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Abstract

In this article we extend the understanding of gelation suppression in reversible
addition-fragmentation chain transfer (RAFT) polymerization in systems with long
primary chains and high crosslinker content, regimes which have been mostly over-
looked to date. Using a model methacrylate system the gel point, apparent propaga-
tion rate constants and polymer architectures are seen to vary in a systematic fash-
ion. By combining our experimental data with several related studies, we introduce
a new phenomenological parameter, the “crosslinking tendency”, that incorporates
monomer concentration and excess functionality to universally describe the gelation
suppression in both RAFT and ATRP controlled radical polymerization systems. The
ability of the crosslinking tendency to quantitatively account for a broad range of
RAFT and ATRP systems suggests that factors such as monomer architecture and de-
tails of activation/deactivation mechanisms may play only a secondary role in gel

point suppression.
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Introduction

Branched and highly branched, often referred to as hyperbranched, polymers consist of a
network of sub-chains stemming from the “primary chain.” Multifunctional monomers,
or “crosslinkers,” cause branching; the gel point is the state in which branched chains
interconnect to form an infinite network, at which point the polymers can neither be sol-
vated nor processed thermally. With their networked architectures, branched polymers
are useful in separations as membranes and chromatography materials.! Branched poly-
mers also have wide applications as adhesives and additives due to the residual func-
tionality that offers the capability of curing after application to enhance the mechani-
cal strength.? To have enough mechanical strength for these type of applications, these
polymers must have some minimal molecular weight. However, the introduction of
crosslinker readily creates a situation in which the infinite network forms abruptly, mak-
ing it difficult to design a polymerization that yields non-oligomeric yet finite branched
polymers.

A better understanding of the branching process is therefore needed to elucidate the
synthesis of branched polymers that meets industrial application criteria. The classical
treatment considering infinite network formation was the gelation theory by Flory for
step growth polymerization.® With the contemporary hypothesis of the rare instanta-
neously active radicals on a chain relative to other dormant groups, Stockmayer adapted
this work to chain growth polymerization.# Two key assumptions are included in this
theory: firstly, crosslinkers can only form bridges between intermolecular chains in a ran-
dom manner; and secondly, different functional groups are equally reactive. The ideal
infinite network is thus formed when there is only one branch point per chain. How-
ever, several studies have large deviations from Flory and Stockmayer (F-S) theory. For
example, Matsumoto et al. showed that gel conversion, which is the vinyl conversion at
the gel point, can be five times larger than the theoretical gel point in a free radical poly-

merization (FRP) system when there is a chain transfer agent.” This phenomenon, termed
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gel-point suppression, has also been observed in FRP of styrenes and methacrylate sys-
tems.*® Gel-point suppression is thought to be caused by the intramolecular crosslinking
of chains during reaction, which adds cyclizations to the local chain architecture with-
out contributing to the formation of the infinite network.’% A major research effort in
gelation studies aims to approach the theoretical prediction and provide appropriate ex-
planations for the onset of suppression. Matsumoto suggested three possible causes of
gelation suppression: a thermodynamic excluded volume effect of active radicals, a dif-
fusion constraint of chains beyond a certain extent of reaction, and reduced reactivity of
pendent groups, namely residual vinyl groups from crosslinker molecules that have al-
ready been incorporated into the chain.” These factors are not considered in F-S theory,
and leads to the formation of a “microgel” in the early stages of polymerization, in which
polymer chains crosslink and gel in a locally confined region. The microgel grows and
eventually crosslinks with other microgels to reach the (macro)gel-point constituting a
heterogeneous network constrained in expanse only by the reaction volume.®
Controlled radical copolymerizations (CRPs) have been considered as a potential way
to approach ideal gelation conditions.”® CRP reactions intentionally limit the radical con-
centration to suppress termination reactions and provide uniform chain initiation, yield-
ing products with dispersity (D) nearing unity and molecular weight averages that are
proportional to conversion. Atom-transfer radical polymerization (ATRP)***> and re-
versible-addition fragmentation polymerization (RAFT)1"!% are the most-practiced im-
plementations of CRP. RAFT limits radical concentration through the introduction of
chain transfer agents (CTAs) that readily form stable radical intermediates, whereas ATRP
employs transition metal catalysts to reversibly activate and deactivate functional chain
ends.? It is believed that in CRP processes, relatively homogeneous branched networks
are formed due to the suppression of intramolecular crosslinking and the concomitant
formation of microgels.”#2122 The suppression of microgel formation in CRPs, compared

to FRP, is evidenced by the significant delay of the onset of Trommsdorff effect, which is



the autoaccelaration of polymerization as the diffusion of polymer chains is limited.”
The gelation process in CRPs has been discussed through several relevant reaction pa-
rameters. Many play some role in the kinetics and final network structures: solvent qual-
ity, monomer concentration,? the amount of thermal initiator used (RAFT-specific),%*
temperature, the amount of crosslinker, the functionality of the crosslinker, the amount of
CTA with respect to monomer and/or crosslinker (RAFT-specific) and the amount of the
halide-initiator and catalyst/countercatalyst (ATRP-specific). Monomer concentration is
perhaps the key factor throughout polymerization chemistry.?/'2> The critical “blob over-
lap” concentration in methacrylate systems has been shown to delineate intermolecular-
vs. intramolecular-crosslinking-dominated behavior.?!' Additionally, the monomer con-
centration strongly influences the solution viscosity; in concentrated systems, diffusion-
limited conditions develop in the late stages of polymerization, promoting network for-
mation.?” In RAFT polymerization, changing the ratio between the chain transfer agent
and the monomer varies the target molecular weight.?® With increasing CTA concentra-
tion the primary chain length will become shorter and the number of branch points per
primary chains will decrease. The amount of crosslinker added is a vital factor in the
formation of network structure. Controlling the ratio of CTA to crosslinker is a proven
strategy to polymerize a high conversion product without gelation, although at cost of
limited primary chain length. The “Strathclyde route” keeps the ratio of chain transfer
agent to crosslinker around unity to prevent gelation.*>” The structure of the CTA also
plays a role in the retardation of reaction rate.2® Obviously, the crosslinker concentration
controls the evolution of branching and ultimately crosslinking. While most of the lit-
erature keeps the crosslinker to monomer ratio quite small, there have been reports that
increasing its value increases gel-point suppression with respect the F-S theory expecta-
tion.”?® This may be understood by considering that crosslinkers increase the tendency
for both inter- and intramolecular linkages, the latter of which is not accounted for in the

F-S treatment.



Beyond basic reaction parameters, the role of monomer architecture on gelation in
CRPs is unclear. Tripathi et al.? indicated that longer alkyl ester side chains of monovinyl
methacrylates significantly slow down the radical propagation through pendent vinyl
groups in copolymerization with the crosslinker. Crosslinkers with bulky spacer groups
are reported to promote intermolecular crosslinking during polymerization because of
the steric hindrance.®! Likewise, several reports indicate that shorter spacer groups pro-
mote intramolecular crosslinking.®*33 However, Gao et al. found that the crosslinker
architecture does not significantly influence gelation.** In our previous work, we re-
ported that the polymerization of neat acrylated epoxidized soybean oil (AESO) by RAFT
is strongly gelation-suppressed with as high as 85% monomer conversion achievable
prior to macro-gelation.*#>5¢ These polymerizations of AESO are a departure from other
CRP/crosslinker systems in a few key ways. Firstly, in contrast to most reports in which a
small amount of di- or tri-functional crosslinker is added to a mono-functional monomer,
AESO bears an average of 2.6 acrylic groups per molecule and was the sole polymer-
izable species. Secondly, AESO features a large molecular weight, approximately 1200
Da, comprising a bulky and flexible structure with over twenty spacer units separating
acrylic groups. Finally, the gelation suppression effect persisted even when large primary
chains (over 1 MDa) were considered. These results further questions regarding the role
of crosslinker architecture; e.g., is the bulky structure of AESO directly responsible for the
large degree of gel-point suppression?

Therefore, it is interesting to consider gelation suppression in AESO in the context of
several other studies treating this topic. With a considerable amount of literature focused
on gelation behavior, however, some significant gaps have not yet been filled. Research
to date has focused mainly in the dilute crosslinker regime such that the value of branches
per chain is less than unity. With few exceptions,’#*> the crosslinker to monovinyl monomer
is less than 10%. However, gelation suppression is still expected at higher crosslinker lev-

els as we have observed in the case of pure AESO polymerization. Moreover, in most



CRP gelation studies the degree of polymerization (DP) is typically less than 100. Never-
theless, (hyper)branched polymers will often require considerable molecular weight to be
useful in applications, and thus there is a need to further investigate the polymerization
of branched polymers with larger primary chain length. In this Article we address these
gaps though the investigation of gelation suppression in RAFT polymerization on small-
molecule methacrylate copolymers, in contrast to the bulky AESO monomers treated in

our previous work, focusing on large primary chain size and crosslinker concentration.

Experimental

Materials

Methyl methacrylate (MMA) and ethylene glycol dimethacrylate (EGDMA) were pur-
chased from Fisher and Sigma-Aldrich, respectively. Monomers were passed through
an inhibitor remover column before conducting reactions. Azobisisobutyronitrile (AIBN)
was purchased from Sigma-Aldrich and recrystallized by methanol. Cumyl dithioben-
zoate (CDB), which serves as the chain transfer agent in RAFT polymerization, was used
as supplied from Sigma-Aldrich. Phenothiazine and methyl ethyl ketone (MEK) were

used as supplied from Aldrich and Fisher, respectively.

RAFT copolymerization of methyl methacrylate and ethylene glycol dimethacry-

late

The detailed recipe for each copolymerization reaction is in Table 1. The prescribed
amounts of MMA, EGDMA, AIBN, and CDB were mixed in the round-bottom flask and
purged under argon. The MMA to CDB molar ratio was 998, and the AIBN to CDB ratio
was 0.3. The reactions were carried out at 80 °C and stirred at 600 rpm. The kinetics were

verified by taking aliquots to acquire the conversion and molecular weight during the



progression of the copolymerization. The gel point was determined as the time when the
vortex generated by the stir bar vanished. Every entry showed in Table[I|was successfully
replicated at least three times. Approximately 500 ppm phenothiazine was added into the
aliquot solution to prevent further crosslinking. The products were crashed by methanol

and vacuum dried.

Characterization

Conversions of polymerization were obtained from 'H NMR spectra recorded in deuter-
ated dimethyl sulfoxide (DMSO) with a Bruker Avance III spectrometer (600 MHz). The
molecular weight distribution was characterized by an integrated gel permeation chro-
matography (GPC) system using chloroform as the eluent. Details of the integrated GPC
system are as follows: a 515 HPLC pump and 717 autosampler were obtained from Wa-
ters with a chloroform flow rate of 1 ml/min. Three chromatography columns with the
molecular weight distributed between 1,000 and 1,000,000 Da along with a guard column
were purchased from Agilent. The system was equipped with a Malvern 270 dual de-
tector, which contains a viscometer, light scattering detectors angled at 7° and 90°, and
a refractive index detector from Wyatt. The system was calibrated by polystyrene triple
detection standards obtained from Malvern. Samples were prepared at 5 mg/mL in chlo-
roform and passed through a 0.45 m PTFE filter. Aliquots were also redissolved in MEK
at a concentration of 5 mg/mL for characterization by dynamic light scattering (DLS).
The DLS measurements were carried out on a Malvern Zetasizer Nano ZS with a light
scattering angle of 173°. The filtered samples were equilibrated at 20 °C for 180 s prior
to measurement. The size by intensity information was averaged from 5 measurements.
Poly(methyl methacrylate) (PMMA) standards used for comparison in DLS experiments

were purchased from Polymer Laboratories.



Results

Table [1| summarizes the molar ratio of EGDMA to MMA ([DM]/[M]) and the overall
vinyl concentration ([=]) used for different entries. Samples are encoded as DMMX0Y’,
where X indexes the vinyl concentration and Y indexes the [DM]/[M] ratio. The highest
[DM]/[M] is set to 0.5 to account for the influence of a high branching ability on the
gelation of the system. The average gel time (t..,4) Of each entry is listed in Table
The gel time is shorter with an increase of [DM]/[M] at constant monomer concentration.
This trend is expected since crosslink density increases as more crosslinkers are involved.
When varying the vinyl group concentration at the same [DM]/[M], the gel time is shorter
at elevated concentrations. For entries at 1.0 M (DMM20Y’), gelation only happens in
DMM203. In the most diluted condition of 0.5 M (DMM10Y'), no gelation takes place in
all three entries. This implies that there is insufficient blob overlap for macro-gelation to

occur, and thus only intramolecular crosslinking occurs.



Table 1: The summary of DMM ratio, vinyl group concentration, kinetic data, yield and the estimated gel time for each
entry.

|tewp,gel_tDstgEZ|

tezp,gel

Sample code [DM]/[M] [:] tewp,gel XM,gel XDM,gel XgFS 1000/{71\/[ 1OOO/€D]V[1 1OOOkDM2 Yield tDLS,gel
/M /min?@ /% /% /%4 /minT¢/min e /min~le /%P /minf /9,

DMM101 0.02 0.5 > 1440 >21b - 16 0.4 - - 40 - -
DMM102 0.2 0.5 > 1440 >23> - 6 0.3 - - 43 - -
DMM103 0.5 0.5 > 1440 >13b - 5 - - - 59 - -
DMM201 0.02 1.0 > 1440 >24P > 11 16 0.7 0.9 - 42 - -
DMM202 0.2 1.0 > 1440 >15° - 6 - - - 68 - -
DMM203 0.5 1.0 154 - - 5 - - - - 136.4 11
DMM301 0.02 29 281 33¢ 22¢ 16 1.5 2.0 0.7 - 2770 1
DMM302 0.2 29 81 8¢ 6° 6 1.2 1.8 0.7 - 794 1
DMM303 0.5 29 68 8¢ 5¢ 5 1.2 1.4 0.5 - 66.2 2
DMM401 0.02 4.8 131 31¢ 36¢ 16 2.8 7.1 1.9 - 136.0 4
DMM402 0.2 4.8 53 11¢ 10¢ 6 2.0 3.6 2.1 - 541 2
DMM403 0.5 4.8 40 6° 5¢ 5 1.7 2.6 0.6 - 403 4

a 1/10 of the initial amount of initiator was replenished every 8 hr to ensure sufficient active radicals in the system.

b The conversions and mass yields were recorded at 1440 min.

c Gel conversions of MMA and DM are extrapolated to the gel point from kinetic data.

d The theoretical gel point (X /%) is calculated based on eq

e The apparent rate constants are calculated only before the replenishment of initiator and based on equation [I|to [6|after fitting with e>
perimental data from 'H NMR.

f The estimated gel time is derived from the extrapolation of inverse hydrodynamic radius versus time from dynamic light scattering.



To analyze the reaction kinetics, the vinyl conversion in both MMA and EGDMA are
measured with 'H NMR spectra. EGDMA and MMA monomers are structurally simi-
lar with overlapping signals in the vinyl region of the spectra. However, the composi-
tion of two monomers and vinyl conversion can be resolved through the methoxy sig-
nals of MMA and the methyleneoxy signals of EGDMA in higher concentration entries
([=] > 1.0 M). Figure S1 in the supporting information demonstrates the accuracy of
using these signals to discern between unreacted EGDMA and MMA. Methyleneoxy sig-
nals from EGDMA (6 4.37) and methoxy signals from MMA (§ 3.70) are clear without any
overlapping indication in Figure S1(a). The integration of these peaks quantitatively de-
termines the DMM ratio, as validated by a series of EGDMA/MMA mixtures of known
composition as shown in Figure S1(b). These signals were further used to determine the
conversion of monomers. Figure S2 in the supporting information shows an exemplary
'H NMR spectrum from a partially completed DMM polymerization aliquot. Though
signals of vinylic hydrogen (0 6.04, 5.69) and allylic hydrogen (6 1.90) from EGDMA and
MMA are overlapped in the spectrum, signals are distinguishable from unreacted and
reacted methoxy/methyleneoxy for both EGDMA and MMA. The vinyl conversion of
EGDMA and MMA are analyzed from methoxy/methyleneoxy signals at (6 4.37, 4.17)
and (6 3.70, 3.57). Using peak deconvolution to account for any peak overlapping, the
corresponding conversion of EGDMA and MMA can be obtained. The conversions of
EGDMA and MMA at the gel point (X4 and Xpasge) are listed in Table |1l At very
dilute vinyl concentration, especially in higher [DM]/[M] entries, the sensitivity and ac-
curacy of 'H NMR analysis became limited. Hence the conversions of some entries were
not considered in this work. Instead, mass yields after 24 hrs reaction are reported in Ta-
ble [I{for non-gelled entries to give a surrogate of the conversion. Though the kinetics are
slow at [=] = 0.5 M owing to gelation suppression, the yield of DMM polymers is at least
40%.

The development of the branched architecture throughout the polymerization is first
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interpreted through the molecular weight distribution as measured through GPC. Figure
shows the progression of the polystyrene-calibrated number-average molecular weight
(M,,) and the normalized molecular weight distribution in DMM403 and DMM201. The
macro-gelation event is preceded by a rapid increase in the rate of molecular weight
growth in DMM403, and is accompanied by a corresponding broadening of the molec-
ular weight distribution that becomes multimodal. In contrast, macrogelation is com-
pletely suppressed over 24 h in DMM201; here the molecular weight grows at a nearly
constant rate and the molecular weight distribution remains monomodal and compara-
tively narrow.

To assist in the identification of which crosslinking mechanism dominates during
polymerization, Figure 2| plots the polystyrene-calibrated molecular weight versus con-
version, M, (X), for all entries. In an “ideal” RAFT polymerization comprised solely of
monofunctional monomers, all chains grow pseudo-simultaneously such that the molec-
ular weight is linear in conversion, M,, parr = M %X where X refers to the overall
vinyl conversion, M the molar mass per vinyl unit, [=], the initial vinyl concentration. In
the presence of crosslinkers, M,,(X) is no longer a linear function; a propagation step that
results in a new intermolecular crosslink will disproportionately increase the molecular
weight. In contrast, intramolecular crosslinking will impart no net change to the mass of
the molecule while reducing its hydrodynamic volume due to the new conformational
constraint.»#3>88 For this reason, intramolecular crosslinking causes the A/, (X)) to adopt a
concave-down shape and may even give the appearance of a molecular weight reduction
if the contraction of the hydrodynamic volume outweighs other growth mechanisms. Ac-
cordingly, the monotonic and positive deviation from linearity evident in Figures [2(c,d)
is indicative that infermolecular crosslinking outweighs intramolecular crosslinking at
medium and large crosslinker concentration. On the other hand, Figure (b) shows that

for low crosslinker concentration M, (X) is nearly constant for X ¢ [0.1,0.2], revealing

that intramolecular crosslinking are far more dominant in this regime.

11



Asook- . (a)
o
(b}
wn _
D200k
= " DMM403
D100k A
§ | = DMM201
04 : ® ) [ ) ] ®
v I I
0 5050 Time (min) 400
300k_(b) o ©°g ' 1-0'(C) REogress ofction
3 i
$200k 20- &3 / ///(‘ '
& 1 o % 8 i‘; / .11 .
2 R ¥
~ ] = [
S100k{ oo 156 £ 8 ,
§ (0] 5 -m n (23 $ / \
n n —_
0_<‘g " . 0.0- eatlodd
; . 1.0 ; . :
10 20 30 12 16 20 24
20K Time (min) 25 Retention time (min)
(d) . 1-0'(9) ggc_)gressf reaction
— ° D) f
S .« o — ~
) 15Kk 1205 K >
i ‘ 2 ey
[ o o—& g N D 0.5
E . o ©° o g 5
D10k- . 150 -
0
§ 4—8 g o Z 9
8 0.0
5k : : 1.0 : . :
0 200 400 600 12 16 20 24
Time (min) Retention time (min)

Figure 1: (a) The number-average molecular weight (1/,,) of DMM403 (m) and DMM201
(e) with respect to time. The zoom-in M, and dispersity (O) for (b) DMM403 and (d)
DMM201. The corresponding RI response from GPC for (c) DMM403 and (e) DMM201
entries. The traces of RI response shown here were after peak height normalization.
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Figure 2: The number-average molecular weight (),) versus overall conversion at
[DM]/[M] ratio of (a) all entries, (b) 0.02, (c) 0.2, and (d) 0.5. The straight lines indicate the
theoretically linear manner of molecular weight versus overall conversion in RAFT poly-
merization assuming no branching occurred. Resulting from the low EGDMA conversion
at 0.5 M vinyl concentration, the overall conversion in DMM101 and DMM102 trial only
took MMA conversion into account. Symbols in (a) are m [DM]/[M] 0.02, ® [DM]/[M]
0.2, and 4 [DM]/[M] 0.5. Symbols in (b)-(d) are m DMM401, « DMM301, » DMM201, O
DMM101; ® DMM402, ® DMM302, © DMM102; A DMM403, and 4 DMM303.

An important aspect of understanding the progression of crosslinking is the rate of
crosslinking reactions compared to the rate of chain growth. Flory-Stockmayer theory
treats all reactive sites as equally reactive, which is sensible based on the similar chemical
environments. However, the steric environment of a vinyl group on a small monomer
is quite different than that of a vinyl pendent group, and thus the apparent rate constant

may be sensitive to these effects. The temporally resolved 'H NMR spectra collected from
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the aliquots in the various polymerization reactions described in Table [1|allows the con-
sumption of vinyl in MMA to be distinguished from EGDMA. Therefore, we can obtain
the kinetic information of each vinyl group in the propagation step by considering the
concentration of different vinyl species, as shown in Scheme I} The activity of the two
vinyl groups in EGDMA is distinguished as follows: as a free molecule, the two vinyl
groups in EGDMA are equivalent and thus have the same reactivity. However, once an
EDGMA molecule joins a chain (reaction 2 of Scheme [I), the remaining vinyl group be-
comes pendent on the polymer chain (termed PDM) with a different steric environment.
In reaction 3 of Scheme(T] this PDM group is consumed to form another branch point. The
concentration of PDM is thus governed by the reaction of both vinyl groups. Since the
propagation rate of each monomer is a first-order relationship with respect to monomer
concentration, the consumption of the two vinyl groups on EGDMA can be identified
independently. Therefore, apparent rate constants for each species can be extracted by
least squares fits to these equations describing monomer consumption in these pseudo-
living polymerizations. The depletion of each vinyl group from different monomers can

be expressed as

dM] _
T ~kar[M] (1)
d[l;;M] = —kpa [DM] (2)
w =kpan[DM] - kpya[PDM ] (3)
% = kpa2[PDM] @)

where [M] is MMA concentration, k), is the apparent rate constant of MMA; [DM] is
EGDMA concentration, kpy; is the apparent rate constant of the first vinyl group in
EGDMA; [PDM] is concentration of PDM, kpy is the apparent rate constant of PDM

consumption, and [ D DM | is the concentration of [ DM | with fully consumed vinyl groups.
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Thus k) and kpy govern linear chain extension reactions whereas kpyso the rate of
branching or crosslinking. Though this process includes both intermolecular and in-
tramolecular crosslinking, the magnitude of kpys2 with respect to kpy is a good indicator
of the efficacy of the crosslinker.

The expression of vinyl conversions of MMA (X,;) and EGDMA (X)) through this

model is therefore described as

Xy =1- [%]0 5)
_[PDM]+2[DDM]
Xowm = 2[DM], (6)

where Cj9 and Cpyyo are the initial concentration of MMA, and EGDMA, respectively.

Least squares fits of the data to the model yield ks, kpan, and kpas2 values as tabulated
in Table (1| and plotted in Figure (3| with r2 > 0.82. Figure 3| shows that the apparent rate
constants are higher under at higher monomer concentration. Under such conditions, i.e.
[M] = 4.8 M, higher [DM]/[M] entries show lower apparent rate constants compared to
low [DM]/[M] entries. kpys1 is comparable to or slightly larger than that for consumption
of the analogous vinyl in MMA; kpy» is consistently 20-50% of kpys1, which strongly
suggests that steric factors significantly influence the effective reactivity of the pendent
vinyl groups.

The change in hydrodynamic radius (R;) throughout the polymerization was char-
acterized by DLS in MEK. The aliquot samples were redissolved in MEK at 5 mg/mL.

The solution is considered in the dilute solution region since the overlap concentration of
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o
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Scheme 1: Propagation steps for different monomer species in the reaction.
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methacrylates is reported as ~ 10 % w/v.%¥ Due to the high D values, the non-negatively
constrained least-squares (NNLS) method was used to analyze the autocorrelation func-
tion, which assumes a broad monomodal or multimodal distribution of solutes.*” Figure
shows exemplary R;® versus the square root of time for gelled and non-gelled entries.
It shows that R;! is linearly related to time for the gelled entries. According to Flory,
gelation is defined as the point when polymer constructs an infinite network such that
Ry, — oo. Therefore, theoretically when t = t,.;, R;* — 0. The extrapolated gel time by DLS
(tpLsger) and the deviation from the observed t.,, prs are summarized in Table (1| ¢p s e
is close to .y o1, Which indicates that the size of polymer from DLS is able to predict
the gel point and locates the stage of polymerization during the reaction. On the other
hand, for non-gelled entries, R;, does not increase with time after some point in spite of
reaction progress. The inverse R), of the non-gelled entry therefore can be expressed as an
exponential decay function in the absence of gelation after 24 hrs. This exponential decay
expression clearly exhibits the suppression of gelation resulting from the lack of macrogel

formation by intramolecular crosslinking.
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Figure 3: The calculated apparent rate constants of (a) MMA (ky), (b) 1% vinyl group of
EGDMA (kp1), and (c) 274 vinyl group of EGDMA (kppp) at different reaction conditions.
[DM]/[M] values of 0.02, 0.2, and 0.5 are illustrated as @, g, and 11, respectively.
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Figure[5|depicts the relationship of R), with respect to weight-average molecular weight
(M,). It is noted that R, are merely grouped by [DM]/[M] but not vinyl concentration
since we realized that R}, is insensitive to [DM]/[M] by linear regression. Figure S3 in the
Supporting Information gives the example of R), versus M,, of DMM203, DMM303, and
DMM403 entries. The scaling exponents from the linear regression are roughly identical.
Entries denoted in Figure b) for different [DM]/[M] are from DMM201, DMM202, and
DMM103. Due to the insufficient fitting of the autocorrelation function for particle sizes
smaller than 10 nm, results from DMM101 and DMM102 are omitted. The size of poly-
mers, either R}, or radius of gyration (R,), is related to molecular weight to study the state
of polymer in solution. In dilute solutions, polymers have the scaling behavior expressed
as R, ~ R, ~ M2. The value of a is dependent on both solvent quality and polymer
structure.?! Table 2| summarizes the linear regression results of o and r? in Figure |5, The
reference of linear PMMA standards shows « at 0.52 for this condition. In gelled entries,
a decreases with increasing [DM]/[M]. In non-gelled entries, both [DM]/[M]= 0.02 and
[DM]/[M] = 0.2 entries display smaller « than their gelled counterparts while a remains
at 0.4 for [DM]/[M] = 0.5 entry.

Table 2: Summary of the scaling exponent («) and the corresponding 2 of different trials
in Figure

Gelled Non-gelled
[DM]/[M]| 0 002 02 05 |0.02 0.2 0.5
o} 052 055 047 041|044 0.35 0.4
r? 099 094 094 094|098 0.86 0.92

Discussion

We constructed a model system based on methacrylates to study gelation suppression in
branched polymers with high targeted molecular weight and high crosslinker content.

Clearly, both vinyl concentration and crosslinker content influence gelation. In this sec-
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Figure 4: Inverse hydrodynamic radius (R;') versus inverse square root of time (t~1/2)
for a gelled entry (DMM402 O), and a non-gelled entry (DMM?202 e.) The relationship is

linear for the gelled entry while the inverse R;, exponentially decreased and leveled off in
the non-gelled entry.

(D)
107
s
S
o
101 ]
””l T T ||||||| T T ||||||| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| LILBLLLLLL
10* 10° 108 107 10° 10° 4
Mw (g/mol PS eq.) Mw (g/mol PS eq.)

Figure 5: Hydrodynamic radius (R;) of different DMM ratio versus weight-average
molecular weight (Mw) for (a) gel, and (b) non-gelled trials. Symbols are O, ®, 4, and
* for [DM]/[M] of 0.5, 0.2 ,0.02, and 0, which is linear PMMA, respectively.
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tion, we discuss gelation suppression from a few different perspectives: first, the role of
reaction kinetics on gelation is discussed from the observation of rate apparent constants.
Second, the influence of crosslinker content on branched polymer structures and the sub-
sequent solution behavior are discussed from the point of hydrodynamic radius. Third,
gelation suppression is examined through the comparison of gel conversions between
theoretical predictions and experiments. Our observations suggest the introduction of a
new parameter, the crosslinking tendency (CT), a phenomenological parameter that incor-
porates monomer, crosslinker and reaction condition parameters. Finally, we show that
the CT well-describes gelation suppression in several systems including those considered
in this study as well as several other multifunctional RAFT and ATRP systems reported
in the literature.

It is well-known that the termination step is diffusion-controlled in FRP due to the
sluggish motion of large polymer chains. However, termination is strongly suppressed
in CRPs and mass transfer effects on reaction kinetics are less obvious. However, this
is not the case in crosslinker-contaminated CRP systems. The activation/deactivation of
radicals, the key step in CRPs, becomes diffusion-controlled since the molecular weight
increases dramatically from chain branching and network formation, especially at the
later stages of polymerization.”*® This implies that diffusion limitation should become
more severe at higher crosslinker content if other reaction parameters are kept constant.
Indeed, the impact of mass transfer effects in our system is readily apparent through the
pronounced reduction in the kj;; and kpy; rate constants as the crosslinker content in-
creases (cf. Table[I]and Figure [3). A similar effect was reported by Bannister et al.,% in
which crosslinker-containing polymerizations required up to six times longer to reach
the same conversion compared an analogous monofunctional polymerization. The ob-
servation of viscosity change is another probe to observe the polymerization. Visual
observation confirmed that the viscosity changes dramatically at near-gelation stage in

concentrated entries. Since the reactions were agitated through magnetic stirring rather
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than a mechanically driven impeller, mass transfer limitations should be particularly im-
portant in the late stages of polymerization. We suspect that fluid dynamics play an
important role with this regard. It would be worthwhile to investigate on the impact of
stirring / viscosity on reaction kinetics and the subsequent product structures in the fu-
ture.

Flory-Stockmayer theory assumes equal reactivity for all vinyl groups; the results in
Figure 3| show that this assumption is clearly violated for the EGMDA /MMA system in
a manner consistent with the gel-point suppression effect. The values of k), and kpyn
are comparable in most entries, which implies that the reactivity of MMA and the first
vinyl group of EGDMA is similar as would be anticipated based on the chemical similar-
ity. The reactivity ratio of MMA and EGDMA in free radical polymerization is reported
as 0.67 and 1.49, which indicates that the copolymerization of MMA and EGDMA yields
nearly random copolymers.?Y While our results of k) and kpy1 support the formation of
nearly random copolymers, the values of kps2, which reflect the rate constant for branch
formation, is consistently only 20-50% of the corresponding kpas; value. Once EGMDA
has been incorporated into a growing chain, its second vinyl moiety remains available to
act as a branch point in a subsequent reaction. Compared to the kpys value, the reactiv-
ity of the pendent vinyl group is reduced, which may be accounted for by both kinetic
and thermodynamic considerations. From a kinetically-oriented perspective, the reac-
tion of the first vinyl group requires the impingement of an active polymer radical with
a small molecule; this diffusive process should be expected to occur more quickly than
the impingement of an active polymer radical with a polymer pendent group. Thus the
reactivity of pendent vinyl groups is relatively lower due to mass transfer effects. From
a thermodynamic perspective, the “excluded volume effect” describes the fact that there
are fewer conformationally accessible sites on pendent vinyl groups compared to free
molecules.*!’ Accordingly, the unequal reactivity of vinyl groups in EGDMA violates the

ideal assumptions posed by Flory-Stockmayer theory and contributes to gel point sup-
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pression.

Together with the reaction kinetics, the abundance of difunctional monomers controls
the stochastic process of chain branching, which in turn determines the conformational
character of the system. One manner in which this is expressed is through the depen-
dence of R;, on M,,. This dependence is strongly affected by the [DM]/[M] ratio, reflect-
ing the influence of this parameter on chain architecture, primarily branch length, or the
average chain length between two adjacent branch points. Since the targeted DP is fixed
for all entries, entries with lower [DM]/[M] values have fewer branch points and thus
longer branch length. Polymer chains with longer branch length are more flexible and ap-
proach linearity as the crosslinker species is eliminated. For example, at [DM]/[M] = 0.02,
a = (.55, indicative of flexible chains similar in character to perfectly linear PMMA. The
impact of branch length on the scaling behavior was recently demonstrated by Schmidt
et al. by multiscale simulation.#? In their work, four monomers with varied Kuhn lengths
are used to calculate polymer properties as a function of molecular weight using atom-
istic Langevin calculations with a coarse-grained bead-and-spring model. They predict
that polymers with shorter branches have a smaller o value (more globular) in agree-
ment with our findings. The scaling behavior is also linked to the conformational state of
polymers in solution. In flexible polymers, a equals 0.5-0.6 for freely swollen branched
clusters in good solvent and decreases to 0.4 for poorly swollen branched clusters with
fractal structure.®d This phenomenon can also be seen in our study: comparing gelled
and non-gelled entries at fixed [DM]/[M] for [DM]/[M] = 0.02 and 0.2, non-gelled entries
show a smaller a-value than their gelled counterparts. Resulting from intramolecular
crosslinking, chains are constrained more in non-gelled entries because of the formation
of microgel. The heterogeneity of structures leads to reduced swelling as indicated by the
decrease of a from gelled to non-gelled pairs. For [DM]/[M] = 0.5, a-values for gelled
and non-gelled entries are similar, which may be explained by the more severe degree

of branching present at all stages of polymerization in this system. DMM103 did not gel
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because of the low vinyl concentration. Moreover, several simulation studies have shown
that for hyperbranched polymers, the sphere-like conformation gives rise to similar fea-
tures as of dendrimers, which is revealed by the scaling behavior of o ~ 0.33.44%> The «
of 0.35 in DMM202 is consistent with that of dendrimers, which indicates that polymer
chains form a dendritic-like structure in this condition.

The crosslinking mechanism is most closely connected to the vinyl concentration.
Studies have shown that when crosslinker-to-monovinyl monomer ratio of methacrylates
is below 0.1, the critical overlap concentration of MMA gelation suppression is 10 wt% ,
which corresponds to vinyl concentration of 1.0 M in RAFT polymerization.?*>* This phe-
nomenon is consistent with our finding of DMM 201, and even DMM?202. The crosslink-
ing effectiveness is improved when more crosslinkers are involved, therefore the system
gels in DMM203, which has the highest [DM]/[M].

According to Flory-Stockmayer (F-S) theory, the gel conversion is predicted as*>24

YFS _ (37[0]09)_ ' %

gel — [PC]t

where z is the functionality of crosslinker, [C'], is the initial crosslinker concentration, D
is the primary chain dispersity at time ¢, and [ PC']; is the concentration of primary chains
at time ¢ which theoretically equals the concentration of chain transfer agent in RAFT or
initiator species in ATRP. Since the ratio between primary chain concentration and the
crosslinker concentration is fixed for the same [DM]/[M], in the present work the F-S gel
conversion is fixed irrespective of vinyl concentration. The F-S gel conversions are listed
in Table(I|assuming primary chains are monodisperse, and thus slightly overestimate the
F-S gel point conversion.

The degree of gel-point suppression is evident in comparison of the experimental and
F-S values. The two-fold increase in gel-point conversions of [DM]/[M] = 0.02 compared

to the F-S values can be largely attributed to intramolecular crosslinking, which consumes
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surplus vinyl groups with no contribution to the formation of the infinite network. In con-
trast to previous crosslinking studies that explore comparatively low crosslinker content
and primary chain length, the high crosslinker contents and high target DP in the present
study far more strongly favors intermolecular crosslink formation. To facilitate the com-
parison of several data sets spanning a broad range of reaction parameters, we introduce
a simple phenomenological parameter, the “crosslinking tendency” (CT). The CT value
may be simply viewed as the ratio of the concentration of excess vinyl content to the

number of primary chains per crosslinker:

[Clo

CT = [Miot]o(z - 1) [PCT,

(8)

Where [M,,]o is the initial concentration of monovinyl monomer plus crosslinker, and
[PC]. is the concentration of effective primary chains. The multiplication of first two
terms describes the concentration of pendent vinyl crosslinkers. The last term is inher-
ited from Flory-Stockmayer gelation theory, which posits that gelation occurs when each
effective primary chain bears a crosslinker. In controlled radical polymerization, [ PC].
depends on the concentration of CTA of RAFT or initiator of ATRP with a correction factor

(n) to describe the efficiency of CTA or initiator. 7 is defined as

_ MWtheo

9
T 9)

n

where M Wy, and MW,,, are the theoretical and experimental molecular weight of linear
polymers, respectively. The concept of the efficiency of radical activation/deactivation
was introduced by Matyjaszewski’s group4®4? in ATRP as the initiation efficiency, which

is extended to RAFT here. The value of 7 is taken from the literature with the closest
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reaction condition and reagents to our best attempt. [ PC. is then defined as

[CTA]p, inRAFT
[PC]e = (10)

[L]n, in ATRP

where [C'T A] is the concentration of CTA in RAFT; and [ 7] is the concentration of initiator
in ATRP. The values involved in the calculation of CT are included in the Supporting

Information.
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Figure 6: Experimental gel conversions X, .., (filled symbols) and Flory-Stockmeyer pre-
dicted gel conversions X/ (opened symbols) versus crosslinking tendency for this work
(w,v), our previous work of poly(acrylated epoxidized soybean oil) (4, &), other RAFT
(®, ©)and ATRP (®, O) in the literature.2#46=6 X'I'S is calculated based on equation@ The
experimental gel conversions in region I is related to CT by X .., = 141.65 — 60log(CT)
with r2 = 0.85.

Figure @ displays the gel conversions from experiments (X, ;) and F-S theory (X/*)
versus CT for both ATRP and RAFT systems from literature and the present study, which
is labeled as w. The data reflect several different choices of chain transfer agent and ATRP
catalyst/initiator formulations. Data points in Figure [f] are grouped into two regions
based on the difference between gel conversions from F-S prediction and experiments.
The boundary is placed at 10% gel conversion difference where CT ~ 120. DMM301 and

DMM401 feature low crosslinker content and high targeted DP, and thus lie in the low-CT
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region (region I). These entries have similar gelation behavior compared to most of those
from the literature. Gelation is severely suppressed in region I due to intramolecular
crosslinking. Other data points from this study lie in high CT region (region II), which
may explain why gel-point suppression is significantly reduced. The gelation behavior
of RAFT in region II is seldom reported. The intermolecular crosslinking dominates in
region II with high CT and leads to the more ideal network. It seems that the gel conver-
sion is less sensitive to CT in region II compared to region I. This finding implies that the
gelation suppression is highly related to the vinyl concentration of the system, which was
not accounted for by F-S theory.

The strong linear correlation of X ., vs. log CT in region I using data from several
RAFT and ATRP studies is very suggestive that CT accounts for the most significant
parameters controlling the gel point. The data surveyed represent two very different
CRP mechanisms, varied monomer/crosslinkers, ATRP catalyst/initiator formulations
and RAFT chain transfer agents. Surprisingly, the ATRP entries in Figure [p| are indistin-
guishable from RAFT entries in region I where intramolecular crosslinking dominates.
This observation implies that the starkly different nature of RAFT vs. ATRP does not
play a significant role in the gel-point suppression phenomenon. In connection with our
previous work, relating to poly(acrylated epoxidized soybean oil) (PAESO) synthesized
by RAFT,** we found that gel-point suppression was most pronounced at low vinyl con-
centration. An unusual aspect with respect to gel-point suppression in this system is that
it is comprised solely of crosslinker species with x = 2.6. The entries from this work are
summarized in Figure [f| as A. Our original hypothesis was that the unique monomer
structure of AESO strongly promoted intramolecular crosslinking during polymerization
because of the large flexible AESO arms as compared to systems with smaller and more
rigid molecules. To test this hypothesis, the entries of the present study feature smaller
molecules and large crosslinker concentration. Interestingly, viewed through the perspec-

tive of CT-analysis, the PAESO system evidently resides in region I where CT strongly cor-
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relates to the gel-point suppression and superimposes with several other small-molecule
monomer systems. Because CT does not directly account for crosslinker size or other
structural characteristics, we can conclude that gel-point suppression in the PAESO sys-
tem is actually quite similar to other monomer systems. The bulky structure of AESO
can be accounted for simply through its dilution of the total vinyl concentration. That
is, the spacer groups behave like additional solvent in the system. As mentioned before,
it is controversial how or whether the monomer structures affect gelation suppression.
Our findings suggest that the spacer groups do affect the gelation behavior by means of
diluting the vinyl concentration but not necessarily due to any special conformational
effect.

The introduction of CT-analysis should thus be useful as a tool to predict the gelation
behavior in RAFT and ATRP systems. By calculating CT values, whether the gelation of
a system will be suppressed is predictable. For example the Strathclyde route, a method
to prepare soluble branched copolymers, sets the crosslinker to primary chain ratio near
unity. Based on the reaction conditions reported by Rosselgong et al.*” in both RAFT and
ATRP systems, the CT values of the branched methacrylate copolymers and the corre-
sponding gel conversions predicted by CT (X§7) are calculated and appear in Table S5 in
the supporting information. The CT values of their results lie in between 1 and 6, which
are in the gelation suppression region. According to the linear regression of CT in region
I, the calculated X7 values are between 98 and 142 %. If the prediction of CT-analysis
is correct, in reality entries of predicted X$” higher than 100% would not gel while en-
tries of X7 lower than or equal to 100% would gel. The CT-analysis thus predicts the
gelation behavior of 20 out of 22 entries in their system. This example shows that CT is
capable of predicting the gelation behavior. CT-analysis will become more robust if the
information of more systems and more controlled radical polymerization methods is in-
troduced in the future. There are several sources of error that may hinder the ability of

CT-analysis to predict a gel-point conversion. Firstly, the manner in which the gel point

26



is reported varies somewhat among the various published studies. Secondly, the value of
the efficiency factor 7 is difficult to measure directly in multifunctional systems and must
be estimated based on analogous monofunctional systems. Thirdly, CT discounts other
parameters that may significantly affect the gelation behavior such as the mass transfer
properties and so on. Nonetheless, CT-analysis does present a simple manner in which
several data sets spanning a broad range of reaction conditions collapse to a single “uni-

versal curve” with semi-quantitative predictive value for gel-point suppression.

Conclusion

Branched copolymer systems composed of MMA and EGDMA were constructed and
polymerized by RAFT to study gel-point suppression, with particular attention to sys-
tems featuring high crosslinker content and long target primary chain length. The poly-
merization kinetics, polymer conformational data and gel-point information were mea-
sured as a function of vinyl concentration and crosslinker-to-monovinyl monomer ratio.
A simple kinetic model was used to distinguish the apparent rate constants from different
vinyl groups in the system. The difference of apparent rate constants implies the unequal
reactivity of vinyl groups. The comparatively lower value of apparent rate constant from
pendant vinyl group of the crosslinker is a consequence of both dynamic and thermody-
namic considerations. The hydrodynamic radius of the polymers was used to identify the
current stage of polymerization, determine if the polymerization should gel, and predict
the gelation time. The scaling behavior correlated from A, and R; reveals the swella-
bility and conformation information. Polymer chains with longer branch length show a
better swellability, whereas non-gelled entries generally show reduced swellability and
fractal- or even dendrimer-like structures.

The gelation mechanism is highly related to vinyl concentration governed by overlap

concentration, which is about 1 M in our system. The crosslinking mechanism below 1 M
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is dominated by intramolecular crosslinking; whereas the presence of intermolecular and
intramolecular crosslinking above 1.0 M cause the gelation suppression. As intermolecular
crosslinking becomes more important, shorter gel times and lower conversions at gel
point are observed, corresponding to high [DM]/[M] entries, especially in concentrated
conditions. A more homogeneous network is formed with higher [DM]/[M] where in-
termolecular crosslinking dominates. The transition between the intra- and inter-molecular
crosslinking regimes appears to be well-described by a phenomenological parameter we
refer to as the “crosslinking tendency”, CT, which evidently accounts for the gelation be-
havior in both RAFT and ATRP systems. A system with high CT-value is dominated
by intermolecular crosslinking, whereas a low-CT system is dominated by intramolecular
crosslinking. This work and our previous gelation study in the PAESO system extends
the investigation on gelation behavior in crosslinker-rich controlled radical polymeriza-
tions. The large spacer groups in AESO contribute to gel-point suppression by diluting
the vinyl concentration. CT-analysis appears to semi-quantitatively predict the gel-point
conversion through an empirical correlation although further confirmation is required.
Overall, the kinetic data and the structural information presented herein reinforce the
understanding of gelation mechanism in systems of high degree of polymerization and
higher crosslinker content and can be useful in the design of hyperbranched materials

where controlling the gel-point is desired.
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