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Transfer-dominated Branching Radical Telomerisation (TBRT) allows the synthesis of high molecular

weight branched polymers via the homopolymerisation of multi-vinyl substrates without gelation and

copolymerisation with mono-vinyl feedstocks. Understanding the key structural and chemical factors

influencing the solubility of new polymers may allow careful selection of building blocks when designing

specific functions within target environments. Here, a set of 30 (co)polymers were synthesised, creating a

diverse library with variation of backbone chemistry, hydrophilicity, polarity, side chain structure, and func-

tionality. Synthesis conditions were varied to enable high molecular weight samples, each closely con-

forming to ideally branched TBRT structures. Seven solvents with increasing polarity, dipole moment, and

dielectric constant were selected to study solubility, as determined after equilibration at ambient tempera-

ture. Backbone chemistry and side chain functionality, either delivered via telogen or through copolymeri-

sation, was observed to be important. Simplistic rationales relating to solvent parameters were not clearly

achievable but the use of contemporary models utilising quantum chemical data and large experimental

datasets was remarkably able to predict directional trends in solubility between comparable polymer

chemistries through interrogation of repeating units. This offers a computational screening of TBRT (co)

polymer designs before undertaking considerable synthesis campaigns.

Introduction

The introduction of novel synthetic strategies for homopoly-
mers and copolymers opens new avenues of investigation to
researchers around the world. Typically, a new synthesis
approach utilises existing monomer chemistries but offers
control over various features of the resulting polymers or the
conditions under which they may be synthesised. For
example, reversible-deactivation radical polymerisations
have allowed research teams to synthesise relatively low dis-
persity polymers with complex architectures without the
need for stringent control of reaction conditions that would

typically have been employed with ‘living’ polymerisation
techniques.1,2

Generally speaking, new polymer syntheses form polymers
where many of the physical, thermal, chemical, and mechani-
cal properties are relatively well known. To illustrate this,
p(methyl methacrylate), p(MMA), formed by conventional free
radical polymerisation of methyl methacrylate monomer
would be expected to behave nearly identically to p(MMA) syn-
thesised by atom transfer radical polymerisation or reversible
addition–fragmentation chain transfer techniques. This is
especially the case when chain lengths are above critical
values, such as the point where the glass transition tempera-
ture vs. molecular weight relationship plateaus as described by
Flory–Fox theory.3

Despite this, prediction of polymer solubility, especially
copolymer solubility, across a range of solvents and with
unusual monomer compositions is non-trivial. This is impor-
tant in many fields including understanding phase transitions,
predicting compatibility with new solvents, and formulating
products containing reactive diluents.4 Predicting the solubi-
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lity of small molecules is challenging in itself,5 but the
additional complexity that is derived from molecular weight
distributions, compositional diversity within copolymer
samples, architecture variation, and unknown or unmeasured
polymer–solvent interaction parameters present considerable
additional hurdles for accurate prediction of solubility or
trends that may be expected across a targeted range of
polymers.6

In summary, the approaches to polymer solubility predic-
tion can be categorised as: (1) theoretical models;7 (2) compu-
tation and simulation;7–9 (3) machine learning algorithms;10

(4) experimental approaches (including library synthesis);11

and (5) hybrid techniques such as high-throughput screening
combined with machine learning.12 Concepts such as Hansen
or Hildebrand solubility parameters and Flory–Huggins inter-
action parameters are based on the concept of “like-dissolves-
like” and are relied upon by many in industrial settings.12,13

With entirely new (co)polymers or new solvents, some para-
meters need to be estimated due to the lack of background
data. Machine learning approaches may also suffer from a
dearth of experimental data to draw upon, or variable quality
data generated using inconsistent methodologies.4,14,15

Experimental approaches aiming to synthesise large libraries
of new macromolecules and screen solubility across wide
solvent ranges are also resource intensive.

In recent years, the introduction of transfer-dominated
branching radical telomerisation (TBRT) as a new synthesis
approach has been shown to provide entirely novel branched
homopolymers and copolymers.16–19 Despite predominantly
using commercial feedstocks, these branched macromolecules
have not previously been available for study as conventional
polymerisation techniques would result in insoluble crosslinked
network formation. The mechanism of TBRT allows homopoly-
merisation of multi-vinyl building blocks, and copolymerisation
with low concentrations of mono-vinyl monomers, leading to
soluble branched architectures with backbone repeating chem-
istries that resemble step-growth structures despite the use of
conventional free radical chemistry.20,21 The synthesis of
branched polymers and copolymers by TBRT is summarised in
Fig. 1A. Importantly, vinyl feedstocks for telomerisation reac-
tions are known as taxogens, and chain-transfer agents, are
known as telogens.22 By maintaining a number-average chain
length derived from vinyl group propagation at <2 units, gela-
tion is avoided with complete consumption of vinyl
functionality.16,21 This typically requires an excess of telogen to
generate reaction conditions where telogen-telogen radical
chain transfer dominates and propagation is considerably cur-
tailed. The formation of structural subunits with a degree of
polymerisation of just one unit, DP1, is critical to success.16,23

Multi-vinyl taxogens (MVTs) may be homopolymerised by
TBRT with selection of MVT structure dictating the backbone
of the resulting branched polymer, Fig. 1Bi. Mono-VTs may
also be included into the reaction mixture and generate
branched copolymers, Fig. 1Bii.17,19 To simplify visualisation
of these complex macromolecules, they may be summarised as
nominal repeating structures, especially as, under ideal con-

ditions, the telogen is incorporated at a 1 : 1 molar ratio with
MVT; if a 1 : 1 : 1 molar ratio of MVT :mono-VT : telogen is tar-
geted, a relatively simple copolymer nominal repeat unit may
also be drawn that includes all feedstocks, Fig. 1B.20

The consequence of a 1 : 1 molar ratio of MVT : telogen in
the final polymer is that the telogen may be considered as a
side chain (pendant group) to the backbone. Equally, at a
1 : 1 : 1 molar ratio of MVT : mono-VT : telogen the mono-VT
acts to introduce additional side chain functionality.17

Modification of telogen chemistry, mono-VT, and MVT have all
been shown to impact the thermal properties of TBRT poly-
mers and copolymers.17,24 Here we aimed to investigate the
impact of such changes on the solubility of a systematically
changing series of TBRT polymers and copolymers.

Synthesis and characterisation of homo-
and statistical copolymers by TBRT

To investigate the impact of TBRT polymer backbone structure
on experimental solubility, a diversity of starting materials was
selected that offers significant backbone variation with respect
to hydrophilicity, polarity, aromaticity and rigidity. The MVTs
chosen were glycerol dimethacrylate (GDMA) and bisphenol A
dimethacrylate (BPADMA), Fig. 1Ci & Cii respectively. For clarity,
GDMA is known to be a mixture of 1,2- and 1,3-isomers.25 To
establish the impact of additional functional and non-functional
side chains within copolymers, four mono-VTs were selected,
namely: isobornyl methacrylate (IBOMA, Fig. 1Di); glycidyl meth-
acrylate (GlyMA, Fig. 1Dii); 2-N-morpholinoethyl methacrylate
(MEMA, Fig. 1Diii), and glycerol methacrylate (GMA, Fig. 1Div),
offering a range of steric crowding, polarity, and hydrophilicity.
The telogen structure presents side chains in homopolymer
structures and three telogens that introduce diverse chemistries
with previously reported success in TBRT were chosen, these
were 1-thioglycerol (TG, Fig. 1Ei), t-butyl benzyl mercaptan
(tBuBzM, Fig. 1Eii), and 1-dodecanthiol (DDT, Fig. 1Eiii).
Collectively, these nine starting materials, when targeting 1 : 1 : 1
statistical copolymers offer a library of thirty materials, Table 1.

The samples were analysed using Triple-Detection Size
Exclusion Chromatography (TD-SEC) to establish comparable
values of molecular weight and related properties without
resorting to linear polymer standards (Fig. S1). Targeting of
molecular weight with TBRT is not trivial and currently
requires empirical determination of the relationship with
respect to MVT : Telogen ratios.24 As with many TBRT batch
reactions, a telogen excess is required to prevent gelation and
as the MVT : Telogen ratio increases, weight-average molecular
weight, Mw, values increase dramatically leading eventually to
gelation. Number-average molecular weight, Mn, may remain
relatively low as a consequence of the intermolecular branch-
ing reaction proceeding via mechanisms analogous to step-
growth curing reactions. Accurate values of [MVT]0 : [mono-
VT]0 : [Tel]0 ratios were determined by 1H nuclear magnetic
resonance spectroscopy (NMR) of reaction mixtures prior to
thermal initiation (Fig. S2).
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Of the thirty homopolymers/copolymers synthesised here,
only two have been previously reported: namely the homopoly-
mers p(DDT-BPADMA) and p(tBuBzM-BPADMA).17 Appreciable
Mn and Mw were sought for each sample composition to avoid
solubility studies being affected by low molecular weight frac-
tions. It is the case that a range of Mn values are present
within this study set despite Mw values being very high in
some cases. A significant study of each of the targeted compo-
sitions was conducted to generate appropriate MVT : Telogen
and MVT :mono-VT : Telogen ratios to obtain high Mw samples
of each polymer and statistical copolymer. This entailed >120
polymerisation reactions to select the thirty samples studied
here. TBRT reactions may be manipulated by reaction concen-
tration, solvent, and temperature and considerable variation
was used to obtain the sample library (Table S1).

Rigorous purification of each sample was conducted, includ-
ing multiple precipitations, to ensure the removal of unreacted
telogen that may influence solubility measurements. Again, sig-
nificant investigation was required to establish appropriate anti-
solvents for each sample, especially given the expected impact
on solubility that was targeted within their compositions
(Table S1). As such, the Mn values shown for some samples are
uncharacteristically high for TBRT polymers. For example,
p([TG-GDMA]-stat-MEMA) required significant precipitation and
reprecipitation steps to remove unreacted 1-thioglycerol, and
fractionation of the lowest molecular weight species may be the
cause of the measured Mn = 45 070 g mol−1. Mn values cannot
be directly dictated using TBRT at this stage.

All but one of the final purified polymer or statistical copo-
lymer samples had Mw values > 50 000 g mol−1, and twenty-

Fig. 1 Schematic representation of branched homopolymers and statistical copolymers synthesised using TBRT. (Ai) homopolymer formed from
TBRT reaction of one multi-vinyl taxogen (MVT) and one telogen, and (Aii) statistical copolymer formed using a telogen and a mixed MVT/mono-
vinyl taxogen (mono-VT) feedstock; (Bi) structure of TBRT homopolymer formed from 1-thioglycerol (TG) and bisphenol A dimethacrylate (BPADMA)
with nominal repeating unit structure, and (Bii) structure of TBRT statistical copolymer synthesised using t-butyl benzyl mercaptan (tBuBzM) and a
mixed feedstock of BPADMA and isobornyl methacrylate (IBOMA); (C) structures of MVTs chosen for the study: (i) glycerol dimethacrylate (GDMA);
and (ii) BPADMA; (D) structures of mono-VTs selected for this study: (i) IBOMA; (ii) glycidyl methacrylate (GlyMA); (iii) 2-N-morpholinoethyl meth-
acrylate (MEMA); and (iv) glycerol methacrylate (GMA); (E) selected study telogens: (i) TG; (ii) tBuBzM; and 1-dodecanthiol (DDT).
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eight samples were characterised with Mn values >3500 g
mol−1. As the solubilities of TBRT branched polyesters has not
been studied previously, these criteria were considered to be
appropriate for this investigation. Also worthy of note is the
difficulty encountered when incorporating GlyMA into statisti-
cal copolymers with BPADMA. When using TG or DDT as telo-
gens the conventional systematic variation of MVT : Telogen
ratios led to gelation at relatively low MVT : Telogen ratios and
did not provide the steady rise in Mw that we typically have
reported. We therefore targeted relatively low values for
p([DDT-BPADMA]-stat-GlyMA) and p([TG-BPADMA]-stat-
GlyMA). This may be an unwanted side reaction with the
epoxide ring, but no such issues were observed when employ-
ing tBuBzM as the telogen, Table 1.

For all samples, the Mark–Houwink–Sakurada (MHS) alpha
values were <0.45 and consistent with compact, branched
architectures. As would be expected for an ideal TBRT with
minimal cyclisation, the MVT : Telogen ratios within the final
purified polymers adhered closely to the expected 1 : 1

value.26,27 Accurate determination of these values was predo-
minantly achieved using 1H NMR (Fig. S3), however, where
this was not possible due to overlapping resonances, inverse-
gated 13C NMR was required (Fig. S4).28 For eight of the
samples, accurate determination of final composition was not
possible using NMR techniques due to a lack of clearly
defined resonances that could be accurately utilised. As stated
above, the targeted (co)polymers were designed to show a sig-
nificant variation in solubility, and this was indeed seen
during analysis, with several of the samples requiring TD-SEC
analysis using DMF eluent although THF was more appropri-
ate for others.

TBRT homo- and statistical copolymer
solubility studies

To evaluate the solubility trends within the TBRT polymer/stat-
istical copolymer library, a series of seven solvents were

Table 1 Characterisation of TBRT homopolymers and statistical homopolymers synthesised during this study. Reactions conducted under a variety
of conditions (Table S1) and vinyl group consumption calculated as >99% for all reactions via NMR analysis of crude reaction mixtures

Polymer

Reaction and recovered (co)polymer
composition TD-SEC

[MVT]0 :
[mono-VT]0 : [Tel]0

[MVT]F :
[mono-VT]F : [Tel]F

c Mw (g mol−1) Mn (g mol−1) Đ MHSα dn/dc

Homopolymers
p(DDT-GDMA) 0.58 : 1a 1.04 : 1a 665 700e 30 370 21.9 0.25 0.106
p(tBuBzM-GDMA) 0.77 : 1a 0.99 : 1a 488 800e 3560 137.3 0.29 0.140
p(TG-GDMA) 0.22 : 1a 1.04 : 1a 101 900e 3130 32.6 0.32 0.133
p(DDT-BPADMA) 0.35 : 1a 0.92 : 1a 561 500 f 5470 102.7 0.32 0.140
p(tBuBzM-BPADMA) 0.44 : 1a 1.01 : 1a 314 600 f 13 500 23.3 0.45 0.169
p(TG-BPADMA) 0.25 : 1a 1.04 : 1a 901 710e 14 680 61.4 0.38 0.195
Statistical copolymers
p([DDT-GDMA]-stat-GMA) 0.61 : 0.66 : 1a * 788 400e 12 110 65.1 0.33 0.108
p([tBuBzM-GDMA]-stat-GMA) 0.62 : 0.59 : 1a 0.96 : 0.95 : 1d 81 300e 18 290 4.4 0.31 0.132
p([TG-GDMA]-stat-GMA) 0.43 : 0.41 : 1b * 142 200e 2980 47.7 0.29 0.112
p([DDT-GDMA]-stat-GlyMA) 0.45 : 0.43 : 1a 1.08 : 1.03 : 1a 99 800e 8920 11.2 0.25 0.120
p([tBuBzM-GDMA]-stat-GlyMA) 0.34 : 0.35 : 1a 1.02 : 0.87 : 1d 76 700e 4340 17.7 0.29 0.150
p([TG-GDMA]-stat-GlyMA) 0.44 : 0.46 : 1a * 585 400e 3850 152.1 0.34 0.088
p([DDT-GDMA]-stat-IBOMA) 0.62 : 0.59 : 1a * 46 900 f 6730 7.0 0.28 0.100
p([tBuBzM-GDMA]-stat-IBOMA) 0.69 : 0.75 : 1a 0.97 : 0.98 : 1a 105 700e 18 660 5.7 0.27 0.093
p([TG-GDMA]-stat-IBOMA) 0.54 : 0.55 : 1a * 106 400e 3650 29.2 0.28 0.126
p([DDT-GDMA]-stat-MEMA) 0.66 : 0.71 : 1a 1.03 : 1.07 : 1d 609 600e 24 960 24.4 0.35 0.096
p([tBuBzM-GDMA]-stat-MEMA) 0.68 : 0.68 : 1a 1.09 : 1.10 : 1d 131 600e 13 680 9.6 0.29 0.125
p([TG-GDMA]-stat-MEMA) 0.56 : 0.56 : 1b 1.02 : 0.98 : 1d 988 800e 45 070 21.9 0.42 0.118
p([DDT-BPADMA]-stat-GMA) 0.33 : 0.35 : 1a 1.04 : 1.06 : 1a 1 312 600e 11 460 114.5 0.34 0.129
p([tBuBzM-BPADMA]-stat-GMA) 0.33 : 0.37 : 1b * 141 700e 7800 18.2 0.25 0.172
p([TG-BPADMA]-stat-GMA) 0.15 : 0.17 : 1b * 161 164e 4610 34.9 0.31 0.177
p([DDT-BPADMA]-stat-GlyMA) 0.30 : 0.30 : 1a 0.86 : 0.53 : 1a 47 200 f 7260 6.5 0.31 0.131
p([tBuBzM-BPADMA]-stat-GlyMA) 0.41 : 0.41 : 1a 1.07 : 0.56 : 1a 367 100e 13 790 26.6 0.34 0.151
p([TG-BPADMA]-stat-GlyMA) 0.13 : 0.13 : 1a * 50 400e 3670 13.7 0.28 0.169
p([DDT-BPADMA]-stat-IBOMA) 0.39 : 0.39 : 1a 0.96 : 0.73 : 1a 143 400 f 9100 15.8 0.36 0.124
p([tBuBzM-BPADMA]-stat-IBOMA) 0.44 : 0.46 : 1a 0.93 : 0.68 : 1a 302 100 f 7600 39.8 0.40 0.148
p([TG-BPADMA]-stat-IBOMA) 0.37 : 0.36 : 1a 0.98 : 0.40 : 1a 152 800e 15 270 10.0 0.30 0.171
p([DDT-BPADMA]-stat-MEMA) 0.40 : 0.40 : 1a 0.91 : 0.59 : 1a 124 800 f 14 820 8.4 0.37 0.136
p([tBuBzM-BPADMA]-stat-MEMA) 0.42 : 0.43 : 1a 0.91 : 0.53 : 1a 221 100 10 270 21.5 0.40 0.152
p([TG-BPADMA]-stat-MEMA) 0.18 : 0.18 : 1a 1.09 : 0.67 : 1a 279 800e 19 750 14.2 0.33 0.160

*Analysis not possible due to overlapping resonances. aDetermined by 1H NMR (CDCl3 or d6-DMSO) from the reaction mixture (t = 0).
bDetermined using exact mass added to reaction mixture. cDetermined by 1H NMR (CDCl3 or d6-DMSO) for a sample after purification and
drying in vacuo. dDetermined by inverse-gated 13C NMR (CDCl3 or d6-DMSO). eDetermined by TD-SEC using DMF eluent system. fDetermined by
TD-SEC using 2% v/v TEA/THF eluent system.
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selected with decreasing polarity, Table 2.29 Empirical polarity
scales for different organic solvents have been relied upon for
many years to aid the understanding of solvation and organic
solvent behaviour, although recent reports have questioned
the underlying principles of established techniques for deter-
mining such values.30 Other values may also be used to charac-
terise different solvents, such as their dipole moment, dielec-
tric constant and eluotropic strength,31 more commonly used
in chromatographic considerations of solvent choice. Across
all of these measures, the seven selected solvents showed a
broad diversity of values that decreased systematically from
water to hexane, Table 2. Importantly, despite the solubility of
many compounds being reported on a nominal scale ranging
from “insoluble” to “highly soluble” the definitions of terms
like “partially soluble” or “freely soluble” are either very broad
or not adhered to consistently. Such terms are more common
in the drug discovery field,32,33 however, we have chosen to
adopt a similar approach to compartmentalise our results
here. With this in mind, our solubility studies accurately
weighed approximately 100 mg of each polymer into vials and
1 mL of each solvent was added (for clarity, sample masses
were all measured but 100 mg was sometimes difficult to
achieve exactly due to the varying physical nature of the
polymer samples). The samples were kept at ambient tempera-
ture for two weeks, filtered and the mass of polymer within the
solvent phase was determined gravimetrically as a mg mL−1

value. The long equilibration time was selected to overcome
slow dissolution kinetics that would result from variation in
glass transition temperature and limited solvent diffusion, and
the variability in molecular weight and dispersity within this
study set.34,35

Significant entanglement is not expected to impact these
studies due to the branched architectures within TBRT
samples.37 Polymers with measured solubility values in the
range 0–5 mg mL−1 were deemed “poorly soluble” whilst
samples showing solubilities from 5–20 mg mL−1 were con-
sidered “slightly soluble”. Values of 20–50 mg mL−1 were cate-
gorised as “soluble” and polymers exhibiting solubilities
>50 mg mL−1 were considered “highly soluble”. This nomen-
clature is purely employed to aid the differentiation of solubi-
lity behaviour of these materials, and all measured values are
also presented (Table S2).

TBRT polymers are novel branched polyesters with several
structural variables. As homopolymers, their behaviour has
been shown to be dictated by both the backbone, derived from
the MVT, and the telogen, acting as side chain.17 Within their
architecture there are three structural sub-units that mirror the
components of conventional ABn hyperbranched polymers.38

Terminal groups are derived from the simple addition of the
telogen to one vinyl group of the MVT with no propagation, i.e.
a DP1 sub-unit. These dominate the structure and may be criti-
cal in determining solubility characteristics through polymer-
solvent and polymer–polymer interactions. Linear sub-units are
formed when the propagation is limited to DP2 and do not con-
tribute to branching. Any propagation >2 vinyl units will lead to
branching and become dendritic sub-units, and these vary in
length and position within the architecture, Fig. 1Ai & Bi.28

TBRT copolymers derived from mono-VT incorporation
offer additional complexity. Not only do they add additional
side chains to the branched architecture, they may carry func-
tional groups and impact inter- and intra-chain interactions.
When incorporated into a terminal sub-unit they modify the
chemistry of the surrounding environment but do not increase
branching. When adding into linear and dendritic sub-units
and, the overall DPn increases and a new chemical environ-
ment is created but, again, no change in branching occurs as
the mono-VT increases the length of the sub-unit but not its
multiplicity. The process of mono-VT incorporation is statisti-
cal so different terminal units will now be present, including
those with no mono-VT, those with one mono-VT and,
potentially, multiple monofunctional comonomers added.
Additionally, within the linear and dendritic sub-units, single
mono-VT residues may be isolated within telomer chains
formed only from MVT propagation or multiple mono-VTs
may be present and may be incorporated next to each other,
Fig. 1Aii & Bii.17

The complexity of TBRT statistical copolymers is not
entirely dissimilar to the that seen is conventional linear stat-
istical co- and terpolymers but somewhat enhanced by the
architectural variation.39,40 Due to the statistical nature of
these polymers, broad molecular weight distributions also
complicate any overall prediction of solubility behaviour.

Effects of telogen and mono-VT on
solubility behaviour

It was immediately apparent that the different structural com-
ponents of TBRT homo- and copolymers were able to exert a
significant impact on their solubility. As an exemplar selection
of the data derived during this study, fifteen polymers are
shown with their measured solubility in water, methanol and
hexane in Fig. 2.

When considering the GDMA-derived backbone polymers,
the impact of telogen chemistry is apparent within the homo-
polymer, 1–3, solubility in water and methanol, Fig. 2A.
Despite the presence of a pendant hydroxyl functional group
within the MVT, p(DDT-GDMA), 1, and p(tBuBzM-GDMA), 2,

Table 2 Characteristics of solvents selected for solubility studies

Solvent
Polarity
index

Dipole
moment
(D)

Dielectric
constant

Eluotropic
strengtha (ε°)

Water 10.2 2.90b 80.1 0.95
Methanol 5.1 2.87 32.7 0.95
Acetone 5.1 2.69 20.7 0.56
Tetrahydrofuran 4.0 1.75 7.58 0.45
Diethyl ether 2.8 1.15 4.33 0.38
Xylene 2.5 0.45 2.57 0.26
Hexane 0.1 0.08 1.88 0.01

a Values for Al2O3 stationary phase.
b Value of condensed water.36
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are essentially insoluble in water, however, substitution of the
telogen within these structures to TG creates a slightly soluble
homopolymer (p(TG-GDMA), 3, [water] = 9.1 mg mL−1). This
same effect, although more dramatic, is seen across dis-
solution in methanol, with p(DDT-GDMA), 1, remaining poorly
soluble, p(tBuBzM-GDMA), 2, determined as soluble, and
p(TG-GDMA), 3, being highly soluble, Fig. 2A. Interestingly,
these three homopolymers show poor solubility in hexane
suggesting the MVT is dominating solubility behaviour in this
case, and telogen chemistry alone is not able to overcome the
need to solvate the backbone in order to form solutions of
appreciable concentration.

Mono-VTs have been shown to modify thermal properties
of TBRT copolymers. The introduction of GMA would be
expected to increase the hydrophilicity of the TBRT copoly-
mers, 4–6, relative to their respective homopolymers. From a
perspective of water solubility, this is not specifically seen for
p([DDT-GDMA]-stat-GMA), 4, and p([tBuBzM-GDMA]-stat-
GMA), 5, with both materials remaining poorly soluble.

A significant improvement in water solubility was observed
when 1-thioglycerol is present as the telogen with p([TG-GDMA]-
stat-GMA), 6, measured as having a solubility within our
defined “soluble” range ([water] = 25.2 mg mL−1) and consider-
ably higher than the p(TG-GDMA) homopolymer, Fig. 2A.

The three GMA-containing copolymers, 4–6, were readily
determined to be “highly soluble” in methanol. The impact of

GMA on methanol solubility was particularly notable when
comparing p(DDT-GDMA) (1, [methanol] = <1.0 mg mL−1) and
p([DDT-GDMA]-stat-GMA) (4, [methanol] = 90.1 mg mL−1),
Fig. 2A. Again, no meaningful solubility in hexane was
observed across these GMA-containing copolymers.

The analogous copolymers p([DDT-GDMA]-stat-IBOMA), 7,
p([tBuBzM-GDMA]-stat-IBOMA), 8, and p([TG-GDMA]-stat-
IBOMA), 9, showed no appreciable water solubility with the
presence of the highly hydrophobic and bulky IBOMA side
chain preventing solvation of the hydrophilic backbone.
Relative to the homopolymers, solubility in methanol was
increased for p([DDT-GDMA]-stat-IBOMA), 7, into the “slightly
soluble” range, and decreased for p([tBuBzM-GDMA]-stat-
IBOMA), 8, from the borderline of “slightly soluble”/“soluble”
to the border of “poorly soluble”. The high solubility of
p([TG-GDMA]-stat-IBOMA) copolymer, 9, in methanol ([metha-
nol] = 84.7 mg mL−1) mirrored the homopolymer
p(TG-GDMA), 3, and p([TG-GDMA]-stat-GMA), 6. From a purely
structural point of view, p([TG-GDMA]-stat-IBOMA), 9,
p([DDT-GDMA]-stat-GMA), 4, and p([tBuBzM-GDMA]-stat-
GMA), 5, all display a hydrophilic diol and a hydrophobic side
chain but derived from different species, namely telogen and
mono-VT (9) or mono-VT and telogen (4 and 5) respectively.
The similarity in their methanol solubilities can, therefore, be
rationalised using the same principles. The solubility of
IBOMA-containing copolymers in hexane also mirrors the pre-

Fig. 2 Initial solubility evaluation of comparative samples of homopolymers and statistical copolymers synthesised by TBRT in water, methanol and
hexane (values in mg mL−1): (A) homopolymer p(DDT-GDMA) 1; homopolymer p(tBuBzM-GDMA) 2; homopolymer p(TG-GDMA) 3; p([DDT-GDMA]-
stat-GMA) 4; p([tBuBzM-GDMA]-stat-GMA) 5; p([TG-GDMA]-stat-GMA) 6; p([DDT-GDMA]-stat-IBOMA) 7; p([tBuBzM-GDMA]-stat-IBOMA) 8; and
p([TG-GDMA]-stat-IBOMA) 9. (B) homopolymer p(DDT-BPADMA) 10; homopolymer p(tBuBzM-BPADMA) 11; and homopolymer p(TG-BPADMA) 12.
(C) p([DDT-BPADMA]-stat-IBOMA) 13; p([tBuBzM-BPADMA]-stat-IBOMA) 14; and p([TG-BPADMA]-stat-IBOMA) 15.
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vious homopolymers and copolymers containing GMA, with
the exception of p([DDT-GDMA]-stat-IBOMA), 7. The combi-
nation of DDT and IBOMA side chains within 7 clearly over-
comes the GDMA-derived backbone chemistry to allow a “highly
soluble” copolymer to be formed ([hexane] = 84.3 mg mL−1).

Effects of MVT on solubility behaviour

Modification of side chains to tune polymer and copolymer pro-
perties is common practice when synthesising chain-growth
polymers. TBRT allows this despite generating branched poly-
mers that are analogous to step-growth polymerisations. Within
conventional step-growth chemistries, the structure of the back-
bone is typically varied by copolymerisation. TBRT also allows
this to be achieved by variation of MVT. To enable gross effects
to be studied, BPADMA was selected as it is hydrophobic, aro-
matic, and rigid when compared to GDMA.

When comparing the homopolymers p(DDT-GDMA),
p(tBuBzM-GDMA), and p(TG-GDMA), 1–3, with the analogous
BPADMA-derived homopolymers p(DDT-BPADMA), 10,
p(tBuBzM-BPADMA), 11, and p(TG-BPADMA), 12, a consider-
able contrast in solubility behaviour can be seen. Firstly, no
appreciable water solubility is observed for these latter homo-
polymers with the aromatic MVT clearly dominating the low
hydrophilicity of the materials, even in the presence of thiogly-
cerol side chains, Fig. 2B. The same impact of BPADMA can be
seen within the methanol solubility data with all of the homo-
polymers residing within the “poorly soluble” category.
Notably, p(DDT-BPADMA), 10, has appreciable solubility in
hexane ([hexane] = 28.2 mg mL−1) whilst p(tBuBzM-BPADMA),
11, is considered “slightly soluble” under the criteria used in
this study ([hexane] = 5.2 mg mL−1). The interplay of hydrophi-
licity and hydrophobicity within p(TG-BPADMA), 12, appears
to impede hexane solubility, Fig. 2B.

A similar comparison can be made within the IBOMA-con-
taining copolymers synthesised from each MVT. Firstly, the
water solubility of the copolymers p([DDT-BPADMA]-stat-
IBOMA), 13, p([tBuBzM-BPADMA]-stat-IBOMA), 14, and
p([TG-BPADMA]-stat-IBOMA), 15, all mirror the “poorly
soluble” nature of the equivalent GDMA-derived copolymers
(7–9). The presence of BPADMA residues within the branched
copolymer backbones was seen to impact methanol solubility
relative to GMDA-derived backbones. p([DDT-BPADMA]-stat-
IBOMA), 13, and p([tBuBzM-BPADMA]-stat-IBOMA), 14,
remained within the “slightly soluble” category but, most
notably, p([TG-BPADMA]-stat-IBOMA), 15, solubility fell from
“highly soluble” (p([TG-GDMA]-stat-IBOMA), 9, [methanol] =
84.7 mg mL−1) to “slightly soluble” ([methanol] = 9.3 mg
mL−1) on the introduction of the aromatic backbone, Fig. 2C.
This clearly mirrors the behaviour seen within the two homo-
polymer series where the comparison of p(TG-GDMA), 3, and
p(TG-BPADMA), 12, showed a near identical impact on metha-
nol solubility from the aromatic MVT.

Finally, the hexane solubility of the IBOMA-containing
copolymers may be compared across the two MVTs. As seen

for p([DDT-GDMA]-stat-IBOMA), 7, p([DDT-BPADMA]-stat-
IBOMA), 13, showed the greatest solubility in hexane across
the three telogen copolymers and was determined to be
“highly soluble” within our categorisation. Interestingly,
p([DDT-BPADMA]-stat-IBOMA), 13, was not as soluble as
p([DDT-GDMA]-stat-IBOMA), 7, suggesting an effect from the
MVT chemistry that is not immediately clear although a mole-
cular weight effect cannot be ruled out; p([DDT-GDMA]-stat-
IBOMA), 7, is one of the two copolymer samples with Mw <
50 000 g mol−1. p([tBuBzM-BPADMA]-stat-IBOMA), 13, showed
a significantly higher solubility ([hexane] = 17.6 mg mL−1)
than its GDMA copolymer analogue, also mirroring the com-
parative behaviour of the homopolymer series. Although
p([TG-BPADMA]-stat-IBOMA), 15, showed “poor solubility” in
hexane, the negative impact of the 1-thioglycerol side group is
considerable, overcoming the solvent interactions of the
BPDMA and IBOMA residues within the copolymer.

Solubility behaviour of the GDMA-
derived homopolymer and statistical
copolymer series

Across the GDMA-derived TBRT homopolymers and statistical
copolymers, GMA, MEMA, GlyMA and IBOMA were all used as
mono-VTs and DDT, tBuBzM and TG were combined with all
GDMA polymerisations. The solubility of all fifteen GDMA
backbone polymers were studied in the seven solvents of inter-
est, and the results were grouped for each telogen to present
the impact of solvent and homo-/copolymer composition, and
several clear trends are readily discernible, Fig. 3.

Appreciable solubility in water is only achievable when
using TG as the telogen. This is not necessarily unexpected,
and the inclusion of GMA, MEMA, and GlyMA within
p([TG-GDMA]-stat-XXX) copolymers enhances the solubility
over the “slightly soluble” homopolymer p(TG-GDMA), 3. The
positive impact of GlyMA on water solubility was not expected,
with p([TG-GDMA]-stat-GlyMA), 19, showing the highest water
solubility of the GDMA-derived polymer series. Inclusion of
IBOMA was able to overcome the water-polymer interactions to
generate a water insoluble, but hydroxyl-functional copolymer.

The p(TG-GDMA) homopolymer and all p([TG-GDMA]-stat-XXX)
copolymers were “highly soluble” in methanol, with GlyMA
again showing considerable impact on the measured values
(p([TG-GDMA]-stat-GlyMA), 21, [methanol] = 115.1 mg mL−1). Only
GMA containing copolymers were measured as “highly soluble” in
methanol when tBuBzM or DDT were used as telogen. It is
notable that again, the inclusion of GlyMA enabled methanol solu-
bility within the “soluble” range even when tBuBzM or DDT were
present, suggesting a relatively strong interaction with methanol.

“High solubility” was observed in both acetone and THF for
all DDT- and tBuBzM-containing homo- and copolymers
derived from GDMA, however, only one copolymer within the
TG-derived series showed comparable solubility in acetone
(p([TG-GDMA]-stat-IBOMA), 9; [acetone] = 86.8 mg mL−1) and
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only three polymers, namely p([TG-GDMA]-stat-MEMA) 18,
p(TG-GDMA) 3, and p([TG-GDMA]-stat-IBOMA) could be cate-
gorised as “highly soluble” in THF.

No polymers with a GDMA-derived backbone were con-
sidered “soluble” or “highly soluble” in diethyl ether, although
the highest number of structures with measurable solubility
were seen from DDT-containing materials. The highest solubi-
lities in diethyl ether were recorded for the IBOMA copolymers
p([DDT-GDMA]-stat-IBOMA), 7, and p([tBuBzM-GDMA]-stat-
IBOMA), 8, with values < 8.0 mg mL−1 but categorised as
“slightly soluble” when applying our scale.

TG-containing homo- and copolymers within this series
were essentially insoluble in xylene and hexane; however,
“high solubility” in xylene was seen across both DDT- and
tBuBzM-derived samples apart from those containing GMA,
where the measured values were clearly within the “poorly
soluble” category. The use of tBuBzM as telogen was unable to
generate appreciable solubility across any composition
studied, and only p([DDT-GDMA]-stat-IBOMA), 7, showed
hexane solubility, as discussed above.

Solubility behaviour of the BPADMA-
derived homopolymer and statistical
copolymer series

A similar telogen grouping was applied to the BPADMA-
derived series of fifteen homo- and statistical copolymers,
Fig. 4, leading to identification of similar trends to those seen
within the GDMA-derived series and some BPADMA specific
behaviour.

“Poor solubility” in water was seen for all materials contain-
ing BPDMA residues within the polyester backbone, apart
from two of the TG-derived copolymers. Both p([TG-BPADMA]-
stat-MEMA), 27, p([TG-BPADMA]-stat-GlyMA), 30, showed com-
parable solubility in water to their GDMA-derived counter-
parts, with GlyMA inclusion again shown to produce the most
water-soluble polymer (p([TG-BPADMA]-stat-GlyMA), [water] =
38.7 mg mL−1).

Methanol solubility of BPADMA-derived polymers contain-
ing DDT and tBuBzM telogen residues was restricted to the

Fig. 3 Comparative solubilities in a range of solvents of GDMA-derived homopolymers and statistical copolymers synthesised using TBRT. (A)
Materials synthesised using DDT as the telogen (4, 16, 19, 1, 7); (B) materials synthesised using tBuBzM as the telogen (5, 17, 20, 2, 8); (C) materials
synthesised using TG as the telogen (6, 18, 21, 3, 9). Data shown as experimental values and compared against a scale ranging from poorly soluble
through to highly soluble.
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“poorly soluble” or “slightly soluble” categories. The solubility
of TG-derived polymers in this series was also impacted by the
aromatic backbone, although p([TG-BPADMA]-stat-GMA), 24,
and p([TG-BPADMA]-stat-GlyMA), 30, were observed to be
“highly soluble” and, again, the presence of GlyMA aided
polymer solubilisation significantly within this solvent.

All branched polymers with BPADMA-derived backbones
showed excellent solubility in acetone and THF with only three
DDT-containing polymers falling outside of the “highly
soluble” category. p(DDT-BPADMA) (10, [acetone] = 38.9 mg
mL−1) and p([DDT-BPADMA]-stat-IBOMA), (13, [acetone] =
36.8 mg mL−1) both appear in the “soluble” category in
acetone, whilst p([DDT-BPADMA]-stat-MEMA), (25, [THF] =
31.7 mg mL−1) was determined to be “soluble” in THF.

As seen with the GDMA-derived series, the BPADMA back-
bone polymers formed using TG had no appreciable solubility
in diethyl ether, xylene, or hexane. All polymers formed using
DDT or tBuBzM also showed limited solubility in diethyl ether,
although all five of the DDT-containing materials consistently
showed higher solubilities in this solvent than those utilising

tBuBzM or TG. When DDT and tBuBzM was present as side
chains the materials were “highly soluble” in xylene, mirroring
the same observation when using the GDMA MVT.

BPADMA residues clearly lead to positive polymer-hexane
interactions, with six polymers being classified as “slightly
soluble” or better compared to just one within the GDMA-
derived series: p([DDT-BPADMA]-stat-GlyMA), (28 [hexane] =
25.3 mg mL−1); p(DDT-BPADMA), (10 [hexane] = 28.2 mg
mL−1); p([DDT-BPADMA]- stat-IBOMA), (25 [hexane] = 50.3 mg
mL−1); p([tBuBzM-BPADMA]-stat-GlyMA), (29 [hexane] = 6.6 mg
mL−1); p([tBuBzM]-BPADMA), (11 [hexane] = 5.2 mg mL−1);
and p([tBuBzM-BPADMA]-stat-IBOMA), (15 [hexane] = 17.6 mg
mL−1).

Model prediction of TBRT polymer
solubility trends

As mentioned earlier, predicting the solubility of unknown
solids is difficult, even for novel small molecules.41 Several

Fig. 4 Comparative solubilities in a range of solvents of BPADMA-derived homopolymers and statistical copolymers synthesised using TBRT. (A)
Materials synthesised using DDT as the telogen (22, 25, 28, 10, 13); (B) materials synthesised using tBuBzM as the telogen (23, 26, 29, 11, 14); (C)
materials synthesised using TG as the telogen (24, 27, 30, 12, 15). Data shown as experimental values and compared against a scale ranging from
poorly soluble through to highly soluble.
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computational models have emerged that require specific
physical data to be collected prior to prediction,42 and several
are limited in their scope of solvents that may be modelled;
water solubility has, for obvious reasons, dominated the focus
of such models and deep neural networks have been trained
using existing experimental data.43

Recently, an approach has been reported for solid solubility
prediction that does not rely on collecting experimental data
for unknown compounds prior to modelling across approxi-
mately 100 solvents. The sole input parameters are the SMILES
(Simplified Molecular Input Line Entry System) strings for the
solute and chosen solvent, and the required temperature. The
open access online predictor utilises a deep neural network
that was trained using considerable databases, one of which
contains quantum chemical data (CombiSolv-QM) and
another with a large experimental dataset (CombiSolv-Exp).44

Through the combination of machine learning and a series of
thermodynamic calculations, solid solubility of neutral com-
pounds in neutral solvents is predicted as c log S, in addition
to a number of other predicted parameters including solvation
enthalpy, solvation entropy and heat capacity.45

To investigate the potential for such models to provide gui-
dance on solubilities of TBRT polymers, the thirty branched
homo- and statistical copolymers synthesised here were reduced
to their nominal repeat units, Fig. 3 & 4, and the corresponding
SMILES strings were used as the sole input parameter for the
polymers (Fig. S5 & 6). Each of the seven solvents were also used
as SMILES inputs and the selected temperature for the predic-
tions was consistent at 298 K; the model is hosted on the
Reaction Mechanism Generator (RMG) website.46

When comparing the experimental solubility data for the
GDMA-derived homopolymers, Fig. 5A, to the calculated log S
values from the model, it is clear that the predicted values are
not accurate, however, within a single solvent the model is gen-
erally very good at predicting the directionality of solubility
across the varying telogen residues.

For example, the model predicts that p(DDT-GDMA), 1, has a
low solubility in methanol when compared to p(tBuBzM-GDMA),
2, which is predicted to be less soluble than p(TG-GDMA), 3, and
this is borne out within the experimental values. This same direc-
tional correlation is seen within the predictions of solubilities in
water, acetone, THF, diethyl ether, and xylene. Hexane solubility
does not correlate well for these homopolymers. Within a single
homopolymer, the correlation across solvents is also relatively
accurate from a directional perspective. As an example,
p(TG-GDMA), 3, is predicted to be less soluble in water than
methanol, with a subsequent decrease in solubility in acetone,
and THF, with very low solubility in diethyl ether xylene and
hexane; this is indeed in good correlation with the experimental
data and the same good correlations are also seen for
p(DDT-GDMA), 1, and p(tBuBzM-GDMA), 2.

Considering the correlation of predicted solubility behav-
iour and experimental data for BPDMA-derived homopolymers,
Fig. 5B, the ordering within each solvent across the different
telogen-containing homopolymers is less correlated, but the
model does well in showing the variability in expected solubi-

lity for a single homopolymer across the seven solvents
studied, including predicting solubility in hexane and the rela-
tive order of solubilities in this solvent across the three homo-
polymers. “Poorly soluble” and insoluble samples were gener-
ally well represented by predicted negative values of c log S.

As an example of the simulation of solubility for statistical
copolymers, Fig. 6 shows GDMA and BPADMA backbone
materials with GlyMA as the mono-VT across all three telogens.
The trends in the relative behaviour of p([DDT-GDMA]-stat-
GlyMA), 19, and p([tBuBzM-GDMA]-stat-GlyMA), 20, are reason-
ably consistent between the modelled solubility and the experi-
mental outcomes, Fig. 6A. Again, the exact c log S values are
not expected to be accurate, but the predicted insolubility in
water and increasing solubility of both polymers in methanol,
acetone and THF follow the experimental trend, as does the
relative decrease in solubility for both statistical copolymers in
diethyl ether, increased solubility in xylene and subsequent
“poor solubility” in hexane. It is clear that the solubility in
diethyl ether is predicted to be nearly equivalent to that in
methanol and this is clearly not borne out by the experimental
measurements. The model appears to struggle to predict
trends for p([TG-GDMA]-stat-GlyMA), 21, in the higher polarity
solvents, especially water, but correctly highlights the observed
lack of solubility in diethyl ether, xylene and hexane.

Fig. 5 Comparison of experimental solubilities and predicted c log S
values for a range of homopolymers synthesised by TBRT across a selec-
tion of solvents. (A) GDMA-derived homopolymers and (B) BPADMA-
derived homopolymers.
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The equivalent statistical copolymers derived from
BPADMA have solubility trends that also align reasonably
well with prediction, Fig. 6B. Solubility in water is predicted
as being low for all three statistical copolymers, despite
experimental values showing acceptable solubility for
p([TG-BPADMA]-stat-GlyMA), 30. Diethyl ether solubility again
appears to be difficult to predict for these branched polyesters,
and the model appears to incorrectly indicate the potential for
p([TG-BPADMA]-stat-GlyMA) in low polarity solvents.

On a final note, the repeated examples of GlyMA incorpor-
ation improving experimental methanol and water solubilities
over highly hydrophilic side chains such as GMA were unex-
pected and not readily rationalised. The models employed
here also predict c log S values for GlyMA containing polymers
being very similar to those containing GMA in these solvents
and, in some cases, higher solubilities where GlyMA is
employed (e.g. methanol solubility: p([DDT-BPADMA]-stat-
GlyMA) > p([DDT-BPADMA]-stat-GMA)).

Conclusions

The understanding of TBRT is evolving and as the branched
polymers and copolymers that may be generated by this tech-

nique are very new, it is important to study their physical and
chemical behaviour. It is perhaps not entirely surprising that
variations in the structure of telogen, MVT and mono-VT can
have significant impact on the solubility of these materials.
Within the homopolymers shown here, this is not dissimilar
to the impact of varying a side chain in a methacrylate series
such as p(lauryl methacrylate), p(benzyl methacrylate), and p-
(glycerol methacrylate). That said, it is not possible in such a
series to modify the backbone from the C–C methacrylate
structure, but TBRT allows this through the change in MVT.
The incorporation of extra side chains through the inclusion
of mono-VTs is also different to conventional polymers,
although can be viewed as analogous to statistical copolymeri-
sation of varying vinyl monomers.

The solubility trends described herein do show a simple
view of solvent diversity (polarity, dipole moment, dielectric
constant, or eluotropic strength) is not able to directly gauge
even the directional variation within the most simple TBRT
homopolymers. MVT backbone chemistry can clearly predo-
minate within the solubility behaviour of homopolymers and
statistical copolymers alike. Mono-VT may be utilised to
balance or negate the impact of backbone chemistry and
introduce strong solvent interactions that modify polymer
behaviour in surprising ways. Here we have attempted to
utilise a relatively new machine learning-derived solubility
prediction that has indeed been shown to provide insight
into what may be expected to be seen in these new materials.
This has solely utilised the repeat unit chemistry within each
sample with “slightly” and “poorly soluble” being relatively
well indicated by the model. The degree of predictability was
reasonable, especially given the complexity of rationalising
polymer solubility using existing complex mathematical
models. As these models continue to improve, the accuracy,
and potentially the actual solubility values, would be
expected to become more closely associated with experi-
mental measurement. The ability to manipulate TBRT
polymer and copolymer solubility is important for future
applications.
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