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Exploring telogen chemical structure and
reactivity when forming highly branched
polyesters derived from ethylene glycol
dimethacrylate homopolymerisation under
transfer-dominated branching radical
telomerisation (TBRT) conditions+

Sean Flynn,®° Bethany Linthwaite,®° Oliver B. Penrhyn-Lowe,®®
Samuel Mckeating,®® Stephen Wright,>® Savannah R. Cassin,®® Pierre Chambon®®
and Steve P. Rannard () &P

Transfer-dominated Branching Radical Telomerisation (TBRT) is a free radical telomerisation reaction that
allows the homopolymerisation of multi-vinyl substrates. When applied to dimethacrylates, highly
branched polyesters are formed with essentially complete consumption of vinyl functional groups and
without gel formation. To date, no reports of TBRT have investigated a diverse series of thiol telogens
with considerable variation in chain transfer coefficients (Cy) when using the same multi-vinyl taxogen
(MVT). Here, the impact of Ct on reaction conditions and structural telogen sub-units is studied for the
homopolymerisation of ethylene glycol dimethacrylate (EGDMA). Kinetic studies explore the different
rates of vinyl group consumption, and model linear telomer studies using a monovinyl taxogen investigate
the distribution of sub-units that are formed when using the different telogens. The formation of a library
of branched polyesters with varying telogen-derived pendant groups with weight average molecular
weights up to 4930 000 g mol™ has allowed a detailed comparison of glass transition temperatures and
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Introduction

Relative to linear polymers, the complex macromolecular archi-
tecture of branched polymers has led to properties such as low
solution viscosities and high functionality and established
their importance in the fields of viscosity modification,'
drug delivery applications®® and degradable materials.®® The
pursuit of innovative synthetic strategies to enable the for-
mation of high molecular weight, highly branched macro-
molecules, whilst maintaining control over their physical and
chemical properties, has challenged synthetic polymer che-
mists for decades. Classical approaches to hyperbranched
polymers employed step-growth polymerisation of multifunc-
tional monomers, including but not limited to AB, and AB, +
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the calculation of Ty, values using classical or modified Flory—Fox relationships.

B, systems.” These approaches generate terminal, dendritic,
linear and focal point units within the branched macro-
molecular architecture whilst avoiding the possibility of
gelation. Significant efforts have also been made to prepare
branched polymers via step-growth polymerisation of A, + B;
monomers although this approach is inherently susceptible to
chemical cross-linking."°

In recent years, free radical (co)polymerisation strategies
using multifunctional vinyl monomers have emerged as
efficient alternative routes.’™'* These often require manipu-
lation of the prevalence of competing reactions which occur
during chain-growth polymerisation. For example, Wang and
co-workers utilised deactivation enhanced atom transfer
radical polymerisation to control the radical growth bound-
aries during homopolymerisations of divinyl monomers."*"*
This influenced the relative number of propagation and de-
activation steps and provided greater control over the for-
mation of hyper-branched and highly cyclised polymer
architectures.”®"” Gao and co-workers employed a similar
strategy to increase the degree of branching of hyperbranched
polymers formed by self-condensing vinyl polymerisation of

This journal is © The Royal Society of Chemistry 2023
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alkyl halides containing inimers in emulsion conditions. This
approach utilised activators generated by electron transfer
atom transfer radical polymerisation to increase the number
of activation/reactivation cycles per propagation step and
enhance branch point formation via higher levels of alkyl
halide activation. Most recently, Matyjazewski and co-workers
reported an elegant approach to activate branching units
in situ using visible-light-mediated controlled radical branch-
ing polymerisation of “inibramers”.'® This approach capita-
lised on polymerisation-induced changes in the bond dis-
sociation energy of alkyl bromide bonds within a-bromo acry-
lates to enable branch point activation within growing polymer
chains.

Control over the relative ratio of different chain-growth poly-
merisation steps has proven equally important in the prepa-
ration of (hyper)branched (co)polymers via conventional free
radical polymerisation (FRP). Sherrington and co-workers pio-
neered the preparation of statistical copolymers by chain trans-
fer mediated FRP."*>" This strategy, known as the ‘Strathclyde
approach’, relies on competing propagation and chain transfer
reactions to limit the statistical incorporation of divinyl mono-
mers into growing polymer chains formed from monovinyl
monomer propagation, hence avoiding network formation.

In contrast, Jiang et al. used a chain transfer monomer
approach to generate hyperbranched polymers by FRP in emul-
sion.?” This approach placed chain initiating groups, namely
thiols and peroxides, within the pendant group of (meth)
acrylic monomers,”* *® enabling in situ branch point formation
through chain transfer reactions with propagating radicals.
Interestingly, the degree of branching achieved was highly
dependent upon the relative magnitudes of the propagation
and chain transfer rate constants, K, and K, respectively; i.e.
the chain transfer coefficient; Cr = Ky/Kp.>” Chain transfer
monomers exhibiting Cr values ~1 produced highly branched
polymers due to high competition between transfer and propa-
gation reactions. In contrast, chain transfer monomers which
exhibited Cr values >1 or <1 produced polymers with pre-
dominantly linear topologies, due to reactions dominated by
thiol-ene mono-addition and or vinyl group propagation
mechanisms respectively.>®

Previously, we introduced Transfer-dominated Branching
Radical Telomerisation (TBRT) as a new approach for the
preparation of hyperbranched polymers via a facile and com-
mercially scalable one pot synthesis.** TBRT utilises thiol-
mediated radical telomerisation of multivinyl taxogens (MVT),
such as dimethacrylates, to generate polymers containing ester
units within the polymer backbone (Fig. 1).

Under TBRT conditions, thiols act as telogens and are
incorporated as side-chains, in contrast to becoming chain
ends when used as a conventional chain transfer agents. The
success of TBRT depends on limitation of the number-average
degree of polymerisation (DP,) of telomer chains, ideally to <2
units, to prevent three-dimensional network formation via
crosslinking. We recently identified several critical factors that
influence branched polymer formation, either through
telomer formation or the nature of vinyl group consumption,

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic representation of the formation of branched poly-
esters via TBRT of ethylene glycol dimethacrylate (EGDMA) using
1-dodecanethiol as the thiol-based telogen. The figure includes a
chemical description of the polyester backbone, the presence of telo-
mers with degree of polymerisation (DP) of 1 and 2 units, and the
nominal repeat structure for the final polymer.

during TBRT. These include the initial molar ratio of MVT to
telogen  ([MVT]o/[Tel]p),>° MVT chain  dimensions,*
polymerisation temperature®* and reaction concentration.*?
Optimisation of reaction conditions can therefore enable the
preparation of hyperbranched, high molecular weight poly-
esters with control over the chemical functionality of both
MVT and telogen residues within polymer repeat units.

Here, we more closely explore the role of the telogen chain
transfer coefficient (Cr) in the formation of branched polymers
during TBRT. We aim to utilise thiol structure, and thus reac-
tivity, to control the relative propensities of chain transfer and
propagation reactions to influence the extent of branching
reactions and thus polymer molecular weight. Telogen Cr has
been selected as the only chemical variable within the studies
of ethylene glycol dimethacrylate (EGDMA) TBRT with four
structurally varied thiol-based telogens. All other chemical and
experimental parameters such as MVT selection, reaction
solvent, radical source and concentration, and polymerisation
temperature have been normalised. Although high molecular
weight branched polymers were obtained using each of the

Polym. Chem., 2023, 14, 5102-5114 | 5103
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telogens studied, telogen structure led to significant contrast
in the [MVT]/[Tel], required to generate high molecular
weight branched polymers. Detailed kinetic and model linear
telomerisation reactions revealed considerable differences in
telomer formation and explain variations in the extent of
branching reactions observed. As previously shown, variation
in the structure of telogen residues also significantly impacts
the thermal properties of the resulting high molecular weight
branched polymers.

Results and discussion

Thiol chemistry impact on branched polymer synthesis using
TBRT

Having recently demonstrated the preparation of mixed-
telogen copolymers using thiols with comparable Cy values, a
series of TBRT reactions using EGDMA were conducted using
four thiol-based telogens with highly variable Cr values.
Cyclohexanethiol (CHT), phenyl ethyl mercaptan (PhEM),
benzyl mercaptan (BzM) and 4-tert-benzyl mercaptan (¢{BBM)
were selected with previously reported Cr values of 0.14, 0.23,
0.35, 0.42 respectively during the FRP of methyl methacrylate
(MMA).>* The structural variation within these telogens was
also expected to generate a series of p(EGDMA)-based
branched polyesters containing different pendent group func-
tionality (Scheme 1).

o O_S%O\/\ojﬁ/in\

o}
B) P(CHT-EGDMA)

p(BzM-EGDMA)

Scheme 1 Synthesis of four branched polyesters using the TBRT of
EGDMA and (A) cyclohexane thiol, CHT, (B) phenyl ethyl mercaptan,
PhEM, (C) 4-tert-benzyl mercaptan, tBBM, and (D) benzyl mercaptan,
BzM as the telogen species. Each polymer is shown as the nominal
repeat unit with telogen residues as pendant group functionality.
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TBRTs were conducted using a nominal fixed molar ratio of
EGDMA to telogen ([EGDMA]/[Tel]o) at which all reactions
resulted in the formation of soluble branched polymers and
avoided the formation of insoluble crosslinked samples
((EGDMA]o/[Tel], = 0.45); accurate values of [EGDMA],/[Tel],
were determined by "H nuclear magnetic resonance (NMR)
spectroscopy of the reaction mixture prior to addition of 2,2’
azobis(2-methylpropionitrile), (AIBN) as the radical source, at
1.5 mole percent (mol%) equivalent with respect to EGDMA
vinyl groups (ESI Fig. S1-4, and Table S1}). To ensure compar-
able reaction conditions, all TBRTs were conducted using a
fixed MVT concentration of 4.2 mol dm™ in ethyl acetate
(EtOAc) and were allowed to proceed for 24 hours. Regardless
of the telogen employed, the absence of vinylic protons in 'H
NMR spectra of crude reactions mixtures indicated that all
TBRTs had achieved high vinyl conversion (>99%, ESI Fig. S5-
S8t).

Interestingly, analysis of the purified polymer products by
triple detection size exclusion chromatography (TD-SEC)
showed vastly contrasting molecular weight distributions for
the branched polyesters generated using the different telogens
at a this fixed [EGDMA],/[Tel], ratio (Fig. 2); weight-average
molecular weight (M,) values of approximately 329000 g
mol™, 52000 ¢ mol™*, 14 800 g mol™* and 9000 g mol™" were
observed for p(CHT-EGDMA), p(PhEM-EGDMA),
p(BzM-EGDMA) and p(tBBM-EGDMA) respectively (ESI
Table S1t). Corresponding respective number average mole-
cular weight (M,,) values were approximately 14 600 g mol ",
5500 g mol ™", 4100 ¢ mol " and 1350 g mol*, and all purified
polymers showed [EGDMA]g/[Tel]r values close to unity, indi-
cating low or no meaningful cyclisation under these con-
ditions.*® The vast contrast in M,, values indicates significant

p(tBBM-EGDMA)

/

p(BzM-EGDMA)

N\

p(PhEM-EGDMA)

N\

p(CHT-EGDMA)

RI output Signal

14 16 18 20 22
Retention Volume (mL)

Fig. 2 Variation in molecular weight distributions of branched poly-
esters formed by TBRT using telogens with differing chain transfer
coefficients. Overlaid refractive index (RI) chromatograms obtained from
the triple-detection size exclusion chromatography of p(CHT-EGDMA)
(blue), p(PhEM-EGDMA) (purple), p(BzM-EGDMA) (red), and
p(tBBM-EGDMA) (grey).

This journal is © The Royal Society of Chemistry 2023
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variation in the extent of intermolecular branching occurring
in each of these reactions and showed an inverse correlation
with the reported Cr; values decreased with increasing telogen
Cr.

The higher M, values obtained for polymers generated
using telogens with lower Cr values implies chain transfer
kinetics playing an active role in branched polyester formation
by TBRT. This is analogous to our recent description of the
impact of temperature on the TBRT of a single MVT/telogen
combination.®* At low Cr, enhanced propagation relative to
chain transfer would suggest longer telomer subunit for-
mation relative to reactions utilising telogens with higher Cr.
values. Furthermore, the low M, (and M,) obtained for
p(PhEM-EGDMA), p(BzZM-EGDMA) and p(tBBM-EGDMA) indi-
cated that TBRTs conducted using these telogens would
require significant increases in the [EGDMA]y/[Tel], ratio to
generate branched polyesters with molecular weights compar-
able to those obtained for p(CHT-EGDMA).

Structural analysis of p(EGDMA) with varying pendant groups

Several of the branched polyesters formed here, are new
macromolecular structures that have not been previously
described. As such detailed 'H and "*C NMR studies were con-
ducted on purified materials to compare the effects of the
different telogens on the resonances within the polymers, with
the potential to derive structural insight. As mentioned above,
the telogen acts as a pendant group within TBRT polymers
and the EGDMA homopolymerisations will generate identical
polyester backbone structures but with considerable variation

View Article Online
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in the pendant group structure, analogous to polymerisation
of monovinyl monomers with varying side chain chemistries.

'H NMR spectroscopy of the four polymers showed very
negligible impact of telogen structure on the polyester back-
bone methylene groups (H,) as may be expected, with a broad
resonance between 6 = 4.0-4.4 ppm in all spectra, Fig. 3.

No clear modification of the *C resonances for this region
of the polymers (6 ~ 62.0 ppm) was observed either (ESI
Fig. S32-35%). The methyl protons pendant to the polyester
(H,) also appeared unaffected in the "H NMR study, but as
described previously, these groups are represented by two reso-
nances at § = 1.22 and 1.14 ppm, Fig. 3. This has been attribu-
ted to different environments associated with either a DP,
telomer sub-unit, where the telogen has added to just one
vinyl group and created a tertiary carbon alpha to the back-
bone carbonyl group, Fig. 1, or the limited propagation of the
telomer subunits at DP > 2, where quaternary carbons result.
Importantly, each telomer with a DP > 2 contains a tertiary
carbon, also as a result of chain transfer and capping of the
telomer chain with a proton (ESI Fig. S367).

The aromatic protons of the telogen pendant groups within
p(BzM-EGDMA), p(tBBM-EGDMA) and p(PhEM-EGDMA) are all
clearly visible, Fig. 3B-D. The benzyl methylene protons in
p(BzM-EGDMA) and p(tBBM-EGDMA) are observed at & =
3.69 ppm, Fig. 3C & D, and absent for p(PhEM-EGDMA)
which shows resonances at 6§ = 2.84 and 2.76 ppm, Fig. 3B.
The "H NMR analysis of the non-aromatic p(CHT-EGDMA),
showed ring resonances at § = 2.84, 1.94, 1.74 and 1.25 ppm,
Fig. 3A.

65 (CHT-EGDMA) v
CHCl, 7<:>4—s 32 p
Fprd s 5
[ g q n 1 3 | — |
] o ,J\\,wﬁ hv#‘k/”\_,_,,N\N\_ -
76 2
B) ool & @_5\_ p(PhEM-EGDMA) .
i %OV\OM A
4 BzM-EGDMA
C) 5.7 7@“ 32 p( ) 2
%wj% ; i
3
e & 8 . ,ﬁ\, ) AN AN
D) 6 R p(tBBM- EGDMA) 7|| 2
5-6
L - Nl N .
80 75 70 65 6.0 55 50 45 4.0 3.5 30 25 20 15 1.0 0.5 0
Chemical shift (ppm)

Fig. 3 Pendant group variation in branched polyesters generated by TBRT. Overlaid *H NMR spectra obtained for (A) p(CHT-EGDMA), (B)

p(PhEM-EGDMA), (C) p(BzM-EGDMA) and (D) p(tBBM EGDMA).

This journal is © The Royal Society of Chemistry 2023
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In contrast, telogen residue structure had a tangible impact
on the resonances observed within the "*C NMR spectra of the
polymers, specifically within the proximity of the pendant
group (ESI Fig. S32-35%). The methylene carbon within the
EGDMA residue, and formed by addition of the thiyl radical to
the vinyl group of EGDMA, exhibits variation in its chemical
shift that is telogen dependent. For the benzyl-containing poly-
mers p(tBBM-EGDMA) and p(BzM-EGDMA), this methylene
group resonance was seen at § = 34.6 ppm. For p(CHT-EGDMA)
and p(PhEM-EGDMA) the methylene was observed at 6 = 33.5
and 34.3 ppm respectively. A **C attached proton test (APT)
NMR analysis was used to identify the terminal carbons from
each telomer sub-unit chain, formed after chain-transfer, and
two resonances were observed for each polymer; this has
previously been attributed to the formation of DP; units and
the terminal vinyl group addition in telomers with DP > 2.>%'
The values observed for resonances from the DP; units of
p(CHT-EGDMA), p(PhEM-EGDMA), p(BzM-EGDMA) and
p(tBBM-EGDMA) were § = 40.6, 40.3, 39.9 and 40.0 ppm
respectively. Resonances associated with tertiary carbons
situated at the @ termini of telomer sub-units with DP > 2
were practically identical in their chemical shifts with
values obtained for p(CHT-EGDMA), p(PhEM-EGDMA),
p(tBBM-EGDMA) and p(BzM-EGDMA) being & = 36.0 36.0 35.9
35.9 ppm respectively. This was somewhat expected given the
distance from the telogen residue.

Kinetic analysis of TBRTs conducted at fixed [MVT],/[Tel],

To understand the extent that chain transfer kinetics impacts
telomer formation and branching during TBRT, kinetic studies
were conducted on each of the EGDMA/telogen reactions using
the conditions described earlier.

During a conventional linear vinyl polymerisation, the con-
version of monomer to polymer is intrinsically linked to the
consumption of vinyl functional groups. Under TBRT con-
ditions, vinyl consumption does not correlate directly to
polymer formation as the large number of pendant vinyl
groups may react via intermolecular branching, or through
DP; formation, without any further addition of unreacted MVT
to the growing branched polymer structures.

Vinyl consumption was monitored using '"H NMR spec-
troscopy, and reactions were spiked with anisole for use as an
internal standard to determine conversions of EGDMA and
telogen by gas chromatography (GC; Fig. 4; ESI Fig. S97). In all
cases, TBRTs achieved high vinyl group consumption (>95%)
after two hours, with no indication of remaining vinyl groups
after 180 minutes. '"H NMR analysis indicated that TBRTs
showed slight variations in induction time following heating,
with PhEM, BzM, ¢{BBM and CHT showing induction times of
approximately 3, 3, 9 and 9 minutes respectively (ESI Tables
S2-5%). Taking differences in induction time into account,
EGDMA TBRT in the presence of PhEM, CHT and BzM pro-
ceeded at highly comparable rates of vinyl group consumption
(ESI Fig. S10t) with, for example, 72%, 75% and 78% vinyl
consumption respectively after approximately 50 minutes. In
contrast, the TBRT of EGDMA with tBBM proceeded at a lower

5106 | Polym. Chem., 2023, 14, 5102-5114
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Fig. 4 Kinetic analysis of TBRTs of EGDMA with (A) CHT, (B) PhEM, (C)
BzM and (D) tBBM ([EGDMA]O/[Tel]0 = 0.45). GC monitoring of telogen
(filled diamonds), and EGDMA (hollow squares) conversion, overlaid
with *H NMR monitoring of vinyl group (hollow circles) conversion over
120 minutes.
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rate of vinyl consumption, showing just 60% vinyl conversion
after 51 minutes.

This observation is important as it distinguishes the role of
chain transfer reactions in TBRT, i.e. thiols acting as telogens,
being different to conventional chain transfer within a linear
polymerisation. Due to the high concentration of telogen used
to ensure telomer formation, a transfer-dominated reaction is
seen, with transfer of the thiyl radical to thiol being a critical
reaction, Scheme 2.

As tBBM has the highest Cr value, established through
MMA polymerisation studies, it is probable that it also has the
highest thiyl radical-to-thiol telogen chain transfer rate of the
telogens studied here. The slower vinyl group consumption
within the EGDMA/tBBM TBRT reaction can therefore be
explained by the combined dual effects of thiyl radicals being
engaged in rapid chain transfer to telogen and rapid chain
transfer of propagating carbon-centred radicals to telogen.

In all cases, plotting vinyl consumption using semi-logar-
ithmic co-ordinates showed an In([M],/[M]) trend considerably
deviating from linearity during the latter stages of TBRT (ESI
Fig. S11%). The observed deviations from steady-state kinetics,
commonly associated with free-radical polymerisation, are
highly indicative of an increase in radical concentration; this
likely occurs through suppression of radical termination via
extensive chain transfer reactions, which is a key characteristic
of TBRT.

GC monitoring of EGDMA consumption across all reactions
showed >99% within 120 minutes. Telogen consumption,
however, varied depending on the thiol used. Final consump-
tions of 36%, 39%, 46% and 47% were achieved during TBRTs
using CHT, PhEM BzM and ¢BBM respectively. Given that all
TBRTs were conducted using a fixed molar ratio of EGDMA to
telogen ([EGDMA]y/[Tel], = 0.45), these results indicated
theoretical crude branched polymer compositions [EGDMA]c/
[Tel]oerheory) = 1.25, 1.15, 0.98 and 0.96 for p(CHT-EGDMA),
p(PhEM-EGDMA), p(BzM-EGDMA) and p(tBBM-EGDMA)
respectively. GC analysis therefore clearly demonstrated that
telogen compositions within crude branched polymers
increased with Cr (Fig. 4). Furthermore, these values indicate

Propagation
= RS
RS+ _ + R — .
- N il
RS- —
RS- Repeatgd RS-
RS- propagation
RS- and RSe

chain transfer

RS
n

R'
[
Branched Polymer

Scheme 2 TBRT reaction mechanism showing chain transfer to
telogen (thiol) as the dominant reaction step.
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that theoretical telomer subunit DP, = 2.50, 2.30, 1.96 and
1.92 were achieved during TBRTs of EGDMA with CHT, PhEM,
BzM and ¢BBM respectively. This calculation has been pre-
viously described but, in summary, an ideal TBRT polymer will
contain n MVT residues, 2n vinyl group residues, and n + 1
telogen residues allowing the number average kinetic chain
length of the telomer subunits (or DP,) to be simply calculated
as the ratio of vinyl group residues per telogen.*® The telomer
subunit DP, values provide strong evidence that telogen Cr
impacts the extent of branching during TBRT via influence
over telomer chain length. The M, values are also consistent
with the increase in [EGDMA]c/[Tel]c(rheory) and the expected
higher number of taxogens in the final branched polymer
structure, based on theoretical calculations adhering to the
Flory-Stockmayer limits of gelation in step-growth polymeris-
ations (ESI Fig. $127).%°%°

The different induction periods and rates of vinyl group
consumption made direct comparison of the chain transfer
kinetics complex. Plots of the consumption of vinyl groups vs.
telogen were therefore constructed from kinetic data to investi-
gate the impact of thiol structure (Fig. 5a) within these reac-
tions. Vinyl group consumption per telogen appears to
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increase with decreasing thiol Cr under these TBRT con-
ditions; for example, at 20% telogen conversion, "H NMR ana-
lysis showed that TBRTs with CHT, PhEM, BzM and ¢BBM had
achieved approximately 67%, 59%, 56% and 51% vinyl conver-
sion respectively. Furthermore, this analysis demonstrates that
vinyl group consumption per telogen followed the order of
tBBM < BzM < PhEM < CHT at all stages of the telomerisation.

An analysis was also carried out to determine Cy vales for
each telogen during TBRT. Our previous reports of TBRT have
shown that the combination of relatively small vinyl-functional
structures lead to molecular weight increase following a
process analogous to step-growth polymerisation.>®

Methods for determination of Cr which rely on molecular
weight data, for example Mayo’s method, are therefore unsuita-
ble for determination of telogen Cr values in TBRT, and mole-
cular weight independent methods are more appropriate.
Smith’s method offers an elegant alternative to obtain Cr
values simply by measuring changes in the relative concen-
trations of thiol and vinyl groups (eqn (1)),*® and has been
used in thiol chain transfer agent-mediated FRP of styrenes
and methacrylates.*"*?

log([ﬁi) = Crlog(1 — a) (1)

Application of Smith’s method to TBRT involves generating
logarithmic plots of telogen ([Tel]/[Tel],) and vinyl consump-
tion (a) from the kinetic measurements. In all cases studied
here, the Smith plots showed a linear increase in —log([Tel]/
[Tel]o) vs. —log(1 — @) during the early stages of TBRT (Fig. 5b),
allowing determination of Cr values for the four thiol-based
telogens used in this study. Cr values of 0.18, 0.21, 0.25, and
0.40 were obtained for CHT, PhEM, BzM, and ¢tBBM respect-
ively. These are in close accordance with values reported from
Mayo analysis of conventional linear polymerisations, as dis-
cussed earlier.”® Significant deviations from linearity occurred
within each of these plots at higher monomer conversion (ESI
Fig. S137), presumably due to significant deviations in the
molar ratio of EGDMA to telogen, from [EGDMA]/[Tel], in the
latter stages of TBRT. "

Model linear telomerisations derived from MMA

Thiol-based telogens with higher Cr values are more effective
at moderating the growth of p(EGDMA) during TBRT, appar-
ently due to the control of telomer subunit length. To add evi-
dence to this conclusion, a series of model linear telomerisa-
tions were conducted using MMA as a surrogate measure of
the propensity of each thiol to limit telomer growth within
TBRT reactions.

Linear MMA telomerisations were conducted in EtOAc
under identical conditions using fixed concentrations of MMA
(6.41 mol dm™) and the AIBN (and 0.1 mol dm™®). A fixed
nominal molar ratio of MMA (taxogen) to thiol-based telogen
(MMA]o/[Tel], = 5) was also utilised, ensuring identical
telogen concentrations (1.29 mol dm~%) when investigating the
four study thiol telogens. Again, accurate [MMA]y/[Tel], ratios
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were determined by "H NMR analysis of telomerisation mix-
tures prior to thermal initiation (Table 1, and ESI
Fig. $14-171).

The model linear telomerisations were conducted over
24 hours at 70 °C, following which '"H NMR analysis of crude
reaction mixtures indicated near-quantitative vinyl conversion
of the MMA taxogen (>99%) (ESI Fig. S18-21%). Following
solvent removal in vacuo, the crude reaction mixtures were ana-
lysed using MALDI-TOF mass spectrometry without further
purification (Table 1, ESI Fig. S22-257).

Detailed analysis of the crude spectra revealed the presence
of species matching the exact theoretical molecular weights of
linear telomers containing up to 27 MMA repeat units. The
length of the telogen chains identified by MALDI-TOF appears
to be impacted by the different telogens, assuming no signifi-
cant differences in the ability of each sample to charging
during the analysis. For example, the maximum DP species
identified within tBBM-p(MMA) and CHT-p(MMA) (telogen Cr
= 0.42 and 0.14) molecular weight distributions contained 23
and 27 MMA repeat units respectively. The spectra were used
to calculate estimates of telomer M, and peak molecular
weight (M) values (Fig. 6Ai-iv, and Table 1), leading to esti-
mated DP, and peak degree of polymerisation (DPp).
Simplified distributions were therefore generated to enable a
direct comparison of the linear MMA telomer distributions
formed using each telogen, Fig. 6.

Using this analysis, telomers prepared using ¢tBBM were
shown to have a DP,, of approximately 5 monomer units. In
contrast, telomer distributions prepared using PhEM and CHT
had higher DP, values of approximately 7 units. DP, calcu-
lations led to very similar values across the four model telo-
merisations when using MALDI-TOF data.

To further analyse the model linear telomerisations, single
detection oligomer SEC analysis was conducted on the crude
reaction mixtures (Fig. 6Bi-iv). Telomers containing DP values
up to 7 MMA units were resolved at higher retention volumes
and the presence of higher molecular weight telomers were
also detected at retention volumes <13 minutes. The refractive
index (RI) chromatograms of the PhEM-p(MMA) and CHT-
p(MMA) telomers showed significantly higher signal intensi-
ties at lower elution volumes than their tBBM- and BzM-

Table1 'H NMR spectroscopy and MALDI-TOF mass spectrometry
analyses of linear telomers generated via telomerisation of MMA with
CHT, PhEM, BzM, tBBM and DDT under identical conditions

MALDI-TOF

M, M,
Telogen  Telomer (gmol™) (gmol™) DP,“ DP,”
tBBM tBBM-p(MMA) 680 813 6.3 5.0
BzM BzM-p(MMA) 724 781 6.6 6.0
PhEM  PhEM-p(MMA) 838 826 6.9 7.0
CHT CHT-p(MMA) 716 823 6.0 7.1

“Calculated as ((MnaLpy — Mrtelogen))/Mravma))- b calculated as

((Mp(MALDI) - Mr(telogcn))/Mr(MMA)) .

This journal is © The Royal Society of Chemistry 2023
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derived equivalents (ESI Fig. S267), suggesting the presence of
much larger telomers. This supports the detection of higher
DP telomers within the CHT-p(MMA) molecular weight distri-
bution observed during MALDI-TOF analysis.

Understanding the limiting [EGDMA],/[Tel], gel point values
for EGDMA TBRT using telogens with highly variable Cy values

Telomer subunit length varies the intermolecular branching
and final molecular weights obtainable when varying the
[EGDMA]y/[Tel], ratio with the TBRT feedstock. The large
differences in Cr across the four telogens was therefore
expected to highly influence the [EGDMA]y/[Tel], ratios at
which TBRT results in the formation of an insoluble gel

This journal is © The Royal Society of Chemistry 2023

network, previously defined as the limiting [EGDMA]y/[Tel],
gel point values.?"

Each telogen was therefore used to generate a series of
TBRTs with systematically increasing [EGDMA]/[Tel], values,
using the same conditions to those outlined above. All reac-
tions achieved high vinyl group consumption with no indi-
cation of gelation. The resulting branched polyesters were puri-
fied via precipitation in methanol, dried in vacuo and charac-
terised using TD-SEC and both 'H and >C NMR spectroscopy,
Table 2.

As expected, a considerable variation in the limiting
[EGDMA]y/[Tel], gel point ratios was seen, with values of 0.53,
0.67, 0.78 and 0.85 when using CHT, PhEM, BzM and ¢tBBM
respectively, Table 2. Our previous studies of 1-dodecane thiol
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Table 2 'H NMR spectroscopic and TD-SEC analyses of branched polymers generated via TBRT of EGDMA with CHT, PhEM, BzM, and tBBM at
fixed MVT concentration

"H NMR TD-SEC (THF)°
DSC
Telogen [MVT]o/[Tel]o“ Conv.” (%) [MVT]g/[Tel]s¢ M,, (g mol™) M, (g mol™) D a Ty (°C)
CHT 0.35 >99 1.03 59940 7550 7.89 0.356 11
0.40 >99 1.06 98 530 10145 9.71 0.349 26
0.43 >99 1.06 320020 13 305 24.05 0.342 31
0.45 >99 1.07 521120 18185 28.65 0.352 33
0.48 >99 1.07 4927 000 351770 14.01 0.528 38
0.53 _a _d _d _a _d _d _d
PhEM 0.50 >99 1.04 42538 5950 7.15 0.346 -8
0.55 >99 1.00 86 299 4960 17.41 0.356 -13
0.58 >99 1.08 135892 9105 14.92 0.442 5
0.60 >99 1.06 280461 11425 24.55 0.336 7
0.63 >99 1.06 528 656 17795 29.71 0.340 9
0.65 >99 1.06 2100000 35345 59.43 0.360 14
0.67 _a _d _d _d _a _d _
BzM 0.65 >99 1.06 116 150 7020 16.55 0.319 2
0.68 >99 1.06 262 405 9675 27.12 0.337 11
0.70 >99 1.09 315530 8765 36.00 0.374 6
0.73 >99 1.09 642 015 12 690 50.59 0.312 14
0.75 >99 1.08 2,093,000 31295 66.89 0.366 16
0.78 _a a Zad d _d _a _a
tBBM 0.70 >99 1.02 102 870 6205 16.58 0.362 15
0.75 >99 1.08 314 035 8200 38.31 0.409 27
0.77 >99 1.06 638155 10230 62.37 0.327 32
0.80 >99 1.08 774 325 20590 37.61 0.339 36
0.82 >99 1.07 1,543,000 25795 59.81 0.455 37
0.85 _a _a a _a _a _d _a

“Calculated by 'H NMR analysis prior to thermal initiation. ” Calculated by "H NMR analysis of crude reaction mixtures after 24 hours.
¢ Calculated by "H NMR analysis of the purified polymers. ¢ Determined by visual inspection of the reaction mixture after 24 hours and subject to
polymers passing through a 0.200 um filter. Molecular weight values determined using a p(MMA) conventional calibration. ¢Calculated as

(Mn(SEC) - Mr(te[ogen)/Mr(MMA]) .

(DDT, Cr = 0.45) as telogen have reported a limiting gel point
[EGDMA],/[Tel], ratio of 0.88.%%3*

Again, the clear implication of these values is that telogens
with low Cr values are unable to provide the same level of
telomer subunit growth control to limit intermolecular branch-
ing. Importantly, this does not prevent molecular weight
manipulation overall and [EGDMA],/[Tel], ratios that yield low
and very high M, values are clearly available for all telogens
studied. Low Cr does, however, compress the range of
[EGDMA]/[Tel], values available experimentally. Surprisingly,
a plot of limiting gel point [EGDMA],/[Tel], ratio vs. telogen Cp.
showed a very strong linear correlation, Fig. 7, including a lit-
erature value for DDT added for additional comparison.

In agreement with our previous studies, increases in both
the M,, and M,, values of each of the branched polyesters was
seen with increasing [EGDMA]y/[Tel], ratio, regardless of the
telogen used, and these rose exponentially as the ratio
approached the limiting gel point value (Fig. 8).*****> A con-
siderable shift to lower [EGDMA]/[Tel], values for the onset of
the exponential rise of molecular weight is seen, in line with
the ordering of telogen Cr values, as may be expected.
Additionally, the Mark-Houwink-Sakurada « values of the pur-
ified polymers spanned a range from 0.319 to 0.528 across the
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diamond), tBBM (grey circle) and DDT (green triangle).

samples produced, confirming the compact nature of the
polymers.

"H NMR spectroscopy was also used to determine the final
molar ratios of telogen and MVT residues, [MVT]¢/[Tel];, within
the purified polymers (ESI Fig. S28-S317), with a variation from

This journal is © The Royal Society of Chemistry 2023
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1.02-1.09. As mentioned earlier, a value of 1.00 would indicate
ideal branching and deviation above unity is highly indicative of
cyclisation; here we see comparable values across the samples,
suggesting a low level of telogen-independent cyclisation
(2-8 mol%) is present using previously described equations.*

P(EGDMA) polyester homopolymer thermal properties when
synthesised using TBRT and varying telogens

As a pendant group, the telogen structure can impact the thermal
properties in a TBRT polymer in a manner that is unique to this
chemistry. Previous reports have shown the tuning of thermal pro-
perties within a new range of TBRT copolymers, using chemical
approaches that are not readily available by other means.** Three
of the polyesters here have not been previously studied, namely
P(CHT-EGDMA), p(PhEM-EGDMA), and p(BzM-EGDMA), therefore
differential scanning calorimetry (DSC) was used to characterise
their glass transition temperature (T) behaviour and enable a com-
parison with previous TBRT examples (Fig. 9; and Table 2).

The polymer samples shown in Table 2 allowed a study of
the relationship of T, with increasing molecular weight for
each of the four polymer structures. There has been much
debate about the mechanism of T, within branched polymers
for many years, with dendrimers initially established as having
a peripheral group effect that dominated thermal behaviour,

This journal is © The Royal Society of Chemistry 2023
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leading to a modification of the Flory-Fox equation (eqn (2)),*®
but this has been questioned through comparison of a range
of dendrimers showing that a modification of the classical
equation was unnecessary.”’

Additionally, further suggestions have been made that
highly disperse samples should factor in the presence of the
high molecular weight fraction within the broad distribution,
leading to a modification that includes a square root of the
product of M, and M, (eqn (3)). This modification approxi-
mates very closely to the classical equation when studying
monodisperse samples as M,, approaches M,,.

K
o= T =g,

n

(2)

K

VM, M)

Across the range of samples studied the T, increased with
polymer M,, as would be expected. For example, an increase in
the M,, of p(tBBM-EGDMA) from 6204 to 20 590 ¢ mol " led to
a T, increase from 15 to 36 °C. Each of the polymers seemed to
follow a classical curve with a clear indication of the onset of a
plateau region, although the range of available M,, values was
not as wide as would be required to fully establish a Ty, value
experimentally (Fig. 10).

When comparing the highest molecular weight samples
formed from each telogen, at [EGDMA],/[Tel], ratios just
before the limiting gel values, a clear influence of telogen
residue structure on the thermal properties of the polymers
was observed (Fig. 9). T, values of 38 °C, 37 °C, 16 °C, and
14 °C were obtained for p(CHT-EGDMA), p(tBBM-EGDMA),
p(BzM-EGDMA) and p(PhEM-EGDMA) respectively. To add
comparative data from previous reports, DSC analysis was also
conducted on a comparable p(DDT-EGDMA) sample (M, =
19 400 g mol "), which exhibited a T, = —48 °C.**

(3)

Ty = Tyeo —
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The highly comparable 7T, behaviour obtained for
P(PhEM-EGDMA) and p(BzM-EGDMA) is somewhat surprising
as the additional spacing and flexibility within the PhEM
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telogen residue may be expected to lead to a slight reduction
in any restriction to segmental motion. Although samples with
identical M, and M,, are not available, T, values of 7 °C and
14 °C for p(PhEM-EGDMA) with an M,, = 11425 g mol™" (M,, =
280460 g mol ™) and p(BzM-EGDMA) with a comparable M,, =
12690 g mol ™" (M,, = 642 015 g mol ') respectively, do suggest
that the extra methylene group does indeed offer less hin-
drance to the polyester backbone.

Placing a t-butyl substituent on the aromatic ring of the
telogen, using the tBBM telogen, has a considerable impact on
the thermal behaviour of the EGDMA polyester. The best com-
parator within the samples shown in Table 2 is a
p(tBBM-EGDMA) with an M, value of 10230 g mol™" (M, =
638155 g mol™') which exhibited a T, = 32 °C. This a clear
18 °C higher than the comparable p(BzM-EGDMA) and a 25 °C
increase over the p(PhEM-EGDMA) sample. The analogy with
chain-growth polymers may be drawn through comparison of
literature T, values for poly(styrene) and poly(t-butylstyrene)
(Ty = 100 and 127 °C respectively).

The presence of the flexible linear pendant group of
p(DDT-EGDMA) has been shown previously to lead to very low
T, values, but somewhat surprisingly, the presence of the
cyclic aliphatic telogen-residue within p(CHT-EGDMA) led to a
T, value for the comparable sample (M, = 13305 g mol ™", M,,
= 320020 g mol™") of 31 °C, which is not dissimilar to the
value obtained for the p(tBBM-EGDMA) presumably due to the
proximity of the pendant group to the polyester backbone,
derived from a secondary thiol, and the contorted nature of
the cyclohexyl ring.

As mentioned above the debate about whether the classical
Flory-Fox relationship is relevant to highly branched polymers
is important to investigate for new materials, thereby adding
more experimental data to the discussion. As a number of
polymer samples was available with varying molecular weights,
calculations of the plateau T, value were conducted for each
branched p(telogen-EGDMA) polyester series. Both the original
and modified Flory-Fox relationships, eqn (2) & (3), were uti-
lised. When considering the classical relationship, (ESI
Table S6, and Fig. S371), Ty values of 45 °C, 42 °C, 21 °C and
19 °C were determined for p(tBBM-EGDMA), p(CHT-EGDMA),
p(BzM-EGDMA) and p(PhEM-EGDMA) respectively. The values
are somewhat higher than those experimentally determined
within the series synthesised here, however, a relatively limited
range of M, values is available within the polymers produced.
That said, it is unlikely that the samples with the highest M,,
values across the four polymer structures are considerably
below the critical entanglement molecular weight.*®
Importantly, the fit of the linear regression when using the
classical Flory-Fox relationship varied considerably from
0.76-0.97 which may indicate the reliability of the outcome of
this analysis (ESI Fig. S377).

The dispersity and the high values of M, present within
TBRT polymers suggests that the modified Flory-Fox relation-
ship may be more reliable, therefore a similar analysis was
conducted, but relacing M, with [Mn‘MW)%, as in eqn (3) (ESI
Table S6, and Fig. S38f). The fit of the data to a linear

This journal is © The Royal Society of Chemistry 2023
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regression was considerably more robust using this approach.
As an example, when considering p(BzM-EGDMA) the * value
improved from 0.76 (Flory-Fox) to 0.91 (modified Flory-Fox).
Three of the four polymer series showed an increase in the r*
value, but a decrease was observed for p(PhEM-EGDMA).
Analysis of the predicted Ty, values using this approach
showed consistently lower values than those generated using
the classical relationship; T, values of 40 °C, 39 °C, 18 °C
and 15 ©°C were determined for p(tBBM-EGDMA),
p(CHT-EGDMA), p(BzM-EGDMA) and p(PhEM-EGDMA)
respectively. These values are much closer to those for the
highest molecular weight samples generated during this study,
lying within only 1-2 °C of the experimentally derived data for
three of the four polymers.

Conclusions

Accessing structural variation within branched step-growth
polymers is not trivial. Given conventional branched poly-
merisation techniques, the synthesis of a range of new AB,
monomers is often required to create diverse libraries of
materials with varying properties. TBRT offers a relatively
facile and scalable synthetic route for the production of a new
classes of high molecular weight branched polyesters, with
structural variation derived either through bespoke or com-
mercially available MVTs, or simply through telogen selection.

When choosing to vary telogen, it is clear from the work
presented here that the nature of the pendant group has a con-
siderable impact on physical properties of the resulting
branched polymers, but there are several chemical consider-
ations that must be taken into account when planning
polymer synthesis. Along with our previous reports of reaction
concentration, temperature, [MVT]y/[Tel], ratio, and the pro-
pensity of the MVT to cyclise, telogen Cr values clearly impact
both the global polymer molecular weight distribution and the
internal telomer sub-unit length distribution within the
polymer architecture. Success from TBRT polymerisations
therefore has many variables to use to optimise outcomes. For
example, a very low Cr may be enhanced by increasing reaction
temperature, and a low T, may be improved, if required, by
careful selection of telogen.

Glass transition temperature, and its relevance within highly
branched polymer architectures, has been subject to much debate,
but polymers with very high dispersity and high architectural vari-
ation have not been readily available to evaluate different math-
ematical approaches to T, determination. At least for the high
molecular weight, high disperse, branched materials produced
here, the inclusion of M,, into the Flory-Fox relationship appeared
to produce a better model of glass transition behaviour. Further
studies of this nature are required to establish the generic capa-
bility of the modified Flory-Fox relationship to accurately reflect
the complex transitions within materials of this class.

TBRT is a new polymerisation tool, offering significant oppor-
tunities for manipulation and control over polymer physical and
chemical properties. As the study of materials generated from

This journal is © The Royal Society of Chemistry 2023
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TBRT grows, it is expected to become a valuable asset in the cre-
ation of new materials for future applications.
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