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1 | INTRODUCTION these design parameters influence material properties,” "'
leading to applications in viscosity modification,'*"?
Graft copolymers are a useful class of advanced materials  thermoplastic elastomers,'*"® photonics,”>>* pressure

24,25 26-28

with properties that can be precisely tuned by modifying  sensors,** 3D printing, and polymer composites.
the backbone and side chains.'> Numerous experimental The development of this diverse range of graft-
and computational studies have yielded insights into how  copolymer-based materials has been enabled by controlled
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polymerization techniques along with grafting-to,”*"° | )
grafting-through,*”*° or grafting-from*'~° methodologies W /kSi\/OHSi\ OH/

to attach the requisite side chains. The grafting-from X y

method, in combination with atom-transfer radical poly- o]

merization (ATRP), is of particular interest due to the
broad range of vinyl-based polymer side chains that can be
synthesized from a initiator-functionalized parent back-
bone. Key to this versatility is the compatibility and stability
of the ATRP process towards siloxanes.**>">* The resulting
graft copolymers with siloxane backbones are broadly desir-
able because of the unique properties imparted by flexible
and thermally stable Si—O—Si bonds.>>>’

Several research groups have reported the synthesis
of graft copolymers with siloxane backbones using con-
trolled radical polymerization.’® ®° However, these stud-
ies are limited to low grafting densities and modest
backbone molecular weights due to the prevalence of
radical-radical coupling reactions that lead to crosslinked
gels.®! Despite these limitations, researchers have devel-
oped unique applications for graft copolymers with silox-
ane backbones including water-repellant pigment
dispersants and thermally stable liquid-crystalline poly-
mers.>®* A versatile synthetic platform that provides
access to a wider range of PDMS graft copolymers with
high molecular weights and tunable grafting densities
would therefore provide unique access to libraries of
PDMS-based materials for identifying novel structure-
property relationships, bridging the gap between linear
block copolymers and polymeric bottlebrushes.

Herein, we report the development of a versatile meth-
odology for preparing PDMS-based graft copolymer librar-
ies with tunable molecular weights and grafting densities
(Scheme 1). This strategy leverages robust thiol-ene click
chemistry to quantitatively functionalize commercially
available polydimethylsiloxane-co-polyvinylmethylsiloxane
(PDMS-co-PVMS) with thiol-containing ATRP initiators.
Subsequent chain growth of methyl methacrylate (MMA)
and styrene (S) was performed using copper(I)-catalyzed
ATRP, yielding graft copolymers with tunable mole-
cular weights and grafting densities as evidenced by
selective degradation experiments. Numerous polyacrylate
grafts were prepared using copper(Il)-catalyzed, UV-
light-induced ATRP to demonstrate the broad applicability
of this approach to a wide variety of graft copolymers and
polymerization conditions. This synthetic strategy enables
the preparation of high molecular weight materials
(>1 MDa) with versatility further illustrated through the
incorporation of mixed thiols during PDMS backbone
functionalization. In summary, the methodology described
herein provides access to an expanded library of PDMS-
based graft copolymers and highlights the potential to
readily manipulate material properties like solid-state
fluorescence.
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SCHEME 1 General synthetic strategy for preparing siloxane-

based macroinitiators and corresponding graft copolymers.

2 | RESULTS AND DISCUSSION

In designing a versatile synthetic strategy, PDMS-co-
PVMS copolymers were selected as starting materials
given the wide range of molecular weights and levels of
backbone functionalization that are commercially avail-
able. PVMS content was determined using 'H NMR
by comparing the integration values of the unique
methyl resonances for dimethylsiloxane repeat units at
6 = 0-0.3 ppm to the integration values for the distinct
vinyl protons from vinylmethylsiloxane repeat units at
6 = 5.7-6.1 ppm. For thiol-ene coupling, 2-mercaptoethyl
a-bromoisobutyrate (HS-EBiB) was synthesized by
acylation of bis(2-hydroxyethyl)disulfide followed by
reduction of the disulfide to give the desired thiol group
(Schemes S1 and S2, Figures S1 and S4). Quantitative
functionalization was achieved for PDMS-co-PVMS
copolymers ranging from 17 to 225 kDa and a wide range
of grafting densities (1-50 mol% PVMS incorporation,
Scheme S3, and Figure S5). For the initial library of
PMMA graft copolymers, polymeric side chains were
grown from the siloxane backbone through copper(I)
ATRP using CuBr as the catalyst and N,N,N,N’,
N'-pentamethyldiethylenetriamine (PMDETA) as ligand
in chlorobenzene (Scheme S5). This reaction sequence
affords a range of samples denoted PDMS,-g,-PMMA,
where x refers to the PDMS backbone molecular weight
(in Da), y represents the number of grafts, and
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z corresponds to the average PMMA molecular weight
per graft (in Da). Figure 1 demonstrates the successful
synthesis of PDMS macroinitiator and subsequent MMA
polymerization to produce PDMS,gx-g35-PMMA 5.
Because highly branched macromolecules like
PDMS,5i-g35-PMMA,gc  have a significantly smaller
hydrodynamic radius compared to linear analogues, 'H
NMR spectroscopy proved to be more reliable than size-
exclusion chromatography (conventional calibration) for

estimating molecular weights. The introduction of

PMMA-grafted arms was confirmed using "H NMR spec-
troscopy (Figure 1) with the diagnostic resonance of the
methyl ester protons of the MMA repeat units observed
at § = 3.6 ppm. Furthermore, the H atoms corresponding
to —CH, and —CHj3; units along the PMMA backbone are
present at 6 = 1.7-2.1 ppm and é = 0.7-1.1 ppm, respec-
tively (Figure S6). To calculate the total PMMA molecu-
lar weight, the ratio of "H NMR integration values for the
methyl ester group from PMMA to the methyl groups
along the siloxane backbone was calculated with the
assumption that the molecular weight of the siloxane
backbone remained constant. For the graft copolymer
PDMS,5i-835-PMMA i, the ratio of MMA to DMS pro-
tons was 8.5:1 which leads to a total calculated molecular
weight of ~700 kDa. The side-chain molecular weight
was determined assuming equivalent reactivity of each
ATRP initiating unit, resulting in an average 20 kDa per
PMMA grafted arm.

Size-exclusion-chromatography (SEC) with a differen-
tial refractive index (dRI) detector was used to investigate
changes in nominal molecular weight and molar mass
distribution upon functionalization of PDMS-co-PVMS
with HS-EBiB and subsequent polymerization of MMA
(Figure 2). After attaching the ATRP initiator, the SEC peak

{

PDMS-co-PVMS

{

ASUDIIT SuOWWO)) dANLAI) d[qeardde ayy £q PauIdAOS a1k sa[o1IE V() oSN JO $a[NI 10j AIeIqiT duljuQ) AJ[IA UO (SUOHIPUOD-PUB-SULIA)/WOY" KA[1M* A1eiqi[out[uo//:sdiy) suonipuoy) pue suuo ] o) 998 [£70/01/01] uo Areiqy surjuQ Ld[IA ‘eleqieg ejues ‘eruojije)) JO AISOAIUN £q $190£202'10d/2001°01/10p/wod KoM A.

PDMS,g,-g45-Br

Normalized dRI

PDMS g-935-PMMA,

6 7 8 9 10
Retention time (min)

FIGURE 2 SEC traces of PDMS-co-PVMS (28 kDa, 35 vinyl
units) starting polymer, macroinitiator PDMS,gx-g35-Br, and graft
copolymer PDMS,g-g35-PMMA, . The dRI signal for PDMS-co-
PVMS and PDMS,g,-g35-Br are inverted for better comparison.

shifts slightly to a higher elution time due to the addition of
sterically bulky, polar substituents along the siloxane back-
bone that lead to a minor reduction in hydrodynamic vol-
ume. Upon polymerizing MMA, the SEC peak for the
grafted product was observed at significantly lower reten-
tion time, confirming the successful grafting-from polymeri-
zation of MMA with minimal to no formation of linear
homopolymer chains (Figures 2 and S21-S28).
Radical-radical coupling that leads to crosslinking is
a known challenge in grafting-from strategies, frequently
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resulting in insoluble gels due to bimolecular termination
of propagating polymer chains.®* This is especially signifi-
cant for graft copolymers with a high number of initia-
tion sites along the backbone where even minimal
radical-radical coupling can form a network. For exam-
ple, traditional conditions were only successful for low
molecular weight copolymers with up to 35 grafts,’” and
insoluble gels were obtained for samples having higher
levels of backbone functionalization at conversions as
low as 15%. To address this issue, polymerization condi-
tions were optimized to minimize radical-radical cou-
pling reactions at high grafting densities and molecular
weights. Here, by lowering the catalyst and monomer
concentrations while increasing reaction temperature,
higher conversions were achieved while avoiding gela-
tion allowing for the synthesis of graft copolymers based
on a wide variety of PDMS-co-PVMS starting polymers
featuring both high molecular weights and high degrees
of backbone functionalization (Table 1).

To further demonstrate the synthetic versatility of this
strategy, styrene and acrylic monomers were also poly-
merized from the PDMS,g-g35-Br macroinitiator. As
expected for styrene polymerization at 110 °C, a minor
amount of autopolymerization leads to a small peak in
the SEC chromatogram that corresponds with polysty-
rene homopolymer (Figure S29). In contrast, acrylates
are readily polymerized via photoinitiated ATRP using

TABLE 1 Summary of synthesized grafts copolymers.

Siloxane

Sample M, (kDa)
PDMS1 -85 - PMM A 17
PDMS;7-8>3-PMMA 41 17
PDMS;3x-83.3-PMMA 5 23
PDMS,g1-g35-PMMAoox 28
PDMSso-8300-PMMA 4 50
PDMSsox-8300-PMMA 14 50
PDMS,»5-2350-PMMA 11 225
PDMS,55-8350-PMMA 51 225
PDMS;55x-8350- PMMA, 7 225
PDMS;;5x-8350- PMMAggi 225
PDMS;51-835-PS23x 28
PDMS;gk-835-PMA1 7k 28
PDMS;55x-8350- PM Ak 225
PDMS;;5x-8350- PMAgsk 225
PDMS,gx-g35-PiBAsok 28
PDMS,g-g35-PTFEA g1 28
PDMS,g-235-POEG Asor 28

3Calculated based on '"H NMR.

copper(Il) bromide as catalyst and an aliphatic tertiary
amine (MegTren) ligand under 365nm irradiation
(Figure S6). These conditions efficiently polymerize numer-
ous acrylates®®® with poly(methyl acrylate) (PMA),
poly(oligoethyleneglycol acrylate) (POEGA), poly(isobornyl
acrylate) (PiBA), and poly(tetrafluoroethyl acrylate)
(PTFEA) successfully grown from the same PDMS macroi-
nitiator, highlighting the ability to incorporate hydrophilic,
hydrophobic, and fluorinated repeat units into PDMS-
based graft copolymers (Figures S7-S11). Notably, in con-
trast to MMA, acrylates can be polymerized to higher con-
versions ~70% without gelation, though the SEC traces
showed increased homopolymerization (Figures S29-S34).
After demonstrating the versatility of preparing
grafted macromolecules from ATRP-functionalized
PDMS backbones, thermal properties of the resulting
copolymers were characterized via differential-scanning
calorimetry (DSC). In all cases, the DSC profiles were
dominated by the vinyl grafts as they constitute most of
the mass fraction for each material.®*”! For example, the
DSC trace of macroinitiator PDMS,g,-g35-Br shows a
sharp decrease in heat flow around —110 °C correspond-
ing to the glass-transition temperature (T,) of PDMS
(Figure S35). Following grafting, each copolymer dis-
played a T, value corresponding to that expected for a
homopolymer of the side chain with values ranging from
~110 °C for PMMA to —70 °C for POEGA. Note that

Number Graft M, Total M,
of grafts® (kDa per graft)® (kDa)?*
2.3 20 63

2.3 41 111

3.3 15 73

35 20 730

300 4 1300
300 14 4000
350 1 580

350 5 2000
350 17 >5000
350 68 >5000
35 23 830

35 17 620

350 22 >5000
350 65 >5000
35 40 1400

35 18 660

35 20 730
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these materials conceivably could still contain a T, corre-
sponding to PDMS that is just much weaker, broader,
and difficult to detect due to the high weight percent of
acrylate repeat units. Additionally, POEGA grafted sys-
tems exhibited a cold crystallization at —45°C and a
melting peak at —5 °C (Figure S36).

To verify the controlled nature of grafting-from poly-
merizations, graft copolymers were treated with tetrabu-
tylammonium fluoride (TBAF) to selectively degrade the
PDMS backbone (Scheme S7). The resulting homopoly-
mer side-chains were isolated by precipitation (for high
molecular weights) or by washing with water for low-
molecular-weight materials. Figure 3 highlights degrada-
tion results for PDMS,5i-g35-PMMA . which illustrate
minimal chain-chain coupling during the ATRP process.
The symmetrical SEC trace measured after degradation
corresponds to a molecular weight of 24 kDa with a
molar-mass dispersity of D = 1.18 relative to poly(methyl
methacrylate) standards. This compares favorably with
the theoretical molecular weight of 20 kDa based on the

o} (@]
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........ PMMA24K

Normalized dRI
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FIGURE 3 (A) Selective backbone degradation of PDMS-based
graft copolymers with TBAF permits characterization of the side
chains after grafting-from polymerization. (B) SEC traces
corresponding to PDMS,gk-g35-PMMA,o and recovered PMMA 4
with a measured number-average molecular weight of 24 kDa
(PMMA standards).

original grafted copolymer and PDMS backbone. Like-
wise, most graft copolymers in this study contain side
chains with actual molecular weights agreeing closely
with theoretical values (Table 2). Notably, these observa-
tions suggest that the bimodal character of some SEC
traces after graft growth (e.g., Figures S21 and S22) origi-
nates from a confluence of dispersity in the number of
arms per molecule and molar mass, not an uncontrolled
graft polymerization process. Only at very high grafting
density was deviation between the observed grafted and
theoretical molecular weights detected, which may be
due to incomplete initiation, although low dispersities
were again observed (Figures S37-S49). These selective
degradation studies support the well-controlled nature of
the graft polymerization process with minimal radical-

TABLE 2 Molecular weight and dispersity of isolated grafted
side-chains following degradation of the PDMS backbone
with TBAF.

Calculated
side-chain Homopolymer

Sample M, (kDa)* M, (kDa)® 2]

PDMS;17x-82.3- 21 33 1.31
PMMA, 1

PDMS,5k-g35- 20 24 1.18
PMMA 5ok

PDMSso-8300- 4 4 1.30
PMMA 4

PDMSs50x-8300 14 26 1.32
PMMA 4

PDMSzz5k-g350- 1 3 1.31
PMMA

PDMS;;5¢-8350 5 8 1.39
PMMA 5

PDMSZZSk‘g:SSO_ 17 21 1.17
PMMA 7«

PDMS,,5k-8350 68 67 1.36
PMMAggi

PDMS,gx-g35- 23 25 1.20
PSy3k

PDMstk-g35- 17 16 1.19
PMA 7

PDMS,55k-8350- 22 20 1.15
PMA

PDMSZZSk‘g:&SO_ 65 43 1.36
PMAgsk

PDMS,gx-g35- 40 23 1.10
PiBA4ok

ACalculated based on '"H NMR.
SEC molecular weights compared to linear PMMA standards for PMMA
and to linear PS samples for PS, PMA, and PiBA.
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radical coupling even at high molecular weights and high
grafting densities.

An advantage of this synthetic platform is the ability
to introduce a mixture of functionalized and unfunctio-
nalized thiols along the PDMS backbone. For example,
grafting density was tuned by functionalizing a single
parent PDMS-co-PVMS copolymer with mixtures of the
thiol-functionalized ATRP initiator (HS-EBiB) and
1-dodecanethiol (DDSH) as a non-functional diluent. As
illustrated in Scheme 2, a library of materials with differ-
ent grafting densities was achieved by changing the
molar ratio of HS-EBiB to DDSH from 1:9 to 1:4 and 2:3
during the thiol-ene coupling step. In this case, the start-
ing PDMS-co-PVMS copolymer had a molecular weight
of 225 kDa with an average of 350 vinyl functional groups
along the backbone.

For this library of materials, the ratio of substituents
along the backbone was determined by 'H NMR spec-
troscopy (Figures S50-S52) with the incorporation of
functionalized and unfunctionalized thiols quantified by
integrating the unique resonances at § = 2.7 ppm and
6 = 2.5 ppm corresponding to the two S—CH, units of
the ATRP initiator fragment and the two S—CH, units
of the dodecyl substituent, respectively (Figure 4). In all
cases, the product composition corresponded closely with
the feed ratio. Additionally, unique resonances at
4.3 ppm corresponding to the ATRP initiator are present
and integrate to the expected values. By simply varying

o
HS.
\/ﬁ’h) HS\/\O)§<
Diluent Initiator {—é

Thiol-ene click

/Rsli%);és‘%%

40% Initiator
60% Diluent

20% Initiator
80% Diluent

10% Initiator
90% Diluent

SCHEME 2
DDSH using the same starting PDMS-co-PVMS copolymer.

W

© WA

Synthesis of PDMS macroinitiator with a tunable number of ATRP initiation sites by varying the ratio of HS-EBiB to

the relative ratio of EBiB and DDSH, three macro-
initiators were synthesized from the same commercially
available 225 kDa PDMS-co-PVMS polymer to produce
macroinitiators with approximately 35, 80, and
140 ATRP initiation sites per chain (out of a possible
350 vinyl groups). As shown in Figure S53, the SEC
traces of these macroinitiators exhibit a monotonic
increase in retention time with increasing EBiB functio-
nalization that is fully consistent with the shift
described above for PDMS,g,-g35-Br. PMMA side chains
with a target molecular weight of 20 kDa were grafted
from each of the PDMS macroinitiators in this sequence
using optimized ATRP conditions: 0.25:1 molar ratio of
CuBr to PMDETA and a 4:1 volume ratio of chloroben-
zene to monomer at 70 °C. After purification of the
graft copolymers, 'H NMR spectroscopy was used to
determine overall copolymer composition with molecu-
lar weights measured to be ~3 MDa, 1.6 MDa, and
840 kDa based on 140, 80, and 35 grafted arms, respec-
tively. As expected, the SEC traces in Figure 5A show a
decrease in retention time as the number of grafts
increases due to the increase in overall molecular
weight. The siloxane backbone was then selectively
degraded using TBAF with the isolated grafted arms
being analyzed by SEC (Figure 5B). Significantly, the
grafted arms from the three different starting copoly-
mers were shown to have monomodal molecular weight
distributions with low dispersities of ~1.2 and similar
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FIGURE 4 'H NMR spectra for PDMS macroinitiators with y
the thioether peaks of each substituent labeled and quantified to L L L L L
show the ratio of functional EBiB units to non-functional DDSH 8 7 _ 8‘ 9‘ 10
groups. The resulting macroinitiators have 140, 80, and 35 ATRP Retention time (min)
initiation groups along the backbone and were synthesized from
FIGURE 5 (A) SEC traces of graft copolymers with tunable

the same starting materials by varying the ratio of thiols.

molecular weights based on PMMA standards (~20 kDa).
The similarity in growth profiles for the grafting
process illustrates the ability to tune molecular weight and
grafting density with vinyl-based grafts based on a com-
mercially available, high molecular weight PDMS starting
polymer.

To further highlight the ability to introduce differ-
ent thiols, a mixture of EBiB and a thiol-containing
fluorophore was attached to a PDMS backbone
(Figure 6A). Due to the overlapping absorbance of
2,2-dimethoxy-2-phenylacetophenone (DMPA) and the
fluorophore, the thiol-ene click reaction was performed
under thermal conditions using azoisobutyronitrile
(AIBN). A molar ratio of 95:5 HS-EBiB:7-mercapto-
4-methylcoumain was employed during thiol-ene cou-
pling with 'H NMR spectroscopy again confirming the
incorporation of 4-methylcoumarin units (Figure S57).
In this system, unique resonances of the methylcou-
marin unit were observed for the thioether peak
(6 = 3.1 ppm) as well as the methyl unit (§ = 2.3 ppm)
and aromatic group (6 = 6.2, 7.1, and 7.4 ppm). Based
on the integration of these resonances and those from
EBIB, the molar incorporation of fluorophore was cal-
culated to be 4%, which compares favorably with the 5%
feed ratio (Figure S58). Further verification of

grafting density and controlled molecular weights starting from the
same commercially available vinyl siloxane. (B) Recovered linear
PMMA grafts after selective degradation of the graft copolymer
with TBAF.

fluorophore incorporation was obtained by SEC analy-
sis using a combination of photodiode array (PDA) and
dRI detection (Figure S59), illustrating the consistent
level of chromophore incorporation across the molecu-
lar weight distribution of the PDMS backbone
(Figure S60).

Growth of PMMA chains from the coumarin functio-
nalized PDMS backbone was accomplished using a ratio
of 0.25:1 CuBr to ATRP initiator and a 4:1 volume
ratio of solvent to monomer at 70 °C. By '"H NMR analy-
sis, the grafted copolymer was shown to have a total
molecular weight of ~300 kDa with ~8 kDa PMMA
grafted arms. Both PDA and dRI detectors attached to
an SEC show a shift to lower retention time, corre-
sponding to an increase in molecular weight
(Figures S60-S62). As expected, the graft PMMA-PDMS
copolymer with covalently bound fluorescent coumarin
along its backbone exhibits a strong absorbance at
330 nm while the corresponding graft copolymer with
no fluorophore incorporation shows no absorbance
(Figure 6B) leading to a significant difference in solid-
state fluorescence (Figure 6C).
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3 | CONCLUSIONS

In summary, a tunable synthetic platform is presented
for the preparation of high molecular weight PDMS-g-
PMMA graft copolymers from commercially available
PDMS-co-PVMS backbones. Numerous vinyl groups
along the backbone were quantitatively functionalized
with HS-EBiB using thiol-ene click chemistry followed
by the polymerization of a wide range of vinyl monomers
using ATRP. This allows grafted arms with good control
over molecular weight and low dispersities to be pre-
pared. Importantly, selective backbone degradation
enabled the isolation and characterization of linear
grafted arms, further highlighting the degree of control
over the ATRP process and minimal radical-radical
chain coupling even at high molecular weights and high
degrees of backbone functionalization. The versatility of
this strategy was further exemplified using mixtures
of thiols during the initial thiol-ene functionalization
step. A combination of EBiB and dodecane thiol (DDSH)
as a non-functional thiol allowed for accurate control
over the number of ATRP initiation sites per siloxane
backbone and tuning of grafting density from a common
starting PDMS derivative. Alternatively, a mixture of
EBiB and thiol-functionalized fluorophore was used for
the synthesis of multifunctional graft copolymers exhibit-
ing solid-state fluorescence due to selective labeling of
the PDMS backbone. Based on commercially available
starting materials, the versatility and scalability of this

FIGURE 6 (A) Synthetic
scheme for graft copolymers
with a siloxane backbone and

/ o an attached fluorophore with
PMMA graft arms. (B) Light
absorbance at 330 nm measured
with an in-line PDA detector at
the retention time
corresponding to the peak dRI
signal for a PDMS-g-PMMA
copolymer with and without a
fluorophore. (C) Images of graft
: copolymers with and without a
» covalently attached fluorophore
under visible light (top) and
254 nm light (bottom).

B & i

5t

synthetic strategy will enable future studies on graft
copolymer systems with vinyl polymer side-chains and
flexible siloxane-based backbones.
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