
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The molar balance for monomer concentration in a semibatch
reactor is given by

= −M
t

F

V
R

d[ ]
d

M in

R
p

,

(24)

Since monomer concentration is kept constant, we conclude
that,

=F R VM in p R, (25)

Combining eqs 9, 21, and 25 leads to the final expression for
the monomer feed flow rate to the reactor for a catalyst that
follows the trigger mechanism and deactivates according to the
steps proposed in eqs 16-18,
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Finally, the polymer yield, in moles, can be obtained by the
integration of eq 26,

=
+ −
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Different from eq 15, eq 27 predicts that the polymer yield depends
linearly on catalyst concentration in the reactor, in agreement with
the experimental findings shown in Figures 7 and 8.
Estimation of Kinetic Parameters. Equation 26 can be

rearranged to the following form,

+
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The right-hand side (RHS) of eq 28 is a function of polymerization
time, catalyst concentration, reactor volume, and temperature-
dependent rate constants, while the left-hand side (LHS) depends
on monomer concentration, reactor feed flow rate, and the
equilibrium constant K. Therefore, if we plot eq 28 LHS versus
time for the runs performed at varying monomer concentrations
but same catalyst concentration, reactor volume, and temperature,
we expect all curves to merge into a single one, given that we have
chosen a proper value for the equilibrium constant K.
The optimum value for K can be obtained by minimizing the

following objective function,
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where the subscripts “max” and “min” are the maximum and
minimum values of eq 28 LHS for all runs at time t, and av
refers to its average value for all runs at time t. In fact, by
minimizing this objective function, the area of the error band
relative to total area under the average monomer consumption
rate is also minimized. Half of the value of the objective
function at the optimum point would be the maximum value of
the error in predicting polymer yield with eq 27. The optimum
K value estimated by minimizing the objective function defined
in eq 29 was found to be equal to 1.1.
Figure 9 shows the plot of eq 28 LHS versus time for all the

polymerization runs in Table 7 using K = 1.1. All curves merge
relatively well into a single ‘master” curve, especially taking into
consideration that, due to normal random error during the
polymerizations, perfect overlapping would be extremely
unlikely. Since the reactor temperature and pressure fluctuate
more at the beginning of the polymerization, more variability is
observed at shorter polymerization times.
Equation 28 was used to estimate the model parameters k′a,

kpC0VR, s1, and s2 by fitting the average value of the LHS of eq 28
for all runs using MATALB curve fit toolbox. The first 70 s of the
data were not used in curve fitting due to initial lag in measuring
ethylene flow rate. The parameter estimates, with their
approximate 95% confidence intervals, are shown in Table 4.

None of the confidence intervals include zero, indicating that all
the parameters are statistically significant.
Figure 10 shows the experimental LHS of eq 28 averaged for

all runs superimposed with the RHS of eq 28 with the model
parameters estimated in Table 4.

Values for kdth and k′d can be calculated using the expressions

below, obtained by solving eqs 22 and 23 simultaneously,

=
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Figure 9. Plot of LHS of eq 28, {((1 + K[M])FM,in)/(K[M]2)}av,
versus time for all the polymerization runs in Table 1.

Table 4. Model Parameters

parameter estimated values with approximate 95% confidence interval

k′a 3.375 × l0−3 ± 1.5 × l0−4 s−1

kpC0VR 6.149 × l0−3 ± 1.34 × l0−4 L.s−1

s1 −1.169 × 10−2 ± 3.7 × 10−4 s−1

s2 −1.202 × l0−3 ± 4.5 × l0−5 s−1

Figure 10. Plot of the experimental LHS term of eq 28, averaged for
all runs, versus time. The dotted curve shows the fitted curve.
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Table 5 tabulates the point estimates of the all kinetic
parameters required for the model represented by eq 26.

Figure 11 shows how the experimental ethylene feed flow
rates are well represented by eq 26 using the parameters

reported in Table 5. The excellent agreement between model fit
and experimental results demonstrates that the proposed model
describes remarkably well the relation between ethylene
pressure and ethylene uptake rate as a function of time.
The polymer yield at the end of the polymerizations was

predicted using the kinetic parameters reported in Table 5 and
eq 27. Figure 12 compares experimental and predicted polymer
yields for a wide range of ethylene concentrations. Once again,

excellent agreement was observed between experimental data
and model predictions.
The findings on CGC deactivation behavior can be

summarized as follows:

• Assuming a first order model alone (thermal decay or
deactivation by impurities) cannot explain CGC
deactivation. A second order model can explain CGC
deactivation as a function of time, but it is unable to
explain the effect of catalyst concentration.

• Assuming reversible activation and deactivation with
MAO can explain the effect of catalyst concentration, but
it cannot explain the effect of time because the
consequence of this assumption would be the following
equation for ethylene flow rate into the reactor, obtained
by solving the relevant differential equations,

=
+ ′ + ′

′ + ′ − ′ + ′
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When time approaches infinity, the value for monomer flow
rate reaches the limiting value
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This limiting behavior contradicts the experimental findings of
the present investigation because our observations
indicate that ethylene uptake curves go to zero at very
long polymerization times (total catalyst deactivation).

In conclusion, in addition to reversible activation and
deactivation with MAO, thermal deactivation is also required
to explain the effect of monomer concentration, catalyst
concentration, and time on the polymerization rate of ethylene
with CGC under the conditions investigated in this study.

Effect of Monomer Concentration on Molecular
Weight. Figure 13 shows how Mn, Mw, and PDI of polyethylene
made with CGC vary with total reactor pressure. The PDI remains

practically constant in all polymerizations, with values in a narrow
range between 2 and 2.5, as theoretically expected for a single-site
catalyst. Both Mn and Mw initially increase with polymerization
pressure and then tend to constant values, which is consistent with
a chain growth mechanism controlled by transfer to ethylene.

Table 5. Estimated Values of Kinetic Parameters for Eq 26

parameter estimated values

k′a 3.746 × 10−3 s−1

kp 5.046 × 104 L.mol−1.s−1

kdth 3.633 × 10−3 s−1

k′d 5.144 × 10−3 s−1

K 1.1

Figure 11. Comparison between experimental ethylene feed flow rates
and model predictions with eq 26 using parameters listed in Table 5.
Dashed curves are model predictions.

Figure 12. Comparison between experimental and predicted polymer
yields.

Figure 13. Variation of Mn, Mw, and PDI with ethylene concentration.
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Estimation of Chain Transfer Rate Constants. Transfer
to monomer, to metal alkyl, to transfer agents such as H2, and
β-hydride elimination, are among the main chain transfer
mechanisms for polymerization with coordination catalyts.14,23

In the absence of hydrogen, the number-average molecular
weight,Mn, is related to the relative rate of propagation to chain
transfer reactions through the following equation,

=
+ +βmw

M

R R R

R
M H Al

Pn (32)

where RP is the rate of propagation, RM, RβH, and RAl are the
rate of transfer to monomer, β-hydride elimination, and transfer
to MAO, respectively, and mw is monomer molar mass.
According to the mechanism we are proposing herein, when

a monomer approaches a complexed catalyst site, two reactions
may take place: monomer propagation, where the monomer
molecule is inserted into the growing polymer chain, as
represented in eq 2, or transfer to ethylene, forming a dead
polymer chain with a terminal double bond (macromonomer)
and a catalyst site attached to a single monomer unit, as
described in eq 33,

*· + ⎯ →⎯ + *·P M M P P M
kM (33)

where P denotes a polymer chain with a terminal double bond.
Notice that the trigger mechanism formalism, assuming that
one monomer molecule remains complexed to the active site,
was kept in eq 33.
Macromonomers can also be formed via β-hydride

elimination, in which the hydrogen atom attached to the β
carbon in the chain is transferred to the metal center, as
described in the following equation,

*· ⎯ →⎯⎯⎯ + *·
β

P M P P M
k H

(34)

The rates of macromonomer formation by these two transfer
mechanisms are given by the expressions,

= *·R k [P M][M]M M (35)

= *·β βR k [P M]H H (36)

Substituting the expression for [P*·M] given in eq 6 into eqs
35 and 36,
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Similarly, for chain transfer to MAO
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Finally, substituting eqs 9, 37, 38, and 39 into eq 32 gives,
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Figure 14 shows the plot of mw/Mn versus the reciprocal of
ethylene concentration in the reactor. The slope and intercept

of the line provide the point estimates for kM / kp and (kβH +
kAl[Al])/kp, respectively, which are reported in Table 6.

Figure 15 plots Mn/mw versus monomer concentration.
Nonlinear regression of eq 41 was performed by minimizing

the sum of the squares of the residuals to obtain kM / kp and
(kβH + kAl[Al])/kp. Assuming that the variability in ethylene
concentration is negligible, the approximate confidence interval
for the parameters can also be calculated. Table 6 summarizes
the results of 95% confidence interval calculations for the

Figure 14. Plot of 1/Mn versus 1/[M]; see eq 40.

Table 6. Summary of Chain Transfer Parameter Estimation
Using Linear and Nonlinear Regression

parameter
linear

regression

estimated
standard
error

nonlinear
regression

estimated
standard
error

kM/kp 1.43 × l0−4 ±
1.8 × 10−5

8.68 × l0−6 1.5 × l0−4 ±
1.6 × 10−5

8 × l0−6

(kβH + kAl[Al])/kp 8.2 × l0−5 ±
5.6 × 10−6

2.71 × l0−6 7.86 × l0−5 ±
8.9 × 10−6

4.33 × l0−6

Figure 15. Curve fitting for Mn data using eq 41.
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parameters using linear regression and the corresponding
approximate ones using nonlinear regressions. The parameter
estimates using both techniques are very similar and describe
very well how Mn varies with ethylene pressure.
Effect of MAO Concentration on Polymer Micro-

structure. Thirteen polymerization runs were performed to
study the effect of MAO concentration on the microstructural
properties of the resulting polymer. Temperature and ethylene
pressure were kept constant during all polymerizations. Catalyst
concentration was the same for all polymerizations, except for
run 453, where it was necessary to reduce the Al/Ti to its
lowest value. Polymerization conditions are summarized in
Table 7.

Table 8 summarizes molecular weight-average measurements
and polymer yield for all runs.

The polymer yield increases with MAO concentration in the
reactor, as shown in Figure 16. Interestingly, the polymer yield
for sample 453, which was made at higher catalyst
concentration than the other runs, does not lie on the curve
showing the trend for the samples made at a lower catalyst
concentrations. However, if the yield for sample 453 is
normalized by multiplying it by the catalyst concentration of
the other samples and then dividing it by its own catalyst
concentration, this point also falls on the same trend line, as

indicated in Figure 16. This confirms that polymer yield is
linearly related to catalyst concentration, as observed before.

Figure 17 illustrates how PDI, Mn, and Mw vary with Al/Ti
ratio. Decreasing Al/Ti ratio down to about 20 000 does not

affect molecular weight averages and PDI, but a further
decrease will reduce Mn and Mw, and increase polydispersity.
The effect of Al/Ti on molecular weight averages will be

discussed in the next section.
Long Chain Branch Formation. Figure 18 shows the 15°

light scattering signal intensity versus GPC elution volume for
all the polymerization runs listed in Table 7. For samples made
under high MAO concentration or high Al/Ti ratio (Al/Ti >
20 000), no significant shoulder or bimodality is observed. At
low Al/Ti ratios (Al/Ti < 12 000 and lower) a shoulder appears
at low elution volumes, becoming more significant as the Al/Ti
ratio decreases. To confirm that this high molecular weight
shoulder comes from long chain branching, Sample 453, which
was synthesized at the lowest Al/Ti ratio of all samples shown
in Table 7, was analyzed by 13C NMR.
Figure 19 compares the proton-decoupled 13C NMR spectra

of samples 453 and 448. Seven well resolved peaks were
observed with the chemical shifts positioned at 14.2, 22.9, 32.2,
34.57, 27.28, 38.2, and 33.97 ppm for sample 453. To account
for the peaks observed in this spectrum, the structure shown in

Table 7. Polymerization Conditions (MAO Effect)a

run MAO (mol Al/L) Al/Ti

441 0.0076 12 400
442 0.0122 19 900
443 0.0213 34 900
444 0.0030 4900
445 0.0167 27 400
446 0.0076 12 400
447 0.0122 19 900
448 0.0304 49 500
454 0.0030 4900
455 0.0122 19 900
456 0.0213 34 900
457 0.0076 12 400
453b 0.0030 1200

aCatalyst concentration = 0.62 μmol/L, polymerization temperature =
120 °C, and polymerization pressure = 120 psig. bCatalyst
concentration =2.44 μmol/L.

Table 8. Polymer Yields and Molecular Weight Averages

run Mw Mn PDI polymer yield (g)

441 177 200 68 100 2.6 2.4
442 184 900 80 500 2.3 3.5
443 164 200 82 000 2.2 5.92
444 153 700 39 900 3.85 0.97
445 175 500 76 900 2.28 5.02
446 180 800 69 000 2.62 2.84
447 183 500 78 400 2.34 3.84
448 191 200 88 100 2.17 7.77
454 168 000 48 200 3.49 1.24
455 177 800 76 700 2.32 4.12
456 188 700 83 600 2.26 6.94
457 152 600 62 700 2.43 2.62
453 147 700 37 800 3.91 3.01

Figure 16. Polymer yield versus MAO concentration.

Figure 17. Molecular weight averages and PDI as a function Al/Ti.
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Figure 20 was assumed. On the basis of the Grant and Paul
rules, the previous chemical shifts correspond to carbons 1, 2, 3,

α, β, br, and 1v, respectively. Other carbon types have chemical
shifts located at 30 or near 30 ppm so they would be obscured
by the main peak at 30 ppm. Inspection of the spectrum in
Figure 19 confirms the presence of LCBs in sample 453. The
log [η] × log MW plot of sample 453 depicted in Figure 21
further confirms the presence of LCBs in this sample.
The increase in PDI observed when the Al/Ti ratio was

reduced can be partially attributed to the formation of LCBs, as

shown in 13C NMR spectra for sample 453, but the observed
increase is too high to be credited only to the presence of
LCBs.
Sample 448, which was made at high Al/Ti ratio, was also

analyzed using 13C NMR spectroscopy. Four peaks, corre-
sponding to 1, 2, 3, and 1v carbons were observed, but no LCB
peak was detected (Figure 19). In addition, its log [η] × log
MW plot was linear, indicating that LCB frequency in the
sample is negligible. The summary of 13C NMR analysis results
for these two samples is given in Table 9.

The unsaturated chain-end density (λvinyl, number of
unsaturated chain ends per 1000 carbon atoms), saturated

chain end density (λCH3
, number of saturated chain ends per

1000 carbon atoms) and long chain branch density (λLCB,
number of long chain branches per 1000 carbon atoms) were
calculated using the following equations,13

λ =
IA

IA
1000vinyl

v

Tot

1
(42)

λ =
+IA IA

IA
1000

2CH
Tot

2 3
3 (43)

λ = αIA
IA

1000
3LCB

Tot (44)

where IA1v, IA2, IA3, IAα, and IATot are the integral areas of
allylic, 2, 3, α and total carbons,

Figure 19. 13C NMR spectrum of samples 453 (top) and 448
(bottom).

Figure 20. Chemical structure of polyethylene containing long chain
branches made by CGC.

Figure 21. Molecular weight distribution and intrinsic viscosity plot of
sample 453.The intrinsic viscosity plot for the linear polyethylene
standard NBS 1475 is shown for comparison.

Table 9. 13C NMR analysis for Samples 453 and 448a

sample λvinyl λCH3 nLCB

453 0.39 0.78 0.23
448 0.064 0.29 0

aλvinyl = Number of unsaturated chain ends per 1000 C, λCH3 =
Number of saturated chain ends per 1000 C, nLCB = Average number
of long chain branches per chain.

Figure 18. Light scattering 15° signal intensity versus GPC elution
volume for samples made under different Al/Ti ratios.
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The long chain branch frequency (nLCB, average number of
long chain branches per chain) was estimated using the
following equation,13

=
λ

λ + λ − λ
n

2
LCB

LCB

CH vinyl LCB3 (45)

To better understand why the molecular weight averages
decreased when the Al/Ti ratio was reduced, the λvinyl of seven
randomly selected polymer samples (456, 448, 445, 453, 454,
455, 446) made at different Al/Ti ratios were measured using
FTIR spectroscopy. Figure 22 plots the λvinyl versus Al/Ti ratio

for these samples. (The multiple points at each Al/Ti level are
FTIR analysis replicates, not polymerization replicates, so the
variability at each Al/Ti level reflects variability in λvinyl
measurements.) Since λvinyl for sample 448, made at the high
Al/Ti ratio of 49 500, is low and the sample has no LCBs, it
seems that high Al/Ti ratios slow down chain transfer reactions
that lead to the formation of vinyl-terminated chains (macro-
monomers), while the rate of transfer to MAO increases. It also
appears that the decrease in the rate of macromonomer
formation reactions is more pronounced than the increase in
the rate of chain transfer to MAO as the Al/Ti ratio is
increased. The overall effect of these two rate changes is that
molecular weight initially increases with increasing Al/Ti ratio
until it finally levels off, while the concentration of macro-
monomer decreases. Therefore, when Al/Ti ratio decreases, the
rate of macromonomer formation increases, the molecular
weight decreases, and more LCBs are formed.
Figure 23 shows how the unsaturated chain end frequency

(nvinyl), or the average number of unsaturated chain ends per
polymer chain, varies as a function of the Al/Ti ratio. The nvinyl
was calculated with the expression,

=
λ ×

n
M

14 000vinyl
vinyl n

(46)

It is interesting to notice that at low Al/Ti ratios nvinyl is
approximately equal to 1. This indicates that most chains have
one vinyl terminal group and, consequently, that chain transfer
to MAO is negligible when the Al/Ti ratio is relatively low.
Since nvinyl decreases with increasing Al/Ti and chain transfer to
MAO does not produce vinyl terminated chains, transfer to
MAO is likely to become more relevant at higher Al/Ti ratios.

Figure 24 compares the MWD of sample 448 made with
Al/Ti = 49 500 with those of Samples 444 and 453, produced

with Al/Ti ratios of 4900 and 1200, respectively. The fraction of
low molecular weight chains increases when the MAO concen-
tration decreases. It can be speculated that this lower molecular
weight chains are more likely to be vinyl-terminated. It is also
interesting to notice that, for these samples, MWD depends on
MAO concentration, not on Al/Ti ratio, because samples 453
and 444 were made at the same MAO concentration but at
different Al/Ti ratios of 1200 and 4200, respectively.

Effect of Monomer Concentration on Long Chain
Branching at low Al/Ti Ratio (Al/Ti = 916). Long chain
branches are formed with metallocene catalysts when macro-
monomers are copolymerized with a growing polymer chain;
thus, decreasing ethylene concentration in the reactor is
expected to increase LCB formation. The experimental results
discussed in the previous section show that low MAO
concentration favors the formation of macromonomers, which
is a prerequisite for LCB formation. In this section we analyze
the effect of changing ethylene concentration at low MAO
concentration on LCB formation.
The effect of ethylene concentration was investigated by

varying the total reactor pressure from 40 to 210 psig at a
temperature of 120 °C. Nine polymer samples were made at
five different pressures (Table 10). MAO and catalyst

Figure 22. Unsaturated chain end density (λvinyl) as a function of Al/Ti
ratio.

Figure 23. Unsaturated chain end frequency (ndiene) versus Al/Ti ratio.

Figure 24. Molecular weight distributions for samples 444, 453, and
448 made under different Al/Ti ratios.
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concentration, polymerization time and temperature were kept
the same in all runs. Molecular weight averages, polymer yields,
and LCB frequency estimates are presented in Table 11.

Figure 25 plots polymer yield versus monomer concen-
tration. As observed for high Al/Ti (see Figure 2), a nonfirst

order dependence on monomer concentration is also noticed in
this case.
Plots of the 15° GPC light scattering detector signal intensity

versus elution volume for all polymer samples are shown in
Figure 26. At an ethylene pressure of 120 psig, a shoulder is
observed on the low elution volume region (high molecular
weight), which corresponds to long chain branched polymer
chains, as demonstrated in Figure 19. Decreasing ethylene
pressure accentuates this bimodality. The area under the high
molecular weight peak (low elution volume) increases as
ethylene pressure decreases, implying that LCB formation is
more significant at lower pressures.
Figure 27 compares the MWDs of all samples, and log [η] ×

log MW plots for the linear polyethylene standard NBS 1475

and Sample 745 (made at 40 psig). The nonlinear log [η] × log
MW curve for Sample 745 is a clear indication of the presence
of LCBs. The high molecular weight shoulders seen for the
samples made at 120, 80, and 40 psig are also indicative of the
presence of LCBs. Zimm-Stockmayer approach30 was used to
estimate the LCB frequency for these samples (Table 11),
confirming that decreasing ethylene pressure in the reactor
leads to more long chain branching in the polymer.
Figure 28 shows how Mn, Mw and PDI vary with ethylene

concentration. PDI is almost constant at high ethylene
concentrations, but starts to increase for values lower than
0.4 mol/L. This increase in PDI at lower ethylene
concentrations can be attributed, in part, to an increase in
the rate of LCB formation due to the decreasing ethylene
concentration. Although at high ethylene concentrations
(ethylene pressures of 160 psig and higher) no sign of LCB
was detected by the GPC viscometer, PDI still remains higher
that the theoretical value of two expected for polyethylene
made with single-site catalysts at uniform conditions, which
indicates that not all increase in PDI can be attributed to long

Table 10. Polymerization Conditions (Monomer Concentration Effect with Al/Ti = 916)a

run 733 734 735 736 737 738 741 742 745
total reactor pressure (psig) 120 160 80 80 120 205 120 40 40

aCatalyst concentration = 4.9 μmol/L. Temperature = 120 °C. Al/Ti = 916.

Table 11. Molecular Weight Averages and Polymer Yields
(Monomer Concentration Effect with Al/Ti = 916)

run
pressure
(psig) Mw Mn PDI

polymer yield
(g) nLCB

a

733 120 142 200 40 200 3.5 4.57 0.2
734 160 176 700 46 400 3.8 6.64 0
735 80 113 400 31 400 3.6 2.04 0.27
736 80 113 600 32 400 3.5 2.50 0.25
737 120 137 600 38 600 3.6 4.79 0.21
741 120 158 900 46 300 3.4 4.69 0.18
742 40 94 000 23 400 4.0 0.65 0.32
738 205 195 300 55 100 3.5 10.22 0
745 40 105 200 24 900 4.2 0.77 0.3

aEstimated using the Zimm−Stockmeyer equation.

Figure 25. Polymer yield as a function of ethylene concentration
(Al/Ti=916).

Figure 26. GPC light scattering 15° detector signal intensity versus
elution volume for samples in Table 10.

Figure 27. Molecular weight distribution of the polyethylene samples
made at low Al/Ti ratio and log [η] × log MW plot for sample 745
(P = 40 psig) and linear polyethylene standard NBS 1475.
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chain branching. In fact, true single site behavior is not
observed for this catalyst when MAO concentration is low.
Finally, Figure 29 compares Mn and Mw for the two sets

of samples made at low and high Al/Ti ratios. Weight and

number-average molecular weights are higher when the
polymers are made at larger Al/Ti ratios, but this difference
decreases for lower ethylene pressures, as expected.

■ CONCLUSIONS

The kinetics of ethylene solution polymerization using the
CGC/MAO system was studied in a semibatch reactor at high
temperature using a wide range of ethylene, CGC and MAO
concentrations and the results were described with a novel
mathematical model that captured the main features of the
polymerization kinetics and molecular weight response. The
propagation reaction order was found to be first order with
respect to catalyst concentration, while the order with respect
to ethylene concentration changed from 1 to 2 as a function of
ethylene pressure. Reversible activation and deactivation with
MAO along with thermal deactivation was proposed to explain
the effect of time, monomer and catalyst concentration on the
measured polymerization rates. Detailed parameter estimates

for the leading polymerization and chain transfer constants
were estimated for this model and it proved to be able to
describe the experimental data remarkably well. It is important
to emphasize that the mechanism-based model proposed herein
describes all the collected experimental data very well, but it is
just a mathematical model for polymerization kinetics;
alternative models may be derived that reach a similar
description, although none such alternative model was found
by the authors in this investigation.
Decrease in MAO concentration leads to the production of

polymer chains with terminal vinyl groups, which may be
incorporated subsequently into growing polymer chains to
produce long chain branched polymers. Polymer molecular
weight decreases by lowering MAO concentration, while PDI
increases. Part of the increase in PDI due to the lowering of
MAO concentration can be attributed to LCB formation,
whereas the rest results from non single-site behavior of the
catalyst at low MAO concentration. Decrease in monomer
concentration leads to the production of polymer chains
with increased LCB frequencies while the MAO concen-
tration is low.
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ABSTRACT: A new set of monomers is presented in order to
incorporate thiols into radical polymers using a protecting
chemistry/photocleavage route. The (co)polymerization ki-
netics of an o-nitrobenzyl thioether-containing acrylamide
derivative are reported. The presence of the o-nitrobenzyl
moiety is found to strongly affect the polymerization.
Nevertheless, water-soluble copolymers with N,N-dimethyla-
crylamide (DMAAm) as a comonomer are obtained either by
free radical polymerization (10 000 ≤ Mn ≤ 17 500 g mol−1;
1.5 ≤ PDI ≤ 1.8) or by reversible addition−fragmentation
transfer (RAFT)-mediated controlled/living radical polymerization (2000 ≤ Mn ≤ 5700 g mol−1; 1.1 ≤ PDI ≤ 1.2).
Deprotection under UV light (λ = 366 nm) at ambient temperature is followed by UV/vis monitoring of the protecting group
release, which proceeds to completion between 40 min and 2 h within the studied range of concentration as demonstrated by 1H
NMR spectroscopy. Thiol−maleimide addition is subsequently carried out and found to proceed with a nearly quantitative yield
(ca. 90%) as measured by 1H NMR. Different block copolymers (9400 ≤ Mn ≤ 16 500 g mol−1; 1.3 ≤ PDI ≤ 1.4) with a
PDMAAm water-soluble block, a polystyrene hydrophobic block, or a poly(N-isopropylacrylamide) thermosensitive block as the
first segment and possessing the photoreleasable thiol moieties in the second block are subsequently synthesized by RAFT-
mediated polymerization. We finally demonstrate the orthogonal sequential deprotection and reaction with benzyl maleimide of
two different thiol species originating from the thiocarbonylthio functionality and the o-nitrobenzyl protected lateral groups,
respectively.

■ INTRODUCTION
The past 5 years have witnessed a significant growth of interest
in the use of click methodologies in polymer and materials
chemistry.1 Since macromolecules are difficult to quantitatively
modify and bear multiple functional groups, the efficiency and
orthogonality of click reactions has indeed very often proven to
be useful.2 Although the most prominent technique was initially
the azide−alkyne cycloaddition,3 its generally required use of
copper as a catalyst has led to a gradual shift of attention toward
copper-free chemistries such as thiol−ene and thiol−yne
additions,4 (hetero) Diels−Alder [4 + 2] cycloaddition,5

some very efficient nucleophilic substitutions,6 oxime for-
mation,7 nitrile oxide−alkyne cycloaddition,8 or ring-opening of
epoxides.9 Copper-free synthetic methods are particularly
interesting when bio-related applications are envisioned.
Thiol-based click conjugations have shown to be very powerful
in various fields of application.10 Thiols can react very
efficiently with themselves to form disulfide bridges and with
electron-withdrawing group-substituted enes such as (meth)-
acrylates or maleimides via a radical pathway or Michael

addition.4 Furthermore, they are also able to strongly bind to a
wide range of metal surfaces, for instance, silver or gold.11

Radical polymerization is arguably the most versatile
polymerization technique since it is tolerant to most functional
groups. However, there are some exceptions and thiols are one
of them due to their large transfer constants in the
polymerization of vinyl monomers.12 Indeed, they are regularly
employed to reduce the molecular weight or introduce a
specific functionality in radically prepared macromolecules.13

Consequently, sulfhydryl groups need to be introduced after
the polymerization or to be protected (or masked) when they
are initially present. For example, the pyridyl disulfide group
(PyDS) has been often incorporatedespecially when
bioapplications were targetedby using functional mono-
mers,14 initiators,15 or RAFT agents.16 PyDS has also been
attached by amidation to amino-containing polymers using N-
succinimidyl 3-(2-pyridyldithio)propionate.17 Matyjaszewski
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and colleagues employed a bifunctional ATRP initiator
composed of a disulfide linker to obtain midchain-functional-
ized polystyrene (PS) which was eventually reduced by DTT to
yield PS-SH.18 Li et al. also introduced thiols using an alkyl
disulfide yet as a lateral group.19 Classical protecting-group
chemistry has also been employed to prepare ATRP
initiators20−22 or nitroxides23 bearing a thiol group which was
subsequently activated after functioning to mediate the
polymerization. In the case of RAFT-mediated controlled/
living polymerization thiocarbonylthio compounds are used as
controlling agent, but they can also be regarded as masked
thiols since methods such as aminolysis, hydrolysis, and metal
hydride reduction will lead to the mercapto-end-functionalized
chains.24

In the context of pure postpolymerization (i.e., the
incorporation of previously absent sulfur atoms), alkyl halides
such as ATRP-made polymers have been substituted using
thiourea to form isothiouronium salts which were subsequently
hydrolyzed to give thiol-capped polymers.25,26 Very recently,
Boyer et al. reported a nucleophilic substitution of Br-capped
polymers employing methanethiosulfonate followed by basic
hydrolysis27 while Paris and co-workers used potassium
thioacetate to obtain end-thiolated polymers via hydrolysis of
the intermediate thioester-capped chains.28

Protecting group chemistry is very often employed in pure
organic chemistry, particularly when complex structures are
targeted.29 It consists in the reversible protection of one or
several functional groups which can potentially react while
performing a modification meant to occur on another part of
the molecule. It also allows in some applications the activation
of specific functions when desired. While chemically driven
deprotections have been employed to a high extent in polymer
chemistry, the use of light-induced deprotection has been the
subject of much less attention. The phototriggered release of
chemical groups is very attractive as it allows not only for
temporal control of the reaction but also for its spatial control.
For instance, the o-nitrobenzyl group and its methoxy-
substituted derivatives have been often used, e.g., for polymer
functionalization,30 reversible bioconjugation,31 or surface
photopatterning.32

In the current study, we introduce two novel functional
monomers which bear a light-cleavable protected-thiol
substituent. The polymerizability of the acrylamide monomer
via a free radical mechanism is studied. Subsequently, the ability
of the so-formed copolymers to release thiols and undergo
Michael addition is evidenced. The RAFT process is then used

to generate well-defined block copolymers incorporating the
masked thiols in one block. Finally, sequential Michael addition
reactions are performed at the chain end after aminolysis of the
thiocarbonylthio moiety and along the chain after photo-
deprotection (Scheme 1).

■ EXPERIMENTAL SECTION
Materials. Cysteamine hydrochloride (98%, ABCR), 2-nitrobenzyl

bromide (98%, ABCR), lithium hydroxide (98%, Alfa Aesar), acryloyl
chloride (96%, Alfa Aesar), methacryloyl chloride (97%, ABCR),
triethylamine (TEA, 99+%, Merck), sodium hydrogen carbonate
(NaHCO3, 99%, Roth), 2-aminoethanol (99%, Fluka), tri-n-
butylphosphine (TBP, ≥90%, Fluka), dimethylphenylphosphine
(DMPP, 99%, Sigma-Aldrich), 1,4-dioxane (99+%, Acros), and
acetonitrile (HPLC grade, Acros) were used as received. Ethanol,
methanol, chloroform, ethyl acetate, toluene, and n-hexane were of all
from VWR (Normapur grade) and also used as received. 2,2′-
Azobisbutyronitrile (AIBN, 98%, Sigma-Aldrich) was recrystallized
twice from methanol and stored at −19 °C. N,N-Dimethylacrylamide
(DMAAm, 99%, Sigma-Aldrich) and styrene (99%, Acros) were
passed through a column of basic alumina (VWR) to remove the
inhibitor and stored at −19 °C. N-Isopropylacrylamide (NiPAAm)
was recrystallized twice from toluene/n-hexane 1:1 v/v. Dichloro-
methane (VWR, Normapur) was dried on 4 Å molecular sieves.
Dibenzyltrithiocarbonate (DBTTC)33 and benzyl maleimide34 were
synthesized according to previously reported procedures.

Monomer Synthesis. 2-((2-Nitrobenzyl)thio)ethanamine (1). 1
was synthesized according to a previously reported procedure.35

In a 150 mL beaker, lithium hydroxide (1.2506 g, 51.2 mmol)
was dissolved in deionized water (25 mL) and ethanol (75 mL)
was added. The resulting suspension was subsequently
introduced into a 250 mL double-necked round-bottom flask
containing cysteamine hydrochloride (2.9141 g, 25.1 mmol). A
150 mL dropping funnel was connected and filled with a
solution of 2-nitrobenzyl bromide (5.5214 g, 25.0 mmol) in
ethanol (100 mL). The solution was subsequently added
dropwise to the cysteamine mixture over a period of 15 min at
ambient temperature. The mixture was further stirred at 35 °C
for 40 min. Ethanol was removed by rotary evaporation, and
100 mL of deionized water was added. The heterogeneous
mixture was poured into a separating funnel and extracted with
dichloromethane (3 × 150 mL). The organic fractions were
combined, dried over sodium sulfate, filtered, and evaporated.
The residue was subsequently purified by flash column
chromatography using dichloromethane/methanol 4:1 to give
the pure product as a yellow viscous oil (3.5365 g, 67%). The
compound was rapidly used for further reactions since limited
degradation was observed upon storage. 1H NMR (CDCl3, 250
MHz, δ): 7.96 (d, 1H), 7.26−7.59 (m, 3H), 4.07 (s, 2H), 2.85
(t, 2H), 2.57 (t, 2H), 1.67 (s, 2H) ppm.

Scheme 1. General Sequential Deprotection/Thiol−Ene Functionalization Strategy Applied to a RAFT Polymerization-Made
Block Copolymer Possessing the Protected Thiol Groups as a Comonomer Unit in One Block
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N-(2-((2-Nitrobenzyl)thio)ethyl)acrylamide (2). In a 250 mL
double-necked round-bottom flask, 1 (3.5365 g, 16.7 mmol) and
triethylamine (2.80 mL, 19.8 mmol) were dissolved in dry dichloro-
methane (150 mL). A dropping funnel was connected to the flask and
filled with a solution of acryloyl chloride in dry dichloromethane (20.2
mmol in 30 mL). The flask was cooled to 0 °C, and the acryloyl
chloride solution was added dropwise under vigorous stirring over a
period of 30 min. The mixture was then allowed to warm to ambient
temperature and left to stir for another 15 h. After washing with 2 × 40
mL of brine and 40 mL of a NaHCO3-saturated solution, the organic
phase was dried over magnesium sulfate, filtered, and evaporated. The
residue was purified by flash column chromatography using chloro-
form/ethyl acetate 9:1 as an eluent to give an opaque yellow oil which
gave a yellow solid upon standing (3.5143 g, 79%). 1H NMR (CDCl3,
250 MHz, δ): 7.91 (d, 1H), 7.32−7.54 (m, 3H), 6.17 (dd, 1H), 6.10−
5.90 (broad, 1H), 6.03 (dd, 1H), 5.59 (dd, 1H), 4.02 (s, 2H), 3.42 (q,
2H), 2.58 (t, 2H) ppm.
N-(2-((2-Nitrobenzyl)thio)ethyl)methacrylamide (3). The same

procedure as for 2 was employed, except that methacryloyl chloride
was used instead of acryloyl chloride. Briefly, 1 (0.8278 g, 3.9 mmol)
and triethylamine (0.53 mL, 4.0 mmol) were dissolved in dry
dichloromethane (70 mL). Subsequently, a solution of methacryloyl
chloride in dichloromethane (4.1 mmol in 15 mL) was slowly added.
After purification by flash column chromatography using chloroform/
ethyl acetate 9:1 as an eluent, 3 was obtained as a viscous yellow oil
(0.5542 g, 51%). 1H NMR (CDCl3, 250 MHz, δ): 7.91 (d, 1H), 7.54−
7.32 (m, 3H), 6.37−6.17 (broad, 1H), 5.64 (m, 1H), 5.27 (m, 1H),
4.02 (s, 2H), 3.40 (q, 2H), 2.59 (t, 2H), 1.90−1.88 (m, 3H) ppm.
Polymerizations. (Co)polymerizations of 2 and DMAAm. In a

10 mL round-bottom flask, monomer(s), AIBN, andif
necessaryDBTTC were dissolved in 1,4-dioxane. For a
collation of all polymerization conditions, please refer to Table
1. The mixture was deoxygenated by purging with nitrogen
over a period of 30 min. The polymerization was triggered by
immersing the flask into an oil bath preheated to 70 °C.
Samples were periodically withdrawn to follow the reaction
kinetics. A portion was diluted in CDCl3 to determine the
conversion by 1H NMR. Another portion was evaporated and
dissolved in DMAC (+ 1 wt % LiBr) for size-exclusion
chromatography analysis.

Synthesis of P(DMAAm-co-2) (4). Test polymer 4 was produced to
evaluate the possibility of thiol photodeprotection followed by thiol−
maleimide addition. The mixture was prepared according to entry B
(Table 1): In a 10 mL round-bottom flask, monomer 2 (0.2063 g, 0.77
mmol), DMAAm (0.4345 g, 4.34 mmol), and AIBN (0.0423 g, 0.26
mmol) were dissolved in 1,4-dioxane (2 mL). The mixture was
deoxygenated by purging with nitrogen for 30 min and then immersed
in an oil bath preheated to 70 °C. After 21 h, the flask was cooled to

ambient temperature. The polymer was recovered as a slightly yellow
powder by 2-fold precipitation in n-hexane at ambient temperature
(1H NMR, acetone-d6) ([2]/[M])polymer = 14 mol % (30 wt %).

Synthesis of the PDMAAm-TTC-PDMAAm MacroRAFT Agent (7).
In a 50 mL round-bottom flask, DMAAm (3.9607 g, 39.6 mmol),
DBTTC (0.2320 mg, 0.80 mmol), and AIBN (0.0522 g, 0.32 mmol)
were dissolved in 1,4-dioxane (15.9 mL). The mixture was
deoxygenated by purging with nitrogen over a period of 1 h. The
polymerization was triggered by immersing the flask into an oil bath
preheated to 70 °C. After 40 min, the polymerization was stopped by
cooling the flask to ambient temperature. 1H NMR analysis of the raw
mixture in CDCl3 indicated a conversion of 35%. The reaction mixture
was concentrated by rotary evaporation, and the polymer was obtained
as a yellow powder by 2-fold precipipation in n-hexane followed by
filtration on a glass filter. (SEC/DMAC) Mn = 3000 g mol−1; PDI =
1.10 (1H NMR, acetone-d6) Mn = 2600 g mol−1.

Synthesis of PDMAAm-b-P(DMAAm-co-2)-TTC-P(DMAAm-co-2)-
b-PDMAAm (8). In a 10 mL round-bottom flask, macroRAFT agent 7
(0.1081 g, 0.04 mmol), DMAAm (0.2153 g, 2.15 mmol), monomer 2
(0.1018 g, 3.82 mmol), and AIBN (0.0083 g, 0.05 mmol) were
dissolved in 5 mL of 1,4-dioxane. The mixture was deoxygenated by
purging with nitrogen over a period of 30 min. The polymerization
was triggered by immersing the flask into an oil bath preheated to 70
°C. After 16.5 h, the polymerization was stopped by cooling the flask
down to ambient temperature. 1H NMR analysis of the raw mixture in
CDCl3 indicated a conversion of 86%. The reaction mixture was
slightly concentrated under vacuum, and the polymer was obtained as
a light-yellow powder by 2-fold precipipation in n-hexane at ambient
temperature followed by filtration on a glass filter. (SEC/DMAC) Mn
= 8200 g mol−1; PDI = 1.32. (1H NMR, acetone-d6) ([2]/[M])polymer
= 11 mol % (25 wt %); Mn = 9400 g mol−1.

Synthesis of the PS-TTC-PS MacroRAFT Agent (9). In a 10 mL
round-bottom flask, AIBN (0.0420 g, 0.26 mmol) and DBTTC
(0.1483 g, 0.51 mmol) were dissolved in styrene (4.0083 g, 38.1
mmol). The mixture was deoxygenated by purging with nitrogen over
a period of 30 min. The polymerization was triggered by immersing
the flask into an oil bath preheated to 60 °C. After 7 h, the
polymerization was stopped by cooling the flask down to ambient
temperature. 1H NMR analysis of the raw mixture in acetone-d6
indicated a conversion of 33%. The reaction mixture was diluted with a
small volume of THF, and the polymer was obtained as a yellow
powder by 2-fold precipipation in cold methanol followed by filtration
on a glass filter. (SEC/DMAC) Mn = 3800 g mol−1; PDI = 1.12.

Synthesis of PS-b-P(DMAAm-co-2)-TTC-P(DMAAm-co-2)-b-PS
(10). In a 10 mL round-bottom flask, macroRAFT agent 9 (0.1567
g, 0.04 mmol), DMAAm (0.2153 g, 2.15 mmol), monomer 2 (0.1018
g, 3.82 mmol), and AIBN (0.0083 g, 0.05 mmol) were dissolved in 5
mL of 1,4-dioxane. The mixture was deoxygenated by purging with
nitrogen over a period of 30 min. The polymerization was triggered by
immersing the flask into an oil bath preheated to 70 °C. After 16.5 h,
the polymerization was stopped by cooling the flask down to ambient
temperature. 1H NMR analysis of the raw mixture in CDCl3 indicated
a conversion of 77%. The reaction mixture was slightly concentrated
under vacuum, and the polymer was obtained as a light-yellow powder
by 2-fold precipipation in n-hexane at ambient temperature followed
by filtration on a glass filter. (SEC/DMAC)Mn = 6500 g mol−1; PDI =
1.27. (1H NMR, acetone-d6) Mn = 9950 g mol−1.

Synthesis of the P(DMAAm-co-2)-TTC-P(DMAAm-co-2) macro-
RAFT Agent (11). In a 10 mL round-bottom flask, monomer 2 (0.2805
g, 1.05 mmol), DMAAm (0.6125 g, 6.12 mmol), DBTTC (0.0404 g,
0.14 mmol), and AIBN (0.0262 g, 0.16 mmol) were dissolved in 1,4-
dioxane (13.7 mL). The mixture was deoxygenated by purging with
nitrogen for 1 h and then immersed in an oil bath preheated to 70 °C.
After 5.5 h, the flask was cooled down to ambient temperature. A
monomer conversion of 50% was determined by 1H NMR. The
polymer was recovered as a light-yellow powder by 2-fold precipitation
in n-hexane at ambient temperature. (SEC/DMAC) Mn = 3800 g
mol−1; PDI = 1.10. (1H NMR, acetone-d6) Mn = 3800 g mol−1.

Synthesis of the P(DMAAm-co-2)-b-PNiPAAm-TTC-PNiPAAm-b-
P(DMAAm-co-2) (12). In a 10 mL round-bottom flask, macroRAFT

Table 1. Experimental Conditions of the
(Co)polymerizations at 70 °C in 1,4-Dioxane of N-(2-((2-
Nitrobenzyl)thio)ethyl) Acrylamide 2 and DMAAm
Reported in the Present Study

entry symbolc
[M]/
[AIBN]

2:DMAAm
(mol/mol)

[DBTTC]/
[AIBN]

Aa 20 100:0
Ba 20 15:85
Cb ● 100 15:85
Db × 50 15:85
Eb ■ 50 0:100
Fb ⧫ 50 39:61
Gb ○ 50 59:41
Hb ▲ 50 15:85 2
Ib □ 50 15:85 1

a[M] = 2.6 M. b[M] = 0.5 M. cThe symbols noted in the Table refer
to Figures 1 and 2.
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agent 11 (0.0385 g, 0.01 mmol), NiPAAm (0.2187 g, 1.93 mmol), and
AIBN (0.7 mg, 4 μmol) were dissolved in 1,4-dioxane (3 mL). The
mixture was deoxygenated by purging with nitrogen over a period of
30 min. The polymerization was triggered by immersing the flask into
an oil bath preheated to 70 °C. After 14 h, the polymerization was
stopped by cooling the flask down to ambient temperature. 1H NMR
analysis of the raw mixture in CDCl3 indicated a conversion of about
90%. The reaction mixture was concentrated by rotary evaporation,
and the polymer was obtained as a yellow powder by 2-fold
precipitation in n-hexane followed by filtration on a glass filter.
(SEC/DMAC) Mn = 16 500 g mol−1; PDI = 1.36.
Polymer-Analogue Modifications. Photodeprotection Kinetics.

Copolymer 4 was dissolved in acetonitrile at different
concentrations and transferred to a 1 cm square quartz cell.
The cell was placed 5 mm in front of a hand-held TLC lamp (8
W) and irradiated at 366 nm at ambient temperature. At timed
intervals the cuvette was placed in a UV spectrometer to
monitor the absorbance of the solution at 345 nm,
corresponding to the maximum of absorption of photoreleased
o-nitrosobenzaldehyde.
Synthesis of Fully Deprotected P(DMAAm-co-2) 4 (5). Copolymer

4 (0.1044 g, 0.12 mmol protected thiol groups) was dissolved in
acetonitrile (39 mL). The solution was transferred in three 15 mL
headspace vials (Pyrex, diameter 20 mm), which were airtight crimped
employing SBR seals with PTFE inner linear. The mixture was
deoxygenated by purging with nitrogen for 30 min. The vials were
placed 5 mm in front of a hand-held TLC lamp (8 W) and irradiated
at 366 nm at ambient temperature for 2.5 h. Polymer 5 was recovered
by precipitation in cold n-hexane (0.7740 g, 89%). 1H NMR in acetone
(see Figure 4) showed no trace of residual protecting groups.
Michael Addition on Fully Deprotected P(DMAAm-co-2) 5 (6).

Copolymer 5 (60 mg, 81 μmol thiol groups), benzyl maleimide
(0.2046 g, 1.29 mmol), and DMPP (0.1 mg, 0.7 μmol) were dissolved
in acetonitrile (4 mL). The mixture was deoxygenated by purging with
nitrogen for 30 min, after which deoxygenated TEA (100 μL, 0.72
mmol) was added using a nitrogen-purged syringe. After 15 h, polymer
6 was recovered by precipitation in cold n-hexane. 1H NMR in acetone
(see Figure 4) revealed a functionalization yield of 92%.
Synthesis of PDMAAm-b-P(DMAAm-co-2)-SH (13). In a 10 mL

round-bottom flask, 8 (0.5996 g, ca. 64 μmol according to Mn
determined by 1H NMR) was dissolved in acetonitrile (9.7 mL)
together with TBP (21 μL, 85 μmol). The resulting yellow mixture
was deoxygenated by purging with nitrogen for 30 min. Using a
nitrogen-purged syringe, deoxygenated 2-aminoethanol (49 μL, 0.81
mmol) was added. After stirring 18 h at ambient temperature, a pale
yellow solution was obtained. Polymer 13 was recovered by
precipitation in cold n-hexane. (SEC/DMAC) Mn = 7200 g mol−1;
PDI = 1.37.
Synthesis of ω-((1-Benzyl-2,5-dioxopyrrolidin-3-yl)thio)-

PDMAAm-b-P(DMAAm-co-2) (14). In a 10 mL round-bottom flask,
13 (0.4200 g, ca. 89 μmol end-chain thiol groups according to Mn(8)
determined by 1H NMR) and benzyl maleimide (0.1029 g, 0.55
mmol) were dissolved in acetonitrile (11.1 mL). The resulting slightly
yellow solution was deoxygenated by purging with nitrogen for 40
min. Using a nitrogen-purged syringe, deoxygenated TBP (12 μL, 49
μmol) was added, followed 20 min later by TEA (45 μL, 0.33 mmol).
After 18 h polymer 14 was recovered by precipitation in cold n-hexane.
1H NMR in acetone (see Figure 6) revealed a functionalization yield of
95%. (SEC/DMAC) Mn = 8000 g mol−1; PDI = 1.24.
Synthesis of Fully Deprotected ω-((1-Benzyl-2,5-dioxopyrrolidin-

3-yl)thio)-PDMAAm-b-P(DMAAm-co-2) 14 (15). Copolymer 14 (90.7
mg, 85 μmol protected thiol groups) was dissolved in acetonitrile (30
mL). The solution was transferred into three 15 mL headspace vials
(Pyrex, diameter 20 mm), which were airtight crimped employing SBR
seals with PTFE inner linear. The mixture was deoxygenated by
purging with nitrogen for 30 min. The vials were placed 5 mm in front
of a hand-held TLC lamp (8 W) and irradiated at 366 nm at ambient
temperature for 2.5 h. Polymer 15 was recovered by precipitation in
cold n-hexane. 1H NMR in acetone (see Figure 6) showed no trace of

residual protecting groups. (SEC/DMAC) Mn = 6200 g mol−1; PDI =
1.17.

Michael Addition on Fully Deprotected ω-((1-Benzyl-2,5-
dioxopyrrolidin-3-yl)thio)-PDMAAm-b-P(DMAAm-co-2) 15 (16). Co-
polymer 15 (32.7 mg, 35 μmol thiol groups), benzyl maleimide
(0.0818 g, 0.44 mmol), and DMPP (0.04 mg, 0.3 μmol) were
dissolved in acetonitrile (3 mL). The mixture was deoxygenated by
purging with nitrogen for 30 min, after which deoxygenated TEA (40
μL, 0.29 mmol) was added using a nitrogen-purged syringe. After 15 h,
copolymer 16 was recovered by precipitation in cold n-hexane. 1H
NMR in acetone (see Figure 6) revealed a functionalization yield of
89%. (SEC/DMAC) Mn = 8200 g mol−1; PDI = 1.35.

Characterizations. 1H NMR spectroscopy was carried out on either
a Bruker AM 250 or a Bruker AM 400 spectrometers at 250 or 400
MHz, respectively. The δ-scale is referenced to tetramethylsilane (δ =
0.00 ppm) as internal standard. Size-exclusion measurements were
performed on a Polymer Laboratories/Varian PLGPC 50 Plus system
comprising a Polymer Laboratories 5.0 mm bead-size guard column
(50 × 7.5 mm2), followed by three PL columns and a differential
refractive-index detector. The eluent was N,N′-dimethylacetamide
(DMAc) at 50 °C with a flow rate of 1 mL min−1. The SEC system
was calibrated using linear poly(styrene) (PS) standards ranging from
160 to 6 × 106 g mol−1 and linear poly(methyl methacrylate)
standards ranging from 700 to 2 × 106 g mol−1. The resulting
molecular weight distributions were determined by universal
calibration using Mark−Houwink parameters for PS (K = 14.1 ×
10−5 dL g−1, α = 0.70).36 Molecular weights relative to PS are reported
in the current contribution. UV/vis spectra were recorded on a Varian
Cary 300 Bio spectrophotometer.

■ RESULTS AND DISCUSSION
Monomer Synthesis. When a statistical copolymerization

is conducted, one usually prefers to use comonomers of a rather
similar electronic and steric structure. For the sake of versatility,
we thus synthesized two monomers starting from the same
substituent building block: one acrylamide for copolymeriza-
tions with other acrylamides or acrylates and one methacryla-
mide to use together with other methacrylamides or
methacrylates (see Scheme 2). It could be verified that these

two monomers were photosensitive since a clear change in their
UV−vis spectra was observed after irradiation at 366 nm (see
Figure S3). In the current study, we will focus on the
incorporation of these photoreactive monomers into various
macromolecular architectures.

Polymerizability of the o-Nitrobenzyl-Protected 2-
Mercaptoethyl (Meth)acrylamides. The following part is
dedicated to a study on the polymerizability of acrylamide 2.
Indeed, incorporating nitrobenzyl moieties via a prepolymeriza-
tion approach does not seem straightforward since these groups

Scheme 2. Synthetic Routes to Photocleavable Protected
Thiol-Containing Monomersa

aReagents and conditions: (i) LiOH, cysteamine hydrochloride, H2O/
EtOH, 35 °C; (ii) acryloyl chloride, triethylamine, DCM, 0 °C →
ambient temperature; (iii) methacryloyl chloride, triethylamine, DCM,
0 °C → ambient temperature.
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are known to act as retarders or even inhibitors in free-radical
polymerization.37 Nevertheless, some examples can be found in
the literature. For instance, although they were unable to obtain
homopolymers, Voit and co-workers succeeded in incorporat-
ing N-nitroveratryloxycarbonyl-protected amines into methyl
methacrylate-based polymers.32a Gohy and co-workers reported
the successful controlled synthesis of homopolymers of
nitrobenzyl methacrylate by ATRP, however, only up to 30%
conversion.38 Recently, Grubbs and colleagues successfully
employed alkoxyamines bearing nitrobenzyl groups on both the
nitroxide and the initiating fragment sides to efficiently control
the free-radical polymerization of methyl methacrylate.39

We initially proceeded to homopolymerize 2 employing
conditions similar to those reported by Voit and colleagues
(Table 1, entry A). Contrary to their findings, we observed a
conversion of 34% after 24 h at 60 °C (Mn = 22 500 g mol−1;
PDI = 1.8). The experiment proves the polymerizability of 2,
yet higher conversions are usually desirable. It was thus decided
that a copolymerization approach was feasible, since in most
applications (e.g., bioconjugation or surface grafting) the
incorporation of few reactive groups along the polymer chain
is sufficient for the final purpose. An alternative acrylamide was
selected for this purpose, namely N,N-dimethylacrylamide
(DMAAm). Indeed its polymer has the advantage of being
organo- and water-soluble and to some extent biocompatible.40

We initially employed a molar ratio 2/DMAAm of 15:85 since
it represents a reasonable minimal amount of incorporated
groups. The copolymerizations were conducted at 70 °C in 1,4-
dioxane with two initial AIBN concentrations. With [M]/
[AIBN] = 100, the polymerization proceeded relatively slowly
and only reached 50% after 8 h (refer to Figure 1): a value at

which a conversion plateau was observed. Using a higher
concentration of radical initiator ([M]/[AIBN] = 50)
permitted to convert 92% of the monomer mixture into
polymer in ca. 20 h (Figure 1). Subsequently, the initiator
concentration was kept constant and the monomer mixture
composition was varied (see Table 1). When DMAAm was
reacted alone, the polymerization proceeded relatively rapidly
with more than 90% of the monomer being consumed in 4 h.

Increasing the proportion of 2 and keeping the overall
monomer concentration constant resulted in significantly
decreased polymerization rates (refer to Figure 1). Examination
of the macromolecular characteristics also revealed a strong
impact of the nitrobenzene groups on the chain length. Indeed,
while molecular weights ranging from ca. 65 and 40 kg mol−1

were obtained for the homopolymerization of DMAAm, 3−4
times lower molecular weights were found when 15 mol % of 2
was present in the copolymerization mixture. For a given
conversion range, a continuous decrease of MW was observed
for an increase in [2] (see Figure 2).

We additionally found that 3 was able to copolymerize with
methyl methacrylate (see Figure S4). However, the remainder
of our study will focus on the acrylamide derivative 2. The use
of 3 for obtaining polymethacrylamide-based polymers will be
the subject of a future publication.
In addition to providing a means to calculate the overall

monomer conversion, monitoring by 1H NMR revealed that
the incorporation of 2 was rather similar to that of DMAAm.
Particularly, purified copolymer 4 (Scheme 3), obtained at the
highest monomer conversion (92%, entry D), revealed that the
o-nitrobenzyl thioether moieties remained intact throughout
the polymerization and that the comonomer ratio in the
copolymer was rather similar to the comonomer feed, 14:86
and 15:85, respectively (see Figure S5). Consequently, we

Figure 1. Evolution of the global monomer conversion vs time for the
free-radical (co)polymerization of 2 with DMAAm at 70 °C in 1,4-
dioxane with variable initiator concentrations and comonomer mixture
compositions (see Table 1). The dashed lines are drawn to guide the
eye.

Figure 2. (top) Evolution of the number-average molar masses vs
conversion for the free-radical and RAFT-mediated living/controlled
radical (co)polymerizations of 2 with DMAAm at 70 °C in 1,4-dioxane
with different initiator concentrations and comonomer mixture
compositions (see Table 1). (bottom) Corresponding polydispersity
indices. The dashed lines are drawn to guide the eye.
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evaluated the possibility of releasing thiols along the polymer
chains and of subsequently reacting them with Michael
acceptors such as maleimide derivatives.
Deprotection and Subsequent Functionalization. The

deprotection reaction was performed using a simple hand-held
UV lamp (8 W) generally used in laboratories to read TLC
plates. The irradiation was carried out at ambient temperature
in acetonitrile at 366 nm (refer to Scheme 3), where the
absorbance of the polymer due to the presence of the o-
nitrobenzyl groups is substantial (see Figure S6). Although
irradiation at lower wavelengths (UV-C) would probably favor
a faster deproctection due to a relatively higher absorbance, we
reasoned that the employment of UV-A radiation was more
promising in view of potential bioapplications. The drawback is
that the photoreleased o-nitrosobenzaldehyde possesses a
maximum of absorbance at 345 nm.41 It is thus necessary to
work under diluted conditions: a polymer concentration of a
few g L−1, which is in fact a typical concentration range in
biochemistry.
For a concentration of 3 g L−1 of copolymer 4 (3.4 mM) the

absorbance at 345 nm does not show any further change after
being irradiated for ∼2 h. 1H NMR analysis of the purified
polymer indicates that at this stage quantitative deprotection is
achieved. Indeed, the spectrum of copolymer 5 (Figure 4,
middle spectrum) shows no more distinct aromatic peaks, and
the signal at ca. 4 ppm accounting for the methylene protons
bound to the carbon bridging the sulfur atom and the benzyl
ring in copolymer 4 completely disappeared.
Figure 3 clearly evidences the influence of the concentration

on the deprotection kinetics. While quantitative deprotection
was achieved in about 2 h at 3 g L−1, only 25 min was sufficient
to reach 97% deprotection at 0.35 g L−1.
After purification by precipitation, the fully deprotected

copolymer 5 was subsequently subjected to reaction with
benzyl maleimide in presence of a catalytic amount of
dimethylphenylphosphineacting as a reducing agent to
suppress disulfide bridgingand triethylamine as basic catalyst.
The reaction was performed at ambient temperature overnight.
After removal of the excess maleimide and catalysts, copolymer
6 was recovered and analyzed by 1H NMR (Figure 4, see
bottom spectrum). Two new peaks could be observed, both

originating from the maleimide derivative: one at 4.65 ppm
accounting for the methylene protons in the α-position of the
benzyl ring and one between 7.15 and 7.45 ppm representing
the aromatic protons. The absence of ethylenic protons at 6.65
ppm confirms that all excess maleimide was efficiently removed
during purification and that the two aforementioned peaks are
contributions solely due to grafted benzyl maleimide. Taking as
a reference the side chain protons between 2.2 and 3.8 ppm and
comparing the aromatic protons of 6 to those of the protected
copolymer 4, we calculate a global deprotection/functionaliza-
tion sequence yield of 92%.
After having evidenced the efficiency of our system, we

focused on obtaining better-defined architectures such as
amphiphilic and thermosensitive block copolymers exhibiting
the photocleavable group in the hydrophilic block, which could
be of interest to construct surface-reactive nanoparticles,42

nanovesicles,43 or nanogels.44

Well-Defined Macromolecular Architectures. Although
nitroxide-mediated polymerization could have been chosen
since alkoxyamines are efficient controlling agents in radical
polymerization of acrylamides,45 we opted for reversible-
addition−fragmentation transfer (RAFT) polymerization since
we had in mind that the thiocarbonylthio moiety present at the
end or in the middle of RAFT polymers could provide an
additional and orthogonal source of thiols.24 Furthermore,
ATRP of acrylamide derivatives is not straightforward.46 We
employed dibenzyl trithiocarbonate (DBTTC) as RAFT agent
since trithiocarbonates allow to efficiently mediate the radical
polymerization of acrylamides.47

Two kinetic runs were performed using the best conditions
found for the free-radical copolymerization of 2 and DMAAm,
i.e., giving the highest conversion (entry D). Each experiment
was performed with a different concentration of RAFT agent
corresponding to [DBTTC]/[AIBN] = 2 or 1 respectively for
entries H and I. As expected, in the case of an ideal chain
transfer mechanism, the polymerization rate was not affected by
the presence of the RAFT agent as conversion vs time plots for
entries H and I were very similar to that of entry D (see Figure
S8). However, the macromolecular characteristics were strongly
altered (refer to Figure 2). Polymers with much lower

Scheme 3. Photodeprotection of P(DMAAm-co-2)
Copolymer at 366 nm Followed by Base-Catalyzed Michael
Addition with Benzyl Maleimide

Figure 3. Normalized evolution of the absorbance at 345 nm of
copolymer 4 (P(DMAAm86-co-214)) solutions in acetonitrile vs time of
irradiation at 366 nm at ambient temperature for different
concentrations: 0.35 (▲), 1 (■), and 3 g L−1 (●). The dashed
lines are drawn to guide the eye.
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molecular weights ranging between 2000 and 5000 g mol−1 and
polydispersity indices between 1.06 and 1.21 were identified by
size-exclusion chromatography. Particularly, the progressive
complete shift of the SEC traces with increasing monomer
conversion demonstrated the controlled character of the
polymerization (see Figure S9). Using PDMAAm or PS
macromolecular RAFT agents 7 and 9, respectively, allowed
us to synthesize well-defined bishydrophilic and amphiphilic
block copolymers, respectively (Figure 5). In each case, triblock

copolymers comprising a middle block possessing the protected
thiol units were obtained with rather low polydispersities, i.e.,
1.32 and 1.27 for copolymers 8 and 10, respectively. To further
prove the living character of copolymers of 2 and DMAAm
obtained in the presence of DBTTC, we synthesized
P(DMAAm-co-2) macromolecular RAFT agent 11 using
conditions similar to those of entry H (Table 1) and stopped
the polymerization at a monomer conversion of 0.5 (Figure 5).
We subsequently performed the RAFT polymerization of N-

Figure 4. 1H NMR spectra of purified copolymers after, from top to bottom, free-radical copolymerization of 2 with DMAAm (4),
photodeprotection of a 3 g L−1 solution of 4 for 2 h (5), and reaction of 5 with benzyl maleimide (6).

Figure 5. Synthesis of functional triblock copolymers by RAFT-mediated polymerization exhibiting the o-nitrobenzyl-protected thiols in either their
inner (top and middle rows) or their outer (bottom row) block(s).
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isopropylacrylamide (NiPAAm) in the presence of 11 and
AIBN at 70 °C in 1,4-dioxane. The targeted degree of
polymerization of the PNiPAAm block was purposely set at a
high value (ca. 200) and the polymerization performed to a
high monomer conversion (95%) to clearly evidence the
consumption of 11. The overlay of the SEC traces of 11 and of
the corresponding product of the NiPAAm RAFT-mediated
polymerization (Figure 5, bottom right) shows a distinct shift
toward higher molecular weights together with a shoulder and a
tail, both at lower molecular weights. The latter certainly
originates from dead chains present in macroRAFT agent 11,
while the nonsymmetrical distribution may have arisen from
irreversible termination by recombination, highly possible for
polymerization of acrylamide derivatives at high conversion.
With the synthesis of copolymers by RAFT-mediated

polymerization, we had not only in mind to produce well-
defined (block) copolymers but also to introduce an additional
masked thiol moiety. Indeed, aminolysis of the thiocarbonylthio
compounds eliminates the RAFT end or middle group to yield
ω-mercapto polymers (see Introduction). We envisaged that it
should be possible to orthogonally deprotect/functionalize
both types of thiols in a sequential manner. We thus reacted the
block copolymer 8 with 2-aminoethanol in acetonitrile at
ambient temperature in presence of tri-n-butylphosphine as a
reducing agent (see Scheme 4). The effectiveness of the
reaction can be assessed via both SEC and UV/vis spectros-
copy. Although the number-average molecular weight of
polymer 13 was not the half of that 8which can be explained
by a nonsymmetrical structure or potential disulfide coupling as
suggested by the increase in polydispersitythe successful
removal of the trithiocarbonate moiety could be evidenced by
disappearance of its characteristic UV absorbance maximum at
∼310 nm (see Figure S10). 1H NMR performed on the purified
diblock copolymer 13 showed that the o-nitrobenzyl protecting
group was insensitive to the aminolysis process (Figure 6,
second row).
The released end-chain thiol functionality present in

copolymer 13 was subsequently reacted with benzyl maleimide
employing conditions previously described for the Michael
addition on the deprotected thiol lateral groups of free-radical
polymer 4 to produce benzyl maleimidothioether-capped
copolymer 14. A similar yield of 95% was calculated by 1H
NMR (refer to Figure 6). The purified copolymer 14 was then
subjected to the same treatment as copolymer 4, i.e., UV
irradiation at 366 nm for 2 h to quantitatively produce
copolymer 15 bearing multiple lateral thiol groups followed by
triethylamine-catalyzed Michael addition with benzyl maleimide
at ambient temperature to yield copolymer 16. Again, a similar
thiol−ene reaction yield of 89% was calculated from the relative
integration of the aromatic protons signal to that of other
lateral group protons between 2.2 and 3.8 ppm. Finally, it is
important to note that the integrity of the well-defined
polymeric backbones was maintained throughout all the
consecutive modifications as demonstrated by similar molecular
weight distributions (1.17 ≤ PDI ≤ 1.25) within a similar
molecular weight range (7200 ≤ Mn ≤ 8200 g mol−1) for
copolymers 13, 14, 15, and 16. However, it remains difficult to
draw any numerical interpretation due to the different nature of
these copolymers and thus a different hydrodynamic behavior
in size-exclusion chromatography.

■ CONCLUSIONS

The synthesis of two new (meth)acrylamide derivatives bearing
a UV-sensitive o-nitrobenzyl protected thiol group is reported.
Despite the disturbing nature of the o-nitrobenzyl group in free-
radical processes which retards the polymerization, it was
possible to obtain statistical copolymers with N,N-dimethyla-

Scheme 4. Synthetic Strategy for the Orthogonal Double
Thiol-Maleimide Michael Addition via Sequential
Aminolysis of the Thiocarbonylthio Moieties and o-
Nitrobenzylthioether UV Deprotection
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crylamide (DMAAm) in relatively high yields with an
appropriate design of the reaction conditions. The protecting
group remained intact throughout the polymerization process
and could thus be used to trigger the release of multiple thiol
groups along polymeric chains by UV irradiation. The
deprotection rate was found to be concentration-dependent,
probably due to the strongly absorbing nature of the
photoreleased caging group in the irradiation wavelength
domain. Nevertheless, full deprotection and close-to-quantita-
tive subsequent thiol-maleimide functionalization (92%) could
be achieved. In a further effort to create well-defined functional
polymeric materials, RAFT-mediated polymerization was
utilized to produce block copolymers possessing one statistical
block consisting of DMAAm units and the protected thiol
acrylamide derivative as a first segment and hydrophilic
PDMAAm, hydrophobic polystyrene, or thermosensitive poly-
(N-isopropylacrylamide) as a second one. Importantly, a
PDMAAm-based block copolymer was employed to demon-
strate the effective orthogonal double deprotection/Michael
addition of thiols originating from aminolyzed RAFT

thiocarbonylthio midchain group and light-cleavable o-nitro-
benzylthioether lateral groups, with high efficiency (95 and
89%, respectively).
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2008, 24, 8427. (d) Vaźquez-Dorbatt, V.; Tolstyka, Z. P.; Chang, C.-
W.; Maynard, H. D. Biomacromolecules 2009, 10, 2207.
(16) (a) Liu, J.; Bulmus, V.; Barner-Kowollik, C.; Stenzel, M. H.;
Davis, T. P. Macromol. Rapid Commun. 2007, 28, 303. (b) Boyer, C.;
Liu, J.; Wong, L.; Tippett, M.; Bulmus, V.; Davis, T. P. J. Polym. Sci.,
Part A: Polym. Chem. 2008, 46, 7207. (c) Chang, C.-W.; Nguyen, T.
H.; Maynard, H. D. Macromol. Rapid Commun. 2010, 31, 1691.
(17) van Dijk-Wolthuis, W. N. E.; van de Wetering, P.; Hinrichs, W.
L. J.; Hofmeyer, L. J. F.; Liskamp, R. M. J.; Crommelin, D. J. A.;
Hennink, W. E. Bioconjug. Chem. 1999, 10, 687.
(18) Tsarevsky, N. V.; Matyjaszewski, K. Macromolecules 2002, 35,
9009.
(19) Li, L.; Jiang, X.; Zhuo, R. J. Polym. Sci., Part A: Polym. Chem.
2009, 47, 5989.
(20) Carrot, G.; Hilborn, J.; Hedrick, J. L.; Trollsas̊, M. Macro-
molecules 1999, 32, 5171.
(21) Ye, M.; Zhang, D.; Han, L.; Tejada, J.; Ortiz, C. Soft Matter
2006, 2, 243.
(22) Javakhishvili, I.; Hvilsted, S. Biomacromolecules 2009, 10, 74.
(23) Hill, N. L.; Jarvis, J. L.; Pettersson, F.; Braslau, R. React. Funct.
Polym. 2008, 68, 361.
(24) (a) Barner, L.; Perrier, S. In Handbook of RAFT Polymerization;
Barner-Kowollik, C.; Wiley-VCH: Weinheim, 2008; p 455. (b) Will-
cock, H.; O’Reilly, R. K. Polym. Chem. 2010, 1, 149. (c) Moad, G.;
Rizzardo, E.; Thang, S. H. Polym. Int. 2011, 60, 9.
(25) Garamszegi, L.; Donzel, C.; Carrot, G.; Nguyen, T. Q.; Hilborn,
J. React. Funct. Polym. 2003, 55, 179.
(26) Uygun, M.; Tasdelen, M. A.; Yagci, Y. Macromol. Chem. Phys.
2010, 211, 103.
(27) Boyer, C.; Soeriyadi, A. H.; Roth, P. J.; Whittaker, M. R.; Davis,
T. P. Chem. Commun. 2011, 47, 1318.
(28) Liras, M.; García, O.; Quijada-Garrido, I.; París, R. Macro-
molecules 2011, 44, 1335.
(29) Greene’s Protective Groups in Organic Synthesis; Wuts, P. G. M.,
Greene, T. W., Eds.; John Wiley and Sons: New York, 2007.
(30) Pauloehrl, T.; Delaittre, G.; Bastmeyer, M.; Barner-Kowollik, C.
Polym . Chem. 2012, DOI: 10.1039/C1PY00372K.
(31) (a) Kostiainen, M. A.; Smith, D. K.; Ikkala, O. Angew. Chem., Int.
Ed. 2007, 46, 7600−7604. (b) Kostiainen, M. A.; Kasyutich, O.;
Cornelissen, J. J. L. M.; Nolte, R. J. M. Nature Chem. 2010, 2, 394−
399.
(32) (a) Braun, F.; Eng, L.; Trogisch, S.; Voit, B. Macromol. Chem.
Phys. 2003, 204, 1486. (b) Ryan, D.; Parviz, B. A.; Linder, V.; Semetey,
V.; Sia, S. K.; Su, J.; Mrksich, M.; Whitesides, G. M. Langmuir 2004,
20, 9080. (c) Brown, A. A.; Azzaroni, O.; Huck, W. T. S. Langmuir
2009, 25, 1744.
(33) (a) Aoyagi, B.; Endo, T. J. Polym. Sci., Part A: Polym. Chem.
2009, 47, 3702. (b) Bivigou-Koumba, A. M.; Kristen, J.; Laschewsky,
A.; Mueller-Buschbaum, P.; Papadakis, C. M. Macromol. Chem. Phys.
2009, 210, 565.
(34) Clevenger, R. C.; Turnbull, K. D. Synth. Commun. 2000, 30,
1379.
(35) Gosh, S.; Tochtrop, G. P. Tetrahedron Lett. 2009, 50, 1723.
(36) Strazielle, C.; Benoit, H.; Vogl, O. Eur. Polym. J. 1978, 14, 331.
(37) Bajpai, U. D. N.; Bajpai, A. K.; Bajpai, J. J. Appl. Polym. Sci. 1991,
42, 2005.
(38) Schumers, J.-M.; Fustin, C.-A.; Can, A.; Hoogenboom, R.;
Schubert, U. S.; Gohy, J.-F. J. Polym. Sci., Part A: Polym. Chem. 2009,
47, 6504−6513.
(39) Greene, A. C.; Grubbs, R. B. Macromolecules 2010, 43, 10320.
(40) Nakayama, Y.; Matsuda, T. Langmuir 1999, 15, 5560.

Macromolecules Article

dx.doi.org/10.1021/ma202670d | Macromolecules 2012, 45, 1792−18021801
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ABSTRACT: A novel environmentally friendly low-energy emulsification
method that relies on pressurization with CO2 to low pressure has been
applied to reversible addition−fragmentation chain transfer (RAFT)
polymerization of styrene-in-water miniemulsions with the anionic
surfactant Dowfax 8390. This method circumvents traditional high-energy
homogenization, and over a certain CO2 pressure range, a transparent
miniemulsion is formed. RAFT polymerization of styrene using
benzyldodecyl trithiocarbonate and the aqueous phase initiator VA-044
was carried out successfully in CO2-induced miniemulsions at 50 °C with good control/livingness. Interestingly, the particle size
could be conveniently tuned via the CO2 pressure without altering the recipe, with 6.00, 6.50, and 7.50 MPa generating number-
average particle diameters of 98, 89, and 48 nm, respectively, at ∼70% conversion. The smallest particle size corresponded to the
pressure range within which the emulsion was transparent.

■ INTRODUCTION
Miniemulsions (also referred to as nanoemulsions) are
kinetically stable but thermodynamically unstable submicrom-
eter-sized (typically in the diameter range 50−500 nm)
dispersions of oil (e.g., vinyl monomer) in water.1 The
miniemulsion concept was originally introduced by Ugelstad
et al.,2 who proposed the notion of polymerization within small
monomer droplets (monomer droplet nucleation) during
emulsion polymerization. Miniemulsion polymerization is
distinct from the traditional emulsion polymerization process
in that polymer particles are generated from monomer droplets,
as opposed to nucleation in the continuous phase via micellar
and/or homogeneous nucleation. This mechanistic aspect is the
reason for the attractiveness of miniemulsion polymerization
for nanoparticle synthesis. Since miniemulsion polymerization
possesses the inherent advantage that ideally each monomer
droplet is transformed into a polymer particle and diffusion
across the aqueous phase is not required,3 the process
conveniently lends itself to synthesis of hybrid polymer
particles,4 hollow polymer particles,4a and implementation of
controlled/living radical polymerization (CLRP).5 Since
miniemulsions are thermodynamically unstable, energy input
is required for their formation, traditionally in the form of high-
energy homogenization via ultrasonication or high-pressure
homogenization. This requirement remains an impediment to
industrial implementation of miniemulsion polymerization, and
it is therefore of interest to develop alternative low-energy
methods to generate miniemulsions for polymerization as well
as to device convenient methods to tune the droplet/particle
size.
Considerable efforts have been geared toward development

of methods for low-energy generation of miniemulsions, mainly

for nonpolymerization purposes.1b The approaches available
mainly make use of accessible catastrophic phase transitions
occurring during the emulsification process due to the change
in the spontaneous curvature of the surfactant as a result of the
variation in the physicochemical properties of the system, such
as changing temperature (phase inversion temperature (PIT)
method6), adjusting the composition of the system (emulsion
inversion point (EIP) method7), or using additives to change
the pH8 or ionic strength.9 In addition to the obvious benefit of
low energy, such methods may also be advantageous with
regards to reproducibility and generation of uniform droplet
size distributions. High-energy homogenization methods
normally generate fairly ill-defined droplet size distributions
and are sensitive to process variables such as the power, the size
and shape of the container, and the location of the sonifier tip.
Recently, miniemulsions based on low-energy emulsification

have been attracting attention for synthesis of polymeric
nanoparticles. Spernath et al.10 reported miniemulsion
polymerization of lauryl acrylate based on the sequential use
of high-energy homogenization and the PIT method. Sadtler et
al.11 and Galindo-Alvarez et al.12 synthesized poly(ethylene
oxide)-covered nanoparticles using miniemulsion polymer-
ization of styrene in connection with the EIP and PIT
methods, respectively, for miniemulsion generation. In our
recent work,13 miniemulsion polymerization of styrene based
on the EIP low-energy emulsification method was implemented
successfully. An alternative means of effecting low-energy
miniemulsion formation is based on in situ formation of
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surfactant at the oil−water interface;14 this method has been
implemented successfully for both conventional radical
polymerization and nitroxide-mediated radical polymerization
(NMP). Some of the above approaches are of limited use for
polymerizations; the required composition changes (EIP
method) are not always easily achieved in practice, and a
variation in temperature (PIT method) is not practical in
connection with radical polymerization initiated by thermal
initiators. The development of effective, controllable, environ-
mentally benign, and low-energy emulsification methods for
preparation of miniemulsions for polymerizations is challenging
and of great importance.
As an attractive green solvent, supercritical or compressed

CO2 has been widely used in many chemical and industrial
processes because it is readily available, inexpensive, and
nontoxic and its physical properties can be tuned continuously
by pressure and/or temperature.15 The dissolution of com-
pressed CO2 in aqueous solution can change the properties of
the aqueous solution considerably, and thus the properties of
aqueous solutions can be tuned by controlling the CO2
pressure. The ability to control the properties of an aqueous
surfactant solution by CO2 is interesting

16the properties of
the surfactant aggregates in aqueous solution can be tuned by
the CO2 pressure because of the tunable nature of compressed
CO2. This principle has been widely applied successfully in
reversibly controlling the properties of solutions containing
surfactant by pressurization and depressurization, e.g., reverse
micelles,17 creating CO2 continuous microemulsion or CO2/
water emulsions,18 and triggering phase transitions between
different surfactant aggregates.19 Most interestingly, a recent
investigation20 demonstrated that CO2 can induce the
formation of miniemulsions (in the absence of high-energy
mixing) in a wide range of water-to-oil volume ratios in the
presence of a low concentration of surfactant. Miniemulsions
obtained in this way have been applied to the synthesis of
nanomaterials, enhanced oil recovery, and polymerizations in
preliminary investigations.20,21 This novel means of preparing
miniemulsions is of great interest not only because it
circumvents the traditional high-energy mixing approaches
but also because the formation and breakage of the
miniemulsion can be controlled reversibly by pressurization
and depressurization without contaminants (e.g., salt to break
the emulsion). Although the exact miniemulsion formation
mechanism remains to be clarified,20 this technique clearly has
great potential for miniemulsion polymerization.
CLRP22 makes it possible to prepare polymer of

predetermined microstructure and various complex architec-
tures by free radical means, and the past decade has seen
significant progress in the area of CLRP in dispersed
systems.5e,f Reversible addition−fragmentation chain transfer
(RAFT) polymerization is one of the most frequently
employed techniques.23 RAFT miniemulsion polymerization
can be challenging mainly due to issues related to colloidal
stability (superswelling) but can be implemented with success
under appropriate conditions.5f,24 To date, the only examples of
miniemulsion CLRP based on low-energy emulsification are
our works on NMP14c and RAFT25 polymerization in
miniemulsion using in situ surfactant formation without use
of high-energy homogenization.
In the current work, we investigatedfor the first time

RAFT polymerization of styrene in aqueous miniemulsion
induced by compressed CO2, i.e., in the absence of traditional
high-energy mixing techniques. It is demonstrated that

polymeric nanoparticles of diameters <100 nm comprising
well-defined polymer can be prepared, with the additional
advantage of the particle size being tunable via the CO2

pressure.

■ EXPERIMENTAL SECTION
Materials. Water was distilled and deionized before use. Styrene

(St; 99%, Aldrich) was purified by passing through a column with basic
aluminum oxide (Ajex) to remove inhibitor. The RAFT agent

benzyldodecyl trithiocarbonate (BDT; Scheme 1) was prepared
according to methods described elsewhere.26 The water-soluble
initiator 2,2′-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride
(VA-044; Wako Pure Chemicals), liquid CO2 (99.5%, Coregas), the
surfactant disulfonated alkyl diphenyl oxide sodium salt (Dowfax 8390,
33 wt % in water from Dow Chemical), and hexadecane (HD; 99%,
Aldrich) were used as received. All other chemical agents were
purchased from Sigma-Aldrich, supplied at the highest purity available.

Phase Behavior Investigation. The apparatus used for observing
the phase behavior of the emulsion system was similar to that used
previously.15g,27 It consisted of a custom-made sight gauge reactor with
an internal volume of 40 mL, a magnetic stirrer, and a high-pressure
syringe pump (Isco, 260D). The temperature in the reactor was
controlled by a Julabo FP35 heater/cooler unit with a Pt 100 sensor
via circulating oil through internal channels encased in the reactor
block. The pressure gauge used was composed of a pressure transducer
(Druck, PDCR 911) and an indicator. In a typical experiment, Dowfax
8390/styrene/water/HD was mixed by general magnetic stirring for
∼40 min to obtain a milky-white emulsion before addition to the
reactor. After thermal equilibrium was attained, CO2 was charged into
the reactor to the desired pressure, and the phase behavior was
observed via the viewing window.

Miniemulsion Polymerization Procedures. The apparatus
described above for the phase behavior investigation was also used
for the polymerizations. In a typical experiment, the reaction mixture
of styrene/HD/BDT/Dowfax 8390/VA-044/water (11.6 wt % styrene
rel water, 8 wt % HD rel styrene, and 33 wt % Dowfax 8390 rel

styrene; recipe A in Table 1) was mixed by general magnetic stirring
for ∼40 min to obtain a milky-white emulsion, purged with nitrogen
for 10 min before it was charged into the nitrogen-purged reactor and
sealed off, and subsequently subjected to nitrogen bubbling for 20 min
via an inlet located at the bottom of the reactor. The polymerizations
were conducted at 50 °C at the CO2 pressure that gave a transparent
emulsion (7.50 MPa) as well as at two lower pressures of 6.50 and 6.00
MPa. After the desired time, the CO2 was released, and the collected
reaction mixture was cooled in an ice/water bath.

Two recipes (Table 1) were investigated for the miniemulsion
polymerizations based on ultrasonication (instead of CO2 approach).
The composition in recipe A was the same as that in the CO2-induced
miniemulsion polymerizations above, while the only difference in
recipe B was that the Dowfax 8390 concentration was reduced (10 vs
33 wt % rel styrene). In a typical experimental procedure for

Scheme 1. Benzyl Dodecyltrithiocarbonate (BDT)

Table 1. Recipes for RAFT Miniemulsion Polymerizationsa

recipe St/g Dowfax 8390/g water/g HD/g BDT/g VA-044/g

A 1.0 0.33 8.59 0.08 0.009 0.0026
B 1.0 0.10 8.80 0.08 0.009 0.0026

a[St]/[BDT] = 400; [BDT]/[VA-044] = 3; HD rel St = 8 wt %.
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miniemulsion polymerization based on ultrasonication, the reaction
mixture of styrene/HD/Dowfax 8390/VA-044/BDT/water was
subjected to ultrasonication (Digital sonifier, model 450, Branson)
in an ice−water bath at 70% amplitude for 10 min. Approximately 10
mL of the resultant miniemulsion was transferred to a glass bottle and
then sealed with a rubber septum, Parafilm, and copper wire. After
purging by nitrogen for 30 min, the rubber septum was sealed using
vacuum grease. Polymerization was carried out in an oil bath at 50 °C
under magnetic stirring. The polymerizations were stopped at
prescribed times by cooling the glass bottles in ice water.
Measurements and Characterization. St conversions were

determined by a Shimadzu GC-17A gas chromatograph with H2 as
carrier gas, equipped with a J&W Scientific 30 m AT-WAX column
and an autosampler, employing tetrahydrofuran (THF) as solvent and
N,N-dimethylformamide (DMF) as internal standard.
Polymer molecular weights and molecular weight distributions were

determined by gel permeation chromatography (GPC) with a
Shimadzu modular system with THF as eluent at 40 °C at a flow
rate of 1.0 mL/min with injection volume of 40 μL. The GPC was
equipped with a DGU-12A solvent degasser, a LC-10AT pump, A
CTO-10A column oven and an ECR 7515-A refractive index detector,
and a Polymer Laboratories 5.0 μm bead-size guard column (50 × 7.8
mm2) followed by four 300 × 7.8 mm2 linear Phenogel columns. The
system was calibrated against polystyrene standards ranging from 500
to 106 g/mol.
The number (dn)- and weight- (dw)-average particle diameters and

their distributions were measured using dynamic light scattering (DLS;
Malvern Nano-ZS) operating a 4 mW He−Ne laser at 633 nm at the
backscattering angle of 173° at 25 °C. All DLS measurements were
carried out in the absence of CO2 (the polymerizations were stopped
at prescribed times by depressurization and subsequent cooling of the
reactor to ambient temperature, followed by sampling for DLS). All
miniemulsion samples were measured directly without dilution after
polymerization. All results are based on an average of five runs, each
run taking 20 s.
Particle sizes were further confirmed by transmission electron

microscopy (TEM). The TEM micrographs were obtained using a
JEOL 1400 transmission electron microscope at the voltage of 100 V.
The magnification was calibrated against a diffraction grating replica
(accuracy ±5%). The specimens were prepared by casting an aqueous
solution of the polymerized miniemulsion (1 g/dm3 of polymer) onto
a Formvar-coated copper grid followed by natural drying. A negative
staining technique using 2 wt % phosphotungstic acid (PTA) was
applied to the samples.

■ RESULTS AND DISCUSSION

Phase Behavior. As previously observed for the water/
sodium bis(2-ethylhexyl) sulfosuccinate (AOT)/isooctane
system,20 a turbid styrene/HD/Dowfax 8390/water emulsion
(11.6 wt % styrene rel water, 8 wt % HD rel styrene, and 33 wt
% Dowfax 8390 rel styrene; recipe A in Table 1 without RAFT
agent and initiator) under stirring at 50 °C became increasingly
translucent as CO2 was charged to the system and eventually
completely transparent when the CO2 pressure reached ∼7.50
MPa. The pressure range of the transparent region was ∼0.50
MPa. Subsequently, with continuously increasing CO2 pressure,
the transparent emulsion gradually changed to turbid again
(Figure 1). As previously confirmed by small-angle X-ray
scattering (SAXS), electrical conductivity measurements, as
well as some applications for synthesis of nanomaterials by Han
and co-workers,20,21 the reversible phase behavior change of the
emulsion from milky white to transparent with CO2 pressure is
ascribed to the change in the size of the emulsion droplets, the
smallest droplets corresponding to the transparent region.
The above observations were all made during magnetic

stirring in the high-pressure reactor. If the stirring is stopped
while the system is still pressurized, phase separation does

occur. In the absence of CO2, complete phase separation of the
turbid styrene/HD/Dowfax 8390/water system after stopping
the stirring occurred after ∼4 h. However, under the same
conditions but under CO2 pressurization, the time to complete
phase separation was significantly prolonged. At the CO2
transparent pressure of 7.50 MPa, it took ∼48 h for complete
phase separation to occur. At higher CO2 pressures up to ∼8.10
MPa, the emulsion was turbid but still very stable, taking at
least 20 h for complete phase separation to occur after stopping
the stirring. However, when the CO2 pressure exceeded ∼8.10
MPa, another clear immiscible liquid layer appeared on the
surface of the solution. The upper liquid phase was assumed to
be a CO2-rich phase, as suggested by an increase in the
thickness of the layer with increasing pressure. This type of
phase separation is commonly associated with the dissolution of
compressed CO2 in aqueous−organic mixed solvents.28 Given
the fact that the system does phase separate in the absence of
stirring, it can be concluded that it is thermodynamically
unstable; i.e., it is not a microemulsion even in the pressure
region that gives a transparent emulsion. Importantly, these
findings also suggest that the droplet size can be tuned via the
CO2 pressure. In addition, when the investigated system was
depressurized, the phase behavior was found to be reversible,
i.e., the transparent emulsion was recovered at ∼7.50 MPa. The
mechanistic aspects of these phenomena remain to be clarified
but may be related to the insertion of CO2 molecules into the
interfacial film, resulting in a change in the curvature.18c,20,29

The pressure PT is defined as the pressure at which the
emulsion becomes transparent. In order to optimize the
experimental conditions for miniemulsion formation with
regards to polymerization, PT was measured as a function of
various experimental parameters (based on recipe A of Table 1
without BDT and VA-044). Figure 2a shows PT plotted vs the
amount of surfactant Dowfax 8390 at different temperatures,
revealing how PT decreases with increasing surfactant content
and increases with increasing temperature. Evidently, higher
temperatures are unfavorable for miniemulsion formation
induced by CO2, presumably because the solubility of CO2
decreases with increasing temperature. The dependence on
surfactant concentration is quite natural, given that a greater
number of surfactant molecules will provide increased colloidal
stability. Both the temperature and the surfactant content need
to be carefully considered for a miniemulsion polymerization
initiated thermally; a certain temperature is required for
thermal decomposition of the radical initiator, and the
surfactant content should not exceed that at which the
surfactant concentration in the aqueous phase exceeds the

Figure 1. Photographs of the styrene/HD/Dowfax 8390/water system
(33 wt % Dowfax 8390 rel St; 8 wt % HD rel St; 11.6 wt % St rel water
as per recipe A in Table 1) at 50 °C and CO2 pressures of (a) 3.00, (b)
7.13, (c) 7.50, (d) 7.86, and (e) 8.00 MPa.
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critical micelle concentration (cmc) (as this would result in
micellar nucleationnot desirable in a miniemulsion polymer-
ization). Figure 2b shows that PT increases with increasing
styrene content at different temperatures. Considering the
above dependencies of PT on the recipe and the temperature, it
was decided to conduct the miniemulsion polymerizations
below 60 °C using a fairly high surfactant concentration and a
relatively low styrene content, the main objective being to
minimize the required CO2 pressure. It would be possible to
employ less surfactant, but a higher CO2 pressure would then
be required to obtain a similar droplet size. Here it is worth
pointing out that the apparent cmc for sodium dodecyl sulfate
(SDS) in a styrene miniemulsion can be as high as 5 times
greater than that in water due to the high total surface area of
the styrene droplets (which adsorbs surfactant);30 i.e., the
presence of micelles is not expected in the present system
under CO2 pressure.
RAFT Polymerization in CO2-Induced Miniemulsion.

RAFT polymerizations of styrene using BDT as RAFT agent
(Scheme 1) were carried out in CO2-induced miniemulsions at
50 °C employing the water-soluble initiator VA-044. The
miniemulsion composition was 33 wt % Dowfax 8390 rel
styrene, 11.6 wt % styrene rel water, 8 wt % HD rel to styrene,
[styrene]0/[BDT]0 = 400, and [BDT]0/[VA-044]0 = 5 (recipe
A, Table 1). The presence of small amounts of BDT and VA-
044 had a negligible effect on the CO2 transparent pressure PT,
which remained ∼7.50 MPa at 50 °C. Preliminary experiments
showed that miniemulsion formation occurred more readily at
pressures slightly below than slightly above PT, and therefore
RAFT polymerizations were conducted at pressures of 6.00 and
6.50 MPa in addition to PT (7.50 MPa).

At all three CO2 pressures, the polymerizations proceeded
with good colloidal stability with no visible coagulum or phase
separation. DLS data of particle size as a function of conversion
for all three CO2 pressures are displayed in Figure 3. There is a

clear trend in decreasing particle size with increasing pressure,
with the smallest particle size of dn ≈ 30 nm obtained at PT
(7.50 MPa), which is considerably smaller than for a “normal”
miniemulsion generated via high-energy mixing and closer in
size to a microemulsion. Figure 4 shows an overlay of particle

size distributions obtained by DLS at approximate conversions
of 30% for all three pressures, clearly revealing how the particle
size decreases with increasing CO2 pressure in this pressure
range. The same trend is also clearly evident in TEM
micrographs of particles obtained at ∼30% conversion for the
three pressures (Figure 5). These data demonstrate that it is
possible to tune the particle size via the CO2 pressure without
altering the miniemulsion recipe. It is quite challenging to tune

Figure 2. PT (minimum CO2 pressure at which emulsion becomes
transparent) as a function of (a) weight fraction surfactant Dowfax
8390 rel styrene at different temperature (8 wt % HD rel St; 11.6 wt %
St rel water) and (b) St weight content (wt % rel to water) at different
temperature (33 wt % Dowfax 8390 and 8 wt % HD rel St).

Figure 3. Number-average diameter (dn) and polydispersities (dw/dn)
vs conversion for CO2-induced RAFT miniemulsion polymerization of
styrene initiated by VA-044 at 50 °C using Dowfax 8390 as surfactant
at pressures of 6.00, 6.50, and 7.50 MPa with [St]/[BDT] = 400 and
[BDT]/[VA-044] = 3 (33 wt % Dowfax 8390 rel St; 8 wt % HD rel St;
11.6 wt % St rel water).

Figure 4. Particle size distributions based on number for CO2-induced
RAFT miniemulsion polymerization of styrene initiated by VA-044 at
50 °C using Dowfax 8390 as surfactant at CO2 pressures of 7.50 (−−
−), 6.50 (···), and 6.00 () MPa after polymerization for 8 h
(conversion = 20.3, 29.2, and 38.3% for 7.50, 6.50, and 6.00 MPa,
respectively) with [St]/[BDT] = 400 and [BDT]/[VA-044] = 3 (33
wt % Dowfax 8390 rel St; 8 wt % HD rel St; 11.6 wt % St rel water).
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the particle size using high-energy miniemulsificationthis
would normally be done by varying the surfactant content and/
or the mixing energy (e.g., ultrasonication power).3b The width
of the particle size distributions (as judged by dw/dn; inset in
Figure 3) were approximately the same for all pressures
investigated. At all pressures, the particle size remained close to
constant up to ∼60% conversion, beyond which there was a
gradual increase. Based on an ideal miniemulsion, each
monomer droplet would be converted to a polymer particle
with perfect preservation of droplet identity; i.e., the particle
size would remain constant with conversion. In the present
case, the increasing trend in particle size with conversion at
high conversion is presumably a consequence of colloidal
stability issues. One can speculate that this may occur because
the stabilizing effect of CO2 is reduced as monomer is gradually
converted to polymer.
Figure 6 shows conversion−time data, revealing that there is

a fairly modest but significant decrease in polymerization rate

(Rp) with increasing pressure. The inset shows that the first-
order plots are close to linear. The change in Rp with pressure
may be related to the change in particle size caused by the CO2
pressure and/or some other property of the system that is a
function of the CO2 pressure. RAFT miniemulsion systems can
exhibit retardation as a result of exit of the RAFT R-group (the
radical expelled on fragmentation of the initial low molecular
weight RAFT agent),31 and the rate of exit would increase with
decreasing particle size, in agreement with the trend seen in

Figure 6. Moreover, if the system is zero−one32 in nature, an
intrinsic retardative effect can be caused by the RAFT agent
relative to the corresponding bulk system.33 The smaller the
average particle size, the greater is the number fraction of
particles of the particle size distribution that are zero−one, and
thus the stronger is the retardation. This retardative effect has
its origin in the fact that a certain fraction of radicals in the
system are RAFT adduct (intermediate) radicals that are unable
to propagate, thereby decreasing the number of propagating
radicals per particle. The average numbers of propagating
radicals per particle (n ̅) during the initial stage of the
polymerizations were calculated from eq 1:

̅ =
⎧⎨⎩

⎫⎬⎭n
N V

k t
d(ln([St] /[St]))

d
A p

p

0

(1)

where NA is Avogadro’s number, Vp is the average particle
volume (with Vp = 1/6πdW

3), kp is the propagation rate
coefficient (237 M−1 s−1 34), and [St]0 and [St] are the initial
and instantaneous styrene concentrations in the organic phase,
respectively. Based on the initial slopes of the first-order plots, n ̅
= 1.6 × 10−2, 1.0 × 10−2, and 6.0 × 10−4 for 6.00, 6.50, and 7.50
MPa, respectively. The fact that n ̅ ≤ 0.5 is consistent with (but
does not prove) that the systems are zero−one in nature.32

It has also been shown theoretically that variation in
monomer concentration between particles may cause retarda-
tion in RAFT miniemulsion polymerization when the diameter
is less than 100 nm.33b,35 This effect would increase in
magnitude with decreasing particle size. A decrease in particle
size would lead to reduced termination rates due to
compartmentalization (segregation of propagating radicals),
thus causing an increase in Rp with decreasing particle size.35,36

However, in the present system, such an effect is apparently
outweighed by the retardative mechanisms outlined above.
Finally, it can of course not be excluded that the CO2 pressure
may influence other properties of the system that in turn affect
Rp.
It is well-known that pressurization of an organic solvent

with CO2 results in a CO2-expanded solvent, i.e., an increase in
volume. It thus needs to be considered whether the styrene
droplets in the present work may swell with CO2 because such
an increase in volume would dilute the system and therefore
influence the polymerization kinetics. The volumetric ex-
pansion of an organic solvent with CO2 is primarily a function
of the solubility of CO2 in the solvent.15e In preliminary work,
we observed that the volumetric expansion of pure styrene in
CO2 was around 50 vol % at the polymerization conditions
employed. The associated solubility of CO2 is ∼50 mol %.37

However, when styrene droplets are suspended in an aqueous

Figure 5. TEM micrographs of polystyrene particles obtained by CO2-induced RAFT miniemulsion polymerization of styrene initiated by VA-044 at
50 °C using Dowfax 8390 as surfactant at CO2 pressures of (a) 7.50, (b) 6.50 and (c) 6.00 MPa after polymerization for 8 h (conversion = 20.3, 29.2,
and 38.3% for 7.50, 6.50, and 6.00 MPa, respectively) with [St]/[BDT] = 400 and [BDT]/[VA-044] = 3 (33 wt % Dowfax 8390 rel St; 8 wt % HD
rel St; 11.6 wt % St rel water).

Figure 6. Conversion vs time and first-order plot (inset) for CO2-
induced RAFT miniemulsion polymerization of styrene initiated by
VA-044 at 50 °C using Dowfax 8390 as surfactant at pressures of 6.00,
6.50, and 7.50 MPa with [St]/[BDT] = 400 and [BDT]/[VA-044] = 3
(33 wt % Dowfax 8390 rel St; 8 wt % HD rel St; 11.6 wt % St rel
water).
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solution, the CO2 concentration attained in the droplets is
governed by the solubility of CO2 in the aqueous phase. Since it
is well-known that CO2 is poorly soluble in water, even at
elevated pressure (<5 wt % at reaction conditions), the CO2
concentration in the droplets is expected to be much lower
than that observed in the simple styrene/CO2 binary system.
Thus, the volumetric expansion of the styrene droplets in the
aqueous miniemulsion can safely be considered to be negligible.
This was also confirmed visually, as no increase in the total level
of liquid in the reactor was observed in the presence of CO2
and over the course of the polymerization.
The molecular weight distributions (MWDs) were mono-

modal and shifted to higher molecular weights with increasing
conversion in all cases (Figure 7). The values of Mn increased

close to linearly with respect to conversion in excellent
agreement with Mn,th (theoretical Mn (Mn,th) = ([St]0/
[BDT]0) × MWSt × α, where α is fractional St conversion)
below 60% conversion with polydispersities (Mw/Mn) below
1.5 (Figure 8), indicating good control/livingness. Beyond 60%
conversion, Mn deviates upward from Mn,th and Mw/Mn
gradually increases. Interestingly, there is no clear trend in
the Mn and Mw/Mn data with CO2 pressurethe CO2 pressure
has no discernible effect on Mn, and any effect on Mw/Mn is
masked by scatter in the data. Additionally, it is noted that
above 60% conversion the Mn vs conversion plots at all three
pressures exhibited very similar upward deviations from Mn,th.
These deviations in Mn are also accompanied by a gradual
increase in Mw/Mn, and the onset of these phenomena
corresponds to the conversion level at which the particle size
started to increase with conversion (Figure 3) at all CO2
pressures investigated. It can be speculated that the increase in
particle size (presumably caused by coagulation or possibly
Ostwald ripening) may have caused some loss in control,
possibly as a result of alteration in the ratio [St]/[BDT] at the
polymerization loci. It is also possible that the onset of diffusion
control of the addition step of the chain transfer reaction
(addition of propagating radical to RAFT end group) at

intermediate/high conversion may have resulted in an increase
in Mw/Mn (although this would not affect Mn).

38

RAFT Polymerization in Miniemulsion using Ultra-
sonication. In order to shed further light on the effect of CO2
on RAFT polymerization in CO2-induced miniemulsions, the
polymerization was repeated using ultrasonication instead of
CO2 to induce the original miniemulsion (recipe A in Table 1).
The miniemulsion was somewhat translucent before and after
polymerization, and the particle size after polymerization (24 h;
96% conversion) was very small; dn = 59 nm (dw = 87 nm).
However, the polymerization did not proceed with control/
livingness, as evidenced by a very broad MWD (Figure 9; Mw/

Mn = 5.82) and Mn = 410 550 g/mol (Mn ≫ Mn,th). The
polymerization (with ultrasonication) was repeated with a
lower surfactant content (10 wt % rel to St as opposed to 33 wt
%; recipe B in Table 1), resulting in dn = 132 nm (dw = 143
nm) at 71% conversion (24 h), and this time the control/
livingness was excellent as manifested by a very narrow MWD
(Figure 9; Mw/Mn = 1.13) and Mn ≈ Mn,th.
It is likely that the polymerization proceeded based on an

emulsion polymerization mechanism at the higher surfactant
concentration. The highly hydrophobic RAFT agent would be

Figure 7. Molecular weight distributions (normalized to peak height)
for CO2-induced RAFT miniemulsion polymerization of styrene
initiated by VA-044 at 50 °C using Dowfax 8390 as surfactant at
pressures of 6.00, 6.50, and 7.50 MPa with [St]/[BDT] = 400 and
[BDT]/[VA-044] = 3 (33 wt % Dowfax 8390 rel St; 8 wt % HD rel St;
11.6 wt % St rel water).

Figure 8. Number-average molecular weights (Mn) and polydisper-
sities (Mw/Mn) vs conversion for CO2-induced RAFT miniemulsion
polymerization of styrene initiated by VA-044 at 50 °C using Dowfax
8390 as surfactant at pressures of 6.00, 6.50, and 7.50 MPa with [St]/
[BDT] = 400 and [BDT]/[VA-044] = 3 (33 wt % Dowfax 8390 rel St;
8 wt % HD rel St; 11.6 wt % St rel water).

Figure 9. Molecular weight distributions from RAFT miniemulsion
polymerization of styrene for 24 h at 50 °C using ultrasonication for
two different Dowfax 8390 concentrations (w/w) rel to St phase: 33%
(), 10% (- - -).
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unable to diffuse sufficiently rapidly across the aqueous phase
from droplets to particles, thus resulting in the RAFT
mechanism breaking down. It is probable that at this high
surfactant concentration the initial monomer droplets were not
sufficiently small to adsorb enough surfactant, and micelles thus
existed in the aqueous phase, causing micellar nucleation. The
presence of CO2 may have suppressed formation of micelles
due to the gas antisolvent effect, thereby promoting surfactant
adsorption on monomer droplets as discussed in relation to the
CO2-promoted solubility of oil in microemulsion.39 At the
lower surfactant concentration, micelles would not have been
present, and therefore the polymerization proceeded as a
miniemulsion polymerization and thus with good control/
livingness.

■ CONCLUSIONS
A novel technique for generation of miniemulsions by use of
low-pressure CO2, thus circumventing traditional high-energy
mixing methods, has been successfully applied to the synthesis
of polymeric nanoparticles in aqueous miniemulsion by use of
controlled/living radical polymerization. More specifically,
RAFT polymerization of a styrene-in-water miniemulsion was
conducted using the RAFT agent benzyldodecyl trithiocar-
bonate and the aqueous phase initiator VA-044 with the anionic
surfactant Dowfax 8390 at 50 °C. Satisfactory control/
livingness was obtained as evidenced by generally good
agreement between Mn and Mn,th, and MWDs shifting to
higher molecular weights with increasing conversion and
remaining relatively narrow.
Over a certain CO2 pressure range, near 7.5 MPa, a

transparent miniemulsion is formed, indicating the formation of
droplets smaller than for traditional miniemulsions. Impor-
tantly, an additional advantage of this system is that the particle
size can be conveniently tuned via the CO2 pressure without
changing the recipe, with 6.00, 6.50, and 7.50 MPa, generating
number-average particle diameters of 98, 89, and 48 nm,
respectively (∼70% conversion). The smallest particle size
corresponded to the pressure range within which the emulsion
was transparent. The present system has potential to
significantly expand the general scope of miniemulsion
polymerization, in particular with respect to size-tunable
synthesis of polymeric nanoparticles, while still benefiting
from the established advantages of miniemulsion polymer-
ization associated with monomer droplet nucleation.
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ABSTRACT: New red- and green-emitting copolymers,
hereafter core-copolymers, bearing a 4,7-bis(thiophen-2-yl)-
benzothiadiazole and a benzothiadiazole residue respectively as
bridging core between two identical polymeric arms were
synthesized by Suzuki coupling reaction of the dibromine
derivative of such chromophores and essentially borolane-
ended alternating copolymers [namely P(TPAF)] of triphe-
nylammine disubstituted fluorene and dialkylsubstituted
fluorene. All polymer samples were characterized by 1H
NMR and in particular by MALDI−TOF MS. MALDI mass
spectra allow the identification of many end groups of the initial blue-emitting macromers and therefore of the side reactions
occurring during Suzuki polycondensation. The average molar masses were determined by two different SEC apparatus, one
calibrated with conventional polystyrene narrow standards and the other with an absolute calibration curve built up by SEC/
MALDI−TOF MS analysis of selected SEC fractions of polydisperse red and green core-copolymers. MALDI mass spectra of
these fractions give reliable information on their composition, which combined with their integrated area calculated from the
corresponding normalized SEC curves, enable the estimation, for the first time, of the percentage of macromolecules containing
the dyes composing the neat core-copolymers. Optical characterization, performed by UV−visible absorption and
photoluminescence measurements, of the same SEC fractions gives results in agreement with the different compositions
determined by their MALDI mass spectra.

1. INTRODUCTION
Conjugated aromatic polymers have been largely used in the
last two decades for preparing active layers in optoelectronic
devices as organic light-emitting diodes (OLEDs),1 bulk
heterojunction photovoltaic cells2 and electronic ones like
organic field-effect transistors.3 In particular, in the fabrication
of the former group of devices, alternating copolymers are
employed and organometallic polycondensations are consid-
ered a useful and reliable synthesis method. In the preparation
of polymers containing fluorene, benzothiadiazole, and
thiophene residues, the Suzuki coupling plays a very important
role starting from diboronic acid or diboronic acid ester as
4,4,5,5-tetrametyl-1,3,2-dioxoborolane or 1,3-propane-1,3,2-di-
oxoborolane of a monomer and the dibromine or diiodide
derivatives of the comonomer.4−23 For introducing at the same
time different emitting dyes in a polymeric skeleton or both
electron donor and acceptor side groups more than one
dihalide derivative has to be used in a one step synthesis. This
strategy, experienced by Chuang et al.4 for preparing active
layers suitable for white-emitting OLEDs (WOLEDs), leads
however to a not defined mixture of chemically different
polymers due to the different reactivity of dihalide species and
also to the intrinsic nature of the Suzuki coupling. Alternatively,
we tried another approach to obtain WOLEDs5 enabling us to

determine more precisely the amount of blue, green, and red
emitting polymeric species constituting the blend for the device
active layer. Two molecular dyes, benzothiadiazole (Btz) as the
green emitter and 4,7-bis(thiophen-2-yl)benzothiadiazole
(ThBtzTh) as the red emitter, were individually inserted as
bridging core between two identical polymeric blue emitting
arms. The polymeric arms, as well as the pure blue emitting
compound in the blend, consist of a fluorene-based alternating
copolymer P(TPAF) made by a triphenylamine disubstituted
fluorene unit (TPA) and a dialkyl substituted fluorene (F) one.
We have already shown that such an insertion of TPA moieties
resulted in reduced interchain interactions, an enhanced hole
injection, and increased morphological stability with respect to
conventional polyfluorenes (PFs).6 Moreover, the presence of
bulkier side groups contributed to tune resonant energy
transfer (RET) process from donor toward the acceptor
entities of the polymeric chains,7 otherwise too efficient to
observe the contemporary emission from all the chromophores
necessary for the white emission. The blue-emitting copolymer
was synthesized by Suzuki polycondensation, while the green
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and red emitting core-copolymers were prepared via the two
following steps. In the former, 9,9-bis(4-diphenylaminophenyl)-
2,7-dibromofluorene and 9,9-dioctylfluorene-2,7-diboronic
acid bis(1,3-propanediol) ester were copolymerized using
(Ph3P)4Pd as the catalyst capping the growing chains with
phenylboronic acid pinacol ester. Two preformed macromers
successively reacted with the dibromide derivatives of green and
red dyes; 7-dibromo-benzothiadiazole (Br2Btz) and 4,7-bis(5-
bromothiophen-2-yl)benzothiadiazole (Br2(ThBtzTh)) respec-
tively. Base, catalyst and solvent of the former Suzuki reaction
were not replaced. However, also following this approach the
precise determination of the relative amounts of the blue, green,
and red polymers in the active blend was hard to reach.
Considering the mechanistic aspects of the Suzuki coupling
described in literature for other polymers based on thiophene
and phenylene residues8,9 or on fluorene residue10 and the
related side reactions using (Ph3P)4Pd catalyst,11,12 we decided
to investigate the composition of so-called green and red core-
copolymers. In this paper we aim to detect the potential
presence of blue-emitting P(TPAF), determine its amount and
correlate the optical properties of the core-copolymers to both
the percentages of the dye actually inserted and to its position
along the polymeric backbone. We have adopted different
reaction protocols to carried out the final cross coupling
reaction between each dye and the preformed macromers
giving rise to materials with different properties. The product of
each reaction has been first investigated by means of 1H NMR
and size exclusion chromatography (SEC) analyses, and then
by matrix assisted laser desorption/ionization time of flight
mass spectrometry (MALDI−TOF MS), to obtain reliable
knowledge of the structure and the chemical composition of
the final products, as a function of the reaction parameters
[P(TPAF) characteristics and reagent molar ratio]. MALDI−
TOF MS should allow the identification of each macromole-
cular component,24−31its various end groups, and therefore
should afford a deeper insight in both the Suzuki polycon-
densation reaction mechanism and the limiting side reactions.
This technique has already been successfully applied to the
characterization of several conjugated aromatic polymers such
as polyfluorenes (PF)s and polythiophenes (PT)s.8−10,13−15,31,32

Moreover, advanced information on the chemical composition
of the red and green core-copolymers have been obtained
by means of the powerful of f-line SEC/MALDI−TOF MS
coupling method.24,25,29 The characterization of several homo-
polymers24−28 and also of copolymers such as copolyesters,24,25

and alternating thiophene-phenylene copolymers,8 has already
taken advantage of this tool. In the present paper, it has been
applied for the first time to the characterization of fluorene
based copolymers having relative higher molar mass. The poly-
disperse polymers have been fractionated into several fractions
of narrow molar mass dispersity (D < 1.05) which have been
analyzed by MALDI−TOF MS. Thus, absolute average molar
masses (MM, Mw and Mn) have been measured for each frac-
tion and used to calibrate the SEC curves of the polydisperse
polymer (self-calibration). Combining SEC and MALDI MS
data of each SEC fraction, we propose an equation that permits,
for the first time on the base to the best of our knowledge,
the calculation of the weight percentage of the molecular spe-
cies bearing a dye unit composing the crude core-copolymers.
Optical characterization of the crude copolymers and SEC
fractions has been carried out to correlate the optical properties
with the chemical composition. In fact, from changes in the
absorption and photoluminescence (PL) spectra, details about

both the presence of the red and green emitting dyes and
their position within the polymer chain (inner or outer) are
obtained, and totally agree with mass spectrometry data.
Therefore, the of f-line SEC/MALDI−TOF MS coupling tool
here presented can be extended to any conjugated copolymer
obtained by organometal catalyzed polycondensation even with
MM higher than 20.000 g/mol.

2. EXPERIMENTAL SECTION
2.1. Materials. All reagents, unless otherwise specified, were

obtained from Aldrich or Acros and used as received. All solvents
used for the chemical reactions were dried by standard procedures.
All manipulations involving air-sensitive reagents were performed
under an atmosphere of dry nitrogen. Tetrakis(triphenylphosphine)-
palladium ((Ph3P)4Pd) was stored in inert atmosphere for few days
only. Br2(ThBtzTh) was prepared by bromination of ThBtzTh
obtained by Stille coupling of Br2Btz and tributyl(2-thienyl)stannane.

2.2. Syntheses. 2.2.1. Synthesis of P(TPAF)−Borolane Macromers.
P(TPAF) macromers were synthesized as reported elsewhere16

starting from homemade 9,9-bis(4-diphenylaminophenyl)-2,7-
dibromofluorene (1) and 9,9-dioctylfluorene-2,7-diboronic acid
bis(1,3-propanediol) (2), as depicted in Scheme 1 (route a). In
a typical procedure, 0.8 g (0.98 mmol) of 1 and 568 mg (0.98
mmol) of 2 were dissolved in 14 mL of anhydrous toluene. The
catalyst (Ph3P)4Pd (11.4 mg, 9.86 μmol, 1%eq), 2.12 mL of a
K2CO3 2 M aqueous solution, and Aliquat (0.987 mmol) were
added to the solution. The reaction was stirred at 90 °C for 6 h;
then the brominated end groups were capped by adding
201 mg (0.98 mmol) of phenylboronic acid pinacol ester (3)
and stirred for 18 h at 90 °C. A black precipitate stuck to the
vessel walls was formed. The reaction mixture was diluted
with 20 mL of toluene and passed through a Celite pad, then
the copolymer was precipitated from methanol (100 mL).
The precipitate was collected and extracted with acetone using
a Soxhlet apparatus to give 700 mg (59% yield) of tailored
macromer P(TPAF)−Borolane terminated [referred as P-
(TPAF)1 in Scheme 1]. In a different run the reaction duration
time was increased up to 10 h and 604 mg (2,96 mmol) of
quencher 3 (3:1 molar ratio with respect to each comonomer)
were added to the mixture which was stirred for 15 h at 90 °C
obtaining a polymer (referred thereafter as P(TPAF)2) with a
63% of yield.

2.2.2. Synthesis of Green and Red core-Copolymers. Green and
red core-copolymers were synthesized by means of Suzuki coupling
reaction of a macromer P(TPAF)−Borolane terminated with Br2Btz
and with Br2(ThBtzTh), respectively, as highlighted in Scheme 1
(routes b and c).

In a typical procedure, 150 mg of macromer P(TPAF)2 were
dissolved in toluene and (0.32 mg, 0.27 μmol) of Pd(Ph3P)4 from a
previously prepared toluene solution together with 7.5 mL of [2M]
K2CO3 aqueous solution and a drop of Aliquat were added. A toluene
solution of Br2Btz (3.67 mg, 12.5 μmol in 4.0 mL) or Br2(ThBtzTh)
(5.73 mg, 12.5 μmol in 4 mL) to get green and red core-copolymers
respectively, was dropped in the reaction medium at 90 °C under
stirring. The mixture was further stirred for 15 h, then phenylbromide
(373 mg, 2.38 mmol) was added as a quencher of unreacted
P(TPAF)2 and the stirring and heating were prolonged for 24 h. The
solution was filtered through a Celite column and the polymer was
precipitated in methanol. Extraction with acetone was used to remove
any residue of dyes obtaining 50 mg of green [P(TPAF)2-Btz sample]
and 62 mg of red [P(TPAF)2-ThBtzTh sample] core-copolymers,
respectively.

The macromer/dibromide ratio, and the dropping modality
of dibromide solutions were changed in the different runs and will
be reported in the Results and Discussion, and summarized in
Table 1.

2.3. Measurements. 2.3.1. NMR Spectroscopy. 1H NMR
spectra were recorded at 25 °C using a Bruker ARX400 and
Bruker Advance 400 MHz spectrometers. Toluene-d8 and
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sym-tetrachloroethane-d2 (C2D2Cl4) were used as solvents. 1H
NMR spectra of the SEC fractions were recorded by a Bruker
A-CF 200 spectrometer at 25 °C, using C2D2Cl4 as locking
agent in a microprobe NMR tube. The polymer fractions,
obtained after evaporation of tetrahydrofun (THF) used as
eluent in the SEC runs, were dissolved in toluene-d8.

31P NMR spectra were recorded in solution of C2D2Cl4 at 25 °C by
a Varian-Inova instrument operating at 200 MHz, using H3PO4 (85%)
as external reference. All 31P NMR spectra are decoupled from the
proton, and the chemical shifts are reported in ppm with respect to
the used reference. The data were enhanced with 1D Win-NMR
software by applying the Lorentz−Gauss function, using appropriate

Scheme 1. Synthesis of Macromers and core-Copolymers

Table 1. Experimental Parameters, Average Molar Masses (Mn and Mw), and Polydispersity (D = Mw/Mn) of the P(TPAF)s
Studied

SECb SEC−MALDIc

samples
P(TPAF)/dye−Br2

(equiv/equiv)
dye−Br2 catalyst

(%)
dye insertiona

(%)
Mn

(g/mol)
Mw

(g/mol)
D

(g/mol) Mn (g/mol)
Mw

(g/mol)
D

(g/mol)

P(TPAF)1 − 3400 5250 1.55 3640 5660 1.56
P(TPAF)1-Btz 1:1 8 32 4160 7350 1.77 4370 7740 1.77
P(TPAF)1-ThBtzTh 1:1 8 24 3900 6500 1.67 3730 6550 1.76
P(TPAF)2 − 6000 11 600 1.93 5230 11860 2.27
P(TPAF)2-Btz 5:1 4 34 6900 13 800 2.00 7050 13950 1.98
P(TPAF)2-ThBtzTh 5:1 4 45 8600 19 600 2.28 8420 20900 2.48
aDye insertion means the percentage of P(TPAF) chains bearing the dye units, the values are calculated with a variance of ±0.2. bCalculated by SEC
system calibrated toward polystyrene standards. cCalculated by of f-line SEC−MALDI−TOF MS coupling method.
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line broadening and Gaussian broadening parameters in order to
improve the peaks resolutions.
2.3.2. Size Exclusion Chromatography (SEC). In a first step, the

whole molar mass dispersity (MMD), relative averages (Mn, Mw, Mz)
and polydispersity index (D = Mw/Mn) of all polymers were
determined by a conventional size exclusion chromatography
(SEC)33 system calibrated toward polystyrene (PS) standards, using
THF as mobile phase, 0.8 mL/min of flow rate and 35 °C of tem-
perature. In a conventional SEC system the molar mass of polymers is
not absolute but relative to PS narrow MMD standards. The conven-
tional chromatographic system consisted of an integrated Alliance
2695 chromatographic system (degasser, pump and injector) from
Waters (Milford, MA) and a 2414 differential refractometer (DRI)
used as concentration detector. The column set was composed of
two PLgel Mixed C columns (5 μm of particle size) from Polymer
Laboratories (Shropshire, U.K.).
In a second step, polymers were accurately fractionated and the

obtained fractions were characterized off-line by means of the absolute
MALDI−TOF MS method. The SEC fractionation of green and red
core-copolymers was carried out by means of a Waters 515 apparatus,
equipped with four Ultrastyragel HR columns (ID = 7.8 mm, L =
300 mm, 5 μm of particle size) in the order HR-4, HR-3, HR-2, and
HR-1 connected in series, a Waters R401 DRI detector, THF as
mobile phase, 1 mL/min of flow rate. The SEC traces were recorded
and processed using a Clarity-GPC software provided by DataApex.
In a typical fractionation, 100 μL of a polymer solution in THF
(≈5 mg/mL of concentration) was injected and fractions were taken
every 25 s (0.25 mL) using a Waters fraction collector positioned after
the DRI detector. For each sample 40−50 fractions were collected.
The solvent of SEC fractions was reduced at 30−50 μL under nitrogen
flow, and the absolute molar masses of selected fractions were deter-
mined by MALDI−TOF MS. Furthermore, some fractions were after-
ward reinjected in the SEC apparatus as standards for absolute molar
mass calibration of P(TPAF)-based polymers.
2.3.3. MALDI−TOF Mass Spectrometry. The MALDI−TOF mass

spectra were recorded in reflector or linear delayed extraction mode,
using a Voyager-DE STR instrument (Perseptive Biosystem) mass
spectrometer, equipped with a nitrogen laser (λ = 337 nm, pulse width =
3 ns), working in a positive ion mode. The accelerating voltage was
20 KV, grid voltage and delay time (delayed extraction, time lag),
were optimized for each sample to achieve the higher mass resolution
(M/ΔM). Laser irradiance was maintained slightly above threshold.
trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile
(acronym: DCTB) 0.1 M in THF and 1,8-dihydroxy-9,10-dihydroan-
thracen-9-one (dithranol) 0.1 M in THF were used as matrices. Samples
of P(TPAF) based polymers used for the MALDI analyses were
prepared as follows: 10 μL of polymer solution (5 mg/mL in THF),
were mixed with 10 or 30 μL of a matrix solution (0.1 M in THF).
Then 1 μL of each analyte/matrix mixture was spotted on the MALDI
sample holder and slowly dried to allow analyte/matrix cocrystallization.
The best spectra were recorded using DCTB, obtaining a mass
resolution of about 800−1000 in linear mode and 3000−5000 in
reflector mode, in the mass range from m/z 1000 to m/z 4000. For the
analysis of polymer SEC fractions 1 μL of each selected concentrated
SEC solution was mixed with 1 or 3 μL of the matrix solution (DCTB).
Then, the same procedure used for the MALDI analyses of the poly-
disperse P(TPAF) based polymers was followed. The MALDI spectra
of the SEC fractions recorded in linear mode were processed by
the PGRAM program provided by Perseptive Biosystem, which uses
mass-spectral intensities to compute the quantities known as the most-
probable molecular weight (Mp), number-average molar mass, weight-
average molar mass, and polydispersity index. The Mw values were
used to build an absolute molar mass calibration of SEC traces of all
polymers.
2.3.4. Optical Measurements. UV−vis absorption spectra of

toluene solutions were measured with a Lambda 900 Perkin-Elmer
spectrometer. Continuous wave photoluminescence (PL) spectra were
recorded using a SPEX 270 M monochromator equipped with a N2-
cooled CCD detector, by exciting with a monochromated xenon lamp.

3. RESULTS AND DISCUSSION

3.1. Synthesis. Polymerization via Suzuki coupling is
commonly considered a step growth process when a AA mono-
mer reacts with a BB one resulting in an alternating copolymer.
Like in others step growth polymerizations the best care must
be taken about stoichiometry balance to obtain high molecular
weight. Consequently, the monomers purity has to be as high
as possible and any oxygen contamination should be avoided.
In literature there are examples reporting procedures for small
molecules coupling where these constrains are not respected
and Suzuki coupling is even carried out in aerobic condition
using air stable catalyst.22 However, if applied to polyconden-
sation, the molar mass for the resulting polymer was not as high
as that obtained under anaerobic conditions due to limiting
oxidation of boronic derivatives.10,23 In the present work the
Suzuki coupling approach has been applied to synthesize two
types of conjugated polymers (referred here as core-copolymer)
bearing a BTz unit or a ThBTzTh unit, as green or red chro-
mophore, respectively. In both core-copolymer synthesis the
former step is a step growth process while the latter is just a
coupling of two equivalents of a purified macromer P(TPAF)−
Borolane [P(TPAF)1 and P(TPAF)2 samples in Table 1] with
the dibromide derivative of the dyes as shown in Schemes 1b
and 1c for Br2Btz and Br2(ThBtzTh), respectively.
The reaction conditions of these steps were modified in the

different runs (see Table 1) by changing: (i) the molar ratio
between core dye and macromer P(TPAF); (ii) the addition
procedure of the dibromide derivative of each dye (either by
slowly dropping during the first 8 h of reaction, for synthesis
of P(TPAF)1-Btz and P(TPAF)1-ThBtzTh, or by slowly
dropping in three different times during the reaction going on,
in the synthesis of P(TPAF)2-Btz and P(TPAF)2-ThBtzTh).
As already reported,5 the insertion of Btz and ThBtzTh dyes

in the polymer chains was proved by both optical measure-
ments and 1HNMR spectroscopy. Solution UV−vis absorption
spectra are dominated by P(TPAF) absorption peaked at 388 nm,
while the photoluminescence spectra of diluted solutions
[10−5 M] clearly showed a green emission with a maximum
at 530 nm for the material containing Btz or a red emission at
638 nm for that one with ThBtzTh cromophore. At the end of
the step growth polymerization different species have been
formed as already shown for coupling of other monomers8−10,13

using 1H NMR spectroscopy coupled with MALDI-TOF MS
characterization.8−10,13−15,17,18,34 To guaranty the material
emission property, 1H NMR spectra were recorded in
C2D2Cl4 which makes the assignment of the ending groups
protons following Slugovc results10 more difficult although two
distinct set of signals appear at 7.30−7.40 ppm and at 7.40−
7.50 ppm (see Figure 1Sa, Supporting Information). The former
can be attributed to three protons of hydrogen terminated F
unit, while the latter should be better assigned to protons of an
end phenyl ring coming from either the end-capping reagent
(phenylboronic acid pinacol ester) or from aryl−aryl scramb-
ling reaction between palladium and phosphine −bound aryls
than to protons in ortho position of a bromo end group.17

A third set of very low intensity signals appeared at 6.80−6.90
ppm and can be assigned to two protons of dioctyl F unit
featuring a hydroxyl end group in agreement with Slugovc
results.10 In the aliphatic region the protons of boronic acid
esters were not picked out. In the chemical structure of core-
copolymers many aromatic residues are present whose protons
give a lot of signals in the range 6.8−8.7 ppm preventing the
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detection and precise determination of all the species
containing the chromophore: end-polymers, brominate-end-
polymers, core-copolymers. Hence, just an estimate of the
amount of the inserted dye is accessible. However, the use of
more solvents: toluene-d8 and C2D2Cl4, in different experi-
ments (Figures 1Sb and 1Sc, Supporting Information) allows
for the assignment in P(TPAF)1-Btz sample of protons of Btz
unit linked to alkylfluorene residues near 7.6 ppm in toluene-d8
(Figure 2S, Supporting Information) using bis(9,9-dioctyl-
fluoren-2-yl-4,7-benzothiadiazole) (F2Btz) as model com-
pound, while we could not recognize the protons of Btz
moiety linked to a F residue and bearing a bromo atom as in
the model compound 4-(9,9-dioctylfluoren-2-yl)-7-bromoben-
zothiadiazole (FBtzBr) in both solvents. By comparison with
the 1H NMR spectra of model compounds: Br2(ThBtzTh),
ThBtzTh , and 4-(5-bromothien-2-yl)-7-(thien-2-yl)-
benzothiadiazole (BrThBtzTh) in C2D2Cl4 (see the assign-
ments summarized in Supporting Information, Section 1) we
could assign the signals at 8.08−8.10 ppm to thiophene protons
linked to F ring at one side and to Btz moiety at the other one,
and to F protons, while the Btz protons can be found in the
range 7.86−7.88 together with other fluorene protons. How-
ever, in this case the detection of signals attributable to proton
of either terminal thiophene ring or terminal thiophene ring
featuring a bromo atom was impossible even by considering
the spectrum of a P(TPAF)-ThBtzTh end-capped tailored
polymer obtained by Suzuki coupling of macromer P(TPAF)2
with the cromophore BrThBtzTh. Likely, is even more com-
plicate the identification of ThBtzTh units along the red core-
copolymer chains composing the samples P(TPAF)1-ThBtzTh
and P(TPAF)2-ThBtzTh. The SEC analyses of the green
and red core-copolymers reveal, as shown in Figure 1 and in

Figure 3S (Supporting Information), that their average molar
masses increase with respect to those of the corresponding
parent macromer (see Table 1). These results confirm that the
Suzuki coupling reaction of the macromers with the green and
red dye monomers Br2Btz and Br2(ThBtzTh) occurred.
3.2. MALDI Characterization. To corroborate finding

from NMR spectra and, furthermore, to gain more information
on product dispersity and the end groups of the polymer chain
composing the samples studied, MALDI−TOF mass spectra
were also acquired. Figure 2a displays MALDI mass spectrum
of the tailored macromer P(TPAF)2 which composition must
be completely defined to understand the (b) and (c) reaction

steps of Scheme 1. It shows, in the mass range m/z 1000−
11000, 17 clusters of homologous peaks separated by about
1039.3−1039.6 Da, which corresponds to the mass of the
P(TPAF) repeating unit (1039.4 Da), each cluster has been
assigned to linear P(TPAF) chains bearing different end
groups. Calibrated mass spectra permit a pertinent assignment
of almost all families of peaks, and the corresponding structures
are displayed in Chart 1. The assignments are also summarized
in the Table 1S (Supporting Information) together with the
corresponding masses. The MALDI mass spectrum in Figure 2a
shows mass peaks in the higher mass molecular weights range
corresponding to oligomers up to n = 10 (10-mers), and
exemplifies the complexity of the reaction products. A similar
mass spectrum was recorded for the corresponding tailored
macromer P(TPAF)1 (see Figure 4S, Supporting Information)
synthesized using the same molar ratio of the reagents 1 and 2
and an equimolar amount of the quencher 3 as indicated in
Scheme 1a. However, some differences emerge looking more
carefully the spectra of both samples as can be seen in Figures
2b and 2c, which display a section ranging from m/z 1600 to
m/z 2700 of the mass spectra of both macromers P(TPAF)2
and P(TPAF)1, respectively, recorded in reflectron mode. In
the mass spectra of P(TPAF)2, as well in Figure 2b, the most
intense peak series appears at m/z 1243.5 + n1039.4 and is
labeled with the symbol Cn. This mass series was assigned to
the P(TPAF) chains terminated with phenyl (Ph) and pinacol
boronic ester groups (referred herein as β′; see Chart 2).
On the other hand, in the mass spectrum of the macromer

P(TPAF)1 the most intense peaks, correspond to the potas-
siated ions of the macromolecules terminated with Ph and
propapanediol boronic ester (namely thereafter as β) groups
and are labeled with the symbol C′n (see Figure 4S, Supporting
Information), as well in Figure 2c. These findings suggest
that the propapanediol−boronic −pinacol−boronic ester−ester
exchange could be mostly promoted using a large excess of
phenyl−pinacol boronate (3) as quencher, as well as in the
synthesis of the macromer P(TPAF)2. The P(TPAF) macro-
molecules generally form radical cations (M•+) in the MALDI
source, in accordance with published studies on similar polymer
samples,8−10,30,32,34,35 however the families of macromolecules
terminated with 1,3-propanediol boronic esters (β) give potas-
siated ions (M + K+), as was proved using also CF3COONa salt
as doping agent in matrices. In this case only the families of
P(TPA)F chains terminated with propanediol boronic esters
give both sodiated (M + Na+) and potassiated ions, whereas
the other P(TPA)F macromolecules give only radical cations.
Chains terminated with hydroxyl groups (OH) (species E′n, G′n,
and M in Chart 1 and in Table 1S, Supporting Information)
appear as both potassiated and nonpotassiated ions. Contrary
to P(TPAF) oligomers terminated with at least one propa-
panediol-boronic ester, those having a pinacol-boronic ester
end groups (species Cn in Chart 1) do not give potassiated or
sodiated ions in our MALDI conditions. This behavior can be
due to the greater steric hindrance of the pinacol-boronic ester
with respect to the propapanediol-boronic ester. The presence
of the families of peaks belonging to P(TPAF) chains bearing
boronic esters (β and β′) as end groups (species Cn, C′n, Dn, Gn,
G′n, Hn, In, Ln, Qn, and Rn in Chart 1) in the spectra of both
macromers (Figure 2 and Figure 4S, Supporting Information,
respectively) confirms that the experimental conditions used
in performing Suzuki polycondensation reaction lead to linear
chains terminated essentially with these reactive end groups.
Therefore, these borolane ended P(TPAF) chains may allow

Figure 1. SEC traces of P(TPAF)2, P(TPAF)2-Btz, and P(TPAF)2-
ThBtzTh samples.
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for the synthesis of copolymers containing chromophore units
in the backbone by reacting with Br2Btz and Br2(ThBtzTh)
(Scheme 1, parts b and c). However, the mass spectra of
both macromers show also other series of peaks belonging to
P(TPAF) chains terminated with unreactive groups at both

side, such as phenyl/phenyl (species An and Fn in Chart 1),
hydrogen/phenyl (species Bn and En in Chart 1), hydroxy/
phenyl (species E′n in Chart 1), and hydrogen/hydroxy (species
Mn in Chart 1). Therefore, the identification of P(TPAF)
chains terminated with hydrogen, hydroxyl and phenyl groups

Figure 2. (a) MALDI−TOF mass spectrum (in linear mode) of pristine P(TPAF)2 macromer; (b and c) enlarged section of MALDI mass spectra
(in reflectron mode) of P(TPAF)2 and P(TPAF)1 macromers, respectively.

Chart 1. Structural Assignments of Peak Series Belonging to Blue-Emitting Species Present in the MALDI−TOF Mass Spectra
of Macromers [P(TPAF)1 and P(TPAF)2] and core-Copolymersa,b

aSpecies T, U, U′, V, V′, and V* were observed in particular in the mass spectra of red and green core-copolymers.. bThe molecular structure and the
mass of each unit and end group are portrayed in Chart 2.
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clearly reveals that, in accord to the literature,8,10,18,20 conco-
mitant side reactions (debromination, hydrolytic deboronation,
hydroxy deboronation) occur during the Suzuki polyconden-
sation reaction between dibromide and diboronate monomers
(Scheme 2). Palladium-mediated dehalogenation is a well-
understood process that occurs via β-hydride elimination from
Ar−Pd(II)−alkoxy species followed by reductive elimination of
Ar−H.10,36,37
As already presented during NMR discussion also phenyl/

phenyl terminated chains can origin from the exchange be-
tween phosphorus-bound aryl moiety and palladium-bound aryl
group as depicted in Scheme 3b, an unfortunate drawback of
the Suzuki coupling occurring very frequent if not encumbered
phosphine are used. MALDI mass spectra of both macromers
show also the presence of weak intensity peaks due to the
radical cations corresponding to families of oligomers having
palladium and phosphorus derivatives (species Ln, Nn, Pn, Q n,
and Rn in parts b and c of Figure 2 and also in Figure 4S,
Supporting Information; see assignments in Chart 1 and in
Table 1S, Supporting Information). The formation of chains
with incorporated phosphorus-moiety was confirmed by 31P
NMR spectra of both macromers, which showed after 38 000
scans two very weak signals at δ 38.2 and 35.2 ppm), corres-
ponding to the phosphine oxide region of the spectrum. The
weakness of these signal confirms, as well as the MALDI spec-
tra, that only a very small percentage of the phosphorus con-
taining units are incorporated into the polymer, and that this
uptake is low relative to polymerization degree. Under these
conditions, the phosphorus containing units should serve as
cappers rather than as branch points, in agreements with

the hypothesis suggested by Jannsen et al.9 Side reactions
which give rise to oligomers with phosphorus-moieties into the
polymer backbone were already observed in the synthesis of
poly(p-phenylene)s by Suzuki coupling polymerization.12,38

Taking into account that the mole ratio of each individual
species is generally proportional to the MS detector
response,24,25,28 we have calculated the relative percentage of
P(TPAF) chains terminated with reactive borolane ester groups
composing the macromers P(TPAF)1 and P(TPAF)2, from
the corresponding mass spectra. This assumption is reasonable
for MALDI spectra of polymers with a narrow molar mass
dispersity. However, is also reasonable if the analysis is limited
to a portion of the spectrum. Using the intensity of each peak
series present in the mass range from m/z 1000 up to m/z 8000
and the eq 1, we have calculated that P(TPAF) chains termi-
nated with reactive borolane ester groups are about 66 ± 2% in
the macromer P(TPAF)2, and about 55 ± 2% in the macromer
P(TPAF)1.
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PF Borolane PF Borolane
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where ∑IPF‑Borolane and ∑IPF‑unreactive represent the sum of the
intensity of each peak family corresponding to the P(TPAF)
macromolecules terminated with borolane ester groups
(i.e., species Cn, C′n, Dn, Gn etc. in Chart 1) and with
unreactive moieties at both ends (i.e., families An, Bn, En, Fn etc.,
in Chart 1), respectively.

Chart 2. Structure and Molar Mass of the Repeating Unit, of each Moiety, End Group, and Chromophore Present in the
Polyfluorenes Species Revealed by MALDI−TOF MS Analysis

Scheme 2
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Like P(TPAF) macromers, all green and red core-copolymers
were also analyzed by MALDI−TOF MS using DCTB as matrix,
to obtain more reliable information on their chemical com-
position. In Figure 3 and in Figure 5S, Supporting Information,
are displayed the mass spectra of pristine polydisperse core-
copolymers P(TPAF)2-ThBtzTh and P(TPAF)2-Btz, respec-

tively. These Figures, as expected on the base of the composition
results found by MALDI−TOF analysis of the parent macromers
discussed above, show intense peaks due to the P(TPAF) chains
bearing unreactive end groups (i.e., families An, En, E′n, Fn, etc.
and Un, Vn, Tn, etc. sketched in Chart 1 and described in Tables
1S and 2S, Supporting Information for parent macromers and

Scheme 3

Figure 3. MALDI−TOF mass spectrum (in linear mode) of the pristine red core-copolymer P(TPAF)2-ThBtzTh.
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core-polymers, respectively), as highlighted in the inset of both
figures. The most intense peaks correspond to the P(TPAF)
chains terminated with phenyl groups at both ends (species An in
Chart 1). In the mass range higher than m/z 3000 were also
observed some signals corresponding to the molecular ions
(M•+) of the copolymer chains containing a dye group
(ThBtzTh or Btz): species σn, σ′n, λn, λ′n λ″n, etc., for
P(TPAF)2-ThBtzTh sample; species πn, δn, δ′n etc., for green
core-polymer P(TPAF)2-Btz. The pertinent assignment of the
peak series belonging to core-copolymer chains are summarized
in the Chart 3 and in Tables 2S (red) and 3S (green),
Supporting Information). In the low mass range of the mass
spectra of the P(TPAF)2-Btz sample were also observed weak
signals corresponding to cyclic oligomers containing a Btz unit
(species Φn in Chart 3). The formation of cycles has been
already pinpointed in the synthesis of aromatic conjugated
polymers by Suzuki polycondensation.8 The mass spectrum in
Figure 5S, Supporting Information, shows also low intense peaks
corresponding to the P(TPAF) macromers terminated with
pinacol boronic ester (species Cn in Chart 1), indicating the
incomplete conversion of these reactive chain ends. Similar mass
spectra were recorded for the core-copolymers P(TPAF)1-

ThBtzTh and P(TPAF)1-Btz (see Figures 6S and 7S,
Supporting Information) which were synthesized using a
macromer P(TPAF)/dye-dibromide-derivative ratio five times
lower and by adding the bromide solution along all the reaction.
In these mass spectra, as well as in those of samples coming from
P(TPAF)2 macromer, mass peaks attributable to P(TPAF)s
containing the dye unit (ThBtzTh or Btz) were observed with
low intensity only in the mass range higher than 4000 Da. As can
be observe in Figure 3 and in Figure 5S, Supporting Information,
the relative intensity of peaks due to the dye-bearing species
increases in mass range higher than m/z 5000, with respect to
that of the unreactive PFTPA chains belonging to mass series An.
SEC curves of all core-copolymers (Figure 1 and Figure 3S,
Supporting Information) calibrated with PS narrow standards,
provide a large dispersity of average molar masses (D > 1.9), as
reported in Table 1. Moreover, they show that their macro-
molecular components have molecular masses ranging from
1000 up to 20 000 g/mol or higher. Therefore, we believe that
PFTPA core-copolymers chains have mostly molar mass higher
than 10 000 g/mol and then are not detected in the MALDI−
TOF mass spectra of the neat polydisperse samples. In fact, it is
known that in MALDI−TOF MS analysis of polydisperse

Chart 3. Structural Assignments of core-Copolymer Species Revealed by Means of MALDI−TOF MS Analysis of Red and Green
core-Copolymersa,b

aThe assignments of blue-emitting species are summarized in the Chart 1; bn = x + y.
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polymer low molecular mass species are more easily desorbed
than high molecular mass ones, determining discrimination effect
and often macromolecules with molar mass higher than 10 000−
15 000 g/mol were not revealed.24−29 As affirmed in the
literature,24,25,29 MALDI−TOF MS gives absolute determina-
tions of average molar masses (Mw and Mn), in particular only
for polymers with a narrow dispersity (D = Mw/Mn < 1.1) it
succeeds independently of their structure, while fails for
polymeric materials with a higher polydispersity (D > 1.1), as
well as for the core-copolymers here investigated. To obtain more
reliable information on the chemical composition and on the
absolute average molar masses of all core-copolymers, we have
applied the powerful off-line SEC/MALDI−TOF MS coupling
method.24,25,29 The four core-copolymers reported in Table 1
were fractionated into narrow molar mass fractions by analytical
SEC runs, obtaining about 40−50 fractions for each sample. The
average molar masses (MM; Mw and Mn) of several selected
narrow polydisperse fractions were then measured by MALDI-
TO MS and the values calculated were used to “self-calibrate”
starting SEC curves. For all samples the absolute calibration
curves agree with the eq 2 that, therefore, was used to calculate
the MM of all samples synthesized; calculated values are sum-
marized in Table 1. The calibration curves calculated by SEC−
MALDI TOF MS analysis of P(TPAF)1-ThBtzTh and
P(TPAF)2-ThBtzTh sample are displayed in Figure 8S,
Supporting Information.

= − + × −M V Vlog 11.22 0.3911 4.66 10 ( )w e
3

e
2

(2)

Table 1 shows that the MM calculated by SEC−MALDI−
TOF MS agree with those calculated by an apparatus SEC
calibrated with narrow PS standards, confirming the potentiality
of the method. The MALDI TOF mass spectra of the narrowly
distributed SEC fraction give considerable information on the
real composition of the core-copolymers. In Figure 4 an
illustrative example of the MALDI mass spectra of selected SEC
fractions of the P(TPAF)2-ThBtzTh sample eluted at 22.625
(F1), 24.625 (F9), 27.125 (F19), 28.625 (F25), and 29.875 mL
(F30), are reported. All MALDI−TOF mass spectra confirm a
narrow dispersity (D < 1.04) for each sample obtained by
SEC fractionation. MALDI mass spectra of other P(TPAF)2-
ThBtzTh SEC fractions are portrayed in Figure 9S, Supporting
Information. As can be seen in both the Figures, the mass
spectra of fractions eluted at Ve higher than 29.875 mL (i.e., see
spectrum of the fraction F25 in Figure 4), beside the peaks
corresponding to the mono charged molecular ions (labeled
as M+), also show those due to the double charged ions (M2+)
and those due to the adduct dimer ions (M2

+). Some spectra
exhibit also the extensive multimer formation: i.e., trimeric ions
(M3

+), tetrameric ions (M4
+), and pentameric ions (M5

+). The
intensity of these multimer ions and those of on the ions M2+

increases as increases the applied laser intensity; the spectra
displayed in Figure 4 and in Figure 9S, Supporting Information
are recorded using a minimum laser irradiance (threshold)
useful to obtain a meaningful signal/noise ratio. The average
molar masses of each fraction were calculated using only the
intensity of mass peaks belonging to monocharged ions (M+).
Similar mass spectra were also obtained for the SEC fraction
collected for P(TPAF)1-ThBtzTh copolymer, and some
remarkable spectra are portrayed in Figure 10S, Supporting
Information. As shown in Figures 4 and 9S, Supporting
Information, MALDI−TOF mass spectra of the SEC fractions

display well-resolved peaks from m/z 1000 to m/z 15 000−
20 000, allowing for both the assignment of each peak to the
corresponding macromolecule and the identification of the
end groups. Consequently the most-probable structures can
be identified, in particular those corresponding to the chains
bearing the dye moiety (i.e., ThBtzTh). The assignments of the
mass peak series displayed in Figures 4 and 9S, Supporting
Information are highlighted in Chart 1 (blue-emitting species)
in Chart 3 (dye-species), and also in Tables 1S and 2S,
Supporting Information. In detail, as an example here we dis-
cuss these data in the following. They reveal that SEC fractions
taken at elution volume (Ve) higher than 28.625 mL (fractions
F25−F45) are mostly constituted of unreactive P(TPAF) oligo-
mers (blue-emitting component: species An, Bn, En, E′n, Fn Pn,
Tn, Vn, V′n and V*n, in Chart 1). Peaks belonging to the
macromolecules bearing the dye-ThBtzTh units (i.e., species σn,
σ′n, λn, λ″n, etc. in Chart 3) appear with an intensity that
decreases as increases the Ve. Fractions P(FTPA)2-ThBtzTh
eluted at Ve > 32.875 mL (see mass spectrum of fraction F45 in
Figure 9S, Supporting Information) do not contain any dye-
species. The intensity of mass peaks corresponding to the dyes
containing chains (families σn, σ′n, λn, λ′n, λ″n, etc in Chart 3)
increases with respect to those of blue emitting P(FTPA)
macromolecules in the mass spectra of the SEC fractions eluted
in the range between 28.6 and 24.7 mL (see spectra of fractions
F25, F19, F15, and F11 in Figure 4 and in Figure 9S,
Supporting Information). Peaks corresponding to the P(FTPA)
chains An and En are observed with a negligible intensity in the
mass spectrum of SEC fraction F10 and disappear in that of the
F9 one, which presents families of peaks belonging only to the
dye bearing P(FTPA)-ThBtzTh species, as can be observed in
Figure 4. SEC fractions eluted at Ve lower than 26.0 mL gave
low or unresolved mass peaks, however in accord to the
spectrum of the fraction F9 displayed in Figure 4; hence, we
can affirm that they contain only dyes bearing PFTPA-ThBtzTh
macromolecules (i.e., species σn, σ′n, λn, λ′n, λ″n, ωn, and ηn in
Chart 3). Therefore, the MALDI mass spectra of the SEC
fractions confirm that the core-copolymer P(FTPA)2-ThBtzTh
is a mixture of blue-species P(FTPA) and of dye-containing
P(FTPA)-ThBtzTh macromolecules which are the main
species at higher molar mass. As can be observe in Figure
10S, Supporting Information, in the case of the copolymer
P(FTPA)1-ThBtzTh only the SEC fractions F1−F4 eluted at
lower Ve contain just red-dye bearing P(FTPA)-ThBtzTh
macromolecules, while the SEC fractions from F5 up to
F24 contain a mixture of P(FTPA)-ThBtzTh and P(FTPA)
type chains in different ratios (see Table 5S, Supporting
Information). SEC fractions of P(FTPA)1-ThBtzTh taken
at Ve higher than 32.175 mL (F31) present only blue P(FTPA)
species. This result can be ascribable to the low MM of the
P(FTPA)1-ThBtzTh with respect to P(FTPA)2-ThBtzTh
sample (see Table 1). The different composition of the SEC
fractions taken from P(FTPA)2-ThBtzTh at different Ve was
also qualitatively confirmed by 1H NMR analysis, since the
proton spectra present some signal with different relative inten-
sity as can be observe in Figure 11S, Supporting Information.
Unfortunately, as discussed above, the NMR analysis does not
permit an unambiguous characterization of the composition of
each polymer fraction. A similar behavior was also observed in
the SEC−MALDI mass spectra of the P(FTPA)1-Btz and
P(FTPA)2-Btz green copolymers, and will be discussed in a
next work together to their optical properties. The SEC−MALDI
spectra discussed above could further provide important and
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useful information on the chemical composition of the red-core-
copolymers P(FTPA)1-ThBtzTh and P(FTPA)2-ThBtzTh.
Since each SEC fraction is constituted of macromolecules with
a narrow molar mass dispersity and, as mentioned above the
mole ratio of each individual species is proportional to the MS
detector response in MALDI analysis, we have set ourselves to
reach the ambitious goal to calculate the weight percentages of
dye-containing (red or green) and blue (P(TPFA)) compo-
nents of the core-copolymers here studied, using the integrated
area of each SEC fraction and the molar fraction of the two

components (dye-containing and blue) calculated from the
corresponding MALDI spectra.
The weight percent of the macromolecules bearing the dye

unit (% WPF‑Dye) composing the polydisperse core-copolymers,
were calculated using the eq 3 (see also the theory in section 2,
Supporting Information)

∑= ×−
=

−W W X% [ ( ) ] 100
i

n

PF Dye
1

fi PF Dye fi
(3)

Figure 4. MALDI−TOF mass spectra of some SEC fractions of the P(TPAF)2-ThBtzTh sample.
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where Wf i is the area of the fraction f i calculated from the
normalized area of the SEC curve; and (X PF‑Dye)f i indicates the
molar fraction of all species containing the dye unit present in
the SEC fraction f i, calculated from the corresponding mass
spectra. The calculated %WPF‑Dye values are noted in Table 1. In
Tables 4S and 5S of Supporting Information are summarized
for each SEC fraction both the molar fraction of the two
components (red-dye-containing species and blue-emitting
macromolecules) calculated from the corresponding
MALDI−TOF mass spectra and their area derived from the
SEC curves of the neat core-copolymers P(TPAF)1-ThBtzTh
and P(TPAF)2-ThBtzTh, respectively. The knowledge of the
actual composition of each copolymer and also of its fractions
can allow for a better understanding of the optical properties, as
will be discussed below. Moreover, we can say that is
mandatory to correlate the different absorption and lumines-
cence properties to the changes of synthesis procedure.
As can be observe looking the Chart 3 and also Tables 2S

and 3S, Supporting Information, many of the structures of
P(TPAF) chains containing the dye unit (ThBTzTh or Btz)
cannot be assigned unequivocally to a macromolecule having
this group in the main chain or as end-capper. However, we
hypothesize that in the macromolecules with high molar mass
the dye unit is mostly in the backbone, while it does as end
group in those ones having lower molar mass (i.e., < 3000−
4000 g/mol). This hypothesis is supported by the optical
properties measured for the SEC fractions: see following
discussion.
3.3. Optical Characterization. The differences between

P(TPAF)2-ThBtzTh and P(TPAF)1-ThBtzTh red core-

copolymers evidenced by MALDI analysis are confirmed
by optical characterizations. In this section the comparison
between the absorption and emission properties of the two
red core-copolymers is presented. Figure 5 shows UV−vis
absorption (a) and PL (b) spectra of various SEC fractions
taken in the SEC run of P(TPAF)1-ThBtzTh and P(TPAF)2-
ThBtzTh copolymers. In the absorption spectra of diluted
toluene solution of the fractions F6, F8, and F10 of P(TPAF)2-
ThBtzTh, corresponding to higher average molar mass and all
dye-containing copolymers (see MALDI analysis and Table 5S,
Supporting Information, for elution volumes), three distinct
peaks are present thus indicating that the electronic config-
urations of the two components, P(TPAF) and ThBTzTh,
are partially not mixed.39 The 390 nm peak is attributed to
the π−π* transition of P(TPAF) chains6 and the push−pull
property induced by the ThBTzTh electron acceptor unit
within the chain is responsible for the long wavelength tran-
sition at 515 nm. The additional 460 nm peak, being similar to
that of isolated and distorted ThBTzTh in solution (Figure 5a)
and progressively weakened as the molar mass decreases (see
Figure 12S, Supporting Information), arises from a chain dis-
tortion that is consistent with a core-copolymer configuration in
which two long arms are twisted with respect to the inner dye.
This peak is not present in the spectra of higher average molar
mass P(TPAF)1-ThBtzTh fractions F1-to-F6 that are fully
constituted by dye-bearing macromolecules as well (Table 4S,
Supporting Information). In the middle range molecular weight
fractions, F8-to-F25 for P(TPAF)1-ThBtzTh and F11-to-F28
for P(TPAF)2-ThBtzTh, the 390 nm/515 nm peak intensity
ratio is increased because the percentage of P(TPAF) chains

Figure 5. (a) Normalized UV−vis absorption (vertically shifted for clarity) and (b) PL spectra of P(TPAF)1-ThBTzTh (top) and P(TPAF)2-
ThBTzTh (bottom) copolymer’s selected fractions. The absorption spectra of ThBtzTh chromophore and end-capped P(TPAF)-ThBTzTh
copolymer in toluene diluted solutions are reported for comparison. PL spectra are obtained by exciting the donor copolymer at 380 nm.
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containing ThBTzTh is progressively reduced (see Tables 4S
and 5S, respectively, Supporting Information). The disappear-
ance of the 460 nm peak and the blue-shift of the 515 nm peak
(see Figures 12S and 13S, Supporting Information) are due to
the planarization of the ThBtzTh rings among themselves or
with respect to a P(TPAF) arm and to a higher probability to
find acceptor dye as end-capping unit of the chain instead as a
inner one. In fact, these results totally agree with MALDI
spectra data, and in particular the relative intensity of peak
series σn and σ′n, because the chromophore unit ThBtzTh
should be mostly present as end-chain in the red core-
macromolecules σ′n and in the skeleton of those belonging to
species σn. Finally, the comparison with the UV−vis absorption
spectrum of the ThBtzTh end-capped copolymer model
P(TPAF)-ThBtzTh, that shows only the 490 nm centered
absorption band beside the main 390 nm peak (Figure 5a and
Figure 13aS, Supporting Information), confirms this statement.
The resonant energy transfer (RET) from directly excited
P(TPAF), the excitation donor, toward the core dye, which
behaves as the acceptor, guaranteed by the almost complete
spectral overlap between the absorption of the ThBtzTh (and
Btz in the green one) dye and the emission of P(TPAF)
copolymer,5,39,40 is a tool to investigate the products com-
position. The intramolecular REF efficiency, as measured in the
diluted solutions, takes place only within the dye-containing
chains and affects the donor/acceptor emission intensity de-
pending on both donor/acceptor concentration ratio and
acceptor position along the P(TPAF) main chain (Figure 13S,
Supporting Information, and unpublished results). PL spectra
of selected diluted toluene solution P(TPAF)1-ThBtzTh and
P(TPAF)2-ThBtzTh fractions, reported in Figure 5b, show
both features of P(TPAF) and ThBtzTh emission. The
dominant 645 nm peak of ThBtzTh progressively decreases
and blue-shifts as copolymer molecular weight decreases, in
agreement with both the diminishing number of copolymer
chains containing the red chromophore and the different
positioning of the ThBtzTh moiety that comes closer to the
chain termination. This shift is more evident in P(TPAF)2-
ThBtzTh than in P(TPAF)1-ThBtzTh (see Figure 13bS,
Supporting Information) accounting for a larger amount of
end-capped macromolecules even at higher average molar mass
in the latter red core-copolymer.
A similar discussion applies to P(TPAF)-Btz copolymers

optical properties (see Figure 14S, Supporting Information).

4. CONCLUSIONS
Red- and green-emitting core-copolymers based on fluorene
residues have been prepared by Suzuki coupling. MALDI−TOF
mass spectra confirm that hydrolytic deboronation, dehaloge-
nation, aryl−aryl scrambling, and boronic ester−ester exchange
side reactions occur during the synthesis of conjugated
aromatic polymers by Suzuki polycondensation. The compo-
sitions of the red and green core-copolymers have been charac-
terized by means of MALDI−TOF MS analysis of their
narrow distributed SEC fractions. An appropriate combination
of SEC−MALDI TOF MS data has allowed to calculate, for the
first time on the base of the literature about the SEC−MALDI
of polymers that we have consulted, the percentage of polymer
chains bearing the chromophore units. This finding is con-
sistent with the changes in the optical properties of red or green
core-copolymers having different average molar masses, which
were synthesized following various Suzuki coupling protocols.
On the base of the spectral shifts of the SEC fraction absorption

and emission bands, we conclude that the chromophore units
are mostly present as end group in the dye−polymer chains
with relative low average molar masses (MM), whereas they
are in the backbone of those having high average MM. This
remarkable result explains also the variation in the optical
properties of the two red type polymers P(TPAF)1-ThBtzTh
and P(TPAF)2-ThBtzTh which have different average MM. By
of f-line SEC−MALDI method were also calculated the absolute
average molar masses of the polyfluorene samples studied,
and the values agree with those calculated using a SEC−
viscosimetry apparatus calibrated with PS standards. In con-
clusion, the of f-line SEC/MALDI−TOF MS coupling analysis
here presented can be a valuable tool to determine the actual
composition of any conjugated copolymer obtained by orga-
nometal catalyzed polycondensation even with MM higher than
20 000.
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ABSTRACT: Polythiophene bearing a 2-phenylnaphthalene
side group at 3-position was synthesized from a 2,5-
dibromothiophene monomer by two polymerization methods,
i.e., Yamamoto dehalogenative polycondensation using Ni(cod)2
and Ni-catalyzed chain-growth polymerization. Polymers pre-
pared by the former method had good solubility for organic
solvents, 6300−8400 g mol−1 of number-average molecular
weights, absorption bands at around 300 and 385 nm due to
π−π* transitions at the phenylnaphthalene moiety and
polythiophene backbone, a main fluorescence emission band at
around 540 nm from the polythiophene backbone in solution
and film state, and presence of enantiotropic liquid crystalline
phases which enabled to construct an arrayed state. On the other hand, the latter polymer showed considerably red-shifted
absorption and emission bands at around 444 and 585 nm in solution and 509 and 720 nm in film state respectively, but had
poor solubility and unresolved mesophases.

■ INTRODUCTION
Conjugated polymers bearing a liquid crystalline side-chain
have been studied for the purpose of adding specific
functionalities of birefringence, self-orientation, and induced
anisotropy to semiconducting polymer backbones.1−3 They are
prospective candidate of elaborate functional materials as well
or better than main-chain type liquid crystalline conjugated
polymers,4,5 because their electrical and optical properties are
expected to be controlled by the molecular orientation of
various liquid crystalline side chains and furthermore macro-
scopic alignment of them can be progressed by an external
perturbation such as shear stress, electric or magnetic field.6−8

Polythiophene derivatives have been drawing much attention
for their wide-spreading potential of applications, such as
organic light emitting diodes,9−11 polymer solar cells,12−15 and
organic field effect transistors.16,17 Therefore, they have also
been investigated as π-conjugated backbone of the side-chain
type polymer liquid crystals. For development of liquid
crystallinity of polythiophenes, selective 2,5-polymerization of
thiophene having mesogenic group at 3-position was crucial18

and several methods have successfully produced characteristic
liquid crystalline polythiophenes, respectively.3,7,19−23 However,

the excellent liquid crystalline polythiophenes, in which a fair
percentage of insulating parts occupied, have faced a dilemma
of sacrificing inherent electrical and optical properties of
polythiophene. Replacement of the insulating side chains by
semiconducting ones might be a solution and development
strategy. Therefore, several conjugated polymers bearing
semiconducting side chains have been synthesized and their
basic properties were surveyed.24

2-Phenylnapthalene derivatives have been received much
attention as a calamitic liquid crystalline photoconductor with
ambipolar and high carrier transport properties.25,26 It is
considered that calamitic thermotropic liquid crystals are
suitable as the side chain of polythiophene that should take a
lamellar structure. In this paper, 2,5-dibromothiophene
monomer having 2-phenylnaphthalene side chain at 3-position
was prepared by two methods. The former is conventional 2,5-
polymerization of 3-substituted polythiophenes using Ni(cod)2
known as Yamamoto method27 under different conditions to
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give two polythiophenes with different degree of polymer-
ization (PTPhN1a and PTPhN1b) whose regioregularity of
head-to-tail is uncontrolled, and the latter is Ni-catalyzed chain-
growth method28,29 to provide a 3-substituted polythiophene
with high regioregularity of head-to-tail conformation,
PTPhN2, as summarized in Scheme 1. Furthermore, basic

properties of these polymers were investigated by comparing
their conformations, molecular weights, absorption−emission
characteristics, and thermotoropic liquid crystalline behaviors.

■ EXPERIMENTAL SECTION
General Data. Average molecular weights of the polymers were

determined by gel permeation chromatography (GPC) calibrated with
polystyrene standards using THF as an eluent. 1H and 13C nuclear
magnetic resonance (NMR) spectra were measured with a JEOL
JNM-ECS 400 at a resonance frequency of 400 MHz for 1H and 100
MHz for 13C in CDCl3 at room temperature. A Bruker AVANCE 600
was also used to measure NMR spectra at a resonance frequency of
600 MHz for 1H and 150 MHz for 13C in chlorobenzene-d5 at room

temperature for PTPhN1b and at 120 °C for PTPhN2. IR spectra
were recorded on a JASCO FT/IR 550 spectrometer. UV−vis
absorption and photoluminescence (PL) spectra were recorded on a
Shimadzu UV-3100PC and a Hitachi F-4500. The thermal properties
of compounds were analyzed by differential scanning calorimetry
(DSC) using SII EXSTAR 6000 at a heating/cooling rate of 10 °C
min−1. The optical textures of mesophases were observed by a Nikon
ECLIPSE E 600 POL and a Nikon ECLIPSE LV 100 polarizing optical
microscope (POM) with a Linkam TH-600PM thermocontroller. X-
ray diffraction (XRD) measurements were performed using a Rigaku
RINT2100 and a PANalytical X’pert diffractometer with Cu−Kα

radiation (λ= 1.5418 Å). Electrochemical measurements of drop-cast
films of the polymers on an electrode were performed by cyclic
voltammetry using a Hokuto Denko HB-305 function generator and a
HAL3001 potentiostat equipped with a Pt disk electrode as the
working electrode, a Pt plate as a counter electrode, and a saturated
calomel electrode (SCE) as a reference electrode. The measurements
were carried out at a scanning rate of 50 mV s−1 in acetonitrile (0.1
mol dm−3 Et4NBF4) under an Ar atmosphere. Ionization potentials (vs
vacuum) of the polymers were estimated from the onset of their first
oxidation peak (Eonset) in the cyclic voltammograms on the basis that
ferrocene/ferrrocenium is 4.8 eV below the vacuum level.30,31

Materials. Following compounds shown in Scheme 2 were
prepared according to methods described in a preceding report24

with a little modification and the experimental details were described
in Supporting Information; 2-(10-bromodecyloxy)tetrahydro-2H-
pyran (1), 3-(10-tetrahydro-2H-pyran-2-yloxydecyl)thiophene (2), 3-
thiophenedecanol (3), 2,5-dibromo-3-thiophenedecanol (4), 4-octyl-
phenylboronic acid (5), 2-Methoxy-6-(4-octylphenyl)naphthalene (6).
Other chemicals used in this study were purchased from Kanto
Chemical Co., Inc., Tokyo Chemical Industry Co., Ltd., Nacalai
Tesque Inc., Sigma-Aldrich Co., LLC., Merck & Co., Inc., or Acros
Organics of Thermo Fisher Scientifics, and used without further
purification unless stated. THF and DMF were purified by distillation
according to common methods.

Synthesis. 2-(4-Octylphenyl)-6-hydroxynaphthalene (7). Into
6 (2.66 g, 7.68 mmol) in dry CH2Cl2 (100 mL) boron
tribromide (15.3 mL, 1.0 mol dm−3 in CH2Cl2) was added
dropwise under N2 atmosphere at 0 °C. After stirring at room
temperature overnight, water was poured into the reaction
solution at 0 °C. The product was extracted with CH2Cl2,

Scheme 1. Polymerization Methods

Scheme 2. Synthetic Routes of the Compounds
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washed with aqueous NaHCO3 and water, and dried over
anhydrous Na2SO4. Recrystallization from toluene gave 7 as a
solid product (2.01 g, 78.8% yield). 1H NMR (400 MHz,
CDCl3, δ ppm): 0.89 (t, 3H), 1.28 (br, 10H), 1.66 (m, 2H),
2.66 (t, 2H), 5.04 (s, 1H), 7.12 (dd, 1H), 7.17 (d, 1H), 7.28 (d,
2H), 7.61 (d, 2H), 7.68−7.75 (m, 2H), 7.80 (d, 1H), 7.96 (s,
1H). 13C NMR (100 MHz, CDCl3, δ ppm): 14.11, 22.67, 29.27,
29.38, 29.50, 31.53, 31.89, 35.63, 109.29, 118.09, 125.36,
126.25, 126.77, 127.02, 128.89, 129.18, 130.09, 133.61, 136.40,
138.42, 141.99, 153.39.
2,5-Dibromo-3-{10-[6-(4-octylphenyl)naphthalene-2-yloxy]-

decyl}thiophene (8). To a solution of 4 (1.06 g, 2.66 mmol), 7 (0.86
g, 2.59 mmol), and triphenylphosphine (0.85 g, 3.24 mmol) in dry
THF (20 mL), diethyl azodicarboxylate (DEAD) (1.5 mL, 40% in
toluene) was added at 0 °C, which was stirred at room temperature for
3 days. The product was purified by column chromatography on silica
gel (CH2Cl2/hexane, 1:1) and recrystallization from acetone, which
gave a colorless solid (1.18 g, 62.1% yield). 1H NMR (400 MHz,
CDCl3, δ ppm): 0.88 (t, 3H), 1.31 (br, 20H), 1.46−1.57 (m, 4H), 1.66
(m, 2H), 1.85 (m, 2H), 2.50 (t, 2H), 2.65 (t, 2H), 4.08 (t, 2H), 6.77
(s, 1H), 7.13−7.17 (m, 2H), 7.27 (d, 2H), 7.61 (d, 2H), 7.69 (dd,
1H), 7.75−7.78 (m, 2H), 7.94 (d, 1H). 13C NMR (100 MHz, CDCl3,
δ ppm): 14.10, 22.67, 26.09, 29.06, 29.24, 29.27, 29.32, 29.37, 29.43,
29.45, 29.50, 29.52, 29.54, 31.53, 31.89, 35.63, 68.05, 106.39, 107.92,
110.29, 119.36, 125.25, 125.93, 127.00, 127.09, 128.87, 129.12, 129.55,
130.95, 133.65, 136.22, 138.51, 141.88, 142.97, 157.14. Anal. Calcd for
C38H48OSBr2: C 64.04, H 6.79, N 0.00. Found: C 63.89, H 6.52, N
0.06.
2-(4-Octylphenyl)-6-decyloxynaphthalene (PhN). 1-Bromodecane

(95.0 μL, 0.46 mmol) and 7 (152 mg, 0.46 mmol) in acetone (4 mL)
were refluxed for 3 days in the presence of K2CO3 (94 mg, 0.68
mmol). The mixture was washed with water/CH2Cl2 and the organic
layer was dried over anhydrous Na2SO4. The product was purified by
column chromatography on silica gel (CH2Cl2/hexane, 1:1) and
recrystallization from hexane, yielding a colorless solid (92 mg, 42.6%
yield). 1H NMR (400 MHz, CDCl3, δ ppm): 0.88 (t, 3H), 1.28 (br,
24H), 1.50 (m, 2H), 1.66 (m, 2H), 1.85 (m, 2H), 2.65 (t, 2H), 4.07 (t,
2H), 7.13−7.18 (m, 2H), 7.27 (d, 2H), 7.61 (d, 2H), 7.69 (dd, 1H),
7.76 (d, 2H), 7.94 (d, 1H). 13C NMR (100 MHz, CDCl3, δ ppm):
14.11, 22.67, 26.10, 29.25, 29.27, 29.33, 29.38, 29.42, 29.50, 29.57,
29.59, 31.54, 31.89, 35.62, 68.05, 106.33, 119.36, 125.25, 125.91,
126.99, 127.09, 128.86, 129.09, 129.54, 133.64, 136.18, 138.50, 141.86,
157.14.
Poly(3-{10-[6-(4-octylphenyl)naphthalene-2-yloxy]decyl}-

thiophene-2,5-diyl) (PTPhN). Method I: Nickel bis(cycloocadiene)
(Ni(cod)2) (235 mg, 0.85 mmol), 2,2′-bipyridine (bpy) (135 mg, 0.86
mmol), and 1,5-cyclooctadiene (cod) (96 μL, 0.78 mmol) in dry DMF
(2 mL) were stirred at room temperature under N2 atmosphere for 30
min. Then the monomer 8 (297 mg, 0.42 mmol) in dry THF (2 mL)
was added into the catalyst solution, which was stirred at 80 °C for 3
days. The reaction mixture was poured into the solution of MeOH
containing aqueous HCl, and the resultant precipitate was successively
purified by reprecipitation from MeOH and acetone, respectively.
PTPhN1a was obtained as a yellow solid (220 mg, 95% yield). 1H
NMR (400 MHz, CDCl3, δ ppm): 0.88 (br, 3H), 1.15−1.87 (m, 28H),
2.47−2.80 (m, 4H), 3.99 (br, 2H), 6.95−7.20 (m, 3H), 7.20−7.29 (br,
2H), 7.48−7.79 (m, 5H), 7.89 (br, 1H). 13C NMR (100 MHz, CDCl3,
δ ppm): 14.11, 22.67, 26.12, 29.28, 29.40, 29.50, 29.59, 30.61, 31.53,
31.89, 35.61, 67.98, 106.26, 119.31, 125.18, 125.84, 126.94, 127.09,
128.82, 129.06, 129.51, 133.63, 136.10, 138.43, 141.80, 157.10.
Similarly, the monomer 8 (205 mg, 0.29 mmol) in dry DMF (3.5

mL) was added into the solution of Ni(cod)2 (252 mg, 0.92 mmol),
2,2′-bipyridine (149 mg, 0.95 mmol), and 1,5-cyclooctadiene (80 μL,
0.58 mmol) in dry DMF (0.7 mL), and the reaction mixture was
stirred at 80 °C for 3 days under N2 atmosphere. The reaction mixture
was precipitated from the MeOH containing aqueous HCl solution,
and reprecipitated from MeOH and acetone, respectively, affording
PTPhN1b as a yellow solid (151 mg, 95% yield). NMR spectra of
PTPhN1b were identical with those of PTPhN1a.

Method II: Into the monomer 8 (252 mg, 0.35 mmol) and LiCl (18
mg, 0.4 mmol) in dry THF (1.5 mL), was added iPrMgCl (2.0 mol
dm−3 in THF, 180 μL) at 0 °C, which was stirred at 0 °C for 1 h. After
addition of dry THF (2.0 mL), the part of the reaction mixture (0.5
mL) was sampled for analysis of metalated intermediates.32 Then [1.3-
bis(diphenylphosphino)propane]dichloronickel(II) (Ni(dppp)Cl2) (4
mg, 0.008 mmol) was added to the reaction mixture, which was stirred
at room temperature overnight. After addition of an aqueous HCl
solution, the reaction mixture was extracted with chloroform for
several times to obtain a polymer-dispersed organic layer, which was
washed with water and dried over CaCl2. The product dissolved in hot
o-dichlorobenzene was reprecipitated from MeOH, acetone, and
chloroform/acetone, affording PTPhN2 as a purple solid (104 mg,
62% yield). 1H NMR (600 MHz, chlorobenzene-d5, δ ppm): 0.87 (t,
3H), 1.33 (br, 20H), 1.47 (m, 4H), 1.66 (br, 2H), 1.77 (br, 2H), 2.54
(m), 2.61 (br, 2H), 2.88 (m), 3.99 (br, 2H), 6.96−7.25 (m, 5H), 7.55
(br, 2H), 7.57−7.68 (m, 3H), 7.87 (br, 1H). 13C NMR (150 MHz,
chlorobenzene-d5, δ ppm): 13.94, 22.81, 26.57, 29.48, 29.68, 29.75,
29.87, 29.96, 30.65, 30.82, 31.44, 32.13, 35.93, 68.81, 108.07, 119.59,
125.57, 125.80, 126.12, 126.24, 127.35, 127.48, 128.00, 128.41, 128.50,
128.58, 128.69, 128.77, 128.83, 128.96, 129.10, 129.21, 129.27, 129.43,
129.54, 129.62, 129.83, 130.05, 134.42, 135.50, 134.85, 136.859,
139.19, 141.99, 157.96.

Estimation of Regioregularity and Degree of Polymerization by
1H NMR. Regioregularity (rr) of the 3-substituted polythiophenes
(content of head-to-tail linkages in the polymer chains) was estimated
from integration values of α-methylene proton signals of a head-to-tail
linkage at about 2.8 ppm (Iht) and a head-to-head linkage at about 2.58
ppm (Ihh) using an equation, rr = Iht/(Iht + Ihh), by

1H NMR analysis.33

Practically, in the cases of PTPHN1a and PTPHN1b measured in
CDCl3 with the JEOL JNM-ECS 400, Ihh was roughly determined by
subtracting overlapping integration of α-methylene protons (2H) at
2.61 ppm of the (4-octylphenyl)naphthalene moiety from total
integration of signals in the region of 2.47−2.65 ppm. In the cases
of 1H NMR analysis of PTPHN1b and PTPHN2 in chrorobenzene-d5
measured with the Bruker AVANCE 600, rr was more properly
calculated using eq 1 with I′ht (2.95−2.77 ppm), I′hh (2.77−2.65 ppm),
and an integration value of α-methylene protons of polymer terminals
(I′term) (2.58−2.40 ppm).34,35 Similarly, number-average degree of
polymerizations (dp) of PTPHN1b and PTPHN2 were estimated
using eq 2 with these integration values.

= ′ ′ + ′ + ′I I I Irr /( )ht ht hh term (1)

= ′ + ′ + ′ ′I I I Idp ( )/ht hh term term (2)

■ RESULTS AND DISCUSSION

Synthesis. Synthetic routes for the monomer 8, model
liquid crystal (PhN), and polymers (PTPhN) are summarized
in Scheme 2. 2,5-Dibromothiophene derivative 4 was
synthesized from 3-bromothiophene and the THP protected
10-bromodecanol 1 by Kumada−Tamao−Corriu cross cou-
pling,36 followed by dibromination with NBS. On the other
hand, phenylnaphthalene derivative 7 was prepared from 2-
bromo-6-methoxynaphthalene and 5 by Suzuki−Miyaura cross
coupling37 and successive ether cleavage reaction. The
monomer 8 was synthesized from the thiophene moiety 4
and phenylnaphthalene moiety 7 by Mitsunobu reaction.38 The
model liquid crystal, 2-phenylnaphthalene derivative PhN, was
also synthesized by Williamson reaction of 1-bromodecane and
7 for the purpose of comparison with the polymers. PTPhN1a
and PTPhN1b were obtained by polymerization of the
monomer 8 by Yamamoto method27 (method I) in DMF-
THF and in DMF, respectively. PTPhN2 was obtained from
the same monomer 8 by Ni-catalyzed chain-growth polymer-
ization method28,29 (method II).
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General Properties. The polymerization results and
average molecular weights and rr of PTPhN1 and PTPhN2
are summarized in Table 1. PTPhN1a and PTPhN1b exhibited

good solubility for organic solvents such as chloroform and
THF at room temperature, while PTPhN2 was insoluble in
such solvents, but soluble in hot chlorobenzene or hot o-
dichlorobenzene. The GPC analysis showed that the number-
average molecular weight (Mn) and polydispersity (Mw/Mn)
were 6300 g mol−1 and 1.24 for PTPhN1a and 8400 g mol−1

and 1.62 for PTPhN1b, respectively. GPC analysis of PTPhN2
was not carried out because of the insolubility for the THF
eluent. Head-to-tail content (rr) of PTPhN1 could be roughly
estimated to be about 30% from 1H NMR spectra at 400 MHz
in CDCl3 in the region of 2.2−3.2 ppm for α-methylene
protons of 3-substituted polythiophene. In order to compare rr
between PTPHN1 and PTPHN2, it was precisely examined by
600 MHz 1H NMR in chlorobenzene-d5 at room temperature
for PTPhN1b and at 120 °C for PTPhN2 (Figure 1). A sharp
and strong peak at about 2.61 ppm is assigned to α-methylene
protons of the 4-octylphenylnaphthalene moiety (B), and the
other signals are due to α-methylene protons of the 3-
substituent moiety of various thiophene units (A). Signals
observed between 2.95 and 2.76 ppm (A1), 2.76−2.65 ppm
(A2), and 2.58−2.40 ppm (A3) are assigned to regioregular
units, regioirregular ones and chain-end ones, respectively.33−35

From these integration areas, rr of PTPhN1b and PTPhN2
could be estimated from eq 1 (see Experimental Section) to be
29.9% and 76.3% . On the basis of this NMR analysis, number-
average degree of polymerization (dp) and Mn of PTPhN1b
and PTPhN2 can be estimated using eq 2 with these
integration values (see Experimantal Section). Interestingly,
Mn values of two polymers estimated by NMR are in the range
of 4000−5000 g mol−1 and are not so much different.
Considerable difference between Mn for PTPhN1b obtained
by respective two methods is due to overestimation of Mn
usually observed in rigid poly(3-alkylthiophene)s by GPC.39

Consequently, the characteristic poor solubility of PTPhN2
compared to PTPhN1 was suggested to be caused by the
higher rr, probably which caused strong intermolecular
interaction between the main chains and side chains. Other
than the NMR investigation, the good rr for PTPhN2 is also
supported by the fact that an intermediate, 3-substituted 2-
bromo-5-chloromagnesiothiophene, produced 4 times larger
than a 5-bromo-2-chloromagnesio derivative in the initial
stage.32 which was confirmed by 1H NMR analysis of the
sampling according to the procedure described in the
Experimental Section. The poor solubility of PTPhN2 brought
about precipitation of polymeric products in an early stage of
polymerization, which rather lowered dp than expected from
the molar ratio of the monomer/Ni catalyst about 44 and at the
same time lowered rr.

Photoabsorption and Fluorescence Properties. UV−
vis absorption spectra of the polymers in solution and in thin
solid film state are shown in Figure 2 and Figure 3, and their

optical data of absorption and PL are summarized in Table 2.
Absorption spectra of PTPhN1a and PTPhN1b were basically
same in solution and in film state, and showed two
characteristic absorption bands due to π−π* transition of the
phenylnaphthalene moiety in the ultraviolet region around 300
nm and polythiophene backbones in the visible light region
around 385 nm. The assignment is considered reasonable in
comparison with spectrum of PhN shown in Figure 2. The

Table 1. Polymerization Results and Average Molecular
Weights and Regioregularity of the Polymers

polymer yield/% Mn/g mol−1 (Mw/Mn) dpa rr/%b

PTPhN1a 95 6300 (1.24)c 11.4c (30)
PTPhN1b 95 8400 (1.62),c 4650d 15.2,c 8.4d 29.9 (30)
PTPhN2 62 4090d 7.4d 76.3

aNumber-average degree of polymerization. bRegioregularity deter-
mined by 600 MHz (and 400 MHz) 1H NMR. cDetermined by GPC.
dDetermined by 1H NMR.

Figure 1. 1H NMR (600 MHz) spectra of PTPhN1b (a) at room
temperature and PTPhN2 (b) at 120 °C in chlorobenzene-d5 in the
range 2.2−3.2 ppm.

Figure 2. Normalized UV−vis spectra of chloroform solutions of
PTPhN1a (black solid line), PTPhN1b (black dashed line), PhN
(black dotted line), and an o-dichlorobenzene solution of PTPhN2
(red solid line).
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latter band observed in the region rather blue-shifted than usual
3-substituted polythiophenes and little difference between
absorption λmax in solution and film state suggest that π-
conjugation of the polythiophene backbones is significantly
restricted by the large side chains and their rr. A little
bathochromic and hyperchromic shift of the latter band
observed for PTPhN1b by comparison with PTPhN1a is due
to longer π-conjugation of the higher molecular weight
polymer. These results suggest that polymerization performed
successfully. In contrast, the latter band of PTPhN2 was
considerably bathochromic shifted compared to PTPhN1
especially in the film states. The absorption λmax of PTPhN2
in CHCl3 (444 nm) suggests that the π−π* transition energy is
lower than those of regioirregular poly(3-alkylthiophene)s (λmax
= 428 nm)33 and a regioregular octamer of 3-octylthiophene
(λmax = 422 nm)40 and higher than that of regioregular poly(3-
hexylthiophene (λmax = 456 nm),33 Considering this, the optical
characteristic of PTPhN2 is basically corresponding to the
estimated rr (76.3%) and dp (7.4). Optical bandgaps (Eg)
between energy levels of highest occupied molecular orbital
(EHOMO) and the lowest unoccupied molecular orbital (ELUMO)
of PTPhN1 and PTPhN2 estimated from absorption edge in
the film state were 2.25 and 1.86 eV, respectively. EHOMO of
PTPhN1a and PTPhN1b were estimated at about −5.50 eV
from onset oxidation potential of their cyclic voltammograms,
and consequently, ELUMO were calculated being about −3.25 eV
from the values of Eg and EHOMO. In the same way, EHOMO and
ELUMO of PTPhN2 were estimated to be −5.34 and −3.46 eV.
These results indicate that PTPhN2 has not only the narrower
Eg but also larger electron accepting ability and lower ionization
ability than PTPhN1.
When PTPhN1 are excited with light energies at 256, 296,

and 387 nm, they showed a characteristic emission band around
540 nm in chloroform (Figure 4) and 550 nm in the film state.
The PL band is due to emission from the polythiophene
backbone and not from the phenylnaphthalene moiety, which

can be confirmed by comparing with PL spectra of poly(3-
hexylthiophene) polymerized under the same conditions (λmax

= 550 nm in chloroform) and PhN (λmax = 369 nm in
chloroform). This result suggests that Förster resonance energy
transfer41 efficiently occurs from the phenylnaphthalene side
group to the polythiophene backbone in the solution and film
states taking into consideration that the PL band of the
phenylnaphthalene side group overlaps with the absorption
band of the polythiophene main chain. On the other hand,
PTPhN2 showed an emission peak from polythiophene
backbones at 585 nm in solution and 720 nm in film state,
which are almost same with those of regioregular poly(3-
hexylthiophene).33

Liquid Crystalline Behavior. Thermal behavior of PTPhN
and PhN was investigated by temperature-controlled POM and
DSC, and the DSC thermograms are shown in Figure 5 and
phase transition temperatures and changes of enthalpy (ΔH) of
the polymers and PhN are summarized in Table 3. The DSC
analysis showed that the phase transitions for PTPhN1a and
PTPhN1b were enantiotropic. The POM analysis revealed that
all mesophases of PTPhN1 showed fan-shaped textures typical
of smectic phases (Sm), and sizes of domains were respectively
large about several tens of μm regardless of their different
average size of molecular weights (Figure 6a,b). PTPhN1a
made a fan-shaped texture at around 115 °C under heating
process, and it was changed into a broken one at about 122 °C.
Further heating to 149 °C led to disappearance of the
birefringence, which corresponds to transition into isotropic
liquid phase (Iso). On the other hand, PTPhN1b showed one
distinct smectic liquid crystalline phase, and the phase
transition temperatures of glass phase (G)-Sm and Sm-Iso
were higher than those of PTPhN1a. These results suggest that
the higher molecular weight heightens phase transition
temperatures of PTPhN1, while the higher polydispersity

Figure 3. UV−vis spectra of a pristine film (black solid line) and an
annealed film heat treated at 140 °C (black dashed line) of PTPhN1b
and pristine film of PTPhN2 (red solid line, y axis is Abs. (arbitrary
unit)) on a quartz glass plate.

Table 2. Optical Properties and Energy Levels of the Polymers

UV−vis λmax/nm PL λmax/nm

polymer solution filmc solution filmc Eg/eV
d EHOMO/eV

e ELUMO/eV
f

PTPhN1a 385a 386 534a 550 2.25 −5.51 −3.26
PTPhN1b 387a 387 541a 559 2.25 −5.50 −3.26
PTPhN2 444b 509 585b 720 1.86 −5.34 −3.46

aIn chloroform. bIn o-dichlorobenzene. cDrop-cast films on a quartz plate. dCalculated from absorption edge of the films. eEstimated from onset of
the oxidation peak from cyclic voltammerty. fCalculated from HOMO level and the optical bandgap.

Figure 4. Normalized PL spectra of chloroform solutions of
PTPhN1b excited at 256 nm (black solid line), 296 nm (red solid
line), 387 nm (blue solid line), PhN excited at 296 nm (black dotted
line), and o-dichlorobenzene solution of PTPhN2 excited at 444 nm
(black dashed line).
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makes phase transitions indistinct. Meanwhile, PTPhN2 did
not show any distinct mesophases both in DSC and POM
analyses, and the observed POM texture was a polygonal
(Figure 6c). This is ascribed to the strengthened interactions
between main chains as well as side mesogenic groups caused
by the high rr.
The phase transition behaviors of PTPhN1 thought to be

dominantly affected by liquid crystalline properties of the
phenylnaphthalene side chain. As listed in Table 3, PhN
showed three enantiotropic smectic phases (SmE, SmB, SmA)
between crystal phase (K) and Iso, whose behavior is similar to
those of series of phenylnaphthalene liquid crystals reported
previously.42 The ΔH of phase transition from Sm to Iso was
within 17−20 J g−1 for PTPhN1 and 21 J g−1 for PhN, which
approximately equated to 10 kJ mol−1. Although PTPhN1a and
PTPhN1b had different phase transition temperatures and
different number of distinct mesophases, their total ΔH
between G and Iso are almost equal to 37 J g−1 in the heating
process and −34 J g−1 in the cooling one. These results suggest
that similar change of molecular arrangement occurs at the side
chain moieties in PTPhN1 between the states of G and Iso.

A typical molecular arrangement of PTPhN1 was predicted
from X-ray diffraction (XRD) observations of a pristine drop-
cast film and an annealed sample of PTPhN1b on a Si
substrate. The annealed sample was prepared by heat-treating
at 175 °C (Iso) of the pristine film, cooling down and annealing
at 140 °C (Sm) for several minutes, and rapidly cooling down
to room temperature in a G state. As shown in Figure 7, the
polymer film samples showed two characteristic XRD signal
patterns, and the annealing sharpened and intensified both
signals with enhancement of molecular arrangements. The
former is a series of sharp peaks at 2θ = 2.5° (c ≈ 35 Å), 4.8 and
7.4 due to a layered distance of the phenylnaphthalene side
chains, which is assigned to Miller indices, (001)−(003). The
layer spacing of ca. 35 Å is almost corresponding to a length of
the side chain moiety in the most extended conformation. As a
result, the layered distance should be equivalent to interchain
distance of the polythiophene backbones. The latter is distinct
peaks at 2θ = 19.3° and 20.7° on broad multiple signals around

Figure 5. DSC thermograms of PTPhN1a (a), PTPhN1b (b),
PTPhN2 (c), and PhN (d) in the second sweeps with a scan rate of 10
°C min−1.

Table 3. Phase Transition Temperatures and Changes of
Enthalpy of Compoundsa,b

phase transition temperature/°C (ΔH /J g−1)c

compound heating process cooling process

PTPhN1a G 115 (6.7) SmE 122 (10.4)
SmA 149 (19.9) Iso

Iso 146 (−19.4) SmA
118 (−8.2) SmE
111 (−5.9) G

PTPhN1b G 143 (19.9) Sm 157 (16.7)
Iso

Iso 151 (−17.4) Sm
132 (−16.3) G

PTPhN2 G 124d Sm 192d Iso Iso 171d Sm 115d G
PhN K 76 (16.1) SmE 83 (7.9)

SmB 106 (9.8) SmA
127 (21.4) Iso

Iso 123 (−21.5) SmA
103 (−8.4) SmB 79 (−10.1)

SmE 69 (−15.6) K
aAbbreviations: K, crystal; G, glass state; SmA, B, E, defined smectic
phases as A, B, E; Sm, unresolved smectic phases; Iso, isotropic liquid.
bLiquid crystalline phases were determined by DSC, POM, and XRD.
cDetermined from second DSC traces at a scan rate of 10 °C min−1.
dApproximate transition temperatures of undefined mesophases.

Figure 6. Polarized optical micrographs of PTPhN1a at 128 °C in the
heating process (a), PTPhN1b at room temperature after isotropic
phase transition, annealing at 140 °C, and successive rapid cooling (b),
and PTPhN2 at room temperature after isotropic phase transition,
annealing at 150 °C, and rapid cooling (c).
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15−30°, which is sum of the signals due to distances of
phenylnaphthalene moieties taking SmE domains involving
reflections such as (200), (020), (110), (220) with lattice
constants of a = 9.2 Å and b = 8.6 Å. Therefore, a layered π-
stacked distance between polythiophene sheets should come to
be 4.3 Å. PTPhN1a and PTPhN2 in G state basically showed
same XRD signal pattern of the pristine film of PTPhN1b. In
addition, heat treatment of PTPhN1a at 125 °C changed the
pattern to typical of SmA showing a layer distance (36 Å) read
from a sharp peak at 2θ = 4.8° and an intermolecular distance
(4.6 Å) between the mesogenic side chains read from a broad
signal at 2θ = 19.3°, while the pattern was almost invariant
against thermal annealing for PTPhN2.
Furthermore, comparison of the UV−vis absorption spectra

of the pristine and annealed films of PTPhN1b (Figure 3)
showed that the annealed film had a stronger absorbance at
around 400 nm due to the polythiophene backbone and weaker
absorbances at around 250 and 300 nm due to the
phenylnaphthalene moiety relative to those of the pristine
film. These results also support the molecular orientation of
PTPhN1 illustrated in Figure 7, because the perpendicular
oriented phenylnaphthalene moiety on a substrate hard to
absorb perpendicular incident radiation and, in contrast, the
parallel oriented polythiopehene backbones with torsion angles
in some degree are favorable for the light absorption.

■ CONCLUSIONS

2-Phenylnaphthalene liquid crystals that are ambipolar carrier
transporting semiconductor were introduced into 3-position of
thiophene as the side chain functionality. The synthesized
thiophene monomer was polymerized by Yamamoto method
using Ni(cod)2,

27 and also polymerized by chain-growth
method using Ni(dppp)Cl2.

28,29 PTPhN1a and PTPhN1b
prepared by the former method under the different conditions
were well soluble in organic solvents, and the observed general
characteristics of Mn (6000−9000 g mol−1), absorption λmax
(ca. 385 nm), and PL emission λmax (530−560 nm) were
ordinary for 3-substituted polythiophenes obtained by this
method. PL spectral analysis of PTPhN1 in solution and solid
states suggested that energy transfer from the phenyl-
naphthalene side-chain to the polythiophene backbone
effectively occurred by the Förster mechanism. PTPhN1
showed smectic mesophases between G and Iso in the
enantiotropic phase transitions. From the total ΔH of phase
transitions, changes of molecular arrangements of PTPhN1
along the phase transitions were revealed to be intrinsically
same, while their transition temperatures were different. The
molecular arrangement of PTPhN1b in the liquid crystalline

phase was examined by XRD and UV−vis spectroscopies with a
cooled sample in glassy state. The patterns of XRD signals and
the anisotropy of UV−vis absorbance suggested that the
phenylnaphthalene side chains vertically oriented against to the
polythiophene backbones to construct a polymer array. The
observed distance of smectic layer (c ≈ 35 Å) of the side chains
is thought to correspond to the distance between the
polythiophene backbones. In addition, a lamellar structure
made by sheets of the rigid polymer backbones and
interdigitated flexible side chains are suggested to take a SmE
arrangement. Consequently, the arrayed PTPhN1 in the
smectic states are expected to be reflected by the semi-
conducting characteristics of phenylnaphthalene liquid crys-
tals,25,26,42 because the mesophases observed for PTPhN are
basically caused by aggregation of the phenylnaphthalene side
chains. On the other hand, PTPhN2 prepared by the latter
method is expected to have good photoabsorption and
semiconducting characteristics due to the fairly high regior-
egularity of polythiophene backbones. However, this attempt
brought about production of the extremely low soluble polymer
and its phase transition behaviors were obscure as observed in
DSC and POM in spite of having Mn comparable to PTPhN1,
which is a dilemma should be overcome by considering
intermolecular interactions between polymer main chains as
well as side groups.
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ABSTRACT: New alternating copolymers derived from thieno-
[3,4-c]pyrrole-4,6-dione (TPD) and 2,7-carbazole moieties have
been synthesized by Suzuki cross-coupling reaction and
characterized. These polymers combine interesting properties
such as good solubility and excellent thermal and air stability. The
present studies indicate that the combination of TPD and 2,7-
carbazole building blocks can be a very effective way to lower the
HOMO energy level and ultimately to enhance the Voc of
polymer solar cells. The Voc reported here (up to 1.07 V) is one
of the highest observed for polymer:[60]PCBM bulk hetero-
junction devices, and preliminary results on the photovoltaic
devices (power conversion efficiencies up to 1.8%) indicate that performance could probably be improved by increasing the
molecular weights and by fine-tuning the electronic properties and the morphology.

■ INTRODUCTION
Polymer bulk heterojunction (BHJ) solar cells offer a
compelling option for tomorrow’s photovoltaics due to many
interesting features such as low cost, light weight, and
flexibility.1−3 BHJ solar cells based on the blends of regioregular
poly(3-hexylthiophene)s (P3HT) and [6,6]-phenyl C61-
butyric acid methyl ester ([60]PCBM) have been investigated
extensively in the past decade, and power conversion
efficiencies (PCE)s as high as 4−5% have been reported.4−6

However, the PCE is critically limited by the relatively low
open-circuit voltage (Voc ≈ 0.5−0.6 V). Usually, the Voc

originates from the energy difference between the highest
occupied molecular orbital (HOMO) of the polymer and the
lowest unoccupied molecular orbital (LUMO) of the fullerene
derivative.7 Therefore, polymers with a deep HOMO level will
potentially lead to an enhanced Voc and a possibly higher PCE
when blended with PCBM. Along these lines, some push−pull
copolymers based on 2,7-carbazole derivatives have demon-
strated promising potential as photovoltaic materials.8−11

Among them, poly(N-9′-heptadecanyl-2,7-carbazole-alt-5,5-
(4′,7′-dithienyl-2′,1′,3′-benzothiadiazole) (PCDTBT) has a
low-lying HOMO energy level of −5.5 eV, showing a Voc of
0.9 V when mixed with [70]PCBM. Tao et al. have achieved a
PCE of 7.1% using PCDTBT:[70]PCBM on an area of 1.0
cm2.12 Also, Heeger et al. reported a PCE of 7.2% based on

PCDTBT and using [70]PCBM as electron acceptor, TiOX as
an optical spacer, and a structured antireflection coating.13

Because the HOMO level of alternating push−pull
copolymers is mainly determined by the donor moiety, the
relatively low-lying HOMO energy level of PCDTBT seems to
be related to the presence of the weak electron-donating
carbazole unit. Indeed, when this moiety is copolymerized with
different electron-withdrawing units as benzothiadiazole
BT,8,9,12,13 1,4-diketopyrrolopyrrole (DPP),10,14 or pyridine
derivatives,9 the HOMO energy levels of the resulting
copolymers remain most of the time between −5.3 and −5.5
eV. For all these reasons, the 2,7-carbazole unit can be an
excellent candidate to generate a high Voc in bulk hetero-
junction polymer solar cells.
In parallel, thieno[3,4-c]pyrrole-4,6-dione (TPD)-based

polymers were first introduced by Tour and Zhang,15 and
recently, Leclerc et al. have reported for the first time the use of
these copolymers in solar cells.16 For instance, the electron-
withdrawing TPD moiety copolymerized with an electron-
donating benzo[1,2-b;3,4-b]dithiophene (BDT) unit presented
a HOMO energy level (−5.56 eV) which led to a Voc of 0.85 V
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in the resulting photovoltaic devices.17 By using the same
polymer, Frećhet et al.18 reported a power conversion efficiency
up to 6.8% with the addition of 1,8-diiodooctane (DIO) during
the processing of the film. Tao et al.19 achieved a PCE of 7.3%
(Voc of 0.88 V) with a new copolymer made of dithienosilole
and TPD units (PDTSTPD). By using a dithienogermole
comonomer (DTG-TPD), Reynolds et al.20 reported a
comparable performance (PCE of 7.3% with a Voc of 0.85 V).
Finally, Wei et al.21 have fabricated a BHJ solar cell device
incorporating a bithiophene comonomer (PBTTPD) which
also exhibited a PCE of 7.3% (Voc of 0.92 V). In short, most
bulk heterojunction solar cells based on thieno[3,4-c]pyrrole-
4,6-dione derivatives exhibit also relatively high open-circuit
voltage.22 In other words, the electron-withdrawing TPD unit
contributes to slightly decrease the HOMO energy level of the
resulting push−pull copolymers while keeping the LUMO
energy levels around −3.8 eV.
In this work, we therefore present new alternating

copolymers based on thieno[3,4-c]pyrrole-4,6-dione (TPD)
and 2,7-carbazole moieties, namely PCDTTPD, PCDTTPD-ic,
and PCDTTPD-C6C8 (see Scheme 1). It is believed that by
combining both comonomers promising conjugated copoly-
mers for photovoltaic applications could emerge.

■ RESULTS AND DISCUSSION

First, a TPD unit (monomer 6, see Supporting Information)
was directly copolymerized with a 2,7-carbazole unit (monomer
14, see Scheme 1) without any spacer (PCTPD, see Supporting
Information), but a low number-average molecular weight, M̅n,
of 3 kg/mol (polymerization degree (PD) ∼ 5) was obtained
with a polydispersity index (PDI) of 1.5. As previously
observed, Suzuki coupling does not seem to be a useful tool

with TPD units.23 However, TPD units are highly suitable
moieties for direct arylation reactions,24,25 and the same
polymer was then prepared by direct arylation polycondensa-
tion reaction (see Supporting Information). This reaction gave
a PCTPD with a M̅n of 34 kg/mol and PDI of 1.3. The
resulting copolymer has electrochemical (Eg

el) and optical
(Eg

opt) bandgaps of 2.36 eV. The HOMO and LUMO energy
levels are localized at −5.88 and −3.52 eV, respectively.
However, this large band gap copolymer is clearly not
promising for photovoltaic applications, and it was not further
investigated in this study. In fact, the optimal band gap,
considering the solar emission spectrum, should range between
1.3 and 1.9 eV.17

To decrease the band gap, unsubstituted and substituted
thiophene spacers were added. As shown in Scheme 1, different
comonomers were polymerized through Suzuki cross-coupling
polymerization to afford PCDTTPD, PCDTTPD-ic, and
PCDTTPD-C6C8. Further details about the synthesis of
monomers ([1] to [13]) and related polymers are described
in the Supporting Information. An end-capping reaction was
performed by using bromobenzene and phenylboronic acid to
increase the stability of the polymer.26 PCDTTPD,
PCDTTPD-ic, and PCDTTPD-C6C8 have a M̅n of 13, 18,
and 6 kg/mol, respectively (see Table 1). Thermogravimetric

Scheme 1. Synthesis of Polymers

Table 1. Polymerization and Thermal Data of Polymers

polymers
M̅n

(kg/mol)
M̅w

(kg/mol) PDI
Tg
(°C)

Td
(°C)

PCDTTPD 13 24 1.8 450
PCDTTPD-ic 18 24 1.3 80 425
PCDTTPD-C6C8 6 10 1.7 390

Macromolecules Article

dx.doi.org/10.1021/ma202540j | Macromolecules 2012, 45, 1833−18381834



analyses (TGA) (Figure 1S) show that these polymers possess
a good stability up to 450 °C under nitrogen. DSC
measurements did not indicate any glass transition temperature
(Tg) for PCDTTPD and PCDTTPD-C6C8 but revealed a Tg

around 80 °C for PCDTTPD-ic. All polymers are soluble in
common solvents such as chloroform, THF, chlorobenzene
(CB), 1,2-dichlorobenzene (ODCB), and 1,2,4-trichloroben-
zene (TCB).
The optical properties were investigated by UV−vis−NIR

absorption spectroscopy (see Figure 1 and Table 2). The UV−
vis−NIR absorption spectra show broad absorption bands in
solution and in the solid state around 480−487 nm for
PCDTTPD and PCDTTPD-C6C8, while those of PCDTTPD-

ic are observed around 458 nm. These results seem to indicate
that the substituted thiophene spacers seem to affect the optical
properties of those copolymers. Indeed, this blue shift could be
explained by a slightly twisted conformation due to the
presence of alkyl chains.27 The optical bandgap determined
from the polymers film absorption onset are around 2.0 eV for
the polymers having unsubstituted thiophene spacers and 2.2
eV for PCDTTPD-ic.
The HOMO and LUMO energy levels of polymers were

determined by cyclic voltammetry (CV). These data are
summarized in Figure 2 and Table 2. Based on the recorded
oxidation potentials for PCDTTPD, PCDTTPD-ic, and
PCDTTPD-C6C8 (HOMO energy levels at −5.71, −5.47,

Figure 1. UV−vis absorption spectra of PCDTTPD, PCDTTPD-ic, and PCDTTPD-C6C8 in CHCl3 solution (a) and in the solid state (b).

Table 2. Optical and Electrochemical Properties of the Polymers

UV−vis absorption spectra cyclic voltammetry (vs Ag/Ag+)

solution film p-dopinga n-dopinga

polymers λmax (nm) λmax (nm) λonset (nm) Eg
opt (eV) Eon

ox (V) HOMOb (eV) Eon
red (V) LUMOb (eV) Eg

el (eV)

PCDTTPD 487 484 604 2.05 1.01 −5.71 −0.96 −3.74 1.97
PCDTTPD-ic 454 458 560 2.21 0.77 −5.47 −1.31 −3.39 2.02
PCDTTPD-C6C8 480 487 602 2.06 0.80 −5.50 −1.20 −3.50 1.93

ap-doping and n-doping represent the electrochemical oxidation and reduction, respectively. The term electrochemical p-doping and n-doping is
generally understood as a process that involves both oxidation and reduction of the conducting polymer backbone and the concomitant changes in
the electronic structure. bHOMO = −e(Eonox + 4.7) (eV) and LUMO = −e(Eonred + 4.7) (eV).

Figure 2. Energy levels diagram of the polymers and [60]PCBM.
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and −5.50 eV, respectively), the polymers should be stable in
ambient air conditions.28 The HOMO and LUMO energy
levels of the polymers were estimated from the onset oxidation
and reduction potentials, assuming a SCE level to be at −4.7 eV
below the vacuum level.29 It should be noted that the structural
difference between the PCDTTPD and PCDTTPD-C6C8 is
almost negligible, but a HOMO energy level difference of 0.2
eV is observed between both polymers. This observation could
be explained by the presence of the chain in the TPD unit.
Indeed, compared to a linear chain, a branched side chain
increases the electron density in the polymer, so in this case the
oxidation may be easier. However, it is important also to
mention that the electrochemistry is a dynamic method and
different parameters need to be taking into account as the
thickness of the film, the porosity of the polymer, etc.
On the basis of these electrochemical data and taking into

account a LUMO energy level at −4.3 eV for [60]PCBM and
using the semiempirical estimation of the eq 1,7 the theoretical
open-circuit voltages (Voc) calculated for PCDTTPD,
PCDTTPD-ic, and PCDTTPD-C6C8 should be around 1.10,
0.87, and 0.90 V, respectively (Figure 2)

= | | − | | −V
e

E E
1

[ ] 0.3oc HOMO
donor

LUMO
PCBM

(1)

where e is the elementary charge and the value of 0.3 V is an
empirical factor.30 Indeed, Vanderwal et al. have observed that
there is a correlation between the Voc and the energetic
difference between the HOMO of the donor (polymer) and the
LUMO of the acceptor (PCBM).31 As the authors highlighted,
an increase of the LUMO level of the fullerene or the utilization
of donor polymers with optimized energetic levels represent the
most efficient pathways for increasing the Voc of a polymer−
PCBM solar cells. Also, the reduction of nonradiative pathways
and the increase of the carrier lifetime should result to a
decrease of the dark saturation current (J0) and, therefore, to an
increase of the Voc value. By using the eq 2,31 J0 was estimated
around to (3.0−4.0) × 10−17 A/m2 for all polymers (see Table
3)

= +
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟V

k T
e

J

J
ln 1oc

B sc

0 (2)

where kB is the Boltzmann constant and T is the temperature.
Because of the interesting electronic and optical of the

copolymers (preferred energy levels and proper absorption
spectra), BHJ solar cells were fabricated with a configuration of
glass/ITO/PEDOT:PSS/polymer:[60]PCBM/Al. After spin-
coat ing a layer of 50 nm of poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) onto a
precleaned indium−tin oxide (ITO)-coated glass substrate,
polymer/[60]PCBM blends (1:1 (PCDTTPD) or 1:2
(PCDTTPD-ic and PCDTTPD-C6C8), w/w) solution in
ODCB were deposed by spin-coating and dried under vacuum
at room temperature for 15 h. The devices were completed by
evaporating Al metal as the electrode. The solar cells active area
is 25 mm2. The detailed conditions of the device fabrication

and characterization are fully described in the Supporting
Information. The photovoltaic performance presented in Figure
3 was realized under AM 1.5G illumination of 100 mW cm−2.

The polymer PCDTTPD was able to reach a current density of
4.72 mA cm−2, a moderate fill factor of 0.36, and a very high
open-circuit voltage (Voc) of 1.07 V. It is worth noting that this
open-circuit voltage agrees with its anticipated value. As a
result, a power conversion efficiency (PCE) of 1.82% has been
achieved in these first measurements. In the case of
PCDTTPD-ic and PCDTTPD-C6C8, very low PCEs were
achieved. However, for fair comparisons, it could be important
to vary the device configurations (such as annealing, solvents,
additives, electrodes, acceptors, etc.) for each polymer. Such
optimizations should be carried out in the near future.
Photovoltaic properties such as PCE, open-circuit voltage

(Voc), short-circuit current density (Jsc), fill factor (FF), and the
dark saturation current (J0) are listed in Table 3. These
performances can be partially explained by the morphology
observed using atomic force microscopy (AFM) (see Figure 4).
In fact, AFM images of PCDTTPD:[60]PCBM show some
percolation pathways compared to those obtained with
PCDTTPD-ic:[60]PCBM and PCDTTPD-C6C8:[60]PCBM
blends, where the presence of holes (more or less wide and
deep, see Figure 3S) into the bulk heterojunction could easily
disturb or limit the transport of the charges to the electrodes.
The presence of different chains on the polymers probably
implies a steric hindrance in solid state in the case of
PCDTTPD-ic and PCDTTPD-C6C8 which involve a change
of the conformation and the morphology. In this regard, the

Table 3. Photovoltaic Data for ITO/PEDOT:PSS/Polymer:[60]PCBM/Al Devices

polymers thickness (nm) Jsc (mA cm−2) Voc (V) FF PCE (%) J0 (A/m
2)

PCDTTPD 53 −4.72 1.07 0.36 1.82 3.5 × 10−17

PCDTTPD-ic 82 −0.56 1.01 0.25 0.14 4.8 × 10−17

PCDTTPD-C6C8 91 −0.35 1.00 0.39 0.13 4.4 × 10−17

Figure 3. J−V curves of the polymer solar cells based on PCDTTPD
in the dark and under the illumination of AM 1.5 G, 100 mW cm−2.
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interaction with [60]PCBM is completely different for these
polymers compared to PCDTTPD.

■ CONCLUSION

New poly(2,7-carbazole-alt-TPD) derivatives (PCDTTPD,
PCDTTPD-ic, and PCDTTPD-C6C8) were designed and
synthesized. These polymers combine interesting properties
such as good solubility and excellent thermal and air stability.
Preliminary results with photovoltaic devices based on
PCDTTPD:[60]PCBM show a power conversion efficiency
close to 2.0% with a high Voc of 1.07 V. The present studies
indicate that the combination of TPD and 2,7-carbazole
building blocks can be a very effective way to lower the
HOMO energy level and ultimately to enhance the Voc of
polymer solar cells. The Voc reported here is one of the highest
observed for a polymer:[60]PCBM bulk heterojunction
devices.32−36 We also firmly believe that by optimizing
nanoscale morphology of these PCDTTPD-based devices
through different polymer/[60 or 70]PCBM ratios, processing
additives, or annealing, higher PCE values should be obtained.
Higher molecular weights through direct arylation polycon-
densation reactions could also be an asset.
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ABSTRACT: Online monitoring of a miniemulsion polymerization of styrene by hyperpolarized 129Xe NMR spectroscopy is
presented. The chemical shift of 129Xe directly reports on the monomer/polymer ratio in the reaction mixture and therefore on
the conversion of the reaction. The method allows for monitoring the progress of a polymerization with high time resolution and
without sample extraction. The results obtained by 129Xe NMR spectroscopy were successfully validated by comparison with
results of calorimetry. Further characterization of the polymer dispersions with regard to the solids content and the particle
diameters proved the comparability of both methods. Small deviations in the kinetic data and the properties of the polymer
suspension from both methods are explained by the loss of monomer during the 129Xe NMR experiments due to the used setup.
In the future, 129Xe NMR might also be applied for online monitoring of other chemicals reactions, e.g., allowing for determining
the kinetics of thermoneutral reactions.

■ INTRODUCTION
Many chemical and physical properties of polymers depend on
the numerous parameters of the polymerization process.
Adjusting the polymer properties can thus be achieved by
tailoring the polymerization process.1 Online monitoring
methods offer an efficient control of the reaction, which leads
to products with constant quality at minimal costs.2 The most
valuable ones work without the need of sample extraction.
Common techniques to monitor industrial polymerization
reactions are reaction calorimetry, optical spectroscopy
methods like IR or Raman spectroscopy, and process gas
chromatography.3,4 The widely used calorimetric measurements
are suitable for immediate reaction control, but only for exo- or
endothermic reactions.
NMR spectroscopy is another useful tool for online

monitoring of polymerization reactions, providing valuable
information about the composition of the reaction mixture.5−7

It has been shown that online NMR spectroscopy for
monitoring polymerizations can provide an acceptable time
resolution using 1H NMR and 13C NMR.2,8 However, the
intrinsic low sensitivity of NMR measurements and the need of
time-consuming signal averaging often lead to problems in

achieving this, which is especially true for 13C at natural
abundance limiting the achievable time resolution to a few
minutes. Isotopic enrichment of 13C would help to overcome
this problem but is much too costly. Moreover, 1H NMR
mostly requires the use of expensive deuterated solvents
hampering its application for industrial processes.
Several so-called hyperpolarization methods can overcome

the lack of sensitivity of NMR spectroscopy, allowing for an
excellent time resolution in dynamic measurements. They
create a large nonequilibrium population of the Zeeman energy
levels of the used nucleus thus achieving signal enhancements
of several orders of magnitude compared to the thermal
case.9−11 Different hyperpolarization methods like dynamic
nuclear polarization (DNP),12 para-hydrogen induced polar-
ization (PHIP),13,14 or the hyperpolarization of noble gases by
spin-exchange optical pumping (SEOP)15,16 have been
developed until now. In this work, hyperpolarization of the
noble gas 129Xe via spin-exchange optical pumping was applied
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using an apparatus described elsewhere.17 During the process of
SEOP, angular momentum is transferred from the photons of
circular polarized laser light to the electron spins of valence
electrons of rubidium and subsequently to the nuclear spins of
xenon gas.15,16 The hyperpolarization process takes place
outside the NMR spectrometer, before the gas is brought
into contact with the sample.
The signal enhancement in NMR spectroscopy due to the

hyperpolarization of 129Xe offers the possibility of fast
measurements and the online monitoring of dynamic
processes.18−20 Furthermore, one can take advantage of two
other properties of the 129Xe nucleus: First, the large
polarizability of the xenon electron cloud by its physical and
chemical environment leads to a large chemical shift range of
129Xe NMR. This sensitivity allows for reporting of sample
properties by the chemical shift of the Xe atom without the
need of covalent bonding between the Xe atom and the sample
molecules. Many examples of gaseous 129Xe NMR exploiting
this effect can be found in the material science of porous
media.21−23 Another useful property of Xe is its solubility in
liquid phases, both organic and aqueous, which allows for the
use of 129Xe in liquid reaction mixtures.
The polymerization techniques of emulsion and miniemul-

sion polymerization reactions are widely used in industry and
science because of their good reaction heat dissipation, the
constant, low viscosity of the reaction mixture, and high
achievable conversion rates. The droplets of a miniemulsion
serve as a kind of nanoreactor for the reaction which equals to a
bulk polymerization inside the droplets. In addition to the
preparation of “simple” polymeric nanoparticles by radical
polymerization, miniemulsion polymerization allows using a
broad range of monomers, conducting polyreactions as e.g.
polycondensation, or polyaddition reactions,24−26 which are not
accessible with conventional emulsion polymerization. It
further offers the possibility to encapsulate a variety of
materials to generate functional nanoparticles.27,28 The
presence of the aqueous phase in emulsion and miniemulsion
polymerization reactions can pose severe difficulties for 1H
NMR measurements due to the very prominent water signal
which can superimpose other signals stemming from the
reaction educts or products. By using 129Xe NMR, the presence
of a large proton background signal does not interfere with the
measurements.
In this contribution, the real-time monitoring of a free radical

polymerization of styrene in a miniemulsion is demonstrated,
using a continuous flow of hyperpolarized 129Xe through the
reaction mixture. A short description of the monitoring of a
batch polymerization of methyl methacrylate at 35 G was given
by Gloeggler et al.29 However, to our knowledge, the current
paper gives the first full length report demonstrating that
hyperpolarized 129Xe can be used for online monitoring of a
polymerization reaction. By combining all properties of
hyperpolarized 129Xe as described above, it is used here as an
NMR probe in a polymerization reaction of an industrially
important monomer in the complex environment of a
miniemulsion. The absence of xenon from common chemical
substances leads to the absence of any undesired background
signal rendering the interpretation of the sparse Xe spectra very
convenient. In this work, only two distinct peaks of xenon
inside the reaction mixture are recorded. The resulting simple
NMR spectra can be analyzed in a very straightforward manner
by the determination of the chemical shift of the 129Xe peaks
giving access to the conversion of the polymerization.

Therefore, the kinetics of two polymerization reactions were
recorded by hyperpolarized 129Xe NMR spectroscopy using two
oil-soluble azo-initiators with different decomposition temper-
atures. In order to prove the validity of the method, the
progress of the polymerization reaction observed by 129Xe
NMR was compared to results obtained by calorimetry.
Calorimetric measurements on similar emulsion and mini-
emulsion systems can also be found in the literature.30−33 To
allow for better comparison and to exclude any time-dependent
changes of the miniemulsion, small samples of the same batch
of miniemulsion were measured simultaneously by 129Xe NMR
spectroscopy and calorimetry. Thereafter, the conversion of the
different samples and reactions were determined by measuring
the solids content. To check for differences between the
polymer colloids obtained from the individual reactions
monitored by NMR and calorimetry, the mean particle
diameters were measured by photon cross-correlation spec-
troscopy (PCCS) and scanning electron micrographs.

■ MATERIALS AND METHODS
For the miniemulsions, styrene, sodium dodecyl sulfate (SDS),
hexadecane (all purchased from Sigma-Aldrich, Germany), the
initiators 2,2′-azobis(2-methylbutyronitrile) (V59, 10 h half-life
decomposition temperature 340 K), and 2,2′-azobis(4-methoxy-2,4-
dimethylvaleronitrile) (V70, 10 h half-life decomposition temperature
303 K, both initiators purchased from Wako, Japan) were used. The
miniemulsions were prepared by mixing 24 g of ultrapure H2O (Milli-
Q-grade), 6 g of distilled styrene (57.6 mmol), 60 mg of SDS as
surfactant (0.21 mmol), 250 mg of hexadecane as hydrophobic agent
(1.1 mmol), and either 100 mg of V59 (0.52 mmol) or 100 mg of V70
(0.32 mmol) as initiator and the treatment with ultrasound (1/2 in.
tip, 90% amplitude, Branson Sonifier 450D) for 2 min, applied in 10 s
pulses with 10 s break. During and after the emulsification, the
miniemulsions were ice-cooled to reduce any possible polymerization
prior to the measurements.

For the hyperpolarization of 129Xe, xenon (purity 4.7, natural
abundance, Westfalen AG, Germany), nitrogen (purity 5.0, Westfalen
AG, Germany), helium (purity 4.6, Westfalen AG, Germany), and
rubidium (purity 99.8%, Alfa Aesar GmbH & Co KG) were used. The
Xe was polarized in a polarizer built by the Research Center Jülich in a
gas mixture consisting of 1% Xe, 8% N2, and 91% He. The polarizer
was used in a continuous mode during the whole reaction time with a
gas flow of around 70 mL/min at a pressure of 7 bar. The gas mixture
containing the polarized 129Xe was directly used for the NMR
measurements without pressure reduction or replenishment of the
diluted Xe gas.

For dissolving the hyperpolarized 129Xe in the reaction mixture,
hollow-fiber membranes (hydrophobic surface, made from poly-
propylene, pore sizes ∼30 nm, Membrana GmbH, Germany) were
used.34−36 The experimental setup for the 129Xe NMR measurements
is sketched in Figure 1. The membranes allow for the molecular
dissolution of Xe gas into the bulk of the sample without the loss of
hyperpolarization. The use of the membrane avoids the formation of
gas bubbles or foam and thus minimizes susceptibility artifacts. After
an equilibration concentration of Xe in the sample is reached, Xe gas
also diffuses back through the membrane, thus providing a continuous
exchange of hyperpolarized and due to NMR pulses and T1 relaxation
depolarized 129Xe atoms in the sample. The membranes were glued
into homemade tube caps made from poly(ether ether ketone)
(PEEK) providing in- and outlets for the gas mixture as well as a tight
seal applicable for pressures of up to 8 bar and temperatures of up to at
least 350 K. In order to minimize any diffusional losses of organic
monomer across the hydrophobic membrane into the gas flow,
remotely controlled nonmagnetic pneumatic valves were used near the
sample tube inside the NMR magnet to create a bypass around the
sample tube in between subsequent measurements.
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All NMR experiments were carried out in a 7 T NMR magnet
equipped with a Tecmag console. Pressure-resistant NMR tubes (o.d.
10 mm, i.d. 5 mm) were used for all experiments.
For the time-resolved polymerization monitoring, 1.5 mL of the

miniemulsion was put into the sample tube together with the
membranes (see Figure 1). After an initial pressurizing step, the gas
flow containing hyperpolarized 129Xe was fed through the membranes
into the still cool sample tube for 2 min, allowing for the initial
dissolution of Xe gas into the sample. Subsequently, the sample tube
was inserted into the NMR magnet heated to 343 K. The insertion of
the sample tube was considered as the time t = 0 for the
polymerization reaction. Starting after 1 min of reaction, 129Xe NMR
spectra were recorded. For each spectrum of the time-resolved
measurements, four scans with a repetition delay of 10 s were recorded
to allow for a sufficient signal-to-noise ratio. For the first 10 min of
reaction time, spectra were recorded every minute, for the next 30 min
every 3 min, then until the first hour of reaction time every 5 min, and
finally for the second hour of reaction time every 10 min.
All 129Xe NMR spectra were analyzed by using Matlab for fitting the

129Xe NMR spectra and determining the chemical shifts as the center
of gravity of the adsorbed or dissolved Xe peaks. The peak of the free
Xe gas was used as a reference and set to 0 ppm. In the case of two
distinct peaks for the dissolved 129Xe (beginning of the reaction), both
peaks have been fitted and the mean center of gravity of both peaks
was calculated and used for the further evaluation.
For the mole-fraction-dependent experiments, polystyrene (mole

weight 100 000 g mol−1, polymer standard, PSS, Germany) and
styrene (Sigma-Aldrich, Germany) were used. Nine mixtures of
styrene and polystyrene were made with styrene mole fractions
ranging from 0.95 to 0.3. Thermal 129Xe NMR spectra of pure styrene,
pure polystyrene, and the nine different monomer−polymer mixtures
were recorded by averaging the thermal Xe NMR signal for several
hundred scans after evacuating the sample tube and pressurizing it
with up to 3 bar of Xe gas.
The calorimetric measurements were carried out on a μRC-micro

reaction heat calorimeter (Thermal Hazard Technology, UK) at 343
K. The sample volume was 1 mL. The solids content was determined
by evaporation of the liquid phase from the dispersion at 323 K under
a pressure of 50 mbar and weighing the solid residue. Particle sizes
were measured by photon cross-correlation spectroscopy (PCCS)
using a Nanophox PCCS (Sympatec GmbH, Germany). For the

measurement, 35 μL of the dispersion was diluted with 1.5 mL of
Milli-Q water. Scanning electron micrographs were recorded on a
Gemini 1530 microscope (Carl Zeiss AG, Germany). From the
electron micrographs, mean particle diameters were determined from
150 polymer particles for each polymerization. Size exclusion
chromatography (SEC) was performed at 303 K with a Waters
Alliance 2000 autosampler and a Waters 510 HPLC pump using PSS-
SDV columns with pore sizes of 500, 1 × 104, and 1 × 105 Å,
respectively. The signals were detected on an Erma UV detector (λ =
254 nm) and a SOMA RI detector. The eluent and the solvent for the
samples was THF, the elugrams were calibrated against PS standards.

■ RESULTS AND DISCUSSION
Figure 2 shows representative NMR spectra of 129Xe atoms
dissolved in the miniemulsion after the cold sample was

introduced in the spectrometer and heated to the temperature
of the polymerization. Three distinct peaks can be observed
corresponding to Xe in different physical and chemical
environments. The peak of free Xe gas inside the hollow-fiber
membranes has the lowest chemical shift and can be used as an
internal reference (0 ppm). The Xe atoms dissolved in the
different phases (aqueous and organic) of the miniemulsion
give rise to the peaks at 186 and 192 ppm, respectively.
In the case of a relatively slow exchange of the xenon atoms

between the continuous aqueous phase and the discontinuous
organic phase, as it is the case for room temperature and below,
two distinct peaks can be observed in the NMR spectra (lower
spectra in Figure 2). Heating the sample to 343 K (temperature
of the polymerization) results in higher exchange rates and the
two distinct peaks start to merge until only one exchange peak

Figure 1. Sketch of the NMR sample tube containing the
miniemulsion and the hollow fiber membranes inside the NMR coil.
The hydrophobic membrane allows for the passage of hyperpolarized
129Xe in and out the reaction mixture. The inlet and outlet of the
membrane are connected to the gas flow of the polarizer.

Figure 2. NMR spectra of hyperpolarized 129Xe dissolved in the
miniemulsion. According to the number of phases, up to three Xe
peaks are observable. The right peak in the spectra corresponds to the
free Xe gas located in the hollow fiber membranes, whereas the middle
and the left peak correspond to Xe dissolved in the aqueous (blue
background) and organic (yellow) environment, respectively. The cold
sample (278 K) was heated during the first minutes in the NMR
spectrometer to 343 K giving rise to a faster exchange of the Xe atoms
between the organic and aqueous phase and the appearance of an
exchange peak (green).
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is visible (upper spectra in Figure 2; this process is also visible
in the spectra of the first 15 min in Figure 4, see below).
In order to easily monitor polymerization reactions by 129Xe

NMR spectroscopy, a (preferably linear) dependence of the
chemical shift of the dissolved 129Xe on the conversion of the
polymerization should exist. In miniemulsion polymerizations,
however, four contributions to the chemical shift of dissolved
Xe must be considered:
First, there are the interactions between 129Xe atoms and

H2O molecules of the continuous phase whose contribution to
the total chemical shift can be considered constant during the
reaction because the amount of water in the system does not
change substantially. Second, interactions exist between the
dissolved 129Xe atoms themselves, but the contribution is very
small due to the very low Xe density in these experiments (only
1% of Xe in the gas mixture) and can be neglected.
Furthermore, there are two chemical shift contributions in
the organic phase of the miniemulsion stemming from the
interactions between the 129Xe atoms and the monomer and
polymer molecules. The first contribution is decreasing during
the reaction as the amount of the monomer molecules is
depleting; the latter contribution is growing during the reaction
as the polymerization degree increases.
By taking into account all the described contributions, the

behavior of the chemical shift can be calculated by the
equation37−39
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δdissolved Xe is the resulting chemical shift of 129Xe dissolved in the
miniemulsion. The constants σ0

Xe‑mono, σ0
Xe‑poly, σ0

Xe‑H2O, and
σ1
Xe‑Xe are the shielding contributions due to interactions of Xe

with the monomer, the polymer, the water of the aqueous
phase, and itself, respectively. The terms [mono], [poly],
[H2O], and [Xe] depict the amount of monomer, polymer,
water, and xenon in the miniemulsion, and T is the
temperature.
By omitting the Xe−Xe interactions as described above and

assuming the Xe−H2O interactions and the temperature
constant, the equation simplifies to

δ = −σ − σ
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With [poly] = 1 − [mono], the equation can be further
simplified, giving the following linear dependence on the mole
fraction of the monomer [mono]:

δ = σ − σ
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In order to check for the linear dependence of the chemical
shift on the monomer concentration, the chemical shifts of
129Xe in pure styrene and pure polystyrene (Mw = 100 000 g
mol−1) as well as in nine mixtures of styrene and polystyrene
with increasing monomer to polymer ratios were determined.
In Figure 3, the chemical shift of dissolved 129Xe is plotted
versus the mole fraction of the polymer and the mole fraction

of the monomer in the mixture. A linear dependence of the
chemical shift on the sample composition is clearly observed.
The values were fit linearly, yielding the following relationship
between chemical shift and the mole fraction of the monomer
[mono]:

δ = − · +27.6 ppm [mono] 224.8 ppmXe,mix (4)

In this contribution, the studied polymerization reactions
took place in a miniemulsion, a heterophase system, which is
not only consisting of the mixture of styrene and polystyrene
but also of water. Thus, the fit values based on eq 4 cannot be
used to directly determine the conversion of the reaction
mixture in the following dynamic experiments because of the
contribution of the aqueous phase to the chemicals shift in
miniemulsions. However, it will be demonstrated in the
following that the underlying dependence of the chemical
shift shown above is just as well applicable to the monitoring of
complex systems like miniemulsion polymerization reactions.
A series of 129Xe NMR spectra recorded during the

miniemulsion polymerization of styrene are presented in Figure
4. The plot shows a zoomed region containing the peaks of the
hyperpolarized 129Xe dissolved in the reaction mixture in the
range of 186−205 ppm. For the sake of visibility, not all
recorded spectra from the start to the end of the reaction are
depicted. During the course of the polymerization, a clear shift
of the 129Xe peaks to higher chemical shift values is observed.
Thus, the progress of the reaction is directly observable from
the evolution of the 129Xe NMR signal. In the beginning, a
temperature effect is visible as the xenon peaks move to smaller
chemical shift values (compare first and second spectra in
Figure 4). This shift is attributed to the heating of the sample
from 278 to 343 K. In the first spectra the heating effect
counters and partially compensates the effect of the starting
polymerization reaction, which simultaneously causes an
increase in chemical shift. The resulting “equilibration time”
due to heating is in fact comparable with the time which is
needed for the heating of the sample in the calorimeter used in
these studies (see below).
Figure 4 shows also the already mentioned merging of the

two 129Xe peaks stemming from the aqueous and the organic
phase of the miniemulsion to only one exchange peak due to
changes in the exchange rate in the course of the experiment

Figure 3. Plot of the chemical shift of 129Xe versus the mole fraction of
a monomer/polymer mixture. The points are the chemical shift values
of pure polystyrene (Mw = 100 000 g mol−1), nine mixtures of styrene
and polystyrene with decreasing polymer ratio, and pure styrene. A
linear fit of the data points is shown as a solid line.
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(compare spectra before and after 10 min in Figure 2). The
exchange rate increases as the temperature inside the sample
increases. However, substantial broadening and distortion of
the dissolved 129Xe peak occurs between 30 and 60 min
reaction time. The line broadening can be attributed to an
increase of viscosity inside the monomer/polymer droplets
which leads to a decreased mobility of the Xe atoms and the
polymer chains. The decreased mobility cause a rise of dipolar
interactions between Xe atoms and protons resulting in a net
dipolar broadening of the 129Xe NMR lines.40,41

In this study, time-resolved spectra for two different
polymerization reactions for a reaction time of 120 min were
obtained by using two different azo-initiators, namely V59 and
V70 (full names and 10 h half-life decomposition temperatures
are denoted in the Materials and Methods section). At the
reaction temperature of 343 K, polymerization reactions started
by the two initiators follow the expected miniemulsion
mechanism described by Bechthold et al.30 (see Supporting
Information). However, the two initiators used here decompose
at very different rates at 343 K. The very fast decomposition of
V70 compared to V59 leads to a shorter nucleation phase and a
faster on/off mechanism for the polymerization reaction
initiated by V70, resulting in a higher reaction rate at the
beginning of the polymerization. The faster on/off mechanism
leads to shorter polymer chains compared to the reaction
initiated by V59 (for SEC results, see Supporting Information).
The different molecular weights of the polymer suspensions

allow us to the check for a dependence of the chemical shift of
129Xe on the molecular weight of the polymers. A more detailed
mechanistic insight into the two reactions from calorimetric
data and the molecular weight distributions can be found in the
Supporting Information.
For both polymerization reactions, the chemical shift of the

dissolved 129Xe was determined for each spectrum of the time
series and plotted in Figure 5. The open and filled circles in

Figure 5 show the development of the chemical shift of the
dissolved 129Xe for the reaction initiated by V70 and V59,
respectively. As expected due to the shorter nucleation phase,
the chemical shift of the dissolved Xe in the reaction with the
initiator V70 shows a faster increase than the one obtained in
the reaction employing the initiator V59. For longer reaction
times, the chemicals shift values of both reactions become the
same due to the complete conversion of both polymerizations.
Accordingly, the difference in the molecular weights of the
products of the two polymerizations does not influence the
chemical shift of 129Xe in our experiments.
For comparison, Figure 5 also shows the two extremes for

the chemical shift of the dissolved 129Xe in theses polymer-
izations (triangles). The lower limit at 185.5 ppm represents
129Xe dissolved in a miniemulsion at a temperature of 343 K
containing only monomer, no polymer. It has been determined
using a miniemulsion consisting of all reaction components
except the initiator. Because of the lack of the initiator, no
reaction could take place in the sample. The curve of the
chemical shift of the reaction mixture nearly reaches the lower
boundary (counteraction between thermal effect and shift due
to the ongoing reaction).
The upper limit at 207.0 ppm is given by the chemical shift

of dissolved Xe in a completely polymerized miniemulsion at a
temperature of 343 K. It was measured by using a colloidal
polymer suspension of the same particle size as in the
miniemulsions. During the monitored polymerization reactions,
the chemical shift values do not reach this boundary but stay
∼3 ppm lower. This chemical shift difference can be attributed
to the manufacturing of the colloid particles. The particles have
been subjected to a dialysis process which removes any residual
monomer, surfactant and charged, soluble oligomers from the

Figure 4. Time series of 129Xe NMR spectra recorded during a
miniemulsion polymerization reaction at 343 K (initiated with V70).
The plot shows the chemical shift range of the dissolved Xe. The
insertion of the sample tube into the heated magnet was used as the
starting time t = 0 min. The spectra depict a strong dependence of the
Xe chemical shift on the progress of the polymerization.

Figure 5. Plot of the chemical shift of 129Xe versus reaction time with
V70 as initiator (open circles), resulting in a faster increase in the
chemical shift, and V59 as initiator (filled circles), resulting in a slower
increase. The triangles correspond to the Xe chemical shift in a fully
polymerized colloid of the same particle size (207.0 ppm) and a
miniemulsion containing only monomer droplets (185.5 ppm) at 343
K. The lines are for guiding the eyes.
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system. Thus, the colloid particles obtained in this manner
differ from the in situ particles in the reaction mixture, giving
rise to the observed difference in chemical shift.
To check the validity of the 129Xe NMR monitoring method

presented here, calorimetric measurements of the polymer-
ization reactions were also carried out for polymerization
reactions with the two initiators. In order to allow for a good
comparison between the results obtained from calorimetry and
129Xe NMR spectroscopy, two samples from the same
miniemulsion batch were simultaneously measured by the
two methods for each polymerization reaction. Thus, any
change of the miniemulsion or any polymerization reaction
prior to the start of the experiment can be ruled out for the
interpretation of the differences between 129Xe NMR and
calorimetry.
The effect measured by a calorimeter is the heat flow in

dependence of time which directly correlates with the reaction
kinetics of the observed reaction. Thus, reaction heat
calorimetry is a differential method. The chemical shift data
measured by the NMR experiments depend on the polymer-
ization degree or reaction conversion. Therefore, NMR reaction
monitoring is an integral method. To compare the data from
the two methods, the calorimetric data were numerically
integrated.
Figure 6 shows the integrated calorimetric data (red line)

and the corresponding 129Xe NMR data (black circles) for both

polymerization reactions. For the calorimetric data, the point of
zero conversion was chosen as the time from which the reaction
heat becomes exothermic (the first point of the positive slope,
at t = 500 s). Comparably, the lowest chemical shift values
derived from the 129Xe NMR data for each of the two
experimental series are assumed to be the points of zero
conversion (at t = 420 s for both 129Xe NMR experiments).
After a reaction time of 7200 s, full conversion can be expected
for both miniemulsion polymerization reactions (see calori-
metric data in Supporting Information). Therefore, the
calorimetric data have been scaled to conversion = 100%
after 7200 s. Accordingly, the highest chemical shift values
derived from the 129Xe NMR data have been scaled to 100%
conversion in order to reflect the anticipated full conversion.
Both methods show a good qualitative agreement, demonstrat-
ing the validity of our approach. For the polymerization
reaction initiated by V70 we even observe an excellent
agreement for conversion rates up to 65%. However, small
differences occur for high conversion rates for both polymer-
izations and the reactions seem to be slightly faster when
observed by 129Xe NMR. In order to reveal the differences of
both observation methods, a thorough characterization of the
polymerization products was performed.
To this end, the solids content of the four miniemulsions as

well as the mean diameter of the particles were determined (see
Table 1). For both 129Xe NMR experiments, the solids content
is lower and the particle diameters are smaller than for the
corresponding calorimeter experiments. As there was no visible
coagulum of the miniemulsion particles, this would suggest a
lower conversion in the polymerizations measured by 129Xe
NMR, thereby contradicting the previously mentioned
observation of a faster reaction observed by 129Xe NMR. In
order to reconcile the observed differences, we consider a mass
loss of the monomer occurring during the 129Xe NMR
experiments. This mass loss is attributed to a diffusion of the
hydrophobic monomer across the hydrophobic membrane into
the dry gas flow and was tried to be minimized by a bypass of
the gas flow between subsequent measurements. However, the
loss of monomer could not be totally avoided due to the
necessary Xe supply during the measurements. Such a loss of
monomer during the polymerization reactions leads to both a
higher polymer−monomer ratio after shorter reaction times
(higher chemical shift in 129Xe NMR) as well to smaller particle
diameters.
Despite the mass loss, the accordance between the

polymerizations observed by calorimetry and 129Xe NMR is
quite good. Because of the large concentration of monomer in
the droplets at the start of the polymerization, the significance
of the monomer loss is small for short reaction times. For
longer reactions times, the significance of monomer loss
increases which can lead to the larger difference in the observed
conversions measured by calorimetry and 129Xe NMR (see
reaction initiated by V59 in Figure 6a). However, the mass loss
of the hydrophobic monomer can be suppressed in future
experiments by optimization of the experimental setup, for
example, by the use of another type of hollow fiber membrane.
Besides the described experimental imperfections in this work,
the accuracy of the 129Xe NMR method is limited only by the
signal-to-noise ratio (SNR) which influences the accuracy of
the determination of the chemical shift of 129Xe and the
achievable time resolution. A higher SNRand thus a better
accuracy of the presented methodcould be achieved by using

Figure 6. Comparison between the (integrated) calorimetry data (red
dotted line) and the 129Xe NMR data (solid line with filled circles
showing the measured chemical shift) for the polymerization initiated
by V59 (a) and V70 (b). The left y-axis shows the conversion, and the
right y-axis shows the corresponding 129Xe chemical shift values.
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a polarizer setup giving a higher 129Xe polarization rate10 or by
using isotopically enriched Xe gas.
The solids content in the calorimeter experiments is only

0.4% and 1.2% lower than the theoretical value for a complete
reaction which highlights the very high conversion achievable
by miniemulsion polymerizations.24,31 According to the
calorimetric data (see Supporting Information), the conversion
reached 100% for the calorimeter experiments after a reaction
time of 7200 s, which corresponds well with the very small
deviation from the theoretical solids content.
To obtain an insight into the particle size distributions for

the two methods, SEM images of the particles from each
polymerization reaction were acquired. Normally, the droplet
size and the size distribution in a miniemulsion polymerization
of a given amount of monomer are determined by the amount
of surfactant in the reaction mixture and fixed in the
emulsification step. Because of the hydrophobic nature of the
membrane surfaces present during the 129Xe NMR experiments,
possible changes in particle size distribution were considered
due adsorption and desorption processes of the droplets to and
from the membrane surface. Figure 7 shows two SEM images

for the fast polymerization from the reaction inside the NMR
spectrometer and in the calorimeter. No major differences in
the particle size distribution can be found for all experiments.
Besides the mentioned loss of monomer in the 129Xe NMR
experiments, the products and the course of the polymerization
reactions in both methods seem to be very well comparable.

■ CONCLUSION

In this work, the chemical shift dependence of 129Xe on the
conversion of polymerization reactions has been demonstrated.
Using this dependence and the large NMR signal of
hyperpolarized 129Xe, the online monitoring of a chemical
reaction by 129Xe NMR was successfully accomplished. Kinetic
data for free-radical polymerization reactions of an industrially
important monomer with two different reaction rates were
obtained with good time resolution. In order to approve the
validity of our method, the results of the 129Xe NMR
measurements were compared to calorimetric measurements.
Both methods showed a good qualitative agreement except for
minor differences at higher conversion rates that could be

explained by a monomer loss during the 129Xe NMR
experiments which can most likely be circumvented by
optimization of the experimental setup. The comparability of
both methods was proven by a thorough characterization of the
polymer products. Hyperpolarized 129Xe NMR can thus
provide an excellent method to investigate polymerizations
exhibiting very complicated 1H and 13C NMR spectra due to
the simplicity of the 129Xe NMR spectra and the simple
relationship of the 129Xe chemical shift on the composition of
the reaction mixture. Furthermore, the application of hyper-
polarized 129Xe NMR spectroscopy for the online monitoring
of copolymerization reactions could allow to follow the
conversion of each monomer independently which cannot be
done by calorimetry. However, this would be only possible in
favorable cases where the two monomers exhibit very different
chemical shift values of the dissolved 129Xe and extensive
calibration measurements for the chemical shift of 129Xe
dissolved in mixtures of the used comonomers would be
necessary. 129Xe NMR might also be well applicable for the
online monitoring of other chemical reactions apart from
polymerizations. It might, for example, allow for time-resolved
measurements of thermoneutral reactions which cannot be
assessed by calorimetry. The presented method would very
probably be applicable to larger reactors by implementing a
pump-around loop which could bring a sample volume inside a
(high-field) NMR magnet. In this case already existing “flow-
through membrane modules” could be used for dissolution of
the hyperpolarized 129Xe prior to the NMR measurement.36

Given the indepence of the signal amplitude of hyperpolarized
samples from the magnetic field strength, the use of a low-field
NMR spectrometer for routine reactor monitoring seems
feasible under the condition of sufficiently large chemical shift
dispersion.
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Table 1. Characterization of the Polymer Dispersions after Polymerization

particle diameter [nm]

solids content [wt %] by PCCS from micrographs

calorimetry 129Xe NMR theory calorimetry 129Xe NMR calorimetry 129Xe NMR

V70 20.4 16.3 20.8 94.4 ± 12.0 87.7 ± 12.0 71.6 ± 13.4 66.6 ± 14.6
V59 19.6 16.5 20.8 105.6 ± 12.0 93.9 ± 12.0 88.8 ± 11.0 76.9 ± 11.0

Figure 7. Scanning electron micrographs of the polymer suspensions
after the polymerization. Left side: V70 129Xe NMR; right side: V70
calorimetry.
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(35) Cleveland, Z. I.; Möller, H. E.; Hedlund, L. W.; Driehuys, B. J.
Phys. Chem. B 2009, 113 (37), 12489−12499.
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ABSTRACT: Two donor− (D−) acceptor (A) type polymers based on a soluble chromophore of phenothiazine (PT) unit that
is a tricyclic nitrogen−sulfur heterocycle, have been synthesized by introducing an electron-deficient benzothiadiazole (BT)
building block copolymerized with either PT or phenothiazine-S,S-dioxide (PT-SS) unit as an oxidized form of PT. The resulting
polymers, PPTDTBT and PPTDTBT-SS are fully characterized by UV−vis absorption, electrochemical cyclic voltammetry, X-
ray diffraction (XRD), and DFT theoretical calculations. We find that the maximum absorption of PPTDTBT is not only
markedly red-shifted with respect to that of PPTDTBT-SS but also its band gap as well as molecular energy levels are readily
tuned by the insertion of S,S-dioxides into the polymer. The main interest is focused on the electronic applications of the two
polymers in organic field-effect transistors (OFETs) as well as conventional and inverted polymeric solar cells (PSCs).
PPTDTBT is a typical p-type polymer semiconductor for OFETs and conventional PSCs based on this polymer and PC71BM
show a power conversion efficiency (PCE) of 1.69%. In case of PPTDTBT-SS, the devices characteristics result in: (i) 1 order of
magnitude higher hole mobility (μ = 6.9 × 10−4 cm2 V−1 s−1) than that obtained with PPTDTBT and (ii) improved performance
of the inverted PSCs (1.22%), compared to its conventional devices. Such positive features can be accounted for in terms of
closer packing molecular characteristics owing either to the effects of dipolar intermolecular interactions orientated from the
sulfonyl groups or the relatively high coplanarity of PPTDTBT-SS backbone.

■ INTRODUCTION
The dramatic growing need for renewable energy supply is
increasing the demand for new technologies for photovoltaic
energy conversion. Polymeric solar cells (PSCs) have attracted
much attention due to their potentials for low cost, lightweight,
and good compatibility with the roll-to-roll process for making
flexible large area devices.1−5 So far, the most efficient polymer
solar cell system is built on the concept of bulk-heterojunction
(BHJ) structure, which uses a blend of an electron-donor
polymer and an electron-acceptor fullerene.3 Recently, power
conversion efficiencies (PCEs) of 6−8% have been realized by
using new conjugated polymer donors6−10 or novel fullerene-
derived acceptors.11−13

Aside from achieving higher PCEs, improving the stability of
PSCs is equally important. In general, conventional PSCs are
comprised of a BHJ active layer sandwiched between an acidic
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)- (PE-
DOT:PSS-) coated indium tin oxide (ITO) anode and a low
work-function metal cathode (e.g., Al and Ca). In such a device
structure, not only does the cathodes easily oxidize in air but
also the acidic PEDOT:PSS-ITO can suffer interfacial
degradation over the operating lifetime.14 As alternative to
the regular device configuration, PSCs with an inverted device
structure have been developed, which enables the use of stable
and printable high work-function metals (e.g., Ag and Au) as
hole collecting top electrodes and n-type low work-function

metal oxides (e.g., TiOx and ZnO) as electron collecting
bottom electrodes.15,16 Thus, with advances made on the
aforementioned efficiency front, the lifetime and reliability of
PSCs are also envisaged by utilizing the inverted PSC
configuration through the replacement of the low work-
function metal cathode and the elimination of PEDOT:PSS
layer.
Recently, several classes of narrow bandgap donor− (D−)

acceptor (A) type polymers have been developed to better
harvest the solar spectrum with deeper HOMO energies that
can be helpful in realizing high open circuit voltage (VOC) and
PCEs, as the VOC value of PSCs is directly proportional to the
offset between the HOMO level of electron donor and the
LUMO level of electron acceptor.5,17−19 Among them,
poly(2,7-carbazole-alt-dithienylbenzothiadiazole) (PCDTBT)
showed particularly interesting achievement of a PCE in excess
of 6% from a BHJ cell with VOC value approaching 0.9 V as well
as remarkable stability at higher temperature for extended
periods of time.17,20 More recently, efficient, air-stable inverted
BHJ solar cells based on PCDTBT fabricated with a low-
temperature annealed sol−gel-derived ZnO film as an electron
transport layer have also been demonstrated.15
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However, to prepare the tricyclic 2,7-carbazole monomer,
4,4′-dibromobiphenyl must first undergo a nitration reaction
followed by a Cadogan ring closure reaction.21 The relatively
long synthetic routes will limit their future commercial
application in PSCs. To realize potentially low manufacturing
costs, it is critical to obtain readily synthesized polymers from
commercial products.
In this regard, we focused our attention to the well-known

phenothiazine building block, considering the following: (i)
Heterocyclic phenothiazine unit is structurally similar to the
carbazole moiety but it contains an additional sulfur atom. As a
more powerful electron-rich molecule, the phenothiazine is
better suited for the development of enhanced intramolecular
charge transfer (ICT) polymers. In addition, its “butterfly”
nonplanar structure impedes π-stacking aggregation and
intermolecular excimer formation, resulting in diverse opto-
electronic applications.22−26 (ii) Not only is phenothiazine
cheap and commercially available but also it can be easily
tailored by connecting solubilizing groups to the N atom to
improve solubility. This is important since the barrier for
preparation of materials in terms of a cost effectiveness must be
overcome to realize the commercial potentials of PSCs. (iii)
Following oxidation of phenothiazines to phenothiazine-S,S-
dioxides, the electron-withdrawing sulfones would reduce the
electron density in the polymer backbone, most likely rendering
it more resistant toward the oxidation while simultaneously
tuning the electronic properties. In particular, we hypothesized
that the hydrophilicity of the SO2 groups can promote the
compatibility and low contact resistance through the potential
interaction with oxides in the inverted BHJ solar cells integrated
with metal oxide materials as an electron transport and an hole
transport between the ITO/BHJ and BHJ/metal interfaces.

Herein, we report two new polymers incorporating either
phenothiazine or its oxidized analogue phenothiazine-S,S-
dioxide as the donor and benzothiadiazole as the acceptor,
namely poly(N-(2-decyltetradecyl)-3,7-phenothiazine-alt-5,5-
(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)) (PPTDTBT) and
poly(N-(2-decyltetradecyl)-3,7-phenothiazine-S,S-dioxide-alt-
5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)) (PPTDTBT-
SS), respectively (Figure 1). These polymers are tested in
both conventional and inverted solar cell devices using the
fullerene derivative (see Figure 1a and b). We find that PSCs
based on PPTDTBT in a conventional architecture can reach
PCE as high as 1.69%, whereas the utilization of its oxidized
form PPTDTBT-SS into inverted solar cells shows improved
performance (PCE = 1.22%), when compared to that of its
conventional devices. The results obtained here are very helpful
for molecular design strategies to obtain inverted solar cells
with higher device performance.

■ RESULTS AND DISCUSSION

The synthetic routes to the intermediates and the polymers
(PPTDTBT and PPTDTBT-SS) are outlined in Scheme 1.
Synthesis of 4,7-dibromo-2,1,3-benzothiadiazole (1), 4,7-di-2-
thienyl-2,1,3-benzothiadiazole (2), and 4,7-bis(5-bromo-2-
thienyl)-2,1,3-benzothiadiazole (3) were prepared by following
the literature procedures.27 In order to guarantee good
solubility of phenothiazine-based polymers, the bulky branched
side chain (2-decyltetradecyl) was introduced onto the nitrogen
atom on the phenothiazine unit. Dibromination of 4 by N-
bromosuccinimide (NBS) in DMF afforded 3,7-dibromo-N-(2-
decyltetradecyl)phenothiazine (5) in 93% yield which was
transformed into the corresponding diboronic ester 6 via
lithiation and subsequent quenching with 2-isopropoxy-4,4,5,5-

Figure 1. Molecular structures of PCDTBT and phenothiazine-based polymers. Schematic depiction of the conventional structure (a) and inverted
structure (b) of the PSCs used by our research group.
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tetramethyl-1,3,2-dioxaborolane (58%) to generate the como-
nomer. Separately, compound 5 was oxidized with hydrogen
peroxide under acetic acid (52%) according to a previously
reported protocol28 to obtain phenothiazine-S,S-dioxide 7.
Treatment of 7 with bis(pinacolato)diboron under
PdCl2(dppf)/KOAc/DMF led to the phenothiazine-S,S-dioxide
diboronic ester 8 in 64% yield.
With all the monomers ready, Suzuki polycondensations

(Scheme 1) were carried out at 90 °C for 72 h in degassed
toluene/water using K3PO4 as an organic base, Pd2(dba)3 as a
catalyst, and P(o-tol)3 as the corresponding ligand, affording
PPTDTBT and PPTDTBT-SS respectively. The target
polymers were purified by reprecipitation and Soxhlet
extraction with methanol, acetone, and chloroform. They
show good solubility in common solvents such as chloroform,
dichloromethane, toluene, THF, and chlorobenzene. Note that
PPTDTBT-SS has somewhat lower solubility in the nonpolar
solvents than that of PPTDTBT because of the increased
polarity as well as the hydrophilicity that result from the
introduction of the sulfone groups in the polymer backbone.
Gel-permeation chromatography (GPC) analysis against
polystyrene standard exhibits a number-averaged molecular

mass (Mn) of 9.8 × 103 and 7.6 × 103 g/mol and polydispersity
(PDI) of 1.27 and 1.21 for PPTDTBT and PPTDTBT-SS,
respectively.

Optical and Electrochemical Properties. The UV−vis
spectra of two polymers (PPTDTBT and PPTDTBT-SS) in
chloroform solution and solid films on the quartz are shown in
Figure 2. The spectroscopic data of the polymers are
summarized in Table 1. PPTDTBT film are characterized
with a strong, broad and structureless absorption band at 582
nm, corresponding to the intramolecular charge-transfer (ICT)
transition, together with a strong absorption band at shorter
wavelength (∼395 nm) due to higher energy transitions such as
π−π* transitions. Notably, such optical features are remarkable
similarity to those of the analogous PCDTBT (λmax = 398 and
576 nm), but PPTDTBT has a slightly lower optical band gap
(Eg

opt = 1.79 eV) from the absorption edge of the thin film than
PCDTBT (1.88 eV). Compared to PPTDTBT showing the
absorption maxima, PPTDTBT-SS in the solid state exhibits a
nearly identical high-energy peak at 387 nm but a
hypsochromic shift of the ICT band at 535 nm, resulting in a
larger optical band gap (1.95 eV). This indicates that, as
expected, the donating strength of phenothiazine-S,S-dioxide

Scheme 1. Synthesis of PPTDTBT and PPTDTBT-SSa

aReagents and conditions: (i) Br2, HBr, reflux; (ii) 2-(tributylstannyl)thiophene, THF, Pd(pph3)4, reflux; (iii) NBS, DMF, RT; (iv) 2-
Decyltetradecyl bromide, NaN, DMF, RT; (v) NBS, DMF, RT; (vi) n-BuLi, THF, −78 °C, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane;
(vii) H2O2, acetic acid, 90 °C; (viii) Bis(pinacolato)diboron, DMF, KOAc, PdCl2(dppf), reflux; (ix) Suzuki polymerization, toluene, H2O, K3PO4,
P(o-tol)3, Pd2(dba)3, 90 °C.
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that contains the electron-withdrawing sulfonyl group is weaker
than that of the phenothiazine moiety, leading to relatively
reduced ICT character in PPTDTBT-SS.
Electrochemical cyclic voltammetry (CV) was performed to

determine the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energy
levels of the polymers (Figure 3). The CV curves were
recorded referenced to an Ag/Ag+ (0.1 M n-Bu4NPF6)
electrode, which was calibrated by a ferrocene-ferrocenium
(Fc/Fc+) redox couple (4.8 eV below the vacuum level). The
electrochemical characteristics of the estimated energy levels
(HOMO and LUMO) and electrochemical band gap (Eg

elec)
are listed in Table 1. The HOMO and LUMO energy levels are
calculated to be −5.41 and −3.63 eV for PPTDTBT and −5.60
and −3.60 eV for PPTDTBT-SS, respectively. Considering the
relatively low HOMO levels of the polymers, a high VOC can be
expected.29 The LUMO levels of the polymers are positioned
0.3 eV above the PC71BM (−4.3 eV) to ensure a downhill
driving force for charge separation to PC71BM. The electro-
chemical HOMO−LUMO gaps of the both polymers are very
similar to those of optical band gaps. Apparently, the LUMO
value of PPTDTBT matches well with that of PCDTBT (−3.6
eV) whereas its higher HOMO level, in comparison with
PCDTBT (−5.5 eV), indicates the increase of donor strength

due to the insertion of the additional electron-rich sulfur atoms.
For PPTDTBT-SS interchanged the phenothiazine with a
phenothiazine-S,S-dioxide segment, the HOMO (−5.6 eV) is
found to be lower than of that of PPTDTBT owing to the
presence of the electron-deficient SO2 groups in the polymer
backbone, which can be beneficial to the better air-stability and
higher VOC of the PSCs based on the polymer as donor.30

X-ray Analyses. To evaluate the crystallinity of the
polymer, X-ray diffraction (XRD) measurements were taken
of thick films prepared from chlorobenzene on SiO2/Si
substrate. The thickness of the films was determined to be
1.5−55 μm by profilometry. Figure 4 shows the XRD data of
the thin films of PPTDTBT and PPTDTBT-SS, respectively.
PPTDTBT-SS reveals a distinct primary diffraction feature at
2θ = 4.67°, corresponding to d-spacing of 18.9 Å and a
secondary broad peak at 2θ = 21.2° (d = 4.2 Å) related to π−π
stacking between the polymer main chains is also observed.
Contrastingly, the XRD pattern of PPTDTBT exhibits only the
secondary broad peak shifting to 17.51° (d = 5.10 Å). These
results suggest a higher structural organization in the solid state
for PPTDTBT-SS compared to PPTDTBT.

Organic Field Effect Transistors. To investigate the
potential of the two new polymers in plastic electronics, organic
field-effect transistors (OFETs) were fabricated in the top
contact geometry as described in the Experimental Section
(Figure 5). Figure 5b shows the transfer characteristics, |Ids| vs
Vgs and |Ids|

1/2 vs Vgs (both at Vds = −60 V), of OFETs fabricated
using PPTDTBT and PPTDTBT-SS, respectively, as the active
layer. These Ids vs Vgs curves obtained from both PPTDTBT
and PPTDTBT-SS exhibit clear signature of p-type behavior.
The saturated charge carrier mobilities of the polymers are
calculated using the saturation current equation: Ids= (μWCi/
2L)(Vgs − VT)

2.31 An hole mobility (μ) as high as 9.8 × 10−5

cm2 V−1 s−1 (threshold voltage (VT) = −11.5 V) with a current
on/off ratio (Ion/Iof f) of 2.5 × 102 is estimated for OFETs
produced from PPTDTBT. Interestingly, despite the insertion
of the electron-deficient SO2 groups as well as the relatively
lower molecular weight, the hole carrier mobility is increased by
about 1 order of magnitude in PPTDTBT-SS OFETs (μ = 6.9
× 10−4 cm2 V−1 s−1, VT = −21.0 V, Ion/Iof f = 7.7 × 102),
compared to PPTDTBT. Although a concrete evidence of the
high performance with PPTDTBT-SS OFETs is lacking at this
stage, we think this is partially contributed either from (i) the
reduced contact resistance between the semiconductor and the
source/drain electrodes arising from the favorable interfacial
dipoles between S,S-dioxide groups and Au electrodes or (ii)
the well-interconnected thin film morphology due to the
interaction between the polar S,S-dioxides. The enhanced
intermolecular interactions would bring the polymer chain into
a close proximity as evidenced by the XRD results, which can
facilitate charge hopping in the polymer.

DFT Electronic Structure Calculations. To shed light on
the difference in the electronic properties and energies of

Figure 2. UV−vis absorption spectra of PPTDTBT (a) and
PPTDTBT-SS (b).

Table 1. UV−Vis Absorption and Electrochemical Properties of the Polymers

polymer λmax [nm] solution λmax [nm] film Eg
opt (eV)a HOMO (eV)b LUMO (eV)b Eg

elec (eV)

PPTDTBT 390, 564 395, 582 1.79 −5.41 −3.63 1.78
PPTDTBT-SS 377, 515 387, 535 1.95 −5.60 −3.60 2.00

aCalculated from the absorption band edge of the copolymer film, Eg
opt=1240/λedge.

bThin films in CH3CN/n-Bu4NPF6, versus ferrocenium/
ferrocene at 50 mVs−1. HOMO and LUMO estimated from the onset oxidation and reduction potentials, respectively, assuming the absolute energy
level of ferrocene/ferrocenium to be 4.8 eV below vacuum. Eg

elec (eV) = −(LUMO − HOMO).
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frontier orbitals between the two polymers, computational
studies using density functional theory (DFT) approaches were
carried out. Oligomers (PTDTBT)n and (PTDTBT-SS)n with
n = 1 and 2 were subjected to the calculations, with the alkyl
chains replaced by methyl groups for simplicity. The optimized
geometries and electron density distributions of the polymers
were calculated with the B3LYP function and 6-31G* basis
(Figure 6 and Figure S1 in the Supporting Information). As
shown in Figure 6, the HOMO isosurfaces of the both
(PTDTBT)n and (PTDTBT-SS)n are well spread over the
whole conjugated backbones, whereas the LUMOs are mainly
localized on BT units, respectively, which verifies the p-type
behaviors obtained from the OFET study. In addition, the
calculated bandgaps for (PTDTBT)2 (1.80 eV) and
(PTDTBT-SS)2 (1.99 eV) are in considerable coincidence
with the electrochemical analyses above. It is found that the
phenothiazine and phenothiazine-S,S-dioxide rings are folded
along the S···N vector, having the aspect angles of 21° and 15°,
respectively, in qualitative agreement with their single crystal X-
ray diffraction studies.28 We note a relatively larger dihedral
angle between PT and DTBT-SS units (θ = 160°) in the
optimized geometry, when compared to that between PT and
DTBT (θ = 153°). So it can be seen from the data that the
coplanarity of PPTDTBT-SS is better than that in PPTDTBT.
This implies that the backbone of PPTDTBT-SS brings about
larger effective π−π interactions in the solid state, which
matches qualitatively well with the XRD data. Furthermore, this
can explain satisfactorily our interpretation of the better
PPTDTBT-SS OFET results above.

Polymer Solar Cells. To demonstrate potential applica-
tions of the two polymers in PSCs, we used PPTDTBT and
PPTDTBT-SS as an electron donor and PC71BM as an
electron acceptor and fabricated conventional PSCs with a BHJ
structure of ITO/PEDOT:PSS/polymers:PC71BM/Al. The
main focus of the current study is to elucidate the improved
device performance of inverted PSCs by introducing SO2
functionality in the polymer backbone through potential
interaction with oxide materials. Thus, the PSCs with inverted
configuration stacked from bottom to top (ITO/TiOx/
polymers:PC71BM/MoO3/Au) were also prepared, where
MoO3 as the hole transport layer and TiOx as the electron
transport layer were deposited. TiOx was employed as the
electron selective layer due to its high electron affinity (LUMO
= ∼4.4 eV).32 Since the valence band edge of TiOx is much
lower than those of HOMOs of both the polymers and
PC71BM, the TiOx layer serves also as a hole blocking layer.
Similarly, the MoO3 layer was used to block the electron flow
because of its small electron affinity and to enhance hole
transport to the anode.33 The device structures of regular and
inverted polymer solar cells are shown in Figure 1, parts a and
b, and Figure 3b illustrates the energy level diagrams for each
component, respectively. All data were obtained under white
light AM1.5G illumination from a calibrated solar simulator
with irradiation intensity of 100 mW/cm2. The active layers
through a very broad altering range from 1:1 to 1:4 (w/w) of
polymer:PC71BM in either chlorobenzene (CB) or o-
dichlorobenzene (ODCB) were evaluated. The optimized
weight ratios of polymer to PC71BM for PPTDTBT and
PPTDTBT-SS are 1:2 and 1:1.5, respectively. Device current
density/voltage (J − V) characteristics are shown in Figure 7
and the parameters listed in Table 2.
PCEs up to 1.69% is observed for the conventional

PPTDTBT:PC71BM solar cells with a VOC of 0.77 V, a short
circuit current density (JSC) of 5.75 mA cm−2, and a fill factor
(FF) of 38%. Under the same white light illumination, the
PPTDTBT-SS:PC71BM-based regular cell exhibits a JSC of 4.03
mA cm−2, a VOC of 0.81 V, and a FF of 30%. It yields a
substantially lower PCE of 0.97% because of its decreased
photocurrent, when compared to that of PPTDTBT:PC71BM.
This can be mainly attributed to PPTDTBT-SS’s intrinsic
absorption limit in the visible region due to the relatively large
energy bandgap. It is worthy to mention that as expected from
the oxidation potential, the VOC for the cell with PPTDTBT-SS
is higher than that of PPTDTBT.

Figure 3. (a) Cyclic voltammograms of PPTDTBT (top) and PPTDTBT-SS (bottom) thin films on the Pt electrode in 0.1 M n-Bu4NPF6
acetonitrile solution at room temperature. (b) Energy level diagrams of individual layers used in conventional and inverted structure.

Figure 4. X-ray diffraction (XRD) patterns of drop-cast films of
polymers on SiO2/Si substrates.
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Despite the aforementioned advantages of the inverted cells,
the majority studies on the inverted cells were based on P3HT
as active materials,32,34 while only few new conjugated polymers
had been tested in such configuration.15,35,36 Therefore,
comparison of the photovoltaic properties of new materials in
both conventional and inverted cells is very important to fully
evaluate the performance of new polymers. The J−V curves for
the inverted polymer solar cells obtained under white light

illumination (AM1.5 G, 100 mW/cm2) are shown in Figure 7.
The corresponding PCE is 1.47 and 1.22% for
PPTDTBT:PC71BM and PPTDTBT-SS:PC71BM, respectively
(Table 2). In the both inverted devices, despite the fact that the
absorption spectra of the active layer films in the two device
types are identical, a decrease in the JSC (4.80 mA cm−2 for
PPTDTBT:PC71BM and 4.11 mA cm−2 for PPTDTBT-
SS:PC71BM, respectively) is clearly observed, resulting the

Figure 5. (a) Chemical structures of the polymers and schematic representation of OFETs structure (L = 50 μm, W = 1.5 mm). (b) Transfer curves
in saturated regime with PPTDTBT (black line) and PPTDTBT-SS (red line). The output characteristics of PPTDTBT (c) and PPTDTBT-SS
(d), respectively.

Figure 6. DFT-optimized geometries and charge-density isosurfaces for the HOMO and LUMO levels of (a) (PTDTBT)2 and (b) (PTDTBT-SS)2
model systems (top) and optimized structures of phenothiazine and phenothiazine-S,S-dioxide rings and their top views, respectively (bottom).
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low overall performances. One possible explanation for this
phenomenon is that, in the inverted cell, a small fraction of the
incident light is observed by the evaporated Au top electrode. It
is roughly estimated that 30% of the incident light with
wavelength <650 nm is not absorbed by the active layer on the
first pass, so clearly the reflectivity of the top electrode plays a
non-negligible role in the total number of photons absorbed by
the blend. Thus, it is plausible that the enhanced reflectivity of
the Al electrodes used in the normal cell causes the
photocurrent to be slightly higher.37

Surprisingly, in contrast, the inverted cell of PPTDTBT-
SS:PC71BM exhibits a slight improved JSC and a much higher
VOC value (0.92 eV) than that of the conventional configuration
with PPTDTBT:PC71BM, which suggests that the recombina-
tion behavior and morphology are different for the two
architectures. A likely rationale for this positive effect may be
attributed to a combination of the following factors: The
hydrophilicity of SO2 groups would facilitate intimate contact
on both the electrodes and thus facilitate efficient charge
transfer between the active layer and the electrodes. In addition,
we cannot rule out that the dipole moment induced by the
polar SO2 units in PPTDTBT-SS could be the origin of the
improvement in the device performance since a higher VOC can
indicate a larger electrostatic field across the device structure,32

although other explanations are still possible. Further
investigation of these films using electrostatic force and surface
potential microscopy in underway.
The accuracy of the photovoltaic measurements can be

confirmed by the incident photon-to-electron conversion

efficiency (IPCE) of the devices. Figure 8 shows the IPCE
curves of both the conventional and inverted PSCs fabricated
under the optimized conditions as those used for the J−V

measurements. All devices show a broad photoresponse
spreading from 300 to 700 nm, with maximum around 570
nm. However, the IPCE of the device is within 40% for almost
the whole absorption range. From this observation, we believe
that the IPCE of the devices can be improved by increasing the
thickness of the active layer without hampering charge
separation and transport properties. However, because of
their more or less limited solubility for the fabrication of
practical PSCs, it is difficult to obtain high thickness for the
active layer by using high concentration of the polymer blends.
Currently, the preparation of dithienylbenzothiadiazole with
two flexible alkoxyl chains in an effort to improve solubility is
ongoing. Obviously, the IPCE value for the conventional
PPTDTBT:PC71BM is the highest, which agrees with the
highest JSC value of the devices. To evaluate the accuracy of the
photovoltaic results, the JSC values were calculated by
integrating the IPCE data with the AM 1.5G reference
spectrum. The JSC values obtained using integration and J-V
measurements are rather close (within 7% error), which
indicates that the photovoltaic results are reliable.

Morphology. The nanoscale morphologies of both the
conventional and inverted polymer/PC71BM films were studied
using tapping-mode atomic force microscopy (AFM). Surface
topography (left) and phase images (right) were taken for each
film and are shown in Figure 9. Both the regular and inverted
PPTDTBT:PC71BM blends are very similar and exhibit a rather
uniform smooth film formation which suggests the absence of
large features that might reduce the interface between polymer
and fullerene potentially limiting device performance.38,39 In
contrast, PPTDTBT-SS:PC71BM blends in both conventional
and inverted structures (Figure 9, c and d) give very
inhomogeneous features in which voids with a diameter of
∼300 nm are present. This indicates poor miscibility between
PPTDTBT-SS and PC71BM. This implies that the presence of
SO2 groups makes PPTDTBT-SS strongly hydrophilic, which

Figure 7. J − V characteristics of the PSCs based on PPTDTBT (a)
and PPTDTBT-SS (b) under illumination of AM1.5G, 100 mW/cm2.

Table 2. Photovoltaic Performance of Blends of the Polymers with Fullerenes

device structure composite d (nm)a JSC (mA cm−2) VOC (V) FF PCE (%)

conventional PPTDTBT:PC71BM (1:2) 50 5.75 0.77 0.38 1.69
PPTDTBT-SS:PC71BM (1:1.5) 50 4.03 0.81 0.30 0.97

inverted PPTDTBT:PC71BM (1:2) 28 4.80 0.78 0.39 1.47
PPTDTBT-SS:PC71BM (1:1.5) 32 4.11 0.92 0.32 1.22

aThickness of the active layer.

Figure 8. Incident photon-to-current efficiency (IPCE) spectra of the
polymer:PC71BM solar cells.
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is, in large part, responsible for the relatively low PCEs in the
conventional cells, but this can positively affect the inverted
PSCs adopting transporting metal oxides between the ITO/
BHJ and BHJ/metal interfaces because of the potential
interaction with oxides. This observation is in good agreement
with the J-V characteristics tested in this study.

■ CONCLUSIONS

Considering low cost PSCs into account, an easily accessible
donor, phenothiazine, which is stronger than commonly used
2,7-carbazole donors due to an additional sulfur atom, has been
copolymerized with electron-deficient benzothiadiazole build-
ing block to yield new conjugated polymer PPTDTBT. By
virtue of the enhanced strength of ICT, the “strong donor−
acceptor” polymer (PPTDTBT) shows more bathocromically
shifted absorption spectrum (λmax = 582 nm) and lower band
gap (Eg

elec = 1.78 eV) in comparison with its analogous polymer
(PCDTBT) that in particular has been subject to increasing
interest in the polymer research community. Through the
sulfur oxidation in the phenothiazine unit, the corresponding
oxidized form polymer PPTDTBT-SS is also prepared and
characterized in parallel following our design motif. The strong
polarity of SO2 groups would enhance the compatibility and
low contact resistance in the inverted BHJ solar cells integrated
two metal oxides. Both the PPTDTBT and PPTDTBT-SS
show moderate mobilities as p-type polymer semiconductors in
OFETs. Interestingly, the carrier mobility of PPTDTBT-SS is
about 1 order of magnitude higher than that of PPTDTBT,
which is presumably ascribed to the closer packing driven either
from the dipolar intermolecular interactions associated with the
presence of the sulfonyl groups or the relatively enhanced
coplanarity of PPTDTBT-SS, supported by the DFT
calculations as well as XRD results. The performance of the
PSCs containing the polymer PPTDTBT reaches PCEs of
1.69% and 1.47% for conventional and inverted structure
devices when using PC71BM as electron acceptor, respectively.

On the other hand, despite the fact that relatively low-lying
HOMO of PPTDTBT-SS enhances the VOC, the current
density in the PPTDTBT-SS:PC71BM-based regular cell is low
and limits the PCE to 0.97%. This is likely a consequence of a
reduced solar absorption of PPTDTBT-SS’s caused by the
relatively large energy bandgap. Delightfully, when it comes to
incorporating PPTDTBT-SS into the inverted configuration
cell with TiOx and MoO3 as electron-selective and hole-
selective layers, respectively, the estimated PCE of 1.22% is
achieved from the combination with the improved VOC and JSC.
Current work on π-conjugated polymer structural modification
has been aimed at understanding the influence of polymer
polarity in inverted solar cells. Our results indicate that the
introduction of S,S-dioxide units into the polymer backbone is a
useful strategy for the design of high performance inverted solar
cells.

■ EXPERIMENTAL SECTION
Materials and Instruments. All starting materials were purchased

either from Aldrich or Acros and used without further purification.
THF was distilled over sodium/benzophenone. 1H NMR and 13C
NMR spectra were recorded on a Varian VNRS 600 MHz (Varian
USA) spectrophotometer using CDCl3 as solvent and tetramethylsi-
lane (TMS) as the internal standard and MALDI MS spectra were
obtained from Ultraflex III (Bruker, Germany). UV−vis-NIR spectra
were taken on Cary 5000 (Varian USA) spectrometer. Number-
average (Mn) and weight-average (Mw) molecular weights, and
polydispersity index (PDI) of the polymer products were determined
by gel permeation chromatography (GPC) with Agilent 1200 HPLC
Chemstation using a series of mono disperse polystyrene as standards
in THF (HPLC grade) at 308 K. Cyclic voltammetry (CV)
measurements were performed on AMETEK VersaSTAT 3 with a
three-electrode cell in a nitrogen bubbled 0.1 M tetra-n-butylammo-
nium hexafluorophosphate (n-Bu4NPF6) solution in acetonitrile at a
scan rate of 50 mV/s at room temperature. A used as the Ag/Ag+ (0.1
M of AgNO3 in acetonitrile) reference electrode, platinum counter
electrode and polymer-coated platinum working electrode, respec-
tively. The Ag/Ag+ reference electrode was calibrated using a

Figure 9. Tapping-mode AFM images (5 μm × 5 μm) of PPTDTBT:PC71BM (conventional (a); inverted (b)) and PPTDTBT-SS:PC71BM
(conventional (c); inverted (d)) films used in making the devices (under optimized device conditions). The topography of each film is shown in the
left panels, and the corresponding phase images in the right panels.
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ferrocene/ferrocenium redox couple as an internal standard, whose
oxidation potential is set at −4.8 eV with respect to zero vacuum level.
The HOMO energy levels were obtained from the equation HOMO =
−(Eoxonset − E(ferrocene)

onset + 4.8) eV. The LUMO levels of polymers
were obtained from the equation LUMO = −(Eredonset − E(ferrocene)

onset

+ 4.8) eV.
OFET Device Preparation and Measurement. All p-type

OFETs were fabricated on heavily doped n-type silicon (Si) wafers
each covered with a thermally grown silicon dioxide (SiO2) layer with
thickness of 200 nm. The doped Si wafer acts as a gate electrode, and
the SiO2 layer functions as the gate insulator. The active layer was
deposited by spin-coating at 2500 rpm. All solutions were prepared at
0.5 wt % concentration in chlorobenzene. The thickness of the
deposited films was about 60 nm. Prior to vapor-deposition of source-
drain electrodes, the films were dried on a hot plate stabilized at 80 °C
for 30 min. All fabrication processes were carried out in a glovebox
filled with N2. Source and drain electrodes using Au were deposited by
thermal evaporation using a shadow mask. The thickness of source and
drain electrodes was 50 nm. Channel length (L) and channel width
(W) was 50 μm and 1.5 mm, respectively. Electrical characterization
was performed using a Keithley semiconductor parametric analyzer
(Keithley 4200) under N2 atmosphere. The electron mobility (μ) was
determined using the following equation in the saturation regime

= × μ × −I WC L V V( /2 ) ( )ds i gs T
2

where Ci is the capacitance per unit area of the SiO2 dielectric (Ci = 15
nF/cm2) and VT is the threshold voltage.
Fabrication of Conventional and Inverted Photovoltaic

Cells. Two-type photovoltaic cells were fabricated on ITO-coated
glass substrates. The ITO-coated glass substrates were first cleaned
with detergent, ultrasonicated in water, acetone and isopropyl alcohol,
and dried overnight in an oven. In conventional cells, PEDOT:PSS(Al
4083) was spin-cast on cleaned ITO substrates after a UV-ozone
treatment for 15 min and heated at 140 °C for 10 min in air.
Subsequently, the active layer was coated in a glovebox. The solution
containing a mixture of PPTDTBT:PC71BM (1:2) in a solvent
(chlorobenzene) with a concentration of 11 mg/mL and PPTBTDT-
SS:PC71BM (1:1.5) in a solvent (dichlorobenzene) with a concen-
tration of 13 g/mL was spin-cast on top of PEDOT:PSS film. After
then, the top electrode (Al) was deposited on the active layer in a
vacuum (<10−6 Torr) thermal evaporator. Inverted solar cells were
fabricated on ITO-coated glass substrates. A TiOx precursor solution
was prepared using the sol−gel method. The TiOx precursor solution
was spin-cast on cleaned ITO substrates after a UV-ozone treatment
for 15 min and heated at 80 °C for 10 min in air for conversion to
TiOx by hydrolysis. Subsequently, the TiOx-coated substrates were
transferred into a glovebox. A solution containing a mixture of
PPTDTBT:PC71BM (1:2) in a solvent (chlorobenzene) with a
concentration of 11 mg/mL was spin-cast on top of TiOx films at 1500
rpm 60 s and PPTBTDT-SS:PC71BM (1:1.5) in a solvent
(dichlorobenzene) with a concentration of 13 g/mL was spin-cast
on top of TiOx films at 600 rpm 60 s. Then, a thin layer of MoO3 film
(≈5 nm) was evaporated on top of the active layer. Finally, the anode
(Au, ≈95 nm) was deposited on the active layer in a vacuum (<10−6

Torr) thermal evaporator. The cross-sectional area of each of the
electrode defines the active area of the device as 13.5 mm2.
Photovoltaic cell measurements were carried out inside the glovebox
using a high quality optical fiber to guide the light from the solar
simulator equipped with a Keithley 2635A source measurement unit.
The J−V curves for the devices were measured under AM 1.5G
illumination at 100 mW cm−2. The IPCE spectra for the PSCs were
measured on an IPCE measuring system.
Synthesis of N-2-Decyltetradecylphenothiazine (4). To a

mixture of phenothiazine (6.2 g, 31.1 mmol) and sodium hydride
(60% in mineral oil, 1.0 g, 41.7 mmol) in anhydrous DMF (40 mL), 2-
decyltetradecyl bromide (16.8 g, 40.2 mmol) was slowly added at
room temperature under argon. The mixture was stirred at room
temperature overnight, which was poured into water and extracted
with diethyl ether. The separated organic layer was dried over MgSO4

and removed under reduced pressure. The crude product was purified
by column chromatography (silica gel, hexane) to afford 13.6 g (82%)
of 4 as a colorless oil. 1H NMR (600 MHz, CDCl3): δ (ppm) 7.14 (m,
4H), 6.92−6.86 (m, 4H), 3.73 (d, 2H, J = 6.6 Hz), 2.00 (m, 1H),
1.41−1.26 (m, 40H), 0.91−0.88 (t, 6H, J = 7.2 Hz). 13C NMR (150
MHz, CDCl3): δ (ppm) 145.94, 127.66, 127.17, 126.03, 122.43,
116.05, 51.65, 36.25, 34.60, 32.10, 31.81, 30.11, 29.94, 29.86, 29.83,
29.81, 29.80, 29.77, 29.74, 29.73, 29.63, 29.62, 29.53, 29.51, 28.00,
26.40, 22.86, 14.29, 14.27. Anal. Calcd: C, 80.68; H, 10.72; N, 2.61; S,
5.98. Found: C: 80.91, H: 10.82, N: 2.74, S: 5.71. MALDI−TOF−MS
m/z: [M]+• = 535.34; calcd, 535.91.

Synthesis of 3,7-Dibromo-N-2-decyltetradecylphenothia-
zine (5). N-Bromosuccinimide (3.65 g, 20.53 mmol) was slowly
added to a solution of 4 (5.0 g, 9.33 mmol) in anhydrous DMF (50
mL). The reaction mixture was stirred at room temperature overnight,
which was quenched by water and extracted with diethyl ether. The
separated organic layer was washed with water and brine, then dried
over MgSO4. The solvent was removed under reduced pressure. The
crude product was purified by column chromatography(silica gel,
hexane) to afford 6.0 g (93%) of 5 as a yellow oil. 1H NMR (600
MHz, CDCl3): δ (ppm) 7.25 (m, 4H), 6.69 (d, 2H, J = 1.8 Hz), 3.64
(d, 2H, J = 7.2 Hz), 1.89 (m, 1H), 1.36−1.22 (m, 40H), 0.89 (t, 6H, J
= 7.2 Hz). 13C NMR (150 MHz, CDCl3): δ (ppm) 144.75, 130.20,
129.99, 127.49, 117.30, 114.91, 51.88, 34.60, 32.09, 32.08, 31.66,
30.06, 29.85, 29.82, 29.77, 29.75, 29.59, 29.52, 29.50, 26.33, 22.85,
14.28. Anal. Calcd: C, 62.33; H, 7.99; Br, 23.04; N, 2.02; S, 4.62.
Found: C: 63.34, H: 8.11, N: 2.17, S: 4.53. MALDI−TOF−MS m/z:
[M]+• = 693.17; calcd, 693.7.

Synthesis of N-2-Decyltetradecyl-3,7-bis(4,4,5,5-tetrameth-
yl-1,3,2-dioxaborolanyl)phenothiazine (6). A portion of 4.43 mL
of n-butyllithium (1.6 M in hexane, 7.08 mmol) was added dropwise to
a solution of 5 (2.0 g, 2.83 mmol) in anhydrous THF (40 mL) under
argon atmosphere at −78 °C. After 30 min, 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (1.32 mL, 7.08 mmol) was injected to
the reaction mixture. The resulting mixture was warmed up to room
temperature and stirred overnight. Then, the reaction was quenched
by water and extracted with a diethyl ether. The separated organic
layer was washed with water and brine, then dried over MgSO4 and
removed under reduced pressure. The crude product was purified by
column chromatography (silica gel, 10% ethyl acetate in hexane) to
afford 1.3 g (58%) as a yellow-green sticky solid. 1H NMR (600 MHz,
CDCl3): δ (ppm) 7.56 (d, 4H, J = 7.8 Hz), 6.83 (d, 2H, J = 7.8 Hz),
3.74 (d, 2H, J = 6.6 Hz), 1.94 (m, 1H), 1.37−1.2 (m, 64H), 0.89 (t,
6H, J = 6.6 Hz). 13C NMR (150 MHz, CDCl3): δ (ppm) 148.07,
134.07, 133.98, 125.27, 115.46, 83.80, 34.79, 32.09, 32.07, 31.78,
30.11, 29.81, 29.75, 29.62, 29.51, 29.48, 26.43, 24.99, 22.48. Anal.
Calcd: C, 73.18; H, 10.11; B, 2.74; N, 1.78; O, 8.12; S, 4.07; Found: C:
73.44, H: 10.01, N: 1.94, S: 3.86, O: 7.82. MALDI−TOF−MS m/z:
[M]+• = 787.53; calcd, 787.83.

Synthesis of 3,7-Dibromo-N-2-decyltetradecylphenothia-
zine-S,S-dioxide (7). Hydroperoxide (35%, 10 mL) was added
dropwise to a solution of 5 (2 g, 2.9 mmol) in acetic acid (30 mL) was
stirred at 90 °C overnight. After cooled down, the water was added
and extracted with ethyl acetate. The separated organic layer was and
washed with water and brine, then dried over MgSO4 and removed
under reduced pressure. The crude product was purified by column
chromatography (silica gel, 10% ethyl acetate in hexane) to afford 1.1 g
(52%) of 7 as a colorless solid. 1H NMR (600 MHz, CDCl3): δ (ppm)
8.17 (d, 2H, J = 2.4 Hz), 7.67 (d, 2H, J = 7.2 Hz), 7.24 (s, 2H), 4.04
(d, 2H, J = 6.6 Hz), 1.94 (m, 1H), 1.29−1.20 (m, 40H), 0.89 (t, 6H, J
= 7.2 Hz). 13C NMR (150 MHz, CDCl3): δ (ppm) 140.83, 135.92,
126.99, 126.41, 119.03, 114.72, 32.06, 30.90, 29.95, 29.84, 29.80,
29.74, 29.71, 29.62, 29.51, 29.49, 26.22, 22.84, 14.27. Elemental
Analysis: C, 59.58; H, 7.64; Br, 22.02; N, 1.93; O, 4.41; S, 4.42;
Found: C: 59.84, H: 7.70, N: 2.01, S: 4.21, O: 4.22. MALDI-TOF-MS
m/z: [M] +• = 727.23; calcd, 725.7.

Synthesis of N-2-decyltetradecyl-3,7-bis(4,4,5,5-tetrameth-
yl-1,3,2-dioxaborolanyl)phenothiazine-S,S-dioxide (8). Com-
pound 7 (0.7 g, 0.96 mmol), bis(pinacolato)diboron (0.97 g, 3.84
mmol), potassium acetate (0.66 g, 6.72 mmol), and Pd Cl2(dppf) (42
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mg, 57.6 μmol) in anhydrous DMF (20 mL) were stirred at 120 °C
overnight. The reaction was quenched by water and extracted with
ethyl acetate. The separated organic layer was washed with water and
brine, then dried over MgSO4 and removed under reduced pressure.
The crude product was purified by column chromatography (silica gel,
30% ethyl acetate in hexane) to afford 0.5 g (64%) of 8 as light-yellow
solid. 1H NMR (600 MHz, CDCl3): δ (ppm) 8.58 (s, 2H), 7.97 (d,
2H, J = 8.4 Hz), 7.33 (d, 2H, J = 8.4 Hz), 4.13 (d, 2H, J = 7.2 Hz),
1.98 (m, 1H), 1.35−1.19 (m, 64H), 0.88 (t, 6H, J = 7.2 Hz). 13C NMR
(150 MHz, CDCl3): δ (ppm) 143.64, 138.72, 131.02, 125.88, 116.21,
84.28, 32.08, 31.05, 29.99, 29.80, 29.71, 29.67, 29.51, 29.47, 25.18,
25.02, 22.84, 14.28. Anal. Calcd: C: 70.32, H: 9.71, B: 2.64, N: 1.71, O:
11.71, S: 3.91. Found: C: 70.52, H: 9.68, N: 1.88, S: 3.61, O: 11.62.
MALDI−TOF−MS m/z: [M]+• = 819.53; calcd, 819.83.
Poly(N-(2-decyltetradecyl)-3,7-phenothiazine-alt-5,5-(4′,7′-

di-2-thienyl-2′,1′,3′-benzothiadiazole)) (PPTDTBT). In a Schlenk
flask, monomer 6 (0.21 g, 0.266 mmol) and 4,7-bis(5-bromothio-
phenyl)-2,1,3-benzothiadiazole (0.12 g, 0.266 mmol) was dissolved in
toluene (7 mL), to this a solution of K3PO4 (286 mg, 1.34 mmol), trio-
tolylphosphine (10 mg, 0.03 mmol) and deionized water (1.5 mL) was
added. The mixture was vigorously stirred at room temperature under
argon. After 30 min, Pd2(dba)3 (10 mg, 0.011 mmol)was added to the
reaction mixture and stirred at 90 °C for 3 days (end-capped with
phenylboronic acid and bromobenzene). Finally, the solution was
precipitated in a mixture of methanol and ammonia (4:1 v/v, 250 mL).
This was filtered off through 0.45 μm nylon filter, washed on Soxhlet
apparatus with methanol (1 d) and acetone (1 d). Then, 160 mg
(72%) of the polymer was recovered as a violet-powder (Mn = 9.8 ×
103 g/mol, PDI = 1.27). 1H NMR (600 MHz, CDCl3): δ (ppm) 8.11
(br, 2H), 7.88 (br, 2H), 7.50 (br, 2H), 7.32 (br, 4H) 6.91 (br, 2H),
3.79 (br, 2H), 2.04 (br, 1H), 1.8 (br, 6H), 1.42−1.24 (br, 40H), 0.87−
0.84 (br, 6H).
Poly(N-(2-decyltetradecyl)-3,7-phenothiazine-S,S-dioxide-

alt-5,5-(4′ ,7′-di-2-thienyl-2′ ,1′ ,3′-benzothiadiazole))
(PPTDTBT-SS). In a Schlenk flask, monomer 8 (0.214 g, 0.266 mmol)
and 4,7-bis(5-bromothiophenyl)-2,1,3-benzothiadiazole (0.12 g, 0.266
mmol) was dissolved in toluene (7 mL), to this a solution of K3PO4
(286 mg, 1.34 mmol), trio-tolylphosphine (10 mg, 0.03 mmol) and
deionized water (1.5 mL) was added. The mixture was vigorously
stirred at room temperature under argon. After 30 min, Pd2(dba)3 (10
mg, 0.011 mmol) was added to the reaction mixture and stirred at 90
°C for 3 days (end-capped with phenylboronic acid and
bromobenzene). Finally, the solution was precipitated in a mixture
of methanol and ammonia (4:1 v/v, 250 mL). This was filtered off
through 0.45 μm nylon filter, washed on Soxhlet apparatus with
methanol (1 d) and acetone (1 d). Then 0.14 g (61%) of the polymer
was recovered as a deep-red powder (Mn = 7.6 × 103 g/mol, PDI =
1.21). 1H NMR (600 MHz, CDCl3): δ (ppm) 8.42 (br, 2H), 8.15 (br,
2H), 7.93 (br, 4H), 7.50−7.40 (br, 4H) 4.16 (br, 2H), 2.07 (br, 1H),
1.27−1.23 (br, 40H), 0.90−0.85 (br, 6H).
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ABSTRACT: Blend films containing wild-type poly[(R)-3-
hydroxybutyrate]] (P(3HB)) and ultrahigh-molecular-weight
P(3HB) (UHMW-P(3HB)) (compositions of 5/95 and 10/90
w/w) were prepared by solvent-casting and subsequent cold-
drawing. The thermal properties, crystallization behavior,
mechanical properties, and highly ordered structure of the
blend films were analyzed by differential scanning calorimetry,
polarized optical microscopy, a tensile test, and wide- and
small-angle X-ray diffraction measurements with synchrotron
radiation. The maximum radial growth rate of spherulites and corresponding temperature were identical for films of different
composition. However, the half-time of crystallization of the blend films was shorter than that of P(3HB) because UHMW-
P(3HB) behaves as a nucleating agent. The tensile strength, Young’s modulus, and elongation at break of a 5/95 blend film after
cold-drawing to 12 times of the original length were 242 MPa, 1.50 GPa, and 88%, respectively, which are higher than those of an
UHMW-P(3HB) cold-drawn film and similar to those of common plastic films as poly(ethylene terephthalate). The wide-angle
X-ray diffraction results indicated that the cold-drawn films with high tensile strength contained both 21 helix (α-form) and
planar zigzag (β-form) conformations. Addition of a small amount of UHMW-P(3HB) to P(3HB) caused the β-form to appear
in blend films at a high drawing ratio. A mechanism for forming β-form crystals in the blend films is proposed. Enzymatic
degradation of the cold-drawn blend films is demonstrated using polyhydroxybutyrate depolymerase, suggesting that the rate of
enzymatic degradation can be controlled by addition of UHMW-P(3HB).

■ INTRODUCTION
Microbially produced polymers, which are synthesized from
renewable carbon sources such as sugars and oils, are of interest
for solving environment and resource problems. Poly[(R)-3-
hydroxybutyrate] (P(3HB)), which can be biosynthesized by
bacteria, is a type of polyhydroxyalkanoate (PHA) with
thermoplastic properties1,2 and is an alternative to petroleum-
based plastics.3 Furthermore, this microbial polyester is
degraded in the natural environment by extracellular poly-
hydroxybutyrate depolymerases secreted by some microorgan-
isms.
However, the mechanical properties of P(3HB), which

undergoes secondary crystallization at room temperature, are
poor compared to those of common petrochemical polymers
because its glass transition temperature (Tg) is lower than room
temperature.4,5 Several groups have attempted to improve the

mechanical properties of P(3HB) and analyze its crystal
structures.6 The mechanical properties of P(3HB) have been
improved by biosynthesis of P(3HB) copolymers,7,8 prepara-
tion of a P(3HB) composite,9 and blending P(3HB) with other
polymers.10−12

Increasing the molecular weight and optimizing the drawing
method are typical techniques used to improve the mechanical
properties of films and fibers. Ultrahigh-molecular-weight
P(3HB) (UHMW-P(3HB)) can be biosynthesized by the
genetically modified bacterium Escherichia coli.13 Iwata et al.
successfully obtained UHMW-P(3HB) films with a high tensile
strength of 287 MPa by hot-drawing near the melting
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temperature and using a one-step drawing technique.14

However, hot-drawing is only suitable for UHMW-P(3HB)
with Mw > 3.0 × 105. Accordingly, they developed a new cold-
drawing method that improved the tensile strength of P(3HB)
films.15 This method is an attractive way to improve mechanical
properties of wild-type (typical molecular weight) P(3HB) and
its copolymers. The tensile strength of wild-type P(3HB)
increased to 195 MPa using this cold-drawing method.
Furthermore, in the case of drawn films, the tensile strength
remained unchanged over time because the mobility of the
oriented molecular chains is suppressed, which prevents
secondary crystallization.14

It is difficult to produce UHMW-P(3HB) by high-density
cultivation so it must be used effectively. Adding a small
amount of UHMW-P(3HB) into wild-type P(3HB) might
enhance its structure and mechanical properties. The first aim
of this work is to investigate the effect of adding UHMW-
P(3HB) to wild-type P(3HB) on crystallization using differ-
ential scanning calorimetry (DSC) and polarized optical
microscopy (POM). UHMW-P(3HB)/wild-type P(3HB)
blend films of high strength were produced using a cold-
drawing technique. The physical properties and highly ordered
structure of these films were investigated by tensile measure-
ments and wide- and small-angle X-ray diffraction using
synchrotron radiation.
A means of effectively using UHMW-polymer that has often

been reported is to form blends of polyethylene (PE). These
blend films, which consist of low-molecular-weight PE with a
small amount of UHMW-PE, showed improved mechanical
properties such as tensile strength and elongation at break
compared with films lacking an UHMW component.16 These
findings show that inclusion of an UHMW component can
improve the mechanical properties of a film. Other researchers
have reported that the UHMW component behaves as the
“shish” part of a “shish-kebab” structure.17,18 Accordingly, it is
expected that the same phenomena will be observed in cold-
drawn UHMW-P(3HB)/P(3HB) blend films.
P(3HB) molecular chains with two types of molecular

conformationsa 21 helix conformation19,20 (α-form) which is
the basic conformation in lamellar crystals and a planar zigzag
conformation21 (β-form) which appears in drawn P(3HB) films
and fibers with high tensile strengthhave been reported.22,23

The β-form is considered to be generated from amorphous
regions between lamellar crystals with the α-form formed in the
two-step drawing process. In this paper, we propose a new
mechanism for the formation of the β-form in cold-drawn
UHMW-P(3HB)/P(3HB) blend films. P(3HB) is a known
biodegradable plastic, so the effect of a small amount of
UHMW-P(3HB) in blend films on the rate of enzymatic
degradation by extracellular PHB depolymerase isolated from
the environment was also investigated.

■ EXPERIMENTAL SECTION
Materials. P(3HB) was supplied by ICI Co. [weight-average-

molecular-weight (Mw) = 5.2 × 105 and polydispersity (PDI) = 1.6].
UHMW P(3HB) [Mw = 2.7 × 106 and PDI = 1.9] was biosynthesized
from glucose by recombinant E. coli JM109 according to the method
of Kahar et al.24 Both P(3HB) samples were purified by reprecipitation
from chloroform solution using n-hexane and then dried under
vacuum at 30 °C for 3 days.
Preparation of Blend Films and Cold-Drawn Blend Films.

Blend films with two compositions (UHMW-P(3HB)/P(3HB) = 5/95
and 10/90 (w/w)) were prepared by dissolving appropriate amounts
of the different P(3HB) samples in chloroform, followed by solution

casting. The Mw and PDI of 5/95 and 10/90 blend samples were Mw =
0.73 × 106, PDI = 2.23 and Mw = 0.77 × 105, PDI = 2.27, respectively.
Blend films were obtained after solvent evaporation at room
temperature and subsequent vacuum drying. The four films prepared
with blend ratios of UHMW-P(3HB)/P(3HB) of 0/100, 5/95, 10/90,
and 100/0 are named P(3HB), 5/95, 10/90, and UHMW-P(3HB),
respectively.

All of the solvent-cast films were converted to amorphous films by
placement in a hot press at 200 °C for 30 s and subsequent quenching
in iced water below Tg. The films were cold-drawn in ice water using a
hand-drawing machine. Cold-drawn films, which were fixed to the
hand-drawing machine, were annealed at 100 °C for 2 h in an oven. All
samples were investigated after aging for at least 3 days at room
temperature.

Thermal Properties of Blend Films. The melting temperature
(Tm) and Tg of the blend films were measured by DSC (Perkin-Elmer,
DSC8500). The temperature was calibrated using indium. The first
heating cycle was carried out at a rate of 20 °C/min from −50 to 200
°C, maintained at 200 °C for 1 min, and the cooled to −50 °C at a rate
of −200 °C/min. Tg and Tm were determined from DSC curves
obtained for the second heating cycle at a rate of 20 °C/min.

Radial Growth Rate of Spherulites. The growing morphology of
spherulites was observed by a POM (Nikon, ECLIPSE E600 POL)
equipped with crossed polarizers, a temperature jump stage (Japan
High Tech., LK300A) and a CCD camera (Shimadzu, Moticam2000).
P(3HB), UHMW-P(3HB), and blend films were first heated on a hot
stage from room temperature to 200 °C and maintained there for 1
min. The sample was moved to a neighboring hot stage and then
isothermally crystallized at 60, 70, 80, 90, or 100 °C. The growth of
spherulites was plotted as a function of time. The growth of the radius
of each spherulite was calculated from the slope of the curve.

Half-Time of Crystallization. The half-time of crystallization was
measured by DSC. The first heating scan was carried out at a rate of 50
°C/min from 40 to 200 °C and then held for 1 min at 200 °C. The
sample was cooled to a desired temperature at a rate of 200 °C/min to
allow isothermal crystallization. The observed endothermic peak
during the isothermal step was the integral of the endothermic peak as
a function of time. The half-time of crystallization (t1/2) is defined as
half of the time needed to crystallize the sample.

Mechanical Properties of Cold-Drawn Blend Films. The
tensile strength, Young’s modulus, and elongation at break of the films
were determined using a tensile testing machine (EZ-test, Shimadzu
Co., Japan) at a cross-head speed of 20 mm/min. The gauge length
and sample width were 10 mm and ∼3 mm, respectively.

The stability of cold-drawn blend film were investigated after a
period of time. The cold-drawn 10/90 blend film with drawing ratio of
12 was chosen for aging because can be prepared easily. The stress−
strain curves of the blend films before and after aging for 600 days
were compared.

Synchrotron Wide-Angle X-ray Diffraction and Small-Angle
X-ray Scattering Measurements. Synchrotron wide-angle X-ray
diffraction (WAXD) and small-angle X-ray scattering (SAXS)
measurements were carried out at the BL45XU beamline (wavelength,
λ = 0.09 nm) in SPring-8, Harima, Japan. The camera lengths in the
WAXD and SAXS measurements, which were calibrated using cerium
oxide and silver behenate, were 106 and 2433 mm, respectively. The
diffraction patterns were recorded with a CCD camera (C7300-12-NR,
Hamamatsu Photonics, Japan). The crystallinity was calculated from
the integrals of the crystalline phase in relation to the overall integral.25

The long period (Lp) was determined using the Bragg equation (Lp =
λ/(2 sin θ)) from the maximum peak of the meridional scattering of
the SAXS patterns.

Enzymatic Degradation. Enzymatic degradation of P(3HB),
UHMW-P(3HB), and blend films with a total area of about 2 cm2

were carried out using extracellular PHB depolymerase from Ralstonia
pickettii T1. Each film was placed in a solution of potassium phosphate
buffer (pH 7.4, 1 mL) and enzymatic solution (200 μg/mL in
potassium phosphate buffer, 5 μL) and incubated at 37 °C.
Degradation was measured as the weight loss over time. The film
specimens were weighed every 12 h over a period of 36 h. The weight
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loss was plotted as a function of degradation time. Enzymatic
degradation rates were calculated from the slope of this curve.

■ RESULTS AND DISCUSSION
DSC Measurements. The DSC curves of P(3HB),

UHMW-P(3HB), and blend films are shown in Figure 1, and

Tg, Tc, Tm, and ΔH are listed in Table 1. Tg of all films were
around 2 °C, and exothermic peaks (Tc) derived from cold
crystallization of P(3HB), 5/95, 10/95 blend, and UHMW-
P(3HB) appeared at 53, 53, 57, and 57 °C, respectively. This
slight increase of Tc in the 10/90 blend seems to be caused by
the addition of UHMW-P(3HB) decreasing the mobility of the
P(3HB) chains. P(3HB) and UHMW-P(3HB) films had Tm of
170 and 172 °C, respectively. The 5/95 and 10/90 blend films
showed Tm similar to P(3HB) at about 170 °C. The slightly
higher Tm of the UHMW-P(3HB) film compared with the
other films is caused by the larger lamellar thickness of
UHMW-P(3HB) than those of the other samples, as listed in
Table 2.
Radial Growth Rate of Spherulites and Half-Time of

Crystallization. During isothermal crystallization, the crystal-
linity is controlled by the volume of lamellar crystals and

nucleation frequency. During isothermal crystallization, the
total volume of spherulites per unit volume (X) at time t is
designated by26

= − −X X1 exp( )0 (1)

∫= τX Nv d
t

0 0 (2)

∫ τ τ= − − π − τ⎜ ⎟
⎛
⎝⎜

⎛
⎝

⎞
⎠

⎞
⎠⎟X I G t d1 exp

4
3

{ ( )}
t

0
3

(3)

N and v are the number of spherulites and the volume of one
spherulite grown from one nucleus. I, G, t, and τ are nucleation
rate, radial growth rate of spherulites, observation time, and the
induced time of nucleus formation, respectively. t is t1/2 when X
is 0.5. Therefore, the equation relating I, G, and t1/2 is

=
π

t
IG

15 ln 2

4
1/2

5
3 (4)

t1/2 and G were measured to determine the overall rate of
crystallization and growth rate of crystalline volume, allowing
the effect of UHMW-P(3HB) on crystallization behavior to be
investigated.
Figure 2 shows G of the spherulites as a function of

isothermal crystallization temperature. For all of the samples,

maximum values of G were obtained at around 90 °C.
However, G at each crystallization temperature were larger with
the order P(3HB) > blends > UHMW-P(3HB). Addition of

Figure 1. DSC heating curves for P(3HB), 5/95 blend, 10/90 blend,
and UHMW-P(3HB) films.

Table 1. Thermal Properties of P(3HB), UHMW-P(3HB),
and Blend Films

sample
Tg
(°C)

Tc
(°C)

Tm
(°C)

ΔH
(J/g)

crystallinity
(%)

P(3HB) 1.8 53 170 110 75
5/95 2.2 53 170 94 65
10/90 2.1 57 170 94 65
UHMW-P(3HB) 2.4 57 172 110 75

Table 2. Mechanical Properties, Crystallinity, Long Period, Lamellar Thickness, and (020) Orientation of Blend Films at
Various Drawing Ratios and UHMW-P(3HB) Contents

samples
drawing ratio

(λ)
tensile strength

(MPa)
elongation at
break (%)

Young’s modulus
(GPa)

crystallinity
(%)

long period (Lp)
(nm)

lamella thickness (Ip)
(nm)

(020)
orientation

P(3HB) 1 9 6 0.18 70 8.83 6.18
12 161 45 2.83 78 8.51 6.64 95.6

5/95 1 11 8 0.11 67 7.96 5.33
12 242 88 1.5 75 7.74 5.81 95.6

10/90 1 10 10 0.21 67 8.25 5.53
12 211 74 2.51 72 7.93 5.71 95

UHMW 1 40 10 0.8 68 9.68 6.58
10 191 56 1.62 73 11.22 8.19 95.6

Figure 2. Radial growth rate (G) of spherulites as a function of
crystallization temperature (Tc).
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UHMW-P(3HB) with lower mobility appears to prevent
crystallization of P(3HB) chains, reducing G. This phenomen-
on of decreasing G upon addition of high-Mw species has also
been reported for other polymers such as isotactic polystyr-
ene27 and poly(tetramethyl-p-silphenylene)siloxane.28

Figure 3 shows t1/2 as a function of isothermal crystallization
temperature of the P(3HB), UHMW-P(3HB), and blend films.

The t1/2 value of UHMW-P(3HB) is the smallest of the four
samples and was almost the same regardless of isothermal
crystallization temperature. However, t1/2 of P(3HB) and the
blend samples increased with the isothermal crystallization
temperature. The shortest t1/2 of each sample is at around 60
°C. Considering that G of all of the samples was the largest at
around 90 °C, I is another important factor contributing to this
phenomenon. I for UHMW-P(3HB) is quite high compared
with that of wild type P(3HB). The measured t1/2 of UHMW-
P(3HB) is expected to be a result of considerable entanglement
of chains. The t1/2 of the blends have an intermediate value
between those of UHMW-P(3HB) and P(3HB). Addition of 5
or 10% UHMW-P(3HB) to P(3HB) resulted in an increase in
crystallization rate at high temperatures of 90 to 100 °C,
indicating that the addition of UHMW-P(3HB) accelerates the
formation of nuclei because G did not change between samples.
Based on the experimental results obtained for G (Figure 2)
and t1/2 (Figure 3), the addition of UHMW-P(3HB) to
P(3HB) induces nucleation during the isothermal crystalliza-
tion process. Polarization optical microscope graphics of each
samples annealed at 100 °C for morphological observation are
shown in Figure 4. As can be seen Figure 4, an increase in the
number of crystals was observed by addition of UHMW-
P(3HB).
Mechanical Properties of the Films. Figure 5 shows the

mechanical properties of cold-drawn and annealed films of
P(3HB), UHMW-P(3HB), and 5/95 and 10/90 blend films as
a function of the cold-drawing ratio. The tensile strength,

elongation at break, and Young’s modulus of four kinds of cold-
drawn films together with solvent-cast films (drawing ratio = 1)
are summarized in Table 2. P(3HB), 5/95, and 10/90 blend
films can be stretched up to 12 times their original length while
the UHMW-P(3HB) film can only be stretched 10 times. The
low drawing ratio of UHMW-P(3HB) seems to be related to its
high degree of entanglement. The tensile strength curves of
P(3HB) and UHMW-P(3HB) increase linearly with increasing
drawing ratio. On the other hand, the tensile strength curves of
the 5/95 and 10/90 blend films increase gradually up to a
drawing ratio of 8, above which it increases abruptly. The cold-
drawn 5/95 and 10/90 blend films demonstrated better
mechanical properties than the P(3HB) and UHMW-P(3HB)
cold-drawn films. The tensile strength, Young’s modulus, and
elongation at break of the 12 times drawn 5/95 blend film were
242 MPa, 1.50 GPa, and 88%, respectively. In general, the
tensile strength of drawn films was increased by the orientation
of molecular chains. However, the increase of the tensile
strength of blend films drawn more than 8 times might be
explained by changes in the highly ordered structure at a
drawing ratio between 8 and 10 as well the aligned orientation
of molecular chains.
The elongation at break of each sample, as shown in Figure

4B, increased with increasing drawing ratio up to around 6 and
then decreased. When the drawing ratio is low, the molecular
chains in the films gradually orient in the direction of drawing
as the drawing ratio increases. Accordingly, the elongation at
break increases. However, the elongation at break of drawn
films with a drawing ratio of more than 6 decreased because the
molecular chains have already become as aligned as possible.
The stress−strain curves of cold-drawn 10/90 blend film and

the film aged for 600 days are displayed in Figure 6. The tensile
strength and elongation at break of cold-drawn films were did
not change after aging for 600 days. It is known that the tensile
strength of undrawn P(3HB) film decreases due to secondary
crystallization at room temperature. In this case, the high
stability of cold-drawn film was demonstrated due to the high
crystallinity and highly orientated molecular chain formed by
cold-drawing. It has become clear that the stability of cold-
drawn P(3HB) film was maintained even after aging for 600
days.

Wide-Angle X-ray Diffraction Analysis. The tensile
strength of blend films drawn to more than 10 times their
original length increased significantly compared with less drawn
films. WAXD and SAXS measurements were performed to
investigate the relationship between the structure of the films
and their physical properties.
Figure 7A shows a typical WAXD pattern of an undrawn and

annealed 5/95 blend film. The WAXD patterns of all samples
are shown in Figure S1 of the Supporting Information. The ring
patterns for the undrawn film indicate the random orientation

Figure 3. Crystallization half-time (t1/2) as a function of crystallization
temperature (Tc).

Figure 4. Polarization optical microscope graphics of each samples annealed at 100 °C: (A) P(3HB), (B) 5/95 blend, (C) 10/90 blend, and (D)
UHMW-P(3HB). White bar indicates a scale at 500 μm.
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of lamellar crystals. On the other hand, the WAXD pattern of a
5/95 blend film with a cold-drawn ratio of 12 indicated the
orientation of lamellar crystals with an α-form crystal structure
(Figure 7B). Yokouchi et al. and Okamura and Marchessault
reported that the α-form crystal structure of P(3HB) indexed
with orthorhombic unit cell parameters of a = 0.576 nm, b =
1.320 nm, and c (fiber axis) = 0.596 nm and a space group of

P212121. In addition, a reflection arising from oriented β-form
crystals can be observed in the equatorial line. Orts et al.21

observed the β-form, which is a planar zigzag conformation, in a
cold-drawn poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyvaler-
ate] film. Furthermore, they reported that drawn films of
P(3HB) and P(3HB) copolymers with high mechanical
strength are of the β-form. It seems that the β-form of P(3HB)
has improved physical properties compared with the α-form.
However, the three-dimensional crystal structure for the β-form
has not yet been reported. The c-axis was calculated to be 0.474
and 0.469 nm by Ort et al.21 and Tanaka et al.,29 respectively.
Figure 8A shows cropped WAXD patterns of drawn films of

P(3HB), 5/95 blend, 10/90 blend, and UHMW-P(3HB) at
their maximum drawing ratio. The cropped area is that
indicated by a rectangle in Figure 7B. The black borders in
Figure 8 are the domain showing β reflections. A reflection
from the β-form did not appear in the WAXD pattern of
UHMW-P(3HB). However, one can see reflections from the β-
form in the WAXD patterns of drawn 5/95 and 10/90 blend
films. The intensity of the β reflection for the drawn 5/95 blend
film was higher than that for the 10/90 blend. In the case of
P(3HB), the reflection of the β-form was slight. The intensity
of the β reflection in Figure 8A was integrated as a function of
azimuth to give intensity profiles to quantitatively assess the
presence of the β-form, as shown in Figure 8B. The intensity
profiles of all samples are shown in Figure S2 of the Supporting
Information. It is difficult to calculate the crystallinity of the β-
form because the diffraction from the β-form was not observed
sharply except for the β-reflection at the equatorial line. It is
expected that molecular chains with a β-form structure pack
roughly along the fiber axis (c-axis), allowing reflections of the
β-form to be detected on the equatorial line. This result
indicates that molecular chains with β-form were aligned at the
lattice plane (hk0). However, clear reflections are not observed
at the layer line in WAXD, indicating that the chains pack
roughly along the fiber axis.
The intensity ratio of β reflections (R(β/α)) to α(020)

reflections can be defined as

∫ ∫=β α β αR I I I Id / d( / ) (020) (5)

∫ Iα(020) dI was calculated by integrating the α(020) reflection.
Figure 9 shows R(β/α) for each sample as a function of drawing
ratio. Until a drawing ratio of 8, R(β/α) was 0 because the β-form
was not present in any of the drawn films. On the other hand,
R(β/α) increased at drawing ratios over 10 for the drawn films

Figure 5. Mechanical properties of cold-drawn films annealed at 100
°C for 2 h. (A) Tensile strength, (B) elongation at break, and (C)
Young’s modulus as functions of drawing ratio. A drawing ratio of 1 is
the undrawn film.

Figure 6. Stress−strain curves of cold-drawn 10/90 blend films at
drawing ratio of 12. Solid line and dashed line indicate immediately
after prepared film and aged film after 600 days, respectively.
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expect the UHMW-P(3HB) film. R(β/α) of the blend films
increased significantly compared with that of P(3HB). In
particular, R(β/α) values drastically increased for the 5/95 blend
film at higher drawing ratios, which correlates with the tensile
strength (Figure 5), indicating that the β-form (planar zigzag
conformation) strongly increases the tensile strength of drawn
films. Furthermore, the addition of a small amount of UHMW-
P(3HB) chains seemed to induce generation of the β-form. The
mechanism of generation of the β-form in blend films will be
discussed later.

Small-Angle X-ray Scattering Analysis. Figure 10 shows
typical SAXS profiles of 5/95 blend films that are (A) undrawn

and with a drawing ratio of (B) 6 and (C) 12. The SAXS
patterns of all samples are shown in Figure S3 of the
Supporting Information. The ring pattern in (A) indicates an
isotropic periodic structure such as spherulites. The SAXS
pattern of the 6 times drawn 5/95 blend film (B) showed two
strong signals at the meridian. This scattering means that a
periodic structure of oriented lamellar crystals exists parallel to
the drawing direction.
In the SAXS pattern of the 5/95 blend film with a drawing

ratio of 12, the intensity of two signals at the meridian was
lower than that of the blend film that had a drawing ratio of 6.
This phenomenon seems to indicate that the difference of
electron density decreased due to β-form crystals forming
between lamellar crystals because the change in density
between α-form and β-form crystals is smaller than that
between α-form crystals and amorphous regions. A streak
pattern was observed on the equator line, as shown in Figure
8C. This streak pattern indicates the appearance of a highly
ordered structure, such as that resembling a shish-kebab,
parallel to the drawing direction.

Figure 7. WAXD patterns of (A) undrawn 5/95 blend film and (B) 5/95 blend film at a drawing ratio of 12. The arrow indicates the drawing
direction.

Figure 8. (A) Equatorial line of WAXD pattern of drawn films. λ
indicates the maximum drawing ratio. (B) Line profile of drawn films.

Figure 9. Intensity ratio of the β-form reflection to the (020)
reflection of the α-form.

Figure 10. SAXS patterns of a 5/95 blend film that is (A) undrawn
and with a drawing ratio of (B) 6 and (C) 12. The arrow indicates the
drawing direction.
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The thickness of lamellar crystals (lp) and their Lp are
summarized in Table 2 together with physical properties. The
lp, which is ca. 8 nm, in the drawn UHMW-P(3HB) film is
greater than that in the drawn P(3HB) film (∼6 nm). The lp
values of 5/95 and 10/90 blends are slightly smaller than that
of P(3HB), suggesting that the UHMW-P(3HB) chains in the
blend films exist in the β-form between α-form lamellar crystals.
If the UHMW-P(3HB) chains in the blend films form lamellar
crystals with only themselves, the lamellar crystals in blend
films will be thicker than those in the P(3HB) film. However, lp
of 5/95 and 10/90 blend films were smaller than that in the
P(3HB) film, which supports the UHMW-P(3HB) chains
adopting the β-form.
Proposed Formation Mechanism of the β-Form in

Cold-Drawn Blend Films. Until now, it was considered that
the β-form was generated from amorphous regions between
lamellar crystals by two-step drawing.30 However, in this
experiment, two-step drawing was not used. Accordingly, we
propose a new generation mechanism of the β-form in cold-
drawn blend films. Based on our experimental results, a model
for the formation of the β-form in cold-drawn and annealed
blend films is presented, as depicted in Figure 11. When cold-
drawing was applied to the blend films, the molecular chains
become aligned along the drawing direction (Figure 11A).
Lamellar crystals were generated by the annealing process. The
UHMW-P(3HB) chains seem to cocrystallize with P(3HB)
chains in lamellar crystals (Figure 11B). The UHMW-P(3HB)
in blend film was expected to give the many forming tie chain
as against P(3HB). The lamellar crystals including UHMW-
P(3HB) chains are fixed by the presence of these chains, and as
a result, these lamellar crystals seem to be unable to move
freely. The UHMW-P(3HB) chains between lamellar crystals
were pulled in the direction of lamellar crystals as the growth of
the lamellar crystals progresses. This causes the UHMW-

P(3HB) chains between lamellar crystals to adopt the β-form
(planar zigzag) (Figure 11C). It is probable that the β-form
structure is also formed from P(3HB) chains between lamellar
crystals fixed by UHMW-P(3HB) chains. In the case of only
P(3HB) (Figure 11A′−C′), it seems that forming the β-form
structure is difficult because the pulling force toward the
direction of the lamellar crystals is absorbed by movement of
unfixed lamellar crystals (Figure 11C′). In addition, the tie-
chain in P(3HB) is expected less than that in blend.

Enzymatic Degradation. Figure 12 shows the enzymatic
degradation rates for the blend films together with P(3HB) and

UHMW-P(3HB) films at different drawing ratios. The
degradation rates of UHMW-P(3HB) films were lower than
those of P(3HB) and blend films. The degradation rates of each
sample decreased with increasing drawing ratio. This is caused
by the increase in crystallinity and lamellar thickness with
drawing ratio. Comparing the P(3HB), blend, and UHMW-

Figure 11. Schematic illustrations showing the proposed mechanism for generating β-form structures in blend and P(3HB) films. (A) Initial
crystallization of lamellar crystals (α-form). (B) Generating the β-form in an amorphous region during further crystallization. (B′) Movement of
lamellar crystals during further crystallization. The β-form was formed from tie-chains fixed between lamellar crystals during annealing.

Figure 12. Enzymatic degradation rate of P(3HB), blend, and
UHMW-P(3HB) films in an aqueous solution of polyhydroxybutyrate
depolymerase at 37 °C.
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P(3HB) films, the slow degradation rate of UHMW-P(3HB)
seems to be caused by thick lamellar crystals. The order of the
enzymatic degradation rate was P(3HB) > blend > UHMW-
P(3HB). This result indicates the addition of UHMW-P(3HB)
to P(3HB) can control the degradation rate as well as the
drawing procedure.

■ CONCLUSION
Blend films consisting of wild-type P(3HB), which is a typical
microbial plastic, and a small amount of UHMW-P(3HB) were
prepared. G reached a maximum value at around 90 °C for all
of the samples, and at each crystallization temperature the order
of G was P(3HB) > blend > UHMW-P(3HB). However,
addition of UHMW-P(3HB) reduced t1/2. Thus, addition of
UHMW-P(3HB) chains appeared to increase the frequency of
crystal nucleation. A cold-drawing technique was applied to the
films. It has become clear that the stability of cold-drawn
P(3HB) film was maintained even after aging for 600 days.
WAXD measurements of the drawn films revealed the presence
of β-form crystals, which are observed in high strength films.
Measurement of the quantity of the β-form crystals showed that
there is a correlation between the strength of a film and the
amount of β-form structure. The addition of UIHMW-P(3HB)
into wild-type P(3HB) improved the mechanical properties and
increased the amount of β-form crystals in the resulting films. A
new generation mechanism of β-form structures in blend films
was proposed. The rate of enzymatic degradation of the films
was P(3HB) > blend > UHMW-P(3HB).
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ABSTRACT: The potential of butadiene ditelomers for the syn-
thesis of polymers has been investigated for the first time follow-
ing two different approaches: acyclic diene metathesis (ADMET)
polymerization and thiol−ene polyaddition. The feasibility of
both step-growth polymerization methods has been investigated
by focusing on the particular polymerization behavior of these
unusual monomers. It has been shown that ring-closing meta-
thesis of the studied ditelomers predominates in the first steps of
ADMET, followed by oligomerization and double bond isomer-
ization. On the other hand, during thiol−ene polyaddition, addi-
tional isomerization reactions, converting allyl ether moieties to
vinyl ether moieties, were observed. Generally, the thiol−ene
polymerization approach led to higher molecular weight poly-
mers with better characteristics and interesting material properties.

■ INTRODUCTION
Along with the idea of substituting petroleum-based feedstocks
with renewable ones, the development of more sustainable and
environmentally benign technologies for the production of
versatile building blocks and polymers has become one of
the most important items on the agenda of industry as well as
academia.1 In light of this general desire for more efficient and
at the same time environmentally friendlier processes, the addi-
tion of nucleophiles to olefins and alkynes, typical examples
of 100% atom-efficient reactions, can be considered as partic-
ularly attractive green processes. Among these reactions, the
telomerization reaction,2 a synthetic methodology originally
discovered by Smutny in 1967,3 is reported to provide linear
dimerization products of 1,3-dienes (such as 1,3-butadiene and
isoprene) via 1,6- or 3,6-addition of an appropriate nucleophile
(e.g., alcohols,4 water,5 amines and ammonia,6 sugar7 and
polyols,8 starch,9 and carbon dioxide10) in good yields for
countless applications. This valuable process enables, for in-
stance, the synthesis of intermediates for natural products or
fine chemicals synthesis11 and the preparation of amphiphilic
compounds that find use as surfactants or emulsifiers if the
proper diene/nucleophile combination is selected.12 In addi-
tion, if the applicability of telomers, in particular α,ω-diene
ones, could be extended to polymerization reactions, this would
open up new opportunities for building high molecular weight
and value-added materials. Notably, our literature survey has
shown only a limited number of studies reporting the use of
telomers as monomers for polymer synthesis. One example is
the copolymerization of ethylene with 2,7-octadienyl methyl

ether, a monotelomer available from the telomerization of 1,3-
butadiene with methanol and palladium catalysts.13 However,
ditelomers have not yet been investigated for step-growth poly-
merizations. Since telomers contain double bonds, it should be
possible to polymerize them using acyclic diene metathesis
(ADMET) polymerization. This polymerization technique is
advantageous since the catalysts employed are tolerant toward
many functional groups, the reaction conditions are mild, and a
wide range of molecular architectures are accessible.14 Another
well-established concept, the radical-initiated thiol−ene reac-
tion,15 has also been widely applied in the field of polymer
science.16 The so-called thiol−ene click reaction, discovered in
1905 by Posner,17 is a well-known example of this type of
reaction. Extensive investigations in the context of the reaction
mechanism, polymerization kinetics, and monomer reactivity18

have revealed that, in addition to being highly efficient under
benign reaction conditions (compatible with water and oxygen),
the thiol−ene coupling reaction is regioselective, metal-free,
orthogonal to many functional groups, and provides
quantitative or near-quantitative yields with simple or no chro-
matographic separation required.14,19 Furthermore, some stud-
ies have already focused on the direct synthesis of linear
oligomers and polymers through step-growth and addition/
chain polymerizations of diolefins with dithiols.20
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Thus, in order to broaden the application possibilities of buta-
diene telomers, we report here a comparative study on the poly-
merization of α,ω-diene telomers using two straightforward and
simple chemical pathways: the acyclic diene metathesis and thiol−
ene polymerizations as versatile tools to convert such valuable
monomers into potentially useful macromolecular materials.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Thin layer chromatography

(TLC) was performed on silica gel TLC cards (layer thickness 0.20 mm,
Fluka). Permanganate reagent was used as developing solution.
All 1H and 13C nuclear magnetic resonance (NMR) spectra were

acquired in CDCl3 (99.8 atom % D, Armar Chemicals) as solvent
using Bruker AVANCE DPX spectrometers operating at 300 and
400 MHz for 1H NMR and 75.5 and 100 MHz for 13C NMR.
Chemical shifts (δ) are given in ppm relative to the internal standard
tetramethylsilane (TMS, δ = 0.00 ppm) for 1H NMR. The 1H NMR
spectra were referenced to the residual proton impurities in the CDCl3
at δH 7.26 ppm. The 13C NMR spectra were referenced to 13CDCl3 at
δC 77.00 ppm. For the analysis of the polymers the relaxation time
was set to 5 s.
Molecular weight and PDI (Mw/Mn) values of the polymers were

obtained by SEC (GPC) using a LC-20A system from Shimadzu
equipped with an SIL-20A autosampler and an RID-10A refractive
index detector in THF (flow rate 1 mL min−1) at 50 °C. The analysis
was performed on three different column systems; (A): PLgel 5 μm
MIXED-D column (Varian, 300 mm × 7.5 mm, 10000 Å) with SDV
gel 5 μm precolumn (PSS, 50 mm × 8.0 mm), (B): two PSS SDV
column system (5 μm 300 mm × 7.5 mm, 1000 Å, 10000 Å) and
(C): three PSS SDV column system (5 μm 300 mm × 7.5 mm, 100 Å,
1000 Å, 10000 Å). All determinations of molar mass were performed
relative to linear poly(methyl methacrylate) standards (Polymer Stan-
dard Service, MP 1100−981000 Da).
Differential scanning calorimetry (DSC) experiments were carried

out under a nitrogen atmosphere at a heating rate of 10 °C min−1 with
a DSC821e (Mettler Toledo) calorimeter up to a temperature of
250 °C using a sample mass in the range of 8−15 mg. Data from
second heating scans are reported unless special heating treatments
were applied. The glass transition temperature, Tg, is reported as the
midpoint of the heat capacity change.
Thermogravimetric analysis (TGA) was performed on a TGA/

SDTA851e instrument (Mettler Toledo) at a heating rate of 10 °C ×
min−1 under nitrogen. The weights of the samples were of about 8 mg.
All chemicals were used as received: Pd(dba)2 (dba, bis(dibenzy-

lideneacetone) (Aldrich), TOMPP (tris(o-methoxyphenyl)phos-
phine), 1,3-propanediol (>99%, Fluka), 1,3-butadiene (Linde Gas),
1,4-benzoquinone (BQ, >99%, Aldrich), 1-octanethiol (>98.5%,
Aldrich), 1,4-butanedithiol (DT1, >97%, Aldrich), 2-mercaptoethyl
ether (DT2, >95%, Aldrich), 3,6-dioxa-1,8-octanedithiol (DT3, >95%,
Aldrich), benzylidenebis(tricyclohexylphosphine) dichlororuthenium
(C1, Grubbs catalyst first generation, Aldrich), benzylidene [1,3-
bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene] dichloro-
(tricyclohexylphosphine) ruthenium (C2, Grubbs catalyst second gen-
eration, Aldrich), (1,3-bis(2,4,6-trimethylphenyl)-2-imidazoli-
dinylidene)dichloro(o-isopropoxyphenylmethylene) ruthenium (C3,
Hoveyda−Grubbs catalyst second generation, Aldrich), [1,3-bis(2,4,6-
trimethylphenyl)-2-imidazolidinylidene]dichloro [2-(1-methylacetoxy)-
phenyl]methylene ruthenium(II) (C4, Umicore M51), ethyl vinyl ether
(99%, Aldrich), 2,2′-azobis(2-methylpropionitrile) (AIBN, 98%, Aldrich)
was used after recrystallization from methanol. All solvents (technical
grade) were used without purification.
General Procedure for Ditelomers (1, 2, and 3) Synthesis. A

standard telomerization procedure4a was adapted in order to maximize
ditelomer formation for 1,3-propanediol. The reactions were per-
formed inside a 100 mL stainless steel Parr autoclave. In a typical run,
the autoclave was first loaded with the alcohol (0.12 mol), Pd(dba)2
(4.85 × 10−5 mol) and the ligand TOMPP (tris(o-methoxyphenyl)-
phosphine) (3.8 × 10−4 mol) at room temperature after which the
autoclave was cooled to −40 °C. 1,3-Butadiene was directly condensed

in the reactor and the autoclave was heated to the reaction tem-
perature of 80 °C and kept at that temperature until the pressure had
dropped to less than 3 bar after around 12 h (indicating that the
reaction was finished). An excess of butadiene (1,3-butadiene:alcohol
molar ratio of 6:1) was employed in all experiments in order to ensure
complete telomerization of the alcohol. Three different phosphine to
metal ratios were used in the telomerization of 1,3-butadiene with 1,3-
propanediol: 4:1 (telomer 1), 8:1 (telomer 2), and 16:1 (telomer 3).
After purification of the products, the amount of the ditelomer of 1,3-
propanediol was calculated to be more than 91%. The telomer pro-
ducts were isolated by column chromatography, for which a silica gel
column (internal diameter: 50 mm, height: 250 mm, dead volume:
70 mL) was loaded with the telomer products. Two column volumes
of hexane were eluted and discarded, after which the telomers were
separated using a hexane:diethyl ether (9:1 v/v) mixture as the eluent.
Pooled fractions were dried in vacuum and purity checked by 1H
NMR. The linear-to-branched (l/b) ratio was determined from the
GC and NMR analysis of the isolated products.

Thiol−Ene Model Reaction. The thiol−ene model reactions were
performed in a carousel reaction station RR98072 (Radleys Discovery
Technologies, U.K.). Into a reaction tube, 0.5 g (1.71 mmol) of the
ditelomer and 1.0 g of 1-octanethiol (6.84 mmol) were introduced and
degassed via 3 times 200 mbar vacuum and subsequent Ar purge. The
reaction were conducted either radically (model reaction A) or
thermally induced (model reaction B) under solvent-free conditions at
the desired reaction temperature (75 and 70 °C for the respective
model reactions A and B). In the case of radical-initiated reactions,
2.5 mol % (0.04 mmol) of AIBN was added to the reaction mixture.
The reactions were followed with TLC with hexane−ethyl acetate
(15:1, v:v) as eluent. Moreover, the monomer conversion was cal-
culated from integration of corresponding 1H NMR signals. A relaxation
time (d1) of 5 s was used in the 1H NMR analyses in order to obtain
reliable integral values. The reaction products were purified by column
chromatography with hexane−ethyl acetate (15:1, v:v) as eluent.

Model Reaction Products. 1H NMR (300 MHz, CDCl3, δ in ppm):
6.20 (d, −CHCH−O−CH2−, J = 12.6 Hz, 1Htrans), 5.91 (dd,
−CHCH−O−CH2−, J = 6.2, 1.3 Hz, 1Hcis), 5.72−5.62 (m, −CH
CH−CH2O−trans isomer, −CHCH2 branched telomer), 5.58−5.48 (m,
−CHCH−CH2−O−trans isomer, −CHCH−CH2−O−cis isomer),
5.17−5.11 (m, −CHCH2 branched telomer), 4.81−4.68 (m, −CH
CH−O−CH2−, 1Htrans), 4.37−4.25 (m, −CHCH−O−CH2−,
1Hcis), 3.99 (d, J = 4.8 Hz, −CHCH−CH2−O−cis isomer), 3.89 (d,
J = 5.9 Hz, −CHCH−CH2−O−trans isomer), 3.79−3.64 (m, −CH
CH−O−CH2−CH2−CH2−O−), 3.48 (t, J = 6.4 Hz, −O−CH2−
CH2−CH2−O−), 2.57−2.46 (m, −CH2−S−CH2−), 2.10−1.98 (m,
−CH2−CHCH−), 1.90−1.79 (m, −O−CH2−CH2−CH2−O−,
−CHCH−O−CH2−CH2−CH2−O−), 1.67−1.52 (m, −S−CH2−
CH2−CH2−), 1.42−1.31 (m, −CH2−), 0−92−0.84 (t, −CH3).

13C NMR (75 MHz, CDCl3, δ in ppm): 146.18 (−CHCH−O−
CH2− cis isomer), 144.99 (−CHCH−O−CH2−trans isomer), 134.31
(−CHCH−CH2−O−trans isomer), 134.17 (−CHCH−CH2−
O−cis isomer), 126.95 (−CHCH−CH2O−cis isomer), 126.80 (−CH
CH−CH2O−trans isomer), 106.78 (−CHCH−O−CH2−cis isomer), 104.09
(−CHCH−O−CH2−trans isomer), 74.88 (−CHCH−O−CH2−CH2−
CH2−O−), 71.80 (−CHCH−CH2−O−trans isomer), 67.38 (−O−CH2−
CH2−CH2−O−), 66.65 (−CHCH−CH2−O−cis isomer), 32.35
(−CH2−S−CH2−), 32.29 (−CH2−S−CH2−), 32.15 (−CH2−CH
CH−O−), 31.93 (−CH2−CHCH−CH2−O−), 30.37 (−O−CH2−
CH2−CH2−O−), 30.13 (−CHCH−O−CH2−CH2−CH2−O−),
29.79 (−S−CH2−CH2−CH2−CH2−), 29.72 (−S−CH2−CH2−CH2−),
28.90 (−S−CH2−CH2−CH2−), 28.67 (−CH2−CH2−CH2CH−),
28.4 (−CH2−CH2−CH2−CH3), 22.27 (−CH2−CH3), 14.14 (CH3).

Polymerization Reactions. General Procedure for ADMET
Polymerizations. The ADMET reactions were performed in a
carousel reaction station RR98072 (Radleys Discovery Technologies,
UK). Ditelomer 1, 2, or 3 (0.5 g, 1.71 mmol) was added into the
carousel tube. Different amounts of catalysts (C1, C2, C3, or C4; see
Figure 1) were added separately. The influence of the reaction
conditions on the obtained molecular weight was studied (Tables 1, 2,
and 3). Ethylene gas (byproduct) was removed by applying gas or
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vacuum continuously. The reactions were cooled down to room
temperature and quenched in THF by adding ethyl vinyl ether (500-
fold excess to the catalyst) with stirring for 30 min at room tem-
perature. Samples were taken periodically to determine the monomer
conversion and the molar mass (distribution) of the resulting polymers
using 1H, 13C NMR spectroscopy, as well as GPC analysis. The final
reaction mixtures were precipitated in ice cold methanol. The yields
varied in the range of 50−85%.
General Procedure for Thiol−Ene Polymerizations. The thiol−ene

polymerization reactions were performed in a carousel reaction station
RR98072 (Radleys Discovery Technologies, U.K.). Into a reaction
vessel 0.5 g (1.71 mmol) of the ditelomer (1, 2, or 3) and the cor-
responding dithiol compound (see Table 4) were introduced and
degassed via 3 times 200 mbar vacuum and subsequent Ar purge.
Afterward, the reaction was let to stir magnetically (500 rpm) at the
desired reaction temperature (35−70 °C) until the reaction became
very viscous and could not be stirred anymore (Table 4). In some
cases, desired amounts of AIBN (1.0−2.5 mol %) were added to
the reaction mixture and reacted at 75 °C (Table 4). The final reaction
mixtures were precipitated in ice cold methanol. The yields varied in
the range of 70−92%.

Spectroscopic Data of Representative Thiol−Ene Polymers. P2.
1H NMR (300 MHz, CDCl3, δ in ppm): 5.85−5.72 (m, −CHCH2),
5.72−5.62 (m, −CHCH−CH2−O− t r a n s i s ome r , −CH
CH2 branched telomer), 5.58−5.48 (m, −CHCH−CH2−O−trans isomer,
−CHCH−CH2−O− c i s i s ome r) , 5 .17−5.11 (m, −CH
CH2 branched telomer), 5.01−4.92 (m, −CHCH2), 3.99 (d, J = 4.8 Hz,
−CHCH−CH2−O−cis isomer), 3.89 (d, J = 5.9 Hz, −CHCH−

Figure 1. (a) Ditelomer composition as obtained via GC−MS and NMR analysis; (b) metathesis catalysts applied during ADMET studies of the
ditelomers; (c) schematic representation of the applied polymerization techniques and idealized products.

Table 1. Selected Results of ADMET Studies of Telomer 1 in
the Presence of C1 at Different Reaction Temperatures after
4 h Reaction Time

entrya catal (mol %) T (oC) Mw
b (Da) PDIb (Mw/Mn)

1 C1 [0.2] 40 600 1.35
2 C1 [0.4] 40 650 1.27
3 C1 [0.8] 40 650 1.32
4 C1 [1.0] 40 700 1.26
5 C1 [1.6] 40 750 1.48
6 C1 [2.0] 40 820 1.50
7 C1 [0.4] 50 830 1.50
8 C1 [0.4] 60 750 1.48
9 C1 [0.4] 70 690 1.42

aAdditional conditions applied during polymerization: argon was
applied for 4 h, unless otherwise specified. bGPC was performed on
crude reaction samples, quenched with ethyl vinyl ether, in THF,
containing BHT, with PMMA calibration; Mw is the weight-average
molecular weight detected via GPC.

Table 2. Selected Results of ADMET Studies of Telomer 1 in
the Presence of C2, C3, and C4 at Different Reaction
Temperatures after 4 h Reaction Time

entry
catal

(mol %) conditionsa
T

(oC)
Mw

b

(Da)
PDIb

(Mw/Mn)

1 C2 [0.4] − 40 2200 1.82
2 C2 [0.4] BQ [0.8] 40 750 1.39
3 C2 [0.4] − 60 1500 1.64
4 C2 [0.4] − 80 890 1.54
5 C3 [0.4] − 40 1100 1.69
6 C3 [2.0] − 40 1900 1.74
7 C3 [2.0] BQ [4.0] 40 4650 1.98
8 C3 [1.0] − 80 1900 1.75
9 C3 [1.0] BQ [2.0] 80 4000 2.01
10 C3 [1.0] BQ [8.0] 80 4900 2.65
11c C3 [1.0] BQ [8.0] 80 5600 2.17
12 C4 [1.0] − 80 1750 1.78
13 C4 [1.0] BQ [8.0] 80 1950 1.84
14c C4 [1.0] BQ [8.0] 80 5450 2.33
15d C3 [1.0] BQ [8.0] 80 9400 (6350)e 5.73 (2.48)e

16d C4 [1.0] BQ [8.0] 80 3800 (2750)e 2.71 (2.50)e

aAdditional conditions applied during polymerization: argon was
applied for 4 h, unless otherwise specified; BQ: amount of
benzoquinone in % with respect to monomer. bGPC was performed
on crude reaction samples, quenched with ethyl vinyl ether, in THF,
containing BHT, with PMMA calibration; Mw is the weight-average
molecular weight detected via GPC. cVacuum was applied for 4 h
instead of gas flow. dReactions were performed for 48 h with
continuous argon flow for the first 4 h. eGPC data for crude reaction
samples after 24 h, quenched with ethyl vinyl ether, in THF,
containing BHT, with PMMA calibration.
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CH2−O−trans isomer), 3.48 (t, J = 6.4 Hz, −O−CH2−CH2−CH2−O−),
2.57−2.46 (m, −CH2−S−CH2−, −CH2−SH end group), 2.10−1.98 (m,
1H, −CH2−CHCH−), 1.90−1.79 (m, 1H, −O−CH2−CH2−CH2−
O−, −CH2−CH2−SH end group), 1.74−1.63 (m, −S−CH2−CH2−CH2−
CH2−S−), 1.63−1.52 (m, 1H, −S−CH2−CH2−CH2−), 1.52−1.42
(m, −CH2−CH2−CHCH2 end group), 1.42−1.31 (m, −CH2−).

13C NMR (75 MHz, CDCl3, δ in ppm): 138.80 (−CHCH2),
134.31 (−CHCH−CH2−O−trans isomer), 134.17 (−CHCH−CH2−
O−cis isomer), 126.95 (−CHCH−CH2−O−cis isomer), 126.80 (−CH
CH−CH2−O−trans isomer), 114.73 (−CHCH2), 71.80 (−CHCH−
CH2−O−trans isomer), 67.38 (−O−CH2−CH2−CH2−O−), 66.65
(−CHCH−CH2−O−cis isomer), 33.40 (−CH2−CHCH2), 33.22
(−CH2−CH2−SH), 32.35 (−CH2−S−CH2−), 32.29 (−CH2−S−
CH2−), 31.93 (−CH2−CHCH−), 30.37 (−O−CH2−CH2−CH2−
O−), 29.72 (−S−CH2−CH2−CH2−), 28.95 (−S−CH2−CH2−CH2−
CH2−S−), 28.90 (−S−CH2−CH2−CH2−), 28.67 (−CH2−CH2−CH
CH−), 28.47 (−CH2−CH2−CHCH2), 24.41 (HS−CH2−CH2−).
P3. 1H NMR (300 MHz, CDCl3, δ in ppm): 5.85−5.71 (m,

−CHCH2), 5.71−5.61 (m, −CHCH−CH2−O−trans isomer,
−CHCH2 branched telomer), 5.58−5.48 (m, −CHCH−CH2−
O−trans isomer, −CHCH−CH2−O−cis isomer), 5.17−5.11 (m, −CH

CH2 branched telomer), 5.01−4.92 (m, −CHCH2), 3.99 (d, J = 4.9 Hz,
−CHCH−CH2−O−cis isomer), 3.89 (d, J = 6.1 Hz, −CHCH−
CH2−O−trans isomer), 3.70 (t, J = 6.6 Hz, −O−CH2−CH2−SH end group),
3.60 (t, J = 6.6 Hz, −S−CH2−CH2−O−CH2−), 3.47 (t, J = 6.4 Hz,
−O−CH2−CH2−CH2−O−), 2.87 (t, J = 6.6 Hz, −O−CH2−CH2−SH
end group) 2.68 (t, J = 6.9 Hz, −S−CH2−CH2−O−), 2.53 (t, J = 7.4 Hz,
−S−CH2−CH2−CH2−), 2.10−1.98 (m, 1H, −CH2−CHCH−),
1.88−1.79 (m, 1H, −O−CH2−CH2−CH2−O−), 1.64−1.52 (m, 1H,
−S−CH2−CH2−CH2−), 1.52−1.42 (m, −CH2−CH2−CH
CH2 end group), 1.42−1.33 (m, −CH2−).

13C NMR (75 MHz, CDCl3, δ in ppm): 138.81 (−CHCH2),
134.30 (−CHCH−CH2−O−trans isomer), 134.21 (−CHCH−CH2−
O−cis isomer), 126.91 (−CHCH−CH2−O−cis isomer), 126.78 (−CH
CH−CH2−O−trans isomer), 114.74 (−CHCH2), 71.80 (−CHCH−
CH2−O−trans isomer), 70.87 (−S−CH2−CH2−O−CH2−CH2−S−),
69.40 (−O−CH2−CH2−SH), 67.37 (−O−CH2−CH2−CH2−O−),
67.30 (−O−CH2−CH2−CH2−O−), 66.63 (−CHCH−CH2−
O−cis isomer), 33.40 (−CH2−CHCH2), 32.74 (−S−CH2−CH2−O−
CH2−CH2−S−), 32.33 (−CH2−S−CH2−), 31.70 (−CH2−CH
CH−), 30.35 (−O−CH2−CH2−CH2−O−), 29.79 (−S−CH2−CH2−
CH2−), 28.87 (−S−CH2−CH2−CH2−), 28.59 (−CH2−CH2−CH
CH−), 28.53 (−O−CH2−CH2−SH), 28.44 (−CH2−CH2−CHCH2).

P4. 1H NMR (300 MHz, CDCl3, δ in ppm): 5.87−5.72 (m,
−CHCH2), 5.72−5.63 (m, −CHCH−CH2−O−trans isomer,
−CHCH2 branched telomer), 5.59−5.50 (m, −CHCH−CH2−
O−trans isomer, −CHCH−CH2−O−cis isomer), 5.18−5.12 (m, −CH
CH2 branched telomer), 5.03−4.93 (m, −CHCH2), 4.00 (d, J = 4.8 Hz,
−CHCH−CH2−O−cis isomer), 3.90 (d, J = 5.9 Hz, −CHCH−
CH2−O−trans isomer), 3.74 (t, J = 6.7 Hz, −O−CH2−CH2−SH end group),
3.66−3.60 (m, −CH2−O−CH2−CH2−O−CH2−), 3.49 (t, J = 6.4 Hz,
−O−CH2−CH2−CH2−O−), 2.89 (t, J = 6.7 Hz, −O−CH2−CH2−
SH end group) 2.70 (t, J = 7.0 Hz, −S−CH2−CH2−O−), 2.53 (t, J = 7.3 Hz,
−S−CH2−CH2−CH2−), 2.09−1.99 (m, −CH2−CHCH−), 1.90−
1.80 (m, −O−CH2−CH2−CH2−O−), 1.64−1.53 (m, −S−CH2−
CH2−CH2−), 1.53−1.43 (m, −CH2−CH2−CHCH2 end group), 1.43−
1.33 (m, −CH2−).

13C NMR (75 MHz, CDCl3, δ in ppm): 134.45 (−CHCH−
CH2−O−cis isomer), 134.24 (−CHCH−CH2−O−trans isomer), 126.77
(−CHCH−CH2−O−trans isomer), 126.44 (−CHCH−CH2−
O−cis isomer), 71.76 (−CHCH−CH2−O−trans isomer), 71.19 (−S−
CH2−CH2−O−CH2−CH2−O−CH2−CH2−S−), 70.43 (−S−CH2−
CH2−O−CH2−CH2−O−CH2−CH2−S−), 67.34 (−O−CH2−CH2−
CH2−O−), 32.68 (−S−CH2−CH2−O−CH2−CH2−O−CH2−CH2−
S−), 32.28(−S−CH2−CH2−CH2−), 31.28 (−CH2−CHCH−),
30.32 (−O−CH2−CH2−CH2−O−), 29.79 (−S−CH2−CH2−CH2−),
28.84 (−S−CH2−CH2−CH2−), 28.56 (−CH2−CH2−CHCH−).

■ RESULTS AND DISCUSSION

Recently, research in industry and academia is particularly
focused on applying benign reaction conditions and using pre-
cursors based on renewable feedstocks. In this sense, the 100%
atom-efficient Pd-catalyzed telomerization of readily available
and cheap 1,3-butadiene with renewable 1,3-propanediol is an
elegant way to synthesize the herein studied monomers with
minimum environmental impact.21 It must be pointed out that
1,3-propanediol can be obtained directly either from corn or
any plant oil as a renewable raw material,22 and thus the
telomerization process can, in principle, be integrated in a 100%
biomass-based synthesis platform as long as butadiene is
obtained from renewable sources, for instance from bio-
ethanol.23 With the application as surfactant precursor in mind,
previous studies were aimed at optimizing conditions for forma-
tion of the monotelomer of 1,3-propanediol.20 However, as the
ditelomer product was required for our polymerization studies,
telomerization conditions were adapted by using a larger excess
of butadiene (1,3-butadiene:1,3-propanediol molar ratio of 6:1)
and a longer reaction time at 80 °C under solvent-free conditions.

Table 3. ADMET Screening of Monomers 2 and 3 at 80°C
with 1.0 mol % C3 (or C4) and 8.0 mol % BQb

entry monomer catal (mol %) T (oC) Mw
a (Da) PDIa (Mw/Mn)

1 2 C3 [1.0] 80 5350 4.35
2 2 C4 [1.0] 80 4950 3.85
3 3 C3 [1.0] 80 3500 5.84
4 3 C4 [1.0] 80 4220 3.61

aGPC was performed to crude reaction samples, quenched with ethyl
vinyl ether, in THF, containing BHT, with PMMA calibration; Mw is
the weight-average molecular weight detected via GPC. bAdditional
conditions were applied during polymerization: vacuum was applied
for 4 h, unless otherwise specified.

Table 4. Reaction Conditions and Analytical Data of
Selected Thiol−Ene Polymerizationsd

entry monomer:thiol (ratio)
T

(oC)
rxn time
(h)

Mw
a

(Da)
PDIa

(Mw/Mn)

1b 1:DT1 = 1:1 35 24 (72) 2180 1.85
2 1:DT1 = 1:1 50 48 19 820 5.60
3c 1:DT1 = 1:1 70 24 124 200 27.00
4 1:DT2 = 1:1 35 72 49 900 9.88
5 1:DT2 = 1:1 50 96 48 100 6.40
6 1:DT2 = 1:1 70 56 40 200 9.46
7 1:DT3 = 1:1 50 48 53 800 8.61
8 1:DT1 = 1:0.95 50 72 6380 2.91
9 1:DT1 = 0.95:1 50 56 20 300 5.08
10 1:DT2 = 1:0.95 50 96 20 600 3.61
11 1:DT2 = 0.95:1 50 96 480 000 53.0
12 1:DT1 = 1:1 (2.5 mol %

AIBN)
75 1 12 100 3.22

13 1:DT2 = 1:1 (2.5 mol %
AIBN)

75 1 13 150 5.01

14 1:DT3 = 1:1 (2.5 mol %
AIBN)

75 1 32 600 5.74

15 1:DT3 = 1:1 (1.0 mol %
AIBN)

75 4 8350 2.49

aGPC was performed to crude reaction samples in THF, containing
BHT, with PMMA calibration; Mw is the weight-average molecular
weight detected via GPC. bReaction was performed for 72 h, however
there was no difference between the GPC data of 24 and 72 h. cGPC
data is for the corresponding soluble part of the crude reaction
mixture. dAdditional conditions applied during polymerization:
reaction mixtures were degassed via 3 times 200 mbar vacuum and
subsequent Ar purge, unless otherwise specified.
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Using the Pd/TOMPP complex as telomerization catalyst, the
ditelomers were obtained with full conversion of the diol
substrate and a yield of 92%. The structures of the 1,3-
propanediol-based ditelomers were confirmed by the means of
1H NMR and 13C NMR with a 95% (E)-configuration of the
double bond in the hydrophobic chains. Telomerization
products are almost inevitably obtained as a mixture of the
linear (1-addition product) and branched (3-addition) octa-
dienes. Controlling the linear to branched ratio (l/b; the linear
product is often preferred) remains a challenge. It is known that
higher phosphine to palladium ratios result in increased stability
of the catalyst, but also in lower l/b ratios. As full conversion to
the ditelomer, but also a l/b ratio that is as high as possible is
required for the present application, a balance needs to be
struck in the P/Pd ratio.2 Thus, in order to achieve a selective
synthesis of the linear (versus branched, designated as l/b ratio)
ditelomer, the ratio of phosphine to metal was varied from 4:1,
8:1 to 16:1. The final diethers consisted of different linear/
branched ratios as shown in Figure 1. As expected, a slight
decrease (from 93% to 91%) was observed when the relative
amount of phosphine was increased to 16 equiv.
ADMET Polymerizations. The efficacy of the telomers

(1, 2, and 3) as monomers was evaluated using two polymerization
methods. The first route focuses on the reactivity of the
ditelomers in the presence of metathesis catalysts. As men-
tioned in the Introduction, it is well-known that, in addition to
the construction of many complex and important low molecular
weight molecules, the metathesis reaction has enabled the syn-
thesis of diverse polymers.24 So far, concerning the trans-
formation of the hydrophobic chain of different monotelomers
[such as (E)-1-phenoxy-2,7-octadiene or the (peracetylated)-
octadienyl ether of xylose], the activity of several Ru-based
Grubbs first and second generation catalysts, as well as Re- and
W-based complexes, has been investigated.25 In those cases
where Ru-based catalysts were used, compounds corresponding
to a metathesis involving internal double bonds were observed.
However, up to date olefin metathesis has not been applied to
ditelomers. As the ditelomers can be considered α,ω-dienes,
they would be suitable monomers for acyclic diene metathesis
(ADMET) polymerization. Nevertheless, ditelomers also
possess internal double bonds and thus cannot be considered
traditional α,ω-dienes, but participation of the internal olefins
in ADMET would nonetheless still lead to polymer formation.
Therefore, the ADMET reactions of monomers 1, 2, and 3
were investigated (Figure 1). The readily available Ru-based
metathesis catalysts should be more suitable for these
ditelomers, given their functional group tolerance.13 In order
to study the scope and limitations of the ADMET polymer-
ization, extensive optimization studies involving changes of
catalyst, temperature and substrate (the effect of l/b ratio) were
carried out. Since ADMET polymerization is ideally performed
in bulk monomer to maximize monomer concentration and
favor formation of polymer,26 the reactions were performed
under solvent-free conditions. Moreover, ADMET chemistry
relies on ethylene removal, which drives the reaction in this
step-growth polymerization.13 Therefore, unless otherwise
specified, a continuous gas flow (argon or nitrogen) was
applied throughout the reactions, which were run for 4 h.
Furthermore, all results presented stem from at least two
individual reactions. Monitoring of these reactions by GPC and
NMR provided the necessary insights to fully understand the
polymerization behavior of these new monomers. The primary
screening of the ADMET reaction of telomers 1, 2, and 3 was

focused on the effects of catalyst loading and temperature on
the conversion to the desired polymer. The crucial point in this
study was to retain the internal double bonds of the monomers
unreacted. Ru−benzylidene metathesis catalysts are known to
have better activities at mild temperatures.27 Furthermore, low
reaction temperatures reduce the extent of the possible
isomerization during ADMET. Thus, the efficiency of some
classical metathesis catalysts such as Grubbs first (C1) and
second (C2) generations were initially compared at 40 °C with
monomer 1, which possesses the highest l/b ratio (Table 1 and
Table 2). When 0.2 mol % C1, one of the most widely studied
metathesis catalysts, in relation to the ditelomer was used
(Table 1, entry 1), 1 was recovered along with 30% dimeric
product. Since further gradual increasing of the catalyst loading
up to 2.0 mol % (entries 2−6) did not significantly change this
result, a catalyst loading of 0.4 mol % C1 was chosen for
exploring the effect of the temperature on C1. Although it has
been reported that C1 does hardly show any side reactions up
to a polymerization temperature of 90 °C,28 temperatures
higher than 70 °C were not applied here, because of catalyst
decomposition in the current system.29 Therefore, in attempts
to favor higher conversions, the reaction temperature was
varied from 50 until 70 °C. However, the higher reaction
temperature was found not to have a considerable effect on the
polymerization reaction, as evidenced by GPC (Table 1, compare
entries 7−9). Moreover, also longer reaction times did not result
in higher molecular weights, leading us to conclude that C1, at
least under the applied bulk conditions, is unsuitable for the
polymerization of these telomers.
The catalyst screening showed that C2 (0.4 mol %) was

more effective at low temperature, with better consumption of
1 (entries 1, 3 and 4, Table 2). However, also this catalyst did
not afford high molecular weight polymers. Efforts to increase
the molecular weight by increasing the catalyst amount from
0.4 to 2.0 mol % at 40 °C showed similar trends as in the case
of C1.
Hoveyda−Grubbs second generation catalyst (C3) possesses

metathesis efficiency similar to Grubbs second generation cata-
lyst (C2), but with different substrate specificity. It was already
reported that C3 was employed successfully in many ADMET
reactions.13 Under the initial conditions (i.e., at 40 °C and
0.4 mol % of catalyst) only 50% of oligomer formation with 35%
monomer recovery was observed together with 15% undefined
low molecular weight product formation (GPC data). Thus,
high catalyst loadings were used to improve the yield of high
molecular weight products. Reactions of 1 with loadings of 0.4,
0.8, 1.0, and 2.0 mol % of C3 gave low-molecular-weight
oligomers with conversions increasing with the catalyst loading
(up to 80% at 2.0 mol % of C3). Encouraged by this result, the
ADMET reaction of 1 in the presence of 1.0 mol % of C3 was
performed at 80 °C, a typical polymerization temperature for
ADMET reactions. The results of this experiment indicated
high activity of C3 after 4 h at 80 °C. However, even at
90% conversion, appreciably high molecular weights were not
achieved. On the other hand, unidentified low molecular weight
products were observed at higher retention times by GPC. The
use of 2.0 mol % C3 resulted in lower conversion of 1 with high
amount of undefined small product formation (detected by
GPC). A switch to another metathesis catalyst with chelating
alkylidene ligand, C4 (Figure 1b), gave similar results at 80 °C
with loadings of 1.0 mol % as with C3 (cf. entries 8 and 12 in
Table 2).
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After these studies, it became apparent that the reason for the
inability to achieve a higher degree of polymerization could
be the in situ isomerization of the double bonds during
metathesis.30 Previous studies showed that, depending on the
nature of the reacting olefinic partners, the reaction conditions,
as well as the nature of the catalyst, double bond isomerization
reactions may occur.31 Double bond isomerization occurs as
result of ruthenium hydride formation, which can be sup-
pressed by the addition of hydride scavengers, e.g., 1,4-benzo-
quinone (BQ).30 Thus, catalysts C2, C3, and C4 were
examined with the same set of experiments in the presence
of BQ. Rather unexpectedly, the inclusion of BQ did not show
efficient isomerization inhibition at 40 °C for C2; in contrast, a
drop of the molecular weight was detected, as observed by GPC
(Table 2, entries 1 and 2). On the other hand, at 80 °C with a
loading of 1.0 mol % C3 and 8.0 mol % BQ, an increase of the
molecular weight up to 4900 Da was observed (entry 10, Table 2).
To investigate whether the BQ addition would favor an
increase in molecular weight through longer reaction times,
reactions 10 and 13 in Table 2 were reproduced and run for
48 h with initial argon flow for 4 h (entries 15 and 16, respec-
tively). The GPC data of the reactions showed the catalysts to
be still active even after 24 h in the presence of BQ with the
molecular weight values clearly increasing.
Since the kinetics during ADMET are dictated by the re-

moval of ethylene, a possible reason why ADMET mainly pro-
duced low molecular weight polymers, even in the presence of
the isomerization inhibitor, could be inefficient ethylene
removal. Therefore, an efficient ethylene removal by applying
vacuum, instead of inert gas flow, was investigated. Indeed,
when ADMET was performed under vacuum for 4 h in case
for C3 (entry 11, Table 2), the efficiency was substantially
improved. For catalyst C4, the effect of applied vacuum was
more pronounced (compare entries 13 and 14, Table 2), show-
ing higher monomer conversions (monitored via NMR and
GPC). Moreover, running the reactions detailed in entries 11
and 13 of Table 2 overnight (after applying vacuum for 4 h)
resulted in highly viscous, sticky materials that were soluble in
chloroform.
Monomer 1 is a mixture of linear and branched telomers

with an l/b ratio of 93/7. Since the branched monomers pos-
sess 3 or 4 terminal double bonds, they act as branching points
leading to the formation of hyperbranched structures. In order
to get a more accurate picture of both the mechanism and the
scope and limits of the reaction, the other two monomers 2 and
3, which possess lower l/b ratios, were reacted under the
optimized conditions: 1.0 mol % C3 (or C4) at 80 °C under
vacuum for 4 h. The results presented in Table 3 show a clear
tendency for both catalysts (C3 and C4): the molecular weights
increase with the branching ratio of the monomers, which
supports the polymerizations to highly branched systems and is
due to the presence of a higher amount of more reactive ter-
minal double bonds. Furthermore, the same set of experiments
was performed for 24 h, with continuous vacuum for the first
4 h. The results of this set are also in line with the formation of
hyperbranched structures. Furthermore, in the case of mono-
mers 2 and 3, the higher content of branched telomers led to
gelation caused by cross-linking. Once cross-linked, the char-
acterization of these materials (entries 3 and 4 in Table 3) was
troublesome as they were no longer soluble in any common
solvents such as THF, CHCl3, DMSO, and DMF.
Presumably, in the reactions performed with constant flow

of argon, the failure in directing the reaction of monomer 1

toward high molecular weight was due to other interfering
intra- and intermolecular metathesis reactions. The intra-
molecular metathesis of a α,ω-diene could yield ethylene and
an unsaturated carbocycle (or heterocycle) via ring-closing
metathesis (RCM), whereas the intermolecular reaction would
result in the release of ethylene with oligomer or polymer
formation via ADMET. The GPC traces for almost all products
in Table 1 and Table 2 were multimodal, with several distinct
peaks in the low molecular weight range, suggesting that low
molecular weight cyclic products were formed along with linear
chains. Thus, to gain more evidence whether the RCM was
occurring, control experiments under dilute solvent conditions
(dichloromethane as solvent) with two different catalyst
amounts (0.4 and 5.0 mol % C2 or C3 per 1) were performed.
Surprisingly, even under the dilute solvent conditions, oligomer
formation as well as RCM took place in the first 30 min of the
reactions (under continuous gas flow). To better understand
the polymerization mechanism of monomer 1 1H NMR analysis
was performed at different reaction times with additional 2D-
NMR, 1H,1H−COSY, and heteronuclear multiple-quantum
correlation (HMQC) experiments to confirm the structures
drawn in Figure 2. The NMR analysis of both control
experiments and ADMET polymerizations at different reaction
times clearly showed that RCM of the terminal and internal
double bonds did take place (with release of cyclopentene, see
Figure 2), yielding a mixture of products (RCM products and
new monomer structure suitable for further ADMET). Cyclo-
pentene and 1,6-heptadiene were collected from the ADMET
reaction as distillate. Along with these compounds, a ring-
opening metathesis compound (dimer) was observed in the
distillate as determined by 1H NMR and GC−MS. The isolated
mixture of cyclopentene and 1,6-heptadiene amounted to 1/5th
of the total reaction mixture. The rate and the yield of RCM
reaction depended on the reaction conditions, e.g., whether
argon flow or vacuum was applied; under vacuum, the RCM
was observed only in the first 5 min of the reaction. However,
with a continuous gas flow, the RCM occurred for approx-
imately 45 min. The formation of the ring-closing product
between the terminal and internal double bond was evidenced
by 1H NMR, which showed a decrease of the terminal double
bond proton resonances at 5.81 (5, in Figure 2a) and 4.97 ppm
(4) and the appearance of new terminal double bond protons at
5.91 (1) and 5.20 ppm (2) belonging to the allylic ether.
Furthermore, it was observed that the products from step a in
Figure 2 subsequently reacted via ADMET, either with themselves
or with unreacted monomers, thus giving a mixture of products
as shown in Figure 2b. These metathesis reactions led to
polymer formation (as observed by GPC); however, 1H NMR
analysis of the products also revealed that further double bond
isomerization took place (Figure 3). The vinyl ether signals
observed (hydrogens 1, 2, 3, and 4 in Figure 3), which have
similar intensities as the signals belonging to the internal olefins
formed by direct ADMET, illustrate this. The isomerization of
the allylic (ether) double bonds to the vinyl position gave a 1:1
mixture of trans (1 and 2 in Figure 3) and cis (3 and 4) isomers.
While this can be considered a nondisturbing side reaction in
most polymerizations, the isomerization of allyl ethers to vinyl
ethers has to be considered as it can lead to slow catalyst
deactivation (ethyl vinyl ether32 is the typical reagent used to
quench metathesis reactions catalyzed with ruthenium
alkylidenes). Moreover, a small amount of terminal double
bond isomerization was also observed (Figure 3). Along with
the aforementioned points, in ADMET polymerization the
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polymerizability of a monomer can be limited by the number of
methylene spacers between the olefin and the ether oxygen.33

Thus, it could be that, to some extent, also the so-called
“negative neighbouring group effect” is a reason for the
somewhat poor polymerization results. Moreover, in some
cases, self- and cross-metathesis reactivity was observed for
monomers with only one methylene spacer present.34 Finally,
oligomerization of diallylic ethers has been reported before.35

All this contributes to the observed rather poor polymerizability
of the ditelomers via ADMET.
In summary, although it is possible to react the monomers

with low catalyst loadings and relatively low temperatures via
metathesis, the presence of branched telomers in the monomer
mixture caused cross-linking at high monomer conversions.
Moreover, ADMET was not sufficiently regioselective, allowing
RCM events to take place. In addition, olefin isomerization events
led to vinyl ether moieties within the polymer backbones.
Thiol−Ene Polymerizations. Thiols have a strong ten-

dency to react with terminal double bonds in radical-initiated
reactions. Therefore, in order to establish an alternative poly-
merization pathway for monomers 1, 2 and 3, the transfor-

mation of the ditelomers was also investigated in the presence
of thiols as comonomers.
Initially, the model compound 1-octanethiol was reacted with

telomer 1 under radical-initiated (model reaction A) or ther-
mally induced (model reaction B) conditions using a molar
ratio of 4:1 (thiol:1). Although low temperatures are generally
favorable for thiol−ene additions, elevated reaction temper-
atures are required to avoid high viscosity or crystallization dur-
ing polymerization. Furthermore, it was shown that in dithiol/
diene mixtures, which are free of oxygen, radicals can also form
spontaneously under initiator-free conditions.19 Therefore, the
model reaction was carried out at 70 °C without initiator.
Although Hawker and colleagues showed that thiol−ene coupl-
ing reactions do not strictly require deoxygenation36 when
performed under solvent-free conditions, both model reactions
were nonetheless kept under vacuum (200 mbar) for 5 min
prior to exposing to heat and/or addition of initiator in order to
remove oxygen, which is an efficient radical scavenger in these
types of reactions.35 The dithioether generated from the
reaction performed in the presence of the radical initiator
(AIBN) was the expected anti-Markovnikov diaddition product

Figure 2. Study of the polymerization mechanism by means of NMR analysis: (a) initial reactions observed (first 30 min of ADMET reaction)
(entry 11, Table 1); (b) subsequent reactions of RCM product.
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(Figure 4). As illustrated by the disappearance of the protons
associated with the terminal double bonds (5.78 and 4.96 ppm)
and homoallylic (1.46 ppm) signals, and the appearance of
proton signals corresponding to the thioether product
(methylenes in α- (2.52 ppm) and β-position (1.60 ppm) to
the sulfur atom, the conversion was found to be essentially
quantitative after 1 h at 75 °C (for complete description of the
NMR data see the Experimental Section). Interestingly, the 1H
NMR spectra displayed also new significant signals at δH 6.20
(d, J = 12.6 Hz, 1Htrans), 5.91 (dd, J = 6.2, 1.3 Hz, 1Hcis), 4.81−
4.68 (m, 1Htrans) and 4.37−4.25 (m, 1Hcis) due to a migration
of the internal allyl ether double bonds to the vinylic position
(cis and trans isomers were observed), along with a
corresponding decrease of the integral value of the internal
double bond signal (Figure 4). The thermally induced reaction
without added initiator, on the other hand, resulted in a lower
yield (90%) (model reaction B) after a significantly longer
reaction time (20 h) at 70 °C. However, in this case, the
aforementioned internal double bond migration occurred to a
much lesser extent; just 3% internal allyl ether double bond
migration was detected in contrast to 27% migration in case of
model reaction A (compare results in Figure 4). While the
extent of olefin migration may not be substantial under stan-
dard thiol−ene addition conditions, its occurrence is of consid-
erable fundamental importance, since it involves hydrogen
atom transfer between thiyl and allylic species.37

Thiols are efficient hydrogen donors, and since C−H bonds
are stronger than S−H bonds [bond dissociation energy (BDE)
= 91 kcal/mol],38 thiyl radicals are usually regarded as
unreactive with respect to hydrogen abstraction. Hydrogen
atom transfer reactions are usually very sensitive to enthalpic
polar effects, however. It was indeed reported that thiyl radicals
can abstract hydrogen atoms from thermodynamically favorable
allylic systems36 in water/alcohol mixtures as well as from other
C−H activated compounds.39 Since an allylic C−H bond is
unusually weak (BDE = 82 kcal/mol),37 the free radical
abstraction of such hydrogens is easier than for nonallylic
hydrogens. The migration of the double bond could thus be
explained by the mechanism proposed in Figure 5. This

involves a favorable allylic hydrogen abstraction, followed by
trapping of either the intermediate allylic radical or the more
stable additional resonance form (step b in Figure 5) by a thiol
to regenerate the initial structure or to form the internal vinyl
ether (in the latter case). It should be noted that the hydrogen
atom transfer between the electron-rich C−H bond in the
ditelomer and the electrophilic thiyl radical is favored, if there is
an appropriate polarity match between radical and the alkene
(step a in Figure 5).40 The same assumption could be applied
for step c (Figure 5), where the hydrogen atom is transferred
from the electrophilic thiol, acting here as a hydrogen atom
donor, to the nucleophilic carbon-centered radical.
The model study thus shows that the use of radical initiator

shortens the reaction time and results in double bond
migration. This migration, leads to a vinyl ether function dis-
playing a different reactivity that might be further exploited in
another context.
Encouraged by the successful model study, and in order to

demonstrate the feasibility of ditelomers in thiol−ene polymer-
izations, three different dithiols were investigated: 1,4-butan-
edithiol (DT1), 2-mercaptoethyl ether (DT2), and 3,6-dioxa-
1,8-octanedithiol (DT3), under comparable conditions, in the
absence or presence of radical initiator. Compared to the model
reactions, the synthesis of polymers could present a number of
additional challenges regarding efficiency. Although the internal
double bonds of the ditelomers showed quite low reactivity at
70 °C during the model studies, the polymerizations were
conducted at three different temperatures in order to obtain
more detailed information about the effect of the temperature
on the reactivity of the internal double bonds. Monomer 1,
possessing the highest l/b ratio (Figure 1a), was used in the
initial optimization studies. The polymerizations were followed
by GPC and NMR. The reactions were run until a viscosity
increase was qualitatively observed, and then quenched by cool-
ing to room temperature and diluted with an excess of THF to
avoid cross-linking. All of the major impurities, including excess
reactant and the initiator residue, were easily removed by re-
peated precipitation, and no chromatography was required.

Figure 3. NMR spectra of a sample of the crude reaction mixture of entry 11, Table 1, taken after 2 h, showing the isomerization occurring during
the ADMET reaction.
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Monomer 1 was polymerized at 35, 50, and 70 °C with DT1,
first without the initiator AIBN. The GPC analysis showed that,
even after 72 h at 35 °C, the thiol−ene reaction did not occur
as efficiently as expected, and only low-molecular-weight olig-
omers (molecular weight <3000 Da) were formed (Table 4,
entry 1). Generally, the results confirmed the internal double
bonds to be less reactive than the terminal ones, which is
known from literature and is a result of the reversibility of the
C−S bond formation.41 The NMR data of the reaction run at
50 °C (entry 2, Table 4) revealed characteristic peaks attributed
to the formation of thioether bonds as well as the repeat units

of thiol monomer and signals from the telomer backbone,
which indicated that the reaction occurred. Moreover, the data
shows that the internal double bonds remain almost unreacted.
When the reaction was performed at 70 °C (Table 4, entry 3), a
successful polyaddition was observed; however, prolonging the
reaction times (more than 24 h) resulted in gelation. As with
the model reactions described above, in the experiments
performed at 50 and 70 °C, the internal double bond migration
from the allylic to vinylic position was again observed.
To explore the influence of the dithiol structure on the

reactivity of 1, DT2 was selected as it contains an ether group

Figure 4. (a) Schematic representation of the model reactions mimicking the products from thiol−ene polymerization. (b) 1H NMR spectra
(CDCl3; 300 MHz) comparison of the model thiol−ene reactions A and B with the corresponding monomer: ditelomer A (black line, crude reaction
mixture of model reaction A, 1 h, with AIBN; blue line, crude reaction mixture of model reaction B, 1 h, without AIBN; light gray line, model
reaction B, 2 h; dark gray line, model reaction B, 15 h; red line, monomer: ditelomer A).
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and thus resembles more the structure of the 1,3-propanediol
ditelomers. The reactions were conducted in analogy to those
with DT1. Online GPC monitoring of the reactions revealed
that the conversion of the ditelomer and of the dithiol were
better in comparison to DT1 (Figure 6a).

The 1H NMR spectra of entries 4, 5, and 6 (Table 4) showed
little variation (Figure 6b). As a common feature, the internal
double bonds did not react, as calculated by comparison of the
integrals of the characteristic multiplet centered at ∼5.53 ppm
(1H of the internal double bond), and the triplet at ∼3.50 ppm
(4H from the 1,3-propanediol core of monomer A, which
should not vary throughout the reaction). On the other hand,
the integral value of the terminal double bond peak at ∼4.95
ppm decreased, confirming the successful thiol−ene coupling.
The conversion of the terminal double bonds could be cal-
culated from the characteristic multiplet centered at 4.95 ppm
and the triplet at 3.50 ppm. The product obtained at
50 °C showed 75% conversion of terminal double bonds, while
the products obtained at 35 and 70 °C showed 84 and 82%
conversion, respectively. The polymerization at 35 °C gave the
highest conversion of terminal double bonds, but it also re-
sulted in an unsymmetrical molecular weight distribution with
high PDI (compare Figure 6). On the other hand, the poly-
merization at 70 °C gave a higher terminal double bond con-
version than at 50 °C, but since the increase both in terminal
double bond conversion and in molecular weight (GPC) was
small, 50 °C was taken as temperature for further optimization
of the reaction conditions. In the initial experiments, the dithiol

Figure 6. (a) Crude GPC chromatograms and (b) representative NMR data of the thiol−ene reaction product of DT2 at three different
temperatures (35, 50, and 70 °C). (The GPC data was obtained from SEC system with method A.)

Figure 5. Thiyl radical-mediated olefin migration.
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amount used was calculated considering the ditelomer samples
as pure linear ditelomers. To account for the small percentage
of branched ditelomers present (Figure 1a), the effect of
varying the ditelomer/dithiol ratio, from 1:1 to 0.95:1 and to
1:0.95, on the polymerizations at 50 °C was studied. Since the
branched telomers contain extra terminal double bonds that
can more easily react with the dithiols, an increase in the thiol
ratio should favor branching reactions and thus should lead to
higher molecular weights and higher PDIs (entry 11, Table 4).
This was confirmed by the GPC traces of DT1 (Table 4, entries
2, 8 and 9) and DT2 (Table 4, entries 5, 10 and 11). The GPC
analysis of the samples from the reaction of 1 with slight excess
of thiol DT2 (0.95:1) indeed showed an increase of molecular
weight compared to the 1:1 reaction (75% conversion), which
was in accordance with the observed 82% conversion of terminal
double bonds (determined by 1H NMR); however, 1H NMR
analysis also revealed 8% conversion of the internal olefins.
Excess of ditelomer (1:0.95) resulted in a drop in conversion of
the terminal double bonds to 70%, again in accordance with the
lower Mw observed by GPC. These results demonstrate that
variation in the temperature did not have a pronounced effect on
the reactivity of the internal olefins, but a small excess of dithiol
did have a considerable effect on the molecular weights.
Next, DT3, was tested in the thiol−ene polymerization of the

ditelomers. The third dithiol DT3 tested, was expected to have
a positive effect on the polymerization results in terms of
improved compatibility (miscibility) between both monomers
(1:1 ratio at 50 °C, Table 4, entry 7). The GPC data of the 24 h
crude reaction mixture revealed 92% monomer conversion to
the polymer. The higher double bond conversion (80% by 1H
NMR) obtained at short reaction time further confirmed the
improved polymerization compared to DT1 and DT2.
Since the thermally induced thiol−ene polymerization

reactions needed long polymerization times (at least 48 h),
AIBN was applied as radical initiator (2.5 mol % to ditelomer
molecule) to reduce the reaction time. The AIBN-initiated
polymerizations were completed in 1 h (reaction mixture was
not stirring anymore) with conversions of 95% for entry 14,
Table 4 (by GPC). As with the previously obtained products,

the polymers were completely soluble, although dissolution
took time (around 6 h for the polymer with the highest mol-
ecular weight). The difference in solubility was attributable to
the molecular weight difference. Since the high concentrations
of radicals present in the reaction mixture increases the proba-
bility of side reactions, also lower AIBN loadings were tested
for monomer 1. From NMR and GPC analysis, it became clear
that an initiator loading of 1.0 mol % already results in 95%
conversion (by GPC, no carbons corresponding to the end
groups detected in 13C NMR). Almost no double bond migration
is observed by 1H NMR, thus more well-defined polymers were
synthesized (Table 4, entry 15). In the same fashion, additional
experiments were performed with monomer 2 and 3 in order to
study the effect of the l/b ratio on the polymerizations performed
in the presence of AIBN. Indeed, the higher the branching ratio,
the higher the molecular weight and also the less well-defined
structures with broad PDI values were obtained.
Both the thermally and radical-induced thiol−ene reactions

were initially affected by difficulties in reaching the quantitative
conversions targeted for polymer synthesis. However, variation
of the ditelomer to dithiol ratio and the type of dithiol, led to
optimized reaction conditions allowing for the formation of high
molecular weight products. Very interestingly, the three dithiols
yielded thermoplastic polysulfides of different structures, which
could be shaped as transparent and colorless films by casting
THF solutions (graphical abstract and Figure 7). To ascertain
the thermal properties of the obtained thiol−ene polymers,
DSC analysis was performed. The majority of the samples, even
when subjected to different heating rates during DSC analysis,
did not show any thermal transition in the studied temperature
range (from −75 to +250 °C). However, a small Tg at 99 °C
(at 20 °C/min) was observed for the polysulfide from entry 2,
Table 4, suggesting that the rest of polysulfides possibly
have Tgs in the same range, but are not detectable by DSC
(Figure 7). It should be noted that the ditelomers monomers
have no detectable glass or melting transitions in the studied
temperature range and that the investigated polymer (entry 2,
Table 4) can be reshaped by redissolution and solvent casting
for several times, suggesting that it is not cross-linked. From the
TGA analysis performed on the same polymer, it could be seen
that the polymers display acceptable thermal stability under
nitrogen. Under the given experimental conditions 5% mass loss
of the polymer was detected at 306 °C.

■ CONCLUSION
The potential of ditelomers obtained from 1,3-propanediol as
monomers for the synthesis of polymers via ADMET and thiol−
ene polymerizations has been assessed. Regarding the ADMET
pathway, it was shown that the products obtained were different
depending on the method used to remove the released ethylene.
When a flow of argon was used, mostly ring-closing metathesis
products were obtained together with oligomers. On the other
hand, when vacuum was applied, low molecular weight polymers
were obtained in a ring-closing metathesis−ADMET−olefin
isomerization sequence. The thiol−ene polyaddition with
different dithiols led to higher molecular weights than the
ADMET polymerization. The polymerizations in the presence
of a radical initiator (AIBN) were considerably faster than the
thermally initiated ones. In both cases, isomerization of the allyl
ether to vinyl ether was observed, in a more prominent fashion
in the presence of AIBN. The high molecular weight polymers
obtained via the thiol−ene route behaved as shapeable and
completely transparent thermoplastics.Figure 7. DSC chromatogram for the polysulfide of entry 2 from Table 4.
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ABSTRACT: 9-(4-Vinylbenzyl)-9H-carbazole (VBK) was
used as the “controlling” comonomer for nitroxide mediated
polymerization with 10 mol % SG1 free nitroxide relative to
BlocBuilder initiator at 80 °C of oligo(ethylene glycol) methyl
ether methacrylate (8−9 ethylene glycol (EG) units)
(OEGMA8−9), 2-(2-methoxyethoxy)ethyl methacrylate
(MEO2MA) and for an OEGMA8−9/MEO2MA-mixed feed.
The synthesis of MEO2MA/VBK and OEGMA8−9/VBK
copolymers and MEO2MA/OEGMA8−9/VBK terpolymers
exhibited linear increases in number-average molecular weight (M̅n) versus conversion X, up until X = 0.6, with final
copolymers characterized by relatively narrow, monomodal molecular weight distributions (M̅w/M̅n < 1.4, in most cases). A series
of MEO2MA/OEGMA8−9/VBK terpolymers were synthesized and by varying the OEGMA8−9:MEO2MA feed ratios, the
terpolymers exhibited tunable lower critical solution temperatures in water (28 °C < LCSTs < 81 °C). MEO2MA/OEGMA8−9/
VBK terpolymers were deemed sufficiently pseudo-“living” to reinitiate a second batch of MEO2MA/OEGMA8−9/VBK, with few
apparent dead chains, as indicated by the monomodal shift in the GPC chromatograms. The resulting MEO2MA/OEGMA8−9/
VBK block copolymers were designed so that each block exhibited a distinct LCST, which was confirmed by UV−vis and
dynamic light scattering. In addition to controlling the terpolymerization, the VBK units imparted thermo-responsive
fluorescence into the final copolymers.

■ INTRODUCTION
Thermo-responsive polymers undergo a sharp physical change
as a response to a small change in temperature. Thermo-
responsive polymers have found application in polymer drug
delivery vehicles,1,2 biochemical sensors,3−7 environmentally
friendly photoresists,8 intracellular uptake micelles,9 and
controlled-bacterial aggregation materials.10 Thermo-responsive
polymers can exhibit a lower critical solution temperature
(LCST) in aqueous solution, meaning they are free-flowing
water-soluble chains at lower temperatures but agglomerate or
precipitate out of solution above a certain temperature (i.e., the
LCST). For example, poly(N-isopropylacrylamide) (poly-
(NIPAAm))11−14 and poly(2-(dimethylamino)ethyl methacry-
late) (poly(DMAEMA))15−17 exhibit LCSTs of 32 and 46 °C,
respectively. The tuning of the polymer’s LCST is highly
attractive to impart more versatility and functionality into the
polymer. For example, hydrophobic18 or hydrophilic15,19

comonomers are often incorporated into the final copolymer
by statistical copolymerization to modify the LCST. Other
methods of modifying LCST behavior involve using more
complex microstructures such as block copolymers or star
polymers. For example, Li et al. synthesized a poly(styrene)-
poly(DMAEMA)−poly(NIPAAm) star block copolymer which
micellized in water and exhibited two discernible thermo-
induced micellar collapses.20 Kotsuchibashi et al. synthesized

poly(NIPAAm)-block-poly(NIPAAm-co-N-(isobutoxymethyl)-
acrylamide) block copolymers, which underwent an initial
transition from water-soluble polymers to micelles and a second
transition from micelles to large aggregates when heated in an
aqueous solution.21 In these cases, the materials exhibited
multiple, distinct LCSTs corresponding to the respective
segments.20,21 Several other examples of thermo-responsive
block copolymers with two distinct phase transitions have been
reported in the literature.22−28

Recently, Lutz and co-workers synthesized a series of
thermo-responsive copolymers based on oligo(ethylene glycol)
methyl ether methacrylates with 8−9 ethylene glycol (EG)
units (OEGMA8−9) and 2-(2-methoxyethoxy)ethyl methacry-
late with 2 EG units (MEO2MA, Scheme 1).29,30 The authors
showed that by changing the ratio of OEGMA8−9:MEO2MA, a
sharp and tunable LCST in water between 26 and 90 °C was
attainable.29,31,32 However, to obtain such well-defined LCSTs,
the control of the molecular weight and copolymer
composition was imperative. Lutz and co-workers used atom
transfer radical polymerization (ATRP), a controlled radical
polymerization (CRP) method, to synthesize OEGMA8−9/
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MEO2MA copolymers to impart this composition control.29,30

Other CRP techniques, such as reversible addition−fragmenta-
tion chain transfer (RAFT) polymerization, have also effectively
controlled the molecular weight distribution and the
composition of OEGMA-based copolymers.33−36 However,
the use of ATRP and RAFT can be problematic in some cases
due to the presence of metallic species or thiol groups in the
product, which could be detrimental in the desired application.
An alternative CRP method termed nitroxide mediated
controlled radical polymerization (NMP)37,38 is a robust
controlled polymerization technique that often only requires
a single initiating species. Like ATRP, NMP features a
reversible termination between dormant and active chains to
control the radical species concentration, which in turn permits
control of the molecular weight distribution and microstructure.
In contrast to ATRP or RAFT, no additional purification of the
final polymer is necessary prior to being used for sensitive
electronic or biological applications.37−39

Traditionally, the major drawback of NMP was that it could
only polymerize styrenics in a controlled manner. However, the
development of second-generation initiating systems based on
2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO)40

and [tert-butyl[1-(diethoxyphosphoryl)-2,2-dimethylpropyl]-
amino]oxidanyl (SG1, Scheme 1)41 have permitted the
homopolymerization of various monomers such as acryl-
ates42−45 and acrylamides18,37 which were previously unattain-
able by first-generation initiating systems such as 2,2,6,6-
tetramethylpiperidinyloxyl (TEMPO). However, the homopo-
lymerization of methacrylates by NMP was still elusive.
Methacrylates have a high equilibrium constant between
dormant and active chains, which result in the generation of

a large number of free radicals in the initial stages of the
polymerization. These radicals undergo irreversible termination
characterized by a plateau of the number-average molecular
weight (M̅n) versus conversion (X).46 The use of additional
nitroxide, to quench the excess of free radicals, results in a
significant increase in β-hydrogen transfer from the propagating
poly(methacrylate) chain to the SG1 nitroxide, also resulting in
irreversible termination.47 However, Charleux and co-workers
discovered that the use of a small amount of a “controlling”
comonomer, characterized by a lower K, can be used to
decrease the average equilibrium constant (⟨K⟩) and control
the copolymerization of the methacrylate.46,48,49 Originally the
comonomer of choice was styrene, requiring 4.4−8.8 mol %
relative to methyl methacrylate (MMA) to control the
copolymerization.46 The use of styrene has been successfully
used to control many methacrylates such as ethyl methacry-
late,50 glycidyl methacrylate,51 tert-butyl methacrylate,52 benzyl
methacrylate,53 methacrylic acid,54 and oligo(ethylene glycol)
methyl ether methacrylates (4−5 EG units).55,56 While the low
incorporation of styrene into the copolymer may not
significantly affect the mechanical properties of the meth-
acrylate-rich copolymer,50 its incorporation can hinder other
properties such as cell cytotoxicity39 or water-solubility.57

Therefore, the use of other “controlling” comonomers such as
acrylonitrile (AN)39,58,59 and 4-styrenesulfonate57 have been
introduced to eliminate such problems that arise with the use of
styrene and broaden the scope of comonomer applicability.
Recently, our group has introduced the use of 9-(4-vinyl-
benzyl)-9H-carbazole (VBK) as a “controlling” comonomer for
MMA.60 Not only did the copolymerization require as little as
1 mol % of VBK to control the copolymerization effectively, the
pendant carbazole group on the VBK introduced hole-transport
properties into the final copolymer.60 VBK has also been used
to control the copolymerization of DMAEMA resulting in a
thermo/pH responsive, fluorescent copolymer.18

Nicolas and co-workers have recently shown that the
controlled copolymerization of oligo(ethylene glycol) methyl
ether methacrylates (4−5 EG units) and acrylonitrile is possible
by using an SG1-based alkoxyamine, 2-([tert-butyl[1-(diethox-
yphosphoryl)-2,2-dimethylpropyl]amino]oxy)-2-methylpropionic
acid unimolecular initiator (BlocBuilder) in an ethanol/water
solution at 71−85 °C, resulting in polymers with low
polydispersity that were water-soluble and biocompatible.39

Schubert and co-workers synthesized OEGMA8−9-based copoly-
mers using pentafluorostyrene (PFS) as a “controlling” como-
nomer, resulting in final statistical copolymers with various
PFS:OEGMA8−9 ratios and relatively narrow molecular weight
distributions (M̅w/M̅n =1.22−1.73).

61 While considerable research
in the field of thermo-responsive pendant EG based acrylates has
been accomplished using NMP,28,62 very little literature can be
found concerning the polymerization of MEO2MA, OEGMA8−9
or a mixture of MEO2MA with OEGMA8−9 by NMP.61

In this study, VBK was used to copolymerize OEGMA8−9 and
MEO2MA with varying amounts of VBK in the feed ( f VBK,0 =
0.01−0.20). The effect of feed composition on kinetics,
polymerization control and final composition will be discussed.
Second, a series of MEO2MA/OEGMA8−9/VBK terpolymers, with
various MEO2MA/OEGMA8−9 ratios (while keeping the VBK
content constant) were synthesized and their LCSTs in water
were determined (Scheme 1). The effect of temperature on the
terpolymer fluorescence was also investigated. Finally, characteristic
terpolymers were used as macroinitiators to reinitiate a fresh batch
of MEO2MA/OEGMA8−9/VBK ternary mixtures, resulting in a

Scheme 1. Terpolymerization of 2-(2-Methoxyethoxy)ethyl
Methacrylate (MEO2MA), Oligo(ethylene glycol) Methyl
Ether Methacrylate (OEGMA8‑9) and 9-(4-Vinylbenzyl)-9H-
carbazole (VBK) by Nitroxide-Mediated polymerization
Using BlocBuilder, Followed by a Subsequent Chain
Extension of the Final Thermo-Responsive Terpolymer with
a Fresh Batch of VBK, MEO2MA, and OEGMA8‑9 (with a
Different MEO2MA:OEGMA8‑9 Compared to the First
Block), Resulting in a Block Copolymer That Exhibits Dual
Lower Critical Solution Temperatures (LCST) in Water
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double thermo-responsive block copolymer (Scheme 1). These
findings illustrate the versatility of NMP and its ability to synthesize
potentially biocompatible, fluorescent block copolymers with
tunable multi-LCSTs, which could find application in next-
generation sensors or drug delivery vehicles.

■ EXPERIMENTAL SECTION
Materials. N,N-Dimethylformamide (DMF, >95%, certified ACS),

ethyl ether (anhydrous, >95%, BHT stabilized/certified ACS) and
tetrahydrofuran (THF, >99.5%, HPLC grade) were obtained from
Fisher Scientific and used as received. Deuterated chloroform (CDCl3,
>99%), used for 1H NMR spectroscopy, was obtained from
Cambridge Isotopes Laboratory and also used as received. 2-(2-
Methoxyethoxy)ethyl methacrylate, also known as di(ethylene glycol)
methyl ether methacrylate (MEO2MA, 188 g·mol−1, 95%, 100 ppm
hydroquinone monomethyl ether as inhibitor) and oligo(ethylene
glycol) methyl ether methacrylate (OEGMA8−9, average molecular
weight M̅n = 475 g·mol−1, contained 100 ppm MEHQ as inhibitor and
300 ppm BHT as inhibitor) were obtained from Sigma-Aldrich and
used as received. 9-(4-Vinylbenzyl)-9H-carbazole (VBK, >95%) was
synthesized according to the literature.63 2-([tert-Butyl[1-(diethox-
yphosphoryl)-2,2-dimethylpropyl]amino]oxy)-2-methylpropanoic acid
(BlocBuilder-MA, 99%) and [tert-butyl[1-(diethoxyphosphoryl)-2,2-
dimethylpropyl]amino]oxidanyl (SG1, >85%) were obtained from
Arkema and used without further purification.
Random Copolymerization of 2-(2-Methoxyethoxy)ethyl

Methacrylate with 9-(4-Vinylbenzyl)-9H-carbazole (MEO2MA/
VBK) and Oligo(ethylene glycol) Methyl Ether Methacrylate
with 9-(4-Vinylbenzyl)-9H-carbazole (OEGMA8−9/VBK). All
MEO2MA/VBK and OEGMA8−9/VBK copolymerizations were per-
formed in a 50 mL three-neck round-bottom glass reactor equipped
with a condenser (cooled with a 50 vol % ethylene glycol to water
mixture being circulated using a Neslab 740 chiller). The reactor
temperature was modulated using a heating mantle connected to a
temperature controller, which measured the temperature inside the
reactor with a thermocouple located in the thermal well, also
connected to the reactor. Once assembled, the reactor was filled
with the reagents and a stir bar, prior to being placed on a magnetic
stir plate. All copolymerizations were done in 50 wt % DMF solution
with target number-average molecular weight of 25 kg·mol−1 at
complete conversion and with varying amounts of VBK relative to
MEO2MA or OEGMA8−9 (initial molar feed composition of VBK of
f VBK,0 = 0.01−0.20). All experimental formulations can be found in
Table 1. As an example, the synthesis of MEO2MA/VBK-5 is shown as
an example. To the reactor was added VBK (0.46 g, 1.7 mmol),
MEO2MA (6.10 g, 32.4 mmol), BlocBuilder (0.10 g, 0.26 mmol), SG1
(0.008 g, 0.03 mmol) and DMF (15.5 g). The condenser and the third
opening of the reactor were sealed using a rubber septum prior to

inserting a needle and bubbling the mixture for 30 min with ultra pure
nitrogen. The reactor was then heated with a heating rate of 10 °C·min−1,
while maintaining a light nitrogen purge, until the temperature reached
80 °C. The “start” of the copolymerization, t = 0 min, was arbitrarily
assigned as the time when the reactor temperature reached 80 °C.
Samples were periodically drawn from the reactor by syringe and
characterized by GPC and 1H NMR spectroscopy without further
purification. After cooling, the crude product was separated from the
monomer by dialysis (membrane MWCO = 3500 g·mol−1, Spectrum
Laboratories) against water for a week. The recovered polymer was then
dried in a vacuum oven at 60 °C to remove the residual solvent. For the
specific example cited, the final copolymer was characterized by a yield of
2.49 g (conversion X = 0.49, determined by 1H NMR spectroscopy) with
number-average molecular weight, M̅n = 12.1 kg·mol−1, a polydispersity
index of M̅w/M̅n= 1.34 (determined by gel permeation chromatography
(GPC) using THF as an eluent at 40 °C and poly(styrene) standards)
and a final molar VBK copolymer composition of FVBK = 0.08
(determined by 1H NMR spectroscopy).

Terpolymerization of 2-(2-Methoxyethoxy)ethyl Methacry-
late (MEO2MA), Oligo(ethylene glycol) Methyl Ether Meth-
acrylate (OEGMA8−9), and 9-(4-Vinylbenzyl)-9H-carbazole
(VBK). All MEO2MA/OEGMA8−9/VBK terpolymerizations were
performed in an identical setup as the MEO2MA/VBK and
OEGMA8−9/VBK copolymerizations and by following the identical
procedure as the copolymerizations. The terpolymerizations were
done in 50 wt % DMF solution with target number-average molecular
weights of 25−425 kg·mol −1 and all the corresponding formulations
can be found in Table 2. For the terpolymerizations, the amount of
VBK was kept constant ( f VBK,0 = 0.02), while the amounts of
MEO2MA relative to OEGMA8−9 were varied for all terpolymeriza-
tions. As an example, the synthesis of OM40/60 was performed by
adding VBK (0.10 g, 0.37 mmol), MEO2MA (2.07 g, 11.0 mmol),
OEGMA8−9 (3.27 g, 7.27 mmol), BlocBuilder (0.034 g, 0.89 mmol),
SG1 (0.003 g, 0.01 mmol), and DMF (8.50 g) to the reactor followed
by nitrogen bubbling of 30 min. The mixture was then heated to 80 °C
and samples were drawn periodically by syringe. The final product was
separated from the unreacted monomer by osmosis (membrane
MWCO = 3500 g·mol−1, Spectrum Laboratories) against water for a
week and dried in the vacuum oven at 60 °C to remove the residual
solvent. For the specific example cited, the final copolymer was
characterized by a yield, after transfer losses from the dialysis and
recovery, of 1.48 g (X = 0.49) with M̅n = 28.7 kg·mol−1, M̅w/M̅n= 1.34
(determined by GPC using THF as an eluent and poly(styrene)
standards), FVBK < 0.01 and FMEO2MA = 0.68 (final composition
determined by 1H NMR spectroscopy).

Chain Extension of 2-(2-Methoxyethoxy)ethyl Methacrylate,
Oligo(ethylene glycol) Methyl Ether Methacrylate and 9-(4-
Vinylbenzyl)-9H-carbazole (MEO2MA/OEGMA8−9/VBK) Terpol-
ymers with a Fresh Batch of MEO2MA/OEGMA8−9/VBK. All

Table 1. Experimental Formulations for 2-(2-Methoxyethoxy)ethyl Methacryate (MEO2MA)/9-(4-Vinylbenzyl)-9H-carbazole
(VBK) and Oligo(ethylene glycol) Methyl Ether Methacrylates (OEGMA8‑9)/VBK Random Binary Copolymerizations
Performed at 80°C in a 50 wt % N,N-Dimethylformamide (DMF) Solution

expt ID
a

[BB]0
b

(mol L−1)
[SG1]0

(mol L−1)
[VBK]0

(mol L−1)
[MEO2MA]0
(mol L−1)

[OEGMA8−9]0
(mol L−1)

[DMF]0
(mol L−1) f VBK,0

c

MEO2MA/VBK-1 0.0115 0.0011 0.02 1.51 0 9.36 0.01
MEO2MA/VBK-5 0.0121 0.0012 0.08 1.49 0 9.76 0.05
MEO2MA/VBK-10 0.0121 0.0012 0.15 1.38 0 9.68 0.10
MEO2MA/VBK-20 0.0074 0.0007 0.18 0.72 0 5.95 0.20
OEGMA8−9/VBK-1 0.0124 0.0013 0.01 0 0.68 9.90 0.01
OEGMA8−9/VBK-5 0.0122 0.0012 0.03 0 0.66 9.99 0.05
OEGMA8−9/VBK-10 0.0123 0.0012 0.07 0 0.64 9.84 0.10
OEGMA8−9/VBK-20 0.0123 0.0013 0.15 0 0.59 9.92 0.20
aExperimental identification (expt ID) for OEGMA with VBK and MEO2MA with VBK copolymerizations are given by VBK/OEGMA -Y and VBK/
MEO2MA -Y, respectively, with VBK representing 9-(4-vinylbenzyl)-9H-carbazole, OEGMA representing oligo(ethylene glycol) methyl ether methacrylate,
MEO2MA representing 2-(2-methoxyethoxy)ethyl methacrylate, and Y representing the initial mol % of VBK in the feed. All copolymerizations were done in
50 wt % DMF solution with target average molecular weight of approximately 25 kg·mol −1 while using an initial molar ratio of SG1 relative to BlocBuilder =
r = [SG1]0 /[BB]0 = 0.1. b[BB]0 is initial concentration of BlocBuilder initiator. cf VBK,0 is the initial molar fraction of VBK in the feed.
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MEO2MA/OEGMA8−9/VBK chain extensions were performed in an
identical setup and by following the identical procedure to the
copolymerizations and terpolymerizations. Similar to the terpolyme-
rizations, the amounts of MEO2MA relative to OEGMA8−9 were varied
all while keeping the amount of VBK constant ( f VBK,0 = 0.02) for all
chain extension polymers. However, the ratios of MEO2MA:OEGMA8−9
for each block were manipulated so as to attain a different LCST for each
block. All the corresponding formulations can be found in Table 2. As an
example, the synthesis of OM10/90-OM50/50 was performed by adding
VBK (0.05 g, 0.16 mmol), MEO2MA (0.85 g, 4.52 mmol), OEGMA8−9
(2.05 g, 7.27 mmol), DMF (4.3 g) and the macroinitiator (OM10/90,
0.11 g, 0.006 mmol, M̅n = 18.5 kg·mol−1 and M̅w/M̅n= 1.55, see Table 2
and Table 4 for full characterization data of the macroinitiator) to the
reactor. The mixture was bubbled with nitrogen for 30 min prior to being
heated to 80 °C. Thereafter, samples were drawn periodically by syringe
and used for monitoring the chain growth. After cooling, the final samples

were separated from the MEO2MA/OEGMA8−9 monomers by osmosis
(membrane MWCO = 3500 g·mol−1, Spectrum Laboratories) against
water for 4 days followed by vacuum filtration to remove the unreacted
VBK. OM10/90-OM50/50: yield of 0.1 g with M̅n = 35.2 kg·mol−1,
M̅w/M̅n= 1.69 (determined by GPC using THF as an eluent and
poly(styrene) standards), FVBK = 0.04, FMEO2MA = 0.91 and FOEGMA8−9 =
0.05 (final composition determined by 1H NMR spectroscopy). The
low yield is a result of the transfer losses from the reactor to dialysis
membrane and from the dialysis membrane to the final storage vial.

Characterization. The molecular weight distribution was meas-
ured using gel permeation chromatography (GPC, Water Breeze) with
THF as the mobile phase, which was run at a flow rate of 0.3 mL
min−1. The GPC was equipped with a guard column and with 3
Waters Styragel HR columns (HR1 with molecular weight measure-
ment range of 0.1 to 5 kg·mol−1, HR2 with molecular weight
measurement range of 0.5 to 20 kg·mol−1 and HR4 with molecular

Table 2. Experimental Formulation for Various Oligo(ethylene glycol) Methyl Ether Methacrylates/2-(2-Methoxyethoxy)ethyl
Methacryate/9-(4-Vinylbenzyl)-9H-carbazole (OEGMA8‑9/MEO2MA/VBK) Random Terpolymerizations and Chain Extensions
Performed at 80°C in a 50 wt % N,N-Dimethylformamide (DMF) Solution

expt IDa [BB]0
b (mmol L−1) [SG1]0 (mmol L

−1) [VBK]0 (mol L−1) [MEO2MA]0 (mol L−1) [OEGMA8−9]0 (mol L−1) f VBK,0/fMEO2MA,0
c M̅nTarget

OM5/95 15.62 1.69 0.037 1.85 0.10 0.02/0.94 25.7
OM10/90 12.92 1.30 0.037 1.66 0.17 0.02/0.89 30.7
OM20/80 9.50 0.93 0.031 1.23 0.30 0.02/0.79 39.2
OM30/70 7.94 0.83 0.029 1.02 0.42 0.02/0.69 49.0
OM40/60 6.28 0.63 0.026 0.79 0.52 0.02/0.59 61.9
OM50/50 4.66 0.57 0.024 0.59 0.59 0.02/0.49 82.0
OM60/40 3.45 0.38 0.022 0.44 0.65 0.02/0.40 110.6
OM70/30 2.58 0.29 0.002 0.32 0.74 0.02/0.30 153.0
OM80/20 1.66 0.21 0.020 0.19 0.80 0.02/0.19 242.0
OM90/10 0.85 0.10 0.019 0.09 0.84 0.02/0.10 472.5

expt IDa [Macro.]0 (mmol L
−1) [VBK]0 (mol L−1) [MEO2MA]0 (mol L−1) [OEGMA8−9]0 (mol L−1) f VBK,0/fMEO2MA,0

c M̅nTarget

OM5/95-OM50/50 2.29 0.031 0.66 0.63 0.02/0.50 181.6
OM10/90-OM50/50 0.79 0.026 0.66 0.63 0.02/0.50 522.5
OM80/20-OM20/80 0.65 0.037 0.96 0.22 0.02/0.79 211.4

aExperimental identification (expt ID) for OEGMA8−9, MEO2MA and VBK terpolymerizations are given by OMX/Y, with “O” representing
oligo(ethylene glycol) methyl ether methacrylate, “D” representing 2-(2-methoxyethoxy)ethyl methacrylate and X/Y representing the respective,
initial mol % of OEGMA8−9:MEO2MA in the feed. For the chain extensions, the expt ID is given by OMX/Y−OMZ/W where OMX/Y represents
the expt ID of the macroinitiator used for the chain extension and for OMZ/W, the “O” represents oligo(ethylene glycol) methyl ether methacrylate,
“M” representing 2-(2-methoxyethoxy)ethyl methacrylateand Z/W representing the approximate initial mol % of OEGMA8−9:MEO2MA in the feed,
respectively. All polymerizations were done in 50 wt % DMF solution, in the case of the terpolymerizations the [DMF]0 = 8.2 mol L−1 and in the
case of the chain extensions [DMF]0 = 13.0 mol L−1. b[BB]0 represents the initial concentration of BlocBuilder initiator.

cf VBK,0 and fMEO2MA,0 are the
respective initial molar fractions of VBK and MEO2MA in the feed.

Table 3. Molecular Characterization for 2-(2-Methoxyethoxy)ethyl Methacryate (MEO2MA)/9-(4-Vinylbenzyl)-9H-carbazole
(VBK) and Oligo(ethylene glycol) Methyl Ether Methacrylates (OEGMA8‑9)/VBK Random Binary Copolymers Synthesized at
80°C in a 50 wt % N,N-Dimethylformamide (DMF) Solution

expt IDa Xb tpolym (min) M̅n
c (kg/mol) M̅w/M̅n

c FVBK
d FMEO2MA

d FOEGMA8−9
d water-solublee

MEO2MA/VBK-1 0.48 216 14.7 1.64 <0.01 >0.99 0 no
MEO2MA/VBK-5 0.49 313 12.1 1.34 0.08 0.92 0 no
MEO2MA/VBK-10 0.42 355 9.6 1.24 0.16 0.84 0 no
MEO2MA/VBK-20 0.21 424 7.1 1.19 0.36 0.64 0 no
OEGMA8−9/VBK-1 0.50 189 12.6 1.28 <0.01 0 >0.99 yes
OEGMA8−9/VBK-5 0.50 286 11.2 1.28 0.09 0 0.91 yes
OEGMA8−9/VBK-10 0.27 386 8.3 1.19 0.27 0 0.73 no
OEGMA8−9/VBK-20 0.23 368 5.0 1.11 0.27 0 0.73 no

aExperimental identification (Exp. ID) for OEGMA with VBK and MEO2MA with VBK copolymerizations are given by VBK/OEGMA-Y and VBK/
MEO2MA-Y, respectively, with VBK representing 9-(4-vinylbenzyl)-9H-carbazole, OEGMA representing oligo(ethylene glycol) methyl ether
methacrylate, MEO2MA representing 2-(2-methoxyethoxy)ethyl methacrylate and Y representing the initial mol % of VBK in the feed.
All copolymerizations were done in 50 wt % DMF solution with target average molecular weight of 25 kg·mol −1. bMonomer conversion, as deter-
mined by 1H NMR spectroscopy. cNumber-average molecular weight (M̅n) and polydispersity index (M̅w/M̅n) were determined using gel
permeation chromatography (GPC) run in THF at 35 °C and calibrated against poly(styrene) standards. dFVBK, FMEO2MA, and FOEGMA8−9 are the final
molar composition of VBK, MEO2MA, and OEGMA8−9 in the copolymer, as determined by 1H NMR spectroscopy. eWater-solubility of the final
polymer was checked in neutral pH solution at room temperature.
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weight measurement range 5 to 600 kg·mol−1), which were heated to
40 °C during the analysis. The GPC was equipped with both
ultraviolet (UV 2487) and differential refractive index (RI 2410)
detectors. The molecular weights were determined by calibration
against linear, nearly monodisperse poly(styrene) standards. Final
copolymer composition was estimated by 1H NMR spectroscopy. The
1H NMR spectra were obtained using a 200 MHz Varian Gemini 2000
spectrometer using CDCl3 solvent in 5 mm Up NMR tubes and by
performing a minimum of 32 scans per sample. The copolymer
composition was determined by the ratio of the methylene protons
corresponding to VBK units (δ = 5.2−5.4 ppm, Ar−CH2−N−) and
the resonances corresponding to the proton adjacent to the ester next
to the backbone of the methacrylate (δ = 4.0−4.1 ppm, O−CH2−
CH2) for MEO2MA and for OEGMA8−9). For the terpolymers, the
composition of MEO2MA, OEGMA8−9 and VBK was determined by
comparing the signal due to protons adjacent to the ester next to the
backbone of the methacrylate (δ = 4.0−4.1 ppm, O−CH2−CH2, 2H
for MEO2MA and 2H for OEGMA8−9), the protons adjacent to the
ester within the repeat unit of EG of the methacrylate (δ = 3.5−3.75
ppm, −CH2−O−[−CH2−CH2−O−]n−, 6H for MEO2MA and 34H
for OEGMA8−9) and the methylene protons corresponding to the
VBK units (δ = 5.2−5.4 ppm, Ar−CH2−N−). The individual
monomer conversion was determined by comparing the vinyl peaks
(δ = 6.6, 5.6, and 5.1 ppm for VBK and δ = 5.45 and 6.05 ppm for
OEGMA8−9 and MEO2MA) of the respective monomers, to the
methoxy group (δ = 4.0 and 4.1 ppm, for OEGMA8−9 and MEO2MA)
and the methylene group (δ = 5.2−5.4 ppm, corresponding to the
VBK) corresponding to the respective monomers and copolymers.
The overall monomer conversion (X) for the MEO2MA/VBK and
OEGMA8−9/VBK copolymerizations was then determined by eq 1:

= +

= +
− −X f X f X

X f X f X

andVBK VBK OEGMA OEGMA

VBK VBK MEO MA MEO MA

,0 8 9,0 8 9

,0 2 ,0 2 (1)

where XVBK, XOEGMA8−9, XMEO2MA are the individual monomer
conversions for VBK, OEGMA8−9, and MEO2MA, respectively and
f VBK,0, f MEO2MA,0, and f OEGMA8−9,0 are initial mol fractions in the feed for
VBK, OEGMA8−9, and MEO2MA, respectively. Cloud point temper-
atures (CPTs) were determined by dynamic light scattering (DLS)
and UV−vis spectroscopy from 3 g·L−1 solutions of terpolymer in
neutral water (purified by reverse osmosis). DLS measurements were
performed with a Malvern Zetasizer Nano equipped with a 532 nm 50
mW green laser. For the terpolymers, the samples were heated in 1 °C
increments, allowed to equilibrate for 1 min followed by 12
measurements, which were then averaged together to give one value
at the temperature of interest (average heat cycle ≈6−8 h). For the
poly(MEO2MA-ran-OEGMA8−9-ran-VBK)-block-poly(MEO2MA-ran-

OEGMA8−9-ran-VBK) block copolymers, the samples were heated in
increments of 0.2 °C, allowed to equilibrate for 1 min followed by 10
measurements, which were averaged together to give one value at the
corresponding temperature (average heat cycle ≈14−16 h). The CPTs
for the terpolymers were taken once the scaled Z-average diameter
reached 0.5 and was reported as the average of three experiments. The
dual CPTs for the poly(MEO2MA-ran-OEGMA8−9-ran-VBK)-block-
poly(MEO2MA-ran-OEGMA8−9-ran-VBK) block copolymers were
estimated as the temperature of the midpoint between the measure-
ment plateau. UV−Vis measurements were performed with a Cary
5000 UV−Vis−NIR spectrometer (Agilent Technologies) equipped
with a Peltier thermostated (6 × 6) multicell holder equipped with
temperature controller and magnetic stirring. Using a heating rate of
0.5 °C min−1, the CPT was taken once the scaled absorbance, at 500
nm, reached 0.5. Fluorescence measurements were performed with a
Cary Eclipse fluorescence spectrophotometer equipped with a xenon
flash lamp and Peltier thermostated (4) multicell holder with
temperature controller. Quartz cuvettes filled with 3 mg L−1 solutions
were excited at a wavelength of 330 nm at various temperatures.

■ RESULTS AND DISCUSSION
Prior to synthesizing a MEO2MA/OEGMA8−9/VBK terpol-
ymer, a better understanding of the effect of VBK on its
respective copolymerization with MEO2MA and of OEGMA8−9
by NMP was required. Therefore, a series of MEO2MA/VBK
and OEGMA8−9/VBK copolymers with various f VBK,0 were
synthesized at 80 °C (Table 1). The molecular weight
characteristics, the final copolymer composition and the
water-solubility of the poly(VBK-ran-MEO2MA) and poly-
(VBK-ran-OEGMA8−9) copolymers are summarized in Table 3.

Kinetics of the Random Copolymerizations of 2-(2-
Methoxyethoxy)ethyl Methacrylate with 9-(4-Vinylben-
zyl)-9H-carbazole (MEO2MA/VBK) and Oligo(ethylene
glycol) Methyl Ether Methacrylate with 9-(4-Vinyl-
benzyl)-9H-carbazole (OEGMA8−9/VBK). The average equi-
librium constant, ⟨K⟩, is defined in terms of the concentration
of propagating macroradicals [P•], free nitroxide [N•] and the
dormant alkoxyamine terminated species [P−N] (eq 2).

⟨ ⟩ =
−

• •
K

[P ][N ]
[P N] (2)

An average equilibrium constant is used since the polymer-
ization is a statistical copolymerization consisting of two
monomers, which may have very different individual equilibrium
constants. The semilogarithmic kinetic plots of ln[(1 − X)−1]

Table 4. Experimentally Derived Kinetic Parameters for 2-(2-Methoxyethoxy)ethyl Methacryate (MEO2MA)/9-(4-Vinylbenzyl)-
9H-carbazole (VBK) and Oligo(ethylene glycol) Methyl Ether Methacrylates (OEGMA8‑9)/VBK Copolymerizations Done at
80°C in 50 wt % N,N-Dimethylformamide (DMF) Solutions

expt IDa rb f VBK,0
c ⟨kP⟩[P

•]c (s−1) ⟨kP⟩⟨K⟩
c (s−1)

MEO2MA/VBK-1 0.10 0.01 (2.9 ± 0.2) × 10−5 (2.8 ± 0.2) × 10−6

MEO2MA/VBK-5 0.10 0.05 (3.0 ± 0.2) × 10−5 (3.1 ± 0.2) × 10−6

MEO2MA/VBK-10 0.10 0.10 (1.5 ± 0.3) × 10−5 (1.6 ± 0.3) × 10−6

MEO2MA/VBK-20 0.10 0.20 (9.1 ± 1.5) × 10−6 (9.1 ± 1.5) × 10−7

OEGMA8−9/VBK-1 0.10 0.01 (2.8 ± 0.6) × 10−5 (2.9 ± 0.7) × 10−6

OEGMA8−9/VBK-5 0.10 0.05 (2.9 ± 0.5) × 10−5 (2.8 ± 0.5) × 10−6

OEGMA8−9/VBK-10 0.10 0.10 (1.0 ± 0.1) × 10−5 (1.0 ± 0.1) × 10−6

OEGMA8−9/VBK-20 0.11 0.20 (8.5 ± 0.8) × 10−6 (9.1 ± 0.8) × 10−7

aExperimental identification (expt ID) for OEGMA with VBK and MEO2MA with VBK copolymerizations are given by VBK/OEGMA-Y and VBK/
MEO2MA-Y, respectively, with VBK representing 9-(4-vinylbenzyl)-9H-carbazole, OEGMA representing oligo(ethylene glycol) methyl ether
methacrylate, MEO2MA representing 2-(2-methoxyethoxy)ethyl methacrylate and Y representing the initial mol % of VBK in the feed. All
copolymerizations were done in 50 wt % DMF solution with target average molecular weight of 25 kg·mol −1. bInitial molar ratio of SG1 free
nitroxide to BlocBuilder alkoxyamine used in the copolymerization: r = [SG1]0/[BlocBuilder]0

cProduct of the average propagation rate constant,
⟨kP⟩, and the average equilibrium constant, ⟨K⟩. Error derived from standard error in slope of scaled conversion (ln(1 − X)−1) versus time plots.
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versus time for MEO2MA/VBK and OEGMA8−9/VBK are
illustrated in Figure 1a and Figure 1b, respectively. The apparent
rate constant, ⟨kP⟩[P

•], which is the product of ⟨kP⟩, the average
propagation rate constant, and [P•], the concentration of
propagating macro-radicals, was determined from the slopes
found in Figure 1, calculated typically from about 4−5 sample
points taken in the linear region of the ln[(1 − X)−1] versus time
plots. Generally, in the early stages of the polymerization, it can
be assumed that the initial concentration of nitroxide [N•]0 is
sufficiently high so that [N•] = [N•]0 and that [P−N] is
approximately equal to the initial concentration of initiator
([P−N] = [BlocBuilder]0). By taking these assumptions into
account, the apparent rate constant can be related to the ⟨K⟩ as
the product ⟨kP⟩⟨K⟩. Equation 2 thus is converted to the
following form where r is the initial molar ratio of free nitroxide
relative to BlocBuilder initiator (r = [SG1]0/[BlocBuilder]0)
after multiplying eq 2 by ⟨kP⟩.

⟨ ⟩⟨ ⟩ ≅ ⟨ ⟩ = ⟨ ⟩
•

•k K k k r
[P ][SG1]

[BlocBuilder]
[P ]P P P

0

0 ([3])

For the systems studied here, the ⟨kP⟩[P
•] reported were taken

during the early stages of polymerization where linear growth of
M̅n versus conversion was observed (typically during the first 60
min of the polymerization where the previously mentioned

assumptions held reasonably well). The experimental ⟨kP⟩⟨K⟩
values obtained for the MEO2MA/VBK and OEGMA8−9/VBK
copolymerizations were compared and are summarized in
Table 4. The experimental ⟨kP⟩⟨K⟩ tended to decrease slightly
with increasing initial feed composition of VBK. For example,
with f VBK,0 = 0.01, ⟨kP⟩⟨K⟩MEO2MA/VBK = (2.2 ± 0.2) × 10−6 s−1

and ⟨kP⟩⟨K⟩OEGMA8−9/VBK = (3.0 ± 0.4) × 10−6 s−1. At a higher
f VBK,0 = 0.10, ⟨kP⟩⟨K⟩MEO2MA/VBK = (1.6 ± 0.2) × 10−6 s−1 and
⟨kP⟩⟨K⟩OEGMA8−9/VBK = (9.6 ± 0.9) × 10−7 s−1 (see Table 4 for
all ⟨kP⟩⟨K⟩). This observation was previously reported for
MMA/VBK copolymerizations and is due to the low kPK
associated with VBK homopolymerizations at 80 °C.60 The
general increase in ⟨kP⟩⟨K⟩ as a function of decreasing VBK
content suggested the polymerizations were becoming less
controlled, and this was reflected in higher polymerization rates
(Table 4) and generally broader molecular weight distributions
(Table 3). It appears that regardless of the VBK content in
the feed, there is no significant difference between
⟨kP⟩⟨K⟩OEGMA8−9/VBK and ⟨kP⟩⟨K⟩MEO2MA/VBK. As a comparison,
MMA/VBK copolymerization done in a dilute DMF solution at
80 °C with f VBK,0 = 0.05 resulted in ⟨kP⟩⟨K⟩MMA/VBK = (5.4 ±
0.1) × 10−6 s−1.60 Similarly, DMAEMA/VBK copolymerization
in DMF at 80 °C with f VBK,0 = 0.05 also resulted in
⟨kP⟩⟨K⟩DMAEMA/VBK = (5.4 ± 0.3) × 10−6 s−1.18 Therefore,

Figure 1. (a and c) Semilogarithmic plot of conversion (ln((1 − X)−1) (X = conversion) versus time for 2-(2-methoxyethoxy)ethyl methacrylate-
9-(4-vinylbenzyl)-9H-carbazole (MEO2MA/VBK) and oligo(ethylene glycol) methyl ether methacrylate/VBK (OEGMA8−9/VBK) copolymeriza-
tions, respectively, as functions of different initial feed compositions. (b and d), Number-average molecular weight M̅n versus X for MEO2MA/VBK
and OEGMA8−9/VBK copolymerizations, respectively. The legend in part a corresponds to the experiments displayed in both part a and part b,
while, the legend in part c corresponds to the experiments in parts c and d. The empty symbols in parts b and d correspond to the M̅w/M̅n versus X
for the respective copolymerization corresponding to the respective filled symbol.
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the ⟨kP⟩<K > of MMA/VBK and DMAEMA/VBK is roughly 2
times greater than ⟨kP⟩⟨K⟩MEO2MA/VBK and ⟨kP⟩⟨K⟩OEGMA8−9/VBK,
when the copolymerization is performed in DMF at 80 °C with
f VBK,0 = 0.05. As mentioned earlier, ⟨kP⟩ is an average of kPs
corresponding to the respective monomers being copolymer-
ized. Literature values for kP of some oligo(ethylene glycol)
methacrylates have been previously determined using pulsed
laser polymerization (PLP) and can be used to make
comparisons with respect to ⟨kP⟩⟨K⟩. The kP corresponding
to MEO2MA done in bulk at 80 °C is kP, MEO2MA,80 °C = 1460
L·mol−1·s−1,64 and is very similar to that of MMA done in bulk
at 80 °C, kP, MMA,80 °C = 1297 L·mol−1·s−1.65 These values
suggest that KMEO2MA must therefore be not very different
compared to KMMA, when polymerized in DMF at 80 °C. It has
been reported that as the size of the EG chain increases, the
corresponding kP’s also increase.64 For example, the kP
corresponding to OEGMA3 (oligo(ethylene glycol) methyl
ether methacrylate with 3 EG units) done in bulk at 80 °C has
kP,OEGMA3,80 °C = 2270 L·mol−1·s−1.64 However, no kP for
OEGMA8−9 has been reported and therefore any comparison
drawn between KMEO2MA and KOEGMA8−9 would be speculative.
The use of VBK as a “controlling” comonomer for MEO2MA

and OEGMA8−9 resulted in a linear increase in M̅n versus X up
until X = 0.6, regardless of the f VBK,0 used (Figure 1b and d).
The growth in chains can be easily monitored by the shift in
GPC chromatograms (see Supporting Information, Figure S1).
The decrease in OEGMA8−9 monomer concentration also
appears in the GPC chromatograms due to its relatively high
molecular weight (Figure S1, observe the peaks at an elution
time of ≈32 min). In the case of MEO2MA/VBK using f VBK,0 = 0.01,
the experimentally obtained M̅n was slightly higher than the
theoretical M̅n and the copolymerizations experienced a slight
broadening of the molecular weight distribution (M̅w/M̅n
≈ 1.6), indicating a decrease in apparent initiator efficiency.
Also, there is an offset at early polymerization time, suggesting
chains were rapidly being formed, and there was not enough
comonomer to provide sufficient control. Similar decreases in
initiator efficiencies have been previously reported for the
copolymerization of MMA/S46 and MMA/VBK,60 as the
concentration of “controlling” comonomer was decreased. In
the case of OEGMA8−9/VBK using f VBK,0 = 0.01, the
experimentally obtained M̅n does not appear to follow the
theoretical M̅n. However, the molecular weight distribution
remained relatively narrow (M̅w/M̅n ≤ 1.3). For MMA/VBK
copolymerizations, the use of 1 mol % VBK relative to MMA
seemed to be the lowest VBK feed concentration that could be
feasibly used to obtain a controlled polymerization.60 For the
copolymerizations of MEO2MA/VBK and OEGMA8−9/VBK, it
appears that 1 mol % VBK in the feed is not sufficient to keep
the polymerization controlled completely. Both the MEO2MA/
VBK and OEGMA8−9/VBK copolymerizations were charac-
terized by linear growth of M̅n versus X and by final copolymers
characterized by narrow molecular weight distributions with
M̅w/M̅n< 1.4 as long as f VBK,0 > 0.01.
2-(2-Methoxyethoxy)ethyl Methacrylate with 9-(4-

Vinylbenzyl)-9H-carbazole (MEO2MA/VBK) and Oligo-
(ethylene glycol) Methyl Ether Methacrylate with 9-(4-
Vinylbenzyl)-9H-carbazole (OEGMA8−9/VBK) Statistical
Copolymerizations: Copolymer Composition. Since the
nitroxide-mediated copolymerization of MEO2MA/VBK and
OEGMA8−9/VBK has not been studied using the BlocBuilder/
SG1 initiating system, it was necessary to uncover the effect of
feed composition on the copolymer composition. The results

would then be useful for subsequent tailoring of copolymer
composition, which is expected to have a strong effect on the
water-solubility of the final copolymer. Several MEO2MA/VBK
and OEGMA8−9/VBK copolymerizations were carried out
while varying f VBK,0 between 0.01 to 0.2 (Table 1). As
previously mentioned, the copolymer composition was
determined by 1H NMR spectroscopy. Table 3 indicates the
compositions of the various MEO2MA/VBK and OEGMA8−9/
VBK random copolymers synthesized with various initial feed
formulations. Generally, the composition of VBK is richer in
the copolymer than in the initial copolymerization feed (Table 3).
The preferential addition of VBK relative to MEO2MA or
OEGMA8−9 is consistent with the observations for VBK/
MMA60 and VBK/DMAEMA18 copolymerizations. The
composition of copolymer samples taken early in the MEO2MA/
VBK and OEGMA8−9/VBK copolymerizations (X < 0.2) were
plotted as a function of feed composition (Figure 2). As a

comparison, the copolymer composition of MMA/VBK was fit
to a terminal model (e.g.: Mayo−Lewis equation66) using
reactivity ratios, rMMA = 0.24 ± 0.14 and rVBK = 2.7 ± 1.5, which
were previously determined for MMA/VBK copolymers by
NMP using the identifical initiator system, solvent and
polymerization temperature.60 The terminal model for MMA/
VBK is represented in Figure 2 as the dashed line. It is evident
that, for the composition range studied ( f VBK,0 = 0.01−0.20),
MEO2MA/VBK and OEGMA8−9/VBK copolymerizations were
behaving in a similar fashion to the MMA/VBK copolymeriza-
tion, illustrated by a preferential addition of VBK to itself, with
regards to the respective methacrylate. For the purpose of this
study, oligo-EG methacrylate-rich copolymers and terpolymers
were synthesized with low f VBK,0 to maintain water-solubility.
As previously mentioned, very little VBK in the feed was necessary
to be effective as a methacrylate-“controlling” comonomer and
to impart fluorescence ( f VBK,0 = 0.01−0.05).18,60 However, too
much VBK in the feed resulted in a water-insoluble product
(FVBK,0 > 0.07 yielded water-insoluble copolymers).18

Figure 2. 9-(4-Vinylbenzyl)-9H-carbazole (VBK) copolymer compo-
sition FVBK with respect to initial VBK feed composition f VBK,0 for
various methacrylate/VBK copolymerizations at 80 °C in dimethyl-
formamide (DMF). Experimentally obtained compositions for 2-(2-
methoxyethoxy)ethyl methacrylate/VBK (MEO2MA/VBK) copoly-
mers and oligo(ethylene glycol) methyl ether methacrylate/VBK
(OEGMA8−9/VBK) copolymers are represented by the circles and
squares, respectively. The dashed line represents the theoretical fit to a
terminal model (Mayo−Lewis equation) using rMMA = 0.24 ± 0.14 and
rVBK = 2.7 ± 1.5, which were previously determined for methyl
methacrylate/VBK copolymerizations (MMA/VBK).60 The solid line
represents the azeotropic composition (rMMA = rVBK = 1).
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Controlled Terpolymerization of 2-(2-Methoxyeth-
oxy)ethyl Methacrylate, Oligo(ethylene glycol) Methyl
Ether Methacrylate and 9-(4-Vinylbenzyl)-9H-carbazole
(MEO2MA/OEGMA8−9/VBK). As mentioned in the previous
section, the MEO2MA/VBK and OEGMA8−9/VBK binary
copolymerizations resulted in a controlled copolymerization
as long as f VBK,0 > 0.01. Therefore, a series of MEO2MA/
OEGMA8−9/VBK terpolymers were synthesized at 80 °C
(Table 2), with variable feed ratios of MEO2MA:OEGMA8−9 while
keeping the VBK composition constant but sufficiently high to
ensure good control ( f VBK,0 = 0.02). The terpolymers were
targeted since varying the MEO2MA:OEGMA8−9 ratio permitted
tuning of the LCST. The molecular weight characteristics and
the final composition for the poly(VBK-ran-MEO2MA-ran-
OEGMA8−9) random terpolymers are found in Table 5. The
final terpolymers were characterized by relatively narrow
molecular weight distributions with M̅w/M̅n= 1.20−1.58 and

M̅n = 12.0−47.7 kg·mol−1 (Table 5). A characteristic scaled
conversion (ln(1 − X)−1) versus polymerization time and M̅n

versus X plot for a terpolymerization (OM20/80) are depicted
in Figure 3a and Figure 3b, respectively. While only three
samples were taken during the course of the terpolymerization,
it appears that M̅n increased linearly with X (up to X ≈ 0.6) and
that the M̅w/M̅n remained relatively low with M̅w/M̅n< 1.30.
The corresponding GPC chromatograms depict the M̅n growth
with time (Figure 3c). It would appear that the MEO2MA/
OEGMA8−9/VBK terpolymerization was behaving in a similar
fashion to the MEO2MA/VBK and OEGMA8−9/VBK binary
copolymerizations. The use of as little as f VBK,0 = 0.02 resulted
in a controlled terpolymerization of MEO2MA/OEGMA8−9/
VBK by NMP using the BlocBuilder/SG1 initiating system.
Similar to the MEO2MA/VBK and OEGMA8−9/VBK copoly-
merizations, VBK can be used as a “controlling” comonomer
for the terpolymerization of DEGM/OEGMA8−9/VBK and was

Table 5. Molecular Characterization for Various Oligo(ethylene glycol) Methyl Ether Methacrylates/2-(2-Methoxyethoxy)ethyl
Methacryate/9-(4-Vinylbenzyl)-9H-carbazole (OEGMA8‑9/MEO2MA/VBK) Random Terpolymers and Block Copolymers

expt IDa M̅n (kg/mol)
b M̅w/M̅n

b FVBK
c FMEO2MA

c FOEGMA8−9
c CPTd (°C) DLS (UV)

OM5/95 12.0 1.58 <0.01 0.93 0.07 27.9 (30.1)
OM10/90 18.5 1.55 0.02 0.88 0.09 32.2 (34.6)
OM20/80 23.1 1.28 <0.01 0.90 0.10 45.5 (49.5)
OM30/70 23.4 1.28 0.02 0.70 0.28 54.1 (54.4)
OM40/60 28.7 1.34 <0.01 0.68 0.32 65.4 (66.4)
OM50/50 35.9 1.28 0.03 0.53 0.44 67.4 (69.6)
OM60/40 22.9 1.38 0.03 0.41 0.55 73.3 (71.7)
OM70/30 43.2 1.22 0.05 0.25 0.70 73.1 (78.3)
OM80/20 39.2 1.20 <0.01 0.24 0.76 76.5 (80.9)
OM90/10 47.7 1.27 <0.01 0.02 0.98 >90e(>90)e

expt IDa M̅n (kg/mol)
b M̅w/M̅n

b FVBK
c FMEO2MA

c FOEGMA8−9
c 1st CPT/2nd CPTd (°C) DLS1 (UV) 1/DLS2 (UV) 2

OM5/95-OM50/50 39.6 1.30 <0.01 0.51 0.49 31.2(39.3)/62.4(65.1)
OM10/90-OM50/50 35.2 1.69 0.04 0.91 0.05 39.2(41.2)/53.8(67.8)
OM80/20-OM20/80 91.9 1.95 0.02 0.38 0.60 40.8(44.5)/72.4(72.8)

aExperimental identification (expt ID) for OEGMA8−9, MEO2MA and VBK terpolymerizations are given by OMX/Y, with “O” representing oligo(ethylene
glycol) methyl ether methacrylate, “M” representing 2-(2-methoxyethoxy)ethyl methacrylate, and X/Y representing the approximate initial mol % of
OEGMA8−9/MEO2MA in the feed, respectively. For the chain extensions, the expt ID is given by OMX/Y-OMZ/W where OMX/Y represents the expt ID
of the macroinitiator used for the chain extension and for OMZ/W, the “O” represents oligo(ethylene glycol) methyl ether methacrylate, “M” represents
2-(2-methoxyethoxy)ethyl methacrylate and Z/W represents the approximate initial mol % of OEGMA8−9/MEO2MA in the feed, respectively. bNumber-
average molecular weight (M̅n) and polydispersity index (M̅w/M̅n) were determined using gel permeation chromatography (GPC) run in THF at
35 °C and calibrated against poly(styrene) standards. cFVBK, FMEO2MA, and FOEGMA8−9 are the final molar composition of VBK, MEO2MA, and
OEGMA8−9 in the copolymer, as determined by 1H NMR spectroscopy. dCloud point temperature (CPT) was determined by dynamic light
scattering (DLS) and UV−vis spectroscopy (UV/vis) for a 3 g·L−1 polymer and water solution. eNo CPT was observed between 20 and 90 °C.

Figure 3. Characteristic (a) semilogarithmic plot of conversion (ln((1 − X)−1) (X = conversion) versus time, (b) number-average molecular weight
M̅n versus X, and (c) gel permeation chromatograms for the terpolymerization of 2-(2-methoxyethoxy)ethyl methacrylate/oligo(ethylene glycol)
methyl ether methacrylate/9-(4-vinylbenzyl)-9H-carbazole (MEO2MA/OEGMA8−9/VBK). The synthesis represented here is OM20/80 and its
formulation can be found in Table 2 while the terpolymer characterization is summarized in Table 5.
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characterized by narrow molecular weight distributions for a
wide range of OEGMA8−9:MEO2MA ratios (Table 5).
Chain Extension of 2-(2-Methoxyethoxy)ethyl Meth-

acrylate, Oligo(ethylene glycol) Methyl Ether Methacry-
late and 9-(4-Vinylbenzyl)-9H-carbazole (MEO2MA/
OEGMA8−9/VBK) Terpolymers. A series of characteristic
MEO2MA/OEGMA8−9/VBK terpolymers were used to reini-
tiate a fresh batch of MEO2MA/OEGMA8−9/VBK in DMF at
80 °C (see Table 2 for formulations). The molecular weight
characteristics of the poly(MEO2MA-ran-OEGMA8−9-ran-
VBK)-block-poly(MEO2MA-ran-OEGMA8−9-ran-VBK) block
copolymers are found in Table 5. The terpolymer macro-
initiators underwent an increase in M̅n from 12.0 to 39.2
kg·mol−1 to 35.2−91.9 kg·mol−1 after chain extension and their
molecular weight distributions broadened with from M̅w/M̅n =
1.20−1.69 to 1.30−1.95 (Table 5). The M̅n increased linearly
versus conversion while the M̅w/M̅n remained relatively low
(M̅w/M̅n≈ 1.3), illustrating the controlled behavior of the
polymerization of OM5/95-OM50/50, a characteristic chain
extension of MEO2MA/OEGMA8−9/VBK terpolymer (Figure 4).

The GPC chromatograms exhibited a slight tail, which could be a
result of some irreversibly terminated macroinitiators. Similar tails
have been previously reported for methacrylate-rich copolymers
by NMP.50 However, the majority of the chains appeared to be
growing steadily, resulting in a block copolymer with two distinct
segments. The addition of the second block was also char-
acterized by the change in composition from the macroinitiator to
the final block copolymer (Table 5). For example, the macro-
initiator OM80/20 had a composition FVBK < 0.01, FMEO2MA =
0.24 and FOEGMA8−9 = 0.76. After being used to reinitiate a
MEO2MA-rich ternary mixture, the final OM80/20-OM20/80
block copolymer had an overall composition of FMEO2MA = 0.38
and FOEGMA8−9 = 0.60. These results indicate that poly(VBK-ran-
MEO2MA-ran-OEGMA8−9) terpolymers synthesized by NMP
were pseudo-“living” enough to reinitiate a second ternary batch
of monomers to make block copolymers where each of the blocks
had distinct MEO2MA:OEGMA compositions.
Terpolymer Solution Properties. The final OEGMA8−9/

VBK and MEO2MA/VBK copolymers were mixed with neutral
water (purified by reverse osmosis) to determine water-solubility.
At room temperature, OEGMA8−9/VBK copolymers with FVBK ≤

0.09 were determined to be water-soluble, while all MEO2MA/
VBK copolymers were determined to be water-insoluble at room
temperature, even with VBK compositions as low as 1 mol %
(Table 3). These results are expected; the incorporation of a
hydrophobic comonomer such as VBK will obviously reduce the
water-solubility of the final copolymer. A similar water-solubility
range (FVBK ≤ 0.07) was observed for poly(DMAEMA-ran-VBK)
copolymers.18 Because of the relatively short pendant EG chains
(2 repeat units), poly(MEO2MA) exhibits relatively low LCSTs ≈
28 °C.31 However, by the inclusion of a hydrophobic comonomer
(such as VBK), the LCST drops below room temperature and
therefore the resulting poly(MEO2MA-ran-VBK) copolymers
were not soluble in neutral water at room temperature (≈ 25
°C). However, poly(OEGMA8−9)s have longer EG side chains
(8−9 repeat units) and are known to exhibit LCSTs ≈ 90 °C31

and therefore the poly(OEGMA8−9-ran-VBK) copolymers
remained completely water-soluble at room temperature up to
relatively high VBK contents.
As previously mentioned, copolymers consisting of OEGMA8−9

and MEO2MA can result in water-soluble copolymers, which
will exhibit CPTs between 25 and 90 °C, depending on the
ratio of OEGMA8−9 to MEO2MA. A series of MEO2MA/
OEGMA8−9/VBK terpolymers were synthesized with varying
OEGMA8−9:MEO2MA ratios, while maintaining f VBK,0 = 0.02
(see Table 2 for formulations and Table 5 for characterization).
The CPTs of the terpolymers were determined by DLS and
UV−vis spectroscopy. The final terpolymer composition,
molecular weight characterization and corresponding CPT for
each terpolymer can be found in Table 5. The obtained CPTs for
the respective terpolymers increased from 28 to 81 °C as the
ratio of OEGMA8−9:MEO2MA increased (Table 5). Character-
istic DLS and UV−vis spectra are shown in Figure 5a and Figure
5b. The resulting CPTs determined by DLS and UV−vis for
each terpolymer exhibited LCST differences of about 0−4 °C,
depending on the technique used. Similar slight discrepancies
have been observed in our previous work using DMAEMA/VBK
copolymers and block copolymers, and is a result of the
differences in detection methods.18 The UV−vis spectra (Figure 5b)
indicate a completely thermo-reversible transition with a slight
hysteresis of 1−3 °C between the heating and cooling cycle of
each copolymer. Similar “tunability” of copolymer LCSTs in
aqueous solutions with identical concentration (3 g•L−1), have
previously been obtained using poly(OEGMA8−9-ran-
MEO2MA) copolymers synthesized by ATRP.31 Just like the
copolymers made by ATRP, NMP can be used to synthesize a
library of well-defined OEGMA8−9/MEO2MA copolymers in a
controlled manner, which have a tunable LCST, except that
additional functionality was imparted by using a small amount
of VBK as the “controlling” comonomer in the BlocBuilder-
mediated NMP.

Block Co(terpolymer) Solution Properties. The final
poly(MEO2MA -ran-OEGMA8−9 -ran-VBK) -block-poly-
(MEO2MA-ran-OEGMA8−9-ran-VBK) block copolymers syn-
thesized by chain extension from MEO2MA/OEGMA8−9/VBK
terpolymers were also investigated, to determine their potential
for thermo-responsive behavior with multiple LCSTs. The
characteristic DLS and UV−vis spectra are shown in Figure 6.
Because of the distinct segments of the block copolymer which
possess different OEGMA8−9:MEO2MA ratios (see Table 5 for
characterization data), the final block copolymer exhibited two
distinct CPTs (Figure 6 and Figure 7). For example OM10/90-
OM50/50 exhibited a CPT characterized by a sudden increase
in particle size (ZAVG ≈ 400 nm) at T = 39.2 °C corresponding

Figure 4. Characteristic a) M̅n, M̅w/M̅n versus conversion and b) gel
permeation chromatograms for chain extension from an OM5/95
macroinitiator using a second batch of 2-(2-methoxyethoxy)ethyl
methacrylate/oligo(ethylene glycol) methyl ether methacrylate/9-(4-
vinylbenzyl)-9H-carbazole (MEO2MA/OEGMA8−9/VBK). The feed
compositions for the second batches of monomer are listed in Table 2.
The molecular characteristics of the final block copolymers are
summarized in Table 5.
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to the OM10/90 segment and a second CPT corresponding
to a second increase in particle size (ZAVG > 800 nm) at
T = 53.8 °C corresponding to the OM50/50 segment (Figure 6b).

The mean count of the particles was also plotted (Figure 6e) and
shows good agreement with the transitions observed by tracking
the change in ZAVG. The first CPT (corresponding to OM10/90)

Figure 5. Cloud point temperature (CPT) determined by (a) dynamic light scattering (DLS) and by (b) UV−vis spectroscopy of characteristic
poly(OEGMA8−9-ran-MEO2MA-ran-VBK) terpolymers (see Table 5 for complete characterization and identification of samples) in neutral water
(pH = 7). CPTs were determined using 3 g·L−1 solutions. The dotted lines in part b represent the relative absorbance during the cooling process.
As a comparison, the resulting CPTs obtained using DLS and UV−vis in parts a and b are plotted as a function of FOEGMA in part c along with the
corresponding literature values for poly(OEGMA8−9-ran-MEO2MA) binary copolymers obtained from Lutz et al.31.

Figure 6. Dual cloud point temperature (CPT) determination by dynamic light scattering (DLS), where parts a−c represent the Z-average diameter with
respect to temperature and parts d−f represent the mean count rate for OM5/95-OM50/50, OM10/90-OM50/50 and OM80/20-OM20/80 block
copolymers, respectively. The corresponding temperature modulated UV−vis spectra for (g) OM5/95-OM50/50, (h) OM10/90-OM50/50, and (i) OM80/
20-OM20/80 block copolymers are also represented. The inset in part i represents a close-up of the upper region of the spectrum. The molecular characteristics
of the final block copolymers along with the respective CPTs can be found in Table 5. CPTs were determined using 3 g·L−1 solutions in all cases.
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in the block copolymer is slightly higher (CPT = 39.2 °C by
DLS) than the CPT previously determined for the OM10/90
macroinitiator (CPT = 32.2 °C by DLS − Table 5). This
increase in CPT is due to the addition of a second more water-
soluble block (below the second CPT as the second block was
more water-soluble). The hydrophilic block improves the
hydration of the responsive block and, due to the entropy-driven
nature of the phase separation, leads to a higher CPT.
Kotsuchibashi et al. reported micelle formation for poly-
(NIPAAm)-block-poly(NIPAAm-co-N-(isobutoxymethyl)-
acrylamide) block copolymers when heating between the two
corresponding LCSTs.21 Similar observations have also been
reported between poly(DMAEMA-ran-VBK) and poly-
(DMAEMA-ran-VBK)-block-poly(N,N-dimethylacrylamide) as
the addition of the water-soluble poly(N,N-dimethylacryl-
amide) segment resulted in an increase in LCST and the
formation of micelles above the LCST.18 The second CPT
observed for OM10/90-OM50/50 at T = 53.8 °C was a result of
the chain extension that was formulated to mimic the OM50/50
terpolymer (segment OM50/50), which was previously deter-
mined to have an CPT = 67.4 °C. Using a similar reasoning as
above, the second block of thermo-responsive terpolymer was now
coupled to a water-insoluble segment (when the temperature is
above the first CPT but below the second CPT) and now less

energy was required to render the entire block copolymer
insoluble, hence resulting in a decrease in the second CPT for the
OM50/50 block of the block copolymer. Similarly, OM80/20-
OM20/80 exhibited a CPT characterized by a sudden increase in
particle size (ZAVG ≈ 500 nm) at T = 40.8 °C corresponding to
the OM20/80 segment (assuming the composition used in the
formulation results in a segment with similar final composition as
the OM20/80 terpolymer previously synthesized) and a second
CPT corresponding to a second increase in particle size (ZAVG >
2000 nm) at T = 72.4 °C corresponding to the OM80/20
segment, which was the macroinitiator used for the chain
extension (see Table 2 for the formulation and Table 5 for
characterization data and Figure 6 for the transitions). Similar to
OM10/90-OM50/50, the first CPT for OM80/20-OM20/80 is
slightly higher than the obtained CPT value for the corresponding
OM80/20 terpolymer and the second CPT is slightly lower than
the CPT previously determined for the OM20/80 macroinitiator
(Table 5 and Figure 6). The corresponding UV−vis spectra can
also be found in Figure 6g) for OM5/95-OM50/50, Figure 6h)
for OM10/90-OM50/50 and Figure 6i) for OM80/20-OM20/
80 and provide evidence of dual responsiveness of the block
copolymers, in good agreement with the data obtained using
DLS (see Table 5 for CPTs and Figure 6). As an example, Figure
7 displays visually the double thermo-responsive behavior of
OM10/90-OM50/50. The UV−vis spectra in Figure 6g−i) also
indicate that the thermo-responsive behavior is again completely
reversible, even for the block copolymers, resulting in only a
slight hysteresis of 1−4 °C between the heating and cooling
cycles.
The properties described in Figure 5 and Figure 6 illustrates

the power of compositional and microstructural control
imparted by NMP into essentially pure MEO2MA/
OEGMA8−9 copolymers (with a minimal amount of VBK).
These dual thermo-responsive materials could potentially be
used in the fabrication of multilevel sensors or more complex
drug delivery vehicles, without using multiple functional
monomers, but rather just by modifying the composition of
OEGMA8−9 relative to MEO2MA in the respective blocks.

Terpolymer Fluorescence. In addition to “controlling” the
polymerization of MEO2MA and OEGMA8−9, the VBK unit
introduces hole transport and fluorescence properties into the
final copolymer due to the carbazole moiety. The fluorescence
spectra of the terpolymers OM50/50 and OM10/90, when
excited at λ = 330 nm, exhibit two major emission peaks at
350 and 366 nm, corresponding to the carbazole group in the
VBK unit (Figure 8).18,63 As the temperature increases, the
corresponding fluorescence intensity decreases (Figure 8). Similar

Figure 7. Visual observation of dual cloud point temperature (CPT) is
shown for a sample heated to three temperatures bracketing the CPTs
of the corresponding block copolymers where each block has different
MEO2MA/OEGMA8−9 ratios. In this example, a 3 g·L−1 solution of
OM10/90-OM50/50 is depicted at various temperatures. The solution
is water-soluble at T1 (room temperature) but becomes translucent as
it is heated to T2 while above the second CPT at T3, the solution
turned milky. The molecular characteristics of the final block
copolymers along with the respective CPTs can be found in Table 5.

Figure 8. Temperature modulated fluorescence spectra for (a) OM50/50 and (b) OM10/90. (c) Normalized maximum fluorescence with respect to
temperature for both OM50/50 and OM10/90. Fluorescence measurements were determined from 3 mg·L−1 solutions using an excitation
wavelength of 330 nm at various temperatures.
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increases in fluorescence quenching was previously reported for
poly(DMAEMA-ran-VBK) copolymers.18 The decrease in inten-
sity appears to be constant over the temperature range of 25 to
65 °C with no apparent “step” or change in rate of fluorescence
quenching with respect to the corresponding LCSTs (LCST for
OM10/90 ≈ 32−35 °C and LCST for OM50/50 ≈ 67−70 °C).
Regardless, the incorporation of as little as 1−2 mol % of VBK
into the final terpolymer resulted in a significant fluorescence
response throughout a large temperature range, even with so-
lutions as dilute as 3 mg·L−1.

■ CONCLUSION

A series of MEO2MA/VBK and OEGMA8−9/VBK copolymers
were synthesized in a controlled manner by NMP using
BlocBuilder/SG1 at 80 °C. The binary copolymerizations
exhibited linear increases in M̅n versus X, up to X ≈ 0.60 while
maintaining relatively narrow molecular weight distributions
with M̅w/M̅n< 1.4 when using f VBK,0 > 0.01 (and M̅w/M̅n< 1.6
when using f VBK,0 = 0.01). The experimentally obtained ⟨kP⟩⟨K⟩
values for the MEO2MA/VBK and OEGMA8−9/VBK copoly-
merizations were similar to each other and were approximately
2 times less than reported ⟨kP⟩⟨K⟩ values for MMA/VBK and
DMAEMA/VBK copolymerizations performed at similar
conditions. The binary copolymer composition, in the studied
compositional range, was also similar to that of MMA/VBK
copolymerizations, indicating a preferential addition of VBK to
itself relative to the respective methacrylate. MEO2MA/
OEGMA8−9/VBK terpolymerizations with fixed VBK controller
content and various MEO2MA:OEGMA8−9 ratios, resulted in
controlled polymerizations and narrow molecular weight
distributions (in most cases: M̅w/M̅n < 1.3). Depending on
the final relative MEO2MA:OEGMA8−9 composition, the
terpolymers exhibited various CPTs between ∼28−81 °C.
Therefore, by tuning the composition, it is possible to tune the
LCST of the resulting terpolymer. Finally, characteristic
terpolymers were used to initiate a second terpolymerization
of MEO2MA/OEGMA8−9/VBK, giving rise to block copoly-
mers consisting of two distinct blocks characterized by different
compositions of MEO2MA to OEGMA8−9. The block
copolymers exhibited dual CPTs corresponding to each
terpolymer segment. In summary, NMP permitted the
synthesis of block copolymers where each block had a distinct
MEO2MA:OEGMA8−9 composition, that yielded specific,
tunable CPTs for each block between ∼28−81 °C. The
inclusion of VBK as the “controlling” BlocBuilder-mediated
monomer not only allowed the synthesis of such materials in a
controlled fashion but also introduced thermo-responsive
fluorescence into the final block copolymers.
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ABSTRACT: The crystallization behavior and crystal orienta-
tion of poly(ε-caprolactone) (PCL) homopolymers and PCL
blocks spatially confined in identical nanocylinders have been
investigated using differential scanning calorimetry (DSC) and
two-dimensional wide-angle X-ray diffraction (WAXD) as a
function of cylinder diameter D. The PCL homopolymers con-
fined in nanocylinders were prepared using microphase separa-
tion of PCL-block-polystyrene (PCL-b-PS) copolymers with a
photocleavable o-nitrobenzyl group (ONB) between PCL and
PS blocks and the subsequent cleavage of ONB by irradiating
UV light. The time evolution of PCL crystallinity χPCL showed a
first-order kinetics for both PCL blocks and PCL homopolymers
confined in all the nanocylinders investigated. However, the D
dependence of crystallization rates for PCL blocks was more drastic than that for PCL homopolymers, and consequently various D-
dependent interrelations were observed between crystallization rates of PCL blocks and PCL homopolymers. The crystal orientation
was also dependent on D; the b-axis of PCL crystals oriented parallel to the cylinder axis both for PCL blocks and PCL
homopolymers confined in the nanocylinder with D = 13.0 nm, whereas the (110) plane of PCL crystals was normal to the cylinder
axis in the nanocylinders with D ≥ 14.9 nm. The difference in the degree of crystal orientation was not detected between PCL blocks
and PCL homopolymers confined in nanocylinders with D ≥ 14.9 nm.

1. INTRODUCTION
When flexible polymers are spatially confined in isolated nano-
domains (e.g., nanocylinders or nanospheres), they sometimes
show peculiar dynamic behaviors as compared with those without
spatial confinement. Crystallization is one of the dynamic behaviors
or self-organization processes widely observed in polymer systems,
and it is known, for example from the studies on confined
crystallization of block copolymers,1−3 that the crystallization
behavior depends significantly on the geometry and dimension of
isolated nanodomains.
The crystallization behavior and crystal orientation of

homopolymers confined in isolated nanocylinders were first
investigated using anode aluminum oxide (AAO) with largely
varying cylinder diameters.4−10 These results indicate a variety
of crystallization behaviors and crystal orientations depending
on the diameter, crystallization temperature, and molecular
weight of constituent homopolymers. For example, Shin et al.7

investigated the characteristics of lamellar crystals (i.e.,
thickness, crystallinity, and orientation) for confined poly-
ethylene (PE) homopolymers and concluded that the cylinder

diameter affected the lamella thickness and crystallinity of PE
crystals, though they always showed preferential orientation in
nanocylinders. The crystallization behavior of homopolymers
confined in nanocylinders was also pursued using computer
simulation,11−15 where a characteristic crystallization process,
i.e., a transient increase in the degree of crystal orientation, was
predicted at the early stage of crystallization.15

Isolated nanodomains can be also prepared using microphase
separation of block copolymers, where the crystalline block is
spatially confined in nanodomains with the dimension com-
parable to the molecular size. Several kinds of crystalline−
amorphous diblock copolymers have been used so far16−28 to
investigate the characteristic crystallization of confined blocks, and
the crystallization behavior and resulting crystal orientation are
explained in terms of the geometry and dimension of confined
nanodomains. For example, Chung et al. investigated28 the crystal
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orientation of poly(ε-caprolactone) (PCL) blocks in PCL-
block-poly(4-vinylprydine) (PCL-b-P4VP) copolymers as a
function of nanocylinder diameter and concluded that the b-axis
of PCL crystals (i.e., fastest growth axis) oriented parallel to the
cylinder axis in larger cylinders, whereas randomly oriented PCL
crystals were formed in smaller cylinders.
It is easily supposed that the crystallization of block chains

confined in isolated nanodomains is restricted by two factors:
(1) space conf inement, i.e., the crystalline blocks are spatially
confined within curved nanodomains, and (2) chain conf ine-
ment, i.e., the crystalline blocks are inherently tethered with the
nanodomain interface at the chain end. For understanding the
effects of two confinements separately on crystallization, we
prepared poly(δ-valerolactone) (PVL) or poly(ε-caprolactone)
(PCL) homopolymers confined in isolated nanodomains
surrounded with amorphous polystyrene (PS) matrices29,30

because the chain confinement does not work during
crystallization of confined homopolymers. A photocleavable
o-nitrobenzyl group (ONB) was introduced between different
blocks in PVL-b-PS or PCL-b-PS to prepare such systems and
then cleaved by irradiating UV light after microphase
separation. The crystallization behavior and crystal orientation
of confined homopolymers were compared with those of block
chains just before photocleavage. We found from these studies
that the crystallization of both PVL blocks and PVL
homopolymers confined in an identical nanodomain was
controlled by the first-order kinetics, and the initial
crystallization rate of PVL blocks was slightly faster than that
of PVL homopolymers though the final crystallinity of PVL
homopolymers was significantly higher than that of PVL blocks.
Furthermore, we studied the crystal orientation of PCL blocks
and PCL homopolymers both confined in an identical
nanocylinder and concluded that the PCL lamellar crystals
oriented preferentially in nanocylinders irrespective of crystal-
lization temperature Tc for two cases. However, the degree of
crystal orientation increased remarkably for PCL homopol-
ymers with increasing Tc while it improved slightly for PCL
blocks, yielding a large difference in the PCL crystal orientation
between two chains at higher Tc (≥−45 °C).
In this study, we investigate the crystallization behavior and

crystal orientation of PCL blocks and PCL homopolymers both
confined in identical nanocylinders as a function of cylinder
diameter D. This is because many studies on the crystallization
of block chains confined in nanocylinders have revealed that the
lateral dimension of nanocylinders considerably affects the
crystallization behavior and crystal orientation. From the
experimental results, we elucidate the effects of space
confinement and chain confinement on the crystallization of
long chains confined in nanocylinders with various dimensions.

2. EXPERIMENTAL SECTION
2.1. Samples and Sample Preparation. The samples used

in this study are poly(ε-caprolactone)-block-polystyrene (PCL-b-PS)
diblock copolymers with a photocleavable o-nitrobenzyl group (ONB)
between PCL and PS blocks. The photocleavage reaction of ONB in
PCL-b-PS is shown in our previous publication.30 It should be noted
that several kinds of photocleavable block copolymers are recently
synthesized and used for various studies on nanostructured polymer
materials.31−37 We synthesized four PCL-b-PS copolymers with
different cylinder diameters. The results of molecular characterization
are summarized in Table 1, where “PCL−PS” in the sample code
represents the normal block copolymer before photocleavage, and
“PCL/PS” represents the sample after photocleavage, i.e., the binary
system with PCL homopolymers spatially confined in PS matrices.
The vol % of PCL blocks in all the samples, calculated from the 1H
NMR results and the specific volumes of PS38 and PCL39

homopolymers, is 20−25%, from which we expect the cylindrical
microdomain structure with the PCL block inside. PCL−PS1 was used
in our previous study,30 and PCL−PS2, PCL−PS3, and PCL−PS4
were newly synthesized for the present study to investigate the D
dependence of the crystallization behavior and crystal orientation for
PCL blocks and PCL homopolymers. Unfortunately, the amount of
PCL−PS4 was not enough, and we could obtain the melting
temperature and crystallinity of PCL chains in PCL−PS4 and PCL/
PS4 but not investigate the crystallization behavior and crystal
orientation of PCL chains.

The glass transition temperature of PS matrices Tg is ca. 100 °C and
the melting temperature of PCL blocks confined in nanocylinders is
ca. 40−55 °C (Figure 2), so that vitrification of PS matrices will
prevent macrophase separation between PCL and PS homopolymers
after photocleavage, and eventually we can prepare PCL homopol-
ymers confined in nanocylinders embedded in the PS matrix. It is,
therefore, possible to repeatedly crystallize and melt the PCL
homopolymers by always keeping the sample temperatures below Tg.

We prepared two kinds of samples by the solution-casting method
using toluene; thin films with the thickness of ca. 50 μm to observe the
crystallization behavior using differential scanning calorimetry (DSC)
and thick films with the thickness of ca. 0.7 mm to investigate the
crystal orientation using two-dimensional small-angle X-ray scattering
(2D-SAXS) and 2D wide-angle X-ray diffraction (2D-WAXD). This is
because the 2D-SAXS and 2D-WAXD methods need thicker samples
to get enough scattering intensity, but a pile of thin films may lead to
the misorientation of nanocylinders existing in the sample. The
detailed method to orient nanocylinders is described in our previous
publication.30

2.2. Photocleavage. The block junction (i.e., o-nitrobenzyl
group) was cleaved by irradiating UV light with wavelength longer
than 300 nm (USHIO Optical Modulex, USH-500SC) to get PCL
homopolymers confined in nanocylinders surrounded with glassy PS
homopolymers, which were originally formed by microphase
separation of PCL-b-PS copolymers. This photocleavage process is
completely irreversible; that is, once the block junction is broken it
never recombines into the copolymer.31

Table 1. Molecular Charateristics of PCL-b-PS Copolymers Used in This Study

sample code Mn of PCL blocksa (g/mol) Mn of PS blocksa (g/mol) total Mn
a (g/mol) Mw/Mn

b PCL:PS (vol %) morphologyc Dd (nm) pe (%)

PCL−PS1 7 900 24 100 32 000 1.05 25:75 cylinder 13.0 0
PCL/PS1 7 900 24 100 32 000 1.05 25:75 cylinder 13.0 80
PCL−PS2 9 400 27 900 37 300 1.03 25:75 cylinder 14.9 0
PCL/PS2 9 400 27 900 37 300 1.03 25:75 cylinder 14.9 86
PCL−PS3 12 400 48 900 61 300 1.03 20:80 cylinder 17.9 0
PCL/PS3 12 400 48 900 61 300 1.03 20:80 cylinder 17.9 86
PCL−PS4 22 600 70 000 92 600 1.08 24:76 cylinder 27.0 0
PCL/PS4 22 600 70 000 92 600 1.08 24:76 cylinder 27.0 82

aDetermined by 1H NMR. bDetermined by GPC. cObserved using 1D-SAXS and/or TEM. dCylinder diameter calculated from the primary peak
position in 1D-SAXS curves and the vol % of PCL blocks. eMaximum photocleavage yield obtained by GPC.
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We used two irradiation conditions depending on the film
thickness: 1 W/cm2 and 1 h for the thin film and 10 W/cm2 and
40 h for the thick film. The samples before and after UV irradiation
were examined using gel permeation chromatography (GPC) to get
the photocleavage yield of block copolymers, which was evaluated
from the ratio of GPC peak areas for PCL-b-PS copolymers and PS
homopolymers (see Figure S1 in Supporting Information). The yield
shown in Table 1 is less than 100% for every case, which does not
imply that the system has two nanocylinders, one consisting of PCL
homopolymers and the other PCL blocks, but the uncleaved PCL
blocks will be uniformly distributed in every nanocylinder, as described
in our previous publications.29,30

2.3. Differential Scanning Calorimetry (DSC) Measurements.
A Perkin-Elmer DSC Diamond was used with a heating rate of
10 °C/min to obtain the melting temperature of PCL chains and the
glass transition temperature of PS chains and also evaluate the
crystallinity of PCL chains χPCL as a function of crystallization time at
several crystallization temperatures. The value of χPCL was calculated
from the melting endothermic peak area assuming that the heat of
fusion for perfect PCL crystals was 135 J/g.39

2.4. One-Dimensional Small-Angle X-ray Scattering (1D-
SAXS) Measurements. First of all, the microdomain structure
formed in the amorphous and crystallized PCL-b-PS copolymers was
investigated using 1D-SAXS with synchrotron radiation, which was
performed at Photon Factory in High Energy Accelerator Research
Organization, Tsukuba Japan, with a small-angle X-ray equipment for
solution installed at beamline BL-10C. Details of the equipment and
the instrumentation are already described.40−42 The scattered intensity
was recorded with a one-dimensional position-sensitive proportional
counter (PSPC), by which isotropic scattering from the sample was
obtained as a function of s (= (2/λ)[sin θ]; λ, X-ray wavelength (=
0.1488 nm); 2θ, scattering angle). The cylinder diameter D was
calculated from the angular position of the primary peak in SAXS
curves and the vol % of PCL blocks existing in the system.
2.5. Two-Dimensional SAXS (2D-SAXS) and Wide-Angle

X-ray Diffraction (2D-WAXD) Measurements. The orientation
of nanocylinders was verified with 2D-SAXS and the PCL crystal
orientation in oriented nanocylinders was measured by 2D-WAXD,
both using Rigaku Nanoviewer with a rotating anode X-ray generator
operating at 45 kV and 60 mA. The wavelength used was 0.1542 nm of
Cu Kα radiation. The detector of both measurements was an image
plate (FUJI Film BAS-SR 127) with the size of 10 × 10 cm2, and the
accumulation time was 6−12 h depending on the sample. The
azimuthal plots of the (110) and (200) reflections arising from PCL
crystals (Figure 8) were derived after subtracting the amorphous halo
from PS and uncrystallized PCL chains, and the degree of PCL crystal

orientation43 was evaluated as a function of D for PCL blocks and PCL
homopolymers crystallized at different crystallization temperatures.

3. RESULTS AND DISCUSSION

3.1. Characterization of Nanocylinders. Figure 1 shows
the 1D-SAXS curves measured at room temperature for PCL−
PS2 (and PCL/PS2) (a), PCL−PS3 (PCL/PS3) (b), and PCL−
PS4 (PCL/PS4) (c) in amorphous and crystallized states, where
the crystallized samples were obtained by annealing at −50 °C for
4 h in advance because the crystallization of PCL blocks does not
take place at room temperature. The 1D-SAXS curves from
amorphous and crystallized PCL−PS1 are already presented,30

which are similar to those from PCL−PS2 except that the primary
peak position shifts moderately to larger s due to the lower
molecular weight of PCL−PS1. The SAXS intensity from
amorphous samples (yellow curves) is weak, and the higher-
order peaks cannot be observed, which is ascribed to the small
difference in electron density between amorphous PS (332 e/nm3

below 100 °C38) and amorphous PCL (354 e/nm3 at 25 °C39).
When the PCL blocks are crystallized (blue curves), the PCL
nanocylinders have heterogeneous electron density distribution
with PCL crystals (393 e/nm339) and amorphous PCL, so that
we have the strong SAXS intensity with clear higher-order
scattering peaks. These peak positions correspond exactly to a
ratio of 1:√3:2:(√7), indicating that the cylindrical microdomain
structure is formed. Judging from the vol % of PCL blocks in the
system (20−25 vol % in Table 1), the nanocylinder consists of
PCL blocks surrounded with the PS matrix. In addition, we can
find that the SAXS curves from photocleaved samples (black
curves) are substantially identical with those from crystallized
block copolymers (blue curves), meaning the nanocylinder is
completely preserved after photocleavage, and therefore the PCL
homopolymers are spatially confined within identical nano-
cylinders in which the PCL blocks have been confined before
photocleavage. The formation of nanocylinders in PCL−PS1 was
also verified using transmission electron microscopy (TEM) in
our previous study.30

The diameter of nanocylinders D for each sample was
evaluated from the primary peak position in SAXS curves and the
vol % of PCL blocks in the system and found to be 13.0 nm for
PCL−PS1 (and also PCL/PS1), 14.9 nm for PCL−PS2 (PCL/
PS2), 17.9 nm for PCL−PS3 (PCL/PS3), and 27.0 nm for

Figure 1. 1D-SAXS curves of PCL−PS2 and PCL/PS2 (a), PCL−PS3 and PCL/PS3 (b), and PCL−PS4 and PCL/PS4 (c) at amorphous and
crystallized states indicated. The SAXS curves of uncleaved samples (yellow and blue curves) are shifted upward for legibility.
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PCL−PS4 (PCL/PS4), as summarized in Table 1. It should be
noted that D changes linearly with Mn

2/3 (Mn: total molecular
weight of copolymers) after the minor correction of composi-
tion,44 though the molecular weight range is not sufficiently wide.
3.2. Melting Temperature and Crystallinity of PCL

Blocks and PCL Homopolymers. We reported in our
previous study on a poly(δ-varelolactone)-block-polystyrene
(PVL-b-PS) copolymer29 that the melting temperature and
crystallinity of PVL chains were almost constant irrespective of
crystallization temperature Tc in the limited Tc range and
concluded that the space confinement did not permit additional
crystallization at the late stage (e.g., lamella thickening) as usually
observed in the crystallization of bulk homopolymers. This
fact is also true for the present systems in the limited Tc range
(−60 °C ≤ Tc ≤ −48 °C for PCL−PS1, −50 °C ≤ Tc ≤ −40 °C
for PCL−PS2 and PCL−PS3, and −40 °C ≤ Tc ≤ −20 °C for
PCL−PS4), and therefore it is possible to directly compare the
melting temperature and crystallinity of PCL chains in each
sample crystallized at different Tc. It should be noted that the
crystallizable temperature is extremely low as compared with bulk
PCL homopolymers (i.e., Tc ∼ 40 °C45) and not so different
among PCL−PS1, PCL−PS2, and PCL−PS3, from which we can
expect that all the PCL blocks (as well as PCL homopolymers)
crystallize by the same crystallization mechanism which is
substantially different from the mechanism in bulk PCL
homopolymers, as described in sections 3.3 and 3.4.
Figure 2 shows the melting temperature Tm,PCL (a) and

crystallinity χPCL (b) of PCL blocks and PCL homopolymers

plotted against D. The red arrows in Figure 2 indicate the results
of bulk PCL homopolymers (Mn = 11 000) without space
confinement,45 from which we find that the space confinement
seriously affects the melting temperature and crystallinity of PCL
chains. We find from Figure 2a that Tm,PCL decreases steeply with
decreasing D for both chains. Because the melting temperature of
bulk homopolymers is, in general, related intimately to the
thickness of lamellar crystals, the large decrease in Tm,PCL suggests
that the lateral dimension of confined cylinders critically controls
the PCL lamella thickness, in particular, at smaller D (≤14.9 nm).
This fact is consistent with the previous reports on cylindrically
confined block chains, where the smaller (and therefore thinner)
crystals are formed at smaller D.7,23,28 In addition, Figure 2a
shows that Tm,PCL of PCL homopolymers is always higher than
that of PCL blocks in every sample, suggesting more restriction is
imposed on the crystallization of PCL blocks as compared with
that of PCL homopolymers.

We find from Figure 2b that the difference in χPCL is very large
between PCL blocks and PCL homopolymers at D = 13.0 nm,
which is mainly ascribed to the extremely small χPCL for PCL−
PS1. However, this difference is considerably reduced with increas-
ing D to be negligibly small at D ≥ 17.9 nm, suggesting that the
tethering effect of PCL blocks on χPCL is prominent only at
extremely small D. It is known from the studies on the crystalliza-
tion of block chains confined in nanocylinders28 and of homopoly-
mers confined in AAO8 that the final crystallinity of constituent
chains is intimately related to the crystal orientation, and this
orientation is mainly driven by the crystallization mechanism in
confined space. Therefore, it is necessary to observe the
crystallization behavior and crystal orientation of PCL blocks
and PCL homopolymers and try to find the relationship between
them.

3.3. Crystallization Behavior of PCL Blocks and PCL
Homopolymers. The process of isothermal crystallization was
pursued using DSC for PCL blocks and PCL homopolymers
confined in various nanocylinders. Figure 3 shows the typical

time evolution of χPCL for three samples, where Tc is chosen in
such a way that the crystallization rates of PCL homopolymers
are comparable. The time evolution of χPCL is extremely

Figure 2. Melting temperature (a) and crystallinity (b) of PCL blocks
(closed circle) and PCL homopolymers (open circle) plotted against
cylinder diameter. The red arrows indicate the results of bulk PCL
homopolymers (Mn = 11 000) crystallized at 40 °C for 300 min.45 The
dashed curves are a guide for the eye only.

Figure 3. Crystallinity of PCL blocks (closed circles) and PCL
homopolymers (open circles) plotted against crystallization time for
PCL−PS1 and PCL/PS1 (a), PCL−PS2 and PCL/PS2 (b), and
PCL−PS3 and PCL/PS3 (c). The crystallization temperature Tc is
indicated in each panel. The dashed curves are a guide for the eye
only.
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different between PCL blocks in PCL−PS1 and PCL
homopolymers in PCL/PS1 (Figure 3a); χPCL increases very
slowly for PCL blocks and reaches the small crystallinity
(∼0.15) even after a long time (>300 min), whereas χPCL for
PCL homopolymers increases steeply at the early stage
followed by an asymptotic increase, yielding a large difference
in the final χPCL between two chains (Figure 2b). However, the
crystallization rate is improved remarkably for PCL blocks
in PCL−PS2, and the time evolution of χPCL is similar to that
for PCL homopolymers in PCL/PS2 to result in a moderate
difference in the crystallization rate between two chains
(Figure 3b). On the contrary, χPCL of PCL blocks in PCL−
PS3 is slightly larger than that of PCL homopolymers in
PCL/PS3 at the early stage (Figure 3c). This result is quali-
tatively similar to that previously reported on the crystallization
of PVL blocks and PVL homopolymers confined in an identical
nanocylinder (D = 15.7 nm),29 where we speculated that the
chain confinement (i.e., tethering effect of block chains)
accelerated nucleation to yield the increasing crystallization rate
of PVL blocks as compared with that of PVL homopolymers.
It is surprising that the interrelation of crystallization rates

between PCL blocks and PCL homopolymers confined in
identical nanocylinders depends drastically on D, as shown in
Figure 3, and this is one of the new findings in the present study.
This D dependence can be explained successfully by considering
two factors simultaneously working on the formation of critical
nuclei (or nucleation) during crystallization: (1) decelerated chain
mobility of PCL blocks and PCL homopolymers due to the space
confinement and (2) accelerated nucleation of PCL blocks due to
the chain confinement.
The space confinement is very effective at smaller D to

considerably slow down the mobility of PCL blocks and PCL
homopolymers, and the chain confinement moreover deceler-
ates the mobility of PCL blocks to yield a significant difference
in the mobility between two chains. That is, the chain mobility
of PCL blocks in PCL−PS1 is unusually reduced due to the
combination of two confinements to result in extremely slow
nucleation, whereas the PCL homopolymers in PCL/PS1 have
the moderate mobility and the time necessary for nucleation is
fairly shorter than that of PCL blocks. Consequently, we have a
large difference in the time evolution of χPCL between two
chains at D = 13.0 nm (Figure 3a). The effect of space
confinement grows weak with increasing D to gradually recover
the chain mobility, and accordingly the nucleation rate
increases steadily for both PCL blocks and PCL homopol-
ymers. As a result, χPCL of PCL blocks in PCL−PS2 increases
steeply at the early stage, though the chain confinement still
works effectively to moderately reduce the chain mobility of
PCL blocks, yielding the slower crystallization rate as compared
with that of PCL homopolymers in PCL/PS2 (Figure 3b). The
effect of space confinement is further reduced at D = 17.9 nm
to have sufficient chain mobility to form the critical nucleus. In
this case, the chain confinement is advantageous to nucleation
because the tethered chain end is slower-moving, which is
favorable to form the crystal embryo. Consequently the
crystallization rate of PCL blocks is larger than that of PCL
homopolymers at D = 17.9 nm (Figure 3c), though the final
χPCL of PCL homopolymers is slightly higher than that of PCL
blocks (Figure 2b), probably because of a variety of crystal
growth modes for PCL homopolymers.12

3.4. Analysis of Crystallization Behavior. The time
evolution of χPCL shown in Figure 3 for PCL blocks and PCL
homopolymers is completely different from the sigmoidal

evolution usually observed in homopolymer crystallization
without space confinement.45 That is, we detect no induction
time just before crystallization in Figure 3 even if the whole
crystallization process is extremely slow. This crystallization
process is generally approximated with the first-order kinetics,29

where it is assumed that nucleation controls the crystallization
process because of the instantaneous crystal growth within
isolated nanodomains. This fact is verified using several crystalline
blocks confined in spherical or cylindrical nanodomains,46−48

where the crystallization rate at crystallization time tc is
proportional to the uncrystallized fraction remaining at tc. That is

χ′
∝ − χ′
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1 ( )PCL c
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where χ ′PCL(tc) represents the normalized crystallinity of PCL
chains at tc, i.e., χ ′PCL(tc) = χPCL(tc)/χPCL(∞). Therefore, the plot
of ln{1 − χ ′PCL(tc)} against tc should be linear, and the slope is
proportional to the crystallization rate of this process, that is, the
crystallization rate is larger as the slope is steeper.
Figure 4 shows the plot of ln{1 − χ′PCL(tc)} against tc for the

data presented in Figure 3. We find a linear relationship for

every case, indicating that nucleation controls the crystallization
process in all samples. It should be noted that we have the

Figure 4. ln{1 − χ′PCL(tc)} of PCL blocks (closed circles) and PCL
homopolymers (open circles) plotted against crystallization time for
PCL−PS1 and PCL/PS1 (a), PCL−PS2 and PCL/PS2 (b), and
PCL−PS3 and PCL/PS3 (c). The dashed lines are best linear least-
squares fit.
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moderate deviation from the linearity at the late stage
crystallization of PCL blocks and PCL homopolymers at D =
17.9 nm (Figure 4c), for which the estimation of χPCL(∞) may be
responsible. Figure 5 shows the half-time of crystallization plotted

against Tc for all the samples investigated, where τ1/2 was
evaluated from the slope k in Figure 4 through τ1/2 = −ln 2/k.
The value of τ1/2 is a measure for the crystallization rate; it is
larger as τ1/2 is smaller. It is clear from Figure 5 that the
crystallization rate of PCL blocks and PCL homopolymers with
D = 13.0 nm is extremely slow as compared with that of PCL
chains with D ≥ 14.9 nm, suggesting that the space confinement
works effectively on the crystallization at extremely small D. The
effect of space confinement is gradually reduced, and eventually
PCL homopolymers have sufficient mobility for nucleation when
D reaches 14.9 nm, which is suggested by the fact that τ1/2 of PCL
homopolymers in PCL/PS2 is almost equal to that in PCL/PS3.
In addition to the space confinement, the chain confinement
works on PCL blocks. It decelerates the overall chain mobility of
PCL blocks in PCL−PS2 (D = 14.9 nm) to yield the slightly
decreasing crystallization rate, whereas it accelerates nucleation at
the tethering point (D = 17.9 nm) to increase the total
crystallization rate, as discussed in section 3.3. It is also found
from Figure 5 that the crystallization rate decreases significantly
with increasing Tc for all PCL chains. This fact is reminiscent of
the crystallization behavior observed in homopolymers without
space confinement, for which the thermodynamic factor to make
the critical embryo (e.g., the degree of supercooling) will be
responsible.
3.5. Orientation of Nanocylinders. In order to investigate

the crystal orientation of PCL chains confined in various
nanocylinders using 2D-WAXD, it is necessary to uniaxially
orient the nanocylinders existing in the system. This process
was performed by applying the rotational shear to the block
copolymers at 120 °C to obtain the disk samples with the
diameter of ca. 20 mm and thickness of 0.7 mm, and the
specimen for 2D-SAXS and 2D-WAXD experiments was cut
out from the disk. The 2D-SAXS measurements were carried
out at room temperature to verify the uniaxial orientation of
nanocylinders after crystallization of PCL chains at −50 °C to
enhance the X-ray contrast between the nanocylinder and
matrix.

Figure 6 shows the 2D-SAXS patterns of crystallized PCL−
PS3 (upper panels) and PCL/PS3 (lower panels) when viewed

from X (a, d), Y (b, e), and Z (c, f) directions, where Z
represents the shear direction and X and Y are perpendicular to
the shear direction (see the illustration of Figure 6, top). We
had similar 2D-SAXS patterns for PCL−PS1 (already shown in
our previous study30) and also for PCL−PS2 (not shown here).
We find two or three diffraction spots on the meridian arising
from the parallel stacks of nanocylinders when viewed from X
and Y directions (a, b, d, e), whereas the hexagonally sym-
metrical pattern is observed when viewed from the Z direction
(c, f). These 2D-SAXS patterns clearly indicate that the
nanocylinders are uniaxially oriented parallel to the shear
direction (Z direction). Furthermore, we find that the 2D-
SAXS patterns of PCL/PS3 viewed from each direction (d, e, f)
are identical with those of PCL−PS3 (a, b, c), meaning that the
oriented nanocylinders are completely preserved after photo-
cleavage.

3.6. Crystal Orientation of PCL Blocks and PCL
Homopolymers. The crystal orientation of PCL blocks and
PCL homopolymers was investigated using 2D-WAXD. The
results of PCL−PS1 and PCL/PS1 were already reported as a
function of crystallization temperature (−60 °C ≤ Tc ≤ −40 °C).30
Figure 7 shows the typical 2D-WAXD patterns of PCL−PS3 (a)
and PCL/PS3 (b) crystallized at −40 °C when viewed from X
direction (perpendicular to the shear direction), and the 2D-
WAXD patterns viewed from Y direction are omitted because they
should be the same in principle to those from X direction. The 2D-
WAXD patterns of PCL−PS2 and PCL/PS2 are identical with
Figure 7. We find two major diffractions in Figure 7 in addition to
the diffuse scattering arising from the amorphous components
existing in the system (i.e., amorphous PS and uncrystallized PCL).
The diffractions can be successfully assigned using the crystallo-
graphic data available for the unit cell of PCL crystals49 to be the

Figure 5. Half-time of crystallization plotted against crystallization
temperature for PCL blocks in PCL−PS1, PCL−PS2, and PCL−PS3
(closed symbols) and PCL homopolymers in PCL/PS1, PCL/PS2,
and PCL/PS3 (open symbols). The dashed curves are a guide for the
eye only.

Figure 6. 2D-SAXS patterns viewed from X direction (a, d), Y
direction (b, e), and Z direction (c, f) for PCL−PS3 (upper panels)
and PCL/PS3 (lower panels). The definition of each direction against
the shear direction is shown in the illustration (top), where Z is the
shear direction and X and Y are perpendicular to the shear direction.
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(110) reflection for the stronger diffraction at 2θ = 21.41°and the
(200) reflection for the weaker diffraction at 2θ = 23.76°, as shown
in Figure 7b. It is also known49 that other diffraction intensities are
considerably weak as compared with above two diffractions, so that
it is reasonable that we have only two diffractions when the total
crystallinity of PCL chains is extremely small (∼0.1) as is the case
of our samples.
We find from Figure 7 that the (110) reflection of PCL−PS3

and PCL/PS3 shows two strong arcs centered at the equator,
which are entirely different from that of PCL−PS1 and PCL/
PS1; four reflection peaks are clearly observed at off-axis
regions instead of two reflections (see Figure S2 in Supporting
Information). In order to quantitatively compare the 2D-
WAXD patterns for each sample, we evaluated the (110) and
(200) reflection intensities as a function of azimuthal angle ϕ
using the analytical method described previously,30 and the
results are shown in Figure 8, where ϕ = 0° and 180°

corresponds to the meridian. We find from Figure 8a that the ϕ
dependence of the (110) reflection changes significantly
depending on the samples investigated; the symmetrical two
peaks against ϕ = 90° or 270° observed for PCL−PS1 move
toward the equator (ϕ = 90° or 270°) for PCL/PS1 and PCL−
PS2, and eventually they merge into one for PCL/PS3 and
PCL−PS3 (D = 17.9 nm). The ϕ dependence of the (200)
reflection intensity is also moderately dependent on the
samples; we find the arcs centered at the meridian (ϕ = 0°

and 180°) for PCL/PS1 and PCL−PS1, but the ϕ dependence
of the (200) reflection intensity for PCL/PS3 and PCL−PS3
does not show any definite peaks within the experimental error.
We can conclude from Figure 8 that the crystal orientation
both for PCL blocks and PCL homopolymers depends
significantly on D. However, we do not detect any difference
in the crystal orientation between PCL−PS3 and PCL/PS3 at
different Tc (−50 °C ≤ Tc ≤ −40 °C).

3.7. Analysis of Crystal Orientation. The (110) and
(200) reflections observed for PCL−PS1 and PCL/PS1 were
successfully explained in our previous study30 by assuming that
the b-axis of PCL crystals (i.e., fastest growth axis50) was parallel
to the cylinder axis; that is, the PCL crystals predominantly grew
one-dimensionally in the nanocylinder with D = 13.0 nm. In this
orientation, the (110) reflections should appear at ϕ = 58°, 122°,
238°, and 302° and the (200) reflections at ϕ = 0° and 180°,
which agree satisfactorily with the peak positions observed in the
2D-WAXD patterns of PCL/PS1 and PCL−PS1 shown in Figure
8a. This crystal orientation is also reported for the cylindrically
confined PCL blocks in PCL-b-P4VP28 and syn-polystyrene
homopolymers confined in AAO,8 where it is concluded that the
strong spatial restriction along X and Y directions is responsible
for the one-dimensional crystal growth to yield the extremely
reduced crystallinity of confined chains.
The (110) reflections centered at ϕ = 90° and 270° in the 2D-

WAXD patterns of PCL−PS3 and PCL/PS3 (Figure 8a) can be
explained if we assume that the (110) plane of PCL crystals (i.e.,
the fastest growth direction of bulk PCL homopolymers50) is
normal to the cylinder axis. That is, the PCL crystals grow
preferentially along the direction normal to the (110) plane in the
nanocylinders with D = 17.9 nm. This crystal orientation will
produce undetectably weak (200) reflection peaks at off-axis
regions, which also agrees with the experimental results shown in
Figure 8b. The change in the growth direction of PCL crystals
(i.e., the change in crystal orientation) will arise from the
increasing dimension along X and Y directions of confined
nanocylinders, by which PCL crystals can grow along the a-axis
(not fastest growth axis) as well as the b-axis (fastest growth axis)
in order to increase the total crystallinity. That is, the growth
mode of PCL crystals is two-dimensional (along the (100) plane)
in larger nanocylinders, whereas it is one-dimensional (along the
b-axis) in smaller nanocylinders, and eventually this difference in
the mode of crystal growth yields significant differences in the
crystallization rate and crystallinity between PCL−PS1 (or PCL/
PS1) and PCL−PS3 (PCL/PS3). The difference in the crystal
growth mode is schematically shown in Figure 9 between PCL
homopolymers confined in smaller (D = 13.0 nm) and larger
(D = 17.9 nm) nanocylinders. It should be noted that to our
knowledge this is the first example to observe the two-dimensional
crystal growth of block chains confined in nanocylinders.
The significant shift of the (110) reflection position observed

in the 2D-WAXD patterns of PCL/PS1 and PCL−PS2 (Figure 8a)
is somewhat puzzling. We have two possibilities for the reason for
such shift. One possibility is that the diffraction pattern of PCL−
PS2 (or PCL/PS1) is the superposition of those of PCL−PS1 and
PCL−PS3. That is, the nanocylinder mainly consists of two PCL
crystals with different orientations; one with the b-axis parallel to
the cylinder axis and the other with the (110) plane normal to the
cylinder axis. We can qualitatively explain the small variation in the
(200) reflection pattern of PCL−PS2 (or PCL/PS1) (Figure 8b)
using this model. The other possibility is that the lateral dimension
increases with increasing D, and accordingly the crystal growth
along the a-axis is gradually recovered to be detectable in larger

Figure 7. 2D-WAXD patterns viewed from X direction for PCL−PS3
(a) and PCL/PS3 (b) both crystallized at −40 °C. The X direction is
perpendicular to the shear direction.

Figure 8. Intensities of the (110) reflection (a) and (200) reflection
(b) plotted against azimuthal angle ϕ for each sample indicated. The
crystallization temperature is −44 °C for PCL−PS1 and −40 °C for
other samples.
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nanocylinders. As a result, the b-axis of growing PCL crystals
deviates continuously from the initial orientation (parallel to the
cylinder axis) with increasing D. However, more information is
necessary to determine the detailed crystallization mechanism of
PCL chains confined in the nanocylinders with intermediate D.
We already reported30 that the degree of crystal orientation was

significantly different at higher Tc (≥−45 °C) between PCL
blocks in PCL−PS1 and PCL homopolymers in PCL/PS1.
However, the difference was not detected among PCL/PS2,
PCL−PS2, PCL/PS3, and PCL−PS3 at every Tc investigated
(−50 °C ≤ Tc ≤ −40 °C). That is, the degree of PCL crystal
orientation confined in larger nanocylinders (D ≥ 14.9 nm) is
almost the same for PCL blocks and PCL homopolymers
irrespective of Tc, which was verified by evaluating the degree of
PCL crystal orientation f43 from the ϕ dependence of (110)
reflection intensities (Figure 8a). The result is shown in
Supporting Information (Figure S3). In summary, the degree of
PCL crystal orientation is clearly different at higher Tc (≥−45 °C)
between PCL blocks and PCL homopolymers in the smaller
nanocylinder (D = 13.0 nm), whereas it is insignificant in the
larger nanocylinders (D ≥ 14.9 nm) irrespective of Tc investigated
(−50 °C ≤ Tc ≤ −40 °C).

4. CONCLUSIONS
We investigated the crystallization behavior and crystal orien-
tation of poly(ε-caprolactone) (PCL) homopolymers and PCL
blocks confined in identical nanocylinders embedded in the
polystyrene (PS) matrix as a function of cylinder diameter D.
The PCL homopolymers confined in nanocylinders were pre-
pared using microphase separation of PCL-b-PS copolymers
followed by photocleavage at the block junction between PCL
and PS blocks. The following conclusions were obtained from
this study.
(1) The time evolution of PCL crystallinity χPCL showed a

first-order kinetics both for PCL blocks and PCL homopol-
ymers confined in all the nanocylinders investigated (D =
13.0−17.9 nm), meaning that the crystallization is controlled by
nucleation. The D dependence of the crystallization rate for
PCL blocks is more drastic than that for PCL homopolymers.
As a result, various interrelations of crystallization rates were
observed depending on D between PCL homopolymers and
PCL blocks.
(2) The PCL crystals oriented predominantly such that the

b-axis of PCL crystals was parallel to the cylinder axis for PCL
blocks and PCL homopolymers confined in the smaller
nanocylinder (D = 13.0 nm), whereas the (110) plane of PCL

crystals was normal to the cylinder axis (i.e., the b-axis was not
parallel to the cylinder axis) for both PCL chains in larger
nanocylinders (D ≥ 14.9 nm). That is, the growth mode of PCL
crystals is definitely different to yield a moderate difference in χPCL
between smaller (D = 13.0 nm) and larger (D ≥ 14.9 nm)
nanocylinders. The difference in the degree of crystal orientation
could not be detected between PCL blocks and PCL
homopolymers confined in larger nanocylinders (D ≥ 14.9 nm).
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ABSTRACT: Fourier transform infrared−attenuated total
reflectance (FTIR-ATR) spectroscopy was used to study in
detail water vapor sorption in a short-side-chain perfluor-
osulfonic acid ionomer membrane suitable for use as
electrolyte in proton exchange membranes fuel cells. The
analysis of the membrane IR spectra, at different values of
relative humidity (0.00−0.50) and at 35 °C, allows to identify
four types of water molecules, characterized by decreasing
strength of interaction with the polymer sulfonate groups. The
actual concentration of the different water species inside the
membrane was determined by calibrating the IR absorbance
data with independent measurements of total water vapor
uptake. The sorption of the different populations of water can be represented by Langmuir isotherms: the first population is
directly attached to sulfonate sites, while the others form subsequent layers, adsorbed one onto the other in a shell-like structure.
To describe the overall sorption behavior of the different populations, four adjustable parameters are required, which are
consistent with literature data, thus supporting the validity of the physical model considered.

■ INTRODUCTION
Perfluorosulfonic acid ionomeric (PFSI) membranes are used
in proton exchange membranes fuel cells (PEM-FCs) due to
their good proton conductivity in humid conditions. These
materials are characterized by a poly(tetrafluoroethylene)
backbone with fluorinated side chains terminated by sulfonate
ionic groups; their mass transport behavior is due to the
complex structure formed by the hydrophilic groups attached
to a hydrophobic skeleton. Upon hydration, two phases
separate inside the PFSI membranes: a hydrophobic one,
mainly constituted by the perfluorinated chains, and a
hydrophilic one, formed by the sulfonic acid groups and the
water molecules, which is responsible for the high proton
conductivity shown by these materials in hydrated condi-
tions.1,2 The benchmark for PFSI materials is Nafion,2−5 which
was first used in the chloralkali processes due to its ion
conductivity properties and later applied to fuel cell systems. In
the past 20 years, however, because of the great advances in fuel
cell technology, many alternative PFSI membranes have been
synthesized and proposed with the aim to obtain better thermal
and mechanical properties.2,3,6,7 In the present work, the
attention is focused on the properties of Aquivion (formerly
known as Hyflon Ion),8−10 a short-side-chain PFSI polymer
produced by Solvay Solexis S.p.A, which is attracting increasing
interest thanks to the similarities with Nafion and to its
potentially higher thermal and chemical resistance.11−13 Some
of the water and methanol transport parameters for Aquivion
were already measured and reported in previous works showing

the same qualitative behavior encountered in the other PFSI
films and confirming its great similarity with Nafion
membranes.14−19

Because of the high dependence of PFSI proton conductivity
on hydration, a complete understanding of the water sorption
process in these membranes is essential to optimize their use in
fuel cell operations, and various works can be found in the
literature in which the total water vapor uptake of several PFSI
films was measured in different conditions.3−7,14−17 The water
sorption in these materials, however, is known to occur through
a complex mechanism due to the biphasic nature of the hosting
matrix and to the nonhomogeneous strength of interaction
between water molecules and sulfonate groups. This complex
phenomenon is usually described by considering that different
water families are present inside the polymer, as proved with
different experimental techniques.20−25 In particular, Baias et al.
used NMR to distinguish between free and bound water20

while Kim et al. analyzed the state of water with DSC and
NMR,21 identifying three different water populations (strongly
bound to the polymer, loosely bound, and free water), although
they reported that, most likely, there is a continuous
distribution of water states, as stated also by Ye et al.24

In previous works,14,15 we measured the total water vapor
uptake at each activity in the short-side-chain PFSI membrane
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used in this study and modeled the results by considering the
amount of water vapor absorbed in the membrane as the sum
of two contributions: a linear one, related to the physical
absorption of free water molecules evenly distributed in the
matrix, and a nonlinear one, related to the localized adsorption
of water molecules onto sulfonate sites. The latter mode of
sorption involves a strong interaction between water and
hydrophilic groups, consistent with the fact that these water
molecules remain permanently attached to the membrane even
after complete evacuation at zero activity, unless relatively high
temperatures are applied.15

The above description may represent not only qualitatively
but, in many regards, also quantitatively the overall process of
water sorption into the membrane considered; however, it
oversimplifies the actual mechanism by classifying sorbed water
molecules into two types only, one interacting and the other
not interacting with the polar groups of the polymer. More
reasonably, according also to Ye et al.,20 one should consider a
continuous sequence of water molecules, characterized by
decreasing strength of interaction with sulfonic sites, and
correspondingly located at increasing distances from them.
Such a continuous structure is difficult to quantify and analyze
in practice and possibly is not even necessary for fuel cell
engineering purposes. In more practical terms, one can consider
a discrete number of water populations, each one characterized
by decreasing strength of interaction with sulfonate sites and
interacting more directly with the nearby water molecules.26

To investigate such interactions, a detailed IR analysis of dry
and hydrated Aquivion has been performed in this work, and
the spectral features were investigated, taking advantage of the
structural similarity with Nafion, for which several IR data are
available.27−41 It has to be said, however, that most of those
studies regarded dry PFSI membranes, leading to a detailed
description of the dry polymer spectrum in both H+ and Na+

forms, but a complete and satisfactory explanation of the
hydrated IR spectra has not yet been provided,29,31,34,40 and a
thorough quantitative analysis of the spectra after equilibration
at different activities is still missing.41

With the above aim in mind, in the present work we
investigate the IR spectrum of Aquivion using the time-resolved
FTIR-ATR spectroscopy. Such a technique enables us to label
molecules on the basis of their interactions, such as hydrogen
bonding, with other penetrant molecules or with the polymeric
matrix, and to follow their evolution with time and penetrant
activity.42−45 FTIR-ATR spectroscopy, indeed, has already been
applied to study water sorption and diffusion in Nafion,
demonstrating great potential to elucidate the complex
mechanisms which control such processes.46−48

The water sorption behavior of Aquivion was investigated at
35 °C and at water activities up to 50%; the different IR spectra
of the hydrated membrane were carefully analyzed through a
spectral deconvolution process. The different peaks related to
different species of water molecules in the hydrated IR
spectrum of the ionomer often appear merged into a single,
broad, cumulative absorption band, which needs to be properly
deconvoluted to identify and quantify the contribution of the
individual peaks. The hydrated PFSI spectra were thus suitably
deconvoluted to obtain the different absorption peaks which
are related to the different water families present in the
polymers and are characterized by different degree of
interaction with the acid sulfonic groups. The area of each
peak was then converted into the actual concentration through
calibration with sorption and dilation data obtained with

independent measurements. Such a quantitative analysis
allowed to determine the actual sorption isotherm of each
water family considered and to obtain a physically consistent
description of the sorption process. The trends obtained for the
concentration of each water family in the polymer can be
described on the basis of a simple model expressly developed to
account for the different mechanisms of sorption of the various
water populations.

■ EXPERIMENTAL SECTION
Materials. Aquivion is a short-side-chain PFSI material that

consists of a hydrophobic poly(tetrafluoroethylene) backbone with
perfluorovinyl ether short side chains terminated by sulfonic acid

(−SO3H) groups. As can be seen in Figure 1, Aquivion has a side
chain shorter than other PFSI materials such as Nafion, a feature that
may confer to this material good stability at high temperature and
good mechanical properties. The short-side-chain ionomers also have a
lower equivalent weight than longer-side-chain ionomers at equal
molar concentration of sulfonic groups.

The sulfonyl fluoride (SO2F) form of the polymer is obtained from
the free radical copolymerization of tetrafluoroethylene (TFE) and
perfluorosulfonylfluorodivinyl ether (SFVE);8 after synthesis, the
−SO2F groups are converted to −SO3H by immersion in alkaline
aqueous solutions at medium temperature (80 °C) and subsequent
treatment with a strong acid solution.

The ionomer was kindly provided by Solvay Solexis SpA as a 160
μm thick extruded membrane with an equivalent weight of 800 gpol/
mol−SO3H and was stored in distilled water for at least 24 h before
testing.

FTIR-ATR Measurements. A Nicolet Avatar FTIR spectrometer
has been used, equipped with a mercury−cadmium−telluride detector,
to improve measurement accuracy. A schematic of a FTIR-ATR cell is
presented in Figure 2;49 a high refractive index crystal, placed in the
spectrometer, traps the incident IR beam which is totally reflected on
the crystal surface. At each reflection an evanescent wave rises from the
surface, which is absorbed by the material placed onto the crystal,
allowing the acquisition of its IR spectrum. The FTIR-ATR technique
has been widely used to study the sorption process in polymeric
materials; in this application, the polymer of interest adheres on the
ATR crystal, and the diffusion of penetrants is studied by monitoring
the time evolution of the penetrant characteristic absorption bands in
the polymer spectrum. A detailed description of the technique and of
the related theory can be found in the literature.50,51

In the present work experiments were conducted using a multiple
reflection zinc selenide crystal (refractive index 2.42), with 45° beveled
faces, placed in a horizontal flow-through ATR cell produced by
Specac Inc., also shown in Figure 2. The cell is provided with a heating
system that allows temperature control through the circulation of
water from a heating bath. The data were collected by adding and
averaging 32 scans per each spectrum with a resolution of 4 cm−1; this

Figure 1. Molecular structure of (a) Aquivion and (b) Nafion 117.
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setup was chosen to recover spectra with sufficient velocity (about 40 s
per spectrum) while maintaining a good signal-to-noise ratio.
Particular care has been devoted to ensure the adhesion of the

extruded ionomer onto the crystal in order to obtain reliable results.46

Before every sorption experiment, a background spectrum of the ATR
crystal was collected. A wet sample of membrane, precut in the
hydrated condition, was placed onto the crystal, and the cell was
tightened. The sample was dried overnight by flowing dry air through
the cell and then evacuated for 4 h at the test temperature, 35 °C. It is
well-known15,16 that water is completely removed from the PFSI
membranes only if the sample is evacuated at high temperature (about
120 °C in the case of Aquivion): therefore, at the beginning of each
FTIR-ATR experiment the film was “dry” with respect to the
experimental temperature; i.e., no further water could be removed at
that temperature, although it was not completely water-free.
Differential sorption experiments were conducted by contacting the

polymer with pure water vapor at a given partial pressure and
subsequently increasing water pressure stepwise, once equilibrium was
attained at the prior conditions (i.e., no more change in the spectrum
could be detected over time). The sorption process was studied at 35
°C and up to an activity of about 0.5; the activity upper limit is
cautiously imposed by the occurrence of condensation phenomena in
some cold spots of the system. It is worthwhile to mention that, with
this technique, both transient mass uptake and equilibrium sorption
data can be obtained: in this work we focus our attention only on the

equilibrium sorption behavior, when no flux and no concentration
gradients are present in the membranes, and leave the analysis and
modeling of transient sorption as well as the determination of the
diffusion coefficients to a future work.

Sorption and Dilation Measurements. With the aim of
obtaining a calibration of the spectrometer measurements, independ-
ent sorption and dilation measurements were performed in the same
operative range used for the ATR-FTIR experiments.

It is indeed well-known that, for a given species i, IR measurements
are obtained in terms of absorbance, A, which is directly related to
concentration, c (in moles of water per polymer volume), according to
the so-called Beer−Lambert's law that can be written as

=
δε

c A
1

i
i

i
(1)

where δ represents the path length traveled by the IR beam in the
polymer and ε is the molar extinction coefficient which represents the
proportionality constant between concentration and IR absorbance.

Water vapor sorption measurements were performed in a pressure
decay system already described in previous paper15 on Aquivion
samples previously treated under vacuum and at 120 °C for about 4 h
to ensure removal of all the water from the specimen. Although some
water vapor sorption data were available for this ionomer, they were
obtained on membranes not completely dry, and they do not allow to

Figure 2. Schematic of the ATR cell: the polymer is attached onto the ATR crystal, and the penetrant enters from the ducts in the upper part of the
cell and diffuses in the film. The IR beam is entrapped in the crystal so that only the diffused penetrant can be detected by the instrument; in the
magnification window a schematic of the ATR principle is reported.

Figure 3. FTIR-ATR spectrum of Aquivion at room temperature in atmospheric humidity compared to that of Nafion 117 (shifted for the sake of
clarity). Inset: magnification of the region containing the characteristic bands of the polymer.
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quantify accurately the total water content in the membrane but just
the differential weight gain from the initial, partially hydrated state of
the membrane. Indeed, while in FTIR-ATR experiments all the water
is visible in the spectra, in manometric or gravimetric sorption
experiments the water initially present in the membrane cannot be
detected, and uncertainty on the initial amount of water in the
membrane can lead to inconsistent water uptake results.
It must be also noticed that sorption measurements provide the

water concentration in the ionomer on a weight base, while the use of
eq 1 requires volumetric concentrations; because of high membrane
swelling, therefore, an estimate of the polymer density at each different
relative humidity (RH) is needed for proper comparison. For this
purpose, ionomer dilation was measured by using an optical
dilatometer able to detect displacements in the order of 1 μm; these
data have been already presented in a separate work where all the
details concerning the experimental techniques are described and the
results are thoroughly discussed.19

■ RESULTS AND DISCUSSION

IR Spectra Analysis. The spectrum of Aquivion equili-
brated with atmospheric humidity is reported in Figure 3
together with the one obtained for a Nafion sample in the same
conditions. As expected, the two materials show the same
characteristic peaks, their chemical structure being very similar;
therefore, we will assume that Aquivion behaves like Nafion as
far as the spectral features are concerned.
The main absorption bands that characterize the polymer are

located in the interval of wavenumbers between 900 and 1500
cm−1, which is enlarged in the inset of Figure 3 for clarity sake.
The two fairly intense peaks at 1155 and 1220 cm−1 can be
related to the symmetric and asymmetric stretching vibrations
of −CF bonds of the backbone, respectively,28,32,33,37 while the
peak at 1060 cm−1 and the shoulder at 1300 cm−1 are attributed
to the symmetric and asymmetric stretching of −SO3

− arising
from water-induced dissociation of −SO3H groups.28,32,33

Finally, the stretching of the C−O−C bonds is related to the
band at 971 cm−1.28,32,33 The only difference between the two
materials is a peak at 982 cm−1 clearly visible in the spectrum of
Nafion and absent in that of Aquivion: such a peak is
attributed33,37 to the stretching of −CF in the (−CF2−CF(R)−
CF3−) groups of the side chains that, indeed, are not present in
Aquivion (see Figure 1). Finally, the bands related to the
undissociated −SO3H groups are expected to appear at 1410
and 910 cm−1,28,32,33 but they are not visible in the spectra
shown, suggesting that the humidity present in ambient air
dissociates the great majority of the sulfonic groups in both
materials; this fact was already noticed by different authors in
PFSI membrane not adequately dried25,29 and is in agreement
with the work of Leuchs and Zundel, who found about 90%
dissociation of trifluofomethanesulfonic acid, CF3SOH3, with
just one mole of water per sulfonic group.52

For the hydrated polymer membrane, the portion of the
spectra between the wavenumbers 1500 and 3800 cm−1 is
usually related to the vibration of −OH bonds in water28,32,33

and, therefore, is expected to undergo the major changes during
water sorption. In particular, the region between 1500 and 2000
cm−1 is associated with the bending vibrations of water
molecules, while the stretching vibrations of −OH can be found
between 2400 and 3800 cm−1.28,32,33

The latter region of the polymer spectra is plotted in Figure 4
at each differential hydration step, with water activity varying
from 0.0 to 0.50. It can be seen that, with increasing water
content in the membrane, the spectrum undergoes some
modifications: in particular, the bands related to the −OH

groups become detectable while a large band centered around
2720 cm−1 decreases. The latter band is not unequivocally
identified in the literature: some authors relate such a peak to
undissociated −SO3H

31,37 while others relate it to the presence
of an Evans window;28 that is a local minimum due to
overtones of bending modes and Fermi resonance and is
responsible for the appearance of two apparent maxima at 2720
and 2200 cm−1. The present data do not allow to identify the
correct explanation, although the absence of the peaks at 910
and 1410 cm−1 corresponding to undissociated −SO3H seems
to stand against the first interpretation. In any event, the
intensity of the band at 2720 cm−1 is unanimously believed to
decrease upon sorption, in agreement with the experimental
findings, due to progressive dissociation of SO3H group in
presence of water and/or to the swelling of the membrane
upon hydration. In general, the behavior of the peak at 2720
cm−1 is very likely affected also by the change of the peaks at
lower wavenumber such as those related to water bending
(1500−2000 cm−1) as well as those related to polymer, such as
the one present at 2375 cm−1 that is due to an overtone of
polymer skeletal modes28 and decreases with increasing water
content due to polymer swelling.
Water sorption can be monitored by considering the water

bending region or that related to the stretching of −OH bonds
(2400−3800 cm−1). In this work we focused on the latter
region, where the absorption band is wider and a large amount
of information can be collected by decomposing the spectrum
in all its contributions.
The broad absorption band of the −OH stretching vibrations

(2400−3800 cm−1) has several components that can be
identified based on the degree of interaction between water
molecules and sulfonic groups. The analysis of spectra at
different RH, reported in Figure 4, shows that the band area
does not increase uniformly and that its shape changes with
increasing water content. This behavior is due to the fact that
different kinds of water molecules, with different degree of
hydrogen bonding, are absorbed at different values of relative
humidity.28,33

Identification of Different Water Populations: Spectra
Deconvolution. The mass fraction of each family can be
obtained through a decomposition of the band, which allows to
follow separately the peaks related to each type of water
molecules. To that aim, a fitting procedure was implemented

Figure 4. Evolution of the regions of bending (1500−2000 cm−1) and
stretching (3000−3800 cm−1) vibrations of −OH in the Aquivion
spectrum upon hydration at 35 °C.
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using the software Fityk,53 distributed under the terms of the
GNU General Public License. For each water activity, a baseline
correction between 1580 cm−1 (starting point of the −OH
bending band) and 3720 cm−1 (termination of the water
stretching peak) was used. The minimum number of bands
needed to reach a satisfactory description of the experimental
data was determined through multiple fitting runs in which the
peaks shape was fixed to the Gaussian function, while all the
other parameters were allowed to vary. This method lead to the
detection of the center position of each peak, which was used as
a reference for the following hydration steps.
In particular, proceeding toward higher hydration, the

position of the water-related peaks determined in previous
steps was kept fixed, while their height and width was allowed
to vary. On the other hand, the band centered at about 2700
cm−1 and extending well below the region of interest was

allowed to move in order to account for the influence of
spectral features present at lower wavenumber, such as the
skeletal modes overtone peak at 2375 cm−1, as well as the
overtones of OH bending of sulfonic groups hydrogen bonded
to water,38 which were not considered in the deconvolution.
This approach was chosen after a careful analysis of the whole
spectral region between 1500 and 3800 cm−1; spectral
decomposition of this region, for which up to 11 different
peaks were used, indicated that, while the behavior of OH
stretching bands was substantially independent from the initial
guess on band position and always showed a physically
consistent evolution with the increasing water content, the
peaks at lower wavenumber were strongly dependent on the
initial guesses and frequently showed non monotonous
behavior with increasing hydration, which was hardly explain-
able through a physical approach.

Figure 5. Region of stretching of the −OH groups of the Aquivion spectrum at different humidities: (a) at 0% RH, (b) at 5% RH, and (c) at 40%
RH.
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In this concern, the use of a band with adjustable position at
about 2700 cm−1 resulted to be an optimal solution to obtain
consistent and objective data processing, since it allowed to
separate the two spectral regions while having a negligible effect
on the behavior of the peaks found in the deconvolution of
water stretching region.
Focusing the attention on this region, it can be seen that the

number of bands needed to describe the observed data
increases with the water content in the polymer, as it is clearly
shown from the three significant spectra presented in Figure 5
at 0%, 5%, and 40% RH. Three different bands can be identified
in the ionomer dried under vacuum for 4 h at the experimental
temperature (Figure 5a): one located at a wavelength of 2720
cm−1, which as said before was related to the polymer, and two
located at 3005 and 3280 cm−1, related to water molecules
interacting with sulfonic groups with decreasing strength (i.e.,
the interaction strength decreases as the wavenumber
increases).28,33,39

At 5% RH, a third water-related peak appears in the region of
less strongly bonded water molecules, precisely at 3470 cm−1;
the absorbance of the other water peaks, previously determined,
changes slightly while the polymer-related band is much smaller
than in the previous step and shifts toward lower wavenumbers
(Figure 5b). If the water content in the membrane is further
increased, a fourth water-related band at 3515 cm−1 appears. In
Figure 5c, the spectrum at 40% RH shows clearly the four water
populations respectively associated with the peaks at 3005,
3280, 3470, and 3515 cm−1, as reported in Table 1, and
characterized by decreasing degree of interaction with polar
polymer sites.

Concerning this result, a few considerations are in order: first
of all, it should be stressed that number of deconvoluted peaks
equal to 4 is the minimum required to obtain a satisfactory
description of the experimental data. A different number of
bands could be used to describe the OH stretching region;
however, using two or three peaks did not allow to obtain a
good fit unless more complex, and with more parameters, peak
shapes (such as the so-called split-Gaussian) were used, while a
higher number of peaks lead to minor improvements in the
final fitting and in some cases generated unphysical behavior in
the fitting results.
In addition, despite the complexity of the procedure

followed, deconvolution results obtained were very stable and
highly consistent, both internally and with respect to previous
works; the width of different water peaks, also reported in
Table 1, showed indeed very small variations at different RH,
indicating that the obtained bands are related to precise
molecular features that did not vary substantially during

absorption, while the positions of the different water peaks
are in good agreement with what proposed by other authors
investigating water content in PFSI polymers.30,38,39 In
particular, the peaks found between 3300 and 3000 cm−1

have been related by many authors to water hydrogen bonded
to sulfonic groups38,39 or hydronium ions28,30 while the bands
related to H3O

+ as well as those of internal sulfonic groups
hydrogen bonding are expected to appear30,38 in the range of
2900−3000 cm−1, so that they are more difficult to be precisely
assigned. However, by following the integrated absorbance of
the peaks with time, shown in Figure 6, it can be noticed that
the amount of all populations increases with time during
polymer hydration, according to a kinetics qualitatively
consistent with a mass diffusion process. Thus, also for the
first population, the contribution of water OH stretching seems
to be predominant, while the internal mode of undissociated
SO3H group, if present, seems to be placed at lower
wavenumber and thus comprised in the wide peak at 2700
cm−1. It is also clear from the same Figure 6 that the kinetic
behavior of the first family differs from that of the others; the
analysis of diffusion kinetics however is out of our present aim
and will be presented and discussed in a future paper.
In the present work, instead, the attention is focused on the

equilibrium values of water uptake. From the four water-related
peaks identified with the above procedure, one can estimate the
relative amount of the corresponding water families, by
calculating the integral absorbance of the different bands as a
function of water activity. The results, reported in Figure 7,
clearly show that as the water content in the membrane
increases, the first family of water rapidly reaches a plateau,
while the area associated with weakly bonded molecules
continues to increase. That is in agreement with the idea that
the first water molecules entering the system react with sulfonic
groups to produce hydronium ions, while the following ones
substantially solvate with successive water layers and,
consequently, have lower interaction energy with sulfonic
groups.

Sorption Data and Absorbance−Concentration Rela-
tionship. The data provided by FTIR spectrometry and
reported in Figure 7 are expressed in terms of absorbance; in
order to obtain the penetrant concentration in the sample, an
independent measurement of the water uptake is required.51 As
stated above, the relationship between the equilibrium values of
concentration and absorbance A is given by the Beer−
Lambert's law, reported in eq 1, which can be also be rewritten
as follows:

λ =
ρ

=
δε ρ

=
ε ρ

c
m

A
m m A1 1eq

pol

eq

pol eff

eq

pol (2)

where λ is the concentration of the species under study,
expressed in moles of water per mole of −SO3H, c is water
concentration in moles per unit polymer volume, ρpol is the
polymer density in hydrated conditions, and meq is the
equivalent weight of the polymer expressed in g/molSO3H.
While in transmission IR spectroscopy ε and δ are generally
considered as constants, in the ATR experiments the latter
quantity is related to the penetration depth of evanescent
wave50,51 and changes with the absorption bands wavelength;
thus, an effective extinction coefficient, εeff, is commonly used,
as defined in eq 2.
In principle, however, variations of the effective molar

extinction coefficient εeff with the wavenumber can be related

Table 1. Characteristics Features of Different Water Families
in the System: IR Peak Position and Band Width (fwhm),
Fitted Extinction Coefficients (εeff,i), and Model Constants
(Ki)

water
population

IR peak center position
(cm−1)

fwhma

(cm−1)
εeff,i

(cm3/mol) Ki

1st 3005 592 (2%) 1.56 × 104 100
2nd 3280 389 (6%) 1.19 × 104 20
3rd 3470 264 (3%) 1.19 × 104 3.5
4th 3515 241 (2%) 6.29 × 103 2.5

aThe value in parentheses in fwhm column represent the maximum
percent variation of this quantity at the different RH values inspected.
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not only to changes of optical path length such as in FTIR-ATR
but also to changes in the material absorbance due to variation
of its refractive index or to the fact that a single peak, in
complex spectra, can have contributions from different
functional groups. These aspects have somehow prevented
the quantitative study of water absorption in polymers using
FTIR spectroscopy,54,55 since deviation of the system from
Beer−Lambert’s law can lead to significant errors in the
solubility calculation.44,45 However, a quantitative description
can be obtained also for the complex system by using multiple
εeff values, whose evaluation requires reliable sorption data from
separate independent source and a multiparameter calibration
procedure.
In the present case, water solubility and polymer swelling

were carefully measured in independent tests carried out on

ionomer samples obtained from the same sheet as those
examined in FTIR-ATR experiments.
The resulting data are presented in Figure 8; in particular,

solubility is reported in terms of λ versus activity and shows the

usual shape observed in sulfonated polymers, characterized by
an initial steep increase of the mass uptake at low activities,
followed by a linear part with lower slope at intermediate
relative humidities. The final upturn of the sorption isotherm
usually apparent at relative humidity higher than 70%4,15 is not
visible in the present data, since the activity range investigated
was limited to about 0.5.
In the same Figure 8, also the density changes for the

hydrated sample are presented, as calculated from the data and
the procedure reported in ref 19. As expected, polymer density
has an opposite trend with respect to water uptake, since it
decreases due to polymer swelling upon sorption; parallel to

Figure 6. Time evolution of the integrated absorbance of the peaks related to the different water populations. The data refer to a sorption step in
which the activity was increased from 0.1 to 0.2.

Figure 7. Evolution of integrated absorbance, as a function of water
vapor activity for the different peaks identified in the Aquivion IR
spectrum during the deconvolution process.

Figure 8. Water sorption in Aquivion and related change in polymer
density as a function of water activity at 35 °C.
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the sorption isotherm, the density change is particularly steep at
low activity while it becomes substantially linear, with a lower
slope, at the higher activities inspected.
From these data a direct relationship can be built between λ

and A once the correct value of εeff for each water family is
found. To that aim, the plot of the total water concentration in
the membrane versus the total area of the water peaks in the

−OH stretching region is presented in Figure 9a. Its behavior is
not represented by a single straight line and shows an increase
in slope at high absorbance, suggesting that the molar
extinction coefficients decrease with increasing wavenumber
and decreasing strength of interaction between water molecules
and sulfonate sites. A multiple parameter regression is therefore
required to obtain the values of the four extinction coefficients

Figure 9. Calibration curve obtained from water concentration measured in a pressure decay apparatus (mol/cm3) and integrated IR absorbance
data at 35 °C, evaluated by considering (a) the contribution of all the water populations and (b) the contribution of the second and third populations
only.
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corresponding to the different water families, however, a
simpler procedure is sufficient, in the present case, since the
data are well described by a bilinear trend with two different
regions characterized by two different slopes. The calibration
for εeff can therefore be performed in a straightforward manner
on the basis of the following assumptions:
(i) The first family, related to water directly interacting with

the sulfonic groups, reaches a saturation value at λ = 1, which
means that every water molecule in that family interacts with a
single sulfonic group. The extinction coefficient εeff,1 is thus
immediately evaluated from Figure 7, considering that
absorbance value at saturation for the first population (A ∼
35 au) corresponds to λ = 1; the calculated value is then εeff,1 =
1.56 × 104 cm3/mol.
(ii) From Figure 7 it is also seen that, for activities higher

than 30%, the first and the second water populations have
essentially reached their plateau, while the concentration of the
fourth population increases 2 times more than that of the third
one. This range of activities corresponds to integrated
absorbance values higher than 70 a.u. and concentrations
higher than 5 × 103 × mol/cm3 (Figure 9a), where a change in
slope of the calibration curve is apparent. The value of the slope
in this range, therefore, can be mainly related to the molar
extinction coefficient of the fourth population of water
molecules, leading to a εeff,4 value of about 6.29 × 103 cm3/mol.
The values of εeff,2 and εeff,3, can now be obtained by best

fitting the water absorbance data once the contributions to c of
the first and fourth families have been subtracted, as is shown in
Figure 9b. Despite some scatter of the data, the plot clearly
shows a linear behavior of the absorbance of the second and
third family versus the corresponding water content, with a
negligible difference between the extinction coefficient for these
two families. In particular, a value of εeff,2 = εeff,3 of about 1.19 ×
104 cm3/mol is obtained from the linear regression of the
experimental data; the results of the regression are also shown
in Figure 9b and are characterized by a correlation coefficient
R2 = 0.92, confirming the internal consistency of the procedure
followed.
Using the above values for the effective molar extinction

coefficients, summarized in Table 1 for clarity sake, the total
water sorption isotherm is obtained as reported in Figure 10,
from which the very good agreement with experimental
solubility data is clearly appreciated. In the same figure, the
sorption isotherms of the different populations are also
reported as a function of water activity, illustrating their
contribution to the total water uptake. In particular, by
analyzing the different families, it can be noticed that the first
one reaches the final plateau when the total value of λ is
between 1.5 and 2, in very good agreement with the value of 1.6
mol of water per mole of acid found by Leuchs and Zundel52 in
the case of concentrated solution of CF3SO3H. The second and
third populations are characterized by sorption isotherms with
downward curvature, similar to those of adsorbing materials;
the sorption of these molecules is thus somehow limited by the
finite ability of sulfonic groups to coordinate water molecules,
and therefore these two families are still related, to some extent,
to the hydrophilic nuclei. On the contrary, the sorption
isotherm of the fourth family has an almost linear behavior,
typical of molecules physically absorbed in liquid and liquid-like
structures such as rubbers, suggesting that the fourth
population is formed by water not directly interacting with
the sulfonic groups, but surrounded by other water molecules
with which it interacts through water−water hydrogen bonding.

The behavior of the different water families inside the
polymer thus clearly suggests that water sorption in PFSI
membranes is a complex process that, from a physical point of
view, can be described as a sort of multilayer adsorption of
water molecules on acid sulfonic groups followed by a physical
absorption in the hydrophilic phase which has been formed. It
is worthwhile to notice that, while the quantitative, relative
amount of the different water families is strongly related to the
calibration procedure considered, being thus affected by some
degree of uncertainty, the physical process described is
essentially related to the qualitative behavior of the different
absorption bands present in the polymer spectra at different
degrees of hydration and is thus independent of the calibration
procedure followed.

■ MODELING EQUILIBRIUM SORPTION
The qualitative physical description considered in analyzing the
polymer spectra and the procedure followed for the calibration
between absorbance and water concentration can be further
supported by a quantitative agreement between experimental
results and a mathematical model describing the various steps
considered in the process. To that aim, we adapted to our
findings on the different water populations the models already
proposed for similar systems, which describe the total water
uptake in an ionomeric matrix considering a series of solvating
reactions between water and sulfonic groups.6,26,57 In particular,
we considered that each sulfonic group is surrounded by a
three-layer structure of water molecules. Following the results
by Paddinson and co-workers, who studied the short-side-chain
PFSI hydrated structure through a series of first principles
electronic structure calculations,58,59 we can describe the
system as in Figure 11 in which a possible representation of
the different layers is presented. Paddisons and co-workers
indeed showed that structures with hydronium or Zundel ions
in the vicinity of sulfonic groups are preferred in short-side-
chain PFSI, when λ ≤ 3, while other water molecules can
directly interact with both the SO3

− or H3O
+ system;58 such a

result was also confirmed by molecular dynamics simulation
conducted on a similar polymer structure for λ = 3.59

Therefore, it is supposed that the first water family is formed

Figure 10. Water sorption isotherm in Aquivion at 35 °C collected
with the FTIR-ATR spectrometer and with a pressure decay apparatus.
The isotherms of the different species of water identified from the
FTIR-ATR experiments are also reported. The lines represent the fit
obtained with the model presented in this work.
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by the water molecules directly interacting with the −SO3H
groups, leading to their dissociation, while the second and third
populations, that begin to appear at higher hydration levels are
bound to the inner family in a shell-like structure; in particular,
the hypothesis is made that they can interact directly with the
dissociated sulfonic groups or with the hydronium ions. The
fourth population finally represents the water present in the
outer shell, which is only marginally influenced by the sulfonic
groups and interacts only with water molecules of the previous
hydration shell (second and third population) or with the rest
of free water which can be substantially considered as physically
absorbed in the hydrophilic part of the polymer.
This model structure obviously offers a simplified view of a

more complex reality, but it appears plausible at least in the
inspected range of water concentrations, where the number of
water molecules in the system is still relatively low. In
particular, such geometry was selected among the other
possible ones to stress the fact that, in the outer shell, the
free water can be involved in more than one hydrogen bond per
molecule, thus increasing its molar absorbance and lowering ε4;
this fact justifies the quite high difference observed between the
absorption coefficient of the fourth family and that of the other
ones.
From a mathematical point of view, the equilibrium sorption

of the different populations can be represented through the use
of multiple Langmuir isotherms, describing the adsorption of
subsequent layers onto the inner ones: the first water family
directly interacts with the sulfonated groups (indicated by the
subscript “sites”), while the second and third are adsorbed on
the SO3H·(H2O) clusters, and the fourth one on the sites
available in the inner shell formed by the second and third type
of water molecules as indicated in Figure 11. This mathematical
approach was chosen for its simplicity among the many others
possible; indeed, the use of more rigorous models, such as
those based on a series of adsorption reaction in mutual
equilibrium,26,60,61 imply for the present structure a rather
complex mathematical development, without increasing the
accuracy of the results. In the present case, therefore, the least
onerous mathematical description was adopted, and the
following set of equations was used to describe the system
behavior:
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The equilibrium constants of the Langmuir isotherms, K1, K2,
K3, and K4 are obtained by best fitting each curve to the data
collected with FTIR-ATR experiments and reported in Figure
10. Interestingly, the value of the first constant, K1, is large (on
the order of 100) and comparable with data available for the
first dissociation constant of polystyrenesulfonates,57 while the
other constants have progressively decreasing values of about
20, 3.5, and 2.5, respectively, in agreement with the weaker
interaction with the acid groups. The parameters obtained are
also reported in Table 1, while the results of the modeling are
presented in Figure 10.
Of course, the present analysis together with the associated

model structure is appropriate for the water concentration
range inspected; at higher activities, more complex water
structures are expected to occur, with the formation of Zundel
ions as well as extensive clustering of free water that
substantially change the IR response of the different
populations and make more difficult to discriminate among
the contributions of the different families.30,34

At the relative humidities experimentally considered, on the
other hand, the agreement between the model and the
experiments for the total water uptake is rather good, as visible
in Figure 10, where the model calculations are represented by
solid lines. The model actually represents very well the
experimental findings for each population and describes
correctly the details of the sorption behavior in the range of
activity in which the strongly interacting water populations
reach their maxima as well as beyond this point where the
contribution of the fourth population, initially negligible,
becomes important.
Such an agreement is reached with the use of one single

fitting parameter for each curve, and the maximum errors are
found in the lower activity range, where the lack of data and the
uncertainty related to the initial amount of water absorbed in
the polymer affect the sensitivity and the reliability of the
experimental measurements.
The approach proposed is thus physically consistent and

allows to describe correctly the experimental behavior
observed; the results support the validity of the assumptions
considered in the model and in processing the data.

■ CONCLUSIONS

Water sorption in Aquivion was studied through the FTIR-
ATR technique. The analysis of IR spectra at different relative
humidities allowed to distinguish among different populations
of water on the basis of their interaction with the terminal
sulfonic group of the side chain of the ionomer. The
decomposition of −OH stretching band between 2400 and
3800 cm−1, in particular, leads to consider the presence of four
water populations appearing at different degrees of hydration
and characterized by a decreasing strength of interaction with
the sulfonic groups. Based on the comparison of total water
absorbance with independent solubility measurement, a proper
calibration curve was obtained, and the IR results were
described in terms of concentration. The sorption isotherm
of each water family was thus determined: the first three water
populations are characterized by isotherms with downward
curvature, typical of adsorbing materials that reach a saturation,
while the fourth one shows an almost linear dependence on
water activity, which suggests that the corresponding water

Figure 11. Possible structure of water around sulfonic groups at low
hydration levels and relationship with different water families observed
in the IR spectrum. Tentative assignments of hydrogen-bonding
interaction observed in the IR spectra are also highlighted in the figure.
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group was not directly interacting with the polymer acidic sites.
The corresponding model description was presented, consid-
ering the different water populations as directly interacting, in a
sequence of shells, with the sulfonic groups, through Langmuir-
type adsorption mechanisms. The agreement with the observed
experimental data is rather satisfactory, indicating both the
consistency of the qualitative physical representation of the
process and the robustness of the model proposed.
The FTIR-ATR technique allows to study the water sorption

mechanism in detail and to understand the multiple
mechanisms through which water is absorbed into the PFSI
membrane.
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Lett. 2009, 473, 142−145.
(21) Kim, Y. S.; Dong, L.; Hickner, M. A.; Glass, T. E.; Webb, V.;
McGrath, J. E.; et al. Macromolecules 2003, 36, 6281.
(22) Lee, D. K.; Saito, T.; Benesi, A. J.; Hickner, M. A.; Allcock, H. R.
J. Phys. Chem. B 2011, 115, 776−783.
(23) Lu, Z.; Polizos, G.; Macdonald, D. D.; Manias, E. J. Electrochem.
Soc. 2008, 155, B163.
(24) Ye, G.; Janzen, N.; Goward, G. R. Macromolecules 2006, 39,
3283−3290.
(25) Zhao, Q.; Majsztrik, P.; Benziger, J. J. Phys. Chem. B 2011, 115,
2717−2727.
(26) Choi, P.; Datta, R. J. Electrochem. Soc. 2003, 150, E601−E607.
(27) Basnayake, R.; Peterson, G. R.; Casadonte, D. J.; Korzeniewsky,
C. J. Phys. Chem. B 2006, 110, 23938−23943.
(28) Buzzoni, R.; Bordiga, S.; Ricchiardi, G.; Spoto, G.; Zecchina, A.
J. Phys. Chem. 1995, 99, 11937−11951.
(29) Falk, M. Can. J. Chem. 1980, 58, 1495−1501.
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ABSTRACT: The film formation of poly(vinyl alcohol) of dif-
ferent molecular weights from concentrated solution has been
observed in real time by means of low-field nuclear magnetic
resonance (NMR) methods. The drying of films was followed with
a depth resolution of 50 μm up to the formation of the final film of
typically 300 μm thickness, and the molecular mobility was deter-
mined with spatial resolution by analyzing the NMR relaxation
times (T2, T1) behavior. A gradient in the molecular dynamics was
observed from T1 data during evaporation process up to an inter-
mediate time when the film shrinkage rate decreases significantly; T2 indicates dynamical heterogeneity as well, persisting up to
complete removal of water. The relaxation times suggest an increase of local molecular order which is more pronounced toward
the air/film interface. Wide-angle X-ray diffraction confirms the formation of an ordered region at this interface with a
crystallinity higherdepending on molecular weightthan at the bottom side of the film.

1. INTRODUCTION
Synthetic polymers are established and abundantly used mainly
due to their low price, availability, and physical and chemical
properties.1 However, they are responsible for producing an
enormous amount of waste in daily life, a problem of ever-
growing importance to mankind.2 There is a small number of
synthetic polymers which are known for their environment
friendly behavior. Poly(vinyl alcohol) (PVOH), synthesized by
Herrmann and Haehnel in 1924, is one of those synthetic poly-
mers that is biodegradable and biocompatible and possesses
good mechanical properties.3

Commercially available PVOH has a broad range of hydro-
lysis and degree of polymerizations which open the field of
versatile applications in fibers, cosmetics industry, adhesives,
textile and paper sizing, asbestos alternatives, and pharmaceut-
ical and biomedical materials.4−6 PVOH is a good film-forming
polymer which has applications in different industrial sectors,
for instance, as a high oxygen barrier film, membranes, packag-
ing materials, and polarizing film as PVOH−iodine complex.7−10
Water is used as a common solvent for the production of
semicrystalline PVOH film. Above the glass transition temper-
ature (Tg ≈ 85 °C) fully hydrolyzed PVOH is completely
soluble in water.11 The drying process during the formation of
the PVOH film from the aqueous solution is vital as the final
structure and the characteristic properties of the film depend on
this process.12 A number of references12−16 have been devoted
to study the drying of the PVOH solution. There, a “skin”
formation process has been reported which consists of a glassy
layer formation on top of the evaporating solution. This process
is related to the shifting of the glass transition temperature (Tg)
due to the change in the solvent concentration. As the PVOH
film is semicrystalline in nature, the removal of solvent during
the film formation process will drive both the crystallization and

the amorphous phase (glass) formation process. In particular,
the glass transition temperature of the PVOH−water mixture
will increase. As a consequence, a glassy layer may develop at
the air−sample interface as the solvent removal rate is faster in
this part of the sample, compared with the bulk solution
system. On the other hand, the development of a crystalline
skin is reported in ref 17 on the basis of the change in evap-
oration rate during the film formation. In this reference,
magnetic resonance imaging (MRI) studies of PVOH cast from
aqueous solution as a function of time show nonuniform water
distribution at certain drying conditions, coupled with a crys-
talline layer at the top surface of the solution. However, detailed
microscopic experimental studies explaining these observations
as well as the structural characterization of the final film
addressing these phenomena are scarce.
In recent years single-sided low-field nuclear magnetic

resonance (NMR) scanners18,19 are established as a suitable
tool to study noninvasively the film formation with a micro-
scopic resolution as it has been demonstrated in refs 20 and 21
in the case of biopolymer gelatin and PVOH film, respectively.
Using this technique, the new feature reported in the present
work is the experimental demonstration of the presence of
gradual heterogeneities in PVOH in an aqueous solution during
film formation. In addition, the X-ray diffraction (XRD) tech-
nique is used to study the film which is capable of providing
information on structure of the final state of a film at a
molecular level. The film formation of PVOH of three different
molecular weights (see below) is investigated in order to
observe the molecular weight dependency. Water is used as a
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solvent and compared with previous results obtained using
deuterated water as a solvent.21 The NMR studies presented
here reveals a progressive process leading to a hardening of the
top regions of the film assessed by the relaxation times T2 and
T1 gradually growing at the bottom part of the sample. The
heterogeneity identified by the NMR study is confirmed by the
XRD study of the film.
In order to find universal features during the film formation

process of polymers, the comparison with other film formation
process is worthwhile. Note that during the film formation of a
biopolymer like gelatin in solution with different concen-
trations,20,22 a different type of heterogeneity was observed.
That system is homogeneous at the beginning of the film for-
mation when the sample is cast. At a later stage of drying,
heterogeneities appear and the bottom part of the sample
shows lower values of T2 than the upper part. This is an oppo-
site behavior as observed in the PVOH solution system. Bio-
polymers are structurally complex and so are the processes
involved in the formation of films out of them. The study of the
film formation of polymers having simpler structures, like
PVOH will certainly bring useful insights into the field of film
formation processes.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. PVOH (MOWIOL grade) was

obtained from Sigma-Aldrich, Germany, and used without further
purification. Three different molecular weights of PVOH27 000, 61
000, and 125 000were used in this study with a degree of hydrolysis
>98% for all the samples. While most experiments were carried out
with the sample of MW = 61 000 (indicated as 61K), comparative
measurements were repeated under similar experimental conditions
for MW = 27 000 (27K) and MW = 125 000 (125 K). Two solvents
were used: monodistilled water and deuterium oxide (D2O). D2O
(100 atom % D) was purchased from Carl Roth GmbH + Co.,
Germany. The PVOH was dried at 110 °C to remove the moisture.
Each sample was then kept in a desiccator in a moisture-free
atmosphere at ambient temperature for storage. The same protocol
was used for the preparation of all the samples to be diluted either with
H2O or D2O. Table 1 shows the composition of the samples used in
this work.

Prior to carrying out the experiments, either distilled water or
deuterium oxide was used to prepare the 25% (w/v) PVOH−H2O or
25% (w/v) PVOH−D2O solutions, respectively. In order to obtain a
homogeneous mixture and to avoid local gelation, each of the above
samples was heated and stirred at 90 °C for 1 h, with the beaker being
covered completely (but not sealed) during this period. Following this
step, the covered beaker containing the homogeneous mixture was

placed in an oven and was kept at the same temperature for further 5 h
to eliminate air bubbles. After cooling down, the viscous solution was
cast on a polystyrene Petri dish of 55 mm diameter for the film
formation experiment (see section 2.2). Note that when PVOH is used
as hydrogel, the gel is induced only after several cycles of a freezing−
thawing process.23,24 However, no gel formation was observed after
several hours of preparation in the present work.

2.2. NMR Experiments with Single-Sided NMR Scanner. Each
of the viscous solutions was placed on a single-sided NMR scanner
(NMR MOUSE, ACT GmbH, Germany) with the sensor having a
sensitive area of about 10 mm by 10 mm, placed underneath the center
of the Petri dish. The detailed experimental setup is illustrated
elsewhere.22 The device, having an accessible vertical range of 2.1 mm,
is operated at 11.7 MHz for 1H Larmor frequency, and possesses a
static gradient of the magnetic field of 11.5 T/m. The digital resolution
is determined by the combination of the spectral width, acquisition
time, and the gradient strength.25 The minimum 180° pulse separation
is determined by the acquisition time of the echo preceded and
followed by the dead-time of the system of 23 μs. It was set to 87.5,
66.5, 56.5, and 53.5 μs for the resolution of 50, 100, 200, and 300 μm,
respectively. The Carr−Purcell−Meiboom−Gill (CPMG) pulse
sequence26 was applied to obtain the vertical profiles and to
accumulate T2-weighted echo trains by moving the scanner relative
to the sample as well as to measure the effective time of echo decays.
The 90° rf pulse length was set to 3.5 μs.

For the samples a, b, and c (see Table 1), the position of the sensor
was moved in steps of 100 μm with a slice thickness of 50 μm from the
beginning. The polystyrene substrate is defined as “zero” height in the
following discussion. Each point in the profile corresponds to the sum
of the area of the second to fifth echo. A total of 2048 echoes were
acquired for computing the effective transverse relaxation times T2
layer by layer. The signal decays for each point in the profile followed
either single- or double-exponential behavior and were fitted
accordingly (see Discussion section). The waiting time between pulse
trains, as well as the number of repetitions, was adjusted according to the
longest T1 at a particular time in the experiment, in order to keep the
signal unaffected by longitudinal relaxation weighting, but maximizing
signal-to-noise ratio for a given experimental run. Following each T2
profile, a second experiment was carried out where a saturation recovery
pulse sequence [90°−τ−90°]27 was used with 18 τ values (logarithmi-
cally spaced) for determining T1. T2 values of the fully dried films
obtained from sample c were also measured as a function of height using
CPMG pulse sequence in three separate experiments for different echo
times and keeping the remaining parameters constant (32 echoes, 250
ms repetition time, and 2048 scans).

For the diffusion measurements, sample f (25% (w/v) PVOH−
H2O) and sample g (25% (w/v) PVOH−D2O) were prepared and the
stimulated echo sequence28 in combination with the static magnetic
field gradient of the sensor was used. The measurements were
performed right after the casting, sealing the container to avoid
evaporation. For this measurement an encoding time τ = 0.0055−
1.9 ms, diffusion time Δ = 2 ms, and repetition time of 3 and 5 s
(for the sample f and g, respectively) were used. All experiments were
performed at room temperature. During the whole NMR measure-
ment, the temperature of the magnet was stable within ±0.5 °C. At the
position of the sample, a minor increase in the temperature was
detected due to the heating of the rf coil. This heating was well below
0.5 °C.

2.3. NMR Experiments at 40 MHz. The PVOH solutions were
measured right after preparation using sealed 8 mm NMR tubes
avoiding both evaporation and proton exchange with the atmospheric
humidity. The proton relaxation measurements were performed using
a Minispec unit (Bruker Optics, Germany) operating at 40 MHz 1H
Larmor frequency, and with a temperature controller. All measure-
ments were carried out at 21.5 ± 0.5 °C. An inversion recovery pulse
sequence [180°−τ−90°]29,30 was used with 30 τ values (logarithmi-
cally spaced) to measure the spin−lattice relaxation time (T1). The
spin−spin relaxation time (T2) was obtained applying the CPMG
pulse sequence with a 90°−180° pulse separation of 40 μs at a 180°
pulse width of 3.5 μs.

Table 1. Preparation of the 25% PVOH Solution (w/v) for
Different Studies Using Either H2O or D2O as Solvent

sample
label

mol wt of
PVOH solute solvent study

final film
thickness (μm)

a 27K H2O T1 and T2 at
11.7 MHz, XRD

380 ± 25

b 61K H2O T1 and T2 at
11.7 MHz, XRD

340 ± 12

c 125K H2O T1 and T2 at
11.7 MHz, XRD

268 ± 15

d 61K H2O T1 and T2 at
40 MHz

e 61K D2O T1 and T2 at
40 MHz

f 61K H2O diffusion
g 61K D2O diffusion
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2.4. X-ray Diffraction (XRD) Measurements. Structural details
of the PVOH film were examined by comparing the XRD pattern of
both sides of the same film. The XRD patterns were acquired with a
Philips X′Pert PRO diffractometer, equipped with a wide-range PW
3050/6X goniometer which is capable to measure 0.001°/step. The
calibration was carried out prior to each of the measurements and a
minimum offset for Ω (incident angle) and 2θ (diffraction angle) with
50% of the beam parallel to the surface of the sample were achieved.
The experiment was carried out at room temperature using Cu Kα
radiation (λ = 0.154 nm) generated at a voltage of 35 kV and 30 mA
current. The fixed angle incident beam method21 was used where
Ω = 0.5° was fixed throughout the experiment. The sample was
scanned between 2θ = 1.5° and 68° with a step size of 0.050°, scanning
speed of 2°/min, and a count time of 100 s per point. Prior to the
measurements, the sample was stored in the same environmental
conditions as employed for the NMR experiments. The amorphous
part of the spectra was subtracted using conventional method to show
the impact of the difference in crystalline parts of the both sides of the
film.

3. RESULTS

3.1. Profiling of the Sample. As stated in the
Experimental Section, the sample was placed on top of the
scanning device and vertical profiles were obtained by moving
the scanner from top to bottom at a step size of 100 μm at the
beginning and 50 μm at a later stage with a resolution of 50 μm
in both cases. The NMR profiles of samples a, b, and c are
shown in Figures 1a, 1b, and 1c, respectively, as a function of
height at different time intervals while the system is evolving
under the solvent evaporation. The time scale shown in this fig-
ure is the time after sample casting. Between two successive
profiles, T1 was measured (see section 3.4).
The right edge of the profiles corresponds to the air−sample

interface, whereas 0 μm at the left-hand side shows the substrate−
sample interface. All the samples possess an initial height of
more than 1000 μm, and the air−sample interface is becoming
observable due to progressive shrinkage after 346, 210, and
270 min of evaporation time for samples a, b, and c, respectively.
Note that the apparent shift of the substrate−sample interface

by ∼50 μm is an averaging effect and a consequence of
the change of step size of the scanner which is reduced from
100 to 50 μm.
It is seen that the maximum profile intensity shown by all

three samples are the same (within experimental error) which
means that the molecular weight of the PVOH samples does
not, at first sight, have an influence on the signal intensity. The
signal of the profiles is a consequence of the number density of
protons in PVOH and water. Because of the settings of the
NMR experiment, there is no T1 weighting, but a T2 influence
cannot be completely excluded. Its influence is negligible in the
profiles (see following section); the profile is therefore only an
indicator for the film thickness but not for the distribution of
polymer within the film.

3.2. Rate of Evaporation. In Figure 2, the decrease in the
sample height as a function of evolving time is shown. The
sample height has been calculated as the width of the profiles,
defined by the values of 5% of the maximum intensity where
the signal can still be distinguished reliably from the noise level.
On the basis of this assumption, the rate of evaporation Ė,
defined as the slope of the fitted lines, was calculated for each
sample. Two evaporation regimes are observed in all the
samples.
The first stage of evaporation has similar rates for samples a

and b. For sample c this value is slightly smaller, which means
that a very high molecular weight of PVOH may affect the
evaporation process. The second regime of evaporation appears
after around 560, 420, and 700 min of drying time for samples
a, b, and c, respectively. Note that the rates decrease by almost
1 order of magnitude for all the samples. The relative humidity
and temperature of the laboratory were not controlled but tend
to be 40 ± 5% and 21 °C ± 2 °C, respectively, which may
influence the average drying time.

3.3. T2 Study in Single-Sided NMR. Each point in the
profile of Figure 1 is obtained from an individual CPMG
echo train. It is found that at the earlier evaporation times

Figure 1. NMR profiles of the PVOH solutions of (a) 27K, (b) 61K, and (c) 125K at different drying times as indicated.
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the echo decay curves can be fitted with a biexponential
function

= − + −S t A t T A t T( ) exp( / ) exp( / )short 2short long 2long

(1)

where S(t) is the area under the echo signal.
The short T2 decay is expected to correspond to the relaxa-

tion of the protons of the PVOH molecule that are not able to
exchange (nonlabile protons). The long decay corresponds to
the water protons as well as to the OH protons of PVOH that
exchange with the solvent. The relative weight of the two
contributions, Ashort and Along, can be estimated based on the
initial polymer concentration and the state of evaporation as is
obtained from the remaining film thickness, assuming approx-
imately constant density throughout the experiment (see
Discussion section).
The long and short T2 components as a function of sample

height are shown in Figures 3 and 4, respectively, from the
beginning to a later stage of film formation process which is
indicated by the evaporation time. Note that due to presence of
the strong B0 gradient, the T2 obtained in the single-sided NMR
device is the combination of transverse relaxation and potential
contributions of the longitudinal relaxation as well as magnetic
field inhomogeneity and should therefore, strictly speaking, be
considered as ef fective T2 times (see Discussion section). It is
found that a T2,long of around 90 ms at different heights can be
seen in the first hour of the drying process for all samples.
T2,long values decrease with time until the end of the measure-
ment period due to both the process of film formation and
solvent evaporation.
From the relaxation behavior of the bottom part of the

sample, it is also evident that the T2,long values decrease around
2 orders of magnitude (∼90 to ∼2 ms) during the drying
period. Figure 4 shows that T2,short is around 10 ms after 1 h of
casting for each sample, which is decreased to around 0.1 ms

until the short components are not anymore detectable. The
relative amounts of the fast decaying components, calculated as
Ashort/(Ashort + Along), are shown in Figure 5.
The fundamental observation in these figures is that the T2

relaxation times change at different layers for each measure-
ment. From about 400 to 500 min onward, the echo of the
sample/air interface layer in all the samples could only be fitted
with a monoexponential function to obtain the corresponding
T2 value (see Figure 3). For further evaporation times this
feature extends to inner layers and at the end covers the
complete sample. This state is reached after 1000 ± 100 min.
Note that the pulse separation used in these experiments is

87.5 μs, which means the first echo is generated after this time.
The solidlike component, which decays within 100 μs,31 will
thus be difficult to observe. This is the reason why only one
component is observed at the later stage of drying which
indicates the formation of a solidlike structure at the top surface
of the sample. At the later stages of the evaporation process,
both T2 components are found to gradually decrease toward the
film/air interface. There is no such height dependence of T2 at
the beginning of the experiment, indicating that at this stage of
the film formation process the dynamics in the solution is
uniform. In the PVOH solution prepared using D2O,

21 the
same type of T2 dependency as a function of sample height was
observed. Moreover, the T2 values of this sample are similar to
the shorter T2 of samples a, b, and c. The difference in gradual
change of T2 all along the layers in different experiments due to
the drying effects are bigger than any change in T2 that could
happen in the time taken for a single profile. The relative
difference between the maximum and minimum T2 within the
film as a function of drying time, as a measure of dynamic
sample heterogeneity, was found to gradually increase from the
beginning to about 60 ± 10%, for both the fast and slow
components, and then stabilize inside the experimental error.

3.4. T1 Study in Single-Sided NMR. As stated in section
3.1, T1 and T2 measurements of the same sample are performed

Figure 2. Film thickness estimated from the profile widths in Figure 1 (see text) as a function of drying time. Linear fits to the experimental data are
shown. (a), (b), and (c) correspond to samples of 27K, 61K, and 125K PVOH, respectively. Numbers indicate fitted evaporation rates (i.e., film
thickness change per time).
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as a function of height. A monoexponential function was fitted
to all the magnetization recovery curves in these experiments to
obtain the corresponding spin−lattice relaxation time (T1)
values. The results of the T1 measurements of the samples a, b,
and c are shown in Figure 6 as a function of sample height at
different drying times.
3.5. T1 and T2 Study at 40 MHz. T1 and T2 of freshly

prepared PVOH solutions using H2O and D2O (labeled as
sample d and e, respectively) are studied in a more homo-
geneous magnetic field at 40 MHz 1H Larmor frequency. The
values of T1 and T2 for both short and long components,

respectively, are shown in Table 2. It is observed that both
samples prepared using H2O and D2O have two components
while with the single-sided NMR scanner at 11.7 MHz, only
one component is found as described in section 3.4. T1 of the
single component of the PVOH solution prepared using H2O at
11.7 MHz has to be compared with the long T1 component at
40 MHz. The sample prepared using D2O as a solvent has a
higher long component of T1, while the short component remains
almost the same. HDO molecules formed due to the exchange of
labile protons from the −OH group of the PVOH chain with the
deuterium atom of the solvent are responsible for the longer T1

Figure 3. Effective T2 relaxation times of the slower decaying components at different heights. (a), (b), and (c) correspond to samples of 27K, 61K,
and 125K PVOH, respectively. The layer positions correspond to coordinates introduced in Figure 1. At the later stage of drying, the echo decays
were fitted monoexponentially which is indicated by the circles and boxes.

Figure 4. As in Figure 3, but for the faster decaying components.
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value. A similar tendency is seen in the T2 values (see Table 2). T2

values of the short components match with the results obtained in
the single-sided NMR. Generally speaking, all the values of T2 of

the short components of the fresh samples obtained in both
instruments are between 10 and 20 ms. Note that the T2 values of
the long component of the H2O-prepared sample in this study is

Figure 6. Evolution of T1 with drying time. (a), (b), and (c) correspond to samples of 27K, 61K, and 125K PVOH, respectively. The layer positions
correspond to coordinates introduced in Figure 1.

Figure 5. Relative amount of the fast decaying component of transverse relaxation for the measurements shown in Figures 3 and 4.

Table 2. T1 and T2 Relaxation Times and % Relative Amount of the Short and Long Components of Sample d (61K PVOH in
H2O) and Sample e (61K PVOH in D2O) Measured Right after Preparation at 40 MHz Proton Larmor Frequency

T1 study T2 study

short (±1%) long (±1%) short (±1%) long (±1%)

sample T1 (ms) rel amount (%) T1 (ms) rel amount (%) T2 (ms) rel amount (%) T2 (ms) rel amount (%)

d 41 12.7 668 87.3 17 15.6 390 84.4
e 50 74.6 1115 25.4 18 75.8 688 24.2
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390 ms, whereas it is around 90 ms for all the samples studied in
single-sided NMR (see section 3.3). A possible magnetic field
dependence of T2 is expected to be much weaker and does not
explain the difference. The relative amount of the short and long
components calculated from the T1 and T2 experiments are given
in Table 2 (see Discussion section).
3.6. Diffusion Study in Single-Sided NMR. The strong

gradient of the single-sided NMR scanner is used to perform
the diffusion experiments using a stimulated echo pulse se-
quence. Figure 7 shows the echo decays of sample f (H2O as a
solvent) and sample g (D2O as a solvent) right after
preparation. The signal of the residual 1H in the solvent from
the sample g is strongly suppressed by a repetition time much
shorter than the corresponding T1. In this figure, two com-
ponents can clearly be distinguished. The diffusion attenuation
for the two components in the slow-limit exchange can be
written as25

τ = − − τ + Δ

+ − − τ + Δ
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where K = (γGτ)2(Δ + 2τ/3). γ, G, τ, and Δ represent
gyromagnetic ratio of protons, gradient strength, encoding
time, and diffusion time, respectively. Note that for samples f
and g both conditions, τ ≪ T2 and Δ ≪ T1, are satisfied. As a
result, these two relaxation times will not affect the diffusion
measurement.
3.7. Study of the Dried Film Using XRD. The X-ray

diffractograms of the films obtained from the samples a, b, and
c are shown in the Figure 8 where the 2θ angles were scanned
between 1.5° and 68°. All XRD patterns are showing the
crystalline structure only. The amorphous contribution has
been subtracted.32 XRD patterns of both the upper and lower
parts of all the studied samples show a characteristic crystalline
peak at a scattering angle of 2θ ≈ 19.5°. The XRD patterns of
the upper part of each film show a second peak at 2θ ≈ 41°,
which is not distinguishable due to low signal-to-noise ratio in
the XRD pattern of the lower part of the films. The parameter

% crystallinity is defined below which is a simplified indication
of the true crystallinity:33

= −

×

% crystallinity {(total area amorphous area)

of the XRD pattern}

/(total area of the XRD pattern) 100
(3)

Note that the raw XRD pattern is composed of the super-
position of the signal intensity (fraction) from the scattering
centers corresponding to the crystalline and amorphous part.
The amorphous area is determined from the correction of the
baseline for the amorphous region obtained in the lower part of
the XRD pattern. To determine the crystallite size present in
the upper and lower parts of the final film, Scherrer’s equation34

is applied:

= λ
θ

d
k

B cos (4)

where λ is the X-ray wavelength (0.154 nm), B is the full width
at half-maximum (FWHM) of the characteristic crystalline peak
(at 2θ = ∼19.5°), θ is the Bragg angle, and k is the Scherrer
constant having a value of 0.9 used for PVOH as can be seen in
ref 35.
Table 3 shows the intensities of the peaks at the scattering

angle of 2θ ≈ 19.5°, full width at half-maximum (FWHM) of
these peaks, and the % crystallinity (estimated from eq 3)
obtained from the raw XRD patterns. The intensities at both
sides of the film are influenced by several factors like roughness
and curvature of the sample. The % crystallinity on the other
hand is independent of these factors and is the relevant param-
eter in the context of the present study (see below).

4. DISCUSSION
Two stages of evaporation are found in all systems as it can be
seen in Figure 2. This behavior can be interpreted as a dynam-
ical change produced after the average water concentration
decreases below a certain value where there is almost no free
water anymore, but still the polymer retain high mobility. A
similar observation is described in ref 17 where the two regimes
are attributed to the formation of a “skin layer” at the air−
sample interface. It is stated that this skin, having insufficient
mobile 1H to be visualized during profiling, consists of a
relatively high crystalline fraction which makes it particularly
impermeable. Consequently, evaporation rate becomes slower
as it is reflected from the two evaporation rates. The thickness

Figure 7. Stimulated echo decay curves of (a) sample f (61K PVOH in H2O) and (b) sample g (61K PVOH in D2O) measured in the single-sided
NMR scanner right after the sample preparation. The solid lines are biexponential fittings to the experimental data.
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of any eventual “skin layer” is in any case much smaller than the
minimum resolution of the scanner (30 μm). The different
evaporation regimes correlate with the change in the shape of
the profiles in their solution−air interface. The sharper decay is
associated with the faster evaporation rate.
In the general case, the NMR relaxation rate of polymers in

solution is proportional to the so-called segmental correlation
time36,37

∝ τ ≈
η

T
b a

k T
1

1
s

2
H

B (5)

where b is the Kuhn segment length, aH is the hydrodynamic
radius of the segments, and η is the viscosity of the medium
surrounding the segment. T is the absolute temperature, and kB
is the Boltzmann constant. As the evaporation takes place, the
mobility of the polymer chains decreases due to the increase in
the viscosity of the solution, and as a consequence, the NMR
relaxation process is affected. In the case of pure water, T1 and
T2 have an inverse dependence with the viscosity as well,38 but
this dependence not necessarily holds for the case of water in a
polymer−water solution. As mentioned above, the detection of

a “skin layer” using this single-sided scanner is difficult.
However, the remarkable fact in this work by NMR is the
evidence of a gradual slowing down of the molecular dynamics
in the direction of the evaporating surface. This is indicated by
the two experimental parameters T1 and T2. T1 values of all the
samples show common features. For instance, T1 values
decrease as a function of time as a result of the solvent
evaporation. Before the minimum T1 is reached, the bottom
parts of all the samples show longer T1 than the corresponding
upper part following similar spatial patterns than T2 along the
height of the film. The different values of T1 along the sample
height provide additional evidence that the drying of the PVOH
film is inhomogeneous.
The two components of T2 allow certain discrimination of

the dynamics of the polymer itself and its solution. The
component with a shorter relaxation constant may be assigned
to the nonlabile protons of the polymer backbone. This fast
decaying component increases with time of film formation all
along the system (see Figure 5). As the evaporation of the
solvent continues, the concentration of the solute increases as
well as the contribution of the polymer main chains in the
NMR signal which explain this trend. From the figure it is clear
that the relative amount in each of the samples grows slightly
toward the top part.
The values of the slow diffusion component corresponding

to the polymer are (3.2 ± 0.1) × 10−11 and (1.8 ± 0.4) × 10−11

m2/s for the samples f and g, respectively (Figure 7). On the
other hand, the fast diffusion coefficient reflects the exchange of
protons between the backbone and the solvent. Sample f has a
fast diffusion coefficient of (1.1 ± 0.1) × 10−9 m2/s while for
sample g the value is (0.94 ± 0.06) × 10−9 m2/s. Both diffusion
coefficients are about half the value of bulk water, a
consequence of the high viscosity of the solution.
The diffusion process is playing an important role in the

understanding of the heterogeneities in the dynamics observed
during film formation. In order to have a quantitative insight, an
analysis similar to that stated in ref 17 can be made computing

Figure 8. X-ray patterns of the completely dried film. (a), (b), and (c) correspond to samples prepared from 27K, 61K, and 125K PVOH in H2O,
respectively.

Table 3. Maximum Intensity of the Peaks and Full Width at
Half-Maximum (FWHM) at 2θ ≈ 19.5° and % Crystallinity
of the Upper Layers Comparing to the Lower Layers in
Sample a (27K PVOH in H2O), Sample b (61K PVOH in
H2O), and Sample c (125K PVOH in H2O) Calculated from
the Fitting of the XRD Patterns Shown in Figure 8

intensity of the peak
(±4%) at 2θ ≈ 19.5°

(arb units)

fwhm of the peak
(±4%) at 2θ ≈ 19.5°

(Δ(2θ))
crystallinity (±4%)

(%)

sample
upper
side

lower
side

upper
side

lower
side

upper
side

lower
side

a 3403 434 2.2 2.2 64.8 38.1
b 2468 523 2.4 2.6 55.4 34.2
c 648 144 2.3 3.8 31.0 22.0
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the relation between the rate of the vertical convection and the
diffusion of the polymer molecules:

ς = ξ ̇E
D (6)

Here ξ is the layer thickness, Ė is the value of the thickness
change as shown in Figure 2 in m/s, and D is the diffusion
coefficient of the polymer molecules. When ς ≪ 1, diffusion
dominates in the solution and the film remain homogeneous
throughout. For the cases when ς ≥ 1, the difference in
concentration cannot be compensated by diffusion, giving rise
to a higher polymer concentration in the upper part of the
solution. Taking the values of Ė1 from Figure 2b, one obtains
ς ≈ 1.05 for samples f. This means that drying is taking place in
a so-called heterogeneous regime.
With these values in mind, one needs to verify the validity of

the observed ef fective T2 times in comparison to the actual T2
times. In a strong magnetic field gradient, the signal decays not
only due to relaxation but also due to diffusion. In a CPMG
sequence of pulse separation τ, the diffusional decay at the jth
echo is theoretically proportional to exp[−1/12(γ2G2τ2)Djτ]
while the relaxation contribution is proportional to exp[−jτ/T2].
Assuming a self-diffusion coefficient of 10−9 m2/s, the constant
magnetic field gradient of G = 11.5 T/m leads to a decay of
about exp[−6 s−1 jτ ] if the longest pulse separation of τ =
87.5 μs is used. In other words, this additional decay can falsely
be interpreted as relaxation, and in the limit of T2, an ef fective
T2 of about 160 ms would be obtained, putting a limit for the
longest measurable relaxation time. This explains, in part, the
discrepancy between the T2 values of the fresh sample mea-
sured at the two different spectrometers (see section 3.3 and
3.5). On the other hand, as T2 becomes shorter during the
drying process, it quickly approaches the true value since
relaxation now dominates the diffusion contribution (supported
also by the decrease in D as the sample’s viscosities increase).
For all practical purposes, the measured decay constants during
the drying process represent a very good approximation to the
true transverse relaxation rates.
A second influence is brought about by the imperfection

of the π pulse excitations in this inhomogeneous magnetic field;
this will lead to a superposition of coherence pathways that
has the effect of “contaminating” the real T2 with a contribution
of thelongerT1. Depending on the exact shape of the B0 and
B1 fields, this contribution can be computed.39 In our study, the
possible influence of T1 on the CPMG measurements was
estimated by comparing samples with known relaxation prop-
erties and was found to be negligible for the fitting procedure
used, which involved integrating the complete echoes. This
finding is further supported by the fact that, while the decrease
of both relaxation times with height coordinate appears to be
similar, T1 approaches a constant value well before T2 does.
Using water as a solvent, one has to pay attention to the con-

tribution of the 1H of the different subsystems in order to
achieve a correct interpretation of the experimental NMR
results. For this reason, T1 and T2 relaxation times are measured
in a slightly higher and more homogeneous magnetic field of a
proton Larmor frequency of 40 MHz. Generally, in a 25%
PVOH−H2O solution, 21.4% protons from the PVOH mol-
ecule containing 4 protons in the repeating unit and 78.6% pro-
tons from the H2O molecule containing 2 protons in each
molecule contribute to the NMR signal. Taking into account
that 1 proton is exchangeable (labile protons) among 4 protons
in the PVOH molecule, further calculation shows that around

16% of the total NMR signal comes from the nonlabile protons
of the PVOH polymer backbone whereas the remaining 84% of
the signal is contributed by the H2O molecule and the labile
protons of PVOH molecule. Table 2 shows a very similar
distribution of relative weight of the short (as well as long)
components as obtained from the experimental values of T1
and T2 measurements of sample d in 40 MHz. In case of
PVOH−D2O solution, 75% nonlabile protons from the PVOH
backbone chain and 25% labile protons in the solution or in
exchange will give rise to the signal. The relative weight
obtained from the T1 and T2 measurements of sample e show
around 75% slow decaying and 25% fast decaying components
as can be seen in Table 2. Furthermore, from Figure 5, it is clear
that at the first experimental hour the relative amount of the
fast decaying components is 15−20% which matches with the
estimated value as described above. NMR proves clearly, as
long as the system has still a sufficiently high mobility, that
inhomogeneities appear in the solution during practically all the
film formation process. During solidification, at advanced evo-
lution times, rigid domains are extended in the entire sample
limiting the application of the NMR technique employed in
the current work as can be seen in Figure S1 (see Supporting
Information for discussion). The heterogeneities observed dur-
ing evolution will have a signature after solidification, and this is
nicely proven in Figure 8.
A source of the difference in the XRD peak intensities,

besides roughness or curvature at both sides of the sample, is
the presence of more crystalline domains in the upper part of
the sample.40 The total crystallinity decreases for the film sam-
ple prepared from the PVOH of higher molecular weight. The
relative amount of crystallinity (see eq 3) further supports this
observation. From the FWHM values (see Table 3) it is found,
using eq 4, that the crystalline domains have a characteristic size
in the order of 5 nm in all the samples independent of the side
that is measured and its relative amount of crystallinity.
Quantitatively, the upper and lower sides of the films prepared
from samples a, b, and c have a difference in the relative
amount of crystallinity in the range of 10−25% (see Table 3).
The mechanism that account for the observed hetero-

geneities takes place necessarily during film formation. For each
of the samples, the T1 and T2 values of both components
(Figures 3, 4, and 6) decrease and the relative amount of the
fast decaying components (Figure 5) increases gradually with
the increment in the sample height and evolution time. At later
stage of drying, the T2short relaxation times are not anymore
detectable. This indicates a solidlike structure formation in the
vicinity of the top surface of the samples. As expressed above,
these results point toward the fact that the sample is not homo-
geneous during drying, giving rise to the nonhomogeneous
structure of the film. The appearance of the single components
at the upper part of the samples as shown in the T2 study
(Figure 3) is a strong evidence that the solid phase is in the
process of formation at the corresponding evolution times. The
gradual formation of the semicrystalline polymer domains
occurs henceforth from top to bottom of the film. The system
undergoes a glass transition and becomes semicrystalline as the
evaporation on the top surface increases locally the con-
centration of polymer to a critical concentration at a certain
time. The distribution of the solute (PVOH) concentration in
the system41 arises due to the water evaporation. Right after
casting, the water−PVOH solution is a uniform fluid with high
viscosity. The drying process regulates water transport in the
whole system. At the beginning this transport involves diffusion
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of water molecules through the continuous solution, but at later
stages, percolation of water through interstitial spaces between
solidified semicrystalline PVOH takes place. The gradient of the
solvent and solute concentrations42 induced by evaporation12,41

generates a net flux of water in the direction of the evaporation
front causing a difference in concentration. Diffusion processes
will tend to reestablish a uniform concentration, but the
slow diffusivity of the polymers prevents any equilibration in
the time scale of the total film formation process. When a
concentration gradient is induced, provided that there is
enough mobility in the system, it will remain at advanced
times where the fluid system becomes highly viscous. The
solidification phase transition then will reflect the concen-
tration inhomogeneity.

5. CONCLUSIONS
The film formation of PVOH of different molecular weights in
water solution and the final films obtained in the course of time
were studied by NMR relaxation and X-ray diffractometry,
respectively. The shrinking rate was followed by NMR imaging
with a single-sided NMR profiler. The current study reports
NMR measurements mainly on the 1H nuclei of the samples.
Despite the fact that a considerable amount of NMR signal is
generated from the protons in the solution (water), the results
are in complete agreement with the case where D2O is used as a
solution instead, as it is confirmed in a previous study.21

By the determination of the relaxation parameters T1 and T2,
it could be traced out that the effect of the evaporation of the
solvent molecules in the dynamics of the solution induces a
dynamic heterogeneity of the polymer molecules across the film
thickness for all the molecular weights. The local evaporation
process taking place at the solution−air interface further
influences the migration of polymer chains, inducing differ-
ences in concentration along the whole system. The direct
consequence is the reduction in the mobility of the polymer
chains toward the surface where evaporation takes place. These
spatial heterogeneities influence the local dynamical behavior of
the system and the profile of relaxation times becomes pro-
gressively asymmetric during the evolution time. The shorter
relaxation times on the top surface at later stages of film for-
mation indicate the presence of more immobile polymer chains.
Once the system has completely solidified below a certain water
content, the measured T2 relaxation times reflect the dynamics
of the amorphous part (as expressed above, the single-sided
scanner is not sensitive to solid NMR signals). This reveals that
the amorphous domain has different dynamics along the film.
Taking into account that more crystallization domains are
found on top of the film from the XRD study, together with the
fact that the polymer system is well below the glass transition
temperature, the dynamics of the amorphous part is restricted
by the presence of the crystalline domains in the sense of con-
finement; i.e., there is a geometrical confinement. The effect of
the molecular weight on the structure of the films is the for-
mation of a more crystalline phase at the top surface for the
PVOH which has the lowest molecular weight. This can be
seen in Table 3, where the ratio of crystallinity between the
upper and the lower parts decreases with the increase in
molecular weight.
In conclusion, an evidence of heterogeneous dynamical

restriction of the amorphous part of the final film by the pres-
ence of more crystalline domains is found in the final film along
the vertical direction, induced during its formation process and
influenced by the molecular weight of the polymer.
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ABSTRACT: Multishape memory copolymers were prepared through copoly-
merization of two norbornene derivatives: one based on cholic acid and the other
on triethylene glycol monomethyl ether. The glass transition temperature (Tg) of
the copolymers can be tuned over a temperature range from −58 to 176 °C. Most
of these copolymers displayed a very broad Tg over a 20 °C range which can allow
a multishape memory effect. The shape memory properties of the copolymer
incorporating an equal molar amount of both monomers have been studied in
detail. The multishape memory effect was investigated by dynamic mechanical
analysis using a thermomechanical programming process, in which multiple steps
created two, three, and four temporary shapes. The polymer displayed good
shape fixing and recovery in different thermal processing stages over the broad glass transition range. This series of copolymers
with broad and tunable Tg’s may be useful as functional materials with multishape memory effect.

■ INTRODUCTION
Shape memory polymers (SMP) are stimuli-responsive
materials with the ability to change their shape upon exposure
to external stimuli1−3 such as light,4−7 heat,8−10 or magnetic
field.11 In a typical thermally induced shape memory polymer,12

the permanent shape is determined by chemical13 or physical14

cross-links, and the temporary shapes are fixed through
crystallization or vitrification. When heated to a temperature
higher than a certain switching temperature, these materials
have the ability to revert to their permanent shape. Shape
memory polymers are of great significance for biomedical
applications,15,16 such as smart suture materials,17 responsive
stents for cardiovascular engineering,18 self-expandable im-
plants for minimally invasive surgery,19 controlled drug
release,20 and fasteners.17

The potential application of a shape memory polymer is
determined by the number of temporary shapes which can be
memorized in each shape memory cycle. Furthermore, it is
difficult to tailor polymer structure to tune the shape memory
transition temperatures for the targeted applications.14,21 To
address these issues, much effort has been devoted to the
development of multishape memory polymers.22−26 However,
polymer systems displaying multiple shape memory effects are
mostly limited to chemically cross-linked and semicrystalline
polymers or block copolymers.22,27,28 Kasi et al.29 reported
side-chain liquid crystalline polymers with dual transition
temperatures. Chemical cross-links and crystalline moieties
were incorporated into the polymer chain to obtain a triple-
shape memory effect. The complicated structure of the
resulting polymers makes it difficult to tune their processing
and mechanical properties. Other factors can also limit
potential application, such as maximum strain, modulus, elastic
energy storage density, recovery temperature, response time,

and cycle life.3 Tunable polymer systems are much needed,
particularly for biomedical applications.
Bile acids are natural compounds present in large quantities

in humans and most animals and all possess a steroidal
backbone, which gives them a rigidity similar to that of aromatic
derivatives.30 Cholic acid is the most important naturally-
ocurring bile acid and is an ideal building block for new
biomaterials.31−35 The incorporation of cholic acid moieties
within a polymer should provide rigidity and biocompatibility
to the polymer.33,36,37

Ring-opening metathesis polymerization (ROMP) is a useful
synthetic method because it provides good control of the
polymerization process and has a high level of tolerance toward
polar groups.38−40 Norbornene derivatives, which are ideal
monomers for ROMP, may be coupled to bile acids via the
hydroxyl group at position 3 or the carboxyl group at posi-
tion 24 on the steroid skeleton.41 Polymerization of other
monomers based on bile acids with or without additional
comonomers affords polymers with bile acid pendant
groups.29,42 Such materials displayed tunable hydrophilicity,
solubility, glass transition temperature, and mechanical proper-
ties.
In this study, two norbornene derivatives were prepared in

good yieldsone incorporating cholic acid (NCA) and the
other triethylene glycol monomethyl ether (NTEG)and a
series of copolymers were obtained from their copolymerization
by ROMP. The multishape memory properties of a repre-
sentative copolymer were investigated in detail by dynamic
mechanical analysis (DMA).
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■ EXPERIMENTAL SECTION
Materials. Cholic acid, 5-norbornene-2-methanol (mixture

of endo and exo, 98%), triethylene glycol monomethyl ether,
4-(dimethylamino)pyridine (DMAP), ethyl vinyl ether, sodium hydride
(NaH), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydro-
chloride (EDC·HCl), and (1,3-bis(2,4,6-trimethylphenyl)-2-imida-
zolidinylidene)dichloro(phenylmethylene)(tricyclohexylphosphine)-
ruthenium (Grubbs’ catalyst second generation) were purchased from
Aldrich (purest grade available from this supplier) and solvents from
VWR. Tetrahydrofuran (THF), dichloromethane (DCM), and N,N-
dimethylformamide (DMF) were dried using a solvent purification
system from Glass Contour. Hexane, methanol, and ethyl acetate were
used without further purification. Toluene-4-sulfonic acid-2-[2-(2-
methoxyethoxy)ethoxy]ethyl ester (TosO(CH2CH2O)3Me) was
synthesized following a literature procedure.43

Characterization. IR spectra were recorded on an Excalibur HE
series FTS 3100 instrument from Digilab. 1H and 13C NMR spectra
were recorded on a Bruker AV400 spectrometer operating at 400 MHz
for protons and 100 MHz for 13C. CDCl3 and DMSO-d6 were used
as solvents.
Size exclusion chromatography (SEC) was performed on a Breeze

system from Waters equipped with a 717 plus autosampler, a 1525
binary HPLC pump, and a 2410 refractive index detector using three
consecutive Waters columns (Phenomenex, 5 μm, 300 mm × 7.8 mm;
styragel HR4, 5 μm, 300 mm × 7.8 mm; styragel HR6, 5 μm, 300 mm ×
3.8 mm). DMF for SEC was filtered using 0.2 μm nylon Millipore
filters. The flow rate of the eluent (DMF) was 1 mL/min. Poly(methyl
methacrylate) standards (2500−608 000 g/mol) were used for
calibration.
Thermogravimetric analyses (TGA) were performed on a Hi-Res

TGA 2950 (TA Instruments) under a flow of nitrogen. Tdec was
defined as the onset of the decomposition temperature. Differential
scanning calorimetry (DSC) measurements were carried out on a DSC
Q1000 (TA Instruments) at a heating/cooling rate of 10 °C/min. Tg

was defined as the midpoint of change in slope on the second heating
run, and the Tg range was determined by the onset and offset of the
changes in heat capacity of the samples.
Polymer films for mechanical tests were prepared by evaporating a

concentrated THF solution (300 g/L) of the desired polymer in a
Teflon mold at room temperature and atmospheric pressure for 24 h
and then at 100 °C under reduced pressure for another 24 h. Smaller
rectangular samples (6.0 mm × 2.0 mm) were cut from these films and
used for mechanical tests (the dimensions of the films were measured
with a digital calliper with a precision of 0.01 mm). Dynamic
mechanical analysis (DMA) was carried out on a DMA2980 from TA
Instruments. For multifrequency experiments, a preload force of 0.005
N, an amplitude of 10 μm, a temperature sweeping rate of 1 °C/min,
and a frequency of 1 Hz were used. The Tg ranges measured by DMA
were determined by the onset and offset of the changes in the storage
modulus of the polymers. For controlled force (stress−strain)
experiments, a preload force of 0.005 N and a force ramp of 0.1
N/min were used. For shape memory experiments, the controlled
force mode was used. At least three consecutive cycles were performed
for each sample. In shape memory experiments, the polymer is
deformed at an elevated temperature (deformation temperature, Td)
and the deformed temporary shape is fixed upon cooling (fixing
temperature, Tf). It is then heated to a recovery temperature (Tr) to
recover the permanent shape. In a typical triple-shape memory experi-
ment, the sample was kept at 85 °C for 5 min and then stretched at
0.2 N/min. The DMA chamber was then cooled to 60 °C while
maintaining the applied stress for 10 min. The sample was unloaded
and kept at 60 °C for 30 min to fix the first temporary shape. Stress
was reapplied, and the DMA chamber was cooled to 30 °C and kept
isothermal for 5 min. After unloading the sample and remaining
isothermal for 5 min to fix the second temporary shape, the sample
was heated to 60 °C and kept isothermal for 60 min to recover the first
temporary shape. Finally, the sample was heated to 85 °C and kept
isothermal for 30 min to recover the permanent shape.

Preparation of the Materials. Cholic Acid-Based Norbornene
Monomer (NCA). 5-Norbornene-2-methanol (2.0 g, 16.1 mmol),
cholic acid (6.6 g, 16.1 mmol), and DMAP (0.2 g, 1.6 mmol)
were dissolved in 40 mL of anhydrous DCM under argon. The
reaction mixture was cooled to 0 °C, and then EDC·HCl (3.7 g,
19.3 mmol) was added. After 1 h, the reaction mixture was
warmed to room temperature and stirred for 16 h. The organic
phase was washed with 0.1 M HCl (50 mL), 10% NaHCO3
(50 mL), and brine (50 mL × 3). After drying the organic layer
over Na2SO4 and removing the solvent under vacuum, the
residue was purified by column chromatography on silica gel
(ethyl acetate:hexane = 10:1) to give a white solid (5.4 g, 65%);
mp: 67.4 °C by DSC (10 °C/min). FT-IR (ATR mode): ν
(cm−1) = 3385 (OH), 2934, 2865 (CH2), 1732, 1712 (CO),
1076 (C−O). 1H NMR (400 MHz, CDCl3): δ (ppm) = 6.19−
5.94 (m, 2H), 4.19−4.13, 4.01−3.95, 3.89−3.85, 3.70−3.65
(m, 2H), 4.01 (s, 1H), 3.88 (s, 1H), 3.48 (br s, 1H), 2.86−2.72
(m, 2H), 2.44−0.55 (m, 38H). 13C NMR (100 MHz, CDCl3):
δ (ppm) = 174.7, 138.0, 137.3, 136.6, 132.6, 73.4, 72.4, 68.8,
68.2, 60.8, 49.8, 47.6, 46.9, 45.4, 44.3, 44.1, 42.6, 42.2, 41.9,
40.1, 40.0, 38.4, 38.2, 35.7, 35.2, 35.1, 31.8, 31.4, 30.9, 30.0,
29.4, 28.7, 27.9, 26.9, 23.6, 22.9, 21.5,17.7, 14.6, 12.9. HRMS
(ESI Pos): found for C32H50NaO5 [M + Na]+: 537.3561 m/z;
calculated 537.3551 m/z.

Triethylene Glycol-Based Norbornene Monomer (NTEG).
5-Norbornene-2-methanol (1.0 g, 8.1 mmol) was added dropwise to
a suspension of NaH (0.3 g, 12.5 mmol) in 40 mL of dry DMF under
an argon atmosphere. The mixture was stirred at room temperature for
10 min and at 60 °C for 1 h. TosO(CH2CH2O)3Me (3.9 g, 12.3
mmol) dissolved in 5 mL of DMF was added at room temperature.
The mixture was stirred at room temperature for 10 min and then at
60 °C for 12 h, after which 50 mL of water was added and the layers
were separated. The aqueous layer was extracted with ethyl acetate
(30 mL × 3), and the combined organic layers were washed with 10%
NaHCO3 (50 mL) and brine (50 mL × 3), dried over MgSO4, and
concentrated in vacuo. The residue was purified by column
chromatography on silica gel (ethyl acetate:hexane = 1:3) to afford
a colorless oil (1.4 g, 62%). FT-IR (ATR mode): ν (cm−1) = 2915,
2864 (CH2), 1687 (CC), 1103 (C−O). 1H NMR (CDCl3,
400 MHz): δ (ppm) = 6.10−5.90 (m, 2H), 3.65−3.52, 3.19−3.03
(m, 14H), 3.36 (s, 3H), 2.88−2.73 (m, 2H), 2.33, 1.68 (br s, 1H),
2.35−2.32, 1.10−1.05 (m, 1H), 1.28−1.20 (m, 2H), 0.49−0.44
(m, 1H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 137.5, 132.9, 76.5,
75.5, 72.4, 71.1, 71.0, 70.9, 70.6, 59.5, 49.8, 45.4, 44.3, 44.0, 42.6, 41.9,
39.2, 39.1, 30.1, 29.5. HRMS (ESI Pos): found for C15H26NaO4
[M + Na]+: 293.1725 m/z; calculated 293.1723 m/z.

Polymerization. All polymerizations were performed under an
argon atmosphere. Solvents were degassed by a freeze−pump−thaw
procedure. A typical ROMP was carried out as the following. NCA
and NTEG in various ratios (total: 2.0 mmol) were dissolved in THF
(3.9 mL). Grubbs’ catalyst second generation (1.7 mg, 2.0 × 10−3 mmol)
was added to the monomer solution at 50 or 25 °C with stirring. After
3 h, ethyl vinyl ether (50 μL, 0.5 mmol) was added, and the solution
was stirred for 1 h. The reaction mixture was poured into methanol or
hexane. The precipitate was collected and dried in vacuo to yield the
polymer as a solid. As an example of a typical yield, 731 mg of
poly(NCA−NTEG)1:1 was obtained (93% yield). The 1H NMR
peak assignments for the homopolymers and a copolymer, poly-
(NCA−NTEG)1:1, are shown in Figure S2 (Supporting Information).

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Monomers and

Copolymers. The commercially available 5-norbornene-2-
methanol was chosen as the starting material because it has a
large ring strain and can be readily polymerized by ROMP by
the use of Grubbs’ catalyst.38,44 The targeted monomers can be
made in a single step (Scheme S1, Supporting Information). In
recent literature, the hydroxyl groups of bile acid derivatives
were protected and deprotected for the reaction with
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norbornene methanol.41 We found that this is unnecessary.
NCA was obtained (65% yield) without any protection of the
hydroxyl groups of cholic acid. NTEG was used as comonomer
to tune the physical and mechanical properties of the polymers.
NTEG was synthesized by coupling TosO(CH2CH2O)3Me
and 5-norbornene-2-methanol (62% yield) in a manner similar
to a literature procedure.43 The 1H NMR spectra of NCA and
NTEG with key peak assignments are shown in Figure S2
(Supporting Information).
ROMP was carried out in THF with NCA and NTEG, using

Grubbs’ catalyst second generation (Scheme 1). The polymers
made are listed with the experimental conditions in Table 1.
Poly(NCA) and poly(NCA-NTEG)3:1 were synthesized at a
higher temperature (50 °C) because the solubility of the
resulting polymers was too low at room temperature in THF.
The yields obtained after precipitation was between 88 and
99% for all polymerizations. Table 1 shows that most
copolymers have relatively high PDIs due to a higher rate of
propagation than initiation with the Grubbs’ catalyst. When the
content of NTEG is above 30 mol % in the copolymers, they
are easy to dissolve in common organic solvents such as THF
and CHCl3 and can form films easily by solvent casting. The
copolymers with Tg below room temperature behave as elasto-
mers at ambient temperatures.
The 1H NMR spectrum of the polymer (an example is

shown in Figure S2D, Supporting Information) shows the
appearance of peaks in the range of δ = 5.43−5.14 ppm
(−CHCH− groups of the copolymer main chain) and the
disappearance of the peak of the double bond of the two
monomers at 6.04 ppm, suggesting that the monomers were
completely consumed. The ratio of the integration of the

O−CH3 signal at 3.40 ppm to that of the −CH3 signal on the
cholic acid residue at 0.57 ppm in the copolymer corresponds
to the monomer feed ratio, indicating that the monomers were
nearly completely converted. In most cases, the content of
NTEG unit in the copolymers was somewhat higher than that
in the feed, which may be due to a greater reactivity of NTEG
than NCA which may have a high steric hindrance in the
copolymerization process.
Thermogravimetric analysis showed that all the polymers

have a good thermal stability below 350 °C, except poly-
(NTEG) which begins to degrade slowly at 200 °C (Figure S3,
Supporting Information). Figure 1A shows that all of the
polymers display a glass transition temperature (Tg) without
any evidence of melting, suggesting that they are probably
amorphous. Figure 1B shows that the Tg varies linearly as a
function of the comonomer content in the copolymers. When
the amount of NTEG units in the copolymers is increased
from 0 to 100%, the Tg decreases from 176 to −58 °C.
Copolymerization of a rigid cholic acid-based monomer with a
flexible comonomer such as NTEG allows the fine-tuning of
the Tg of the resulting copolymers. It therefore provides a
simple method for tailoring the glass transition temperature to
meet the specific requirements of certain applications. One of
the characteristics of these copolymers is their very broad Tg.
From the onset to the end of the glass transition in the DSC
curves (Figure 1A and Table 1), this interval ranges from 4 °C
for poly(NCA) to over 25 °C for poly(NCA−NTEG)1:3. The
same phenomena were also investigated by DMA experiments
for poly(NCA−NTEG)2:1, poly(NCA−NTEG)1:1, and poly-
(NCA−-NTEG)1:2 (Figure S5, Supporting Information). Xie
anticipated that amorphous polymers with a broad glass

Scheme 1. Synthesis of the Copolymers by ROMP Using Grubbs’ Catalyst Second Generation

Table 1. Polymerization Conditions and Properties of Copolymers with Various Ratios of NCA to NTEG

polymera NCA:NTEGb Tc (°C) yield (%) Mn
d (g/mol) PDId Tg

e (°C) Tg range
f (°C) Tg range

g (°C)

poly(NCA) 1:0 50 97.2 340 000 1.8 176 173−177
poly(NCA−NTEG)4:1 1:0.25 50 96.0 297 000 1.5 136 132−139
poly(NCA−NTEG)2:1 1:0.55 25 99.1 453 000 2.1 105 99−110 82−108
poly(NCA−NTEG)1:1 1:0.95 25 93.3 473 000 2.5 64 54−72 53−77
poly(NCA-NTEG)1:2 1:2.27 25 94.6 614 000 2.6 27 17−42 17−51
poly(NCA−NTEG)1:3 1:3.43 25 91.0 505 000 2.3 10 −1−24
poly(NTEG) 0:1 25 88.4 96 000 1.2 −58 −67 to −51

aPolymerization conditions: [monomer]:[Grubbs catalyst] = 1000:1, [monomer] = 0.5 M in THF, 3 h. The numbers in the subscript are those of
the monomers molar ratios in the feed. bNCA:NTEG: molar ratio in the copolymers calculated from the ratio of proton NMR peak integrations.
cPolymerization temperature. dMeasured by SEC. eMeasured by DSC. Tg defined as the midpoint in the change of heat capacity.

fDetermined by the
onset and offset of the changes in the heat capacity. gDetermined by the onset and offset of the changes in the storage modulus of the sample.
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transition may have multishape memory effect.14 Inspired by
this idea, our polymers with broad glass transition temperature
are explored for multishape memory effects.
Shape Memory Properties. The shape memory properties

of poly(NCA−NTEG)1:1, made with a 1:1 ratio of NCA to
NTEG, have been investigated in details as a representative
example of the copolymers in this series.
The DMA shows that poly(NCA−NTEG)1:1 has a broad

glass transition from 53 to 77 °C (multifrequency mode, 1 Hz),
as shown in Figure 2A. Below these temperatures, the material
is hard (storage modulus E′ = 1.16 GPa at 40 °C), whereas
above these temperatures, it displays typical rubberlike elasticity
(E′ = 5.79 MPa at 85 °C), with maximum elongations higher
than 600% (geometrical limit of the DMA equipment), as
shown in Figure 2B. At strains up to 600%, the polymer is still
able to recover its original shape when reheated at 85 °C
without any applied force, demonstrating its excellent recovery
ability.
Two parameters are used to quantify the shape memory

effect: the shape fixity (Rf), which is the ability to fix a
mechanical deformation (temporary shape), and the shape
recovery (Rr), which is the ability to recover the permanent
shape. They are calculated by the use of the following
expressions:14

= ε
ε

×R
N

N
( )

( )
100%f

load (1)

=
ε − ε

ε − ε −
×R

N N
N N

( ) ( )
( ) ( 1)

100%r
rec

rec (2)

where εload is the maximum strain imposed on the sample, ε is
the strain after unloading the applied force, εrec is the strain
after the completion of the recovery step, and N is the cycle
number.
Before measuring the shape memory performance of the

polymer, the polymer films were annealed at 85 °C to remove
any residual stress/strain from the polymer processing step. In a
typical thermal dual-shape memory experiment (Figure 3), the

sample was stretched to 53% strain at 85 °C (deformation
temperature, Td, above Tg) and then cooled to 30 °C (fixing
temperature, Tf, below Tg). The temporary shape was
completely fixed (Rf = 99.2%). When reheated to 85 °C

Figure 1. Thermal properties of the polymers: (A) DSC curves of the
copolymers with various ratios of NCA to NTEG showing their glass
transition temperatures; (B) variation of the Tg of the copolymers as a
function of molar content of NTEG in the copolymers.

Figure 2. (A) DMA curve of poly(NCA−NTEG)1:1 (frequency:
1 Hz), where tan δ is the ratio of the loss modulus (E″) to the storage
modulus (E′). (B) Stress−strain plot of poly(NCA−NTEG)1:1 at
85 °C (stress: σ; strain: ε; the maximum elongation corresponds to the
travel limit of the equipment geometry rather than the elongation at
break).

Figure 3. Dual-shape memory properties of poly(NCA−NTEG)1:1 at
a deformation (Td) and recovery temperatures (Tr) of 85 °C and at a
fixing temperature (Tf) of 30 °C (Rf = 99.2%, Rr = 98.6%).
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(recovery temperature, Tr, above Tg), the permanent shape was
recovered (Rr = 98.6%).
Poly(NCA−NTEG)1:1 displays high performance dual-shape

memory effect when deformed and recovered above the upper
end of its Tg, as indicated by the Rf and Rr values approaching
100% (Table 2). This high performance is maintained over

several cycles (Table 2 and Figure S4, Supporting Information).
The high shape fixity (Rf > 99%) in all cycles indicates that
vitrification in the glassy state (30 °C) is efficient in freezing
chain mobility and storing elastic energy. Heating the polymer
to 85 °C for a period (generally 40 min) leads to a high shape
recovery (Rf > 98%). No irreversible creep appeared, even
under a strain of 187% in the fifth cycle, showing that the
polymer chains remained entangled despite the absence of
chemical cross-links. It appears that the polymer chains and side
groups provide sufficiently strong interactions to make the
polymer recover its original shape.
Multishape memory effect of the polymers generally can be

investigated by two heating programming processes:27 non-
continuous24,29 and continuous.23 Continuous heating is more
suitable in the study of shape memory polymers that have two
or more distinct switching domains, providing obviously
independent transition temperatures (Ttrans). The polymers in
this work represent a new class of materials, which has one
broad Tg. Within the broad Tg range, multiple temporary
shapes can be fixed and recovered by changing the temperature
in rather small increments. Since these temperature intervals
are narrow, noncontinuous heating was selectively used in the
study of these polymers.26

A triple-shape memory experiment was performed on poly-
(NCA-NTEG)1:1, as shown in Figure 4. The permanent shape

S0 was deformed at 85 °C (Td1) and fixed at 60 °C (Tf1) to
yield the first temporary shape (S1). The sample was further
deformed at 60 °C (Td2) and fixed at 30 °C (Tf2) to yield the
second temporary shape (S2). Upon reheating to 60 °C (Tr1),
the first temporary shape was recovered (S1rec). Further heating
to 85 °C (Tr2) allowed the recovery of the permanent shape
(S0rec). Equations 1 and 2 are expanded to eqs 3 and 4 to
calculate the Rf and Rr for the triple-shape memory effect.

→ =
ε − ε

ε − ε
×R (S1 S2) 100%f

S2 S1

S2,load S1 (3)

→ =
ε − ε

ε − ε
×R (S2 S1) 100%r

S2 S1,rec

S2 S1 (4)

In the multiple-stage shape memory experiment, the polymer
displayed the ability to memorize a complex thermomechanical
history. Within the broad Tg range, deformation at a lower
temperature was more difficult than at a higher temperature,
requiring a higher stress to obtain a comparable deformation.
Shape fixing was much more efficient at lower temperatures,
with a lower shape fixity for the deformation fixed at 60 °C
(Rf(S0→S1) = 70.2%) than for the one fixed at 30 °C (Rf(S1→
S2) = 97.2%). Shape recovery was excellent at both
temperatures, with both Rr(S2→S1) and Rr(S1→S0) higher
than 96%.
The quadruple-shape memory ef fect of poly(NCA−NTEG)1:1

was also demonstrated, as shown in Figure 5. Although shape

fixing was not optimal when performed at high temperatures,
good shape recovery was obtained for all steps, indicating that
the Tg of this polymer is sufficiently broad for it to memorize at
least four distinct shapes. Theoretically, a broad glass transition
temperature can be considered as an infinite number of
transitions, leading to the possibility of an infinite number of
memorized shapes in a multishape memory sequence.14

The broadness of the Tg determines the temperature span
related to the shape memory behavior of these polymers. The
fixing temperatures Tf can be within or below the Tg, while
recovery temperatures Tr must be within or above the Tg,
higher than the Tf. The shape fixity decreased near the offset
of the Tg, but the shape memory effects observed at these
temperatures were reproducible and reliable. The recovery
forces induced by the thermoplastic character of the polymers

Table 2. Strain, Shape Fixity (Rf), and Shape Recovery (Rr)
of Poly(NCA−NTEG)1:1 over Several Cycles

a

cycle no. strain (%) Rf (%) Rr (%)

1 164.7 99.5 98.7
2 171.7 99.5 99.0
3 177.7 99.5 99.2
4 180.9 99.5 99.4
5 187.4 99.5 99.4

aDeformation: 85 °C, 5 min; applied force: 0.6 N; shape fixing: 30 °C,
30 min; shape recovery: 85 °C, 40 min.

Figure 4. Triple-shape memory properties of poly(NCA−NTEG)1:1
(Td1 = Tr2 = 85 °C, Tf1 = Td2 = Tr1 = 60 °C, and Tf2 = 30 °C). Rf(S0→S1) =
70.2%, Rf(S1→S2) = 97.2%, Rr(S2→S1) = 96.7%, and Rr(S1→S0) =
96.4%.

Figure 5. Quadruple-shape memory effect of poly(NCA−NTEG)1:1
(Td1 = Tr3 = 85 °C, Tf1 = Td2 = Tr2 = 70 °C, Tf2 = Td3 = Tr1 = 60 °C,
Tf3 = 30 °C). Rf(S0→S1) = 6.7%, Rf(S1→S2) = 49.6%, Rf(S2→S3) =
97.1%, Rr (S3→S2) = 109.0%, Rr(S2→S1) = 96.4%, and Rr (S1→S0) =
94.0%.
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are apparently different at different temperature within the Tg
range. Throughout this range, the temporary shapes deformed
at high temperature can be kept at lower temperature.
Nagata reported that high-molecular-weight nonchemically

cross-linked polynorbornene showed shape memory effect,
which was attributed to physical entanglement of the chains
acting as fixed structures.45 It is likely that physical entanglement
of the high-molecular-weight copolymer chains is responsible for
the permanent shape in our polymer system. The ability to
memorize multiple temporary shapes is due to the broad glass
transition temperature.14 Hydrogen-bonding interactions46 be-
tween polymer side chains may also play a role in fixing and
recovering the multiple temporary shapes.

■ CONCLUSION

A series of copolymers with a polynorbornene main chain, and
cholic acid and triethylene glycol side groups were successfully
synthesized through ROMP. The Tg of the copolymers are
broad and tunable and vary linearly with the monomer ratio
over a wide temperature range (−58 to 176 °C). The broad
Tg’s enable the polymers to have multishape memory effects.
The copolymer tested displayed very high performance dual-
shape memory effects over several cycles and also showed
triple- and quadruple-shape memory effects. Only one
copolymer was selected for detailed studies, but the other
copolymers in this series also show shape memory properties.
For typical shape memory polymers, the Tg is regarded as one
temperature point not a range, above or below which a temporary
shape is recovered or fixed. To the best of our knowledge, Xie’s
work14,26 and ours are the first studies to explore the broad Tg
of polymers for multishape memory behaviors. The polymers
in Xie’s work are based on perfluorosulfonic acid ionomer and
thus are not easy for bulk processing. The polymers in this
work may prove to be more versatile in their applications due to
their more varied properties, such as stiffness, modulus, Tg, etc.
Other polymers with broad Tg’s

48 may be also studied for such
properties.
The multishape memory properties of these copolymers are

inherently different from traditional shape memory polymers.
Although shape memory effect has been observed for
norbornene-based polymers,45,47 to the best of our knowledge,
these copolymers based on norbornene monomer with cholic
acid side group are the first example of multishape memory
polymers in the absence of any chemical cross-links. The
mechanism of multishape memory effects is still a subject to be
further studied. The present results may contribute to the
design and understanding of multishape memory polymers with
a broad glass transition. These polymers may find applications
as biomedical implants and coatings due to the generally good
biocompatibility of cholic acid and PEG.
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Experimental Determination of Hansen Solubility Parameters for
Select POSS and Polymer Compounds as a Guide to POSS−Polymer
Interaction Potentials
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ABSTRACT: Polyhedral oligomeric silsesquioxanes (POSS) have been
incorporated into a wide range of polymers over the past two decades in an
attempt to enhance their thermal and mechanical properties. Properties of
POSS/polymer blends/composites are highly dependent on the uniformity
of POSS dispersion and thus are particularly sensitive to the magnitude of
interaction between POSS and added fillers/polymers. Methods to
characterize these interactions in terms of solubility parameters have been
recently examined in the literature using group contribution calculations.
The present work presents a method for measuring three-dimensional
Hansen solubility parameters for polymers and POSS which allows for the
direct calculation of interaction potentials. These measured solubility
parameters predict POSS/polymer interactions more accurately than group
contribution calculations and accurately predict the uniformity of POSS
dispersion and the resultant property enhancements.

■ INTRODUCTION
Polyhedral oligomeric silsesquioxanes (POSS) are a class of
hybrid molecules which consist of an inorganic siloxane core
which is functionalized with any of a number of organic
substituents. POSS has been incorporated into polymers
though copolymerization,1,2 grafting,3 and blending4−7 over
the past two decades in hopes of providing property
enhancements similar to that seen in the traditional composite
field in which rigid inorganic particles are incorporated into
polymers to provide thermal and mechanical reinforcement.8,9

Early research in the field of nanocomposites indicated that
inorganic particles require compatibilization to produce strong
interactions with a polymer, resulting in reinforcement and a
strong interface.10,11 This compatibilization is generally
accomplished by modifying the surface of the particles with
an organic moiety to closely match the chemical structure of
the polymer. POSS molecules have attracted attention as
molecular-scale equivalents to organically modified particles
because they are hybrid materials containing rigid inorganic
cores modified by a huge variety of pendant group
functionalities. Over 100 different POSS molecules are
commercially available with different organic functionalities
for matching and blending with desired matrix polymer. The
challenge is to predict which POSS functionality will enhance
properties when incorporated into a given polymer. In the case
of copolymerization or grafting of a POSS material to a
polymer, the choice of modifier will be based on the specific
chemistry needed for a given reaction scheme. In the case of
melt-blending though, a different set of criteria must be met. In
a melt blend POSS behaves as a large molecule, and can exist in

a number of states once incorporated into a polymer. In many
cases the POSS will simply phase separate due to a lack of
compatibility with the polymer. If a high degree of attractive
interaction is present, the POSS can be dispersed on the
nanometer scale or even in a completely dissolved state.12,13 In
the case of molecular dispersion it can act as a plasticizer.14 If
there are specific interactions (hydrogen bonding), the system
can behave similarly to that of a copolymer or grafted system.15

If the desired system is one in which a high degree of POSS/
polymer interaction is present, how does one go about selecting
an optimal POSS additive for a specific polymeric matrix? A
simple examination of the chemical structure is not sufficient as
it is difficult to ascertain what the effects the silicate core and
molecular geometry will have on the interaction potential of
POSS. For this reason several researchers have turned to
evaluating POSS/polymer combinations in terms of solubility
parameters.16−18 By assigning solubility parameter values to
different POSS and polymer species, predictions about
dispersion and compatibility can be made. If the difference in
solubility parameters between the POSS and polymer is very
low, it is expected that there will be a high degree of POSS
polymer interaction, yielding favorable results similar to a graft
or copolymer system, while if the difference is very high it is
assumed that the system would phase separate yielding a
decrease in the desired physical properties.
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Work from Morgan et al. describes interaction potentials as
calculated using the Hoy method of group contribution
calculation.16 These calculations result in a single parameter
value for the square root of cohesive energy density. Chin et al.
also relate the level of dispersion of POSS to solubility
parameters in terms of the three-dimensional Hansen solubility
parameter which contains separate terms for the contribution of
dispersion, polar, and hydrogen bonding forces.16−18 The
contribution of hydrogen bonding is ignored in that work
though, as is the contribution of the core silicate to the
calculated solubility parameter.
To obtain accurate solubility parameters, it was our goal to

independently and directly measure the Hansen solubility
parameters of a variety of polymers and POSS grades. These
experimental results can then be used to test the assumptions
used for group contribution or other calculation methods.
Solubility of a given solvent−solute pair is governed by the

free energy of mixing

Δ = Δ − ΔG H T SM M M (1)

where ΔGM is the Gibbs free energy of mixing, ΔHM is the
enthalpy of mixing, T is the absolute temperature, and ΔSM is
the entropy of mixing.19 In order for spontaneous mixing to
occur, ΔGM ≤ 0. In the case of high molecular weight species,
dissolution is accompanied by a relatively small positive change
in entropy, and thus the enthalpy of mixing is the dominant
term. Hildebrand and Scott20 proposed that enthalpy of mixing
could be described as

Δ = Δ − Δ Φ ΦH V E V E V[( / ) ( / ) ]M mix 1
V

1
1/2

2
V

2
1/2 2

1 2
(2)

where Vmix is the volume of the mixture, ΔEiV is the energy of
vaporization of species i, Vi is the molar volume, and Φi is the
molar volume. The cohesive energy, E, of a material is the
energy required to break all intermolecular forces. When
divided per unit volume the value for cohesive energy density is
obtained:

= = Δ −E
V

H RT VCED ( )/vap (3)

The Hildebrand solubility parameter then is defined as the
square root of cohesive energy density:

δ = ⎜ ⎟
⎛
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Equation 2 can be rewritten in terms of the Hildebrand
solubility parameter (eq 4) to give the heat of mixing per unit
volume of a two part mixture:

Δ
= δ − δ Φ Φ

H
V

( )M
1 2

2
1 2 (5)

In order for ΔGM ≤ 0, the heat of mixing must be smaller
than the entropic term in eq 1; therefore, the difference in
solubility parameters (δ1 − δ2) must remain small. The major
shortcoming of the Hildebrand method, though, is that it does
not take into account specific interactions between molecules,
like hydrogen bonding. To expand on this idea, Hansen pro-
posed breaking the cohesive energy into three parts, corre-
sponding to three types of interactions:21

= + +E E E ED P H (6)

where the total cohesive energy (E) is composed of individual
terms for contributions from dispersion (D), polar−polar (P),
and hydrogen bonding (H) forces. Dividing this equation by
the molar volume gives the square of the total (Hildebrand)
solubility parameter as the sum of the squares of the Hansen
D, P, and H components.

= + +E
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These three parameters can be measured experimentally
(as will be described later) such that solubility “distance” (Ra)
can be calculated for any polymer−solvent (and POSS/
polymer) combination. In order to maximize POSS/polymer
interactions, one must simply choose a filler/matrix combina-
tion which minimizes this distance.

= δ − δ + δ − δ

+ δ − δ

Ra( ) 4( ) ( )
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2
D2 D1

2
P2 P1

2

H2 H1
2

(9)

In this equation, the factor of “4” is predicted by the Prigogine
corresponding states theory of polymer solutions when the
geometric mean is used to estimate the interaction in mixtures
of dissimilar molecules and has been found to be convenient
when plotting solubility data as a sphere.22

Conceptually, the method for determining Hansen solubility
parameters (HSP) is to define a sphere in three-dimensional
Hansen space (with dispersion, polar, and hydrogen bonding
forces as the three axes) in which all of the good solvents
(including solvent mixtures) for the solute exist inside the
sphere while all of the poor solvents are excluded from the
sphere. The three component values for HSP are well-known
for a large number of common solvents, and thus each solvent
is represented by a point in a Hansen three-dimensional space.
By replacing some of the good solvent with a poor solvent
(creating a mixture), we move along the line connecting the
good solvent solubility parameter to the poor solvent solubility
parameter. At some point the polymer or solute will phase
separate, which defines a boundary on that line. By repeating
this process with a number of poor solvents, a sphere can be fit
in which all of the soluble mixture (points) are within the
sphere while all of the nonsoluble mixtures are outside of it.
The center of this sphere is then the three-dimensional solu-
bility parameter of the solute with the radius of the sphere
defined as the radius of interaction. Figure 1 represents this
concept in two dimensions.
Once solubility parameters have been determined for

different POSS and polymer combinations the distance
between these two compounds in Hansen space can be calcul-
ated by eq 9. The distance defines how far separated two
components are in solubility space. Dividing the solubility
distance by the minimum interaction radius (smaller of the
two) one arrives with a value of “relative energy distance”
(RED), which in effect measures the mutual compatibility of
the two materials. If the RED is 0, then the solubility
parameters are exactly matched and the materials are soluble
with no energy difference. If the RED is less than 1, then the
two compounds are strongly compatible and predicted to be
mutually soluble. A value at or close to 1 is a boundary condi-
tion, and progressively higher values indicate lower affinities. If
the distance is greater than the larger of the interaction radii,
then the blend should phase separate. These values will be used
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to predict when certain POSS−polymer combinations will
show a high degree of interaction, with lower values predicting
high interactions and higher values predicting little to no
interaction and phase separation.
The present work will serve to show how well POSS

dispersion, interaction potential, and phase separation can be
predicted with this method as well as show the deficiencies of
other methods which make use of calculations with problematic
assumptions. Specifically, a previous study by the Schiraldi
group15 will be analyzed in terms of solubility parameter. In this
work it was found that a high degree of POSS/polymer
interactions (and associated property enhancements) were
found for a blend of phenoxy resin and trisilanolphenyl POSS
while the same POSS blended with polycarbonate (PC)
showed phase separation and decreased properties. For the
comparison to other methods, the work of Morgan16 and
Chin17,18 will also be examined to show how the direct mea-
surement of three-dimensional solubility parameters can lead to
a better understanding of the phase behavior of these blends
without the need for assumptions.

■ EXPERIMENTAL SECTION
Materials. The following solvents were used, either as good or

poor solvents, and were all obtained from Fisher with 99% or higher
purity, free of inhibitors and dried over molecular sieves before use:
dichloromethane, tetrahydrofuran, hexane, toluene, methyl ethyle
ketone, 1-propanol, cyclohexane, acetonitrile, methanol, N,N-dime-
thylformamide, ethanol, dimethyl sulfoxide, heptane, propylene glycol,
hexafluoroisopropanol, and triethylene glycol. Hansen solubility
parameters for these solvents were obtained from ref 21.
Aminopropylisobutyl POSS (AM0265), phenylisobutyl POSS

(MS0813), phenylisooctyl POSS (MS0814), and trisilanolphenyl
POSS (SO1458) were purchased from Hybrid Plastics Inc. and used
as received. Polysulfone was obtained from Solvay Advanced Polymers
(Udel P-1700 NT 11) with a reported melt flow index of 6.5 g/10 min
at 343 °C and 2.16 kg. PKFE phenoxy resin was obtained from
InChem Resins Inc. (Rock Hill, SC), with reported number-average
and weight-average molecular weights of 16 000 and 60 000 g/mol,
respectively. Calibre 200-14 an unstabilized polycarbonate resin was
supplied by Styron LLC.
Solution Preparation. Initially, good and poor solvents for each

of the seven analytes were determined qualitatively by making ca. 1%
weight solutions in a variety of solvents. The data needed to construct
a sphere in three-dimensional Hansen space consists of a series of
volume fraction values of good/poor mixtures where the last clear
solution and first visibly phase separated solution is noted. Here is the

procedure: Once a good solvent had been determined a standard
solution of the polymer/POSS of interest was prepared such that 1 mL
of this solution would contain 50 mg of the compound of interest
(2.5 g in 50 mL). Using an autopipet, 1 mL of solution was added to
each of 50 glass vials. The solvent was then removed by vacuum
leaving 50 mg of polymer/POSS in the vial. The initial series consisted
of volume ratios of (good solvent:poor solvent) 90:10, 80:20, 70:30,
60:40, 50:50, 40:60, 30:70, 20:80, and 10:90, with a total volume of
5 mL. The appropriate volume of good solvent was added to each of
the vials and left overnight to allow complete dissolution. Next, the
appropriate volume of each of 6−10 bad solvents was added to each
series of solutions. The vials were shaken to ensure complete mixing
and left for 1 week to equilibrate, reducing any kinetic effects of
dissolution. Once equilibrated a record was made for each series of which
solutions remained clear and which showed signs of phase separation.
These values were then used to build models for each of the compounds.

The models were constructed using a Microsoft Excel solving
routine in which the boundary conditions were defined such that the
last condition of solubility would be contained within a sphere while
the first condition of insolubility would be contained outside of said
sphere. The model contained as many parameters as solvent series
were prepared for a particular compound. Since there are four
parameters (dispersion, polar, hydrogen bonding, and interaction
radius), the minimum number of inputs is four, though in many cases
6−7 data series were used. The model was optimized by minimizing
the average distance between the radius as defined by the boundary
condition recorded and the radius predicted by the model. In this way
the three-dimensional Hansen solubility parameters (with interaction
radius) were measured and modeled for a variety of POSS molecules
and polymers.

■ RESULTS AND DISCUSSION
In total, three polymers and four POSS grades were measured
and modeled. The structures and short names of these
compounds are listed in Figure 2. The initial results for
solubility parameters are listed in Table 1. Values are given for
each of the three parameters (in units of MPa1/2), interaction
radius (unitless), and total solubility parameter (in units of
MPa1/2 and (cal/cm3)1/2), as calculated from eq 8. It should be
noted that two different approaches were taken to calculate
these values. The first approach solved for the model points in a
way to minimize the deviation from the measured boundary
points (best fit). The second solved for the model points in
such a way as to minimize the total interaction radius. In most
cases the values given by either approach were quite similar,
and so values shown in Table 1 are produced using the best fit
model
To gauge how well these values predict POSS−polymer

interactions, the work of Schiraldi and Iyer15 was analyzed in
terms of solubility parameters. In that work it was found that a
blend of trisilanolphenyl POSS (SO1458) and polycarbonate
showed a lack of POSS−polymer interactions and therefore
phase separated, yielding decreased physical properties. By
blending the same POSS with PKFE phenoxy resin, though, a
different trend was found. In that system an increase in
modulus and glass transition temperature was noted and
explained by the presence of hydrogen bonding and π−π
stacking which resulted in a pseudografted POSS structure.
Now knowing the experimental solubility parameter values for
each of these compounds calculations can be carried out (using
eq 9) which will provide the relative energy difference between
each of the polymers and the POSS grade which was used. The
results from these calculations are listed in Table 2. From these
calculations it is clear that trisilanolphenyl POSS has a
significantly smaller relative energy difference to PKFE (1.11)
than to PC (1.87) and therefore a higher interaction potential.

Figure 1. Graph showing conceptual method for solubility parameter
determination. For ease of viewing only two dimensions are shown.
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The value of 1.11 for the SO1458−PKFE combination predicts
that the two are almost soluble. In this case the results are
clearly predicted by use of solubility parameters. While this
model does not take into account the processing and thermal
history of the blends, the results are consistent with the
predicted values. These Hansen solubility parameters were
developed using a solution technique and are most accurate
when comparing to solution blended systems. The predicted
results for dispersion and reinforcement in this study, however,
are confirmed through this method.
It was this previous work which led to additional research by

Schiraldi et al. which incorrectly predicted that similarities in
chemical structure between polysulfone (PSF) and trisilanol-
phenyl POSS would lead to a high degree of interaction
between blend components resulting in polymer properties
enhancements.23 It was assumed that polysulfone would behave
more similarly to phenoxy resin than polycarbonate due to its
polarity and the potential for hydrogen bonding to sulfone
groups. The calculation of “RED” for SO1458 and PSF though
yields a result of 2.77; this large difference means that PSF has a
significantly lower interaction potential than PC which is why a
highly phase-separated morphology and decreased mechanical
properties were observed in these blends. This example

illustrates the futility in predicting POSS/polymer interactions
based on chemical structures alone. While polysulfone could be
assumed to behave in a similar manner as phenoxy resin in
POSS blends, it exhibited lower compatibility than was
previously observed with the poorly matched polycarbonate
polymer. By measuring values for solubility parameters of
POSS−polymer combinations, the nature and the magnitude of
the interactions can be understood and predictions can be
made about whether a phase separated or dispersed blend will
result without the need to perform experiments.
The values determined herein were then used to revisit other

examples from the literature. As was mentioned previously, a
number of workers in the field have begun to try to correlate
solubility parameters to POSS−polymer interactions, though
they are using different techniques to find the solubility
parameters which may lead to inaccurate determinations.
Morgan et al.16 tried to use the Hoy solubility parameters of
nylon-6, with calculated values for octaisobutyl POSS and
trisilanolphenyl POSS. The Hoy method of group contribution
calculations were used to determine single value solubility
parameters, generating the listed in Table 3. Since values were

not determined for octaisobutyl POSS in the present work,
only the values for nylon-6 (provided by ref 21) and
trisilanolphenyl POSS (SO1458) will be considered.
From these values the authors hypothesize that the nylon-6

will have a higher degree of interaction with trisilanolphenyl
POSS because the values for solubility parameter are closer
than that of octaisobutyl POSS. While this may be true there is
no discussion of how close those values need to be to produce a
strong interaction. With a single value solubility parameter
there is no way of taking into account interaction radius or
understanding how the different component contributions of
solubility parameter affect the real difference in interaction
potential. If those same materials are considered using the
Hansen method to calculate a “RED”, a much different result is

Table 1. Solubility Parameters for Select Compounds

compd δD δP δH r
δT,

MPa1/2
δT,

(cal/cm3)1/2

PC 19.35 6.43 5.80 6.23 21.20 10.36
PKFE 22.05 9.06 9.58 12.62 25.69 12.56
PSF 19.02 5.90 6.13 4.29 20.84 10.18
SO1458 16.60 16.72 5.23 15.07 24.14 11.80
AM0265 16.85 0.00 11.83 10.83 20.58 10.06
MS0813 16.93 5.69 7.23 4.30 19.30 9.43
MS0814 16.31 8.32 8.75 7.00 20.29 9.92

Table 2. Calculation of Relative Energy Difference (RED)
for POSS−Polymer Combinations

δD δP δH r RED (SO1458)

PC 19.35 6.43 5.80 6.23 1.87
PKFE 22.05 9.06 9.58 12.62 1.11
PSF 19.02 5.90 6.13 4.29 2.77
SO1458 16.60 16.72 5.23 15.07 0.00

Table 3. Solubility Parameters As Calculated Using the Hoy
Method16

∑Gi (kcal cm
3/mol)1/2 δ (cal/cm3)1/2

PA6 1.10 11.0
octaisobutyl-POSS 7.43 7.8
trisilanolphenyl-POSS 7.93 9.8

Figure 2. Structures and short names for polymers and POSS grades tested.
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noted (Table 4). Using this approach, a RED value of 2.82 is
determined which would suggest that there is actually a very
large difference in solubility parameters and that the nylon-6-
SO1458 blend should show a phase-separated morphology,
which indeed is the result which was reported.
This example shows that solubility parameters can be

effectively used to predict POSS/polymer interactions, but it
is necessary to use a more sophisticated model which takes into
account each of the interaction forces independently and which
does not rely on the calculation of single values based on group
contribution methods.
Other recent work has also highlighted how solubility

parameter could be useful for understanding POSS−polymer
interactions. Work by Chin et al. also uses group contribution
calculations to make estimations of interaction potentials.17,18

The importance of using three parameter Hansen solubility
parameters is stressed by Chin; however, assumptions were
then made which could lead to errors in accurately predicting
interaction potentials. In order to perform the calculations
using the Hoftyzer and van Krevelen method, two assumptions
were made: (1) hydrogen bonding was assumed to have no
impact based on the symmetry of the molecule, and (2) the
core POSS cage’s contribution to the overall solubility
parameter was neglected. The results of these calculations are
listed in Table 5. In that work aminopropylisobutyl POSS is the

only POSS used which has been measured and modeled so it
will be discussed here.
As stated earlier, the authors have made the assumption that

there is no hydrogen bonding contribution and that the POSS
cage has no contribution. This however is refuted by the results
shown previously (Table 1) which show that indeed hydrogen
bonding has a large contribution to the total solubility parameter.
In the case of aminopropylisobutyl POSS (AM0265/AB POSS)
hydrogen bonding plays a significant role in the solubility
behavior of the compound (δH = 11.83). The authors have
presented the total solubility parameters for nylon-6 and a series
of POSS types without explaining the connection between the
difference in solubility parameter and the resultant interaction
potential. The authors state that since the value for nylon-6 is
closest to aminopropylisobutyl POSS, it has the highest degree of
interaction and therefore the best dispersion; however, the
difference between nylon-6 and aminopropylisobutyl POSS is 0.5,
while the difference between nylon-6 and aminopropylisooctyl
POSS is negligibly different at 0.6. Using the Hansen value for
nylon-6 and the measured value for AM0265, a relative energy
difference calculation can be carried out (Table 6), which shows a

distance of 0.71. This RED predicts that the POSS would be
soluble in the nylon matrix which is indeed the result that is
reported. In this case our conclusions are consistent with what the
author reports, but our method of prediction is more advanced
and we contend considerably more accurate.
It is not our goal to treat the previous work as incorrect or

insubstantial. On the contrary, their work correctly anticipates
the need for an accurate method for predicting and interpreting
POSS/polymer interactions, and the proposed group con-
tribution calculations are one method to move in that direction.
Unfortunately, though, in order to perform those calculations,
unnecessary assumptions are made which can lead to
misleading results. By using the experimental determination
of Hansen solubility parameter as described here, direct
measurements can be made which separate the contributions
from the many forces which determine interaction potentials
between molecules. Using this information, relative energy
difference calculations can be made which can quantitatively
determine the degree of interaction between polymer and
POSS.

■ CONCLUSIONS

In this work an experimental method for the determination of
Hansen solubility parameters was presented and used to
determine solubility parameter values for a number of polymers
and POSS grades. Using these solubility parameters, it was then
possible to carry out relative energy distance calculations for
various POSS−polymer combinations. The results from these
calculations accurately predict the solubility, the POSS−
polymer interactions and resultant POSS−dispersion uniform-
ity compared to reported experimental results in the literature.
Specifically, the behavior of POSS/phenoxy resin and POSS/
polycarbonate blends was examined, and it was shown that the
solubility parameter values for the POSS/polymer combina-
tions used in that work accurately predict the very different
observed behaviors in these blends. It was also shown that more
recent work on POSS/polysulfone blends that showed a phase-
separated morphology can be explained due to a high relative
energy difference which was not predicted by simple evaluation
of the chemical structures of the POSS and polymer used.
Examples of solubility parameter estimations using group

contribution calculations were also examined and compared to
the values which had been determined using the Hansen
method. It was determined that these calculation methods are
inaccurate and specifically make unjustifiable assumptions. By
experimentally determining the Hansen solubility parameters
for a given POSS−polymer combination without any a priori
assumptions, we get accurate prediction of POSS−polymer
interactions and therefore POSS dispersion uniformity. These
works did, however, highlight the need for these types of
experimental evaluations to understand and predict POSS
dispersion. Future work in this area will determine to what
degree processing and thermal history affect the accurate
prediction of these values. The current model has no way to
account for the degree of mixing achieved by blending or
differences in cooling rates from the melted state. These factors

Table 4. Hansen Solubility Values and RED Calculation for
PA6−SO1458 Combination

δD δP δH r RED (SO1458)

PA6 17.00 10.6 3.4 5.10 2.82
SO1458 16.60 16.72 5.23 15.07 0.00

Table 5. Calculated Solubility Parameters for Select
Compounds17

δd (J
1/2 cm−3/2) δp δh δ

PA6 15.9 34.6 13.4 18.0
aminopropylisbutyl-POSS 17.5 0 0 17.5
aminopropylisooctyl-POSS 18.6 0 0 18.6
aminopropylphenyl-POSS 19.2 1.5 0 19.3

Table 6. Hansen Solubility Values and RED Calculation for
PA6−AM0265 Combination

δD δP δH r RED (AM0265)

PA6 17.00 10.6 3.4 5.10 0.71
AM0265 16.85 0.00 11.83 10.83 0.00
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may affect the ability of the POSS and polymer to associate in
an ideal manner. In some cases these factors may have an effect
which may be greater than the interaction potentials which
would be present in a solution blended system.
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ABSTRACT: Nylon-6 is widely used as an engineering plastic.
Compared to other synthetic polymers, nylon-6 absorps significant
amounts of water. Although the typical sorbed amounts and diffusivity of
water are well-known, less is known about the relation between the
diffusivity and the water content. Attempts have been made in the past to
obtain such relationship from moisture content profiles as measured with
NMR imaging. However, these studies were mainly performed at high
temperatures and without a proper calibration of the signal. In particular,
at room temperature, far below the Tg of dry nylon, plasticizing effects of
water will result in a strong contribution of the polymer signal. Therefore, we have studied water uptake in 200 μm nylon-6 films
in this temperature range near room temperature with NMR imaging. By calibrating the NMR signal with vapor sorption data,
we were able to obtain moisture content profiles. A strongly nonlinear relation between the NMR signal and the moisture was
observed at room temperature, which proves that contribution of the polymer to the NMR signal can neither be neglected nor
assumed to be constant in time. Furthermore, glass transition temperature measurements combined with the water distribution
provide plasticization profiles during water uptake. On the basis of the moisture content profiles, the moisture content
dependency of the diffusion coefficient for water uptake is deduced through a Matano−Boltzmann analysis. This relation
appeared to be highly nonlinear at room temperature. The self-diffusion coefficient was calculated through combination of the
sorption-isotherm and the diffusion coefficient. Exposure of a nylon film to heavy water showed that water affects only a small
fraction of the amorphous nylon phase. Water transport most likely occurs in this fraction of the amorphous phase. It is
concluded that the heterogeneity of the amorphous phase is an important issue for a profound understanding of water transport
in nylon-6 films.

■ INTRODUCTION
Polyamides, also known as nylons, are widely used as
engineering plastic and textile fiber mainly due to their
excellent properties. In particular, the mechanical properties
are attractive for many applications and remain unaffected in a
wide range of temperatures. Nylon is also easy to process, for
example by extrusion molding, which is reflected in the large
variety of geometries encountered in every day life.
The chemical structure of nylons consists of amide groups

separated by a number of methylene units. Therefore, a variety
of polyamides exist, consisting of either one single α,ω
aminoacid monomer like nylon-6 (PA6) and nylon-12 or two
monomers, a dicarboxylic acid and a diamine like nylon 4.6 or
6.6. The number of successive carbon atoms in the polymer
backbone between the amide groups is given by the index and
influences material properties such a stiffness, melting point or
water absorption.1 The latter feature is especially caused by the
hydrophilic character of the amide functionality.
Nylons absorb amounts of water far larger than other

synthetic polymers. This paper focuses on the transport
properties and characteristics of nylon-6, where the amide
groups are only separated by 6 carbon atoms. This material can
accommodate water mass fractions up to 9%, as reported in the
literature.2−8

Nylon, a semicrystalline material, consists of a crystalline part
where polymer chains are nicely stacked and a disordered or
amorphous part. It is generally accepted that water penetrates
polymers in general and nylon-6/6.6 in particular through the
amorphous phase.9−11 Water weakens hydrogen bonds
between neighboring amide groups and lifts the steric
hindrance of the polymer chains by mobilizing them.
Consequently, the amorphous phase is plasticized, the glass
transition temperature Tg [K] is lowered and the mechanical
properties are altered. Reimschuessel12 and Yokouchi and co-
workers13 describe the correlation between mechanical proper-
ties, such as the modulus of elasticity E [Pa], and the glass
transition temperature Tg.
A first systematic study of the interaction between the

amorphous phase and water resulted in an hypothesis regarding
the exact sorption mechanism.14 According to Puffr et al.
sorption occurs in three “steps”: the first involves tightly bound
water, the second loosely bound water, which both interact with
amide groups in the form of a single or double hydrogen bond.
The third step is the clustering of water. It is generally accepted
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that water sorption occurs in a few number of steps as
described above.3,5,11,15−19 Only a few authors, like Le Huy and
Rault20 and L. S. Loo,21 suggest that all water is bound to the
amide group in the same way.
The key parameter for characterizing and understanding the

water uptake in nylon-6 is the diffusion coefficient. Absolute
values have been obtained in various studies, but are difficult to
compare as they are dependent on morphological parameters
such as crystallinity,16 the experimental technique used to
determine the diffusion coefficient,8,22−24 and the temperature.9

The reported diffusion coefficients range from 1 × 10−14 m2 s−1

to 5 × 10−13 m2 s−1.3,7,9,24 In general, it is observed that the
diffusion coefficient increases with concentration.7,24 A single
study3 reports a maximum in the diffusion coefficient at a
relative humidity of 50%. All aforementioned numbers are
obtained gravimetrically, which is a bulk method, and no spatial
information about the diffusion process is obtained.
To obtain spatial information in a non destructive way NMR

imaging can be used. By far the most extensive 1D imaging
study was conducted by Blackband and his co-workers.25 In this
study, blocks of nylon-6.6 were immersed in water and detailed
experimental results are generated for a temperature of 100 oC.
This includes the uptake profiles as measured by NMR and the
resulting diffusion coefficient. Gravimetric experiments revealed
a mass uptake proportional to t1/2, especially at temperatures
higher than 50 oC. Finally, from the resulting NMR signal
profiles a concentration dependent diffusion coefficient was
obtained using the Boltzmann transformation.25 Fyfe et al.26

performed another set of experiments investigating the water
absorption into nylon-6.6 at a temperature of 100 °C. In their
study the fast low angle shot (FLASH) NMR technique was
employed. The results obtained by gravimetric analysis and
NMR imaging pointed to a Case-I process, i.e., Fickian
diffusion.
In all these NMR imaging studies no attention was paid to

the exact amount of water during the uptake process. The
signal intensities are directly interpreted as water quantities.25,27

Only D. Y. Artemov28 pointed out the complexity of the NMR
signal of water in nylon. The signal contribution of plasticized
polymer, which appears simultaneously with ingressing water,
should not be underestimated. In particular, below the glass
transition of the dry nylon, the signal of the nylon itself will
strongly increase with the water content due to plasticization.
In our study, the combined process of water uptake and

plasticization of nylon-6 films is studied at room temperature
with quantitative NMR imaging. By converting signal profiles
into moisture content distributions on the basis of a gravimetric
calibration procedure, a quantitative relationship between the
diffusivity and the water content is obtained and the
importance of plasticization is shown. To understand the
signal component that is due to polymer plasticization,
experiments using D2O are conducted. The morphology of
the nylon films is characterized and the relation between the
water content and the glass transition temperature is
established. For a better understanding of the diffusion process
the concentration dependency of the diffusion coefficient is
calculated from the moisture content profiles.

■ MATERIAL
Preparation. Films of polyamide 6 are prepared from

commercially available polyamide 6 (Akulon K123, Mw = 25.000,
DSM, The Netherlands). Films are made by compression molding of
dried pellets at a temperature of 280 °C for 10 min between two steel

plates, separated by a spacer of 200 μm. The obtained films, having a
thickness of 200 μm, were stored prior to experiments in a container
containing silica gel as drying agent.

For the water uptake measurements in the NMR, films are cut into
circular disks with a diameter of approximately 11 mm. These disks
were attached to a 140 μm thick microscope cover glass using silicone
glue (type: Dow Corning 3140). Subsequently, a glass cylinder is glued
on top of the cover glass surrounding the nylon film. Before an
experiment the films are stored in an oven at 100 °C for 5 h in order to
remove residual traces of moisture. Weight loss was not measured
anymore after 5 h.

Material Properties. Sorption Isotherm. The sorption
isotherm describes the relation between moisture content and
relative humidity or water activity. In the present study the

sorption isotherm was determined by gravimetry, Figure 1. The
mass of the dry films is measured md [g] before storage at a
certain relative humidity RH[%] in a climate chamber. The
relative humidity in the climate chamber is created using
saturated salt solutions. Saturated salt solutions of LiCl,
CH3COOK, MgCl2·6H2O, K2CO3, Mg(NO3)2, NaNO3, NaCl,
KCl, KNO3, and K2SO4 give a stable equilibrium relative
humidity of 12, 22, 33, 43, 53, 65, 75, 85, 93, and 97%
respectively.29 After several days of storage in the climate
chambers, the wet weight is obtained mw [g]. The moisture
content θ is calculated as:

θ =
−

×
m m

m
100%w d

d (1)

Note that the moisture content is defined as a mass-to-mass
percentage.

In our case, the moisture content θ of a fully saturated film is 7.4%.
In the literature moisture content values are reported in the range from
4%17 up to 10%.3,7,16 The moisture content increases disproportional
above relative humidities of 65% with respect to the lower humidities.
Despite the differences in raw material (e.g., molecular weight) and
processing conditions (influences of crystallinity30), the shape of the
obtained sorption isotherm is similar to the ones in literature.

Crystallinity. The crystalline part forms a barrier to water transport
and must be characterized to understand the water uptake behavior.
Wide angle X-ray scattering (WAXS) experiments using a Philips
pw1830 diffractometer (Cu Kα) was employed to determine the
structure of the crystalline phase. In all cases, two intense peaks were
detected at angles 2θ equal to 20.2 and 23.9 deg. These reflections are

Figure 1. The sorption isotherm of a nylon-6 film. The figure shows
the weight increase (θ,% by mass) with respect to the dry state as a
function of the relative humidity (RH, %). The disproportional
increase of the moisture content above 65% RH is due to the
formation of water clusters.

Macromolecules Article

dx.doi.org/10.1021/ma202719x | Macromolecules 2012, 45, 1937−19451938



attributed to the 200 and 002−202 planes in the α-phase,6,9,31 thus
being the main component in the crystalline phase.
To measure the degree of crystallinity of the samples, differential

scanning calorimetry measurements (DSC) using a Mettler 822e were
conducted under a nitrogen atmosphere. The heating rate was 10 K/
min in a range between 253 to 533 K. An analysis of the melting peak,
using a value of 240 J/g10,31 for the melting enthalpy of a 100%
crystalline sample, resulted in a crystallinity of 23% for the film
samples.
Glass Transition Temperature. As the glass temperature drops due

to ingressing water, more hydrogen nuclei on the polymer backbone
are mobilized and appear in the NMR signal. For understanding the
NMR signal quantitatively the Tg gives vital information.
The glass transition temperature was determined using DMTA

(Dynamic Mechanical Thermal Analysis) on a Thermal Analysis
DMA2980. The sample was placed in the tensile testing clamps and
heated between 223 and 373 K with a heating rate of 5 K/min. The
measurements are performed using an amplitude of 20 μm at a
frequency of 1 Hz. The glass transition temperature was assigned to
the maximum of the tan Δ. An alternate definition for the glass
transition temperature like the maximum of the loss modulus only
lowers the Tg with 10 K.
The samples were conditioned in the same way as for the

gravimetry measurements. Since the employed DMTA was not
equipped with a RH control, an error will occur in the DMTA
measurements at relative humidities that differ from the surrounding
RH in the room. Moisture loss of these samples by evaporation during
fixation and the first moments of cooling down of the DMTA could
lead to an overestimation of the Tg. The maximal effect of evaporation
will only be present at two samples of the highest RH (93% and 97%),
and was estimated by examining samples immersed in liquid water.
These samples were fully wetted and thereafter exposed to
environmental relative humidity. The mass of these samples is
measured before and after this evaporation period. Assuming a time of
5 min for fixation and cooling, such an exposure to air at room
temperature will lower the moisture content only by 0.7%.

■ NMR SETUP AND IMAGING
Originating from the field of medicine, NMR imaging has become
more and more available throughout the last decades. This has led to
the application of NMR imaging to the field of material research.32

NMR imaging is based on the principle that nuclei in a magnetic field
resonate at a frequency proportional to the magnetic field strength.33

The frequency ω = γ (2π)−1|B⃗| is called the Larmor frequency, where γ
(2π)−1 is the gyromagnetic ratio which equals 42.58 MHz/T for 1H
nuclei.
Application of a spatial dependent magnetic field |B⃗| = |B⃗0| + Gzz

results in a unique frequency for each position, which allows to obtain
spatial information from a sample. The strength of the gradient in the
field determines the resolution. To obtain a resolution of several
micrometers, needed for measuring thin films the so- called GARField
approach is used.34,35 By special shaped magnetic pole tips, a gradient
in the magnitude of the magnetic field, Gz = ∂ |B⃗|/∂z [T/m], is created
(see Figure 2). In the present study a setup having a field gradient Gz =
42 T/m and a B0 of 1.4 T is used. A reference sample of 0.02 M
CuSO4 is measured before each experiment to correct for
inhomogeneity of the excitation profile.
Pulsed NMR will give a signal decay that can be described by the

longitudinal relaxation time T1[s] and the transverse relaxation time
T2[s]. The signal can be described with

= ρ
ρ
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where ρ [mol m−3] and ρw are the hydrogen densities in the sample
and liquid water, respectively. In this equation, texp is the experimental
time and tr [s] is the time between two subsequent experiments. For a
multipulse experiment the experimental time texp [s] is subdivided in a
number of pulses n with a certain time spacing 2τ [s]. For imaging

purposes, the NMR signal intensity or signal profiles are used and
these are the signal intensities at a texp of 2τ.

Materials contain different types of hydrogen nuclei. Both the
environment and the mobility of the nucleus lead to a difference in
transverse relaxation. Crystallites or entanglements will severely limit
motions of nuclei and give a fast decay (short T2) while parts in the
amorphous phase or dangling chains have a higher mobility and will
contribute to a higher value of T2. In the simpliest case a
monoexponential decay can be used to fit the measured decay. The
transversal decay is often analyzed using a multiexponential decay
curve.2,36−41 Neglecting the longitudinal relaxation and the noise in
the experiments, such a multiexponential decay is described by eq 3.
Each component is governed by an amplitude Ai and a relaxation time
T2,i.

∑= − τ
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The transversal signal decay is very sensitive to the polymer
structure and mobility and is therefore a measure for the effect of
water on the nylon matrix. Often several exponential components are
used to interpret the signal decay. Without interpreting the
components of the multiexponential decay, a more practical approach
to characterize the signal decay is based on an average relaxation time
⟨T2⟩:

41
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τ
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N

e2
1 (4)

To obtain the hydrogen density profiles and relaxation times, the
Ostroff-Waugh (OW) pulse sequence is used (αx

o−τ−[αy
o−τ−

echo−τ−]n).42 In this sequence α is a nominal 90o pulse. To cover
the relaxation curve a train of 256 pulses is given. The effective pulse
duration is 1 μs which excites a slice of 450 μm. The inter echo time 2τ
is set to 100 μs with an acquisition time (taq) of 90 μs.

An inter echo time of 100 μs together with an acquisition time of 90
μs theoretically gives a resolution of 6 μm, Δz = (γGtaq)

−1. However
due to misalignment with the B0 field the actual resolution can be less.

NMR measurements of the water uptake process are conducted
with 1024 averages and a repetition time of tr = 0.5 s. As a
consequence, measuring a single profile takes 17 min. Experiments
with equilibrated films are conducted using a higher number of
averages (8192).

In order to control the RH the NMR insert is equipped with a
climate chamber. The temperature inside the chamber is set by

Figure 2. A schematic picture of the sample for a water uptake
experiment. The nylon film is precisely placed in a glass tube
(cylinder) and glued on a glass plate. This glass tube surrounds the
sample and is used to contain the water for the experiments. The static
field B0 is oriented parallel with the nylon film. The high gradient G in
this static field enables the high resolution.
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pumping temperature controlled water through the walls of this
chamber. The chamber RH is created by means of a flow controller
that mixes dry air and water in the desired ratio and injects it into the
chamber.

■ RESULTS
This section describes the experimental results concerning
water uptake on a nylon-6 film. The NMR signal was calibrated,
meaning that signal intensities are related to the amount of
water in the film. The rate of the diffusion process was
examined by calculation of the diffusion coefficient. By means
of a relaxation study, heavy water and DMTA measurements
the interaction between water and the polymer matrix is
examined
Water Uptake and Signal Calibration. Measuring the

uptake process results in NMR signal profiles as shown in
Figure 3. Such signal profiles should be considered as a

superposition of a plasticizing front and a water front. The
signal on the vertical axis shows the number of mobile 1H
nuclei probed (T2 ≥ 100 μs) with respect to water. The
horizontal axis is the distance with respect to the water/
polymer interface.
The right-hand side of Figure 3 corresponds to the glass plate

on the bottom of the sample as shown in Figure 2. Whereas
glass is not detected in the NMR the layer of silicon glue, the
nylon film and the water above the nylon film can clearly be
distinguished. Their signal intensities are explained by the
relation between the T1 and T2 of the material and the
experimental parameters te and tr. The relatively long T1 of the
water (tr/T1 < 1) surpresses the signal from the water.
The bold line in Figure 3 displays the situation before water

is introduced and the nylon is still dry. Three different
processes can be distinguished. Two of them occur
chronologically: (1) a front develops and reaches the bottom
(t < 6 h) and (2), water distributes homogeneously throughout
the film (6< t < 10 h). From the beginning of the experiment a
slower process (3) occurs which is most clearly observed as a
signal rise near the glass polymer interface.

To quantify the diffusion of water the actual moisture
content θ should be considered instead of the NMR signal. To
convert the NMR signal into moisture content both the mass
and the NMR signal of samples equilibrated at a certain RH
have been measured. Figure 1 shows the sorption isotherm as
obtained by gravimetry. The signal intensity of equilibrated
samples is obtained by measuring a serie of samples
conditioned at different relative humidities using the climate
chamber in the NMR equipment. Figure 4 shows the moisture

content as a function of the measured NMR signal intensity.
The data is fitted with a double exponential growth function.
This fit is shown as a dashed line in Figure 4.
Obviously the relation between θ and the NMR signal is

nonlinear. The curve shows that at low water content the signal
intensity is very insensitive to water content changes. With
increasing water content the signal becomes more sensitive to
the water content. At high water content, a small amount of
water leads to a large signal variation which is probably due to
plasticization of the polymer matrix.
Now the relationship between the NMR signal and the water

content is known, the NMR profiles can be converted into
moisture content profiles. Figure 5 shows the original NMR
profiles (a) and the moisture content profiles (b) after
application of the signal calibration. As long as the moisture
content is below 2% the signal coming from the moist nylon is
too low to be detected, since the signal-to-noise ratio of the
chosen number of averages (1024) is not high enough.
The most distinct effect of the calibration is visible at the

water/nylon boundary and in the late stage of the uptake
process (as indicated by 3 in Figure 3). In the late stage, when
the film is almost saturated, an homogeneous NMR signal rise
in the profiles is detected. This slow signal increase is hardly
visible in the water content profiles, meaning that only little
(additional) water is ingressing into the film at this stage. The
late stage rise in the NMR signal is a result of further
plasticization of the polymer matrix. Polymer chains become
more mobile and their hydrogen atoms start to contribute to
the signal.

Figure 3. NMR signal profiles measured during the uptake of water by
a 200 μm nylon film. The water on top of the nylon layer is visible at
the left side of the figure, whereas the glue underneath the layer is
visible at the right side of the figure. The time between subsequent
profiles is 17 min. It takes water 6 h (1) to reach the bottom of the
film and then another 4 h (2) to fill the film completely. Polymer
plasticization is most clearly shown near the water/nylon interface (3).

Figure 4. Signal calibration curve. This curve describes the relation
between the NMR signal and the moisture content θ of nylon films
equilibrated with water vapor at various RH values. The figure shows
that the relation between signal and θ is nonlinear. The fit (dashed
line) through the data (■) is used to convert signal profiles into
moisture profiles.
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Furthermore, the calibration introduces extra curvature in the
profiles. In particular, at signal intensities lower than 0.08 the
profiles are tilted upward. Figure 4 already shows that a
supposed linear relation between signal and moisture content
results in underestimation of the moisture content at low signal
intensities. At low moisture content the water strongly interacts
with a rather immobile amorphous phase, which results in fast
relaxation of the signal40 and thereby underestimation of the
signal.
Although the calibration has been used to quantify the signal

its applicability to dynamic water uptake processes still has to
be proven. The calibration curve is obtained by measuring the
signal from samples that have been equilibrated with a defined
RH. The uptake proces however is a nonequilibrium situation.
Our calibration will be only applicable if local equilibrium
occurs throughout the nylon film during water ingress. This
means that the state of the polymeric matrix is only determined
by the local water content. To check the validity of the
calibration, the average relaxation time and intensity of the first
echo has been investigated for both the calibration samples and
the uptake process. The average relaxation time ⟨T2⟩ is very
sensitive for the local polymer mobility and is therefore a
measure for the effect of water on the nylon.
Figure 6 shows the average decay time as a function of the

signal intensity for both the calibration and the uptake process.
The solid squares are the values obtained in the signal
calibration experiment and the open circles refer to the signal at
125 μm, with respect to the water/nylon interface, during a
water uptake experiment as shown in Figure 3. There is a good
match between the data points from the uptake experiment and
the signal calibration measurement, showing a unique coupling
between the signal intensity of the first echo and ⟨T2⟩. This
justifies the use of the calibration curve for nonequilibrium
processes like water uptake in nylon-6.
Finally it can be concluded that NMR signal intensity profiles

(as shown in Figure 3) and obtained by others27,43 do not give
a correct representation of the water content in the film. When
the amorphous phase becomes plasticized, the hydrogen nuclei
on the polymer backbone start to contribute to the signal.

Furthermore, water exhibits a fast signal decay due to
interaction with the polymer and cannot be detected by the
NMR equipment. For these reasons the relation between signal
and water content is not linear. This will especially be the case
when experiments are performed below Tg of the dry nylon.

Uptake Kinetics. The water uptake can be analyzed by the
non linear diffusion equation, eq 5. In this equation is θ the
mass fraction of moisture (i.e., moisture content), t[s] the time
and D[m2/s] the effective diffusion coefficient.

∂θ
∂

= ∂
∂

θ ∂θ
∂

⎜ ⎟⎛
⎝

⎞
⎠t x

D
x

( )
(5)

To quantify the diffusion coefficient the Matano−Boltzmann
method is used.44 The essence of this method is that the spatial
coordinate is transformed into a new coordinate λ = x/√t. For
a detailed analysis we refer to Crank.45

Figure 5. Transfering NMR signal profiles (a) into moisture content profiles (b). The figure shows the two main effects of the signal calibration on
the shape of the profiles. The slow, homogeneous signal increase is hardly visible in the moisture content profiles. Very little water enters the film at
this stage, mainly plasticization occurs. The curvature of the moisture content profiles is also changed. At low signal intensities, the curves are lifted
upward, meaning that the water content at low signal intensities is underestimated when the NMR signal profiles would be used for quantification.

Figure 6. Average relaxation time ⟨T2⟩ as a function of the signal
intensity for calibration (■) and uptake experiment (○). The average
relaxation time is taken at a distance of 125 μm from the nylon/water
interface. The similarity of both calibration experiment and a water
uptake experiment proves that the static calibration can be used for
obtaining water content profiles during uptake.
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Since this Boltzmann transformation assumes an infinite
geometry and constant boundary conditions, a limited number
of profiles (1 < t < 6 h) is selected for the transformation. The
outcome of the Boltzmann transformation is shown in Figure 7.

The open squares in this figure are the data points and the
black line is the Boltzmann transformation of a simulation,
which will be discussed later on. All data points coincide on a
single master curve, proving that the diffusion coefficient
depends on the moisture content only and that the nonlinear
diffusion equation (eq 5) can be used to describe water ingress
in this system.
The moisture content dependent diffusion coefficient can be

calculated according to

∫θ = − θ
λ

λ θ′
θ

− θ
⎜ ⎟⎛
⎝

⎞
⎠D( )

1
2

d
d

d
1

0 (6)

A spline is used to calculate the diffusion coefficient
according to eq 6. For water contents lower than 2% this
spline is extrapolated linearly. The concentration dependence
of the diffusion coefficient is shown in Figure 8. The diffusion
coefficient increases with concentration, which is in agreement
with previous studies.7,16,19,24 Only one particular study
reported a maximum for the diffusion coefficient at an RH of
50% at 23 °C.3 Moreover, the magnitude of the obtained
diffusion coefficient is in agreement with values reported in the
literature (1 × 10−14 to 1 × 10−13 m2 s−1 at 25 °C8).
In contrast with previous studies on nylon-6.6, a highly

nonlinear relation between the moisture content and the
diffusion coefficient is observed.25,27 At a moisture content
above 5%, the diffusion coefficient rises exponentially, whereas
previous studies report a linear relation between the
concentration and the diffusion coefficient in the entire
moisture content range.
Knowing the concentration dependency of the diffusion

coefficient, the nonlinear diffusion equation (eq 5) is solved
numerically. The black line in Figure 7 shows the Boltzmann
transformation of the calculated moisture profile. Measurement
and simulation are in good agreement, indicating that the
correct relation for the diffusion coefficient has been obtained.

Furthermore, this shows that the effective diffusion coefficient
is only a function of the moisture content D(θ), so implicit time
dependency. For the transport process this implies the absence
of memory effects and thus a local equilibrium in the system.
The diffusion coefficient as discussed above expresses the

effective rate of transport in a transient situation, while the self-
diffusion coefficient gives information about the motion of
water in absence of a concentration gradient and nett transport.
Assuming that all volume changes are small the concentration is
proportional to the moisture content as measured by the NMR.

θ ≈
ρ

×
cM

100%
w H O

d

, 2

(7)

Where Mw,H2O [g mol−1] is the molecular weight of water and
ρd [kg m−3] is the density of dry nylon. The relation between
the effective diffusion coefficient and the self-diffusion
coefficient can be found in textbooks.45

θ ≡ θ ∂
∂θ

⎜ ⎟⎛
⎝

⎞
⎠D D

a
a

( ) self
T (8)

In principle, the self-diffusion coefficient can be interpreted in
terms of free-volume models,46,47 which is beyond the scope of
this paper.
Using eq 8 and the sorption isotherm, the self-diffusion

coefficient can be calculated. This is shown in Figure 8,
pointing out that for θ > 5% the value of the self-diffusion
coefficient starts to deviate significantly from the effective
diffusion coefficient.
This self-diffusion coefficient will be larger than the diffusion

coefficient because of storage effects represented by the term
(θ∂a)/(a∂θ) in eq 8. The effective diffusion coefficient that
determines the speed of the water front in the nylon layer is
limited by the presence of the storage term. In case that θ rises
steeply around a certain value of a, the tangent (∂θ/∂a) is
steeper than the line θ/a, which makes the complete term
(θ∂a)/(a∂θ) smaller than one.
The inset in Figure 8 shows the storage term as a function of

moisture content. The storage term almost decreases linearly
up until a moisture content of 5%. At higher moisture content,
the difference between the effective and the self-diffusion

Figure 7. Moisture content (θ) profiles as a function of λ = x/(t)1/2,
wherein λ is the Boltzmann transformation, x is the distance with
respect to water/nylon interface and t is the time. The data points (□)
are obtained from the Boltzmann transformation of the moisture
content profiles and the solid line represents the simulated profiles.

Figure 8. Effective diffusion coefficient D and self-diffusion coefficient
Dself as a function of moisture content θ. Both coefficients exhibit a
highly nonlinear dependency on the moisture content. The inset
shows the storage term (θ∂a)/(a∂θ) as a function of moisture content.
Water storage capacity increases faster above θ = 5% and limits the
effective diffusion coefficient.
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coefficient is the largest because the water storage capacity
increases with moisture content. It is concluded that the
effective diffusion coefficient for water uptake at room
temperature shows a highly nonlinear concentration depend-
ency.
Plasticization. The amorphous phase is the place for

storage and transport of water. More insight into the effect of
water on the amorphous phase (plasticization) is obtained by
exposing the nylon film to D2O. The measurements are
conducted using an excess of D2O because the hydrogen on the
amide group (N−H) is likely to exchange.48 The resulting
signal will solely consist of hydrogen nuclei on the polymer
backbone (−CH2−) in the amorphous phase of the film. Figure
9 shows the profile of a film equilibrated with D2O. Thereafter

the heavy water is removed and normal water is put on top of
the film. A profile of the equilibrium situation for H2O is also
shown in Figure 9.
This experiment shows that roughly half of the signal in a

saturated film comes from water, whereas the other half
originates from mobilized polymer. Quantitatively, it can be
argued that for every observable monomer of nylon about 5.5
molecules H2O appear in the signal of a water uptake
experiment. According to the theory of Puffr et al.,14 who
stated that water in nylon is bound to specific sites (the amine
groups) or exist as clusters. For bound water they found that
three water molecules are bound to two neighboring amide
groups.4,14,15 Following the ideas of Puffr et al. and assuming
that all detectable water is associated with all detectable nylon
monomers, this would mean that 1.5 molecules of water are
bound by the amide group of a mobile monomer and 4
molecules of water are organized in a cluster in the
neighborhood of this monomer.
The signal intensities of the water and the deuterium signal

can be understood by calculating the expected signal based on
the proton densities of nylon ρN [m−3] and water ρw [m−3].
The signal fraction due to water equals:

=
ρ

ρ + ρ
S w

w N (9)

The ratio of ρw and ρN can be related to the moisture content θ:

θ =
ρ
ρ

×
M

M
11
2

100%w

N

w H O

w nylon

,

, 6

2

(10)

Using the molecular weight of a nylon monomer Mw,nylon6 [g/
mol] of 113 and a signal ratio ρw/ρN of 0.08 (see Figure 9), θ is
estimated to be 7%. As this value is in close agreement with the
value obtained by gravimetry (i.e., 7.5%), it is concluded that all
water is observed in a saturated system.
Similarly, the fraction of the amorphous phase visible in our

NMR measurements is calculated. The expected signal from the
total amorphous phase is equal to

=
ρ

ρ + ρ
S a

w N (11)

wherein ρa is the proton density of the amorphous phase. The
density of the crystalline and amorphous phase are respectively
1.23 kgl−1 and 1.08 kgl−1. Compensating for the degree of
crystallinity it can be shown that ρa equals 0.72ρN.

31 Combining
the eqs 10 and 11 and setting θ to 7.5%, the signal of the total
amorphous phase should be 0.75. The signal intensity of the
D2O saturated nylon-6 in Figure 9 is much lower: 0.07. This
indicates that water only influences a small part of the
amorphous phase: 10%.
The reason for this small fraction is the heterogeneous

structure of the amorphous phase, as described by Litvinov and
co-workers.40 The amorphous phase is composed of a soft
amorphous region and a rigid noncrystalline interfacial region.
They stated that the rigid fraction is not affected by water and
has a signal decay much shorter than 100 μs. This rigid fraction
is not detected in our measurements. Murthy et al.48,49 also
distinguished two types of amorphous domains in highly
crystalline nylon: a small fraction (1/3) inside the lamellae
stacks and a larger fraction outside. Absorbed D2O was mainly
found in the amorphous region outside the lamellae. For
understanding the kinetics of water transport the existence of
this heterogeneity is a crucial issue. Apparently the amorphous
phase has preferential zones where water is absorbed or can be
transported.
As plasticization in the equilibrated state has been examined

and quantified the glass transition temperature during a
dynamic uptake process is discussed now. Figure 10 shows

Figure 9. Signal intensities as a function of depth in a nylon layer
exposed to D2O and H2O. Signal intensities were measured after
equilibration. The D2O results depict that half of the signal with
respect to H2O originates from the plasticized polymer.

Figure 10. Glass transition temperature Tg and the average relaxation
time ⟨T2⟩ as a function of the moisture content θ. An increase in
moisture content decreases the Tg and increases the average relaxation
time.
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the glass transition temperature and average relaxation time as a
function of moisture content. The process of plasticization
during water uptake can be visualized by looking at the glass
transition temperature. For understanding the NMR signal, the
Tg as a function of moisture content is important. The Tg is
measured as a function of moisture content with DMTA at the
same relative humidity values as the sorption isotherm enabling
a direct conversion from RH to moisture content. The Tg of the
dry nylon is 75 °C and drops to −3 °C for an almost saturated
film (θ = 7%). At low moisture content the Tg decreases with
increasing moisture content. Above a moisture content of about
2% it drops at a lower rate. A similar behavior was also
measured by others who measured a fast decrease of Tg up to a
moisture content of 4% followed by a slower decrease going to
10% of moisture.50

When the glass transition temperature drops below room
temperature due to the uptake of moisture, the amorphous
phase will be mobilized. The glass temperature drops to room
temperature at θ > 3% as can be seen in Figure 10. The
connection between the glass transition temperature and the
NMR signal can be made by analyzing ⟨T2⟩, which is also
plotted in Figure 10. The ⟨T2⟩ as a function of the water
content is extracted from the calibration data set. The relaxation
time starts to increase at moisture content of 2.5%. The first
fraction of water (θ ≤ 2.5%) will be strongly bound to the
polymer matrix40 and therefore exhibits a fast signal decay. As
NMR is more sensitive to local mobility changes the NMR
relaxation time increases before the glass transition temperature
reaches room temperature. The increase in relaxation time
brings the signal decay in the detectable range ⟨T2⟩ > 100 μs.
With the help of the DMTA data (Figure 10) NMR signal

profiles are converted into Tg profiles. The results are depicted
in Figure 11, providing a unique view on material properties

(e.g., stiffness) of the nylon as moisture penetrates the film.
Such data can be used as input for numerical studies. The noise
level of the NMR excludes the first 2% of moisture from
detection during an uptake measurement as concluded earlier.
This implies that data from Tg above 30 °C cannot be trusted,
as indicated by the horizontal dashed line in Figure 11. At 30o

the Tg approaches the experimental temperature and the
polymer will be mobilized significantly, bringing the ⟨T2⟩ within
the detection limits. Combined with the NMR data, the DMTA
measurements provide a unique spatial distribution of the Tg
during water uptake.

■ CONCLUSION

The water uptake of 200 μm thick nylon-6 films at room
temperature was explored using NMR. The uptake process was
measured at room temperature both spatially and time-
resolved, providing a unique view at the processes. The relation
between the NMR signal and the moisture content was
established by simultaneously measuring the mass and the
NMR signal of films at various relative humidities. On the base
of such calibration, the NMR signal profiles were converted
into moisture content profiles. The calibration was validated by
coupling signal intensities to average transverse relaxation
times. A highly nonlinear relation between signal and moisture
content was observed, which underlines the need for
calibration. This will especially be the case when water ingress
is studied at temperatures below the glass transition temper-
ature of the dry nylon. The most important effect of the
calibration is the distinction between water ingress and
plasticization. The calibration showed that the signal increase
in the late state of the process when the film is nearly saturated,
is mainly due to polymer plasticization.
By applying a Matano−Boltzmann analysis a highly nonlinear

relation between the water content and the diffusion coefficient
was found. The diffusion coefficient exponentially increases as a
function of the moisture content. This does not agree with
previous studies that report a linear relation, which underlines
the necessity of a proper calibration. Analysis shows that this
diffusion coefficient is a combination of two parts; the self-
diffusion coefficient and a storage term, which is governed by
the sorption isotherm. The self-diffusion coefficient increases
more rapidly with the moisture content than the diffusion
coefficient due to the local storage of water.
Heavy water experiments provide a profound insight in the

plasticization of the amorphous phase. During uptake, the
plasticized polymer gave rise to about half of the NMR signal
intensity, whereas the other half originated from ingressing
water. Water seems to affect only a small fraction (10%) of the
amorphous phase due to the heterogeneity of the amorphous
phase. As a consequence the water will diffuse along
preferential pathways through the amorphous phase.
By combining the NMR signal and DMTA measurements,

the spatial and temporal variations in the glass transition
temperature during water uptake could be monitored. Such
profiles give information about material properties like stiffness
or swelling during water uptake.
NMR imaging gives spatially resolved information and

enables nondestructive measurements. Our study stresses that
a calibration of the NMR signal is a prerequisite for obtaining
proper relationships for the diffusion coefficient and self-
diffusion coefficient. Further, Tg profiles can be calculated,
which enables a quantitative visualization of the plasticization
process during water uptake.
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Figure 11. Time dependent evolution of the glass transition
temperature in the nylon film during moisture uptake. The profiles
show that the local Tg decreases when moisture penetrates the film.
The time interval between subsequent profiles is 17 min. The
horizontal dotted line at 30 °C is the experimental noise level, above
which the Tg values cannot be trusted.
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ABSTRACT: The ability to characterize individual electro-
spun fibers is essential in order to understand and control this
complex process. In this paper, we demonstrate that confocal
Raman microscopy is a powerful method to quantify molecular
orientation and structure at the individual fiber level using
poly(ethylene terephthalate) as a model system. Highly repro-
ducible polarized spectra with an excellent signal-to-noise ratio
were measured in 1 min or less for fibers with a diameter as
little as 500 nm. The orientation of smaller fibers can also be
probed using a calibration procedure. Our results reveal a very
broad distribution of molecular orientation and structure within
the samples: some individual fibers are completely isotropic and amorphous while others present a ⟨P2⟩ orientation parameter as large
as 0.75. The development of this large orientation is accompanied by a gauche-to-trans structural conversion into the mesomorphous
phase. Even the most highly oriented fibers only present a very small degree of crystallinity.

■ INTRODUCTION
Electrospinning is a technique that produces continuous fibers
of various natural and synthetic polymer systems with typical
diameters ranging from a few hundreds of nanometers to a few
micrometers. In the past 2 decades, it has gained much atten-
tion for its versatility, simplicity, and efficiency for producing
nanoscale materials for applications in catalysis, tissue engineer-
ing, filtration, biosensors, drug delivery, and electronic devices.1,2

However, the widespread application of electrospun fibers is still
limited by a poor understanding and control of their physical
properties.2

Molecular orientation and crystallinity are parameters that
strongly influence properties of nanofibers. Recent studies have
demonstrated that the strong elongational forces experienced
by the jet during the electrospinning process result in the for-
mation of nanofibers with a high degree of molecular orienta-
tion and/or distinct crystal morphology for several highly
crystalline polymers.3−5 These fibers are usually characterized
by techniques such as X-ray diffraction (XRD) and infrared
spectroscopy that require performing measurements on large
bundles in order to obtain acceptable signal-to-noise ratios. As a
consequence, one must assume a uniform distribution of structural
characteristics in the sample and, for molecular orientation, a per-
fect alignment of fibers within the bundle. In practice, electrospun
nanofibers usually present a large distribution of diameters and
morphology, are often only partially aligned, and sometimes
contain defects such as beads due to jet instabilities during the
electrospinning process.6 The development of characterization
techniques adapted to the size of individual nanofibers therefore
appears as a critical need.
Selected-area electron diffraction (SAED) has been successfully

used to characterize the orientation and crystalline structure within

single nanofibers of highly crystalline polymers such as poly-
ethylene,7 nylon-6,8 polylactide,8 and poly(ε-caprolactone).9 A
high degree of orientation along the fiber axis was observed in all
cases. However, SAED can require exhaustive sample preparation,
depending on the thickness of the fiber, and precise quantification
is affected by the sensitivity of most organic polymers to electron
beam damage.10 Another major limitation of diffraction techniques
is that they are normally restricted to the analysis of the crystalline
phase and are thus of limited use for fibers of amorphous or low-
crystallinity polymers. As a matter of fact, increasing attention has
been paid in the past years to the orientation of the amorphous
phase in nanofibers. Several atomic force microscopy (AFM)
studies of single fibers revealed a sharp increase of Young’s modulus
with a decreasing fiber diameter.11,12 This observation was attributed
to an anisotropy of the amorphous phase which would be induced
by confinement when the fibers reach down a critical diameter.12,13

This phenomenon still needs to be correlated with direct and
quantitative orientation measurements at the single fiber level.
Confocal Raman spectroscopy offers many advantages for

the study of individual fibers since it provides molecular level
information about conformation, interactions, and crystallinity.
Moreover, it enables distinguishing between the molecular
orientation of the crystalline and amorphous phases. Bellan and
Craighead first proposed using this technique to characterize
the orientation of single nylon-6 electrospun nanofibers.14

Unfortunately, the low signal-to-noise ratio of the four polarized
spectra required to quantify orientation lead to values outside the
theoretical range, casting a doubt on the applicability of Raman
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spectroscopy for nanofibers. In fact, to our knowledge, no other
successful results were published.
In this paper, we demonstrate that the molecular orientation

of single electrospun fibers with diameters down to 500 nm can
be quantified using confocal Raman spectroscopy. Nanofibers
of poly(ethylene terephthalate) (PET) were used as a model
system since its Raman spectrum is well understood. Spectra
with an excellent signal-to-noise ratio can be recorded in less
than a minute. We finally show that Raman spectroscopy can
readily be used to quantify the distribution of conformations
and crystallinity within a collection of single nanofibers.

■ THEORETICAL SECTION
The orientation distribution function (ODF) for uniaxially
oriented samples such as fibers, N(θ), can be expressed as an
expansion of even Legendre polynomials Pl(cos θ):

15,16

∑θ = + ⟨ ⟩ θ⎜ ⎟
⎛
⎝

⎞
⎠N l P P( )

1
2

(cos )
even

l

l l
(1)

The ⟨Pl⟩ coefficients, called order parameters, are determined
experimentally. The brackets indicate that they represent the
average value of the lth Legendre polynomial over the complete
distribution of orientation. Polarized Raman spectroscopy gives
access to the second and fourth coefficients of the series, ⟨P2⟩
and ⟨P4⟩, defined as15−17
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⟨P2⟩ is 1 for a perfect orientation along the fiber axis (Z), 0 for
an isotropic distribution, and −0.5 for a perfect orientation
perpendicular to the fiber axis (X). According to the Schwarz
inequalities, the ⟨P4⟩ values are restricted to a certain range for
any given ⟨P2⟩ value:
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The maximum and minimum ⟨P4⟩ values are associated with
unimodal and bimodal orientation distributions, respectively.15−17

With knowledge of the ⟨P2⟩ and ⟨P4⟩ coefficients, the most
probable ODF can be estimated using the entropy theory.18

In Raman spectroscopy, the scattered intensity for a given
vibrational mode depends on the shape and orientation of its
polarizability ellipsoid, which can be described by a second
rank tensor, α, in terms of its principal components α1, α2,
and α3.

15,19
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where a1 = α1/α3 and a2 = α2/α3. Bower
20 developed the theory of

orientation quantification by Raman spectroscopy by establishing a
linear relationship between the measured polarized spectral
intensities (Is), the principal components of the Raman tensor,
and the order parameters (⟨P2⟩ and ⟨P4⟩) according to

∑= ′ αI I l l( )s
i j

i j ij0
,

2

(6)

where I0 depends on instrumental factors such as the laser power, l′i
and lj are the direction cosines of the polarization vector of the
incident and scattered beam, respectively, and αij are the com-
ponents of the Raman tensor expressed in the labo-
ratory frame. The brackets represent the mean value over the
distribution of orientation. Assuming uniaxial symmetry, there are
only five independent and nonzero equations that describe this
dependency. The so-called “complete method” involves recording
12 different Raman spectra in three different geometries.21

In confocal Raman spectroscopy, only the backscattering geo-
metry is accessible so that a limited set of two parallel-polarized (ZZ
and XX) and two cross-polarized (ZX and XZ) spectra can be mea-
sured. In this notation, the first letter corresponds to the polarization
of the incident beam and the second to that of the selected com-
ponent of the scattered beam. This limitation requires additional
approximations to quantify ⟨P2⟩ and ⟨P4⟩, as described in detail by
Rousseau et al.19 Common constants can be eliminated by calcu-
lating the ratios of the experimental cross- and parallel-polarized
spectra.15,19,22 These two ratios, R1 and R2, are related to the αij
elements of the tensor as described by
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A and B are constants that take into account the depolarization
of the incident and scattered beam in the focal plane associated
with the use of a high numerical aperture (NA) objective.23 B is
not negligible when using a high NA objective and requires
considering out-of-plane contributions of the Raman tensor to the
measured spectral intensity. The ⟨(αij)

2⟩ terms in eq 7 contain
four unknown parameters, namely a1, a2, ⟨P2⟩, and ⟨P4⟩. With the
approximation that the Raman tensor has a cylindrical symmetry,
that is a1 = a2 = a, the ⟨(αij)

2⟩ terms can be expressed as:19
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The “a” parameter can be determined by measuring the polarized
intensities of the band of interest for an isotropic sample. For such
sample, R1 and R2 are equivalent to the depolarization ratio, ρ,
since ⟨P2⟩ and ⟨P4⟩ are equal to zero, and can be expressed as:19

ρ = = = + −
+ + + −
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It should be noted that the use of eq 9 to obtain “a” implies
the approximation of a constant depolarization ratio over the
whole range of orientation investigated. With knowledge of “a”,
one can finally solve eqs 7 and 8 to determine ⟨P2⟩ and ⟨P4⟩.

■ EXPERIMENTAL SECTION
Sample Preparation. Poly(ethylene terephthalate) (PET) flakes

(Scientific Polymer Products) with an inherent viscosity of 0.58,
trifluoroacetic acid and dichloromethane (Fisher Scientific) were used
without further purification. Fibers were prepared from a 15% w/w
solution of PET in a 50:50 w/w mixture of trifluoroacetic acid and
dichloromethane. Solutions were introduced in a glass syringe
equipped with a 0.41 mm diameter flat-end needle. A 27 kV positive
voltage was applied to the needle tip using a CZE 1000R high-voltage
power supply (Spellman High Voltage Electronics) while a 2 kV
negative potential (Power Designs) was imposed on two parallel
metallic rods to collect the electrospun fibers. The distance between
the needle tip and the collector was 15 cm. Small quantities of fibers
were then collected on a BaF2 window and dried under vacuum for at
least 4 h prior to analysis by Raman spectroscopy.
Raman Characterization. Spectra were recorded in the back-

scattering geometry with a LabRam HR800 spectrometer (Horiba
Jobin Yvon) coupled with an Olympus BX41 microscope. The con-
focal hole and the slit width were fixed at 100 and 150 μm, respec-
tively. A 632.8 nm He−Ne laser was focused on the fiber with a 100X
long working distance objective (0.8 NA). The power at the sample
was ∼10.5 mW. A half wave plate was used to select the polarization of
the incident laser beam and a polarizer was used to select the X or Z
component of the scattered beam. A scrambler was placed before the
600 groove/mm holographic grating in order to minimize its
polarization-dependent response.
Individual nanofibers isolated by several micrometers from their

nearest neighbors were aligned with their long axis along the Z
direction and polarized spectra were recorded in the order: ZZ, ZX,
XX, XZ, ZZ(2). The fifth spectrum was recorded to detect any drift of
the system during acquisition. Any series showing more than a 5%
difference in the absolute intensity of the 1616 cm−1 band in the ZZ
and ZZ(2) spectra was rejected. The depolarization ratio was
determined with polarized measurements on isotropic amorphous
PET films. Correction factors were applied to all spectra to
compensate for the residual polarization dependence of the
spectrometer. They were determined by recording polarized spectra
of isotropic amorphous films of PET and polystyrene for a series of
bands with known depolarization ratio.

■ RESULTS AND DISCUSSION

Orientation Quantification at the Single Nanofiber
Level. The bottom of Figure 1 presents an example of a full set
of parallel- and cross-polarized Raman spectra for a ∼500 nm
electrospun PET fiber in the 1575−1775 cm−1 spectral region.
No smoothing or baseline corrections were applied. An
excellent signal-to-noise ratio can be observed, on the order
of 200:1 for the 1616 cm−1 band in the ZZ spectrum and of
100:1 in the cross-polarized spectra (XZ and ZX). This high
spectral quality was achieved with a short acquisition time of
only 30 s per spectrum. In fact, acceptable polarized spectra
could be acquired with an integration time as short as 5 to 10 s,
depending on samples, but six acquisitions were averaged in
order to improve the signal-to-noise ratio.
The molecular orientation of this nanofiber was quantified

using the intensity of the 1616 cm−1 band, which is assigned to
the symmetric CC stretching of the benzene ring.24 The
principal axis of its tensor is aligned along the C1−C4 axis with a
tilt angle of 20° with respect to the main chain.25 This band is
of particular interest since it is reported to be representative of
the overall orientation of the system thanks to its constant

bandwidth and position upon orientation and/or crystalliza-
tion.26,27 In contrast, the 1725 cm−1 band, which is due to
symmetric stretching of the carbonyl groups, shifts and narrows
with increasing crystallinity.24,28,29 The orientation of this
nanofiber is small with a <P2> value of 0.08 after adjustment for
the 20° tilt angle of the 1616 cm−1 band. This result appears
consistent with previous XRD studies on electrospun PET
nonwovens that reported a small degree of orientation.30

Figure 1 also presents examples of polarized Raman spectra
obtained for two other nanofibers with a ∼500 nm diameter.
For clarity, only the parallel-polarized Raman spectra (ZZ and
XX) are shown. The spectra clearly demonstrate the
nonuniformity of the orientation from fiber to fiber within
the sample. Indeed, some nanofibers show a surprisingly high
degree of orientation with ⟨P2⟩ values as high as 0.75. Such high
values have never been reported for PET nanofibers and are
unexpected for nanofibers composed of a low-crystallinity
polymer. To our knowledge, ⟨P2⟩ values of this order of
magnitude have only been observed for fibers composed of
highly crystalline polymers such as poly(ε-caprolactone),5

poly(ethylene oxide) (PEO)3 and PEO complexes with
urea.31 The nonuniformity of orientation within the sample is
consistent with the recent SAED study of Yoshioka et al.7 on
individual electrospun polyethylene nanofibers. In their case, a
direct correlation was established between the molecular
orientation and the diameter of the fibers. Such a clear
dependence was not observed in this study for PET nanofibers,
possibly because the diameter of most fibers was close to the
spatial resolution of the optical microscope and could not be
determined with high accuracy. This limited spatial resolution is
the main weakness of Raman microscopy as compared to TEM-
based electron diffraction.
As mentioned in the Theoretical Section, the calculation of

these ⟨P2⟩ values assumes that the tensor of the 1616 cm−1

band is cylindrical and is not affected by changes in orientation
and/or crystallinity, as first proposed by Purvis and Bower.25

These assumptions have been questioned by Lesko et al.26 and
later by Yang and Michelson32 who reported that the shape of
this Raman tensor is not perfectly cylindrical and evolves with
structural changes, leading to a larger error in the magnitude of
⟨P2⟩ and ⟨P4⟩ with increasing orientation. However, the

Figure 1. Polarized Raman spectra for three representative individual
electrospun PET fibers in the 1575−1775 cm−1 spectral region. For
clarity, the cross-polarized spectra (XZ and ZX) are only shown for
one fiber.
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consequence is a slight underestimation of ⟨P2⟩ so that the large
values reported here for highly oriented PET nanofibers are not
overestimated and comparisons from fiber to fiber are still
reliable.
Figure 2 shows the polarized Raman spectra of the same

three fibers in the 675−1175 cm−1 spectral region. The bands

are considerably weaker, especially in the cross-polarized spectra
since most of them have a small depolarization ratio,25 but their
signal-to-noise ratio is still sufficient to allow quantitative analysis.
These spectra strongly support the quantitative nature of our
orientation results. In particular, the 795 cm−1 band, which is due
to a combination of CO and ring ester C−C out-of-plane
bending and ring torsion33 is well-known for its insensitivity to
orientation.29 Its equivalence in both parallel-polarized spectra (ZZ
and XX) for all samples demonstrates that the distribution of ⟨P2⟩
values observed from fiber to fiber is real and not an artifact due to
incorrect focusing.
The 998 cm−1 band, which is associated with O−CH2 and

C−C stretching of the ethylene glycol unit in the trans conforma-
tion,29 appears only in the ZZ spectra of oriented nanofibers and
its intensity increases with orientation. A similar but more
complicated behavior is observed for the 1096 cm−1 band which is
also associated with the trans conformation.24 This is in agreement
with the gauche-to-trans rotational isomerization of the ethylene
glycol units upon orientation.34 These results indicate that the
population of trans conformer increases with the overall
orientation of the polymer chains and that their degree of
orientation is extremely high in all cases. In contrast, the bands
associated with gauche conformers24 show the opposite behavior.
In particular, the 1030 cm−1 band does not show any polarization
dependence and only appears in the spectra of weakly oriented
fibers while the 886 cm−1 band shows a drastic decrease in
intensity in both parallel−polarized spectra upon orientation.
These results suggest that the gauche conformers are essentially
isotropic and that their fraction decreases with the overall
orientation of the system. Similar behaviors were observed by
Adar and Noether29 and by Yang and Michelson32,35 in their
studies of spin-oriented PET fibers.
Over 15 PET nanofibers showing the intensity equivalence

for the 795 cm−1 band and a high reproducibility between the

ZZ and ZZ(2) spectra were analyzed. The ⟨P2⟩ and ⟨P4⟩ values
were always found to be in the acceptable range defined by the
limiting values of eq 4. These two order parameters were used to
calculate the most probable orientation distribution of the polymer
chains within nanofibers using the entropy theory.18 Figure 3

shows the ODF determined for the three fibers shown as examples
in Figures 1 and 2. For weakly oriented samples, the distribution is
almost constant for all polar angles. For more oriented samples,
both ⟨P2⟩ and ⟨P4⟩ follow a similar increasing trend. This leads in
all cases to a unimodal ODF with its maximum along the fiber axis
(polar angle of 0°). For the most highly oriented samples, the
ODF is significantly narrowed as compared to the one associated
with smaller ⟨P2⟩ values.
The results obtained here show a significant improvement in

spectral quality as compared to those previously reported,14

leading to a much better confidence in the validity of the quan-
titative analysis. We believe this is mainly due to the differences
in sample handling and in the objective used. Indeed, even
imperceptible fiber movements during the experiment are
detrimental to the reproducibility between the ZZ and ZZ(2)
spectra. The relationship between the absolute band intensities
of the four polarized spectra, which is required to perform
orientation quantification, therefore becomes compromised.
To overcome this problem, small quantities of fibers were
electrospun between two parallel rod collectors and carefully
transferred on a BaF2 window, a planar and Raman-inactive
substrate in the spectral regions of interest. The samples were
further dried under vacuum for a few hours in order to
eliminate the residual solvent before measurement. It was found
that if the fibers are allowed to completely dry before their
transfer on the substrate, the focus equivalence is impossible to
achieve. We believe that traces of solvent that are always
trapped in nanofibers immediately after electrospinning, even
when using volatile solvents, helped to initially adsorb the fibers
on the substrate. This prevented any motion after the sub-
sequent drying and enabled reproducible measurements, even a
month after the fiber deposition. Attempts to use transmission
electron microscopy grids were unsuccessful because the points
of contact between the nanofibers and the substrate were not
sufficient to prevent movements. The size of the laser spot on
the sample is also a key factor in obtaining high signal-to-noise

Figure 2. Polarized Raman spectra of single electrospun PET fibers in
the 675−1175 cm−1 spectral region. For clarity, the cross-polarized
spectra (XZ and ZX) are only shown for one fiber.

Figure 3. Most probable orientation distribution function determined
for three single electrospun PET nanofibers.
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ratios. The diameter of the laser spot was approximately 700
nm with our 100× objective as compared with a 4 μm spot
reported by Bellan and Craighead with a 50× objective.14 As a
consequence, the signal-to-noise ratio was drastically improved
even if the total acquisition time was reduced from 600 s to less
than 60 s for each polarized spectrum.
The very broad distribution of orientation level observed

from fiber to fiber within the same electrospun sample reveals
the need of characterizing a large number of fibers to properly
describe these heterogeneous systems. In order to reduce the
time necessary to perform such analysis, we established a
calibration curve relating the orientation parameters to the
intensity ratio of bands in a single polarized spectrum. The ZZ
spectra appeared as the best option because of their larger
signal-to-noise ratio. Figure 4 presents the linear relationship

established between the 1616/705 cm−1 band ratio and the
⟨P2⟩ and ⟨P4⟩ parameters. Both calibration curves show an
excellent linearity with a correlation coefficient of 0.98. Interestingly,
⟨P2⟩ and ⟨P4⟩ evolve collinearly and ⟨P4⟩ is systematically slightly
smaller than ⟨P2⟩. These order parameters result in unimodal ODFs
that become narrower with increasing ⟨P2⟩ as shown in Figure 3 for
selected examples. These calibration curves eliminate the need of
recording the full set of polarized spectra and, importantly, to
achieve spectral quality equivalence between the spectra before
the measurement, which is the most time-consuming step of the
experiment. Semiquantitative orientation information can there-
fore be obtained in less than 1 min based on the acquisition of a
single ZZ spectrum. To our knowledge, such short measurement
time for individual electrospun nanofibers has not been achieved
by any other technique.
The orientation of 35 additional individual nanofibers from

five independent samples (from different sample depositions)
was quantified using this strategy in order to evaluate the
distribution of orientation of the PET sample from a statistical
point of view. The fibers appeared to separate into three non-
overlapping clusters: approximately 70% of the fibers were only
slightly oriented with an average ⟨P2⟩ value of 0.09 and a
standard deviation of 0.04, 20% were very highly oriented
with ⟨P2⟩ = 0.70 ± 0.04, and only 10% of the fibers had an
intermediate level of orientation between these two extremes

(⟨P2⟩ = 0.32 ± 0.08). It should also be pointed out that large
variations of orientation were also observed when analyzing
points separated by tens of micrometers along some single
fibers. It is clear that orientation quantification on bundles
would have missed this fundamental information about the
heterogeneity of the system.
In addition to enabling statistically meaningful studies, this

calibration procedure enables evaluating the orientation of
fibers with diameters smaller than 500 nm. Even if a very good
signal-to-noise ratio can be obtained by increasing the
acquisition time, we were not able to perform strict molecular
orientation quantification for fibers with a size comparable to or
smaller than the diffraction limit of the laser: the intensity
equivalence for the 795 cm−1 band in the ZZ and XX spectra
was no longer achievable. The calibration curves of Figure 4
enable to overcome this diameter limitation and to study
orientation in thinner fibers. These calibration curves should
remain valid even if the behavior of ultrathin fibers departs from
that of the larger ones since the two bands are well-known for
their insensitivity to morphological changes.

Structural Analysis at the Single Nanofiber Level. In
addition to orientation, rich structural information can be
obtained at the single nanofiber level using confocal Raman
spectroscopy. It is well-known that PET chains can be
organized into three distinct phases: the amorphous, the
crystalline, and the mesomorphous phases. The amorphous
phase is largely dominated by the gauche conformers of the
ethylene glycol units while the trans conformation is adopted in
the crystalline and mesomorphous phase.36 These two phases
are mainly differentiated by the organization of the
terephthalate groups, which are randomly oriented in the
mesomorphous phase and coplanar in the crystalline phase.37

Cold-drawn PET films38 and spin-oriented fibers29 were shown
to be dominated by the mesomorphous phase. On the other
hand, samples stretched above Tg or annealed after the drawing
process additionally give rise to crystallization.39 This micro-
structure has a large impact on the physical properties of the
samples. It is therefore interesting to evaluate the nature and
the relative importance of the phases formed during the
electrospinning process, as well as their homogeneity from fiber
to fiber.
As mentioned when discussing Figure 2, the evolution of the

998 and 886 cm−1 bands clearly shows an increase in trans
conformers when going from slightly to highly oriented fibers.
Rodriguez-Cabello et al.40 proposed quantifying the gauche and
trans fractions (FT and FG) using these two bands and the 795
cm−1 band as an internal reference, which was later replaced by
the 705 cm−1 band:41
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where p1 and p2 are coefficients that express the relative weight
of the 998 and 886 cm−1 bands, respectively. To perform this
calculation on oriented samples, one needs to eliminate the
effect of orientation from the measured spectral intensity. Frisk
et al.42 developed a strict method to evaluate an “orientation
insensitive” spectrum and Lefev̀re et al.43 later adapted it to
Raman microspectroscopy. This method is hardly applicable
here because using the cross-polarized spectra for three of the
weakest bands of the spectrum leads to large errors. As a first
approximation, the analogue of the infrared structural

Figure 4. Calibration curves relating the 1616/705 cm−1 intensity ratio
in the ZZ spectra to the ⟨P2⟩ and ⟨P4⟩ orientation parameters. A total
of 15 PET nanofibers with diameters between 500 nm and 1 μm were
used to establish these calibration curves.
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absorbance was calculated using only the parallel-polarized
spectra:41
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Since the band intensities are normalized in eq 11, it is not
necessary to obtain the focus equivalence between the XX and
ZZ spectra so that trans and gauche fractions can be calculated
even for fibers smaller than 500 nm. The coefficients p1 and p2
were determined experimentally by rearranging eq 10 and were
found to be 0.30 and 0.32, respectively, in excellent agreement
with the reported ones.40,41,44 It should be noted that the 705
cm−1 band, used for normalization, shows a small polarization
dependence and that band fitting was not used to quantify the
intensity of the 886 cm−1 band. These two factors did not have
a significant influence on the determined coefficients.
Figure 5 shows the evolution of the trans and gauche fractions

determined independently using eq 10 as a function of ⟨P2⟩ for

a series of nanofibers covering the complete range of orienta-
tion obtained. Results show that unoriented or slightly oriented
nanofibers contain 10−15% of trans conformers, which is
consistent with the conformation distribution of totally amorphous
and isotropic PET samples.37,40 The population of trans con-
formers gradually increases with orientation and reaches 40−50%
for the nanofibers with the highest ⟨P2⟩ values. The population of
gauche conformers follows the opposite trend. This increase in
trans fraction with orientation is in agreement with studies of fibers
formed at high wind-up speed34 and of films stretched to high
draw ratios.38,44 While this method is only semiquantitative
because of the approximations associated with eq 11, it demon-
strates very well the capability of Raman spectroscopy to follow
small structural changes in individual nanofibers. It should also be
pointed out that Figure 5 includes ⟨P2⟩ values that were calculated
strictly or using the calibration curve shown in Figure 4. No
distinction can observed between these two series, reinforcing the
validity of the calibration method.
This increase in trans content with orientation can be either

due to crystallization or to the formation of the mesomorphous
phase. Crystallinity degrees must therefore be determined at the
single fiber level to discriminate between these two possibilities.
The simplest and most commonly used method is to follow the

full width at half-maximum (fwhm) of the CO stretching band
at 1725 cm−1. The carbonyl groups are randomly oriented in the
amorphous and mesomorphous phases but are coplanar with the
phenyl ring and trans to one another in the crystalline phase,
resulting in a reduction of the bandwidth. Melveger28 reported a
linear relationship between the fwhm of this band and the density
(d) of the polymer, which can then be related to the crystallinity
through

=
− +

d
fwhm 305

209
1725
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= − −X d d d d( )/( )c a c a (12b)

where da = 1.335 g/cm3 and dc = 1.445 g/cm3 are the density of
the amorphous and crystalline phases, respectively.32

Figure 6 shows the evolution of the degree of crystallinity
(labeled as model 1) as a function of ⟨P2⟩ for the series of

electrospun fibers presented in Figure 5. All crystallinity values
are very small but two behaviors can be distinguished: nano-
fibers with a ⟨P2⟩ value smaller than 0.5 are almost totally
amorphous (Xc < 0.05), while only the most highly oriented
nanofibers show a non-negligible degree of crystallinity. Xc
remains small, below 14%, for nanofibers with a trans content as
high as 50%, suggesting that the overall orientation is mainly
due to the formation of a highly oriented mesomorphous phase.
By comparison, XRD patterns recorded on PET bundles (not
shown) did not show any crystalline peaks. Kim et al.30 also
concluded to totally amorphous PET nanofibers using XRD
when studying PET nonwovens formed under similar electro-
spinning conditions. This apparent discrepancy is due to the
fact that the highly oriented fibers only account for ∼20% of
the sample. Crystallinity can hardly be detected for bundles
because the ensemble measurement averages out the nanofibers
characteristics.
For this simple quantification, only the ZZ spectra were used

since the fwhm of the 1725 cm−1 was reported to be unaffected
by orientation.28 This approximation has been questioned for
highly oriented samples.45,46 To confirm these conclusions,
crystallinity degrees were also determined using a more
elaborate method proposed by Natarajan et al.46 These authors
showed that an improved correlation between the ZZ spectra

Figure 5. Evolution of the gauche and trans fractions as a function of
⟨P2⟩ in electrospun PET fibers.

Figure 6. Evolution of the degree of crystallinity of PET nanofibers as
a function of their ⟨P2⟩. The results of models 1 and 2 were calculated
with eqs 12 and 13, respectively.
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and density can be obtained by combining the bandwidth of the
1725 cm−1 band with the intensity of the 998 cm−1 band
(normalized to the 705 cm−1 band):
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The results are shown in Figure 6 as model 2 and correlate
very well with those of the simpler model 1. Differences can be
attributed to a polarization dependence of the bandwidth of the
1725 cm−1 band and to small changes in the numerical coef-
ficients of eq 13 since they depend on the NA of the objec-
tive.46 It should be noted that both models rely on the
assumption that the mesomorphous phase (largely dominated
by trans conformers) has the same density as the amorphous
phase (largely dominated by gauche conformers). This
approximation leads to an overestimation of the crystallinity
degree47 so the conclusion that the significant increase in trans
fraction with orientation (Figure 5) is mostly due to the
formation of the mesomorphous phase is unaffected. Both
models are experimentally simple since they only require one
polarized spectrum and are therefore applicable to fibers with a
diameter smaller than 500 nm.
It is possible to draw a general picture of the structure in the

electrospun PET fibers. Results indicate that the largest fraction
(∼70%) of the fibers possess a weak orientation (⟨P2⟩ below
0.2) and are essentially amorphous, as shown in Figure 6.
Some fibers develop a much higher orientation that is almost
completely due to trans conformers. Indeed, even if the
1616 cm−1 band provides the overall orientation of the system,
the spectra of Figure 2 indicate that the orientation of the trans
conformers is very high while the gauche conformers are essentially
isotropic. Accordingly, Figure 5 shows that the increase in overall
orientation and in the fraction of the trans conformers are closely
related. These trans conformers are mostly found in the
mesomorphous phase. The strong elongational forces experienced
by the polymer chains during the electrospinning process enable the
formation of this oriented phase, but the fast solvent evaporation
limits the chains mobility and prevents the formation of the better
organized crystalline phase. Figure 6 suggests that some nuclei can
form by a stress induced crystallization process along the fiber axis
for the most highly oriented nanofibers, but that they did not have
the opportunity to grow. This behavior is similar to that observed
for fibers and films drawn at room temperature29,38 but is highly
heterogeneous from fiber to fiber. It is plausible that this hetero-
geneity originates from a broad distribution of effective elongational
forces experienced by fibers (or fiber sections) during the whipping
process.

■ CONCLUSION
In this work, we demonstrated the great efficiency of Raman
spectroscopy for characterizing molecular orientation and
structural characteristics of individual electrospun nanofibers.
Highly reproducible polarized Raman spectra of single PET
nanofibers were obtained in less than a minute with an excellent
signal-to-noise ratio. With the establishment of a calibration
curve, a single polarized spectrum was shown to be sufficient to
perform orientation quantification on a large number of nano-
fibers, including those with a diameter smaller than 500 nm.
Quantitative orientation parameters (⟨P2⟩ and ⟨P4⟩), gauche

and trans isomer fractions, and crystallinity degrees were
obtained on several individual PET nanofibers. A broad dis-
tribution of all these parameters was observed from fiber to
fiber. It was shown that the mesomorphous phase rather than
the crystalline phase was mainly dominant.
We believe that confocal Raman spectroscopy will become a

major tool for the characterization of single nanofibers. This
technique should improve our understanding of the parameters
that control the molecular orientation and structural organ-
ization of polymer chains in electrospun nanofibers.
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ABSTRACT: Micro/nanolayer coextrusion was used to
fabricate polycarbonate (PC)/poly(vinylidene fluoride)
(PVDF) layered films with significantly reduced dielectric
losses while maintaining high energy density. The high-field
polarization hysteresis was characterized for layered films as a
function of PVDF layer thickness (6000 to 10 nm) and
composition (10 to 70 vol % PVDF), and was found to
decrease with decreasing layer thickness and PVDF content.
To gain a mechanistic understanding of the layer thickness (or
nanoconfinement) effect, wide-angle X-ray diffraction, polar-
ized Fourier transform infrared spectroscopy, and broadband dielectric spectroscopy were employed. The results revealed that
charge migration, instead of dipole flipping, was responsible for the hysteresis in multilayered films. The absence of PVDF dipole-
flipping was attributed to the nonuniform electric field distribution in the layered structure, where the field in PVDF layers were
calculated to be significantly lower than that in PC layers due to large contrast in dielectric constant (∼3 for PC versus ∼12 for
PVDF). The charges were likely to be impurity ions in the form of catalyst residue or surfactants from suspension
polymerization. The characteristics of the dielectric spectroscopy relaxation indicated that ions mostly existed in the PVDF layers,
and PC/PVDF interfaces prevented them from entering adjacent layers. Therefore, as the layer thickness decreases to nanometer
scales, the amount of ion movement, dielectric loss, and hysteresis were decreased. This study provides clear evidence of the
nanoconfinement effect in multilayered films, which advantageously decreases the hysteresis loss.

■ INTRODUCTION
Capacitors are vital in nearly all microelectronics and electronic
devices, ranging from cell phones and computers to automotive
vehicles and power systems.1−3 The common uses include
signal coupling/decoupling and filtering, high current sourcing,
power conditioning, and pulsed power (or energy storage).
Currently, there are several important motivations for
developing dielectric capacitors with increased energy density
and low loss. First, it is necessary for capacitors to keep pace
with the global trend of electronics miniaturization. Second,
with the drive to decrease fossil fuel dependence, compact/
lightweight and reliable capacitors are required for applications
such as hybrid electric vehicles4 and grid converters for
renewable energy sources.5 The maximum energy density that
can be stored in an insulating material is proportional to the
dielectric constant times the square of the breakdown strength.6

Therefore, highly insulating materials with both a high
dielectric constant and high breakdown strength are desired.
To maintain high performance and reliability, it is also
necessary to maintain low losses (i.e., low-field dissipation
factor and high-field hysteresis loss) since losses reduce the
discharged energy density, cause dielectric heating, and limit
the frequency response of the capacitor.1

Polymer dielectrics have recently attracted substantial
research interest because of their excellent manufacturing/
processing advantages and electrical insulating properties. From
a manufacturing point of view, polymers are easy to produce
and process on a large scale, which makes them inexpensive.
They are also lightweight with good mechanical properties.
Regarding their electrical properties, polymers generally have a
high breakdown strength and low losses.7 Two widely used
state-of-the-art polymer dielectrics are biaxially oriented
polypropylene (BOPP) and poly(ethylene terephthalate)
(PET), which have the following measured properties: material
level energy density of 5−6 J/cm3 at breakdown, dielectric
constant of 2−3, breakdown strength of 600−700 MV/m, and
tan δ of 0.0003−0.002.2
In spite of extensive and far-reaching research efforts,

realization of high performance dielectric materials with
increased energy density and low loss is still an important
goal. One method of improving the energy density and
performance is to combine two or more different materials by
blending or in situ polymerization. Several common fillers for
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high energy density polymer nanodielectrics include barium
titanate,8−12 lead zirconate titanate,13 and titanium dioxide.14,15

Other techniques aim to modify BOPP (or PET)16 or
synthesize specialized copolymers and terpolymers, e.g.,
poly(vinylidene fluoride-co-chlorotrifluoroethylene) [P(VDF-
CTFE)] and P(VDF-co-trifluoroethylene-co-chlorotrifluoro-
ethylene) [P(VDF-TrFE-CTFE)].6,17,18 Often, the approaches
produce an enhancement in one of the properties (e.g., energy
density) but a reduction in another (e.g., dielectric and
hysteresis losses). Other common issues include commercial
viability, scale-up, cost, and mechanical/thermal stability, which
are difficult for newly synthesized materials.19,20

To improve electrical properties while maintaining mechan-
ical integrity and commercial viability requirements, we have
used the novel polymer processing technique of micro/
nanolayer coextrusion to produce layered structures. This
processing technique includes the combination of 2 or 3
polymers in an ABABABAB, ABCABCABC, or ABCBABCB
configuration, creating films with 2 to 4096 layers and layer
thicknesses ranging from tens of micrometers down to less than
10 nm.21 Prior research has shown that useful changes occur in
the mechanical, optical,22−24 and transport properties,25 as the
layer thickness is reduced to nanometer scales. From a
dielectric standpoint, analogous changes are expected and
electrical properties can be optimized by independently varying
the layer thickness and film composition. The layered film
containing one high dielectric constant material [P(VDF-co-
hexafluoropropylene), P(VDF-HFP)] and one high breakdown
strength material [polycarbonate (PC)] has been previously
studied and shown to provide significant enhancements in
breakdown strength.26,27

In this report, the nanoconfinement effect from multilayering
of PC and PVDF on reducing low-field dielectric and high-field
hysteresis losses is explored. It is found that ion migration in
PVDF layers, rather than PVDF dipole switching, is responsible
for both dielectric and hysteresis losses. Note that the PVDF is
synthesized by suspension polymerization. Therefore, the ionic
impurity should originate from surfactant residue. On the basis
of a simulation study using the diffusion model by Sawada,28,29

the diffusion coefficient and concentration of the impurity ions
were estimated to be 2 × 10−13 m2/s and <1 ppm (by weight),
respectively. By decreasing the PVDF layer thickness down to a
few tens of nanometers, both low and high field losses can be
significantly reduced. On the basis of this finding, the
synergistic effect of thin layers and additives on the physical
properties may open a door to new engineering practice in
many other applications.

■ EXPERIMENTAL SECTION
Materials. Two polymers were used in this study, one for its high

breakdown strength and the other for its high dielectric constant. PC,
Calibre 200−6 with a molecular weight of 24 500 g/mol from Dow
Chemical Company, was chosen as the high breakdown strength
material. PVDF homopolymer, Solef 6010 with a molecular weight of
64 000 g/mol from Solvay Solexis, was chosen as the high dielectric
constant material. A set of PC/PVDF multilayered films was produced
using microlayer coextrusion (Table 1). The films were coextruded
with sacrificial polyethylene (PE) skin layers on both sides of the
layered film in order to improve the film surface smoothness,
handleability, and immunity to damage. This skin was peeled off
before any measurements were carried out. In addition to the 50/50
PC/PVDF films in Table 1, compositions of 90/10, 70/30, 30/70, and
10/90 were also produced. A coextrusion temperature of 250 °C was
chosen based on the rheological compatibility of the two polymers.
The polymer rheology was characterized using a melt flow indexer
(MFI), on Kayeness Galaxy 1, at a shear rate that is similar to extrusion
conditions (10 s−1). Prior to processing the PC resin, it was dried in a
vacuum oven at 80 °C for 48 h.

Atomic Force Microscopy (AFM). The layered film cross sections
were imaged using AFM. The samples were prepared by embedding
the films in epoxy and microtoming at −40 °C with an ultramicrotome
(Leica EM FC6). Phase and height images of the cross sections were
recorded simultaneously at ambient temperature in air using the
tapping mode of a Nanoscope IIIa MultiMode scanning probe (Digital
Instruments, Santa Barbara, CA).

Dielectric Hysteresis Measurements. Electric displacement−
electric field (D−E) hysteresis measurements were carried out on a
Premiere II ferroelectric tester from Radiant Technologies, Inc. The
applied voltage was a bipolar triangular waveform at 1 Hz. An
electrostatic sandwich technique was used to apply electrodes, which
were 5.8 μm metalized BOPP films, on both sides of the film.30 An 80
μm thick Kapton mask with a 1 cm diameter hole was used to control
the area under high fields. In each sample, electric fields from 100 to
500 MV/m were applied to the sample in 50 MV/m increments. This
electrostatic sandwich setup performed better without any insulating
oils because the oil could prevent two metalized BOPP films from
coming together and establishing a tight contact with the test film. To
ensure safety, all high field measurements were remotely controlled
with a computer.

X-ray Diffraction. Wide-angle X-ray diffraction (WAXD) patterns
were obtained by aligning the incident X-ray beam parallel to the
extrusion direction (ED) of the film. The measurements were
performed on a Rigaku MicroMax-002+ diffractometer at 45 kV and
0.88 mA. A Confocal Max-Flux optics was used with a sealed tube
microfocus X-ray source, giving a highly focused beam of
monochromatic Cu Kα radiation (λ = 0.154 nm). The sample-to-
detector distance was 140 mm, and the diffraction angle was calibrated
using a CaF2 standard. The patterns were collected using an image
plate with a 50 μm pixel size.

Electric Field Dependent Polarized Fourier Transform
Infrared (FTIR). Polarized FTIR under electric field was carried out
on a Nexus 870 FTIR ESP from Nicolet with the polarizer fixed at the

Table 1. Details of the 50PC/50PVDF Multilayered Films and the Corresponding Thermal Properties

composition (vol %) (PC/PVDF) no. of layers film thickness (μm) PVDF layer thickness (nm) PVDF crystallinity (%) Tm (°C) Tc (°C)

PVDF control - 12 - 51 171 131
PC control - 12 - - Tg: 150 -
50/50 2 12 6000 48 171 132
50/50 2 6 3000 50 171 131
50/50 8 12 1500 46 171 131
50/50 8 6 750 45 171 132
50/50 32 12 380 45 171 130
50/50 32 6 187 43 172 132
50/50 256 12 50 42 171 128
50/50 256 6 25 42 171 129
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perpendicular configuration, i.e., the angle between the film stretching
direction and the polarizing light was 90°. Films were stretched about
four times at 120 °C using a homemade uniaxial stretching machine in
a Blue-M gravity oven. Carbon electrodes were evaporated onto both
sides of the film using a Denton Bench Top Turbo III high vacuum
evaporator. The thickness of carbon electrodes was optimized so that
the resulting resistance was several kΩ with a baseline transmittance of
80−90%.31−33 High electric fields were supplied with a Matsusada
AMT-20B10−B high voltage amplifier.
Dielectric Spectroscopy. Broadband dielectric spectroscopy

measurements were performed on a Novocontrol unit (0.001 Hz to
100 kHz, 25 to 200 °C) under a vacuum of 40 mTorr. Sample was
prepared by evaporating 30 nm thick aluminum electrodes with 1 cm
diameter to both sides of the test film.

■ RESULTS AND DISCUSSION
Effect of Layering on High-Field Polarization Hyste-

resis. The layer integrity and uniformity were examined using
phase contrast atomic force microscopy (AFM), as shown in
Figure 1. There were no structural defects in the multilayered

films such as layer breakup or interlayer connection, which is
the advantage of forced assembly using microlayer coex-
trusion.21,25 The layer thickness and standard deviation were
determined from the AFM images in Figure 1 to be 6200 ± 780
nm, 1600 ± 160 nm, 400 ± 90 nm, and 50 ± 10 nm for 50PC/
50PVDF 2-, 8-, 32-, and 256-layer films, respectively. These
measured thicknesses are in good agreement with the nominal
layer thicknesses given in Table 1 in the Experimental Section.
Here, an individual film is named as xxPC/yyPVDF (LL μm/
ZZ nm), where xx and yy are volume percentages of PC and
PVDF, LL is the total film thickness, and ZZ is the PVDF layer
thickness. This nomenclature will be used throughout the
paper.
To determine the effect of layer confinement on D−E

hysteresis, measurements were carried out on PC/PVDF

layered films and controls. For clarity, a single field sweep at
400 MV/m is shown for the two controls. For the layered films,
field sweeps at 100, 200, 300, and 400 MV/m are shown. The
PC control exhibited low hysteresis, which was expected for
linear dielectric materials, and the PVDF control had a large
hysteresis loop with dipole saturation at high fields, which was
typical of ferroelectric materials (Figure 2a).34 The hysteresis

behavior of layered films showed intermediate levels of electric
displacement relative to the controls, i.e., larger loops than PC
but no dipole saturation at high fields (400−500 MV/m) as
seen for the PVDF control (Figure 2).
The effects of layer thickness, electric field, and film

composition on dielectric hysteresis were studied for the PC/
PVDF layered films. In parts b−d of Figure 2, reducing layer
thickness caused a substantial decrease in the hysteresis. These
results were quantified and generalized by calculating the
hysteresis loop area as a function of layer thickness for several
different compositions and electric fields (Figure 3). It was
found that thinner layers had a beneficial effect on the
hysteresis at different electric fields (300−500 MV/m) and
compositions (10−70 vol % PVDF) (see Figure 3). When
independently studying the effects of composition and electric
field on hysteresis, the hysteresis loop area increased with
increasing the PVDF content and electric field. When the
PVDF volume fraction was 90 vol %, the high-field hysteresis
loop substantially opened up and became similar to that of
PVDF in Figure 2A (data not shown), suggesting that when the
PC layer thickness was too thin as compared to the thickness of
PVDF, the PC layers had almost no effect on reducing the
hysteresis loss. Therefore, no comparison was made for PC/
PVDF 10/90 multilayered films in Figure 3.
The above results provided us the following information.

First, the composition effect indicated that PVDF layers were
responsible for the hysteresis, which was consistent with the
large hysteresis of the PVDF control. Regarding the effect of
electric field, a higher field caused a greater electric displace-

Figure 1. AFM phase images of 50PC/50PVDF layered film cross
sections. Key: (a) 2 layers (12 μm/6000 nm); (b) 8 layers (12 μm/
1500 nm); (c) 32 layers (12 μm/375 nm); (d) 256 layers (12 μm/50
nm). The light and dark colored layers are PC and PVDF, respectively.

Figure 2. D−E hysteresis loops of monolithic controls and 50PC/
50PVDF layered films with different layer thicknesses. Key: (a)
monolithic PC and PVDF controls, 12 μm thick; (b) 2 layers (12 μm/
6000 nm); (c) 8 layers (12 μm/1500 nm); (d) 256 layers (12 μm/50
nm). Each loop at a given electric field has two poling cycles. For parts
b−d, blue, magenta, green, and red loops correspond to the poling
field being 100, 200, 300, and 400 MV/m, respectively.
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ment, part of which originated from the irreversible polar-
izations (e.g., dipoles in ferroelectric crystals and ions in the
amorphous phase).7 The mechanism behind the layer thickness
effect was, however, not immediately apparent. To determine
why nanolayers had reduced hysteresis, polarized FTIR and
broadband dielectric spectroscopy experiments were carried out
to differentiate the effect of dipole switching from that of ion
migration.
Ferroelectric Dipole Switching in Multilayered Films.

The large dielectric hysteresis in PVDF-based polymers is most
commonly attributed to dipolar switching where the dipoles in
ferroelectric crystals rotate in response to an applied field.34 In
contrast to ferroelectric PVDF, paraelectric materials like PC,
PET, and BOPP exhibit almost no hysteresis because
orientational polarization does not exist in the sample.7

Knowing that the hysteresis in layered films can originate
from orientational polarization in PVDF layers, we propose that
the possible hysteresis mechanism in layered films might
originate from dipole switching, which can be experimentally
determined using field-dependent polarized FTIR on uniaxially
oriented films.

Because dipole switching is typically associated with
ferroelectric crystals, we first examined the crystal orientation
in the PVDF layers as a function of layer thickness, using
WAXD. With decreasing the layer thickness, the crystal
orientation went from weakly on-edge (Figure 4a) to on-edge
(Figure 4b) and back to weakly on-edge (Figure 4c) with a
maximum on-edge orientation occurring in films with 200 nm
PVDF layers (Figure 4d). Here, weakly on-edge indicated that
the crystallographic a-axes had some tendency of being
perpendicular to the layers. This unexpected trend was
reproducible and some explanation of the behavior was given
in ref 35. The on-edge orientation is expected to contribute to
increased rather than decreased hysteresis,36 because the
CH2CF2 dipoles are nearly perpendicular to the chain axes
and in a plane parallel to applied field. Therefore, the WAXD
results in Figure 4d implied that dipole switching should not
correlate with the reduced hysteresis as PVDF layer thickness
decreased. The crystallite size can be estimated using the
Scherrer equation from the peak width of WAXD reflections in
Figure 4. The peak width and thus crystallite size of WAXD
reflections was not much affected by the layer thickness.
Therefore, the reduced hysteresis could not be attributed to

Figure 3. Hysteresis loop area of layered films as a function of PVDF layer thickness for different layer compositions at (a) 300 MV/m, (b) 400 MV/
m, and (c) 500 MV/m, respectively.

Figure 4. WAXD patterns of 50PC/50PVDF layered films: (a) 8 layers (12 μm/1500 nm); (b) 32 layers (12 μm/380 nm); (c) 256 layers (12 μm/
50 nm). The X-ray beam is parallel to the extrusion direction (ED, see the inset scheme). (d) Hysteresis loop area and Hermans orientation function
as a function of layer thickness for 50PC/50PVDF layered films. (e) Hysteresis loop area and PVDF crystallinity as a function of layer thickness for
50PC/50PVDF layered films.
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changes in the crystallite size.37 Because the dipole switching-
derived hysteresis can only occur in the crystals, the crystallinity
of PVDF as a function of layer thickness was also investigated
(Figure 4e). The crystallinity decreased from 51% to 42% as the
PVDF layer thickness decreased from 6000 to 25 nm. A 9%
decrease in crystallinity, however, could not simply account for
such a substantial decrease in hysteresis (Figure 4e).
Field-dependent polarized FTIR spectra for uniaxially

oriented PVDF and 50PC/50PVDF (12 μm/380 nm) films
are shown in Figure 5, parts a and b, respectively. Uniaxial
stretching was used to maximize the 509 and 488 cm−1

absorbance intensities by orienting the CF2 dipoles parallel to
the polarized light. Our experimental result showed that
uniaxial stretching did not change the shape and magnitude
of hysteresis loops as compared to the unstretched film. The
polarized light was perpendicular to the film stretching
direction (see the top panel of Figure 5). Because the PVDF
control film was stretched at 120 °C, both α and β
characteristic peaks were seen in Figure 5a.34,38 Upon varying
the applied field, the absorbance for both β and α/δ peaks
changed (note that PVDF α-phase will transform into δ-phase
upon electric poling above 100 MV/m39). Typical results for

the β-peak at 509 cm−1 and α/δ-peak at 488 cm−1 are shown in
Figure 5, parts c and d, respectively. As expected, butterfly
shaped hysteresis loops were observed in both figures,
indicating that dipoles switched in response to the applied
field.34 For the 50PC/50PVDF (12 μm/380 nm) film, only α-
phase was observed despite that it was stretched at 120 °C to
3.7 times its original length (see Figure 5b). Note that there
was no significant interference of the PC absorbance in the
range between 400 and 650 cm−1. In addition, the absorbance
of the α/δ-peak at 488 cm−1 does not vary with the applied
electric field. From this result, we conclude that there is no
dipole switching in PC/PVDF layered films. This can be
understood from the following analysis. Assuming that relative
dielectric constants for PC and PVDF are εr,PC = 326 and εr,PVDF
= 12,27,36 respectively, the nominal electric fields (E) in PC and
PVDF layers in a serial capacitor model are as follows:27,40
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Figure 5. Polarized FTIR spectra of uniaxially oriented (a) PVDF and (b) 50PC/50PVDF (12 μm/380 nm) films under different electric fields. The
stretching ratios were 400% and 370% for PVDF and 50PC/50PVDF (12 μm/380 nm) films, respectively. The polarized light is perpendicular to the
film stretching direction (see the top panel for the polarized FTIR experimental setup). For clarity, each spectrum in part b is offset by 0.005
(absorbance) to avoid complete overlap. (c) The β-peak absorbance at 509 cm−1 and (d) the α/δ-peak absorbance at 488 cm−1 as a function of
electrical field for uniaxially oriented PVDF and 50PC/50PVDF (12 μm/380 nm) films. The start and change of electric field are shown by arrows in
(c) and (d).
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Here E0 is the external electric field and ϕPC is the volume
fraction of PC. When the external electric field is 200 MV/m
for a 50PC/50PVDF film, the nominal fields in PC and PVDF
layers are calculated to be 320 and 80 MV/m, respectively. In
addition, the coercive field could increase as the PVDF
thickness decreased to the nanometer range, making dipole
switching more difficult in layered films.41,42 Therefore, we
consider that it is the low nominal electric field in thin PVDF
layers (80 MV/m) that prevent the dipole switching in the
layered films. Further increase the poling electric field may be
able to induce dipole flipping in PVDF. Nevertheless, this may
exceed the electric breakdown field of the film and cannot be
experimentally achieved.
Given no dipole-flipping in PVDF, we would like to ask:

What is the possible reason for the reduced hysteresis as the
PVDF layer thickness decreases? As we know, there are five
types of polarization in polymers, namely, electronic, atomic,
(dipolar) orientational, ionic, and interfacial polarizations.7

Electronic and atomic polarizations take place in the optical and
infrared frequencies. Therefore, there should be no loss at all
from electronic and atomic polarizations at the 10 Hz poling
frequency. Because PVDF dipoles do not flip, the observed
hysteresis can only originate from ionic and/or interfacial (or
Maxwell−Wagner−Sillars7) polarizations. If the observed
hysteresis originates from interfacial polarization, the more
layers in the multilayer film will have more interfaces and in
turn will result in greater hysteresis loss. This is contradictory to
the above experimental observation. Therefore, the observed
hysteresis can only originate from ionic polarization. The
question then is: Why the hysteresis decreases as the PVDF
layer thickness decreases in PC/PVDF multilayer films?

Charge Migration. If charge migration exists, broadband
dielectric spectroscopy can be used to detect the ion
motion.43,44 Measurements were carried out on the controls
and 50PC/50PVDF layered films as a function of layer
thickness and temperature (Figure 6). Two dielectric
relaxations were observed over the frequency (0.001−100
kHz) and temperature (25−125 °C) ranges tested: one at a
high frequency (1 kHz at 75 °C) which is not affected by layer
thickness and another at a low frequency (0.02 Hz at 75 °C)
which is layer thickness dependent. The high frequency
relaxation peak occurred in both the PVDF control and layered
films and is known in the literature as the αc relaxation of α-
form PVDF associated with the dipole wagging along the
helical axes.36,45 The αc relaxation was not significantly affected
by layer thickness because the molecular origins are much
smaller than the thinnest layers. In contrast, the low frequency
relaxation was affected by layer thickness, which indicates that
the underlying mechanism had a length scale on the order of
micrometers to nanometers; these characteristics are typical of
ion migration.43,44,46 On the basis of the tan δ of the controls
(Figure 6a), the impurity ions are predominantly in the PVDF
layers rather than the PC layers because the tan δ of the PVDF
control increased sharply at low frequencies due to ionic
conduction while the PC control was relatively flat over the
entire frequency range (Figure 6a). The dielectric spectra for
the 50PC/50PVDF (6 μm/3000 nm) film were also collected
at temperatures ranging from 25 to 125 °C (Figure 6b). As
expected from time−temperature superposition, the relaxations
shifted to higher frequency with increasing temperature. This
was used to calculate the activation energies of both charge
migration and αc processes for the layered films and PVDF
control as a function of the layer thickness (Figure 6, parts c
and d). Linear relationships between ln(peak frequency) and
reciprocal temperature were obtained for both processes
(Figure 6c), indicating that Arrhenius equation could be used
to obtain the activation energies. Values of 0.85 and 1.15 eV (1

Figure 6. Dielectric spectroscopy of (a) 50PC/50PVDF layered films at 75 °C for different layer thicknesses and (b) the 50PC/50PVDF (6 μm/
3000 nm) film as a function of frequency at different temperatures. Activation energy plots of 50PC/50PVDF (12 μm) layered films: (c) ln(peak
frequency) as a function of reciprocal temperature and (d) activation energy as a function of layer thickness for both charge migration and αc
relaxation processes. The legends in part c are also for part a.
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eV = 96.3 kJ/mol) were obtained for the activation energies in
the αc and charge migration relaxations, respectively (Figure
6d). The activation energies of the αc and charge migration
processes were comparable with those reported in the
literature.44,47,48 Regarding the effect of layer thickness, the αc
activation energy decreased as the layers became thinner. This
might be caused by the greater fraction of interphase material in
films with thinner layers. The interphase usually exhibits a set of
properties different from the bulk material.49,50

The details of charge migration51 adapted to a layered film
structure are explained as follows. Ions, in the form of
surfactant residue (Solef 6010 is synthesized from suspension
polymerization according to the manufacturer datasheet),7 are
initially homogeneously dispersed in the PVDF layer. To
maintain charge neutrality, the same number of positive and
negative charges exists. The charges are also assumed to be
confined to their respective layers because the interfaces act as
barriers to ion motion as a result of the potential barrier.7

Alternatively, due to the high resistivity of PC (i.e., value of 1017

Ω-cm from manufacturer datasheet) compared to PVDF (i.e.,
1014 Ω-cm from manufacturer datasheet), it is possible that the
PC layers and interfaces act as blocking electrodes causing the

ions to be confined in the PVDF. When an electric field is
applied, one or both of the positive and negative charges
migrate to the layer interface producing a drift current and an
ion concentration gradient. The migration may occur through
the free volume in a manner analogous to gas diffusion in
polymers.52 The charges build up at the layer interface(s) until
the drift current is balanced by the diffusion current (due to
thermal motion and the repulsion of like charges) (top panel in
Figure 7). In films with thinner PVDF layers, the amount of ion
motion and charge buildup at the interface is lower (bottom
panel in Figure 7), which decreases the hysteresis at high fields
and the amplitude of the charge migration dielectric loss peak
at low fields. In addition, the small charge separation in thin
layers allows them to relax to equilibrium faster than in thick
layers, which allows for improved output energy density.
Because the concentration of ionic impurity is estimated to be
less than 1 ppm (by weight),28 it is difficult to identify the
chemical structure of these impurity ions.

Effect of Layering on Output Energy Density and
Hysteresis Loss. Dielectric hysteresis directly affected the
output (or discharged) energy density and percent unrecovered
energy, which were determined by integrating the D-E

Figure 7. Schematic of charge migration in layered films: (top panel) thick layers and (bottom panel) thin layers. Both positive and negative ions are
needed to maintain a zero net charge. For simplicity, it is assumed that only one of the charge carriers moves. After an electric field is applied, there is
a gradient in charge concentration. Compared with thick PVDF layers, thin PVDF layers have less charge motion and total charge buildup.

Figure 8. (a) Output energy density and (b) percent unrecovered energy of 50PC/50PVDF films as a function of electric field. To confirm
reliability, each measurement was repeated twice.
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hysteresis loop of 50PC/50PVDF layered films and controls
(Figure 8). Details of this calculation can be found in ref 19.
The PVDF control had the highest output energy density at a
given electric field below 450 MV/m, whereas the PC control
had the lowest. The 50PC/50PVDF layered films were between
these two controls; however, the enhanced breakdown
strengths of the layered films resulted in higher output energy
densities (e.g., the output energy density for the 50PC/
50PVDF (12 μm, 380 nm) was as high as 11 J/cm3). Regarding
the percent unrecovered energy, both layered films and PC
control had significantly lower unrecovered energy than the
PVDF control. The percent unrecovered energy also decreased
as the layers became thinner. For example, for the 50PC/
50PVDF (12 μm, 380 nm) film the percent unrecovered energy
density was lower than that of the PC control while still having
an increased output energy density at breakdown. This
indicated that the confined PVDF/PC layers were more
efficient at discharging electric energy compared to the PC bulk
control because the ion migration was hindered by the layered
structure and interfaces. The result also showed that the 2-layer
film had a low breakdown strength, indicating that more than
two layers were required for high breakdown strength. A cross-
plot of Figure 8 was produced at 400 MV/m to illustrate the
layer thickness effect (Figure 9). Obviously, the layered
structure with the PVDF layer thinner than 380 nm was
effective at reducing hysteresis while also enhancing the output
energy density.

■ CONCLUSIONS

Multilayered films with alternating PC and PVDF were
fabricated with layer thicknesses ranging from 6000 nm to
less than 10 nm and compositions from 10 to 70 vol % PVDF.
The layered structure provided a beneficial effect, i.e., the
hysteresis decreased with decreasing layer thickness. Using
polarized FTIR and broadband dielectric spectroscopy
techniques to investigate dipole switching and charge
migration, respectively, the underlying mechanism responsible
for the high-field hysteresis was determined to be charge
migration in the PVDF layers. More specifically, the dielectric
spectra of the layered films exhibited a low frequency relaxation
process (Ea = 1.15 eV), which was attributed to charge
migration and could be attenuated by decreasing layer
thickness. This indicated that the layered structure and
interfaces (or PC blocking layers) prevented the charge species
from passing from one layer to the next. In films with thinner
PVDF layers, the amount of ion motion and charge buildup at
the interface was minimized. This in turn decreased the
amplitude of the charge migration-induced dielectric loss peak
and hysteresis. Therefore, layered structures can be utilized to

eliminate the low and high field losses in impure materials,
which is very beneficial since chemical purification processes
are time-consuming and costly. The effect of improved
hysteresis in the layered films was significant because they
could achieve increased energy density and reduced loss at the
same time. For example, the 50PC/50PVDF (12 μm/380 nm)
film had an output energy density of 11 J/cm3 but a percent
unrecovered energy significantly lower even than that of the PC
control. These findings also have important practical
implications in other electronic applications that employ
polymeric materials (i.e. semiconductor materials, liquid crystal
displays, and electrical insulation). For insulating materials, it is
desirable to remove and prevent the generation of charge
carriers that may cause ionic or dc conduction. Other
applications, however, may benefit from added ions to exploit
ionic conduction. The multilayering technique demonstrated
here has the potential for producing structures with enhanced
properties for many of these other applications.
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ABSTRACT: Polystyrene-block-poly(2-vinylpyridine), P(S-b-2VP), mi-
celles of nanometer size and core−shell spherical shape were deposited
as monolayers on silicon substrates (SiOx/Si) with varied surface
coverage using spin coating from polymer solutions in o-xylene of varied
polymer concentration. Simply on varying the polymer solution, the
micellar surface coverage on SiOx/Si, spatial order, and organization of
micelles were tailored in the monolayer regime. The surface morphology
of P(S-b-2VP) micelles was explored with grazing-incidence small-angle
X-ray scattering (GISAXS) and an atomic force microscope (AFM).
Quantitative analysis and simulations of the X-ray scattering pattern were
performed to derive the dependence of the structural and ordering
parameters of micelles on the P(S-b-2VP) concentration. Four spatial
arrangements were investigated. Upon progressively increased surface
coverage with increasing concentration, disordered spherical micelles,
loosely packed spherical micelles with hexagonal order, ordered spherical micelles with random loosely packed densities, and
closely packed spherical micelles with short-range order were obtained sequentially. This system thus serves as a model for
analysis of the impact of surface coverage as a function of polymer concentration on the shape, size, size distribution, and
assembly of truncated micelles within two-dimensional monolayers on SiOx/Si.

■ INTRODUCTION
Amphiphilic block copolymers (a-BCP) refer conventionally to
long-chain amphiphiles, each of which contains a hydrophobic
block and a hydrophilic block, linked by a covalent bond.1,2 When
a-BCP are dissolved in a selective solvent, the insoluble blocks
tend to aggregate, whereas the soluble blocks maintain contact
with the solvent, generating various micellar aggregates in
solution.1,2 In contrast, the behavior of an assembly of micelles
of monolayer thickness on interfaces is diverse and versatile.3−12

For micellar films of monolayer thickness on a solid, spherical
micelles with the lateral order of a two-dimensional superlattice
spontaneously develop on the solid surface that has a strong
affinity with one block.3−14 Simply on varying either the
concentration of the polymer in a solvent or the spin rates, the
monolayer a-BCP films were found to have ordered arrays of
spherical micelles with tunable periodicity.15 On grafting a layer of
short PS chains to hinder efficiently the interfacial interactions at
the substrate interface or on exposing the grafted layer to ozone
and ultraviolet light for a varied duration, the morphological
diversity of micelles or the hierarchical self-assembly of various
micelles in monolayered films was finely tailored.16,17 Beyond the
morphological diversity of micelles on a solid interface, diverse
morphologies were found for micelles on liquid surfaces. Varying
the temperature effected fine-tuning of varied micellar morphol-
ogies on an ionic liquid surface,18,19 or varying the surface pressure
produced a two-dimensional self-assembly of micelles at a water/
air interface.20

The surface morphology and lateral ordering of micellar
assemblies on a substrate are generally addressed with direct
imaging techniques involving a scanning electron microscope
(SEM) and an atomic force microscope (AFM), but these
techniques provide a localized view of the structural information
with limited statistics and lack the ability to probe buried and
inner structures within a film. In contrast to use of an AFM or
SEM, grazing-incidence small-angle X-ray scattering (GISAXS) is
a powerful tool to probe a surface or interface and the
nanostructures buried in thin films.21−32 The detectable length
with X-ray scattering in a grazing-incidence geometry covers a
range from less than 1 nm to hundreds of nanometers.
Measurement of relief islands on a substrate or objects buried
within a film near the critical angle of the substrate decreases the
bulk scattering from the substrate. Through GISAXS modeling
analysis with IsGISAXS software, experimental scattering data
provide quantitative nanostructure information in and out of the
plane of objects deposited on a substrate.31,32

By combining an AFM, GISAXS, and modeling of the
scattering data, we quantitatively examined the size, size
distribution, and lateral ordering of polystyrene-block- poly(2-
vinylpridine), P(S-b-2VP), micelles on bare silicon substrates at
varied surface coverage. The GISAXS data combined with
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modeling analyses provide useful insights to characterize P(S-b-
2VP) micelles in thin films over large areas. Our approach to
prepare P(S-b-2VP) monolayers with varied coverage is based
on spin coating from a selective solvent, o-xylene, containing
micelles at varied mass fraction. P(S-b-2VP) existing as
dispersed spherical micelles exhibited a narrow distribution of
size in all solutions, whereas the spin-coated P(S-b-2VP) mono-
layers appeared as truncated spheres on substrates. We
investigated systematically the dependence of truncated height,
lateral radius, intermicellar spacing, and ordering of micelles on
the P(S-b-2VP) concentration.

■ EXPERIMENTS
Sample Preparation. An asymmetric diblock copolymer P(S-b-

2VP) having molar mass Mn = 118 500 g/mol (molar masses of the
two blocks: Mn

PS = 48 500 g/mol and Mn
P2VP = 70 000 g/mol; molar

mass distribution Mw/Mn = 1.13) (Polymer Source, Inc.) was used as
received. Bare silicon wafers were cleaned in a piranha solution (3:7 v/
v 30% H2O2:H2SO4) for 40 min, rinsed with deionized water, and
dried under flowing N2. Varied amounts of P(S-b-2VP) powders were
dissolved in o-xylene. P(S-b-2VP) micellar films of varied surface
coverage were prepared via spin coating (5000 rpm, 60 s) from o-
xylene solutions of varied P(S-b-2VP) concentration in the range 0.1−1
mass %. For drying, the thin films were placed in a chamber at a
maintained temperature 26 °C with humidity less than 20%.
Material Characterization. We investigated the surface of the

thin films with an atomic force microscope (AFM, SPA400 Seiko) in
the tapping mode. AFM images were recorded with scan ranges
between 1 μm × 1 μm or 2 μm × 2 μm. We used aluminum-coated
silicon cantilevers (length 150 μm, width 26 μm, thickness 300 μm);
the force coefficient was ∼7.4 N/m, and the resonant frequency was
160 kHz. Measurements of small-angle X-ray scattering (SAXS) and
grazing-incidence small-angle X-ray scattering (GISAXS) were
performed with a Nano-Viewer (Rigaku) using Cu Kα X-rays (30 kV
and 40 mA) with wavelength λ = 1.54 Å and exposure durations
20 min for GISAXS and 1 h for SAXS. The experimental GISAXS
geometry is shown in Figure 1. GISAXS patterns were collected with

PLATUS 100 K of 83.8 × 33.5 mm2 at incidence angle 0.2°, which is
an optimal angle between the critical angles of samples and substrates.
The scattering vector, q (q = 4π/λ sin θ, with scattering angle θ), in
these patterns was calibrated with silver behenate. As an example,
Figure 1 shows the anisotropic scattering pattern of a P(S-b-2VP)
micellar film on a SiOx/Si substrate prepared on spin coating at 5000
rpm from a P(S-b-2VP) solution (0.5%).

Analysis of SAXS Data. The scattered intensity is proportional to
the product of the form and structure factors, P(q) and S(q).33 The
form factor is related to the shape of the scattering object and is given
by the Fourier transform of its distribution of electron density. The
structure factor is related to the spatial correlation about the object
assembly and is expressed with a Fourier transform of the object−
object pair correlation, considering a system of polydispersive
homogeneous spheres with a small particle concentration, S(q) ∼ 1.
The SAXS data were analyzed with a model of polydisperse core−shell
spheres, given by34

=
ρ − ρ

+
ρ − ρ

+

⎡
⎣⎢

⎤
⎦⎥

P q
V

V j qr

Qr

V j qr

Qr

( )
scale 3 ( ) ( )

3 ( ) ( )
bkg

t

c c s 1 c

c

t s solvent 1 t

t (1)

in which j1 = (sin r − r cos r)/r2 is a first-order Bessel function, radius
is rt = rc + ts, volume is Vi = (4π/3)ri

3, subscripts “c” and “s” represent
the P2VP core and PS shell, respectively, and ts is the thickness of the
shell. The Schultz distribution was introduced into the fitting to yield a
polydispersity (PDI) in the core radius. As a result, the morphological
parameters of the micelles, including the radius of the P2VP cores, the
thickness of PS shells, and PDI, were extracted from the fits of SAXS
data. The density of the poly(2-vinylpyridine) core is ρc = 1.05 mg
μL−1.30 Knowing the initial mass (wP2VP) of the P2VP block dissolved
in o-xylene, we obtained the aggregation number (na) within each
micelle and the number (nm) of micelles in o-xylene according to
expressions na = ρcVc/Mn

P2VP and nm = wP2VP/ρcVc.
30

Modeling of GISAXS Patterns and Profiles. In contrast to
modeling of SAXS data that are mainly expressed in terms of a Born
approximation (BA), the GISAXS data reveal complicated scattering
patterns or profiles as a result of multiple scattering events in terms of
a combination of reflection and refraction effects.31,32 In this case,
expressions of the scattering cross section of GISAXS patterns are best
described with a distorted-wave Born approximation (DWBA). The
software IsGISAXS was used to model the experimental GISAXS
data.31 To model the form factor, we tried varied micelle geometries,
such as truncated spheres with or without a core−shell structure. The
best agreements were obtained with use of a core−shell sphere with
truncation along the substrate normal and the interference function of
a hexagonal paracrystal of parameter D with Gaussian isotropic
disorder σD/D. In addition to the scattered intensity from truncated
micelles, a modulation of the intensity along direction q⊥ is discerned
(as indicated by a white arrow in Figure 1), which is associated with a
homogeneous layer developed at the substrate interface.23,35 To
account for the observed intensity modulation along direction q⊥, we
introduced a parameter to describe the homogeneous layer of varied
thickness L between a substrate and micellar objects in the simulations.

■ RESULTS AND DISCUSSION
P(S-b-2VP) Micelles in o-Xylene Solutions. o-Xylene is

an effective solvent for the PS block but poor for the P2VP
block. P(S-b-2VP) in a dilute, selective solvent is expected to
form dispersed core−shell spherical micelles, each of which
comprises a swollen layer of PS shell and a compact P2VP
core.15,30 To know quantitatively the average sizes and size
distributions of the P(S-b-2VP) core−shell micelles in this
work, we first employed SAXS measurements on the polymer
solutions containing P(S-b-2VP) in o-xylene at mass fraction
varied from 0.1 to 1 mass %. As Figure 2a shows, the SAXS
profiles reveal only series of scattering maxima associated with
the form factor. A feature of Bragg diffraction maxima
corresponding to the structure factor is absent from Figure
2a, indicating that the dispersed micelles in o-xylene were
disordered. We tested several models of various object shapes
to fit the SAXS data with IGOR Pro software;34 only fits with a
model of polydispersed core−shell spheres agree satisfactorily

Figure 1. Schematic view of the experimental GISAXS setup. The
sample is placed horizontally. The angle of incidence is αi and the exit
angle is αf. A two-dimensional detector collects the scattered intensity,
and a rod-shaped beamstop is placed before the detector to attenuate
the intense direct and reflected beams. Shown is a 3D AFM
topographic image revealing the surface morphology of a monolayer
of truncated P(S-b-2VP) micelles on SiOx/Si.
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with the experimental data, indicating that varying the P(S-b-2VP)
concentration in the range 0.1−1 mass % leads to the formation of
core−shell full spheres of only one type.
With simulation according to a model of polydispersed

core−shell spheres, the mean radius rc of the core, thickness ts
of the shell, and the polydispersity PDI of core−shell spheres
were obtained, shown as a function of P(S-b-2VP) concen-
tration in Figure 2b. Figure 2c shows plots of the aggregation
number constituting a micelle and the micelle number vs
concentration. This structural information indicates that
increased concentration in the range 0.1−1 mass % P(S-b-
2VP) in o-xylene led to an increased micelle number density. In
addition, no structural transition to form cylindrical or lamellar
micelles was induced on varying the concentration. The
micelles hence retained the same core−shell spherical shape.
The micelles in o-xylene exhibited a P2VP core radius 22.3−
24.9 nm with a PS shell of thickness 22.0−26.3 nm and a
polydispersity 0.12−0.15. The aggregation number na in
o-xylene obtained from SAXS was 459 to 508.
Micellar Morphology of P(S-b-2VP) with Various

Surface Coverages on SiOx/Si. Monolayer films of P(S-b-
2VP) micelles with varied surface coverage were prepared on
silicon substrates on spin coating (5000 rpm, 60 s) from
o-xylene solutions containing (S-b-2VP) at mass fractions in a
range 0.1−1 mass %. AFM measurements were performed for
surface morphological observations. The measured AFM
topographic images for the micellar films are shown in Figure 3.
Spin coating from these o-xylene solutions evidently led to only
a single monolayer of P(S-b-2VP) micelles covering SiOx at a
varied surface density. Particularly at an incomplete surface
coverage, the micelles appeared as discrete single nanodomains;
no irregular agglomerates were found. The absence of irregular
agglomerates is taken to indicate that long-range repulsions
existed between the micelles on SiOx/Si.

36

With increased surface coverage, the micelles spun from
o-xylene distributed on top of SiOx/Si with four distinct spatial
arrangements: (i) disordered spherical micelles of large
diameter (0.1 mass %, Figure 3a), (ii) loosely packed spherical
micelles with hexagonal order (0.2−0.5 mass %, Figure 3b−e),
(iii) randomly ordered spherical micelles with loosely packed
density (0.6−0.8 mass %, Figure 3f−h), and (iv) closely

packed spherical micelles with short-range order (0.9−1.0 mass %,
Figure 3i,j). No coalescence of P(S-b-2VP) spherical micelles to
form ribbon-like nanostructures through intermicelle fusion
occurred.3−5,12 In addition, the lateral diameter of isolated micelles
in case i was larger than that of micelles in cases ii, iii, and iv. For
case i, because of a small coverage, each micelle was separate from
its nearest neighbors by a large distance, and the micelles on SiOx/
Si were disordered. Measuring the dimensions (diameter and
height) of the micelles at loosely packed densities is feasible
through the AFM height profiles (Figure S1, Supporting
Information). As for the sample having the highest coverage
density, we scratched the film to visualize the cross-section profile
of micelles by AFM (Figure S2, Supporting Information). The
cross section of the AFM topography demonstrates that the
thickness of the micellar film is approximately 22−28 nm, which
length is indicative of the thickness of a P(S-b-2VP) monolayer.

Figure 2. (a) Experimental SAXS data (symbols) and fitted curves
(lines) for P(S-b-2VP) core−shell micelles at varied mass fractions in
o-xylene. The curves are shifted for clarity along the y-axis. (b) Mean
radius of P2VP cores (rs, red filled circles), thickness of PS shells
(ts, red open circles), and polydispersity of the P2VP cores (PDI, black
open diamonds) and (c) aggregation number (red filled diamonds)
and number of micelles (black filled triangles) as deduced from the fits
are plotted as a function of P(S-b-2VP) concentration.

Figure 3. 2 μm × 2 μm AFM topographies for micelles on SiOx/Si
spun from o-xylene solutions containing P(S-b-2VP) micelles at mass
fractions (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, (e) 0.5, (f) 0.6, (g) 0.7, (h)
0.8, (i) 0.9, and (j) 1.0 mass %.
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These height profiles reveal that the micelle height is less than the
lateral diameter, indicating that the micelles were truncated along
the substrate normal, displaying as truncated spheres. The height
of the truncated spheres depends intrinsically on the extent of
wetting of micelles with a substrate.36

When the samples had moderate densities of micelles
covering the surface with a narrow distribution of size
(as spun from solutions of 0.2−0.5 mass %), monolayers of
P(S-b-2VP) micelles with regular arrays were obtained (Figure 3b−e).
Each micelle was separate from its nearest neighbors at a
preferential mean distance in the range 106−87.2 nm. This spatial
arrangement is described as loosely packed micelles with hexagonal
order (case ii). In the range 0.2−0.5 mass % of coverage, increasing
surface coverage made the intermicelle distance decrease and
improved the spatial order. Because packing defects were present,
the spatial arrangements of the ordered micelles on top of SiOx/Si
reveal, however, paracrystalline domains rather than perfect single-
crystal monograins with an area greater than 2 × 2 μm2. It is worth
noting that when the coverage of micelles is not high, we can
discern that the bottom of the micelles was truncated to form a
quasi-two-dimensional, circular mat, whereas the upper half retained
a hemispherical cap shape (Figure S3, Supporting Information);
this circular mat surrounding a hemispherical-shaped structure is
speculated to comprise mainly collapsed micellar shells of PS due
to solvent evaporation. When spun from 0.6−0.8 mass %, the
micelles initiated contact with their neighbors and ordered
themselves into strings and ordered domains. Within the strings
each micelle had about two contact points with its neighbors,
whereas within the ordered domains each micelle was in contact
with more neighbors. This case is described as randomly ordered
micelles with a loosely packed density on SiOx/Si (case iii).

36

When we increased the surface coverage (as spun from
concentrations in the range 0.9−1 mass %), closely packed
micelles with short-range order formed on top of SiOx/Si
(Figure 3i,j). At case iv, the spatial order of the P(S-b-2VP)
micelles in the films was significantly lost, and some micelles in
close contact were deformed, because when the micelles
touched and adhered tightly together, they distorted into
truncated spheres along the lateral direction. As a result, when a
closely packed and dense layer of truncated micelles covered
completely the substrate, the dense monolayer of truncated
micelles resembled a bumplike structure placed on a
continuous layer over a substrate.15,30

To characterize quantitatively the micellar nanostructure of
the P(S-b-2VP) films on SiOx/Si, we measured GISAXS at
angle 0.2°. Figure 4 shows a comparison of the experimental
GISAXS 2D patterns of these films together with the
corresponding simulations. As Figure 4 a−j shows, the experi-
mental GISAXS patterns of the micellar films do not display
ring-banded scattering characteristic of monodispersed full
spheres on a solid.32 Accordingly, we exclude the possibility of
the existence of monodispersed full spheres. Furthermore, the
micellar films on SiOx/Si show no feature of Kiessig fringes.
Müller-Buschbaum et al. found that those fringes are associated
with resonant diffuse scattering as a result of correlated
interfaces.37−42 The absence of fringes is thus taken to indicate
the absence of an interfacial correlation at both interfaces of the
P(S-b-2VP) micellar films. This absence of correlated interfaces
is explained by the fact that the roughness at the free surface of
micellar films is dominated by only a hemispherical-cap contour
of truncated spheres and is not influenced by the underlying
SiOx/Si substrate.

The scattering pattern of the disordered micelles at the least
coverage density in the first image (Figure 4a) shows two spots
of attenuated intensity within the rod-shaped shadow of a
copper beam stop; the top spot is from the specular beam, and
the bottom spot is from the direct beam. The GISAXS pattern
also shows scattering lobes along the q∥ direction that are
separated by strong calabash-shaped scattering near the rod-
shaped shadow (indicated with an inclined arrow). Diffuse
scattering rods inclined at an angle with respect to the surface
normal are clearly observed in the GISAXS pattern; upon
rotation of the sample, these rods do not reveal an azimuthal
angular dependence of scattering. No Bragg diffraction streak
characteristic of ordered structures is observed in the pattern.
As the isolated micelles randomly distributed on top of SiOx/Si
at the least surface coverage (from 0.1 mass %), the scattering
features shown in Figure 4a arise only from the intramicelle
form factor describing the shape, dimension, and size
distributions of an island.
Figure 4b−e shows the GISXS patterns of micelles spun from

solutions of P(S-b-2VP) 0.2−0.5 mass % in o-xylene. In
addition to the scattering features described above, the GISAXS
patterns reveal symmetric sets of narrow Bragg diffraction
streaks parallel to the q⊥ direction. The positions of these Bragg
diffraction streaks continuously shifted to large q∥ with
increased coverage. This shift indicates a change in the relative
micellar position, i.e., a decreased intermicelle spacing. In
comparison with Figure 4a, these samples reveal apparent
inclined diffuse scattering rods. The intensity enhancement of
the inclined diffuse scattering rods is due to an increased
number of micelles on SiOx/Si. The diffuse scattering rods
interfere coherently with the narrow Bragg diffraction streaks,
producing elongated bands with enhanced intensity. No
diffraction spot resulting from 3D crystallites with a strong
uniaxial preferred orientation about the substrate normal was
present.24 These features indicate the existence of the
monolayer of micelles with a lateral order in the films. In
contrast, the GISAXS patterns for randomly ordered micelles in
a loosely packed surface coverage on SiOx/Si show that the
intensity of the inclined diffuse scattering rods gradually
weakens with increasing coverage (Figure 4f−h); this
weakening might be ascribed to shape and size variations of
micelles, caused by the deformation of micelles along the lateral
direction. Here we noted also a modulation of the intensity
along the q∥ direction (indicated by parallel arrows). Such
modulation has been found when a homogeneous layer is
formed between the substrate and particulate objects.23,35

When a closely packed and dense layer of truncated micelles
completely covers the substrate, only an apparent interference
pattern is discernible because of the complete vanishing of
inclined diffuse scattering rods (Figure 4i,j).
Figure 4a′−j′ illustrates the 2D GISAXS patterns simulated

with IsGISAXS. In the first simulated GISAXS pattern (Figure
4a′), we used only the shape function of isolated core−shell
spheres with truncation along the substrate normal and the
DWBA approach; the interference function was excluded from
this modeling pattern based on the observation of disordered
micelles at the least surface coverage (Figure 3a). To account
for the shape variations of truncated core−shell micelles, we
used only the distribution width (σR) of the core radius for
modeling. The simulation with IsGISAXS shown in Figure 4a′
agrees satisfactorily with the experimental GISAXS pattern. The
form factor of truncated spheres reveals prominent features of
scattering rods and lobes of which the scattering positions in
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the (q∥, q⊥) space depend on the sizes (height and radius) of
truncated micelles. A second prominent feature is the
modulation present at the bottom of the strong calabash-
shaped scattering (indicated with an inclined arrow). Such
modulation is present only for truncated spheres having a
core−shell structure, in which the core is P2VP and the shell is
PS. The related simulation without the PS shell layer shows no
modulation, whereas with a PS shell layer such modulation is
present (see Figure S4).
For Figure 4b′−j′, the repeating Bragg reflections along q∥ are

well reproduced with the interference function of a hexagonal
paracrystalline. The position of the principal diffraction Bragg
rod moves toward larger q∥, which accounts for a decreased
interdomain spacing. Furthermore, the simulations taking
account of a homogeneous layer reveal a pronounced modulation
of the intensity; this modulation appears as a streak along the
q∥ direction.
To improve our understanding of the in-plane and out-

of-plane structural information about micelles, we implemented
also perpendicular and parallel scan cuts on the 2D
experimental GISAXS patterns to show the 1D scattering
profiles. Figure 5 shows not only the measured data (symbols)

but also the corresponding simulation cuts (solid lines)
produced with the IsGISAXS software. Figure 5a shows the
1D off-detector-scan scattering profiles, which were extracted
from the vertical cuts along q⊥ at q∥ = 0.01 Å−1. In Figure 5a,
each off-detector-scan GISAXS profile shows an enhanced
feature, known as the Yoneda peak, that is due to multiple
scattering effects.21−23,31,32 At a small surface coverage (from
0.1 mass % solution), the Yoneda feature is sharp, which
appears at an exist angle at q⊥ = 0.029 Å−1. According to its
position, we attribute the Yoneda feature to arise from only the
SiOx/Si substrate for the X-ray wavelength that we used. As
spin-coated from solutions with polymer concentrations 0.2−
1.0 mass %, the films reveal an additional Yoneda feature
emerging at q⊥ = 0.027 Å−1, being slightly smaller than that of
SiOx/Si. This Yoneda feature is associated with critical angle
αc

P(S‑b‑2VP) of P(S-b-2VP). A superposition between the peaks
yielded a round Yoneda feature with width covering from the
critical angle αc

SiOx/Si of SiOx/Si to a value near αc
P(S‑b‑2VP). The

rounding occurred because an increased micelle coverage
produced an enhanced absorption and refraction of both the
incident and the scattered beams inside the micelle layer
itself.31,32 A second prominent feature is the intensity variation

Figure 4. Measured (a−j) and simulated (a′−j′) 2D GISAXS patterns of micelles on SiOx/Si spun from o-xylene solutions containing P(S-b-2VP) at
mass fractions: (a, a′) 0.1, (b, b′) 0.2, (c, c′) 0.3, (d, d′) 0.4, (e, e′) 0.5, (f, f′) 0.6, (g, g′) 0.7, (h, h′) 0.8, (i, i′) 0.9, and (j, j′) 1.0 mass %. The intensity
scale is logarithmic. Yellow color indicates bright intensity. Thick white arrows label the position of the principal diffraction Bragg rod.
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the first local minimum (indicated by arrowheads) observable
for micelles with varied surface coverage. The first local
minimum became deeper as the surface coverage of micelles
increased, particularly when the micelles were deposited on
SiOx/Si by spin-coating from 0.6 to 1.0 mass % solutions. This
deeper minimum is due to the presence of a homogeneous
layer between a substrate and the micellar objects.23,35

As shown in Figure 5a, the 1D GISAXS profiles for the
P(S-b-2VP) micelles reveal scattering fringes along the vertical
direction. As those fringes are associated with the form factor
of the micelles, the frequency of the fringes along q⊥ observed
for P(S-b-2VP) micelles on SiOx/Si depends intrinsically on
the micellar height. The scattering fringes smear when the
micelles have close packing at large coverage (spun from 0.9 to
1.0 mass %). The smearing implies a broad distribution of size for
the micelles.
Figure 5b shows the 1D in-plane scattering profiles, which

were extracted from the cuts along q∥ at the maximum intensity
of the lobes. As Figure 5b shows, except the case of a small
coverage of disordered micelles, other samples with concen-
trated micelles reveal scattered intensities in terms of the
product of the form factor and the structure factor. The
structure factor produces Bragg diffraction features appearing
along the q∥ direction, whereas the form factor yields fringes
observable at medium and large q∥. Figure 5b reveals a variation
of the principal Bragg diffraction for loosely packed micelles
with spatial order, continuously shifting toward large q∥ values
with varied surface coverage. The position of the principal
Bragg diffraction feature is associated with the micellar spacing.
The shifting therefore represents a modified micelle distance,
i.e., a decreased distance from micelle to micelle. When the
micelles are in close contact with each other, the principal
Bragg diffraction feature reveals a slight variation in position.
Through the modeling simulations, the structural parameters

of the core−shell micelles for the thin films prepared with spin-
coating of polymer solutions of varied concentration were
calculated. The structural parameters extracted from the fits are
shown in Figure 6; symbols ⟨R⟩, ⟨H⟩, dR, dH, L, and D are
described in Figure 7a. Figure 6a shows plots of the nearest-
neighbor distance D and disorder parameter σD/D versus
polymer concentration. Whereas the intermicelle distance D
deceased with increased concentration, the disorder parameter

σD/D behaved differently. In regime i, micelles at a small
density are deposited from a small concentration (0.1 mass %)
onto SiOx/Si; the micelles are disordered and lack a well-
defined spacing between nearest neighbors. In regime ii (in the
range 0.2−0.5 mass %), both D and σD/D decrease with
increasing concentration, indicative of improved ordering and
decreased intermicellar distance of micelles with increasing
coverage. Further decreased D would lead to decreased micellar
ordering, evident from increased σD/D with decreased D in
regimes iii and iv. We selectively annealed micelles films in
toluene and THF vapors. The hydroxyl surface of the substrate
preferentially caused adsorption of P(S-b-2VP) chains at the
interface of SiOx/Si to form a wetting layer through growing at
the expense of the disintegration of spherical micelles when the
initially disordered spherical micelles were exposed to vapors
(Figure S5). This result indicates that in the presence of a
strong affinity between the pyridine groups of P2VP chains and
the hydroxyl surface of the bare silicon wafer the ordering
improvement of micelles is therefore unachievable by solvent
annealing unless a layer of homopolymer brushes is grafted to
hinder effectively the interactions at the substrate interfaces to
prevent the P(S-b-2VP) adsorption onto SiOx/Si.

16,17

Figure 6. (a) Dependence of the nearest-neighbor distance (D: filled
circles) and disorder parameter (σD/D: filled triangles) on
concentration of P(S-b-2VP). (b) Plots show the variation of the
core size (radius ⟨R⟩: open triangles; height ⟨H⟩: open squares), size
distribution (σR: open diamonds), and ratio of height to radius (⟨H⟩/
⟨R⟩: open circles) with concentration of P(S-b-2VP). (c) Dependence
on concentration of thickness (dR: filled hexagons; dH: filled triangles
down) of PS shells and thickness (L: filled stars) of the homogeneous
layer at the substrate interface.

Figure 5. Intensity cross sections of GISAXS patterns shown in
Figures 4a−j (experimental data) and 4a′−j′ (simulated patterns). The
cuts were made (a) along the q⊥ direction at q∥ = 0.01 Å−1 and (b)
along the q∥ direction at the maximum intensity of the lobes. The
intensities are shifted for clarity along the ordinate axis.
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The central core height ⟨H⟩ and radius ⟨R⟩ and the size
distributions σR are shown in Figure 6b. Whereas the mean core
radius of P2VP was constant, the core height of P2VP
decreased with concentration. The ratio of ⟨H⟩ and ⟨R⟩ thus
decreased from ca. 1.1 to 0.75 with increased surface coverage.
For the σR polydispersity of the core radius of P2VP, two
scenarios were recognized: σR first remained constant (∼0.15)
for micelles spun from 0.1 to 0.5 mass % solutions and then
increased for micelles spun from concentrations in the range
0.6−1.0 mass %. This increased σR is due to the deformation of
micelles along the lateral direction when they are in close
contact with their nearest neighbors at a large coverage.
Figure 6c shows plots of the shell thickness and the layer

thickness versus polymer concentration. The micellar shells on
SiOx/Si reveal several prominent features; the first is that the
PS shells in a dry state have anisotropic thickness, so that shell
thickness dH normal to the substrate is different from shell
thickness dR along the substrate. Particularly with spin-coating
from a 0.1 mass % solution, dR (9.5 nm) is much greater than
dH (0.5 nm). Furthermore, both dH and dR for micelles on
SiOx/Si are less than the isotropic thickness of the PS shell in
solution. Through preferential swelling of the PS shell by
o-xylene, the increased thickness of PS is comparable with the
core radius of P2VP, even though the constituted volume
fraction of PS is less than that of P2VP. During spin-coating,
solvent evaporating from the PS block led, however, to a
collapse of the micellar shells, but micelles with a swollen shell

were soft: on coming in contact with a rigid surface, they became
truncated along the substrate normal under the influence of the
rigid surface. Both factors account for the anisotropic thickness of
the micellar shells. Whereas the dH thickness remained nearly
stable, the dR thickness decreased with concentration in the
range 0.1−0.3 mass % and then remained stable. At that
stage, the dR thickness was slightly larger than dH. According to
Figure 6, we can express the coverage density in terms of (⟨2R⟩ +
2dR)/D where the numerator (⟨2R⟩ + 2dR) denotes the
diameter of the core−shell micelle, whereas D is the nearest-
neighbor distance. The surface coverage density increases from
0.147 to 1.040 as the polymer solution increases from 0.1 to 1
mass %. At the mass fractions of 0.9 and 1.0 mass %, the surface
coverage is slightly larger than unity, indicative of a very dense
monolayer.
In addition to the presence of micelles on top of SiOx/Si, a

homogeneous layer that resulted from adsorption of free P(S-b-
2VP) chains was also present after spin-coating. Such a
homogeneous layer at the substrate interface was revealed by
Krausch, Krystyna, and co-workers with other techniques.4−6,43

Our analysis of GISAXS data also confirm the existence of the
homogeneous layer of free P(S-b-2VP) chains on the solid
surface of SiOx/Si. When micelles were spun from a solution
with polymer concentration less than 0.3 mass %, the layer
underneath the micelles was thin, less than 2 nm. The layer at
the substrate interface varied, however, continuously with
respect to concentration in the range 0.3−1 mass %. These
changes reflect an increased L with increased coverage.
On the basis of our quantitative analysis and simulations of the X-

ray scattering pattern, we propose a series of scenarios to describe
the shape, size, size distribution, and assembly of truncated micelles
within two-dimensional monolayers depending on the polymer
concentration in solution. As spun from a small concentration, free
P(S-b-2VP) chains exhibit a great tendency first to adsorb onto
SiOx/Si to form a thin homogeneous layer before micelle
adsorption, as the surface of SiOx/Si had a strong affinity for the
P4VP block (see Figure 7a); as a result, the micelles settled on top
of the homogeneous P(S-b-2VP) layer anchored with SiOx/Si
during spin-coating. At a small coverage, the micelles were dis-
ordered and lack a well-defined distance to nearest neighbors. In a
dry state, solvent evaporation led to collapsed micellar shells of thin
thickness. Furthermore, micelles deformed through truncation along
the substrate normal when they adhered to a rigid flat surface.
These micelles appeared as truncated micelles with anisotropic shell
thickness on SiOx/Si; the bottom of the truncated micelle was
assumed to form a quasi-two-dimensional, circular mat whereas the
upper half retained a hemispherical cap shape; around each
hemisphere was looped a circular mat (top view, Figure 7a). This
circular mat is speculated to comprise mainly PS chains, which we
describe as a ring-banded region. As the surface micelle was still
composed of the P2VP core and the PS shell, the size of such a
surface micelle is still described by the sum of the core radius ⟨R⟩
and the shell thicknesses (dR and dH).
Upon spin-coating of polymer solutions in the range 0.2−0.5

mass %, the micelles were packed with a long-range hexagonal
order on SiOx/Si, in which the distance between nearest
neighbors decreased with increased concentration. Before
micellar contact, two-dimensional ring-banded maps made
contact with their nearest counterparts, producing an increased
thickness of the homogeneous layer (Figure 7b). In addition, the
contact between ring-banded maps resulted also in improved
in-plane ordering of micelles, even though the hemispherical caps
were not in close contact. In this case, the presence of ring-banded

Figure 7. Schematic illustrations showing the real space of disordered
micelles having a truncated core−shell structure on top of a
homogeneous layer of P(S-b-2VP) chains anchored with SiOx/Si
(a, regime i), loosely packed spherical micelles with a hexagonal order
(b, regime ii), randomly ordered micelles with a loosely packed density
(c, regime iii), and closely packed spherical micelles with spatial order
(d, regime iv). Labels ⟨R⟩, ⟨H⟩, dR, dH, L, and D denote respectively
the central radius and height of P2VP cores, the thicknesses of PS
shells, the thickness of a homogeneous layer underneath the micelles,
and the nearest-neighbor distance.
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maps can be treated as additionally extended areas between the
micelles. Because of these additional areas, the effective radius of
the micelles was greater than their physical core−shell radius, thus
yielding ordered micelles with a loosely packed density (regime ii,
Figure 7b). Further increased surface coverage density produced
much superposition of the ring-banded maps, consequently
increasing the layer thickness at the substrate interface and
decreasing the distance between the micelles (regime iii, Figure 7c).
In regime iii, the hemispherical caps of micelles were in contact
with their neighbors and ordered themselves into strings and
ordered domains. The coexistence of strings and ordered domains
accounts for the increased disorder parameter. When the micelles
covered SiOx/Si at large surface densities, a biaxial truncation
occurred along both the lateral and normal directions because of
the close contact and tight adherence of micelles. The bottom of
the micelles was deformed to develop into a continuous layer, and
the top retained a caplike structure upon further increased surface
coverage. The lateral size and height distributions of spherical caps
had a small degree of polydispersity. As a result, the morphology of
a dense monolayer of micelles resembled a monolayer of bumps
placed on a thick continuous layer (Figure 7d). Such a phenom-
enon is similar to that found for a highly ordered monolayer of
PMMA beads by Frömsdorf.25 In our case, however, the thick layer
is comprised of not only the adhered bottom of micelles but also a
thin layer of P(S-b-2VP) chains anchored with SiOx/Si (Figure 7d).

■ CONCLUSION

Both real and reciprocal-space characterization has been used
complementarily to investigate the monolayers of P(S-b-2VP)
micelles with four spatial arrangements on SiOx/Si. Although
AFM maps directly probe the surface topography, the structural
information obtained is limited to the size and spatial ordering of
micelles in local areas. GISAXS enabled the detection of the inner
film structures, including P2VP cores and PS shells, and the
homogeneous layer underneath the core−shell micelles. Through
modeling of GISAXS data, we obtained quantitative information
about the dependence of P2VP cores, the PS shells within
truncated micelles, and the homogeneous layer underneath the
micelles on the polymer concentration during the spin-coating.
According to the structural parameters, four scenarios are
distinguished to describe satisfactorily the variations of size, size
distribution, and spatial ordering of truncated micelles with varied
density of coverage on top of SiOx/Si.
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ABSTRACT: We study the patterns spontaneously formed by
bilayer polymer films upon annealing. Specifically, polystyrene
(PS) films were spin-cast on topographically patterned
poly(methyl methacrylate) (PMMA) substrates and subse-
quently annealed at temperatures above the glass transition
temperature of both polymers. The influence of the molecular
weight and the volume of PS on the morphological evolution
of the corrugated liquid−liquid interface was examined. When
the PS formed isolated stripes both on the mesas and within
the trenches of the PMMA pattern, capillary instability was
observed for these nonaxisymmetric PS threads. The kinetics of the capillary breakup depended on the thread-to-matrix viscosity
ratio, and was dictated by the more viscous component. In contrast, the characteristic wavelength of the breakup only slightly
depended on some viscosity ratio, and reached a minimum at the viscosity ratio around 1. When the PS was thick enough to form
a continuous layer, the instability of the film further depended on the molecular weight of the PS. For a molecular weight of 13
kg/mol, the PS dewetted from PMMA via a random nucleation and growth mechanism. However, for a molecular weight of 2000
kg/mol, localized nucleation on top of the PMMA mesas led to a mesh-like PS morphology, which eventually broke up due to
capillary instability. Therefore, by controlling the molecular weight and the spin-cast volume of the top layer, the kinetics of
morphological evolution and the resulting patterns can be controlled.

1. INTRODUCTION
Polymers, in thin films or nanostructured patterns, are subject
to a range of surface and interfacial interactions. Understanding
the characteristics of these interactions and the resulting
instabilities is vital for achieving robust polymeric patterns and
structures, especially during fabrication processes. The extent of
these instabilities can be modulated by viscous and elastic
effects. Understanding of these effects promises to create
unique complex structures which are hard to approach with
top-down lithographic methods.
Capillary fluctuations are ubiquitous at viscous polymer

surfaces and interfaces. These fluctuations can lead to
spontaneous rupture or dewetting of an ultrathin (<100 nm)
polymer film on a nonwettable substrate, through a mechanism
termed spinodal dewetting.1 Thicker films are more resistant to
these fluctuations. The fluctuations can be dramatically
amplified under thermal2 or electric3,4 fields, which can rupture
a normally stable film. In the absence of external fields, a thick
polymer film can dewet from nonwettable substrates
alternatively via a nucleation and growth mechanism.5−7

Studies have shown that both types of dewetting can be
guided or directed using topographically8,9 or chemically10,11

patterned substrates.
For polymer structures with large length-to-cross-section

ratios, such as fibers, the capillary fluctuations along the axial
direction can lead to rupture of the continuous structures. For a
cylindrical liquid thread embedded within a viscous matrix, the

characteristics of the capillary breakup, including both the
wavelength and kinetics, are well captured by Tomotika’s
classical theory.12 Intriguingly, recent experiments by Knops et
al.13 showed that the capillary breakup for multiple neighboring
threads can occur simultaneously. Depending on the diameter
of the threads, the distance between neighboring threads, and
the thread-to-matrix viscosity ratio, these threads can break up
via an “in-phase” or “out-of-phase” fashion.
Recently, we discovered that polystyrene (PS) threads (or

stripes) cast on top of topographic poly(methyl methacrylate)
(PMMA) patterns also showed simultaneous capillary breakup,
creating a unique hierarchical composite film.14,15 Here we
present a systematic investigation of the influences of molecular
weight and the as-cast volume of the PS on the morphological
evolution of the PS/PMMA patterns upon thermal annealing.
With proper control of these two factors, three regimes of
phase evolution were observed: (1) a two-stage capillary
breakup for low molecular weight and relatively small volume
fraction of PS; (2) dewetting of PS on PMMA via random
nucleation and growth for relatively thicker PS films with low
molecular weight; (3) controlled nucleation of PS on PMMA
mesas followed by capillary instability. Each type of phase
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evolution resulted in a distinctive morphology featuring unique
micro- and nanostructures.

2. EXPERIMENTAL SECTION

2.1. Materials. Monodisperse (PDI < 1.1) PMMA and PS were
purchased from Polymer Source, Inc. and Scientific Polymer Products,
Inc. All polymers were used as received, and their molecular weight

and glass-transition temperature Tg are listed in Table 1. The Tgs of PS
were estimated from literature.16 As a confirmation of the
reproducibility of the literature values, we sampled the Tgs of PS13k
and PMMA12k for determination using the second Differential
Scanning Calorimetry (NETZSCH DSC 204F1) scan at a heating rate
of 20 °C/min.
2.2. Pattern Fabrication. PMMA thin films were first prepared by

spin-coating toluene solutions containing 2.5 wt % of PMMA onto
0.38 mm thick silicon substrates that had previously been cleaned with
piranha solution. The resulting PMMA films were subsequently
annealed in a vacuum oven at 150 °C for 3 hours to remove the
residual solvent. The initial thicknesses of the planar as-spincast
PMMA films were determined to be ∼150 nm. Surface grating

patterns were fabricated onto the PMMA films via thermal embossing
nanoimprint lithography (TE-NIL). The NIL process was performed
on a nanoimprinter Eitrie 3 (Obducat Inc.) at 130 °C under a pressure
of 4 MPa for 3 min. The same silicon mold was applied to all PMMA
films in order to fabricate identical grating patterns with a pitch of 834
nm, a line-to-space ratio of 1, and a pattern height of 200 nm. AFM
measurements of the as-imprinted PMMA patterns confirmed faithful
replication of the mold pattern on all samples. Prior to the NIL, a self-
assembled monolayer of tridecafluoro-1,1,2,2-tetrahydrooctyltrichlor-
osilane (Sigma-Aldrich, Inc.) was deposited on the surface of the mold
through a vapor deposition process.17 This effectively reduced
adhesion between the mold and imprinted PMMA films, thus
facilitating mold release at 70 °C (i.e., after PMMA was vitrified).

The PMMA used in this study had a molecular weight sufficiently
below its critical molecular weight for entanglement (Mc ≈ 28 kg/mol
for bulk PMMA).18,19 The patterned PMMA films were allowed
adequate time for the residual stresses imposed by the NIL process to
relax.20,21 Subsequently, PS films were spin-cast onto the patterned
PMMA films from 1-chloropentane (a selective solvent for PS22)
solutions, with different weight fractions as specified in the discussion
below, in order to obtain different thicknesses of the upper PS layer.
The resulting PS/PMMA patterns were annealed at 60 °C (below the
Tgs of both PS and PMMA) for 3 hours in vacuum to remove the
residual solvents.

2.3. Characterization of Morphological Evolution upon
Annealing. The PS/PMMA patterns were annealed under ambient
conditions for different amounts of time, on a custom-made hot stage
that had been calibrated with 7 melting-point standards (Sigma-
Aldrich, Inc.) prior to use. The evolution of the surface morphology
due to annealing was investigated with a Nikon LV150 optical
microscope and a Dimension 3100 atomic force microscope (AFM).
Furthermore, after selective removal of the top PS layer with
cyclohexane, a selective solvent for PS,23,24 we characterized the
exposed PS/PMMA interface with AFM. All the AFM measurements
were conducted using tapping mode with silicon cantilever probes that

Table 1. Molecular Weight and Tg of the Polymers Used in
This Study

polymer Mw (g/mol) Tg (°C) acronym

PMMA 12 000 107 PMMA12k
PS 4000 74a PS4k

13 000 87 PS13k
31 600 97a PS31.6k
214 000 100a PS214k

2 000 000 100a PS2000k
aValues obtained from ref 16.

Figure 1. (a−e) AFM phase images of the PS214k/PMMA12k sample after annealing at 140 °C for different amounts of time, as labeled on each
image. The insets are the representative cross-sectional profiles of each sample surface. (f) A schematic of the cross-section in part b.
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have an estimated resonant frequency of 300 kHz and spring constants
ranged from 25 to 75 N/m.

3. RESULTS AND DISCUSSION

3.1. Capillary Instabilities of PS Threads on PMMA
Patterns.
3.1.1. Morphological Evolution. Recently, we reported the

simultaneous breakup of PS13k threads that had been partially
confined on PMMA12k patterns, when annealed at temper-
atures above the Tg of both polymers.14 Here we first examine
the generality of this capillary instability by varying the
molecular weight of PS, ranged from 4 kg/mol to 2000 kg/
mol, on identical PMMA12k substrates. For PS with molecular
weight of 4 kg/mol up to 214 kg/mol, a type of two-step
capillary instability was observed when the initial volume of PS
cast on top of the PMMA pattern did not form a thick
continuous layer, similar to what had been observed in the
PS13k/PMMA12k.14

Figure 1 represents the distinctive stages during the
morphological evolution in PS214k/PMMA12k. As detailed
in the Experimental Section, the nanoimprinted PMMA pattern
had a pattern height of 200 nm (see supplementary Figure S5,
Supporting Information). After PS214k was cast onto the
PMMA pattern, the average apparent pattern height became
143 nm, with PS distributed both on top of the mesas and
within the trenches of the PMMA pattern. According to the
mass conservation method described in our previous study,14

we estimated the average thickness of PS214k on the mesas and
trenches to be 12 and 63 nm, respectively. Just after 0.1 min of
annealing at 140 °C, a temperature above the Tg of both
polymers, the overall pattern height decreased to 67 nm (inset
of Figure 1b), driven by the reduction of the overall polymer-
surface energy. During this period, the PS on the PMMA mesas
quickly retreated to the mesa centers, forming isolated narrow
threads, while the PS in the trenches formed larger threads
therein, as marked in Figure 1b, and schematically shown in
Figure 1f.
After annealing for 0.5 min, the surface of the PS214k/

PMMA system was completely smoothed out to minimize the
polymer-surface area, resulting in a root mean square (RMS)
surface roughness of Rq ≈ 0.49 nm (see the inset of Figure 1c).
During this period, the narrow PS threads on top of the PMMA
mesas broke up into lines of droplets, driven by capillary
instability seeking to minimize the total system energy (Figure
1c). Meanwhile, the width of the PS threads confined in the
PMMA trenches shrank noticeably from 417 nm in the as-cast
sample to ∼300 nm. The mass transport associated with these
subtle morphological changes was induced by the balance
between the surface tension of the PS and the interfacial
tension between the PS and PMMA, as discussed in the
following section.
This intriguing surface pattern was preserved up to 10 min.

Upon further annealing, the remaining larger PS threads also
broke up into lines of droplets due to capillary instability. The
characteristic wavelength of this capillary instability was
determined to be 2.33 μm, from power spectrum density
(PSD) analyses of the AFM phase images along the grating
lines, after the threads completely broke up. As revealed in the
FFT image (inset of Figure 1d), neighboring PS threads broke
up simultaneously via an out-of-phase fashion, consistent with
our previous report.14 The sequential breakup of the two sets of
PS threads led to a unique type of composite thin film: highly
correlated PS214k droplets with a bimodal distribution in

diameter (∼600 nm for the larger droplets, ∼65 nm for the
smaller ones), all of which were partially embedded in the
PMMA matrix. Upon further annealing, the morphological
evolution was dominated by the coalescence among these PS
droplets, reducing the PS/PMMA interfacial energy. Note that
the overall surface of the film remained flat after the capillary
breakup (cross-sectional profiles are shown in the insets of
Figure 1d and e) and no dewetting of the PMMA matrix film
was observed, since the SiOx surface was wettable for the
PMMA.
The aforementioned morphological evolution was observed

for PS with molecular weights from 4 kg/mol to 214 kg/mol, as
long as the as-cast PS on top of the PMMA pattern did not
form a continuous thick layer (which will be discussed in
section 3.2). Regardless, for these nonaxisymmetric PS threads
that are partially embedded in the viscous PMMA matrix, there
exists no theoretical model to describe the characteristic
wavelength of the capillary instability and the corresponding
breakup kinetics. In the following section, a static analysis of
this system is presented first, and then experimental findings of
the dependence of both the characteristic wavelength and
breakup time on the viscosity ratio of the PS/PMMA are
presented in section 3.1.3.

3.1.2. Static Analysis on the Capillary Instability of
Nonaxisymmetric PS Threads. An axisymmetric liquid
cylinder, with a radius r, completely embedded in an infinite
immiscible viscous matrix breaks up into droplets due to
Plateau−Rayleigh instability.25,26 This is known to be caused by
thermally induced surface fluctuations comprised of a rich
spectrum of sinusoidal waves. As a sinusoidal fluctuation with a
wavelength λ and amplitude α develops on the surface,
conservation of the cylinder volume leads to a decrease in
the average radius

′ = − αr r /2.2 2 2 (1)

The total interfacial energy, E, of such a cylinder with a
sinusoidal profile along the surface is27

= π ′λγ + απ
λ

⎜ ⎟
⎡
⎣
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⎛
⎝
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⎠
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⎥⎥E r2 1

2
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where γ is the interfacial tension between the thread and the
matrix. From eq 1 and eq 2, it is clear that at the small
perturbation limit, απ ≪ λ, E decreases with increasing
fluctuating amplitude only for modes with wavelengths λ >
2πr.28 Fluctuating waves with λ < 2πr gradually damp out as
they are energetically unfavorable.
In the following, we use a geometric analysis to determine

the cutoff wavelength for the capillary instability of non-
axisymmetric liquid threads that are partially embedded in
another viscous medium. Such threads were found at two
different stages during annealing for our PS/PMMA system, for
example, in the PS214k/PMMA12k system shown in Figure 1:
∼80 nm wide PS threads on PMMA mesas as marked in Figure
1b, and ∼300 nm wide PS threads originated from the PS cast
into the PMMA trenches, as marked in Figure 1c. These PS
threads were bounded by two interfaces, one air and the other
PMMA. Since the cross-sectional length scale was well below
the capillary length (κ−1 = (γ/ρg)1/2 ≈ 1.8 mm) of the PS at
140 °C, gravity was negligible compared to the surface/
interfacial tension. The equilibrated cross sections of the two
sets of PS threads, on mesas and within trenches, were similar
in shape but different in size. In the following, we focus the
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discussion on the larger PS threads confined within the PMMA
trenches, because of the smaller experimental uncertainty.
As schematically shown in Figure 2, the cross-sectional

shapes of the threads are determined by the balance of the

Laplace pressure at the PS−air surface with that at the PS/
PMMA interface

Δ =
γ

=
γ−P

r r

2 2
Laplace

S M

1

PS

2 (3)

where γPS and γS−M are the surface tension of the PS and the
interfacial tension of the PS/PMMA, respectively. At a given
annealing temperature, γPS ≫ γS−M. For example, at 140 °C, γPS
= 32.1 mN·m−1 (invariant in the range of PS molecular weights
studied here) and γS−M = 1.6 mN·m−1.29 Therefore, the
curvature of the PS/PMMA interface, Arc 1 (labeled in Figure
2), is significantly larger than that of the PS surface, Arc 2.
Specifically, the radii of curvature of both arcs can be
determined by

= +r
w
h
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where the geometric parameters, w and h1 can be determined
by AFM measurements after selective removal of the PS. The
corresponding central angles of both arcs are
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When a thermally excited sinusoidal fluctuation with
amplitude α and wavelength λ grows at the PS/PMMA
interface, we assume that the corresponding fluctuation on the
PS surface has the same wavelength but a much smaller
amplitude αγS−M/γPS, which is consistent with the observations

from the AFM image (Figure 1c). At the small fluctuation limit,
we derive the total surface/interfacial energy per unit length as
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where the radii decreased according to eq 1. Unstable waves
lead to reduction in E, which requires the first and second
partial derivative of E, with respect to α at 0, should be zero and
less than zero, respectively.27 Taking the derivatives, we arrive
at
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Equation 9 and 10 are necessary conditions for unstable
waves to grow and lead to reduction in E. Equation 9 is
ubiquitously satisfied and eq 10 yields only one legitimate
inequality.
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Since θ2 ≪ θ1 and γS−M ≪ γPS, the inequality above can be
simplified as

λ > πr2 1 (12)

i.e., only the initial radius of curvature at the PS/PMMA
interface (Arc 1) is important for determining the cutoff
wavelength, λc, above which the sinusoidal fluctuations on the
strongly nonaxisymmetric liquid threads lead to a decrease of
total system energy. In contrast, the PS−air surface plays only a
minor role. Thus, the expression of λc for our nonaxisymmetric
threads is the same as Plateau−Rayleigh’s static analysis for an
infinite perfect cylinder with identical radius r1. By eq 11, we
can estimate λc, for instance, in our PS31.6k/PMMA12k
system, w = 400 nm, and h1 = 140 nm. Solving eqs 3−7 gives
the geometric parameters, r1 = 212.0 nm, r2 = 4150 nm, θ1 =
2.47 rad, θ2 = 0.096 rad. Plugging them in eq 11 gives λc for the
nonaxisymmetric PS threads half-embedded in PMMA, λc ≈
1.36 μm. From the experimental results shown below, the

Figure 2. Schematic illustration of the sinusoidal fluctuations along the
nonaxisymmetric PS threads that are partially embedded in the PMMA
matrix. The geometry of the thread cross-section is marked (not actual
size).
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minimum wavelength for the unstable capillary fluctuations for
the partially embedded PS threads is indeed determined by the
radius of curvature of the liquid−liquid interface r1.
For our nonaxisymmetric threads, the following has to be

taken into consideration additionally: (a) the different
curvatures on the PS−air and the PS−PMMA side; (b) the
difference between PS−air surface tension and PS−PMMA
interfacial tension, and (c) the different viscosities of PMMA
and air. An exact analytic or numeric treatment is still lacking in
literature.
3.1.3. Characteristic Wavelength and Breakup Time of

These Nonaxisymmetric PS Threads. As discussed above, all
sinusoidal fluctuations with wavelengths above λc would lead to
a reduction in the surface/interfacial energy of the system.
However, oftentimes the morphology of the capillary breakup
observed does not reflect such a broad distribution in
wavelengths (Figure 1e). Rather, it reveals a characteristic/
dominant wavelength. For an axisymmetric thread embedded in
an immiscible viscous fluid matrix, Tomotika’s pioneering
theoretical work shows that the unstable sinusoidal fluctuations
grow at significantly different rates.12 The fastest growing mode
quickly eclipses others and dominates the final morphology.
Both the wavelength and the growth rate of the dominant
mode is a known function of the initial cylinder radius and
thread-to-matrix viscosity ratio.12

Here we provide first-hand experimental findings of both the
characteristic wavelength and the breakup time of these
nonaxisymmetric PS threads with varying molecular weights.
As detailed in the Experimental Section, PS with molecular
weight ranged from 4 kg/mol to 2000 kg/mol was examined
while PMMA was kept identical, which allows for the thread-to-
matrix viscosity ratio to span 10 orders of magnitude. Each
sample was annealed at 140 °C, similar to the sample shown in
Figure 1, and the evolving morphologies were determined with
AFM. Similar to the PS214k/PMMA system discussed above,
the characteristic wavelength for the capillary instability in each
sample was determined from the PSD analysis of the AFM

images. Furthermore, the breakup time, defined as the time at

which the isolated droplets were formed, was obtained from the

AFM measurements for each sample.

Figure 3 plots both the characteristic wavelength and the

breakup time as a function of the thread-to-matrix viscosity

ratio for all the samples studied. Here, the steady-state viscosity

for both the monodisperse PS and PMMA were estimated from

Majeste et al.30 and Ahn et al.,15 correspondingly. As shown in

Figure 3, viscosities of the PS threads are significantly lower

than that of the PMMA matrix for PS molecular weights smaller

than 214 kg/mol, and become comparable to the matrix

viscosity at 214 kg/mol. In this regime, the breakup time

remains rather constant (∼20 min) even though the thread-to-

matrix viscosity ratio has increased 10 000 times, indicating that

the breakup time is dictated by the invariant viscosity of the

PMMA matrix. In contrast, as the PS molecular weight

increases from 214 kg/mol to 2000 kg/mol, the thread

viscosity becomes significantly larger than that of the PMMA

matrix, and the breakup time increases dramatically from ∼20
min to ∼500 min. This suggests that the viscosity of the PS

threads dictates the breakup kinetics.

From Figure 3, it is apparent that the more viscous

component, either the threads or the matrix, is the rate-limiting

factor for the breakup of the threads. Although a rigorous

theoretical account of the kinetics of the capillary breakup of a

nonaxisymmetric thread is still lacking, the qualitative trend is

consistent with the two limiting cases in Tomotika’s theory.

Specifically, the growth rate, in, for an axisymmetric PS thread

Figure 3. Influence of thread-to-matrix viscosity ratio on both the breakup time and characteristic wavelength of the capillary instability for the PS
threads confined in the PMMA trenches after annealing at 140 °C. The dashed lines are a guide to the eye only.
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completely embedded in a PMMA matrix, at the two extremes
of viscosity ratios are

=
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where k is the wavenumber and r is the initial radius of the
thread. Ω1(kr) and Ω2(kr) are nondimensional single-variable
functions of kr, characterizing the growth rate of a perturbation
with wavenumber k. Therefore, the more viscous component,
thread or matrix, will dominate the growth rate or the breakup
time of the threads, indicated by the viscosity terms in the
denominators.
Since the viscosity of air is negligible compared to the

polymers, the breakup kinetics is dictated by the PS/PMMA
interface. This is also manifested by the morphology or the
characteristic wavelength of the fastest growing mode. As
shown in Figure 3, the characteristic wavelengths for all samples
were around 3 μm, all of which were above the cutoff
wavelength of each respective sample (∼1.36 μm). The cutoff
wavelength did vary slightly with the amount of PS cast. The
error bars in the breakup time represent the upper and lower
bound limited by experimental resolution, while for the breakup
wavelength, they represent 10% off-peak values in our PSD
fitting analysis. Interestingly, it appears that the breakup
wavelength reaches a minimum when the thread-to-matrix
viscosity ratio approaches 1. A calculation based on Tomotika’s
classical theory by Knops et al.13 shows that, for a completely
embedded axisymmetric viscous thread, the breakup wave-
number (inverse of breakup wavelength) reaches maximum at a
thread-to-matrix viscosity ratio near 1 (see Figure 1 from ref
13). Although the exact physical system and geometries in our
experiments were different from ref 13, the similarity indicates
again the PS/PMMA interface plays a dominating role in
choosing the fastest mode. On the other hand, if the PS/air
surface was dominant, the fastest growing wavelength of a PS

thread in air would tend to infinity,12 disagreeing with the
experimental results. As noted above, a rigorous theoretical
work is still needed to describe both the wavelength and the
growth rate associated with the fastest growing mode for a
partially embedded nonaxisymmetric thread.

3.1.4. Influence of Annealing Temperature on the
Capillary Instability of PS13k/PMMA12k. As discussed
above, in the low thread-to-matrix viscosity ratio regime, the
breakup time is controlled by the PMMA matrix viscosity. To
further verify this, we annealed the samples at different
temperatures. PS13k/PMMA12k system was annealed at 114,
127, 140, and 153 °C. At the three higher temperatures, the
morphological evolutions, according to the AFM measure-
ments, were similar to that shown in Figure 1.
The breakup time and characteristic wavelength of the

capillary instability (for the larger PS threads confined in the
PMMA trenches) are shown in Figure 4, parts a and b. Clearly,
with the increase of annealing temperature, the breakup time
was reduced dramatically while the breakup wavelength
remained ∼3 μm. It is known that PS and PMMA are “fragile”
glass-forming liquids, whose viscosities have a similar depend-
ence on temperatures.31 Therefore, the viscosity ratio is not
expected to vary significantly with the increase of annealing
temperature, while the absolute values of the viscosities of both
polymers decrease dramatically. Since reducing the PS viscosity
over 5 orders of magnitude while keeping the matrix viscosity
constant did not affect the breakup time, the significant
reduction in breakup time with the increase of annealing
temperature was most likely caused by the dramatic reduction
in the matrix viscosity. In particular, Figure 4 shows 2 orders of
magnitude of reduction in the viscosity of PMMA matrix,
similar to the change observed in the breakup time.
The morphological evolution became extremely slow at 114

°C, a temperature slightly above the bulk Tg of PMMA (107
°C). Figure 4c−e show that the isolated larger PS threads
remained unbroken even after 20000 min of annealing, once
again suggesting that the PMMA viscosity dominated the
breakup time of the PS threads. In comparison, the smaller PS
threads (or stripes) on top of the PMMA mesas had completely
broken up into droplets after 2000 min annealing. A similar

Figure 4. Influence of annealing temperature on (a) the time scale and viscosity of PMMA for the PS13k/PMMA12k system and (b) the
characteristic wavelength of the capillary breakup. (c−e) AFM phase images (5 μm × 3 μm) of the sample surface after annealing at 114 °C for
different amounts of time as labeled. The bright and dark regions correspond to the PMMA and PS domains, respectively.
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trend was also observed for the partially embedded PS threads
(Figure 1). In addition to the geometric reasons, it might also
be that the effective viscosity of the PS within the ultrathin
threads on the mesas (less than 20 nm, determined after
selectively dissolve the PS) is much smaller than that of the
larger ones. This could possibly be resultant from confinement-
induced Tg reduction.32 Interestingly, during extended
annealing, the isolated PS droplets (radius ≈ (90−100) nm,
depth ≈ (60−70) nm), gradually “sank” into the underlying
PMMA, presumably to reduce the total surface/interfacial
energy.
In contrast to the significant dependence of kinetics on the

temperature, few variations in the breakup wavelength were
found at the three annealing temperatures (Figure 4a). As
discussed above, since the thread-to-viscosity ratio remained
rather constant at different annealing temperatures and the
geometry and boundary conditions were identical, the breakup
wavelength was expected to be similar, as observed in Figure 4a.
3.2. Influence of the PS Film Thickness on the

Instability of the PS/PMMA Patterns. The two-stage
capillary instability discussed above was observed for all the
systems, in which PS top layer did not form a thick continuous
layer after short annealing. In order to draw a complete picture
regarding the role of the PS film thickness, both PS13k and
PS2000k films were cast onto the PMMA12k pattern from
toluene solutions with varying concentrations. Their corre-
sponding morphological evolutions upon thermal annealing are
discussed below.
3.2.1. PS13k/PMMA12k. The deposition of PS onto

topographically patterned surfaces via spin-coating is influenced
by the interplay between flow and evaporation.33,34 The spin-
coating process of polymer solutions consists of two stages,
flow-dominant stage and evaporation-dominant stage. Studies
show that a critical film thickness divides the two stages. In the
second stage, the fluid becomes so viscous that it ceases to
flow.33 After reaching this critical thickness, evaporation of the

solvent dictates the partitioning of the PS. Qualitatively, when
using higher concentrations of PS solutions, the critical
thickness should be reached quicker,35 leaving more PS
deposited on the PMMA patterns. When the PS13k solution
concentration was 0.5 and 1.0 wt %, the as-cast PS did not form
a continuous layer. As a result, a similar two-stage capillary
breakup was observed (similar to that in Figure 1) with slight
differences in the breakup time and wavelength that were
caused by the differences in the width (or the amount) of the
PS threads. As expected, the PS droplets formed from the use
of the 1.0 wt % solution were larger than those formed when
using the 0.5 wt % solution (see Figure S1, Supporting
Information).
In contrast, for PS cast from 1.8 and 2.5 wt % solutions, no

capillary instability was observed. For example, for PS cast from
1.8 wt % solution, both the PS surface and PS/PMMA interface
(Figure 5a1 and a2) smoothed out quickly upon annealing and
reached a planar bilayer configuration (Figure 5b1 and b2).
AFM images of the PS/PMMA interface pattern heights
became as small as few nanometers (Figure 5b2), and circular
holes were nucleated within the PS film (Figure 5b1). The
growth of these holes eventually led to the complete dewetting
of the PS, forming PS droplets on top of the PMMA (not
shown). This nucleation and growth mechanism is similar to
that of a 65 nm thick PS13k film on top of a viscous PMMA
substrate.14 Furthermore, the AFM measurements revealed a
characteristic undercut profile (inset of Figure 5c2) after
selectively removing the top PS layer. This type of interfacial
profile at the dewetting rim in Figure 5c1 is consistent with that
observed in the dewetting of PS planar film on top of a viscous
PMMA film (regime I in ref 24).

3.2.2. PS2000k/PMMA12k Patterns. Both the capillary
instability and dewetting described above are characteristic
viscous instabilities driven by the minimization of surface/
interfacial energy of the system via viscous dissipation. With an
increase in molecular weight, the viscoelasticity of the polymers

Figure 5. Morphologies of a thick PS layer, cast from 1.8 wt % solution, on the PMMA pattern, upon annealing at 153 °C for different amounts of
time as labeled on the images. (a1−c1) Optical images of the sample surface. (a2−c2) Corresponding topographic AFM images of the PS/PMMA
interface after selective removal of PS with cyclohexane. Insets in parts a2−c2 are the cross-sectional profiles.
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becomes increasingly evident. Here, PS2000k films with varying
thickness were cast onto the PMMA12k patterns, from toluene
solutions with concentrations of 0.6, 0.8, and 1.0 wt %, to
examine the influence of the viscoelasticity on the overall film
instabilities.
Figure 6 shows that the morphological evolution in

PS2000k0.6%/PMMA was similar to the one shown in Figure
1: a quick surface leveling led to isolated PS stripes/threads,
which broke up via capillary instability. Because of the low
concentration of PS solution used, the PS stripes left on top of
the PMMA mesas were only around 3 nm thick (inset of Figure
6a), which did not show a clear capillary breakup. The capillary
breakup of the larger threads confined in PMMA trenches (∼23
nm thick after casting) shows that the breakup time (∼500
min) was significantly longer than that of the lower molecular
weight PS (∼20 min) at the same annealing temperature, as
shown in Figure 3.
In comparison, PS2000k cast from 0.8 and 1.0 wt % solution

onto the PMMA pattern showed distinctive morphological
evolutions, the latter of which is shown in Figure 7 (the images
for PS2000k cast from 0.8% solution are provided in Figure S3,
Supporting Information). The as-cast pattern has a cross-
sectional profile showing round and smooth tops as opposed to
the flat edged tops in PS2000k0.6%/PMMA system (Figure S2,
Supporting Information). This curvature strongly suggests a

continuous coverage of the PS2000k capping layer over the
PMMA patterns. After 20 min, the surface of the PS decayed to
∼6 nm tall (Figure 7a). The apexes of the PS lines were at the
center of the PMMA trenches, while valleys corresponded to
the PS on the PMMA mesas (Figure 7a).
After 50 min, holes were found to be nucleated in the PS

upper layer on top of the PMMA mesas, where the PS film was
the thinnest (Figure 7b). This time scale was significantly
shorter than the capillary-breakup time for the isolated
PS2000k threads in Figure 6. The growth/merging of these
holes caused the PS threads to bend and form bridges between
neighboring ones. The result was a mesh-like PS structures on
top of the PMMA film after 100 min of annealing. The mesh-
like structure in the PS2000k0.6%/PMMA system appears
evidently different, in terms of diameter and connectivity, from
PS2000k0.8%/PMMA system (Figure S3 in Supporting
Information), which suggests concentration of spin-coating
solution as a controlling parameter. This mesh-like network
then evolved via local merging of PS threads, which eventually
ruptured into isolated droplets via capillary instability after 1000
min (Figure 7, parts d and e). This rupture time was longer
than that observed in Figure 6, because the average diameter/
cross-section of the threads in the mesh-like structure was
larger. Further annealing led to the shape changes of the
isolated PS droplets driven by the interfacial tension (Figure

Figure 6. AFM phase images of PS2000k (cast from 0.6 wt % solution)/PMMA12k patterns after annealing at 140 °C for different amounts of time
as labeled on the images. The inset in part a shows the representative cross-sectional profiles of both the PS surface and PS−PMMA interface. The
inset in part b shows the cross-sectional profile of the surface.
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7f). Clearly, the distribution of the diameter of the PS droplets
is much broader than the one shown in Figure 6, due to the
formation of the intermediate mesh-like morphology. Clearly,
the elasticity of the highly entangled polymers, manifested in
the bending of the lines, can signficantly influence the final
morphology resulted from viscous instabilty.

4. CONCLUSIONS

In this study, we systematically examined the instability of the
bilayer polymer patterns formed by casting of PS onto
topographic PMMA patterns and subsequent thermal annealing
at temperatures above the Tg of both polymers. A range of
instabilities were observed depending on the molecular weight
and amount of PS cast on the PMMA.
When the PS cast on the PMMA pattern did not form a

continuous layer, a two-stage capillary instability was observed.
Upon annealing, the PS quickly formed confined threads both
on top of the PMMA mesas and within the PMMA trenches.
These nonaxisymmetric PS threads, partially embedded in the
PMMA matrix, broke up into isolated droplets via capillary
instability. Systematic measurements showed that the breakup
time depended on the thread-to-matrix viscosity and was
dictated by the more viscous phase. In contrast, the
characteristic wavelength of the capillary breakup only slightly
depended on the viscosity ratio, and reached a minimum as the
viscosity ratio approached 1. Although these experimental
results can be qualitatively understood from the limiting cases
of Tomotika’s theory, an exact theoretical description of the
capillary instability in such nonaxisymmetric threads is still
lacking.
When the top PS layer was thick enough to form a

continuous layer shortly after annealing, the instability of the
film varied with the molecular weight of the PS. When the

molecular weight of the PS was low, a planar PS/PMMA bilayer
was formed after annealing. Subsequently, the PS upper layer
dewetted from the PMMA via a random nucleation and growth
mechanism. For high molecular weight PS, the PS/PMMA
interface remained corrugated with a continuous PS layer on
top. Localized nucleation in the PS layer occurred on top of the
PMMA mesas, which resulted in a mesh-like PS morphology.
Eventually, this PS fibrillar network broke into droplets due to
capillary instability. Therefore, by controlling the molecular
weight and spin-cast volume, a rich spectrum of micro- and
nanoscale structures can be obtained that are potentially useful
for a range of applications.
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ABSTRACT: A series of peptide-based triblock copolymers
cons i s t ing of poly(γ -benzy l -L -g lu tamate) -b -po ly -
(dimethylsiloxane)-b-poly(γ-benzyl-L-glutamate) [PBLG-b-
PDMS-b-PBLG] were synthesized using ring-opening poly-
merization (ROP). The chemical structure and degree of
polymerizations were evaluated by 1H NMR. These triblock
copolymers form thermoreversible gels in toluene with critical
gel concentration as low as 1.5 wt % and following trends
which correlate directly with the secondary structure of the
peptidic block. Fourier transform infrared spectroscopy
(FTIR) studies indicate that the α-helical content is increased while β-sheets and random coil contents are systematically
decreased with increasing volume fraction of the PBLG blocks. The gel−solution transition behavior of the triblock copolymers
was examined using modulated dynamic light scattering (MDLS). It was observed that all the gels undergo gel−solution
transition around 50 °C and revert back to its original state when cooling down to room temperature. Dye diffusion and diffusing
wave spectroscopy (DWS) experiments showed a reduced mobility of both the dye molecules and tracer particles in the gels
compared to that in solution state. The rheological studies on the organogels indicate that increasing molecular weight of the
PBLG blocks or concentration of the triblock copolymers increase the gel strength considerably. Using transmission electron
microscopy (TEM), the morphology of the organogels was shown to be prevalently formed by nanofibrils, with an average
thickness in the range of 6−12 nm.

■ INTRODUCTION
The self-assembly behavior of rod−coil block copolymers is
different from the common coil−coil block copolymers due to
the presence of the rigid segment in their architectures and has
attracted great attention in recent years.1−7 When dissolved in
solution, in some rod−coil block copolymer systems, the
polymers can form nanostructured gels in solution instead of
micelles.8 Generally, the network formation in polymers can
occur through chemical cross-linking between polymer chains
or physical interactions through the entanglements or self-
assembled supramolecular structures. These physical gels can
exhibit reversible sol−gel transitions by changing temperature,
pH, ionic strength, or concentration of the solution.9

Gels are a class of soft materials composed of a confined
phase in a continuous three-dimensional network. On the basis
of the solvent media, gels are classified in two kinds of systems:
hydrogels (in aqueous medium) and organogels (in organic
medium). Gels are predominantly composed of liquids;
nevertheless, in terms of their mechanical response, they
behave like a solid material. Moreover, in peptide-based block

copolymers, gels can be further tuned by ionic interactions,
coil−coil interactions, or hydrophobic association.10−12
In the case of peptide-based hydrogel systems, the gel

formation is based on hydrophobic interactions due to the
hydrophobicity of some amino acid residues (i.e., valine or
leucine), which maintains the α-helix as a supramolecular self-
assembled structure. Small peptide-based gels have been shown
to undergo into molecular fibril networks and showed
thermoreversibility and pH responsiveness.13,14 Peptide-based
rod−coil diblock copolymers can form hydrogels with various
potential applications in biotechnology.15−17

Organogels have unique applications, which are not possible
for hydrogels, and these organic-based gels are currently an area
of active research.18−20 The peptide-based block copolymer
organogel formation is similar to that of hydrogels, typically
through noncovalent interactions such as hydrogen bonding,
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π−π stacking, van der Waals interactions, and solvophobic
interactions.21−25

Poly(γ-benzyl-L-glutamate) (PBLG) is a synthetic peptide,
which forms α-helices at high degree of polymerization26 by
intramolecular hydrogen bonding.27,28 This rigid-rod-like
structure of PBLG29−31 shows thermotropic liquid-crystalline
order in bulk32,33 and thermoreversible gelation behavior in
solution.34,35 Indeed, the synthesis and self-assembly of PBLG-
based rod−coil block copolymers have been studied extensively
due to its biocompatibility for several decades, and the resulting
functional materials have several applications in the biomedical
and tissue engineering field.36−39

The pure PBLG homopolymer form thermoreversible gels in
solvents such as toluene or benzyl alcohol passing through a
lyotropic liquid-crystalline phase before gelation,40,41 and fibril-
like network structures were found in pure PBLG homopol-
ymer gels.34 Recently, PBLG-based rod−coil diblock copoly-
mers have been prepared, and their solutions showed
thermoreversible gel formation in toluene.42 The mechanism
for the self-assembly behavior of the PBLG-based rod−coil
block copolymers suggests that a wide variety of this kind of
systems with novel architectures could generate supramolecular
structures in solution. Very recently, the synthesis and gel
formation in toluene of PBLG−POSS (polyhedral oligomeric
silsesquioxane) diblock copolymers have been reported, where
the POSS block protrusion from the ribbons prevented the
aggregation of the nanoribbons and allowed the formation of
clear gels.43 Block copolymers of poly(Z-lysine) with different
coil blocks showed an increase in the gel strength with
increasing the molecular weight of the peptide block.44

Peptide-based rod−coil−rod triblock copolymers have been
synthesized and studied in bulk state,45−48 but the thermor-
eversible gel−sol behavior of such systems has never been
explored before. For this purpose, we synthesized and
characterized a series of six rod−coil−rod triblock copolymers
consisting of PBLG-b-PDMS-b-PBLG, where the degree of
polymerization of the peptide-based sequences was systemati-
cally modified. The choice for these polymers (PBLG and
PDMS) was based on their biocompatibility, the rigidity and
self-assembly features of the PBLG block, and the low Tg and
high solubility in toluene of the PDMS segment. By controlling
the degree of polymerization and the α-helical content of the
peptide blocks, we were able to control the self-assembly
behavior of PBLG rods and the gel formation of the triblock
copolymers into fibril-like networks.

■ EXPERIMENTAL PART
Materials. L-Glutamic acid γ-benzyl ester (Fluka, ≥99.0%),

triphosgene (Aldrich, 98%), N,N-dimethylformamide, DMF (Sigma-
Aldrich, ≥99.8%, over molecular sieve), dichloromethane, DCM
(Acros, 99.99%), methanol (Fluka, 99.8%), and toluene (Fluka,
≥99.7%) were used as received. Ethyl acetate (Sigma-Aldrich,
≥99.9%) and cyclohexane (Sigma-Aldrich, ≥99.9%) were dried and
distilled over CaH2 (Fluka, >97.0%) at normal pressure. Poly-
(dimethylsiloxane) (PDMS), diaminopropyl-terminated, was pur-
chased from ABCR Chemicals, Germany. The (E)-4,4′-bis(hex-5-en-
1-yloxy)azobenzene dye was synthesized accordingly to the
literature.49 Dried silica microspheres (540 nm diameter, SS03N,
Bangs Laboratories) were dispersed in toluene at 10 wt %
concentration.
Synthesis of (BLG-NCA) Monomer. The BLG-NCA monomer

(γ-benzyl L-glutamate N-carboxyanhydride) was synthesized as
published in our previous work.26 Briefly, 15 g (63.2 mmol, 1 equiv)
of γ-benzyl L-glutamate and 8.13 g (27.4 mmol, 0.43 equiv) of

triphosgene were placed in a 500 mL two-necked round-bottomed
flask equipped with a magnetic stirrer, condenser, and nitrogen inlet.
The system was purged with nitrogen for 10 min, 250 mL of freshly
distilled ethyl acetate over CaH2 was added, and the reaction mixture
was brought to 145 °C. After several hours (5−6 h), the reactants were
completely soluble, and the reaction was cooled down to room
temperature. The monomer was obtained by recrystallization from
ethyl acetate/cyclohexane. Yield: 15.3 g (91%). 1H NMR (360 MHz,
CDCl3): δ = 7.10−7.42 (5H, m, Ar), 6.62 (1H, s, NH), 5.04 (2H, s,
Ar−CH2), 4.29 (1H, t, α-CH, J = 6.0 Hz), 2.50 (2H, t, γ-CH2, J = 6.6
Hz), 2.16 (1H, m, β-CH), 2.03 (1H, m, β-CH) ppm.

Synthesis of PBLG-b-PDMS-b-PBLG Triblock Copolymers. All
triblock copolymers were obtained by using the procedure described in
what follows. As a representative example, the synthesis of the triblock
copolymer P25 (PBLG24-PDMS314-PBLG24) is described. In a 25 mL
round-bottomed flask, the BLG-NCA monomer was dissolved in dry
DMF under a nitrogen atmosphere. In another 10 mL round-
bottomed flask, the diamino-terminated poly(dimethylsiloxane) (H2N-
PDMS-NH2) macroinitiator was dissolved in dry DMF under a
nitrogen atmosphere. The monomer solution was transferred to the
polymer solution by syringe. The resulting mixture was stirred at room
temperature for 5 days under a nitrogen atmosphere. Afterward, the
solvent was removed under vacuum, and the residue was dissolved in
DCM. The resulting triblock copolymer was obtained as a white solid
after reprecipitation with cold methanol followed by centrifugation
(3000 rpm, 0 °C). The supernatant was then removed, and this
process was repeated three times. Yield: 85−90%. 1H NMR (360
MHz, CDCl3): δ = 9.00−7.70 (43H, NH), 7.60−6.90 (241H, Ar),
5.50−4.60 (91, Ar−CH2), 4.50−3.60 (47H, α-CH), 2.85−1.40 (212H,
β-CH2 and γ-CH2), 1.00−0.70 (26H, Si−β-CH2), 0.65−0.40 (10H,
Si−α-CH2), 0.35−0.00 (1874H, Si−CH3) ppm.

Preparation of the Organogels. The gels of PBLG-b-PDMS-b-
PBLG triblock copolymers were prepared in toluene according to the
published procedure.42 The required amounts of polymer and toluene
were placed together in a sample vial. Afterward, the sealed vial was
heated until the mixture became homogeneous. The polymer solution
was brought to room temperature and maintained at this temperature
for 48 h. Gelation was monitoredat firstby the test tube invert
method. The lowest gelation concentration was identified as the
critical concentration for the gelation (cgel). The gel−sol transition
temperature (Tgel) was measured by the procedure reported by Hirst
et al.50 All cgel and Tgel values were measured in triplicates.

Techniques and Apparatus. 1H NMR measurements were
carried out at room temperature on a Bruker DPX-360 spectrometer
operating at 360 MHz and using CDCl3 as solvent.

Fourier transform infrared (FTIR) spectra of solid samples were
measured at room temperature using a Bruker Tensor 27 FTIR
spectrometer in attenuated total reflection (ATR) mode. For the gel
samples, the FTIR measurements were performed on a Varian 640
instrument, placing the sample between two CaF2 windows in
transmission mode.

Modulated dynamic light scattering (MDLS) measurements were
performed using a LS Instruments apparatus with a He−Ne laser beam
(632.8 nm). The instrument is equipped with advanced modulated 3D
cross-correlation technology, which suppresses the multiple scattering.
Samples were prepared in glass cuvettes of 10 mm thickness. The
scattered intensity fluctuations were collected at a fixed angle of 90°
and averaged from three runs of 600 s each. The measurements were
performed on selected samples at different temperature conditions
ranging from 25 to 60 °C with 5 °C steps. Temperatures were
controlled by a thermostat within an error of 0.1 °C.

Diffusing wave spectroscopy (DWS) measurements were carried
out in a transmission mode using a commercial DWS apparatus (LS
Instruments) with a He−Ne laser beam (λ = 632.8 nm). Samples were
prepared and placed in quartz cuvettes with a 2 mm optical path
length. The silica tracer nanoparticles (∼20 μL) were added to the
polymer solution, and the cuvette temperature was controlled with a
Peltier temperature controller (±0.2 °C), keeping the samples 10 min
at the required temperature before the measurement started. The
observed autocorrelation function was determined with a digital
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correlator, and the electric field autocorrelation function g2(t) − 1 was
acquired over 120 s.
The mechanical properties of the organogels were studied using an

AR 2000 stress-controlled rheometer (TA Instruments) with steel
cone−plate configuration (20 mm diameter cone with an angle of 2°).
First, a stress sweep was performed from 0.1 to 100 Pa at a frequency
of 1 Hz. After a rigorous preshear (6 rad s−1 in steady state, 2 min), the
recovery of the gel was measured as a function of time under a stress of
0.1 Pa. Finally, a frequency sweep from 0.1 to 10 Hz was performed on
the recovered gel under a stress of 0.1 Pa. The temperature of the plate
was maintained at 25 °C. The gel strength was quantified by the
evaluation of the shear storage modulus G′.
Transmission electron microscopy (TEM) images were acquired on

a JEOL JEM-3200FSC electron microscope operating at 100 kV and
bright field mode. TEM specimens were prepared by gently placing a
few milligram fraction of organogel onto a carbon-coated copper grid;
chemical staining to enhance phase contrast was carried out using
vapors of an aqueous solution of RuO4.

■ RESULTS AND DISCUSSION

In order to study the effect of the peptide volume fraction on
the self-assembled gels, PBLG-b-PDMS-b-PBLG triblock
copolymers were synthesized by systematically varying the
PBLG content in the peptide sequence. The six different
triblock copolymers with different degree of polymerization of
the PBLG block were synthesized via ring-opening polymer-
ization (ROP) of the γ-benzyl L-glutamate N-carboxyanhydride
monomer (BLG-NCA)51 using the corresponding PDMS
diamino-terminated polymer (Mn = 23 200 g mol−1) as
macroinitiator according to the method described in the
literature28,52 and shown in Scheme 1. The required amounts of
monomer and macroinitiator were dissolved in DMF and under
a nitrogen atmosphere. After purification, the resulting triblock
copolymers were fully characterized by 1H NMR (Supporting

Information, Figure SI-1). The degree of polymerization (DP),
the average-number molecular weight (Mn), and the corre-
sponding volume fraction of the peptide block (ϕPBLG) were
evaluated by integrating the peak from the benzyl protons in
the PBLG blockδPBLG (Ar−CH2) = 5.50−4.60 ppmand
keeping the area of the peak from PDMS as constant
δPDMS(Si−CH3) = 0.35−0.00 ppm. All the calculated values
agreed with the stoichiometry used for the synthesis of the
triblock copolymers and are summarized in Table 1.
For the preparation of the gels, the exact amounts of

polymers and toluene were weighed in glass vials and heated to
75−80 °C for several minutes until homogeneous solutions
were obtained. Afterward, the samples were brought to room
temperature, and after 48 h the fully transparent gels were
formed; by preparing different concentrations for each triblock
copolymer, the critical gelation concentration (cgel) could be
determined (Table 1) and the phase diagram for the triblock
copolymers constructed as shown in Figure 1. From the phase
diagram, it can be observed that triblock copolymers with
higher degree of polymerization can form gels at very low
PBLG concentration. This trend seems to be consistent for all
samples (dividing line in Figure 1) with critical gelation
concentration of the triblock copolymer of 1.5 wt %. The only
exception is that of the sample P13, which has very low degree
of polymerization (DP = 11). As it will be shown below, this
trend is the result of the very low α-helical content for this
sample,26 which does not promote the formation of gels.
Moreover, the gel−sol transition temperature progressively
increased when increasing the volume fraction of the PBLG
blocks in the different samples (Supporting Information, Figure
SI-2).

Scheme 1. Synthetic Route for the Obtaining the PBLG-b-PDMS-b-PBLG Triblock Copolymers

Table 1. Number-Average Molar Mass (Mn), Average Degree of Polymerization (DPPBLG) of One PBLG Segment, Volume
Fraction (ϕPBLG) of the Two PBLG Segments, Critical Gelation Concentration (cgel), Gel−Sol Transition Temperature (Tgel),
and the Theoretical Length of the Peptide Segment (Lα) in a α-Helix Conformation for the PBLG-b-PDMS-b-PBLG Triblock
Copolymers

sample block composition Mn
a (g mol−1) Mn,PBLG

a (g mol−1) DPPBLG
a ϕPBLG

b cgel (wt %) Tgel (°C) Lα
c (nm)

P13 PBLG11-PDMS314-PBLG11 27 800 4 600 11 0.13 3.5 42 1.7
P25 PBLG24-PDMS314-PBLG24 33 500 10 300 24 0.25 1.5 42 3.6
P38 PBLG43-PDMS314-PBLG43 42 000 18 800 43 0.38 1.5 44 6.5
P51 PBLG73-PDMS314-PBLG73 55 300 32 100 73 0.51 1.5 45 11
P63 PBLG120-PDMS314-PBLG120 75 700 52 500 120 0.63 1.5 46 18
P71 PBLG170-PDMS314-PBLG170 97 800 74 600 170 0.71 1.5 46 26

aCalculated by 1H NMR . bCalculated from the following equation: ϕPBLG = Mn,PBLG ρPBLG
−1/(Mn,PBLG ρPBLG

−1 + Mn,PDMS ρPDMS
−1), where ρPBLG =

1.278 g cm−3 and ρPDMS = 0.97 g cm−3. cCalculated from the following equation: Lα = 0.15DPPBLG.
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In order to understand the influence of the secondary
structure of these triblock copolymers on the gel properties,
FTIR measurements were performed on all samples, both in
solid state and in the gels. The FTIR spectra of all triblock
copolymers in solid state clearly show characteristic absorption

peaks of the peptide secondary structures (Figure 2a). The
absorption peaks at 1650−1660 cm−1 (amide I) and at 1540−
1550 cm−1 (amide II) are characteristic of the α-helix secondary
structure.53 The β-sheet population has absorption peaks at
1620−1640 and 1670−1680 cm−1,54 and the random coil or
turn populations at 1640−1650, 1660−1670, and 1680−1690
cm−1, all in the amide I region.55 The absorbance peak at 1731
cm−1 corresponds to the CO stretching of the benzyl ester
protecting group from the PBLG block. From the analysis of
the amide I region and following the second derivative
technique for the qualitative determination of the peaks
maxima,56 and the deconvolution technique57 in a series of
Lorentzian distributions, the populations of all secondary
structures could be easily quantified58 (Supporting Information,
Figure SI-3a−d).
As shown in Figure 2a, the increase in the volume fraction of

the PBLG block stabilized the α-helix content, while the β-sheet
and random coil conformations decreased. The sample P13
showed mixture of α-helix and β-sheet populations, which is
normal for PBLG blocks containing less than 18 residues,
whereas the remaining polymers showed mainly α-helical
content26 with a gradual change in the secondary structure
content as shown in Figure 2b. By increasing the volume
fraction of the PBLG sequence, the α-helical content was
increased from 56% to 89%, and the β-sheet and random coil

Figure 1. Phase diagram for PBLG-b-PDMS-b-PBLG triblock
copolymer systems in toluene at 25 °C. (Note: the cPBLG expresses
the molar concentration of PBLG blocks, acting as physical linkers in
the gelation process, and the numbers from the arrows are the weight
percentage concentrations.)

Figure 2. (a) FTIR spectra and (b) secondary structure populations for all triblock copolymers in solid state. (c) FTIR spectra and (d) secondary
structure populations for all triblock copolymers in the gel state. Note: the numbers underneath black symbols are the average-number repeating
units in the peptide block which contribute to the α-helical structure.
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populations decreased from 21% to 9% and from 23% to 2%,
respectively.
Figure 2c shows the FTIR spectra of all block copolymers

organogels at 25 °C and 2 wt %, with the exception of the
sample P13, acquired at 4 wt %. The collected spectra agree
nearly perfectly with those obtained in solid state. Thus, no
significant differences were observed when the triblock
copolymers formed the gel structure. In Figure 2d, the changes
in α-helix population (from 51% to 90%), β-sheets (from 36%
to 9%), and random coils (from 12% to 1%) as a function of
the PBLG volume fraction are shown. Just small variations in
the β-sheet and random coil populations can be observed, while
the α-helix content remains nearly unaffected between solid
and gel samples. We also run FTIR measurements at 50 °C to
find out whether the gel−sol transition is originating from the

loss of secondary structure rather than changes in solubility.
However, identical FTIR spectra collected at 25 °C (gel state)
and at 50 °C (sol state) (Supporting Information, Figure SI-3e)
allow ruling out loss of secondary structure and confirm that
the gel−sol behavior arises solely from changes in solubility of
the PBLG block with temperature.
In order to follow the changes during the gel−sol transition

and to observe the reversibility of the systems, modulated
dynamic light scattering (MDLS) experiments on the gel
samples in toluene were performed. At high concentrations,
multiple scattering is expected in the measurements. Thus, in
order to extract the single scattering information, we make use
of a MDLS setup, equipped with two detectors which cross-
correlate the scattered signal from the same volume and at the
same scattering vector.59 It is well-known that the intensity and

Figure 3. (a) Normalized electric field cross-correlation functions at different temperatures for the sample P63 at 2 wt % in toluene. (b) Normalized
electric field cross-correlation functions at 25 °C, 60 °C, and back to 25 °C showing the thermoreversible behavior of the sample P63 at 2 wt % in
toluene.

Figure 4. (a) Diffusion behavior of the azobenzene dye as a function of time in (1) toluene, (2) sample P13 at 2 wt % in toluene, and (3) sample
P38 at 2 wt % in toluene at 25 °C. (b) Electric field autocorrelation function at 25 °C for the diffusion of silica tracer nanoparticles in pure toluene, in
P13 and P38 at 2 wt % in toluene. (c) Electric field autocorrelation function at different temperatures for the sample P38 at 2 wt % in toluene.
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electric fields correlation functions in gels decay at longer times
compared to their corresponding solutions. Thus, a faster decay
time should be observed when heating the gel samples above
the gel−sol transition temperature. MDLS measurements were
carried out on the samples P25 (PBLG24-PDMS314-PBLG24),
P38 (PBLG43-PDMS314-PBLG43), and P63 (PBLG120-
PDMS314-PBLG120) at 2 wt % in the gel state from 25 to 60
°C with steps of 5 °C.
Figure 3a shows the normalized modulated electric field

cross-correlation function60 for the sample P63 at different
temperatures. At 25 °C, a long relaxation decay time was
observed (τ = 21 s), which is common of gel-like systems,
together with a second exponential decay at shorter relaxation
times (τ = 0.6 ms) indicative of fast molecular relaxations in the
system. As soon as the temperature was gradually increased, the
gel-like relaxation decay time vanished showing only one fast
decay time (τ = 0.3 ms). These results confirmed the presence
of a gel−sol transition which was confirmed by the fluidity of
the sample when the triblock copolymer was no longer self-
assembled into a network.
In Figure 3b, the thermoreversible behavior of the sample

P63 in the gel state when heating the sample from 25 to 60 °C
and cooling back to 25 °C is shown. Again, the sample at 25 °C
showed the bimodal decay time with a slow and a fast relaxation
times at τ = 21 s and τ = 0.6 ms, respectively. After heating the
sample up to 60 °C, the relaxation decay time shortened to τ =

0.3 ms due to the disassembly of the network structure and the
fast diffusion of the resulting macromolecules at higher
temperature. When the sample was cooled down to 25 °C,
the correlation function shifted back showing a bimodal decay
time with higher decay times at τ = 0.4 s and 0.5 ms, which
indicate the thermoreversible ability of the sample to form gels.
Similar behavior was also observed for the other samples P25
and P38 (Supporting Information, Figure SI-4a−d).
In order to elucidate the nature of the gels, diffusion

experiments were performed at 25 °C using two different
triblock copolymers (P13 and P38) at 2 wt % concentration in
toluene and an azobenzene dye [(E)-4,4′-bis(hex-5-en-1-
yloxy)azobenzene]. At this concentration, the two selected
triblock copolymers P13 and P38 were in the solution state and
in the gel state, respectively. The azobenzene dye was dropped
from the top and let diffuse showing different diffusion
behavior depending on the nature of the media (Figure 4a).
The counter experiment with toluene alone took over 4 min to
show complete diffusion of the dye, while for samples P13 and
P38 diffusion was completed within 8 and 120 min,
respectively. This delay in the diffusion time can be explained
by the reduced mobility of the dye molecules in the presence of
the triblock copolymers and strongly affected when the sample
is in the gel state. These results were consistent with those from
DWS experiments shown in Figure 4b. At 25 °C, the auto-
correlation function for the gel-like sample P38 decayed at

Figure 5. (a) Frequency sweeps experiments for the triblock copolymer P25, P38, and P63 at 2 wt % in toluene. (b) Recovery of the three
organogels after a preshear at 6 rad s−1 for to 2 min. (c) Frequency sweeps experiments for the triblock copolymer P38 at different concentrations in
toluene. (d) Recovery after a preshear at 6 rad s−1 for to 2 min.
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longer time (τ = 21 s), while the sol-like sample P13 and the
nanoparticles in pure toluene decayed at shorter times (τ = 78
ms and τ = 29 ms, respectively).
In Figure 4c, a progressive change in the correlation function

as a function of temperature is shown for the sample P38. The
relaxation decay time was systematically decreasing with
increasing temperature from 25 °C (τ = 21 s) to 60 °C (τ =
30 ms) and completely restored back to 25 °C (τ = 21 s).
These results confirmed the presence of a reversible gel−sol
transition.

Furthermore, rheology experiments were performed on the
three selected samples P25, P38, and P63 in order to study the
effect of the peptide’s degree of polymerization of the triblock
copolymers in the gel state at 2 wt %. Initially from the test tube
invert method, the time required to form a gel was observed to
decrease with increasing the molecular weight of the PBLG
segment and concentration. Figure 5a shows the frequency
sweeps with a systematic change in the shear modulus of the
organogels for the three different molecular weights. At 2 wt %
concentration, the storage (G′) and loss (G″) moduli are
directly proportional to the molecular weight of the peptide

Figure 6. TEM images of the 2 wt % organogels: (a) P25, (b) P38, and (c) P63.

Figure 7. (a) Self-assembly of the peptide-base PBLG rods during the nanofibril formation for the PBLG-b-PDMS-b-PBLG triblock copolymers. (b)
Schematic diagram for the changes in thickness due to the increase in volume fraction of the PBLG block: P25, a head-to-head morphology of the α-
helical rods; P38, a monolayer morphology; and P63, a head-to-head packing of folded α-helical rods.
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rods. Before a preshear is applied to the samples, the storage
moduli of the three gels at 1 Hz are 226, 1267, and 3042 Pa
(Supporting Information, Figure SI-5a) for the samples P25,
P38, and P63, respectively. When the volume fraction of the
PBLG changes from ϕPBLG = 0.25 (P25) to ϕPBLG = 0.63 (P63),
the gel strength increases more than 10 times, showing an
enhancement on the mechanical properties of the material due
to improved interaction between the large α-helixes at ϕPBLG =
0.63. After a preshearing at 6 rad s−1 for 2 min, the time for the
recovery of all organogels was also determined. Figure 5b shows
the time evolution of the three gels in toluene after their
complete breakdown. After 15 min, the storage moduli at 1 Hz
are 125, 596, and 1942 Pa for the samples P25, P38, and P63,
respectively, and their recovery times were 97, 70, and 27 s,
respectively. Thus, faster restructuring of the network are
observed for the high molecular weight triblock copolymers due
to the ease to reform the three-dimensional structures upon
increase of the peptide blocks.
Figure 5c shows the change in storage modulus for the

sample P38 at three different concentrations. Initially, the
storage moduli of the three gel concentrations were 423 Pa (2
wt %), 357 Pa (3 wt %), and 832 Pa (4 wt %) (Supporting
Information, Figure SI-5b). This increase of the storage
modulus upon increasing concentration can be explained due
to increasing density of physical interactions in the network
with block copolymer content, leading to stronger gels. After
applying a preshear at 6 rad s−1 for 2 min, the storage moduli
were 107, 454, and 977 Pa for the 2, 3, and 4 wt % gel
concentrations, respectively, and with recovery times of 51, 5,
and 4 s. Thus, a recovery of the gel rigidity at different
concentrations is observed, and at high concentration, the
restructuring of the network becomes faster with block
copolymer concentration (Figure 5d).
Moreover, transmission electron microscopy (TEM) experi-

ments were performed in order to know the morphology of the
self-assembled triblock copolymer organogels. The images
revealed nanofibril-like morphology as shown Figure 6. After
averaging the thicknesses of different nanofibrils, the widths of
the corresponding self-assembled structures were found to
range from 6 to 10 nm (P25), from 7 to 11 nm (P38), and
from 8 to 12 nm (P63) depending on the degree of
polymerization of the peptide block. These results compare
reasonably well to those obtained from the calculations of the
end-to-end distance of the PBLG blocks shown in Table 1.
The proposed mechanism for the establishment of these

nanofibril structures is based on the microscopic phase
separation of the triblock copolymers in toluene. It is well-
known that the PBLG homopolymer phase separates when a
homogeneous solution of this polymer is cooled down to room
temperature.42 In the case of block copolymers where a
toluene-soluble middle PDMS block is present, this microphase
separation increases the local concentration of PBLG blocks
and force them to self-assemble into nanofibrils. On the basis of
the range of diameters of the fibrils measured, and comparing it
to the length of PBLG block, one may expect the PBLG rods to
align perpendicular to the long axis (in a homeotropic-like
alignment) of the phase separated nanofibril domains, in the
case of P25 and P38; in the case of P63, the relatively thin
fibrils compared to PBLG contour length suggests possible
alternative packing mechanisms (such as α-helixes folding), but
in all cases, the PBLG rich-nanofibrils intertwine into a 3-D
network structure forming a gel.

Taking together the results of the FTIR, MDLS, rheology,
and TEM analysis, the proposed mechanism for the self-
assembly of the triblock copolymers in the gel state is presented
in Figure 7a. All the triblock copolymers form thermoreversible
organogels in toluene by the self-assembly of the rods at a
concentration above their critical gelation threshold, which
strongly depends on the α-helical content and the degree of
polymerization of the PBLG block. The PBLG rods are
confined within the core of the nanofibrils, whereas the PDMS
coils remain exposed toand swollen bythe toluene solvent
molecules. Furthermore, considering the width of the fibrils, we
are able to propose the packing mechanisms sketched in Figure
7b for the various triblock organogels. For the sample P25, a
head-to-head morphology of the α-helix rods with 7 nm
thickness is expected (homeotropic packing); for the sample
P38, a monolayer morphology with 6−8 nm thickness is
expected, while for the sample P63, a head-to-head packing of
folded α-helix rods with 9 nm thickness is expected, in
agreement with previous reports on folding of long α-helix
rods.27,61

■ CONCLUSIONS

In summary, a series of six peptide-based triblock copolymers
(PBLG-b-PDMS-b-PBLG) have been synthesized using ring-
opening polymerization starting from a diamino-terminated
PDMS macroinitiator. These triblock copolymers form
thermoreversible organogels in toluene at the critical gelation
concentration of 1.5 wt %. The degree of polymerization of the
PBLG block and the concentration of triblock copolymer play a
key role in the gel formation and the corresponding gel
strengths. The secondary structure of the resulting gels shows
an increase in the α-helical content as a function of the average-
number molecular weight of the rod segment. The increased
volume fraction of the PBLG block results in an improved and
stronger tridimensional structure of the gel. These organogels
undergo gel−solution transition around 50 °C and revert back
to their original state when cooling down to room temperature.
The presence of gel-like and sol-like structure was studied by
diffusion experiments, where the reduced mobility of an
azobenzene dye molecule and silica tracer nanoparticles was
observed in the gel state when compared to the solution state.
The gel strength of these triblock copolymers is enhanced with
increasing the molecular weight of the PBLG or the triblock
copolymer concentration, leading to a denser and stronger 3D
network gel. These organogels have a nanofibril-like morphol-
ogy with an average thickness in the range of 6−12 nm. These
results show convincingly that the structure and strength of
peptide-based thermoreversible organogels can be engineered
via carefully design of the molecular architecture of the block
copolymer precursors.

■ ASSOCIATED CONTENT
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1H NMR spectra, the phase diagram showing the gel−sol
transition as a function of concentration and temperature, the
secondary structure evaluation from the FTIR experiments,
MDLS plots, and rheological plots of the triblock copolymers.
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(26) Sańchez-Ferrer, A.; Mezzenga, R. Macromolecules 2010, 43,
1093−1100.
(27) Papadopoulos, P.; Floudas, G.; Klok, H.; Schnell, I.; Pakula, T.
Biomacromolecules 2004, 5, 81−91.

(28) Floudas, G.; Papadopoulos, P.; Klok, H.; Vandermeulen, G. W.
M.; Rodriguez-Hernandez, J. Macromolecules 2003, 36, 3673−3683.
(29) Flory, P. J. Proc. R. Soc. London, Ser. A 1956, 234, 73−89.
(30) Uematsu, I.; Uematsu, Y. Adv. Polym. Sci. 1984, 59, 37−73.
(31) Block, H. In Poly(γ-benzyl-L-glutamate) and Other Glutamic Acid
Containing Polymers; Gordon and Breach Science Publishers: New
York, 1983.
(32) Robinson, C.; Ward, J. C. Nature 1957, 180, 1183−1184.
(33) Yu, S. M.; Conticello, V. P.; Zhang, G.; Kayser, C.; Fournier, M.
J.; Mason, T. L.; Tirrell, D. A. Nature 1997, 389, 167−170.
(34) Tohyama, K.; Miller, W. G. Nature 1981, 289, 813−814.
(35) Kuo, S. W.; Lee, H. F.; Huang, C. F.; Huang, C. J.; Chang, F. C.
J. Polym. Sci., Part A: Polym. Chem. 2008, 46, 3108−3119.
(36) Lecommandoux, S.; Achard, M.; Langenwalter, J. F.; Klok, H.
Macromolecules 2001, 34, 9100−9111.
(37) Carlsen, A.; Lecommandoux, S. Curr. Opin. Colloid Interface Sci.
2009, 14, 329−339.
(38) Holowka, E. P.; Pochan, D. J.; Deming, T. J. J. Am. Chem. Soc.
2005, 127, 12423−12428.
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ABSTRACT: Polyacrylamide hydrogels formed via hydrophobic inter-
actions between stearyl groups in aqueous micellar solution of sodium
dodecyl sulfate (SDS) present two faces depending on which state they
are. The gels containing SDS micelles exhibit, in addition to the fast mode,
a slow relaxation mode in dynamic light scattering (DLS) and time-
dependent elastic moduli, indicating the temporary nature of the
hydrophobic associations having lifetimes of the order of seconds to
milliseconds. The gels where SDS had been removed after their
preparation behave similar to chemically cross-linked ones with time-independent elastic moduli, a high degree of spatial
inhomogeneity, and a single relaxation mode in DLS. Because of this drastic structural change, the physical gels are insoluble in
water with a gel fraction close to unity. In surfactant containing gels, a large proportion of physical cross-links dissociate under
force, but they do so reversibly, if the force is removed they reform again. The reversible disengagements of the hydrophobic
units building the physical cross-links leads to a self-healing efficiency of nearly 100%, while no such healing behavior was
observed after extraction of SDS due to the loss of the reversible nature of the cross-linkages.

■ INTRODUCTION
Aqueous solutions of hydrophobically modified hydrophilic
polymers constitute a class of soft materials with remarkable
rheological properties.1,2 Above a certain polymer concen-
tration, the hydrophobic groups in such associative polymers
are involved in intermolecular associations that act as reversible
breakable cross-links creating a transient 3D polymer network.
A simple method to obtain associative polymers is the free
radical micellar polymerization technique, as first described by
Candau and co-workers.1−8 In this technique, a water-insoluble
hydrophobic monomer solubilized within the micelles is
copolymerized with a hydrophilic monomer such as acrylamide
(AAm) in aqueous solutions by free-radical addition polymer-
ization. Because of high local concentration of the hydrophobe
within the micelles, the hydrophobic monomers are distributed
as random blocks along the hydrophilic polymer backbone.
One limitation of this technique is that large hydrophobes such
as stearyl methacrylate (C18) or dococyl acrylate (C22) cannot
be solubilized within the micelles due to the very low water
solubility of these monomers.9−12 Incorporation of blocks of
large hydrophobes into a hydrophilic polymer backbone would
produce strong and long-lived hydrophobic associations.
We have recently shown that large hydrophobes can be

solubilized in a micellar solution of sodium dodecyl sulfate
(SDS) provided that an electrolyte, such as NaCl, has been
added in sufficient amount.9 Salt leads to micellar growth13,14

and, hence, solubilization of the hydrophobes within the grown
SDS micelles. As illustrated in Figure 1, after solubilization of
the large hydrophobes C18 or C22 within the wormlike SDS
micelles of salt solutions, they could be copolymerized with

AAm to obtain physical hydrogels. The surfactant-containing
gels formed using C18 blocks as physical cross-links exhibit
unique characteristics such as insolubility in water but solubility
in SDS solutions, nonergodicity, self-healing, and a high degree
of toughness.9

However, when SDS micelles are removed from the physical
gels, they become fragile and do not exhibit the initial
mechanical performances. Understanding what gives these
surfactant-containing gels toughness and self-healing ability
could be essential for the design of future self-healing soft
materials and this was the aim of this study. Moreover, although
the physical gels we reported before were in a state close to the
critical gel state with a power-law frequency dependence in
their viscoelastic moduli, they were insoluble in water with a gel
fraction close to unity.9 It was also of fundamental interest to
explain the apparent contradiction that a critical gel could
remain stable in water.
Here, we prepared physical gels by micellar copolymerization

of AAm with 2 mol % C18 in aqueous SDS−NaCl solutions.
The initial monomer concentration was varied over a wide
range. By increasing the polymer concentration at the gel
preparation, we were able to obtain strong gels enabling
determination of their large strain behavior. We present and
characterize in this paper two series of physical gels: one series
still containing SDS micelles and another one where the SDS
micelles had been removed after preparation. Dynamic
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properties of the gels were investigated by dynamic light
scattering (DLS) and rheometry, while their large-strain
mechanical and self-healing performances were determined by
uniaxial elongation or compression tests. We will show that the
physical gels without SDS micelles behave similar to chemically
cross-linked gels: they exhibit time-independent dynamic
moduli and a single relaxation mode in DLS. When micelles
are present, the hydrophobic interactions are weakened,
thereby increasing the viscoelastic dissipation in the gel sample.
This is the key factor for self-healing. After fracture, strong
hydrophobic interactions localized across the damage surfaces
together with the internal dynamics of surfactant containing
gels leads to the renewal of hydrophobic associations and self-
healing at room temperature.

■ EXPERIMENTAL PART
Materials. Acrylamide (AAm, Merck), sodium dodecyl sulfate

(SDS, Sigma), ammonium persulfate (APS, Merck), N,N,N′,N′-
tetramethylethylenediamine (TEMED, Merck), and NaCl (Merck)
were used as received. Commercially available stearyl methacrylate
(C18, Fluka) consists of 65% n-octadecyl methacrylate and 35% n-
hexadecyl methacrylate. Micellar copolymerization of AAm with C18
was conducted at 25 °C for 24 h in the presence of an APS (3.5
mM)−TEMED (0.25% v/v) redox initiator system. SDS and NaCl
concentrations were set to 7% w/v (0.24 M) and 0.5 M, respectively.
C18 content of the monomer mixture was also fixed at 2 mol % while
the total monomer concentration was varied between 5% and 15% w/
v. The gel preparation procedure was the same as in our previous
study.9 For the swelling and mechanical measurements, the
copolymerization reactions were carried out in plastic syringes of 4
mm internal diameters. For the dynamic light scattering measure-
ments, the reactions were conducted in light scattering vials after
filtration of the gelation solutions through Nylon membrane filters
with a pore size of 0.2 μm.
Quantification of the Solubilization of C18 in SDS−NaCl

Solutions. The amount of C18 solubilized in the micelles was
estimated by measuring the transmittance of SDS−NaCl solutions
containing various amounts of C18 on a T80 UV−vis spectropho-
tometer. The transmittance at 500 nm was plotted as a function of the
added amount of C18 in the SDS−NaCl solution, and the
solubilization extent of C18 was determined by the curve break
(Figure S1).
Rheological Experiments. Gelation reactions were carried out at

25 °C within the rheometer (Gemini 150 rheometer system, Bohlin
Instruments) equipped with a cone-and-plate geometry with a cone
angle of 4° and diameter of 40 mm. The instrument was equipped with
a Peltier device for temperature control. The reactions were monitored

at an angular frequency ω of 6.3 rad/s and a deformation amplitude γ0
= 0.01. After a reaction time of 3 h, the dynamic moduli of the reaction
solutions approached limiting values (Figure S2). Then, frequency-
sweep tests and stress-relaxation experiments were carried out at 25
°C, as described before.9

Dynamic Light Scattering (DLS) Measurements. DLS
measurements were performed at 25 °C using ALV/CGS-3 compact
goniometer (ALV, Langen, Germany) equipped with a cuvette
rotation/translation unit (CRTU) and a He−Ne laser (22 mW, λ =
632.8 nm). The scattering angle θ was varied between 50° and 130°.
Details about the instrument were described before.9 The time-average
intensity correlation functions gT

(2)(q τ) of gels were acquired at 100
different sample positions selected by randomly moving the CRTU
before each run. The acquisition time for each run was 30 s. The short-
time limit of gT

(2)(q,τ) can be related to an apparent diffusion
coefficient, DA, via

15,16

= −
τ −

ττ→
D

q

g q1

2
lim

d(ln( ( , ) 1))

d
T

A 2 0

(2)

(1)

where q is the scattering vector, q = (4πn/λ) sin(θ/2), n is the
refractive index of the solvent, τ is the decay time, and subscript T
denotes time average. For nonergodic media like polymer gels, DA and,
likewise, the time-averaged scattering intensity ⟨I(q)⟩T vary randomly
with sample position. ⟨I(q)⟩T has two contributions: one from static
inhomogeneities (frozen structure) and the other from dynamic
fluctuations according to the following equation:15−17

⟨ ⟩ = + ⟨ ⟩I q I q I q( ) ( ) ( )T C F T (2)

where IC(q) and ⟨IF(q)⟩T are the scattered intensities due to the frozen
structure and liquidlike concentration fluctuations, respectively. To
separate ⟨I(q)⟩T into its two parts, we follow the method proposed by
Joosten et al.15 Treating the system by the partial heterodyne
approach, one obtains

⟨ ⟩
=

⟨ ⟩
−

⟨ ⟩I q
D

I q
D

I q
D

( ) 2 ( ) ( )T T F T

A (3)

The cooperative diffusion coefficient D and the fluctuating component
of the scattering intensity ⟨IF(q)⟩T of the present hydrogels were
obtained by plotting ⟨I(q)⟩T/DA vs ⟨I(q)⟩T data recorded at 100
different sample positions (Figure S3). The dynamic correlation length
ξ was evaluated by ξ = kT/(6πηD), where η is the viscosity of the
medium (0.89 mPa·s) and kT is the Boltzmann energy.

For ergodic media like surfactant solutions, the scattered intensity
contains only a fluctuating component and independent of sample
position. gT

(2)(q,τ) is then equivalent to an ensemble-averaged
intensity correlation function and can be written as the Laplace

Figure 1. Cartoon showing the formation of surfactant containing physical gels in aqueous SDS−NaCl solutions via hydrophobic C18 blocks.
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transform of the distribution of relaxation rates, G(Γ) (we disregard a
coherence factor):

∫τ − = Γ −Γτ Γ
∞

g q G( , ) 1 [ ( ) exp( ) d ]T
(2)

0
2

(4)

where Γ is the characteristic relaxation rate. G(Γ) values at five angles
(50°, 70°, 90°, 110°, and 130°) were evaluated with an inverse Laplace
transform of gT

(2)(q,τ) − 1 with the integrated ALV software (Figure
S4). Relaxation rates of the fast (Γfast) and slow modes (Γslow) were
obtained from the peak values of Γ in G(Γ)s. For a diffusion process,
the relaxation rate of a particular mode is q2 dependent and is related
to the diffusion coefficient as Γ = Dq2.
Gel Fractions and Swelling Measurements. Cylindrical hydro-

gel samples (diameter 4 mm, length about 6 cm) were immersed in a
large excess of water at 24 °C for at least 15 days by replacing water
every day to extract any soluble species. The masses m of the gel
samples were monitored as a function of swelling time by weighing the
samples. Relative weight swelling ratio mrel of gels was calculated as
mrel = m/m0, where m0 is the initial mass of the gel sample. Then, the
equilibrium swollen gel samples with relative masses mrel,eq were taken
out of water and immersed in liquid nitrogen for 5 min before they
were freeze-dried. The amount of SDS released from the gels during
their swelling was estimated using the methylene blue (MB) method.18

For this purpose, swelling tests were carried out as described above,
except that the volume of external solution was fixed at 100 mL.
Solution samples were taken at various time intervals, just before
replacing water, and subjected to MB method. The amount of SDS
released was calculated as 102mSDS,t/(m0CSDS), where mSDS,t is the mass
of SDS in the external solution at time t and CSDS is the initial SDS
concentration of gel samples (0.07 g/mL). The cumulative release of
SDS was obtained by summing up SDS released % data over all times.
To check for completeness of SDS extraction from gels, dry samples
were inspected by energy dispersive X-ray spectroscopy (EDS)
performed on a scanning electron microscope (Jeol 6335F) using
Oxford-INCA/ISIS software. EDS spectra were acquired and used for
X-ray mapping of sulfur (detection limit: 0.1%) and other elements
present in the samples.
The gel fraction Wg, that is, the conversion of monomers to the

water-insoluble polymer (mass of cross-linked polymer/initial mass of
the monomer), was calculated from the masses of dry, extracted
polymer network and from the comonomer feed. The volume
fractions of physically cross-linked PAAm after the gel preparation and
in the equilibrium swollen gel, ν2

0 and ν2, respectively, were calculated
as

ν = ρ− − C W102
0 2 1

0 g (5a)

ν = +
ν

− ρ
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⎣
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⎤
⎦
⎥⎥

m
12

rel,eq

2
0

1

(5b)

where ρ is the density of PAAm (1.35 g/mL).19 The linear swelling
ratio α of the gels with respect to the state of preparation was
calculated from the polymer volume fractions as α = (ν2

0/ν2)
1/3.

Uniaxial Compression Measurements. The measurements were
performed in a thermostated room at 24 ± 0.5 °C on gel samples both
in the state of preparation and after equilibrium swelling in water.
Cyclic compression experiments were performed on a Zwick Roell test
machine using a 10 N load cell. The cylindrical hydrogel sample of
about 4 mm diameter and 6 mm length was placed between the plates
of the instrument. Before the test, an initial compressive contact to
0.004 ± 0.003 N was applied to ensure a complete contact between
the gel and the plates. Cyclic tests were conducted with a compression
step performed at a constant crosshead speed of 5 mm/min to a
maximum load (varied between 0.5 and 4 N), followed by immediate
retraction to zero displacement and a waiting time of 2 min, until the
next cycle of compression. Load and displacement data were collected
during the experiment. Compressive stress was presented by its
nominal σnom or true values σtrue (= λσnom), which are the forces per
cross-sectional area of the undeformed and deformed gel specimen,

respectively, while the strain is given by λ, the deformation ratio
(deformed length/initial length). The stress−strain isotherms at low
compression ratios were measured by using an apparatus previously
described by our group.20 Briefly, cylindrical gel sample (diameter 4
mm, length 7 mm) was placed on a digital balance (Sartorius BP221S).
A load was transmitted vertically to the gel through a rod fitted with a
PTFE end-plate. The force acting on the gel was calculated from the
reading of the balance while the resulting deformation was measured
using a digital comparator (IDC type Digimatic Indicator 543-262,
Mitutoyo Co.), which was sensitive to displacements of 10−3 mm. The
force and the resulting deformation were recorded after 10 s of
relaxation. The measurements were conducted up to about 20%
compression with increments of ca. 1%. The modulus Gt of gels after a
relaxation time t = 10 s was determined from the slope of the linear
dependence

σ = − λ − λ−G ( )tnom
2 (6)

Typical stress−strain data plotted according to eq 6 are shown in
Figure S5 for the hydrogels before and after swelling in water.

Uniaxial Elongation Measurements. The measurements were
performed on cylindrical hydrogel samples of about 4 mm in diameter
on a Zwick Roell test machine using a 500 N load cell under the
following conditions: crosshead speed = 50 mm/min, sample length
between jaws = 13 ± 3 mm. The tensile strength and percentage
elongation at break were recorded. For reproducibility, at least six
samples were measured for each gel, and the results were averaged.

■ RESULTS AND DISCUSSION
Preparation of Physical Gels with and without

Surfactant. Physical gels were prepared by the micellar
copolymerization of AAm with C18 in aqueous SDS−NaCl
solutions. C18 content of the monomer mixture (C18 + AAm)
was fixed at 2 mol % while the initial monomer concentration
C0 was varied between 5% and 15%. The presence of NaCl in
the reaction solution induced the micellar growth (see the next
section) and, hence, solubilization of the hydrophobe C18
within the SDS micelles. The maximum solubility of C18 in the
reaction solution was determined as 1.2% w/v, corresponding
to C0 = 15% (Figure S1). Indeed, transparent gels were
obtained in the range of C0 between 5% and 15% while at larger
concentrations translucent gels were obtained. We therefore
limited our investigation to gels formed at or below C0 = 15%.
To obtain physical gels free of SDS micelles, the gel samples

were extracted in water at 24 °C. Figure 2 shows the data

obtained during the extraction of a gel sample formed at C0 =
10%, where the relative gel mass mrel and the released amount
of SDS from the gel (in %) are plotted as a function of the

Figure 2. Relative weight swelling ratio mrel of the physical gel (A) and
the amount of SDS released from the gel (B) plotted against the
swelling time in water. C0 = 10%.
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swelling time. At short swelling times, the gel exhibits a large
swelling ratio due to the osmotic pressure of SDS counterions
inside the gel network. As SDS is progressively extracted from
the network, the osmotic effect disappears and the gel gradually
converts into a nonionic gel having a markedly reduced swelling
ratio (mrel,eq = 1.3 ± 0.2 for C0 = 5−15%). Cumulative SDS
release data in Figure 2B reveal that, after a swelling time of
about 8 days, all SDS was extracted from the gels. Indeed, sulfur
analyses of freeze-dried gel samples formed between C0 = 5%
and 15% gave no sulfur (<0.1%), indicating complete SDS
extraction.
The characteristics of the physical gels before and after

swelling in water are collected in Table 1. The average gel
fraction Wg is 0.86 ± 0.02, demonstrating strong hydrophobic
associations between the PAAm chains which could not be

destroyed during the expansion of the gels in water. The
polymer concentration ν2 of the gels swollen to equilibrium is a
little lower than the value ν2

0 at the state of gel preparation. The
linear swelling ratio α increases slightly with rising C0 from 1.04
to 1.16, suggesting that the network chains are in the Gaussian
regime.20,21 Also, the fact that the equilibrium swelling ratio is
considerably lower than the maximum swelling (cf. Figure 2A)
is a strong indication that the network chains are in the
Gaussian regime. In contrast, we observed that the gels which
are soft at the state of preparation become stiff upon swelling in
water. To quantify this behavior, we measured the elastic
modulus Gt of cylindrical gel samples (diameter 4 mm, length 7
mm) after a relaxation time t of 10 s. Table 1 also contains the
moduli data of gels before and after swelling in water. The
equilibrium swollen gels exhibit 3−8-fold larger elastic moduli
than those in the preparation state. As the degrees of dilution of
the network chains before and after swelling are close together
(Table 1), this increase reveals the occurrence of structural
transformations during the removal of the surfactant micelles
from the gel network.

Dynamics of Gelation Solutions and Physical Gels.
DLS measurements were conducted at various preparation
steps of the gelation solutions, i.e., before and after additions of
NaCl, C18, or AAm into the SDS solution as well as after
polymerization and after removal of SDS micelles. The time-
average intensity correlation functions (ICFs) of the solutions
and gels were recorded at five angles (θ) between 50° and 130°.
Figures 3A and 3B show typical ICFs obtained at θ = 90° from
solutions and gels, respectively. ICF of the SDS−water solution
exhibits both fast and slow relaxation modes. This is similar to

Table 1. Properties of the Physical Gels with and without
SDS

after preparation
state

after equilibrium
swelling in water

C0 (% w/v) Wg Gt (kPa) ν2
0 Gt (kPa) ν2 α

5 0.83 a 0.031 a 0.027 1.04
6 0.87 0.14 0.039 a 0.032 1.06
7 0.86 0.34 0.045 2.0 0.037 1.06
8 0.88 0.64 0.052 4.8 0.042 1.07
9 0.86 1.0 0.057 6.8 0.045 1.08
10 0.87 1.5 0.064 8.1 0.049 1.09
15 0.83 4.9 0.092 13.0 0.058 1.16

aGels were too weak to withstand the elasticity measurements.

Figure 3. (A, B) ICFs of SDS solutions (A) and physical gels (B). θ = 90°. SDS solutions without (○) and with NaCl (△), NaCl + C18 (▽), and
NaCl + C18 + AAm (□). The amounts of C18 and AAm correspond to the preparation recipe of 10% gel. However, amounts corresponding to 5−
10% gels do not affect the results. Filled and open symbols in (B) represent data for gels with and without SDS, respectively. (C, D) Relaxation rates
of the fast (Γfast) and slow modes (Γslow) plotted against q2 for gels and solutions. The symbols are the same as in (A) and (B).
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polyelectrolyte solutions where a fast and a slow mode occur in
salt-free conditions. These relaxations merge into one upon
addition of salt.22 Likewise, the addition of NaCl (0.5 M) and
of monomers into the SDS solution results in the disappearance
of the slow mode. After formation of the physical gels, a slow
mode appears again on an even longer time scale (Figure 3B).
However, when the SDS micelles are removed from the gels,
the slow mode disappears.
Additional information can be obtained from the scattering

vector dependencies of the relaxation rates. The relaxation rates
of the fast (Γfast) and slow modes (Γslow) were obtained from
the peak positions in the relaxation rate distribution functions
G(Γ), some examples of which are given in Figure S4. In
Figures 3C and 3D, Γfast and Γslow are plotted against q2,
respectively. For SDS−water solution, Γfast and Γslow are both
proportional to q2, demonstrating diffusive processes. The
hydrodynamic correlation length ξ on the basis of the fast
mode was calculated as 0.5 nm for SDS micelles in water, while
after addition of NaCl, it increases to 6.1 nm due to the
formation of wormlike micelles.9,23−25 Addition of C18 and
AAm into the SDS−NaCl solution decreases again the
correlation length to 3 nm due to the oil-induced structural
change of wormlike micelles.9,26−30 In contrast to the slow
relaxation mode of the SDS solution, the slow mode of gels
containing SDS (∼30 ms) is independent of the scattering
vector q (filled symbols in Figure 3D), demonstrating that it
does not represent a diffusive process but is related to the
structural relaxation of the physical network. Thus, the ICFs
indicate a structural relaxation in physical gels on the time
scales of milliseconds. This process only occurs in the presence
of SDS micelles, it seems to disappear when the SDS is
removed.
Rheological measurements are another means of studying the

dynamic properties of the gels. Figures 4A and 4B show the
frequency dependencies of the elastic modulus G′ (filled
symbols), viscous modulus G″ (open symbols), and tan δ (=
G″/G′, lines) for the gels (C0 = 10%) with (A) or without SDS
(B). In Figures 4C and 4D, the relaxation moduli G(t) of the
same gels, obtained from stress relaxation measurements, are
plotted against time t at different strains γ0. The gel containing
SDS exhibits time-dependent dynamic moduli with a plateau
modulus at high frequencies (102 rad/s) and a loss factor above
0.1 indicating the temporary nature of the hydrophobic
associations having lifetimes of the order of seconds to
milliseconds. After extraction of SDS, the dynamic moduli
become nearly time independent and the loss factor decreases
below 0.1 corresponding solidlike behavior. Similar results were
also obtained for other gel samples formed at various
concentrations (Figure S6).
On the basis of these measurements, we conclude that, when

SDS micelles are present, the cross-links are reversible due to
the local solubilization of the hydrophobic associations so that
the gels are weak. After extraction of SDS, direct exposure of
the hydrophobic associations to the aqueous environment
increases their lifetimes so that the gels behave mostly like
being covalently cross-linked ones with time-independent
dynamic moduli and a single mode relaxation in DLS. The
results also demonstrate that the presence of surfactant micelles
is responsible for the slow mode of the physical gels. Previous
studies show a slow relaxation in the micellar kinetics on the
time scale of milliseconds to seconds, corresponding to the
dissolution of a micelle into individual surfactant molecules.31

Since the breakup of a micelle around the hydrophobic blocks

will enhance the hydrophobic interactions at this location, while
its re-formation will decrease these interactions again, it is likely
that the micellar kinetics and resulting temporary strong
associations are responsible for the slow network relaxations in
SDS containing physical gels.
Additionally, we point out that the water insolubility of the

present physical gels, even those in a critical gel state,9 is in
accord with the above findings. During the swelling process, the
removal of SDS from the gels increases the lifetime of the
associations so that the gels become increasingly stable as SDS
is progressively extracted. Conversely, if swelling is performed
without extraction of SDS (this requires an excess of SDS in the
swelling medium), the gels should dissolve due to the weak
hydrophobic associations. This was indeed observed. In Figure
5, the relative mass mrel of gel samples formed at C0 = 10% is
shown as a function of the swelling time in SDS−water
solutions. At or above 5% SDS concentrations, the gels
completely dissolve within 1−3 weeks while they remain stable
at lower SDS concentrations. Because of the weakening of the
hydrophobic associations with increasing surfactant concen-
tration, the higher the SDS concentration in the external
solution, the shorter the time period required for the gel-to-sol
transition and the lower is the gel mass at this transition.

Structural Inhomogeneity of Gels with and without
SDS. Figure 3B shows that the initial amplitude of the ICF
significantly decreases after extraction of SDS micelles,
indicating increasing extent of frozen concentration fluctua-
tions. To account for the nonergodicity of gels, the time-
averaged scattering intensity ⟨I⟩T at θ = 90° was recorded at a
hundred different sample positions. Figure 6A shows the

Figure 4. (A, B) G′ (filled symbols), G″ (open symbols), and tan δ
(lines) of gels with (A) and without SDS (B) shown as a function of
angular frequency ω. C0 = 10%; γ0 = 0.01. (C, D) Relaxation modulus
G(t) as a function of time t for various strains γ0 for gels with (C) and
without SDS (D). C0 = 10%; γ0 = 0.01 (●), 0.05 (○), 0.10 (▲), 0.20
(△), 0.50 (▼), 0.80 (▽), and 1.0 s (■).
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variations of ⟨I⟩T with randomly chosen sample position for
gels with (filled symbols) and without SDS (open symbols).
Note that ⟨I⟩T is averaged over a measurement time of 30 s.
The solid lines represent the ensemble-averaged scattering
intensity, ⟨I⟩E, obtained by averaging ⟨I⟩T over all sample
positions. The dashed lines represent that part of the scattering
intensities ⟨IF⟩T which is due to liquidlike concentration
fluctuations. Almost 1 order of magnitude increase of the
spatial fluctuations in ⟨I⟩T is observed after extraction of SDS
micelles from the hydrogels. Since the relative swelling ratio
mrel,eq of the physical gels without SDS is around 1.3, this
increase cannot be attributed to the dilution of the network
chains. However, the presence of SDS can markedly affect the
scattering contrast. It is thus advisible to use a relative measure
to capture the inhomogeneity. In Figure 6B, the relative
contribution of the static component (frozen structure) of the
scattered intensity, IC/⟨I⟩E is plotted against C0. An appreciable
portion of the thermal scattering from gels containing SDS is
due to the presence of large SDS micelles; IC/⟨I⟩E monotoni-
cally increases from 20% to 60% with rising C0 due to the

suppression of the fluctuations by the polymer chains. In the
absence of SDS, IC/⟨I⟩E of gels is independent of C0 and equals
to 83 ± 3%. Thus, the degree of the spatial gel inhomogeneity
considerably increases after extraction of surfactant molecules.
This increase is possibly related to the loss of reversibility of the
cross-linkages and the resulting increase in the apparent cross-
link density of gels at long experimental time scales (Table 1).
We calculated the correlation length ξ of gels on the basis of
their fast modes. In Figure 6C, ξ is plotted against C0. ξ of
surfactant containing gels is slightly decreasing from 6 to 4 nm,
indicating decreasing mesh size with rising C0, and it further
decreases after extraction of SDS micelles.

Mechanical Properties of Gels. Inspection of the stress
relaxation data in Figures 4C and 4D reveals that, at a given
time scale, the modulus of gels containing SDS remains
unchanged as the strain γ0 is increased from 1% to 100%, while
in the absence of SDS, it rapidly decreases with γ0. In Figure 7A,
the data are replotted as the variation of the relaxation modulus
G(t) of gels with increasing strain at fixed times. In the case of
gels with SDS, the extent of the linear viscoelastic regime is

Figure 5. Relative weight swelling ratio mrel of the gels formed at C0 = 10% in aqueous SDS solutions shown as a function of the swelling time. SDS
concentrations in the external solutions are indicated.

Figure 6. (A) Variation of ⟨I⟩T with the sample position of the physical gels with (●) and without SDS (○). The initial monomer concentrations C0
are indicated. (B, C) Contribution of the static component IC/⟨I⟩E of the scattered intensity (B) and the dynamic correlation length ξ (C) plotted
against C0.
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rather large, up to strains around 100%, whereas it is small and
limited to strains up to ∼10% for gels without SDS. This
indicates a remarkable decrease of the toughness of gels after
extraction of SDS micelles, as also observed by the uniaxial
elongation tests conducted on cylindrical gel samples. Figure
7B represents tensile stress−strain data of the physical gels
formed at three different concentrations C0. In the presence of
SDS, the elongation at break exceeds 1700%, and it further
increases as C0 is decreased. Without SDS, the gels break at
about 700% strain and exhibit an order of magnitude larger
ultimate strength as compared to the SDS containing gels.
The large strain properties of the physical gels with and

without SDS were also compared by cyclic compression tests.
The tests were conducted by compression of cylindrical gel
samples at a constant crosshead speed to a predetermined
maximum load, followed by immediate retraction to zero
displacement. After a fixed waiting time of 2 min, the cycles
were repeated several times. In all cases, the loading curve of
the compressive cycle was different from the unloading curve,
indicating damage in the gels and dissipation of energy during
the cycle. In Figure 8A, three successive loading−unloading
cycles of a gel sample formed at C0 = 10% are shown as the
dependence of the true stress σtrue on the deformation ratio λ.
The behavior of virgin gel sample can be recovered when the
sample is left to rest for 2 min without stress. The reversibility

of loading/unloading cycles was observed in all gels with or
without SDS. The perfect superposition of the successive
loading curves demonstrates that the damage done to the gel
samples during the loading cycle is recoverable in nature. This
behavior is similar to that of the hydrogels formed by dynamic
cross-links32−34 but different from double-network gels
showing irreversible fracture of the covalent bonds in the
primary network.35−37

Figures 8B and 8C show the results of the loading/unloading
experiments of the gels with increasing maximum load from 0.5
to 4 N. When SDS is present (B), a significant hysteresis is
observed, while in the absence of SDS (C), the extent of
hysteresis is low. In Figure 9A, the energy Uhys dissipated
during the compression cycle calculated from the area between
the loading and unloading curves is plotted against the
maximum load. For gels without SDS, Uhys is below 3 kJ/m3,
while with SDS, it is much larger. The hysteresis increases with
increasing maximum load, i.e., with increasing maximum strain
during the loading step, or with decreasing monomer
concentration C0. The hysteresis energy Uhys of the present
gels can be interpreted as the average dissociation energy Uxl of
a hydrophobic association times the number of associations
broken down during the compression cycle,37,38 i.e.

= ν νU U fhys xl e (7)

where νe is the concentration of elastically effective hydro-
phobic associations, i.e., the cross-link density of physical gels,
and fν is the fraction of associations broken during the loading/
unloading cycle. We assume that the energy Uxl required for the
detachment of the hydrophobe C18 from associations is of the
order of 102 kJ/mol.39,40 To estimate the cross-link density νe,
the plateau moduli G0 of gels are obtained from the constant
value of G′ at a high frequency (Figures 4A,B and Figure S6).
Since G0 corresponds to the shear modulus G, νe was calculated
using the equation41,42

ϕ= − ν ν νG RT(1 2/ ) ( / )e 2
0

2
2/3

(8)

where ϕ is the functionality of the cross-links, R is gas constant,
and T is the absolute temperature (K). The calculation using eq
8 assumes a phantom network behavior, which is generally
appropriate for the transient networks. However, for the
present gels formed by hydrophobic associations, since the
average aggregation number is large,43 the cross-link function-

Figure 7. (A) Relaxation modulus G(t) as a function of strain γ0 for
various times t for gels with (filled symbols) and without SDS (open
symbols). t = 0.1 (circles), 1.0 (triangles up), and 10 s (triangles
down). (B) Stress−strain curves of the physical gels with and without
SDS formed at various C0 indicated.

Figure 8. True stress σtrue vs deformation ratio λ curves from cyclic compression tests for the gel samples formed at C0 = 10%. (A) Three successive
loading/unloading cycles for a gel sample containing SDS. Maximum load = 5 N. (B, C) Loading/unloading cycles for gels with (B) and without
SDS (C). The tests were conducted with increasing maximum load from 0.5 to 4 N, as indicated.
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ality is also large, which will suppress the fluctuations of the
cross-links about their mean positions,44 so that the gels are
expected to deform affinely, i.e., (1 − 2/ϕ) = 1. Using the
experimentally determined values of ν2

0 and ν2 (Table 1),
together with the high-frequency elastic moduli G′ (Figure S6),
we calculated νe of gels with and without SDS and they are
plotted in Figure 9C against C0. Surfactant containing gels
exhibit higher cross-link densities than the corresponding gels
without SDS. This difference is possibly related to the effect of
surfactant on the aggregation behavior of associating polymers
in aqueous solutions. Since the presence of surfactant above its
cmc weakens hydrophobic interactions, thereby reducing the
aggregation number of hydrophobic blocks, the gels with SDS
contain larger number of hydrophobic associations than
without SDS, so that they exhibit higher cross-link densities.
We have to mention that, at experimental time scales of the
order of seconds, the apparent cross-link density of SDS
containing gels is much lower than those without SDS due to
the shorter lifetimes of the associations (cf. Figure 4).
Using the values of νe and Uhys, one may solve eq 7 for the

fraction fν of physical cross-links reversibly broken during the
compression cycles. The results are given in Figure 9B for the
gels formed at C0 = 9% and 10% plotted against the maximum
load. When SDS is present (filled symbols), 1−6% of the

physical cross-links dissociate under force, but reversibly, if the
force is removed they re-form again. As C0 is increased, fν
decreases and becomes 0.3−2% at C0 = 15%. In the absence of
SDS (open symbols), this fraction is small at low maximum
loads, indicating the stability of the associations, but it increases
with increasing load and approaches to its value in SDS
containing gels. The results thus reveal that there are a larger
number of hydrophobic associations in physical gels with SDS,
and these associations are easily broken; both of these
properties contribute their significant hysteresis behavior in
cyclic compression tests.
Reversible disengagements of the hydrophobic units from the

associations under an external force point out the self-healing
properties of surfactant containing physical gels. The
Supporting Information movie shows the healing process of a
gel sample formed at C0 = 10%. The images in Figures 10A−D
illustrate that when the fracture surfaces of a ruptured gel
sample are pressed together at 24 °C, the two pieces merge into
a single piece. The joint re-formed withstands very large
extension ratios as the original gel sample before its fracture.
No such self-healing behavior was observed after SDS had been
extracted from the gel networks.
To quantify the healing efficiency, tensile testing experiments

were performed using cylindrical gel samples of 5 mm diameter

Figure 9. (A, B) Hysteresis energy Uhys (A) and the fraction fν of dissociated cross-links during the loading/unloading experiments (B) shown as a
function of the maximum load. Data were from gels with (filled symbols) and without SDS (open symbols). C0 = 9% (circles), 10% (triangles up),
and 15% (triangles down). (C) Cross-link density νe of gels with (●) and without SDS (○) shown as a function of C0.

Figure 10. (A−D) Photographs of a gel sample formed at C0 = 10%. After cutting into two pieces and pressing the fractured surfaces together for 10
min, they merge into a single piece. (E) Elongation ratio at break of healed gel samples (λb) formed at C0 = 10% shown as a function of the healing
time. The horizontal line and the dashed area represent the mean value and the standard deviation for the virgin gel sample. Inset to (E) shows the
healing efficiency vs C0 plot for a healing time of 30 min.
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and 6 cm length. The samples were cut in the middle, and then
the two halves were merged together within a plastic syringe (of
the same diameter as the gel sample) at 24 °C by slightly
pressing the piston plunger. The healing time was varied from
10 to 130 min, and each experiment was carried out starting
from a virgin sample. In Figure 10E, the elongation ratio at
break of the healed gel sample (λb) formed at C0 = 10% is
plotted against the healing time. The horizontal solid line
represents the average elongation ratio at break of the virgin
sample (λb,0) with a standard deviation indicated by the dashed
area (17.4 ± 2.5%). Healing efficiency, λb/λb,0, rapidly increases
with the healing time, and after 20 min, a healing efficiency of
nearly 100% was observed. We note that, although the stress−
strain curves of the healed gels superimposed for all healing
times, gel samples healed longer than 1 h broke at a different
location than the healed zone. Experiments were also
conducted using the gels formed at various C0. In this set of
experiments, the healing efficiency was determined for a fixed
healing time of 30 min. As illustrated in the inset to Figure 10E,
the healing efficiency remarkable decreases with C0, i.e., with
decreasing fraction of dissociable cross-links (Figure 9B); as a
consequence, the damage created in the gel samples remained
permanent at high polymer concentrations.
All the above dynamic and mechanical features of the

physical gels suggest that the key factor leading to the self-
healing behavior is the weakening of strong hydrophobic
interactions due to the presence of surfactant molecules. Before
fracture, this weakening creates an energy dissipation
mechanism along the gel samples so that the degree of
toughness significantly increases. After fracture, hydrophobes
can easily find their partners in the other cut surface due to the
hydrophobic interactions across the damage surfaces together
with the help of the internal dynamics so that self-healing of the
damaged gel samples occurs within a short period of time.

■ CONCLUSIONS
As a main finding of our experiments, several dynamic
characteristics of self-healing hydrogels formed via micellar
polymerization technique vanish after extraction of surfactant
micelles. Physical gels containing SDS exhibit, in addition to the
fast mode, a slow relaxation mode in DLS, indicating structural
relaxations on the time scales of milliseconds. Time-dependent
dynamic moduli of these gels also indicate the temporary
nature of the hydrophobic associations having lifetimes of the
order of seconds to milliseconds. After extraction of SDS,
however, the gels behave similar to chemically cross-linked gels
with time-independent dynamic moduli and a single relaxation
mode in DLS. The results thus show that, when SDS micelles
are present, the cross-links are reversible due to the local
solubilization of the hydrophobic associations, while after
extraction of SDS, direct exposure of the hydrophobic
associations to the aqueous environment considerably increases
their lifetimes. This structural change in the physical gels due to
the removal of SDS is responsible for their insolubility in water
and solubility in SDS solutions. A significant increase in the
degree of spatial gel inhomogeneity was observed after
extraction of surfactant molecules, which is also related to the
breakdown of the reversible nature of the cross-linkages and
resulting increase in the apparent cross-link density of gels at
long time scales. In the presence of SDS, the gels are very tough
and the elongation at break exceeds 1700% while without SDS,
the gels break at about 700% strain and exhibit an order of
magnitude larger ultimate strength. Results of the cyclic

compression tests show that a large number of physical cross-
links in SDS containing gels dissociate under force, but
reversibly, if the force is removed, they re-form again. The
reversible disengagements of the hydrophobic units building
the physical cross-links leads to a healing efficiency of nearly
100%, while no such self-healing behavior was observed after
extraction of SDS from the gel networks. The loss of self-
healing ability of the present gels after their swelling limits their
application areas to systems in which the gel samples have to be
isolated from the environment.
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ABSTRACT: Block copolymers consisting of two segments
of random copolymers of N-alkylacrylamides have been
synthesized by a sequential reversible addition−fragmentation
chain transfer (RAFT) polymerization. The copolymers in the
form of AnBm-b-ApBq have been made of two blocks of N-n-
propylacrylamide (nPA) and N-ethylacrylamide (EA) of
different compositions to obtain polymers with stepwise
thermosensitivity. The control of the RAFT polymerization
was confirmed by studying the kinetics of the copolymeriza-
tion process. The block random copolymer, poly(nPAx-co-
EA1−x)-block-poly(nPAy-co-EA1−y), is well-defined and has a low polydispersity. The cloud points of the random copolymers can
be tuned by varying the chemical composition of the copolymers. The diblock copolymer exhibited a two-step phase transition
upon heating to 41.5 and 53.0 °C, corresponding to the cloud points of the individual blocks. Dynamic light scattering
experiments also showed the stepwise aggregation properties of the copolymer in aqueous solutions.

■ INTRODUCTION
Thermoresponsive polymers have been widely investigated for
their potential in biomedical applications.1−4 Many polymers
based on N-alkyl-substituted acrylamides, the most well-known
of which being poly(N-isopropylacrylamide), exhibit a lower
critical solution temperature (LCST) in water.5 The thermo-
responsiveness of these polymers depends on the relative
hydrophobicity or hydrophilicity of the N-alkylacrylamide
monomers,5,6 in addition to the effects of molar mass,
concentrations, and additives. Increased hydrophobicity of the
substitution groups leads to a lower phase transition temper-
ature of the polymers obtained.7−10 The cloud points (CPs) of
the polymers can be tuned by the varying the chemical
composition of the random copolymers based on N-alkyl-
substituted (meth)acrylamides.11−13 Diblock copolymers with
dual thermoresponsive behavior have been synthesized by the
incorporation of blocks with different cloud points.4,14−19 We
have made various di- and triblock copolymers of N-
alkylacrylamides and showed that they exhibited multiple CPs
in aqueous solutions,20,21 corresponding to different stages of
their aggregation.22,23 The phase transitions are usually
accompanied by changes in the micellar size or shape and
solution properties. However, the choice of the substitution
groups on such monomers limits the range of the phase
transition temperatures. To tailor the properties of the
materials, it would be ideal to have blocks available with a
thermosensitivity at any desired temperature. This may be
achieved by varying the chemical composition of a random
copolymer.12 Therefore, our approach is to make a block
copolymer of two random copolymer sequeneces with different
thermosensitivities. We choose to use the reversible addition−

fragmentation chain transfer (RAFT) polymerization meth-
od24,25 to grow two block of random copolymers of N-n-
propylacrylamide (nPA) and N-ethylacrylamide (EA) with
compositions adjusted for the desired transition temperatures.
We report here the design, synthesis, and characterization of a
diblock thermoresponsive copolymer with two distinct
transition temperatures corresponding to the two random
copolymers synthesized by sequential RAFT copolymerization.

■ EXPERIMENTAL SECTION
Materials. 2,2′-Azobis(isobutyronitrile) (AIBN) from Eastman

Kodak was recrystallized from methanol and stored in dark bottles
in a refrigerator. Acryloyl chloride, ethylamine, and n-propylamine
were purchased from Aldrich and were used without further
purification. N-n-Propylacrylamide (nPA) and N-ethylacrylamide
(EA) were prepared by reacting acryloyl chloride with the
corresponding alkylamines following a reported procedure.26 2-
Dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid (DMP)
was used as a highly efficient chain transfer reagent (CTA) and
prepared according to the procedure reported by Lai et al.27 Water was
purified using a Millipore Milli-Q system. Anhydrous and oxygen-free
dioxane was obtained by passage through columns packed with
activated alumina and supported copper catalyst (Glass Contour,
Irvine, CA).

Polymer Synthesis. The monomers nPA and EA were added at a
predetermined ratio along with trithiocarbonate DMP as the CTA and
AIBN as the initiator in a 100 mL Schlenk tube equipped with a
magnetic stirrer bar. A fixed volume of anhydrous dioxane was then
transferred to the Schlenk tube. The ratio of [monomers]:[DMP]:

Received: December 16, 2011
Revised: January 24, 2012
Published: February 8, 2012

Article

pubs.acs.org/Macromolecules

© 2012 American Chemical Society 2001 dx.doi.org/10.1021/ma2027269 | Macromolecules 2012, 45, 2001−2006

pubs.acs.org/Macromolecules


[AIBN] was fixed at 200:1:0.1, and the total monomer concentration
was 0.3 g/mL. The mixture was degassed by three freeze−pump−thaw
cycles prior to immersing it in a preheated oil bath. The reaction
temperature was set to 70 °C, and the reaction was conducted for 90
min before terminating it by exposing the reaction mixture to air and
immersing it in an ice bath. The product was then precipitated in
diethyl ether, filtered, and dried in vacuum oven at 60 °C to yield
poly(nPAx-co-EA1−x)-CTA as a yellowish powder. The resulting
random copolymer was then used as the DMP-ended macro-CTA in
the second step to make a diblock copolymer using the reactant ratio
[monomer]:[macro-CTA]:[AIBN] of 400:1:0.1. The procedure for
diblock copolymerization was the same as for random copolymeriza-

tion, except that DMP has been replaced by macro-CTA (Scheme 1).
In the kinetic studies, aliquots of the reaction mixture were withdrawn
during the course of the copolymerization and analyzed by size
exclusion chromatography (SEC) and nuclear magnetic resonance
(NMR) spectroscopy.
Polymer Characterization. Molar masses and polydispersity

indices (PDI) of the polymers were obtained by SEC on a Waters
1525 system equipped with three Waters Styragel columns and a
refractive index detector (Waters 2410) at 35 °C. N,N-Dimethylfor-
mamide (DMF) was employed as the mobile phase at a flow rate of 1
mL/min, and the system was calibrated by poly(methyl methacrylate)
standards. In kinetic studies, the volatile species were removed in a
vacuum oven at 60 °C from the samples taken at different time
intervals during the course of the reaction.

The NMR spectra of the monomers and polymers in deuterated
chloroform (CDCl3) were determined on a Bruker AV-400
spectrometer operating at 400 MHz for protons. The chemical shifts
are given in reference to the solvent peak at 7.26 ppm. The theoretical
molar masses were calculated from the conversions given by 1H NMR
according to

̅ = + × ×M M M
[monomer]

[CTA]
conversionn,th CTA monomer

(1)

where MCTA is the molar mass of the chain transfer agent and
[monomer] and [CTA] are the initial monomer and CTA
concentrations, respectively. Mmonomer is the weighted molar mass of
the comonomers and calculated from the molar ratios of comonomers
in the product obtained by 1H NMR. The molar masses of the
polymers were not determined by 1H NMR because of the overlap of
the methyl group signals from EA and from DMP end group at 0.99
ppm. For a block copolymer, [CTA] in eq 1 is replaced by the
concentration of macro-CTA.

The CPs of the polymers were determined from the optical
transmittance measured on a Cary 300 Bio UV−vis spectropho-
tometer equipped with a temperature-controlled sample holder.
Samples were prepared by the dissolution of copolymers in distilled
water in an ice−water bath, after which the solutions were
homogenized by ultrasonication. The absorbance was measured at
different wavelengths for the aqueous solution of polymers 1.0 mg/mL
by continuous heating at rate of 0.1 °C/min over various temperature
ranges or stepwise heating at 1 °C intervals with 20 min equilibration
at each temperature, which was also the heating procedure used in the
light scattering experiments where continuous heating was not
possible. Here, the CP is defined as a temperature at which the
differential of transmittance change with respect to the temperature at
a certain wavelength is maximal.28 Another definition is the
temperature corresponding to a 10% or 50% reduction in the initial
transmittance.20,25,29 For individual blocks, the temperature at which
50% transmittance was lost upon heating was considered as the CP.
For block copolymers, the CP is determined from the middle point
between the onset and the offset of the transmittance curve as a
function of temperature.

Dynamic light scattering (DLS) studies on the temperature-
dependent aggregation behavior were carried out on a CGS-3 compact
goniometer (ALV GmbH) equipped with an ALV-5000 multi tau
digital real time correlator at chosen temperatures using a Science/
Electronics temperature controller. The laser wavelength was 632 nm,
and the scattering angle was fixed at 90°. All solutions were made with
the concentration of 2.0 mg/mL and filtered through 0.22 μm
Millipore filters to remove dust. The samples were heated at 1 °C
intervals within 20 min equilibration time. The results were analyzed
by CONTIN inverse Laplace transform algorithm. The decay rate
distributions were transformed to an apparent diffusion coefficient and
the apparent intensity-weighted hydrodynamic diameters of the
polymers was obtained from the Stokes−Einstein equation.

■ RESULTS AND DISCUSSION
Kinetics of the RAFT Copolymerization of N-Alkyl-

Substituted Acrylamides. N-n-Propylacrylamide and N-
ethylacrylamide were copolymerized in dioxane at 70 °C
using a monomer ratio of 70:30 (nPA:EA) and a reactant ratio
of [monomers]:[CTA]:[initiator] of 200:1:0.1. The conversion
was monitored by 1H NMR spectroscopy of the samples
withdrawn from the reaction mixture at regular time intervals
and determined by comparing the integrated areas of the
characteristic proton signals from the vinyl group of monomers
in the region of 5.5−6.3 ppm with the integrated areas of the
methyl signals of the polymer at 0.8−1.2 ppm (Figure S1,
Supporting Information). Of course, the contribution of
residual methyl group signals is subtracted from the total

Scheme 1. RAFT Copolymerization of nPA and EA for the
Preparation of Poly(nPAx-co-EA1−x) and Further Chain
Extension Leading to a Diblock Random Copolymer
Poly(nPAx-co-EA1−x)-block-poly(nPAy-co-EA1−y)
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integration in the region of 0.8−1.2 ppm (as explained in
Figure S2).
The composition of the copolymer remained constant

throughout the duration of the polymerization process as
verified by 1H NMR (Figure S2), which indicates the random
nature of the copolymerization. The evolution of the molar
mass with conversion is presented in Figure 1. The increase in

molar mass follows the theoretical line up to 70% conversion,
which shows the controlled character of the copolymerization.
An increase in polydispersity is observed at higher conversions
(Figure 2A) and a negative deviation from linearity in the

pseudo-first-order plot (Figure 2B) occurred after 120 min
reaction time, both frequently reported for the RAFT
polymerization of N-substituted acrylamides.20,25,30−32 An
inhibition period of ∼15 min at the beginning of polymer-
ization is attributed to the slow fragmentation of CTA.33−36

The kinetic data indicate that the concentration of the radical
species is constant during the reaction, and thus, the
polymerization is controlled in this range of conversions. The
SEC chromatograms of the samples withdrawn at different
reaction times (Figure S3) show that the higher polydispersities
at high conversions arise from low-molar-mass tailing similar to

our earlier observations20 as well as those by other
groups.30,35,37

In our earlier discussion, we showed that the negative
deviation of the kinetic plot may not arise from the initiator-
derived radicals but is rather related to the number of other
radicals, which can be corrected to some degree by lowering the
polymerization temperature.20 This was our motivation for the
choice of current reaction temperature (70 °C). The reactivities
of N-alkylacrylamides are also known to depend on their
structure, the polymerizations of N,N-dialkyl-substituted
acrylamides being faster and more controlled than those of
their monosubstituted counterparts with less negative deviation
in the kinetic behavior.20 In comparison with our earlier kinetic
data on the homopolymerization of nPA with the same [CTA]:
[initiator] ratio at the same temperature,20 the copolymeriza-
tion of nPA and EA shows better linearity up to higher
conversions. Other monomers (N-tert-butylacrylamide, tBA,
and N,N-dimethylacrylamide, DMA) with different mole
fractions were also copolymerized under the same conditions,
and they showed the same kinetic behavior as P(nPA0.7EA0.3)
(data not shown). On the basis of the kinetic data, the reaction
conditions are chosen to provide an active macro-CTA that can
be employed in the subsequent block copolymerization.

CPs of the Random Copolymers. Various N-alkyl-
substituted acrylamide homopolymers and corresponding
random copolymers were synthesized and studied in our
group.12 Among them, N-n-propylacrylamide (nPA) and N-
ethylacrylamide (EA) were selected for the current study.
These monomers have different hydrophilicities and thus the
corresponding copolymers have different CPs. A series of
copolymers with different nPA:EA ratios were synthesized, and
their thermoresponsiveness was tested in aqueous solutions.
Table 1 shows the characteristics of the copolymers. The

copolymer compositions are nearly identical to the feed ratios,
supporting our earlier observations on the similar reactivity of
N-alkylacrylamides12 and suggesting that the copolymers are
statistically random.
Figure 3 shows the CPs of poly(nPAx-co-EA1−x) random

copolymers as a function of the mole fraction of EA in the
random copolymer. The CP increases with an increase in the
mole fraction of the more hydrophilic monomer EA and
follows eq 2 as a function of the comonomer composition:12

=
μ + μ

μ + μ
T

T k T

k
1 1 2 2

1 2 (2)

Figure 1. Number-average molar mass Mn as a function of conversion
of the monomers for the RAFT copolymerization of nPA and EA at
monomer ratio of 70:30 (nPA:EA). Solid line represents the
theroretical molar masses calculated from eq 1.

Figure 2. (A) Polydispersity index (PDI) and (B) semilogarithmic
kinetic plot of the monomer conversion ln([M]0/[M]t) as a function
of reaction time for the RAFT copolymerization of nPA and EA in
dioxane at 70 °C with a monomer ratio [nPA]:[EA] of 70:30 and
[monomers]:[CTA]:[initiator] ratio of 200:1:0.1. Solid line is a linear
fit to part of the data to serve as a visual guide.

Table 1. Chemical Compositions and CP of Poly(nPAx-co-
EA1−x) Copolymers with Different Ratios of the
Comonomers

polymer
Mn

a

(g/mol) PDIa
nPA:EA ratio in final

polymerb
CP
(oC)c

PEA 19 800 1.08 100:0 >85
P(nPA0.2EA0.8) 15 200 1.24 19.1:80.9 75
P(nPA0.4EA0.6) 19 800 1.13 40.5:59.5 52
P(nPA0.5EA0.5) 12 000 1.18 49.8:50.2 45
P(nPA0.6EA0.4) 20 100 1.23 58.2:41.8 40
P(nPA0.7EA0.3) 13 200 1.11 69.9:30.1 37
P(nPA0.8EA0.2) 16 500 1.21 78.1:21.9 33
PnPA 12 800 1.10 0:100 20

aDetermined by SEC. bDetermined by 1H NMR. cDetermined by
UV−vis spectroscopy at λ = 350 nm.
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where T, T1, and T2 are the CPs of the random copolymer,
PEA, and PnPA, respectively. μ1 and μ2 are the mole fractions
of EA and nPA (note that μ1 = 1 − μ2), respectively, and k is a
weighting parameter which can be deduced from curve fitting
to the experimental data. A k value of 1 would be obtained in
the case of a linear relationship of T vs μ1. In the current case,
the plot has a concave shape, yielding a k value of 0.69. In
comparison, a k value of 0.51 was observed for the copolymers
of EA and a more hydrophobic monomer, N-tert-butylacryl-
amide (tBA).12 Figure 3 shows a 15 °C difference between the
CPs of P(nPA0.4EA0.6) and P(nPA0.7EA0.3), enough to
distinguish the phase transitions in a block copolymer.
Therefore, these monomer ratios were chosen to build the
two blocks of the copolymer.
Preparation of a Diblock Random Copolymer by

RAFT Polymerization. A random copolymer of nPA and EA
with a comonomer ratio of 70:30, P(nPA0.7EA0.3), was
synthesized to serve as a macro-CTA (macro-chain transfer
agent) for the chain extension. The polymerization was stopped
at 60% conversion to avoid the formation of dead chain ends.
The polymer was purified by a precipitation in diethyl ether
prior to the addition of the second block so that it was free of
monomers as shown by 1H NMR spectroscopy (Figure S1,
Supporting Information). The details of the macro-CTA
copolymer are presented in Table 2.

As mentioned above, the comonomer ratio for building the
second block was chosen to yield two separable phase
transitions in aqueous solution. The conditions of the block
copolymerization of nPA and EA at a feed ratio of 60:40 were
the same as in the first copolymerization, but the ratio of
reactants [monomer]:[macro-CTA]:[AIBN] was set at
400:1:0.1 to provide a longer second block that would allow
a better solubilization of the final block copolymer above the
CP of the first block. It is known that some monomers tend to

produce more deactivated macro-CTAs in a RAFT copoly-
merization than the others. Although this phenomenon is not
fully understood, we have earlier shown that macro-CTAs of N-
monosubstituted acrylamides such as nPA and iPA mostly
remain active, more than those of the disubstituted
acrylamides.20,21

The results of the block copolymerization are summarized in
Table 2, and the SEC chromatograms of the macro-CTA and
the resulting block copolymer are shown in Figure 4, indicating

the livingness of block copolymerization. The conversion of the
second block was 66%, and the molar mass of the block random
copolymer was well in accordance with the theoretical value
calculated by eq 1. The polydispersity increased upon block
copolymerization, indicating some loss of control over the
RAFT polymerization process, commonly observed for macro-
CTAs and associated with a small quantity of inactive species in
the reaction.38 The monomer composition of the
P(nPA0.4EA0.6) block in Table 2 was calculated from the 1H
NMR spectra of macro-CTA and diblock copolymer (Figure
S4). On the basis of the molar masses given by SEC and the
monomer compositions, the block ratio of the P(nPA0.7EA0.3)-
b-P(nPA0.4EA0.6) diblock copolymer is 1:2.4.

Solution Properties of Copolymers and Block Ran-
dom Copolymer. To demonstrate the phase transitions of the
individual blocks of P(nPA0.7EA0.3)-b-P(nPA0.4EA0.6) diblock
random copolymer, the transmittance curves of aqueous
solutions of P(nPA0.7EA0.3) and P(nPA0.4EA0.6) at a concen-
tration of 1.0 mg/mL upon heating are shown in Figure 5A,
indicating CPs of 37 and 52 °C, respectively. The molar masses
of the random copolymers were 13 200 and 19 800 g/mol,
respectively (Table 1).
Figure 5B shows two clear shifts in the transmittance of

P(nPA0.7EA0.3)-b-P(nPA0.4EA0.6) solution with increasing tem-
perature. When observed at 350 nm, the transmittance starts to
decrease abruptly at 40 °C as the more hydrophobic
P(nPA0.7EA0.3) block becomes insoluble upon heating, the
middle point of the first transition being at 41.5 °C. When the
temperature continues to rise, the second increase in the
turbidity starts at 46 °C with a middle point of the transition at
53 °C, corresponding to the CP of P(nPA0.4EA0.6). The
broadening of the phase transition temperatures may be
influenced by the mutual and opposite effect of the two
individual blocks: The more hydrophilic block drags the CP of
the neighboring block to a higher temperature while the more
hydrophobic one drags the other block to a lower CP. Fast
continuous heating without equilibration led to lower apparent
transition temperatures (Figure S5), as it may not allow enough

Figure 3. CPs of poly(nPAx-co-EA1−x) aqueous solution as a function
of the mole fraction of EA, μEA. The dashed line shows the curve fitting
to eq 2, yielding a k value of 0.69.

Table 2. Conversions and the Compositions of Mono- and
Diblock Random Copolymers

Mn

polymer
nPA:EA ratio in
the blocksa

conva

(%) theorb SECc PDIc

P(nPA0.7EA0.3) 69.9:30.1 60 13 500 13 200 1.11
P(nPA0.7EA0.3)-b-
P(nPA0.4EA0.6)

41.2:58.8 66 41 000 45 000 1.26

aDetemined by 1H NMR. bCalculated from eq 1. cDetermined by
SEC.

Figure 4. SEC chromatograms of P(nPA0.7EA0.3) (macro-CTA) and
P(nPA0.7EA0.3)-b-P(nPA0.4EA0.6) (diblock copolymer).
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time for the reorganization of individual blocks during the
aggregation. The temperature-dependent transmittance of the
diblock random copolymer depends on the detection wave-
length (Figure S5). It is known that the scattering depends
strongly on the wavelength of the light (∼λ−4).39 This explains
the higher transmittance at 350 nm than at 250 nm since the
light of a shorter wavelength is more scattered than that of a
longer wavelength. In addition, only the particles larger than
the wavelength of light are visible at a certain observation
wavelength. Therefore, at longer observation wavelengths,
fewer particles are visible, leading to a lower apparent
turbidity.22

The temperature dependence of apparent mean hydro-
dynamic diameter (Dh) of P(nPA0.7EA0.3)-b-P(nPA0.4EA0.6) in a
2.0 mg/mL solution is demonstrated in Figure 6, and the

proposed mechanism for the aggregation process is shown in
Scheme 2. At low temperatures, the solution consists of small
micelles (Dh ≤ 22 nm) possibly together with molecularly

dissolved polymers, which compress upon heating prior to
reaching the onset of the first CP. Such shrinking has been
commonly observed for thermoresponsive polymers due to a
coil-to-globule transition.40−42 The micellization itself may
stem from the hydrophobic C12H25 CTA end group of the
block copolymer. The micelles start to aggregate when the
temperature reaches the onset of the CP transition of the more
hydrophobic P(nPA0.7EA0.3) block at 40 °C, and the mean
diameter suddenly increases as the size distribution becomes
bimodal due to the emergence of larger aggregates (Dh ∼ 88
nm), similar to the observations by Laschewsky and co-workers
on triblock copolymers.43 Further heating results in a collapse
of the core at 44−48 °C upon the dehydration of the
hydrophobic block, after which the aggregated species remain
stable. We have earlier described similar aggregation behavior
with an initial increase in Dh followed by a collapse for a
poly(N-n-propylacrylamide) homopolymer as well as for its
diblock and triblock copolymers.22 At 53 °C, the more
hydrophilic P(nPA0.4EA0.6) block reaches its CP and becomes
more hydrophobic, leading to its contraction in water and
further clustering of the micelles. Scattering intensity increases
gradually during the aggregation/collapse and clustering
processes, with a plateau in between. At 63 °C, the size
distribution is monomodal and the mean hydrodynamic
diameter of clusters is 79 nm, followed by a small contraction
due to further dehydration of the outer block upon heating.

■ CONCLUSIONS

RAFT polymerization has been successfully used to make
random copolymers of N-alkyl-substituted acrylamides with

Figure 5. Temperature-dependent transmittance of 1.0 mg/mL
aqueous solutions of (A) P(nPA0.7EA0.3) and P(nPA0.4EA0.6), observed
at a wavelength of 350 nm and (B) P(nPA0.7EA0.3)-b-P(nPA0.4EA0.6) at
two wavelengths, 350 and 250 nm. The samples were heated by 1 °C
intervals followed by an equilibration for 20 min.

Figure 6. Temperature dependence of mean hydrodynamic diameter
(Dh) and scattering intensity obtained by dynamic light scattering at
90° angle for a 2.0 mg/mL aqueous solution of P(nPA0.7EA0.3)-b-
P(nPA0.4EA0.6).

Scheme 2. Schematic Illustration of the Aggregation
Behavior of P(nPA0.7EA0.3)-b-P(nPA0.4EA0.6) in Water upon
Heating: (a) Molecularly Soluble Polymers and Small
Micelles below 40 °C; (b) Dehydration of the
P(nPA0.7EA0.3) Core at 40 °C; (c) Collapsed Aggregates at
44−53 °C; (d) Clusters above 53 °C
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narrow molecular weight distributions. The kinetic study shows
the controlled character of the RAFT copolymerization of the
two monomers in the family of N-alkylacrylamides at
conversions below 70%. The CP of the copolymers can be
varied over a temperature range of 20−85 °C by adjusting the
comonomer ratio, allowing the design of block copolymers of
two random copolymers with different phase transition
temperatures. The stepwise aggregation of the block copolymer
at different temperatures has been clearly shown. While rising
the temperature above the CP of the first block leads to
clustering and subsequent collapse of the core of the aggregates,
heating above the CP of the second block induces further
clustering and contraction of the shell through the dehydration
of outer block. Further studies by dynamic and static light
scattering together with microscopic methods may help to
better understand the aggregation process. These block random
copolymers expand the scope of thermoresponsive polymers
and give promise to novel materials with tailored stimuli-
responsive properties.

■ ASSOCIATED CONTENT

*S Supporting Information
1H NMR spectra of a reaction mixture and of a purified random
copolymer, SEC traces of copolymers at different polymer-
ization times, 1H NMR spectra for the mono- and diblock
copolymers, and UV−vis transmittance of the aqueous solution
of the polymers at different wavelengths. This material is
available free of charge via the Internet at http://pubs.acs.org.
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ABSTRACT: L-Polypeptides and D-polypeptides can be
prepared from natural L-amino acids and non-natural D-
amino acids, respectively. In this study, poly(ethylene glycol)−
poly(L-alanine-co-L-phenyl alanine) (PEG-L-PAF) and poly-
(ethylene glycol)−poly(D-alanine-co-D-phenyl alanine) (PEG-
D-PAF) with similar molecular weight and composition, but
different stereochemistry were investigated, focusing on
thermogelling behavior and biodegradation. The sol-to-gel
transition temperature of both PEG-L-PAF and PEG-D-PAF
aqueous solutions decreased from 26 to 7 °C as the
concentration increased from 4.0 wt % to 9.0 wt %. Dynamic light scattering, transmission electron microscopy, circular
dichroism spectra, and 13C NMR spectra suggested that the sol-to-gel transition involved changes in molecular assemblies
resulting from dehydration of PEG for both PEG-L-PAF and PEG-D-PAF. In particular, the significant differences between PEG-
L-PAF and PEG-D-PAF were observed for histocompatibility as well as in vitro/in vivo degradation. Only PEG-L-PAF was
significantly degraded by cathepsin B and elastase, as well as under in vivo conditions. The histocompatibility assayed by the
H&E staining method showed that formation of the collagen capsule around the PEG-D-PAF gel was thicker than the PEG-L-
PAF gel, indicating that acute inflammation was milder with PEG-L-PAF gel than with PEG-D-PAF gel. Current study emphasizes
the significance of stereochemistry in biomaterial development.

■ INTRODUCTION
Polypeptides have recently been drawing attention for uses as
specific building blocks, drug delivery carriers, and tissue
engineering scaffolds, due to the fact that they can be used to
produce specific secondary structures or nanostructures by
modulating their amino acid composition and sequences.1−5

Amino acids, except for glycine, have a chiral center, which can
be a natural L-form or a non-natural D-form. The application of
polypeptides as biopharmaceutical intermediates or vaccines is
based on the chemical or enzymatic conversions among this
stereospecific species.6−8 From a biomaterial point of view, a
polypeptide can be degraded by proteolytic enzymes and the
degradation of the polypeptide can be controlled by varying the
stereospecificity of the constituent amino acids.9−11

Aqueous solutions of thermogelling polymer undergo sol-to-
gel transition as the temperature increases. They are low-
viscous aqueous solutions at low temperatures and become a
semisolid gel at high temperatures, typically at the body
temperature of warm-blooded mammal (37 °C). The phase
transition polymeric systems have been extensively investigated
as minimally invasive drug delivery depots, injectable tissue
engineering scaffolds, and biomaterials that prevent postsurgical
adhesion, due to the simple procedures required for
encapsulating pharmaceutical agents or cells, followed by facile
implantation of the depot at a target site.12−17 In this case, the
duration of the in situ formed gel is a very important parameter

for practical applications. Ideally, the duration should be
matched to the biomedical function of the system. Therefore, a
gel should be eliminated after releasing all the encapsulated
drug from the drug delivery system, and the tissue growth rate
should be matched to the gel elimination rate for a tissue
engineering scaffold.18

In this study, we synthesized thermogelling poly(ethylene
glycol)−poly(alanine-co-phenyl alanine) (PEG−PAF) block
copolymers of PEG-L-PAF and PEG-D-PAF with a similar
molecular weight, but different chiralities. Alanine−phenyl
alanine and alanine−alanine sequences are degraded by
proteolytic enzymes in the subcutaneous layer of mammals
such as cathepsin B, cathepsin C, elastase, and metal-
loproteinase-2 (MMP-2).10,19,20 Therefore, the PAF was chosen
as a degradable polypeptide block. As the sequence and other
chemical factors affect thermogelling behavior, biodegradability,
and biocompatibility,21−23 we herein examine the effect of
chirality of a thermogel consisting of PEG and PAF.
The PEG-L-PAF and PEG-D-PAF consist of naturally

occurring L-amino acids and non-natural D-amino acids,
respectively. The physicochemical properties, in vitro/in vivo
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degradation profiles, and tissue compatibility of the PEG-L-PAF
and PEG-D-PAF were compared.

■ EXPERIMENTAL SECTION
Materials. α-Amino-ω-methoxy-poly(ethylene glycol) (PEG)

(M.W ∼ 2000 Da) (ID Bio, Korea), N-carboxy anhydrides of L-
alanine, N-carboxy anhydrides of D-alanine, N-carboxy anhydrides of L-
phenyl alanine, and N-carboxy anhydrides of D-phenyl alanine (KPX
Life Science, Korea) were stored at 4 °C in a desiccator filled with
drying agents under high vacuum and used as needed. Toluene
(Aldrich, USA) was dried over sodium before use. Chloroform
(Aldrich, USA) and N,N-dimethylformamide (anhydrous) (Aldrich,
USA) were treated with anhydrous magnesium sulfate before use.
Synthesis of PEG−PAF. PEG-L-PAF was prepared by ring-

opening polymerization of the N-carboxy anhydrides of L-alanine and
N-carboxy anhydrides of L-phenyl alanine in the presence of α-amino-
ω-methoxy-poly(ethylene glycol).10,24,25 PEG-D-PAF was similarly
prepared by using N-carboxy anhydrides of D-alanine and N-carboxy
anhydrides of D-phenyl alanine in the presence of α-amino-ω-methoxy-
poly(ethylene glycol).

1H and 13C NMR Spectroscopy. 1H NMR spectra of the PEG−
PAF (in CF3COOD) (500 MHz NMR spectrometer; Varian, USA)
were used to determine the composition of the polymer. 13C NMR
spectral changes of the PEG−PAF (5.0 wt % in D2O) were
investigated as a function of temperature. The solution temperature
was equilibrated for 20 min at each temperature.
Phase Diagram. The sol−gel transition of the polymer aqueous

solution was investigated by the test tube inverting method. The
aqueous polymer solution (1.0 mL) was added into a vial with an inner
diameter of 11 mm. The transition temperature was determined by the
flow (sol)−nonflow (gel) criterion with a temperature increment of 1
°C per step. Each data point is an average of 3 measurements.
Dynamic Mechanical Analysis. Changes in modulus of the

polymer aqueous solutions were investigated by dynamic rheometry
(Thermo Haake, Rheometer RS 1). The aqueous polymer solution
was placed between parallel plates of 25 mm diameter with a gap of 0.5
mm. To minimize water evaporation during the experiment, the plates
were enclosed in a water saturated chamber. The data were collected
under conditions of controlled stress (4.0 dyn/cm2) and a frequency of
1.0 rad/s. The heating rate was 0.5 °C/min.
Transmission Electron Microscopy (TEM). The PEG−PAF

aqueous solution (10 μL; 0.01 wt %) at 10 °C was placed on the
carbon grid and the excess solution was blotted with filter paper. The
grids were dried at room temperature for 24 h. The microscopy image
was obtained by JEM-2100F (JEOL) with an accelerating voltage of
200 kV.
Dynamic Light Scattering. The apparent size of PEG−PAF

aggregates in water (1.0 wt %) was studied by a dynamic light
scattering instrument (ALV 5000−60 × 0) as a function of
temperature. The aqueous solution was equilibrated for 20 min at
each temperature. A YAG DPSS-200 laser (Langen, Germany)
operating at 532 nm was used as a light source. The results of
dynamic light scattering were analyzed by the regularized CONTIN
method. The decay rate distributions were transformed to an apparent
diffusion coefficient. From the diffusion coefficient, the apparent
hydrodynamic size of a polymer aggregate could be obtained by the
Stokes−Einstein equation.
Circular Dichroism (CD) Spectroscopy. A CD spectrophotom-

eter (J-810, JASCO) was used to study the ellipticity of the PEG−PAF
aqueous solution as a function of polymer concentration at a fixed
temperature of 20 °C in a polymer concentration range of 0.01−1.0 wt
%. In addition, ellipticity of the PEG−PAF aqueous solution was
obtained as a function of temperature at a fixed concentration of 0.01
wt % in a range of 10−50 °C at increments of 10 °C per step. The
aqueous solution was equilibrated for 20 min at each temperature.
In Vitro Degradation. The in vitro degradation of PEG−PAF was

studied over a 3 day period in phosphate buffered saline (150 mM) at
pH = 7.4 for the control and chymotrypsin; in phosphate buffered
saline (150 mM) with 1.0 mM CaCl2 at pH = 7.4 for collagenase and

elastase; in phosphate buffered saline (150 mM) with 0.02 wt % Triton
X-100, 0.1 mM ethylene diamine tetraacetic acid, and 5 mM
glutathione at pH = 5.5 for cathepsin B; and in Tris buffered solution
(0.05 M) with 10 mM CaCl2 at pH = 7.4 for MMP-2. The polymer
concentration was fixed at 1.0 wt %. Five units of each enzyme were
used for the in vitro study except for MMP-2, where a concentration of
2.5 μg/mL was used because information concerning the number of
enzyme (MMP-2) units was not available. The recovered samples were
extracted with N,N-dimethylformamide for molecular weight analysis
by gel permeation chromatography.

In Vivo Degradation. Aqueous polymer solutions (0.5 mL; 5.0 wt
% of PEG−PAF) contained in prefilled syringes were injected into the
subcutaneous layer of rats using a 25 gauge syringe needle. Rats were
sacrificed 1 day, 5 days, and 15 days after injection for the gel duration
study. The remaining gel was removed from the rats and stored at −20
°C.

Histology. The histology around the implant site was investigated
for 5 days after implantation. Neutral buffered formalin (NBF)
solution was prepared by mixing formaldehyde solution (37−40%; 100
mL), sodium phosphate monobasic (4.0 g), sodium phosphate dibasic
(6.5 g), and deionized water (900 mL). The tissue surrounding the gel
was stored in NBF solution at −20 °C. After 24 h, the tissue was
embedded in a frozen section compound (Leica, USA) and stored at
−80 °C. Microcryotomed sections of tissue with a thickness of ∼8 μm
were stained with hematoxylin and eosin (H&E), and examined by
microscopy (Olympus lX71-F22PM, Japan).

Animal Procedures. All experimental procedures using animals
were conducted in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the Committee of
Ewha Womans University.

■ RESULTS AND DISCUSSION
The N-carboxy anhydrides of alanine and the N-carboxy
anhydrides of phenyl alanine were copolymerized on the
amine-terminated PEG to prepare the PEG−PAF.10,19,20 The
molecular weight of PEG−PAF was calculated by 1H NMR
spectra (CF3COOD) (Figure 1). The end group of alanine

(methyl) (1.7−1.9 ppm) was distinguished from internal
alanine (methyl) (1.2−1.7 ppm) of the PEG−PAF in the 1H
NMR spectra. The integration of the peaks in 1H NMR spectra
at 1.2−1.9 ppm (−CH3 of alanine), 3.8−4.1 ppm
(−CH2CH2O− of PEG), and 7.0−7.5 ppm (phenyl group of
phenylalanine) was used to calculate the composition and the
molecular weight of the PEG−PAF by the following equations.

− +
CH O(CH CH O) CH CH {[NHCOCH(CH )]

[NHCOCH(CH C H )] } NH D
n x

y

3 2 2 2 2 3

2 5 5 2

Figure 1. 1H NMR spectra (CF3COOD) of PEG-L-PAF and PEG-D-
PAF.
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n = 44 for PEG with a molecular weight of 2000 Da.

=

=
− −

− −

A A x

A A y

/ 3 /180

/ 5 /180
1.2 1.9 3.8 4.1

7.0 7.5 3.8 4.1

A1.2−1.9, A3.8−4.1, and A7.0−7.5 are the areas of the peaks at 1.2−1.9
ppm, 3.8−4.1 ppm, and 7.0−7.5 ppm in the 1H NMR of PEG−
PAF. The number 180 is the number of protons related to PEG
appearing at A3.8−4.1. On the basis of the assignments, the
structures of PEG-L-PAF and PEG-D-PAF were calculated to be
EG44-L-A12F4 and EG44-D-A13F4, respectively. The molecular
weight distribution determined by GPC was 1.1−1.2. The
unimodal distribution of the polymer molecular weight in GPC
shows that the PEG−PAF was well prepared (Supporting
Information, Figure S1).
PEG−PAF aqueous solutions underwent sol-to-gel transition

as the temperature increased. The phase diagram of the PEG−
PAF aqueous solution was determined by the test tube
inverting method (Figure 2a). A sol-to-gel transition of the

polymer aqueous solutions was observed in a concentration
range of 4.0−9.0 wt %. As the polymer concentration increased,
the sol-to-gel transition temperature decreased from 26 to 7 °C.
The small differences in the transition temperatures might
result from the small differences in the polymer composition,
sequence, or molecular weight distribution. Aqueous solutions
of both PEG-L-PAF and PEG-D-PAF were not sufficiently rigid
to stop the mass flow at concentrations <4.0 wt %; also the
polymer aqueous solutions existed as a gel phase and sol−gel
transition was not observed above 9.0 wt % in a temperature
range of 0−60 °C. The sol-to-gel transition of the PEG−PAF
aqueous solutions (5.0 wt %) accompanied large increases in
the storage modulus (G′) and the loss modulus (G″). At the
same time, the crossing of G′ over G″ was observed during the

sol-to-gel transition (Figure 2b).26,27 G′ and G″ are the
measures of an elastic component and a viscous component
of a complex modulus (G*). Therefore, the elastic component
dominates the viscous component above the sol-to-gel
transition temperature. The aqueous solution (5.0 wt %) of
PEG with a molecular weight of 2000 Da that did not show a
significant change in G′ or G″ were also compared. The G′ was
smaller than G″ over the temperature range studied, suggesting
that the PEG aqueous solution maintained its sol state (Figure
2b).
PEG−PAF consists of the hydrophilic PEG block and the

hydrophobic PAF block, therefore, the polymers self-assembled
into micelles in water. The apparent sizes of the self-assemblies
of PEG−PAF were measured by dynamic light scattering at a
1.0 wt % concentration. Particles with a size of 10−60 nm were
observed at 10 °C, and random molecular aggregation led to
formation of large particles (100−800 nm) with a broad size
distribution as the temperature increased to 30 °C (Figure 3a

and 3b). The molecular aggregation suggests that the
intermolecular attraction between particles increases as the
temperature increases, similar to the previous thermogelling
polyesters, polycarbonates, polyphosphazenes, and polypep-
tides.12−17,28−30 Supporting the dynamic light scattering results,
spherical micelles with 20−100 nm in diameter were also
observed by TEM, where the polymer aqueous solution at 10
°C was coated on the grid and dried at room temperature
(Figure 3c).
As a chiroptical method, circular dichroism spectroscopy

clearly distinguished the PEG-L-PAF and PEG-D-PAF. PEG-L-
PAF showed a positive band centered at 196 nm and a negative
band centered at 210 and 220 nm, suggesting a typical α-helix-
structure for the polypeptide (Figure 4). On the other hand,

Figure 2. (a) Phase diagram of PEG−PAF aqueous solutions
determined by the test tube inverting method (n = 3). (b) Modulus
of the PEG−PAF aqueous solutions (5.0 wt %) as a function of
temperature. G″ of α-amino-ω-methoxy−poly(ethylene glycol) (PEG)
aqueous solution (5.0 wt %) is compared as a control. G′ of the PEG
aqueous solution was <0.001 Pa (data not shown).

Figure 3. Apparent size of PEG-L-PAF (a) and PEG-D-PAF (b) as a
function of temperature studied by dynamic light scattering of their
aqueous solutions (1.0 wt %). (c) TEM images of PEG-L-PAF and
PEG-D-PAF developed from their aqueous solutions (0.01 wt %).
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the CD spectra of PEG-D-PAF showed a mirror image of PEG-
L-PAF. The amphiphilic PEG−PAF molecules (PEG-L-PAF and
PEG-D-PAF) assembled in water and lost their secondary
structure information in the CD spectra at higher concen-
trations and gave a single negative band at 228 nm (Supporting
Information, Figure S2).24,31,32 Therefore, the CD spectra of
PEG-L-PAF and PEG-D-PAF aqueous solutions were compared
at 0.01 wt % in a temperature range of 10−50 °C in order to
investigate the change in secondary structure as a function of
temperature (Figure 4). Typical α-helical CD spectra with one
minimum at 196 nm and 2 minima at 210 and 220 nm were
maintained in a temperature range of 10−50 °C for PEG-L-
PAF. CD spectra of PEG-D-PAF with an opposite sign of PEG-
L-PAF also maintained their overall shapes in the same
temperature range. The stability of the secondary structure of
PEG−PAF is in contrast with the thermogelling of polyalanine-
poloxamer-polyalanine, which showed a large increase in β-
sheet conformation as the temperature increased.33

13C NMR spectra of aqueous solutions (5.0 wt %) of both
PEG-L-PAF and PEG-D-PAF showed a broadened and
downfield shifted PEG peak from 72.3 to 72.4 ppm as the
temperature increased from 10 to 40 °C (Figure 5). The sol-to-
gel transition of the PEG−PAF aqueous solution significantly
decreased the molecular motion of PEG, resulting in the
broadening and collapsing of the PEG peaks in the 13C NMR
spectra.12−17,28−30 The PAF did not appear in the 13C NMR
spectra in D2O due to the core−shell structures of PEG−PAF
in water, where the hydrophilic flexible PEG blocks form a shell
and the hydrophobic PAF blocks is shielded as a core.
On the basis of the DLS study, TEM images, CD spectra and

13C NMR spectra of PEG-L-PAF and PEG-D-PAF aqueous
solutions, the sol-to-gel transition mechanism of the polymer
aqueous solutions was suggested in Figure 6. Polypeptides of
PEG-L-PAF and PEG-D-PAF form a right helix and left helix in
water, respectively. The hydrophilic PEG dehydrated as the
temperature increases as presented in thin blue lines at low
temperature and thick green lines at high temperature in the

figure. The hydrophobic PAF is presented as pink helices in the
figure. Because of the amphiphilic nature of hydrophilic PEG
and hydrophobic PAF, the polymer self-assembled into micelles
in water with a size of tens nanometers at low temperatures,
which aggregates into hundreds nanometers as the temperature
increases. The sol-to-gel transition involves such a changes in
molecular assemblies resulting from the dehydration of PEG
conjugated to rigid hydrophobic PAF while preserving the
secondary structure of PAF.
Differences between L-polypeptide and D-polypeptide regard-

ing susceptibility to enzymatic degradation are well-known.34

Even the incorporation of a few D-amino acids in a L-
polypeptide increases its stability against proteolytic en-
zymes.35,36 This point is very important for practical application
of the polymer for drug delivery and tissue engineering because
the degradation profile affects the rate of drug release or cell
growth.

Figure 4. CD spectra of PEG-L-PAF and PEG-D-PAF aqueous solution
(0.01 wt %) as a function of temperature. The legends of LN and DN
indicate PEG-L-PAF at N °C and PEG-D-PAF at N °C, respectively.

Figure 5. 13C NMR spectra of PEG-L-PAF (a) and PEG-D-PAF (b)
aqueous solution (5.0 wt % in D2O) as a function of temperature.

Figure 6. Schematic presentation of the sol-to-gel transition of the
PEG-L-PAF (top) and PEG-D-PAF (bottom) aqueous solutions. Note
the right and the left handed helixes for PEG-L-PAF and PEG-D-PAF,
respectively.
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The GPC profiles of the polymers were investigated after
incubation of each polymer for 72 h in an aqueous solution (1.0
wt %) containing each enzyme (5 units) (Figure 7). The PEG-

L-PAF was degraded by cathepsin B, and elastase, whereas
PEG-D-PAF was quite stable against all the proteases studied in
this research including cathepsin B, elastase, collagenase,
chymotrypsin, and MMP-2.9−11,37,38 Both PEG-L-PAF and
PEG-D-PAF were stable in PBS. The previous thermogelling
poly(L-alanine-co-L-leucine) was rather stable against cathepsin
B, but was degraded by MMP.39

A transparent hydrogel was formed upon the subcutaneous
injection of the PEG−PAF aqueous polymer solution (5.0 wt
%; 0.5 mL/rat) by the temperature-sensitive sol-to-gel
transition. Photos of remaining gels at the injection site were
taken 1 day, 5 days, and 15 days after the injection (Figure 8).
The PEG-L-PAF gel was decreased in size in 5 days and almost
cleared in 15 days. The fibrous capsule around a gel, surface
erosion, and biodegradation of a gel can induce a decrease in
the apparent size of the implanted gel in the subcutaneous layer
of rats. The tight gel of remaining PEG-D-PAF in 15 days was
distinguished from the small loose gel of PEG-L-PAF in 15
days, suggesting the preferential biodegradation of the PEG-L-
PAF. Degradation rate of a chitosan/β-glycerol phosphate
thermogel increased as the ratio of chitosan to β-glycerol
phosphate decreased.40 The duration of polyester thermogels
were controlled by composition and topology of the
polymer.16,22 Current paper emphasized the significance of
stereochemistry in controlling the gel duration.
The GPC profile of the remaining gel after 15 days of

implantation in the subcutaneous layer of rats also showed that
the retention time increased from 12.7 min (raw PEG-L-PAF)
to 14 min (in vivo implanted PEG-L-PAF), indicating the
biodegradation of PEG-L-PAF in vivo (Figure S3, Supporting
Information).
Histocompatibility around the in situ formed gels of PEG-L-

PAF and PEG-D-PAF was also compared by the H&E staining

method 5 days after injection of the polymer aqueous solutions
into the subcutaneous layer. Collagen capsules (dense circles)
were observed around the gel for both systems, however, the
collagen capsule was thicker for PEG-D-PAF than PEG-L-PAF,
indicating milder tissue irritation for PEG-L-PAF than PEG-D-
PAF (Figure 9). Typical foreign body reactions around an
implanted thermogel begin with acute inflammatory responses
by macrophages, lymphocytes, and neutrophils, followed by
fibrous tissue formation and infiltration of vascular micro-
structure.22,41−43 It takes one to several weeks for the
remodelling process by the regular tissue, depending on the
polymer structure or duration of the gel. The relative short
duration of PEG-L-PAF is contrast with the PEG-D-PAF,
polyesters, and poly(ester urethane)s thermogels with >1
month of gel duration.44−46

■ CONCLUSIONS

PEG-L-PAF and PEG-D-PAF block copolymers with similar
molecular weights, but, different stereochemistry were
compared for their solution behavior and biodegradation.
Both polymers were similar in their phase diagrams of sol-to-gel
transition and temperature-sensitive changes in their self-
assemblies. However, their chirooptical properties as shown by
circular dichroism spectra were opposite in sign. In particular,
PEG-L-PAF and PEG-D-PAF showed significant differences in
degradation in enzyme solution (in vitro) and duration of a gel
in the subcutaneous layer of rats (in vivo). And, the formation
of the collagen capsule around the PEG-D-PAF gel was thicker
than the PEG-L-PAF gel, indicating that acute inflammation was
milder for the PEG-L-PAF gel than the PEG-D-PAF gel.

Figure 7. GPC profile of PEG-L-PAF (a) and PEG-D-PAF (b) after in
vitro enzymatic degradation.

Figure 8. Gel duration of PEG-L-PAF (a) and PEG-D-PAF (b) after
subcutaneous injection of the PEG−PAF aqueous solution (5.0 wt %;
0.5 mL/rat) into rats. The photos were taken 1 day, 5 days, and 15
days after the subcutaneous injection. Dotted-lines indicate the
boundaries of the gel.
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The current study suggests that stereochemistry of a
thermogelling polypeptide plays a critical role in biocompati-
bility as well as biodegradability.

■ ASSOCIATED CONTENT

*S Supporting Information
GPC chromatograms of PEG-L-PAF and PEG-D-PAF, CD
spectra of PEG-L-PAF and PEG-D-PAF aqueous solution as a
function of concentration, and GPC profile of PEG−PAF 15
days after implantation in the subcutaneous layer of rats. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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ABSTRACT: The synthesis of two novel bithiophenesilane-based dendronized polymers by a chain growth Kumada
polymerization, their molecular properties in dilute solutions and thermal properties in the bulk are described and compared with
those of bithiophenesilane dendrimers. GPC equipped with a dual light scattering detector has shown that the polymers exhibit
narrow polydispersity indices (PDI = 1.22−1.23) and have a weight-average polymerization degree of 44 for P1 and 30 for P2,
which correspond to 88 and 120 bithiophenesilane fragments, respectively. Spectral-luminescent investigations showed that both
polymers among with the bithiophenesilanes contain from 1 to 4 terthiophenesilane fragments in every macromolecule, which
leads to the so-called “dendritic molecular antenna” effect. The intramolecular energy transfer efficiency was measured to be 50
and 70% for polymers P1 and P2 respectively, which, alongside with the results of viscometric studies, points out to the compact
conformation of these macromolecules in solution, which is close to those of bithiophenesilane dendrimers.

■ INTRODUCTION
Macromolecules consisting of oligothiophenesilane repeating
units are of significant interest to researchers from the point of
view of their applications as functional materials in organic
electronics and photonics.1,2 Exhibiting good luminescent3,4

and semiconducting properties,5,6 they can be used as
precursors in the preparation of conducting polymers,7 as
functional materials for emitting layer in polymer light emitting
diodes8 or as perspective donor materials for organic
photovoltaic cells (solar cells).9−11 Among them, bithiophene-
silane systems exhibit a good fluorescence quantum yield QF,
which is significantly higher than that of the bithiophene
luminophore itself12 and depends on the degree of branching of
the molecule.13 It was also shown that similar star-like
molecules show QF significantly higher than that of the
corresponding linear polymer, poly[(tetraethyldisilanylene)-
bithiophene].14 Recently, a family of bithiophenesilane
dendrimers (Gn(2−2) in Scheme 1) with efficient photo-
luminescence in the violet-blue spectrum range was

reported.15−17 In the case of organosilicon dendritic molecules,
consisting of bi- and terthiophenesilane fragments (D1(3−2)
and B1(3−2) in Scheme 1), the “molecular antenna” effect was
observed.18 It was shown that this effect results from the
existence of the efficient inductive-resonant transfer of the
energy of electronic excitation from bithiophenesilane (donor)
to terthiophenesilane (acceptor) fragments of the macro-
molecule.19 A similar effect was observed also in some other
bithiophenesilane-containing dendrimers.20,21 Such properties
of oligothiophenesilane systems are related, on the one hand, to
the presence of σ−π conjugation between an oligothiophene
fragment and a silicon atom directly linked to it, and to the
absence of conjugation between the neighboring oligothio-
phene fragments, separated by the silicon atom, on the other
hand. It makes them different from fully conjugated hyper-
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branched 2,3,5-polythiophenes22 and polythiophene den-
drimers23,24 consisting of 2-, 3-, and 5-linked thiophene rings.
The latter have a wide absorption spectrum in the vis spectrum
range, which allows to use them as donor materials in organic
solar cell.25

Dendronized polymers feature hybrid structures of both
classical polymeric systems and dendrimers.26,27 They are
promising for applications in various areas, such as biological28

and medical29 sciences, catalysis in polymer chemistry30 and
others. An increased interest to such 3D macromolecules based
on conjugated structures is governed by the perspectives of
their utilization in optoelectronics, where they could serve as
efficient light emitting materials.31 However, most of the
dendronized polymers reported before have a conjugated
backbone and isolating dendritic wedges.32−35 In this sense, the
synthesis of dendronized polymers containing oligothiophene
fragments linked to each other via silicon atoms both in the
backbone and in the wedges (Scheme 2) looks intriguing. That

is why the purpose of the present work was the elaboration of
an efficient scheme of the synthesis of such systems and
studying the influence of their specific molecular structure on
the physical properties in comparison to bithiophenesilane-
containing dendrimers obtained before.17,18

■ EXPERIMENTAL PART

Materials. n-Butyl lithium (1.6 M solution in hexane), 1,2-
dibromoethane, magnesium, 1,3-bis(diphenylphosphino)-
propanenickel(II) chloride Ni(dppp)Cl2 (Acros Organics), were
used as received without additional purification. THF, diethyl ether,
toluene, and hexane were dried and purified according to the known
techniques and then used as solvents. 5-hexyl-2,2′-bithiophene was
prepared according to the technique described earlier.36 The first
generation of bithiophenesilane monodendron 2,2′-bithiophen-5-yl-
[bis(5′-hexyl-2,2-bithiophen-5-yl)]methylsilane (6) was synthesized
according the method described before.17 The solvents were
evaporated in vacuum under a pressure of up to 1 Torr at 40 °C.

Scheme 1. Structural Formulas of Bithiophenesilane-Containing Dendrimers.17,18

Scheme 2. General Structural Formulas of Bithiophenesilane-Containing Dendronized Polymers P1 and P2
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GPC analysis was performed by means of a Shimadzu LC10AVP

series chromatograph (Japan) equipped with an RID-10AVP

refractometer and SPD-M10AVP diode matrix as detectors and a
Phenomenex column (USA) with a size of 7.8 × 300 mm2 filled with
the Phenogel sorbent with a pour size of 500 Å; THF was used as the
eluent.
Light scattering experiments were performed on Shimadzu HPLC

System, equipped with DGU14U degasser unit, LC-10AD pump,
CTO-10A column oven with a Phenomenex column (USA) with a size
of 7.8 × 300 mm2 filled with the Phenogel sorbent with a pour size of
103 Å, RID-10A refractometer, Viscotek 270 Dual detector (RALS and
LALS) and Omnisec 4.5 Software. The sample loop was 100 μL, angle
RALS 90°, angle LALS 7°. The system was calibrated using
polystyrene standard with Mw = 10050, dn/dc = 0.185 (Polymer
Laboratories). The molar weight of the standard was chosen in the
range of Mw of the samples under investigation for better accuracy of
the measurements. Using the exact concentrations of the samples,
close to 5.00 mg/mL, the values of dn/dc were determined from RI
data, which were found to be 0.24 for both polymer samples
investigated. Then this value was used by Omnisec 4.5 software to
calculate the real Mw from the light scattering (RALS and LALS) data.
For thin layer chromatography, “Sorbfil” (Russia) plates were used.

In the case of column chromatography, silica gel 60 (“Meck”) was
taken.

1H NMR spectra were recorded at a “Bruker WP-250 SY“
spectrometer, working at a frequency of 250.13 MHz and utilising
the DMSO-d6 signal (2.45 ppm) as the internal standard. 13C and 29Si
NMR spectra were recorded using a “Bruker Avance II 300”
spectrometer at 75 and 60 MHz, respectively. In the case of 1H
NMR spectroscopy, the compounds to be analyzed were taken in the
form of 1% solutions in CCl4-DMSO-d6 mixture. In the case of 13C
and 29Si NMR spectroscopy, the compounds to be analyzed were
taken in the form of 5% solutions in CDCl3. The spectra were then
processed on the computer using the ACD Laboratories software.
Mass-spectrometry measurements were performed on the Micro-

mass M@ldi MALDI−TOF MS instrument operating in the reflection
mode. To prepare the samples separate solutions of the starting
material and matrix in THF with concentrations of 1 mg/mL and a
solution of salt (silver triflate) in deionized water at a concentration of
1 mg/mL were mixed and applied to a steel target (at ∼2 uL) to dry,
volume ratio of 1:1:1. 2,5-dihydrobenzoic acid, 2-(4-
hydroxyphenylazo)benzoic acid, and 3-indolacrilic acid where used
as the matrix substance. The standard laser operating frequency was 10
Hz. Standard spectra were regularly obtained by combining
approximately 100 single laser shot spectra.
Elemental analysis of C, H elements was carried out using CHN

automatic analyzer CE1106 (Italy). Experimental error is 0.30−0.50%.
Analysis of Br element was carried by visual titration technique using
Hg(NO3)2 and diphenylcarbazone as indicator. The burning was done
in the Sheninger flask using alkaline solution of hydrogen peroxide as
an absorbent. Experimental error is 0.30−0.50%. Spectrophotometry
technique was used for the Si analysis as described in ref 37.
The absorption and luminescence spectra were recorded over a

range of 250−600 nm in dilute solutions in THF (UV-grade) with a
concentration of 10−5−10−6 M in order to avoid self-absorption. The
luminescence measurements were performed on an ALS01 M
multifunctional absorption-luminescence spectrometer, the detailed
description of which can be found elsewhere.13 The absorption spectra
were recorded on a Shimadzu UV-2501PC spectrophotometer
(Japan). Unless stated otherwise, all reactions were carried out
under argon atmosphere using water-free solvents. The intrinsic
viscosity of solutions was measured in THF at 25.0 ± 0.1 °C on an
Ubbelohde viscometer with a capillary diameter of 0.3 mm using
Schott AVS 370 System having a laser automatic level detection.
For the DSC measurements, the glass transition temperatures were

obtained at a heating rate of 10 °C in argon atmosphere in a Mettler
DSC-822e differential scanning calorimeter. TGA was performed on
the “Derivatograth-C” (MOM, Hungary) in air and argon at a heating
rate of 5 °C/min on samples of about 10 mg by weight.

Synthesis. (5-Bromothiene-2-yl)lithium (2). A solution of 3.09
g (12.8 mmol) 2,5-dibromothiophene (1) in 20 mL THF was
cooled down to −78 °C, after which 8.0 mL (12.8 mol) of a
solution of 1.6 M n-butyllithium in hexane was added slowly
dropwise to it followed by stirring during 1 h at that
temperature. The obtained solution of compound 2 was used
immediately in the following stage of synthesis without
isolation or purification of the product.

(5-Bromothien-2-yl)magnesium Bromide (3). 4.7 mL (8 mmol) of
a solution of 1.6 M n-butyllithium in hexane was added slowly
dropwise to a solution of 1.81 g (8 mmol) of 2,5-dibromothiophene in
50 mL of THF previously cooled down to −78 °C. The reaction
mixture was then stirred for 1 h at that temperature. After that 0.01
mol of an ether complex of magnesium bromide (prepared in situ by
the Grignard reaction from 1,2-dibromoethane and magnesium in
ether) was added and the reaction mixture was stirred for additional 2
h. The obtained solution of compound 3 was used in the following
stage of synthesis without isolation or purification of the product.

Dichloro(5′-hexyl-2,2′-bithiophene-5-yl)methylsilane (5). A sol-
ution of 1.6 g (6.4 mmol) of 5-hexyl-2,2′-bithiophene (4) in 45 mL of
THF was cooled down to −78 °C followed by the slow dropwise
addition to it of 4.0 mL (6.4 mmol) of a solution of 1.6 M n-
butyllithium in hexane. The reaction mixture was stirred for 1 h at −78
°C. In a separate flask a solution of 11.2 mL (96 mmol) of
methyltrichlorosilane in 15 mL of THF was cooled down to −78 °C,
after which the previously obtained lithium derivative of compound 4
was added to it slowly dropwise. When the whole amount of it was
added, the cooling bath was removed and the temperature of the
reaction mixture was allowed to rise to 20 °C. An excess of
methyltrichlorosilane was then distilled with toluene, and the solution
of freshly synthesized compound 5 in toluene was used in the
following stage of synthesis without isolation or purification of the
product.

Bis(5-bromo-2-thienyl)(5 ′-hexyl-2,2′ -bithiophen-5-yl) -
methylsilane (M1). A solution of freshly prepared compound 5 in
toluene was added dropwise to a freshly prepared solution of
compound 2 (from 3.09 g (12.8 mmol) of 2,5-dibromothiophene and
8.0 mL (12.8 mmol) of solution of 1.6 M n-butyllithium and 20 mL of
THF) in a THF−hexane mixture at −78 °C. After the completion of
the reaction the reacting mixture was poured into 100 mL of water and
300 mL of diethyl ether. The organic layer was then separated, rinsed
with water to pH = 7, dried over anhydrous Na2SO4, which was
followed by evaporation of the solvent in a vacuum rotary evaporator.
The reaction yield of the raw product was found to be 77% (according
to GPC). It was purified by column chromatography on silica gel using
a mixture of hexane−toluene (v/v 5:1) as the eluent, to yield 2.06 g
(52%) of the pure compound M1 as a light-yellow viscous liquid. 1H
NMR (DMSO-d6/CCl4): 0.88 (t, 3H, CH3−CH2−, J = 6.7 Hz), 0.89
(s, 3H, CH3−Si), 1.25−1.40 (overlapping peaks, 6H, −CH2−CH2−
CH2− and CH3−CH2−CH2−), 1.63 (m, 2H, −CH2−CH2−T, J = 7.3
Hz), 2.77 (t, 2H, −CH2−T, J = 7.3 Hz), 6.70 (d, 1H, J = 3.7 Hz), 7.04
(d, 1H, J = 3.7 Hz), 7.20 (d, 2H, J = 3.7 Hz), 7.22−7.26 (overlapping
peaks, 3H), 7.28 (d, 1H, J = 3.7 Hz). 13C NMR (75 MHz, CDCl3, δ,
ppm): −0.47, 14.07, 22.55, 28.71, 30.15, 31.51, 31.54, 119.38, 124.15,
124.38, 124.88, 131.56, 134.02, 137.28, 137.54, 138.07, 145.61, 146.23.
29Si NMR (60 MHz, CDCl3, δ, ppm): −25.78. MALDI MS m/z
724.26 (M + Ag)+, calculated 724.79. Anal. Calcd for C23H24Br2S4Si: C
44.80; H, 3.92; Br, 25.92; S, 20.80; Si, 4.55. Found: C, 44.97; H, 3.95;
Br, 25.83; S, 20.75; Si, 4.50.

{5′-[bis-(5′-hexyl-2,2′-bithiophene-5-yl)(methyl)silyl]-2,2′-bithio-
phene-5-yl}(dichloro)methylsilane (7). First, 2.3 g (3.3 mmol) of 2,2′-
bithiophen-5-yl-[bis(5′-hexyl-2,2-bithiophen-5-yl)]methylsilane (6) in
65 mL of THF was cooled down to −78 °C followed by the slow
addition to it of 2.0 mL (3.3 mmol) of a solution of n-butyllithium in
hexane, after which the reaction mixture was stirred during 1 h at −78
°C. In a separate flask, a solution of 6.5 mL (82 mmol) of
methyltrichlorosilane in 20 mL of THF was cooled down to −78 °C,
after which the previously obtained lithium-derivative of compound 6
was added to it slowly dropwise. When the full amount was added, the
cooling bath was removed and the temperature slowly rose to 20 °C,
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after which an excess of methyltrichlorosilane was distilled with
toluene. The obtained solution of compound 7 in toluene was used in
the following stage of synthesis without isolation or purification of the
product.
{5′-[Bis(5-bromo-2-thienyl)(methyl)silyl]-2,2′-bithiophen-5-yl}-

[bis(5′-hexyl-2,2′-bithiophen-5-yl)]methylsilane (M2). A. (via orga-
nolithium derivative 2): A solution of compound 2 in a THF-hexane
mixture (freshly obtained from 1.78 g (7.4 mmol) of 2,5-
dibromothiophene, 45 mL of THF, and 4.6 mL (7.4 mmol) of a
solution of 1.6 M n-butyllithium in hexane) was added to a solution of
freshly prepared solution of compound 7 in toluene. After standard
extraction described in the procedure of the synthesis of M1, the
reaction yield of the product was 44% (according to GPC). It was
purified by column chromatography on silica gel using a mixture of
hexane−toluene (v/v 5:1) as the eluent, to yield 0.59 g (15%) of the
pure product as a yellowish highly viscous liquid. 1H NMR (DMSO-
d6/CCl4, δ, ppm): 0.88 (t, 6H, CH3−CH2−, J = 6.7 Hz), 0.89 (s, 3H,
CH3−Si(T−Br)2), 0.93(s, 3H, CH3−Si), 1.24−1.38 (overlapping
peaks, 12H, −CH2−CH2−CH2− and CH3−CH2−CH2−), 1.63 (m,
4H, −CH2−CH2−T, J = 7.3 Hz), 2.76 (t, 4H, −CH2−T, J = 7.3 Hz),
6.69 (d, 2H, J = 3.7 Hz), 7.04 (d, 2H, J = 3.7 Hz), 7.20 (d, 3H, J = 3.7
Hz), 7.22−7.25 (overlapping peaks, 3H), 7.27−7.31 (overlapping
peaks, 2H), 7.33 (d, 2H, J = 4.3) 7.39 (d, 2H, J = 3.7 Hz). 13C NMR
(CDCl3, δ, ppm): −0.51, −0.22, 14.08, 22.56, 28.71, 30.15, 31.52,
31.54, 119.45, 123.99, 124.35, 124.84, 125.67, 125.80, 131.58, 132.78,
133.07, 134.26, 135.08, 137.05, 137.60, 137.83, 137.85, 138.11, 143.64,
144.50, 145.22, 145.99. 29Si NMR (CDCl3, δ, ppm): −25.70, −25.39.
Anal. Calcd for C46H48Br2S8Si2: C, 51.47; H, 4.51; Br, 14.89; S, 23.90;
Si, 5.23. Found: C, 51.22; H, 4.61; Br, 14.92; S, 24.11; Si, 5.11. MALDI
MS: m/z, 1180.98 (M + Ag)+; calculated, 1180.85.
B (via organomagnesium derivative 3). A solution of freshly

prepared compound 7 in toluene was added quickly dropwise to a
solution of compound 3 (freshly prepared from 1.85 g (7.6 mmol) of
2,5-dibromothiophene, 50 mL of THF, 4.7 mL (7.6 mmol) of 1.6. M
n-butyllithium, and 10 mmol of an ether complex of magnesium
bromide). After standard extraction described in the procedure of the
synthesis of M1, the reaction yield of the product was 64% (according
to GPC). It was purified by column chromatography on silica gel using
a mixture of hexane−toluene (v/v 5:1) as the eluent, to yield 1.25 g
(35%) of the pure product, which was fully identical to compoundM2,
obtained via organolithium derivative 2.

Poly[(5′-hexyl-2,2′-bithiophen-5-yl)(methyl)(2,2′-bithiophene-
5,5′-diyl)silane] (P1). A solution of 0.45 g (0.7 mmol) of compound
M1 in 15 mL of THF was cooled down to −78 °C, then a solution of
0.45 mL (0.7 mmol) of 1.6 M n-butyllithium in hexane was added
dropwise to it. After that the reaction mixture was stirred for 1 h at a
temperature of −78 °C. Then 1.2 mmol of an ether complex of
magnesium bromide was added to the reaction mixture, after which
the cooling bath was removed and the temperature slowly rose to 20
°C. In the next step, 3.9 mg (0.007 mmol) of [bis-
(diphenylphosphino)propane]nickel(II) chloride Ni(dppp)Cl2 was
added to the reaction mixture followed by 2 h of stirring. Then the
reaction mixture was poured into 150 mL of water and 300 mL of
diethyl ether. The organic layer was separated, rinsed with water to pH
= 7, dried over anhydrous Na2SO4 and evaporated in the vacuum
rotary evaporator. The reaction yield was 74% (according to GPC). It
was then purified from the residual amounts of the catalyst by means
of column chromatography on silica gel using toluene as the eluent.
Further purification was made by fractional precipitation, utilizing
toluene as the solvent and hexane as the precipitating agent. As a
result, 0.20 g (60%) of the pure polymer was isolated. 1H NMR
(DMSO-d6/CCl4, δ, ppm): 0.79−0.93 (overlapping peaks, 6H, CH3−
CH2−, CH3−Si), 1.20−1.37 (overlapping peaks, 6H, −CH2−CH2−
CH2− and CH3−CH2−CH2−), 1.52−1.67 (broad peak, 2H, −CH2−
CH2−T), 2.65−2.77 (broad peak, 2H, −CH2−T), 6.60 (broad peak,
1H), 6.95 (broad peak, 1H), 7.13 (broad peak, 1H), 7.19−7.34
(overlapping peaks, 5H). 13C NMR (CDCl3, δ, ppm): −0.21, 14.06,
22.55, 28.71, 30.14, 31.50, 31.53, 124.02, 124.37, 124.83, 125.70,
132.67, 134.26, 134.45, 137.89, 144.03, 145.25, 145.96. 29Si NMR
(CDCl3, δ, ppm): −25.29. Anal. Calcd for C23H26S4Si: C, 60.21; H,
5.71. Found: C, 58.69; H, 5.53.

Poly[{5′-[bis(5′-hexyl-2,2′-bithiophen-5-yl)(methyl)silyl]-2,2′-bi-
thiophen-5,5′-yl}(methyl)(2,2′-bithiophen-5,5′-diyl)silane] (P2). This
procedure was carried out according to a technique similar to that of
polymer P1 described before from 0.51 g (0.48 mmol) of compound
M2, 15 mL of THF, 0.3 mL (0.48 mmol) of 1.6 M n-butyllithium in
hexane, 1.9 mmol of an ether complex of magnesium bromide, and 2.6
mg (0.005 mmol) of Ni(dppp)Cl2. After standard extraction, the
reaction yield of the product was 69% (according to GPC). After
purification similar to that used in the case of polymer P1, 0.19 g
(44%) of pure polymer P2 was isolated. 1H NMR (DMSO-d6/CCl4, δ,
ppm): 0.79−0.91 (overlapping peaks, 12H, CH3−CH2−, CH3-Si),
1.19−1.33 (overlapping peaks, 12H, −CH2−CH2−CH2− and CH3−

Scheme 3. Synthesis of Monomers M1 and M2 and Their Polymerization
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CH2−CH2−), 1.52−1.66 (broad peak, 4H, CH2−CH2−T), 2.64−2.75
(broad peak, 4H, −CH2−T), 6.57 (broad peak, 2H), 6.92 (broad peak,
2H), 7.09 (broad peak, 2H), 7.16−7.31 (overlapping peaks, 10H). 13C
NMR (CDCl3, δ, ppm): −0.19, 14.07, 22.55, 28.70, 30.13, 31.49,
31.53, 123.97, 124.35, 124.82, 125.68, 125.70, 125.75, 132.86, 134.17,
134.23, 134.28, 134.73, 137.83, 137.96, 143.90, 144.05, 144.15, 145.18,
145.91. 29Si NMR (CDCl3, δ, ppm): −25.40, −25.18. Anal. Calcd for
C46H50S8Si2: C, 60.34; H, 5.50. Found: C, 59.79; H, 5.57.

■ RESULTS AND DISCUSSIONS

Among three general approaches to the synthesis of
dendronized polymers (“grafting to”, grafting from” and
“macromonomer strategy”)26 the last one was selected for
preparation of the bithiophenesilane dendronized polymers,
since the creation of dendronized polymers having high
molecular weights and containing no defects using the other
approaches of synthesis is quite complicated. Its implementa-
tion requires, first, the preparation of precursors, which are
dendritic monomers having difunctional reactive groups in the
focal point, and, second, their subsequent polymerization.
Among various reactions involving organometallic synthesis
used in the synthesis of conjugated polymers, the Kumada
reaction,38 whose essence is the formation of biaryl C−C bond
from arylhalogenides and their magnesium or zinc derivatives in
the presence of palladium- or nickel-catalysts, is widely used.
Earlier, such a reaction was applied for the synthesis of
bithiophenesilane dendrimers.15,16 The only, but significant,
disadvantage of this reaction is the formation of symmetric
byproduct caused by exchange of halogen and magnesiumhal-
ogen reacting groups, which the Kumada reaction is known for.
However, in the case of symmetric monomers this circumstance
poses no obstacle, since the substitution of a bromine group on
the thiophene ring with a magnesium bromide residue followed
by the coupling reaction of the exchange products leads to the
formation of the products of interest anyway. It is also known
that during the synthesis of polythiophenes from their
organometallic (magnesium or zinc) derivatives with the use
of nickel catalysts, polymerization goes by the chain growth
mechanism having “living” nature that leads to the formation of
polymers with low polydispersity indices (PDIs).39 That is why
the reaction of the polymerization of difunctional bithiophene-
silane-dendronized monomers under the Kumada conditions
on the nickel catalyst was selected for the synthesis of
dendronized polymers in the present work (Scheme 3).
The synthesis of dendronized polymers P1 and P2 was made

in two main stages: (1) the preparation of branched monomers
M1 and M2 and (2) their polymerization under the Kumada
conditions. The synthesis of monomer M1 and its polymer-
ization were carried out as the model reactions in order to
understand whether the progress of the reaction in the case of
bithiophenesilane systems would be possible according to the
chain growth mechanism at all. 5-Hexyl-2,2′-bithiophene
(compound 4) was chosen as the model compound, since it
exhibits quite interesting optical characteristics13 and it is a
structural unit of the monodendron M2 used further. Besides,
as a result of the synthesis, it forms a bithiophenesilane comb-
like polymer P1 being a structural homologue of the
dendronized polymer of interest P2, which will provide a
chance to compare the properties of these polymers both
between themselves and with those of the bithiophenesilane
dendrimers of different generations obtained previously.17

Synthesis of Monomers. The synthesis of bis(5-bromo-2-
thienyl)(5′-hexyl-2,2′-bithiophen-5-yl)-methylsilane (monomer

M1) was carried out by reacting dichloro-(5′-hexyl-2,2′-
bithiophen-5-yl)methylsilane (5) with a 2-fold molar excess
of (5-bromo-2-thienyl)lithium (2) with a yield of 77%.
Compound 2 was prepared in situ by the lithiation of 2,5-
dibromothiophene (1) with n-butyllithium. The synthesis of
compound 5 was performed by reacting a lithium-derivative of
5-hexyl-2,2′-bithiophene (4) with a 10-fold molar excess of
methyltrichlorosilane for the purpose of the increasing of the
yield of the target product of monosubstitution. The excess of
methyltrichlorosilane was then distilled with toluene, and the
solution of freshly synthesized compound 5 in toluene was used
in the following reaction stage without its isolation or
purification.
The synthesis of the second monomer{5′-[bis(5-bromo-2-

thienyl)(methyl)silyl]-2,2′-bithiophen-5-yl}[bis(5′-hexyl-2,2′-bi-
thiophen-5-yl)]methyl silane (M2)is similar to that
previously described for M1. In this case the first generation
of bithiophenesilane monodendron, 2,2′-bithiophen-5-yl-[bis-
(5′-hexyl-2,2′-bithiophen-5-yl)]methylsilane (6), was utilized as
the initial compound, whose synthesis was performed according
to the technique described earlier. However, using the
modification of the focal point of {5′-[bis(5-bromo-2-thienyl)-
(methyl)silyl]-2,2′-bithiophen-5-yl}[bis(5′-hexyl-2,2′-bithio-
phen-5-yl)]methylsilane (7) by organolithium compound 2, led
to the reaction yield of compoundM2 of 44% only, whereas the
use of organomagnesium derivative 3 allowed to increase the
yield of M2 to 64%. It may be explained by a decreased
probability of the metal-bromide exchange reaction for
organomagnesium derivatives as compared to their organo-
lithium analogues that leads to formation of smaller amount of
byproduct related to this process.
The purification of monomers M1 and M2 obtained was

performed by classical column chromatography on silica gel.
The purity and molecular structure of both monomers was
proven by a combination of GPC analysis (Figure 1), MALDI−

TOF MS, elemental analysis and 1H, 13C, 29Si NMR
spectroscopy (see Experimental Part and Figures S1−S6, S13,
and S14 in the Supporting Information).

Synthesis of Polymers. Poly[(5′-hexyl-2,2′-bithiophen-5-
yl)(methyl)(2,2′-bithiophen-5,5′-diyl)silane] (P1) was prepared
by the Kumada reaction (Scheme 3) from monomerM1, which
was first lithiated with an equimolar amount of n-butyllithium
and then subjected to the lithium−magnesium exchange by the
reaction with an ether complex of magnesium bromide. The
synthesized organomagnesium derivative of monomer M1 was

Figure 1. GPC curves for monomers M1 (solid line) and M2 (dashed
line).
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subjected to polymerization at room temperature in the
presence of the nickel catalyst Ni(dppp)Cl2 resulting in the
formation of polymer P1. The reaction was complete in 2 h
with a reaction yield of 74% according to GPC analysis (Figure
2a).
The synthesis of poly[{5′-[bis(5′-hexyl-2,2′-bithiophen-5-

yl)(methyl)silyl]-2,2′-bithiophen-5,5′-yl}(methyl)(2,2′-bithio-
phen-5,5′-diyl)silane] (P2) was performed according to the
technique similar to that described above for P1, whereM2 was
used as the macromonomer. As in the previous case, the
polymerization reaction was complete within 2 h at room
temperature (23 °C) with the reaction yield of 69% according
to the GPC analysis (Figure 2b).
In both cases the purification of the polymers was made by

hexane-induced fractional precipitation from their solutions in
toluene. The molecular structure and purity of the polymers
obtained were confirmed by GPC-analysis (Figure 2) and 1H,
13C, 29Si NMR spectroscopy (see Experimental Part and
Figures S7−S12 in the Supporting Information). The
dendronized polymers obtained were highly soluble in low-
polar organic solvents such as THF, toluene, chloroform, etc.
Molecular Characteristics. For the synthesized polymers,

the values of the average molecular weights (Mw) and the
polydispersity indices (PDIs) have been estimated by the
following GPC-based methods: (1) using the calibration curves
based on the narrow PDI polystyrene (PS) standards and (2)
using a dual light scattering (LS) detector combined with a
refractometer (Table 1). The data obtained indicate that
despite the rigid-chain nature of the polymers under
investigation, the values of their molecular weights estimated
with respect to the polystyrene standards are significantly
underrated in comparison to those obtained by the light

scattering method known to provide true Mw values. This
experimental observation can be rationalized by a more
compact conformation of the molecules of the dendronized
polymers as compared to the flexible-chain molecules of PS
with the same molecular weight, which is probably related to
their hyperbranched structure. Moreover, the ratio of the real
values of Mw to those calculated according to the PS standards
when going from P1 to P2 increases from 1.26 to 1.48. This
increase in deviation from the Mw measured by PS-based
standards may be connected with an increase of the branching
of the monomer repeating unit from M1 to M2, resulting in a
more compact conformation of the macromolecule of the
dendronized polymer P2 as compared to the PS of the same
molar weight. Similar tendency of increasing the deviation
between the Mw measured by GPC on the base of the PS
standards and by the light scattering detector was observed in
the series of dendrimers G1−G3 as well (Table 1). It is
interesting to note that the phenomenon whereas the molecular
masses measured by GPC based on polystyrene standards were
different from the actual molar masses has been investigated for
different dendrimers and long conjugated oligomers: for the
dendrimers it was found that the GPC results underestimated
their molar masses,40 while in the case of rigid conjugated
oligomers an effect of overestimation of the molar masses was
observed.41

The GPC measurements have shown that the polymers
synthesized exhibit quite narrow polydispersity indices (PDI =
1.22−1.23). These data indicate that the chain growth
mechanism of the Kumada polymerization38 is also valid for
the synthesis of the polymers from rather bulky monomer M1
and macromonomer M2. Estimations based on these GPC data
gives a weight-average polymerization degree n = 44 for P1 and
n = 30 for P2, which correspond to the number of

Figure 2. GPC curves of polymers P1 (a) and P2 (b). The solid and dashed lines correspond to the reaction mixture and the purified polymer,
respectively.

Table 1. Molecular Characteristics of the Bithiophenesilane Dendrimers and Dendronized Polymersa

PS LS

compound Mw PDI Mw PDI Mw(LS)/Mw(PS) ratio n m [η], dL/g

G1(2−2) 2480 1.01 2250b 1.01 0.91 4 9 0.048
G2(2−2) 4990 1.01 5150b 1.01 1.03 10 21 0.055
G3(2−2) 9260 1.02 11 800b 1.02 1.27 22 45 0.070

P1 16 100 1.23 20 300 1.22 1.26 37−44 74−88 0.062
P2 18 700 1.19 27 700 1.23 1.48 25−30 100−120 0.101

aNotes: PS = molecular weight characteristics obtained using calibration according to the polystyrene standards, LS = molecular weight
characteristics obtained using the dual light scattering detectors, n = average number of repeating units in the macromolecule, m = average number of
bithiophene fragments in the macromolecule, and [η] = values of intrinsic viscosity measured in THF at 25 °C. bData for dendrimers are taken from
ref 17.
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bithiophenesilane fragments to be contained in average in one
macromolecule m = 88 and 120, respectively (Table 1). The
corresponding number-averaged values of n and m are also
shown in Table 1 as a lower limit of the respective interval. It
should be noted that dendronized polymers P1 and P2, both by
the number of 2T fragments and by the weight-average molar
weight, correspond to the forth or even higher generation of
the bithiophenesilane dendrimer, which was not possible to
prepare in a regular manner.
The data obtained from the measurements of the intrinsic

viscosity [η] of the solutions of the dendronized polymers
synthesized and their analoguesthe bithiophenesilane den-
drimersare presented in Table 1 as well. The values of [η] of
all the macromolecules under investigation lies in a range of
0.048−0.101 dL/g, that is 2−4 times higher than the [η] of
more flexible polyallylcarbosilane dendrimers of various
generations.42 Besides, [η] slightly increases with the increase
of the molecular weight of the dendronized polymer, which is
also observed in the studied family of bithiophenesilane
dendrimers. At the same time, the dependency of the reduced
viscosity on the concentration of the solution is more
pronounced for the dendronized polymers than for the
dendrimers, for which the reduced viscosity is practically

independent of the dilution of their solutions (see Figure S15 in
the Supporting Information). All in all, there are similarities in
the hydrodynamic behavior of the bithiophenesilane den-
drimers and dendronized polymers investigated, which confirm
the conclusion about the compact conformation of the
dendronized polymers.

Optical Properties. The absorption and luminescence
spectra of the dilute solutions of dendronized polymers P1 and
P2 in THF are presented in Figure 3. The absorption spectrum
of polymer P1 is almost identical to that of the star-like
bithiophenesilane molecules.13 The value of the molar
extinction coefficient ε, being 41000 L mol−1cm−1 at a
wavelength of 336 nm, calculated for one monomer unit,
corresponds to the sum of ε for two bithiophenesilane
fragments (Table 2). Thus, the formation of the absorption
spectrum of the dendronized polymer occurs in the same way
as in the case of the bithiophenesilane dendrimer.19 At the same
time, a weak long-wave band in the 370−400 nm range, which
is impossible to explain by the absorption of the bithiophene-
silane fragments, was observed in the absorption and excitation
spectra of polymer P1. The luminescence spectrum of polymer
P1 excited at 336 nm lies in the range from 360 to 540 nm and
has a complex structure and differs from the luminescence of

Figure 3. Absorption and luminescence spectra of dilute solutions of polymers P1 (a) and P2 (b) in THF. Luminescence spectra of bithiophene
component (blue line) for both polymers was calculated by deduction of the luminescence of the polymer excited at 385 nm from the luminescence
of the polymer excited at 336 nm.

Table 2. Optical Properties of Various Oligothiophenesilane Macromolecules and Their Low Molecular Weight Analoguesa

compound λabs, nm ε, M−1.cm−1 λlum, nm QF, % QETE, % ref

2T 303 - 362 1b - 12
3T 354 - 407 7b - 12
Hex-2T 308 13 000 374 1.8b - 16
Hex-2T-TMS 320 19 000 380 5.8b - 16
TMS-2T-TMS 322 20 000 381 6.0b - 16
p-T2SiMe2

d 326 - 371/387 24c - 12
P1 336, 385 41 000 374/389/430/453 13 50 ± 15 this work
P2 336, 385 77 000 374/389/427/452 14 70 ± 15 this work
G1(2−2) 333 174 000 374/388 30 - 17
G2(2−2) 334 420 000 375/390 31 - 17
G3(2−2) 336 870 000 376/390 30 - 17
D1(3−2) 338, 388 147000, 114000 427/450 10 97 ± 3 18
B1(3−2) 337, 382 84000, 39 000 427/450 10 91 ± 3 18

aMeasured in THF unless otherwise stated. Notes: λabs = absorption maximum, ε = molar extinction coefficient, λlum = luminescence maximum, QF =
luminescence quantum yield, and QETE = efficiency of intramolecular energy transfer. bIn hexane. cIn CH2Cl2.

dLinear polymer: poly[5,5′-
(dimethylsilylene)-2,2′-bithiophene].
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this polymer excited at 385 nm (Figure 3a). The letter spectra
coincides with luminescence of dendrimer D1(3−2), which
shows limunescence from its 3T fragments.18 The mathematical
deconvolution of the luminescence spectral contour of polymer
P1 excited at 336 nm led the fact that it consists of the
luminescence spectra of two componentsbithiophenesilane
(2T) with the main maxima at 374 and 389 nm and
terthiophenesilane (3T) with the main maxima at 430 and
453 nm. It means that beside the 2T repeating units, polymer
P1 contains a certain amount of 3T fragments. Calculations
carried out on the basis of the measured absorption spectra of
polymer P1 revealed that the molar ratio of 2T to 3T fragments
in this polymer is close to 25: 1. Therefore, upon the average,
one macromolecule of P1 contains 3−4 terthiophene units, two
of which located, most probably, at the ends of the polymer
main chain, as shown in Scheme 2.
It should be noted that the presence of the 3T units in P1

was detected by spectral-luminescence methods only because of
their very low content (3−4%) and similarity of their chemical
composition to 2T units. Therefore, they can be considered as
defects of the polymer chain, formation of which can be related
to a small (1−2%) decomposition of the monomer M1 during
its lithiation with n-butyllithium (see Scheme S1 in the
Supporting Information). The lithium derivatives of the
mono- and bithiophene fragments thus formed undergo the
lithium−magnesium exchange reaction and participate in the
following polymerization under the Kumada conditions. In the
polymerization reaction they can serve either as monofunc-
tional blocking agents, which form 2T or 3T end groups, thus
limiting the macromolecule length, or as bifunctional
comonomer units (presumably, magnesium derivatives of 2,5-
disubstituted thiophene), forming a few (1−2 per one
macromolecule) defects of 3T units in the main chain of
polymer P1.
In spite of a small amount of 3T units in P1, they

significantly change its luminescence spectra as compared to
those of the bithiophenesilane dendrimers Gn(2−2) (Scheme
1).17 It was found that under the excitation of P1 into the
spectral range of the maximal absorption of bithiophenesilane
and weak absorption of terthiophenesilane (336 nm), the
integral intensity of the fluorescence of bithiophenesilane and
terthiophenesilane amounts to 69% and 31% respectively,
which points out to the phenomenon of the nonradiative
energy transfer of the electronic excitation from bi- to
terthiophenesilane fragments. In the case of excitation at 336
nm (2T), the fluorescence quantum yield QF amounts to 13%,
whereas under excitation at 385 nm (3T) its value drops to 8%.
Thus, the QF of 2T fragments in polymer P1 is significantly
lower than that in the bithiophenesilane dendrimers (20−30%),
but not approaching zero as it takes place in the case of efficient
(90−97%) intramolecular energy transfer in the “dendritic
molecular antenna” from bi- and terthiophene fragments of
B1(3−2) and D1(3−2) (Scheme 1).18 Therefore, the
efficiency of nonradiative energy transfer in polymer P1 is
lower than that in the dendritic “molecular antenna” consisting
of bi- and terthiophene fragments. The calculations of the
energy transfer efficiency QETE from 2T to 3T fragments carried
out on the basis of the measured absorption and luminescence
spectra of polymer P1 by the method described before18

yielded a value of QETE close to 50%. The critical distance of
energy transfer by inductive resonance mechanism for the
system bithiophene-silicon-terthiophene amounts to 20−25 Å
meaning that the average distance between a terthiophene

fragment (acceptor) and a group of bithiophene fragments
(donors) must not exceed 25 Å. In the case of the linearly
arranged main chain of polymer P1, it amounts to
approximately 100−110 Å (see Figure S16a in the Supporting
Information), which should correspond to the efficiency of
energy transfer of lower than 4%. Hence it is possible to
conclude that a macromolecule of the polymer forms a coil with
quite dense packing, in the case of which a bigger number of
bithiophene fragments is located closer than 20−25 Å apart
from the terthiophene fragment. It is in good agreement with
the data obtained by the GPC and viscometry methods, also
pointing out to the compact conformation of such macro-
molecules (see Figure S16c in the Supporting Information).
The formation of the absorption spectrum of dendronized

polymer P2 (Figure 3b) is similar to that of polymer P1. The
value of the molar extinction coefficient ε, being 77000 L mol−1

cm−1 at a wavelength of 336 nm, calculated for one monomer
unit, corresponds to the sum of ε for four bithiophenesilane
fragments. During excitation spectra measurements preformed
at 490 nm (in the luminescence range of 3T), a long
wavelength band corresponding to the excitation spectrum of
3T was present in the excitation spectrum. Thus, the
macromolecule of polymer P2 also contains terthiophenesilane
fragments. Calculations carried out on the basis of the
measured absorption spectra of polymer P2 revealed that the
molar ratio of 2T to 3T fragments in this polymer is close to
68: 1. Therefore, one macromolecule of polymer P2 contains
approximately 2 terthiophene repeating units in average, which,
most probably, located at the ends of the polymer chains as
shown in Scheme 2. During excitation into the spectral range of
the maximal absorption of 2T and weak absorption of 3T (336
nm), the integral intensity of the luminescence of 2T and 3T
amounts to 69% and 31% respectively. At the same time,
excitation at 336 nm (2T) and 385 nm (3T) results in QF of
14% and 8%, respectively. The calculations of the energy
transfer efficiency from 2T to 3T fragments carried out on the
basis of the measured absorption and luminescence spectra of
polymer P2 yielded a value of QETE close to 70%. In the case of
the most elongated configuration of the macromolecule of
polymer P2, its 17 repeating units (68 bithiophene fragments
falling on one terthiophene fragment) have a length of
approximately 150−160 Å (see Figure S16d in the Supporting
Information). In this case, the average distance of 2T structural
units from 3T structural units amounts to 80−85 Å, which
results in an efficiency of energy transfer of below 1%. In order
to the energy transfer efficiency will be equal to 70%, as it was
observed, the distance between the most part of the 2T
fragments and the 3T fragment must not exceed a value of 18−
22 Å that is possible in compact conformations of the
macromolecules only (see Figure S16f in the Supporting
Information).
Comparison of the optical characteristics (molar extinction

coefficients, energy transfer efficiency, luminescence quantum
yield) of the synthesized bithiophenesilane-containing
dendronized polymers, dendrimers, and low molecular weight
analogues of their structural fragments may be found in Table
2. The data presented there suggest that the basic optical
properties exhibited by the obtained dendronized polymers are
better than those of their low-molecular analogues (i.e., their
molar extinction coefficients and luminescence quantum yield
are higher) and somewhat poorer than those of the dendrimers
with similar compositions (i.e., the energy transfer efficiency is
lower as compared to dendrimer D1(3−2)).
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Thermal Properties. The phase behavior and thermal
stability of the dendronized polymers obtained were studied by
means of the DSC and TGA methods (Table 3). The data
recorded are shown in Figure 4. According to the results of
DSC analysis (Figure 4a), both polymers turn out to be

amorphous, whereas their glass transition temperatures Tg are
practically the same being 19 and 17 °C for P1 and P2
respectively. This is significantly higher than Tg of the
corresponding bithiophenesilane dendrimers of different
generations G1(2−2), G2(2−2), and G3(2−2), and even Tg

of those containing terthiophene units D1(3−2) and B1(3−2)
− all these dendrimers has Tg in the range from −25 to −1 °C.
No crystallization of polymers P1 and P2 was observed as
opposite to dendrimer B1(3−2). These results might be
explained by higher Mw of the dendronized polymers as
compared to the molar weight of the dendrimers (see Table 1)
and low content of the terthiophenesilane units in these
polymers.
TGA analysis (Figure 4b) demonstrated the stability of the

dendronized polymers P1 and P2 to thermal-oxidative
destruction up to 340 and 300 °C (1 wt % weight loss), and
up to 415 and 400 °C (1 wt % weight loss) in the case of
thermal decomposition. These results are comparable with
those obtained for bithiophenesilane-containing dendrimers
(Table 3).
Cyclic Voltammetry. Electrochemical properties of poly-

mers P1 and P2 and dendrimers G1(2−2), G2(2−2), and
D1(3−2) were studied by cyclic voltammetry (CVA). The
measurements were carried out in the 1,2-dichlorobenzene:

acetonitrile (4: 1) mixture of solvents using 0.1 M Bu4NPF6 as
supporting electrolyte. The results are summarized in Table 4.
All compounds showed an irreversible oxidation with two
waves for P1, P2 (Figure 5), G1(2−2), and D1(2−3) and with

three waves for G2(2−2) (see Figure S17B in the Supporting
Information). The fact of irreversible oxidation can be

explained by electrochemical instability trithienylsubstitited
silanes. It is known from the literature that mono- and
disubstituted thienylsilanes are electrochemically unstable,43

whereas tetrasubstituted thienylsilanes can be oxidized
reversibly.10 The onsets of the first oxidation peaks for P1,
P2, G1(2−2), G2(2−2), and D1(3−2) have the values of E1/2

equal to 1.30, 1.24, 1.23, 1.23, and 1.38 V vs a saturated calomel
electrode (SCE), respectively. The HOMO level was calculated
using these data as described before.44 Peaks of the reduction
process were not observed for all the polymers and dendrimers
under investigation up to a value of −2.2 V for the discharge

Table 3. Thermal Properties of the Bithiophenesilane-
Containing Dendrimers and Dendronized Polymersa

compound Tg, °C Tm, °C ΔHm, J/g Tdec (A), °C Tdec (B), °C

G1(2−2) −14 - - 405 305
G2(2−2) −2 - - 430 310
G3(2−2) −1 - - 430 400
P1 19 - - 415 340
P2 17 - - 400 300
D1(3−2) −2 - - 405 290
B1(3−2) −25 72 33.14 400 290

aNotes: Tg = glass transition temperature, Tm = melting temperature,
ΔHm = melting enthalpy, Tdec(A) = temperature at 1% weight loss
measured by TGA in argon, and Tdec(B) = temperature at 1% weight
loss measured by TGA in air.

Figure 4. DSC (a) and TGA (b) curves of dendronized polymers P1 and P2.

Table 4. Electrochemical Properties of the
Bithiophenesilane-Containing Dendrimers and Dendronized
Polymersa

compound Eox, V E1/2
ox, V Eel(HOMO), eV

G1(2−2) 1.29, 1.50 1.23, 1.44 −5.63
G2(2−2) 1.29, 1.48, 1.64 1.23, 1.42, 1.58 −5.63
P1 1.36, 1.60 1.30, 1.54 −5.70
P2 1.30, 1.58 1.24, 1.52 −5.64
D1(3−2) 1.34, 1.55 1.28, 1.49 −5.68

aNotes: Eox = oxidation potential vs SCE; E1/2ox = standard oxidation
potential calculated as E1/2 = Eox − 0.06 V; E(HOMO) calculated as
E(HOMO) = −E1/2ox −4.40 eV (see ref 43 for detail).

Figure 5. Electrochemical oxidation curves of P1 (a) and P2 (b).
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backgraound. As can be seen from the results obtained, the
HOMO energy levels of bithiophenesilane dendrimers G1(2−
2) and G2(2−2) (−5.63 eV) almost coincide with the HOMO
energy level of polymer P2 (−5.64 eV), while the HOMO
energy level of polymer P1 is much closer to the HOMO
energy level of dendrimer D1(3−2), containing both 2T and
3T fragments. Bearing in mind that the oxidation processes in
such systems are governed by the most conjugated
oligothiophene fragments, these results can be explained by
the fact that concentration of 3T fragments in polymer P2 is
too small to be detected by CVA method and only 2T
fragments are responsible for its oxidation. In contrast, the
oxidation behavior of polymer P1 is governed namely by 3T
fragments. These results are in good agreement with optical
measurements, which have shown that the ratio of 2T to 3T
fragments in polymers P1 and P2 are 25: 1 and 68: 1,
respectively.

■ CONCLUSIONS AND OUTLOOK
Thus, as a result of the present work, for the first time an
efficient approach to the synthesis of bithiophenesilane
dendronized polymers was developed and polymers P1 and
P2 have been obtained. Both of them have low DPI (1.22−
1.23), indicating that the polymerization under Kumada
conditions used for their synthesis has a chain growth
mechanism, like it was found before for much smaller monomer
units of 3-hexylthiophene.38 The polymers synthesized
exhibited good solubility in a broad range of organic solvents,
high thermal and thermal-oxidative stability up to 320 and 415
°C respectively, and interesting molecular and photo-optical
properties. The measurements of the viscosity of the dilute
solutions of the synthesized dendronized polymers and their
analogues − the bithiophenesilane dendrimers − have shown
that all of them have rather low values of the intrinsic viscosity
[η] (0.048−0.101 dL/g) that slightly increases with increasing
the molar weight of the macromolecule. Similarities found in
the hydrodynamic behavior of the bithiophenesilane den-
drimers and dendronized polymers investigated, indicate that
the dendronized polymers synthesized adopt the compact
conformation in solutions.
Studies of the spectral-luminescent characteristics of the

dilute solutions of dendronized polymers P1 and P2 pointed
out to the presence of both bi- and terthiophene structural units
in the polymers, whereas the ratio of the number of
bithiophenesilane fragments to that of terthiophenesilane
fragments is 25:1 in the case of polymer P1 and 68:1 in the
case of polymer P2. As a result, the nonradiative transfer of the
electronic excitation energy from bi- to terthiophene fragment
by the inductive resonance mechanism takes place for both
polymers with an efficiency of 50 and 70% respectively. The
obtained information affords ground to state that the
configuration of the molecules of dendronized bithiophenesi-
lane polymers possesses a shape of a coil with compact packing.
Further works on bithiophenesilane-containing dendronized
polymers with improved luminescence efficiency and their
application in organic optoelectronics devices is in progress.
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ABSTRACT: A new multidimensional fractionation techni-
que, temperature rising elution fractionation (TREF)
combined with high temperature size exclusion chromatog-
raphy FTIR (HT-SEC-FTIR), HT-SEC-DSC and high
temperature two-dimensional liquid chromatography (HT-
2D-LC) is used for the comprehensive analysis of a com-
mercial impact polypropylene copolymer. HT-SEC-FTIR pro-
vides information regarding the chemical composition and crystallinity as a function of molar mass. Thermal analysis of selected
SEC fractions yields the melting and crystallization behavior of these fractions which is related to the chemical heterogeneity of
this complex copolymer. The thermal analysis of the fractions is conducted using a novel DSC method  high speed or high
performance differential scanning calorimetry (HPer DSC) - that allows measuring of minute amounts of material down to
micrograms. The most interesting and complex “midelution temperature” TREF fraction (80 °C) of this copolymer is a complex
mixture of ethylene-propylene copolymers (EPC’s) with varying ethylene and propylene contents and sequence length
distributions, as well as iPP. High temperature solvent gradient HPLC has been used to show that there is a significant amount of
PE homopolymer and EPC’s containing long ethylene sequences in this TREF fraction. High temperature 2D-LC analysis reveals
the complete separation of this TREF fraction according to the chemical composition of each component along with their molar
mass distributions.

■ INTRODUCTION
Impact polypropylene copolymers (IPC) are a commercial
grade of polypropylene (PP) which feature improved low
temperature impact resistance. This class of polymers has seen
growing demand in the thermoplastic market in recent times.
The modified impact resistance of such heterophasic PP,
together with the excellent properties of the polypropylene
homopolymer such as rigidity and thermal and chemical
resistance, makes the material highly useful in automotive and
other applications.1,2 Among the several methods reported for
its production, the two-stage copolymerization process of
propylene with ethylene is found to be the most effective and
commercially adopted. The sequential multistage polymer-
ization leads to the formation of highly complex materials con-
sisting of many products, including amorphous, random, and
segmented ethylene-propylene copolymers with different
monomer sequence length distributions and molar mass
distributions (MMD), as well as highly isotactic polypropylene
and polyethylene homopolymers.3−6 Preparative fractionation
and subsequent analysis of the individual fractions is found to
be an effective method for the complete characterization of
such complex polymeric materials.7−10 Offline coupling of SEC
with FTIR is an established technique which has been used to

characterize the chemical composition distribution (CCD)
across the molar mass distribution.11

Despite the fact that SEC-FTIR can indicate the level of
ethylene and propylene crystallinity across these bimodal molar
mass distributions, it is necessary to study the thermal behavior
and crystallinity of these fractions thoroughly.12−15 It has been
reported that it is possible to couple SEC fractionation with
standard DSC,16 and even better with HPer DSC in order to
study the short chain branching distribution along the MMD.17

This is important due to the effect of molecular structure on the
crystallization behavior, and thereby the final properties of the
materials.18 HPer DSC has the ability to measure very small
sample masses while scanning at higher heating rates (up to
500 °C/min) than traditional, standard DSC. Fast scanning
rates help to separate or reduce reorganizational thermal
behavior, such as cold crystallization, recrystallization and de-
composition which may occur during heating. The improve-
ment in fast scanning DSC technology also offers the
opportunity to detect weak transitions, including glass
transitions which could not be determined by standard DSC.18
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For many polymers, it has been proven that liquid
chromatography is an efficient analytical technique for the fast
separation of the polymer chains according to their chemical
compositions.19 However, the separation of polyolefins by high
temperature liquid chromatography was only developed during
the last couple of years by Pasch et al.20 Initial work utilizing
zeolites enabled the separation of polyolefins according to their
chemical composition, however, the components could not be
easily desorbed from the column packing.21,22 Further develop-
ment led to the separation of a blend of polypropylene and
polyethylene based on the precipitation-redissolution mechanism
on a modified silica gel column, using a solvent gradient of
ethylene glycol monobutyl ether (EGMBE) (which is a good sol-
vent for PP and not for PE) to 1,2,4-trichlorobenzene (TCB).20,21

Most recently, research led to an HT-HPLC method capable of
separating polypropylene according to tacticity in addition to the
chemical composition separation of polyethylene from poly-
propylene.23 This method is based on the adsorption−desorption
mechanism and utilized the unique properties of the Hypercarb
column.24 To this date this is the only method for the swift and
efficient separation of polyolefins and olefin copolymers according
to their chemical compositions, where all components can be
recovered from the column. The HPLC method separates
polyolefin materials according to their chemical composition,
although a slight molar mass influence on the retention volume
has been observed for low molar masses. Despite this fact, the
separation is governed mainly by the chemical composition or
tacticity of samples; i.e., nearly baseline-separated peaks are
obtained for all components. Several articles have been published
based on the same separation methods for the analysis of
polyolefins.25−30 A new technique, high temperature thermal
gradient interaction chromatography (HT-TGIC), has also been
reported for the separation of olefin copolymers according to
their comonomer content.31 HT-HPLC allows one to estimate
the chemical composition distribution (CCD) in such complex
materials within a short period of time, which is a significant step
forward for the characterization of these materials.
This study focuses on the molecular complexity of IPC and

the analysis of different IPC components as separated by TREF
and SEC using offline coupling with FTIR and HPer DSC, with
emphasis on those TREF fractions exhibiting multimodal molar
mass distributions. A single SEC separation and deposition is
found to be sufficient for HPer DSC analysis. Melting and

crystallization of an IPC sample and its 80 °C TREF fraction
were studied. These investigations were complemented by
fractionation and analysis using HT-HPLC and HT-2D-LC.

■ EXPERIMENTAL SECTION
A nonstabilized commercial IPC (designated as 3 V) was obtained
from SASOL Polymers (Secunda, South Africa). The IPC sample has a
comonomer (ethylene) content of 10.48 mol %, with a weight-average
molar mass (Mw) and dispersity (D) of 228 kg·mol−1 and 3.5,
respectively.

Size Exclusion Chromatography (SEC). Molar mass measure-
ments for all samples were performed at 150 °C using a PL GPC 220
high temperature chromatograph (Polymer Laboratories, Church
Stretton, U.K.) equipped with a differential refractive index (RI)
detector. The column set used consisted of three 300 × 7.5 mm PLgel
Olexis columns together with a 50 × 7.5 mm PLgel Olexis guard
column (Polymer Laboratories, Church Stretton, UK). The eluent
used was TCB at a flow rate of 1.0 mL/min with 0.0125% 2,6-ditert-
butyl-4-methylphenol (BHT) added as a stabilizer. Samples were
dissolved at 160 °C in TCB at a concentration of 1 mg/mL for 1- 2 h
(depending on the sample type) and 200 μL of each sample was
injected. Narrowly distributed polystyrene standards (Polymer
Laboratories, Church Stretton, U.K.) were used for calibration.

Temperature Rising Elution Fractionation (TREF). Preparative
TREF was carried out using an instrument developed and built in-
house. Approximately 3.0 g of polymer and 2.0 w/w % Irganox 1010
(Ciba Specialty Chemicals, Switzerland) were dissolved in 300 mL of
xylene at 130 °C in a glass reactor. The reactor was then transferred to
a temperature-controlled oil bath and filled with sand (white quartz,
Sigma-Aldrich, South Africa), used as a crystallization support. The oil
bath and support were both preheated to 130 °C. The oil bath was
then cooled at a controlled rate of 1 °C/h in order to facilitate the
controlled crystallization of the polymer. The crystallized mixture was
then packed into a stainless steel column which was inserted into a
modified gas chromatography oven for the elution step. Xylene
(preheated) was used as eluent in order to collect the fractions at
predetermined intervals as the temperature of the oven was raised. The
fractions were isolated by precipitation in acetone, followed by drying
to a constant weight.

Deposition of SEC Fractions by the LC Transform Interface.
An LC-Transform series model 300 (Lab Connections) was coupled
to a PL GPC 220 (Polymer Laboratories, Church Stretton, England)
in order to collect the SEC eluate. Samples were dissolved at 160 °C in
TCB at a concentration of 2 mg/mL, with 200 μL of each sample
being injected. The SEC column outlet was connected to the LC
transform interface (see Figure 1) through a heated transfer line set
at 150 °C.

Figure 1. Polymer cross-fractionation techniques (SEC-FTIR and SEC-HPer DSC).
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The fractions were deposited by rotating a germanium disk (sample
target in the LC-transform) at a speed of 20°/min. The disk stage and
nozzle temperatures of the LC-transform were set to 160 and 150 °C,
respectively. For HPer DSC sample preparation an aluminum foil was
wrapped around the germanium disk in such a way as to ensure good
contact with the disk, with the opaque side of the foil being used
for collection of the polymer deposits. The surface roughness of the
opaque side of the foil enables comparatively higher adhesion as
compared to the glossy side of the Al foil.32 The bulk sample
was collected by deposition of the entire sample at a single point
on the germanium disk (no rotation). All the samples for SEC-FTIR
and SEC-HPer DSC were prepared under the same deposition and
cooling conditions in order to ensure comparable sample and thermal
histories.
FTIR Analyses of the Deposited Fractions. FTIR analyses of

the deposited SEC fractions were performed on a Thermo Nicolet
iS10 Spectrometer (Thermo Scientific, Waltham, MA), equipped with
the LC-transform FTIR interface connected to a standard transmission
baseplate. Spectra were recorded at a resolution of 8 cm−1 with 16
scans being recorded for each spectrum. Thermo Scientific OMNIC
software (version 8.1) was used for data collection and processing.
Differential Scanning Calorimetry (DSC). Melting and crystal-

lization behavior of the bulk material and 80 °C TREF fraction were
measured on a TA Instruments Q100 DSC system, calibrated with
indium metal according to standard procedures. A heating rate of
10 °C/min was applied across the temperature range of 0−180 °C.
Data obtained during the second heating cycle were used for all the-
rmal analysis calculations. Measurements were conducted in a nitrogen
atmosphere at a purge gas flow rate of 50 mL/min.
High Performance Differential Scanning Calorimetry (HPer

DSC). Thermal properties of the SEC LC-Transform deposits were
investigated using a Perkin-Elmer DSC 8500 (situated at SciTe’s
laboratory, Katholieke Universiteit Leuven, Belgium). A single
deposition on the aluminum foil delivers enough material (not
weighed as yet) for measurement at 50 °C/min, in both cooling and
heating regimes. The foil is cut between various rotation angles for
sample analysis (see Figure 2). The sample on the foil is folded into a

flat package for analysis. For each sample, the first heating, first
cooling, and second heating curves have been measured and plotted
(endo up, exo down). All transitions observed turn out to be either
crystallization (during cooling) or melting (during heating), and
possibly recrystallization.
Chromatographic System. All chromatographic experiments

were performed using a new chromatographic system for high-
temperature two-dimensional liquid chromatography constructed by

Polymer Char (Valencia, Spain), comprising of an autosampler, two
separate ovens, 2D switching valves and two pumps equipped with
vacuum degassers (Agilent, Waldbronn, Germany). One oven was
used for the HPLC column, while the second oven, where the injector
and a switching valve were located, was used for the SEC column. The
autosampler is a separate unit connected to the injector through a
heated transfer line. A high-pressure binary gradient pump was used
for HPLC in the first dimension and an isocratic pump was used for
SEC in the second dimension. An evaporative light scattering detector
(ELSD, model PL-ELS 1000, Polymer Laboratories, Church Stretton,
England) was used with the following parameters: A gas flow rate
of 1.5 L/min, a nebulizer temperature of 160 °C, and an evaporator
temperature of 270 °C.

High Temperature HPLC. HT-HPLC was carried out using a
Hypercarb column (Hypercarb, Thermo Scientific, Dreieich, Germany)
with the following parameters: 100 × 4.6 mm i.d., packed with porous
graphite particles with a particle diameter of 5 μm, a surface area of
120 m2/g, and a pore size of 250 Å. The flow rate of the mobile phase was
0.5 mL/min. The column was placed in the column oven maintained at
160 °C. The HPLC separations were accomplished by applying a linear
gradient from 1-decanol to TCB. The volume fraction of TCB was
linearly increased to 100% within 10 min after the sample injection and
then held constant for 20 min. Finally, the initial chromatographic
conditions were re-established with 100% 1-decanol. Samples were
injected at a concentration of 1−1.2 mg/mL, with 20 μL of each sample
being injected.

High Temperature Two-Dimensional Liquid Chromatogra-
phy (HT-2D-LC). The coupling of HT-HPLC and HT-SEC was
achieved by using an electronically controlled eight-port valve system
(VICI Valco instruments, Houston, TX) equipped with two 100 μL
sample loops. A 110 μL sample loop was used for injection into the
first dimension. The flow rate for the first dimension was 0.05 mL/min,
using the same gradient as for one-dimensional analysis, adjusted for
the longer analysis time. TCB was used as the mobile phase for the
second dimension at a flow rate of 2.75 mL/min. The second dimen-
sion column used was a PL Rapide H (Polymer Laboratories, Church
Stretton, U.K.) 100 × 10 mm i.d. column with a 6 μm particle
diameter. The column was placed in the top heated oven, maintained
at 160 °C. Detection was performed with an ELSD using the same
settings as for the one-dimensional (HPLC) separation.

■ RESULTS AND DISCUSSION
This study explores the combination of selective fractionation
with highly sensitive thermal analysis to investigate the correla-
tion between molecular properties (chemical composition and
molar mass) and thermal behavior. In a first step the bulk IPC
sample has been investigated followed by TREF fractionation
and the analysis of the most complex part of the sample, the
midtemperature (80 °C) TREF fraction (3 V 80). Up to now
the investigation of such complex polyolefins by SEC-HPer
DSC cross-fractionation is at a preliminary stage.

Analysis of the Bulk Sample. When HT-SEC is coupled
to FTIR, information about the chemical composition as a
function of molar mass can be obtained. Using the LC-
transform approach, a polymer concentration profile similar to
the response from the conventional RI detector of the SEC
instrument is obtained by integrating the spectral peak area
over the 2800−3200 cm−1 range of the FTIR spectrum.33,34

This time-based representation of the total IR absorbance over
this range during elution as a function of the total amount of
the polymer sample is termed the Gram-Schmidt (GS) plot.
The composition distribution can be determined from the
deposition on the disk by analyzing the characteristic finger-
print region for particular functional groups. The propylene
content was quantified by the ratio of the areas of the CH3 and
CH2 bending bands at 1376 and 1462 cm−1, respectively. The
ethylene content was quantified by the area ratio of the bands

Figure 2. Example of an aluminum-covered disk after cutting out a
sample for HPer DSC measurement. The portion of the aluminum foil
removed is between 155° and 215°. This equates to the removal of the
portion of the SEC eluate deposited between retention volumes of
20.75 to 24.75 mL.
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at 720 and 1163 cm−1, which is used to determine the como-
nomer composition within EP block copolymers.11,35,36

Figure 3 illustrates the SEC-FTIR results for the bulk sample
(3 V). A uniform propylene concentration and its crystallinity
distribution (Figure 3a and 3c) were observed across the GS
curve for the bulk sample. The ethylene content and its
crystallinity distribution (Figure 3b and 3d) have a lower value
across the GS plot. This means that either the methylene
(CH2) sequence lengths are short or that the number of
methylene chain units is few, due to the relatively low ethylene
content in the bulk copolymer sample.
It is possible to construct a crystalline distribution of ethylene

and propylene (crystalline parts of PE and PP) across the GS.
The two absorptions at 998 and 730 cm−1 are the result of
molecular vibrations from crystalline PP and PE regions,
respectively. The absorption bands at 998 and 841 cm−1 are
known to originate from long repeating monomer units in the
crystalline 3-fold helical structure of iPP. The band at 972 cm−1

is associated with short helix segments from the amorphous
region of PP. The relative intensity of the two bands at 998 and
972 cm−1 can be used to estimate the level of PP crystallinity in
the sample.37−41 Similar to the propylene content distribution,
a uniform propylene crystallinity distribution is observed across
the GS plot. Because of the presence of crystalline ethylene
sequences, the peak at 720 cm−1 splits and an additional peak
appears at 730 cm−1.33,42 The relative ethylene crystallinity can
be determined from the ratio of the absorbance at 730 cm−1 to
720 cm−1. In the present sample the value of 730 cm−1/720
cm−1 ratios across the GS curve was found to be zero, which
indicates that either the sample does not contain any long
crystallizable ethylene sequences or that the relative amount of
long ethylene sequences in the sample is too low to be detected
by SEC-FTIR of the bulk material.

The coupling of SEC with FTIR provides information on the
propylene distribution and its crystallinity distribution across
the molar mass distribution for this copolymer sample. On the
other hand, it is difficult to determine the ethylene distribution
and its crystallinity distribution for the bulk sample by using
this technique. Since the amount of ethylene within this
copolymer is small (10.5 mol %), it is difficult to differentiate it
from the major component of the material which is isotactic
polypropylene.
The DSC result for the bulk sample is displayed in Figure 4a

showing a single distinct peak maximum for melting at 159 °C.
This can be related to the melting process of the iPP matrix,
since this melting endotherm is also observed in a pure iPP
homopolymer sample and shows a similar melting temper-
ature.43,44 DSC on the bulk sample does not reveal any melting
or crystallization events corresponding to the IPC components
such as EPR, EPC, or PE homopolymers.
HPer DSC analysis of the bulk sample revealed that at

50 °C/min cooling and heating the peak maximum temper-
atures for crystallization and melting are approximately 100 and
159 °C, respectively, see Figure 4b. Compared to the standard
DSC scan rate of 10 °C/min the crystallization temperature has
shifted by 10 °C toward the lower temperature side with
increasing the cooling rate from 10 °C/min to 50 °C/min.
However, the peak maximum temperature of melting does not
change, probably reflecting reorganization during heating, not
nullified by heating at 50 °C/min because it would ask for a much
higher heating rate. As is seen from Figure 4b, the cooling curve
is broadened at 50 °C/min compared to the cooling curve at
10 °C/min, Figure 4a, the reason being thatwhen the sample
mass is kept constant like in Figure 4 because the same sample
packed in aluminum was used in both casesthe lowest scan
rates induce the narrowest DSC peaks, while increasing the

Figure 3. SEC-FTIR analysis of the bulk sample (3 V) illustrating (a) the propylene (CH3/CH2) and (b) the ethylene (Et content) distributions as
well as their crystallinity distributions (c and d), respectively.
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scan rate will broaden these peaks,18 as is the case here for the
cooling curves.
A chemical composition separation of the sample can be

achieved by HT-HPLC where elution takes place regarding the
E/P content. Figure 5 indicates that the bulk sample elutes in

two regions, the first elutes in 1-decanol while the second elutes
after the start of the gradient elution. All iPP standards, with the
exception of the very low molar mass standards, elute in these
two zones meaning that the PP chains are partially retained on
the Hypercarb column from 1-decanol, being desorbed in
the gradient from 1-decanol to TCB.45 No peaks corresponding
to EPR, EPC, or PE homopolymer were observed in the

chromatogram for the bulk sample due to the low concen-
tration of these components.
A first information on the thermal properties as a function of

molar mass can be obtained by combining HT-SEC and HPer
DSC. As is shown in the Experimental Section, different molar
mass fractions are collected using the LC Transform system.
The SEC depositions (approximately 0.4 mg of total weight),
forming a continuous film on the aluminum foil, were divided
into five separate SEC fractions. These fractions are sub-
sequently subjected to HPer DSC measurements providing well
resolved melting and crystallization curves.
The capability of measuring minute amounts of material

from fractionations stems from the fact that by increasing the
scan rate the sensitivity of the DSC is increased. However, the
thermal lag also increases and, thus, smaller samples are to be
taken in order to keep the thermal lag acceptable, meaning at
the same level as is accepted for standard DSC. In practice, for
HPer DSC, milligrams down to micrograms of material are
being used, and the present, limited amounts available from the
fractionations pose no problem for the HPer DSC.
Figure 6 combines the results from the first cooling and

second heating HPer DSC curves for the SEC fractions of 3 V.
The HPer DSC curves for each SEC fraction range are
compared to the overall SEC chromatogram in terms of
retention time as well as its calibrated molar mass distribution.
Figure 7 illustrates the molar mass dependence on the melt-

ing peak temperatures. The peak melting temperatures increase
within the temperature range 145−165 °C, indicating the
presence of crystalline iPP. The fractions eluting from 20.5 min
onward show some broadening. This could indicate composi-
tional heterogeneity in addition to the well-known stronger
dependence of the crystallization and melting temperatures on
molar mass in the lower mass range. A simple SEC separation
is not able to reveal such subtleties, especially not for a bulk
sample with relatively low comonomer content. SEC frac-
tionation followed by HPer DSC analysis is a promising combi-
nation to provide important information regarding the chemical
composition of the bulk sample.
As has been shown in these first and preliminary experi-

ments, traditional bulk sample analysis even using the highly
sophisticated HT-HPLC method cannot provide sufficient
information regarding the different components in these
complex copolymers. New analytical approaches are needed
to obtain more detailed information about the different com-
ponents, in particular when they are present in small concen-
trations. It is clear that for thorough characterization of such
materials, the components with vastly differing chemical
composition must be separated so that these components can
be analyzed separately in higher concentrations. In principle,
preparative TREF can be considered as a suitable method for
the separation, isolation, and complete analysis of the individual
components in the copolymer system, as one expects these
would show different fractionation behavior based on the
components’ different crystallizabilities from solution.7,10,11

As has been shown previously by us and others, IPC can be
separated into three major fractions, namely the highly
crystalline iPP, the amorphous EP rubber and a “midtemper-
ature” fraction that is speculated to contain segmented EP
copolymers. This fraction elutes in the temperature range of
60−80 °C and amounts only to about 5 wt % of the total
sample. It is assumed to be the most complex fraction, at the
same time being very important for the phase formation in
these multiphase copolymers. In the following section, this

Figure 4. HPer DSC results for the bulk sample, (a) DSC 1st cooling
and 2nd heating curves at 10 and 50 °C/min, respectively, and
(b) 1st cooling and 2nd heating curves, both obtained at a scan rate of
50 °C/min.

Figure 5. HT-HPLC chromatogram obtained after isocratic and
gradient elution for the bulk IPC copolymer sample (3 V).
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fraction shall be studied in detail to reveal its compositional
complexity.
Analysis of the 80 °C TREF Fraction (3 V 80). The TREF

fractionation of the bulk sample is presented in Figure 8. As has
been discussed previously, the 30 °C TREF fraction contains
mainly the EP rubber while the 100−130 °C TREF fractions
contain mainly iPP.11

The molar mass distributions for the bulk sample 3 V and its
80 °C TREF fraction are compared in Figure 9. The 80 °C
fraction shows a clear bimodality in MMD, which indicates
compositional heterogeneity due to the coelution (from TREF)
of nonidentical components. Multimodal distributions are often
observed for these midelution temperature TREF fractions due
to the coelution of semicrystalline EPCs and PP homopol-
ymers, due to the tacticity distribution of PP.11 The PP
homopolymer does not elute entirely at temperatures >100 °C

due to the fact that chains of lower tacticity become soluble at
the same lower temperatures as the EPC phase of similar
solubility.

Figure 6. HPer DSC 1st cooling and 2nd heating curves for the SEC fractions of the bulk sample (3 V) at scan rates of 50 °C/min, along with the
overall SEC elution profile. The left half of the figure depicts the molar mass distribution as recorded by the RI detector, while the right half of the
figure depicts the individual HPer DSC results from each fraction as cut out from the aluminum foil at the specific retention time windows.

Figure 7. SEC curve of the bulk product 3 V showing the retention
time axis and molar mass axis, indicating the peak maximum
temperatures of the HPer DSC cooling and heating curves of the
SEC fractions at 50 °C/min.

Figure 8. Mass distribution and mass fraction per temperature
increment for the TREF fractions of copolymer 3 V.11

Figure 9. SEC curves for the bulk sample (3 V) and its 80 °C TREF
fraction (3 V 80).
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TREF-SEC does not supply information on the chemical
composition of these TREF fraction. It is clear that even the
knowledge of MMD available from SEC analysis for the 80 °C
TREF fraction is not sufficient to define the compositional
heterogeneity, since SEC separates polymers according to the
hydrodynamic volume of the molecules. It is important to
understand the exact nature of the molecular species in this
important fraction since they affect thermal, mechanical, and
optical properties by the way they constitute the various phases
present after cooling, like crystalline, amorphous, and possible
rigid amorphous phases etc. In addition, on the molecular level,
with respect to mechanical properties, the crystallites and their
connections play an important role; such organization strongly
depends on the way of crystallization as determined by the
molecular architecture and the cooling conditions.
Two melt endotherms were observed for the 80 °C TREF

fraction by standard DSC analysis, see Figure 10, which

indicates the compositional heterogeneity in the midtemper-
ature eluting fraction. It is impossible to assign the melting
endotherms from the standard DSC technique, for this specific
complex TREF fraction, to a chain structure, since a single peak
could result from one component overruling others, as is seen
in the case of the bulk material. Possibly, one of the melting
endotherms is due to the propylene rich segments of the EPC,
while the other is due to the melting of the ethylene rich
segments, crystallized in their respective crystal structures.
However, due to variations in the tacticity of polypropylene, as
well as comonomer content for the copolymers, it is possible
that either monomer type could melt at both the observed
temperatures. A more in-depth analysis is needed in order to
assign the crystallization and melting transitions to particular
chain types.
SEC-FTIR (Figure 11), has been used for the determination

of the chemical composition and crystallinity distributions
across the molar mass distribution for fraction 3 V 80. The
fraction exhibits a gradual increase in the CH3/CH2 ratio
(Figure 11a) across the bimodal molar mass distribution,
indicating higher propylene content within the low molar mass
component. The 720 cm−1/1162 cm−1 area ratio (Figure 11b)
of this fraction indicates the presence of ethylene within the
higher molar mass component only. The 998 cm−1/972 cm−1

ratio (Figure 11c) is essentially zero for low retention volumes
and increases only at higher retention volumes where the low

molar mass component of the fraction elutes which is revealed
to be mostly polypropylene. Ethylene crystallinity (Figure 11d)
is only observed at low elution volumes. It is concluded that the
lower molar mass component of the bimodal distributions
consists principally of propylene homopolymer only; whereas
EPC’s with different monomer distributions and longer
crystallizable ethylene sequences are present within the higher
molar mass component.
TREF-(SEC-HPer DSC) turns out to be an excellent tool for

probing the crystallization and melting effects observed for
complex polymer mixtures. What is difficult to realize with
standard DSC is relatively easily revealed by the HPer DSC
analysis of the TREF-SEC fractions as seen in Figure 12. All of
the first three (high molar mass) SEC fractions have broad
melting endotherms, indicating that these fractions probably
contain a complex mixture of ethylene-propylene copolymers,
possibly ethylene-rich copolymers and/or segmented EP
copolymers; possible branched to almost linear, semicrystalline
polyethylene, and finally, possibly low tacticity polypropylene
homopolymer. This is in agreement with the SEC-FTIR results
(Figure 11), which show that the copolymers which are richest
in ethylene elute at low retention times (higher molar mass)
and that there is a gradual increase in the propylene
concentration with increasing retention time (decreasing
molar mass). Crystalline polypropylene is found within the
low molar mass fraction while crystalline polyethylene or PE
segments of segmented EP copolymers are found in the higher
molar mass fraction.
SEC fractions (Figures 12 and 13) at retention times of 16 to

22 min show a melting peak in the range of 103 to 107 °C
(lower than Tm of HDPE and Tm of iPP). This suggests that
there are insufficiently long iPP or PE segments to form highly
stable crystallites of appreciable dimensions and perfection
dissolving at 80 °C during TREF and eluting in this specific
molar mass region of the TREF fraction.46 SEC-FTIR results
indicate that this fraction contains ethylene−propylene
copolymers to a significant extent, with mainly longer ethylene
sequences. Increasing melting temperature with retention time
is observed even for late eluting fractions. SEC fractions eluting
between 22 and 26.5 min show melting endotherms at 135 and
130 °C, respectively. The SEC-FTIR data (Figure 11) indicate
the presence of high amounts of propylene in these fractions,
with little or no ethylene present. These SEC fractions contain
mostly propylene-rich copolymers or polypropylene homopol-
ymers with lower tacticity and molar mass, which probably
results in the formation of crystallites with reduced lamellar
thickness and lower perfection as compared to highly crystalline
iPP.47−49 The lower tacticity and by that lower crystallizability
is quite obvious if one compares the maximum peak
temperatures of melting in this range of e.g. a molar mass
fraction of 10000 g/mol (approximately 135 °C for the present
case) with the one for the bulk sample 3 V 0 h (approximately
150 °C).
Finally, it has to be pointed out that the data as obtained by

SEC-FTIR in principle have to be compared with the results
obtained from the first heating experiment of the DSC, because
then the thermal and sample histories by deposition on the disk
are the same. For the present qualitative discussion, however,
using the results from the second heating curves is acceptable
because these are qualitatively analogous to the first heating
curves; see Figures 7 and 13.
It is evident from the TREF-(SEC-FTIR) and TREF-(SEC-

HPer DSC) results that there is an overlapping of EPC with

Figure 10. Two DSC melt endotherms present in the 80 °C TREF
fraction (3 V 80). Heating and cooling rates were 10 °C/min.
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iPP due to the tacticity distribution for this midelution tem-
perature fraction (3 V 80). A complete separation of these
components according to the chemical composition by using
TREF is not possible, undoubtedly also due to cocrystallization
of the components at the same temperature. Separation of
blends of polyolefins containing iPP, sPP, aPP, and PE on a
Hypercarb stationary phase with a gradient from 1-decanol to
TCB has been previously reported.23,50 In order to further
investigate the 80 °C TREF fraction and confirm the results
obtained from HPer DSC we separated the components in
this fraction of an IPC sample using the same method

reported for the blend. The results of this separation are given
in Figure 14.
The low molar mass isotactic PP elutes in 100% 1-decanol at

approximately 1.5 mL, followed by the retained iPP
components that are desorbed by the gradient. Although the
chemical composition is the primary parameter and governs the
separation, the molar mass of the components also plays a role,
especially for low molar masses. The EPC and linear PE are
also fully retained due to their selective adsorption on the
column packing, being only eluted in the gradient. It can be
seen that the Hypercarb column is very selective with respect to

Figure 11. SEC-FTIR analysis of fraction 3 V 80, illustrating (a) the propylene (CH3/CH2) and (b) the ethylene (Et content) distributions as well
as their crystallinity distributions (c and d), respectively.

Figure 12. SEC curve of fraction 3 V 80 showing the retention time axis and molar mass axis, as well as the HPer DSC cooling and heating curves for
the SEC fractions as “retention time boxes”. HPer DSC scan rates were 50 °C/min.
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the chemical composition of the polymers, differentiating even
with respect to their microstructure.
In order to study the influence of the molar mass of

the components on the elution volume in HPLC, the fraction
3 V 80 was analyzed by HT-2D-LC. The corresponding con-
tour plot is presented in Figure 15.
All components of fraction 3 V 80 are well separated from

each other by both chemical composition and molar mass. It
can be seen that the iPP has a lower molar mass component
which elutes in pure 1-decanol and a second slightly higher
molar mass component eluting in the gradient.44 While EPC
with different ethylene and propylene sequences as well as PE
homopolymer having similar molar masses eluted according to
their interaction on the Hypercarb column. There is a clear
separation between the iPP and EPC copolymers. EPC domi-
nated by longer propylene sequences elute closer to iPP while
those dominated by longer ethylene sequences elute together
with PE homopolymer (eluting at approximately 6.0 mL). As a
result the HT-2D-LC represents a complete characterization of
this TREF fraction in terms of both molar mass and chemical
composition, accomplished within a relatively short analysis
time.
The ethylene−propylene random/segmented copolymers

(which constitute the bulk of the midelution TREF fractions)

improve the adhesion between the EPR phase and the iPP
matrix by acting as a compatibiliser between the phases.
Therefore, the role of such fractions is very important for the
overall properties of impact copolymers. From an analytical
point of view, SEC-HPer DSC yields further insight into the
thermal and mechanical properties of such complex materials,
while HT-HPLC can completely separate the components in
the midelution temperature fractions according to their
chemical composition. Thus, these techniques are found to
be very important for the industrial, as well as academic fields.

■ CONCLUSIONS
The molecular characteristics (molar mass, chemical composi-
tion, and tacticity distributions) and thermal behavior (melting
and crystallization) of a commercial impact polypropylene and
its midelution temperature TREF fraction were investigated
using various multidimensional analytical techniques such as
SEC-FTIR, SEC-HPer DSC, and high temperature two-
dimensional liquid chromatography. Analysis of the bulk
sample by the above-mentioned techniques does not provide
any in-depth information regarding the chemical composition
and thermal behavior of the various components in this
complex polymer system. For this reason, fractionation of the
bulk sample and a more detailed study on one of the midelu-
tion temperature TREF fractions has been carried out in order
to identify the complex components in the total polymer
system and evaluate their effect on the thermal properties.
SEC-FTIR results indicate the presence of EPC copolymer

and iPP homopolymer as the main constituents of the 80 °C
TREF fraction. The crystallinity distribution of ethylene and
propylene across the MMD by this technique indicates the
presence of crystallizable ethylene sequences in the high molar
mass component, with highly crystalline PP being found in the
low molar mass component. Thermal analysis of the SEC
fractions by HPer DSC provides information on the thermal
properties of the different molar mass fractions, and, thereby,
the compositional heterogeneity of the components. SEC-HPer
DSC results also confirm the presence of EPC copolymers with
crystalline sequences of ethylene and propylene with varying
sequence lengths as well as ethylene homopolymers in the high
molar mass SEC fractions, while crystalline PP homopolymer is
found in the low molar mass SEC fractions. The ability to
measure the thermal behavior of very small sample masses
(SEC fractions) with HPer DSC enables the investigation of
the thermal properties across the MMD of this complex
midelution temperature TREF fraction. The combination of the
two cross-fractionation techniques is found to be highly useful

Figure 13. SEC curve of fraction 3 V 80 showing the retention time
axis and molar mass axis, indicating the peak maximum temperatures
of the HPer DSC cooling and heating curves for the SEC fractions at
50 °C/min.

Figure 14. Chromatogram obtained after isocratic and gradient elution
for fraction 3 V 80.

Figure 15. HT-2D-LC contour plot for the fraction 3 V 80.
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for the mapping of the CCD across the molar mass slices for
these complex TREF fractions.
The presence of PE homopolymer and EPCs containing long

ethylene sequences in the 80 °C TREF fraction was proven by
HT-HPLC. This is the first time that individual components in
the midelution temperature TREF fraction of an IPC were
separated according to their chemical composition using high
temperature solvent gradient HPLC, which is based on the
selective adsorption and desorption of the polymer molecules
on a Hypercarb stationary phase at 160 °C. Finally, a complete
separation of each component according to their chemical
composition and molar mass was achieved through HT-2D-LC.
The overall results demonstrate that these multidimensional
techniques are found to be excellent analytical tools, necessary
for a proper understanding of the molecular characteristics and
thermal behavior of complex polymer fractions.
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(21) Macko, T.; Pasch, H.; Brüll, R. J. Chromatogr. A 2006, 111, 81−87.
(22) Macko, T.; Denayer, J. F.; Pasch, H.; Baron, G. V. J. Sep. Sci.
2003, 26, 1569−1574.
(23) Macko, T.; Pasch, H. Macromolecules 2009, 42, 6063−6067.
(24) Pereira, L. J. Liq. Chromatogr. Related Technol. 2008, 31, 1687−
1731.
(25) Albrecht, A.; Heinz, L. C.; Dieter, L.; Pasch, H. Macromol. Symp.
2007, 257, 46−55.
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(28) Dolle, V.; Albrecht, A.; Brüll, R.; Macko, T. Macromol. Chem.
Phys. 2011, 212, 959−970.
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ABSTRACT: Fluctuations of density and composition were observed in the
disordered regime of a symmetric poly(ethylene oxide) (PEO) and a poly(methyl
methacrylate) (PMMA) polymer blend. This blend is of particular interest as the
glass transition (TG) of both polymers happens at very different temperatures
thereby inducing a dynamic asymmetry in the molecular dynamics. Small-angle
neutron scattering and oscillatory shear rheology were the principle experimental
tools. Composition fluctuations determined the Flory−Huggins parameter as well
as glass and gelation temperature (TA). The density fluctuations are of long-range
and show a mass fractal dimension whose strength enlarges below the glass
transition. A fairly constant TA about 40 K above TG separates two regions of
distinctively different fluctuation behavior. A comparison of viscoelastic plateau
modulus and high frequency modulus determined from rheology and SANS show
that the relaxation modes in the regime between TG and TA are determined by the
freezing segmental modes of PMMA.

■ INTRODUCTION
The phase behavior of homopolymer blends is fairly well
described by the Flory−Huggins theory. This mean-field theory
is characterized by the Flory−Huggins (FH) interaction
parameter, the molar volume and concentration of the polymer
chains. Only in the near neighborhood of the critical point of
phase decomposition, depending on the Ginzburg number,
deviations from the mean-field approach become relevant.1−3

The FH parameter is derived from the degree of thermal
composition fluctuations in the miscible regime using scattering
techniques such as small angle neutron scattering (SANS). The
random phase approximation (RPA) represents a theoretical
basis to interpret the SANS data in terms of the Flory−Huggins
theory.1−3

Here we present a SANS study on the binary polymer blend
poly(ethylene oxide) (PEO) and poly(methyl methacrylate)
(PMMA). The particular interest of this blend stems from the
large difference of the glass transition temperatures TG of the
two components that are about +121 and −57 °C for the
PMMA and PEO polymer melt, respectively.4 There are several
studies of TG in PEO/PMMA mainly determined with
differential scanning calorimetry (DSC). Fernandes et al.
published TG data and a phase diagram of a 300 kDa PEO
and 130 kDa PMMA blend showing miscibility at low
temperatures with indication of phase decomposition at high
temperatures, e.g., a lower critical solution temperature (LCST)
phase diagram with a critical temperature at about 230 °C and
60% PEO concentration.5 The phase boundary was determined
by cloud point analysis. Polymer blends in the mixed state

usually show a single TG which usually agrees with the
interpolated single component values via the Fox−Flory
equation (p 243 in ref 6). Later differential DSC, however,
showed two calorimetric glass transition temperatures in spite
of macroscopic miscibility, an upper TG between 121 and 30 °C
depending on PEO concentration in the regime of 0 < ΦPEO <
0.40 and a nearly constant TG at about −57 °C.4,7 The two
glass transition temperatures are consistent with deuterium
NMR experiments8 observing a PEO segmental dynamics
which only weakly depends on PEO concentration and is
several orders of magnitude faster than the PMMA segments,
thereby suggesting a decoupling of the PEO segmental motion
from the PMMA matrix even below the upper TG. This implies
that the PEO component is still mobile when passing the upper
TG and freezes when passing the lower TG at −57 °C. The
terminal dynamics of the PEO chains in PMMA was explored
with forced Rayleigh scattering9 and was found to differ from
the PEO segmental dynamics, and appeared to be coupled with
the PMMA matrix. The dynamics of PEO in PMMA was also
explored with neutron spectroscopy as reported by Colmenero
and Arbe10 and by Niedzwiedz et al.11 In particular neutron
spin echo (NSE) experiments determined the mobility of the
PEO segments in a seemingly frozen PMMA matrix.11 The
mobility of the PEO segments was interpreted by a random
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mobility rather than by random obstacles imposed by the
PMMA.
So far thermal composition fluctuations and thereby the FH

parameter of PEO/PMMA were explored by two groups using
SANS. Hopkinson et al. extracted the FH interaction parameter
of a 100 kDa PEO/PMMA blend in a temperature range of
150−200 °C from which they proposed phase separation below
77 °C thereby predicting an upper critical solution temperature
(UCST).12 Another study by Ito et al. on a 100 kDa PEO/
PMMA blend of varying PEO concentration was performed at
fixed temperature of 80 °C.13 These authors found a small but
negative FH parameter indicating blend miscibility, whereas a
decision of LCST or UCST behavior was not possible because
of missing a temperature dependent FH parameter. Both SANS
experiments were performed at temperatures too far above the
glass transition line to become sensitive to the phenomenon of
“dynamical asymmetry”.
Near the glass transition the phenomenon of “dynamical

asymmetry” strongly influences the phase behavior as the stress
field caused by the freezing component strongly couples to the
order parameter fluctuations. A theory on dynamical
asymmetry has been worked out by Doi and Onuki.14,15

Experimentally the effect of dynamical asymmetry was observed
on a polystyrene/poly(vinyl methyl ether (PS/PVME) blend
that also exhibits a large difference of the glass transition
temperature TG and is of the LCST type. A strong suppression
of thermal composition fluctuations happens if TG is
approached from above.16−18 Another phenomenon is the
observation of “dynamical heterogeneities”. In PS/PVME
heterogeneities of size less than 50 Å have been reported
from 1H and 13C NMR experiments19 whereas for PEO/
PMMA similar heterogeneous regions of length between 20
and 500 Å were reported from experiments of 13C and 129Xe
NMR.20 Those heterogeneous regions are characterized by
molecules of different mobility in comparison with the
surrounding area whose origin with respect to a structural
relationship is not clear.21

In this work we display a detailed SANS study on a
symmetric PEO/PMMA blend of 25 kDa molar weight, with
PEO concentrations between 10 and 25% and temperatures
between 10 and 150 °C that was completed by oscillatory shear
experiments on two selected samples. Our studies undoubtedly
confirm the miscibility of the PEO/PMMA blend and show
that this system belongs to the class of LCST blends. The phase
boundary of the present ΦPEO = 0.25 blend was estimated
roughly at 400 °C. At PEO concentrations larger than 30% the
blend crystallizes below 57 °C. This concentration regime is
not covered as the process of crystallization is not part of the
present study. We also found an isotope effect on the upper
glass transition temperature; h-PEO/d-PMMA shows a lower
TG by about 25 K than the d-PEO/h-PMMA blend. Such
isotope effect was not observed for the single PMMA
component.
Above the upper glass temperature TG a region of dynamical

asymmetry is found that is characterized by an enhanced
reduction of thermal composition fluctuations below a gelation
temperature TA. This temperature is nearly independent of
PEO concentration in spite of the strong decrease of TG with
PEO concentration. Below the TG-line the composition
fluctuations are frozen even though the PEO is still mobile.
A similar entering temperature to the region of “dynamical
asymmetry” was identified from dynamical mechanical

spectroscopy separating relaxation regimes of very different
activation energy.
Independent from thermal composition fluctuations we also

observed long-range fluctuations. These fluctuations were
identified as density fluctuations in a particularly prepared
sample of large averaged scattering length density and zero
scattering contrast for thermal composition fluctuations.
Regions of slight mass density or polymer packing variation
between 600 and 700 Å of radius of gyration were observed
over the whole temperature regime above TG giving rise to an
intensity which is orders of magnitude larger than estimated
from compressibility. These structures start to grow when
entering the glass regime. So far, cluster of similar scattering
characteristics were observed in glass forming single polymer
melts by the group of Fischer22 and theoretically interpreted by
several authors.23−26 We have here the situation of two
phenomena in the same system whose interrelations might
illuminate some aspects of the phenomenon of glass transition.
This manuscript is organized as follows. First, we give a short

description of the underlying theoretical models as the
scattering functions that connect the thermodynamic parame-
ters of the FH theory with the conformation of the participating
polymer chains. Then the relevant expressions for the FH
parameter when dynamical asymmetry becomes effective are
displayed. The theoretical section is followed by presentation
and analysis of the experimental data.

■ THEORETICAL BACKGROUND
Scattering Functions. This manuscript reports the

exploration of thermal composition fluctuations as well as
long-range density fluctuations and the conformation of both
chains in the PEO/PMMA blend using the technique of small
angle neutron scattering (SANS). A study of these phenomena
requires blends of appropriate scattering contrast that have to
be prepared by mixing polymer components of the proper
hydrogen (H) and deuterium (D) contents. Table 2
(Appendix) compiles the relevant parameters, in particular,
the coherent scattering length density of the polymer
components. The two-component h-PEO/d-PMMA (h-proto-
nated; d-deuterated) and d-PEO/h-PMMA blends were chosen
to explore thermal composition fluctuations and for example
the three-component h-PEO/d-PEO/h-PMMA blend to
determine the conformation of the PEO component as well
as density fluctuations in this blend (Table 3 in Appendix). We
analyzed the scattering, i.e. the macroscopic cross-section dΣ/
dΩ(Q) from thermal composition fluctuations with the
expression

Σ
Ω

= + − Γ Δ

ρ + − Δρ

−S Q S

N c c S Q N

d
d

(Q) [1/ ( ) 1/ (Q) 2 ]

/ (1 ) ( ) /

PEO PMMA

comp i i

0 0 1

2
A

0 2
A (1)

Equation 1 is derived on the basis of the random phase
approximation (RPA) for binary polymer blends with one
component consisting of deuterated and protonated chains
(i.e., a three component system) and assuming incompressi-
bility (see section 3 of ref 27), which is the appropriate
expression for samples S3−S6 (Table 3). dΣ/dΩ(Q) is a
function of the magnitude of the wave vector Q, which
according to Q = (4π/λ) sin(θ/2) is proportional to the
scattering angle θ and inversely proportional to the neutron
wavelength λ. The first term describes thermal composition
fluctuations in terms of the RPA which should be a realistic
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description as thermal composition fluctuations are small for
the present system.3 The second term describes scattering of
the form factor of the PEO or PMMA chains (i = PEO
or PMMA). The form factor of the PEO and PMMA chains
SPEO
0 (Q) and SPMMA

0 (Q) is determined according to Si
0 (Q) =

ΦiViPi(QRg
i ) by the chain volume fraction Φi, the molar volume

Vi, the Debye form factor Pi(Q). Parameter c in the second
term of eq 1 describes the relative fraction of the protonated or
deuterated chains. Thereby it is assumed that the chains follow
Gaussian chain statistics, whose size is determined by the
corresponding radius of gyration Rg. The interaction parameter
Γ represents the Flory−Huggins interaction parameter χ
normalized with the reference monomer volume Ω0 = (ΩPEO
ΩPMMA)

1/2 according to Γ = χ/Ω0. The square of the
parameters Δρcomp = ρ̅PEO − ρ̅PMMA and Δρ = (ρd−i − ρh−i),
respectively, represent the scattering contrast of thermal
composition fluctuations and of the single chain form factor;
NA is the Avogadro number.
The first term of eq 1 describes thermal composition

fluctuations of the blend. The scattering contrast is determined
by the mean coherent scattering length density of the
deuterated and protonated component i according to ρ̅i =
cρh−i + (1 − c)ρd−i. In case of c = 0 or 1, i.e., of purely
protonated or deuterated components such as h-PEO/d-
PMMA or d-PEO/h-PMMA, one measures the well-known
structure function of binary blends

= + − Γ−S Q S Q S Q( ) 1/ ( ) 1/ ( ) 2PEO PMMA
1 0 0

(2)

This expression was fitted to the scattering patterns of the
PEO/PMMA blends with Γ as fit parameters. It has to be
mentioned that according to the fluctuation−dissipation
theorem the inverse susceptibility S−1(0) is related to the
second derivative of the Gibbs free energy of mixing with
respect to the order parameter Φ = ΦPEO {∂Φ

2(ΔG/RT)},
thereby connecting the mean-field Flory−Huggins theory with
the scattering experiment.1 The second term in eq 1 represents
the form factor of either the PEO or PMMA chain, which in the
range of Q ≤ 1/Rg can be simplified by the Zimm
approximation

= Φ ̅ +−S Q V R Q1/ ( ) ( ) [1 ( ) /3]i i i g
i0 1 2

(3)

From the extrapolated scattering to Q = 0 the chain molar
volume (V̅i = Vh−i Vd−i/(cVh−i + (1−c)Vd−i)) and total volume
fraction, (i.e., protonated plus deuterated chain) is derived
whereas the Q dependence gives the radius of gyration.
Scattering from compressibility is induced by density

fluctuations and described at Q = 0 according to:

Σ
Ω

= = β ⟨ρ⟩Q k
d
d

( 0) T TB
2

(4)

with the sample averaged coherent scattering length density
⟨ρ⟩ = ΦPEO ρ̅PEO + (1 − ΦPEO) ρ̅PMMA, the isothermal
compressibility βT = −∂[lnV]/∂P|T (V sample volume), and the
Boltzmann constant kB (eq 7.13 of ref 28). The expression
kBTβT = ⟨ΔV2⟩/V is related to the mean squared variation of
volume per volume. The compressibility of the PEO/PMMA
blend is found in literature.29 For ΦPEO = 0.25 one finds a linear
temperature dependence according to βT [1/GPa] = {(0.153 ±
0.008) + (2.93 ± 0.08) × 10−3T [°C]}, which, in case of a fully
deuterated PEO/PMMA blend of ΦPEO = 0.25 (⟨ρ⟩ last
column in Table 3 delivers a scattering of 3.5 × 10−3 cm−1 and
1.45 × 10−2 cm−1 at 10 and 140 °C, respectively). In our

experiments we observed surprisingly large scattering (4 to 6
order of magnitude larger) from density fluctuations which we
analyzed with a scattering function that combines Guiniers’ and
power law scattering at low and large Q, respectively

Σ
Ω

= Σ
Ω

− + α
αQ u P u Q

d
d

( )
d
d

(0) exp( /3) [(erf( / 6 )) / ]2 3

(5)

with u = RgQ, scaling exponent α and corresponding amplitude
Pα. The erf(u) accounts for the validity of the underlying
approximations within their Q ranges.30 Equation 5 describes
the scattering of sample S3 which by the choice of scattering
contrast is only sensitive to density fluctuations.
Summing up, we describe the scattering from composition

and density fluctuations as independent phenomena. This
procedure is supported by basic consideration of the scattering
at Q = 0 finding a decoupling of density and composition
fluctuations, i.e., the additivity of the scattering from
compressibility and composition fluctuations (chapter 7.2 of
ref 28). The scattering function from density and composition
fluctuations in polymer blends are also considered within the
RPA avoiding the restriction of incompressibility. The obtained
expressions as in ref 31 (eqs 27 and 28a) look rather
complicated and deliver a Flory−Huggins parameter, which
does not represent a thermodynamic number, in conflict with
the fluctuation−dissipation theorem.

Thermodynamics of Blends and Viscoelastic Coupling.
PEO/PMMA shows a strong asymmetry with respect to
their self-diffusion coefficients leading to a viscoelastic coupling
between stress and diffusion as mainly worked out by
Onuki.14,15 An asymmetry parameter ε = (NADA − NBDB)/
(ΦBNADA + ΦANBDB) is defined from the self-diffusion
constants Di = kBT/(Ωiζ0iNi) and Di = kBTNe/(Ωiζ0iNi

2)for
Rouse and reptation model, respectively.32 The diffusion
constants are proportional to kBT and inversely proportional
to friction coefficient ζ0i, degree of polymerization Ni, and
molar monomer volume Ωi. Ne is the characteristic degree of
polymerization between entanglements. The asymmetry
parameter can be approximated as ε ≅ 1/ΦPMMA because of
NPEO ≅ NPMMA and ζ0,PMMA ≫ ζ0,PEO (DPMMA ≪ DPEO). In those
systems a “dynamically coupling” situation between diffusion
and stress field comes into existence. A stress field built up in a
network of entangled polymers by means of their frictions acts
differently on the two components with the result of relative
motion between them. PEO/PMMA is special insofar as the
stress field mainly acts on the PMMA component because of its
large dynamical asymmetry. This means that the stress field is
only build up by the weakly entangled PMMA chains in a
similar way as in polymer solutions. The constitutive equation
then relates according to σij(t) = ∫ −∞

t dt′ G(t − t′)κij
P(t′) the

network stress field tensor σij(t) with the velocity gradient
tensor κij

P(t) of the PMMA chains and the modulus G(t). This
linear relationship is valid for small network deformations on
spatial scale larger than the radius of gyration.
A characteristic temperature, the gelation temperature TA, is

defined when the relaxation rate of thermal composition
fluctuations, RQ, and of the stress fields of entangled polymer
network, 1/τR, become similar: i.e., below TA the equilibration
of thermal composition fluctuation becomes faster than the
relaxation process of the network stress field. The relaxation
rate of thermal composition fluctuations RQ = Λ(Q)Q2S−1(Q)
is determined by the structure factor S−1(Q) = S−1(0) + AQ2

(eq 2) and the kinetic Onsager coefficient Λ(Q) (Λ(Q) for
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polymer blends see ref 2). Considering the extreme case of
RQ ≪ 1/τR, i.e., stress relaxation much faster than equilibration
of thermal composition fluctuations, one has the relaxation rate

= Λ + ξ−R Q Q Q S Q Q( ) ( ) ( )/(1 )eff VE
2 1 2 2

(6)

with the viscoelastic length ξVE = ((4/3)Λ(Q = 0)ε2η)1/2 (ω ≪
1/τR delivers zero-shear viscosity η*(ω) ≅ η) thereby
renormalizing the Onsager coefficient but do not change
S(Q). In case the equilibration rate of thermal composition
fluctuations is much faster than the stress relaxation, i.e., RQ ≫
1/τR, we get the relaxation rate of a gel (ω ≫ 1/τR delivers
η*(ω) ≅ G/iω),

= Λ + ε +−R Q Q Q S G AQ( ) ( ) {[ (0) (4/3) ] }Gel
2 1 2 2

(7)

with a revised structure factor S−1(Q) = [S−1(0) + (4/3)ε2G] +
AQ2 and the modulus G for frequencies ω ≫ 1/τR (a detailed
derivation of eqs 6 and 7 is found in section 7.1.6 of ref 15 and
reviewed in refs 33 and17). The corresponding FH parameter
with the FH parameters Γ from above TA can be written as

Γ* = Γ − ε G RT2 ( / )/3.2
(8)

Glass Transition of Dynamical Asymmetrical Polymer
Blends. The glass transition temperature of a polymer blend is
usually analyzed in terms of the Fox equation, interpolating the
TG’s of the components.34 Various relationships of TG in blends
were developed considering the FH interaction parameter and
addressing the glass transition as a second order phase
transition.35−39 Painter et al. discussed the effects of strong
specific interactions such as hydrogen bonds on TG,

39 but this
mode of interaction apparently does not play a role in PEO/
PMMA as there are no proton donors present and IR-
spectroscopy measurements in our laboratory also excluded this
kind of interaction. The phase behavior of PEO/PMMA is
governed by interactions of polar type (see p85 in ref 40).
An analysis of the theory by Couchman and Karasz resultet in
(eq 3 in ref 36)

=
+
+

T
w T kw T

w kw
ln

ln ln
G CK

PEO G PEO PMMA G PMMA

PEO PMMA
,

, ,

(9)

Equation 9 is solely based on the component parameters such
as the TG’s, their concentration by weight w, and the parameter
k, representing the ratio of the isobaric heat capacity
increments, k = Δcp,PMMA/Δcp,PEO, at the corresponding TG’s.
For atactic PMMA we found Δcp,PMMA = 0.29 J/(g K), and for
PEO Δcp,PEO = 2.28 J/(g K), in ref 41 and Table 5.2 and 5.3 of
ref 42, respectively, and determined k = 0.13. The resulting
glass transition temperature is plotted as black dashed-point
line in Figure 11, which is part of a later section. A similar
expression as eq 9 was derived by Gordon and Taylor37 with TG
instead of ln TG in eq 9. TG,CK generally underestimates the
experimental TG’s and of course cannot be sensitive to specific
component interactions. Pinal38 considered the configurational
entropy of mixing,ΔSmixC , of an ideal mixture (FH parameter
equal zero) when entering the glass regime, and derived the
following expression

= −Δ ΔT T S Cexp( / )G m G CK mix
C

p m, , , (10)

with TG,CK from eq 9 and the heat capacity increment of the
blend ΔCp,m = w1ΔCp,PEO + w2ΔCp,PMMA. The entropy ΔSmixC

depends on the cooling rate and is smaller than ΔSmixC |∞ one
would obtain for an infinite slow cooling rate. Mixing two
polymer species with finite FH parameter in a constant pressure
field the entropy of mixing becomes ΔSmixC = ΔHmix/T + δSmix;
it is determined by the enthalpy of mixing, ΔHmix, plus an
entropic term, δSmix, describing the irreversible process. In case
of an isobaric quasistatic (reversible) process, one gets ΔSmix =
ΔHmix/T as δSmix = 0 (for more details, see ref 38). For a better
comparison with our SANS data we expressed ΔSmixC by an
enthalpic and entropic term of the FH parameter according to
ΔSmixC = Φ(1 − Φ)R/d × [Γh

mix/TG;CK + δΓσ
mix] (d mass density,

R gas constant). For the choice of temperature, see eq 10 in
ref 38). Equation 10 finally becomes

= −Φ − Φ Δ

× Γ + δΓσ

T T R d C

T

exp{ (1 ) /( )

[ / ]}

G m G CK p m

h
mix G CK

mix
, , ,

; (11)

with the enthalpic and (irreversible) entropic terms, Γh
mix and

δΓσ
mix, as the fit parameters.

■ EXPERIMENTAL SECTION
Sample Preparation and Parameters. Deuterated poly(methyl

methacrylate) (d-PMMA) was prepared by anionic polymerization at
−78 °C in tetrahydrofuran (THF). Deuterated MMA monomer was
purchased from CIL, Andover, Massachusetts. The monomer was
carefully degassed, stirred over CaH2 for one night, and treated with
trioctylaluminum for 3 h prior to the polymerization. The initiator was
(1,1-diphenyl-3,3-dimethyl) butyllithium prepared from 1,1-diphenyl-
ethylene and tert-butyllithium. Tetrahydrofuran was purified by drying
over CaH2, and potassium/benzophenone. The polymerization was
accomplished in 1 h and subsequently terminated with degassed
methanol. The d-PMMA was precipitated in methanol and dried
under vacuum. The polymer was characterized by size exclusion
chromatography (SEC) in THF relative to polystyrene standards and
NMR determining the molecular weight and a syndiotactic micro-
structure larger than 79%, respectively.

The poly(ethylene oxide) polymers, h-PEO and d-PEO, were
prepared by anionic polymerization in purified THF at 50 °C for 4
days under high vacuum conditions. h4EO and d4EO (CDN-isotopes,
Quebec, CD, 99.8% D), were purified twice with CaH2. As initiator
potassium tert-butoxylate was used for d4EO and potassium n-
hexoxylate for h4EO. The polymerization was terminated with acetic
acid. The polymers were precipitated in cyclohexane and dried under
vacuum. They were characterized by SEC with THF/dimethylaceta-
mide, 90/10 vol/vol, as eluant, relative to PEO standards. The molar
masses and polydispersities of all polymers are compiled in Table 2.

The PEO and PMMA chains were dissolved in toluene with a total
polymer fraction less than 10%. Subsequently the toluene was slowly
evaporated in an argon atmosphere at 40 °C and dried further in
vacuum for at least 20 h at room temperature. The blend was then
molded into a disk of 12 mm diameter and 1 mm thickness and stored
in an airtight cell for SANS measurements with quartz glass windows
for the neutrons to pass.

Neutron Scattering Experiments. The neutron experiments
were carried out at the SANS diffractometers KWS-1 and 2 of the
Jülich Centre of Neutron Science (JCNS) at the FRM II in Garching,
Germany.43 The experiments were performed with neutrons of
wavelength of 4.75 (7) Å with 10 (20) % half-width of maximum and
at sample-to-detector distances between 20 to 2 m in order to adjust
the Q interval properly. The scattering data obtained were corrected
for background scattering, detection sensitivity of the individual
detector channels, and finally evaluated in absolute scale from
calibration with a secondary standard. The transmission describing
the decrease of nonscattered neutrons by the sample was automatically
measured for all spectra with a separate monitor in front of the beam
stop for the nonscattered neutron beam.
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Shear Experiments. Dynamic mechanical spectroscopy was used
in order to determine the viscoelastic properties of both ΦPEO = 0.25
d-PEO/h-PMMA and h-PEO/d-PMMA blends in a temperature
interval from 155 to 25 °C in steps of 10 K. The measurements were
performed with the strain controlled Rheometric Sci. ARES system
operating in the dynamic mode. The temperature stability was about
0.5 K, the sample thickness of about 1 mm was varied with
temperature keeping the normal force measurement constant. The
frequency regime was between ω = 100−0.1 rad/s and the strain
amplitude chosen to 1% in order to ensure the linear response
approximation.

■ EXPERIMENTAL RESULTS AND ANALYSIS

We prepared samples of different scattering contrasts (see eq 1
and subsequent explanations) in order to explore thermal
composition fluctuations, possible deviation from density
homogeneity, as well as the chain conformation of both
components. The parameters of the polymer components are
compiled in Tables 2 and 3. Figure 1 depicts a selection
of scattering patterns from ΦPEO = 0.25 samples of different
scattering contrast. Figure 1a shows the scattering pattern of
sample S3 measured at 130 °C. Sample S3 has a large average
scattering length density (⟨ρ⟩), a large ΔρPEO for the PEO form
factor but a zero scattering contrast (Δρcrit ≅ 0) for thermal
composition fluctuations. Scattering from the PEO chain is
negligible because of the small, i.e. 1.7 × 10−3, h-PEO
concentration, which means that the scattering of this sample
is dominated by variations of the polymer density or by
polymer packing changes. For this sample we observe a
surprisingly large scattering much larger than expected from the

compressibility βT of the blend shown by the dashed-dotted
line. The scattering from compressibility and PEO was
subtracted from the scattering patterns. For all temperatures
the low Q data follow a Guinier behavior below 0.004 Å−1 and a
power law behavior at the larger Q with an average exponent of
2.87 ± 0.1 (see inset). The intensity increases (see inset) when
passing the glass transition temperature and entering the glass
regime. At large Q, we observe a transition to a Q−1 scattering
which will be discussed below.
The scattering in Figure 1, parts b and c, is dominated by

thermal composition fluctuations as one component is
deuterated and the other one protonated (samples S1 and S2
in Table 3). Heating the samples leads to a strong increase of
scattering, i.e., to enhanced thermal composition fluctuations.
These data show that PEO/PMMA is miscible at the explored
temperatures and that the phase behavior is of “lower critical
solution temperature” (LCST). At large Q, the scattering
follows a Q−2 scaling as expected from the Ornstein−Zernike
law. However, both samples are also sensitive to density
fluctuations; sample S2 is less sensitive than S1 because of its
larger amount of protonated polymer (h-PMMA). In both
samples we observe an upturn of scattering at Q less than
0.02 Å−1. The scattering curves represented by the black
symbols display the scattering pattern of sample S3 (Figure 1a)
after correction with respect to the mean scattering length
density ⟨ρ⟩ of the samples. The scattering patterns of S3 had to
be multiplied with, respectively, 0.6 and 0.13 in order to obtain
a correct comparison with the low Q scattering of sample S1
and S2. The multiplication factors were calculated from the ratio
of the corresponding scattering contrast Ksi = (⟨ρ⟩Si/⟨ρ⟩S3)

2

of samples S1 and S2 with respect to sample S3 (see the
corresponding values in Table 3). A comparison shows that
scattering from density fluctuations becomes relevant in the
small Q regime of both S1 and S2 samples. In Figure 1c we also
plotted the renormalized scattering pattern of S3 at 20 °C
during first heating (“up1”) run which is appreciably larger
because of aging the sample for several days below TG as will
become clear later.
Another example of scattering data is shown in Figure 2. The

background from constant incoherent and coherent scattering
of sample S1 and 2 measured at large Q is plotted versus
temperature. The interesting observation is that a constant
intensity is measured at low temperatures within the glass

Figure 1. Scattering profiles of three symmetric 25 kDa PEO0.25/
PMMA0.75 blends of different scattering contrast. (a) Sample S3: Long-
range density fluctuations and small linear objects at 130 °C. (b and c)
Samples S1 and S2: At larger Q scattering from composition
fluctuations between 0 and 143 °C. The increase of intensity with
temperature is characteristic for LCST blends. The curves with black
symbols represent density fluctuations determined in S3 (a) after
correction the correct ⟨ρ⟩ (eq 4; Table 3). A comparison of the small
Q data leads to the interpretation of long-range density fluctuations
also for samples S1 and S2.

Figure 2. Constant scattering at large Q versus temperature of the two
Φ = 0.25 blends S1: h-PEO/d-PMMA (TG = 34 °C) and S2: d-PEO/
h-PMMA (TG = 49 °C). Because of inelastic scattering a change of
intensity with temperature is observed above TG. Even for “h-PEO” a
constant intensity is measured below 40 °C even though PEO freezes
at much lower temperatures.

Macromolecules Article

dx.doi.org/10.1021/ma2019123 | Macromolecules 2012, 45, 2035−20492039



regime, whereas at large temperatures an increase of scattering
is observed. The degree of scattering of both samples is
different by about a factor of 3 in consistence with the amount
of protonated polymer.
Long-Range Density Fluctuations. Sample S3 (Table 3

and Figure 1a) represent a PEO0.25/PMMA0.75 blend with
nearly zero Δρcomp = ρ̅PEO − ρ̅PMMA contrast for composition
fluctuations (eq 1) but with a large sample averaged coherent
scattering length density ⟨ρ⟩ (Table 3 and eq 1). Scattering
from single PEO chain is very weak because of the low
concentration of the h-PEO content. Therefore, scattering can
only be caused from mass density fluctuations. Sample S3 was
investigated over a Q regime from 2 × 10−3 to 0.5 Å−1 with a
temperature program of heating and cooling between 10 and
140 °C (annealing time for each temperature was between 0.5 and
3 h). The scattering pattern in Figure 1a shows data at 130 °C
during a cooling run. The solid line represents a fit of eq 5
assuming scattering from large fractal cluster and small linear
objects. In Figure 3 the extrapolated scattering at Q = 0 and the

correlation length ξD from the large cluster are plotted versus
temperature of the first heating run “up1”, the first cooling run
“down1”, and the second heating run “up2”. Before the first
heating run (“up1”) the sample was kept for at least 2 days at
room temperature. The scattering is remarkably strong even for

all temperatures above TG. A relatively constant ξD of 370 ± 30 Å
is measured in the viscous regime which strongly enhances to
values of 510 ± 40 Å when entering the glass regime below TG.
The scattering at Q = 0 being slightly above 100 cm−1 increases
to 400 cm−1 when passing TG during the first cooling run
“down1”. Heating up the sample the first time (“up1”) an even
larger intensity of about 2000 cm−1 is measured at low
temperatures clearly indicating the effect of aging within the
glass regime. It has to be mentioned that the quantitative
accuracy of the large cluster parameters suffers from low Q
limitation of the data; an extension of the experiments to Q less
than 10−3 Å−1 would have improved the accuracy of the
parameters very much. So the fit gave us a lower value
estimation of the data. But despite of this experimental
deficiency the data clearly show strong scattering from density
fluctuations of large size up to 100 K above the glass transition,
an enlargement of size below TG, a strong hysteresis of the
parameters from “up” and “down” heating runs between TG and
a temperature TA whose relevance will become clear later. A
relative change of the molecular packing by 4 × 10−3 between
different domains has been estimated for all temperatures of the
cooling process “down1” from (dΣ/dΩ(0))/⟨ρ⟩2 = ⟨ΔV2⟩/V
(eq 4) and the parameters in Figure 3. The sample annealed at
RT (“up1”) showed a ∼5 times enlargement of intensity but no
change of the domain size (ξD). This corresponds to a
molecular packing difference in the order of 1%.
The scattering of sample S3 is between four to 5 orders of

magnitude larger than estimated from compressibility and
beyond the Guinier regime it follows a power law with an
exponent of 2.87 ± 0.10 thereby representing a fractal object.
The dimensionality is very near the mass fractal dimensionality
of three. At Q above 0.03 Å−1 the scattering changes to a power
law of dimensionality one (Figure 1a). Scaling behavior of Q−1

means diffraction at one-dimensional rod-like objects with a rod
diameter d < 1/Q.30,44 These objects might be identical with
the microscopic elements of the large objects. Figure 4a
displays scattering and the corresponding fitted curves in the
high Q region. As already mentioned in context with Figure 1a,
we corrected these data from contributions of incoherent
(between 0.11 and 0.08 cm−1), compressibility, and PEO single
coil scattering. For a better visualization we further subtracted
the scattering from the large objects which, as displayed in
Figure 1a, follows a common power law at large Q according to
dΣ/dΩ (Q > 10−2 Å−1) = 4.58 × 10−6 × Q−2.87 cm−1. In Figure
4b the length L as well as the Q = 0 scattering of the linear
objects are displayed. A length of thin rods of about 80 Å above
TA and between 40 and 60 Å below TA was determined from
the radius of gyration according to L = (12)1/2Rg [,

44 page 159].
It is interesting to note that the gelation temperature TA
appears as a relevant temperature for these small linear objects
as they become shorter below TA. The change of L corresponds
to changes of dΣ/dΩ(0).

Scattering from Thermal Composition Fluctuations.
Thermal composition fluctuations were explored in symmetric
25 kDa PEO/PMMA blends of different H/D isotope labeling
according to h-PEO/d-PMMA and d-PEO/h-PMMA (Table 3
and Figure 1, parts b and c). The blend h-PEO/d-PMMA was
also explored over a larger composition regime between ΦPEO =
0.1 and 0.75, whereas the d-PEO/h-PMMA blend was only
studied at ΦPEO = 0.25 but in some cases the d-PEO
component was mixed with 4 and 100% of 1 kDa molar
weight d-PEO. In Figure 5a−d, the inverse susceptibilities of
the ΦPEO = 0.25 samples are plotted versus 1/T. According to

Figure 3. Correlation length ξD and extrapolated scattering at Q = 0 of
the long-range density fluctuations in Sample S3 (Figure 1a). Long-
range heterogeneities were found for all temperatures up to more than
100 K above TG. Below TA strong hysteresis with respect to size and
intensity is observed indicating a nonequilibrium state.

Figure 4. (a) Scattering profile (down 1) of S3 at large Q showing a
Q−1 power law. The scattering was corrected from the density large
size contribution. (b) Length L and I0 of the small 1D-particles versus
temperature of the “up1” and “down 1” temperature paths.
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RPA (eq 2) the susceptibility is determined by the difference of
the FH parameter at the spinodal and the experimental
temperature according to S−1(0) = 2[ΓS − Γ]. ΓS is the FH
parameter at the spinodal and is calculated according to 2ΓS =
1/SPEO

0 (0) + 1/SPMMA
0 (0) (see eqs 2 and 3) by the molar

volume and composition of the polymer components (ΓS of the
blends in Figure 5 is the same within small limits: ΓS ≅ 1.4 ×
10−4 mol/cm3). Because of Γ = Γh/T − Γσ with Γh and Γσ the
enthalpic and entropic terms of Γ, one derives the well-known
mean-field scaling law S−1(0) = CMFτ

γ with the critical amplitude
CMF = 2Γh/TS, reduced temperature τ = (T − TS)/T, and the
critical exponent γ = 1.

Three characteristic regions are distinguished from S−1(0). At
high temperature above TA, S

−1(0) follows a straight line in
accordance with γ = 1 and a small slope determined by Γh.
Below TG, no change of S(0) occurs as the composition
fluctuations are frozen. From DSC measurements, we know
that the PMMA component freezes at TG whereas the PEO
component is still mobile at this temperature.4 So the extremely
slow PMMA chains strongly prevent the relaxation to the
equilibration state of composition fluctuations. In most samples
we measured a smaller S(0) after annealing the samples for
several (about two) days at room temperature (see solid and
open points) known as “aging” in the glassy state. The range
between TG and TA is characterized by a strong change of S(0)
with temperature; there appears a slight curvature in S1−(0)
which can be fitted by a scaling form of S−1(0) ∝ τγ with

γ = 1.4. This result should be considered as tentative since this
regime is limited to a small interval between TG and TA with an
insufficient number of experimental points for a more precise
quantitative fit. The corresponding correlation length ξ of the

Figure 5. Susceptibility and correlation length versus inverse
temperature of the symmetric 25 kDa PEO/PMMA blends of ΦPEO
= 0.25 composition. Two characteristic temperatures become
apparent: At TG the fluctuation modes of composition become frozen
and no further change of S(0) and ξ is observed below TG. About 30
to 40 K above TG a so-called gelation temperature TA is observed. TA
separates the “usual” high temperature regime described by a negative
FH parameter from a regime which shows an enhanced decrease of
susceptibility, e.g. a further enhanced average number of PEO−PMMA
contacts. In parts c−e, a hysteresis between heating and cooling path is
observed below TA; equilibration was not achieved because of the
relatively fast measurements (see text). (f) Solid symbols show the
correlation length of composition fluctuations ξ from cooling for the
symmetric 25 kDa blends, whereas the open symbols blends symbolize
samples with addition of 1 kDa d-PEO (corresponding S(0) in parts d
and e).

Figure 6. FH parameter of two ΦPEO = 0.25 PEO/PMMA blends
differing only in their isotope labeling. A smaller Γ but larger TA and
TG are observed for the blend with h-PMMA.

Figure 7. Enthalpic and entropic terms of the FH parameter Γ versus
PEO concentration above and below the gelation temperature TA. Red
solid circles display Γ of h-PEO/d-PMMA: For PEO concentration at
40% and above the FH parameter approaches zero; i.e., the blend
becomes an “ideal” solution. This implies that the immiscibility of
PEO/PMMA is limited to the smaller PEO concentration. The open
symbols were derived from the data in Figure 5, parts a and b. The
blue open triangular and red open circular symbols represent the FH
parameter of h-PEO/d-PMMA and d-PEO/h-PMMA in Figure 5,
parts a and b, respectively. The green line displays the FH parameter
of d-PS/PVME.45 The isotope effect of Γ is more pronounced at high
temperatures. The solid (red) spheres represent an earlier measure-
ment. Their low T data stronger deviate from equilibrium.
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ΦPEO = 0.25 samples obtained from cooling are plotted in
Figure 5f versus temperature; the constant ξ within the glass
regime and the enhancement with temperature is the expected
behavior. Depending on the sample the correlation length of
the thermal fluctuation is between 5 and 25 Å and thereby
much smaller than the size of density fluctuations. The
correlation length is determined from ξ = (A × S(0))1/2 with
the susceptibility S(0) and the coefficient A of the Q2 term in
the Zimm approximation according to S−1(Q) = S−1(0) + AQ2.
In RPA the parameter A is determined as A = [σPEO

2/ΦPEO

ΩPEO + σPMMA
2/ΦPMMA ΩPMMA]/18 assuming a Gaussian coil.

The radius of gyration, Rg
2 = σ2V/6ΩMon, of such polymer

is determined by the statistical segment length σ and the
molar monomer volume ΩMon. From the parameters compiled
in Table 2, we evaluate A = 0.22 Å2 mol/cm3 for the ΦPEO =
0.25 samples. For temperatures below TG, we find a correla-
tion length between 5 and 9 Å in very good agreement with
Figure 5f.
The samples S2a−c in Figure 5c−e show a pronounced

hysteresis below TA. The scattering is weaker during the first
heating run which was performed after annealing the samples at
room temperature. On the other hand, samples S1 and S2 in
Figure 5, parts a and b, show no hysteresis in the gelation
regime. Samples S1 and S2 were annealed between 0.5 and 3 h
before the start of measurements as they were measured in
parallel with sample S3 (Figure 3) at three sample-to-detector
distances of 20, 3.66, and 1.16 m with the corresponding
collimator distances of 20 and 4 m. This time of annealing was
sufficient to equilibrate the sample in the viscous regime above
TG. On the other hand the samples in Figure 5c,d, showing
strong hysteresis, were also measured in parallel but at only one
sample-to-detector position and therefore much faster with
annealing times between 10 and 20 min. This time was
sufficient for equilibration above TA but not so below the
gelation temperature.

The Flory−Huggins (FH−) parameter Γ was derived from
the susceptibility S(0) and ΓS as already outlined in this section
and is depicted in Figures 6 and 7. In all cases a negative FH
interaction parameter was obtained indicating a miscibility of
both components and a preference of PEO−PMMA neighbor-
ing contacts. The FH parameter versus 1/T are displayed in
Figure 6 of the two ΦPEO = 0.25 PEO/PMMA blends differing
in their isotope labeling and whose susceptibilities are plotted
in Figure 5, parts a and b. The negative Γ versus 1/T shows a

negative slope; i.e. the absolute value of Γh strongly enhances
when passing the gelation temperature TA. There is also an
appreciable isotope effect; Γ is lower for the d-PEO/h-PMMA
blend but shows a larger TA and TG in comparison with the
combination of d-PMMA. The enthalpic and entropic terms, Γh

and Γσ, of Γ derived for T > TA (left) and T < TA (right) are
shown in Figure 7 versus PEO composition. Both terms of the
FH parameter are always negative, and between 1 and 2 orders
of magnitude larger in amplitude below TA. The red dots
represent Γ of h-PEO/d-PMMA which for PEO concentration
of 40% and above approach nearly zero; e.g., the blend becomes
more an “ideal” solution, implying that LCST immiscibility in
PEO/PMMA is limited to PEO concentrations of less than
40%. The FH parameter of the d-PEO/h-PMMA blend was
measured only for ΦPEO = 0.25 as depicted by the blue
triangular symbols. The H/D exchange has a large effect on the
FH parameter above TA; the absolute values are nearly twice as
large for the d-PEO/h-PMMA mixture. The green line
represents the FH parameter of the d-PS/PVME blend.45 It
shows a more smooth dependence with respect to PVME

concentration and has a lower ratio of Γh/Γσ. This ratio
determines the so-called compensation temperature Tcomp
which is defined as the temperature when Γ = 0 (Γh/Tcomp −
Γσ = 0). Tcomp is calculated to 140 and 260 (395) °C for d-PS/
PVME and h-PEO/d-PMMA (d-PEO/h-PMMA). The spino-
dal is defined for a positive Γ=ΓS (ΓS≅1.4 × 10−4 mol/cm3 for
both blends) which becomes identical to the line of Tcomp in the
limit of infinite molar weight with ΓS = 0.45 So the larger ratio
of Γh/Γσ in PEO/PMMA explains its extended miscibility

Figure 8. Glass and gelation temperature of ΦPEO = 0.25 blends versus
the concentration of 1 kDa PEO component. A strong decrease of
both characteristic temperatures already occurs at low concentration.

Figure 9. Form factor of PEO and PMMA chains in the blend
(samples S4−6 in Table 3). (a) PMMA chain Rg increases about 2%
when heating up the sample from RT to 200 °C. (b) Rg of PEO shows
a 6% upturn at lower temperatures depending of the PEO content.
The temperatures of upturn are depicted below in Figure 11 as
triangles and are identified as the glass transition temperature. (c) PEO
scattering at Q = 0 is linearly proportional with ΦPEO and consistent
with theory.
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which is reasonable because Γσ is the driving force for phase
separation in LCST blends.
We also studied ΦPEO = 0.25 blends with a 25 kDa h-PMMA

component mixed with different d-PEO molar weight
combinations of 25 kDa and 1 kDa molar weight. In Figure 8
the temperatures TA and TG are plotted versus the con-
centration of 1 kDa d-PEO. Already a small addition of
1 kDa PEO leads to a strong decrease of TA and TG thereby
working as a plasticizer. The plasticizer effect on TG will be
discussed below in context with the TG’s of the blend.
As already mentioned, in absolute value a larger Γ is derived

for T < TA (Figure 6). This holds also for the enthalpic and
entropic terms (Figure 7). Such a drastic change of Γ is
expected for blends such as PEO/PMMA with a large
dynamical asymmetry of the polymer components and has
been formulated in eq 8. This theory interprets TA as a gelation
temperature. At this point the relaxation rate of thermal
composition fluctuations, RQ, and of the stress fields of
entangled polymer network, 1/τR, becomes similar. Following
eq 8 we evaluated from our SANS data (Figure 5a and b) for
the h-PEO/d-PMMA and d-PEO/h-PMMA blends a shear
modulus of G = 2.9 and 3.6 in units of 107 Pa, respectively.
These values reasonably agree with rheological experiments on
these blends presented below but are 2 orders of magnitude
larger than the plateau modulus of PMMA (GN

0 ≅ 3.1 × 105

Pa46). Whether the experimental FH parameter Γ* represents
an equilibrium value has to be carefully considered. The
annealing time of 0.5 to 3 h for each temperature as applied for
samples S1−3 (Figure 5a,b and Figure 3) was apparently
sufficiently long as no hysteresis was observed for these samples
below TA.
PEO and PMMA Chain Conformation. In a further step

the PEO and PMMA chain conformation in the blend was
determined. Figure 9a shows the scattering patterns and
Guiniers’ law fits of the PEO and PMMA single chain form
factor at 25 °C. The radius of gyration of the PEO chain of
three samples of type d-PEOx/h-PEOy/h-PMMA(1‑x‑y) with zero
scattering contrast for concentration fluctuations and ΦPEO =
(x + y) = 0.1, 0.15, and 0.25 (samples S4−S6 in Table 3) are
displayed in Figure 9b versus temperature. In those blends the
second term of eq 1, representing the PEO form factor,
contributes to scattering whereas scattering from density
fluctuation is negligible small, e.g. 2% of the scattering of
sample S2 which is less than 0.002 cm−1 within the Q regime of
Figure 9a. In Figure 9c, the scattering extrapolated to Q = 0 and
T = 0 °C is shown for all samples versus total PEO
composition. The experimental points follow a straight line
intersecting zero at ΦPEO = 0 according to dΣ/dΩ(0) = (8.08 ±
0.05) × ΦPEO with a slope 2.5% larger than evaluated from
SPEO
0 (0) = ΦPEO × VPEO in eq 1 and the parameters in Table 3.
At temperatures between 80 and 40 °C, the radius of gyration
of the PEO chain enhances by about 6%. The temperature of
change corresponds to the respective glass transition temper-
atures as displayed below in the phase diagram (Figure 11).
The Rg-values at high T are consistent with the data from ref 46
as indicated by the solid line and are about 10% less than
determined in ref 47. The agreement of the PEO and PMMA
chain dimensions determined from the blend and the
corresponding pure homopolymer melts gives us confidence
in the predictions of eq 1 and the sample preparation.
A similar conformational change at TG was not observed for

the PMMA chains; within the temperature interval of RT and 200 °C
(not shown) the radii of gyration (average ⟨Rg⟩ = 32.1 ± 0.45 Å)

are constant within 2%. The statistical segment length σ =
5.71 ± 0.04 Å is about 14% smaller than given in literature
(Table 1 in ref 46). Seemingly, we have the situation that the
PEO chain is slightly stretched by the freezing PMMA
structure.

Shear Experiments. After finishing the SANS experiments
on the ΦPEO = 0.25 samples S1 and S2, oscillatory shear
experiments were performed in a temperature interval between
155 and 25 °C starting from high temperatures. At each
temperature the samples were annealed for about 6.5 min
before starting the measurements which took slightly more than
6 min. The time−temperature superposition principle accord-
ing to η*(ω,T) = (bT/aT) × η*(aT,ω,T0) with the reference
temperature T0 = 150 °C was applied. The resulting master
curves for each sample are depicted in Figure 10a that presents
the complex shear viscosity η*(ω) = G*(ω)/iω = ∫ 0

∞dt
G(t)e−iωt versus frequency (ω). In the limits of, respectively,
ωτR ≪ 1 and ωτR ≫ 1 η*(ω) assumes η*(ω) ≅ η and η*(ω) ≅
G(ω)/iω where η is the zero-shear viscosity and G=η/τ the
shear modulus (see page 327 of ref 15). A modulus of G = 21.9
(d-PEO/h-PMMA) and 5.89 (h-PEO/d-PMMA) in units of
107 Pa is obtained in the limit of large ω. These moduli lead to
an increment of the enthalpic FH parameter of ΔΓh* = −31.2
(d-PEO/h-PMMA) and −8.4 (h-PEO/d-PMMA) in units of
K mol/cm3 (ΔΓh* ≙ (Γh* − Γh) = −2ε2(G/R)/3 derived from
eq 6 when cooling the samples below TA and which are a factor
of 6 and 2 larger in amplitude than the corresponding values
shown as open symbols in Figure 7. The moduli from rheology
as well as from SANS are 100 to 700 times larger than the
PMMA plateau modulus. This means that the relaxation

Figure 10. (a) Modulus of dynamic shear viscosity of the two ΦPEO =
0.25 PEO/PMMA blends after application the time−temperature
superposition principle. (b) Frequency shift factors aT show an
Arrhenius behavior at high and low temperatures. The transition
temperature T*A might be identified as a gelation temperature
similarly to TA in Figure 5. The averaged activation energy of both
samples is 360 and 130 in units of kJ/mol at low and high
temperatures, respectively. (c) Shift factor aT of the PMMA melt is not
sensitive to isotope labeling and show WLF behavior.
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process below TA cannot be identified with the viscoelastic
shear modulus of the system.
The shift factor aT of both samples is plotted in Figure 10b

versus 1/T (Arrhenius representation). Two temperature
regimes, each described by an Arrhenius behavior (∝exp-
[−EA/RT]), are found above and below T*A = 79 and 96 °C,
respectively, for the h-PEO/d-PMMA and d-PEO/h-PMMA
blends, whereas the shift factor bT was nearly one (not shown).
The corresponding activation energies (EA) are 350 ± 45 kJ/
mol for both blends at low temperatures and 142 ± 2 kJ/mol

(132 ± 2 kJ/mol) for the d-PEO/h-PMMA (h-PEO/d-
PMMA) at temperatures beyond T*A. Figure 10c shows aT
from pure h-PMMA and d-PMMA. Both polymer melts show
the same shift factors that follow the WLF equation.48 This
finding implies that the time−temperature superposition
principle is fulfilled for the PMMA single homopolymer melt
with the same shift factors for the h- and d-materials. For the
PEO/PMMA blend two temperature regimes for the viscous
and gelation phases exist that indicate different underlying
relaxation processes. A failure of the time−temperature
superposition principle even within the high temperature
regime was reported for PEO/PMMA in ref.49 The parameters
of this blend were ΦPEO = 0.21 and about an order of
magnitude larger molar weight than our sample. Four
experimental temperatures were chosen between 120 and 174
°C, which are apparently above the gelation temperature.
The two regions of different rheological activation energy are

reminiscent of the two regimes above TG separated by the
gelation temperature TA; the corresponding temperatures T*A
from shear experiment show the same isotope effect and are
larger by about 20 K than those from SANS. Apparently, T*A is
equivalent to the gelation temperature TA from the
susceptibility of thermal composition fluctuations.15 The larger
T*A might relate to a mechanical relaxation spectroscopy that
leaves the system less time for aging.
Two remarks will finish this section. The first remark

considers the equilibration of the samples during the shear
experiments. The equilibrium state should always have been
achieved at high temperatures but probably not at temperatures
below T*A. This statement can be made from a comparison
with the SANS data in Figure 5c−e, which show that an

annealing time of 10 to 20 min is sufficiently long at T > TA but
too short to prevent a hysteresis below the gelation temperature
TA when heating and cooling the samples. The second remark
is related to a classification of glass forming systems into strong
and fragile liquids according to their temperature depending
viscosity following, respectively, an Arrhenius or Vogel−
Fulcher−Tammann (VTF) behavior.50 As expressed by the
shift factors in Figure 10, parts b and c, PMMA appears as a
fragile glass which apparently changes to a strong glass after
mixing with PEO.

Glass Transition and FH Parameter. The phase diagram
in Figure 11 displays the temperatures of gelation, TA, and of
glass transition, TG, as determined from DSC and SANS
experiments. PEO/PMMA is miscible at these temperatures
and phase separation is expected at temperatures higher than
400 °C. The red dots represent the glass transition from the
protonated blend h-PEO/h-PMMA determined from differ-
ential scanning calorimetry (DSC),4 whereas the triangles and
squares of blue and green color were determined from our
SANS experiments. These symbols represent TA and TG from
the two blends, d-PEO/h-PMMA and h-PEO/d-PMMA. The
solid triangles were derived from the stepwise increase of the
PEO radius of gyration Rg (Figure 9b); their agreement with
the caloric glass transition (red dots) and S(0) from SANS at
ΦPEO = 0.25 (blue square) shows the glass transition as the
reason for the PEO chain stretching. DSC on the pure PMMA
component showed no isotope effect as depicted by the red
dot.
The observation of an isotope effect on the blend with

respect to the position of TG and TA seems surprising. A
possible explanation of the isotope effect might be obtained
from the relationships in eq 10 and 11 that address the glass
transition as a second order phase transition thereby naturally
consider the FH interaction parameter of the polymer blend
with the enthalpic and (irreversible) entropic terms, Γh

mix and
δΓσ

mix, respectively. Equation 11 describes the glass temperature
of the different samples very well as shown by the solid lines in
Figure 11. The two variables Γh

mix and δΓσ
mix from the fit

together with the corresponding FH parameter from SANS and
rheology are collected in Table 1 and the T < TA values are
displayed in Figure 12 in the various columns. The “TG”
enthalpic and entropic terms Γh

mix and δΓσ
mix both show a large

isotope effect, which in particular for h-PEO/d-PMMA seems
to be unrealistic 15 times larger in absolute value if compared
with the SANS data. In this respect it also might be interesting
to consider ΔΓ*h (eq 6) from rheological measurements in
Figure 10a which was determined as −31.2 and −8.4 in units of
Kmol/cm3 for, respectively d-PEO/h-PMMA and h-PEO/d-
PMMA, and which have to be compared with the
corresponding SANS values of −5.7 and −4.4 (Figure 7).
Both theoretical expressions for shear viscosity (eq 8) and TG,m

(eq 11) predict appreciably larger absolute FH parameters for
PEO/PMMA in comparison with the SANS data from
composition fluctuation. So we have to note from the data in
Table 1 and Figure 12 that unfortunately the theoretical
approaches of eqs 8 and 11 do not even qualitatively agree with
the experimental findings and we must state a failure in
rationalization of the observed anomalous isotope effect of TG

in the blends.
Reference 38 also discusses the effect of a plasticizer on TG

we observe in Figure 8, when adding a small amount of 1 kDa PEO.

Figure 11. Diagram of a symmetric PEO/PMMA blend showing glass
transitions. The red symbols represent the glass transition as
determined by DSC for h-PEO/h-PMMA.4 The open symbols stand
for blends with d-PMMA while the closed symbols describe the result
from h-PMMA blends. Circles denote TA; squares depict TG
determined from the forward scattering S(0). The triangles display
TG values from the Rg step of the PEO chain. The solid lines are fits
with eq 11, the dashed dotted one represents eq 9.
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Addition of plasticizer increases the configurational entropy
ΔSmixC and thereby according to eq 12

* = −Δ ΔT T S Cexp( / )G G mix
C

p m, (12)

lowers the glass transition from TG to T*G. We find a decrease
from 51 °C (324 K) to 27 °C (300 K) thereby a ΔSmixC /ΔCp,m =
0.077 or ΔSmixC = 0.057 J/(g K) (ΔCp,m = 0.74 J/(g K)), which
corresponds to an entropic FH parameter of Γ*σ = 4.24 × 10−2

mol/cm3.
It has to be stressed that the “liquid-accessible or consumed

configurational entropy of mixing”,ΔSmixC , does not represent an
equilibrium value but depends on the speed of cooling when
approaching TG. Only in the limit of an infinitely slow approach
to TG does one expect the maximum possible (equilibrium)
ΔSmixC |∞ and a TG representing the Kauzmann temperature.51

The nonachievement of equilibrium in some samples below the
gelation temperature TA is seen from the hysteresis of the
susceptibility of thermal composition fluctuations in Figure 5
and of the long-range density cluster in Figures 3 and 4.

■ SUMMARY AND DISCUSSION
In this study we present small-angle neutron scattering (SANS)
experiments on a symmetric 25 kDa PEO/PMMA polymer
blend whose phase diagram for PEO concentrations smaller
than 30% is displayed in Figure 11. We also performed dynamic
mechanical spectroscopy on four selected samples. The SANS
experiments confirmed that PEO/PMMA is of LCST type and
miscible on macroscopic scale at temperatures below 400 °C.
Two characteristic temperatures are found, namely the gel and
glass transition temperatures TA and TG, respectively. The glass

transition temperature separates the viscous and glass regimes
at high and low temperatures, respectively. The other relevant
boarder line TA separates the regimes of the common “high
temperature” disordered viscous phase from a gel-like regime.

The H/D Isotope Labeling has the well-known effect on
the FH interaction parameter but also a remarkable influence
on the position of the boarder lines between the viscous and
gel-like (TA) as well as gel-like and glass (TG) regimes of the
mixture, whereas TG is the same for protonated and deuterated
PMMA as proved by DSC (red point). The difference of FH
parameters with respect to the choice of H/D isotope in the
ΦPEO = 0.25 blend becomes particularly visible in Figure 6 and 7.
An origin of the H/D isotope effect on the FH parameter is
discussed in refs 52 and 53 and was derived from a combined
effect of zero-point motion and interatomic potential
anharmonicity, whereas the effect of interaction parameter
and thereby the isotope effect on the glass transition might be
explained by a Flory−Huggins interaction parameter as
visualized in Figures 12. As discussed in ref 38, the “liquid-
accessible entropy of mixing” determines the glass transition of
the blend in accordance with eqs 10 and 11 and depends on the
speed TG is approached. The enthalpic and entropic terms
show a large isotope effect, which in particular for h-PEO/d-
PMMA has unrealistic large values. The high frequency shear
viscosity also shows a large isotope effect for the enthalpic term
(the entropic term is not determined from theory) but in a
different direction, i.e. a larger absolute value for the d-PEO/h-
PMMA blend. The FH parameter determined from thermal
composition fluctuations are shown in Figure 7. The FH
parameter below TA seems the relevant parameter here and is
plotted in Figure 12 for better comparison. It is between one
and two order of absolute magnitude larger than the
corresponding high temperature values and do not show a
distinct change from the isotope difference. The discrepancy of
the FH parameter from the different experimental methods in
Figure 12 unfolds shortcomings in the theoretical approach of
eqs 8 and 11 but also a possible underestimation of the FH
parameter as the susceptibility of thermal composition between
TA and TG does not follow a mean-field approach as the critical
exponent is γ = 1.4 and not γ = 1. The deviation from mean-
field approximation is shortly discussed below.

Two Fluctuation Phenomena. These are observed in
PEO/PMMA, namely thermal composition and mass density
fluctuations. The regions of mass density fluctuation have a
fractal structure and are of long-range character. The
identification of density fluctuations was possible in sample
S3, which was designed to provide a selective sensitivity of

Table 1. Flory-Huggins Parameter from SANS, TG, and rheology

method TG [°C] TA [°C] Γh [K mol/cm3] Γσ [mol/cm3]

SANS
d-PEO/h-PMMA 51 78 T > TA −0.49 ± 0.04 −(7.30 ± 1) × 10−4

T < TA −5.7 ± 0.2 −(1.55 ± 0.05) × 10−2

h-PEO/d-PMMA 33 75 T > TA −0.24 ± 0.02 −(4.45 ± 0.5) × 10−4

T < TA −4.38 ± 0.25 −(1.25 ± 0.08) × 10−2

Rheology: G [Pa] and Equation 8
d-PEO/h-PMMA − 96 T < TA −31.2 −
h-PEO/d-PMMA − 79 T < TA −8.4 −

TG,m and Equation 11
d-PEO/h-PMMA − − T < TA −2.37 ± 3.35 −0.112 ± 0.012
h-PEO/d-PMMA − − T < TA −64.5 ± 4.5 0.167 ± 0.016
h-PEO/h-PMMA − − T < TA 7.86 ± 1.2 −0.157 ± 0.005

Figure 12. Fit parameters of eqs 7 and 12 giving rise to TG,m in Figure 11.
The right figure shows the irreversible entropy from the fit as well as
the SANS results. The left figure displays the enthalpic FH parameter
term from the fit of TG,m and from rheology (eq 6 and Figure 10a) as
well as from SANS (Figure 7) below TA.
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neutron scattering to density fluctuations by the choice of PEO
and PMMA isotope chains (Table 3) whereas samples S1 and
S2 were sensitive to both order parameter fluctuations as
demonstrated in Figure 1, parts b and c.
Large-Scale Density Fluctuations with fractal dimen-

sionality of slightly below 3 were observed for all temperatures
(Figure 1a). At large Q above 0.03 Å−1 a transition to a Q−1

power law is observed which accounts for linear domains.
Scattering from normal compressibility related density
fluctuations is too small to explain the observed scattering.
An estimation on the basis of PEO/PMMA compressibility
leads to a scattering intensity of 10−2 cm−1 at 140 °C which is
about 4 orders of magnitude smaller than the scattering in
Figure 1a.29 Because of a dimensionality of slightly less than
D≅3 the large domains represent a mass fractal built up of
aggregated objects of overall dimension less than 1/Q, too
small for destructive neutron interference. The transition above
Q ≅ 0.03 Å−1 to a Q−1 power law indicates linear objects

(Figure 4) of length between 40 and 80 Å, which might
represent the building units of the fractal domains and their
number density might be defined as an order parameter. The
parameters of the large and small domains are plotted in
Figures 3 and 4 versus temperature. The temperatures TA and
TG are indicated as arrows and was determined from thermal
composition fluctuations in sample S1 (Figure 5a). The large
domains above TA are of same size of ξD = 370 ± 30 Å
independent from thermal history and thereby might represent
an equilibrium stage. Cooling the sample below TG leads to an
increase of the domain size which, when heated up, equilibrates
above TA and displays a hysteresis between TG and TA.
Annealing the sample for several days (see heating history
“up1”) below TG at room temperature a ξD and dΣ/dΩ(0) of
510 ± 40 Å and 2000 cm−1 is found which strongly decreases
when heating the sample above TG and after equilibration
above TA. The heating path (“up2”) followed after the “down1”
heating run displays a much smaller hysteresis. The evolution of
the domain size shows that the time constant of density
fluctuations is comparable with the SANS experimental time.
The corresponding change of molecular packing of the domains
was estimated as 1% and 0.4% for the sample after annealing at
RT and heat treatment above TA, respectively. Whereas both
temperatures TA and TG seem to have an impact for the large
scale density fluctuations the temperature TA appears only
relevant for the smaller linear structures; above TA one
determines a length of the order of 80 Å which gradually
shortened when lowering the temperature below TA and even
further shortened to roughly half of this length during
annealing at room temperature.

Heterogeneities in Glass Forming Systems are widely
discussed in literature, however, in most cases as regions of
different molecular mobility.21,54−56 Regions of different
molecular mobility support a strong non-Arrhenius temperature
dependence characteristic for the transport coefficients such as
viscosity in “fragile” liquids when approaching TG. Exper-
imentally, heterogeneous regions of “fast” and “slow” molecular
motion were derived from NMR experiments;19,20 hetero-
geneities of 35 ± 15 Å size were estimated in 50% PS/PMVE
blend at 47 °C.19 Other 13C NMR measurements report
heterogeneities between 20 and 500 Å in amorphous PEO/
PMMA (ΦPEO = 0.10) within the glass regime at 300 K.20

The origin of heterogeneous regions of different molecular
mobility is not yet understood and possible correlations with
respect to structural heterogeneities are broadly discussed.21,54

Table 2. Polymer Chain Parametera

polymer h-PEO d-PEO h-PMMA d-PMMA
chemical structure C2H4O C2D4O C5H8O2 C5D8O2

bMon [10
‑12 cm] 0.4133 4.578 1.491 9.82

ρ [1010 cm−2]* 0.604 6.693 1.018 6.703
dΣ/dΩinc [cm

−1] 0.373 9.56 × 10−3 0.349 8.95 × 10−3

MW [kDa] (MW/MN) 23.2 (1.02) 21.7 (1.02) 1.9 (1.12) 27.5 (1.10) 19.8 (1.13)
VW [103 cm3/mol] 21.0 17.7 1.55 23.6 15.7

parameter PEO PMMA

ΩMon [cm
3/mol]* 41.2 88.1

Tg [°C] −57 121
σ [Å] 5.98 ± 0.04 (5.95;67 6.6647) 5.71 ± 0.04 (6.4967)
d [g/cm3]b 1.069 1.135

aPolymer components: poly(ethylene oxide) (PEO) and poly(methyl methacrylate) >79% syndiotactic (PMMA: (C5O2H8)n). Molar weights
determined with GPC against PC standard. bEvaluated for 130 °C from mass densities: dPEO = −5.398 × 10−4T [K] + 1.287 and dPMMA = −4.643 ×
10−4T [K] + 1.3218.

Table 3. Sample Parametersa

polymer h-PEO d-PEO h-PMMA d-PMMA
MW [kDa]
(MW/MN)

23.15 (1.02) 21.7(1.02) 27.5 (1.10) 19.8 (1.13)

VW [103 cm3/
mol]

21.0 17.7 23.6 15.7

sample C(h-PEO) C(d-PEO) Φ(PEO)
Φ(h-

PMMA)
Φ(d-

PMMA)

S1 1 − 0.249 − 0.751
S2b − 1 0.25 0.75 −
S3 7 × 10−3 0.993 0.249 − 0.751
S4 0.9307 6.93 × 10−2 0.1038 0.8962 −
S5 0.9311 6.89 × 10−2 0.1568 0.8432 −
S6 0.9309 6.91 × 10−2 0.2562 0.7438 −
S7 1 - 0.25 0.72 0.03

samplec
Δρcom [1010

cm‑2]
ΔρPEO [1010

cm‑2]
ΔρPMMA [1010

cm‑2]
⟨ρ⟩ [1010

cm‑2]

S1 5.675 0 0 2.437
S2 6.099 0 0 5.184
S3 0.057 6.089 0 6.69
S4−S6 0 6.089 0 1.018
S7 0.641 0 5.685 1.085
aScattering length densities: ρ̅PEO = cρh−PEO + (1 − c)ρd−PEO; Δρcomp =
|ρPMMA − ρ̅PEO|; ΔρPEO = ρd−PEO − ρh−PEO).

bThree samples of this
type with different concentrations of 25 kDa and 1 kDa molar weight
d-PEO were measured: (a) d-PEO(25k); (b) d-PEO(4% 1 kDa and
96% 25K); (c) d-PEO(1 kDa). cValues at T = 130 °C.
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Heterogeneities due to density fluctuations showing very similar
scattering characteristics as our PEO/PMMA were reported in
glass forming single component system by the group of Fischer
(see ref 22 and references therein) from combined light (LS)
and small-angle X-ray scattering (SAXS) experiments. This
group also found long-range density fluctuations in a PMMA
melt.57 Other studies reported low Q enhanced scattering
in solutions of atactic PS58 and of syndiotactic PMMA.59

Reference 58 proposed the formation of microcrystals involving
chain segments and solvent molecules.
In particular the results by the Fischer group stimulated

several theoretical approaches.23−26,60 All these theories
postulate small defects of a “locally favored structure of
frustration limited cluster”60 or species of solid-like and fluid-
like short-range order.23 In ref 26, a local atomic packing of
regular tetrahedrons is assumed as the most stable config-
uration. As a compact structure of regular tetrahedron units is
not possible in 3D space linear defects such as disclinations
have to be introduced which avoid the formation of long-range
ordering (frustration). Such theoretical approaches consider the
glass transition as a phase transition of topological defects,
defining their local density as an order parameter. According to
the analysis in ref 26 the glass transition appears as a
“hierarchical” phase transition of successive transitions starting
with the formation of long-range correlated density fluctuations
at a temperature T0 and ending at TG. An estimate gave ξ ≅
3000 Å and |T0 − TG| ≅ 100 K in a size and temperature range
consistent with our SANS data. The change of atomic density
close to disclinations leads to a scattering contrast similar to
those of the smaller linear structures shown in Figure 4b and
whose observation might support the idea of linear defects in
this glass-forming two-component system.
Thermal Composition Fluctuations represent the other

order parameter of PEO/PMMA and are measured by the
susceptibility S(0) and correlation length ξ as displayed in
Figure 5. The positive slope of S−1(0) within the 1/T
representation indicates a miscible blend of LCST type with
an expected two-phase regime at high temperatures - the
spinodal temperature is roughly estimated to 400 °C for the
ΦPEO = 0.25 blend. Three regimes of glass, gelation and viscous
phases are clearly distinguished. The forth region of
immiscibility lies outside achievable temperatures. The
correlation length is between 10 and 25 Å as the spinodal
phase transition line is far above the experimental temperatures
and is much shorter than that of the density fluctuations. Below
gelation (TA) and glass (TG) temperatures an enhanced
suppression and freezing of the degree of thermal composition
fluctuations took place, respectively.
Thermal composition fluctuations were interpreted in terms

of a theory developed by Onuki.14,15 Applying Onukis’ theory
in gel phase from our SANS data we evaluated a modulus of
G = 2.6 and 3.7 in units of 107 Pa for samples S1 and S2,
respectively which broadly agree with results from high
frequency oscillatory shear experiments on these blends. In
Figure 10, the complex shear viscosity of the two samples S1
and S2 is presented as 5.9 and 22 in units of 107 Pa. These
values, however, are by more than 2 orders of magnitude larger
than the PMMA viscoelastic plateau modulus (0.31 MPa). The
retardation of composition fluctuations seems to rather relate to
a glassy slow down of the PMMA segmental motions than to
viscoelastic effects.
The corresponding f requency shif t factor aT follows an

Arrhenius behavior with different activation energies above and

below a temperature lightly above (20 K) the gelation
temperature TA thereby showing as SANS sensitivity to
gelation. The shift factor aT of the shear viscosity in Figure
10b is described by two Arrhenius functions above and below a
temperature T*A, thereby belonging to the class of “strong”
glasses in contrast to the PMMA melt belonging to the class of
“fragile” glasses.50 Fitting procedures of viscosity versus
temperature are lengthily discussed for a variety of glass-
forming systems in ref 61. Again their analysis shows a high and
low temperature regime similarly to our findings for aT. These
authors consider both ranges of temperature as two separate
regimes. At higher temperature the molecules are the unit of
the liquid whereas at lower temperatures frustration limited
domains determine the collective behavior. Such interpretation
of microscopic units at low temperature is also related to an
Arrhenius type behavior supporting a single “dominant
structural” relaxation process.61 This interpretation is consistent
with our findings of density fluctuations and the linear defects
as displayed in Figure 4 and may also be supported by the
observed large discrepancy of the plateau shear modulus from
entangled PMMA network and the much larger shear modulus
from high frequency (ωτ ≫ 1) rheological measurements as
well as from SANS below TA.

Frustration Limited Domains. These as the unit of
collective behavior below TA seem to have qualitatively the
same effect as the process of gelation formulated by Onuki,15

and that qualitatively describes thermal composition fluctua-
tions of PEO/PMMA as well as of PS/PVME.17 According to
Onuki, the gelation temperature TA is the temperature where
the rheological and thermal composition fluctuation rate are of
equal magnitude (RQτR ≅ 1). Below TA we observe a strong
decrease of the susceptibility S(0). According to Onuki15 this
strong decrease of S(0) below TA is determined by the shear
viscosity η*(ω) ≅ G/iω in the limit of ωτR ≫ 1 (Figure 5). We
note again that for our system the experimental G from SANS
and mechanical spectroscopy are within the same order of
magnitude but much larger than the viscoelastic PMMA plateau
modulus. This discrepancy leads us to believe that the behavior
of thermal composition fluctuations as well as the rheology
below TA (T*A) is controlled by glassy dynamics that might
originate from frustration limited domains.
A remark is now made with respect to the scaling behavior of

S1−(0) at temperatures in the intermediate regime between TA
and TG that seems to be consistent with a critical exponent of
γ = 1.4 larger than expected from the 3D-Ising case. Such unusual
scaling behavior is reported in literature also for other polymer
blends and polymer blend solutions3,62 and is attributed
to density fluctuations of impurities or solvent molecules,
respectively.63 The corresponding critical exponent of the
susceptibility is determined according to γ* = γ/(1 − α)=1.39
from the 3D-Ising critical exponents of susceptibility γ = 1.24
and heat capacity α = 0.11 and represents the so-called
renormalized 3D-Ising behavior.63 In order to describe this
effect the Gibbs free energy of mixing ΔG(T,P,Φ) is extended
by an additional term, namely the product of solvent or defect
concentration ΦS and its conjugate chemical potential μS =
∂ΦS

ΔG|T,P,Φ. The concentration ΦS represents an additional
order parameter. In polymer blends such an order parameter
could also appear and be represented by the concentration of
impurities or of those defects as discussed in context with
Figure 3 and 4. According to the “isomorphism” approach by
Anisimov et al.64 μS and ΦS are considered as “hidden”
variables, i.e. the scaling form of the ΔG “fluctuation” part is as
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usual a function of the two relevant parameter fields, namely,
the temperature and the order parameter Φ (in our case ΦPEO).
Both are a function of pressure and the solvent chemical
potential μS. One observes Ising critical exponents when the
pressure and solvent chemical potential are constant during an
isochoric approach to TC. Such an approach, however, is
experimentally not possible as it can only be realized at
constant solvent concentration or in our case at constant linear
defects, and therefore leads to a crossover to another class of
critical universality with the renormalized critical exponents
introduced above. The sketched theoretical background for the
observed scaling of the susceptibility between TA and TG
appears as a further support for a second order parameter
related to the observed density fluctuations in Figures 3 and 4
and their effect on the thermodynamic behavior of the PEO/
PMMA blend near the glass transition.
Qualitatively similar results on thermal composition

fluctuations were obtained from SANS experiments in the
LCST blend d-PS/PVME by Koizumi.17,18 This blend obeys a
similar “dynamical asymmetry” because of the different glass
transition temperatures of PS and PVME at 100 and −22 °C,
respectively and thereby the two components have a large
difference in mobility. In ref 17, a quantitative comparison
between plateau modulus of PS and modulus from SANS (eq
8) was not made but an analysis of their d-PS/PVME with ΦPS
= 0.80 deliver a G of about 4 MPa which is of the order of
magnitude larger than the viscoelastic PS plateau modulus (0.2
MPa46). This does mean that below TA the relaxation behavior
of both blends is consistently determined by a glassy dynamics.
In ref 18, excess scattering at small Q is observed in

qualitative agreement with our data in Figure 1b and 1c. The
author interprets this result in terms of phase separated PEO
and PMMA rich domains predicted from stress-diffusion
coupling.15 However, the interpretation of the latter SANS
results is questionable as the scattering contrast of the PS/
PVME blend is both sensitive to heterogeneities of composition
and of density. On the other hand in our sample S3 the
scattering contrast with respect to composition fluctuations was
matched, i.e. Δρcomp = 0. Therefore, the scattering results
necessarily origin from strong long-range density fluctuations
that contribute significantly to the scattering from samples S1
and S2 (see data in Figure 1). Furthermore, those SANS
experiments on PS/PVME were also limited to Q larger than
6 × 10−3 Å−1, which made an analysis of size and dimensionality
of the larger objects impossible. A further argument against the
interpretation of large composition precipitates in ref 18 is the
dominance of glassy relaxation below the gel temperature.
The Conformation of the Polymer Components is

fairly consistent with the conformation of the chains in their
respective homopolymer melts and seems not much influenced
by the long-range density fluctuations (Table 3). Only the PEO
components stretches to a 6% larger radius of gyration when
entering the glass regime (Figure 9b) and the phase diagram
(solid triangles in Figure 11). It appears that in an increasingly
solidifying PMMA, chain extension of the PEO chains occurs.
This elongation points toward the existence of internal stresses
that cannot relax in approaching TG.
Density Fluctuations. These appear to not be affected by

thermal composition fluctuations. This might be concluded
from their large size and their slow relaxation behavior. Within
the characteristic time of SANS experiments we observe a
relaxation of the large objects when cooling below TG and
during equilibration above TA. On the other hand, it appears

obvious that the thermal composition fluctuations are
correlated with these long-range density fluctuations. This
becomes particularly apparent from the same characteristic
temperatures TA and TG in Figures 3 and 4 as well as in
Figure 5a for both blends with the d-PMMA component, and,
similarly, from the renormalized 3D-Ising behavior below TA
(Figure 5). A correlation of the dynamic shear viscosity and
density fluctuations, as indicated by T*A separating two regimes
of activation energy of the shift factor aT in Figure 10b, seems
plausible, too. So, the clustering behavior of the linear defects
shown by the density fluctuations appears a basic phenomenon
of the present study.
Another possible explanation of long-range density fluctua-

tions is given for stereoisometric homopolymers by Semenov.65

Atactic polymer chains such as PS and PMMA might exhibit
some longer stereoregular fragments of isotactic or syndiotactic
units which aggregate to stable micellar cluster of lamellar
crystalline structure. In our experiments, the deuterated as well
as protonated PMMA shows a syndiotactic rich microstructure
of larger than 79% which might differently behave as atactic
PMMA. So, future experiments in particular with SANS may
improve our understanding of long-range density fluctuations.
(i) The spatial dimension of density fluctuations has to be
determined more precisely from dΣ/dΩ at lower Q which is
feasible down to 10−4 Å−1 and less.66 (ii) The stability of
density fluctuations has to be investigated over a larger
temperature regime. (iii) It is of particular relevance to more
systematically determine the time evolution, e.g., the relaxation
rate of density fluctuations. This should be feasible on the basis
of our present experiments. Furthermore, (iv) a change of
PMMA tacticity and (v) the addition of small molecular PEO
chains might be of interest with respect to structure and
relaxation rate of the density fluctuations as the addition of
1 kDa PEO has strong influence on TA and TG.

■ APPENDIX

This appendix gives the characteristic sample parameters in
Tables 2 and 3.
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ABSTRACT: Developing advanced ionic electroactive devices
such as ionic actuators and supercapacitors requires the
understanding of ionic diffusion and drifting processes, which
depend on the distances over which the ions travel, in these
systems. The charge dynamics of [C4mim][PF6] ionic liquid
films and Aquivion membranes with 40 wt % [C2mim][TfO]
were investigated over a broad film thickness (d) range. It was
found that the double layer charging time τDL follows the
classic model τDL = λDd/(2D) very well, where D is the
diffusion coefficient and λD the Debye length. In the longer
time regimes (t ≫ τDL) where diffusion dominates, the charge dynamics become voltage dependent. For low applied voltage, the
later stage charge process seems to follow the d2 dependence. However, at high voltages (>0.5 V) in which significant device
responses occur, the charging process does not show d2 dependence so that τdiff = d2/(4D), corresponding to the ion diffusion
from the bulk region, was not observed.

I. INTRODUCTION
Ion transport and storage in electrolyte containing films are of
great interest for ionic electroactive devices, such as actuators,
sensors, energy harvesting devices, and supercapacitors.1−5 In
general, charge transport is a result of drift and diffusion,
described by the ion mobility μ, diffusion coefficient D, and
mobile ion concentration n, e.g., the Nernst−Planck equation
ψ ± = ±μn ±E − D(∂n ±/∂x), where ψ+ and ψ− are the fluxes of
positive and negative charges. The first term on the right-hand
side of the equation is the drift current and the second term
describes the diffusion current. In dilute systems μ and D are
related through the Einstein equation, D = μkT/q, where k is
Boltzmann’s constant, T is temperature, and q is the charge ions
carry.6−10 During charging, ions in the electrolyte moves
toward electrodes of opposite polarity due to the electric field
created by applied potential between charged electrodes which
leads to the screening of the voltage and a potential drop at the
two electrodes as illustrated in Figure 1a. For the metal−ionic
conductor−metal (MIM) system of Figure 1a under a step
voltage (from 0 at t < 0 to V volts at t > 0), the initial transient
current follows the charging of electric double layer capacitors
CD in series with a bulk resistor Rbulk (see Figure 1b)6−9

= − τI t I t( ) exp( / )0 DL (1)

where τDL = dεε0/(2λDσ) = RCD/2 describes the typical
charging time for the electric double layer which has a thickness
λD, the Debye length

λ = εε kT Z e n( / )D 0
2 2 1/2

(2)

where Ze = q is the mobile ion charge (Z = 1 for the ionic
liquids investigated in this paper), e is the electron charge, ε is
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Figure 1. (a) Schematics of an electrolyte containing film sandwiched
between metal electrodes under an applied voltage. The schematic of
the voltage drop across the film after it is charged, illustrating that
most voltage drop occurs near the blocking electrodes where the
mobile ions screen the charges in the metal electrodes. (b) The
equivalent circuit of ionic film metal system where Rbulk is the bulk
resistance of the film, and CD is the electrical double layer capacitance.
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the relative dielectric permittivity, and ε0 is the vacuum
permittivity (ε0 = 8.854 × 10−12 F m−1). I0 = σVS/d, where σ
(= qnμ) is the conductivity, d is the electrolyte film thickness,
and S is the electrode area. For the ionic systems investigated in
this paper, the Debye layer thickness λD is ∼1 nm and τDL ≪
10−2 s. It should be pointed out that τDL here is the same as the
electrode polarization time constant τEP in the MacDonald/
Coelho model, treating electrode polarization as a simple
Debye relation.11−13 It is also noted that our recent study
reveals that for the ionic systems investigated here this model
(Figure 1b and eq 1) is valid up to 1 V in these highly
concentrated electrolyte systems.14

For ionic electroactive devices, experimental results show
that the device response time is much longer than τDL, and
hence it is crucial to develop an understanding of the charge
dynamics at longer time scale compared to τDL. Several
theoretical models have been advanced for the ionic systems of
Figure 1a to analyze the charge dynamics at longer time scales
and modeling results suggest that following the initial charging
process (t ∼ τDL, which is <10−2 s for the films studied here),
there is a later charging process, dominated by diffusion from
the bulk of the films.8,9 In other words, the later stage charging
process should scale with the time constant τdiff = d2/(4D).
τdiff ≫ τDL since d ≫ λD, and for the ionic systems studied in
this paper, τdiff ranges from subseconds to tens of seconds.7−9,15

For most ionic electroactive devices such as the ionic
electroactive polymer (EAP) actuators and supercapacitors,
the response time is in the same time range as τdiff and is much
longer than τDL. For example, for ionic membrane actuators,
substantial actuation occurs during this later stage charging
process. Hence, one interesting question is whether by reducing
the ionic containing film thickness d a much faster device
response can be achieved if τdiff is proportional to d2.
This paper investigates two ionic systems, a pure IL and an

ionomer membrane containing ionic liquid (IL), focusing on
the influence of the electrode separation d on the later stage
(time > τDL) ion transport and storage processes. Ionic liquids
(ILs), which are a class of salt in liquid form that contain both
ions and neutral molecules, are used here as electrolytes
because of many interesting properties that make them very
attractive for ionic electroactive polymer (EAP) devices.16−18

For example, the vapor pressure of ionic liquids is negligibly
low, and as a result they will not evaporate out of the EAP
devices when operated in ambient conditions. It has been
demonstrated that compared with water the use of ILs as
solvent for EAP actuators can dramatically increase the lifetime
of the transducer.19−21 Their high mobility leads to the
potentially fast response of EAP devices while the wide
electrochemical window (∼4 V) allows it for higher applied
voltages.1−3,16−18 Two ILs, [C4mim][PF6] and [C2mim] [TfO],
were examined as electrolytes, where 1-butyl-3-methylimidazolium
([C4mim]

+) and 1-ethyl-3-methylimidazolium ([C2mim]
+) served

as the cations and hexafluorophosphate ([PF6]
−) and trifluor-

omethanesulfonate ([TfO]−) served as the anions. Both cations
and anions are present in ionic liquids. Because of high
concentration of these ions in ILs compared with that of the
side-chain SO3

−, it is these cations and anions in ILs contribute to
the ion transport here.14 Moreover, the interaction among these
cations and anions would cause the mobile charges to form
clusters which consist of cation and anion binding together
dynamically as described in recent publications.10,22,23 For the
study here it is assumed n+ = n− and μ+ = μ− (the subscripts + and
− indicate positive and negative charges).

The experimental results reveal that over a broad thickness
range and voltage range (<4 V) the initial charge dynamics can
be well described by the RC circuit model (Figure 1b) where
the resistance R is determined by the bulk conductivity of the
ionic conductors and CD is determined by the Debye length,
which does not change with the membrane thickness d. On the
other hand, the later stage charge responses display both
voltage dependence and thickness d dependence. By analyzing
the data with a reduced time constant t/τdiff (τdiff = d2/(4D)), it
was found that the later stage charging process becomes
progressively faster with increased voltage. That is, for voltage
∼0.1 V, the charging process seems to follow d2 dependence.
However, for higher voltages (>0.5 V), the later stage charging
time becomes much shorter than τdiff (= d2/(4D)), suggesting
that the ion diffusion distance is shorter than d/2 for thick
films.

II. EXPERIMENTAL SECTION
The charge dynamics of a pure IL, 1-butyl-3-methylimidazolium
hexafluorophosphate ([C4mim][PF6]), at different thicknesses sand-
wiched between the electrodes was studied. Pure ILs provide an
attractive ionic system in which to study charge dynamics with
different electrode gap thicknesses as many electrolytes are
investigated in supercapacitors.24,25 [C4mim][PF6] is chosen for the
pure IL study due to its relatively low conductivity and proper viscosity
(1.4 × 10−3 S/cm and 450 cP at room temperature), which makes
sample preparation and electrical characterization easier. A very high
conductivity will cause high currents and very short τDL in thin MIM
cells which can be beyond the measurement range of the experiment’s
setup. It was also found that it was necessary to carry out the
experiment at −20 °C to further lower the conductivity to (∼3 × 10−5

S/cm) so that τDL for thin MIM cells is larger than the time resolution
(∼1 μs) of the experiment’s setup.

The ionomer of Aquivion with 40 wt % uptake of 1-ethyl-3-
methylimidazolium trifluoromethanesulfonat ([C2mim][TfO]) is
chosen for the ionomer system to investigate the influence of the
ionomer matrix and more specifically the membrane thickness d on the
charge dynamic of the IL electrolyte. This MIM material system has
also been investigated for the ionic electroactive polymer actuators.
Aquivion (Hyflon) is chosen for the ionomer membrane since it is
known in the literature as a short side chain ionomer that may be more
desirable than the normally used Nafion (indicated as a long side chain
ionomer) for ionic EAP actuators.14,20,21,26−29 These perfluorosulfo-
nate ionomers consist of a polytetrafluoroethylene (PTFE) backbone
and ether-linked tetrafluoroethylene side chains terminating in a
sulfonic acid group as illustrated in Figure 2. [C2mim][TfO] is chosen

because of its high conductivity (8.6 × 10−3 S/cm) which ensures that
the membrane with ILs has a high enough conductivity to be
characterized, low viscosity (45 cP at 298 K), and a large
electrochemical window (4.1 V). [C2mim][TfO] is one of the
commonly used ionic liquids in ionic EAP actuators.14,19,21,26,30,31 Our
earlier studies have shown that 40 wt % [C2mim][TfO] uptake is
above the critical IL uptake where the ionomer/IL membrane exhibits
much higher conductivity (∼9 × 10−6 S/cm) than that of the pure

Figure 2. Molecular structure of short side chain Aquivion ionomer
(EW830).
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ionomer.14,32,33 It should also be noted that the Aquivion membrane
without ILs exhibits very low ionic conductivity which makes it
unsuitable for studying the charge dynamics here.
Aquivion (EW830) solution, 1-butyl-3-methylimidazolium hexa-

fluorophosphate ([C4mim][PF6]) and 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate ([C2mim][TfO]), were purchased from
Solvay Solexis and Aldrich, respectively. Both ionic liquids were dried
in a vacuum at 80 °C to remove moisture before processing and char-
acterization. Pure ionic liquid was sandwiched between two Si/Ti/Au
electrodes with a 1 mm2 electrode surface area to form metal−ionic
conductor−metal sample systems. 3 μm Mylar and 20, 60 μm thick
Kapton films are employed as the spacers for different thicknesses of
the ionic conductors. The distance between electrodes was calibrated
by measuring the capacitance C = ε0S/d, where S is the surface area of
electrode and vacuum permittivity ε0 = 8.854 × 10−12 F m−1. The
measured thickness of the gap is 4, 23, and 64 μm for the MIM
systems with these spacers. To infiltrate the ionic liquid into the gap
between the two electrodes, [C4mim][PF6] was dropped on the gap
and heated at 90 °C in a vacuum overnight. The capillary force drives
the [C4mim][PF6] from one end to the other to fill the whole gap
between the electrodes.
Aquivion solution blended with 40 wt % uptake of [C2mim][TfO]

was prepared and then diluted by N-methyl-2-pyrrolidone (NMP)
solvent with a ratio of 1:3 for thicker films (11 and 20 μm thick) and
1:8 for thinner films (0.8 and 1.9 μm thick). Films were solution-
casted on metalized Si substrates. In this study, Si/Ti/Au substrate is
prepared by e-beam evaporator with an electrode area of 1 mm2. Film
thickness is controlled by the amount of mixture cast on the substrate.
After drying at 96 °C for 10 h, the film is annealed at 150 °C for 2 h
following. To form a metal−ionic conductor−metal (MIM) sample
system, a 30 nm thick gold film is deposited as the top electrode.
The electrical measurement was carried out in a sealed metal box

with desiccant inside to prevent the absorption of moisture. The box
was equipped with a thermocouple to monitor the temperature during
the measurement. The impedance spectroscopy was measured by a
potentiostat Princeton 2237. The dc conductivity was calculated from
the impedance data by σ = d/RS, where R is determined from the
Nyquist plot (see Figure 3a).14,26 To obtain the dielectric constant of
the membranes, the samples were cooled in an environment chamber
(Versa Tenn III) to reduce the conductivity of the MIM system so that
the dielectric constant can be measured within the frequency window
of the setup (which is below 1 MHz) before the screening of the
applied field occurs, at frequencies ≫1/τDL. In contrast to the
conductivity which decreases with temperature the dielectric constant
of the ionomers is only very weakly temperature dependent, and
the value thus acquired can be used for room temperature.34−36

The transient current vs time was acquired by a potentiostat
(Princeton 2237) whose output was connected to a high sampling
rate oscilloscope (<1 μs) in order to capture the charge response
during the fast charging process. The accumulation of blocked charges
on membrane electrodes and the charge imbalance in the membrane
may affect the electrical measurement. Therefore, several cycles of
cyclic voltammetry (CV) scan with a low voltage (<1 V) and high scan
rate were performed to help clean the electrode surface. The samples
were shorted for at least 30 min to ensure that the charges
redistributed to the equilibrium state as possible.37

By fitting the experimental transient current I(t) under a step
voltage with eq 1, as illustrated in Figure 3b, and using the ε of the
ionomer membrane (with ILs) or pure IL acquired from the
impedance measurement, σ, μ, and n can be obtained by eqs 3a−3c,
respectively.6,7,38 All the time domain data presented in the figures of
the paper are acquired directly experimently using the fast oscilloscope
interfaced with the potentiostat.

σ =
I d
VS
0

(3a)

μ =
εε

τ
qVS d

kT I4
0

DL
2

0 (3b)

=
τ

εε
n

kTI

q V S

4 0
2

DL
2

0
2 2 2

(3c)

Besides the time domain study, impedance spectroscope (frequency
domain study) is also employed to study the capacitance and
resistance changes with thickness d.

III. RESULTS AND DISCUSSION

3.1. Charge Dynamics of Pure Ionic Liquid of
[C4mim][PF6] at Different Thicknesses between Electro-
des. ILs provide a convenient system to study the thickness
dependence of charge dynamics of MIM systems. For a MIM
system with pure IL of [C4mim][PF6], the thinnest d for which
we can fabricate the MIM cell is 4 μm. By fitting the transient
current data for various gap thickness samples as illustrated in
Figure 3, σ, μ, τDL, and λD are deduced for charging data under
voltages <1 V (see Table 1). The charge response under a step

voltage of 0.1 V for various gap thicknesses d is presented in
Figure 4. For [C4mim][PF6], there is no obvious change of σ
and μ with thickness and within the experimental error the data
obtained from 4 μm thick IL is the same as that from 64 μm
thick IL. The charge response time τDL (which was obtained by

Figure 3. (a) Nyquist plot used to determine the membrane resistance
R and (b) the current density (dots) and fitting (solid curve) to eq 1 of
the 20 μm thick Aquivion membrane with 40 wt % uptake of
[C2mim][TfO] under 0.1 V step voltage.

Table 1. Summary of σ, μ, λD, τDL, and τdiff for Pure
[C4mim][PF6] Ionic Liquid Films with Different
Thicknesses (d) under 0.1 V Step Voltage at −20 °C

electrodes distance (d) 64 μm 23 μm 4 μm

conductivity σ (S/cm) 3.01 × 10−5 3.15 × 10−5 3.34 × 10−5

mobility μ (cm2 V−1 s−1) 2.31 × 10−5 2.52 × 10−5 2.48 × 10−5

Debye length λD (nm) 1.28 1.32 0.825
double layer τDL (s) 8.09 × 10−4 2.73 × 10−4 7.05 × 10−5

diffusion τdiff (s) 20.22 2.41 0.17
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fitting the transient current with eq 1) for films of 4, 23, and
64 μm thick is also indicated in the figure and are presented in
Figure 4 as τ1 (7.05 × 10−5 s), τ2 (2.73 × 10−4 s), and, τ3 (8.09 ×
10−4 s), respectively. These data indicate that the charge dynamics
at a short time scale are controlled by the charging of the
electrical double layer. Figure 4b presents the capacitance (charge
density/voltage) under the stepped voltage vs time. The data
reveals that the double layer capacitances (at t = τDL) do not
change with voltage. However, the capacitance corresponding to
the later stage charging process increases with voltage, which is
consistent with earlier studies.14,20

The impedance data (frequency domain data) for this MIM
system are presented in Figure 5. In Figure 5a, the capacitance
C of the complex impedance Z = C exp(jδ), where δ is the
phase angle is presented which shows that capacitance at f i =
1/τDL does not change with the gap thickness d between the
electrodes, which is consistent with the data observed from the
time domain responses in Figure 4. Here the frequency f1 =
1/τ1, f 2 = 1/τ2, and f 3 = 1/τ3. The result is also consistent with
the commonly used electrode polarization model where the
electrode polarization time constant is τEP = 1/f i.

11 Table 1 lists
σ, μ, λD, τDL, and τdiff (= d2/4D) deduced for films with different
thickness d. The Einstein equation, which is valid for dilute
ionic systems, is used as an estimation to deduce D and hence
τdiff. Because of high ion concentration and hence strong
interaction, the D values deduced here might be higher than
that measured directly from NMR.10,17 Nevertheless, the results
show that τdiff is much larger than τDL and electrical response of
the electroactive devices is mainly controlled by this later stage
ion diffusion process.

As revealed in Figure 4, the charge responses at longer times
beyond τDL (between 10−1 and 10 s, for example) under 2 V do
not show significant changes with thickness that is different
from that at 0.1 V. To further illustrate this difference, Figure 6

presents the charge response data versus the reduced time t/d2.
The charging time obtained under 0.1 V seems to follow
approximately d2 thickness dependence at reduced time interval
between 10−5 and 10−2 s/μm2, showing approximately the same
charging responses. For higher voltages (>0.5 V), the deviation
of the charging time from the d2 dependence becomes
progressively stronger. In fact, for data under 2 V or higher
applied voltage, the later stage charging process seems not to

Figure 4. (a) Charge density as a function of time for the ionic liquid
[C4mim][PF6] under 0.1 and 2 V at the membrane thickness of d = 4,
23, and 64 μm. The data error is indicated by the size of the symbols at
each data curve. τ1, τ2, and τ3 are τDL for 4, 23, and 64 μm thick ionic
systems. As indicated by eq 1, the charge density at t = τDL does not
change with thickness d. (b) Charge density/voltage as a function of
time for the data in (a) to show nonlinear capacitance response in
these ionic systems. The error bar is indicated by the size of the
symbols in the figure (the error bar is the same as the symbol size).

Figure 5. Capacitance as a function of frequency for ionic liquid
[C4mim][PF6] at the electrodes distance of d = 4, 23, and 64 μm
under 0.1 V step voltage. The capacitance C at the characteristic
frequency f i = 1/τDL for electrodes distance of 4, 23, and 64 μm thick
is also indicated in the figure, as f1 (1.4 × 104 Hz for 4 μm), f 2 (3.66 ×
103 Hz for 23 μm), and f 3 (1.23 × 103 Hz for 64 μm), respectively.
The data show that the C at f i does not change with electrodes
distance d. The error bar is indicated by the size of the symbols in the
figure.

Figure 6. Charge density as a function of t/d2 for the ionic liquid
[C4mim][PF6] under (a) 0.1, (b) 1, (c) 2, (d) 3, and (e) 4 V step
voltages at the film thicknesses d = 4, 23, and 64 μm. The error bar is
indicated by the size of the symbols in the figure. The unit for the
reduced time axis (x-axis, t/d2) is s/μm2.
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show much change with thickness (see Figure 4). As shown in
Figure 6, the charging response of 64 and 23 μm films show a
much higher charge density than that of the 4 μm sample at the
reduced time interval between 10−5 and 10−2 s/μm2, implying
that at high voltages the charge diffusion distance for the MIM
systems studied here is mainly from the regions near the
electrodes (<d/2) rather than from the bulk of the films.
3.2. Charge Dynamics of Aquivion Membranes with

40 wt % [C2mim][TfO] Uptake at Different Membrane
Thicknesses. The current responses of Aquivion with 40 wt %
[C2mim][TfO] uptake under various step voltages (from 0.1 to
4 V) were characterized for membranes of 0.8, 1.9, 11, and
20 μm thick to investigate the influence of the membrane
thickness d on the charge dynamics of this MIM system. Figure 7

presents the charge density with time acquired under a 0.1 V step
voltage for membranes of different thicknesses. Fitting of the
transient current data (as illustrated in Figure 3) yields σ, μ, λD,
and τDL for this MIM system (summarized in Table 2 for data
acquired under 0.1 V). The charge response time τDL (see eq 1)
for films of 1.9, 11, and 20 μm thick is also indicated in the Figure
7 and is labeled as τ1 (2.49 × 10−4 s for 1.9 μm), τ2 (7.25 × 10−4 s
for 11 μm), and τ3 (1.29 × 10−3 s for 20 μm), respectively. The
data show that the charge dynamic at a short time scale is
controlled by the charging of the electrical double layer, and CD
does not change with film thickness and voltage studied here.
The data for the 0.8 μm thick membranes displays a very

different behavior where the current becomes much larger than
that in other films. It is likely that there is a significant
conduction current (where the current cannot be blocked by

the electrodes) in such a thin film, which superimposes on the
regular diffusion and drifting currents. As illustrated in Figure
1a, due to the electric double layer, most voltage drop occurs
within the Debye length near the electrodes, which is about
1 nm for the MIM systems studied here. Hence, the field level
in the interface region can reach ∼1 GV/m, which could induce
strong charge injection from the electrodes. For thick
membranes, the bulk resistance limits the current flow, resulting
in low conduction current (the current flow is bulk limited).
For thin membranes, this bulk resistance becomes small (the
currents due to diffusion and drifting in the bulk region also
become large), and consequently the current flow is interface
limited, causing high conduction current as observed. The high
conduction current in 0.8 μm thick membranes makes it
difficult to perform quantitative data analysis and to deduce
μ, τDL, λD, etc.
The impedance data (Z = C exp(jδ)), measured under 0.1 V,

for the membranes with various thicknesses as a function of
frequency are shown in Figure 8. As can be seen, the
capacitance C at the frequencies below that for the charging
of the Debye layer ( f i = 1/τDL) are nearly the same for
membranes of 1.9, 11, and 20 μm, which is consistent with the
transient current data in Figure 7. At low frequencies (<f i), CD
dominates the capacitance C, while at higher frequencies (>f i),
the contribution from Rbulk (see Figure 1b) to C becomes
dominating, causing observed change of C with film thickness
d since Rbulk is directly proportional to d. For membranes of
0.8 μm thick, the high conduction current causes a very large
apparent capacitance which increases with reduced frequency
and is typical for the capacitance due to the space charge effect.
Figure 8b presents the data in Figure 8a in terms of the
dielectric permittivity ε* = ε′ − jε″.
We now examine the current and charge responses at a

longer time beyond τDL which is the time domain for most
practical ionic electroactive devices to display large re-
sponses.14,19,20,30,31 As revealed in Figure 7, in contrast to the
strong thickness dependence observed for τDL, the later stage
charge responses do not seem to exhibit significant change with
the membrane thickness when the membrane thickness d is
reduced from 20 to 1.9 μm (except for the membranes of
0.8 μm thick). In Table 2, τdiff = d2/(4D) is also listed which is
0.15 s for 1.9 μm thick film and increases to 15.6 s for 20 μm
thick film. In order to display data more clearly and compare
them with τdiff directly, the charge density of these films is
plotted against t/d2 as presented in Figure 9. The data show
that under 0.1 V the later stage charging process seems not to
deviate significantly from the d2 dependence at the reduced
time interval between 10−4 and 10−1 t/d2, which is similar to
that observed in the pure IL MIM system as presented in the
preceding section. However, for higher voltages, the data
deviate from the d2 dependence markedly. At applied voltage
>1 V, the data show that the charging time for films of 11 and

Figure 7. (a) Charge density as a function of time for the Aquivion
film with 40 wt % uptake of [C2mim][TfO] under 0.1 and 2 V at the
membrane thickness of d = 0.8, 1.9, 11, and 20 μm. The abnormal high
charge response of 0.8 μm sample may be a result of the high
conduction current due to the reduction of the bulk thickness. τ1, τ2,
and τ3 are τDL for membranes of 1.9, 11, and 20 μm. As indicated by
eq 1, the charge density at t = τDL does not change with thickness d.
(b) Charge density/voltage as a function of time for the data in (a) to
show nonlinear capacitance in these ionic systems. The error bar is
indicated by the size of the symbols in the figure.

Table 2. Summary of σ, μ, λD, τDL, and τdiff for the Aquivion
Membranes with 40 wt % [C2mim][TfO] with Different
Thicknesses (d) under 0.1 V Step Voltage at 25 °C

membrane thickness (d) 20 μm 11 μm 1.9 μm

conductivity σ (S/cm) 9.1 × 10−6 9.0 × 10−6 8.6 × 10−6

mobility μ (cm2 V−1 s−1) 2.45 × 10−6 2.37 × 10−6 2.23 × 10−6

Debye length λD (nm) 0.82 0.81 0.79
double layer τDL (s) 1.29 × 10−3 7.25 × 10−4 2.49 × 10−4

diffusion τdiff (s) 15.60 4.86 0.15
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20 μm becomes much shorter than the d2 dependence
compared with films with a 1.9 μm thick membrane.

IV. CONCLUSION
We investigated the influence of the gap thickness d between the
electrodes on the charge dynamics of a pure IL, [C4mim][PF6],
when d is varied from 4 to 63 μm. The experimental results
indicate that for all the thicknesses studied the charge dynamics at
the initial time follow the charging of interfacial capacitors CD in
series with a bulk resistor. For the charge dynamics at times≫ τDL,
the charge dynamics display both applied voltage and thickness d
dependence. That is, for the data obtained under 0.1 V, the later
stage charging process that is dominated by ion diffusion process
seems not to deviate markedly from the d2 dependence. For
voltages >0.5 V, this later stage charging response does not show
d2 thickness dependence as the gap between the electrodes varies
from 4 to 63 μm. Instead, the films with large d can be charged
much faster than that predicted from τdiff = d2/(4D) compared
with 4 μm thick films.
The influence of the ionic liquid containing film thickness on

the ionic charge dynamics of the Aquivion/[C2mim][TfO]
with Au electrodes was also investigated. The results of initial
charge response (at a short time) are very similar to that
observed in the pure IL films. For charging responses at times
≫ τDL which are the time domains where most electrical and
electromechanical actions occur for ionic electroactive devices,
experimental data reveal that charge dynamics depend on the
applied voltage and film thicknesses, very similar to that
observed in the pure IL films. These results also indicate that
the IL containing ionomer membranes and pure IL films exhibit
similar charge dynamics, when considering the influence of the
voltage and film thickness dependence on ion transport and
storage in these MIM systems.
The observed nonlinear charge dynamics with an applied

voltage is likely caused by the very high electric fields near the
blocking electrode regions. The electric field generated by an
ion in a medium with dielectric constant of 10 is ∼100 MV/m
when 1 nm away from the ion. In contrast, for an electric double
layer of 1 nm thick, 1 V applied will generate an electric field
∼1 GV/m, which is much higher than the field generated from ions
and will generate nonlinear effect (for example, capacitance changes
with applied voltage) as observed in the paper.
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Figure 8. (a) Capacitance and (b) dielectric permittivity (ε′,
dashed line; ε″, solid line) as a function of frequency for the
Aquivion film with 40 wt % uptake of [C2mim][TfO] under 0.1 V
ac voltage. The capacitance C at the characteristic frequency f i =
1/τDL for films of 1.9, 11, and 20 μm thick is labeled at f1 (4.03 ×
103 Hz), f 2 (1.37 × 103 Hz), and f 3 (7.75 × 102 Hz), respectively.
The data reveal that the C at f i does not change with film thickness
d for 1.9, 11, and 20 μm thick films. The observed abnormal high
capacitance response of the 0.8 μm sample may be attributed to its
high conduction current. The error bar is indicated by the size of
the symbols in the figure.

Figure 9. Charge density as a function of t/d2 for the Aquivion film
with 40 wt % uptake of [C2mim][TfO] under (a) 0.1, (b) 1, (c) 2, (d)
3, and (e) 4 V at the membrane thickness of d = 1.9, 11, and 20 μm.
The error bar is indicated by the size of the symbols in the figure.
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ABSTRACT: Polypropylene (PP) irradiated with electrons or electro-
magnetic waves (gamma-rays) undergoes chain scission, and the
macroradicals generated form branched molecules as shown by size-
exclusion chromatography coupled with laser scattering. Information on
the irradiation modification of the molecular structure of PP is still
limited in the literature, especially with respect to the controlled
generation of long-chain branches (LCB). This paper examines the
branching structure of an electron-beam- and gamma-irradiated
polypropylene. In general, appropriate irradiation conditions lead to the formation of LCB, which were analyzed in detail by
rheological means. At smaller doses, the zero shear-rate viscosities η0 of the electron-beam-irradiated PP lie above the values for
the unmodified PP with the same Mw but are distinctly lower than the linear reference at higher doses. This result can be
interpreted by the change from a starlike to a treelike branching topography. The gamma-irradiation leads to η0 values smaller
than those of the linear reference, giving rise to the assumption of the generation of treelike molecules. The measurements of the
elongational viscosities support this molecular picture. An explanation of these findings is given along the line that the electron
irradiation conducted at dose rates higher than the gamma-irradiation creates a larger concentration of short-living radicals, which
will partially annihilate each other, but favor the growth of some long branches, which get branched themselves at higher doses.
The structure of the gamma-irradiated samples is postulated to consist of a blend of linear and treelike molecules.

■ INTRODUCTION
The high interest in modifications of the molecular structure of
thermoplastic materials with long-chain branching is due to its
strong influence on processing as well as on some end-
useproperties. Long-chain branched polypropylenes, for exam-
ple, can be generated by electron-beam irradiation.1,2 In the
literature, the influence of different doses on the molecular
structure3−6 and rheological properties of a commercial
polypropylene6 has been investigated in detail. Classical size-
exclusion chromatography coupled with multiangle laser light
scattering (SEC-MALLS) indicated that the molecular weight
decreased with increasing irradiation dose and the number of
long-chain branches (LCB) got larger, whereas the polydisper-
sity remained nearly unchanged.3,6−9 Measurements of the zero
shear-rate viscosity η0 as a function of the absolute weight-
average molecular weight Mw and the determination of the
elongational viscosity as a function of time at various elongation
rates demonstrated that these rheological quantities are much
more sensitive to the generation of LCB than the classical
characterization methods.6 Moreover, some conclusions with
respect to the architecture of the long-chain branches could be
drawn from the rheological experiments.6

According to the literature,8,9 for gamma-irradiation poly-
propylene undergoes also simultaneous chain scission and
growth comparable to electron-beam irradiation, especially in
the presence of oxygen. The crystalline morphology, irradiation

conditions, and the comonomer content are the main factors
influencing the result of the irradiation.7,10 A higher dose rate,
i.e., the irradiation energy applied per time, leads to a stronger
effect on the viscosity, which can be explained by an effect
molecular weight and the LCB structure, as well.11

These results pose the question of how different kinds of
irradiation, such as electrons or gamma-rays, affect the
molecular structure of polypropylenes. In addition to
fundamental concerns, the findings of such investigations may
offer some insights into the molecular modification of
polypropylenes with respect to their applications. As well as
the effects on rheology, the end-use properties are also affected,
which is due to the influence of irradiation on the crystallization
kinetics.12

Therefore, the aim of this paper is to compare the change of
the molecular structure and its reflection with respect to
rheological properties by irradiating the same basic poly-
propylene with various doses of gamma-rays or electrons,
respectively. The results of the electron-beam-irradiated
samples were already published in Auhl et al.6 and are used
in this paper for comparison with the gamma-irradiated
specimens.
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■ MATERIALS AND METHODS
Sample Preparation. The commercial product Novolen PPH

2150 from Lyondell-Basell was used in this study. It is an isotactic
polypropylene homopolymer (iPP) with a density at room temper-
ature of 0.90 g/cm3.
The granules were electron-beam-irradiated under a nitrogen

atmosphere at atmospheric pressure and ambient temperature in a
special vessel with 1.5 MeV electrons and with different total doses d
up to 300 kGy using an accelerator of the type ELV-2 (Budker
Institute of Nuclear Physics, Russia).6,13,14 The doses higher than 10
kGy were usually applied in n of steps on 10 kGy (c.f. Tab. 1) in order
to minimize the temperature increase resulting from the irradiation
and to avoid variations in the molecular structure by a heating effect.15

For the sample PP100b, a dose of 100 kGy was applied in 100 steps of
1 kGy in order to assess the effect of irradiation dose rate.
After the irradiation process, the samples were first annealed for 30

min at 80 °C to allow for a sufficient migration of chain fragments to
free radicals in order to form chain branches and, finally, for 60 min at
130 °C to deactivate the residual radicals. Both annealing steps were
also carried out directly in the vessel under a nitrogen atmosphere.
The samples are listed in Table 1, the numbers denominate the
irradiation doses in kGy. The results of the electron-beam-irradiated
samples have been partially published before elsewhere6 and are used
as a reference in this article.
For gamma-irradiation, the virgin material was irradiated with a

60Co gamma-ray source under a nitrogen atmosphere at doses between
about 2 and 150 kGy. Pellets were filled into 500 mL glass tubes on a
turntable in a panorama unit with 12 sample tubes, orientated at angles
of 30° each. After the irradiation, the material was annealed at 80 °C
for 1 h and then for 2 h at 130 °C. The applied dose rate was
measured by chlorobenzene vessels and determined to be 1.26 kGy/h,
which was 1 order of magnitude below the electron-beam irradiation
rate of around 100 kGy/h. The samples are listed in Table 2, and the
total irradiation doses applied are indicated by their numbers.
After irradiation the surface of the polypropylene pellets was

powdered with a mixture of two sterically hindered phenolic
antioxidants (0.2% Irganox 1010 and 0.2% Irganox 245) and one
organophosphite stabilizer (0.2% Irgafos 38). These heat stabilizers
were applied in order to prevent the samples from thermo-oxidative
degradation during sample preparation and rheological measurements.

Molecular Characterization. The molecular characterization was
performed according to the procedure already described in Auhl et al.6

For the matter of completeness it is sketched once more in the
following. Briefly, the molecular data were measured by high-
temperature SEC (Waters GPC 150) coupled with a MALLS device
from DAWN EOS, Wyatt Technology, and a refractive index (RI)
combined with an infrared (IR) detector. Further experimental details
have been published elsewhere.6,16 By coupling SEC with MALLS, the
absolute molecular weight MLS and the mean-square radius of gyration
⟨r2⟩1/2 of every fraction can be determined directly. The ratio of the
mean-square radius of gyration of a branched polymer ⟨r2⟩br to that of
a linear polymer ⟨r2⟩lin is the so-called Zimm−Stockmayer branching
parameter g.17

=
⟨ ⟩
⟨ ⟩

g
r

r

2
br

2
lin (1)

For a trifunctional randomly branched polymer of approximately equal
lengths of the branches, g can be related to the number of branching
points m along the molecule by17
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The Zimm−Stockmayer theory has not yet been verified exper-
imentally for multifunctional randomly branched polymers, and it is
debatable whether the branching structures of the irradiated
polypropylene discussed in this paper fulfill the assumptions of the
theory. Nevertheless, it allows some kind of numerical description of
the branching architecture and comparison between the different
samples. From the number of branching points m, the number of LCB
per 1000 monomer units λLCB can be determined for each fraction as

λ̅ = · ·m
M

M1000LCB M (3)

with MM being the molecular weight of the monomer unit and M the
molecular weight of the branched polymer. The number of LCB per
molecule also allows for calculating the segmental molecular weight M̅S
under the assumption that the branching is uniform for each fraction,
i.e., that two or more differently branched species are not present and
that they are statistically distributed. M̅S can be determined from the

Table 1. Molecular Data of the Electron-Beam-Irradiated Samplesa

d [kGy] n [kGy] Mw [kg/mol] Mz [kg/mol] Mw/Mn λL̅CB [LCB/1000 monomer] M̅S [kg/mol] M̅S/Me

PP 0 0 669 1654 4.2 n.d.
PP1 1 1 × 1 604 1445 3.8 n.d.
PP2 2 1 × 2 565 1369 3.6 n.d.
PP5 5 1 × 5 473 1135 3.8 0.05 354 59
PP10 10 1 × 10 444 1145 3.6 0.07 232 38.7
PP20 20 2 × 10 384 916 3.5 0.12 158 26.3
PP60 60 6 × 10 285 874 3.4 0.30 71 11.8
PP100 100 10 × 10 279 921 3.4 0.58 39 65
PP150 150 15 × 10 268 1240 3.5 0.82 22 3.7
PP300* 300 30 × 10 339 1808 3.8
PP100b 100 100 × 1 189 3.9 n.a. n.a. n.a.

an: number and doses of irradiation steps, n.d.: not detectable; ∗: partially cross-linked; n.a.: data not available.

Table 2. Molecular Data of the Gamma-Irradiated Samples

d [kGy] Mw [kg/mol] Mz [kg/mol] Mw/Mn λL̅CB [LCB/1000 monomer] M̅S [kg/mol]

PP 0 669 1654 4.2
PP2γ 2.2 575 1219 4.1 0.04 357
PP20γ 21 352 1064 3.5 0.34 62
PP60γ 63 263 1014 3.1 0.75 29
PP100γ 108 272 1067 4.1 1.03 21
PP150γ 155 411 4804 6.1 1.45 15
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number of LCB per chain. As each molecule containing m branching
points has 2m + 1 segments, M̅S followsas

̅ =
+

M M
M

m
( )

2 1S (4)

Because of the mathematical nature of the determination of M̅S, it is
not possible to calculate a molecular weight independent value of this
quantity. Instead, a slight decrease with increasing molecular weight is
found, which is stronger at low long-chain branching levels. Therefore,
the average values M̅S are used in this paper, which were determined
for the high molecular weight range available from light scattering and
correspond to the values of M̅S at a molecular weight of about the z-
average molecular weight Mz. However, there are more LCB in a
statistically branched sample at higher molecular weights; it is sensible
to analyze these highest molecular weights, for which the characteristic
quantity is Mz.
Rheological Characterization. The elongational experiments

were carried out with a uniaxial extensional rheometer as has been
described in detail elsewhere.6 Stressing experiments at 180 °C were
conducted at different constant elongational rates ε̇0. The rheological
measurements in shear were performed at 180 °C under a nitrogen
atmosphere using a rotational rheometer.
The zero-shear viscosity η0 was determined from creep experiments

conducted with a constant stress rheometer (Gemini, Malvern
Instruments). The applied constant shear stresses τ0 were in the
order of 10 Pa, i.e., in the linear range of deformation. In the steady
state of deformation, the creep compliance J(t) and η0 are related as
follows:

= η
→∞

τ →

t
J t

lim
( )t

0
0

0 (5)

i.e., η0 can be determined in the linear range at sufficiently long creep
times, when the spontaneous compliance and the viscoelastic part of
deformation become very small compared to t/η0.

18

The thermal stability of the samples was tested by measuring the
time dependence of the storage modulus G′(t) at low angular
frequencies. The time at which the storage modulus had changed by
5% was used as the criterion for the thermal stability. This time was
sufficient for the different experiments performed.

■ RESULTS AND DISCUSSION
Molecular Characterization. Figure 1 shows the molar

mass distributions of the electron-beam- and gamma-irradiated
PP samples, which were modified with the identical doses of 20,
100, and 150 kGy in comparison with the neat PP.

Mw and the polydispersity indexMw/Mn are listed in Tables 1
and 2. Mw changes as a function of the dose for both methods
of irradiation in a similar way.Mw/Mn decreases at already small
doses for both irradiation methods but remains nearly constant
at medium doses. The gamma-irradiation distinctly increases
Mw/Mn at 100 and 150 kGy due to the pronounced high
molecular weight tails (cf. Figure 1).
Figure 2 presents the radius of gyration ⟨r2⟩0.5 as a function of

molecular weight MLS in a double-logarithmic plot. The linear

PP exhibits a linear relation with a slope of 0.58, which is in
good agreement with the literature. The deviations of the
irradiated samples from this line indicate a coil contraction that
is related to long-chain branching. The deviation increases with
growing irradiation dose and molecular weight. At the lowest
dose of 2 kGy, the measured data lie within the scatter of the
linear PP.
The dependences of the radius of gyration on the molecular

weight for the electron-beam- and gamma-irradiated products
of PP indicates a significant coil contraction for molecular
weights larger than 5 × 105 g/mol. This result implies the
preferential presence of LCB for larger molecules (Figure 2).
On the basis of the coil contraction, the concentration of

long-chain branches per 1000 monomer units λLCB was
determined according to eq 3. As these data showed a relatively
large scatter, the average values, λL̅CB, are discussed. They are

Figure 1. Differential molar mass distributions dW/d log M for the PP
precursor and the irradiated samples.

Figure 2. Mean radius of gyration ⟨r2⟩1/2 as a function of molar mass
MLS for the linear precursor and the irradiated samples: (a) electron-
irradiated PP; (b) gamma-irradiated PPγ.
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represented in Table 1 and 2. The gamma-irradiated PP has a
branching level λL̅CB that is significantly higher (about twice as
high) than that of the electron-irradiated PP, if compared at the
same doses. In Figure 3, the data are plotted for a direct

comparison. The clearly apparent differences reveal a stronger
dose dependency of λL̅CB in the case of gamma-irradiation. An
increase of λL̅CB with an exponent of about 0.8 is found for the
electron-beam as well as for the gamma-irradiated series.
Rheological Properties. Linear-Viscoelastic Properties

in Shear. Rheological functions are not only an indicator of the
flow properties of a polymer melt; they can also be used as a
very sensitive means of assessing the molecular structure of
polymers, especially with respect to long-chain branching.19−21

Because of the high sensitivity of the linear-viscoelastic
properties on the molecular structure, these quantities are
preferably taken into consideration. Several correlations
between molecular and rheological quantities can be applied
for a molecular analysis.22−31

Molecular Weight Dependence of the Zero Shear-Rate
Viscosity. One of the important correlations for analyzing the
branching structure is the relation between the zero shear-rate
viscosity η0 and the weight-average molecular weight
Mw.

16,22,32−34 For linear15,16,22,27,33,35,36 and to some degree
also for short-chain branched polymers,18,37,38 the following
correlation holds:

η = KM a
0 w (6)

For polymers with Mw below a critical molecular weight Mc

which is about 2−3 times the entanglement molecular weight
Me ≈ 6 kg/mol for isotactic PP,38,39 the exponent a is found to
be around 1, whereas above Mc it is about 3.4−3.6.

40 Auhl et
al.6 found a = 3.54 and log K = −15.4 at 180 °C for isotactic
PP, which is in good agreement with other findings in the
literature.18,37 As the initial PP is one of these linear polymers,
this relationship is used in this paper as a reference. Unlike
most other structure−rheology correlations, eq 6 is found to be
independent of the molecular weight distribution within the
experimental accuracy.16,27,41−45

For star-shaped polymers with only one branching point per
molecule, the following relationship between the arm length Ma

normalized by the entanglement molecular weight M is
proposed:46,47

η ∝ υ
κ⎛
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e
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where ν and κ are parameters in the order of 1. Although it
seems counterintuitive, η0 is hardly influenced by the number of
arms but predominantly by their length. The validity of eq 7 has
been proven for several different polymers (polystyrene,
polybutadiene, hydrogenated polybutadiene, polyisoprene)
over a wide range of molecular weights.48−51 For comblike
polymers different and more complicated relations are found
that depend on several parameters.52

Because the zero shear-rate viscosity as a function of Mw is a
very sensitive quantity to be used to detect even low amounts
of long-chain branching, this relationship is used to analyze the
irradiated polypropylenes. In Figure 4, the zero-shear viscosities

of the irradiated samples are plotted as a function of the weight-
average molecular weights. As expected from the branching
analysis using SEC-MALLS (cf. Figure 3), the electron-beam-
irradiated PP samples does not fulfill the η0−Mw correlation for
linear iPP. The η0 values are higher than the zero-shear viscosity
η0

lin expected for linear iPP of corresponding Mw. For
irradiation doses up to about 10 kGy, the deviation from the
η0−Mw relation of linear polymers increases with increasing
dose. The zero-shear viscosity increase factor η0/η0

lin is clearly
larger than 1 for small irradiation doses, which indicates the
existence of long-chain branches.6,53 For doses of about 60 kGy,
the zero shear-rate viscosity η0 agrees approximately to the
relation for linear samples, while for higher irradiation doses, η0
decreases below the linear relation.
The gamma-irradiated samples exhibited a totally different

behavior (cf. Figure 4). PP2γ comes to lie on the line for the
linear PP, indicating that the influence of the irradiation is
negligible. All the other data points are below the relationship
for the linear PP. The two highest irradiation doses are
particularly surprising. Because of the increasing Mw, but still
decreasing η0 with higher irradiation doses, η0(Mw) bends off.
Such a behavior has not been reported in the literature before.
Since the dose rate was different for the two series, data are
added for another electron-beam-irradiated PP sample with 100
kGy (PP100b), but at a dose rate similar to that of the gamma-

Figure 3. Average degree of long-chain branching λL̅CB and molecular
weight of segments M̅S as a function of dose for the differently
irradiated PP.

Figure 4. Dependence of the zero shear-rate viscosity η0 at 180 °C on
Mw (Mw determined from SEC-MALLS). The numbers at the data
points refer to the irradiation dose in kGy.
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irradiation. A comparison shows that for the two electron-
beam-irradiated PP-100 samples the molecular weight as well as
η0(Mw) are quite similar, which indicates that the dose rate may
not be the decisive factor for the branching structure. This
indicates that the type of irradiation induces chain growth and
simultaneously enhances the branching efficacy.
The different effects of electron-beam and gamma-irradiation

on η0 are once more revealed from the plot of η0/η0
lin as a

function of the irradiation dose d in Figure 5. The viscosity

ratio of the electron-beam-irradiated PP exhibits a maximum of
"η0/η0lin" around 5 at around 10 kGy. However, no maximum of
η0/η0

lin occurred for the gamma-irradiation, but η0/η0
lin(d)

decreases monotonously to ∼0.04 at 150 kGy, compared to
about 0.6 for the electron-beam-irradiated PP. This result gives
further evidence that the type of irradiation distinctly influences
the dose dependency of the zero shear-rate viscosity enhance-
ment factor η0/η0

lin(d). The dependence of this factor on the
architecture of LCB implies that the two irradiation methods
applied lead to different molecular structures. This conclusion
is instructive insofar as the classical molecular analysis, the
results of which are presented in Tables 1 and 2, does only
show slight distinctions between the electron-beam and
gamma-irradiation and gives no hint of any differences of the
branching structure, except for a higher branching density for
the gamma-irradiated series.
From a comparison with results on polyethylenes with a

branching structure known from the polymerization conditions,
more detailed predictions of the structure of the irradiated
polypropylenes can be obtained. For long-chain branched
polyethylenes it was shown that slightly long-chain branched
PE with a starlike structure lie above the line of linear PE,
whereas a position beneath the line indicates a treelike
topography.27,54−56 This anomaly was explained by the
exponential dependence of η0 on the ratio of Ma/Me (cf. eq
7). Taking these findings into account, a treelike topography is
likely for the electron-beam-irradiated samples with doses
above 60 kGy and for the gamma-irradiated specimen already
above 2 kGy.6

Some more detailed conclusions can be drawn from a
comparison with the molecular analysis. The results of Figure 2
clearly showed the virtual absence of any LCB at small
irradiation doses, but according to Figure 4, the η0−Mw relation
for linear PP was not obeyed. This finding further demonstrates
that a small amount of long-chain branching not detectable by

SEC-MALLS can have a profound impact on the rheological
behavior.54 From Tables 1 and 2 it can be concluded that only a
minor fraction of the molecules of the samples irradiated with
20 kGy or less was actually long-chain branched. For PP20 for
example, each chain of M = Mw contains an average of 1.1 LCB.
Hence, the samples with lower irradiation doses can be
regarded as a mixture of linear and starlike chains of higher
molecular weight. The molecules of higher molar mass contain
more than one branching point. A growing irradiation dose
increases the branched species at the cost of the linear ones. At
around 60 kGy, corresponding to a number of 0.3 LCB per
1000 monomers (cf. Table 1), the effect of an increase of η0
was diminished. This number was already reached for the
gamma-irradiation at a dose of 20 kGy, in accordance with the
findings that η0 of this sample clearly comes to lie below the
line of the linear PP.
To investigate the influence of the length of the branches on

the zero shear-rate viscosity η0, the data obtained from different
irradiation doses and methods were compared to results from
the literature. Because the exact molecular structure (position
and distribution of the long-chain branches) is unknown in
statistically branched polymers and cannot be assessed properly
with analytical methods, the distribution is assumed to be
uniform. Hence, the segmental molecular weightassuming
that a molecule with m long-chain branches contains 2m + 1
molecular segments with a molecular weight M̅Sis used for
the analysis. This assumption means that the introduction of
LCB leads to shorter molecular segments if the molecular
weight is constant. Furthermore, it is assumed that the number
and lengths of long-chain branches per molecule is identical for
all chains of the same molecular weight.
The electron-beam irradiation increased η0/η0

lin up to doses
of 20 kGy due to the increase in the number of branched
molecules (cf. Table 1). Despite a further increase in the
concentration of branched molecules with increasing irradiation
dose, η0/η0

lin decreases to less than 1. This finding can be
explained by the assumption that the increase of the LCB
concentration is accompanied by a decrease in the LCB length.
Measurements and molecular models, e.g., on combs52,57,58 or
stars,47,49,59 have shown exactly this effect for model
architectures. For irradiation doses below 20 kGy, on average
less than 1 LCB was present per molecule, which indicated the
presence of a mixture of linear and predominantly star-
branched chains. This conclusion is in agreement with the
findings on various metallocene-synthesized LCB-mPE, which
show the highest η0/η0

lin for mixtures of linear and star-
branched chains.25,31,34,60

All samples with an irradiation dose of 20 kGy or less (except
PP20γ) show m(Mw) below about 1 (see Tables 1 and 2),
which revealed the presence of at least some linear chains in all
of these samples. The maximum in η0/η0

lin(d) for the electron-
beam-irradiated samples can be attributed to the nature of the
following two opposing effects: an increasing concentration of
branched chains and their decreasing arm length. The first
effect increases η0 due to the increase of the fraction of
branched chains, whereas the second effect decreases it (cf. eq.
7).
The kind of irradiation, however, significantly affects η0/η0

lin,
as revealed by the difference between the electron-beam- and
gamma-irradiated PP, as the gamma-irradiation predominantly
leading to η0/η0

lin < 1 (Figure 5). This finding indicated that
the gamma-irradiation generated different branching structures
compared to the electron-beam irradiation.

Figure 5. Zero shear-rate viscosity increase factor η0/η0
lin as a function

of irradiation dose d.
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Stange et al.61 investigated blends of highly branched PP and
linear PP, which also showed η0/η0

lin < 1 despite a low degree
of long-chain branching. Hence, the average degree of long-
chain branching alone cannot determine whether η0/η0

lin will
be larger or smaller than 1 as Bersted56 suggested. Stange et al.’s
findings61 show many similarities to the PPγ series, which
supports the conclusion that the gamma-irradiation leads to the
introduction of long-chain branches by forming a few highly
branched molecules within a rather linear matrix. Such a
structure has to be distinguished from the existence of some
few star-shaped molecules surrounded by linear ones.
Uniaxial Elongational Flow. As it was shown in the

literature, long-chain branching can significantly affect the
elongational properties of polymer melts.62−68 Particularly, the
branching structure is reflected by the elongational behavior.
Therefore, stressing experiments at different constant elonga-
tional rates were performed on the differently irradiated
polypropylenes. The results are presented in Figure 6a,b.

For each irradiation dose, the respective curves superpose on
the linear viscoelastic start-up curve at all strain rates up to a
Hencky strain of about 0.7. Trouton’s relation69 ηE

+(t) =
3ηS

+(t), which relates the transient shear and elongational
viscosity in the linear range of uniaxial flow, is fulfilled for
deformations εH smaller than 0.7 for all samples and evidence
the reliability of the experiments. We have previously published

some of the elongational data for the electron-beam-irradiated
PP.6

The time-dependent functions of the elongational viscosity
ηE
+(t,ε̇0) did not show any strain-hardening for PP2γ within the

experimental accuracy, while PP20γ and PP60γ exhibited a
distinct deviation from the linear curve. For elongations εH
higher than 0.7, the samples are strain hardening.
Strain hardening is very sensitive to the molecular structure.

The so-called strain-hardening coefficient χE is defined by

χ =
η ε̇

η

+

+t
t

t
( )

( , )

3 ( )E
E 0

0 (8)

with η0
+(t) being the time-dependent shear viscosity in the

linear range of deformation. χ is presented in Figure 7 as a

function of the elongational rate. For the linear polypropylene
PP, no strain hardening was observed at Hencky strains εH at
least up to 2.7. This is the usual finding for linear samples with
a unimodal molecular weight distribution.67 In contrast, most of
the irradiated samples showed strain hardening of increasing
severity with increasing irradiation doses. The exception was
PP2γ, and the absence of any strain hardening indicated a very
low branching efficiency. This observation is in agreement with
the zero-shear viscosity as a function of Mw which lies on the
curve for the linear polypropylenes (cf. Figure 4).
PP100γ and PP150γ could not be characterized in elongation

because their viscosities were too low. For the samples
irradiated with 20 kGy, the strain hardening decreases with
increasing strain rate. This effect was more pronounced for the
electron-beam-irradiated sample than for the gamma-irradiated
one. For the samples subjected to 60 kGy, the strain hardening
increased with increasing strain rate. A decreased in strain
hardening with increasing strain rate is usually associated with
low degrees of long-chain branching of a starlike topography,
while the opposite behavior is typical of a high degree of
branching with a treelike topography.6,62,64,67,70−75

The polydispersity or, specifically, high molecular weight
components can principally influence the elongational
viscosity.76,77 However, the molecular weight distributions of
the irradiated samples are not so different that a significant
effect on the strain hardening has to be taken into account.
Furthermore, the SEC measurements showed that the
polydispersity of the samples characterized in elongation is

Figure 6. Transient elongational viscosity ηE
+(t) as a function of time t

at different Hencky strain rates ε0̇ for (a) electron-beam-irradiated PP
and (b) the gamma-irradiated samples PP2γ to PP60γ.

Figure 7. Strain-hardening factor χE as a function of strain-rate ε̇0 for
electron-beam- and gamma-irradiated samples at a Hencky strain of
2.7.
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slightly decreased with irradiation and no bimodal molecular
weight components were found. Hence, the results of the
elongation behavior for the irradiated polypropylenes can be
directly related to the branching structure
The general trend of the strain-rate dependence of the strain-

hardening coefficient, χe, is comparable for electron- and
gamma-irradiated PP, but the level of strain hardening for the
gamma-irradiated products is lower and the dependence on the
elongational rate weaker. Considering that the branching level
λL̅CB of PP60 is almost the same as that of PP20γ, the strain-
hardening coefficient as a function of strain rate χe(ε̇) could be
expected to be comparable, if the LCB-structures were the
same. However, PP60 shows the typical characteristic of a
highly branched sample with χe(ε̇) increasing, while PP20γ
exhibits the characteristic of a slightly branched sample with
χe(ε̇) decreasing. This difference confirms the different
branching structures of these two samples. Furthermore, it is
obvious that PP20 shows a χE at εH = 2.7 distinctly decreasing
with decreasing ε̇, while the strain-hardening coefficient for
PP20γ is rather constant.
Figure 7 clearly demonstrates that the strain-hardening

coefficient decreases with increasing strain rates for the samples
electron-beam-irradiated with 2−20 kGy.6,62,64,67,70−75 In
contrast to the weakly irradiated samples, the strain hardening
of PP-60 increases with increasing strain rate. Such a behavior is
found for low-density polyethylene (LDPE) with a high
amount of long-chain branching and a treelike molecular
structure.67,71,72,75 Therefore, the differences of the strain-rate
dependence of χE at εH = 2.7 support the conclusion that the
branching structure changes with the irradiation dose.

■ CONCLUSIONS
The irradiation of PP under different conditions, i.e., electrons
and gamma-rays, exhibits two general consequences: the
molecular weight is reduced, and the number of long-chain
branches was increased with increasing irradiation dose. The
branching structure of the samples investigated is assumed as
random, since the length of the branches and their position
along the polymer backbone are of a statistical nature due to
the irradiation process. The reduction of the molecular weight
and, particularly, the long-chain branching significantly affected
the viscoelastic properties of the melts. The generation of LCB
was detected by usual molecular characterization methods. The
shear and elongational properties were also strongly indicative
of LCB of different amounts and topographies, which depend
on the irradiation parameters. The various results are discussed
below.
Shear Rheology. The η0 values of the electron-beam-

irradiated polypropylenes were significantly increased com-
pared to those of the untreated PP samples of the
corresponding weight-average molecular weights. At small
irradiation doses, i.e., at comparably low amounts of LCB the
ratio of the viscosity of the branched sample to that of the linear
one, η0/η0

lin, reached a maximum, but approached unity again
at higher LCB contents. This increase is explained by small
amounts of long-chain branches with relatively high molecular
weight of the arms Ma and, hence, a high ratio of Ma/Me, which
affects η0 exponentially. The decrease of η0/η0

lin at higher doses
can formally be related to a decline of the molecular weight Ma
of the branches. Two mechanism are postulated to explain this
change. First, the molecular weight decreases with increasing
irradiation dose, which shortens the length of the molecules
attached to the backbone. Second, it is not unrealistic to assume

that a change of architecture from starlike to treelike branches
takes place with increased irradiation. A treelike structure is
characterized by branches randomly distributed along the
chains, resulting in a higher number of chains with values of Ma
smaller than in the case of a molecule with few long-chain
branches.
The gamma-irradiation decreased Mw and η0 up to doses of

100 kGy. The difference with respect to the electron-beam-
irradiated series lies in the fact that η0/η0

lin(d) monotonously
decreased with no peak. In conjunction with the LDPE results,
these findings can be interpreted as revealing that the samples
contained long-chain branches in a treelike architecture.

Elongational Rheology. The irradiated samples show a
distinct strain hardening in elongational flow with different
strain-rate dependences. Two conclusions can be drawn from
the results. First, the strong effect of branching is clearly
demonstrated. This conclusion is supported by the finding that
strain hardening increased for the more strongly irradiated
samples, despite the significant decrease in the molecular
weight. The results from SEC-MALLS that the polydispersities
of the polymers remained nearly constant after irradiation with
various doses and that a high-molecular-weight component was
not detectable demonstrate that the elongational viscosity can
be used as a reliable indicator of the generation of long-chain
branching in polypropylene by electron irradiation. Second, the
rate dependence of strain hardening supports a conclusion with
respect to the topography of the polypropylene molecules, if
the well-established results on polyethylenes are taken into
account. The decreasing strain hardening with increasing strain
rate, as exhibited by the low irradiated samples, is indicative of a
small degree of branching with high molecular weights of the
branches. The increase in strain hardening with increasing
strain rate indicates a high degree of branching with smaller arm
molecular weights Ma as it is typical of LDPE. These
conclusions concerning the topography of the long-chain
branches in electron-beam-irradiated polypropylenes form an
experimental basis for a comparison of models on radical
reactions initiated by irradiation.

Influence of the Type of Irradiation. The comparison of
PP irradiated by the same doses of electrons or gamma-rays
show a somewhat larger molecular weight reduction, but a
higher degree of long-chain branching for the gamma-
irradiation. The rheological properties differ significantly as
the gamma-irradiated samples exhibit a lower zero shear-rate
viscosity than the samples irradiated by electrons, when
compared at the same molecular weight. While for the
electron-beam-irradiated samples the viscosities lies above the
reference line for the linear samples, i.e., η0/η0

lin is larger than 1,
η0 lay below this line for all the gamma-irradiated samples, i.e.,
η0/η0

lin is larger 1. The elongational behavior of the electron-
beam- and gamma-irradiated samples exhibited the same basic
characteristics, namely strain hardening, but there were clear
differences with respect to its level, which was higher for the
electron irradiation at the same dose. These findings confirm
that gamma- and electron-beam irradiation did not yield the
same molecular structure. A possible explanation lies in the
much lower dose rate of the gamma-irradiation, which leaves
the radicals more time to react compared to the electron-beam
irradiation.
From Figure 4 and a comparison with literature results on

polyethylenes, electron-beam-irradiated PP20 can be regarded
as being roughly comparable to a long-chain branched
mPE,28,60,67,78 i.e., with an architecture predominantly consist-
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ing of star-shaped and linear molecules, while PP20γ is rather
comparable to an LDPE, if η0(Mw) is regarded. The branching
structure has to be assumed somewhat different (less star-like
and more linear and highly branched chains ), however, as the
strain-hardening patterns of PP20γ and LDPE differ signifi-
cantly.
The differences found in the rheological behavior may go

back to the different irradiation rates. Two reasons for these
findings may be discussed. First, the type of irradiation causes
different molecular reactions, and second, the different dose
rates are responsible for the behavior observed. Spadaro and
Valenza79 showed that increasing the dose and dose rate leads
to a higher number of radicals in PP. The smaller irradiation
dose rate and hence the lower concentration of radicals mean
that the elimination of two radicals by recombination is
reduced; i.e., the radicals have a longer lifetime and can cause a
higher number of scission and re-formation reactions, which
eventually leads to a treelike structure of long-chain branching.
The strain hardening increasing with decreasing strain rate

even at the highest doses are not in contrast to this assumption
as the elongational viscosities of blends of a linear and a long-
chain branched PP demonstrate.61 For the components
investigated by Stange et al.61 up to a content of 50% LCB-
PP a strain-hardening behavior similar to that of the gamma-
irradiated PP is found. Therefore, the results on the gamma-
irradiated PP can be interpreted in the way that it consists of a
blend of linear and treelike chains.
However, as only a low dose rate of 1.26 kGy/h was applied

during gamma-irradiation and usually high dose rates of about
100 kGy/h for the electron-beam irradiation (while the total
doses are the same for both sample series) in the present study,
the extent to which the effects described in this article are due
to the irradiation type or to the dose rate could not finally be
determined.
Structure−Property Relationships. The results of this

work show that the rheological quantities in shear and
elongational reacted more sensitively to the presence of long-
chain branches than the quantities measured by the classical
size-exclusion chromatography. Especially, the zero shear-rate
viscosity η0 was sufficiently sensitive to detect even low
amounts of LCB and to provide a deeper insight into changes
of the molecular structure.
To summarize, the results support the conclusion that the

irradiated polypropylenes investigated consist of molecular
structures with long-chain branches, the number of which
increases with increasing irradiation doses. Strong evidence is
presented that this increase leads to a change of branching
architectures from starlike to treelike structures. The
conclusions are drawn taking the findings on long-chain
branched polyethylenes into account; i.e., the lightly electron-
beam-irradiated samples are similar to metallocene-catalyzed
sparsely long-chain branched polyethylene, while the highly
irradiated ones resemble highly branched LDPE. The results
presented on the irradiated PP-samples broaden the exper-
imental base of the relationship between rheological properties
of polymer melts and their molecular structure, which can be
exploited in two ways. First, the results strengthen the role of
rheological measurements as an analytical tool, and second,
they offer some suggestions for the method by which
polypropylene can be modified by irradiation. These insights
will be particularly valuable for tailoring polypropylene for
special applications.

■ SUMMARY
This work has compared the effects of electron-beam and
gamma-irradiation on molecular and rheological properties of a
polypropylene. While the differences between the two
irradiation methods with respect to molecular properties
measured by SEC-MALLS are rather small (gamma-irradiation
led to higher degrees of long-chain branching and a high
molecular weight tail), they are more pronounced regarding the
rheological behavior. The gamma-irradiation leads to a much
smaller zero shear-rate viscosity η0 than the electron-beam
irradiation at comparable doses, although the differences of the
weight-average molecular weights are not very pronounced.
This behavior indicates the generation of different branching
architectures by the two irradiation methods. Considering
results on branched polyethylenes and blends of linear and
long-chain branched polypropylenes, it can be concluded that
the gamma-irradiation led to a branching structure, which may
be similar to that of a slightly branched LDPE, while electron-
beam irradiation led to branched molecules, which carry fewer
but probably longer long-chain branches of a starlike structure
at smaller irradiation doses and seem to approach a treelike
structure with higher doses. This conclusion can be drawn from
the findings that η0/η0

lin becomes smaller than 1 for doses
larger than 100 kGy (Figure 4) and that the strain hardening
behavior resembles that of LDPE (cf. Figure 6a).
Although details of the branching structures generated have

to be left open, the main conclusion is, therefore, that electron-
beam and gamma-irradiation effects in polypropylene do not
follow the same reaction kinetics and, thus, generate different
structures of long-chain branching.
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ABSTRACT: We present an experimental study on fracture
behavior of soft viscoelastic network solid films of polydimethylsi-
loxane (PDMS) and morphology of the fracture-generated sur-
faces. The most interesting behavior is the generation of fractal
patterns when the storage and loss moduli are comparable. We
find the formation of isolated defects and cracks ahead of the
fracture-front. The observed morphology of the torn surfaces is
correlated to the prefracture behavior by studying the crack prop-
agation and coalescence. Tearing of PDMS containing 2% cross-
linking agent with a terminal elastic modulus, G′, of 10 kPa, shows
distinct crack patterns at different tearing speeds. Slower tearing leads to the formation of dendritic patterns of propagating
fingers, whereas at the higher deformation-rates, more frequent nucleation of bubble like defects occurs. The propagating fingers
develop undulations along its sides. The effects of tearing speed on the length scale of the undulations and the bubbles are
studied. The formation of undulations can be explained as a result of Saffman−Taylor instability with a modified ef fective surface
tension which accounts for the dissipative energy loss. We also study the rate of formation of the defects, which is shown to be an
activated process in that they form beyond a threshold value of the local stress.

■ INTRODUCTION
Materials undergo cohesive failure by crack formation and prop-
agation under excessive stress. Study of precrack events and
morphology of cracks provides vital clues regarding the nature
of the texture generated on the surfaces formed by the fracture
and can also be a diagnostic tool for characterizing the failure
mechanisms and the properties of the failed material. Materials
with different mechanical properties exhibit different morphol-
ogies on their fractured surfaces. Ductile fracture in metals1−3

is accompanied by plastic deformation prior to the fracture
where the microvoids coalesce leading to a dimpled, irregular,
and rough morphology commonly known as the cup-and-cone
morphology. Brittle fracture in metals involves cleavage along
crystallographic planes resulting into relatively smoother or
faceted surfaces.4,5 Fracture in polymeric materials has particularly
drawn considerable scientific interest because of the complexity
of the phenomena and richness of the resulting morphologies.
In elastomers such as vulcanized polybutadiene,6−8 vertical
steps separating smooth regions form the characteristic features,
whereas in the glassy polymers such as polystyrene, poly-
(methyl methacrylate), and polycarbonate, periodic micro/
nano structured gratings are formed on the fractured
surfaces.9 Spatiotemporal patterns have been observed in
peeling of adhesive tapes.10 While adhesive interfacial failure
of elastomeric surfaces have been extensively studied,11−14

patterns formed by tearing of elastomeric sheets have not been
explored. Previous studies on interfacial debonding have shown
both bulk and interfacial fingering instabilities and cavita-
tion during separation.11,12,15,16 Interfacial debonding of both

elastic13 and viscoelastic adhesive layers13,14 generate intricate
surface structures including fractally rough surfaces during
peeling.14 Analysis of rough surfaces formed in fractured hydrogels
has revealed interesting physics.17,18 Surface instabilities without
fracture, such as wrinkling by release of stresses, have also been
studied.19,20

Here we explore the process and morphology of cohesive
fracture in tearing of soft thin viscoelastic polydimethylsiloxane
(PDMS) layers and the morphology of the torn surfaces thus
generated. In particular, we focus on the chain of events starting
from the generation of defects in the prefracture phase, their
modifications during the crack propagation and the roles of
these processes in determining the eventual surface morphol-
ogy of completely torn surfaces. In order to assess the role of
viscoelasticity, the fracture events and the resulting surface
morphologies are studied at different tearing velocity. The
morphology of the torn surfaces show novel patterns possessing
different features at different length scales which also depend
upon the tearing rate. The viscoelastic nature of the material
strongly influences the generation and propagation of cracks
which ultimately coalesce to cause fracture and form a particular
surface morphology. Further, we show that the most interesting
patterns in the form of self-affine fractal surfaces are observed only
in a narrow range of elastic modulus (G′ ∼ 1 KPa to 10 KPa) of
the elastomer. The structure of this paper is as follows: First, we

Received: October 19, 2011
Revised: December 28, 2011
Published: February 6, 2012

Article

pubs.acs.org/Macromolecules

© 2012 American Chemical Society 2066 dx.doi.org/10.1021/ma202339y | Macromolecules 2012, 45, 2066−2073

pubs.acs.org/Macromolecules


describe the details of the experimental setup, methodology,
and the materials used. Subsequently our results are presented
in two parts. In the first part, we discuss the morphology of
the fracture generated surfaces resulting from the cohesive
fracture of the elastomeric thin films. In the second part, we
analyze the crack formation and propagation in the films while they
are being fractured. On the basis of the crack behavior observed
before the fracture and the final morphology of the fractured
surface, we finally propose a simple physical model correlating
the two.

■ MATERIALS AND METHODS
Sylgard-184 (a two part thermoset silicone elastomer; Dow Chemicals,
USA) consisting of oligomer and cross-linking agent was used to
prepare Polydimethylsiloxane (PDMS) in this study. The elastomer
and cross-linking agent were mixed in the ratio of 100:2 by weight in
order to make 2% cross-linked elastomer.21,22 The solution was
prepared in a 25 mL clean glass beaker and degassed under vacuum in
order to remove trapped air from the solution. The prepared solutions
were cast between two clean glass plates (Figure 1a) with predetermined

gap controlled by inserting spacers of known heights between the
plates. After casting, prepared solutions were cured at 85 °C for 48 h
giving PDMS films of desired thickness. The elastic modulus, G′ and
loss modulus, G″ for the 2% cross-linked PDMS samples were
separately measured at various temperatures by the oscillatory parallel
plate method (Anton Paar MCR-501) as functions of frequency.
Time−temperature superposition was used to construct the plot for
the rheological response (Figure 5a).
Figure 1b shows the tearing process in which the film sandwiched

between the glass substrates was torn by lifting the hanging edge of
one of the glass plates by a micromanipulator with controlled tearing
speed, Vt, by applying a force, F on the edge. Application of F causes
the point of application to move vertically by a distance Δ. The applied
force was recorded using a load cell interfaced with a computer
through a data acquisition card. During separation, the adhesive force

between the film and glass substrate is much stronger than the cohesive
force in the film, thus allowing cohesive fracture during separation. As
shown in Figure 2, the most interesting cellular fractal morphologies were

found only in the PDMS layers with the cross-linker concentration
close to 2% (w/w), which produced a soft elastomeric solid of
comparable storage and loss moduli at the time scales (frequencies)
involved in the fracture. The rheology of these layers marks the border
between transition from the liquid-like to solid-like behavior.23,24 At
relatively low cross-linker concentration of 0.5−1.5%, cracks
propagated as the smooth Rayleigh fingers characteristic of cohesion
failure in liquids. Beyond 2.5% cross-linker, fracture of elastic layers
produced only disjointed craters on the surface.

■ RESULTS AND DISCUSSION

Morphology of Fracture-Generated Surfaces in
Viscoelastic PDMS Layers. We first present the surface
morphology of cohesive-fractured or torn viscoelastic PDMS
films. The fracture was induced by tearing of homogeneous
PDMS films bonded with two confining glass substrates.
Fractured surfaces show novel fractal morphologies with
cellular micropatterns on the torn surface of PDMS in which

Figure 1. (a) PDMS film cast and bonded between the two glass
plates. Typical dimensions of the glass plates are shown. (b)
Experimental setup for tearing of PDMS film. The bottom glass
plate is strongly attached to a rigid platform and the top plate is lifted
from its hanging edge. Force F is applied by a micromanipulator
causing a vertical displacement Δ and cohesive fracture in the film.

Figure 2. (a) Typical optical micrograph of the torn surface of a soft
viscoleastic PDMS layer. The right side arrow signifies the direction of
tearing. (b) Optical profilometry micrograph showing surface
topography of the torn film of thickness h ≈ 20 μm (roughly half of
the total thickness) and tearing speed =100 μm/s.
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the ridged domains are separated as cells. One such typical
morphology of torn surface is shown Figure 2a. The overall
appearance of the domains on this scale is akin to leaves or
petals. The surface profile was analyzed by surface topography
analysis using optical profilometry (Wyko NT-1100) (a cross-
section is shown in Figure 2b). The area of examination under
microscope was 182 × 142 μm2. The topographical surface
characteristics such as the root-mean-square (RMS) roughness as
well as fractal dimension were obtained to characterize these
surfaces at different tearing rates. The surface roughness defined
by the following relation was found to be 0.5 μm at a tearing
speed of 100 μm/s:
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Z Z
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Here, Za is the average of the Z (height) values within the
given area Zi is the Z value at a given point, and N is the
number of sampled points within the given area.
Figure 3 also shows a typical power spectral density curve of

the fractured surface which gives the fractal dimension of the
surface by the following relation:25
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Here f is the wavenumber, S( f) is the power spectral density,
C is a scaling constant, and D is the fractal dimension. The low f
limit corresponds to the sample-size and the high f limit
corresponds to the Nyquist frequency corresponding to the
resolution limit of the analysis. The fractal dimension, D, can be
obtained by extracting the slope of the power spectral density
(PSD) function on a log−log plot as suggested by eq 2.
The fractal dimension of the surface was found close to 1.5
independent of the tearing speed in the range of 1−500 μm/s.
This value of the fractal dimension signifies that the height
variation follows a Wiener process.26,27 Interestingly, although
the tearing speed altered the characteristic length scales of the
pattern, it did not change its characteristic fractal dimension.
The effect of layer thickness was more interesting. Increase in
thickness increased the petal-leaf size without changing the
overall apearance of the pattern as shown in Figure 4.

Prefracture Events in Soft Viscoelastic Elastomers.
Fracture in viscoelastic elastomers is a complex and poorly
understood phenomenon. According to the current under-
standing,28,29 a processing zone lies in the immediate proximity
to a blunted crack tip where energy is primarily dissipated
through plastic deformation, chain-breakage and flow. An
elastic zone lies further away from the crack tip where the
energy is stored in an elastically strained material. Owing to the
viscoelastic nature of the elastomer used, the behavior of crack
propagation can be influenced by the crack speed. There are
several theoretical and experimental studies on the instabilities
in adhesive or interfacial failure seen in the peel experi-
ments,13,30−34 but a petal-leaf morphology shown here in the
cohesive rupture has not been reported.
In what follows, we present the development of precrack

morphologies within the still intact layer away from the crack
line that tears the layer in two. The results are discussed for the
2% cross-linker containing PDMS films, which invariably
yielded fractal morphologies upon completion of fracture. In
order to gain an understanding of the processes involved in
morphological development, rheological characterization of the

Figure 3. Power spectral density curves for Vt = 1, 300, and 500 μm/s
for thickness h = 20 μm (half of the total thickness). The slope
gives a value for the fractal dimension of the morphology close
to 1.5.

Figure 4. Optical micrographs of fractured surfaces of 2% cross-linked PDMS films with different thickness and tearing speed. Right side arrow
indicates tearing direction of the film.
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PDMS networks was first performed. The oscillatory response
of a 2% cross-linked PDMS sample obtained by time−
temperature superposition is shown in Figure 5a. Rheology
data confirms that the material is a soft viscoelastic solid made
of an imperfect network.34 In our study, the vertical tearing
speed, Vt, of the plate lift-off ranged from 1 to 100 μm/s, which
resulted in about 2 orders of magnitude variation also in the
crack propagation speed, Vc ∼ 100 Vt (Vc ∼ 100−10000 μm/s).
For a film with the thickness h = 40 μm, the range of crack

propagation speed corresponds to the frequency f (or the
deformation rate, f = Vc/h) ranging from around 2 to 300 Hz.
This range of frequency relevant to our experiments is close to
the “transition region” in the frequency sweep rheological
measurement of 2% cross-linked PDMS films. A characteristic
of this regime is that both storage and loss moduli are
comparable and increase with frequency. Therefore, both
storage and dissipation of energy are about equally important in
our experiments, although the terminal behavior of the material
is that of a solid.
We first present the force vs. separation behavior for 2%

cross-link films of 40 μm thickness. The force-separation curves
at three different speed of tearing are shown in Figure 5b. The
shapes of these curves are typical of pressure-sensitive
adhesives. The initial linear rise in the force is caused by the
stored elastic energy. The film starts to rupture beyond a critical
stress and the energy is now released leading to a drop in the
stress. The work done is now distributed between the
dissipative loss and the energy of formation of new surfaces
as the precrack structures form, reorganize as cracks and
propagate in the material leading to fracture. The storage and
loss are strongly dependent on crack propagation velocity
which determines the effective shear rate of the system given by
f = Vc/h, where f is the frequency, Vc is the crack propagation
velocity, and h is the thickness of the film. The energy released
can be calculated from the area under the force−distance curve
beyond the critical stress where the force undergoes a sharp
drop due to crack initiation. A plot of energy released per unit
area as a function of fracture speed in the inset of Figure 5b
shows a power law dependence with an exponent of 1/3. This
exponent has been predicted by Persson and Brener.28 Their
model, essentially applicable to relatively high velocities such
that the material lies in the ‘transition regime’ of frequency,
accounts for the dissipative losses occurring near the crack tip.
From the rheological data in Figure 5a, the onset of transi-
tion regime in our samples is expected for f > 10 Hz, and
hence for crack propagation velocities larger than 400 μm/s.

Since crack-propagation velocity ranges from 100 μm/s to
10000 μm/s, samples in most of our cases lie in the “transition
regime” of rheological behavior. Thus, the data presented in
Figure 5b confirms the prediction of Persson and Brener and
underlines the importance of dissipative loss in the energetics of
the tearing process.
We now examine the dynamics and morphology of the

precrack patterns that form in the still intact layer beyond the
propagating fracture front. As the upper plate was lifted,
accumulated elastic stresses begun to relax by the formation of
bubbles/cavities and fingers as shown in Figure 6. These
formations are important for the understanding of the observed
postfracture cellular micropatterns. The length scale and
morphology of these precrack patterns shows dependence on
the speed of tearing. Snapshots of the crack patterns in the
layers fractured at different tearing speeds are presented in
Figure 6. At low tearing speeds, (Figure 6a−c) long fingers or
crack lines which develop side undulations dominate the pattern,
whereas at high tearing speeds (Figure 6d−f) both bubbles as
well as shorter and less well-defined crack-lines appear. These
features lead to a pattern dominated by the long dendritic lines
at low velocity, and a more uniform cellular pattern at high
tearing velocities. In the case of low tearing velocity, the fine
stems of the postfracture leaf pattern shown in Figure 2
correspond to the crack lines witnessed in Figure 6c. Nuclea-
tion of isolated bubbles or cavities is not witnessed at low
tearing speeds, indicating more viscous behavior. The less
defined crack-lines or fingers and a greater proportion of elongated
bubbles are characteristic of more elastic behavior at higher tearing
speeds. Indeed, propensity for the formation of fingers without
bubbles in a viscoelastic liquid layer of 0.5% cross-linked PDMS
corresponding to a viscous dominated behavior is clearly seen in
Figure 6g. However, an elastic 4% cross-linked layer only forms
bubbles instead of fingers as shown in Figure 6h. The side
branches or waviness of the crack lines or fingers in Figure 6a,
b, c were found to disappear on removal of tearing stress or by
reversing the direction of tearing arm leading to crack closing
(see Supporting Material). However, the main crack-lines were
irreversible and remained after the removal of stress. This
confirms that the side undulations originate from liquid-like
Saffman−Taylor fingering instabilities. However, the long fine
crack lines and the bubbles/cavities once formed persisted even
after the removal of stress. Therefore, the fully formed crack
lines/bubbles are characteristic of solid-like rupture caused by
chain breakage and irreversible plastic deformations. These
images suggest two length scales of interest: (i) λf, the length

Figure 5. (a) Oscillatory response of 2% PDMS showing storage (squares) and loss (circles) modulus obtained using time−temperature
superposition. (b) Force-displacement curves generated while tearing at three different tearing velocities. Inset shows the energy as a function of
tearing speed curve for 40 μm thickness following a power law behavior with an exponent of 1/3.
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scale of the undulations appearing along the lateral boundaries
of the linear fingers, and (ii) λb, the average distance between
two crack-features (bubble or fingers). The former length scale
is independent of time and as mentioned before, is found to
depend on the liquid-like nature of the films. The latter which
originates from the solid-like behavior of the film, depends on
density of nucleated cracks and is therefore time dependent.
We first address λf which shows a very weak but systematic
variation with speed. We propose that the undulations in the
finger like structures is due to a Saffman−Taylor like instability
that arises along the interface of two liquids when a less viscous
liquid is driven against a more viscous one in Hele−Shaw kind
of geometry.35 This effect has already been studied in adhesive
failures occurring in viscoelastic materials using probe-tack experi-
ments.23 However, our studies gain a further understanding into
the phenomena and establish the importance of viscous dissipation
prevalent in the crack processing zone. We show that the

dissipative energy loss plays an important role in determining
the length scales of these modulations.
Variation of λf with Vt, the tearing speed, is presented in

Figure 7 It is observed to systematically increase with speed and
have a weak power-law dependence. This weak variation can be
explained by combining the idea of Saffman−Taylor instability
in liquid interfaces and Persson and Brener’s result.28 Saffman−
Taylor instability arising in the interface between two liquids
of unequal viscosity when the one with lower viscosity is driven
against the other, results into surface undulations with a char-
acteristic wavelength given by the following formula:23

λ ≈
π γ

η
h

Vf
c (3)

where λf is the wavelength of the instability appearing along the
sides of the fingers, h is the film thickness, γ is the surface
energy per unit area, and η is the viscosity of the medium.

Figure 6. (a) Real time optical micrographs of precracks in 2% cross-linked 40 μm thick PDMS layers at different tearing speeds. First (a, b, c) and
second (d, e, f) rows correspond respectively to Vt = 1 and 100 μm/s. Snapshots at three different times are presented for each tearing speed. (g, h)
Real time optical micrographs of 0.5% and 4% cross-linker containing PDMS layers at tearing speed of Vt = 1 μm/s. Arrow on the right side of the
figure shows direction of the crack propagation.
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The viscosity, η can be estimated from the oscillatory
rheology data by η = ((G′2) + (G″2))1/2/f where G′ is the
storage modulus and G″ is the loss modulus. Nase et al.23

studied the finger formation in PDMS networks at different
velocities using probe-tack test and found that λf decreases with
velocity. These authors were able to fit their feature
wavelengths to the above expression applicable to interfacial
instability caused by the Saffman−Taylor like mechanism.
However, in our case, we observe a systematic increase in λf
with velocity although the dependence is very weak. Our data
suggests, as argued in the next paragraph, that the origin of this
weak dependence lies in the dissipative dynamics operating in
the crack’s vicinity. Persson and Brener calculated γeff, an
effective surface energy per unit area by accounting for the
dissipation in the surrounding region of the propagating cracks,
and defining the γeff as follows:

γ = G2eff (4)

Here G is the energy released per unit area at any given Vc,
the crack tip velocity, and is given by the following expression:

= +G G f V(1 ( ))o c (5)

Here Go is the energy released in the static limit, and f (Vc) is
the correction due to velocity dependent dissipation. Their
result for γeff as a function of crack tip velocity is summarized by
the following relation:

γ = γ
⎛
⎝⎜

⎞
⎠⎟

V
Veff o

c

o

1/3

(6)

Equation 6 was obtained for the Rouse like relaxation of the
chains which predicts that G″ scales as f1/2. As seen in the
rheological response in Figure 5a, our samples also show a
scaling exponent close to 0.5, which justifies the use of eq 6.
Where γo is the surface tension of the material in the low
velocity limit, and Vo ≈ ao/τ where ao is the size of the core
region having a value close to atomic dimension and τ is the
relaxation time of the network, which in our case is around
0.003 s (Figure 5a). Substituting γeff for γ, the surface energy, in
Saffman−Taylor expression of eq 3, we obtain a final expression
for a wavelength resulting from a Saffman−Taylor instability
that also accounts for the dissipative losses. The experimental
data and the theoretically predicted dependency of the wave-
length on velocity are presented in Figure 7 and show an excellent
agreement. Therefore, we argue that this weak dependence can

originate from the dissipative dynamics and flow predominantly
occurring in the immediate vicinity of the fingers.
Next we turn our attention to the phenomena of nucleation

of cracks at different tearing speeds. At higher tearing speeds,
formation of new voids that elongate into finger like patterns
and branching of pre-existing fingers become more frequent. In
quantification of defect density, every disjointed feature such as
voids and the side-branch features were counted as defects. Our
data show, as we argue next, that nucleation of these defects is
an activated process. To this end we calculate dN/dt, the
number of such defects formed per unit time, for the 40 μm
thick film in a reference area at a distance of 10 mm from the
edge of the film and 20 mm from the point of application of
tearing force. dN/dt is measured by counting the number of
defects, N(t) in the reference area. For an activated process, the
rate of nucleation is given by dN/dt ∝ e(−Eb/kT) where Eb is the
energy barrier.36 We propose that the local elastic energy in a
reference volume V, has to surmount a threshold energy ε, to
activate the nucleation process. Here V and ε are unknown
constants. If σ is the local stress, and μ is the bulk modulus,
then local elastic energy in the reference volume is given by
σ2V/μ, such that the local energy barrier is Eb = ε − (σ2V/μ).
Therefore, the rate of nucleation is given by the following
equation:

∝ σ μ −εN
t

e
d
d

kT V[(1/ ){( / ) }]2

(7)

Therefore, at constant temperature, the rate of nucleation at
any point in the sample is proportional to e((σ

2V)/(kTμ)). For a
crack propagating at a speed Vc, the local stress at a point
located at a distance xo from the edge of the plate at any time t
is given by the following function:1

σ ≈
−
K

x V to c (8)

where K is the stress intensity factor. The term under square-
root in the denominator is the distance of the concerned point
from the crack edge. A combination of eqs 7 and 8 predicts that
logarithm of dN/dt should vary linearly with 1/(xo − Vct), which
we indeed observe as shown in Figure 8. Thus, our results suggest

that the formation of cracks is an activated process where the
activation energy keeps decreasing as the stress level increases with
time, thereby leading to more frequent formation of cracks.
Another interesting observation in our experiments is that

the fingers that otherwise keep elongating with time, tend to

Figure 7. Wavelength variation with tearing speed with a constant
thickness (h = 40 μm). Squares represent the experimentally observed
values, and circles represent the theoretically calculated values that
account for interfacial instability and viscous dissipation.

Figure 8. Dependency of the logarithm of nucleation rate per unit area
with 1/(xO − VCt).The linear best fit line suggests that generation of
the cracks is an activated process.
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stop as soon as they are met at their tip with another pre-existing
finger, that is, the fingers avoid intersecting each other. Majumder
et al.37 have also observed that propagating fingers formed as a
result of peeling an adhesive slows down as they meet a micro-
channel running perpendicular to their direction of propagation.
This phenomena can be explained by noting that as the tip of a
finger of a later generation (secondary) approaches a pre-existing
finger (primary) from sideways, the region lying ahead of the tip of
the secondary finger where the elastic energy of the secondary
finger gets released, can be assumed to be a composite of PDMS
medium and air present inside the primary finger.
Thus, the effective modulus of this region is significantly reduced

because of the presence of a pre-existing air-filled void. This effective
modulus keeps becoming smaller as the secondary tip approaches
the primary finger since the volume fraction of the neighboring
region of the tip is increasingly dominated by air. As a result, the
propagation of the secondary fingers is impeded because their
further advancement does not lead to a significant release in stored
elastic energy at the expense of exposing new surface. Another
explanation of this observation could be that once finger-boundaries
come very close, the stress is concentrated in the region between
the fingers which leads to elongation of the material along the
applied stress direction leading to fibril like formation, and
consequently, further propagation of the fingers is not observed.
After the dynamic behavior of the propagating cracks, we

next describe the correlation between the observed features in
fracture generated surfaces and the coalesced crack pattern
immediately before fracture. At larger separation speeds, the
resulting surfaces invariably form cellular areas patterned with
ridge-like formations. The cellular domains appearing in the
postfracture images essentially are those surfaces which get
exposed at the time of formation of the nascent cracks/bubbles.
Spans of these cellular domains correspond to the defects that

coalesce immediately before fracture. The distance between the
coalesced cells in the crack pattern observed right before fracture

compares favorably with the typical size of the cells observed in the
fracture generated surfaces. The points of rupture define the
boundary of these cellular domains as well as the vertical
protrusions in the surface of the films predominantly responsible
for the rms roughness measured in the profilometry experiments.
A schematic model correlating prefracture processes and the
observed crack patterns as well as the finally observed surface
morphology in the fractured surface is shown in Figure 9.

■ CONCLUSIONS
In summary, we have studied the tearing velocity dependence
of crack formation in those soft viscoelastic films which form
self-affine cellular micropatterns on fracture, and showed that
during fracture, the nucleation of cracks is affected by the solid-
like properties of the films. Fingers or bubbles nucleate after a
sufficient accumulation of local stress. Exceeding the critical
stress causes random breaking of the bonds resulting into rup-
ture and thereby nucleation of cracks. During the course of
fracture, the liquid-like instability in the medium generates
undulations along the sides of the propagating cracks. In
particular, two phenomena of (i) Saffman−Taylor instability of
the interface and (ii) the dissipative loss in the vicinity of the
propagating cracks govern the length scale of these undulations.
Finally a correlation of the observed surface structure to the
crack pattern formed right before fracture is established.
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ABSTRACT: A new type of highly temperature stable ionic liquid (IL)
with strongly temperature dependent nanostructures is reported. The
molecular design relies on the use of a liquid polymer with an ionic
liquid headgroup, introducing liquid properties by both the polymeric
and the ionic liquid (IL) headgroup. The IL polymers (poly-
(isobutylene)s) 3a−3c (PIB-ILs) were prepared by a combination of
living carbocationic polymerization (LCCP) and subsequent “click”
chemistry for attachment of methylimidazolium (3a), pyrrolidinium
(3b), and triethylammonium cations (3c). All three investigated PIB-
ILs exhibited pronounced nanostructural organization at room
temperature depending strongly on the nature of the anchored cation.
Whereas the morphology of the imidazolium-based PIB-IL 3a shows
high thermal stability up to the decomposition temperature, order−
order (OOT) and lattice disorder−order transitions (LDOT) character-
istic for common ionomers could be observed in the case of pyrrolidinium 3b and ammonium-based 3c PIB-ILs. Control of flow
behavior as well as adjustable relaxation times from the liquid to the viscoelastic regime can be adjusted by choice of the
appropriate IL headgroup.

■ INTRODUCTION
Recently, polymeric ionic liquids (POILs),1−6 carrying con-
strained cationic and anionic components of ionic liquids
(ILs)7−10 within the monomer units, have been developed as a
new class of polymeric materials with widespread importance in
science and technology. In contrast to (low molecular weight)
ionic liquids (ILs), which are salts with arbitrary defined
melting points below 100 °C, POILs are usually solids at room
temperature, combining the unique properties of ILs with
increased mechanical stability,5 improved processability,6,11 and
more complex self-assembling ability of polymeric materi-
als.4,12,13 Similar to ILs, POILs generally consist of bulky
nonsymmetrical organic cations (such as an imidazolium,14

pyridinium,15 ammonium,16 or phosphonium cation17) togeth-
er with various organic or inorganic anions, displaying unique
properties such as extremely low vapor pressure, nonflamm-
ability, high polarity, high thermal stability, favorable electro-
chemical properties, and unorthodox and tunable miscibility
behavior.7,9 Therefore, POILs find widespread use, e.g., as
polymer electrolytes for electrochemical devices,5,18,19 sensors,2

supports for catalysts,20 polymeric dispersants,21 CO2 absorbing
resins,22 microwave absorbing materials,23 or self-healing
materials.24 The latter application specifically requires detailed
control over molecular relaxation and reorganization within
POILs, as both their structure and dynamics can be controlled
by the corresponding internal nanostructure.

Because of their self-assembling behavior,25 both monomeric
ILs as well as POILs display a subtle micro- and nanostructural
organization resulting from the separate aggregation of apolar
and ionic regions.26,27 Since the pioneering work of Canongia
Lopes and Pad́ua26 numerous studies have confirmed the
nanostructural organization of monomeric ILs.27−29 Inves-
tigated ILs show first sharp diffraction peaks (FSDPs)30 in X-
ray25,29 or neutron diffraction structure functions,27a,31 which
indicates the presence of intermediate range order (∼5−10 Å).
On the one hand, such intermediate range order can originate
from either charge ordering (similar to the classical molten
salts30) or, on the other hand, from the interdigitation of
“bilayered” alkyl chains. Because of their nanostructural
organization and hence their extraordinary miscibility behavior,
ILs can be used as entropic drivers (the “IL effect”) for the
preparation of well-defined nanoscale structures with extended
order, either in the bulk phase or at the gas/vacuum interface.32

Because of their structural similarity to classical ionomers,
POILs may form ionic aggregates, so-called “multiplets”. Such
ionic clustering and self-aggregation of POILs can lead to an
increase of ionic conductivity of POILs, making them suitable
for applications as valuable polyelectrolytes.5 Furthermore,
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several investigators have reported that POILs containing
monomers with mesogen character tend to self-assemble into
various liquid-crystalline phases with different organiza-
tion.4−6,33 Thus, a pronounced case of liquid-crystalline order
was achieved by Ohno et al.,34 who synthesized mesogen POIL
containing tris(alkoxy)phenyl groups attached to acryloyl
groups. Structural changes of IL monomer led to the formation
of columnar phases which produced oriented one-dimensional
ion conductive channels; thus, subsequent photopolymerization
of ionic liquid film resulted in a well-ordered, highly conductive,
liquid-crystalline POILs. The same working group further
increased the conductivity of POIL materials via design of
thermotropic bicontinuous cubic liquid-crystalline POILs based
on a polymerizable ammonium moiety complexed with a
lithium salt and thus obtained lithium ion-conductive solid
polymeric films having 3D interconnected ionic channels.35 A
different approach for increasing the conductivity of POIL
electrolytes is the specific design of ionic liquid block
copolymers.12,36,37 Thus, the use of microphase separating
block copolymers displays numerous advantages such as a
higher level of ionic conductivity by lowering the glass
transition temperatures (Tg) or the increase of mechanical
properties by selective cross-linking of ionic liquid monomers
in one phase of an POIL.12 Weber et al.37 have shown that
microphase separation of ionic liquid block copolymers
strongly influences their conductivity. Well-structured lamellar
microphase morphology of styrene−ionic liquid copolymers led
to a 10-fold increase in conductivity as compared to copolymers
with poorly organized hexagonal morphologies. Thus, control
of the nanostructural organization of POILs is the key point in
their application in many of the aforementioned uses,
particularly when relaxation and flow behavior dominate
major structural properties.
In this paper we for the first time report on a nanostructured

IL with new features based on the high fluidity of a polymeric
backbone in addition to the presence of ionic moiety similar to
ionic liquids (ILs). The basic idea is the use of a polymer with
an extremely low glass transition temperature (Tg) so as to
introduce liquid properties already into the native polymer of
the POIL. Additionally, the extremely large difference between
the hydrophobic polymer and the attached IL end groups
(affixed to one end group of the polymer) can induce
significant nanostructural order within the then polymeric
ionic liquid. Until now predominantly ionic liquid cations have
been incorporated into polymer backbones obtained from
vinyl,1,38 styrenic,22a methacrylic,39 ethylene glycol,40 vinyl
ether,41 and norbornene monomers.22c,39,42 As only few
polymers display such liquid properties in themselves we
have chosen poly(isobutylene) as polymer with such highly
liquid properties. The use of poly(isobutylene) as biocompat-
ible polymer with high hydrophobicity and chain mobility (as
exemplified by its low glass transition temperature, Tg = −80
°C) has found increased use in fields of supramolecular
polymer science,43,44 amphiphilic conetworks,14,45 and self-
healing materials.46 In contrast to the previously predominantly
used radical polymerization, we have applied living carboca-
tionic polymerization (LCCP) for the preparation of POILs,
thus allowing for chain-length control and therefore control of
the nanostructure’s dimension.47 The projected PIB-ILs were
prepared by combining LCCP with a microwave-assisted azide/
alkyne “click” reaction between an azido telechelic PIB and the
corresponding alkyne containing IL headgroup. As significant
phase separation effects were expected, detailed small-angle X-

ray scattering (SAXS) investigations as well as rheology studies
have been conducted to reveal structure and relaxation behavior
of the prepared POILs.

■ EXPERIMENTAL SECTION
Materials. All materials were obtained from Sigma-Aldrich and

used without further purification if not mentioned otherwise. 1-
Methylimidazole, 1-methylpyrrolidine, and N,N,N-triethylamine was
distilled over CaH2 prior to use. Dichloromethane and toluene were
predried over CaCl2 and freshly distilled over CaH2, sodium, and
benzophenone.

Instrumentation. 1H NMR and 13C NMR spectra were recorded
on a Varian Gemini 2000 FT-NMR spectrometer (400 MHz) and a
Varian Unity Inova 500 (500 MHz). MestRec-C software (version
4.9.9.6) was used for data interpretation. Deuterated chloroform
(CDCl3) and dimethyl sulfoxide (DMSO-d6) were used as solvents.
All chemical shifts (δ) are reported in parts per million (ppm) relative
to tetramethylsilane (TMS) and referenced to the significant solvent
signals. Coupling constants (J) are given in hertz (Hz).
Gel permeation chromatography (GPC) analysis was performed on a
Viscotek GPCmax VE2001 system combined with a Viscotek TDA302
(triple detector array) using polyisobutylene standards and THF as
solvent. PIB standards with a molecular weight of 340, 1650, 7970, 26
300, 61 800, and 87 600 g/mol were used for calibration. Data were
analyzed with the OmniSec (4.5.6) software. The polystyrene−
divinylbenzene-based column set consists of a HHR-HGuard-17,369
precolumn followed by a GMHHR-N-Mixed Bed 18055 (1000 to 4 ×
105 Da) and a G2500HHR-17,354 (100 to 2 × 104 Da) column. Both
the detector and the column temperature was set to 35 °C, with flow
rate of 1 mL min−1, and injection volume of 100 μL.
Matrix-assisted laser desorption/ionization time-of-f light mass spectrome-
try (MALDI-TOF-MS) experiments were performed on a Bruker
Autoflex III system operating in reflection and linear modes. The data
evaluation was carried out on flexAnalysis software (version 3.0). Ions
were formed by laser desorption (smart beam laser at 355, 532, 808,
and 1064 ± 6.5 nm; 3 ns pulse width; up to 2500 Hz repetition rate),
accelerated by a voltage of 20 kV, and detected as positive ions. The
matrix solution was prepared by dissolving 1,8,9-anthracenetriol
(dithranol) in THF at a concentration of 20 mg mL−1. Polymers
were dissolved in THF at a concentration of 10 mg mL−1; salts sodium
trifluoroacetate (NaTFA) and potassium chloride (KCl) were
dissolved at a concentration of 10 mg mL−1 in THF. Solutions of
the matrix, the polymer, and the salt were mixed in a volume ratio of
100:10:1, and 1 mL of each mixture was spotted on the MALDI-target
plate. Baseline subtraction and smoothing of the recorded spectra were
performed using a three point Savitzky−Golay algorithm. The
instrument was externally calibrated with poly(ethylene glycol)
standards (Mw = 2000 and 4200 g mol−1) applying a quadratic
calibration method with an error of 1−2 ppm.
Thermogravimetric analysis (TGA) was conducted on a Mettler Toledo
(DSC-H22) instrument. The sample was heated in a Pt pan, under a
nitrogen atmosphere, over a temperature range 25−800 °C, with a
heating rate of 10 °C min−1.
Dif ferential scanning calorimetry (DSC) was conducted on Perkin-
Elmer Pyris Diamond instrument. The glass transition temperatures
were determined by cooling the samples at −90 °C and then heating
up to 150 °C, both at rate 10 °C min−1. The glass transition
temperature is taken as a midpoint of a small heat capacity change
upon heating from amorphous glass state to a liquid state.
Small-angle X-ray scattering (SAXS) experiments were carried out
under vacuum with a rotating copper-anode X-ray generator
(Nanostar, Bruker AXS), Cu Kα radiation (wavelength 0.1542 nm)
monochromatized and collimated from crossed Goebel mirrors, and a
2-D position sensitive detector (Vantec 2000). For the in situ SAXS
measurement a specially designed X-ray transparent furnace was
developed, which allows stepwise heating of the samples from room
temperature to 550 °C with an accuracy of ±0.5 °C. The samples were
placed either in a quartz glass capillary with a diameter of 1.5 mm and
a wall thickness of 10 μm (from Hilgenberg, Germany) or between
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commercial aluminum foils. The samples were heated up to the
desired temperature, kept at this temperature for 5 min to ensure
thermal equilibrium, and measured for 15−30 min depending on the
scattering intensity of the respective samples. With a sample-to-
detector distance of 108 cm an accessible q-range from 0.1 to 2.8 nm−1

was obtained. The SAXS patterns were radially averaged in order to
obtain the scattering intensities I(q), where q = (4π/λ) sin θ is the
scattering vector and 2θ the scattering angle. The d100 peak (the
strongest Bragg reflection) was fitted with a Lorentzian function. This
results in numerical values for the peak position (corresponding to the
distance of the crystalline units in real space) and the peak breadth
(proportional to the domain size).
Rheological measurements were performed on an Anton Paar MCR 101-
DSO rheometer using parallel plates (diameter 8 mm). The sample
temperature was regulated by thermoelectric cooling/heating in a
Peltier chamber under a dry oxygen atmosphere. Frequency sweep
measurements were performed within the LVE (if not mentioned
otherwise). Temperature sweep measurements were performed with a
heating rate of 1 °C/min at ω = 10 rad/s. Before each measurement
the sample was annealed for 30 min.
Synthesis. Allyl telechelic PIB was synthesized via living

carbocationic polymerization (LCCP) based on procedure known
from the literature.47c Isobutylene was polymerized via LCCP in the
presence of 2-chloro-2,4,4-trimethylpentane (TMPCl) and TiCl4 as
initiator and co-initiator (for details see Supporting Information S2).
Quenching of the polymerization with allyltrimethylsilane (ATMS)
resulted in allyl-functionalized PIB. Azido telechelic PIB (Mn = 2920
g/mol; Mw/Mn= 1.14) was synthesized via further modification of allyl
telechelic PIB following procedure described by Binder et al.48 The
allyl moiety was converted into the hydroxyl group by hydroboration
of the double bond using 9-borabicyclo[3.3.1]nonane (9-BBN) and
subsequent oxidation with m-chloroperoxybenzoic acid (m-CPBA).
Bromination of the obtained PIB was accomplished in the presence of
carbon tetrabromide and triphenylphosphine with a yield of 99%.
Bromo-functionalized PIB was converted to the azide using
tetrabutylammonium fluoride (TBAF) and azidotrimethylsilane
(TMSA) with a yield of 89%. The pure product PIB (1) was
characterized using NMR and GPC (see Supporting Information, S2−
S4).
General Procedure for the Synthesis of Compounds 2a−2c.

To a solution of propargyl bromide (1 equiv) in dry toluene
corresponding amine (1.2 equiv) was added dropwise. The reaction
mixture was stirred at 50 °C. Then, the solvent was removed from
reaction mixture under reduced pressure, and the obtained crude
product was washed with ethyl acetate.
1-Propargyl-3-methylimidazolium Bromide (2a). 1-Methylimida-

zole (1.02 g, 12.43 mmol) was added dropwise to a solution of
propargyl bromide (1.23 g, 10.36 mmol) in dry toluene (25 mL). After
stirring the reaction mixture for 20 h, the obtained product was

purified by washing with ethyl acetate. Yield of (2a): 84% (1.74 g, 8.70
mmol), as a brownish powder. 1H NMR (400 MHz, DMSO-d6) δ
(ppm): 9.29 (s, 1H), 7.81 (t, J = 1.8, 1H), 7.78 (t, J = 1.8, 1H), 5.24 (d,
J = 2.56, 2H), 3.89 (s, 3H), 3.84 (t, J = 2.6, 1H). 13C NMR (100.6
MHz, CDCl3) δ (ppm): 136.2, 123.7, 121.8, 78.8, 75.9, 38.4, 35.8.

1-Propargyl-1-methylpyrrolidinium Bromide (2b). After addition
of 1-methylpyrrolidine (1.06 g, 12.43 mmol) to a solution of propargyl
bromide (1.23 g, 10.36 mmol) in dry toluene (25 mL), the reaction
mixture was stirred for 24 h. After purification the product was
obtained as slightly yellow solid with yield of 88% (1.69 g, 8.28 mmol).
1H NMR (400 MHz, DMSO-d6) δ (ppm): 4.50 (d, J = 2.5, 1H), 4.01
(dt, J = 2.45, 0.74, 2H), 3.63−3.49 (m, 4H), 3.15 (s, 3H), 2.18−2.05
(m, 4H). 13C NMR (100.6 MHz, CDCl3) δ (ppm): 81.6, 72.9, 63.0,
52.3, 48.7, 21.4.

N-Propargyl-N,N,N-triethylammonium Bromide (2c). According
to the general procedure N,N,N-triethylamine (1.25 g, 12.72 mmol)
was added to a solution of propargyl bromide (1.23 g, 10.36 mmol) in
dry toluene (20 mL), and it was stirred for 16 h. The purification of
the product resulted in a white solid with 82% (1.87 g, 8.49 mmol)
yield. 1H NMR (400 MHz, CDCl3) δ (ppm): 4.34 (d, J = 2.56, 2H),
4.01 (t, J = 2.53, 1H), 3.30 (q, J = 7.2, 6H), 1.23 (t, J = 7.2, 9H). 13C
NMR (100.6 MHz, CDCl3) δ (ppm): 82.1, 71.9, 52.9, 30.5, 7.3.

General Procedure for the Synthesis of PIBs Containing an
Ionic Moiety via “Click” Reaction (3a−3c). Azido telechelic PIB
(1, 1 equiv, Mn = 2920 g/mol; Mw/Mn = 1.14) and the corresponding
ionic liquid containing alkyne (2 equiv) were dissolved in a solvent
mixture of toluene/water/isopropanol (2:1:1) and placed in a
microwave vial. After addition of N,N-diisopropylethylamine
(DIPEA) (10 equiv), the vial was closed with a septum and the
solution was purged with nitrogen for 30 min. Then copper(I) iodide
(CuI) (0.2 equiv) was added to the mixture, and the solution was
again purged with nitrogen for more than 30 min. Subsequently, the
vial was sealed, placed in a microwave reactor, and irradiated under
70−80 W for several hours. After termination of the irradiation, the
organic phase was separated and washed with water (3 times). The
crude product which was obtained after removal of the solvents was
purified by column chromatography (stationary phase: SiO2; eluent:
chloroform) to eliminate the unreacted azido-telechelic PIB. Then the
eluent was changed to chloroform/methanol (15:1), and the fraction
with Rf = 0.2 was collected. After evaporating of the solvent, the
residue was dissolved in a small amount of chloroform and precipitated
into methanol. The precipitate was collected and dried under high
vacuum.

3-Methyl-1-imidazolium Telechelic PIB (3a). 3-Propargyl-1-meth-
ylimidazolium bromide (2a, 12.09 mg, 0.06 mmol), azido-telechelic
PIB (100 mg, 0.03 mmol), CuI (10 mg); irradiation conditions: 80 W,
85−90 °C, 17 h. Yield of 3a: 58% (67 mg). 1H NMR (400 MHz,
CDCl3) δ (ppm): 10.70 (s, 1H) 8.47 (s, 1H), 7.63 (s, 1H), 7.09 (s,
1H), 5.86 (s, 2H), 4.29 (t, 2H, J = 7.5), 3.98 (s, 3H), 1.94−1.83 (m,

Scheme 1. Synthetic Route toward Nonsymmetric Ionic Liquid-Functionalized PIBs 3a−3ca

a(a) Living carbocationic polymerization (LCCP):47c (i) synthesis of allyl-functionalized PIB; (ii) synthesis of hydroxyl-functionalized PIB; (iii)
synthesis of bromide functionalized PIB; (iv) synthesis of azide functionalized PIB (1).48 (b) Azide/alkyne “click” reaction. Reaction conditions are
given in the Experimental Section.
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2H), 1.47−1.36 (m, 104H), 1.16−1.05 (m, 312H), 1.00−0.97 (m,
15H). 13C NMR (100.6 MHz, CDCl3) δ (ppm): 139.8, 137.8, 125.2,
122.7, 122.5, 59.5, 58.8, 58.2, 55.9, 51.5, 44.4, 42.2, 38.1, 36.6, 34.8,
32.6, 32.5, 31.2, 30.8, 29.1, 25.5.
1-Methylpyrrolidinum Telechelic PIB (3b). 1-Propargyl-1-methyl-

pyrrolidinum bromide (2b, 12.24 mg, 0.06), azido-telechelic PIB (100
mg, 0.03 mmol), CuI (8 mg); irradiation conditions: 80 W, 85−90 °C,
17 h. Yield of 3b: 52% (56 mg). 1H NMR (400 MHz, CDCl3) δ
(ppm): 8.52 (s, 1H), 5.02 (s, 2H), 4.34 (t, 2H, J = 7.5), 4.11−4.00 (m,
2H), 3.60- 3.50 (m, 2H), 3.24 (s, 3H), 2.40−2.18 (m, 4H), 1.98−1.81
(m, 2H), 1.47−1.36 (m, 104H), 1.16−1.05 (m, 312H), 1.00−0.97 (m,
15H). 13C NMR (100.6 MHz, CDCl3) δ (ppm): 128.4, 63.9, 59.5,
58.8, 58.2, 57.6, 55.9, 51.6, 49.4, 42.2, 38.2, 37.8, 34.8, 32.6, 32.4, 31.2,
30.8, 29.2, 25.5, 21.9.
N,N,N-Triethylammonium Telechelic PIB (3c). N-Propargyl-N,N,N-

triethylammonium (2c, 13.20, 0.06 mmol), azido-telechelic PIB (100
mg, 0.03 mmol), CuI (10 mg); irradiation conditions: 80 W, 85−90
°C, 17 h. Yield of 3c: 48% (51 mg). 1H NMR (400 MHz, CDCl3) δ
(ppm): 8.81 (s, 1H), 5.01 (s, 2H), 4.36 (t, 2H, J = 7.5), 3.48 (q, 6H, J
= 7.3), 1.98−1.88 (m, 2H), 1.52 (t, 9H, J = 7.2), 1.45−1.36 (m,

102H), 1.15−1.05 (m, 306H), 0.99−0.95 (m, 15H). 13C NMR (100.6
MHz, CDCl3) δ (ppm): 135.1, 128.4, 59.5, 58.8, 58.2, 55.9, 53.5, 51.9,
51.5, 42.1, 38.2, 37.9, 37.8, 34.8, 32.6, 32.4, 31.2, 30.8, 29.1, 25.4, 7.8.

■ RESULTS AND DISCUSSION

Synthesis of Polyisobutylene-Based Ionic Liquids
(PIB-ILs). In general, POILs can be prepared either via direct
polymerization of IL monomers or via chemical modification of
existing polymers. Both strategies often involve polymerization
techniques such as conventional6 and living radical polymer-
ization (ATRP49 and RAFT41,50), ring-opening metathesis
polymerization,51 or chemical and electrochemical oxidative
polymerization.52 Our synthetic route for the preparation of
polyisobutylene-based ionic liquids (PIB-ILs) follows the use of
living carbocationic polymerization (LCCP) as presented in
Scheme 1. It should be noted that for end-group modification
of polyisobutylene with strongly polar moieties (as the IL
groups are), only a few qualitatively useful reactions are

Table 1. Reaction Conditions, Molecular Weight Data, Decomposition (Td,onset), and Glass Transition Temperature (Tg) of the
PIB Ionic Liquids 3a−3c

entry POIL catalyst reaction conditiona convb (%) yield (%) Mn(NMR) (g/mol) Mn(GPC) (g/mol) PDI Td,onset (°C) Tg (°C)

1 3a CuI (0.03 mmol) 75 W/75 °C/16 h 86 58 3256 3241 1.2 310 −70.6
2 3b CuI (0.03 mmol) 75 W/75 °C/16 h 81 52 3259 3207 1.2 398 −71.4
3 3c CuI (0.03 mmol) 70 W/75 °C/16 h 74 48 3334 4700 1.2 352 −70.9

aReaction condition is reported based on irradiation power (W), reaction temperature (°C), and duration (h). bConversions were determined by 1H
NMR, comparing integration ratio of cationic moiety signals to the rest of the polymer chain, especially unreacted −CH2−N3.

Figure 1. 1H NMR spectra of the PIB-ILs (3a−3c) and the starting material (azido-telechelic PIB (1)).
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known.47c,e,f,53 The azide/alkyne “click” reaction to attach these
highly polar moieties therefore represents the best method to
achieve this goal.
Allyl-functionalized telechelic PIB was synthesized via living

carbocationic polymerization (LCCP) using 2-chloro-2,4,4-
trimethylpentane (TMPCl) as described elsewere.47c Trans-
formation of the allyl-functionalized PIB to the azido-telechelic
PIB (1) was conducted according to the method developed
earlier by us,48 yielding PIBn-N3 (Mn = 2920 g/mol; Mw/Mn =
1.14) in 90% overall yield. Subsequent microwave-assisted
azide/alkyne “click” reaction between PIBn-N3 (1) and the

alkyne containing ILs (2a−2c) with a copper(I) catalyst
resulted in the desired ionic-liquid-functionalized PIB. Upon
testing different Cu(I) catalysts (Cu(I) iodide, Cu(I) bromide
and tris(triphenylphosphine)copper(I) bromide, [Cu-
(PPh3)3Br]), only [Cu(PPh3)3Br] and CuI proved conversions
between 30 and 86% (see Table 1 and Supporting Information,
Table S1). Best results were achieved using copper(I) iodide
under microwave irradiation conditions, with a strong influence
of the microwave-irradiation power on the obtained yields.
Although the increase of irradiation power often leads to higher
conversions, the formation of side products via Hofmann

Figure 2. MALDI-TOF mass spectra of the PIB-ILs (3a−3c): (a) Compound 3a, inset: simulation for [C186H368N5]
+ with 43 units of isobutylene.

(b) Compound 3b, inset: simulation for [C187H373N4]
+ with 43 units of isobutylene. (c) Compound 3c, inset: simulation for [C188H377N4]

+ with 43
units of isobutylene.

Macromolecules Article

dx.doi.org/10.1021/ma202736g | Macromolecules 2012, 45, 2074−20842078



elimination could be observed. Lowering of the irradiation
power also resulted in a decline of conversion. Therefore,
optimization of microwave irradiation conditions for all three
compounds led to a good conversion of the azide (conversions
74−86%, see Table 1).
Characterization of the PIB-ILs. The structure of the

prepared PIB- ionic liquids (3a−3c) was confirmed via 1H and
13C NMR spectroscopy (see Figure 1 and Supporting
Information, S8−S10) as well as MALDI-TOF-MS measure-
ments (see Figure 2). Chromatographic and NMR spectro-
scopic data are shown in Table 1, revealing a good agreement
between the Mn(GPC) and Mn(NMR) data and hence indicating a
complete end-group functionalization. After purification by
column chromatography it was possible to obtain pure
compounds 3a−3c, thus removing eventually present impur-
ities or incompletely functionalized polymers.
All compounds showed the expected resonances in NMR

spectroscopy as well as the expected absolute molecular weights
in the respective mass spectra. The successful “click” reaction
was confirmed by the proton shift of the terminal CH2− group
of poly(isobutylene) chain (triplet d in Figure 1) from 3.21
ppm for azido telechelic PIB (1) to 4.29−4.36 ppm in the case
of PIB-ILs 3a−3c and the appearance of a resonance of the
triazole ring in the range between 8.47 and 8.81 ppm (signal f
in Figure 1). Furthermore, no signals originating from the
unreacted azido-telechelic PIB could be observed in 1H NMR
spectra of the PIB-ILs 3a−3c (see Figure 1). MALDI-TOF-MS
spectra of synthesized polymeric ionic liquids are shown in
Figure 2. All three spectra show one main series with 56 Da
differences which corresponds to the mass of one repeating
unit. The observed signals in all three cases can be simply
assigned to PIB containing cationic moiety. According to Figure
2a, the signal appearing at 2672.626 Da can be assigned to PIB
containing imidazolium cation with chemical formula of
[C186H368N5]

+ with n = 43 units of isobutylene. In Figure 2b,
the signal at 2675.695 Da can be represented by [C187H373N4]

+,
and the PIB-containing ammonium moiety can be identified by
its signal at 2691.692 Da, which is assigned for [C188H377N4]

+

(Figure 2c). The simulated isotopic pattern of the synthesized
polymeric ionic liquids for repeating unit of n = 43 shows an
excellent match with the pattern of the observed signals in
MALDI spectra which confirms the formation of expected
structures.
All three investigated PIB-ILs exhibit glass transition

temperatures in the range −70.6 to −71.4 °C (see Table 1),
indicating the increase of Tg compared to the PIB (−80 °C)
due to the presence of the ionic moieties.
As thermal stability is an important selection criterion for a

high-temperature use, thermogravimetric analysis of the PIB-
ILs was performed (see Figure 3), indicating only one
decomposition step with the onset decomposition temperature
in the range between 310 and 398 °C (see Table 1). As
expected, the thermal stability of the presented PIB-ILs 3a−3c
is higher compared to the classical monomeric ionic liquids54

and lies in the range of other previously investigated POILs.5

SAXS Measurements of PIB Ionic Liquids. As already
reported in the literature, the morphology of some POILs
exhibits a behavior similar to those described for ionomers.4,5,12

As the structure of prepared polyisobutylene-based POILs
shows distinct resemblance to the structure of classical
ionomers, composed of a polymeric tail and ionic groups at
the end positions, similar microphase separation may be
expected. According to the multiplet-cluster model for the

description of morphology of random ionomers postulated by
Eisenberg et al.,55,56 ion pairs aggregate to structures named
“multiplets”. Electrostatic interactions between “multiplets”
favor their agglomeration to form phase-separated regions
(clusters), whereas the elastic forces of free polymer chains are
opposing cluster formation. Additionally, the mobility of the
polymer chain in the immediate vicinity of the “multiplets” is
strongly restricted, resulting in a region of restricted mobility
surrounding each multiplet. As the ion content increases the
average distance between “multiplets” decreases, resulting in
overlap of regions with restricted mobility of polymer chains.
After a certain critical ion concentration is reached cluster
formation becomes more energetically favorable, therefore
resulting in the formation of aggregates. As a consequence, the
presence of clusters leads to the existence of large regions of
material with restricted mobility. Since the stability of
microphase separation is strongly temperature dependent, a
loss of the internal structure at higher temperature due to the
weakening of electrostatic interactions is expected. However,
after cooling and distinct relaxation time re-establishment of the
internal structure can be observed, indicative of the self-healing
properties of such ionomers.24c,56,57

In order to investigate the morphologies of prepared PIB-ILs,
SAXS measurements were conducted (see Figures 4−6 and
Supporting Information, S11−S12).
The observed Bragg reflections in the SAXS patterns can be

interpreted as the formation of ordered clusters in POILs,
predominantly representing intracluster spacings. Both 3a and
3b show five reflections, which could be attributed to a simple
cubic lattice with a d-spacing (the distance of the units) of 7.6
and 6.9 nm for 3a and 3b, respectively. The ammonium-
containing compound (3c) exhibits four reflections, clearly
indicating an arrangement in the form of 2-D hexagonally
packed cylinders with a d-spacing of 7.95 nm (see also
Supporting Information, S11−S12). Thus, it can be assumed
that PIB-ILs 3a and 3b form “multiplets” clustered in a micellar
fashion at room temperature, while 3c assembles as a cylindrical
phase (see Figure 4).
In the next step, PIB-IL samples were also subjected to

variable-temperature in situ SAXS to identify any disorder−
order or order−order transition in the range 25−300 °C and to
further understand the relaxation of structural changes. As can
be seen in Figure 5b, compound 3b shows a lattice disorder−

Figure 3. Thermogravimetric analysis (TGA) of the PIB-ILs (3a−3c)
at a heating rate of 10 °C min−1 under a nitrogen atmosphere.
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order transition (LDOT) at 80 °C, indicated by the broadening
of the first and the gradual disappearance of higher order peaks.
This resembles the phase disordering process of micelles during
heating, which was distinguished by Han et al.58 from the
demicellation/micellation transition (DMT) at still higher
temperatures. The increase of temperature leads to a gradual
weakening of the electrostatic forces between ionic clusters.
After reaching the transition temperature, loss of the internal
structure due to the electrostatic interaction can be observed
(loss of all four higher order scattering maxima). Breaking of
the ionic clusters between “multiplets” subsequently leads to an
increase in mobility of polymer chains, resulting in a shift and

broadness of the main peak. After cooling to room temperature
and waiting for a relaxation time of 132 h a clear re-
establishment of the nanostructure can be observed (see Figure
5b). The relaxation time of 3b is comparable with the results
obtained by Varley et al.24c for classical ionomers with
relaxations times up to 7 days.
Additionally, the obtained data were fitted with Lorentzian

function, and the variation of the main peak position as well as
its half-width at half-maximum (hwhm) with temperature are
plotted. The variation of the main peak position with
temperature and after relaxation is presented in Figure 6 (see
also Supporting Information, S13−S14), indicating a continu-
ous shift of the main peak to larger q values with increasing
temperature, which corresponds to the formation of smaller
structures. After a relaxation time of 132 h the original
nanostructure is almost completely restored, which is in
accordance with the observations of Eisenberg56,57d and
others57 regarding the thermal behavior of classical ionomers.
Therefore, the investigated ionic liquid 3b exhibits self-healing
characteristic for ionomers.
However, a markedly different behavior was observed in the

case of PIB-IL 3a (see Figure 5a). The internal cubic
nanostructure of the imidazolium-based IL 3a is stable even
at higher temperatures. Only a partial loss of the nanostructure
can be observed at 275 °C (loss of the smallest two peaks). The
strong electrostatic interactions between imidazolium cations,
probably combined with pronounced π−π stacking between
adjacent imidazolium rings, lead to the significantly stable
internal structure. In the range between 275 and 300 °C the
order−disorder transition can be observed, followed by the
extreme broadening of the main peak. However, this loss of
internal structure is probably due to the thermal decomposition
of the compound, rather than due to the thermal transition of
nanostructural organization. Furthermore, even after 1 week no
structural relaxation could be observed, suggesting the
irreversible thermal decomposition of the starting compound
at 300 °C, which is in accordance with the thermal stability data
obtained with TGA (see Figure 3).

Figure 4. (a) SAXS profiles of PIB-based ILs (3a−3c) at room
temperature. Each curve is shifted in the intensity axis (y-axis) for
clarity. (b) Schematic illustration of simple cubic and hexagonally
packed cylindrical nanostructure formed by PIB-ILs. The “multiplets”
are representing the inner phase of the structures.

Figure 5. SAXS profiles of the prepared PIB-containing ionic liquids at different temperatures and after relaxation: (a) 3a; (b) 3b; (c) 3c. Each curve
is shifted in the intensity axis (y-axis) for clarity.
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Whereas in the case of the compounds 3a and 3b no order−
order transition (OOT) could be observed at any temperature,
this is clearly the case for compound 3c (see Figure 5c).
Starting from the hexagonally packed cylindrical morphology at
room temperature, the first OOT can be observed at 50 °C
where the coexistence of hexagonally packed cylindrical and
simple cubic morphology is clearly visible (see also Supporting
Information, S11−S12). At 65 °C a second OOT can be
observed, indicating the loss of the hexagonally packed
cylindrical morphology. Finally, at 90 °C the loss of the cubic
morphology and hence the order−disorder transition can be
observed. Corresponding to the much more flexible structure of
the cation in compound 3c, significantly shorter relaxation
times were observed compared to PIB-IL 3b (see Figure 5c).
After cooling to room temperature and only 48 h relaxation
time the hexagonally packed cylindrical morphology of 3c was
almost completely re-established. Our results clearly indicate

that the self-assembly and the stability of the microphase
morphology of the presented POILs strongly depends on the
nature of the cation anchored on the polymeric chain.36

Rheology Measurements of PIB Ionic Liquids. A closer
look on the order/order and order/disorder transitions was
achieved by melt rheology,59 as in our samples the relaxation
behavior expectedly stems from two different contributions. On
the one hand, microphase separation should influence the
viscous behavior similar to conventionally microphase-sepa-
rated block copolymers above the Tg, whereas the ionic
multiplets should strongly tend to retain the (cubic) structure
due to their high stability even at high temperatures.60 As
shown in Figure 7, the samples exhibited strongly different
rheological behavior, depending on the nature of the cation
anchored onto the polymeric chain. At low temperatures only
the PIB-IL 3b shows terminal flow, as exemplified by the

Figure 6. Variation of the main peak position with temperature (left), after heating to 90 °C, and relaxation at room temperature (right) obtained for
3b via temperature-dependent SAXS measurements.

Figure 7. Temperature-sweep measurements for PIB-ILs: (a) for sample 3b, (b) for sample 3c, and (c) for sample 3a. The heating rate was 1 °C/
min at ω = 10 rad/s.

Figure 8. (a) Frequency-sweep measurement of 3b at 20 °C (γ = 2%). (b) Frequency-sweep measurements of 3c with different strains at 20 °C.
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dependency of G′ ∼ ω2; G″ ∼ ω1 at ωτ ≪ 1, indicative of a
viscoelastic fluid.
This behavior can be explained by the internal cubic

structure of the PIB-IL, which consists of (spherical) ionic
multiplets. These multiplets slide over each other similar to the
model described by Antonietti et al.61 for spherical microgels.
Therefore, a small (rubbery) plateau can be observed, which fits
into the model of viscous flow via cooperative movements of
the ionic multiplets upon shear. Depending on the size of the
multiplets (3b (6.9 nm); 3c (7.24 nm); 3a (7.6 nm) as
determined via SAXS), flow is then achieved at increasing
temperatures 40, 105, and 140 °C, respectively (see frequency-
sweep measurement at ω = 10 rad/s in Figure 7). As our
polymers are below the entanglement limit, the formation of a
plateau by entangled chains can be definitely ruled out.
However, in accordance with the work of Hadjichristidis,59 a
deaggregation of the ionic clusters at lower frequencies cannot
be excluded. In contrast to the other PIB-ILs (3a, 3b), PIB-IL
3c shows a significant transition around T = 50 °C, which
matches with the order/order-transition from cubic to
hexagonal as observed in SAXS. Thus, a strongly shear-
dependent behavior of G′ and G″ at low strain (γ = 2−70%) was
observed (see Figure 8b and Supporting Information, S15−19),
similar to the behavior of nanotubes, dispersed in a IL matrix.62

The tubular structures can form a transient network, which can
then be broken by the applied forces with increasing strain.
However, the obtained results may also indicate the alignment
of the aggregates of the ionic groups under the applied strain.63

As those two possibilites can hardly be discriminated, and the
SAXS data point to the former behavior of cluster retainment,
we tend to the first hypothesis. In general, the observed data
clearly demonstrate an entirely different behavior than expected
for conventional block copolymers, which are introduced by the
ionic liquid head groups. Clearly fascinating is this strong
change by the presence of only one small ionic headgroup
within the comparable long polymer chain.

■ CONCLUSIONS
A new IL with a strongly temperature-dependent nanostructure
is reported in this paper, relying on the synthesis of a liquid
polymer with a IL headgroup, thus introducing liquid
properties by both the polymer and via the IL headgroup.
Thus, the poly(isobutylene)s containing polymeric ionic liquids
3a−3c were prepared, and their temperature-dependent self-
assembly behavior was investigated by SAXS. The synthetic
approach combined living cationic polymerization with azide/
alkyne “click” chemistry and enabled a full end-group
transformation to the final polymeric ionic liquids, modified
with either imidazolium, pyrrolidinium, or triethylammonium
end groups.
SAXS measurements at different temperatures revealed a

similar behavior of prepared PIB-ILs to classical ionomers. All
three investigated PIB-ILs exhibited pronounced nanostructural
organization at room temperature. However, the thermal
stability of the nanophasic separation shows strong dependence
on the nature of an anchored cation. Whereas the nano-
structural morphology of the imidazolium-based PIB-IL 3a
shows high thermal stability up to the decomposition
temperature, order−order and lattice disorder−order transi-
tions characteristic for common ionomers could be observed in
the case of pyrrolidinium 3b and ammonium-based 3c PIB-ILs.
Furthermore, also the relaxation time and thus the re-
establishment of the nanostructural organization after cooling

at room temperature are strongly dependent on the nature of
ionic group, with the relaxation time of compound 3c being
significantly shorter as compared to the 3b with the rigid, cyclic
pyrrolidinium cation. The reported PIB-ILs represent new
types of ionic liquids, where both the polymeric part and the IL
headgroup can be used to tune both the nanostructure and the
rheological properties. Because of their additional high thermal
stability, the so-identified ILs therefore are important
candidates for strongly shear- and wear-resistant fluids in
science and technology, in particular aiming at self-healing
polymers, where the relaxation time can now be engineered by
the IL end group, together with the strong shear- and
temperature-dependent flow behavior.
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ABSTRACT: We revisit previously published dielectric and
viscoelastic data of binary blends of linear cis-polyisoprene
[Watanabe, H.; Ishida, S.; Matsumiya, Y.; Inoue, T. Macro-
molecules 2004, 37, 6619] in order to test the validity of the
dynamic tube dilution (DTD) picture and to determine
the most appropriate value of the dilution exponent α.
We conclude that the DTD picture with α = 1 is more
appropriate at short times, while at longer time, a larger exponent
of α = 4/3 gives a better description of the experiments. Further-
more, between these two time regions, a broad crossover zone
is found, going from an effective α = 1 to an effective α = 4/3.
On the basis of this result, we propose to consider a new relaxation process, which is combined with the classical DTD picture
with α = 1 to give the experimentally observed effective α = 4/3 at long times. This extra relaxation process results from the
tension equilibration along the long chains, which takes place thanks to the blinking feature of release/reformation of the long−
short entanglements and leads to a partial disorientation of the primitive path itself within the dilated tube. We have formulated
the relaxation function considering this tension equilibration and demonstrated its validity for description of the experiments in
the entire range of time.

1. INTRODUCTION
Tube-based models represent a powerful tool for describing
the dynamics of linear polymer melts.1−5 Introduced by de
Gennes1 and Doi and Edwards,2 the initial concept, which
mainly takes into account reptation and contour length fluctua-
tion (CLF) mechanisms, has been more and more refined in
order to include the influence of the molecular environment on
the relaxation of the focused chain. Therefore, concepts such as
“double reptation”,6,7 “constraint release” (CR), “dynamic tube
dilution” (DTD),8 or “constraint release Rouse motion” (CRR)9,10

were proposed in order to allow the long, unrelaxed chains to
take advantage of the fast relaxation of the short chains and relax
faster than in their monodisperse environment. Based on the DTD
picture, which was first proposed by Marrucci8 for describing the
relaxation of linear polymers and later extended to branched
polymers by Ball and McLeish,11 tube models have been con-
siderably improved, reaching nearly quantitative agreement with
the experimental viscoelastic data for a large variety of model
polymers.4,12−16 According to the DTD picture, once a fraction
of the polymer is relaxed, its diluting effect is taken into account
by considering that the remaining chains are moving in an
effectively dilated tube. The relaxation function of an entangled
polymer, which is describedaccording to the tube pictureby
the factorization of the survival fraction of the initial tube and of

its constraint release term, is therefore, expressed as8

φμ ≡ = ′ +αt
G t
G

t( )
( )

( ( ))
N
0

1

(1)

where GN
0 is the plateau modulus, φ′(t) is the survival fraction of

the initial tube (defined with respect to a dilated diameter at time t),
and α is the dilution exponent.
By now, despite many attempts, there is no consensus about

the exact value of the dilution exponent α.17 Varying between
1 and 4/3, its value depends on the model which is used as well
as the architecture of the samples analyzed.14,17−19 Many ex-
perimental studies have shown that α is close 4/3 (a value in
solutions).20−22 The same conclusion was drawn by Colby and
Rubinstein,23 by considering that an entanglement is created
from a fixed number of binary contacts between the chains,
and by determining the scaling of the diameter of the “blob”
needed in order to contain this fixed number of contacts, knowing
that the density of contacts varies with the square of the concen-
tration: if there is one entanglement in a “blob” of volume a0

3 in
the melt state, dilution to a polymeric concentration of υ2 gives
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υ2
2 entanglements per “blob” of volume a0

3 or, equivalently,
one entanglement per a larger “blob” of size a3. From this
statement, one can indeed conclude that a is proportional to
1/υ2

2/3 and thus α = 4/3 in a fully equilibrated state. Milner
extended this picture proposed for polymer solutions, to
polymer melts,24 linking the work of Lin and Noolandi25 to the
work of Colby and Rubinstein.26

However, by confronting predictions based on tube theory
and experimental viscoelastic data of different polymer melts,
several papers reported better agreement for α = 1 rather than
for α = 4/3.14,15,18 On the other hand, when looking at the level
of the low-frequency second plateau of the storage modulus of
complex architectures, which relax the stress hierarchically with
the outer generation of branches expected to behave as a
solvent for the relaxation of the inner generation, no clear
conclusion could be derived, the data being scattered between
the φ′2 and φ′7/3 dependence.16,21,22,27,28 These results show the
difficulty in discriminating the dilution exponents of α = 1 and
α = 4/3 experimentally.
In order to investigate this issue for polymer melts, binary

blends of linear chains are the ideal system; the short chains
therein act as a solvent for the long chains in long time scales.
Several studies have already been conducted in this direction. In
particular, Watanabe et al. have demonstrated that α = 1.3 (≅4/3)
must be used in order to correctly match the reduced moduli
υ2

−(α+1)G′ and υ2
−(α+1)G″ (υ2 being the volume fraction of the

long chains) of binary blends having well-separated component
molecular weights with the solution data at low frequencies.22,27

Furthermore, for most of the blends, they showed that a full-
DTD picture with α = 1.3 overestimates the dilution effect at
intermediate times. A model based on a partial-DTD picture
explicitly incorporating the CRR process was proposed in order
to correctly describe the experimental data.22 However, while
the set of data for the PI blends obtained in that work indicates
that the experimentally determined α for those blends must be
close to 4/3, Park and Larson found a better agreement
between the same set of data and their tube-based predictions
based on α = 118 as well as for other sets of data for a variety
of binary blends of linear chains. Facing this difficulty of fixing
the value of α for bidisperse samples, slip-link simulations
(NAPLES) on binary linear blends have been performed29,30 to
show that the terminal relaxation modulus of binary blends
scales as υ2

7/3, even though the relationship a = a0/υ2
1/2 (i.e.,

α = 1) was intrinsically utilized in the simulation. This result,
which starts with the basic assumption of the binary nature of
the entanglement (and thus utilizes α = 1),8 shows once more
the difficulty to define a unified picture for explaining the CR
effect in polymer melts.
The objective of this paper is to revisit the experimental data

presented in refs 22 and 27, starting from another point of
view: rather than considering a partial-DTD picture and
utilizing α = 4/3, we start with the full-DTD picture combined
with α = 1. Furthermore, in order to account for the dilution
effect of the short chains more significant than for the case of
α = 1, we introduce a new relaxation process, which allows the
polymer blend to behave as if the dilution exponent in the full-
DTD picture were larger than 1. This leads us to define an
effective value of α, which corresponds to the value deter-
mined from the level of the low-frequency plateau of the stor-
age modulus. This effective value can vary between 1 and 4/3
with time, while its real theoretical value is fixed at 1 (which
corresponds to the binary nature of the entanglement). In other
words, the effective α value in the blends can exhibit a crossover

from α = 1 at short times, where the long chains have not fully
equilibrated their conformations after the relaxation of the short
chains (and thus just the binary nature determines α), to α =
4/3 at long times where this equilibration is completed, and the
situation considered by Colby and Rubinstein is recovered.
This crossover of the α value does not seem to be properly

addressed in the available theories (although a semiempirical
approach of partial-DTD results in this crossover22). One of the
aims of this paper is the explicit formulation of this crossover
behavior. The formulation requires us to specify the unrelaxed
fraction (survival fraction) of the dilated tube, φ′(t) (cf. eq 1),
but the time evolution of φ′(t) is determined by coupling of the
reptation, CLF, and CR mechanisms. In this work, we adopted
an approach utilizing experimental data, rather than to
challenge full specification of this coupling. As proposed in
refs 27, 31, and 32, in order to only focus on the global effect of
the DTD picture, we use the data of the dielectric relaxation
function for determining φ′(t). This approach allows us to skip
detailed analysis for the influence of dilution on the reptation
and contour length fluctuation processes and, therefore, to
extract the clearest information about the α exponent.
This paper is organized as follows: In section 2, after a short

presentation of the samples and experimental techniques used
in this work, we present the DTD picture and confront the
predictions of this picture with α = 1 and/or α = 4/3 to
experimental viscoelastic data. In section 3, we mathematically
formulate a previously discussed relaxation mechanism33 in
order to explain the experimental results, coming from the CR-
activated tension equilibration along the chains, which takes
place as soon as the chains start moving in their dilated tube.
Conclusions are summarized in section 4.

2. TEST OF THE DTD MOLECULAR PICTURE ON
BINARY BLENDS OF LINEAR CHAINS
2.1. Experimental Section. The samples used in this work

are previously synthesized/characterized linear cis-polyisoprene
(PI) samples.22,27,34,35 Their molecular characteristics are sum-
marized in Table 1, with the sample code number indicating

their molar mass in kg/mol. The systems subjected to
viscoelastic and dielectric measurements are blends of high-M
and low-M PI samples (L308 + L94, and L308 + L21) having
various values of the L308 volume fraction υ2. As detailed in refs
22 and 27, the blends were prepared by dissolving prescribed
masses of L308 and L94 in benzene at 5 wt % and then allowing
benzene to thoroughly evaporate. Dynamic viscoelastic measure-
ments were conducted at several temperatures between −20 and
80 °C with a laboratory rheometer (ARES; Rheometrics), using
parallel plate fixture of a diameter of 25 mm, while dielectric
measurements were conducted for the blends charged in a
guarded parallel-plate dielectric cell with a transformer bridge
(1620A, QuadTech) and a homemade absorption current circuit,
at temperatures between 10 and 80 °C.35 The time−temperature
superposition held excellently for both viscoelastic and dielectric
data.22,27

Table 1. Characteristics of Linear PI Samples

code 10−3Mw Mw/Mn

L308 308 1.08
L94 94.0 1.05
L21 21.4 1.04
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2.2. Full-DTD Molecular Picture. The full-DTD molecular
picture considers that the relaxed portion of polymer acts as a
solvent for the polymer relaxation at a certain time t (in the
entanglement relaxation zone).8

An illustration of the full-DTD picture is shown in Figure 1
(considering α = 1), for a long chain in a binary blend

composed of well-entangled short and long chains. As shown
in Figure 1a, at times t shorter than the relaxation time τrel,1 of
the short chains (component 1), all entanglements play an
active role in the confinement of the long chain (component 2) in
its tube. (τrel,1 is essentially determined by reptation and CLF of
the short chain, with the CR mechanism for this chain being
suppressed by the long chain.) The monomers between two
entanglements are coarse-grained into an “entanglement
segment” (circles in Figure 1a) of a diameter a0, and this diam-
eter corresponds to a length scale that the monomers can
explore before the entanglement relaxation occurs. The pri-
mitive path of the long chain, represented by the arrows, has an
equilibrated average length of Leq,0 = Z0a0, with Z0 being the
number of initial entanglement segments along the chain.2

At a time longer than the relaxation time of the short chains
but shorter than the reptation time of the long chains (τrel,1 <
t < τrept,2), the short chains can move and therefore do not
confine the long chain anymore in its initial tube (see Figure
1b). Consequently, the short chains are acting as a solvent for
the long chain, and all entanglements involving the short chains
must be ignored. This process is taken into account in tube
models by considering that the chains are moving in a dilated
tube characterized by an effective tube diameter, a(t), which
accounts for this dynamic tube dilation (DTD). To this effec-
tive tube diameter, correspond an effective molecular weight
between two entanglements, Me(t), and an effective equilibrium
length, Leq(t). As described by Marrucci,8 these effective values
are defined in relation to their initial values, a0, Me,0, and Leq,0,
as

φ= ′ −αa t a t( ) ( ( ))0
/2

(2)

φ= ′ αL t L t( ) ( ( ))eq eq,0
/2

(3)

φ= ′ −αM t M t( ) ( ( ))e e0 (4)

In the specific case of binary blends of linear chains just after
the relaxation of the short chains, the survival fraction of the

dilated tube, φ′(t), is (approximately) equal to the volume frac-
tion of the long chains, υ2, and each long−long entanglement seg-
ment is considered to behave as a relaxed Gaussian subchain. With
this picture, the orientation of the whole primitive path stays
strongly correlated with its initial orientation (see Figure 1b).
With the aid of the rescaled Me(t) given by eq 4, the effective

plateau modulus during the DTD process is expressed as ρRT/
Me(t). Since a fraction φ′(t) of the dilated entanglement seg-
ments (with the molecular weight Me(t)) preserves the initial
orientational anisotropy, G(t) is given by φ′(t)ρRT/Me(t) =
GN

0 (φ′(t))1+α (cf. eq 4). Therefore, eq 1 is obtained.8

2.3. Localized Constraint Release Rouse (CRR)
between Long−Long Entanglements. Despite its simple
and clear physics, the above molecular picture of full-DTD has
some limitations when confronted to experimental results. In
particular, several studies revealed that the full-DTD picture
fails for binary blends of linear chains9,18,22,36 in the time zone
just after the relaxation of the short chains. Indeed, the full-
DTD picture assumes that long chains immediately explore all
local conformations within the dilated tube, taking advantage of
the short chain motion. However, this transition from the thin
to dilated tube takes a certain time, which is not taken into
account in the full-DTD picture.
Several different ways have been proposed in order to correct

this issue. The simplest but reasonable solution is to consider a
fact that the tube cannot dilate faster than described by the
constraint release Rouse (CRR) mechanism. Most of the cur-
rent tube-based modelssee, for example, refs 10 (eq 12), 13
(eq 23), 18b (eq 10), or 43incorporate this CRR-limited
dilation of the tube and assume that the CRR motion in bidis-
perse blends is localized between successive long−long entangle-
ments (not occurring along the whole backbone of the long
chain). This extra condition can be cast in a condition specifying
the effective tube diameter a(t) at a time t:10,15,18

ϕ= −αa t a t( ) { ( )}0
/2

(5a)

with

ϕ φ ϕ= ′ ′ ′ α⎪

⎪

⎪

⎪

⎧
⎨
⎩

⎡
⎣⎢

⎤
⎦⎥

⎫
⎬
⎭

t t t
t
t

( ) max ( ), ( )
1/2

(5b)

In eq 5a, ϕ(t) is an effective fraction of the initial constraints that
survive at time t: This ϕ(t) is defined a way that the number of
entanglement segments in an effectively dilated segment at time t
is expressed as {ϕ(t)}−α.
In eq 5b, t′ represents an (almost) arbitrarily chosen time

prior to t, as explained below in more detail. If the CRR
mechanism dominates the relaxation at all times t′ < t, eq 5b
analytically gives ϕ(t) = ϕ(t′)[t′/t]1/2α (which coincides with
the Rouse function (cf. Appendix A) for the case of α = 1, the
theoretical value concluded in this study). Correspondingly,
irrespective of the α value, the normalized viscoelastic relaxation
function of the long chain, μ2(t), is expressed in the Rouse
form, μ2(t) = μ2(t′)[t′/t]

1/2 ∝ t−1/2 (see Appendix B1). How-
ever, if the actual survival fraction of the dilated tube, φ′(t), is
larger than ϕ(t′)[t′/t]1/2α, this CRR dominance vanishes and
ϕ(t) does not decay to ϕ(t′)[t′/t]1/2α but only to φ′(t). Thus, ϕ
at time t is determined by ϕ and φ′ at the past times t′.
Equation 5b specifies this condition in a form similar to the
recurrence formula.
Here, we fully specify the arbitrariness of t′ mentioned above.

First of all, the survival fractions satisfy the initial condition,

Figure 1. Full-DTD picture applied to a long chain in a bidisperse
blend of short and long chains. (a) A long chain in its initial tube,
before the short chain relaxation (i.e., at t < τrel,1). (b) A long chain in
its effective tube dilated due to the relaxed short chains (at τrel,1 < t <
τrept,2). In the specific case illustrated here, the volume fraction of long
chains is υ2 = 1/3.
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ϕ(τe) = φ′(τe) = 1 (not ϕ(0) = φ′(0) = 1), where τe is the
relaxation time within the entanglement segment that serves as
the shortest unit time for the entanglement relaxation. Thus, for
a given t (>τe), t′ should be in a range between τe and t − τe,
and eq 5b should hold for t′ arbitrarily chosen in this range.
Consequently, eq 5b can be rewritten as an equation consider-
ing the minimum possible difference, t − t′ = τe:

37

ϕ φ ϕ

ϕ φ

= ′ − τ
− τ

τ = ′ τ =

α

⎪ ⎪

⎪ ⎪⎧
⎨
⎩

⎡
⎣⎢

⎤
⎦⎥

⎫
⎬
⎭

t t t
t

t
( ) max ( ), ( )

with ( ) ( ) 1

e
e

1/2

e e (5c)

(Note that eq 5b is automatically deduced if eq 5c is satisfied.)
As explained above, the time evolution of ϕ(t) is determined

not only by ϕ(t) but also by the actual survival fraction of the
dilated tube φ′(t) defined earlier. In the full theoretical
approach, we need to have the time evolution equation for
φ′(t) in addition to eq 5c to calculate a(t) (cf. eq 5a). However,
in the approach in this paper, we utilize the dielectric data to
evaluate φ′(t). The φ′(t) thus obtained22,27 was utilized in
eq 5c, so that we were able to calculate ϕ(t) with no ambiguity.37

An example of this unambiguous recurrence calculation of ϕ(t)
on the basis of eq 5c is shown in Appendix B1. (The time step
of this recurrence calculation was (and is to be) taken to be the
unit time for the entanglement relaxation, τe. However, the
calculation with a smaller time step gave the same result.)
For bidisperse blends, the function ϕ(t) is equal to φ′(t) at

short and long times (cf. Appendix B1). However, at inter-
mediate times after the short chain relaxation, a subchain
between successive long−long entanglements needs a time to
explore all local conformations within the dilated tube. There-
fore, the subchain exhibits the constraint release Rouse (CRR)
motion in a supertube,25 and the corresponding ϕ(t) should
scale as 1/√t as long as ϕ(t) stays larger than the φ′(t). This
CRR feature at intermediate times is well described by eq 5c
with α = 1 (theoretical value concluded in this study) (cf.
Appendix B1). In order to account for this extra condition in
the determination of the viscoelastic relaxation function μ(t),
we replace eq 1 by

φμ ≡ = ′
−⎛

⎝⎜
⎞
⎠⎟t

G t
G

t
a t
a

( )
( )

( )
( )

N
0

0

2

(6)

(a(t) is related to ϕ(t) and φ′(t) through eqs 5a and 5c.) The
CRR condition for the DTD relaxation of μ(t), eq 6 combined with
eqs 5a and 5c, is especially important when a large proportion of
chains relaxes at the same time, leading to a sudden decrease of the
tube survival fraction φ′(t), as in the case of bidisperse blends.3,19 If
this CRR condition is not active (i.e., if a(t) is always given by
a0(φ′(t))

−α/2), eqs 1 and 6 are equivalent to each other.
We should note that the CRR condition introduced above

does not depend on the molecular weight of the chain of our
focus, contrary to the much stronger CRR condition proposed
in the molecular picture of partial-DTD.22 Indeed, eqs 5a and
5c result in the localized Rouse-type CR relaxation of the entan-
glement segments just between successive long−long entangle-
ments, not the global CR relaxation that occurs throughout the
whole chain backbone in this dilated tube.9

This localization of CRR can be most easily realized if we
focus on a plateau zone of ϕ(t) where the long−short entan-
glements have fully relaxed but the long−long entanglements
remain unrelaxed. (This zone emerges when the short and long

chains have widely separated molecular weights.) In the plateau
zone, ϕ(t) is equal to the volume fraction of the long chain, υ2.
The CRR relaxation of ϕ(t) starts at t ∼ τrel,1 (relaxation time of
the short chains), and thus ϕ(t) in the CRR zone can be ex-
pressed as ϕ(t) = ϕ(τrel,1){τrel,1/t}

1/2α for t ≥ τrel,1 (cf. Appendix
B1). This CRR relaxation is completed when ϕ(t) decreases to
its plateau value, υ2, and a characteristic time for this com-
pletion is expressed as τ* = {ϕ(τrel,1)}

2ατrel,1{υ2}
−2α. The factor

{ϕ(τrel,1)}
2ατrel,1 in this expression can be regarded as the local

CR hopping time, so that the factor {υ2}
−α is equivalent to the

maximum number of entanglement segments involved in the
CRR relaxation considered here. This number, {υ2}

−α, is equal to
the number of the entanglement segments per fully dilated segment
of the size a = a0{υ2}

−α/2 (cf. eq 5a). Thus, the CRR relaxation
formulated by eqs 5a, 5c, and 6 is localized between the long−long
entanglements. In this respect, the CRR-DTD picture explained
above differs from the partial-DTD picture, the latter considering
the global equilibration of all long−short entanglements instead of
the localized equilibration between the long−long entanglements.

2.4. Reptation and Contour Length Fluctuations
Times. As noted from the (a(t)/a0)

−2 factor in eq 6, DTD
itself results in a decrease of the viscoelastic relaxation function
μ(t). In addition to this effect, DTD can hasten the reptation
process of the chains along the axis of the dilated tube.8 Most of
the tube models proposed in the literature take this effect into
account.13−16 However, several pieces of work in the literature
have shown that considering reptation in a thin or in a dilated
tube is not a trivial question, depending on the Struglinsky−
Graessley parameter.3,9,18,19 In the present work, in order to
avoid any approximation related to the description of these
processes, the disorientation of the chains by reptation or
contour length fluctuations is experimentally determined from
the dielectric relaxation function of the blends, following ref 22.
Indeed, while a dielectric relaxation of PI chain having the type A
dipoles parallel along its backbone is induced by fluctuations of the
end-to-end vector, no dielectric relaxation is activated by the DTD
mechanism itself, except a minor contribution from the chain motion
at the dilated tube edge.35 Therefore, from data of the dielectric
relaxation function (of PI), the corresponding survival fraction of the
initial tube, φ′(t), is easily determined without any detailed dynamic
model, by simply accounting for this tube edge fluctuation effect.

2.5. Test of Molecular Picture of Localized CRR-DTD
for Binary Blends of Linear cis-PI. The molecular picture of
localized CRR-DTD explained in the previous section is first tested
for bidisperse linear samples with short L21 and long L308 chains
of well-separated molecular weights (see Table 1). To do so, the
viscoelastic relaxation function μ(t) determined from the dilated
tube survival fraction φ′(t) (evaluated from the dielectric data) with
the aid of eqs 5 and 6 is confronted to the experimental viscoelastic
relaxation function, while considering the value for the dilution
exponent α equals to 1 or 4/3. Results are presented in Figure 2 for
two different volume fractions of long chains, υ2 = 0.1 and 0.5.
While the viscoelastic relaxation function μ(t) predicted for

α = 1 correctly captures the experimental behavior at short
times, it is not appropriate to describe the relaxation at longer
times. On the contrary, while the dilution exponent α = 4/3
correctly describes μ(t) at short and long times, it under-
estimates μ(t) at intermediate times. Furthermore, the smooth
decrease observed in the experimental μ(t) between t = 10−2 s
and t = 10−1 s (Figure 2a) is reproduced by neither α = 1 nor
α = 4/3 and cannot be explained from polydispersity argument
(see Table 1). Note that, in both cases, the local CRR limitation
(see eq 5) is taken into account. This extra condition combined

Macromolecules Article

dx.doi.org/10.1021/ma202167q | Macromolecules 2012, 45, 2085−20982088



with α = 4/3 is thus not enough to describe the observed
relaxation behavior of the long chains, in particular in bidisperse
blends with small υ2. (A reviewer for this paper was skeptical
about the failure of the molecular picture of localized CRR-
DTD explained above. However, this failure was unequivocally
confirmed on the basis of the data of the CRR time for dilute
long chains entangled only with the short chains that were com-
bined with rigorous Rouse model (with the minimum model
assumption), as explained in the Supporting Information.)
These first comparisons suggest that there is a slow crossover

(transition) from α = 1 to α = 4/3. Since this crossover takes
place after the relaxation of the short chains, it is unequivocally
due to a reorganization of the long chains. Furthermore, since
the crossover is seen at times between the terminal relaxation
times of the short and long chains, its importance should depend
on how widely separated these relaxation times are. This is
indeed verified in Figure 3, which compares the predicted and

experimental viscoelastic functions for the binary blends
containing higher-M short chains L94 (see Table 1): predictions
obtained with a dilution exponent α = 1 are in good agreement
in a wider range of time, and the crossover of the effective
α value prevails at longer times. The importance of the crossover
also depends on the volume fraction of long chains, as can be
clearly noted from comparison of Figure 2a,b.

3. CR-ACTIVATED TENSION EQUILIBRATION
3.1. Tension Imbalance and Equilibration in Asym-

metric Systems. In order to explain the crossover between
the viscoelastic behavior described by the classical DTD picture
with α = 1 and with α = 4/3, we revisit a relaxation process
previously considered by Watanabe et al.,33 called CR-activated
tension balance or tension equilibration, and formulate this
process quantitatively (which was not done previously). This
mechanism works once the short chains have relaxed, i.e., when
all entanglements involving the short chains become ineffective for
confining the long chain in its tube. At that moment (see Figure 1b),
a sequence of the segments of the long chain between successive
long−long entanglements has a length of a2 = a0υ2

−1/2 on average
and behaves as a Gaussian subchain. Correspondingly, the visco-
elastic relaxation function μ(t) is equal to G(t) = GN

0υ2
2. We thus

start from the assumption of the tube models, according to which
entanglements are binary events and α must be equal to 1.
By imposing α = 1, a relaxation modulus G(t) smaller than

GN
0υ2

2 can therefore be obtained only if some initial long−long
entanglements are lost. This loss of long−long entanglements,
which does not require the reptation or fluctuations of the long
chains, is explained here by the conformation adjustment of the
long chain in their dilated tube. A key point of this relaxation
process is the blinking (loose-and-grip) feature of release/
reformation of the long−short entanglements. As explained below,
this local CR blinking allows the whole backbone of the long chain
to move within the dilated tube, which leads to a partial disorienta-
tion (i.e., partial relaxation) of the primitive path at time t and
reduces its correlation with the primitive path at time 0. In other
words, the local CR blinking results in the global CRR relaxation,
which is quite different from the localized CRR-DTD mechanism
(eqs 5 and 6) discussed in the previous section.
For clear understanding of this process, we start with the

long chain being fixed at its ends and entangled with the other
end-fixed long chain as well as the free matrix chains and then
switch to the system of our main interest, the blend of long and
short chains having no fixed ends. For convenience of this
understanding, the conformational changes of the long chain
(with/without the fixed ends) activated by the local CR process
are illustrated in Figure 4.

3.1.1. Tension Equilibration for Network Strand. Here, we
consider an end-fixed long chain entangled with the other end-
fixed long chains as well as the free matrix chains. These long
chains are equivalent to strands of a cross-linked network
exhibiting no fluctuation of the cross-linking points. Before
relaxation of the matrix chains, a given strand is constrained by
the matrix chains as well as the other strands to be effectively
confined in a skinny tube, as illustrated in Figure 4a. On the
release of a strand-matrix entanglement due to the matrix chain
motion, the strand begins to explore, through its intrinsic Rouse
dynamics, a conformation that is local but still goes beyond the
skinny tube (see the change from Figure 4a to Figure 4b). After
some waiting time, the strand-matrix entanglement is reformed
isotropically (see Figure 4c). This isotropic reformation itself
does not directly change the stress of the strand (because the

Figure 2. Viscoelastic relaxation function: experimental (○) versus
predicted μ(t) (curves). Predictions are obtained from eqs 5 and 6
with α = 1 (black ) or 4/3 (red - - -) for two different blends: (a)
10% L308−90% L21 and (b) 50% L308−50% L21. Arrows indicate
the end of the crossover from α = 1 to α = 4/3.

Figure 3. Viscoelastic relaxation function: experimental (○) versus
predicted μ(t) (curves). Predictions are obtained from eqs 5 and 6
with α = 1 (black ) or 4/3 (red - - -) for two different blends: (a)
10% L308−90% L94 and (b) 50% L308−50% L94.
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stress reflects the anisotropy of the strand orientation) but con-
strains the chain conformation thereby influencing the stress
indirectly: The strand-matrix entanglement should be reformed
in a way that the end-to-end vector r for the resulting entan-
glement segment shown in Figure 4c has a Gaussian distribution
having the average ⟨r2⟩1/2 identical to the skinny tube diameter,
a0. This does not mean that |r| is always equal to a0. Instead, |r|
is different from a0 for most cases, as can be easily noted for the
Gaussian distribution. The configuration shown in Figure 4c
depicts the case of |r| > a0. For this case, the tension is higher in
the reformed entanglement segment than in the neighbor-
ing entanglement segments so that the former segment should
suck in the monomers, through its intrinsic longitudinal Rouse
mode, from the latter to balance the tension. (In the other case
of |r| < a0 not shown here, the reformed entanglement segment
transfers its monomers to the neighboring entanglement
segments.) The conformational changes from Figure 4a to 4c
are repeated with a tempo of strand-matrix entanglement release,
i.e., with the local CR time, τCR*. Thus, a local event, the release/
reformation of the stand-matrix entanglement, activates the
tension equilibration and the conformational adjustment/stress
decay of the whole strand with the tempo of τCR*. (τCR* is essen-
tially proportional to the relaxation time of the matrix chain.)
The corresponding longest relaxation time of the strand,

τstrand, is expected to be given by τCR*N′
2 (as considered also in

the partial-DTD picture22), with N′ being the equilibrium
number of the strand-matrix entanglements for the whole
strand. (Note that the tension equilibration completes through
accumulation of the local CR processes occurring at N′ strand-
matrix entanglements, and thus τstrand is proportional to N′2.)
This expectation can be confirmed from the slip-link simulation
(NAPLES) widely applied to entangled polymers. Details of
this simulation have been described elsewhere,29,30 and a

summary is given in Appendix C. We made the simulation for
the simplest model cases: (1) an end-fixed strand forming no
strand−strand entanglement but Z0 entanglements with the
free matrix chains and (2) an end-fixed strand forming one
permanent entanglement with the other strand and Z0 − 1
entanglements with the free matrix chains. Each matrix chain
also has Z0 entanglements (either with the other matrix chains
or with the strand). Details of this simulation are explained in
Appendix C, and the results for Z0 = 4 and 10 are shown in
Figure 5. For both cases 1 and 2, the relaxation modulus of the

strand had an equilibrium plateau (Ge) and was expressed as
G(t) = ΔG(t) + Ge, where ΔG(t) is the relaxational part of the
strand modulus reflecting the release/reformation of the strand-
matrix entanglements (CR effect due to the matrix chain motion).
In Figure 5, the relaxational part of the strand modulus

normalized by that at the matrix relaxation time τmat, ΔG(t)/
ΔG(τmat), is semilogarithmically plotted against the normalized
time, t/τmat. For comparison, the normalized ΔG(t)/ΔG(τmat)
is shown also for the matrix chain. In a naive molecular picture
considering no tension equilibration and no global conforma-
tional adjustment of the strand, the two sections of the strand
separated by the permanent strand−strand entanglement relax
independently (through the localized CRR mechanism
discussed in section 2.3) so that the relaxation time τstrand

case 2 of
ΔG(t)/ΔG(0) for case 2 is expected to be smaller, by a factor
of Q = {(Z0−1)/2}2/Z0

2, compared to τstrand
case 1 for case 1. (Each

section contains, on average, (Z0 − 1)/2 strand-matrix entangle-
ments, which gives this Q factor.) In contrast, in a sophisticated
picture considering the global tension equilibration that com-
pletes through accumulation of the local CR events occurring at

Figure 4. Illustration of the tension equilibration process along a long
chain. (a) A long chain (or strand) constrained by the other long
chains and short (matrix) chains. (b) The long chain starts exploring
its dilated tube on local CR due to the short chain motion. (c) A
long−short (strand-matrix) entanglement is transiently reformed
isotropically, which leads to tension imbalance along the long chain,
thereby activating the tension equilibration through the monomer
transfer (sucking-in of monomers for the illustration here). (d) For
end-free long chain, the tension equilibration results in some loss of
initial long−long entanglements.

Figure 5. Normalized modulus decay of an end-fixed strand without
and with strand−strand (st−st) entanglement (large symbols)
obtained from NAPLES simulation for the cases of (a) Z0 = 4 and
(b) Z0 = 10. Thin solid lines attached to the squares show the terminal
behavior in the absence of the st−st entanglement, ΔG(t)/ΔG(τmat) ∼
exp(−t/τstrandcase 1 ), and the thick solid lines attached to the circles, the
behavior in the presence of this entanglement, ΔG(t)/ΔG(τmat) ∼
exp(−t/τstrandcase 2 ) with τstrand

case 2 = {(Z0 − 1)/Z0}
2τstrand

case 1 . For comparison,
the modulus decay behavior is shown also for the matrix chain (small
diamonds).
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Z0 − 1 strand-matrix entanglements, τstrand
case 2 for case 2 is smaller,

by a factor of {(Z0 − 1)/Z0}
2 = 0.81 and 0.563 for Z0 = 10 and

4, compared to τstrand
case 1 for case 1. (These factors are numerically

very close to the factors calculated from the rigorous
eigenvalues of the discrete Rouse model, sin−2{π/2(Z0 − 1)}/
sin−2{π/2Z0} = 0.811 and 0.586 for Z0 = 10 and 4.) The
terminal relaxation behavior expected for this global tension
equilibration process is shown with the solid lines attached to
the circles in Figure 5. We note that τstrand

case 2 is indeed close to
{(Z0 − 1)/Z0}

2τstrand
case 1 and much longer, by a factor of 4, than

Qτstrand
case 1 expected for the localized CCR. This result

demonstrates the importance of the CR-activated tension
equilibration throughout the strand backbone that results in the
global conformational adjustment of the strand. (For Z0 → ∞,
the difference between the relaxation times (= equivalent to the
tension equilibration times) for cases 1 and 2, τstrand

case 1 and τstrand
case 2 =

{(Z0 − 1)/Z0}
2τstrand

case 1 , vanishes and the effect of nonlocalization of
CRR would be observed more prominently compared to the cases
for Z0 ≤ 10 examined in Figure 5.)
3.1.2. Tension Equilibration for Long Chain in Binary

Blends. Now, we switch to the blend of the long and short
chains, the system of our main interest. The short chain is
equivalent to the matrix chain in the network system explained
above and the long chain, to the network strand but without
fixed ends. The changes of the conformation illustrated in
Figure 4a−c are common for the network strand and the long
chain. However, the long chain has the free ends so that the
CR-activated tension equilibration also results in the motion of
the chain ends. In an example illustrated in Figure 4d (for the
case of |r| > a0), the tension is larger for the reformed entan-
glement segment, so that the monomers are sucked in this
segment. Then, some entanglements near the chain ends, which
include the long−long entanglements, are released (see the
change from Figure 4c to Figure 4d). The release of the long−
long entanglement results in a decrease of the stress to a level
lower than that for the end-fixed network strand. For the other
cases of |r| > a0 not illustrated here, the chain backbone is
pushed out from the reformed entanglement to create a new
entanglement nearby the chain ends, but this new entangle-
ment should be created isotropically and lead to no increase of
the stress. Thus, the local CR blinking (release/reformation of
the long−short entanglements) activates the global motion of
the long chain to decrease the stress through the tension equili-
bration. Completion of this equilibration, which results in some
loss of initial long−long entanglements, allows the long chain in
the blend to behave similarly to that in a solution having the
entanglement plateau height GN = GN

0υ2
1+α with α = 4/3.

It should be emphasized that the tension equilibration is acti-
vated by the local CR process common for the end-fixed strand
and end-free chain and is totally different from the classical
contour length fluctuation (CLF) due only to the intrinsic
longitudinal Rouse mode (in the fixed tube). In fact, the stress
relaxation of the end-fixed strand, being free from the end
motion due to the CLF mechanism but activated by the ten-
sion equilibration, occurs at the characteristic global CR time
τCR*N′

2 for the whole sequence of N′ long−short entangle-
ments (N′ = Z0 − 1 in Figure 5), not at the intrinsic Rouse−
CLF time (≪τCR*N′

2). It should be also noted that the tension
equilibration leads to partial disorientation occurring almost
uniformly for all primitive path segments, while CLF results in
the disorientation mostly for the segments near the chain ends.
We also note that the end motion is reflected in the dielectric

data, but the tube survival fraction φ′(t) was evaluated from the

dielectric data through the full-DTD/partial-DTD analysis of
the data considering the end motion (and the motion at the
dilated tube edge).27 The φ′(t) thus obtained represents exclu-
sively the survival fraction of the initial tube defined with
respect to the dilated diameter at time t (without a disturbance
from the end motion).
As evidenced from the above argument, the initial dilation

with α = 1 is followed by the CR-activated tension equilibration
(adjustment of the chain conformation) that results in an
effective dilation described by α = 4/3. This equilibration is
absolutely necessary for the long chain in the blend to behave
similarly to that in solutions20−24 and recover the theoretical
exponent of α = 4/3 in the fully equilibrated solutions deduced
by Colby and Rubinstein.23 Thus, from an experimental point
of view comparing the blend and solution behavior at long
times, the dilation exponent should be α = 4/3 (as demon-
strated by Watanabe et al.22,27). However, from a theoretical
point of view considering the binary nature of the entangle-
ments, we should start with α = 1 at short times and still find
the effective dilution exponent of 4/3 after the tension equili-
bration explained above. This equilibration certainly occurs
before the relaxation of the long−long entanglements if the rela-
xation times of the long and short chains are widely separated.
The crossover of the α value due to this equilibration, ending up
with the Colby−Rubinstein value of α at long times, is a novel
process addressed in this work.
In Figure 6, this tension equilibration process is illustrated

within the context of the molecular picture of tube: while

Figure 6a represents a long chain exploring its dilated tube after
the relaxation of the short chains (see also Figures 1b and 4b),
Figure 6b represents the same chain after its tension equili-
bration. In both cases, the long−long entanglement segments
behave as Gaussian subchains. However, after the tension equi-
libration, the tube diameter has evolved from a0/υ2

1/2 to
a0/υ2

2/3, and the average length of the primitive path has decreased
from ⟨R2⟩/{a0/υ2

1/2} to ⟨R2⟩/{a0/υ2
2/3}, while keeping the mean-

square end-to-end distance ⟨R2⟩ unchanged. Indeed, during the
tension equilibration process, the primitive path explores new
configurations within the dilated tube and partially disorients itself
(and reduces the correlation with the initial primitive path), and
some initial long−long entanglements are lost (due to the
blinking of the local CR, see Figure 4d). Thus, the long
chains relax more than expected by the classical DTD pic-
ture (with α = 1) considering only local CR-equilibration be-
tween successive long−long entanglements. This explains why

Figure 6. Tube-based picture of the tension equilibration. (a) After the
relaxation of the short chains, the long chain starts to explore its
dilated tube. (b) The same long chain, after its tension equilibration.
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the viscoelastic relaxation function (cf. eq 6) scales as
{φ′(t)}}7/3, not as {φ′(t)}2, at long t after the tension equili-
bration completes.
This tension equilibration, activated by local CR, differs from

the classical CLF, as emphasized earlier: The blinking of the
long−short entanglements allows the chain to explore all local
conformations (while keeping ⟨R2⟩ unchanged; cf. Figure 6)
and equilibrate the tension at a rate essentially determined by
the motion of the short chains, not at the intrinsic Rouse rate
associated with CLF.
It should be also noted that the tension equilibration, which

requires the CRR motion of the whole backbone of the long
chain, is slow compared to the localized CRR process (eq 5).
This corresponds to the slow crossover from μ(t) = {φ′(t)}2 to
μ(t) = {φ′(t)}7/3, as observed in Figures 2 and 3. Indeed, this
interpretation is consistent with the results of the slip-link simu-
lation (NAPLES) for bidisperse blends,30 in which the relation-
ship a = a0/υ2

1/2 (i.e., with α = 1) is used but the terminal
relaxation intensity is found to scale as υ2

7/3 because of the con-
formational adjustment (and tension equilibration) of the long
chain activated by removal/reformation of long−short slip-links.
3.3. Including the Tension Equilibration Process in

the Viscoelastic Relaxation Function. It is desired to for-
mulate the relaxation function for the tension equilibration
process explained above. This process is expected to be well
approximated by a Rouse process activated by the short chain
motion (although a delicate deviation from the Rouse process
may also exist22). In order to account for the tension equili-
bration in the viscoelastic relaxation function (eq 6), the time
necessary for this conformational rearrangement, τTE, must be
defined. Since it is a CR-Rouse time, which corresponds to the
global CR motion of υ1Z2,0 long−short entanglements seg-
ments (with υ1 = volume fraction of the short chains), deter-
mined by the rhythm imposed by the motion of the short
chainsthus depending on τrel,1(M1)we may safely approxi-
mate it as

τ υ ≈ τ υM M M Z( , , ) ( ){ }TE 1 2 2 rel,1 1 1 2,0
2

(7)

Equation 7 is similar to the empirically introduced expression of
the equilibration time for the partial-DTD picture22 and is
consistent with the results seen in Figure 5, the relaxation time
being proportional to square of the number of the long−short
entanglements per long chain. The υ1 dependence of τTE shown
in eq 7 is also consistent with the observation in Figure 2 that
the time for the crossover from the classical DTD (with α = 1)
to the dilation with the effective α = 4/3 becomes longer with
increasing υ1. Namely, the more the tube is dilated ( for larger υ1),
the larger becomes the number of conformations that the long
chains have to explore in order to take advantage of the diluting
effect from the short chains. On the other hand, whatever
the proportion of long chains, this process seems to start just
after the relaxation of the short chains, which is in harmony
with the tension equilibration activated by the motion of the
short chains.
Knowing the tension equilibration time τTE, we can modify

the viscoelastic relaxation function of a bidisperse blend in
order to account for this crossover from the classical DTD
picture to the picture of DTD combined with the tension
equilibration, both being characterized with α = 1 but the latter
including the effect of the primitive path disorientation. To this
end, we consider the probability pTE(t) for a long chain not to
relax by this tension equilibration. This pTE(t), giving the

crossover, should relax through the CR-Rouse modes of all
υ1Z2,0 long−short entanglements segments (per the long chain),
with the longest relaxation time being identical to τTE. In fact,
previous dielectric studies21,22 showed that the crossover is
satisfactorily described with the CR-Rouse modes. (These modes
have been incorporated in the partial-DTD picture22). Thus,
pTE(t) can be cast in a form

∑≈
υ

−
τ υ=

υ ⎛
⎝
⎜⎜

⎞
⎠
⎟⎟p t

Z
p t

M M
( )

1
exp

( , , )
p

Z

TE
1 2,0 1

2

TE 1 2 2

1 2,0

(8)

The CR-Rouse modes shown in eq 8 correspond to the global
tension equilibration along the whole chain backbone as well as
to the localized tension equilibration between two long−long
entanglements. Since the number of long−short entanglements
between the long−long entanglements is given by ∼υ1Z2,0/υ2Z2,0 =
υ1/υ2 on average, the fastest υ1/υ2 modes can be assigned to the
localized equilibration (occurring in the time scale of localized
CRR explained in section 2.3), and the remaining slower υ1Z2,0 −
υ1/υ2 modes, to the global equilibration.
In the crossover region explained above, the long chain

should not significantly contribute to the dilation of its own
tube. Thus, for the effective survival fraction of the initial con-
straint ϕ determining the dilated a(t) (cf. eq 5a), the bare effect
of the tension equilibration itself can be represented as a decay
by a factor of υ2

1/3 (which corresponds to a decrease of the low-
frequency plateau modulus from GN

0 υ2
2 to GN

0 υ2
7/3). Thus,

ϕTE,2(t) just representing this effect can be expressed as

ϕ = υ + υt p t( ) { ( )}TE,2 2 1 TE
1/3

(9)

Note that the exponent 1/3 has been fixed in eq 9 to ensure
that the effective α value at long times is 4/3, consistent with a
large set of experimental data in the literature for polymer
solutions20−24 and to the work of Colby and Rubinstein.23 This
effective exponent, 4/3, is attained only after the relaxation of
pTE(t) that occurs through the tension equilibration and confor-
mational adjustment of the long chain activated by many short
chains (forming υ1Z2,0 long−short entanglements; cf. eq 7), not
by a single short chain. In this sense, this effective exponent
reflects the multichain feature of the entanglement in bidisperse
blends in long time scales.
The relaxation of ϕTE(t) corresponds to the stress decay due

to the tension equilibration and conformational adjustment, the
latter including partial removal of the long−long entangle-
ments. In bidisperse blends with M2 ≫ M1, the short chains
should behave as a solvent in the time scale of the terminal
relaxation of the long chains, and thus τrel,2 of the long chains is
proportional to M2

3.4. This τrel,2 is much longer than the
relaxation time of pTE(t), τTE(M1,M2,υ2) ≈ τrel,1(M1){υ1Z2,0}

2 ∝
M1

3.4M2
2 (eq 7), given thatM2 ≫M1. For this extreme case, the

number long−long entanglements per long chain, Nlong−long,
decreases from υ2Z2,0 (at short t ≪ τrel,1) to υ2

4/3Z2,0 at t ≈ τTE,
and the terminal relaxation of the long chain occurs from the
corresponding low-frequency plateau modulus, GN

0υ2
7/3. How-

ever, ifM2 is not sufficiently longer thanM1 (if τrel,2 is shorter than
τTE), this decrease of Nlong−long cannot be completed before the
terminal relaxation of the long chain. For this case,Nlong−long would
just partially decrease to {υ2 + υ1pTE(τrel,2)}

1/3υ2Z2,0 at t ≅ τrel,2,
which corresponds to the effective low-frequency plateau modulus
of GN

0υ2
2{υ2 + υ1pTE(τrel,2)}

1/3 (>GN
0υ2

7/3).
The above result also indicates that the role played by

ϕTE,2(t) in the viscoelastic relaxation function depends on
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several parameters such as the length and the volume fraction
of the long chains and the relaxation time of the short chains.
This could explain the difficulty of fixing the α value through
the data fitting with the models so far proposed.
Taking the relaxation by tension equilibration into account in

the viscoelastic relaxation function, we can modify eq 6 (with a
factorization approximation) as

φ ϕ ϕμ = ′t t t t( ) ( ) ( ) ( )TE,2 (10)

Note that the (a(t)/a0)
−2 term in eq 6 is replaced by ϕ(t)ϕTE,2(t)

in eq 10. The functions ϕ(t) and ϕTE,2(t) appearing in eq 10 are
specified by eq 5c (or 5b) and eqs 8 and 9, respectively, and the
tension equilibration time τTE for ϕTE,2(t) is evaluated from the
τrel,1(M1) data (cf. eq 7). The other quantity appearing in eq 10,
the dilated tube survival fraction φ′(t), is experimentally deter-
mined from the dielectric data, as mentioned earlier. Thus, eq 10
enables us to calculate μ(t) just from experimental quantities.
It is informative to examine the contributions of ϕ(t), ϕTE,2(t),

and φ′(t) to the relaxation of μ(t) calculated from eq 10. As a
representative example, Figure 7 shows these contributions for the

bidisperse blend L308-L21 containing 20% of long chains. The calcul-
ated μ(t) (thick red curve) agrees well with the data (circles) and
exhibits the crossover from {φ′(t)}2 to {φ′(t)}7/3 at intermediate
times (see two thin dotted curves). This crossover reflects decay of
ϕTE,2(t) (cf. thick dash-dotted curve) that becomes significant at t >
2 × 10−3 s. The CR-Rouse modes determines this decay of ϕTE,2(t)
(of pTE(t); cf. eq 9), and the fastest υ1/υ2 modes are assigned to the
localized tension equilibration between the long−long entanglements,
as explained earlier. For the blend examined here, υ1/υ2 (=4) is
much smaller than the number of the modes for the global tension
equilibration, υ1Z2,0 − υ1/υ2 = 58. Thus, ϕTE,2(t) decays domi-
nantly through the global tension equilibration in a time scale for
global CRR (much longer than that for the localized CRR).
In Figure 8, we compare μ(t) calculated from eq 10 with the

experimental data for the different bidisperse blends L308-L21
and L308-L94. The calculated μ(t) agrees with the data very
well, which offers a new direction for linking the different
values of α proposed in the literature, not only for blends of
linear polymers but, more importantly, for branched polymers.
Here, a few comments is to be made for similarity/difference

between the molecular picture formulated in this work (eq 10)
and the previously reported partial-DTD picture.22 In the

partial-DTD picture, the exponent α = 1.3 (≅4/3) is adopted in the
entire range of t, and the validity of the full-DTD process for this α
value is examined through comparison of the number β of entangle-
ment segments per dilated segments, βfull‑DTD(t) = {φ′(t)}−α

assumed in the full-DTD picture and βCR(t) = 1/ψCR(t) allowed
by the CRR mechanism, where ψCR(t) is the full CRR function for
all entanglements of our focus (= all long−short entanglements for
the long chain) obtained from the empirically determined CR time.
(This ψCR(t) automatically incorporates the tension equilibration
in the relaxation process.) Specifically, the partial-DTD picture con-
siders that the tube is dilated to the maximum possible level con-
sistent with the CRR mechanism to express the viscoelastic relaxation
function as μ(t) = φ′(t)/β*(t) with β*(t) = min{βfull‑DTD(t), βCR(t)}.
This expression is similar to that in eq 5b (or eq 5c) in a sense that
competition between the full-DTD and CRR is considered. However,
we also note an important difference: The expression of β*(t) for the
partial-DTD picture considers the competition between the global
CRR and full-DTD, while eq 5b focuses on the competition between
the localized CRR and full-DTD. In the formulation in this study, the
effect of the global CRR is extracted as the tension equilibration and
cast in ϕTE,2(t) (eq 9). This treatment allows explicit examination of
the crossover of the effective dilation exponent, from α = 1 to α =
4/3. This crossover, not addressed in the partial-DTD picture, is the
novel result demonstrated in this study.

3.3. Confronting the Tension Equilibration Concept
to Other Bidisperse Linear Polymers. On the basis of the
concept of extra dilation (from α = 1 to α = 4/3) due to the
tension equilibration, it is interesting to revisit the results ob-
tained in the literature, where experimental storage and loss
moduli for bidisperse linear blends are compared to the ones
predicted with tube-based models. In particular, in the studies
of Park and Larson38 and Khaliullin and Schieber,39 different
series of binary blends are presented and compared to the
predictions obtained with the tube model developed by Larson
et al., by considering the dilution exponent α = 1. This α value
has been chosen based on previous works of Park and Larson,18

who have shown that a better agreement between theoretical
calculation and experimental data was obtained for most of the
blends with this value of α. In the same way, we note in these
two papers that a good agreement is obtained (at least for the
low-frequency plateau modulus) between the tube model

Figure 7. Experimental (○) and predicted (red, thick ) viscoelastic
relaxation functions of the blend L308-L21, with υ2 = 20%. The
functions {φ′(t)}2 and {φ′(t)}7/3 are represented by the black, thin
dashed curves (below and above the experimental data, respectively),
while the function φ′(t) is represented by the black, thick solid curve.
The functions {ϕTE,2(t)}

3 (pink − ·−) and ϕ(t)ϕTE,2(t) (green - - -)
are also shown. The horizontal dotted line represents υ2.

Figure 8. Experimental (○) and predicted () viscoelastic relaxation
functions of (a) the blends L308-L21, with υ2 = 5%, 10%, 20%, and
50%, and (b) the blends L308-L94, with υ2 = 10%, 20%, and 50%.

Macromolecules Article

dx.doi.org/10.1021/ma202167q | Macromolecules 2012, 45, 2085−20982093



predictions and data for all the polystyrene (PS) blends where the
molecular weightsM1 andM2 of the short and long components are
not too much separated; for example, (10−3M1, 10

−3M2) = (160,
670), (60, 177), (102, 390K), and (191, 670).38,39 This is consistent
with the picture proposed in this study, according to which the
effective α is equal to 1 if the long chain relaxes before having
explored all conformations in its dilated tube, i.e., when the relaxation
times of short and long chains are rather close to each other.
However, for some of the binary blends, a larger discrepancy

is observed between the data and the predictions with α = 1, for
example, in refs 38 and 39 for blends of two linear PS with
(10−3M1, 10

−3M2) = (36, 294) and (39, 427), respectively: even
by considering the reptation of the long chains in a dilated
tube,38 the predicted relaxation time of the long chain in these
blends is too long and the predicted low-frequency plateau
modulus too large if the value of α is fixed to 1. Park and Larson
attributed this failure to lack of sufficient entanglement of the
short chains (Z < 3). Another way to explain this discrepancy is
found in the idea of tension equilibration: In Figure 9, we

compare the storage moduli of those PS blends (with various
υ2) and the moduli calculated from the tube model developed
by van Ruymbeke et al.15 The model parameters were GN

0 =
220 kPa, Me = 14 000 g/mol, and τe = 4.3 × 10−3 s (at 160 °C)
or 0.1 s (at 143 °C), respectively. As similar to the results by
Park and Larson, the low-frequency plateau modulus is over-
estimated by the model with α = 1, and we note a crossover
from α = 1 to α = 4/3 with decreasing frequency (as seen for
the PI blends examined in section 3.3). Moreover, this cross-
over occurs at lower frequencies for larger υ1 (Figure 9a), again
being in harmony with the tension equilibration concept.
Figure 10 shows another example for two series of poly-

butadiene (PB) blends measured by Wang et al.42 and analyzed
by Park and Larson.38 Predictions shown therein were obtained
with the model of van Ruymbeke et al.15 with GN

0 = 1.2 MPa,
Me = 1650 g/mol, and τe = 1.6 × 10−7 s. (For a better predic-
tion for the blends examined in Figure 10b, slightly different
values of τe between 0.9 × 10−7 and 1.7 × 10−7 s were used,

depending on the blend composition. However, the τe value
does not influence the low-frequency plateau modulus, and the
α value can be still discussed for the predictions shown here.)
As seen in Figure 10a, the storage moduli of the PB blends

with (10−3M1, 10
−3M2) = (100, 410) are reasonably well pre-

dicted by considering the dilution exponent α = 1. On the other
hand, when the same long chains are blended with much shorter
chains (10−3M1 = 3.9), the model with α = 1 (without the tension
equilibration) clearly overestimates the low-frequency plateau
modulus, while the model with α = 4/3 correctly describes this
modulus level. Again, these results are in agreement with the
molecular picture of tension equilibration discussed in this study.

4. CONCLUSIONS
The viscoelastic relaxation function of binary blends of linear
polymers has been investigated in order to test the validity of the
dynamic tube dilution (DTD) ansatz and to properly determine the
value of the dynamic dilution exponent α. Starting from the survival
fraction of the dilated tube, φ′(t), which was determined from
experimental dielectric relaxation function in the previous work,22,27

we could focus on the tube dilation effect, without having to analyze
the reptation and contour length fluctuations mechanisms.35 Com-
paring experimental and predicted viscoelastic relaxation functions,
we first concluded that the classical DTD picture with α = 1 is more
appropriate at short times, while at longer time, the DTD picture
with α = 4/3 leads to a better agreement between experiments and
predictions. Furthermore, at intermediate times, the α value
exhibited a gradual crossover from 1 to 4/3, the latter being the
theoretical α value deduced for fully equilibrated solutions. This
crossover is a novel feature found in this study.
For explanation of this crossover behavior, we proposed a

new relaxation process, which takes place in addition to the
classical DTD with α = 1 and which allows observing, after a
certain time, a stronger dilution effect induced by the relaxation
of the short chains, as if α in the classical DTD picture were larger
than 1.With this relaxation, the assumption behind tube models

Figure 9. Experimental (○) and predicted storage modulus by
considering α = 1 () or α = 1.3 (- - -) for (a) blends of PS-36 kg/
mol and PS-294 kg/mol (T = 160 °C) with υ2 = 0%, 10%, 20%, 60%,
and 100% (data from Watanabe et al.40) and (b) the monodisperse
linear PS-39 kg/mol and PS-427 kg/mol (T = 143 °C) and their blend
with υ2 = 20% (data from Watanabe et al.41).

Figure 10. Experimental (○) and predicted storage modulus by
considering α = 1 () or α = 1.3 (- - -) for (a) blends of PBD-100 kg/
mol and PBD-410 kg/mol with υ2 = 0%, 5%, 10%, 20%, 40%, 60%, and
100% (data from Wang et al.42). Predictions obtained by using α = 4/3
are only shown for the blends with υ2 = 10% and 20%. (b) Blends of
PBD-3.9 kg/mol and PBD-410 kg/mol with υ2 = 0%, 5%, 10%, 20%,
40%, 60%, and 100% (data from Wang et al.42).
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according to which an entanglement is a binary event (α = 1) is
kept, while leading to an effective dilation exponent of α = 4/3 for
blends at long times, consistent with the experimental data from
the literature. Then, this extra relaxation process was related to the
tension equilibration along the long chains, which takes place after
the relaxation of short chains thanks to the blinking feature of
release/reformation of the long−short entanglements.33 This CR-
activated tension equilibration can be modeled as slow Rouse
relaxation, which requires the motion of the whole contour of the
long chain and which leads to a partial disorientation of its primitive
path. Taking this process into account for describing the viscoelastic
relaxation function, very good agreement was found between
experimental and predicted viscoelastic relaxation function.
These results suggest that the effective value of α, i.e., the

value experimentally determined from the low-frequency plateau
modulus, can vary from system to system, depending on the
contribution of the tension equilibration process that changes
with the length, composition, and the architecture of the com-
ponent chains. As a perspective, the viscoelastic data of several
complex, branched polymers, in melt or in solution, are
desired to be analyzed on the basis of this picture, in order to
further validate it.
Finally, we should point out that the problem of the α value

addressed in this study is intrinsic to the molecular picture of
tube dilation that is based on the consistent coarse-graining of
the length and time scales. This problem does not show up in
the non-coarse-grained molecular picture that just considers
the skinny tube (of the diameter a0) moving through the CR
dynamics. Nevertheless, the tension equilibration process dis-
cussed in this study can be still important in this non-coarse-
grained view. The slip-link and atomistic models, being efficient
for determining the primitive paths of the chains as well as their
evolution through time,30,39,42−49 adopt this view. It is an inte-
resting subject of future work to examine the tension equili-
bration and coarse-graining (DTD) processes discussed in this
study within the context of those non-coarse-grained models.

■ APPENDIX A. TIME EVOLUTION OF ϕ(T) FOR
ROUSE RELAXATION

For the Rouse chain composed of N submolecules (segments),
the time evolution of the normalized orientation function
following an affine shear strain γ at time 0 is given by (for the
case of N ≫ 1)

∑

≡
⟨ ⟩

⟨ ⟩

= γ π
−

τ
≫

=

⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

S n t
u n t u n t

N
p n
N

p t
N

u
( , )

( , ) ( , )

2
3

sin exp (for 1)

x y

p

N

2
eq

1

2
2

R (A1)

Here, ux(n,t) and uy(n,t) respectively indicate the components
of the bond vector u(n,t) of nth submolecule at time t in the x
and y directions (shear and shear gradient directions), ⟨...⟩
denotes the ensemble average, and ⟨u2⟩eq is the ensemble average
of u2 at equilibrium. τR is the longest viscoelastic relaxation time
of the Rouse process. The corresponding normalized stress
relaxation function is given by

∑
∫

∫
ϕ= = = −

τ=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟G t

G
t

S n t n

S n n N
p t( )

(0)
( )

( , ) d

( , 0) d

1
exp

N

N
p

N

R
0

0 1

2

R (A2)

This ϕR(t) for the Rouse process (ϕR(t) → 1 for t < τR/N
2) can

be satisfactorily approximated as

ϕ = < τt t N( ) 1 for /R R
2

(A3a)

ϕ = τ τ ≪ ≪ τ−t N t N t( ) { / } for /R
1

R
1/2

R
2

R (A3b)

ϕ = − τ > τ−t N t t( ) exp( / ) forR
1

R R (A3c)

(Note that the shortest Rouse time is given by τR/N
2.) Thus, for

two times t and t′ (<t) chosen in the interval between τR/N
2 and

τR, we find a relationship, ϕR(t)/ϕR(t′) = (t′/t)1/2. This Rouse
relationship is utilized in eq 5b to describe the change of ϕ(t)
due to the Rouse process (that includes the constraint release
Rouse process).
In relation to the above result, we should note that the time

evolution of ϕR(t) specified by eqs A3a−A3c results from the
time evolution of the orientation function S(n,t) given by
eq A1. In the time zone for eq A3b, τR/N

2 ≪ t ≪ τR, S(n,t) given
by eq A1 is essentially independent of n (except in the vicinity of
the chain ends, n = 0 and N) and can be approximated as S(n,t) ≅
γϕR(t)/3. Thus, the Rouse relationship, ϕR(t)/ϕR(t′) = (t′/t)1/2,
can be safely utilized to describe the change of ϕ due to the Rouse
mechanism in the interval from t′ to t if S(n,t′) is (almost)
independent of n, even for a case that a competing non-Rouse
mechanism contributes to the time evolution of S at times <t′. At
short times, the reptation and CLF mechanisms enhance the
orientational relaxation nearby chain ends and do not significantly
affect the relaxation at around the chain center. Thus, the Rouse
relationship, ϕR(t)/ϕR(t′) = (t′/t)1/2, can be safely utilized in eq 5b
as the first approximation for the case of competition of the Rouse
(CRR) and reptation/CLF mechanisms.

■ APPENDIX B. ϕ(t) FOR LOCALIZED CRR-DTD
B.1. Calculation of ϕ(t)
It would be informative to demonstrate how the effective
survival fraction of the initial constraint, ϕ(t), for the localized
CRR-DTD molecular picture (section 2.3) is calculated from
eq 5c. To this end, Figure 11 shows an example of this
calculation with α = 1 for a simple model system having the

Figure 11. An example of calculation of ϕ(t) (large unfilled circles) for
a model system having the dilated tube survival fraction φ′(t)
(squares). Comparison of φ′(t) and ϕ(t − τe)[(t − τe)/t]

1/2α (small
filled circles; α = 1 for the calculation shown here) allows us to
unequivocally determine ϕ(t) with the aid of eq 5c. For further details,
see Appendix B1.
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survival fraction of the dilated tube

ϕ′ = − τ + − τt t t( ) 0.8 exp( / ) 0.2 exp( / )rel,1 rel,2 (B1)

with

τ = τ τ = τ10 , 1000rel,1 e rel,2 e (B2)

(τe is the relaxation time within the entanglement segment.)
This model system mimics the behavior of short and long
chains having the volume fractions, υ1 = 0.8 and υ2 = 0.2, and
the relaxation time ratio, τrel,1/τrel,2 = 1/100.
According to eq 5c with α = 1, we compare φ′(t) (shown

with the squares in Figure 11) and ϕ(t − τe)[(t − τe)/t]
1/2

(small filled circles), the latter representing the CRR decay of
ϕ, and adopt the larger of these as ϕ(t) at the time t (large
unfilled circles). Starting from the initial condition, φ′(τe) =
ϕ(τe) = 1, we first compare φ′(2τe) and ϕ(τe)[1/2]

1/2 (t = 2τe)
to find that φ′(2τe) > ϕ(τe)[1/2]

1/2 (see Figure 11). Thus, we
obtain ϕ(2τe) = φ′(2τe). Then, we compare φ′(3τe) and
ϕ(2τe)[2/3]

1/2 (t = 3τe) to obtain ϕ(3τe) = φ′(3τe)
(>ϕ(2τe)[2/3]

1/2). Repeating this process, we find ϕ(t) =
φ′(t) (full-DTD behavior) in a range of t ≤ 7τe for the model
system examined here. However, for t = 8τe, we note φ′(8τe) <
ϕ(7τe)[7/8]

1/2 and thus ϕ(8τe) = ϕ(7τe)[7/8]
1/2. This CRR

behavior, prevailing because CRR is not fact enough to allow
the tube to fully dilate to the diameter a = a0φ′

−1/2, is observed
in a range of time, 8τe ≤ t ≤ 83τe. At longer t ≥ 84τe, the full-
DTD behavior (ϕ(t) = φ′(t) > ϕ(t − τe)[(t − τe)/t]

1/2) again
prevails. (The calculation for the case of α = 4/3 is made
similarly.) Thus, eq 5c allows us to unequivocally determine
ϕ(t) at each time. The behavior of actual bidisperse blends of
PI was analyzed in the same way with the aid of the dielec-
trically determined φ′(t), and the results have been shown in
Figures 2 and 3.
As noted from the above results, eq 5c describes the cross-

over from the full-DTD behavior at short t (until the short
chains fully relax) to the CRR behavior at intermediate t and
further to the full-DTD behavior at long t (where the long−long
entanglements begin to relax). The CRR behavior deduced from
eq 5c corresponds to the CR equilibration of the long chains
localized between successive long−long entanglements, as
explained in section 2.3. This localized CRR process is described
by the relationship, ϕ(t) = ϕ(τrel,1){τrel,1/t}

1/2α (for t > τrel,1); see
thick solid line in Figure 11 (for the case of α = 1). In fact, this
relationship is analytically obtained from eq 5c under the CRR
condition, ϕ(t) = ϕ(t − τe)[(t − τe)/t]

1/2α.
Here, a comment needs to be made for the normalized visco-

elastic relaxation function μ2(t) of the long chain in the local-
ized CRR regime where CRR occurs just between successive
long−long entanglements. As explained above, ϕ(t) =
ϕ(τrel,1){τrel,1/t}

1/2α in this regime. μ2(t) is given by φ2′(t)-
{a(t)/a0}

−2 (cf. eq 6), with φ2′(t) being the dilated tube survival
fraction defined for the long chain. Dielectric data of bidisperse
PI blends22,27 showed that φ2′(t) remains very close to unity in
the localized CRR regime just after the relaxation of the short
chains. (This is the case also for the model system examined
above; φ2′(t) = 0.2 exp(−t/τrel,2) remains very close to unity in
the localized CRR regime at 8τe ≤ t ≤ 83τe.) Thus, in this
regime, we can safely utilize a relationship μ2(t) = {a(t)/a0}

−2 =
{φ(t)}α (cf. eq 5a) combined with ϕ(t) = ϕ(τrel,1){τrel,1/t}

1/2α to
find μ2(t) = μ2(τrel,1){τrel,1/t}

1/2 ∝ t−1/2 (with μ2(τrel,1) =
{ϕ(τrel,1)}

α). Namely, the Rouse expression of μ2(t) is

confirmed in the localized CRR regime irrespective of the
α value.
In the presence of the tension equilibration, we start with

a(t)/a0 = {ϕ(t)ϕTE(t)}
−1/2 for the case of α = 1 (as explained

for eq 10) to find μ2(t) = ϕ(t)ϕTE,2(t). ϕTE,2(t) (eq 9) relaxes
slightly in the localized CRR regime, but this relaxation is much
less significant compared to the relaxation of ϕ(t) (∼1/t1/2):
Namely, the number of the CR-Rouse modes corresponding to
the localized tension equilibration between long−long entan-
glements is usually much smaller than the mode number
corresponding to the global tension equilibration, as explained
for Figure 7, so that the dominant decay of ϕTE,2(t) occurs only
after completion of the localized CRR process. Thus, μ2(t) =
ϕ(t)ϕTE,2(t) in the localized CRR regime is not exactly but
almost identical to ϕ(t) = ϕ(τrel,1){τrel,1/t}

1/2 (for the case of
α = 1), again confirming the Rouse-type viscoelastic relaxation
of the long chain in this regime.
B.2. Continuous Expression of ϕ(t)
Equation 5c allows us to unequivocally determine ϕ(t), as
explained above. This ϕ(t) is determined at discretized times
t = pτe (p = 2, 3, ...) because τe is the shortest unit time for the
entanglement relaxation. Nevertheless, a continuous form of
ϕ(t) can be obtained (if necessary) by introducing an extended
initial condition,37 ϕ(t) = φ′(t) for τe ≤ t ≤ 2τe.
One may also argue that the time evolution equation of ϕ(t)

is to be expressed in a continuous form (instead of discretized
eq 5c). For this purpose, we can take the limit of τe → dt → 0
in eq 5c to find a continuous expression of dϕ(t)/dt.
Specifically, we can utilize an approximation

ϕ ϕ
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(Here, the factor τe multiplied to dϕ(t)/dt or divided by 2t
should not be replaced by dt so as to enable the comparison
between φ′(t) and ϕR(t,τe), the latter evolving only through the
Rouse mechanism.) Then, dϕ(t)/dt (for t > τe) can be
expressed as

ϕ φ φ ϕ= ′ ′ ≥ τt
t

t
t

t t
d ( )

d
d ( )

d
if ( ) ( , )R e (B4a)

ϕ ϕ φ ϕ= − ′ < τt
t

t
t

t t
d ( )

d
1
2

( )
if ( ) ( , )R e (B4b)

The initial condition is ϕ(τe) = 1 (and φ′(τe) = 1). Combining
eq B4 with φ′(t) obtained from the dielectric data, we may
calculate ϕ(t) in a continuous sense. However, the actual
calculation was (and is to be) made with the discretized eq 5c
because τe is the unit time for the entanglement relaxation and
the time evolution in a shorter time scale is irrelevant to the
entanglement relaxation.

■ APPENDIX C. NAPLES SIMULATION
Summary of NAPLES
In the multichain simulation referred to as NAPLES,29,30

sliplinks distributed on a polymer chain divide the chain into
subchains (entanglement segment), and each sliplink bounds
two chains (following the binary assumption of entanglement).
The sliplink is allowed to move in space according to the
balance of forces acting on it (see eq C1). The polymer chain
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also moves (i.e., slides) through the sliplinks according to the
force balance along the chain (see eq C2). Furthermore, when
the chain end passes a sliplink, this sliplink is removed. On the
contrary, if a certain amount of the monomers slides out from
the sliplink at the chain end, a sliplink is newly created to hook
one of surrounding chains. Dynamics of the system is ruled by
the motion of sliplinks, the monomer transfer via the chain
sliding through the sliplinks, and the creation/removal of the
sliplinks at chain ends.
At equilibrium, the motion of a sliplink is described by the

Langevin equation for the position R of the sliplink29,30

∑ζ∂
∂

= + +
t

R
F F F

i
iB f

4

(C1)

Here, ζ is the friction coefficient of the sliplink: ζ = 2n0ζm with
ζm and n0 being the monomeric friction coefficient and
equilibrium number of monomers in the subchain, respectively.
Among the forces appearing in eq C1, FB is the thermal force
modeled as a white noise characterized by29 ⟨FB(t)FB(t′)⟩ =
2kBTζδ(t − t′)I (with kBT = thermal energy and I = unit
tensor). Ff is the osmotic force favoring uniform distribution of
the sliplinks: Ff = −▽μ with the chemical potential μ being
obtained as a derivative of the free energy, A = ε(δφ̃)2 (for δφ̃
> 0), where δφ̃ is the fluctuation of a normalized segment
concentration φ̃ and ε (=0.5)29 is an intensity parameter.
Finally, Fi is the elastic force from the ith subchain: Fi = {3kBT/
nib

2}ri, where ri and ni are the end-to-end vector and the
monomer number of this subchain, respectively, and b is the
monomer step length.
The time evolution of ni is described by the Langevin

equation29,30

ζ
ρ

∂
∂

= − + +−
n
t

F F f f( )i
i i

s
1 B f (C2)

where ρ is average linear density of monomers between the
(i − 1)th and the ith subchains and ζs is the friction coefficient
given by ζs = n0ζm.

29,30 Fi appearing in eq C2 is the elastic force
due to the ith subchain (Fi = |Fi|), and ff is the field force along
the chain calculated from the chemical potential defined with
respect to subchain density.20 Finally, fB is the 1D Brownian
force characterized by ⟨fB(t)fB(t′)⟩ = 2kBTζsδ(t − t′).

Simulation Condition
In this study, the simulation was conducted for an end-fixed
network strand at equilibrium for the two cases: (1) for the
strand forming no strand−strand entanglement but Z0
entanglements with the free matrix chains and (2) for the
strand forming one permanent entanglement with the other
strand and Z0 − 1 entanglements with the free matrix chains.
The matrix chain forms Z0 entanglements with the other matrix
chains and/or strand. For both strand and matrix chains, eqs
C1 and C2 were solved numerically to trace the time evolution
of R and n. The strand ends were fixed in space, and the
strand−strand sliplink (entanglement) in case 2 was allowed to
move in space according to the force balance but never allowed
to disappear. For the matrix chains, the end sliplink was
removed and created when its end segment number became
smaller than 0.5n0 and larger than 1.5n0, respectively.
The actual simulation was conducted in a simulation box

with a dimension of 8 × 8 × 8 (in length units of b(n0)
1/2)

containing one and two strands for the above cases 1 and 2.
The two strands for case 2 were entangled through one sliplink.

The remaining space in the simulation box was occupied by the
matrix chains. The initial configuration in the simulation box
was equilibrated by running the simulation for a sufficiently
long time. Then, the relaxation modulus G(t) was separately
evaluated for the strand and matrix chain with the aid of the
Green−Kubo formula, G(t) ∝ kBT⟨rx(t + t′)ry(t + t′)rx(t′)
ry(t′)⟩eq,t′ where rj (j = x, y) is the j-component of the subchain
bond vector. The average ⟨...⟩eq,t′ was taken for 10 runs at
equilibrium starting from independent initial configuration, and
the averaging of the origin of the time, t′, was made in each run
conducted for a time span of 100τmat (with τmat being the
relaxation time of the matrix chains). The results thus obtained
for the cases of Z0 = 4 and 10 are shown in Figure 5 where the
relaxational part of the modulus, ΔG(t), is normalized by
ΔG(τmat) and plotted against the normalized time, t/τmat.
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ABSTRACT: Addition of nanoparticles into a polymer matrix can
significantly alter its structure, dynamics as well as viscosity. In this paper,
we study the structural, dynamical and viscous behaviors of polyethylene
(PE) matrices under the influence of five differently shaped nanoparticles:
buckyball, graphene, nanodiamond (ND), X-shaped and Y-shaped junctions,
at fixed volume fraction (4 vol %). These nanoparticles have different surface-
area-to-volume ratios, arranged as graphene, X-shaped junction, Y-shaped
junction, buckyball, and ND, from the largest to the smallest. In turn,
different interaction energies between nanoparticles and PE matrices are
enabled according to their surface-area-to-volume ratios. The graphene sheet
is expected to have the strongest interaction with the PE matrix in accord with its largest surface-area-to-volume ratio. The
interaction between NDs and their PE matrix is the smallest, due to their truncated octahedron shapes and the smallest surface-
area-to-volume ratio. However, the graphene sheets tend to aggregate at the PE melting temperature (450 K), lowering their
interactions with the PE matrix. Because of this interplay, the interactions between nanoparticles and polymer matrices can be
tailored through the shapes (also surface-area-to-volume ratios) of nanoparticles as well as their dispersions. The polymer chains
are found to be densely packed around these nanoparticles in the range of 2 nm, except NDs, due to their strong interactions
with PE matrices. Thus, these nanoparticles are found to be able to nucleate polymer entanglements around their surfaces and to
increase the underlying entanglement densities of PE matrices. Both the polymer chain relaxation and anisotropic viscosity of PE
nanocomposites are shown to be greatly affected by oriented nanoparticles. Our simulation results indicate that the surface-area-
to-volume ratio of nanoparticles plays the dominated role in the structural, dynamical and viscous properties of PE
nanocomposites.

1. INTRODUCTION
The viscoelastic properties of polymers originate from their
chain dynamics. For low molecular weight polymers, the
viscosity is mainly induced by the monomer−monomer friction
between different polymer chains (Rouse relaxation).1 How-
ever, above the entanglement molecular weight Me, the
different polymer chains can mutually interpenetrate each
other and self-entangle, driven by entropy. Since polymer
chains cannot cross each other as they move, the dynamics of
polymer chains is constrained (chain connectivity and
uncrossability). Entanglements are commonly assumed to
severely restrict the lateral motion of individual polymer chains
into a tube-like region. The lateral motion of individual
polymer chains is confined to the length scale of the tube
diameter. Therefore, a polymer chain tends to move only back
and forth, i.e. reptate, along the central axis of the tube, also
denoted as primitive path (PP). The PP is considered as the
shortest path remaining when one holds chain ends fixed, while
continuously reducing (shrinking) a chain’s contour without
violating topological constrains (entanglements). Relaxation of
a polymer chain is achieved by completely diffusing out of its
original tube and forming another new tube. Such a conceptual

framework, the tube model, developed by de Gennes2 and later
on generalized by Doi and Edwards,3 has incorporated such a
principle for studying the dynamics of polymer chains. The
viscoelastic properties of polymers are described by the tube
model within a mean-field approach3 as the reptation is
considered as a one-dimensional diffusion along the PP.
Although the tube model can be used to capture the essential
part of the entanglements dynamics, there are two refinements
which have been incorporated to deal with PP contour length
fluctuations (CLF)4,5 and many-body effects. The latter, known
as constraint release (CR),4,6 considers the lateral softening of
the confined tube, as both the chain and its virtual tube are
equally moving under melt.
Fillers with dimensions on the micrometer scale are added

into polymers in conventional polymer composites, as to
enhance their mechanical properties. Such properties are highly
related to volume fraction, shape and size of these fillers. If the
size of fillers is on the nanometer scale, their mixtures with a
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polymer matrix lead to so-called polymer nanocomposites
(PNC). Compared to traditional polymer composites, the
physical and mechanical properties of PNC can be remarkably
enhanced by the addition of only a small volume fraction of
nanoparticles. Therefore, PNC has attracted much interest both
in industry and academia. The enhancement of mechanical
performance of PNC, is mainly due to the nanoscale of fillers
(because of extremely high surface-area-to-volume ratio), and
to the strong polymer−nanoparticle interactions that can affect
the loading transfer effectiveness between nanoparticles and
polymer matrix. Since the motion of polymer chains is mainly
constrained by entanglements for pure polymers, it is not hard
to see that additional geometrical constraints are added into the
pure polymers when the nanoparticles are infused. Therefore,
the underlying PP network of polymers may also be affected by
the presence of nanoparticles.
Several decades ago, Bueche assumed that entanglements

nucleate at the surface of fillers, and effectively modify the
underlying PP network of the polymer matrix.7 Thus, the
amount of surface area plays the major role in the reinforce-
ment effect of nanoparticles.7 More recently, Schneider et al8

studied the dynamics of entangled polymer chains in PNC by
neutron spin echo (NSE) experiments. They found that the
basic Rouse relaxation rate was unaffected by the high volume
fraction of nanoparticles.8 However, the lateral confinement of
polymer chains or tube diameter decreased with the increment
of nanoparticle concentration, as a crossover from “polymer
entanglements” to “nanoparticle entanglements” (chain motion
is hindered by the fixed obstacles) occurs due to the
geometrical confinement effect of these nanoparticles.8 Our
focus in this paper is then to investigate the microscopic origin
of the observed behavior, as we study microscopic details such
as entanglements, and orientations of polymer chains around
nanoparticles, etc.
In recent years, computer simulations have successfully

captured the PP network of polymers.9−19 These simulation
methods have been widely used for analyzing the PPs of
polymer melts under both static and shear flow condi-
tions.9,10,12,13,17,20 The obtained results are useful for predicting
and understanding viscoelastic properties of pure polymers.21

Using these approaches, de Pablo and co-workers have done
the pioneering works to study the PP network of entangled
polymer matrix influenced by the spherical or rod-like
nanoparticles.20,22 They found that nanoparticles had significant
impact on the entanglement network of the polymer matrix,
served as entanglement attractors, especially at large
deformations, which shed light on how the nanoparticles
influence the viscoelastic properties of PNCs.22 However, due
to the limitation of computer power, many simulations have
been limited to PNC with polymer chain lengths well below the
entanglement molecular weight.23−25 For the study of high
molecular weight polymers, Monte Carlo (MC) methods are
usually invoked, but they do not supply information about
polymer chain dynamics. To overcome these shortcomings, we
used the latest processor generation and performed long-time
molecular dynamics (MD) simulations on polyethylene (PE)
nanocomposites under the melt conditions. There are several
aspects where this paper differs from past works. First, we
simulate truly entangled PE nanocomposites at equilibrated
conditions with differently shaped nanoparticles. The size of
these nanoparticles is comparable with the size of polymer
chains, which has great impact on the motion of PE polymer
chains. Second, the effect of differently shaped nanoparticles on

the structure and dynamical relaxation of PE matrix will be
considered, which is directly related to the nanoparticle−
polymer interactions. The dispersion/clustering effect of
nanoparticles is also considered in this work. Third, the
underlying PP networks of PE matrices with different
nanoparticles are extracted by modified Z1 code,15 as well as
the underlying entanglement distributions, which can help us to
understand how the viscoelastic properties of PNC will be
affected by different nanoparticles. In short, we will study the
effects of nanoparticle shape and their dispersion/clustering on
the structure, dynamics, PP network and anisotropic viscosity
of PE matrices, having in mind targeting a rational design of
PNCs with optimal structural and mechanical properties.

2. MODEL AND METHODOLOGY
Carbon-based nanoparticles, i.e., singled-walled carbon nano-
tubes (SWNTs), are well-known for their extremely high
mechanical properties (Young’s modulus is around 1−5TPa
and tensile strength is 100−150 GPa).26,27 They have attracted
much interest as reinforcing nanoparticles in PNC. In this
paper, five different shapes of carbon components, i.e.,
buckyball, graphene, nanodiamond (ND), X-shaped SWNT
junction and Y-shaped SWNT junction as shown in Figure 1,

are used to generate different PE nanocomposites. The
specifications of all these nanoparticles are summarized in
Table 1. Here the graphene sheet was cut along armchair and

zigzag directions, where length and width were along zigzag and
armchair directions, respectively. The shape of ND is round-
like, i.e., a truncated octahedron. A (6,0) SWNT with length
14.66 Å was utilized for the construction of the X-shaped
SWNT junction. However, the Y-shaped SWNT junction was
built from a (8,0) SWNT with length 14.82 Å. The details for
constructing X-shaped and Y-shaped SWNT junctions can be
found in refs 28−30. All the covalent bonds in these carbon

Figure 1. Models of buckyball, graphene, nanodiamond (ND),
Xjunction and Yjunction used in PE nanocomposites. All these carbon
nanoparticles have sp2 bonds, except the ND (sp3 bonds), which are
indicated by the dots around covalent bonds. The shape of the ND is a
truncated octahedron.

Table 1. Geometrical Details for Carbon Nanoparticles Used
in This Work

buckyball graphene ND Xjunction Yjunction

size (Å) diameter
16.15

length
29

diameter
21.0

diameter
4.70

diameter
6.26

width
29.8

length
14.66

length
14.82

carbon
atoms

320 336 813 332 332
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nanoparticles are sp2 bonds, except for the ND, which has sp3

bonds. Although the surface of ND can form some sp2 bonds,
we do not consider these sp2 bonds and simplify them into sp3

bonds in our simulations. The pure PE polymer and PE
matrices were represented by united atom −CH2− units, which
were connected to form a straight, linear PE polymer chain. In
order to study entangled and high-molecular-weight polymers,
we considered PE polymers with N = 240 monomers per chain
in the current work with molecular weight Mw = 3362 g/mol.
The entanglement length, Ne, defined as the ratio between the
number of monomers and the mean number of entanglements
per chain, is about 56−86 at 463 K, according to different
experimental and simulations results.12,13,21 The PE polymer
studied in the current work is truly entangled as N/Ne = 2.79−
4.28.
The molecular model for pure PE was generated with the

Amorphous Cell Module in Materials Studio31 using the self-
avoiding random walk technique.32 The initial molecular
structures of PE nanocomposites were obtained through
positioning the center of each nanoparticle coincident with
the center of its cubic simulation box, while symmetric planes
of the nanoparticle were parallel to the facets of the simulation
box. Then, PE polymer chains were randomly generated
around nanoparticles and used for filling the simulation box
based on the self-avoiding random walk technique.32 These
nanoparticles were added into PE matrices at approximately 4
vol %. After initial configurations were generated, all these
models were repeated once along x, y and z directions of the
simulation box to obtain the initial systems with large enough
samples (polymer chains). Therefore, each PE nanocomposite
has 8 nanoparticles, which are initially arranged into a cubic
crystal-like structure. The number of polymer chains and
geometry size for the initial pure PE and PE nanocomposite
models are listed in Table 2. In order to simplify notations, the

terms PE/Bucky, PE/Graphene, PE/ND, PE/Xjunction and
PE/Yjunction are used for PE/buckyball, PE/graphene, PE/
ND, PE/X-shaped junction and PE/Y-shaped junction nano-
composites, respectively. The pure PE polymer is also
abbreviated as PE. Once the initial molecular structures are
obtained, the corresponding force field should be assigned for
future MD simulations. The PE polymer chain was described
by appropriate bond, angle and dihedral, as well as nonbonded
van der Waals (vdW) interactions. The united-atom
representation for PE is adopted in this work as carbon
atoms along with their bonded hydrogen atoms are lumped
into single interacting sites. The methylene (CH2) and methyl
(CH3) groups are treated as equivalent sites for all bonded
interactions, but, not for vdW interactions. Such a united-atom
model has been widely used and verified for studying diffusion

and melting behaviors of PE polymers.9,13,17,18,33−38 In order to
explore the nanoparticle shape effect on PE matrices, all these
carbon nanoparticles were modeled as nondeformable rigid
bodies.39 The bond length for these nanoparticles with sp2 and
sp3 bonds was fixed to be 1.42 and 1.54 Å, respectively. The
interactions between different nanoparticles are also modeled
by vdW potentials. The potential forms with corresponding
parameters are summarized in Table 3. The vdW interactions

between PE monomers and carbon atoms of nanoparticles were
obtained through the Lorentz−Berthelot rules of the 12−6
Lennard-Jones potentials between their vdW potential
parameters. All the MD simulations were performed using
the LAMMPS package supplied by Sandia National Labo-
ratory.40 Periodic boundary conditions were used as the
simulation box was considered to be a representative volume
element (RVE). The time step for MD simulations was 1.0 fs.
All the simulations have been done at 450 K.

3. SELF-ASSEMBLY BEHAVIOR OF NANOPARTICLES
As the initial arrangement of the carbon nanoparticles is cubic
crystal-like, we have carried out long MD simulations for all
these PE nanocomposites to reach their equilibrium states. The
simulations have been done under the NPT ensemble (p = 1
atm and T = 450K) at a time step 1 fs for a duration of 200 ns.
The shapes of nanoparticles are fixed through “rigid body”
constraints.39 The pair distribution functions g(r) between
different nanoparticles and their interaction energies have been
monitored during the relaxation process. Interestingly, we find
that nanoparticles tend to self-assemble, g(r) systematically
increases with time at short distances within the first 100 ns
(Figures 2a−e). Accordingly, the interaction energies between
nanoparticles increase with time and finally reach a constant
value (Figure 2f). After 100 ns, the aggregated nanoparticle
structure has been established. Figure 3 shows the equilibrated
structures of pure PE and PE nanocomposites. We clearly see
that all the nanoparticles in PE nanocomposites are clustered
together. Starr et al. have studied the underlying clustering
mechanisms of nanoparticles inside nanocomposites and
obtained corresponding phase diagrams.23 They found that
the crossover from the dispersed to the clustered state of
nanoparticles is in good agreement with predictions from
equilibrium particles association or equilibrium polymerization,
but, not the first-order phase separation model.23 The critical
volume fraction φ for nanoparticle self-aggregation is related to

Table 2. Initial Simulation Box Size at Melt Temperature
(450 K) and Polymer Chain Numbers of Pure PE Polymer
and Its Nanocompositesa

PE
PE/
Bucky

PE/
Graphene

PE/
ND

PE/
Xjunc-
tion

PE/
Yjunction

side length
(Å)

97.0 95.4 84.2 104.6 87.3 95.3

polymer
chain
number

112 104 72 136 80 104

aThe volume fractions of nanoparticles are fixed to be 4 vol %.

Table 3. Functional Forms and Parameters for the Force
Fields of PE and Carbon Nanoparticles Used in This Paper

interaction type
(potential type) functional form parameters

bond
(harmonic)

U(r) = kr(r − r0)
2 kr = 419.518 kcal/mol/Å2,

r0 = 1.54 Å
angle
(harmonic)

U(θ) = kθ(θ − θ0)
2 kθ = 62.09 kcal/mol/deg2,

θ0 = 114°
dihedral
(multiharmonic)

U(ϕ) =
∑i=0,3 ai cos

i(ϕ)
a0 = 1.736 kcal/mol,

a1 = 4.500 kcal/mol
a2 = 0.764 kcal/mol,
a3 = −7.000 kcal/mol

nonbonded
(Lennard-Jones)

U(r) =
4ε[(σ/r)12 − (σ/r)6]

εCH3
= 0.227 kcal/mol,

σCH3
= 4.01 Å

εCH2
= 0.093 kcal/mol,

σCH2
= 4.01 Å

εC = 0.105 kcal/mol,
σC = 3.367 Å
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the processing temperature as ϕ ∼ exp (−E1*/T*), where E1*
and T* denote the thermal activation energy, E1* = 6.9, and
system temperature in reduced LJ units, respectively.23 As we
know, the reduced temperature T* = 1 corresponds to T =
443Kfor pure PE.41 Therefore, the critical volume fraction for
nanoparticle clustering is only about 0.1 vol % in PE
nanocomposites at 443 K, a value small compared to the 4
vol % employed here. To study well dispersed nanoparticles at
4 vol % in PE nanocomposites, the processing temperature
should be set to 207 K. This is one of the reasons why the
solid-state shear pulverization (SSSP) process can produce the
well dispersed particles in PNCs as the processing is always
under low temperature.42

As the nanoparticles tend to cluster, we consider two
situations to explore the nanoparticle dispersion/clustering
effect. One is an artificial, uniform nanoparticle distribution,
denoted by ‘U’ (cubic crystal-like arrangement) as given in the
initial conditions. The other is the fully equilibrated, more
random distribution so-called ‘R’ as shown in Figure 3. The PE
nanocomposites with uniformly dispersed nanoparticles are also

equilibrated under the NPT ensemble (p = 1 atm and T = 450
K) for 100 ns, while all the motions of nanoparticles are frozen
in this process to keep their arrangement fixed. The vdW
surfaces and volumes of the 8 nanoparticles under both
situations are listed in Table 4. The vdW radius of each carbon
atom of a nanoparticle is considered as 3.4 Å (Table 3). These
nanoparticles can be arranged as graphene, Xjunction,
Yjunction, buckyball, and ND, according to their aspect ratios
from the largest to the smallest. Such an order will be directly
related to the structural, dynamical and viscous properties of PE
nanocomposites, which we will discuss later. We can also see
that both the vdW surfaces and volumes of the carbon
nanoparticles reduce after the clustering, and that this effect is
especially pronounced for graphene. Prior to self-aggregation,
the graphene nanoparticles have the largest surface over volume
aspect ratio as 0.731 Å−1. This value drops to 0.551 Å−1 after
the clustering occurred. This phenomenon is directly related to
the interactions between nanoparticles and PE matrices, which
can help us to understand their viscous behaviors, to be
discussed in the following parts.

Figure 2. Evolution of pair distributions g(r) between nanoparticles during the relaxation process for (a) PE/Bucky, (b) PE/Graphene, (c) PE/ND,
(d) PE/Xjunction, and (e) PE/Yjunction at 450 K. The interaction energy between different nanoparticles is shown in part f.
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4. POLYMER CHAIN DYNAMICS

By using the well-equilibrated initial configurations of pure PE
and PE nanocomposites (with both uniformly dispersed and
clustered nanoparticles), all these models are further relaxed by
NPT simulations (p = 1 atm and T = 450 K) for another 100 ns
with time step 1.0 fs. In this process, all the motions of
nanoparticles are frozen to keep their positions fixed. Both the
end-to-end unit vector autocorrelation function ⟨u(t)·u(0)⟩
and the mean-squared displacement (MSD) of PE polymer
chains have been recorded to study the polymer chain
dynamics. Figure 4 shows ⟨u(t)·u(0)⟩ of PE chains
exponentially decreasing with increasing time. For both
uniformly dispersed and clustered nanoparticles, the dynamics
of corresponding PE chains are slowed down in the presence of
nanoparticles. We have fitted the ⟨u(t)·u(0)⟩ curves with the
function exp(−(t/τe)β), where τe and β represent two fitting
parameters. Ideally, β equals unity for Rouse chains and τe is the
corresponding relaxation time. As the molecular weight of PE
chains in this work is well above the entanglement molecular
weight Me, the dynamics of PE chains will be further
constrained by entanglements and β < 1. We can see that the
larger the relaxation time τe is, or the smaller β is, the slower the
polymer chain relaxation is. The obtained values for τe and β are
given in Table 5. The relaxation time of PE nanocomposites is
always larger than that of the pure PE. Therefore, the dynamics
of the PE polymer chains is crucially affected by the carbon
nanoparticles. From ⟨u(t)·u(0)⟩ curves of uniformly dispersed

PE nanocomposites (Figure 4a), we can see that theses curved
can be classified into three categories. The first one is pure PE,
which has the fastest relaxation. The second one contains PE/
buckyball, PE/ND and PE/Yjunction. The third one includes
PE/graphene and PE/Xjunction, which have the slowest
relaxation. These visual observations are in good agreement
with the estimated relaxation times τe shown in Table 5. As
qualitatively expected from the theory of ellipsoids of
revolution,43 the relaxation time τe follows a similar trend as
the surface-area-to-volume ratio shown in Table 4: the larger
the surface-area-to-volume ratio, the longer the relaxation time.
Compared with the uniformly dispersed nanoparticles, the
equilibrated PE nanocomposites with clustered nanoparticles
exhibit faster relaxation, a point to be discussed in the following
part. The MSD curves of these pure PE and PE nano-
composites show a similar trend (results not shown).
There are two important factors influencing the dynamical

behavior of polymer chains in PNCs: first, the geometrical
constraints or “particle entanglements” imposed by these
nanoparticles, mainly characterized by the interactions between
polymer matrix and nanoparticles, and second, the underlying
topological change of the polymer matrix, i.e., entanglement
density. Obviously, it is hard to distinguish between the two
factors as they tend to be correlated. In this work, we will
investigate these two effects qualitatively by studying the
interaction energy between nanoparticles and polymer matrix,
and the entanglement distribution through a PP network
analysis. The nanoparticle−monomer pair correlation function
g12(r) is determined to characterize local packing density of
polymer chains around the nanoparticles as well as their
interactions (Figure 5). We recall that the atomistic motions of
nanoparticles are frozen in the underlying MD simulations. The
g12(r) curve for PE/Bucky is basically identical with the one
presented earlier by Adnan.34 We observe that g12(r) vanishes
between 0 and 3.4 Å for all these PE nanocomposites, and
hereafter gradually increases with radial distance. The depleted
region reflects the vdW wall thickness, which is identical for all
these PE nanocomposites.34 The intensity of g12(r) for all
nanocomposites reaches a first peak at ≈5.0 Å, except for PE/
ND, which does not exhibit any peak at this radial distance. The
relative distribution of PE monomers as indicated by g12(r) is
affected by the shape of nanoparticles. Apparently, more PE
monomers tend to aggregate around the PE/Graphene
interface compared with the other nanocomposites. There is
also a sharper second peak in g12(r) for these nanocomposites
at a radial distance smaller than 1.5 nm, except for PE/Bucky
and PE/ND, presumably due to the low geometric symmetry of
these nanoparticles. The interaction energies between nano-
particles and PE matrices are listed in Table 5. It can be seen
that PE/Graphene has the largest interaction energy, while, PE/
ND has the smallest. From the largest to the smallest
interaction energy, these PE nanocomposites can be arranged

Figure 3. Equilibrated configurations for pure PE, PE/Bucky, PE/
Graphene, PE/ND, PE/Xjunction, and PE/Yjunction at 450 K. All the
nanoparticles are self-assembled together in the equilibration process.
The simulation boxes are represented by blue lines. The different
polymer chains are colored differently (randomly) in PE. In PE
nanocomposites, all the polymer chains are made invisible for clarity of
carbon nanoparticles. The volume fractions of all these carbon
nanoparticles are fixed to be 4 vol %.

Table 4. Van der Waals Surface, SvdW, and Volume, VvdW, for Carbon Nanoparticles before and after Self-Assemblinga

nanoparticles SvdW
U (Å2) VvdW

U (Å3) SvdW
U /VvdW

U (Å−1) SvdW
R (Å2) VvdW

R (Å3) SvdW
R /VvdW

R (Å−1)

PE/Bucky 9846 30 325 0.325 9301 29 144 0.319
PE/Graphene 18 355 25 093 0.731 12 859 23 350 0.551
PE/ND 14 448 45 588 0.317 12 821 45 608 0.281
PE/Xjunction 13 603 24 184 0.562 12 604 24 059 0.524
PE/Yjunction 12 356 25 028 0.494 11 466 25 173 0.455

aThe superscripts “U” and “R” denote the uniformly dispersed and clustered nanoparticles, respectively.
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as PE/Graphene, PE/Xjunction, PE/Yjunction, PE/Bucky, and
PE/ND, which agrees reasonably well with their surface-area-
to-volume ratios (Table 4). Such an order is also in good
agreement with our g12(r) calculations (Figure 5a) and polymer
chain relaxation (Figure 4a and Table 5). It is clearly shown
that the stronger the nanoparticle-monomer interaction, the
denser the packing of polymer chains around nanoparticles, and
the slower polymer chains dynamics. When these nanoparticles
are clustering together, the packing density of polymer chains
around nanoparticles reduces (Figure 5b) as their vdW surface
amount decreases (Table 4), leading to a reduction of the
interaction energies between nanoparticles and PE matrices

(Table 5). For uniformly dispersed carbon nanoparticles, their
interaction energy with the PE matrices is about 0.16−0.19
(kcal/mol)/Å2. When these nanoparticles aggregate, this
energy lowers further, down to 0.12−0.17 (kcal/mol)/Å2.
Recent experiments reported interaction energy between
carbon black and styrene butadiene/silica rubber of only
about 0.038 (kcal/mol)/Å2.44 Since carbon blacks are highly
aggregated, it is important to make them well dispersed in the
polymer matrices to improve their mechanical properties.
After the interaction energies between nanoparticles and PE

matrices are known, it is interesting to explore how the global
polymer chain conformation is affected by nanoparticles as a

Figure 4. End-to-end unit vector autocorrelation function ⟨u(t)·u(0)⟩ for PE polymer chains with (a) uniformly dispersed and (b) clustered
nanoparticles at 450 K, respectively.

Table 5. Fitted Relaxation Time τe and Parameter β for End-to-End Unit Vector Autocorrelation Function ⟨u(t)·u(0)⟩ =
exp(−(t/τe)β), Nanoparticle−Polymer Interaction Energy per Atom EPE_Carbon, Root of the Mean-Squared End-to-End Distance
⟨Ree

2⟩1/2 and Radius of Gyration ⟨Rg
2⟩1/2 for PE Polymer Chains as Well as Their Shear Viscosities (Shear Strain Rate 109/s) at

450 Ka

τe (ns) β EPE_Carbon (kcal/mol/atom) ⟨Ree
2⟩1/2 (Å) ⟨Rg

2⟩1/2 (Å) shear viscosity (cP)

PE 5.08 0.662 0 51.1 ± 1.7 20.7 ± 0.4 3.96 ± 0.45
PE/Bucky 6.30 (U) 0.633 (U) −0.73 (U) 50.6 ± 1.8(U) 20.2 ± 0.3(U) 5.03 ± 0.63 (I)

6.58 (R) 0.626 (R) −0.60 (R) 53.4 ± 1.2(R) 20.9 ± 0.4(R) 5.10 ± 0.54(O)
PE/Graphene 10.68 (U) 0.554 (U) −1.14 (U) 50.2 ± 2.1(U) 20.0 ± 0.3(U) 3.21 ± 1.03 (I)

7.19 (R) 0.571 (R) −0.79 (R) 50.5 ± 3.0(R) 20.5 ± 0.4(R) 14.0 ± 3.17(O)
PE/ND 6.89 (U) 0.615 (U) −0.38 (U) 51.8 ± 1.4(U) 21.8 ± 0.3(U) 4.11 ± 0.47 (I)

6.27 (R) 0.620 (R) −0.31 (R) 53.2 ± 1.2(R) 21.9 ± 0.2(R) 4.50 ± 0.42(O)
PE/Xjunction 9.91 (U) 0.562 (U) −0.81 (U) 54.2 ± 2.5(U) 21.2 ± 0.3(U) 4.95 ± 0.82 (I)

9.46 (R) 0.578 (R) −0.58 (R) 52.2 ± 1.9(R) 20.7 ± 0.5(R) 8.98 ± 1.24(O)
PE/Yjunction 7.25 (U) 0.652 (U) −0.79 (U) 54.3 ± 1.3(U) 21.1 ± 0.4(U) 5.16 ± 0.68(I)

6.30 (R) 0.583 (R) −0.55 (R) 51.9 ± 1.4(R) 20.4 ± 0.3(R) 6.52 ± 0.88(O)
a“U” and “R” represent the uniformly dispersed and clustered nanoparticle systems, respectively. “I” and “O” denote the in-plane and out-of-plane
directions of the PE nanocomposites with uniformly dispersed nanoparticles.

Figure 5. Nanoparticle−monomer pair distribution function g12(r) for PE nanocomposites with (a) uniformly dispersed and (b) clustered
nanoparticles at 450 K.
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function of the distance from the surface of nanoparticles to the
centers of masses of the polymer chains. Since the surfaces of
carbon nanoparticles studied by us are very irregular, except for
buckyball and ND, we instead monitor the distance from the
center of nanoparticles to the center of mass of each polymer
chain. As we have 8 nanoparticles in each PE nanocomposite,
the distance from the center of each nanoparticle to the center
of mass of a single polymer chain is calculated first. The
minimum value of these distances is the closest distance
between a given polymer and a nanoparticle. The mean-
squared radius of gyration ⟨Rg

2⟩ of this polymer is recorded at
the same time. Figure 6 shows the ⟨Rg

2⟩ of polymer chains as a
function of their distance from the center of the nearest
nanoparticle for PE nanocomposites with both uniform and
random dispersed nanoparticles. The conformation profiles of
the PE polymer chains are slightly affected by the different
shapes of nanoparticles. When the polymer chains are very
close (<1 nm) to a nanoparticle in a system of well dispersed
nanoparticles, they tend to be stretched as their ⟨Rg

2⟩ values are
about 1.1−1.4 times of the ⟨Rg

2⟩ value of pure PE in its bulk
state. Such a behavior is also observed by Starr et al.45 and
Ndoro et al.46 The reference value 430 Å2 is obtained from the
pure PE system. At distances larger than 2 nm, the ⟨Rg

2⟩
approaches the bulk behavior of PE. Therefore, if the interphase
thickness is considered responsible for peculiarities concerning
chain extension, it should be also in this range. After the
nanoparticles are clustered together, the ⟨Rg

2⟩ profiles are
greatly changed (Figure 6b). Polymer chains close to these
clustered nanoparticles are highly stretched as the ⟨Rg

2⟩ value is
about 1.2−2.0 times the bulk value. As the clustered

nanoparticles become very close to each other, they can be
easily bridged by the polymer chains.44 In this state, a polymer
chain can be highly stretched and its ⟨Rg

2⟩ value is greatly
increased. Such a bridging behavior is related to the nonlinear
viscoelastic properties of PNCs, i.e., Payne effect.44,47 The
averaged values of end-to-end distance ⟨Ree

2⟩1/2 and ⟨Rg
2⟩1/2 for

PE chains are listed in Table 5. ⟨Ree
2⟩ ≈ 6 ⟨Rg

2⟩ for pure PE
indicates that it behaves as Gaussian coils. Interestingly, all the
PE polymer chains have similar values of ⟨Ree

2⟩1/2 and ⟨Rg
2⟩1/2.

Since the polymer chains are stretched near the surface of
nanoparticles, their orientation might also be affected. To this
end we calculate the second Legendre polynomial P2 = (3 cos
2θ − 1)/2, where θ is the angle formed between the vector
connecting the center of the nanoparticle and monomer i, and
the vector between i and the next monomer in the same PE
polymer chain i + 1. The average orientation of the polymer
chains is defined by taking the ensemble average ⟨P2⟩. Here
⟨P2⟩ = 0 indicates a random orientation and ⟨P2⟩ = −0.5 for
perfect tangential alignment.48 Figure 7 shows the ⟨P2⟩ as a
function of distance from the center of nanoparticles to the
center of mass of a polymer chain. When polymer chains are
very close to the surface of nanoparticles, they are preferentially
aligned tangentially to the surface of these nanoparticles as ⟨P2⟩
= −0.2 to −0.15. Moving away from the nanoparticle surface to
the bulk polymer, ⟨P2⟩ values gradually increase to zero,
indicating they are randomly packed. Similar observations have
been reported by Ndoro et al.46 They found that the averaged
orientational angle ⟨θ⟩ was around 85° (⟨P2⟩ = −0.49, if all
angles are identical) when the polymer chains were near the
spherical particle surfaces.46 As the distance increases, ⟨θ⟩

Figure 6. Mean-squared radius of gyration ⟨Rg
2⟩ of PE polymer chains at 450 K around (a) uniformly dispersed and (b) clustered nanoparticles as a

function of their centers of mass from the center of the carbon nanoparticle. The horizontal line indicates the mean-squared radius of gyration of
pure PE (∼430 Å2) in the bulk.

Figure 7.Mean second Legendre polynomial ⟨P2⟩ between the vector from the center of the nanoparticle to the monomer i and the vector between i
and the next monomer in the same PE polymer chain i + 1 with (a) uniformly dispersed and (b) clustered nanoparticles. The distance is from the
centers of mass of these nanoparticles to the monomer i. A preferential alignment of the polymer chains parallel to the surface of the nanoparticle is
observed.
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steadily decreases to approach its expected bulk value 57.3°
(⟨P2⟩ = −0.06).46 Obviously, the local orientational order only
persists to a very short distance from the center of
nanoparticles, i.e., 2 nm, small compared with the polymer
chain extension measured by the root mean-square radius of
gyration (Figure 6). Within view of Figure 6, the clustering
effect of nanoparticles on the ⟨P2⟩ profiles is quite small as
shown in Figure 7, and can even be ignored. In summary, the
nanoparticles dispersion affects mainly the conformation of
polymer chains, but not their orientations.

5. PRIMITIVE PATH ANALYSIS ON PE
NANOCOMPOSITES

As the motion of polymer chains and their viscosity are known
to be determined by their PP networks, the original Z1
code14,15 and its modified version, able to deal with
nanoparticles, have been applied to pure PE polymer and PE
nanocomposites to extract and study their PP networks (see
Appendix for details). The obtained contour length of PP for
pure PE is ⟨Lpp⟩=67.22 ± 2.88 Å, which agrees reasonably well
with existing simulation results.12 Also, from ⟨Ree

2⟩ and⟨Lpp⟩,
we can calculate the corresponding tube diameter of pure PE as
⟨app⟩ = ⟨Ree

2⟩/⟨Lpp⟩ =38.69 Å, which is again in good
agreement with both experimental (⟨app⟩ = 32.8 Å with
unknown Mw at 413 K49) and simulation (⟨app⟩ = 37 Å with
Mw = 3.36 kg/mol at 450 K12) results. The average number of
entanglements per chain ⟨Z⟩ for pure PE with Mw = 3.36 kg/
mol studied in the current work is about 2.00 ± 0.11.
Therefore, we obtain an entanglement molecular weight Me =
Mw/⟨Z⟩=1.68 kg/mol, in agreement with both experimental
and computational works (Me = 0.79−1.2 kg/mol).21 Since the
lateral motion of polymer chains is confined in the range of the

tube diameter app, it is interesting to see the distribution of app
for each polymer chain under the influence of the nanoparticles.
Figure 8 shows the distribution of app for pure PE and PE
nanocomposites with both uniformly dispersed and clustered
nanoparticles. Interestingly, all these distributions follow the
same trend, as the most favorable value for app is about 10−60
Å (with probability >0.1). The distribution is well characterized
by a beta function.12 The peaks for the appdistributions of PE
nanocomposites are slightly shifted to higher values, as well as
their mean values (⟨app⟩ = 40−43 Å). Such an observation also
agrees reasonably well with recent experimental results.8

Schneider et al. found that the polymer chains in PNCs
gradually disentangle as the volume fraction of nanoparticles
increases, due to the transformation from “polymer entangle-
ments” to “nanoparticles entanglements”.8 Therefore, the
corresponding tube diameter ⟨app⟩ of polymer matrices will
also be gradually increased due to disentanglement, further-
more supported by mean-field theory.8 The predicted critical
volume fraction is 35 vol %.8 When the volume fraction of
nanoparticles is above 35 vol %, the polymer chain is expected
to be completely disentangled and its motion is dominated by
the geometrical constraints due to the nanoparticles.8 Similar to
the distribution of tube diameter app, the distributions of
contour length of PP, Lpp, and the number of entanglements
per chain, Z, for PE matrices are similar to that of pure PE
polymer (Gaussian distributions, results not shown here). The
dispersion/clustering effect of nanoparticles on the PP
networks of PE matrices is negligible as shown in Figure 8.
Since our nanoparticle concentration is only 4 vol %, we also do
not expect to observe huge changes of the PP network of PE
matrices, compared with pure PE. The PP network of PNCs

Figure 8. Distribution of tube diameter app of pure PE and PE matrices with (a) uniformly dispersed and (b) clustered nanoparticles (see Appendix
for details).

Figure 9. Nanoparticle-entanglement pair distributions of PE matrices with (a) uniformly dispersed and (b) clustered nanoparticles (see Appendix
for details).
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with highly loaded nanoparticles will be studied in our future
work.
After the PP networks of PE matrices are extracted, we have

access to the spatial distribution of entanglements. Figure 9
shows the pair distributions of nanoparticles to the
entanglements of PE matrices. It is interesting to see that
there are highly condensed entanglements near the nano-
particles surfaces, which is about 5−6 times of their bulk states.
However, moving away from these nanoparticles surfaces to
bulk polymer, the entanglement density rapidly drops, reaches a
global minimum, and then gradually increases to a constant
value. Because of the different nanoparticle shapes, the global
minimum and bulk stateat a given concentrationof
entanglement density are also changed. For the higher
interaction energies, PE/Graphene and PE/Xjunction have
larger bulk states of entanglement density than others. Also,
PE/ND has the smallest global minimum and bulk state of
entanglement densities, as the interaction between ND and PE
matrix is very small (Table 5). Since polymer dynamics are
constrained by entanglements as well as their densities, the
geometrical confinement effect of nanoparticles on polymer
chain entanglements is expected to affect the dynamics of these
polymer chains. This picture is supported by the relaxation
behavior of polymer chains in PE/Graphene and PE/Xjunction
where it is significantly slowed down, compared to other PE
nanocomposites and pure PE (Figure 4 and Table 5). Because
of the dispersion/clustering effect, the bulk state of
entanglement densities are also slightly decreased, as the
interaction energies between nanoparticles and PE matrices are
reduced (Table 5). The length scale for the variation of
entanglement densities is around 2 nm, which is already present
in the ⟨Rg

2⟩ and ⟨P2⟩ profiles. Therefore, it is reasonable to
suggest that the thickness of the interphase between carbon
nanoparticles and PE matrices is around 2 nm.
By using the wall boundary model, Okuda et al. studied PP

networks near the wall boundaries.50 They made two
assumptions: (1) polymer chains are not stuck, but randomly
reflected by the wall boundaries and (2) the subchains below
entanglement length behave like those in bulk state even
though they are near the wall boundaries.50 They found that the
number of entanglements is increased near the wall boundaries
due to the hooking process of their PP network models.50 This
finding is in good agreement with our current simulation
results. However, we did not make any assumptions in our MD
simulations and the PP networks are extracted based on our
original PE matrices (real polymer chains). Papon et al.
measured the local polymer chain dynamics near the surfaces of
nanoparticles by low-field NMR.51 They found that at least
three different kinds of polymer mobility existed in the filled
elastomers, which are also in agreement with gradient Tg

around the surfaces of nanoparticles (which cannot be
described by a simple core−shell approximation).51 From our
local entanglement distributions shown in Figure 9, we clearly
see that the distribution profiles of entanglements are at least
classified into three zones: high density (4−5 Å), low density
(5−20 Å), and bulk density (20−40 Å), as the distance moving
from the nanoparticle surfaces to the bulk polymer. Therefore,
our PP network analysis as well as the distribution of
entanglement density can be used to understand these local
dynamical behaviors of polymer chains near nanoparticles
surfaces from first principles.

6. ANISOTROPIC VISCOSITY OF PE
NANOCOMPOSITES

Employing the nonequilibrium molecular-dynamics (NEMD)
method, we obtain the velocity vx profile along the along y
direction of the simulation boxes for pure PE polymer and PE
nanocomposites with uniformly dispersed nanoparticles of fixed
orientation, under a high shear strain rate 109/s (see Appendix
for details). Obviously, the velocity gradient ∂vx/∂y is uniform
throughout all these systems, which indicates that these systems
reached a steady-state shear flow. The shear viscosities of pure
PE and PE nanocomposites with uniformly dispersed nano-
particles are obtained by η = −⟨Pxy⟩/γ,̇ where ⟨Pxy⟩ is the time
average over the xy-component of the pressure tensor and γ ̇ is
the shear rate. The obtained value for pure PE (Mw = 3.36 kg/
mol) is 3.96 ± 0.45 cP at 450 K. Pearson et al. found that at low
molecular weight, Mw < Mc ≈ 5 kg/mol, the zero-rate shear
viscosity η0 of PE is well described by the power law, η0 = 2.1 ×
10−5 Mw

1.8 (cP) at 450 K.52 Obviously, our simulation result on
pure PE is far away from the experimental result (46.78 cP),
due to the shear thinning effect under high strain rate.9 Baig et
al. have performed NEMD simulations on PE (Mw = 5.60 kg/
mol) over a broad range of different shear strain rates, under
the melt condition (T = 450 K).9 Under the strain rate 109/s,
the viscosity of PE (Mw = 5.60 kg/mol) is estimated to be
around 9 cP9, which is very well comparable with our
simulation result (3.96 ± 0.45 cP for Mw = 3.36 kg/mol).
The obtained viscosities of PE nanocomposites with uniformly
dispersed nanoparticles are listed in Table 5. As the carbon
nanoparticles considered in the current work have different
symmetries, we calculate the viscosities of PE nanocomposites
along in-plane (x) and out-of-plane (z) directions. It is
interesting to see that the PE nanocomposites have different
viscosities in different directions, especially for PE/Graphene
and PE/Xjunction. For PE/Bucky, PE/ND, and PE/Yjunction,
they have the similar viscosities both in x and z directions, due
to their highly symmetrical structures. Also, the viscosities along
the out-of-plane direction of PE nanocomposites are mainly
determined by the interaction energy between nanoparticles
and polymer matrix (or surface-area-to-volume ratio of

Figure 10. Velocity vx profile in the simulation box along y direction
for pure PE and PE nanocomposites with uniformly dispersed
nanoparticles at 450 K, under the shear strain rate 109/s. The
simulation box is divided into 20 layers along y direction and only 4−
16 layers are shown here (see Appendix for details). The layer
thicknesses are 4.68 Å, 4.61 Å, 4.08 Å, 5.03 Å, 4.24 Å, and 4.60 Å,
respectively, for PE, PE/Bucky, PE/Graphene, PE/ND, PE/Xjunction,
and PE/Yjunction. The inset shows the simulation box of PE/Bucky
under NEMD simulation. For clarity, the surrounding PE polymer
chains are made invisible.
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nanoparticles), which is in good agreement with our expect-
ation.
The graphene and Xjunction nanoparticles are highly

anisotropic. Therefore, the effective volumes occupied by
these nanoparticles perpendicular to the flow direction are also
anisotropic, especially for uniformly dispersed nanoparticles. To
characterize the effective volume of a nanoparticle we use the
gyration tensor, or moment of inertia tensor, R = n−1∑k=1

n rk rk

in its frame of principal axes, which corresponds to the
orientation of the nanoparticles in their initial “U” states. Here
rk is the position vector of the kth particle from the center of
mass of the system to its atomistic position, and n is the total
number of atoms in a nanoparticle. Therefore, we can calculate
the gyration tensor R for each single nanoparticle studied in the
current work:

=
⎡

⎣
⎢⎢

⎤

⎦
⎥⎥R

22.10 0 0
0 22.10 0
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=
⎡

⎣
⎢⎢

⎤

⎦
⎥⎥R

22.10 0 0
0 22.10 0
0 0 22.10

(Å ) for ND2
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⎦
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⎡

⎣
⎢⎢⎢

⎤

⎦
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R
50.85 0.40 1.02
0.40 62.88 1.10
1.02 1.10 6.13

(Å ) for Yjunction2

For the buckyball and ND, the principle diagonal elements of
their gyration tensors are very close to each other, due to their
spherical shapes. However, for the graphene sheet, due to its
single-atom layer structure, its R has a zero in its principle
diagonal elements. From the wall boundary model study, the
polymer chains perpendicular to the wall boundaries are greatly
confined with increased entanglements, while the polymer
chains parallel to these wall boundaries will be stretched and
disentangled.50 Therefore, for the PE/Graphene, the polymer
chain dynamics will be accelerated by the graphene nano-
particles, when the shear flow is applied along its in-plane (x)
direction. That is why we obtain a smaller viscosity value of PE/
Graphene along its in-plane direction, compared with the bulk
PE polymer. Because of the strong interactions between
graphene nanoparticles and their PE matrix, the viscosity of
PE/Graphene along its out-of-plane direction is almost four
times that of pure PE. Similarly, the viscosity of PE/Xjunction
along its out-of-plane direction is almost two times its viscosity
along in-plane direction, due to the smaller diameter of its
SWNT (also smaller Rzz value of its gyration tensor). However,
for PE/Yjunction, this phenomenon is diminished, as the Rzz
value of its gyration tensor is increased. From above discussions
on interaction energies between nanoparticles and PE matrices
as well as the PP analysis results, the PE/Graphene and PE/
Xjunction with uniformly dispersed nanoparticles have larger

viscosities (along their out-of-plane directions), due to their
stronger interaction energies and higher entanglement
densities. Among all the PE nanocomposites with uniformly
dispersed nanoparticles, PE/ND has the smallest viscosity in
the out-of-plane direction, since the interaction energy between
ND nanoparticles and their PE matrix is the weakest.
Knauert et al. studied the nanoparticle shape effect on PNC

rheology via NEMD simulation.53 Icosahedron, rod, and sheet-
shaped nanoparticles were considered with very short,
unentangled polymer chains (10−40 monomers per chain).
They found that there was a relatively weak enhancement of the
viscosity of PNCs by using the sheet nanoparticles.53 However,
in their studies, the nanoparticles tend to cluster together, thus
greatly reducing the interaction energy between nanoparticles
and polymer matrix, cf. Table 5. Thus, the viscosity
enhancement induced by sheet nanoparticles can also be
greatly reduced by nanoparticle clustering. We observe a similar
effect in our NEMD simulations on PE nanocomposites with
randomly dispersed nanoparticles. The viscosity of PE/
Graphene is only slightly larger than that of PE/Bucky and
PE/ND, due to nanoparticle aggregation (results not shown).
Grest et al. studied the shear rheology of nanoparticle
suspensions with differently shaped nanoparticles, i.e., jacks,
rods, plates, and spheres.54,55 They found that the viscosity of
the suspension was greatly increased by using jacks (with the
arm length to diameter aspect ratio 21), due to their highly
aggregated structures and large effective volumes.54,55 However,
the arm length to diameter aspect ratios of X junction and Y
junction studied in current works are only 3.1 and 2.4,
respectively. Thus, the interaction energy between nano-
particles and polymer matrix, as well as the gyration tensor R
of clustered nanoparticles in the laboratory frame can be greatly
changed. That is the reason we see that both graphene and X
junction have comparable enhancement effects on the viscosity
of PE nanocomposites.

7. CONCLUSIONS
To understand how the nanoparticle shapes affect structural,
dynamical and viscous properties of their polymer nano-
composites, we performed extensive MD simulations on PE
nanocomposites with five different nanoparticles: buckyball,
graphene, ND, Xjunction, and Yjunction. We have revealed
several key issues by analyzing the MD trajectories.
First, the nanoparticles tend to aggregate together under the

conditions employed in our study, in agreement with
theoretical considerations. Under the melting temperature
(450 K), all the carbon nanoparticles surrounded by PE
polymer chains self-assemble during the first 100 ns and form
stable clusters. Compared with uniformly dispersed nano-
particles (cubic crystal-like distribution), the vdW surfaces and
volumes of the nanoparticles are reduced upon clustering.
Especially for graphene sheets, whose ratio of vdW surface area
to volume is reduced from 0.731 to 0.551 Å−1.
Second, the surface-area-to-volume ratio (shape) of nano-

particles greatly influences the interactions between nano-
particles and their polymer matrices, as well as the packing
behaviors of their surrounding polymer chains. The nano-
particles considered in this paper can be arranged as graphene,
Xjunction, Yjunction, buckyball, and ND, from the largest to
the smallest of their surface-area-to-volume ratios. Both the
interaction energy and polymer chain packing follow the same
trend. Because of the strongest interactions between graphene
sheets and their PE matrix, the PE polymer chains are highly
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packed around graphene sheets at 5 Å (from the surface of
graphene sheets to polymer chains). However, we do not find
evidence for highly packed polymer chains around ND
nanoparticles, in accord with their weak interactions with the
PE matrix. During the clustering of nanoparticles, their
interaction with the polymer matrices weaken as their vdW
surfaces decrease. In turn, the polymer chain densities
surrounding these nanoparticles are reduced. In short, the
stronger the interaction between nanoparticles and the polymer
matrix, the denser the polymer chains surround the nano-
particles. While this is expected, we have provided a detailed
quantitative analysis.
Third, the relaxation behavior of polymer chains is also

affected by the surface-area-to-volume ratio (shape) of the
nanoparticle, as a result of both the interaction between
nanoparticle and polymer chains, as well as the nanoparticle-
induced topological changes of polymer chains surrounding the
nanoparticles. The interaction between graphene sheets and
their PE matrix is the strongest among all the nanoparticles
considered in current work; correspondingly, the relaxation
time of their PE chains is the longest. On the contrary, the
relaxation time of PE chains in PE/ND is the shortest, since the
ND nanoparticles have the weakest interactions with their PE
matrix. Similar to the packing behaviors of polymer chains
around nanoparticles, the relaxation of polymer chains is found
to be accelerated after these nanoparticles clustered together, as
the interactions between nanoparticles and their polymer
matrices are weakened during this process. From the PP
network analysis on the PE nanocomposites, the pair
distributions between nanoparticles and entanglements of
polymers are also available. A large entanglement density is
found at the surfaces of the nanoparticles. Moving away from
the nanoparticle surfaces to bulk, the entanglement density
rapidly decreases, reaches its global minimum state at 6.4 Å
(away from the nanoparticle surface), and gradually increases to
its bulk state. The PE/Graphene and PE/Xjunction are found
to have the largest bulk entanglement density, while PE/ND
has the smallest. Therefore, the relaxation of polymer chains in
PE/Graphene, PE/Xjunction, and PE/ND are the slowest and
the fastest, respectively. However, the overall PP networks of
PE matrices are very similar to that of pure PE, since the
volume fraction of nanoparticles is very low (only 4 vol %) and
these systems are still “polymer entanglements” dominated, as
we discussed in detail.
Fourth, the polymer chains close to nanoparticles are highly

stretched and they are preferentially aligned parallel to the
surfaces of nanoparticles. From the profiles of radius of gyration
⟨Rg

2⟩ and the second Legendre polynomial ⟨P2⟩, polymer
chains close to nanoparticle surfaces (around 2 nm from the
nanoparticles surfaces) are affected. From the pair distributions
between nanoparticles and the polymers entanglements, the
entanglement densities are greatly changed in the range of 2 nm
from the nanoparticles surfaces. Therefore, the interphase
thickness of PE polymers with carbon nanoparticles is
determined to be in the same range.
Fifth, the anisotropic viscosities of PE nanocomposites are

greatly affected by the surface-area-to-volume ratios (shapes) of
nanoparticles and their moment of inertia tensors. From our
NEMD simulations, both in-plane and out-of-plane viscosities
of PE nanocomposites are obtained. Because of the highly
anisotropic structures of graphene and X junction, their out-of-
plane viscosities are much larger than their in-plane viscosities.
From their gyration tensors, we find that their Rzz components

are very small, compared with other elements in the principle
diagonal directions. Therefore, the shear flows along the out-of-
plane directions of PE/Graphene and PE/Xjunction are also
greatly constrained by their in-plane effective volumes and their
strong nanoparticle−polymer interactions (large surface-area-
to-volume ratios), which in turn increase their out-of-plane
viscosities. Because of the weak interactions between bucky-
balls/NDs and PE matrices (small surface-area-to-volume
ratios), PE/Bucky and PE/ND have comparable viscosities
with pure PE polymer, which indicates that the polymer chains
in PE/Bucky and PE/ND are not greatly constrained by these
nanoparticles.
From our current study, the surface-area-to-volume ratio of

nanoparticles plays an important role in the mechanical
properties of PNCs. Both the static and dynamical properties
of polymer matrices are strongly affected by the surface-area-to-
volume ratios of nanoparticles (nanoparticle−polymer inter-
actions). Since the surface-area-to-volume ratios of nano-
particles can be easily tailored through the shapes of
nanoparticles or their dispersion/clustering, we expect some
motivations for experimental works to be performed. It is
important to stress that the nanoparticle−polymer interaction
considered in this work is mainly of physical nature, i.e., vdW
interaction. As the surfaces of carbon nanoparticles can be
chemically modified and bonded to polymer chains (chemical
bonding or hydrogen bonding), it will be important to explore
how these interactions will affect the dynamical and viscous
properties of PNCs.

■ APPENDIX
A. PP Network Analysis on PE Nanocomposites. The original Z1
code12−15,56 constructs the PP network of a polymeric system
by fixing the ends of all polymer chains. Hereafter, each
polymer chain is replaced by a sequence of infinitesimally thin,
impenetrable and tensionless straight lines. The length of these

multiple disconnected paths is monotonically reduced, subject
to chain-uncrossability. Upon iterating the geometrical
procedure, each multiple disconnected path converges to a
final state, the shortest disconnected path, i.e., an individual PP
for each chain. The convergence of the Z1 code is achieved

Figure 11. (a) Original molecular model of PE nanocomposites with a
single buckyball and (b) its corresponding PP network under “frozen
particle limit”. In part a, the different colored particles represent
different polymer chains. In part b, the PPs are different colored
straight lines and the buckyball is fixed in the space in the topological
analysis (Z1 code analysis). The kinks along straight lines represent
the polymer chain entanglements.
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once the difference between two successive iterations is smaller

than a preset numerical tolerance. In short, the PP can be

considered as the shortest path remaining when one holds

chain ends fixed, while continuously reducing (shrinking) a

chain’s contours without violating topological constrains

(polymer chain uncrossability).57 A single PP is often

characterized by its conformational properties such as PP

length Lpp, number of interior kinks (or entanglements) Z, and

the end-to-end distance Ree. More details on the implementa-

tion and application of Z1 code in PP study of polymers can be

found in refs 12−16, 56. In order to calculate the PP network of

PE matrix, we consider two modes for the PP network analysis

of PE nanocomposites. One is the so called “phantom particle

limit”.20 The nanoparticles in PNCs are ignored as we assume

that the motion of the polymer chains is not constrained by

these nanoparticles on the time scale of reptation dynamics. In

that case, the nanoparticles are removed from the PNCs before

the Z1 code15,16 is applied on the PE matrix to extract its

corresponding PP network. In this situation, the effect of

nanoparticles on the PP network can only appear as they may

change the underlying topology of the PE matrix. In the other

direction, the nanoparticles may behave as the “particle

entanglements”, which behave as anchors to polymer chains

and attach them together, then greatly restrict the motion of

polymer chains. The other mode, i.e., “frozen particle limit” is

also considered.20 In the “frozen particle limit”, all the

nanoparticles are fixed in the space, then the Z1 code is

applied to extract the corresponding PP network. All the

nanoparticles are treated in the same manner as the PE matrix,

based on the same geometrical criteria. Basically, the nano-

particles surfaces are meshed by using artificial rodlike chains

(N = 2 polymers), and we use the original Z1 code to find the

shortest path. Since a dumbbell does not move (fixed ends), the

chain length of such a single-segment rodlike chain is also

irreducible. Within the analysis of the final shortest path, the

nanoparticles have of course to be ignored, and they do not

move during the minimization procedure. When the Z1 code is

applied on PE nanocomposites with nanoparticles, we can

calculate their corresponding PP network as shown in Figure

11. Since the size of the nanoparticles considered in the current

work is comparable to the size of PE polymer chains, which can

greatly restrict the dynamics of polymer chains, we only

consider the “frozen particle limit” case for PP analysis.

B. Viscosity Calculation on PE Nanocomposites. The viscosities

of pure PE and PE nanocomposites are obtained through

NEMD simulations, based on the GSLLOD algorithm,58 with

appropriate boundary conditions for shear deformation, e.g.,

Lees−Edwards boundary conditions.59 The GSLLOD algo-

rithm58 is derived from rigorous statistical-mechanics principles,

and usually coupled with a Nose−Hoover thermostat60,61 for

simulations at constant temperature so that the canonical
ensemble is generated with following form:58

∑
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In above equation, qi, pi, mi, and Fi are the position vector,
momentum vector, mass, and force vector of each atom in
molecule i, respectively, d = 3 is the space dimensionality, N is
the total number of atoms in the system, ξ and pξ are the
coordinate- and momentum-like variables, respectively, of the
Nose-Hoover thermostat controlling the temperature of the
system at desired level, Q = dNkBTτ

2 is the thermostat mass
parameter. The relaxation time τ is set to be 0.4 ps in all
simulations with a time step of 1 fs. In the NEMD approach, a
shear velocity profile is applied to the system and the
corresponding response via an off-diagonal component of the
stress tensor is measured, which is proportional to the
momentum flux. If we apply the Couette flow along the x-
axis and the gradient of the flow is along the y-axis, the flow rate
dependent shear viscosity can be obtained by

η = −
⟨ ⟩

γ̇

Pxy

(A2)

where ⟨Pxy⟩ is the time average of xy- component of the
pressure tensor and γ ̇ is the shear rate. In the current work, we
had to limit our simulations to a very high strain rate, 109/s.The
motions of nanoparticles are frozen in the co-moving triclinic
system (simulation box) to keep the distribution of nano-
particles and their orientations fixed. Thus, the nanoparticle
centers are convected affinely with the shear flow, as shown in
the inset of Figure 10. In the laboratory frame, these
nanoparticles change distances all the time, and they behave
as infinitely massed particles. The atom crossing a periodic
boundary will have a delta added to its velocity equal to the
difference in prescribed macroscopic velocities between the
lower and higher boundaries. This velocity difference can
include tilt components, e.g., a delta in the x velocity when an
atom crosses the y periodic boundary, when the shear flow is
applied along the x direction. Thus, such a boundary condition
is equivalent to the Lees−Edwards boundary condition.59 The
total simulation time is about 10−20 ns to make sure that the
system achieves the steady-state shear flow condition. The
shear velocity vx profile was also monitored by dividing the
simulation box into 20 slabs along its y direction (Figure 10),
when the flow is along the x-axis and the gradient of the flow is
along the y-axis. A typical snapshot for the simulation box of
PE/Bucky is also shown in the inset of Figure 10, with
surrounding polymer chains made invisible. Under the high
shear strain rates, the polymer chains in the simulation box tend
to orient along with the shear flow. Therefore, in order to
minimize finite system size effects, all the simulation cells have
been increased three times along the flow direction. The side
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lengths along the flow direction for PE, PE/Bucky, PE/
Graphene, PE/ND, PE/Xjunction, and PE/Yjunction are 374.4,
368.5, 326.8, 402.6, 339.2, and 367.6 Å, respectively. The side
lengths for other directions are 93.6, 92.1, 81.7, 100.7, 84.8, and
91.9 Å, respectively, for PE, PE/Bucky, PE/Graphene, PE/ND,
PE/Xjunction, and PE/Yjunction. Fully equilibrated initial
configurations (at all length scales) were used in the NEMD
simulations. Since the orientational motions of nanoparticles
are frozen, the obtained viscosities of PE nanocomposites are
different along different directions, especially for PE/Graphene,
PE/Xjunction, and PE/Yjunction. These anisotropic viscosities
are only relevant for a system where these nanoparticles have a
fixed orientation in space. This could be realized by magnetic
nanoparticles in the presence of a strong external field. To this
end, we are essentially studying the limit of strong magnet-
ization by fixing the alignment of these nanoparticles, to explore
their geometrical effects on the viscosity, which is typically done
in the field of liquid crystals. The anisotropic viscosities are so
called Miesowicz viscosities.62 In short, we study the effect of
nanoparticle shape of perfectly aligned nanoparticles on the
anisotropic viscosities within the necessarily non-Newtonian
regime of the PE matrix, due to the limitation of computational
power. These results allow us to get an impression about the
maximum anisotropy one can expect to find in a system of
oriented nanoparticles. The viscosity ultimately becomes
isotropic but remains nanoparticle geometry-dependent if the
nanoparticles are dispersed and convected non-affinely with the
shear flow.
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ABSTRACT: Advanced Monte Carlo simulations are used to
study the effect of nanoslit confinement on metric and
topological properties of model DNA chains. We consider
both linear and circularized chains with contour lengths in the
1.2−4.8 μm range and slits widths spanning continuously the
50−1250 nm range. The metric scaling predicted by de
Gennes’ blob model is shown to hold for both linear and
circularized DNA up to the strongest levels of confinement.
More notably, the topological properties of the circularized
DNA molecules have two major differences compared to
three-dimensional confinement. First, the overall knotting probability is nonmonotonic for increasing confinement and can be
largely enhanced or suppressed compared to the bulk case by simply varying the slit width. Second, the knot population consists
of knots that are far simpler than for three-dimensional confinement. The results suggest that nanoslits could be used in
nanofluidic setups to produce DNA rings having simple topologies (including the unknot) or to separate heterogeneous
ensembles of DNA rings by knot type.

I. INTRODUCTION
Nanodevices are increasingly used to investigate the impact of
spatial restraints on the statics and dynamics of polymers and
biopolymers. DNA is ideally suited for such studies both for its
applicative potential (nanoconfinement can be used to sort,
sieve and sequence DNA1−4) and because its elastic properties
can be exploited to elucidate issues of primary interest in
polymer science.5−11 In fact, the width of presently available
confining nanodevices (a channel, a slit, a pit etc.) can be set to
compete with one or more of the characteristic lengths of a
DNA molecule and hence allow for probing different physical
regimes.8,11−18

A classic example is offered by the one-dimensional
(channel) confinement of linear DNA molecules whose
elongation follows two different scaling laws, named after de
Gennes12 and Odijk,19 according to whether the channel width
is larger or smaller than lp.

20 A second notable instance is
offered by DNA molecules confined in three-dimensions, as
inside a viral capsid. In the latter case, the interplay of the
genome length and capsid size, can profoundly affect the
entanglement of the packaged DNA.21−24 Both aspects are
aptly revealed by the abundance and complexity of knots that
are trapped in DNA filaments that circularize inside viral
capsids.11,17,25−30

Compared to the above one- and three-dimensional cases,
two-dimensional polymer confinement is much less charac-
terized both for the metric and topological properties. To the

best of our knowledge there exist only a limited number of
experimental and numerical studied of the size and shape of
DNA molecules in nanoslits.8,18,31−33 These seminal studies
have addressed the interesting issue of whether multiple scaling
regimes exist in linear DNA filaments inside slits. It appears that
the same question has not been posed for circularized DNA
molecules where, unlike the linear case, entanglement is
trapped in the form of topological constraints (knots) which
affect the physical behavior and biological functionality.34−41

The impact of slit confinement on the topology of circularized
polymers has been previously addressed by early simulations of
lattice polymer models42 so that its implications for slit-
confined DNA are virtually unexplored.
As a step toward clarifying the above-mentioned aspects we

carry out a systematic numerical study of linear and circularized
chains in nanoslits whose salient physical properties, namely the
thickness and bending rigidity are set to match those of dsDNA.
Specifically, we use advan.ced Monte Carlo techniques to
characterize the shape, orientation and entanglement of linear
and circularized chains of contour lengths in the 1.20−4.8 μm
range and confined in nanoslits of width from 50 to 1250 nm.
The computational scheme is first used to characterize the

metric scaling by varying independently the chain contour length
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and the slit width. The metric scaling predicted by de Gennes’
blob model is found to hold, up to the strongest levels of
confinement, for both linear and circular chains.
Next, we show that two-dimensional confinement affects the ring

topology in a qualitatively different way from three-dimensional
confinement. In fact, for increasing three-dimensional confine-
ment both the incidence and complexity of knots grows
monotonically.23,24 In the two-dimensional case, instead, the
knotting probability is nonmonotonic and the knot spectrum
mostly consist of the simplest knot types. The fraction of
knotted molecules is maximum, and exceeds by several times
the bulk (unconstrained) value, when the slit width is a fraction
of the average extension of the unconstrained chains. A reduc-
tion of the width below this value, causes the knotting pro-
bability to decrease rapidly.
This fact offers the opportunity to use the setup of two-

dimensional confinement in nanoslits as an effective method to
produce DNA rings with an a priori control on their topology and
that can be tuned to yield a proportion of knotted molecules that is
much higher or much lower than the bulk one. In addition, the
sensitive dependence of the conformational entropy of knotted
molecules with different topology on the size of the confining
region, suggests that width-modulated slits could be profitably used
in nanofluidic setups to sort circular DNAs by knot type.

II. METHODS
A. The Model. For this study, dsDNA is modeled as a semiflexible

chain of cylinders. This coarse-grained model captures appropriately
the metric and topological properties of DNA both when it is
unconstrained43,44 and when it is packed at moderate densities, that is
for interstrand separations larger than ≈5 nm.45 In such conditions,
which are met in our study, dehydration effects and cholesteric
interactions can be neglected.11,17,28,46,47 It is further assumed that
DNA is in a concentrated buffer of monovalent counterions so that the
screened electrostatic repulsion can also be neglected. The cylinder
diameter is accordingly set equal to the dsDNA hydration diameter,
d = 2.5 nm. Notice that no potential energy term is introduced to
account for the DNA torsional rigidity. Its interplay with bending
rigidity can, a priori impact the relevant conformational space of
densely packed DNA, as argued in ref 48 for closed DNA chains.
However, recent independent simulations of three-dimensionally
confined DNA with free ends have shown that torsional effects are
negligible even at packing densities higher than considered here.49 We
shall therefore work under the hypothesis that the slit-confined DNA
chains are torsionally relaxed both in the linear and in the circularized
form. For the latter case it is assumed that DNA circularization occurs
via noncovalent annealing of the DNA sticky ends so that all torsional
stress can still be released.
We consider open and closed chains of contour length equal to Lc

ranging from 1.2 to 4.8 μm and describe them as chains of cylinders
with N = 120...480 vertices, respectively, as shown in Table 1. This
discretization level corresponds to a long axis of the cylinder, b,
approximately equal to 10 nm which is a fraction of the DNA
persistence length, lp = 50 nm.
The potential energy of a chain configuration, Γ, consists of two

terms, EΓ = Eexcl−vol(Γ) + Eb(Γ). The first term is the excluded volume
interaction which enforces the chain self-avoidance. Eexcl−vol is set equal
to “infinity” if two nonconsecutive cylinders overlap, otherwise is set
equal to zero. The second term, Eb is the bending potential energy

∑= − ⃗· ⃗+E K T
l

b
t tb b

p

i
i i 1

(1)

where ⃗ti is the orientation of the axis of the ith cylinder and the temperature
T is set to 300 K. For linear chains, i runs from 1 to N. For circular ones,
instead, i runs from 1 to N + 1 with the proviso that tN⃗+1  t1⃗.

DNA confinement in nanoslit is modeled by setting an upper
bound, D, to the calliper size of the chains along one direction,
conventionally taken as the z axis of the system Cartesian coordinate,
see Figure 1. Because the z direction is perpendicular to the two
impenetrable planes delimiting the slit, all observables measured along
this direction will be indicated with the ⊥ subscript, while those
measured parallel to the slit plane will be denoted with the ∥ subscript.

B. Advanced Sampling Techniques. An advanced Monte Carlo
sampling technique is used to compute the equilibrium metric and
topological observables of open and closed chains subject to slit
confinement. The technique is described in detail in a recent review
article11 and therefore we shall describe it only concisely.

The method consists of using a standard set of crankshaft and
pivot moves to evolve the chains but the canonical weights used for
the Metropolis acceptance criterion are generalized to ensure that
configurations are sampled according to the following (non-
normalized) statistical weight

−
Γ + Γ − μΔ Γ− ⊥⎧⎨⎩

⎫⎬⎭
E E

K T
exp

( ) ( ) ( )excl vol b

b (2)

where Δ⊥(Γ), is the configuration calliper size measured along the
confining, z direction. The non-negative quantity μ can be viewed as
an anisotropic pressure promoting the confinement along z. In fact, by
increasing μ one can reduce the average calliper size of the generated
configurations. By using a multiple Markov chain scheme, consisting of
several parallel Monte Carlo simulations each at a different value of
μ,23,50 it is possible to sample very effectively configurations covering a
wide range of calliper size, Δ⊥(Γ). Finally, a thermodynamic
reweighting technique analogous to the one used in ref 23 is used
to combine the observables computed for configurations generated at
various values of μ. This procedure gives an estimate of the
equilibrium properties of chains that can be accommodated inside
slits of width, D, in the 50−1250 nm range.

C. Metric Properties. The average size, shape anisotropy, and
orientation of a given ring are characterized by means of the
eigenvalues and eigenvectors of its gyration tensor, Q. The entries of
this 3 × 3 symmetric matrix are given by

∑= − ̅ − ̅α β
=

α α β βQ
N

r r r r
1

( )( )
i

N

i i,
1

, ,
(3)

where ri is the position of the ith vertex of the chain, α and β run over
the three Cartesian components and r ̅ = Σiri/N is the average vertex
position in the chain. The non-negative eigenvalues of Q, ranked for
decreasing magnitude, are indicated as Λ1, Λ2 and Λ3 and their
associated (normalized) eigenvectors are indicated as e1⃗, e2⃗ and e3⃗.

The sum of the eigenvalues provides the square radius of gyration of
the chain:

= Λ + Λ + ΛRg
2

1 2 3 (4)

while the adimensional ratios Λ1/Λ3 and Λ2/Λ3 are used to
characterize the chain shape anisotropy.

Table 1. Parameters of the Simulated Linear and Circular
DNA Moleculesa

N bp Lc [nm] linear Rg
0 [nm] circular 2Rg

0 [nm]

120 3534 1201 128 ± 3 94 ± 3
240 7068 2403 190 ± 5 136 ± 5
320 9426 3204 222 ± 6 159 ± 6
360 10 602 3604 236 ± 6 169 ± 6
400 11 782 4006 251 ± 6 179 ± 6
480 14 136 4806 276 ± 7 198 ± 7

aN is number of cylinders of the model chains, bp is the total number
of base-pairs and Lc is the corresponding contour length. The last two
columns provide the bulk values of the root mean square radius of
gyration, Rg

0 of the linear and circular chains.
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The chain orientation inside the slit is conveniently described by the
angle α formed by each principal gyration axis and the slit plane:

α = − | ⃗ · |̂e zcos 1i i
2

(5)

where z ̂ is the unit vector in the z direction.
To parallel the quantities that are customarily measured in nanoslit

experiments, for each chain configuration we compute its mean square
size projected in and out of the slit plane which are, respectively:

∑= Λ α
=

R cos
i

i i
2

1,2,3

2

(6)

∑= − = Λ − α⊥
=

R R R (1 cos )g
i

i i
2 2 2

1,2,3

2

(7)

D. Scaling Properties and the deGennes Regime. The de
Gennes’ blob theory provides a powerful reference framework for
characterizing spatially constrained chains.12 The theory, originally
formulated to improve on standard mean-field theories for semidilute
polymer solutions and,51,52 has proved useful to understand the
behavior of polymers confined in regions with transverse size larger
than the molecule’s persistence length
When such condition is met, the theory of de Gennes proposes to

describe the self-avoiding chain, formed by N monomers of size b, as a
sequence of “blobs”, with each blob consisting of g monomers and having
linear size about equal to the slit width, D, see Figure 2. Within each blob,

the chain does not experience the confining constraints and hence it behaves
as an unconstrained self-avoiding walk: D ∼ gv3D, where v3D ∼ 0.588 is the
three-dimensional self-avoiding walk scaling exponent.53 At the same time,
the string of blobs can be viewed as being a two-dimensional self-avoiding
walk, with the blobs being the effective monomeric units of the walk.
Accordingly, the in-plane size of the chain expectedly scales as R∥ ∼ (N/g)v2D
D where ν2D = 3/4 is the self-avoiding exponent in two dimensions.
This relationship can be recasted as R∥ ∼ (N/g)v2D D ∼ Nv2D D‑v2D/v3D

D or, equivalently,

∼ ∼

−ν ν −⎛
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R
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D
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D

Rg g
0 0

1 /

0

0.276D D2 3

(8)

where we have exploited the proportionality of Rg
0 and R∥

0, which are
respectively the root-mean-square values of the radius of gyration and
the in-plane projected size of unconstrained chains. It is worth
pointing out that the prefactor entering the scaling relationship of eq 8
changes according to whether the blobs are isometric or not.13,20 This
condition depends, in turn, on whether the slit width D is larger or
smaller than lp

2/d. For our case, the latter quantity is equal to 1 μm
and therefore is always larger than the widths of the slits considered.
The blobs are therefore expected to be anisometric (extended de
Gennes regime).20

E. Topological Properties. The characterization of the entangle-
ment of circular configurations is completed by establishing their
knotted state. It should be noted, in fact, that the crankshaft moves
employed for the MC evolution preserve the ring connectivity but not
necessarily its topology.54 In fact, even if the initial and final state of a
crankshaft move are self-avoiding, the virtual crankshaft movement
that bridges them can entail several bond crossings and hence can
change the ring knotted state.

The topology of a ring is established using the same methodology of
refs 23 and 45, which is articulated over the following steps. First, the
ring geometry is simplified by topology preserving moves.11,23,55,56

These moves consist of ring deformations involving no bond crossing
and promote the collinearity of triplets of ring vertices that are nearby
in sequence. After the chain simplification, a two-dimensional
projection of the resulting configuration is next taken, encoded as a
digital Dowker code, simplified algebraically and finally compared
against a lookup table of prime knots with up to 16 crossings. If a
match is found for all the prime component of a knot, then the ring
knotted topology is unambigously established otherwise it is labeled as
“unknown”.

Notice that the “unknown” states may correspond to complicated
knots with prime components having more than 16 crossings, or may
be a simple knot that could not be simplified enough to positively
identify it.

Further insights on the interplay between the topological properties
of circular DNAs and the degree of confinement may be obtained by
considering the average length of the knotted region in the ring.
Locating the knotted portions in closed chains is a challenging
problem, that presents the same conceptual difficulties as establishing
the knotted state of a geometrically entangled open chain.11,54

Although the application of topological concepts to open chains is a
priori ambiguous, it has been recently verified that very different
methods for locating knots in linear chains yield remarkably consistent
results.57 Among them we mention those based on the statistical
closure scheme58 and the minimally interfering one,57 which is used
here for its robustness and numerical efficiency.

III. LINEAR DNA IN NANO-SLITS

A. Effect of Confinement on Chain Orientation and
Shape. The effect of slit confinement on the chain orientation
is illustrated in Figure 3a.

Figure 1. Two views of a confined semiflexible linear (panel a) and circular (panel b) chains of 480 cylinders, equivalent to a contour length Lc =
0.48 μm. In both cases the slit width is D = 70 nm.

Figure 2. Pictorial representation of a confined polymer as a string of
de Gennes’ blobs.
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The data reflect the in-plane and out-of-plane orientations,
see eq 5, of the three axes of inertia of open chains of contour
length, Lc = 3604 nm. The bulk root-mean-square radius of
gyration of these chains is Rg

0 = 236 nm (see Table 1) and its
location in the plots of Figure 3 is depicted by the vertical dot-
dashed line. For slit widths much larger than the chain bulk size
the three mean square cosines are all close to the value 1/3,

as expected in case of isotropic orientation of the chain in
space.
The orientation of the longest axis of inertia begins to be

noticeably nonisotropic when the slit width is about 700 nm,
which exceeds three times the bulk radius of gyration. This is
consistent with the strong shape anisotropy of unconstrained
chains (Λ1/Λ3 = 13.8 and Λ2/Λ3 = 3.05) which implies that the
longest axis of gyration cannot be freely accommodated inside
the slit already when the width D is several times larger than Rg

0 .
The second longest axis of gyration is oriented isotropically, and
maintains its bulk value, down to slit widths D ≈ 2Rg

0 = 472 nm
(shown in the panels of Figure 3 as a dashed vertical line). The
value of Λ2 reduces appreciably when D is decreased down to
about Rg

0 and remains approximately constant for smaller slit
widths. Analogous properties are found for the other chain
lengths considered in this study.
For D < Rg

0, both the first and the second axes of inertia are
mostly confined in the slit plane, while the third is oriented
perpendicularly to it.
The progressive in-plane orientation of the two principal axes of

inertia is paralleled by the flattening of the chain in the slit plane, see
Figure 3b. From Figure 3c, it is noticed that for D < 2Rg

0 the
progressive in-plane orientation of the second axis of inertia is
accompanied by a decrease of its eigenvalue Λ2 to a limiting value
that is smaller than in the unconstrained, bulk case. The opposite is
true for Λ1. As a result, strongly confined open chains tend to have
an elongated shape, as in the example of Figure 1a.
The adimensional data in Figure 3b,c compares favorably with

available numerical and experimental results for the limiting cases of
no- and strong two-dimensional confinement. In particular, Haber
et al.59 report the aspect ratios (Λ1/Λ3)

1/2 = 4.1 and (Λ1/Λ2)
1/2 =

2.3 for fully f lexible unconstrained polymers, which are close to the
corresponding values 3.7 and 2.1 found here. Finally, Maier et al., in
their study of λ-phage DNA adsorbed on a flat bilayer lipid
membrane,60 found Λ2/Rg

2 = 0.84 and Λ2/Rg
2 = 0.14 which is in

accord with the values Λ1/Rg
2 = 0.84 ± 0.02 and Λ2/Rg

2 = 0.148 ±
0.008 found here for the strongest two-dimensional confinement.

B. Effect of Confinement on Chain Size. The global, in-
plane and transverse size of the chain at various levels of
confinement are shown in Figure 3d.
The transverse size, R⊥ and the parallel one, R∥, have opposite

monotonic dependence on D which result in a nonmonotonic
behavior of Rg as a function of D. From Figure 3d, it is seen that Rg
is minimum for D about equal to the bulk radius of gyration of the
chain, Rg

0. This property is found consistently across chains of all
considered lengths, as shown in Figure 4a.
To test the validity of the de Gennes’ blob regime we

analyzed the D dependence of R∥. The result is shown in Figure
4b which reveals a remarkable collapse of data points from
curves of lengths Lc between 2.4 and 4.8 μm. As shown in the
figure, for high confinement R∥ has a power law dependence on
D, with exponent equal to −0.27 ± 0.05. This exponent,
estimated by fitting the most asymptotic data, i.e., Lc ≥ 3604 nm,
is well compatible with the −0.276 value predicted by the de
Gennes’ theory. Notice that, at all considered lengths no deviation
from the de Gennes’ theory is observed, consistently with the
recent experiments of Doyle et al.18 on longer DNA filaments.

IV. CIRCULAR DNA IN NANO-SLITS
We consider DNA rings with the same contour length as the
previously discussed open chains, see Table 1, and for the same
range of confining slit widths. The properties of rings are first
characterized at the metric level and then at the topological one.

Figure 3. Metric properties of a linear chain Lc = 3604 nm inside a slit of
width D. The orientation, shape and size of the gyration ellipsoid of the
confined chain are shown in panels (a−c). The root-mean-square values
of the chain radius of gyration, and its in- and out-of-plane projections are
shown in panel (d). The range and scale of the x axis (representing the
slit width, D) is common to all panels. The two vertical lines mark the
reference slit widths Rg

0 (dot-dashed) and 2Rg
0 (dashed).
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We shall particularly focus on the type, abundance and size of
the various knots that are trapped in confined model DNA
molecules that are circularized in equilibrium. These aspects are
known to affect significantly the static and dynamics of
polymers both in dilute61,62 and dense solutions63 or tightly
packed in small volumes17,24,25,27,28,57 or pulled through narrow
channels27,28 and are hence expected to be important for two-
dimensional confinement too.
A. Effect of Confinement on Ring Orientation and

Size. The dependence of a ring size and orientation on the
confining slit width is illustrated in Figure 5. The data pertains
to rings of length Lc = 3604 nm and therefore can be directly
compared with those in Figure 3 for an equally long open chain.
The comparison of panels b and c in the two figures indicates

that the shape of closed chains is significantly more spherical than
open ones at all levels of confinement. The effect is aptly illustrated
by the typical open and closed chains shown in Figure 1.
Notwithstanding the different shape, it is found that the

changes in the ring orientation and size occur for values of the
normalized slit width, D/Rg

0 that are similar to the linear case. In
particular, the data in panel a show that the in-plane orienta-
tion of the ring principal axis of gyration sets in for D ≈ 2Rg

0 while
for the second one occurs at D ≈ Rg

0. Furthermore, the average ring
size, Rg, shown in panel d has a nonmonotonic dependence on D
and its minimum value (again given by the opposite trends of R∥
and R⊥) occurs for D ≈ Rg

0, as for the linear case.
B. Scaling Properties and the de Gennes Regime.

Because the bulk metric scaling exponents ν2D and ν3D are the
same for open and closed chains, it is expected that the de
Gennes scaling regime, originally based on the blob argument
for linear chains, ought to hold for circular ones too.

However, the closed character of the rings introduces corre-
lations in the orientation in pairs of bonds at a large
chemical (contour) distance that have no analogue in linear
chains64,65

To clarify the effect we show in Figure 6 the same observ-
ables reported in Figure 4 to analyze the de Gennes regime for
confined linear chains.

Figure 5. Metric properties of a circular chain Lc = 3604 nm inside a slit
of width D. The orientation, shape and size of the gyration ellipsoid of the
confined ring are shown in panels a−c. The root-mean-square values of
the ring radius of gyration, and its in- and out-of-plane projections are
shown in panel d. The range and scale of the x axis (representing the slit
width, D) is common to all panels. The two vertical lines mark the
reference slit widths Rg

0 (dot-dashed) and 2Rg
0 (dashed).

Figure 4. (a) Minimum three-dimensional size of the chain is achieved
when the slit width is about equal to the average radius of gyration of
the unconstrained chain. (b) Below such slit width the relationship
between the average in-plane size, R∥, chain contour length, N, and slit
width, D, is well accounted for by the de Gennes blob theory.
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Panel a shows that, except for the data at the smallest ring
contour length, there is a good overlap of the rescaled ring size
versus width curves. In particular, for all considered chain
lengths the minimum overall ring size is obtained for D ≈ Rg

0,
consistently with the open chain case
For D < Rg

0 the mean in-plane size shows a behavior that is
compatible with the de Gennes scaling regime, as illustrated in
panel (b). The power-law fit of the asymptotic data in the
figure, i.e., Lc ≥ 3604 nm and D/Rg

0 < 1, yields the scaling expo-
nent −0.26 ± 0.04. This value is compatible with the −0.276
value predicted by the de Gennes theory, consistently with
what found for the linear case.
C. Topological Entanglement. 1. Knotting Probability.

The Monte Carlo strategy employed here and in other previous
studies provides the means to characterize the occurrence of
nontrivial knots in rings that are circularized in equilibrium.
The knotting probability of unconstrained rings depends on
several length scales such as the molecule’s persistence length,
its contour length and thickness.66,67 Accordingly, the
topological complexity of the circularized molecules can be
tuned, to some extent, by varying these lengths, for example by
intervening of the solution ionic strength.43,68

Spatial confinement introduces a further length scale in the
problem, the width of the confining region, which can affect
dramatically the molecule’s entanglement. The effect has been
addressed by several studies of isotropic three-dimensional
confinement17,23,25,45 which established that progressive
reduction of the volume resulted in an ever-increasing fraction
of knotted molecules and of their geometrical and topological
complexity.24

By comparison, the case of two-dimensional confinement is
virtually unexplored, except for lattice polymer models.42,69,70

Making progress in this problem is not only important to fill a
conceptual gap but is especially so in view of the dramatic
qualitative differences that are expected a priori compared to
the isotropic, three-dimensional, confinement.
In fact, it should be considered that for extreme two-

dimensional confinement, i.e., for slit width only slightly larger
than the chain intrinsic thickness, over/under-crossings of the
chain are impossible and knots cannot be formed. Therefore,
unlike the isotropic case, progressive slit confinement cannot
result in an ever increasing complexity of the ring topology and
geometry.
To clarify this aspect we investigated the dependence of the

knotting probability on D. The results are shown in Figure 7a

and indicate that the ring knotting probability is nonmono-
tonic and for a certain slit width, De reaches a maximum
enhancement compared to the bulk case. Notice that the peak
value exceeds the bulk knotting probability by several factors.
The figure indicates that the limiting value of zero knotting
probability is rapidly reached for D < De.
It could be intuitively expected that the maximum knotting

enhancement occurs for the same slit width, D*, associated
with the maximum chain density (minimum Rg).

42 This is,
however, not the case. In fact, in the example of Figure 7b the
peak of the probability distribution occurs when the slit width is
De ≈ 90 nm, which is about one-third of D*. As a matter of fact,
over the considered range of contour lengths, De is consistently
equal to about half the bulk ring size.

2. Knot Spectrum. It is most interesting to examine how the
various, topologically inequivalent knot types, contribute to the
nonmonotonic trend of the overall knotting probability.
The results are shown in Figure 8a,b which portrays the

probability of occurrence of various knot types (including the

Figure 6. (a) Minimum three-dimensional size of the ring is achieved
when the slit width is about equal to the average radius of gyration of
the unconstrained ring. (b) Below such slit width the relationship
between the average in-plane size, R∥, ring contour length, N, and slit
width, D, is well accounted for by the de Gennes’ blob theory.

Figure 7. (a) Knotting probability of equilibrated rings of different
contour length. (b) Dependence on the slit width, D, of the average
radius of gyration and knotting probability for a circular DNA ring of
Lc = 4806 nm. The vertical dashed line marks the slit width, D*,
corresponding to the minimum three-dimensional size of the ring. The
dot-dashed line marks the maximum of the knotting probability.
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unknot) for four different slit widths and Lc = 4.8 μm. It is seen
that, at all level of confinement, the knot population consists of
very simple knots, and is dominated by the simplest of all, the
trefoil or 31 knot, whose peak abundance is ∼14%.
The result is notable in several respects. First, the knot

spectrum of Figure 8a is qualitatively very different from the
one of an equivalent model of circular DNA subject to isotropic,
spherical confinement.45

In fact, even for moderate three-dimensional confinement in
a sphere of diameter equal to 180 nm, the knot spectrum of
molecules of Lc = 3.4 μm is largely constituted by highly
complex knots: trefoils are less than 10% of the nontrivial knots
(which, in turn are 55% of the ring population). Conversely, for
slit confinement, at all considered values of Lc and D, complex

knots are virtually absent and the population of simple knot
types, such as the trefoil, reaches values that cannot be matched
by rings of the same or longer contour lengths subject to any
degree of isotropic confinement.23

We finally turn to the dependence of the peak of the
probability of occurrence of simple knots as a function of chain
length. The data in Figure 8c indicate a monotonic increase
of the peak probability with Lc. Therefore, the population of
simple knots can be further increased compared to the values
in panel b by suitably confining rings with Lc > 5 μm. At the
same time, it is noticed that the derivative of the peak prob-
ability curves decreases with Lc so that, by analogy with the
bulk probability case, one can envisage that the curves will
eventually decrease for sufficiently large values of Lc. This is an
interesting point that would deserve to be addressed in future
studies.

3. Knot Length. We conclude the topological character-
ization by reporting on the degree of localization (in space and
along the chain) of the knots formed in the confined rings. The
knot location along the ring was established using the bottom-
up search of the smallest arc(s) that, after closure, has the same
topology of the whole ring;57,71 see the example in Figure 9.
The average contour length spanned by the knots (all

nontrivial topologies) as a function of D is shown in Figure 10

for rings of length Lc = 4.8 μm. It is seen that up to the point
where the average ring size is minimum, the length of the
knotted region is about constant, and drops significantly at
smaller slit widths.
The same figure also shows the average in-plane and overall

size of the knotted region, which is indicated with Rg
k and R∥

k ,
respectively. It is apparent that the drop in knot length occurs
when the slit width is about equal to the bulk value of the
overall knot size, D ≈ 125 nm. These results suggest that for

Figure 8. (a, b) Slit-width dependence of the knot spectrum of
confined circular DNA with Lc = 4806 nm. D* is the slit width at
which the mean 3D extension of the rings reaches its minimum value.
(c) Maximum probability of occurrence for knot types 31, 41, and 51 as
a function of the contour length Lc (dashed curves). Solid curves refer
to the corresponding case of unconstrained circular DNAs.

Figure 9. (a) Trefoil-knotted ring confined in a nanoslit. The configuration is the same as the one shown in Figure 1c,d. The ring contour length is
0.48 μm and the slit width is 70 nm. The shortest knotted portion of the ring is highlighted in red. (b) Close-up of the knotted portion. For graphical
clarity the slit top is not shown.

Figure 10. Three-dimensional and parallel mean estension of the
knotted portion of circular trefoil knots with Lc = 4806 nm. Circles
refer to the average knot size expressed in unit of cylinders.
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knotted polymer rings confined into slits the typical size of the
knotted region introduces an additional length scale into the
problem that could play a relevant role in understanding the
metric and mechanical properties of these confined molecules
at equilibrium.70,72

V. CONCLUSIONS
The equilibrium properties of linear and circularized model
DNA molecules confined in nanoslits were studied by
numerical methods. By using thermodynamic reweighting
techniques the properties of these systems were systematically
profiled as a function of the molecules’ contour length and
nanoslit width. The analysis proceeded by first considering the
molecules’ geometrical properties and next the topological
ones. The former included the size, shape and spatial
orientation of the molecules in the slit, while the latter
consisted of the knotting probability and knot spectrum.
We found that the scaling of the metric properties was

described very well by de Gennes’ blob theory for both linear
and circular molecules of all considered lengths and down to
the highest confinement. To the best of our knowledge, it is the
first time that the applicability of the blob theory is discussed
(and shown to hold) for equilibrated ring polymers. In
addition, even for linear molecules, the fact that the de Gennes’
scaling is investigated upon varying both the molecules’ contour
length and the slit width represents a significant broadening of
the scope of previous investigations. Our results are consistent
with the conclusions of recent experiments of nanoslit
confinement of linear λ-DNA which found no indications of
deviations from de Gennes’ blob theory.18

Finally, and most importantly, we characterized the
topological entanglement that is trapped in molecules that
circularize in equilibrium inside nanoslits. For both applicative
purposes and for fundamental polymer science, the character-
ization of the physical properties of DNA molecules with
various topologies (linear, circular planar, circular knotted) has
attracted much interest in the past decades. Our contribution
represents a step forward in the characterization of such
systems in the presence of confinement: while the three-
dimensional confinement has been heavily investi-
gated,23,25,26,28,45 the two-dimensional one by means of slits is still
largely unexplored. Our study has pointed out a remarkable feature
that has no parallel with three-dimensional confinement, namely the
nonmonotonicity of the knotting probability for increasing confine-
ment. Specifically, it is seen that, among the rings resulting from
equilibrium circularization (studied without enforcing topology
conservation) the fraction of knotted rings has a maximum at a
length-dependent slit width, De. The peak knotting probability
exceeds by several factors the one in the bulk. Upon decreasing D
below De, the knotting probability decreases very rapidly to zero.
The above result shows that nanoslit confinement ought to be

profitably used in contexts where an a priori control of the knotted
topology of DNA rings is desired. In particular, the nonmonotonic
dependence of the knotting probability as a function of confinement,
makes it possible to conceive experiments where the slit width is
tuned so that the knotting probability is either significantly enhanced
or largely depressed with respect to the bulk case.
The natural extensions of the present study are 2-fold. On

the one hand it would be interesting to consider much longer
chain lengths and establish the detailed length-dependence of
De and the associated maximum knotting probability. On the
other hand, it would be most interesting to repeat the present
investigation to the one-dimensional confinement case (i.e.,

nanochannels) and analyze how the expected consecutive
onsets of the de Gennes and Odijk regimes impact both the
geometrical and the topological properties of confined rings.
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Diffusion Resonance of Nanoconfined Polymers
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ABSTRACT: We examine the diffusive behavior of single
polymers under spatially varying entropic confinement. A
nanofluidic slit embedded with a lattice of pits was used to
constrain single DNA molecules to discrete conformational
states. Diffusion was characterized by dwelling in specific
conformations followed by transitions to neighboring states. In
contrast to studies involving simple 2D (nanoslit) and 1D
(nanochannel) geometries, the diffusivity showed nonmono-
tonic dependence with respect to the parameters of confine-
ment. In particular, the nanopit array allows us to fine-tune the
diffusivity of a single polymer to a local resonance minimum.
Moreover, we show that energetically favorable states dominate over higher energy states and that a single state can be stable over
a wide range of parameter space. These stable states correspond to resonances in the diffusion.

■ INTRODUCTION
Over the past decade workers at the interface of polymer
physics, nanoscience, and biotechnology have developed the
field of DNA nanoconfinement, focused on using nanoconfined
geometries to modulate DNA conformation on-chip. The bulk
of work in the field has been focused on simple confinement,
e.g., two-dimensional nanoslits and one-dimensional nano-
channels.1 In simple geometries, the confinement alters the
DNA conformation, leading to either a pancake-like con-
formation (nanoslit) or an extended cigar-like conformation
(nanochannel). Highly parallel nanochannel arrays can be used
to extend many DNA molecules in parallel and forms the basis
of new type of single-molecule mapping technology.2,3 There
has been significant work investigating the diffusion and
equilibrium conformation of DNA confined in nanoslits and
nanochannels.4−9 In these simple devices polymer dynamic and
static properties are observed to scale monotonically with
confinement (although controversy still exists regarding the
details of the scaling exponents10,11).
Nanoslit and nanochannel geometries allow only for a

uniform expansion of the polymer coil, either along the axis of
the nanochannel or perpendicular to the confining lid of a
nanoslit device. Recently, Reisner et al.12 proposed a new type
of complex nanodevice consisting of an open nanoslit with
embedded nanotopography. By spatially varying confinement, it
is possible to create a user-defined free energy landscape for
controlling polymer conformation. Polymers will have greater
conformational freedom in locally less confined regions of the
device, leading to a locally increased entropy. A higher local
entropy corresponds to a free energy minimum, acting as a
potential trap for molecule contour. In particular, if the
confinement is varied over scales comparable to the molecular
gyration radius, it is possible to directly “sculpt” the
conformation of a single DNA molecule. In the initial study
of Reisner et al.,12 the embedded nanotopography consisted of

a square lattice of nanopits. The pit depth, pit-to-pit separation,
and slit height could be adjusted via the fabrication process.
This device demonstrated enhanced control over local polymer
conformation, in particular the ability to direct self-organization
of DNA into complex conformations linking multiple nanopits,
demonstrating simultaneous stretching and trapping of DNA.
This system provides an ideal platform for dictating polymer
self-organization in a solid-state device, and the templated self-
assembly that it facilitates may reduce the need for highly
specific surface chemistry.
We show here that the nanopit arrays can be used to control

dynamic properties such as single-molecule diffusion, in
addition to static equilibrium conformation. We explore a
wide enough range of parameter space to deduce the detailed
dependence of diffusion and static conformation on device
geometry. We show that, in contrast to simple geometries,
where the diffusion depends upon confinement in a purely
monotonic way, the diffusion has a complex nonmonotonic
dependence, undergoing a resonance effect as a function of the
nanopit width.
The original work of Reisner et al.12 focused purely on static

properties of DNA molecules in the nanopit lattices. Reisner et
al.,12 in particular, did not demonstrate the existence of stable
conformational states over a range of device parameters (as
predicted by their model): the four lattice spacings investigated
were not sufficient to demonstrate the existence of stable
conformations (corresponding to plateaus in the pit occupancy
versus lattice spacing). Subsequent work examined the mobility
of DNA in linear nanopit arrays, both experimentally13 and
theoretically.14 Again, these authors did not explore a wide-
enough range of parameter space to make quantitative
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predictions for the dependence of mobility on device
parameters. Moreover, the two-dimensional lattice behavior
discussed here offers a richer experimental landscape than the
one-dimensional arrays. Additional work by Mikkelson et al.15

is similar to that of DelBonis-O’Donnell,13 in that the
mechanisms of trapping and escape under external driving are
examined, but the effects of varying confinement dimensions
and equilibrium behavior are left unexplored. Finally, our
system differs from classic work on entropic trapping of DNA,
such as that of Han and Craighead16 or Nykypanchuk et al.,17

in that it involves strong lateral confinement as well as vertical
confinement, leading to the ability to fine-tune local DNA
conformation.

■ EXPERIMENT
These experiments took place in a nanofluidic lab-on-a-chip device
(Figure 1), first described by Reisner et al. in 2008.12 A nanoslit, on
the order of 100 nm in height and smaller than the radius of gyration
of the polymer, constrained the dynamics of the polymer to two
dimensions. The nanoslit was embedded with a square lattice of square
pits with double the depth of the slit, on the order of a few hundred
nanometers to a micrometer in width with separations on the order of
a micrometer. Because of the greater conformational degeneracy
within the pits, the square pits acted as entropic traps.

The devices were fabricated using standard clean-room techniques.
The nanopits were patterned onto a fused silica wafer in zep520A
resist using electron beam lithography and etched using CF4:CHF3
reactive ion etching. The nanoslit and microchannels were patterned in
S1813 resist using UV lithography and etched similarly. The individual
wafers were bonded to coverslips to seal the slits and channels.

λ-DNA was used as a model polymer in these experiments. After
being stained with YOYO-1 fluorescent dye with a 10:1 intercalation
ratio, it had a total contour length of ∼19 μm and a persistence length
of ∼52 nm.18 The stained DNA was loaded into a 50 mM TRIS buffer
(pH 8.0) with 2% β-mercaptoethanol to prevent photobleaching. The
DNA was pipetted into the reservoirs of the chip, and the chip was
fastened to a chuck and attached to a Nikon Eclipse TI inverted
microscope. A Nikon Plan Apo VC 100× lens was used to focus on the
system. By applying pneumatic pressure externally to the reservoirs,
DNA could be driven from the microfluidic channels into the nanoslit.
When the driving pressure was turned off, the molecules quickly self-
assembled into the configurations dictated by the nanopits and a time
series was recorded using a cooled Andor iXon EM-CCD camera. The
images were analyzed by tracking the position of each occupied pit
over time.

■ THEORY

In this network of pits, entropy is maximized when the entire
polymer occupies a single pit, but self-exclusion interactions

Figure 1. (a) Schematic of the overall design of the device. (b) Schematic of the nanoslit and embedded nanopit lattice with DNA and fluorescence
images of molecules in the device. Scale bar is 2 μm. Typical dimensions: slit height (h): 100 nm; pit width (a): 500 nm; pit separation (l): 1000 nm.

Figure 2. Free energy landscapes as a function of contour partitioned per pit. Each curve, corresponding to a given occupancy state on the lattice
(with N occupied pits), gives the free energy as a function of the contour partitioned per pit (expressed as a percentage of the total molecule
contour). The curve minima correspond to the equilibrium values of contour partitioned per pit. When the free energy differences between the curve
minima are much greater than kbT, the molecules will be found in a single state. When the free energy differences are on the order of kbT, multiple
occupancy states will be accessed in equilibrium. In (a), the N=3 state dominates, but transitions are also possible to N=2 and N=4 states (although
of low probability). In (b), the N=3 state still dominates but the N=4 and N=2 states are more probable.
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arising from binary chain collisions in the restricted pit
volumelimit the contour that can be stored in a single pit.
Thus, a single polymer may occupy multiple pits. These
competing interactions dictate a free energy landscape, with the
amount of contour in each pit acting as the independent
variable (Figure 2).
At equilibrium, the Helmholtz free energy of the polymer is

determined entirely by the number of occupied pits. The
absolute free energy of each state can be tuned by varying
geometric parameters such as the height of the nanoslit or
spacing of the pits, but ultimately the molecule is in a system of
energetically discrete configurations where the number of
occupied pits is the only dynamical variable. The simplification
of the system to one variable simplifies it greatly, both
experimentally and theoretically. The free energy for a molecule
occupying N pits is

Δ = − + + −F N
k T

N L BL N F
( )

( A ) ( 1)
b

p p
2

s

This model is derived by Reisner et al.12 and elaborated upon
by Klotz.19 Lp represents the amount of contour in the pit,
determined by minimizing the free energy. Fs represents the
free energy of the spring linker spanning adjacent pits.20 A and
B are prefactors that represent the strength of the entropic and
excluded volume interactions, respectively. B is inversely
proportional to the volume of each pit. They may be defined
based on geometric definitions assuming certain free energy

scaling laws or fit to experimental results. This theory is used to
calculate the probability of each occupancy state N for a given
set of device parameters. The theory predicts a decreasing mean
occupancy for increasing pit size. It also predicts plateaus,
regions of parameter space over which a single state dominates
(Figure 3).
The dynamics of a polymer in a fluid under equilibrium are

described by diffusion. Single polymer diffusion is characterized
by Rouse−Zimm dynamics in free solution and by reptation in
a highly disordered medium.21 In a nanoslit, polymer diffusion
is described by a chain of “blobs”, where chain segments within
each blob behave as if free. Hydrodynamic interactions between
blobs are screened,5 leading to a − 2/3 power scaling law of
diffusion with respect to slit height.
Numerical simulations from Hickey and Slater22 show a

nonmonotonic dependence on diffusion between the Rouse
and reptation disorder extremes. Experiments by Nykypanchuk
et al.17 suggest that entropic trapping leads to a distinct
polymer diffusion mechanism. This entropic trapping regime is
characterized by a polymer dwelling in the trap and escaping in
discrete steps, analogous to the diffusion mechanism
investigated here.
The mechanism of diffusion in this system is as follows: a

DNA molecule occupies N pits. The molecule becomes
thermally activated or relaxes and transitions to another state
and now occupies N − 1 or N + 1 pits (Figure 4), leading to a
displacement of the molecule center of mass. Typically, a

Figure 3. Static behavior of DNA molecules in this system: (a) A plot of average occupancy as a function of pit size in a 50 nm slit, with theoretical
fit. Occupancy decreases with increasing pit size. Fluorescence micrographs show the corresponding configurational states. Scale bar is 2 μm. (b) A
plot of average occupancy as a function of pit size in a 70 nm slit, with theoretical fit. A plateau is apparent for the dimer state. Error bars represent
variation between molecules, and may be absent if all molecules were observed in a single state.

Figure 4. Dynamic behavior of molecules in this system. (a) The mechanism of diffusion, involving discrete hops between energy states that displace
the center of mass. (b) Two model free energy landscapes demonstrating that diffusion can be fast or slow depending on the stability of each state.
(c) Time series of a DNA molecule demonstrating slow and fast diffusion.
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molecule will tend to be found in its lowest energy ground
state. It becomes thermally activated to the first excited state,
where it decays to its ground state. Over longer periods of time,
a molecule will diffuse throughout its environment by hopping
between different occupancy states. The lifetime of a ground of
order several minutes, while a higher energy state may last tens
of seconds; the lifetimes of states are orders of magnitude
greater than the Rouse relaxation time of polymers in the pit.21

The characteristics of this mechanism can be examined with
a toy model: a polymer on a one-dimensional array with two
accessible states (a single pit state and a two pit state; Figure 4).
Assuming a certain rate R12 for the transition from the one to
two pit state and a rate R21 for the backward transition, it can be
shown that the effective rate for motion of the molecule center-
of-mass one position over on the lattice is R = R12R21/(R12 +
R21). The net rate is maximized when R12 = R21, corresponding
to a system in which each state is of equal probability (e.g., via
detailed balance). If the molecule spends a long time in either
the one pit or two-pit state, corresponding to a system in which
one state is of much lower energy than the other, the net rate
will be strongly diminished. If only one state is accessible,
motion is not possible. However, a more complex model is
needed when a diffusing molecule can access multiple
occupancy states on a square lattice. In this case there is no
analytic expression for the diffusion constant as a function of
the transition rates.

■ STATICS

The diffusion of polymers in this system is best discussed in the
context of their static behavior. As the size of the pits was
varied, the equilibrium state tended to change, as seen in Figure
3. In systems with the largest pits the molecules occupied only a
single pit: the monomer state. As the pits decreased in width,
the molecule tended to occupy two (dimer) and then three and
four pits. Increasing confinement leads to stronger excluded
volume effects, forcing the molecule to occupy more pits, while
decreasing confinement allows entropic effects to dominate.
By measuring the mean occupancy of an ensemble of

polymers as a function of pit width for a single slit depth and
lattice spacing, the behavior of the system with respect to pit
size was observed (Figure 3). The behavior with respect to
lattice spacing was discussed by Reisner et al.12 As described
qualitatively, the mean occupancy tended to decrease with
increasing pit size. Theory predicts regions of parameter space
over which a single state dominates, termed plateaus. Within a

system that exists on a plateau, the molecules are expected to be
found predominately in a single state, suggested by a near-
integer mean occupancy. In addition, relatively few transitions
to higher or lower states are expected, corresponding to the
aforementioned diffusion resonances. Plateaus were observed in
several devices corresponding to a stable N = 2 state. The
experimental observation of the plateaus suggests that the
nanopit−nanoslit system can be used to create stable
conformations at equilibrium.

■ DYNAMICS

While it is known that slit confinement affects the diffusivity of
a polymer,5 these experiments show that an additional level
fine-tuning can be achieved with embedded nanotopography.
In weakly bound systems where the free energy difference
between states is relatively small, there is a monotonic decrease
in diffusivity when the pit size is increased: in a 200 nm nanoslit
with 1 μm pit spacing, the diffusion coefficient in a system with
1 μm pits was a factor of 90 smaller than that in a system of 350
nm pits. This allows an additional degree of freedom in the
fine-tuning of the diffusivity of a single polymer, beyond
confinement due to slit height.
In systems with greater energy separation of their states, the

diffusion shows nonmonotonic behavior. Diffusion resonances
were observed, as a function of nanopit width, in devices with a
slit height h = 70 and 100 nm and lattice spacing l = 1000 nm
(Figure 5). Both systems showed a diffusivity minimum for an
occupancy N = 2 state and a corresponding diffusion maxima at
occupancy values between 1 and 2. In particular, for the 70 nm
system, multiple occupancy minima were observed (at N = 2
and N = 3 states, with corresponding maxima between
occupancy values of 1 and 2 and 2 and 3). Local minima
exist when the molecule is strongly bound to a certain state
because there are fewer thermal transitions to higher or lower
states. These local minima occur at integer values of the mean
occupancy (because only one occupancy state is accessible for
these parameter ranges). Such a resonance can be seen in
Figure 5, where local minima in diffusion correspond to integer
values of mean occupancy.
The requirement for diffusion minima is that the ground

state is much lower in energy compared to the first and second
excited states (Figure 4). In systems with higher occupancy
ground states, for example those with smaller pits, the excited
states tend to be closer together in energy. Thus, it is difficult to
observe diffusion minima at, for example, the N = 4 state. This

Figure 5.Measurements of diffusion with respect to pit width for two systems, alongside occupancy measurements. (a) Diffusion and occupancy as a
function of pit width in a 100 nm nanoslit. A local minimum in diffusion corresponds to a stable dimer state. (b) Diffusion and occupancy as a
function of pit width in a 70 nm nanoslit. Two local minima in diffusion corresponds to stable dimer and trimer states.
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can be overcome by placing the system in a narrower slit, which
increases the energy difference between states. Unfortunately, it
is experimentally difficult to observe diffusion in these systems
because the occupancy times of the stable states can last over an
hour.
Molecules of the same size are expected to have the same

dynamics, but a dispersity in sizes would lead to molecules with
different equilibrium behavior and different diffusion coef-
ficients. λ-DNA is known to cleave near its midpoint due to an
AT-rich block;2 analyzing the intensity and average occupancy
of each molecule allowed us to remove fragmented DNA from
the analysis. If a small pressure imbalance exists in the
microchannels, a net hydrodynamic flow will exist and the
dynamics would not be purely diffusive. Data in which the
direction of diffusion was clearly biased in one direction along
the nanochannel were excluded.
One final issue can lead to systematic errors in the

measurements: it is critical to ensure that the distribution of
pit states sampled actually reflects the equilibrium distribution.
In particular, metastable states can exist at certain parameter
values:12 these are long-lived states that are not accessible from
equilibrium states. Metastable states are formed initially when
the molecules are introduced into the nanopit arrays. Including
metastable states in the analysis will lead to an overestimation
of the average occupancy and also the diffusion constant (i.e., a
decay from a metastable to equilibrium state could be confused
with a single diffusive lattice step). Metastable states can be
identified experimentally if transitions between occupancy
states proceed almost completely in one direction. In our
data, metastability is a problem for only one parameter value
(in Figure 5a): the point taken for a 750 nm pit width. In
particular, the dimer state for a 750 nm width is metastable:
decays to single-pit states are observed with very few backward
transitions (10 times as many decays from a two-pit to single
pit state versus the one-to-two transition). Average occupancy
in this case was estimated by detailed balance. The relative
abundances of observed transitions was used to estimate the
ratio of the state probabilities P2/P1 = R12/R21. The
normalization condition P1 + P2 = 1 could then be used to
extract the absolute state occupation probability (once the ratio
was determined). The diffusion constant for the 750 nm data
point was calculated using only the molecules that were in the
N = 1 state at t = 0.

■ DISCUSSION
The vanishing diffusion in the N = 1 state is important as it
indicates that the nanopit devices can be used to localize
polymers. From the point of view of our model, this result
follows simply because in the limit of large pit separations only
one occupancy state is accessible. In this sense, single pits can
trap molecules for tens of minutes, and molecules can also be
held in higher occupancy states for similar time scales.
Electrostatic trapping in nanoscale pits is an alternative to
optical tweezers,23 and entropic trapping in a single pit could be
used as a method of studying biomolecules, as evidenced by the
long occupation times of the monomer state in these
experiments. Entropic trapping has benefits over double-layer
electrostatic trapping, in that it has much more flexibility in
terms of the dielectric properties of the trapped particle, as well
as the range of salt concentrations that are necessary to achieve
efficient trapping.
We also observed dimer states persisting for over half an

hour without transition, suggesting such a system can be used

to trap a biomolecule in a partitioned state. A device consisting
of an array of nanopits (termed nanowells) in a gold surface has
been used as a biosensor,24 an application that is also possible
with the nanofluidic devices in these experiments. While we
have mainly focused on the effect of varying geometry using λ-
DNA, it is also possible to use a fixed geometry with varying
sized molecules. In that scenario, molecules whose lengths are
resonant to that particular geometry will become trapped and
will diffuse much more slowly, so that the nanopit structures
will act as a passive trap for molecules of specific lengths.
A similar system was described by Nykypanchuk et al. in a

2002 paper.17 DNA was observed in a two-dimensional
network of hollow spheres of submicrometer diameter
connected by holes on the order of 100 nm in diameter.
Some of the features of DNA in a network of traps are observed
in both the nanofluidic and spherical systems: stable occupation
of multiple traps and constrained diffusion due to discrete
hopping between traps. In a subsequent thesis,25 a non-
monotonic behavior of diffusivity was reported but not
understood. In addition to the nonmonotonic diffusivity
dependence on geometry, stable higher-occupancy states were
observed, with a free energy minimum corresponding to the
dimer state. Both these effects, while unexplained by
Nykypanchuk and colleagues, serve to demonstrate the main
point of this paper: that diffusion is minimized when a polymer
is entropically trapped in a stable state.
In conclusion, the experiments presented in this paper

indicate that a nanopit−nanoslit system can be use to fine-tune
the diffusivity of a single polymer to a resonance minimum or
maximum. The positions of the diffusion minima correspond to
plateaus in the occupancy (where only a single state is
accessible). The positions of the diffusion maxima correspond
to parameter combinations where a number of occupancy states
are accessible, allowing the DNA molecules to diffuse via
successive transitions between different occupancy states. We
hope to explore several questions in additional work. In
particular, one issue highly relevant to understanding how
longer molecules (occupying many pits) would behave in the
nanopit arrays is whether pit-to-pit transitions that occur at the
end of a molecule follow a different mechanism than transitions
which occur via herniation from the molecule midsection. Such
a question could be explored by experiments with circular DNA
(following the example of previous work26). Finally, it would be
interesting to probe thermal fluctuations of contour between
the pits and linkers via stroboscopic imaging with a pulsed laser.
While this study has focused on diffusion, it should be possible
to extend the concept of diffusion resonance to transport under
constant driving forces (such as hydrodynamic flow13,15 or
electrophoresis). The dynamic mechanism discussed here
motion mediated via transitions between neighboring occu-
pancy statesshould apply as well if the dynamics are driven
by a constant force, and the force is weak enough (or the
vertical confinement strong enough) so that molecules remain
assembled in the pits during the motion. In this case, molecular
transport would be maximized at the same parameter values
that give rise to a diffusion resonance. We predict that the
nanopit structures would in effect be “transparent” to molecules
only in a certain size range (blocking passage of molecules in
other ranges), creating a molecular “band-gap” effect.
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ABSTRACT: We use Monte Carlo simulation implementing
the bond fluctuation model formalism in the canonical (NVT)
ensemble to study living polymerization initiated concurrently
in bulk and on flat substrates. Our results reveal that the
molecular weights and molecular weight distributions of both
classes of polymers depend on the grafting density of the
surface-bound polymers (σ) and the fraction of polymers on
the surface (η) relative to that in bulk. In general, polymer
grafts on the surface possess lower molecular weight and
higher polydispersity index compared to their bulk counter-
parts. The difference between the molecular weight of the two
populations of polymers decreases with decreasing σ and increasing η. Our work provides evidence that the common practice of
using the molecular weight of bulk-initiated polymers in estimating the grafting density of polymeric anchors on flat substrates is
not generally valid.

■ INTRODUCTION
Decorating material surfaces with polymeric grafts has become
a routine method for generating functional materials for various
applications, including, friction, biocompatibility, self-assembly,
responsive materials, and many others.1−7 The parameters that
govern the performance of macromolecular tethers are the
polymer chemical composition, topology (i.e., linear or
branched), grafting density, and molecular weight. The past
decade witnessed enormous progress in generating and probing
the physicochemical characteristics of such surface-anchored
polymer assemblies. Two general classes of methods have been
developed for the preparation of polymeric tethers on material
surfaces.8−10 In the “grafting onto” technique, polymers are
synthesized in bulk and grafted (chemically or physically) to the
substrate of interest. This method benefits from knowing a
priori the characteristics of the polymers, i.e., chemical
composition, molecular weight (Mn), and molecular weight
distribution (MWD), before they get grafted to the substrate.
However, entropic constrains during chain grafting limit the
grafting density (σ) of polymeric tethers to moderate values.
This limitation of the “grafting onto” method can be technically
eliminated by synthesizing grafted polymers directly from
surfaces by the so-called “grafting from” methodology. Here,
the surfaces are decorated with polymerization initiators and
polymers grow from these active centers upon exposure to a
solution of monomer, catalyst, and/or solvent. While the
“grafting from” technique can in principle yield grafted systems
with higher σ than the “grafting onto” process, it is not without
flaws. Specifically, the structure of the brush near the surface, its

molecular weight, and MWD are not known a priori and have
to be established after brush formation.
A typical method for determining the molecular weight of

surface-grown polymers (Mn,S) and their MWD involves
cleaving the chains from the substrate by some chemical
treatment, collecting them, and testing them with size exclusion
chromatography (SEC).11−13 While for grafted polymers grown
from convex (i.e., particle) or concave (i.e., pore) substrates
with high surface areas this methodology is feasible, it is
generally not applicable for grafts polymerized from flat
substrates because the amount of material cleaved from the
surface is not sufficient for SEC analysis. Hence, most papers
describing the growth of polymeric grafts from flat substrates
report the properties of brushes in terms of their dry thickness
(h). These data alone, however, do not provide direct means of
determining the Mn,S of the grown polymer (nor does it say
anything about the MWD) unless information about σ is
available. Unfortunately, this is not the case in most situation
because determining σ is even more challenging than measuring
Mn. To solve this dilemma, one typically conducts simultaneous
polymerization initiated both on the surface and in the bulk and
assumes that both bulk- and surface-initiated polymers grow at
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similar rates. By assuming that Mn,S ≈ Mn,B, one can calculate σ
from

σ =
ρh N

M
a

n,S (1)

In eq 1, which can be derived simply by conservation of mass
arguments, ρ is the density of the polymer and Na is Avogadro’s
number. The objective of this work is to determine the validity
of the Mn,S ≈ Mn,B assumption and to compare the MWDs of
the two classes of macromolecules.
The synthesis of surface-grafted polymers is often accom-

plished by controlled radical polymerization (CRP) meth-
ods.1,11,14,15 Within this class of reactions, atom transfer radical
polymerization (ATRP) is a widely employed reaction
scheme1,16 due to its compatibility with an extensive library
of monomers, the living character of the reaction (allowing the
creation of block copolymers), insensitivity to impurities
(compared to free radical or ionic polymerization techniques),
the ability to control the average molecular weight, and to
obtain polymers with low PDI in bulk. In the context of ATRP,
the presence of free initiators in solution can have an effect on
the intrinsic growth kinetics of the surface polymers. Surface
reactions, especially those from planar substrates, produce very
small amounts of the deactivating species (i.e., CuX2 in ATRP
where X = Cl or Br) leading to loss of control due to excessive
terminations at the early stages of the polymerization. Sacrificial
(free) initiators added to the bulk solution increase the
concentration of the deactivating species, thus restoring control
to the reaction.1,17−19 A second way in which free initiators may
affect polymerization from surface-bound initiators involves
competing with the surface-bound polymers for the available
monomers. It is possible for surface- and bulk-grown polymers
to exhibit different polymerization rates leading to dissimilar
molecular weights and PDIs for these two populations of
polymers. Such a difference invalidates the application of eq 1
for the characterization of the grafted polymer layers because
the assumption that Mn,S ≈ Mn,B becomes unfounded.
This study focuses on investigating the competition between

polymerization initiated in bulk and concurrently on flat
impenetrable surfaces. Initial findings pertaining to this goal
have been presented recently.20 Here we elaborate on the
system parameters that affect the characteristics of polymers
grown simultaneously from surfaces and in bulk. Specifically,
we plan to address how the molecular weight and the MWD of
both classes of macromolecules (i.e., bulk- and surface-
initiated) depend on the initiator grafting density (σ), fraction
of polymers on the surface (η) relative to the total number of
polymers grown, and the initial number of free monomers in
the simulation box (M0). We neglect any effects that the
presence of bulk initiators may have on the activation/
deactivation and on the buildup of deactivating species since
we incorporate these processes in our simulations implicitly.
This is to say that the polymerizations studied herein remain
living (i.e., without termination or chain transfer) and
controlled, and the value of η has no effect on the intrinsic
kinetics of the polymerization process. In addition, we assume
that bulk and surface polymers possess equal probabilities of
undergoing activation and deactivation reactions and of
reacting with nearby monomers.

■ SIMULATION MODEL AND ALGORITHM

We employ the Monte Carlo (MC) algorithm in the canonical
(NVT) ensemble described in our earlier work20−22 and the
bond fluctuation model (BFM)23,24 under good solvent
conditions to investigate the effects of M0, η, and σ on the
simultaneous polymerization of bulk- and surface-initiated
polymers. Briefly, in every MC step either a reaction or a
motion depends on a preselected reaction probability, Pr
(chosen 0.01 for this study). If motion is selected, a typical
BFM single monomer move is attempted. In the case of
reaction, a reaction is attempted between a randomly selected
polymer and one of its nearest-neighbor free monomers. The
randomly selected polymer may only react if it is active at a
given time. Similar to the ATRP mechanism, in which only a
certain fraction of polymers is “living” for a certain period of
time, we specify the lifetime of active polymers (LT) and
fraction of living polymers (FLP) that can undergo reaction
(i.e., initiation or propagation in our case). In the current
simulations every polymer has equal probability of initiating or
reacting regardless of it being a bulk- or a surface-initiated
polymer. Additional details of the simulation can be found in
our previous publications.20−22

The initial number of total initiators (combined bulk and
surface) remains constant (I0 = 400). By choosing η, we
therefore vary the number of bulk and surface polymers (i.e.,
for η = 0 only bulk polymerization takes place while η = 1
polymerization occurs only on the substrate). In order to vary σ
and η independently, we alter the dimensions of the lattice in
the lateral (LX = LY) and vertical (LZ) dimensions
independently while keeping the total volume of the lattice at
≈5 × 105 cubic lattice units. In order to vary σ, we employ the
procedure for resizing the lattice described in our previous
publications.20,22 Additional variations in the lattice sizes are
needed when keeping σ constant while varying η. We resize the
lateral dimensions of the lattice as the number of polymers on
the surface varies to maintain a constant σ. We also vary M0 in
order to explore the effects of free monomer density on
polymerization. Varying M0 should reveal any possible effects
associated with diffusion limitation during the course of the
polymerization reaction. The surfaces of lattices corresponding
to various σ and η investigated and the positions of the initiator
sites (i.e., the X−Y plane at LZ = 0) are depicted in Figure S1 of
the Supporting Information. Some of the lattices investigated
possess large aspect ratios (LZ/LX = 62.7 for η = 6% and σ =
0.25), which might confine the polymers and affect the
polymerizations. To verify that the large lattice aspect ratio
does not affect the properties of the growing polymers, we
compared the PDIs of bulk polymers (η = 0%) grown in lattices
with low (LZ/LX = 1) and high (LZ/LX = 62.7) aspect ratios as a
function of conversion and number-average molecular weight.
Our results (not shown here) determined that the molecular
weights and PDIs were equivalent for all lattice aspect ratios
tested.
The living nature of polymerizations described by our

algorithm is achieved by omitting reactions that lead to chain
termination or chain transfer. Hence, we only consider the
initiation and propagation steps. To test the effect that diffusion
and the scarcity of monomers may have in our results, we
perform simulations at varying values of M0, which requires
adjustments to the parameters affecting the reaction kinetics
(cf. Table 1). The parameters requiring adjustment are Pr and
LT. If we increase the initial number of free monomers in the
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simulation while keeping Pr constant, there will be, on average,
a lower fraction of total beads attempting to move between
attempted reaction steps. This is equivalent to a change in the
relative rates of reaction and motion, an undesirable
consequence of a simple increase in M0. We therefore adjust
Pr depending on the value of M0 in order to keep the relative
rates of reactions and motions constant. For instance, if M0

equals 12 500 and Pr = 0.01, there will be on average 99
attempted motions for every attempted reaction, which
corresponds to 0.74% of the beads attempting a move. In
contrast, for Pr = 0.01 and M0 = 25 000, 0.38% of the beads
would undergo attempted motion. To take this effect into
account, we use the M0 = 12 500 and Pr = 0.01 simulations as a
benchmark, and for other values of M0, we adjust Pr to maintain
the fraction of beads attempting a move between attempted
reactions equal to 0.74% of the total beads (cf. Table 1). The
value of LT also affects the kinetics of the polymerization
reaction in our simulations. If Pr adjustments are needed to
account for the varying number of beads, then LT corrections
are necessary to account for the unintended consequences of
varying Pr. As Pr is adjusted, the average number of reactions
occurring within a living polymer cycle varies proportionally.
For instance, if Pr equals 0.01 or 0.10 and LT = 1000, there will
be on average 10 or 100 attempted reactions, respectively, every
living cycle. Kinetic theories of CRP reactions have shown that
the number of propagations per living cycle is an important
parameter in the CRP scheme and that it can have significant
effects on the molecular weight distribution of the resulting
polymers.25 Adjustments in Pr and LT are therefore needed to
compare systems with different M0. In the MC simulations
described here, we use the values of Pr and LT listed in Table 1.

The initial configurations comprise equidistant arrays of
initiators on the flat surface (cf. Figure S1 in Supporting
Information). The bulk initiators and free monomers are
distributed regularly throughout the lattice. Each initiator
corresponds to two BFM monomers, of which one can undergo
initiation if approached by a free monomer. For surface bound
initiators, the noninitiating site is grafted firmly to the surface
and is not allowed to move during the simulation. We pre-
equilibrate the configurations thus constructed for at least 1 ×
105 attempted MC moves per bead (MCPB), yielding a
random spatial distribution of free initiators and monomers on
the lattice. The randomly distributed configurations serve as an
input to the reactive simulations. As mentioned earlier, we
model “living” polymerization conditions by disabling termi-
nation and chain transfer reactions. We obtain averages of the
number-average molecular weight and the PDI by repeating
each simulation five times and sampling the system at regular
values of the free monomer conversion (Xm). Prior to the
initialization of the reactive MC algorithm, we perform a final
short equilibration consisting of 1 × 106 attempted MC moves.
The reactive MC scheme described earlier16 then begins and
continues until either 80% of the free monomer is exhausted
(i.e., polymerized) or a predetermined maximum number (1 ×
109) of MCS elapses. For some of the lattices in Table 1 the
distance between the substrate and the opposing impenetrable
wall (LZ) is very small. To prevent interaction of the tethered
polymers with the opposite wall, it is necessary to truncate
some of the data sets (Table SI, Supporting Information).
Because the weight of the monomers is unity, we express the
molecular weights of the bulk- and surface-grown polymers in
terms of the average number of monomers in the respective
polymers, i.e., ⟨N⟩B and ⟨N⟩S.

■ RESULTS AND DISCUSSION
To elucidate the effects of η and σ, we monitor the average
molecular weight as a function of Xm at M0 = 25 000
independently for bulk- and surface-based polymers and
compare them to the η = 0 or 100% (cf. Figure 1). Note
that pure bulk or surface polymers exhibit identical average
molecular weights as a function of conversion, as expected

Table 1. Parameters Adjusted in Order To Change M0
Correctly

M0 beads Pr LT

6 250 7 050 0.0187 535
12 500 13 300 0.0100 1000
25 000 25 800 0.0052 1930

Figure 1. Average molecular weight for bulk (top row) and surface (bottom row) polymers as a function of monomer conversion with initial number
of monomers (M0) of 25 000; percentages of surface polymers (η): 6% (left column), 49% (middle column), and 90% (right column); grafting
densities of initiators (σ): 0.08 (red), 0.16 (green), and 0.25 (blue). The black dashed lines represent the conditions corresponding to η = 0% (top)
and 100% (bottom). The η = 90% data are truncated because the brush starts interacting with the opposite impenetrable surface.
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(dashed lines). The average molecular weight of bulk-grown
macromolecules increases linearly at η = 6%, as one would
expect from polymerizations in which only bulk polymers are
grown (η = 0%, black dashed lines). With η increasing from 6%
to 90%, ⟨N⟩B deviates from the dashed line and becomes larger
than expected. The deviation for σ = 0.08 is small, indicating
that polymers growing sparsely from surfaces propagate at a
similar pace to their bulk counterparts. The magnitude of the
deviation depends on σ, however, indicating that the surface-
bound initiators affect the properties of the bulk-grown
polymers under these conditions. Namely, increasing the
density of surface-bound initiators increases the molecular
weight of the bulk-grown polymers. The surface-initiated
polymers exhibit the opposite trend. Specifically, the data lie
below the black line indicating that shorter polymers are
produced relative to η = 100% case (i.e., polymerization is
initiated only from the surface). While for the surface-grown
polymers the deviation between the η = 90% and the dashed
line is very small, the deviation becomes larger as η decreases
from 90% to 6%, indicating that at low η the polymers initiating
from the surface grow at a slower pace than the bulk-initiated
macromolecules. Increasing σ tends to enlarge the deviation
from the η = 100% line, suggesting that the larger the σ, the
slower the rate of surface-initiated polymerization. Further-
more, at η = 6% and σ = 0.25, ⟨N⟩S reaches a plateau at
approximately Xm = 0.6, indicating that depending on σ and η
the presence of the bulk polymers might cap the growth of the
surface-bound layer. This observation is consistent with many
experimental studies, in which the thickness of the polymer
layer reaches a plateau value at long polymerization times.26

The presence of this plateau has typically been attributed to
excessive terminations during the polymerization, thus
decreasing the density of the propagating radicals on the
surface. This explanation alone, however, cannot hold true in
our simulations due to the lack of termination reactions. We
thus suggest that in addition to termination (and possible chain
transfer) the plateau in ⟨N⟩S can be associated (at least in part)
with (1) the competition for free monomers between the bulk-
and surface-initiated macroinitiaitors (i.e., growing chains) and
(2) the slower polymerization rate from the surface-initiated
sites that, in turn, depends on the degree of confinement of the
surface-grown macromolecule. Comparing ⟨N⟩B and ⟨N⟩S
reveals the principal finding of this study, namely, that at a
particular monomer conversion⟨N⟩B − ⟨N⟩S = δ > 0. The
magnitude of δ depends on the combination of σ and η.
Generally, δ decreases with decreasing σ and increasing η.
These observations, on which we will elaborate more in the
following sections, suggest that the common practice of
associating the properties of surface-grown polymers with
those polymerized in the bulk is of limited validity.
To understand the growth rate of both sets of polymers, we

plot ⟨N⟩B (η = 0%, left column) and ⟨N⟩S (η = 100%, right
column) as a function of MC step per bead (cf. Figure 2). The
top row shows the raw data. As expected, increases in M0 lead
to higher rates of polymerization (initial slopes of the plots)
and polymer molecular weights. The rate of polymerization of
surface-grown polymers also depends on σ; it decreases with
increasing σ. Furthermore, the rate of polymerization for
surface-initiated polymers at low σ is similar to that of the bulk-
initiated chains. This reinforces the claim that at low σ and Xm
low chain crowding on the surfaces results in similar growth for
bulk- and surface-initiated polymers. Classical polymerization
kinetics suggests that the rate of polymerization is proportional

to the concentration of free monomers. To verify this, we use
the M0 = 12 500 case as a benchmark and scale the data by
multiplying by 12 500/M0 (bottom row in Figure 2). All bulk
data and surface data for a given value of σ overlap visually,
confirming the rate dependence on M0 and validate the choices
of Pr and LT discussed earlier. Figure 3 shows the scaled data
for various combinations of η, σ, and M0. A few trends can be
identified by exploring the data in Figure 3. First, at σ = 0.08,
the η = 0% (i.e., only bulk-initiated polymerization, black line)
and η = 100% (i.e., only surface-initiated polymerization, cyan
line) cases exhibit essentially the same growth rates. As σ
increases and the surface chains start to crowd, we observe
differences between the η = 0% and η = 100% cases; the surface
growth rate slows down while the bulk growth rate remains
fairly constant. Second, at low values of η, ⟨N⟩B traces perfectly
the η = 0% line while ⟨N⟩S lies below the η = 100% line. At
large values of η the opposite trend occurs; namely, ⟨N⟩S traces
the η = 100% line closely (except at large monomer
conversions) while ⟨N⟩B lies above the η = 0% line. The initial
polymerization rates obtained by fitting a first-order exponen-
tial to the data (Xm < 0.2) and evaluating the derivative at Xm =
0 are plotted in Figure 4. We observe a dependence of the
initial rate of polymerization on M0, indicating that not all of
the rate variation is accounted for by scaling the data by M0.
Two additional and somewhat related factors that may affect
the rate of polymerization include (1) monomer diffusion
limitation and (2) the percentage of accepted attempted moves.
Diffusion limitation can arise if the monomer concentration
decreases close to the surface or in proximity to the polymer
chain ends. This effect results in lower polymerization rates as
M0 decreases. The move acceptance rate may affect the initial
polymerization rates by perturbing the time unit in the
simulation. Increasing M0, for example, results in an increase

Figure 2. Number-average molecular weight (top row) and the same
quantity scaled (bottom row) for bulk (left column, red, η = 0%) and
surface (right column, blue, η = 100%) polymers as a function of
Monte Carlo steps per bead for initial number of monomers (M0):
6250 (squares), 12 500 (circles), and 25 000 (triangles); grafting
density of initiators (σ): 0.08 (hollow), 0.16 (cross), and 0.25 (ex).
The black and cyan lines are guides to the eye for the bulk- and
surface-initiated data, respectively.
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of the lattice occupancy and therefore the probability of an

attempted move to an already occupied lattice site. This would

lead to a higher fraction of attempted moves being rejected

resulting in slower motion. This effect would result in slower

polymerization rates for M0 = 25 000 than for the systems with

lower M0. Barring other factors, it appears that diffusion

limitation may play a role in our simulations, although its effect

on the rate of polymerization is small compared to that of the

Figure 3. Scaled number-average molecular weight as a function of Monte Carlo step per bead for bulk (red) and surface (blue) polymers with
fraction of surface polymers (η, left to right columns): 6%, 49%, and 90%; initiator grafting densities (σ, top to bottom rows): 0.08, 0.16, and 0.25;
initial number of monomers (M0): 6250 (squares), 12 500 (circles), and 25 000 (triangles). The solid lines correspond to η = 0% (black) and η =
100% (cyan).

Figure 4. Initial polymerization rate as a function of σ for bulk (open symbols, top row) and surface (close symbols, bottom row) for η equal to 6%
(left column), 49% (middle column), and 90% (right column) andM0 equal to 6250 (red down triangle), 12 500 (blue diamond), and 25 000 (green
left triangle). For clarity, the data for M0 = 6250 and M0 = 25 000 have been shifted horizontally by a small arbitrary increment to the left and right,
respectively. The dotted lines in the top and bottom rows represent η = 0% (bulk-only polymerization) and 100% (surface-only polymerization),
respectively. The solid vertical lines in the top row at σ = 0 denote the range of the η = 0% data.
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monomer concentration, M0. Figure 4 also depicts the
dependence of the initial polymerization rate on σ for bulk-
and surface-grown polymers. In most cases the rate of bulk
polymerization is independent of σ (the sole exception being
the η = 90% and M0 = 25 000 case). The bulk polymers, at least
at the beginning of the reaction, are unaffected by the presence
of the surface-growing polymers or by their grafting density.
The surface-initiated polymers, however, do exhibit a polymer-
ization rate dependence on σ as would be expected from the
findings reported in our earlier publication.22 As σ increases, the
rate of polymerization decreases consistently likely due to chain
crowding at the surface.
To better discern the relation between the molecular weights

of surface- and bulk-grown polymers at a particular instant of
the polymerization reaction, in Figure 5 (top row) we plot the
number-average molar weight of the surface grown polymers
(⟨N⟩S) as a function of the number-average molar weight of the
bulk polymers (⟨N⟩B). The black dashed lines correspond to
⟨N⟩B = ⟨N⟩S. For all combinations of σ, η, and M0, the data lie
below the diagonals, indicating that ⟨N⟩S < ⟨N⟩B at all
conversions. An important characteristic of these systems is the
competition for free monomers between the bulk- and surface-
grown polymers and the higher growth rate of the bulk
polymers relative to the surface ones. This is a clear indication
that confining the initiators on the flat impenetrable surface
reduces the rate of polymerization. As the density and
confinement of the initiators on the surface increases, the
difference between the growth rates of the surface and bulk
polymers widens yielding shorter surface-bound macromole-
cules relative to free chains initiated in bulk. The data in Figure
5 suggest that in the limit of low σ and high η the ⟨N⟩B = ⟨N⟩S
assumption is valid. Unfortunately, most experiments employ-
ing simultaneous bulk and surface initiators operate at low
values of η instead.
By inspecting the top row of Figure 5, we observe that the

data lie closer to the diagonal on going from η = 6% to η = 90%
(from left to right). This observation is counterintuitive since
we invoke confinement and crowding as the reasons for the
difference between ⟨N⟩B and ⟨N⟩S. As explained before, the
confinement on the surface for all values of η is identical as long
as σ remains constant. One would expect that an increase in η

would have no effect in the deviation of the data from the
diagonal. We explain this behavior by the presence (or lack
thereof) of the fast growing polymers in the bulk. At η = 6%
most of the polymers in the simulation are fast-growing bulk
polymers. Increasing the amount of these fast growing
polymers, relative to the polymers attached to the surface,
results in larger differences between ⟨N⟩B and ⟨N⟩S. At high η,
the slow-growing surface polymers outnumber the bulk
polymers. Although the bulk polymers possess a faster growing
rate per chain, as a group they add fewer monomers than the
surface-based chains. This then results in the observed shift of
the trends toward the diagonal and the better match between
⟨N⟩B and ⟨N⟩S at large values of η.
An interesting trend to note from Figure 5 is the behavior of

the final values of ⟨N⟩B and ⟨N⟩S at Xm = 0.80 as a function of σ
and η for the Mo = 6250 case (bottom row). At η = 6%, ⟨N⟩B
(Xm = 0.80) remains nearly constant at a value of ≈12 with
increasing σ. However, as σ increases, ⟨N⟩S decreases from ≈10
to ≈7. At η = 90% ⟨N⟩B is more sensitive to increasing σ than
⟨N⟩S; ⟨N⟩S decreases from ≈14 to ≈13, and ⟨N⟩B increases
from ≈17 to ≈30. The latter observation is intriguing because
one would not expect σ, which is a property of the surface, to
have such a large effect on ⟨N⟩B (Xm = 0.80). To explain this
behavior, we have to take into consideration three factors: (1)
the effect of crowding/confinement on the rate of surface
polymerization, (2) the relative rates of surface and bulk
growth, and (3) the ratio of bulk polymers to free monomers.
The slight variation in ⟨N⟩B with σ at η = 6% is explained by
noting that the surface in this system constitutes a small
perturbation and therefore cannot inflict a large effect on the
bulk-based polymers. The differences in ⟨N⟩S are due to the
crowding and slowing down of the surface-initiated reaction at
higher σ.22 For η = 90%, the decrease in ⟨N⟩S is still explained
by the effects of surface confinement. The large increase in
⟨N⟩B, however, is interesting and more complex to explain. In
this system, the surface plays a very significant role because this
is where most of the polymers are located. As σ increases, the
rate of polymerization of the surface-initiated polymers slows
down and because surface-initiated polymers represent the
majority component; the overall rate of polymerization
decreases as well. In contrast to η = 6%, at η = 90% the bulk

Figure 5. Number-average molecular weight of surface polymers as a function of number-average molecular weight of bulk polymers for the three
values of M0 (top row) and for M0 = 6250 (bottom row). Percentage of surface polymers (η): 6% (left column), 49% (middle column), and 90%
(right column); initial number of free monomers (M0): 6250 (squares), 12 500 (circles), and 25 000 (triangles); grafting density of initiators (σ):
0.08 (red), 0.16 (green), and 0.25 (blue). The black dashed line represents ⟨N⟩S = ⟨N⟩B.
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polymers only compete with the slow-growing surface-based
polymers. The same trends are expected for higher values ofM0
although they cannot be observed here due to the
aforementioned truncation of the data sets at η = 90% (cf.
Table SI).
As mentioned above, our aim is to explore the consequences

of these findings on the common experimental practice that
assumes similar properties between polymers grown simulta-
neously in bulk and on the surface and using the molecular
weight of the bulk-based macromolecules to estimate σ. The
typical approach involves measuring the dry thickness of the
polymer layer by means of optical ellipsometry or neutron/X-
ray reflectivity and employing eq 1, in which Mn,S (= ⟨N⟩S) is
determined by SEC. As can be seen in Figure 5, the only
situation in which this assumption is approximately valid is for
small values of σ on flat substrates and for small fraction of
bulk-initiated polymers. At high σ, the differences between
⟨N⟩B and ⟨N⟩S are likely to be larger than the error of the SEC
measurement, resulting in inaccurate estimates of σ. These
results highlight the need for continued development of direct
measurement experimental techniques of either ⟨N⟩S or σ.
Simultaneous polymerization of bulk-based and surface-

anchored initiators also influences the broadness of the
molecular weight distributions of both populations of polymers.
In Figure 6 we plot the PDI of bulk (PDIB, top) and surface
(PDIS, bottom) polymers as a function of Xm, η, and σ for M0 =
25 000. At low η, the PDIB resembles very closely the situation
corresponding to the η = 0% case for all values of σ. As η
increases, the PDI deviates above the η = 0% line at
approximately Xm = 0.3. This provides an additional indication
that when the surface polymers constitute the majority
component in the simulation they can affect the properties of
the bulk-initiated polymers. The surface polymers exhibit the
opposite trend; namely, that at η = 90%, their PDI values are
nearly identical to those corresponding to the polymerization at
η = 100%, and as η decreases, the PDIS values for σ equal to
0.16 and 0.25 decrease below the η = 100% line. This is difficult
to see in the η = 6% case because the error in the PDI of a small
number of polymers is significant. At a particular conversion
and for η = 6% and 49%, the presence of bulk polymers imparts

a lower PDI to the surface-grown polymers. Although this
observation is intriguing, it is misleading, as we will explain
below (Figure 8).
The data in Figure 7 show the evolution of the PDI of the

bulk and surface polymers as a function of monomer

conversion for η = 49% and M0 equal to 6250, 12 500, and
25 000. When plotted against Xm, one can see how the results
of a hypothetical SEC experiment would depict the broadness
of the distributions at any time during the polymerization
reaction. At σ = 0.08, the assumption that the PDI obtained for

Figure 6. Polydispersity index for bulk (top row) and surface (bottom row) polymers as a function of monomer conversion with initial number of
monomers (M0) of 25 000; percentages of surface polymers (η): 6% (left column), 49% (middle column), and 90% (right column); grafting
densities of initiators (σ): 0.08 (red), 0.16 (green), and 0.25 (blue). The black dashed lines represent the η = 0% (top row) and η = 100% (bottom
row), M0 = 25 000 and σ = 0.08, 0.16, and 0.25 conditions.

Figure 7. PDIs of bulk (top) and surface (bottom) polymers as a
function of the monomer conversion for η = 49%. Initiator grafting
densities (σ): 0.08 (red), 0.16 (green), and 0.25 (blue); initial number
of free monomers (M0): 6250 (squares), 12 500 (circles), and 25 000
(triangles).
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the bulk polymers is similar to that of polymers initiated from
the surface is reasonable. However, as σ increases to 0.25, this
assumption ceases to be valid and PDIS becomes much larger
than PDIB for all values ofM0. At Xm = 0.8 andM0 = 25 000 the
difference in the PDI of the surfaces from that of the bulk is
∼0.3. A change of this magnitude in the PDI will most certainly
alter the properties of the surface-grown polymer layers27

(thickness, density, etc.) and therefore their performance in
practical applications that rely on monodisperse polymer
chains28 (i.e., antifouling coatings). These observations suggest
that in order to assume that the simultaneously grown bulk and
surface polymers possess similar properties it is necessary to
know the value of σ precisely. As described above, estimation of
σ requires that the properties between bulk and surface
polymers be similar, resulting in a circular problem. The
differences between the molecular weight distributions are
evident when plotted as PDIS vs PDIB (cf. Figure S2 in
Supporting Information).
One motivation to explore polymerizations with different

values of M0 is the possibility that ⟨N⟩S has an effect on the
growth rate and PDI of polymers grown from flat surfaces. For
instance, at the beginning of the polymerization process when
⟨N⟩S is low, the surface-based polymers grow with little or no
crowding. With increasing polymerization time, the molecular
weight of the macromolecular grafts increases and neighboring
chains approach one another. At some point, excluded volume
interactions will cause chain stretching away from the surface.
In addition, chain crowding among neighbors may hinder the
delivery of monomers to the chains with conformations in
which the chain ends reside inside the polymer layer. Whereas
plotting the PDIs as a function of Xm elucidates the differences
between bulk and surface polymers at a particular instant
during the polymerization, this plot masks the dependence that
the PDI may have on the average molecular weights. A plot of
the PDI as a function of the average molecular weight of the
polymers can document this type of dependency effectively (cf.
Figure 8). When plotted against ⟨N⟩B and ⟨N⟩S, the PDIB and
PDIS are independent of M0 because for a given value of ⟨N⟩B
or ⟨N⟩S we consider the same number of beads in the bulk- or
surface-based polymer, respectively, regardless of the solution
conditions. The bulk polymers also prove to be insensitive to σ,
indicating that no matter what the characteristic of the surface
are, the bulk polymers that grow to a particular molecular
weight possess similar PDIs. The surface-grown polymers,
however, do exhibit a dependence on σ as should be expected
from our earlier study.22 As σ increases, the PDIS increases due
to chain crowding resulting in the uneven delivery of
monomers to the short and long chains. This insensitivity of
the PDI to the value of M0 can explain the observed decrease in
PDIS when most of the growing polymers are in the bulk (η = 6
and 49%, Figure 6) relative to the case rich in surface polymers.
This is in fact due to the fast growing polymers leading to lower
⟨N⟩S at a particular conversion and therefore a lower level of
confinement and observed PDIS.
In this work, we have established that η and σ have a strong

effect on the MWDs of bulk- and surface-grown polymers and
that knowing these parameters is essential for the validation of
the ⟨N⟩B ≈ ⟨N⟩S assumption. We now draw parallels between
the range of σ and η studied here and those found in the
experimental literature. Experiments where the initiation of
surface polymerization occurs from a planar substrate operate
often at very low values of η (or η = 0%, i.e., no sacrificial
initiator) due primarily to the low surface area of the planar

sample. Thus, the determination of σ encounters problems
outlined in this paper. For example, Husseman et al.18 and
Koylu and Carter29 performed their experiments at η ≪
0.0001% and 0.01%, respectively. The values of σ calculated by
the authors in these studies ranged from 0.5 to 1.4 chains/nm2.
Koylu and Carter concluded that the assumption of equal bulk
and surface average molecular weights is not universally valid
based on their SEC measurements of the grafted and solution
chains. Specifically, Koylu and Carter reported a lower
molecular weight of polymers grown in solution relative to
those polymerized from the substrate, which is opposite to the
trend described here. Based on their computed values of σ (≈
1.0 chain/nm2), the estimated value of η cited above, and the
data in Figure 3, one would expect the average molecular
weight on the surface to be substantially smaller than that in the
bulk. The discrepancy may lie in the nature of the substrate in
the work of Koylu and Carter. Instead of an impenetrable
surface confining the initiators to a two-dimensional plane, the
initiators were bound to a three-dimensional photopolymer
film. Husseman and co-workers did not measure the molecular
weight of polymer brushes grown from planar substrates.
Instead, their results showed similar molecular weights and
PDIs between polymer cleaved from silica gel particles and
those free in solution. The positive convex curvature of the
substrate may have contributed to a relatively low PDI of the
surface-initiated polymers due to lower chain crowding relative
to that seen in flat substrate geometries. A comparison to
polymers grown from the substrate is thus not appropriate
unless one works with very low values of σ or very small
curvatures. Jeyaprakash et al. compared ATRP polymerizations
with added deactivators (η = 100%) and with sacrificial
initiators (η unknown) and showed that polymerizations in the

Figure 8. PDIs of bulk (top) and surface (bottom) polymers as a
function of the average molar mass of bulk and surface polymers,
respectively, for η = 49%. Initiator grafting densities (σ): 0.08 (red),
0.16 (green), and 0.25 (blue); initial number of free monomers (M0):
6250 (squares), 12 500 (circles), and 25 000 (triangles). The black
dashed lines represent the η = 0% (top) and η = 100% (bottom), M0 =
25 000 and σ = 0.08, 0.16, and 0.25 conditions.
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presence of deactivators produce thicker grafted layers than
those carried out in the presence of free initiators.26 The
explanation Jeyaprakash and co-workers put forth is consistent
with our observations; i.e., η affects the rate of polymerization
of the surface-initiated polymers and can therefore lead to
polymers with ⟨N⟩S ≠ ⟨N⟩B.
Silica-based mesoporous materials can also serve as supports

for surface initiated CRP studies. In this case, it is possible to
cleave sufficient amount of polymeric material from the
substrate for subsequent SEC analysis. However, the negative
curvature of the initiator-covered surfaces and the diffusion of
monomer to the pores may accentuate the effects observed in
this study. Kruk et al.30 performed such polymerizations at η =
0% and noted that the polymerization was controlled and the
PDI remained as small as in solution based ATRP (<1.1).
Pasetto31 and co-workers, however, carried out polymerizations
from similar mesoporous materials over a whole range of η and
noted higher PDIs and lower molecular weights for the surface-
bound polymers. Similar conclusions have been reached in the
study of Gorman and co-workers although simultaneous bulk
polymerizations were not carried out.32 This inconsistency of
observations for both planar substrates and mesoporous
materials highlights the need for continued research in the
area and for a systematic investigation of the effects of η and σ
in the controlled growth of polymer chains. The simulations
performed here can serve as a guide to the proper design of
such investigation.

■ CONCLUSIONS
The computer simulations implemented herein provide insight
into the competitive growth of macromolecules initiated
simultaneously in the bulk and on flat surfaces. We observe
that the common assumption invoked in the literature of
equality between the molecular weights of the bulk (⟨N⟩B)- and
surface (⟨N⟩S)-based polymers is generally invalid. We find that
in most instances ⟨N⟩B > ⟨N⟩S. Furthermore, the broadness of
the molecular weight distribution of surface-grown polymers is
highly dependent on their grafting density (σ), suggesting that
claims, often found in the literature, of narrowly distributed
surface-grown polymers polymerized by means of living
polymerization are not generally valid.
We confirm that σ has an important effect on the growth rate

and polydispersity of surface-grown polymers. Depending on
the percentage of polymers on the surface (η), the properties of
the bulk polymers are also affected by σ, which is a surface
property. When η is large, the surface represents a strong
perturbation to the growth of bulk polymers; as a consequence,
the molecular weights of the bulk polymers at a monomer
conversion of 0.8 increase with increasing σ. This behavior is
attributed to the fact that at low η the bulk polymers compete
with each other (they are the majority component) while at
high η they compete primarily with the slow-growing surface-
initiated polymers. By performing simulations at various initial
numbers of free monomers (M0), we confirm that the initial
rate of polymerization is proportional to M0. However,
diffusion limitation likely affects the polymerization; this effect
becomes less important with increasing M0. The initial rates of
polymerization also depend on σ. Increasing σ results in
decreases in the rate of polymerization, confirming the results
presented earlier.16

In the present work we utilized the canonical (NVT)
ensemble. A more realistic model would require implementing
the grand canonical ensemble that would describe a situation

involving a constant chemical potential of the free monomers in
solution. The latter is encountered in a typical experimental
setup. We note, however, that the general conclusions reached
here should still be valid even in the grand canonical ensemble.
Namely, the molecular weight of bulk-initiated polymers should
be higher than that of polymer brushes grown from surfaces. In
fact, given the constant large excess of monomers in the
reservoir, the differences between ⟨N⟩S and ⟨N⟩B and the
corresponding PDI of both families of polymers will likely be
higher than those reported herein.
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ABSTRACT: The influence of interfacial interactions and annealing time on dynamics of the α-relaxation in ultrathin poly(vinyl
acetate) films deposited on different substrates has been studied using local dielectric spectroscopy at ambient pressure and
controlled humidity. After annealing at 323 K for about 3 days, for polymer films supported on gold and aluminum substrates,
an increase of the relaxation rate with decreasing film thickness below 30−35 nm was observed, whereas for films deposited on
silicon substrates a thickness-independent dynamics was found for films as thin as 12 nm. The difference in size effect on
dynamics of the films could reasonably be related to the difference in interfacial energy between polymer films and substrates,
even though a criterion simply based on interfacial energy cannot be used to explain all the results. In fact, further annealing at a
higher temperature evidenced an annealing-dependent dynamics in films prepared on aluminum substrates consistent with the
presence of long-living metastable states at the polymer/substrate interface. The lifetime of such metastable states seems related
to the nature of the substrate as well as to the molecular weight of the polymer.

1. INTRODUCTION
Effects of interfacial interactions on relaxation dynamics of
polymeric materials under confinement are considered as a key
factor for understanding the deviation of relaxation properties
and glass transition temperature, Tg, from the bulk behavior.1−3

It is suggested that at the free surface of a polymer film a layer
of few nanometers of thickness exists,1,2,4 in which chain
motions are faster than in the bulk system. Moreover, depend-
ing on the degree of the polymer/substrate interaction, the
mobility of polymer chains at the interface with the substrate
can be increased, decreased, or remain the same as in the bulk.3,5

The most used parameter to estimate the degree of interfacial
interactions is the interfacial energy between the substrate
and polymer, γsp. It is generally accepted that with increasing
interfacial energy the segmental mobility of polymer chains
in the regions close to the substrate slows down, leading to
increase the Tg in such regions compared to that in the bulk.6−9

Recently, such a scenario has been strongly criticized by a
series of works showing that polymer relaxation dynamics, and
consequently the dynamic glass transition, is independent of
the film thickness, even in the nanometer range, as well as on

polymer/substrate interactions.10−12 Variations ascribed to
different sample preparation procedures were supposed to be
the main factor leading to observed deviations of dynamics
of ultrathin films from the bulk.12 For example, thickness-
independent dynamics has been found in poly(vinyl acetate)
(PVAc) films as thin as 13 nm when subjected to an annealing
procedure lasting for several tens of hours at a high temperature
(366 K, i.e., ∼Tg(bulk) + 50 K).11 Surprisingly, such annealing
time is much longer than any conventional time scale used
to determine physical processes of polymers, for example, the
primary α-relaxation or reptation relaxation time at the anneal-
ing temperature. On the contrary, polymer films annealed at
lower temperatures and/or for shorter time usually confirm
the presence of the size-dependent dynamics, as reported
by broadband dielectric spectroscopy (BDS) on capped and
uncapped films9,13−15 and by other techniques on supported
films.3,16,17
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Besides sample preparation issues, the need of annealing
over a very long time has led some authors to hypothesize the
presence of long-living metastable states in supported polymer
films. In this respect, the existence of an interfacial polymer
layer in contact with the supporting substrate was discussed
several years ago18 and recently measured in silicon-supported
polystyrene (PS) films as a function of the annealing time.19

Moreover, in a recent report Napolitano et al.20 have evidenced
the correlation between the annealing-dependent relaxation dy-
namics of ultrathin PS films deposited on aluminum substrates
and the annealing-controlled growth of an irreversibly adsorbed
polymer layer at the substrate surface. A dimensionless number
given by the ratio between the time scale of the adsorption and
the annealing time was introduced to describe the growth of the
adsorbed layer and consequently the annealing-dependent
dynamics observed in ultrathin polymer films.20 The proposed
mechanism seems to be suited to reconcile the results obtained
on several Al-supported polymer films under different anneal-
ing conditions11 and to explain on a physical basis the conclu-
sions drawn by Erber et al.12 about the importance of sample
preparation procedures.
In recent years, a new method named local dielectric

spectroscopy (LDS)21 has been successfully applied to measure
dielectric relaxation of supported polymer films. The LDS
method was initially implemented to measure primary α-relax-
ation on thick PVAc films (thickness ∼1 μm) with nanometer
scale resolution under ultrahigh-vacuum conditions.21 Soon
afterward, the method has been developed to be applied on
ultrathin films under ambient conditions and with controlled
humidity.17,22,23 A benefit of LDS method is that it can be
used to measure dielectric relaxation on uncapped films, thus
avoiding problems related to the evaporation of the capping
electrode, such as shorts and metal particles diffusion inside the
film. Moreover, by such technique dielectric properties of poly-
mer films are measured with a lateral positioning resolution of
tens of nanometers, releasing the need of continuous and uni-
form ultrathin polymer films over extended areas, also allowing
LDS to be applied to detect inhomogeneities of dynamic
behavior of the sample on the nanometer scale.22,24

In the current work, we apply LDS developed by using an
improved frequency-modulated electrostatic force microscopy
(FM-EFM) method to get access to a frequency interval up to
four decades, to study with greater accuracy confinement effects
on dynamics of uncapped ultrathin PVAc films deposited on
different substrates, namely gold, aluminum, and silicon. By a
systematic study of samples annealed in the same conditions,
the annealing effects on the primary α-relaxation of the films
are also addressed. In addition, interfacial energies between
PVAc and supporting substrates are determined and correlated
to the effects of nanoconfinement on the dynamics.

2. EXPERIMENTAL METHODS
2.1. Sample Preparation. Poly(vinyl acetate) (PVAc), with

molecular weight Mw = 350 kg/mol, polydispersity index PDI = 2.80,
and gyration radius Rg ∼ 17 nm,25 was purchased from Scientific
Polymer Products, Inc. Ultrathin PVAc films were prepared by spin-
coating solutions of PVAc in toluene onto gold, aluminum, and silicon
substrates. Gold layers of 30 nm thickness were obtained by thermal
evaporation on glass disks previously evaporated with a ∼5 nm adhe-
sion layer of chromium, whereas 50 nm thick aluminum layers were
directly evaporated on glass disks. Silicon substrates were obtained
from standard monocrystalline, doped Si(100) wafers for micro-
electronics use. The film thickness was controlled in the range from

8 to 233 nm by changing the concentration of polymer solutions as
well as spinning speed.

Prior to dielectric measurements, all polymer films were annealed
with a similar procedure at 323 K under vacuum for about 3 days. We
would like to clarify that it is not our intent to propose a new criterion
of annealing. Our choice is merely based on a previous experimental
procedure,17 used on PVAc films with Mw = 167 kg/mol, that was
found sufficient to completely remove the residual solvent and mois-
ture from our thickest film. After such common procedure some films
used for studying annealing effects have been annealed at higher
temperature, which will be detailed in section 3.

Before measurements, a scratch was made on each film by a steel
cutter in order to uncover part of the conductive substrate beneath.
Calibration spectra were taken on the conductive substrate and used as
reference to obtain local dielectric spectra of the polymer. Moreover,
AFM profiling of the scratch was used to determine the film thickness.

2.2. Interfacial Energy Calculation. In order to determine the
interfacial energies, γsp, between PVAc and solid substrates, contact
angles of three liquids, namely water, glycerol, and diiodomethane, on
each substrate were measured using a CAM 200 optical contact angle
meter (KSV) at room temperature. The values of the contact angles,
φ, were obtained from averaging five measurements for each sample
(Table 1).

The dispersive component, γLW, the electron acceptor, γ+, and the
electron donor, γ−, contributions to the surface energy of a liquid and a
solid are related to the contact angle of a droplet of the liquid on the
surface of the solid, through the Young−Dupre equation26

+ ϕ γ = γ γ + γ γ + γ γ+ − − +(1 cos ) 2( )L s
LW

L
LW

s L s L (1)

where “s” and “L” indicate the substrate and liquid, respectively. Using
measured contact angles of three liquids and their previously deter-
mined surface tension parameters,27 surface energies of the solids were
calculated by eq 1.

Interfacial energies of PVAc film with the three substrates were
estimated using the well-accepted Good−Girifalco−Fowkers combin-
ing rule28
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where “p” denotes the polymer. The three surface tension parameters
of PVAc were determined from the literature.29

2.3. Local Dielectric Spectroscopy Technique. In this work, a
Veeco Multimode atomic force microscope (AFM) (Nanoscope IIIa
with ADC5 extension) was adapted to a frequency-modulated electro-
static force microscope (FM-EFM) and operated in lift mode as pre-
viously described.22 FM-EFM with improved bandwidth was here
implemented through a RHK Technology PLLProII phase-locked-
loop (PLL) frequency detector, having a nominal response bandwidth
of 4 kHz that could be extended to about 10 kHz by appropriate
setting of internal filters and DAC sampling rates. In essence, such
bandwidth indicates the limit frequency at which the PLL detector is
able to follow a rapid change of the resonant frequency of the AFM
cantilever. The latter frequency is made to shift by the effect of the

Table 1. Measured Contact Angles of Water, Glycerol, and
Diiodomethane on Solid Substrates and Calculated
Interfacial Energies with PVAc

contact angle φ [deg]

substrate water glycerol diiodomethane

interfacial
energy with

PVAc [mJ/m2]

gold 89.2 ± 0.9 74.6 ± 1.5 33.4 ± 1.8 1.2 ± 0.2
aluminum 27.9 ± 1.3 39.2 ± 3.1 28.7 ± 0.8 1.6 ± 0.3
silicon 41.9 ± 2.4 32.2 ± 1.9 57.3 ± 1.3 3.4 ± 0.3
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electric force gradient induced by biasing of the tip. Such gradient
is proportional to the term d2C/dz2, where C is the tip/sample
capacitance.17

As demonstrated by the spectra herein reported, we were able to
acquire spectra with electric excitation frequency as high as 5 kHz,
thereby extending our previous bandwidth17 by 2 decades and there-
fore up to 4 decades in total. This was possible while not giving up
the high sensitivity and spatial resolution obtainable by frequency-
modulation EFM30 in comparison to different methods based on
direct force measurement.23

For electric excitation and acquisition of dielectric spectra, an
external dual-phase lock-in amplifier (SRS SR830DSP) was used,
controlled through a GPIB interface by a homemade LabView routine.
Doped silicon, Pt-coated AFM cantilevers (Nanosensors PPP-NCLPt)
were used, with spring constant k ∼ 40 N/m, resonant frequency f res ∼
165 kHz, and nominal tip radius of around 25−30 nm. Oscillation am-
plitude was calibrated as customary by AFM tapping mode amplitude/
distance curves. By this way, the distance between the AFM tip and the
sample surface during the electric measurements was calculated by
summing the average tip−sample distance on tapping mode with the
set-lift height. For all dielectric measurements, the tip/sample distance
was estimated around 20 nm.
Our microscope was operated in controlled humidity within a

homemade enclosure and during measurements the relative humidity
was about 3−4%. The sample temperature was controlled using a
thermal application controller (TAC, Veeco). The actual temperature
on the sample surface was calibrated using a PT100 sensor.

3. RESULTS AND DISCUSSION
3.1. Dielectric Measurements by LDS. In LDS, dielectric

relaxation of polymer films is represented in terms of an electric
phase shift angle, δv, the tangent of which is related to the tip/
substrate capacitance by

δ = ∂ ″ ∂
∂ ′ ∂

C z
C z

tan
/

/
v

2 2

2 2 (3)

where z is the distance between the tip and the sample surface
and C′ and C″ are the real and imaginary parts of the tip/
substrate capacitance. As described in previous reports,22,23,31,32

in the distance range of the order of the tip radius, R, the tip/
substrate capacitance can be conveniently expressed by approxi-
mated relations. We adopt the one proposed by Fumagalli et al.31

ω = πε + − θ
+ ε ω

⎧⎨⎩
⎫⎬⎭C z R

R
z h

( , ) 2 ln 1
(1 sin )

/ ( )0
(4)

where h and ε(ω) are the thickness and the relative dielectric
permittivity of the polymer film, respectively, θ is the aperture
half-angle of the tip shaft, assumed of conical shape, and ε0
is the vacuum permittivity. Noticing that the capacitance (eq 4)
is not linearly dependent on ε, thus the quantity tan δv is de-
pendent on the material properties as well as on the geometry
of the capacitor. In other words, tan δv is a different quantity
from the tangent of the loss angle usually considered in con-
ventional dielectric spectroscopy, even if their temperature and
frequency dependencies are qualitatively very similar.
In Figure 1, the tangent of δv, in the following also called

loss-tangent, obtained in a frequency range from 0.5 Hz to
5 kHz and at different temperatures for a 233 nm thick film
deposited on aluminum substrate is presented. The spectra
show the presence of a relaxation peak that moves toward
higher frequencies with increasing temperature in a similar way
of dielectric loss spectra obtained by BDS.14 A measurement
around the Tg value (∼310 K) is also presented to show the
background of the instrument. At Tg the secondary relaxation

peak is at much higher frequency and the α-structural relaxation
peak is at lower frequency than the measured interval, so that
only its high-frequency tail is observable. By α-relaxation or
structural relaxation we refer to the process associated with the
glass transition and cooperative segmental dynamics. The solid
curves represent a fitting performed by using analytical models
describing the substrate/tip capacitance (eq 4), the phase shift of
the tip resonant frequency modulation (eq 3), and the Havriliak−
Negami relation, often used in the phenomenological description
of the dielectric function of a polymer:

ε ω = ε + Δε
+ ωτ

∞ −α βi
( )

[1 ( ) ]HN
1 HN HN (5)

In our fitting procedure we fixed ε∞ as constant as that ob-
tained for bulk samples (ε∞ = 3.1),33 while the other para-
meters in eq 5 were adjusted to get the best fits that were
evaluated by checking the residues between the experimental
data and fitting curves. As shown in Figure 1, fitting curves
interpolate well the measured data at all temperatures. We point
out that the parameters obtained from the analysis describe the
dielectric function ε(ω) of the material and consequently are
comparable to the parameters obtained from conventional di-
electric measurements.
The shape parameters of the dielectric function of eq 5

obtained by fitting are almost temperature-independent within
the fitting uncertainties (data not shown), while the peak fre-
quency of the α-structural relaxation process increases with
increasing temperature as expected due to the enhancement of
segmental mobility at higher temperatures. The data measured
on the 233 nm thick film will be assumed as the bulk value.
Indeed, in a previous study17 we have found that the relaxation
rate measured on PVAc film (with lower molecular weight than
in the present paper) of 137 nm thickness by LDS is similar
to that of the bulk PVAc sample with a similar molecular
weight measured by BDS. Moreover, by using a similar tech-
nique, Schwartz et al.23 have observed a thickness-independent
dynamics (once corrected for the geometrical contribution to
the spectra) on films with thicknesses from 250 to 1000 nm,
confirming that the thickness-independent regime is already
reached at 250 nm.

Figure 1. Loss-tangent spectra on a 233 nm thick PVAc film,
deposited on aluminum, measured at different temperatures. Lines
represent fitting with eqs 3, 4, and 5.
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The logarithm of maximum frequency of the dielectric loss,
ε″, as a function of temperature, has been fitted by the Vogel−
Fulcher−Tammann (VFT) equation (Figure 2):

ν = ν −
−

DT
T T

log logmax 0
0

0 (6)

where νmax is the frequency of the maximum dielectric loss, ν0 is
the relaxation frequency of the α-process at infinite tempera-
ture, D is a constant anticorrelated to the fragility parameter,
and T0 is the so-called Vogel temperature.34 The VFT para-
meters resulting from fitting of such data, as well as the glass
transition temperature, Tg, according to the definition νmax(Tg) =
1/(200π) Hz, are listed in Table 2. The good agreement of

such parameters with those obtained for the bulk samples of
PVAc35,36 using BDS supports the fact that the loss-tangent
spectra obtained by LDS represent the α-structural relaxation of
the polymer film, and the used models are working well at least
in the present experimental conditions.
Finally, we mention that LDS technique has been proposed

as a surface technique, but the estimation of the thickness of
the surface layer to which it is sensitive is matter of debate.21,37

According to our understanding based on previous investi-
gation from us and others17,23 in the thickness range here inves-
tigated, the data report information averaged over the entire
thickness.
3.2. Effects of Film Thickness and Supporting

Substrate. The size effect on the α-structural relaxation of
Al-supported PVAc films is presented in Figure 2 where the
logarithm of the frequency of the maximum of ε″ measured on
films with thickness from 233 to 13 nm is reported as a
function of reciprocal temperature. The relaxation rate is almost
thickness-independent from 233 to 57 nm, but it increases on

the film of 23 nm, and even more on the thinnest film of
13 nm. This result is quantitatively consistent with the findings
reported in our previous study about the confinement effect on
the α-structural relaxation of gold-supported PVAc films with
lower molecular weight.17

As shown in a variety of reports, interactions at surfaces and
interfaces play an important role in ruling the deviations of
dynamics of confined polymers from the bulk behavior.6,8 By
changing the supporting substrates, the interplay between
polymer/substrate interaction and size effects on α-structural
relaxation of ultrathin films can be observed. In this study, three
different substrates, namely gold, aluminum, and silicon, which
are very commonly employed in the study of supported ultrathin
polymer films, were used. Loss-tangent spectra obtained at the
temperature of 327.4 K for PVAc films on gold and aluminum
substrates and 328.2 K on silicon are reported in Figures 3a−c,

respectively. As clearly visible, a shift of the relaxation peak to
higher values of frequency is observed on gold- and aluminum-
supported PVAc films (Figures 3a,b). The shift becomes more
pronounced on thinner films, and spectra seem also to become
broader. In contrast, there is no significant change in the relaxa-
tion peak of all films deposited on silicon substrates with thick-
ness from 85 nm down to 12 nm (Figure 3c).38

Figure 2. Logarithm of maximum frequency of the α-structural
relaxation in PVAc films deposited on aluminum, as a function of
reciprocal temperature. Solid line represents VFT fitting for the film of
233 nm thickness.

Table 2. VFT Fitting Parameters for the 233 nm Thick Film
Supported on Aluminum in Comparison with Bulk Data on
PVAc with Mw = 170 kg/mol

sample log ν0 [Hz] D T0 [K]
Tg (νmax = 1/200π Hz)

[K]

233 nm 11.8 (fixed) 6.3 ± 0.1 261.1 ± 0.9 310.0 ± 1.1
bulk35 11.8 ± 0.1 6.3 ± 0.1 261.4 ± 1.0 310.4

Figure 3. Isothermal loss-tangent spectra of PVAc films with different
thicknesses deposited on (a) gold (measured at 327.4 K), (b) aluminum
(measured at 327.4 K), and (c) silicon (measured at 328.2 K).
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The effects of film thickness and supporting substrate on the
shape parameters of the relaxation peak were also analyzed,
as shown in Figure 4. The values of αHN and βHN both slightly

increase with decreasing thickness of films supported on gold
and aluminum, meaning that the α-structural relaxation on such
substrates becomes more symmetric and broader on decreasing
the film thickness. However, for films deposited on silicon, only
αHN seems to increase with decreasing film thickness, while βHN
remains independent of the sample thickness. In principle, the
observed broadening of the relaxation peak can be ascribed to a
more heterogeneous dynamics, which is consistent with the
presence of layers with different mobility. The observed in-
crease of the symmetric broadening of the spectra in samples
prepared on all substrates should be contrasting with the hypoth-
esis of a selective suppression of slow modes.14

In Figure 5, the difference in the value of Tαdefined as
the peak temperature of the α-structural relaxation process

measured at 1 Hzcompared to the 233 nm thick film is
plotted as a function of the film thickness. For films deposited
on gold and aluminum substrates, there was almost no change
in the Tα when the film thickness was decreased down to about
35 nm, while a systematic reduction of Tα was observed with
further decreasing film thickness, and the Tα-reduction mea-
sured on films as thin as 10 nm was about 2−3 K. Even though

the reduction of Tα obtained here is small, somehow compa-
rable to the measurement uncertainties, such reduction occurs
in a systematic way on both gold and aluminum substrates.
Furthermore, a small change in dynamics of PVAc with de-
creasing film thickness was found in previous reports, also using
different techniques, on samples with lower molecular weight
and different procedures of sample preparation.14,22,39 For
example, using the microbubble inflation method to determine
the creep compliance of freely standing PVAc films, O’Connell
et al. found a reduction of the Tg from the bulk value of less
than 1.5 K on the thinnest film of 23.7 nm.39

Films prepared on Si substrates did not show change of
dynamics for film thicknesses down to 12 nm. This observation
agrees with BDS results obtained with the air-gap capacitor
geometry by Serghei et al.10 Indeed, after annealing the samples
well above the Tg in a pure nitrogen atmosphere for several
hours until the reproducible measurements were reached, no
shift of the relaxation rate respect to the bulk was found on
several polymers studied in the uncapped geometry, among
which ultrathin PVAc films supported on silicon. Interestingly,
these results were apparently contrasting with the size effects
on relaxation dynamics of capped PVAc films between two
aluminum electrodes previously reported by the same authors
using BDS.14 Indeed, they found a reduction of the Tα, corres-
ponding in this case to the frequency of 38 Hz, of about 2−3 K
from the bulk value when the film thickness decreases down
to about 10 nm, in agreement with our present observation on
Au- and Al-supported films. Such results suggest that the discre-
pancy in refs 10 and 14 could not be due to the evaporated
aluminum electrode or to a noneffective removal of solvent in
the Al-supported films, but more probably to the difference in
polymer/substrate interactions. Moreover, we can confirm that
the confinement effects on PVAc relaxation dynamics are much
weaker than those on other polymers such as PS40 or poly-
(methyl methacrylate) (PMMA).41 The difference might be the
result of diverse macromolecular structures or arrangements of
polymer chains close to the free surface or to the interface. A
recent study by Kim et al.42 addressed the importance of water
content in PVAc when measuring in ambient conditions to the
strength of the Tg reduction with decreasing film thickness.
However, in our measurements at relative humidity of 3−4%
this water content is very small, less than 0.5% as found by
Miyagi et al.43 for PVAc bulk. Therefore, we can deduce that
the humidity-induced change of Tg or Tα herein is smaller than
our experimental errors.
In order to understand how interfacial interactions impact

the Tα reduction, the interfacial energy, γsp, between PVAc films
and the three solid substrates was also obtained (Table 1).
The results show a similarity in interfacial interactions of PVAc
films with gold and aluminum surfaces, which are less than
the critical value of about 2 mJ/m2 estimated in Fryer’s report6

separating the energy region where a negative deviation of
Tg in ultrathin films was observed (γsp < 2 mJ/m2) from that
of positive deviation (γsp > 2 mJ/m2). Noteworthy, for Au-
and Al-supported films the values of γsp are very similar to
each other and they correspond to similar ΔTα, whereas for
Si-supported films we have larger values of γsp and smaller ΔTα

compared with the two other substrates (gold and aluminum)
(Figure 5).
The value of γsp measured on the silicon substrate is much

higher than the critical value, indicating a strong interaction
between PVAc and silicon surface. Fryer et al.6 have found an
increase of the Tg on both PS and PMMA films with decreasing

Figure 4. Shape parameters of the α-structural relaxation (eq 5) as a
function of film thickness.

Figure 5. Thickness dependence of the difference in the Tα between
ultrathin films and the 233 nm thick film. The dashed and solid lines
are guides to the eye.
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film thickness compared to the bulk value when the polymer−
substrate interfacial energy was higher than 2 mJ/m2. However,
in our case, instead of an increase of the Tα we observed no
significant Tα shift for all films deposited on silicon. Therefore,
we confirm that samples made of the same material, and an-
nealed in the same way on different substrates, exhibit confine-
ment effects that can be qualitatively related to the interfacial
energy. Nevertheless, the comparison of our results with those
from the literature evidence that γsp alone is not sufficient to
explain the variation of Tg from the bulk with decreasing film
thickness, as also mentioned elsewhere.44 This result is not sur-
prising as differences in molecular structure and chain stiffness
are factors affecting polymer dynamics in the bulk and likely
also the confinement effects on dynamics. This is evidenced
for example by Priestley et al.,8 who found that the change of
Tg at the free surface and substrate interface of polymer films
depends substantially on the structure of polymers. However,
the mechanism behind the interaction between polymer and
supporting substrate still awaits to be clarified in detail.
3.3. Annealing Effects. The dependence on annealing of

the α-structural relaxation time and glass transition was evi-
denced on Al-capped PVAc films,11 and it was inferred that
such dependence might be due to the growth of an absorbed
polymer layer at the polymer/substrate interface as for the case
of the Al/PS system.20,45 We considered interesting to inves-
tigate such aspect on PVAc films deposited on substrates with
quite different interfacial energies. As a consequence, samples
annealed at 323 K for 3 days (first annealing) were further
annealed at 366 K for different times ranging from 20 h to 8
days. For the 226 nm thick PVAc film deposited on aluminum,
the α-structural relaxation is found independent of further an-
nealing; i.e., the loss-tangent spectra measured before and after
annealing up to 6 days at 366 K are unchanged (Figure 6a).
In contrast, the relaxation rate of the structural process on the
23 nm thick Al-supported PVAc film decreases slightly after
3 days of annealing and eventually decrease to that of the thick
film after 6 days of annealing. These results demonstrate that
further annealing seems to affect the dynamics of the ultrathin
film only. As a simple hypothesis, it is suggested that the region
of polymer located at the layers close to the free surface or
polymer/substrate interface evolves through a series of meta-
stable states characterized by different time scales. The latter
possibility is in agreement with, and in case extends, the results
obtained by Napolitano et al.,20 evidencing that the influence
of annealing on the dynamics of ultrathin polymer films is
correlated to the growth of an irreversibly adsorbed layer at the
substrate interface and to packing of macromolecules in such
layer.
We have also observed that the time scale of the evolution

of such metastable states in PVAc films during annealing is
related to the molecular weight, as already found for PS.20 The
disappearance of dynamics enhancement in our sample ofMw =
350 kg/mol and thickness 23 nm was obtained with more than
3 days of annealing at 366 K (plus the first annealing at 323 K
for 3 days), as seen in the inset of Figure 6a showing the time
evolution of the relative maximum frequency of the α-process
measured on 226 and 23 nm thick films at 327.4 K, where n =
νmax(t, h)/νmax(0 s, 226 nm). However, only 32 h was necessary
for the 13 nm thick PVAc film with Mw of 157 kg/mol11 to
recover bulklike dynamics. The Mw dependence of the evolu-
tion time of metastable states is found more than linear, but
it appears weaker than that observed on PS20 in the same
range of molecular weights. In fact, Napolitano et al.20 found

that increasing the molecular weight from 97 to 160 kg/mol
(both larger than the critical value for entanglement) the
characteristic time increase from less than 3 h to more than
6 weeks (more than a factor 100). In our case for an increase of
a factor 2 of Mw the increase of the characteristic time is a bit
larger than a factor 3.
In order to clarify whether the interfacial energy between the

polymer and the supporting substrate has actually a role in the
annealing effects observed above, a similar annealing procedure
was performed on the 26 nm thick film deposited on the silicon
substrate. As shown in Figure 6b, no difference in the peak
position among loss-tangent spectra obtained at different an-
nealing times could be observed, suggesting that annealing at
323 K for 3 days is sufficient to equilibrate polymer chains even
at interfacial layers. This result also suggests that the adsorption
time of PVAc onto substrates can depend on the polymer/
substrate interactions as well as on substrate roughness. Further
investigation is in progress to elucidate this point.

4. CONCLUSIONS

Confinement effects on the α-structural relaxation of supported
ultrathin PVAc films on a frequency range of up to 4 decades
were studied by means of an improved local dielectric spectro-
scopy approach. Relaxation dynamics was measured for PVAc
films deposited on different substrates and subjected to differ-
ent annealing conditions. After the first annealing step (at 323 K
for 3 days), faster relaxation was observed on films supported
on gold and aluminum substrates when film thickness decreased
to below 30−35 nm. The maximum observed Tα reduction from
the bulk value was 2−3 K for film with thickness of about
10 nm. In contrast, no thickness-dependent relaxation was
found for all films deposited on silicon substrates with thickness

Figure 6. Loss-tangent spectra measured after different annealing
times at 366 K of PVAc: (a) on Al measured at 327.4 K, the inset
shows the evolution of the relative maximum frequency, n, upon
annealing time on both thicknesses; (b) on Si measured at 328.2 K.
The data have been normalized to the maximum and rescaled for
clarity.
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from 85 nm down to 12 nm. Such difference can be reasonably
related to the difference in interfacial energy between polymer
films and substrates, which is larger for silicon than for gold and
aluminum. However, a criterion simply based on interfacial
energy cannot be used to explain all the results. In fact, by
annealing at higher temperature (366 K) up to 8 days, no shift
of loss-tangent spectra was observed for the 226 nm thick film
on aluminum as well as on the 26 nm thick film on silicon.
However, an effect was observed on the 23 nm thick film on
aluminum; in particular, the bulk dynamics was re-
covered after 6 days of annealing. Our results are consistent
with the presence of long-living metastable states of the poly-
mer at the interfacial layer close to the substrate. We find that
the characteristic time of such states may depend on the mole-
cular weight of the polymer as well as on the nature of the
substrate. These findings help to reconcile literature data
obtained on supported and capped thin PVAc films10,14 that
appeared conflicting.
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ABSTRACT: The collapse of hydrophobic polyelectrolyte stars in aqueous solutions is
studied using the Scheutjens−Fleer self-consistent field (SF-SCF) approach. The hydrophobic
property of the segments tends to compact the stars, whereas the presence of charges has the
opposite effect. As a result, star conformations can be switched from an extended, strongly
hydrated, and swollen state to a collapsed state via semicollapsed, quasi-micellar state using
control parameters such as the solvent quality, specified by the Flory−Huggins parameter,
the pH value or the ionic strength. More specifically, there exists a range of parameters
wherein the stars have an inhomogeneous radial structure with a collapsed region, referred to
as the core, and a swollen region forming the corona. In such microphase segregated state the
fraction of arms of the star that form the core, or alternatively escape into the swollen corona,
can be controlled. The SF-SCF analysis is complemented with analytical models to rationalize
the complex phase behavior.

1. INTRODUCTION
Linear polyelectrolyte chains are prime examples of macro-
molecules that show interesting physical and chemical behavior
that have relevance in numerous applications.1,2 The list of
potential applications can only grow when several polyelec-
trolyte chains are tethered to one common center, forming
so-called polyelectrolyte stars. Typically, the center is a small
colloidal particle, or some multifunctional chemical entity. To
qualify as stars, the polyelectrolyte chains, often referred to as
arms, must be much larger than the central grafting entity.
Moreover, there exists many examples of macromolecular

association colloids. Our interest is in the situation when such
macromolecular micelles, formed by an amphiphilic block co-
polymers, have a small compact core and a much larger swollen
corona. For (kinetically) frozen core the number of chains in
the star-like corona is constant and does not change with
external conditions. Such macromolecular aggregates, can be
considered as polymeric stars or, as polyelectrolyte ones if the
corona chains carry their own charges. Star shaped polymer
aggregates are thus key structures studied in soft matter physics,
materials science and nanotechnology. A common feature is
that they combine properties of linear polymers and of spher-
ical soft colloids. The polymer corona makes them consider-
ably more stiff than linear polymers, but much softer than hard
colloidal spheres. Both, the polymer stars and the corona in
macromolecular aggregates, are often regarded as a strongly
curved polymer brushes.
The simplest among the star-shaped polymers is the homo-

polymeric noncharged star. These systems are understood
in large detail due to intensive research in recent years.3−9

Conformations of neutral stars are influenced by relatively
few parameters, namely the functionality (number of arms)
M, the degree of polymerization N of each arm, and the
solvent quality. The structure of polyelectrolyte stars, on the

other hand, is controlled by many more parameters. In this
case, the degree of ionization, the salt concentration and the
valency of counterions and co-ions as well as the temperature
and pH of the solution also influence the properties. A few
reviews on PE stars are available.10−12

The focus of this paper is on the theoretical description of
amphiphilic polyelectrolyte stars. Such macromolecules show
self-assembly properties, and therefore are often referred to as
“smart” nano-objects, that respond in a dramatic way to small
changes in the environment.13

Typically, amphiphilicity is caused by the presence in a
molecule of two types of segments with differ affinities to the
solvent. The amphiphilic polymeric star may be either com
posed of two (or more) types of arms, (heteroarm star)14−16 or
composed of identical di- (or more) block copolymers.17−20

Such molecules are reported to form single-molecule micelle-
like core−corona structures: chains or chain-parts, for which
the solvent is poor, are collected in a dense core, whereas
chains or chain-parts, for which the solvent is good, form
a corona providing the solubility (colloidal stability) of
these stars. The popularity of polymeric micelles is explained
by the expected relevance for, e.g., drug delivery applica-
tions.20,21

Our interest is in homopolyelectrolyte stars, of which the seg-
ments are amphiphilic. More specifically, we consider annealed
polyelectrolyte stars whose monomers are either charged or not
depending on the pH of the solution. As the charges like to
be hydrated, monomers in the charged state are hydrophilic.
Monomers in non charged state are assumed to be hydro-
phobic. This type of amphiphilicity is typical for many
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polyelectrolytes, as these are, apart from the charged groups,
often decorated by relatively long hydrophobic moieties linked
as side-chains to the backbone. For example, as compared to
poly(acrylic acid) , even the presence of one extra methyl group
in polymethacrylic acid leads to a clustering of the uncharged
chain segments (cf. ref 22).
Two opposing forces determine the conformation of such

polyelectrolyte stars in aqueous solutions. The hydrophobicity
makes the chain monomers stick together and avoid contact
with the solvent molecules, leading to a compression (collapse)
of the polymer arms. The electrostatic forces lead to swelling of
the chains. The electrostatic swelling is caused by the osmotic
pressure of counterions which are tend to locally compensate
the charges of the polyelectrolyte chains. Swelling mediated by
the osmotic pressure of counterions plays more important role
than the direct electrostatic (Coulombic) repulsion between
like-charged monomers since, the Debye length appears to be
sufficiently low to consider charged monomers as screened by
counterions.23−26

The hydrophobicity and electrostatics provide two different
star structures. The presence of these two forces leads to
the fact, that the collapsed and swollen states of amphiphilic
polyelectrolyte system appear to be the different phases,
separated by a phase transition, with a jump in polymer
density.27,28 The choice of equilibrium state is controlled by the
characteristics of the solvent, namely proton concentration,
given by the pH, and the concentration of mobile ions Φion.
In spatially inhomogeneous systems, such as polyelectrolyte
brushes or stars all these characteristic turn out to have a local
value and are functions of the local polyelectrolyte concen-
tration. As a result, both phases may coexist in polyelectrolyte
amphiphilic brush forming a dense and a swollen micro-
phases.29,30

Such a dense core and swollen corona coexistence was
established in star theoretically in,31 and obtained using Monte
Carlo simulation32 and experimentally in the kinetically frozen
multimolecular polystyrene-block-polymetacrylic acid mi-
celles.33 Collapsed part of the corona formed by an annealed
polyelectrolyte is situated close to the hydrophobic core of the
micelle. The similar picture was observed in micelles with the
corona composed of quenched polyelectrolyte.34

The molecular dynamics (MD) simulation of collapse of
the star with quenched polyelectrolyte arms has shown that
depending on the solvent conditions one can find various
partially collapsed states, including micelle-like (core−shell)
structure35 as well as the star-like one when the arms form
pearl-necklace structures or interarm aggregates.35,36 Note that
the structures with the inter or intra chain compact formations
are typical for quenched polyelectrolytes. While the solvent
becomes poor, the individual chain, during its collapse, forms
pearl-necklace conformation37 and in the solution with finite
concentration the microphase segregated structures appear.38

This effect is due to the repulsion of electrostatic nature in the
condensed phase. Core−shell structure in35 was observed only
in a narrow range of conditions, when the core is neutralized by
the condensation of counterions. In this case the form of
compact phase is defined by the minimization of interphase
surface, i.e. lead to the spherical core.
In this paper we study the conformation of the annealed star.

Monomer units in this case can be in a neutral deionized
state. Moreover, as it will be shown, inside the compact phase
they are always neutral. That is why we use the assumption
about the spherical symmetry of the star conformations.

The microphase segregated conformation might be only the
core−shell one, with noncharged core.
The formation of the core−shell structure can be explained

in the following discourse. In the vicinity of the star center,
concentration of polymer segments is, essentially due to
geometric reasons, higher than in the peripheral parts. In the
case of annealed polyelectrolyte in low ionic strength con-
ditions it is possible to show, and it is shown in this paper, that
when the concentration of monomers becomes higher than
a threshold value, it is advantageous for the polymer to drop the
charge and become neutral. As the neutral polymer seg-
ments are hydrophobic, they expel water and form a compact
core. For monomers in peripheral region where the monomer
concentration is not high enough it is reasonable to be charged
and hydrated. As a result, the star has a microphase segregated
micelle-like or quasi-micellar structure with an uncharged con-
densed core and a charged swollen corona. We have shown
in the article that not the star monomers suffer segregation
but star arms do it as a whole, i.e., the core and corona are
formed by almost uniformly collapsed and stretched arms. As
in classical star-like micelles, the swollen corona is responsible
for the colloidal stability of the phase-segregated star.
We use the numerical SCF method and specifically the

algorithm developed by Scheutjens and Fleer for polymers at
interface39 and extended to the case of polyelectrolyte.40−42

The computational efficiency of the method is the result of a
local mean-field approximation. By making use of the symmetry
of the system the method reduces the computations and solves
for one gradient distributions, implementing a local averaging
over two direction. It must be understood that in the averaging
directions the fluctuations in density are ignored.
This paper is organized as follows. The next section, called

Model and Methods, details the model we use in numerical
“experiments” and the main features of the numerical scheme.
The numerical SCF results are presented in the Results. In
the section Theoretical Analysis, we elaborate on the basic sys-
tem in a membrane equilibrium, which is used for our analytic
estimation for the phase behavior of a single polyelectrolyte
chain. This phase behavior is also used to rationalize results
from the numeric SF−SCF calculations for a hydrophobic poly-
electrolyte star. We propose a simple model of the star con-
formation in quasi-micellar state. As usual we conclude the
paper with summing up our conclusions.

2. MODEL AND METHODS

Let us consider a homopolymer polyelectrolyte star immersed
in aqueous salt solution. We assume that the star consists of
M linear polyelectrolyte chains (arms), each composed of N
identical spherically symmetric segments (monomers). Without
loss of generality we assume that we are dealing with a polyacid,
implying that the chain monomers can be either neutral or
negatively charged. The chains are pinned by one of their ends
to a sphere with radius R0 (see Figure 1a,b). Each segment can
be ionized depending on the local pH by a reaction with water

(1)

where K is ionization constant.
The solution, in which the star is immersed, is assumed to

be an aqueous 1−1 electrolyte (e.g., NaCl). Properties of the
solution are specified by several parameters which are the
following.
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The first one is the Flory−Huggins χ −parameter, which
specifies the affinity of the monomers and solution (water)
particles. A positive value implies repulsion and a negative value
attraction. For simplicity, the same value of the χ parameter was
chosen to specify interaction between polymer segments and
all types of mobile particles, that is, χ value is the same for poly-
mer contacts with water, positive (sodium, proton) or negative
(chloride, hydroxyl) ions. Moreover, the χ parameter does
not depend on whether the monomer is charged or not. Hence,
the interaction of the polymer segment have an invariable
contribution due to the solvent quality (χ) and this is aug-
mented by an electrostatic contribution in case the monomer
is ionized. As mentioned, our star is hydrophobic and there-
fore we choose a value that is larger than the theta-value
χ > 0.5.
The second parameter is the (dimensionless) salt concen-

tration, which is represented by the total concentration of
the mobile ions in bulk, that is, Φbulk

ion = [Cl]bulk + [Na]bulk +
[OH]bulk + [H3O]bulk. As the bulk must remain electroneutral, the
concentrations of the negative ions is invariably chosen equal to that
of the positive ions: [Cl−]bulk + [OH−]bulk = [Na+]bulk + [H3O

+].

Typically, in our systems it will be true that the salt concentration is
much higher than the concentration of water ions H3O

+ and
OH−and therefore it is possible to approximate Φbulk

ion as

(2)

Following the ScheutjensFleer ansatz, all the particles,
namely, star monomers, the water molecules and the mobile
ions are assumed to be of the same size that exactly fit a lattice
site each (see Figure 1b). The size of the lattice site, which
naturally has some “average” value, gives the conversion factor
of dimensionless volume fractions to molar concentrations.
We advice to estimate the size of the lattice site as follows.
Starting with pure water (i.e., the most abundant species) with
concentration Cw = 55.5 mol/L, one can estimate that the
volume of one water molecule as v0 = 2.99 × 10−29 m3. This
implies a unit of length le = v0

1/3 ≅ 3.1 Å. With this choice the
conversion factor to compute the molar concentration from the
dimensionless salt concentration is 55.5.
The third parameter is the pH value, which is related

with hydronium volume fraction [H3O
+]bulk in the bulk

pH = −log[H3O
+]bulk. Hydroxyl and hydronium ions in solu-

tion are coupled according to the reaction

where Kw is water dissociation constant.
We shall measure the concentration in dimensionless volume

fraction units and use the square brackets [···] notation. These
units are the usual molar concentration C (measured in mol per
liter) just normalized by Cw = 55.5(mol)/(l). All quantities
having the dimension of concentration should be normalized
to Cw. If the bulk volume fraction of hydronium ions under
neutral pH condition is [H3O

+]bulk = CH3O
bulk /Cw, i.e., neutral

pHn condition corresponds to volume fraction [H3O
+]bulk =

(10−7 mol/L)/(55.5 mol/L) = 1.8 × 10−9 and the dimensionless
pHn value is pHn = 7 + log10 Cw = 8.74. The number log10 Cw =
1.74 should be added once to the pKa and twice added to pKw
to make these quantities dimensionless. Everywhere in the paper, if
it is not mentioned, pKa = 6 and pH = 7 in usual units.
As all the monomeric species in our system are considered

to be of the same size, namely the size of the lattice site, the
transition to moles per liter cannot be fully accurate. Therefore,
we advise that the results have comparative and qualitative char-
acter rather than a strict quantitative one.
Numerical Method. In our study we use the Scheutjens−

Fleer self-consistent field (SF-SCF) approach. Here, we just
describe the main features of the method that are of key
importance to understand the premises. For more details we
refer to the literature, e.g., to references.39−42

The polymer volume fractions are obtained through the
evaluation of (sub) partition functions G(rs,s|rs′,s′) for individual
chains. These partition functions can be interpreted as the sta-
tistical weights of all step-weighted random walks from seg-
ment with ranking number s to segment with ranking number s′
occurring at points rs and rs′, respectively. These sub partition
functions are generated using a propagator formalism, which
implements a freely jointed chain (FJC) on a lattice. The FJC
has the property that the chains cannot be stretched fur-
ther than their contour length. However, as long as the chains
are not too strongly stretched the results are very similar to
the Gaussian chain. In this limit, it can be shown that the
propagator scheme is a discrete variant of the Edwards diffusion
equation, which enumerates the partition functions of Gaussian

Figure 1. (a) Schematic presentation of the polyelectrolyte star in an
aqueous salt solution. In this case six chains (arms) are grafted to a
central particle. The radial coordinate r is indicated by the arrow. Small
molecules that are present in the system are indicated in the box. (b)
Star is in the spherically symmetric lattice with spherical lattice layers.
One arm is given as an example. The central particle, to which arms
are grafted, has radius R0. The number of segments per layer nr for
layers r = 1, 2, 3 are indicated and these numbers are used to find the
volume fractions ϕ(r) = nr/L(r) that is, by normalizing with the
number of sites per layer L(r) ∝ 4πr2.
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chains in an external potential field. Here our interest is in the
chain partition functions G(r,N|R0,1) for the chain starting at
the central grafting surface and ending with segment s = N at a
distance r from the center. Integrating over all coordinates gives
the partition function of one arm, q = ∑rL(r)G(r,N|R0,1),
where the number of sites L in spherical coordinates is L(r) ≈
4πr2. Here we shall number the coordinates r = R0 + 1,
R0 + 2, ···, starting from the grafting surface. The partition function
for the star is given by Q = qM/M!. The propagator formalism
not only gives access to the distribution of free ends, but also
to that of middle segments, by implementing the so-called com-
position law, which combines two complementary sub parti-
tion functions ϕ(r,s) ∝ G(r,s|R0,1)G(r,s|N). In this equation
G(r,s|N) is the sub partition function for walks started with the
unconstrained segment s = N and ending at segment s in
coordinate r. The overall volume fraction distribution is given
by a summation over the segment ranking number, i.e., ϕ(r) =
∑sϕ(r,s) and the normalization of the volume fractions is
chosen such that each star contains exactly N × M segments.
Both in the Edwards equation and the propagator method,

there is a segment potential u(r), which implements excluded
volume, nearest neighbor and electrostatic interactions.
The local volume fraction of segments ϕ presents a crowding

contribution to the segment potentials. This contribution to
the segment potential is related to the compressibility contribu-
tion. More explicitly, we implemented the incompressibility
condition, which says that the volume fractions of the com-
ponents in the system have to add-up to unity at all lattice
coordinates. In good solvents, it can be shown that there is a
contribution of −ln(1 − φ) to the segment potential (see refs
39 and 43).
The (short-range) interactions between the nearest neigh-

bors X and Y in the lattice are specified by the Flory−Huggins
parameter χXY, where X and Y are monomers, i.e., the segments
of the star, the water molecules and any of the ions. The
number of contacts are evaluated using the Bragg-Williams
approximation. In this scheme the probability of pair inter-
actions is given by the product of the volume fractions. By
definition the FH parameters are nonzero for unlike contacts,
that is X ≠ Y.
The electrostatic term is given by uX

(el)(r) = qXy(r), where qX
is the charge of segment X (in our case qX is −e, zero, or e), and
y(r) is the (dimensionless) electrostatic potential determined
via the solution of the Poisson−Boltzmann equation.
The SCF equations, including the Poisson−Boltzmann one,

are solved by an iterative procedure. It assumes the consistent
counting of the monomers distribution on the lattice by means
of their potentials and counting the monomer potentials by
means of the distribution in the system. A fixed point of the
equations is known as the self-consistent solution. It can be
shown that for this solution the (mean field) free energy of the
system is optimized. The free energy as a function of both the
volume fraction distribution and the corresponding segment
potential distributions is straightforwardly evaluated.
Since the electrostatic interactions are not short-range, that

is, they extend further than the size of a lattice cell, parameters
such as the lattice constant, and temperature becomes relevant.
As mentioned above, we have chosen the lattice constant
le ≈ 3.1 Å to normalize all linear lengths, we use room tempera-
ture (297.15 K) conditions and the dielectric constant in water
ε = 80, thus the Bjerrum length lB ≈ 7 Å and lB/le∼1. All the
energies are normalized by kBT.

3. RESULTS
The Star Size. Effect of Salinity. In parts a and b of

Figure 2, we show results from the numerical SCF method for

the radius of gyration Rg as a function of the salinity, [Cl]bulk,
for stars with M = 50 and M = 10 arms that have a length of
N = 250 segments each. In both graphs there are six curves for
specified FH parameters, namely χ = 0.5, 1.0, 1.5, 2.0, 2.5, and
3.0. It is clearly seen that the radius of gyration of the stars is
low at low salt concentration, first increases and then decreases
with increasing ionic strength. This nonmonotonic behavior is
found for both values of the number of arms per star and for
(almost) all χ values. A similar nonmonotonic dependence was
theoretically predicted for a flat weak polyelectrolyte brushes in
a good solvent25 and subsequently confirmed by numerical self-
consistent field calculations.44 In ref 45, this effect was shown
by modeling a weak polyelectrolyte star under Θ-solvent con-
ditions. Soon this effect was observed experimentally in the
study of spherical micelles formed by polystyrene-block-poly-
(methacrylic acid). The size of the charged star-like poly-
methacrylic acid corona passes through a maximum at a monotonic
variation of ionic strength.33 Modeling of polyelectrolyte star
using the molecular dynamics also proved the nonmonotonic

Figure 2. Radius of gyration as found by the numerical SCF method
for a star with M = 50 arms (a) and M = 10 arms (b) each of length
N = 250 monomers as a function of the ionic strength [Cl]bulk,
for different χ values as indicated. Each point marked on the
χ = 1.5 and χ = 0.5 curves corresponds to one line in Figure 3a−c and
Figure 5a−c. Colored marks at χ = 0.5 and χ = 1.5 match the colored
curves in the respective figures. Curves in plots are guides for the eyes.
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dependence of the star radius of gyration on the strength of the
electrostatic interactions.35

The nonmonotonic dependence of Rg at χ = 0.5 can be
understood from the fact that by increasing the salt concen-
tration two competing effects have an impact on the swelling
of the star.25,45 At high ionic strength, the size of a poly-
electrolyte star decreases with increasing ionic strength. This
effect is known as electrostatic screening: the electrostatic
repulsion between star monomers gets weaker with increasing
ionic strength. The decrease in repulsion leads to a smaller size.
This effect happens provided that the salt concentration outside
the star is larger than the concentration of the star own charges
inside the star, i.e., at high ionic strength. For low ionic strength
it is found that the size of the annealed polyelectrolyte star in-
creases with increasing ionic strength. Unique for annealed
stars, it is known that the degree of ionization of the segments
in the star is suppressed when the screening is low. With in-
creasing salt concentration the suppression is diminished and
this leads to increasing ionization of the star monomers and,
therefore increased Coulombic interactions lead to an increase
in the size. In more detail, we notice that H3O

+ and OH− ions
do not only contribute to the ionic strength, but also participate
in the dissociation equilibrium of the star segments and thus
influence the charge of the polyelectrolyte. The degree of
dissociation α is given by the following equation (see also eq 11
in next section)

(3)

At a not too high pH value, the addition of salt in the bulk
results in a progressive substitution of H3O

+ ions inside the star
volume by Na+ ions and, hence, in an additional ionization
followed by an extension of the arms of the star. The latter
effect is evident only at the low ionic strengths.
Parts a and b of Figure 2 show that, although the non-

monotonic dependence exists for all χ-values, the character
of the dependence changes with increasing degree of hydro-
phobicity. At low [Cl]bulk a regime appears where Rg is small
and independent of [Cl]bulk. The region of this regime becomes
larger with increasing hydrophobicity. After this regime there is
a steep increase of Rg (the star “explodes” in size) after which all
curves join together and show a common decrease of Rg with
[Cl]bulk.
Figure 2b is included to prove that this behavior is universal,

that is, it does not depend on the composition of the star.
A change in the number of arms only leads to a shift of the
transition area, but the qualitative effect remains. For the
current example the reduction of the number of arms by a factor
of 5 needs significant fewer salt ions to substitute hydronium and
to screen the charges of the star. In other words, the transitions
shift to lower salt concentrations.
Note that in ref 35, a star composed of a strong poly-

electrolyte chains (quenched polelectrolyte) was considered
using molecular dynamics method. The Bjerrum length lB was
chosen as the parameter which control the strength of elec-
trostatic interactions. There were shown that monotonic
change of lB leads to a nonmonotonic change of the dimension
of the star. For small lB values (which corresponds to the weak
electrostatics) the star had a small size. The star were small also

at large lB, when the strong condensation of counterions led to
the collapse of the star (cf. ref 36)
In the next two paragraphs we focus on the internal structure

of the star for the conditions that correspond to the marked
points in Figure 2a.
Quasi-Micellar Star Conformation. Parts a−c of Figure 3

show, in double logarithmic coordinates, the radial polymer

segment density distribution, ϕ(r), the distribution of free ends,
ϕends(r), and the degree of ionization, α(r), respectively, at
χ = 1.5. Each curve refers to one point lying on the χ = 1.5
curve in Figure 2a. The colored circle, triangle, and square in

Figure 3. Double−logarithmic plot of the radial distribution of volume
fraction, ϕ(r) (a), the corresponding distribution of the free end
segments, ϕends(r) (b), and the degree of dissociation, α(r) (c), of the
polyelectrolyte star. These are given as functions of the distance from
the center r for a set of χ = 1.5 and various [Cl]bulk values. Each curve
corresponds to one of the marks in Figure 2a and we refer to this
figure for other characteristics.
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Figure 2a match the lines colored and marked the same
in Figure 3a−c. This lines correspond to the ionic strength
[Cl]bulk = 10−6, 10−4, and 10−2, respectively. The thin black lines
are for intermediate [Cl]bulk values. For comparison, in Figure 5
we show similar dependencies, for the theta-conditions, i.e.
χ = 0.5.
The curves in Figure 3a−c split up into two types. One

type represents a homogeneous swollen star and the other one
indicates an inhomogeneous structure. More specifically, the
inhomogeneous star has a plateau in polymer density at ϕ∼1
near the star center and a region with much lower density
for larger values of r. We refer to the inhomogeneous stars
as quasi-micelles as these stars appears to be microphase
segregated.
It is seen that somewhere between [Cl]bulk = 10−2 and 10−4

the transition takes place from the homogeneous star to the
quasi-micelle. The size of the core decreases with increasing
[Cl]bulk and above a certain ionic strength the core vanishes and
the star becomes homogeneous.
In the quasi-micellar state the two regions differ greatly in

all their properties. The monomers in the core are almost
uncharged, while the corona monomers do carry a charge (see
Figure 3c). The monomer density in the core is constant (near
unity), and virtually independent of the ionic strength, [Cl]bulk.
At the core−corona interface the monomer density drops
abruptly. With increasing [Cl]bulk the segment density of the
corona near the interface increases: the jump changes from
several orders of magnitude at [Cl]bulk = 10−6 to just one order
at [Cl]bulk = 10−4. In the corona the segment density decay has
a power-law dependence, ϕ∼r−2 (Figure 3a). This decay cor-
responds to the scaling prediction for spherical polyelectrolyte
stars at low salt concentration.7,8

The radial distribution of the terminal monomers is an
interesting characteristic of the star structure, which can be
obtained easily in the SCF calculations but not from analytical
theory. As follows from Figure 3b, at low salinity this
distribution is presented by two peaks with a pronounced
wide zone between them, where no free ends occur (a dead
zone). One peak is located in the depths of the star, in the core,
whereas the other one lies in vicinity of the star interface. These
two maxima indicate two populations of chains, which points
to the choice a chain can make: it can either dissociate weakly
and remain weakly extended, or it can dissociate substantially,
resulting in strong electrostatic repulsion and significant
stretching. Such a behavior, namely the separation of arms
into two groups, have already been studied for stars and for
brushes.9,29,30,46

To evaluate how many free ends are in the core and corona,
respectively, we replotted the results in Figure 4a, wherein the
radial distribution of the number of end segments nends(r) is
given as a function of the radial coordinate r,

(4)

It is seen that the height of the external maximum increases
monotonically with increase of [Cl]bulk while its radial position
changes nonmonotonically. The terminal monomers move
away from the center at low values of the salt concentration
[Cl]bulk ∈ [10−6, 10−4] and then approaching to it with further
increase in [Cl]bulk.
At the lowest salt concentration used in calculations,

[Cl]bulk = 10−6, almost all branches are in the core and only a
few arms are strongly stretched, populating the charged corona.

With increasing ionic strength, gradually more and more chain
ends leave the core until at [Cl]bulk = 10−4 the star is almost
completely swollen. In the last case only 5 arms form the core.
And thus, an evident increase in the value of Rg with ionic
strength is observed (Figure 2a).
With a further increase in salinity the compact core dis-

appears and the star structure becomes homogeneous. Both,
the radial polymer density and the degree of ionization profile
vary smoothly, without any jumps. The distribution of the end
points is unimodal (see Figure 3b and Figure 4a). Inspection of
Figure 2a reveals that the dependencies Rg([Cl]bulk) for the
swollen stars coincide for different χ values. In other words, the
radius of gyration does not depend on χ in this range of [Cl]bulk.
The value of χ determines the lowest concentration [Cl]bulk at
which Rg becomes independent of χ.
Swollen Star Conformation. For better understanding

the structural transition at χ > 0.5, we turn to the behavior of
the star at Θ-conditions χ = 0.5. This case has been studied
extensively in ref 45. The star profiles are given in Figure 5a−c
in the same manner as for χ = 1.5, each curve matches one
point lying on the χ = 0.5 curve in Figure 2a. In this case for
neutral star, the water appears to be the Θ-solvent, the volume
interactions becomes repulsive; therefore, in this case for
charged stars there is no interplay between steric and elec-
trostatic forces, both of them is repulsive. Since there are no
attractive forces the formation of a globular core is impossible.

Figure 4. The radial distribution of the number of end segment,
nends(r), of a polyelectrolyte star. (a) Zoomed-in part of the end
distribution is given in the main figure and the inset gives the overall
distributions of the free ends for χ =1.5 and (b) χ = 0.5. The lines are
obtained for a series of salt concentration [Cl]bulk values as in Figure 3
and Figure 5. Parameters: M = 50 and N = 250.
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Nevertheless, the general trend for the Θ-solvent case, i.e.,
Figure 5, is similar to the star in poor solvent (cf. Figure 3).
Moreover, at high salt concentration, when the star is in the
homogeneous swollen state, the characteristics are the same for
both solvent strengths (see Figure 2a,b and Figure 3, Figure 5,
Figure 4a,b, red lines marked with squares, [Cl]bulk = 10−2).
Hence, not only the radius of gyration but also other char-
acteristics of the swollen star are functions of the electro-
static interactions only. As in this regime the electrostatics
dominate,24,25 all star conformations respond in the same
way on ionic strength and the χ values are not essential.

This conclusion applies to the right-hand side of Figure 2a,b
where the curves corresponding to various χ have merged
together.
The decrease of the size of the star with increasing salt

concentration, is typical for a polyelectrolyte brush in the salted
brush regime24,25,47 and is understood in terms of the elec-
trostatic excluded volume, which depends on the Debye length.
There are some intricacies. For example, it is seen that the
decay of the polymer volume fraction ϕ(r) at [Cl]bulk = 10−2

(Figure 3, Figure 5) is less steep as ϕ∼r−2 expected for fully
extended arms and found, e.g., at [Cl]bulk = 10−4, but does not
yet reach the theoretical profile ϕ∼r−4/3 expected for chains
with excluded volume.
For stars at lower salt concentrations, i.e. [Cl]bulk = 10−4

and poor solvents (χ = 1.5), the compact core and the swollen
corona are observed. For the χ = 0.5 case, there is no singular
behavior in the center and the star remains completely un-
folded. As it is seen from Figure 3, Figure 5, and Figure 4a,b,
the behavior of the corona of the star is the same in Θ- and in
poor solvents. More specifically, the radial decrease of the
polymer density follows a power-law ϕ∼r−2 decay, which is
specific for a polyelectrolyte star at low [Cl]bulk.
Again, the conformation of the star turns out to be the most

complicated at the lowest salt concentration, [Cl]bulk = 10−6. We
recall that for poor solvents the polymer density profile has
two regions with different scaling dependencies. For the
Θ-condition case the radial decay near the center approximately
goes as ϕ∼r−1. Hence, most of the arms obey the law for
Θ-conditions (ideal chains that have no charge) and reside
not too far from the center of the star. The chain parts that
escape from this Θ-region become charged, thus have
polyelectrolyte behavior and the distribution of the free ends
is very wide (Figure 5b, Figure 4b). As is seen from Figure 4b,
approximately nine terminal monomers distribute almost
uniformly throughout the outer region of the star.
In the Θ-solvent case, we do not see the microphase

segregation. Figure 5 and Figure 2 indicate that all the star
conformations respond gradually to changes of the salt
concentration. The radius of gyration Rg is nonmonotonic
but there is no jump in the density distribution. In the poor
solvent case, as was shown above, there are two distinct regions
in Rg([Cl]bulk) dependence and the jump between them
becomes more and more pronounced with increasing χ.
The ability to be in a microphase-segregated state is a key

characteristic of the hydrophobic polyelectrolyte star. It is of
interest to map out this ability in terms of a phase diagram.
Microphase Segregation. The phase diagram in Figure 6

presents the star state in the plane defined by the interaction
parameters χ and the salt concentration [Cl]bulk. In this phase
diagram the darkness of an area corresponds to the number of
free ends that have fallen into the core Mcore. Hence, the white
cells correspond to stars that are completely swollen and the
black ones represent the fully collapsed stars. It is clearly seen
that the transition boundary is smeared and the collapse of the
star goes continuously through a spectrum of intermediate
semicollapsed states, i.e., the quasi-micelles.
Figure 7 and Figure 8a,b detail the changes in the con-

formational characteristics of the star according to one vertical
and two horizontal cross sections through the phase diagram
Figure 6. In these Figures, the line marked with diamonds are
the number of ends that have partitioned into the core Mcore =
MβM, the lines marked with triangles correspond to the fraction
of monomers in the core Ncore/N = MβN where we introduced

Figure 5. Double−logarithmic plot of the radial distribution of volume
fraction, ϕ(r) (a), the corresponding distribution of the free end
segments, ϕends(r) (b) and the degree of dissociation, α(r), of the
polyelectrolyte star (c). These characteristics are given as functions of
the distance from the center r for χ = 0.5 and various [Cl]bulk values.
Each curve corresponds to one of the marks in Figure 2a, and we refer
to this figure for other details.
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βM and βN as the fraction of the terminal groups and fraction of
all monomers that are in the core. It is remarkable that there is
a strong correlation between these quantities, which points to a
model of the collapse of the star for which the core of the star
consists of monomers of completely collapsed arms, augmented
with monomers of passing-through arms (that form the corona).
The presence of passing through arms explains why the values of
Mcore are a bit less than those of Ncore/N.
Comparison of parts a and b of Figure 8 shows that at a

moderate ionic strength, i.e., around [Cl]bulk = 10−4, the formation
of the core goes gradually with changing χ. At a lower salinity
[Cl]bulk = 2.5 × 10−6 this process proceeds in a step-like manner:
the core, which then contains the majority of arms appears
suddenly. This fact is also noticed in the phase diagram Figure 6,

wherefore at higher salt concentrations, [Cl]bulk, the boundary is
more blurred.
The lines marked with circles and filled diamonds in Figure 7

and Figure 8a,b give the core radius and a value of radius
calculated on the assumption that the core density is equal to
unity ((3/4π)Ncore)

1/3, respectively. Both measures give very
similar results proving that the density in the core is indeed
close to unity. Note that Rcore is non monotonic at low ionic
strength, i.e., at [Cl]bulk = 2.5 × 10−6 while is monotonic at
[Cl]bulk = 10−4.
The collapse of the hydrophobic polyelectrolyte star

obviously depends on the architectural parameters N (length
of the arms) and M (number of arms). In Figure 9a, we present
the fraction βM of ends that have accumulated in the core versus
the number of arms M, for different lengths of the arms N =
100, 250, and 500, at χ = 1.5, and [Cl]bulk = 10−4. The larger the
lengths of the arms, N, the less cooperative is the uptake of the
arms in the core, i.e., the less the fraction βM. At the same time,
for given arm-length, the fraction of ends in the core increases
with increasing M. For each N, βM reaches a plateau at high M.
The presence of a plateau explained by the fact that for large
M/N fraction the star more and more resembles the planar
brush. In the following section we shall consider this
dependency in detail using the scaling arguments.

Figure 6. Phase diagram in χ − [Cl]bulk coordinates illustrating the
transition between stars that are swollen or are in the quasi-
micellar state. The darkness of each cell corresponds to the
number of the free ends that reside inside the core. This means
that the black cells correspond to the fully collapsed star and the
white cells are for the swollen stars. Dashed lines mark the cross
sections which are shown in Figure 7 and Figure 8. Parameters:
M = 50, N = 250.

Figure 7. Vertical cross-section of the phase diagram corresponding to
the χ = 1.5. In this graph we plot various quantities as a function of the
salt concentration: Mcore is the number of free ends that have
partitioned into the core, Ncore/N is the fraction of monomers in the
core and we have two measures for the size of the core Rcore, as
indicated. Parameters: M = 50, N = 250. Curves in plots are guides for
eyes.

Figure 8. Horizontal cross sections through the phase diagram
Figure 6. Plotted are: Mcore, that is, the number of free ends that have
partitioned into the core, Ncore/N which represents the fraction of
monomers in the core and two measures for the size of the core Rcore as
a function of the solvent quality χ. (a) For [Cl]bulk = 10−4 and (b) for
[Cl]bulk = 2.5 × 10−6. Parameters M = 50, N = 250. The non-
monotonicity of the curves in part b are artifacts due to the use of the
lattice. Curves in plots are guides for eyes.
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In the Figure 10, the radius of gyration Rg as a function of
the length of the arms N is depicted in double logarithmic
coordinates for various salt concentrations [Cl]bulk and poor
solvent conditions. For the highest salt concentration, [Cl]bulk =
10−2, we find that the radius of gyration scales as Rg ∼ N3/5,
which is the same as for the star (or single chain) in good
solvent conditions. The star show such behavior because its size
is defined by electrostatic excluded volume. We have seen the
same case in Figure 5 and Figure 3 where at high salinity the
distribution of free ends has a bell-like shape.8 When the salt
concentration drops to moderately low values, [Cl]bulk = 10−4, it
is found that Rg(N) has two regimes: for sufficiently low
degrees of polymerization N, the star is collapsed and Rg ∼
N1/3, whereas for very high degrees of polymerization the arms
are fully stretched and Rg ∼ N. Inbetween these regimes, that is,
at intermediate lengths of the arm, the star is in a quasi-micellar
states. At very low ionic strength, [Cl]bulk = 10−6, only the
collapsed and the intermediate quasi-micellar state is found for
the arm length range used in the calculations.
Note that from Figure 10, it follows that for the star with

M = 25 arms the nonmonotonic dependence of Rg([Cl]bulk) was
observed only at N > 200. At lower N values this dependency is
monotonic, i.e., Rg([Cl]bulk = 10−6) < Rg([Cl]bulk = 10−4) <
Rg([Cl]bulk = 10−2).

4. THEORETICAL ANALYSIS

The Basic (Reference) System. It is well-known and
discussed in various works, e.g., refs 9, 29, 30, and 48−50, that a
basic understanding on how a brush structure depends on the
physical properties of the system, in particular on the solvent
composition, can be constructed on knowing the phase diagram
of a simple reference system, implementing a membrane model.
We follow this strategy and therefore consider a solution of
polymer with N → ∞ in a membrane equilibrium with the
solvent, which will be referred to as the basic system and is
illustrated in Figure 11. In such a system as in a polymer brush,
the translation entropy of chains is absent. However unlike for a
star (spherical brush) the basic system is homogeneous. To
understand the nature of the microphase segregation in the
polyelectrolyte star systems, we have to match the polymer
properties and other physical chemical properties of the basic
system with that of the polymer star.
Let us next specify the reservoir, which is separated from the

polymer solution by a semipermeable membrane (see Figure 11).
In the reservoir we find the solvent composed of water and
monovalent ions Na+ and Cl− with so-called “bulk” conditions.
In the system we thus have a solution of infinitely long
polyelectrolyte chains. All values marked with an index “bulk”
refer to the right-hand side and all values without an index refer
to the left-hand side of the figure.

Figure 9. (a) Fraction of the end monomers in the core βM = Mcore/M
for hydrophobic polyelectrolyte stars as a function of the number of
arms M, for various lengths of the arms N as indicated. Parameters:
χ = 1.5 and [Cl]bulk = 10−4. Curves in plot are just guides for eye . (b) The
same data as in part a but plotted as a function of M/N2. The same marks
in both graphs correspond to the same N. It is seen that, in this case, all
the curves are very close together.

Figure 10. Radius of gyration as a function of the degree of
polymerization of the arms in double logarithmic coordinates. The
number of arms is set to M = 25, solvent quality χ = 1.5 and the
dependence is given for various values of the ionic strength [Cl]bulk as
indicated. The various slopes that are discussed in the text are
indicated.
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The membrane inhibits the translation of the polymer, but
does not hinder the translation of the small species. Hence these
species can equilibrate between the system and the bulk. The sol-
vent parameters pH = −log10[H3O]bulk and ionic strength Φbulk

ion ,
are specified in the bulk.
Let the concentration of polymer in the left-hand side be

given by φ. As usual the energy of polymer−solvent contacts is
parametrized by the χ parameter, then the expression for the
free energy density can be written as

(5)

Here the first term is the entropy of polymer and solvent
mixing, the second is the energy of volume interactions.
The last two terms account for the polyelectrolyte features,
implementing the annealed charge character of the polymer
segments. The third one is the entropy associated with the
distribution of charged and uncharged segments along the
polyelectrolyte chain. Here α(φ) is degree of dissociation
(fraction of charged group on the chain). The fourth term
is the osmotic pressure caused by the difference in ion
concentrations between the right and left sides of the
membrane.
A few notes are in place. In this Ansatz, we assume that the

solvent is a single component and therefore, in the first con-
tribution we do not take the entropy of mixing of the ions into
account. Instead we have introduced the excess of the osmotic
pressure. We further assumed (in line with the calculations)
that the energies of contact between water and polymer and
between polymer and ions are the same. We ignore Coulomb
interactions, which is reasonable as long as the Debye length is
sufficiently small.9,23,44 The last two polyelectrolyte terms
implements the so-called local electroneutrality approximation
(LEA).
Ionization Degree of Weak Polyelectrolyte (Local

Electroneutrality Approximation). As we said in the
Model and Methods, we consider a polyelectrolyte as a
polyacid, assuming that each polymer segment can be
ionized

(6)

Here we just rewrote the ionization eq 1 in a simplified form by
replacing [H3O] ≡ [H]. The dissociation constant K and the
pH determine the degree of dissociation:

(7)

The LEA concept assumes a complete compensation of all
charges everywhere in solution. In other words, it dictates the
equality of concentrations of all negatively and all positively
charged ions at any point of the system. Hence, in the LEA we
have for left-hand side of Figure 11

(8)

The relation of co- and counter- ions in the right and left
sides is determined by the Donnan rule. In the case of mono-
valent ions this rule gives

(9)

By the substitution the ion volume fractions expressed in terms
of [H]bulk/[H], one arrives at a quadratic equation

(10)

where Φbulk
ion as mentioned above is concentration of all mobile

ionic species, i.e. Φbulk
ion = [Cl]bulk + [Na]bulk + [OH]bulk + [H]bulk.

The solution leads to an expression for the degree of ionization
α(φ) following from eq 7

(11)

In this expression K and [H]bulk are found only in the com-
bination [H]bulk/K. This means that all the polyelectrolyte
properties depend on pH and pK only as this relation or as
the difference pH − pK. Figure 12(a) gives the concen-
tration dependence of the degree of ionization α(φ) for various
values of the salt concentration Φbulk

ion . Here and below we use
[C1]bulk ≃ Φbulk

ion /2 for the convenience of comparison with
numerical results. The value αbulk depicted in this figure is the
degree of dissociation of the polymer in the limit of zero
polymer concentration. It is seen that the degree of ionization
decreases with the increasing polymer concentration and with
decreasing salinity. The approximate equations are presented
in eq 3.
The last term of eq 5 is connected with the excess osmotic

pressure of the mobile ions. The value is evaluated by adding
up concentrations assuming ideality (van’t Hoffs law), ΔΠosm =
∑i[i]bulk − ∑i[i], where the summation is going over all types
of mobile ions, i.e.

Figure 11. Schematic illustration of the solution of an infinitely long
polyelectrolyte chain in a membrane equilibrium (the membrane is
indicated by the vertical dashed line) with a low molecular weight
(1:1) electrolyte solution.
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or

(12)

Polyelectrolyte Phase Behavior. Now armed with the
equations for the free energy, a dependence for the degree
of dissociation of the segments and a formula for the excess
osmotic pressure, we can evaluate the polyelectrolyte phase
behavior. By neglecting the constant term Φbulk

ion, we can
rewrite the expression 5

(13)

which must be analyzed in combination with eq 11
Using this pair of equations, we can evaluate the chemical

potentials of the solvent and the polymer, μs(φ) and μp(φ)

Here, for simplicity, we have omitted the indices of the value of
ionic strength, designating Φbulkion as Φ
Let the polymer volume fraction be φI in the phase (I) and

φII in the phase (II). Coexistence between the two phases
implies that the corresponding chemical potentials have to be
equal to each other, namely

In Figure 12b, a set of phase diagrams (coexistence curves or
binodals) are given for different [Cl]bulk. In Figure 12c, one
of the phase diagrams, corresponding to [Cl]bulk = 10−2, is
given in more detail for which not only the binodal, but
also the spinodal is presented. The latter is given by the
condition

The shaded regions, those are within the binodal, are “forbidden”
zones and correspond to the phase separation or phase
coexistence regions. The darkest region, that is within the
spinodal, represents the region where one phase system is
unstable. Between the binodal and spinodal (light gray) the one
phase system is metastable. In the lowest point on the binodal, or
where the binodal and spinodal tough, one finds the critical point.
As it is seen from Figure 12b,c, for given χ higher than the

critical value, the binodal specifies the concentration of poly-
mer in the two coexisting phases, namely one which is dilute in
polymer (φ1 on the left-hand side) and one (φ2 on the right-
hand side) which has a high polymer concentration. Combining
this with Figure 12a, we see that in the solution with a low
concentration polymer has a high degree of ionization, and in

Figure 12. (a) Degree of ionization α(φ) as a function of the polymer
concentration for various values of the salt concentration [Clbulk]. (b)
Phase diagrams for the basic system in the χ − φ plane for the same set
of [Clbulk]. The area bounded by rectangle is depicted in panel c. (c)
Zoomed in part of panel b. The shaded regions are the “forbidden”
compositions, where the system is in two-phases state. The dark gray
region, within the spinodal is instable, the region between the binodal
and spinodal (light gray) is metastable. At χ = χS the system is in two-
phases state with two polymer concentrations presented, namely
φ1 (dilute) and φ2(concentrated). The critical density is indicated by
φc. Parameters pH − pK = 1.
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the concentrated solution has a vanishing low degree of
ionization. At [Cl]bulk = 10−6 the size of two-phases region in
Figure 12b is relatively large. With increasing ionic strength the
two-phases region narrows and the critical point is shifting up
and to the right, that is, to higher χ and φ values.
For comparison with numerical results (i.e., with Figure 6)

Figure 13 shows the phase diagram in (χ, [Cl]bulk) coordinates.

The lines in figure are presenting the ordinate of critical point
(see Figure 12b,c) depending on [Cl]bulk. It is seen that at given
pH − pK the critical point shifts to higher value of [Cl]bulk with
increasing of χ. Increase in the difference pH − pK, which leads
to increase of α, shifts the phases coexistence curve (phase
of the dilute polymer solution with high α and phase of highly
concentrated solution with low α) to higher value of χ. This
means that the increased hydrophilicity requires greater hydro-
phobicity to form the collapsed phase.
Basic System and Amphiphilic Polyelectrolyte Star.

Let us now summarize the main conclusions that follow from
the numerical SCF modeling.

1 Homopolymeric stars with ionizable and hydrophobic
(in noncharged state) monomers in aqueous solutions
are collapsed at extremely low salt concentration. The
collapsed star unfolds with increasing salt concen-
tration.

2 The transition from a compact collapsed star to a
hydrated swollen star proceeds gradually through an
intermediate quasi-micellar state. The quasi-micellar state
is characterized by a compact and almost neutral core
decorated by a swollen polyelectrolyte corona.

3 The polymer density in the corona near the core is
higher at higher salinities.

4 The arms of a hydrophobic polyelectrolyte star choose
between two distinct conformations: a fraction of the
arms is completely included in the core, whereas the re-
maining arms pass through the core (leaving as few
segments as possible behind) and form the corona.

5 The increase in the arm length N leads to the unfolding
of the star, whereas the increase in number of arms M
contributes to the collapsed state.

We can translate the results from the membrane-system to
the case of a polymer star by the insight that the concentrations
forbidden in the membrane system, must be avoided in the
polymer star. Hence, states that are within the binodal in the
basic system cannot be realized in a polymer brush.29,30,48,50 In
this context, it is natural that the hydrophobic polyelectrolyte
star at χ value higher than the critical point in Figure 12b should
be in a two phases coexistence. Or, for example, for a given χ, a
reduction of the salt concentration will generate a more sparse
corona, and therefore a larger core. Conversely, with increasing
salt concentration the core size diminishes and at some point
looses its stability.
These theoretical findings completely explain the behavior of

a star obtained in the current study and specifically enumerated
in items 1, 2, and 3. As follows from the phase diagrams in
Figure 12b, the left branch of binodal is shifting to lower φ with
the decrease in the salt concentration [Cl]bulk. That is why the
star coronas have to be sparser, the jump in polymer con-
centration at the core−corona interface broader, and the core
larger at lower concentration [Cl]bulk. Comparison of phase dia-
grams in Figure 6 and Figure 13 also shows a good qualitative
agreement.
However, while there is good qualitative agreement there

is also a marked quantitative discrepancy. Difference between
numerical calculations and those given by basic system is shown
in Figure 14. Here the binodals of the basic system given by

Figure 12b are shown corresponding to two salinities, and are
compared with those given by numerical experiment, i.e., with
the values of polymer density φ(r) taken in two nearest to the
core−corona interface external and internal layers (roughly
speaking that is φ(Rcore + 1) and φ(Rcore − 1), respectively) . It
is seen that the polymer density values in the core fit well on
the right branch of binodals, while in the corona these values
are shifted to the higher φ. For a given value of [Cl]bulk binodal
of the star appears to be within the binodal of the basic
system. The star critical point, i.e., the conditions when the

Figure 13. Phase diagram of the basic system in (χ, [Cl]bulk) lin−log
coordinates. Three lines for systems with different values of pH − pK
are presented as indicated. To the left of the lines is the phase, where
the polymers are strongly charged and have a low concentration.
To the right the concentration is high and the polymers are weakly
charged.

Figure 14. Phase diagrams in the χ−φ plane for two [Clbulk] values as
indicated. These phase diagrams (solid lines) are similar to those
presented in Figure 12b, but in contrast here, for comparison,
diagrams are also computed on the basis of the numerical method.
Squares and circles in the picture matches the polymer density in core
and corona near the core−corona interface at [Cl]bulk = 2.5 × 10−6 and
[Cl]bulk = 10−4 respectively (cf. Figure 3). All the star and the solvent
parameters are chosen the same as in Figure 12.
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quasi-micelle is loosing stability and the star becomes swollen,
lies higher than in basic system one (compare Figure 13 and
Figure 6).
This quantitative discrepancy is not surprising. In contrast to

the homogeneous basic system, considered star is essentially
heterogeneous small nanosystem. Developing a rigorous theory
of the conformational transformations is beyond the scope of
this work. Let us restrict the discussion to two features of
the star which are not taken into account in the basic system.
The first is the significant role of the free energy penalty in the
core−corona interface, which leads to destabilization of the
compact core.51−53 We believe that the upward shift of
the critical point, obtained for a two-phases conformation of the
star, relatively to that for the basic system, is mainly due to the
contribution of interface energy.
The second feature is the fact that the corona in quasi-micelle

(or the star in a swollen state) is a spherical brush and has all
typical for brush properties. Peculiarities of the brushes
thermodynamics lead to the features of the two-phases star
structure presented in items 4 and 5.
Microphase Coexistence in Brushes. Let us show, that

the separation of arms of the star in two populations, which has
been observed in the numerical calculations, is caused by the
properties of swollen polymer brush. In our case, this is the
corona of the star. Indeed, regardless of the brush topology and
the nature of the interactions in the brush, at a given molecular
mass of grafted chain per unit of grafting surface, a free energy
is always less for the sparse brush of long chains than for more
dense brush of short chains.29 Let us confirm this argument in
the basis of simple scaling relations for free energy of different
brush topologies. Let us begin from a planar brush.
Per unit area, the free energy of a flat brush of chains of

length N, grafted with a density σ can be represented as7

(14)

where n = Nσ is the effective length of the chains normalized
per unit surface area. Parameters A and β depend on the
interaction character according to Table 1a (cf. ref 7). As is

seen from the table, at a given n the value of F in eq 14 is always
increasing with σ, i.e.

(15)

So, the free energy of swollen brush always decreases with
decreasing grafting density σ.
A similar free energy pattern presents itself for stars. In this

case the number of arms M plays the role of the grafting den-
sity. Using the scaling expressions in a quasiplanar approx-
imation7,8 we have

(16)

Here, n = MN and the terms A, γ and β are characteristic for
the type of interactions the polymers experience, according
to Table 1(b). Now, analogously to the flat brush case, we
find that the magnitude of the free energy is increasing function
of M.

(17)

The tendency to minimize M can only be realized in micro-
phase segregated conditions, that is, when there is a second
compact phase of which the thermodynamical characteristics
are fully given by the number of monomers it contain: the ther-
modynamics of a swollen corona enforces that upon extraction
of a chain from the corona it must enter the core as a whole.
This result explains item 4 formulated in the beginning of
this paragraph and assists the rationalization of item 5. More
specifically, this generic argument explains why we do not
need to consider arms that are partly in the core and partly in
the corona.
As was shown, the formation of a core requires the transfer

of branches from a swollen corona into the core. According to
eq 16 and Table 1b, the free energy per branch of an annealed
polyelectrolyte star in low salinity solution is given by

(18)

and free energy per monomer

(19)

These equations show that the free energy per monomer
strongly decreases with increasing arm length, N, and with de-
creasing number of branches M. At the same time, the monomer
free energy in the core does not depend on these parameters

(20)

That is why, at given solution conditions, the star is collapsed
when N is small and swollen for large N and the growth in
number of arms leads to a collapse. The fact that at fixed solu-
tion parameters the conformation of a star depends on M/N2 is
shown in Figure 9b, wherein it was shown that all the curves in
Figure 9a more or less overlap when the fraction of monomers
in the core is plotted as a function of M/N2.
The results presented here also allow us to interpret the re-

ason for the shift between left branches of the binodals plotted
for the star and for the basic system (see Figure 14). As it is
seen from eq 19 monomer free energy of a spherical brush (star
corona) is smaller for a longer branch. That is not surprising.
The spherical geometry gives more space to chain fragments
that are further from the curvature center. Since for weak poly-
electrolytes at low salt concentration, the degree of ionization α
increases with decreasing concentration φ, the distant from the
center monomers are ionized stronger, and their free energy is
the smaller the further they are removed.

Table 1. (a) Values for the Free Energy Parameters A and β
for Flat Polymer Brushes and (b) Values for the Free Energy
Parameters A, β, and γ for Polymer Stars at the Indicated
Conditions

(a) Flat Polymer Brushes

β = 2, A > 0 uncharged brush in Θ-solvent
β = 5/3, A > 0 uncharged brush in good solvent, polyelectrolyte

brush in high salinity solution (salt regime)
β = 1/3, A < 0 weak polyelectrolyte brush in low salinity solution
β = 1, A =
A0logσ, A0 > 0

strong polyelectrolyte brush in low salinity solution

(b) Polymer Stars

γ = 0, β = 3/2,
A > 0

uncharged star in Θ-solvent

γ = 1/5, β = 7/5,
A > 0

uncharged star in good solvent, polyelectrolyte star in high
salinity solution (salt regime)

γ = 5, β =− 1,
A < 0

weak polyelectrolyte star in low salinity solution
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In the core−corona equilibrium each branch is involved as a
whole. So the determining parameter here is not the chemical
potential of the monomer at the boundary with the corona, but
the chemical potential of the monomers of the whole branch
(or free energy per monomer) which is given by eq 19. This
quantity is markedly less due to the contribution of distant
from the phase boundary monomers, that leads to increased
stability region to the left of the binodal and a shift of the
binodal toward higher φ.
Polyelectrolyte Star Collapse Model. Now, using the

argumentation given above, we may present a model that de-
scribes the formation of semicollapsed (quasi-micellar) star
conformations. We consider a simple model schematically
drawn in Figure 15a. Again, there are M = 50 arms in the star,

each with length of N = 250 segments. The star is considered to
be spherically symmetric as in the numerical model given in
Figure 1b. In the Collapse Model, we consider the star in a
quasi-micellar state with one part of the arms in the collapsed
core (these chains are uncharged) and the remaining arms in
the swollen corona.

As follows from phase diagrams in Figure 12a,b and as is seen
from the numerical calculations, the collapsed core is formed by
uncharged (or at least weakly charged) arms of the star. Let us
therefore assume in the model that the polymer density in
the core is homogeneous and the branches in the corona are
strongly stretched (for example due to the osmotic pressure of
the counterions). The core consists of its own totally collapsed
arms and passing parts of the corona arms which are almost
completely stretched. Because of the force balance those parts
of arms which are just near the core−corona interface are
stretched uniformly on the both sides of this interface.
With the specified assumptions about the conformations of

the arms, it is possible to estimate how the radius of the core
depends on the solution and star parameters. Let us assume
that the polymer density in the corona near the core is φcorona,
and the density in the core is φcore and Mcore is the number of
arms that form the core, then

When φcorona and φcore are identified by the binodal con-
centration φ1 and φ2 given in Figure 11, we can extract a
prediction for the core radius as a function of the solvent
quality. But as we have discussed above, there can not and
should not be a quantitative agreement between the results
from the basic system and from the numeric frameworks. So
here, just to show the wellness of the model, we shall not use
the φcorona and φcore given by the basic system, but take these
values from numeric calculations. In this case φcorona and φcore
are the values of polymer density profile φ(r) corresponding to
the nearest to the core−corona interface layer, that is φ(Rcore + 1)
and φ(Rcore − 1) respectively. This concentrations are given in
Figure 14.
Figure 15b shows the Rcore(χ) dependency for two values

of the salt concentration namely [Cl]bulk = 2.5 × 10−6 and
[Cl]bulk = 10−4. For comparison, in this figure corresponding
data from numerical calculation are given (see Figure 8a,b).
It is seen that the results are in good agreement: both de-

pendencies marked with filled circles and filled squares has the
beginning at χ = χC, which corresponds to a critical point in the
phase diagram in Figure 14. The values of Rcore computed in
numerical section experience jump at this point, R changes
from the radius of grafting sphere R0 to Rcore. At [Cl]bulk = 10−4,
Rcore monotonically increases with χ and reaches a limiting size
in very poor solvent conditions. For very poor solvents, the
core size, Rcore, corresponds to densely packed core. The
limiting core size is reached nonmonotonically at low salinity,
[Cl]bulk = 2.5 × 10−6. As has been discussed in the Results, at
low salinity conditions the star collapse goes abruptly so that
almost all branches retract into the core in a narrow χ range.
Despite the fact that all the branches are collapsed and situated
in the core, they are not packed compactly. That is why we see
the nonmonotonic Rcore(χ) dependency.
So here we see that properties of the quasi-micelle are

consistent with properties of both corona and core phases, by
means of our model. That makes it possible to calculate the size
of the quasi-micelle core by knowing the concentrations in core
and corona. Also, using the fact that right branches of both
binodals, one corresponding to basic system and another to
numerical experiment, fit well to each other (see Figure 14),

Figure 15. (a) Illustration of the Collapse Model. Here parameters of
the model are specified: the size of the core Rcore, the polymer volume
fraction in the core φcore, and in the corona near the core φcorona.
Dotted line shows the core−corona interface. (b) The size of the core
Rcore(χ) as a function of the solvent quality χ as found by the Collapse
Model, for two values of the salt concentration as indicated (filled
squares and circles). The horizontal dotted line represents the radius
of the globule when all segments are collapsed in the core with unit
density. Here also the Rcore data computed in numerical section is
plotted for comparison (opened squares and circles). The same points
are plotted in Figure 8, parts a and b. The dashed lines are guides for
the eye. Remaining parameters pH − pK = 1, M = 50, N = 250.
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our model might help us to make vice versa the assumptions
about φcorona by knowing the Rcore and φcore from the basic
system binodal.

5. CONCLUSIONS
We have investigated structural characteristics of an annealed
polyelectrolyte (polyacid) star in water-salt solution. It is shown
that the star radius of gyration appears to be a nonmonotonic
function of the salt concentration in the solution. In the low
ionic strength region, we found a dramatic transition from a
swollen star to a compact globular one, under decreasing the
salt concentration, deteriorating the solvent or reducing the pH.
The key result of the work is that in between these extremes,
the star can be found in a quasi-micellar state with a collapsed
core composed of neutral arms and decorated by charged arms
which are solvated. These micelle-like objects have properties
that are very similar to those of the micelles composed of
copolymers and may have similar applications.
We have studied this system using a numerical self-consistent

field model, this numerical technique allows to take into account
all the contributions to the free energy of the system, so we are
not limited by necessity to count only the main one, which
determines the scaling regime of system behavior. Calculation of
the distribution of small ions was carried out by solving the
Poisson−Boltzmann equation. Basing on the numerical results
we have built a model of the collapse process using a membrane
equilibrium approach and treating the polyelectrolyte corona as a
spherical brush.
We argue that there are two populations of arms in the star:

one population constitutes the core and another one forms
the corona. Semicollapsed arms do not exist because such con-
formations do not optimize the free energy to its fullest. The
arms in the core are uncharged and melt-like. The arms in
the corona construct a star-like spherical brush, which at low
salinity increases in size with the growth of the salt con-
centration, by means of the core−corona transition of arms up
to the state when the whole star becomes swollen. With further
increase of the salt concentration, in the high salinity region, the
star size decreases, showing the usual polyelectrolyte behavior
due to the screening effect. We found that the star size scales as
Rg ∼ N1/3 when the star is collapsed, and as Rg ∼ N1 for the star
with strongly stretched arms, and as Rg ∼ N3/5 for the star in
the salted brush regime.
Our results are consistent with the experimental data,33

Monte Carlo simulations,32 and the molecular dynamics per-
formed in ref 35. Even despite the fact that35 deals with
quenched polyelectrolyte (in our work it is annealed), system
behaves similarly in many aspects. The strength of electrostatic
interactions in ref35 was controlled by the Bjerrum length lB.
We assume that this parameter plays the same role as the
salinity and pH for annealed polyelectrolytes. At large values of
lB, in the model35 as well as at low salinity in our case, we obtain
a noncharged core (due to counterions condensation at large
lBat high electrostatic interaction). With decrease in lB, the
corona surrounding core appears and grows with further
decrease in lB up to the core disappearing. The size of the star
goes through the maximum and decreases with further decrease
in lB. In such a case (salted star) there is a discrepancy in the
conformations given by MD and numerical SCF. In the MD
results, local binding within or between the star arms35,36 is
observed, whereas in our case such a structures are not seen. It
should be mentioned that, on the one hand, we can not directly
see these structures, as we include the assumption about the

spherical symmetry in our model. However, on the other hand,
we deal with annealed case, so we do not expect any non sym-
metrical conformations. We suppose that the question about
similarities and differences in the behavior of amphiphilic
annealed and quenched stars require further investigation.
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Effect of Architecture on the Phase Behavior of AB-Type Block
Copolymer Melts
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ABSTRACT: Equilibrium phase diagrams are calculated for a selection of
two-component block copolymer architectures using self-consistent field
theory (SCFT). The topology of the phase diagrams is relatively unaffected by
differences in architecture, but the phase boundaries shift significantly in
composition. The shifts are consistent with the decomposition of architectures
into constituent units as proposed by Gido and co-workers, but there are
significant quantitative deviations from this principle in the intermediate-
segregation regime. Although the complex phase windows continue to be
dominated by the gyroid (G) phase, the regions of the newly discovered Fddd
(O70) phase become appreciable for certain architectures and the perforated-lamellar (PL) phase becomes stable when the
complex phase windows shift toward high compositional asymmetry.

■ INTRODUCTION
The phase behavior of AB diblock copolymer melts has been
well studied experimentally,1 and self-consistent field theory
(SCFT)2 has been remarkably successful in explaining the
equilibrium phase behavior.3−5 Vavasour and Whitmore6

produced the first SCFT phase diagram, but it was limited to
the classical lamellar (L), cylindrical (C), and bcc spherical (S)
phases. Matsen and Schick7 then extended it to include
complex phases, predicting the gyroid (G) phase to be more
stable than the perforated-lamellar (PL) phase as confirmed
later by experiment.8 In a subsequent calculation by Matsen
and Bates,9 a narrow closed-packed spherical (Scp) phase was
predicted along the order−disorder transition (ODT), which
has since been associated with a region of densely packed
spherical micelles.10,11 Most recently, the Fddd (O70) phase was
predicted by Tyler and Morse12 and later observed in
experiment.13−15 Figure 1 shows the current up-to-date
SCFT phase diagram for AB diblock copolymer melts.
The AB diblock is just the simplest block copolymer among

an unlimited variety of different architectures. It is natural to
ask how the phase behavior changes for other architectures, but
this has proven to be a daunting task as soon as a third
chemically distinct component is involved; in fact, even the
simple linear ABC triblock exhibits so many morphologies that
we might never catalogue them all.16 Nevertheless, the phase
behavior appears manageable for those architectures comprised
of just two segment types. Among this class of architectures, the
ABA triblock is the next most studied block copolymer,17

mainly because of its commercial use as a thermoplastic
elastomer. There were also a considerable number of early
experiments on star block copolymers, formed by joining three
or more diblocks together by their ends.18−20 More recently,
though, experiments have focused on miktoarm stars21−26 and
various graft architectures.27−30 The theoretical work on AB-
type architectures is starting to catchup with experiment; SCFT
phase diagrams now exist for ABA triblocks,31,32 linear ABAB...

multiblocks,33 diblock-arm stars,34 triblock-arm stars,35 various
miktoarm stars,35,36 branched diblocks,37,38 and multigraft
combs.39

The general conclusion from these studies is that all AB-type
architectures have similar phase diagrams, but with significantly
shifted phase boundaries. The reason for the similarity is fairly
well understood. Although mechanical properties are com-
pletely altered by snipping the middle B blocks of an ABA
triblock melt in half, the free energy is relatively unaffected, and
thus its equilibrium phase diagram remains much the same as
that of an AB diblock copolymer melt.31 The same rational
applies to linear ABAB.. multiblocks, and likewise the phase
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Figure 1. Phase diagram for melts of AB diblock copolymers, showing
the stability regions of the ordered lamellar (L), cylindrical (C), bcc
spherical (S), hcp spherical (Scp), gyroid (G), and Fddd (O70)
morphologies. The dot denotes a mean-field critical point, and the
diamonds mark a couple of the difficult to resolve triple points.
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behavior of diblock-arm stars should be reasonably unaffected
by uncoupling their arms. Gido and co-workers27−29 have taken
this idea one step further, decomposing multigraft block
copolymers into constituent AmBn miktoarm stars and mapping
them on to a phase diagram calculated by Milner40 using the
strong-stretching theory (SST) of Semenov,41 which is the
infinite-segregation limit of SCFT.42 This has been successful in
explaining the compositional shift in the phase boundaries.
The effect of architecture on complex phase behavior is less

well understood. Experiments are far too time-consuming to
thoroughly address this issue, while theoretical calculations
have been computationally costly. Consequently, SCFT
calculations for the complex phases have been restricted to
relatively weak segregations, often with some of the potential
phases omitted from consideration. The Fddd morphology has
never been considered largely because it was not even
discovered at the time of most calculations, and similarly
many previous studies where not aware of alternatives to the
bcc packing of spheres. We now know of other potential
arrangements such as close-packed spheres (fcc or hcp) as well
as an A15 packing predicted by Grason and Kamien36 for ABn
miktoarm stars and later confirmed in experiment.43 Fortu-
nately, there have been a number of recent numerical
advances44−46 that allow the complex phases to be readily
examined up to high segregations. Therefore, we now revisit
the ABA triblock, linear ABAB... multiblock, diblock-arm star,
and AB2 miktoarm star architectures, updating their phase
diagrams from all the known morphologies and mapping the
complex phase windows to higher segregation. We also evaluate
a new phase diagram for combs with a B-type backbone and A-
type teeth, formed by stringing AB2 stars together, so as to
further test if the phase behavior of multigraft block copolymers
is equivalent into that of their constituent units.

■ RESULTS
There are ample descriptions of the SCFT for complex
architectures in the existing literature,31−34,38,39 and so we
forego any further repetition of the theory. It suffices to say that
we perform standard calculations for incompressible melts
using the standard Gaussian chain model with conformational
symmetry between the A and B segments.3 Our study considers
five different architectures, where the constituent units are
either the AB diblock or the AB2 miktoarm star. The relevant
parameters are the number of segments per constituent unit, N,
the standard Flory−Huggins interaction parameter, χ, and the
volume fraction of the A component, f.
After the AB diblock architecture, the symmetric ABA

triblock, formed by joining two identical AB diblocks together
by their B ends, is the most common block copolymer. Its
phase diagram is shown in Figure 2, which extends the previous
calculation31 to show the gyroid (G) channel to much higher
segregation and to include the Fddd (O70) morphology. Since
the triblock is formed by joining two diblocks together, the
phase diagram is expected to be similar to Figure 1 when N is
defined as the half of the total polymerization, and indeed it is.
Nevertheless, the phase boundaries are shifted somewhat and
the symmetry about f = 0.5 is now broken. Interestingly, the
stability regions of the O70 phase are about half again as large as
those of the diblock copolymer melt, but the regions of the
close-packed spherical (Scp) phase are somewhat narrower.
Naturally, we can create ever larger linear multiblocks by

joining more diblocks together by their equivalent ends. As the
number of blocks increases, the system reaches an asymptotic

limit,47 previously investigated by Matsen and Schick.34 Figure
3 extends that calculation by plotting the complex phase

channel to far higher segregation and testing for the O70, Scp,
and SA15 phases. As expected, the topology of the phase
diagram remains equivalent to that of the diblock copolymer
melt, since the multiblock architecture is just a string of
diblocks joined together. In the limit of an infinite number of
blocks, the phase diagram again becomes symmetric about f =
0.5. Continuing the trend from the diblock to the triblock, the
multiblock architecture has slightly larger O70 regions and
narrower Scp regions.
Another way of joining diblocks together is by connecting,

for example, the B-ends to form a diblock-arm star. This is
evidently the first system for which experiments18−20 observed
a gyroid morphology, although it was mistakenly identified as a
double-diamond morphology. This misassignment was cor-
rected48 shortly after SCFT calculations34 predicted gyroid to
be more stable than double-diamond. The SCFT calculations,
however, only explored the complex phase channel at weak
segregations and furthermore did not test for the O70, Scp, and
SA15 phases. Figure 4 now provides a more complete phase
diagram for 9-arm stars. Although the topology of the diagram
remains equivalent to that of the diblock, there are particularly
large shifts in the phase boundaries. Equally significant is the
fact that the O70 regions are far bigger than those of the

Figure 2. Phase diagram analogous to that of Figure 1, but for
symmetric ABA triblock copolymers. Here N is the degree of
polymerization of the diblocks formed by snipping the triblocks in half.

Figure 3. Phase diagram analogous to that of Figure 1, but for infinite
linear ABAB... multiblock copolymers. Here N is the degree of
polymerization of the diblocks formed by cutting all the blocks in the
middle.
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previous architectures, while the Scp regions are particularly
narrow.
In general, the constituent units of AB-type architectures are

AmBn miktoarm stars, where m arms are entirely composed of A
segments and n arms are made up of entirely B segments.27−29

Grason and Kamien36 have calculated phase diagrams for m = 1
with n = 2, 3, 4, and 5, but they did not consider the perforated-
lamellar (PL) and Fddd (O70) phases. Therefore, we redo the
calculation for the AB2 star, which is the simplest version
beyond the trivial diblock where m = n = 1. The new phase
diagram in Figure 5 exhibits a sizable O70 region on the large-f

side of the diagram, where the B-component forms the network
and the A-component forms the matrix. More interestingly,
however, is the emergence of a stable PL region on the same
side of the phase diagram but at higher segregation. To the best
of our knowledge, PL has only been previously predicted to be
stable for diblock/homopolymer blends49,50 and never for a
neat block copolymer melt. It is also worth noting that the
closed-packed spherical (Scp) regions are substantially larger
than for the other architectures.
By joining the AB2 miktoarm stars together in a series by

their B ends, one obtains a comb block copolymer with a B-
type backbone and A-type teeth. As our last example, Figure 6

plots the phase diagram of the comb architecture in the limit
where it has an infinite number of teeth. The phase diagram for
a finite number of teeth will naturally be intermediate to
Figures 5 and 6. For the most part, stringing the stars together
to form a comb has little effect on the phase diagram, but it
does cause a substantial increase in the size of the complex O70

and PL regions. There is also a significant narrowing of the Scp
regions, so much so that the one on the right vanishes for our
range of segregations (i.e., χN ≤ 50).

■ DISCUSSION

According to SST, the free energy of a strongly segregated
block copolymer melt should be relatively unaffected by
snipping in half those blocks that have both ends constrained to
the internal A/B interfaces. This leads to the hypothesis that
complex architectures can be decomposed into constituent
units,27−29 implying that Figures 2−4 should closely resemble
the AB diblock phase diagram in Figure 1, while Figure 6
should approximately match the AB2 star block phase diagram
in Figure 5. This principle is vaguely accurate near χN ≈ 50 and
must become exact in the infinite-segregation limit (i.e., χN →
∞).42 Nevertheless, there are significant deviations in the
intermediate-segregation regime, and there are also consid-
erable shifts in the order−disorder transition (ODT). The latter
occurs simply because architectures composed of fewer units
result in more free ends per unit volume, and end segments are
able to escape their domains more easily than middle segments
which promotes the disordered state.
One might suspect that architecture could have a big effect

on the complex phase behavior, since the free energy
differences between the competing phases are relatively small.
However, there is no dramatic change. The gyroid (G) phase
continues to dominate the complex phase channel, and the
newly discovered Fddd (O70) phase remains stable extending
down to the mean-field critical point just as it does for diblock
copolymer melts.51 In the diblock copolymer system, the
predicted O70 regions are rather small and thus prone to the
effect of fluctuations.52 However, O70 does evidently survive
fluctuations given the fact that it has been identified by
experiments in diblock copolymer melts,13−15 although this
may have been aided by conformational asymmetry.46 Never-
theless, we can expect the O70 phase to be a common feature of
AB-type block copolymer melts, given that its predicted
stability regions are significantly larger for all the other

Figure 4. Phase diagram analogous to that of Figure 1, but for 9-arm
star block copolymers where each molecule is formed by joining 9
diblocks together by their B-ends. Here N is the degree of
polymerization of each diblock arm.

Figure 5. Phase diagram analogous to that of Figure 1, but for AB2 star
block copolymers where each molecule has one A-type arm and two
identical B-type arms. The change in architecture results in additional
stability regions for the ordered A15 spherical (SA15) and perforated-
lamellar (PL) morphologies. Here N is the degree of polymerization of
the entire molecule.

Figure 6. Phase diagram analogous to that of Figure 5, but for a comb
architecture where the backbone is type B and the regularly spaced
teeth are of type A. Here N is the degree of polymerization per tooth.
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architectures we examined, particularly so for the star and comb
block copolymers.
As expected from the decomposition principle, the A15

spherical (SA15) phase occurs for combs (Figure 6) in the same
place that Grason and Kemien36 predicted it for AB2 miktoarm
stars (Figure 5). Likewise, the perforated-lamellar (PL) phase
occurs in the same region of both phase diagrams. Not
surprisingly, its occurrence between the L and G morphologies
is precisely where it is most metastable in the diblock phase
diagram. Even the preferred version of the PL phase, where
perforated layers pack in an abcabc... sequence, is the same as in
the diblock system.46 We suspect that PL becomes stable for
the star and comb architectures because the complex phase
window has been shifted toward high asymmetries, where the
majority-component layers are particularly thick. It has been
shown that the PL phase is only metastable in diblock
copolymers because of packing frustration in its majority-
component layers.53 This conclusion stems from the fact that
PL can be stabilized with the addition of majority-component
homopolymer.49,50 Likewise, we attribute the stability of PL in
Figures 5 and 6 to a reduction in packing frustration that results
from the extra thickness of the majority-component layers.
Just as in the diblock system, all the phase diagrams have

triple points (denoted by diamond symbols) along the ODT
beyond which there are narrow regions of the close-pack
spherical (Scp) phase. Although it is missing from the right side
of Figure 6 for the comb architecture, we expect that it does
become stable at some point beyond the range of the plot. In all
cases, the hcp symmetry was slightly more stable than the fcc
packing of spheres as found earlier for the diblock
architecture.46 Although Grason et al.37,38 predict fcc regions
along the ODT for number of different architectures, this is
evidently because they did not consider the hcp arrangement.
Interestingly, we observe a narrowing of the Scp regions for
architectures with more units, which is relatively easy to explain.
The Scp phase occurs when the minority-component blocks
start pulling out of the spherical domains and swelling the
matrix, which relieves the packing frustration responsible for
the usual bcc arrangement of spheres. This happens more
readily when the minority-component blocks have free ends,
and thus the smaller AB diblock and AB2 star architectures have
the larger Scp regions.
Of course, there is still the possibility that a stable

morphology is missing from our new phase diagrams. There
are screening methods54,55 that could be used to search for new
phases, but it is unclear how effective they are at capturing all
the stable phases. So far, the known phases for AB-type block
copolymer melts have been found by experimental observation.
Even the discovery of the Fddd phase in the diblock copolymer
system, which was predicted by SCFT12 two years before it was
experimentally identified,13 is ultimately accredited to experi-
ment. It was only realized as a potential candidate structure
after an analogous phase was experimentally identified in ABC
triblock copolymer melts.56 Similarly, the A15 spherical phase
was observed in lyotropic liquid crystals,57 before being
considered as a candidate structure for block copolymers.
Our current calculations were made possible by recent

numerical developments, whereby the spectral algorithm for
evaluating the concentration profiles for given fields was
combined with Anderson mixing for solving the self-consistent
field equations.46 We have previously7,9,31−34 used a quasi-
Newton−Raphson algorithm (specifically the Broyden algo-
rithm) to solve the field equations, which requires the

calculation of a Jacobian. This works exceptionally well when
the morphology requires ≲100 generalized Fourier functions to
accurately represent the composition profiles, and thus we still
use it in these instances. However, far more Fourier terms are
required for triply periodic phases at high segregation, and then
the calculation of the Jacobian becomes prohibitive. For-
tunately, Anderson mixing is capable of solving the field
equations without a Jacobian, which permits calculations
involving as many as 5000 basis functions with just a single
computer processor. Even though our calculations were
performed to high accuracy, we never needed more than
2000 basis functions.
Pseudospectral methods can also be combined with

Anderson mixing to produce an efficient algorithm for
calculating SCFT phase diagrams.44 However, the full-spectral
method is still generally faster apart from the upper part of the
complex phase channel, where the morphologies require ≳1000
basis functions. Furthermore, the spectral method is superior at
handling some of the more complex architectures, such as the
linear and comb multiblock copolymers in Figures 3 and 6,
respectively. The real advantage of the spectral method though
is that it only has one source of numerical inaccuracy to
contend with, the truncation of the Fourier series. In contrast,
the pseudospectral methods have two distinct sources, the finite
spatial resolution and the finite step-size along the chain
contour, making it far more of a chore to ensure sufficient
numerical accuracy.

■ SUMMARY
We have presented complete phase diagrams for six different
AB-type block copolymer melts obtained with self-consistent
field theory (SCFT). The principle that complex architectures
can be decomposed in constituent AmBn stars appears to be
reasonably accurate at strong segregations, but significant
deviations are evident in the intermediate-segregation regime.
Nevertheless, the qualitative behavior is preserved. For instance,
the ABA triblock, linear ABAB... multiblock and diblock-arm
star have phase diagrams that are topologically equivalent to
that of the simple AB diblock. In all cases, the gyroid (G)
morphology dominates the complex phase channel while the
new Fddd (O70) microstructure remains stable in small regions
extending down to the mean-field critical point. Similarly, the
phase diagram for combs with A-type teeth and a B-type
backbone has the same topology as that of AB2 miktoarm stars.
In particular, the comb exhibits a stable region of A15 spheres
(SA15) in the same place Grason and Kamien36 predicted it for
AB2 stars, and furthermore both architectures exhibit a
perforated-lamellar (PL) morphology with perforations in the
B-rich lamellae, which is stable between the L and G phases for
well-segregated conditions. The appearance of the PL phase
occurs presumably because the complex phase window is
shifted toward large f, which thickens the A-rich lamellae
thereby relieving packing frustration.
The ability to use architecture to control the composition

and size of the stability regions in the phase diagram is yet
another useful means for designing block copolymer materials.
However, investigating the effect of architecture by experiment
alone would be extremely time-consuming and costly, and
simple principles such as decomposing complex architectures
into their constituent units are of limited application and
accuracy. Fortunately, recent developments in numerical
methods44−46 allow high-precision SCFT calculations to be
performed on even the most complex periodic morphologies
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using very modest computational resources. Thus, SCFT will
be a particularly valuable tool for navigating the immense
variety of possible architectures.
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The self-assembly of amphiphilic coil−coil block copoly-
mers in a selective solvent has a wide range of potential

applications, including formulations, pharmaceuticals, and
separations, due to their unique physical and chemical
properties. Lately, much attention has been focused on the
aggregation behavior of the rod−coil copolymer, which is
further complicated by the inflexible rodlike segments of these
molecules. The rigid chain conformations come from π-
conjugation along the polymer backbone (as in conjugated
polymers),1 helical secondary structures (as in biomolecules),2

or mesogenic units (as in liquid crystals).3 Photoresponsive
rod−coil block polypeptides which can undergo a reversible
aggregation−dissolution process are used as viable model
systems for photoinduced drug release applications.2e As for the
π-conjugation rod−coil copolymers, due to their distinct
photoactive and electroactive properties, they have advanced
applications in optoelectronic materials, including lasers,4

photovoltaic cells,5 and polymer light-emitting diodes for full-
color displays,6 to name a few.
It has been shown that the photophysical properties of π-

conjugated rod−coil copolymers are highly correlated to their
molecular structures and microscopic arrangements of rod
blocks. The combination of the molecular amphiphilic nature
and the preference of orientational ordering of rod blocks
drives rod−coil block copolymers to self-assemble into a variety
of intriguing morphologies such as structural sphere, inverted
cylindrical vesicle, and segmented network.7,8 These supra-
molecular morphologies often induce a significant variation in
the optical or electronic properties of the π-conjugated
segments. That is, different self-assembled patterns of
conjugated rod blocks affect the electronic structure of the
system and lead to different photophysical behaviors examined
by UV−vis and photoluminescence spectroscopy. For example,
the spectral shift is commonly observed as conjugated rod−coil
copolymer systems proceed from the dispersed phase to the
aggregated phase in solution or solid state.9−11 Thus, a detailed
investigation of the morphological structures and internal rod
arrangements is of great importance in understanding the
photophysical properties for future polymer technologies and
optoelectronic applications.

According to the extensive studies on dye molecules which
often assemble into large aggregates in a parallel way, the
hypsochromic (blue) shift is attributed to the formation of H-
aggregates while the bathochromic (red) shift is accounted for
by the formation of J-aggregates.12 Dyes are normally very large
aromatic molecules consisting of many linked rings. The
direction of spectral shifts, red or blue, is largely dictated by the
angle of slippage (α) of successive conjugated planes.12 As
shown in Figure 1, the slippage angle is defined as the angle

between the line-of-centers of a column of molecules and the
long axis of any one of the parallel molecules. It is believed that
planes with slippage angle larger than a certain value leads to
bathochromic shifts, while planes with slippage angle less than
that value result in hypsochromic shifts. Note that the larger the
slippage angle, the less the slippage extent (planar offset).
Although dye molecules tend to be parallel to each other for
both types of aggregates, the slippage extent is larger for J-
aggregates and smaller for H-aggregates.
To demonstrate this principle applicable to rodlike

molecules, the largest absorption wavelength (λmax) of the π-
conjugated molecule F3T8 which contains three fluorene units
and eight thiophene units at different molecular arrangements
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Figure 1. Schematic representations of the included angle (θ) and
slippage angle (α) in rod−coil systems. Note that 0 ≤ θ ≤ 90° and 0 ≤
α ≤ 90°.
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is calculated by using the VAMP package13 based on quantum
semiempirical calculations. For the dispersed phase, λmax ≈ 308
nm. The variation of λmax with α is illustrated in Figure 2. When

the slippage angle of the parallel aggregate consisting of three
F3T8 molecules is larger than a critical value (say 50°), λmax of
such H-aggregates becomes shorter. On the contrary, λmax turns
longer for J-aggregate with smaller slippage angle. Evidently, the
spectral shift varies with the stacking pattern in the aggregate in
terms of the slippage angle, which affects the electronic
structure and thereby the photophysical behavior. However, the
structural packing and the self-assembly morphology is
generally determined by the molecular architecture.
Though considerable efforts have been dedicated to the

knowledge of the self-assembly behaviors of conjugated rod−
coils, there are no manifest and self-contained guidelines to
date that can be used to account for the relationships between
the fundamental molecular architectures as well as the
morphologies and spectral behaviors associated with their
self-assembly. To tackle this significant issue, in this Note we
explore the self-assembly of conjugated rod−coil copolymers
via the dissipative particle dynamics (DPD). Structural effects
including molecular architectures, rod/coil block length, and
strength of π−π interaction on the orientational order and self-
assembled patterns are thoroughly investigated. Our study
shows that the gaps between the molecular architectures and
the aggregation patterns can be bridged by the classification of
rod−coils with various architectures (multiple blocks, star,
brush, dendron, etc.) into rod−coil diblocks (RC-type) or
coil−rod−coil triblocks (CRC-type) structures. The former
tends to have parallel arrangements of rod blocks with smaller
slippage extent while the latter displays the stacking structure
with larger slippage extent.
The DPD method is a coarse-grained particle based,

mesoscopic simulation technique.14 DPD beads with the mass
m and diameter rc are clusters of several atoms or molecules
that have similar properties and they obey Newton’s equation
of motion. The interaction between any pair of DPD beads is
soft and consists of three intrinsic pairwise-additive forces:

conservative, dissipative, and random forces. The interaction
parameters for the conservative forces are listed in Table 1. The

polymeric beads are bound together by spring forces to keep
the neighboring beads at an equilibrium distance. The rigidity
of the rod block is provided by additional spring forces.7 Since
conjugated rods have a tendency to orient parallel to one
another due to the π−π interaction when situated in close
proximity, an orientational potential is further employed, Uo =
−k(1 − r/rc) cos

2 θ as r ≤ rc and zero otherwise.
7 The strengths

as well as the causes of the π−π interaction vary strongly. It is
generally accepted that the π−π strength ranges between 0 and
50 kJ/mol.7c Therefore, the strength of the orientational force
k, which essentially corresponds to the Maier−Saupe
parameter, is adjusted between 0 and 10. Note that all the
physical variables are scaled by m, rc, and kBT. The volume
fraction of rod−coils is kept at 0.05.
In most rod−coil block copolymer solutions, the solvent is

selective for the coil block, leading to the formation of
aggregates with the soluble coils exposed to the solvent. The
self-assembly morphology is influenced by the molecular
structure, including architecture, rod length (y), coil length
(x), and the π−π interaction. First, we consider the archetypical
rod−coil systems, diblock copolymers with y:x. Though the
aggregate morphology is quite complicated and intriguing, the
optoelectronic property is closely related to the inner rod
arrangement. Therefore, the internal structure of the rod
domain is analyzed via both orientational and positional order.
The extent of rod alignment can be reflected via the
distribution of the included angle θ (as defined in Figure 1)
between two neighboring rods, P(θ), and the local order
parameter, S = ⟨(3 cos2 θ − 1)/2⟩. Note that θ = 0 indicates
two neighboring rods being perfectly aligned in parallel and the
value of S is on the order of 0.3−0.8 for a typical liquid crystal
sample.
The effects of the rod length and π−π interaction on the

alignment of rod blocks are illustrated in Figure 3. Consider
P(θ) of rod−coil diblocks with y:x = 6:3. When the
orientational force is absent (k = 0), the included angle is
uniformly distributed, indicating an isotropic structure in the
rod domain. However, once the orientational force is
introduced, the rod blocks tend to align with each other and
the distribution is highly skewed toward θ = 0. As k is further
increased, the width of the included angle distribution gets
narrower. In terms of the order parameter, S grows quickly
from around zero to greater than 0.8 for 0 ≤ k ≤ 10, as shown
in the inset for rod length = 6. In addition to π−π interaction
(k), the rod alignment can also be enhanced by increasing the
rod length (y).7a As also can be seen in the inset of Figure 3, for
k = 0, the rod domain for rod−coils with y = 3 is essentially
isotropic and S ≃ 0. However, as the rod length is varied from 3
to 15, the order parameter rises due to entropy effect associated
with excluded volume interactions, and the crossover from
isotropy to alignment is observed at y ≈ 8. The presence of the
orientation force raises the orientational order furthermore and

Figure 2. UV−vis absorption wavelength versus slippage angle of
F3T8 using VAMP. The dashed line indicates the absorption
wavelength of the dispersed state at 308 nm. The critical slippage
angle for the direction of spectral shift is found around 50°.

Table 1. Interaction Parameters (aij) for the Rod−Coil Block
Copolymer Systems

coil rod solvent

coil 25
rod 35 25
solvent 30 45 25
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one has S > 0.3 for short rods (y = 3) when k > 4. Note that in
this case the coil length is fixed at 3 and an increase of the coil
length hinders the tendency of rod alignment due to the bulky
end, but such an effect is relatively weak.7a,b

The change of the spectral properties takes place in the rod
domain with parallel arrangements and is dependent on the
positional order, which can be realized through the slippage
angle measurement. Without loss of generality, the arrange-
ment with larger mean slippage angle, α̅ ≥ 67.5°, is defined as
smectic A, of which the slippage angle distribution exhibits a
peak at α = 90°, as shown in Figure 4. In contrast, that with

smaller angle, α̅ < 67.5°, is defined as smectic C, of which the
peak occurs at α < 90°. To further demonstrate the degree of
the slippage between rods, the aggregate with α̅ = 60°−67.5° is

denoted as smectic CI and that with α̅ < 60° is depicted by
smectic CII. The former shows a wide distribution skewed
toward α = 90° while the latter displays a peak significantly less
than 60°. The distinct difference of the rod arrangement
between RC and CRC can be demonstrated by the variation of
the mean slippage angle with the rod length at a specified coil
length, as shown in the inset of Figure 4. Although α̅ varies with
the rod length, it is evident that the mean slippage angle of the
RC is always significantly greater than that of the CRC. Their
differences can also be manifested by the feature of the
distributions of α, as illustrated in Figure 4. There exists a peak
at lower values of α for the CRC while the maximum is skewed
toward 90° for the RC. These characteristics associated with the
slippage angle distribution are closely related to the
morphology of the rod domain.
The photophysical phase diagram (coil length versus rod

length) is shown in Figure 5a for rod−coil diblocks with strong

enough π−π interaction (k = 10). When the rod length is small
enough, i.e. y = 3, the isotropic arrangement in the rod domain
is observed regardless of the coil length. Thereby, no spectral
shift is expected. As the rod length is long enough, however, the
smectic A aggregates are formed and the blue-shift behavior
prevails. Note that at a given rod length the increment of the
coil length leads to the decline of α, and thus the arrangement
of rods tends to shift from smectic A to smectic C type. This
consequence reveals that RC molecules tend to form H-
aggregate with large slippage angles (small slippage extent) and
thus exhibit blue-shift spectra. This is consistent with the
majority of the experiment findings.10,15,16

Now let us consider coil−rod−coil triblocks (x:y:x). The
diagram of the aggregation pattern is illustrated in Figure 5b
through coil length against rod length and the π−π interaction

Figure 3. Distribution of the included angle for rod−coil diblocks (6−
3) with k varying from 0 to 10. In the inset, the orientational order
parameter is plotted against the rod length with the coil length fixed at
3.

Figure 4. Slippage angle distribution for RC (15−3 and 15−12) and
CRC (8−15−8). The inset shows the average slippage angle versus
rod length for RC and CRC with varied coil lengths and k = 10.

Figure 5. Phase diagram of the structure of the rod domain for RC (a)
and CRC (b) with k = 10. I, SA, and SC represent the isotropic, smectic
A, and smectic C arrangements of the rod domains. The
corresponding morphologies are also shown.

Macromolecules Note

dx.doi.org/10.1021/ma300039d | Macromolecules 2012, 45, 2166−21702168



k = 10. Similar to RC molecules, the isotropic arrangement is
observed for short rod length y = 3, and the rod blocks prefer
being parallel to each other at long rod length (y ≥ 6). The
smectic CI structure is observed for y = 6 with x ≥ 2, while the
smectic A structure is seen for x = 1 with y ≥ 6. Except the
aforementioned triblock configurations, the rest of the CRC
structure result in the smectic CII aggregates. That is, CRC
molecules tend to form J-aggregate with small slippage angles
(large slippage extent) and thus exhibit red-shift spectra.10,15,17

Note that the blue-shift behavior corresponding to smectic A
can only be observed in a very narrow regime.11 The rod
domain of the RC displays a trunklike shape for smectic A
phase and a slanted trunk for smectic CI phase, as shown in
Figure 5a. On the other hand, the morphology of the rod
domain of the CRC is very interesting. The presence of the
small slippage angle is accompanied by a leaf-like shape
(8:15:8) or a funnel-like structure (2: 15: 2), as illustrated in
Figure 5b. It is evident that the morphologies of the rod
domain vary with both rod and coil lengths significantly.
DPD simulation results indicate that the rod−coil diblocks

favor the formation of H-aggregates while the coil−rod−coil
triblocks tend to form J-aggregates. What happens for rod−
coils with complicated molecular architectures, such as
multiblock, star, brush, and dendron? DPD simulations are
also performed to explore the influence of molecular
architecture, and similar phase diagrams are obtained. Their
spectral behavior can be simply classified into two categories:
RC type and CRC type. The schematic representations of the
general RC-type and CRC-type structures are shown in Figure
6. For CRC-type copolymers, both ends of all rod blocks are

connected with coil blocks, while for RC-type copolymers, only
one end of some rod blocks is attached with coil blocks. This
distinct difference plays the major role in determining the
feature of the slippage angle distribution. Some simulation
results of the slippage angle distributions (Figures S1−S6) are
presented as Supporting Information. Figures S1−S3 demon-
strate the typical slippage angle distributions of the RC-type
copolymers: RCR, RC-star, and RC-graft block copolymers.

Figures S4−S6 show the typical slippage angle distributions of
the CRC-type copolymers: CRCRC, CRC-star, and CRC-graft
block copolymers. As one can clearly see, the RC-type
copolymers tend to form H-aggregates with large slippage
angles and CRC-type copolymers tend to form J-aggregates
with small slippage angles.
In a single lamellar sheet, densely grafted coils are highly

stretched. The preference of smectic A or smectic C phase in
the rod domain depends on the competition between the
deformation energy of coil stretching and the interfacial energy
between rod and coil domains.18 The coil stretching penalty
can be lowered by the reduction of the apparent grafting
density of coils. For RC-type copolymers, the interfacial energy
is dominant and smectic A phase is favored. The apparent
grafting density reduction is achieved by the head-to-tail
arrangement, as in the puck micelle model, for rod−coil
diblocks, multitailed RC, and CRCR or is attained by the
common share of coils for RCR, RC-stars, and RC-graft. On the
contrary, for CRC-type copolymers, the deformation energy
becomes dominant and smectic CII phase prevails. Since their
apparent grafting density cannot be reduced by simply changing
the rod orientation as in the RC-type, rod blocks of the CRC-
type dislocate significantly at the expense of the increment of
interfacial area to reduce the crowdedness among coils.
In CRC systems the crossover from smectic CI to CII phase

occurs as the rod length increases. Different from the driving
force for the transition from smectic A to C phase, the
crossover between smectic CI and CII phases is due to the effect
of π−π interactions between two rods, which grow with the rod
length. As a result, longer rods become more parallel-aligned.
This result can be demonstrated through the included angle
distribution P(θ), as shown in Figure S7. Evidently, longer rods
possess higher probability of parallel alignment (θ = 0) and
their distributions skew toward θ = 0. For CRC with short rods,
the π−π attraction is weak and the rods are less parallel-aligned.
This conformation has more free space for the coils and the
interfacial energy becomes more important than the coil
stretching energy. The competition between the two energies
results in small slips between rods. As a result, smectic CI phase
is formed. The schematic representation of smectic CI phase is
shown in Figure S8. For CRC with long rods, the π−π
attraction is strong and most of the rods in close proximity
align in parallel formations. Large slips between rods are
needed to prevent coils from stretching. Consequently, smectic
CII phase takes shape. The schematic representation of smectic
CII phase is also shown in Figure S8.
Conjugated rod−coil copolymers in a coil-selective solvent

self-assemble into aggregates with parallel arrangements of rod
blocks. The spectral properties of the aggregative polymers are
significantly affected by their supramolecular morphologies,
which in turn are greatly influenced by the molecular
architectures of rod−coils. In this Note the relationship
between spectral properties and molecular architecture is
established based on DPD simulations, which incorporates
large-scale molecular features while avoiding atomic scale
details. It is found that rod−coil copolymers can be qualitatively
classified into two types: RC-type and CRC-type. RC-type is
generally with large slippage angle (smectic A), and blue-shift
behavior prevails. CRC-type is normally with small slippage
angle (smectic CII) and thus exhibits red-shift spectra. The
structural packing in the rod domain is the consequence of the
competition between the deformation energy of coil stretching
and the rod/coil interfacial energy. The interfacial energy is

Figure 6. Classification of the spectral behavior of rod−coils with
various architectures into the general RC-type and CRC-type
structures with their schematic representations.
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dominant in smectic A-aggregates while the deformation energy
dominates in smectic C-aggregates. Our predictions of rod−coil
diblocks exhibiting blue-shift spectra and coil−rod−coil
triblocks showing red-shift spectra are consistent with
experimental observations.

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed simulation results of the slippage angle distributions of
for some RC-type and CRC-type copolymers; typical slippage
angle distributions of the RC-type copolymers CRCR, RC-star,
and RC-graft (Figures S1−S3); typical slippage angle
distributions of the CRC-type copolymers CRCRC, CRC-
star, and CRC-graft (Figures S4−S6). Figure S7 shows the
included angle distributions for CRC triblocks. Figure S8 are
the schematic representations of the smectic C (I and II)
phases. This material is available free of charge via the Internet
at http://pubs.acs.org.
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■ INTRODUCTION
Cononsolvency is defined as a phenomenon that a polymer,
being soluble in two pure solvents, becomes insoluble in their
mixture depending on the composition.1−6 For solutions of
poly(N-isopropylacrylamide) (PNIPA) in water/methanol
(MeOH) mixtures,1,2,7,8 the lower critical solution temperature
(LCST) decreases upon addition of MeOH and then increases
by further addition of MeOH. A theoretical investigation by
Tanaka et al. showed that the origin of this phase behavior was
the reentrant change of the total number of hydrogen bonding
along the chain because of the competitive attachment and
detachment of the two solvents.9,10 On the other hand, in
water/dimethyl sulfoxide (DMSO) mixtures, PNIPA shows an
upper critical solution temperature (UCST) in the high DMSO
mole fraction, φDMSO, in addition to the LCST in the low
φDMSO.

3,4

Hydrostatic pressure compresses the molecular volume and
modulates the interaction between the solution components.
Water-soluble polymers usually show an LCST phase behavior
by heating due to breakage of hydrogen-bonding between the
polymer and water molecules. The phase diagrams of these
polymers are convex upward curves in the pressure−temper-
ature (P−T) plane. The LCST increases in the low pressure
region and then decreases with further increase in the
pressure.11−15 Nonaqueous polymers do not have the specific
interactions, such as hydrogen bonding, and usually show a
UCST phase behavior by cooling due to the positive
contribution of the enthalpic term in the Flory−Huggins
equation. Their phase diagrams are convex downward curves in
the P−T plane. The UCST decreases in the low pressure region
and then increases with further increase in the pressure.16−18

To our knowledge, there have been few reports about the
effects of pressure on polymers in mixed solutions of aqueous
and nonaqueous solvents. When a nonaqueous solvent is added
to an aqueous polymer solution, some of the nonaqueous
solvent molecules may be preferentially adsorbed on the
polymers in competition with the hydrating water molecules. In
particular, for PNIPA in water/DMSO mixtures, the phase
behavior can be controlled between LCST and UCST by
tuning φDMSO, and hence, this is the possible model system to
investigate the effect of pressure on the different phase behavior
with one polymer. In this study, to investigate the pressure
effects on the cononsolvency, we constructed the P−T phase
diagrams of PNIPA in water/DMSO mixtures with different
φDMSO by using light transmission measurements. In addition,
to elucidate the molecular origin of the pressure effect on the

phase behavior, we used differential scanning calorimetry
(DSC) at ambient pressure.

■ EXPERIMENTAL SECTION
PNIPA (Mn = 3.9 × 104 and Mw/Mn = 1.45) purchased from Polymer
Source Inc. was used without further purification. The polymer was
dissolved in a mixture of hydrogenated water and DMSO, in which the
mole fraction of DMSO was varied. Concentration of the polymer in
the solutions was constant at 7 wt %.

A He−Ne laser (22 mW, λ = 6328 Å) and a FieldMaster-GS
(COHERENT, Co. Ltd., Japan) were used to monitor beam intensity.
Pressure dependent experiments were carried out with an inner-cell
type pressure cell having a set of optical windows (PCI-400, Teramex,
Co. Ltd., Kyoto, Japan).19,20 DSC measurements were carried out with
a DSC8230 (Rigaku Co. Ltd.) at ambient pressure. The polymer
solution was crimped in a sealed pan, and DSC thermograms were
taken with a heating rate of 3 °C/min. No noticeable change in the
weight of the sample pan before and after a DSC run was observed,
indicating that no water evaporation occurred during the DSC run.

■ RESULTS AND DISCUSSION
At ambient pressure, the solutions of PNIPA (7 wt %) in
water/DMSO were transparent at low temperature with low
mole fraction of DMSO (0 < φDMSO < 0.1). The transmission
rapidly decreased at the lower critical solution temperature
(TLCST) by heating. TLCST monotonically decreased as φDMSO
increased. On the other hand, with high mole fraction of
DMSO (0.65 < φDMSO < 0.76), the solutions were transparent
at high temperature. The transmission decreased at the upper
critical solution temperature (TUCST) by cooling, and TUCST
monotonically but drastically decreased as φDMSO increased.
The obtained phase diagram with both TLCST and TUCST is
shown in Figure 1. On the basis of this phase diagram, we
conducted the following measurements under hydrostatic
pressure.
Figure 2 shows the P−T phase diagram of PNIPA in water/

DMSO obtained by in situ transmission measurement under (a)
LCST conditions (0 < φDMSO < 0.1) and (b) UCST conditions
(0.65 < φDMSO < 0.76). In Figure 2 (a), an upward-convexity of
TLCST with respect to the pressure is observed as reported for
other water-soluble polymers.11,13−15 It is noteworthy that the
phase curve shifted toward higher temperature and pressure as
φDMSO increased while TLCST at ambient pressure monotoni-
cally decreased. Especially, a subtle addition of DMSO (φDMSO
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= 0.098) shifted the pressure at the maximum point, Pmax, from
55 MPa (φDMSO = 0.00) to 340 MPa.
On the other hand, TUCST first decreased in the low pressure

region and then increased with further increase in the pressure
(Figure 2b). In contrast with the behavior under LCST
conditions, the downward-convexity of TUCST with respect to
the pressure is observed. The phase diagram shifted slightly

toward lower temperature as φDMSO increased. The thermody-
namic origin of the shift depending on φDMSO was investigated
by DSC at ambient pressure.
Figure 3a shows the DSC results of PNIPA in water/DMSO

with various φDMSO's upon heating under the LCST conditions

at ambient pressure. The endothermic peaks shifted toward
lower temperature as φDMSO increased and the onset temper-
atures of the endotherm agreed with the TLCST determined by
transmission measurements. As φDMSO increased, the endo-
thermic peak became smaller and the transition behavior
became broader. The endothermic heat is required to break the
hydrogen-bonding between the solvent and PNIPA. Addition
of DMSO into the solutions reduced the total number of
hydrogen bonding along the chain because of the competitive
attachment and detachment of the two solvents.9,10 Therefore,
reduction of the number of hydrogen bonding and the resulting
decrease in the cooperativity of the hydrating solvents were
reflected in the reduced endothermic heat and the broader
transition, respectively.
φDMSO dependence of molar endothermic heat, ΔHm,

obtained by the DSC measurements at ambient pressure is
shown on the left in Figure 4. This data now allow an estimate
of change in the molar volume of PNIPA with the hydrating
solvents, ΔVm, at ambient pressure under the LCST conditions
by using the Clausius−Clapeyron equation,

=
Δ

Δ
P
T

H
T V

d
d

m

LCST m (1)

Figure 1. Phase diagram of PNIPA (7 wt %) in water/DMSO mixed
solvents with various φDMSO’s at ambient pressure. Open circles
indicate the LCST points (φDMSO < 0.1) and closed circles indicate the
UCST points (0.65 < φDMSO < 0.76).

Figure 2. (a) Upward-convexity and (b) downward-convexity phase
diagrams in the P−T plane of PNIPA (7 wt %) in water/DMSO mixed
solvents under the LCST (φDMSO < 0.1) and the UCST conditions
(0.65 < φDMSO < 0.76), respectively. The solid lines at various φDMSO’s
are fits by quadratic functions.

Figure 3. DSC measurements of PNPA (7 wt %) in water/DMSO
mixed solvents by heating at a rate of 3 °C/min under the (a) LCST
condition and (b) UCST condition at ambient pressure.
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where dP/dT is the inverse of the slope of the phase separation
curve in the P−T plane shown in Figure 2. Although this
Clausius−Clapeyron equation is originally derived for the phase
transition of the single component system,21 this equation is
often applied to many polymer solution systems. Especially, for
PNIPA/water systems, the mixing molar volume estimated by
the Clausius−Clapeyron equation showed good agreement
with one obtained by the volumetric measurements at ambient
pressure.11,22 Furthermore, the solvent is a mixture and can be
treated as a solvent because water and DMSO mixes at any
compositions. Therefore, we assumed that this Clausius−
Clapeyron equation is approximately applicable to our system
to estimate the molar volume of PNIPA in the low mole
fraction region of DMSO at ambient pressure. Monotonic
increase of ΔVm with φDMSO at ambient pressure obtained by
using eq 1 is shown on the right in Figure 4. Since molar
volume of DMSO (72 cm3/mol) is larger than that of water (18
cm3/mol), ΔVm increases with φDMSO by attachment and
detachment of more hydrating DMSO molecules from PNIPA.
It should be noted that the maximum point in the P-T phase
curve corresponds to dT/dP = 0 from eq 1, which leads to ΔVm
= 0. In general, pressurizing a system decreases the volume.
Since ΔVm increases with φDMSO, higher pressure is needed to
reduce the larger ΔVm to zero. This may be the possible
thermodynamic origin of the shift of the phase curve toward the
higher pressure as φDMSO increases. In addition, as φDMSO
increases, the total number of hydrogen bonding along the
chain decreases and a hydrogen bonding between the CO
group of PNIPA and the methyl group of DMSO is weaker
than one between the CO group of PNIPA and the hydroxyl
group of H2O.

4 These facts suggest that the shift of the
maximum point with φDMSO is determined by the change in the
hydrating volume not by the interaction between polymer and
the hydrating solvents. With respect to the shift of the
maximum point toward higher temperature, TLCST increases up
to ΔVm = 0 in the low pressure region. The increased slope of
the phase curve at ambient pressure and the shift of the
maximum points toward the higher pressure with increase of
φDMSO will shift the maximum point toward higher temper-
ature.
On the other hand, under the UCST conditions, significant

enthalpic heat was not obtained from the DSC measurements
at ambient pressure (Figure 3b). This result suggests that the
origin of the UCST phase behavior is not related to the
hydrating solvents. UCST phase behavior is usually driven by

the positive enthalpic term in the Flory−Huggins equation,
such as van der Waals type interaction. At ambient pressure, a
subtle addition of DMSO into the mixed solution decreased
TUCST by specifically modulating the nonspecific interaction.3

However, the shape of the P−T phase curve was almost the
same irrespective of φDMSO except for the shift toward lower
temperature. This suggests that the compression effect by the
hydrostatic pressure did not significantly modulate the
nonspecific interaction. In the future, the detailed mechanism
for the shifts will be investigated using in situ scattering and
spectroscopy measurements under high pressure.

■ CONCLUSIONS
In summary, the effect of pressure on the phase behavior of
PNIPA (7 wt %) in water/DMSO was investigated using in situ
transmission measurements under hydrostatic pressure and
DSC measurements at ambient pressure. Under the LCST
conditions with low φDMSO, the P−T phase diagrams were
convex upward curves and shifted drastically toward both
higher pressure and temperature as φDMSO increased. By
contrast, under the UCST conditions with high φDMSO, the P−
T phase diagrams were convex downward curves and shifted
toward lower temperature as φDMSO increased. On the basis of
the Clausius−Clapeyron equation, the drastic shift of the phase
curve with φDMSO under the LCST conditions was attributed to
the increased molar volume of PNIPA at ambient pressure. For
the UCST phase behavior under pressure, addition of DMSO
modulated the nonspecific interaction such as van der Waals
interaction, and the hydrating solvents were not important.
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