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Thermosensitive spontaneous gradient copolymers
with block- and gradient-like features†

Roberto Yañez-Macias,a,b Ihor Kulai,c Jens Ulbrich,b Turgay Yildirim,b,d

Pelin Sungur,b,d Stephanie Hoeppener,b,d Ramiro Guerrero-Santos,a

Ulrich S. Schubert, b,d Mathias Destarac,c Carlos Guerrero-Sanchez*b,d and
Simon Harrisson *c

Reversible addition–fragmentation chain transfer (RAFT) copolymerization was used to prepare co-

polymers of N-isopropyl acrylamide (NIPAM) and vinyl acetate (VAc) with mole fractions of NIPAM

ranging from 0.1 to 0.6 and targeted degrees of polymerization of 100 and 250. The measured kinetic

parameters and obtained experimental results revealed that this copolymerization system leads to a “one

pot” synthesis of amphiphilic gradient copolymers, which have thermoresponsive and self-assembly

characteristics resembling those of the analogous block copolymers but with some intriguing differences.

Their self-assembly behavior in water suggests the formation of dynamic aggregates which respond

rapidly to changes in solubility as revealed by 1H NMR spectroscopy, in contrast to the kinetically frozen

aggregates formed by block copolymers. Furthermore, despite their block-like composition profiles,

these copolymers display a single and broad glass transition, as is typically found in linear gradient co-

polymers. The synthetic approach presented in this contribution could readily be adapted to other

comonomer systems to provide an accessible and economic alternative to the conventional multi-step

preparation of block copolymers.

Introduction

Thermoresponsive polymers exhibit a step change in pro-
perties in response to a change in temperature.1 A typical
example is poly(N-isopropyl acrylamide) (PNIPAM), which is
soluble in water below its lower critical solution temperature
(LCST) of around 32 °C and precipitates above this tempera-
ture.2 Block copolymers that incorporate one or more thermo-
responsive blocks show self-assembly behavior that is sensitive
to changes in temperature.3 This behavior is of interest for
applications including drug-delivery4 and stimuli-responsive
gel formation.5,6

Block copolymers are typically prepared by sequential
monomer addition: the synthesis of the first block is followed
by its use as an initiator or chain transfer agent in the prepa-
ration of the second block.7 These reactions, and their associ-
ated purification steps, can be time-consuming, while the
accumulation of small variations in each step may lead to
lower reproducibility, an important criterion for biomedical
applications.

Spontaneous gradient copolymers8 represent an attractive
alternative to block copolymers. Prepared by direct reversible
deactivation radical copolymerization of two monomers of
different reactivity in a batch process, they combine simplicity
of access with a degree of architectural control.9–13 Moreover,
if at least one of the monomers has a strong tendency to alter-
nate (reactivity ratio ≲0.2), spontaneous gradient copolymers
with block-like architectures may be prepared.11–13

In this study, we report the reversible addition–fragmenta-
tion chain transfer (RAFT) copolymerization of N-isopropyl
acrylamide (NIPAM) and vinyl acetate (VAc) to form thermo-
responsive spontaneous gradient copolymers. VAc is poorly
incorporated in copolymerization with NIPAM14 and so is a
good candidate for the formation of spontaneous gradient
copolymers. In addition, poly(vinyl acetate) (PVAc) is an attrac-
tive hydrophobic component due to its wide range of appli-
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cations as a binder for wound dressings, as an adhesive, and
as a precursor to poly(vinyl alcohol).15,16

A xanthate-based RAFT agent was chosen as these com-
pounds are highly effective in controlling the polymerization
of vinyl esters,17 while also providing reasonable control
over the polymerization of acrylamides18 and acrylates.19,20

This allows block18,21,22 and gradient11 copolymers of these
monomers to be prepared without resorting to the use
of switchable RAFT agents23 or orthogonal polymerization
strategies.24

In addition, a major part of this investigation was
performed in a commercially available automated parallel
synthesizer.11,20,25–27 The use of this well-established high-
throughput experimental technique11,25–27 enabled us to
rapidly perform a detailed kinetic investigation of this reaction
system. The methodical variation of different reaction para-
meters over a broad range (e.g., comonomer composition,
reagent concentration, reaction time, etc.) allowed us to obtain
a copolymer library with a systematic variation in copolymer
composition and molar mass, and experimental kinetic data
for the estimation of the reactivity ratios of this copolymeriza-
tion system.

Experimental
Materials

VAc (>99%, TCI) was purified by stirring in presence of
inhibitor-remover for hydroquinone (Aldrich) for 30 minutes
prior to use. O-ethyl-S-(1-methoxycarbonyl)ethyl xanthate was
synthesized according to a literature procedure.28 NIPAM
(≥99%, Aldrich), 2,2′-azobis-(isobutyronitrile) (AIBN, Aldrich),
methanol, 1,4-dioxane and 1,3,5-trioxane (≥99%, Aldrich) were
used as received.

Gradient copolymer synthesis

Copolymerizations were performed in a Chemspeed
Accelerator SLT automated parallel synthesizer using a sequen-
tial reagent addition and similar experimental protocols as
reported elsewhere.11,25–27 In a typical experiment: VAc and
stock solutions of NIPAM (337 mg mL−1 in dioxane/methanol
1 : 1 mixture), O-ethyl-S-(1-methoxycarbonyl)ethyl xanthate
(73 mg mL−1 in dioxane/methanol 1 : 1 mixture) and AIBN
(7.2 mg mL−1 in dioxane/methanol 1 : 1 mixture) were pre-
pared, degassed by sparging with inert gas for 15 min in an ice
bath and placed inside the automated synthesizer. Afterwards,
for each investigated series, aliquots of VAc, prepared stock
solutions and solvent were transferred from the containers
into different reactors (13 mL) of the synthesizer with the
automated liquid handling system to provide the desired con-
centration of reagents resulting in a final volume of 5.23 mL
(note that volume changes due to mixing of the reagents have
been neglected). 1,3,5-Trioxane dissolved in the NIPAM solu-
tion was used as internal standard at a concentration of 10
mg mL−1 of total reaction volume. Once in the reactor, the
reaction mixture was subjected to a degassing procedure in the

parallel synthesizer as described elsewhere.11,25–27 Thereafter,
the reaction mixtures were heated to 70 °C for 15 h. Table 1
summarizes the amounts and ratios used in each reactor. The
obtained samples were labeled with a capital letter followed by
a numeric sub-index representing initial monomer feed ratios
of NIPAM and VAc, respectively. For example, label A20/80 corres-
ponds to sample with a target DP = 250 containing 20% mol of
NIPAM and 80% mol of VAc. Additional polymerizations were
carried out at 20 mol% and 50 mol% NIPAM in order to refine
the estimated reactivity ratios. Details of these polymerizations
are given in the ESI.†

Kinetic studies of the copolymerizations

During each polymerization, aliquots of 0.2 mL were taken
periodically (0.5, 1, 1.5, 2, 6 and 15 h) under an inert gas flow.
For each sample, conversions were calculated by proton
nuclear magnetic resonance (1H NMR) using 1,3,5-trioxane as
internal standard in deuterated chloroform (CDCl3). Molar
masses and dispersities were determined via size exclusion
chromatography (SEC) analysis.

Block copolymer synthesis

NIPAM (0.453 g, 0.679 g or 0.905 g for A′20/80, A′30/70 or A′40/60,
respectively) and 3 mL of stock solution of O-ethyl-S-
(1-methoxycarbonyl)ethyl xanthate and AIBN (5.56 mg mL−1 and
0.556 mg mL−1 respectively in dioxane/methanol 1 : 1 mixture)
were mixed, degassed by sparging with inert gas for 30 min
in a 16 mL reactor and placed in a heating block that was
thermostated at 70 °C. After heating for 2.25 h, NIPAM conver-
sions of 92–94% were reached.

Then, VAc (1.377 g, 1.290 g or 1.106 g for A′20/80, A′30/70 or
A′40/60, respectively), degassed by sparging with inert gas for
30 min was added and heating was continued for 90 h
sampling at programmed times. The polymers were isolated by
drying under reduced pressure, redissolved in deionized water
and freeze-dried.

Table 1 Overview of the selected reaction conditions used for the
copolymerizations of VAc and NIPAM using an automated parallel
synthesizer

Entry [M/RAFT]a fNIPAM, ini fVAc, ini
nNIPAM, ini
(mmol)

nVAc, ini
(mmol)

A10/90 250 0.1 0.9 2.0 18
A20/80 250 0.2 0.8 4.0 16
A30/70 250 0.3 0.7 6.0 14
A40/60 250 0.4 0.6 8.0 12
A50/50 250 0.5 0.5 10 10
A60/40 250 0.6 0.4 12 8.0

B10/90 100 0.1 0.9 2.0 18
B20/80 100 0.2 0.8 4.0 16
B30/70 100 0.3 0.7 6.0 14
B40/60 100 0.4 0.6 8.0 12
B50/50 100 0.5 0.5 10 10
B60/40 100 0.6 0.4 12 8.0

a [RAFT]/[AIBN] = 1/0.13.
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Instruments and methods

1H NMR spectra were recorded on a Bruker AC 300 (300 MHz)
spectrometer at room temperature. The chemical shifts are
reported in parts per million (ppm, δ scale) relative to the
signals from the NMR solvents.

1H NMR spectra with variation of temperature. Polymer
solutions in D2O were prepared at a concentration of 10 mg
mL−1 by direct dissolution of the polymer sample at 4 °C over
24 h. The sample was heated in a tube from 25 to 35 °C in 2 °C
steps. At each temperature step, the sample was equilibrated
for 300 s and a 1H NMR spectrum was recorded. 1,4-Dioxane
(∼50 ppm) was used as an internal standard for the signal
integration.

SEC measurements were performed on a Shimadzu system
equipped with a SCL-10A system controller, a LC-10AD pump,
a RID-10A refractive index detector, and a PSSSDV-linear
S column (5 µm particle size; Polymer Standards Service
GmbH, Mainz, Germany) at 40 °C using a chloroform (CHCl3),
triethylamine and 2-propanol (94 : 4 : 2) mixture as eluent at
a flow rate of 1 mL min−1. The system was calibrated with
a linear curve built from polystyrene standards (Mp = 370 to
128 000 g mol−1).

Dynamic light scattering (DLS). Hydrodynamic diameters
were determined using a Zetasizer Nano-ZS (Malvern
Instruments, Ltd, UK) with integrated 4 mW He–Ne laser, λ =
633 nm. The correlation function was analyzed via the cumu-
lant method to obtain the Z-average size and polydispersity of
the colloids and by the general purpose method (NNLS) to
obtain the distribution of diffusion coefficients of the solutes.
The apparent equivalent hydrodynamic diameter was then
determined using the Stokes–Einstein equation. The sample
was heated in a cuvette from 25 to 35 °C in 2 °C steps. At each
temperature step, the sample was equilibrated for 300 s and
then measured in triplicate. Polymer solutions were prepared
at a concentration of 10 mg mL−1 by direct dissolution of the
polymer sample in ultrapure water at 4 °C over 24 h.

Differential scanning calorimetry (DSC). Thermal analyses
were carried out on a Netzsch DSC 204 F1 Phoenix instrument
under a nitrogen atmosphere. The prepared samples were first
heated to 180 °C and kept at this temperature for 5 min to
erase any prior thermal history. Then two cycles were recorded
from −25 to 180 °C at cooling and heating rates of 20 K min−1.
The glass transition temperature (Tg) values are reported for
the second heating run.

Cryogenic transmission electron microscopy (cryo-TEM).
Measurements were performed on a FEI Tecnai G2 20 operat-
ing at an acceleration voltage of 200 kV. Images were recorded
with a side-entry MegaView (OSIS) camera.

For the temperature-dependent investigation, the samples
were preheated under agitation for at least 30 min in a water
bath at 35 °C. A drop of the polymer solution (8.5 μL) was
rapidly placed with atmosphere Vibrobot Mark IV plunging
stage. The temperature within the Vibrobot chamber was
adjusted to 38 °C. The samples were rapidly blotted and
plunged into a cryogen reservoir containing liquid ethane. The

holder was cooled and samples were maintained at a tempera-
ture below −176 °C at all times.

Determination of reactivity ratios. Point estimates and joint
confidence intervals for reactivity ratios were determined using
the visualization of the sum of squares method developed by
van den Brink et al.29 The integrated copolymerization
equation was fitted to conversion and monomer feed compo-
sition data, assuming non-negligible errors in all variables.
Simulated copolymer sequences were calculated as Markov
chains according to the method described in Harrisson et al.12

The probabilities that a NIPAM unit is followed by another
NIPAM unit or that a VAc unit is followed by another VAc unit
are given by eqn (1) and (2).

PðNIPAMjNIPAMÞn ¼
rNIPAMfNIPAM;x

fVAc;x þ rNIPAMfNIPAM;x
ð1Þ

PðVAcjVAcÞn ¼
rVAcfVAc;x

fNIPAM;x þ rVAcfVAc;x
ð2Þ

where P(i|j )n is the probability that the unit in the nth position,
corresponding to the conversion x (x = n/DPtarget) will be i if
the preceding unit is j, fi,x is the mole fraction of i at conver-
sion x, and ri is the reactivity ratio of i. All analysis was per-
formed using Microsoft Excel software.

Results and discussion
Synthesis and characterization of P(NIPAM-grad-VAc) gradient
copolymers

The effectiveness of RAFT agents 1 (Scheme 1) is determined
by the substituents R and Z.30 The R group must be a good
homolytic leaving group with respect to the propagating
radical in order to promote fragmentation of the intermediate
2 to the desired products 3. It must also be able to reinitiate
the polymerization at a similar rate to that of propagation.31

The Z group primarily affects the stability of the intermediate
radical and the reactivity of the thiocarbonyl group towards
radical addition.32

The ability of radically polymerizable monomers to react in
a free radical process gives rise to two general groups; the
“more activated monomers” (MAMs), and the “less activated
monomers” (LAMs). MAMs, such as NIPAM, give propagating
radicals that possess low reactivity in radical addition due to
the enhanced electronic stabilization and steric factors.7 Their
polymerization is well controlled by active RAFT agents as
dithioesters (Z = aryl or alkyl) and trithiocarbonates (Z =
S-alkyl).

On the other hand, LAMs, such as VAc, generate more reac-
tive macro-radicals, requiring less active transfer agents such

Scheme 1 Simplified RAFT mechanism.
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as dithiocarbamates (Z = NR′2)
33 and xanthates (Z = OR′).17 Use

of more active RAFT agents to control the polymerization of
LAMs generally results in complete inhibition of polymeriz-
ation, as poly(LAM) macroradicals are relatively poor leaving
groups, which delays the fragmentation process.

By contrast, less active RAFT agents such as xanthates
provide a moderate level of control over many MAM polymeriz-
ations, including those of acrylamides34 and acrylates.19 Thus,
xanthate-based RAFT agents are a natural choice to control the
copolymerization of VAc with more activated monomers.11 For
this study, O-ethyl-S-1-methoxycarbonylethyl xanthate was
selected as a RAFT agent to carry out copolymerization of VAc
with NIPAM in dioxane/methanol mixture at 70 °C using AIBN
as source of radicals, as detailed in Scheme 2.

High-throughput synthesis techniques were used to investi-
gate in detail the evolution of molar mass and conversion of

the spontaneous gradient copolymers. The automated liquid
handling system of a commercially available parallel synthe-
sizer was used to perform normally time-consuming protocols
such as transferring the liquids into each reactor, degassing,27

and collecting samples for SEC and NMR analyses under
inert conditions, in order to determine kinetic parameters
accurately.

Monomer conversions were tracked by NMR spectroscopy
(Fig. S1 in ESI†) and fitted to the terminal polymerization
model using non-linear least squares fitting assuming errors
in both variables (Fig. 1). Full conversion of NIPAM typically
occurred within 6 h, while >95% of VAc was consumed after
15 h. As a result of the rapid conversion of NIPAM in the early
stages of the reaction, the mole fraction of NIPAM in the feed
( fNIPAM) decreased as a function of overall conversion (Fig. 1a).
Details related to conversion vs. time data of experimental
series A and B (Table 1), and additional experiments can be
found in Table S1 and Fig. S2–S4 in the ESI.†

Fitting this data to the integrated form of the terminal
polymerization model (the Skeist equation35) gave best esti-
mates for the reactivity ratios of NIPAM and VAc of 26 (rNIPAM)
and 0.062 (rVAc). The 95% joint confidence interval is highly
correlated and covers the region 15 < rNIPAM < 42 and 0 < rVAc <
0.15 (Fig. 1b).

These reactivity ratios were used to estimate the variation of
composition along an average polymer chain as is depicted in

Scheme 2 RAFT copolymerization of NIPAM and VAc in the presence
of O-ethyl-S-1-methoxycarbonylethyl xanthate.

Fig. 1 (a) Mole fraction of NIPAM ( fNIPAM) as a function of total monomer conversion in copolymerization of NIPAM and VAc. Lines represent model
best fit for initial fNIPAM ranging from 0.1 to 0.6. (b) 95% joint confidence interval for reactivity ratios of NIPAM and VAc. Internal contours represent
50%, 70% and 90% joint confidence intervals. (c) FNIPAM vs. conversion for initial fNIPAM ranging from 0.1 to 0.6 (d) simulated chains for NIPAM con-
tents of 20%, 40% and 60%. Five chains of DP = 250 are shown for each composition. Each colored block represents 5 monomer units and is
colored according to its NIPAM content (red = 100% NIPAM, gray = 0% NIPAM). Full conversion vs. time details can be found in the ESI.†
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Fig. 1c. In addition, Fig. 1d shows a schematic representation
of the copolymer composition as a function of FNIPAM for five
typical polymer chains that contain an equal number of units
(DP = 250). For example, the simulated chains for FNIPAM = 0.6
contain initial NIPAM-rich segments with some VAc defects,
followed by a smooth transition to a final VAc-rich segment.
This visualization emphasizes the discrete structure of the
polymer chains and the interchain variation in composition,
information which is lost in the global composition vs. conver-
sion curve of Fig. 1c. More simulated polymer sequences are
displayed in Fig. S5 in the ESI.†

While the number-average molar mass increased monotoni-
cally with conversion (Fig. 2), consistent with a reversible de-
activation radical polymerization, the molar masses obtained
were lower than expected. The discrepancy in molar mass
increased as the NIPAM content decreased. This inconsistency
may be due to a number of factors, including chain transfer to
monomer, solvent, and polymer, which can be pronounced in
VAc polymerizations due to the instability of the propagating
radical.17 The use of polystyrene calibration introduces a
further source of error to the determination of molar mass.36

Fig. 3 displays SEC traces of some selected experiments,
whereas all SEC traces obtained in this investigation are sum-
marized in Fig. S6 in the ESI.†

In the case of the lower molar mass polymers (Series B in
Table 1), the dispersity increased in the final stages of the reac-
tion, most markedly for polymers containing 10–30 mol% of
NIPAM. Similar increases in dispersity are frequently observed
in the final stages of xanthate-mediated RAFT polymerizations
of VAc, and occur as a result of chain transfer to polymer and
the gradual accumulation of inactive chains due to head-to-
head addition.37 In both series A and B (Table 1), the dispersi-
ties at full conversion ranged from 1.4 to 1.5.

The polymerizations exhibited dispersities of up to 1.8 in
the early stages of the reaction, when the polymer formed is

principally composed of NIPAM units. This reflects the low
chain transfer constant (Ctr) of the xanthate RAFT agent in
polymerization of acrylamides (Ctr = 2.3 in the polymerization
of dimethylacrylamide).38 The molar mass distributions
tended to narrow at higher conversions once the NIPAM was
consumed, reflecting the much higher Ctr of xanthates in the
VAc polymerization (Ctr ∼ 25).37

Thermal properties

Linear gradient copolymers show unique thermal properties
resulting from the smooth change in repulsive interchain
interactions due to the gradual change in composition along
the chain.39 Where statistical copolymers typically show a
single, relatively sharp glass transition at a temperature that is
intermediate between that of the corresponding homopoly-
mers and block copolymers show two distinct glass transitions
as a result of microphase separation, while gradient co-
polymers show a single, broad glass transition that reflects the
broad range of compositions present in the sample.40–42 As
materials absorb energy most efficiently at their Tg, the broad
glass transitions of gradient copolymers suggest applications

Fig. 2 Number average molar mass (Mn) and dispersity (Mw/Mn) data for polymers produced using monomer to RAFT agent ratios of 250 : 1 (a) and
100 : 1 (b) and NIPAM contents ranging from 10 to 60 mol%.

Fig. 3 Representative SEC traces showing the evolution of molar mass
with reaction time for monomer : RAFT agent ratios of 250 : 1 (a) and
100 : 1 (b) and NIPAM content of 30 mol%.
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in shock- and noise-absorbing materials that operate over a
wide temperature range.

The copolymers prepared in this study have block-like struc-
tures and their composition profiles are highly non-linear.
However, they typically show a single, broad glass transition
temperature intermediate between that of PVAc (37 °C)43 and
PNIPAM (135 °C),44 characteristic of a gradient copolymer.
Fig. 4 shows first derivatives of DSC heating curves—peaks
correspond to the observed glass transitions in the investigated
gradient copolymers. The broadest glass transitions were
obtained for polymers containing 20–40 mol% of NIPAM. In
contrast, a series of block copolymers (A′20/80, A′30/70 and A′40/60)
of similar overall composition and molar mass gave two dis-
tinct glass transitions for NIPAM contents of 20–40 mol%. Full
characterization data for these block copolymers are presented
in the ESI.†

As the concentration of PNIPAM (Tg ≈ 130 °C) increases
in the copolymer, the transition shifts toward higher
temperatures. These results indicate that even a short tran-
sitional segment can impart gradient-like thermal properties
to a spontaneous gradient copolymer with a block-like
composition profile. Only in the case of sample A60/40, the
highest molar mass copolymer with the sharpest transition
between NIPAM-rich and VAc-rich segments (Fig. 1c and d),
two transitions were observed around 40 °C and 120 °C.
This may be attributed to the formation of a quasi-block
copolymer where both segments are not compatible and
the repulsive interactions are confined to the junction of
the blocks.

Self-assembly of P(NIPAM-grad-VAc) in aqueous solutions

Due to the thermoresponsive properties of PNIPAM,45 amphi-
philic P(NIPAM-grad-VAc) copolymers should self-assemble
into ordered structures, showing a temperature-dependence on
their size near the LCST of PNIPAM (ca. 32 °C). Polymers were
directly dissolved in water at a concentration of 10 mg mL−1,
and the resulting solutions were analyzed by DLS at 25 and
40 °C to reveal the size distribution of self-assembled species
(Table 2). In all cases, samples containing only 10% NIPAM
were insoluble. Turbid solutions were formed on heating to
40 °C, containing particles of average size ranging from 300 to
600 nm or larger.

At 25 °C, the high molar mass polymers (A series) contain-
ing 20–40 mol% NIPAM formed well-defined aggregates of
around 30 nm in diameter. Polymers with higher NIPAM
content formed solutions containing a broad size distribution
of aggregates, possibly due to contamination with PVAc homo-
polymer. The lower molar mass series of polymers (B series),
by contrast, formed relatively large aggregates at 25 °C, ranging
from 140 to 230 nm in diameter, while the samples containing
10% and 20% NIPAM were insoluble. Further cooling of these
solutions to 5 °C gave smaller aggregates (from 20 to 40 nm) in
the case of samples containing 20–40 mol% NIPAM. However
these aggregates were less defined than those obtained from
the higher-molar mass copolymers, displaying multimodal
size distributions (Fig. S8 in the ESI†). This may be related to
the greater inter-chain variation in composition obtained
using shorter copolymers.

Fig. 4 Derivatives of DSC heating curves series A (a), series B (b) and block copolymers A’ (c).

Table 2 Initial screening of series A and B copolymers. Entries show intensity-average hydrodynamic diameter (nm). Polydispersity is given in
parentheses. Figures in italics indicate that the autocorrelation data were poorly fitted by the cumulant method and are indicative only

Sample T = 25 °C T = 40 °C Sample T = 5 °C T = 25 °C T = 40 °C

A10/90 Insoluble Insoluble B10/90 Insoluble Insoluble Insoluble
A20/80 32 (0.15) 310 (0.08) B20/80 42 (0.21) Insoluble Insoluble
A30/70 32 (0.10) 630 (0.5) B30/70 23 (0.18) 160 (0.20) 350 (0.03)
A40/60 27 (0.18) 350 (0.06) B40/60 21 (0.23) 140 (0.23) 460 (0.4)
A50/50 28 (0.6) 550 (0.19) B50/50 29 (0.7) 226 (0.33) 460 (0.3)
A60/40 24 (0.5) 530 (0.5) B60/40 300 (0.6) 220 (0.5) 600 (0.8)
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As the higher molar mass copolymers containing
20–40 mol% NIPAM (A20/80, A30/70 and A40/60) gave well defined
aggregates at room temperature and showed a clear thermal
response upon heating, these copolymers were studied in
more detail, and compared to block copolymers of similar size
and composition synthesized by sequential polymerizations
(A′20/80, A′30/70 and A′40/60). The size distributions of the aggre-
gates formed at 10 mg mL−1 were evaluated by DLS in the
range from 25 to 35 °C (Fig. 5). The spontaneous gradient
copolymers showed broadly similar behavior to the corres-
ponding block copolymers—small (<100 nm) aggregates were
formed at low temperatures, which coalesced into larger par-
ticles as the temperature increased. At low temperatures, the
size of the block copolymer aggregates increased with the
length of the PVAc segment. The gradient copolymers formed
smaller aggregates than the corresponding block copolymers
and the NIPAM : VAc ratio had no effect on the size of the
aggregates. Cryo-TEM analysis revealed that the gradient co-
polymers formed spherical micellar structures (Fig. 6). For
both gradient and block copolymers, the transition between
small and large aggregates occurred gradually, with aggregates
of intermediate size observed near 30 °C.

The gradual transition was particularly pronounced for the
gradient copolymer A20/80, which showed a smooth change in
aggregate diameter across the temperature range investigated.

Fig. 7 summarizes the DLS data for block and gradient
copolymers, showing the evolution of average size and poly-
dispersity with temperature. It can be observed that where the
block copolymers are constant in diameter up to 29 °C, the
onset of growth for the gradient copolymers varies for different
NIPAM : VAc ratios. This variation was particularly evident in
the NMR spectra (Fig. S9–S14 in the ESI†) of 10 mg mL−1 solu-

tions of the polymers in D2O. While the signal intensity of the
block copolymers decreased gradually and virtually indepen-
dently of the NIPAM : VAc ratio in the range from 25 to 35 °C,
the signal intensity of gradient copolymers displayed sigmoi-
dal curves with a transition temperature that depended on the
VAc content of the copolymer (Fig. 7c and f). The sensitivity of
the gradient copolymer cloud points (Tcp) to the overall VAc
content is likely due to the presence of VAc units in the
NIPAM-rich segments. Polymers prepared in the presence of
higher levels of VAc contain more VAc in the NIPAM-rich
segment (Fig. 1). Previous studies have demonstrated that
copolymerization of an LCST monomer with a hydrophobic
comonomer reduces the number of hydrogen-bonding inter-
actions between water molecules and the copolymer which
decreases the cloud point of the copolymer.46,47 While for the
gradient copolymers, changes in the polymer solubility as
revealed by NMR were correlated with changes in aggregate
size as revealed by DLS, this was not the case for the block

Fig. 5 Hydrodynamic size distributions of 10 mg mL−1 aqueous solutions of gradient copolymers A20/80 to A40/60 and block copolymers A’20/80 to
A’40/60.

Fig. 6 Cryo-transmission electron micrograph of aggregates of A30/70.
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copolymers. We were surprised to observe a gradual decrease
in solubility for all block copolymers in the range from 25 to
29 °C, which was not accompanied by a change in hydro-
dynamic diameter. It has previously been observed that the
presence of a hydrophobic end-group shifts the cloud point of
PNIPAM to lower temperatures.48 In this case, the presence of
the PVAc block may reduce the cloud point of neighboring
PNIPAM segments, so that water is gradually expelled from the
aggregate until it becomes unstable at around 31 °C and
begins to coalesce with other particles. This process is not
accompanied by a change in diameter as the block copolymer
aggregates are kinetically frozen.49 The greater mobility of
polymer chains within gradient copolymer aggregates50–52

allows temperature-induced changes in solubility to be
accompanied by rearrangement of the aggregates, resulting
in a better correlation between the observed NMR and DLS
results.

Conclusions

The xanthate-mediated spontaneous gradient copolymeriza-
tion of NIPAM and VAc leads to the formation of thermo-
responsive amphiphilic copolymers. These copolymers display
temperature-dependent changes in aggregation behavior that
are similar to those of the corresponding block copolymers,
but are prepared in a single step. Despite their block-like com-
position profiles, the spontaneous gradient copolymers display

a single, broad glass transition temperature that is typically
observed in linear gradient copolymers. As spontaneous gradi-
ent copolymers are significantly easier to prepare than linear
forced gradient copolymers, which require a semi-continuous
synthesis with careful control over monomer feed, this result
should facilitate the preparation of materials with broad glass
transitions for shock- and noise-absorbing applications.

The details of their self-assembly behavior in water suggest
the formation of dynamic aggregates which respond rapidly to
changes in solubility as revealed by NMR analysis, in contrast
to the kinetically frozen aggregates formed by block copoly-
mers. The synthetic techniques presented here could readily
be transferred to other copolymerization systems, making use
of the great variety of commercially-available acrylamide and
vinyl ester monomers. As such, spontaneous gradient copoly-
mers have the potential to provide low-cost, accessible alterna-
tives to conventional block copolymers.
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