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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 (0-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) 0-NB-based cross-linkers for photodegradable hydrogels, (ii) o-NB side chain functionalization
in (block) copolymers, (iii) 0-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 microelectronic' and coatings industries.”
Bochet has previously summarized the various photolabile
groups that find intensive application in synthetic chemistry.’
Among the many photolabile groups that have been studied,
o-nitrobenzyl (0-NB) alcohol derivatives have gained tremendous
attention in the area of synthetic organic chemistry and beyond.
First described by Schofield and co-workers,” the chemistry was
not widely recognized until Woodward and co-workers utilized
what has become one of the most popular photolabile protecting
groups.” 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.®”
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The photodeprotection of 0-NB esters usually yields carboxylic
acids, accompanied by an o-nitrosobenzaldehyde.'® Fréchet 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.'" Logically, this chemistry was extended
to 0-NB variants used for alcohol deprotection'” and peptide
deprotection.® 2-Nitrobenzylidene acetals have also been
utilized, releasing 1,2-dihydroxy compounds after photolysis
and subsequent ester hydrolysis."* 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.'®

Linkers and protecting groups based on 0-NB chemistry can
usually be cleaved in minutes when exposed to 300—365 nm
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Scheme 1. Photoisomerization Mechanism of o-Nitrobenzyl
Alcohol Derivatives into an o-Nitrosobenzaldehyde,
Releasing a Carboxylic Acid>®®
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light, with times varying from several hours with a low-intensity
1.3 mW/cm? 365 nm source' to 5 min or less when applying
light intensities of 20—40 mW/cm.>'” 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.® Studies have also shown that including
substitutents on the aromatic ring or at the benzyl position of
the linker can shift the photocleavage wavelength'® or prevent
the formation of photodimerized byproducts."

Other advances in photocleavable junction structure and
application include o0-NB thioxanthone derivatives, which act as
intramolecular sensitizers,” and the 2-(2-nitrophenyl)-
propoxycarbonyl (NPPOC) photolabile protecting group,
which was developed to address possible issues with photo-
cleavage byproduct photodimerization.”' ~>* Its photocleavage
proceeds via a f-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 0-NB
derivatives.>*>

The application of photolabile molecules, especially 0-NB
derivatives, is not limited to organic synthesis as can be seen by
recent developments in biological applications of such photo-
labile compounds.”” Photoactivated bioagents, so-called
“caged compounds”, are an important tool for studying cell
signaling events.” 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 H,O, by
reducing molecular oxygen via a superoxide intermediate.”®
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.”® ™"

Recently, Katz and Burdick have reviewed developments in
the area of light-responsive biomaterials, which include the use
of the 0-NB functionality.> Besides its focus on biological
complexes, it represents the first summary of synthetic
polymers that contain 0-NB moieties. Even though o-NB esters
have been investigated in polymer science since 1977,>** it has
not been until very recently that studies appeared that take full
advantage of this photolabile group in polymer and materials
science applications.
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Within this Perspective, we focus on the incorporation of
0-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) 0-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.>® 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.*® Their synthesis can
be summarized in two steps: First, a four-armed star polymer
containing 0-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 0-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)."” However, they
combined the efficient light degradable property of 0-NB esters
with the biocompatibility of PEO, resulting in a photocleavable
hydrogel.*”~* 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 la). 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.***' More recently, Kasko
and co-workers have extended the application of photo-
degradable hydrogels based on 0-NB cross-links to negative
and positive patterning strategies. Furthermore, conjugating the
0-NB unit to a coumarin dye in the photodegradable macromer
enabled the two-photon degradation of the 0-NB group as well
as fluorescence visualization of the hydrogel.**

Similarly, Kros and co-workers prepared photodegradable
hydrogels based on dextran.** By utilizing the acrylate—thiol
Michael addition of dithiolated PEG to dextran functionalized
with acrylate-modified 0-NB moieties, they were able to form

dx.doi.org/10.1021/ma201924h | Macromolecules 2012, 45, 1723-1736
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Scheme 2. Cross-Linking Network Based on 0-NB Linker (Reprinted with Permission from Ref 36. Copyright 2007 American

Chemical Society)
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Figure 1. Chemical structure of a photodegradable hydrogel based on an 0-NB linker (upper) (redrawn after ref 17) and light-induced migration of

entrapped cells (lower).>”

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,**
producing three-dimensional structured materials with applica-
tions to tissue scaffolding® 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.*” Kasko and co-workers could also demonstrate that o-
nitrobenzyl ether linkers allows the photorelease of potential
drugs within hydrogels.*®

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,*” thereby controlling spatially and temporally
material properties and cellular interactions. The spatial and
temporal manipulation of mechanical properties of hydrogels
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plays an important factor in cell growth, which was investigated
by Wang and co-worker, who studied the photoinduced
softening of 0-NB cross-linked polyacrylamide hydrogels.>

Besides macroscopic gels and networks, Landfester and
Klinger recently demonstrated the successful use of 0-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.>

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.>” 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

dx.doi.org/10.1021/ma201924h | Macromolecules 2012, 45, 1723-1736
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and location. For recent reviews on photoresponsive block
copolymers, see publications by Gohy and co-workers and
Zhao.>** 0-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.>® Later, Zhao and co-workers turned their focus
to 0-NB and nicely demonstrated its use as a side chain
functionality within amphiphilic block copolymers to prepare
light responsive micelles (Figure 2). %6 In this aspect, Gohy and
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Figure 2. Chemical structure and photolysis of o-NB-containing
amphiphilic block copolymers and their use for photocontrolled drug
release (redrawn after ref 56).

co-workers conducted a fundamental study on the possibilities of
polymerizing 2-nitrobenzyl methacrylate under various con-
trolled radical polymerization conditions.>” 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 0-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 0-NB.*® 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
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Figure 3. Thermo- and light-sensitive micelles based on o-NB-
containing copolymer and their hydrodynamic diameter (D},) response
to temperature changes and UV irradiation. (Reprinted with
permission from ref 58. Copyright 2008 American Chemical Society.)

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.>® 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.”

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.®" PEO chains were attached as
hydrophilic blocks to a hydrophobic polyurethane containing
0-NB groups. The block copolymer micelles showed fast

dx.doi.org/10.1021/ma201924h | Macromolecules 2012, 45, 1723-1736
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Figure 4. Synthesis and structure of polynorbornene-g-PEO polymers. (Reprinted with permission from ref 65. Copyright 2010 American Chemical

Society.)

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.”” 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.”> 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 0-NB esters to alter the solubility pro-
perties of a polymer chain, Grubbs, Tirrell, and their respective
co-workers have used 0-NB esters for the photoinduced release
of covalently bound drugs from bottle-brush polynorbornene-g-
PEO polymers (Figure 4).* 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.%®

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 0-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.*® In an elegant approach, Almutairi
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and co-workers designed light-sensitive polymers based on a self-
immolative quinone—methide system.”” 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.®® 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 0-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.”” 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.”® 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 %
0-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.”" In follow-up work, Doh
and co-workers used an optimized photosensitive terpolymer to
pattern arrays composed of several proteins by utilizing

dx.doi.org/10.1021/ma201924h | Macromolecules 2012, 45, 1723-1736



Macromolecules

5. (b) %W - (@
ga. . .a .":;'w
£ = ) - =
N X2 s

0246 810 @‘?Q!:A 6 82 04 68 68 7

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

microscope projection lithography. They could also extend this
approach to the photopatterning of immune cells.”*

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 0-NB group
and allowed for local protein immobilization through primary
amines available on lysine residues by bis(sulfosuccinimidyl)-
suberate or carbodiimide coupling chemistry.”®

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.”*

0-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 3,3,44,5,5,6,6,7,-
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.”

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

While applications of photopatternable polymer thin films on
the basis of 0-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
0-NB chemistry to direct liquid flow inside microchannels
(Figure 7).”° 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 0-NB as a protecting group for
COOH and NH, 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 bg
the gold or an imine formation in case of protected amines.”
However, for o-NB-protected carboxylic groups on SAMs, the
yield during UV irradiation could be dramatically improved in
the presence of acids.”® 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 0-NB group as well as an activated ester group, 1-
[3-methoxy-6-nitro-4-(3-trimethoxysilylpropyloxy) phenyl ] ethyl
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Figure 6. Synthesis of the UV-sensitive acid-stable polymer resist and patterned photoresist SEM images.”
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dilute Rhodamine B aqueous solution inside the surface patterned microchannels.”®

N-succinimidyl carbonate, that allowed for the attachment of
amino-terminated poly(ethylene glycol) (PEG-NH,), resulting
in photopatternable PEG-SAMs.”” 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 0-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
0-NB group remained fully intact under these conditions.
Irradiation at 365 nm resulted in the cleavage of not only the
0-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.* 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.®!
They could also induce the photodeprotection by localized
two-photon induced activation through neighboring enhanced
electromagnetic near-fields around metallic nanostructures.**

Zhao and co-workers prepared gold nanoparticles function-
alized on the surface with o0-NB alcohol as well as gold
nanoparticles with benzylamine on the surface (Figure 8).*°
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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.** 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.®> 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.®® 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.
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Figure 8. (left) Light-triggered covalent assembly of gold nanoparticles. (right) TEM micrographs of the Au NPs after UV irradiation of increasing
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Figure 9. (a) Photocleavable PEGylated lysozyme'® and (b) schematics of a photoinduced peptide bond cleavage (redrawn after ref 106).

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.*”**

As 0-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
0-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.*” 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.”””" The anthracene
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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 0-NB.”> They prepared
the photocleavable diblock copolymer polystyrene-block-poly-
(ethylene oxide) (PS-hv-PEO) by ATRP using an o-NB-
functionalized PEO macroinitiator (Figure 10). The photolysis
of PEO-hv-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-hv-PS to get ordered nanoporous films
by spin-coating. Compared to other cleavable block copolymers
(i.e., the acid-cleavable trityl ether junction),” 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

dx.doi.org/10.1021/ma201924h | Macromolecules 2012, 45, 1723-1736
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Figure 10. Synthesis and photolysis of PEO-hv-PS by ATRP (redrawn after ref 92).

(B)

Figure 11. (A) AFM image (1 X 1 um?) of PS-hv-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.)
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Figure 12. Synthesis of PEO-hv-PS by ATRP—CuAAC click reaction (redrawn after ref 95).

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.”* Recently, Fustin and
co-workers developed a more versatile synthetic route toward
photocleavable block copolymers on the basis of an 0-NB
junction.” 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-hv-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-0-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
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RAFT polymerization and a subsequent intermacromolecular
azide—alkyne click reaction, providing more flexibility in the
synthesis of photocleavable block copolymers.”® 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 0-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(y-methyl-¢-caprolactone)-
block-poly(acrylic acid) (PmCL-0-NB-PAA) with 0-NB junction
by ring-opening polymerization and ATRP (Figure 13). A dual
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Figure 13. The concept of photocleavable nanocarriers based on amphi-
philic block copolymers with 0-NB junctions (redrawn based on ref 97) .

initiator based on o-NB was synthesized and used for the
sequential ring-opening polymerization of mCL and ATRP of
tert-butyl acrylate (fBA).”” Afterward, the PtBA block was
hydrolyzed, resulting in the amphiphilic diblock copolymer
PmCL-0-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 0-NB units that allowed a fast photodegradation of the
micelles in solution.’"

Poly(e-caprolactone)-based block copolymers that feature an
0-NB photocleavable junction have also been investigated by
Nojima and co-workers. They have prepared a polystyrene-block-
poly(e-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.”®
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Klan and co-workers extended the use of photocleavable
junctions based on 0-NB to an orthogonal photocleavable
linker, which functionalized the benzylic and phenacyl posi-
tions with leaving groups.” 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 ghotolabile diblock copolymers with a truxillic acid
junction.1 0

7. PHOTOCLEAVABLE BIOCONJUGATES

Applications of 0-NB linkers in conjugating biological and
synthetic molecules have increased over the past few years.
Hydrophilic 0-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.'”" Similarly, biotinylated photocleavable polyethy-
lenimine has been synthesized and investigated for the
controlled release of nucleic acids from solid supports.'**
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.'® Burke and co-workers
demonstrated a mulitpurpose 0-NB linker that featured two
orthogonal functional groups, N-hydroxysuccinimidyl and
sulthydryl, allowing for the selective binding of peptides or
other amine-terminated groups and oligonucleotides, which can
then be used for nucleic acid selections.'**

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 (4 = 365 nm) for 30
min, due to removal of the PEG unmasking the protein (Figure
9a)."% 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).'%

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 0-NB to produce smart materials with tunable
hydrophobicity—hydrophilicity and LCST properties, with an
overall goal of producing micelles with tunable assembly and
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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
0-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
teature 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 0-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 0-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 0-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
0-NB groups will surely play a dominant part in this area.'®’~'*
Thus, the synthetic combination of click methods to prepare
macromolecules with phototriggered “unclicking” based on
0-NB groups will result in advancements in macromolecular
engineering with high fidelity. Undoubtedly, the careful
application of 0-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 0-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.''® 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."'>™''* The
opportunity to combine this controlled synthesis of macro-
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molecules with the cleaving polymer chains in a controlled way
by utilizing 0-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 f-phenylogous scission of the
C—N bond is highly efficient and leads to the production of
reactive initiating radicals at a short time scale.

B INTRODUCTION

Radical photopolymerization is the key technique for the curing
of decorative and protecting films and coatings within a fraction
of a second." 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).>*

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 PL* Additionally,
as the solvent cage effect is avoided, substantially enhanced
photoreactivity could be observed, especially in water-based
systems.”> Generally, the photochemical and photophysical
properties of such a PI chromophore are influenced by the type
of linker, usually heteroatoms. Various covalently bound BP—
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amine systems have been investigated, revealing an optimum in
photoreaction quantum yield by using an aliphatic linker
between the moieties.””® 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
Pls.* 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
p-phenylogous cleavage.*

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 Pls (4-benzoylbenzyl)-N-methyl-N-
phenylamine (5) and (4-benzoylbenzyl)-S-phenyl sulfide (6),
the latter being an established model compound for the fS-
phenylogous cleavage mechanism.” Sulfide
candidate for a comparable reaction mechanism.

6 is another
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Scheme 1. Combined Electron and Proton Transfer from NPG to the Excited BP Followed by Spontaneous Decarboxylation of
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Figure 1. Structures of the investigated Pls.

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).

B 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-
benzoylbenzyl)phenylamino]acetic acid ethyl ester (2),* N-methyl-
N-phenylaminoacetic acid (3),' N-methyl-N-phenylaminoacetic acid
ethyl ester (4),'" (4-benzoylbenzyl)-N-methyl-N-phenylamine (5),"
and (4-benzoylbenzyl)-S-phenyl sulfide (6)"> were synthesized
according to procedures described in the literature. All spectroscopic
data were in agreement with the reported data.

Characterization. 'H and *C NMR spectra were recorded on a
Bruker AC-200 FT-NMR spectrometer with CDCl; 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 F,5, 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 C,g column,
particle size 5 ym, 150 X 3.9 mm” 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-S, 60 m X 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.'* The compounds were irradiated with filtered UV-

1738

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/ cm? The default light intensity at
the tip of the light guide was 1000 mW/ cm?. 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 S 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.'®

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 S0—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 (id. 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.' All calculations (geometry
optimizations and single point calculations) were conducted at the
B3LYP'”'® level of theory with the basis set TZVP."

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 ys)—free
induction decay. The concentrations of the initiators were typically
0.01 M in dj-acetonitrile, deaerated by bubbling argon through the
solution.

B RESULTS AND DISCUSSION

Laser Flash Photolysis. Nanosecond transient absorption
spectroscopy of solutions of the ethyl ester 2 at concentrations
between 2 X 10™*and 3 X 107> M was used to gain information
on the early photochemical steps. The irradiation wavelength
(355 nm) excites 2 into the n, z* state of the benzophenone

dx.doi.org/10.1021/ma3000225 | Macromolecules 2012, 45, 1737—1745
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moiety; the 7, #* transitions of the benzophenone and the
aniline moieties both lie at higher energies (1 < 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.? 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

0.05+ o
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0.03 0.0
< 0 time / ps 30
< 0.024
L]
0.01 .=

0-+— T T T T r
300 320 340 360 380 400
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Figure 2. Transient absorption spectrum obtained at 200 ns upon 355
nm laser flash photolysis of the ethyl ester 2 (6 X 107 M) in MeCN.
Inset: temporal absorbance change at 325 nm at 1.4 mJ/pulse.

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.’

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 k; = 10° s and 2k,/e = 6 X 10° cm s,
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 O,. 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 O, of
1.6 X 10° M™" s7'; this is in excellent agreement with published
values for the reaction of substituted benzyl radicals with O,,
which is known to generate benzylperoxyl radicals.*

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,”' 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 2k, = 1.2 X 10° M™* s™! based on the extinction
coefficient, £ = 1650 M~ cm™’, given for the N-phenylglycine
aminyl radical in aqueous solution at pH 10.>!

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
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Figure 3. Transient absorption spectrum obtained at 200 ns upon 355

nm laser flash photolysis of the ethyl ester 2 (3 X 107> M) in MeCN.
Inset: temporal absorbance change at 410 nm at 1.6 mJ/pulse.

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 (27) and the buildup of the absorption of 8 at
410 nm are shown in Figure 4. The kinetic congruence between

N
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Figure 4. Temporal absorbance change of 2" at 530 nm and 8 at 410
nm upon 355 nm laser flash photolysis of the ethyl ester 2 (1 X 1073
M) in 2,2,4-trimethylpentane.

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 2”7 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 X 107 to 3 X 107> 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 A = 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

dx.doi.org/10.1021/ma3000225 | Macromolecules 2012, 45, 1737—1745
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Figure 5. Absorption of 8 at 410 nm obtained 200 ns after 355 nm
laser flash photolysis of the ethyl ester 2 (M, 3 X 107> M; 4, 1 X 107
M; ®,6 X 107" M; A, 2 X 107* M) in (a) 2,2,4-trimethylpentane, (b)
MeCN, and (c) oxygen-saturated MeCN as a function of laser pulse
energy.

assignment of the observed radicals, it must be assumed that
photolysis of 2 proceeds by a direct, f-phenylogous cleavage of
the C—N bond (Scheme 2).

A further result shown in Figure 5 concerns the influence of
O, 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 S). The value of the product
£410 X D(8) was found to be 640 M~' cm™ in MeCN and 3820
M™*t em™ 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 ®(8) = 0.17 in
MeCN.

Magnetic Resonance: General. Insight into the early
stages of the polymerizations was obtained by continuous-wave
TR-EPR and 'H CIDNP. Whereas EPR is able to establish
radicals formed within the first 50 ns after irradiation,”>** the
CIDNP technique provides insight into the products formed
via the primary radical pair.”*** 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. S ps), 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
domlnatlng The EPR spectrum is composed of (at least)
two components (Figure 6b) with the dominating component
stemming from radical 7 originating from the MBP mmety
This is borne out by comparison with published data®’ and
DFT calculations (Figure 7). Accordingly, the biggest 'H hfc is
attributed to the a-protons at the exocyclic methylene group
carrying the highest spin population; the smaller "H 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

Scheme 2. Reaction Products Generated by Photolysis of 2 Determined by LFP, TR-EPR, and '"H CIDNP (See Color Code for

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

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.”>*

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 ys.

'H 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 6 = 7.40 to 7.80 ppm
comprising the 'H resonances of the benzophenone moiety and
the second one attributed to the phenyl hydrogens of the
glycine moiety with two multiplets at 6 = 6.65 and 7.17 ppm.
The two singlets at 6 = 4.72 and 4.22 ppm are assigned to the
methylene protons adjacent to the nitrogen atom. The
quadruplet at 6 = 4.17 ppm and the triplet at 6 = 1.24 ppm
(}] = 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 6 =
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
0 = 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.”® The polarized
singlets at 6 = 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,

.l |

o, |
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Figure 8. (a) "H NMR spectrum of 2. (b) "H CIDNP spectrum obtained immediately after the laser pulse. (c) '"H CIDNP spectrum obtained after

irradiation using a Hg—Xe high-pressure lamp (300 ms).

1741

dx.doi.org/10.1021/ma3000225 | Macromolecules 2012, 45, 1737—1745



Macromolecules

the absorptive peaks around & 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 6 = 7.92 ppm
in absorption. It can be assigned to the imine hydrogen of
disproportionation product 9.

The remaining signals are a singlet at 6 = 4.01 ppm and a
multiplet around 6 = 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

B blue:
W green: 10 ps
W red: 100 ps

Opus

T T 1
3.875 3.850

T T
3.925 3.900

3/ ppm

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 us).

seen that the two emission peaks increase in intensity when the
time delay between laser and rf pulse is increased to 10 and 100
us, 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 6 =
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 'H CIDNP spectrum (Figure 8c), however,
is essentially similar to the one obtained by laser irradiation.
One difference is that the peak group around 6 = 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 S-phenylogous
cleavage is also observed at the same time regime as for 2,

1742

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 6 = 7.15 and 7.80 ppm with the high-field signal
attributable to the S—Ph protons and the methylene proton
singlet at 6 = 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 6 = 425 ppm, indicating the regeneration of the parent
compound via the radical pair (geminate recombination). The
second peak appears in emission at 6 = 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 6 = 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 6 = 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 S0 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 (%,,.) is achieved and the rate
of polymerization (Rp) itself are the parameters to characterize
the reactivity of a PL'* 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 ¢,
remained also steady until a concentration of 6 mM and
increased at lower concentrations. The highest impact of
concentration could be seen for the R,. 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 R, 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
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Figure 10. (a) "H NMR spectrum of 6. (b) 'H CIDNP spectrum obtained immediately after the laser pulse. (c) "H CIDNP spectrum obtained after
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Scheme 3. Reaction Products Generated by Photolysis of 6, Determined by '"H CIDNP
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intermolecular processes are reduced by far at lower
concentrations.

Comparison of Pl 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 CO, to entirely displace the dissolved
oxygen and hinders the permeation of additional oxygen into
the coating.>" To investigate the behavior of the BP-NPG PI 1
during photopolymerization under different conditions, com-
parative experiments under N, atmosphere (50 mL min~") and
under air were carried out. The formulation consisted of a
mixture of three different acrylates (56% Genomer 4312, 21%

1743

Miramer M220, and 21% Miramer M320) and the PI (2 wt %).
We investigated benzophenone methylamine S, 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.** 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 a-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

dx.doi.org/10.1021/ma3000225 | Macromolecules 2012, 45, 1737—1745
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Figure 11. Dependence of PI reactivity on PI concentration (in
EEEA) expressed by (a) t,., (b) Ry, and (c) DBC.

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 t,,,,), which was
only slightly decreased (longer t,,,,) by curing under air. More
interesting were the results for the DBC and Ry. 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 CO, 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 S, which

possesses no acid group for decarboxylation.
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B 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 .., DBC, and
Rp at different PI concentrations. The values for the rate of
polymerization exceeded the R, 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.***¢ Comparing our new covalently bound PI 1
to PI systems used in industry, our compound exhibited
improved performance in the presence of oxygen outperform-

dx.doi.org/10.1021/ma3000225 | Macromolecules 2012, 45, 1737—1745



Macromolecules

ing typically used bimolecular PIs. During the curing process a
protecting CO, 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 B-phenylogous
cleavage was established.

Our investigations also underpin the substantial efficiency of
the MBP-moiety for f-cleavage reactions.””

B ASSOCIATED CONTENT

© Supporting Information

TR-EPR spectra of 2 (time slices); NMR spectrum of MBP.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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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.

B INTRODUCTION Scheme 1

Recently, photoredox catalysis using ruthenium or iridium com- Phal*

plexes has emerged in organic synthesis as a unique approach for
the formation of free radicals or ions under very soft irradiation hv
conditions: sunlight, fluorescent bulb, or LED bulb.! However, RaSiH \ / RN+

these metal complexes are very expensive and must be often . Red
prepared. The development of organic photocatalysts OPC for the Pe

photoredox catalysis is very important: the advantages could be a ot
lower cost, commercial availability, lower toxicity, better stability RaST
and solubility, easier extractability. Very recently, OPC based on

different dyes (e.g., eosin-Y) were proposed but the reversibility of R3Si*
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.>* In this area, the PCs
play the role of a photoinitiator (PI) that would be recovered

silyliums that can initiate the ring-opening polymerization ROP
of an epoxy.® 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

during the initiation step. In an oxidative cycle, the three Received: January 7, 2012
component system (PC/iodonium salt (Ph,I")/silane where Revised:  February 3, 2012
PC = e.g. Ru, Ir, anthracene derivatives - Scheme 1) generates Published: February 9, 2012
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generated to initiate the free radical polymerization FRP of
acrylates.**®

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 FRP®~° (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);SiH) and an iodo-
nium salt (Ph,I*) 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.

B 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), S5,12-
Bis(phenylethynyl)naphthacene (Napht), 6,13-Bis(triisopropylsilylethynyl)-
pentacene (Pent), tris(trimethylsilyl)silane ((TMS),SiH), diphenyliodo-
nium hexafluorophosphate (Ph,I"), ethyldimethylaminobenzoate (EDB)
and phenacyl bromide were obtained from Aldrich.

2. Irradiation Sources. Several lights were used: (i) LED bulbs
(I, = 15 mW cm ™ 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 (I, = 56 mW cm ™).

3. Free Radical Photopolymerization (FRP) Experiments.
Trimethylol propane triacrylate (TMPTA from Cytec) was used as a
low viscosity monomer. The film polymerization experiments were
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Figure 1. (A) UV—visible absorption spectra for the investigated
OPCs. (B) Emission spectra of the used LED bulbs.

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 ym thick; the thickness of the sample was determined
from the IR spectrum of the formulation”) deposited on a BaF, 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™.”

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

dx.doi.org/10.1021/ma300050n | Macromolecules 2012, 45, 1746—1752
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Table 1. Parameters Characterizing the Photochemical Properties of the Photocatalysts®

By (V/ E,q (V/
A (nm)/e (M~ cm ™) SCE) SCE)
Pyr 334/54000 1.33 2.2 3.44
Anth 440/40600 0.97 —1.47 2.78
Napht 548/23600 0.87 -1.1 223
Pent 638/23800 0.83 —-0.93 1.90

Eg (eV) 7 (ns)? Kk, (PhI") in M™'s7' [ AG,, (eV)]

kiea(EDB) in M™' 57! [ AG,q (V)]

14.7 1.7 X 10" [-1.91] 7.3 % 10°% [—0.24]
5.5 4 x 10°[-1.61] 6.6 x 10°[—0.31]
7.97 2.8 X 10" [~1.16] 8.1 x 10°[—0.13]
6.78 4.1 x 10° [-0.87] 1.6 X 10° [+0.03]

“Light absorption and redox properties (in acetonitrile), singlet state energy level (Eg,) and lifetime (7), and rate constants of interaction with Ph,I*
and EDB in acetonitrile are given. The free energy changes for the oxidation 'OPC/PhI* (AG,,) or reduction of 'OPC/EDB (AG,.) were
calculated by eq 1 using E_,(EDB) = 1 V and E,4 (Ph,I")= —0.2 V.12 PUnder air. “For methyldiethanolamine.

PC/Ph,I* (0.5%/2% w/w) and PC/(TMS),SiH/Ph,I" (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 BaF, pellet
(25 pm thick). The evolution of the epoxy group content is con-
tinuously followed by real time FTIR spectroscopy (JASCO FTIR
4100).® The absorbance of the epoxy group was monitored at about
790 cm™. The Si—H conversion for (TMS),SiH is followed at about
2050 cm ™.

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).”

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:® 1 /T =1/7y + kq[Q_] where 7 and 7, 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 AG,; for an electron transfer reaction is calculated
from the classical Rehm—Weller equation (eq 1)'° where E,,, E,.q, Er,
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.'!

AGe = Eox

—Eed —ET+C (1)

B 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, A, = 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
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oxidation process is partly reversible: in Figure 2A, it can be
observed that the ratio of the anodic/cathodic peak currents
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Figure 2. Examples of cyclic voltammograms: (A) oxidation and (B)
reduction of Pent.

i,/i. is <1. The reversibility for Napht and Pent is rather good
(i,/i. ~ 0.8): better than that found for Anth (i,/i. ~ 0.4) in ref
S. 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 i,/i. 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 S, 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

dx.doi.org/10.1021/ma300050n | Macromolecules 2012, 45, 1746—1752
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(Figure 1 in the Supproting Information), very high 'OPC/
Ph,I* interaction rate constants are determined (e.g., k = 4.1 X
10° M™! 57! for Pent and 2.8 X 10'° M™' s™* 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 AG = —0.87 €V for Pent to —1.61 eV for Pyr).

lopC + PhyIt — OPC*™ + PK + Ph — I 1)
PR + (TMS)3Si—-H — Ph — H + (TMS)3Si’ )
(TMS);8i* + OPC*t — (TMS);Si" + OPC 3)
(TMS)3Si + M — (TMS);Si—-M" *)

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/Ph,I" solution with a red LED bulb, the
PBN radical adduct (characterized by ay = 14.3 and ay = 2.2 G;
reference values in®'?) is easily observed (Figure 3A)31

A

T T T T T T T 1
3310 3320 3330 3340 3350 3360 3370 3380

B (G)
a B
b
33'20 3(;30 3(:’:40 33ISO 33’60 33:70
B (G)

Figure 3. ESR spectra obtained after red LED bulb irradiation of: (A)
a Pent/Ph,I" solution (in fert-butylbenzene/acetonitrile), [Ph,I"] =
0.01 M: experimental (a) and simulated (b) spectra; (B) a Pent/Ph,I*/
(TMS);SiH solution (in tert-butylbenzene/acetonitrile), [Ph,I"] = 0.01
M: experimental (a) and simulated (b) spectra. Phenyl-
N-tert-butylnitrone (PBN) is used as spin-trap.

In presence of silane, these Ph* radicals are converted into
silyl radicals R;Si® by a hydrogen abstraction reaction 2. This is
also well supported by the observation of R;Si® in the irradiated
three component system (OPC/Ph,I"/R;SiH) in ESR-ST experi-
ments: the irradiation of a Pent/Ph,I*/(TMS),SiH solution with
a red LED bulb leads to two PBN radical adducts corresponding

1749

to Ph® and (TMS),Si* (Figure 3B). For the silyl radical, the PBN
radical adduct is characterized by ay = 14.8 G and a; = 5.7 G (see
reference values in refs 3 and 13). Free radicals are not observed
for the irradiation of Ph,I"/(TMS);SiH solution with red light
clearly indicating that OPC is required.

The photolysis of the OPC in the three component systems
(OPC/Ph,I*/(TMS),SiH) is much slower than in the two-
component systems (OPC/Ph,I*) as shown in Figure 4. For
example using Pyr as OPC, the oxidation photoproducts
(pyrene-1,6quinone and pyrene-1,8 quinone) characterized by a
strong absorption at about 450—460 nm'* are only observed in
the absence of (TMS);SiH (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);SiH. Such a behavior was previously
observed in metal photocatalysts (iridium or ruthenium based)?
and can be ascribed to the oxidation of the silyl radicals by
PC** (Scheme 1) leading to the formation of silylium ions
(TMS),Si", known to easily initiate a ROP process (4).>° 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);** (1.2 V)
or Ir(ppy);* (0.77 V); the oxidation of (TMS),Si® by
Ru(bpy);** or Ir(ppy);" was already evidenced.® 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/lodonium 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/Ph,I" is quite slow
for the different selected irradiation conditions, e.g., Xe—Hg
lamp for Pyr/Ph,I" or red LED bulb for Pent/Ph,I" (Figure S).
Rather low final conversions are reached, e.g, <20% using
Pent/Ph,I*. This highlights the low ability of OPC®*
(generated from the 'OPC/Ph,I*) as an initiating species of
ROP. In absence of PhyI%, 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/Ph,I*/(TMS),SiH) can be considered as excel-
lent initiating systems (Figure SA curve 1 vs curve 2 and Figure
SB 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.'> 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 'OPC/EDB
interaction rate constants k (from k = 1.6 X 10® M~ s™! for
Pent to 8.1 X 10° M™' s™" for Napht; Table 1). The electron
transfer reaction S is favorable for Pyr, Anth and Napht as

dx.doi.org/10.1021/ma300050n | Macromolecules 2012, 45, 1746—1752
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Figure 4. UV—visible spectra at different irradiation times. Photolysis of Pyr/Ph,I* (1.75 X 107> M/8.6 X 10~ M) (A) and Pyr/Ph,I'/(TMS),SiH
(1.75 X 1075 M/8.6 X 107> M/2 X 107> M) (B); from ¢ = 0 to 60 s; in acetonitrile; Xe—Hg lamp exposure. Photolysis of Pent/Ph,I* (1.75 x 10~ M/
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LED bulb exposure.
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Figure 5. Compared polymerization profiles of EPOX under air upon: (A) a Xe—Hg lamp exposure in the presence of (1) Pyr/Ph,I" (0.5%/ 2% w/w)
and (2) Pyr/(TMS);Si—H/Ph,I" (0.5%/3%/ 2% w/w) under air. (B) a red LED bulb irradiation in the presence of (1) Pent/Ph,I* (0.5%/ 2% w/w) and

(2) Pent/(TMS);Si—H/Ph,I" (0.5%/3%/ 2% w/w).

revealed by the calculated negative free energy change AG (Table 1).
For Pent, the process is not exergonic (AG = +0.03 eV): this is in
agreement with the lower 'Pent/EDB interaction rate constant
compared to those found for the other OPCs.

lopC + EDB — OPC®™ + EDB** ()

OPC*” + R — Br - OPC + R®* + 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)CH,"* radical is observed (ay =
14.8 G; ay = 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
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Figure 6. ESR spectra obtained after a green LED bulb irradiation
(30 s) of Napht/phenacyl bromide (dot line) and Napht/EDB/
phenacyl bromide (full line) in fert-butylbenzene/acetonitrile. Phenyl-
N-tert-butylnitrone (PBN) is used as spin-trap.

is necessary in eq S and in the catalytic cycle. The reduction
potential of phenacyl bromide (—0.78 V vs SCE)'® is higher
than the oxidation potentials of the different OPC*~
(—2.2, =147, —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

Table 2. Polymerization Rates (R,) and Final Conversion for
the Polymerization of TMPTA in Laminate®

OPC R,/[M,] X 100° (s71) nonversion (%) for t = 400s
Pyr” 8 77
Anth 0.4 5§
Napht 1 67
Pent <0.4 ~40

“Initiating system: OPC/EDB/Phenacylbromide (0.5%/4.5%/3% w/w).
Xe—Hg lamp irradiation (4 > 390 nm) except for OPC = Pyr. For Pyr,
no filter is used to ensure a UV light irradiation. b[M,]: the initial
monomer concentration.
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Figure 7. Polymerization profiles of TMPTA upon a Xe—Hg lamp
irradiation (4 > 390 nm) in laminate in the presence of (1) Napht
(0.5% w/w); (2) Napht/EDB (0.5%/4.5% w/w); (3) Napht/EDB/
phenacyl bromide (0.5%/4.5%/3% w/w).

under the Xe—Hg lamp exposure. In the absence of phenacyl

bromide (Figure 7, curve 2) or EDB, the efficiency drastically
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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 'OPC/EDB
interaction rate constants which are strongly affected by the
selected OPC (see Table 1).

H 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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Fluorescence quenching and Stern—Volmer treatments for the
OPC/Ph,I" interaction. This material is available free of charge
via the Internet at http://pubs.acs.org/.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: jlalevee@uha.fr.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the Agence Nationale de la Recherche
(ANR BLAN-0802; ANR SILICIUM); J.L. thanks the Institut
Universitaire de France for the support. Thanks are due to
Dr. J. P. Malval (IS2M) for his help in the fluorescence lifetime
determination.

B REFERENCES

(1) (a) Nicewicz, D. A.; MacMillan, D. W. C. Science 2008, 322, 77—
80. (b) Shih, H.-W.; Vander Wal, M. N.; Grange, R. L.; MacMillan,
D. W. C. J. Am. Chem. Soc. 2010, 132, 13600—13603. (c) Zeitler, K.
Angew. Chem., Int. Ed. 2009, 48, 9785—9789. (d) Narayanam, J. M. R;
Stephenson, C. R. J. Chem. Soc. Rev. 2011, 40, 102—113. (e) Dai, C;
Narayanam, J. M. R;; Stephenson, C. R. J. Nature Chem. 2011, 3, 140—
14S. (f) Ischay, M. A;; Lu, Z.; Yoon, T. P. J. Am. Chem. Soc. 2010, 132,
8572—8574. (g) Yoon, T. P.; Ischay, M. A.; Du, J. Nature Chem. 2010,
2, 527—532. (h) Larraufie, M. H.; Pellet, R.; Fensterbank, L.; Goddard,
J. P.; Lac6te, E.; Malacria, M.; Ollivier, C. Angew. Chem., Int. Ed. 2011,
50, 4463—4466. (i) Courant, T.; Masson, G. Chem.—Eur. ]. 2011,
DOI: 10.1002/chem.201103062.

(2) (a) Neumann, M; Fuldner, S.; Konig, B.; Zeitler, K. Angew.
Chem,, Int. Ed. 2011, SO, 951-954. (b) Liu, Q; Li, Y.-N.; Zhang,
H-H; Chen, B; Tung, C-H; Wu, L-Z. Chem.—Eur. J. 2011,
DOI: 10.1002/chem.201102299. (c) Fagnoni, M;; Dondi, D.; Ravelli D,;
Albini, A. Chem. Rev. 2007, 107, 2725—2756.

(3) (a) Lalevée, J.; Blanchard, N.; Tehfe, M.-A.; Morlet-Savary, F.;
Fouassier, J. P. Macromolecules 2010, 43, 10191—10195. (b) Lalevée,
J.; Blanchard, N.; Tehfe, M. A.; Peter, M.; Morlet-Savary, F.; Gigmes,
D.; Fouassier, J. P. Polym. Chem. 2011, 2, 1986—1991. (c) Lalevée, J;
Blanchard, N.; Tehfe, M. A.; Peter, M.; Morlet-Savary, F.; Fouassier, J. P.

dx.doi.org/10.1021/ma300050n | Macromolecules 2012, 45, 1746—1752


http://pubs.acs.org/
mailto:j.lalevee@uha.fr

Macromolecules

Macromol. Rapid Commun. 2011, 32, 917—920. (d) Lalevée, J; Blanchard,
N.; Tehfe, M. A,; Peter, M.; Morlet-Savary, F.; Fouassier,
J. P. Polym. Bull. 2011, 68, 341—347. (e) Lalevée, J,; Peter, M; Dumur,
F.,; Gigmes, D,; Blanchard, N,; Tehfe, M. A,; Morlet-Savary, F.; Fouassier,
J. P. Chem.—Eur. J. 2011, 17, 15027—15031.

(4) Zhang, G; Song, L Y; Ahn, K. H; Park, T.; Choi, W.
Macromolecules 2011, 44, 7594—7599.

(5) Tehfe, M.-A.; Lalevée, J.; Morlet-Savary, F.; Graff, B.; Blanchard,
N.; Fouassier, J.-P. ACS Macro Lett. 2012, 1, 198—203.

(6) () Crivello, J. V. Photoinitiators for Free Radical, Cationic and
Anionic Photopolymerization, 2nd ed.; Bradley, G., Ed.; John Wiley and
Sons: New York, 1998. (b) Fouassier, J. P. Photoinitiation, Photo-
polymerization and Photocuring: Fundamental and Applications; Hanser
Publishers: New York, 1995. (c) Photoinitiated polymerization; Belfield,
K. D,, Crivello, J. V., Eds;; ACS Symposium Series 847; American
Chemical Society: Washington, DC, 2003. (d) Fouassier, J. P.; Lalevée,
J. Photoinitiators for Polymer Synthesis: Scope, Reactivity and Efficiency;
Wiley-VCH: Weinheim, Germany, to appear in 2012. (e) Handbook of
radical vinyl polymerization; Mishra, M., Yagci, Y., Eds.; M. Dekker, Inc:
New York, 1998.

(7) (a) Lalevée, J.; Alloas, X.; Jradi, S.; Fouassier, J. P. Macromolecules
2006, 39, 1872—1879. (b) Lalevée, J.; Zadoina, L.; Alloas, X,;
Fouassier, J. P. J. Polym. Sci. Part A: Chem 2007, 45, 2494—2502.
(c) Fouassier, J. P.; Allonas, X.; Lalevée, J.; Visconti, M. J. Polym. Sci,
Part A: Polym. Chem. 2000, 38, 4531—4541.

(8) (a) Tehfe, M.-A; Lalevée, J.; Gigmes, D.; Fouassier, J. P.
Macromolecules 2010, 43, 1364—1370. (b) Tehfe, M.-A.; Lalevée, J.;
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. ], Gilbert, B. C., Eds.; Electron Spin
Resonance 16; The Royal Society Of Chemistry: Cambridge, UK,
1998.

(10) Rehm, D.; Weller, A. Isr. J. Chem. 1970, 8, 259—271.

(11) Lalevée, J.; Dirani, A;; El-Roz, M.; Allonas, X,; Fouassier, J. P.
Macromolecules 2008, 41, 2003—2010.

(12) Fouassier, J. P.; Burr, D.; Crivello, J. V. J. Photochem. Photobiol.
A: Chem. 1989, 49, 317—-324.

(13) (a) Landolt Bornstein: Magnetic Properties of Free Radicals;
Fischer, H., Ed.; Springer Verlag: Berlin, 2005; Vol. 26d. (b) Chandra,
H.; Davidson, I. M. T.; Symons, M. C. R. J. Chem. Soc. Faraday Trans.
11983, 79, 2705—2711. (c) Alberti, A,; Leardini, R.; Pedulli, G. F;
Tundo, A.; Zanardi, G. Gazz. Chim. Ital. 1983, 113, 869—871.
(d) Lalevée, J; Blanchard, N.; El-Roz, M.; Graff, B.; Allonas, X;
Fouassier, J. P. Macromolecules 2008, 41, 4180—4186.

(14) (a) Pierce, R. C.; Katz, M. Environ. Sci. Technol. 1976, 10, 45—
51. (b) Sigman, M.; Schuler, P. F.; Gosh, M.; Dabestani, R. T. Environ.
Sci. Technol. 1998, 32, 3980—3983.

(15) (a) Tehfe, M.-A.; Lalevée, J.; Morlet-Savary, F.; Graff, B,
Fouassier, J.-P. Macromolecules 2011, 44, 8374—8379. (b) Tehfe,
M.-A,; Gigmes, D.; Dumur, F.; Bertin, D.; Morlet-Savary, F.; Graff, B.;
Lalevée, J.; Fouassier, J.-P. Polym. Chem. 2012, DOI: 10.1039/
C1PY00460C.

(16) Renaud, J; Scaiano, J. C. Can. J. Chem. 1996, 74, 1724—1730.

1752

dx.doi.org/10.1021/ma300050n | Macromolecules 2012, 45, 1746—1752



Macromolecules

pubs.acs.org/Macromolecules

Superstructures of Double Functionalized Host—Guest
Acrylmonomers Containing Chiral Phenylalanine-click-cyclodextrin

and Polymers
S. Gingter, B. Mondrzik, and H. Ritter™

Institute of Organic Chemistry and Macromolecular Chemistry, Heinrich-Heine-University Duesseldorf, Universitaetsstrafie 1,

D-40225 Duesseldorf, Germany

© Supporting Information

ABSTRACT: We report the preparation of acrylic monomers D- or L-
mono-(6-phenylalanine-acrylamido-6-deoxy)-f-cyclodextrin 3p/3; and
their corresponding copolymers 4p,/4; bearing NIPAAm and p- or L-
phenylalanine as guest and p-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.

monomer ~

B 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." Scientist
have been inspired by nature and have investigated various
systems mimicking biomolecules by synthetic supramolecular
structures with interesting properties and functions.”™® Super-
structures formed by hydro7gen bonds were reported for the
first time by Lehn et al.” Many contributions about the
formation of supramolecular polymers formed by hydrogen
bonding can be found in literature.*"'* However there have
been few works dealing with the self-assembly into supra-
molecular polymeric structures via host—guest interaction.'>'*
For example Harada et al. reported about the formation of
supramolecular helical polymers, recently.'> The self-assembly
behavior of phenyl modified S-cyclodextrins has been
investigated by Liu et al'

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.'” Further-
more there have been few works dealing with self-assembly of
chiral compounds. For example a monomer end-capped with a
cholester?rl group was threaded with CD to form a helical
polymer.'® Star polymers and polymer brushes were synthe-
sized from amphiphilic chiral monomers and their self-assembly
investigated.'”*°

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

-4 ACS Publications  © 2012 American Chemical Society
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tions.””> Next to calixarenes and cucurbiturils particularly
cyclodextrins (CDs) are important macrocyclic hosts, because
they are water-soluble, natural products suitable for medical
applications.”** 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.”>™>” Thus, we want to report
about the preparation and properties of a new typ of
polymerizable acrylic monomer containing chiral -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.

B MATERIALS AND EXPERIMENTAL SECTION

All reagents used were commercially available (Sigma-Aldrich, Acros
Organics) and were used without further purification. ff-cyclodextrin
was obtained from Wacker Chemie GmbH, Burghausen, Germany,
and used after drying overnight at a vacuum oil pump over P,O,,. 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-ds (99.9 atom % D) and deuterium oxide, D,0,
were obtained from Deutero GmbH, Germany.

'"H NMR was performed using a Bruker Advance DRX 200
spectrometer operating at 200.13 or 500 MHz for protons using
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Scheme 1. Synthesis of Monomers 3p, 3; and Copolymers 4y, 4,
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DMSO-dg or Deuteriumoxide 99.9% as solvents. The chemical shifts
(8) 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) X 4 cm (L) and
two Viscotek TSK GMHHR-M 7.8 mm (ID) X 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 X min~". 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™" 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 (4 = 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 1p/1; was prepared according to
the method described before.*

® Mono(6-azido-6-desoxy)--CD was synthesized according to
the method described before.'

p- or L-N-(1-Oxo-3-phenyl-1-(prop-2-yn-1-ylamino)propan-
2-yl)acrylamide, 25/2,. The respective N-acrylated amino acids 1/
1; (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

1754

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 CO, 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) 2, ap® = 30% 2, ap™® = —28°. 'H NMR (200 MHz,
DMSO-dy) & (ppm): 8.60 (s, 1H), 8.43 (d, ] = 8.7, 1H), 7.36 — 7.07
(m, SH), 6.36 — 6.18 (m, 1H), 6.02 (dd, ] = 2.4, 17.1, 1H), 5.57 (dd, J
=2.4,10.0, 1H), 3.94—3.78 (m, 2H), 3.16 (t, ] = 2.5, 1H), 3.00 (dd, J
= 4.8, 13.7, 1H), 2.79 (dd, J = 9.7, 13.6, 2H). FT- IR (diamond)
v(em™): 3273.3 (v NH), 3069.6, 2961.5, 1645.7 (amide I), 1622.4
(C=C), 1547.2 (amide II), 1496.1 (Ar), 14362, 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 2;: C, 69.7; H, 6.6; N, 10.6. Found for 2,: C, 70.02; H, 6.4;
N, 10.59.

D- or L-Mono(6-phenylalanine-acrylamido-6-deoxy)-f-cyclo-
dextrin, 3p/3,. We approached microwave-assisted cycloaddition by
giving 25,/2; (0.2 g, 0.82 mmol) to a solution of mono-(6-azido-6-
desoxy)-f-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) v (em™):
33564 (v OH), 29272, 21027, 1652.1, 1497.1, 1437.5, 1385.8,
12549, 1082.1, 1029.1, 1003.0, 936.0, 863.9. MALDI TOF MS m/z =
1416 [M + Na]".

Copolymer 4p/4,. A 0.5 g sample of 3,/3, (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. '"H NMR (200 MHe,
D,0): 6 = 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) v (cm™): 3295.3 (OH),
2971.1, 29314, 1640.5 (amide 1), 1536.8 (amide II), 1459.2 (Ar),
1387.1, 1367.1, 1240.5, 1153.7, 1130.7, 1080.7, 1032.0, 1004.3. 4; ap,?
= 14° 4y, ap™® = 18°, SEC measurement: 4p,, M, = 45 000, Pp, 1.3; 4y,
M, = 42000, Py, 1.3.

B RESULTS AND DISCUSSION

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

dx.doi.org/10.1021/ma3002164 | Macromolecules 2012, 45, 1753—1757
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Figure 1. 2D ROESY NMR experiment of 3, showing the correlation between protons of the phenyl ring and protons of the inner cavity of CD.

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,
2p/2;. The microwave accelerated click-reaction employing
Cu(I) catalysis with sodium-ascorbate lead to the desired
monomers mono-(6-phenylalanine-acrylamido-6-deoxy)-f-cy-
clodextrin, 3y, and 3;. To confirm that the monomers did not
racemize significantly during the synthesis, polarimetric
measurements were performed in dimethyl sulfoxide as solvent,
3p exhibited ap®® = —28° and 3, ap™ = +30°, respectively.
Copolymers 4, and 4, comprising N-isopropylacrylamide
(NIPAAm), Dp-mono-(6-phenylalanine-acrylamido-6-deoxy)-f-
cyclodextrin (3p) and L-mono(6-phenylalanine-acrylamido-6-
deoxy)-f-cyclodextrin (31), 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 4, and 4; 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 3p and 3; 2D ROESY-NMR-
spectroscopy was carried out to show the expected correlation
between the inner cavity protons of f-CD and the protons of
the phenyl ring. Figure 1, as an example for a 2D ROESY NMR
spectrum of 3 illustrates clearly interactions of protons from
the phenyl group with protons of the CD cavity (for ROESY of
3., see Supporting Informations).

In addition the '"H NMR spectra of the monomer exhibits
clear peak shifts compared to the "H NMR spectra of f-CD
which can be assigned to the complexation of the monomer 3
(Supporting Information).

The formation of large supramolecular structures formed by
intramolecular interactions were found in DLS measurements
of the monomers 3p and 3 exhibiting hydrodynamic diameters
with a mean coil size of about 100 nm (Figure 2 as an example
for 3p). The structure can then be disassembled by addition of
adamantylcarboxylate (ad-COO™ K*)in slight excess, which is a
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Figure 2. DLS measurement of monomers 3, (2 mg/mL) and 3
complexed with potassium adamantylcarboxylate (1 mg) and
schematic illustration of complexes.

suitable competing guest molecule with a higher complex
stability with $-CD than the phenylring of 3. After addition of
ad-COO™ K' to the aggregate of 3, the hydrodynamic
diameter decreases as mentioned above down to 25 nm, as
the A-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

dx.doi.org/10.1021/ma3002164 | Macromolecules 2012, 45, 1753—1757
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structures.

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 4y, and
4, were investigated. As expected, copolymers 4y, 4, (1:10) are
soluble in cold water below the critical solution temperature
(LCST). However, due to the presence of incorporated
hydrophilic comonomers 3, 3, a significant affect on the
cloud point value of pure Poly-(NIPAAm) is shifted from 32 to
39.0 °C (3.) and to 40.5 °C (3p) 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).

100

80
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T T T — 1
20 30 40 50 60
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Figure 4. LCST measurements of 4y, and 4y in comparison to
Poly(NIPAAm) (10 mg/mL).

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 4, and 63 nm for the 4y, respectively (Figure 5).

Since SEC measurements of 4 and 4; confirm nearly
identical masses and mass distributions; the big difference of
supramolecular aggregates in aqueous solution is a result of the

phe chirality.
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Figure S. Hydrodynamic diameters of polymers 4y, and 4y (1 mg/
mL).

B 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
p-CD. The p-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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DLS measurements, '"H NMR spectra, FT-IR spectra, and 2D
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ABSTRACT: f-Diketiminato and 1-aza-1,3-butadienyl—imido
complexes [MCL{TbtNC(Me)CHC(Me)NMes}(thf),] (1a,
1b, 1c) and [M(=NTbt)CL{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-[(Me;Si),CH];C4¢H,)
showed high activities for ethylene polymerization and ethylene/
1-hexene copolymerization (up to 1.1 X 10" g of polymer-mol
M. Complexes 1a, 1b, 3a, 3b, and 3¢ could produce
ultrahigh molecular weight ethylene/l-hexene copolymers
(M,, > 4 X 10°) that were hardly soluble in o-dichlorobenzene
under the molecular weight measurement conditions.

Tht v Mes |
F CI';?E‘
A i Alli-Bulys
B [PRNHM IB(CF
M = Ti, Zr, Hf

B INTRODUCTION

In recent years, there has been immense research interest in
preparing catalysts to produce linear low-density polyethylene
(LLDPE) such as ethylene/a-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."

On the other hand, ultrahigh molecular-weight polyethylenes
(UHMW=PEs: M,, = 10°~10) are an example of engineering
plastics. Although polyethylenes (PEs) with molecular weights
on the order of 10° are easily accessible with a variety of
metallocene catalysts, UHMW—PEs with molecular weights on
the order of 10° 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,,
f-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.z_7 Heterogeneous Ziegler—
Natta catalysts are capable of producing ultrahigh molecular-
weight copolymers, however, they have broad distributions of
molecular weight and chemical composition.® With regard to
homogeneous catalysts, Aida and co-workers reported that
crystalline nanofibers of linear PEs with an ultrahigh molecular-
weight (M,, = 6.2 X 10°) and a diameter of 3 to 5 A were formed

-4 ACS Publications  © 2012 American Chemical Society 1758

by the polymerization of ethylene with mesoporous silica fiber-
supported titanocene, using MAO as a cocatalyst.” 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 (M, = 39 x 10°)."" Recently, Huang and Ma’s
groups reported that bis(f-diketiminato)Zr complexes bearing
two different substituents on the N-terminals show moderate
catalytic activity for ethylene polymerization and formation of
UHMW-PE (M, = 1.2 X 10°)."!

As for ethylene/propylene copolymerization, Fujita and co-
workers reported the synthesis of ultrahigh-molecular-weight
amorphous ethylene/propylene copolymers with M,, of 1.0 X
107 using a bis(salicylaldimine)Zr complex.'> As for 1-hexene
polymerization, Kakugo, Miyatake, and co-workers reported
the formation of ultrahigh-molecular-weight 1-hexene homo-
polymers with M,, of 5.7 X 10° using a thiobis(phenoxy)titanium
complex.”®> As for ethylene/1-hexene copolymerization, Jordan
and co-workers achieved the formation of ultrahigh-molecular-
weight ethylene/ 1-hexene copolymers with M,, of 1.6 X 10° using
a sterically crowded tris(pyrazolyl)borate complex."*

While much attention has focused on the modification of
cyclopentadienyl ligands to provide stereoselective catalysts,"
other efforts have sought new catalyst systems by the inclusion
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Chart 1. Representative Post-Metallocene Catalysts for Olefin Polymerization
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Chart 2. f-Diketiminato Complexes and 1-Aza-1,3-Butadienyl-Imido Complexes
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of non-cyclopentadienyl ancillary ligands about the transition
metals not limited to group 4 metal (so-called post-metallocene
catalysts).'® 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 a—olefin polymerization
catalyst based on a bulky chelating diamido complex [DipN-
(CH,);NDip]TiMe, (Dip = 2,6-diisopropylphenyl) (A, Chart 1)
although this catalyst (A) did not show high catalgtlc activity (up
to 7.6 X 10° g of [poly(1-octene)] mol T 'h™")."” Fujita and co-
workers at Mitsui Chemicals have developed the so-called “FI
catal sts which are salicylaldimine complexes of group 4 metals
(B).'® These catalysts (B) display very high ethylene polymer-
ization activity (up to 6.6 X 10° g of PE mol Zr ' h™"). 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 activ1t1es for ethylene polymerization (up to 1.1 X 10° g
of PE mol Fe! h™"), in some cases as high as those of the most
efficient group 4 metallocenes."’

On the other hand, the chemistry of f-diketiminato com-
plexes is of much current interest.” -Diketiminato ligands are
bidentate ligands bearing two nitrogen atoms. B-Diketiminato
ligands attract considerable attention due to their isoelectro-
nic relationship with cyclopentadienyl anion. f-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. f-Diketiminato complexes of trivalent titanium
and tetravalent group 4 metals have already been reported
by Lap ert ' Theopold,” Budzelaar,”® Smith,** Mindiola,*®
Huang, !'and so forth.

In 2006, we have already reported the preparation of
unsymmetric f-diketiminato complexes of Ti(Ill), Ti(IV),
Zr(IV), and Hf(IV) bearing two different N-aryl groups, an
extremely bulky substituent [Tbt = 2,4,6-[(Me;Si),CH];C4H, ]
and a moderately bulky substituent [Mes = 2,4,6-(CH;);C4H,]
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(Chart 2).>** Furthermore, we reported that the reductions of
these f-diketiminato complexes gave the ring-contracted 1-aza-
1,3-butadienyl—imido complexes of Ti(IV), Zr(IV), and Hf(IV)
(Chart 2).2%*

Here, we report the catalytic activities of these f-
diketiminato, 1-aza-1,3-butadienyl—imido, and 1-aza-2-butenyl—
imido>®®
1-hexene copolymer having unprecedentedly ultrahigh molecular-
weight using extremely bulky catalyst systems.

complexes and the formation of an ethylene/

B RESULTS AND DISCUSSION

Catalytic Activities of g-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 (la, 1b, 1c, 2a, 3a, 3b, 3c, 4a, 4b, and 4c) with
several cocatalysts [modified-methylalumoxane (MMAO),
Al(i-Bu);/B(C¢Fs)s, Al(i-Bu);/[PhNHMe,][B(C4Fs),] and
Al(i-Bu);/Ph;C[B(C¢Fs),] were systematically investigated.
Polymerization conditions were as follows: 40 °C, ethylene =
0.6 MPa, 1-hexene = 60 L (in the case of copolymerization),
toluene (total) = S mL, MMAO/complex = 1000/1, Al(i-Bu),/
complex/B-compound = 400/1/3, complex = 0.1 pmol, 20 min
(Figure 1, Figure 2 and Table 1).

E
=
©10.0
£
w
o
> 5.0 Cocatalysts
S Al(i-Bu)y/PhyC[B(CsFs)]
e - @ /Al-Bu)/[PhNHMe,J[B(CqFs)]
2 o0 | B e o o A
2 " 1a 2a 3a 4a 1b 3b 4b 1c 3¢ 4c "
2 Ti Zr Hf
Complexes
Figure 1. Ethylene homopolymerization catalyzed by several

complexes and several cocatalysts (red, MMAO; yellow, Al(i-Bu),/
B(C4F;)3; green, Al(i-Bu);/[PhNHMe,][B(C4F),]; blue, Al(i-Bu),/
Ph;CB(C4F),; ethylene pressure, 0.6 MPa).
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N

0.0

Cocatalysts

Al(-Bu)/PhyCIB(CFe)]
@ /AL(1-Bu)/[PhNHMe;][B(CsFe)]

Activity (108 g-copolymer mol-M-1 h-1)

005 e 2a 3a 4a 1b 3b 4b 1c 3c ac "°
Ti Zr Hf
Complexes

Figure 2. Ethylene/1-hexene copolymerization catalyzed by several
complexes and several cocatalysts (red, MMAO; yellow, Al(i-Bu);/
B(C¢Fs)s; green, Al(i-Bu);/[PhNHMe,][B(C4F;),]; blue, Al(i-Bu),/
Ph,CB(C4Fs),; ethylene pressure, 0.6 MPa).

Table 1. Ethylene Homopolymerization and Ethylene/
1-Hexene Copolymerization Catalyzed by Several Complexes
with Cocatalyst (Al(i-Bu);/[PhNHMe, ][B(C4Fs),]) by Using
a High-Throughput Screening System for 20 min®

activity

homopolymerization, 10° g copolymerization, 10° g of

entry complex of PE mol M ' ! copolymer mol M™! h™*
1 la 6.5 S.1
2 2a 3.9 33
3 3a 7.2 11.3
4 4a 4.7 10.4
S 1b 33 2.9
6 3b 6.4 6.4
7 4b 49 4.9
8 1c 0.2 0.2
9 3c 0.9 0.9
10 4c 0.2 0.3

“Conditions: polymerization temperature 40 °C, polymerization time
20 min, ethylene pressure 0.6 MPa, (in the case of copolymerization:
60 uL 1-hexene added), toluene (total) S mL, Al(i-Bu);/complex/
[PhNHMe,][B(CFs),] = 400/1/3, and complex = 0.1 gmol.

The results indicate that a combination of Al(i-Bu); and
[PhNHMe, ] [B(C4F;),] is the best cocatalyst for both ethylene
polymerization (activity: 7.2 X 10° g of PE mol Ti' h™' using
3a, Figure 1) and ethylene/1-hexene copolymerization (activity:
1.1 X 107 g of copolymer mol Ti' h™! 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.”” 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 f-diketiminates (1a, 1b, 1c) and trivalent tita-
nium f-diketimiate 2a (Chart 3).

The p-diketiminato and imido complexes bearing a Tbt
group showed good activity (Table 1, up to 1.1 X 107 g of
copolymer mol Ti"' h™") for synthesis of polyolefins using a
non-metallocene system. A number of examples of active
catalysts for ethylene polymerization with early transition metals
bearing f-diketiminato ligands have been reported, but their
activities in olefin polymerization are generally moderate to
low.">*** High catalytic activity for ethylene polymerization
catalyzed by f-diketiminato complexes has been reported by
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Chart 3. Tendency of Catalytic Activities
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Collins and co-workers.>® They synthesized mono-, bis(f-
diketiminato) complexes and monocyclopentadienyl S-diketi-
minato mixed complexes of group 4 metals, and found that
monocyclopentadienyl f-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 X 10" g of PE mol Zr ' h'™").

As for ethylene polymerization, terminal imido complexes of
group 4 metal usually show low activity>' > 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.**
The most active catalysts (5.0 X 10" g of PE mol Ti' h™')
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,* Stephan,36 Tsai,”” and Bergman group.” However,
they did not mention the catalytic activity for olefin polymer-
ization. Thus, the high catalytic activities of the f-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
p-diketiminate bearing two bulky Dip (2,6-diisopropylphenyl)
groups on the N-terminals],””> CGC—Ti,** and PHENICS
(Table 2, Chart 4).*°

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 I1-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); and [PhNHMe,][B(C4Fs),]. 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
M, 3.5 X 10° (M,/M, 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
M, using GPC or their viscosity-average molecular weight
(M,) based on [5] 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 a-olefin incorpo-
ration is "*C NMR spectrum. However, we could not determine

dx.doi.org/10.1021/ma2024107 | Macromolecules 2012, 45, 1758—1769
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Table 2. Ethylene and 1-Hexene Copolymerization Using
Several Metal Complexes

activity, kg of T, short
copolymer  (DSC), chain

entry complex mol M H! °C" M,°x10* M,/M,° branches®
14 la 580 136 d d 12
27 2a trace
3“ 3a 1600 115 347 S.5 18
4 4a 640 118 d d 18
5 1b 2240 128 d d 11
6 3b 3880 132 d d 13
74 3c 12 121 d d 19
ref 1* Zr—Dip2 420 131 450 4.5 0.0
ref 2° PHENICS 140 000 108 188 4.3 20
ref 3 CGC-Ti 130 000 108 111 3.8 20

“Reactor: 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 umol, Al(i-Bu); 0.25 mmol, and
[PhNHMe,][B(C4Fs),] 7.5 umol. ®Number of short chain branches
per 1000 carbons determined by FT—IR. “Determined by GPC with
polystyrene standard (conversion as PE: M,, = 17.7 X A,). “4Cannot be
determined because of less solubility. “The polymerization condition is
similar to that of condition a except 1-hexene 4 mL, toluene 196 mlL,
complex 0.005 ymol, and [PhNHMe,][B(C¢Fs),] 1.5 umol. /The
polymerization condition is similar to that of condition a except
1-hexene 8 mlL, toluene 192 mL, complex 0.001 pmol, and
[PhNHMe,][B(CF;),] 1.5 ymol.

Chart 4. Reference Complexes of Group 4 Metal

pio % %
N\ CI \__cl N/ \_.cl
J 1<2| —si / o 7 O/T'*m Dip =
Zr-Dip2 CGC-Ti PHENICS

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, 3¢, 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, 3¢, 4a > la, 1b, 3b > Zr—
Dip2. The ethylene/1-hexene copolymer obtained by 1la
showed a high melting point (T,, = 136 °C) and contained
12 short chain branches carbons per 1000 of polymer chain
calculated from FT—IR spectrum.*'

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
P-hydride transfer from the propagating chain end to the
coordinating monomer (Scheme 1a), (b) f-hydrogen elimi-
nation giving metal hydride (Scheme 1b) and transfer to
aluminum compounds (Scheme 1c).*

The reason for the formation of an ultrahigh molecular-
weight copolymer might be interpreted in terms of the inhibi-
tion of chain termination by f-hydride transfer or f-hydrogen
elimination due to the steric protection afforded by the Tbt
group. This effect has also been observed by Brookhart and
co-workers for Ni" and Pd" a-diiminato complexes on various
N-terminals,** and is consistent with the calculations by Ziegler
and co-workers,** which show that steric pressure promotes
olefin insertion and disfavors #-hydrogen elimination.

Furthermore, ethylene/1-hexene copolymerization by the
use of zirconium f-diketiminate (Zr—Dip2) bearing two 2,6-
diisopropylphenyl (Dip) groups on the N-terminals afforded
only UHMW-PE.* Novak and co-workers have already
reported the preparation of zirconium f-diketiminate bearing
on N-terminals of various R-groups (Me, Ph, o-tolyl, 2,6-
dimethylphenyl, and Dip) and catalytic activities for ethylene
polymerization.”” 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
(M, ~ 8 x 10%) catalyzed by the zirconium p-diketiminates
bearing two Ph and p-CF;C¢H, groups on N-terminals.*®

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

(@ $Li9)zH p-Hydride transfer (Lig), H
MO to monomer 1
X polymer (ng)z D,,.-Mg) +  Zpolymer
M = group 4 metal
Lig = Ligand ;-Sk
polymer
®) @iy, u f-Hydrogen (Ligh
! elimination
M9 > M@
o polymer o + Zpolymer
(c) . transfer to -
Li
(.'9)2 aluminum compounds (E'g)z
M@ + R-AIR; > M® + R,Al—polymer
o polymer (ng)z "R
R = alkyl M@
3 kpolymer
AI
" R
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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).

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

(a) Zr-Dip2 (b) 1b

\ / Polymer chain

Polymer chain

%

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).>%*

(a) Side View of 1b c) Side View of 3b (e) Side View of Zr-Dip2

Li{tmeda) Dlp Dlp
' 0“'9

(b) Top View of 1b

(d) Top View of 3b

(f) Top View of Zr-Dip2

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).

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).

40°C

100°C 60°C

Detector Response

N
N
w
aL
3}
o
~

Log A,

Figure 4. GPC traces of ethylene/1-hexene copolymers obtained by
3a/Al(i-Bu);/[PhNHMe,][B(C¢Fs),] under several polymerization
temperature (red, 40 °C; yellow, 60 °C; green, 100 °C; blue, 140 °C;
purple, 180 °C).

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 M,, = 1.1 X 10° 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 M,/M, 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 M, /M,
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 S).

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.”> The mathematical expression of the
most probable distribution is shown in the following eq 1:

W(n M) = ksz2 exp(—yM) (1)

where W(ln M) is the nongeneralized weight fraction, as the
function of In M; 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

Table 3. Temperature Effect of Ethylene/1-Hexene Copolymerization®

polymerization activity, kg of copolymer
entry  complex temperature, °C mol T{' b
1 3a 40 1600
2 3a 60 1400
3 3a 100 1280
4 3a 140 600
S 3a 180 200

T,, (DSC), °C [n], dLg™ M,Sx10° M, /M,  short chain branches”
115 d 347 S.5 18
121 11.6 166 242 17
125 9.1 122 9.7 17
129 6.9 112 199 14
131 2.8 19 13.7 6

“Reactor: 0.4 L autoclave. Conditions: polymerization time 60 mln, ethylene 2.5 MPa, 1-hexene 10 mL, toluene 190 mL, complex 2.5 umol,
Al(i-Bu); 0.25 mmol, and [PhNHMe,][B(CFs),] 7.5 pmol. ®Number of short chaln branches per 1000 carbons determined by FT—IR.
“Determined by GPC with polystyrene standard (conversion as PE: M,, = 17.7 X A,). 4Cannot be determined because of less solubility.
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(a) 40°C
M,/M,=55
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¢ Experimental

(b) 60 °C
M,/M, =242

(¢) 100°C
M,/M,=9.7

(d) 140°C
M,/M,=19.9

(e)180°C
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137

Figure S. 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].

catalysts (Figure S). 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, 101, 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
(11, 111, 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 M,,/M, 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 M,,/M, value at 100 °C (9.7) than that at
60 °C (24.2). Because of the similar reason, the M,,/M,, 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 T,, values despite the
decrease in the M,, 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 T,
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),/
[PhNHMe, ] [B(C4F;),] catalyst system compared with CGC—
Ti as a reference. (Table 4, Figure 6).

(a) ot

Detector Response

Detector Response

N
w
)
~

4 5
Log Aw

Figure 6. GPC traces of ethylene/1-hexene copolymers obtained by
3a and CGC-Ti using cocatalysts of Al(i-Bu); and [PhNHMe,][B-
(CgFs)4] under several ethylene pressure [(a) 3a; (b) CGC—Ti; blue,
0.6 MPa; yellow, 1.0 MPa; red, 2.5 MPa].

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

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

entry complex ethylene pressure, MPa activity, kg of copolymer mol Ti'' k' T, (DSC), °C M, X 10* M, /M,° short chain branches”
1¢ 3a 0.6 880 78 145 4.7 35
2% 3a 1.0 1200 92 177 4.7 22
3° 3a 2.5 1600 118 347 S.5 18
47 3a 4.0 1120 123 d d 18
ref 1° CGC-Ti 0.6 100 000 71 89 2.7 34
ref 2°¢ CGC-Ti 2.5 130 000 108 111 3.8 20

“Reactor 0.4 L autoclave, conditions: polymerization temperature 40 °C polymerization time 60 min, 1-hexene 10 mL, toluene 190 mL, complex

2.5 pmol, Al(i-Bu); 0.25 mmol, [PhNHMe,][B(CFs),] 7.5 umol.

“Number of short chaln branches per 1000 carbons determined by FT—IR.

“Determined by GPC with polystyrene standard (conversion as PE: M,, = 17.7 X A,,). “Cannot be determined because of less solubility. “The
polymerization condition is similar to that the condition a except 1-hexene 8 mL, toluene 192 mL, complex 0.001 ymol and [PhANHMe,][B(CF;),]

1.5 pmol.
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Figure 7. Catalytic activity and molecular weight of for ethylene/I-
hexene copolymer obtained by 3a/Al(i-Bu);/[PhNHMe,][B(CFs),]
under several ethylene pressure (O, activity; A, molecular weight of
copolymer (M,,); broken line, linear approximation from 0.6 to 1.0
MPa of ethylene pressure).

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.* In contrast, the catalytic activity
of 3a was found to decrease as the ethylene pressure increases
from 2.5 to 40 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 M, 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 a-olefin (CH,—CH,—R)
molecules [relative olefin reactivities with Ziegler—Natta
catalysts: 80 (R = H) and 1 (R = n-hexyl)].*” 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 (M,, > 4 X 10°) can be formed by using 3a
when the ethylene pressure is 4.0 MPa.

The DSC analysis indicated that the T, 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
T,, value increased gradually. The reason for increasing the T,
value at 4.0 MPa of ethylene pressure relative to the T, 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 f-Diketiminato Complexes of
Titanium and Zirconium Bearing Cp and Cp* Ligands.
Group 4 metal complexes bearing f-diketiminato and cyclo-
pentadienyl ligands [M(CR;)CL{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 p-diketimiante [Li{TbtNC(Me)CHC(Me)NMes}]
with MCL(CsRs) (Scheme 3).

The copolymerization of ethylene and 1-hexene was
examined by using complexes (Sa, Sb, 6a, and 6b) in the
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Scheme 3. Preparation of Titanium and Zirconium f-
Diketiminates Bearing Cp and Cp* Ligands
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presence of cocatalysts of Al(i-Bu); and [PhNHMe, |[B(C¢Fs),]
(Table S). These results indicated that Cp*-supported titanium

Table 5. Ethylene and 1-Hexene Copolymerization Catalyzed
with Complexes/Al(i-Bu);/[PhNHMe, ][ B(CF;),]

activity, kg of T, short
copolymer mol  (DSC), chain
entry complex M!'h! °C M, x 10* M,/M,° branches’
14 Sa 9600 128 38 9.3 11
27 6a 33600 108/118 78 9.2 18
3¢ Sb 18 400 134 52 3.9 11
44 6b 30 800 130 153 32 14
ref 1° 1a 576 136 d d 12
ref 2° 1b 2240 128 d d 11
ref 3/ CGC—Ti 130 000 108 111 3.8 20

“Reactor: 0.4 L autoclave. Conditions: polymerization temperature
40 °C, polymerization time 60 min, ethylene pressure 2.5 MPa,
I-hexene 10 mL, toluene 190 mL, complex 0.25 umol, Al(i-Bu),
0.25 mmol, and [PhNHMe,][B(C4F;),] 1.0 gmol. “Number of short
chain branches per 1000 carbons determined by FT—IR. “Determined
by GPC with polystyrene standard (conversion as PE: M,, = 17.7 X
A,). “Cannot be determined because of less solubility. “The
polymerization condition is similar to that the condition a except
complex 2.5 pmol and [PhNHMe,][B(C(Fs),] 7.5 pmol. /The
polymerization condition is similar to that the condition a except
1-hexene 8 mL, toluene 192 mL, complex 0.001 umol, and
[PhNHMe, ][B(C4Fs),] 1.5 ymol.

P-diketiminate 6b show almost 14 times higher catalytic activity
for ethylene/1-hexene copolymerization (activity: 3.1 X 107 g of
copolymer mol Zr ' h™!) than 1b.

Such high activity may suggest the #°-coordination mode of
the f-diketiminato ligand in Sa, Sb, 6a, and 6b as in the case of
[TiClz(ns—Cp){ns—[DipNC(Me)]ZCH}].30 The 7°-coordination
mode of the f-diketiminato ligand in Sa, Sb, 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 (M,, < 1.5 X 10°) compared with 1a and 1b
(M,, > 4 x 10°).

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)(PMe;)CHC(Me)NMes}] (7a) and [Ti(=NTbt)Cl-
{C(Me)(PMe,CH,CH,PMe,) CHC(Me)NMes}] (8a) bearing
a phosphonium ylide moiety from the 1-aza-1,3-butadienyl
complex (3a) just by adding PMe; and Me,PCH,CH,PMe,,

respectively (Scheme 4).2%* The copolymerization of ethylene

dx.doi.org/10.1021/ma2024107 | Macromolecules 2012, 45, 1758—1769
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Scheme 4. Preparation of Titanium Complexes Bearing
1-Aza-2-butenyl-Imido and Phosphonium Ylide
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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), and [PhNHMe,][B(C4Fs),] (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 X 10° g of copolymer mol Ti' h™')
is higher than that of the I-aza-1,3-butadienyl complex 3a
(activity: 1.6 X 10° g of copolymer mol Ti " h™") 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 C;N moiety which of 7a is more negatlve than that of 3a
determined by the DFT calculations.*® 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 Me,PCH,CH,P*Me, to cationic titanium
center during the chain propagation. The catalytic activities and
M,, 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.

B CONCLUSION

(1) p-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 X 10" g of PE mol Zr ' h™"). (2) Ultrahigh
molecular-weight ethylene/1-hexene copolymers (M,, > 4 X 105,
short chain branches C/1000C up to 19.0) were obtained by

using the complexes (1a, 1b, 3a, 3b, 3¢, 4a, 7a, and 8a). The
ethylene/1-hexene copolymer obtained by la showed a high
melting point (T,, 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 M,, =
L1 X 105 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 S.

The physical properties such as tensile strength impact and
puncture resistance of ultrahigh molecular-weight ethylene/
1-hexene copolymers are under investigation.

B 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. [TiCL;{TbtNC(Me)CHC(Me)NMes}] (1a),
[TiCL{TbtNC(Me)CHC(Me)NMes}] (2a), [Ti(=NTbt)CL{C-
(Me)CHC(Me)NMes}Li(Me,NCH,CH,NMe,)] (3a), [Ti(=
NTbt)C{C(Me)CHC(Me)NMes}(thf)] (4a), [ZrCL{TbtNC(Me)-
CHC(Me)NMes}(thf)] (1b), [Zr(=NTbt)CL{C(Me)CHC(Me)-
NMes}Li(Me,NCH,CH,NMe,)] (3b), [Zr(=NTbt)CI{C(Me)-
CHC(Me)NMes}(thf)] (4b), [HfCL{TbtNC(Me) CHC(Me)NMes}-
(thf)] (1¢), [HE(=NTbt)Cl,{C(Me)CHC(Me)NMes}Li(Me,NCH,-
CH,NMe,)] (3c), and [Hf(=NTbt)CI{C(Me)CHC(Me)NMes}-
(thf)] (4c) were prepared according to the methods in the
literature.?® * [Ti(=NTbt)Cl{C(Me)(PMe;) CHC(Me)NMes}] (7a),
and [Ti(= NTbt)CI{C(Me)(PMeZCHZCHZPMeZ)CHC(Me)NMes}g
(8a) were prepared according to the methods in the literature.”
Li{ TbtNC(Me)CHC(Me)NMes}],** [ZrCl{[DipNC(Me)],CH}-
(thf)] (Zr-Dip2),”®> CGC-Ti,* and PHENICS,* were prepared
according to the methods in the literatures, respectively. '"H NMR
(300 MHz) and *C NMR (75 MHz) spectra were recorded on a

Table 6. Ethylene and 1-Hexene Copolymerization Catalyzed with Complexes/Al(i-Bu);/[PhNHMe,][B(C4Fs),]”

entry complex  ethylene pressure, MPa activity, kg of copolymer mol Ti'
1 7a 0.6 720
2 7a 2.5 2240
3 8a 0.6 180
4 8a 2.5 920
ref 1 3a 0.6 880
ref 2 3a 2.5 1600
ref 3 4a 2.5 640

k' T, (DSC),°C M, x10* M,/M, short chain branches”
82/104 228 4.2 14
120 446 54 3
77/115 191 13 25
122 423 9.2 3
78/116 145 4.7 35
115 347 5.5 18
118 d d 18

“Reactor: 0.4 L autoclave. Conditions: polymerization temperature 40 C polymerization time 60 min, 1-hexene 10 mL, toluene 190 mL, complex
0.25 umol, Al(i-Bu); 0.25 mmol, and [PhNHMe, ][B(C4F;),] 1.0 umol. “Number of short chain branches per 1000 carbons determined by FT—IR.
“Determined by GPC with polystyrene standard (conversion as PE: M,, = 17.7 X A,). 9Cannot be determined because of less solubility.
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Chart S. Tendency of Catalytic Activities and Molecular Weight of Ethylene/1-Hexene Copolymer Using f-Diketiminato,
1-Aza-1,3-butadienyl-Imido, and 1-Aza-2-butenyl—Imido Titanium Complexes

a) Catalytic Activity for Ethylene/1-Hexene Copolymerization
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JEOL JNM AL-300 spectrometer. The '"H NMR chemical shifts were
reported with reference to the internal residual C{DsH (7.15 ppm).
The *C NMR chemical shifts were reported with reference to the
carbon-13 signal of C¢D¢ (128.0 ppm). Multiplicity of signals in *C
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 [TiCpCl,{TbtNC(Me)CHC(Me)NMes}] (5a). A
solution of [Li{ TbtNC(Me)CHC(Me)NMes}] (40.0 mg, S1.7 umol)
in benzene (1 mL) was added to a slurry of pentamethylcyclopenta-
dienyltitanium trichloride (13.6 mg, 62.0 pmol) 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. [TiCpCL{TbtNC(Me)CHC(Me)NMes}] (S5a, 28.1 mg,
57%): mp 158—161 °C (dec). '"H NMR (300 MHz, C(Dg, 25 °C):
50.22 (s, 18H, SiMe;), 0.24 (s, 18H, SiMe;), 0.37 (s, 18H, SiMe,), 1.48
(s, 1H, Tbt p-benzyl), 1.83 (s, 2H, Tbt o-benzyl), 2.04 (s, 6H, Mes
0-Me), 2.06 (s, 3H, Me), 2.07 (s, 3H, Me), 2.44 (s, 3H, Me), 6.14 (s,
SH, C(H;), 6.22 (s, 1H, 3—CH), 6.63 (s, 2H, Mes m-H), 6.66 (br s,
2H, Tbt m-H). 3C NMR (75 MHz, C¢Dy, 25 °C): § 2.2 (q, SiMe;),
2.9 (q, SiMe;), 18.3 (q, Me), 19.0 (g, Me), 20.4 (q, Mes o0-Me), 21.2
(d, Tbt o-benzyl), 22.5 (d, Tbt o-benzyl), 25.4 (g, Me), 29.3 (d, Tbt
p-benzyl), 119.0 (s, C;Hs), 127.9 (d, Tbt C,,), 128.9 (d, 3-CH), 129.2
(d, Tbt C,,), 129.9 (d, Mes C,,), 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. Caled for C,4Hg,N,Si,CLTi: C, 58.13; H, 8.70; N, 2.95. Found:
C, 58.00; H, 8.92; N, 2.93.

Synthesis of [ZrCpCl,{TbtNC(Me)CHC(Me)NMes}] (5b). A
solution of [Li{ TtNC(Me)CHC(Me)NMes}] (40.1 mg, 51.7 gmol)
in benzene (1 mL) was added to pentamethylcyclopentadienylzirco-
nium trichloride (16.3 mg, 62.0 ymol), and the reaction mixture turned
yellow. The procedure similar to that in the preparation of Sa afforded
the product as yellow crystals. [ZrCpCL{TbtNC(Me)CHC(Me)-
NMes}] (5b, 382 mg, 74%): mp 182—184 °C (dec). 'H NMR
(300 MHz, C(Dy, 25 °C): 6 0.22 (s, 18H, SiMe;,), 0.27 (s, 18H, SiMe;,),
0.29 (s, 18H, SiMe;), 1.49 (s, 1H, Tbt p-benzyl), 1.91 (s, 6H, Mes
0-Me), 1.96 (s, 2H, Tbt o-benzyl), 2.10 (s, 3H, Me), 2.20 (s, 3H, Me),
240 (s, 3H, Me), 5.93 (s, 1H, 3—CH), 6.02 (s, SH, CsH;), 6.62 (br s,
2H, Tbt m-H), 6.66 (s, 2H, Mes m-H). *C NMR (75 MHz, C/D,,
25 °C): 6 1.8 (q, SiMe;), 2.5 (q, SiMes), 18.6 (q, Me), 19.1 (q, Me),
20.8 (q, Mes 0-Me), 21.2 (d, Tbt o-benzyl), 22.8 (d, Tbt o-benzyl), 25.8
(9, Me), 29.8 (d, Tbt p-benzyl), 119.2 (s, CsHy), 127.4 (d, Tbt C,,),
128.6 (d, 3-CH), 129.7 (d, Tbt C,,), 130.6 (d, Mes C,,), 130.9 (s),
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131.5 (s), 132.5 (s), 135.9 (s), 137.9 (s), 145.6 (s), 1459 (s), 158.9 (s,
C(N)), 168.1 (s, C(N)). Anal. Calcd for C4Hg,N,SicCLZr: C, 55.59;
H, 8.32; N, 2.82. Found: C, 55.78; H, 8.38; N, 2.90.

Synthesis of [TiCp*Cl,{TbtNC(Me)CHC(Me)NMes}] (6a). A
solution of [Li{ ThtNC(Me)CHC(Me)NMes}] (80.1 mg, 103 ymol)
in benzene (1 mL) was added to pentamethylcyclopentadienyltitanium
trichloride (36.0 mg, 128 ymol), and the reaction mixture turned dark
red. The procedure similar to that in the preparation of Sa afforded the
product as dark red crystals. [TiCp*CL{TbtNC(Me)CHC(Me)-
NMes}] (6a, 84.4 mg, 80%): mp 198—201 °C (dec). '"H NMR
(300 MHz, C¢Dg): 6 0.18 (s, 18H, SiMe;), 0.20 (s, 18H, SiMe;), 0.21
(s, 18H, SiMe;), 1.39 (s, 1H, Tbt p-benzyl), 1.82 (s, 3H, Me), 1.89
(s, 3H, Me), 1.91 (s, 6H, CsMey), 2.00 (s, 3H, Me), 2.05 (s, 2H, Tbt
o-benzyl), 2.11 (s, 9H, CsMes), 2.40 (s, 6H, Mes 0-Me), 6.18 (s, 1H,
3—CH), 6.62 (br s, 2H, Tbt m-H), 6.72 (br, 2H, Mes m-H). '*C NMR
(7§ MHz, CyDg, 25 °C): 5 1.0 (q, SiMe;), 1.8 (q, SiMe;), 14.0 (q,
CsMe;), 142 (q, CsMes), 18.0 (q, Me), 18.8 (q, Me), 20.4 (q, Mes
0-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, C;Mey), 127.1 (d, Tht C,,), 128.3 (d,
3-CH), 129.1 (d, Tbt C,,), 130.2 (d, Mes C,), 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 Cs;H,,N,SisCL, Ti: C, 60.02; H, 9.09;
N, 2.74. Found: C, 60.32; H, 8.82; N, 2.77.

Synthesis of [ZrCp*Cl,{TbtNC(Me)CHC(Me)NMes}] (6b). A
solution of [Li{ TbtNC(Me)CHC(Me)NMes}] (79.8 mg, 103 ymol)
in benzene (1 mL) was added to pentamethylcyclopentadienylzirco-
nium trichloride (42.6 mg, 128 pmol), and the reaction mixture turned
yellow. The procedure similar to that in the preparation of Sa afforded
the product as yellow crystals. [ZrCp*CL{TbtNC(Me)CHC(Me)-
NMes}] (6b, 81.7 mg, 60%): mp 230-233 °C (dec). '"H NMR
(300 MHz, C¢Dy): 6 0.23 (s, 18H, SiMe;), 0.26 (s, 18H, SiMe;,), 0.30
(s, 18H, SiMe;), 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). *C NMR
(75 MHz, CsDg, 25 °C): 6 1.7 (q, SiMesy), 1.9 (q, SiMe;), 14.8 (q,
CsMes), 15.1 (q, CsMes), 18.3 (q, Me), 18.8 (q, Me), 20.7 (q, Mes
0-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, CsMes), 127.2 (d, Tbt C,,), 128.4 (d,
3-CH), 1294 (d, Tbt C,,), 130.4 (d, Mes C,,), 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 C5;Hy,N,SicCL,Zr: 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. O mL of o-dichlorobenzene containing 0.3 mL
of o-dichlorobenzene-d,.** As short chain branches (1-hexene content)
of ethylene/1-hexene copolymers were measured using a JASCO
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IR—810 spectrometer with an estimated error of +0.5 mol %.*
Molecular weights (M,, and M,) and molecular weight distributions
(M,/M,) 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 (T,,) 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),
(160 puL, 40 umol) and toluene were injected into each reaction vessel
through a valve. The total volume of reaction mixture (in the case of
copolymerization: 60 yL 1-hexene added) was adjusted to S 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 ymol, 1 mM toluene solution) and a
toluene solution of a boron compound [B(C¢Fs);, [PhNHMe,]-
[B(C¢Fs)4] or PhyCB(C¢Fs),] (a 0.3 ymol, 1 mM toluene solution)
was successively added. When MMAO was used as a cocatalyst, MMAO
(a 100 pmol, 025 M toluene solution) and a catalyst precursor
(2 0.1 ymol, 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 f-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); (a 025 mmol, 1.0 M
toluene solution) was added. Subsequently, the complex (a 2.5 pmol,
0.10 mM toluene solution) and [PhNHMe,][B(C4F;),] (a 7.5 umol,
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 S mL of 1 M HCI). 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 zmol)
and [PhNHMe,][B(CFs),] (a 1.5 gmol, 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 umol)
and [PhNHMe,][B(C4Fs),] (a 1.5 umol, 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
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(PHENICS, 0.00S umol) and [PhNHMe,][B(C4Fs),] (a 1.5 pmol,
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 mlL, I-hexene 8 mlL, the complex
(CGC-Ti, 0.001 pmol) and [PhNHMe,][B(C4Fs),] (a 1.5 pmol,
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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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)MCI (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

{g: e

tBu B’

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.

B 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.' 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.>™ In the meanwhile, copolymerization of epoxides
and anhydrides has received much less attention.'”'" The
earlier studies by Inoue'? and Maeda" 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-j-
diketiminate'"'* and chromium salophen and porphyrinato"’
catalysts renewed the attention to this scientific area. Like for
the corresponding oxirane—CO, copolymerization,"">™"7 the
metal salen and porphyrinato-catalyzed oxirane—anhydride
copolymerizations generally require a cocatalyst to obtain
good yields and selectivity.'® 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

-4 ACS Publications  © 2012 American Chemical Society
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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.'®

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—CO, copoly-

.l 10,15—17
merizations

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.

B EXPERIMENTAL SECTION

Reagents. Succinic anhydride, cyclopropane-1,2-dicarboxylic acid
anhydride, phthalic anhydride, 4-(dimethylamino)pyridine, N-methyl-
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Figure 1. Synthesis of polyesters from cyclohexene oxide and
dicarboxylic acid anhydrides (succinic anhydride, cyclopropane-1,2-
dicarboxylic acid anhydride, and phthalic anhydride).
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Figure 2. General structure of (salen)MCI catalysts utilized for the
copolymerization reactions.

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 CaH,, 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.'?
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 A 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.”*°~>’

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 gmol) 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 pmol) in toluene (1 mL) and was placed in an
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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-d;, and '"H 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 S0 uL.
The columns used were a PLgel guard (S ym particles) 50 X 7.5 mm
column, followed by two PLgel mixed-C (S um particles) 300 X 7.5
mm columns at 40 °C in series. THF was used as eluent at a flow rate
of 1.0 mL min™". Samples were filtered through a 0.2 yum PTFE filter
(13 mm, PP housing, Alltech). For calibration polystyrene standards
were used (Polymer Laboratories, M, = 580—7.1 X 10¢ g mol™*). 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™". The cationization
agent used was potassium trifluoroacetate (Fluka, >99%) dissolved in
THEF at a concentration of 5 mg mL™". The matrix used was trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidenemalononitrile (DCTB)
(Fluka) and was dissolved in THF at a concentration of 40 mg mL™".
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 comgosition, and topology (see
Supporting Information for more details).***’

B 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
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Figure 3. CHO conversion for the copolymerization of CHO and
anhydrides catalyzed by (salen)MCI catalysts.
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Figure 4. M, values for the copolymerization of CHO and anhydrides
catalyzed by (salen)MCI catalysts.

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."’
reported a similar trend in catalytic activity for the
copolymerization of cyclohexene oxide and CO, catalyzed by
chromium salen systems: 8 showed the lowest reactivity while §
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.'’ 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 M,
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).**™* 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
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polymer molecular weight (CHO + PA: 86% conversion, M, =
16200 g/mol, PDI = 12; CHO + PA + diacids: 90%
conversion, M, = 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 M, 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 S).
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Figure S. Development of M, (green) and PDI (red) versus CHO
conversion for the 7/DMAP catalyzed CHO—PA copolymerization.

Effect of Cocatalysts on Catalytic Behavior. While there
have been numerous studies on epoxide—CO, copolymeriza-
tion involving metal salen or porphyrinato catalysts in
combination with nucleophilic cocatalysts,*'*!71%232533,34
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.'’
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.'®

Herein we have studied and compared the effect of different
types of cocatalysts including N-heterocyclic nucleophiles,
phosphines, and PPN*CI™ in ring-opening copolymerization
of cyclohexene oxide and phthalic anhydride. Since 6 is an
effective epoxide—CO, 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.

dx.doi.org/10.1021/ma2025804 | Macromolecules 2012, 45, 1770—-1776
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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.'®
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)."” 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[ (C4H10).(C(=0)CH=CHC(=0)—~OCHH,(0),},
with 58% and 30% ester functionalities for 6 (conversion 89%;
M, = 5800 g/mol, PDI = 4.4) and 7 (conversion 99%; M, =
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 S 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 S 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 S 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-Melm (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—
CO, copolymerizations, while N-Melm and TBD have shown
lower reactivities in epoxide—CO, copolymerizations catalyzed
by 6."”' Studies by Darensbourg et al. demonstrated that
DMAP showed 5 times higher reactivity than N-Melm at 1
equiv loading during epoxide—CO, copolymerization using 6."”
The same trend as found for the epoxide—CO, 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
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Table 1. CHO—PA Solution Copolymerization Catalyzed by
6 and 7 with Different N-Heterocyclic Nucleophiles as
Cocatalysts”

entry catalyst cocatalyst CHO conv’ (%) M, (g/mol) PDI
1 6 DMAP 62 5200 12
2 7 DMAP 91 9300 12
3 7 DMAP (3) 90 7800 12
4 7 DMAP? 70 11600 1.3
5 7 DMAP? (3) 80 8800 12
6 6 N-Melm 56 5700 12
7 7 N-Melm 78 6900 12
8 6 TBD 17 2100 13
9 7 TBD 43 4300 12

“Reaction condition = toluene, temperature = 110 °C, time = 60 min,
[anhydride]:[CHO]:[cat]:[cocat.] = 250:250:1:1. *Determined by 'H
NMR. “Determined by SEC. “Recrystallized DMAP.

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
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Figure 6. Effect of cocatalyst:catalyst ratio on CHO—PA copoly-
merization using 7 and N-heterocyclic Lewis bases as cocatalyst.

variation in the cocatalyst concentration had no effect on the
catalytic activity of the system, for N-Melm 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-Melm:catalyst ratio
was reported earlier for the epoxide—CO, copolymerization.”*
This suggests that the catalyst—cocatalyst interaction is
reversible and the strength of the binding interaction is in the
order DMAP > N-Melm > TBD. Interestingly, the polymer
molecular weight decreased with increasing amount of DMAP
and to a lesser extent for N-Melm, 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-Melm) clearly
has another origin. Introduction of water by increasing the
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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*-C¢H,,0-[C(=0)-R-C(=
0)O—-C¢H,,-0],7, it is not unlikely that backbiting occurs
resulting in low molecular weight cyclic polymer structures.>>*¢
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 (PMes;), tris(2,4,6-
trimethoxyphenyl)phosphine (TMPP), tricyclohexylphosphine
(PCys), and triphenylphsophine (PPh;). The copolymerization
results are given in Table 2. The negligible activity for PMes;

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

cone angle CHO conv? M,

entry catalyst phosphine (deg) (%) (g/ n‘;ol) PDI¢
1 6 PMes; 212 3 800 1.2
2 7 PMes; 212 0 800 1.2
3 6 TMPP 185 76 6900 1.4
4 7 TMPP 185 85 8200 1.3
5 6 PCy, 170 76 6100 12
6 7 PCy, 170 91 7000 12
7 6 PPh, 145 6 5600 1.3
8 7 PPh, 145 71 5400 1.3

“Reaction condition = solution, temperature = 110 °C, time = 60 min,
[anhydride]:[CHO]:[cat.]:[phosphine] = 250:250:1:1. YDetermined
by 'H NMR. “determined by SEC.

can be attributed to the large cone angle of the phosphine
considerably lowering its nucleophilicity.’” 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 PCy; 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 PCy;,
followed by TMPP and PPh;. We therefore investigated the
effect of the cocatalyst:catalyst ratio for these phosphines on
the catalytic activity of 7 in the CHO—PA copolymerization
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Figure 7. Development of M, (green) and PDI (red) vs CHO
conversion % of CHO—PA copolymers with PCy; as the cocatalyst
catalyzed by complex 7.

(Figure 8, Table S7 in the Supporting Information). For all
three phosphines, the catalytic activity increased with increasing
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Figure 8. Effect of cocatalyst:catalyst ratio on CHO—PA copoly-
merization using 7 and phosphines as cocatalyst.

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
(PPN*CI~). Ultimately, we focused on bis-
(triphenylphosphoranylidene)ammonium chloride as cocata-
lyst. As this type of cocatalyst produced one of the most active
(salen)MCl catalysts for epoxide—CO, copolymerization,">”*
and on the basis of similarities between the epoxide—CO, and
epoxide—anhydride copolymerization observed in this study,
we expected similar good results. Indeed, PPN*CI™ proved to
be an efficient cocatalyst, and 1 equiv was enough to reach
optimum activity. Comparing complexes 6 and 7 with PPN*CI~
showed a very similar activity for 6 and 7 (6: 90% CHO
conversion, M, = 13 100, PDI = 1.2; 7: 92% CHO conversion,
M, = 14000, PDI = 1.2). Increasing the cocatalyst:catalyst ratio
had no effect on the activity (Table 3).'>'”°**° The linear
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Table 3. Copolymerization of CHO and PA Catalyzed by 7
with Different PPN*Cl™:7 Ratios”

entry cocat. (equiv) CHO conv? (%) M, PDI¢
1 PPN*CI™ (1) 98 8100 12
2 PPN*CI™ (3) 99 4600 12
3 PPN*CI™ (5) 99 4000 12
4 PPN*CI™ (7) 99 3000 11
5 PPN*CI~ 7 (1) 84 15000 12
6 PPN*CI~ ¥ (3) 93 9600 12

“Reaction condition = solution, temperature = 110 °C, time = 60 min,
catalyst = 7, [anhydride]:[CHO]:[cat.]:[PPNCI] 250:250:1:1.
YDetermined by 'H NMR. “Determined by SEC. “Double recrystal-
lized PPN*CI".

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*CI™ as
cocatalyst (Figure 9).
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Figure 9. Development of M, (green) and PDI (red) vs CHO
conversion % of CHO—PA copolymers with PPN*CI™ as the
cocatalyst catalyzed by complex 7.

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"CI™ concentration leads
to an overall reduction of the molecular weight, suggesting that
either water present in PPN*Cl™ or PPN'CI" 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*CI~ (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*CI™ (3 equiv), respectively). However, comparing
runs with differet amounts of double recrystallized PPN*CI™
and nonrecrystallized PPN*Cl™ revealed that also for dried
PPN'CI™ a clear drop of molecular weight was observed which
is attributed to PPNCl™ functioning as chain transfer agent.
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Figure 10. Development of M, in GPC of CHO-PA copolymers
obtained at various PPN*CI™:7 ratios.

B 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—CO, copolymerization.** 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*CI") 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.

B ASSOCIATED CONTENT

© Supporting Information

Tables and figures of the bulk copolymerization of CHO with
anhydrides (SA, CPrA, and PA) catalyzed by 1—-12 in the
presence of DMAP as cocatalyst. This material is available free
of charge via the Internet at http://pubs.acs.org.
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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
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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.

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

Mezs«@

Ti—Cl
Cl

N
tBu

Figure 1. Structure of a constrained geometry catalyst.

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
P-hydride elimination.

The amide donor ligand of the complex depicted in Figure 1
stabilizes the electrophilic metal center, while the short Me,Si<
bridging group creates a more open environment at the metal
site compared to conventional metallocenes.> Consequently,
these catalysts allow the facile incorporation of bulky

-4 ACS Publications  © 2012 American Chemical Society
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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,”™"" 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."” In another study,"®
the CGC TiMe,/tris(pentafluorophenyl)boron/MMAOQO 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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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,"* 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.

B 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 A) and copper(1I)
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 S A) 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 S 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
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high-temperature gel permeation chromatographer (GPC), under a
trichlorobenzene (TCB) flow rate of 1 mL/min. A column bank of three
PLgel Olexis 13 ym mixed pore type 300 X 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 *C NMR spectrum was taken on a Bruker 500 MHz system with
S mm tube. The probe temperature was set at 120 °C. Acquisition
parameters were 14 ps 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.'® The spectra were recorded from
400 to 4000 cm™’, after 32 scans, with a resolution of 2 cm™'. The
absorption band at 908 cm ™!, representative of vinyl groups, was used
to measure the amount of vinyl groups in the polymer.

B 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 ymol/L,
222.8 mL of solvent, and 2.0 g of MAO solution. Polymer
yields and molecular weight measurements are summarized
in Table 1.

Table 1. Polymerization Run Results (Monomer Concentration
Effect)

reactor
pressure polymer activity (kg
run (psig) M, M, PDI yield (g) PE/(mol Ti-h))
120A 120 188 600 91500 2.06 5.59 40900
60A 60 121000 52600 2.30 1.70 12 400
100A 100 166600 74100 2.25 4.39 32100
80A 80 142800 69900 2.04 3.01 22000
120B 120 174900 80600 2.17 6.01 44 000
80B 80 150700 68600 2.20 2.80 20 500
60B 60 115600  S5300 2.09 1.75 12 800
100B 100 163100 78100 2.09 4.10 30000
120C 120 173700 75800 2.29 S.51 40 300
100C 100 167300 74400 2.2S 4.10 30000
45A 45 95600 40800 2.34 1.01 7 300
140A 140 202600 96500 2.10 6.70 49 000
140B 140 212600 99000 2.15 7.80 57000
45B 45 110500 48900 2.26 0.90 6 600
140C 140 206100 99000 2.08 7.78 56 900
180A 180 237300 109600 2.17 10.40 76 100
3S5A 35 73800 32200 2.29 0.50 3700
160A 160 216600 105000 2.06 8.60 62900
160B 160 227200 102000 2.23 9.13 66 800
180B 180 240400 106900 225 10.44 76 300
220A 220 261300 115500 226 1323 96 700
200A 200 247900 102000 243 1220 89200
220B 220 253900 112000 227 14.40 105 300
200B 200 250700 110200 227 11.69 85 500

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."® were used to calculate ethylene

dx.doi.org/10.1021/ma202577n | Macromolecules 2012, 45, 1777—1791
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Figure 2. Polymer yield versus ethylene concentration in the reactor

liquid phase.

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),

1.40

Polymer Yield (g)

0.00 &
0 0.005

0.01 0.015 0.02 0.025 0.03

(Ethylene concentration ) (mol/L)?

Figure 3. Polymer yield versus the square of ethylene concentration in
the reactor liquid phase (low ethylene concentration range).

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.'” > We propose the mechanism
described in egs 1 and 2 as a possible explanation for the observed
change in propagation order.

k

f
P* + M 2 P*M
k, (1)
kP
P<M + M — P*M (2)
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The formulation of eqs 1 and 2 is consistent with the main
assumptions of the trigger mechanism, #?® 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.**~>¢

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

kg M][P]

[P*-M] »

©)

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

Cp = [P*-M] + [P¥] (4)
Substituting eq 3 in eq 4 and solving for [P*] yields,
k
[P*] = ———C;
k, + kf[M] ()

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

= kf[M]Ct

[p*.M =
k, + kf[M]

(6)

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

R, = ky[P*-M][M] )
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,

~ kPCtkf[M]z
p- k, + kf[M] (8)
or,
kpCtK[M]Z
P71 + KIM] (9)
where
K=
ky (10)

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

_ 2
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.

dx.doi.org/10.1021/ma202577n | Macromolecules 2012, 45, 1777—1791
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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,
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Figure 4. Ethylene reactor feed flow rate versus time at different total
reactor pressures.

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 S 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,

dc,

—kC2
dt d“t

(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
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Figure S. 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).

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

kaVRCO[M]2

EM,in =
’ (1 + K[M])(1 + kyCot) (13)
Rearranging eq 13 gives
VR _ (1+KM]) (O + K[M])deOt
Ent,in kaCO[M]2 kaco[M]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
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Figure 6. Second order decay model for CGC deactivation at several
ethylene partial pressures.

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,

kaVR[M]2

n= m 111(1 + deOt)

(13)
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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 (C,). 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 18.
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

Table 2. Polymerization Conditions (Catalyst Concentration
Effect)

temperature pressure catalyst concentration

run °C) (psig) (umol/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

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.

Table 3. Polymer Yield and Molecular Weight Results

(Catalyst Concentration Effect)

run M, M, PDI polymer yield (g)
C-1 35 500 93 400 2.63 5.68
C-2 33900 94 400 2.79 3.95
C-3 34000 91 400 2.68 2.78
160A 105000 216 600 2.06 8.6
160B 102 000 227200 223 9.13
160C 101700 225 400 222 4
160D 99 700 232200 2.33 4.35
180A 109 600 237 300 2.17 104
180B 106 900 240 400 225 10.44
180C 10S 800 247 900 2.34 5.03

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

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
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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/C¢ for the same runs.

products of ethylene flow rates times catalyst ratio C/Ccs,
where C; 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
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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 1S5, 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 M, and M, is
necessary to check whether catalyst concentration affects
molecular weight averages. Since variances for M, and M,, 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 deviation®” for M,, and M,, 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
mean M,, 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 X 5864). The difference between the
mean M, of the same samples is 1,150 which is again less than
two times of pooled estimate of the common standard
deviation for M, (2 X 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—Tij,
three elementary steps were assumed: thermal deactivation,
MAO-promoted deactivation and reactivation. The thermal
deactivation step is given by the reaction below,

kath

Ct— Cqp (16)

where ky;, denotes the thermal deactivation rate constant, and
C,, are the permanently deactivated sites. MAO-promoted (or,

ip
possibly TMA-prompted, since TMA is always often present in
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equilibrium with MAO) deactivation and reactivation reactions
are represented as,

k
C, + MAO - ¢, (17)

k

Cq+ MAO = ¢, (18)

where C, 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 C}gZZrCIZ for the
o 28,2
polymerization of ethylene and propylene.”

The corresponding molar balances for C, and C, are given by

9 e —k [MAO]C, + k,[MAO]C

dt - dth'“t d t a d (19)
dCy

—4 = _k [MAO]C, + k;[MAO]C

dt a[ :| d d[ :| t (20)

Since MAO is present at a much higher concentration than
CGC, k,[MAO] and k;[MAO] may be assumed to be invariant
during polymerization and will be represented by the lumped
constants k, and k';, respectively.

Equations 19 and 20 can be solved with Laplace transforms
under the initial conditions C, = Cy and C; = 0 at t = 0 to yield
eq 21 (details of this derivation are given in Appendix B,
Supporting Information:

C

Cr=—2 (s + k'p)elf — (55 + K,)e2]

(51— s2) (21)

where s, and s, are constants defined as,

1 ’ ! ’
1= 5[\/(kdth + K+ k) = 4hggk g

— (kdth +k'y + k’a)] (22)

1 ’ ’ ’

s = _E[\/(kdth + K+ k)" — kg

+ (kaen + k'q + K'g)] (23)

The molar balance for monomer concentration in a semibatch
reactor is given by

dM] _ Emin

dt 1% P

(24)

Since monomer concentration is kept constant, we conclude
that,

Ep,in = RpVR (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,
2
kKIMT> CoV
(1 + K[M])(s; — )
— (2 + k,a)eszt]

Ep in [(sp + k'g)et
(26)
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Finally, the polymer yield, in moles, can be obtained by the
integration of eq 26,

o kp1<[M]2COVR [(Sl + k/a) (eslt _ 1)
(1 + KMy =s2)[ =1

(2 - 1)]

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,

(1 + K[M])Ep, in

K[MT?

= P2 sy + K)ett = (55 + Kg)e']
51— 952

52 (27)

(28)

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,
1+ K[M)FEy i
( [ ])2 M, ) dt
K[M] min

(1 + K[M])Fyy,in
/ l( KM )max_(
/ [ ] dt
(29)

where the subscripts “max” and “min” are the maximum and
minimum values of eq 28 LHS for all runs at time ¢, and a,
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',
k,CoVy s1, and s, 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.

(1+K[M])Fyy i
K[MJ?
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Time (s)

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

Table 4. Model Parameters

parameter estimated values with approximate 95% confidence interval
K, 3375 x107% + 1.5 x 107* s7*
k,CoVz 6.149 X 107 + 1.34 X 107* L.s™!

—1.169 X 1072 + 3.7 X 107* 57!
—1.202 X 1073 + 4.5 x 1075 57!

S1

S

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.
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Figure 10. Plot of the experimental LHS term of eq 28, averaged for
all runs, versus time. The dotted curve shows the fitted curve.

Values for kyy;, and k'; can be calculated using the expressions

below, obtained by solving eqs 22 and 23 simultaneously,

k _ 5152
e, (30)
5152
K= —(s +5y) — 22 _
i= ) - P2k, o
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Table 5 tabulates the point estimates of the all kinetic
parameters required for the model represented by eq 26.

Table S. Estimated Values of Kinetic Parameters for Eq 26

parameter estimated values
K, 3.746 x 1073 57!
k, 5.046 X 10* L.mol™'.s7!
Ko 3.633 X 1073 57!
K, 5.144 x 1073 57!
K 1.1

Figure 11 shows how the experimental ethylene feed flow
rates are well represented by eq 26 using the parameters
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Figure 11. Comparison between experimental ethylene feed flow rates
and model predictions with eq 26 using parameters listed in Table S.
Dashed curves are model predictions.

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,

16 1
14 4 — Predicted Polymer Yield [
12 ®  Experimental Polymer Yield 4
=
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E [ ]
%“ 8 o /°
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Figure 12. Comparison between experimental and predicted polymer
yields.
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excellent agreement was observed between experimental data
and model predictions.

The findings on CGC deactivation behavior can be
summarized as follows:

o 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.

e 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,

kp1<[M]2C0VR
(1 + KM (K, + K )

[k/a + k,de_(k/a—i—k/d)t]

Fagin

(32)

When time approaches infinity, the value for monomer flow
rate reaches the limiting value

~ k K[M]* CoVik',
(1 + KIM)(K, +Kg)

Fyp in
' (33)
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 M,, M,, and PDI of polyethylene
made with CGC vary with total reactor pressure. The PDI remains

350000 - r25
300000

250000

£ 200000 -

p=

3
2 150000

100000 -

0.5
50000

0 T
0 0.2 04

0.6
Ethylene Concentration (mol/L)

0.8

Figure 13. Variation of M,, M,,, and PDI with ethylene concentration.

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 M, and M,, initially increase with polymerization
pressure and then tend to constant values, which is consistent with
a chain growth mechanism controlled by transfer to ethylene.
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Estimation of Chain Transfer Rate Constants. Transfer
to monomer, to metal alkyl, to transfer agents such as H,, and
P-hydride elimination, are among the main chain transfer
mechanisms for polymerization with coordination catalyts.***

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

mw _ Rayr+ Rgy + Ry
M (32)
where Ry is the rate of propagation, Ry, Rgy, and Ry are the
rate of transfer to monomer, f-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,

n Rp

P¥M + M b5 + P*-M (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 f-hydride
elimination, in which the hydrogen atom attached to the f
carbon in the chain is transferred to the metal center, as
described in the following equation,

kpr _

P*-M — P + P*-M (34)

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

Ryy = kyg[P*M][M] (35)

Rgy = kpp[P*-M] (36)

Substituting the expression for [P*M] given in eq 6 into eqs
35 and 36,

_ kyKIMPC,
M= KM (37)
PH = T KM] (38)
Similarly, for chain transfer to MAO
R, = FallAUKIMIC,
AT T RIM] (39)

Finally, substituting eqs 9, 37, 38, and 39 into eq 32 gives,

mw

k kg + kaj[Al]
Uk, RprtkalA] 1

My k, kp [M] (40)
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or,
M, (M]
kpp + ka[Al]
kp (41)

Figure 14 shows the plot of mw/M, versus the reciprocal of
ethylene concentration in the reactor. The slope and intercept
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Figure 14. Plot of 1/M, versus 1/[M]; see eq 40.

of the line provide the point estimates for ky / k, and (kgyy +
ky[Al])/k,, respectively, which are reported in Table 6.

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

estimated estimated
linear standard nonlinear standard
parameter regression error regression error
kai/k, 143 x107* £ 868 x107° 15x10*+ 8x107°
1.8 X 107° 1.6 x 107°
(kgrr + kg[AL]) 7k, 82 X 107° & 271 X 107° 7.86 X 107° + 433 x 107°
5.6 % 107 89 x 107°

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

5000

M,/mw

0 L L L L L L L 1 L 1
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Figure 15. Curve fitting for M, data using eq 41.

the sum of the squares of the residuals to obtain ky / k, and
(kg + kyl[Al])/ k,. 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
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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 M, 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 7. Polymerization Conditions (MAO Effect)”

run MAO (mol Al/L) Al/Ti
441 0.0076 12 400
442 0.0122 19900
443 0.0213 34900
444 0.0030 4900
445 0.0167 27 400
446 0.0076 12 400
447 0.0122 19900
448 0.0304 49 500
454 0.0030 4900
455 0.0122 19900
456 0.0213 34900
457 0.0076 12 400
453% 0.0030 1200

“Catalyst concentration = 0.62 ymol/L, polymerization temperature =
120 °C, and polymerization pressure 120 psig. bCatalyst
concentration =2.44 ymol/L.

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

Table 8. Polymer Yields and Molecular Weight Averages

run M, M, PDI polymer yield (g)
441 177 200 68 100 2.6 24
442 184 900 80 500 23 3.5
443 164 200 82 000 22 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 48200 3.49 1.24
455 177 800 76 700 2.32 412
456 188 700 83 600 2.26 6.94
457 152 600 62 700 2.43 2.62
453 147 700 37 800 391 3.01

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

Figure 17 illustrates how PDI, M, and M,, vary with Al/Ti
ratio. Decreasing Al/Ti ratio down to about 20 000 does not
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Figure 17. Molecular weight averages and PDI as a function Al/Ti.

affect molecular weight averages and PDI, but a further
decrease will reduce M, and M,, 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 *C NMR.

Figure 19 compares the proton-decoupled *C 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
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Figure 18. Light scattering 15° signal intensity versus GPC elution
volume for samples made under different Al/Ti ratios.
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Figure 19. 3C NMR spectrum of samples 453 (top) and 448
(bottom).

Figure 20 was assumed. On the basis of the Grant and Paul
rules, the previous chemical shifts correspond to carbons 1, 2, 3,

1v y ﬁ a bra ﬁ 4 3 21
CH2=CH-CH2-CH2.............CHZ-CHZ-CHZ-CIH-CHZ-CHZ-CHZ.................ACHZ-CHZ-CH3
a CH,

B GH,
y CH,

3 CH,
2 (::Hz
1 CH,
Figure 20. Chemical structure of polyethylene containing long chain
branches made by CGC.

a, 3, 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 [7] X 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

12
NBS 1475 L 0.8
1 - \
0.8 - L 04
ey ~N
=) =
éﬂ 0.6 %
0 -
3
2 04
L 04
02 -
0 ‘ , ; ‘ 0.8
2.5 3.5 45 55 6.5
Log(M)

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.

shown in *C 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 *C 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 [7] X log
MW plot was linear, indicating that LCB frequency in the
sample is negligible. The summary of *C NMR analysis results
for these two samples is given in Table 9.

Table 9. '*C NMR analysis for Samples 453 and 448“

sample ’q'vinyl Acks nyca
453 0.39 0.78 0.23
448 0.064 0.29 0

“Aviny = Number of unsaturated chain ends per 1000 C, Acy; =
Number of saturated chain ends per 1000 C, n;cp = Average number
of long chain branches per chain.

The unsaturated chain-end density (1 number of

vinyls
unsaturated chain ends per 1000 carbon atcfms), saturated
chain end density (Acy, number of saturated chain ends per
1000 carbon atoms) and long chain branch density (1,
number of long chain branches per 1000 carbon atoms) were

calculated using the following equations,13

IAlv
}‘vinyl b IOOOIA_

Tot (42)
1Ay + IA
Acp, = 1000———3
3 2UAT; #3)
1A
AM.cg = 1000—2
AT (44)

where IA,,, IA,), IA;, IA, and IAg, are the integral areas of
allylic, 2, 3, @ and total carbons,
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The long chain branch frequency (n;cg, average number of
long chain branches per chain) was estimated using the
following equation,'?

2MCB
AcH3 + Minyl — McB

NLCB =
(45)

To better understand why the molecular weight averages
decreased when the Al/Ti ratio was reduced, the 4, 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 4, versus Al/Ti ratio

0.45

0.4

0.35

0.3 1

0.25 -

lvinyl

0.2

0.1

0.05

0 . s
0 10000 20000 30000 40000 50000
AVTi

Figure 22. Unsaturated chain end density (4,,,) as a function of 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 4,
measurements.) Since Ayiny 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
(nw-nyl), or the average number of unsaturated chain ends per
polymer chain, varies as a function of the Al/Ti ratio. The n,,
was calculated with the expression,

)‘vinyl X My

n,,: =
vinyl 14000

(46)
It is interesting to notice that at low Al/Ti ratios n,,, 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 n,,,, 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.
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Figure 23. Unsaturated chain end frequency (ng,,,) versus Al/Ti ratio.

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

1.2
Al/Ti=49500
1 /
~ 087 Al/Ti=4900
)
o0
3 06
5 O
Z Al/Ti=1200

0.4

0.2

4.5 5
Log(M)

55 6 6.5

Figure 24. Molecular weight distributions for samples 444, 453, and
448 made under different Al/Ti ratios.

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

run 733 734 735 736 737 738 741 742 745
total reactor pressure (psig) 120 160 80 80 120 205 120 40 40
“Catalyst concentration = 4.9 ymol/L. Temperature = 120 °C. Al/Ti = 916.
concentration, polymerization time and temperature were kept 137 Po205 i
the same in all runs. Molecular weight averages, polymer yields, BN
and LCB frequency estimates are presented in Table 11. 128 1 P=160 psig
. . P=120 psig
Table 11. Molecular Weight Averages and Polymer Yields ~ 1261
(Monomer Concentration Effect with Al/Ti = 916) % I
pressure polymer yield .‘LZ 1241
run (psig) M, M, PDI (2) npcs” =
733 120 142 200 40200 3.5 4.57 0.2 EP 122
734 160 176 700 46 400 3.8 6.64 0
73S 80 113 400 31400 3.6 2.04 0.27 12 A
736 80 113 600 32400 3.5 2.50 0.25
737 120 137 600 38 600 3.6 4.79 0.21 118 | ' . . . i ' :
741 120 158900 46300 3.4 4.69 0.18 " 5 6 1 18 1o 20 ”
742 40 94 000 23 400 4.0 0.65 0.32 Elution Volume( ml)
738 205 195300755100 35 1022 0 Figure 26. GPC light scattering 15° detector signal intensity versus
745 40 105 200 24900 42 0.77 0.3

“Estimated using the Zimm—Stockmeyer equation.

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

12 4
10
@ 8
o
)
g
>
£
N
2 A °
0 T T T T
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

Ethylene concentration (mol/L)

Figure 2S. Polymer yield as a function of ethylene concentration
(Al/Ti=916).

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 MWD of all samples, and log [#7] X
log MW plots for the linear polyethylene standard NBS 1475
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elution volume for samples in Table 10.
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Figure 27. Molecular weight distribution of the polyethylene samples
made at low Al/Ti ratio and log [#7] X log MW plot for sample 74S
(P = 40 psig) and linear polyethylene standard NBS 1475.

and Sample 745 (made at 40 psig). The nonlinear log [#] X 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 approach® 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 M,, M,, 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

dx.doi.org/10.1021/ma202577n | Macromolecules 2012, 45, 1777—1791
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Figure 28. Effect of ethylene concentration on M,, M,,, and PDI at low
MAO concentration.

chain branching. In fact, true single site behavior is not

observed for this catalyst when MAO concentration is low.
Finally, Figure 29 compares M, and M, for the two sets

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

300000 -
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200000 -
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=
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Figure 29. Effect of ethylene concentration and Al/Ti ratio on
molecular weight averages.

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.

B 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

1790

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
MAOQO 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 (10000 < M, < 17500 g mol ™%
1.5 < PDI < 1.8) or by reversible addition—fragmentation

(N y CLf
(B ! L c ¢S ! [
1.RAFT Aminolysis Q 2.Thiol-ene
(AN ;
- e
1.UV Deprotection O 2.Thiol-ene

;K(["‘\(\(‘((

transfer (RAFT)-mediated controlled/living radical polymerization (2000 < M, < 5700 g mol™’; 1.1 < PDI < 1.2).
Deprotection under UV light (4 = 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 'H
NMR spectroscopy. Thiol—maleimide addition is subsequently carried out and found to proceed with a nearly quantitative yield
(ca. 90%) as measured by '"H NMR. Different block copolymers (9400 < M, < 16 500 g mol™'; 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.

B INTRODUCTION

The past 5 years have witnessed a significant growth of interest
in the use of click methodologies in polymer and materials
chemistry." 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.” Although the most prominent technique was initially
the azide—alkyne cycloaddition,’ 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,* (hetero) Diels—Alder [4 + 2] cycloaddition,®
some very efficient nucleophilic substitutions,® oxime for-
mation,” nitrile oxide—alkyne cycloaddition,® or ring-opening of
epoxides.” 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.'® 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

-4 ACS Publications  © 2012 American Chemical Society 1792

addition.* 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.'> Indeed, they are regularly
employed to reduce the molecular weight or introduce a
specific functionality in radically prepared macromolecules.'
Consequently, sulthydryl 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
bioap?lications were targeted—by using functional mono-
mers, * initiators,"> or RAFT agents.16 PyDS has also been
attached by amidation to amino-containing polymers using N-
succinimidyl 3-(2-pyridyldithio)propionate.'” Matyjaszewski
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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

! Sequential double thiol-ene *
RAFT group
amino|ysis 2nd thiol-ene
1stthiol-ene UV deprotection
_— s — -G

and colleagues employed a bifunctional ATRP initiator to generate well-defined block copolymers incorporating the
composed of a disulfide linker to obtain midchain-functional- masked thiols in one block. Finally, sequential Michael addition
ized polystyrene (PS) which was eventually reduced by DTT to reactions are performed at the chain end after aminolysis of the
yield PS-SH.'® Li et al. also introduced thiols using an alkyl thiocarbonylthio moiety and along the chain after photo-
disulfide yet as a lateral group.'” Classical protecting-group deprotection (Scheme 1).

chemistrzy has also been employed to prepare ATRP
initiators*~** or nitroxides*> bearing a thiol group which was B EXPERIMENTAL SECTION

subsequently activated after functlonlng to mediate the Materials. Cysteamine hydrochloride (98%, ABCR), 2-nitrobenzyl
polymerization. In the case of RAFT-mediated controlled/ bromide (98%, ABCR), lithium hydroxide (98%, Alfa Aesar), acryloyl
living polymerization thiocarbonylthio compounds are used as chloride (96%, Alfa Aesar), methacryloyl chloride (97%, ABCR),
controlling agent, but they can also be regarded as masked triethylamine (TEA, 99+%, Merck), sodium hydrogen carbonate
thiols since methods such as aminolysis, hydrolysis, and metal (NaHCO;, 99%, Roth), 2-aminoethanol (99%, Fluka), tri-n-
hydride reduction will lead to the mercapto-end-functionalized butylphosphine (TBP, >90%, Fluka), dimethylphenylphosphine
chains.2* (DMPP, 99%, Sigma-Aldrich), 14-dioxane (99+%, Acros), and

acetonitrile (HPLC grade, Acros) were used as received. Ethanol,

. In the . Cont; xt 9f plureb postp(izmerlzatlonl (1leh’al:1he methanol, chloroform, ethyl acetate, toluene, and n-hexane were of all
incorporation of previously absent sulfur atoms), alky 1des from VWR (Normapur grade) and also used as received. 2,2

such as ATRP-made polymers have been substituted using Azobisbutyronitrile (AIBN, 98%, Sigma-Aldrich) was recrystallized

thiourea to form isothiouronium salts which were subsequently twice from methanol and stored at —19 °C. N,N-Dimethylacrylamide
hydrolyzed to give thiol-capped polymers.>>*¢ Very recently, (DMAAm, 99%, Sigma-Aldrich) and styrene (99%, Acros) were
Boyer et al. reported a nucleophilic substitution of Br-capped passed through a column of basic alumina (VWR) to remove the
polymers employing methanethiosulfonate followed by basic inhibitor and stored at —19 °C. N—Isopropylacrylamide (NiPAAn‘l)
hydrolysi827 while Paris and co-workers used potassium was recrystallized twice from toluene/n-hexane 1:1 v/v. Dichloro-

methane (VWR, Normapur) was dried on 4 A molecular sieves.
Dibenzyltrithiocarbonate (DBTTC)*® and benzyl maleimide®* were
synthesized according to previously reported procedures.

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

thioacetate to obtain end-thiolated polymers via hydrolysis of
the intermediate thioester-capped chains.*®

Protecting group chemistry is very often employed in pure
organic chemistry, particularly when complex structures are

targeted.”® It consists in the reversible protection of one or In a 150 mL beaker, lithium hydroxide (1.2506 g, 51.2 mmol)
several functional groups which can potentially react while was dissolved in deionized water (25 mL) and ethanol (75 mL)
performing a modification meant to occur on another part of was added. The resulting suspension was subsequently
the molecule. It also allows in some applications the activation introduced into a 250 mL double-necked round-bottom flask
of specific functions when desired. While chemically driven 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

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 ambient temperature. The mixture was further stirred at 35 °C
temporal control of the reaction but also for its spatial control. for 40 min. Ethanol was removed by rotary evaporation, and
For instance, the o-nitrobenzyl group and its methoxy- 100 mL of deionized water was added. The heterogeneous
substituted derivatives have been often used, eg, for polymer mixture was poured into a separating funnel and extracted with
functionalization,®® reversible bioconjugation,”" or surface dichloromethane (3 x 150 mL). The organic fractions were
photopatterning.32 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

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 degradation was observed upon storage. 'H NMR (CDCl,, 250
of the so-formed copolymers to release thiols and undergo MHz, §): 7.96 (d, 1H), 7.26—7.59 (m, 3H), 4.07 (s, 2H), 2.85
Michael addition is evidenced. The RAFT process is then used (t, 2H), 2.57 (t, 2H), 1.67 (s, 2H) ppm.

1793 dx.doi.org/10.1021/ma202670d | Macromolecules 2012, 45, 1792—1802



Macromolecules

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 X 40
mL of brine and 40 mL of a NaHCOj-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%). 'H NMR (CDCl,,
250 MHz, §): 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%). "H NMR (CDCl,, 250 MHz, §): 7.91 (d, 1H), 7.54—
7.32 (m, 3H), 6.37—6.17 (broad, 1H), 5.64 (m, 1H), 527 (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 CDCI; to determine the
conversion by "H NMR. Another portion was evaporated and
dissolved in DMAC (+ 1 wt % LiBr) for size-exclusion
chromatography analysis.

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

[M]/ 2:DMAAm [DBTTC]/

entry symbol® [AIBN] (mol/mol) [AIBN]
A® 20 100:0

B“ 20 15:85

ct ° 100 15:85

D? X 50 15:85

EY ] 50 0:100

F® ¢ 50 39:61

leld O 50 59:41

HY A 50 15:85 2

g O 50 15:85 1

9[M] = 2.6 M. ¥[M] = 0.5 M. “The symbols noted in the Table refer
to Figures 1 and 2.

Synthesis of P(DMAAmM-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 (0.434S 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
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ambient temperature. The polymer was recovered as a slightly yellow
powder by 2-fold precipitation in n-hexane at ambient temperature
("H NMR, acetone-ds) ([2]/[M])elymer = 14 mol % (30 wt %).

Synthesis of the PDMAAmM-TTC-PDMAAmM 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. '"H NMR analysis of the raw
mixture in CDCI; 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) M, = 3000 g mol™; PDI =
1.10 ("H NMR, acetone-dg) M, = 2600 g mol™".

Synthesis of PDMAAm-b-P(DMAAm-co-2)-TTC-P(DMAAmM-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 S 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. '"H NMR analysis of the raw mixture in
CDCl; 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) M,
= 8200 g mol™'; PDI = 1.32. ("H NMR, acetone-dg) ([2]/[M])
= 11 mol % (25 wt %); M, = 9400 g mol".

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. '"H NMR analysis of the raw mixture in acetone-dg
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) M, = 3800 g mol™'; 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 §
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. "H NMR analysis of the raw mixture in CDCl; 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) M, = 6500 g mol™*; PDI =
1.27. ("H NMR, acetone-dg) M, = 9950 g mol™".

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, 1.0S 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 'H NMR. The
polymer was recovered as a light-yellow powder by 2-fold precipitation
in n-hexane at ambient temperature. (SEC/DMAC) M, = 3800 g
mol™'; PDI = 1.10. ("H NMR, acetone-ds) M, = 3800 g mol™".

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

polymer
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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 pmol) 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. "H NMR
analysis of the raw mixture in CDCIl; 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) M, = 16 500 g mol™%; 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 S 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(DMAAmM-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 S mm in front of a hand-held TLC lamp (8 W) and irradiated
at 366 nm at ambient temperature for 2.5 h. Polymer $ was recovered
by precipitation in cold n-hexane (0.7740 g, 89%). '"H 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 § (60 mg, 81 umol thiol groups), benzyl maleimide
(0.2046 g, 1.29 mmol), and DMPP (0.1 mg, 0.7 umol) were dissolved
in acetonitrile (4 mL). The mixture was deoxygenated by purging with
nitrogen for 30 min, after which deoxygenated TEA (100 uL, 0.72
mmol) was added using a nitrogen-purged syringe. After 15 h, polymer
6 was recovered by precipitation in cold n-hexane. "H NMR in acetone
(see Figure 4) revealed a functionalization yield of 92%.

Synthesis of PDMAAm-b-P(DMAAmM-co-2)-SH (13). In a 10 mL
round-bottom flask, 8 (0.5996 g, ca. 64 umol according to M,
determined by 'H NMR) was dissolved in acetonitrile (9.7 mL)
together with TBP (21 uL, 85 ymol). The resulting yellow mixture
was deoxygenated by purging with nitrogen for 30 min. Using a
nitrogen-purged syringe, deoxygenated 2-aminoethanol (49 uL, 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) M, = 7200 g mol™/;
PDI = 1.37.

Synthesis of w-((1-Benzyl-2,5-dioxopyrrolidin-3-yl)thio)-
PDMAAM-b-P(DMAAmM-co-2) (14). In a 10 mL round-bottom flask,
13 (0.4200 g, ca. 89 umol end-chain thiol groups according to M, (8)
determined by 'H 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 uL, 49
umol) was added, followed 20 min later by TEA (45 uL, 0.33 mmol).
After 18 h polymer 14 was recovered by precipitation in cold n-hexane.
"H NMR in acetone (see Figure 6) revealed a functionalization yield of
95%. (SEC/DMAC) M, = 8000 g mol™'; PDI = 1.24.

Synthesis of Fully Deprotected w-((1-Benzyl-2,5-dioxopyrrolidin-
3-yl)thio)-PDMAAmM-b-P(DMAAmM-co-2) 14 (15). Copolymer 14 (90.7
mg, 85 umol 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 S 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. "H NMR in acetone (see Figure 6) showed no trace of
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residual protecting groups. (SEC/DMAC) M, = 6200 g mol™; PDI =
1.17.

Michael Addition on Fully Deprotected w-((1-Benzyl-2,5-
dioxopyrrolidin-3-yl)thio)-PDMAAm-b-P(DMAAm-co-2) 15 (16). Co-
polymer 15 (32.7 mg, 35 pmol thiol groups), benzyl maleimide
(0.0818 g, 044 mmol), and DMPP (0.04 mg, 0.3 umol) were
dissolved in acetonitrile (3 mL). The mixture was deoxygenated by
purging with nitrogen for 30 min, after which deoxygenated TEA (40
#L, 0.29 mmol) was added using a nitrogen-purged syringe. After 15 h,
copolymer 16 was recovered by precipitation in cold n-hexane. 'H
NMR in acetone (see Figure 6) revealed a functionalization yield of
89%. (SEC/DMAC) M, = 8200 g mol™'; PDI = 1.35.

Characterizations. "H NMR spectroscopy was carried out on either
a Bruker AM 250 or a Bruker AM 400 spectrometers at 250 or 400
MHz, respectively. The &-scale is referenced to tetramethylsilane (& =
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 x 7.5 mm?), 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~". The SEC system
was calibrated using linear poly(styrene) (PS) standards ranging from
160 to 6 X 10° g mol™ and linear poly(methyl methacrylate)
standards ranging from 700 to 2 X 10° g mol™’. The resulting
molecular weight distributions were determined by universal
calibration using Mark—Houwink parameters for PS (K = 14.1 X
10°dLg ), a= 0.70).>° Molecular weights relative to PS are reported
in the current contribution. UV/vis spectra were recorded on a Varian
Cary 300 Bio spectrophotometer.

B 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

Scheme 2. Synthetic Routes to Photocleavable Protected
Thiol-Containing Monomers®
N
N B
Neonan
— NO,
Br i s ~NH2
©\/\ i H
NO; NO, \ s ~N \r(j\
1 : :NOZ

3

(o}

“Reagents and conditions: (i) LiOH, cysteamine hydrochloride, H,O/
EtOH, 35 °C; (ii) acryloyl chloride, triethylamine, DCM, 0 °C —
ambient temperature; (iii) methacryloyl chloride, triethylamine, DCM,
0 °C — ambient temperature.

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
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are known to act as retarders or even inhibitors in free-radical
polymerization.”” 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.*>* Gohy and co-workers reported
the successful controlled synthesis of homopolymers of
nitrobenzyl methacrylate by ATRP, however, only up to 30%
conversion.® 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.*

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 (M, = 22 500 g mol™/;
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 bein
organo- and water-soluble and to some extent biocompatible.”
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
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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.

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.
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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™’
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).

70000
] e
sooo] O MTTTTTeeee——ll
] N
50000 ~a_
40000 \\\
] .
—‘E e e
5, 15000 .. x--eo
\": ---------- .~\ ‘~~~x
= PAthah SR
10000 ° -
-—=0
5000 PP
7 -a
PO SO WP
()} . . i . .
24
22 \
] "
1
2.0 4 'I
1 7
7
1.8 4 ,
(< Y J ’___;/.x
< e- e
“ e & ----0-"""" &¢ x--"7 _.
R e, o ezl g--==" i
9':0\—--‘-,!’—2— .
14 4
1.2 4
A o A DA o o
1.0 . i i : . . ' ,
0.0 0.2 0.4 06 08 10
Conversion

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.

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 'H 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 SS). Consequently, we
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Scheme 3. Photodeprotection of P(DMAAm-co-2)
Copolymer at 366 nm Followed by Base-Catalyzed Michael
Addition with Benzyl Maleimide
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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.*' It is thus necessary to
work under diluted conditions: a polymer concentration of a
few g L™! which is in fact a typical concentration range in
biochemistry.

For a concentration of 3 g L™ of copolymer 4 (3.4 mM) the
absorbance at 345 nm does not show any further change after
being irradiated for ~2 h. '"H NMR analysis of the purified
polymer indicates that at this stage quantitative deprotection is
achieved. Indeed, the spectrum of copolymer § (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™, only 25 min was sufficient
to reach 97% deprotection at 0.35 g L™".

After purification by precipitation, the fully deprotected
copolymer S 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 'H NMR (Figure 4, see
bottom spectrum). Two new peaks could be observed, both

I
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Figure 3. Normalized evolution of the absorbance at 345 nm of
copolymer 4 (P(DMAAmgg-co-2,,)) solutions in acetonitrile vs time of
irradiation at 366 nm at ambient temperature for different
concentrations: 0.35 (A), 1 (M), and 3 g L™ (@). The dashed
lines are drawn to guide the eye.

originating from the maleimide derivative: one at 4.65 ppm
accounting for the methylene protons in the a-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 nanopartides,42
nanovesicles,** 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,”> 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.”* Furthermore,
ATRP of acrylamide derivatives is not straightforward.*® We
employed dibenzyl trithiocarbonate (DBTTC) as RAFT agent
since trithiocarbonates allow to efficiently mediate the radical
polymerization of acrylamides.*’

Two kinetic runs were performed using the best conditions
found for the free-radical copolymerization of 2 and DMAAm,
ie., 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 1. 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
S$8). However, the macromolecular characteristics were strongly
altered (refer to Figure 2). Polymers with much lower
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Figure 4. 'H NMR spectra of purified copolymers after, from top to bottom, free-radical copolymerization of 2 with DMAAm (4),
photodeprotection of a 3 g L™ solution of 4 for 2 h (5), and reaction of 5 with benzyl maleimide (6).
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Figure S. 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).

molecular weights ranging between 2000 and 5000 g mol ™' 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 S). In each case, triblock
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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 S).
We subsequently performed the RAFT polymerization of N-
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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 S, 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
@-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). 'H 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 'H
NMR (refer to Figure 6). The purified copolymer 14 was then
subjected to the same treatment as copolymer 4, ie, 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 < M, < 8200 g mol™") 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.
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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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B 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-
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Figure 6. "H NMR spectra of purified copolymers after, from top to bottom, RAFT-mediated copolymerization of 2 with DMAAm (8), aminolysis
of 8 (13), capping of end-chain released thiol by benzyl maleimide (14), photodeprotection of 14 for 2 h (15), and reaction of 15 with benzyl

maleimide (16).

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
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thiocarbonylthio midchain group and light-cleavable o-nitro-
benzylthioether lateral groups, with high efficiency (95 and
89%, respectively).

B ASSOCIATED CONTENT
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Additional NMR spectra, UV/vis absorption curves, and SEC
traces. This material is available free of charge via the Internet
at http://pubs.acs.org.
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ABSTRACT: A novel environmentally friendly low-energy emulsification
method that relies on pressurization with CO, 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 CO, pressure range, a transparent
miniemulsion is formed. RAFT polymerization of styrene using ™
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benzyldodecyl trithiocarbonate and the aqueous phase initiator VA-044

was carried out successfully in CO,-induced miniemulsions at 50 °C with good control/livingness. Interestingly, the particle size
could be conveniently tuned via the CO, 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.

B INTRODUCTION

Miniemulsions (also referred to as nanoemulsions) are
kinetically stable but thermodynamically unstable submicrom-
eter-sized (typically in the diameter range 50—S5S00 nm)
dispersions of oil (e.g, vinyl monomer) in water. The
miniemulsion concept was originally introduced by Ugelstad
et al,> 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,® the process
conveniently lends itself to synthesis of hybrid polymer
particles,* hollow polymer particles,* and implementation of
controlled/living radical polymerization (CLRP).> 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

-4 ACS Publications  © 2012 American Chemical Society

1803

for nonpolymerization purposes.'® 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)
method®), adjusting the composition of the system (emulsion
inversion point (EIP) method’), or using additives to change
the pH® or ionic strength.” 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.'® reported miniemulsion
polymerization of lauryl acrylate based on the sequential use
of high-energy homogenization and the PIT method. Sadtler et
al'' and Galindo-Alvarez et al.'> 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,"> 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;'* 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
CO, 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.”” The dissolution of com-
pressed CO, 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 CO,
pressure. The ability to control the properties of an aqueous
surfactant solution by CO, is interestinglé—the properties of
the surfactant aggregates in aqueous solution can be tuned by
the CO, pressure because of the tunable nature of compressed
CO,. This principle has been widely applied successfully in
reversibly controlling the properties of solutions containing
surfactant by pressurization and depressurization, e.g., reverse
micelles,'” creating CO, continuous microemulsion or CO,/
water emulsions,'® and triggering phase transitions between
different surfactant aggregates.'” Most interestingly, a recent
investigation20 demonstrated that CO, 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.”>*" 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,”® this technique clearly has
great potential for miniemulsion polymerization.

CLRP** 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.”®' Reversible addition—fragmentation chain transfer
(RAFT) polymerization is one of the most frequently
employed techniques.”> RAFT miniemulsion polymerization
can be challenging mainly due to issues related to colloidal
stability (superswelling) but can be implemented with success
under appropriate conditions.””** To date, the only examples of
miniemulsion CLRP based on low-energy emulsification are
our works on NMP'"* and RAFT* 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 CO,, i.e, in the absence of traditional
high-energy mixing techniques. It is demonstrated that
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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 CO,
pressure.

B 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

Scheme 1. Benzyl Dodecyltrithiocarbonate (BDT)

e
A

benzyldodecyl trithiocarbonate (BDT; Scheme 1) was prepared
according to methods described elsewhere.”® The water-soluble
initiator 2,2’-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride
(VA-044; Wako Pure Chemicals), liquid CO, (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."*¥%” 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, CO, 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

Table 1. Recipes for RAFT Miniemulsion Polymerizations®

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

[$t]/[BDT] = 400; [BDT]/[VA-044] = 3; HD rel St = 8 wt %.

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 CO, 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 CO, 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 CO, approach).
The composition in recipe A was the same as that in the CO,-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
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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 H, 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 yL. 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 um bead-size guard column (S0 X 7.8
mm?) followed by four 300 X 7.8 mm? linear Phenogel columns. The
system was calibrated against polystyrene standards ranging from S00
to 10° g/mol.

The number (d,)- and weight- (d,,)-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 CO, (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/dm?* 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.

B RESULTS AND DISCUSSION

Phase Behavior. As previously observed for the water/
sodium bis(2-ethylhexyl) sulfosuccinate (AOT)/isooctane
system,”® a turbid styrene/HD/Dowfax 8390/water emulsion
(11.6 wt % styrene rel water, 8 wt % HD rel styrene, and 33 wt
9% Dowfax 8390 rel styrene; recipe A in Table 1 without RAFT
agent and initiator) under stirring at S0 °C became increasingly
translucent as CO, was charged to the system and eventually
completely transparent when the CO, pressure reached ~7.50
MPa. The pressure range of the transparent region was ~0.50
MPa. Subsequently, with continuously increasing CO, 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 ap}z)lications for synthesis of nanomaterials by Han
and co-workers,”*" the reversible phase behavior change of the
emulsion from milky white to transparent with CO, 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
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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 SO °C and CO, pressures of (a) 3.00, (b)
7.13, (c) 7.50, (d) 7.86, and (e) 8.00 MPa.

occur. In the absence of CO,, 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 CO, pressurization, the time to complete
phase separation was significantly prolonged. At the CO,
transparent pressure of 7.50 MPa, it took ~48 h for complete
phase separation to occur. At higher CO, 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 CO, 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 CO,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 CO, in aqueous—organic mixed solvents.”® Given
the fact that the system does phase separate in the absence of
stirring, it can be concluded that it is thermodynamically
unstable; ie., 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
CO, 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 CO, molecules into the
interfacial film, resulting in a change in the curvature,'82%%°
The pressure Py 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, Py was measured as a function of
various experimental parameters (based on recipe A of Table 1
without BDT and VA-044). Figure 2a shows Py plotted vs the
amount of surfactant Dowfax 8390 at different temperatures,
revealing how P decreases with increasing surfactant content
and increases with increasing temperature. Evidently, higher
temperatures are unfavorable for miniemulsion formation
induced by CO,, presumably because the solubility of CO,
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
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Figure 2. P (minimum CO, 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).

critical micelle concentration (cmc) (as this would result in
micellar nucleation—not desirable in a miniemulsion polymer-
ization). Figure 2b shows that P; increases with increasing
styrene content at different temperatures. Considering the
above dependencies of P 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 CO, pressure. It would be possible to
employ less surfactant, but a higher CO, 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 S times
greater than that in water due to the high total surface area of
the styrene droplets (which adsorbs surfactant);*° ie., the
presence of micelles is not expected in the present system
under CO, pressure.

RAFT Polymerization in CO,-Induced Miniemulsion.
RAFT polymerizations of styrene using BDT as RAFT agent
(Scheme 1) were carried out in CO,-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],/[BDT], = 400, and [BDT],/[VA-044], = S (recipe
A, Table 1). The presence of small amounts of BDT and VA-
044 had a negligible effect on the CO, transparent pressure Pr,
which remained ~7.50 MPa at 50 °C. Preliminary experiments
showed that miniemulsion formation occurred more readily at
pressures slightly below than slightly above Pr, and therefore
RAFT polymerizations were conducted at pressures of 6.00 and
6.50 MPa in addition to Py (7.50 MPa).
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At all three CO, 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 CO, pressures are displayed in Figure 3. There is a
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Figure 3. Number-average diameter (d,) and polydispersities (d,,/d,)
vs conversion for CO,-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).

clear trend in decreasing particle size with increasing pressure,
with the smallest particle size of d, & 30 nm obtained at Py
(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
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Figure 4. Particle size distributions based on number for CO,-induced
RAFT miniemulsion polymerization of styrene initiated by VA-044 at
50 °C using Dowfax 8390 as surfactant at CO, 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).

size distributions obtained by DLS at approximate conversions
of 30% for all three pressures, clearly revealing how the particle
size decreases with increasing CO, 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 S). These data demonstrate that it is
possible to tune the particle size via the CO, pressure without
altering the miniemulsion recipe. It is quite challenging to tune
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Figure 5. TEM micrographs of polystyrene particles obtained by CO,-induced RAFT miniemulsion polymerization of styrene initiated by VA-044 at
50 °C using Dowfax 8390 as surfactant at CO, 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).

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 d,,/d,; 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 CO, 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
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Figure 6. Conversion vs time and first-order plot (inset) for CO,-
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).

(R,) with increasing pressure. The inset shows that the first-
order plots are close to linear. The change in R, with pressure
may be related to the change in particle size caused by the CO,
pressure and/or some other property of the system that is a
function of the CO, 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),z’1 and the rate of exit would increase with
decreasing particle size, in agreement with the trend seen in
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Figure 6. Moreover, if the system is zero—one>> in nature, an
intrinsic retardative effect can be caused bgf the RAFT agent
relative to the corresponding bulk system.” 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 (%) during the initial stage of the
polymerizations were calculated from eq 1:

ol { d(In( [St]o/[St]))}
(1)

kp dt

where N, is Avogadro’s number, V,, is the average particle
volume (with V, = Vemdy?), is the propagation rate
coefficient (237 M~! s7'**), and [St], and [St] are the initial
and instantaneous styrene concentrations in the organic phase,
respectively. Based on the initial slopes of the first-order plots, 7
= 1.6 X 107%,1.0 X 107, and 6.0 X 10~* for 6.00, 6.50, and 7.50
MPa, respectively. The fact that 77 < 0.5 is consistent with (but
does not prove) that the systems are zero—one in nature.*”

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.**3° 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 R;, with decreasing particle size. 3%
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 CO, pressure
may influence other properties of the system that in turn affect

It is well-known that pressurization of an organic solvent
with CO, results in a CO,-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 CO, 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 CO, is primarily a function
of the solubility of CO, in the solvent.">® In preliminary work,
we observed that the volumetric expansion of pure styrene in
CO, was around S0 vol % at the polymerization conditions
employed. The associated solubility of CO, is ~50 mol %.>
However, when styrene droplets are suspended in an aqueous
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solution, the CO, concentration attained in the droplets is
governed by the solubility of CO, in the aqueous phase. Since it
is well-known that CO, is poorly soluble in water, even at
elevated pressure (<S wt % at reaction conditions), the CO,
concentration in the droplets is expected to be much lower
than that observed in the simple styrene/CO, 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 CO,
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 M, increased
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Figure 7. Molecular weight distributions (normalized to peak height)
for CO,-induced RAFT miniemulsion polymerization of styrene
initiated by VA-044 at S0 °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).

close to linearly with respect to conversion in excellent
agreement with M, (theoretical M, (M,,) = ([St]o/
[BDT],) X MWy, X a, where « is fractional St conversion)
below 60% conversion with polydispersities (M,,/M,) below
1.5 (Figure 8), indicating good control/livingness. Beyond 60%
conversion, M, deviates upward from M, and M,/M,
gradually increases. Interestingly, there is no clear trend in
the M, and M,,/M,, data with CO, pressure—the CO, pressure
has no discernible effect on M,, and any effect on M,,/M, is
masked by scatter in the data. Additionally, it is noted that
above 60% conversion the M, vs conversion plots at all three
pressures exhibited very similar upward deviations from M, g,
These deviations in M, are also accompanied by a gradual
increase in M, /M,, 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 CO,
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
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Figure 8. Number-average molecular weights (M,) and polydisper-
sities (M,,/M,) vs conversion for CO,-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).

intermediate/high conversion may have resulted in an increase
in M,,/M, (although this would not affect M,).**

RAFT Polymerization in Miniemulsion using Ultra-
sonication. In order to shed further light on the effect of CO,
on RAFT polymerization in CO,-induced miniemulsions, the
polymerization was repeated using ultrasonication instead of
CO, 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; d, = 59 nm (d,, = 87 nm).
However, the polymerization did not proceed with control/
livingness, as evidenced by a very broad MWD (Figure 9; M,,/
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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% (---).

M, = 5.82) and M, = 410550 g/mol (M, > M,y). 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 d, = 132 nm (d,, = 143
nm) at 71% conversion (24 h), and this time the control/
livingness was excellent as manifested by a very narrow MWD
(Figure 9; M,,/M, = 1.13) and M, ® M, .

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
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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 CO, 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
CO,-promoted solubility of oil in microemulsion.*® 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.

B CONCLUSIONS

A novel technique for generation of miniemulsions by use of
low-pressure CO,, 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 M, and M, 4, and MWDs shifting to
higher molecular weights with increasing conversion and
remaining relatively narrow.

Over a certain CO, 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 CO, 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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Droplet/particle size distributions as functions of conversion as
obtained by dynamic light scattering. This material is available
free of charge via the Internet at http://pubs.acs.org.
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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 'H
NMR and in particular by MALDI-TOF MS. MALDI mass

24 26 28 30 32
Elution Time (minutes)

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—emittin§ diodes (OLEDs)," bulk
heterojunction photovoltaic cells” and electronic ones like
organic field-effect transistors.” 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.*>* 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.* 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 WOLEDs> enabling us to

-4 ACS Publications  © 2012 American Chemical Society 1811

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).” 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,” 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
(Ph;P),Pd 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 (Br,Btz) and 4,7-bis(5-
bromothiophen-2-yl)benzothiadiazole (Br,(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 residues® or on fluorene residue'® and the
related side reactions using (Ph;P),Pd catalyst,""'* 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 "H 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,**~*'its 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.%'*137153132
Moreover, advanced information on the chemical composition
of the red and green core-copolymers have been obtained
by means of the powerful off-line SEC/MALDI-TOF MS
coupling method.”**>** The characterization of several homo-
polymers®*~® and also of copolymers such as copolyesters,****
and alternating thiophene-phenylene copolymers,® 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, M,, and M, ) 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
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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 off-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 ((Ph;P),Pd) was stored in inert atmosphere for few days
only. Br,(ThBtzTh) was prepared by bromination of ThBtzTh
obtained by Stille coupling of Br,Btz and tributyl(2-thienyl)stannane.

2.2. Syntheses. 2.2.1. Synthesis of P(TPAF)—Borolane Macromers.
P(TPAF) macromers were synthesized as reported elsewhere'®
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 (Ph;P),Pd (11.4 mg, 9.86 umol, 1%eq), 2.12 mL of a
K,CO; 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% vyield) 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 Br,Btz
and with Br,(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 umol) of Pd(Ph;P), from a
previously prepared toluene solution together with 7.5 mL of [2M]
K,COj; aqueous solution and a drop of Aliquat were added. A toluene
solution of Br,Btz (3.67 mg, 12.5 ymol in 4.0 mL) or Br,(ThBtzTh)
(5.73 mg, 12.5 ymol 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 1S 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. '"H NMR
spectra were recorded at 25 °C using a Bruker ARX400 and
Bruker Advance 400 MHz spectrometers. Toluene-dg and
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Scheme 1. Synthesis of Macromers
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Table 1. Experimental Parameters, Average Molar Masses (M, and M,,), and Polydispersity (D = M,,,M,) of the P(TPAF)s

Studied
P(TPAF)/dye—Br, dye—Br, catalyst

samples (equiv/equiv) (%)
P(TPAF)1 -
P(TPAF)1-Btz 1:1 8
P(TPAF)1-ThBtzTh 1:1 8
P(TPAF)2 -
P(TPAF)2-Btz 5:1 4
P(TPAF)2-ThBtzTh 51 4

dye insertion®

(%)

32
24

34
45

SEC? SEC—MALDI*

M, M, D M, D
(g/mol)  (g/mol) (g/mol) M, (g/mol) (g/mol) (g/mol)

3400 5250 1.55 3640 5660 1.56
4160 7350 1.77 4370 7740 1.77
3900 6500 1.67 3730 6550 1.76
6000 11 600 193 5230 11860 227
6900 13 800 2.00 7050 13950 1.98
8600 19 600 2.28 8420 20900 248

“Dye 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. “Calculated by off-line SEC—MALDI-TOF MS coupling method.

sym-tetrachloroethane-d, (C,D,Cl,) were used as solvents. 'H
NMR spectra of the SEC fractions were recorded by a Bruker
A-CF 200 spectrometer at 25 °C, using C,D,Cl, 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-ds.
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3P NMR spectra were recorded in solution of C,D,Cl, at 25 °C by
a Varian-Inova instrument operating at 200 MHz, using H;PO, (85%)
as external reference. All *'P 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
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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 (M,, M,, M,)
and polydispersity index (D M,/M,) of all polymers were
determined by a conventional size exclusion chromatography
(SEC)*® 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 pm 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 ym 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 uL of a polymer solution in THF
(~S 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 yL 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 (4 = 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/AM). Laser irradiance was maintained slightly above threshold.
trans-2-[ 3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene Jmalononitrile
(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 uL of polymer solution (5 mg/mL in THF),
were mixed with 10 or 30 uL of a matrix solution (0.1 M in THF).
Then 1 uL 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—S000 in
reflector mode, in the mass range from m/z 1000 to m/z 4000. For the
analysis of polymer SEC fractions 1 uL of each selected concentrated
SEC solution was mixed with 1 or 3 uL 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 M,, 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 N,-
cooled CCD detector, by exciting with a monochromated xenon lamp.
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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.”> 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.'”*® 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 ThBTZzTh 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 Ic for Br,Btz and Br,(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,” the insertion of Btz and ThBtzTh dyes
in the polymer chains was proved by both optical measure-
ments and 'HNMR spectroscopy. Solution UV—vis absorption
spectra are dominated by P(TPAF) absorption peaked at 388 nm,
while the photoluminescence spectra of diluted solutions
[107° 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 monomers®~'*'?
using 'H NMR spectroscopy coupled with MALDI-TOF MS
characterization.* '3 7'¥17183% "To  guaranty the material
emission property, 'H NMR spectra were recorded in
C,D,Cl, which makes the assignment of the ending groups
protons following Slugovc results'® 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.'”
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
featurin% a hydroxyl end group in agreement with Slugovc
results.”” 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-d; and C,D,Cl,, 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-dg
(Figure 2S, Supporting Information) using bis(9,9-dioctyl-
fluoren-2-yl-4,7-benzothiadiazole) (F,Btz) 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 '"H NMR spectra of model compounds: Br,(ThBtzTh),
ThBtzTh, and 4-(S-bromothien-2-yl)-7-(thien-2-yl)-
benzothiadiazole (BrThBtzTh) in C,D,Cl, (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

P(TPAF)2-ThBtzTh P(TPAF)2-Btz

P(TPAF)2

30 35

Ve(mL)

Figure 1. SEC traces of P(TPAF)2, P(TPAF)2-Btz, and P(TPAF)2-
ThBtzTh samples.

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 Br,Btz and Br,(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
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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 la. 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 C,. This mass series was assigned to
the P(TPAF) chains terminated with phenyl (Ph) and pinacol
boronic ester groups (referred herein as f#; 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 ) groups
and are labeled with the symbol C’, (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,® 13323435 Lowever the families of macromolecules
terminated with 1,3-propanediol boronic esters (/) give potas-
siated ions (M + K*), as was proved using also CF;COONa 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',, G',,
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 C, 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 (ff and ') as end groups (species C,, C',, D,, G,
G, H, L, L, Q, and R, 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
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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-Copolymers™”

A=Ph | TPAF TPA-Ph B,= Ph TPAF TPAH  C,=Ph TPAF g
C’y= PhTPAF D= B-F TPAF E= Ph TPAF
E’;= Ph TPAF OH F,= Ph TPAF ph G,= B-F ‘ TPAF H
G’,= BF TPAF OH H,= B-F TPAF Ph = Ph-TPA ‘ TPAF
L= P&-TPA-TPAF M,= HF TPAF OH N,= P&F - TPAF ph
P,=Ph TPAF TPA-POPh, Q= PhOP TPAF g R= Ph,PPd  TPAF p

T,= H—TPAF——P-Ph

V,= H-F  TPAF = Ph

n

U,= H-FTPAFH

V’,= Ph-F

TPAF

U’,= HFTPAF = OH

TPAF  Ph

n

Ph

n

V#,= HO-F }

“Species T, U, U, V, V’, and V* were observed in particular in the mass spectra of red and green core-copolymers.. ®The molecular structure and the

mass of each unit and end group are portrayed in Chart 2.

for the synthesis of copolymers containing chromophore units
in the backbone by reacting with Br,Btz and Br,(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
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side, such as phenyl/phenyl (species A, and F, in Chart 1),
hydrogen/phenyl (species B, and E, in Chart 1), hydroxy/
phenyl (species E’, in Chart 1), and hydrogen/hydroxy (species
M, in Chart 1). Therefore, the identification of P(TPAF)
chains terminated with hydrogen, hydroxyl and phenyl groups
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Chart 2. Structure and Molar Mass of the Repeating Unit, of each Moiety, End Group,

Polyfluorenes Species Revealed by MALDI-TOF MS Analysis

and Chromophore Present in the

N TPA= N N
TPAF= - (650.8 g/mol)
CH,(CH,), (CH,)-CH,
(1039.4 g/mol)
F=
O O
B= B p= B Ph= CH,-(CH,), (CH,),-CH,
O (0}
77.1 g/mol 388.6 (g/mol
(85 @/mol) ( g/mol) (g/mol)
(127.1 g/mol)
N S
S N
S
ThBtzTh= Btz =
(298.4 g/mol) N s N (134.2 g/mol)
clearly reveals that, in accord to the literature,*'*'*** conco- the hypothesis suggested by Jannsen et al.’ Side reactions

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 f-hydride elimination from
Ar—Pd(II)—alkoxy species followed by reductive elimination of
Ar—Jq, 103637

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 L,, N,, P,, Q,,
and R, in parts b and ¢ 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 *'P
NMR spectra of both macromers, which showed after 38 000
scans two very weak signals at § 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

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.'>**

Taking into account that the mole ratio of each individual
species is 5generally proportional to the MS detector
response,”**>>® 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.

% molpE _Borolane
= (Z IPF—Borolane)/(Z IpE—Borolane
+ Z IPE—unreactive) 100 (1)

where Y Ipp porolane a0d X Ippunreactive T€Present the sum of the
intensity of each peak family corresponding to the P(TPAF)
macromolecules terminated with borolane ester groups
(ie, species C, C', D,, G, etc. in Chart 1) and with
unreactive moieties at both ends (i.e., families A, B,, E,, F,, etc.,
in Chart 1), respectively.

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 SS, 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 (ie., families A, E, E', F,, etc.
and U, V,, T, etc. sketched in Chart 1 and described in Tables
1S and 28, Supporting Information for parent macromers and
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Figure 3. MALDI-TOF mass spectrum (in linear mode) of the pristine re
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d core-copolymer P(TPAF)2-ThBtzTh.
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Chart 3. Structural Assignments of core-Copolymer Species Revealed by Means of MALDI-TOF MS Analysis of Red and Green

b
core-Copolymers™
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n

“The assignments of blue-emitting species are summarized in the Chart 1; bp=x + y.

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 A, 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 o, o, 4, A, A", etc, for
P(TPAF)2-ThBtzTh sample; species 7, &, &), 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 @, in Chart 3). The formation of cycles has been
already pinpointed in the synthesis of aromatic conjugated
polymers by Suzuki polycondensation.® The mass spectrum in
Figure 5SS, Supporting Information, shows also low intense peaks
corresponding to the P(TPAF) macromers terminated with
pinacol boronic ester (species C, in Chart 1), indicating the
incomplete conversion of these reactive chain ends. Similar mass
spectra were recorded for the core-copolymers P(TPAF)I-
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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 SS, 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 A,..
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 20000 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
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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—
15000 g/mol were not revealed**™* As affirmed in the
literature,***>** MALDI-TOF MS gives absolute determina-
tions of average molar masses (M,, and M,), in particular only
for polymers with a narrow dispersity (D = M,/M, < 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.***>** 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; M,, and M,) 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.

log My, = 11.22 — 0.3911V, + 4.66 X 10 °(V.)> (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 F2S 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 (M**)
and those due to the adduct dimer ions (M,"). Some spectra
exhibit also the extensive multimer formation: i.e., trimeric ions
(M;"), tetrameric ions (M,"), and pentameric ions (M;"). The
intensity of these multimer ions and those of on the ions M>*
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
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display well-resolved peaks from m/z 1000 to m/z 15000—
20000, 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 (V,) higher than 28.625 mL (fractions
F25—F45) are mostly constituted of unreactive P(TPAF) oligo-
mers (blue-emitting component: species A, B,, E,, E',, F, P,,
T, V, V, and V¥, in Chart 1). Peaks belonging to the
macromolecules bearing the dye-ThBtzTh units (i.e., species ,,
6y Ay A", etc. in Chart 3) appear with an intensity that
decreases as increases the V,. Fractions P(FTPA)2-ThBtzTh
eluted at V, > 32.875 mL (see mass spectrum of fraction F4S in
Figure 9S, Supporting Information) do not contain any dye-
species. The intensity of mass peaks corresponding to the dyes
containing chains (families o,, ¢, 4,, 4, 4", 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 A, and E, 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 V, 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 o,, ¢, 4, 4, 4", ®,, and 7, 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 V, 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 SS, 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 'H 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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Figure 4. MALDI-TOF mass spectra of some SEC fractions of the P(TPAF)2-ThBtzTh sample.

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
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components (dye-containing and blue) calculated from the
corresponding MALDI spectra.

The weight percent of the macromolecules bearing the dye
unit (% Wpg.pye) composing the polydisperse core-copolymers,
were calculated using the eq 3 (see also the theory in section 2,
Supporting Information)

n

% WpF—Dye = ), [Wa(XpF—Dye)s] X 100
i=1

©)
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Figure S. (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.

where Wy; is the area of the fraction fi calculated from the
normalized area of the SEC curve; and (X pg.pye);; indicates the
molar fraction of all species containing the dye unit present in
the SEC fraction fi, calculated from the corresponding mass
spectra. The calculated %Wpp.p,, 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 (ie., < 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-
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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 SS,
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.* The 390 nm peak is attributed to
the 7—x* transition of P(TPAF) chains® 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 Sa)
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 Fl-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/51S nm peak intensity
ratio is increased because the percentage of P(TPAF) chains
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containing ThBTzTh is progressively reduced (see Tables 4S
and SS, 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 o, and o', because the chromophore unit ThBtzTh
should be mostly present as end-chain in the red core-
macromolecules ¢’, and in the skeleton of those belonging to
species o,. 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 Sa and
Figure 13a$, 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,*”*® 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 Sb, 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
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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
off-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 off-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),
and Ni-catalyzed chain-growth polymerization. Polymers pre-
pared by the former method had good solubility for organic
solvents, 6300—8400 g mol™! of number-average molecular
weights, absorption bands at around 300 and 385 nm due to
m—n* 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.

B INTRODUCTION 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

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.' ™ They are semiconducting ones might be a solution and development
prospective candidate of elaborate functional materials as well strategy. Therefore, several conjugated polymers bearing
or better than main-chain type liquid crystalline conjugated semiconducting side chains have been synthesized and their
polymers,*> because their electrical and optical properties are basic properties were surveyed.”*

2-Phenylnapthalene derivatives have been received much
attention as a calamitic liquid crystalline photoconductor with
ambipolar and high carrier transport properties.”>*® It is

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.5® considered that calamitic thermotropic liquid crystals are
Polythiophene derivatives have been drawing much attention suitable as the side chain of polythiophene that should take a

for their wide-spreading potential of applications, such as lamellar structure. In this paper, 2,5-dibromothiophene

organic light emitting diodes,”"" polymer solar cells,"*™** and monomer having 2-phenylnaphthalene side chain at 3-position

organic field effect transistors."®'” Therefore, they have also was prepared by two methods. The former is conventional 2,5-

been investigated as 7-conjugated backbone of the side-chain polymerization of 3-substituted polythiophenes using Ni(cod),

type polymer liquid crystals. For development of liquid known as Yamamoto method”” under different conditions to

crystallinity of polythiophenes, selective 2,5-polymerization of

thiophene having mesogenic group at 3-position was crucial'® Received: November 8, 2011

and several methods have successfully produced characteristic Revised:  January 27, 2012

liquid crystalline polythiophenes, respectively.>”**~>* However, Published: February 9, 2012
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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 method”®*® to provide a 3-substituted polythiophene
with high regioregularity of head-to-tail conformation,
PTPhN2, as summarized in Scheme 1. Furthermore, basic

Scheme 1. Polymerization Methods

(CH2)100
CgHy7

Br
Method | Method Il
Ni(cod),, bpy, cod ( ) PrMgCl, LiCl / THF
(i) Ni(dppp)Cl,

in DMF/THF or DMF

(CH2)100
CgHy7

PTPhN1a : Method | (DMF/THF), regiorandom
1b : Method | (DMF), regiorandom
PTPhN2 : Method Il, head-to-tail

properties of these polymers were investigated by comparing
their conformations, molecular weights, absorption—emission
characteristics, and thermotoropic liquid crystalline behaviors.

B 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. 'H and "*C nuclear
magnetic resonance (NMR) spectra were measured with a JEOL
JNM-ECS 400 at a resonance frequency of 400 MHz for 'H and 100
MHz for "*C in CDCI, at room temperature. A Bruker AVANCE 600
was also used to measure NMR spectra at a resonance frequency of
600 MHz for 'H and 150 MHz for *C in chlorobenzene-ds 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~". 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—K,
radiation (1= 1.5418 A). 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~ in acetonitrile (0.1
mol dm™ Et,NBF,) under an Ar atmosphere. Ionization potentials (vs
vacuum) of the polymers were estimated from the onset of their first
oxidation peak (E,,) in the cyclic voltammograms on the basis that
ferrocene/ferrrocenium is 4.8 eV below the vacuum level.>%*!

Materials. Following compounds shown in Scheme 2 were
prepared according to methods described in a preceding report**
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 CH,Cl, (100 mL) boron
tribromide (15.3 mL, 1.0 mol dm™ in CH,Cl,) was added
dropwise under N, 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 CH,Cl,

Scheme 2. Synthetic Routes of the Compounds

Br (CH3)1(OTHP

U , Br(CHy)1-OTHP Mg, Ni(dppp)Cl, U

S 1 ether/THF S
2

MeO O Pd(P
Q Br * CaHiz B(OH),
5

(CH2)100H (CH2)100H
pTSA NBS
> \ -5 ]\ .
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3 4

Ph3)4, N32CO3 MeO O
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BBrs HO O 4, DEAD, PPh; (CHz)mO
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C1oH210 O
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in DMF 1b

1) I PTPhN2
(i) Ni(dppp)Cl,
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washed with aqueous NaHCO; and water, and dried over
anhydrous Na,SO,. Recrystallization from toluene gave 7 as a
solid product (2.01 g, 78.8% yield). '"H NMR (400 MHz,
CDCl;, 6 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 (4,
2H), 7.61 (d, 2H), 7.68—7.75 (m, 2H), 7.80 (d, 1H), 7.96 (s,
1H). *C NMR (100 MHz, CDCl,, § ppm): 14.11, 22.67, 29.27,
29.38, 29.50, 31.53, 31.89, 35.63, 109.29, 118.09, 125.36,
12625, 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]-
decylithiophene (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 (CH,Cl,/hexane, 1:1) and recrystallization from acetone, which
gave a colorless solid (1.18 g, 62.1% yield). '"H NMR (400 MHz,
CDCl,, 6 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). *C NMR (100 MHz, CDCl,,
5 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
C3sH,50SBr,: 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 uL, 0.46 mmol) and 7 (152 mg, 0.46 mmol) in acetone (4 mL)
were refluxed for 3 days in the presence of K,CO; (94 mg, 0.68
mmol). The mixture was washed with water/CH,Cl, and the organic
layer was dried over anhydrous Na,SO,. The product was purified by
column chromatography on silica gel (CH,Cl,/hexane, 1:1) and
recrystallization from hexane, yielding a colorless solid (92 mg, 42.6%
yield). '"H NMR (400 MHz, CDCl,, § 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). ®C NMR (100 MHz, CDCl,, § 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),) (235 mg, 0.85 mmol), 2,2 bipyridine (bpy) (135 mg, 0.86
mmol), and 1,5-cyclooctadiene (cod) (96 pL, 0.78 mmol) in dry DMF
(2 mL) were stirred at room temperature under N, 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). 'H
NMR (400 MHz, CDCl, § 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, SH), 7.89 (br, 1H). *C NMR (100 MHz, CDCl,,
o 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, 10626, 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), (252 mg, 0.92 mmol),
2,2"-bipyridine (149 mg, 0.95 mmol), and 1,5-cyclooctadiene (80 uL,
0.58 mmol) in dry DMF (0.7 mL), and the reaction mixture was
stirred at 80 °C for 3 days under N, atmosphere. The reaction mixture
was precipitated from the MeOH containing aqueous HCI 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.

1827

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™ in THF, 180 L) 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.*” Then [1.3-
bis(diphenylphosphino)propane]dichloronickel(I1) (Ni(dppp)Cl,) (4
mg, 0.008 mmol) was added to the reaction mixture, which was stirred
at room temperature overnight. After addition of an aqueous HCI
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 CaCl,. 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). "H NMR (600 MHz, chlorobenzene-ds, 5 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, SH), 7.5
(br, 2H), 7.57—7.68 (m, 3H), 7.87 (br, 1H). 3*C NMR (150 MHz,
chlorobenzene-ds, § 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
"H NMR. Regioregularity (rr) of the 3-substituted polythiophenes
(content of head-to-tail linkages in the polymer chains) was estimated
from integration values of a-methylene proton signals of a head-to-tail
linkage at about 2.8 ppm (I,) and a head-to-head linkage at about 2.58
ppm (I,) using an equation, rr = I,/ (I, + L), by 'H NMR analysis.>
Practically, in the cases of PTPHNI1a and PTPHNI1b measured in
CDCl; with the JEOL JNM-ECS 400, I;, was roughly determined by
subtracting overlapping integration of a-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 "H NMR analysis of PTPHN1b and PTPHN?2 in chrorobenzene-ds
measured with the Bruker AVANCE 600, rr was more properly
calculated using eq 1 with I'y, (2.95—2.77 ppm), I'y, (2.77—2.65 ppm),
and an integration value of a-methylene protons of polymer terminals
(I'em) (2.58—2.40 ppm).>*** Similarly, number-average degree of
polymerizations (dp) of PTPHN1b and PTPHN2 were estimated
using eq 2 with these integration values.

0= Tpe/(Ung + Upp + Tgerm)

(1)

dp = (I/ht + Iy + I/term)/I/term ()

B 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,*® 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
coupling®” and successive ether cleavage reaction. The
monomer 8 was synthesized from the thiophene moiety 4
and phenylnaphthalene moiety 7 by Mitsunobu reaction.*® 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 method”” (method I) in DMEF-
THEF and in DMF, respectively. PTPhN2 was obtained from
the same monomer 8 by Ni-catalyzed chain-growth polymer-
ization method®®*® (method II).

dx.doi.org/10.1021/ma202469g | Macromolecules 2012, 45, 1825—1832



Macromolecules

General Properties. The polymerization results and
average molecular weights and rr of PTPhN1 and PTPhN2
are summarized in Table 1. PTPhN1a and PTPhN1b exhibited

Table 1. Polymerization Results and Average Molecular
Weights and Regioregularity of the Polymers

polymer  yield/% M,/g mol™" (M,/M,) dp* /%"
PTPhN1a 95 6300 (1.24)° 11.4° (30)
PTPhN1b 95 8400 (1.62),° 46507  152,°84% 299 (30)
PTPhN2 62 40907 7.4% 76.3

“Number-average degree of polymerization. bRegioregularity deter-
mined by 600 MHz (and 400 MHz) 'H NMR. “Determined by GPC.
“Determined by 'H NMR.

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 (M,) and polydispersity (M,,/M,)
were 6300 g mol™! and 1.24 for PTPhN1a and 8400 g mol™!
and 1.62 for PTPhN1Db, 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 "H NMR spectra at 400 MHz
in CDCl; in the region of 22—3.2 ppm for a-methylene
protons of 3-substituted polythiophene. In order to compare rr
between PTPHN1 and PTPHN?2, it was precisely examined by
600 MHz 'H NMR in chlorobenzene-dg 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 a-methylene
protons of the 4-octylphenylnaphthalene moiety (B), and the
other signals are due to a-methylene protons of the 3-
substituent moiety of various thiophene units (A). Signals
observed between 2.95 and 2.76 ppm (4,), 2.76—2.65 ppm
(A,), and 2.58—2.40 ppm (A;) are assigned to regiore§ular
units, regioirregular ones and chain-end ones, respectively.”>>°
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 M, of PTPhN1b
and PTPhN2 can be estimated using eq 2 with these
integration values (see Experimantal Section). Interestingly,
M, values of two polymers estimated by NMR are in the range
of 4000—5000 g mol™ and are not so much different.
Considerable difference between M, for PTPhN1b obtained
by respective two methods is due to overestimation of M,
usually observed in rigid poly(3-alkylthiophene)s by GPC.*

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 1r for PTPhN2 is also
supported by the fact that an intermediate, 3-substituted 2-
bromo-5-chloromagnesiothiophene, produced 4 times larger
than a S-bromo-2-chloromagnesio derivative in the initial
stage.>> which was confirmed by 'H 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.
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Figure 1. 'H NMR (600 MHz) spectra of PTPhN1b (a) at room

temperature and PTPhN2 (b) at 120 °C in chlorobenzene-ds in the
range 2.2—3.2 ppm.

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

T T T
A — : PTPhN1a
. - —:PTPhN1b
—— : PTPhN2
— ----:PhN
3
st 4
g
e}
<
= ~
N
3
Il Il
300 400 500 600

Wavelength/ nm

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).

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 7—z™* 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

dx.doi.org/10.1021/ma202469g | Macromolecules 2012, 45, 1825—1832
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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.

latter band observed in the region rather blue-shifted than usual
3-substituted polythiophenes and little difference between
absorption A, in solution and film state suggest that z-
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 z-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 4, of PTPhN2
in CHCl; (444 nm) suggests that the 7—7* transition energy is
lower than those of regioirregular poly(3-alkylthiophene)s (A,
= 428 nm)*® and a regioregular octamer of 3-octylthiophene
(Amax = 422 nm)*° and higher than that of regioregular poly(3-
hexylthiophene (,,,,, = 456 nm),>* Considering this, the optical
characteristic of PTPhN2 is basically corresponding to the
estimated rr (76.3%) and dp (7.4). Optical bandgaps (E,)
between energy levels of highest occupied molecular orbital
(Enomo) and the lowest unoccupied molecular orbital (E; yyo)
of PTPhN1 and PTPhN2 estimated from absorption edge in
the film state were 2.25 and 1.86 eV, respectively. Eyopo of
PTPhN1a and PTPhN1b were estimated at about —5.50 eV
from onset oxidation potential of their cyclic voltammograms,
and consequently, E; ;\o were calculated being about —3.25 eV
from the values of E; and Eyopo- In the same way, Eyopo and
Ei umo of PTPhN2 were estimated to be —5.34 and —3.46 eV.
These results indicate that PTPhN2 has not only the narrower
E, but also larger electron accepting ability and lower ionization
ability than PTPhN1.

When PTPhNT1 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

T T
—— : PTPhN1b (Ex 256)
——  PTPhN1b (Ex 296) |
—— : PTPhN1b (Ex 387)
— —:PTPhN2 (Ex444)
(Ex 296)

Intensity (a. u.)

—) 1 1
500 600 700 800
Wavelength/ nm

-
400

Figure 4. Normalized PL spectra of chloroform solutions of
PTPhNI1b 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).

can be confirmed by comparing with PL spectra of poly(3-
hexylthiophene) polymerized under the same conditions (A,
= 550 nm in chloroform) and PhN (1., = 369 nm in
chloroform). This result suggests that Forster resonance energy
transfer*' 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).*

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 (AH) 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 yum 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 PTPhNI1, while the higher polydispersity

Table 2. Optical Properties and Energy Levels of the Polymers

UV—vis A,/nm PL A,,/nm
polymer solution film*® solution film*® E,/ ev? Euomo/eV® Eromo/eV
PTPhN1a 385% 386 534% 550 225 —-5.51 —3.26
PTPhN1b 3874 387 541° 559 2.25 —-5.50 -3.26
PTPhN2 444° 509 s8sP 720 1.86 —5.34 —3.46

“In chloroform. ®In o-dichlorobenzene. “Drop-cast films on a quartz plate. “Calculated from absorption edge of the films. “Estimated from onset of
the oxidation peak from cyclic voltammerty. /Calculated from HOMO level and the optical bandgap.
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Figure S. DSC thermograms of PTPhNla (a), PTPhN1b (b),
PTPhN2 (c), and PhN (d) in the second sweeps with a scan rate of 10
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Table 3. Phase Transition Temperatures and Changes of
Enthalpy of Compounds®”

phase transition temperature/°C (AH /] g_l)c

compound heating process cooling process
PTPhNIa G 115 (6.7) SmE 122 (10.4) Iso 146 (—19.4) SmA
SmA 149 (19.9) Iso 118 (—8.2) SmE
111 (-59) G
PTPhN1b G 143 (19.9) Sm 157 (16.7) Iso 151 (~17.4) Sm
Iso 132 (-163) G
PTPhN2 G 124 Sm 1927 Iso Iso 1719 Sm 1159 G
PhN K 76 (16.1) SmE 83 (7.9) Iso 123 (—21.5) SmA

SmB 106 (9.8) SmA 103 (—8.4) SmB 79 (—10.1)
127 (21.4) Iso SmE 69 (—15.6) K
“Abbreviations: K, crystal; G, glass state; SmA, B, E, defined smectic
hases as A, B, E; Sm, unresolved smectic phases; Iso, isotropic liquid.
Liquid crystalline phases were determined by DSC, POM, and XRD.
“Determined from second DSC traces at a scan rate of 10 °C min
dApproximate transition temperatures of undefined mesophases.

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 6¢). 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.*> The AH of phase transition from Sm to Iso was
within 17—20 J g~' for PTPhN1 and 21 J g~' for PhN, which
approximately equated to 10 kJ mol™". Although PTPhN1a and
PTPhN1b had different phase transition temperatures and
different number of distinct mesophases, their total AH
between G and Iso are almost equal to 37 J g~ in the heating
process and —34 J g~" 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.

1830
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EEEC—

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).

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 20 = 2.5° (c &~ 35 A), 4.8 and
74 due to a layered distance of the phenylnaphthalene side
chains, which is assigned to Miller indices, (001)—(003). The
layer spacing of ca. 35 A 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 20 = 19.3° and 20.7° on broad multiple signals around

dx.doi.org/10.1021/ma202469g | Macromolecules 2012, 45, 1825—1832
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Figure 7. XRD spectra of pristine (red) and annealed (black) films of
PTPhN1b and a suggested molecular arrangement.

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 A and b = 8.6 A. Therefore, a layered 7-
stacked distance between polythiophene sheets should come to
be 4.3 A. 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 A) read
from a sharp peak at 20 = 4.8° and an intermolecular distance
(4.6 A) between the mesogenic side chains read from a broad
signal at 20 = 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.

B 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),,>” and also polymerized by chain-growth
method using Ni(dppp)Cl,>**” PTPhNla and PTPhN1b
prepared by the former method under the different conditions
were well soluble in organic solvents, and the observed general
characteristics of M, (6000—9000 g mol™"), absorption A,
(ca. 385 nm), and PL emission 4, (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 Forster mechanism. PTPhN1
showed smectic mesophases between G and Iso in the
enantiotropic phase transitions. From the total AH 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
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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 (¢ ~ 35 A) 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 PTPhNI1 in the
smectic states are expected to be reflected by the semi-
conducting characteristics of phenylnaphthalene liquid crys-
tals,>>?%** 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 M, comparable to PTPhN]1,
which is a dilemma should be overcome by considering
intermolecular interactions between polymer main chains as
well as side groups.
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Synthetic procedures of compounds (1—6) and 'H NMR
spectra of the polymers. This material is available free of charge
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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 V. of
polymer solar cells. The V. 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
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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.

B 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.' > BHJ solar cells based on the blends of regioregular
poly(3-hexylthiophene)s (P3HT) and [6,6]-phenyl C61-
butyric acid methyl ester ([60JPCBM) 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 (V.. &~ 0.5—0.6 V). Usually, the V.
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.” Therefore, polymers with a deep HOMO level will
potentially lead to an enhanced V. 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.®~"
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 V. 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
cm?'? Also, Heeger et al. reported a PCE of 7.2% based on
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PCDTBT and using [70]PCBM as electron acceptor, TiOy as
an optical spacer, and a structured antireflection coating.

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,*”'*"> 1,4-diketopyrrolopyrrole (DPP),'*'* or pyridine
derivatives,” 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 V. 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," and
recently, Leclerc et al. have reported for the first time the use of
these copolymers in solar cells."® 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 V. of 0.85 V
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Scheme 1. Synthesis of Polymers
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in the resulting photovoltaic devices.'” By using the same
polymer, Fréchet et al.'® 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.' achieved a PCE of 7.3%
(V. 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.*® reported a
comparable performance (PCE of 7.3% with a V. of 0.85 V).
Finally, Wei et al.”' have fabricated a BH]J solar cell device
incorporating a bithiophene comonomer (PBTTPD) which
also exhibited a PCE of 7.3% (V,. 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-C,Cg (see Scheme 1). It is believed that by
combining both comonomers promising conjugated copoly-
mers for photovoltaic applications could emerge.

B 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, M,,,
of 3 kg/mol (polymerization degree (PD) ~ S) was obtained
with a polydispersity index (PDI) of 1.5. As previously
observed, Suzuki coupling does not seem to be a useful tool
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with TPD units.”> However, TPD units are highly suitable
moieties for direct arylation reactions,”*** and the same
polymer was then prepared by direct arylation polycondensa-
tion reaction (see Supporting Information). This reaction gave
a PCTPD with a M, of 34 kg/mol and PDI of 1.3. The
resulting copolymer has electrochemical (Egel) and optical
(Eg™) 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.”

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-C4Cs. 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.”® PCDTTPD,
PCDTTPD-ic, and PCDTTPD-C,Cg have a M, of 13, 18,
and 6 kg/mol, respectively (see Table 1). Thermogravimetric

Table 1. Polymerization and Thermal Data of Polymers

M, M, T, Ty
polymers (kg/mol) (kg/mol) PDI (Oé) (°C)
PCDTTPD 13 24 1.8 450
PCDTTPD-ic 18 24 1.3 80 425
PCDTTPD-C,Cs 6 10 17 390

dx.doi.org/10.1021/ma202540j | Macromolecules 2012, 45, 1833—1838
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Figure 1. UV—vis absorption spectra of PCDTTPD, PCDTTPD-ic, and PCDTTPD-C(Cg in CHCI; 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-doping® n-doping®
polymers A () Ay (nm) Ao (nm)  ESP* (eV) ES (V) HOMO” (ev) EX' (V) LUMO” (eV) E, (eV)
PCDTTPD 487 484 604 2.05 1.01 -5.71 —-0.96 —3.74 1.97
PCDTTPD-ic 454 458 560 221 0.77 —5.47 -131 -3.39 2.02
PCDTTPD-C,Cq 480 487 602 2.06 0.80 -5.50 —1.20 -3.50 1.93

“p-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. "HOMO = —e(ES* + 4.7) (eV) and LUMO = —e(E2d + 4.7) (eV).
PCDTTPD PCDTTPD
-IC i
PCDTTPD 68
—
-3.7eV
[60]PCBM
-4.3 eV Al
ITo 1 . T -43eV
PEDOT : PSS : : -
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Y. O aH'+4E > 2HO

Figure 2. Energy levels diagram of the polymers and [60]PCBM.

0+2H,0 + 46 —» OH

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
(T,) for PCDTTPD and PCDTTPD-C¢Cg but revealed a T,
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-C4Cg, while those of PCDTTPD-
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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.”” 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-C(Cs (HOMO energy levels at —5.71, —5.47,

dx.doi.org/10.1021/ma202540j | Macromolecules 2012, 45, 1833—1838
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Table 3. Photovoltaic Data for ITO/PEDOT:PSS/Polymer:[60]PCBM/Al Devices

polymers thickness (nm) Joo (mA cm™)
PCDTTPD 53 —4.72
PCDTTPD-ic 82 —0.56
PCDTTPD-C,Cs 91 -03s

Ve (V) FF PCE (%) Jo (A/m?)
1.07 0.36 1.82 3.5 %107V
1.01 025 0.14 48 x 1077
1.00 0.39 0.13 44 x 1077

and —5.50 eV, respectively), the polymers should be stable in
ambient air conditions.”®> 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.*® It should be noted that the structural
difference between the PCDTTPD and PCDTTPD-C,Cq 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,” the theoretical
open-circuit voltages (V,.) calculated for PCDTTPD,
PCDTTPD-ic, and PCDTTPD-C4Cg should be around 1.10,
0.87, and 0.90 V, respectively (Figure 2)

1
Voc = ;[lEIC-IIO(SII(\)/fol - IEIIJ)Sll\g/II\(/_[)l] - 03 (1)
where e is the elementary charge and the value of 0.3 V is an
empirical factor.>® Indeed, Vanderwal et al. have observed that
there is a correlation between the V.. and the energetic
difference between the HOMO of the donor (polymer) and the
LUMO of the acceptor (PCBM).>" 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 V. 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 (J,) and, therefore, to an
increase of the V. value. By using the eq 2,*! J, was estimated
around to (3.0—4.0) X 107'7 A/m? for all polymers (see Table

3)
= kB—T ln(& + 1]
€ Jo ()

where kg 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), BH]J solar cells were fabricated with a configuration of
glass/ITO/PEDOT:PSS/polymer:[60]PCBM/Al. After spin-
coating 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-C(Cg), 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 mm®. The detailed conditions of the device fabrication

V.

ocC

1836

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 ™.
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Figure 3. -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™>

The polymer PCDTTPD was able to reach a current density of
472 mA cm™?, a moderate fill factor of 0.36, and a very high
open-circuit voltage (V,.) 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-C(Cq, 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
(V,.), short-circuit current density (J.), fill factor (FF), and the
dark saturation current (J,) 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-C,Cs:[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-C4C; which involve a change
of the conformation and the morphology. In this regard, the

dx.doi.org/10.1021/ma202540j | Macromolecules 2012, 45, 1833—1838
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Figure 4. AFM images acquired by tapping mode (height and phase images are shown for polymers/[60]PCBM blends).

interaction with [60]PCBM is completely different for these
polymers compared to PCDTTPD.

B CONCLUSION

New poly(2,7-carbazole-alt-TPD) derivatives (PCDTTPD,
PCDTTPD-ic, and PCDTTPD-C4Cg) 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 V. 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 V. of
polymer solar cells. The V. reported here is one of the highest
observed for a polymer:[60]PCBM bulk heterojunction
devices.”>*® 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.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details, synthesis of the monomers and polymers,
instrumentation, fabrication details, and characterization
procedures of the organic photovoltaic devices. This material
is available free of charge via the Internet at http://pubs.acs.org.
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ABSTRACT: Online monitoring of a miniemulsion polymerization of styrene by hyperpolarized '*’Xe NMR spectroscopy is
presented. The chemical shift of '*Xe 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 '*Xe 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 '*?’Xe NMR experiments due to the used setup.
In the future, '*Xe NMR might also be applied for online monitoring of other chemicals reactions, e.g., allowing for determining

the kinetics of thermoneutral reactions.

B 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." Online monitoring
methods offer an efficient control of the reaction, which leads
to products with constant quality at minimal costs.” 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.* 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.”””
It has been shown that online NMR spectroscopy for
monitoring polymerizations can provide an acceptable time
resolution using 'H NMR and BC NMR.>? However, the
intrinsic low sensitivity of NMR measurements and the need of
time-consuming signal averaging often lead to problems in
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achieving this, which is especially true for '*C at natural
abundance limiting the achievable time resolution to a few
minutes. Isotopic enrichment of *C would help to overcome
this problem but is much too costly. Moreover, 'H 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.” " Different hyperpolarization methods like dynamic
nuclear polarization (DNP),"” para-hydrogen induced polar-
ization (PHIP),"*'* or the hyperpolarization of noble gases by
spin-exchange optical pumping (SEOP)'®'® have been
developed until now. In this work, hyperpolarization of the
noble gas "*Xe via spin-exchange optical pumping was applied
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using an apparatus described elsewhere.'” 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.'>'® 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 '*’Xe offers the possibility of fast
measurements and the online monitoring of dynamic
processes.'® >° Furthermore, one can take advantage of two
other properties of the '*Xe nucleus: First, the large
polarizability of the xenon electron cloud by its physical and
chemical environment leads to a large chemical shift range of
12Xe 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 '*’Xe NMR exploiting
this effect can be found in the material science of porous
media.>'~** Another useful property of Xe is its solubility in
liquid phases, both organic and aqueous, which allows for the
use of '¥Xe 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 polzrreactions as eg.
polycondensation, or polyaddition reactions,>* ¢ which are not
accessible with conventional emulsion polymerization. It
further offers the possibility to encapsulate a variety of
materials to generate functional nanoparticles.””*® The
presence of the aqueous phase in emulsion and miniemulsion
polymerization reactions can pose severe difficulties for 'H
NMR measurements due to the very prominent water signal
which can superimpose other signals stemming from the
reaction educts or products. By using '*?Xe 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 '**Xe 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.*® However, to our knowledge, the current
paper gives the first full length report demonstrating that
hyperpolarized '*’Xe can be used for online monitoring of a
polymerization reaction. By combining all properties of
hyperpolarized '*Xe 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 '*’Xe peaks
giving access to the conversion of the polymerization.
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Therefore, the kinetics of two polymerization reactions were
recorded by hyperpolarized '*?Xe 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 '**Xe
NMR was compared to results obtained by calorimetry.
Calorimetric measurements on similar emulsion and mini-
emulsion systems can also be found in the literature.**™>* 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 '*?Xe 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.

B 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 H,O (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 '*Xe, 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 Jiilich in a
gas mixture consisting of 1% Xe, 8% N,, 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 '”Xe was directly used for the NMR
measurements without pressure reduction or replenishment of the
diluted Xe gas.

For dissolving the hyperpolarized '®Xe in the reaction mixture,
hollow-fiber membranes (hydrophobic surface, made from poly-
propylene, pore sizes ~30 nm, Membrana GmbH, Germany) were
used.** ¢ The experimental setup for the '’Xe 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 T relaxation
depolarized 'Xe 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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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
129%e in and out the reaction mixture. The inlet and outlet of the
membrane are connected to the gas flow of the polarizer.

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, id. S 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 '**Xe 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, '*Xe 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 S min, and
finally for the second hour of reaction time every 10 min.

All "?Xe 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 '**Xe (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 100000 g mol™', 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 '®Xe 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 #RC-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 S0 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
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measurement, 35 uL 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 X 10% and 1 X 10° A,
respectively. The signals were detected on an Erma UV detector (4 =
254 nm) and a SOMA RI detector. The eluent and the solvent for the
samples was THF, the elugrams were calibrated against PS standards.

B RESULTS AND DISCUSSION

Figure 2 shows representative NMR spectra of '*’Xe atoms
dissolved in the miniemulsion after the cold sample was

Miniemulsion Membrane

XeWater ( Xe Gas

N
Y

I

Xe Droplet “

15 min

278 K

200 150 100

ppm

50 0

Figure 2. NMR spectra of hyperpolarized '*Xe 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).

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
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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 '**Xe
NMR spectroscopy, a (preferably linear) dependence of the
chemical shift of the dissolved '*’Xe 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 '*’Xe atoms and
H,O 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 '*’Xe 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 '*Xe 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

6clissolved Xe = _c())(e—monO(T) [mono] (T)
P (T) [poly](T)
— o701 [1,0](T)

— o7 X(T)[Xe)(T) (1)

issolved xe 1S the resulting chemical shift of '**Xe dissolved in the
miniemulsion. The constants 63°™™°, ox*PY, X0 and
67°%¢ 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],
[H,0], 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—H,O interactions and the temperature
constant, the equation simplifies to

6())(e—monO[ Gé(e—poly[

poly]
()

With [poly] 1 — [mono], the equation can be further
simplified, giving the following linear dependence on the mole
fraction of the monomer [mono]:

Bdissolved Xe = — mono] —

— const

Xe— 01 Xe—
6dissolvedXe = (GO poly _ "oe mono)[

Xe—poly
-0, —

mono]

const

©)

In order to check for the linear dependence of the chemical
shift on the monomer concentration, the chemical shifts of
1Xe in pure styrene and pure polystyrene (M,, = 100000 g
mol™") 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 '*Xe is plotted
versus the mole fraction of the polymer and the mole fraction
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Figure 3. Plot of the chemical shift of '**Xe versus the mole fraction of
a monomer/polymer mixture. The points are the chemical shift values
of pure polystyrene (M,, = 100 000 g mol™"), 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.

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]:

8Xe,mix = —27.6 ppm-[mono] + 224.8 ppm (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 'Xe 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 '**Xe 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 '*Xe peaks to higher chemical shift values is observed.
Thus, the progress of the reaction is directly observable from
the evolution of the '*Xe 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 '*Xe 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
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Figure 4. Time series of '*Xe 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 ¢ = 0 min. The spectra depict a strong dependence of the
Xe chemical shift on the progress of the polymerization.

(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 '*’Xe 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 '’Xe NMR lines.*>*'

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.*® (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
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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 '*’Xe was determined for each spectrum of the time
series and plotted in Figure S. The open and filled circles in

210

205 | o—c—

=
E 200 —~
[} i 09'?0
Q geo
o) o’g/
E 195r o’/
%) o &
£ 1008 %
O

g /

185 o Asaigea Tt S

180 . .

0 2000 4000
Time [s]

Figure 5. Plot of the chemical shift of '**Xe 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.

Figure S show the development of the chemical shift of the
dissolved '**Xe 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 '*?Xe in our experiments.

For comparison, Figure S also shows the two extremes for
the chemical shift of the dissolved '*’Xe in theses polymer-
izations (triangles). The lower limit at 185.5 ppm represents
12Xe 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
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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 '*?’Xe 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
2Xe 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 '*Xe 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 *?Xe NMR data (black circles) for both
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Figure 6. Comparison between the (integrated) calorimetry data (red
dotted line) and the Xe 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 '*’Xe chemical shift values.
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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 'Xe NMR data for each of the two
experimental series are assumed to be the points of zero
conversion (at t = 420 s for both '*Xe 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 '*Xe 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 '*?Xe 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 '*Xe 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 '**Xe
NMR, thereby contradicting the previously mentioned
observation of a faster reaction observed by *Xe NMR. In
order to reconcile the observed differences, we consider a mass
loss of the monomer occurring during the '*?Xe 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 '*Xe NMR) as well to smaller particle
diameters.

Despite the mass loss, the accordance between the
polymerizations observed by calorimetry and '*?Xe 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 '*Xe 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 '??Xe NMR method is limited only by the
signal-to-noise ratio (SNR) which influences the accuracy of
the determination of the chemical shift of '*Xe and the
achievable time resolution. A higher SNR—and thus a better
accuracy of the presented method—could be achieved by using
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Table 1. Characterization of the Polymer Dispersions

after Polymerization

particle diameter [nm]

solids content [wt %] by PCCS from micrographs
calorimetry 12Xe NMR theory calorimetry 12Xe NMR calorimetry 12Xe NMR
V70 20.4 16.3 20.8 944 + 12.0 87.7 + 12.0 71.6 + 134 66.6 + 14.6
V59 19.6 16.5 20.8 105.6 + 12.0 93.9 + 12.0 88.8 + 11.0 769 £ 11.0

a polarizer setup giving a higher '®Xe polarization rate'® 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.”**" 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 *?’Xe 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
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Figure 7. Scanning electron micrographs of the polymer suspensions
after the polymerization. Left side: V70 ®Xe NMR; right side: V70
calorimetry.

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 '*’Xe NMR
experiments, the products and the course of the polymerization
reactions in both methods seem to be very well comparable.

B CONCLUSION

In this work, the chemical shift dependence of '*Xe on the
conversion of polymerization reactions has been demonstrated.
Using this dependence and the large NMR signal of
hyperpolarized '*Xe, the online monitoring of a chemical
reaction by '*?Xe 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 12%%e 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
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explained by a monomer loss during the '*Xe 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 '*Xe NMR can thus
provide an excellent method to investigate polymerizations
exhibiting very complicated "H and *C NMR spectra due to
the simplicity of the 'Xe NMR spectra and the simple
relationship of the ??Xe chemical shift on the composition of
the reaction mixture. Furthermore, the application of hyper-
polarized '*Xe 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 '**Xe and extensive
calibration measurements for the chemical shift of '*Xe
dissolved in mixtures of the used comonomers would be
necessary. '*’Xe 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 *Xe prior to the NMR measurement.*®
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.

B ASSOCIATED CONTENT

© Supporting Information

Data from calorimetry, the calculated average number of
radicals, and the molecular weight distributions of the polymer
suspensions obtained in the calorimeter experiments. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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Easily Attainable Phenothiazine-Based Polymers for Polymer Solar
Cells: Advantage of Insertion of S,5-dioxides into its Polymer for
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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 PC, BM
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 (1 = 6.9 X 10™* cm® V™' s7') 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.

Bl INTRODUCTION metal oxides (e.g, TiO, and ZnO) as electron collecting
bottom electrodes.”>'® Thus, with advances made on the

increasing the demand for new technologies for photovoltaic aforementioned efﬁcigncy front, thé.li.fetime an-d reliability of
energy conversion. Polymeric solar cells (PSCs) have attracted PSCs are also envisaged by utilizing the inverted PSC
much attention due to their potentials for low cost, lightweight, conﬁguratlon through  the replace.mgnt .Of the low work-
and good compatibility with the roll-to-roll process for making function metal cathode and the elimination of PEDOT:PSS
flexible large area devices."~> So far, the most efficient polymer layer.
solar cell system is built on the concept of bulk-heterojunction Recently, several classes of narrow bandgap donor— (D-)
(BHJ) structure, which uses a blend of an electron-donor acceptor (A) type polymers have been developed to better
harvest the solar spectrum with deeper HOMO energies that
conversion efficiencies (PCEs) of 6—8% have been realized by can be helpful in realizing high oPen'circuit voltage. (Voc) and
using new conjugated polymer donors® ' or novel fullerene- PCEs, as the Vo value of PSCs is directly proportional to the
derived acceptors.'' ™" offset between the HOMO level of egelgtfggl donor and the
Aside from achieving higher PCEs, improving the stability of LUMO level of electron acceptor.” Among  them,
PSCs is equally important. In general, conventional PSCs are poly(2,7-carbazole-alt-dithienylbenzothiadiazole) (PCDTBT)

The dramatic growing need for renewable energy supply is

polymer and an electron-acceptor fullerene.> Recently, power

comprised of a BHJ active layer sandwiched between an acidic showed particularly interesting achievement of a PCE in excess
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)- (PE- of 6% from a BHJ cell with V. value approaching 0.9 V as well
DOT:PSS-) coated indium tin oxide (ITO) anode and a low as remarkable ftazbgility at higher temperature for extended
work-function metal cathode (e.g,, Al and Ca). In such a device periods of time.'”* More recently, efficient, air-stable inverted
structure, not only does the cathodes easily oxidize in air but BH]J solar cells based on PCDTBT fabricated with a low-
also the acidic PEDOT:PSS-ITO can suffer interfacial temperature annealed sol—gel-derived ZnO film as an electron
degradation over the operating lifetime.'"* As alternative to transport layer have also been demonstrated.”

the regular device configuration, PSCs with an inverted device

structure have been developed, which enables the use of stable Received: December 8, 2011

and printable high work-function metals (e.g, Ag and Au) as Revised:  January 15, 2012

hole collecting top electrodes and n-type low work-function Published: February 3, 2012

W ACS Publications  © 2012 American Chemical Society 1847 dx.doi.org/10.1021/ma202661b | Macromolecules 2012, 45, 1847—1857


pubs.acs.org/Macromolecules

Macromolecules

[PQo00)

PCDTBT

Insertion of S
/Y (8. B 0
: (%
/ \
N. _N
S

N
R

\
R R=alkyl chains N.g-N
Wﬁ&ﬁome
l'b\\ ,/C.)':
o\ e Ses 7\ O
eion
(A
i N._.N
R S
PPTDTBT-SS

PPTDTBT

Active layer

MoO,

Active layer
TiO,
ITO

Glass

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.

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.”' 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 sz-stacking aggregation and
intermolecular excimer formation, resulting in diverse opto-
electronic applications.”* % (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 SO, 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.

1848

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-S,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 la 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.

B 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.”” 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-

dx.doi.org/10.1021/ma202661b | Macromolecules 2012, 45, 1847—1857
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Scheme 1. Synthesis of PPTDTBT and PPTDTBT-SS*
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“Reagents and conditions: (i) Br,, HBr, reflux; (ii) 2-(tributylstannyl)thiophene, THF, Pd(pphs), 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) H,0,, acetic acid, 90 °C; (viii) Bis(pinacolato)diboron, DMF, KOAc, PdCl,(dppf), reflux; (ix) Suzuki polymerization, toluene, H,0, K;PO,,

P(o-tol)s, Pd,(dba),, 90 °C.

tetramethyl-1,3,2-dioxaborolane (58%) to generate the como-
nomer. Separately, compound § was oxidized with hydrogen
peroxide under acetic acid (52%) according to a previously
reported protocol’® to obtain phenothiazine-S,S-dioxide 7.
Treatment of 7 with bis(pinacolato)diboron under
PdCL,(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 K;PO, as an organic base, Pd,(dba); as a
catalyst, and P(o-tol); 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
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mass (M,) of 9.8 X 10° and 7.6 X 10°> 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
7m—n* transitions. Notably, such optical features are remarkable
similarity to those of the analogous PCDTBT (4,,,,, = 398 and
576 nm), but PPTDTBT has a slightly lower optical band gap
(E.™" = 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

dx.doi.org/10.1021/ma202661b | Macromolecules 2012, 45, 1847—1857
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Figure 2. UV—vis absorption spectra of PPTDTBT (a) and
PPTDTBT-SS (b).

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-Bu,NPF)
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 (Egelec)
are listed in Table 1. The HOMO and LUMO energy levels are
calculated to be —5.41 and —3.63 €V for PPTDTBT and —5.60
and —3.60 eV for PPTDTBT-SS, respectively. Considering the
relatively low HOMO levels of the polymers, a high V¢ can be
expected.”” The LUMO levels of the polymers are positioned
0.3 eV above the PC,;BM (—4.3 eV) to ensure a downhill
driving force for charge separation to PC, BM. 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 €V) is
found to be lower than of that of PPTDTBT owing to the
presence of the electron-deficient SO, groups in the polymer
backbone, which can be beneficial to the better air-stability and
higher Vo of the PSCs based on the polymer as donor.*

X-ray Analyses. To evaluate the crystallinity of the
polymer, X-ray diffraction (XRD) measurements were taken
of thick films prepared from chlorobenzene on SiO,/Si
substrate. The thickness of the films was determined to be
1.5—55 pm 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
20 = 4.67°, corresponding to d-spacing of 189 A and a
secondary broad peak at 20 = 21.2° (d = 4.2 A) related to 7—7x
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 A). 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 S). Figure Sb shows the transfer characteristics, I vs
V,, and L Y2 vs V,, (both at V= —60 V), of OFETs fabricated
using PPTDTBT and PPTDTBT-SS, respectively, as the active
layer. These I; vs V, 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: I;= (uWC,/
2L)(V, — V;)23' An hole mobility (1) as high as 9.8 x 10~
cm® V' 57! (threshold voltage (Vi) = —11.5 V) with a current
on/off ratio (I,,/Iy) of 2.5 x 10% is estimated for OFETSs
produced from PPTDTBT. Interestingly, despite the insertion
of the electron-deficient SO, 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 (1 = 6.9
X 107 cm® V7' 57, Vo = =210 V, L, /Ly = 7.7 X 10°),
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

Table 1. UV—Vis Absorption and Electrochemical Properties of the Polymers

polymer Amax [nm] solution Amae [nm] film
PPTDTBT 390, 564 395, 582
PPTDTBT-SS 377, 51§ 387, 535

E (eV)® HOMO (eV)® LUMO (eV)? EZ (eV)
1.79 —5.41 -3.63 1.78
1.95 —5.60 —3.60 2.00

“Calculated from the absorption band edge of the copolymer film, E,*'=1240/1,4g. bThin films in CH,CN/n-Bu,NPF,, versus ferrocenium/
ferrocene at S0 mVs™'. 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. E;lec (eV) = =(LUMO — HOMO).
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Figure 4. X-ray diffraction (XRD) patterns of drop-cast films of
polymers on SiO,/Si substrates.

frontier orbitals between the two polymers, computational
studies using density functional theory (DFT) approaches were
carried out. Oligomers (PTDTBT), and (PTDTBT-SS), 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), and (PTDTBT-SS), 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), (1.80 eV) and
(PTDTBT-SS), (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.”® We note a relatively larger dihedral
angle between PT and DTBT-SS units (0 = 160°) in the
optimized geometry, when compared to that between PT and
DTBT (6 = 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 7—n 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.
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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 PC,;BM as an
electron acceptor and fabricated conventional PSCs with a BHJ
structure of ITO/PEDOT:PSS/polymers:PC, BM/AL The
main focus of the current study is to elucidate the improved
device performance of inverted PSCs by introducing SO,
functionality in the polymer backbone through potential
interaction with oxide materials. Thus, the PSCs with inverted
configuration stacked from bottom to top (ITO/TiO,/
polymers:PC,; BM/MoO;/Au) were also prepared, where
MoO; as the hole transport layer and TiO, as the electron
transport layer were deposited. TiO, was employed as the
electron selective layer due to its high electron affinity (LUMO
= ~4.4 eV).** Since the valence band edge of TiO, is much
lower than those of HOMOs of both the polymers and
PC,,BM, the TiO, layer serves also as a hole blocking layer.
Similarly, the MoOj layer was used to block the electron flow
because of its small electron affinity and to enhance hole
transport to the anode.”® 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/cm?®. The active layers
through a very broad altering range from 1:1 to 1:4 (w/w) of
polymer:PC,;BM in either chlorobenzene (CB) or o-
dichlorobenzene (ODCB) were evaluated. The optimized
weight ratios of polymer to PC,BM 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:PC,;BM solar cells with a V¢ of 0.77 V, a short
circuit current density (Jsc) of 5.75 mA cm™ and a fill factor
(FF) of 38%. Under the same white light illumination, the
PPTDTBT-SS:PC, BM-based regular cell exhibits a Jsc of 4.03
mA cm™ 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:PC,;BM.
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 Vi for the cell with PPTDTBT-SS
is higher than that of PPTDTBT.
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Despite the aforementioned advantages of the inverted cells, illumination (AML.S G, 100 mW/cm?) are shown in Figure 7.
the majority studies on the inverted cells were based on P3HT The corresponding PCE is 1.47 and 1.22% for
as active materials,>>** while only few new conjugated polymers PPTDTBT:PC,BM and PPTDTBT-SS:PC,,BM, respectively

had been tested in such conﬁguration.15’35’36 Therefore, (Table 2). In the both inverted devices, despite the fact that the
comparison of the photovoltaic properties of new materials in absorption spectra of the active layer films in the two device
both conventional and inverted cells is very important to fully types are identical, a decrease in the Jsc (4.80 mA cm™ for
evaluate the performance of new polymers. The J—V curves for PPTDTBT:PC,,BM and 4.11 mA cm™> for PPTDTBT-
the inverted polymer solar cells obtained under white light §S:PC,BM, respectively) is clearly observed, resulting the

1852 dx.doi.org/10.1021/ma202661b | Macromolecules 2012, 45, 1847—1857



Macromolecules

< o[@ 7

o

<

E2

2

§4

] "

€ 6/ S versd ot

g = ;/_/0/

3 02 00 02 04 06 08
Voltage (V)

T ol //

o

<

E

2 2|

()

3

E —o— Conventional cell

c -4t —9— Inverted cell

e V-1

3 02 00 02 04 06 08 1.0
Voltage (V)

Figure 7. ] — V characteristics of the PSCs based on PPTDTBT (a)
and PPTDTBT-SS (b) under illumination of AM1.5G, 100 mW/cm?

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.>’

Surprisingly, in contrast, the inverted cell of PPTDTBT-
SS:PC,BM exhibits a slight improved Jsc and a much higher
Voc value (0.92 eV) than that of the conventional configuration
with PPTDTBT:PC,,BM, 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 SO, 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 SO, units in PPTDTBT-SS could be the origin of the
improvement in the device performance since a higher V¢ can
indicate a larger electrostatic field across the device structure,>?
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
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Figure 8. Incident photon-to-current efficiency (IPCE) spectra of the
polymer:PC,;BM solar cells.

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:PC,BM is the highest, which agrees with the
highest Jsc value of the devices. To evaluate the accuracy of the
photovoltaic results, the Js- 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/PC,,BM 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:PC,,BM 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.’®*’ In
contrast, PPTDTBT-SS:PC,;BM blends in both conventional
and inverted structures (Figure 9, ¢ 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 PC,;BM. This implies that the presence of
SO, groups makes PPTDTBT-SS strongly hydrophilic, which

Table 2. Photovoltaic Performance of Blends of the Polymers with Fullerenes

device structure composite d (nm)“*
conventional PPTDTBT:PC,,BM (1:2) 50
PPTDTBT-SS:PC,,BM (1:1.5) 50
inverted PPTDTBT:PC,,BM (1:2) 28
PPTDTBT-SS:PC,,BM (1:1.5) 32
“Thickness of the active layer.
1853

Jsc (mA cm™2) Voc (V) FF PCE (%)
5.75 0.77 0.38 1.69
4.03 0.81 0.30 0.97
4.80 0.78 0.39 1.47
411 0.92 0.32 122
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Figure 9. Tapping-mode AFM images (5 ym X S ym) of PPTDTBT:PC,;BM (conventional (a); inverted (b)) and PPTDTBT-SS:PC, BM
(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.

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.

Bl 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 (4,,,, = 582 nm) and lower band
gap (Egelec = 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 SO, groups would enhance the compatibility and
low contact resistance in the inverted BH]J 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 PC,BM as electron acceptor, respectively.
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On the other hand, despite the fact that relatively low-lying
HOMO of PPTDTBT-SS enhances the V¢, the current
density in the PPTDTBT-SS:PC,;BM-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 TiO, and MoO; as electron-selective and hole-
selective layers, respectively, the estimated PCE of 1.22% is
achieved from the combination with the improved V¢ and Jgc.
Current work on 7-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.

B 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. 'H NMR and BC
NMR spectra were recorded on a Varian VNRS 600 MHz (Varian
USA) spectrophotometer using CDCly 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 (M,) and weight-average (M,) 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-Bu,NPF) solution in acetonitrile at a
scan rate of 50 mV/s at room temperature. A used as the Ag/Ag* (0.1
M of AgNO; in acetonitrile) reference electrode, platinum counter
electrode and polymer-coated platinum working electrode, respec-
tively. The Ag/Ag" reference electrode was calibrated using a
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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 =
—(Eox™ = E(ferrocene)”™" + 4.8) eV. The LUMO levels of polymers
were obtained from the equation LUMO = —(E.s™ = E(furrocene)”"
+4.8) V.

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 (SiO,) layer with
thickness of 200 nm. The doped Si wafer acts as a gate electrode, and
the SiO, 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 N,. Source and drain electrodes using Au were deposited by
thermal evaporation using a shadow mask. The thickness of source and
drain electrodes was S0 nm. Channel length (L) and channel width
(W) was SO pm and 1.5 mm, respectively. Electrical characterization
was performed using a Keithley semiconductor parametric analyzer
(Keithley 4200) under N, atmosphere. The electron mobility (i) was
determined using the following equation in the saturation regime

1= (WCi/2L) X p X (Vg — Vp)?

where C; is the capacitance per unit area of the SiO, dielectric (C; = 15
nF/cm?) and Vy 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:PC,BM (1:2) in a solvent
(chlorobenzene) with a concentration of 11 mg/mL and PPTBTDT-
§S:PC;BM (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 (<107 Torr) thermal evaporator. Inverted solar cells were
fabricated on ITO-coated glass substrates. A TiO, precursor solution
was prepared using the sol—gel method. The TiO, 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
TiO, by hydrolysis. Subsequently, the TiO,-coated substrates were
transferred into a glovebox. A solution containing a mixture of
PPTDTBT:PC,,BM (1:2) in a solvent (chlorobenzene) with a
concentration of 11 mg/mL was spin-cast on top of TiO, films at 1500
rpm 60 s and PPTBTDT-SS:PC,;BM (1:1.5) in a solvent
(dichlorobenzene) with a concentration of 13 g/mL was spin-cast
on top of TiO,, films at 600 rpm 60 s. Then, a thin layer of MoO; 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 (<107¢
Torr) thermal evaporator. The cross-sectional area of each of the
electrode defines the active area of the device as 13.5 mm?
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 MgSO,,
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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. "H NMR (600 MHz, CDCL,): § (ppm) 7.14 (m,
4H), 6.92—6.86 (m, 4H), 3.73 (d, 2H, ] = 6.6 Hz), 2.00 (m, 1H),
1.41-1.26 (m, 40H), 0.91—0.88 (t, 6H, ] = 7.2 Hz). 3*C NMR (150
MHz, CDCLy): & (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. Caled: 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]** = 5§35.34; 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 MgSO,. 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 § as a yellow oil. '"H NMR (600
MHz, CDCLy): § (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, |
= 7.2 Hz). ®C NMR (150 MHz, CDCL;): § (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. Caled: 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,S,S-
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 MgSO, 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. 'H NMR (600 MHz,
CDCly): 6 (ppm) 7.56 (d, 4H, ] = 7.8 Hz), 6.83 (d, 2H, ] = 7.8 Hz),
3.74 (d, 2H, ] = 6.6 Hz), 1.94 (m, 1H), 1.37—1.2 (m, 64H), 0.89 (t,
6H, ] = 6.6 Hz). *C NMR (150 MHz, CDCl;): § (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 § (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 MgSO, 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. "H NMR (600 MHz, CDCl,): § (ppm)
8.17 (d, 2H, J = 2.4 Hz), 7.67 (d, 2H, ] = 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). ®C NMR (150 MHz, CDCLy): § (ppm) 140.83, 135.92,
12699, 12641, 119.03, 114.72, 32.06, 30.90, 29.95, 29.84, 29.80,
29.74, 29.71, 29.62, 29.51, 29.49, 2622, 22.84, 14.27. Elemental
Analysis: C, 59.58; H, 7.64; Br, 22.02; N, 1.93; O, 441; S, 4.42;
Found: C: 59.84, H: 7.70, N: 2.01, S: 4.21, O: 4.22. MALDI-TOEF-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 CL,(dppf) (42
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mg, 57.6 pmol) 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 MgSO, 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. '"H NMR (600 MHz, CDCl,): § (ppm) 8.58 (s, 2H), 7.97 (d,
2H, ] = 8.4 Hz), 7.33 (d, 2H, J = 8.4 Hz), 4.13 (d, 2H, ] = 7.2 Hz),
1.98 (m, 1H), 1.35—1.19 (m, 64H), 0.88 (t, 6H, J = 7.2 Hz). *C NMR
(150 MHz, CDCly): & (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. Caled: 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(S-bromothio-
phenyl)-2,1,3-benzothiadiazole (0.12 g, 0.266 mmol) was dissolved in
toluene (7 mL), to this a solution of K;PO, (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, Pd,(dba); (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 ym 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 (M, = 9.8 X
10* g/mol, PDI = 1.27). '"H NMR (600 MHz, CDCL): § (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(S-bromothiophenyl)-2,1,3-benzothiadiazole (0.12 g, 0.266
mmol) was dissolved in toluene (7 mL), to this a solution of K;PO,
(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, Pd,(dba); (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 045 pum 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 (M, = 7.6 X 10° g/mol, PDI =
1.21). 'H NMR (600 MHz, CDCL,): § (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).

B ASSOCIATED CONTENT

© Supporting Information
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ABSTRACT: Blend films containing wild-type poly[(R)-3- After drawn film  During annealing  Annealed film
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- H
drawing. The thermal properties, crystallization behavior,

mechanical properties, and highly ordered structure of the /

blend films were analyzed by differential scanning calorimetry, P g |

polarized optical microscopy, a tensile test, and wide- and uHMW-P(3HB) * P(3HB) Lamellar crystal (;Lform)
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 2, helix (a-form) and
planar zigzag (f-form) conformations. Addition of a small amount of UHMW-P(3HB) to P(3HB) caused the f-form to appear
in blend films at a high drawing ratio. A mechanism for forming f-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).

~-

B INTRODUCTION mechanical properties of P(3HB) and analyze its crystal

Microbially produced polymers, which are synthesized from structures.” The mechanical properties of P(3HB) have been

renewable carbon sources such as sugars and oils, are of interest improved by biosynthesis of P(3HB) copolymers,”® prepara-

for solving environment and resource problems. Poly[(R)-3- tion of a P(3HB) composite,” and blending P(3HB) with other

hydroxybutyrate] (P(3HB)), which can be biosynthesized by polymers.'"™"

bacteria, is a type of polyhydroxyalkanoate (PHA) with Increasing the molecular weight and optimizing the drawing

thermoplastic properties”” and is an alternative to petroleum- method are typical techniques used to improve the mechanical

based plastics.> Furthermore, this microbial polyester is properties of films and fibers. Ultrahigh-molecular-weight

degraded in the natural environment by extracellular poly- P(3HB) (UHMW-P(3HB)) can be biosynthesized by the

hydroxybutyrate depolymerases secreted by some microorgan- genetically modified bacterium Escherichia coli."> Twata et al.

isms. successfully obtained UHMW-P(3HB) films with a high tensile
However, the mechanical Properties of P(3HB), which Strength of 287 MPa by hot-drawing near the melting

undergoes secondary crystallization at room temperature, are

poor compared to those of common petrochemical polymers Received: October 12, 2011

because its glass transition temperature (T,) is lower than room Revised:  January 26, 2012

temperature.*® Several groups have attempted to improve the Published: February 13, 2012
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temperature and using a one-step drawing technique.'*

However, hot-drawing is only suitable for UHMW-P(3HB)
with M,, > 3.0 X 10°. Accordingly, they developed a new cold-
drawinsg method that improved the tensile strength of P(3HB)
films."> 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."*

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.'® 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."”'® 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 2, helix conformation'®*” (a-form) which is
the basic conformation in lamellar crystals and a planar zigzag
conformation®" (f-form) which appears in drawn P(3HB) films
and fibers with high tensile strength—have been reported.”>*
The p-form is considered to be generated from amorphous
regions between lamellar crystals with the a-form formed in the
two-step drawing process. In this paper, we propose a new
mechanism for the formation of the f-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.

B EXPERIMENTAL SECTION

Materials. P(3HB) was supplied by ICI Co. [weight-average-
molecular-weight (M,)) = 5.2 X 10° and polydispersity (PDI) = 1.6].
UHMW P(3HB) [M,, = 2.7 X 10° and PDI = 1.9] was biosynthesized
from glucose bzf recombinant E. coli JM109 according to the method
of Kahar et al.>* 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
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casting. The M,, and PDI of 5/95 and 10/90 blend samples were M,, =
0.73 x 10% PDI = 2.23 and M,, = 0.77 X 10°, 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 T,. 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
(Tw) and T, 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. T, and T, 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 (t,/,) 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 BL4SXU beamline (wavelength,
A = 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.”®
The long period (Lp) was determined using the Bragg equation (Lp =
A/(2 sin 6)) 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 cm®
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 ug/mL in
potassium phosphate buffer, S uL) 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.

B RESULTS AND DISCUSSION

DSC Measurements. The DSC curves of P(3HB),
UHMW-P(3HB), and blend films are shown in Figure 1, and

.
Tg H ¢ Tm
— J P P(3HB)
8 /\
g A — 5/95 blend
— A \r— 10/90 blend
i UHMW-
ﬁ / P(3HB)
20 30 80 130 180

TI°C

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

T T T AH crystallini
sample R G I R
P(3HB) 18 s3 170 110 75
5/95 2.2 53 170 94 65
10/90 2.1 57 170 94 65
UHMW-P(3HB) 24 57 172 110 75

Ty Ty Ty and AH are listed in Table 1. T, of all films were
around 2 °C, and exothermic peaks (T.) 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 T, 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 T,, of
170 and 172 °C, respectively. The 5/95 and 10/90 blend films
showed T, similar to P(3HB) at about 170 °C. The slightly
higher T,, 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 ¢ is
designated by”°

X=1-exp(—Xp) (1)
t
XO=‘/(; Nv d’C (2)
I B A 2 RN
X=1 ep( /0 11( ; ){G(t ‘r)}dr) o

N and v are the number of spherulites and the volume of one
spherulite grown from one nucleus. I, G, t, and 7 are nucleation
rate, radial growth rate of spherulites, observation time, and the
induced time of nucleus formation, respectively. t is t,, when X
is 0.5. Therefore, the equation relating I, G, and t,, is

. s_lsn2
1/2 =
/ 4n1G> 4)

ti, 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,

4 -
35 - ]
3 - o N
| |
= 25 - z
5 « P(3HB)
O 159 A5/95
1 é 4 10/90
05 | = UHMW-P(3HB)
0 l . . .
60 70 80 90 100

Tc[°C]

Figure 2. Radial growth rate (G) of spherulites as a function of
crystallization temperature (T.).

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

Table 2. Mechanical Properties, Crystallinity, Long Period, Lamellar Thickness, and (020) Orientation of Blend Films at

Various Drawing Ratios and UHMW-P(3HB) Contents

drawing ratio  tensile strength elongation at Young’s modulus  crystallinity  long period (L,) lamella thickness (Ip) (020)
samples @ (MPa) break (%) (GPa) (%) nm) nm orientation
P(3HB) 1 9 6 0.18 70 8.83 6.18

12 161 4S5 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 7.93 571 95
UHMW 1 40 10 0.8 68 9.68 6.58

10 191 56 1.62 73 11.22 8.19 95.6
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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-M,, species has also
been reported for other polymers such as isotactic polystyr-
ene”” and poly(tetramethyl-p-silphenylene)siloxane.”®

Figure 3 shows t,/, as a function of isothermal crystallization
temperature of the P(3HB), UHMW-P(3HB), and blend films.

10 -

£ @ — P(3HB)

'5 8 | A sesssssssnan 5/95 blend

NI e ——

56

13 T

S 4 .

B .......

£2 '

£o

60 70 80 90 100

7.[°C]

Figure 3. Crystallization half-time (t,/,) as a function of crystallization
temperature (T).

The t,,, value of UHMW-P(3HB) is the smallest of the four
samples and was almost the same regardless of isothermal
crystallization temperature. However, t,,, of P(3HB) and the
blend samples increased with the isothermal crystallization
temperature. The shortest t;,, 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 t,,, of UHMW-
P(3HB) is expected to be a result of considerable entanglement
of chains. The t,,, of the blends have an intermediate value
between those of UHMW-P(3HB) and P(3HB). Addition of §
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 t;,, (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 S 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 S5/95 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

A: P(3HB

n

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 S00 xm.
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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.

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 a-form crystal structure
(Figure 7B). Yokouchi et al. and Okamura and Marchessault
reported that the a-form crystal structure of P(3HB) indexed
with orthorhombic unit cell parameters of a = 0.576 nm, b =
1.320 nm, and ¢ (fiber axis) = 0.596 nm and a space group of
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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.

P2,2,2,. In addition, a reflection arising from oriented S-form
crystals can be observed in the equatorial line. Orts et al.*!
observed the f-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 f-form. It seems that the S-form of P(3HB)
has improved physical properties compared with the a-form.
However, the three-dimensional crystal structure for the -form
has not yet been reported. The c-axis was calculated to be 0.474
and 0.469 nm by Ort et al.>" and Tanaka et al.,* 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 f reflections. A reflection
from the f-form did not appear in the WAXD pattern of
UHMW-P(3HB). However, one can see reflections from the /-
form in the WAXD patterns of drawn 5/95 and 10/90 blend
films. The intensity of the /3 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 f-form was slight. The intensity
of the f reflection in Figure 8A was integrated as a function of
azimuth to give intensity profiles to quantitatively assess the
presence of the f-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 f-
form because the diffraction from the f-form was not observed
sharply except for the f-reflection at the equatorial line. It is
expected that molecular chains with a f-form structure pack
roughly along the fiber axis (c-axis), allowing reflections of the
p-form to be detected on the equatorial line. This result
indicates that molecular chains with f-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 f reflections (Rg/,)) to a(020)
reflections can be defined as

R(p/a) = f Ig I/ / Lo(020) dI (s)

[I020) dI was calculated by integrating the a(020) reflection.
Figure 9 shows R4/, for each sample as a function of drawing
ratio. Until a drawing ratio of 8, R(s/4) was 0 because the f-form
was not present in any of the drawn films. On the other hand,
Rgyq) increased at drawing ratios over 10 for the drawn films

dx.doi.org/10.1021/ma202285c¢ | Macromolecules 2012, 45, 1858—1865



Macromolecules

,
. o
g R

/Cropplng area

Figure 7. WAXD patterns of (A) undrawn 5/9S blend film and (B) 5/95 blend film at a drawing ratio of 12. The arrow indicates the drawing
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Figure 8. (A) Equatorial line of WAXD pattern of drawn films. A
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Figure 9. Intensity ratio of the f-form reflection to the (020)
reflection of the a-form.
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expect the UHMW-P(3HB) film. R4/, of the blend films
increased significantly compared with that of P(3HB). In
particular, R4/, values drastically increased for the 5/95 blend
film at higher drawing ratios, which correlates with the tensile
strength (Figure S), indicating that the f-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 -form. The
mechanism of generation of the S-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

|
©

b
°
-

A=1(undraw) A=6 A=12
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.

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 f-form crystals forming
between lamellar crystals because the change in density
between a-form and pf-form crystals is smaller than that
between a-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.

dx.doi.org/10.1021/ma202285c¢ | Macromolecules 2012, 45, 1858—1865
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Figure 11. Schematic illustrations showing the proposed mechanism for generating f-form structures in blend and P(3HB) films. (A) Initial
crystallization of lamellar crystals (a-form). (B) Generating the f-form in an amorphous region during further crystallization. (B’) Movement of
lamellar crystals during further crystallization. The f-form was formed from tie-chains fixed between lamellar crystals during annealing.

The thickness of lamellar crystals (lp) and their L, are
summarized in Table 2 together with physical properties. The
l,, 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 I
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 f-form between a-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, I,
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 S-form.

Proposed Formation Mechanism of the g-Form in
Cold-Drawn Blend Films. Until now, it was considered that
the J-form was generated from amorphous regions between
lamellar crystals by two-step drawing.>® However, in this
experiment, two-step drawing was not used. Accordingly, we
propose a new generation mechanism of the f-form in cold-
drawn blend films. Based on our experimental results, a model
for the formation of the f-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-
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P(3HB) chains between lamellar crystals to adopt the S-form
(planar zigzag) (Figure 11C). It is probable that the f-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 f-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
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Figure 12. Enzymatic degradation rate of P(3HB), blend, and
UHMW-P(3HB) films in an aqueous solution of polyhydroxybutyrate
depolymerase at 37 °C.

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-
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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.

B 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 t,,,. 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 f-form crystals, which are observed in high strength films.
Measurement of the quantity of the f-form crystals showed that
there is a correlation between the strength of a film and the
amount of S-form structure. The addition of UIHMW-P(3HB)
into wild-type P(3HB) improved the mechanical properties and
increased the amount of f-form crystals in the resulting films. A
new generation mechanism of f-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-

1,3-propanediol telomer
NN NN NN
Thiol-ene
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mers with better characteristics and interesting material properties.

B 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." 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,” a synthetic methodology originally
discovered by Smutny in 1967, 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,* water,” amines and ammonia,6 sugar7 and
polyols,® starch,” and carbon dioxide'®) in good yields for
countless applications. This valuable process enables, for in-
stance, the synthesis of intermediates for natural products or
fine chemicals synthesis'' and the preparation of amphiphilic
compounds that find use as surfactants or emulsifiers if the
proper diene/nucleophile combination is selected.'* In addi-
tion, if the applicability of telomers, in particular a,w-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

-4 ACS Publications  © 2012 American Chemical Society
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ether, a monotelomer available from the telomerization of 1,3-
butadiene with methanol and palladium catalysts.'> 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."* Another
well-established concept, the radical-initiated thiol—ene reac-
tion,"> has also been widely applied in the field of polymer
science.'® The so-called thiol—ene click reaction, discovered in
1905 by Posner,"” is a well-known example of this type of
reaction. Extensive investigations in the context of the reaction
mechanism, polymerization kinetics, and monomer reactivity'®
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.'*'® 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.*’
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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 a,w-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.

B 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 'H and "C nuclear magnetic resonance (NMR) spectra were
acquired in CDCly (99.8 atom % D, Armar Chemicals) as solvent
using Bruker AVANCE DPX spectrometers operating at 300 and
400 MHz for '"H NMR and 75.5 and 100 MHz for *C NMR.
Chemical shifts (5) are given in ppm relative to the internal standard
tetramethylsilane (TMS, § = 0.00 ppm) for 'H NMR. The '"H NMR
spectra were referenced to the residual proton impurities in the CDCl;
at 5H 7.26 ppm. The *C NMR spectra were referenced to *CDCI, at
0C 77.00 ppm. For the analysis of the polymers the relaxation time
was set to S s.

Molecular weight and PDI (M,/M,) 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™") at 50 °C. The analysis
was performed on three different column systems; (A): PLgel S um
MIXED-D column (Varian, 300 mm X 7.5 mm, 10000 A) with SDV
gel S yum precolumn (PSS, SO mm X 8.0 mm), (B): two PSS SDV
column system (5 um 300 mm X 7.5 mm, 1000 A, 10000 A) and
(C): three PSS SDV column system (S gm 300 mm X 7.5 mm, 100 A,
1000 A, 10000 A). All determinations of molar mass were performed
relative to linear poly(methyl methacrylate) standards (Polymer Stan-
dard Service, M, 1100—981000 Da).

Differential scanning calorimetry (DSC) experiments were carried
out under a nitrogen atmosphere at a heating rate of 10 °C min™' with
a DSC821le (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, T, is reported as the
midpoint of the heat capacity change.

Thermogravimetric analysis (TGA) was performed on a TGA/
SDTAS8S1e instrument (Mettler Toledo) at a heating rate of 10 °C X
min~" under nitrogen. The weights of the samples were of about 8 mg.

All chemicals were used as received: Pd(dba), (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 MS,), 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 procedure* 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),
(4.85 X 107 mol) and the ligand TOMPP (tris(o-methoxyphenyl)-
phosphine) (3.8 X 107 mol) at room temperature after which the
autoclave was cooled to —40 °C. 1,3-Butadiene was directly condensed
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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: SO 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 'H
NMR. The linear-to-branched (I/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, UK.). 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
(18:1, v:v) as eluent. Moreover, the monomer conversion was cal-
culated from integration of corresponding 'H NMR signals. A relaxation
time (d;) of 5 s was used in the 'H 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. "H NMR (300 MHz, CDCl,, § in ppm):
620 (d, —CH=CH-O—CH,—, | = 12.6 Hz, 1H,,,), 591 (dd,
—CH=CH-0-CH,—, ] = 6.2, 1.3 Hz, 1H,;)), 5.72—5.62 (m, -CH=
CH_CHZO_mms isomer _CH=CH2 branched telomer)! 5.58—5.48 (m)
—CH=CH-CH,=O—(,4ss isomer —~CH=CH—CH,=O—¢;; isomer)
5.17=8.11 (m, —CH=CH, pranched tlomer)y 4.81—4.68 (m, —CH=
CH-0-CH,—, 1H,,,), 4.37—-42S (m, —CH=CH-O0-CH,—,
1H,), 3.99 (d, ] = 4.8 Hz, —-CH=CH—-CH,—O—; isomer), 3-89 (d,
J = 5.9 Hz, -CH=CH—-CH,—O— . isomer), 3.79—3.64 (m, —-CH=
CH-0O-CH,~CH,—CH,—0-), 348 (t, ] = 64 Hz, —O—CH,—
CH,—-CH,—0-), 2.57-2.46 (m, —CH,—S—CH,—), 2.10—1.98 (m,
—CH,—~CH=CH-), 1.90-1.79 (m, —O—CH,—CH,—CH,—O—,
—CH=CH-0-CH,~CH,~CH,~0-), 1.67-1.52 (m, —S—CH,—
CH,—CH,-), 1.42—-1.31 (m, —CH,—), 0-92—0.84 (t, —CHS,).

3C NMR (75 MHz, CDCly, § in ppm): 146.18 (—CH=CH-O-
CHZ_ cis isomer)/ 144.99 (_CHZCH_O_CHZ_tmns isomer)} 134.31
(~CH=CH-CH,~O—p0s womer), 134.17 (—~CH=CH-CH,—
O—i isomer)y 126.95 (~CH=CH—-CH,0—; isomer), 126.80 (—CH=
CH_CHZO_tmns isomer)! 106.78 (_CHZCH_O_CHZ_cis isamer)) 104.09
(=CH=CH—0—CH,—yur. somer); 74-88 (~CH=CH—O—CH,—CH,—
CH,—0-), 71.80 (-CH=CH—-CH,—O—,,,.; isomer); 67-38 (—O—CH,—
CH,—CH,—0-), 66.65 (—CH=CH-CH,—O—,; isomer), 32.35
(—=CH,-S—-CH,—), 3229 (-CH,—S—CH,—), 32.15 (—CH,—CH=
CH-0-), 3193 (—~CH,~CH=CH—CH,~0-), 30.37 (—O—CH,~
CH,-CH,—0-), 30.13 (~CH=CH-0-CH,—CH,-CH,—0-),
29.79 (—S—CH,~CH,~CH,~CH,), 29.72 (~S—CH,—CH,—CH,~),
2890 (—S—CH,—CH,—CH,~), 2867 (—CH,—CH,—CH,=CH-),
28.4 (—CH,—CH,—CH,—CH;), 22.27 (—CH,—CH,), 14.14 (CH,).

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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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 Table 2. Selected Results of ADMET Studies of Telomer 1 in

the Presence of C1 at Different Reaction Temperatures after the Presence of C2, C3, and C4 at Different Reaction
4 h Reaction Time Temperatures after 4 h Reaction Time
entry®  catal (mol %) T (°C) M)’ (Da)  PDI” (M,/M,) catal T M,rP PDIY

1 c1 [02] 40 600 135 entry  (mol %)  conditions® (°C) (Da) (M,/M,)

2 C1 [0.4] 40 650 127 1 c2[04] - 40 2200 1.82

3 C1 [0.8] 40 650 1.32 2 c2[04]  BQ[08] 40 750 139

4 C1 [1.0] 40 700 126 3 c2[04] - 60 1500 1.64

5 Cl1 [1.6] 40 750 1.48 4 c2[04] - 80 890  1.54

6 C1 [20] 40 820 1.50 5 C3fo4] - 40 1100 1.69

7 C1 [04] 50 830 1.50 6 c320] - 40 1900 174

8 C1 [04] 60 750 1.48 7 C3 [2.0] BQ [40] 40 4650 198

9 C1 [04] 70 690 142 8 C3 [1.0] - 80 1900 175
“Additional conditions applied during polymerlzatlon argon was o C3 [1.0] BQ [2.0] 80 4000 2.01
applied for 4 h, unless otherwise specified. YGPC was performed on 10 C3 [1.0] BQ [8.0] 80 4900 265
crude reaction samples, quenched with ethyl vinyl ether, in THEF, 1 C3 [1.0] BQ [8.0] 80 5600 217
containing BHT, with PMMA calibration; M,, is the weight-average 12 C4 [1.0] - 80 1750 1.78
molecular weight detected via GPC. 13 C4 [1.0] BQ [8.0] 80 1950 1.84

145  C4[10] BQ[80] 80 5450 233

vacuum continuously. The reactions were cooled down to room 159 C3 [1.0] BQ [8.0] 80 9400 (6350)° 573 (2.48)°
temperature and quenched in THF by adding ethyl vinyl ether (500- 167 C4 [1.0] BQ [8.0] 80 3800 (2750)°  2.71(2.50)°

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 'H, *C 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, UK.). 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

“Additional conditions applied during polymerization: argon was
applied for 4 h, unless otherwise spec1ﬁed BQ: amount of
benzoquinone in % with respect to monomer. “GPC was performed
on crude reaction samples, quenched with ethyl vinyl ether, in THF,
containing BHT, with PMMA calibration; M,, is the weight-average
molecular weight detected via GPC. “Vacuum was applied for 4 h
instead of gas flow. ¥Reactions were performed for 48 h with
continuous argon flow for the first 4 h. “GPC data for crude reaction
samples after 24 h, quenched with ethyl vinyl ether, in THEF,
containing BHT, with PMMA calibration.

Spectroscopic Data of Representative Thiol-Ene Polymers. P2.
'"H NMR (300 MHz, CDCl,, § in ppm): 5.85—5.72 (m, —-CH=CH,),

very viscous and could not be stirred anymore (Table 4). In some §.72=5.62 (m, —CH=CH-CH,=O—(,4s; isomenn —CH=
cases, desired amounts of AIBN (1.0—2.5 mol %) were added to CH, pranched telomer)s 5-58—5:48 (m, —CH=CH—CH,~O—(1s; isomen
the reaction mixture and reacted at 75 °C (Table 4). The final reaction —~CH=CH-CH,-0—;; isomer), 5:17=5.11 (m, —CH=
mixtures were precipitated in ice cold methanol. The yields varied in CH, pranched telomer)y 5:01—4.92 (m, —CH=CH,), 3.99 (d, ] = 4.8 Hz,
the range of 70—92%. —CH=CH-CH,—O0—; isomer), 3-89 (d, ] = 5.9 Hz, —-CH=CH-
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Table 3. ADMET Screening of Monomers 2 and 3 at 80°C
with 1.0 mol % C3 (or C4) and 8.0 mol % BQ"

entry monomer catal (mol %) T (°C) M,” (Da) PDI® (M,/M,)

1 2 C3 [1.0] 80 5350 435
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

“GPC was performed to crude reaction samples, quenched with ethyl
vinyl ether, in THF, containing BHT, with PMMA calibration; M, 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

T rxn time M7 PDI
entry monomer:thiol (ratio)  (°C) (h) (Da) (M,,/M,)
1*  1DTI =11 35 24 (72) 2180 1.85
2 1:DT1 = 1:1 S0 48 19 820 5.60
3° 1:DT1 = 1:1 70 24 124200 27.00
4 1:DT2 = 1:1 35 72 49900 9.88
S 1:DT2 = 1:1 S0 96 48 100 6.40
6 1:DT2 = 1:1 70 56 40200 9.46
7 1:DT3 = 1:1 S0 48 53 800 8.61
8 1:DT1 = 1:0.95 NU 72 6380 291
9 1:DT1 = 0.95:1 S0 56 20300 5.08
10 1:DT2 = 1:0.95 NU 96 20 600 3.61
11 1:DT2 = 0.95:1 S0 96 480 000 53.0
12 1:DT1 = 1:1 (2.5 mol % 75 1 12 100 3.22
AIBN)
13 1:DT2 = 1:1 (2.5 mol % 75 1 13150 5.01
AIBN)
14 1:DT3=1:1 (25mol% 75 1 32 600 5.74
AIBN)
15 1:DT3 = 1:1 (1.0 mol % 75 4 8350 2.49
AIBN)

“GPC was performed to crude reaction samples in THF, containing
BHT, with PMMA calibration; M,, is the weight-average molecular
weight detected via GPC. PReaction was performed for 72 h, however
there was no difference between the GPC data of 24 and 72 h. “GPC
data is for the corresponding soluble part of the crude reaction
mixture. “Additional conditions applied during polymerization:
reaction mixtures were degassed via 3 times 200 mbar vacuum and
subsequent Ar purge, unless otherwise specified.

CHZ_O_l‘mns isomer)) 348 (t! ] =64 Hz, _O_CHZ_CHZ_CHZ_O_)f
2.57-2.46 (m, —CH,~S—CH,~, —CH,~SH 4, group) 2-10—1.98 (m,
1H, —CH,—CH=CH-), 1.90—1.79 (m, 1H, —O—CH,—CH,—CH,—
O—, =CH,~CH,~SH ¢4 group)s 1.74—1.63 (m, —S—CH,—CH,—~CH,~
CH,—S-), 1.63—-1.52 (m, 1H, —S—CH,—CH,—CH,—), 1.52—1.42
(m, —~CH,~CH,~CH=CH, ¢4 group), 142—1.31 (m, —CH,~).

BBC NMR (75 MHz, CDCly, § in ppm): 138.80 (—CH=CH,),
134.31 (=CH=CH-CH,—O—,.s isomer), 134.17 (—CH=CH—-CH,—
O_cis isomer)ﬁ 126.95 (_CHZCH_CHZ_O_cis isomer)! 126.80 (_CH=
CH—CH,—O— 115 isomer)y 114.73 (—CH=CH,), 71.80 (—CH=CH-—
CH,—O—4ins isomer), 67.38 (—=O—CH,—CH,—CH,—0-), 66.65
(=CH=CH-CH,—O—; isomer)y 3340 (—CH,—CH=CH,), 33.22
(-~CH,~CH,—SH), 3235 (—CH,—~S—CH,—), 3229 (—CH,—S—
CH,—), 3193 (—CH,~CH=CH-), 30.37 (—-O—CH,—CH,—CH,—
0-), 29.72 (-S—CH,—CH,—CH,—), 28.95 (-S—CH,—CH,—CH,—
CH,—S-), 28.90 (—S—CH,—CH,—CH,—), 28.67 (—CH,—CH,—CH=
CH-), 2847 (—CH,—CH,—CH=CH,), 24.41 (HS—CH,—CH,—).

P3. 'H NMR (300 MHz, CDCl;, § in ppm): 5.85—5.71 (m,
—CH=CH,), 5.71-5.61 (m, —CH=CH-CH,—O—..s isomers
_CH=CH2 branched telomer)! 5.58—5.48 (m! _CH=CH_CH2_
O—prans isomey —CH=CH—CH,—O— icomer), 5.17=5.11 (m, —CH=
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CH, branched telomer), 5:01—4.92 (m, —-CH=CH,), 3.99 (d, ] = 4.9 Hz,
—CH=CH-CH,—0—; isomer), 3-89 (d, J] = 6.1 Hz, —-CH=CH-
CHy=O—puns somer)s 370 (t, ] = 6.6 Hz, —O—CH,~CH,~SH ¢4 group);
3.60 (t, ] = 6.6 Hz, —S—CH,—CH,—O—CH,—), 347 (t, ] = 6.4 Hz,
—0-CH,~CH,—-CH,—0-), 2.87 (t, ] = 6.6 Hz, -O—CH,—CH,—SH
end group) 268 (1, ] = 6.9 Hz, —S—CH,—CH,~0-), 2.53 (t, ] = 7.4 Hg,
—S—CH,—CH,—CH,—), 2.10-1.98 (m, 1H, —CH,—CH=CH-),
1.88—1.79 (m, 1H, —O—CH,—CH,—CH,—0-), 1.64—1.52 (m, 1H,
-S-CH,-CH,-CH,-), 1.52-1.42 (m, —CH,-CH,-CH=
CH, nd growp)s 142—1.33 (m, —CH,~).

3C NMR (75 MHz, CDCl,, § in ppm): 138.81 (—CH=CH,),
134.30 (—CH=CH—CH,—O—,,,s isomer), 134.21 (~CH=CH—-CH,—
O—4s isomer)y 126.91 (—CH=CH—-CH,—0—;; jcomer), 126.78 (—CH=
CH—CH,—O—,4s isomer), 114.74 (—CH=CH,), 71.80 (—CH=CH-
CHZ_O_trans isomer)’ 70.87 (_S_CHZ_CHZ_O_CHZ_CHZ_S_)J
69.40 (—-O—CH,—CH,—SH), 67.37 (—-O—CH,—CH,—CH,—0-),
67.30 (-O-CH,—CH,—-CH,—0-), 66.63 (-CH=CH-CH,—
O— i somer)y 3340 (—=CH,—CH=CH,), 32.74 (—S—CH,—CH,—O—
CH,-CH,-S-), 32.33 (—CH,—-S—CH,—-), 31.70 (—CH,—-CH=
CH-), 30.35 (—O—CH,—CH,—CH,—0-), 29.79 (—S—CH,—CH,—
CH,-), 28.87 (-S—CH,—CH,—CH,~), 28.59 (—CH,~CH,~CH=
CH-), 28.53 (—O—CH,—CH,—SH), 28.44 (—CH,—CH,—CH=CH,).

P4. '"H NMR (300 MHz, CDCl;, § in ppm): 5.87—5.72 (m,
—CH=CH,), 5.72-5.63 (m, —CH=CH—CH,—~O—,0.c icomen
_CH:CHZ branched telomer)! 5.59-5.50 (m! _CHZCH_CHZ_
O_tmns isomers _CHZCH_CHZ_O_ciS isomer)l 5.18-5.12 (m! —CH=
CHZ branched telomer)l 5.03—-4.93 (m/ —CH=CH2), 4.00 (dl ] = 4.8 Hz,
—CH=CH-CH,—O0—; isomer)y 3:90 (d, ] = 5.9 Hz, —-CH=CH-
CHZ_O_rrans isomer)l 3.74 (t, ] =67 Hz, _O_CHZ_CHZ_SH end group)}
3.66—3.60 (m, —CH,—O—CH,—CH,—O—CH,~), 3.49 (t, ] = 6.4 Hz,
—0—CH,—CH,~CH,—0-), 2.89 (t, ] = 6.7 Hz, —O—CH,—CH,—
SH end group) 2.70 (t, ] = 7.0 Hz, =S—CH,~CH,~0-), 2.53 (t, ] = 7.3 H,
—S—CH,—CH,—CH,—), 2.09—1.99 (m, —CH,—CH=CH-), 1.90—
1.80 (m, —O—CH,~CH,—CH,—0-), 1.64—1.53 (m, —S—CH,—
CH,~CH,~), 1.53—1.43 (m, —CH,~CH,~CH=CH, ¢q group), 143~
1.33 (m, —CH,—).

BC NMR (75 MHz, CDCl;, § in ppm): 13445 (—CH=CH-
CHZ_O_cis isomer)) 134.24 (_CHZCH_CHZ_O_Mms isomer)) 126.77
(=CH=CH-CH,—O—,,.s isomer), 126.44 (—CH=CH-CH,—
O_cis isomer)) 71.76 (_CHZCH_CHZ_O_mms isomer)l 71.19 (_S_
CH,~CH,—O-CH,—CH,—O—CH,~CH,—S—), 7043 (—S—CH,—
CH,—0—CH,—-CH,—0-CH,-CH,-S-), 67.34 (—O—CH,—CH,—
CH,—0-), 32.68 (-S—CH,—CH,—O—CH,—CH,-O—CH,—CH,—
S-), 32.28(-S—CH,—CH,—-CH,-), 31.28 (—CH,—CH=CH-),
30.32 (-O—CH,—CH,—CH,-0-), 29.79 (-S—CH,~CH,—CH,-),
28.84 (—S—CH,—CH,—CH,—), 28.56 (—CH,—CH,—CH=CH-).

B 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.”' 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,”> 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.”® 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.”® 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.
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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
"H NMR and *C 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 (I/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 1/b ratios. As full conversion to
the ditelomer, but also a 1/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.” Thus, in order to achieve a selective
synthesis of the linear (versus branched, designated as 1/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.”* 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.”> 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 a,w-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 a,w-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.'® 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 1/b ratio) were
carried out. Since ADMET polymerization is ideally performed
in bulk monomer to maximize monomer concentration and
favor formation of polymer,”® the reactions were performed
under solvent-free conditions. Moreover, ADMET chemistry
relies on ethylene removal, which drives the reaction in this
step-growth polymerization."> 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
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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.”” 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 1/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.”” Therefore, in attempts
to favor higher conversions, the reaction temperature was
varied from SO 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.'> 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.”® 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.”’ 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 1/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 1/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, CHCl;, DMSO, and DMF.

Presumably, in the reactions performed with constant flow
of argon, the failure in directing the reaction of monomer 1
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toward high molecular weight was due to other interfering
intra- and intermolecular metathesis reactions. The intra-
molecular metathesis of a a,w-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 'H NMR analysis
was performed at different reaction times with additional 2D-
NMR, 'H,'H-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 '"H 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 S 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 '"H NMR, which showed a decrease of the terminal double
bond proton resonances at 5.81 (S, in Figure 2a) and 4.97 ppm
(4) and the appearance of new terminal double bond protons at
591 (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, 'H 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 ether’ 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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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.

polymerizability of a monomer can be limited by the number of
methylene spacers between the olefin and the ether oxygen.*
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.>* Finally,
oligomerization of diallylic ethers has been reported before.”
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-
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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.'” 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 deoxygenation®® when
performed under solvent-free conditions, both model reactions
were nonetheless kept under vacuum (200 mbar) for S 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.’® The dithioether generated from the
reaction performed in the presence of the radical initiator
(AIBN) was the expected anti-Markovnikov diaddition product
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Macromolecules

R'O\/\/O\J“\/\o/\/\OR'
CDCI l

13 10 1 5
RO\/\7/O\8/\2/\O/\11/\OR, ®
+

7 8 4 3 6
Ro/\m/\o/\g/:o/\n/\OR. 2)

RONAUNSINN 0N N0R

|

10 1 5
RO/\/H"/\VQ/\Z/\O/Y\OR'

+

15 4 3 6
RO\/\\H\/\/:O/\/\OR'
9 12

18 18 16

17 19
RO

N

Y OR

16 18 18

148&15

7.0 6.5 6.0 5.5 5.0 4.5 4

0 35
f1 (ppm)

3.0 2.5 2.0 15 1.0 0.5 0.

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.

(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 a- (2.52 ppm) and f-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 'H
NMR spectra displayed also new significant signals at oy 6.20
(d, ] = 12.6 Hz, 1H,,,,,,), 5.91 (dd, ] = 6.2, 1.3 Hz, 1H,), 4.81—
4.68 (m, 1H,,,,) and 4.37—4.25 (m, 1H,,) 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.>”

Thiols are efficient hydrogen donors, and since C—H bonds
are stronger than S—H bonds [bond dissociation energy (BDE)
91 kcal/mol],*® 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 systems® in water/alcohol mixtures as well as from other
C—H activated compounds.” Since an allylic C—H bond is
unusually weak (BDE = 82 kcal/mol),”” 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 S. This
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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 S) 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).** The same assumption could be applied
for step ¢ (Figure S), 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 1/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.
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Figure 4. (a) Schematic representation of the model reactions mimicking the products from thiol—ene polymerization. (b) 'H NMR spectra
(CDCl;; 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).

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.*' 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
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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

dx.doi.org/10.1021/ma2026572 | Macromolecules 2012, 45, 1866—1878
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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).

\/\/\/WO\/\/OW
H

H
k& R-SH
R‘SWWOWOMS

H

R-S' ~
(a)

R
(b)

R\S/\/\/\/L‘WO\/\/O\/\/\/\/\S'R
R-SH

(©

R=S"_/
R g NN F N OO P u N g R

Figure S. Thiyl radical-mediated olefin migration.

The "H 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
("H 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, S0 °C was taken as temperature for further optimization
of the reaction conditions. In the initial experiments, the dithiol

a)
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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.)
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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 la), 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 "H NMR); however, ‘H 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 M,, 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 S0 °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 'H
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,

AT T L I o M N
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o ‘ES/V\/SWV‘\/‘o/v\oW
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Figure 7. DSC chromatogram for the polysulfide of entry 2 from Table 4.
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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 *C NMR). Almost no double bond migration
is observed by '"H 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 1/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 T, 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 Tis 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.

B 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.
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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)
(OEGMAg_y), 2-(2-methoxyethoxy)ethyl methacrylate
(MEO,MA) and for an OEGMA,_g/MEO,MA-mixed feed.
The synthesis of MEO,MA/VBK and OEGMA;_,/VBK
copolymers and MEO,MA/OEGMAg_o/VBK terpolymers

Fluorescent and Double-Tunable LCST
Block Copolymers

~-
£

2 LCST

L4 ' /

1#LesT 204 LcsT

exhibited linear increases in number-average molecular weight (M,) versus conversion X, up until X = 0.6, with final
copolymers characterized by relatively narrow, monomodal molecular weight distributions (M,,/M, < 1.4, in most cases). A series
of MEO,MA/OEGMAg ,/VBK terpolymers were synthesized and by varying the OEGMA; o:MEO,MA feed ratios, the
terpolymers exhibited tunable lower critical solution temperatures in water (28 °C < LCSTs < 81 °C). MEO,MA/OEGMA,_,/
VBK terpolymers were deemed sufficiently pseudo-“living” to reinitiate a second batch of MEO,MA/OEGMA;_,/VBK, with few
apparent dead chains, as indicated by the monomodal shift in the GPC chromatograms. The resulting MEO,MA/OEGMA; o/
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.

B INTRODUCTION

Thermo-responsive polymers undergo a sharp physical change
as a response to a small change in temperature. Thermo-
responsive polymers have found apphcatlon in polymer drug
delivery vehicles,"* biochemical sensors,>™” environmentally
friendly photoresists,® intracellular uptake micelles,” and
controlled-bacterial aggregation materials.'® 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))"'™'* and po 27(2 (dimethylamino)ethyl methacry-
late) (poly(DMAEMA))">~" 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, hydrophobic'® or hydrophilic'*"?
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.*® Kotsuchibashi et al. synthesized

- ACS Publications  © 2012 American Chemical Society
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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.*' In these cases, the materials exhibited
multiple, dlStlnCt LCSTs corresponding to the respective
segments.”®*" Several other examples of thermo-responsive
block copolymers with two distinct phase transitions have been
reported in the literature.”>>®

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 (OEGMAg_) and 2-(2-methoxyethoxy)ethyl methacry-
late with 2 EG units (MEO,MA, Scheme 1).>>*° The authors
showed that by changing the ratio of OEGMAg_o:MEO,MA, a
sharp and tunable LCST in water between 26 and 90 °C was
attainable.””*"*? 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 OEGMA,_o/
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Scheme 1. Terpolymerization of 2-(2-Methoxyethoxy)ethyl
Methacrylate (MEO,MA), Oligo(ethylene glycol) Methyl
Ether Methacrylate (OEGMAg,) 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, MEO,MA, and OEGMA,, (with a
Different MEO,MA:OEGMA; , Compared to the First
Block), Resulting in a Block Copolymer That Exhibits Dual
Lower Critical Solution Temperatures (LCST) in Water
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MEO,MA copolymers to impart this composition control.*”*°
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.*>™>® 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)**® 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.>” >’

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)*°
and [tert-butyl[1-(diethoxyphosphoryl)-2,2-dimethylpropyl]-
aminoJoxidanyl (SG1, Scheme 1)*' have permitted the
homopolymerization of various monomers such as acryl-
#7% and acrylamides'®*” 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

X

VBK

BlocBuilder ¢

OEGMA,,
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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 (M,) versus conversion (X).** The use of additional
nitroxide, to quench the excess of free radicals, results in a
significant increase in f-hydrogen transfer from the propagating
poly(methacrylate) chain to the SG1 nitroxide, also resulting in
irreversible termination.*” 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.*****° Originally the
comonomer of choice was styrene, requiring 4.4—8.8 mol %
relative to methyl methacrylate (MMA) to control the
copolymerization.*® The use of styrene has been successfully
used to control many methacrylates such as ethyl methacry-
late,*® glycidyl methacrylate,>" tert-butyl methacrylate,>* benzyl
methacrylate,>® methacrylic acid,”* and oligo(ethylene glycol)
methyl ether methacrylates (4—5 EG units).*>>® 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 cytotoxicity” or water-solubility.>’
Therefore, the use of other “controlling” comonomers such as
acrylonitrile (AN)*>°®* and 4-styrenesulfonate®” 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.® 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.®° VBK has also been used
to control the copolymerization of DMAEMA resulting in a
thermo/pH responsive, fluorescent copolymer.'®

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 SGl-based alkoxyamine, 2-([tert-butyl[1-(diethox-
yphosphoryl)-2,2-dimethylpropyl ]amino Joxy)-2-methylpropionic
acid unimolecular initiator (BlocBuilder) in an ethanol/water
solution at 71—8S °C, resulting in polymers with low
polydispersity that were water-soluble and biocompatible.”
Schubert and co-workers synthesized OEGMAg_g-based copoly-
mers using pentafluorostyrene (PFS) as a “controlling” como-
nomer, resulting in final statistical copolymers with various
PFS:OEGMAg 4 ratios and relatively narrow molecular weight
distributions (M, /M, =1.22—1.73).°" While considerable research
in the field of thermo-responsive pendant EG based acrylates has
been accomplished using NMP,**%* very little literature can be
found concerning the polymerization of MEO,MA, OEGMA;g
or a mixture of MEO,MA with OEGMA,_y by NMP.*!

In this study, VBK was used to copolymerize OEGMAg_, and
MEO,MA with varying amounts of VBK in the feed (fypxo =
0.01—0.20). The effect of feed composition on kinetics,
polymerization control and final composition will be discussed.
Second, a series of MEO,MA/OEGMA;g_,/VBK terpolymers, with
various MEO,MA/OEGMA;_, 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 MEO,MA/OEGMAg 4/VBK ternary mixtures, resulting in a
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Table 1. Experimental Formulations for 2-(2-Methoxyethoxy)ethyl Methacryate (MEO,MA)/9-(4-Vinylbenzyl)-9H-carbazole
(VBK) and Oligo(ethylene glycol) Methyl Ether Methacrylates (OEGMAg 4)/VBK Random Binary Copolymerizations
Performed at 80°C in a 50 wt % N,N-Dimethylformamide (DMF) Solution

. (BB,” [sG1], [VBK], [MEO,MA], [OEGMA,], [DME], |

expt ID (mol L™1) (mol L) (mol L) (mol L") (mol L) (mol L") fumko
MEO,MA/VBK-1 0.0115 0.0011 0.02 1.51 0 9.36 0.01
MEO,MA/VBK-$ 0.0121 0.0012 0.08 1.49 0 9.76 0.05
MEO,MA/VBK-10 0.0121 0.0012 0.15 1.38 0 9.68 0.10
MEO,MA/VBK-20 0.0074 0.0007 0.18 0.72 0 5.95 0.20
OEGMA;_o/VBK-1 0.0124 0.0013 0.01 0 0.68 9.90 0.01
OEGMAg_o/VBK-§ 0.0122 0.0012 0.03 0 0.66 9.99 0.0
OEGMA;_o/VBK-10 0.0123 0.0012 0.07 0 0.64 9.84 0.10
OEGMA;_o/VBK-20 0.0123 0.0013 0.15 0 0.59 9.92 0.20

“Experimental identification (expt ID) for OEGMA with VBK and MEO,MA with VBK copolymerizations are given by VBK/OEGMA -Y and VBK/
MEO,MA -Y, respectively, with VBK representing 9-(4-vinylbenzyl)-9H-carbazole, OEGMA representing oligo(ethylene glycol) methyl ether methacrylate,
MEO,MA representing 2-(2-methoxyethoxy)ethyl methacrylate, and Y representing the initial mol % of VBK in the feed. All copolymerizations were done in
50 wt % DMEF solution with target average molecular weight of approximately 25 kg-mol ~' while using an initial molar ratio of SG1 relative to BlocBuilder =
r = [SG1], /[BB], = 0.1. ®[BB], is initial concentration of BlocBuilder initiator. “fuko is the initial molar fraction of VBK in the feed.

double thermo-responsive block copolymer (Scheme 1). These inserting a needle and bubbling the mixture for 30 min with ultra pure
findings illustrate the versatility of NMP and its ability to synthesize nit{ogen. The r.eactor was @en heated with a heating rate of 10 °C-min~",
potentially biocompatible, fluorescent block copolymers with Wh‘loe maintaining a light nitrogen Pufge:.‘mt‘l the temperature rf?achc'ad
tunable multi-LCSTs, which could find application in next- 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 'H NMR spectroscopy without further

generation sensors or drug delivery vehicles.

B EXPERIMENTAL SECTION purification. After cooling, the crude product was separated from the
. . _ -1

Materials. N,N-Dimethylformamide (DMF, >95%, certified ACS), monomer by cha‘lysm (membrane MWCO = 3500 g-mol™, Spectrum

ethyl ether (anhydrous, >95%, BHT stabilized/certified ACS) and La.borfitones) against water foroa week. The recover.ed polymer was then

tetrahydrofuran (THF, >99.5%, HPLC grade) were obtained from dried in a vacuum oven at 60 °C to remove the residual solvent. For the

Fisher Scientific and used as received. Deuterated chloroform (CDCl,, specific example cited, the final copolymer was characterized by a yield of

249 g (conversion X = 0.49, determined by "H NMR spectroscopy) with
number-average molecular weight, M, = 12.1 kg:mol™", a polydispersity
index of M,,/M,= 1.34 (determined by gel permeation chromatography

>99%), used for 'H 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 (MEO,MA, 188 g-mol™}, 95%, 100 ppm (GPC) using THF as an eluent at 40 °C and poly(styrene) standards)
hydroquinone monomethyl ether as inhibitor) and oligo(ethylene and a final m(l)lar VBK copolymer composition of Fype = 0.08
glycol) methyl ether methacrylate (OEGMA_,, average molecular (determined by ‘H NMR spectroscopy).

weight M, = 475 g-mol™’, contained 100 ppm MEHQ as inhibitor and Terpolymerization of 2-(2-Methoxyethoxy)ethyl Methacry-
300 ppm BHT as inhibitor) were obtained from Sigma-Aldrich and late (MEO,MA), Oligo(ethylene glycol) Methyl Ether Meth-

acrylate (OEGMAg_,), and 9-(4-Vinylbenzyl)-9H-carbazole
(VBK). All MEO,MA/OEGMA4_,/VBK terpolymerizations were
performed in an identical setup as the MEO,MA/VBK and
OEGMA;_o/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 ! and all the corresponding formulations

used as received. 9-(4-Vinylbenzyl)-9H-carbazole (VBK, >95%) was
synthesized according to the literature.® 2-([tert-Butyl[1-(diethox-
yphosphoryl)-2,2-dimethylpropyl Jamino Joxy)-2-methylpropanoic acid
(BlocBuilder-MA, 99%) and [tert-butyl[1-(diethoxyphosphoryl)-2,2-
dimethylpropyl]aminoJoxidanyl (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 (MEO,MA/ can be found in Table 2. For the terpolymerizations, the amount of
VBK) and Oligo(ethylene glycol) Methyl Ether Methacrylate VBK was kept constant (fypo = 0.02), while the amounts of
with 9-(4-Vinylbenzyl)-9H-carbazole (OEGMA;_o/VBK). All MEO,MA relative to OEGMA,_, were varied for all terpolymeriza-
MEO,MA/VBK and OEGMAg_,/VBK copolymerizations were per- tions. As an example, the synthesis of OM40/60 was performed by
formed in a 50 mL three-neck round-bottom glass reactor equipped adding VBK (0.10 g, 0.37 mmol), MEO,MA (2.07 g 11.0 mmol),
with a condenser (cooled with a 50 vol % ethylene glycol to water OEGMAg_, (3.27 g, 7.27 mmol), BlocBuilder (0.034 g, 0.89 mmol),
mixture being circulated using a Neslab 740 chiller). The reactor SG1 (0.003 g, 0.01 mmol), and DMF (8.50 g) to the reactor followed
temperature was modulated using a heating mantle connected to a by nitrogen bubbling of 30 min. The mixture was then heated to 80 °C
temperature controller, which measured the temperature inside the and samples were drawn periodically by syringe. The final product was
reactor with a thermocouple located in the thermal well, also separated from the unreacted monomer by osmosis (membrane
connected to the reactor. Once assembled, the reactor was filled MWCO = 3500 g-mol™, Spectrum Laboratories) against water for a
with the reagents and a stir bar, prior to being placed on a magnetic week and dried in the vacuum oven at 60 °C to remove the residual
stir plate. All copolymerizations were done in 50 wt % DMF solution solvent. For the specific example cited, the final copolymer was
with target number-average molecular weight of 25 kg-mol_l at characterized by a yield, after transfer losses from the dialysis and
complete conversion and with varying amounts of VBK relative to recovery, of 1.48 g (X = 0.49) with M, = 28.7 kg-mol ™!, M, /M,= 1.34
MEO,MA or OEGMA_, (initial molar feed composition of VBK of (determined by GPC using THF as an eluent and poly(styrene)
fveko = 0.01—-0.20). All experimental formulations can be found in standards), Fygx < 0.01 and Fygosys = 0.68 (final composition
Table 1. As an example, the synthesis of MEO,MA/VBK-S is shown as determined by 'H NMR spectroscopy).

an example. To the reactor was added VBK (046 g 1.7 mmol), Chain Extension of 2-(2-Methoxyethoxy)ethyl Methacrylate,
MEO,MA (6.10 g, 32.4 mmol), BlocBuilder (0.10 g, 0.26 mmol), SG1 Oligo(ethylene glycol) Methyl Ether Methacrylate and 9-(4-
(0.008 g, 0.03 mmol) and DMF (15.5 g). The condenser and the third Vinylbenzyl)-9H-carbazole (MEO,MA/OEGMA_,/VBK) Terpol-
opening of the reactor were sealed using a rubber septum prior to ymers with a Fresh Batch of MEO,MA/OEGMAg_,/VBK. All
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Table 2. Experimental Formulation for Various Oligo(ethylene glycol) Methyl Ether Methacrylates/2-(2-Methoxyethoxy)ethyl
Methacryate/9-(4-Vinylbenzyl)-9H-carbazole (OEGMA4 ,/MEO,MA/VBK) Random Terpolymerizations and Chain Extensions
Performed at 80°C in a 50 wt % N,N-Dimethylformamide (DMF) Solution

expt ID* [BB]ob (mmol L_l) [SG1], (mmol L_l) [VBK], (mol L_l) [MEO,MA];, (mol L_l) [OEGMA;_,], (mol L_l) fVBK,O/fMEOZMA,OC MnTarget

OMS5/95 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 0.031 123 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
OMS50/50 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
OM?70/30 2.58 0.29 0.002 0.32 0.74 0.02/0.30 153.0
OMS80/20 1.66 021 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 ID? [Macro.]; (mmol L) [VBK], (mol L™')  [MEO,MA], (mol L™!)  [OEGMA; 5]y (mol L") fysxo/fmeomiae”  Mutuge
OMS5/95-OMS50/50 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
OMS80/20-OM20/80 0.65 0.037 0.96 022 0.02/0.79 211.4

“Experimental identification (expt ID) for OEGMAg_,, MEO,MA 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 OEGMAg_o:MEO,MA 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 OEGMAg_o:MEO,MA in the feed,
respectively. All polymerizations were done in 50 wt % DMF solution, in the case of the terpolymerizations the [DMF], = 8.2 mol L™ and in the
case of the chain extensions [DMF], = 13.0 mol L™%. *[BB], represents the initial concentration of BlocBuilder initiator. fypx and fyroana are the
respective initial molar fractions of VBK and MEO,MA in the feed.

Table 3. Molecular Characterization for 2-(2-Methoxyethoxy)ethyl Methacryate (MEO,MA)/9-(4-Vinylbenzyl)-9H-carbazole
(VBK) and Oligo(ethylene glycol) Methyl Ether Methacrylates (OEGMAg ,)/VBK Random Binary Copolymers Synthesized at
80°C in a 50 wt % N,N-Dimethylformamide (DMF) Solution

expt ID? X toolym (min) M, (kg/mol) M,/M,° Fupe? Frzomva® FOEGMAS_gd water-soluble®
MEO,MA/VBK-1 0.48 216 14.7 1.64 <0.01 >0.99 0 no
MEO,MA/VBK-§ 0.49 313 12.1 1.34 0.08 0.92 0 no
MEO,MA/VBK-10 0.42 355 9.6 1.24 0.16 0.84 0 no
MEO,MA/VBK-20 0.21 424 7.1 1.19 0.36 0.64 0 no
OEGMA;_o/VBK-1 0.50 189 12.6 1.28 <0.01 0 >0.99 yes
OEGMA;_o/VBK-5 0.50 286 11.2 1.28 0.09 0 091 yes
OEGMA;_o/VBK-10 0.27 386 8.3 1.19 0.27 0 0.73 no
OEGMAS_g/VBK-ZO 0.23 368 5.0 1.11 0.27 0 0.73 no

“Experimental identification (Exp. ID) for OEGMA with VBK and MEO,MA with VBK copolymerizations are given by VBK/OEGMA-Y and VBK/
MEO,MA-Y, respectively, with VBK representing 9-(4-vinylbenzyl)-9H-carbazole, OEGMA representing oligo(ethylene glycol) methyl ether
methacrylate, MEO,MA 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 . ®Monomer conversion, as deter-
mined by '"H NMR spectroscopy. “Number-average molecular weight (M,) and polydispersity index (M,/M,) were determined using gel
permeation chromatography (GPC) run in THF at 35 °C and calibrated against poly(styrene) standards. 9F a0 Fuzooaa and Fopemas—o are the final
molar composition of VBK, MEO,MA, and OEGMA,_, in the copolymer, as determined by '"H NMR spectroscopy. “Water-solubility of the final
polymer was checked in neutral pH solution at room temperature.

MEO,MA/OEGMA;_o/VBK chain extensions were performed in an were separated from the MEO,MA/OEGMA;_, monomers by osmosis
identical setup and by following the identical procedure to the (membrane MWCO = 3500 g'mol ™', Spectrum Laboratories) against
copolymerizations and terpolymerizations. Similar to the terpolyme- water for 4 days followed by vacuum filtration to remove the unreacted
rizations, the amounts of MEO,MA relative to OEGMA;_, were varied VBK. OM10/90-OMS50/50: yield of 0.1 g with M, = 352 kg:mol™,
all while keeping the amount of VBK constant (fygg, = 0.02) for all M, /M= 1.69 (determined by GPC using THF as an eluent and
chain extension polymers. However, the ratios of MEO,MA:OEGMA,_, poly(styrene) standards), Fypy = 0.04, Fypooma = 091 and Fopgpas—o =
for each block were manipulated so as to attain a different LCST for each 0.05 (final composition determined by 'H NMR spectroscopy). The
block. All the corresponding formulations can be found in Table 2. As an low yield is a result of the transfer losses from the reactor to dialysis
example, the synthesis of OM10/90-OMS50/50 was performed by adding membrane and from the dialysis membrane to the final storage vial.

VBK (0.0S g, 0.16 mmol), MEO,MA (0.85 g 4.52 mmol), OEGMA;_, Characterization. The molecular weight distribution was meas-
(2.05 g, 7.27 mmol), DMF (4.3 g) and the macroinitiator (OM10/90, ured using gel permeation chromatography (GPC, Water Breeze) with
0.11 g, 0.006 mmol, M, = 18.5 kg-mol™" and M,/M,= 1.55, see Table 2 THEF as the mobile phase, which was run at a flow rate of 0.3 mL
and Table 4 for full characterization data of the macroinitiator) to the min~", The GPC was equipped with a guard column and with 3
reactor. The mixture was bubbled with nitrogen for 30 min prior to being Waters Styragel HR columns (HR1 with molecular weight measure-
heated to 80 °C. Thereafter, samples were drawn periodically by syringe ment range of 0.1 to S kgmol™', HR2 with molecular weight
and used for monitoring the chain growth. After cooling, the final samples measurement range of 0.5 to 20 kg'mol™' and HR4 with molecular
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Table 4. Experimentally Derived Kinetic Parameters for 2-(2-Methoxyethoxy)ethyl Methacryate (MEO,MA)/9-(4-Vinylbenzyl)-
9H-carbazole (VBK) and Oligo(ethylene glycol) Methyl Ether Methacrylates (OEGMA,_,)/VBK Copolymerizations Done at

80°C in 50 wt % N,N-Dimethylformamide (DMF) Solutions

expt ID? P fyeo
MEO,MA/VBK-1 0.10 0.01
MEO,MA/VBK-§ 0.10 0.05
MEO,MA/VBK-10 0.10 0.10
MEO,MA/VBK-20 0.10 0.20
OEGMA;_o/VBK-1 0.10 0.01
OEGMAS_Q/VBK-S 0.10 0.05
OEGMA;_o/VBK-10 0.10 0.10
OEGMAg_,/VBK-20 0.11 0.20

@

(kp) [P (s7) (kp)(K)* (s7)

(29 £02) x 10°° (2.8 +02) x 107¢
(3.0 +£02) x107° (3.1 +02) x 107¢
(1.5 + 0.3) x 1073 (1.6 £ 0.3) x 107°
(9.1 + 1.5) x 107¢ (9.1 £ 1.5) x 1077
(2.8 £0.6) x 10°° (29 +0.7) x 107¢
(29 £05) x10°° (2.8 £ 0.5) x 107¢
(L0 £0.1) x 107° (1.0 £ 0.1) X 107¢
(85 + 0.8) x 107¢ (9.1 + 0.8) x 1077

“Experimental identification (expt ID) for OEGMA with VBK and MEO,MA with VBK copolymerizations are given by VBK/OEGMA-Y and VBK/
MEO,MA-Y, respectively, with VBK representing 9-(4-vinylbenzyl)-9H-carbazole, OEGMA representing oligo(ethylene glycol) methyl ether
methacrylate, MEO,MA representing 2-(2-methoxyethoxy)ethyl methacrylate and Y representing the initial mol % of VBK in the feed. All
copolymerizations were done in S0 wt % DMF solution with target average molecular weight of 25 kg-mol ~'. PInitial molar ratio of SG1 free
nitroxide to BlocBuilder alkoxyamine used in the copolymerization: r = [SG1],/[BlocBuilder], “Product of the average propagation rate constant,
(kp), and the average equilibrium constant, (K). Error derived from standard error in slope of scaled conversion (In(1 — X)™') versus time plots.

weight measurement range S to 600 kg:mol™"), 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 "H NMR spectroscopy. The
"H NMR spectra were obtained using a 200 MHz Varian Gemini 2000
spectrometer using CDCl; solvent in S 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 (§ = 5.2—5.4 ppm, Ar—CH,—N—) and
the resonances corresponding to the proton adjacent to the ester next
to the backbone of the methacrylate (§ = 4.0—4.1 ppm, O—CH,—
CH,) for MEO,MA and for OEGMAg_,). For the terpolymers, the
composition of MEO,MA, OEGMA,_, and VBK was determined by
comparing the signal due to protons adjacent to the ester next to the
backbone of the methacrylate (§ = 4.0—4.1 ppm, O—CH,—CH,, 2H
for MEO,MA and 2H for OEGMAg_,), the protons adjacent to the
ester within the repeat unit of EG of the methacrylate (6§ = 3.5-3.75
ppm, —CH,—O-[-CH,—CH,—0-],—, 6H for MEO,MA and 34H
for OEGMAy_y) and the methylene protons corresponding to the
VBK units (§ = 52-54 ppm, Ar—CH,—N-). The individual
monomer conversion was determined by comparing the vinyl peaks
(6 = 6.6, 5.6, and 5.1 ppm for VBK and & = 5.4S and 6.05 ppm for
OEGMAg_, and MEO,MA) of the respective monomers, to the
methoxy group (8 = 4.0 and 4.1 ppm, for OEGMA;_, and MEO,MA)
and the methylene group (6 = 5.2—5.4 ppm, corresponding to the
VBK) corresponding to the respective monomers and copolymers.
The overall monomer conversion (X) for the MEO,MA/VBK and
OEGMA_,/VBK copolymerizations was then determined by eq 1:

X = fypk,0XVBK * forgmas—9,0X0EGMAg—9 and

X = fypk,0XVBK * fpMEo2MA,0XMEO2MA (1)
where Xypr, Xorcmas—o Xmsoama are the individual monomer
conversions for VBK, OEGMAg_,, and MEO,MA, respectively and
Sk fmeoamae and f opcaas—op are initial mol fractions in the feed for
VBK, OEGMA;_o, and MEO,MA, respectively. Cloud point temper-
atures (CPTs) were determined by dynamic light scattering (DLS)
and UV—vis spectroscopy from 3 g-L™' 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(MEO,MA-ran-OEGMA_y-ran-VBK)-block-poly(MEO,MA-ran-
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OEGMAg_-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(MEO,MA-ran-OEGMA;_y-ran-VBK)-block-
poly(MEO,MA-ran-OEGMAg_g-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 X 6) multicell holder equipped with
temperature controller and magnetic stirring. Using a heating rate of
0.5 °C min"!, 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™" solutions
were excited at a wavelength of 330 nm at various temperatures.

B RESULTS AND DISCUSSION

Prior to synthesizing a MEO,MA/OEGMA; o/VBK terpol-
ymer, a better understanding of the effect of VBK on its
respective copolymerization with MEO,MA and of OEGMAg_,
by NMP was required. Therefore, a series of MEO,MA/VBK
and OEGMA;_o/VBK copolymers with various fypy, were
synthesized at 80 °C (Table 1). The molecular weight
characteristics, the final copolymer composition and the
water-solubility of the poly(VBK-ran-MEO,MA) and poly-
(VBK-ran-OEGMA;_,) copolymers are summarized in Table 3.
Kinetics of the Random Copolymerizations of 2-(2-
Methoxyethoxy)ethyl Methacrylate with 9-(4-Vinylben-
zyl)-9H-carbazole (MEO,MA/VBK) and Oligo(ethylene
glycol) Methyl Ether Methacrylate with 9-(4-Vinyl-
benzyl)-9H-carbazole (OEGMAg_o/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).

[P*)IN°]

(K) = P—N]

@)
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 In[(1 — X)™']
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Figure 1. (a and c) Semilogarithmic plot of conversion (In((1 — X)™") (X = conversion) versus time for 2-(2-methoxyethoxy)ethyl methacrylate-
9-(4-vinylbenzyl)-9H-carbazole (MEO,MA/VBK) and oligo(ethylene glycol) methyl ether methacrylate/VBK (OEGMA;_o/VBK) copolymeriza-
tions, respectively, as functions of different initial feed compositions. (b and d), Number-average molecular weight M, versus X for MEO,MA/VBK
and OEGMA;_o/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 M,,/M,, versus X
for the respective copolymerization corresponding to the respective filled symbol.

versus time for MEO,MA/VBK and OEGMA;_,/VBK are
illustrated in Figure 1a and Figure 1b, respectively. The apparent
rate constant, (kp)[P*], which is the product of (k,), 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 In[(1 — X)™'] versus time
plots. Generally, in the early stages of the polymerization, it can
be assumed that the initial concentration of nitroxide [N*], is
sufficiently high so that [N°] [N*], and that [P—N] is
approximately equal to the initial concentration of initiator
([P—N] = [BlocBuilder],). 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],/[BlocBuilder],)
after multiplying eq 2 by (kp).

[P*][SG1]y
[BlocBuilder],

(kp)(K) = (kp) = (kp)[P*]r

(3

For the systems studied here, the (k,)[P*] reported were taken
during the early stages of polymerization where linear growth of
M, versus conversion was observed (typically during the first 60
min of the polymerization where the previously mentioned
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assumptions held reasonably well). The experimental {kp){K)
values obtained for the MEO,MA/VBK and OEGMA;_,/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 fypio = 0.01, (kp)(K)mpoamavex = (22 +02) X 107657
and {kp)(K)opcmas—s,vex = (3.0 £ 0.4) X 107 s™". At a higher
fvako = 0.10, (kp){K)ppoamavex = (1.6 £ 0.2) X 107 s™! and
(kp)(K) opGmas—oyvek = (9:6 £ 0.9) X 107" 57" (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.°° 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)orcmas-o/vek and (kp){K)ymEoama vek- As @ comparison,
MMA/VBK copolymerization done in a dilute DMF solution at
80 °C with fypgo = 0.05 resulted in (kp){(K)rpavex = (54 +
0.1) X 107° .90 Similarly, DMAEMA/VBK copolymerization
in DMF at 80 °C with fypg, = 0.05 also resulted in
(kp){(K)pyasmavex = (54 £ 03) x 107 s7L'® Therefore,
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the (kp)<K > of MMA/VBK and DMAEMA/VBK is roughly 2
times greater than (kp){(K)meoamavex and (kp){K)oramas—o/veio
when the copolymerization is performed in DMF at 80 °C with
fveko = 0.05. As mentioned earlier, (kp) is an average of kps
corresponding to the respective monomers being copolymer-
ized. Literature values for k, 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 MEO,MA done in bulk at 80 °C is kp yroamago °.c = 1460
L-mol™"s7,%* and is very similar to that of MMA done in bulk
at 80 °C, kp npago oc = 1297 L-mol™-s7.% These values
suggest that Kypoyms must therefore be not very different
compared to Ky, 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.”* For example, the kp
corresponding to OEGMA; (oligo(ethylene glycol) methyl
ether methacrylate with 3 EG units) done in bulk at 80 °C has
kporamaszgo °.c = 2270 L-mols71.%* However, no kp for
OEGMAg_¢ has been reported and therefore any comparison
drawn between Kyposma and Kopgumas—o would be speculative.
The use of VBK as a “controlling” comonomer for MEO,MA
and OEGMAy_, resulted in a linear increase in M, versus X up
until X = 0.6, regardless of the fypy, 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 OEGMAg_, 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 MEO,MA/VBK using fyp, = 0.01,
the experimentally obtained M, was slightly higher than the
theoretical M, and the copolymerizations experienced a slight
broadening of the molecular weight distribution (M,,/M,
~ 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/S* and MMA/VBK,® as the
concentration of “controlling” comonomer was decreased. In
the case of OEGMAg o/VBK using fypg, = 0.01, the
experimentally obtained M, does not appear to follow the
theoretical M,. However, the molecular weight distribution
remained relatively narrow (M, /M, < 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.®® For the
copolymerizations of MEO,MA/VBK and OEGMA,_,/VBK, it
appears that 1 mol % VBK in the feed is not sufficient to keep
the polymerization controlled completely. Both the MEO,MA/
VBK and OEGMAg_o/VBK copolymerizations were charac-
terized by linear growth of M, versus X and by final copolymers
characterized by narrow molecular weight distributions with
M, /M,< 1.4 as long as fyp, > 0.01.
2-(2-Methoxyethoxy)ethyl Methacrylate with 9-(4-
Vinylbenzyl)-9H-carbazole (MEO,MA/VBK) and Oligo-
(ethylene glycol) Methyl Ether Methacrylate with 9-(4-
Vinylbenzyl)-9H-carbazole (OEGMAg4_o/VBK) Statistical
Copolymerizations: Copolymer Composition. Since the
nitroxide-mediated copolymerization of MEO,MA/VBK and
OEGMA;_o/VBK has not been studied using the BlocBuilder/
SGI initiating system, it was necessary to uncover the effect of
feed composition on the copolymer composition. The results
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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 MEO,MA/VBK
and OEGMA_o/VBK copolymerizations were carried out
while varying fypg, between 0.01 to 0.2 (Table 1). As
previously mentioned, the copolymer composition was
determined by 'H NMR spectroscopy. Table 3 indicates the
compositions of the various MEO,MA/VBK and OEGMA,_y/
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 MEO,MA or
OEGMAg_, is consistent with the observations for VBK/
MMA® and VBK/DMAEMA'® copolymerizations. The
composition of copolymer samples taken early in the MEO,MA/
VBK and OEGMA;_,/VBK copolymerizations (X < 0.2) were
plotted as a function of feed composition (Figure 2). As a

1
@ MEO,MANBK
i B OEGMA,/VBK.
0.8 ===MMAVBK
= Azeotrope
0.6 1

Frek
0.4 1

0.2 1

fVB K.,0

Figure 2. 9-(4-Vinylbenzyl)-9H-carbazole (VBK) copolymer compo-
sition Fypyx with respect to initial VBK feed composition fypx, for
various methacrylate/VBK copolymerizations at 80 °C in dimethyl-
formamide (DMF). Experimentally obtained compositions for 2-(2-
methoxyethoxy)ethyl methacrylate/VBK (MEO,MA/VBK) copoly-
mers and oligo(ethylene glycol) methyl ether methacrylate/VBK
(OEGMA;_o/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 ry; = 0.24 + 0.14 and
rypg = 2.7 * LS, which were previously determined for methyl
methacrylate/VBK copolymerizations (MMA/VBK).®® The solid line
represents the azeotropic composition (rappa = rvpi = 1)-

comparison, the copolymer composition of MMA/VBK was fit
to a terminal model (e.g: Mayo—Lewis equation®) using
reactivity ratios, ryp = 0.24 + 0.14 and rygg = 2.7 & 1.5, which
were previously determined for MMA/VBK copolymers by
NMP using the identifical initiator system, solvent and
polymerization temperature.** The terminal model for MMA/
VBK is represented in Figure 2 as the dashed line. It is evident
that, for the composition range studied (fypco = 0.01—0.20),
MEO,MA/VBK and OEGMAg_o/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 fypr, 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 (fypxo = 0.01—0.05)."**° However, too
much VBK in the feed resulted in a water-insoluble product
(Fypko > 0.07 yielded water-insoluble copolymers).'®
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Table 5. Molecular Characterization for Various Oligo(ethylene glycol) Methyl Ether Methacrylates/2-(2-Methoxyethoxy)ethyl
Methacryate/9-(4-Vinylbenzyl)-9H-carbazole (OEGMA4 ,/MEO,MA/VBK) Random Terpolymers and Block Copolymers

expt ID* M, (kg/ m°1)b M,/ Mnb Fypg” Fapooma® Forgmas— CPT? (°C) DLS (UV)
OMS5/95 12.0 1.58 <0.01 0.93 0.07 27.9 (30.1)
OM10/90 18.5 1.55 0.02 0.88 0.09 322 (34.6)
OM20/80 23.1 1.28 <0.01 0.90 0.10 45.5 (49.5)
OM30/70 23.4 128 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)
OMS50/50 35.9 128 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)
OM70/30 432 122 0.05 025 0.70 73.1 (78.3)
OM80/20 392 120 <0.01 0.24 0.76 76.5 (80.9)
OM90/10 47.7 127 <0.01 0.02 0.98 >90°(>90)°
expt ID? M, (kg/mol)® M, /M Fp© Fymoonis®  Foremas—s” 1st CPT/2nd CPT? (°C) DLS, (UV) ,/DLS, (UV) ,
OM5/95-OM50/50 39.6 1.30 <0.01 0.51 0.49 31.2(39.3)/62.4(65.1)
OM10/90-OM50/50 352 1.69 0.04 091 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)

“Experimental identification (expt ID) for OEGMA;_, MEO,MA 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
OEGMAg_o/MEO,MA 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 OEGMAg_o/MEO,MA in the feed, respectively. “Number-
average molecular weight (M,) and polydispersity index (M,,/M,) were determined using gel permeation chromatography (GPC) run in THF at
35 °C and calibrated against poly(styrene) standards. “Fygg, Fymoaa and Fopgaas—o are the final molar composition of VBK, MEO,MA, and
OEGMAy_, in the copolymer, as determined by 'H NMR spectroscopy. “Cloud point temperature (CPT) was determined by dynamic light
scattering (DLS) and UV—vis spectroscopy (UV/vis) for a 3 g-L™' polymer and water solution. “No CPT was observed between 20 and 90 °C.
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Figure 3. Characteristic (a) semilogarithmic plot of conversion (In((1 — X)™") (X = conversion) versus time, (b) number-average molecular weight
M, 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 (MEO,MA/OEGMAg_,/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 S.

Controlled Terpolymerization of 2-(2-Methoxyeth- M, = 12.0-47.7 kg'mol™" (Table 5). A characteristic scaled
oxy)ethyl Methacrylate, Oligo(ethylene glycol) Methyl conversion (In(1 — X)™!) versus polymerization time and M,
Ether Methacrylate and 9-(4-Vinylbenzyl)-9H-carbazole versus X plot for a terpolymerization (OM20/80) are depicted
(MEO,MA/OEGMAg_o/VBK). As mentioned in the previous in Figure 3a and Figure 3b, respectively. While only three
section, the MEO,MA/VBK and OEGMA;_o/VBK binary samples were taken during the course of the terpolymerization,
copolymerizations resulted in a controlled copolymerization it appears that M, increased linearly with X (up to X ~ 0.6) and
as long as fypgp > 0.01. Therefore, a series of MEO,MA/ that the M,,/M, remained relatively low with M, /M,< 1.30.
OEGMA;_o/VBK terpolymers were synthesized at 80 °C The corresponding GPC chromatograms depict the M, growth
(Table 2), with variable feed ratios of MEQ,MA:OEGMA;_, while with time (Figure 3c). It would appear that the MEO,MA/
keeping the VBK composition constant but sufficiently high to OEGMA;_o/VBK terpolymerization was behaving in a similar
ensure good control (fypgy = 0.02). The terpolymers were fashion to the MEO,MA/VBK and OEGMA;_o/VBK binary
targeted since varying the MEO,MA:OEGMA;g _ ratio permitted copolymerizations. The use of as little as fypxr, = 0.02 resulted
tuning of the LCST. The molecular weight characteristics and in a controlled terpolymerization of MEO,MA/OEGMAg_,/

the final composition for the poly(VBK-ran-MEO,MA-ran- VBK by NMP using the BlocBuilder/SG1 initiating system.
OEGMA;_,) random terpolymers are found in Table S. The Similar to the MEO,MA/VBK and OEGMA;_,/VBK copoly-
final terpolymers were characterized by relatively narrow merizations, VBK can be used as a “controlling” comonomer

molecular weight distributions with M,/M,= 120-1.58 and for the terpolymerization of DEGM/OEGMA;_o/VBK and was
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characterized by narrow molecular weight distributions for a
wide range of OEGMA4_o:MEO,MA ratios (Table S).

Chain Extension of 2-(2-Methoxyethoxy)ethyl Meth-
acrylate, Oligo(ethylene glycol) Methyl Ether Methacry-
late and 9-(4-Vinylbenzyl)-9H-carbazole (MEO,MA/
OEGMA;_o/VBK) Terpolymers. A series of characteristic
MEO,MA/OEGMA;_o/VBK terpolymers were used to reini-
tiate a fresh batch of MEO,MA/OEGMA;_,/VBK in DMF at
80 °C (see Table 2 for formulations). The molecular weight
characteristics of the poly(MEO,MA-ran-OEGMAg_g-ran-
VBK)-block-poly(MEQO,MA-ran-OEGMAg_4-ran-VBK) block
copolymers are found in Table 5. The terpolymer macro-
initiators underwent an increase in M, from 12.0 to 39.2
kg'mol ™" to 35.2—91.9 kg'mol " after chain extension and their
molecular weight distributions broadened with from M,,/M, =
1.20—1.69 to 1.30—1.95 (Table S). The M, increased linearly
versus conversion while the M, /M, remained relatively low
(M,,/M,~ 1.3), illustrating the controlled behavior of the
polymerization of OMS/95-OMS0/50, a characteristic chain
extension of MEO,MA/OEGMAg_,/VBK terpolymer (Figure 4).
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Figure 4. Characteristic a) M,, M,,/M, versus conversion and b) gel
permeation chromatograms for chain extension from an OMS/95
macroinitiator using a second batch of 2-(2-methoxyethoxy)ethyl
methacrylate/oligo(ethylene glycol) methyl ether methacrylate/9-(4-
vinylbenzyl)-9H-carbazole (MEO,MA/OEGMA;_o/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.

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.>® 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 S). For example, the macro-
initiator OM80/20 had a composition Fygx < 0.01, Fypoo =
0.24 and Fopgpms—o = 0.76. After being used to reinitiate a
MEO,MA-rich ternary mixture, the final OM80/20-OM20/80
block copolymer had an overall composition of Fyposa = 0.38
and Fopgpag—o = 0.60. These results indicate that poly(VBK-ran-
MEO,MA-ran-OEGMAy_,) 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 MEO,MA:OEGMA compositions.

Terpolymer Solution Properties. The final OEGMA,_,/
VBK and MEO,MA/VBK copolymers were mixed with neutral
water (purified by reverse osmosis) to determine water-solubility.
At room temperature, OEGMA4_o/VBK copolymers with Fypp <
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0.09 were determined to be water-soluble, while all MEO,MA/
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 (Fypx < 0.07) was observed for poly(DMAEMA-ran-VBK)
copolymers.'® Because of the relatively short pendant EG chains
(2 repeat units), poly(MEO,MA) exhibits relatively low LCSTs ~
28 °C*' However, by the inclusion of a hydrophobic comonomer
(such as VBK), the LCST drops below room temperature and
therefore the resulting poly(MEO,MA-ran-VBK) copolymers
were not soluble in neutral water at room temperature (~ 25
°C). However, poly(OEGMAg_,)s have longer EG side chains
(8—9 repeat units) and are known to exhibit LCSTs ~ 90 °C*'
and therefore the poly(OEGMA4_g-ran-VBK) copolymers
remained completely water-soluble at room temperature up to
relatively high VBK contents.

As previously mentioned, copolymers consisting of OEGMAg_
and MEO,MA can result in water-soluble copolymers, which
will exhibit CPTs between 25 and 90 °C, depending on the
ratio of OEGMAg_, to MEO,MA. A series of MEO,MA/
OEGMAg_o/VBK terpolymers were synthesized with varying
OEGMA;_¢:MEO,MA ratios, while maintaining fypr, = 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 OEGMA4_o:MEO,MA increased (Table 5). Character-
istic DLS and UV—vis spectra are shown in Figure Sa 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.'® The UV—vis spectra (Figure Sb)
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 geL™"), have
previously been obtained using poly(OEGMA4_g-ran-
MEO,MA) copolymers synthesized by ATRP.>" Just like the
copolymers made by ATRP, NMP can be used to synthesize a
library of well-defined OEGMA4_y/MEO,MA 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(MEO,MA-ran-OEGMAg_o-ran-VBK)-block-poly-
(MEO,MA-ran-OEGMAg_g-ran-VBK) block copolymers syn-
thesized by chain extension from MEO,MA/OEGMA,_,/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 OEGMAg_o:MEO,MA ratios (see Table S for
characterization data), the final block copolymer exhibited two
distinct CPTs (Figure 6 and Figure 7). For example OM10/90-
OMS0/50 exhibited a CPT characterized by a sudden increase
in particle size (Z,y; ~ 400 nm) at T = 39.2 °C corresponding
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Figure 6. Dual cloud point temperature (CPT) determination by dynamic light scattering (DLS), where parts a—c represent the Z-average diameter with
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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 CPT's can be found in Table 5. CPTs were determined using 3 g-L ™" solutions in all cases.

to the OM10/90 segment and a second CPT corresponding
to a second increase in particle size (Z,,; > 800 nm) at

T = 53.8 °C corresponding to the OMS50/50 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 Z,y¢. The first CPT (corresponding to OM10/90)
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Figure 7. Visual observation of dual cloud point temperature (CPT) is
shown for a sample heated to three temperatures bracketing the CPT's
of the corresponding block copolymers where each block has different
MEO,MA/OEGMAg_, ratios. In this example, a 3 g-L™" solution of
OM10/90-OMS0/50 is depicted at various temperatures. The solution
is water-soluble at T (room temperature) but becomes translucent as
it is heated to T, while above the second CPT at Tj, the solution
turned milky. The molecular characteristics of the final block
copolymers along with the respective CPTs can be found in Table 5.

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.*' Similar observations have also been
reported between poly(DMAEMA-ran-VBK) and poly-
(DMAEMA-ran-VBK)-block-poly(IN,N-dimethylacrylamide) as
the addition of the water-soluble poly(IN,N-dimethylacryl-
amide) segment resulted in an increase in LCST and the
formation of micelles above the LCST.'® The second CPT
observed for OM10/90-OMS0/50 at T = 53.8 °C was a result of
the chain extension that was formulated to mimic the OMS50/50
terpolymer (segment OMS0/50), 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
OMS50/50 block of the block copolymer. Similarly, OM80/20-
OM20/80 exhibited a CPT characterized by a sudden increase in
particle size (Z,y; & 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 (Zyyg >
2000 nm) at T = 724 °C corresponding to the OMS80/20
segment, which was the macroinitiator used for the chain
extension (see Table 2 for the formulation and Table S for
characterization data and Figure 6 for the transitions). Similar to
OM10/90-OMS0/50, the first CPT for OM80/20-OM20/80 is
slightly higher than the obtained CPT value for the corresponding
OMB80/20 terpolymer and the second CPT is slightly lower than
the CPT previously determined for the OM20/80 macroinitiator
(Table S and Figure 6). The corresponding UV—vis spectra can
also be found in Figure 6g) for OMS/95-OMS0/50, Figure 6h)
for OM10/90-OMS50/50 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 S for CPTs and Figure 6). As an example, Figure
7 displays visually the double thermo-responsive behavior of
OM10/90-OMS0/50. 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 MEO,MA/
OEGMA;_, 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
OEGMAg_, relative to MEO,MA in the respective blocks.

Terpolymer Fluorescence. In addition to “controlling” the
polymerization of MEO,MA and OEGMAg_,, the VBK unit
introduces hole transport and fluorescence properties into the
final copolymer due to the carbazole moiety. The fluorescence
spectra of the terpolymers OMS0/50 and OM10/90, when
excited at 4 = 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
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Figure 8. Temperature modulated fluorescence spectra for (a) OMS50/50 and (b) OM10/90. (c) Normalized maximum fluorescence with respect to
temperature for both OMS50/50 and OM10/90. Fluorescence measurements were determined from 3 mg-L™ 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.'® 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™".

Bl CONCLUSION

A series of MEO,MA/VBK and OEGMA;_,/VBK copolymers
were synthesized in a controlled manner by NMP using
BlocBuilder/SG1 at 80 °C. The binary copolymerizations
exhibited linear increases in M, versus X, up to X =~ 0.60 while
maintaining relatively narrow molecular weight distributions
with M,,/M,< 1.4 when using fypco > 0.01 (and M,/M,< 1.6
when using fygio = 0.01). The experimentally obtained (kp)(K)
values for the MEO,MA/VBK and OEGMA; ,/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. MEO,MA/
OEGMAg_o/VBK terpolymerizations with fixed VBK controller
content and various MEO,MA:OEGMA;_, ratios, resulted in
controlled polymerizations and narrow molecular weight
distributions (in most cases: M,,/M, < 1.3). Depending on
the final relative MEO,MA:OEGMAg o 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 MEO,MA/OEGMA;_,/VBK, giving rise to block copoly-
mers consisting of two distinct blocks characterized by different
compositions of MEO,MA to OEGMA;_,. 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
MEO,MA:OEGMA;_, 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(e-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 ypc; showed a
first-order kinetics for both PCL blocks and PCL homopolymers
confined in all the nanocylinders investigated. However, the D

D=13.0nm

D=17.9 nm

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
arystallization of block copolymers,' > 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.*”"* 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.”
investigated the characteristics of lamellar crystals (ie.,
thickness, crystallinity, and orientation) for confined poly-
ethylene (PE) homopolymers and concluded that the cylinder

-4 ACS Publications  © 2012 American Chemical Society
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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,"' ™" where a characteristic crystallization process,
i.e, a transient increase in the degree of crystal orientation, was
predicted at the early stage of crystallization."®

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 far'*™** 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. investigated™ the crystal
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Table 1. Molecular Charateristics of PCL-b-PS Copolymers Used in This Study

sample code

PCL-PS1 7900 24100
PCL/PS1 7900 24100
PCL-PS2 9400 27900
PCL/PS2 9400 27900
PCL-PS3 12 400 48 900
PCL/PS3 12 400 48 900
PCL-PS4 22 600 70 000
PCL/PS4 22 600 70 000

M, of PCL blocks® (g/mol) M, of PS blocks® (g/mol) total M,* (g/mol) M, /M,® PCL:PS (vol %) morphology® D? (nm) p° (%)

32000 1.08 25:75 cylinder 13.0 0
32000 1.05 25:75 cylinder 13.0 80
37 300 1.03 25:75 cylinder 14.9 0
37300 1.03 2575 cylinder 14.9 86
61 300 1.03 20:80 cylinder 179 0
61300 1.03 20:80 cylinder 17.9 86
92 600 1.08 24:76 cylinder 27.0 0
92 600 1.08 24:76 cylinder 27.0 82

“Determined by '"H NMR. ’Determined by GPC. “Observed using 1D-SAXS and/or TEM. “Cylinder diameter calculated from the primary peak
position in 1D-SAXS curves and the vol % of PCL blocks. “Maximum photocleavage yield obtained by GPC.

orientation of poly(e-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 (ie., 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 confinement, ie., the crystalline blocks are spatially
confined within curved nanodomains, and (2) chain confine-
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(5-valerolactone) (PVL) or poly(e-caprolactone)
(PCL) homopolymers confined in isolated nanodomains
surrounded with amorphous polystyrene (PS) matrices”*°
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 T, for two cases. However, the degree of
crystal orientation increased remarkably for PCL homopol-
ymers with increasing T, while it improved slightly for PCL
blocks, yielding a large difference in the PCL crystal orientation
between two chains at higher T, (>—4S °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(e-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.*® It should be noted
that several kinds of photocleavable block copolymers are recently
synthesized and used for various studies on nanostructured polymer
materials.>' >’ 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 'H
NMR results and the specific volumes of PS*® and PCL*
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,>® 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 T} 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 T,.

We prepared two kinds of samples by the solution-casting method
using toluene; thin films with the thickness of ca. 50 ym 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.*®

2.2. Photocleavage. The block junction (ie., o-nitrobenzyl
group) was cleaved by irradiating UV light with wavelength longer
than 300 nm (USHIO Optical Modulex, USH-S00SC) 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.®'
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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.

We used two irradiation conditions depending on the film
thickness: 1 W/cm? and 1 h for the thin film and 10 W/cm?® 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.”*>°

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 ypc; as a function of crystallization time at
several crystallization temperatures. The value of ypc; was calculated
from the melting endothermic peak area assuming that the heat of
fusion for perfect PCL crystals was 135 J/g.*

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.**™** 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 (= (2/4)[sin 0]; 4, X-ray wavelength (=
0.1488 nm); 20, 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 Ka radiation. The detector of both measurements was an image
plate (FUJI Film BAS-SR 127) with the size of 10 X 10 cm?, 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
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orientation®® 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,
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/nm*
below 100 °C**) and amorphous PCL (354 ¢/nm® at 25 °C*).
When the PCL blocks are crystallized (blue curves), the PCL
nanocylinders have heterogeneous electron density distribution
with PCL crystals (393 e/nm*®) 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 1:1/3:2:(1/7), 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.*’

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), 179 nm for PCL-PS3 (PCL/PS3), and 27.0 nm for
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PCL—PS4 (PCL/PS4), as summarized in Table 1. It should be
noted that D changes linearly with M, ¥? (M,: total molecular
weight of copolymers) after the minor correction of composi-
tion, " 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 goly(5—varelolactone)-block-polystyrene
(PVL-b-PS) copolymer®® that the melting temperature and
crystallinity of PVL chains were almost constant irrespective of
crystallization temperature T, in the limited T, 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 T range
(—60 °C < T. < —48 °C for PCL—PS1, —50 °C < T. < —40 °C
for PCL—PS2 and PCL—PS3, and —40 °C < T, < —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 T.. It should be noted that the
crystallizable temperature is extremely low as compared with bulk
PCL homopolymers (ie, T. ~ 40 °C*) 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 T, pc (a) and
crystallinity ypc; (b) of PCL blocks and PCL homopolymers
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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 (M, = 11 000) crystallized at 40 °C for 300 min.** The
dashed curves are a guide for the eye only.

plotted against D. The red arrows in Figure 2 indicate the results
of bulk PCL homopolymers (M, = 11000) without space
confinement,” from which we find that the space confinement
seriously affects the melting temperature and crystallinity of PCL
chains. We find from Figure 2a that T, pc;, 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 T, pcy, 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.”*>*® In addition, Figure 2a
shows that T, pc;, 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.
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We find from Figure 2b that the difference in jypcy is very large
between PCL blocks and PCL homopolymers at D = 13.0 nm,
which is mainly ascribed to the extremely small ypc; 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 ypcy is prominent only at
extremely small D. It is known from the studies on the crystalliza-
tion of block chains confined in nanocylinders® and of homopoly-
mers confined in AAO® 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
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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 T, is
indicated in each panel. The dashed curves are a guide for the eye
only.

time evolution of ypcy for three samples, where T. is chosen in
such a way that the crystallization rates of PCL homopolymers
are comparable. The time evolution of ypc; is extremely
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different between PCL blocks in PCL—PS1 and PCL
homopolymers in PCL/PS1 (Figure 3a); ypcy increases very
slowly for PCL blocks and reaches the small crystallinity
(~0.15) even after a long time (>300 min), whereas ypc for
PCL homopolymers increases steeply at the early stage
followed by an asymptotic increase, yielding a large difference
in the final ypc; between two chains (Figure 2b). However, the
crystallization rate is improved remarkably for PCL blocks
in PCL—PS2, and the time evolution of yp¢ 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, ypc 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),” 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—PSI 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 ypcp 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, ypcr, 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
Jpce, 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.">

3.4. Analysis of Crystallization Behavior. The time
evolution of ypcy shown in Figure 3 for PCL blocks and PCL
homopolymers is completely different from the sigmoidal
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evolution usually observed in homopolymer crystallization
without space confinement.* 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,”
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,*~**
where the crystallization rate at crystallization time f. is
proportional to the uncrystallized fraction remaining at t.. That is

d !
derealld oy %'peL(te)
dt,

where y'pci(t.) represents the normalized crystallinity of PCL
chains at t, i, ¥'pc(t.) = xpci(t)/xpci(00). Therefore, the plot
of In{1 — y'pcr(t.)} against £, 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 In{1 — y'pc (t.)} against ¢, for the
data presented in Figure 3. We find a linear relationship for
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Figure 4. In{1 — y'pc (t.)} 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.

every case, indicating that nucleation controls the crystallization
process in all samples. It should be noted that we have the
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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 ypc; (00) may be
responsible. Figure S shows the half-time of crystallization plotted
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el
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= .
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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.

against T, for all the samples investigated, where 7,,, was
evaluated from the slope k in Figure 4 through 7,,, = —In 2/k.
The value of 7,/, is a measure for the crystallization rate; it is
larger as 7/, is smaller. It is clear from Figure S 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 7, ,, 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 179 nm) to increase the total
crystallization rate, as discussed in section 3.3. It is also found
from Figure S that the crystallization rate decreases significantly
with increasing T, 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.
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Figure 6 shows the 2D-SAXS patterns of crystallized PCL—
PS3 (upper panels) and PCL/PS3 (lower panels) when viewed

I
‘. .- )— Z (shear direction)
Y

before photocleavage (PCL-PS3)

a b c
Y X X
L’Z LZ L‘Y

after photocleavage (PCL/PS3)
X

[o1¢]

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.

from X (a, d), Y (b, &), 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 study’’) 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
(¢, 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, ¢), 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 < T. < —40 °C).*°
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 crystals* to be the
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before photocleavage (PCL-PS3)

after photocleavage (PCL/PS3)
b

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.

(110) reflection for the stronger diffraction at 20 = 21.41°and the
(200) reflection for the weaker diffraction at 26 = 23.76°, as shown
in Figure 7b. It is also known® 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 ¢
using the analytical method described previously,® and the
results are shown in Figure 8, where ¢ = 0° and 180°

(110) reflection (200) reflection

PCL/PS3

PCL/PS3

PCL-PS3

PCL-PS3

&% <
% R
o
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)
AN s el s
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So Y ﬁ:’-‘-Vv'.
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180 360
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Figure 8. Intensities of the (110) reflection (a) and (200) reflection
(b) plotted against azimuthal angle ¢ for each sample indicated. The
crystallization temperature is —44 °C for PCL—PS1 and —40 °C for
other samples.

corresponds to the meridian. We find from Figure 8a that the ¢
dependence of the (110) reflection changes significantly
depending on the samples investigated; the symmetrical two
peaks against ¢ = 90° or 270° observed for PCL—PS1 move
toward the equator (¢p = 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 ¢ dependence of the (200)
reflection intensity is also moderately dependent on the
samples; we find the arcs centered at the meridian (¢ = 0°
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and 180°) for PCL/PS1 and PCL—PS]1, but the ¢ 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 T. (=50 °C < T. < —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 study®® by assuming that
the b-axis of PCL crystals (iie., fastest growth axis®®) 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 ¢ = 58°, 122°,
238° and 302° and the (200) reflections at ¢ = 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-P4VP*® and syn-polystyrene
homopolymers confined in AAO,® 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 ¢ = 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 (ie,
the fastest growth direction of bulk PCL homopolymers™) 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
(ie, 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 g-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 g-axis is gradually recovered to be detectable in larger
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Figure 9. Schematic illustration showing the relationship between the
cylinder axis and the growth direction of PCL crystals. The rectangle
in the cylinder represents the enlarged unit cell of PCL crystals, and
the growth plane is indicated by yellow. The PCL crystals grow
predominantly along the b-axis in the smaller nanocylinder (upper),
whereas they grow along the direction normal to the (110) plane in
the larger nanocylinder (lower).

.

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 reported™ that the degree of crystal orientation was
significantly different at higher T. (>—4S5 °C) between PCL
blocks in PCL—PS1 and PCL homopolymers in PCL/PSI.
However, the difference was not detected among PCL/PS2,
PCL—PS2, PCL/PS3, and PCL—PS3 at every T, investigated
(=50 °C < T. £ —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 T, which was verified by evaluating the degree of
PCL crystal orientation f* from the ¢ 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 T, (>—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 T, investigated
(=50 °C < T. < —40 °C).

4. CONCLUSIONS

We investigated the crystallization behavior and crystal orien-
tation of poly(&-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 ypc; 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
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crystals was normal to the cylinder axis (ie., 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 ypcp,
between smaller (D = 13.0 nm) and larger (D > 149 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
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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.

B 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."”” The benchmark for PFSI materials is Nafion,” > 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.”>®” In the present work, the
attention is focused on the properties of Aquivion (formerly
known as Hyflon Ion),*'* 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.' ™" Some
of the water and methanol transport parameters for Aquivion
were already measured and reported in previous works showing
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1901

the same qualitative behavior encountered in the other PFSI
films and confirming its great similarity with Nafion
membranes.'*~"

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.*””**~'7 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.”*~>* In particular, Baias et al.
used NMR to distinguish between free and bound water™
while Kim et al. analyzed the state of water with DSC and
NMR,” 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.**

In previous works,'*'® 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."®

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,* 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.*®

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.””™" 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,”*"**** and a
thorough quantitative analysis of the spectra after equilibration
at different activities is still missing*"

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.**~* 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.**™*®

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
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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.

B 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

)
' —{CFZ-CFZl-[(I:F-Cle-

O-CF~CF,

SO;H

b) - -
e CFZ]:[(i:F CFz]y-
0-cF~cF}o-cF,
CF| O-CF~cF,
z
SOH

Figure 1. Molecular structure of (a) Aquivion and (b) Nafion 117.

(—SO;H) 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 (SO,F) form of the polymer is obtained from
the free radical copolymerization of tetrafluoroethylene (TFE) and
perfluorosulfonylfluorodivinyl ether (SFVE);® after synthesis, the
—SO,F groups are converted to —SO;H 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
pm thick extruded membrane with an equivalent weight of 800 g,/
mol_goy 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;* 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. 5%

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™'; this
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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.
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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.

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.*®
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-known'*'¢ 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
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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, ¢ (in moles of water per polymer volume), according to
the so-called Beer—Lambert's law that can be written as

1
—A;

681

¢ =

(1)

where 0 represents the path length traveled by the IR beam in the
polymer and ¢ 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 paper'> 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
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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 ym; 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.'®

B 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™, which is enlarged in the inset of Figure 3 for clarity sake.
The two fairly intense peaks at 1155 and 1220 cm™' can be
related to the symmetric and asymmetric stretching vibrations
of —CF bonds of the backbone, respectively,”*****” while the
peak at 1060 cm™" and the shoulder at 1300 cm™" are attributed
to the symmetric and asymmetric stretching of —SO;™ arisin
from water-induced dissociation of —SO;H groups.”¥>>?
Finally, the stretching of the C—O—C bonds is related to the
band at 971 ecm™'.***3® The only difference between the two
materials is a peak at 982 cm™" clearly visible in the spectrum of
Nafion and absent in that of Aquivion: such a peak is
attributed**” to the stretching of —CF in the (—CF,—CF(R)—
CF;—) groups of the side chains that, indeed, are not present in
Aquivion (see Figure 1). Finally, the bands related to the
undissociated —SO;H groups are expected to appear at 1410
and 910 cm™",****%® 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 bgr different authors in
PFSI membrane not adequately dried”>*” and is in agreement
with the work of Leuchs and Zundel, who found about 90%
dissociation of trifluofomethanesulfonic acid, CF;SOHj;, with
just one mole of water per sulfonic group.**

For the hydrated polymer membrane, the portion of the
spectra between the wavenumbers 1500 and 3800 cm™' is
usually related to the vibration of —OH bonds in water***>>>
and, therefore, is expected to undergo the major changes during
water sorption. In particular, the region between 1500 and 2000
cm™" is associated with the bending vibrations of water
molecules, while the stretching vibrations of —OH can be found
between 2400 and 3800 cm ™' *%%%%

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
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Figure 4. Evolution of the regions of bending (1500—2000 cm™") and
stretching (3000—3800 cm™) vibrations of —OH in the Aquivion
spectrum upon hydration at 35 °C.

groups become detectable while a large band centered around
2720 cm™' decreases. The latter band is not unequivocally
identified in the literature: some authors relate such a peak to
undissociated —SO;H>"*” while others relate it to the presence
of an Evans window;*® 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™". The present data do not allow to identify the
correct explanation, although the absence of the peaks at 910
and 1410 cm™ corresponding to undissociated —SO;H seems
to stand against the first interpretation. In any event, the
intensity of the band at 2720 cm™" is unanimously believed to
decrease upon sorption, in agreement with the experimental
findings, due to progressive dissociation of SO;H 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™! is very likely affected also by the change of the peaks at
lower wavenumber such as those related to water bending
(1500—2000 cm™") as well as those related to polymer, such as
the one present at 2375 cm™' that is due to an overtone of
polymer skeletal modes™® 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™). 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™) 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.”***

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

dx.doi.org/10.1021/ma202099p | Macromolecules 2012, 45, 1901-1912



Macromolecules

Strength of the bond N

>

e

0.15 I I
Initial spectrum
)
s
° 0.10
o
c
]
2
S
<]
0
2
< 0.05
0.00
0.15
)
s
° 0.10
o
c
«
2
[
<)
0
2
< 0.05
0.00
0.15 . .
40% RH
B
m
° 0.10
o
<
©
o
S
o
0
< | O e
< 0.05
0.00
3600 3400 3

200

3000 2800 2600 2400

Wavenumber (cm‘1)

—Fitting curve

polymer band

Experimental data

-—-— Second population
===~ Third p opulation

Fourth population

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.

using the software Fityk,>® distributed under the terms of the
GNU General Public License. For each water activity, a baseline
correction between 1580 cm™' (starting point of the —OH
bending band) and 3720 cm™' (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™' and extending well below the region of interest was
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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™l, as well as the
overtones of OH bending of sulfonic groups hydrogen bonded
to water,”® 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™'; 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.
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In this concern, the use of a band with adjustable position at
about 2700 cm™' 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 S
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 Sa): one located at a wavelength of 2720
cm™, which as said before was related to the polymer, and two
located at 3005 and 3280 cm™), related to water molecules
interacting with sulfonic groups with decreasing strength (i.e.,
the interaction strength decreases as the wavenumber
increases).2%3%3?

At 5% RH, a third water-related peak appears in the region of
less strongly bonded water molecules, precisely at 3470 cm™';
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 Sb). If the water content in the membrane is further
increased, a fourth water-related band at 3515 cm™" appears. In
Figure Sc, the spectrum at 40% RH shows clearly the four water
populations respectively associated with the peaks at 3005,
3280, 3470, and 3515 cm™’, as reported in Table 1, and
characterized by decreasing degree of interaction with polar
polymer sites.

Table 1. Characteristics Features of Different Water Families
in the System: IR Peak Position and Band Width (fwhm),
Fitted Extinction Coefficients (£.;), and Model Constants

(K)

water IR peak center position fwhm® ot

population (em™) (em™) (cm®/mol) K,
Ist 3005 592 (2%)  1.56 x 10* 100
2nd 3280 389 (6%) 119 x 10* 20
3rd 3470 264 (3%)  1.19 x 10* 3.5
4th 3515 241 2%) 629 x 10° 2.5

“The value in parentheses in fwhm column represent the maximum
percent variation of this quantity at the different RH values inspected.

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
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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.*>*** In
particular, the peaks found between 3300 and 3000 cm™
have been related by many authors to water hydrogen bonded
to sulfonic groups®™*® or hydronium ions”*** while the bands
related to H;O" as well as those of internal sulfonic groups
hydrogen bonding are expected to appear’”*® in the range of
2900—3000 cm ™, 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
SO;H group, if present, seems to be placed at lower
wavenumber and thus comprised in the wide peak at 2700
cm™. 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.’’ 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:

Meq lAmeq 1 MeqA

ppol de ppol Eeff ppol

A=c
()

where 1 is the concentration of the species under study,
expressed in moles of water per mole of —SO;H, ¢ is water
concentration in moles per unit polymer volume, p, is the
polymer density in hydrated conditions, and m,, is the
equivalent weight of the polymer expressed in g/molgo .
While in transmission IR spectroscopy € and 6 are generally
considered as constants, in the ATR experiments the latter
quantity is related to the penetration depth of evanescent
wave ™! and changes with the absorption bands wavelength;
thus, an effective extinction coefficient, €4 is commonly used,
as defined in eq 2.

In principle, however, variations of the effective molar
extinction coefficient €. with the wavenumber can be related
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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.

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,s‘t’55

since deviation of the system from
Beer—Lambert’s law can lead to significant errors in the
solubility calculation.**** However, a quantitative description
can be obtained also for the complex system by using multiple
€. 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
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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 A versus activity and shows the
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Figure 8. Water sorption in Aquivion and related change in polymer
density as a function of water activity at 35 °C.

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%*'* 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
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Figure 9. Calibration curve obtained from water concentration measured in a pressure decay apparatus (mol/cm®) 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.

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 4
and A once the correct value of &4 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

1908

—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
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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 €. 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 4 = 1, which
means that every water molecule in that family interacts with a
single sulfonic group. The extinction coefficient &, is thus
immediately evaluated from Figure 7, considering that
absorbance value at saturation for the first population (A ~
35 au) corresponds to A = 1; the calculated value is then €., =
1.56 x 10* cm®/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 au. and concentrations
higher than § X 10 X mol/cm® (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 &, value of about 6.29 X 10° cm?/mol.

The values of ., and &3, can now be obtained by best
fitting the water absorbance data once the contributions to ¢ 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 €4, = €3 of about 1.19 X
10* cm®/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
R? = 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 A 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 Zundel>* in
the case of concentrated solution of CF;SO;H. 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,
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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.

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.

B 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
PESI hydrated structure through a series of first principles
electronic structure calculations,®®*® 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 A < 3, while other water molecules can
directly interact with both the SO;~ or H;O" system;® such a
result was also confirmed by molecular dynamics simulation
conducted on a similar polymer structure for 1 = 3.%°
Therefore, it is supposed that the first water family is formed
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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.

by the water molecules directly interacting with the —SO;H
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 &,;
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 SO;H:(H,0) 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,**%*¢" 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:

a

q=K——«y

1 11 + Klaw sites (3)
Aw

C =

2 21 + Ka,y, 4)
a

C3 = I<3 W Cl

1 + Ksay, (5)
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a
——(c + i)

=K
4 41+K4aw

(6)

The equilibrium constants of the Langmuir isotherms, K;, K,,
K;, and K, 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, K, is large (on
the order of 100) and comparable with data available for the
first dissociation constant of polystyrenesulfonates,”” 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.>***

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.

B 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 ™, 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
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Macromolecules

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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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 ym up to the formation of the final film of
typically 300 um thickness, and the molecular mobility was deter-
mined with spatial resolution by analyzing the NMR relaxation
times (T,, T;) behavior. A gradient in the molecular dynamics was
observed from T data during evaporation process up to an inter-

Faster
relaxation —p

Slower —» &4
relaxation

mediate time when the film shrinkage rate decreases significantly; T, 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." However, they are responsible for producing an
enormous amount of waste in daily life, a problem of ever-
growing importance to mankind.> 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.®

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.*”® PVOH is a good film-forming
polymer which has applications in different industrial sectors,
for instance, as a high oxygen barrier film, membranes, packa%-
ing materials, and polarizing film as PVOH—iodine complex.” "
Water is used as a common solvent for the production of
semicrystalline PVOH film. Above the glass transition temper-
ature (T, ~ 85 °C) fully hydrolyzed PVOH is completely
soluble in water.'' 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.'> A number of references'>~' 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

-4 ACS Publications  © 2012 American Chemical Society 1913

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) scanners'®'® 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.”' 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 T, and
T, 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,””>* 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 T, 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 = 61000 (indicated as 61K), comparative
measurements were repeated under similar experimental conditions
for MW = 27000 (27K) and MW = 125000 (125 K). Two solvents
were used: monodistilled water and deuterium oxide (D,0). D,0O
(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
H,O or D,O. Table 1 shows the composition of the samples used in
this work.

Table 1. Preparation of the 25% PVOH Solution (w/v) for
Different Studies Using Either H,O or D,O as Solvent

sample mol wt of final film
label PVOH solute  solvent study thickness (ym)
a 27K H,0 T,and T, at 380 + 25
11.7 MHz, XRD
b 61K H,0 T,and T, at 340 + 12
11.7 MHz, XRD
c 125K H,0 T ,and T, at 268 + 15
11.7 MHz, XRD
d 61K H,O T,and T, at
40 MHz
e 61K D,O T,and T, at
40 MHz
f 61K H,O0 diffusion
g 61K D,0 diffusion

Prior to carrying out the experiments, either distilled water or
deuterium oxide was used to prepare the 25% (w/v) PVOH-H,O or
25% (w/v) PVOH-D,O 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
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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.”>** 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-sidled 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.?” The device, having an accessible vertical range of 2.1 mm,
is operated at 11.7 MHz for '"H 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.”® 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 us. It was set to 87.5,
66.5, 56.5, and 53.5 us for the resolution of 50, 100, 200, and 300 ym,
respectively. The Carr—Purcell-Meiboom—Gill (CPMG) pulse
sequence®® was applied to obtain the vertical profiles and to
accumulate T,-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 us.

For the samples a, b, and ¢ (see Table 1), the position of the sensor
was moved in steps of 100 ym with a slice thickness of 50 ym 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 T,
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 T 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 T,
profile, a second experiment was carried out where a saturation recovery
pulse sequence [90°~7—90°]* was used with 18 7 values (logarithmi-
cally spaced) for determining T. T, values of the fully dried films
obtained from sample ¢ 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—
H,0) and sample g (25% (w/v) PVOH—D,0) were prepared and the
stimulated echo sequence”® 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 7 = 0.0055—
1.9 ms, diffusion time A = 2 ms, and repetition time of 3 and S 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 'H
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°—7—90°]** was used with 30 7 values (logarithmi-
cally spaced) to measure the spin—lattice relaxation time (T). The
spin—spin relaxation time (T,) was obtained applying the CPMG
pulse sequence with a 90°—180° pulse separation of 40 ys at a 180°
pulse width of 3.5 us.

dx.doi.org/10.1021/ma2023292 | Macromolecules 2012, 45, 1913—1923
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Figure 1. NMR profiles of the PVOH solutions of (a) 27K, (b) 61K, and (c) 125K at different drying times as indicated.

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 Q (incident angle) and 26 (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 Ko
radiation (4 = 0.154 nm) generated at a voltage of 35 kV and 30 mA
current. The fixed angle incident beam method*' was used where
Q = 0.5° was fixed throughout the experiment. The sample was
scanned between 26 = 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 ym at the
beginning and 50 ym at a later stage with a resolution of 50 ym
in both cases. The NMR profiles of samples a, b, and c are
shown in Figures la, 1b, and 1lc, 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, T was measured (see section 3.4).

The right edge of the profiles corresponds to the air—sample
interface, whereas 0 ym at the left-hand side shows the substrate—
sample interface. All the samples possess an initial height of
more than 1000 ym, 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 ¢, respectively.
Note that the apparent shift of the substrate—sample interface
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by ~50 um is an averaging effect and a consequence of
the change of step size of the scanner which is reduced from
100 to SO pm.

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 T, weighting, but a T, 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 E,
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 ¢, 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. T, 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
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the echo decay curves can be fitted with a biexponential
function

S(t) = Ashort exp(_t/TZShort) + Along eXP(_t/TZIOng)
(1)

where S(t) is the area under the echo signal.

The short T, 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, Ag,, and Ay, 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 T, 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 B, gradient, the T, 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 effective T, times (see Discussion section). It is
found that a T}, of around 90 ms at different heights can be
seen in the first hour of the drying process for all samples.
T, 1ong 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 T),,, values decrease around
2 orders of magnitude (~90 to ~2 ms) during the drying
period. Figure 4 shows that T, g, is around 10 ms after 1 h of
casting for each sample, which is decreased to around 0.1 ms
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until the short components are not anymore detectable. The
relative amounts of the fast decaying components, calculated as
Agor/ Agone + Along), are shown in Figure S.

The fundamental observation in these figures is that the T,
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
T, 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 ps, which means the first echo is generated after this time.
The solidlike component, which decays within 100 us,*' 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 T, components are found to gradually decrease toward the
film/air interface. There is no such height dependence of T, 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 D,0,*' the
same type of T, dependency as a function of sample height was
observed. Moreover, the T, values of this sample are similar to
the shorter T, of samples a, b, and c. The difference in gradual
change of T, all along the layers in different experiments due to
the drying effects are bigger than any change in T, that could
happen in the time taken for a single profile. The relative
difference between the maximum and minimum T, 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. T, Study in Single-Sided NMR. As stated in section

3.1, T, and T, measurements of the same sample are performed

dx.doi.org/10.1021/ma2023292 | Macromolecules 2012, 45, 1913—1923
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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 (T)
values. The results of the T| 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. T, and T, Study at 40 MHz. T, and T, of freshly
prepared PVOH solutions using H,O and D,0 (labeled as
sample d and e, respectively) are studied in a more homo-
geneous magnetic field at 40 MHz 'H Larmor frequency. The
values of T, and T, for both short and long components,
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respectively, are shown in Table 2. It is observed that both
samples prepared using H,O and D,0 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. T of the
single component of the PVOH solution prepared using H,O at
11.7 MHz has to be compared with the long T, component at
40 MHz. The sample prepared using D,O as a solvent has a
higher long component of T, 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 T

dx.doi.org/10.1021/ma2023292 | Macromolecules 2012, 45, 1913—1923



Macromolecules

g = 29
5 os e 5 os
. 440 min .

£ o4 /I/Li/f :*:5253 £ 04
& £
= 033 P = 03
: —&
Q g a8 N 8
g 029 I I i g 02
© e / [
s o s
O 01 T T T T O 0.1
o 0 200 400 600 goo 1000 OC
(a) height (Jam) (b)

0.7 . . .

0.6

0.5 1.3

331
04 éi***—i’i“/ 53
r’\r*”'k*_!/ x
034

Relative amount (arb. units)

. y
—~h<2-§=-¥ »,-if:if@i—s— 3
l;i 2 ; =1 ! I | -
E '/!——"'"
- o )
—r—" - A
ey
1 i/i“i/‘ R f~o—30mh
i/! i - A= 150m
; [-y—210mh
2T0mnh
[-4—360mnh
cown
Lesizun
0 200 400 600 800 1000
height (m)
—"—70 min
—®—240 min
390 min
490 min
—»—600 min
—#—660 min
—0—745 min | 3

1000

0.1 T T T T
0 200 400 600 800 1000
(c) height (um)
Figure S. Relative amount of the fast decaying component of transverse relaxation for the measurements shown in Figures 3 and 4.
1000 T T T T 1000
————e ==t
—, R S S
—_ * s * A — YTy
® — m v
E qoof TR, i E 100
- T -
~ h— ~ I
. N AR
Feki it R s N
[I—ﬂ)mm —®—180 min A~ 300 min —w—420 min| —®—10 min 7'~;0min 4—120 min —v— 180 min
520 min —«—590 min 675 min —®— 740 min| 390 min —#— 440 min
10 *— 1380 min . - - 104 i
0 200 400 600 800 1000 0 200 400 600 800
(a) height (Hm) (b) height (m)
1000 : . . . .
.
——
——
A,
’(7; - * - "
£ 1004 ——,
~ 2 I \'\\v
1
P
(—®—15 min —*—225 min A—420 min —¥—540 min|
580 min.7<f830min 730 min —®— 780 min|
10 [—*— 1590 min . . .
0 200 400 600 800 1000
() height (Hm)

Figure 6. Evolution of T, 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.

Table 2. T, and T, Relaxation Times and % Relative Amount of the Short and Long Components of Sample d (61K PVOH in
H,0) and Sample e (61K PVOH in D,0) Measured Right after Preparation at 40 MHz Proton Larmor Frequency

T, study

long (+1%)

short (+1%)

long (+1%)

sample T, (ms)
d 41
e S0

T, study
short (+1%)
rel amount (%) T, (ms)
12.7 668
74.6 1115

rel amount (%)

87.3
25.4

T, (ms) rel amount (%)
17 15.6
18 75.8

T, (ms) rel amount (%)
390 84.4
688 24.2

value. A similar tendency is seen in the T, values (see Table 2). T,
values of the short components match with the results obtained in
the single-sided NMR. Generally speaking, all the values of T, of
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the short components of the fresh samples obtained in both
instruments are between 10 and 20 ms. Note that the T, values of
the long component of the H,O-prepared sample in this study is

dx.doi.org/10.1021/ma2023292 | Macromolecules 2012, 45, 1913—1923
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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 T, is expected to be much weaker and does not
explain the difference. The relative amount of the short and long
components calculated from the T and T, 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 (H,O as a
solvent) and sample g (D,O as a solvent) right after
preparation. The signal of the residual 'H in the solvent from
the sample g is strongly suppressed by a repetition time much
shorter than the corresponding T). 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 as®
27 A
Adiff(T> = Aghort €xpy —KDghort — ( )
Dshort Tishort
2T A
+ Along expy ~KDlong = | -
TZIong Tllong

@)

where K = (yGr)*(A + 27/3). y, G, 7, and A represent
gyromagnetic ratio of protons, gradient strength, encoding
time, and diffusion time, respectively. Note that for samples f
and g both conditions, 7 < T, and A < T), 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 26 angles were scanned
between 1.5° and 68°. All XRD patterns are showing the
crystalline structure only. The amorphous contribution has
been subtracted.>> XRD patterns of both the upper and lower
parts of all the studied samples show a characteristic crystalline
peak at a scattering angle of 26 &~ 19.5°. The XRD patterns of
the upper part of each film show a second peak at 26 = 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
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% crystallinity is defined below which is a simplified indication
of the true crystallinity:*®

% crystallinity = {(total area — amorphous area)
of the XRD pattern}
/(total area of the XRD pattern) X 100
©)

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 equation®*
is applied:

kA
B cos O 4)

where 1 is the X-ray wavelength (0.154 nm), B is the full width
at half-maximum (FWHM) of the characteristic crystalline peak
(at 260 = ~19.5°), 0 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 3S.

Table 3 shows the intensities of the peaks at the scattering
angle of 20 ~ 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 'H 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
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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 H,0,

respectively.

Table 3. Maximum Intensity of the Peaks and Full Width at
Half-Maximum (FWHM) at 26 =~ 19.5° and % Crystallinity
of the Upper Layers Comparing to the Lower Layers in
Sample a (27K PVOH in H,0), Sample b (61K PVOH in
H,0), and Sample ¢ (125K PVOH in H,0) Calculated from
the Fitting of the XRD Patterns Shown in Figure 8

intensity of the peak

fwhm of the peak
(£4%) at 20 ~ 19.5°

(14%)( at 20 ~ 19.5°  crystallinity (+4%)

(arb units) A(20)) (%)
upper lower upper lower upper lower
sample side side side side side 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

of any eventual “skin layer” is in any case much smaller than the
minimum resolution of the scanner (30 pm). 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
solutggg is proportional to the so-called segmental correlation
time™”

1 ~ bzaHn

T kpT

©)

where b is the Kuhn segment length, ay is the hydrodynamic
radius of the segments, and # is the viscosity of the medium
surrounding the segment. T is the absolute temperature, and kg
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, T| and
T, have an inverse dependence with the viscosity as well,*® but
this dependence not necessarily holds for the case of water in a
polymer—water solution. As mentioned above, the detection of
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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 T and T,. T values of all the
samples show common features. For instance, T, values
decrease as a function of time as a result of the solvent
evaporation. Before the minimum T is reached, the bottom
parts of all the samples show longer T, than the corresponding
upper part following similar spatial patterns than T, along the
height of the film. The different values of T along the sample
height provide additional evidence that the drying of the PVOH
film is inhomogeneous.

The two components of T, 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 S). 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) X 107" and (1.8 + 0.4) x 107"
m?/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) X 10~ m*/s while for
sample g the value is (0.94 + 0.06) X 10~° m?*/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
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the relation between the rate of the vertical convection and the
diffusion of the polymer molecules:

_EE
D (6)

Here & is the layer thickness, E 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 ¢ < 1, diffusion
dominates in the solution and the film remain homogeneous
throughout. For the cases when ¢ > 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 E; from Figure 2b, one obtains
¢ = 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 effective T, times in comparison to the actual T,
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 7, the diffusional decay at the jth
echo is theoretically proportional to exp[—1/12(y*G**)Djr]
while the relaxation contribution is proportional to exp[—jz/T,].
Assuming a self-diffusion coefficient of 107 m?/s, the constant
magnetic field gradient of G = 11.5 T/m leads to a decay of
about exp[—6 s™' jr ] if the longest pulse separation of 7 =
87.5 s is used. In other words, this additional decay can falsely
be interpreted as relaxation, and in the limit of T,, an effective
T, of about 160 ms would be obtained, putting a limit for the
longest measurable relaxation time. This explains, in part, the
discrepancy between the T, values of the fresh sample mea-
sured at the two different spectrometers (see section 3.3 and
3.5). On the other hand, as T, 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 7 pulse excitations in this inhomogeneous magnetic field;
this will lead to a superposition of coherence pathways that
has the effect of “contaminating” the real T, with a contribution
of the—longer—T. Depending on the exact shape of the By and
B, fields, this contribution can be computed.* In our study, the
possible influence of T, 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, T, approaches a constant value well before T, does.

Using water as a solvent, one has to pay attention to the con-
tribution of the 'H of the different subsystems in order to
achieve a correct interpretation of the experimental NMR
results. For this reason, T| and T, 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-H,O solution, 21.4% protons from the PVOH mol-
ecule containing 4 protons in the repeating unit and 78.6% pro-
tons from the H,O 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
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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 H,O 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 T
and T, measurements of sample d in 40 MHz. In case of
PVOH-D,0 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 T, and T, measurements of sample e show
around 75% slow decaying and 25% fast decaying components
as can be seen in Table 2. Furthermore, from Figure §, 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.*” 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 S 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 ¢ 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 T, and T, values of both components
(Figures 3, 4, and 6) decrease and the relative amount of the
fast decaying components (Figure S) increases gradually with
the increment in the sample height and evolution time. At later
stage of drying, the T,y 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 T, 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 system*' 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 concentrations* induced by evaporation'>*!
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 'H 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 D,0 is used as a
solution instead, as it is confirmed in a previous study.*'

By the determination of the relaxation parameters T, and T,
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 T, 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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T, constants at different layers of the completely dried film
from sample ¢ (containing 25% PVOH (125K) in H,0). This
material is available free of charge via the Internet at http://
pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: carlos.mattea@tu-ilmenau.de

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

S.G. gratefully acknowledges Deutscher Akademischer Aus-
tauschdienst (DAAD) for the scholarship (PKZ: A/07/80278)
to pursue his PhD research.

B REFERENCES

(1) Feldman, D.; Barbalata, A. Synthetic Polymers: Technology,
Properties, Applications; Chapman & Hall: London, UK, 1996.

(2) Chemistry and Technology of Biodegradable Polymers; Griffin, G.,
Ed; Springer: Berlin, 1993.

(3) Steinbiichel, A; Matsumura, S. Biopolymers: Miscellaneous
Biopolymers and Biodegradation of Synthetic Polymers; Wiley-VCH:
New York, 2003.

(4) Stephans, L. E.; Foster, N. Macromolecules 1998, 31, 1644—1651.

(S) Finch, C. A, Ed. Poly(vinyl Alcohol)- Developments, 2nd ed.;
Wiley: New York, 1997.

(6) Shibayama, M.; Kurokawa, H.; Nomura, S.; Roy, S.; Stein, R. S.;
Wu, W. L. Macromolecules 1990, 23, 1438—1443.

(7) Valentin, J. L; Lépez, D.; Hernandez, R; Mijangos, C.;
Saalwichter, K. Macromolecules 2009, 42, 263—272.

(8) Tripathi, S.; Mehrotra, G. K; Dutta, P. K. Int. J. Biol. Macromol.
2009, 45 (4), 372—376.

(9) Chang, J. B.; Hwang, J. H,; Park, J. S.; Kim, J. P. Dyes Pigm. 2011,
88 (3), 366—371.

(10) Yang, C.-C.; Lee, Y.-J. Thin Solid Films 2009, 517 (17), 4735—
4740.

(11) Hodge, R. M,; Bastow, T. J.; Edward, G. H.; Simon, G. P.; Hill,
A. J. Macromolecules 1996, 29, 8137—8143.

(12) Wong, S.; Altinkaya, S. A.; Mallapragada, S. K. J. Polym. Sci,, Part
B: Polym. Phys. 2008, 43, 3191-3204.

(13) Ngui, M. O.; Mallapragada, S. K. J. Polym. Sci,, Part B: Polym.
Phys. 1998, 36, 2771—2780.

(14) Ngui, M. O.; Mallapragada, S. K. J. Appl. Polym. Sci. 1999, 72,
1913—1920.

(15) Ngui, M. O.; Mallapragada, S. K. Polymer 1999, 40, $393—5400.

(16) Wong, S.; Altinkaya, S. A.; Mallapragada, S. K. Polymer 2004, 45,
5151-5161.

(17) Ciampi, E.; McDonald, P. J. Macromolecules 2003, 36, 8398—
8405S.

(18) Bliimich, B.; Perlo, J.; Casanova, F. Prog. Nucl. Magn. Reson.
Spectrosc. 2008, S2, 197—269.

(19) Mitchell, J; Bliimler, P.; McDonald, P. J. Prog. Nucl. Magn.
Reson. Spectrosc. 2006, 48, 161—236.

(20) Ghoshal, S.; Mattea, C.; Denner, P.; Stapf, S. J. Phys. Chem. B
2010, 114, 16356—16363.

(21) Ghoshal, S.; Denner, P.; Stapf, S.; Mattea, C. Chem. Phys. Lett.
2011, 515, 231—234.

(22) Ghoshal, S.; Mattea, C.; Stapf, S. Chem. Phys. Lett. 2010, 485,
343-347.

(23) Peppas, N. A. Makromol. Chem. 1975, 176, 3433—3440.

(24) Yang, H.; Cheng, R.; Xie, H.; Wang, Z. Polymer 2005, 46, 7557—
7562.

dx.doi.org/10.1021/ma2023292 | Macromolecules 2012, 45, 1913—1923


http://pubs.acs.org
http://pubs.acs.org
mailto:carlos.mattea@tu-ilmenau.de

Macromolecules

(25) Kimmich, R. NMR Tomography, Diffusometry, Relaxometry;
Springer-Verlag: Berlin, 1997.

(26) Meiboom, S.; Gill, D. Rev. Sci. Instrum. 1958, 29, 688—691.
(27) Bloembergen, N. Nuclear Magnetic Resonance; W.A. Benjamin:
New York, 1961.

(28) Hahn, E. L. Phys. Rev. 1950, 80, 580—594.

(29) Carr, H. Y,; Purcell, E. M. Phys. Rev. 1954, 94, 630—638.

(30) Vold, R.; Waugh, J.; Klein, M.; Phelps, D. J. Chem. Phys. 1968,
48, 3831—3832.

(31) Hills, B. P. Mol. Phys. 1992, 76 (3), 509—523.

(32) Park, S.; Baker, J. O.; Himmel, M. E.; Parilla, P. A; Johnson,
D. K. Biotechnol. Biofuels 2010, 3, 1—10.

(33) He, B. B. Two-Dimensional X-ray Diffraction; John Wiley & Sons,
Inc.: Hoboken, NJ, 2009.

(34) Scherrer, P. Nachr. Ges. Wiss. Gottingen 1918, 26, 98—100.

(35) Miyazaki, T.; Hoshiko, A.; Akasaka, M.; Saki, M.; Takeda, Y.;
Sakurai, S. Macromolecules 2007, 40, 8277—8284.

(36) Kimmich, R.; Fatkullin, N. Advan. Polym. Sci. 2004, 170, 1—113.

(37) Doi, M.; Edwards, S. F. The Theory of Polymer Dynamics;
Clarendon: Oxford, 1986.

(38) Abragam, A. The Principles of Nuclear Magnetism; Oxford
University Press: London, 1961.

(39) Hiirlimann, M. D.; Griffin, D. D. J. Magn. Reson. 2000, 143,
120—-13S.

(40) Ricciardi, R; Auriemma, F.; Rosa, C.; de; Lauprétre, F.
Macromolecules 2004, 37, 1921—1927.

(41) Kabalnov, A.;; Wennerstrom, H. Soft Matter 2009, S, 4712—
4718.

(42) Krantz, W.; Ray, R; Sani, R;; Gleason, K. ]. Membr. Sci. 1986,
29, 11-36.

1923

dx.doi.org/10.1021/ma2023292 | Macromolecules 2012, 45, 1913—1923



Macromolecules

pubs.acs.org/Macromolecules

Multishape Memory Effect of Norbornene-Based Copolymers with

Cholic Acid Pendant Groups
Yu Shao, Christine Lavigueur, and X. X. Zhu*

Department of Chemistry, Université de Montréal, C.P. 6128, Succursale Centre-ville, Montreal, QC H3C 3]J7, Canada

© Supporting Information

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 (T,) of 9
the copolymers can be tuned over a temperature range from —58 to 176 °C. Most o
of these copolymers displayed a very broad T, 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 NH)T e
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 T,’s may be useful as functional materials with multishape memory effect.

B INTRODUCTION

Shape memory polymers (SMP) are stimuli-responsive
materials with the ability to change their shape upon exposure
to external stimuli'™> such as light,“_7 heat,® ™' or magnetic
field."" In a typical thermally induced shape memory polymer,'>
the permanent shape is determined by chemical'® or physical'*
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,"'® such as smart suture materials,'” responsive
stents for cardiovascular engineering,'® self-expandable im-
plants for minimally invasive surgery,'® controlled drug
release,”® and fasteners."”

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."**' To
address these issues, much effort has been devoted to the
development of multishape memory polymers.”>~¢ However,
polymer systems displaying multiple shape memory effects are
mostly limited to chemically cross-linked and semicrystalline
polymers or block copolymers.””*”*® Kasi et al* 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,

-4 ACS Publications  © 2012 American Chemical Society
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and cycle life.> 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.’® Cholic acid is the most important naturally-
ocurring bile acid and is an ideal building block for new
biomaterials.*’ >* The incorporation of cholic acid moieties
within a polymer should provide rigidity and biocompatibility
to the polymer.>**%’

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.>* *° 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.*' Polymerization of other
monomers based on bile acids with or without additional
comonomers affords polymers with bile acid pendant
groups.””* 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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B EXPERIMENTAL SECTION

Materials. Cholic acid, S-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-HCI), 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(CH,CH,0);Me) was
synthesized following a literature procedure.

Characterization. IR spectra were recorded on an Excalibur HE
series FTS 3100 instrument from Digilab. 'H and *C NMR spectra
were recorded on a Bruker AV400 spectrometer operating at 400 MHz
for protons and 100 MHz for *C. CDCly and DMSO-dg 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, S ym, 300 mm X 7.8 mm;
styragel HR4, S pm, 300 mm X 7.8 mm; styragel HR6, S pim, 300 mm X
3.8 mm). DMF for SEC was filtered using 0.2 ym 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. Ty, 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. T,
was defined as the midpoint of change in slope on the second heating
run, and the T, 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 X 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 ym, a temperature sweeping rate of 1 °C/min,
and a frequency of 1 Hz were used. The T, 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 0.00S 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, Tj)
and the deformed temporary shape is fixed upon cooling (fixing
temperature, T;). It is then heated to a recovery temperature (T,) 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 S 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.
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Preparation of the Materials. Cholic Acid-Based Norbornene
Monomer (NCA). 5S-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-HCI (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 HCI (50 mL), 10% NaHCO,
(50 mL), and brine (50 mL X 3). After drying the organic layer
over Na,SO, 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): v
(em™) = 3385 (OH), 2934, 2865 (CH,), 1732, 1712 (C=0),
1076 (C—0). 'H NMR (400 MHz, CDCl,): § (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). *C NMR (100 MHz, CDCL,):
5 (ppm) = 1747, 138.0, 137.3, 136.6, 132.6, 73.4, 72.4, 68.8,
682, 60.8, 49.8, 47.6, 46.9, 45.4, 44.3, 44.1, 42.6, 422, 41.9,
40.1, 40.0, 38.4, 382, 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 C;,H,NaO; [M + Nal*: 5§37.3561 m/z;
calculated 537.3551 m/z.

Triethylene Glycol-Based Norbornene Monomer (NTEG).
S-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(CH,CH,0);Me (3.9 g 123
mmol) dissolved in § 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 SO mL of water was added and the layers
were separated. The aqueous layer was extracted with ethyl acetate
(30 mL X 3), and the combined organic layers were washed with 10%
NaHCOj; (50 mL) and brine (50 mL X 3), dried over MgSO,, 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): v (cm™') = 2915,
2864 (CH,), 1687 (C=C), 1103 (C-0). 'H NMR (CDCl,,
400 MHz): § (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),
235-2.32, 1.10-1.05 (m, 1H), 128—120 (m, 2H), 0.49-0.44
(m, 1H). 3C NMR (100 MHz, CDCL): § (ppm) = 137.5, 132.9, 76.5,
75.5, 724, 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 C;sH,(NaO,
[M + Nal*: 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 X 10> mmol)
was added to the monomer solution at 50 or 25 °C with stirring. After
3 h, ethyl vinyl ether (50 yL, 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),,;, was obtained (93% yield). The 'H NMR
peak assignments for the homopolymers and a copolymer, poly-
(NCA—-NTEG)y,,, are shown in Figure S2 (Supporting Information).

B RESULTS AND DISCUSSION

Synthesis and Characterization of Monomers and
Copolymers. The commercially available S-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.>>** 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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Scheme 1. Synthesis of the Copolymers by ROMP Using Grubbs’ Catalyst Second Generation

Mes—N_ N-Mes

cnt

1.THF, 3 h
NCA 2. Ethyl vinyl ether

Table 1. Polymerization Conditions and Properties of Copolymers with Various Ratios of NCA to NTEG

polymer” NCA:NTEG? T° (°C) yield (%)
poly(NCA) 10 50 972
poly(NCA-NTEG),,, 1:0.25 50 96.0
poly(NCA-NTEG),,, 1:0.55 25 99.1
poly(NCA-NTEG), 1:0.95 25 93.3
poly(NCA-NTEG),., 1227 25 94.6
poly(NCA-NTEG), , 1:3.43 25 91.0
poly(NTEG) 0:1 25 88.4

M, (g/mol) PDI? T,° (°C) T, rangef (°C) T, range® (°C)
340 000 1.8 176 173—-177
297 000 1.5 136 132—-139
453 000 2.1 108 99—-110 82—-108
473 000 2.5 64 54-72 53-77
614 000 2.6 27 17—-42 17-51
505 000 23 10 —1-24
96 000 1.2 —-58 —67 to =51

“Polymerization 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. “NCA:NTEG: molar ratio in the copolymers calculated from the ratio of proton NMR peak integrations.
“Polymerization temperature. “Measured by SEC. “Measured by DSC. T, defined as the midpoint in the change of heat capacity. /Determined by the
onset and offset of the changes in the heat capacity. *Determined by the onset and offset of the changes in the storage modulus of the sample.

norbornene methanol.*' 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(CH,CH,0);Me
and S-norbornene-2-methanol (62% yield) in a manner similar
to a literature procedure.** The '"H 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);,, were synthesized at a
higher temperature (S0 °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 CHCIl; and can form films easily by solvent casting. The
copolymers with T, below room temperature behave as elasto-
mers at ambient temperatures.

The '"H NMR spectrum of the polymer (an example is
shown in Figure S2D, Supporting Information) shows the
appearance of peaks in the range of 6 = 543-5.14 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—CHj signal at 3.40 ppm to that of the —CHj 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 (T,) without
any evidence of melting, suggesting that they are probably
amorphous. Figure 1B shows that the T, 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 T, 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 T, 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 T,.
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),,;. The
same phenomena were also investigated by DMA experiments
for poly(NCA—NTEG),,, poly(NCA—NTEG);,;, and poly-
(NCA—-NTEG),,, (Figure SS, Supporting Information). Xie
anticipated that amorphous polymers with a broad glass
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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 T, of the copolymers as a
function of molar content of NTEG in the copolymers.

transition may have multishape memory effect.'* 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),,;, 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);,; 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 (R;), which is the ability to fix a
mechanical deformation (temporary shape), and the shape
recovery (R,), which is the ability to recover the permanent
shape. They are calculated by the use of the following
expressions:14

Rf = &) 00w
Sload(N) (1)
= e(N) — 8rec(N) % 100%
e(N) — grec(N — 1) (2)
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Figure 2. (A) DMA curve of poly(NCA-NTEG),, (frequency:
1 Hz), where tan § is the ratio of the loss modulus (E”) to the storage
modulus (E’). (B) Stress—strain plot of poly(NCA—NTEG),,, at
85 °C (stress: o; strain: &; the maximum elongation corresponds to the
travel limit of the equipment geometry rather than the elongation at

break).

where &,,4 is the maximum strain imposed on the sample, € is
the strain after unloading the applied force, €. 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

60 z - r2.0
$1, load S1 {120
40 ] 1006-1.5
—~ T T, o =
9 REEEEEEEEEEE [ a
= : A *§|-1.o§,
S 201 | A
7] ‘ \ {160 E g
N ,__0.501
od ‘ . 440
.. —e e —T_Oo
0 20 40 60 80 100
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Figure 3. Dual-shape memory properties of poly(NCA—NTEG),,, at
a deformation (T,) and recovery temperatures (T,) of 85 °C and at a
fixing temperature (T¢) of 30 °C (R; = 99.2%, R, = 98.6%).

sample was stretched to 53% strain at 85 °C (deformation
temperature, Ty, above T,) and then cooled to 30 °C (fixing
temperature, Tj, below T,). The temporary shape was
completely fixed (R; = 99.2%). When reheated to 85 °C
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(recovery temperature, T,, above T,), the permanent shape was
recovered (R, = 98.6%).

Poly(NCA—NTEG),, displays high performance dual-shape
memory effect when deformed and recovered above the upper
end of its Ty, as indicated by the R; and R, values approaching
100% (Table 2). This high performance is maintained over

Table 2. Strain, Shape Fixity (R;), and Shape Recovery (R,)
of Poly(NCA—NTEG),,; over Several Cycles”

cycle no. strain (%) R; (%) R, (%)
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
S 187.4 99.5 99.4

“Deformation: 85 °C, S min; applied force: 0.6 N; shape fixing: 30 °C,
30 min; shape recovery: 85 °C, 40 min.

several cycles (Table 2 and Figure S4, Supporting Information).
The high shape fixity (R > 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 (R; > 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
1nvest1gated bz two heating programming processes:>” non-
continuous”**” and continuous.”®> 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 (Ty,,;). The polymers in
this work represent a new class of materials, which has one
broad T, Within the broad T, range, multiple temporary
shapes can be fixed and recovered by changing the temperature
in rather small increments. Since these temperature intervals
are narrow, noncontmuous heating was selectively used in the
study of these polymers.>®

A triple-shape memory experiment was performed on poly-
(NCA-NTEG)y,, as shown in Figure 4. The permanent shape

50 120 (6
€52.10ad Es2
40+ 100
30+ Of4
g 80 ol g
£ 201 3 2
© © @
5 60 5| 4
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Flgure 4, Triple-shape memory properties of poly(NCA—NTEG),,
(T4 =T, =85°C, Ty = Ty = T,y = 60 °C, and Ty, = 30 °C). R{(S0—S1) =
70.2%, R(S1—S2) = 97.2%, R,(S2—S1) = 96.7%, and R,(S1—50) =
96.4%.

SO was deformed at 85 °C (Ty;) and fixed at 60 °C (Ty) to
yield the first temporary shape (S1). The sample was further
deformed at 60 °C (T,) and fixed at 30 °C (Tp,) to yield the
second temporary shape (S2). Upon reheating to 60 °C (T,,),
the first temporary shape was recovered (S1,..). Further heating
to 85 °C (T,) allowed the recovery of the permanent shape
(S0,..). Equations 1 and 2 are expanded to eqs 3 and 4 to
calculate the R; and R, for the triple-shape memory effect.

€ — €
Re(S1 > $2) = —2— "SL 5 100%
€82,load ~ €51 3)
€52 — €51
RS2 = S1) = 2 5L o 100%
€52 — €51 (4)

In the multiple-stage shape memory experiment, the polymer
displayed the ability to memorize a complex thermomechanical
history. Within the broad T, 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
(R{S0—S1) = 70.2%) than for the one fixed at 30 °C (R{S1—
S2) = 97.2%). Shape recovery was excellent at both
temperatures, with both R.(S2—S1) and R.(S1—S0) higher
than 96%.

The quadruple-shape memory effect of poly(NCA—NTEG),,
was also demonstrated, as shown in Figure 5. Although shape

150 8
80+
120 |¢g
60 - ~
Ol ~
9 Sl <
o [
T 40 % Stas
® ]
» g 2
20 60 E|  »
o2
'_
0 30
Lo

50 100 150 200 250 300 350
Time (min)

Figure S. Quadruple-shape memory effect of poly(NCA—NTEG),,
(T = T3=85°C, Ty =Typ=Typ=70°C, Tp =Ty = T;; = 60 °C,
Tg = 30 °C). R(S0—S1) = 6.7%, R{(S1—S2) = 49.6%, R{(S2—S3) =
97.1%, R, (S3—S2) = 109.0%, R.(S2—S1) = 96.4%, and R, (S1—S0) =
94.0%.

fixing was not optimal when performed at high temperatures,
good shape recovery was obtained for all steps, indicating that
the T, 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.'*

The broadness of the T, determines the temperature span
related to the shape memory behavior of these polymers. The
fixing temperatures T can be within or below the T, while
recovery temperatures T, must be within or above the T,
higher than the T;. The shape fixity decreased near the offset
of the T, but the shape memory effects observed at these
temperatures were reproducible and reliable. The recovery
forces induced by the thermoplastic character of the polymers
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are apparently different at different temperature within the T,
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.* 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 interactions*® be-
tween polymer side chains may also play a role in fixing and
recovering the multiple temporary shapes.

H CONCLUSION

A series of copolymers with a polynorbornene main chain, and
cholic acid and triethylene glycol side groups were successfully
synthesized through ROMP. The T, 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
T,'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 T, 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
work'*?® and ours are the first studies to explore the broad T,
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, T, etc.
Other polymers with broad Tg’s48 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 polyn1ers,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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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.

B 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,"* grafting,®> and blending*™” 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.®’
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.'®"! 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

-4 ACS Publications  © 2012 American Chemical Society
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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.'>'* In
the case of molecular dispersion it can act as a plasticizer.'* If
there are specific interactions (hydrogen bonding), the system
can behave similarly to that of a copolymer or grafted system."

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.'®™'® 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.'® 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."®™'® 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

AGM = AHM - TASM (l)

where AG), is the Gibbs free energy of mixing, AHy; is the
enthalpy of mixing, T is the absolute temperature, and ASy; is
the entropy of mixing.'” In order for spontaneous mixing to
occur, AGy; < 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 Scott*® proposed that enthalpy of mixing
could be described as

\% 1/2 N4 1/22
AHy = Ve [(8EY /)2 — (AEY /1) 2 Py,

)
where V,, is the volume of the mixture, AE is the energy of
vaporization of species i, V; is the molar volume, and @, 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:

CED = 5 = (AH,,, — RT)/V

P ®)
The Hildebrand solubility parameter then is defined as the

square root of cohesive energy density:

1/2
(2
v 4)

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:

AHpy

2

(61 62) q)ld)l (5)

In order for AGy < 0, the heat of mixing must be smaller
than the entropic term in eq 1; therefore, the difference in
solubility parameters (§; — §,) 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:”'

E=Ep+ Ep + Eg (6)

1932

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_E B  Eg
vV v v v (7)
8 = 8p> + 8p> + Oy (8)

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.

(Ra)* = 4(8py — 8p))* + (8py — 8p1)*
+ (B — 8p1)” ©)

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 plo