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he big event this year, as I am sure you are aware, is the

launch of the new online journal ACS Macro Letters. Our aim
is to provide the most rapid outlet for exciting new developments
in all areas of modern polymer science, including highly inter-
disciplinary topics. As a consequence, Macromolecules will no
longer be publishing Communications. Although over the past
decade we have managed, with your help, to reduce the proces-
sing time and increase the rejection rate for Communications, we
feel that the new journal can impart more visibility and with even
faster turnaround. Submissions to ACS Macro Letters are handled
by the new Deputy Editor, Dr. Stuart Rowan (Case Western),
and two new Associate Editors, Theresa Reineke (University of
Minnesota) and Christoph Weder (Fribourg). The community
has already responded enthusiastically to the new launch; sub-
missions are running well above the previous rate for Commu-
nications to Macromolecules. The first issue has just appeared, and
I encourage you to visit the Web page for more information
about the journal and to read the latest research reports (http://
pubs.acs.org/journal/ amlccd). Thanks in advance for submitting
your best work and for contributing as reviewers to this new
venture. The past year was also very successful for Macromole-
cules, with new records for the impact factor (4.838) and total
citations (90 314), confirming our preeminent position in both
quality and quantity.

Hiroshi Watanabe

In addition to the new editors associated with ACS Macro
Letters, there have been changes in the editorial team at Macro-
molecules. 1 am sad to report that, after almost 12 years of
distinguished service, Coleen Pugh (University of Akron) has
decided to step down to devote her energies to a variety of other
projects. We are, however, very pleased to announce that
Professor Hiroshi Watanabe, Vice Director of the Institute of
Chemical Research, Kyoto University, joined us in March 2011.
Hiroshi is well-known for his work in rheology, dynamics, and
structures of homopolymers, block copolymers, suspensions,
emulsions, gels, and aggregating systems, and he is coauthor of
over 250 papers on these topics. After earning his PhD at Osaka
University in 1985 under Professor Tadao Kotaka, he was
promoted to Assistant Professor in that Department. In 1994,
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he moved to Kyoto as Associate Professor and was made Full
Professor in 2003. He has received many awards and recogni-
tions, including the Japan Research Award from the Society of
Rheology, Japan (1994), the Research Award from the Society of
Polymer Science, Japan (2008), and Fellowship in the American
Physical Society. He has also contributed his talents to the greater
community in multiple ways, including as Director, Secretary,
and currently Vice President of the Society of Rheology, Japan,
and as Member-at-Large of the Executive Committee of the
Society of Rheology (USA). I am particularly pleased to empha-
size that Hiroshi represents the first Associate Editor for Macro-
molecules to be based in Japan, a country that has long been a
strong leader in the field of polymer science.

Timothy P. Lodge
Editor

Published: January 10, 2012
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ABSTRACT: Multicompartment micelles are an intriguing class
of self-assembled aggregates with subdivided solvophobic cores.
They have been subject to extensive research in part due to their
unique morphological and sequestration properties as a result of
multiple distinct chemical environments being in close proximity
within one nanostructure. Multicompartment micelles hold po-
tential for use in various applications that include the therapeutic
delivery of multiple incompatible drug payloads. The present
Perspective reviews recent achievements in strategies for the

synthesis, self-assembly, and morphological control of multicompartment micelles and highlights future challenges and potential

applications.

B INTRODUCTION

Applications within the burgeoning field of nanotechnology
have increasing requirements for new and complex materials with
well-defined three-dimensional structure over the 1—1000 nm
size range.' The self-assembly of synthetic molecules on surfaces
or in solution are typical strategies for the production of such
materials, and block polymers are a well-studied class of such
building blocks due to their nanoscopic dimensions, ease of
synthesis, and rich chemical variability.””® In particular, block
copolymers readily undergo microphase separation in selective
solvents to form micelles, thus affording the opportunity to
achieve discrete nanostructures through a spontaneous process.
By tuning copolymer properties such as the chemical structure of
the monomers, the block molecular weights, and the copolymer
architecture, a suite of micellar structures can be achieved.
However, in general, an AB diblock copolymer in a selective
solvent for the A block will adopt one of only three “classical”
morphologies: spheres, cylinders, or bilayers, thereby producing
spherical micelles, worm-like micelles, and vesicles, respectively.
In each case the solvophobic B block will form a single nanoscale
domain. If, on the other hand, a second solvophobic component
C is included in the system, for example in an ABC block
terpolymer, then it is possible to access many more elaborate
structures, with subdivided B and C core domains. Such multi-
compartment micelles represent a significant step toward hier-
archical self-assembly with multiple functions and designed
architectural features on several length scales and as such hold
great promise for advanced nanotechnological applications.

The concept of multicompartment micelles draws inspiration
from naturally occurring blood proteins such as serum albumin,
which provide circulatory transport for diverse and often spar-
ingly soluble compounds such as lipids, hormones, vitamins, and
metals.” Biological systems such as eukaryotic cells also possess
subdivided domains, which have various physical and chemical
properties and fulfill different cellular functions. These separate
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compartments often have different environments that are in close
proximity and yet facilitate complex chemical and biological
processes without mutual interference. A key distinction between
eukaryotic and prokaryotic cells is that the former have a distinct
nucleus containing their DNA, whereas the genetic material in
prokaryotes is not membrane-bound. This is often considered to
be one of the most important distinctions between the groups of
organisms. The development of multicompartment micelles
could therefore be said to advance the scope of current micellar
morphologies from a prokaryotic to more of a eukaryotic level of
sophistication.

The notion that multicompartment micelles could mimic such
biological structures and features was proposed by Helmut
Ringsdorf, as part of an overall vision to bridge the research
disciplines of materials science and the life sciences.® '® As early
as 1988, Ringsdorf stated that “polymer science is able to
contribute to the simulation of cellular processes”.!' The ad-
vancement of multicompartment micelles is undoubtedly an
important step toward achieving this goal and affords the
prospect of accessing synthetic biological mimics in a facile and
tailorable manner, while simultaneously opening up many op-
portunities within nanotechnology applications.

As the key feature of multicompartment micelles is the
microphase se};aration within the hydrophobic core region
of the micelle,”*? the discrete subdomains within the core
can facilitate the concurrent storage and therapeutic deliv-
ery of multiple incompatible hydrophobic payloads in a pre-
scribed stoichiometric ratio. However, crucially these phase-
separated core regions must have markedly different solubi-
lity characteristics if they are to store cargo with differing
chemistries.
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The development and increased understanding of the under-
lying molecular level principles governing the self-assembly of
block terpolymers into multicompartment micelles are of funda-
mental importance to the control and application of these
hierarchical structures.

B DESIGN CONSIDERATIONS

The synthesis of well-defined copolymers with fine control
over molecular weight, composition, and architecture has be-
come increasingly feasible due to tremendous advances in
synthetic polymer chemistry.® Thus, the preparation of ABC
linear and branched terpolymers, or even more complicated
multiblock architectures, utilizing a wide range of monomers
can be quite practical. From a design point of view, the most
important step is to select B and C components that are suffi-
ciently incompatible that they will segregate into distinct do-
mains. (A will be the used as the solvophilic block and B and C
will be used as the two incompatible solvophobic blocks through-
out this Perspective).

By analogy with diblock copolymers in the bulk, when the
product of the Flory—Huggins interaction parameter, ypc, and
the total solvophobic degree of polymerization ((Ny + N,
relative to a common reference segment volume) exceeds some
value of order 10, one can anticipate that such segregation should
occur (although other parameters, including architecture, com-
position, and degree of solvophobicity, will also influence the
critical degree of polymerization). Overall, the number and
spatial arrangement of the separate B and C domains, and thus
the size and structure of the multicompartment micelles them-
selves, will depend on a variety of factors. Some of these may be
also anticipated on the basis of what is already known for diblock
systems.">~>' For example, higher interfacial energy between the
core block and the solvated corona favors flatter interfaces and
larger core domains. The interfacial energy, in turn, depends on
factors that include solvent choice, temperature, and pH. On the
other hand, a larger corona block, or a more swollen corona
block, favors higher interfacial curvature and smaller core dimen-
sions. The stretching of the core blocks can also play a role,
especially when the corona blocks are short (the so-called “crew-
cut” micelle regime); core block stretching also favors smaller
micelles.">"*** This competition between interfacial energy and
chain conformations produces the universal diblock sequence of
spherical micelles — cylindrical micelles — vesicles, whether
in water,'”'%%° organic solvents,”>** carbon dioxide,?>° or ionic
liquids.”” >

Under certain circumstances, a new regime of behavior can be
accessed, the so-called “super strong segregation limit” (SSSL),
which was first proposed by Semenov, Khokhlov, and co-
workers.*>>' Within the SSSL, the interfacial energy becomes
so large as to overwhelm the entropic penalty to stretch the core
blocks, leading to flat interfaces and fully stretched core blocks.
One signature of the SSSL is the appearance of disk-like micelles,
whereby the finite lateral dimension of such “flat” micelles allows
some measure of crowding relief to the corona chains. Although
it has been speculated that this regime is likely to be accessed only
for charged systems, in fact, disk-like micelles have been found in
certain fluorine-containing block polymers.***

Because of the extreme hydro- and lipophobicity of fluorinated
blocks, triblock terpolymers containing both fluorinated and hydro-
carbon chains in separate core forming blocks are often used to
create multicompartment micelles. This internal segregation

between fluorinated and hydrocarbon domains significantly
enhances the role of interfacial energy and can push the system
into the SSSL. The SSSL is therefore an important factor in
dictating the resulting nanostructure for many multicompart-
ment micelles.>’ However, the overall free energy balance is more
complicated than for diblock copolymer systems, and no com-
plete theoretical treatment has yet been developed.

If we take A as the solvophilic block, the resulting structure will
depend not only on the lengths of the three blocks and the
strengths of the two interfacial energies (i.e., between B and C
and between B and solvated A) but also on the magnitude of the
interfacial energy between C and solvated A. If this latter inter-
facial energy is too large, C blocks will be sequestered in the micelle
interior, but if it is significantly smaller than the B/solvated A
interfacial energy, there may be a tendency for B chains to be in the
micelle interior, despite the mandatory presence of some B units at
the solvated A interface. Thus, ABC and BAC triblocks of equal
composition might adopt rather different morphologies. This
complication notwithstanding, for linear terpolymers there will
be a tendency to form core—shell—corona micelles, i.e., structures
with concentric but separate A/B and B/C interfaces. This leads to
a restricted class of multicompartment micelles, in that there are
only two compartments, and a cargo sequestered within C may
only be released through the B block. Nevertheless, experimentally
it has been found that even linear block terpolymers can produce a
rich variety of structures. The use of the ABC miktoarm star
architecture, on the other hand, suppresses the formation of
core—shell—corona structures, as the three domains (A, B, and
solvated C) must meet along a curve in space. In this case the
competition among the three interfacial energies and the relative
block lengths can lead to a remarkably rich array of multicompart-
ment micelles for a single polymer system.

Researchers have developed various strategies for the synth-
esis of multicompartment micelles. Each of these strategies
results in different morphologies, depending on the spatial
restrictions imparted by the terpolymer chain architecture, as
illustrated in Figure 1.

Bl CONCENTRIC CORE/SHELL/CORONA MICELLES
FROM LINEAR ABC TRIBLOCK TERPOLYMERS

Micelles produced from linear ABC block terpolymers typi-
cally feature a concentric core—shell—corona or “onion-like”
arrangement of three different polymer domains. Although this
structure might not satisfy a strict definition of multicompart-
ment micelle (since each compartment does not have indepen-
dent access to the exterior of the micelle), it could certainly prove
useful as a delivery vehicle, for example if the payload of the inner
C core were delivered on a much longer time scale than that of
the B shell. The relative ease with which linear ABC terpolymers
may be synthesized might also enhance their potential for
commercial exploitation; certainly, a plethora of linear ABC
systems have been explored.****

In 1998, Yu and Eisenberg reported an early example of a
linear ABC triblock terpolymer approach. A poly(styrene)-b-
poly(methyl methacrylate)-b-poly(acrylic acid) (PS-b-PMMA-b-
PAA) sample formed spherical, rod-like, and vesicular morphol-
ogies in various solvent systems, which included water mixed
with organic solvents such as N',N'-dimethylformamide or tetra-
hydrofuran.®® Research within the scope of linear ABC triblock
terpolymers for multicompartment micelle synthesis has in-
cluded the incorporation of various stimuli responsive blocks
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Figure 1. A schematic representation of the five principal strategies adopted for multicompartment micelle production with an illustrative example of

the morphology produced.

into the copolymer design and the incorporation of pH-respon-
sive blocks in particular. Jérome and co-workers examined a pH-
responsive triblock terpolymer, PS-b-poly(2-vinylpyridine)-b-
poly(ethylene oxide) (PS-b-P2VP-b-PEO), which self-assembles
into core—shell—corona spherical micelles.*® They showed that
the P2VP shell within the three-layer micelle could contract and
expand reversibly upon varying the solution pH. This structure
may present opportunities to vary the permeability of the shell of
onion-like micelles, in an analogous manner to other pH-
responsive shell-containing nanostructures.>’

In a further study, the P2VP shell layer of the aforementioned
spherical and cylindrical onion-like micelles was selectively loaded
with AuCl, ~ ions.***® These micelles were used as templates for
the production of metal nanoshells or nanoparticles, with
dimensions readily tuned by the molecular weight of the P2VP
shell. They also studied the morphological evolution of PS-b-
P2VP-b-PEO spherical micelles upon varying the solvent®® *°
and similar pH-responsive triblock terpolymer multicompart-
ment micelles utilizing a miktoarm star architecture.*' In related
work, Liu and co-workers have investigated the self-assembly of
linear ABC triblock terpolymers into core—shell—corona
spherical micelles which displayed stimuli-responsive beha-
vior in response to changes in both pH and temperature. The
researchers also investigated the shell-cross-linking of the
nanostructures. The cores and coronas of the shell cross-
linked micelles also exhibited multiresponsive swelling/
shrinking and collapse/aggregation behavior, respectively.42 This

line of research demonstrates the power of employing stimulus-
responsive blocks.

Besides concentric spheres from linear ABC terpolymers,
research aimed at core/shell/corona cylinders has produced
some interesting nanostructures. Recently, the groups of Schu-
bert and Gohy have demonstrated the microwave-assisted synth-
esis and subsequent self-assembly of linear ABC triblock
terpolymers containing three incompatible blocks. Upon study-
ing the morphology of the aggregates by cryo-TEM and DLS,
vesicle and aggregated core—shell—corona cylindrical micelles
were observed in solution (Figure 2).**** Hu et al. observed
twisted cylindrical micelles for a linear ABC triblock terpolymer,
poly(glyceryl monomethacrylate)-b-poly(2-cinnamoyloxyethyl
methacrylate)-b-poly(tert-butyl acrylate) or PGMA-b-PCEMA-
b-PtBA. The researchers studied the morphological evolution
from core—shell—corona like cylindrical micelles in water to
twisted cylinders with segregated A and C coronal chains in
water/methanol mixtures. They attributed the evolution toward
the twisted cylinders at high methanol content to the increased
space required to accommodate the segregated PGMA coronal
chains, which were longer, better solvated, and more crowded
than the PtBuA coronal chains.** The researchers also investi-
gated the self-assembly of the same triblock system in organic
solvents, which were selective for the A and C blocks. The
triblock formed a rich variety of morphologies with patterns
of the A and C chains on the surfaces of the vesicles and
nanotubes.*

dx.doi.org/10.1021/ma201865s |Macromolecules 2012, 45, 2-19
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Figure 2. Core—shell corona type cylinders studied by various groups. The ABC triblock terpolymer investigated by Schubert and Gohy and co-workers
(A).** Cryo-TEM image of spiral-like micellar aggregates made by the ABC triblock terpolymer in water (B) and (C) a schematic representation of the
spiral-like aggregates. A cryo-TEM image (D) and schematic of the formation (E) of twisted cylindrical micelles as reported by Hu et al.** Reproduced
with permission from refs 44 and 45. Copyright 2010 Royal Society of Chemistry and 2008 American Chemical Society.

Miiller and co-workers have reported on a polyion complex
system utilizing a linear ABC triblock terpolymer. They formed
PB-b-P2VP-b-PMAA  core—shell—corona spherical micelles
with a PB core, a P2VP shell, and a PMAA corona. However,
these concentric spheres evolved into spheres with a patchy shell
domain when the middle block, P2VP, was quaternized prior to
self-assembly giving a poly(N-methyl-2-vinylpyridinium) (P2VPq)
shell and thus an ampholytic ABC triblock system. The micelles
exhibited a noncontinuous shell due to intermicellar polyion
complex formation between negatively charged PMAA coronal
blocks and positively charged P2VPq shell blocks.*” This illus-
trates a nice example of an evolution from concentric core/shell/
corona micelles to more complex micellar nanostructures, with
nonconcentric arrangements of their core domains, as will be
discussed in detail in the next section.

This group has also studied the assembly behavior of a
precursor block to the previous studied PB-b-P2VP-b-PAA
system, a PB-b-P2VP-b-PtBuMA triblock terpolymer.** The
researchers observed the formation of multicompartment
micelles in acetone and studied the subsequent stabilization
of the PB compartments with cross-linking of the double
bonds. Cross-linking was carried out by “cold vulcanization”
with S,Cl, or by UV-photopolymerization in the presence of a
tetrafunctional acrylate. The effect of the amount of cross-
linking agent, the reaction time, or both on the size and
the shape of the generated nanostructures was studied.
Such cross-linking within multicompartment micelles repre-
sents a useful advance toward their utilization in therapeutic
applications.*’

B COMPLEX MULTICOMPARTMENT MICELLES FROM
LINEAR TRIBLOCK TERPOLYMERS

As mentioned above, the block sequence in linear triblocks,
i.e., ABC, BAC, or ACB, can play a crucial role in dictating the
self-assembly behavior and thus the distribution of the solvo-
phobic B and C core domains.”® >> Nonconcentric nano-
structures with disperse and complex arrangements of the core
domains have been found for various linear triblocks. Such
structures are certainly anticipated for BAC triblocks in an A
selective solvent, since the sequence permits the two hydropho-
bic blocks to form separate core domains surrounded by looping
A coronal chains. Yet despite the conformational restrictions
imparted by the sequence of linear ABC triblocks and their
tendency to favor concentric nanostructures, they have also been
shown to form nonconcentric nanostructures.

Laschewsky and co-workers have investigated the sequence of
triblock terpolymers on the structure of multicompartment
micelles in some detail.*"**"*° Their first report in this area
described the aqueous self-assembly of an ABC triblock terpo-
lymer, poly(4-methyl(4-vinylbenzyl)morpholinium chloride)-
block-poly(styrene)-block-poly(pentafluorophenyl-4-vinyl ben-
zyl ether) (PVBM-b-PS-b-PVBEP).>* The polymer consisted
of a large volume fraction of a cationically charged block as the
hydrophilic (corona forming) A component (PVBM) and two
short hydrophobic B and C blocks that were selected for their
incompatible nature which favors phase separation within the
core: (PS) and a fluorinated block (PVBEP). This was an
intriguing study since such a linear ABC terpolymer would be
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Figure 3. “Raspberry-like” micelles prepared by Laschewsky and co-workers, obtained by the self-assembly of ABC (A—C)>* and BAC (D—F)**
triblock terpolymers. (A) A schematic representation of the ABC morphology and (B, C) cryo-TEM images of the ABC nanostructures (scale bars are
50nm). (D) Chemical structure of the BAC triblock and cryo-TEM images of the “soccer ball”-like micelles. (E) Cryo-TEM image (01-tilt projection) of
different sized micelles. The encircled micelle was chosen for the 3D-volume representation in (F) (scale bar is 112 nm). (F) Central cross-sectional slice
(S nm thick) of the micelles’ 3D-volume shown together with a surface representation (in gold) highlighting the fluorinated domains. Reproduced with
permission from refs 54 and SS. Copyright 2005 Wiley-VCH Verlag GmbH & Co. KGaA and 2009 Royal Society of Chemistry.

expected to form spheres with a core/shell/corona arrangement
of the three polymer domains. However, the researchers con-
firmed that the micelles contained compartmentalized core
domains with a “raspberry-like” morphology consisting of small
fluorinated PVBFP nodules (D &~ 3 nm) within a larger PS core
(D ~ 15 nm), using cryo-TEM (cryogenic transmission elec-
tron microscopy) (Figure 3). The unexpected observation of a
raspberry-like morphology was explained by the attachment of
the fluorocarbon moieties to the side chain of a PS-like polymer
(see Figure 3). Thus, they hypothesized that the fluorinated
side chain segregated from the PS-like main chain of the PVBFP
block, forming nodules of fluorine rich regions. In particular, the
authors noted that this model could account for the core size
measured by cryo-TEM, which correlated with the molecular
volumes of the polymers.

Multicompartment micelles with a "soccer ball”-like disper-
sion of core domains were obtained from a linear BAC triblock
terpolymer, poly(2-ethylhexyl acrylate)-b-poly(oligo-ethylene-
glycol monomethyl ether acrylate)-b-poly(1H,1H,2H,2H-per-
fluorodecyl acrylate) or PEHA-b-POEGA-b-PFDA, with a
middle hydrophilic (POEGA) A block forming looped coronas
and enabling partitioning of the low-T, B and C blocks. The
researchers showed that the fluorinated domains of the PFDA
block were dispersed around the hydrocarbon PEHA core.>
This report is particularly significant since the structure and
dispersion of the separate domains within the multicompartment
micelles were investigated for the first time by cryo-electron

tomography. This technique could be an invaluable tool for the
future unambiguous characterization of the internal structure of
multicompartment micelles. The use of linear BAC triblock
terpolymers appears to be a promising advance for the applica-
tion of multicompartment micelles, since nonconcentric nanos-
tructures can be achieved using block polymers with a linear
architecture. To this end, the self-assembly of a further linear
triblock sequence, ACB (i.e., hydrophilic-b-fluorophilic-b-hydro-
phobic), into nonconcentric nanostructures has also been in-
vestigated recently by Marsat et al.>

More recently, the group of Laschewsky have investigated a
library-based approach toward various linear ABC and BAC
triblock terpolymers synthesized by successive RAFT polymer-
izations.*® They studied the self-assembly of each terpolymer in
water and proposed that the multicompartment micelles made
from the specific block sequence BAC (i.e., lipophilic-b-hydro-
philic-b-fluorophilic) was the most promising for selective solu-
bilization applications. This was based upon the fact that the
hydrocarbon (B) and fluorocarbon (C) domains were separate
and yet both independently in contact with the corona, thus
favoring the independent uptake and release of different incom-
patible compounds.

Laschewsky and co-workers have also reported linear ABC
triblock terpolymers containing a crystalline fluorinated C block.
The triblock self-assembled in water to form multicompartment
micelles that were investigated with cryo-TEM. Interestingly,
they again found extended, nonspherical domains within the
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compartmentalized cores, which they ascribed to domains of
the fluorinated block.>" This novel internal structure was attri-
buted to both the phase separation within the core and also the
tendency of the fluorinated acrylate monomer to undergo side-
chain crystallization. Crystallinity within micelle cores could
be another handle for controlling micelle structure and
function.>’

We have observed elliptical domains in linear ABC triblock
multicompartment micelles. We initially showed that a linear
ABC triblock, poly(ethylene oxide)-b-poly(styrene)-b-1,2-poly-
(butadiene) (PEO-b-PS-b-PB) triblock terpolymer or “OSB”,
formed core—corona spherical micelles in aqueous solution,
where the two hydrophobic blocks PS and PB were mixed
homogeneously within the micelle core. However, selective
fluorination of the PB block gave a PEO-b-PS-b-PB:C4F 31
triblock or “OSF” which upon self-assembly resulted in internally
segregated micelles with concentric core/shell arrangement of
the S and F domains. Furthermore, the strong incompatibility
resulting from fluorination resulted in oblate ellipsoids due to
the increased interfacial energy between the two internal core-
forming blocks. The morphology was confirmed by light,
neutron, and X-ray scattering measurements and cryo-TEM
imaging.58

Several other research groups have investigated the self-
assembly of linear ABC and BAC triblocks into more complex
multicompartment micelles. Walther et al. studied the extent of
coronal compartmentalization within micelles formed by a series
of bis-hydrophilic ABC terpolymers with two outer water-soluble
(A and C) segments, PEO and poly(N-isopropylacrylamide)
(PNiPAm), and various middle hydrophobic B blocks.”® The
thermally induced collapse of the PNiPAm was exploited to
artificially raise the incompatibility of the two coronal blocks
and drive phase segregation. After repeated heating cycles, the
solution of aggregates consisted of a range of multicompartment
architectures, whose coronal phase distribution was derived from
cryo-TEM studies of the aggregates obtained at high tempera-
ture. This report demonstrates how the relative incompatibility
of the blocks within ABC triblocks can be modified according to
an applied stimulus.

In early work, Spiess, Nuyken, and co-workers developed a
novel strategy for the synthesis of two compartment micellar
assemblies based upon the self-assembly of a poly(N-acylethyl-
eneimine) that was end-capped with one fluorocarbon and one
hydrocarbon chain to give alinear BAC triblock-like architecture.
The researchers studied the aggregation behavior of the poly-
mer by pyrene sequestration experiments and dynamic light
scattering (DLS) measurements. They also found by '°F NMR
spectroscopy that the fluorocarbon chain ends formed pure
fluorocarbon phases (indicating the formation of fluorinated
subdomains within the cores and hence multicompartment
micelles). However, this was only found when the hydrophilic
“A” block length was long enough to allow the A chains to loop
back on themselves, enabling the two end blocks to form separate
B and C core domains.”” In a related example, '’F NMR
spectroscopy analysis was applied to a linear BAB triblock system
functionalized at the two A block termini with “B block”
perfluoroalkyl units. As previously hypothesized by Spiess and
Nuyken, the researchers confirmed that the partitioning of the
perfluoroalkyl units into the core to achieve multicompartment
domains depends on the length of the midblock chains. They
found evidence with '’F NMR spectroscopy that the perfluor-
oalkyl segments form part of the corona of the micelles in

solution when the middle block lengths were too short to permit
A chain looping.®" Kubowicz et al. studied the self-assembly of
chain end-capped poly(N-acylethyleneimine) homopolymers in
more detail and found cylindrical multicompartmentalized mi-
celles that could sequester a fluorinated small molecule in their
interior.> Zhang et al. subsequently produced novel fluoroalkyl
end-capped amphiphilic pH-responsive diblock copolymers that
self-assembled into multicomgartment micelles in aqueous solu-
tions under basic conditions.”

Pochan and Wooley have investigated the formation of various
complex morphologies including toroids, disks, and cylinders
formed by linear ABC triblock terpolymers, specifically poly-
(styrene)-b-poly(methyl acrylate)-b-poly(acrylic acid) or PS-b-
PMA-b-PAA triblocks. They have focused their research efforts
on the formation of different morphologies by altering the
solvent and terpolymer composition. In particular, they were
also able to favor the formation of certain micellar morphologies,
including concentric disk-like micelles by coassembly with
organic cationic counterions, whereby the multivalency of the
counterion was critical for disk formation. The counterion
induced morphological evolution due to its interaction with
the negatively charged PAA corona block, thereby altering the
curvature of the triblock and hence preferred morphology. Using
these different approaches, multicompartmentalized PS and PMA
domains were observed in each of the identified morphologies.é‘F68
Such strategies are particularly powerful given that various multi-
compartment morphologies may be accessed through the exploita-
tion of different self-assembly conditions and additives for one linear
ABC terpolymer system.”"

Recently, Uchman et al. investigated an interesting ABC
triblock terpolymer structure® consisting of a poly((sulfamate—
carboxylate)isoprene)-block-poly(styrene)-block-poly(ethylene
oxide), PISC-b-PS-b-PEO. This block was prepared by postpo-
lymerization reaction of the anionically prepared precursor block
terpolymer, PI-b-PS-b-PEO, with chlorosulfonyl isocyanate. The
terpolymer formed kinetically trapped multicompartment mi-
celles with the core consisting of PS and PISC domains and PEO
in the shell. Upon increasing the pH, the micelles underwent an
irreversible transition into spherical micelles, with a PS core and a
mixed shell formed by the PEO and PISC blocks as revealed by
cryo-TEM (Figure 4). Future work along these lines could be
interesting, particularly when studying the morphological evo-
lution of analogous terpolymers, but utilizing a core-forming
hydrophobic block with a much lower T than PS, thus avoiding
kinetically trapped aggregates.

Muller and co-workers utilized a postpolymerization fluorina-
tion reaction to selectively modify the side chain of a PB central
block within a linear ABC block terpolymer (poly(4-tert-butoxy-
styrene)-b-poly(butadiene)-b-poly(tert-butyl methacrylate) (PtBS-
b-PB-b-PtBMA).”° The fluorination of the PtBS-b-PB-b-PtBMA
block terpolymer altered the solubility of the middle PB block
in dioxane. The modified block terpolymers formed spherical
micelles with fluorinated PB cores and mixed coronas of PtBS
and PfBMA chains. The mixed corona micelles then underwent
microphase separation upon annealing, forming Janus-type cor-
ona spherical micelles and also spherical micelles with unequally
distributed phase separation within the coronas. As a conse-
quence of this coronal asymmetry, the micelles aggregated to
form undulated cylinders when the solvent was changed to
ethanol via dialysis. This aggregation minimized unfavorable
interactions of the P{BS coronas with ethanol, and as such the
PtBS chains embed within the cores of the newly formed
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Figure 4. Cryo-TEM images of the PISC-b-PS-b-PEO micelles dep051ted from acidic solution (A) and pure water (B) and a schematic showing the
relative dlsposmon of each polymer domain with the nanostructures (C).%” Preparation of undulated multicompartment cylinders by Miiller and co-
workers (D).”° Reproduced with permission from refs 69 and 70. Copyright 2009 American Chemical Society and 2009 Wiley-VCH Verlag GmbH &
Co. KGaA.
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Figure S. Representative cryo-TEM images of stained vesicles derived from OSBO with 36 wt % O block (A) and 52wt % O block (B) (arrows indicate
the vesicle wall thickness). In (A), the dotted line shows the vesicle wall division into a dark B layer and light S layer. The proposed structural models for
the OSBO vesicles w1th the asymmetric bilayer model (C) and the in-plane ordered bilayer model (D) (dark and light regions correspond to B and S

regions, respectively).”®

Reproduced with permission from ref 75. Copyright 2004 American Chemical Society.

cylinders with distinct branching points and end groups dictated
by the orientation of the PtBS domain within the mixed corona
(Figure 4). This development represents an exciting advance in
the field of multicompartment micelles since the aggregation of
multicompartment micelles appears to be tunable, and this
concept may be particularly important for biomimicry, whereby
the polydispersity, stability, and aggregation behavior of aggre-
gates become important issues to consider. We note that while
this represents an exciting advance, nonaqueous systems may
compromise the efficacy of certain proposed applications of
multicompartment micelles, and thus more development toward
aqueous-based systems with these particular exciting features
would be desirable.

Despite the tendency for linear ABC triblocks to form core—
shell—corona type micelles, the work described in this section
confirms that many researchers have developed various and
interesting strategies to create nonconcentric arrangements of

B and C core domains, e.g., utilizing a BAC triblock sequence.
One strategy that has proved particularly useful is to alter and
tune the self-assembly conditions to trap nonconcentric domains
and interesting complex structures for ABC terpolymers, and this
type of useful approach of modifying the self- assembly condi-
tions has been the subject of a recent Perspective.’ Such
approaches have significantly expanded the morphological scope
of multicompartment micelles from linear triblocks.

Many reports on ABC triblocks to date have also included
stimuli-responsive A blocks within concentric structures, thus
producing responsive coronas. There has also been similar work
toward this end for BAC terpolymers, which also include reports
of triply responsive structures.”'~’* It would be interesting to
study a linear BAC terpolymer containing a charged A block and
with neutral hydrophobic B and C blocks which may form quite
different structures than a BAC triblock containing a neutral, but
hydrophilic, A block. The charge on the A block may alter its
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ability to loop back on itself due to repulsive electrostatic inter-
actions on the chain which would prefer a more extended chain
conformation, thus possibly influencing the distribution of sepa-
rate B and C domains or even the morphology.

B MULTICOMPARTMENT MICELLES FROM LINEAR
MULTIBLOCK TERPOLYMERS

In the first example of a tetrablock strategy, Brannan and Bates
prepared ABCA tetrablock terpolymer vesicles from PEO-b-PS-
b-PB-b-PEO (or OSBO) terpolymers with varying PEO weight
fractions.”® The vesicles had microphase-segregated hydropho-
bic PS-b-PB cores and hydrophilic PEO coronas. The researchers
studied the multidomain features of the PS-b-PB vesicle bilayers
with classical staining techniques and cryo-TEM as shown in
Figure S. Interpretations of the cryo-TEM results were based on
two vesicle structural models, which included vesicles with an in-
plane (nonconcentric) bilayer or an asymmetric (concentric)
bilayer. The in-plane bilayer was proposed to be either bicon-
tinuously or hexagonally segregated with both PB and PS
domains exposed to the inner and outer core/corona interfaces.
They went on to propose that this particular bilayer structure is
locked in a kinetically trapped state with the PB cylinders
stabilized by the surrounding glassy PS domain. The multi-
compartment in-plane bilayer could be a useful route toward
vesicles with a controlled distribution of recognition elements on
their outer surface, tunable membrane permeation characteris-
tics, and for the inclusion of incompatible agents within laterally
segregated compartments of the membrane. Each PB and PS
domain is also exposed to the exterior (as with other noncon-
centric multicompartment micelle morphologies) and thus may
facilitate the independent uptake and release of incompatible
payloads.

Other examples of multiblock terpolymer micelles include the
work of Thunemann et al, who synthesized a linear ABCBA
pentablock terpolymer consisting of A blocks of PEO, B blocks of
poly(7y-benzyl L-glutamate), and a poly(perfluoroether) central
block, C. The different components were mutually immiscible
and formed two-compartment micelles with a concentric core—
shell—corona arrangement of polymer domains and pre-
dominantly cylindrical shapes in aqueous solution with cylinder
lengths in the range 100—200 nm.”® Tsitsilianis et al. also used
the self-assembly of ABCBA pentablock terpolymers to give pH-
tunable multicompartment spherical micelles and hydrogels.””
This study extended their previous work on three-dimensional
network-forming ABC triblock terpolymers.”® Other research
groups along with our own have also reported on multicompart-
mentalized hydrogels, which significantly expand the scope and
utilization of the concept of multicompartmentalization within
different nanostructured materials.””

The groups of Schubert and Gohy investigated the sequential
and one-pot synthesis of well-defined triblock and tetrablock ter-
and quarterpolymers using the ring-opening polymerization of
2-oxazolines under microwave irradiation, leading to well-de-
fined poly(2-oxazoline) multiblocks.*> Such an approach holds
significant advantages for high throughput synthesis of terpoly-
mers for self-assembly, given the difficulties typically associated
with the stepwise synthesis and purification of multiblock ter-
polymers produced by other polymerization procedures. Upon
self-assembly of the terpolymers in water, spherical micelles were
found by atomic force microscopy (AFM), TEM, and DLS
measurements. Given the incompatible nature of the blocks,
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Figure 6. Bright field TEM images showing the evolution of structures
of multicompartment wormlike micelles formed from blends of
PS—PEO with PS—P2VP in weight ratios of (A) 80:20, (B) 70:30,
and (C) 60:40 as reported by Zhu et al.”* P2VP regions were stained
dark by exposure to I, vapor. The worm-like micelles showed internal
microphase separation into (A, B) spherical and (C) cylindrical P2VP
cores surrounded by PS shells. (D) Strategy for the formation of
polymeric strands with internal microphase separation utilized by
Moffitt and co-workers.”” Reproduced with permission from refs 91
and 92. Copyright 2008 and 2009 American Chemical Society.

multicompartment micelles were expected, and yet phase separa-
tion within the cores of the micelles was not observed. This
observation was ascribed to the miscibility of the core-forming
blocks due to their low molecular weights.**

Schubert and Gohy and co-workers also published two papers
on multicompartment micelles from linear multiblock terpoly-
mers (ABC and ABCD) with bis(terpyridine)ruthenium(II)
metal—ligand interactions serving as a linkage between the A
and B blocks.**®*¢ In both studies, the researchers utilized a
fluorinated block that displayed upper critical solution tempera-
ture (UCST) behavior in isopropanol; the polymer was found to
be insoluble in isopropanol below 48 °C. As a result, the ABC
triblock displayed interesting thermoreversible behavior in iso-
propanol, switching from vesicles below the UCST to spherical
and cylindrical micelles above the UCST. Future development of
this research area could be toward the utilization of the transition
metals within the specific interfacial regions of multicompart-
ment nanostructures for catalysis. Such supported catalysts may
display unique activity or selectivity due to their location and

L . . . 87,88
proximity to different sequestration environments.

B MULTICOMPARTMENT MICELLES FROM BLOCK
COPOLYMER BLENDS

Multiple compartments within a copolymer nanostructure
have also been achieved through the blending of AB and BC
block copolymers. This approach, while straightforward to carry
out, is not generally successful due to the likelihood of macro-
phase separation. However, the ability to simply mix blocks in
varying ratios does represent a powerful, yet straightforward way
to systematically tune the resultant micellar structures without
having to synthesize more complex multiblock terpolymers.
Concentric core—shell corona® and nonconcentric nanostruc-
tures” have been achieved with this approach. A nice example
of this strategy was investigated by Zhu et al, who produced
worm-like micelles with microphase-separated cores from an
(AB) diblock copolymer, PS-b-PEO, which was blended with
various hydrophobic BC diblocks, including PS-b-P4VP, PS-b-P],
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Figure 7. Spotted vesicle structures reported by Christian et al. by mixing two AB and BC diblock copolymers, PAA-b-PBD (“AB”) and PBD-b-PEO
(“OB”) (A, B), cation-induced, lateral phase segregation of charged AB1 and neutral (fluorescently labeled) OB diblock copolymers at 25% (A) and 50%
(B) of the diblock AB. The inset in (A) shows a schematic of a phase-separated membrane. (C) Two-color micrograph of a phase-separated
polymersome with individual red (OB18*) and blue (AB1*) channel micrographs to illustrate the extent of demixing. (D) Individual channels for a two-
color phase-separated polymersome (50% AB1) with 2% PIP,—BodipyFL (green) enriched in dark AB1 domains and partially segregated from the
OB18*rich domains (red). Scale bars: 2 um.” Reproduced with permission from ref 93. Copyright 2009 Nature Publishing Group.

and PS-b-PB, thus highlighting the versatility of this blending
approach (Figure 6A—C).”" Also, Moffitt and co-workers pro-
duced polymeric strands with internally microphase-separated
structures produced by the self-assembly of a blend of PS-b-PEO
and PS-b-PB (AB + BC) diblocks, which resulted in the spon-
taneous generation of aggregates with multicompartmentalized
cores consisting of nanoscale cylinders within mesoscale strands
(see Figure 6D).92

Patterned assemblies such as spotted vesicles and striped
cylinders were prepared by Christian et al. by mixing two AB
and BC diblock copolymers, PAA-b-PBD (“AB”) and PBD-b-
PEO (“OB”), in an aqueous medium.”® Separate domain forma-
tion within the self-assembled aggregates was driven by the selec-
tive cross-bridging of the polyanion chains by divalent cations,
thereby inducing demixing from the neutral domains, resulting in
“ligand-responsive Janus assemblies”. The resultant morpholo-
gies were remarkable, with spots or rafts within the vesicles and
stripes within the cylinders (Figure 7). The lateral segregation
within the assemblies was shown to couple weakly to amphiphile
curvature and was restricted to narrow regimes of pH and cation
concentration that were close to the binding constants for poly-
acid interactions.

Zheng et al. also utilized a copolymer blending strategy. The
researchers prepared polymer spheres bearing hemispherical
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surface bumps where one type of polymer was concentrated.
Their method was used to produce nano- and microspheres with
bumpy surfaces with diameters between ca. 30 and ca. 500 nm.”*
The researchers also reported on the coaggregation behavior of a
blend of poly(tert-butyl acrylate)-block-poly(2-cinnamoylox-
yethyl methacrylate), PtBA-b-PCEMA, and polystyrene-block-
poly(2-cinnamoyloxyethyl methacrylate) PS-b-PCEMA, diblock
copolymers. This was shown in mixtures of chloroform and
hexane, where hexane is a precipitant for PCEMA and PS, but
a good solvent for PfBA. To ensure their coaggregation, the
PCEMA blocks within both diblock copolymers were tagged
by the H-bonding DNA base pair thymine and adenine. Co-
aggregation of the associating diblocks resulted in interesting
block copolymer aggregation behavior and morphologies, as
studied by DLS and TEM.”

A related blending strategy combines AB diblocks with CD
diblocks, in which electrostatic attractions between polyanionic B
and polycationic C blocks drive the formation of higher-order
assemblies. Toward this end, Zhang et al. studied the complexa-
tion between PS-b-PAA micelles and PEO-b-P4VP diblocks to
produce three-layered core—shell—corona micellar complexes
in ethanol. The micellization of PS-b-PAA in ethanol gave rise
to spherical core—shell micelles with a PS core and PAA
shell. A PEO-b-P4VP diblock was then added to form spherical
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Figure 8. Dynamic multicompartment micelles formed from the inter-
polyelectrolyte complexation (IPEC) between PB-b-P2VPq-b-PMAA
and P2VP-b-PEO block terpolymers.”® Reproduced with permission
from ref 98. Copyright 2009 American Chemical Society.

core—shell—corona micellar complexes, whereby the P4VP
block penetrated into the PAA shell of the core—shell micelles.”®
More recently, Lutz et al. investigated a comparable strategy
using AB and CD diblock copolymers in aqueous solution.”” The
researchers utilized the electrostatic interaction between a nega-
tively charged sulfonated B block and a positively charged
quaternary amine C block to enable self-assembly into large
polyion complexes of the A(BC)D-type in aqueous solution via
the addition of the CD diblock to spherical micelles of the AB
diblock. This two-step self-assembly methodology demonstrates
a straightforward method for the preparation of multicompart-
ment nanostructures that could be extended toward the formation
of artificial enzymes, given the biomimetic nature of the polyion
block copolymers used and the multicompartmentalized cores.

Schacher et al. have recently reported dynamic core—shell—
shell—corona micelles formed from two oppositely charged
block copolymer systems. The researchers formed cationic PB-
b-P2VPq-b-PMAA micelles with shells made up from a complex
with neutral P2VP-b-PEO diblocks. The two diblocks were
mixed in different molar ratios at high pH, resulting in the
formation of multicompartment micelles that exhibited dynamic
behavior in solution, as indicated by their structural relaxation
over 10 days as observed by DLS, cryo-TEM, and SEM measure-
ments. After short mixing times, striking star-shaped nanostruc-
tures were observed, which evolved into spherical core—shell—
shell—corona objects after 10 days (Figure 8).”

B MULTICOMPARTMENT MICELLES FROM MIKTOARM
STAR-BLOCK TERPOLYMERS

The ABC miktoarm (or #) (mikto, from the Greek word
meaning “mixed”)” star terpolymer architecture provides a ver-
satile and powerful route toward multicompartment micelles.
Most importantly, the miktoarm star architecture effectively
suppresses the formation of concentric domains with an “onion-
like” arrangement, the default core/shell/corona structure adop-
ted by linear ABC triblock terpolymers. This is due to the man-
datory convergence of three blocks at a common point, thereby
constraining the resulting A, B, and C nanodomains to meet along a
common curve in space. This in turn leads to segregation of all
three mutually immiscible polymer chains at their point of
contact. Such structural features could enable not only simulta-
neous storage but also simultaneous or sequential release of
internal cargos located within each compartment due to their
individual accessibility toward the exterior of the micelle. This
feature of multicompartment micelles could therefore be said to
satisfy a proposed requirement for the mimicry of biological
systems by enabling their compartments to be in close proximity
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Figure 9. Multicompartment micelles from miktoarm star terpolymers,
U-EOF(x-y-z). Cryo-TEM images of 1 wt % aqueous solutions of (A) u-
EOF(2-13-3.5), (B) u-EOF(2-4-2.5), (C) u-EOF(2-9-5), and (D) u-
EOF(2-6-2.5); scale bars indicate 50 nm."% Cryo-TEM images adapted
from ref 10S. Copyright 2006 American Chemical Society.

and yet facilitate complex chemical processes without mutual
interference.

Many research groups have developed strategies for the
synthesis of miktoarm star terpolymers.**'%°~'** However, few
groups have explored the self-assembly of these terpolymers in
solution. Our research efforts have focused upon systematically
detailing the self-assembly of various miktoarm terpolymers into
a rich variety of multicompartment micellar morphologies.
Initially, the miktoarm stars contained three mutually immiscible
blocks, poly(ethylene oxide) (PEO), poly(ethyl ethylene)
(PEE), and poly(perfluoropropylene oxide) (PFPO), and were
designated the notation 4-EOF(x-y-z), where x, y, and z repre-
sent the “E”, “O”, and “F” block molecular weights. The first arm,
comprised of “O”, conferred water dispersibility, colloidal stabi-
lity, and biocompatibility. The second and third arms were
formed from the hydrocarbon block “E” and the fluorinated
block “F”, thereby installing the necessary 3-fold “philicity”
within one architecture. The strong effective pairwise repulsion
between E and F ensured their segregation into discrete nano-
domains within the hydrophobic cores even at modest molecular
weights. These polymers formed approximately spherical mi-
celles with distinct F and E core domains, and segmented worm-
like micelles, in which flat nanoscopic disks of E and F were
stacked alternately along the cylinder axis, while protected by a
common corona of well-solvated O chains. Li et al. were able to
show the internal multicompartmentalization of various u-EOF
nanostructures by extensive c?fo-TEM measurements in further
publications (see Figure 9)."

In recent years, several other groups have explored the self-
assembly of miktoarm star terpolymers in solution. Walther et al.
studied the formation of bridges between multicompartment
micelles formed from miktoarm star terpolymers in water.'*
Furthermore, the research group of Liu has investigated the self-
assembly of nonlinear chain architectures in double hydrophilic
block colpolymers, and this research area has been reviewed
recently.'®” This work includes several studies on miktoarm star
multicompartment micelles in solution and the development of
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Figure 10. (A—C) Schematic representation of micellar structures self-assembled from #-EOF star terpolymers: (A) hamburger micelle, (B)
segmented worm-like micelle, and (C) nanostructured bilayer vesicle. Representative cryo-TEM images of (D) hamburger micelles, (E) segmented
worm-like micelles, and (F) nanostructured vesicles from u-EOF terpolymers.'® Reproduced with permission from ref 105. Copyright 2006 American

Chemical Society.
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Figure 11. A multicompartment micelle morphology diagram for ¢-EOF terpolymers as a function of composition; fpg, freo, and fprpo are the volume
fractions of the PEE, PEO, and PFPO blocks, respectively.'®® Reproduced with permission from ref 105. Copyright 2006 American Chemical Society.

synthetic strategies toward ABC miktoarm stars by various
polymerization and click chemistries.'**'® Multiarmed star
copolymers other than miktoarm stars have also received re-
search interest.'*

As previously mentioned, it is well established that that the
micellar morphology of block copolymers in solution can be
readily manipulated by altering the copolymer composition. That
is, as the solvophobic block to solvophilic block ratio increases,
the micelle morphology transforms from spheres to cylinders
to vesicles in diblock copolymers. A similar morphological

12

evolution has been found for #-EOF multicompartment micelles,
which change from hamburger micelles to segmented or multi-
compartment worms, to polygonal bilayers and laterally nanos-
tructured vesicles as the length of the PEO block decreases
(Figure 10).'

Moreover, increasing the amount of the PFPO block relative
to the PEE block drives the micellar structure from hamburger
micelles or segmented worms to “raspberry-like” micelles or
multicompartment worms.''! Thus having investigated the
morphological evolution of #-EOF miktoarm star terpolymers in
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Figure 12. (A) Schematic illustration of multicompartment micelle formation from u-EOF star terpolymers and binary blends of #-EOF/EO: (a)
hamburger micelle from u-EOF with a very long O block; (b) segmented worm-like micelle from x-EOF with a short O block, (c) hamburger micelle
from blends of u-EOF/EO. (B) Representative cryo-TEM image of the “hamburger”-like micelles. Scale bars indicate S0 nm. Reproduced with

permission from ref 112. Copyright 2006 American Chemical Society.

detail, Li et al. constructed a multicompartment micelle mor-
phology diagram for 4-EOF miktoarm star terpolymers as a
function of composition of the volume fractions of the PEE,
PEO, and PFPO blocks based upon extensive cryo-TEM and
DLS studies (Figure 11).'%

Using a u-ABC/AB blending strategy, relatively narrowly
distributed “hamburger” micelles were formed from a binary
mixture of spherical micelles, formed from EO diblock copoly-
mers, and segmented worm-like micelles, formed from u-EOF
miktoarm star terpolymers (Figure 12). Cryo-TEM and DLS
were used to characterize the evolution of micelle structure and
size distribution as a function of annealing time, over the course
of several months. The morphological evolution was proposed to
occur via a collision/fusion/fission mechanism whereby the long
U-EOF segmented worm-like micelles first fused with EO
spherical micelles, followed by fission, giving progressively short-
er micelles, which finally evolved into more stable hamburger-like
micelles.'"

Besides the addition of other blocks or manipulating the
terpolymer itself, solvent selectivity has also been shown to be
an efficient way to achieve various micellar morphologies from a
single block copolymer in different selective solvents (or their
mixtures).”>** This has also been investigated in miktoarm star
u-EOF micellar systems. By incorporating tetrahydrofuran
(THF), a good solvent for the E block, into aqueous dispersions
of a u-EOF block, the micellar structure evolved from multi-
compartment disks to core—shell—corona worms and spheres
and finally to mixed corona (E + O) oblate ellipsoidal micelles
with increasing THF content (Figure 13).""* Potentially a mole-
cule sequestered within the E compartment could be released as
the E block undergoes the transition from the core to the corona,
and thus this type of morphological evolution from multicom-
partment micelles to mixed corona micelles could be an im-
portant step forward in their development for sequential release
applications. The THF/water system is not particularly suitable
for biomedical applications, and therefore such a morphological
evolution in an aqueous solution driven by a stimulus such as pH,
temperature, or ionic strength would be particularly desirable.

A stimulus-responsive morphological evolution of multicom-
partment micelles from miktoarm star terpolymers has recently
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THF wt% increase

Figure 13. Schematic cartoons and illustrative cryo-TEM and TEM
images of the micelle structural evolution #-EOF micellar systems upon
addition of tetrahydrofuran, as previously described.'"® Reproduced
with permission from ref 113. Copyright 2008 American Chemical
Society.

been realized. Multicompartment micelles were formed from a
miktoarm star including a degradable block, which could be
selectively etched upon increasing the pH of the solution.
Multicompartment micelles with segmented worm-like struc-
tures consisting of alternating PEE and poly(y-methyl-¢-
caprolactone) (PMCL) layers were formed upon dispersing a
u-(PEE)-(PEO)-(PMCL) (u-EOC) miktoarm star block ter-
polymer in neutral water.''*"'* The hydrolytic degradation of
the PMCL chains proceeded by subjecting these micelles to a
pH 12 aqueous buffer at 50 °C. After 4 weeks, the majority of
the u-EOC triblocks terpolymers had degraded to give PEE-b-
PEO (EO) diblocks and PMCL homopolymers. The resulting
EO diblocks were expected to assemble into simple cylindrical
micelles; however, the “daughter micelle” morphologies were
much richer, as observed by cryo-TEM (Figure 14). The initial
segmented wormlike micelles evolved into raspberry-like vesicle
structures composed of spherical PMCL subdomains embedded
in a PEE matrix. This dramatic change in the morphology of the
multicompartment micelles was ascribed to a rearrangement of
the u-EOC/EO/PMCL composite micelles to give a nanostruc-
ture that minimizes any unfavorable interactions between the
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Figure 14. A schematic cartoon and cryo-TEM images following the morphological evolution of u-EOC miktoarm star block terpolymer
multicompartment micelles from segmented wormlike micelles (A) into raspberry-like vesicle structures with PMCL subdomains embedded in a
PEE matrix (B, C). Scale bars are 50 nm."'> Reproduced with permission from ref 115. Copyright 2010 American Chemical Society.

three mutually immiscible polymers. This type of micelle-to-
micelle morphological evolution induced by block degradation in
a terpolymer system holds great promise for the development of
“smart” delivery capabilities, which require a stimulus triggered
shape change or release of internally sequestered hydrophobic
payloads.

Our group has also reported on a pH-responsive micellar
system from a miktoarm star terpolymer, 1-SODA, containing a
PS hydrophobic core forming segment and a PEO hydrophilic
corona forming block. The third block was a pH-sensitive poly-
(dimethylaminoethyl acrylate) (PDMAEA) segment that is
charged and hydrophilic at low pH, thus partitioning itself within
the corona (to give mixed corona spherical micelles with PS
cores), and neutrally charged and hydrophobic at high pH to give
multicompartment cylindrical micelles with PDMAEA and PS
cores. The resulting mixed corona micelle-to-multicompartment
micelle transition could be particularly useful for drug delivery
applications that require a stimulus triggered release or change in
sequestration/shell permeability properties."'® Liu and co-work-
ers have also reported on the incorporation of stimuli-responsive
polymers into miktoarm star architectures. Upon self-assembly,
these polymers produced pH-responsive and thermoresponsive
multicompartment nanostructures, thus expanding the scope of
stimuli-responsive multicompartment micelles for smart delivery
applications."' 7' '®

B MULTICOMPARTMENT MICELLES FROM (A-GRAFT-
B)-BLOCK-(A-GRAFT-C) BLOCK TERPOLYMERS

Pioneering work in the area of multicompartment micelles
included work on graft copolymers, whereby the incompatible B
and C chains were grafted to the side chains of an A block.""*~'**
The sizes of the incompatible hydrophobic domains were below
the resolution limit of TEM for these systems, and multicom-
partmentalization was therefore not visualized; however, the
nanostructures certainly fulfill a strict criterion of multicompartment
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micelles in that selective solubilization within them was possible,
as demonstrated by dye solubilization studies. These studies
could be very interesting to revisit in the future and with current
advanced imaging techniques.

B THEORETICAL TREATMENTS OF MULTICOMPART-
MENT MICELLES

While there has been substantial progress regarding the
synthesis and experimental study of multicompartment micelles,
analytical theory has been lacking. Few notable exceptions are the
work of Zhulina and Borisov, who adapted the established scal-
ing theory of block copolymer micelles to the case of u-ABC
miktoarm stars'*® and the early work of Dormidontova and
Khokhlov.'** On the other hand, extensive computer simulations
have been able to reproduce many of the observed morpho-
Iogies.lzs’ué These studies have included investigating the effect
of copolymer composition, architecture, the interchain interac-
tion parameters, and blending conditions."*>~'** The primary
approaches have been dissipative particle dynamics,">’"* self-
consistent field simulation,"® and a simulated annealing
method."?*'*" Representative examples are shown in Figure 15.

B APPLICATIONS OF MULTICOMPARTMENT
MICELLES

Research interest in multicompartment micelles is motivated
in part by the knowledge that polymer micelles have the ability to
selectively store and transport small organic molecules within
their hydrophobic interior."* The ability to have subdivided
cores or several inner compartments becomes particularly attrac-
tive for the simultaneous storage and/or release of different
stored cargos. Therefore, multicompartment micelles may en-
able the selective solubilization of a more diverse range of incom-
patible molecules within their discrete inner compartments,
with the possibility of the concurrent transport and subsequent
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Figure 15. (A—C) Morphologies of micelles obtained by DPD simulations; only the two solvophobic blocks are shown (red and green) for clarity. (A)
Spherical micelles formed from diblock copolymers. (B) Worm-like multicompartment micelles formed from star triblock copolymers. (C)
“Hamburger” multicompartment micelles formed by blending star triblock and diblock copolymers.'>* (D) Morphologies of micelles from x-ABC
miktoarm stars as a function of composition.">” Reproduced with permission from refs 125 and 137. Copyright 2007 and 2009 American Chemical

Society.

Self-assembly of yu-EOF in H,O

Figure 16. Schematic illustration of the selective storage of dye molecules in #-EOF multicompartment micelles."*” Reproduced with permission from

ref 147. Copyright 2005 American Chemical Society.

“double delivery” of active agents in a prescribed manner. As
such, many applications that exploit this feature may be en-
visaged, for example, the simultaneous delivery of two incompa-
tible drug or gene therapy payloads. The ability to achieve separate
chemical environments within one nanostructure may also afford
unique nanocatalysis opportunities. For example, multicomponent
asymmetric cascade reactions were recently demonstrated to be
catalyzed by two (otherwise incompatible) supé)orted star polymer
catalysts in a one-pot combination in water."*

To date, the employment of multicompartment micelles for
nanotechnology applications that utilize their inherent storage
and release benefits remain limited. However, toward this end,
some reports have elegantly demonstrated their unique storage
capabilities for small dye molecules in water. Early work in the
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area of multicompartment micelles utilized the uptake of different
dye molecules as confirmation for multicompartment micelle
formation.""*~"*' We demonstrated this for block polymer multi-
compartment micelles via the simultaneous and segregated storage
of two hydrophobic dye molecules within ellipsoidal multicom-
partment micelles (Figure 16)."*” We demonstrated that it was
possible to create multicompartment micelles that can solubilize
two distinct molecules within two separate nanosized compart-
ments. Crucially, these findings indicated that there was little
relationship between the distinct solubilization efficiencies and
therefore that the storage and release of two different hydrophobic
payloads simultaneously or sequentially could be realized.
Kakkar and co-workers recently demonstrated the potential of
encapsulating small molecules into multicompartment spherical
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micelles made from miktoarm star terpolymers. The researchers
found an enhancement in the loading capacity of the micelles with
an increase in the length of the hydrophobic arm.'** Laschewsky
and co-workers also recently studied the influence of the terpoly-
mer architecture of three linear triblock terpolymers on the
selective uptake of two organic small molecules: an aromatic
hydrocarbon and an aromatic fluorocarbon.”**®> Depending on
the polymer sequence (i.e, ABC, BAC, or even ACB), various
multicompartment micelles were formed that were capable of
selective solubilization of the small molecules. Their experiments
showed that the terpolymers were capable of simultaneously
solubilizing substantial amounts of the hydrocarbon as well as the
fluorocarbon molecules. However, the precursor diblock copoly-
mers could not do so, demonstrating the selectivity of the individual
hydrocarbon and fluorocarbon blocks and thus underlining the
validity of the concept of multicompartment micelles for selective
and simultaneous storage of organic molecules.

The 3-fold philicity of existing ABC block terpolymer systems
could be exploited to produce multicompartment micelles in
“green” solvents such as ionic liquids or supercritical carbon
dioxide (scCO,). The self-assembly of diblock copolymers has
been shown in both of these solvent systems with a view to
enabling the dispersion of otherwise insoluble materials in these
media.”>*%** Multicompartment micelles could potentially en-
hance the utility of these solvents even more so than diblock
copolymer micelle systems and provide two distinct nanosized
domains for transport or reactions of small molecules. Fluori-
nated polymers are typically utilized as one solvophobic block in
ABC block terpolymers for multicompartment micelle formation
in water. However, in carbon dioxide, fluorinated polymers are
more soluble than most polymers and would act as the solvo-
philic block, and the hydrophilic and hydrocarbon blocks would
then be solvophobic, possibly forming two distinct separate core
domains. Multicompartment micelles in carbon dioxide would
thus have hydrocarbon and hydrophilic core domains and may
then display interesting uptake and transport behavior as a result.
For instance, the solubility of inorganic or biological species is
very poor in scCO,, and yet these species are increasingly
required for catalytic transformations in organic chemistry.
Multicompartment micelles could enable the sequestration of
distinctly different species (such as metal nanoparticles and
enzymes) simultaneously, thus affording the opportunity to
perform novel multiphase reactions within one solvent system.
The specific placement and utilization of transition metals,
nanoparticles, enzymes, or organic catalysts within the interfacial
regions of the two domains within multicompartment micelles
may also pave the way for many novel and multistep catalytic
transformations in scCO,.

The self-assembly of block copolymers has been shown in
ionic liquids with various morpholo%ies being explored including
spherical micelles and vesicles.””**'** Furthermore, PB-b-PEO
block copolymer micelles have been shown to shuttle between
water and ionic liquids."** "' Multicompartment micelles could
allow for unique solubility and nanosized environments within
ionic liquids; moreover, they may show similar shuttling behavior.

Fluorinated functional groups or fluorine-containing poly-
mers are also interesting for biomedical and pharmaceutical
research due to their biological activity imparted by the fluori-
nated moieties. This has been the subject of some interesting
recent research and has been reviewed recently.'>>

The area of multicompartment hydrogels is a particularly
intriguing area of research which has shown recent progress.****
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This research may afford opportunities to advance hydrogels
for biomedical /tissue engineering applications in particular.'*>
Such hydrogels typically require a fairly stringent set of physical
characteristics which may be imparted by the physical and
stimuli-responsive properties of the particular polymers utilized
for gel formation. For instance, the gel may be required to be a
liquid at room temperature (to enable injection), and yet it must
be able to form a gel upon exposure to physiological conditions
and potentially be biocompatible and also biodegradable. ABC
block terpolymer hydrogels afford the opportunities to tune
these different elements into a hydrogel, since both the B and C
blocks could be tailored to modify the hydrogel’s physical and
mechanical properties, and this will no doubt be an interesting
topic of ongoing research in coming years.

Il CONCLUSIONS AND OUTLOOK

Multicompartment micelle research has exploded in recent
years with literature reports exploring various new and exciting
areas. Some important advances include the ability to synthesize
various block terpolymer architectures and compositions with
relative ease, thus providing access to a plethora of multicom-
partmentalized micellar structures in solution and enhancing the
ability to systematically study the influence of architecture on
their properties. Research progress in this area with linear
terpolymers also continues to bear exciting results, particularly
upon changing the block sequence to achieve nonconcentric
multicompartment micelles. Detailed characterization of the
multicompartment micelles has also become more feasible, with
cryo-TEM becoming the “gold standard” for the visualization of
the aggregates in their native form.”>* "F NMR spectroscopy
and cryo-electron tomography are also powerful tools to eluci-
date the distribution of the separate domains within multi-
compartment assemblies in future studies of complex systems.

Particular progress has been made in incorporating stimuli-
responsive polymers or moieties within such assemblies, which
holds great promise for “smart” delivery applications and may
enable for the selective delivery of one payload over another.
However, while the separate compartments within multicom-
partment micelles have been utilized for selective uptake of
different organic molecules, a selective release event has yet to
be demonstrated and would possibly require a specific trigger
for one of the compartments. Therefore, the design of systems
which couple a release event of an individual or several hydro-
phobic payloads in response to a stimulus trigger could be a parti-
cularly powerful strategy for simultaneous delivery applications.
Furthermore, the ability to change the shape of the assemblies
into novel nanostructures in response to a stimulus trigger could
also be an advantageous feature, and research has shown
particular progress toward this end.

Multicompartment micelles have been proposed to advance
the scope of current micellar structures from a prokaryotic to a
more eukaryotic level of sophistication. However, current syn-
thetic and assembly methods are not quite in place yet to mimic
biological processes; synthetic and self-assembly methods typi-
cally produce polydisperse micelle aggregates which can be prone
to further aggregation or rearrangement. Biological systems typi-
cally do not have this size distribution issue. To fulfill their
proposed biomimetic potential, methods to produce monodis-
perse multicompartment micelles from synthetically accessible
block terpolymers are desirable, and these challenges will un-
doubtedly spur on more research in this exciting area.
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ABSTRACT: 2-Isopropenyl-2-oxazoline (iPOx) was polymer-
ized for the first time via a controlled radical polymerization
technique. Reversible addition—fragmentation chain transfer
(RAFT) polymerization utilizing a dithiobenzoate-based chain
transfer agent was employed to form a backbone that is highly
reactive toward thiols and acids. Moreover, the statistical
copolymerization of iPOx with methyl methacrylate (MMA)
and N-iso-propylacrylamide (NiPAm) was investigated result-
ing in two copolymer series with {POx content varying from
100% to 13% (PDI = 1.37 to 1.21). The P(iPOx-stat-NiPAm)
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copolymers displayed thermoresponsive behavior in water as well as phosphate buffered saline at higher temperatures in

comparison to homopolymers of NiPAm due to the hydrophilicity of the introduced iPOx moieties (T,

= 25 to 75 °C).

Futhermore, iPOx-based (co)polymers were functionalized by polymer analogous addition reactions with thiophenol, benzoic
acid and 4-azidobenzoic acid in high conversions (74—100%). The latter adduct represented a suitable building block for the
synthesis of a graft copolymer consisting of a PMMA backbone and poly(2-ethyl-2-oxazoline) (PEtOx) side chains via copper-
catalyzed azide—alkyne cycloaddition (CuAAC) of PEtOx with alkyne terminus.

B INTRODUCTION

2-Oxazolines are well-known in polymer chemistry for their
ability to undergo a living cationic ring-opening polymerization
to yield well-defined polymers for use in biomedical
applications.'~® However, one might be less aware of the fact
that the 2-oxazoline ring is also capable of addition reactions
with a wide range of nucleophiles, such as carboxylic acids or
thiols.” These reactions have been exploited for polyaddition
reactions of bis-oxazolines and dicarboxylic acids yielding
polyesteramides.'®~"* In addition, the 2-oxazoline ring provides
a versatile tool for postpolymerization functionalization when it
is connected in a pendant fashion to a polymer backbone. Such
a structure can be obtained by the polymerization of 2-iso-
propenyl-2-oxazoline (iPOx), a commercially available mono-
mer, via its vinylic moiety. This polymerization can be
performed under either anionic'* or free radical'® polymer-
ization conditions. On the other hand, attempts to polymerize
iPOx cationically via its oxazoline moiety resulted only in ill-
defined oligomeric products.'* It was already demonstrated that
the pendant oxazoline ring can be readily used for further
modification of the free radically polymerized PiPOx by attack
of acids or thiols, even in aqueous solution.'® More recently,

-4 ACS Publications  © 2011 American Chemical Society
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Jerca et al. reported the functionalization of statistical
copolymers of iPOx and methyl methacrylate (MMA) with a
carboxylic acid functionalized azo dye.'”'® In addition, MMA/
iPOx copolymers are commercially available as water-soluble
cross-linking agents for carboxylic acid containing polymers.
Nowadays, controlled radical polymerization (CRP) techni-
ques,lg_21 such as atom transfer polymerization,22 nitroxide
mediated polymerization® or reversible addition—fragmenta-
tion chain transfer (RAFT) polymerization%25 are widely
applied for the synthesis of well-defined polymers from a large
number of vinylic monomers, such as acrylates, acrylamides,
methacrylamides, methacrylates or vinylesters. One major
advantage of these polymerization techniques is the utilization
of monomers and solvents without extensive purification
procedures as well as the good tolerance against other
functional moieties, compared to ionic polymerizations. In
addition, the utilization of CRP and various click reactions*®™>°
enables the engineering of advanced polymer structures, such as
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block or graft copolymers, or the copolymerization with other
monomers providing further interesting properties, such as
thermoresponsiveness.’* >> However, to the best of our
knowledge, the CRP of iPOx has not been reported up to
now, even though the oxazoline moiety should enable access to
a range of interesting polymers via polymer analogous reactions
when using a well-defined PiPOx as a backbone.

In this contribution, we present the homo- and statistical
copolymerization of iPOx utilizing the RAFT polymerization
technique (Scheme 1). To the best of our knowledge, this is the

Scheme 1. Schematic Representation of the RAFT
Polymerization of 2-Isopropenyl-2-oxazoline
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first report on a statistical copolymerization of N-iso-
propylacrylamide (NiPAm) and iPOx. Moreover, we have
investigated the thermoresponsive behavior of the obtained
polymers. Furthermore, selected polymers were subsequently
functionalized with benzoic acid and thiophenol as model
compounds to present the versatility of the addition reaction.
Last but not least, 4-azidobenzoic acid was reacted as precursor
material for the synthesis of graft copolymers via “click”
chemistry.

B EXPERIMENTAL SECTION

Materials. The monomers iPOx (99%), methyl methacrylate
(MMA, 99%) and N-iso-propylacrylamide (NiPAm, 97%) were
purchased from Aldrich. MMA was destabilized with inhibitor remover
(Aldrich) prior to use. 2,2"-Azobis(2-methylpropionitrile) (98%, Acros,
AIBN) was recrystallized from hexane and the chain transfer agent 2-
cyanopropyl dithiobenzoate (CPDB, 97%) was obtained from Aldrich.
Benzoic acid (99.5%) was purchased from Sigma-Aldrich, 4-
azidobenzoic acid (98%) from ABCR, and thiophenol (98%), DMF
(99.5%) as well as 1,8-diazabicyclo[S.4.0Jundec-7-ene (DBU, 99%)
from Fluka. Copper(I) iodide (Cul, 99.5%) was purchased from
Aldrich. Poly(2-ethyl-2-oxazoline) (PEtOx-TB) was prepared accord-
ing to a previously published procedure.®* Preparative size exclusion
chromatography was carried out using BioBeads-SX1 from BioRad
with THF as eluent. For the cloud point measurements, demineralized
water and phosphate buffered saline 10X concentrate (Aldrich) were
used. All other chemicals and solvents were obtained from common

commercial sources and used without further purification, unless
otherwise noted.

Instrumentation. '"H NMR spectra were recorded in CDCl; or
CD,Cl, on a Bruker Avance 300 MHz using the residual solvent
resonance as an internal standard. Size exclusion chromatography
(SEC) was measured on a Shimadzu system equipped with a SCL-10A
system controller, a LC-10AD pump, and a RID-10A refractive index
detector using a solvent mixture containing chloroform, triethylamine,
and isopropanol (94:4:2) at a flow rate of 1 mL min™" on a PSS-SDV-
linear M S ym column at 40 °C. The system was calibrated with
PMMA (2—88 kDa) standards. For polymers containing secondary
amides, a different SEC system was used. This system is equipped with
a SCL-10A system controller, a LC-10AD pump, a RID-10A refractive
index detector, and both a PSS Gram30 and a PSS Gram1000 column
in series, whereby N,N-dimethylacetamide with 2.1 g-L™" of LiCl was
applied as an eluent at 1 mL min™" flow rate and the column oven was
set to 60 °C. GC measurements were performed on a Shimadzu GC-
2010 equipped with a Restek Rtx-S column, a FID detector and a PAL
autosampler. IR spectra were recorded on an Affinity-1 Fourier
transform infrared spectrophotometer from Shimadzu.

For the measurement of the matrix-assisted laser desorption/
ionization (MALDI) mass spectra an Ultraflex IIl TOF/TOF (Bruker
Daltonics, Bremen, Germany) was used. The instrument was equipped
with a Nd:YAG laser and a collision cell. All spectra were measured in
the positive reflector or linear mode. The instrument was calibrated
prior to each measurement with an external PMMA standard from PSS
Polymer Standards Services GmbH (Mainz, Germany). Electrospray
ionization time-of-flight mass spectrometry (ESI TOF MS) measure-
ments were performed with a micrOTOF (Bruker Daltonics) mass
spectrometer equipped with an automatic syringe pump, which is
supplied from KD Scientific for sample injection. The mass
spectrometer was operating in the positive ion mode. The standard
electrospray ion source was used to generate the ions. The ESI TOF
MS instrument was calibrated in the m/z range from 50 to 3000 g
mol™" using an internal calibration standard (Tunemix solution),
which was supplied from Agilent. Data were processed via Bruker Data
Analysis software version 4.0. Cloud point temperatures (T,) were
determined using a Crystal 16 from Avantium Technologies being
connected to a chiller (Julabo FP 40) at a wavelength of 500 nm and a
heating ramp of 1 K min™". The concentration of the polymer was
kept constant at S mg mL™", and T, values are reported from 50%
transmittance in the second heating cycle.

Synthesis. Kinetic Studies RAFT Polymerization. iPOx (1.5 g
13.5 mmol) was dissolved in 5.2 mL toluene and a solution of 11.1 mg
(0.067 mmol) AIBN in toluene as well as a solution of 59.7 mg (0.27
mmol) CPDB in toluene were added. The concentration of the
monomer was 2 mol L™ and the ratio of [iPOx]:[CPDB]:[AIBN] was
50:1:0.25. Subsequently, the mixture was degassed with a gentle flow
of nitrogen for 30 min and divided over 7 separate vials that were

Table 1. Characterization Data of Statistical Copolymers of iPOx with MMA and NiPAm

comonomer type (M) % iPOx (feed)

P1 - 100 100
P2 MMA 90 89
P3 MMA 75 77
P4 MMA 50 53
Ps MMA 25 29
P6 MMA 10 13
P7 - 100 100
P8 NiPAm 90 88
P9 NiPAm 75 83
P10 NiPAm 50 62
P11 NiPAm 25 43
P12 NiPAm 10 17

% iPOx (‘H NMR)

DP¢ iPOx:M M, [g mol™'] PDI conv [%] iPOx:M
55:0 2700% 1377 16:0
43:5 2840° 1.347 16:19
40:12 33507 1.34° 20:19
26:23 38207 1.31° 11:16
18:44 5360 1237 22:22
12:84 7370% 1214 43:39
50:0 2760° 1.33° 11:0
31:8 2880° 1.24% 32:14
12:2 1960® 1.36° 21:5

8:5 2680° 1.23° 26:7
5:7 30807 1.20° 29:10
3:13 4000® 1.22% 32:12

“Determined via SEC (CHCl;) using PMMA calibration. YDetermined via SEC (DMA) using PMMA calibration. “Degree of polymerization
estimated from the integral ratio of the aromatic signals of the dithiobenzoate end group and signals of both repeating units in the 'H NMR spectra.
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Figure 1. Kinetic plots for the RAFT homopolymerization of iPOx utilizing CPDB as CTA. SEC traces can be found in ESI (Figure SI-2, Supporting

Information).

capped and shortly degassed with nitrogen one more time. All vials
were placed simultaneously in an oil bath at 70 °C and taken out after
varying reaction times between 4 and 56 h. Subsequent to cooling with
tap water, the vials were opened and samples were taken for 'H NMR
(CDCl;) and SEC (CHCLy). The conversions were determined by
comparison of the integral ratios of the peaks in the 'H NMR
spectrum derived from the vinylic protons of iPOx (5.72 and $5.32
ppm, respectively) and the methylene protons of the oxazoline ring
(4.28—3.56 ppm).

RAFT Homo- and Statistical Copolymerization. According to the
feed ratios given in Table 1, the appropriate amounts of {POx and
MMA or iPOx and NiPAm, respectively, were dissolved in toluene and
AIBN as well as CPDB were added in a similar fashion as described
above. For P1-6 (MMA copolymers) the ratio of [Monomer]:
[CPDB]: [AIBN] was set to 100: 1: 0.25, whereas it was set to 50: 1:
0.25 for P7—12 (NiPAm copolymers). After capping the vials and
gently degassing the reaction mixtures with nitrogen, initial samples
were taken via syringe and the vials were placed in an oil bath at 70 °C
to react for 19 h. Subsequent to cooling with tap water, the vials were
opened and final samples were taken for GC (CHCl;) and SEC
(CHClI, for P1—6 and DMA for P7—12) measurements. Monomer
conversions were determined via GC using the reaction solvent as an
internal standard. The PiPOx homopolymers and statistical copoly-
mers with MMA were precipitated into cold tert-butyl methyl ether
and the NiPAm copolymers were purified by preparative size exclusion
chromatography on a BioBeads-SX1 column with THF as eluent. The
resulting pink polymers were dried in a vacuum oven. Yields: P1, 48
mg, 5%; P2, 115 mg, 11%; P3, 205 mg, 16%; P4, 397 mg, 21%; PS,
574 mg, 31%; P6, 812 mg, 45%; P7, 209 mg, 21%; P8, 144 mg, 13%;
P9, 180 mg, 14%; P10, 311 mg, 16%; P11, 278 mg, 14%; P12, 322 mg,
16%. '"H NMR (300 MHz, CDCL): P1-6 &/ppm = 4.3—4.1 N—
CH,—, 3.8-3.6 N—CH,—, 3.9-3.5 O—CH, 23-15 C—CH,—C,
1.5-0.8 C—CHj;; P7—-12 6/ppm = 4.3—4.1 N—CH,—, 4.1-3.8 CH—
(CH,),, 3.8=3.6 N—CH,—, 2.3—1.5 C—CH,—C, 1.5-0.8 C—CH.

Addition Reactions with Carboxylic Acids and Thiophenol. In a
representative example, PiPOx (85 mg, corresponding to 0.77 mmol of
iPOx units) and a 2-fold excess of p-azidobenzoic acid (106 mg, 1.53
mmol) were dissolved in 2 mL of DMF and stirred for 24 h at 60 °C.
The crude product was dissolved in chloroform and extracted with
saturated aqueous sodium bicarbonate solution and brine, dried over
sodium sulfate and concentrated. Subsequently, the polymer was
precipitated into cold diethyl ether and dried in a vacuum oven. Yields:
Al, 61 mg, 54%; A2, 209 mg, 63%; A3, 122 mg, 88%; A4, 134 mg,
52%. "H NMR (300 MHz, CD,Cl,): Al &/ppm = 7.6—7.0 CH phenyl,
6.7—6.0 NH, 3.6—2.7 S—CH,~CH,—NH, 2.3—1.5 C—CH,~C, 1.5—
0.8 C—CHj;; A2 6/ppm = 8.2—7.2 CH phenyl, 6.7-6.0 NH, 4.5—4.2
COO—-CH,, 3.8-3.3 CH,—NH, 2.3-1.5 C—CH,—C, 1.5-0.8 C—
CHj;; A3 6/ppm = 8.1—7.6 and 7.1—6.7 CH phenyl, 6.7—6.0 NH, 4.5—
42 COO—CH,, 3.8—3.3 CH,—NH, 2.3—1.5 C—CH,—C, 1.5-0.8 C—
CH;; A4 6/ppm = 8.1-7.6 and 7.1—6.7 CH phenyl, 6.7—6.0 NH, 4.5—
42 COO—CH,, 3.8—3.3 CH,—NH and O—CHj, 2.3—1.5 C—CH,—C,
1.5-0.8 C—CH,,

Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC) of A4
with Alkyne-Terminated Poly(2-ethyl-2-oxazoline). The azide-con-

22

taining copolymer A4 (21 mg, corresponding to 0.017 mmol azide
units), PEtOx-TB (20 mg, 0.02 mmol), and DBU (3.04 mg, 0.02
mmol) were dissolved in 0.25 mL of DMF and degassed for 30 min.
Subsequently, Cul (3.8 mg, 0.02 mmol) was added under argon, and
the reaction mixture was stirred overnight at ambient temperature.
The Cul was removed by flushing the solution over a short aluminum
oxide column. The solvent was removed under reduced pressure and
the crude product was redissolved in THF in order to purify the
polymer by preparative size exclusion chromatography on a BioBeads-
SX1 column. Finally, the product (AS) was precipitated in ice-cold
diethyl ether (yield 30 mg, 83%). 'H NMR (300 MHz, CD,Cl,): §/
ppm = 84—7.7 (C—H phenyl and C—H triazole), 4.5—4.3 COO—
CH,CH,, 42—4.0 COO—CH, PEtOx, 3.9—3.5 O—CH,; MMA, 3.6—
3.3 N-CH, PEtOx, 3.1-3.0 N—-CH; PEtOx, 2.5-2.2 CO-CH,
PEtOx, 2.1-1.5 CH, backbone, 1.5—0.8 CH; backbone and CH;—
CH, PEtOx.

B RESULTS AND DISCUSSION

Homopolymerization of iPOX. In an initial screening,
varying classes of chain transfer agents (CTAs), such as
dithiobenzoate, trithiocarbonate, and dithiocarbamate, were
applied in order to gain first insights into the RAFT
polymerization conditions of iPOx. All polymerizations were
performed in 2 M solution in toluene for 18 h at 70 °C using
AIBN as initiator, whereby the ratio of [{POx]: [CTA]: [AIBN]
was set to 50: 1: 0.25. As depicted in Figure SI-1, Supporting
Information, utilization of dithiocarbamate as well as
trithiocarbonate-based CTAs resulted in broad molar mass
distributions, whereas the RAFT polymerization with the
dithiobenzoate-based CTA (CPDB) yielded polymers with a
more narrow molar mass distribution (PDI = 1.38). In addition,
the lower molar mass of the resulting polymer indicated that
the polymerization could be controlled by CPDB to a certain
extent. As a result, CPDB was selected for the performance of
further experiments, such as kinetic studies and the synthesis of
statistical copolymers of iPOx with other monomers.

The kinetic studies of the RAFT polymerization of iPOx
utilizing CPBD as CTA were performed under similar reaction
conditions as described above. The resulting kinetic plots are
depicted in Figure 1. Even though the molar mass of the
polymer increases in a linear fashion with monomer conversion
and the PDI values remain well below 1.4, the semilogarithmic
plot reveals that the polymerization slows down significantly at
monomer conversions of around 30%. Since the kinetic studies
were accomplished in separate vials this fact cannot simply be a
result of contamination of the reaction mixture during
sampling. Instead, after initiation by AIBN, the intermediate
structure during the RAFT process might be too stable to
reinitiate the polymerization once it has been formed. This
assumption is supported by the fact that CPDB is frequently

dx.doi.org/10.1021/ma2021387 | Macromolecules 2012, 45, 20-27
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isotopic patterns. Both structures are ionized with a sodium cation. The full spectrum is provided in Figure SI-3, Supporting Information.
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Figure 3. Zoom into the +1 charged region of the ESI TOF mass spectrum of PiPOx and assignment of the main distributions. All structures are

ionized with a proton.

applied for RAFT polymerization of more activated monomers
as well as by the observation that free CTA was still present in
the reaction solution, even at later stages of the polymerization,
as confirmed by preparative SEC on a BioBeads column
showing two pink fractions (ie., PiPOx and free CPDB) that
eluted separately from each other.

Matrix-assisted laser desorption/ionization time-of-flight
(MALDI TOF) mass spectrometry analysis of the obtained
PiPOx revealed a single distribution with a m/z difference of
111.1 between two neighboring peaks, which corresponds to
the molar mass of the iPOx repeating unit (Figure 2). Because
of the rather harsh ionization during the MALDI process, the
dithiobenzoate end group is cleaved and polymer chains with
both saturated as well as unsaturated end groups are formed.
The m/z difference of 2 between those end groups results in an
overlapping of the isotopic patterns of the assigned structures.

In contrast, the softer ionization taking place during electro
spray ionization (ESI) partially preserved the dithiobenzoate
end group, although also polymer chains with saturated and
unsaturated end groups could be assigned. The peak assign-
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ment of the resulting ESI mass spectrum of PiPOx is shown in
Figure 3.

Statistical Copolymerization of iPOx with MMA and
NiPAm. Encouraged by the rather successful homopolymeri-
zation that delivered PiPOx with much narrower molar mass
distributions compared to the results obtained by free radical
polymerization," two series of statistical copolymers of iPOx
with other monomers, ie., MMA and NiPAm, were prepared.
In order to evaluate the amount of iPOx that can be
incorporated into a copolymer without suppressing reversible
chain transfer, the iPOx content was varied systematically from
100 to 10% for both series. Except for a ratio of [monomer]:
[CTA] of 100:1 for the copolymer series with MMA as reactive
monomer, all polymerizations were carried out under similar
conditions as described above. The results of the character-
ization of the obtained copolymers by means of SEC and 'H
NMR spectroscopy are summarized in Table 1.

SEC analysis of the statistical copolymers consisting of iPOx
and MMA P1-P6 (Figure 4, top) revealed that, with increasing
amount of the more activated MMA in the feed, the molar mass
distribution becomes much more narrow with PDI values

dx.doi.org/10.1021/ma2021387 | Macromolecules 2012, 45, 20-27
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Figure 4. SEC traces of the statistical copolymers of iPOx with MMA
(top, eluent CHCl,) and with NiPAm (bottom, eluent DMA).

between 1.37 for the PiPOx homopolymer and 1.21 for the
statistical copolymer containing only 13 mol % iPOx. In
addition, the molar mass of the copolymer increases with the
MMA content. In order to evaluate if the latter is simply an
effect of a variation in hydrodynamic volume of the polymers
with altered composition, the degree of polymerization (DP) of
each comonomer was roughly estimated from appropriate
signals in the 'H NMR spectra, assuming full end
functionalization with the dithiobenzoate moiety. Indeed,
keeping in mind the accuracy of the applied method, at least
the two copolymers with the largest mole fraction of MMA (P$
and P6) have significantly higher DP values than the
copolymers with lower MMA content (see Table 1). In
addition, as depicted in Figure S, the copolymer composition,

/|
21 5
p(iPOx-stat-NiPAm)

N o

3 [ppm] i

p(iPOX-stat-MMA)

Figure 5. 'H NMR spectra (300 MHz, CDCl;) of a PiPOx
homopolymer (bottom) and statistical copolymers of iPOx with
MMA (top) as well as with NiPAm (middle), respectively.

which was calculated from the ratio of the peak integrals of the
methylene protons of the 2-oxazoline ring of the {POx and the

methyl protons of MMA, was found to be close to the feed
ratio of both monomers. All these results indicate that the low
ability of the intermediate species that is formed during RAFT
polymerization of {POx to undergo reversible chain transfer can
be overcome by utilization of MMA as more activated
comonomer.

As next step, iPOx functionalities were incorporated into a
polymer displaying thermo-responsive properties, namely
PNiPAm. For this second series of statistical copolymers P7—
12, SEC analysis (Figure 4, bottom) revealed a significant
increase of the molar mass and a satisfying peak shape only for
P12, the copolymer with the highest mole fraction of NiPAm
(83%), even though the PDI values for all copolymers remained
well below 1.3, except for P9. In addition, the conversion of
iPOx was found to be higher than that of NiPAm, which is
reflected in an increased mole fraction of iPOx in the polymers
with respect to the feed ratios. However, it was possible to
obtain polymers with varying iPOx content from roughly 17 to
88% (as determined by "H NMR spectroscopy, Figure S), that
could be used for an investigation of the effect of the iPOx
moieties upon the lower critical solution temperature (LCST)
behavior of PNiPAm.

Aqueous Solution Behavior of P(iPOx-stat-NiPAm)
Copolymers. The thermoresponsive properties of P7—12 in
aqueous solution were investigated by means of turbidimetry at
a polymer concentration of S mg mL™" in water as well as
phosphate buffered saline (PBS). In order to determine the
reversibility of the coil to globule transition two heating cooling
cycles were conducted for each sample with a heating rate of 1
K min~". Turbidity curves from the second heating run are
displayed in Figure 6 (left). The PiPOx homopolymer P7
remained water-soluble during the whole investigated temper-
ature range up to 100 °C indicative of its high hydrophilicity.
The latter also caused complete solubility of the copolymer
with the highest iPOx content P8. Consequently, an increasing
mole fraction of iPOx in the statistical copolymers P9—12 was
expected to result in elevated cloud point temperatures (T,) of
the aqueous solutions. Surprisingly, as shown in Figure 6
(right), this holds true only for copolymers with mole fractions
of iPOx above 50%. Below that value, T, remained rather
unaffected by the copolymer composition around 25 to 26 °C
in PBS and around 33 to 35 °C in water. As a result of the
hydrophilic iPOx moieties, the latter value is slightly higher
than the T, of a comparable PNiPAm solution at 30 °C under
similar measurement conditions. In addition, the transition
becomes less sharp with increasing iPOx/NiPAm ratio in the
copolymer. Possible explanations for this unexpected behavior
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Figure 6. Left: Turbidity curves of aqueous solutions of P9—12 in water (c = S mg mL ™", second heating run). Right: Dependence of the cloud point
temperature (Tg,) of solutions of P9—12 in water and PBS on the copolymer composition (¢ = 5 mg mL™, second heating run, 50% transmittance).
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Scheme 2. Schematic Representation of the Addition Reaction of PiPOx with Thiophenol and Carboxylic Acids
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Table 2. Characterization Data of Addition Products Obtained after Reaction of PiPOx with Thiophenol and Carboxylic Acids
premodification postmodification theoretical

code reactant M,? [g mol] PDI M, [g mol] PDI M,P [g mol] F° (%)
Al thiophenol 2130 1.4S 11200 1.21 11000 quant.
A2 benzoic acid 2930 145 6200 135 9500 74
A3 4-azidobenzoic acid 2130 145 8070 1.40 12700 88

“Determined via SEC (DMA) using PMMA calibration. bCalculated from the DP of the used PiPOx and the degree of functionalization. “Degree of

functionalization determined from 'H NMR.

might either be a gradient composition of the copolymers
facilitating the solubilization of already collapsed NiPAm rich
parts by iPOx rich parts below T, or the rather small overall
DP of the copolymers P9—12 that exhibit LCST behavior (in
the range of 12 to16). Because of the latter small variations of
the composition of individual polymer chains directly result in a
mixture of thermoresponsive polymers with varying TCP.35 In
this case, polymer chains containing a similar mole fraction of
NiPAm might be present in both copolymers (P9 and P10)
and would collapse prior to chains with smaller NiPAm
content.

Functionalization of iPOx-Containing Polymers with
Carboxylic Acids and Thiols. In order to evaluate the
possibility to synthesize functionalized polymers from the iPOx
containing copolymers, polymer analogous addition reactions
with benzoic acid and thiophenol as model substances were
performed under mild conditions (at 60 °C) using PiPOx
homopolymers as starting material. In addition, 4-azidobenzoic
acid was applied as reactant in order to obtain a polymer that is
functionalized with multiple azide moieties. The poly-
(methacrylamide) structure of the resulting addition products
A1-3 is depicted in Scheme 2, and analytical data are supplied
in Table 2.

Characterization of A1—3 by means of SEC (Figure SI-4,
Supporting Information) revealed a significant increase of the
hydrodynamic volume of the polymers after the addition
reactions and, especially for the addition product with
thiophenol Al, smaller PDI values when compared to the
PiPOx starting material. It should be noted that the
dithiobenzoate end group is cleaved during the reaction
process (as indicated by the whitish instead of pink color of
A1-3).

Utilizing '"H NMR spectroscopy the degree of functionaliza-
tion with the respective acid or thiol could be easily determined
by comparison of the peak integrals in the aromatic region with
the peak integrals derived from residual oxazoline moieties and
the four methylene protons between amide and ester
functionalities. As depicted in Figure 7, the reactions with
both carboxylic acids reached conversions of 74% for Al and
88% for A2, respectively. Small residual peaks of the pendant
oxazoline rings could be detected in both '"H NMR spectra that
were overlapping with the corresponding proton signals of the
opened methacrylamide structure. On the other hand, the
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Figure 7. "H NMR spectra (300 MHz, CD,Cl, or CDCL,) of a PiPOx
homopolymer (top) and of the addition products with thiophenol
(A1), benzoic acid (A2) as well as 4-azidobenzoic acid (A3).

addition of thiophenol proceeded quantitatively as demon-
strated by the disappearance of the oxazoline derived signals.
The formation of ester functionalities after the polymer
analogous reactions with carboxylic acids could be confirmed
by means of FT-IR spectroscopy (Figure 8). The IR spectra of
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Figure 8. Zoom into the azide and carbonyl vibration region of the FT
ATR IR spectra of PiPOx (P1) and addition products with thiophenol,
benzoic acid, and 4-azidobenzoic acid, respectively (A1-3).

both A2 and A3 clearly show a characteristic band at 1720 cm™"
that can be assigned to the carbonyl stretching vibration of the
formed ester. In addition, the IR spectrum of A3 provides
evidence of the presence of azide moieties due to the
characteristic vy, band at 2120 cm™ L. It should be noted that

dx.doi.org/10.1021/ma2021387 | Macromolecules 2012, 45, 20-27
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Scheme 3. Schematic Representation of the Synthesis Route toward PMMA-g-PEtOx
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the carbonyl stretching vibration of the amide moiety at 1655
cm™' in the IR spectra of all addition products Al-3 is
overlapping with the —C==N vibration of the oxazoline ring in
PiPOx.

The fact that the copper-catalyzed azide—alkyne cyclo-
addition (CuAAC) has become a common and versatile
method in polymer chemistry led to the availability of a wide
range of interesting building blocks for this type of “click”
reaction. In this context, addition products of PiPOx-based
copolymers with 4-azidobenzoic acid could serve as starting
material for further functionalization, or the synthesis of graft
copolymers if the utilized alkyne represents an end
functionalized polymer. As depicted in Scheme 3, the latter
route was applied in order to obtain a graft copolymer having a
PMMA-based backbone and poly(2-ethyl-2-oxazoline)
(PEtOx) side chains.

A first hint toward a successful grafting of alkyne-terminated
PEtOx onto the azide functionalized PMMA-based copolymer
A4 is provided by SEC analysis of the graft copolymer AS
(Figure 9). The SEC trace of AS is shifted to smaller elution
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0.4

0.2+

Normalized RI signal

0.0

15 16 17 18 19 20 21 22
Elution volume [mL]
Figure 9. SEC traces (DMA) of PS (M, = 4760 g mol ™!, PDI = 1.26),
its addition product with 4-azidobenzoic acid A4 (M, = 10220 g

mol™!, PDI = 1.29), and the graft copolymer AS (M, = 25780 g
mol™!, PDI = 1.39).

volume when compared to A4 indicative of its larger
hydrodynamic volume due to the grafting process. In addition,
the complete removal of the excess of PEtOx after preparative
size exclusion chromatography is confirmed by the monomodal
peak shape.

With this knowledge it is possible to gain further insights
regarding the copolymer composition by interpretation of the
'"H NMR spectrum of AS. As depicted in Figure SI-S,
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Supporting Information, the signals of the PEtOx side chains
are clearly visible, and the formation of the triazole ring is
manifested by a change of the signals in the aromatic region.
Most likely due to steric hindrance by already grafted PEtOx,
around 20% of the attached azide functionalities underwent no
1,3-dipolar cycloaddition, as could be roughly estimated from
the peak integrals of residual 4-azidobenzoate moieties.

B CONCLUSION

PiPOx homopolymers bearing a dithiobenzoate end group
could be obtained with PDI values below 1.4 utilizing CPDB as
CTA. The irreversible chain transfer taking place during RAFT
homopolymerization of iPOx could be overcome by statistical
copolymerization with MMA as well as with NiPAm resulting
in two copolymer series with varying iPOx content. The
copolymers of NiPAm with iPOx revealed thermoresponsive
properties in aqueous media at elevated temperatures compared
to PNiPAm due to the hydrophilicity of the incorporated iPOx
moieties. In addition, the i{POx functionalities provided a
versatile tool for post polymerization modification of the
synthesized homo- and copolymers via addition reactions with
nucleophiles, such as carboxylic acids and, in particular,
thiophenol. The polymer analogous reaction with 4-azidoben-
zoic acid supplied polymers carrying multiple azide function-
alities that represent suitable building blocks for the subsequent
grafting of alkyne-terminated PEtOx onto PMMA by copper-
catalyzed 1,3-dipolar cycloaddition. Future work will focus on
the full exploitation of the potential to functionalize the well-
defined copolymers with biologically active thiols, such as
sugars or proteins, and on the development of more challenging
copolymer architectures.
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SEC traces obtained with varying CTA’s and during kinetic
studies, full MALDI TOF mass spectrum of PiPOx, SEC traces
of A1-3, and 'H NMR spectra of A4 and AS. This material is
available free of charge via the Internet at http://pubs.acs.org.
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ABSTRACT: This work reports a kinetic model developed to provide insight into
branching mechanisms and control of gelation by semibatch controlled radical
copolymerization processes. The semibatch RAFT copolymerization of acrylamide
(AM) and N,N'-methylenebis(acrylamide) (BisAM) in the presence of 3-
benzyltrithiocarbonyl propionic acid (BCPA) as chain transfer agent (CTA) was
carried out for the model validation. The BisAM was fed to the reactor at a constant
rate to yield hyperbranched polyacrylamide (b-PAM) without gelation. Different
feeding rates and [BisAM],/[CTA], ratios were theoretically simulated and
experimentally investigated to optimize the instantaneous BisAM concentration in
the reactor for branching formations. No gel was formed in the semibatch
operation up to 99% total monomer conversion, in contrast to gel occurrence at
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70% conversion in its corresponding batch operation. The polymer molecular weight and polydispersity as well as branching
density increased slowly throughout the semibatch polymerization. Cyclization reactions were significant and helped to suppress
the gelation. The model simulations correlated the experimental data very well.

B INTRODUCTION

Controlled radical polymerization (CRP) has attracted much
attention over the past decade.'™ It provides a powerful tool
for the synthesis of a large variety of polymers having tailor-
made molecular weight (MW) and narrow molecular weight
distribution (MWD), as well as well-defined chain architectures
such as block, graft, brush, star, and hyperbranched
polymers.*”” Compared with dendrimers having monodisperse
and highly symmetric structure, hyperbranched polymers are
polydisperse and possess intrinsic defects in the built-in linear
segments.® The hyprebranched polymers were normally
synthesized by step-growth polymerization of AB, type
monomers.”~ "' Fréchet et al. introduced self-condensing vinyl
polymerization (SCVP) for the preparation of hyperbranched
polymers in 1995, employing chain-growth mechanism of vinyl
inimers through propagation of the double bond and addition
of the initiating site to the double bond."” This approach was
adopted and combined with group transfer polymerization'*>'*
and CRPs that included nitroxide-mediated radical polymer-
ization (NMP),"? atom transfer radical polymerization
(ATRP),"*™"® and reversible addition—fragmentation chain
transfer (RAFT) polymerization.'”™>” The slow growth in the
CRPs gives individual chains sufficient time for chain relaxation
and diffusion, which facilitates intermolecular cross-linking
and thus makes the CRPs advantageous for the preparation of
hyperbranched polymers. Another approach for synthesizing

-4 ACS Publications  © 2011 American Chemical Society
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hyperbranched polymers was via copolymerization of a vinyl
monomer with a di- or multivinyl comonomer. Sherrington
and co-workers”®** reported that branched PMMA could be
synthesized by the copolymerization of MMA with di- or
multivinyl comonomer in the presence of chain transfer agent
such as mercaptans. Using RAFT copolymerization, Armes and
co-workers** ™ synthesized branched methacrylic copolymers
using disulfide-based dimethacrylate as the branching agent.
It was found that the living character of RAFT chemistry was
retained under branching conditions, as confirmed by gel
permeation chromatography (GPC) analysis of the degraded
copolymer chains after selective cleavage of disulfide bonds.
Branching in RAFT polymerization of divinylbenzene®® and
copolymerization of methyl methacrylate with ethylene glycol
dimethacrylate,*”® acrylic acid or acrylamide with N,N-
methylenebis(acrylamide)® was also investigated.

Because of the importance of branched/cross-linked
polymers, various theories have been developed for free radical
copolymerization with branching/cross-linking. Flory®™ and
Stockmayer*' pioneered the theoretical development with
their famous recursive theory of gelation based on a statistical
argument, which assumed an equal reactivity for all functional
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groups and free of intramolecular cyclization reactions. While
readily satisfied in condensation types of polymerization, these
assumptions are clearly violated by chain growth processes
and free radical copolymerization of vinyl/divinyl comonomers
in particular. The reactivities of various vinyl groups (those on
monomer, comonomer and pendant to polymer chain) are
usually different. Cyclization reactions are unavoidable and
often significant. Since Flory and Stockmayer, there have been
many statistical models developed for branching/cross-linking
processes with efforts to remove these assumptions. For
example, Dusek* accounted for nonequal reactivity, Doston*
included molecular weight drifting of primary chains,
Scranton** modified cyclization reactions, and so on. However,
the branching/cross-linking processes in the free radical
polymerization are inherently kinetically controlled. Tobita*>~*’
applied a pseudokinetic rate constant method to simplify the
kinetic treatment of a multicomponent polymerization to homo-
polymerization and demonstrated the inhomogeneous nature of
polymer networks formed in free-radical polymerization.
Zhu** 7 investigated the radical trapping, the validities of the
monoradical assumption, and the stationary-state hypothesis
using the method of moments. However, the kinetic approaches
are disadvantageous in dealing with the postgelation period,
many researchers combined kinetic and statistical approaches
in deriving gelation theories, such as Tobita,>! Ogus,52 Zhu,*®
and so on.

Compared to slow initiation and fast propagation of the
conventional radical polymerization, controlled radical poly-
merization such as NMP, ATRP, and RAFT is characteristic of
fast initiation and slow propagation of polymer chains. The
slow propagation gives individual chains sufficient time to relax
and diffuse, thus in favor of formation of homogeneous
branching or network structures and limiting microgels.
Recently, Wang et al.>* developed a kinetic model for branching
and gelation in batch RAFT copolymerization of vinyl/divinyl
systems, as an extension of Zhu’s previous work on conven-
tional vinyl/divinyl copolymerizaton.*> Other research groups,
such as Matyjaszewski,s“’55 Poly,56 Armes,®” Lona,”® and
Perrier™ also conducted kinetic modeling study on gelation
and/or branching in CRP vinyl/divinyl cross-linking copoly-
merization. However, semibatch models of controlled radical
vinyl/divinyl copolymerization have not been developed.
Semibatch processes are particularly useful in synthesis of
hyperbranched polymers that are free of gels. In our previous
work,% we prepared hyperbranched polyacrylamide (PAM) via
a semibatch RAFT copolymerization by continuous feeding of
the branching agent (BA) N,N'-methylenebis(acrylamide)
(BisAM) and the chain transfer agent (CTA) 3-benzyltrithio-
carbonyl propionic acid (BCPA). Low CTA levels with the
ratios of BCPA/BisAM < 0.05 were used and the systems were
free of gels. In contrast, the literatures reported that batch
ATRP used initiator/BA ratios >1,°""% and batch RAFT
polymerization used CTA/BA ratios >0.5°*****~"! in order to
minimize gelation. In a semibatch process, the instantaneous
BisAM concentration in the reactor was controlled at a
relatively low level, resulting in a high instantaneous CTA/BA
ratio to effectively suppress cross-linking reactions. In this
work, we developed a kinetic model to describe semibatch
RAFT copolymerization of vinyl/divinyl systems. The model
was experimentally verified and correlated to RAFT AM/BisAM
data at various CTA/BA levels. The work provided good insight
into the synthesis of gel-free hyperbranched polymers through
semibatch CRP processes.
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B MODEL DEVELOPMENT FOR RAFT BRANCHING
PROCESS

Polymerization Scheme and Kinetic Equations. The
elementary reactions involved in a batch RAFT copolymeriza-

tion of vinyl/divinyl monomers are shown in Table 1.

Table 1. Elementary Reactions Involved in the AM/BisAM
RAFT Copolymerization

el e Ky
Initiation | SN 2Py,

kpi
PO,I,O +M‘ PI,I.O

P, +M,—=>P

pr()pagatl()n with comonomer n+lr.e

transfer to RAFT species R,.,,, + P,,,.\,d %P.ﬁ,rq“l + Pm,m.d—l
termination by disproportionation P, .+P.4 %PH‘,-,L( +P,a
termination by recombination B,,,,L + Pm.,\.u LPMWH—Z,L +d
intermolecular cross-linking Rh,._(,. +P,,,M %Eﬁm‘,-ﬂ“d
intramolecular cross-linking P,,_, » L’Py,, <

P, .. denotes the macromolecule containing n monomeric
units, r radical centers, and ¢ RAFT moieties. I and M, represent
initiator and monomer-i, respectively with M, as vinyl
monomer AM and M, as divinyl monomer BisAM.

The pseudokinetic rate constant method* was adopted in
this work. The kinetic parameters listed in Table 1 are thus
functions of radical fractions ¢, which can be calculated from
the instantaneous monomer composition f;. The pseudorate
constants of propagation (k,;), transfer (k,), termination (k,),

intermolecular cross-linking (k;,), and intramolecular cross-

nter.

linking (k;,,) are expressed as

ki ::123 k@ﬁq%
j

ktr = Z ktr,jq)j

j (1b)

ke = Z Z kt,ijq)iq)j
i j

(1a)

(1c)

kinter = Z k*inter,jq)j(E -C- E)
j (1d)

kintm = Z k*intm,jd)j(rz -C- E)
j (1)

where F, is the cumulative composition of divinyl monomeric
units in copolymer chains, C is the density of intermolecular
cross-linkages, and D is the density of intramolecular cross-
linkages.

In the simulation, we used the kinetic parameters as
summarized in Table 2, assuming polymerization at 60 °C.
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The population balance for P, is

dR’l,V,C _

dt

Z rkp,iMiPn,r,c

1

Z rkp,iMi&— 1,r,c =
i

)
Z (r + l)dktrpn,r+1,c—lpm,s,d

m=0 s=1 d=0
1 n r+l oo
+ = Z (r +2 - S)Sktcpm,s,dpn—m,r+2—s,c—d
2
m=0 s=1 d=0

n rooc
+ Z Z Z s(n - m)kp,interpm,s,dpn—m,r—s,c—d
m=0 s=0 d=0
© o o0
- z z Z YMkp,interPn,r,ch,s,d
m=0 s=0 d=0
© 0 o©
- Z Z Z snkp,interpn,r,cpm,s,d
m=0 s=1 d=0 (2)

Method of Moments. We define the moments of P, as

nr,c

)

After some mathematical manipulations, a complete set of
moment equations can be derived as summarized in Table 3.

With these moments, we can readily describe the chain
properties as listed in Table 4.

Semibatch Reactor Model. A well-mixed isothermal tank
reactor is assumed in this work, and only monomer, polymer,
and solvent significantly contribute to the volume V and density
p, because the initiator and chain transfer agent are in trace
amounts. The evolution of reaction volume follows

v _ _ 1y
dt

1 1
pP

n
Vi = 2 mwR, ;
i=1 (4)

where V; is the volumetric feeding rate, mw; is the molecular
weight of monomer i, p; is the density of monomer i, p,, is the
density of polymer, and R, is the reaction rate of monomer i
converted to polymer. The evolution of density in the reactor
can be obtained through applying a mass balance to all entities:

d(vp) _

1%
dt 1Ps

(S2)
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Table 2. Kinetic Rate Constants Used in the Simulation of
AM/BisAM RAFT Copolymerization

parameter description value reference

ki (s decomposition rate 0.6 x 107 72
constant

ky11 (L'mol™"s™") propagation rate constant 4.2 X 10> 73
of AM

ky1 (L-mol™"s™")  cross propagation rate 12 x 10*  estimated from
constant of BisAM r =035

Ky (L'mol™s™") propagation rate constant 1.2 X 10* =k,
of BisAM

Ky (L'mol™s™") cross propagation rate 6 x 10° estimated from
constant of AM =2

ki; (L-mol™'s™!) recombination termination 1 X 10° 73
rate constant of AM

k.2, (L'mol™"s™!) recombination termination 1 X 10° =k1y

rate constant of BisAM

Kok cross termination rate (kgy X ki)' 74
(L-molt-s71) constant
k,, (L'mol™":s™") chain transfer rate constant 1 X 10’ this work
of AM
k,, (L-mol™s™") chain transfer rate constant 1 X 10’ =k,
of BisAM
K*  inter intermolecular cross-linkage 3.2 X 10°  this work
(L-mol™!s7") rate constant of AM
k¥ intern intermolecular cross-linkage 3.2 X 10° =k* it
(L-mol™t.s™1) rate constant of BisAM
X intral intramolecular cross-linkage 70 this work
(L-mol™!s7") rate constant of AM
K*  intraz intramolecular cross-linkage 70 =k* intral
(L'mcl—l‘s—l) rate constant of BisAM
that is
dp  ViPr pav
d¢ Vv Vvt (sb)

where py is the density of feeding materials. The mass balance
equations for species i are

d(ve)
T G TVR &
that is,
dC. 1 dv
— = —|V(C; s — C— | + R
dt V( fruf T gy ) ! (6b)

where C; and C;; are the concentrations of species i in the
reactor and in the feed, respectively; R, is the intrinsic reaction
rate of species i.

The reactor model, together with the mass balance equations
of various species, form a complete set of equations for the
semibatch RAFT copolymerization. Three different monomer
conversions are defined as follows.

Conversion of AM (X;):

My — M,
XI — 10 1r
My )
Instant conversion of BisAM (X,):
x, = Mao = My, = My,
=
Myy — My, (8a)
Cumulative conversion of BisAM (X,,,,):
o = My = My, = My,
2cum
My (8b)

dx.doi.org/10.1021/ma202215s | Macromolecules 2012, 45, 28—38



Macromolecules

Table 3. Moment Equations Developed for RAFT Copolymerization

zeroth-order moments @opo =21k, 1] ! kY2 k Y, 007,
dt = ﬂ‘u ‘E 1©10,1,0 ~ ®piinter 11.0,070,1,0
first-order moments dY 0
7 = ka,foyo,l,o

ay, 2
=2 U=V K Yo

dKY.{l,l
dt

=0

dYZ,O,O

second-order moments

+2k

P

dYOZD
=020 g [11-2k
02, (1]

nter

Y,

7 = zzkp,iMlyl,LO + ka,iMIY(),I.O + ku Y12|0

I,OYZ,O,O

2
YO,Z,O YO,I,O + kul YO,I,O

d

+ 2ku YO?I,O - 4k/‘_YO‘2'0Y0vL0 + ku» Yoz,z,o
- 2k/r’y0,2,0 YO.O,I + 2k1r YO,I,O YO,O,I + 2k1r YO‘I,IYO,I.O
+ 2kp.inlerYO,2,OYl,l,O
Doz _jy2 ok v ¥ 42k Yy Yo, + 2K, Yy oY,
7* wXorn ~ 4Ky YooaT010 T 2K Yo 1H000 T 2K, 1010800,
+ 2k}?,inlMYO,l,IYl,O,l
Pio _ k, MYy00—kuYiio¥oro ke YiioYono — 2k oY
T—Z piM X000 =KXy 08010 TR di10802,0 = 2K 100000
7klryl.l,()y().0,l + k/r'yl,(),ly(),l,l) + kpjnler y2.0,0Y0,Z,0 + kp,imel lel()
Mo _ k, MY, +kY Yo k.Y o Yoo =k, Yo, Y,
T—Z pitito + K, 11,010,1,1 +K, 1L0%000 ~ Rurtr00%0,1,0
+ kp,mteIYZ,U,l)YU,I,I + kp,lnl mYI,I,OYLO,I
Dors oy Vo wk Yo Yoso 2K Yos Yors K, Yo,
7—_ 1d”0,1,110,1,0 +Ke 0,1,140,2,0 — “Mefo11 0,1,0+ r10,2,070,0,1
+k/rYO,0,2Y0,l,0 - k/rYO,I,]YO.[),I _kerO,l.lYO,l,O - 2kerO,I,0YO,0,]
+ k,;,inm YO,I,IY],],O + kp.inm Yo,z,oyl.o,l
d[Cc
intermolecular % =k, e Yor0Yi00
cross-linkage
intramolecular M =k, 0
dt ' w
cross-linkage
d[P d[C] d[D
Pendant double bond Lits) =k, Y, 0[M,]- [—] _dibl
dt o dt dt
small molecules initiator: % = —k,[1]
monomer: % ==k, Y, 0[M,]
Total monomer conversion (X,,.,): Diffusion-Controlled Termination Model. In free-radical
M + M polymerization, when the polymerization of branching/cross-
IOXI 20X25um R . .
Xiotal = linking proceeds to a high conversion, the system becomes
Mg + My ) viscous. In this work, we consider diffusion-controlled termination
The cumulative copolymer composition (F,) is then: reactions, and the termination rate constant is expressed as™>~"’
- — 1 1 1
T = Mo — My, — My, — =+ — (i=1,2)
Mg — My, + Myy — M,, — My, (10) ki kai,c ki (11)

Here M, is the total mole of monomer i, M;; and M,, are the
moles of monomer i in the tank and in the reactor, respectively.
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where ky; c is the chemical termination rate constant, k; 1, is the
diffusion-controlled termination rate constant, which can be
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Table 4. Definitions of the Important Chain Structural Properties

chain property expression
. | Ym.u
number-average chain length =
YOJ],[)
. . | Y. 2,0,0
weight-average chain length h =
Yl,(),(}
Ty
PDI =

polydispersity index

weight-average molecular weight

density of intermolecular cross-links

density of intramolecular cross-links

c--"
YI.O.O

p-2>
YI.O,U

calculated from the following semiempirical free-volume
expressions78

kyip = kt?i,D(rn)_z exp( — 1/Vf) (12)

where ki), is an adjustable parameter to correlate the experi-
mental data. In our work, kgw =3x 10" and kpyp=1x10"
are estimated based on the batch monomer conversion data.
The free volume fraction vy is expressed by’

v = [0.025 + o, (T — T,,)10, +
[0.025 + 0,1 (T = Tp1)10,1 +
[0.025 + 0,2 (T = Tyy2)10, +
[0.025 + o (T — T,))]o, (13)

where « is the thermal expansion coefficient, 0 is the volume
fraction, and T, is the glass-transition temperature. The
subscripts p, mi, and s denote polymer, monomer, and solvent,
respectively. The parameters of all physical and transport
properties are listed in Table S.

Primary Cyclization and Secondary Cyclization. Cycli-
zation reactions are important in a free-radical copolymeriza-
tion with cross-linking and can be divided into two groups:
primary and secondary cyclization. Primary cyclization occurs
when a radical propagates through pendant double bonds on its
own chain; while secondary cyclization occurs when a radical
reacts with pendant double bonds on different chains of the
same macromolecule.”’ " Note: a branched macromolecule
can contain many primary chains that are connected by cross-
linkages. The primary cycles are considered to be ineffective for
elastic properties of gel molecules because they are formed by
small numbers of monomeric units. However, the secondary
cycles are elastically effective since they are formed between
primary chains, similar to intermolecular cross-linking.*” Both
intermolecular cross-linking and secondary cycles contribute
to the experimental branching density (BD) because the experi-
mental BD is estimated from GPC data.

The primary cyclization reaction rate is assumed to be pro-
portional to the consumption rate of divinyl monomer BisAM,
which is expressed as™®

dMZ
P gt (14)

dcp
dt
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Table 5. Physical and Transport Properties in the AM/
BisAM RAFT Copolymerization

parameter value reference

P (grem™) 1100 estimated from p,,; = 1122 g-em™ at
30 °C

Pz (grem™) 1200 estimated from p,,, = 1240 g-cm™ at
30 °C

pp (gem™) 1300 estimated from p; = 1302 g-cm™ at
23 °C

a,; (K 1x107 estimated from ref 80

a,, (K1) 1x1073 =q,,

a, (K™ 4.8 x 107 estimated from ref 80

a, (K 48 x 107 =a,,

a, (K™ (1 -F)a, +Fa, 81

a, (K1) 1.5 x 107 estimated from ref 82

Tem (K) 250 estimated from refs 80, 83

Tpo (K) 250 =Ty

Ty (K) 438 84

Ty (K) 438 =Ty,

T,, (K) (1 =F)T,, + FyT,, 85

T, (K) 153 86

where k,, is a constant and CP is the concentration of pendant
double bond to form the primary cycles.

The secondary cyclization reaction rate is assumed to be pro-
portional to the rate of intermolecular cross-linking reaction,®

dcs _, dc
dt < dt (15)

where k, is the average number of secondary cycles per cross-
link, which is considered as a constant, and CS is the con-
centration of pendant double bond to form the secondary
cycles. In this work, k,, = 0.12S and k,, = 4.8 are estimated from
the batch experimental branching and cyclization density data.
The k,, and k values are in the same range as those reported
for the copolymerization systems of styrene/divinylbenzene>"*°
and methyl methacrylate/ethylene glycol dimethacrylate.®®

With these considerations, the fraction of primary cyclization
(P) is

cp

P=——
CP + CS (16)
The branching density BD is

BD=2000><L+(1—P)><CD’
Y100 (17)
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and the cyclization density (CD) is
CD = P x CD’ (18)

where CD' is the sum of the densities of primary and secondary
cyclizations, which can be expressed by

DXV

CD' =
2 X (Myg — My — My,) + Myg — My,
X 1000 (19)
The branching frequency (BF) is thus
E— BD x MW
71000 (20)

B EXPERIMENTAL SECTION

Materials. Acrylamide (AM, >98.5%) was purchased from
Lingfeng Chemical Reagent Co. Ltd., China. Ammonium persulfate
(APS, >98%) and N,N'-methylenebis(acrylamide) (BisAM, >98%)
were obtained from Sinopharm Chemical Reagent Co. Ltd., China. AM
and BisAM were recrystallized in acetone and ethanol, respectively,
before use. APS was used as received. 3-Benzyltrithiocarbonyl propionic
acid (BCPA) was synthesized according to the literature.””

Synthesis of b-PAM by Batch RAFT Polymerization. Batch
RAFT copolymerization of AM and BisAM was conducted in sodium
acetate/acid acetate buffer solution at pH = S with solid content of
4.99 wt % using BCPA as CTA and APS as initiator at 60 °C. Then
0.1 mol of AM and 0.167 mmol of BCPA were added to a 250 mL
three-neck flask equipped with a mechanical stirring mixer and
contained 100 g buffer solution, and 35.0 mmol BisAM was dissolved
in 50 g of deionized water and then transferred into the flask. After
deoxygenation with pure nitrogen for about 30 min, 0.083 mmol of APS
was injected to initiate the polymerization. The temperature remained
at 60 °C. Aliquots were taken at predetermined time intervals. The
monomer conversions were determined by gas chromatography.

Synthesis of b-PAM by Semibatch RAFT Polymerization.
Semibatch RAFT polymerization was used to synthesize hyper-
branched PAM as shown in Scheme 1 in a 1000 mL jacketed reactor

Scheme 1. Synthesis of Hyperbranched Polyacrylamide
(b-PAM) Using Batch or Semibatch Reversible Addition—
Fragmentation Chain Transfer (RAFT) Copolymerization of
Acrylamide with N,N'-Methylenebisacrylamide (BisAM)

BCPA:
s S\/© Semi-Batcﬁ
HOOC ™Y
S
APS, T=60°C

/\(°

NH,

H H
BisaM: ANy
) 0

ajey Bupead Wysig

Batch

-
—(O— branching or cyclization

pendant double bond

equipped with a condenser, a nitrogen inlet, a thermometer, a mech-
anical stirrer, and a syringe pump. Then 0.7 mol of AM and
1.167 mmol of BCPA were dissolved in 700 g of buffer solution and
then charged into the reactor. BisAM (11.7—35.0 mmol) was dissolved
in 350 g of deionized water and equipped in constant flow pump. The
system was heated to 60 °C by cycling water. Then, 0.583 mmol of
APS was injected to initiate the polymerization after deoxygenation by
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pure nitrogen for at least 30 min. Meanwhile, BisAM was continuously
fed into the reaction system at a constant rate of 17.5—7.8 mmol/h
over 2 to 4.5 h. Aliquots were taken at predetermined time intervals
and quenched by cooling before testing. After complete feeding of
BisAM, the polymerization was continued at 60 °C for another 30 min,
prior to termination by cooling. The polymer samples were dialyzed
for S days in a Spectra/Por Dialysis Membrane with molecular weight
cutoff of 1000 g/mol.

Characterization. Monomer conversions were determined from
the residual monomer concentration in the samples and determined
using Agilent 6890N gas chromatograph equipped with a capillary
column (HP-5, 30 m X 0.32 mm X 0.25 ym). The PAM samples were
characterized using Polymer Laboratory PL-GPC 50 gel permeation
chromatography (GPC) with differential refractive index (RI),
viscometer (IV), and laser light scattering (LS) triple detectors. The
detectors were installed in a series of LS, RI, and IV. For LS, the
detection angle was 90° and the laser wavelength was 650 nm. A set of
three columns of two Ultrahydrogel linear columns (MW ranged from
1 to 7000 kg/mol) and a PL-aquagel-20 column (MW ranged from
100 to 10,000) were equipped in the GPC. Then, 1.0 N NaNO,
aqueous solution was used as eluent at a flow rate 0.8 mL/min and
30 °C. PEO standards (MW, = 1190 kg/mol, PDI, = 1.21; MW, =
885.5 kg/mol, PDI, = 1.10; MW, = 77.35 kg/mol, PDI; = 1.05; as
well as a PEO mixed standard having MW from 2 to 162 kg/mol)
were used for calibrations. The dn/dc values for PAM and PEO
were 0.170 and 0.133 mL/g, respectively,”> which were measured
using various PAM and PEO samples at different concentrations.
The delay volumes between the detectors were determined by PEO
standards with 0.163 mL for LS and —0.557 mL for IV. 'H NMR
spectra were recorded on a Bruker Advance 400 spectrometer with
D,0 as solvent.

B RESULTS AND DISCUSSION

Hyperbranched polyacrylamide was synthesized via batch or
semibatch RAFT copolymerization of AM and BisAM. The
instantaneous content of BisAM in the copolymerization
system significantly influenced the branching parameters of
b-PAMs. In our work, the instantaneous BisAM content was
adjusted by changing the total ratio of [BisAM],/[AM], and/or
feeding rate (ry). For all experiments, [AM],/[BCPA]y/
[APS], = 600/1/0.5 and [AM], = 0.667 M. Figure 1 shows a

20min

60min

_—80min

100min
4

10° 10
Mw(g/mol)

4 6

10

Figure 1. GPC traces of b-PAM samples synthesized by semibatch
RAFT polymerization under the condition: [AM],/[BisAM],/
[BCPA],/[APS], = 600/30/1/0.5 and [AM], = 0.667 M in pH = 5
sodium acetate/acid acetate buffer solution at 60 °C and feeding rate
of 11.7 mmol/h of BisAM.

typical evolution of the molecular weight of b-PAM samples
during the polymerization. As the reaction proceeded, the poly-
mer molecular weight increased and the distribution became
broader, indicating branching formation.
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The b-PAM samples were also characterized with an
NMR spectrometer. In the 'H NMR spectrum (see the
Supporting Information), the peaks at 6.8 and 7.5 ppm were
the pendant double bonds of BisAM with one vinyl moiety
reacted. This suggested that not all the reacted BisAM
contributed to branching. The content of the unreacted
pendant double bonds (c,) allowed us to estimate the
percentage of pendant double bonds over the total BisAM
converted and that of BisAM with both vinyl moieties
converted for branching and/or cyclization, following the
published procedure.®®

Branched polymers have a lower root mean-square gyration
radius ( ((Rg2>1/ 2)) and a lower intrinsic viscosity ([]).”> The
level of branching density could be described by the contraction
factors g and g as

<Rg2>br
§= T

<Rg2>lin (21)
g, — [n]br

[n]lin (22)

In our previous Work,éo the relationship of (Rg2>1/ 2~ MW and
[7] ~ MW were determined as <R82>1/2 =1.70 X 1072M"5® and
(7] = 1.12 x 107* M*7®. Further, the quantitative relationship
between g and g’ was also determined as

g =g (23)

where the exponential factor € was 0.74 and it was used for
further estimation of branching density from g'. Figure 2 present

10

linear reference

20min
~———40min
———60min
~——80min
~——100min
~———120min
140min
~———160min
——180min
——210min

10’

[n] (dVg)

0.1-
10

1;)5 1;)“
MW (g/mol)

Figure 2. Intrinsic viscosity of b-PAMs at different reaction times as a
function of molecular weight under the condition: [AM],/[BisAM],/
[BCPA],/[APS], = 600/30/1/0.5 and [AM], = 0.667 M in pH = §
sodium acetate/acid acetate buffer solution at 60 °C and feeding rate
of 11.7 mmol/h of BisAM

the [] versus molecular weight correlations for the b-PAM
samples, with the linear PAM data included as reference. All the
[17] values of b-PAMs were substantially lower than their linear
counterpart.

Figure 3 plots the contraction factor g, estimated by eq 22,
against molecular weight.

For these b-PAMs, the branching units were expected to be
distributed randomly along primary chains." The reacted BisAM
units served as bridges and connected primary chains forming
H-type cross-linkages. The Zimm-Stockmayer equation was
applied to estimate the branching frequency BF and branching
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——20min
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Figure 3. ¢’ of b-PAMs at different reaction times as a function of
molecular weight under the condition: [AM],/[BisAM],/[BCPA],/
[APS], = 600/30/1/0.5 and [AM], = 0.667 M in pH = S sodium
acetate/acid acetate buffer solution at 60 °C and feeding rate of
11.7 mmol/h of BisAM.

density BD:”
—-1/2
BF 4 X BF
g= 1+]— + —
6 3n (2 4)
BF
BD = 35500 x % 2
M (25)
where the g data were obtained through converting g’ in Figure 3
using eq 23.
CD could be calculated using eq 26
MBisaAM — MBisAM,p
CD = X 1000 — BD
2mpiam + My (26)

where mp; 4, and my,; were the moles of BisAM and AM
incorporated into the polymer and could be determined by
their conversions, respectively. mp;ay, is the mole of BisAM
with one vinyl reacted and the other pendant in the polymer

Effect of Feeding Rate. The feeding period of the same
BisAM aqueous solution quantity was varied to adjust the
instantaneous BisAM concentration in the copolymerization
system from O (batch) to 4.5 h to investigate the semibatch
effects on MW, PDI, and branching structure. It was found that
a shorter feeding period or higher feeding rate increased the
instantaneous BisAM concentration and resulted in higher BF
and BD.® Parts a—c of Figure 4 show good agreement between
the experimental data and the theoretical model for the conver-
sion histories of both AM and BisAM, which were insensitive to
instantaneous BisAM concentration. A low feeding rate reduced
the BisAM amount copolymerized with AM.

Figure 4d shows the MW of the b-PAM samples, determined
by triple-detector GPC, plotted as a function of total monomer
conversion. In the batch operation, the MW experienced a
sudden increase at 70% conversion prior to gelation. However,
in the semibatch processes, MW increased slowly up to
90% conversion, followed by sudden increase to about 1.5 X
10° g/mol without gelation, as agreed with the model
prediction. Figure 4e shows the same trend of PDI as MW.
The PDI increased to 4.33 before gelation in the batch, while it
reached 6.85—8.15 in the semibatch processes without gelation.
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Figure 4. Hyperbranched polyacrylamides synthesized by RAFT copolymerization with different feeding rates of BisAM: (a) AM conversion, (b)
instantaneous conversion of BisAM, (c) cumulative conversion of BisAM, (d) MW versus the total monomer conversion, (e) PDI, (f) BF, (g) BD,
and (h) CD. Experimental conditions: [AM],/[BisAM],/[BCPA],/[APS], = 600/30/1/0.5 and [AM], = 0.667 M in pH = S sodium acetate/acid
acetate buffer solution at 60 °C. The points are experimental data while the lines are theoretical simulations.

The most important parameters of branched polymers are
BF and BD, which can be estimated by eqs 24 and 25. The
weight-average BF and BD of all the b-PAM samples were
calculated from Y ,BF,C;/..C; and Y..BD,C;/ Y ,C, respectively,
where C; is the polymer concentration at each GPC elution
fraction. Parts f and g of Figure 4 show the BF and BD values
plotted as a function of the total monomer conversion. Both
the experimental data and theoretical model showed that
shorter feeding time gave higher BF and BD. The BFs of
b-PAMs from batch RAFT copolymerization were much higher
than those from semibatch operation. It is clear that the higher

35

instantaneous BisAM concentration in the batch process was
advantageous for branching. However, the system could be
readily gelled at a low to intermediate conversion. For
comparison, in the semibatch processes, the final BFs reached
up to 250 to 300 per molecule at high conversions but still free
of gels. The BD of b-PAMs from the batch process, unlike BF,
MW and PD], increased in the early stage followed by a decrease
to the final value of 19.3 C/1000Cs at gelation. In the semibatch
processes, the BDs increased slowly with conversion and reached
8.81—12.3 C/1000Cs at nearly complete conversion without
gelation.
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Figure S. Hyperbranched polyacrylamides synthesized by RAFT copolymerization with different [BisAM],/[CTA], ratios: (a) AM conversion, (b)
instantaneous conversion of BisAM, (c) cumulative conversion of BisAM, (d) MW versus the total monomer conversion, (e) PDI, (f) BF, (g) BD,
and (h) CD. Experimental conditions: [AM],/[BCPA],/[APS], = 600/1/0.5 and [AM], = 0.667 M in pH = S sodium acetate/acid acetate buffer
solution at 60 °C. The points are experimental data while the lines are theoretical results.

The experimental BD values were substantially lower than
those calculated based on the assumption that all the incor-
porated BisAM with both vinyl groups reacted contributed to
branching through intermolecular reactions. This discrepancy
suggested significant intramolecular cyclization reactions
occurred. That is, a fraction of the incorporated BisAM formed
cyclic structures. Figure 4h shows that, in the batch process,
CD increased in the early stage and decreased slowly to 36.7 C/

36

1000Cs just before gelation. However, in the semibatch
processes, it increased steadily with conversion to a final value
of 17.6—28.5 C/1000Cs. With the feeding rate of 7.8—17.5 mmol/hs,
39.0—60.5% of all double bonds from BisAM were consumed
for cyclization and 17.0—26.8% for branching, with the remainder
as pendant double bonds. This suggested that cyclization played

an important role in postponing gelation.
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Effect of BisAM content. Hyperbranched polymers could
be prepared by increasing the branching agent BA concentration
but at the risk of gelation. Chain transfer agent (CTA) was
often added to suppress the network formation. Low BA/CTA
levels (<2) were used in the batch process.28_30’32_34’37’68_71
Employing the semibatch strategy by continuously feeding
BisAM reduced the instantaneous BA concentration and facili-
tated the preparation of b-PAM samples at very high BisAM/
CTA ratios (10—30).

Parts a and b of Figure 5 show the AM and BisAM conver-
sions over the reaction time. The cumulative BisAM conversion,
given in Figure Sc, was independent of the [BisAM],/[CTA],
ratio, as predicted by the model. However, because the different
amounts of BisAM were fed in 3 h or at a constant rate of
11.7 mmol/h, the instantaneous concentrations in the copoly-
merization systems were different, resulting in the considerable
differences in MW and PDIL. The MW of b-PAMs prepared at
[BisAM],/[CTA], = 30 was obviously much higher than those
of [BisAM],/[CTA], = 20 and 10. The same observation was
made for PD], as seen in Figure S, parts d and e.

Figure Sf plots BF as a function of total monomer conver-
sion. With [BisAM],/[CTA], = 10, the BF was only 16.9 per
molecule even when the conversion reached up to 97.5%, while
it was 248 per molecule with [BisAM],/[CTA], = 30. Parts g
and h of Figurs 5 show that higher [BisAM],/[CTA], ratio
resulted in higher BD and CD. The final BD and CD of
b-PAMs prepared at [BisAM],/[CTA], = 10/1 to 30/1 were
increased from 6.19 to 10.2 C/1000Cs and 6.84 to 27.5 C/
1000Cs, respectively. The pendant double bond fractions of the
reacted BisAM consumed for branching and cyclization were
38.8—21.8% and 43.1—58.0%, respectively, as the [BisAM],/
[CTA], increased from 10/1 to 30/1.

B CONCLUSIONS

The semibatch RAFT copolymerization of acrylamide (AM)
and N,N'-methylenebis(acrylamide) (BisAM) with continuous
BisAM feeding in the presence of chain transfer agent (CTA)
BCPA was theoretically modeled and experimentally inves-
tigated. Guided by the model simulations, hyperbranched
polyacrylamide (b-PAM) samples free of gels were successfully
prepared. The instantaneous BisAM concentration played a
crucial role in suppressing gel formation in the b-PAM synthesis.
This parameter could be optimized though modeling by
adjusting the BisAM feeding rate and/or the ratio of
[BisAM],/[CTA],. Higher instantaneous BisAM concentration
gave more branching and cyclization structures in the b-PAMs
but at the risk of gelation. The final BD and CD of b-PAMs
prepared by batch RAFT copolymerization were 19.3 and
36.7 C/1000Cs, respectively, which were higher than those
prepared by the semibatch operations. However, the system
gelled at 70% conversion. In comparison, the MW, PDI and BF
in the semibatch processes increased gradually with conversion
until over 90% without gelation. The experimental data agreed
well with the model simulation. The BD of b-PAMs in the
semibatch copolymerization also increased slowly with the final
value reaching 8.81—12.3 C/1000C:s at the investigated feeding
rates and 6.19—10.2 C/1000Cs at the used [BisAM],/[CTA],
ratios, without gelation. It was also found that cyclization
consumed almost half of the pendant double bonds of the
reacted BisAM. The final CD increased from 17.6 to 28.5 C/
1000Cs as the feeding rate increased from 7.8 to 17.5 mmol/h,
while it increased from 6.84 to 27.5 C/1000Cs as the [BisAM],/
[CTA], increased from 10/1 to 30/1.
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GPC traces, intrinsic viscosities, and g values of b-PAM
samples synthesized by semibatch RAFT copolymerizations,
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ABSTRACT: Thermoresponsive hydrogel nanoparticles com-
posed of poly(N-isopropylmethacrylamide) (pNIPMAm) and
the disulfide-based cross-linker N,N"-bis(acryloyl)cystamine
(BAC) have been prepared using a redox-initiated, aqueous
precipitation polymerization approach, leading to improved
stability of the disulfide bond compared to traditional ther-
mally initiated methods. The resultant particles demonstrate
complete erosion in response to reducing conditions or thiol
competition. This stands in contrast to the behavior of ther-
mally initiated particles, which retain a cross-linked network

Reduction
===r g

———

Oxidation

following disulfide cleavage due to uncontrolled chain-branching and self-cross-linking side reactions. The synthetic strategy has
also been combined with the nondegradable cross-linker N,N-methylenebis(acrylamide) (BIS) to generate “co-cross-linked”
pNIPMAm-BAC-BIS microgels. These particles are redox-responsive, swell upon BAC cross-link scission and present reactive
thiols. This pendant thiol functionality was demonstrated to be useful for conjugation of thiol-reactive probes and in reversible
network formation by assembling particles cross-linked by disulfide linkages.

B INTRODUCTION

Within the realm of biomaterials, disulfide bonds are of great
interest due to their characteristic degradation in response to
physiologically relevant reducing conditions."”” Polymeric drug
delivery vehicles incorporating disulfide bonds as essential com-
ponents of vehicular integrity are expected to undergo selective
erosion upon entering the intracellular space, providing a
means to trigger the delivery of payloads and improve physio-
logic clearance. Several groups, using a variety of architectures,
have exploited this strategy.z_6 For example, Matyjaszewski
et al. have used inverse mini-emulsion atom transfer polymer-
ization to produce nanogels capable of triggered erosion for the
delivery of small molecules to cancer cells.* Armes and co-
workers have included disulfide cross-linking in block copoly-
mer micelles as a method to regulate the release of a payload in
the micelle’s interior.” These examples represent only a small
portion of the efforts in this domain.

Our group has worked extensively on the development of
drug carriers based on poly(alkylacrylamide) nano- and micro-
particles (nanogels or microgels).””'> However, one limiting
characteristic of these vehicles is their nondegradable nature, as
the polymer is not erodible and the network is typically cross-
linked covalently with noncleavable units. Thus, the use of cross-
linkers containing disulfide bonds was envisioned as a potentially
useful approach, where disulfide incorporation would enable
erosion of drug carriers in a triggered fashion, while also offering
introduction of thiol functionalities within microgels for biocon-
jugation and controlled assembly. Bulk hydrogels that incorporate
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the reversible disulfide cross-linker N,N"-bis(acryloyl)cystamine
(BAC) have been described in the literature,>™'¢ but there are
few examples of microgels incorporating this functionality, """
and none of these syntheses utilize the aqueous precipitation
polymerization method.

Precipitation polymerization has been repeatedly demonstrated
to be a useful and versatile means of generating monodisperse
micro- and nanoparticles, and is enabling in the synthesis of
particles with core/shell topologies.”***" A notable drawback is
that the method utilizes high temperatures (typically >70 °C)
to promote the thermal decomposition of a radical source, such
as ammonium persulfate (APS). Incorporating a disulfide bond
during microgel synthesis by such a process is challenging, as
there are numerous side reactions that disrupt the sulfur—sulfur
bond. The disulfide bond may be homolytically cleaved at high
temperatures, resulting in sulfur radical formation during the
synthesis.”> Additionally, the disulfide bond may enable a chain-
transfer reaction, wherein radical attack at the disulfide leads
to the formation of a thioether, with a second sulfur radical
released as a result (see Supporting Information, Scheme S1).**
Finally, any conversion of the disulfide to thiols during synthesis
would promote a Michael addition between the thiol and the
vinyl groups of the monomers, again generating a thioether.>* 2
Thioether formation during synthesis is still an enabling mechanism
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for particle formation; however, the cross-links formed are no

longer susceptible to reduction/cleavage.

For bulk hydrogel synthesis, the accelerant N,N,N',N"-tetra-
methylethylenediamine (TEMED) is commonly used to enable
room temperature syntheses. When paired with APS, TEMED
acts as a reducing agent, generating much higher levels of
sulfate radical in solution than are achieved by thermal disso-
ciation at the same temperature. Recently, we have shown that
the use of the APS/TEMED pair is suitable for conducting
microgel synthesis using microfluidic devices at lower temper-
atures,”” and when utilized in conjunction with precipitation
polymerization allows in situ encapsulation of 8proteins and the
control of parasitic chain transfer reactions.”® To attempt to
mitigate the effects of the possible side reactions, we focused
on the generation of thermoresponsive microgels containing
disulfide cross-links by producing the particles at temperatures
only slightly above the lower critical solution temperature
(LCST) of the thermoresponsive polymer. In this work, we
demonstrate the synthesis of thermo-responsive microgels
cross-linked with the commercially available disulfide cross-
linker BAC, utilizing aqueous precipitation polymerization with
a redox initiation pair. These particles are shown to erode in
response to reducing conditions, in contrast to comparable par-
ticles synthesized using the traditional thermally induced initiation
approach. The improved control over disulfide incorporation was
used in combination with the nondegradable cross-linker BIS to
generate thiol-bearing microgels. These particles are shown to
be suitable for iodoacetamide conjugation, and the reversible
nature of the disulfide bond is exploited to form and disperse
doubly cross-linked bulk gel networks of microgels, illustrating
the potential utility of such particles in both bioconjugation and
gel assembly.

B EXPERIMENTAL SECTION

Materials. All reagents were purchased from Sigma-Aldrich
(St Louis, MO) and used as received, unless otherwise noted. The
monomer N-isopropylmethacrylamide (NIPMAm) was twice recrys-
tallized from hexanes (VWR international, West Chester, PA) and
dried in vacuo prior to use. Reagents N,N'-bis(acryloyl)cystamine
(BAC), N,N"-methylenebis(acrylamide) (BIS), sodium dodecyl sulfate
(SDS), ammonium persulfate (APS), N,N,N',N'-tetramethylethylene-
diamine (TEMED), dithiothreitol (DTT), sodium periodate, fluo-
rescein iodoacetamide, methanol, and dimethyl sulfoxide (DMSO)
were all used as received. Water used in all reactions, particle purifi-
cations, and buffer preparations was purified to a resistance of 18 MQ
(Barnstead E-Pure system), and filtered through a 0.2 um filter to
remove particulate matter.

BAC Cross-Linked Particle Synthesis: Redox. NIPMAm was
dissolved in deionized water, to a final total monomer concentration of
140 mM. The solution was filtered, followed by the addition of SDS
a final concentration of 6 mM. The solution was heated to 50 °C
and purged under nitrogen for 1 h. A solution of 10% (by volume)
TEMED in water was added, bringing the TEMED concentration to
2 mM. Polymerization was initiated 10 min later by addition of an
aqueous solution of 0.5 M APS (total concentration = S mM, an excess
relative to TEMED to minimize interaction with BAC), followed
immediately by a 172 mM solution of BAC in methanol to achieve a
final molar ratio of 5§ mol % cross-linker. The solution was allowed to
stir at 50 °C for 6 h, then cooled to room temperature and filtered
through no. 2 Whatman filter paper. (Anal. Calcd for NIPMAm/BAC/
APS: C, 61.53; H, 9.52; N, 10.54; S, 4.04. Found: C, 55.19; H, 9.41; N,
9.78; S, 5.01.)

BAC Cross-Linked Particle Synthesis: Thermal. NIPMAm was
dissolved in deionized water, to a final total monomer concentration of
140 mM. The solution was filtered, followed by the addition of SDS a
final concentration of 6 mM. The solution was heated to 80 °C and
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purged under nitrogen for 1 h. Polymerization was initiated by addi-
tion of an aqueous solution of 0.1 M APS (total concentration 2 mM),
followed immediately by a 172 mM solution of BAC in methanol to
achieve a final molar ratio of S mol % cross-linker. The solution was
allowed to stir at 80 °C overnight, then cooled to room temperature
and filtered. (Anal. Calcd for NIPMAm/BAC/APS: C, 63.08; H, 9.76;
N, 10.81; S, 3.07. Found: C, 57.20; H, 9.80; N, 9.89; S, 3.04.)

Co-Cross-Linked Particle Synthesis. NIPMAm and BIS (2 mol %)
were dissolved in deionized water, to a final total monomer concen-
tration of 140 mM. The solution was filtered, followed by the addition
of SDS at a final concentration of 1 mM. The solution was heated
to S0 °C and purged under nitrogen for 1 h. A solution of 10% (by
volume) TEMED in water was added, bringing the TEMED concen-
tration to 2 mM. Polymerization was initiated 10 min later by addition
of an aqueous solution of 0.5 M APS (total concentration 5 mM),
followed immediately by a 235 mM solution of BAC in methanol to
achieve a final molar ratio of S mol % BAC. The solution was allowed
to stir at S0 °C overnight, then cooled to room temperature and filter-
ed through a 1.2-um Acrodisc filter. (Anal. Calcd for NIPMAm/BAC/
BIS/APS: C, 61.29; H, 9.44; N, 10.70; S, 4.02. Found: C, 55.95; H,
9.70; N, 9.98; S, 3.45.)

Particle Characterization. The microgels were size analyzed
via dynamic light scattering (DLS) using a Dynapro DLS (Wyatt
Technology, Santa Barbara, CA) and by asymmetrical flow field-flow
fractionation coupled to multiangle light scattering (A4F-MALS) using
the Eclipse 1 Separation System (Wyatt) and DAWN-EOS (Wyatt)
detector. To characterize their degradation, samples with an identical
particle concentration were prepared in pH 8.6 HEPES buffer. To one
solution, an excess of DTT was added and allowed to incubate for
90 min. The two samples were analyzed using A4F-MALS using an
identical procedure. The eluent was a 10 mM ionic strength (7 mM
NaNO; + 3 mM NaNj) aqueous buffer, and particle separation was
achieved using a variable crossflow method wherein the initial cross-
flow rate of 1.0 mL/min was reduced over a period of 30 min to
0.1 mL/min. This same protocol was used to distinguish the thermally
initiated particles. Particle radii (r,y,,) values are reported as the aver-
age of three separations.

Elemental analysis was performed in duplicate on purified and
Iyophilized particles by Atlantic Microlabs, Norcross GA.

Fluorescent Labeling. Two 2 mL samples of a 4.5 mg/mL stock
solution of co-cross-linked particles were suspended into two centri-
fuge tubes. The particles were pelleted by centrifugation at 18 000g for
10 min. The supernatant was removed from each tube and 1.5 mL of a
10 mM solution of DTT in pH 8.6 HEPES buffer was added to each.
After 4 h of reduction, the particles (now presenting reactive thiols)
were purified by sequential centrifugation and the supernatant re-
placed with pH 7.4 HEPES buffer. Each time the particles were
pelleted at 18,000g for 25 min, and the process was repeated five times.
Then, 200 uL of cleaned particle stock was added to 1.1 mg of fluo-
rescein iodoacetamide, along with 1.0 mL of pH 7.4 HEPES buffer
+200 puL of DMSO. The microgels were allowed to react at room
temperature in the dark overnight. The labeled particles were purified
by sequential centrifugation and the supernatant replaced with pH 7.4
HEPES buffer. The particles were stored in the dark while redis-
persing, and the process was repeated ten times until the fluorescence
signal from the supernatant was indistinguishable from that of buffer.
Fluorescence was measured using a steady-state fluorescence spectro-
photometer (Photon Technology International), equipped with a
Model 814 PMT photon-counting detector. Samples were prepared by
diluting labeled particles into pH 7.4 HEPES buffer. The excitation
wavelength used was 494 nm, and emission spectra were collected
from 500 to 600 nm. Unlabeled particles were diluted to a similar con-
centration and spectra were collected under the same conditions.
Additionally, co-cross-linked particles that were not exposed to DTT
were also reacted with fluorescein iodoacetamide under the same con-
ditions, similarly purified and spectra collected under the same con-
ditions.

In Situ Erosion. The erosion of pNIPMAm-BAC nanogels was
monitored in situ, using a previously reported light scattering
method.* Using multiangle light scattering (MALS) detection, the
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particle weight-average molar mass (M,,) was monitored in real-time
during the erosion reaction. Reactants were introduced to the MALS
detector using the Calypso syringe pump system (Wyatt Technology
Corporation, Santa Barbara, CA). The Calypso hardware consists of a
computer-controlled triplet syringe pump and a multichannel degasser,
equipped with in-line filters, mixers and valves to allow rapid and
automated batch measurements. MALS was performed using the
DAWN-EOS (Wyatt Technology Corporation, Santa Barbara, CA)
equipped with a temperature-regulated KS flow cell with a GaAs laser
light source (4 = 685 nm). Additional description of MALS analysis is
provided in the Supporting Information. Data collection and sub-
sequent analysis was performed using the Astra software Version 5.3.4.14
(Wryatt Technology Corporation, Santa Barbara, CA). Differential refrac-
tive index analysis was performed via composition-gradient static light
scattering using the Calypso syringe pump and the OptilabrEX systems,
equipped with an LED light source (4 = 690 nm).

In a typical erosion reaction, nanogels were prepared via dilution
to a concentration of 3.5 X 107> mg/mL in 0.1 ym-filtered pH 7.0
phosphate buffer (ionic strength = 20 mM). To initiate erosion, the
BAC nanogel solution and 20 mM DTT or 40 mM cysteine (prepared
in the same buffer) were coadministered to the MALS flow cell via the
Calypso syringe pump system. Final concentrations of particles and
reducing agent were 1.74 X 107> mg/mL and 10 mM DTT and
20 mM cysteine, thus yielding 20 mM reactive thiolate in both cases.
The particle M,, was monitored at stopped flow using the Astra soft-
ware with a determined dn/dc value of 0.158 for BAC nanogels. The
dn/dc was measured in triplicate using the Calypso syringe pump
system coupled with dRI detection using a five-step calibration curve
for BAC particles (1.75 X 107" mg/mL to 3.50 X 107> mg/mL)
suspended in filtered pH 7.0 phosphate buffer (I = 20 mM).

Reversible Gelation. Two large centrifuge tubes were filled with
8 mL of a 4.5 mg/mL stock solution of particles cross-linked with both
BIS and BAC. The particles were purified by sequential centrifugation
at 15500g for 25 min followed by redispersion in pH 7.4 HEPES
buffer. After cleaning, the supernatant was replaced with 8 mL of
10 mM DTT in pH 8.6 HEPES buffer. The particles were allowed to
erode with light agitation overnight. The now thiol-bearing particles
were again purified using sequential centrifugation at 15500g for
60 min, replacing the supernatant with additional 10 mM DTT. After
cleaning, the supernatant was replaced with 7 mL of 12 mM NalO, in
pH 7.4 HEPES. After addition, the solution was centrifuged at 15 500g
for 60 min. The resulting pellet was a solid gel, which was scraped
from the bottom of the centrifuge tube and provided for rheology
measurements.

The reversible nature of the double-network was demonstrated by
equilibrating a large piece of the oxidized network in pH 8.6 HEPES
buffer. The piece was then split into two approximately equal sized
pieces and each piece placed into their own well plate. To one was
added S mL of a solution of 22 mM DTT in pH 8.6 HEPES, while the
other received only an equivalent volume of buffer. The two were
allowed to shake for 24 h until complete dissolution of the reduced
network in the DTT-containing solution occurred.

Rheology. Oscillatory rheology was carried out using a stress-
controlled rheometer (Anton-Parr Physica MCR 501) with cone—
plate geometry and a roughened cone with 25 mm diameter and 2°
aperture. Before measurement, the instrument was calibrated to account
for different sources of instrument error: motor and air bearing noise due
to imperfections in motor operation, air bearing surface, turbulence in
the air bearing and the effect of the tool’s inertia on stress—strain mea-
surements without sample. All measurements were taken above the
instrument’s minimum torque of 0.1 #Nm. Though the rheometer is
stress-controlled, strain-controlled measurements can be made because
of a feedback loop: stress is applied and the resulting strain is mea-
sured, and the loop enables the rheometer to adjust the applied stress
to keep strain at the desired value. The time to complete the loop is on
the order of milliseconds, so the accessible frequency range has an
upper limit of about 100 rad/s. About 0.2 mL of the double network
sample was compressed beneath the cone and plate at room tempera-
ture. A linearity test was performed at 10 rad/s between 0.1% and 1%
strain; for strains below ~0.3%, the system can be safely assumed in
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the linear regime, as shown in Figure Sa. The frequency measurements
were done at constant strain of 0.1% and frequencies on a logarithmic
scale decreasing from 100 to 0.01 rad/s with 6 points per decade.

B RESULTS AND DISCUSSION

Particle Synthesis and Characterization. In order to
minimize interaction between TEMED and BAC, two modifica-
tions to conventional precipitation polymerization were neces-
sary: an excess of APS relative to TEMED was utilized, and the
BAC was added immediately following initiation by APS. Par-
ticle formation was confirmed by DLS, and was successful under
the two synthetic protocols described, with the differences
limited to the reaction temperature and hence the method of
radical generation from APS. Elemental analysis confirms sulfur
incorporation for both the thermally and redox-initiated par-
ticles with BAC and APS being the two potential sources of
sulfur in the monomer feed. For the redox-initiated particles,
the reported sulfur values are slightly higher than expected from
the feed composition. This may arise from the bifunctional
reactivity of the cross-linker, which likely contributes to faster
incorporation into the microgels, along with the high sulfate
radical yield that is typical for redox initiation. In contrast, the
thermally initiated particles were in close agreement with their
theoretical composition. This also likely represents efficient in-
corporation of BAC, with perhaps a lower overall degree of
sulfate incorporation.

To more directly probe the cross-link density of the particles,
DLS was used to determine the swelling ratio for the particles
by determining the hydrodynamic radius above and below
pNIPMAm’s LCST. The work by Senff and Richtering, Varga
et al, and Duracher et al. focused on systematically studying the
effect of cross-linking density on the swelling ratio and particle
topology (the ratio r,,,/r;,) of thermoresponsive microgels.**>*
The data from the Varga study, which included swelling values
in the regime seen for the disulfide cross-linked particles, was
used to estimate the BAC particles’ cross-link density. By plot-
ting the cross-link density vs swelling ratio for the Varga data
and using least-squares regression to determine a model which
best fit the data, we were able to use our swelling data to esti-
mate the cross-linking density of the BAC cross-linked particles
(see Supporting Information). For the redox-initiated particles,
the determined swelling ratio of 1.82 when mapped onto the
Varga cross-link model yields an estimated cross-link density of
5.1%, in good agreement with the monomer feed composition.
In contrast, the thermally initiated particles exhibited a higher
apparent cross-linking (swelling ratio =1.45), corresponding to
an estimated cross-link density of 8.4%. The higher apparent
cross-linking may be a result of chain-transfer located at the
disulfide bond, Michael addition, or any of the other potential
cross-link forming side reactions described above.

Particle Erosion. Successful incorporation of BAC within
the microgel network should lead to particles that undergo
cross-link scission via disulfide reduction. Generally, a reduction
in the amount of cross-linking in a particle would cause an in-
crease in particle swelling as the network becomes more flexi-
ble. In the extreme case wherein all cross-linking points within
the particle are labile, complete dissolution of the microgel
should follow reduction. A comparison of the chromatograms
shown in Figure 1 highlights the impact the initiation method
has on particle erosion following cross-link cleavage. When the
thermally initiated particles were exposed to the reductant DTT,
a small increase in the A4F retention time and a reduction in
the intensity of the scattering signal were observed (Figure 1a).
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Figure 1. A4F-MALS separation of pNIPMAm-BAC (5%) microgels
formed by the (a) thermal and (b) redox initiation methods. Incuba-
ting the particles with DTT increased retention of the thermally ini-
tiated particles, yet led to degradation of the redox-initiated particles.

The increased retention time in the variable cross-flow separation is
indicative of decrease in the particle diffusion coefficient, which
we propose occurs due to cross-link scission and the concomi-
tant increase in particle swelling and r, The accompanying
reduction in scattering intensity is further indicative of particle
swelling and thus a reduction in refractive index. The increase in
particle r; suggests a decrease in nanogel density as a result of
cross-link scission. Offline analysis of the particles before and
after erosion by DLS confirmed the expected changes accom-
panying cross-link scission, as shown in Table 1. Nanogel erosion
resulted in an increase in the swelling ratio from 1.45 to 2.18,
which correlates to a remnant cross-link density of 2.4%. A large
increase in r,,,, from 33 to 43 nm also resulted from scission,
which was further indicative of network expansion. Interestingly,
the particle mass distribution remained consistent throughout
erosion reaction for thermally initiated nanogels. The mass distri-
bution may be inferred through the ratio of the r,,,, (weighted-
size by the mass distribution about the center of mass) and the
r, (determined from the diffusion coefficient of the particle).
Monitoring changes in mass distribution following erosion is a
useful way to characterize the distribution of the labile bonds

within the nanogel architecture. For example, changes in mass
distribution following erosion would indicate that the labile
cross-links were preferentially located in a particular region of the
particles. The value of r,,,/r, for the thermally initiated particles
(~0.56) is indicative of a radially heterogeneous segment density,
with the periphery having a lower density of polymer. This value
is frequently observed for nanogels prepared by precipitation
polymerization, where dissimilar reactivity between the monomers
results in greater polymer segment density toward the interior
of spheres.’® Although erosion caused a shift in the size and
molar mass of the particles, there was no measurable change in
Tyms/ - This result suggests that cross-link scission from BAC
featuring intact disulfide bonds occurred evenly throughout the
structure. As such, the heterogeneous segment density sug-
gests the nonlabile and labile cross-link distributions are similar.
However, additional work may be necessary to verify this
hypothesis.

In contrast to thermally initiated nanogels, the redox-initiated
particles showed complete dissolution after exposure to DTT;
as evidenced by the disappearance of the peak associated with
the nanogel and the emergence of a peak at very short retention
times with diminished scattering signal. The loss of particle
retention via A4F is indicative of a drastic increase in the
polymer diffusion coefficient, whereas the loss of scattering
signal is indicative of a significant reduction in particle density,
suggesting potential mass loss from the polymer. Together,
those data suggest complete dissolution of the nanogel into low
molar mass, oligomeric products (Figure 1b). The differential
response seen in the A4F results for the two types of particles is
indicative of the difference in network structure between the
two. The failure of thermally initiated particles to completely
erode into oligomeric chains reveals the presence of non-
erodible residual cross-links in the structure, likely thioethers
resulting from side reactions. In the redox-initiated case these
parasitic reactions are limited, leading to a particle whose
network integrity is completely controlled by disulfide cross-
links.

In Situ Erosion. In the presence of a strong reducing agent,
such as DTT, the nanogels synthesized at lower temperatures
via redox initiation completely dissolved into low molar mass
components. Thus, we hypothesized that those networks would
be similarly sensitive to the presence of cysteine and other
thiols in their environment, resulting in thiol—disulfide ex-
change reactions that would disrupt connectivity in the nanogel
network. The time scale of erosion for thiol competition under
physiologically relevant reducing conditions, such as those
found in the cytoplasm, is of interest in drug delivery appli-
cations. Nanogel erosion was monitored in situ via MALS
detection, using a similar method as reported previously.”
Through this approach, changes in the apparent M,, of nanogels
were monitored in real-time, enabling a direct comparison of
erosion kinetics for particles in response to DTT and cysteine
(Figure 2).

Table 1. Size, Swelling, and Topology Characterization for BAC-Cross-Linked Microgels

#i, nm (20 °C)“ i, nm (45 °C)“

5% BAC (T) 60 41
5% BAC (T) + DTT 73 34
5% BAC (R) 48 26

swelling ratio?

est. cross-link

Trme DM Tems/ T (20 °C) density,” %
1.45 329 + 0.1 0.55 8.38
2.18 424 + 1.8 0.58 243
1.82 369 + 0.6 0.78 S.12

“Sizes reported in pH 8.6 HEPES buffer. bCalculated as 1,(20 °C)/ 1,(45 °C). “Calculated from swelling ratio using Varga model (see Supporting

Information).
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Figure 2. Nanogel erosion via cross-link scission occurs in the presence
of DTT (red) or cysteine (blue), monitored in situ via MALS. Error
bars (black) represent one standard deviation about the mean of
measurements.

In the presence of DTT, the M, of nanogels decays by
an order of magnitude, eventually reaching equilibrium after
~40 min of the reaction (Figure 2). This indicates that swelling
is accompanied by mass loss and that both effects give rise
to the decrease in light scattering intensity observed via A4F
analysis (Figure 1). Erosion also proceeds in the presence of
cysteine, but at a much slower rate. The higher reaction rate for
DTT may result from differences in the erosion products.
Following exchange DTT is released from the thiol by a cycliza-
tion reaction, reverting to an internal oxidized disulfide bond
and leaving behind a pair of thiols on the microgel. In contrast,
cysteine likely disrupts the BAC by participating in a single
thiol-disulfide exchange reaction; the resulting product is there-
fore a mixed-disulfide. This leads to the possibility of reverse
reactions and continued thiol-exchange reactions that are not
productive toward cross-link scission.

Reactive Thiol Incorporation. The disulfide content im-
parted by BAC may enable the conjugation of thiolated mole-
cules within the nanogel network by thiol—disulfide exchange
reactions, as shown in Figure 2 for cysteine. However, BAC
may also be reduced to yield reactive thiols within nanogel net-
works, which prepares those networks for a variety of other
bioconjugation chemistries. For example, reactive thiols within
nanogels are of great utility due to their selective reactivity with
maleimides, iodoacetamides, and other thiols under mild, aqueous
conditions.> Yet as depicted in our results, complete reduction
of BAC within the colloid results in particle decomposition.
We therefore synthesized co-cross-linked particles containing
both BAC and a nondegradable cross-linker, BIS. The resultant
nanogels underwent a significant size increase in response to
the reductant DTT, from an r, of 183 to 232 nm at 20 °C and
a pH of 8.6, accompanied by a large decrease in turbidity due
to a decrease in the cross-link density in the network (photo-
graphs of these dispersions are available in the Supporting
Information). The reduced form of the co-cross-linked particles
presented free thiols available for conjugation with an iodoace-
tamide derivative of fluorescein, yielding fluorescent particles.
In contrast, particles containing BAC in the oxidized form
showed significantly reduced fluorescence (Figure 3). Epifluor-
escence microscopy images of the labeled particles are available
in Supporting Information.

Reversible Gelation. The reversible nature of the disulfide
reduction enables cross-link formation between thiols resulting
from BAC reduction. Placing the thiolated particles together at
high concentration, such as by centrifugation, enabled the thiols
to react under oxidizing conditions and form a double network
“gel of microgels”, wherein the individual microgels retain their
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Figure 3. Fluorescence spectra (4, = 494 nm) of (dark green)
fluorescein-labeled pNIPMAm—BAC—Bis particles, (orange) unla-
beled particles, (blue) pH 7.4 HEPES buffer, and (red) the super-
natant following purification by centrifugation. Particles that were
not reduced and therefore retained their disulfide linkages (light
green) had much lower coupling efficiency than that of the reduced
particles.

identity through incorporation of the nondegradable BIS cross-
linker, yet are tethered to one another by the resulting inter-
particle disulfide linkages.

Centrifugation of the co-cross-linked particles resulted in a
dense pellet (Figure 4, left), whereas nanogels reacted with

Inter-Particle
Disulfides

Thiol-Bearing
Particles
+ NalOs

Intra-Particle
Disulfides

+DTT

Figure 4. Gelation of pNIPMAm—BAC—BIS particles. Sedimented
particles with intraparticle disulfides form a dense pellet, yet retain
fluidity (left). Reduction by DTT leads to the production of thiol-
bearing particles, a reduction in pellet density, and the retention of
particle fluidity (center). Oxidation by NalO, restores pellet density,
but the resulting solid is a double-network of microgels cross-linked by
interparticle disulfides (right).

DTT, due to their decreased density, required a 2—3-fold
increase in centrifugation time at the same relative centrifugal
force to form a sediment. The resulting pellet of the reduced
particles was less turbid in comparison to nondegraded particles
(Figure 4, center). Despite those differences, both degraded
and nondegraded nanogels were fluid in their highly concen-
trated, sedimented form, with water-like viscosity rendering
them readily capable of being drawn up via pipet for the sus-
pended drop images shown in Figure 4. Exposure of the thiol-
bearing particles to the oxidant sodium periodate during centri-
fugation dramatically increased the viscosity of the particle
dispersion as a result of interparticle cross-linking. The volume
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and turbidity of the pellet was similar to the disulfide particles
prior to reduction, indicative of the cross-link reformation
(Figure 4-right). However, the pellet did not flow when
inverted, indicating the formation of a viscoelastic solid capable
of being handled with tweezers, as shown in Figure 4.
Through rheological characterization of the resultant solids,
we find that the storage modulus of our double-network is
~2000 Pa, while the loss modulus is ~100 Pa, as shown in
Figure Sb. As a result, within the experimental frequency range,
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Figure 5. Storage and loss moduli as determined by oscillatory
rheology for the pNIPMAm-BAC-BIS oxidized double-network. The
linearity test (a) shows G’ (closed symbols) and G” (open symbols)
as a function of strain at constant frequency of 10 rad/s and (b) shows
both moduli as a function of frequency at constant strain of 0.1%.
The storage modulus is an order of magnitude larger than the loss
modulus, indicative of the solid-like properties of the microgel double-
network.

the complex shear modulus (G*) is dominated by the
contributions from the elastic character of the network. We
note that the value of the shear modulus is comparable to that
of a variety of disulfide cross-linked hydrogel networks,****
acrylamide-based hydrogels,*® and densely packed microgel
assemblies.”” The shear modulus is also comparable to similar
work by Hu et al.*® wherein microgels composed of pNIPAm,
internally cross-linked with BIS, and bearing N-hydroxymetha-
crylamide form a self-cross-linked “gel of microgels” upon
drying that is analogous to the double-network discussed in this
work.

The interparticle disulfide bonds that bind the microgels
within the double-network can be reduced to restore the
constituent thiol-bearing particles. Exposure of the double-
network to DTT resulted in network dissolution. As shown in
Figure 6, a significant loss in gel turbidity and a clouding of
the solution occurred within 2 h. The loss in turbidity
likely resulted from a reduction in cross-link density as the
interparticle disulfides are cleaved, and the clouding was the
result of dispersion of liberated microgels. The double network
gel completely decomposed within 24 h. Such a system may be
enabling for numerous potential applications, such as creating
erodible gels with tunable mechanical properties or acting as a
reservoir for delivery of either a drug trapped within the matrix
or for the release of microgel delivery vehicles themselves.
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Figure 6. Images depicting the erosion of the pNIPMAm-BAC-BIS
double-network. In response to the addition of DTT, the network
dissolves leading to the reversion of the particles to their dispersed
state in a matter of hours.

B CONCLUSIONS

In this work, we have demonstrated the ability to incorporate
disulfide cross-links into thermoresponsive microgels using the
commercially available cross-linker N,N'-bis(acryloyl)cystamine
while utilizing aqueous precipitation polymerization. Conven-
tional, thermally initiated free radical precipitation polymer-
ization leads to uncontrolled side (self-cross-linking) reactions,
leading to significant disruption of the central disulfide bond
and generation of a nondegradable network. The use of a redox
pair as the radical source during the polymerization leads to a
reduction in the temperature needed to conduct the synthesis,
while also reducing the rate of parasitic side reactions. Chemical
reduction or thiol exchange of the disulfide cross-links leads to
fully erodible nanogels, which may be enabling for drug delivery
applications. We have demonstrated that these particles erode
under mild conditions in the presence of reducing agents or a
competing thiol on a time scale of minutes to hours. Further-
more, by incorporating a nondegradable second cross-linking
element, intact thiol-bearing microgels can be generated
through disulfide reduction, with such particles being amenable
to bioconjugation and reversible double-network formation.
The ability to incorporate disulfides and thiols into microgels
via precipitation polymerization enables these functionalities to
be used in parallel with well-characterized techniques to control
particle size, topology, and functionality. We envision this
additional capability to be enabling for the design of future

generations of microgels for numerous applications.

B ASSOCIATED CONTENT
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Reaction scheme for thioether formation, model for estimation
of cross-linking density, additional discussion of MALS analysis
and rheological characterization, vial and microscopy images,
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ABSTRACT: The capability of a range of protected glucose- (Glc), Sugar Functional Gle I~ ﬁ
galactose- (Gal), and fructose- (Fru) based tosylates and triflates to initiators for PEtOXx decorated o
initiate the living cationic ring-opening polymerization of 2-ethyl-2- CrROP R1 /\*Rz comb Z .
oxazoline (EtOx) was investigated by detailed kinetic studies utilizing N n =C
'H and "F NMR spectroscopy and SEC as well as MALDI and ESI M x I/go e L oo 5
TOF mass spectrometry. The Glc and Gal tosylates and a sterically % ol ¥
hindered Fru triflate revealed slow and incomplete initiation, whereas ~ X=0Tos, R' = Glc, Gal, Fru o

oTf R2 = OH, MA oH'

the Glc and Gal triflates resulted in living polymerizations. Well-
defined Glc as well as Gal a-end-functionalized PEtOx was obtained
after deprotection. Functionalization of the living oxazolinium chain ends with methacrylate anions resulted in a macromonomer
that was applied for RAFT polymerization. Deprotection resulted in a comb polymer that is selectively functionalized with Glc at
the ends of all side chains (DPp,qpone = 13, DPgige chains = 10, PDI = 1.11).

B INTRODUCTION ensure a dense comb structure since every backbone repeating
unit is connected to a side chain. Such macromonomers should,
thus, carry the carbohydrate at one chain end as well as a
polymerizable end group at the other chain end.

For this challenging synthesis of dual functional macro-
monomers it is inevitable to apply a living or controlled
polymerization technique, such as the living cationic ring-
openin§ polymerization (CROP) of 2-oxazolines (Scheme
1)."”7" End functionalization of the @ chain ends can be
achieved by utilization of suitable electrophilic initiators,
whereas the living oxazolinium @ chain end provides access
to a direct attack of nucleophiles, such as deprotonated
carboxylic acids or amines. Next to benzyl halides or carboxylic
acid halides, commonly applied functional initiators for the

Within the last few years, the biological activity of
carbohydrates as cell targeting units stimulated an increasing
interest in synthetic glycopolymers that are able to target
specific cell types and, therefore, show great potential for
applications in intelligent drug delivery systems.'”* In
particular, branched or dendronized macromolecules have
attracted considerable attention since they display an increased
capability to block viral adhesion to cells when compared to
their linear analogues.® Large efforts have been undertaken in
the synthesis of dendrimers that bear sugars as targeting units in
the outer shell.®”® Usually, the conjugation with the
carbohydrate is the final step in an extensive synthetic cascade.
Recently, hyperbranched polymers that are functionalized with

carbohydrates have received special attention because they offer CROP are tosylates and triflates. At the same time, these two
an opportunity to overcome the disadvantageous multi step substance classes are frequently used intermediates during multi
synthetic procedures for dendrimers.’”'® However, such step synthesis of various advanced carbohydrates. It is obvious
structures are less well-defined, which might complicate their that hydroxyl functionalities of the carbohydrate itself are not
structural optimization and approval as pharmaceuticals.'® tolerated by an ionic polymerization mechanism, but a range of
As a consequence, it is highly desirable to establish other protecting groups that can be cleaved under varying reaction
macromolecular architectures that are decorated with sugar conditions has been established in carbohydrate chemistry.
units in the periphery. In addition, they should be more well- Also with respect to potential biomedical applications of the

defined than hyperbranched structures while being more readily glycosylated comb polymer, poly(2-oxazoline)s (POx) repre-
accessible than dendrimers. Comb polymers that are selectively

functionalized with cell targeting sugars at the end of the side Received: October 30, 2011
chains appear to be ideal candidates for such a task. Utilization Revised:  November 25, 2011
of the macromonomer method for the comb synthesis will Published: December 9, 2011

W ACS Publications  © 2011 American Chemical Society 46 dx.doi.org/10.1021/ma202401x | Macromolecules 2012, 45, 46—55


pubs.acs.org/Macromolecules

Macromolecules

Scheme 1. Schematic Representation of the Cationic Ring-Opening Polymerization of 2-Ethyl-2-oxazoline Initiated by Tosylates

and Triflates
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sent a suitable basic polymeric material due to their
biocompatibility and stealth effect'”*® that brought them into
discussion as alternatives for the widely applied poly(ethylene
glycol) in the field of modern drug delivery.*"** In fact, sugar
containing linear POx have already been realized, either by post
polymerization modifications®>** or by copolymerization of
carbohydrate-based monomers.”>*® On the other hand, tosylate
and triflate derivatives of other natural compounds, such as
steroids™” or lipids,”’~*° have proven useful as initiators for the
CROP of 2-oxazolines, whereas the only carbohydrate-based
initiator is an oxazolinium derivative of bicyclic N-acetyl-D-
glucosamine and, as such, very limited to this specific sugar.*’

In this contribution we present the initiation of the CROP of
2-ethyl-2-oxazoline (EtOx) with tosylate and triflate derivatives
of glucose, galactose as well as the less frequently utilized
fructose. The initiation and polymerization kinetics are
discussed as well as the end functionalization with methacrylic
acid leading toward a sugar-functionalized macromonomer.
reversible addition-fragmentation chain transfer (RAFT)
polymerization of this macromonomer resulted, to the best of
our knowledge, in the first synthesis of a comb polymer that is
selectively functionalized with sugars at the ends of the side
chains.

B EXPERIMENTAL SECTION

Materials. 2-Ethyl-2-oxazoline (99%, Acros, EtOx) was dried over
barium oxide and distilled under argon prior to use. Acetonitrile (extra
dry) was purchased from Acros and stored under argon. Methacrylic
acid (99%, Aldrich, MAA) was used as received. Triethylamine (NEt;)
was dried over potassium hydroxide and distilled under argon. 2,2-
Azobis(2-methylpropionitrile) (98%, Acros, AIBN) was recrystallized
from hexane, and the chain transfer agent 2-cyanopropyl dithioben-
zoate (CPDB, 97%) was obtained from Aldrich. For the cloud point
measurements, demineralized water or phosphate buffered saline 10X
concentrate (Aldrich) were used. For the synthesis of the initiators,
acetobromo-a-p-Glucose, 97% (AlfaAesar), trifluoromethanesulfonic
acid anhydride (Fluka), 2,3:4,5-di-O-isopropylidene-f-p-fructopyra-
nose (Carbosynth), 1,2:3,4-di-O-isopropylidene-p-galactopyranose
(Aldrich), 1,2:3,4-di-O-isopropylidene-6-O-p-toluenesulfonyl-a-p-gal-
actopyranose (Carbosynth) were purchased. 2-Hydroxyethyl 2,3,4,6-
tetra-O-acetyl-f-p- glucopyranos1de was synthesized according to a
literature procedure.”> All other chemicals and solvents were obtained
from common commercial sources and used without further
purification, unless otherwise noted.

Instrumentation. 'H and >C NMR spectra were recorded in
CDCIl; or DMSO-dg on a Bruker Avance 300 MHz using the residual
solvent resonance as an internal standard. 'F NMR spectra were
measured on a Bruker Avance 200 MHz spectrometer. Size exclusion
chromatography (SEC) for kinetic studies was measured on a
Shimadzu system equipped with a SCL-10A system controller, a LC-
10AD pump, and a RID-10A refractive index detector using a solvent
mixture containing chloroform, triethylamine, and isopropanol
(94:4:2) at a flow rate of 1 mL min~" on a PSS-SDV-linear M 5 pm
column at 40 °C. The system was calibrated with PS (2000 to 88 000 g
mol™') standards. For P13, a second Shimadzu system was used,
equipped with a SCL-10A system controller, a LC-10AD pump, a
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RID-10A refractive index detector, and both a PSS Gram30 and a PSS
Gram1000 column in series, whereby N,N-dimethylacetamide with 2.1
g L™! of LiCl was applied as an eluent at 1 mL min~" flow rate and the
column oven was set to 60 °C.

For the measurement of the matrix-assisted laser desorption/
ionization (MALDI) spectra an Ultraflex III TOF/TOF (Bruker
Daltonics, Bremen, Germany) was used. The instrument was equipped
with a Nd:YAG laser and a collision cell. All spectra were measured in
the positive reflector or linear mode using trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidenemalononitrile (DCTB) as
matrix and sodium iodide as salt. The instrument was calibrated
prior to each measurement with an external PMMA standard from PSS
Polymer Standards Services GmbH (Mainz, Germany). ESI TOF MS
measurements were performed with a micrOTOF Q-II (Bruker
Daltonics) mass spectrometer equipped with an automatic syringe
pump from KD Scientific for sample injection. The ESI TOF mass
spectrometer was running at 4.5 kV, at a desolvation temperature of
180 °C. The mass spectrometer was operating in the positive ion
mode. Nitrogen was used as the nebulizer and drying gas. The
concentration of the samples was 10 yg mL™" and all samples were
injected using a constant flow rate of 180 uL h™' of the sample
solution. The solvent was a chloroform/acetonitrile (10:90) mixture.
There was no salt addition prior to analysis, but ionization occurs
readily from the sodium content that is naturally present in the glass.
The ESI TOF MS instrument was calibrated in the m/z range from S0
to 3000 using a calibration standard (Tunemix solution) supplied from
Agilent. Data were processed via Bruker Data Analysis software version
4.0.

Cloud points were determined on a Crystal 16 from Avantium
Technologies being connected to a chiller (Julabo FP 40) using a
wavelength of 500 nm and a heating ramp of 1 K min™". The
concentration of the polymer was kept constant at 5 mg mL™".

Synthesis of Sugar-Based Initiators. 2-p-Tolylsulfonyloxyethyl
2,3,4,6-tetra-O-acetyl-f3-p-glucopyranoside (Il),31 1,2:3,4-di-O-isopro-
pylidene-6-O-triftuormethanesulfonyl-a-p-galactopyranose (14),>* and
2,3:4,5-di-O-isopropylidene-1-[ trifluoromethylsulfonyl) oxy]-p-fructo-
pyranose (15)**** were synthesized according to previously reported
experimental procedures. 2-p-Trifluoromethylsulfonyloxyethyl 2,3,4,6-
tetra-O-acetyl-f-p-glucopyranoside (I3) was synthe51zed from 2-
hydroxyethyl-2,3,4,6-tetra-O-acetyl-f3-p-glucopyranoside®® as follows:
2-Hydroxyethyl-2,3,4,6-tetra-O-acetyl-f}-D-glucopyranoside (0.9 g, 2.29
mmol) was dissolved in dry dichloromethane (50 mL) and dry
pyridine (2 mL) was added. After cooling to —20 °C the
triftuoromethanesulfonic anhydride (2 mL, 11 mmol) was added
dropwise. The reaction mixture was stirred for around 2 h at —20 °C.
After TLC indicated the disappearance of the starting material, the
solution was diluted with dichloromethane, washed with water and
saturated sodium bicarbonate solution. After drying over sodium
sulfate the solvent was evaporated and the crude product was purified
on a short column (silica gel, CHCl;). After evaporation of the
chloroform, the purified product was washed with diethyl ether in
order to facilitate faster drying under reduced pressure. The product
was obtained as a yellow oil (0.75 g 63%). '"H NMR (300 MHg,
CDCly): §/ppm = 5.12 (t, ’] = 9.5 Hz, H-3, 1H), 5.06—4.93 (dt, *] =
9.9 Hz, ] = 9.1 Hz, H-4, H-2, 2H), 4.60—4.51 (m, CH,, H-1, 3H),
4.18 (dd, ’] = 4.7 Hz, %] = 12.6 Hz, H-6, 1H), 4.12—4.01 (m, H-6/,
CH,, 2H), 3.86—3.78 (m, CH,, 1H), 3.69—3.62 (m, H-5, 1H), 2.02,
1.98, 1.96, 1.94 (4s, CH;, OAc). *C NMR (CDCL;): §/ppm = 170.58,
170.17, 169.35 (CO), 100.58 (C-1), 74.68 (CH,), 72.55 (C-3), 72.07

dx.doi.org/10.1021/ma202401x | Macromolecules 2012, 45, 46—55
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Scheme 2. Schematic Representation of Carbohydrate Based Tosylates and Triflates I1-5 Employed as Initiators for the CROP

of EtOx
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(C-5), 70.74 (C-2), 68.19 (C-4), 66.37 (CH,), 61.70 (C-6), 20.66,
20.55, 20.45 (CH;, OAc). F NMR (200 MHz, CDCL;): §/ppm =
—75.15. HR ESI MS: calculated for [C,,H,3F;0,;81N, m/z =
547.0688; found, m/z = 547.0704 (error 1.8 ppm). Anal. Calcd for
CH,303F;8:0.5 ELO: C, 40.64; H, 5.03; S, 5.71. Found: C, 40.98;
H, 4.73; S, 5.98.

Kinetic Studies. In a representative example for I1, a stock
solution of EtOx (1.665 g, 16.8 mmol), the initiator I1 (0.306 g, 0.56
mmol), and acetonitrile (2.53 mL) was prepared under inert
conditions and 0.7 mL aliquots were transferred into predried
microwave vials that were capped subsequently. The monomer
concentration was 4 mol L7!, and the ratio of [monomer] to
[intitator] was set to 30. The vials were placed into the autosampler of
the microwave, heated to 100 °C for the desired polymerization time
and cooled down automatically by a nitrogen flow. A drop of water
was added to each vial in order to terminate the polymerization and
samples were taken for analysis by means of SEC and 'H and "F
NMR spectroscopy as well as MALDI TOF mass spectrometry.
Conversions were determined from 'H NMR spectra in CDCl,
utilizing the peak integrals of the ring protons of EtOx (4.2 and 3.8
ppm, respectively) and the PEtOx backbone signal at 3.4 ppm. For I1
and I2, initiator efficiencies were calculated from peak integrals of the
tosylate signals of unreacted initiator and free tosylate counterions in
the 'H NMR spectra, whereas the respective peaks in the '’F NMR
spectrum were used in case of I3—S. For characterization of the
semitelechelic PEtOx by means of NMR spectroscopy, the crude
polymers were purified by precipitation into cold diethyl ether, and
dried under reduced pressure.

Deprotection of Glucose-Functionalized PEtOx. A 500 mg
sample of acetyl-protected glucose-functionalized PEtOx (DP = 10)
was dissolved in 2 mL of dry methanol, and 70 uL of a 0.5 M
methanolic solution of sodium methanolate was added. After 1 h, the
reaction mixture was diluted with chloroform, washed with saturated
aqueous sodium bicarbonate solution and brine, dried over sodium
sulfate, and concentrated under reduced pressure. Subsequently, the
deprotected glucose-functionalized PEtOx was precipitated into cold
diethyl ether and dried under reduced pressure.

Deprotection of Galactose-Functionalized PEtOx. According
to a literature procedure,>>*® 95 mg of isopropylidene-protected
galactose-functionalized PEtOx was dissolved in 3 mL of 80% formic
acid and stirred for 3 days at room temperature. After neutralization of
the reaction mixture with saturated aqueous sodium bicarbonate
solution, the crude product was extracted three times with chloroform.
The combined extracts were washed with saturated aqueous sodium
bicarbonate solution and brine, dried over sodium sulfate, concen-
trated under reduced pressure, precipitated into cold diethyl ether, and
dried under reduced pressure.

Macromonomer Synthesis (P1). I3 (524 mg, 1 mmol), EtOx
(0.991 g, 10 mmol), and acetonitrile (1.49 mL) were transferred to a
predried microwave vial and heated to 100 °C for 13.8 min, to reach a
In([M]o/[M],) of 4 according to the k; value determined from kinetic
studies. After cooling with a nitrogen flow, MAA (127 yL, 1.5 mmol)
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and NEt; (279 uL, 2 mmol) were added via syringe through the
septum of the vial and the end functionalization was allowed to
complete at 50 °C overnight. The reaction mixture was dissolved in
chloroform, washed with saturated aqueous sodium bicarbonate
solution and brine, dried over sodium sulfate and concentrated
under reduced pressure. Subsequently, the macromonomer P1 was
precipitated into cold diethyl ether, dried under reduced pressure and
stored at —20 °C (yield: 1.054 g, 70%). '"H NMR (300 MHz, CDCL,):
&/ppm = 6.01 and 5.54 (=CH,); 5.19—4.81 (H-2,3,4 Glc); 4.51-3.10
(H-1,5,6 Glc and N—CH,— PEtOx); 2.53—2.10 (C—CH,— PEtOx);
2.10—1.81 (CH, Glc—OAc and CH; MA); 1.19—0.92 (—CH; PEtOx).
SEC (DMA, RI detection, PS calibration): M, = 2330 g mol™, PDI =
1.12.

Comb Polymer Synthesis (P2 and P3). A 1 g sample of P1 was
dissolved in 1.4 mL of ethanol and appropriate amounts of AIBN
(0.71 mg, 4.3 umol) and CPDB (3.82 mg, 17 umol) were added from
stock solutions in ethanol so that the [P1]:[CPDB]:[AIBN] ratio was
40:1:0.25 and the monomer concentration 0.5 mol L7'. After
degassing of the reaction mixture by gently bubbling with nitrogen,
the RAFT polymerization was performed at 70 °C for 16 h
(conversion 32%). Subsequent to removal of the solvent under
reduced pressure, the crude polymer was dissolved in THF and
residual macromonomer was removed via preparative size exclusion
chromatography on a BioBeads SX-1 column (eluent THF). After
concentration of the desired fractions under reduced pressure, the
purified comb polymer P2 was precipitated into cold diethyl ether
(yield: 0.3 g, 30%). "H NMR (300 MHz, CDCL,): §/ppm = 5.19—4.81
(H-2,3,4 Glc); 4.51-3.10 (H-1,5,6 Glc and N—CH,— PEtOx); 2.53—
2.10 (C—CH,— PEtOx); 2.10—1.81 (CH; Glc—OAc); 1.41—0.60
(—CHj; PEtOx, —CH,— and —CH; MA). SEC (DMA, RI detection,
PS calibration): M, = 19 300 g mol~!, PDI = 1.14. The deprotection of
P2 was performed as described above for glucose-functionalized
PEtOx yielding the deprotected comb polymer P3. 'H NMR (300
MHz, DMSO-dg): §/ppm =4.13 (H-1 Glc); 4.02—2.79 (H-2,3/4,5,6
Glc and N—CH,— PEtOx); 2.41-2.06 (C—CH,— PEtOx); 1.36—0.57
(—CHj; PEtOx, —CH,— and —CH; MA). SEC (DMA, RI detection,
PS calibration): M, = 23600 g mol™', PDI = 1.11.

B RESULTS AND DISCUSSION

Among the large variety of possible carbohydrates, glucose
(Glc), galactose (Gal), and fructose (Fru) derivatives were
selected to be investigated as initiators for the CROP of EtOx.
As depicted in Scheme 2, the leaving group, ie., tosylate or
triflate, was either situated directly at C6 (for Gal-based
initiators 12 and I4) or Cl of the sugar (for the Fru-based
initiator IS), or attached via an ethylene spacer at the anomeric
carbon atom (for Glc-based initiators I1 and I3). All initiators
were obtained by reaction of the respective alcohols with either
tosyl chloride or trifluoromethanesulfonic acid anhydride in the
presence of pyridine (Scheme 2).
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Figure 1. Semi logarithmic kinetic plots (left) and evolution of the initiator efficiency with polymerization time (right) for the CROP of EtOx
initiated by I1-5 (T = 100 °C, M/I = 30, [M] = 4 mol L™"). Lines are added to guide the eye. Linear regression of the semilogarithmic kinetic plots
for I3 and 14 according to In([M]y/[M],) = k,** [I], t resulted in kp*P(I3) = 0.0121 L mol™ s and kp*P(14) = 0.0105 L mol™" s, respectively

(kp(13) = 0.0121 L mol™ s™" and kp(14) = 0.0124 L mol™" s7%).

Kinetic Studies. Prior to application of the obtained
initiators for the synthesis of advanced multifunctional
polymers, kinetic studies were performed in order to evaluate
the capabilities of I1—$ to initiate the CROP of EtOx. The
polymerization temperature was set to 100 °C to avoid
potential degradation of the sugar moieties, even though the
CROP of 2-oxazolines in general can also be performed at
higher temperatures.”” In order to ensure a sufficiently accurate
characterization of the synthesized PEtOx in terms of end
group determination, the applied [monomer] to [initiator]
ratio was set to 30 in all kinetic studies.

A major requirement for the synthesis of well-defined
polymers by an ideal living polymerization mechanism is a
fast initiation so that all polymer chains start to grow at the
same time. As a result, the chain propagation is the step that
determines the polymerization rate, and the polymerization
follows pseudo first order kinetics. As can be seen from the
semi logarithmic kinetic plot in Figure 1 (left), both tosylate-
based initiators I1 as well as 12 do not facilitate a sufficiently
fast initiation of the CROP of EtOx, as indicated by the initial
deviation from linearity due to the slowly increasing number of
initiated polymer chains at the beginning of the polymerization.
It should be noted that it was not possible to overcome this
unfavorable slow initiation of the polymerization by addition of
sodium iodide, variation of the polymerization temperature or
solvent. Therefore, I3 and I4 were investigated under similar
polymerization conditions. These initiators are based on the
same carbohydrate moieties containing a more reactive triflate
as leaving group. Indeed, In([M],/[M],) increases linearly with
time during both kinetic studies enabling the calculation of the
polymerization rate constants kpF from the slope of the kinetic
plots. Since neither the counterion nor the polymerization
conditions differ, both values are very similar (k,**(I3) =
0.0121 L mol™" s7%; kp*P(14) = 0.0105 L mol ™" s*). Despite its
theoretically similarly reactive triflate moiety, kinetic studies
utilizing the fructose-based initiator IS revealed slow initiation.
A possible explanation for this unexpected behavior might be a
sterical hindrance induced by substituents on the quarternary
anomeric carbon atom that is in direct neighborhood of the
triflate functionality®® preventing a nucleophilic attack of the
EtOx monomer on C1 of the sugar. A similarly slow initiation
due to sterical hindrance and/or electrophilicity because of a
larger inductive effect has been reported for the CROP of THF
using several triflate initiators®® as well as for the CROP of
EtOx initiated by 3-butynyl tosylate.*’
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In order to gain deeper insights into the kinetics of the
initiation step of the polymerization, samples from the reaction
solutions of the kinetic studies were analyzed by NMR
spectroscopy. As depicted in Figure 2 for 11, 'H NMR

AcO
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‘ |
) | i YL 120 min
80 78 76 74 72 70
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Figure 2. '"H NMR spectra (300 MHz, CDCl;) for the I1 initiated
CROP of EtOx in time for the determination of the initiator efficiency
(spectra for I2 are provided in Figures SI-1, Supporting Information).

spectroscopy can distinguish between the tosylate function-
alities that are still connected to the initiator and tosylate
moieties that act as counterions of the living oxazolinium
species. By integration of the respective peaks in the aromatic
region of the 'H NMR spectra, the initiator efficiencies
throughout the course of the polymerization can be estimated.
For the triflate-based initiators I13—5, '’F NMR spectroscopy
could be applied in a similar fashion since the triflate peak of
the initiators at —75 ppm was shifted to —79 ppm for the
triflate counterions (Figure 3). As depicted in Figure 1 (right),
the tosylate initiators do not reach full initiation efficiency. After
an increase at the beginning of the polymerization, the initiator
efficiency levels off at 70% for Il and at 26% for I2,
respectively. Comparison of the triflate-based initiators I3—5
reveals a clear trend that is based on the position of the triflate
moiety on the sugar ring: I3, where the triflate is attached by an
ethylene linker, shows full initiation efficiency upon addition of
monomer; I4, where the triflate is attached at C6 of the
galactose is more sterically hindered by the sugar ring and
reaches a constant initiator efficiency of 93% after 5 min
(explaining the slightly lowered kp®? value due to lowered
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Figure 3. ’F NMR (200 MHz, CDCL;) spectra for the I3 initiated
CROP of EtOx in time for the determination of the initiator efficiency
(spectra for I4 and IS are provided in Figures SI-2 and SI-3,
Supporting Information, respectively).

[P*]); IS reveals a low initiator efficiency that is constantly
increasing throughout the polymerization due to the large steric
demand of the isopropylidene groups around the quaternary
anomeric carbon atom (Figures SI-2 and SI-3, Supporting
Information).

The comparison of SEC traces obtained during the kinetic
studies utilizing the glucose-based initiators I1 and I3 in Figure

—— 10 min

——20 min
——30 min /\
——60 min \

——980 min
—— 120 min

v, [mL]

vV, [mL]

Figure 4. SEC traces (CHCl;, RI detection) from the kinetic studies
utilizing the glucose-based initiators I1 (left) and I3 (right) for the
CROP of EtOx.

4 clearly indicates the higher reactivity of the triflate I3 with
respect to the tosylate I1. Whereas throughout the entire
polymerization residual I1 remains visible in the chromato-

grams and the polymer peaks show low molar mass tailing due

to slow initiation, PEtOx that was initiated by I3 reveals narrow
molar mass distributions with PDI values around 1.20 and
symmetric peak shapes that are shifted to lower elution
volumes with increasing polymerization time. Similar observa-
tions for the two galactose-based initiators I2 and I4 comply
with this initiation behavior (Figure SI-4, Supporting
Information), even though in this case also the triflate-based
initiator remains slightly visible as small hump in the SEC trace.
Utilization of the fructose-based initiator IS resulted in SEC
traces (Figure SI-S, Supporting Information) that are similar to
the rather ill defined PEtOx that was obtained from the
tosylate-based initiators I1 and I3, which is in agreement with
the slow initiation discussed above.

The results of the SEC characterization for all kinetic studies
are summarized in Figure S. For both I3 as well as I4, the molar
mass increases linearly with conversion hinting toward a fast
initiation and the absence of chain transfer or termination
reactions throughout the polymerization. The slightly higher
molar mass of the PEtOx initiated by I4 with respect to I3 is a
result of traces of unreacted I4 that slightly increases the actual
[M]/[I] ratio. However, the peak maxima (Mp) of the SEC
traces derived from the kinetic studies utilizing I1, 12, and IS
that revealed incomplete initiation increase more steeply at the
beginning of the polymerization than in later stages, reflecting
the lower number of polymer chains in the initial stages of the
polymerization. In addition, compared to PEtOx initiated by I3,
the molar masses of PEtOx samples derived from initiators that
show incomplete initiation are elevated, because the actual
[M]/[1] ratio is larger than 30 since not all initiator molecules
initiate a PEtOx chain.

End Group Determination and Deprotection. When a
functional initiator is applied for a polymerization, the
incorporation as end group of the polymer has to be confirmed.
For this purpose, advanced mass spectrometry techniques, such
as (tandem) MALDI TOF MS and ESI TOF MS, were applied
for the analysis of the synthesized sugar a-end-functionalized
polymers. An overlay of MALDI TOF MS spectra of samples
from the kinetic studies utilizing I1 is provided in Figure 6.
Next to an increase of the polymer molar mass with reaction
time, two m/z distributions can be observed in all spectra, both
with an m/z difference of 99 between the corresponding peaks,
correlating to the mass of one EtOx repeating unit. Both
distributions can be assigned to the desired polymer structure
having both the peracetylated glucose (Ac,Glc) and a hydroxyl
group as chain ends, while being ionized with either a proton or
a sodium cation. The assignment of the observed peaks was
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Figure S. Evolution of the polymer molar mass from SEC analysis (PS calibration) with conversion during kinetic studies of the CROP of EtOx
initiated by 11-5 (T = 100 °C, M/I = 30, [M] = 4 mol L™"). Because of partial overlapping of polymer peaks with unreacted initiator, M, and PDI
values have to be considered with care for I1, 12, and I5. Therefore, M,, values are provided additionally (closed symbols, M,; open symbols, M, and

PD], respectively).
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Figure 6. MALDI TOF MS spectra of kinetic samples from the initiation of the CROP of EtOx with I1 (left) and overlay of isotopic patterns (black,
measured; colored, calculated isotopic patterns) for the structural assignment of the observed peaks (right).

further confirmed by application of tandem MS measurements
after collision induced dissociation (CID).*' As depicted in
Figure 7, the MS/MS spectra of parent ions from both
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Figure 7. Tandem MS analysis of the mass distributions observed
during MALDI TOF MS measurement of the glucose end-
functionalized PEtOx initiated by Il after 90 min polymerization
time (top, parent peak m/z = 2474; bottom, parent peak m/z = 2496).

distributions clearly reveal a highly intense fragment ion at m/z
= 474, which can be assigned to Ac,Glc being connected to one
EtOx molecule that is positively charged as oxazolinium species.
MALDI TOF MS investigation of the samples from kinetic
studies with the triflate-based initiator I3 resulted in similar
spectra with the same m/z distributions as for the tosylate
initiator I1.

MALDI TOF MS analysis of PEtOx initiated by I4 reveals
three m/z distributions, of which the first can be assigned to the
Gal-PEtOx—OH being ionized by a sodium cation. The other
two distributions only occur for higher molar mass polymers
and cannot be assigned to structures that usually result from
chain transfer or coupling reactions during the polymerization
(Figure SI-7, Supporting Information). The fact that these m/z
distributions are not detected by ESI TOF MS (not shown)
suggests a fragmentation of the PEtOx chains during the
MALDI process. However, all three distributions reveal a
fragment ion at m/z = 342 during MS/MS analysis, which is
correlating to the iso-propylidene protected galactose oxazoli-
nium species and, thus, confirm the presence of the desired
sugar end group. Also MALDI TOF MS of the PEtOx initiated
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by IS clearly shows a main m/z distribution that can be
assigned to Fru-PEtOx—OH with a similar fragment ion in
tandem MS analysis (Figures SI-9 and SI-10, Supporting
Information). However, also the presence of proton initiated
PEtOx chains, which result from chain transfer reactions during
the polymerization, is revealed by the occurrence of an H-
PEtOx—OH + Na* species in the MS spectrum.

After confirmation of the synthesis of well-defined glucose
and galactose end-functionalized PEtOx, representative samples
from the most successful kinetic studies (from I3 and 14) were
purified and deprotected, applying well established depro-
tection methods in carbohydrate chemistry. The acetyl
protecting groups of the Glc containing PEtOx (with a DP of
10) were removed via sodium methanolate catalyzed trans-
esterification in methanol.>® The successful deprotection was
confirmed by 'H NMR spectroscopy revealing the disappear-
ance of the signals derived from the acetyl protecting groups as
well as a shift of the proton signals of the glucose ring from
around S ppm in the protected polymer into the region of the
PEtOx backbone signal (Figures SI-11 and SI-12, Supporting
Information), as confirmed by appearance of the corresponding
cross peaks in the HSQC spectrum (Figure SI-13, Supporting
Information). Because of the low molar mass of the glucose-
functionalized PEtOx, *C NMR spectroscopy enabled the
confirmation of the presence of the deprotected sugar end
group. Next to the carbon atoms of the polymer chain, all six
carbon atoms of the deprotected glucose moiety could be
detected in the expected region from 60 to 110 ppm (Figure SI-
11, Supporting Information).

The iso-propylidene protecting groups of the galactose end-
functionalized PEtOx (with a DP of 20) were removed by
acidic hydrolysis in 80% formic acid,***® as confirmed by
disappearance of the respective signals in the 'H NMR
spectrum (Figure SI-14, Supporting Information). Unfortu-
nately, the higher molar mass of this polymer as well as the
coexistence of the various anomers of the deprotected galactose
residues prevented the end group analysis by means of *C
NMR spectroscopy. However, the 'H NMR spectrum in
DMSO-dg shows a multitude of signals between 4 and 5.5 ppm
that are most likely derived from the hydroxyl protons of the
deprotected galactose moiety because they do not couple in
HSQC experiments.

Comb Polymer Synthesis. In addition to the introduction
of carbohydrate @ end groups to PEtOx, the living character of
the CROP initiated by I3 enabled the attachment of a second

dx.doi.org/10.1021/ma202401x | Macromolecules 2012, 45, 46—55
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Scheme 3. Schematic Representation of the Synthesis Route toward a Glucose-Functionalized PEtOx-Based Comb Polymer
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Figure 8. Zoom into the MALDI TOF (bottom, black) and ESI TOF (top, red) mass spectra of the glucose-functionalized Ac,GlcPEtOxMA
macromonomer P1 (left) and overlay of isotopic patterns (top and middle: measured, bottom: calculated isotopic patterns) for the structural
assignment of the observed peaks (right). The minor distributions in the ESI TOF spectrum can be assigned to Ac,GIcPEtOxMA + H* and to

Ac,GIcPEtOxOH + Na®, respectively.

functional moiety at the @ chain end. Nucleophilic attack of in
situ deprotonated MAA on the polyoxazolinium chain end
resulted in the methacrylate macromonomer P1 with a DP of
10 that was applied for the synthesis of a comb polymer being
selectively functionalized with glucose at the ends of all side
chains via RAFT polymerization** and subsequent deprotection
of the pendant acetyl protected glucose moieties with sodium
methanolate (Scheme 3).

Analysis of P1 by MALDI and ESI TOF MS (Figure 8)
revealed two m/z distributions, of which the major one can be
assigned to the desired structure that is ionized with a sodium
cation. The second distribution derives from GlcAc,PEtOx
chains that are not functionalized with MAA at the w chain
ends but with terminal hydroxyl groups. These peak assign-
ments could be confirmed by tandem MS analysis as described
above (data not shown). According to "H NMR spectroscopy,
the degree of functionalization with MAA was found to be 75%,
as roughly estimated by comparison of the peak integrals
derived from the glucose moieties at the @ chain end (~S ppm,
3H) with those derived from vinylic protons at the @ chain end
(5.5 and 6 ppm, respectively, Figure 10). However, small
amounts of hydroxyl-functionalized PEtOx will not affect the
subsequent polymerization of the methacrylate moiety because
they do not interfere with the RAFT polymerization
mechanism and can be easily separated from the comb polymer
together with residual macromonomer.
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The RAFT homopolymerization of P1 was performed in
ethanol using AIBN as initiator and the dithiobenzoate-based
chain transfer agent CPDB in an analogous fashion as recently
reported for PEtOx-based macromonomers without sugar
functionality.*” Taking into account the macromonomer
conversion of 32% and the used [CPDB] to [P1] ratio of I:
40, a DP of the methacrylate backbone of P2 of 13
(corresponding to a theoretical molar mass of 19000 g
mol™) can be estimated. Characterization of the resulting
acetyl protected comb polymer P2 by SEC revealed a narrow
molar mass distribution as well as complete removal of
unreacted P1 after preparative SEC on a BioBeads-SX1 column
(Figure 9, Table 1). Because of its increased hydrodynamic
volume in DMA the SEC trace of the deprotected comb
polymer P3 is shifted to lower elution volume compared to P2,
despite of its lower molar mass after loss of the protecting
groups. In addition, the unimodal SEC trace of P3 confirms
that the ester functionalities, which connect the side chains with
the backbone in the comb structure, were not affected during
the deprotection step. Thus, the comb structure remained
intact representing the first glyco-comb polymer with a
saccharide moiety at each end of the side chains.

Because of a lower mobility of the polymer units in the
restricted comb structure, the 'H NMR spectrum of P2
revealed a slight broadening of the PEtOx derived signals
compared to the macromonomer P1 (Figure 10). In addition,
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Figure 9. SEC traces (DMA) of the glucose-functionalized macro-
monomer P1 as well as the protected and deprotected comb polymers
P2 and P3, respectively.

Table 1. SEC characterization results of P1—-P3

M, (theo) [g mol™] M,(SEC)“ [g mol™] PDI (SEC)“
P1 1450 2330 1.12
P2 19 000 19300 1.14
P3 16 700 23 600 1.11

“SEC measured in DMA using PS calibration.

the protons of the acetyl protecting groups and of the glucose
ring can be clearly detected in both spectra, and the
methacrylate backbone of P2 is reflected in small shoulders
next to the CH; peak of the PEtOx side chains around 1 ppm in
the spectrum. As described above, the successful deprotection
of P2 is demonstrated by the disappearance of the acetyl peaks
(around 2 ppm) in the 'H NMR spectrum of P3. In addition,
the 'H “C HSQC 2D NMR spectrum (Figure SI-16,
Supporting Information) clearly shows the expected cross
peaks derived from the deprotected Glc moieties and, thus,
confirms that the sugar was not cleaved from the comb polymer
during the deprotection reaction.

As reported earlier, comb shaped PEtOx displays lower
critical solution (LCST) behavior in aqueous media, which can
be investigated, among other methods, by means of
turbidimetry.*> Since P2 and P3 are based on the same
polymer architecture, they offer the possibility to investigate the
influence of the nature of the side chain end groups upon the

LCST behavior of the comb polymer. As depicted in Figure 11,
the glucose end groups of the side chains point toward the
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Figure 11. Turbidity curves of an aqueous solution of P2 (¢ = S mg
mL™") and cloud point temperatures determined at 50% transmittance
for two heating cooling cycles (heating rate 1 K min™") and illustration
of the macromolecular bottle brush structure.

outside of the molecular bottle brush structure and should,
thus, dominate its solubility. A similar influence of methyl or
ethyl end groups on the solubility properties of polymethacry-
lates*** and polyvinyl ethers* carrying oligomeric ethylene
oxide side chains has already been demonstrated by Ishizone
and Kobayashi. In fact, the hydrophilicity of the deprotected
glucose moieties of P3 resulted in complete water (and PBS)
solubility of the glycopolymer in the investigated temperature
range until 100 °C. In contrast, the hydrophobic character of
the acetyl protected sugar moieties decreased the cloud point
temperature (TCP) of the aqueous solution (c=5 mg mL™") in
comparison to a comb polymer with methyl end groups at the
side chains (T, = 773 °C)* by 27.5 to 49.8 °C. As
demonstrated by the match of the T, values from first and
second heating cooling cycle, the phase transition occurred
sharply and completely reversible with small heating cooling
hysteresis of around 2 °C. The well-known salting out effect of
chloride ions as chaotropes from the Hofmeister series*
resulted in a lowered T, of 46.2 °C when the measurement was
performed in PBS.

The fact that the polymer remains water-soluble at low
temperatures reveals the accessibility of carbonyl functionalities
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Figure 10. "H NMR spectra (300 MHz) of the glucose-functionalized macromonomer P1 as well as the protected and deprotected comb polymers
P2 and P3, respectively (solvents: CDCl, for P1 and P2; DMSO-d, for P3).
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of the PEtOx so that water molecules can penetrate inside the
brush structure to build up hydrogen bonds and, thus, solubilize
the polymer. Upon increase of temperature, entropic effects
decrease the hydrogen bonding strength, the water molecules
are expelled from the polymer, and the polymer precipitates
due to hydrophobic interaction of the macromolecules with
each other. This behavior indicates that P2 (and consequently
also P3), do not only display the properties of a glycopolymer,
but combines it with the specific properties of PEtOx.

B CONCLUSION

Glucose, galactose and fructose end-functionalized PEtOx
could be obtained by utilization of the respective sugar triflates
as initiators for the CROP of EtOx. Kinetic studies as well as
the successful end-capping of the living oxazolinium chain end
by in situ deprotonated MAA support the characteristics of a
living polymerization for the sterically unhindered initiators,
enabling the successful synthesis of the first reported comb
polymer being decorated selectively with sugar moieties at the
end of all side chains. Having established this generally
applicable route toward such comb polymers, future work
will focus on the investigation of the biological activity of
polymers carrying a larger variety of sugar units as well as on
the conjugation to other biologically interesting moieties via the
living oxazolinium chain end.
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ABSTRACT: Photoinduced copper(I)-catalyzed Huisgen 1,3-
dipolar cycloaddition (CuAAC) via photoinduced electron
transfer using free radical photoinitiators has been developed as
a new platform to serve as orthogonal click system. Photo-
initiators acting at near UV and visible range, namely 2, 2-
dimethoxy-2-phenyl acetophenone, 2-benzyl-2-dimethylamino-4"-
morpholino butyrophenone, 2,4,6-trimethylbenzoyl)-
diphenylphosphine oxide, dicyclopentadienyl bis[2,6-difluoro-3-
(1-pyrrolyl)phenyl] titanium) and camphorquinone/benzyl alco-
hol were tested with copper(II) chloride/N,N,N’,N",N"-pentam-

-Nj

I
o

Photoinitiator
Cu(Il)CI/PMDETA
N=N N=N

NG NS

telechelic polymer block copolymer

ethyldiethylenetriamine complex to catalyze the CuAAC via photoinduced electron transfer reaction. This strategy has been
applied in construction of various macromolecular architectures including telechelic polymers and block copolymers.
Spectroscopic and chromatographic investigations revealed that successful macromolecular syntheses have been achieved by this

technique.

B INTRODUCTION

Click chemistry describes a class of chemical reactions that are
easy to perform, give rise to their intended products in very
high yields with little or no byproducts, work well under many
conditions, and are unaffected by the nature of the groups
being connected to each other. The most prominent example of
click chemistry reaction is based on the well-established
copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition
(CuAAC) reaction between azides and terminal alkynes,
discovered by the groups of Sharpless' and Meldal.” The
CuAAC click reaction has received considerable attention as
powerful modular synthesis approach,®> which has found
numerous applications in organic chemistry, supramolecular
chemistry, polymer chemistry, drug discovery, bioconjugation,
and materials science.”* However, it has some limitations
including the need for a metal catalyst’ and an inability to
control the reaction by external stimulation or to conduct the
reaction in the absence of solvent.® To further develop this
fundamentally important aspect of synthetic chemistry, the
discovery of alternative robust, efficient, and orthogonal click
reactions or the modification of well-known click reactions is
particularly relevant. Light-induced reactions offer the possi-
bility of both spatial and temporal control over the reaction,
which are not available in thermal conjugation-reactions.” In
recent years, photoinduced thiol—ene/thiol—yne coupling,®
photoinduced 1,3-dipolar cycloaddition reaction of alkenes and
nitrile imines,” “strain-promoted” cycloaddition reaction of the
photochemically generated cycloalkynes and azides'® photo-
induced ester formation reaction of benzodioxinones with
alcohols"' and photoinduced Diels—Alder reactions'* have

-4 ACS Publications  © 2011 American Chemical Society
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been developed. Although thiol—ene/thiol—yne reactions can
proceed extremely rapidly yielding products quantitatively
under facile conditions (ie, at ambient temperature and
humidity under an air atmosphere), the simultaneous reactions
of the photochemically formed primary radicals with enes
reduce the click efficiency.”® In the other methods such as
photoinduced acylation reactions using benzodioxinones, the
preparation and purification of click reagents cumbersome and
result in low product yields.'"

Light induced reduction of metal ions such as silver,"* gold,15
and copper'® complexes can be successfully carried out by
either direct photolysis or indirect photolysis. In direct
photolysis, desired metal ions are generated upon irradiation
of its higher oxidation state species at appropriate wavelengths.
Typically, the absorption of light by copper ligand promotes the
intramolecular electron transfer from the 7-system of the ligand
to the central ion resulting in the transformation of Cu(II) ion
into Cu(I) and the ligand into the radical complex."” However,
this method involving UV exposure suffers from the need for
long irradiation times. For indirect approach, the reduction of
the Cu(Il) ion is dependent on a photoactivator. Thus, a
photoinitiator absorbs light in the UV—visible region, where
copper complex is transparent and forms reactive intermediates
such as free radicals, which strongly promote the photo-
reduction of the Cu(Il) into Cu(I). The nature of the
photochemically generated radicals and the redox properties
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of the copper complex are quite crucial for the success of the
process. Recently, our group has developed a new photo-
chemical protocol to catalyze the CuAAC reaction between
azides and alkynes by in situ generation of Cu(I) from Cu(II)
complex with UV-light.'"® Later on, Bowman and co-workers
demonstrated the comprehensive spatial and temporal control
of the CuAAC reaction using standard photolithographic

techniques by photochemical reduction of Cu(1I).%

Herein, we report the wavelength tunability of light-induced
CuAAC click reaction using near UV and visible light
photoinitiators. In the context of macromolecular engineering,
this reaction is very valuable and permitting the preparation of
highly defined telechelic polymers and block copolymers. This
process gives the spatial control of the click reaction by
adjusting the copper concentration of the system and
consequently, coupling efficiency by choosing appropriate
light intensities.

B EXPERIMENTAL PART

Materials. Phenylacetylene (98%, Aldrich), benzyl bromide (98%,
Aldrich), sodium azide (99%, Aldrich), dimethyl-d sulfoxide (99.96
atom % D, Aldrich), benzyl alcohol (99%, Aldrich) and copper(II)
chloride (98%, Aldrich) were used as received. N,N,N,N",N’-
Pentamethyldiethylenetriamine (99%, Aldrich) was distilled before
use. Benzyl azide was synthesized according to literature procedure.'®
'H NMR (250 MHz, CDCL,): 5 (ppm) = 4.4 (Ph—CH,—N), 7.4—7.5
(aromatic protons). 2, 2-Dimethoxy-2-phenyl acetophenone (DMPA,
Ciba Specialty Chemicals), 2-benzyl-2-dimethylamino-4-morpholino-
butyrophenone (DBMP, Ciba Specialty Chemicals), 2,4,6-
trimethylbenzoyl)diphenylphosphine oxide (TMDPO, Ciba Specialty
Chemicals), and dicyclopentadienylbis[2,6-difluoro-3-(1-pyrrolyl)-
phenyl] titanium (Titanocene, Ciba Specialty Chemicals) and
(camphorquinone (CQ, Ciba Specialty Chemicals) were used as
received.

Characterization. UV spectra were recorded on a Shimadzu UV-
1601 spectrometer. "H NMR spectra in DMSO-dg with Si(CHj), as an
internal standard were recorded at room temperature at 250 MHz
using a Bruker DPX 250 spectrometer. FT-IR spectra were recorded
on a Perkin-Elmer FT-IR Spectrum One-B spectrometer. Molecular
weights were determined by gel permeation chromatography (GPC)
instrument, Viscotek GPCmax Autosampler system, consisting of a
pump, three ViscoGEL GPC columns (G2000Hz, G3000H; and
G4000H,), and a Viscotek differential refractive index (RI) detector
with a THF flow rate of 1.0 mL min™" at 30 °C. The RI detector was
calibrated with PS standards having narrow molecular weight
distribution. Data were analyzed using Viscotek OmniSEC Omni—
01 software.

Spectroscopic Investigations of Click Reactions. General
experimental procedure for the light-induced copper(I)-catalyzed
click reaction: DMSO-ds (0.5 mL) and benzyl azide (11 uL, 0.2
mM) were added to an NMR tube containing Cu(II)Cl, (1.4 mg, 0.02
mM), PMDETA (2.2 L, 0.02 nM) and a photoinitiator (0.02 mM).
After 1—2 min, the phenylacetylene (13 yL, 0.2 mM) was added via
syringe. The reaction tube was irradiated by a Ker-Vis blue
photoreactor equipped with a circle of 6 lamps (Philips TL-D 18W)
emitting light nominally at 400—500 nm. 'H NMR spectra were
periodically recorded, with each measurement involving 16 scans.
Conversions were determined by integration of the signal from a
proton in one of the starting molecules and the corresponding proton
in the product (e.g, protons a and d in Figure S1, Supporting
Information).

Synthesis of Polymers with Clickable Functionalities. w-
Azido functional polystyrene'” (PSt-N;) (M, xr: 1910, M, pc: 2000,
M, /M,:1.12) and a-alkyne functional poly(e-caprolactone)*® (PCL-
Alkyne) (M, xyr: 2900, M, gpc: 4400, M,,/M,:1.12) were synthesized
according to literature.
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Synthesis of Telechelic Polymers via Click Chemistry.
General procedure for the synthesis of telechelic polymers is as
follows: polymers bearing clickable functionalities, PSt—N3 or PCL—
Alkyne (1.0 equiv) is dissolved in a glass bottle containing DMSO-dj
(1 mL). Then Cu"Cl, (1.5 equiv), PMDETA (1.5 equiv), TMDPO
(2.5 equiv), and the corresponding low molar mass acetylene or azido
click compounds (1.5 equiv) were added to the solution. After
dissolution, the reaction mixture is added to an NMR tube with a
syringe. The reaction tube was irradiated by a Ker-Vis blue
photoreactor equipped with a circle of six lamps (Philips TL-D
18W) emitting light nominally at 400—500 nm. "H NMR spectra were
periodically recorded, with each measurement involving 16 scans.
Conversions were determined by integration of the signal from a
proton in one of the starting molecules and the corresponding proton
in the product.

Synthesis of Poly(Styrene-b-(e-caprolactone)) (PSt-b-PCL)
via Click Chemistry. PSt-N; (1.0 equiv), PCL-Alkyne (1 equiv),
Cu"Cl, (1.5 equiv), PMDETA (1.5 equiv), and TMDPO (2.5 equiv)
were dissolved in DMSO-d, (1 mL) in a glass bottle and added into an
NMR tube with a syringe. The reaction tube was irradiated by a Ker-
Vis blue photoreactor equipped with a circle of six lamps (Philips TL-
D 18W) emitting light nominally at 400—500 nm. 'H NMR spectra
were periodically recorded, with each measurement involving 16 scans.
Conversions were determined by integration of the signal from a
proton in one of the starting molecules and the corresponding proton
in the product. After complition of the reaction, the reaction solvent is
directly transferred into a beaker containing excess methanol/water
(10:1, vol/vol) to precipitate the polymer. The obtained polymer is
further characterized by FT-IR and GPC measurements.

B RESULTS AND DISCUSSION

The use of electron transfer reactions of free radicals in
synthetic polymer chemistry dates back to more than 3 decades
ago.”' Photochemically generated electron donor radicals can
efficiently be oxidized by appropriate salts to the corresponding
cations capable of initiating cationic polymerization of
appropriate monomers (Scheme 1).>*

Scheme 1. Oxidation of Photochemically Formed Radicals
by Onium Salts

on*

— 2R*

hv

Pl —>

2R

Many UV and visible light free radical photoinitiators were
reported to be powerful promoters not only for cationic
polymerization but also in situ formation of polymer/metal
nanocomposites based on both epoxy and (meth)-
acrylates."">?* In order to demonstrate further value of this
simple redox process, the CuAAC click reactions between
benzyl azide and phenylacetylene as simple model click
components were performed in the presence of either type I
(2, 2-dimethoxy-2-phenyl acetophenone (DMPA), 2-benzyl-2-
dimethylamino-4"-morpholino butyrophenone (DBMP), 2,4,6-
trimethylbenzoyl)diphenylphosphine oxide (TMDPO) and
dicyclopentadienyl bis[2,6-difluoro-3-(1-pyrrolyl)phenyl] tita-
nium (titanocene)) or type II (camphorquinone (CQ)) visible
light photoinitiators with copper(II) chloride/N,N,N,N".N"-
pentamethyldiethylenetriamine complex. The reactions were
performed under irradiation at 400—500 nm, where the copper
complexes were transparent and the light was absorbed
exclusively by the visible light photoinitiators (Figure 1).

First, a control experiment in the absence of a photoinitiator
under identical experimental conditions (benzyl azide and
phenylacetylene, Cu"Cl, and N,N,N’,N",N"-pentamethyldiethy-
lenetriamine (PMDETA) ligand) was carried out. In this case,
only a little amount of coupled product was formed (Table 1,

dx.doi.org/10.1021/ma202438w | Macromolecules 2012, 45, 56—61
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Figure 1. UV—vis spectra of various photoinitiators and Cu"Cl, in
DMSO. Concentration in all cases was 2 mM.

Table 1. Photoinduced Free Radical Promoted CuAAC Click
Reaction” between Benzyl Azide and Phenylacetylene Using
Free Radical Photoinitiators

Amax . Time  Yield™
Entry  Photoinitiator ¢ Rec?cu;g ol
(nm) radica (min) (%)
1 - - - - 90 <1
95 340 o
2 @ g J\@ 06 90 <5
\
DMPA
O\N_ 330
|
N N
3 oy - (\© 03 60 93
DBMP
o@ 371
P.
4 /éi( A QO 07 20 94
(o] 'P\\O
TMDPO
FQN@ 397
2/ F =
& F—QN;
50 O\LUF AL 07 10 89
F N
Titanocene
469
o
S )
64 * H°“© 0.1 90 83
Lae
CQ/BzOH

“All reactions were carried out under irradiation at 400—500 nm with a
light intensity of 45 mW cm™ at room temperature, in DMSO-dy. The
initial concentrations of azide and alkyne were 0.2 mM and the
photoinitiator, Cu''Cl, and PMDETA were 0.02 mM. “Quantum
yield** “Yield determined by '"H NMR spectroscopy. “The ratio of
CQ/BzOH = 1/3.

run 1) indicating negligible contribution from self-absorption
by the copper complex. The radical photoinitiators including
DMPA, DBMP, TMDPO and Titanocene are good sources of
electron donor radicals via Norrish type I reaction (Table 1,
runs 2—S5). However, DMPA was essentially inactive and the
click reaction did not proceed even after prolonged irradiation
times (90 min) due to its low absorption behavior in the visible
light range (Table 1, run 2).
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For DBMP, the 2-ethyl-2-benzyl substitution extended its
spectral sensitivity to above 400 nm, although the absorption
was quite weak at this wavelength. Under visible light
irradiation, DBMP generated an inert benzoyl radical®® and
an active aminoalkyl radical, which readily reduced Cu(II) into
Cu(l) ion and readily catalyzed the CuAAC click reaction
(Scheme 2). After 60 min, the reaction reached up to 93%

Scheme 2. Photochemical Generation of Cu'Cl by Type I

Photoinitiator (DBMP)
. oo Nge
é l KCu"m2

(

—N/
(0]
®
J

N culci
0j \N£/©
|

N
(o)

conversion (Table 1, run 3, Figure Sl in the Supporting
Information).

Upon photolysis, TMDPO underwent a-scission and
produced a benzoyl and phosphinoyl radicals. While both
were reactive in typical free radical reactions (addition to
olefinic monomers and oxygen, and atom abstractions), the
phosphonyl radical displays higher efficiency due to the higher
electron density on the phosphorus atom and the more
favorable steric conditions arising from its pyramidal structur-
21422426 However, their participation in electron transfer
reactions strongly depended on the substitution with electron
donating groups and the reduction potential of the oxidizing
salt used. Although unknown, the rate constant for the reaction
of phosphinoyl radicals with Cu(II) (E"/? .4 = 0.16 V (SCE))*’
was expected to be larger than for iodonium salt (E/2 4 = —0.2
V (SCE)),*® which was k. = 1.6 x 10" M~ s7.*>! Analogous
to the reaction with iodonium salts, phosphinoyl radicals readily
reduced Cu(Il); i.e. quantitative click reaction was attained in
20 min (Table 1, run 4). With the absorption of visible light,
titanocene photoinitiator underwent the generation of carbon-
centered radicals resulting from a Ti—C bond cleavage. The
titanium-centered diradical can readily reduce Cu(Il) into
Cu(I) as well as promote the CuAAC click reaction. The radical
photoinitiator, CQ was also active in the range of visible light
and capable of generating radicals via Norrish type II reaction
in the presence of hydrogen donor, such as benzyl alcohol. The
reducing species involved in Cu(II) ion reduction was
frequently benzyl radical, which was well-established as
powerful reducing agent (Scheme 3)."7%* The Cu(I) ion
produced was surely responsible for the initiation of the
CuAAC click reaction (Table 1, run 6).

It is clear that both type I and type II visible light
photoinitiators were capable of initiating the CuAAC click
reaction. The efficiency of the process depends on both the
absorbency and quantum vyield particular photoinitiator
involved (Table 1). As can be seen from Figure 2, where
reaction yields were plotted vs time, type I photoinitiators were
more efficient in the process. This behavior was due to the fact
that, with type II photoinitiators, reactive radicals were
produced by a bimolecular reaction with a relatively lower
quantum yield. When using type I photoinitiators, the transient

dx.doi.org/10.1021/ma202438w | Macromolecules 2012, 45, 56—61
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Scheme 3. Photochemical Generation of Cu'Cl by Type II
Photoinitiators (CQ/BzOH)
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Figure 2. Photoinduced free radical promoted click coupling reaction
of benzyl azide and phenylacetylene as a function of time using
Cu"'Cl,/PMDETA/photoinitiator as the catalyst system. Alkyne/azide
ratio: 1. Azide/Cu"Cl,/photoinitiator ratio: 1:0.1:0.1. Yield deter-
mined by 'H NMR spectroscopy.

excited states (singlet and triplet) have very short lifetimes, thus
preventing any quenching by the metal ions. Notably,
titanocene-based photoinitiator was found to be most efficient
for the CuAAC click reaction. In all cases, the reaction yields
increased with the irradiation time since the oxidizable radicals
were continuously produced.

To evaluate the versatility and efficiency of visible light-
induced CuAAC process as a new general method in synthetic
polymer chemistry, we have conducted selected experiments in
polymer functionalization and block copolymer formation. For
the telechelic polymer30 preparation, both azide or alkyne end-
functionalized polymers in conjunction with low molecular
weight counterparts having various functionalities, namely,
propargyl alcohol, 4-pentynoic acid, propargyl pyrene, and
benzyl azide were used in the photoinduced click process. In
polystyrene functionalization, the successful transformations of
azide end groups into functional triazoles were confirmed by
the disappearance of the methine proton neighboring the azido
group (4.1 ppm) and the appearance of the methine proton
neighboring the triazole (5.1 ppm) in the 'H NMR spectra.
The additional signal at 8.1 ppm assigned to the proton of the
triazole rings was not clearly distinguishable in the NMR
spectra as it was partly masked by the broad aromatic regions of
polystyrene (Figure S2—4 in the Supporting Information). The
integration of aforementioned signals at 4.1 and 5.1 ppm
confirmed the successful formation of the triazole chain ends
with functional groups. In the poly(e-caprolactone) case, the
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signal at 7.9 ppm indicate the formation of triazole (Figure SS
in the Supporting Information). The efficiency of the click
reaction, as determined from the ratio of the characteristic
peaks of polymers to that of the functional groups are listed in
Table 2.

Table 2. Telechelic Polymers via Photoinduced Free Radical
Promoted CuAAC click” Reaction

Entry Clickable Antagonist Yield”
Polymer molecule (%)
1 PSt-N; 2 OH 93
(o]
2 PSt-N3

~on 88

¢
3 PSt-N; \\\,o "
4 PCL-Alkyne . () 08

“All reactions were carried out under irradiation at 400—500 nm with a
light intensity of 45 mW cm™ at room temperature, in DMSO-dy. The
initial concentrations of azide and alkyne were 0.5 mM, the
photoinitiator was 1.3 mM, and Cu"Cl, and PMDETA were 0.08
mM; time = 120 min.

To test the suitability of the visible light-induced CuAAC
process in the macromolecular synthesis, a block copolymer
formation was attempted between an alkyne end-functionalized
poly(e-caprolactone) (PCL—alkyne) (M, = 4400, polydisper-
sity index (PDI) = 1.12) and an azide end-functionalized
polystyrene (PSt—Nj;) (M, = 2000, PDI = 1.12). The reaction
was performed under similar experimental conditions as with
the small molecular weight precursor. The formation of block
copolymer was evidenced by spectral analyses. The 'H NMR
spectrum of block copolymer obtained by click reaction
indicated characteristic peaks of both precursors (Figure 3).

Ny
n visible light
TMDPO
Ar
} Cu(ll)CI,/PMDETA
+ Ar
S a
\\b/oh]/\/\/\ o TMH

[¢) a

d "N' \})\;ohcr\/\/a\o e

Ar

Figure 3. "H NMR spectra of the mixture of precursor polymers (PSt-
N; and PCL-Alkyne) and block copolymer (PSt-b-PCL) prepared by
photoinduced free radical promoted CuAAC click reaction.

While the methylene—oxy protons at 4.6 ppm from the PCL—
alkyne completely disappeared, a new signal corresponding to
the methyl and methylene protons linked to the triazole ring
was observed at around S.1 ppm (b and d protons in Figure 3).
The efficiency of the click reaction for the formation of block
copolymer was found to be 86% as determined from
integration of the aforementioned signals.

The block copolymer formation was also followed by FT-IR
spectroscopy. The IR spectrum associated with block
copolymer showed the presence of both components (PSt
and PCL) in the structure (Figure S6 in the Supporting

dx.doi.org/10.1021/ma202438w | Macromolecules 2012, 45, 56—61
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Information). Peaks resonating at 1730, 1360, 1290, 1180,
1100, and 960 cm ™! were due to PCL chain whereas transitions
from 1595, 1490, and 700 cm™! and overtones between 1945
and 1805 cm™' were specific to the PSt component. As
anticipated, the azide and alkyne stretching bands of precursor
polymers disappeared completely, confirming that quantitative
block copolymer formation by click reaction.

In Figure 4 the normalized GPC curves of the individual
precursor polymers as well as of the resulting block copolymer

—— PSt-6-PCL —— PCL-Alkyne —— PSt-N3

Mn: 6000 Mn: 4400 Mn: 2000
PDI: 1.10 PDI: 1.12 PDI: 1.12
20 25 30 35 40

elution time (min)

Figure 4. Overlay of GPC traces showing the modular formation of
PSt-b-PCL from PSt—Nj; and PCL—alkyne.

were shown. In the elution curve of block copolymer, a clear
shift toward lower retention times was observed, as well as the
disappearance of the chromatographic peak corresponding to
precursor polymers. These observations confirm that the
described approach is also useful for block copolymer
formation.

In summary, a mild and highly versatile visible light-induced
CuAAC click reaction via photoinduced electron transfer using
free radical photoinitiators has been developed. The
applications of this method in the construction of various
macromolecular architectures such as the telechelic polymers
and block copolymer were also described. The use of visible
light to induce the click reaction makes this protocol easy to
implement in the biological and material sciences.
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ABSTRACT: Poly(ethylene glycol) (PEG) side-chain functional- PEG
ized lactide analogues have been synthesized in four steps from o
commercially available L-lactide. The key step in the synthesis is the \Hj\ Catalyst o

1,3-dipolar cycloaddition between PEG-azides and a highly strained . R g /(Ojé(
spirolactide—heptene monomer, which proceeds in high conver- O\ﬂ)\ - O\n)\ O)H}m
sions. The PEG-grafted lactide analogues were polymerized via ring- 0 (4 steps) o °

opening polymerization using triazabicyclodecene as organocatalyst | _jaciide PEG-grafted lactide PEG-grafted PLA
to give well-defined tri- and hepta(ethylene glycol) —poly(lactide)s

(PLA) with molecular weights above 10 kDa and polydispersity indices between 1.6 and 2.1. PEG—poly(lactide) (PLA) with PEG
chain M, 2000 was also prepared, but GPC analysis showed a bimodal profile indicating the presence of starting macromonomer. Cell
adhesion assays were performed using MC3T3-E1l osteoblast-like cells demonstrating that PEG-containing PLA reduces cell
adhesion significantly when compared to unfunctionalized PLA.

B INTRODUCTION In order to improve the properties of these scaffolds further,
herein we report the preparation of poly(ethylene glycol)
(PEG)-functionalized PLA. We rationalize that this modification
should reduce nonspecific protein adsorption, a prerequisite to
our scaffold design."® Tt has also been reported that surface
PEGylation increases the mechanosensitivity of osteoblasts, i.e.,
the specific response to mechanical stimulation, and accelerates
growth and development of osteoblasts for bone repair and tissue
engineering. 1S

Several groups have grafted PEG in a random fashion onto PLA.
Baker and co-workers reported a postpolymerization modifica-

Poly(lactic acid) (PLA), a poly(2-hydroxypropionic acid), is a
biodegradable and biocompatible polymer from biorenewable
feedstock. Following today’s trend of minimizing the impact of
chemicals on the environment as well as searching for alternatives
to depleting petrochemical resources, PLA is the candidate of
choice for polymeric commodities (e.g., packaging materials for
food and beverages, plastic bags, and thin film coatings) as well as
in the medical field (e.g., for medical devices, sutures, and tissue
replacement and as delivery vehicle)."* PLA can be obtained via
the polycondensation of lactic acid or the ring-opening polym- ’ ) " ‘ ; ;
erization (ROP) of cyclic lactides.> One drawback of PLA is its tion of p ropargy 1g1_yCOhde polymers with PEG-azides via Huisgen
lack of functional side-chain diversity, which limits the possibi- cycloaddition.” " Hildgen and co-workers have p repared randorr?ly
lities for chemical modification.>* To overcome this limitation, PEG—graftgd. PLA to prepare stealth nanop articles for drug deliv-
syntheses of modified lactide monomers with functionalized side ery. _They initially polymerized p,L-lactide in the presence O,f a]l?r;
chains have been reported in the past decade.>*”® We have pub- glycidyl ether followed by subsequent PEG functhnahzatlon.
lished the synthesis of cyclic lactides bearing protected alcohols, Baker and co-workers have also reported the Syn,theﬂs of well-de-
amines, and carboxylic acid functionalities starting from com- ﬁ_ned PEG-graﬁed PLA based on the Fondensat_lon of hydr(?xy a
mercially available amino acids.*'® Another versatile synthetic cids with PEG side chains. However, 1tgus synthetic route consisted
approach has been reported by Yang and co-workers, who have of several steps in moderate yields.”” Despite these elegant ap-
synthesized functional hemilactides through a Passerini-type Proaches, a'general. app r9ach to prepare well-d_eﬁned PLA contalr'l-
condensation. ! ing PEG side chains still remains a synthetic challenge. In this

Our ultimate goal is to develop polymeric scaffolds for bone contribution we report a short and eflicient functionalization of
tissue engineering with adequate mechanical properties and con- L-lactide monomer with PEG side chains and the subsequent
trolled architectures that support osteoblast function. Recently,

we have reported the synthesis of poly(lactic acid) (PLA)-block- Received:  July 17, 2011
poly(norbornene) (PNB) copolymers that bear photo-cross- Revised:  November 14, 2011
linkable cinnamate side chains to enhance mechanical strength.12 Published: December 16, 2011
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Figure 1. Schematic approach to the preparation of well-defined PEG-grafted PLA from 1-lactide.
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polymerization. Furthermore, since cell adhesion to polymeric
surfaces is primarily mediated by adhesive proteins adsorbed from
serum such as vitronectin and fibronectin,'® cell adhesion assays
were performed using MC3T3 x 10~ " as osteoblast-like cells in
order to investigate the reduction of nonspecific protein adsorp-
tion caused by the new PEG-grafted polymers.

B RESEARCH DESIGN

The main requirement for our research design is that we can
functionalize cyclic L-lactide monomers with PEG side chains of
different sizes in high yields and in a straightforward fashion in
order to prepare well-defined PEG-grafted PLA (Figure 1). Our
design is based on some recent work by Jing and Hillmyer, who
have reported the synthesis of exo-methylene—lactide 1 and
spirolactide—heptene 2 (Scheme 1).° We rationalized that 2
due to its high ring strain can serve as dipolarophile in cycloaddi-
tion reactions. Knowing that azides react readily with strained
alkenes such as norbornenes via 1,3-dipolar cycloadditions,m*23
our hypothesis is that the cycloaddition between PEG-azides
and 2 which contains a norbornene moiety might be an easy
entranceway toward PEG functionalized cyclic lactides.

B EXPERIMENTAL SECTION

Materials. Compounds 1 and 2 were synthesized as described by
Jing and Hillmyer.”® Poly(ethylene glycol) monomethyl ether tosylates
6, 10, and 11 were prepared as reported by Ouchi and co-workers.”*
Azido-poly(ethylene glycol) monomethyl ethers 3a, 3b, and 3c were
obtained using a methodolgy reported by Saha and Ramakrishnan.*®
Triethylene glycol monomethyl ether (97%), poly(ethylene glycol)
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methyl ether (M, ~ 2000), L-lactide (98%), dicyclopentadiene (97%),
1,5,7-triazabicyclo[4.4.0]dec-S-ene (97%), benzyl alcohol (99.8%), and
1-azidoadamantane (97%) were purchased from Sigma-Aldrich. Tetra-
ethylene glycol (99.5%) was purchased from Acros Organics. Benzene
was distilled over sodium and benzophenone under nitrogen before use.
Dichloromethane was dried over calcium hydride and distilled under
nitrogen prior to use. "H and *C NMR spectra were recorded on a
Bruker AC 400 spectrometer (400 and 100 MHz for "H and “°C, re-
spectively). All chemical shifts are reported in parts per million (ppm)
with reference to solvent residual peaks. Gel permeation chromatogra-
phy (GPC) was performed using an HPLC from Agilent Technologies
1200 series and two columns (gel type: AM GPC gel, porosities: 100,
1000, 100 000 A, linear mixed bed from American Polymer Standards)
connected in series with an Optilab rEX refractive index detector from
Wyatt Technology. Experiments were performed at room temperature
using CHCl;/triethylamine/isopropanol 94:4:2 as eluent, flow rate of
1 mL/min, and molecular weights are reported versus PEG standards
(M,, from 1050 to 30 000). Electrospray ionization (ESI) mass spectra
were obtained on an Agilent 1100 Series capillary LCMSD trap XCT
spectrometer using MeOH/H,O and ACN/H,O as eluents. Micro-
wave-assisted reactions were performed using a CEM Discovery micro-
wave reactor. IR spectra were recorded using KBr tablets or poly-
(ethylene) sample cards on a Nicolet S50 Magna-IR spectrometer.
Elemental analysis was performed on a Perkin-Elmer 2400 Series II
CHNSO analyzer and by Intertek-QTI Melting points were determined
using a Fisher-Johns apparatus. The MALDI-TOF spectrum of 4¢ was
recorded on a Bruker UltrafleXtreme using dithranol as matrix and
NaCl as doping salt. The sample was prepared following the multiple-
layer spotting technique reported by Meier and Schubert.”® Thermo-
gravimetric analyses were recorded on a Perkin-Elmer Pyris 1TGA from
25 to 550 °C with a heating/cooling rate of 10 °C min ! under N.,.
Differential scanning calorimetry (DSC) measurements were acquired

dx.doi.org/10.1021/ma2016387 |Macromolecules 2012, 45, 62-69
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using a Perkin-Elmer DSC Pyris 1. Samples were run under a nitro-
gen atmosphere from —10 to 100 °C with a heating/cooling rate of
10°C min ™. Dialysis membrane Spectra/Por 6, MWCO 1000 and 3500
(38 mm flat width), was purchased from SpectrumLabs and rinsed with
water prior to use. About 10 cm of dialysis membrane was used per puri-
fication. For 4c and polymers Sa—c, a dichloromethane solution of pro-
duct was introduced inside the dialysis bag (MWCO 1000 for macro-
monomer 4c and polymers Sa,b and MWCO 3500 for polymer Sc) that
was then introduced to 0.5 L of dichloromethane and gently stirred for
about 12 h. Four cycles were performed for each dialysis.

Single Crystal Structure Determination. A colorless block
crystal 4d with the size of 0.12 X 0.22 X 0.30 mm” was selected for geo-
metry and intensity data collection with a Bruker SMART APEXII CCD
area detector on a D8 goniometer at 100 K. The temperature during the
data collection was controlled with an Oxford Cryosystems Series
700 plus instrument. Preliminary lattice parameters and orientation matrices
were obtained from three sets of frames. Data were collected using
graphite-monochromated and 0.5 mm MonoCap-collimated Mo Ka ra-
diation (4 = 0.710 73 A) with the @ scan method.”” Data were processed
with the INTEGRATE program of the APEX2 software®” for reduction
and cell refinement. Multiscan absorption corrections were applied by
using the SCALE program for area detector. The structure was solved by
the direct method and refined on F* (SHELXTL).*® Non-hydrogen
atoms were refined with anisotropic displacement parameters, and hydro-
gen atoms on carbons were placed in idealized positions (C—H = 0.99 or
1.00 A) and included as riding with Uj,,(H) = 1.2 or 1.5 Ugq(non-H).

Synthesis of Triethylene Glycol Methyl Ether—1,2,3-A%
Triazoline-spiro[6-methyl-1,4-dioxane-2,5-dione-3,2’-bicyclo-
[2.2.1]heptane], PEG;-Spirolactide (4a). Azidotriethylene glycol
methyl ether, PEG;-N3, 3a (684 mg, 3.62 mmol), and spiro[6-methyl-
1,4-dioxane-2,5-dione-3,2"-bicyclo[2.2.1 Jhepta-S-ene], 2 (753 mg, 3.62
mmol), were dissolved in EtOAc (20 mL). The reaction was refluxed
under nitrogen for 3 days, and the conversion was monitored by "H NMR
spectroscopy. The crude reaction was concentrated under reduced pres-
sure to give a brown oil. This crude product was purified by silica chroma-
tography using EtOAc/hexane 7:3 as eluent to afford the titled triazoline
as a yellow oil (897 mg, 62%). "H NMR (CDCls, 400 MHz, data shown
for major isomer): 0 = 5.18 (q, ] = 4.9 Hz, 1H, —CH— of LA unit), 4.92
(d, J = 9.8 Hz, 1H, —CH— of triazoline unit), 3.81 (m, 2H), 3.75—3.60
(PEG chain, 12H), 3.57 (m, 3H), 3.37 (s, 3H, CH;—PEG—), 3.08 (s,
1H),2.76 (dd, J = 14.3 Hz, ] = 5.0 Hz 1H), 2.63 (d, J = 4.9 Hz, 1H), 1.76
(dt, ] =11.7 Hz, ] = 1.5 Hz, 1H), 1.69 (d, ] = 6.7 Hz, 3H, CH;— of LA
unit), 1.53 (dd, J = 14.1 Hz, ] = 3.5 Hz, 1H), 1.28—1.25 (m, 1H). *C
NMR (CDCl;, 100 MHz, data shown for major isomer): 6 = 167.9,
167.1, 85.7,78.7,73.0, 72.1, 70.8 (x2), 70.7, 70.3, 62.7, 59.2, 49.0, 48.3,
38.3, 31.6, 16.8. ESI-mass: 420.1 (M"+Na"). MS-ESI (M + H)" m/z
calcd for CigHsN30- 398.42; found 398.1. Elemental analysis: calcd for
C1sH,,ON;05: C 54.40, H 6.85, N 10.57; found: C 54.78, H 6.83, N
10.08. IR (KBr) v (em™'): 2920.3, 2881.5, 1759.0, 1466.5, 1352.2,
1281.6, 1228.3, 1199.3, 1105.7, 1062.2, 1020.5, 986.9, 851.4, 647.1.

Synthesis of Heptaethylene Glycol Methyl Ether—1,2,3-A%-
Triazoline-spiro[6-methyl-1,4-dioxane-2,5-dione-3,2"-bicyclo-
[2.2.1]heptane], PEG;—Spirolactide (4b). Azidoheptaethylen gly-
col methyl ether, PEG,-N3, 3b (1.30 g, 3.56 mmol), and spiro[6-
methyl-1,4-dioxane-2,5-dione-3,2"-bicyclo[2.2.1]Thepta-S-ene], 2 (741 mg,
3.56 mmol), were dissolved in EtOAc (20 mL). The reaction was
refluxed under nitrogen for 4 days. The conversion after 4 days was
measured by "H NMR spectroscopy to be 78%. The crude reaction was
concentrated under reduced pressure to give a brown oil. This solid
was purified by silica chromatography using EtOAc/hexane 7:3 as
eluent to afford the title triazoline as a yellow oil (1.10 g, 54%). '"H NMR
(CDCls, 400 MHz, data shown for major isomer): & = 5.18 (q, ] = 6.7 Hg,
1H, —CH— of LA unit), 490 (d, J = 9.8 Hz, IH, —CH— of triazoline
unit), 3.82 (m, 2H), 3.75—3.61 (PEG chain, 34H), 3.53 (m, 3H), 3.35
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(m, 3H, CH;—PEG—), 3.09 (s, 1H), 2.75 (dd, J = 14.0 Hz, ] = 49 Hz,
1H), 2.63 (d, ] = 4.7 Hz, 1H), 1.78 (m, 1H) (dd, = 11.6 Hz, ] = 1.5 Hz,
1H), 1.69 (d, ] = 6.7 Hz, 3H, CH3— of LA unit), 1.54 (dd, J = 14.1 Hz,
J = 3.6 Hz, 1H), 1.26—1.23 (m, 1H). *C NMR (CDCl,, 100 MHz, data
shown for major isomer): 6 = 167.9, 167.1, 85.7,78.7, 73.0, 72.1, 70.8, 70.7
(x2), 702, 62.7, 59.2, 489, 48.3, 41.0, 38.2. 31.5, 16.7. MS-ESI (M + H)*
m/z caled for CysHyyN30,; 574.63; found 574.2. Elemental analysis:
caled for C,gH43N30;: C 54.44, H 7.56, N 7.33; found: C 54.85, H 7.76,
N 7.12. IR (KBr) v (em™'): 2922.3, 2870.3, 2105.6, 1957.5, 1757.7,
1466.3, 13509, 1282.0, 1140.8, 1062.6, 986.7, 937.0, 851.7, 743.7, 685.7,
649.0, 571.1.

Synthesis of Poly(ethylene glycol methyl ether)—1,2,3-A%-
Triazoline-spiro[6-methyl-1,4-dioxane-2,5-dione-3,2"-bicyclo-
[2.2.1]heptane] (M,, ~ 2200), PEG,4,—Spirolactide (4c). Azido-
poly(ethylene glycol methyl ether) (M,,~ 2000), PEG4-N3, 3¢ (3.35 g,
1.67 mmol), and spiro[ 6-methyl-1,4-dioxane-2,5-dione-3,2-bicyclo[2.2.1]
hepta-S-ene], 2 (1.26 mg, 6.0 mmol, 3.6 equiv), were dissolved in EtOAc
(40 mL). The reaction was refluxed under nitrogen for 3 days. The crude
reaction was concentrated under reduced pressure to afford a dark green
solid. The crude product was dissolved in CH,Cl, (~15 mL), and diethyl
ether was added (~30 mL). The suspension was refluxed for 20 min and
cooled down to room temperature, affording a white suspension and a
green oil. The layers were separated, and the white suspension was cooled
down to 4 °C when a white solid precipitated. This solid was washed with
diethyl ether. The crystallyzation was repeated two more times, affording
the title compound as a white solid (1.17 g, 32%). The monomer was dial-
yzed in CH,Cl, using a cellulose membrane (MWCO 1000). Finally, com-
pound 4c was Iyophilized twice from distilled benzene (3 times distilled)
prior to polymerization. "H NMR (CDCls, 400 MHz, data shown for
major isomer): 0 =5.17 (q, ] = 6.6 Hz, IH, —CH— of LA unit), 492 (d, ] =
9.7 Hz, 1H, —CH— of triazoline unit), 3.73—3.45 (PEG chain), 3.4S (m,
3H), 3.36 (m, 3H, CH;—PEG—), 3.08 (s, IH), 2.75 (dd, ] = 140 Hz, ] =
49Hz, 1H),2.62 (d,J=4.6Hz, 1H), 1.87 (dd, = 11.6 Hz, ] = 1.3 Hz, 1H),
1.68 (d,J = 6.7 Hz, 3H, CH;— of LA unit), 1.53 (dd, J = 14.1 Hz, ] = 3.7 Hz,
1H), 1.24 (m, 1H). *C NMR (CDCl,, 100 MHz, data shown for major
isomer): O = 167.9, 167.0, 88.6, 85.7, 78.7, 77.4, 70.3 (PEG chain), 62.7,
59.2, 56,1, 49.0, 48.3, 44.9, 41.0, 40.0, 39.5, 38.3, 31.6, 27.3, 16.8. Melting
point: 45—46 °C. Elemental analysis: calcd for Cg4H,5N30,5: C 53.55, H
10.3, N 2.0; found: C 53.79, H 8.61, N 1.08. IR (KBr) v (em™'): 2921.3,
2882.4, 2242.3, 2098.6, 2058.5, 1954.3, 1758.6, 1467.0, 1343.2, 1280.6,
12419, 1112.8, 963.0, 843.0, 742.8, 569.8.

Synthesis of Adamantyl-1 ,2,3-A2-triazoline—Spiro[6-meth-
yl-1,4-dioxane-2,5-dione-3,2'-bicyclo[2.2.1]heptane] (4d). 1-
Azidoadamantante (255 mg, 1.44 mmol) and spiro[6-methyl-1,4-diox-
ane-2,5-dione-3,2'-bicyclo[2.2.1 Jhepta-S-ene], 2 (300 mg, 1.44 mmol),
were dissolved in EtOAc. The reaction was refluxed overnight under nitro-
gen. The crude reaction was concentrated under reduced pressure to af-
ford an orange solid. The crude product was purified by silica chroma-
tography using EtOAc/hexane 8:2 as eluent to afford the title triazoline as
a white solid (290 mg, 52%). 'H NMR (CDCls, 400 MHz, data shown
for major isomer): 0 = 5.22 (q, ] = 6.7 Hz, IH, —CH— of LA unit), 4.84
(d,J=9.9 Hz, 1H, —CH— of triazoline unit), 3.65 (d, J = 9.9 Hz, 1H, —
CH’— of triazoline unit), 3.13 (s, IH), 2.73 (dd, ] = 14.1 Hz, ] = 49 Hz,
1H), 242 (d, J = 5.2 Hz, 1H), 2.15—2.08 (m, 7H), 1.86—1.79 (m, 4H),
1.78—1.66 (m, 10H, CH;— of LA unit and adamantane unit), 1.56
(dd, J = 14.1 Hz, ] = 4.6 Hz, 1H), 1.30—1.27 (m, 1H). "*C NMR (CDCl;,
100 MHz, data shown for major isomer): 0 = 168.0, 167.2, 86.1,78.2, 73.0,
8.4, 57.4, 49.1, 43.8, 42.2, 36.4, 31.7, 29.6, 16.8. Melting point: 214—
215 °C. MS-ESI (M + H)* m/z caled for C,;H,gN;0, 386.46; found
386.2. Elemental analysis: caled for C,,H,7N30,: C 65.44, H7.06,N 10.9;
found: C 65.53, H 7.00, N 10.9. IR (KBr) v (cm™"): 3533.7, 3497.0,
2997.3, 2917.6, 2851.5, 2680.6, 2333.5, 1750.1, 1482.3, 1454.8, 1360.3,
13132, 1242.6, 1147.6, 1086.6, 1020.0, 987.4, 928.6, 855.7, 826.2, 787.1,
737.5, 693.1, 647.5, 582.3, 485.7.
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Scheme 2. 1,3-Dipolar Cycloaddition between 1-Azidoadamantane and Spirolactide 2

(0]
Na EtOAc
reflux
+ / 0 —
Om)\ 52%
azidoadamantane o
2

General Procedure for Microwave-Assisted 1,3-Dipolar
Cycloaddition. PEG,-azide (1 equiv) and spirolactide (1 equiv) were
mixed in a tube reactor in the absence of solvent. The reaction mixture
was irradiated using microwave irradiation at 70 °C for 3 cycles (each 1 h)
at 150 W. The conversion was followed by 'H NMR spectroscopy.

Polymerization. All .-lactide analogues were stored under nitrogen
in a freezer to ensure stability. Prior to polymerization, monomers 4a,b
were triply recrystallized from EtOAc/hexane while monomer 4c was
triply recrystallized from CH,Cl,/diethyl ether. Then, each monomer
was frozen in benzene (triply distilled) and lyophilized (3 ). The poly-
merization of 4a is described as an example. In a nitrogen-filled glovebox,
a catalyst/initiator solution was prepared by combining 1,5,7-triazabicyclo-
[4.4.0]dec-S-ene (TBD, 18 mg, 0.126 mmol), benzyl alcohol (26 uL,
0.251 mmol), and anhydrous CH,Cl, (25 mL) in a 25 mL volumetric
flask. The freshly prepared catalyst/initiator solution (730 #L) was added
to the Schlenk flask containing 4a (290 mg, 0.73 mmol). The initial con-
centrations were 4a 1 M (100 equiv), TBD 0.5 equiv, and BnOH 1 equiv.
After 24 h, the crude reaction was concentrated under reduced pressure
and purified by dialysis (MWCO 1000) from CH,Cl,. Polymer Sa was
isolated as a yellow oil (255 mg, $6%). "H NMR (acetone-d, 400 MHz):
0 = 5.34—4.70 (m, 2H, —CH- of LA unit and —CH— of triazoline unit),
3.81 (m, 1H), 3.71 (m, 3H), 3.60 (PEG chain, 8H), 3.48 (m, 2H), 3.30
(s, 3H, CH;—PEG—), 3.23—2.78 (m, 2H), 2.62—2.47 (m, 2H), 1.75
(m, 1H), 1.56 (m, 4H, including CH;— of LA unit), 1.36 (m, 1H). 1.09
(m, 1H). "*C NMR (acetone-ds, 100 MHz): & = 170.8, 170.6, 85.0, 80.7,
72.7, 71.1, 70.5, 63.0, 59.0, 50.0, 48.9, 42.4, 37.8, 29.9, 17.1. Elemental
analysis: caled for C;gH,7N30-: C 54.40, H 6.85,N 10.57; found: C 55.12,
H 727, N 9.65.

PEG;-Grafted PLA (5b). Polymer Sb was prepared as described
above and isolated as a yellow oil (454 mg, 65%). "H NMR (acetone-de,
400 MHz): 0 = 5.35—4.55 (m, 2H, —CH— of LA unit and —CH— of
triazoline unit), 3.85 (m, 1H), 3.72 (m, 4H), 3.59 (PEG chain, 30H),
3.48 (m,3H), 3.30 (s, 4H, including CH;—PEG—), 3.24—2.95 (m, 1H),
2.75—2.54 (m, 2H), 1.75 (m, 1H), 1.59 (m, SH, including CH;— of
LA unit), 1.36 (m, 1H). 1.11 (m, 1H). *C NMR (acetone-dg, 100
MHz): 0 = 170.9, 170.7, 85.2, 80.6, 70.6, 63.0, 55.1,48.9, 42.4,41.9, 29.9,
17.0. Elemental analysis: caled for C,sH43N304;: C 54.44, H 7.56, N
7.33; found: C 53.57, H 7.72, N 6.90.

PEG,o-Grafted PLA (5c). Polymer Sc was prepared as described
above; in this case the initial concentration of monomer 4c was 0.33 M
(100 equiv), TBD 1.5 equiv, and BnOH 3.0 equiv. Polymer Sc was
purified by dialysis (MWCO 3500) from CH,Cl,, resulting in a white
solid (454 mg, 78%). Melting point: 45—46 °C. "H NMR (acetone-d,
400 MHz): 6 = 5.27 (m, 1H, —CH— of LA unit), 3.91-3.51 (PEG
chain, 349H), 3.46 (m, SH), 3.29 (s, 6H, including CH;—PEG—), 3.10
(m, 2H), 2.81 (m, 11H), 2.63 (m, 2H), 2.50 (m, 1H), 1.65—1.47 (m,
SH, including CH3— of LA unit), 1.41 (m, 1H), 1.29 (m, 1H). 1.08 (m,
1H). "*C NMR (acetone-ds, 100 MHz): & = 162.1, 170.7, 94.8, 86.5,
77.7,71.4, 69.6, 63.7, 60.6, 58.9, 49.9, 49.0, 39.0, 29.5, 16.7. Elemental
analysis: caled for CosH, N3O, C 53.55, H 10.3, N 2.0; found:
C 54.08, H 9.01, N L.11.
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Figure 2. Crystal structure of one isomer of azidomantane—spirolac-
tide 4d.

Cell Adhesion Assay. Glass slides were spin-coated with polymer
solutions (100 mg/S mL CHCl;) at S00 rpm for 10 s and then at
3000 rpm for 30 s. After air drying, the slides were rinsed with deionized
water, 70% ethanol, and Dulbecco’s phosphate-buffered saline (DPBS,
Invitrogen). MC3T3-El osteoblast-like cells (RIKEN Cell Bank) at
passage 12 were seeded on coated slides at a cell density of 10 000 cells/
cm” in serum-containing media (a-MEM supplemented with 10% fetal
bovine serum). At 4 h, cells were permeabilized for 3 min in DPBS con-
taining 0.5% Triton X-100 and fixed in 4% paraformaldehyde for 10 min.
Slides were blocked in complete DPBS containing 5% goat serum and
0.01% NaNj for 1 h and subsequently incubated with antivinculin anti-
bodies (1:400, Upstate Biotechnology V284) and 4’,6-diamidino-2-
phenylindole (DAPI, Sigma) in blocking buffer for 1 h. AlexaFluor488-
conjugated secondary antibody (Invitrogen) was then incubated for 1 h.
Slides were mounted with antifade reagent and viewed with a Nikon
E400 fluorescence microscope using 10X and 40X objectives. Images
were acquired with SPOT Advanced Software (Diagnostic Instruments,
Inc.). To quantify cell adhesion, fluorescence images were analyzed with
the Image] software (v1.44, NIH) to determine average cell numbers.
Cell counts were analyzed using ANOVA with Tukey’s test for pairwise
comparisons.

Il RESULTS AND DISCUSSION

Our synthetic strategy to functionalize L-lactide with PEG side
chains started with the preparation of spirolactide—heptene 2
according to literature procedures, which was prepared as a mix-
ture of diastereomers (Scheme 1).%°

We investigated initially whether 2 can react as a dipolarophile
in 1,3-dipolar cycloadditions. Since the 1,3-dipolar cycloaddition
between 1-azidoadamantane and norbornene has been reported in
the literature,” we studied, as a proof of concept, the 1,3-dipolar
cycloaddition between 1-azidoadamantane and 2 (Scheme 2). The
reaction was carried out in EtOAc at reflux. Within 12 h, high
conversions of the 1,2,3-A% triazoline isomers were obtained as
characterized by TLC analyses. "H NMR spectroscopy analysis
showed the disappearance of the alkene signals of 2 as well as the
formation of two new doublets at 4.84 and 3.65 ppm, which is in
good agreement with the chemical shifts of the A’-1,2,3-triazoline
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Table 1. Polymer Characterization Data

polymer M, (107%)* PDI* tg (min)*
PEG;-PLA Sa 12 2.1 18.3
PEG,-PLA Sb 14 1.6 18.3
PEG,-PLA S¢ 11 14 183

Xt M, (1073)° conv* (%) yield (%)
30 44 99 60
24 270 82 54

5 3200 50 78/

“GPC in CHCI;/TEA/isopropanol 94:4:2 with PEG standards using refractive index for detection. b Degree of polymerization (X,) calculated from
GPC analyses. * Number-average molecular weight determined based on "H NMR end-group analysis. 4 Conversion of polymerization measured by 'H
NMR spectroscopy. ‘Isolated yield of polymerization after purification by dialysis in CH,Cl,. s Polymer Sc was contaminated with starting

macromomoner 4c.

ring protons reported for the corresponding norbornene ad-
duct with azidoadamantane.>® The crude reaction was purified
by silica gel column chromatography and recrystallized from
EtOAc/hexane, affording a mixture of two isomers in a ratio of
1.0:0.4. Single crystal X-ray analysis confirmed the formation
of two isomers of 4d (Scheme 2, Figure 2, and Supporting
Information).

After our model reaction afforded the desired cycloaddition
product, we investigated the functionalization of 2 with poly-
(ethylene glycol) moieties. With this aim, we synthesized the
three PEG-azides 3a and 3c via tosylation and azidation of
the corresponding commercially available poly(ethylene glycol)
methyl ether using standard conditions (i.e., p-TsCl and NaOH
in H,O/THF and NaN,/DMF, respectively).” In the case of
PEG-azide 3b, we previously synthesized the starting hep-
taethylene glycol methyl ether (see Scheme S1 in the Support-
ing Information). The 1,3-dipolar cycloaddition between
PEG;-Nj 3a and 2 carried out in EtOAc under reflux for 12 h
gave the desired PEG;-spirolactide 4a. "H NMR spectroscopy
analyses showed the formation of a new doublet at 4.91 ppm,
corresponding to one of the two A’-1,2,3-triazoline ring pro-
tons, with similar chemical shift and coupling constants to those
reported above for the triazoline 4d. The second doublet
overlapped with the PEG chain signal in the 'H NMR spectrum.
However, it could be observed easily at 3.65 ppm in the COSY
NMR spectrum (Supporting Information). The doublet at
4.91 ppm served as criterion for us to monitor the progress of the re-
action by NMR spectroscopy. After 3 days at reflux, the
observed conversion was 94%. Based on 'H NMR spectroscopy
analyses of the crude reaction mixture, two triazoline isomers
were obtained in a ratio of 1.0:0.45. In addition, *C NMR spec-
troscopy analysis showed two signals at 168.0 and 167.1 ppm
corresponding to the two carbonyl groups on the lactide ring,
indicating that the ring was conserved during the cycloaddition
and the purification process. The IR spectrum of 4a does not
show a signal corresponding to the starting azide, and the ESI
mass spectrum of 4a showed one signal at 398.1 m/z (M + H)™.

After preparing 4a successfully (62% yield after silica chroma-
tography), we applied our methodology to azides 3b, PEG,-Nj,
and 3¢, PEG4y-N3, M,, ~ 2000. The 1,3-dipolar cycloadditions
between PEG,-N3 3b and PEG,(-N3 3¢ with 2 in EtOAc at reflux
for 3—4 days afforded PEG-spirolactide 4b and PEG 4-spirolac-
tide 4c, respectively, in high conversions (75—80% by 'H NMR
spectroscopy). Monomer 4b was purified by silica chromatog-
raphy (54% isolated yield), and monomer 4c¢ was triply recrys-
tallized from a 1:5 mixture of CH,Cl,/diethyl ether (32% iso-
lated yield). The MALDI-TOF spectrum for 4c showed masses from
1713 to 2595 (theoretical M, ~ 2200) (Supporting Information).
The 1,3-dipolar cycloaddition was also investigated using microwave
irradiation to explore whether microwave irradiation can result in
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Figure 3. GPC curves of all monomers and polymers in CHCl;/TEA/
isopropanol 94:4:2. GPC trace of 4a (black trace), 4b (red trace), 4c
(green trace), Sa (purple trace), Sb (blue trace), and Sc (orange trace).
All molecular weights are reported versus PEG standards using refractive
index for detection.

shorter reaction times. The microwave-assisted cycloaddition be-
tween 3a and 2 in an equimolar ratio reached a maximum of 86%
conversion after 3 h at 70 °C as observed by "H NMR spectroscopy.
In the case of the cycloaddition between 3¢ and 2 in equimolar ratio,
the conversion observed was 68% after 3 h at 70 °C. When using the
spirolactide 2 in slight excess (3c:2 ratio of 1:1.5 equiv), the reaction
proceeded to full conversion.

After the successful synthesis of our three target monomers,
we investigated the ring-opening polymerization of 4a—c. The
monomers were obtained as a mixture of diastereomers, and
we assume that they might possess slightly different reactivities. It
is well-known that the ROP of lactides requires high monomer
purity,”*° and each monomer was purified and dried extensively
as can be seen from the Experimental Section. Initially, we in-
vestigated the ROP of 4a using the polymerization conditions
reported by us: SnOct, as catalyst and benzyl alcohol as initiator
without solvent under N, at 140 °C overnight.9 Unfortunately,
4a was not stable under these reactions conditions. Next, we in-
vestigated the conditions employed by Hillmyer and co-workers
to polymerize 2 (100 equiv) using triazabicyclodecene (TBD, 0.5
equiv) as organocatalyst and benzyl alcohol (1 equiv) as co-
initiator.”® This methodology ensures the preparation of PLA
without any metal impurities, which is crucial for the use of our
materials in regenerative medicine.”” The polymerization of 4a at
room temperature after 24 h using the Hillmyer procedure was
almost quantitative as measured by "H NMR spectroscopy. We
hypothesize that BnOH attacks the less sterically hindered
carbonyl group of the lactide ring, i.e., the carbonyl next to the
methyl group.

The kinetics of the polymerization of 4b was investigated by
"H NMR spectroscopy, showing a maximum of 82% conversion
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Figure 4. "H NMR spectrum of PEG;-spirolactide 4a in CDCl; (top) and end-group analysis of PEG;-PLA 5a by the "H NMR spectrum in acetone-d,

(bottom).

after 20 h. In the case of monomer 4c, which is a solid at room
temperature and contains a long PEG chain (M, ~ 2200), we
decided to dilute the reaction mixture to increase the solubility of
the monomer as well as the concentration of the catalyst and co-
initiator. The initial concentrations used were 4c 0.33 M (100
equiv), TBD L.S equiv, and BnOH 3 equiv. The polymerization
of 4c was followed by "H NMR spectroscopy, showing a maxi-
mum conversion (~50%) after 36 h. The spectrum of the crude
reaction showed two similar and overlapping singlets at 3.29 and
3.30 ppm corresponding to the terminal methyl group of the
CH;-PEG chain (Supporting Information). These two singlets
suggest that 4c and Sc were present in the crude reaction in
similar ratios. We hypothesize that the long PEG chain hinders
the polymerization process. Since 4c¢ is a macromonomer, the
long PEG side chain could adopt a random coil conformation
that could “internalize” the lactide unit. This conformation would
limit catalyst accessibility and thus significantly impede polymer-
ization. Furthermore, the long PEG side chains of the monomers
might entangle with the polymer PEG side chains, limiting
monomer diffusion.

Isolated yields of all polymers ranged from 54 to 78%
(Table 1) after extensive purification by dialysis in CH,Cl, and
lyophilization. All polymers were characterized by "H NMR and
"C NMR spectroscopies, gel-permeation chromatography
(GPC), and thermogravimetric analysis (TGA) (Table 1 and
Supporting Information). In case of polymer Sc, after purifica-
tion by dialysis (MWCO 3500), the "H NMR spectrum showed
again both singlets at 3.3 ppm in similar ratio, indicating that the
dialysis process was unsuccessful in removing 4c.

GPC analyses of the polymers show number-average molec-
ular weights between 11 and 14 kDa and PDI values between 1.4
and 2.1. All values are reported versus PEG standards. We cannot
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exclude trace contamination of monomers with water due to the
hydrophilic PEG side chains despite careful repurifications and
lyophilizations using distilled benzene as solvent. The presence
of these water molecules might compete with BnOH as co-ini-
tiator and would explain the higher than expected PDI values. As
expected, GPC analyses of polymers Sa—c show lower retention
times (tz 18.3 min for all three polymers) than monomers 4a—c
(Figure 3). The GPC chromatogram of PEG4o-PLA Sc shows a
bimodal profile with a second peak at 19.7 min. This peak
overlaps with the signal of the monomer 4c. Therefore, in the
case of polymer Sc, the PDI value 1.4 was measured in the region
of the GPC curve centered at 18 min. That result is in agreement
with the NMR spectroscopy data, suggesting that polymer Sc was
still contaminated with the macromonomer 4c (M, 2200) after
dialysis using a membrane bag MWCO 3500.

Molecular weights of Sa—c were also determined by "H NMR
end-group analysis comparing the integration of the methyl ether
group (CH;-PEG chain) to the benzyl group of the co-initiator
(Figure 4). The disagreement between the molecular weights
determined by 'H NMR end-group analysis (44 kDa for 5a,
270 kDa for Sb, and 3200 kDa for Sc) and GPC might be due to
the high error measuring the small signal in the "H NMR spec-
trum corresponding to the co-initiator (benzyl group). Besides,
the average molecular weights measured by GPC are not accurate
since linear PEG standards were used for calibration while the
PEG-grafted polymers Sa—c are brush polymers. The PEG-graft-
ed PLAs have smaller hydrodynamic volumes than linear PEG
standards, and consequently, the apparent molecular weight
measured by GPC are smaller than that estimated by "H NMR
spectroscopy. Hillmyer and co-workers have recently reported
that the polymerization of aliphatic spirolactide derivatives
affords polyesters with higher glass transition temperatures than
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Figure 5. MC3T3-E1 cell adhesion and spreading on spin-coated polymer films. (a) Average density of adherent cells on polymer coatings. Error bars
represent standard error of the mean. *P < 0.01compared to PLA. (b) Representative images of adherent cells on polymer films with stained nuclei
(DAP], blue) and focal adhesion protein vinculin (vinc, green). Scale bars are SO ym.

PLA (Tg ~ 50 °C).** In contrast, differential scanning calorim-
etry (DSC) measurements of PEG;-PLA Sa and PEG,-PLA 5b,
which are oils at room temperature, did not show any transition
between —10 and 100 °C (Supporting Information). PEGyo-
PLA Sc showed a sharp transition around 50 °C, which corre-
sponds to its melting point. Thermogravimetric analysis (TGA)
was used to evaluate the thermal stability of polymers Sa—c
(Supporting Information). The degradation of Sa starts at
215 °C, 5b at 285 °C, and 5c at 332 °C. Hence, the length of
the PEG side chain slightly increases the thermal stability of
PEG-grafted polymers.

Cell adhesion studies were performed in order to investigate
the capability of the new PEG-grafted PLAs to reduce nonspecific
protein adsorption and cell adhesion. Hence, MC3T3 x 10"
cells were seeded in the presence of serum-containing media on
PLA (control) and PEG;-PLA films to examine initial cell adhes-
ion responses. We only examined adhesion to the shorter PEG;-
PLA polymer because the longer PEG chain polymers (PEG,-
PLA and PEGyy-PLA) exhibited high water solubility and were
rapidly lost from the surface in aqueous solutions. We note that
the increased water solubility of the longer PEG chain polymers
will be advantageous in future studies dealing with cross-linked
scaffolds. The osteoblast-like cells adhered and spread on both
PLA and PEG;-PLA films, but clear differences between PEG-
functionalized and control PLA can be seen in cell density and cell
morphology. Figure 5a shows that the number of adhered cells
was significantly decreased for the PEG-functionalized PLA
compared to PLA. Although cells assembled vinculin-containing
focal adhesions on both polymer films, differences in morphology
were evident (Figure Sb). Cells on PLA were more spread and
polarized with focal adhesions localized to the cell tips, whereas
cells on PEG;-PLA showed less spread cells. The differences in
cell adhesion and spreading are likely due to differences in pro-
tein adsorption between the polymeric films due to the protein
adsorption-resistant nature of PEG. The cell adhesion results
demonstrate that the addition of PEG chains to PLA modulates
biological responses to the base PLA. These results are consistent
with previous reports demonstrating changes in cell adhesion
following grafting of PEG. Future studies will examine cellular
responses within PEG-functionalized PLA scaffolds.
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B CONCLUSIONS

In this contribution, we have presented a short and general ap-
proach to prepare PEG side-chain functionalized L-lactide mono-
mers and their subsequent polymerization. The PEG-spirolac-
tide-based monomers were prepared readily in four steps from
commercially available L-lactide in good yields. The key step is
the 1,3-dipolar cycloaddition between PEG-azides and the spiro-
lactide—heptene precursor. The monomers were polymeriz-
ed using TBD as organocatalyst yielding well-defined oligo-
(ethylene glycol)-functionalized poly(lactic acid) with molecular
weights above 10 kDa and polydispersity indices between 1.6 and
2.1. In the case of PEG4o-PLA, the measured PDI was 1.4, but the
GPC analysis showed a bimodal profile indicating the presence
of starting macromonomer despite purification by dialysis. Pre-
liminary biological studies showed that PEG;-grafted PLA reduces
cell adhesion when compared to PLA.
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ABSTRACT: A series of polymers has been synthesized via
ring-opening metathesis polymerization of donor—acceptor

side-chain functionalized monomers. The backbones of the
polymers are based on poly(norbornene)s and/or poly-
(cyclooctene)s, while the side-chains consist of electron-rich
1,5-dialkoxynaphthalene and electron-deficient 1,2,4,5-benze-
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netetracarboxylic dianhydride (pyromellitic dianhydride). The monomers were proven to be living which allowed for the generation
of controlled homopolymers and block copolymers. Side-chain functionalized alternating poly(norbornene/cyclooctene)s were
generated using a Grubbs-type initiator containing an unsymmetrical N-heterocyclic carbene ligand. Using UV —vis spectroscopy, a
charge-transfer band was detected in random and alternating copolymer solutions due to intramolecular interactions.

B INTRODUCTION

Nature uses a set of noncovalent interactions that drive the
folding of biopolymers. When starting from any higher energy
configuration, biopolymers assume their native state of minimal
conformational energy by specific interactions between the main-
and side-chains of the uniquely sequenced biopolymer back-
bone." From these specific conformations, many functions are
carried out such as molecular recognition, information storage,
and catalysis.” In attempts to mimic this correlation of structure
to function, much effort has been dedicated toward applyin
biological folding principles toward synthetic polymer systems.”~
Since polymers allow for the realization of materials® with
interesting properties,” ' well-defined 3D polymeric architec-
tures will be an important stepping-stone to the development of
the next generation of functional materials.

Current synthetic ‘foldamers’* have been employed in a range
of applications, such as host—guest systems'® and optoelectro-
nics."”"> Many synthetic polymeric foldamers are driven to
secondary structures by taking advantage of the inherent shape
arising from rigid polymer backbones ®~'® or by strategically
prepositioning recognition units as part of the backbone of the
polymer.'*'>"~** Increasing the flexibility of the polymeric
backbone and exploiting supramolecular interactions between
side-chain functional groups possess the possibility to increase
the utility of foldameric structures, similar to biomacromolecules.
To overcome current limitations in synthetic foldamers and to
expand the scope of the existing systems, it is important to develop
new methods to fold flexible high molecular weight polymers; that
is, polymers without any conformational constraints in the main-
chain. In this contribution we report a first step toward this goal by
describing a new and versatile set of living, donor—acceptor side-chain
functionalized monomers that can generate a variety of random coil
homo- and copolymers and study the donor—acceptor interactions
between side-chains, a prerequisite to obtain folded structures.

v ACS Publications ©2011 American chemical Society
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Iverson and co-workers have described synthetic foldamers
utilizing donor—acceptor interactions in what they term “aede-
mers” (aromatic electron donor-acceptor).”® They have demon-
strated the ability of donor—acceptor inter- and intrachain
interactions to drive polymers to fold into specific secondary
structures, including tweezer-like conformations.'”**~*" Speci-
fically, they demonstrated the assembly of two side-chain func-
tionalized homopolymers into thread-like arrangements due to
side-chain interactions between an electron-rich 1,5-dialkoxy-
naphthalene (Dan) and an electron-deficient 1,4,5,8-naphtha-
lene tetracarboxylic diimide (Ndi).* This was confirmed through
atomic-force, optical and scanning-electron microscopies. The
polymers used by Iverson and co-workers were functionalized in
a postpolymerization fashion. A functional group and living
polymerization method, as described here, would allow for a
high degree of control during the polymerization as well as com-
plete side-chain functionalization.

This report describes a facile synthesis of controlled, flexible,
side-chain functionalized polymers, including homopolymers,
random copolymers, block copolymers, and alternating copoly-
mers. The polymer backbone is synthesized via ring-opening
metathesis polymerization (ROMP) of norbornenes and cy-
clooctenes. ROMP is a living polymerization method, allow-
ing for control over the molecular weight of polymers and
the synthesis of block and alternating copolymers.>***" The
driving force designed into the polymers to obtain aggregates
and potentially secondary structures arises from donor—
acceptor functional groups along the side-chains, electron-
rich 1,5-dialkoxy-naphthalene and electron-deficient 1,2,4,5-
benzenetetracarboxylic dianhydride (pyromellitic dianhydride).
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This pair allows for directed noncovalent interactions between
complementary units. We also report the first highly functional-
ized alternating copolymerization of two different monomers
via ROMP.

B EXPERIMENTAL SECTION

General. All reactions were carried out under an inert atmosphere of
either nitrogen or argon using standard vacuum and Schlenk techniques
orin a glovebox under an atmosphere of N,. All reagents were purchased
either from Acros Organics, Sigma-Aldrich, EMD Chemicals, or Alfa
Aesar Chemicals and used without further purification unless otherwise
noted. Hexanes, toluene, and tetrahydrofuran (THF) were distilled over
Na/benzophenone. Methylene chloride (CH,Cl,), acetonitrile, and
deuterated chloroform (CDCl;) were distilled over calcium hydride.
Grubbs’ first-generation initiator was purified by filtration using purified
benzene under an atmosphere of argon. "H NMR spectra were recorded
at 25 °C on a Bruker AC 400 ('H: 400.1 MHz) spectrometer. 3C NMR
spectra were obtained at 125.0 MHz on a Bruker AC 500 spectrometer.
Chemical shifts are reported in parts per million (ppm) with reference to
solvent residual nuclei in deuterated solvents. Molecular weights and
polydispersity indices were measured using a Shimadzu pump coupled
to a Shimadzu UV detector with THF as the eluant and a flow rate of
1 mL/min on American Polymer Standards column set (100, 1000, 100
000 A, linear mixed bed). All GPCs were calibrated using poly(styrene)
standards and carried out at 25 °C. M,, M,, and PDI represent the
weight-average molecular weight, number-average molecular weight,
and polydispersity index, respectively. Bicyclo[2.2.1]hept-S-ene-exo-2-
carboxylic acid (norbornene-exoacid) (4)** was synthesized according
to literature procedure.

2-((5-(Hexyloxy)Naphthalen-1-yl)oxy)ethanol (3). To a solution of
1,5-dihydroxynaphthalene 1 (10.0 g, 49 mmol) in acetonitrile (100 mL)
were added K,COj (15.7 g, 109 mmol), bromohexane (8.1 g, 49 mmol),
and KI (cat). The mixture was stirred under refluxed for 18 h and then
cooled to room temperature. The solid was filtered off, and the solution
was concentrated under reduced pressure. The residue was dissolved in
CH,Cl, (10 mL) and washed with dilute hydrochloric acid (10 mL),
water (10 mL), and brine (10 mL). After drying over MgSO,, the solvent
was removed under reduced pressure, and the resulting residue was
subjected to column chromatography (1:3 ethyl acetate (EtOAc):
Hexanes) to afford 2 in 33% yield. "H NMR (CDCls): 6 = 7.88
(d,J=8.5,1H),7.71 (d,] = 8.5, 1H), 7.38 (t, ] = 8.1, 1H), 7.29 (t, ] =
7.9,1H), 6.84 (t,] = 6.8, 2H), 4.13 (t, ] = 6.4, 2H), 1.92 (dt, ] = 14.5,
7.0, 2H), 1.56 (t, ] = 7.4, 2H), 1.40—1.36 (m, 4H), 0.92 (t, ] = 7.0,
3H); >*CNMR (CDCls): 0 =155.0,151.3,127.3,125.5,125.1, 115.0,
113.4, 109.5, 105.4, 68.5, 31.9, 29.5, 26.2, 22.9, 14.3. Elemental
analysis caled % for C,4H,00, (244.15): C 78.65, H 8.25; found: C
78.51, H 8.24.

The same procedure was then repeated using 2 (500.0 mg, 2.05
mmol), chloroethanol (0.98 mL, 1.42 mmol) in acetonitrile (10 mL),
K,CO; (507.6 mg, 3.52 mmol), and KI (0.25 g) and subjected to column
chromatography (1:4 EtOAc:Hexanes) to afford 3 in $8% yield. 'H
NMR (CDCl3): 0 =7.90 (d, J = 8.4 Hz, 1H), 7.82 (d, ] = 8.4 Hz, 1H),
7.37 (ddd, ] = 7.6, 4.4, 3.6 Hz, 2H), 6.85 (t, ] = 8.2 Hz, 2H), 426 (t, ] =
4.6 Hz,2H), 4.14—4.08 (m, 4H), 2.12 (t, ] = 6.4 Hz, 1H), 1.92 (m, 2H),
1.61—1.53 (m, 3H), 1.42—1.35 (m, 4H), 0.93 (t, ] = 7.2 Hz, 3H); *C
NMR (CDCly): 6 = 154.7, 154.2, 126.8, 126.6, 125.3, 124.9, 114.8,
113.8,105.7,105.3,69.7,68.2, 61.5,31.7,29.3,26.0, 22.6, 14.0 Elemental
analysis caled % for C,3H,,053 (288.17): C 74.97, H 8.39; found: C
74.82, 8.41.

2-(1-(Hexyloxy)naphthalene-5-yloxy)ethyl-norbor-5-ene-2-carbox-
ylate (5). Dialkoxynaphthalene (126.0 mg, 0.44 mmol) 3 and norbor-
nene exo-acid 4 (50.3 mg, 0.36 mmol) were dissolved in (30 mL)
CH,Cl,. A 3 mL solution of dicyclohexylcarbodiimide (DCC) (82.6 mg,
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0.30 mmol) was added to the reaction mixture. A catalytic amount of
4-(dimethylamino)pyridine (DMAP) was added, and the solution was
stirred at room temperature for 12 h. The mixture was concentrated
under reduced pressure. The crude product was purified by column
chromatography using 1:4 EtOAc:Hexanes to afford 5. '"H NMR
(CDCl;): 0 = 7.88 (d, J = 8.5 Hz, 1H), 7.81 (d, J = 8.5 Hz, 1H), 7.35
(t,J=8.1 Hz, 2H), 6.83 (d, ] = 7.7 Hz,2H), 6.12 (dd, ] = 5.6, 2.9 Hz, 1H),
6.08 (dd, J=5.6,3.1 Hz, 1H),4.58 (m, ] = 5.7 Hz,2H), 4.34 (t, ] = 4.8 Hz,
2H), 4.11 (t, ] = 6.4 Hz, 2H), 3.06 (s, 1H), 2.90 (s, 1H), 2.29-2.26
(m, 1H), 1.93 (ddt, ] = 17.6, 11.6, 5.8 Hz, 4H), 1.58—1.54 (m, SH),
1.37 (td, J = 8.4, 4.8 Hz, 8H), 0.92 (t, ] = 7.1 Hz, 3H). ">*C NMR
(CDCl5): 0 = 176.6, 154.8, 154.2, 138.1, 135.8, 127.0, 126.8, 125.4,
124.9, 115.0, 114.1, 105.8, 105.5, 68.3, 66.6, 62.8, 46.8, 46.5, 43.2,
41.8,31.7,30.5,29.4, 26.1, 22.7, 14.2. Elemental analysis calcd % for
C,H3,0, (408.23): C 76.44, H 7.90, O 15.67; found: C 76.04, H
8.01, O 15.95.

2-Decyl-6-(4-hydroxybutyl)pyrrolo[ 3,4-flisoindole-1,3,5,7(2H,6H)-
tetraone (7). Pyromellitic dianhydride 6 (6.0 g, 0.028 mol) was
dissolved and stirred at 150 °C. To this mixture, decylamine (4.1 mL,
0.021 mol) was added dropwise, and the solution was refluxed for 12 h.
3-Amino-1-propanol (2.1 mL, 0.028 mol) was added, and the mixture
was refluxed for an additional 12 h. The solution was cooled to room
temperature and concentrated under reduced pressure. The residue was
dissolved in dichloromethane (30 mL) and washed with distilled water
(3 x 30 mL). The organic layer was dried over MgSO,, and concentrated
under reduced pressure. The crude product was purified by column
chromatography using 1:3 EtOAc:CH,Cl, to afford 7 in 32% yield. 'H
NMR (CDCly): 0 =8.26 (s, 1H), 3.91 (t, ] = 6.5 Hz, 1H), 3.72 (t, = 7.3
Hz, 1H), 3.65 (q, ] = 5.8 Hz, 1H), 2.06 (t, ] = 6.2 Hz,), 1.92 (dt, ] = 12.4,
6.1 Hz, 1H), 1.68 (t, ] = 6.9 Hz, 1H), 1.27 (d, J = 31.5 Hz, 7H),
0.90—0.82 (m, 1H). "*C NMR (CDCl;): 6 171.4,166.9, 166.5, 137.7,
137.4, 118.5, 60.7, 59.7, 39.1, 35.7, 32.1, 31.4, 29.8, 29.54, 29.40,
28.7,27.1.

3-(6-Decyl-1,3,5,7-tetraoxo-6,7-dihydropyrolo[ 3,4]isoindol-2-yl)-
propylnorbor-5-ene-2-carboxylate (8). Norbornene-exo-acid 4 (400.0
mg, 2.89 mmol) and 7 (1.0 g, 2.41 mmol) were dissolved in CH,Cl,
(20 mL). A 3 mL solution of DCC (547.0 mg, 2.65 mmol) was added to
the initial reaction mixture. A catalytic amount of DMAP was added to
the solution and stirred at room temperature for 12 h. The CH,Cl, was
evaporated under reduced pressure. The crude product was purified by
column chromatography using 5% EtOAc/CH,Cl, to afford 8 in 88%
yield. "H NMR (CDCl;): 6 = 8.26 (s, 2H), 6.12 (dd, ] = 5.6, 3.0, 1H),
6.06 (dd,J=5.7,3.1, 1H), 4.14 (t, ] = 6.1,2H), 3.87 (t, ] = 6.9, 2H), 3.73
(t,J=7.4,2H),3.03 (dq, ] = 2.2,0.7, 1H),2.91 (s, 1H), 2.16 (ddd, J= 8.7,
4.5, 1.6, 1H), 2.08 (m, ] = 6.5, 2H), 191 (dt, ] = 11.7, 4.0, 1H),
1.52—1.50 (m, 1H), 1.38—1.28 (m, 18H), 0.87 (t, ] = 6.9, 3H).

4-(6-Decyl-1,3,5,7-tetraoxo-6,7-dihydropyrrolo| 3,4-flisoindol-2-
(1H,3H,5H)-yl)butylcyclooct-4-enecarboxylate (10). Cyclooctene-acid
9 (753.0 mg, 2.10 mmol) and 7 (270.0 mg, 1.7S mmol) were dissolved in
CH,Cl, (15 mL). A 3 mL solution of DCC (397.2 mg, 1.93 mmol) was
added to the initial reaction mixture. A catalytic amount of DMAP was
added, and the solution was stirred at room temperature for 12 h. The
CH,Cl, was evaporated under reduced pressure. The crude product was
purified by column chromatography using 5% EtOAc/CH,Cl, to afford
10 in 83% yield. ‘H NMR (CDCl,): 6 = 8.26 (s, 1H), 5.67—5.55 (m,
1H), 8.26—0.85 (m, 1H), 4.11—4.09 (m, 1H), 3.85 (t, ] = 6.9 Hz, 1H),
3.73 (t, ] = 7.3 Hz, 1H), 2.40—2.31 (m, 1H), 2.12 (q, ] = 6.5 Hz, 1H),
2.06 (dd, J=13.0,6.7 Hz, 1H),2.00 (t,J = 3.8 Hz, 1H), 1.97 (t,] = 3.8 Hz,
1H), 1.82 (td, J = 14.2, 3.5 Hz, 1H), 1.69 (dt, ] = 7.5, 3.6 Hz, 1H),
1.63—1.49 (m, 1H), 1.32—1.24 (m, 1H). *C NMR (CDCl,): 6 = 177.5,
166.3, 137.5, 1372, 130.6, 129.6, 118.3, 61.6, 43.4, 38.9, 36.0, 32.0, 31.6,
29.64,29.60,29.5,29.4,29.2, 28.5,27.9, 27.6, 26.9, 26.0, 24.2, 22.8, 14.2.
Elemental analysis caled % for C,sH3,0,4 (550.69): C 69.79, H 7.69, N
5.09, O 17.43; found: C 69.79, H 7.78, N 5.06, O 18.06.
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Scheme 1. Synthesis of Monomers S, 8, and 10
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General Polymerization Procedure. The desired quantity of
monomer(s) S and 8 (for P; and P,) was dissolved in degassed
chloroform under an argon atmosphere. A solution of Grubbs’ first
generation initiator in degassed chloroform was added and stirred at
25 °C. Upon completion of the polymerization, ethyl vinyl ether was
added, and the reaction was stirred at 25 °C for 1 h. Each polymer was
precipitated into MeOH three times and dried under high vacuum.

P;. Following the general procedure for Py, upon complete poly-
merization of the preceding monomer (as determined by '"H NMR
monitoring) the subsequent monomers were added at their appropriate
times. After the complete polymerization of the final monomer, ethyl
vinyl ether was added, and the reaction was stirred at 25 °C for 1 h.

P,. To a solution of § (10.4 mg, 0.025 mmol) and 10 (700.0 mg,
1.27 mmol) in anhydrous CH,Cl, (2.0 mL) were added 11 (0.39 mg,
5.08 10 ~* mmol) and (cat.) CuCl. The mixture was stirred at 25 °C
for 10 min, and then the polymerization was quenched with addition
of ethyl vinyl ether, allowed to stir at 25 °C for 1 h, and then pre-
cipitated in MeOH three times. The resulting polymer was further
purified via size exclusion chromatography using 1:1 chloroform:
methanol eluant.

B RESULTS

Monomer Synthesis. Monomers 5, 8, and 10 were synthe-
sized as outlined in Scheme 1. exo-Norbornene carboxylic acid 4
and cyclooctene carboxylic acid 9 were synthesized according to
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literature procedures.*” The norbornene-based donor monomer
S was synthesized via two Williamson ether syntheses on 1,
followed by standard DCC/DMAP coupling to 4. The acceptor
monomer side-chains were synthesized by a one-pot addition of
two different amines to pyromellitic dianhydride 6, followed by
standard DCC/DMAP couplings to either 4 or 9 to complete the
norbornene-based and cyclooctene-based acceptor monomers,
respectively.

Living Polymerization Studies. For the synthesis of our
target copolymers, we evaluated the living character of the
ROMP of norbornene monomers $ and 8. Each monomer was
subjected to ROMP using Grubbs’ first-generation initiator at
25 °Cin degassed chloroform. Initially, 5 and 8 were polymerized
at various monomer to initiator ratios ([M]:[I] = 20:1, 40:1,
60:1, 80:1, 100:1). Gel-permeation chromatograms of each
polymer ratio were taken (Figure 1), and the M, vs [M]:[I]
ratios were plotted. For both monomers, a linear relationship
was obtained suggesting a high degree of control over the
polymerization.

We also monitored the signal of the alkylidene of the ruthenium
catalyst during the polymerizations by "H NMR spectroscopy. A
complete shift from 19.9 ppm to 18.7 ppm was observed, and the
signal remained constant during the duration of the polymeriza-
tion. These data strongly indicate that the ruthenium complexes
had fully initiated and that the resulting catalysts stayed active
throughout the polymerization.
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Scheme 2. Illustration of Synthesized Polymers: Homopolymer P;, Random Copolymer P,, Block Copolymer P3, and Alternating

Copolymer P,
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Figure 1. Living polymerization tests of 5 and 8. a) GPC spectra of 5 using [M]:[I] ratios of 20:1, 40:1, 60:1, 80:1, 100:1; b) GPC spectra of 8 using

[M]:[1] ratios of 20:1, 40:1, 60:1, 80:1, 100:1.

Lastly, homoblock copolymerization experiments were con-
ducted on both monomers. Each monomer was first polymerized
ata 20:1 [M]:[I] ratio. After complete consumption of the initial
batch of monomers, additional monomers were added to the
reaction mixtures to obtain 100mers. The gel-permeation chro-
matography (GPC) data show a complete shift of the lower molec-
ular weight acceptor (M, =25 000; PDI = 1.30) and donor (M,, =
15 500; PDI = 1.34) homopolymers (20mers) to higher molec-
ular weight [ (M, = 88 600; PDI = 1.16), (M, = 144 000; PDI =
1.24); donor, acceptor respectively] homopolymers (100mers),
without a trace of the lower molecular weight polymers (S1c and
S2c, respectively). These combined studies prove that both
norbornene monomers polymerize in a living fashion.

After demonstrating that monomers 5 and 8 are living, we
synthesized a series of random, block, and alternatmg copoly-
mers. All polymers were characterized using 'H NMR and °C
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NMR spectroscopies and GPC. The GPC results are summar-
ized in Table 1.

We initially investigated the random copolymerization of §
and 8 that provides for the random dispersion of donor and
acceptor side-chains along the polymer. The random copolymers
were synthesized by combining $ and 8 in a 1:1 ratio with
Grubbs’ first generation initiator. GPC data show a unimodal
distribution of the random copolymers (M, = 73 000; PDI = 1.24).

ABAB tetrablock copolymers were synthesized using similar
conditions to the block homopolymerization tests in order to see
whether or not the polymers would allow for intramolecular
donor—acceptor interactions to induce order in the polymer
arrangement. Figure 2 shows a kinetic experlment monitoring
the ABAB tetrablock polymerization via "H NMR spectroscopy,
in which the olefinic monomer and polymer signals were tracked.
The olefin signals for 8 (bottom spectra, Figure 2 left) decrease

dx.doi.org/10.1021/ma201812x |[Macromolecules 2012, 45, 70-77
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over time. Following the complete disappearance of the olefin
signal of 8 and an increase of the signals for the polymer back-
bone double bonds (Figure 2 right), 5 was introduced to the
polymerization flask. Again, the signal for the olefinic hydrogens
disappeared over time. This procedure was repeated two more
times until a tetrablock of 8:5:8:5 was synthesized. After com-
plete polymerization of the final monomer, the polymerization
was quenched with ethyl vinyl ether.

Table 1. Gel-Permeation Chromatography and UV-Vis
Spectroscopy Characterization of Polymers

[M]:[1] M,(10®)  PDI  CT band A (nm)
poly-5 20 24.0 1.47
40 55.0 1.54
60 97.0 1.53
80 1265 160
100 1820  1.60
poly-8 20 17.5 1.59
40 29.0 1.55
60 55.6 148
80 95.5 1.60
100 1120 150
poly-8,5,8 5 30—-30—30—-30 4680 166 -
random 3030 73.0 124 457% 445", 437
alternating 104 120° 109 460°

“ CHCl,. * THF. “ Toluene (3 mM). ¢ This value reflects the percent of
the alternation of the alternating copolymer (P,) (see Scheme 2 )
determined by "C NMR spectroscopy using an inverse-gate 'H
decoupling experiment [% alternation = [ (P, signals)/ | (P, signals +
poly-10 signals)] (see Figure S7 in the Supporting Information). ° These
values reflect the purified polymer sample. It is possible to have a mixture
of the alternating copolymer containing a block of pure poly-10 obtained
after the alternation as well as poly-10 homopolymer. We are not able
to distinguish whether the observed signals arise from homopolymer
poly-10 or a block poly-10 tail end of the alternating copolymer.

We were interested to see whether perfectly alternating
copolymers would allow for superior interactions between donor
and acceptor side-chains. In contrast to random copolymers
where donor and acceptor side-chains are oriented in a random
fashion, we rationalized that perfectly alternating copolymers
might allow for superior prealignment of side-chains thereby
maximizing donor—acceptor interactions.

To date, few investigations on alternating copolymerization
via ROMP have been reported.”** In 2006, Blechert and co-
workers reported the synthesis of two different unsymmetrical
N-heterocyclic amine ligands. These ligands were coordinated to
Grubbs’ first-generation initiator by replacing one of the phos-
phine ligands.*® In 2008, the Blechert group, in collaboration
with the Buchmeiser group, applied these complexes toward
the alternating copolymerization between norbornene and
cyclooctene.® They were able to obtain up to 97% alternation
according to NMR spectroscopy and thermal gravimetric anal-
ysis. However, the polymerization also generated insoluble
polymers, which were found to be poly(cyclooctene) homopoly-
mer. The monomers in those investigations were unfunctionalized.

We synthesized the Blechert complex 11 and employed it
toward the homopolymerization of 5 and 10. The homopoly-
merizations of § and 10 using 11 follow comparable rates to the
ROMP using Grubbs’ first-generation initiator. We then at-
tempted the alternating copolymerization using a ratio of 1:50
between 5 and 10, following literature procedures.*® Unfortu-
nately, we were unable to obtain any alternating copolymers. We
introduced CuCl as a phosphine scavenger to the reaction in
order to enhance the activity of 11. In the final material using our
standard polymerization conditions plus the added phosphine
scavenger, we observed two new signals in the '*C NMR spectrum
(132 ppm and 127 ppm) as seen in Figure 3, and no signal
corresponding to the norbornene homopolymer suggesting that
all norbornene monomers must have been incorporated into the
polymer in an alternating fashion.

In order to attribute the new signals in the '*C NMR spectra
to alternating copolymers and to exclude the possibility of
coordination of the copper chloride to the aromatic protons of

M

. e —
_______/N-\\‘ M
_———/\/\_

g _JJM
g
=
62 61 60 59 57 56 55 54 53 52 51 50

Figure 2. Partial '"H NMR spectra of poly(8,5,8,5): Olefin region of the norbornene (left) and polymer (right) during the polymerization progress.
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the side-chains, we performed the homopolymerization of both
monomers again using 11 with the addition of CuCl. The *C
NMR signals at 132 ppm and 127 ppm were not present in either
of the spectra. Next, we performed the alternating copolymeriza-
tions using a different phosphine scavenger, AlCl;. Again, the
new signals appeared. These data strongly suggest that we have
achieved successfully a segment of alternating copolymers of two
highly functionalized monomers.

UV—Vis Spectroscopy. After synthesizing random, block and
alternating copolymers, we investigated whether or not the donor
and acceptor side-chains interact through intrachain charge-
transfer. This intrachain charge transfer could align the comple-
mentary units and force the polymers into secondary structures.
As a control experiment, we prepared mixed monomer and
polymer solutions (the following compounds were investigated:
monomers 5 and 8, a 1:1 mixture of 5/8, and a 1:1 mixture of
poly-5/poly-8) at different concentrations to observe whether or

Alternating copolymer

Acceptor monomer

Donor monomer

M

T
127

ppm 133 132 131 B0 129 128
Figure 3. Partial >C NMR spectrum of 5, 10, poly-5, poly-10, and the
alternating copolymer P,. Signals between 129 ppm and 131.5
ppm correspond to the polymer backbone signals of poly-10. The two
sharp signals at 129.5 ppm and 131 ppm are from residual monomer 10,
which was not possible to be removed from the polymers despite
multiple precipitations and size-exclusion column chromatography.
The asterisk denotes the signals for the polymer signals of the alternating

copolymer. All other unmarked signals correspond to monomer signals.

not charge-transfer bands were detectable in the UV—vis
spectra.”"*>*%” All samples were absent of any charge-transfer
signals within the reported spectral ranges as seen in Figure 4a,
where all of the aforementioned solution traces remained at the
baseline of the spectra. The absence of a charge-transfer band
within all of the spectra is attributed to the low association
constants reported for the Dan-pyromellitic dianhydride com-
plex (300 < K, < 1200 M~" in CHCl;)*” and the entropic
penalty for a stacked arrangement of side-chains from multiple
monomers or polymers. Tetrablock copolymer poly-8,5,8,5 was
also tested at various concentrations (70 #M to 5 mM) and did
not show any detectable charge-transfer signals.

Next, we investigated the random copolymer systems by
UV—vis spectroscopy. We expected an increase in the prob-
ability of complementary donor—acceptor side-chain interac-
tions along the polymer chain due to the close proximity of the
side-chains along a single polymer backbone. A new signal was
detected at ~450 nm, within the range reported for the charge-
transfer interaction of these moieties (Figure 4a) 21223637 1
order to determine whether these interactions resulted from
inter- versus intramolecular interactions, a concentration study
was carried out varying the concentration from 70 #M to 5 mM.
The signal was persistent and follows the expected Beer—
Lambert behavior as shown in Figure 4b. This proved that the
charge-transfer is occurring intramolecularly.

In order to evaluate whether a change of solvent can be utilized
to effect the interactions between the donor—acceptor units in
the random copolymer, i.e. whether a solvophobic effect can be
detected, we attempted to dissolve it in an array of solvents of
varying polarities. The copolymers were only soluble in chlo-
roform, tetrahydrofuran, and toluene. Figure S shows the
partial UV —vis spectra of the random copolymers in these three
solvents.

We observed a shift in the charge-transfer band with the
change in solvent polarity.*® The polymer dissolved in the more
polar solvent chloroform (Figure $), exhibited the most red-
shifted charge transfer band at ~460 nm, signifying a more
favorable orientation of the aromatic units. The effect from
toluene solution, however, is understood by looking at the
monomeric region of the UV—vis spectrum (Supporting Infor-
mation S$4). There is clearly a significant red-shift of the mono-
mer signals (from 200 to 400 nm). We attribute this result to the

a)

Absorbance

b)

Il L L .
0350 400 450 500 550 600

Wavelength (nm)

650

Absorbance (CT band)

o

Concentration *10*

Figure 4. Partial UV—vis spectra of the charge-transfer region in chloroform (3 mM). a) Comparison of monomers, mixed monomers (1:1), mixed
homopolymers (40mers; 1:1), random copolymer (40mer), and blocky copolymer (120mer). The green trace is the random copolymer spectrum. All
other spectra remain at the baseline. b) Variation of charge-transfer absorbance against concentration of the random copolymer in chloroform.
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Figure 5. Partial UV—visible spectra of 3 mM random copolymer
solutions in toluene, THF, and chloroform as well as a 3 mM solution of
the alternating copolymers in CHCl,.

conjugation between the aromatic units of the solvent and the
monomer side-chains.*

Similar to the random copolymers, the alternating copolymer
chloroform solution also shows a charge-transfer absorbance band
in the reported spectral range. These results are further discussed in
the Discussion section below.

W DISCUSSION

Several polymers were synthesized with the desire to study the
charge transfer interactions between the side-chain units of the
polymers and were characterized by UV—vis spectroscopy. The
low association constants reported for the Dan-pyromellitic
dianhydride complex resulted in an absence of a charge-transfer
band absorption in the UV—vis spectroscopy experiments of the
combined 1:1 homopolymer solutions and the blocky copolymer
solutions (Figure 4a). The random copolymer and alternating
copolymer solutions, however, both exhibited a charge-transfer
absorbance signal at ~460 nm.

While the random copolymers in this study are composed of
two norbornene-based monomers, the alternating copolymers
were synthesized from the copolymerization of one norbornene-
based monomer and one cyclooctene-based monomer. Varying
the distance between interacting units of a charge-transfer pair
can have a significant effect on the orbital alignment of the donor
and acceptor charge-transfer interactions.*® Looking at the fully
norbornene-based polymers versus the norbornene-cyclooctene
based alternating copolymer, there is a significant difference in
the distance between the donor and acceptor units along the side-
chains of the polymers. The side-chains along the poly(nor-
bornene) are spaced between 3 and 4 carbons, whereas in the
poly(norbornene-cyclooctene) system the side-chains are spaced
apart by S to 6 carbons. During the polymerization of the
functionalized norbornene monomers, each monomer can add
either in a head-to-tail, head-to-head, or a tail-to-tail symmetry
resulting in a lack of regiospecificity during the polymerization.
This difference in spacing between the poly(norbornene) versus
poly(cyclooctene) can significantly effect the alignment of the
side-chain units and thus can directly influence the charge-
transfer absorbance detectable by UV—vis spectroscopy as seen
in Figure 5.*>*' Furthermore, the S0 fold excess of cyclooctene
monomer resulted in the formation of cyclooctene homopoly-
mer and/or long poly(cyclooctene) runs in the copolymers as
seen in the "*C NMR spectra. We suggest that these combined
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structural features resulted in a lower charge transfer absorbance

band for the alternating copolymers.

B CONCLUSION

In summary, we have introduced a new versatile set of living
donor—acceptor side-chain functionalized monomers that were
used to generate a variety of homo- and copolymers including
block copolymers, random copolymers, and alternating copoly-
mers. Characterization of the polymers by UV —vis spectroscopy
shows a charge-transfer absorption band for the random and
alternating copolymers. We elucidated that intrachain and not
interchain interactions between the donor and acceptor side-
chain units are the reason for the charge-transfer band. The
described alternating materials are the first to be synthesized
from highly functionalized monomers via ROMP. This work is a
step forward toward increased control over secondary structure
for future functional materials.

B ASSOCIATED CONTENT

© Supporting Information. 'H NMR spectra of mono-
mers, monomer living test results, additional UV—vis spectra,
and "H NMR titration data. This material is available free of
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ABSTRACT: The kinetics of copper-mediated controlled/ SARA ATRP SET-LRP
living radical polymerization (CRP) of methyl acrylate (MA) N N

in the presence of Cu’ and two different ligands that form active L CUu’lL + Pp-X ﬁ\\(} W ﬂx
catalyst complexes with copper—TPMA (tris(2-pyridylmethyl)- .\ . [k

amine) and Me,TREN (tris(2-(dimethylamino)ethyl)amine) — : 3 v ka M

are compared. The critical difference between the ligands is KeompSr CUNIL + PprX ~——=— 4Pn' + CuXiL

that TPMA forms a Cu' complex that undergoes essentially no ks +M k'
disproportionation in a mixture of MA and dimethyl sulfoxide P PP

P

(DMSO), DMSO/MA (v/v = 1/2), while the complex with

Me(TREN undergoes disproportionation to a limited extent. Parameters such as the surface area of Cu® wire, the concentration
of added Cu"X,/L, and ligand concentration were examined. Both the Me,TREN- and TPMA-based catalysts efficiently
controlled the polymerization of MA. The TPMA-based system showed a power law order of 0.47 for the apparent propagation
rate constant with the Cu’ surface area, very similar to the reported value for the Me,TREN-based system, which showed a power
law of 0.44. These results demonstrate that the polymerization of MA in DMSO in the presence of metallic copper can be
explained by a core atom-transfer radical polymerization (ATRP) process in which the Cu” acts as a supplemental activator and
reducing agent, rather than through the proposed single-electron-transfer living radical polymerization (SET-LRP) mechanism,
which requires additional assumptions, such as complete and instantaneous disproportionation of Cu'/L species.

B INTRODUCTION Scheme 1. ATRP Equilibrium®
Controlled/living radical polymerization (CRP) methods allow

the synthesis of well-defined polymers with narrow distribu- Ll
tions, predictable molecular weights, and complex architectures ] . Kact . Cou
1 P,-X + (WL ae—— P, + X-Cu'/L
such as block copolymers, stars, and brushes.” Atom transfer " B
radical polymerization (ATRP)? is one of the most widely used e Ql)
CRP techniques due to the range of architectures that can be .
synthesized using ATRP and its compatibility with various P
monomers and reaction conditions.> In ATRP radicals are “p,—X is an alkyl halide (macro)initiator, Cu'/L is the activator
formed by activation of an alkyl halide by a transition metal complex, P,° is a (macro)radical and, X—Cu"/L is the deactivator

catalyst in a low oxidation state, typically Cu'/L, and control is complex.
provided via rapid deactivation of the macroradical by the
X—Cu"/L complex which is formed by the activation process.
This process of activation/deactivation is shown in Scheme 1.
In a well-controlled ATRP, the equilibrium is strongly shifted
to the dormant alkyl halide by the X—Cu"/L complex or the

“persistent radical”. One limitation of normal ATRP is that a . 7 ) .
large amount of the Cu! activator must be added to sustain an regeneration (ICAR) ATRP.” These reaction mechanisms are

acceptable polymerization rate due to the buildup of Cu" depicted in Scheme 2. Various organic reducing agents such as
deactivator caused by termination reactions.* glucose, ascorbic acid, hydrazine, amines, orHexcess of ligands,
Recently, ATRP techniques were developed that reduce the and inorganic reducing agents including tin~ 2-ethylhexanoate

amount of copper catalyst to ppm levels, while still allowing the

complex. This can be achieved by directly applying a reducing
potential as is done in electrochemically mediated ATRP
(eATRP),S using a reducing agent as in activators regenerated
by electron transfer (ARGET), or by decomposition of free
radical initiators as in initiators for continuous activator

reaction to occur in a reasonable time frame. A low copper Received: August 26, 2011
concentration can be used by continuously regenerating the Revised:  November 21, 2011
Cu'/L species by reducing excess X—Cu"/L deactivator Published: December 12, 2011
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Scheme 2. Mechanistic Description of ARGET ATRP and ICAR ATRP“

ka
Cu'X/Ligand + P, -X e P, * Cu"X,/Ligand
A .
kd 14+ M)/
kK,
ARGET ATRP P X
Py-Pm

Cu'X,/Ligand

Reducing Agent

ka
Cu'X/Ligand + P,-X — P, * Cu"X,/Ligand
A .
ka4, M)
=, ke
k,
ICAR ATRP P X
PP
Cu'X,/Ligand
» -
A
|- €—— 1/2 AIBN

“The eATRP mechanism is essentially the same as the ARGET mechanism, except a cathodic current reduces the Cu" species.

Scheme 3. Elementary Reactions for SARA ATRP and SET-LRP Mechanism®
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“The ligands, propagation, and termination steps are omitted for clarity.

Dominant reactions

(Sn(EH),),” have been used in low copper ARGET ATRP

systems.

Cu’, which was first used in an ATRP in 1997,'° has also been
employed as a reducing agent. Initially, Cu’ was used as the sole
source of transition metal, where it acted as a supplemental
activator in the presence of ligand to form the major activator,
Cu'/L. Cu’ was also used to reduce a certain fraction of the
added X—Cu"/L complex to form a more active Cu'/L
activator in situ.'' In this way, Cu’ plays a dual role of both a
supplemental activator and a reducing agent (SARA), leadin§ to
the concept of SARA ATRP. Various reaction conditions, ~'*
monomers," and ligands'* were used in SARA ATRP systems.
Furthermore, other zerovalent metals including zinc, magnesium,
and iron were used as in the SARA ATRP of methyl acrylate
(MA) in dimethyl sulfoxide (DMSO), in addition to Cu’."”

In 2006, Cu’ was used in conjunction with tris(2-
(dimethylamino)ethyl)amine (Me,TREN) to polymerize MA
in DMSO,"** leading to a controlled and relatively fast poly-
merization. Although all components, Cu’, Me,TREN, and
polar solvents, had been used earlier in ATRP,'® this particular
system was named single-electron-transfer living radical
polymerization (SET-LRP). Cu’ was designated as the only
activator in the proposed SET-LRP mechanism and X—Cu"/L
as the deactivator, with both the activator and deactivator being
constantly regenerated by the instantaneous disproportionation
of Cu'/L. The key reactions in SARA ATRP and SET-LRP are
illustrated schematically in Scheme 3.

This paper reports the kinetics of the copper-mediated CRP
of MA with Cu’ and (tris(2-pyridylmethyl)amine) (TPMA)
ligand in DMSO and compares the kinetics of this specific
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polymerization with an equivalent system that uses Me,TREN
as the ligand. This study allows a direct comparison between the
kinetics of a CRP conducted with a Me,TREN-based complex,
which can undergo a limited extent of disproportionation, with
a catalyst based on TPMA which does not disproportionate to
any significant extent.'” The study will show that the kinetics
and mechanism of an ATRP of MA with copper complexes
formed with TPMA are essentially the same as those with
Me4TREN ligand. Therefore, the assumptions made in the SET-
LRP mechanism, most notably the instantaneous disproportio-
nation of Cu'/L species, are neither necessary nor sufficient to
explain the CRP of MA in DMSO in the presence of Cu’.
A more accurate mechanism for this polymerization is SARA
ATRP.

B EXPERIMENTAL SECTION

Materials. CuBr, (99+%, Aldrich) was used as received. Cu® (wire,
diameter 1.0 mm, 99.9+%, Aldrich) was washed with MeOH/HCI first
and then with fresh MeOH before use. Methyl 2-bromopropionate
(MBP) (99.5+%, Aldrich), Me,TREN, and TPMA (99%, ATRP
Solutions) were used as received. Methyl acrylate (MA) (99+%,
Aldrich) was passed over a basic alumina column to remove antioxidant.

Characterization. All spectroscopic measurements were per-
formed on a Cary 5000 UV/vis/NIR spectrometer (Varian).

Molecular weight and molecular weight distribution were
determined by GPC, conducted with a Waters S1S pump and a
Waters 2414 differential refractometer using PSS columns (Styrogel
103, 103 10* A) in THF as an eluent at 35 °C and at a flow rate of
1 mL/min. Linear PSt standards were used for calibration.
Conversions of MA were determined from the area of the DRI
response versus those of known concentrations of polymers in THF.
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General Procedures for Comproportionation Experiments.
In a typical experiment, a solution of 2.5 mM Cu"Br, in DMSO with
5.25 mM Me,TREN was prepared and bubbled with N, for 1 h. 4 cm
Cu’® wire was placed in a Schlenk flask with a stirring bar. The flask was
closed with a stopper attached to a quartz cuvette (1 cm path length)
and was then evacuated and backfilled with nitrogen several times.
4.5 mL of Cu"Br,/Me,TREN solution was transferred to the Schlenk
flask by gastight syringe. The reaction mixture was magnetically stirred
in a water bath at 25 °C, and spectra were collected at specific time
intervals. The decrease in concentration of Cu"Br,/Me,TREN was
monitored by following the absorption at 950 nm. Since absorption at
950 nm was relatively weak for some solvent/ligand combinations, in
those cases, data were measured at the wavelength of their maximum
absorbance.

Polymerization of MA in DMSO. In a typical experiment, a
solution of MBP in DMSO ([MBP], = 0.037 M) and MA was bubbled
with N, for 1 h; 4 cm Cu® wire and 0.017 mmol (4.8 mg) of TPMA
were placed in a Schlenk flask, which was then sealed and deoxygenated
with N,. 1.5 mL of the MBP/DMSO solution and 3 mL of MA were
added to the Schlenk flask via deoxygenated syringes, and the reaction
proceeded at 25 °C.

B RESULTS AND DISCUSSION

Comparison of Comproportionation with TPMA and
MesTREN Ligands. The comproportionation/disproportio-
nation behavior is significantly different for copper complexes
based on Me,TREN and TPMA in DMSO. It would be
interesting to study N,N,N',N",N”,N"-hexamethyltriethylenete-
traamine (HMTETA), which is a significantly less active ligand,
which also undergoes no disproportionation. However, this
ligand could not be used for acrylate polymerizations under
conditions that are comparable to Me,TREN.'® In order to
quantify and investigate these differences between the complexes,
comproportionation was chosen to avoid issues due to light
scattering due to Cu® or oxidation of Cu’.'*® The comproportio-
nation/disproportionation equilibrium, in the presence of an
amount of ligand sufficient to complex all soluble copper species,
can be written as

KLcomp

Cu"Br/L + Cu® + L 2Cu'Br/L

(1)

Although this scheme does not consider the detailed speciation
of Cu' and Cu" complexes, it can still be used to compare the
extent of comproportionation/disproportionation in the pres-
ence of different ligands.

When considering comproportionation or disproportiona-
tion of Cul, it is important to consider both the solvent and
also the ligand(s), since both these factors strongly affect the
position of the disproportionation equilibrium. Unfortunately,
there are no data in the literature for the comproportionation
or disproportionation equilibrium for Cu' complexes with
either Me,TREN or TPMA in DMSO. However, several trends
may be inferred from various literature data for either related
complexes in DMSO or these complexes in other solvents. In
pure solvent, with no added ligands, the solvent can drastically
alter the disproportionation equilibrium constant (Kp) of the
Cu! complexes. For instance, in acetonitrile the log K, ~ —21,
while log K, & 0 in pure DMSO and log Kp = 6 in water.'”?
This however, is for the case where the Cu' and Cu are
accompanied by noncoordinating anions (BE,*”, ClO,”, etc.)
and can only be coordinated by the solvent molecules. One
important observation is that in pure DMSO with no added
ligand Cu'Br is quite stable (log K, ~ —6%° or —9%"), which is
in contrast to log K ~ 0 for the Cu' with a noncoordinating
anion (0.1 M NH,CIO,). This is due to the strong binding of
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the Br™ anions to Cu' compared to Cu" (log Keypr, = 4.3 and
log Kc,'g,,= 9.6, respectively™).

Ligands such as Me,TREN or TPMA have a similar effect on
the disproportionation to the halogen anions outlined above.
The degree of disproportionation depends on relative stability
of Cu' and Cu" complexes in a manner identical to Br
complexation. Although the solvent contributes to the degree of
disproportionation, it is also important to consider the nature
of the ligand itself. An excellent example of this seen in the
comparison of disproportionation equilibrium constants for Cu'
in pure water, where log K, & 6, whereas the disproportionation
equilibrium constant for Cu'/TPMA is 6.83 X 10~ in water.”*
This shows that the equilibrium for the TPMA-based system is
strongly shifted toward the comproportionation side, despite the
fact the disproportionation is almost complete in the absence
of TPMA. This highlights the importance of considering both
the nature of the solvent and also the presence of the ligand to
properly understand the disproportionation of Cu'.

When considering the magnitude of the disproportionation
equilibrium constant, it has been shown that this equilibrium
constant is proportional to the ratio /(") where ' and "
are the complexation constants of Cu' and Cu™.'” In water,
for TPMA f' = 7.94 X 10'? and " = 3.89 x 10",>* while for
Me,TREN f' = 6.3 X 10° and " = 2.69 X 10'°.** Therefore,
the /(f")? ratio is 6 X 10~° for TPMA but a million times
larger for Me,TREN (ice., 7 X 107°). Although there is no such
data available for TPMA and Me,TREN in DMSO, the extent
of disproportionation of the TPMA-based complexes in DMSO
is expected to be very small. This is due to the significantly
lower polarity of DMSO compared to water, combined with
the fact that the TPMA-based complexes already undergo only
a limited extent of disproportionation in water.”> The high
stability of CuBr species in DMSO further highlights this fact.

In order to quantify the comproportionation/disproportio-
nation beahavior, the evolution of concentration of Cu" species
was followed by UV—Vis for systems with TPMA and
Me,TREN ligands in three different solvents: acetonitrile
(MeCN), DMSO, and DMSO/MA = 1/2 (v/v). In all cases
the initial conditions were [Cu"Br,], = 2.5 mM, [ligand], =
5.25 mM, and 4 cm Cu® wire (d = 1 mm) in 4.5 mL solutions at
25 °C. Essentially complete comproportionation was observed
(<1% of Cu" species remained) in each reaction where the
ligand TPMA was used and for Me,TREN in acetonitrile.
However, when the ligand Me,TREN was used, 3% of Cull
remained in DMSO/MA = 1/2 (v/v) solution and 20% of Cu"
remained in pure DMSO after 2 days. In pure MeCN, the rates
of comproportionation were similar for both TPMA- and
Me TREN-based complexes. Conversion was greater than 95%
after 20 min and reached essentially ~100% within 30 min. In a
DMSO/MA = 1/2 (v/v) solution, the comproportionation was
faster with TPMA than with Me,TREN, although both reactions
were slower than in MeCN. The slowest reactions were in pure
DMSO. When the ligand TPMA was used, the comproportiona-
tion reached ~90% in 30 min in DMSO/MA = 1/2 (v/v) and
essentially 100% in 60 min, while in pure DMSO, comproportio-
nation with TPMA reached 60% conversion after 30 min and
greater than 97% after 60 min, as shown in Figure 1. Since these
studies show that comproportionation is slow, the disproportio-
nation must be even slower, rather than instantaneous, since the
equilibrium lies strongly toward the comproportionation side.

One other interesting observation in Figure 1 is that the
disproportionation is less favored in the DMSO/MA mixed

dx.doi.org/10.1021/ma201963c | Macromolecules 2012, 45, 78—86



Macromolecules

100 .
I &
80} " .
© *
o s o *
6o} . ]
s o
@ _
% 40} * .
o $
© 2} |
0 1 1 1
0 10 20 30
Time / min

Time / min Conv.

o__TPMA/MeCN 60 ~100%
Me TREN/MeCN 60 ~100%
< TPMA/DMSO/MA 60 >97%
* MeeTRENIDMSOIMA 1440 97%
TPMA/DMSO 1140 >97%
Me TREN/DMSO 2880 80%

Figure 1. Kinetics of comproportionation in different solvents with different ligands. [Cu"Br,], = 2.5 mM; [ligand], = 5.25 mM; 4 cm Cu® wire (d =

1 mm); in 4.5 mL solutions at 25 °C. When using DMSO/MA mixture as

a solvent, the ratio was DMSO/MA = 1/2 (v/v).

solvent than the pure DMSO. This is because the presence of the
monomer decreases the solvent polarity, shifting the equilibrium
toward comproportionation. Therefore, the SET-LRP mecha-
nism is less likely to occur under typical polymerization
conditions than would be predicted based only the polarity of
the solvent. For instance, considering the disproportionation
experiments of Cu'/Me,TREN, which showed that a maximum
of 20% of the Cu' disproportionated in pure DMSO, the ratio
of ligand and copper is above 1."” Therefore, in a real poly-
merization the extent of disproportionation is expected to be
even lower due to the addition of monomer.

Comparison of Polymerizations Conducted under
Typical Conditions with TPMA and MesTREN Ligands.
TPMA and Me,TREN ligands form very active catalyst
complexes in ATRP, and there have been many reports of
polymerizations carried out with both ligands in the
literature."*»%2 One of the most important differences is
that the catalyst complexes based on Me,TREN and TPMA
have different stability constants, which causes a difference in
their comproportionation/disproportionation,'” as highlighted
earlier. In addition, mechanistic studies revealed that catalysts
formed with MesTREN have larger values of Kypgp and k, than
those formed with TPMA.'*®

The SET-LRP mechanism was proposed to proceed through
the instantaneous and complete disproportionation of
CuY/ Me,TREN complex in DMSO/MA = 1/2 (v/v) solution,
with exclusive activation of alkyl halides by Cu’.'**' The
assumptions in the SET-LRP mechanism can be tested using
TPMA-based catalysts, since these complexes essentially only
undergo comproportionation and no significant disproportio-
nation in DMSO/MA = 1/2 (v/v), as shown in the literature."”
In this paper TPMA was used as a ligand in the CRP of MA to
determine the effect of a nondisproportionating Cu' complex
on the polymerization kinetics of MA in DMSO solution.

A comparison between the polymerization of MA with
catalyst complexes formed with Me,TREN and TPMA under
typical conditions is shown in Table 1. The initial molar ratios
of reagents were [MA],/[MBP]y/[ligand], = 200/1/0.1, in
33.3% (v/v) DMSO ([MA], = 7.4 M), and the reaction was
conducted at 25 °C using Cu’ wire (d = 1 mm, L = 4 cm) as
the sole source of transition metal. The polymer conversions
reached 89% and 79% after 70 and 90 min in the Me,TREN
and TPMA systems, respectively. The molecular weights of the
poly(methyl acrylate) (PMA) agreed with theoretical values,
and M,,/M, values were around 1.3 (Figure 2b).

The Cu complexes with both MecTREN and TPMA ligands
provided similar control over the polymerization of MA.
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Table 1. ATRP of MA with Cu® and Either Me,TREN or
TPMA in DMSO*

ligand time (min)  conv (%) M, cpc M, M, /M,
Me,TREN 70 89 15 500 15300 1.26
TPMA 90 79 13 700 13 500 1.31

“[MA],/[MBP],/[ligand], = 200/1/0.1, in 33.3% (v/v) DMSO
([MA], = 7.4 M), at 25 °C, with Cu® wire (d = 1 mm, L = 4 cm).

Figure 2a shows that the polymerization rates depend on the
ligand used, with the apparent propagation rate constants
k, 1P = 0.0332 min~" for the Me,TREN system and k, P =
0.0176 min~" for the TPMA system. In a normal ATRP, the
rate of polymerization increases with the ATRP equilibrium
constant; therefore, the Me,TREN catalyst complex with the
higher K,rgp should result in a faster polymerization than the
TPMA catalyst complex which has a lower Kurrp- ' The GPC
data in Figure 2b—d for the polymerization of MA with
Me,TREN- and TPMA-based catalysts showed similar
behavior. For both polymerizations, the GPC traces show
high molecular weight shoulders in the early stage of the
reactions, which arises from radical terminations due to the lack
of Cu" during the early phase of the reaction.

Influence of Surface of Cu® Wire on the Kinetics of
Polymerization with TPMA Ligand. Several factors were
reported to affect a copper-catalyzed polymerization of MA
with Me,TREN ligand.*” They include the ligand concen-
tration, addition of Cu! deactivator, and surface area of Cu®.
The effect of the surface area of Cu” wire was first examined for
the TPMA system to determine the similarities and differences
between the polymerizations of MA in DMSO solution with
TPMA- and Me¢TREN-based catalysts. The experimental
conditions employed in the reactions using TPMA were
matched to those used for Me,TREN-based reactions.>””

As seen in Table 2 and Figure 3a, the polymerization of MA
with different lengths of Cu’ wire in the presence of TPMA
ligand and DMSO solvent was faster with higher Cu® surface
area. In all cases the initiation efficiency was high, and the
molecular weights agreed well with the theoretical values, as
shown in Figure 3b. The polymerizations also gave acceptable
levels of control, since all polymers had values of M,,/M, ~ 1.3
at high conversion.

The dependence of the apparent propagation rate constant
(slopes in Figure 3a) on the Cu’ surface area displayed a
power-law dependence of 0.47 in the TPMA-based systems, as
seen in Figure 3c. This value is very close to the value of 0.44
reported for the Me,TREN-based systems.””" This shows that
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Figure 2. (a) Kinetic plot of In([M],/[M]) vs time. (b) Plot of M,, and M,,/M,, values vs conversion for ATRP of MA with ligand of Me,TREN and
TPMA. (c) GPC traces from ATRP with ligand of Me,TREN. (d) GPC traces from ATRP with ligand of TPMA. [MA],/[MBP],/[ligand], = 200/
1/0.1, in 33.3% (v/v) DMSO ([MA], = 7.4 M), at 25 °C, with Cu® wire (d = 1 mm, L = 4 cm).

Table 2. ATRP of MA with Different Lengths of Cu® wire
with TPMA in DMSO“

Cu’ wire  surf.
length area time  conv o

(em)  (em®) (min) (%) Mg My M/M, (min™)

2 0.64 100 70 12 800 12 000 1.34 0.0125

4 1.26 90 79 13700 13 500 1.31 0.0155

6 1.89 20 82 14 600 14200 1.24 0.0185

12 3.78 70 85 13 600 14 600 1.35 0.0274

16 5.03 70 89 14 100 15300 1.20 0.0326

“[MA],/[MBP],/[TPMA], = 200/1/0.1, in 33.3% (v/v) DMSO
([MA], = 7.4 M), at 25 °C, with Cu® wire (d = 1 mm).

the Cu® surface area has a similar effect on both TPMA and
MesTREN catalysts and points toward a similar mechanism.
This value, near 0.5 for kinetic plots with both ligands, can be
explained in light of the supplemental activator and reducing
agent roles of the Cu’ in SARA ATRP. In SARA ATRP, the
activity of the Cu’ as a reducing agent and supplemental
activator is defined by the surface area. In ARGET ATRP shown
in Scheme 2, the apparent propagation rate has a square-root
dependence on the concentration of the reducing agent.”® Since
the Cu® acts as a reducing agent in SARA ATRP, the square-root
law in both catalysts can be rationalized in the same way. The
other function of Cu’ in the SARA ATRP system is that of a
supplemental activator. There is no kinetic analysis published for
a supplemental activator of alkyl halides, but it could be
proposed that this slow supplemental activation is similar to the
slow generation of radicals by decomposition of a conventional
initiator in an ICAR ATRP (shown in Scheme 2).2° In ICAR
ATRP the rate of polymerization follows a 0.5 order with respect
to the concentration of conventional initiator, since increased
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rate of initiator dissociation leads to a higher termination
rates,>’ leading to the 0.5 order of reaction rate on conven-
tional initiator concentration. By analogy, a high surface area
of Cu’ leads to a higher rate of generation and termination of
radicals by supplemental activation and explains the 0.5 order
of the supplemental activator component of SARA ATRP.
Since both the supplemental activator and reducing agent
roles of Cu” in SARA ATRP should follow a square-root
dependence in the surface area, the overall dependence should
also follow square-root law for both catalysts, as observed
experimentally.

Influence of the Cu'Br,/TPMA Concentration on
Polymerization Kinetics. The data in Table 3 and Figure 4a
show the influence of the concentration of Cu"Br,/TPMA on
the rate of polymerization. Varying the initial concentration of
Cu"Br,/TPMA results in a small change of the polymerization
rate (k,*? values), as reported previously.'* The degree of
control over the polymerization improves with increases in
the initial concentration of Cu"Br,/TPMA, since M,,/M, ~ 1.1
value is observed for the systems with high concentrations of
CuBr,/L, compared to M,,/M, ~ 1.2 for the systems with lower
concentrations of CuBr,/L. The polymers formed using the
Cu""Br,/TPMA catalyst or the Cu"Br,/Me,TREN catalyst are
nearly the same, as shown in Table 3.3! This again suggests that
the fundamental polymerization mechanism is the same for
both the TPMA- and Me,TREN-based catalysts, despite the
fact that the TPMA system does not undergo significant
disproportionation. For both ligands, there is a slight decrease
in reaction rate for polymerizations carried out at higher
concentrations of Cu". According to the postulated mechanism
for SET-LRP, the polymerization rate should become
significantly slower at higher [Cu"Br,/L], as there should be
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Figure 3. (a) Kinetic plot of In([M],/[M]) vs time. (b) Plot of M,, and M,/M,, values vs conversion for ATRP of MA with ligand of TPMA. (c) Plot
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Table 3. CRP of MA with Cu’ and Different Concentrations of CuBr,/Ligand

ligand [MA],/[MBP]y/[Cu’]y/[ligand],/[CuBr,], time (min) conv (%) M, cre M, M,,/M, [ (min™")
TPMA® 200/1/-/0.102/0.002 130 86 17200 14700 1.15 0.016
MeéTRENb 222/1/0.1/0.105/0.005 53 89 16 600 15 300 121 0.042
TPMA 200/1/—/0.104/0.004 130 87 17 200 14 900 1.14 0.016
Me,TREN 222/1/0.1/0.11/0.01 57 87 16 400 16 600 1.11 0.037
TPMA 200/1/-/0.12/0.02 130 81 15300 14 000 1.08 0.014
Me,TREN 222/1/0.1/0.12/0.02 80 84 16 600 14 500 1.18 0.033
TPMA 200/1/-/0.2/0.1 130 76 14 400 13 000 1.08 0.011

“In TPMA system, MA = 3.0 mL, DMSO = 1.5 mL, [MA], = 7.4 M, at 25 °C, with Cu® wire (d = 1 mm, L = 4 cm). bIn MeTREN system, MA =
1.0 mL, DMSO = 0.5 mL, [MA], = 7.4 M, at 25 °C, with Cu® < 75 gm (Me,TREN data was from Percec et al. from ref.>' Reprinted with permission
from Lligadas, G.; Percec, V., J. Polym. Sci. Pol. Chem. 2008, 46, 6880—6895. Copyright 2008 John Wiley and Sons.).
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Figure 4. (a) Kinetic plot of In([M]y/[M]) vs time and (b) plot of M, and M,,/M, values vs conversion for ATRP of MA with ligand of TPMA.
[MA],/[MBP], = 200/1, in 33.3% (v/v) DMSO ([MA], = 7.4 M), at 25 °C. Cu® wire (d = 1 mm, L = 4 cm).

much more deactivator in the system and concentration of
activator does not change. The concept of “internally controlled
Cu" and “externally added Cu" was proposed to explain the

phenomenon in SET-LRP.””* However, these concepts are not

consistent from a reaction kinetics perspective, since the Cu

11

species should behave the same way, regardless of whether the
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Table 4. CRP with Cu® with Different Concentrations of TPMA®

[MA],/[MBP],/[TPMA], time (min) conv (%)
200/1/0.002 300 60
200/1/0.005 210 78
200/1/0.01 150 83
200/1/0.02 110 73
200/1/0.05 110 80
200/1/0.1 90 79
200/1/0.2 110 77

“[MA],/[MBP], = 200/1, in 33.3% (v/v) DMSO ([MA], = 7.4 M),

M, grc M, M,/M, kP (min~")
19 400 10300 1.78 0.0029
13 800 13 500 1.37 0.0072
13 800 14 300 1.38 0.0126
13 800 12 600 1.36 0.0132
15 800 14200 1.33 0.0143
13700 13 800 1.33 0.0155
15 600 13200 1.33 0.0131

at 25 °C, with Cu® wire (d = 1 mm, L = 4 cm).
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Figure S. (a) Kinetic plot of In([M]y/[M]) vs time. (b) Plot of M, and M,,/M,, values vs conversion for ATRP of MA with ligand of TPMA. (c)
Relationship for [ligand]o/[MBP], vs k,*? for TPMA and MesTREN, for TPMA system (black points and solid line) MA = 3.0 mL, DMSO = 1.5
mL, [MA], = 7.4 M, at 25 °C, with Cu’ wire (d = 1 mm, L = 4 cm); for Me,TREN system MA = 1.0 mL, DMSO = 0.5 mL, [MA], = 7.4 M, at
25 °C, with 4.5 cm of 20 Gauge Cu’ wire (red broken line based on data from Percec et al.**> (Reprinted with permission from ref 33. Copyright

2009 John Wiley and Sons.)

Cu" was added initially or whether the Cu" was generated as
part of the reaction.

SARA ATRP explains the slight decrease in reaction rate by
accounting for the dual role of Cu® and reactions involving Cu'’
Since Cu" is the deactivator complex, its higher concentration
should lead to a decrease in reaction rate, through the normal
ATRP equilibrium, following a power law of order —1.>° A
significant decrease in polymerization rate with increasing Cu"
concentration would be expected if the only activator would be
metallic copper. However, because Cu’ also acts as a reducing
agent, it decreases concentration of Cu® and increases con-
centration of the major activator Cu'. This resembles ARGET
ATRP where the polymerization rate increases with the con-
centration of added Cu".** Therefore, in SARA ATRP there
are two distinct processes that give different dependencies of
the polymerization rate on the Cu" concentration. The supple-
mental activator component is expected to decrease polymer-
ization rate with increasing Cul' concentration, while the
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reducing agent component is expected to increase polymer-
ization rate with increasing Cu" concentration. The overall
reaction rate is a complex function incorporating both roles of
Cu® and shows only a weak decrease in the polymerization rate
with increasing Cu'! concentration.

Influence of TPMA Concentration on Polymerization
Kinetics. The third parameter examined experimentally in this
work was the effect of the concentration of TPMA ligand on
polymerization of MA, as shown in Table 4 and Figure Sb.
Above a certain minimal concentration of ligand, well-defined
polymers with molecular weights agreeing with theoretical
values and low M,,/M,, values (~1.3) were obtained. When the
concentration of ligand was increased, the polymerization rate
increased for low to intermediate ligand concentrations and
reached a plateau at higher ligand concentrations, as shown in
Figure Sa,c. This phenomenon can be explained by the relative
affinities of the ligand to different copper species. The binding
constant of amine-based ligands with Cu" is much higher than

dx.doi.org/10.1021/ma201963c | Macromolecules 2012, 45, 78—86
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with Cu'*® Therefore, Cu" species are preferentially formed
when a limited amount of ligand is available, which leads to a
slower polymerization rate, due to the deactivating function of
Cu'™. However, above a certain minimal amount of ligand, there
is sufficient ligand to stabilize both Cu' and Cu" species. Any
further increase in ligand concentration should have a minimal
effect on the [Cu']/[Cu"] ratio and, consequently, a small
effect on the overall reaction rate. This can be seen by in the
kinetics of the systems with [TPMA],:[MBP], ratios of 0.0,
0.1, and 0.2, which shows essentially the same slopes in the
semilogarithmic plots (Figure Sa). The Me TREN-based
system requires a slightly higher concentration of ligand to
reach the plateau than the TPMA system as shown in Figure Sc.
This could be due to the fact that the relative stabilities of the
Cu' vs Cu" complexes which are for TPMA ca. 100 times
stronger than for the Me,TREN.'” Consequently, a smaller
amount of ligand is needed to achieve a constant ratio of Cu'
activator to Cu'" deactivator. This difference is also reflected in
the extent of disproportionation, as shown previously.

The kinetics of copper-mediated polymerization of MA with
TPMA as ligand provides essentially the same results as those
obtained with Me,TREN. Since TPMA-based complexes do
not undergo significant disproportionation, these results
indicate that disproportionation of Cu'/MesTREN in
DMSO/MA does not influence the kinetics of the copper-
mediated CRP significantly. These results and recent studies
which refute the outer-sphere electron-transfer activation of
alkyl halides*® suggest that the postulated SET-LRP mecha-
nism is not needed to explain the body of experimental and
theoretical data. Instead, these systems are best explained with
Cu’ having a dual role: acting as a supplemental activator and a
reducing agent, leading to the concept of SARA ATRP.

B CONCLUSIONS

The kinetics of copper-mediated polymerization of MA, in the
presence of Cu’ and a polar solvent DMSO, were studied to
compare the behavior of complexes based on the ligands
TPMA and Me,TREN. The kinetic studies were used to probe
the significance of disproportionation in copper-mediated CRP
reactions, since the TPMA-based complexes do not undergo
significant disproportionation in DMSO, while Me,TREN can
disproportionate to some extent. In general, the TPMA-based
complexes led to good control over the molecular weight and
the molecular weight distribution (M,,/M, = 1.1-1.3) for the
polymerization of MA. The kinetics of the polymerization,
including the effect of Cu® surface area, concentrations of
Cu""Br,/Ligand, and initial ligand concentrations, were
explained by the SARA ATRP mechanism in which the
added Cu® wire acts as a supplemental activator and a reducing
agent. The TPMA-based systems showed similar trends to the
polymerizations with MesTREN-based complexes which
suggests that disproportionation is of minimal kinetic
importance in the polymerization of MA, in the presence of
Cu’ with DMSO as the solvent. These results indicate that
SARA ATRP operates in the presence of Cu’ with both TPMA
and Me,TREN ligands rather than the postulated SET-LRP
mechanism.
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ABSTRACT: A recently introduced procedure involving a mechanistic switch from

reversible addition—fragmentation chain transfer (RAFT) polymerization to ring-opening

polymerization (ROP) to form diblock copolymers is applied to synthesize ABA (star) ;,@
block copolymers. The synthetic steps include the polymerization of styrene with R-group |
designed RAFT agents, the transformation of the thiocarbonyl thio end groups into OH
functionalities, and their subsequent chain extension by ROP. The obtained linear ABA
poly(e-caprolactone)-block-poly(styrene)-block-poly(e-caprolactone) (pCL-b-pS-b-pCL)
(12500 g mol™ < M, < 33000 g mol™') and the star-shaped poly(styrene)-block-
poly(e-caprolactone) (M, = 36000 g mol™") copolymers were analyzed by size exclusion -

chromatography (SEC), nuclear magnetic resonance (NMR), infrared (IR) spectroscopy,

and matrix-assisted laser desorption/ionization (MALDI) mass spectrometry. The focus of the current study is on the detailed
characterization of the ABA (star) block polymers via multidimensional chromatographic techniques specifically high
performance liquid chromatography coupled to size exclusion chromatography (HPLC-SEC). In particular, we demonstrate the
first time separation of poly(e-caprolactone) (pCL) homopolymer and additionally poly(styrene) (pS) from the ABA poly(e-
caprolactone)-b-poly(styrene)-b-poly(e-caprolactone) and star-shaped poly(styrene)-b-poly(e-caprolactone) block copolymer

utilizing critical conditions (CC) for pCL with concomitant gradient elution liquid chromatography (GELC).

B INTRODUCTION

The ability to generate tailor-made macromolecular architec-
tures is of critical importance for the macroscopic properties of
polymeric materials." Controlled radical polymerization techni-
ques (CRP) such as atom transfer radical polymerization
(ATRP), reversible addition—fragmentation chain transfer
(RAFT), or nitroxide-mediated polymerization (NMP) are
established methods to prepare well-defined polymer archi-
tectures (e.g, topology and end-group functionality).” How-
ever, because of the specific application areas of block copoly-
mers, e.g, in drug and gene delivery3 as well as diagnostics,4 it is
advantageous to have the ability to switch from one
polymerization technique to another, forming amphiphilic
block copolymers synthesized via a RAFT ROP sequence.’
One method to combine controlled radical polymerization
(CRP) with ring-opening polymerization is by utilizing
difunctional mediating agents such as the ATRP initiator
p-hydroxylethyl a-bromoisobutyrate.® An alternative approach
to block copolymer formation is via orthogonal modular liga-
tion (click chemistry).” For such an approach two homopolymers
synthesized via RAFT and ROP are equipped with specific end
functionalities, which react via, eg, [2 + 3] or [2 + 4]
cycloadditions to connect the homopolymers, forming a block
copolymer.® It is also feasible to obtain block copolymers by
chain extension of a techelic RAFT generated polymer through
the transformation of the thiocarbonyl thio moiety into a thiol
by aminolysis.”

-4 ACS Publications  © 2011 American Chemical Society
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Previously, our group reported a facile method to alter the
end-group functionality of RAFT generated polymers to obtain
hydroxyl terminal macromolecules. The method was applied to
different polymers and a variety of macroRAFT agents.'’ The
advantage of the above strategy is the generation of sulfur-free
narrowly dispersed polymers that are equipped with a versatile
synthetic handle. The transformation of the trithiocarbonate or
the thiocarbonyl thio end group of the polymer chain into a
hydroxyl function is achieved by a radical mechanism under
ambient conditions involving 2,2"-azobis(isobutyronitrile)
(AIBN) in a tetrahydrofuran (THF) solution. We have
successfully demonstrated that the OH functional polymer
can subsequently be employed as a macroinitiator for ROP."" A
general reaction scheme for the synthesis of the sulfur-free
diblock copolymers via a RAFT ROP sequence is visualized in
Scheme 1.

In the current study we follow two aims: First, the above-
named end group conversion is applied to obtain more
complex and demanding polymer architectures such as ABA
block copolymers and star block copolymers. Such an approach
is possible by employing multifunctional RAFT agents for the
preparation of @-functional entities, which can be transformed
into multifunctional terminal alcohols. For the formation of star
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Scheme 1. General Reaction Scheme of the Modification Technique Enabling a Mechanistic Switch from RAFT Polymerization

to ROP
z s 1 AIBN, THF, air

\ﬂ/ 5 2. PPhg
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polymers via the RAFT process two approaches can generally
be applied, i.e., the Z- and R-approach. For the Z-approach the
thiocarbonyl thio groups are connected to the core via the
Z-group, while in the R-approach the thio entity is connected to
the core via the R-group. Consequently, the thiocarbonyl thio
groups of the synthesized polymers are either directly attached
to the core (Z-approach) of the star or to the chain end
(R-approach) of the polymer chains.'”” Transforming the
thiocarbonyl thio groups into hydroxyl functions of star
polymers synthesized via the Z-approach would lead to a
destruction of the star (and to linear chains) and not to the
desired star macroinitiators. For this reason, the R-approach is
utilized for the RAFT polymerization in the current study. By
transformation of the dithioester groups, multifunctional
polymers with OH groups at the chain end are obtained. The
w-hydroxylated star polymers were subsequently employed
as macroinitiators for the ring-opening polymerization of
e-caprolactone catalyzed by (1,5,7-triazabicyclo[4.4.0]dec-S-
ene (TBD)) (see also Scheme 1).

The resulting copolymers are characterized via spectroscopic,
spectrometric, and chromatographic methods. In general, block
copolymers and higher architectures are analyzed V1a SEC, 'H
NMR, and—if appropriate—mass spectrometry * Via SEC,
the average molecular masses and the polydispersity are deter-
mined, but no compositional (chemical) information may be
obtained when classical RI detection is employed. NMR spectros-
copy vyields information on the chemical composition and
functional groups; however, topological information on the
generated macromolecules is difficult to ascertain. Mass
spectrometry is problematic for samples with broad or multiple
distributions and high molecular masses.

Thus, the second—and most important goal—of the present
study aims at employing hyphenated chromatographic
techniques to elucidate the polymer structure, specifically
aiming at identifying conditions under which poly(e-caprolac-
tone) (pCL) can be separated from true (star) block copolymer
structures. In the first dimension liquid adsorption chromatog-
raphy (LAC) is performed. Conventional liquid adsorption
chromatography separates samples according to their chemical
heterogeneity and molecular mass; however, a special mode can
be applied to the system which enables separation of the
samples only by chemical heterogeneity irrespective of
molecular mass. The special method—liquid chromatography
at critical conditions (LCCC) or alternatively named LC at the
exclusion adsorption point—was established by Belenky et al."*
and Entelis et al.'> Pasch and colleagues have published a
detailed description of the theory as well as the experimental
approaches of the critical conditions mode.'® The critical
behavior of a polymer depends on a variety of conditions—the
mobile phase composition, the temperature, the pressure, and
the stationary phas.e.17 Commonly, the critical conditions of a
polymer are adjusted by varying the composition of a mixture
of two solvents. Combining LCCC and SEC to two-
dimensional chromatography yields information about the
chemical composition in the first dimension and additionally
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the molecular masses of the separated compounds in the
second dimension. One example exemplifying the power of the
LCCC method is the ability to separate homopolymers from
block copolymers as performed in the current study; yet a wide
variety of examples exist.'®

In our recent publication the critical conditions of poly-
(styrene) (pS) have been applied on a LAC system to separate
poly(styrene) homopolymer from the AB block copolymers of
the type poly(styrene)-b-poly(e-caprolactone)."' The previ-
ously reported method will also be used in the current
contribution to investigate ABA (star) block copolymers.

Additionally—and most importantly—a new method is
introduced to separate (potential) residual poly(e-caprolac-
tone) (pCL) homopolymer from the generated block
copolymer structures. The liquid adsorption chromatography
is performed under critical conditions of poly(e-caprolactone).
However, under the critical conditions of pCL the interactions
between the stationary phase and the ABA (star) block
copolymers are strong and thus the retention is too high,
leading to permanent adsorption of the polymers on the
column." For this reason, the CC of pCL are combined with a
solvent gradient, ie, leading to an LCCC-gradient elution
liquid chromatography (GELC) system. Via such an approach
the separation of pCL homopolymer, block copolymers, and
even the separation of pS homopolymer is feasible, as will be
described below.

It is alternatively possible to hyphenate HPLC with further
characterization systems such as, e.g., ESI mass spectrometry.”’
In the current study fractions eluting off an HPLC system are
collected and characterized with IR spectroscopy. Additional
structural information is provided by MALDI-TOF mass
spectrometry. For this purpose a newly designed electrospray
deposition interface was used to fractionate and deposit
samples onto MALDI targets.

Thus, in summary, we report the extensive characterization
of ABA (star) sulfur-free block copolymers synthesized via a
recently introduced RAFT/ROP technique, utilizing advanced
multidimensional characterization techniques (see Scheme 2).

B EXPERIMENTAL SECTION

Materials. Styrene (99% extra pure, stabilized, Acros Organics)
was purified by percolating through a column of basic alumina prior to
use. The 4-arm (non-rate-retardant) RAFT agent 1,2,4,5-tetrakis-
(phenylthioacetylthiomethyl)benzene (see Scheme 3, 2) was synthe-
sized according to a literature procedure”® with its purity being
confirmed by '"H NMR spectroscopy. 2,2-Azobis(isobutyronitrile)
(98%, Sigma-Aldrich) was recrystallized twice from ethanol prior to
use. e-Caprolactone was distilled from CaH, and kept over molecular
sieves. 1,5,7-Triazabicyclo[4.4.0]dec-S-ene (TBD, Sigma-Aldrich),
toluene (extra dry, water <30 ppm, Acros Organics), triphenylphos-
phine (PPh;, Merck), glacial acetic acid (Rotipuran, 100% p.a., Roth),
benzoic acid (99,5%, Sigma-Aldrich), hydrochloric acid (37%, Roth),
trans,trans-2,4-hexadien-ol (99%, stabilized Acros Organics), trifluoro-
acetic acid (HPLC grade, Fisher Scientific), sodium iodide (puriss. p.a.,
Fluka), tetrahydrofuran (multisolvent, 250 ppm BHT, Scharlau), carbon
disulfide (Aldrich), benzyl chloride (Alfa Aesar), a,ar-dibromo-p-xylene
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Scheme 2. Synthetic Concept To Obtain ABA (Star) Block
Copolymers via RAFT/ROP and a Summary of the Utilized
Characterization Techniques”
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“Note that the depicted four-armed star block copolymer represents
the target structure only. The experimentally determined number of
arms is—for variable reasons—Iless than four (for details see text).

(Aldrich), 2-butanol (Fluka), and methanol (Chromasolv, Sigma-Aldrich)
were used as received.

Synthesis of 1,4-Dis(phenylthioacetylthiomethyl)benzene
(2-Armed RAFT Agent), 2. To a Grignard solution of 1.94 g of
magnesium metal in 10 mL of diethyl ether, 921 mL of benzyl
chloride in 30 mL of diethyl ether was added slowly under a nitrogen
gas stream. After refluxing the solution for 1 h, the reaction mixture
was cooled with ice. The subsequent addition of 4.82 mL of carbon
disulfide in 20 mL of diethyl ether was performed at 0 °C, and the
reaction mixture was stirred for an additional hour. The mixture was
poured into ice-cold water; the aqueous phase was washed two times
with diethyl ether and acidified with HCL. The compound was

extracted with diethyl ether, and the solvent was removed under
reduced pressure. 1.00 g of potassium hydroxide was dissolved in 1 mL
of water and mixed with the obtained compound. After drying the
mixture under reduced pressure, it was dissolved in 20 mL of dry
tetrahydrofuran, and 2.15 g of @,a’-dibromo-p-xylene was added.
The reaction mixture was refluxed for 1 h. Subsequently, water was
added, and the product was extracted twice with toluene. The
product 1,4-dis(phenylthioacetylthiomethyl)benzene was obtained
after evaporating the solvent and recrystallization from ethanol/
chloroform (1/1). '"H NMR (250 MHz, CDCL,): § [ppm] = 4.25
(s, 4H, CH,-S), 4.3 (s, 4H, CH,—CS), 7.15 (s, 4H, Ar—H), 7.15—
7.30 (m, 10H, Ar—H).

Preparation of the 2- and 4-Armed Thiocarbonyl Thio
Terminal Polystyrenes 3 and 4. A solution of RAFT agent (1, 2)
and 2,2"-azobis(isobutyronitrile) in 100 mL of styrene was freed from
oxygen by purging with nitrogen for 20 min. The solution was heated
to 60 °C for 180 min. The reaction was stopped by cooling with liquid
nitrogen, and the polymer was precipitated in cold methanol. The
average molecular mass and the polydispersity were determined via
SEC, and the corresponding ESI mass spectra combined with the
corresponding isotopic pattern simulation can be found in the
Supporting Information (Figure S1). The amount of the reacting
reagents and the resulting average molecular masses of the
poly(styrene) samples are collated in Table 1.

Table 1. Reaction Conditions of the Polymerization with
2-Armed Linear and 4-Armed Star RAFT Agents 1 and 2“

0
structure RAFT agent (mrcnlglu:]i_l) (mrcngllml\_l,_l) (g nA:It;]l_l) PDI
3 1 (2-armed) 104 0.06 3400 1.3
4 2 (4-armed) 53 0.15 4200 1.1
4papr and Capy are the initial concentrations of the RAFT agent and

AIBN, respectively. The molecular structures associated with the listed
compounds can be found in Scheme 3.

End-Group Switching (Synthesis of Species 5 and 6)."° A
solution of 2,2-azobis(isobutyronitrile) (50 mmol L™') in THF was
heated to 60 °C for 120 min under ambient air. 500 mg of RAFT-
polymer (3, 4) (10 mmol L™ based on its M,) was dissolved in the
pretreated THF/AIBN solution. The solution was heated subse-
quently to 60 °C under vigorous stirring. After 40 min, the
temperature was reduced to 40 °C, and 3 equiv of triphenylphosphine
was added. After 20 min the solution was concentrated under reduced
pressure with subsequent precipitation of the polymer in cold

Scheme 3. Overview of the Target Structures Prepared in the Current Contribution: (a) Linear and (b) Star Structures
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n=0m=0;R;:1,2
n>0;m=0;R;:3,4
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methanol. The resulting average molecular masses and the PDIs are
collated in Table 2. The SEC traces and a typical MALDI-TOF
spectrum of § can be found in Figure S2 of the Supporting Information.

Table 2. Number-Average Molecular Mass, M,, and
Polydispersity Index, PDI, of the Poly(styrene) Samples
after Transformation of the End Group”

structure RAFT polymer M, (g mol™) PDI
S 3 (2-armed) 3900 12
6 4 (4-armed) 4400 1.1

“The molecular structures associated with the listed compounds can
be found in Scheme 3.

Ring-Opening Polymerization (Synthesis of Species 7 and
8). The ring-opening polymerization was performed in an inert gas
atmosphere (argon) inside a glovebox to rigorously exclude water from
the reaction system. &-CL was added to a solution of TBD and the
poly(styrene) macroinitiator in 2 mL of toluene. The solution was
stirred for S h and subsequently quenched by addition of benzoic acid.
The polymer was precipitated in cold methanol. The concentrations of
the reacting agents and the resulting average molecular masses of the
block copolymer samples are collated in Table 3.

Table 3. Reaction Conditions and Number-Average Molecular
Mass, M,, of the Ring-Opening Polymerizations To Generate
ABA (Star) Poly(styrene-block-¢-caprolactone) Polymers®

structure  n1,.c;, (mmol)  npgp (umol) s (umol) M, (g mol™') PDI
7a 1.05 5.75 0.77 12 500 1.5
7b 2.63 5.75 1.28 32000 1.2
7c 1.40 3.59 0.61 33000 1.3
8 2.63 7.10 1.14 36 000 1.4

“The molecular structures associated with the listed compounds can
be found in Scheme 3.

Ring-Opening Polymerization (PCL Homopolymer for
Determination of CC of pCL). The ring-opening polymerization
was performed in an inert gas atmosphere (argon) inside a glovebox to
rigorously exclude water from the reaction system. e-CL was added to
a solution of TBD and 2-butanol in 2 mL of toluene. The solution was
stirred for 5 h and subsequently quenched via the addition of benzoic
acid. The polymer was precipitated in cold hexane:diethyl ether (1:1)
mixture. The molecular mass average was determined by SEC after
precipitation. The amount of the reacting agent and the resulting
molecular mass of the poly(e-caprolactone) samples are collated in
Table 4.

Table 4. Reaction Conditions and Number-Average
Molecular Mass, M,, of the Ring-Opening Polymerizations
To Generate Poly(e-caprolactone) Homopolymer for the
Identification of Critical Conditions

fiec, (mmol)  nppy (umol) 0o (mol) M, (g mol™')  PDI
2.00 30.0 120 2900 1.4
2.00 15.0 60 6100 1.1
4.00 5.00 20 25000 1.2

Size Exclusion Chromatography (SEC). For the determination
of molecular mass distributions (MMD) an SEC system (Polymer
Laboratories PL-GPC S0 Plus) comprising an autoinjector, a guard
column (PLgel Mixed C, S0 X 7.5 mm) followed by three linear
columns (PLgel Mixed C, 300 X 7.5 mm, S um bead size), and a
differential refractive index detector was employed. THF was used as
the eluent with a flow rate of 1 mL min~", and the column temperature

20

was set to 40 °C. The SEC system was calibrated using narrow
poly(styrene) standards ranging from 160 to 6 X 10° g mol™*
(Polymer Standard Service GmbH, Mainz). The resulting molecular
mass distributions were reassessed by universal calibration using Mark—
Houwink parameters for poly(e-caprolactone) (K = 13.95 x 107 dL g™*
and @ = 0.786)** and for poly(styrene) (K = 14.1 x 107° dL g™
and a = 0.70).>® For the block copolymers the Mark—Houwink
parameters for poly(styrene) were employed.

Liquid Chromatography under Critical Conditions (LCCC)
Coupled to Size Exclusion Chromatography (SEC). Liquid
Chromatography under Critical Conditions (LCCC) and Concom-
itant Gradient Elution Liquid Chromatography (GELC). The
measurements were carried out on a Hewlett-Packard (HP1090)
HPLC system using a diode array UV detector and an evaporative light
scattering detector (PL-ELSD 1000, Sedere, France). The flow rate
was 0.5 mL min~"; 25 uL of close to 2 wt % polymer solutions was
injected. For the critical conditions of polystyrene a reversed phase
system was employed: A YMC-ODSA column (250 X 3 mm inner
diameter), 300 A pore size, S ym average particle size. The eluent was
a mixture of tetrahydrofuran and water. The critical solvent
compositions contain 88.4% (v/v) THF for poly(styrene). Premixing
of the mobile phase by weight is necessary for a constant and exact
composition. 0.1% acetic acid was added to the system. For the
measurements at the critical conditions of poly(e-caprolactone) an
alternative reversed phase system was employed: PLRP-S column
(250 x 4.6 mm), 100 A pore size, S um average particle size. The
starting eluent composition contained 30% (v/v) of THF and 70%
(v/v) of methanol. The gradient ended in a 80/20% (v/v) mixture of
THF and MeOH. The samples were dissolved in 40% THF/60%
MeOH.

Size Exclusion Chromatography (SEC). The SEC experiments
were performed on a Hewlett-Packard (HP1050) HPLC modular
system, including a Mistral column oven (SunChrom). For detection
the evaporative light scattering detector (ELSD) and additionally a
variable wavelength UV detector (4 = 230 nm) were employed. The
flow rate was 3.0 mL min™'. One high-speed column, a SDV-gel
column (PSS GmbH Mainz), S ym average particle size (20 mm X
50 mm) and THF as mobile phase, was used. 100 uL of a 1 wt %
polymer solution was injected. Calibration was performed using
poly(styrene) standards (ranging from 760 to 1 X 10° g mol™).

Two-Dimensional Chromatography (LCCC-SEC). The crossover
of LCCC fractions to SEC was performed via an 8-port external
volume sample injector from Valco Instruments Co. Inc. (VICI). The
measurements were evaluated by using the PSS WinGPC (Unity) and
PSS 2D Software. The LCCC dimension in 2D mode was operated
with a flow rate of 0.02 and 0.1 mL min™", respectively.

Nuclear Magnetic Resonance (NMR) Spectroscopy. 'H NMR
spectroscopy was carried out on a Bruker AM 400 MHz as well as a
Bruker AM 250 MHz spectrometer. Sixteen or 32 scans were recorded
for each NMR spectrum, respectively. All samples were dissolved in
CDCl,. The 5-scale is referenced to tetramethylsilane (5 = 0.00 ppm)
as internal standard.

SEC Coupled to Electrospray lonization Mass Spectrometry
(ESI-MS). Spectra were recorded on an LXQ mass spectrometer
(ThermoFisher Scientific, San Jose, CA) equipped with an
atmospheric pressure ionization source operating in the nebulizer-
assisted electrospray mode. The instrument was calibrated in the m/z
range 195—1822 using a standard containing caffeine, Met-Arg-Phe-
Ala acetate (MRFA), and a mixture of fluorinated phosphazenes
(Ultramark 1621) (all from Aldrich). A constant spray voltage of
4.5 kV, a dimensionless sweep gas flow rate of 2, and a dimensionless
sheath gas flow rate of 12 were applied. The capillary voltage, the tube
lens offset voltage, and the capillary temperature was set to 60 V, 110V,
and 275 °C, respectively. The LXQ was coupled to a Series 1200
HPLC-system (Agilent, Santa Clara, CA) consisting of a solvent
degasser (G1322A), a binary pump (G1312A), and a high-perform-
ance autosampler (G1367B), followed by a thermostat-controlled
column compartment (G1316A). Separation was performed on two
mixed bed size exclusion chromatography columns (Polymer
Laboratories, Mesopore 250 X 4.6 mm, particle diameter 3 ym)
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Figure 1. SEC traces of linear ABA block copolymers 7a and b and the star block copolymer 8 synthesized via chain extension with &-CL employing
OH-pS-OH $ and star pS-OH 6, respectively, as macroinitiators. The corresponding average molecular masses and the values of the polydispersity

are depicted in the graphs.

with precolumn (Mesopore 50 X 4.6 mm) operating at 30 °C. THF at
a flow rate of 030 mL min~' was used as eluent. The mass
spectrometer was coupled to the column in parallel to an RI detector
(G1362A with S$S420x A/D) in a setup described previously.**
0.27 mL min~! of the eluent was directed through the RI detector,
and 30 pL min~' infused into the electrospray source after
postcolumn addition of a 100 M solution of sodium iodide in
methanol at 20 yL min™' by a microflow HPLC syringe pump
(Teledyne ISCO, Model 100DM). 20 uL of a polymer solution with
a concentration of ~3 mg mL™' was injected onto the HPLC
system. Measurements can also be conducted via direct infusion
ESI-MS. However, preseparation via SEC provides an improved
ionization due to the absence of low molecular mass impurities and
the slice by slice ionization of the investigated polymers. Simulated
isotopic pattern distributions were obtained via the built-in
simulation tool of the Xcalibur software package.

MALDI-TOF Mass Spectrometry. An Autoflex III MALDI-TOF
mass spectrometer (Bruker Daltonics, Germany) was utilized. The
system was equipped with a Smartbeam laser (4 = 356 nm). 2000 laser
shots were accumulated for one spectrum. Dithranole (THAC) or 2-
[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene Jmalononitrile
(DCTB) (10 mg mL™" in THF) was used as matrix. Depending on the
polymer structure, 2 uL of a silver trifluoroacetate (AgTFAc) solution
(¢ =2 mg mL™") for the ionization of poly(styrene)s or a potassium
trifluoroacetate (KTFAc) solution (¢ = § mg mL™") for poly(e-
caprolactone)s and copolymers was added to the matrix solution. For
the sample preparation, a volume of 20 uL of polymer solution was
mixed with 50 uL of matrix solution; subsequently, 1 yL was deposited
on the MALDI target employing an Eppendorf pipet.

Coupling of HPLC with MALDI-TOF Mass Spectrometry. The
electrospray deposition interface consists of a Teflon x—y table, which
was adapted to the size of conventional 384 MALDI target plates. A
small contact was connected to enable a contacting of the target plate
to the ground potential. The spray capillary (stainless steel, 0.1 mm
inner diameter) was fixed in a Teflon block. The distance between
target plate and capillary could be varied from 0.5 to 3 cm. High
voltage (3—5 kV) was generated by a dc power supply (FuG
Elektronik GmbH, Rosenheim, Germany) and applied to the capillary.
Additionally, heated gas could be applied through a series of
concentrically holes around the capillary to enable a better evaporation
of solvents. The deposition flow could be varied from 5 to 30 yL min™"
by means of an adjustable flow splitter (ASI-QuickSplit, Analytic Scientific
Instruments, Richmond, CA). The matrix solution (5—10 yL min™')
was added via a T-piece to the eluent line using a microsyringe pump
(Harvard Apparatus, Holliston, MA).

B RESULTS AND DISCUSSION

Previously, we reported the synthesis and the advanced
characterization of pS-b-pCL diblock copolymers based on a
mechanistic switch from RAFT to ROP via a modification of
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the thiocarbonyl thio group to an OH end functionality.'’ In
the current contribution—as detailed in the Introduction—we
apply such an approach for the generation of ABA linear and
star block copolymers (i.e, by using 2-arm and 4-arm
thiocarbonyl thio precursors, followed and intertwined with
their in depth characterization (see Scheme 3)).

In the initial step, styrene is polymerized utilizing the RAFT
agents illustrated in Scheme 3. The thiocarbonyl thio groups
are attached to the core via the R group of the chain transfer
molecule, and the Z group is located at the periphery, which is
necessary for the subsequent end-group modification. The
challenge of the reaction is to obtain polymer with a low PDI
and high end-group fidelity, which can be hampered by the side
reactions occurring in an R-group approach polymerization, i.e.,
star—star and chain—star coupling. However, side reactions can
be reduced by minimizing the radical supply to the system, thus
decreasin§ biradical termination and linear chain contamina-
tion."'>*" For the characterization, SEC traces and ESI mass
spectra of the linear and 4-arm star RAFT polymers were
recorded (refer to Table 1 and Figure S1 in the Supporting
Information). The obtained ESI mass spectra were compared
with the simulated isotopic patterns confirming the end-group
functionality and the purity of the RAFT polymers.

In the following step, the dithioester end groups are
converted to OH functionalities as shown in Scheme 2.
Depending on the macroRAFT agent used, poly(styrene)s with
two or more hydroxyl end groups are obtained. The details for
the emploged transformation mechanism have previously been
reported.’® The end-group conversion from the thiocarbonyl
thio end groups to hydroxyl groups can by assessed via MALDI
mass spectra and SEC traces of the converted polymers. A
typical MALDI-TOF mass spectrum of a difunctional RAFT
polymer is shown in Figure S2, alongside a comparison of the
theoretical and experimental isotopic pattern distributions. The
four-armed star converted RAFT polymer was unfortunately
unable to be imaged with reliable ionization via MALDI-TOF
spectrometry. Thus, the number of obtained OH groups can
only be indirectly accessed via the ROP process and the
subsequent analysis (see below).

The OH converted poly(styrene) materials were employed
as macroinitiators for the ROP of e-caprolactone utilizing 1,5,7-
triazabicyclo[4.4.0]dec-S-ene (TBD). Depending on the initial
poly(styrene), either linear ABA or star-shaped block
copolymers are obtained. The reaction conditions are collated
in Table 3. The SEC traces of obtained block copolymers are
depicted in Figure 1, and the associated average molecular mass
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and polydispersity indexes (PDIs) are given in Table S.
Inspection of Figure 1la demonstrates that the linear ABA block

Table 5. Collation of the Number Average Molecular Mass,
M,, and the PDI of the Precursor Polymers S and 6 as Well
as of the ROP-Generated ABA (Star) Block Copolymers 7a,b
and 8

structure polymer M, (g mol™) PDI
N OH-pS-OH 3900 12
6 star pS-OH 4400 1.1
7a pCL-b-pS-b-pCL 12500 Ls
7b pCL-b-pS-b-pCL 33000 1.3
8 star pS-b-pCL 36000 1.4

copolymers 7a and 7b exhibit different molecular masses, which
is achieved by varying the monomer-to-macroinitiator ratio.
Halving the concentrations of 7a leads to a doubling of the
number-average molecular mass. To confirm the obtained results,
the procedure leading to 7b has been repeated (sample 7c) and the
corresponding data are depicted in Figure S3. The shift of the
chromatograms toward lower retention volume of the ABA block
copolymers compared with the macroinitiator hints at a successful
chain extension. The chromatogram of 7b does not reveal any low
molecular mass material, whereas the SEC chromatogram of 7a
exhibits a tailing in the lower molecular mass range as well as a small
shoulder. This may be due to incomplete chain extension of the
macroinitiator pS or other side reactions such as initiation of &-
caprolactone with water residues or transesterification during the
polymerization, which is typically observed at high catalyst content or
at high conversion.”® Clearly, further very detailed inves-
tigations are warranted and are provided below. Figure 1b
displays the chromatogram of the chain extended star OH
poly(styrene) to the possible star block copolymer 8. Again,
visual inspection suggests that nearly no hydroxyl star
poly(styrene) initiator remained in the sample.

After determining the molecular masses of the ABA (star)
block copolymers, a thorough investigation of the polymer
structure is carried out. SEC traces can only provide limited
evidence that a chain extension has occurred. For example, the
SEC analysis does not indicate which number of OH groups
attached to the poly(styrene) have initiated the ring-opening
polymerization. With SEC, a block copolymer, an ABA block
copolymer, and a 4-arm star block copolymer are not
distinguishable. For the further characterization effort 'H
NMR spectra were subsequently collected. Figure 2 depicts
the '"H NMR spectrum of the ABA block copolymer 7b. The
signals of the NMR spectrum correspond to the expected 'H
shifts of poly(styrene) and poly(e-caprolactone). The signals
a—c in Figure 2 can be assigned to the backbone of
poly(styrene), and the peaks d—h are associated with the
backbone of poly(e-caprolactone). The end group of the
polymer, —CH,OH, is labeled with h'. Assuming that an ABA
block copolymer is synthesized and thus two of the —CH,OH
end groups h’ exist—one on each side of the polymer chain—
the molecular masses of each block are calculated by integration
of the significant signals (c for pS, h for pCL, h’ as end group).
For the polymer 7b a poly(styrene) block of 3900 g mol™" is
deduced, and the two poly(e-caprolactone) blocks together
possess an M, of 22 000 g mol~". Alternatively, one may assume
that only one end group of the poly(styrene) initiated during
the ring-opening polymerization, resulting in a simple AB block
copolymer. Hence, the block copolymer would feature only one
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Figure 2. '"H NMR spectrum of the pCL-b-pS-b-pCL block copolymer
7b. The signals a—c correspond to the poly(styrene) block and the
signals d—h to the poly(e-caprolactone) block. The two end groups
are labeled with h'. The integration of the NMR signals, compared
with the SEC analysis, supports the formation of an ABA block
copolymer structure (for details see text).

—CH,OH end group h'. Integrating the significant peaks under
the “AB block copolymer” assumption, a poly(styrene) block
with a molecular mass of 1900 g mol™ and a poly(e-
caprolactone) block of 11000 g mol™ are obtained. These
results can subsequently be compared with the results of the
SEC traces (see Figure 1 and Table 4) where the poly(styrene)
block exhibits an average molecular mass of 3900 g mol™" and
the chain-extended system with an average molecular mass of
33000 g mol™" (with pS calibration). The molecular mass of
the poly(styrene) block under the hypothetical AB diblock
copolymer assumption reads M, PS"°* = 1900 g mol™’
(calculated via NMR signal integration) and does not
correspond to the SEC analysis (M,**“P® = 3900 g mol™");
in contrast, the calculated molecular mass of the poly(styrene)
block for the deduced targeted ABA block copolymer
(M,NMRES = 3900 g mol™!) matches perfectly with the SEC
analysis. Based on the above calculations, the NMR analysis
unambiguously supports an ABA block copolymer structure of
polymer 7b. Concerning the two poly(e-caprolactone) blocks,
it is very likely that the true molecular mass is more realistically
reflected by the integration of the NMR signals (M,NMFPC =
22000 g mol™") than by the M, values derived from the SEC
traces, since the obtained data of the SEC are calibrated with
linear poly(styrene) standards. The "H NMR spectra and the
associated molecular masses of the ABA (star) block
copolymers 7a and 8 are provided in Figures S4 and SS. The
derivation of the number-average molecular mass via the
integration of the signals in the NMR spectrum of sample 8 is
of particular interest. Here, the integration procedure of the
poly(styrene) backbone signal was based on the SEC deduced
molecular weight of the poly(styrene) macroinitiator, and
subsequently the end-group functionality h’ was evaluated via
the integration of the signal h'. The calculations reveal that not
all four poly(styrene) chains were extended by ring-opening
polymerization, yet the average value is close to 2.6 pCL end
groups, which signifies that ~65% of the pS OH end groups
were activated as macroinitiators for the chain extension. As a
possible reason the steric hindrance of the bulky star
macroinitiator can be suggested. Additionally, the potential
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four —OH functions of the poly(styrene) macroinitiator are
secondary alcohol termini. As soon as one chain is initiated by
ring-opening with pCL, a primary-OH end function is formed.
The primary-OH function of the pCL is more reactive to
reinitiate the ROP compared to the secondary-OH end group
of the poly(styrene) macroinitiator. In addition, it may be
possible that not all hydroperoxyl groups have been reduced
to hydroxyl moieties. Due to simplicity, sample 8 will still be
termed star block copolymer in further performed analysis. The
NMR spectral analysis of sample 7a reveals via an identical
calculation that the average value of pCL end groups is 2.1 (7b:
2.0). The only possible cause for the higher amount of end
groups in the formed ABA block copolymer than were present
in the macroinitiator is the presence of a small additional
poly(e-caprolactone), formed during the polymerization
process (see below for a detailed discussion).

For block copolymer analysis, "H NMR spectroscopy and
SEC analysis are not sufficient for obtaining information about
their exact chemical composition and topology. In addition,
evidence regarding the possible existence of homopolymer
content in the samples remains circumstantial. Thus, a more in-
depth analysis has been performed to obtain additional detailed
and accurate information about the ABA (star) block
copolymers. Two-dimensional chromatography (2D) is a
reliable method to identify the occurrence of side reactions.
To obtain a full 2D LCCC-SEC analysis, a range of preanalysis
experiments have to be performed. Most importantly, the
critical conditions of both block copolymer constituents have to
be either known or separately established. The critical
conditions for polystyrene are known from a previous study"’
and are thus applied first. A 88.4% (v/v) THF and 11.6% (v/v)
H,O eluent mixture was employed on a reversed phase system
(YMC-ODSA column). First, the macroinitiator poly(styrene)
samples with two (§) and more (6) end groups were measured
under the critical conditions of poly(styrene) and compared
with other poly(styrene) samples (i.e., pS standard, pS RAFT 3,
and pS-OH). The corresponding elugrams are displayed jointly
with the elugrams of a poly(styrene) standard, the initial RAFT
polymer 3, and a poly(styrene) with only one hydroxyl function
(pS-OH) at the chain end in Figure 3. The pS RAFT polymer 3
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Figure 3. Elugrams of poly(styrene)s with different end groups under
critical conditions of poly(styrene) (reversed phase column, 88.4%

THF/11.6% H,0). Depending on the amount of hydrophobic end
groups, the elugram is shifted toward higher retention times.
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contains two dithioacetate end groups. For the synthesis of pS
with one OH group the reader is referred to ref 11. The pS
standard sample was purchased from PSS Standard Service and
synthesized by anionic polymerization. The end groups of the
pS standard are consequently ‘butyl on one side and H on the
other end. Thus, it represents a polymer with hydrophobic end
groups. All polymer samples possess average molecular masses
in the range between 3000 and 9000 g mol .

Under critical conditions of pS, pS samples with different
molecular masses elute at the same time, yet the elution time
depends exclusively on the end group functionality. On a
reversed stationary phase the samples elute according to their
hydrophobicity.’® The retention time increases with the
amount of hydrophobic functions in the sample. The elugrams
in Figure 3 reveal that on such a reversed system the pS
samples with the hydrophobic end groups elute later than the
poly(styrene)s with hydrophilic end functionalities. Further-
more, it can clearly be observed that the polymer with the most
hydrophilic end groups (star pS-OH 6, i.e., the macroinitiator
for the formation of star block copolymers) elutes earlier than
the poly(styrene)s with two (OH-pS-OH) S or one OH group.

In the next step, the critical conditions of poly(styrene) were
applied to ABA (star) block copolymers. Figure 4 depicts the

—— 5 OH-pS-OH (M, = 3900 g mol ")
1.2 )
----- 7a pCL-b-pS-b-pCL (M, = 12500 g mol ‘)
|+ 70 pCL-b-pS-b-pCL (M, = 33000 g mol”!)

10— gstar pS-b-pCL (M, = 36000 g mol ") / ¥
o
$ 084
g
o
< 0.6
®
c
>
Q 0.4
]
[

0.24

0.0

T T T T T T
0 1 4

2
Retention time / min

Figure 4. LCCC elugrams of ABA (star) block copolymers under
critical conditions of poly(styrene) (88.4% THF, 11.6% H,0). The
elugrams reveal that the ABA (star) block copolymers elute in the SEC
mode depending on the size of the pCL blocks in each sample.

elugrams of the samples compared with the poly(styrene)
macroinitiator carrying two hydroxyl end groups. Inspection of
the ABA (star) block copolymers reveal that the star block
copolymer 8 with an M, of 36 000 g mol ™" elutes first while the
ABA block copolymer 7a with M, = 12 500 g mol ~* elutes last,
which indicates that the different block copolymers elute under
these conditions on a reversed phase system in the SEC mode.
Further inspection of Figure 4 reveals that all elugrams exhibit a
slight tailing. It is very likely that the tailing, which can be observed
in all elugrams, is due to column interactions. Nevertheless, the
tailing could also occur, for example, due to unreacted
macroinitiator poly(styrene) homopolymer in the samples, since
it is obvious that the tailing of the star 8 and triblock 7 copolymers
overlaps with the elugram of the poly(styrene) homopolymer.
Consequently, a method needs to be applied that detects the
quantity of potentially remaining homopolymer poly(styrene)
within the samples. For that reason two-dimensional LCCC-SEC
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measurements of the samples 3 and 8 under critical conditions
of poly(styrene) were recorded. The corresponding LCCC-
SEC chromatogram in combination with one-dimensional
elugrams of LCCC and SEC of the sample 7b is presented in
Figure S, while the LCCC-SEC diagrams of the other samples

pS w

Block copolymer

LCCC Elution volume | mL

SEC Elution volume / mL

Figure 5. 2D LCCC-SEC plot of the pCL-b-pS-b-pCL block
copolymer 7b. The LCCC and the SEC traces are attached to the
y-axis and the x-axis, respectively. The z-axis is given by the color
scheme in percentage.

are collected in Figures S6 and S7. On the x-axis the recorded
SEC elution volume and on the y-axis the LCCC elutions
volume is indicated. The evaporative light scattering detector
(ELSD) intensity in percentage (z-axis) is expressed by
different colors. The ABA block copolymer appears diagonal
in the 2D plot due to the fact that the sample elutes in the SEC
modus. The dotted line in the chromatogram represents the
HPLC elution volume of the poly(styrene) macroinitiator under
critical conditions of poly(styrene). Within the detection limits
of 2D LCCC-SEC chromatography, no residual macroinitiator
(poly(styrene) homopolymer) is observed. A similar conclusion
can be drawn from the inspection of the LCCC-SEC
chromatograms of 7a and 8, depicted in Figures S6 and S7.

As described above, the samples are chain extended via ring-
opening polymerization. It is commonly known that side
reactions can lead to pCL homopolymers in the block
copolymer sample.'” Taking this into account, it is indis-
pensable—Dbesides the identification of residual macroinitiator
poly(styrene)—to investigate the (potential) content of
poly(e-caprolactone) homopolymer in the ABA (star) block
copolymer samples.

An expedient method to separate pCL homopolymer from
the ABA (star) block copolymers is the identification of the
critical conditions of poly(&-caprolactone) on an HPLC system.
Critical conditions of pCL for the segaration of block
copolymers have been applied before.”” However, these
conditions were utilized for the block copolymers poly(n-
butyl acrylate)-b-poly(e-caprolactone) and poly(ethylene gly-
col)-b-poly(e-caprolactone) in which the connected block is
still less hydrophobic than the poly(styrene) block, and
consequently the required separation efficiency for poly-
(styrene)-b-poly(e-caprolactone) block copolymers is not
given. For the establishment of the CC of pCL, the elugrams
of poly(e-caprolactone) homopolymers with different molec-
ular masses were recorded (see Table 4). Employing a reversed
phase column (PLRP-S column), the solvent mixture of THF
and MeOH was varied until the poly(e-caprolactone) samples
elute at the same retention time. The corresponding elugrams
are depicted in Figure 6. A solvent composition of 30% (v/v)
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Figure 6. Elugrams of poly(é-caprolactone) samples with different
average molecular masses. The measurement was conducted under
critical conditions of pCL. Therefore, a PLRP-S column with an eluent
30/70% (v/v) THF/MeOH was employed.

THF and 70% (v/v) MeOH was finally identified, where the
retention times of the variable M, poly(e-caprolactone)
samples are identical (5.97 min), which indicates the
appropriate critical solvent composition is found.
Interestingly, under these conditions the ABA (star) block
copolymers are completely adsorbed onto the column. For a
preferably complete recovery of the samples, the critical
conditions of poly(e-caprolactone) were combined with a
solvent gradient (LCCC X GELC) to ensure that the block
copolymers are desorbed completely. To obtain information
regarding the effectiveness of the separation, poly(styrene)
homopolymer was measured via a LCCC—GELC system.
In Figure 7 the elugrams of pCL homopolymer (dotted line,

12 100
|=-=" poly(e-caprolactone) M, = 6100 g mol™ % of THF
I poly(styrene) M, = 8650 g mol”
' 80
3 a
(53 h
N 1
£ : I 60
2 : =
g E 3
I '
2 ; 5
1 40 S
2 ': ;
T a
L L
T T T T T T T T T 0
0 2 4 6 8 10 12 14 16 18 20
Retention time / min
Figure 7. Slight gradient near critical conditions of poly(e-

caprolactone) combined with a gradient as a tool to separate pCL
from pS homopolymers.

M, = 6100 g mol™', PDI = 1.1) and pS homopolymer (dashed
line, M,, = 8650 g mol™', PDI = 1.03) are displayed. On the left
y-axis the % (v/v) of THF is indicated. The full line represents
the THF content of the solvent mixture at a specific retention
time. The measurement commences with a solvent mixture of

dx.doi.org/10.1021/ma2022452 | Macromolecules 2012, 45, 87—99



Macromolecules

30% THF and 70% MeOH (CC of pCL) and concludes with
80% of THF and 20% of MeOH. The peak retention time of
the pCL homopolymer is according to the critical point of pCL
at around 6.0 min, whereas the poly(styrene) homopolymer
elutes after the solvent gradient at 17.5 min. Via such an
approach the two homopolymers pCL and pS are completely
separated.

The new hybrid LCCC X GELC method for separating
poly(e-caprolactone) and poly(styrene) was subsequently
applied to the ABA (star) block copolymers. Because of the
CC of pCL, the possible existence of the pCL homopolymer in
the block copolymer can now be detected, and a complete
desorption of the sample from the column is provided by the
subsequent solvent gradient. Initially, the elugram of the ABA
block copolymer 7a analyzed with the new CC-gradient system
is discussed (presented in Figure 8), as the elugram differs
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Figure 8. Gradient elution liquid chromatogram of the ABA block
copolymer 7a, conducted under critical conditions of pCL combined
with a gradient.

slightly from the samples 7b and 8; ie, 7b and 8 represent the
pure block copolymer structure. Two main signals can be
observed. At the elution time of 6 min the first signal is visible. It
corresponds to the time at which the pCL homopolymer elutes

under critical conditions of poly(e-caprolactone). The second
signal has its peak maximum at 14.7 min retention time.
Clearly—compared to Figure 7—the first signal corresponds to
the pCL homopolymer in the sample and the second signal
corresponds to the block copolymer. Additionally, the pCL
signal at 6 min retention time shows a shoulder at higher
retention times. This implies that two structures elute between
5.5 and 8 min retention time. Since the HPLC is performed on
a reversed phase system, it is very likely that the first part of the
signal possesses more hydrophilic end groups than the sub-
sequent shoulder.

In the range of around 17.5 min retention time, at which
poly(styrene) homopolymer elutes, no signal is observed. This
observation corresponds well with the 2D plot measured under
critical conditions of poly(styrene) (see Figure S) and confirms
that the macroinitiator poly(styrene) is completely consumed.

In principle, a separation of a block copolymer AB from the
homopolymer B may not be expected in a gradient system
when block B is the adsorbing unit. However, since the average
molecular mass of the macroinitiator pS is fixed at 3900 g mol™
and thus no smaller average molecular masses of poly(styrene)
were expected, the LCCC X GELC system can also be applied
for imaging potential residual poly(styrene) homopolymers, as
the differences of masses between homo- and copolymer are
sufficiently high. The GELC conditions were optimized
concerning sample solvent, injection volume, column temper-
ature, and polymer sample concentration, so that a “break-
through” effect”® of copolymer and homopolymer poly-
(styrene) can be excluded, as evidenced by FT-IR and
MALDI-TOF-MS measurements (see below). In addition, a
GELC chromatogram of an pS-b-pCL diblock copolymer is
depicted in Figure S8. For the synthesis and the character-
ization of the diblock copolymer the reader is referred to ref 11.
This specific AB block copolymer possesses a small amount of
macroinitiator poly(styrene) beside the block copolymer
structure. In the chromatogram in Figure S8 a small shoulder
is found at 17.5 min retention time besides the intense signal of
the block copolymer at 15.2 min retention time. Thus, the
chromatogram of the AB block copolymer is an excellent
example to prove that polystyrene can be separated block
copolymer via the LCCC—GELC system.

One possible option to identify the peaks in Figure 8 is to
collect fractions of the sample at specific time intervals and to
analyze these fractions via IR spectroscopy. Figure 9a displays
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Figure 9. (a) Fractionation of the sample 7a according to the GELC run for IR spectroscopic measurements; in (b) the IR spectra of each fraction are
presented. In the IR spectra of fractions 1 and 2 only the signals associated with the stretching vibration of poly(e-caprolactone) can be identified, whereas
in the spectra of fractions 3 and 4 the characteristic peaks for the stretching from the aromatic ring of poly(styrene) occurs in variable intensities.
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the elugram of the ABA block copolymer 7a including the
division of the elugram in four fractions. Fraction 1 was
collected between 5.5 and 5.8 min retention time, fraction 2
between 7.5 and 8.5 min, fraction 3 ranging from 11 to 12 min,
and fraction 4 between 14.2 and 15 min. The fractions were
selected in such a way that an overlap of two eluted structures is
avoided. In Figure 9b, the IR spectrum of each fraction is
displayed in the range of 500—3500 cm™". In all fractions the
strong C=0 stretching signal at 1724 cm™" appears due to the
pCL backbone ester groups.”” The IR spectra of fractions 3 and
4 additionally feature a signal at 700 cm™'. This signal
corresponds to the C—H stretching vibration of aromatic
structures and thus signifies the presence of poly(styrene).*
The presence of both signals in fractions 3 and 4—one
corresponding to the backbone pCL and one corresponding to
the repeat unit of poly(styrene)—proves the existence of block
copolymer in sample 7a. The signal strength of the C—H,,
stretching is more pronounced in fraction 4; in fraction 3 the
signal is rather weak, implying that the block copolymer part
with longer pCL block length elutes at lower retentions times
whereas the block copolymer with shorter pCL block length
elutes at higher retention times. No signal at 700 cm™" is visible
in fractions 1 and 2. Consequently, both fractions contain
exclusively poly(e-caprolactone). At first glance both fractions
(1 and 2) exhibit the same IR spectrum. A closer survey, however,
reveals that in fraction 1 an additional signal at 1558 cm™
appears which cannot be observed in fraction 2. Most likely the
signal at 1558 cm™' corresponds to a carboxylate stretching
vibration.*" A possible explanation is that the material in fraction
1 possesses carboxylate end groups, yet fraction 2 does not.

The IR spectra of the fractions confirm that different
functional groups (i.e, carbonyl, carboxylate, and aromatic
moieties) are present in the different fractions. However, IR
spectroscopy cannot identify the exact structure of the polymer,
eluting at a specific retention time.

For an unambiguous identification of the possible minor
components of sample 7a, the GELC system was coupled to
MALDI-TOF mass spectrometry by means of an electrospray
deposition device. A series of MALDI mass spectra recorded at
retention times between 5.5 and 8.0 min (see chromatogram,
Figure 8) are displayed in Figure 10. The peak-to-peak
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Figure 10. Series of MALDI-TOF mass spectra of sample 7a recorded
between 5.5 and 8.0 min of the GELC chromatogram (see Figure 8).

difference (i.e., mass of repeat unit) of all distributions was
m/z 114, which corresponds to pCL. In Figure 10a, a
distribution can be identified that is attributed to linear pCL
structures. Mass distributions that are characteristic for pCL
possessing OH/carboxyl end groups were found, which are
formed by water residue initiated &-CL (see Table S1). As
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shown in Figure S9, the measured isotope distribution of a
linear pCL matches well with the simulated isotopic pattern (in
addition see Table S1). A minor distribution is found in the
spectra, which correspond to masses where the catalyst TBD is
still attached to the linear chains. Figure 10b displays an
additional series of peaks shifted by —18 Da from the previous
peaks of the main distribution, which can be identified with
minor intensity. These peaks correspond to macrocycles (see
also overlay of theoretical and measured isotope pattern given
in Figure S10). The formation of cyclic structures can occur by
backbiting of the hydroxyl end group to an ester group within
the chain during the synthetic process.'” In Figure 10c, these
new series can be exclusively found. Its molecular mass
distribution increases from Figure 10b to 10d, ie, with
increasing retention times. This correlates well with the
assumed adsorption mode where small molecules elute first,
whereas higher masses are longer retained on the column.

As shown in the chromatogram of sample 7a (see Figure 8),
a second intensive peak between 10 and 17 min retention time
is observed. The MALDI-TOF mass spectra recorded in this
range are depicted in Figure 11a. Only relatively noisy spectra
with rather low resolution could be obtained due to
comparatively high average molecular masses of the copolymers
and the block copolymer structure itself. The repeat unit of
poly(styrene) is m/z 104, whereas pCL features a repeat unit of
m/z 114. As a consequence, mass peaks with distances of m/z
10 were found, as shown in detail in Figure 11b. Figure 11b also
reveals a successive shift of —10 Da of the measured peak
distributions with increasing retention time (shown by the red
lines). Such a shift can be readily explained by molecules having
one of the e-caprolactone units replaced by a styrene unit.
Combined with the IR spectroscopy results of fractions 3 and 4
(see Figure 9), the MALDI data confirm our previous
assumption that the amount of pCL units in the ABA block
copolymer decreases with increasing retention time.

Finally, the 2D GELC-SEC analysis under critical conditions
of pCL in combination with a gradient is performed. Figure 12
displays the obtained 2D plot. Because of the studies performed
with IR spectroscopy and MALDI-TOF mass spectrometry, the
spots in the 2D GELC-SEC plot can now be clearly identified.
The narrow spot with the high intensity is associated with linear
pCL homopolymer in the sample; the light and slight diagonal
spot is identified as macrocyclic pCL in the sample. The broad
and most intense spot is the ABA block copolymer. More
importantly, the 2D plot reveals the molecular masses of each
spot. Following the SEC elution volume, the block copolymer
possesses the highest molecular mass and the macrocycles the
lowest molecular mass.

As previously indicated, the chromatogram of the ABA block
copolymer 7b and the star block copolymer 8 under CC of
pCL combined with the solvent gradient is discussed separately
from sample 7a. Employing the new CC-gradient system, the
elugrams of the ABA (star) block copolymers 7b (dotted line)
and 8 (dashed line) are recorded (see Figure 13). The
maximum of the elugram is located at 14.0 min retention time
for sample 8 and 14.2 min retention time for sample 7b. Both
elugrams possess only a slight increase of the baseline at and
after the critical point of pCL, implying that the samples
contain only a very small amount of pCL homopolymer. A
reason for the high content of pCL homopolymer in sample 7a
compared to the samples 7b and 8 is most likely associated with
a higher ratio of catalyst in the reaction solution compared with
the macroinitiator content (see Table 3). Similar to sample
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Figure 11. MALDI-TOF spectra of fractions 1, 3, S, 7, and 9 of sample 7a in the range of 10—17 min of the GELC elugram; (a) shows the complete
detected distribution, whereas (b) is a zoom-in of the spectra in the range of m/z 3500—4500.
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Figure 12. 2D LCCC-GELC-SEC chromatogram of the pCL-b-pS-b-
pCL block copolymer 7a. The GELC is conducted under CC of pCL
combined with a solvent gradient (for details refer to the Experimental
Section). The chromatogram reveals the different molecular masses of
minor component linear and macrocyclic poly(e-caprolactone).
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Figure 13. ABA block copolymer 7b and star block copolymer 8
under the conditions presented in Figure 6. Clearly, the macro-
initiator poly(styrene)—OH is completely consumed which con-
forms to the chromatograms measured under CC of pS. Only a very
low amount of pCL homopolymer can be identified analyzing the
sample via a LCCC—GELC system starting from the critical
conditions of pCL (30/70% (v/v) THF/MeOH) and continuing
with a solvent gradient.

7a—in the range around 17.5 min retention time at which
poly(styrene) homopolymer elutes—no signals are observed in
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either one of the elugrams. Thus, samples 7b and 8 are
relatively pure block copolymer structures.

Subsequently, the 2D GELC-SEC analyses of the ABA (star)
block copolymers were performed. Figure 14 shows the 2D

............................................... Block copolymer ®

HPLC Elution volume / mL

SEC Elution volume | mL

Figure 14. 2D LCCC-GELC-SEC chromatogram of the pS-b-pCL star
block copolymer 8. A very small amount of pCL homopolymer is
detected.

GELC-SEC plot of the star block copolymer 8. The 2D plot of
7b is presented in Figure S11. The LCCC—GELC was carried
out under critical conditions of pCL (30/70% (v/v) THE/
MeOH) combined with the subsequent solvent gradient up to
80/20% (v/v) THF/MeOH. The GELC and the SEC elugrams
which correspond to the 2D plot are plotted along the vertical
and horizontal axis. Two spots are visible in the LCCC-SEC
chromatogram. The spot that elutes on the GELC at 3 mL
retention volume corresponds to the critical point of pCL.
Thus, this spot can be assigned to linear pCL homopolymer. In
the 2D plots of samples 7b and 8 no macrocyclic pCL can be
observed. The second spot at higher retention volume of the
GELC run corresponds to the block copolymer in the sample.
Following the SEC retention volume, the first spot of the
sample elutes later than the second spot. Thus, the pCL
homopolymer possesses a lower molecular mass than the star
block copolymer. The content of the pCL homopolymer in the
sample 8 cannot be evaluated with full quantitative certainty;
however, a semiquantitative statement can be made from the
height and the broadness of the spot. According to the z-axis,
which is illustrated by a color scheme, the intensity of the pCL
homopolymer spot is in the range of 10% height. The spot of
the block copolymer reaches 100% and is in comparison to the
first spot quite broad.
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Thus, ABA (star) block copolymers with only very low
amounts of impurities are synthesized via the newly introduced
switch from RAFT to ROP. It is tempting to quantify the
chromatographic data for all obtained polymers and to estimate
the purities of the generated structures The quantitative data
are based on an integration of the ELSD signals and should be
treated some care as the correlation between ELSD signals of
polymers of different structures is not necessarily strictly linear.
For example, the quantitative evaluation of 7b (by deconvolut-
ing the individual ELSD signals) indicates that it contains 94%
of block copolymer, 0.5% of linear pCL, 5.5% of macrocycles
pCL, and no homopolymer pS. Thus, it can be clearly seen that
the in-depth characterization approach detailed in the current
study is excellently applicable toward the characterization of pS-
b-pCL block copolymers in general. We recommend that the
characterization of such block copolymers—regardless via
which synthetic process they are produced—should involve
at the least the level of detail provided in the current study.

B CONCLUSIONS

In the current contribution the procedure of switching from
RAFT to ROP was successfully employed to synthesize ABA
(star) block copolymers. For this purpose the end groups of
2-arm linear and 4-arm star R-approach RAFT polymers were
modified and subsequently utilized as macroinitiators for ring-
opening polymerization under organocatalysis. The focus of
the present study is on the characterization of the obtained
materials by various analytical techniques, including two-dimen-
sional liquid chromatography. The separation of pCL homo-
polymer from the ABA (star) block copolymers was a particular
focus and accomplished by the introduction of a new hybrid
LCCC-GELC method—a system which combines the critical
conditions of pCL with a solvent gradient—allowing the first
time the separation of pCL from pS. The current contribution
thus demonstrates a new synthetic approach to ABA (star)
block copolymer and—most importantly—a viable and
powerful method for their complete characterization.
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ABSTRACT: A new stepwise iterative methodology was
developed for the synthesis of well-defined high-generation
and high-molecular-weight dendrimer-like star-branched poly-
(tert-butyl methacrylate)s (P'BMA)s and block copolymers
composed of PBMA and polystyrene (PS) segments. The
methodology involves the following two reaction steps in an
iterative process: (1) a linking reaction based on a 1:1 addition
reaction of an a-terminal-(3-tert-butyldimethylsilyloxymethyl-
phenyl (SMP)),-functionalized living polymer with a core
compound or a-terminal-(a-phenyl acrylate (PA)),-function-
alized polymers linked to the core and (2) a conversion of the
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5G Dendrimer-like star-branched P'BMA and 4G block copolymers

SMP group to the PA function, to be used as the next reaction site. Repetition of the two reaction steps, (1) and (2), allows for
the synthesis of high-generation and high-molecular-weight dendrimer-like star-branched polymers. In practice, a series of
dendrimer-like star-branched (P'BMA)s up to the fifth generation (SG) were successfully synthesized. The resulting polymers,
whose arm segments were four-branched at the core and two-branched at each layer, were all well-defined in branched
architecture and precisely controlled in chain length, and the final SG dendrimer-like star-branched P'BMA possessed a
predictable M, value of 1.07 X 107 g/mol and an extremely narrow molecular weight distribution of 1.03 in M,,/M, value. The
synthetic possibility of similar dendrimer-like star-branched polymers composed of functional polymer segments bearing acid-
labile and/or basic groups by the same methodology was also demonstrated. Furthermore, 4G dendritic architectural block
copolymers with hierarchic layer structures composed of PBMA (and poly(methacrylic acid)) and PS segments were

synthesized.

B INTRODUCTION

For a long time to elucidate how branching architecture influences
the properties and behavior of polymers has been a subject from
both theoretical and industrial viewpoints. Among various
branched polymers so far synthesized, dendrimer-like star-
branched polymers have emerged as a new class of hyperbranched
polymers synthesized since 1995." They resemble dendrimers in
branched architecture but are comprised of dendritically branched
high-molecular-weight polymer chains emanating from a central
core. Therefore, these polymers are much larger in molecular size
and much higher in molecular weight than dendrimers.
Dendrimer-like star-branched polymers are known as three-
dimensional nanosize globular macromolecules and have manifold
unique characteristics, i.e., specific topological hyperbranched and
hierarchic layer (or generation) based architectures composed of
branched repeating units, disparate branch densities between the
core and outermost layer, and many junctions and chain-ends
bearing many functional groups.”~® Furthermore, it is expected
that the polymers behave as independent separate entities in
solution as hyperbranched dendrigraft polymers do.'*"*

-4 ACS Publications  © 2011 American Chemical Society

Architecturally similar dendrimer-like star-branched block
copolymers consisting of different polymer segments intro-
duced at each layer have also been synthesized. As compared to
linear block copolymers, they are considered to be
unprecedented block copolymers having hierarchic layer-
based architectures. Because of their specific and unique
architectures, different polymer segments are expected to be
phase-separated at the molecular level, followed by self-
organizing, to form quite interesting and characteristically
shaped domains and supramolecular assemblies ordered in
nanoscale, which should be different from those formed by
linear block copolymers and even asymmetric star-branched
polymers."*™>* Thus, dendrimer-like star-branched polymers
and their block copolymers are promising functional materials
with many potential applications in the fields of nanoscience
and nanotechnology such as nanoreactors having catalysts and
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enzymes in their layers, multicompartment micelles, carriers of
drugs and genetic materials, shape-persistent electronic and
photonic nanodevices, etc.

Similar to dendrimer synthesis,** a stepwise iterative metho-
dology based on either a divergent or convergent approach
has been employed to synthesize dendrimer-like star-branched
polymers. However, the synthesis requires one more reaction
step for introducing polymer chains between junctions in each
layer. As such polymer chains, living polymers are usually used
in order to synthesize well-defined dendrimer-like star-branched
polymers.

Well-defined dendrimer-like star-branched polymers have so
far been synthesized by the following two methodologies: The
first methodology is based on a “core-first” divergent approach
which initiates growth at a multifunctional core and extends
outward by iterating the same or a similar process.'*~>%>%7%
The iterative process usually involves two reaction steps: (1)
living polymerization of a suitable monomer with a multifunc-
tional initiator in the first iterative process, followed by
continuing the same or different living polymerization with a
multifunctional initiation site newly prepared at each polymer
chain-end in the second or further iterative processes, and (2) a
chain-end modification reaction to convert the terminus to two
or more initiation sites for the next iteration. The two reaction
steps are repeated several times to build up high-generation
dendrimer-like star-branched polymers. Indeed, various den-
drimer-like star-branched polymers and their block copolymers
were synthesized first by Gnanou et al,”® and soon after by
Hedrick et al,* followed by Percec et al.*” Given the appropriate
choice of living polymerization and chain-end modification,
isolation of the polymer synthesized in each iterative process is
not necessary, and steric hindrance may be reduced as the
iteration proceeds. Therefore, this methodology may be suited for
large-scale preparation and high-generation and high-molecular-
weight polymer synthesis.

Although defined structures are suggested in most
dendrimer-like star-branched polymers so far synthesized by

the above methodology, there remains a significant problem in
terms of the uniformity of all polymer chains propagated from
the multi-initiation sites at each generation. It is actually
difficult to know whether the propagation reaction homoge-
neously proceeds or not at each iterative process. Moreover, it
is not possible to determine how many reaction sites work.
Therefore, a well-defined structure of polymers synthesized by
this methodology is not guaranteed, even by acceptable
agreement between the calculated and observed molecular
weights in the final product.

As a complementary alternative, a stepwise iterative method-
ology based on an “arm-first” convergent approach was
proposed by Hadjichristidis et al.*® In this methodology,
dendrons used as building units are prepared by repeating a
linking reaction between premade living polymers with known
molecular weights, followed by connecting them to a
multifunctional core to synthesize a dendrimer-like star-
branched polymer. Accordingly, this approach offers a distinct
advantage in that the resulting polymer structure is readily
estimated by comparing the molecular weight of the final
product with that of the dendron, and agreement between both
values gives a guarantee for the requisite structure if they are
within experimental error limits (+3%). In practice, second-
and third-generation (2G and 3G) polymers with well-defined
structures were synthesized by Hadjichristidis et al,***’
Hutchings et al,** and Monteiro et al.*****' Since sterically
bulky and high-molecular-weight dendrons are always used for
the final connecting reaction, this methodology is not
appropriate for the synthesis of high-generation and high-
molecular-weight polymers.

Recently, we have developed a new stepwise iterative
methodology based on an “arm-first” divergent approach havin
the advantages of the aforementioned two methodologies.”* >
As illustrated in Scheme 1, the methodology involves the follow-
ing two reaction steps in the iterative process: (1) a linking
reaction of an a-terminal-(3-tert-butyldimethylsilyloxymethyl-
phenyl (SMP)),-functionalized living anionic polymer with either

Scheme 1. Synthesis of Dendrimer-like Star-Branched PMMAs up to 7G
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a multifunctional core substituted with benzyl bromide (BnBr)
moieties or a-terminal-(BnBr),-functionalized polymers linked to
the core and (2) a transformation reaction of the SMP group to
the BnBr function to be used as the next reaction site. By
repeating the two reaction steps, dendrimer-like star-branched
polymers are progressively synthesized from the core in an
outward direction.

Accordingly, steric hindrance may be reduced as the iteration
proceeds, and there is no final connection step among sterically
bulky and high-molecular-weight dendrons. In order to
introduce polymer chains, a termination reaction using
premade living anionic polymers of known molecular weights,
ie, the “arm-first” procedure, is employed. Therefore, the
possibilities of insufficient initiation and heterogeneous
propagation reactions with multifunctional initiation sites
often observed in the “core-first” divergent approach are
completely avoided. Furthermore, the structure of the resulting
polymer is readily estimated by comparing the molecular
weight of the final polymer with the total molecular weight of
the premade living polymers used in all iterative processes, and
the requisite structure is essentially guaranteed by the
agreement between both values.

With the use of this methodology, a series of well-defined
dendrimer-like star-branched poly(methyl methacrylate)s
(PMMA)s up to the seventh generation (or layer) (7G) were
successfully synthesized. The final 7G polymer was a huge
macromolecule possessing a predictable M, value of 1.94 X
10° g/mol and a narrow molecular weight distribution of
M,/M, value of 1.02 and consisting of 508 PMMA with 512
reactive BnBr termini.>> Furthermore, highly branched dendrimer-
like star-branched (PMMA)s were also synthesized by developing
the same methodology using an a-terminal-(SMP) ,-functionalized
living PMMA as a new building block.**™*" Very recently, well-
defined dendrimer-like star-branched polystyrenes (PS)s up to SG
and their block copolymers composed of PMMA and PS
segments alternately located in layers have been synthesized by
a newly modified methodology.*®

To the best of our knowledge, the methodology based on the
“arm-first” divergent approach may be currently the most
reliable system for the synthesis of high-generation and high-
molecular-weight dendrimer-like star-branched polymers with
well-defined structures. Very unfortunately, however, the
number of living polymers usable in the methodology is quite
limited because the transformation reaction in step (2) requires
highly acidic conditions using (CH;);SiCl/LiBr or (CH,),SiBr,
under which a variety of polymers bearing either acid-labile
and/or basic groups cannot be used. Herein, we propose an
alternative and more general and versatile methodology using
the a-phenyl acrylate function as a new reaction site in order to
overcome such limitations and problems.

B EXPERIMENTAL SECTION

Measurements. Size exclusion chromatography (SEC) and right
angle laser light scattering (RALLS) were performed on an Ashahi
Techneion Viscotek Model 302 TDA with triple detector software.
The dn/dc values were automatically measured by this instrument.
They were also separately measured with an Ohotsuka Electronics
DMR-1020 refractometer operating at 633 nm in order to make sure
the values. THF was used as an eluent at a flow rate of 1.0 mL/min at
30 °C. Three polystyrene columns [pore size (bead size): 650 A
(9 um), 200 A (5 um), 75 A (S pum)] were used. Calibration curve was
made with standard PS samples for determining M, and M,/M,
values. 'H (300 MHz) and "*C (75 MHz) NMR spectra were
measured on a Bruker DPX300 in CDCl;. Chemical shifts were

102

recorded in ppm downfield relative to CDCl; (5 7.26 for '"H NMR and
5 77.1 for BC NMR). FT-IR spectra were recorded on a JASCO FT/
IR-4100 instrument using an attenuated total reflectance (ATR)
attachment.

General Procedure. The materials herein used are described in
the Supporting Information. In addition, monomer purification under
high-vacuum conditions and the synthesis of 1,1-bis(3-(1,3-dioxolan-2-yl)
phenyl)ethylene (3) and 1,1-bis(3-trimethylsilyloxymethylphenyl)-
ethylene (4) are also described in the Supporting Information. Except
for deprotection and the Mitsunobu reaction, all of polymerization and
linking reactions were carried out in sealed handmade glass reactors
equipped with break-seals under high-vacuum conditions (107 Torr).
The reactors were sealed off from the high-vacuum line and prewashed
with red 1,1-diphenylhexyllithium in heptane prior to the polymer-
ization and linking reactions. All operations were performed according
to the usual high-vacuum technique with break-seals.*

a-Terminal-(3-tert-butyldimethylsilyloxypropyl)-functionalized liv-
ing PS was prepared by the living anionic polymerization of styrene
with 3-tert-butyldimethylsilyloxy-1-propyllithium in tert-butylbenzene
in the presence of a 5-fold excess of TMEDA at 0 °C for 0.5 h and
25 °C for an additional 2 h.*” a-Terminal-(SMP),-functionalized living
P'BMA was prepared by the living anionic polymerization of ‘BMA
with the functional initiator from sec-BuLi and 1,1-bis(3-tert-
butyldimethylsilyloxymethylphenyl)ethylene (1) in the presence of a
S-fold excess of LiCl at —78 °C for S h. Similarly, a-terminal-(SMP),-
functionalized living PMMA, poly(2-(2-methoxyethoxy)ethyl meth-
acrylate), poly((2,2-dimethyl-1,3-dioxolan-4-yl)methyl methacrylate),
and poly(ferrocenylmethyl methacrylate) were prepared by the living
anionic polymerization of the corresponding methacrylate monomers
with the functional initiator from sec-BuLi and 1 in the presence of a
S-fold excess of LiCl at —78 °C for 1 h.

The conversion of a-terminal-(3-tert-butyldimethylsilyloxypropyl)-
functionalized PS to a-terminal-(SMP),-functionalized PS was carried
out according to the procedures previously reported.*® a-Terminal-
(SMP),-functionalized PS, PMMA, P'BMA, poly(2-(2-metho-
xyethoxy)ethyl methacrylate), poly((2,2-dimethyl-1,3-dioxolan-4-yl)-
methyl methacrylate), and poly(ferrocenylmethyl methacrylate) were
treated with (C,H,),NF (a 10-fold excess for SMP function) in THF
at 0 °C for 10 h to deprotect the tert-butyldimethylsilyl group. The
resulting polymers were purified by reprecipitation twice and freeze-dried
from their absolute benzene solutions twice. Two hydroxyl a-termini of
each polymer were reacted with a 20-fold excess of a-phenylacrylic acid,
Ph,P, and diisopropyl azodicarboxylate (DIAD) in THF at 25 °C for 15 h
to convert to two a-phenyl acrylate (PA) reaction sites. The conversion of
the SMP group to the PA reaction site in each polymer was observed by
"H NMR to be quantitative within experimental errors.

In the case of poly(2-tert-butyldimethylsilyloxyethyl methacrylate),
two trimethylsilyl-protected hydroxyl groups were introduced at the
a-chain-end by the polymerization of 2-tert-butyldimethylsilyloxyethyl
methacrylate with the functional initiator prepared from 4 and sec-BuLi
in THF at —78 °C for 1 h. The trimethylsilyl group was selectively
deprotected to regenerate the hydroxyl group only by pouring the
polymer into methanol. Finally, two hydroxyl a-termini were
converted to two PA reaction sites by the Mitsunobu reaction in the
same manner as that described above.

The linking reaction between a 1.5-fold excess of living PS end-
capped with DPE and a-terminal-(PA),-functionalized polymer was
carried out at —78 °C for 15 h. The linking reaction of each of living
poly(alkyl methacrylate)s with the corresponding a-terminal-(PA),-
functionalized polymer was performed at —40 °C for 24 h. In the case
using living P'BMA, the reaction conditions were those at —25 °C for
24 h. In these reactions except for the use of living PS, a 3-fold (or
more) excess of living polymer for the PA reaction site was used. The
reactions were all observed to be almost quantitative under such
conditions.

Synthesis of 1G and 2G Dendrimer-like Star-Branched
(P'BMA)s. A 1G P'BMA was synthesized by the living anionic
polymerization of ‘BMA with the functionalized initiator prepared
from 1 and sec-Buli, followed by reacting with 1,1,4,4-tetrakis(3-
bromomethylphenyl)butane (2). ‘BMA (38.9 mmol) in THF solution
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(282 mL) was polymerized at —78 °C for § h with the functionalized
initiator prepared from 1 (0.627 mmol) and sec-BuLi (0.509 mmol) in
THF (9.80 mL) at —78 °C for 0.5 h, followed by addition of LiCl
(2.55 mL) in THF (12.1 mL). Then, 2 (0.0589 mmol, 0.235 mmol for
BnBr moiety) in THF (5.50 mL) was added to the resulting living
P'BMA solution at —78 °C, and the reaction mixture was allowed to
stand in THF at —40 °C for 24 h. After quenching with degassed
methanol, the mixture was poured into a mixture of water and
methanol (1/4, v/v) to precipitate the polymers. The resulting
polymers were characterized by SEC to compare their peak areas. The
polymers dissolved in benzene (30 mL) were poured into methanol
(150 mL). Then a small amount of water was slowly dropped to the
solution at 25 °C until color of the solution was changed to opaque,
followed by cooling to 0 °C to precipitate the linked polymer (1.27 g,
85%). The deactivated living P'BMA used in excess in the reaction was
readily recovered from the supernatant solution. The linked polymer
was purified by reprecipitation twice from THF to a mixture of water
and methanol (1/4, v/v) and freeze-dried from its absolute benzene
solution twice to afford the 1G polymer, referred to as 1G-P‘'BMA-
SMPg (2.11 g, 81%). "H NMR: § 7.3—6.8 (m, aromatic), 4.69 and 4.64
(d, -C¢H,—CH,—0-), 2.3—1.6 (m, —CH,—C(CH,)—), 1.5-0.5 (m,
—CH,—C(CH;)— and —O—C(CHj;)3), 0.90 and 0.87 (d, —C(CH,;)5),
0.05 and 0.02 (d, Si(CH,),).

Under a nitrogen atmosphere, the 1G-P'BMA-SMP; (1.81 g,
0.290 mmol for SMP group) dissolved in THF (18 mL) was treated
with (C,H,),NF (2.9 mmol) in THF (2.9 mL) at 0 °C for 10 h, and
the reaction mixture was poured into a mixture of water and methanol
(1/4, v/v) to precipitate the polymer. A 1G-P'BMA-(OH); was
obtained in 95% yield. The conversion of hydroxyl group to PA
reaction site was carried out as follows: Under a nitrogen atmosphere,
a-phenylacrylic acid (5.20 mmol), PhyP (5.24 mmol), and DIAD (5.21
mmol) were added to the 1G-P'BMA-(OH); (1.65 g, 0.264 mmol for
hydroxyl group) in THF (40 mL) at 0 °C, and the reaction mixture
was allowed to stir at 25 °C for 16 h. After quenching with degassed
methanol, reprecipitation twice from THF to a mixture of water and
methanol (1/4, v/v) and freeze-drying from its absolute benzene solution
twice afford 1G-P'BMA-PA; in 82% yield. "H NMR of the deprotected
polymer: § 7.3—6.8 (m, aromatic), 4.61 (s, -C¢H,—CH,—OH), 2.3—1.6
(m, —CH,—C(CH,)-), 15-05 (m, —CH,—C(CH;)— and —O—
C(CH;);), 1G-P'BMA-PAg: § 7.3—6.8 (m, aromatic), 6.33, 6.27, 5.88,
5.85 (d, C=CH,), 523 and 5.16 (d, —-C¢H,—CH,—0-), 2.3—1.6 (m,
—CH,—C(CH;)-), 1.5-0.5 (m, —CH,—C(CH,;)— and —O—C(CH,),).

The 2G polymer was synthesized by the reaction of 1G-P'BMA-
PAg with a-terminal-(SMP),-functionalized living P'BMA in THF at
—25 °C for 24 h. The procedure is as follows: BMA (15.4 mmol) in
THF (11.5 mL) was polymerized with the functional initiator prepared
from 1 (0.230 mmol) and sec-BuLi (0.205 mmol) in the presence of
LiCl (1.05 mmol) in THF (10.5S mL) at —78 °C for S h. Then, the 1G-
P'BMA-PA; (0.0621 mmol for PA functionality) in THF (10.0 mL)
was added to the above living polymer solution at —78 °C, and the
reaction mixture was allowed to stand at —25 °C for 24 h. After
quenching with degassed methanol, the reaction mixture was poured
into a mixture of water and methanol (1/4, v/v) to precipitate the
polymers. The linked polymer was isolated by the fractionation
mentioned above; reprecipitation of the resulting polymer twice from
THEF to a mixture of water and methanol (1/4, v/v) and freeze-drying
from its absolute benzene solution twice afford 2G-P'BMA-SMP4 in
92% yield. '"H NMR: § 7.3—6.8 (m, aromatic), 4.69 and 4.64 (d,
—C¢H,~CH,—0-), 24-16 (m, —CH,—C(CH,)-), 1.5-0.5 (m,
—CH,—C(CH;)— and —O—C(CHj;)3), 0.90 and 0.87 (d, —C(CH,;)5),
0.06 and 0.02 (d, Si(CH,),).

Synthesis of 3G, 4G, and 5G Dendrimer-like Star-Branched
(P'BMA)s. 3G, 4G, and 5G polymers were synthesized by repeating
the same reaction sequence under the conditions similar to those
mentioned above. A 3.9-, $.4-, or 6.5-fold excess of a-terminal-(SMP),-
functionalized living P'BMA was used in the reaction with a-terminal-
(PA),-functionalized P'BMA for the synthesis of 3G-P'BMA-SMPs,,
4G-P'BMA-SMPg,, or SG-P'BMA-SMP,,,. The reactions were carried
out for longer reaction times of 30, 36, and 48 h. The target polymers
were isolated by the fractionation mentioned above and precipitated in
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a mixture of water and methanol (1/4, v/v). Yields of 3G, 4G, and 5G
polymers were around 90%. The 'H NMR spectra of all polymers are
as follows: 'H NMR, 2G-P'BMA-PA,¢: 6 7.3—6.8 (m, aromatic), 6.33,
627, 5.88, 5.85 (d, C=CH,), 522 and 5.16 (d, —C¢H,~CH,—0-),
24-1.6 (m, —CH,—C(CH,)—), 1.5-0.5 (m, —CH,—C(CH,)— and
—0-C(CH,;)3); 3G-P'BMA-SMPs,: § 7.3—6.8 (m, aromatic), 4.69
and 4.64 (d, —C¢H,—~CH,—0-), 2.4—1.6 (m, —CH,—C(CH,)-),
1.5-0.5 (m, —CH,—C(CH,)— and —O—C(CHS,)5), 0.90 and 0.87 (d,
—C(CH,),), 0.06 and 0.02 (d, Si(CH),); 3G-P'BMA-PA,,: § 7.3-6.8
(m, aromatic), 6.33, 6.27, 5.88, 5.86 (d, C=CH,), 5.23 and 5.17 (d,
—C¢H,~CH,—0-), 24-1.6 (m, —CH,—C(CH;)-), 1.5-0.5 (m,
—CH,—C(CH;)— and —O—C(CH,),); 4G-P'BMA-SMP,,: § 7.3—6.8
(m, aromatic), 4.69 and 4.64 (d, —C¢H,—CH,—0—), 2.4—1.6 (m,
—CH,—C(CH,)-), 1.5-0.5 (m, —CH,—C(CH,)— and —O—C(CH,),),
0.91 and 0.88 (d, —C(CHs;);), 0.06 and 0.02 (d, Si(CH,),); 4G-P'BMA-
PAgy: 5 7.3—6.8 (m, aromatic), 6.33, 6.27, 5.88, 5.85 (d, C=CH,), 5.22
and 5.16 (d, —C¢H,—CH,—0-), 24-1.6 (m, —CH,—C(CH,)-),
1.5-0.5 (m, —CH,—C(CH,;)— and —O—C(CHj)5); SG-P'BMA-SMP, 5:
5 7.3—6.8 (m, aromatic), 4.69 and 4.64 (d, —C;H,—CH,—0-), 2.4—1.6
(m, —CH,—C(CH;)-), 1.5-0.5 (m, —CH,—C(CH,;)— and —-O-—
C(CH,)5), 091 and 0.88 (d, —C(CH,);), 0.06 and 0.02 (d, Si(CH;),).

Synthesis of 4G Dendrimer-like Star-Branched Block
Copolymers, (P'BMA-b-(P‘BMA)Z-b-(PtBMA)‘{b-(PS)g)4 and (PS-
b-(PS),-b-(PS)4-b-(P'BMAg)),. (1) (P'BMA-b-(P'BMA),-b-P('BMA),-
b-(PS)g)s. A 3G-P'BMA-PA;, was synthesized by the above-
mentioned procedures. Under high-vacuum conditions, styrene (8.64
mmol) in tert-butylbenzene solution (4.50 mL) was polymerized with
3-tert-butyldimethylsilyloxy-1-propyllithium (0.0940 mmol) in heptane
solution (2.90 mL) in the presence of TMEDA (0.486 mmol) at 0 °C
for 0.5 h and at 25 °C for an additional 2 h. The living PS solution was
cooled to —78 °C, followed by addition of THF (9.70 mL), and DPE
(0.142 mmol) in THF solution (5.80 mL) was subsequently added to
end-cap the chain-end anion for 1 h. Then, the 3G-P'BMA-PA;,
(0.500 g, 0.0556 mmol for 32 PA reaction sites) dissolved in THF
(8.30 mL) was added to the resulting DPE-end-capped living PS
solution (M, .4 = 9910 g/mol, 0.0940 mmol) at —78 °C, and the
reaction mixture was allowed to react at —78 °C for 15 h. The
reaction mixture was poured into methanol to precipitate the
polymers. The 4G block polymer was isolated by fractional
precipitation using a mixture of cyclohexane and hexane at 5 °C,
purified by reprecipitation from THF to methanol, and freeze-drying
from its absolute benzene solution. The 4G block copolymer was
obtained in 81% yield. "H NMR: § 7.3—6.2 (m, aromatic), 4.72 and 4.66
(d, ~C(H,—CH,—0-), 34 (s, ~CH,—O—Si), 2.8—0.8 (m, —CH,—CH—,
—CH,—C(CH,)— and —O—C(CH,);), 0.84 (s, —C(CHj;),), 0.06 and
0.03 (d, Si(CH,;),).

(2) (PS-b~(PS),-b-(PS)4-b-(P'BMAg)),. A 3G-PS-(3-tert-butyldime-
thylsilyoxypropyl);, was prepared by the procedures similar to those
previously reported.®® The 16 (3-tert-butyldimethylsilyoxypropyl)
groups were converted to 32 PA reaction sites by the Mitsunobu
reaction under the identical conditions as mentioned above. The
a-terminal-(SMP),-functionalized living PBMA (M, .,;.s = 10 200 g/mol,
0.180 mmol) was prepared by the polymerization of BMA (12.7 mmol)
with the initiator prepared from 1 (0.234 mmol) and sec-BuLi (0.180 mmol)
in the presence of LiCl (0.918 mmol) in THF at —78 °C for S h and
reacted with the 3G-PS-PA;, (0.0400 mmol for 32 PA reaction sites)
in THF at =25 °C for 24 h. The 4G block copolymer was isolated in
90% yield only by precipitation in methanol. 'H NMR: § 7.3—6.2
(m, aromatic), 4.70 and 4.65 (d, —C¢H,—CH,—0O—), 2.8—0.8 (m,
—CH,—CH—, —CH,—C(CH,;)— and —O—C(CHj),), 0.91 and 0.88
(d, —C(CHs,);), 0.06 and 0.03 (d, Si(CH3),).

Synthesis of 4G Dendrimer-like Star-Branched Block
Copolymers Composed of Poly(methacrylic acid) (PMAA)
and PS Segments, (PMAA-b-(PMAA),-b-(PMAA),-b-(PS)g), and
(PS-b-(PS),-b-(PS);-b-(PMAA)g),. A 4G block copolymer, (PMAA-
b-(PMAA),-b-(PMAA) ,-b-(PS)s),, was prepared as follows: Under a
nitrogen atmosphere, the 4G block copolymer, (P'BMA-b-(P'BMA),-
b-(P'BMA),-b-(PS)s)s (0.120 g, 0.579 mmol for tert-butyl meth-
acrylate monomer unit), and LiBr (0.190 g, 2.19 mmol) were dissolved
in a mixed solvent of dry chloroform (10 mL) and dry acetonitrile (10 mL).
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Scheme 2. Linking Reaction of @-Terminal-(Formyl),-Functionalized P'BMA with Living P'BMA
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Then, (CHs,);SiCl (2.79 mmol) was added to the solution at 25 °C, and
the mixture was allowed to react at 40 °C for 24 h. After quenching with
methanol, the mixture was poured into methanol to precipitate the
polymer. It was carefully washed with methanol and THF and dried in
vacuo for 24 h (0.0870 g, 94% yield).

Another block copolymer, (PS-b-(PS),-b-(PS),-b-(PMAA)y),, was
prepared by treatment of the 4G block copolymer, (PS-b-(PS),-b-
(PS),-b-(P'BMA)g),, with a 1:1 mixture of (CH,),SiCl and LiBr,
according to the procedures similar to those mentioned above (92%
yield). Both hydrolyzed polymers were observed to be insoluble in
most organic solvents and 2 N NaOH aqueous solution.

B RESULTS AND DISCUSSION

In order to synthesize high-generation and high-molecular-
weight dendrimer-like star-branched polymers with well-
defined structures, it is essential that the two reaction steps
(1) and (2), as shown in Scheme 1, proceed with almost
quantitative efficiencies in each iterative process. In practice,
both steps satisfactorily worked at least seven times to result in
the successful synthesis of high-generation and high-molecular-
weight polymers. Very unfortunately, the number of polymer
segments usable in this methodology is quite limited due to the
transformation reaction in step (2), which requires highly acidic
conditions using Me;SiCl/LiBr or Me;SiBr. Under such
conditions, PS was stable and usable without difficulty.
PMMA was also stable, but only under the conditions using
Me;SiCl/LiBr, and was found to be partly hydrolyzed with
Me;SiBr.** On the other hand, polymer segments bearing acid-
labile and/or basic groups could not be used. For example, the
tert-butyl esters of poly(tert-butyl methacrylate) (P'BMA) were
readily cleaved to result in poly(methacrylic acid). Both the
silyl- and acetal-protected functionalities of poly(2-tert-
butyldimethylsilyloxyethyl methacrylate) and poly((2,2-dimeth-
yl-1,3-dioxolan-4-yl)methyl methacrylate) were completely
deprotected. The ferrocene moieties of poly(ferrocenylmethyl
methacrylate) were changed to ferrocenium cations. Further-
more, the transformation reaction was observed to insufficiently
proceed in the presence of poly(2-vinylpyridine). Thus, the
previously reported methodologies, effective for the synthesis of
dendrimer-like star-branched PMMA and PS, are not applicable
to the synthesis of dendrimer-like star-branched polymers
composed of polymer segments bearing acid-labile and/or basic
groups.

The SMP group could be transformed into a BnBr reaction
site by treatment with CBr, and Ph,P without cleavage of P'BMA.
However, the reaction yield was always at around 90% but was not
quantitative. Benzyl sulfonates, such as MeSO,—O—CH,C¢H,—
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and p-Me—C¢H,—SO,—O—CH,C¢H,— functions, are known to
readily react with anionic species. They could be quantitatively
introduced by deprotection of the SMP group with (C,H,),NF,
followed by treatment with either MeSO,Cl or p-Me—CH,—
SO,Cl in pyridine, while P'BMA remained unchanged under such
conditions. However, the reaction of either sulfonate with living
P'BMA was not quantitative. Thus, the reaction conditions using
CBr,, and Ph;P and the use of the MeSO,—O—C4H,— or p-Me-
C¢H,—S0O,—0—C4H,— function instead of the BnBr reaction site
are not appropriate for our purpose.

We also considered that a formylphenyl function could be
used as a new reaction site because of its high reactivity toward
anionic species. As illustrated in Scheme 2, two 3-formylphenyl
functions were readily introduced into the a-termini (the
initiating chain-end) of P'BMA by using 1,1-bis(3-(1,3-
dioxolan-2-yl)phenyl)ethylene, an acetal-protected DPE deriv-
ative, 3, in the polymerization, followed by deprotection under
very mild acidic conditions, where P'BMA was stable. Again,
unfortunately, the 3-formylphenyl reaction site was reacted with
living P'BMA only in a moderate yield which was far from
quantitative.41

a-Phenyl Acrylate as a New Reaction Site. As the next
candidate, the a-phenyl acrylate (PA) function, similar to MMA
in structure, was adopted with the expectation that the living
polymer of alkyl methacrylate would react with the PA reaction
site in a 1:1 addition manner and that further addition of the
PA function would be suppressed by a sterically bulky a-phenyl
substituent. For the introduction of the PA reaction site, BMA
was anionically polymerized with the initiator from 1 and sec-
BuLj, and the resulting polymer was subsequently treated with
(C4Hy),NF (deprotection) and then treated with a-phenyl-
acrylic acid, Ph;P, and DIAD (the so-called Mitsunobu
esterification reaction), as shown in Scheme 3. With these
treatments, two SMP a-termini were quantitatively converted to
two PA reaction sites, while P'BMA remained as it was.
Complete conversion was confirmed by the '"H NMR analysis
showing that three resonances assigned to benzyl methylene
protons (—C¢H,—CH,—O—Si=) (4.64, 469 ppm), tert-butyl
protons (0.87, 0.90 ppm), and silylmethyl protons (0.02, 0.05
ppm) of the SMP group had completely disappeared, while new
resonances corresponding to vinylene protons (CH,—=C(Ph)—)
(5.85, 5.88 and 6.30, 6.33 ppm) and benzyl methylene protons
(—C(=0)—0-CH,—C¢H,—) (5.16, 523 ppm) of the PA
moiety are observed. The SEC peak of the polymer obtained
after the reactions was almost the same in shape and elution
count as that of the original PPBMA.
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Scheme 3. Linking Reaction of @-Terminal-(PA),-Functionalized P'BMA with Either Living PMMA or P'BMA

7 H-0-siMe,But ‘BuMe,Si-0~ )

HOCH;\ /)

sec-BuLi 'BMA MeOH  (C4Hg)NF
— — O —» ———»
¢ )-0-siMe,Bu' ‘BuMe,Si-0~ ») HOCH54
1
N N0
E—

=8)0H ‘E 00CHAS )
—_—
Ph;P/ DIAD COOCHF4 9

-40 °C/12 h (PMMA)
25°C/24 h (P'BMA)

1:1 Addition Reaction

100 %

In order to examine the reactivity of the PA reaction sites
introduced at the a-termini of P'BMA, the a-terminal-(PA),-
functionalized P'BMA (M, = ca. 10 kg/mol) was reacted with a
6-fold excess (a 3-fold excess for each PA functionality) of
living PMMA (M, = ca. 10 kg/mol) under the conditions in
THFE at —40 °C for 24 h. The SEC profile of the reaction
mixture, as shown in Figure 1, exhibits only two peaks for the
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Figure 1. SEC profile of the reaction mixture of the linking reaction
between a-terminal-(PA),-functionalized P'BMA and living PMMA.

target linked product: a 3-arm star-branched polymer in this
case and the deactivated living PMMA used in excess in the
reaction. On the basis of the two peak areas, the linking
efficiency was estimated to be almost quantitative. The quantitative
reaction efficiency was also supported by the observation that no
peak for the intermediate polymer was present between the two
peaks. Furthermore, higher-molecular-weight polymers were not
produced at all, clearly demonstrating that the sterically bulky
a-phenyl substituent was effective in suppressing further addition
reaction.

The linking reaction was not fast under the conditions at
—40 °C. In practice, the intermediate 2-arm linked polymer was
mainly formed along with a small amount of 3-armed star
(15%) after 3 h. The reaction was observed to be complete
after 12 h. A 2-fold excess of living PMMA for the PA reaction
site was not enough to complete the reaction, and the reaction
yield was around 80% under the same conditions. The linking
reaction of the PA reaction site with living P'BMA (M, = ca.
10 kg/mol) appeared to be somewhat slow and was not complete
at —40 °C even after 12 h. However, the reaction was observed to
be complete under the conditions at =25 °C for 24 h. Thus, the
PA reaction site may be used as the reaction site instead of the
BnBr function for our synthetic purpose. We have also recently
demonstrated that the PA reaction site is effective to link the
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polymer chains in the synthesis of multiblock copolymers, triblock
terpolymers, and exact graft copolymers.*'~*

A less hindered a-methyl acrylate (methacrylate) could also
be introduced into P'BMA in a similar manner. The resulting
a-terminal-(methacrylate),-functionalized P'BMA was then re-
acted with living PMMA under the same conditions. In this
case, the expected 1:1 addition reaction, followed by an
unexpected intramolecular addition reaction, predominantly
occurred. Further addition of the methacrylate function was
also observed. Thus, the methacrylate function was not suitable
as a reaction site.

Synthesis of 1G—5G Dendrimer-like Star-Branched
(P'BMA)s. In order to examine the effectiveness of the PA
function as a reaction site in the methodology, the synthesis of
dendrimer-like star-branched (P'BMA)s, difficult to obtain by
our previous methodology, was carried out. A new method-
ology herein developed is basically similar in procedure to that
previously reported.” As illustrated in Scheme 4, it involves the
following two reaction steps (1)’ and (2)’ corresponding to
reaction steps (1) and (2), as illustrated in Scheme 1: (1)’ a
linking reaction based on a 1:1 addition reaction of an
a-terminal-(SMP),-functionalized living anionic polymer with
either a multifunctional core compound or a-terminal-(PA),-
functionalized polymers linked to the core and (2) a
conversion of the SMP group to the PA function, to be used
as the next reaction site. By repeating the two reaction steps, a
series of dendrimer-like star-branched polymers up to SG could
be progressively synthesized from the core in an outward
direction.

For the synthesis of a 1G polymer, we used the same core
compound substituted with four BnBr functions, as previously
used for the synthesis of dendrimer-like star-branched
PMMA.* At first, an a-terminal-(SMP),-functionalized living
P'BMA was prepared by the anionic polymerization of ‘BMA
with the functional initiator from 1 and sec-BuLi in THF at —78 °C
for S h and in situ reacted with the core compound at —40 °C for
24 h. A S-old excess of LiCl was added for sec-Buli prior to the
polymerization of ‘BMA in order to narrow the molecular weight
distribution. A 2.1-fold excess of living polymer for each BnBr
function was used. Throughout this study, living P'BMA was fixed
at around 10 kg/mol in molecular weight. The SEC profile of the
reaction mixture exhibited only two peaks for the linked product
and the deactivated living P'BMA used in excess in the reaction.
The linking efficiency was estimated to be almost quantitative by
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Scheme 4. Synthesis of Dendrimer-like-Star-Branched P'BMA (2G) by a New Methodology
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Table 1. Characterization Results of Dendrimer-like Star-Branched P'BMAs

M, X 107° (g/mol)

M,, X 107 (g/mol)

polymer calcd SEC” 'H NMR
1G 52.0 46.5 52.7
2G 137 101 137
3G 320 169 324
4G 573 272 578
5G 1110 344 1140

“Estimated by SEC using standard PS calibration curve.

RALLS? caled RALLS? M,/M,*
50.1 53.0 50.2 1.02
139 140 140 1.02
324 326 327 1.02
582 584 584 1.02
1080 1140 1100 1.03

’Determined by SEC-RALLS equipped with a triple detector.

comparing the two peak areas. The linked product was isolated in
85% vyield by fractional precipitation (benzene/methanol/water)
and characterized by SEC-RALLS. The molecular weight
determined by RALLS is in good agreement with that calculated,
as listed in Table 1. Thus, the 1G polymer was successfully
synthesized. It should be mentioned that the 1G polymer is a four-
armed star-branched polymer but not a dendrimer-like star-
branched polymer.

The 1G polymer was treated with (C,H,),NF (depro-
tection), followed by reacting it with a-phenylacrylic acid, PPh;,
and DIAD to introduce two PA reaction sites at the a-chain-
end. The resulting polymer was purified by reprecipitation
twice, freeze-dried from its absolute benzene solution, and
characterized by SEC and 'H NMR. The SEC peak of the
polymer obtained after the two reactions was observed to be
almost identical in shape and elution count to that of the
polymer before the reactions. Complete conversion to the PA
function was confirmed by '"H NMR analysis, showing that the
above-mentioned three resonances assigned to the SMP group
had completely disappeared, while new resonances correspond-
ing to the protons of the PA termini are observed. Thus, the
conversion of two SMP groups to two PA reaction sites at each
P'BMA a-chain-end (total, eight PA reaction sites) was
quantitative, while P'BMA remained unchanged under such
reaction conditions. The polymer thus prepared is abbreviated
as 1G-P'BMA-PA,.

With the use of 1G-P'BMA-PA; as a starting material, a 2G
polymer was synthesized by a linking reaction of the 1G-
P'BMA-PA; with a-terminal-(SMP),-functionalized living

106

P'BMA, prepared in advance. A 3.3-fold excess of the living
polymer for each PA function was used, and the reaction was
allowed to stand in THF at —25 °C for 24 h. As shown in
Figure 2, the SEC profile of the reaction mixture exhibits two
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Figure 2. SEC profiles of the reaction mixture (upper) and 2G
dendrimer-like star-branched P'BMA (lower).

distinct sharp monomodal peaks for the linked product and the
deactivated living P'BMA used in excess. The reaction efficiency
was estimated to be almost quantitative by comparing the two
peak areas. The linked polymer was isolated in 92% yield by the
fractional precipitation mentioned above.

The isolated polymer possessed a narrow monomodal
SEC distribution, the M, /M, value being 1.02 (see Figure 2).
The M, value (101 kg/mol) estimated by SEC was relatively
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Scheme S. Synthesis of Dendrimer-like Star-Branched P'BMAs up to 5G
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lower than that calculated (137 kg/mol), as expected from its
hyperbranched architecture. On the other hand, both of the
M, values (137 and 139 kg/mol) determined by 'H NMR
(end-group analysis) and RALLS agree well with the calculated
values (also see Table 1). Thus, a well-defined 2G polymer with
the expected structures was synthesized. As can be seen in
Scheme 4, the 2G polymer possesses a dendrimer-like star-
branched architecture, in which four-arm segments are
branched at the core and two segments are branched at each
branch point in the second layer.

The 2G polymer was treated with (C4H,),NF, followed by
reaction with a-phenylacrylic acid under identical conditions.
The conversion of 16 SMP a-termini to 16 PA reaction sites
was observed by "H NMR to be quantitative within analytical
error limits. The resulting polymer is referred to as 2G-P'BMA-
PA4. By using this 2G polymer as the starting polymer, the
same reaction sequence involving the conversion to the PA
reaction site and linking reactions was repeated three more
times to synthesize 3G, 4G, and SG polymers, as illustrated in
Scheme 5. A 3.9-fold excess, a 5.4-fold excess, or a 6.5-fold
excess of a-terminal-(SMP),-functionalized living P'BMA for
each PA functionality was respectively used in the linking
reaction with 2G-P'BMA-PA;, 3G-P'BMA-PA;, or 4G-
P'BMA-PA, for longer reaction times to 48 h. Under such
conditions, all linking reactions efficiently proceeded to afford
3G, 4G, and SG polymers in ca. 100% yield.

All of the polymers were isolated in ca. 90% vyields by
fractional precipitation and characterized by 'H NMR and
SEC-RALLS. As is shown in Table 1, these polymers possess
predictable molecular weights in accordance with calculated
values and narrow molecular weight distributions. Thus, the
iterative process up to the synthetic stage of 5G polymer works
very satisfactorily, and therefore, the choice of the two reaction
steps (1)" and (2)' is appropriate. Figure 3 shows SEC profiles
of a series of dendrimer-like star-branched (P'BMA)s from 1G
to SG. In the previous methodology of using the BnBr reaction
site, the iterative process also worked effectively and could be
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Figure 3. SEC profiles of 1G—5G dendrimer-like star-branched
P'BMAs.

. 33 . .
done even seven times.”> However, undesirable coupling

dimers (~10%) were often by-produced in the synthetic stages
of higher generation (4—7 G) polymers and were extremely
difficult to remove from the target polymers, leading to a
significant reduction of the isolated polymer yield in each stage.
In contrast, the linking reaction, based on a 1:1 addition reaction
of living P'BMA with the PA reaction site, proceeded cleanly or
along with very small amounts of dimer formation (<3%), even at
the synthetic stages of higher-generation polymers (see Figure 3).
The superiority of the PA reaction site over the BnBr one in the
linking reaction is an additional advantage.

By using the newly proposed methodology using the PA
reaction site, a well-defined high-generation (5G) and high-
molecular-weight (>107 g/mol) dendrimer-like star-branched
P'BMA was successfully synthesized for the first time. Since the
final SG polymer still has 128 SMP groups convertible to PA
reaction sites if the reaction quantitatively proceeds, 6G and
higher-generation polymers can be synthesized by repeating the

same reaction sequence. As described later, the resulting
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Table 2. Characterization Results

M, X 107> (g/mol)

of Dendrimer-like Star-Branched PMMAs

M,, X 107 (g/mol)

polymer calcd SEC* 'H NMR
1G 45.8 43.0 44.7
2G 128 96.3 126
3G 281 169 288
4G 618 229 622
5G 1200 272 1210

RALLS? caled RALLS? M, /M,
46.2 472 47.6 1.03
127 131 130 1.02
282 289 290 1.03
613 637 631 1.03
1210 1240 1260 1.04

“Estimated by SEC using standard PS calibration curve. ’Determined by SEC-RALLS equipped with a triple detector.

Scheme 6. Linking Reactions of @-Terminal-(PA),-Functionalized Poly(alkyl methacrylate with functional groups)s with Their

Living Polymers
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1:1 Addition Reaction
100 %

polymer is expected to convert to a new water-soluble well-
defined dendrimer-like star-branched polymer composed of
poly(methacrylic acid) segments by hydrolyzing P'BMA chains.

Synthesis of 1G—5G Dendrimer-like Star-Branched
(PMMA)s. In order to examine the generality of the newly
developed methodology using the PA reaction site, the synthesis
of a series of dendrimer-like star-branched (PMMA)s up to SG
was carried out under conditions similar to those mentioned
above. A 3-fold excess of living PMMA was used in each linking
reaction at the synthetic stages of 2G and 3G polymers in THF
at —40 °C for 20 h. Different from the linking reaction with
living P'BMA, the reaction temperature of —25 °C was not
appropriate and the yield was around 70%, possibly due to the
instability of living PMMA at —25 °C. For the synthesis of 4 and
5G polymers, a 5.0-fold excess or an 8.0-fold excess of living
PMMA was used. Each iterative process was observed to be
almost quantitative in yield by comparing the SEC peak areas
before and after the reactions. No intermediate polymer between
the target polymer and deactivated living PMMA used in excess
was produced in any synthetic stage. The target polymers were
isolated in ca. 90% yields only by precipitation in methanol.*
The results are summarized in Table 2. The resulting polymers
all possessed narrow molecular weight distributions and
molecular weights in agreement with the calculated values within
experimental error limits. Thus, the PA reaction site may
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effectively work in each linking reaction with living PMMA,
resulting in the successful synthesis of a series of well-defined
dendrimer-like star-branched (PMMA)s up to SG and probably
higher generations.

Synthetic Possibility of Dendrimer-like Star-Branched
Polymers Composed of Functional Polymer Segments
Bearing Acid-Labile and/or Basic Groups. Similar to the
case of P'BMA, the PA reaction site could be introduced into
a-chain-ends of various functional polymers bearing acid-labile
and/or basic groups in side chains, as shown in Scheme 6. At
first, 2-(2-methoxyethoxy)ethyl methacrylate, (2,2-dimethyl-
1,3-dioxolan-4-yl)methyl methacrylate, ferrocenylmethyl meth-
acrylate, or 2-vinylpyridine was polymerized with the initiator
prepared from 1 and sec-BuLi in the presence of a 5-fold excess
of LiCl in THF at —78 °C for 1 h. The resulting polymers were
all treated with (C,H,),NF (deprotection) and subsequently
with a-phenylacrylic acid under the conditions of the Mitsunobu
reaction in the same manner as described above. The conversion
of the SMP group to the PA reaction site is always ca. 100% for
each polymer, while the ether, acetal, ferrocene, or pyridine
moiety in the side chain is stable during the above treatment.

The same procedure cannot be employed for the introduction
of the PA function into poly(2-tert-butyldimethylsilyloxyethyl
methacrylate) because the tert-butyldimethylsilyl protecting
groups in the polymer side chain are also removed during the
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Scheme 7. Preparation of a-Terminal-(PA),-Functionalized Poly(2-tert-butyldimethylsilyloxyethyl methacrylate)
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deprotection step of the SMP a-termini. Therefore, trimethyl-
silyl-protected DPE, 4, is used instead of 1 in the polymerization,
as illustrated in Scheme 7. Two trimethylsilyl groups at the a-
chain-end were readily and selectively deprotected by pouring
the polymerization mixture in methanol, while the tert-
butyldimethylsilyl-protected functionality in the side chain
remained intact. The PA reaction site could be introduced via
the regenerated hydroxyl group by the Mitsunobu reaction with
a-phenylacrylic acid. Thus, a-terminal-(PA),-functionalized poly-
(2-tert-butyldimethylsilyloxyethyl methacrylate) was successfully
prepared.

In order to examine the efficiency of the linking reaction,
each living polymer was prepared and in situ reacted with the
above corresponding a-terminal-(PA),-functionalized polymer.
Both living and chain-end-functionalized polymers were fixed
to be around 10 kg/mol in M, value. A 3-fold excess of each
living polymer was in situ used in the reaction at —40 °C for 24 h.
Under such conditions, the reaction was always complete. With
the use of living poly(2-vinylpyridine), a 1.5-fold excess of living
polymer for the PA reaction site was enough to complete the
reaction at —78 °C for 15 h.

These results—the quantitative introduction of PA reaction
sites and the 1:1 addition reaction to link the polymer chains—
strongly indicate that the above functional polymers are usable
in the present methodology involving the two reaction steps,
(1)" and (2)". Accordingly, it may be possible to synthesize new
dendrimer-like star-branched polymers composed of the above
functional polymers bearing acid-labile and/or basic groups.
The synthesis of a variety of such functional dendrimer-like
star-branched polymers is now in progress.

Synthesis of 4G Dendrimer-like Star-Branched Block
Copolymers Composed of P'BMA and PS Segments. In
order to further extend the synthetic possibility of the present
methodology herein developed, the synthesis of new block
copolymers composed of P'BMA and PS segments was
performed by combining the present methodology with the
modified methodology effective for the synthesis of dendrimer-
like star-branched (PS)s.*” Two 4G dendrimer-like star-
branched block copolymers composed of P'BMA and PS
segments were synthesized. The first block copolymer
possesses P'BMA segments introduced into the 1G, 2G, and
3G layers and PS segment in the 4G layer, while the other one
is a 4G dendrimer-like star-branched block copolymer with an
opposite sequence where PS segments are introduced into the
1G, 2G, and 3G layers and P'BMA segments are in the 4G
layer. Their structures are shown in Figure 4.
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(P'BMA-(P'BMA),-(P'BMA) -(PS)g), (PS-(PS),-(PS),-(P'BMA)g),

Figure 4. Two 4G Dendrimer-like star-branched block copolymers
composed of P'BMA and PS segments.

For the synthesis of the first block copolymer, 3G-P'BMA-
PA;, was synthesized in the same manner as mentioned above
and then reacted with a 1.7-fold excess of a-terminal-(3-tert-
butyldimethylsilyloxypropyl)-functionalized living PS end-capped
with DPE at —78 °C for 15 h. The SEC profile of the reaction
mixture showed only two peaks for the linked product and the
deactivated living PS used in excess in the reaction. The reaction
efficiency was estimated to be ca. 100% by comparing the two peak
areas. Thus, the PA reaction site is also capable of undergoing a 1:1
addition reaction to connect the P'BMA chain with two PS chains.
The target linked polymer was isolated in 81% yield by fractional
precipitation using a mixture of cyclohexane and hexane and
characterized by '"H NMR and SEC-RALLS, respectively. The
results are summarized in Table 3. The resulting polymer possessed
a narrow monomodal SEC distribution and predictable molecular
weight and composition, in agreement with the calculated values.
The successful synthesis of the expected 4G block copolymer is thus
apparent.

For the synthesis of the other block copolymer, a 3G
dendrimer-like star-branched PS was prepared by our previous
procedure,®® and the 16 3-tert-butyldimethylsilyloxypropyl a-
termini were converted to 32 PA reaction sites, as shown in
Scheme 8. The 3-tert-butyldimethylsilyloxypropyl group was
deprotected with (C,H,),NF, followed by treatment with CBr,
and Ph;P, and converted to a 3-bromopropyl group. Then, the
resulting 3-bromopropyl group was in situ reacted with the
functionalized DPE anion prepared from 1 and sec-Buli to
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Table 3. Characterization Results of Two 4G Dendrimer-like Star-Branched Block Copolymers Composed of P'BMA and PS

Segments
M, X 107° (g/mol) M,, X 107> (g/mol)
polymer type caled 'H NMR RALLS® calcd RALLS® M, /M,*?
(A-A,-A,Byg)° 669 704 692 689 696 1.03
(B—B,-B;-Ag),” 818 825 832 851 888 1.04

“Estimated by SECd using standard PS calibration curve.
(P'BMA),-(PS)g)s. “(PS-(PS),-(PS),-(PBMA)g),.

*Determined by SEC-RALLS equipped with a triple detector. “(P‘BMA-(P'BMA),-

Scheme 8. Synthesis of 3G-PS-PA;,
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introduce to two SMP groups. Finally, the SMP group was
converted to the PA reaction site in the same manner as that
described above. The 3G-PS-PA;, thus prepared was reacted
with a 4.5-fold excess of living P'BMA in THF at —25 °C for
24 h. The successful synthesis of the 4G dendrimer-like star-
branched block copolymer having PS (1G, 2G, and 3G) and
P'BMA segments (4G) was confirmed by the characterization
results of "H NMR and SEC-RALLS, respectively, as listed in
Table 3. The successful synthesis of the two block copolymers
clearly indicates that P'BMA as well as PS segments can be
introduced into essentially any layer in dendrimer-like star-
branched block copolymers composed of P'BMA and PS
segments.

Our synthetic interest was also to prepare amphiphilic block
copolymers with dendrimer-like star-branched architectures,
from which unimolecular micelles, different in inside and outside
environments, could be produced. Two block copolymers were
synthesized for this purpose. They were treated with
(CH,),SiCl/LiBr to selectively hydrolyze the P'BMA segments
into poly(methacrylic acid) (PMAA) segments without any
influence of the PS segments. We monitored the reaction
progress by FT-IR and found that selective hydrolysis
completely occurred. Prior to the treatment, these two block
copolymers were soluble in hexane, benzene, acetone, THF,
and chloroform but insoluble in methanol and water. The
hydrolyzed block copolymers became insoluble in all of the
above organic solvents. The first polymer sample, referred to as
(PMAA-b-(PMAA),-b-(PMAA),-b-(PS)g)4, composed of
PMAA segments at the core and in the 2G and 3G layers
and PS segments in the outermost layer, became swollen only
in THF, while the second sample of (PS-b-(PS),-b-(PS),-b-
(PMAA)y),, composed of PS segments located in the inside
layers and PMAA segments in the outermost layer, became
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swollen only in methanol. Neither sample was soluble nor
swollen in a 2 N NaOH solution. Thus, unfortunately, soluble
amphiphilic polymers were not obtained. More carefully setting
the reaction conditions and post-treatment of hydrolyzed
polymers may be needed.

B CONCLUSIONS

We have developed a new stepwise iterative methodology using
the PA reaction site instead of the BnBr function in order to
synthesize well-defined high-generation and high-molecular-
weight dendrimer-like star-branched polymers composed of
polymer segments bearing acid-labile and/or basic groups. With
the use of this methodology, a series of dendrimer-like star-
branched (P'BMA)s up to SG, synthetically difficult to obtain
by the previous methodology using the BnBr reaction site, have
been successfully synthesized. These polymers, four-branched
at the core and two-branched at each layer, were well-defined in
architecture and precisely controlled in chain length, and the
final SG polymer was 1.07 X 10” g/mol in M, value and 1.03 in
M,/M,.

We have also demonstrated the synthetic possibility of new
functional dendrimer-like star-branched polymers composed of
water-soluble poly(2-(2-methoxyethoxy)ethyl methacrylate)
having an LCST, poly(2-tert-butyldimethylsilyloxyethyl meth-
acrylate) convertible to hydrophilic poly(2-hydroxyethyl
methacrylate), poly((2,2-dimethyl-1,3-dioxolan-4-yl)methyl
methacrylate) convertible to water-soluble poly(2,3-dihydrox-
ypropyl methacrylate), poly(ferrocenylmethyl methacrylate),
and poly(2-vinylpyridine) segments. The synthesis of such
dendrimer-like star-branched polymers is now in progress.

Finally, two 4G dendrimer-like star-branched block copoly-
mers composed of PPBMA and PS segments were synthesized
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by combining the present methodology with the modified
methodology previously reported. These block copolymers
could be converted to novel amphiphilic block copolymers by
the selective hydrolysis of P'BMA to PMAA. Unfortunately, the
resulting hydrolyzed block copolymers were insoluble in most
organic solvents and in a 2 N NaOH aqueous solution.

B ASSOCIATED CONTENT

© Supporting Information

Text giving materials, purification of monomers under high
vacuum, synthesis of 3 and 4, synthesis of 1G—5G dendrimer-
like star-branched (PMMA)s, synthesis of a-terminal-(PA),-
functionalized poly(2-(2-methoxyethoxy)ethyl methacrylate),
poly((2,2-dimethyl-1,3-dioxolan-4-yl)methyl methacrylate),
poly(ferrocenylmethyl methacrylate), poly(2-vinylpyridine),
and poly(2-tert-butyldimethylsilyloxyethyl methacrylate), and
linking reaction of a-terminal-(PA),-functionalized polymer
with living anionic polymer. This material is available free of
charge via the Internet at http://pubs.acs.org.
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ABSTRACT: A design concept of “side chain isolation” was
proposed for developing new polythiophene derivatives with
conjugated side chain (CSC-PTs), and PTSTPA with styryl—
triphenylamine (TPA) side chain and unsubstituted tetrathienyl
spacer was designed and synthesized. Compared to previously
reported CSC-PTs, side chain isolated PTSTPA showed red—
shifted and enhanced 7—z* transition absorption of the polymer
backbone along with the shoulder peak and steep absorption edge,
indicating improved planarity of the backbone. In addition, the
unsubstituted thiophene spacer along the polymer backbone of the
side chain isolated PTSTPA results in a lower HOMO energy level
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of the polymer at —5.1 eV. The polymer solar cell based on PTSTPA as donor and indene—Cg, bisadduct as acceptor displayed a
power conversion efficiency of 3.6% with a high open circuit voltage of 0.94 V, under the illumination of AM1.5G, 100 mW/cm?.
The results indicate that the side chain isolated CSC-PTs could open a new way for developing high performance photovoltaic

polymers.

1. INTRODUCTION

Bulk heterojunction (BHJ) polymer solar cells (PSCs) based
on p-type conjugated polymers as donor"” and n-type
fullerene®* as acceptor have been intensively studied in recent
years for the generation of affordable, clean, and renewable
energy.” Advantages of the BHJ PSCs include low-cost
fabrication of large-area devices, light weight, mechanical
flexibility, and easy tunability of chemical properties of the
photovoltaic materials.®

Poly(thiophene) derivatives (PTs) have been among the
most extensively investigated conjugated polymers due to their
high charge carrier mobility, strong absorption in visible region
and synthetic accessibility.” "> Soluble poly(3-alkylthiophene)s,
especially regioregular poly(3-hexylthiophene) (P3HT), are the
most important semiconducting polymers for the application in
PSCs.”~"* However, the power conversion efficiency (PCE) of
the PSCs based on P3HT as donor and PCBM as acceptor is
limited at 4—5%,">'* because of its larger band gap and its high
HOMO (the highest occupied molecular orbital) energy level,
which result in limited light absorption and a low open circuit
voltage (V) of the PSCs. In addition, the high regioregularity-
induced crystallization may be an issue of thermal instability of
the blend of P3HT and fullerene acceptors.

For broadening the absorption of the PTs, the polythiophene
derivatives with conjugated side chain (CSC-PTs, where CSC
represents “conjugated side chain”) were designed and
synthesized in our group.'*”'” The CSC-PTs possess 2-D
charge transport properties thanks to the 2-D-conjugated
character of the polymer structure, and broad absorptions

-4 ACS Publications  © 2011 American Chemical Society
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deriving from both the main chains and conjugated side chains;
thus, this family of CSC-PTs demonstrated good device
performances in PSCs'>* and organic field-effect transistors
(OFETs).' However, due to steric hindrance of the large
conjugated side chain with other alkyl side chains on the
polymer main chain, the CSC-PTs showed poorer planarity,
which is detrimental for the close packing of polymer chains in
the solid state, as clearly evidenced for the featureless
absorption along with the low absorption intensity of 7—n*
absorption."> ™7 As a result, this structural limitation constrains
their application in organic electronics and the highest PCE
value of the CSC-PTs reported so far was 3.18%.">* To further
improve the optical properties, creating the CSC-PTs without
scarifying the planarity/conjugation of the thiophene backbone
is very desirable. Fulfilling this goal presents serious challenges
in chemistry.

To address this issue, here we proposed the “side chain
isolation” concept in designing the new CSC-PTs. We selected
styryl—triphenylamine (TPA) as the conjugated side chain in
considering the high hole mobility and good solubility of the
TPA unit, and we used a tetrathiophene unit without side
chains as the spacer between the thiophene units with the
conjugated side chains for avoiding the steric hindrance of the
side chains. In addition, two 2-ethylhexyloxyl groups were
directly attached at the terminal of the TPA side chains to
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Figure 1. Optimized geometry of PTSTPA: (a) top view and (b) side view.

Scheme 1. Synthesis Route of PTSTPA
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Figure 2. (a) Absorption spectra of PTSTPA in film and in dichlorobenzene solution (at room temperature and high temperature of 85 °C) and the
absorption spectrum of PT2TPA film for comparison. (b) PL spectra of PTSTPA in film and dichlorobenzene solution, excited at 430 nm.

ensure good solubility. According to the molecular mechanics orientated in the head-to-tail fashions are 20 A apart. Thus, this
simulation (performed with COMPASS force field within the side chain isolation approach combines the thiophene units
Materials Studio Package'®) as shown in Figure 1, the side- bearing conjugated side chain and the unsubstituted
chains of PTSTPA oriented in the tail-to-tail direction are tetrathienyl spacers to reduce the steric interactions between
spaced approximately 13 A apart while those side chains the neighbor side chains, which lessens the torsion of the main
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chains (see Figure 1b). This CSC-PT of PTSTPA demon-
strated red-shifted and enhanced 7z—7* transition absorption of
the polymer backbone along with the shoulder peak and steep
absorption edge, indicating some ordered aggregation of the
polymer backbone. In addition, the polymer shows a lower
HOMO energy level at —5.1 eV. The PSC based on PTSTPA
as donor and indene—Cg, bisadduct (IC4BA)* as acceptor
displayed a PCE of 3.6% with a high open circuit voltage of
0.94 V, under the illumination of AM1.5G, 100 mW/cm”.

2. RESULTS AND DISCUSSION

Polymer Synthesis and Characterizations. Chemical
structure and synthetic route of PTSTPA with TPA—vinylene
conjugated side chain are depicted in Schemes 1. Bromination
of compound 1 with N-bromosuccinimide (NBS), performed
initially in chloroform at room temperature, and subsequently
in anhydrous carbon tetrachloride with benzoyl peroxide
(BPO) as catalyst, yielded product 3 with bromomethyl
functionality. A Michaelis—Arbuzov reaction'® was performed
between compound 3 with triethyl phosphate afford
phosphonate precursor 4, which was transferred to dibromide
monomer S via a Horner—Wordsworth—Emmons (HWE)
reaction.”® The polymer was synthesized by palladium(0)-
catalyzed Stille polycondensation™ of an equimolecular mixture
of the dibromide and distannyl bithiophene. The polymer is
soluble in chlorinated solvents, such as chloroform, chlor-
obenzene and dichlorobenzene, and exhibited a number-
average molecular weight (M,) of 180.9 K, with a polydispersity
index of 3.2. Thermogravimetric analysis (TGA), as shown in
Figure S1 in Supporting Information (SI), demonstrated a good
thermal stability of the polymer with a 5% weight-loss
temperature at 354 °C. DSC was measured in the temperature
range of 30—280 °C, but we did not find the glass transition
temperature in the temperature range. (see Figure S2 in
Supporting Information).

Optical and Electrochemical Properties. Figure 2a
shows the absorption spectra of PTSTPA solution in
chloroform and film on quartz plate, together with the
absorption spectrum of PT2TPA film'® (PT2TPA is a
PTSTPA-analogue polymer with only one thiophene spacer,
named as OTPAV-PT in ref 16a). The solution and film
absorption of PTSTPA display similar broad absorption band
from 300 to 650 nm with three distinct absorption peaks. The
two weak absorption peaks around 303 and 413 nm originate
respectively from n—z* transition of TPA group™ and the
absorption of the thiophene units with the conjugated side
chain, while the maximum absorption of the copolymer at 555
nm corresponds to the z—z* transition of the polymer
backbone. Thus, both the main chain and side chain contribute
to the broad nature of the absorption spectra of the polymer,
which is a common feature for PTs with conjugated side
chains.'>'® Because of an enlarged 7-system, the film
absorption of PTSTPA is red-shifted by ca. 10 nm than that
of P3HT. The absorption edge of the polymer film is at 658
nm, corresponding to an optical band gap of 1.88 eV. The
similarity of solution absorption to film absorption suggests
strong 77— interactions (aggregation) in solution. As shown in
Figure 2a, when the polymer solution was heated to 85 °C, the
absorption peaks blue shift, and the shoulder peak at ca. 600
nm weakened, reflecting partial disaggregation of the polymer
backbone at high temperature. Also it must mention that the
obtained high molecular weight of PTSTPA could be
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overestimated due to the easily formed polymer aggregation
state at room temperature.

In comparison with the absorption spectrum of PT2TPA
film'® as also shown in Figure 2a, the 7—7n* absorption of
PTSTPA main chains at ca. 500—650 nm is greatly enhanced
than that of the CSC-PTs with concentrated side chains.">~"
Obviously, the side chain isolated PTSTPA can minimize the
steric interactions between the neighboring side chains, thus
preserving backbone planarity, which results in the red-shifted
and enhanced 7—7z* transition of the polymer backbone along
with the shoulder peak and steep absorption edge.
Furthermore, the well-defined spectra of PTSTPA imply an
ordered polymer chains and densely packed side chains in the
polymer film, which should benefit to higher hole mobility and
photovoltaic performance of the polymer. In order to further
investigate the ordered structure of the polymer, we measured
X-ray diffraction (XRD) of the polymer film on Si substrate.
The XRD pattern of the polymer film (see Figure S7 in
Supporting Information) indicates that the polymer film is still
in amorphous state although the aggregation is enhanced in the
polymer. The hole mobility of PTSTPA film was measured to
be 1.1 X 107 cm?/(V s) by space charge limited current
(SCLC) method (see Figure S3 in Supporting Information),
confirming the relatively higher hole mobility of the polymer.

Figure 2b shows the photoluminescence (PL) spectra of
PTSTPA solution in dichlorobenzene and film, excited at 430
nm, which is the maximum absorption wavelength of the
conjugated side chains of the polymer. PTSTPA shows deep
red main chain emission peaked at 670 nm. The results indicate
that quick and complete energy transfer occurs from the
conjugated side chains to the polymer main chains after the
conjugated side chains absorb the photons. This phenomenon
ensures that all photons absorbed by the polymer are useful for
the photovoltaic conversion.

The electronic energy levels of the conjugated polymers can
be measured from the onset oxidation and onset reduction
potentials of the cyclic voltammograms (CVs).** Figure 3
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Figure 3. Cyclic voltammograms of PTSTPA and P3HT films on
glassy carbon electrode in a 0.1 mol/L n-Bu,NPF acetonitrile solution
at a sweep rate of 100 mV/s. The cyclic voltammogram of ferrocene
was also put in the figure for the potential calibration.

shows the cyclic voltammogram of PTSTPA together with that
of P3HT for comparison and that of ferrocene for potential
calibration. The redox potential of ferrocene is 0.09 V vs Ag/
Ag". On the basis of 4.8 €V below vacuum for the energy level
of Fc/Fc*, the HOMO and LUMO energy levels of PTSTPA
were calculated according to the following equations: Eygyo =
—e(E,°™*+4.71) (eV) and E;yyo = —e(E,""'+4.71), where
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the unit of E,°™* is V vs. Ag/Ag". The onset oxidation
potential (E,.°**) and onset reduction potential (E,4°™*) of
PTSTPA are 039 and —1.63 V vs. Ag/Ag" respectively,
accordingly, the HOMO and LUMO energy levels of PTSTPA
were calculated to be —5.10 and —3.08 eV respectively.
Compared to that of P3HT, the onset oxidation potential of
PTSTPA is positively shifted by ca. 0.2 V and the HOMO
energy level of PTSTPA is downward shifted by ca. 0.2 eV,
which is due to less alkyl substituents of PTSTPA than that of
P3HT."* The lower HOMO energy level relative to P3HT can
provide better air stability in ambient conditions and higher
open circuit voltage (V) of the PSCs with PTSTPA as donor
materials because the V. is usually proportional to the
difference between the LUMO level of the acceptor and the
HOMO level of the donor.®

Photovoltaic Properties. The photovoltaic properties of
PTSTPA were studied by fabricating the bulk heterojunction
PSCs with the device configuration of ITO/PEDOT:PSS/
PTSTPA:acceptors/Ca/Al. Here, two different fullerene
derivatives PC,,BM and IC¢BA were used as acceptor in the
PSCs. The molecular structures and the electronic energy level
diagrams of the donor and acceptor materials were displayed in
Figure 4. Figure S shows the J—V curves of the PSCs based on

HOMO

PTSTPA

Figure 4. Energy level diagrams for PTSTPA along with acceptors of
PC,,BM and IC4BA.
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Figure S. (a) Current density—voltage characteristics of the PSCs
based on PTSTPA/fullerene (1:1, w/w) under the illumination of
AML.5G, 100 mW/cm® (b) The incident-photon-to-converted-
current efficiency (IPCE) spectra of the corresponding devices with
different fullerene acceptors.

PTSTPA as donor and PC,;BM or IC4BA as acceptor under
the illumination of AM 1.5, 100 mW-cm™% With the widely
used PC;oBM as acceptor, the PSC showed a PCE of 1.94%
along with a V. of 0.68 V and a FF of 52.2%, while when using
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IC4BA as acceptor, a higher V. of 0.94 V was obtained,
benefitted from the higher-lying LUMO energy level of
IC4BA.* Together with a J,. of 6.55 mA cm™ and a FF of
58.4%, the PSC based on PTSTPA/ICBA demonstrated an
improved PCE of 3.6%. Although the PCE of 3.6% is lower
than that of the PSC based on P3HT/IC,BA,” it is the highest
value reported so far for the CSC-PTs. In the PSCs based on
PTSTPA, the FF values (Table 1) are significantly improved in

Table 1. Photovoltaic Parameters of PSCs Based on
PTSTPA as Donor and PC,,BM or IC(BA as Acceptor,
under the Ilumination of AM1.5G, 100 mW/cm?”

weight Voo Jse FF PCE active layer
acceptors  ratio (V) (mAcm™) (%) (%)  thickness (nm)
PC,BM 11 068 546 22 194 65
I1C4BA 1:1 0.94 6.55 584 3.60 70

comparison with the CSC-PTs with concentrated side
chains,'>*%17%2* \hich could be ascribed to the close
aggregation of the polymer main chains in the side chain
isolated polymers.

3. CONCLUSION

A design concept of “side chain isolation” was proposed for
CSC-PTs, and a planar CSC-PT, PTSTPA, with styryl—
triphenylamine (TPA) side chains and unsubstituted tetra-
thienyl spacer was designed and synthesized. Compared to
previously reported CSC-PTs, side chain isolated PTSTPA
demonstrated the red-shifted and enhanced 7—a* transition
absorption of the polymer backbone along with the shoulder
peak and steep absorption edge. In addition, the unsubstituted
thiophene spacer lead the polymer a lower HOMO energy level
of —5.1 eV. The PSC based on PTSTPA as donor and IC4BA
as acceptor displayed a PCE of 3.6% with a high V,_of 0.94 V,
under the illumination of AM1.5G, 100 mW/cm>.
Considering the diversity molecular engineering approach
under this side chain isolated polythiophenes, such as changing
the nature of side chain and spacer as well as introducing D—A
concept, the side chain isolated CSC-PTs could open a new
way for developing high performance photovoltaic polymers.

4. EXPERIMENTAL SECTION

4.1. Instrumentation. 'H NMR spectra were measured on a
Bruker DMX-400 spectrometer with d-chloroform as the solvent and
tetramethylsilane as the internal reference. UV—visible absorption
spectra were measured on a Hitachi U-3010 UV—vis spectropho-
tometer. MALDI-TOF spectra were recorded on a Bruker BIFLEXITIL
Absorption spectra were taken on a Hitachi U-3010 UV-—vis
spectrophotometer. Photoluminescence spectra were measured using
a Hitachi F-4500 spectrophotometer. Mass spectra were recorded on a
Shimadzu spectrometer. Elemental analyses were carried out on a flash
EA 1112 elemental analyzer. Thermogravimetric analysis (TGA) was
conducted on a Perkin-Elmer TGA-7 thermogravimetric analyzer at a
heating rate of 20 °C/min and under a nitrogen flow rate of 100 mL/
min. Molecular weight of the polymer was measured by Gel
permeation chromatography (GPC), using polystyrene as standard
and THF as the eluent. The electrochemical cyclic voltammetry was
performed on a Zahner IM6e Electrochemical Workstation, in an
acetonitrile solution of 0.1 mol/L tetrabutylammonium hexafluor-
ophosphate (n-Bu,NPFy) at a potential scan rate of 100 mV/s with an
Ag/Ag" reference electrode and a platinum wire counter electrode.
Polymer film was formed by drop-casting 1.0 mL of polymer solutions
in THF (analytical reagent, 1 mg/mL) onto the glassy carbon working
electrode, and then dried in the air.
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4.2. Photovoltaic Device Fabrication and Characterization.
The PSCs were fabricated with a configuration of ITO/PEDOT:PSS
(40 nm)/active layer (65—70 nm)/ Ca(20 nm)/Al(90 nm). A thin
layer of PEDOT:PSS (poly(3,4-ethylenedioxythiophene): poly-
(styrenesulfonate)) was spin-cast on pre-cleaned ITO-coated glass
from a PEDOT:PSS aqueous solution (Baytron P VP Al 4083 from H.
C. Starck) at 2000 rpm and dried subsequently at 150 °C for 30 min in
air, then the device was transferred to a glovebox, where the active
layer of the blend of the polymer and fullerene derivative was spin-
coated onto the PEDOT:PSS layer. Finally, a Ca/Al metal top
electrode was deposited in vacuum onto the active layer at a pressure
of ca. § X 107° Pa. The active area of the device was ca. 4 mm?.

The thickness of the active layer was determined by an Ambios
Tech. XP-2 profilometer. The current density—voltage (J—V)
characteristics were measured on a computer-controlled Keithley
236 Source-Measure Unit. A xenon lamp coupled with AM 1.5 solar
spectrum filter was used as the light source, and the optical power at
the sample was 100 mW/cm?.

4.3. Materials. 3-Methyl[2,2/,5",2"Jterthiophene,* 5,5'-bis-
(trimethylstannyl)-2,2’-bithiophene26 and 4-((4—(2-ethz‘lheptyloxy)-
phenyl) (4-(2-ethylhexyloxy)phenyl)amino )benzaldehyde®” were pre-
pared according to the method reported in literatures. Tetrakis-
(triphenylphosphine)palladium, N-Bromosuccinimide and benzoyl
peroxide were purchased from Sigma-Aldrich Chemical Co. The
synthesis routes for the polymer are shown in Scheme 1.

5,5"-Dibromo-3'-methyl[2,2',5',2" Jterthiophene (2). N-Bromo-
succinimide (NBS, 28.5 g, 160 mmol) was added to a solution of 3"
methyl[2, 2,52 Jterthiophene (20.0 g, 76.3 mmol) in CHCl; (180
mL) and AcOH (100 mL) at room temperature. After stirring for 3 h,
CHCIl; was added and the resulting mixture washed three times with
water. The organic layer was dried (MgSO,) and concentrated under
reduced pressure. The crude product was purified via silica gel column
chromatography afford a green solid with a yield of 27.2 g (85%).
GC—MS: m/z = 420. "H NMR (400 MHz, CDCl,, 8, ppm): 7.02 (d, ]
= 3.8 Hz, 1 H, Ar—H), 6.96 (d, ] = 3.8 Hz, 1 H, Ar—H), 6.88 (m, 3H,
Ar—H), 2.33 (s, 3H, CHj;). Anal. Calcd for C;3;HgBr,S;: C, 37.16; H,
1.92; S, 22.89. Found: C, 37.10; H, 1.98; S, 22.75.

5,5"-Dibromo-3’-bromomethyl[2,2',5',2" [terthiophene (3). A
mixture of compound 2 (21.0 g, SO mmol), N-bromosuccinimide
(NBS) (8.9 g 50 mmol), CCl, (400 mL), and benzoyl peroxide
(BPO) (0.15 g, 0.62 mmol) was refluxed for 3 h. After cooling to the
room temperature, the reaction mixture was filtrated. The organic
phase was washed with distilled water and dried over anhydrous
MgSO,. After removing the solvent, the crude product was purified via
silica gel column chromatography to yield a yellow product of
compound 3. '"H NMR (400 MHz, CDCl,, §, ppm): 7.08—7.07 (m,
2H, Ar—H), 7.05 (d, 1H, J = 3.6 Hz, Ar—H), 6.98 (d, 1H, ] = 3.5 Hz,
Ar—H), 6.92 (d, 1H, J = 3.6 Hz, Ar—H), 4.53 (S, 2H, —CH,—). Anal.
Caled for C3H,Br;S5: C, 31.28; H, 1.41; S, 19.27. Found: C, 31.35; H,
1.38; S, 19.19.

5,5"-Dibromo-3’-diethoxyphosphorylmethyl[2,2',5',2" ]-
terthiophene (4). A mixture of 3 (15.0 g, 30.0 mmol) and triethyl
phosphate (16.6 g, 100.0 mmol) was heated at 160 °C for 3 h. After
cooling to room temperature, the triethyl phosphite was distilled off at
120 °C. After removing the solvent, the crude product was purified via
silica gel column chromatography to yield a liquid of 15 g (90%). 'H
NMR (400 MHz, CDCl,, 6, ppm): 7.13 (s, 1H, ArH), 7.06 (d, ] = 4.0
Hz, 1H, ArH), 7.04 (d, ] = 4.0 Hz, 1H, ArH), 6.96 (d, ] = 3.6 Hz, 1H,
ArH), 6.90 (d, ] = 3.6 Hz, 1H, ArH), 4.0 (q, 4H, OCH,), 3.22 (d, ] =
20 Hz, 2H, CH,), 4.0 (t, 6H, CH,). Anal. Calcd for C,,H;,Br,O;PS;:
C, 36.70; H, 3.08; S, 17.29. Found: C, 36.63; H, 3.00; S, 17.32.

5,5"-Dibromo-3',3-(4-((4-(2-ethylheptyloxy)phenyl)(4-(2-
ethylhexyloxy)phenyl)lamino)benzvinyl[2,2',5',2" Jterthiophene (5).
Under an ice—water bath, compound 4 (5.56 g 10 mmol) and
aldehyde (6.50 g, 12 mmol) were dissolved in 30 mL of DMF, and
then CH;ONa (0.6 g, 12 mmol) in 10 mL of DMF was added
dropwise to the solution. After reaction for 2 h at room temperature,
the solution was poured into water, filtered, and the crude product was
purified through silica gel column to yield as a yellow solid of 4.7 g
(50%). MALDI-TOF MS: 931.3, calcd for C,H,;Br,NO,S;: 931.9 'H

NMR (400 MHz, CDCl,, 8, ppm): 7.30 (s, 3H, ArH), 7.05—7.04 (m,
SH, ArH), 6.99 (d, ] = 4 Hz, 2H, ArH), 6.94 (d, ] = 4 Hz, 2H, ArH),
6.92 (d, ] = 4 Hz, 2H, ArH), 6.85—6.83 (m, SH, ArH), 3.77-3.83 (g,
4H, OCH,), 1.72 (m, 2H, CHCH,), 1.54—1.32 (m, 16H, CH,), 0.90—
0.96 (m,12H, CH,). *C NMR (100 MHz, CDCl,, §, ppm): 138.327,
135.234,130.903, 130.718, 127.499, 127.063, 126.987, 124.411,
122.688, 120.688, 120.092, 115.472, 113.089, 111.744, 39.635,
30.728, 29.292, 24.060, 23247, 14294, 11.334. Anal. Calcd for
CH Br,NO,S;: C, 61.50; H, 5.60; N, 1.53, S, 10.48. Found: C,
61.69; H, 5.55; N, 1.50; S: 10.40.

PT5TPA. Under the protection of argon atmosphere, 0.5 mmol of
monomer $ was put into a two-neck flask. Then 12 mL of degassed
toluene and 0.5 mmol of 5,5-bis(trimethylstannyl)-2,2"-bithiophene
were added to the mixture. The solution was flushed with argon for 10
min, and then 25 mg of Pd(PPh;), was added. After another flushing
with argon for 20 min, the reactant was heated to reflux for 24 h. Then
the reactant was cooled to room temperature and the polymer was
precipitated by adding 200 mL of methanol, filtered through a Soxhlet
thimble, and then subjected to Soxhlet extraction with methanol,
hexane, and chloroform. The polymer was recovered as solid from the
chloroform fraction by rotary evaporation. The solid was dried under
vacuum for 12 h to get PTSTPA.The yield of the polymerization
reaction was about 60%. GPC: M, = 180.9 kg:mol™, M,,/M, = 3.2. 'H
NMR (400 MHz, CDCl,, §, ppm): 7.30—6.50 (br, 23H, ArH), 3.86
(br, 4H), 4.87 (s, 2H), 2.26(s, 2H), 1.58—1.02 (m, 40H), 0.89—0.83
(m, 18H). Anal. Calcd for CssHg,NO,S,: C, 71.47; H, 6.21; N, 1.51, S,
17.34. Found: C, 71.38; H, 6.25; N, 1.54; S: 17.41.

B ASSOCIATED CONTENT

© Supporting Information

Figures showing 'H NMR spectra of compound 3, 4, and §,
TGA plots, X-ray diffraction pattern, DSC thermogram, and
hole mobility measurement of PTSTPA. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Thioxanthone—Diphenyl Anthracene: Visible Light Photoinitiator
Demet Karaca Balta, Gokhan Temel, Gokce Goksu, Nuket Ocal, and Nergis Arsu*
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ABSTRACT: 7,12-Diphenyl-14H-naphto[2,3-b]thioxanthen-14-one (TX-DPA) was
synthesized and characterized as a potential visible light photoinitiator for radical
polymerization. TX-DPA has an excellent absorption character in the visible region and
the photophysical properties of TX-DPA were investigated by fluorescence and laser
flash photolysis studies and the photopolymerization of methyl methacrylate in air
atmosphere helped to understand the initiation mechanism of TX-DPA. Moreover, it is
possible that the production of singlet oxygen from the quenching of *TX-DPA by
molecular oxygen resulted in the reaction of singlet oxygen with TX-DPA to form an
endoperoxide: decomposition of endoperoxide leads to initiating radicals.

B INTRODUCTION

In recent years, many attempts have been made to synthesize
photoinitiators that operate in the visible region of the
spectrum. The reason for this is that visible light is cheap,
safe and possesses high penetration ability in the presence of
UV absorbing monomers, pigments and substrates.'

Thioxanthone (TX) and its derivatives are some of the most
widely used type II photoinitiators in various UV curing
applications because of their excellent light absorption
characteristics.” In most cases, the photoinitiating free radicals
are generated by hydrogen abstraction of triplet excited states
of TX from hydrogen donors such as amines or thiols (see
Scheme 1)~

Scheme 1. Photoinitiated Free Radical Polymerization Using
TX as Photoinitiator

R- + Monomer —» POLYMER

However, low molecular-weight amines, particularly when
used at high concentrations, have several intrinsic disadvantages
such as odor, toxicity'> and migration in UV-curing technology
and cause a decrease in the pendulum hardness of the cured
film."> One way to overcome these problems is to chemically
incorporate the hydrogen donating sites into TX chromo-
phores.'*™'¢

Amine,'”™%° alkyl amino,”"** acid,>>™*” or thiol*® linked
photoinitiators are seen in the literature and they may find
various applications in the Radiation Curing Industry because
of the great advantages of their one-component nature. Because

-4 ACS Publications  © 2011 American Chemical Society
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of the one-component structure of the photoinitiator, it can
serve as both a triplet photosensitizer and as a hydrogen donor
during photopolymerization. Thus, these photoinitiators do not
require an additional co-initiator.

An alternative approach concerns the attachment of both
chromophoric and hydrogen donating groups into polymer
chains.”®* This way the odor and toxicity problems perceived
with the conventional photoinitiators and amine hydrogen
donors have been overcome.

We have also developed a novel thioxanthone based
photoinitiator possessing an anthracene group, thioxanthone—
anthracene®® (TX-A, Chart 1), which exhibits completely
different photochemical properties compared to conventional
TX type photoinitiators.

Chart 1. Structure of TX-A

OO

In contrast to TX type photoinitiators, TX-A is an efficient
photoinitiator for free radical polymerization of both acrylic and
styrenic type monomers in the presence of oxygen without an
additional hydrogen donor.**73* Moreover, for other TX type
photoinitiators oxygen inhibits the polymerization because of
the quenching of the excited triplet TX with oxygen. In the case
of TX-A, molecular oxygen is essential for the initiation process.
The initiation mechanism involves the formation of singlet
oxygen by energy transfer from triplet TX-A* (Scheme 2).
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Scheme 2. Photoinitiation Mechanism of TX-A in the
Presence of Oxygen
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POLYMER

There is another possible application of using an oil soluble
initiator in water; complexation of TX-A with S-CD was
achieved and photopolymerization of acrylamide with TX-A/p-
CD was performed.*

Our aim is to synthesize new photoinitiators which have
absorption in the visible region and operate in oxygen
atmosphere. We achieved the synthesis of 7,12-diphenyl-14H-
naphto[2,3-b]thioxanthen-14-one (TX-DPA). 'H NMR,
'"H-'"H COSY, elemental analysis, and GC—MS were used
for the characterization of TX-DPA. Photophysical properties
were determined by the use of UV—vis, fluorescence and laser
flash photolysis, and photoinitiated polymerization of methyl
methacrylate was performed with TX-DPA by using a xenon
lamp as the irradiation source.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The synthesis of TX-
DPA was achieved by using a similar method to that which was
described in our previous publication (see Experimental
Section, Chart 2).%° Since there are more than one ring closure

Chart 2. Synthesis of TX-DPA

Pt

possibilities, due to the aromatic groups on the DPA (see
Experimental Section, Chart 3), the COSY NMR method was
employed to define the structure of the product in addition to
using 'H NMR spectroscopy.

"H—'H COSY was employed to confirm the structure of the
compound. Figure 1 shows the "H—'"H COSY spectrum, the
peak at 8.03 ppm as doublet is coupled with the H,5 proton of
the phenyl group as expected, while the peak at 7.62 ppm as
doublet is coupled with the proton H;3 The H, proton is
determined by '"H—'H COSY as doublet and is clearly coupled
with Hj.

Absorption and Fluorescence. TX-DPA has excellent
absorption properties in the visible region of the electro-
magnetic spectrum and the absorption characteristics of TX-
DPA were found to be very similar to the parent compounds,
both thioxanthone and 9, 10-diphenylanthracene. The molar
absorptivities of TX-DPA where the wavelength values were
383 and 450 nm were calculated as 10633 and 4347

n»so4
CH;COOH
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Lmol".cm™, respectively. These high molar absorptivity

values would be beneficial for a photoinitiator in the visible
region (Figure 2).

A photodecomposition study of TX-DPA was performed in
CHCI; and this solution was exposed to UV light at certain
periods of time and the photodecomposition of TX-DPA was
followed by detecting UV-spectral changes (Figure 2).

At the end of the irradiation (270 s) while the typical
absorption bands of the diphenylanthracene moiety from DPA
completely disappeared, the weak absorption of the TX group
at 380 nm was still detectable.

Fluorescence measurements were conducted in order to
clarify the mechanistic details. As can be seen from Figure 3, the
excitation spectrum of TX-DPA is very similar to its absorption
spectrum.

The emission spectrum represents the characteristics of the
TX moiety rather than DPA. The intersection of the emission
and excitation spectra at 464 nm, allowed us to calculate the
singlet excited state energy of TX-DPA, as ca. 257.8 kJ/mol.

The fluorescence quantum yield, ¢; was estimated to be 0.45
by using 9,10-diphenylanthracene as the standard. (¢); =
0.95).** From the calculations, the fluorescence quantum
yields ((f)(TX_DPA) = 0.45) of anthracene chromophore were
more dominant than the TX [¢(ry) = 0.07]. This high
fluorescence quantum yield reduced the triplet yield, the state
from which initiating radicals are generated.

Fluorescence quenching studies of TX-DPA were performed
by adding MDEA at different concentrations and the changes in
the fluorescence emissions were recorded for the TX-DPA/
ethanol solution. The Stern—Volmer representation (i.e., I,/I vs
[Q]) is shown in Figure 4. It can be observed that the least-
squares fit of the experimental results produces a straight line
with reasonable point scattering. The linearity of the
corresponding plot was always excellent (R* > 0.90), and no
deviation was detected at high quencher concentrations. The
Stern—Volmer quenching constant, K, obtained from the
slope is 0.86 M™*

Laser Flash Photolysis. To investigate the properties of
the triplet state and its reactivities, laser flash photolysis
experiments were performed. Figure S shows the transient
absorption spectra of TX-DPA directly after irradiation with
laser pulses at 355 nm. Three transient absorption maxima were
observed at 400, 490, and 590 nm (see Figure Sa) which
decayed in a first-order kinetic with a lifetime of 2.6 us (Figure
Sb). The peak at S90 nm was assigned to the triplet—triplet
absorption of TX-DPA based on similarities with the triplet—
triplet spectra of TX* and TX derivatives.”® Recently we
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Figure 2. Photobleaching of TX-DPA [4.10 X 107> M] in CHCL
during 0—270 s in air atmosphere with polychromatic light (unfiltered
light from a medium pressure mercury lamp).

submitted LEP studies of TX-A, and the triplet lifetime of TX-A
was calculated as 28 us.*’

Notably, all transients were quenched by oxygen and were
tentatively assigned to the triplet state. Quenching experiment
of transients with MDEA were also achieved and the rate
constant was found as ~2.72 X 10° M~ s! (see Figure 6).

121

Figure 3. Fluorescence excitation (—) and emission (--) spectra of
TX-DPA in ethanol; 4., = 390 nm.

From the previous studies’®* related with anthracene

attached thioxanthone (TX-A), polymerization experiments in
the presence and absence of oxygen clearly confirmed the
crucial role of oxygen for successful polymerization as the
efficient initiation of TX-A can be attributed to the formation of
endoperoxide by the reaction of TX-A with singlet oxygen.
Photopolymerization. A similar way was followed to
determine the initiation mechanism of TX-DPA, and polymer-
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Figure 4. Stern—Volmer plot of the quenching of TX-DPA [1.0 X
1075 mol L™!] by MDEA in ethanol (4, = 390 nm). I, = fluorescence
intensity of TX-DPA, I = fluorescence intensity in the presence of
MDEA.

ization experiments of methyl methacrylate with TX-DPA in
DMEF in the prescence and absence of oxygen atmosphere were
performed. Additionally, a tertiary alkyl amine namely N-
methyldiethanolamine (MDEA) was also added to the same
formulation to see the inhibition effect of oxygen beside the
synergistic effect of the amine. A xenon lamp source was used
as the irradiation source, since TX-DPA has excellent
absorption in the visible region.

At the very low initiator concentration level (5 X 107° M),
polymerization was not observed in air atmosphere, but when
MDEA was added to this formulation in air atmosphere, the
conversion percentage was found to be 3.50. When the initiator
concentration increased to 1 X 107* M, some polymer
formation was observed but the conversion percentage was
still low compared to the formulation containing MDEA. By
further increasing the initiator concentration to S X 10™* M, the
beneficial effect of oxygen for the formation of endoperoxide
appeared and the conversion percentage was 5.3 in air

k =272 x10° M''s”!
R?=0,99

0.4 0.6 08 1.0

[MDEA] (mM)

Figure 6. Reaction of MDEA with triplet TX-DPA in acetonitrile
solutions 23 °C. Dependence of the pseudo-first-order rate constant of
the decay of the optical absorption at 400 nm on the concentration of
MDEA after laser excitation (355 nm).

effect of the amine appears to be due to the formation of a-
aminoalkyl radicals (see Table 1).

Table 1. Photoinitiated Polymerization of Methyl
Methacrylate [4.68 mol L™'] in DMF with TX-DPA in the
Absence and Presence of MDEA in/under a Xenon Lamp
System

[TX-DPA] [MDEAI] % M, x 107*

(mol L) (mol L7") convn® (g mol™) M,/M,
5% 107° - 0.0 - -
5% 107° 5% 1072 3.5 2.51 1.39
1x107* - 0.7 3.50 1.40
1x10™* 5% 1072 4.5 2.30 1.32
5x107* - 5.3 433 2.09
5x 107 5% 1072 3.8 2.04 1.25

bs x 107 - 29 322 1.44
1x 1073 5% 1072 1.2 2.39 1.24
1x 1073 - 1.0 3.65 1.48

atmosphere, 3.8 in the presence of MDEA, and 2.9 in nitrogen 9 = 60 min. “Under nitrogen atmosphere Iyyy.a) = 175 W-m™
atmosphere. When the obtained results in the prescence of
amine and nitrogen atmophere were compared, the beneficial
0.08
(@) —=—1,15ps 010+
—0—2,75 s
0.06 4
—4—9,95 s o 008
Q
@ &
2 0.04- 2 006
5 5
Q9  0.04
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Figure S. (a) Transient optical absorption spectrum recorded 1.15 s, 2.27 and 1.4 us following laser excitation (355 nm, S ns) of TX-DPA [2.4 X
107° M] in argon saturated acetonitrile solution at 23 °C; .(b) Kinetic traces of the transient optical absorption spectrum at 400 nm recorded 1.15,
2.27, and 1.4 ps following laser excitation (35S nm; S ns) of TX-DPA in argon-saturated acetonitrile solution at 23 °C.
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For comparison, photopolymerization experiments using
either TX or DPA themselves or their combinations in the
presence and absence of the hydrogen donor MDEA were
performed (Tables 2 and 3).

Table 2. Photoinitiated Polymerization of Methyl
Methacrylate [4.68 mol L™'] in DMF with DPA in the
Absence and Presence of MDEA in/under a Xenon Lamp
System

[DPA] (mol L") [MDEA] (mol L") % convn®
5% 107° - 0.0
5x 1078 5% 1072 3.8
1x10™* - 0.0
1x107* 5% 1072 4.6
5x 107 - 0.3
5% 107 5% 1072 6.7
1x 1073 - 0.6
1x 1073 5% 1072 7.9
. = 60 min.

irr

Table 3. Photoinitiated Polymerization of Methyl
Methacrylate [4.68 mol'L™'] in DMF in the Prescence of
9,10-Diphenylanthracene (DPA) and Thioxanthone (TX)
in/under a Xenon Lamp System

[DPA] (mol L")  [TX] (mol L™') [MDEA] (mol L™!) % convn®
5x 107* 5x107* - 0.6
5x107* 5x107* 5x 107 2.3

.. = 60 min.

irr

Anthracene derivatives are known to form instable
endoperoxides upon irradiation.** The singlet oxygen ('0,)
addition rate constant was reported in the literature™*® as 5.4
X 10° M~ s7! for anthracene and 3.0 X 10° M™' s7' for
diphenylanthracene. The singlet oxygen rate constants and
stabilities of the endoperoxides increase as more electron-
pushing substituents are added to the anthracene ring. The
bimolecular quenching rate constant of singlet oxygen by TX-A
was found to be similar to the reported value for anthracene
(kiop = 5.4 X 10° M~ s71).* These endoperoxides decompose
(thermally and photochemically) through radical intermedi-
ates,*™* which could initiate the polymerization of the
monomers. The endoperoxide of diphenylanthracene-TX is
probably formed very easily due to the stability of TX-DPA,
and possibly the formation of endoperoxide is not occurring
efficiently in room temperature to produce initiating alkoxy
and/or peroxy radicals. This could be an explanation of the low
polymer yield in the presence of TX-DPA when comparing the
results obtained with TX-A as the initiator.>®

In air atmosphere, the initiating ability of DPA for the MMA
polymerization in the presence and absence of TX was seen as
proof of the formation of endoperoxide.

For the characterization of the polymer, UV spectroscopy
was used. In Figure 7, the absorption spectra of TX-DPA and
the poly(methyl methacrylate) obtained from the irradiation
with xenon lamp in the absence of MDEA are shown. The UV
absorption spectra of purified polymer produced from initiation
with a high initiator concentration (S X 107* M) showed
absorbance at 300 nm, which indicates TX chromophores
bound slightly to polymers.

A feasible mechanism for the initiation process involves the
formation of an endoperoxide by the reaction of TX-DPA with
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Figure 7. Absorption spectra of TX-DPA (——) and poly(methyl
methacrylate) (---) obtained ([PI]: 5 X 107* M) in THF.

singlet oxygen formed from the triplet excited state in the
presence of oxygen as illustrated in Scheme 3. The excitation of
this intermediate eventually leads to the formation of peroxy
and/or alkoxy radicals capable of initiating free radical
polymerization of MMA.

In the presence of MDEA, the possibility of the formation of
endoperoxide is getting lower since oxygen in the medium is
scavenged by MDEA. Therefore, the TX part plays a more
dominant role and so a typical type II initiation mechanism
appears (Scheme 4).

B CONCLUSION

In conclusion, diphenylanthracene (TX-DPA) was successfully
synthesized and was found to have excellent optical properties
in the visible region of the electromagnetic spectrum. TX-DPA
initiated polymerization of methyl methacrylate in the presence
and absence of oxygen. The initiation mechanism in the
presence of oxygen possibly explains the involvement of the
formation of singlet oxygen by energy transfer from triplet TX-
DPA and resulted in alkoxy or peroxy radicals after photo-
excitation of TX-DPA-O, initiated free radical polymerization.
High molar absorptivity in the visible region may possibly lead
to using this photoinitiator in long wavelength region
applications in the presence of oxygen atmosphere.

B EXPERIMENTAL SECTION

Materials. 9,10-Diphenylanthracene (DPA, 97%, Aldrich) thio-
salicylic acid (98.5%, Fluka), glacial acetic acid (Aldrich), N-
methyldiethanolamine (MDEA, 99%, Aldrich), sulfuric acid (H,SO,,
98%, Merck), ethanol (HPLC grade, Aldrich), acetonitrile (HPLC
grade, Aldrich), chloroform (CHCl;, >99.8%, Fluka), N,N'-dimethyl-
formamide (DMF, +99%, Aldrich) and thioxanthone (TX, >98.5%,
Fluka) were used as received. Methyl methacrylate (MMA, >99%,
Fluka) was washed with 5% aqueous NaOH solution, dried over
CaCl,, and distilled over CaH, in vacuo. Tetrahydrofuran (99.8%, J.T.
Baker) was dried and distilled over LiAIH,,

Synthesis of 7,12-Diphenyl-14H-naphto[2,3-blthioxanthen-
14-one (TX-DPA). A heated solution of 9,10-diphenylanthracene (2
X 107 mol) in glacial acetic acid (15 mL) was added slowly to the
thiosalycylic acid (2 X 107 mol) under stirring followed by the
addition of 5 mL concentrated sulphuric acid. After the addition, the
reaction mixture was refluxed at 120 °C for S h after which it was left
to stand at room temperature overnight. The resulting mixture was
poured carefully under stirring into a 10-fold excess of boiling water.
The mixture was stirred under boiling for an additional S min. The
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Scheme 3. Photoinduced Radical Generation Mechanism of TX-DPA Photoinitiator in the Prescence of Oxygen
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solution was cooled and filtered. The residue product was purified by
column chromatography over silica gel eluting with chloroform (Chart
2). M, (C33H,008): 464 g mol™'; yield: 52%; mp 263—266 °C.

'H NMR (500 MHz) in CDCl;: 6 8.03 (d, J = 8.78 Hz, 1H, H,;),
7.62 (d, ] = 8.78 Hz, 1H, Hy), 7.61 (dd, ] = 8.78 ; Hz, 1H, H,), 7.55—
7.48 (m, 4H, H,, H,, Hg, Hy;), 7.42—7.38 (m, SH, Hys, H;s, H;,,Hy,
H,,), 7.38—7.28 (m, 4H, Hyg, Hyg, Hyy, Hyy), 7.21—7.15 (m, 3H, H,,
H,o, Hy), 7.08 (d, ] = 8.78 Hz, 1H, H,) ppm.
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IR(KBr): v (cm™) aromatic (C—H: 3053), ketone (C=0: 1634),
(C=C: 1590).

Anal. Caled for C33H,,0S (464.12 g mol™): C, 85.31; H, 4.34; S,
6.90. Found, C, 85.29; H, 4.35; S, 6.90.

Photopolymerization. Appropriate solutions of the monomer
and TX-DPA in DMF in the absence and presence of N-
methyldiethanolamine (MDEA) were irradiated in a photoreactor
consisting of a 400 W medium pressure mercury lamp with a water
cooling system and simultaneously irradiated in a photoreactor
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consisting of a 400 W xenon lamp with a water cooling system, in an
air atmosphere. Polymers were obtained after precipitation in
methanol and drying in vacuo. Conversions were calculated for all
samples gravimetrically.

Analyses. GPC analyses of the polymer were performed at room
temperature with a setup consisting of a pump (Agilent 1100) and
three columns (Zorbax PSM); THF was used as the eluent (flow rate
0.3 mL min~'), and detection was carried out with the aid of an
Agilent 1100s differential refractometer. The number-average molec-
ular weights were determined using Polymer Laboratories polystyrene
standards. UV—vis spectra were taken on an Agilent 8453. IR spectra
were recorded on an ATI Unicam Mattson 1000 FT/IR-3
spectrophotometer on a KBr disk. Fluorescence spectra were recorded
on a Jobin Yvon—Horiba Fluoromax-P.
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ABSTRACT: The self-assembly polymerization of ditopic
monomers via metal—ligand binding is a facile route for the
preparation of metallosupramolecular polymers. Here this
approach was used for the synthesis of supramolecular poly(p-
xylylene)s based on 2,6-bis(1-methylbenzimidazolyl)pyridine
(Mebip) end-capped telechelic oligomers with a p-xylylene
core and different metal salts. These polymers can be readily
processed from solution and merge the ease of processing of
supramolecular materials with the good thermal stability of the

M = Zn?*

p-xylylene core. The nature of the metal cation (Fe**, Zn**, La’") and counteranion (ClO,~, OTf", NTf,”) was systematically
varied, and a tetrafunctional supramolecular cross-linker was used to probe how these modifications influence the materials’
properties. Interestingly, and in contrast to other metallosupramolecular polymers, where the nature of the metal salt plays a
critical role, only minor property differences were observed for the materials studied. Instead, the properties of the
supramolecular poly(p-xylylene)s investigated appear to be primarily governed by the crystalline nature of the telechelic
oligomer. We note that minor impurities in the latter can exert a significant influence on the metallosupramolecular polymer’s
properties and report a new protocol for the synthesis and purification of Mebip-end-capped p-xylylene telechelic oligomers.

B INTRODUCTION

Metallosupramolecular polymers' are a class of materials
situated at the interface of metal-containing polymers” and
supramolecular polymers,3 in which dynamic metal—ligand
interactions serve as a reversible supramolecular polymerization
motif. Metal coordination allows one to polymerize low-
molecular-weight or telechelic cores that carry at least two
ligands, typically at the termini (Scheme 1). Popular ligands of
choice are multidentate ligands, such as terpyridine (terpy),*
bipyridine (bpy),” and 2,6-bis(1’-methylbenzimidazolyl)-
pyridine (Mebip),’ which can coordinate a range of metal
salts (e.g, Co®*, Fe**, Zn*, Eu’"). The variation of nature,
length, and structure of the core employed to connect the
ligands, number, type, and position of the latter, along with the
nature of the metal ion, and counterion should allow one to
tailor the properties of these polymers. While much work has
focused on the synthesis of metallosupramolecular polymers,
the elucidation of their properties in solution, and the study of
“advanced” properties imparted by the metal (e.g, optical,
electrical, magnetic),2 systematic studies of their solid-state
mechanical properties have received comparatively little
attention. Therefore, relatively little is known about struc-
ture—property relationships of such materials. We have
demonstrated that the length of the ditopic core is of great
importance; metallosupramolecular polymers only display
appreciable mechanical properties if telechelic units or
“telechelic oligomers” with molecular weights of a few thousand

-4 ACS Publications  © 2011 American Chemical Society 126

are employed.”"* If ditopic telechelic oligomers with low-glass-

transition core (e.g, PEO, poly(THF), poly(ethylene-co-
butylene)) and terminal Mebip ligands are employed, the
metallosupramolecular materials obtained upon addition of 1
equiv of a metal salt can have mechanical properties that lie
between those of highly cross-linked elastomers and ultralow-
density polyolefins, i.e., a storage modulus of the order of 50
MPa, stress at break of the order of 50 MPa, and a strain at
break of around 50%, in some cases after yielding and plastic
deformation.”'>'* The mechanical properties of these materials
are, at least in part, governed by microphase segregation, where
the metal—ligand complexes form a “hard phase” that physically
cross-links “soft” domains formed by the telechelic cores. The
morphology (and therefore the mechanical properties) depends
on the polarity of the telechelic oligomer as well as the nature
of the metal ion and counterion. With the objective to create
arylene alkylene metallopolymers, which combine ease of
processing with good high-temperature stability,">'® we also
investigated the metallosupramolecular polymerization of a
crystallizable poly(2,5-dioctyloxy-p-xylylene) telechelic
oligomer end-capped with Mebip ligands and Zn(ClO,),,
Fe(ClO,),, and mixtures of these salts and La(ClO,);. The
resulting polymers are readily solution-processable and exhibit a
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Scheme 1. Schematic Representation of the
Metallosupramolecular Polymerization of Ditopic Telechelic
Oligomers with Either Transition or Lanthanide Metal Ions

room-temperature storage modulus of ca. 400 MPa, i.e., a much
higher stiffness than the aforementioned metallosupramolecular
polymers based on a rubbery core. Here, we report an in-depth
study of the structure—property relations in such metal-
losupramolecular poly(p-xylylene)s. The nature of the metal
cation (Fe®, Zn®*, La®*) and counteranion (ClO,~, OTf",
NTf,”) was systematically varied, and a tetrafunctional
supramolecular cross-linker was used to probe how these
modifications influence the materials’ properties.

B EXPERIMENTAL SECTION

General Methods. 'H and *C NMR were acquired in CDCl,
using a Varian 600 MHz spectrometer; chemical shifts are expressed in
ppm relative to an internal tetramethylsilane standard. Ultraviolet—
visible (UV—vis) absorption spectra were obtained on a Perkin-Elmer
Lambda 800 spectrometer. Thermogravimetric analyses (TGA) were
carried out on a TA Instruments TGA Q500 under Nj at a heating rate
of 10 °C/min. Differential scanning calorimetry (DSC) experiments
were carried out on a TA Instruments DSC Q2000 under N, at a
heating rate of 10 °C/min. Dynamic mechanical thermal analyses
(DMTA) were conducted on a TA Instruments Q800 dynamic
mechanical analyzer at a heating rate of 3 °C/min under N,.

Materials. Telechelic oligomer 2 and 2,6-bis(1-methyl-benzimi-
dazolyl)-4-ethynylpyridine (3) were prepared according to the
previously reported methods.® Zinc bistriflimide’” and lanthanum
bistriflimide'® were prepared according to literature procedures from
the mixture of either zinc dust or lanthanum oxide with bis-
(trifluoromethane)sulfonimide in water. Unless otherwise stated, all
other reagents, solvents, metal salts (triflate and perchlorate), and
catalysts were purchased from Aldrich Chemical Co., Fisher Scientific,
or Strem Chemicals and were used without further purification.
Spectroscopic grade CHCly (passed through a plug of basic alumina)
and spectroscopic grade CH3;CN were employed for the optical
absorption as well as for the metallosupramolecular polymerization
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reactions. Toluene was distilled from sodium under an inert
atmosphere; diisopropylamine and tripropylamine were distilled
from calcium hydride under an inert atmosphere.

Synthesis of Telechelic Oligomer 1. Telechelic oligomer 2
(3.05 g, 0.469 mmol), p-toluenesulfonyl hydrazide (TSH) (16.01 g
86.0 mmol), and tripropylamine (TPA) (16.3 mL, 86.0 mmol) were
dissolved in xylenes (350 mL), and the solution was heated under
reflux at 140 °C. After 3 h, additional portions of TSH (16.01 g, 86.0
mmol) and TPA (16.3 mL, 86.0 mmol) were added, and the reaction
mixture was heated under reflux for an additional 2 h. The hot reaction
mixture was passed through a plug of basic alumina, and the plug was
washed with hot toluene. The combined organic fractions were washed
twice with deionized water, and the volume was reduced under
vacuum to produce an orange viscous liquid, to which a small amount
of CHCI; was added. The orange solution was then precipitated into
well-stirred EtOH (500 mL). After stirring for 2 h, the resulting yellow
precipitate was filtered off, dissolved in a minimal amount of CHCl;
and again precipitated into EtOH (500 mL). The yellow precipitate
was filtered off and subsequently washed with boiling MeOH, EtOH,
CH;CN, and diethyl ether. Drying overnight under vacuum yielded 1
as a yellow solid (2.52 g, 0.296 mmol, 63%). '"H NMR (600 MHz,
CDCL,): & = 8.35 (s, 4 H, ArH end group), 7.89 (d, 4 H, J,;_y; = 84
Hz, ArH end group), 7.48 (d, 4 H, Jy_y = 7.8 Hz, ArH end group),
7.38 (m, 8 H, ArH end group), 6.73 (s, 4 H, ArH end group), 6.68 (s,
2 H, Ar), 426 (s, 12 H N—CHj end group), 3.92 (t, 2 H, J;_y = 6 Hz,
OCH, end group), 3.89 (t, 4 H, Ji;_y; = 6.6 Hz, OCH,), 3.09 (m, 4H,
Ar—CH,—CH,—Ar end group), 3.04 (m, 4 H, Ar—CH,—CH,—Ar end
group), 2.84 (s, 4 H, Ar—CH,—CH,—Ar), 1.79 (m, 4 H), 1.50 (m, 4
H), 1.38—1.18 (m, 16 H), 0.87 (t, 6 H, Jyy_s = 6.6 Hz), 0.79 (t, 6 H,
Ju-n = 6.6 Hz, CH; end group). Degree of polymerization (X,
determined by NMR) = 28.5; number-average molecular weight (M,,
determined by NMR) = 11 400 g/mol. *C NMR (CDCl,, 125 MHz):
5§ = 150.7, 149.5, 142.6, 137.2, 129.3, 125.5, 123.5, 122.8, 120.2, 114.2
109.8, 68.9, 36.3, 31.9, 31.3, 29.8, 29.7, 29.5, 29.4, 26.3, 22.7, 12.4.

Synthesis of 2,7-Diiodo-9,9-di(4-iodobenzyl)fluorene (8)."
A solution of 2,7-diiodofluorene (6, S00 mg, 1.120 mmol) in dimethyl
sulfoxide (DMSO, 12 mL) was degassed by sparging with Ar for 30
min, and benzyltrimethylammonium chloride (18 mg, 0.10 mmol) and
aqueous NaOH (50 wt %, 0.6 mL) were added. After 10 min, the
reaction mixture turned red. 4-Iodobenzyl bromide (7, 855 mg, 2.88
mmol) was added, and the reaction mixture was heated to 80 °C for 2
h. The reaction mixture was subsequently cooled to RT, poured into
dichloromethane (DCM, SO mL), and washed 3 times with H,O.
Recrystallization from boiling DCM yielded 8 as a white powder (800
mg, 0.941 mmol, 79%). '"H NMR (600 MHz, CDCL,): § = 7.69 (d,
2H, ] = 1.8 Hz, ArH), 7.54 (dd, 2H, ] = 8.1, 1.8 Hz, ArH), 7.25 (d, 4H,
] = 8.4 Hz, ArH), 7.10 (d, 2H, J = 8.4 Hz, ArH), 6.33(d, 4H, ] = 8.4
Hz, ArH), 3.21 (s, 4H, CH,) ppm. *C NMR (100 MHz, CDCL,): § =
149.4, 139.8, 136.8, 136.7, 135.7, 133.7, 132.2, 122.1, 92.3, 92.2, 56.9,
44.8 ppm.

Synthesis of 9. In a nitrogen-filled glovebox, 2,6-bis(1-methyl-
benzimidazolyl)-4-ethynylpyridine (3, 600 mg, 1.65 mmol), 8 (33
mg, 0.39 mmol), Pd(PPh;), (22.7 mg, 0.013 mmol), Cul (3.7 mg,
0.019 mmol), and tetrahydrofuran (THF, 35 mL) were introduced
into a reaction flask, which was subsequently equipped with a reflux
condenser, removed from the glovebox, and connected to a Schlenk
line. (iPr),NH (15.8 mL) was added, and the reaction mixture was
stirred for 19 h at 45 °C. The reaction mixture was subsequently
poured hot into a saturated aqueous EDTA solution (60 mL), and the
mixture was stirred for 1 h. The organic layer was separated off, and
the aqueous layer was extracted with CHCl;. The combined organic
layers were washed with deionized water and reduced under vacuum
to yield a light-brown solid, which was purified by column
chromatography (CHCl,, neutral alumina) and subsequent recrystal-
lization (twice) from cold DCM. This afforded 9 as a light yellow solid
(310 mg, 0.17 mmol, 44%). "H NMR (600 MHz, CDCL,): & = 8.65 (s,
4H, ArH), 8.38 (s, 4H, ArH), 7.89 (d, 4H, J = 7.2 Hz, ArH), 7.83 (s,
2H, ArH), 7.80 (d, 4H, J = 7.8 Hz, ArH), 7.52 (dd, 2H, J = 7.8, 1.2 Hz,
ArH), 7.47-7.41 (m, 10H, ArH), 7.38—7.29 (m, 16H, ArH), 7.17 (d,
4H, ] = 7.8 Hz, ArH), 6.73 (d, 4H, ] = 8.4 Hz, ArH), 4.28 (s, 12H, N—
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CH;), 4.19 (s, 12H, N—CHj), 3.57 (s, 4H, CH,) ppm. *C NMR (100
MHz, CDCl,): & = 150.1, 150.04, 149.98, 149.9, 148.4, 142.9, 142.8,
1417, 138.0, 137.46, 137.4, 134.2, 134.2, 132.2, 1315, 130.5, 128.2,
127.2, 127.0, 123.93, 123.86, 123.2, 123.1, 121.1, 120.9, 120.5, 120.1,
110.1, 110.1, 96.7, 96.0, 87.5, 86.4, 57.5, 45.8, 32.8, 32.7 ppm. MALDI
MS (matrix: HABA): m/z 1791.347 (required for C;oHg,N,, =
1791.347).

Synthesis of 10. A solution of 9 (75 mg, 0.042 mmol) in o-
dichlorobenzene (o-DCB, 10 mL) was heated under Ar to 130 °C,
before diisopropylamine ((iPr),NH, 70.4 uL, 0.50 mmol) and p-
toluenesulfonyl hdrazide (TSH, 62.4 mg, 0.33 mmol) were added.
Additional portions of TSH and (iPr),NH were added after 4 h (31.2
mg, 0.16 mmol TSH; 35.2 L, 0.25 mmol (iPr),NH), 5.5 h (31.2 mg,
0.16 mmol TSH; 35.2 L, 0.25 mmol (iPr),NH), and 7.5 h (62.4 mg,
0.33 mmol TSH; 70.4 pL, 0.5 mmol (iPr),NH), and the reaction
mixture was stirred at 130 °C for a total of 26.5 h. The hot reaction
mixture was then passed through a plug of basic alumina, and the plug
was washed with hot toluene (150 mL). The organic layers were
combined, the solvent was evaporated, and the product was dried
under vacuum to yield 10 as a yellow solid (60 mg, 0.033 mmol, 78%).
'"H NMR (600 MHz, CDCL,): § = 8.37 (s, 4H, ArH), 8.10 (s, 4H,
ArH), 7.82 (d, 8H, ] = 7.8 Hz, ArH), 7.42 (d, 4H, J = 7.8 Hz, ArH),
7.37-7.26 (m, 22H, ArH), 7.10 (s, 2H, ArH), 7.07 (d, 2H, J = 7.8 Hz,
ArH), 6.74 (d, 4H, ] = 7.8 Hz, ArH), 6.54 (d, 4H, ] = 8.4 Hz, ArH),
4.19 (s, 12H, N—CH,), 4.14 (s, 12H, N—CH,), 3.17 (s, 4H, CH,),
3.13 (s, 8H, CH,), 2.86 (m, 4H, CH,), 2.74 (m, 4H, CH,) ppm. C
NMR (100 MHz, CDCLy): § = 153.5, 153.4, 150.59, 150.57, 149.9,
149.6, 149.0, 142.8, 1392, 138.6, 138.5, 137.4, 137.3, 1354, 130.7,
127.4, 127.3, 128.7, 128.5, 125.2, 123.7, 123.7, 123.0, 120.38, 120.37,
119.8, 110.1, 110.0, 564, 45.1, 38.3, 37.5, 37.3, 362, 32.7 ppm.
MALDI MS (matrix: HABA): m/z 1809.274 (required for C;oHggN,g
= 1809.274).

Typical Preparation of Metallosupramolecular Polymer
Films. A solution of Fe(ClO,), in CH;CN (180.4 uL of a 64.8
mM solution) was added to a stirred solution of telechelic oligomer 1
(99.4 mg, 11.7 umol) in CHCl, (2 mL, 5.84 mM). The viscosity of the
mixture increased noticeably, and the color changed to purple. The
solution was transferred to an aluminum solution caster (diameter 3
cm) with a Teflon base. The solvent was evaporated overnight under
ambient conditions in a well-ventilated hood, and the resulting films
were subsequently dried at room temperature to produce a solid
purple film. Yellow films of metallosupramolecular polymers made
with different Zn>* salts were prepared by the same method. Yellow
films of metallosupramolecular polymers made with La(NTf,); were
prepared by the same method, but the telechelic oligomer:metal salt
ratio was adjusted to account for 3:1 Mebip:La binding.

General Procedure for UV—vis Titration with Metal Salts. A
solution of 1 (50 uM) in a mixture of CHCl;/CH,CN (9/1 v/v, 2
mL) was titrated with 25 pL aliquots of a solution of the metal salt (ca.
300 uM) and 1 (50 uM) in the same solvent mixture. The addition
was done incrementally; after each addition of an aliquot of the metal
salt solution the samples were characterized by UV—vis spectroscopy.
The M, of 1 was calculated from the ion titration experiments with
Fe(ClO,),: M, ~ 8500 g/mol, X, ~ 21.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Telechelic
Oligomer 1. The synthetic protocol utilized to prepare the
2,6-bis(1-methylbenzimidazoyl)pyridine end-capped 2,5-dia-
lkoxy-p-xylylene telechelic oligomer (1) follows our previously
published route’ and involves the Hahn diimide reduction of
the parent conjugated 2,5-dialkoxy-p-phenyleneethynylene 2,
which was prepared in greater than 90% yield via the
Sonogashira coupling reaction of acetylenes 3, 5, and aryl
diiodide 4 (Scheme 2). Our original purification of 1 involved
precipitating the product into MeOH and washing with boilin§
MeOH, EtOH, CH;CN, and room-temperature MeOH.
When this procedure was repeated in the context of the
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Scheme 2. Synthesis and Structure of the Conjugated
Monomer 2, Its Reduction to the Ditopic Telechelic
Oligomer 1, and Pictures of the Films Obtained upon
Solution-Casting Telechelic Oligomer 1 with Equimolar
Amounts of Either Fe(ClO,), or Zn(ClO,),"

| Pd(PPhs),/Cul

Tol./(iPr),NH
>N ;

N N
@/ ~ 2:R=CgHy; / @
pTSH/(nPr);N
Tol../A

1-[Fe(Cl0,)zl10 1-[Fe(ClO4)z110 1-[Zn(ClO4)2l4.0
1 purified as 1 purified as 1 purified as
per Ref. 9 per this work per this work

| l |

“The properties of the resulting films depend on the procedure used
to purify 1.

present work, close examination of the 'H NMR spectrum
showed a peak around 2.32 ppm (Supporting Information,
Figure S2), which can also be found in the published spectra of
1.” The signal, along with matching resonances of aromatic
protons, is indicative of a small amount (ca. 2% w/w) of
residual p-toluenesulfinic acid, stemming from the reduction
process. In order to probe if this impurity, albeit present only in
a small concentration, might impact the properties of the
targeted metallosupramolecular polymers, the purification
procedure was modified to completely remove this byproduct.
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The new purification method involves repeated precipitation in
EtOH and washing with boiling MeOH, EtOH, CH;CN, and
diethyl ether to isolate 1 in 63% yield which was free of the
characteristic p-toluenesulfinic acid peak at 2.32 ppm
(Supporting Information, Figures S1 and S2).

The molecular weight of the metallosupramolecular poly-
mers under investigation can be maximized if telechelic
oligomer 1 and Fe*" or Zn®' salts are combined so that the
molar ratio of Mebip ligand to metal ion is exactly 2:1 (Scheme
1). In our original study on metallosupramolecular poly(p-
xylylene)s” we employed 'H NMR spectroscopy-based end-
group analysis to establish the molecular weight of 1. On the
basis of our experiences with other ditopic telechelic oligomers,
we here conducted UV—vis titration experiments to determine
the concentration of the ligands'' by slowly titrating a solution
of 1 (50 uM) with a solution of Fe(ClO,),, while maintaining a
constant concentration of 1 (Figure 1). As the metal ion was

1.0 T T T T T T T
>0 S
& f=
v £3
0.8 A gg . ]
3 .’
< < .
c o 0 .
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Figure 1. UV—vis absorption spectra acquired upon titration of 1 (50
uM) with Fe(ClO,),. Shown are spectra at selected Fe?*:1 ratios
ranging from 0:1 to 1.5:1. The inset shows the normalized absorption
at 350.5 nm as a function of Fe?*:1 ratio.

added to the telechelic oligomer, the absorption spectrum
changed from that of the free Mebip ligand with an absorption
maximum, A, of 300.5 nm to that of the Mebip,:Fe?*
complex, which shows additional maxima at 350.5, 366, and
580 nm. The inset of the figure shows that the changes of the
absorbance spectrum level off when all Mebip ligands have
been complexed with Fe**. Using the assumption that the
telechelic oligomer 1 is fully end-capped with Mebip, the Fe’*
concentration at which the optical changes leveled off was used
to back-calculate the number-average molecular weight (M,)
and number-average degree of polymerization (X,) of 1. The
values thus determined (M, = 8500 g/mol, X, = 21) are
significantly lower than those determined by 'H NMR end-
group analysis (M, = 11400 g/mol, X, = 28.5). The M, thus
determined is consistent with the targeted M, (8300 g/mol)
based on the stoichiometry of the starting materials (3, 4, and
5). The titration data show that using the M, determined by
NMR end-group analysis would lead to an underestimation of
the amount of metal salt required for stoichiometric binding to
the ligands that end-cap the telechelic oligomer. Therefore, we
used the M, determined by the UV titration (8500 g/mol) as
the molecular weight of 1.

In order to explore how the above-described changes (new
purification method and use of UV titration to achieve
stoichiometric ratios) influence the properties of metal-
losupramolecular polymer based on 1, a series of thin films
were prepared by solution-casting CH;CN/CHCI; mixtures of
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1 with stoichiometric amounts of either Fe(ClO,),, Zn(ClO,),,
Zn(OTf),, or Zn(NTf,), (designated as 1-[Fe(ClO,),], 0
1-[Zn(ClO,),] 100 1-[Zn(O0TA),]10, and 1-[Zn(NTf,),]1 4 re-
spectively). In addition, a film of 1 with 0.66 mol equiv of
La(NTf,); (1-[La(NTf,);]p66) was prepared, assumin% the
binding of three Mebip ligands per metal ion (Scheme 1).” Our
selection of metal salts is rationalized with the objective to
cover a range of binding strengths and dynamics (from the
dynamic, labile La** over Zn®** to the kinetically slower Fe’")
and to explore bistriflimide and triflate anions as thermally
more stable alternatives to the perchlorate anion. Already a
qualitative comparison of the 1-[Fe(ClO,),];, and 1-[Zn-
(Cl0,),], ¢ films made by old and new protocols (Scheme 2),
revealed that the new processes results in metallosupramo-
lecular polymer films with much better mechanical properties
than the previous materials: the original 1-[Fe(ClO,),],, was
very brittle and 1-[Zn(ClO,),],, did not form self-supporting
films, very much in contrast to the corresponding materials
prepared here. The comparison shows that the protocols
reported herein afford metallosupramolecular polymers with
significantly improved mechanical properties, presumably on
account of a better metal:ligand stoichiometry, which is
concomitant with higher self-assembled molecular weight
aggregates than previously attainable. The properties of the
new materials were hence studied in greater detail.

Characterization of 1 and Its Metallosupramolecular
Polymers. The thermal stability of 1 and the metal-
losupramolecular polymers 1-[Fe(ClO,),]14, 1:[Zn(ClO,),] 0,
1-[Zn(OTf),] 10 1:[Zn(NTH),] 0 and 1-[La(NTF)3]o65 were
investigated by thermogravimetric analysis (TGA) (Figure 2).
It was found that the neat telechelic oligomer 1 was stable up to
a temperature of ca. 350 °C, above which it degraded with a
90% weight loss at 500 °C. 1-[Fe(ClO,),],, exhibited a 2.5%
loss at ca. 190 °C, while 1:[Zn(ClO,),],, displayed a 2.7%
weight loss at 285 °C. Consistent with previous studies, these
events are attributed to the degradation of the perchlorate
counterion.” Both perchlorate-based metallosupramolecular
polymers display a major weight loss in the range of 350—
500 °C, similar to the telechelic oligomer. Expecting a higher
thermal stability from this counterion, we also explored series of
salts with bistriflimide (NTf,”) as the anion. Metallosupramo-
lecular polymers 1-[Zn(OTf),], o, 1-[Zn(NTH£,),], 0 and 1-[La-
(NTH£,)3]06s 2ll showed similar trends with an onset of weight
loss occurring ca. 350 °C and a single weight loss peak
occurring from 350 to 500 °C. Thus, these metallosupramo-
lecular polymers display a higher thermal stability than the
corresponding materials comprising perchlorate as the counter-
ion.

Differential scanning calorimetry (DSC) was used to probe
thermal transitions of the neat telechelic oligomer 1, and the
metallosupramolecular polymers 1-[Zn(ClO,),],0, 1-[Zn-
(OTf),)100 1-[Zn(NTH),]10 and 1-[La(NTH,);]oes The neat
telechelic oligomer 1 (Figure 3a) displays a glass transition
temperature (T,) of ca. 50 °C and a reversible endothermic
transition with a maximum at 164 °C. Likewise, all metal-
losupramolecular films tested displayed similar thermal
transitions with T, occurring at ca. 50 °C and a reversible
endotherm at 164 + 4 °C (Figure 3b and Supporting
Information; no DSC data were acquired for 1-[Fe(ClO,),],
on account of the lower degradation temperature associated
with this material). The reversible endotherm displayed by both
neat 1 and the resulting metallosupramolecular polymers is
ascribed to the melting of the p-xylylene core of the telechelic
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Figure 2. (a, b) Thermogravimetric analysis (TGA) traces of the neat
telechelic oligomer 1 (black), 1-[Fe(ClO,),];, (red), 1:[Zn(ClO,),]10
(green), 1[Zn(OTf),],, (blue), 1:[Zn(NTf),];, (magenta), and
1-[La(NT£,);]os (olive). The experiments were conducted at a
heating rate of 10 °C/min under N,.

oligomer.'® The crystalline nature of the materials was
confirmed by polarized optical microscopy experiments
(Supporting Information). Thus, neither the nature of the
counterion nor the metal ion exerted a dominant influence on
the thermal transitions of the metallosupramolecular polymers
studied, which, instead, appear to be largely governed by the
crystalline morphology imposed by the crystalline telechelic
oligomer.

The mechanical properties of 1:[Fe(ClO,),];, 1:[Zn-
(ClO4),)1.00 1-[Zn(OTH),], 4, and 1-[Zn(NTE),],, were
investigated by dynamic mechanical thermal analysis
(DMTA). The thin films were heated at a rate of 3 °C/min
and tested at a frequency of 1 Hz under N,. All materials
showed very similar mechanical properties with room temper-
ature storage moduli of 440, 390, 420, and 470 MPa,
respectively (Figure 4). As in the case of similar systems
based on Mebip-terminated telechelic oligomer with a p-
phenylene ethynylene core,”'" a steady decrease of the storage
modulus is observed with increasing temperature, consistent
with the formation of linear polymers (as opposed to physically
cross-linked structures). The 1-[La(NTH5,);]o4 film proved to
be more brittle than the samples based on either Fe** or Zn**
and could not be characterized by DMTA temperature sweeps.
The brittle nature of the 1-[La(NTHf,);]o4 could be the result
of the weaker, more dynamic nature of the Mebip:La*>" bond,
which has resulted in weaker materials as has been seen in
previous studies,'>~"* but it may also be related to highly cross-
linked nature of this material since the La®" ion acts as a cross-
linker by binding to three Mebip ligands.
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Figure 3. Differential scanning calorimetry (DSC) traces of the neat
telechelic oligomer 1 (a) and 1-[Zn(NTf,),],, (b). Traces from first
heating (solid), first cooling (dashed), and second heating scans (dot)
are shown. The experiments were conducted at a heating rate of 10
°C/min under N,.
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Figure 4. Dynamic mechanical thermal analysis (DMTA) temperature
sweeps of 1-[Fe(ClO,),],o (red), 1:[Zn(ClO,),],o (green), 1-[Zn-
(OTf),],o (blue), and 1-[Zn(NTHL,),],, (magenta): storage modulus
(solid line), loss modulus (dashed line), and tan § (dotted line). The
experiments were conducted at a heating rate of 3 °C/min and a
frequency of 1 Hz under N,.

Synthesis and Characterization of Cross-Linker 10. In
order to test the effect of cross-linking without using
“trifunctional” lanthanide salts (which, as discussed above,
may not afford materials with good mechanical properties on
account of weaker binding), a tetrafunctional cross-linker (10)
carrying four Mebip units was prepared (Schemes 3). It was
synthesized via the Sonogashira coupling of the ethynyl-
derivatized Mebip (3) to a tetraiodofluorene derivative (8)
followed by diimide reduction of the resulting ethynylene
precursor 9. Initial attempts to carry out the alkyne reduction

using literature procedures,”® namely toluene sulfonyl hydrazide
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Scheme 3. Synthesis of Cross-Linker 10
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o-DCB/A 10: X =~ CH,-CHym

(TSH) and tripropylamine (TPA) in toluene, yielded only
mixtures of partially reduced products (Supporting Informa-
tion). The systematic variation of solvent and amine used
allowed us to develop reaction conditions (use of o-
dichlorobenzene as solvent and diisopropylamine as a less
basic amine than TPA; see Experimental Section and
Supporting Information) to reduce precursor 9 to cross-linker
10 in good yield. The improvement is presumably the result of
a slower decomposition of TSH under the new reaction
conditions,”" which dramatically increases the effectiveness of
the reduction.

Dynamic Mechanical Thermal Analysis of Cross-
Linked Films. To test the effect that 10 has on the mechanical
properties of the metallosupramolecular polymers under
investigation, a film composed of 90 mol % of 1 and 10 mol
% of 10 was prepared with a stoichiometric amount of
Zn(OTf), as the metal component ([1,410,;]-[Zn(OTf),],,)-
The mechanical properties of the thin film were tested by
DMTA with a heating rate of 3 °C/min and a frequency of 1
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Hz under N, (Figure S). Interestingly, it was found that at a
content of 10 mol % the cross-linker 10 had little effect on the
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Figure S. Dynamic mechanical thermal analysis (DMTA) temperature
sweeps of 1-[Zn(OTf),],, (blue), and [145104,]-[Zn(OTL),],, (dark
blue): storage modulus (solid line), loss modulus (dashed line), and
tan § (dotted line). The experiments were conducted at a heating rate
of 3 °C/min and a frequency of 1 Hz under N,.

materials’ mechanical properties. Thus, the result confirms the
above conclusion that, unlike other metallosupramolecular
polymer systems based on low-T, telechelic oligomers, the
mechanical properties of this film appear to be based primarily
on the crystalline polymeric core, with little effect from metal
ion, counterion or cross-linking.

B CONCLUSIONS

Here we have shown that mechanically robust films (storage
moduli of ca. 400 MPa) of metallosupramolecular polymers can
be created, in which the mechanical properties are primarily
governed by the crystalline nature of the telechelic oligomer. As
such, the solid-state properties of these materials are much less
sensitive to the metal ion salt used in their assembly than
comparable metallosupramolecular polymers based on tele-
chelic oligomers with low-T, cores. Even the introduction of a
moderate amount of a tetrafunctional cross-linker did not affect
their properties in an appreciable manner. Similarly, the
replacement of the perchlorate counterion with either triflate
or bistriflimide counterions does not significantly alter the
mechanical properties, but the latter materials offer higher
thermal stability. We have also shown that the solid-state
properties materials are sensitive to certain impurities, which
presumably compete with the metal ligand binding and/or an
offset of the ideal metal-to-ligand binding stoichiometry, as
would be expected for a step-growth-like assembly process.
Thus, this highlights important design criteria that need to be
taken into account and/or utilized while developing structure/
property relationships in metallosupramolecular polymers,
especially toward the goal of obtaining systems with enhanced
mechanical properties.

B ASSOCIATED CONTENT

© Supporting Information

'H and "*C NMR spectra of 1; DSC traces of 1-[Zn(ClO,),]; o,
1-[Zn(OTf),]1, and 1:[La(NTf,);]oes polarized optical
microscopy images of 1:[Zn(OTf),];o. This material is
available free of charge via the Internet at http://pubs.acs.org.
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ABSTRACT: The photophysical properties of a series of tris-cyclometalated 3LC
Ir(III) complexes bearing oligofluorene-substituted 2-phenylpyridine (ppy) and/
or 1-phenylisoquinoline (piq) ligands were studied at both room temperature and
77 K, for delineating the oligomer-substitution effects on the photophysics in such SMLCT

metal-complex-containing conjugated oligomers/polymers. Unique temperature T=2.4ps 2
dependence was observed with the triplet excited-state lifetime of the studied
oligomers. Molecules having one of the three ppy ligands substituted with an \ R
oligofluorenyl group at varied positions exhibited two distinct types of -
phosphorescing behaviors. When the oligoflurene group was coupled to ppy in
a conjugative fashion (i.e., at S- or 4~ position), the complexes appeared to emit
from a *MLCT-dominated state perturbed by LC transition, as evidenced by the
relatively short lifetimes of phosphorescence as well as hypsochromic shift upon
lowering the temperature. Surprisingly, even shorter triplet lifetimes were
detected at 77 K for such oligomers. When the oligofluorenyl was tethered to the
phenyl ring of ppy meta to pyridine, emission properties were consistent with a *LC-dominated state, mixed with a certain
MLCT component. Uniquely, for these oligomers an evident bathochromic shift of emission with a significantly retarded
radiative decay rate was observed at 77 K. Furthermore, when a piq ligand was incorporated, red phosphorescence characteristic
of Ir-pig-based *MLCT transition emerged, disregarding the substation position of the oligofluorene. All these different
photophysical behaviors, particularly their unique temperature dependence, were explained by considering an energy transfer
process between different triplet states, with dominant MLCT and LC characteristics. In complexes having all ppy-derived
ligands, these two states were of similar but different energy. While one played a more important role than the other, both were
contributing to the phosphorescence emission. The temperature dependence of the photophysics reflected the equilibrium
shifting process. When the *MLCT-dominated state was lower in energy, faster radiative decay and shorter lifetimes were
manifested upon lowering the temperature, as a result of more favored SMLCT-dominated state. Whereas if the >LC-dominated
state was more stable, slower radiative decay emerged at decreased temperature due to further a reduced MLCT contribution.
The bathochromic shift was also a result of equilibrium shifting to the state of lower energy. When the piq ligand was engaged,
the emission was governed by the *MLCT state of the Ir-piq moiety, which had much lower energy compared to the triplet states
localized in oligofluorenyl ppy. DFT calculations substantiated the above hypothesis by identifying separate molecular orbitals
possessing mixed but imbalanced MLCT and LC components.

t=2.3ms

Energy Transfer

B INTRODUCTION excitons, the internal efficiency of LEDs can be considerably
improved.” In addition to pure light color, phosphors in LEDs

Cyclometalated iridium(III) complexes have been extensively
are generally desired to possess high quantum yields and short

studied mainly for their exceptional phosphorescence proper-

ties, exhibited by virtue of the large spin—orbital coupling lifetimes, i.e., rapid radiative and slow nonradiative decay rates,
(SOC) constant and efficient intersystem crossing (ISC) in order to maximize the brightness while suppressing triplet—
imparted the heavy metal." Incorporation of such metal com- triplet annihilation.® In contrast, long-lived excitons are
plex moieties into conjugated polymer scaffolds has proven an advantageous for sensory applications; that is, spontaneous
effective approach to accessing triplet excited states of polymer radiative and nonradiative rates should both be slow.” Long-
materials and inducing enhanced phosphorescence emission.” lifetime emission is favorable for bioimaging applications, which
In addition to light-emitting diodes (LEDs),> iridium helps minimizing the interference of background fluores-
complexes have also found versatile applications in more cence.'® Moreover, the long lifetime of triplet excitons has
diverse fields, including sensors,* biolabeling,5 and photovoltaic

devices.® For attaining optimal performance, various applica- Received: October 31, 2011

tions actually demand much differed photophysical properties. Revised:  November 21, 2011

With the phosphorescent materials harvesting the triplet Published: December 8, 2011
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also been shown facilitating charge separation in photo-
voltaic devices.'! Apparently, to suit such a wide range of
applications, the ability to tailor the materials properties by
structure modifications is highly desirable, and a proper
understanding of the correlation of photophysical properties
with chemical structures is indispensable for rational molecular
designs.>"?

To this end, along with investigations focused on exploring
innovative applications,'® systematic research was performed to
delineate the structure—property relationship in organometallic
phosphors.'*™'¢ The basic principles and common character-
istics of triplet emission in small-molecule complexes have
generally been established. Specifically for cyclometalated
iridium complexes, Thompson and co-workers carefully studied
a number of blue-emitting complexes and elucidate the origin
of the temperature dependence of their radiative decay pro-
cess.'® Tsuboyama and co-workers surveyed a series of homo-
leptic iridium complexes of red phosphorescence,'® showing
that for typical metal-to-ligand charge transfer (MLCT) excited
state the emission underwent hypsochromic shift upon freezing
the solvent, resulting from subsided solvent relaxation around
the more polar excited state.'” In contrast, phosphorescence
from ligand-centered (LC) triplet state (*z—z*) was much less
sensitive to temperature, with minimal change in both band
shape and emission wavelength.">*'® Moreover, a slower
radiative decay rate was typically observed with the *LC state
compared to that of "MLCT state due to a limited participation
of heavy metal orbitals in the LC transition.

Moreover, a number of unique systems featuring an
intramolecular energy transfer process between different triplet
states have been reported. Earlier examples were some Ru
complexes covalently linked to pyrene units.'* More recently,
Thompson et al. studied a benzoporphyrin—Pt complex
attached with four BODIPY units exhibiting triplet energy
transfer.”® Ceroni and Zhao groups independently investigated
Ru complexes coupled with trithiophene oligomer and pyrene
units, both of which displayed reversible triplet energy
transfer.”'

In addition to studies on small molecules, Ir comglexes have
also been incorporated into linear”** and dendritic** polymer
scaffolds. In these systems, the auxiliary structures not only
facilitated photon and carrier collections but also suppressed
triplet—triplet annihilation by acting as antenna and/or
insulating layers. However, compared to small-molecule
systems, the photophysical details of metal-complex-containing
conju%ated polymers is more obscure and less under-
stood,'®**%5 but relevant information is useful to avail more
precise structure—property prediction and efficient material
designs.

Among different iridium complexes, tris-cyclometalated
systems are of particular interest because of their extraordinarily
high phosphorescing quantum efficiency"®®? as well as the
noncharged nature and chemical stability. Following a previous
investigation,” herein we report a more in-depth study on the
temperature dependence of the photophysics of a series of tris-
cyclometalated Ir(III) complexes having oligofluorenyl 2-
phenylpyridine (ppy) and 1-phenylisoquinoline (piq) ligands
(Charts 1 and 2). On the basis of the experimental results, we
proposed that an energy transfer between different triplet states
(MLCT- and LC-dominated, respectively) occurred and was
responsible for the observed unique temperature-dependent
photophysics exhibited by the studied molecules. On the other
hand, the current study also demonstrated effective approaches
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Chart 1. Chemical Structures of Oligofluorenyl Ir(ppy); and
Reference Complex Ir(ppy);

n=0 Ir(m-Fppy)
n=1 Ir(m-DFppy)
n=2 Ir(m-TFppy)

CeHia CeH1s  CeHia _-CeH1z

. \_hg Q.Q 0.0 "
s
OO,
\
Ir(pTFpy)

to tuning the triplet state properties of related materials by
modulating the ligand structures.

B RESULTS AND DISCUSSION

Materials. Reference compounds Ir(ppy); and Ir(piq),
were obtained according to procedures reported in the
literature.*">* Oligofluorene-substituted Ir(ppy); complexes
(Chart 1) were synthesized using our previously reported
methods.” Similar protocols were used to obtain oligofluorene-
substituted complexes containing piq ligands (Chart 2).
Specifically, 1-chloroisoquinoline was reacted with tert-butyl
or bromine-substituted phenylboronic acids under Suzuki
coupling conditions, yielding the corresponding substituted-
piq ligands. Various tris-cyclometalated Ir(III) complexes with
brominated ppy and piq ligands were subsequently acquired via
Nonoyama reactions followed by ligand-exchange reactions.
The tert-butyl groups on the phenyl rings helped improve the
solubility of bromine-substituted complexes and allowed the
use of column chromatography for their purification and
separation from byproducts generated in ligand-exchange
reactions. These intermediate complexes were then subjected
to Suzuki coupling conditions to react with oligofluorenylbor-
onic acids of different chain lengths, offering the target
oligomeric complexes (synthetic details are described in the
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Chart 2. Chemical Structures of Oligofluorenyl
Ir(ppy)(piq), and Ir(ppy),(piq) with Reference Complex
Ir(piq);

Ir(m-TFppy),(piq)

t-Bu

Ir(pTFpy)2(piq) Ir(TFpiq),

Supporting Information). The structures of all newly
synthesized complexes were characterized and confirmed by
"H NMR and mass spectroscopies.

Absorption Spectra. For complex series having an
oligofluorene chain attached to the phenyl ring of ppy meta
to the pyridine unit, i.e., Ir(m-Fppy), Ir(m-DFppy), and Ir(m-
TFppy), both the absorption maxima and absorbability
increased with the oligofluorene chain length (Figure la).
Evidently, the absorption spectra were dominated by the spin-
allowed LC 'z—7x* transition of the oligofluorene moiety. The
minor band centered at about 450 nm, showing a lower
extinction coefficient, was from MLCT transitions, which
remained nearly unchanged with the oligofluorene chain
extension. Generally, these absorption features were similar to
those of complexes Ir(Fppy), Ir(DFppy), and Ir(TEppy).*®

The three oligomer complexes having piq ligands and
trifluorenyl groups at different positions also exhibited principal
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Figure 1. Absorption spectra of some oligofluorene-substituted Ir(III)
complexes in comparison with those of Ir(piq); and Ir(ppy),
(spectrum of Ir(m-TFppy) was reproduced from ref 25).

absorption peaks at ca. 370 nm (Figure 1b). These optical
bands with large extinction coefficients were as well ascribed to
the spin-allowed 7—7z* transition of the trifluorene groups. The
major absorption band of complex Ir(pTFpy),(piq) exhibited a
nearly identical maximum wavelength with that of Ir(pTFpy),
suggesting that the excitation transitions took place relatively
independently in each ligand. Complex Ir(TFpiq), with a
trifluorenyl directly linked to piq manifested a slightly red-
shifted absorption maximum relative to those of Ir-
(pTFpy),(piq) and Ir(m-TFppy),(piq), imaginably due to
electronic coupling between the trifluorenyl group and the piq
unit.'>*

In summary, the absorption spectra of all studied oligomeric
Ir(III) complexes corresponded mainly to intraligand electronic
transitions. Charge transfer between the iridium center and
ligands played a minor role in the excitation process.

Photoluminescence Properties. The photoluminescence
properties of all oligomer complexes were investigated at both
room temperature and 77 K. The spectra are shown in Figures
2—4 and Figure S1, with relevant data summarized in Table 1 in
comparison with those of reference compounds Ir(ppy); and
Ir(piq);. The emission spectra were collected by exciting at the
absorption maxima of respective oligomer complexes, corre-
sponding to the 'm—z* transition of the oligofluorenyl-
substituted ligands. The observed properties of sensitivity to
oxygen, large Stokes shift, and microsecond-ordered lifetimes
all suggested that the emissions originated from triplet excited
states. The fact that no significant fluorescence was detected
with any of the oligomers confirmed that intersystem crossing
occurred very rapidly and efficiently in these oligomeric iridium
complexes.

Our study was first focused on the complexes having all ppy-
derived ligands. Compared with phosphorescence spectra
collected at 298 K,*° an evident hypsochromic shift was
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Figure 2. Steady-state photoluminescence spectra and time-resolved
emission decay curves (inset) of (a) Ir(TFppy) and (b) Ir(pTFpy) at
77 K (black lines) and 298 K (green lines, the room-temperature data
were reproduced from ref 25); reduced lifetimes were observed at the
lower temperature (12 and 7.4 us for Ir(TFppy), 4.2 and 3.6 us for
Ir(TFppy) at 298 and 77 K, respectively).

exhibited by the emissions of both Ir(TFppy) and Ir(pTFpy) at
77 K, with evident vibronic features shown at both high and
low temperatures (Figure 2). These optical features clearly
revealed the complex nature of the triplet excited state in these
oligomers to be the admixture of MLCT and LC states.
Namely, the appearance of resolved vibronic structures at room
temperature testified the LC characteristic, while the hypo-
sochromic shift upon temperature decrease evidenced the
charge transfer feature, which entailed solvent relaxation for
stabilizing the more polar excited state at higher temperatures.
Such solvent reorganization motions were substantially sup-
pressed upon freezing the solvent.

Surprising results emerged when time-resolved emission data
were obtained. Typically, the triplet-state lifetimes of small-
molecule metal complexes extend upon lowering the temper-
ature. One of the reasons for longer lifetime is that nonradiative
decay rate contains a temperature-dependent component,
which decreases with temperature because excitons of reduced
thermal energy are less likely to overcome the activation barrier
and access the nonradiative decay pathways. Another origin of
the temperature-sensitive lifetime for iridium complexes lies in
the different radiative decay rates of the three sublevels of the
triplet state. The situation is well presented by Ir(ppy);, which
features a very small nonradiative decay rate and a large zero-
field splitting, as illustrated by Thompson et al.'®® Thermal
population of the higher triplet substates that are capable of
faster radiative decay was proposed to account for the reduced
lifetime of Ir(ppy); at increased temperatures. However, contrary
to these previous observations of common small-molecule
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Figure 3. Normalized photoluminescence spectra and time-resolved
emission decay curves (inset) of (a) Ir(m-Fppy), (b) Ir(m-DFppy),
and (c) Ir(m-TFppy) at 77 K (black line) and 298 K (green lines);
extended lifetimes were detected at lowered temperature (1.5 and
3.5 us for Ir(m-Fppy), 4S and 236 us for Ir(m-DFppy), 114 and 645 us
for Ir(m-TFppy) at 298 and 77 K, respectively).

iridium complexes, oligomers Ir(TFppy) and Ir(pTFpy) both
exhibited substantially reduced lifetimes at the cryogenic
temperature (Figure 1 and Table 1).

To seek explanation for this unusual temperature depend-
ence of lifetimes, additional data were collected. First, the chain
length effect of the oligofluorenyl on the triplet exciton lifetime
was evaluated. All three complexes having oligofluorenyl
positioned on the phenyl ring of ppy para to the pyridine
unit, Ir(Fppy), Ir(DFppy), and Ir(TFppy), showed hypso-
chromically shifted phosphorescence spectra upon lowering the
temperature (Figure S1). While Ir(ppy); showed lifetimes of
1.5 and 3.4 s at 298 and 77 K, respectively, complex Ir(Fppy)
with one fluorene unit attached exhibited nearly unchanged
lifetime values of 4.1 and 4.0 s at the same temperatures
(Table 1). When the oligomer chain was further extended,
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Figure 4. Normalized photoluminescence spectra and time-resolved
emission decay curves (inset) of (a) Ir(pTFpy),(piq), (b) Ir(m-
TFppy),(piq), and (c) Ir(TFpiq), at 298 (green lines) and 77 K
(black lines); the lifetimes of the main emission peaks were
determined to be 1.2 and 2.9 us for Ir(pTFpy),(piq), 1.4 and 2.4 us
for Ir(m-TFppy),(piq), and 1.2 and 2.0 us for Ir(TFpiq), at 298 and
77 K, respectively; the red decay curves were obtained from the minor
emission peak at 563 nm at 77 K, with a lifetime of 7.0 s and 2.3 ms

for Ir(pTFpy),(piq) and Ir(m-TFppy),(piq), respectively.

ie, for Ir(DFppy), shorter lifetimes were observed at 77 K, similar
to the observation made with Ir(TFppy). In general, for this
homologue series, the triplet-state lifetime and its dependence
on temperature manifested a tendency to be less similar to that
of Ir(ppy); as the oligomer chain grew longer.

However, rather distinct results were obtained from another
oligomer series, which had the oligofluorenyl group tethered to
phenyl ring of ppy meta to pyridine. In this series, with a single
fluorenyl group, complex Ir(m-Fppy) exhibited very similar
properties to those of Ir(ppy)s, i.e., showing very short excited-
state lifetime and a near-unity quantum efficiency, reflecting a
very rapid radiative decay and a negligible contribution of
nonradiative pathways. Also similar to Ir(ppy);, moderately
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extended lifetime and hypsochromic shift of emission were
observed with Ir(m-Fppy) when the temperature was lowered
to 77 K (Figure 3a and Table 1). In stark contrast, when more
fluorene units were appended, dissimilar photophysical proper-
ties were displayed by Ir(m-DFppy) and Ir(m-TFppy). While
the emission quantum yield remained a significant value of 0.82,
the excited state lifetime at 298 K became substantially
prolonged to 45 us for Ir(m-DFppy). More remarkably, when
the temperature was lowered to 77 K, a particularly longer
lifetime of over 200 us was detected. On the basis of the
radiative and nonradiative decay rates (k, and k,,, respectively)
calculated using the quantum yield (®) and lifetime (7) values
at 298 K, it was evident that a decrease of k,, could not solely
be responsible for such a long lifetime at 77 K, considering its
relatively small value even at room temperature. In other words,
k. must have dropped significantly with temperature for this
molecule. Moreover, the phosphorescence of Ir(m-DFppy)
exhibited a noticeable bathochromic shift at lowered temper-
ature (Figure 3b). This phenomenon was rather unusual and
not commonly observed previously with either MLCT- or
SLC-governed emissions.'”> An even more significant bath-
ochromic shift and further extended lifetime (>600 us) of
emission were observed with Ir(m-TFppy) at 77 K.

By analyzing the data presented above, the following infor-
mation was deduced. Consistent with the conclusion drawn
earlier,”® the emission of oligomers Ir(Fppy), Ir(DFppy), and
Ir(TFppy) originated from mixed MLCT and LC transitions.
As the oligofluorene chain was extended, the contribution of
MLCT to the excited state was reduced relative to that of the
LC state. This was evidenced by the decreased k, and k,, with
increasing oligofluorenyl chain length. However, the MLCT
state remained the more important contributor over the entire
series, as evidenced by the hypsochromic shift of phosphor-
escence observed at lowered temperature. On the other hand,
for complexes having oligofluorenyl and pyridyl groups placed
at meta positions, the triplet excited state appeared to
experience a transition from being MLCT-dominated state, in
Ir(m—Fppz), to LC-prevailed one, as in Ir(m-DFppy) and Ir(m-
TEppy).”

Such disparate photophysical behaviors of the above two
series at room temperature were reasonably well explained by
the different electronic coupling effect of m- vs p-phenylene
linkage. For Ir(ppy)s, the MLCT process primarily relies on the
LUMO of pyridine moiety to accept the negative charge. When
the oligofluorene was located at the para position of the pyri-
dine unit, the negative change could be effectively delocalized
and thus stabilized by the entire conjugated oligofluorenyl ppy
ligand. In contrast, delocalization of the negative change to the
oligofluorene chain was not viable for the meta linkage.
Consequently, for oligomer series Ir(m-Fppy), Ir(m-DFppy),
and Ir(m-TFppy), the energy level of MLCT-dominated state
remained relatively constant, whereas the energy level of the
LC-dominant state was continuously lowered with extended
m-conjugation. When the appended chain was short, as in
Ir(m-Fppy), the LC-dominated excited state was still higher in
energy and the MLCT process prevailed. As the oligomer chain
grew longer, the LC-dominated state became lower in energy
than the MLCT state. Hence, the lowest triplet state turned
from a typical MLCT-dominated state to one mostly dictated
by the LC process as more fluorene units were appended.

Nonetheless, the unique temperature-dependent phenomena
still awaited explanation, namely the shortened lifetimes of
Ir(DFppy), Ir(TFppy), and Ir(pTFpy) but significantly

dx.doi.org/10.1021/ma2024123 | Macromolecules 2012, 45, 133—141



Macromolecules

Table 1. Photoluminescence Properties of Studied Oligofluorene-Substituted Iridium Complexes®

complex Amax (nm) (298177 K)
Ir(ppy);* 5101495
Ir(Fppy)? 5501527
Ir(DFppy)” 5581536
Ir(TFppy)” 5591540
Ix(pTFpy)* 5681549
Ir(m-Fppy) 5181503
Ir(m-DFppy) 5231531
Ir(m-TFppy)” 5241540
Ir(piq); 6191598
Ir(pTFpy),(piq) 6281604
Ir(m-TFppy),(piq) 6221600
Ir(TFpiq), 6411626

“Data separated by “I”

®(298 K) 7 (us)? (298177 K) Kk, (/10° s71)

0.97¢ 1.513.4 6.510.2
0.81 4.114.0 2.010.46
0.67 8.016.0 0.8410.41
0.67 12174 0.5610.27
0.82 42136 2.010.43

>0.99 L.513.5 6.610.07
0.82 451236 0.1810.04
0.50 1141645 0.0410.04
0.60" 1.112.5 5.513.6
0.69 12129 (7.0%) 5.812.6
0.72 14124 (2.3 x 10°9) 5.112.0
0.44 12120 3.714.7

were obtained at 298 and 77 K, respectively; Ir(ppy); and ohgoﬂuorenyl Ir(ppy); were measured in degassed toluene; Ir(piq);

and oligofluorenyl Ir(ppy),(piq)/Ir(ppy)(piq), were measured in degassed MeTHF. bLifetimes shorter than 20 ys were measured by the time-
correlated single-photon counting method using NanoLED of 339 or 369 nm as the excitation light source; lifetimes longer than 20 us were
measured using a pulsed Xe lamp as the exc1tat10n light source. °k, and k,, (radiative and nonradiative decay rates) were calculated at 298 K using k, =
@, /7 and k,, = 1-® ) /7, respectively. “Data at room temperature were from ref 25. “This value from ref 16b was used as the standard for the
quantum yield measurement of oligofluorene-substituted Ir(ppy); complexes. FThis value from ref 28 was used as the standard for the quantum yield
measurement of oligofluorenyl Ir(ppy),(piq) and Ir(ppy)(piq), complexes. Data measured at 77 K for the minor emission band with a maximum at

563 nm.

prolonged ones of Ir(m-DFppy) and Ir(m-TFppy)
companion with different chromic shift of emissions at lowered
temperature. These observations led to a hypothesis of an
energy-transfer process between two triplet states, with
dominant MLCT and LC characteristics in these oligomers.””
In the above oligomer complexes, because these two states
possessed similar energy, a reversible energy transfer might
have occurred, and the emission appeared as a single decay
process due to rapid equilibration. For the oligomer series
featuring para-linked oligofluorenyl and pyridine, both the
energy levels of the MLCT- and LC-dominated states were
lowered upon elongation of the oligofluorene chain. Although
the LC-dominated state was stabilized more effectively than the
MLCT state at the same chain length, the latter remained lower
in energy and being the major contributor to the emission over
the entire series, which was evidenced by the hypsochromic
shift of emission with decreased temperature. As the temper-
ature decreased, the MLCT-dominated state of lower energy
was favored even more strongly, thus giving rise to faster
radiative decay and shortened lifetime. It should be noted that
in these oligomers the MLCT-dominated state is probably
significantly mixed with LC transition. On the other hand, the
LC-dominated state might not possess a very significant radia-
tive decay rate, due to the minimal involvement of the metal
atom, but its presence affected the emission lifetime by
entailing the energy-transfer process.

For the meta-linked series, as aforementioned, while the LC
state gained stabilizing energy from the oligomer chain
extension, the MLCT state remained roughly unaffected due
to the meta linkage between the pyridine unit and oligofluorene
chain. Therefore, in Ir(m-Fppy) the MLCT-dominated state
was much lower in energy compared to the LC-dominated
state, and therefore the molecule exhibited very similar
properties to those of Ir(ppy)s. The lifetime dependence on
temperature of Ir(m-Fppy) likely followed a similar scenario to
that of Ir(ppy)s. That is, increased thermal population of higher
triplet state sublevels brought about faster radiative decay at
increased temperature. However, when the LC-dominated state
was stabilized and overrode the MLCT-dominated state, it
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became the more important contributor to the emission, as in
Ir(m-DFppy) and Ir(m-TFppy), and the temperature depend-
ence of photophysics readily revealed the equilibrium shifting of
the energy-transfer process. The higher MLCT state became
less populated at lower temperature, resulting in further
retarded decay rates and extended lifetimes. Since the LC-
dominated state was of lower energy, bathochromic shift of
emission emerged as the temperature dropped. It is noteworthy
that the LC-dominated state in Ir(m-DFppy) and Ir(m-TFppy)
was likely more emissive than those in Ir(DFppy), Ir(TFppy),
and Ir(pTFpy), since the oligofluorene segment was electroni-
cally coupled to the metal center via a p-phenylene unit, and
thus a more direct d-orbital contribution to the LC-dominated
transition was viable. This was clearly viewed from the DFT-
calculated molecular orbitals (Figure S3).

The triplet energy transfer in previously reported systems
typically took place between *MLCT and LC states localized on
separate chromophores,'”>' and the 3z—z* state mostly
served as a “dark” energy reservoir, affecting the exciton
lifetime. A distinct difference of our current system is that the
MLCT- and LC-dominated triplet states might be both
emissive. Because of a more integrated coupling of the oligo-
fluorene with the metal center, substantial mixing of the transi-
tion metal d-orbital with the LC process occurred, enabling a
pronounced radiative decay rate of the LC-dominated state.””
Furthermore, with a relatively small k. value typical of Ir
complexes, the emission from the LC-dominant state was
detectable. On the other hand, likely due to the large size and
disorder of the oligomeric ligands, the MLCT- and LC-
dominated states were relatively localized and vibrational
coupling between them was not particularly efficient. All
these factors contributed to the observation of the energy
transfer process.

Subsequent investigations were conducted with the three
complexes accommodating piq ligands (Figure 4 and Table 1).
The reference complex Ir(piq); emitted red phosphorescence
with a quantum yield of ca. 0.6. At room temperature, a very
short excited-state lifetime of 1.1 us was exhibited, characteristic
of a typical *MLCT state. Its significantly red-shifted emission
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compared to that of Ir(ppy); was due to the enlargement of the
7-system upon fusing a benzo group to the pyridine unit, which
substantially enhanced the electron-accepting ability and
lowered the MLCT transition energy.

Notably, at both 298 and 77 K the photophysical properties
exhibited by Ir(pTFpy),(piq) and Ir(m-TFppy),(piq) were
akin to that of Ir(piq);, but distinctly different from those of
related oligomers Ir(pTFpy) and Ir(m-TFppy). Specifically,
both Ir(pTFpy),(piq) and Ir(m-TFppy),(piq) emitted red
phosphorescence with wavelength maxima at ca. 600 nm. The
room-temperature lifetimes were slightly longer than 1 ps. At
77 K, the emission maxima were blue-shifted by >20 nm,
exhibiting slightly extended lifetimes of 2—3 us. All these results
suggested that the two oligomer complexes were emitting from
a triplet state similar to that of Ir(piq)s, that is, the *MLCT of
Ir-piq moiety.

The property difference between Ir(pTFpy),(piq)/Ir(m-
TFppy),(piq) and Ir(pTFpy)/Ir(m-TFppy) was understand-
able considering the energy levels of relevant triplet states. The
emission wavelengths clearly revealed that the MLCT state of
Ir-piq was considerably lower in energy than both *MLCT- and
SLC-dominated states conferred by oligofluorenyl ppy.'**
Notably, since the emissions of these oligomers were recorded
by exciting at their absorption maxima (corresponding to 7—7*
transition of trifluorenyl ppy), an interligand energy transfer to
the Ir-piqg MLCT state presumably happened upon excitation.
Imaginably, this energy-transfer process was nearly irreversible
considering the large energy difference. Hence, phosphor-
escence from oligofluorenyl ppy-based MLCT- or LC-
dominated states was undetectable at room temperature for
Ir(pTFpy),(piq) and Ir(m-TFppy),(piq). Nonetheless, at 77 K
a trace of emission from these trifluorenyl ppy triplet states was
detected, when the emission bands were narrowed and better
resolved. A very small emission band was detected at ca. 560 nm,
the lifetime of which was ca. 7 us for Ir(pTFpy),(piq) and over
2 ms for Ir(m-TFppy),(piq). These values corresponded in

magnitudes to those observed for Ir(pTFpy) and Ir(m-TFppy)
at the same temperature, suggesting that these minor emission
bands were from the MLCT- and LC-dominated triplet states
of the oligofluorenyl ppy ligands, respectively.

Upon the attachment of a trifluorenyl group directly to piq
unit, complex Ir(TFpiq), exhibited a phosphorescence peak at
ca. 640 nm, bathochromically shifted by >20 nm relative to that
of Ir(piq);. The quantum efficiency was lowered to 0.44 at
room temperature, resulting from both decreased k, and
increased k,, compared to those of Ir(piq);. The bathochromic
shift was apparently due to the z-system extension via con-
jugative coupling of trifluorenyl with piq. While the increased
k,. was a reasonable consequence of the energy gap law, the
slightly smaller k, perhaps implied a slight mixing of the LC
state with MLCT transition in trifluorenyl pig."

Bl CONCLUSION

In the current study, the photophysical behaviors of a series of
tris-cyclometalated Ir(III) complexes having oligofluorene-
substituted ppy and piq ligands were examined at both room
temperature and 77 K, in comparison with those of the
prototype molecules Ir(ppy); and Ir(piq);. Basically, phosphor-
escent properties with unique temperature dependence were
observed, which were explained by referring to an energy-
transfer process between different triplet states in the
complexes. The involved states and relevant energy transfer
processes in various molecules are schematically depicted in
Figure S. The respective energy levels were estimated based on
the emissions of the oligomers at 77 K.*

Depending on the ligand structure and anchoring position of
the oligomer, complexes displayed three distinct types of
photophysical behaviors. In the first case, the two triplet states
were of similar energy, but the energy level of the MLCT-
dominated state was slightly lower than that of the LC-
dominated state. This situation was presented by complexes
Ir(DFppy), Ir(TFppy), and Ir(pTFpy). A reversible energy

25—

SMLCT
3SMLCT
3SMLCT

\ Y . T

EleV ol 3
Ir(pTFpy),(piq
met

L, O

x o

201 =Y MO E) T

Figure S. Schematic representation of the energy transfer processes among different triplet states in varied trifluorene-substituted iridium
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transfer thus took place between the two triplet states with the
equilibrium favoring the LC-dominated state. As the temper-
ature decreased, the equilibrium was more strongly biased,
giving rise to faster radiative decay and shortened exciton
lifetime. The emission wavelength change with temperature
confirmed the greater contribution from the MLCT transition
in these oligomers. A different energy level arrangement was
illustrated by complexes Ir(m-DFppy), Ir(m-TFppy), in which
the LC-dominated state was slightly more stable than MLCT-
dominated state. The much longer emission lifetime evidenced
the dominant role of the LC transition. At reduced temper-
ature, further prolonged lifetime and bathochromic shift of
emission were manifested, resulting from a further shifted
equilibrium toward the LC-dominated state. The third scenario
emerged when the oligomer complexes incorporated piq as
ligand. Since the *MLCT state of Ir-piq moiety was much lower
in energy compared to both MLCT- and LC-dominated states
located in oligofluorenyl ppy ligand, the emission naturally
originated from the former state. The fact that the photo-
physical properties of Ir(pTFpy),(piq) and Ir(m-TFppy),(piq),
including the temperature dependence, were comparable to
those of Ir(piq); served as unambiguous evidence for the
similar nature of their lowest triplet states. Additionally, the
properties of Ir(pTFpy),(piq) and Ir(m-TFppy),(piq) also
proved that interligand energy transfer occurred efficiently,
irrespective of the oligomer substitution position on ppy.

The current investigation demonstrated that, by manipulat-
ing the relative energy levels of the *MLCT and °LC states
through ligand structure modifications, photophysical proper-
ties (e.g., lifetime, k,, etc.) could be tuned in a wide range. By
virtue of the rapid intersystem crossing and large spin—orbital
coupling constant of the iridium center, optimal quantum yields
were achieved in all different cases. Additionally, when large
oligomer/polymer chains are covalently tethered to the
complex, photophysical properties that are unconventional for
small molecule systems may emerge. Our results delineated
certain structure—property correlation and provided useful
information for rational designs of relevant metal-complex-
containing conjugated polymers, while offer the possibility of
tailoring the triplet state properties to suit various applications.

B EXPERIMENTAL SECTION

General Procedures. UV—vis absorption spectra were recorded
on a Hitachi U-4100 spectrophotometer. Photoluminescence spectra
were recorded on a Horiba Jobin Yvon FluoroMax-4P spectrofluor-
ometer with a right-angle geometry, using 1 cm quartz cuvettes for
solution samples. The emission spectra were corrected for the
wavelength dependency of the detector sensitivity and monochroma-
tor gratings. For quantum yield measurements, the optical density of
the solutions was approximately 0.05—0.1 (at concentrations of ca.
1.0 X 107® M) at the excitation wavelength. A quantum yield value of
097 for Ir(ppy); in toluene'® was used as the standard for
oligofluorenyl Ir(ppy); complex series with an excitation wavelength
of 340 nm. A quantum yield of 0.60 for Ir(piq); in dichloromethane®®
was used as the standard value for oligofluorenyl Ir(ppy),(piq) and
Ir(ppy)(piq), with an excitation wavelength of 350 nm. The solutions
used for quantum yield measurements were degassed by bubbling N,
for 8 min prior to experiments. The precision of quantum yield mea-
surements was +5% upon repetition. Samples for photoluminescence
measurements at 77 K were contained in a quartz tube placed in a
Dewar cooled by liquid nitrogen.

Lifetime Measurements. Samples for phosphorescence lifetime
measurement were dissolved in MeTHF (distilled from CaH,) or
toluene (purified by Mbraun SPS-800 solvent purification system) at
similar concentrations for quantum yield measurements. Samples were
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degassed by conducting three freeze—pump—thaw cycles before the
cuvettes were sealed under vacuum. Lifetimes shorter than 20 us were
measured with time-correlated single-photon counting using a Horiba
Jobin Yvon FluoroHub-B instrument and FluoroMax-4P spectro-
fluorometer and NanoLED of 339 or 369 nm as the excitation source.
The full width at half-maximum (fwhm) of the instrument response
function (IRF) obtained by an aqueous solution of Ludox colloidal
silica was typically ~1 ns in our system. Phosphorescence lifetimes
were fitted with single-exponential decay functions without deconvo-
lution. Single-exponential fits were performed using Horiba Jobin
Yvon DASG software. Lifetimes longer than 20 us were measured with
FluoroMax-4P spectrofluorometer with program pulsed Xe lamp as
the excitation source. fwhm of the Xe lamp pulse was typically ~3 us.
Phosphorescence lifetime was fitted with single-exponential decay
functions without deconvolution. Single-exponential fits were
performed using the Origin software.

B ASSOCIATED CONTENT
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Synthetic procedures, additional absorption and emission
spectra, and DFT calculated molecular orbitals. This material
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ABSTRACT: Self-healing polymeric materials with branched ar-
chitectures and reversible cross-linking functionalities at the pe-
riphery of branches were synthesized by atom transfer radical
polymerization (ATRP). Poly(n-butyl acrylate) grafted star poly-
mers were prepared by chain extension ATRP from cross-linked
cores comprised of poly(ethylene glycol diacrylate). These poly-
mers were further used as macroinitiators for the consecutive
chain extension ATRP of bis(2-methacryloyloxyethyl disulfide)
(DSDMA), in which way disulfide reversible cross-links (SS) were
introduced at the branch peripheries. The SS cross-linked polymers
were then cleaved under reducing conditions to form thiol (SH)-
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B 200u

25 min The next da

E

B

functionalized soluble star polymers. The SH-functionalized star polymer solutions were deposited on silicon wafer substrates and
converted to insoluble SS re-cross-linked films via oxidation. The self-healing of prepared polymer films was studied by continuous
atomic force microscopy (AFM) imaging of cuts micromachined with the AFM tip and by optical microscopy. The re-cross-linked
star polymer (X3) showed a rapid spontaneous self-healing behavior, with the extent of healing dependent on the initial film
thickness and the width of the cut. The self-healing behavior observed for this sample was attributed to the regeneration of SS bonds
via thiol —disulfide exchange reactions. This study demonstrated the suitability of grafted multiarm polymer architectures as building
blocks of self-healing polymeric materials and pointed to the importance of low intrinsic viscosity of material and high accessibility of

functional groups responsible for healing.

B INTRODUCTION

Self-healing polymeric materials' ~* have attracted attention
due to their built-in ability to repair physical damage, effectively
preventing catastrophic failure and extending the material life-
time. The physical damage that needs to be healed can include
fracture due to mechanical (viscoelastic or elastic) deformation,
chemical corrosion, and degradation by irradiation. Studies on
self-healing materials focus on the dependence of their ability to
heal on the extent of damage at both the micro- and mesoscale.
Pre-emptive self-healing processes on such scales can prevent the
development of catastrophic damage'® by suppressing the esca-
lation of chemical bonds dissociation. Such escalation normally
leads to the formation of microcracks or microcavities, eventually
causing the macroscopic damage, which would require welding
or relamination to repair. Hence, many of developed self-healing
systems focus on molecular level interactions regardless of
whether the study involves covalent or noncovalent bonds. In
practice, reversible interactions are of particular interest due to

v ACS Publications © 2011 American chemical Society

their capability to heal repeated damage at the same position.
Examples of reversible interactions 1nclude dynamic covalent
bonds,11 " metal— hgand interactions,"> multiple hydrogel bond-
1ng, ionic 1nteract10n, and 7T—7 interactions.'””! However,
many of these systems are still limited in Zpractlce due to the
requirement for external stimuli, e.g., heat, 1920 UV irradiation, >3
or ac1d/base, to trigger the healing response.

Herein, we present a new approach to self-healing polymeric
materials that is based on reversible covalent cross-linking
through thiol/disulfide redox dynamic exchange reactions. While
the redox reaction can be accelerated by the presence of
catalysts,zz*25 in principle, it can proceed under ambient condi-
tions without the need of any external triggers. Furthermore,

mechanical breakage of a disulfide (SS) bond generates thiyl
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Scheme 1. Synthesis of SS-Functionalized Star Polymers (SS)
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radicals, which rapidly exchange with other SS bonds. Through
this process, some fraction of the energy accumulated by the
initial elastic deformation can be released, thereby preventing
catastrophic fracture.

In addition, we consider which polymeric architecture would
be best-suited for self-healing materials. Since bond formation/
re-formation essentially needs intimate contact of materials, the
flow properties of materials should be seriously considered, so
that the surfaces of the damaged materials can readily approach a
distance close enough for bond re-formation. Taking these
requirements into consideration, polymers with a branched
architecture,”>® which are characterized by low intrinsic vis-
cosity, should be more suited than a linear counterpart with a
similar molecular weight and were selected for this study. The
functional groups responsible for healing were introduced into
the periphery of a branched polymer, to ensure their accessibility
for intermolecular interactions and thus facilitate a rapid self-
healing process.

All the mentioned concepts had been computationally de-
monstrated in our earlier work.?® In this series of simulations, it
was demonstrated that a presence of a fraction of labile bonds,
such as disulfide bonds, can improve the mechanical properties of
cross-linked polymeric networks. Keeping in mind design prin-
ciples outlined above, polymer networks studied herein were
assembled from multiarm star polymers containing thiol (SH)
groups at the arm periphery and prepared by atom transfer
radical polymerization (ATRP).>** Such synthesized star
polymers were cast from solution to form films in which the
peripheral SH groups were cross-linked to SS bonds via oxida-
tion. The self-healing process was then studied by inducing
mechanical damage through micromachining with the atomic
force microscope (AFM) tip, followed by imaging of the repair
process using time-lapse AFM or optical microscopy. AFM has been
extensively used in the field of micro/nano fabrication with the
precise control of a feature size and position.>* Examples of
techniques develoged for this purpose include mechanical scratch-
ing (nanoshaving),”~* dip-pen lithography,**~** nanografting*~*
electrochemical AFM nanolithography,”® > and thermal AFM
nanolithography.>> Among these methods, the mechanical scratch-
ing technique can be easily applied to a simple generation of cuts

with dimensions ranging from nanometers to micrometers. This
method does not need the use of a special apparatus, such as a
conductive tip and a conductive sample stage, and thus can be
applied to a wide range of materials, e.g., metals, semiconductors,
polymers, etc. In addition, we have assessed the mechanical
rigidity of the healed area using HarmoniX tapping mode AFM.>*
The time-resolved tip—sample force measured in this mode
along the topography is converted to the corresponding force—
distance curve and, in turn, to Young’s modulus. The values of
Young’s modulus measured by AFM were compared with the
values obtained with microindentation experiments and with the
shear moduli from dynamic mechanical analysis (DMA). Results
of these observations and measurements provided the basis for
the proposed mechanism of self-healing processes observed in
the studied materials.

B EXPERIMENTAL SECTION

Experimental details are described in the Supporting Information.

B RESULTS AND DISCUSSION

Synthesis of Polymers. SS arm cross-linked, star branched
polymers were synthesized by ATRP, as summarized in Scheme 1.
The star polymers were synthesized using the core-first ap-
proach, and in a subsequent step, the arms were macroscopically
cross-linked by chain extension with DSDMA. The detailed
descriptions of the synthesis of this star polymer can be found
in our recent publication.>® On average, three SS cross-links were
incorporated into each arm of the star, and the number-average
number of arms per star (N,.,,) was equal to 23. The N, value
was calculated based on the equation Ny, = My starmarrs/
M, arm ry Where M, ior MarLs iS the absolute molecular weight of
the star polymer and M,, o r1 is the weight-average molecular
weight of the linear arm chains. The peripheral SS cross-linkages
were subsequently cleaved to form a soluble SH end-functionalized
star polymer (SH6, Scheme 2). Notice that after reduction one
SS group is converted into to two SH groups; i.e., on average six SH
groups were positioned at the end of each arm. Solutions of SH6
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Scheme 2. Reduction and Oxidation of SH/SS-Functionalized Star Polymers and Preparation of Permanently Cross-Linked Star

Polymers as a Control
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were used to form uniform polymer films by various coating
methods.

Cross-Linked Film Formation. Solutions (0.1—10% w/v in
THF) of the SH-functionalized polymers (SH6) were prepared
and deposited on pieces of silicon wafers to form thin polymer
films. In order to prepare a thicker free-standing film, a solution
containing a higher concentration of the polymer, ca. 20—50%
w/vin CHCl;/THF (8/2), was deposited within a glass vial and
dried under vacuum at 40 °C for 2 h. The films were oxidatively
cross-linked under the presence of an oxidation catalyst, e.g., I, or
FeCl;, and became insoluble in solvents such as CHCl; or THF
used for rinsing. The reduction/reoxidation process is schemati-
cally illustrated in Scheme 2. The final re-cross-linked polymers
are referred to as X3. The re-formation of SS bonds upon
reoxidation was confirmed by Raman spectroscopy, which is
also discussed in our recent publication.*® In that study, the
restoration of the Vc_gs band at 642 cm™* and vg_g band at
513 cm ™' was evident and was attributed to the reformation of
SS bonds in response to the redox conditions.

A permanently cross-linked star polymer with inert C—S§
bonds was prepared as a control sample by the reaction of SH6
and 1,2,7,8-diepoxyoctane under basic conditions. This perma-
nently cross-linked gel is referred to as CS6 in subsequent
discussion. Since both X3 and CS6 gels were based on the same
precursor SH-functionalized star polymer, SH6, they are ex-
pected to have similar gel structures and cross-linking densities.
Generally, a swelling ratio is a useful parameter to characterize a
gel structure and cross-linking density. The swelling ratio of CS6
in THF was 7.3 while that of X3 was 6.5, indicating that these gels
have comparable cross-linking densities.

Self-Healing Behavior of Reversibly Cross-Linked Star
Polymers. Studies of the self-healing behavior of the reversibly
cross-linked star polymer gel films (X3) were conducted using
AFM. AFM is an excellent tool to induce damage on a surface and
to observe topographic changes after damage on the nanometer
to micrometer scale,*® which is the focus of self-healing systems.
Furthermore, recent development in AFM techniques allows
precise characterization of mechanical properties of surfaces,
which is helpful in assessing the degree of healing. In our study,
surface scratches ranging from nanometers to micrometers in

size were made in a controlled way using commercial silicon
probes. The damage was induced in two different modes. In the
first mode, an interleave tapping mode scanning was used with a
given “negative lift height”. The interleave scan is a secondary
scan following a normal topography scan with the distance from
the surface maintained at a given height. In this study, the lift
height was set at —50 to —300 nm from the film surface, which
forced the probe to tap at a very close proximity to the surface and
eventually penetrate through the surface, since the probe free
oscillation amplitudes were set at ca. 40 nm. Through this
“chiseling” process, cuts with the depths ranging from S to
100 nm could be prepared. This method is advantageous in that
the damaging process and the subsequent observation by con-
tinuous imaging could be done consecutively within the same
AFM run without changing the cantilever or imaging mode.
However, this method could not be used for making “deep cuts”
with depths of the order of few hundred nanometers to microm-
eters. For those cases, the microscratching method using a
contact mode scanning under large tip deflection conditions
was used. Using this method, deep cuts with lengths up to several
micrometers length were easily prepared. Also, the damage width
could be easily controlled in this manner simply by applying
different scan aspect ratios. However, this method had a limita-
tion for a detection of very rapid healing process. Since the
cantilever used for microscratching was relatively stiff, with a
nominal spring constant k = 42 N/m, contact mode imaging
operation tended to further damage the sample, and the image
quality was low. Therefore, the AFM operation mode had to be
changed from contact mode to tapping mode for observation of
the self-healing process, which consumed a few minutes after
completing the sample damaging scans.

Initially, a cut with 0.4 m width and 17 nm depth was inflicted
on a 50 nm thick X3 film using the negative lift interleave mode
scanning. The employed lift height and scan rate were set
at —300 nm and 80 um/s, respectively. After making the cut,
evolution of the appearance of the cut region was monitored by
continuous tapping mode AFM imaging. Height mode AFM
images collected in such a way are shown in Figure la,b. The
damaged area decreased in size within minutes, and after 12 min
the depth of the damage had dramatically decreased to 5—10 nm,
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Figure 1. Time-dependent change of height mode AFM image for the cut on the surface of X3 film: (a) 3D images, (b) 2D height mode images, and
(c) evolution of damage depth for 12 min measured at two positions. The surface of film is referenced to zero for the Y-axis. The “center” position
describes the center of the damage and the “tip” position, 2 #m away from the “center”.

Figure 2. Healing response of X3 film accelerated by AFM tip stroke with contact mode scanning: (a) original cut, (b) after the first series of strokes at
the position marked by a red arrow (+0.5 V), (c) after the second series of strokes at two positions marked by of blue arrows (0 V), and (d) HarmoniX
mode modulus map in a logarithmic scale. Brighter color represents higher modulus. The brightest regions in the damaged area correspond to high

Young’s modulus of silicon wafer exposed at the bottom of the deep cut.

depending on position (Figure 1c). This healing response
occurred at room temperature, and no external stimulus was
required for it to occur. The temporal change of cut depth was
measured at two positions: the center of the cut (blue cross-line)
and the “tip” (green cross-line), which is defined as a point 2 um
away from the center position. While it is evident that the damage
at the center position was not fully healed, the damage at the edge
position was totally healed after 70 min (Figure 1b). Detailed
analysis of the healing behavior shows that the healing response
could be driven by the bond re-formation initiated from the
bottom of the cut and at the edge of the cut, where the cut surfaces
are accessible to each other. This assumption was validated from
the following experiment done with a penetrating cut.

A penetrating cut with 0.3 yum width was made in the same
50 nm thick X3 film using the contact mode microscratching
method. In contrast to the case with the shallow scratch damage
discussed above, the damage remained unrepaired even after 3 h.
This indicates that the stiffness of the cross-linked film of X3 was
sufficiently high to retain the shape without flowing, thus
preventing the intimate contact of two damaged surfaces. It also
demonstrates that such contact is essential for the healing
process. Subsequently, in order to bring about contact between
the cut surfaces, the damaged area was gently stroked by the AFM
tip under contact mode scanning in the direction perpendicular
to the cut. Parts b and ¢ of Figure 2 show the results obtained
after two series of strokes, with deflections respectively equal

to +0.5 and 0 V (uncalibrated optical detector signal). The more
positive deflection indicates a stronger applied force. Immedi-
ately thereafter, it was observed that only the stroked area became
as smooth as the original film. In this situation, the motion of
AFM tip could make the cut surfaces accessible to each other and
enhanced the healing response. The mechanical properties of the
resulting film were studied in order to analyze the extent of
healing using HarmoniX tapping mode modulus mapping.
Results of this measurement are shown as a false color Young’s
modulus map shown in Figure 2d. As evident from this image, the
Young’s moduli of damaged areas, indicated by arrows, were
indistinguishable from the intact area, providing the proof of
the potential usefulness of this material for self-healing surfaces.
The Young’s modulus measured by the HarmoniX analysis was
of the order of kPa. This value is far smaller than the shear
modulus (5 MPa at 25 °C) measured by DMA®® but is compar-
able to Young’s modulus values measured by microindentation
experiments (20 kPa). A discussion of the procedures involved in
mechanical measurements is provided in the following section.
The relationship between the film thickness and healable cut
width is an interesting issue when studying the utility of the
healing mechanism. A wider penetrating cut, ca. 30 #m wide and
500 pm long, was made on a >15 um thick X3 film with a razor
blade. The film thickness was estimated by observation of the
AFM probe traveling distance from a light landing on the surface
to a forced contact to the silicon wafer substrate. The film was
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kept under ambient atmosphere, and the damaged area was
monitored by an optical microscope of the AFM system
(Figure 3). The healing response was clearly observed within a
minute. The cut was repaired autonomously from both ends,
where the cut surfaces were closest to each other. After 1 h, the
cut had almost completely disappeared, and eventually on the
next day, the surface had been totally repaired. A similar behav-
ior can be observed in the movie taken with the same film
(Supporting Information). In this movie, it is evident that
the healing process starts from the ends of the cut, and once the
separate cut edges contact, further smoothening follows. These
results suggest that thicker films can heal wider cuts because the
droop caused by higher surface tension can provide contact
between the damage surfaces, which triggers the healing process.

In order to systematically study the effect of cut width on
healing, cuts with different widths, i.e,, 1.25, 2.5, 5, 10, and 20 xm,
were made on the surface of a 1.5 ym thick X3 coating using AFM
contact mode microscratching. Since X3 does not freely flow at
room temperature, the healing response of X3 was expected to

Figure 3. Optical microscope images of the self-healing response of X3
coating for a penetrating cut. The experiment was conducted under
ambient condition (film thickness >15 um).

provide information on the width of a cut that could undergo
damage repair for a given film thickness. The healing response
was monitored for 2 h (Figure 4). While narrower cuts with 1.25
or 2.5 um width quickly healed within 20 min, the medium width
cut (S 4m) was only partially healed. For wider cuts, with 10 and
20 um widths, the cut widths decreased to ~5 and ~13 um
within the 2 h and even after prolonged observation for a day,
further healing process was negligible (Figure SI2 in Supporting
Information). From the images shown in Figure 4, it was evident
that the material removed from the scratched areas was piled up
in the form of lumps around the cuts. These piles served as
reservoirs of material that released it back to the cuts and
facilitated the healing process.

After careful consideration of the observed healing behavior, a
mechanism for the self-healing process was proposed, as sche-
matically shown in Figure 5. When a cut with the width L is made
on a film with the thickness h, the film initially flows back to the
center of the cut due to the surface tension driven viscoelastic
restoration, which is commonly observed for viscoelastic

=

\ 2dx<L

Surface tension driven “dewetting”

Cut

Surface tension driven
viscoelastic re-flow

2dx>L /
Contact “

“healing”

Figure 5. Proposed self-healing process for X3. When 2 dx (the initial
flowing-back distance) is larger than L (cut width), self-healing occurs.

Figure 4. Optical microscope images of the self-healing responses against different width cuts penetrating X3 coating. The initial cut width in parts a, b, ,
and d are 1.25, 2, S, and (10 and 20 um), respectively. The experiment was conducted under an ambient condition (film thickness: 1.5 um).
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materials. The travel distance of this reflow is dx for each exposed
surface. However, the film cannot flow freely due to its cross-
linked nature. When the total travel distance 2 dx is larger than L,
the cut surfaces contact each other, and within this state,
reactions such as thiol—disulfide exchange reaction, disulfide—
disulfide exchange reaction, and reduction of thiols to disulfides
can occur. These reactions regenerate chemical bonds between
cut edges and eventually heal the damage. Since surface tension is
proportional to the exposed surface, ie., the film thickness, a
thicker film can heal a wider cut. This is in fact observed from the
rapid healing of a 30 u#m wide cut in the thicker film (see
Figure 3). In the case where 2 dx is smaller than L, the cut
surfaces cannot make contact, and surface tension driven dewet-
ting prevents the healing process from occurring. Figure SI1
shows an example of the case when the two cut surfaces did not
make contact after the initial reflow. Re-examination of the cut
shown in Figure 2 after 25 days revealed the absence of any
healing over this period. It should be stressed that the exchange
reactions should be particularly active at two ends of a cut, since
these are the regions where the edges remain in contact from the

‘:"-n "“,"1? “‘ﬂ* “

.&A

Figure 6. Optical microscope images of the cut imposed on perma-
nently cross-linked control sample CS6 (film thickness ~2 um).

beginning. As a result, it was seen that tip positions healed more
quickly, as shown in Figure 1, and the healing proceeded from the
tips in a “zip-up” fashion (see Figure 3 and the movie file in the
Supporting Information).

The role of reversible cross-linking bonds in the self-healing
behavior was assessed by comparing damage induced to a control
sample containing permanent cross-linking bonds (X3 vs CS6).
A cut, with the size of 20 um X S um (L X W), was made on a
2 um thick CS6 film by AFM microscratching, and the cut was
observed over a period of 4 h, as shown in Figure 6. While a 5 um
width cut on X3 underwent a significant healing over a shorter
period, 2 h, the cut made on a film of CS6 only decreased the
length from 20 to 17 um over a period of 4 h. The observed
decrease of the cut dimension occurred purely by the viscoelastic
restoration. However, unlike the X3, the control sample could
not undergo self-healing, i.e., the regeneration of chemical bonds.
Therefore, there was no further change during prolonged obser-
vation (Figures SI2c and SI3).

Characterization of Mechanical Properties of Star Poly-
mer Based Samples. In an attempt to judge if the inability of
permanently cross-linked CS6 material to self-heal in compar-
ison with the reversibly cross-linked X3 could be caused by major
differences in mechanical properties of both materials, the
samples were characterized using dynamic mechanical analysis
(DMA), compression testing, and microindentation. DMA mea-
surements were performed using ARES rheometer (Rheometric
Scientific) in parallel plate shear geometry with constant defor-
mation frequency of 10 rad/s and temperature varied at 2 °C/min
from —80 to 180 °C. The results are compared with the precursors
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Figure 7. Mechanical measurements. (a) Temperature dependence of the storage modulus (G') and the loss modulus (G”) of SH/SS-functionalized
star polymers (SS3, SH6, and X3) compared with the permanently cross-linked star polymer (CS6). (b) Compression measurements of X3 and CS6.
(c) Indentation measurements of X3 and CS6 using a glass hemisphere (diameter = 6 mm) indenter. The experimental data were fit to the Hertz model
for a spherical indenter, yielding Young’s moduli of X3 and CS6 equal to 40 and 190 kPa, respectively.
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SS3 and SH6 in Figure 7 a. The detailed discussion of DMA for
SS3, SH6, and X3 can be found in our recent publication, in
which the rubbery plateau above 100 °C was attributed to the
presence of intermolecular SS cross-linking.>> Based on this
assignment, a higher value of storage modulus G’ of X3 (35 kPa)
in comparison with CS6 (15 kPa) indicates higher degree of
intermolecular cross-linking for X3. Higher stiffness of X3 vs CS6
was even more pronounced at room temperature (S MPa vs 0.05
MPa). While the 2 orders of magnitude difference of rigidities
between X3 and CS6 measured by DMA at room temperature
might appear to be quite significant, one should keep in mind that
the time scale of DMA measurements (10 rad/s ~ 60 Hz)
implies that this difference pertains to viscoelastic processes
occurring within tens of milliseconds. For self-healing processes,
such as those observed here, the appropriate time scale is of the
order of thousands of seconds, which implies that the difference
of rigidity measured at 10 rad/s at higher temperatures within the
rubbery plateau (factor of 2—3) is more relevant. Higher stiffness
of X3 material was also evident in compression measurements
performed with the ARES rheometer on disk-shaped samples
(diameter ~6 mm, thickness ~1 mm). Confirming the validity of
the previous reasoning regarding deformation time scales, in-
spection of the slopes of the initial linear portions of stress strain
curves shows that the ratio of materials’ moduli measured in this
relatively slow deformation mode did not exceed the factor of 4.
Since self-healing experiments performed here all involved
healing of surface scratches, samples X3 and CS6 were also
studied through microindentation experiments with a glass
hemisphere probe (diameter = 6 mm) in order to gain some
insight into the mechanical properties of the near-surface regions.
Inspection of force—indentation curves from these measure-
ments (Figure 7c) confirmed that the stiffness of both samples
was of the same order magnitude; however, this time Young’s
modulus of sample X3 calculated based on the Hertz contact
mechanics model (40 kPa) was lower than the modulus mea-
sured for sample CS6 (190 kPa). For the purpose of this
discussion, it is important to note only that the measured values
were within the same order of magnitude and that they were
comparable with the shear moduli measured at with DMA in the
rubbery plateau range. The significance of the apparent “reversal”
of stiffness of both materials should be weighed against the well-
known indentation size effect phenomenon,57 where the inter-
play of elastic deformation and plastic flow in indentation
measurements often causes material’s hardness to appear to
increase with the decrease of indentation depth. Altogether,
the main conclusion that could be drawn from macroscopic
mechanical measurements is that since long-time-scale visco-
elastic properties of materials X3 and CS6 were not drastically
different, the dramatic difference in their ability to self-heal was
indeed rooted in chemistry (the ability of X3 to re-form chemical
bonds) rather than in some mechanical differences.

B CONCLUSIONS

Disulfide (SS) cross-linked redox responsive star polymer
gels (SS3) were successfully synthesized using ATRP. The SS
functionalities were introduced into the periphery of star
polymers by chain extension using a SS cross-linking agent
bis(2-methacryloyloxyethyl) disulfide (DSDMA). The SS cross-
linked polymers were cleaved under reducing conditions to form
SH-functionalized soluble polymers (SH6). The SH-functionalized
polymers were converted to insoluble SS re-cross-linked gels (X3)
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via oxidation. The self-healing properties of X3 were observed by
the combination of the AFM micromachining technique and
continuous AFM imaging as well as optical microscopy. X3
showed a rapid self-healing behavior without external triggers.
The healing capability was dependent on the initial film thickness
and the width of damage. This validated the concept of using SS
cross-linked redox responsive polymer as self-healing materials.
Through this study, it was shown that the grafted polymer
architecture does promise a successful approach to self-healing
polymeric materials, thanks to the intrinsic low viscosity and the

high accessibility to functionality.

Il ASSOCIATED CONTENT

© Supporting Information. Experimental details. This ma-
terial is available free of charge via the Internet at http://
pubs.acs.org.

B ACKNOWLEDGMENT

The authors thank Dr. James Spanswick for helpful discus-
sions. CRP Consortium in Carnegie Mellon University, DoE
ER45998, and Mitsui Chemicals, Inc., are acknowledged for the
financial support.

B REFERENCES

(1) Murphy, E. B.;; Wudl, F. Prog. Polym. Sci. 2010, 35, 223.

(2) Corten, C. C.; Urban, M. W. Adv. Mater. 2009, 21, SO11.

(3) Ghosh, B.; Urban, M. W. Science 2009, 323, 1458.

(4) Urban, M. W. Prog. Polym. Sci. 2009, 34, 679.

(S) Bergman, S. D.; Wudl, F. J. Mater. Chem. 2008, 18, 41.

(6) Wu, D. Y,; Meure, S.; Solomon, D. Prog. Polym. Sci. 2008,
33, 479.

(7) Cordier, P.; Tournilhac, F.; Soulié-Ziakovic, C.; Leibler, L. Nature
2008, 451, 977.

(8) Wool, R. P. Soft Matter 2008, 4, 400.

(9) Balazs, A. C.; Emrick, T.; Russell, T. P. Science 2006, 314, 1107.

(10) van der Zwaag, S., Ed. Self Healing Materials: An Alternative
Approach to 20 Centuries of Materials Science; Springer: Berlin, 2007.

(11) Maeda, T.; Otsuka, H.; Takahara, A. Prog. Polym. Sci. 2009,
34, S81.

(12) Bilig, T.; Oku, T.; Furusho, Y.; Koyama, Y.; Asai, S.; Takata, T.
Macromolecules 2008, 41, 8496.

(13) Nicolay, R; Kamada, J.; Van Wassen, A.; Matyjaszewski, K.
Macromolecules 2010, 43, 4355.

(14) Fairbanks, B. D.; Singh, S. P.; Bowman, C. N.; Anseth, K. S.
Macromolecules 2011, 44, 2444.

(15) Kersey, F. R; Loveless, D. M.; Craig, S. L. J. R. Soc,, Interface
2007, 4, 373.

(16) Wang, Q.; Mynar, J. L.; Yoshida, M.; Lee, E.; Lee, M.; Okuro,
K,; Kinbara, K; Aida, T. Nature 2010, 463, 339.

(17) Burattini, S.; Colquhoun, H. M,; Fox, J. D.; Friedmann, D.;
Greenland, B. W,; Harris, P. J. F.; Hayes, W.; Mackay, M. E.; Rowan, S.J.
Chem. Commun. 2009, 6717.

(18) Hansen, M. R,; Graf, R;; Sekharan, S.; Sebastiani, D. J. Am.
Chem. Soc. 2009, 131, 5251.

(19) Chen, X.; Dam, M. A,; Ono, K;; Mal, A;; Shen, H.; Nut, S. R;;
Sheran, K.; Wud], F. Science 2002, 295, 1698.

(20) Zhang, Y.; Broekhuis, A. A.; Picchioni, F. Macromolecules 2009,
42, 1906.

(21) Skene, W. G.; Lehn, J. M. P. Proc. Natl. Acad. Sci. U. S. A. 2004,
101, 8270.

(22) Cleland, W. W. Biochemistry 1964, 3, 480.

(23) Humpbhrey, R. E.; Hawkins, J. M. Anal. Chem. 1964, 36, 1812.

(24) Humpbhrey, R. E,; Potter, J. L. Anal. Chem. 1965, 37, 164.

dx.doi.org/10.1021/ma2015134 |Macromolecules 2012, 45, 142-149



Macromolecules

(25) Jocelyn, P. C. Methods Enzymol. 1987, 143, 246.

(26) Gao, H. F.; Matyjaszewski, K. Prog. Polym. Sci. 2009, 34, 317.

(27) Barner, L.; Davis, T. P.; Stenzel, M. H.; Barner-Kowollik, C.
Macromol. Rapid Commun. 2007, 28, 539.

(28) Peleshanko, S.; Tsukruk, V. V. Prog. Polym. Sci. 2008, 33, 523.

(29) Kolmakov, G. V.; Matyjaszewski, K; Balazs, A. C. ACS Nano
2009, 3, 88S.

(30) Wang,J.-S.; Matyjaszewski, K. J. Am. Chem. Soc. 1995, 117, 5614.

(31) Kato,M,; Kamigaito, M.; Sawamoto, M.; Higashimura, T. Macro-
molecules 1995, 28, 1721.

(32) Matyjaszewski, K; Xia, J. Chem. Rev. 2001, 101, 2921.

(33) Kamigaito, M.; Ando, T.; Sawamoto, M. Chem. Rev. 2001,
101, 3689.

(34) Rosa, L. G; Liang, J. J. Phys.: Condens. Matter 2009, 21, 483001.

(35) Xie, Y.L.,; Cheong, F. C.; Zhu, Y. W.; Varghese, B.; Tamang, R.;
Bettiol, A. A.; Sow, C. H. J. Phys. Chem. C 2009, 114, 120.

(36) Yan,Y.D,; etal. J. Micromech. Microeng. 2008, 18, 035002.

(37) Shi,J.; Chen,].; Cremer, P.S. J. Am. Chem. Soc. 2008, 130, 2718.

(38) Headrick, J. E; Armstrong, M; Cratty, ]J.; Hammond, S.;
Sheriff, B. A.; Berrie, C. L. Langmuir 2008, 21, 4117.

(39) Liu, G.Y.; Xu, S.; Qian, Y. L. Acc. Chem. Res. 2000, 33, 457.

(40) Nie, Z. H.; Kumacheva, E. Nature Mater. 2008, 7, 277.

(41) Huo, F. W,; Zheng, Z.].; Zheng, G. F.; Giam, L. R;; Zhang, H,;
Mirkin, C. A. Science 2008, 321, 1658.

(42) Onclin, S.; Ravoo, B. J.; Reinhoudt, D. N. Angew. Chem., Int. Ed.
2008, 44, 6282.

(43) Gates, B. D;; Xu, Q. B.; Stewart, M.; Ryan, D.; Willson, C. G.;
Whitesides, G. M. Chem. Rev. 20085, 105, 1171.

(44) Ginger, D. S.; Zhang, H.; Mirkin, C. A. Angew. Chem., Int. Ed.
2004, 43, 30.

(4S) Piner, R. D.; Zhy, J,; Xu, F.; Hong, S. H.; Mirkin, C. A. Science
1999, 283, 661.

(46) Liang, J.; Rosa, L. G.; Scoles, G. J. Phys. Chem. C 2007,
111,17275.

(47) Tan, Y. H,; Liu, M,; Nolting, B.; Go, J. G.; Gervay-Hague, J.;
Liu, G. Y. ACS Nano 2008, 2, 2374.

(48) Yu, J. H; Ngunjiri, J. N; Kelley, A. T.; Gano, J. C. Langmuir
2008, 24, 11661.

(49) Tang, Q.; Shi, S. Q;; Zhou, L. M. J. Nanosci. Nanotechnol. 2004,
4,948.

(50) Seo, K; Borguet, E. Langmuir 2006, 22, 1388.

(51) Brower, T. L,; Garno, J. C.; Ulman, A; Liu, G.y,; Yan, C;
Golzhauser, A.; Grunze, M. Langmuir 2002, 18, 6207.

(52) Hurley, P. T.; Ribbe, A. E.; Buriak, J. M. J. Am. Chem. Soc. 2003,
125, 11334.

(53) Vettiger, P.; Cross, G.; Despont, M.; Drechsler, U.; Durig, U.;
Gotsmann, B.; Haberle, W.; Lantz, M. A.; Rothuizen, H. E.; Stutz, R;
Binnig, G. K. IEEE Trans. Nanotechnol. 2002, I, 39.

(54) Sahin, O.; Magonov, S.; Su, C.; Quate, C. F.; Solgaard, O.
Nature Nanotechnol. 2007, 2, 507.

(55) Kamada, J.; Koynov, K; Corten, C.; Juhari, A,; Yoon, J. A;
Urban, M. W,; Balazs, A. C.; Matyjaszewski, K. Macromolecules 2010,
43, 4133.

(56) Yufa, N. A; Li, J; Sibener, S. J. Polymer 2009, 50, 2630.

(57) Nix, W. D.; Gao, H. J. Mech. Phys. Solids 1998, 46, 411.

149

dx.doi.org/10.1021/ma2015134 |Macromolecules 2012, 45, 142-149



Hacromolecules

pubs.acs.org/Macromolecules

Orientation Change of Diblock Copolymer Thin Films by the
Addition of Amphiphilic Surfactants: Effect of Film Thickness and

Surfactant Concentration

Jeong Gon Son,"* Huiman Kang,§ Ki-Yeon Kim,™ Jung-Soo Lee," Paul F. Nealey,§ and Kookheon Char*"

*School of Chemical and Biological Engineering The National Creative Research Initiative Center for Intelligent Hybrids The WCU
Program of Chemical Convergence for Energy & Environment, Seoul National University, Seoul 151-744, Korea

*Nanohybrids Research Center, Korea Institute of Science and Technology, Seoul 136-791, Korea

§’Department of Chemical and Biological Engineering, University of Wisconsin—Madison, Madison, Wisconsin 53706, United States
LHANARO Center, Korea Atomic Energy Research Institute, Daejeon 305-353, Korea

ABSTRACT: We systematically investigated the effect of
surfactant addition on the orientational change in polysty-
rene-block-poly(methyl methacrylate) (PS-b-PMMA) block
copolymer films as a function of film thickness and surfactant
(oleic acids (OAs)) concentration using microscopic analysis,
neutron reflectivity, and theoretical calculations. The orienta-
tion of PS-b-PMMA films containing OAs as surfactants was
found to be determined by the competitions among the
surfactant-assisted neutral field and preferential fields at both
top surface and bottom interface. In the case of a BCP film
containing a small amount of OAs, the integer film thickness of
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domain spacing L, (long spacing of lamellae-forming BCP) prefers to form the perpendicular orientation of microdomains while the
parallel orientation is observed when the film thickness is close to the half-integers of L. We also found that the periodic orientation
of block domains gradually dies out to the perpendicular orientation as the film thickness as well as the surfactant concentration is
increased. Neutron reflectivity analysis of deuterated polystyrene-block-poly(methyl methacrylate) (dPS-b-PMMA) block copoly-
mer thin films containing OA surfactants was also performed to gain insights into the orientation of BCP films across film thickness
due to the addition of OAs. With the free energy calculations on BCPs mixed with OA surfactants at different film thicknesses, the

periodic orientation of block domains is qualitatively confirmed.

B INTRODUCTION

Block copolymer (BCP) thin films have recently received
intense attention due to their potential applications as templates
for nanolithography,' '° separation membranes,'’ and nano-
scale object arrays. >~ > These block copolymer chains, which
two or more polymer chains of different chemical structure are
covalently bonded together, could self-assemble and microphase-
separate to molecular dimensions, thus forming 10—100 nm
periodic nanoscale features. Control of block copolymer mor-
phologies and their size is easily achieved by varying the volume
fraction of each block and the total molecular weight. In the case
of symmetric A—B diblock copolymers, the microphase-sepa-
rated morphology of the block copolymers is the lamellar
structure. In film geometry, there is an additional factor that
should be considered: preferential wetting of a given block at
both top surface and bottom interface to minimize interfacial as
well as surface energies. As a result, parallel orientation of BCP
domains typically initiates at both interfaces and then propagates
throughout the entire film."""? In addition, the commensur-
ability of film thickness with characteristic block copolymer
period (Lo) also mainly influences structures of the film.**~>*

v ACS Publications ©2011 american chemical Society

The films with thickness incommensurate with the domain
spacing of BCP (L) induces quantization of the film thickness
in discrete integer values of L, and generation of terrace
structures (i.e., islands or holes) at the surface in order to
maintain the domain spacing across the whole thickness of
the film.

In particular, for the practical point of view, the perpendicular
orientation of BCP nanostructural domains in the films has the
advantage over the parallel orientation. Many research groups
thus have managed to obtain this perpendicular morghology bya
variety of methods including applying electric field,”* ¢ neutral
brushes on substrates,”” 3 solvent annealing,31 and introducing
rough substrates.*> Among them, random copolymer brushes to
create enthalpically neutral substrates through minimizing the
difference in interfacial tensions between each block and a
substrate have been the approach most widely used. The neutral
substrates simply cause nonpreferential wetting between BCP
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segments and the substrate and induces the perpendicular
orientation of the BCP films from the bottom substrate toward
the polymer surface exposed to air. However, this approach
has inevitable limitations that the quality of the perpendicular
domain orientation is significantly dependent on the film
thickness,>*>° and relatively thick films above several L, thick-
ness usually form the mixed orientation where parallel and
perpendicular orientations are respectively observed at the top
surface as well as at the bottom interface®®*” because these BCP
films are hard to overcome the preferential wetting at the top
surface.

Recently, our research group reported a new approach using
surfactants to induce the perpendicular orientation from the top
BCP surface toward the bottom of a substrate.*® An inherent
feature of amphiphilic surfactants, located at the surface (or
interface) to tailor the surface properties of a material and
preferably interacting with specific block domains of BCPs, could
easily create energetically neutral conditions at the top surface of
BCP thin films, as confirmed by thermogravimetric analysis
(TGA) and neutron reflectivity (NR) experiments. The simplic-
ity of this technique, which forms nanopatterns at the film surface
after short annealing time on any substrates, makes it promising
for further development in that field. However, this facile
processing method did not show the perpendicular orientation
at the bottom interfaces because of the preferential wetting at the
bottom substrate. Therefore, orientational competition between
surfactant-assisted neutral field and preferential wetting field and
should be investigated.

Thus, in this paper, we systematically analyzed the competi-
tions between neutral field and preferential field at the top surface
and bottom interface, respectively, of the lamellae-forming
symmetric polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA) block copolymer films containing oleic acids as surfac-
tants through investigating the film thickness and commensur-
ability effect. Neutron reflectivity analysis of deuterated poly-
styrene-block-poly(methyl methacrylate) (dPS-b-PMMA) block
copolymer thin films containing surfactant was also investigated
for the effect of surfactant addition on the orientation of BCP
films across the film thickness. For the theoretical insight of these
features, we also performed the free energy calculations on
various orientation models of BCP films containing surfactant.
Then, the effect of surfactant amount on the top and bottom
neutrality influencing the domain orientation of BCP thin films
was examined according to film thickness.

B EXPERIMENTAL SECTION

Materials. Polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA) diblock copolymers were purchased from Polymer Source.
Molecular weight of a symmetric diblock copolymer was 104 kg/mol
(52K—52K, denoted as SML100) with a polydispersity index of 1.09.
Fully deuterated polystyrene-block-poly(methyl methacrylate) (dPS-b-
PMMA) diblock copolymers were also purchased from Polymer Source,
and the molecular weight was 92 kg/mol (40K—52K, denoted as
dSML100) with a polydispersity index of 1.06. Average domain spacing
(Lo) measured by small-angle X-ray scattering (SAXS) experiments
were 48 and 46 nm, respectively. Oleic acid (~99%) was purchased from
Sigma-Aldrich. PS-random-PMMA brushes (SK, $8:42 fractions) for
neutral substrates were synthesized by atomic transfer radical polymer-
ization (ATRP), as reported in the literature.

Thin Film Preparation. For neutral substrates, 1 wt % hydroxyl-
terminated PS-random-PMMA random copolymer brushes were dissolved

in toluene and deposited on piranha cleaned SiO,/Si wafer substrates by
spin-coating at 3000 rpm. The samples were then annealed at 190 °C for
3 days in vacuum to form a covalent bond between the hydroxyl-terminate
random copolymer brush and the SiO,/Si substrate. Unbound polymers
were washed three times by sonication for 3 min in warm toluene. 1—7 wt %
SML100 or dSML100 block copolymer mixed with 1—10 wt % oleic acid
dissolved in toluene and was stirred overnight at room temperature. The
mixed solutions were spin-coated on piranha cleaned SiO,/Si sub-
strates for preferential wetting or neutral substrates. All films were then
annealed at 170 °C for 3 days under a N, atmosphere.

Thin Film Characterization. A variable-angle multiwavelength
ellipsometer (Gaertner LZW16C830) was used to measure the thickness
of thin films. Surface morphologies of thin films was observed by an
atomic force microscope (AFM, Digital Instrument, Nanoscope IIIA) in
tapping mode and field emission—scanning electron microscope (FE-
SEM, LEO 1550-VP, and JEOL JSM-7401F) operated at 1 kV without
metal coating. Quantitative information about the orientation of block
copolymer film surface was gathered from an image analysis of at least
five FE-SEM images and the AFM phase images. We first divided the PS
and PMMA area of S #m x S um sized images and calculated area
fraction of the PMMA region on the BCP film surface. In the case of FE-
SEM images, PMMA domains shrink while PS domains are cross-linked
after electron beam irradiation during FE-SEM study of PS-b-PMMA
thin films. In AFM phase images, AFM can detect phase lag variation of
AFM cantilever oscillation from interaction difference between AFM tip
and the PS-b-PMMA film surface. Samples for neutron reflectivity
experiments were prepared on 3 in. diameter and S mm thick SiO,/Si
wafer. Neutron reflectivity experiments were carried out with vertical
reflectometer at HANARO, Korea Atomic Energy Research Institute.
The neutron wavelength (1) was 2.46 A with AA/A = 0.03. The
scattering length density profiles according to film thickness were
obtained from fitting the reflectivity data with the Parratt32 Program.

B RESULTS AND DISCUSSION

Commensurability Effect with Neutrality. In general, in the
case of asymmetric wetting with PS-b-PMMA, which has one
block (PS block) preferably wetting the top surface of the film
while the other block (PMMA block) located at the bottom of
the film in contact with a Si wafer, BCP thin film forms the
smooth parallel orientation at the half-integers of Ly and the
bicontinuous terrace (hole—island) structure at the integers of L,
to relieve the stress originating from the mismatch between film
thickness and natural domain spacing despite of the increase in
free energy induced from the increase in surface area. Even the
case for perpendicular domain orientations on neutral substrates,
film thickness is a significant factor for the integrity of micro-
domain orientation. While block copolymer thin films containing
a small amount of surfactants caused the perpendicular domain
orientation from the top surface (i.e., polymer and air surface) in
our previous results, such orientations would also be affected by
the domain commensurability because of the preferential wetting
at the bottom substrate.

As aresult, we first verify the microdomain orientation of BCP
films containing surfactant as a function of film thickness. We
prepared BCP films containing 2 wt % oleic acid (surfactant)
placed on preferential SiO,/Si wafer at different film thicknesses
and then thermally treated the BCP films at 170 °C in a N,
atmosphere. At the early stage (~10 min) of thermal annealing,
all the BCP films formed the perpendicular orientation at the top
surface due to the saturation of surface with surfactants. How-
ever, surprisingly, the initial perpendicular orientation at a certain
film thickness (i.e., half-integer thicknesses) becomes smeared as

dx.doi.org/10.1021/ma201435v |[Macromolecules 2012, 45, 150-158
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Figure 1. (a) Surfactant-assisted orientation with the addition of 2 wt % oleic acid (OA) of lamellae-forming PS-b-PMMA (SML100) films on silicon
substrates as a function of film thickness after thermal annealing at 170 °C for 3 days in N, atmosphere. (b) Perpendicularly oriented surface area fraction
diagram of the SML100 films with surfactant (2 wt % of oleic acid) on silicon wafer as a function of reduced film thickness.
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Figure 2. Pristine lamellae-forming PS-b-PMMA films (without containing surfactant) on energetically neutral substrates (PS-random-PMMA brushes
grafted onto Si wafers) as a function of film thickness after thermal annealing at 170 °C for 3 days.

annealing time lapses. Thus, we annealed the BCP films with copolymer thin films containing 2 wt % oleic acid at different film
surfactants for 3 days to observe the equilibrium block copolymer thicknesses after 3 days of thermal annealing at 170 °C. These
orientation without extensive degradation of block copolymers. figures reveal that perpendicular and dominant parallel orienta-

Figure la illustrates the FE-SEM images of PS-b-PMMA block tions at top surface of the films are alternately varied as the film
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Figure 3. Orientation of PS-b-PMMA films containing 2 wt % OA surfactant placed on neutral substrates as a function of film thickness after thermal

annealing at 170 °C for 3 days.
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Figure 4. Comparison of the degree of orientation of BCP films at the
top surface for SML100 with 2 wt % OA on Si wafers, SML100
containing 2 wt % OA placed on neutral substrates, pristine SML100
(without OA surfactant) placed on neutral brush, and pristine SML100
placed on Si wafers as a function of normalized film thickness after
thermal annealing at 170 °C for 3 days in a N, atmosphere.

thickness is increased. Figure 1b shows the surface area fraction
of perpendicular orientation for BCP films containing surfactants
at top surface from the FE-SEM and AFM phase images as a
function of film thickness normalized by the domain spacing L.
As a point of notice, the perpendicular surface morphologies are
dominantly observed close to the integer values of L, (domain
spacing of BCP used) thickness while the parallel dominant
morphologies were observed near the half-integers of Ly. When
the film thickness is above 250 nm, this periodic change in
domain orientation gradually smears out and the perpendicular
domain orientation with small cavities is obtained almost in-
dependent of film thickness. As demonstrated from the micro-
scopic investigation on the domain orientation at the top sur-
face and its quantification analysis, in the case of competitions
between top neutrality due to the addition of surfactants and

153

bottom preference on SiO,, substrate, the interplay between film
thickness and the characteristic BCP domain spacing, Lo, could
significantly affect the orientation of block copolymer domain.
And for BCP films of over 250 nm thick, due to the sufficient
distance from both interfaces, the top neutrality and bottom
preference are individually active in the orientations at both
interfaces, resulting in the formation of perpendicular orientation
at top surface regardless of film thickness.

For the reference, we also examined the pristine block copoly-
mer orientation (without surfactant) on the neutral brushes. This
approach has been well-known for the perpendicular orientation
of only ultrathin (~1L, or 40 nm) block copolymer film because
nonpreferential interface only exists at the bottom of the
films.””*® Russell and co-workers also demonstrated the mixed
orientation of the block copolymer films (~150 nm, 4—5L,) on
the neutral substrate because of the preferential wetting on the air
surface.>*>” As can be seen in Figure 2, the BCP film below
100 nm thickness formed perpendicular orientation due to
energetically neutral brushes; otherwise, the films over 100 nm
thickness lost perpendicular orientation and formed mixed
orientation because of preferential wetting at the top surface.
This orientation change aspect is different from surfactant
containing BCP films. We also investigated the domain orienta-
tion of block copolymer film containing surfactant on neutral
brush substrates to generate energetic neutrality at both inter-
faces, as shown in Figure 3. The film with dual neutral interfaces
formed fine perpendicular orientation almost independent of
film thickness. Note that the perpendicularly oriented lamellae
morphology was obtained regardless of the film thickness, which
was in large contrast with the case obtained on silicon substrates
inducing preferential wetting for PMMA block with substrate.

To generalize orientation change caused by geometry of
neutrality for the BCP film, overall surface area fraction of
perpendicular orientation of top and/or bottom neutrality was
performed, as can be seen in Figure 4. In the case of pre-
ferential substrates, pristine BCP films orient in parallel to the
substrate forming holes or islands depending on the film thick-
ness (hence, commensurability, images not included in this
article.). However, in a PS-b-PMMA film placed on a SiO,/Si
wafer, the surface energy difference between PS (yps ~ 41.5 mN/m)
and PMMA (Y paiaa ~ 44.5 mN/m) blocks is much smaller than
the interfacial energy difference between PS—SiO,/Si wafer

dx.doi.org/10.1021/ma201435v |[Macromolecules 2012, 45, 150-158
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Figure 5. (a) Neutron reflectivity of as-cast pristine dPS-b-PMMA film (without OA surfactant) placed on a Si wafers and dPS-b-PMMA films
containing 2 wt % OA surfactant placed on neutral brushes and Si wafers after annealing at 170 °C for 3 days. (b) Scattering length density profiles of the
films across the film thickness obtained from fitting the reflectivity data of (a).

(Yps—sio, ~ 31.3 mN/m) and PMMA-SiO,/Si wafer
()/PMMA,SiOX ~ 13.0 mN/m). This implies that the propagation
of parallel orientation originating from the SiO,/Si wafer, with-
out neutral brushes, is so intense that the BCP film maintains the
parallel orientation at the half-integer (~x0.5Ly; commensur-
ability condition for the asymmetric wetting) film thickness even
in the presence of OA surfactant at the surface. However,
perpendicular orientation is preferred in the case where the
BCP film thickness is the integer film thickness (~xLg; co-
continuous morphology with a step height of L, without surfactants)
in the presence of OA surfactants on the surface. When neutral
brushes are used, the interfacial energy difference between PS
and PMMA blocks against the substrate is significantly reduced
that the commensurability constraint is not so strong, easily
leading to the perpendicular orientation at the substrate propa-
gating into the film. However, when the BCP film is very thick
(>100 nm), the perpendicular orientation originating from
the bottom substrate is overshadowed by the parallel orienta-
tion from the top surface due to the surface energy difference
between PS and PMMA blocks. Upon addition of OA surfac-
tants, the surface energy difference is further reduced such that
the top surface had also the perpendicular orientation, as shown
in Figure 3.

To characterize the orientation configuration across the film
thickness of block copolymer polymer films in the case of con-
fliction between top neutrality and bottom preference, we per-
formed neutron reflectivity'>>"**~** (NR) experiments which is
known as one of the best spectroscopic techniques for structural
analysis of polymer films. This technique provides excellent
spatial resolution down ~1 nm, with penetration depths over
hundreds of nanometers, compared with other surface analysis
techniques. NR mainly detects the variation in scattering length
density (SLD) in a film depth direction. Thus, we performed the
NR experiments of oleic acid with fully deuterated-PS-block-
PMMA (dPS-b-PMMA) for verifying orientation of block copoly-
mer thin film containing surfactant, as shown in Figure Sa. The
SLD value of fully deuterated PS (dPS) is ~5.99 x 10 ° A™?,
which is much higher than that of PMMA (1.05 X 10 °A"?)and
OA (7.62 x 10 * A™?). Through a fitting process from these
reflectivity data, SLD profiles as a function of distance from
polymer/air interface for each of samples also could be obtained,
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as can be seen in Figure 5Sb. In the case of unannealed film, the
reflectivity data showed a critical angle at ¢ = 0.013 A~' and
Kiessig fringes characteristic of the film thickness without any
distinguishable features, and the SLD profile was essentially flat
throughout the film because of randomly dispersed polymers by
spin-coating. After annealing 2.5L thickness BCP film without
surfactant during 24 h at 170 °C in a N, atmosphere, high-order
Bragg peaks are particularly evident, indicating the formation of
parallel lamellae, as predicted. Their SLD profile showed an
oscillation having period of ~46 nm emanating from the poly-
mer/air interface. Regions high in SLD correspond to dPS; the
low SLD part corresponds to PMMA-rich regions, adjacent to
a thin silicon oxide layer (SLD value of SiO, is around 3.1 X
10°¢ Afz). However, in the case of 3L, thick PS-b-PMMA films
containing 1 wt % of surfactant for perpendicular domain
orientation at surface, the reflectivity illustrated only a first-order
Bragg peak, indicating the parallel orientation was partially
formed in the films. Its SLD profile showed relatively flat with
small fluctuation at the upper part of the film, indicating
perpendicularly oriented structures with small defects (as can
be seen in surfactant concentration section) and parallel orienta-
tion from the bottom to 1.5L, thickness of the film originated
from preferential wetting of BCP with substrate. Block copoly-
mer films on neutral brush with surfactant showed a little tiny
first-order Bragg peak in reflectivity data and fairly flat SLD
profile at the lower part as well as higher part of the film owing to
dual neutrality of the films. These neutron reflectivity results
clearly illustrated the orientation configuration difference of BCP
films with top, bottom, and dual (top and bottom) neutrality.
Free Energy Calculation. This orientation change according
to film thickness caused by competition between neutral field and
preferential field could be understood through free energy
calculation of the BCP films based on the surface and inter-
face energy minimization and commensurability. In the case of
asymmetric wetting BCP films, such as PS-b-PMMA, parallel
orientation at half-integer of Ly thickness is fairly stable because
surface and interfacial energy minimization with commensur-
ability is satisfied (PS which is lower surface energy domain
locates on top, while PMMA which is lower interface energy
domain with SiO,, substrate locates at the bottom interface of the
film without any tensions) in that thickness. However, parallel

dx.doi.org/10.1021/ma201435v |[Macromolecules 2012, 45, 150-158
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Scheme 1. Schematic Illustration of Lamellar Block Copolymer Thin Films with Different Orientations: (a) Perpendicularly
Oriented Lamellar Morphology; (b) Parallel Oriented Lamellar Morphology; (c) Mixed Morphology with the Parallel Orientation
near Substrate and Perpendicular Orientation at the Upper Part of the Film

(a) (b)

(c)

orientation at the integer thicknesses of L, is not stable because
surface energy minimization from both sides of film surface and
interface conflicts with maintaining block copolymer period at
this thickness, as also known as incommensurability. In this case,
normal BCP films typically form terrace morphology in order to
maintain the natural domain spacing with surface energy mini-
mization, which also forms additional surfaces and needs mass
transfer. In contrast, BCP films containing OA surfactants result
in the perpendicular orientation at the top surface, not a terrace
morphology, without any surface energy compensation because
the OA surfactants segregated to the top surface of the films
(~17.8% at the surface, as confirmed from neutron reflectivity)*’
during the annealing process, leading to the neutral top surface of
a BCP film.

On the basis of the Turner mode which investigated the
equilibrium properties of an A—B diblock copolymer in its
lamellar phase under confinement between two identical flat
plates, we assumed that the copolymer is compositionally sym-
metric which A and B blocks have an equal number of segments
N/2 and each of persistence length a. And the BCP films is
supported by the flat substrate and exposed to the air surface.
Following the Turner approach, we also assumed the strong
segregation limit, yN > 10, for the sake of simplicity in free
energy calculations, in which A and B microdomains are phase-
separated with narrow interfaces because of high molecular
weight, and large interfacial energy though PS-b-PMMA, used
in the present study, has not so high value of y.

The microphase separation in bulk block copolymer systems
are easily explained with free energy calculation that balances the
interfacial energy from segregation the A and B blocks (F,p) with
the entropic penalty for deforming the chains from their dis-
ordered state conformation (F,). In the thin film geometry,
surface and interface interaction terms should be taken into
account, the expression for the free energy of bulk films is altered
to include the air—polymer interactions (Fyyfce) and polymer—
substrate interactions (Fipeerface)- We assumed the film forms the
asymmetric wetting against film surface and bottom interface.
The resulting free energy, F, is given by

i o Fel + PAB + Fsurface + Pinterface

kT kT

3p (L 2 a
=Z(= 2N | =
wlo) <

a\l
+ pN (Z) - (Vsurface + Vinterface) (1)
n

—50
143 S

where p is the number of copolymer chains in the system, L is the
lamellar period, Y sp is the interfacial tensions between A and B
segments, n is the value of the number of lamellar layers, and
Y surface a0d Vinterface are the surface tension of the BCP films and
interfacial tension between substrate and polymer, respectively.
We reduced the parameters through the bulk equilibrium
lamellar period, Lo, with corresponding bulk equilibrium free
energy, Fo, and free energy equation changes to

i AZ 24 surface interface 2
Fy 3 A ni Y ( )
AB

where the normalized period 4 is given by 4 = L/L,,.

We considered the models for the calculation of BCP thin
films containing surfactants, as can be seen in Scheme 1: (a)
perpendicular lamellar, (b) parallel lamellar, and (c) mixed
orientation which is perpendicular orientation at upper part of
the film and parallel orientation at lower part. In the perpendi-
cular orientation as described in Scheme 1a, imposed thickness
constraint performs perpendicularly to the laterally ordered
lamellae, and A and B segments are coexisted at the surface
and interface, respectively. The free energy of the perpendicular
orientation is then expressed as

FPetP — l lyAS + YBS t VA + s (3)
Fy 3 d 2y
AB

where yag and ypg are the A block/substrate and B block/
substrate interfacial tensions and Y, and yp are the surface
tensions of A and B block, respectively. In the case of parallel
orientation of the BCP film as described as Scheme 1b, the
thickness constraint conflicts against parallel oriented lamellae
and results in a lamellar period L, which is perturbed from L,
when the film thickness d # (n + 1/2)L, in the case of
asymmetric wetting BCP film. Owing to preferential wetting at
the top and bottom interfaces, lower value of surface and
interfacial energy should be chosen, Y, and ygs, respectively.
The resulting free energy of parallel orientation of BCP film is

F, 1 2 1 Yt Va
ara _ - 22 “ - 'BS 4

BCP film also can form mixed orientation which originate
from surfactant-assisted neutral field at film surface and prefer-
ential field at substrate, as shown in Scheme 1c. This mixed
structure is not necessary to consider thickness constraint with
commensurability and high interfacial energy difference between

dx.doi.org/10.1021/ma201435v |[Macromolecules 2012, 45, 150-158
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Figure 6. Free energy calculation of parallel, perpendicular, and mixed
orientation of lamellae-forming diblock copolymer films placed on non-
neutral substrates as a function of normalized film thickness.

A and B with substrate. However, the films should be regarded
the additional interface between A block and B block from
transitional region. The free energy of mixed oriented BCP
film is

1 1,
1 Y% E(VA + 7s) + /A8
d Y

AB

Fmix yB T

1
F 3

3+ ()

where Y5’ is the additional interfacial tension between A and B
because of the orientation transition in the middle of the film.
Figure 6 shows the free energy curves of these BCP film models
without and with surfactants that we assumed surface tensions of
A and B at film surface had equivalent values. The parameters set
up based on the strong segregation limit and references* > as
Fi=yas/Vas=1LTa=ya/vas=1,05=(V8s — Vas)/Va=—1,
and 04 = (¥ — ¥a)/Vap = 1 when the top surface of the film is
not neutral and 9, = (Y5 — ¥a)/Yas = 0 when the top surface is
neutral for both segments due to the surfactant effect of
surfactant addition. In the case of the mixed orientation, an
additional interface term, Y55’ , is different from y 55 because the
free energy penalty from these transition points of the domains
does not correspond with the real value of interfacial tension
between general BCP segments. As shown in the graph, the free
energy curve of parallel orientation shows the fluctuating shape
originating from the contraction or stretch of block copolymer
chains according to film thickness while that of other orientation
monotonically decreased. In the case of preferential wetting with
both air surface and bottom substrate without any surfactant,
comparing upper three graphs, parallel orientation is dominantly
much stable than mixed orientation or perpendicular orientation
at any thicknesses. The other case, neutral top surface and
preferential bottom interface which originated from the existing
of surfactant in the film, mixed and perpendicular orientation can
earn free energy advantages from neutral top surface while the
free energy of parallel orientation does not changed. Thus,
parallel orientation could be most stable in part of half-integers
of Ly in film thickness in which there is no contraction or the
extension and at rest of these thicknesses mixed orientation is
most stable structure among the models tested, as we experi-
mentally obtained. Through this free energy calculation of the
BCP film with surface neutrality, the orientation change of BCP
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Figure 7. Surfactant-assisted orientation of lamellae-forming dPS-b-
PMMA (dSML100 with L, ~ 46 nm) films placed on silicon substrates
as a function of film thickness after thermal annealing at 170 °C for 3
days in a N, atmosphere: (a) 2 wt %; (b) 10 wt % oleic acid added to the
block copolymers. (c) Fraction of perpendicular orientation of block
copolymer films with different amount of surfactants placed on Si wafers
as a function of normalized film thickness. Surfactant concentrations are
1,2, 5, and 10 wt %.

film with surfactant as a function of the film thickness was success-
fully confirmed.

Surfactant Concentration Effect. We have proven the small
amount of surfactants could affect the morphology of the block
copolymer films. However, the effect of surfactant amounts in the
film on the orientation of BCP film nanostructures was not much
investigated. Thus, different surfactant concentration films with a
function of film thickness were prepared for surfactant-assisted
orientation of lamellae-forming dPS-b-PMMA films on silicon
surfaces to investigate simultaneously with microscopic tools
and in-depth NR experiments. Surfactant concentrations were
varied from 1 to 10 wt %. Over 10% of OA concentration, the
surfactants, more preferably associating with PMMA blocks,
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Figure 8. (a) Neutron reflectivity data for SSML100 thin films with two different film thicknesses (2.5L and 3L,) containing two different amounts of
surfactants (1 and 10 wt %) placed on Si wafers annealed at 170 °C for 3 days. (b) Scattering length density (SLD) profiles of the BCP films across the

film thickness obtained from the fitting of the reflectivity data.

could have deleterious effects on microphase separation of a BCP
film itself as well as the persistent length of vertically oriented
lamellar domains. Figure 7a,b illustrates the AFM phase images
of different surfactant concentration samples as a function of film
thickness. Lower concentration (2 wt %) samples showed
periodical tendency between parallel and perpendicular orienta-
tion as a function of film thickness, as already seen before in the
former part. While high concentration of surfactant in the BCP
film, such as 10 wt %, dominantly showed perpendicular orienta-
tion in all thickness and periodicity between perpendicular and
parallel orientation according to film thickness was almost
diminished. We also verified this tendency with the perpendic-
ularly oriented surface area fraction of 1, 2, 5, and 10 wt %, as
presented in Figure 7c. These surface area fractions more clearly
indicate the surfactant concentration effect on the orientation of
the block copolymer thin films. As the surfactant concentration
increased, perpendicularly oriented regions gradually widened; a
fluctuating tendency of orientation according to film thickness
was gradually weak. Above a specific amount of surfactant,
perpendicularly oriented block copolymer film were constantly
observed regardless of film thickness. This result implies the
amount of surfactants has a critical role to change the orientation
of the BCP film.

The neutron reflectivity experiment for in-depth directional
orientation analysis of the surfactant containing block copolymer
film was investigated according to film thickness as well as the
surfactant concentration effect on the orientation of the films.
Figure 8a shows the NR profile for dPS-b-PMMA film with half-
integer thickness with low concentration of surfactant, integer
thickness with low concentration, half-integer thickness with
high concentration, and integer thickness with high concentration
samples. The scattering length density (SLD) profiles obtained
from the best fit to the reflectivity profiles are shown in Figure 8b
as a function of distance from the Si substrate. In the case of half-
integer thickness with low concentration of surfactant (1 wt %),
the reflectivity peak showed strong a Bragg peak at g = 0.018 A~"
with clear high-order Bragg peaks suggesting from layered
structures, and the SLD profile indicated well-developed layer
structure which means the parallel orientation of the BCP film
microdomains even though the existence of surfactant. At the
integer thicknesses of L, with low surfactant concentration

showed a relatively small main Bragg peak, and its fitted SLD
profile indicated layered structure only at bottom part of the films
because of the top neutrality from existence of surfactant, which
is explained the former part of this paper. In contrast with low
surfactant concentration, reflectivity profiles of high concentra-
tion of surfactant samples only showed the Kiessig fringes
characteristic of the film with no other distinguishable features
not only at integer thickness film but also at half-integer
thickness film. And the SLD profiles of high surfactant concen-
tration films exhibit fairly flat throughout the film, implying that
parallel oriented nanostructures did not exist and perpendicular
oriented BCP domains were dominant in whole thickness of
these films including top surface and bottom interface while the
low amount of solvent containing BCP films formed mixed
orientations. These results reveal high concentration of surfac-
tant in the films affect not only the top surface of the film but also
the bottom interface which has an additional role of preventing
preferential wetting between BCP film and substrates. We think
that higher OA concentration films are such that surfactant
molecules, more closely associated with the PMMA block, are
saturated at both the surface and SiO, interface, affecting the
orientation at the top and bottom interfaces simultaneously, and
we assume that residual surfactants might have an effect on the
microphase separation of BCPs or the persistence length of
lamellae structures, which deserve to be corroborated later (i.e.,
cross-sectional TEM along with NR with deuterated OAs).

B CONCLUSION

We intensively investigated the surfactant approach to induce
the orientation change of the BCP film as a function of film
thickness and surfactant concentration through microscopical
analysis, neutron reflectivity, and theoretical calculation. The film
thickness effect on the surfactant-assisted orientation of PS-b-
PMMA film was effectively demonstrated that perpendicular
orientation is preferred when the film thickness is the integers of
L, while parallel orientation is preferred when the film thickness
is near the half-integers of L. And these periodical phenomena
are gradually smeared, and perpendicular orientation is formed
by increasing film thickness and surfactant concentration. Then,
through the theoretical free energy calculation of the surfactant-
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assisted orientation based on thickness-dependent orientation
results, this periodical tendency was successfully proven. This
surfactant method presented in this article is simply quite
robustly forming neutral surface at the top of the film and
applicable to other systems including hierarchical micro-nano-
patterned media and inkjet printable BCP nanopatterns. Further-
more, orientation change of BCP film would provide reliable
information about commensurability of BCP film with geometry
of neutral interfaces.
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ABSTRACT: Thin films of cylinder-forming polystyrene-b-
poly(methyl methacrylate) block copolymer (PS-b-PMMA)
were self-assembled on two sets of surfaces homogeneously
covered with random copolymer brush composed of PS and
PMMA (P(S-r-MMA)), having styrene fractions, Fg, ranging
from 0.57 to 1.0: one set that had been exposed to the
lithographic materials and processes without having been
patterned and one set that had not. The resulting self-

2:1 assembly 3:1 assembly 4:1 assembly
@ @ [ORNE) (6] o
Q (O] [ORNE O o]

assembled morphologies revealed that the lithographic process shifted the nonpreferential composition of the P(S-~-MMA)
brush from Fg, ~ 0.70 to Fg, ~ 0.79. PS-b-PMMA films were then directed to assemble with density multiplication on chemical
patterns made from P(S-~-MMA), in which the surface chemistry of the background region of the pattern after lithography
ranged from weakly PMMA-preferential (WMP, Fg, = 0.70) to nonpreferential (NP, Fg, = 0.79) to weakly PS-preferential (WSP,
Fg, = 1.00). The extent of density multiplication ranged from 1:1 to 16:1. The assemblies were analyzed in terms of defect
quantity and cylinder diameter uniformity, as observed by top-down scanning electron microscopy (SEM). In general, many
fewer defects were observed for the assemblies on the WSP chemical pattern than on the WMP chemical pattern. The best
assemblies occurred on the NP chemical patterns, with no defects apparent in the SEM images of assemblies with up to 4:1
density multiplication and with spot size variation sufficiently low for bit patterned media applications. As the extent of density
multiplication was increased (6:1, 9:1, and 16:1), the defect density monotonically increased.

B INTRODUCTION

Over the past decade, tremendous advances have been made in
directing the assembly of block copolymer films to form
templates that enhance and augment the lithographic
process.'~” The primary motivation for investigating directed
assembly on lithographically patterned surfaces is to improve
the uniformity in size and shape of patterned features,%®
including nonregular structures,” "' and to enhance the
resolution of the patterning process.'”"> Resolution enhance-
ments are possible via directed assembly with density
multiplication, in which the density of features of the assembled
block copolymer film is an integer multiple, known as the
density multiplication factor, n, of the feature density of the
underlying pattern. In the case of directed assembly with
density multiplication on a chemical pattern, researchers have
shown the ability to direct the assembly of block copolymers on
low-density patterns of one chemistry, which is preferentially
wet by one block, on a background of a different chemistry.
The low-density pattern consists of guiding lines”*'* or
spots' >~ for directed assembly of lamellae- and cylinder-
forming block copolymers, respectively.

Recent simulations have suggested that the composition of
the background and the dimensions of the guiding pattern
dictate the quality of the assembly made with density

- ACS Publications  © 2011 American Chemical Society
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multiplication. For example, Detcheverry et al. showed that
vertical lamellae were only achieved in directed assembly with
density multiplication when the interaction between one of the
blocks of the copolymer and the background was relatively
weak."'® In their work, Detcheverry et al. identified six different
stable morphologies that could assemble from a lamellae-
forming block copolymer, depending on the width of the
guiding lines and the chemistries of the guiding lines and
background. Similarly, in the case of density multiplication with
cylindrical domains, Ruiz et al. performed simulations in which
the best assemblies were formed when the background had a
weak affinity for one of the blocks of the copolymer."> When
the background had a medium or strong affinity for one of the
blocks, the cylindrical domains would be truncated near the
chemical pattern. For both the cylinder- and lamellae-forming
block copolymers, the formation of thermodynamically stable
domains that do not have a uniform structure throughout the
film has serious technological implications for their use in
advanced lithography or as templates. At the same time,
understanding the phenomena that generate other nonbulk
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structures could open the door for technological applications

that require a bicontinuous, three-dimensional morphology.

The fact that previous experimental work on the assembly of
cylinder-forming polystyrene-block-poly(methyl methacrylate)
block copolymers (PS-b-PMMA) used chemical patterns that
started with materials that would give very different background
interaction strengths, ranging from density multiplication on
backgrounds based on PS brush, Wthh would have a strong
affinity for the PS block in PS-b-PMMA," to interpolation on a
nonpreferential brush made from a random copolymer of PS
and PMMA (P(S--MMA)),"”*° suggests that any under-
standing of the effect of the background chemistry on directed
assembly must also take into account the potential that the
pattern formation process could alter the chemistry of the
background. In previous directed assembly research, the
chemical pattern was often defined by depositing a polymer
brush that would serve as the background region and then
patterning and oxidizing regions of the brush to create the
guiding features. 11,21-23 However, recent work has shown that
the patterning process used to pattern a polymer brush could
alter its surface chemistry.** In order for directed assembly with
density multiplication to find the broadest technological
implementation, it is necessary to enhance our understanding
of how the background chemistry, along with other process
inputs such as the density multiplication factor, affects process
outputs, such as defect density.

Here we explore the effect of two fundamental process
parameters: the composition of the chemical pattern and the
density multiplication factor, n, on the number of defects and
nonuniformities that form in equilibrated cylindrical domains
assembled with density multiplication. We used a well-
understood model system, consisting of PMMA-cylinder-
forming PS-b-PMMA directed to assemble on a lithographically
defined, chemically nanopatterned, spotted array, with varying
chemical compositions and values of n ranging from 1 to 16.
The background of the chemical patterns was composed of a
P(S--MMA) with varying mole fraction of styrene, Fg.> Fq
was chosen such that the background region was either weakly
PS-preferential (WSP), nonpreferential (NP), or weakly
PMMA-preferential (WMP).>>*® Along with examining the
effect of Fg, we also examined the effect that the lithographic
process could have on the interaction of the PS-b-PMMA film
with the patterned P(S-~-MMA) brush. The assemblies were
imaged with top-down scanning electron microscopy (SEM) to
quantify the uniformity of the domain diameters, and the SEM
micrographs were analyzed with Voronoi diagrams to
determine an accurate count of assembly defects.

B EXPERIMENTAL SECTION

Materials. Asymmetric PS-b-PMMA (50.5 kg/mol PS, 20.9 kg/
mol PMMA, and PDI = 1.06, bulk d-spacing ~#37 nm, bulk center-to-
center distance between cylinders (L,) ~43 nm) was purchased from
Polymer Source, Inc., and used as received. Hydroxyl-terminated P(S-
r-MMA) (M, = 6 2 6.8 kg/mol, PDI = 1.20—1.25) was synthesized as
described before.? Fj, values of the synthesized P(S-+-MMA) brushes
were 0.57, 0.70, and 0.79. Hydroxyl-terminated polystyrene (PS-OH
(Fg = 1); M,, = 6.0 kg/mol, PDI = 1.07) was synthesized using anionic
polymerization. PMMA photoresist was purchased from MicroChem
Corp. and had a M, of 950 kg/mol.

Preparation of Chemically Patterned Surfaces. A ~20 nm
film of PS-OH or P(S-~-MMA)-OH was spin-coated onto a piranha-
cleaned silicon wafer from a 1.0 wt % toluene solution and annealed
under vacuum at 160 °C for 2 days in order to graft the polymer to the
wafer via a dehydration reaction. Ungrafted polymer was then
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extracted using repeated sonication in warm toluene for no more
than 10 min, resulting in a brush-coated wafer, as explained
previously.'">* The procedure to pattern the grafted PS-OH or P(S-
-MMA)-OH brushes was described in earlier work."" A 50 nm thick
PMMA photoresist film was spin-coated from a chlorobenzene
solution on top of a brush-coated substrate. E-beam lithography was
performed using a LEO 1550-VP field emission SEM operating with a
J. C. Nabity nanoscale pattern generation system. Exposures utilized an
accelerating voltage of 20 keV, a beam current of ~27.5 pA, and line
doses in the range of 0.08—0.60 nC/cm. All samples were developed
for 30 s in a 1:3 solution of methyl isobutyl ketone:isopropyl alcohol
(IPA), followed by IPA rinsing and nitrogen drying. Subsequently, the
photoresist pattern was transferred to a chemical pattern in the PS or
P(S--MMA) brushes by oxygen plasma etching, using a PE-200
Benchtop Plasma System (Plasma Etch, Inc.) plasma etch device,
operated at 10 mTorr O, and a radio-frequency power of 80 W for 10
s. The oxygen-plasma-treated regions of the brushes were preferen-
tially wet by PMMA, and the wetting property of the untreated region
depended on the composition of brushes. Both spot location and
density were defined during the e-beam patterning, as shown in Figure

i) spin coat l

if) e-beam
patterning

iff) oxygen
plasma
!I' eatment

- - - -

N O A
iv) strip l

Figure 1. Representative schematic of chemical pattern fabrication
with an e-beam lithographic process.

1. A basic pattern for directed assembly of cylinder-forming block
copolymer was a hexagonal array of spots. For controlling the density
multiplication factor, we patterned with a rectangular array of spots for
2X and 6X multiplications, a 90° tilted hexagonal array of spots for 3x
multiplication, and a hexagonal array of spots with 2, 3, and 4 times to
the original periodicity for 4X, 9X and 16X multiplications,
respectively.

Thin Film Fabrication. PS-b-PMMA thin films were spin-coated
from 1.3% solutions in toluene onto substrates coated with either
unpatterned or chemically patterned surfaces. The resulting block
copolymer thin film was 37 nm thick, as measured by ellipsometry
(Rudolph Research Auto EL). The film was annealed under vacuum at
230 °C for 2 h, which provided sufficient time to achieve equilibrium
morphology on the chemical pattern.

Characterization and Analysis. The patterns and the domain
structures of the assembled block copolymer films on the chemical
nanopatterns were imaged using a LEO 1550-VP field emission SEM
with 1 keV acceleration voltage. To assist in image contrast of the
films, the PMMA portions of the film were removed with 0.5 J/ cm?
exposures of 254 nm ultraviolet light followed by a 30 s rinse in glacial
acetic acid, subsequent washing with deionized water, and drying by
nitrogen gun. The analysis of the behavior of the self-assembled films
on the different P(S-~-MMA) brushes was repeated three times to
verify our observations. The sizes and locations of the hexagonally
ordered spots on the various chemical patterns were determined by
analyzing top-down SEM images of the postdevelop photoresist layer
with Image] 1.40 g software, after normalizing the brightness and
contrast of the images with Photoshop. Voronoi diagrams were
generated through a custom MATLAB program.”” The data presented
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Figure 2. Top-down SEM images of PS-b-PMMA thin films on random copolymer brushes with varying styrene content. The random copolymer
brushes of bottom row of SEM images were treated with the same lithographic process used to make chemical patterns, except that they did not
undergo the e-beam exposure step. The images shown here are representative of the results from three repeats of each experiment.

for each condition were collected from more than 2000 spots per
sample.

B RESULTS AND DISCUSSION

We investigated the effect of Fg, and n on the quality and
uniformity of the assembled block copolymer film by creating
chemical patterns following the scheme shown in Figure 1.
Hydroxyl-terminated P(S--MMA), with specific values of Fg,
was grafted onto a silicon wafer and used as an imaging layer.
The spot pattern was formed with electron-beam lithography,
using a 50 nm thick layer of PMMA photoresist. After
developing the exposed resist, the resist pattern was transferred
to the polymer brush by a brief oxygen plasma treatment. A
thin film of PS-b-PMMA was subsequently spin-coated onto
the chemical pattern, annealed under vacuum, and imaged with
a SEM. The oxygen-plasma-treated spots were strongly
preferential to the PMMA block of PS-b-PMMA, while the
interaction of the background with the PS-b-PMMA varied with
the Fg, of the P(S--MMA) used to make the imaging layer. The
key aspect of this approach is the ability to change the
chemistry of the deposited brushes and hence the wetting
properties and interfacial interactions of the blocks of the
copolymer with the background region.

Although the wetting behavior of the brush as a function of
Fg, is well-understood for brushes as deposited (prior to
processing),” it is possible that the chemisty of the background
regions will change after patterning of the photoresist and
subsequent photoresist stripping. To investigate the effect of
lithographic processing on grafted brush layers with varying Fj,,
we examined 37 nm thick films of PS-b-PMMA self-assembled
on top of unpatterned P(S-r-MMA) brushes with Fg, values of
0.57, 0.70, 0.79, and 1 (PS homopolymer brush), both before
and after exposure to the same chemical processing steps used
in the lithographic process. The self-assembly behavior of thin
films of PS-b-PMMA as a function of Fg, both before and after
the lithographic process steps, is shown in the top-down SEM
images in Figure 2. Prior to the lithographic process steps,
parallel cylinders formed on the brushes that were either
PMMA- or PS-preferential (Fg, = 0.57 or 1, respectively), while
perpendicular cylinders formed on the brushes with Fg, of 0.70
or 0.79, matching previous reports on the self-assembly of PS-b-
PMMA on unpatterned P(S--MMA).>>*** In the case of self-
assembly on the unpatterned P(S-+-MMA) brushes after
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exposure to the lithographic process, the range of morphologies
that was observed was generally the same as in the self-
assembled films on brushes that were not exposed to
lithography, and only the range of compositions over which
parallel or perpendicular cylinders were observed shifted to
higher values of Fg,. Perpendicular cylinders were predominant
in the films on the brushes with Fg, equal to 0.70, 0.79, and 1.
Significantly, the sample with the most perpendicular cylinders,
indicative of a nonpreferential (NP) substrate, shifted from Fg,
= 0.70 before processing, in agreement with previous reports,”®
to Fg, = 0.79 after processing. Similar shifts were seen in the Fj,
values for brushes that were weakly PMMA preferential (WMP,
0.59 before processing to 0.70 after processing) or weakly PS
preferential (WSP, 0.79 to 1). A structure similar to that shown
in Figure 2 for Fg, = 1 was also observed by Ruiz et al. in
assemblies of cylinder-forming PS-b-PMMA on unpatterned
regions of PS brush (Fg, = 1) after the brush had undergone
lithographic processing."> Our results suggest that the litho-
graphic processing alters the wetting behavior of the brush in
such a way as to appear to increase the Fg, value of the P(S-r-
MMA) by 0.09—0.11. The presence of residual lithographic
process material, which we hypothesize to be traces of
entrained PMMA photoresist, is one possible reason for the
shift of the NP Fg, to a larger value after the lithographic
process. For the rest of the paper we will refer to the WMP,
NP, and WSP substrates after lithographic processing, corre-
sponding to the brushes with Fg, values of 0.70, 0.79, and 1,
respectively.

Directed assembly with density multiplication was studied
with chemical patterns made on the WMP, NP, and WSP
substrates and designed with n ranging from 1 to 16. The effect
of the background chemistry and n on the directed assembly of
PS-b-PMMA is shown in the top-down SEM images and inset
Voronoi diagrams in Figure 3A. On the patterns made with the
WMP P(S--MMA) brushes the assembled block copolymer
film had defects in the hexagonal arrangement of the cylinders,
even on the 1:1 (n = 1) chemical pattern. The defects were
especially apparent in the Voronoi diagrams, in which colored
spots indicated locations where the nearest neighbors to a
cylinder did not form a hexagon, instead forming a pentagon,
heptagon, or other polygon. As n increased from 2 to 4, the
number of defects monotonically increased. In contrast to the
results of directed assembly on the WMP brushes, directed
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Figure 3. Effect of interfacial interactions and density multiplication assembly ratios on assembled PS-b-PMMA thin films on chemical patterns. (A)
Top-down SEM images and corresponding Voronoi diagrams, shown as insets. (B) Statistics of spot size variation and (C) spot location variation.
Filled and unfilled spots in the schematics on the top row represent patterned and density multiplied spots, respectively. Standard deviation of spot
diameter (op,) over averaged spot diameter (Davg) and averaged standard deviation of row-to-row distance versus assembly ratio of density
multiplication were determined from more than 2000 spots for each system.

assembly on the NP or WSP brushes yielded assemblies for
which images at this magnification typically showed few, if any,
defects, except for the WSP substrate on the 4:1 (n = 4)
chemical pattern. For 4:1 density multiplication on the three
substrates in the test, the best assembly was observed on the
substrate that exhibited NP behavior after processing in Figure
2. Our results at 4:1 density multiplication were similar to the
results of Tada et al., who observed that the fewest defects in an
assembly of cylinder-forming PS-b-PMMA were observed on a
PS brush made with an intermediate M, value, which
corresponded to a moderate contact angle of PS on the
brush.'® Their measured contact angle of 6° suggested that
their optimal PS brush was neither strongly PS- nor PMMA-
preferential, but instead either NP or WSP.

The effect of n and the surface chemistry of the background
on the assembly was also analyzed in terms of the standard
deviations of the spot diameter (oy,) and the spot spacing (o)
in the top-down SEMs of the assembled domains, as shown in
Figure 3B,C. On the WMP brushes with n > 2, there was more
variation in op than there was on the corresponding assemblies
on the NP and WSP brushes. On the WSP brushes, 6p/D,
could be kept at ~0.0S for n values up to 3 (Davg = average spot
diameter). On the NP brushes, n could be increased to 4
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without causing op/D,,, to increase beyond 0.0S. It is worth
noting that this level of op/D,,, is acceptable for some
applications, such as bit patterned media application, in which
the variation of the bit (spot) size and location must not
surpass ~5% to maintain adequate signal-to-noise ratio.””*! In
terms of o, all three substrates yielded uniform oy for n values
up to 3. When n equaled 4, the o5 values increased for all 3
substrates, with the value for the NP substrate increasing the
least.

In general, Figure 3 shows that as n increased, the optimal
background composition of the three compositions tested
shifted from WSP at n = 1 to NP at n = 4, with WSP appearing
to be slightly better at n = 2 and NP to be slightly better at n =
3. The effect of n and Fj, on the quality of the assembly can be
understood in terms of their effect on the free energy of the
system. When n = 1 (1:1 assembly), only the PS block will be
above the background, and therefore the system with the
highest Fg, (the WSP background, in this case) will have the
lowest energy of the systems in Figure 3. In the case of directed
assembly with density multiplication (n > 1), some PMMA will
be above the background. Ruiz et al. used molecular simulations
that minimized the free energy of a cylinder-forming block
copolymer assembled with density multiplication on a chemical
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Figure 4. Top-down SEM images of PS-b-PMMA thin film on various chemical patterns with NP background and higher density multiplication, and

corresponding Voronoi diagrams.

pattern to show that the best three-dimensional structures were
obtained with a WSP background."> Here we show that the
WSP background yielded the assemblies with the most uniform
shape and the fewest defects when n = 2. As n is further
increased to 3 and 4, the amount of PMMA above the
background increases. To minimize the free energy of the
system provided by the background, the MMA content of the
background will increase, Fg, will correspondingly decrease, and
the lowest energy background will transition from WSP to NP.

The asymmetry of the defect density about the NP chemical
composition (Fg = 0.79), with few defects observed in the
assemblies on the NP and WSP chemical patterns, but many
defects observed on the WMP chemical pattern, is most likely
due to the affinity of the background region for PMMA on the
WMP substrate. As a result of the PMMA affinity, one potential
configuration for the morphology of the blend is to have
PMMA cylinders lying flat against the background region of the
chemical pattern in addition to wetting the spots of the
chemical pattern. Even if the parallel domain structure did not
propagate upward through the blend film, the presence of the
PMMA cylinders against the substrate would impede the ability
of the chemical pattern to guide the assembly.

Following the studies described above, we assembled PS-b-
PMMA thin films on chemical patterns with NP background
regions and n values of 6, 9, and 16. As shown in the top-down
SEM images and Voronoi diagrams in Figure 4, as n increased,
more defects were present in the hexagonal arrangement of the
assembled cylinders, even when the best background
composition for assemblies with large n was used. The effect
of n can be seen most clearly in the Voronoi diagrams in Figure
4. As n is increased, the number of defect structures
monotonically increases. The combined effect of the back-
ground surface chemistry and #n on the ability of a chemical
pattern to direct assembly with density multiplication is
analogous to previous results on 1:1 chemical patterns, in
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which the ability to obtain defect free structures degended on
the surface chemistry of the chemical pattern,”” and the
commensurability of the chemical pattern period™ or layout™
with the bulk morphology of the block copolymer.

The combination of results shown in Figures 3 and 4 lead us
to hypothesize that the number of defects and nonuniformities
in directed assembly with density multiplication increase
monotonically as the assembly moves away from the ideal
condition. The steady increase in the number of defects as n
increased, shown in Figure 4, supports this hypothesis.
Similarly, Tada et al. observed that the tolerance for
incommensurability between the spacing of the chemical
pattern and the bulk morphology decreased as n increased."®
In terms of the surface chemistry, the assemblies for n = 4 in
Figure 3 show that as the surface chemistry moved away from
an optimum, the number of defects increased. While we did not
attempt to optimize the surface chemistry in this study, we
could conclude that the NP brush must have been the closest to
the optimum of the three brushes that we studied. The NP
brush also exhibited nonpreferential behavior, indicating that it
fell within a range of surface chemistries that exhibit NP
behavior for the self-assembly of cylinder-forming block
copolymers.*®

B CONCLUSION

In summary, we can conclude that to achieve the optimum
conditions for directed assembly of cylindrical domains with
density multiplication, in terms of minimizing defects and
nonuniformities, it is necessary to use a background material in
the chemical pattern that is tuned for the overlying material. At
low n it will be necessary to have a brush that is more WSP than
at high n. This conclusion points to the need to develop a
chemical pattern system in which the composition of the
background region can be tuned independently of the guiding
lines. It is also important to understand the effect that previous
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processing can have on the interaction of the chemical pattern
with the block copolymer. In our case, the lithographic process
used to define the chemical pattern substantially affected the
surface chemistry of the brush and therefore its interaction with
the block copolymer. The findings in this work should be useful
in integrating directed assembly of block copolymers with
density multiplication into technologies requiring superior
resolution and minimal pattern defects, such as advanced
lithography and bit patterned media.
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ABSTRACT: We studied the vapor deposition of polymers

s p 4.3 q . . Silicone Polymer
onto the surfaces of silicone oil and imidazolium-based ionic “" Deposition film articles
liquids (ILs). We found that the deposition of poly(2- 1 i —}m t "
hydroxyethyl methacrylate) (PHEMA) and poly(N-isopropyla- s Do .
crylamide) (PNIPAAm) resulted in polymer particles on silicone
oil whereas continuous polymer skins formed on 1-butyl-3-

Polymer

methylimidazolium hexafluorophosphate ([bmim][PF]), 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF,]), and 1-
ethyl-3-methylimidazolium tetrafluoroborate ([emim][BF,]). The silicone oil and ILs were patterned onto a common substrate
by exploiting their different wetting properties. Ultrathin free-standing PHEMA and PNIPAAm films of different shapes were
produced by confining the shape of the IL within a wax barrier, surrounding it with silicone oil, and then depositing the polymer.
The silicone oil prevented the polymer film from connecting to the underlying substrate and maintained the shape of the
polymer film during deposition. Our process allows for multidimensional control over the resulting free-standing film: the area of
the shape can be controlled by patterning the IL, and the thickness of the film can be controlled by adjusting the duration of
polymer deposition. The films are highly pure and do not contain any residual monomer or solvent entrapment which extends

their potential applications to include in vivo biomedical research.

B INTRODUCTION

The initiated chemical vapor deposition (iCVD) technique is a
one-step, solventless free radical polymerization process that
can be used to deposit a wide range of polymer films such as
poly(2-hydroxyethyl methacrylate) (PHEMA)," poly(4-vinyl-
pyridine) (P4VP),> and poly(1H,1H,2H,2H-perfluorodecyl
acrylate) (PPEDA).> The iCVD technique is typically used to
deposit polymer coatings onto solid substrates such as silicon
wafers,* membranes,” wires,® carbon nanotubes,” and fibers.®
We recently demonstrated the ability to deposit polymer
coatings onto ionic liquids (ILs).” ILs are salts that are liquids
at ambient temperatures, and they have recently attracted
significant interest as environmentally friendly alternatives to
traditional volatile organic solvents because they are non-
volatile, nonflammable, and can be easily recycled.''" Our
previous work examined the deposition of PHEMA and
PPFDA in the presence of 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim][PF,]) droplets. We found that
polymerization occurred at the vapor—IL interface and/or
within the bulk IL depending on the solubility of the monomer
within the IL and the reaction conditions such as the duration
of deposition and stage temperature.

In this paper, we use iCVD to deposit polymers onto silicone
oil for the first time. We observe different polymer
morphologies on the silicone oil as compared to the ILs, and
we exploit this difference to fabricate ultrathin free-standing
polymer films of different shapes by combining the silicone oil
and ILs onto a common substrate. The generality of our
fabrication method is demonstrated for multiple polymers and a
range of imidazolium-based ILs. Our ability to produce free-
standing polymer films is useful for a wide variety of

- ACS Publications  © 2011 American Chemical Society
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applications in optics,'” sensing,'*'* and separations.'> The
fabrication of free-standing polymer films typically requires
multiple steps such as spin-coating polymers onto sacrificial
layers and then removal of the sacrificial layers using several
steps of washing with various solvents.'*>° The fabrication
process that we present in this paper is environmentally friendly
because no organic solvents are used in any of the steps. The
free-standing polymer films produced by our method are highly
pure and do not contain any residual monomer or solvent
entrapment which will allow biomedical researchers to use
these films for in vivo applications such as tissue engineering,
surgical applications, and drug delivery.

B RESULTS AND DISCUSSION

We studied the deposition of PHEMA onto 5 uL droplets of
silicone oil, [bmim][PF4], 1-butyl-3-methylimidazolium tetra-
fluoroborate ([bmim][BF,]), and 1-ethyl-3-methylimidazolium
tetrafluoroborate ([emim][BF,]) placed on a silicon wafer. In
the iCVD process, monomer and initiator molecules are flowed
continuously into a vacuum chamber where the initiator
molecules are broken into free radicals by a heated filament
array. Polymerization occurs on the surface of the substrate via
a free-radical mechanism.”' In the case of the imidazolium-
based ionic liquids, HEMA monomer molecules can absorb
into the ILs and polymerization can occur at both the vapor—IL
interface and within the bulk IL. In the case of silicone oil,
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HEMA molecules do not appreciably absorb into the silicone
oil, and therefore polymerization should only occur at the
vapor—silicone oil interface. Figure 1 shows the images of the

Figure 1. Images of 15 min of deposition of PHEMA onto (A)
[bmim][PF], (B) [bmim][BF,], (C) [emim][BF,], and (D) silicone
oil. (E—=H) The droplets were subjected to a continuous stream of air
to show that a continuous skin of PHEMA formed on the ILs, but only
particles of PHEMA formed on the silicone oil.

droplets taken after 15 min of deposition. A continuous
polymer skin that completely encapsulates the droplet formed
on all three ILs, while unconnected polymer particles formed
on the silicone oil. An air stream was applied to the droplets to
demonstrate the continuous nature of the polymer skins on the
ILs and the granular nature of the polymer on the silicone oil.
Fourier transform infrared spectroscopy (FTIR) was used to
study the chemical structure of the PHEMA deposited on
silicone oil and the ILs. Figure 2 shows that all of the spectra
have the expected PHEMA peaks including the broad O—H
stretching peak from 3600 to 3100 cm ™', C—H stretching peaks
from 3050 to 2800 cm™’, the C=0 peak from 1750 to 1685
cm™', C—H bending from 1520 to 1350 cm™’, and C-O
stretching from 1310 to 1210 ecm™. The spectra are nearly
identical, demonstrating that the polymer is highly pure and
that varying the liquid substrate does not affect the composition
of the polymer.

The different polymer morphology on the silicone oil versus
the ILs can be exploited to fabricate free-standing films. The
skins that are formed on the IL droplet are connected to the
underlying silicon wafer and therefore cannot be removed
without tearing. For example, Figure 3A shows that PHEMA
completely encapsulates [bmim][PF,] droplets that are placed
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Figure 2. FTIR spectra of (A) a PHEMA film deposited onto a wafer,
(B) a PHEMA skin formed on [bmim][PF,], (C) a PHEMA skin
formed on [bmim][BF,], (D) a PHEMA skin formed on [emim]-
[BF,], and (E) PHEMA particles deposited onto silicone oil.

Figure 3. Images of 60 min of deposition of PHEMA onto a
[bmim][PFq] droplet that was placed on (A) a silicon wafer and (C) a
silicon wafer covered with a layer of silicone oil. (B, D) The substrate
was tilted at a 15° angle after the deposition.

directly onto silicon wafers. These encapsulated droplets do not
move when the substrate is tilted at a 15° angle (Figure 3B). In
order to make free-standing polymer films, we combined the
ILs and silicone oil onto a common substrate. Silicone oil was
first dispensed onto silicon wafers and allowed to spread over
the wafer surface. The silicone oil completely wets the surface
of the silicon wafer, forming a thin layer (~30 gm) onto which
IL droplets can then be placed. Figure 3C shows that a
continuous PHEMA film forms on the IL droplet, whereas only
polymer particles form on the surrounding silicone oil. Figure
3D shows that the droplet slides when the substrate is tilted at a
15° angle. This verifies that the silicone oil acts as a lubricating
layer to prevent the polymer that forms on the IL from
connecting to the underlying wafer. The contact angles for
[bmim][PF], [emim][BF,], and [bmim][BF,] are 38°, 28°
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Figure 4. Contact angle goniometer images of (A) IL droplets on silicon wafers, (B) IL droplets on a layer of silicone oil, and (C) the same droplets

after 60 min of deposition of PHEMA.

and 19°, respectively, on a silicon wafer (Figure 4A). When the
IL is placed on top of the silicone oil, a thin layer of oil remains
between the IL and the underlying silicon wafer, and the
silicone oil forms a concave meniscus on the side of the IL
droplet. This meniscus makes it impossible to measure a
contact angle for the IL on the silicone oil; however, Figure 4B
shows that the trend in wettability is the same on silicone oil as
on a silicon wafer, i.e., that [bmim][BF,] wets the most and
[bmim][PF] wets the least. Without the use of silicone oil, the
IL droplet spreads on the silicon wafer during PHEMA
deposition due to both monomer absorption into the IL and
the increased attraction between the IL and the PHEMA film
formed on the silicon substrate surrounding the droplet. In
contrast, the use of silicone oil prevents the IL droplets from
spreading during PHEMA deposition. Comparison of parts B
and C of Figure 4 shows no noticeable change in the curvature
or diameter of the IL droplets after polymer deposition. We
believe that the meniscus acts as a barrier to prevent the
spreading of the IL droplet during deposition.

The shape of the free-standing polymer film can be
controlled by patterning the IL and silicone oil onto the
substrate. Figure 5 shows a schematic of this fabrication
method. First, an outline of a shape is drawn onto the substrate

Wax barrier,

e \____.

Dlspen se Smm

A/ \;\
g |

Silicone oil

~

Deposit

polymer Polymer film

Figure S. Fabrication method for making shaped polymer films.
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using wax. The IL is then dispensed into the outline. The wax
barrier contains the IL within the shape because the IL does not
wet the wax. In the case of [bmim][BF,], the wax outline was
drawn onto a bare silicon wafer. In the cases of [bmim][PF]
and [emim][BF,], the wax outline was drawn onto a silicon
wafer that was precoated with PHEMA in order to increase the
spreading of the IL into the corners of the shape. Silicone oil
was then added in multiple locations around the outside of the
wax barrier and allowed to spread over the barrier and
encompass the IL. The silicone oil serves two purposes in this
fabrication process: it maintains the shape of the original IL
droplet during deposition, and it prevents the polymer film
from connecting to the underlying substrate. We would like to
note that there is no lubricating layer of silicone oil underneath
the IL in this fabrication method since the IL is dispensed
before the silicone oil. Therefore, the IL will not slide when the
substrate is tilted. After deposition of polymer, the free-standing
polymer film can be removed from the IL either by inserting a
razor underneath the film and lifting it off or by submerging the
entire substrate in silicone oil which allows the film to float off
the IL.

Figure 6 shows the generality of our fabrication method for
two different ILs and two different polymers. A triangular
PHEMA film was formed on [bmim][BF,] after 30 min of
deposition. The FTIR spectrum of the PHEMA film showed no
difference from the spectrum of PHEMA deposited on a silicon
wafer, indicating the high purity of the film. The free-standing
film had an average thickness of 510 & 64 nm at the edge of the
triangle and 663 =+ 35 nm at the center. The increased thickness
at the center of the film is caused by the integration of polymer
chains that form within the bulk IL since polymerization takes
place simultaneously at both the vapor—IL interface and within
the IL at the conditions used for our study.” Similar to
PHEMA, the deposition of poly(N-isopropylacrylamide)
(PNIPAAm) also results in polymer particles on silicone oil
and polymer skins on each of the three ILs. Therefore, we can
use our fabrication method to form shaped PNIPAAm films. A
square PNIPAAm film was formed on [bmim][PF] after 135
min of deposition. The film had an average thickness of 445 +
30 nm at the edge of the square and 469 + 41 nm at the center.
The PNIPAAm film had the expected FTIR peaks: asymmetric
—CHj stretching at 2969 cm™', asymmetric —CH,— stretching
at 2931 cm™, symmetric —CHj stretching at 2880 cm™),
secondary amide C=0 stretching at 1652 cm™', —CHj; and
—CH,— deformation at 1458 cm™, and —CH, deformation at
1387 and 1366 cm™.** Compared to the PNIPAAm deposited
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Figure 6. Images and corresponding FTIR spectra of free-standing
shaped films of (A, B) PHEMA formed on [bmim][BF,] and (C, D)
PNIPAAm formed on [bmim][PF,]. The films were removed from
the template and placed in a bath of silicone oil for imaging.

onto a wafer, the shaped free-standing PNIPAAm film had a
shift in the location of the secondary amide N—H stretching
from 1540 to 1575 cm™". This is likely due to the mobility of
the PNIPAAm chains in the free-standing film that allows for
hydrogen bonding between the C=0 and N—H groups.”*

In addition to PHEMA and PNIPAAm, we found that the
deposition of several other polymers including poly(o-nitro-
benzyl methacrylate) (PoONBMA) and poly(pentafluorophenyl
methacrylate) (PPFM) also yields particles on silicone oil and
skins on the ILs. The formation of particles on silicone oil has
also been examined in the deposition of silver,** copper,25
gold,*® and C,Fg*” precursors. Ye et al. proposed that silver
clusters that formed on silicone oil do not merge into a film
because an adsorbed layer of oil molecules surrounds the
particles and thereby prevents coalescence.”® Similarly, we
believe that a polymer skin does not form on the silicone oil in
cases where the silicone oil wets the polymer. For example, the
silicone oil wets PHEMA, PNIPAAm, PONBMA, and PPFM
(the contact angles of silicone oil on these polymers are 6°, 39°,
7°, and 24°, respectively), and the depositions of these
polymers all result in the formation of particles. After long
deposition times (e.g, ~2 h in the case of PHEMA), the
concentration of polymer particles becomes great enough to
completely cover the oil surface such that additional polymer
can no longer interact with the underlying silicone oil, and
further deposition results in a continuous film that grows on the
layer of particles. In contrast to the above polymers, we have
found that the deposition of PPFDA results in continuous
polymer films on droplets of both silicone oil and all three
imidazolium-based ILs (Figure 7A—D). We believe that the
formation of a continuous PPFDA skin on silicone oil is due to
the poor wetting between PPFDA and silicone oil, as silicone
oil has a high contact angle on PPFDA (70°). When PPFDA
was deposited onto IL droplets placed on a layer of silicone oil,
a continuous polymer skin formed that encapsulated the two-
liquid system and connected to the underlying silicon wafer
(Figure 7E). Therefore, the IL droplet did not move when the
substrate was tilted at a 15° angle (Figure 7F), which is in
contrast to the deposition of PHEMA which resulted in a
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Figure 7. Images of 30 min of deposition of PPFDA onto droplets of
(4) [bmim][PF¢], (B) [bmim][BF,], (C) [emim][BF,], and (D)
silicone oil placed on a silicon wafer. (E) Images of PPFDA deposited
onto a droplet of [bmim][PFq] placed on a silicon wafer covered with
a layer of silicone oil and (F) tilted at a 15° angle.

continuous film on only the IL surface (Figure 3C,D).
Therefore, while free-standing films could be formed using
PHEMA, PNIPAAm, PoNBMA, and PPEM, they could not be
formed using PPFDA.

B CONCLUSION

We have demonstrated that the deposition of both PHEMA
and PNIPAAm on silicone oil results in the formation of
polymer particles, whereas deposition onto imidazolium-based
ILs results in polymer skins which completely encapsulate the
ILs. We exploited this difference in polymer morphology to
fabricate ultrathin free-standing polymer films of different
shapes by combining the ILs and silicone oil onto a common
substrate. Our study reveals some very interesting surface
tension effects: when the IL is placed on top of the silicone oil,
a thin layer of oil remains between the IL and the underlying
silicon wafer and the silicone oil forms a concave meniscus on
the side of the IL droplet. This meniscus helps maintain the
shape of the IL and thereby the shape of the resulting polymer.
FTIR analysis shows that the free-standing polymer films are
highly pure (free of residual monomer, IL, and silicone oil)
which will enable their use for biomedical applications. The
free-standing PNIPAAm films have many potential uses due to
their temperature-responsive hydrophilicity.”*>°

Our fabrication process is environmentally friendly because
no organic solvents are used in any of the steps and ionic
liquids are nonvolatile, nonflammable, and can be easily
recycled. We demonstrated the generality of our fabrication
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method across a range of imidazolium-based ILs ([bmim]-
[PF¢], [bmim][BF,], and [emim][BF,]). Our ability to
produce free-standing polymer films of controlled shape, size,
and thickness is useful for a wide variety of applications in
biosensing, biomimicry, and separations. In addition to
PHEMA and PNIPAAm, we have found that the depositions
of several other polymers including PONBMA and PPEM also
yield particles on silicone oil and skins on ILs. This allows us to
extend our fabrication method to make light-responsive®' and
click-active polymer films.** Furthermore, films with multiple
functionalities (e.g, mechanical strength, temperature-respon-
sive swelling, photoresponsive solubility) can be made by
sequentially stacking polymers.

B EXPERIMENTAL SECTION

1-Butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF,])
(97%, Aldrich), 1-ethyl-3-methylimidazolium tetrafluoroborate
([emim][BF,]) (97%, Aldrich), 1-butyl-3-methylimidazolium tetra-
fluoroborate ([bmim][BF,]) (97%, Aldrich), poly(dimethylsiloxane)
(Xiameter PMX-200 350 cSt, Aldrich), 2-hydroxyethyl methacrylate
(HEMA) (98%, Aldrich), N-isopropylacrylamide (NIPAAm) (97%,
Aldrich), 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) (97%,
Aldrich), and tert-butyl peroxide (TBPO) (98%, Aldrich) were used
without further purification. All depositions were carried out in a
custom designed reaction chamber (GVD Corp, 250 mm diameter, 48
mm height). For the deposition of PHEMA, the HEMA monomer was
heated to a temperature of S5 °C, the stage temperature was
maintained at 35 °C using a recirculating chiller, and the reactor
pressure was kept constant at 110 mTorr. For the deposition of
PNIPAAm, the NIPAAm monomer was heated to a temperature of 60
°C, the stage temperature was maintained at S5 °C using a
recirculating chiller, and the reactor pressure was kept constant at
100 mTorr. For the deposition of PPFDA, the PFDA monomer was
heated to a temperature of SO °C, the stage temperature was
maintained at 35 °C using a recirculating chiller, and the reactor
pressure was kept constant at 140 mTorr. For all depositions, a
nichrome filament array (80% Ni, 20% CR, Omega Engineering) was
placed 32 mm above the substrate and was resistively heated to 240
°C. The TBPO initiator was maintained at room temperature and
flowed into the reactor at a rate of 0.92 sccm using a mass flow
controller (Model 1479A, MKS).

The morphology of the polymer on the poly(dimethylsiloxane)
silicone oil and the ILs was tested by first dispensing S uL of liquid
directly onto a silicon wafer. Contact angles were then measured using
a goniometer (ramé-hart Model 290-F1). After deposition, images of
the polymer on the droplets were taken using a microscope and a
Nikon D3000 camera. The continuity of the skins and particles was
tested by subjecting the droplets to a continuous stream of air. In
order to make shaped films, outlines of shapes were first drawn onto
the substrate with a wax crayon using a ruler, and then IL was
dispensed into the interior of the wax outline using a micropipet. For
[bmim][ BF,], the shape was drawn onto an unmodified silicon wafer.
For [bmim][PFy] and [emim][BF,], the shape was drawn onto a
silicon wafer which had first been coated with a thin layer of PHEMA
to increase the wetting of the IL into the corners of the shapes.
Silicone oil was then dispensed (S uL) at each edge of the shape and
allowed to slowly spread over the wax and encircle the IL. After
deposition of polymer, the polymer film was removed from the IL
either by inserting a razor underneath the film and lifting it off or by
submerging the entire substrate in silicone oil which allowed the film
to float off the IL. The thickness of the polymer films was determined
from JEOL-6610 low-vacuum scanning electron microscopy (SEM)
images. For SEM sample preparation, the films were transferred onto a
clean silicon wafer and blown flush against the wafer. The wafer
underneath the skin was then cracked and mounted in a substrate
holder such that the cross section could be visualized. A thin gold
coating was sputtered onto the surface of the sample before imaging.
Fourier transform infrared spectroscopy (FTIR) (Thermo Nicolet
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iS10) was used to study the chemical composition of the PHEMA and
PNIPAAm films. Films were removed to a clean wafer by placing the
wafer surface on top of the polymer film and lifting the film off. The
films were rinsed with methanol and hexane before analysis. The FTIR
of the PHEMA particles on silicone oil was measured by first
separating the PHEMA from the silicone oil through extraction with
methanol and then drop-casting the resulting solution onto a clean
wafer.
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ABSTRACT: The chain and segmental dynamics of free and grafted 20-monomer atactic
polystyrene chains surrounding a silica nanoparticle have been investigated employing atomistic
molecular dynamics simulations. The effect of the nanoparticle curvature and grafting density on
the mean square displacement of free polystyrene chains and also on the mean relaxation time of
various intramolecular vectors was investigated as a function of separation from the surface.
Confinement, reduced surface curvature, and densification resulted in a reduction of the mean
square displacement and an increase in the mean relaxation time of the C,—H bond vector and
chain end-to-end vector in the vicinity of the surface. Depending on the property investigated,

the thickness of the interphase, i.e., the distance beyond which the polymer has bulk behavior,

varies between 1 and 3 nm, corresponding to 1—3 radii of gyration of the bulk polymer.
Therefore, the presence of a surface has a significant influence on the dynamics of the surrounding polymer chains especially the

ones in the interfacial region.

1. INTRODUCTION

The possibility of achieving significant enhancements in ma-
terial properties (i.e., mechanical, electrical, optical, and thermal)
by adding minute amounts of filler particles has spurred research in
polymer nanocomposites.' >* At the nanometer scale, the size of
the filler particles is often of the same order of magnitude as that of
the polymer coil resulting in a drastic increase in the nanoparticle—
polymer interfacial surface area. Also, at this small scale, the filler
particle surface curvature and filler—polymer interactions play
significant roles in influencing the structural arrangement, mobi-
lity, and overall relaxation of the polymer chains.'”***® In our
previous work,”® we studied the structural properties of free atactic
polystyrene (a-PS) melt chains surrounding single silica nanopar-
ticles that were either grafted with a-PS or ungrafted, which
revealed enhanced density and tangential orientation of the
polymer chains along the particle surface. This current work
employs atomistic molecular dynamics (MD) simulations to
investigate surface induced changes in the polymer dynamical
properties.

The study of polymer dynamics at the polymer—solid inter-
face continues to be the focus of intensive research by both
experimental'>*”~** and computational'***>*~* methods. The
understanding of this polymer—solid interface can contribute to
many industrial processes of significant importance that involve
surface coating, lubrication, wetting, and adhesion.® Several
polymer—surface parameters including the surface area/curvature**
and roughness,* and repulsion/attraction to the polymer'>**~2¢
influence the polymer dynamics which in turn determine the
overall material properties. To understand the role of these
parameters, many studies have been carried out in systems contain-
ing thin polymer films'**”~° as well as nanoparticles.”'*>%314047
However, there is not a general consensus on whether the polymer

v ACS Publications ©2011 american chemical Society

chains’ mobility is always reduced or enhanced in the polymer—
surface interfacial region.

Some of the experimenta researchers have
reported the existence of an immobilized interfacial polymer
layer due to adhesion of the polymer chains on the surface. It has
also been shown that this adhesion can be weakened by grafting
polymer chains to the surface and enhanced by increasing the
interfacial surface area, and the polymer-surface attraction.””**
On the contrary, Bogoslovov et al.** reported that the local
segmental dynamics of poly(vinyl acetate) adjacent to spherical
silica particles were similar to the bulk behavior. In addition,
faster overall relaxation of free polystyrene chains close to a
surface has been reported.”*** These experimental results suggest
the absence of a universal behavior in describing the local motion
of the polymer chains in the vicinity of solid surfaces. Even
though Akcora and co-workers' have attributed this discrepancy
to the chemical specificity of the polymer and surface as the main
determining factor in influencing an increase or decrease in
the interfacial polymer dynamics, many questions still remain
unanswered.

In parallel to experimental investigations, computer modeling
and theoretical approaches have also been employed to study the
dynamical properties of polymer chains in the vicinity of surfaces.
Results from quantum chemistry,”” mode-coupling theory,*
coarse-grained (CG),”****"*! and atomistic¥* 3+ 37452 j.
mulations have revealed that the presence of a surface alters the
dynamical properties of the interfacial polymer chains compared
to the bulk melt. For example, the polymer chains close to
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spherical nanoparticles have been reported by Goswami and
Sumpter®® to exhibit Rouse-like motion, an intermediate sub-
diftusive regime that was followed by the usual Fickian diffusion.
Together with other investigators, they explained that the
reduced diffusion of the polymer chains at the surface was a
consequence of attractive interactions between the monomers
and the nanoparticles.”****"*° Furthermore, Borodin et al. have
shown that attractive interactions between the surface and the
polymer chains resulted in an enhanced polymer density close to
the surface which in turn further decreased the polymer local
mobility. Moreover, Yelash et al.'® showed that the slowed-down
polymer dynamics close to a “flat” surface resulted from the slow
monomer desorption kinetics at the surface. However, the extent
of the local changes in the polymer dynamics surrounding
spherical particles of different grafting densities and surface
curvature remains unresolved. Our current work investigates
the role of the spherical silica nanoparticle diameter and grafting
density (o, chains/ nm”) in altering the dynamical properties of
a-PS chains in the interfacial and interphase region using
atomistic MD simulations. This has enabled us to make a
connection to our previous”® work on the silica surface influence
on a-P§ structural properties. This work will enhance the under-
standing of experimental findings in which it is more difficult to
locally resolve dynamical properties.

2. MODEL AND SIMULATION DETAILS

All-atom molecular dynamics (MD) simulations were carried
out on nanocomposite systems consisting of atactic polystyrene
(a-PS, —[CgHg]—,) in contact with either an ungrafted or an
a-PS-grafted sopherical silica (SiO,) nanoparticle as in our pre-
vious work.>® Simulations were generally performed at a
temperature, T, of 590 K and pressure, P, of 101.3 kPa. The
exception was during the investigations of the influence of T
and P on the reorientation of intramolecular vectors where T
varied from 490 to 690 K while P was increased from 101.3 to
40520 kPa. Nanoparticles with diameters of 3, 4, and S nm have
been chosen to vary the surface curvature while grafting densities
of 0.0 (bare, ungrafted), 0.5, and 1.0 chains/ nm” were contrasted.
Both free and grafted a-PS polymer chains in our model system
have n = 20 monomers, since at present only low molecular
weight polymers can be investigated atomistically in reasonable
time and length scales. The grafted chains are attached to the
silica surface via a linker unit, (—[CH,CHC,H;]5(CHs;),Si—),
also employed in experiments.” In all studied systems, the
minimum number of polymer chains is 202, that is, the sum of
both free and grafted chains. For example, a particle of 3 nm
diameter has 14 or 28 grafted chains for grafting densities of 0.5
and 1.0 chains/nm? and is surrounded by 188 or 174 free
chains, respectively. Those which have diameters of 4 and S nm
have 25 and 40 grafted chains for a grafting density of 0.5
chains/nm” while being surrounded by 202 and 162 free chains,
respectively. For the higher grafting case of 1.0 chains/nm?, the
4 nm diameter has 50 grafted and 177 free chains while the S nm
diameter has 80 grafted and 122 free chains. In all cases, the
ungrafted particles are surrounded by 202 free a-PS chains. The
cubic simulation box sizes vary between 9.23 and 9.71 nm. The
bulk a-PS melt mass density was 910.9 % 1.5 kg/m> at 590 K
and 101.3 kPa (experimental®* density at the same temperature
and pressure = 904.0 + 0.1 kg/m®) while that of the silica
nanoparticle was 2770.6 & 7.6 kg/m> (density of natural
quartz55 =2635—2660 kg/m3).

The force field parameters (containing the Lennard-Jones
and Coulomb terms) for the polymer and anionic linker
molecule are based on the OPLS-AA force field*® for hydro-
carbons and have been designed to describe mixtures of a-PS
with benzene®” and ethylbenzene.® On the other hand, the
silica Lennard-Jones and Coulomb interaction parameters were
obtained from a model that describes bulk crystalline silica.>
For a complete description of the studied systems and force
field parameters, we refer to our previous work,?® where the
same parameters have been employed.

Simulation runs were carried out in the isothermal—isobaric
(NPT) ensemble using the molecular dynamics simulation code
YASP.%° During the MD simulations, the Berendsen®' thermo-
stat and barostat were used to maintain the system at prescribed
temperatures T and pressures P. Coupling times of 0.2 ps (T) and
0.5 ps (P) were chosen. The integration has been performed
employing the Verlet—leapfrog integration algorithm with a time
step of 1 fs. Nonbonded interactions and the Verlet neighbor list
(updated every 15 time steps) had cutoff radii of 1.0 and 1.1 nm,
respectively. The reaction-field correction for the Coulombic®
interactions was employed, assuming the average effective di-
electric constant of the continuum g to be 3.7 (experimental
dielectric constant: 2.4—2.7 for amorphous PS and 4.4—4.6 for
amorphous silica at room temperature).>®

To allow sampling of different configurations, the temperature
was elevated from the setup temperature of 490 to 990 K. Later, it
was decreased at 100 K/ns for S ns and final equilibration runs
were performed at 590 K. To investigate the effect of temperature
on the reorientational dynamics of intramolecular vectors, a
further decrease in temperature steps of 10 K was carried out,
simulating for 0.5 ns in the NVT ensemble and then for 1.25 ns in
the NPT ensemble at each temperature. Following this, produc-
tion simulations were performed for a further 4 ns at both 540
and 490 K. Equilibrated systems at 590 K were further simulated
at 640 and 690 K also for 4 ns having made a single temperature
step increase from the lower (590 K) to the higher temperatures.
The influence of pressure was studied by increasing the pressure
from 101.3 to 20260 and 40520 kPa at 590 K and simulating the
systems for 4 ns. During production, configurations were
sampled every 2000 time steps (2 ps). The mean square displace-
ment analysis performed at a temperature of 590 K and pressure
of 101.3 kPa was done from a 50 ns production run. At the same
temperature and pressure, the reorientation of chain segment
vectors has been done by averaging three different trajectory files
of length 16 ns.

3. RESULTS AND DISCUSSION

3.1. Mean Square Displacement of Polymer Chains. As a
measure of the mobility of free chains, their center of mass
(COM) mean square displacement (MSD) was calculated. Shells
of equal thickness (either 0.5 or 1.0 nm) surrounding the
spherical nanoparticle were constructed to define different spatial
regions as a way to investigate how far reaching the silica surface
influences the polymer chain dynamics. Note that 1 nm is
approximately the unperturbed radius of gyration (R,) of the
considered polymer chain.*® Representative MSD plots for this
motion, ((Rcom(t) — Reon(0))?), are shown in Figure 1. {...)
denotes the ensemble average in the particular shell or for all
polymer chains in the reference bulk a-PS melt (T = 590 K, P =
101.3 kPa). Rcom(t) is the position of the chain COM at a given
time t. The MSD of every polymer chain was counted for the shell
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Figure 1. Center of mass mean square displacement of free 20 monomer
polystyrene chains which reside the most in one of the six shells
surrounding spherical particles of diameter =4 nm and different grafting
densities. The simulations have been performed at T = 590 K and P =
101.3 kPa. Each of the shells has a width of 0.5 nm. Shell 1 (0.0—0.5 nm)
is missing in panel b while both shells 1 (0.0—0.5 nm) and 2 (0.5—
1.0 nm) are not present in panel c because the ability of free polymer
chains to penetrate the grafted chains regime reduces with increasing
grafting density. The physical meaning of the added slopes (thin black
lines) of 0.25, 0.5, and 1.0 has been explained in the text.

in which its COM spent the most residence time during the 50 ns
production runs. While the chains COMs resided for at least 50%
of the time in a shell of 1 nm thickness, their residence time

increased in shells closer to the surface due to confinement.
Despite the increasing migration between shells at larger surface
separation, chain COMs still spent on average about 75% of the
simulation time in a given shell.

For one illustrative example, we use a finer shell width
(0.5 nm), namely for the chain MSDs in a system containing
the 4 nm diameter particles of different grafting densities
(Figure 1). Chain residence times in these narrower shells are
shorter; thus their minimum residence time reduces to 40%. Still,
the MSDs in the four inner shells are distinctly different. Error
bars from a comparison of 3 shorter trajectories of 15 ns each
with different average shell populations were negligible as the
MSD in each shell remained distinctly different. There is no MSD
data for shell 1 and/or 2 for the grafted systems because free
chains cannot penetrate the grafted polymer layers at close
distance, as we have reported in our previous work?® on
structural properties of the same system. For the free a-PS chains,
the following general trend can be extracted from Figure 1: with
decreasing separation from the nanoparticle surface, the MSD is
reduced, i.e. the chains exhibit attenuated dynamics. In contrast
to the polymer chain behavior near the nanoparticle surface, the
free chains residing in the outer shells approach bulk-like MSDs.
However, even for the bulk 20 monomer a-PS melt, we only
observe Rouse diffusion dynamics characterized by an MSD
slope of 0.5 compared to the Einstein diffusive limit of 1. This is
due to the long time scale of Einstein diffusion, which is not
accessible in this type of simulation. (Note: Both slopes have
been added to Figure 1.) Consequently, we have not calculated
the diffusion coeflicient but have found that our bulk MSD data is
similar to that of an 18 monomer bulk a-PS melt.®* While the free
polymer chains in shells nearer to the surface have reduced MSDs
due to confinement and increased density,”® those in shells
further away from the surface experience a reduced surface
influence. At a distance of 2.5—3.0 nm, the chains approach
bulk-like movement. In addition, it is observed for all grafting
densities that the chains closest to the nanoparticle exhibit a
qualitatively different diffusion behavior; their MSD follows a
power law with an exponent visibly below 0.5.

We compare the chain mobilities using shells of 1 nm width to
investigate the effect of the surface curvature and grafting density
(Table 1). As the systems are subdiffusive and diffusion coeffi-
cients thus not meaningful, we use the center-of-mass MSD after
40 ns as a comparative measure of the chain mobility. Near the
particle surface (<1 nm) it is a factor 2—3 lower than in the outer
shell (2—3 nm) for the bare nanoparticles A similar decrease is
also observed when comparing MSDs as a function of distance
from the surface when the surface is grafted. At the same time, the
MSD of free chains in general decreases more in the vicinity of
the particle when the particle is larger. This is a consequence of a
surface curvature which decreases with particle size. This geome-
trical change promotes chain and segmental tangential orienta-
tion to the surface, denser packing within the interphase region,
in addition to simply providing more geometrical hindrance to
diffusion.”® Therefore, the confinement experienced by the free
chains not only increases when they are closer to the surface but
also when the surface curvature is reduced as the particle surface
then approximates more and more the limit of a flat surface.
From recent calculations, it follows that the surface-polymer
attractions'***%%* also play an increasing role with an increase
in the interfacial surface area. In the employed force-field, the
silica nanoparticles as well as the phenyl ring atoms have partial
charges. In single nanoparticle simulations, the interfacial surface
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Table 1. Normalized Mean Square Displacements,
MSDghen/MSDpyy, after 40 ns

free bulk chains MSD = MSDg,y = 2.97 nm”

shell: distance from  nanoparticle nanoparticle nanoparticle
the nanoparticle diameter diameter diameter
surface (nm) @ =3 nm @ =4 nm & =S5 nm

Free Chains, Grafting Density = 0.0 chains/ nm?

0—1 0.49 022 0.18
1-2 0.88 0.41 0.36
2-3 1.03 0.77 0.55

Free Chains, Grafting Density = 0.5 chains/ nm*

0—-1 0.35 0.11 0.13
1-2 0.88 0.52 0.29
2-3 0.86 0.89 0.62

Free Chains, Grafting Density = 1.0 chains/ nm?

0-1 0.4 - -
1-2 0.64 0.48 025
2-3 0.89 0.74 0.66

The data in the Table 1 is for the normalized chain center of
mass mean square displacements (MSDgpe/MSDg,y) of 20-
monomer atactic polystyrene chains at a temperature of 590 K
and atmospheric pressure. MSDgp,o; symbolizes the value derived
for the considered shell while MSDy, represents the bulk value.
For high grafting densities of 1.0 chains/ nm? for the 4 and 5 nm
diameter particles, there are no free chains in the first shell
(0—1 nm).

area doubles and almost triples when moving from a particle with
a diameter of 3 nm to one of 4 and S nm, respectively. Therefore,
all these factors have a combined effect of reducing the free chains
MSDs in shells that are both closer to the surface and even more
so in those surrounding particles of decreasing surface curvature.

Furthermore, the average MSDs of free chains COMs in the
first shells around grafted particles are less than in the same shell
surrounding bare particles (Table 1). The reason for the further
reduced MSDs within the distance of 0—1 nm from the surface is
the intermixing of free chains with grafted chains, which in turn
have an excluded volume for free chains and a lower mobility, as
they are fixed to the silica surface. The grafted chains affect the
dynamics of the free chains in other ways (see below). Numbers
in Table 1 reflect the combined effect of both the nanoparticle
surface and the grafted chains on the mobility of the free chains.
Clearly, the surface reduces the mobility of free chains as the
mean square displacement in any given system always increases
with the shell number away from the surface. Comparison
between the MSD in the same shells surrounding grafted
particles of the same diameter but different grafting density
shows that the mobility of free chains generally decreases even
though the change is rather small. For example, making a
comparison from the 0.5 to 1.0 chains/nm” grafting density
systems shows that the MSD changes from 0.88 to 0.64 nm?, 0.52
to 0.48 nm?, and 0.29 to 0.25 nm? in the second shell surrounding
nanoparticles with a diameter of 3.0, 4.0, and 5.0 nm, respectively.
Therefore, both the excluded volume of the grafted chains and
the surface cooperatively reduce the free chains MSD but clearly
the surface has a much more dominant effect.

Figure 2. This schematic diagram shows a 5 monomer fragment of a
polystyrene chain to show the one monomer (C,—C,) long, three mono-
mers (C,- - - C,) long, and Cu—Cpara segment vectors. They have been
considered in the study of the chain segmental dynamics by calculating
the reorientation P;(t) and P,(t) time-autocorrelation functions of theses
vectors. The hydrogen atoms have been omitted in this figure.

The MSD after 40 ns has also been calculated for the grafted
chains (not shown), in full knowledge that they cannot diffuse. It
is generally found that their mobility is greatest when their center
of mass is predominantly found in the shell separated 1—2 nm
from the nanoparticle surface. This is not too surprising, since the
closer chains are more squashed against the nanoparticle and in
general experience a higher polymer density”® which restricts
their motion. In the other limit, a chain, whose center of mass
resides predominantly at large distances from the nanoparticle
surface (2—3 nm shell), maintains a stretched conformation and
is less mobile for that reason.

3.2. Reorientation of Intramolecular Vectors. The analysis
of both the local segmental and chain dynamics is useful to
understand the nanoparticle induced changes on the properties
of the surrounding polymer chains. To study both the free and
grafted chain and local segmental reorientation dynamics in the
modeled nanocomposites, we have investigated the relaxation
times of various intramolecular vectors which include those
shown in the schematic representation in Figure 2.

In addition to the one monomer (C,—C,,), three monomers
(Cy-+-Cy), and Cu—Chrara vectors, the reorientation of the
C,—H and the end-to-end vector was also studied. For the latter,
both C atoms are the terminal C,, of free chains, while one of the
two terminal C atoms of a-PS bonds to the linker molecule in the
case of grafted chains. Since the induced structural orientation of
the one monomer and three monomers segments is similar,”® we
have only focused on reorientation results of the three monomers
segment in this work. Also, having observed that the reorienta-
tion of the C,,—C,r, and C,,—H vectors is of similar magnitude,
focus has been put on the C,—H bond vector.

The advantage of calculating relaxation correlation times is
that—in principle—they can be compared to those obtained
experimentally. The vector of interest in dielectric spectroscopy
(DS) studies is C,,— Cy,,, while the quantity of interest is the first
Legendre polynomial:*® Py (t) = {cos(6(t))). On the other hand,
the spin relaxation time in nuclear magnetic resonance (NMR)
spectroscopy studies can be directly related to the reorientation
of the C—H bond vector in which case the quantity of interest is
the second Legendre polynomial:63 Py(t) = 1.5(cos*(6(t))) —
0.5. In both cases, 6(t) is the angle by which the vector has
rotated in a time t. The relaxation times 7; and 7, are obtained as
time integrals of the corresponding correlation function; see
below. A similar investigation of polymer chain segment vector
relaxation times has been carried out by Harmandaris et al.** to
investigate the effect of temperature and pressure on a pure melt
of 18 monomer a-PS chains. They reported that the ratio of the
mean relaxation time at all temperatures obtained from the P, (t)
and P,(t) curves, that is, 7, /7, varied between 2.2 and 2.7, similar
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Figure 3. P,(t) time-autocorrelation function for the C,-H bond vector
(left panel) and the three monomers segment vector (right panel) of
free polymer chains surrounding a bare particle of diameter = 4.0 nm
during a 16 ns simulation period. Sampling for the respective shells
has been explained in the text. The simulations have been performed at
T =590 K and P = 101.3 kPa.

to our results in which this ratio is 2.7 for the C,-H segment
reorientation. For more details, see below. In addition, earlier
work of He et al.%* correlated NMR experiments with the results
of the segmental dynamics of a pure melt of 20 monomer a-PS
that had been obtained from MD simulations. They also
observed a similar nonexponential decay of the P,(t) curves as
in our melt a-PS system and this validates our model system. Our
contribution explains the influence of the surface curvature and
grafting density on the dynamics of both free and grafted chains
(see below). In a series of simulations, we determined how they
deviate from the bulk polymer dynamics.

We have again employed the shell construction in calculating
the P, (t) and P,(t) time-autocorrelation functions for the various
intramolecular vectors. For the present problem, the vectors
contribute to the statistics of that shell where their midpoint has
the greatest residence time. An exception is the end-to-end
vector which contributes to the statistics of that shell where the
chain COM resides the most. The logarithmic plots of the P, (t)
time-autocorrelation functions in a period of 16 ns for the C,-H
and three monomer segment vector around a bare nanoparticle
are shown in Figure 3, a and b, respectively, as examples of local
vectors of free chains. A finer 0.5 nm resolution of the shell
thickness has been chosen to have a better local resolution. The
other local vectors, C,—C, and especially C,—C,,., behave
similar to the C,—H vector, and so have not been shown. In all
autocorrelations, there is a fast initial decrease in the first 10 ps
which corresponds to the so-called primitive relaxation (bond
and angle vibrations and librations) followed by the segmental
(a-) relaxation at longer times. The results observed by Har-
mandaris et al.% in neat PS agree with this behavior. The trends
for the C,—H and the three monomer segment vector auto-
correlation functions are similar to the relaxation of the end-to-
end vector (see Figure 4) at the chain level. A comparison
between panels a and b of Figure 3 shows the following: (i) The
segments close to the nanoparticle (<1 nm) relax significantly
slower than bulk chain segments, whereas those in the outer shells
quickly approach bulk dynamics. The reasons for the “surface-near”
changes are the same as given above for the mean square
displacements: adhesion and steric hindrance. (ii) The relaxation
of segments close to the nanoparticle becomes slower with increas-
ing particle diameter (ie., decreasing curvature) while the slow
region extends further into the more distant shells (not shown).

— Bulk — 2.0-3.0nm —— 1.0-2.0 nm —— 0.0-1.0 nm
0.8 B
0.6 B
o
0.4 B
0.2 i
E nd-to-end segment
@4nm 0.0 chai ns/nm’
0.0 | . L

Time, t (ps)

Figure 4. P,(t) time-autocorrelation function for the end-to-end vector
of free chains surrounding a bare silica spherical particle of diameter =
4.0 nm at T'= 590 K and P = 101.3 kPa during a 50 ns simulation period.
Sampling of the respective shells took into account only those chains
whose center of mass resided predominantly in that particular shell.

This is an effect of decreasing surface curvature, as shown for
example by the increase in the polymer density surrounding small
to larger particles. Again, we refer to Figure 1 of our recent MD
study.”® These two trends are qualitatively the same for the
reorientation autocorrelation of all vectors investigated. However,
from Figure 3 it is also evident that the strongest slowing down is
always found in the layer nearest to the nanoparticle (<1 nm).
This coincides with the distance at which static orientational
anomalies disappear. Short polymer segments feel an orienting
effect of the surface up to 1 nm. Beyond that distance, they are
randomly oriented.”

As a measure of long-scale relaxation, we also present the
autocorrelation functions of the end-to-end vectors of free chains
around the bare particle in Figure 4 for a period of 50 ns. The same
qualitative trends as already shown in Figure 3 are observable.
Note, however, that the overall decay of the autocorrelation
functions is slower with increasing vector length. To give an idea
of this behavior, we have calculated the relaxation times via the
P,(t) correlation functions according to the procedure outlined
below in the bulk at 590 K. The values of these times are 6.4 ns for
the end-to-end vector, 2.4 ns for a segment of three monomers,
and 0.6 ns for the C,-H bond vector.

As an example to quantify the vector relaxation as a function of
the separation from the surface, the mean reorientational relaxa-
tion times, (), of the C,,—H bond vector were obtained from the
time integral of the P,(t) curve. For practical reasons, they were
least-squares fitted by a Kohlrausch—Williams—Watts (KWW)
stretched exponential function whose time integral is analytical.

@ = [P dex [Te ‘(ri)ﬁ = 57(3)
(1)

In eq 1, the parameter (7) is the mean relaxation time obtained
from the area under the curve P,(t), tis the time, {5 the stretching
exponent, and I'(1/f3) the complete gamma function. In the case
of an exponential decay with 3 = 1, the parameter 7, would be
equal to the mean relaxation time (7). The KWW function
provides a very reasonable fit, as can be seen in the examples
shown in the next section (cf. Figure 6). We note here that some
of the autocorrelation functions, most notably for the end-to-end
vectors and segment vectors in the immediate vicinity of the
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Figure 5. P,(t) based normalized mean relaxation times relative to the
bulk value (Tpu = 0.6 ns) for the C,,—H bond vector of both free and
grafted chains as a function of the distance from the nanoparticle surface
which varied in curvature. Sampling for the respective shells of thickness
0.25 nm took into account only those bond vectors whose midpoint
resided the most in that particular shell. The simulations have been
performed at T = 590 Kand P = 101.3 kPa. The error bars are the error of
the average value computed in determining the standard deviation. The
straight black lines are least-squares fits to all curves simultaneously in
the corresponding range (except part ¢, where the 1.0 chains/nm? curve
has been omitted from the fit).

surface, did not converge to zero in the accessible simulation time
of 50 ns (cf. Figure 4). We have nonetheless followed the above
procedure and used the KWW function fitted to the initial decay
of the autocorrelation to extrapolate it to long times. We are
aware that the resulting reorientation times are, at best, order-of-
magnitude estimates and should be taken with care.

Having computed the normalized mean relaxation times in
each of the shells relative to a bulk a-PS melt at the same T'= 590 K
and P = 101.3 kPa, {T)spen/{T)pulo @ comparison which shows
the effect of the surface curvature and grafting density is given in
Figure S for the C,—H vector. Shells that are 0.25 nm wide were
chosen to have a finer resolution as a function of the separation
from the surface. In the very first shell (0—0.25 nm) rather large
relaxation times (2—3 orders higher than bulk) are found, which
are however not included in the figure due to their large scatter.
We find that the dynamics of local segments of both free and
grafted chains are affected to a different extent in the various
shells. There is usually a strong slowing-down in the closest layers
(<1 nm), with the reorientational relaxation time increasing by
factors between 4 and 30 in comparison to the bulk value taking

into account the large error bars. Segment vectors located beyond
2 nm from the surface are only moderately affected; their relaxation
times increase by factors between 1.1 and 2.0. The effect on the
segments located >2.5 nm away is marginal, with relaxation times
only a few percent larger or smaller than in the bulk. The trend of
stronger slowing-down with increasing particle diameter appears
again for the segment reorientations. For the grafted chains, it can
be noted that their segments reorient generally with similar
speeds as the free-chain segments in the same shell. However,
there is a difference between these local reorientations of free and
grafted chains for small particle diameters (3 and 4 nm) and large
distances (>2 nm). Whereas the free-chain dynamics approach
bulk behavior (Figure Sa,c,e), the outer monomers of the grafted
chains actually relax faster than bulk chains (Figure Sb,d). This is
noteworthy, as this is the only point where we observe an
increase of the polymer dynamics apparently caused by the
nanoparticle. This is a chain-end effect which decreases with
particle diameter, disappearing altogether for the largest particle
(Figure Sf), because the chains attached to a high curvature
surface experience a much greater volume increase away from the
surface and hence are more mobile.

With the reorientation of the C,—H vector reflecting very
localized dynamics, it is no surprise that the grafting density has
only a small effect on them, if any at all. The unusually fast
reorientation for a diameter of 4 nm and a grafting density of 1.0
chains/nm” (Figure 5c) is probably due to very limited statistics,
as few free chains can penetrate the grafted brush. This topic has
been discussed several times.

In the chosen double—logarithmic presentation of Figure 5 it
becomes clear that the local reorientation times are distance
dependent. The slope for the reorientation of the C,-H vector
of grafted chains (Figure Sb,d,f) seems to increase with the particle
diameter from 1.15 (& = 3 nm) via 1.87 (& = 4 nm) to 2.21
(& = 5 nm). This reflects once more the fact that a flatter surface
has a longer-ranged effect on the polymer dynamics, and is thus in
line with the findings above. Note, however, that this correlation
has been checked only under conditions where a “flatter surface”
simultaneously implies a “larger surface area”. In contrast to the
grafted chains, however, there appears to be two domains for the
Co-H reorientation of the free chains with different slopes
(Figure Sace). Close to the surface (<1.625 nm) the slope
depends on the particle diameter, increasing from 1.50 to 2.11
and then to 2.61 between the highest and lowest surface curvature.
At larger distances (>1.625 nm), the slopes are smaller and
increase from 0.19 (& = 3 nm) via 0.55 (& = 4 nm) to 0.86
(& = S nm). It therefore appears that the dynamics of free chain
segments close to the surface have strong distance dependence,
which itself is affected by the surface curvature. At larger separation
from the surface, the distance dependence is smaller and less
influenced by the surface curvature in the now familiar way: alower
curvature leads to a more far-reaching influence on the dynamics.
The distance which separates both regimes is approximately
1.625 nm, close to a value that corresponds to 1.5 times the radius
of gyration of the unperturbed chain (~1 nm), and also to
approximately 3 times the monomer diameter. As to why grafted
and free chains behave qualitatively different, we can only speculate.
A possible reason is that grafted chains have monomers that are
close to the surface. Thus, a monomer of a grafted chain far from
the surface is necessarily connected to chain parts at closer
distances and may feel their influence on its own reorientation
dynamics. In contrast, the monomer of a free chain at the same far
distance will most likely not belong to a chain which has also
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segments close to the surface. Therefore, its behavior will carry
less influence from near-surface dynamics.

While the normalized relaxation times of the local vectors are
qualitatively similar when comparing the C,—H vector to
Cy—Cpara for example, the end-to-end vectors have much longer
relaxation times (see Figure 4). Also their slowing-down near the
nanoparticle with respect to bulk behavior is stronger. In all
shells, even the outermost, the end-to-end relaxation is more
affected than the local segment relaxation. A particular strong
hindrance of reorientation is observed in the first shell (<1 nm).
Here, the mean distance of the chain from the surface is less than
its unperturbed R; and an increase of 2—3 orders of magnitude is
estimated for the grafting density of 0.5 chains/nm?. The reason
is intermingling of free chains with grafted chains, which due to
their attachment to the surface can only sway, but not fully
reorient. It is reasonable to expect that this slows the free chains,
too. For the grafting density of 1 chain/nm?, one would expect
even slower reorientation. However, at this density and the lower
curvatures (4 and 5 nm diameter), the grafted brushes effectively
expel free chains from this region: The distance at which there are
more free polymers than grafted polymers has been found to be
1.8 and 2 nm for particles of 4 and § nm diameter, respectively.*

3.3. Temperature and Pressure Influence on the Reorien-
tation of the C,—H Bond Vector. In practical applications,
polymers are exposed to a variety of temperature and sometimes
pressure conditions which determine how well they can be
processed and thus the resulting material characteristics, e.g.,
mechanical and electrical properties. Whenever property changes
are observed, they indicate modifications of the polymer struc-
ture and dynamics at the nanoscale. As such, it is important to
understand how dynamic polymer properties are altered by
temperature and pressure changes. Therefore, we have investi-
gated the temperature and pressure effect on the reorientation
of the C,—H bond vector which can be measured by NMR
spectroscopy. Figure 6 summarizes the influence of either tem-
perature (panels a and b) or pressure (panels ¢ and d) on the
P,(t) time-autocorrelation function of the C,-H vector. As a
representative example, we have chosen the relaxation of the
segment vectors of the free chains in three shells of thickness =
1.0 nm surrounding a 4 nm bare particle. In studying the
influence of temperature, the pressure was kept constant at
101.3 kPa while the temperature was varied between 490 and
690 K in steps of 50 K. To observe the influence of the pressure,
the temperature was kept constant at 590 K while pressure values
of 101.3, 20260, and 40520 kPa were chosen.

The density of the simulated bulk a-PS changes from 855.2 & 3.6
kg/m? at 690 K to 883.3 & 3.2 kg/m>, 910.9 & 1.5 kg/m>, 941.1 &
2.7 kg/m?>, and 967.9 & 2.1 kg/m” at 640, 590, 540, and 490 K,
respectively. This density reduction with decreasing temperature
slows down the segmental dynamics by a factor of 4 in the bulk a-PS
melt when reducing the temperature from 590 to 490 K. A similar
decrease has been observed in the first shell surrounding the
nanoparticle, with the slowest P,(t) curve decay always occurring
at the lowest temperature (see Figure 6a). The reorientation times at
different temperatures were obtained as outlined in section 3.2 for a
three shell resolution. Note: P,(t) curves corresponding to shells
2 and 3 have not been shown since their trends are similar to
that shown in shell 1. Their distribution indicates a Williams—
Landel—Ferry temperature dependence at lower temperatures. The
high temperature region between 590 and 690 K was subjected to
an Arrhenius fit (not shown) in order to estimate very roughly the
activation energy for C,-H reorientation at different distances
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Figure 6. P,(t) time-autocorrelation function for the C,-H bond vector
of free chains surrounding a 4 nm diameter bare particle as a function of
temperature (left panels) and pressure (right panels). The KWW fits are
shown in black. Sampling for the shell took into account only those bond
vectors whose midpoint resided the most in that particular shell. The
simulations have been performed at T = 590 K (right-hand panels) and
P =101.3 kPa (left-hand panels).

from the nanoparticle surface. The activation energy evaluated in
the present study converges with increasing distance (0—1 nm, 89
kJ/mol; 1—2 nm, 76 kJ/mol; 2—3 nm, 70 kJ/mol) toward the
value for the bulk (66 kJ/mol). Still, it is about 1.4 times higher in
the first layer around the nanoparticle than in the bulk.

On the other hand, even though a reduction in the segmental
dynamics is also observed when increasing the pressure from 101.3
to 40520 kPa at 590 K, the magnitude is much smaller due to less
efficient densification effects within the employed pressure range.
The density of the bulk a-PS at 590 K only increases from 910.9 £
1.5 kg/m3 at a pressure of 101.3 kPa to 930.1 & 2.7 kg/m3, and
945.9 £ 2.4 kg/m® at 20260 kPa, and 40520 kPa, respectively.
However, distinction can still be clearly made when comparing the
dynamics in each of the shells under different pressure conditions.
In summary, the general observed trend is that of slower segmental
dynamics with decreasing temperature, increasing pressure, and
decreasing separation from the silica surface.

4. SUMMARY AND CONCLUSION

The chain and segmental dynamics of 20-mer atactic poly-
styrene melts in the interfacial and interphase region surrounding
spherical silica nanoparticles of diameters 3.0, 4.0, and 5.0 nm
have been investigated by atomistic MD simulations. We have
determined the average mean square displacement of the center
of mass of the polymer chains in different spatial regions (shells)
surrounding the nanoparticle. Similarly, the reorientation of
intramolecular vectors (C,—H bond vector, three monomers
segment, and the end-to-end vector) as measured by P,(t)
relaxation curves has been investigated.

The global chain dynamics are described by the center-of-mass
mean square displacement as well as by the relaxation of the end-
to-end vector. Both quantities indicate a strong slowing down of the
chain motion near the nanoparticle. Within a distance from the
surface corresponding to one R, (i.e,, the radius of gyration of an
unperturbed bulk chain) the polymer dynamics are reduced, in
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some cases by several orders of magnitude. In contrast, the chain
dynamics are almost normal and bulk-like if the polymer chain is
more than 2R, away from the surface. The dynamic behavior of
matrix polymer chains is affected both by the grafting state of the
nanoparticle (moderately) and its diameter or curvature (strongly).
A lower curvature radius leads to slower polymer dynamics and to
an increased thickness of the “slow zone” around the particle. This
is due to both increased geometric hindrance and—in the case of
grafted particles—increased crowding of the grafted brushes.

The local polymer dynamics have been monitored by the
reorientation of various intramolecular vectors; they all show
a similar behavior. For example, taking the methine C,—H
bond vector, we can show that the local mobility is considerably
slowed in the presence of the nanoparticle. The grafting state of
the surface has little influence on the local reorientation, but the
surface curvature which in the chosen setup is also coupled to the
surface area, has a pronounced effect. The C,—H reorientation
near the surface is slowed by about a factor of 8 compared to the
bulk for a particle of 3 nm diameter. This reduction in dynamics is
increased to a factor of 30 for the S nm diameter particle. The
reorientation dynamics have been shown to be distance and
surface curvature dependent. The sensitivity of this relationship
is greatest close to the particle surface and under lower surface
curvature. This indicates that the zone of slowed dynamics
expands, as the surface becomes flatter. An interesting feature
is found for the free chains, which show two regimes roughly
separated by a distance of ~1.5R, from the surface. Below this
boundary, the slope is large (1.5—2.6) and curvature dependent;
whereas above this limit it is smaller (<1) but still curvature
dependent. Additionally, the activation energy for the segment
reorientation at a close distance from the surface (<1Ry) is
markedly different from the rest of the system (~1.4 times the
activation energy in the outer shell (>2R,) or in the bulk).

We therefore find that for the dynamical properties, both the
chain mobility and the segment mobility are significantly slowed
close to the nanoparticle surface. Chain mobility is affected even
at a distance of 2—3R, from the surface, whereas segment mobility
becomes bulk-like beyond 2R,. It is interesting to juxtapose the
dynamical interphase thickness with the interphase thickness
calculated previously by various structural features® for the same
system. Density oscillations cease after 2R,. The chains’ sizes and
orientations become bulk-like and random after ~1.5R,, whereas
the segment orientation becomes random within a distance less
than 1R,. The emerging picture is therefore that most surface-
induced modifications of the polymer properties have a range of
about 2R,. Segment properties may converge earlier, whereas the
whole chain dynamics may extend further. The interphase,
defined by whatever property, however, has a thickness of this
order of magnitude. Note that these statements are specific to the
chosen chain length. The 20-mer system studied here is far from
the length where the polymer behavior becomes generic. More-
over, the position dependence of the segmental structure and
dynamics may well be governed by the monomer diameter,
rather than the chain length R, as the dominating length scale. In
our short polymers, the two scales just happen to be similar in
magnitude.
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ABSTRACT: The structure-dynamics relationships in ran-
dom copolymers of poly(trimethylene terephthalate) and
poly(neopenthyl terephthalate) (PTT—PNT) have been
investigated by means of X-ray scattering and dielectric loss
spectroscopy experiments. The results show that the
incorporation of neopenthyl terephthalate units into PTT
chain decreases the ability to crystallize of the resulting
copolymers as compared to that of PTT. The subglass
dynamics of the copolymers is characterized by the existence
of two processes, f; and f,. We propose that the high
frequency secondary relaxation f; is associated with the most

0y

flexible part of the repeat unit, whereas the low frequency mode f3, has been assigned to the carbon of the ester groups linked to
the aromatic ring. On the contrary the poly(neopenthyl terephthalate) (PNT), presents only one subglass process, that we
hypothesize to have the same origin of the relaxation of f3, relaxation in PTT. The segmental dynamics for the amorphous
specimens, characterized by the a-process, follows an expected molar ratio behavior. A particular effect characterized by a
reduction of the segmental mobility induced by the presence of the counits is observed in the copolymers.

B INTRODUCTION

Poly(trimethylene terephthalate) (PTT) is a linear aromatic
polymer, belonging to the terephthalic acid containing
polyesters, among which poly(ethylene terephthalate) (PET)
and poly(butylene terephthalate) (PBT), that combines the
outstanding properties of PET and the processing character-
istics of PBT. This fact makes PTT highly suitable for uses in
fiber, film, and engineering thermoplastic applications. In
particular, PTT possesses strong flexibility and more than
90% elastic recovery, relatively large refractive index (1.638),
and good transparency from visible lights to near-infrared.
These properties make PTT very interesting for, among other
applications, photonics and miniaturized photonic devices.'
PTT has been used recently as a model semirigid chain
polymer to study the thermodynamics of polymer crystal-
lization.> However, PTT crystallization rate is too fast, and this
causes difficulties in the manufacturing processes. Poly-
(neopenthyl terephthalate) (PNT) shares with PTT the main
aspects of the chemical structure of the monomer, differing
only in the central carbon group of the aliphatic segment, in
which the hydrogen atoms are replaced by methyl groups. This
chemical modification inhibits crystallization in PNT. Mod-
ification of industrially interesting polymers, by copolymeriza-
tion, in order to improve a particular property of the original
system, is a broadly used practice. The different properties
obtained by copolymerization with respect to those of the

-4 ACS Publications  © 2011 American Chemical Society
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homopolymer are a direct consequence of the changes in the
structural and dynamical behavior of the system, due to the
intrinsic heterogeneity imposed by the comonomer along the
polymer chain. Well known examples are the decrease of
crystallinity in polypropylene (iPP) by introducing randomly
along the chains different sequences of polyethylene (PE),
which modifies the toughness of the original system,” or the
decrease in mechanical fragility of the biodegradable polymers
of poly(hydroxy butyrate) (PHB) with different comonomers.’
Random copolyesters are indeed gaining industrial relevance
mainly due to the possibility of tailoring the thermal and
dynamical behavior, by changing the kind, relative amount, and
distribution of the comonomeric units along the polymer chain.
In this view, several copolyesters of PTT have been synthesized
and their thermal and mechanical properties reported.*”'?
Recently, some of us have synthesized a series of random
copolymers of poly(trimethylene terephthalate) and poly-
(neopenthyl terephthalate) (PTT—PNT) by melt polyconden-
sation. By controlling the molar composition the thermal
properties, including crystallization kinetics, have been
varied."*"* In order to better understand the fundamental
origin of the different properties obtained for these PTT-based
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copolymers and the role of the methyl groups incorporated in
the segment, we have carried out an exhaustive dielectric
spectroscopy study in the copolymer range from 0 to 40% of
PNT. The aim of the present work is to establish, for this
copolymeric system, relationships between the relaxation
behavior, as characterized by dielectric loss spectroscopy, and
the degree of ordering, as revealed by X-ray scattering methods.

B EXPERIMENTAL SECTION

Samples. Poly(trimethylene terephthalate) (PTT), poly-
(neopenthyl terephthalate) (PNT), and poly(trimethylene-co-neo-
penthyl terephthalate) copolymers (PTT—PNT) of various composi-
tions were synthesized according to the well-known two-stage
polycondensation procedure described elsewhere.'* The chemical
structure of the counits is presented in Figure 1. The molar

«@‘—O—Lo/\/\o} PTT

Figure 1. Chemical structure of the homopolymers involved in the
PTT—PNT random copolymers investigated: poly(trimethylene
terephthalate) (PTT) and poly(neopenthyl terephthalate) (PNT).

composition and the chain structure of the samples were determined
by means of '"H NMR spectroscopy.'* Both thermal and structural
characterization data are collected in Table 1. The nomenclature used
in this work to identify samples with different content of neopenthyl
terephthalate (NT) units is presented in Table 1.

The samples in the form of film were prepared as follows. After
vacuum drying at 25 °C for 24 h, the powders originated from the
synthesis were melt pressed at T,, + 30 °C for 2 min and subsequently
quenched to room temperature using iced water. In that way polymer
amorphous films of about 250 ym were obtained.

Diferential Scanning Calorimetry. DSC experiments were
carried out, before and after the dielectric measurement, using a
Perkin-Elmer DSC4 instrument provided with an ethanol cooling bath.
The temperature was calibrated by using indium. The samples were
encapsulated in aluminum pans, and the typical sample weights used in
these experiments were about 6 mg. The heating rate employed was 20
°C/min.

Dielectric Spectroscopy. Complex dielectric permittivity meas-
urements (e* = &' — ie”) were performed over a frequency range of

107" < F < 10° Hz in a temperature range of —150 °C < T < +150 °C
(140 °C for PNT and PNT40). A Novocontrol system integrating an
ALPHA dielectric interface was employed. The temperature was
controlled by means of a nitrogen gas jet (QUATRO from
Novocontrol) with a temperature error of (0.1 during every single
sweep in frequency). Films for dielectric spectroscopy were provided
with circular gold electrodes (2 cm diameter) by sputtering the metal
onto both free surfaces. The dielectric relaxations were empirical
described in terms of the Havriliak—Negami (HN) equation:

€0 — €x
[1 + (iw7)’Tf (1)

Here &, and &, are the relaxed (w = 0) and unrelaxed (@ = )
dielectric constant values, 7 is the central relaxation time of the
relaxation time distribution function, and b and ¢ (0 < b, ¢ < 1) are
shape parameters which describe the symmetric and the asymmetric
broadening of the relaxation time distribution function, respectively.'®
An additional contribution of the conductivity process was taken into
account by adding a term -i(6/(e,,))° to eq 1. Conductivity is
usually associated with generation and transport of polarization-
induced charges through the polymer under the action of an electric
field. Here o is related to the direct current electrical conductivity, &,
is the dielectric constant of vacuum, and the value of the coefficient 0 <
s < 1 depends on the conduction mechanism.'” More precisely, the
experimental data were analyzed using different approaches depending
on the studied temperature range. Under the T, the relaxation
spectrum was interpreted as due to local modes (f processes), in this
view we have employed the Cole—Cole (CC) analysis (eq 1 with ¢ =
1). When the a relaxation appears in the experimental frequency
window (T > Tg), the dielectric loss spectrum is described as a
superposition of one CC function (f relaxation) to one HN (a
relaxation).

X-ray Scattering. Wide-angle X-ray scattering (WAXS) experi-
ments were conducted, before and after dielectric measurement, at
room temperature by means of a Seifert (XRD 3000) symmetrical
reflection 6/260 scanning diffractometer with Ni-filtered Cu Ka
wavelength. The goniometer geometry was set with the Si(111)
Bragg peak. The instrumental resolution was As = 8.3 X 107* A™". The
instrumental background was subtracted. A crystallinity index, X.VA*S,
was calculated as the ratio between the integrated area below the
deconvoluted crystalline peaks to the total experimental scattered
integral intensity.'® The error in the crystallinity index was evaluated as
~0.1%, which mainly appears from the limitation of the covered
angular range. Small angle X-ray scattering (SAXS) characterization
was achieved by means of a X-ray scattering device Nanostar from
Bruker using the same wavelength as in WAXS experiments.

* —
EF =gy t+

B RESULTS AND DISCUSSION

Dielectric Spectroscopy of the Amorphous PTT-PNT
System. The dielectric spectra of this series of copolymers are
characterized by a clear low temperature process (/3 relaxation)
and a more intense a relaxation appearing at temperatures
above the glass transition temperature T, Figure 2 shows, as an

Table 1. Characterization Data for the Crystallizable Copolymers®

PNT/PTT molar Dc,? D¢
sample ratio M, (/g léC) (/g gC)
PTT 0/100 56 100 0.159 0.059
PNTS 5/95 56 900 0.190 0.082
PNTI10 10/90 61900 0.278 0.127
PNT20 20/80 61900 0.295 0.168
PNT30 30/70 79 600 0.376 0.241

AH,, L ik b w, w,

(/8) X, (om)  (am)  (am) (Wt %) (Wt %) w (wt%)
64 0.35 6.5 2.0 3.5 0.43 0.37 0.20
59 0.35 7.0 2.3 3.6 0.37 0.43 0.20
S1 0.34 7.7 2.5 3.7 0.30 0.46 0.24
39 0.26 9.8 2.5 5.4 0.20 0.57 0.23
28 0.13 12.6 2.6 7.5 0.13 0.64 0.23

“Molecular weights (M,,). Specific heat increments for amorphous (Dcpa) and crystallized (Dcp) specimens. Heats of fusion (AH,,), degree of
crystallinity (X.) calculated by WAXS, and long period (L) were estimated for samples crystallized during dielectric measurement. /; (lamellar
thickness) and I, (interlamellar amorphous thickness) were calculated from the correlation function. Weight fractions of the crystalline phase (),
amorphous phase (w,) and interphase (w;) were calculated from DSC results as described in the text.
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Figure 2. Dielectric loss values as a function of temperature and
frequency for two selected amorphous polymers of the series: PNTS
(top) and PNT homopolymer (bottom).

example, the dielectric loss values as a function of temperature
and frequency for PNTS (top) and PNT (bottom), both the
samples are initially amorphous. The relaxation processes
appear as maxima in &” versus frequency and move toward
higher temperatures as frequency increases. At temperatures
below the glass transition temperature, both systems exhibit a
broad maximum of the dielectric loss, labeled as f process. At
temperatures above T, (see Table 2), a strong increase in &”

Table 2. T, and D Obtained from the Fittings of 7,,,, to
Equation 2 and T, Values from DSC of the Amorphous
Samples

samples D T, (K) T, (K)
PTT 52 272.1 327
PNTS 5.2 273.4 329
PNTI10 5.4 274.0 332
PNT20 5.7 274.6 335
PNT30 6.2 274.7 337
PNT40 6.1 275.7 342
PNT 6.2 290.2 351

values is observed, and it is labeled as a process. For the PNTS
sample, the a-relaxation peak, once over the T, undergoes a
sudden decrease in &”. This effect is typical of a sample that
crystallizes during the dielectric scan. Therefore, in the
crystallizing systems, we can distinguish two a-relaxation
regions, the first related to the sample before the crystallization
(a,), the second related to the sample after the crystallization
(a.). PTT and its copolymers with PNT content up to 30%,
present an analogous trend. As one can see, the PNT
homopolymer (Figure 2, bottom) behaves quite different: the
a-relaxation peak preserves the shape and the apparent
intensity throughout the whole temperature scan. PNT40 is
characterized by the same behavior of the PNT homopolymer.

In order to show more clearly these features, Figure 3
presents dielectric loss values (&”) as a function of temperature
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Figure 3. Isochronal &¢” data for PTT, PNT20, PNT40, and PNT
(from top to bottom) at 891 Hz. The data have been vertical shifted
0.2 units for better visualization.

at a fixed frequency (F = 10° Hz) for the two homopolymers
and two intermediate copolymers.

At low temperatures, all the curves are quite similar, being
characterized by a broad and not very intense maximum,
corresponding to the f process. The samples look different in
the high temperature range. In the PTT homopolymer and in
the copolymers with PNT content up to 30%, above T, the a
relaxation becomes less intense and wider due to crystallization
process.

On the other hand, for PTN40 and PNT samples, a decrease
of the a peak intensity at higher temperature is not evidenced.
This fact suggests that for these samples no crystallization
occurs during the dielectric measurement. In order to confirm
this, differential scanning calorimetry (DSC) and wide-angle X-
ray scattering (WAXS) experiments were performed before and
after the dielectric spectroscopy experiments. DSC experiments
of samples before dielectric spectroscopy (Figure 4a) reveal

(@) (b)

endo

a—via

A N
1 L 1 1 L 1 1 1
50 100 150 200 50 100 150 200
T(C) T(C)

Figure 4. DSC curves of PTT, PNT20, PNT40, and PNT (from top
to bottom): amorphous (2) and crystallized (b).

that PTT and PTT—PNT random copolymers containing up to
30 mol % of NT-counits are characterized by a glass transition
followed by an exothermal “cold crystallization” peak and a
melting endotherm at higher temperature. The glass transition
temperature (T,) of the samples depends on the comonomeric
content of PNT. As it has been reported previously,"* T, versus
composition increases gradually from the value corresponding
to the PTT homopolymer toward the one obtained for the
PNT homopolymer. This dependence can be well described by
the Wood equation.'” The position of the exothermal
crystallization peak that appears above T, also exhibits a
dependence with the comonomeric content. This is due to a
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fraction of amorphous material that, once T, is exceeded,
acquires enough mobility to rearrange and crystallize. As the
amount of PNT units increases the crystallization of the initially
amorphous samples is less efficient, and therefore, the
temperature at which the exothermic cold crystallization peak
occurs increases. The “cold crystallization” peak is difficult to
observe in the PNT30 sample. In all the samples with PNT
content up to 30%, the area of crystallization peak very well
compares with the corresponding heat of fusion, indicating that
these polymers are completely amorphous at the beginning of
the DSC scan. This fact was also corroborated by WAXS (not
shown here). On the other hand, in the calorimetric curves of
pure PNT and PNT40 copolymer, only an intense endothermal
baseline deviation associated with the glass transition is
observed. Specific heat increments (Acp) and melting
enthalpies (AH,,) for all the investigated samples are reported
in Table 1. Glass transition temperatures (Tg), are reported in
Table 2.

P relaxation of the Amorphous Copolymers. The S
relaxation process observed below T, as a broad maximum in
Figure 2, moving toward higher frequencies as temperature
increases, can be related, in general, to the local chain
dynamics.'”***' Figure 5 shows, for a given temperature, the

0,08
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Figure 5. f§ relaxation of amorphous PTT, PNT20, and PNT (from
top to bottom) at T = —70 °C. Continuous lines represent best fits
according to CC equation, dashed lines show the separated
contribution of the different relaxation processes.

10’

P relaxation for the two amorphous homopolymers and a
selected copolymer (PNT20) in the amorphous state. Close
inspection to the /3 relaxation (Figure 5) reveals that it is rather
broad and, in the case of PTT and PNT20, it is clearly
composed of two processes, designated as 3, and f, in order of
increasing frequency. However, this bimodal character is not
equally obvious for PNT, for which we cannot fit properly with
CC-functions the higher frequency zone.

In the PTT homopolymer, the slowest § process (f3,) shows
smaller intensity as compare to f,. Interestingly, this trend is
followed by the copolymers, where the intensity of f, relaxation
appears to be smaller than in the case of the homopolymer
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PTT. A bimodal shape of the glassy dynamics was already
observed in copolymers of poly(ethylene terephthalate) and
poly(ethylene 2,6-naphthalene dicarboxylate).”** To estimate
the time of maximum loss, 7,,, for both contributions, a
strategy based on the Coburn and Boyd procedure** was

followed. Figure 6 shows the 7., as a function of the reciprocal

1 LL
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Log,, (t/s)
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T
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-8 1 1 //// 1 1 1
2,5 3,0 4,5 50 55
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Figure 6. Evolution of the central relaxation time as a function of the
reciprocal temperature for the amorphous samples, for the o relaxation
and the local processes 8, and f3,. Key: (O) PTT, (green []) PNTS,
(blue /\) PNT10, (aqua <>) PNT20, (pink % )PNT30, (olive (3)
PNT40, and (red <]) PNT. Thick continuous lines correspond to best
linear fits for f relaxations and best fits to the VFT equation, with
parameters presented in Table 2 for a relaxation. Discontinuous and
thinner lines are just a guide to the eyes.

temperature. In such a representation, all §# processes follow an
Arrhenius behavior. This is characteristic of subglass relaxation
processes.”' From the slope of the 74 in this representation it is
possible to obtain the activation energy (E,). Concerning the /3,
relaxation, a dependence of the process with molar ratio is
observed, being the activation energy 23 kJ mol™! for PTT, and
around 37 kJ mol™" for PTT—PNT copolymers. The activation
energy calculated for the f3, process is E, ~ 49 k] mol™ for all
the copolymers and the two homopolymers; in this case no
significant molar ratio dependence of E, is observed. The
activation energy values are consistent with the assignment of
this process to the subglass relaxation associated with the ester
groups placed in the polymeric chain.*"***® Moreover, the
position of 7, of the lower frequency f process, f3,, is not
significantly affected by the composition for the copolymers
investigated in this paper (containing up to 40% of NT units).
This behavior is in agreement with that observed in other
aromatic copolymeric systems.””*® Nevertheless, for PNT
homopolymer f, process seems to be faster than the same
relaxation in the case of PTT and the copolymers. Concerning
PTT and its copolymers, the molecular origin of the high
frequency mode of the f§ relaxation (f;) can be associated with
the rotation of the ester oxygen linked to the aliphatic carbon of
the diol subunit, as suggested recently.”®> The f3; relaxation of
NT monomeric units is expected to overcome a higher energy
barrier as compared to TT ones. In fact the glycolic part of NT
unit is characterized by the presence of two methyl groups in f-
position with respect to the oxygen atom, instead of two
hydrogen atoms as in PTT. The presence of these two methyl
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groups could be the responsible of the hindering of this mode
in PNT. This fact supports the idea that the molecular origin of
the S, relaxation is related to the distinct arrangement of the
glycolic group attached to the ester one. As to the low
frequency f process, f,, Figure 6 shows that the slope of
l0g10Tmax Vs reciprocal temperature and consequently the
corresponding activation energy E,, keeps almost a constant
value of ~49 k] mol™" as the NT unit content is increased. This
result indicates that the molecular origin of the S, process can
be associated with a bond that is present in both repeating units
forming the copolymers: the chemical link between the
aromatic ring carbon to the ester carbon.

From inspection of Figure 6, one sees that 7, values for the
P, relaxation of PNT homopolymer and PTT—PNT copoly-
mers, are located within the range of the f, relaxation of the
PTT homopolymer and present similar activation energies.

a Relaxation of the Amorphous Copolymers. Figure 7
shows the a relaxation for the two amorphous homopolymers
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Figure 7. Normalized &” values for the two homopolymers PTT at S0
°C(O), PNT at 80 °C (red <]) and a selected copolymer at 60 °C
(PNT20, blue <>). Both samples are amorphous. The temperatures
were chosen to have approximately the same frequency of maximum
loss.

and a selected copolymer (PNT20) in the amorphous state.
The temperatures have been chosen in order to exhibit similar
frequency of maximum loss in the « relaxation region, and the
curves have been normalized to compare the relaxation shape
of each sample. The a relaxation for the amorphous
homopolymers and amorphous copolymer is characterized by
a relatively narrow peak in €” as a function of frequency. At
higher frequencies the less intense contribution of the f
relaxation region is also revealed. As observed, the shape of the
relaxation for similar dynamic conditions is nearly the same for
PTT, PNT and for the copolymer, with the broadening b
parameter being around 0.8 and the asymmetry parameter ¢ =
0.4, independently of the comonomeric content.

The main differences appear in the relaxation time
temperature dependence. As shown in Figure 6, the a-
relaxation 7,,,, values for the amorphous specimens shift, for
similar temperature, toward higher values as the neopenthyl
terephthalate units content increases. This can be explained on
the basis of the progressive decrease in chain flexibility as the
amount of NT units increases.””>°

In the amorphous state, the frequency of a-relaxation
maximum loss exhibits a typical Vogel—Fulcher—Tamann
(VFT) dependence:
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DT, ]
T - 1T, (2)

where 7, is a characteristic time, T, is the Vogel temperature,
and D is the fragility strength parameter.’’ This behavior is
characteristic of cooperative segmental motions appearing
above the glass transition temperature. To obtain accurate
fits, and in accordance with Angell’s proposal,®* a value of 7, of
107" s was assumed. Continuous lines in Figure 6 represent
the best fits of the experimental 7, values to eq 2, before
crystallization occurs. The corresponding parameters are
collected in Table 2. In analogy with what happens with the
T, (Table 2), the obtained values for D and Tj increase with
increasing neopenthyl therephthalate content, as expected on
the basis of the progressive decreasing of backbone flexibility.

One striking fact that comes out by comparing Figures S and
7 is that, apparently, the B relaxation is more affected in its
shape by the composition than the o relaxation. This effect may
indicate that the local motions, in particular the faster local
process (f3;) that becomes less intense in the copolymers to
almost disappear in PNT, could be directly involved in the
location of the glass transition temperature of the system. It is
known that for random copolymers the shape of the relaxation
spectrum associated with the segmental dynamics, and
therefore the relaxation time distribution function, is mainly
affected by the chemical heterogeneity™® that in the case of
PTT and PNT homopolymers is not so high. This could
explain why the o relaxation maintains the same shape
regardless of the content of neopentyl terephthalate units.
Nevertheless the chain rigidity of PNT is higher than PTT one
and this leads to a gradual increase of the T, as the NT-units
content goes up.

a Relaxation and Crystallization. As mentioned above,
in the PTT homopolymer and in the copolymers with PNT
content up to 30%, the initial strong increase of &” values as a
function of temperature (Figure 3) associated with the «
relaxation of the initially amorphous samples is followed by a
decrease and a subsequent shoulder for higher temperatures.
These are characteristic signatures of a polymer crystallization
process as revealed by dielectric spectroscopy””>* and it has
been reported also for PTT*® and other semicrystalline
polymers.*¢~38 Figure 8 shows for PTT—PNT copolymers,
the o relaxation curves of the crystallized materials. The values
of crystallinity degree (X.) are collected in Table 1. The
temperatures have been chosen to exhibit similar frequency of
maximum loss. The differences in the a peak shape of
semicrystalline samples, compared with the amorphous ones
(Figure 2), are evident. For PNT10, PNT20, and PNT30
copolymers, as crystallization proceeds, a significant broadening
in the low frequency side of the « relaxation is detected (see
Figure 8). This effect, previously reported®**” for PET, can be
described by an additional a-process, @, appearing at lower
frequency as crystallinity develops and corresponding to the
segmental relaxation of a confined amorphous phase coexisting
with the initial one. Consequently an additional Havriliak—
Negami contribution must be taken into account to consider a
second @ process.>® Figure 8 shows the separate contribution of
every process as well as the total fittings where the o’ relaxation
at low frequency has been considered to be symmetric. The
rising of this new o' relaxation may indicate a more
heterogeneous crystallization for the PTT—PNT copolymers
in comparison to the PTT case. The o process is located at

Tmax = TO exp(
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Figure 8. Isothermal ¢” data of semicrystalline PTT—PNT copolymers
(PTT, PNTS, PNT10, PNT20 and PNT30 from top to bottom) as a
function of frequency for some selected temperatures (100° for PTT
and PNTS, 90° for PNT10, 85° for PNT20, and 80 °C for PNT30).
Continuous lines represent best fits according to HN equation for the
a-region, dashed lines show the separated contribution of the different
relaxation processes and conductivity.

lower frequencies with respect to the o one and is related to the
rigid confined amorphous phase that develops during
crystallization process. This effect can be understood as
appearing as a consequence of the increasing heterogeneity of
amorphous phase with NT content, that for the PNT40
copolymer is so high that completely inhibits crystallization
under these conditions. In this case a shift toward lower times
of 7., of the a relaxation is not observed. PNT homopolymer
is characterized by the same trend of PNT40.

The observed slowing down for the a relaxation of the
semicrystalline samples compared to that of the amorphous
system also presents particular features depending on the NT
content. As mentioned in the previous section, (Figure 6), Toax
for the a-process as a function of the reciprocal temperature of
all the samples in the first stage (amorphous) of measurement
displays a curvature characteristic of a Vogel—Fulcher—
Tamman (VFT) dependence. An effect of composition is
evident also in this case: as the NT units content increases, the
Tmax Values move toward higher values indicating that the
relaxation becomes slower. As we can see en Figure 9a, at a
given temperature, a clear change in 7., versus 1/T
dependence due to crystallization is evident. This is a
consequence of the characteristic slowing down of the
amorphous phase segmental dynamics induced by the
crystalline phase.***** The jump of 7,,, is less dramatic
with increasing NT units, and disappears in PNT40 and PNT
homopolymer. These latter samples show a VFT trend for the
whole temperature range. This effect is accompanied by a
decrease of the dielectric strength Ag,,, induced by
crystallization which turns less intense, as a function of
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Figure 9. (a) Characteristic time of the & relaxation and (b) total
dielectric strength (Ag,+Ag,) as a function of the reciprocal
temperature for the initially amorphous samples (open symbols)
which crystallize upon heating during the dielectric spectroscopy scan
(full symbols). Inset: Ag,,,/dT vs NT-units content (¢) for
amorphous and crystallized samples. Key: (O) PTT, (green [])
PNTS, (blue /) PNTI10, (aqua <>) PNT20, (pink %) PNT30,
(olive () PNT40, and (red <]) PNT.

temperature in all the crystallizing samples (Figure 9b). For
PTT and the copolymers containing up 30% of counits the
strong reduction of the Ag,,, values is associated with the
decrease of the amorphous mobile phase which is transferred to
the crystalline phase. From the inset in Figure 9b, one can see
that the slope of Ag,,, is not affected by the composition,
while it seems to depend on the semicrystalline nature of the
material. In particular, at temperature closed to the glass
transition (before crystallization) the slope is negative as
expected for bulk amorphous systems. On the contrary, it
becomes positive or almost zero for the crystallized materials.
In this case the slope has been taken at temperatures much
higher than the T, This is due to the restriction of the
crystallites or rigid amorphous phase on the amorphous
chains.**

A different behavior is observed in samples with high amount
of NT units. The symmetric broadening b, which is situated
around 0.8 for all the samples while still amorphous, goes down
to values around 0.3—0.4 for the low NT content copolymers,
while remain almost constant for PNT40 and PNT, due to the
absence of crystallization. Respect to the asymmetric broad-
ening parameter ¢, a similar behavior to parameter b was found.
For the amorphous state in all cases, ¢ assumes a value of 0.5
but a dramatic and instantaneous increase up to 1, at different
temperatures, is observed for the crystallizable samples as a
consequence of the crystallization phenomenon. As recently
proposed by Sanz et al,*' the significant broadening of the
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dielectric segmental relaxation in semicrystalline polymers can
be attributed to the averaging effect of measuring a
homogeneous relaxation over an inhomogeneous environment
providing different characteristic relaxation times. Similarly,
Napolitano et al.** showed that in the case of polymers
adsorbed on a substrate, where the segmental dynamics is
restricted as it is in a semicrystalline polymer, the o relaxation
also broadens.

In order to better understand the observed dynamical
changes during crystallization and to correlate those with
structure, several additional experiments were performed. The
thermal characterization was carried out also on the all
copolymers after dielectric measurement. Figure 4b shows the
differential calorimetry scans obtained after the dielectric
experiment. In the PTT homopolymers, and the copolymers
with PNT content up to 30%, the T, can be detected as a step
in the DSC traces, and no signs of further crystallization are
observed. Therefore, the observed melting peak should be
associated with the crystals that have been formed during the
dielectric experiments. However, for the PNT40 copolymer and
the PNT homopolymer the DSC traces before and after the
dielectric experiment are nearly identical, indicating that no
crystallization has been induced during the dielectric experi-
ment. In order to further characterize the samples after the
dielectric experiment, small and wide-angle X-ray scattering
(SAXS and WAXS) patterns were obtained from the specimens
from the dielectric experiment. Figure 10 illustrates the SAXS
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Figure 10. SAXS (left panel) and WAXS (right panel) diffracted
intensity as a function of scattering vector g, for PTT, PNT20, PNT40,
and PNT (from top to bottom), after the dielectric scan.

and WAXS patterns at room temperature of PTT—PNT
samples as a function of the scattering vector q (g = 47 sin(0)/
A, 20 being the scattering angle), performed after dielectric
measurement. Samples with PNT content below 30% exhibit a
clear maximum in the small angle scattered intensity, indicating
the existence of a lamellar crystal packing with an average
periodicity given by the long period values (L = 27/q,,,, where
Gmax 15 the scattering maximum). As is shown in Table 1, the
long period values tend to increase with counits content. This
trend correlates well with the melting point dependence on
molar ratio which exhibits a minimum for the PNT30,**
suggesting that for a given composition non crystallizable
comonomeric units tend to hinder the crystallization of the
PTT seﬁments, leading to thinner and more disperse
lamellae.**~* The SAXS patterns were also analyzed according
to the classical one-dimensional electron density correlation
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formalism by Vonk***” using the methods described by Strobl

and Schenider.*® The electronic density correlation function
was calculated from the Fourier transform of the Lorentz-
corrected profile.

The lamellar variables obtained from this analysis of the
scattering data are long period (L), linear degree of crystallinity
(X..), crystalline lamellar thickness (I.), and amorphous layer
thickness (1,). The average linear degree of crystallinity in the
lamellar stacks can be determined from the following
equation:49

XXy = B / LMC

©)

where B is the first intercept of the correlation function with the
abscissa, L™, is the long spacing calculated from the first
maximum in the correlation function, and x, and x, are the
volume fractions of the two phases, within the lamellar stacks,
respectively (x; + x, = 1). The thickness of the two phases can
be calculated as I; = x,L™. and I, = x,L.™ . From the correlation
function itself it is not possible to associate I, or I, with the
thickness of the crystalline lamellae unless further information
is obtained from other methods.

The WAXS patterns (Figure 10) obtained from the samples
after the dielectric experiment reveals that they have crystal-
lized, except in PNT40 and PNT. The patterns indicate that the
crystal phase is to be related to the lattice of the PTT
homopolymer, as supported by the presence of the most
intense Bragg peaks, around 26 = 11.1, 12.0, 13.9, and 16.9,
characteristic of PTT.***" As evidenced by the T, data (Table
2), PTT—PNT random copolymers possess lower flexibility in
comparison with original PTT. We can hypothesize that the
decrease in chain flexibility of the copolymer decreases the
facility of PTT segments to find a crystalline register. Moreover,
with increasing NT content, the amount of crystallizable units
decreases. As a consequence, the crystallinity of the samples
goes down with the increment of NT counits, as can be
appreciated in Figure 10, right panel, by the lowering of the
area under the peaks (see also the values of crystallinity degree
(X.) collected in Table 1).

Looking at the obtained values for X. from WAXS, it is
possible to infer, that we may assign the thinner value to the
lamellar thickness (I;). Assuming that, our results indicate that
for PTT, and for all the copolymers, the lamellae are very
homogeneously distributed along the sample. These results are
in line with similar observations by Ivanov et al, on PTT
crystallized under different conditions.>”>® The interlamellar
amorphous thickness (I,) increases as the amount of NT units
increases. This would imply that the amorphous phase that
relax and give rise to the a relaxation is less restricted due to the
presence of crystals, since they are further apart. In one hand,
this can explain the decrease in the 7, jump observed in the
VFT representation (Figure 6a). On the other hand, this
remaining amorphous phase is expected to be more enriched
with more rigid NT units that can not be incorporated into the
crystals. As mentioned above, in the case of PNT10, PNT20
and PNT30, when the sample crystallizes, a new @’ process
appears. Previous DSC results indicate that, a rigid amorphous
phase (RAP) is formed and that this RAP is mainly due to
noncrystallizable NT units.'"* To determinate the interphase
content in each sample crystallized during the dielectric
measurement, the weight fractions of the crystalline phase
(w.), amorphous phase (w,) and interphase (w;) were
calculated according to the following relationships:
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W = (AHmWPT)/AHOm (4)
Wa = ACP/ACPa (5)
wizl_wc_wa (6)

Here AH,, is the melting of fusion of the crystallizable TT
units, and AH®, is the equilibrium melting enthalpy of PTT
(150]/g). Ac, and Ac,* correspond to the experimental specific
heat increments of the semycrystalline and fully amorphous
copolymer respectively and wpy is the weight fraction of
trimethylene terephthalate units. Looking at the results
summarized in Table 1, one can see that as NT unit content
increases, w, values decrease, w, fractions increase, while the
weight fractions of interphase (w;) remains almost constant.
This means that even if the overall degree of crystallinity is
lower, i.e. there are fewer crystals, each crystal operates a more
effective restriction on the amorphous region. Therefore, we
may attribute the o relaxation to the relaxation at higher
temperatures of this RAP inferred by DSC. The final situation
on the crystallized copolymer sample would be a less restricted
“original” o relaxation due to less hindering of crystals
distributed further apart but a new ' relaxation that could be
attributed to the relaxation of the RAP mainly composed of
noncrystallizable NT units and that it probably located at the
interphase of the crystals.

B CONCLUSIONS

In conclusion, the introduction of rigid neopenthyl tereph-
thalate units into the more flexible PTT chain decreases the
ability to crystallize of the resulting copolymer. X-ray scattering
experiments indicate that the crystalline phase, that develops
during heating, is related to the lattice characteristic of the
trimethylene terephthalate units. The subglass dynamics of
PTT—PNT copolymers is characterized by the existence of two
processes, f; and f3,, which have been assigned to the relaxation
of the bond between the ester oxygen and the aliphatic carbon
of the diol subunit, and to the bond between the aromatic ring
carbon to the ester carbon, respectively. The segmental
dynamics of the copolymers is characterized by the existence
of a a process which follows an expected molar ratio
dependence, since it moves to higher temperatures as the
counit content is increased, while the shape of the distribution
of segmental relaxation times is not affected by the
composition, being the same for the neat homopolymers and
for the copolymers. Our results indicate that by copolymeriza-
tion it is possible to obtain crystallizable polymeric systems in
which the characteristic dynamical retardation of the
amorphous phase upon crystallization could be modulated.
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ABSTRACT: Crystalline structure and molecular dynamics in
a and &’ crystals of poly(i-lactide) (PLLA) and PLLA/poly(p-
lactide) (PDLA) stereocomplex (sc) crystals have been
investigated by the temperature-variable FTIR and solid-state
BC CP-MAS NMR spectroscopy. The crystal forms of
polylactide (PLA) have different band frequencies, correlation
field splittings in FTIR spectra and different line shapes, and
resonance splittings in solid-state NMR spectra, which become
more distinct with cooling to the cryogenic conditions. The
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well-resolved splittings in NMR resonances of a crystals, attributable to the crystallographically inequivalent sites within crystal
unit cell, are considered to be due to the dipolar interactions related to the carbonyl, methyl, and methine groups. The splittings
in FTIR bands and NMR resonances are absent in o' crystals, indicating the disordered conformation and loose molecular lateral
packing within their crystal lattices. The significant FTIR frequency shifts of #(C=0), v(CHj;), and v(CH) modes during
stereocomplex crystallization of PLLA/PDLA blend and the appearance of spectral splittings at cryogenic conditions suggest the
coexistence of weak C—H:-O==C hydrogen bonds and dipolar interactions between PLLA and PDLA chains in the sc crystals of
PLA. Below the glass transition temperature (Tg), the spin—lattice relaxation times of PLA with different crystalline structures

increase in the order of amorphous & @' < a < sc.

B INTRODUCTION

Polylactide or poly(lactic acid) (PLA) has been considered as
one of the most promising bio-based thermoplastics because its
monomer, lactic acid, can be produced from renewable
resources (e.g,, starchy materials and sugars). The attributes
of biodegradability, biocompatibility, good mechanical proper-
ties, and versatile fabrication processes make it a promising
material for biomedical applications (e.g, implant materials,
surgical suture, and controlled drug delivery systems) and
commodity applications in substitution of the conventional oil-
based thermoplastics." Since lactic acid is a chiral molecule, the
stereoregular PLA exists in two enantiomeric isomers, poly(L-
lactide) (PLLA) and poly(p-lactide) (PDLA).

One of the most remarkable issues regarding the solid-state
structure of PLA is its crystal polymorphism. The common
stereoisomer of PLA, i, PLLA, can crystallize in a?° ﬁ,7‘8
and 7° polymorphs, depending on the crystallization conditions.
The usual polymorph, a form, generally produced from the
cold, melt, or solution crystallization, is characterized by an

-4 ACS Publications  © 2011 American Chemical Society
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orthorhombic (or pseudo-orthorhombic) unit cell packed by
two antiparallel left-handed helical chains in a distorted 10,
conformation.””® The B form, adopting a 3, helical
conformation, can be attained via stretching its @ counterpart
at high temperature to a high drawing ratio.”® Very recently, a
metastable @’ form has been proposed for the stereoregular
PLA melt-crystallized at low crystallization temperature T,
(<100 °C) compared to the normal a crystals produced at
high T, (>120 °C).'"""S

A wide range of physical properties such as thermal,
mechanical, and electrical properties are influenced by the
crystal modifications of polymorphic polymers.'® In addition,
crystalline structure is a key factor for the hydrolytic and
enzymatic degradations of biodegradable polymers.'”'® In the
case of PLLA, Kanamoto and co-workers have reported that the
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p-form PLLA had a higher tensile strength and modulus than
its @ counterpart.'"” Cocca et al. have reported that a-form
PLLA possessed a higher Young’s modulus and a better barrier
to water vapor than its @' counterpart.’® Therefore, study on
the relationships between crystal structure and crystallization
condition is of fundamental importance because it allows for
tuning the physical performances of polymeric materials by
controlling their processing conditions. In the practical melt
processing, stereoregular PLA is usually molded at 100—120 °C
because of the relatively fast crystallization over this temper-
ature region. The o' and a mixed crystals are generally
produced in this temperature range.'””"* Therefore, study on
the solid-state structure of &’ and a crystals of PLA would be
important from the perspective of practical applications.

Previous studies have reported that the o’ and a crystals of
PLA have different crystallization kinetics and thermal
stability."*”'>*! From the wide-angle X-ray diffraction
(WAXD) and Fourier transform infrared (FTIR) spectroscopy
analyses, it has been proposed that the @’ and a crystals have
similar chain conformation and orthorhombic unit cell,'®!!
while the lateral dimension of &' crystal lattice is slightly larger
than that of its @ counterpart.">~'* On the basis of the infrared
and Raman spectroscopic analyses, Hsu and co-workers®' have
recently found that the o’ crystals have conformational disorder
and the disorder in chain packing and conformation results in
the different crystalline forms. Because of the very similar
WAXD patterns of @’ and « crystals, their structural difference
is relatively difficult to elucidate, and many aspects still remain
unclear. On the other hand, a notable structural feature of
PLLA a crystals is the deviation of crystal system from the
normal orthorhombic unit cell and the torsion of helix
conformation.>”® The WAXD pattern of a-form PLLA displays
some extra meridional reflections on the layer lines, indicating
some extent of helix distortion from the pure 10,
conformation.”™* The reason for helix distortion is still under
debate. Hoogsteen et al. have suggested that the interchain
interactions between methyl groups may force this distortion
because a 10; helix with twisted grooves restricts the translation
of neighboring chains with respect to each other by a kind of
interlocking of methyl groups.” Puiggali et al.> as well as Sasaki
and Asakura® have found the molecular distortion in the a
crystals of PLLA, which is resulted by the asymmetric
interchain interactions. More well-established experiments are
required to elucidate the structural features of @’ and o crystals
as well as the structural differences between them.

The PLLA/PDLA stereocomplex (sc) is another crystalline
form of PLA. It is generally produced in the crystallization of
1:1 PLLA/PDLA blend from melt or solution.”*> Sc form is
characterized by a triclinic unit cell packed by one PLLA and
one PDLA chain, both adopting a 3; conformation.”” A
characteristic feature of sc form is its high melting point T,
higher by ~50 °C than those of the homocrystals. Compared to
the homocrystals, sc crystals possess higher thermal stability,
mechanical strength, tensile modulus, and hydrolytic and
enzymatic degradation resistance.”> The promising physical
properties of sc-form PLA are due in part to the specific
molecular packing and interchain interactions (e.g, van der
Waals interactions™® or interchain hydrogen bonds>*>°)
between the left- and right-handed helices of PLLA and
PDLA chains. From this viewpoint, study on the crystal
structure of sc crystals would shed light on the structure—
property relationships of PLA materials.

190

High-resolution solid-state nuclear magnetic resonance
(NMR) spectroscopy has revealed a high sensitivity to the
microstructures of polymer chains in solid, and it is a powerful
tool to study the molecular dynamics and relaxation.”” With aid
of this technique, the conformation, molecular packing,
intrachain, and interchain interactions in the different crystal
modifications of isotactic pol};propylene (i-PP),*7° syndio-
tactic polypropylene (s-PP),*"** and isotactic poly(1-butene)
(i-PB)” have been successfully investigated; some of this
structural information cannot be attained from the diffraction
techniques. Although several authors have reported the solid-
state *C NMR spectra of a**™® and sc-form® PLAs, a
systematic analysis and comparison of spectral features and
molecular dynamics between the @, @, and sc-form PLAs have
been unexplored.

Experimental studies and theoretical calculations* have
indicated that the polymer crystals undergo a thermal
anisotropic expansion or contraction with the temperature
changes. This process can lead to the changes of crystal lattice
spacing, conformational characteristics, and intrachain or
interchain interactions, which in turn result in the alterations
of macroscopic properties (e.g, mechanical properties®).
Accordingly, FTIR***~® and NMR*** studies with the
temperature-variable techniques can provide new insights into
the structural features of polymer crystals, particularly for the
different crystal modifications of a given polymer. In this work,
the solid-state structures of different crystalline forms (&' and «
crystals) of PLLA and sc crystals of PLLA/PDLA blend were
investigated and analyzed using the temperature-variable FTIR
and solid-state '*C NMR techniques over a wide temperature
range (140 to —140 °C). Molecular dynamics of these crystal
forms were analyzed by the '*C spin—lattice relaxation
measurements. Based on these results, the structural features
such as molecular packing, interaction, and mobility of different
crystals of PLA were discussed.

38,39

B EXPERIMENTAL SECTION

Materials. PLLAs with a low and high molecular weights, PLLA-L
(M, = 154 kg/mol, M, /M, = 1.38) and PLLA-H (M, = 118 kg/mol,
M,,/M, = 1.49), were kindly supplied by Unitika Co. Ltd. (Kyoto,
Japan). The L-isomer content in PLLA was ~99.5%. PDLA (M, = 23.0
kg/mol, M,/M, = 133) was synthesized via the ring-opening
polymerization (ROP) of p-lactide (PURAC, The Netherlands). The
samples were purified by precipitation into ethanol from the
chloroform solution and then were dried under vacuum at 70 °C for
48 h.

Preparation of Various Crystal Forms of PLA. The - and a-
form PLAs were prepared by the isothermal melt crystallization of
PLLA-H at 80 and 140 °C for 6 h after melting at 200 °C for 2 min,
respectively. To prepare the sc-form PLA, equivalent amounts of
PLLA-L and PDLA were dissolved in chloroform (~1 g/50 mL). The
solution was cast on a Petri dish, and the solvent was allowed to
evaporate under ambient conditions. It was then dried in a vacuum
oven at 70 °C for 48 h. Sc-form PLA was prepared by isothermal melt
crystallization of 1:1 PLLA-L/PDLA blend at 200 °C for 2 h under the
protection of dry N, after melting at 240 °C for 2 min. Amorphous
PLLA-H and 1:1 PLLA-L/PDLA blend samples were prepared by
quenching from 200 and 240 °C to ~2S °C, respectively. Unless
otherwise specified, the sample “amorphous PLA” represents
amorphous PLLA-H quenched from the melt.

Measurements. Differential Scanning Calorimeter. The
measurements of differential scanning calorimeter (DSC) were
performed on a Pyris Diamond DSC instrument (Perkin-Elmer Inc,
Waltham, MA) equipped with an intracooler cooling accessory. The
temperature and heat flow were calibrated by the indium standard at
different heating rates. The preweighted sample (~7 mg) was sealed in
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an aluminum pan and then heated from 0 to 200 °C for amorphous,
a'-form, and a-form PLAs or 250 °C for sc-form PLA at a heating rate
of 10 °C/min to observe the melting behavior.

FTIR Spectroscopy. FTIR measurements were performed on a
FTIR-6100 spectrometer (JASCO, Japan) equipped with an IMV-
4000 multichannel infrared microscope (JASCO, Japan) and a MCT
detector worked in the transmission mode. PLLA-H or 1:1 PLLA-L/
PDLA blend sample was sandwiched by two BaF, windows and then
melt-crystallized at the corresponding temperatures to prepare the -,
a-, and sc-form PLAs or quenched to ~25 °C from melt to prepare the
amorphous sample, as above mentioned. The sample is thin enough to
follow the Beer—Lambert law. The sample was cooled from 140 °C
(for a and sc form), 80 °C (for a’ form), or 40 °C (for amorphous
sample) to —140 (or —100) °C at a cooling rate of S °C/min in a LK-
600 hot stage (Linkam Scientific Instrument Ltd., Surrey, UK)
equipped with a L600A liquid N, cooling unit. FTIR spectra were
recorded during the cooling process. The spectra were registered with
64 scans and a resolution of 2 cm™’, and 4 data points were collected
within each frequency interval of 2 cm™.

Solid-State NMR Spectroscopy. Solid-state *C NMR spectra
were acquired on a JEOL JNM-ECA 500 MHz spectrometer operating
at 500 MHz for "H and 125.8 MHz for '*C using the cross-polarization
(CP), magic-angle spinning (MAS), and high-power 'H decoupling,
CP-MAS spectra were measured with a 3.1 s 'H 7/2 pulse, a 3 ms CP
pulse with a 7% ramp on the 'H channel and an rf field strength of 65
kHz, a MAS speed of ~5 kHz, and a 5 s recycle delay. Two-pulse
phase modulated (TPPM) 'H decoupling with a 15° phase shift and a
if field strength of 80 kHz was applied during acquisition. *C chemical
shift was referenced externally to the methyl carbon resonance of
hexamethylbenzene at 17.4 ppm. The "*C spin—lattice relaxation times
(T,cs) were measured at ~25 °C with a conventional CPT1 pulse
sequence reported by Torchia.**

B RESULTS AND DISCUSSION

DSC Melting Behavior. Figure 1 shows the DSC heating
curves of a-, a-, and sc-form PLAs. The DSC curve of
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Figure 1. DSC heating curves of amorphous, -, @-, and sc-form PLAs
recorded at a heating rate of 10 °C/min.

amorphous PLA is included for comparison. The thermal
parameters including crystallization temperature (T) used for
the sample preparation, melting point (T,,), melting enthalpy
(AH,,), and degree of crystallinity (X_.) of three crystal forms of
PLA are summarized in Table 1. X. was estimated by
comparing the AH, value with the value of an infinitely large

Table 1. Thermal Parameters of &', @, and sc Crystals of PLA

crystal form composition T.(°C) T, (°C) AH,(/g) X.(%)
o PLLA 80 173 41 44
a PLLA 140 179 62 67
sC 1:1 PLLA/PDLA 200 232 80 56
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crystal (AHY,), which was taken as 93 J/g* for the &’ and a
homocrystals and 142 J/g*® for the sc crystals. Sc crystals
exhibit a melting point at 232 °C that is more than 50 °C
higher than the homocrystals. The DSC curve of @' crystals
shows an exotherm (P,,) prior to the dominant melting peak,
corresponding to the a’-to-a crystalline phase transition.'”~"
Because of the a'-to-a transition upon heating, the melting
point observed from the DSC curve of o’ crystals corresponds
to the a crystals developed in phase transition. AH, values of
the prepared crystal forms of PLA increase in the order of ' <
a < sc, exhibiting the same tendency to melting point and
thermal stability.

Temperature-Dependent FTIR Spectra. We first com-
pared the FTIR spectra of amorphous, -, a-, and sc-form
PLAs, as shown in Figure 2. As expected, the amorphous PLA
and 1:1 PLLA/PDLA blend prepared by quenching exhibit the

14
7/

ABS

i H (R
T T T T 74 T T T T 1 T
3000 290018001750 1500 1400 1300 1200 1100 1000 900 800

Wavenumber (cm’1)
Figure 2. FTIR spectra of (a) amorphous PLLA, (b) amorphous 1:1
PLLA/PDLA blend, (c) a-, (d) a-, and (e) sc-form PLAs collected at

~25 °C. Spectral intensities in the wavenumber regions of 3075—2850
and 980—800 cm™' were magnified by 10 times.

same FTIR spectra, since PLLA and PDLA are identical from a
spectroscopic point of view. So, we used the quenched PLLA as
a representative amorphous PLA sample to make a comparison
to the crystalline ones. FTIR spectra are sensitive to the crystal
forms of PLA (Figure 2), which will be discussed in
combination with the temperature-dependent spectra in the
following sections.

The crystalline structures of different PLA crystals were
investigated by temperature-variable FTIR spectroscopy over
the temperature range of 140 to —140 °C. The temperature-
dependent FTIR spectra and their corresponding second
derivatives for different crystals of PLA are shown in Figure 3
and Figures S1—S3. Assignments of FTIR bands for amorphous
and crystalline PLAs are summarized in Table 2.*” Considering
the band frequency shift with temperature, the wavenumbers
shown in Figure 3 and Table 2 were derived from the spectra
collected at 20 °C. As seen in Figure 3 and Figure S1, aside
from the spectral intensity and band frequency, the line shape
of a' crystals is nearly unaltered with cooling from 80 to —140
°C. This is similar to the amorphous PLA (data not shown). In
contrast, the line shape of a crystals varies remarkably with
temperature (Figure 3 and Figure S2). Its spectrum splits into
quite a few new components with cooling to —140 °C, such as
the components at 3006 cm™ of v, (CH;), 2964 cm™ of
v,(CH;), 1777 and 1749 cm™ of v(C=0), 1468 and 1443
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Figure 3. Temperature-dependent FTIR spectra and their second derivatives of -, @-, and sc-form PLAs. Intensities of FTIR spectra and their

second derivatives in the wavenumber ranges of 1500—1325 and 975—890 cm

~! were magnified for clarity.

cm™ of §,,(CH;), 1396 and 1381 cm™" of §,(CH,), 1222 cm™
of 1,,(COC) + r,(CH;), 1144 em™ of r,(CH;), and 1053
cm™! of ¥(C—CH,) (Table 2). These splitting bands can be
identified distinctly from the second derivatives of original
FTIR spectra at low temperature (e.g, below —40 °C), as
shown in the lower panels of Figure 3 and Figure S2. Most of
these splitting components cannot be observed at high
temperature (e.g,, above 80 °C). The pure crystalline band of
@ crystals at 924 cm™', which is absent in the spectrum of
amorphous PLA (Figure 2) and associated with the
combination of r(CH;) and v(C—COO) modes of molecular
chains with the 10; helix conformation in crystalline phase of
PLA,'** also splits into a doublet (924, 919 cm™') at low
temperature.

A remarkable difference between the temperature-dependent
FTIR spectra of &’ and « crystals is the spectral splitting. So far,
two interpretations, that is, the intrachain couplin§ and
interchain coupling (i.e., correlation field splitting),***” have
been proposed to explain the vibrational splitting of #(C=0)
mode in the a-form PLLA. The former is sensitive to chain
conformation and the distribution of conformers. The
correlation field splitting, also called as factor group splitting
or Davydov splitting, occurs due to the lateral interactions
between the molecular chains contained in a crystal unit cell.>°
It has been reported that the unit cell dimension of polymer
crystals along molecular axis (c-axis) is much less sensitive to
temperature than is the transverse axes (a- or b-axis).**** The
chain conformation of crystalline PLA, which is sensitive to the
length of c-axis and a key factor for intramolecular interactions,
would not change markedly upon cooling. Furthermore, the
temperature dependence of spectral splitting is a characteristic
phenomenon of correlation field splitting.”® Therefore, it is
reasonable to conclude that the spectral splitting in « crystals is
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originated from the correlation field splitting, rather than the
intrachain coupling. The correlation field splitting in a@-form
PLA is mainly resulted by the interchain dipolar interactions
between the dipolar groups (carbonyl, methyl, and methine
groups) of adjacent molecular chains packed within the crystal
unit cells.*’

The absence of correlation field splitting in @' crystals
suggests the much weakened interchain interactions in its
crystal lattice. This is due in part to the larger lattice dimension
and interchain distance,"”””"* as evidenced by WAXD analysis.
On the other hand, since the correlation field splitting usually
takes place in an ordered structure with tightly packed
molecular chains, the absence of spectral splitting may suggest
the lateral disordered and loose molecular packing of the o’
crystals. The molecular packing is considered to be a key factor
influencing the polymorphism of PLA, analogous to the cases of
i-PP***® and aliphatic polyketones derived from ethene and
carbon monoxide (ECO).*® The a and f crystals of ECO
possess the similar all-trans conformation, while due to the
interchain dipolar interactions, the « crystals of ECO with tight
molecular packing have more evident band splitting in Raman
spectra than their 3 counterparts.>

Sc crystals of PLA exhibit different FTIR spectra from the
homocrystals. First, one can clearly identify a new band at 908
cm™' (Figures 2 and 3c), which is characteristic of the sc
crystals with a 3; helical chain conformation.*” This band has
been observed for the f-form PLLA that adopts a similar 3,
helical conformation.® Second, compared to the amorphous, o~
, and a-form PLAs, the band wavenumber of v(C=0) mode in
sc form is ~10 cm ™" lower and those of v,((CH,), v,(CH,), and
v(CH) modes are 4—6 cm ™" lower (Figure 3 and Table 2). The
distinct low-frequency shifts of v(C=0), v(CH;), and v(CH)
modes in the stereocomplex crystallization suggest the
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Table 2. Assignments of FTIR Bands for Amorphous, a’-, a-,
and sc-Form PLAs

vibration modes amorphous o a sc
v,(CH;)* 2996 (m)® 2996 3015 (vw, 2995 (m,
(s) sb)‘ sb)
3006 (vw, 2992 (m)
sb)
2996 (s) 2990 (m,
sb)
v,(CH;) 2945 (m) 2945 2964 (vw, 2941 (m)
(m) sb)
2945 (m)
v(CH) 2880 (w) 28(80) 2880 (w) 2875 (w)
v(C=0) 1758 (vs) 1761 1777 (vw, 1749 (vs)
(vs) sb)
1768 (vw,
sb)
1759 (vs)
1749 (m,
sb)
5.(CH;) 1455 (m) 1458 1468 (w, 1456 (m)
(s) sb)
1458 (s) 1447 (vw,
sb)
1443 (w,
sb)
5,(CH;) 1383 (m) 1386 1396 (vw, 1382 (m)
(m) sb)
1387 (m)
1381 (m,
sb)
5,(CH;) + 6(CH) 1365 (m) 13(69) 1370 (w) 1368 (m)
1360 1360 (m)
(m)
1,,(COC) + r,(CH,) 1213 (m) 12(15) 12]232) (vw, 1222 (s)
1183 (s) 11(&)6 1213 (s) 1216 (s)
1202 (vw, 1191 (s)
sb)
1184 (m)
r,(CH;) 1132 (s) 1134 1144 (vw, 1142 (vw,
(s) sb) sb)
1135 (s) 1132 (s)
v,(COC) 1092 (s) 1110 1110 (vw, 1090 (s)
(w) sb)
1092 1092 (s)
(s)
v(C—CHj,) 1046 (m) 1046 1053 (w, 1053 (vw,
(m) sb) sb
1045 (m) 1042 (s)
r(CH;) + v(C—COO) 956 (w) 95(7 | 957 (w) 955 (w)
92(4 v 924 (w)? 908 (w)?
919 (vw,
sb)
v(C—-CO0) 870 (m) 872 872 (m) 874 (w)

(m)

“y, 8, and r denote stretching, bending, and rocking, resgectively; as
and s represent asymmetry and symmetry, respectively. “vs, s, m, w,
and vw are the abbreviations of very strong, strong, medium, weak, and
very weak, respectively. “sb denotes the splitting band, whose intensity
increases with cooling. 9Bands at 924 and 908 cm™" are characteristic
of the 105 helical conformation of homocrystals (o’ and a form) and 3,
helical conformation of sc crystals, respectively.
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existence of weak C—H:-O=C hydrogen bonds between the
PLLA and PDLA chains in sc crystals.”>*® Third, the spectral
splitting is detected in sc crystals at low temperature, such as
the components at 2990 and 2995 cm™ of v, (CH;), 1447
em™ of §,,(CH;), 1153 cm™ of r(CH,), and 1042 cm™ of
v(C—CH;) mode. These splitting bands cannot be clearly
observed at room temperature and become pronounced with
cooling, which is characteristic of the correlation field splitting.
Therefore, it is considered that the interchain dipolar
interactions related to the carbonyl, methyl, and methine
groups exist in the sc crystals (especially at cryogenic
conditions), except for the C—H--O=C hydrogen bond
interactions. These results imply the tight lateral packing of
molecular chains in sc-form PLA.*>?¢

Temperature-Induced Changes in FTIR Intensity and
Wavenumber. Temperature-induced changes in the intensity
and frequency of various vibrational bands were evaluated
based on the FTIR spectra. Intensity changes and frequency
shifts of each band were respectively normalized by [I(T) —
I(Ty)1/I(Ty) and WN(T) — WN(T,), where I(T) and WN(T)
represented the peak height and wavenumber of a given band at
a temperature T, respectively; I(T,) and WN(T,) denoted
those at an initial temperature T, respectively. Here, T, was
taken as 40 °C for amorphous PLA and 80 °C for the o, a-,
and sc-form PLAs. Figures 4 and 5 show the normalized
intensity changes and frequency shifts of the selected bands for
various PLA samples as a function of temperature, respectively.
The changes in intensity and wavenumber were found to be
reversible upon reheating (data not shown).

As seen in Figures 4 and 5, the intensities gradually increase
and most of the bands shift to high wavenumber with cooling,
which can be expected since the molecular potential energy
drops and the motions of molecular groups become less active
with lowering temperature. This phenomenon is analogous to
those observed in other polymers,®**'~* which has been
attributable to the change of interchain forces with temper-
ature.’® As shown in Figure 4, the temperature-induced
intensity changes of amorphous and a@'-form PLAs are in the
similar ranges (10—20%) with cooling from 40 to —100 °C,
which may suggest the weaker interchain interactions in o'
crystals. Obviously, the intensity enhancements of @ and sc
crystals upon cooling are larger than those of amorphous and
a'-form PLAs. Therefore, it is considered that the interchain
coupling plays an important role in the temperature-dependent
spectral intensity, and the tight packing mode of molecules and
more ordered structure increase the sensitivity of spectral
intensity to temperature. However, there is not a direct and
unambiguous link between the frequency shift and crystal
modification for PLA. The values of wavenumber shift in
various PLAs are very similar, all of which range 0—4 cm™" with
cooling (Figure S).

Temperature-Dependent Solid-State NMR Spectra.
Solid-state structures of different crystals of PLA and
amorphous PLA were studied by the solid-state '*C CP-MAS
NMR spectroscopy over the temperatures ranging from 80 to
—100 °C. Figure 6 shows the temperature-dependent NMR
spectra for the carbonyl, methine, and methyl carbons of
different crystalline forms of PLA. Each carbon exhibits a single
and broad resonance, and no discernible alteration in line shape
and chemical shift is detected in the NMR spectra of @’ form
with changing temperature (Figure 6 and Figure S4). These
findings resemble those observed in amorphous PLA.*>" NMR
spectra of a crystals are of much interest (Figure 6 and Figure
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SS). First, each carbon resonance splits into multiple well-
resolved peaks that include four major peaks (P,—P,) for
carbonyl resonance, three major peaks (P;—P,) for methine
resonance, and two major peaks (Pg and P,) for methyl
resonance, where the peaks P;, Ps, and Py are dominant. These
results are in agreement with those reported by Thakur et al.*®
and Tsuji et al.”® Second, chemical shifts of the dominant peaks
P;, P, and P; are nearly invariable with cooling. However, the
splitting peaks gradually shift away from the dominant peaks
with lowering temperature. Third, the resonance splitting
becomes more marked with cooling, analogous to that observed
in the FTIR spectra. The peak shoulders (indicated by arrows
in Figure 6 and Figure S5) appear in P and Py at low
temperature, while they disappear at high temperature.

The difference between NMR spectra of stereoregular PLAs
crystallized at low and high temperatures indicates the
formation of &' metastable crystals at low T, (e.g, 80 °C). In
the measurements of spin—lattice relaxation, it was found that
the splitting peaks for a given carbon of & crystals decayed at a
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comparable rate, and therefore the splitting peaks could not be
assigned individually to amorphous or crystalline component.
The resonance splitting can be induced by the intramolecular
(e.g., s-PP*') or intermolecular (e.g, a-form i-pp282%)
interactions in polymer crystals. Because the intrachain
interactions that depend on conformation are comparable for
a' and a crystals and change little with temperature, the
interchain couplings that depend on the lateral molecular
packing within crystal lattice may be a predominant
contribution to the resonance splittings of a crystals. The
splitting peaks in each resonance region represent the
crystallographically inequivalent sites in molecular chains. An
exact assignment for each split component of & crystals cannot
be made from the present results; this needs to be further
investigated. It is notable that the resonance splitting in a-form
PLA is much more remarkable than that reported in the a-form
i-PP**7* and i-PB.*> This is possibly due to the more
complicated interchain interactions of a-form PLA, as indicated
in the previous studies.>”®
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Figure 6. Temperature-dependent *C CP-MAS NMR spectra for (a) carbonyl, (b) methine, and (c) methyl carbons of different PLA crystals.
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The extent of resonance splitting depresses with increasing
temperature, similar to those observed in the o crystals of i-
PP* and i-PB.>> Upon cooling, the interchain distance
decreases accompanied by the strengthening of interchain
interactions, accounting for the enhancement in environmental
difference between the crystallographically inequivalent sites. At
high temperature, more active molecular motion and dipolar
exchange between the inequivalent sites can average the line
shape and in turn diminish the spectral splitting.*>*

The broadening of NMR spectra of @' form is consistent with
its FTIR spectra that show broadening compared to the & form.
This broadening in NMR spectra resembles the case of S-form
i-PP.”**” The broadening of '*C CP-MAS NMR spectra can be
resulted by many factors such as order/disorder at molecular
distances, spherulite shape/size/orientation, etc. However, with
combination of the FTIR results that reflect the molecular-level
interactions, the NMR spectral broadening and absence of
resonance splitting in @’ form would suggest its loose and
disordered molecular packing. All the carbon atoms in a given
group of @ crystals would be in an averaged environment due
to the disordered packing mode.
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As seen in Figure 6 and Figure S6, sc crystals of PLA exhibit a
different "*C solid-state NMR spectrum from the homocrystals,
including the line shapes and chemical shifts. As for the sc
crystals, three peaks, that is, a sharp peak P, a weak
component P;, and a broad peak P,,, are observed in the
carbonyl resonance region, while a single sharp peak is basically
detected for the methine and methyl resonances. This is
consistent with the results reported by Tsuji et al.’’ In the
carbonyl resonance region, the peaks Py, and P;; have been
assigned to the crystalline phases of sc and homocrystals,
respectively.”” The broad peak P, is ascribed to the free
amorphous phase of PLA, and its chemical shift is very close to
the amorphous sample. At temperature above T, (e.g, 80 °C),
the amorphous phase mobility will increase and result in a poor
cross-polarization efficiency, leading to the disappearance of
P),. Besides, the cold crystallization of free amorphous phase
above T, may also account for the disappearance of Py, at 80
°C

Spin—Lattice Relaxation Time. "*C spin—lattice relaxa-
tion measurements were used to assess the molecular dynamics
of different crystals of PLA. Tcs of carbonyl and methine
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carbons that had a slower relaxation were only measured.
Figure 7 show typical decay curves for the resonances of
carbonyl and methine carbons in @~ a-, and sc-form PLAs
measured at ~25 °C. The decay curve of amorphous PLA is
shown elsewhere.’' Because the molecular motions in both
amorphous and crystalline phases must be highly restricted
below T,, the relaxation time of amorphous and crystalline
phases of semicrystalline PLA will be in a similar order of
magnitude (or comparable) at a temperature below T, (~60 °C
for PLA). As reported in a previous study,®' the decay curve of
spin—lattice relaxation of the fully amorphous PLA can be well
fitted by the Kohlraush—Williams—Watts (KWW) func-
tion,*>>* which is generally used to express the magnetization
below T, because the distribution of relaxation rate usually
gives rise to a nonexponential recovery.52 To evaluate the T
of semicrystalline PLAs, we add an exponential term to the
KWW function to reflect the contribution of crystalline phase.
The equation used for fitting is expressed as

p
Mz(t) x (1 - Xc) exp (T_—t] + X,

1C,a
exp —t
Tic,c (1)

where the first (KWW function) and second terms denote the
contributions of amorphous and crystalline phases, respectively.
M, is the normalized magnetization, and t is the relaxation time
that is a variable used in the experiment. X_ is the degree of
crystallinity, as shown in Table 1. T'¢ is the T)¢ of crystalline
phase. Tyc, is the T;c of amorphous phase in the semicrystal-
line or fully amorphous PLA. /3 is a stretching parameter (0 <
< 1) of the KWW function, representing the deviation of
relaxation from the pure exponential nature.”>** T)c, and j3 are
54.1 s and 0.898 for the carbonyl carbon and 22.8 s and 0.859
for the methine carbon of amorphous PLA, respectively, as
determined in our previous report.51

T)c of the crystalline phase (T)c.) of a*, a-, and sc-form
PLAs were estimated by fitting the normalized magnetization in
spin—lattice relaxation using eq 1. The results of T)c are
tabulated in Table 3. The mean T of amorphous PLA, (Tc,),
is included for comparison. As seen in Table 3, T|- of PLA
depends on the crystalline structure remarkably. The relaxation
time, usually inversely proportional to relaxation rate and

Table 3. Spin—Lattice Relaxation Times of Amorphous, «’-,
a-, and sc-Form PLAs

parameters carbon amorphous o' a sc
(Tic)® (s) Cc=0 57.0
CH 24.7
Tic. (s) Cc=0 52.1 735 1515
CH 29.4 40.0 66.2

“The mean T, value of amorphous PLA was cited from ref S1.

molecular mobility, increases in the order of amorphous = o’ <
a < sc for PLA below T, For protonated carbons, the
fluctuation of C—H dipolar coupling is the predominant
relaxation. This can include three contributions, that is,
coupling of carbon atom with (i) directly bonded protons,
(ii) intrachain, or (iii) interchain nonbonded nearby protons.>’

The strength of dipolar interaction depends on internuclear
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distance between '*C and 'H. It ranks in the order of (i)
directly bonded protons > (ii) intrachain > (jii) interchain
nonbonded nearby protons, and the resultant relaxation time
should be T,¢ (i) < Tc (ii) < T, (iii). On the other hand,
tight packing probably inhibits local mobility, resulting in a
longer T)c. The carbonyl carbons have slower relaxation rate
compared to protonated carbons because of the weak C—H
dipolar interaction. The contribution (i) may be the same for
different PLA samples because of the identical bond lengths.
The contribution (ii), depending on the conformation, is
considered to be similar for the @’ and a crystals, while might
be larger for sc crystals because of the more contracted
conformation. The contribution (iii), which has been reported
to be a crucial factor influencing the relaxation time of various
polymorphs of poly(3-hydroxypropionate) (PHP),** depends
on the lateral interchain distance. It is considered that the
lateral molecular packing is a key factor for the different
molecular dynamics of various PLA crystals. The very similar
relaxation rate of the a' crystals and amorphous PLA further
confirms the disordered and looser molecular packing of o’
crystals, which is somewhat analogous to the amorphous
sample. Because of the tighter packing and shorter interchain
distance, a crystals exhibit a slower relaxation than their o
counterparts. In the case of sc crystals, two racemic chains with
opposite handedness allow the tighter packing and smaller
interchain distance within crystal cell, which may account for
the slower relaxation.

H CONCLUSION

The molecular interaction, packing, and dynamics in various
crystal forms of PLA have been investigated by the temper-
ature-variable FTIR and solid-state '*C NMR spectroscopy.
The different crystal forms of PLA show distinct spectral
features in line shapes and band/resonance splittings upon
cooling to the cryogenic conditions. The well-resolved splittings
in FTIR bands and NMR resonances of a-form PLA are
ascribed to the correlation field splitting and crystallographically
inequivalent sites within the crystal lattices, respectively;
however, these splitting are absent in PLA o’ crystals. These
results indicate the conformational disorder and loose
molecular packing in the o' crystals of stereoregular PLA
crystallized at low temperature. As a result of the tight lateral
molecular packing, the interchain interactions exist extensively
between the two antiparallel packed chains within the lattice of
a-form PLA; it is predominantly the dipolar interactions
involving carbonyl, methyl, and methine groups. The frequency
shifts in stereocomplex crystallization and the correlation field
splittings at cryogenic conditions suggest the coexistence of
weak C—H:--O=C hydrogen bonds and dipolar interactions
between the PLLA and PDLA chains packed in sc crystals of
PLA. The spin—lattice relaxation times of various PLA crystals
rank as amorphous & o' < a < sc below T, Ina word, the
lateral arrangement and packing of molecular chains in the
crystalline phase, which are the origin of the interchain
interactions, play an important role in the polymorphism of
PLA. This would be an important factor influencing the
physical proprieties (e.g, mechanical, barrier properties, and
biodegradability) of PLA materials.
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ABSTRACT: Polyurethanes are excellent potential materials for the
construction of implantable medical components due to their
exceptional mechanical properties and biocompatibility. Currently,
soft silicone materials are employed as insulation for implantable
cochlear electrode arrays. Siloxane-based thermoplastic polyurethane
(TPU) nanocomposites containing synthetic layered silicates are being
investigated as new insulation materials with superior tensile and tear
strength and reduced surface tack, potentially allowing for thinner
insulation and more intricate electrode designs. In this work, ElastEon
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ES-325 (Aortech Pty Ltd.) TPU nanocomposites reinforced with 2

and 4 wt % low aspect ratio organo-hectorite and high aspect ratio organo-fluoromica (Lucentite SWN, Somasif ME100, both
modified with octadecyltrimethylammonium (ODTMA)) were prepared by a solvent casting technique. The mechanical
properties of the resulting nanocomposites were measured by tensile, tear, stress relaxation, and creep testing and
morphologically were characterized by DSC, DMTA, XRD, TEM, and strained in situ synchrotron SAXS. We found that the
hydrophobic low aspect ratio organohectorite acts as a very potent interfacial compatibilizer. At 2 wt % loading, the resulting
nanocomposite displays vastly superior mechanical properties to both soft silicone and ElastEon. In addition to providing 30 nm
X 1 nm synthetic nanosilicate reinforcing elements which are readily capable of orientation and reinforcement, these nanosilicates
also serve to provide more cohesive hard microdomains and thus creep resistance and dimensional stability. Interestingly, at a
higher (4 wt %) loading of organohectorite, gross morphological changes in the TPU microdomain texture are observed,

adversely effecting the mechanical properties of the TPU.

B INTRODUCTION

The addition of nanoscale inorganic particles into bulk
polymers in order to generate nanocomposites with improved
mechanical and chemical properties relative to the parent
materials is a rapidly expanding field. The limitless scope for
nanofiller materials chemistry and surface chemistry is enabling
researchers expanded freedom to bestow further desirable
properties on the resulting nanocomposites, thereby enabling
the production of novel materials with numerous potential
applications. Thermoplastic polyurethane (TPU) is the material
of choice for many biomedical applications due to the relative
ease of fabrication into devices, flexibility, biocompatibility,
biostability, and electrical insulation properties. Polyether-based
TPUs have been the materials of choice for certain types of
medical implants for many years."> However, there were some
cases where the TPU degraded and led to surface or deep
cracking, stiffening, erosion, or the deterioration of mechanical
properties such as tensile and flexural strength.>~” These
inherent deficiencies in the material eventually caused implant
malfunction. Poly(dimethylsiloxane) (PDMS)-based TPU were
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then commercialized and introduced to overcome these
problems. The PDMS/poly(hexamethylene oxide) (PHMO)-
based TPU based on an optimized formulation (Elast-Eon)
from AorTech Biomaterials Pty Ltd. exhibits properties
comparable to those of medical grade polyether-based TPU
materials such as Pellethane 80A.* Elast-Eon TPU are now
widely accepted as being the most biostable of all the TPUs and
as such are imminently suitable for long-term implantation.’
Use of TPU as the nanocomposite matrix presents some
interesting challenges to the understanding of the nanoscale
and microscale morphology due to the preexisting morphology
of the segmented TPU domains (the so-called phase-separated
soft and hard segment rich phases). Knowledge in the TPU
nanocomposite area has progressed recently, with several
research papers discussing the effects of nanofillers on TPU
morphology, highlighting the importance of understanding the
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specific hard segment and soft segment interactions with the
nanofillers in correlation with the resulting nanocomposite
properties. As reported by Mishra et al.,'">"" Korley et al,,"* Kim
et al,"® and Barick et al,'* the surface modifier hydrophobicity
can affect the degree of interaction between the nanosilicate
and the TPU segments, and thus their dispersion in the matrix,
and consequently determines the mechanical behavior of the
resulting nanocomposites. In more recent work, Smart et al.'®
demonstrated that the degree of TPU hard and soft segments—
nanofiller interactions in a TPU-functionalized carbon nano-
tube system depended on the functional group alkyl tail
lengths, and this strongly influenced the nanofiller dispersion in
the TPU and tensile properties of the nanocomposite. These
findings show that there is a possibility to control the degree of
specific segmental interactions with particular nanofiller in the
TPU matrices by exploiting the molecular interactions. If we
understand and control these molecular interactions, then we
have an opportunity to target and improve specific macroscopic
properties of the TPU nanocomposites.

In an attempt to produce new biomaterials with improved
properties for the insulation of cochlear electrode arrays, we
have recently generated ElastEon ES-325 TPU nanocomposites
containing high and low aspect ratio organosilicates with a
hydrophobic surface modification. Here we describe the
complete mechanical and morphological characterization of
the ES-325 TPU and associated nanocomposites in attempt to
develop an in-depth understanding of structure—property
relationships of these materials, most importantly the interplay
between TPU nanophase domains with engineered low and
high aspect ratio nanofillers. To the best of our knowledge, this
is the first time the structure—property relationships of the
PDMS-based TPU nanocomposites have been thoroughly
studied. The interactions of these organically modified layered
silicate nanofillers in concert with a TPU host polymer
incorporating such a hydrophobic soft segment has provided
us with new and interesting ways to perturb biomedical TPU
property profiles.

B EXPERIMENTAL SECTION

Materials. Nusil MED 4860 is a medical grade elastomer with
two-part silicone system in 1:1 mix ratio (part A:B). Part A consists of
30 wt % amorphous silica, while part B includes an additional 5 wt %
dimethyl, methylhydrogen siloxane copolymer. Once these two parts
mixed, Nusil MED 4860 undergoes rapid curing at 165 °C for 5 min
due to the presence of platinum. This material was supplied by
Cochlear Ltd. and is commercially available from Nusil (via EIM
distributors in Australia).

ElastEon ES5-325 TPU consists of a 1000 g/mol poly-
(dimethylsiloxane) (PDMS) and 700 g/mol poly(hexamethylene
oxide) (PHMO) mixed soft segment in a 98:2 (w/w) ratio and a
hard segment composed of alternating 4,4-methylene diphenyl
diisocyanate (MDI) and 1,4-butanediol (BDO) sequences. The hard
segment concentrations is 32.5 wt %. This TPU was supplied by
AorTech Biomaterials Pty Ltd. Hectorite (Lucentite SWN) is a
synthetic trioctahedral smectite and was used as-supplied from the
Kobo Products, Inc. It is a white powder with the chemical formula
Nag 6] Sig(Mgs 34Lig 66) O20(OH), 1% and an average particle diame-
ter size of approximately 30—50 nm. Fluoromica (Somasif ME100),
which is a synthetic mica (tetrasilicic trioctahedral fluoromica), was
supplied by Kobo Products, Inc. It is a white fine powder having an
average platelet size of ~650 nm'® with the chemical formula
Nag 66Mg, 65(Siz08Al002) O100:F1.06- This comparison of nanosilicate
aspect ratio is an important part of this study. The surface modification
of the nanosilicate was performed by exchanging with octadecyl-
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trimethylammonium (bromide) (ODTMA) using a previously
published method.'®"”

Sample Preparation. ES-325 TPU nanocomposites with two
different types of ODTMA-modified nanosilicates; ME100 (ME) and
Lucentite (Lu) were prepared in 2 and 4 wt % compositions. These
organosilicates were prepared as S wt % solution in toluene, while the
TPU was prepared as S wt % solution in dimethylacetamide (DMAc).
To ensure dispersion, the organosilicate was placed in a small glass
bottle and was then placed in an ultrasonic bath for ~1 h. The sample
was then dispersed further by a high-energy ultrasonic probe for 2 min
of exposure and then followed by another hour of dispersion in the
ultrasonic bath. These steps were done to ensure a high level of
swelling in the nanoclays before homogenizing. The dispersed
organosilicate was added to solution of TPU in DMAc. This was
done to give a final composition of 2 and 4 wt % of nanofiller loading
in the TPU. The combined solution was then mixed vigorously for 1
min in a high-shear homogenizer, followed by stirring overnight at
room temperature with a magnetic stirrer. The solution was then
poured into a glass mold. The films were dried at 60 °C for ~72 h
under a nitrogen purge. It is important to ensure that the films are free
of moisture. If moisture is not carefully excluded during casting, this
can result in low-quality cloudy films with inferior properties. The
solvent-cast films were then annealed under vacuum at 85 °C for ~S h
and left to age for at least a week prior to testing. In subsequent
discussion, these nanocomposites are referred to as 2MEO, 4MEO,
2LuO, and 4LuO. A number denotes the nanosilicate wt % loading (2
or 4) in the TPU. The first two letters represent type of nanosilicate
used (ME = ME100, Lu = lucentite), and the last letter (O) represents
the ODMTA modification.

Mechanical Testing. All mechanical tests were carried out at
room temperature on an Instron model 5543 universal testing machine
with a capacity of 500 N load cell. Five (S) and three (3) replicates of
each material were used for tensile and tear tests, respectively. For the
tensile tests, dumbbells were punched from an ASTM D-638-M-3 die
and a crosshead speed of S0 mm/min was applied. Stress relaxation
tests were performed by stretching the specimens to the desired strain
(50%) and recording stress vs time data for 10 times the time taken to
reach the desired strains. The creep test was conducted according to
ISO 899-1:2003, with a stress of 2 MPa and 6 h holding time. Tear
strength was measured according to the ISO 34-1:1994 Method B(a),
using angle test specimen (type B) without nick, with a crosshead
speed of S00 mm/min. For all tests, pneumatic grips were used to
prevent specimen slippage.

Transmission Electron Microscopy (TEM). Thin sections of
~80 nm thickness were cut using a Diatome diamond knife on a Leica
Ultracut UC6FCS cryogenic ultramicrotome at temperatures between
—80 and —110 °C to ensure the polymers were in a glassy state.
Sections were picked up using 2.3 M sucrose and mounted on 200
mesh copper grids (ProSciTech, Australia). Deionized/Milli-Q/tap
water was washed over the grids five times. The grids were then
allowed to air-dry in self-closing forceps prior to viewing. Samples were
examined at low magnification (12000X) on a JEOL 1011 TEM,
Japan, at 100 kV, and images were captured on a SIS Morada 4K CCD
camera system. Samples examined at higher magnifications (23000x—
93000x) were examined on a Technai F30 FEG TEM (FEI Co.,
Eindhoven, The Netherlands) operating at 300 kV, and images were
captured with a Direct Electron LC1100 lens-coupled 4k X 4k CCD
camera system.

X-ray Diffraction (XRD). XRD measurements were conducted on
a Bruker D8 Advance X-ray diffractometer with a 0.2 mm slit, using Cu
Ka radiation generated at 40 kV and 30 mA. Samples were scanned
over a range of 20 = 0.5°—10° using an increment of 0.02 and a scan
speed of 1 s. Samples were mounted on a low background holder and
fixed with tape to ensure the surface was flat.

Dynamic Mechanical Thermal Analysis (DMTA). Dynamic
mechanical measurements were made using a Rheometric Scientific
dynamic thermal mechanical analyzer (DMTA IV) equipped with
tensile head and reducing force option. Analysis was performed at
0.1% strain in tension mode using a frequency of 2 Hz and a heating
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200nm

Figure 1. TEM micrographs of 2LuO (A, B), 4LuO (C, D), 2MEO (E—G), and 4MEO (H-]J).

rate of 2 °C/min from —100 to 110 °C. We determined that this strain
allowed measurements to be taken in the linear viscoelastic regime.

Differential Scanning Calorimetry (DSC). DSC measurements
on the TPU and TPU nanocomposites were carried out using the
Mettler Toledo DSC 1 Star. The sample weight was ~6 mg, and the
heating rate employed was 10 °C/min. The temperature applied was
started from 25 to 250 °C and then cooled to 25 °C at the same
ramping rate.

Small-Angle X-ray Scattering (SAXS). In situ tensile deforma-
tion studies using small-angle scattering (SAXS) technique were
carried out on the SAXS/WAXS beamline at the Australian
Synchrotron, Melbourne, to obtain morphological information during
deformation of TPUs in real time. Two sample-to-detector distances

200

of 0.96 m (short) and 7.2 m (long) were used to measure scattering
vector (g) ranges of 0.002—0.06 and 0.015—0.50 A, respectively. The
wavelength of the X-ray beam was 1.240 A (12 keV). Samples were cut
with a dumbbell die with a width of ~2.5 mm and 15 mm gauge length
and strained at a rate of 15 mm/min. Measurements were collected at
0%, 50%, 100%, 200%, 400%, 600%, and 800% strain. For SAXS
analysis of the TPU under relaxation, the samples were left to relax
after straining for 10 min before collecting a SAXS pattern. The SAXS
images were taken immediately after the desired values were reached
during either the deformation or the relaxation process. Data
acquisition times of 1 and 2 s were used for each measurement at
the short and long sample-to-detector distance, respectively.
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Figure 2. XRD pattern of the (a) pristine ME and Lu nanosilicates and after ODTMA modification (b) the ES-325 TPU containing 2 and 4 wt %

MEO and LuO.

Scattering Analysis. Data were analyzed using SAXS15ID
version 3299, a program developed at ChemMat CARS as the user
interface and control program. The intensity was normalized by the
intensity measured at the beamstop to account for changes in
transmission due to changes in sample thickness with strain and then
further corrected for background scattering. SAXS data averaged over
10° segments in the strain and transverse directions was analyzed using
Zernike Prins (ZP) model, which was previously used by Laity et al.'®
and Finnigan et al."’ to successfully fit SAXS data from TPUs
subjected to uniaxial deformation. Based on ZP model, the scattering
from two-phase systems can be represented as the product of the form
factor, P(q), and the structure factor, S(q):'*~>°

I(q) = AP(q)S(q) (1)

where g is the scattering vector and A consists of both instrument- and
sample-dependent terms and can be treated as a scaling factor. P(q)
describes the interference effects between X-rays scattered by different
parts of the same scattering body (microdomain) and is dependent
upon both the size and shape of the scattering body.*® The form factor

of a sphere of radius (R) is given by
2
sin(gqR) — gR cos(gqR)
P(q) = {s =
(4R) ©)

S(q) represents the interference effects between X-rays scattered by
different scattering bodies in the sample and depends on their relative

positions and can be described byls’zo
2
1-A
S(q) = 2
1 — 24 cos(qd) + A (3)
where
q202
A =expy — 5
(4)

for the case of a Gaussian distribution of nearest-neighbor distances
(d) on the lattice, with standard deviation 6."®

The Herman orientation function (f) was used to assess the
orientation of both high and low aspect ratio organo-silicates in TPU

during tensile deformation and is given by the following equation:*"**
f= (cos2 D) -1
2 (s)
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where

I(®) sin ® cos® @ dd

/7‘5/2
0

(cos2 D) =
A ™2 (@) sin  d

(6)

In this case, f was calculated from the azimuthally averaged data, where
(cos® @) is the average cosine squared weighted by intensity I as a
function of the radial angle, ®. The value of f is equal to 1 and —0.5
when the orientation of the organo-silicate is completely aligned
perpendicular and parallel to the direction of strain, respectively, and is
zero for random (isotropically) orientated organo-silicates.

B RESULTS AND DISCUSSION

Nano-silicate, Organo-silicate, and Nanocomposites
Structure. TEM images of the nanocomposites containing
ODTMA modified ME (MEO) and ODTMA modified Lu
(LuO) are displayed in Figure 1. In general, the low aspect ratio
LuO in 2 wt % (2LuO) and 4 wt % (4LuO) dispersed and
exfoliated well in the TPU matrix, which is probably due to the
hydrophobic ODTMA surfactant providing a favorable
thermodynamic driving force for TPU intercalation. The
2LuO system provides 30 nm X 1 nm synthetic clay reinforcing
elements which are readily capable of orientation and
reinforcement in the TPU. In contrast, 2MEO and 4MEO
exhibited an ordered intercalated structure that also contained
larger organo-silicate tactoids (in the order of several
micrometers) dispersed throughout the TPU matrix. The
high aspect ratio MEO with lower mobility and higher spatial
restrictions is believed to experience frustrated orientational
freedom in the matrix, thus making it more difficult for the
intercalated TPU to peel the platelets away from the well-
intercalated tactoids.

The XRD signature of any polymer—silicate nanocomposite
may be influenced by the average platelet size, degree of
nanosilicate interplatelet registration, orientation, and increase
in basal spacing (d-spacing) of the nanosilicate due to
intercalation by host polymer. The increase in d-spacing
depends on the amount of TPU intercalated in the galleries of
the silicates,”>~2® and of course, this is a function of nanosilicate
loading and also nanocomposite processing history. XRD
patterns of the nano-silicates (ME and Lu) and their
corresponding organo-silicates, MEO and LuO are shown in
Figure 2a, and XRD patterns for their respective nano-
composites are shown in Figure 2b. The modification of ME
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Table 1. Mechanical Properties of E5-325 (Neat Host TPU and Nanocomposite) and Nusil MED4860

material tensile strength (MPa) Young’s modulus (MPa) elongation at break (%) toughness (MPa) tear strength (MPa)

Nusil MED 4860 7.5 £ 0.1 27 +£02 595 + 39 35+ 4 41 £ 14
ES-325 20 +2 102 883 + 63 91 £ 20 S3+3
2LuO 23 +2 144 + 04 1053 + 60 137 + 16 70 £ 9
4LuO 10 £ 4 S2+12 177 £ 1§ 152 45+ 1
2MEO 24+1 145 £ 0.7 1003 + 38 131 +9 64 + 1
4MEO 202 + 0.9 119 £ 03 903 + 83 105 + 16 60 + 5

with ODTMA was observed to substantially increase the (d,oy) 8 P

basal spacing from 1.3 to 4.9 nm. However, MEO exhibited = ’,/" (@)

several well-defined diffraction peaks as compared to the g’ °

pristine ME, corresponding to d-spacings of approximately 4.9, 8.0 ‘4p"fggfﬁ

2.3, and 1.6 nm, respectively. The additional observed peaks are 30 Ts / /

caused by the interstratified superstructure of the fluoromica, 52 /: e ®) ,

hich originates from an inherent heterogeneity.””*® This (G N

whi g geneity. /s

charge heterogeneity may allow different amounts of surfactant = s 7

chains to intercalate the fluoromica layers, and hence < i

monolayer—bilayer or bilayer—pseudotriple layer arrangements -

are all possible.”® The high aspect ratio fluoromica can give rise 4

to long-range order in the resulting organosilicate tactoids g ,

(with respect to synthetic hectorites or natural nanosilicates, for i g;sélzthD 4860

example), and this gives rise to strong diffraction peaks. Lu and é 2Lu0

LuO, in contrast, demonstrate a weak and diffuse diffraction gk/lquo

shoulder. One reason for the lack of a strong diffraction peak 4MEO

and the appearance of this diffuse shoulder is that the small

aspect ratio of the Lu and LuO may not allow sufficient "
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intensity of the diffraction to be measured due to a reduction in
length and ordering of the repetitive layer structure. Existing
papers such as those by Finnigan et al."” have quantified this
effect for TPU systems. This makes interpretation of XRD
patterns from LuO-based TPU nanocomposites more difficult,
but useful supplementary information can be gleaned. The
XRD profile of the neat host TPU shows no significant peak.
This is expected, as both soft and hard domains present within
a PDMS-based TPU do not show any diffraction peaks
between 20 = 0.5° and 10°>** and this TPU segmental
microphase periodicity can only be detected at lower angles.
2MEO and 4MEO nanocomposites exhibited three well-
defined diffraction peaks centered at 20 = 2.1°, 20 = 4.2°
and 26 = 6.4°, corresponding to d-spacings of approximately
42,22, and 1.4 nm. The small differences in d-spacing between
the pristine organosilicate and the nanocomposites suggest that
there are some large tactoids present where very little, if any,
polymer has intercalated into the interlayer spacing. 2LuO, in
contrast, demonstrates a weaker and broader peak centered at
(doo1) of ~2.5° which corresponds to a d-spacing of 3.6 nm.
There is also a disruption in the ordering of the organo-silicate
platelets when 4LuO is dispersed in the ES-325 TPU matrix. It
displays a broad and diffuse diffraction shoulder.

Mechanical Properties. The mechanical properties of
solvent cast ES-325 (neat host TPU and nanocomposites)
and Nusil MED 4860, a biomaterial that is currently used for
insulation in cochlear implants, are summarized in Table 1. The
low strain behavior and representative stress—strain curves are
shown in Figure 3.

The tensile curve of the neat host ES-325 TPU is similar to
that of other TPUs.>**"*> E5-325 TPU displays greater tensile
properties when compared with Nusil MED4860, showing
gains of 167% in tensile strength, 48% in elongation at break,
160% in toughness, and 29% increase in tear strength. Adding 2
wt % of modified organo-silicates further increases the

202

Tensile strain (%)

Figure 3. (a) Low strain behavior and (b) stress—strain curves of Nusil
MED 4860 and ES-325 (neat host TPU and nanocomposites).

mechanical properties of this PDMS-based TPU. The best
mechanical properties were achieved when 2 wt % LuO was
added, giving rise to an increase of 15% in tensile strength, 19%
in elongation at break, 51% in toughness, and 32% increase in
tear strength. We believe that the superior dispersion and
delamination of LuO in the TPU matrix (Figure 1) resulted in
greater nanofiller—matrix interactions. It has been suggested by
Wang and Pinnavaia® that the enhancement in tensile strength
of elastomeric polyurethane is directly attributed to the
reinforcement provided by the dispersed silicate nanolayers.
The improvement in extensibility maybe attributed to the
plasticizing effect of onium ions, which effects the conformation
of the TPU chains at the nanosilicate—matrix interface.*® These
ions would promote relaxation at local stress regions, allowin

the material to achieve a higher elongation at the break.’

However, anomalous behavior was observed when the
nanocomposite was prepared at 4 wt % LuO. The addition of
this low aspect ratio and hydrophobic organo-silicate resulted in
a drastic increase in Young’s modulus, and this was
accompanied by a large reduction in tensile strength and
elongation at break. The Young’s modulus was substantially
increased by ~420% while the elongation at break was
significantly reduced by ~80%. When introduced at 4 wt %
loading, the LuO caused a strong perturbation of the TPU
morphology. One hypothesis is that the LuO organo-silicate
acts as a very potent compatibilizer between the hard segments
and soft segments, thereby altering the underlying TPU
morphology. The incorporation of 2 wt % modified ME
resulted in a slight increase in tensile strength and modulus,
with a modest increase in elongation at break as compared to
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the neat host TPU. However, increasing the organo-silicate
loading from 2 to 4 wt % resulted in the reduction of both
tensile strength and elongation at break, which suggests that
there was reduced quality of organo-silicate dispersion
compared to the 2 wt % counterpart. The TEM image of
4MEO (Figure 1J) indicates that this material contains larger
tactoids than that of 2MEO.

We have also performed the stress relaxation and tensile
creep analysis of selected samples to measure their time-
dependent dimensional stability under tensile deformation.
Stress relaxation data obtained at 50% strain are presented in
Figure 4. The data were normalized against the stress, o(t'), at t

4.5
) 50% strain
4.0 1 <
£
g Fitting parameters
©
o 3.5 1 \ A b
g . ES-325 | 1.084 | 0.079
% \_ 0.8 10 12 14 16 18 20 2LuO | 1.062 | 0.068
Qa0 \° Log time (s) 2MEO | 1.065 | 0.073
S 3.
2]
2.5
2.0

Figure 4. Stress relaxation data obtained at 50% strain.

=S s and demonstrated a power-law dependence (o(t)/o(t) =
Af? ), as displayed in Figure 4b. The fitting constants, A and b,
from the power law analysis are provided in the inserted table
in Figure 4. The slopes of the curves reveal that the stress
relaxation rate is reduced with the addition of 2LuQO, while the
rate is almost unchanged with the 2MEO inclusion. This clearly
shows that the low aspect ratio organo-silicate (LuO) was most
effective at retarding stress relaxation. According to Sternstein
and Zhu* at low strain, the stress relaxation rate in the
nanocomposites is considered to be the result of strain-induced
disentanglements and slippage of chain segments at the filler
surface. Therefore, the low aspect ratio and better dispersed
LuO are somehow contributing to reduced strain-induced
molecular or segmental slippage and hence a lower stress
relaxation rate. The tensile-creep modulus (E,) (the ratio of
applied stress to tensile-creep strain) was used to evaluate the
creep resistance of the TPU and the nanocomposites. E, values
for neat ES-325 TPU, 2Lu0O, and 2MEO measured at a stress of
2 MPa are shown in Table 2, while their representative tensile-

Table 2. Tensile-Creep Modulus (E,) of the E5-325 (Neat
Host TPU and Nanocomposites) Measured at a Stress of 2
MPa

material tensile creep modulus (MPa)
ES-325 4+1

2LuO 8+1

2MEO 53+ 04

creep curves are displayed in Figure S. The results indicate that

the creep resistance of the ES-325 TPU was markedly improved
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Figure 5. Tensile-creep curves of ES-325, 2LuO, and 2MEO at an
applied stress of 2 MPa.

with the addition of 2 wt % LuO and MEO. The highest E, was
achieved by 2LuO with an increase of 100%, while 2MEO
resulted in an increase of 26%. This proves that both
organosilicates are capable of increasing the creep resistance
and dimensional stability of the TPU, in agreement with the
stress relaxation study. For an in-depth look into possible
reasons for these changes in TPU mechanical behavior with the
organo-silicate addition, we performed the DMTA, DSC, and
strained synchrotron SAXS analysis to provide information with
respect to possible morphological changes and specific TPU—
nanofiller molecular interactions.

Dynamic Thermal Mechanical Analysis (DMTA). Tan 6
plots in Figure 6a revealed two main peaks for the neat host ES-
325, similar to that previously reported by Runt et al.>**° on
ElastEon TPU with 98% a,w-PDMS and 2% PHMO and 40%
hard segment, where Ta, and Ta, were observable at —105 and
2 °C, respectively. The first peak corresponds to a low-
temperature process (Ta;), which relates to segmental motion
in the PDMS phase.”® The second peak appears at higher
temperature (Ta,), and this is assigned to the a,0w-PDMS end-
group (soft microphase) segmental motion.””*°

In our case, Ta, is observed in the —84 to —86 °C range,
whereas Ta, is observed in the 3 to 18 °C range. The Ta, of
the TPU increased with the addition of the organo-silicates, and
this shift was more pronounced in the LuO nanocomposites.
The addition of 2 wt % LuO to the ES-325 resulted in an
increase of Ta, from —3.0 to 7.1 °C while the addition of 4 wt
% LuO has significantly increased the Ta, from —3.0 to 18.0
°C. In fact, this 4LuO sample exhibits unusual dynamic
mechanical properties compared with the neat TPU and its 2
wt % counterpart. It displays a much higher Ta, and damping
capacity in the rubbery region but lower damping capacity in
the glassy region. It is probable that there is phase mixing
between the hard and soft segments due to compatibilization of
soft and hard segments by this particular organosilicate, so that
the Ta, of the soft segment is markedly increased. This is
supported by Runt et al,*® who reported that the position of
the Ta, can be influenced by the inclusion of single MDI and
short MDI-BDO sequences into the soft phase. In agreement
with the tensile modulus results, the storage modulus was
observed to increase with the addition of 2 and 4 wt %
organosilicates, indicating reinforcement has been provided to
the TPU matrix. Somewhat incongruous values for the storage
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Figure 6. DMTA data as a function of temperature: (a) damping factor (tan &); (b) storage modulus (E’) for ES-325 (host TPU and
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modulus as compared to the neat host TPU, which indicates pronounced phase mixing.

Table 3. Transition Temperatures («¢; and a,) Determined
from DMTA Curves

damping peaks
matrix nanofiller a; (°C) a, (°C)
ES-325 TPU —85.4 =3.0
2LuO —85.6 7.1
4LuO —86.3 18.0
2MEO —86.1 2.1
4MEO —84.2 2.0

modulus were observed for the 4 wt % LuO, nanocomposite
system (Figure 6b). In agreement with mechanical test results,
LuO was most effective in increasing the modulus of ES-325 at
room temperature. However, these values are much higher in
the glassy region but dropped drastically in the rubbery region
(~50 °C). On the basis of this analysis, it was postulated that
the addition of 2 wt % LuO in the TPU resulted in a “partial
compatibilizing effect” while adding the organosilicate at 4 wt %
induced almost full compatibilization between the hard and soft
segments. The DSC and in situ SAXS data presented in the
following section provide further supporting evidence for this
phenomenon.

Differential Scanning Calorimetry (DSC). Table 4
summarizes the DSC features of the solvent-cast ES5-325
(neat host TPU and nanocomposites) while Figures 7a and 7b
present the heating and cooling thermograms, respectively. The
enthalpy of fusion of hard segment melting endotherms is

labeled as AH,, while the enthalpy of crystallization of hard
segment is indicated by AH_

From the heating scan, we observed two to four endotherms
in the DSC thermograms, and they have been labeled T1, T2,
T3, and T4. Previous DSC analysis by Runt et al.** on similar
PDMS-based TPU systems with PDMS/PHMO (in a ratio of
80/20) and 32.5% hard segment demonstrated an endotherm
at ~50 °C and has been proposed to correspond to the
ordering of single (“lone”) MDIs.*>*® A T2 endotherm was
observable in the 99—115 °C range and is related to the T, of
the hard domains (Tyy) where the T, of the high-molecular-
weight hard segments (MDI-BDO) has been found to be
around 110 °C.%>” In the case of 2LuO, a broader and more
diffuse T2 peak suggests a more substantial paracrystalline
interphase in this particular nanocomposite, compatibilized by
the LuO organosilicate. At the same filler concentration, the
LuO nanocomposites showed higher AH,, values when
compared to the MEO nanocomposites. The AH, values are
highest for ES-325 containing 4LuO and lowest for ES-325 with
2MEO. In the 2LuO, a sharp hard segment melting endotherm
(T3) centered at ~197 °C was observable and could be
attributed to the nucleation or “self-assembly” of a higher
melting hard microphase. In the case of 4LuO, the high-
temperature melting endotherms (T3 and T4) were also
appearing at temperatures of 194—207 °C. These high melting
endotherms were perhaps due to sluggish, but preferential,
organization of the longer hard segment present in this system
at elevated temperatures. This is based on the previous DMTA
analysis, where we have postulated that the 4LuO had

Table 4. Summary of DSC Heating and Cooling Curves of ES-325 (Neat Host TPU and Nanocomposites)

heating

cooling

endotherm peak

crystallization exotherm

matrix nanofiller content T1 (°C) T2 (°C) T3 (°C)
ES-325 TPU 60 102
2LuO 59 100 197
4LuO N 98 194
2MEO 58 101
4MEO 62 107

T4 (°C) hard phase AH,, G/g)“‘b peak (°C) AH, (]/g)b
14.0 86 14.8
13.8 133 c
207 42.0 123 2.5
11.1 88 13.6
15.9 87 13.8

“Enthalpy of fusion values are the sum of the T1—T4 melting enthalpies. YEnthalpies were calculated per gram of hard segment (not per gram of

sample). “Endotherm was too small to calculate an enthalpy value.
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Figure 8. 2D SAXS patterns at selected strains for ES-325 (neat host TPU and nanocomposites) obtained from the short sample-to-detector
distance. The relaxed state refers to images taken 10 min after strain measurements were taken.

compatibilized the hard and soft TPU segments. However, the
longer hard segments are potentially excluded (insoluble) from
the soft segments and interphases due to their thermodynamic
incompatibility. Therefore, the high melting endotherms appear
to relate to selective crystallization of the longer hard segment
fractions that may be unable to dissolve in this phase-mixed
system. As discussed previously, the anomalous tensile test and
DMTA results obtained from these nanocomposite systems are
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attributed to these significant TPU morphological changes.
Based on the cooling scan, crystallization exotherm peaks at 88
to 87 °C were observable for the ES-325 containing 2MEQ and
4MEQ, respectively. Meanwhile, for LuO nanocomposites, the
crystallization exotherms were seen to occur at higher
temperature which suggests that these lower aspect ratio
organo-silicates provide a proportion of the TPU hard
segments with a higher driving force to crystallize. However,
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Figure 9. 1D profiles of E5-325, 2LuO, 4LuO, 2MEQ, and 4MEO at 0%, 100%, 400%, and 600% strain in the strain and transverse direction,
obtained from the short sample-to-detector distance.

they also exhibited lower AH_ values with a broader and weaker

the ES5-325 TPU and associated nanocomposites. Static
peak, which indicates that there is a disruption to the

morphology and morphological evolution during stretching

reorganization of complete population of hard segments during are both very important in these systems. In situ SAXS analysis
cooling from melt, perhaps brought about by the hydrophobic of strained films is perhaps one of the most useful ways to
LuO simultaneously acting as both a nucleating and a probe structural changes.'”**~*" The response of this micro-

compatibilizing agent. structure to deformation facilitates an understanding of organo-
In Situ Strained Small-Angle X-ray Scattering (SAXS). silicate orientation, TPU microdomain deformation, and
Complete morphological characterization is vital to develop an associated cooperative toughening mechanisms. In situ SAXS

in-depth understanding of structure—property relationships of under tensile deformation was therefore performed for all
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Table S. Zernike Prins (ZP) Fits of SAXS Data of E5-325 (Neat Host TPU and Nanocomposites)

strain direction

transverse direction

strain (%) d, nm (+0.5)¢ R, nm (£0.5)
0 ES-325 9.5 2.7
2LuO 9.8 2.7
2MEO 8.3 2.7
4MEO 6.8 2.6
S0 ES-325 11.4 2.8
2LuO 10.1 2.9
2MEO 9.0 2.8
4MEO 7.6 2.6
100 ES-325 16.9 2.7
2LuO 10.7 3.0
2MEO 74 2.7
4MEO 7.7 2.6
200 ES-325 7.5 2.7
2LuO 9.8 2.9
2MEO 7.5 2.7
4MEO 7.1 2.6
400 ES-325 8.5 2.6
2LuO
2MEO 7.8 2.7
4MEO 10.8 2.6
600 ES-325 8.6 2.6
2LuO
2MEO 7.3 24
4MEO"

o/d (+0.05) d, nm (+0.5) R, nm (£0.5) o/d (+0.05)
0.32 9.4 2.7 022
0.57 9.7 2.7 0.35
043 82 2.7 0.44
0.51 6.8 2.6 0.51
0.35 8.7 2.7 0.61
0.42 8.7 2.7 0.89
021 7.9 2.7 0.59
0.58 6.7 2.5 0.56
0.62 82 2.7 0.60
0.37 7.9 2.7 0.50
023 7.2 2.5 0.77
0.38 6.4 23 0.90
0.74 7.5 2.6 0.61
0.44 6.0 2.7 0.94
0.64 63 22 0.77
0.3S
0.50 6.5 2.5 0.60

53 2.5 0.85
0.81
0.42
091 59 2.5 0.53
52 2.5 0.74
0.93

“Expected uncertainty due to sample variations and curve fitting. bSample broke.

samples, in an effort to better elucidate the mechanisms
responsible for the mechanical behaviors observed. The
scattered radiation achieves higher intensity levels when
organo-silicates are incorporated into TPU due to their very
high electron scattering length density with respect to TPU
segments. Therefore, analysis at different g regions was done in
order to differentiate between TPU morphology and
contributions from the nanofillers. The SAXS data obtained
at the short sample-to-detector distance (g range of 0.015—0.50
A) was used to study changes in TPU microphase morphology,
while the data collected at the long sample-to-detector distance
(q range of 0.002—0.06 A) was used to follow the evolution of
nanosilicate morphology during uniaxial loading.

TPU Microphase Morphology during Deformation.
2D SAXS images at selected strains for the neat host TPU and
nanocomposites collected at the short sample-to-detector
distance during deformation are shown in Figure 8, together
with the images acquired after relaxing the stretched films for
10 min. Their respective 1D SAXS profiles are shown in Figure
9.

In the initial unstrained state, all samples show isotropic
SAXS patterns, indicating that the hard segment domains are
randomly oriented, which then transforms to increasingly
anisotropic patterns upon stretching. The neat ES-32S exhibits
a typical TPU SAXS pattern.'”>>*"** At 100% strain, the ring
deforms to an ellipsoid with the long axis along the equator.
The in situ SAXS studies of TPU containing 42 wt % hard
segment by Blundell et al.*' showed that the elliptical SAXS
pattern is attributed to an affine deformation of the two-phase
structure of TPU, similar to the findings of Desper and co-
workers.*” It is reasonable to assume that the soft segments are
mainly involved in the deformation of this material during the
first 100% strain, and the TPU hard segments respond to the
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alignment of the soft segment chains at this stage. The SAXS
pattern reveals scattering lobes on the meridian and a streak in
the equatorial direction when the strain reaches 400%. This
scattering pattern is an indicative of a certain degree of
orientation of the hard segments and the existence of oriented
soft segment microphases, all of which are aligning in the
stretch direction. The equatorial streak appears as a result of
reduced electron density contrast between the hard segment
nanofibrils and the aligned soft segment chains and/or the
decrease in coherent scattering due to the small size of the
broken down hard domains. This effect can be observed from
the reduction of the average hard domain spacing (Table S)
when the strain reaches and surpasses 200%.

At low elongation (100%), the 2D SAXS pattern of 2LuO is
similar to the neat TPU, showing an ellipse scattering.
However, upon straining to 400%, the equatorial scattering
appears wider with respect to that observed in other materials,
suggesting the presence of longer, more fragmented hard
segment domains. The SAXS pattern of 4LuO, due to strong
phase mixing, exhibits plastic behavior rather than elastomeric
deformation as the system was tested about its T,. The sample
broke at 125% strain. Conversely, the SAXS patterns for MEO
nanocomposites demonstrate an isotropic outer ring prior to
straining, which then progressively transforms into two arcs in
the equator upon straining. This outer ring is located in the
high ¢ region, relates to the diffraction from registered high
aspect ratio fluoromica tactoids, and is understandably more
intense in the material containing a higher organo-fluoromica
loading (4MEO). At 100% strain, the two arcs observed in the
region of g = 0.15—0.17 A™' represent the oriented nano-
particles, and the respective scattering peak at g = 0.155 A™' can
be observed in the SAXS profile (Figure 9). At 400% strain, the
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Figure 10. Estimated average hard domain spacing (d) of the neat host TPU and nanocomposites determined from the Zernike—Prins model in the
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arcs become broader, which suggests that a higher fraction of
nanoparticles become oriented in the strain direction.

For all strained samples, slightly intensified scattering was
observable from SAXS patterns during the relaxation process,
indicating a slight recovery of phase separation and hard
segment ordering. However, the nanocomposite samples show
a lesser degree of recovery due to reduced TPU microphase
mobility as a result of organosilicate inclusion.

The 1D SAXS profiles presented in Figure 9 of the neat host
TPU and nanocomposites reveal prominent peaks in the region
of g 0.06—0.09 A™', corresponding to the segmental
microphase periodicity in the materials. Further stretching
results in the decrease in the scattering intensity, in both strain
and transverse directions, which suggests a disruption of the
hard segment domain fraction.*> Another two reflections (q =
0.155 and g = 0.31 A™"), corresponding to diffraction from the
fluoromica tactoids with d-spacing of 4.2 and 2.1 nm,
respectively, were observable in the undeformed 2MEO and
4MEO samples. Both scattering peaks appear stronger and shift
slightly toward higher g in the transverse direction as the strain
increases from 0% to 600%, suggesting greater organosilicate
alignment and reduced spacing between the individual platelets.
The XRD analysis on the undeformed 2MEO and 4MEO as
shown in Figure 2b also confirms the presence of a similar
organo-silicate d-spacing.

Based on Figures 8 and 9, there are clear differences in
periodicity and in the degree of order between the LuO and
MEO nanocomposite systems. Other than a broader peak,
2LuO demonstrates much higher scattering intensity in the g
region between 0.02 and 0.15 A™', even after silicate
subtraction. Although the LuO organosilicate is believed to
induce some degree of phase mixing in the system, there is also
strong evidence from the DSC thermograms for the nucleation
of “self-assembly” of a higher melting (T,,) hard microphase.
We believe that a population of longer hard segments and LuO
platelets may be cooperating to form a restructured hard
domain. The high-intensity scattering observed might be due to
the better contrast of this more well-ordered hard segment
population. The intensity curves of the 4LuO decrease
monotonically without a diffraction maximum. This featureless
SAXS pattern implies the strong phase mixing between the hard
and soft segments in this TPU nanocomposite system.
Similarly, no significant scattering from the organo-silicate
was detected in the XRD analysis.
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The change in hard domain spacing (d) with deformation for
ES-325 TPU and nanocomposites was also studied from the
SAXS patterns. The morphological data obtained from the ZP
fitting, combined with the direct visualization of the 1D
scattering profiles, are tabulated in Table 5 and presented
graphically in Figure 10.

For the neat host TPU, the d-spacing is observed to increase
sharply in the strain direction at the initial stages of
deformation. The randomly oriented hard domains subjected
to tensile deformation exhibited an increase of d-spacing from
9.5 to 169 nm upon 100% strain. In relation to affine
deformation, it is reasonable to assume that the TPU hard
blocks respond to the alignment of the soft segment chains at
this stage. Subsequent deformation up to 200% strain resulted
in a decrease in the d-spacing to 7.5 nm, as the hard segment
aggregates are disrupted, broken down to smaller widths, and
partially aligned in the direction of stretch. Further stretching
gives no significant effect to the d-spacing of the neat TPU.
Conversely, straining the TPU nanocomposites up to 200% is
associated with only slight shifts of d in the strain direction,
most notably seen in the 2LuO system. On the basis of TEM
images, 2LuO demonstrates greater organo-silicate dispersion
and exfoliation in the TPU compared to the other nano-
composites, showing more individual organo-silicate layers
available for molecular interaction with the TPU segments.
This should result in higher restriction in mobility of the
segment chains. In addition, the DSC, tensile creep, and stress
relaxation studies also suggest the presence of additional hard
domain connectivity in this system, which could lead to a better
retention of hard domain spacing upon deformation. The ZP
model was unable to fit the scattering data of high strained
2LuO in strain direction because the scattering peak had
diminished. 2 wt % MEO at 100% resulted in the decrease of d,
which could be due to rotation, reorganization, and tilting of
the hard domains, perhaps induced by their interaction with the
high aspect ratio platelets. Further stretching gives no
significant effect to the interdomain spacing of this material.
For all samples, a decrease in d is observed in the transverse
direction with increasing strain. This is expected as the system
was subjected to uniaxial deformation. As compared to other
systems, 2LuO, which contains more cohesive hard micro-
domains, presents a significant reduction of d in the transverse
direction, possibly due to the deformed hard domain and better
preferred orientation of LuO with straining. The ZP model was
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unable to fit the scattering data of high strained MEO
nanocomposites in the transverse direction because the
scattering peak had diminished. In all cases, the hard segment
radius of gyration (R) did not change significantly over the
entire strain range. The data fitting was more sensitive to the
position of the peak in the scattering profile, and hence the d
value, than to the form factor contribution, and hence the R
value.

Organo-silicate Orientation during Tensile Deforma-
tion. The orientation of the organo-silicate during uniaxial
deformation plays an important role in the toughness
enhancement of the TPU."”* The scattering profiles obtained
from the deformation process provide very useful insights into
morphological changes in the nanostructure during strain.
Figure 11 displays the selected 2D SAXS patterns of the neat

E5-325

Strain direction

0% 400%
400% 800%
2MEO
. .
0% 400% 800%

Figure 11. Selected 2D SAXS patterns at various strains for ES-325,
2LuO- and 2MEOQO, obtained from the long sample-to-detector
distance.

host TPU and nanocomposites, obtained from the long sample-
to-detector distance.

For the neat TPU, the absence of organo-silicate led to the
isotropic SAXS patterns during unstrain and 400% strain. Note
that the sample broke before reaching 800% strain. Meanwhile
for the nanocomposites, the initially isotropic SAXS patterns
were found to become anisotropic as the strain was increased.
For 2LuO, the meridian stripe was seen to develop at 400%
strain, which then become increasingly sharper toward the
transverse direction when the strain reached 800%. This is
indicative of significant platelet alignment in the strain
direction. In comparison, the MEO nanocomposites demon-
strate different scattering geometry. A diamond-shaped pattern
suggests that there was alignment of fluoromica tactoids in both
the strain and transverse direction, presumably due to
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delamination of matrix and nanofiller in some instances and
effective load transfer and tactoid orientation in others."® The
Herman orientation function (f) was calculated at q = 0.0031,
where the scattering is dominated by the nanosilicates. These
values are illustrated in Figure 12.
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-100 0 100 200 300 400 500 600 700 800
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Figure 12. Herman orientation function versus strains for E5-325
TPU nanocomposites.

In the initial stages of deformation, the preferred orientation
and alignment of high aspect ratio MEO nanocomposites are
due to casting and settling during solvent casting. However, the
degree of platelets alignment at high strains (>200%) was
significantly greater for 2LuO than for 2MEO and 4MEO
nanocomposites. This suggests that the low aspect ratio LuO
aligns more preferentially in the strain direction than the high
aspect ratio MEO at similar concentration during uniaxial
tension of TPU, which is similar to the findings reported by
Finnigan et al.'” Large tactoids present in 2MEO and 4MEO
are less mobile and having lower capability to align in the strain
direction. Tactoids and unaligned platelets led to the formation
of voids due to developed tensile stresses at the interface
between the tactoids and the TPU. This can be visualized from
the stress whitening effect developed in both 2MEO and
4MEO sample upon straining (figure not shown). This explains
why the presence of 2LuO in the TPU leading to greater
improvement in toughness compared to the 2MEO. As
expected, the lower concentration of MEO (2 wt %) was
found to be more aligned than the higher concentration MEO
(4 wt %) in the TPU matrix.

B SUMMARY

In summary, both high and low aspect ratio organosilicates
resulted in broadly enhanced mechanical properties of this
PDMS-based TPU system when added at 2 wt %. The low
aspect ratio organosilicate when added in 2 wt % was seen to
disperse and delaminate well in the TPU matrix, providing
additional hard domain connectivity and brought about
appreciable enhancements in tensile and tear strength and
also markedly improved creep resistance. However, in the case
of higher filler loadings (4 wt %), the hydrophobic low aspect
ratio organosilicates induced profound morphological changes
in the TPU microdomain texture, thus adversely effecting the
mechanical properties of the E5-325 TPU. This can be seen
from a dramatic increase in soft microphase transition
temperature and profound stiffening effect. Thus, it is proposed
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that the hydrophobic low aspect ratio organosilicate acts as a
very potent interfacial compatibilizer, which can effectively alter
the morphological response of the TPU to deformation but
needs to be introduced carefully in order to exploit its full
utility.
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ABSTRACT: Studies of the physical properties of the
cocured networks formed from three similar dicyanate ester
monomers revealed a number of unexpected variations from
simple linear mixing rules. These variations shed light on
important synergistic effects in cocured thermosetting net-
works and their possible causes. The monomers utilized were
the dicyanate esters of Bisphenol A (BADCy) and Bisphenol E
(LECy) and the silicon-containing analogue of Bisphenol A
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(SiMCy). The most important of the synergistic effects was a decrease of ~25% in moisture uptake seen only in conetworks of
LECy and SiMCy. For all other systems, a clear relationship between moisture uptake and the number density of cyanurate rings
was observed. This relationship generally applies to many types of cyanate esters and gives an indication of the importance of
specific sites (as opposed to free volume alone) in moisture uptake. Numerous additional examples of nonlinear mixing relations
were observed in the glass transition temperature, density, and thermochemical stability of fully cured networks. Interestingly, the
most widespread deviations from linear behavior were observed for conetworks of SiMCy and LECy, suggesting that factors such
as the mismatch in network segment size may be more important than differences in flexibility or symmetry in driving significant

physical interactions among conetwork components.

B INTRODUCTION

Cyanate ester resins' ~* have gained increasing prominence as
“next generation” thermosetting monomers used as adhesives
and composite resins in a wide range of high-performance aero-
space,” electronics,”” and alternative energy® applications. The low
toxicity, low shrinkage, and low generation of volatiles during
thermal cure of cyanate esters (primarily via cyclotrimerization) to
form polycyanurates, along with the ability to be used in fabri-
cation processes as varied as filament winding,’ resin transfer
molding,'*™"* and nanostructure casting,"> make polycyanurates
highly attractive for commercial product development. In addition,
the highly selective nature of the cure reaction,"*'* along with the
ease of detection of both the extent of cure and side reactions in
the solid state,' make cyanate esters especially useful in funda-
