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ABSTRACT: Using Diels−Alders (DA) chemistry as a
dynamic-covalent linkage, we explored the kinetic growth
mechanism of polymer structures including starlike materials
and nanogels. The use of reversible addition−fragmentation
chain transfer (RAFT) polymerization allows for precise
control of DA linkages within the polymer backbone.
Controlling the competition between intra- and intermolec-
ular cross-linking reactions allows for the preparation of
polymer structures that can expand their volume after cleavage of the DA linkages as determined by dynamic light scattering
(DLS). Macroscopically, this would be analogous to untying a rope ball knot, commonly termed a “monkey’s fist”.

■ INTRODUCTION

As synthetic methodologies evolve to become simpler and
more efficient, more complex materials, architectures, and
structures can be developed and studied. In particular,
inspiration from topologically complex polymers, from macro-
scopic knots to proteins, provides synthetic targets to
reproduce.
Fundamentally, topology has been dictated by polymer-

ization methodology or via postpolymerization modification.
Polymerization methodologies such as grafting from grafting to
grafting through, self-condensing vinyl polymerizations
(SCVP), and latent polymerization sites are common
techniques to create branched structures. Matyjaszewski et al.
have developed a series of polymerization methodologies that
can create complex polymer structures in a one-pot method-
ology.1−5 Postpolymerization modification approaches have
exploited “click” chemistry to implement changes in topology.
In particular, the preparation of single chain nanoparticles
(SCNPs) has focused on a functional backbone that relies on a
secondary cross-linking step.6−15 Considerable work has also
been directed toward controlling the sequence length within
polymeric backbones and controlling the polymer top-
ology.13,16−19 By dictating the sequence length within the
polymer backbone, we achieved precise folding and manipu-
lation of the polymer in solution.13,20,21 Work has advanced
beyond simple loop structures, and now complex folding of
polymers analogous to enzymes are being synthesized and
evaluated.6,8

Some of these “click” chemistries have been utilized for their
dynamic-covalent properties. Dynamic-covalent linkages also
impart some aspects of reversibility that allow bonds to be
broken and re-formed on different time scales. For example,
boronic esters, oxime formation, and Diels−Alder (DA)
chemistry are highly efficient and reversible. Specifically, the
preparation of self-healing and rehealable materials using these
dynamic-covalent reactions has received extensive atten-
tion.22−27

DA chemistry has been studied extensively, and the chemical
reaction mechanisms are well understood.28,29 In a DA
reaction, a dienophile and a diene undergo a 4 + 2
cycloaddition to form a six-membered ring. The electronic
configurations of the diene and dienophile dictate the
thermodynamic parameters for both the formation and
cleavage of the ring structure. Figure 1 displays one of the
most common examples between furan and maleimide. Among
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Figure 1. Reversible Diels−Alder adduct which has a temperature-
dependent formation.
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the various diene−dienophile DA chemistry pairs, many have
been used to prepare responsive materials and surfaces.30−57

For example, many groups have prepared polymer matrices
completely composed of DA linkages.30,40,42,49,56,57 These
materials have been mainly exploited as thermally responsive
materials for applications in self-healing.58

In previous studies, a base polymer was functionalized via
chain-end or side-chain to contain DA linkages.38,48,50,53,55−57

The material is then exploited for its unique rheological profile
by exhibiting a large change in viscosity over a narrow
temperature window due to the cleavage of DA linkages. DA
systems have also been specifically incorporated as a tool to
disassemble polymer systems to probe the kinetic growth
mechanism of polymers with nonlinear topology.59,60

In this work, we aimed to create starlike structures
containing Diels−Alder linkages at the core and then to
disassemble them to explore the kinetic growth mechanism.
During the polymerization, there is constant competition
between intra- and intermolecular cross-linking reactions
toward the formation of nanogel/starlike structures (NG/
SL). In an ideal case, heat treatment would unravel the
structures and result in linear polymers; however, we observed
the formation of a mixture of morphologies which we propose
to include starlike polymers, single chain nanoparticles, and
nanogels.

■ EXPERIMENTAL SECTION
Methods and Materials. All materials were purchased from

commercially available sources. 1H NMR spectra were recorded on a
400 MHz Varian instrument in d-acetone, d-DMSO, or CDCl3.
Chemical shifts, δ (ppm), were referenced to the residual solvent
signal. N-Isopropylacrylamide (NIPAM) was recrystallized in hexanes.
Phenolic maleimide (1)58 and 2-(2-carboxyethylsulfanylthiocarbonyl-
sulfanyl)propionic acid (CTA)61 were synthesized according to
previously reported literature.
Preparation of 4-(Hydroxymethyl)-2-(4-hydroxyphenyl)-

3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione
(DA-diol). A 500 mL round-bottom flask was equipped with a stir bar
and charged with phenolic maleimide (10.1 g, 53.4 mmol) and
acetonitrile (20 mL). The reaction flask was heated to 45 °C, and
furfuryl alcohol (5.04 mL, 58.0 mmol) was added. The reaction
mixture was stirred for 24 h to yield DA-diol as a tan precipitate (46%,
7.06 g). 1H NMR (DMSO): 3.18 (s, 1H), 3.53 (s, 1H), 3.97−4.04
(m, 2H), 5.16 (s, 1H), 5.33 (s,1H), 6.47 (s,1H), 6.81 (ddd, 2H), 6.88
(ddd, 2H).
Preparation of 4-(4-((Methacryloyloxy)methyl)-1,3-dioxo-

1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)phenyl
Methacrylate (DA-Xlink). A 250 mL round-bottom flask was
equipped with a stir bar and charged with DA-diol (5.00 g, 17.5
mmol) and acetonitrile (150 mL). Triethylamine (5.61 mL, 40.2
mmol) and a catalytic amount of (dimethylamino)pyridine (DMAP)
(42 mg) were added to the reaction flask, which was then cooled to 0
°C. Methacryloyl chloride (3.80 mL, 38.4 mmol) was added dropwise.
The reaction mixture was stirred for ∼5 h, and completion was
indicated by a single TLC spot in 75% ethyl acetate:25% heptane.
Solvent was removed via rotary evaporation. The resulting solid was

then dissolved in dichloromethane and washed (1 × 1 M HCl, 2 ×
sat. NaHCO3, 1 × brine). The organic layer was dried with anhydrous
MgSO4 and filtered. Solvent was removed via rotary evaporation to
yield DA-Xlink as a tan solid (96%, 7.18 g). 1H NMR (400 MHz,
DMSO): 1.91 (s, 3H), 2.01 (s, 3H), 3.67, (s, 1H), 4.70 (s, 1H), 4.83
(s, 1H), 6.10 (s, 1H), 6.30 (s, 1H), 6.63 (dd, 1H), 6.69 (dd, 1H), 5.41
(s, 1H), 7.22 (ddd, 2H), 7.28 (ddd, 2H).

Typical Polymerization Conditions. NIPAM (100−300 equiv)
and CTA (1 equiv) were added to a Schlenk flask (50 mL) with a stir
bar, and the flask was cooled with a brine/ice bath. V-70 (0.25 EQ)
was then quickly added to the Schlenk flask. The flask was sealed with
a rubber septum and vacuumed/backfilled with nitrogen (×3) while
remaining in a brine/ice bath. Toluene and tetrahydrofuran (THF)
were both purged with nitrogen and cooled in ice baths. Using a
purged syringe, we added toluene (1 mL, an internal standard) and
THF (3−5 mL) to the reaction mixture. The mixture was stirred until
all solids dissolved. Once homogeneous, a sample was taken using a
purged syringe for analysis by 1H NMR. The flask was then placed in
an oil bath at 35 °C. The reaction was allowed to polymerize for 1−2
h depending on the desired monomer consumption. Using a purged
syringe, we took a kinetic sample. Within moments, DMF (1−4 mL)
and a DA-Xlink (1−10 equiv) stock solution in DMF that were
previously purged separately were added to the reaction mixture via a
purged syringe. The reaction mixture continued to stir at 35 °C for
another 4−6 h to reach the desired final conversion. The reaction
flask was opened to air to stop the polymerization. A final sample of
the reaction mixture was taken, and the remaining solution was added
dropwise to stirring diethyl ether to precipitate the polymer. The
polymer was collected using vacuum filtration. 1H NMR was utilized
to calculate percent conversion of NIPAM before addition of the DA-
Xlink and of the final reaction. Table S1 lists all reaction conditions in
terms of concentration.

Preparation of Light Scattering Samples. Polymer (5 mg) was
added to a small vial, to which ultrapure water (1 mL) was added, and
the vial was vortexed to dissolve polymer. Note: not all polymer samples
were fully soluble. Some samples had insoluble, macroscopically cross-
linked pieces. Aqueous solutions were filtered through either a 0.45 μm
poly(vinylidene fluoride) or a 0.22 μm poly(ether sulfone) syringe
filter into a clean borosilicate cuvette. Heat-treated samples were
stirred at 100 °C for 2 h and chilled in cool water before being
analyzed once more.

Dynamic Light Scattering (DLS). Multiangle DLS analysis was
performed on an ALV/CGS-3 four-angle, compact goniometer system
(Langen, Germany), which consisted of a 22 mW HeNe linear
polarized laser operating at a wavelength of λ = 632.8 nm and
scattering angles from θ = 30° to 150°.

Fluctuations in the scattering intensity were measured via an ALV/
LSE-5004 multiple tau digital correlator and analyzed via the intensity
autocorrelation function (g(2)(τ)). Decay rates, Γ, were obtained from
single-exponential fits using a second-order cumulant analysis, and the
mutual diffusion coefficient, Dm, was calculated through the relation

q D2 mΓ =

where q2 is the scalar magnitude of the scattering vector. The
hydrodynamic radius (Rh) was calculated through the Stokes−
Einstein equation

D D
k T

R6m 0
B

s hπη
≈ =

Scheme 1. Synthetic Route for Preparation of DA-Xlinka

aReagents and conditions: (A) furfuryl alcohol, ACN, 45 °C, 24 h; (B) methacryloyl chloride, DMAP, Et3N, ACN, RT, 24 h.
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where Dm is approximately equal to the self-diffusion coefficient, D0,
kB is the Boltzmann constant, T is the absolute temperature, and ηs is
the solvent viscosity.

■ RESULTS AND DISCUSSION
Synthesis of DA-Xlink and Polymers. Scheme 1 details

the preparation of the DA-Xlink. Briefly, phenolic maleimide
was treated with furfuryl alcohol in acetonitrile at 45 °C. The
resulting DA-diol precipitated from solution after 24 h.
Secondary yields of DA-diol could be isolated by reducing
the solvent volume and allowing the formation of precipitate.
Next, DA-diol was treated with methacryloyl chloride in
acetonitrile in the presence of triethylamine and
(dimethylamino)pyridine to yield DA-Xlink. We specifically
chose to employ a dimethacrylate cross-linker to ensure that
NG/SL structures would be formed quickly. Using Q and e
values from Odian, we calculated reactivity ratios for methyl
methacrylate and acrylamide to be 3.4 and 0.29, respectively.62

While our monomer system is not identical, we expect
monomer reactivities to be similar. This is important as
previous attempts to synthesize NG/SL structures with
NIPAM using RAFT polymerization reported difficulty,
which we attribute to the cross-linker and CTA chosen.63

Figure 2 provides a schematic of the polymerization
methodology and experimental design. Briefly, NIPAM is
polymerized via a RAFT mechanism, and DA-Xlink is added at
some percent conversion during the polymerization to link
linear PNIPAM chains into nanogel and starlike structures.
Based on previous work from Matyjaszewski et al.,2−4 this
synthetic design is expected to afford starlike structures with a
core composed of DA cross-links. Thermal treatment would
then cleave the DA adducts and reduce the starlike structure to
its linear components, which would provide insight into the
kinetic growth mechanism in terms of competition between
intra- versus intermolecular cross-linking. The variables of
interest include (1) target degree of polymerization (DP) (as
determined by the initial conditions. DP will be correlated to
arm length of the star), (2) concentration of NIPAM
monomer, (3) concentration of cross-linker, (4) conversion
at which cross-linker is added (whereby higher conversion
would lead to longer arms in the star,) (5) final conversion at
which polymerization is terminated, and (6) conversion upon
addition of DA-Xlink (i.e., the percent of conversion that
occurred in the presence of cross-linker). We chose to employ
dynamic light scattering to measure ⟨Rh⟩ of samples before and
after heat treatment. This is in contrast to using size exclusion

chromatography due to the nonlinear structures and dynamic
composition and topology of the materials prepared, which are
known to cause complications in size exclusion chromatog-
raphy (SEC).64 Specifically, our SEC employs THF as a
solvent and is calibrated against linear polystyrene using only a
refractive index detector. THF is not a good solvent for
PNIPAM samples, and the use of only refractive index limits
the ability to properly interpret branched structures. As such,
molecular weight values were not included as their accuracy
would be highly questionable. SEC traces of all samples are
available in the Supporting Information. Comparison of these
traces to DLS data further supports the notions that SEC has
limitations in measuring branching topologies as well as the
impact of solvent on polymer solution structures (i.e.,
PNIPAM in THF versus H2O).
A master table listing all samples prepared, including

synthetic conditions, is available in Table S1. Relevant entries
have been provided here for ease of the reader. (Note: all DPs
discussed in text are based on initial monomer to CTA ratio,
not the final polymer. This is because the final DP is not easily
measured for the complicated topologies in this system. All
percentages of DA-Xlink are relative to [NIPAM].) As a
preliminary control, linear PNIPAM (19) was prepared under
similar conditions (range of [NIPAM] and percent conversion
achieved), but no DA-Xlink was added. An initial ⟨Rh⟩ was
observed to be 7 nm, and after heat treatment the ⟨Rh⟩
displayed a slight increase to 10 nm. This sample was allowed
to rest at room temperature for over 2 weeks, and no change in
⟨Rh⟩ was observed. The sample was then sonicated for 30 min,
and the ⟨Rh⟩ was consistent at 10 nm. (Note: during
sonication, the PNIPAM was incidentally raised above the
LCST due to slightly elevated temperatures from the
sonication bath. Samples were cooled in water prior to
running DLS.) Completion of an additional heat treatment at
100 °C caused an increase in ⟨Rh⟩ to 12 nm. We attribute this
small increase in ⟨Rh⟩ to irreversible aggregation of NIPAM
caused by heating well above the lower critical solution
temperature (LCST), which is in agreement with previously
reported literature.65,66 Having observed the behavior of linear
NIPAM, NG/SL structures (samples 17 and 18) were
prepared with nonreversible cross-linkers, ethylene glycol
dimethacrylate and 1,4-divinylbenzene, respectively. As ex-
pected, these samples displayed larger initial ⟨Rh⟩ values
relative to the linear NIPAM and did not have a significantly
different ⟨Rh⟩ after heat treatment. The lack of reversible cross-

Figure 2. Top: synthetic route for preparation of starlike structures. Bottom: schematic representation of assembly and cleavage of starlike
structures.

Macromolecules Article

DOI: 10.1021/acs.macromol.8b01967
Macromolecules 2019, 52, 1308−1316

1310

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01967/suppl_file/ma8b01967_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01967/suppl_file/ma8b01967_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b01967


links in the samples (17 or 18) would not allow the structures
to be reduced to a more linear topology. Instead, a small
increase in ⟨Rh⟩ was observed from 10 to 14 nm and 14 to 18
nm for samples 17 and 18, respectively, which is in agreement
with the linear NIPAM sample.

Effects of Target DP and [DA-Xlink] on Intra- versus
Intermolecular Cross-Linking toward Nanogel/Starlike
(NG/SL) Formation. Entries 2, 14, and 16 in Table 2 vary the
initial DP while holding the percent of DA-Xlink constant at
5.00%. As expected, we observed an increase in the initial ⟨Rh⟩
as the DP is increased from 100 to 300. Additionally, we
observed a small decrease in the ⟨Rh⟩ after heat treatment,
indicating a partial cleavage of the core. We had envisioned
preparing starlike structures that would reduce to linear
components upon heating as what occurred in previous efforts
by Sumerlin et al.59 in the preparation of hyperbranched
polymers. As such, all samples should have displayed
significant decreases in ⟨Rh⟩ after heat treatment if they were
reduced to linear polymers of DP in the 100−300 range;
however, thermal treatment of the NG/SL structures only
displayed moderate decreases. Cleavage of the DA adducts at
the core of the starlike structures should result in smaller linear
components. However, the polymeric species did not decrease
to entirely linear components as the resultant ⟨Rh⟩ values are
higher than expected for just linear NIPAM. These data
indicate the presence of nonreversible cross-links (such as
coupling and disproportionation) occurring in the polymer-
ization process, resulting in the formation of nanogels.

On the basis of ease of experimental design and execution,
we chose a DP of 200 as our baseline material and began to
explore other variables in the system. Entries 3−14 in Table 3
hold the DP constant at 200 and vary the percent of DA-Xlink.
Samples with less than 2.5% DA-Xlink displayed only minor
increases in ⟨Rh⟩ after heat treatment which are attributed to
aggregation consistent with the linear NIPAM control. With

such a small amount of DA-Xlink present in solution, the
possibility of cross-linking is minimal. All samples with >2.5%
DA-Xlink displayed a decrease in ⟨Rh⟩ after thermal treatment.
As previously stated, this was the expected response, as NG/SL
structures should be reduced to more linear components after
cleavage of the DA adducts. Attempts to employ more than 5%
DA-Xlink resulted in significant amounts of cross-linking and
gelation. Unexpectedly, samples with 2.5% DA-Xlink displayed
an increase or a decrease in ⟨Rh⟩ after thermal treatment based
on other synthetic factors (vide inf ra). The observed increase
in ⟨Rh⟩ was unexpected; as such, experiments were repeated by
different individuals to confirm reproducibility.
We hypothesize that we prepared nanogels whose cross-link

points are composed of a mixture of nonreversible cross-links
caused by traditional termination reactions (including
disproportionation and coupling) and reversible cross-links
composed of DA adducts caused by intramolecular polymer-
ization reactions. We believe a mixture of disproportionation
and coupling occurs because of the reactivity ratios of the
monomers and the predominant termination modes for
methacrylate (disproportionation) and acrylamide (coupling)
based monomers. Upon thermal treatment, the DA adducts are
cleaved, and the NG/SL structures can unravel, resulting in an
increase in ⟨Rh⟩. Macroscopically, this would be analogous to
unraveling a rope ball knot, also termed a “monkey’s fist or
paw”.67 Just as the “monkey’s fist” exists in an initial dense
state, upon untying the knot, the total volume that the rope
comprises increases. The NG/SL structures are composed of
multitude of polymer chains that can become “untied” upon
cleavage of the reversible DA adducts, resulting in the
formation of linear and branched polymer chains. Figure 3
displays a schematic representation of the two proposed kinetic
growth pathways under these polymerization conditions.
Intramolecular events should result in an increase in ⟨Rh⟩
after heat treatment while intermolecular events will yield a
decrease in ⟨Rh⟩ after heat treatment. Chain growth can occur
via polymerization of NIPAM or on one side of the DA-Xlink.
Once the DA-Xlink is incorporated, there are three potential
outcomes for a remaining polymerizable unit. First, it can
remain unpolymerized. We believe this is dependent upon the
reactions selected and executed. 1H NMR analysis of some
materials displayed residual vinylic signals (Figures S1 and S2).

Table 1. Control Samples Prepared without DA-Xlink

conversionb (%) ⟨Rh⟩ (nm)

samplea cross-linker
before DA-

Xlink final
pre-
HT

post-
HT

17 ethylene glycol
dimethacrylatec

72 76 14 18

18 1,4-divinylbenzened 47 63 10 14
19 none n.a. 65 7 10

aConditions: DP − 200. DP was determined by the initial ratio of
monomer to CTA. bConversion determined by 1H NMR. c2.5%
ethylene glycol dimethacrylate cross-linker was added. d1.25%
divinylbenzene cross-linker was added.

Table 2. Effect of Variation of DP for Preparation of NG/SL
Structures

conversionc (%) ⟨Rh⟩ (nm)

samplea DPb before DA-Xlink final pre-HT post-HT

2 100 62 79 34 28
14 200 76 84 57 52
16 300 80 87 99 86

aConditions: % DA-Xlink = 5.00 mol % relative to [NIPAM]. bDP
was determined by the initial ratio of monomer to CTA. cConversion
determined by 1H NMR.

Table 3. Effect of Variation of % DA-Xlink for Preparation
of NG/SL Structures

conversionc (%) ⟨Rh⟩ (nm)

samplea % DA-Xlinkb before DA-Xlink final pre-HT post-HT

3 0.50 46 83 15 19
4 0.50 64 69 17 20
5 1.25 78 86 15 22
6 1.25 75 86 23 26
7 2.50 70 83 34 69
8 2.50 79 84 40 69
9 2.50 74 85 32 64
10 2.50 75 80 39 54
11 2.50 60 80 35 30
12 2.50 63 72 42 32
13 5.00 74 79 51 35
14 5.00 76 84 57 52

aConditions: DP − 200. DP was determined by the initial ratio of
monomer to CTA. b% DA-Xlink is relative to [NIPAM]. cConversion
determined by 1H NMR.
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Both samples 3 and 4 had 0.5% DA-Xlink; they went to
different levels of conversion, and both displayed residual
vinylic signals. Other samples had different levels of DA-Xlink
and different levels of conversion and did not display any
residual vinylic signals.
Once the first vinylic unit is consumed, two pathways are

possible. The second possible outcome for the second vinylic
unit is an intermolecular reaction can occur between two
different polymer chains. Here, a growing polymer chain can
polymerize through a pendant DA-Xlink monomer unit on a
different chain and join two different polymer chains together.
Cleavage of a material with predominantly intermolecular
cross-links should yield structures with smaller ⟨Rh⟩ values as a
single molecule is reduced to several smaller pieces (Figure
3C). The third outcome for the second vinylic unit is an
intramolecular reaction can occur. Here, a growing polymer
chain can fold upon itself and can create a loop, which would
result in a more compact structure. Cleavage of a material with
predominantly intramolecular reactions should then produce
polymer chains with larger ⟨Rh⟩ values (Figure 3D). The trend
in our results are qualitatively consistent with these three
potential mechanisms when considering concentration of [DA-
Xlink].
Effect of [NIPAM] on Inter- versus Intramolecular

Cross-Linking. It is well-established that competition between
intra- and intermolecular reactions can be manipulated by
controlling concentration. Comparison of samples 7, 8, and 11
focused on how concentration affected the kinetic growth
mechanism (Table 4). Samples 7 and 8 had different initial
[NIPAM] but were diluted to the same [NIPAM] upon
addition of the DA-Xlink. Variation in the ⟨Rh⟩ of these
samples before thermal treatment can be attributed to the

different percent conversion achieved in the reaction, where 7
went to a lower conversion prior to addition of cross-linker and
therefore had a smaller ⟨Rh⟩. Both samples went to ∼83% final
conversion and displayed similar Rh after heat treatment. As
expected, this indicates that polymerization conditions before
the addition of DA-Xlink have little to no effect on the
competition between intra- and intermolecular reactions.
Samples 7 and 11 had the same initial [NIPAM], but sample
7 was diluted more than 11 upon addition of DA-Xlink. Here
sample 7 displayed an increase in ⟨Rh⟩ after heat treatment,
indicating that intramolecular reactions were dominant during
the polymerization. Sample 11 was more concentrated and
displayed a decrease in ⟨Rh⟩ after heat treatment, indicating
that intermolecular reactions were dominant during that
polymerization. In more concentrated conditions, polymer
chains are closer together, which increases the probability of
intermolecular links. When dilute, chains are farther away,
which increases the likelihood that the pendant monomer units
will be consumed by intramolecular reactions.

Other Effects on Inter- versus Intramolecular Cross-
Linking. Further analysis of how synthetic conditions can
influence intra- versus intermolecular reactions demonstrates
how conditions other than [DA-Xlink] or [NIPAM] can
influence the system (Table 5). Using 2.5% DA-Xlink as a

crossover point for dictating intra- and intermolecular cross-
linking, we prepared samples 1 and 15 with a DP of 100 and
300, respectively, with 1.67% DA-Xlink. Analysis of the Rh
before and after thermal treatment showed an increase in size
for sample 1 and minimal change in size for sample 15.
Moreover, upon comparison of samples 1 and 2, the higher
[DA-Xlink] in sample 1 displayed an increase in ⟨Rh⟩ after

Figure 3. Potential pathways for DA-Xlink consumption and the competition between intra- and intermolecular reactions.

Table 4. Effect of Variation of [NIPAM] for Preparation of
NG/SL Structures

[NIPAM] conversionb (%) ⟨Rh⟩ (nm)

samplea initial final before DA-Xlink final pre-HT post-HT

7 6.09 4.44 70 83 34 69
8 4.90 4.44 79 84 40 69
11 6.09 5.13 60 80 35 30

aConditions: DP − 200. DP was determined by the initial ratio of
monomer to CTA. % DA-Xlink −2.5%. % DA-Xlink is relative to
[NIPAM]. bConversion determined by 1H NMR.

Table 5. Effect of Variation of [NIPAM] for Preparation of
NG/SL Structures

[NIPAM] conversionc (%) ⟨Rh⟩ (nm)

samplea DPb
% DA-
Xlinkc initial final

before
DA-Xlink final

pre-
HT

post-
HT

1 100 1.67 3.97 3.20 46 82 11 42
2 100 5.00 3.71 3.03 62 79 34 28
15 300 1.67 7.70 6.66 67 85 23 23
16 300 5.00 6.93 5.41 80 87 99 86

aDP was determined by the initial ratio of monomer to CTA. b% DA-
Xlink is relative to [NIPAM]. cConversion determined by 1H NMR.
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thermal treatment while the more dilute sample 2 displayed a
decrease in ⟨Rh⟩ after thermal treatment. These comparisons
show that the ratio of DA-Xlink to target DP is another key
variable in determining intra- versus intermolecular linkages.
Finally, looking at the wide range of initial and final [NIPAM]
utilized (Table S1), no obvious trend is observed, thus
indicating that competition between intra- and intermolecular
reactions is influenced by multiple synthetic conditions.
Further analysis of synthetic conditions utilized to prepare

samples with 2.5% DA-Xlink provided additional insights into
the kinetic growth mechanism (Table 6). In particular, samples

7−10 achieved at least 69.5% conversion before addition of
DA-Xlink occurred, and all samples displayed an increase in Rh
after heat treatment. For samples 11 and 12, DA-Xlink was
added at 60% and 63% conversion, respectively, and both
displayed a decrease in ⟨Rh⟩ after heat treatment. This
indicates that the percent conversion at the addition of the
DA-Xlink is a key variable.
In total, we have identified the [DA-Xlink], the percent

conversion at addition of DA-Xlink, and the window of
conversion as key variables in our synthetic system. In an
attempt to describe the system in total, we introduce an
“effective core concentration” defined as

Arms
Star

DA Xlink× ‐

where Arms is calculated by multiplying the percent
conversion before addition of DA-Xlink times [NIPAM]initial,

Star is calculated by multiplying the final percent conversion
times the [NIPAM]final, and DA-Xlink is the concentration of
DA-Xlink added. This representation correlates the length of
the arms relative to the cross-linked core, accounting for the
density of cross-links in the core (via DA-Xlink) and the
breadth of the conversion window during which cross-linking
is possible. Figure 4 plots initial ⟨Rh⟩ against the effective core
concentration. A general increase in ⟨Rh⟩ is observed as the
effective core concentration increases, demonstrating the
observed effect of [DA-Xlink] on the system. As more DA-
Xlink is added, one would expect larger structures to be
formed, which is what is observed. Figure S3 displays all
samples and includes control samples 17 and 18, which, as
expected, do not fit the same trend. This providing further
validation of the observed results. Examining Figure 4 in more
detail allows the influence of other components to be revealed.
First, as the window of conversion (represented by the

different shapes in Figure 4A) becomes smaller, its effect on
the initial ⟨Rh⟩ is diminished and other variables dominate. As
can be seen by the close proximity of the diamonds (samples 1
and 4), when the window of conversion is large, the initial ⟨Rh⟩
are quite similar. However, the spread in ⟨Rh⟩ becomes wider
when the window of conversion decreases, as seen with the
triangles and squares. Finally, for very low windows of
conversion, a large spread can be seen in the circles, indicating
other factors are at play. To help the reader, Figure 4B includes
only the circles. Adjusting the window of conversion will
influence the polymer segment length after incorporation of
DA-Xlink, which will ultimately regulate the ability of the
growing polymer chain to fold and allow for an intramolecular
reactions to occur.
Second, a related trend is observed when interpreting the

effect of the percent conversion when the DA-Xlink is added.
When the DA-Xlink is added at relatively low conversions
(black and blue data points), the ⟨Rh⟩ are clustered together.
As the percent conversion before addition of the DA-Xlink
increases, its effect on the initial ⟨Rh⟩ is minimized, and again
other variables dominate as demonstrated by the widespread in
red symbols. As more monomer is present when the DA-Xlink
is added, there is an increased opportunity for the polymer
chain to propagate linearly, and the competition between intra-
and intermolecular reactions is altered.
In summary, competition between intra- and intermolecular

reactions is dictated by the [DA-Xlink], the percent conversion

Table 6. Effect of Percent Conversion in Preparation of
NG/SL Structures

[NIPAM] conversionb (%) ⟨Rh⟩ (nm)

samplea initial final before DA-Xlink final pre-HT post-HT

7 6.09 4.44 70 83 34 69
8 4.90 4.44 79 84 40 69
9 5.76 3.91 74 85 32 64
10 5.76 3.49 75 80 39 54
11 6.09 5.13 60 80 35 30
12 6.24 4.52 63 72 42 32

aConditions: DP − 200. DP was determined by the initial ratio of
monomer to CTA. % DA-Xlink −2.5%. % DA-Xlink is relative to
[NIPAM]. bConversion determined by 1H NMR

Figure 4. Comparison of ⟨Rh⟩ (Pre-HT) against the effective kinetic arm length. Symbols and numbers reference entries are in Table S1. (A) Entire
data set. (B) Only circles. Symbol description: conversion upon addition of DA-Xlink: (◆) for Δ > 30; (▲) for 15 < Δ < 30; (■) for 9 < Δ < 15;
(●) for Δ < 9; see section entitled “Other Effects on Inter- versus Intramolecular Cross-Linking” for more explanation of symbols. Color
description: black for px < 50, blue for 50 < px < 68, and red for px > 68, where px is the conversion at which DA-Xlink was added.
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at addition of DA-Xlink, and the window of conversion, the
key variables in our synthetic system. Figure 5 summarizes the
various synthetic conditions and the corresponding structures
created. At low [DA-Xlink], intramolecular reactions dominate,
creating compact structures, and an increase in ⟨Rh⟩ is
observed after heating. Having a low concentration of DA-
Xlink allows for the chain to fold upon itself before an
intermolecular event can occur. The percent conversion at the
addition of DA-Xlink and the window of conversion will
influence growth of the polymer after addition of the DA-
Xlink. The segment after incorporation of DA-Xlink must
reach a critical length for the polymer chain to have enough
flexibility to fold upon itself, and the rate of chain growth must
out-compete the probability of an intermolecular event from
occurring. By increasing the [DA-Xlink], the incorporation of
DA-Xlink is increased, and there are more cross-linkable units
on the polymer backbone which will increase the probability of
an intermolecular event which results in a decrease in ⟨Rh⟩
after heat treatment. Similarly, increasing the concentration of
polymer chains will also increase the probability of an
intermolecular reaction and a corresponding decrease in ⟨Rh⟩
after heat treatment.

■ CONCLUSIONS

Polymeric NG/SL structures were prepared using RAFT
polymerization with the addition of a difunctional monomer at
specific reaction times. By incorporation of DA adducts within
the polymer structure, reversible cross-links were incorporated
into the material. After heat treatment, the DA adducts were
cleaved and the resulting polymeric structures were charac-
terized. Unexpectedly, a range of structures were observed,
including materials with larger ⟨Rh⟩ as determined by DLS,
which we proposed are caused by the unfolding of tightly
packed structures. We also propose that a range of non-
reversible termination reactions occurred, resulting in non-

linear structures. This study elucidates the complex interplay
between synthetic factors that determines the topology of NG/
SL structures formed by addition of a difunctional monomer.
Low cross-linker concentration promotes intramolecular cross-
linking events, which leads to more compact structures.
However, increasing either the cross-linker content or polymer
concentration promotes intermolecular cross-linking events,
generating larger NG/SL structures with more constituent
polymer chains. This knowledge can be used to gain better
control of polymer topology and properties in the future.
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