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This work explores the concept of structurally tailored and engineered macromolecular (STEM) networks

by proposing a novel metal-free approach to prepare the networks. STEM networks are composed of

polymer networks with latent initiator sites affording post-synthesis modification. The proposed approach

relies on selectively activating the fragmentation of trithiocarbonate RAFT agent by relying on visible light

RAFT iniferter photolysis coupled with RAFT addition–fragmentation process. The two-step synthesis

explored in this work generates networks that are compositionally and mechanically differentiated than

their pristine network. In addition, by careful selection of crosslinkers, conventional poly(ethylene glycol)

dimethacrylate (Mn = 750) or trithiocarbonate dimethacrylate crosslinker (bis[(2-propionate)ethyl meth-

acrylate] trithiocarbonate (bisPEMAT)), and varying concentrations of RAFT inimer (2-(2-(n-butyltrithiocar-

bonate)-propionate)ethyl methacrylate (BTPEMA)), three different types of primary (STEM-0) poly(methyl

methacrylate) (PMMA) networks were generated under green light irradiation. These networks were then

modified with methyl acrylate (MA) or N,N-dimethylacrylamide (DMA), under blue light irradiation to yield

STEM-1 gels that are either stiffer or softer with different responses to polarity (hydrophilicity/

hydrophobicity).

Introduction

Functional materials that are capable of undergoing post-syn-
thetic modification from an initially synthesized primary
scaffold have been recently gaining interest.1–7 In order to
achieve this, different techniques in reversible deactivation
radical polymerizations (RDRP), including reversible addition–
fragmentation chain transfer (RAFT) polymerization,8 atom
transfer radical polymerization (ATRP),9–11 and nitroxide
mediated polymerization (NMP),12 have been developed and
exploited. RDRP techniques allow for unique tailoring of func-
tional polymer networks.13–15 In addition, a recent interest in
photochemistry has led to the application of RDRP techniques
to promote external regulation in polymerization, therefore
enabling the synthesis of materials with precise spatial, tem-
poral and sequence control.16–19

Johnson and coworkers, for instance, have recently devel-
oped a novel concept called Photo-Redox Catalyzed Growth
(PRCG) that enabled spatiotemporal control over gel syn-
thesis.20 In their approach, a “parent” gel was synthesized via
click chemistry of 4-arm poly(ethylene glycol) (PEG) star
polymer with dibenzocyclooctyne (tetra-DBCO-PEG) and a bis-
azide trithiocarbonate (bis-N3-TTC) in the presence of
monomer and phenothiazine (PTH) photocatalyst and/or
crosslinker. RAFT polymerization of acrylates and acrylamides
was then carried out by PTH under visible light irradiation,
allowing manipulation of polymer chain length, crosslinking
density, and composition of polymer network. This led to
mechanically and chemically differentiated “daughter” gels. In
addition, dual RDRP that relies on the orthogonality of two
polymerization techniques has been developed to avoid chemi-
cal transformations between polymerization steps.21 Dual
RDRP approaches have been used to generate many polymers
with complex architectures including bottlebrush polymers,22

star polymers,23 and multiblock copolymers.24 An important
application of the dual RDRP approach is the concept of
structurally tailored and engineered macromolecular (STEM)
networks.1

The STEM networks are versatile materials containing
latent functional groups available for post-synthesis modifi-
cations to introduce new chemical and material properties.
For example, multifunctional hydrogels were synthesized by
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colloidal crystal templating to create 3D ordered microporous
(3DOM) structures.4 The 3DOM structure could be tailored
post-synthesis to introduce hydrophobic or hydrophilic poly-
mers, fluorescent moieties, and conducting polymers. More
recently, the STEM networks were prepared by conventional
free radical polymerization (FRP) of a (meth)acrylate monomer
and a photoactive inimer, which could generate radicals when
exposed to UV light.3 The same principle was extended to a
dual RDRP approach by synthesizing the primary network by
RAFT polymerization and incorporating an ATRP initiator
monomer for orthogonal polymeric functionalization.1

We previously reported a novel catalyst-free orthogonal
polymerization approach that relies on only RAFT
polymerization.25,26 In that work, we explored the use of cata-
lyst-free selective activation to develop STEM gels by simple
manipulation of visible light wavelengths, thus simplifying
experimental conditions and purification. We now use this
two-step approach that utilizes metal-free RAFT photoiniferters
to design STEM gels. Unlike the previously proposed STEM gel
synthesis, this approach does not require dual RDRP chem-
istries. Rather, only RAFT polymerization using visible light
RAFT iniferters is employed. This is a facile setup, using just
commercially available narrow visible light LEDs without the
need for an external initiator.

In this work, first, a primary or “STEM-0” network was
designed by mediating polymerization of methyl methacrylate
(MMA) by 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]
pentanoic acid (CDTPA) under green light irradiation in the
presence of either a conventional or RAFT crosslinker with
varying concentrations of inimer. Depending on the cross-
linker used and inimer concentration, three different types of
STEM-0 gels were synthesized. The three STEM-0 networks
could be post-modified in the following methods: (i) grafting
chains from the STEM-0 network, (ii) “expanding” the length
of the crosslinker, or (iii) a combination of the two above-
described methods. The second step involved modification of
STEM-0 networks to form STEM-1 networks by using either
methyl acrylate (MA) or N,N-dimethyl acrylamide (DMA) under
high intensity blue light irradiation. The addition of MA or
DMA units into the gel was aimed to either soften or stiffen
the gels, respectively, and consequently, generate STEM-1 net-
works with varying mechanical properties in comparison to
their original STEM-0 counterparts.

Results and discussion
Catalyst-free selective RAFT polymerization photoactivation

In our previous investigation, a novel concept of catalyst-free
selective activation was developed for synthesis of well-defined
bottlebrush and comb-like copolymers.25 Selective activation
was achieved by careful selection of RAFT agents with desired
R and Z groups, and through manipulation of visible light
wavelengths. This approach allowed for the initial activation
of 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic
acid (CDTPA) by generating tertiary carbon radicals through

photolysis of R-groups under green light irradiation promoting
polymerization of methacrylates. In addition, RAFT agents
with R-groups composed of secondary carbon radical leaving
groups remained inert under green light irradiation and did
not participate in chain transfer reactions with tertiary carbon
radicals. This concept was employed to incorporate RAFT
inimers (BTPEMA) with secondary carbon radical leaving
groups that can be activated under blue light irradiation to
polymerize acrylates/acrylamides leading to complex architec-
tures such as bottlebrushes. In this work, catalyst-free selective
activation was employed for generation of different STEM gels
through careful selection of crosslinkers and inimers
(Scheme 1).

Catalyst-free selective RAFT photoactivation for STEM gels
synthesis

Catalyst-free selective RAFT photoactivation for STEM gel syn-
thesis involves photolysis of RAFT agents under the visible
light wavelengths via spin-forbidden n → π* electronic tran-
sition that enables β-scission of the C–S bond (Scheme 1).
Under green light irradiation in the presence of CDTPA,
STEM-0 networks composed of crosslinked PMMA were gener-
ated (Scheme 2, Table 1). In this approach, three different
STEM-0 networks and several different types of STEM-1 net-
works were generated by varying a RAFT inimer and RAFT
crosslinker (Scheme 1, Table 1). The first type, referred to as
the dangling or “D-STEM-0” network, was made up of PMMA
crosslinked with PEGDMA750 with incorporation of BTPEMA
(one RAFT R group) in the first step for the sequent polymeriz-

Scheme 1 RAFT photoiniferter approach employed for the synthesis of
STEM gels using various trithiocarbonates, monomers, and crosslinkers:
4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA),
2-(2-(n-butyltrithiocarbonate)-propionate)ethyl methacrylate (BTPEMA)
bis[(2-propionate)ethyl methacrylate] trithiocarbonate (bisPEMAT),
methyl methacrylate (MMA), methyl acrylate (MA, A), N,N-dimethyl
acrylamide (DMA, B), and poly(ethylene glycol) dimethacrylate (molar
mass, Mw = 750 g mol−1).
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ation of dangling side chains (Scheme 2A, Table 1). The
second type was the expandable or “E-STEM-0” network was
made by crosslinking PMMA with bisPEMAT (two RAFT R
groups) without BTPEMA or PEGDMA750 (Scheme 2B, Table 1).
The third “D/E-STEM-0” network was composed of both
BTPEMA and bisPEMAT (Scheme 2C, Table 1), thus allowing
for both polymerization of side chains and expansion of the
network. In all types of STEM-0 gels, the second step involved
modification of the STEM-0 network under blue light
irradiation after infiltrating a second monomer, either MA (A
monomer) or DMA (B monomer), to generate STEM-1A or
STEM-1B gels, respectively (Scheme 2).

In the case of D-STEM-1 networks, the second monomer
grows from both the side RAFT agents (BTPEMA) and from the
chain end (CDTPA) of the D-STEM-0 networks. However, this
does not change the architecture of the obtained D-STEM-1
networks: the chain growing from the chain end is indistin-
guishable from the chains growing from the side BTPEMA
units. This is analogous to the polymer brush architecture pre-
viously reported.25

In the case of the E-STEM networks, the second monomer
is incorporated in both the cross-linker bisPEMAT and at the
chain end (CDTPA). Twice as much monomer is incorporated
in each cross-linked unit because of its symmetrical nature

Scheme 2 Synthesis of various types of PMMA STEM-0 networks (A–C, Step 1) under green light irradiation followed by post-modification under
blue light to yield STEM-1A/1B networks (A–C, Step 2) incorporating PMA or PDMA (X represents either –OCH3 or –N(CH3)2). (A) D (dangling
BTPEMA)-STEM-0 PMMA network crosslinked by PEGDMA750 in the presence of BTPEMA before modification to yield D-STEM-1A or 1B network; (B)
E (expandable bisPEMAT crosslinker)-STEM-0 PMMA network crosslinked by bisPEMAT before modification to yield E-STEM-1A or 1B network; and
(C) D/E- (dangling and expandable) STEM-0 PMMA network crosslinked by bisPEMAT in the presence of BTPEMA before modification to yield
D/E-STEM-1A or 1B network. Note that RAFT is a statistical polymerization. Therefore, the proposed network structures are idealized.
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(polymer chains grow from both sides of the trithiocarbonate
unit of bisPEMAT). A block copolymer is effectively made with
the original network chains after extension of the terminal
CDTPA.

Linear model systems

Before synthesizing the PMMA networks, a linear model for
the copolymerization of MMA with BTPEMA without any cross-
linkers was prepared. Kinetic studies on different concen-
trations of BTPEMA ([CDTPA] : [BTPEMA] = 1 : 0, 1 : 5, 1 : 10,
1 : 20) were carried out under green light irradiation (λmax =
520 nm, intensity = 4.25 mW cm−2) (ESI, Fig. S3†).26 It is
important that the chain-transfer group in BTPEMA remains
unaffected under these polymerization conditions, to allow for
its use as a chemical handle for further modifications. The
different concentrations of BTPEMA led to pseudo-first-order
kinetics with the apparent propagation rate constants (kappp )
(Fig. S3A†) decreasing with increasing BTPEMA concentrations
(kappp = 9.25 × 10−3 min−1, 9.21 × 10−3 min−1, 7.05 × 10−3

min−1, and 6.46 × 10−3 min−1 for [CDTPA] : [BTPEMA] of 1 : 0,
1 : 5, 1 : 10, and 1 : 20, respectively). This decrease in polymeriz-
ation rate can be attributed to the presence of an additional
reaction pathway that reduces radical concentration proposed
in our previous investigation.25 This reduction of radical con-
centration was clearly seen with increasing concentrations of
BTPEMA leading to slower polymerization as well as increased
length of inhibition periods ([CDTPA] : [BTPEMA] of 1 : 0, 1 : 5,
1 : 10, and 1 : 20 have inhibition periods of 22 min, 35 min,
45 min, and 60 min, respectively). Most importantly, the reac-
tions with different concentrations of BTPEMA reached high
monomer conversions (≥90%) (Table S1†) in 4 to 6 hours.
NMR analysis (Fig. S5–S8†) revealed that the trithiocarbonate
pendant groups on BTPEMA, primarily the peak at 4.8 ppm
which corresponds to the –CH of BTPEMA adjacent to the
trithiocarbonate, remained intact even at high MMA conver-
sions. In addition, analysis of GPC traces upon increasing

BTPEMA concentrations showed a monomodal distribution of
polymer chains with narrow molecular weight distributions
(Fig. S3B, S3C & S4†).

STEM gels synthesis and characterization

In order to understand the formation of crosslinked PMMA
networks via the RAFT photoiniferter approach, kinetic experi-
ments for D-STEM-0 with PEGDMA750 crosslinkers were
carried out with different concentrations of BTPEMA (Fig. 1 &
S9 and Table S2†). The kappp for the different concentrations of
BTPEMA relative to CDTPA ([BTPEMA] : [CDTPA]) 1 : 0, 1 : 5,
1 : 10, and 1 : 20 were determined to be 1.26 × 10−2 min−1,
9.38 × 10−3 min−1, 7.81 × 10−3 min−1, and 5.7 × 10−3 min−1,
respectively. The polymerization rates for the linear model and
the crosslinked PMMA network in the presence of different
concentrations of BTPEMA were found to be quite similar. In
addition, the gelation point (represented by the brown circle
in Fig. 1A and determined visually as the time at which the gel
did not flow upon inverting the vial) was reached at high
monomer conversions (≥80%) in a period of 2.5 to 4 hours for
the different concentrations of BTPEMA (Table S2†). During
network formation, the GPC traces revealed increase in mole-
cular weight due to growth of individual polymer chains and
the crosslinking between polymer chains; crosslinking also
broadened the molecular weight distributions (Fig. 1B & S9†).
The synthesis of D-STEM-0 network was then repeated using
the formulation highlighted in Fig. 1 with [CDTPA] : [BTPEMA]
of 1 : 20 with irradiation time of 12 hours to ensure complete
MMA conversion. The synthesized gel was then dried in a
vacuum oven at 50 °C for a week to remove solvent and
unreacted MMA. Next, the gel was infused with MA through
overnight swelling. The gel was then placed under blue light
irradiation (λmax = 465 nm, intensity = 6.5 mW cm−2; light
intensity that is 10 times higher compared to a typical photo-
catalyst mediated polymerization27,28) to promote polymeriz-
ation of MA. Gravimetric analysis revealed that, on average,

Table 1 A summary of the STEM-0 and STEM-1 networks synthesized and the results of post-synthesis modifications

Entry Type of STEM gela
MMA : CDTPA : X :
BTPEMA :M2

b,c Crosslinker Conv. M2

M2 (avg 2nd monomer units
per RAFT R group)d

tan(δ) maximae

(°C)

1 D-STEM-0 dense 200 : 1 : 2 : 20 : 0 PEGMA750 28, 74
2 D-STEM-1A dense 200 : 1 : 2 : 20 : 50 PEGMA750 18% MA (9) 41
3 D-STEM-1B dense 200 : 1 : 2 : 20 : 50 PEGMA750 30% DMA (15) 85
4 D-STEM-0 mid 200 : 1 : 2 : 10 : 0 PEGMA750 42, 75
5 D-STEM-1A mid 200 : 1 : 2 : 10 : 50 PEGMA750 26% MA (13) 45
6 D-STEM-0 sparse 200 : 1 : 2 : 5 : 0 PEGMA750 74
7 D-STEM-1A sparse 200 : 1 : 2 : 5 : 50 PEGMA750 36% MA (18) 59
8 E-STEM-0 200 : 1 : 2: 0 : 0 bisPEMAT 70, 126
9 E-STEM-1A 200 : 1 : 2 : 0 : 200 bisPEMAT 38% MA (45) 84
10 E-STEM-1B 200 : 1 : 2 : 0 : 200 bisPEMAT 65% DMA (79) 90, 120
11 D/E-STEM-0 200 : 1 : 2 : 20 : 0 bisPEMAT 37, 86
12 D/E-STEM-1A 200 : 1 : 2 : 20 : 25 bisPEMAT 36% MA (8) 80
13 D/E-STEM-1B 200 : 1 : 2 : 20 : 33 bisPEMAT 39% DMA (12) 60, 120

aDense, mid, and sparse refer to the theoretical grafting density of dangling polymer side chains, which is determined by the ratio of
CDTPA : BTPEMA. b X = crosslinker. c See the ESI for experimental details. d The 2nd monomer (either MA or DMA) infiltrated into the STEM-0
network for post-synthesis grafting from to produce the STEM-1 networks. eDetermined from dynamic mechanical analysis temperature ramps.
The Tg was taken as the temperature at the tan(δ) local maximum.
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9 units of MA were added to each trithiocarbonate to generate
D-STEM-1A gel. The modified gel was dried in a vacuum oven
at 50 °C for a week to remove monomer and solvent.

Dynamic mechanical analysis was then carried out on
D-STEM-0 and D-STEM-1A gels in their dried state by monitor-
ing the storage (G′) and loss (G″) moduli and the damping
factor, tan(δ) (tan(δ) = G″/G′) during temperature sweeps. From
20 °C to 100 °C, both D-STEM-0 and STEM 1A gels passed
through their glass transition temperature (Tg, represented by
the local maximum on the tan(δ) curve) and arrived at a soft,
rubbery plateau (Fig. 1C). For the D-STEM-0 gel, the two local
maxima observed in the tan(δ) curve most probably resulted
from phase separation of the PMMA chains from BTPEMA-rich
regions in the network, due to unfavorable interaction between
PMMA and BTPEMA. The first local maximum at 74 °C can be
attributed to the Tg of the main PMMA network while the
second local maximum at 28 °C can be attributed to the Tg of
BTPEMA-rich regions. However, upon grafting MA from the
BTPEMA units, not only did the Tg of the D-STEM-1A gel
decrease to 41 °C, but also displayed only a single tan(δ)
maximum value (Fig. 1D), suggesting that the side chains were
miscible with the PMMA network. D-STEM-0 networks pre-
pared with [CDTPA] : [BTPEMA] of 1 : 10, thus with less dense
side-chain inimers, also displayed the same two local maxima
in the tan(δ) curve (Fig. S10B & D†). Grafting of MA from this
network to generate a softer (lower Tg material) D-STEM-1A
network led to the addition of 13 units of MA per inimer. This
network, after modification with PMA grafting, displayed a

single tan(δ) maximum value of 45 °C. Further lowering of
[CDTPA] : [BTPEMA] to 1 : 5 substantially diminished the
effects of phase separation observed between PMMA and
PBTPEMA due to low content of BPTEMA (Fig. S10A & B†).

In order to show that this approach is viable for the syn-
thesis of stiffer (higher Tg material) networks from D-STEM-0,
DMA side chains (15 units) were grown from each inimer. This
resulted in stiffer network (D-STEM-1B, Fig. S11†), in which a
single tan(δ) maximum (85 °C) was observed. In addition,
introducing hydrophilic DMA chains to PMMA STEM-0 net-
works enabled swelling in both water and DMSO (Fig. S12†).

For the E- and D/E-STEM-0 networks, crosslinking of
PMMA was carried out with bisPEMAT. Kinetic experiments for
E- and D/E-STEM-0 networks (Fig. S13 and Table S3†) with
bisPEMAT and different concentrations of BTPEMA revealed a
similar trend with PEGDMA750 crosslinker where the kappp

decreased with increasing concentrations of BTPEMA
due to the formation of long-lived adduct radicals:
[BTPEMA] : [CDTPA] of 1 : 0, 1 : 10, and 1 : 20 led to kappp of
1.46 × 10−2 min−1, 1.25 × 10−2 min−1, and 1.19 × 10−2 min−1,
respectively. Gelation points (Fig. S13A–C†) were reached at
high monomer conversions (≥90%) in a period of 3 to
4.5 hours (Table S3†) for the different concentrations of
BTPEMA. Like for networks synthesized with PEGDMA750,
increase in molecular weight with conversion and broadening
of molecular weight distributions were observed (Fig. S13D–
F†) with bisPEMAT.

Except for the formulations, the synthetic steps of E- and
D/E-STEM-0 networks were similar to the D-STEM-0 network.
Both E- and D/E-STEM-0 networks were then infused with
either MA or DMA monomers for grafting of side chains and
blocks into the networks to generate E- and D/E-STEM-1A/1B
networks (Fig. 2A–D). When MA was incorporated into the net-
works, it had the effect of softening the materials (decreased
the Tg) (Table 1, Fig. S15A–D†). Incorporation of DMA as a
block copolymer to synthesize E-STEM-1B network led to the
addition of 79 monomer units to each R group, with signifi-
cant expansion of the network (Fig. 2A & B). Likewise, incor-
poration of DMA as a block copolymer and side chain to syn-
thesize D/E-STEM-1B network led to the addition of 12
monomer units to each R group, thus with a lower expansion
of the network, but a significant incorporation of PDMA side
chains. Shorter chains were added to D/E- and D-STEM net-
works because of the larger amount of BTPEMA units in these
networks.

Dynamic mechanical analysis revealed that addition of
DMA as a block changed the tan(δ) profile in comparison to
E-STEM-0 network (Fig. 2A & B). The E-STEM-1B network tan
(δ) measurement revealed a sharper local maximum at 120 °C
corresponding the Tg of PMMA and a shoulder around 90 °C
corresponding to the Tg of PDMA (Fig. 2B). This was not
observed in the D-STEM-1B network (Fig. S11B†), suggesting
that the network macromolecular architecture was different
between the RAFT inimer and crosslinker networks. The pres-
ence of PDMA blocks in the E-STEM-1B network enabled swell-
ing in water (Fig. S14†).

Fig. 1 D-STEM-0 network synthesis under green light irradiation
(λmax = 520 nm, intensity = 4.25 mW cm−2) with
[MMA] : [CDTPA] : [PEGDMA750] : [BTPEMA] of 200 : 1 : 2 : 20, 50% v/v
monomer concentration, followed by further modification with MA
under blue light irradiation (λmax = 465 nm, intensity = 6.5 mW cm−2) to
give the D-STEM-1A network. (A) Plots of conversion and ln([M0]/[M]t)
vs. exposure time with brown circle representing monomer conversion
upon reaching gelation point; (B) GPC traces mapping the studies of
gelation of PMMA for the preparation of D-STEM-0; (C) temperature
dependence on the storage (G’) and loss (G’’) moduli; and (D) tan(δ) of
D-STEM-0 network composed of PMMA200-rand-P(BTPEMA)20 and of
D-STEM-1A network composed of PMMA200-rand-P(BTPEMA-graft-
PMA9)20-block-PMA9.

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2019 Polym. Chem., 2019, 10, 2477–2483 | 2481

Pu
bl

is
he

d 
on

 1
5 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 C
ar

ne
gi

e 
M

el
lo

n 
U

ni
ve

rs
ity

 o
n 

12
/2

3/
20

19
 6

:5
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/c9py00213h


The presence of PDMA side chains in the D/E-STEM-1B
network led to a significant increase in the Tg in comparison
to D/E-STEM-0 network (Fig. 2C). The local maximum at 86 °C
can be attributed to the Tg of PMMA network plasticised by
the RAFT inimer (see similar tan(δ) profile of D-STEM-0, in
comparison to that of E-STEM-0). The second local maximum
at 37 °C can be attributed to the Tg of PBTPEMA. Upon graft-
ing of DMA from PBTPEMA, the D/E-STEM-1B gel displayed a
sharp tan(δ) maximum value at 120 °C, corresponding to both
PMMA and PDMA, but without the shoulder observed in the
E-STEM-1B gel. The D/E-STEM gels displayed similar swelling
properties as the E-STEM gels (Fig. S14†).

Conclusions

This work demonstrated a novel approach in designing STEM
gels by employing a chemoselective visible light RAFT polymer-
ization that can be employed without the presence of photo-
catalysts. This approach was divided into two steps. First, a
primary network, namely STEM-0, was synthesized with
CDTPA as green light iniferter in the presence of MMA, cross-
linker (PEGDMA750 or bisPEMAT), and BTPEMA. In the second
step the primary network is modified under blue light
irradiation in the presence of DMA or MA to generate side
chains and block copolymers. Furthermore, this approach

allowed for a stiff PMMA primary network (STEM-0) to be
modified to become a softer or stiffer (STEM-1) network
depending on the use of either MA or DMA. Dynamic mechan-
ical analysis was used to characterize the moduli of the start-
ing and end materials, and also to determine their glass tran-
sition temperatures.
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