Polymer
Chemistry

emi

Accepted Manuscript

[

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Polymer
Chéemistry

vawrsc org/potymers

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

~

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/polymers


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 14 Polymer Chemistry

Graphical Abstract:

Extent of intramolecular cyclization in RAFT-synthesized

methacrylic branched copolymers using BC NMR spectroscopy

J. Rosselgong and S. P. Armes*

Intramolecular ; : Intermolecular

. : \ branch
! PMMA -DSDMAs ¢ 0
[MMA], =10 wt.%

# 1
i ! d
\ 7x : 1 N
o o 0 MMW PMMA;-DSDMAq 55 HzC—C{lz
% o : [MMA|, =50 wt.%
I | Lo
! i

S—S,

H, CH,

/ e

o 65 6242 g ,i’%/«w
o J (ppm)

Tz O—<
v



Polymer Chemistry Page 2 of 14
Extent of intramolecular cyclization in RAFT-synthesized methacrylic branched copolymers

using *C NMR spectroscopy

J. Rosselgong and S. P. Armes”

Department of Chemistry, University of Sheffield,
Brook Hill, Sheffield, South Yorkshire, S3 7HF, UK.

Abstract.

Recently, we reported using *H NMR spectroscopy to assess the degree of intramolecular cyclization in a
series of soluble methacrylic branched copolymers (see J. Rosselgong and S. P. Armes, Macromolecules, 2012,
45, 2731-2737). The key to success in addressing this long-standing problem in polymer science was the
selection of a suitable disulfide-based dimethacrylate as the branching comonomer, which was statistically
copolymerized with methyl methacrylate using reversible addition-fragmentation chain transfer (RAFT)
polymerization. In this earlier work, estimation of the degree of intramolecular cyclization required peak
deconvolution of the relevant thiamethylene proton signals. In the present work, we show that quantitative $3C
NMR spectroscopy can also be utilized to determine the intramolecular cyclization for the same series of
methacrylic copolymers via peak deconvolution of the oxymethylene carbon signals. Although this technique
requires long spectral accumulation times, it offers superior resolution compared to *H NMR spectroscopy

and hence may ultimately enable this analytical approach to be applied to less esoteric divinyl comonomers.

* Author to whom correspondence should be addressed (s.p.armes@sheffield.ac.uk).
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Introduction

Over the past few decades, 3C NMR spectroscopy has been demonstrated to be a versatile characterization
tool in polymer science.!™*’ For example, the extent of long-chain branching has been assessed during the free
radical solution polymerization of n-butyl acrylate, vinyl acetate or 2-ethylhexyl acrylate.? 1% 14 Related studies
conducted under emulsion polymerization conditions have implications for the grafting mechanism of
polymeric stabilizers, which confer colloidal stability on the resulting latexes. More recently, this approach
has been extended to include branching of n-butyl acrylate via living radical polymerization.™ 7 13C NMR
has also been used to assess the oxidative degradation of polymers such as poly(ethylene oxide) and
poly(propylene oxide).® It has also proven to be a valuable tool for assessing monomer reactivity ratios'* and
comonomer sequences,’® as well as assessing the extent of hydration of biomacromolecules*? and micelle-
forming block copolymers.’>® However, *C NMR spectroscopy is rather less convenient than *H NMR
spectroscopy because the natural abundance of the former isotope is relatively low, which necessitates
relatively long spectral accumulation times to ensure an acceptable signal-to-noise ratio. This problem is
exacerbated if quantitative information is required, because delay times of up to twenty seconds are required
between each spectrum to ensure that complete nuclear relaxation has occurred. Nevertheless, *C NMR
remains attractive since it offers significantly higher spectral resolution than *H NMR. In principle, this is
particularly useful when working with polymers, since their spectra are generally characterized by relatively

broad signals.

Recently, we reported the use of *H NMR spectroscopy to assess the extent of intramolecular cyclization in
soluble branched methacrylic copolymers prepared via reversible addition-fragmentation chain transfer
(RAFT) polymerization according to the synthesis route shown in Figure 1.1® Although intramolecular
cyclization had been studied both theoretically®® 2° and experimentally?! for various non-linear copolymer
systems, our study provided the first spectroscopic evidence that this side reaction is favored when a
monovinyl monomer is statistically copolymerized with a divinyl comonomer in dilute solution, whereas
intermolecular branching is much more likely to occur when the same copolymerization is conducted in
concentrated solution. In terms of the basic polymer physics, this is because intermolecular branching is
unlikely to occur unless the growing polymer chains are above their critical overlap concentration, ¢*.2? The
key to tackling this long-standing problem in polymer science was the judicious selection of a suitable
disulfide-based dimethacrylate branching comonomer (DSDMA, structure shown in Figure 1). The unusual
dihedral angle of the S-S bond ensures that the two pairs of adjacent thiamethylene protons are relatively
sensitive to their local environment. In addition, the choice of methyl methacrylate as the monovinyl monomer
was also important since this minimized overlapping NMR signals in the spectral region of interest. When
targeting one fully reacted DSDMA per copolymer chain, it was found that, only approximately half of these

comonomer units actually produced intermolecular branching, with the remainder being ‘wasted’ in the form
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of intramolecular cycles. Thus our data allowed the apparent conflict between classical gelation theory (which
predicts that gelation should occur for just 0.50 fully-reacted divinyl comonomer units per primary chain)?
and many recent experimental studies (which indicate that at least one fully-reacted divinyl comonomer unit
per primary chain is required for gelation)?® 2% to be finally resolved. However, even a conservative
interpretation of the *H NMR spectra required peak deconvolution of complex spectral envelopes, which was
only made possible by the fortuitous availability of appropriate model compounds in the literature.3® 3" In
principle, this complex spectroscopic problem may be simplified by using **C NMR spectroscopy rather than
'H NMR spectroscopy, since the former technique offers much higher resolution. In the present work, we
examine the use of 3C NMR spectroscopy to validate our earlier *H NMR study, with the ultimate aim of

extending this spectroscopic approach to include other less esoteric divinyl branching comonomers.

Experimental

Branched copolymer syntheses
Detailed protocols for the synthesis of the various branched copolymers described in this manuscript have

been recently reported elsewhere.?? 26

13C NMR spectroscopy

All C NMR spectra were recorded at 125.75 MHz using a Bruker 500 MHz spectrometer at 328 K at a
copolymer concentration of 200 mg.mL™ in CDCls using a relaxation decay time of 20 s and averaged over
10,928 scans. 13C NMR spectra of the branched copolymers were analyzed using Topspin 2.1.6 software
(Bruker Biospin). The relatively broad and complex **C NMR signals corresponding to the two oxymethylene
carbons (-O-CH>-CH»-S-S-: 62.42 ppm) due to the fully reacted DSDMA residues were deconvoluted using
a Lorentzian fit. This involves fitting a Lorentzian function to each sub-peak within the spectral envelope so
as to determine their respective areas, chemical shifts and widths (in ppm). This peak deconvolution protocol
required three parameters: (i) the minimum intensity (min int) of the smallest sub-peak, (ii) the detection
sensitivity (det sens) and (iii) the width overlap factor (ov fac) between adjacent sub-peaks. For the first
iteration, these three parameters were always fixed as follows: min int = 0, det sens = 0.50, ov fac = 0.10. This
routine typically generated a large number of sub-peaks with relatively weak intensities, most of which can
be suppressed if the min int and the det sens parameters were then adjusted to obtain a more realistic (i.e.
minimal) number of sub-peaks. For this Lorentzian line-shape fitting protocol, the oxymethylene carbons were
observed at 62.42 ppm (with a peak-width of 0.05 ppm) in every case. A conservative approach was adopted
for our peak deconvolution analysis: rather than attempting to assign the various individual intramolecular
cycles, we simply focused on assessing the extent of intermolecular branching relative to the of intramolecular
cyclization event (see Table 1). The experimental error incurred in determining the relative amount of

intermolecular branching was estimated by systematically varying the min int parameter from zero up to a
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value that afforded a reasonable number of sub-peaks (no more than ten) and an acceptable fit to the original
spectrum. Intermolecular branching was attributed to a Lorentzian sub-peak centred at & 62.42 ppm within the

oxymethylene carbon spectral region.

Results and Discussion

Synthesis of soluble branched copolymers at various initial monomer concentrations

Recently, we reported the statistical copolymerization of methyl methacrylate (MMA) with varying amounts
of the DSDMA branching comonomer using reversible addition-fragmentation chain transfer (RAFT)
polymerization.?> 2 Three additional branched copolymers were prepared for the present study under the
following conditions: (i) in the bulk (i.e. [MMA]o = 100 wt.%); (ii) at [MMA]o = 75 wt.% and (iii) at [MMA]o
= 10 wt.%. The first and third of these copolymer samples had precisely the same targeted copolymer
composition of PMMAs,-DSDMAoss. Given an estimated RAFT CTA efficiency of around 90%,% this

produced the actual branched copolymer compositions summarized in Table 1.

Quantitative assessment of the relative extents of intramolecular cyclization and intermolecular
branching by peak deconvolution of 1*C NMR spectra

Compared to 'H NMR spectroscopy, *C NMR spectroscopy offers potentially a more universal approach
since its greater inter-peak resolution should enable extension to include other combinations of monovinyl
monomers and divinyl branching agents.?’% %2-35 |n our original *H NMR study,® our spectral assignments
were considerably aided by the relatively simple copolymer spectra that resulted from the fortuitous
combination of MMA monomer, DSDMA branching agent and CDB chain transfer agent, as well as the
existence of nearly ideal cyclic model compounds available in the literature.®® 3" In the case of almost any
other monovinyl methacrylic monomer, such *H NMR assignments would have been highly problematic due
to the likelihood of overlapping signals arising from the monovinyl and divinyl comonomer residues. For
example, the proton signals from, say, ethylene glycol dimethacrylate would be all but indistinguishable when
copolymerized with, for example, ethyl methacrylate. However, the greater range of chemical shifts observed
for 1¥C NMR spectroscopy significantly reduces the probability of overlapping signals. However, this
technique is limited by its inherently low sensitivity, since the natural abundance of the *C isotope is two
orders of magnitude lower than that of the H isotope. In principle, this problem can be overcome by
accumulating a sufficiently large number of scans to enhance the spectral signal-to-noise, stipulating a
sufficiently long relaxation time between each pulse and utilizing a high field spectrometer (see Experimental

section for further details).
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Unfortunately, no *C NMR spectra were reported by Hawker and co-workers for their cyclic disulfide
monomer and corresponding copolymer, which proved to be highly convenient model compounds for our
previous *H NMR spectroscopy studies.®® 37 Nevertheless, in their analysis of cross-linked copolymers,
Borbély et al.'® stated that the oxymethylene signals of copolymerized ethylene glycol dimethacrylate units
appear at 60 to 64 ppm. Figure 2 compares (i) linear PMMAss homopolymer prepared in the absence of any
DSDMA comonomer and (ii) the series of PMMAs3-56-DSDMAx copolymers prepared at [MMA]o = 10, 30,
50, 75 and 100 wt. % in the presence of increasing amounts of branching comonomer (i.e. 0.56, 0.68, 0.95,
1.70, 3.43 or 5.68 DSDMA units per primary chain). These DSDMA repeat units in the branched copolymer
13C NMR spectra give rise to characteristic oxymethylene carbon signals in the 61-66 ppm region and
thiamethylene carbon signals in the 35-40 ppm region. If it is assumed that the formation of intramolecular
cycles affects the 3C NMR chemical shift in the same way as the *H NMR chemical shift,!8 i.e. that signals
due to intramolecular cycles are shifted to higher ppm compared to the intermolecular branches, then the
chemical shift due to the intramolecular cycles is at & 62.42 ppm (for -O-CH2-CH>-S-S-) and 6 36.28 ppm (for
-O-CH>-CH>»-S-S-), as indicated by the dashed green lines shown in Figure 2.

Our original *H NMR assignments proved to be an invaluable starting point for the present work. For example,
comparison of our *H NMR spectra with those of a cyclic disulfide monomer model compound and its
corresponding copolymer prepared via ring-opening polymerization suggested that the DSDMA signals due
to the intramolecular cycles should appear downfield relative to intermolecularly branched DSDMA repeat
units. This hypothesis was confirmed after careful inspection of the *H NMR spectra recorded for eight
PMMA-DSDMA branched copolymers prepared under various synthesis conditions (i.e. differing monomer
concentrations and DSDMA/CTA molar ratios).

Further information that can be extracted by comparing these seven spectra is the presence of a sharp signal
corresponding to the quaternary carbon of the CDB-derived end-group (Ph-CS-S-C(CHz).-Ph) at 37.81 ppm.
This feature is well-separated from the thiamethylene carbon signals for the PMMAs3.DSDMAo.95 copolymer
synthesized at 50 wt. %. However, for the copolymers prepared at 10 wt. %, which contain larger amounts of
cycles, this quaternary carbon peak overlaps with the sub-peaks that correspond to the intramolecular cycles.
In principle, the former signal can be used as an internal standard for quantifying the amount of DSDMA in
the copolymer. In practice, the presence of this additional feature in the thiamethylene carbon region

significantly complicates the peak deconvolution analysis.

Figure 3 shows the deconvoluted *C NMR spectra of the seven branched copolymers presented in Figure 2.
Table 1 summarizes the extents of intramolecular cyclization estimated from peak deconvolution of the 3C
NMR spectra presented in Figure 3. All the sub-peaks that have not been identified as being due to

intermolecular branching are assumed to be due to intramolecular cycles, without specifying the precise nature
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of these cycles (i.e. the cycle size, whether primary or secondary cycles, etc.). The estimated experimental
errors in each case correspond to the difference in peak areas obtained for the signal assigned to the
intermolecularly-branched DSDMA units when conducting spectral deconvolutions using various fitting
protocols.

Table 1 summarizes the final comonomer conversions (> 95 % in all cases), molecular weights (Mw) and
polydispersities (Mw/Mn) obtained for the seven methacrylic branched copolymers examined in this study. In
each case the actual copolymer composition was close to that targeted, with minor discrepancies being
attributed to incomplete comonomer conversions and imperfect CTA efficiency. It is instructive to compare
entries 1 and 5 in Table 1. For these two syntheses, almost identical copolymer compositions of PMMAGss-
DSDMAos6 and PMMAss-DSDMAos9 were obtained, respectively. However, the former copolymer was
prepared in the bulk, which produces a highly branched copolymer with an My of 115,300 and an Mw/Ms of
9.73; 13C NMR analyses indicated a degree of intermolecular branching of 68 + 8 % in this case. In contrast,
the latter copolymer prepared at 10 wt. % is only very lightly branched: GPC analysis indicated an My of
7,900 and an Mw/M, of just 1.36, while the degree of intermolecular branching is estimated to be 31 £ 9 %.
Thus in this case the majority of the copolymerized DSDMA repeat units are present as intramolecular cycles,
rather than intermolecular branches. These striking differences illustrate the importance of the copolymer
concentration in determining the structure of such branched copolymers. To a zeroth order approximation, the
linear primary chains grow first (containing on average no more than one semi-reacted DSDMA comonomer).
Thus significant branching only occurs towards the end of the reaction as the pendent vinyl group of the semi-
reacted DSDMA comonomer begins to participate in the copolymerization. Whether this leads to
intermolecular branching or intramolecular cyclization depends on whether the growing copolymer chains are
above or below their critical overlap concentration (c*). For primary chains with a mean degree of
polymerization of 55, ¢c* has been calculated to be approximately 14.6 wt. %.22 Hence this conceptual
framework is fully consistent with the experimental observations and moreover explains why no macroscopic
gelation is observed even when targeting either three or five DSDMA comonomer units per primary
copolymer chain (see entries 6 and 7 in Table 1). In these latter two cases, 92-93% of the DSDMA comonomer
units participate in intramolecular cyclization, rather than intermolecular branching. It is also noted that, for
entry 4 in Table 1, *3C NMR analysis affords a very similar result to that obtained by *H NMR spectroscopy.
In the case of this highly branched PMMAse-DSDMA1.70 copolymer (Mw = 358 700; Mw/M, = 22.17), there
are approximately 0.59 intermolecular branches per primary copolymer chain as judged by *C NMR studies,
which is close to the 0.61 value calculated by *H NMR spectroscopy, as reported earlier.'

Overall, C NMR and *H NMR analyses yield similar degrees of intermolecular branching, see Table 1. In
particular, the additional two branched copolymer prepared at [M]o = 75 wt.% and 100 wt.% conform to the
anticipated general trend: the extent of intramolecular cyclization is significantly reduced for syntheses

conducted at higher copolymer concentrations (see penultimate column in Table 1). This is because
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interpenetration of the growing copolymer chains is much more likely under these conditions, which is a pre-
requisite for efficient intermolecular branching.'® However, there is an apparent discrepancy for the highly
branched PMMAs3-DSDMAo 95 copolymer prepared at 50 wt.% (see entry 3 in Table 1). This copolymer
exhibits a degree of intermolecular branching of 46 + 7 % as judged by *C NMR spectroscopy but 61 + 7
according to *H NMR spectroscopy. The reason for this apparent discrepancy is not known, but it is noted

that the difference is close to being within the estimated experimental errors.

Finally, the quaternary carbon assigned to the CDB-derived RAFT chain-end adversely affects spectral
deconvolution of the thiamethylene region. This is illustrated for the branched copolymer prepared at 50 wt. %
(see entry 3 in Table 1). In contrast, peak deconvolution of the oxymethylene carbon signals is relatively
straightforward and reproducible. Thus the latter spectral region is preferred for calculation of the mean degree
of intermolecular branching, with the degree of intramolecular cyclization being determined by difference.
The latter values are similar to those obtained from the *H NMR spectra, at least within experimental error
(see final column in Table 1). However, because of its very low abundance, 3C NMR has a relatively poor
signal-to-noise ratio compared to *H NMR, especially for the two spectral regions of interest. With the benefit
of hindsight, it is clear that if an aliphatic RAFT CTA had been used to prepare these branched copolymers
(rather than the aromatic CDB), it should be possible to analyze the thiamethylene carbon signals, in addition

to the oxymethylene spectral region.

Conclusions

13C NMR spectroscopy can be used to determine the degree of intramolecular cyclization in soluble branched
methacrylic copolymers. In the specific case of a disulfide-based dimethacrylate branching agent, the
oxymethylene carbon atoms are more amenable to analysis than the thiamethylene carbon atoms. In contrast,
when using 'H NMR spectroscopy it was found that the thiamethylene proton signal was more information-
rich than the oxymethylene proton signal. Generally speaking, these two spectroscopic techniques indicate
similar degrees of intermolecular branching, see Table 1. In particular, the additional two branched copolymer
prepared at [M]o = 75 wt.% and 100 wt.% follow the anticipated general trend: the extent of intramolecular
cyclization is significantly reduced for syntheses conducted at higher copolymer concentrations (see
penultimate column in Table 1). This is because interpenetration of the growing copolymer chains is much
more likely under these conditions, which is a pre-requisite for efficient intermolecular branching.*® Finally,
it is emphasized that, although 3C NMR spectroscopy requires relatively long accumulation times, its higher
resolution may offer some advantages compared to *H NMR spectroscopy, particularly when attempting to

generalize this method to include less esoteric branching comonomers.

Acknowledgments.

7|Page



Page 9 of 14 Polymer Chemistry

Mrs S. Bradshaw and Dr. B. Taylor are thanked for performing the 3C NMR experiments. EPSRC is
acknowledged for funding this work (Platform Grant EP/J007846/1). This material is available free of charge
via the Internet at http://pubs.acs.org. This study is dedicated to the memory of Marie-Dominique Rosselgong

Saint-Amans.

References

(1) F. Heatley and A. Begum, Polymer, 1976, 17, 399.

(2) G. Van der Velden and J. Beulen, Macromolecules, 1982, 19, 1071.

(3) F. Candau, Z. Zekhnini, Z. and F. Heatley, Macromolecules, 1986, 19, 1895.

(4) F. Heatley, Z. Luo, J. Ding, R. H. Mobbs and C. Booth, Macromolecules, 1988, 21, 2713.

(5) P. A. Lovell, T. H. Shah, and F. Heatley, Polymer Commun., 1991, 32, 98.

(6) F. Heatley, G. Yu, C. Booth and T. G. Blease, Eur. Polym. J., 1991, 32, 573.

(7) J. Godward, F. Heatley and C. Price, J. Chem. Soc. Faraday Trans., 1993, 89, 3471.

(8) G. Yu, A. J. Masters, F. Heatley, F. C. Booth and T. G. Blease, Macromol. Chem. Phys., 1994, 5, 1517.
(9) L. Yang, F. Heatley, T. G. Blease and R. I. G. Thompson, Eur. Polym. J., 1996, 32, 535.

(10) N. M. Ahmad, F. Heatley and P. A. Lovell, Macromolecules, 1998, 31, 2822.

(11) D. Britton, F. Heatley and P. A. Lovell, Macromolecules, 1998, 31, 2828.

(12) J. E. Scott and F. Heatley, PNAS, 1999, 96, 4850.

(13) E. Szuromi, M. Berka and J. Borbely, Macromolecules, 2000, 33, 3993.

(14) F. Heatley, P. A. Lovell and T. Yamashita, Macromolecules, 2001, 34, 7636.

(15) C. Farcet, J. Belleney, B. Charleux and R. Pirri, Macromolecules, 2002, 35, 4912.

(16) D. R. Holycross and M. Chai, Macromolecules, 2013, 46, 6891.

(17) S. A. Idris, O. A. Mkhatresh and F. Heatley, Polymer International, 2006, 55, 1040.

(18) J. Rosselgong and S. P. Armes, Macromolecules, 2012, 45, 2731.

(19) J. L. Stanford, R. F. T. Stepto and D. R. Waywell, J. Chem. Soc., Faraday Trans. 1, 1975, 71, 1308.
(20) S. Dutton, R. F. T. Stepto and D. J. R. Taylor, Angew. Makromol. Chem., 1996, 240, 39.

(21) H. Zhou, J. Woo, A. M. Cok, M. Wang, B.D. Olsen and J. A. Johnson, PNAS, 2012, 109, 19119.
(22) J. Rosselgong, S. P. Armes, W. R. S. Barton and D. Price, Macromolecules, 2010, 43, 2145.

(23) P. J. Flory, J. Am. Chem. Soc., 1941, 63, 3083.

(24) W. H. Stockmayer, J. Chem. Phys., 1944, 12, 125.

(25) P. J. Flory, Principles of Polymer Chemistry; Cornell University Press: Ithaca, NY, 1953. pp 672.
(26) J. Rosselgong, S. P. Armes, W. R. S. Barton and D. Price, Macromolecules, 2009, 42, 5919.

(27) J. Poly, D. J. Wilson, M. Destarac and D. Taton, J. Polym. Sci., Part A: Polym. Chem., 2009, 47, 5313.
(28) Y. T. Liand S. P. Armes, Macromolecules, 2009, 42, 939.

(29) B. Liu, A. Kazlauciunas, J. T. Guthrie,and S. Perrier, Macromolecules, 2009, 42, 939.

(30) S. Zhu and and A. Hamielec, Macromol. Chem., Macromol. Symp. 1992, 63, 135.
8|Page


http://pubs.acs.org/

Polymer Chemistry Page 10 of 14

(31) P. Besenius, S. Slavin, F. Vilela and D.C. Sherrington, React. Funct. Polym. 2008, 68, 1524.

(32) H. Gao, W. Li and K. Matyjaszewski, Macromolecules 2008, 41, 2335.

(33) H. Gao, A. Miasnikova and K. Matyjaszewski, Macromolecules 2008, 41, 7843.

(34) Y. Zheng, H. Cao, B. Newland, Y. Dong, A. Pandit and W. Wang, J. Am. Chem. Soc. 2011, 133, 13130.
(35) C.-D. Vo, J. Rosselgong, S. P. Armes and N. C. Billingham, Macromolecules 2007, 40, 71109.

(36) J. M. J. Paulusse, R. J. Amir, R. A. Evans and C. J. Hawker, J. Am. Chem. Soc., 2009, 131, 9805.

(37) J. M. J. Paulusse, R. J. Amir, R. A. Evans and C. J. Hawker, J. Am. Chem. Soc., 2010, 132, 16725.

9|Page



Page 11 of 14 Polymer Chemistry

Figures
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Figure 1. Synthesis of the methacrylic branched copolymers prepared using reversible addition-
fragmentation chain transfer (RAFT) polymerization. Statistical copolymerization of methyl methacrylate
(MMA) with varying amounts of a disulfide-based dimethacrylate (DSDMA) branching comonomer was
achieved using a cumyl dithiobenzoate (CDB) chain transfer agent and 1,1'-azobiscyclohexanecarbonitrile

(ACCN) initiator in toluene at 90°C.
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Figure 2. Oxymethylene and thiamethylene regions of the *3C NMR spectra (recorded in CDCls at 25°C)
for soluble PMMA s3-56)-DSDMA, branched copolymers prepared at [MMA]o = 100 wt. %, 75 wt.%, 50
wt. %, 30 wt. % and 10 wt. % via RAFT statistical copolymerization of MMA with DSDMA with CDB as

chain transfer agent and ACCN initiator in toluene at 90°C.
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Corresponding simulated spectra
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Figure 3. Oxymethylene region of the deconvoluted 3C NMR spectra (recorded in CDCls at 25°C) for
soluble PMMA s3.565-DSDMA, branched copolymers prepared at [MMA]o = 100 wt. %, 75 wt.%, 50 wt. %,
30 wt. % and 10 wt. % via RAFT statistical copolymerization of MMA with DSDMA with CDB as chain

transfer agent and ACCN initiator in toluene at 90°C.
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Table 1. Summary of branched copolymer compositions (*targeted composition, **calculated by end-group

!H NMR analysis; soluble fraction), final comonomer conversion for a series of soluble branched copolymers

prepared by RAFT at various initial comonomer concentrations using increasing amounts of DSDMA

branching comonomer. Molecular weight data were obtained by DMF GPC using a refractive index detector

(calibrated using a series of narrow dispersed poly(methyl methacrylate) standards). The relative degrees of

intramolecular cyclization and intermolecular branching (and estimated associated experimental errors) were

calculated for various soluble branched copolymers via peak deconvolution of their 3C NMR spectra.

[M]o? Targeted copolymer | ~ajculated copolymer |Conv.| M Inter | Intra | Inter :
. N Mw/Mn| 13C 13C H>

(Wt.9%)|  composition composition** (%) |(g mol?) @ | @) | ) |
100 | PMMAs-DSDMAoss | PMMAss-DSDMAgss | 98.2 | 115,300 9.73| 68+8 | 32+8 | N/D E
75 PMMAGs-DSDMAoss | PMMAse-DSDMAges | 97.6 55,700 470 47+6 | 53+6 N/D !
50 PMMAGs-DSDMAog90 | PMMAs3-DSDMAges | 96.6 | 233,100 14.49| 46+7 | 54+7 | 617 i
30 | PMMAs-DSDMALs) | PMMAss DSDMAL7 | 98.7 | 358,700] 2217 3548 | 6548 | 3626
10 PMMAGs-DSDMAoss | PMMAss-DSDMAgse | 95.8 7,900 1.36| 31+9 | 69+9 N/D J:
10 PMMAGs-DSDMA300 | PMMAs-DSDMA3z 43 | 96.1 27,500 251 8+7 |92+7 | 8+2 _E
10 PMMA:s,-DSDMAs 00 | PMMAss-DSDMAses | 96.4 | 138,200 771 7+6 [93+6| 10+ 5—i

a. ([M]o = ([DSDMA]o + [MMAJo)/[Msotvent + [DSDMAJo + [MMA]o])

b. Extent of intermolecular branching determined from *H NMR analysis.*
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