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ABSTRACT: A true challenge in designing multiresponsive complex macro- ] i W[TK%W)H
molecular architectures is to tune their conformation at will by changing the = o O G
gradients of external stimuli However, the lack of a clear molecular-level = : i o e
understanding, establishing a delicate interplay between segment-based interaction |## 7% ] g o
details and large-scale macromolecular properties, has hindered the implementation 4 p: -‘:,,,:f@; i
of design principles for a long time. Combining molecular simulations, together with %5+ -q;m SN
complementary polymer synthesis and characterization, we propose a molecular-level |a2'0.8 AN 'j“
design principle of multiresponsive copolymer architectures. For this purpose, we use a2 Q\%Eg:
the co-nonsolvency concept that is associated with polymer collapse in miscible good ;5 tf‘:f-‘“ :
solvents. We show how the responsiveness of different polymer blocks can provide gt LnRr ﬁg{@r
fully flexible conformational tuning and, therefore, may serve as a guiding principle for gf%,ij,f T t}?f?r@%@?’"’%, ]
smart material design. égﬁy ey S T.{ecc _,"-:
29,33,34

1. INTRODUCTION

Systems that are responsive to external stimuli, such as
cosolvent concentration, temperature, pH, and light, are at the
onset of many developments in modern classes of soft, smart
functional materials.'™ In this context, polymers, whose
properties are intimately linked to large conformational and
compositional fluctuations, are of paramount importance.
Furthermore, when the property of a polymer drastically
changes by a slight change of external stimuli, they are referred
to as smart responsive polymers. One of the most intriguing
phenomenon of smart polymers is co-nonsolvency.” >’ Co-
nonsolvency occurs when a polymer collapses within
intermediate mixing ratios of two miscible and individually
good solvents for the very same polymer. While the
phenomenon of co-nonsolvency of smart polymers is known
for almost three decades now,”® the origin of this collapse
transition is a matter of intense debate. In this context, there
are different mechanisms proposed to be drivin% the transition
based on solvent—cosolvent interactions,”*”*" cooperativity
effects,''* preferential binding,”*”'*'>** and kosmotropic
effects."”

There is a broad range of polymers that show co-
nonsolvency. Examples include poly(N-isopropylacrylamide)
(PNIPAm),”*! 131516 5oly(acryloyl-L-proline methyl ester)
(PAPOMe),”* and poly(2-(methacryloyloxy)-
ethylphosphorylcholine) (PMPC),***° to list a few.

Smart responsive polymers have a wide range of agplications
in designing advanced functional materials,”” >° such as
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biomedical encapsulation,m’32 artificial muscle tissues,
“pick-up and place” systems,”> and biomedical glues.’
However, this requires a rather predictive and highly tunable
responsiveness of these “smart” systems, which is not at all
trivial in homopolymer systems. Therefore, a possible
alternative is to use a copolymer where the properties of
different blocks can be tuned at will by changing the external
stimuli. In this context, a wide range of copolymers were
designed that includes sequences of thermoresponsive smart
polymers,**™*° copolymer sequences of smart and standard
polymers,*>*' conventional copolymers,** pluronics,®** and/
or elastin-based peptides."*

To the best of our knowledge, studies usually deal with
temperature effects.’#>3%3744=%6 Thig temperature respon-
siveness is not only restricted to polymers displaying lower
critical solution (LCST) tem})er;itures,36’37’46 but also with
diblock copolymers having one block with LCST behavior and
another block displaying upper critical solution (UCST)
behavior.”* These studies display switchable micellization
with changing temperatures. Another interesting route to
induce conformational transition of PNIPAm-based copoly-
mers is to have distinct tacticity of different blocks.*> Here, it
should be noted that tacticity often changes the LCST
behavior of a polymer because of the modification of the
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Figure 1. Conversion (monitored via 'H NMR) as a function of time and pseudo first-order plot for RAFT polymerization of the PMPC block (a)

and subsequent PNIPAm block (b).

solvation structure around the amide group of PNIPAm."’
Here, however, these copolymer sequences often require large
temperature differences, especially for any application in the
biomedical context. Therefore, in this unified study, using
molecular dynamics simulations and complementary polymer
synthesis and characterization, in combination with the
concept of co-nonsolvency, we propose an approach applicable
to a wide range of copolymer architectures in mixtures of
(co)solvents at a given temperature.

2. METHOD, MODEL, AND MATERIALS

Our systems consist of a diblock copolymer and block copolymers
showing tunable conformational behavior in solvent mixtures. For this
study, we employ a generic polymer model.*® For this purpose, we use
the idea of preferential binding of one of the (co)solvents with the
polymer as the driving force of polymer collapse under the co-
nonsolvency condition, as proposed earlier.”'® While the generic
principle presented here is not restricted to specific soft materials, for
the proof of concept, we also perform experiments on a block
copolymer of PNIPAm and PMPC (poly(NIPAm-co-MPC)) in
aqueous alcohol mixtures. To identify the conformation of poly-
(NIPAm-co-MPC) aqueous alcohol mixtures, we have performed
polymer synthesis, dynamic light scattering, and cryo-TEM measure-
ments.

Beyond, the generic simulations, details of specific choices of the
parameters in simulations, and experimental details are described
herein.

2.1. Molecular Dynamics Simulations and Model Parame-
ters. All simulations are based on the well-known bead-spring
polymer model.** In this model, individual monomers of a polymer
interact with each other via a repulsive 6-12 Lennard-Jones (L]) WCA
potential, with the interaction energy of &, = 1.0¢ and particle size of
0, = 1.00. All units are expressed in terms of the L] energy €, L] radius
0, and mass m of individual monomers. This leads to a time unit of

T = o+/m/e. Additionally, adjacent monomers of a polymer are
connected by a finitely extensible nonlinear elastic potential (FENE),

Vegng(r) = 0.5kR? In T

2
1- (L) ] for r < Ry, where Ry = 1.50 and k

= 30¢/6 The parameters of the potential are such that a reasonably
large time-step can be chosen, while bond crossing remains forbidden.

A bead-spring polymer (p) is solvated in mixed solutions composed
of two components, the solvent (s) and cosolvent (c), also modeled as
LJ beads. Following the protocol in our earlier works,” we chose the
sizes of the (co)solvent molecules as o, = 0.56, which is half the
monomer size 0. As it appears, the solvent sizes dictate the energy
density within the solvation volume, and this asymmetry in sizes is
important to mimic monomer—solvent interactions, where monomers
are usually larger than the solvent components. A copolymer consists

of two kinds of monomers, types a and b, with different monomer
sequences. Interactions between different monomer types and
(co)solvent components can either be attractive (full L] 6-12
potential) or repulsive (truncated and shifted L] interaction).” In
the case of attractive interactions, the interaction energy ¢;; for various
pairs is varied and o;; = 0.750, while for the repulsive interactions, ¢; =
1.0¢ is kept constant and o6; = 0.50. The details of these specific
interaction cases will be discussed in the manuscript whenever
appropriate. (Co)solvent particles always repel each other with a
repulsive L], with ¢; = 1.0¢ and o; = 0.50, which ensures that the
solvent—cosolvent mixtures are well miscible with an effective
interaction parameter of y = 0.

The cosolvent mole fraction x. is varied from 0 (pure s
component) to 1 (pure ¢ component). We consider polymer chains
with three different degrees of polymerization N = 30, 40, and 100
solvated in 2.0 X 10% 2.5 x 10* and 10 X 10* solvent molecules,
respectively. The equations of motion are integrated using a velocity
Verlet algorithm with a time-step of 6t = 0.01 7 and damping
coefficient of I = 1.0 77! for the Langevin thermostat. Temperature is
set to T = 0.5¢/kg, where kg is the Boltzmann constant. The initial
configurations are equilibrated for typically several 5 X 10* 7, which is
at least an order of magnitude larger than the longest relaxation time
in the system. After this initial equilibration, averages are taken over
another § X 10° 7 to obtain observables.

2.2. Dynamic Light Scattering. For light scattering experiments,
a commercially available instrument from ALV GmbH was used
consisting of an electronically controlled goniometer and ALV-5004
multiple tau full-digital correlator (320 channels). As a light source, a
HeNe laser with a wavelength of 632.8 nm and output power of 25
mW (JDS Uniphase, type 1145P) was applied. All sample solutions
were filtered through Millex-LCR 0.45 mm filters (Merck Millipore)
directly into dust-free quartz light scattering cuvettes (inner diameter:
18 mm), which were cleaned before with distilled acetone in a
Thurmond apparatus. For the dynamic light scattering (DLS)
experiments, block copolymer samples were dissolved at a
concentration of 1 g L™! in pure water and in pure ethanol. All
other samples were then prepared by mixing appropriate ratios of
stock solutions. The light scattering measurements were then
performed at a constant temperature of 20 °C. The Z-average
diffusion coeflicients were determined after angular dependent
measurements and extrapolated to ¢ — 0.

2.3. Gel Permeation Chromatography. Gel permeation
chromatography (GPC) data were collected from a PSS SECurity
Agilent 1260 Infinity setup (Polymer Standards Service GmbH (PSS),
Mainz, Germany) with a flow rate of 1 mL min™" (aqueous 0.1 M
NaNO?, 25 °C) through a Suprema Linear M column from PSS and
Shodex RI 101 detector. The system was calibrated with linear PEO
standards.

2.4. Nuclear Magnetic Resonance. The experiments were
accomplished with a S mm TXI 'H/BC/N/D z-gradient on the 850
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MHz spectrometer with a Bruker Avance III system. For '"H NMR
measurements, 128 transients were used with a 9 us long 90° pulse
and a 17000 Hz (20 ppm) spectral width together with a recycling
delay of 15 s. The temperature was kept at 293 K and defined with a
standard 'H methanol NMR sample. The control of the temperature
was realized with a VTU (variable temperature unit) and an accuracy
of £0.1 K, which was checked with the standard Bruker Topspin 3.1
software.

2.5. Polymer Synthesis. Monomer 2-methacryloyloxyethyl
phosphorylcholine (MPC, Aldrich, 97%) was recrystallized by slow
cooling (70 °C — —20 °C) of a solution in anhydrous acetonitrile
containing the minimal amount of anhydrous methanol (1% v/v) to
achieve a clear solution at 70 °C. Monomer N-isopropylacrylamide
(NIPAM, Aldrich, 97%) was recrystallized by pouring a gently
warmed benzene solution into pentane (benzene:pentane =~ 1:10)
and slowly cooling to 0 °C. The RAFT agent, 4-((((2-carboxyethyl)-
thio)carbonothioyl)thio)-4-cyanopentanoic acid, (Boron Molecular,
U.S.A., product number BM1433) and initiator 1,2-bis(2-(4,5-
dihydro-1H-imidazol-2-yl)-propan-2-yl)diazene dihydrochloride
(VA044, Aldrich) were stored in a —30 °C freezer and used as
received. Polymerizations were conducted in D,0. A schematic of the
chemical reaction is shown in Figure S2.

2.5.1. Growth of the PMPC Block. MPC (1.95 g, 6.6 mmol, 100
eq) was weighed inside a nitrogen-filled glovebox and placed in a
tared 20 mL Schlenk tube, which was sealed with a rubber septum and
removed to a Schlenk line. RAFT agent BM1433 (20.3 mg, 0.066
mmol, 1 equiv) and initiator VA-044 (16 mg, 0.049 mmol, ~0.7
equiv) were weighed in open air and added to the Schlenk flask. The
vessel was immersed in an ice bath, 10 mL degassed D,O was added
via syringe and the reaction mixture was sparged with nitrogen for 30
min. Polymerization was carried out in a 44 °C oil bath under
nitrogen. Aliquots were periodically removed via syringe for NMR
and GPC analyses, immediately diluted with D,O, and stored in a
refrigerator until analysis. After 2 h, the reaction vessel was cooled in
an ice bath. 'H NMR indicated essentially quantitative conversion
(see plot of conversion as a function of time in Figure 1 and the
corresponding tabulated data in Tables S-I and S-II). Approximately
11.5 g of the original solution remained, corresponding to ~1.7 g of
the polymer based on the original mass of MPC.

2.5.2. Growth of the PNIPAm Block. The Schlenk tube from above
was cooled in an ice bath and NIPAM (1.12 g, 9.9 mmol, 150 equiv)
was weighed in open air and was added. The reaction mixture was
again sparged with nitrogen for 30 min and then placed in a 26 °C oil
bath with magnetic stirring (after taking a t = 0 sample for NMR
analysis). Aliquots were taken, and analytical samples were prepared
as described above until 5 h of reaction time (~75% conversion).
D,0 was removed relatively rapidly under reduced pressure. The
gummy residue was dissolved in 10 mL MeOH and dripped into
rapidly stirring ether to precipitate. The supernatant was decanted,
and the remaining solid was washed with ether. The precipitation/
washing was repeated once, and the remaining solid was placed under
reduced pressure overnight, see NMR spectra in Figure 3 and
tabulated data in Tables S-I and S-II

2.6. Cryo-TEM Measurements. A laboratory-built humidity-
controlled vitrification system was used to prepare the samples for
cryo-TEM. Humidity was kept close to 80% for all experiments and
the temperature was set at 22 °C. Five microliters of the sample was
placed onto a grid covered by lacey carbon film (Ted Pella), which
was rendered hydrophilic via a glow discharge (Elmo, Cordouan
Technologies). Excess sample was removed by blotting with filter
paper, and the sample grid was vitrified by rapid plunging into liquid
ethane (—160 °C). The grids were kept in liquid nitrogen before
being transferred into a Gatan 626 cryo-holder. Cryo-TEM imaging
was performed on a FEI Tecnai G2 TEM (200 kV) under low-dose
conditions with an Eagle slow scan CCD camera.

3. RESULTS AND DISCUSSION

3.1. Conformation of the Diblock Copolymer. We start
our discussion by proposing the design principle of the diblock

copolymer sequences consisting of monomer types a and b
that respond differently to the same external stimulus. For this
purpose, we consider a polymer chain of length N consisting of
N, = N/2 monomers of type a having preferential binding with

« »

the cosolvent “c”, and the other half, N, = N — N, monomers
of type b have preferential binding with the solvent “s”.
Therefore, polymers with monomers of type a show co-
nonsolvency at lower mole fractions of cosolvent (x.), while
polymers with monomers of type b show co-nonsolvency for
higher x, values.” Note, for the simplicity of parameterization,
the generic interaction parameters of a with both s and ¢ are
taken as they are for PNIPAm in aqueous alcohol mixtures,”
while interaction parameters for b with s is varied and will be
described whenever needed. Figure 2 presents simulation data
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Figure 2. Normalized radius of gyration I_{g = Rg/R;’ for a diblock
copolymer as a function of cosolvent molar fraction x.. Data is shown
for two different chain lengths of N, as shown in the figure legend.
Solvent (s) particles have preferential binding with monomer type b,
and cosolvent c has preferred interaction with monomer type a. For
simplicity of modeling, all interactions are taken as repulsive except of
monomer type b with s and monomer type a with c. Attractive
interaction strengths are chosen as ¢, = &,. = 1.0e. The lines are
polynomial fits to the data that are drawn to guide the eye. Two
simulation snapshots are shown for N = 40 and for x. = 0.1 when
monomer type b collapses (red beads) and for x. = 0.9 when
monomer type a collapses (silver beads).

of diblock copolymer conformation in mixed solvents. The
data is shown for normalized radius of gyration I_Zg =R,/Rj asa
function of x. for two different N values. It can be seen that
diblock copolymers can show either double well-like conforma-
tional transitions or even multiple minima-type conformational
transitions depending on their chain length. The observation of
two minima at lower and higher concentrations of cosolvent is
not surprising given that two different copolymer segments
collapse maximally through two domains of x, (see simulation
snapshots in the inset of Figure 2). A more elaborate phase
diagram is shown in Figure SI.

One of the most important aspects of these architectures is
that they present fully flexible generic tuning of the
conformational behavior, which can be modulated almost at
will. In this context, the variation of parameters in molecular
simulations is rather simple, especially when dealing with
generic models.** Therefore, to study the predicted conforma-
tional behavior of diblock copolymers as a function of x,
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having competing structures, we have also synthesized a
diblock copolymer.

The choice of a specific chemical system requires a couple of
important considerations: (1) Two blocks showing co-
nonsolvency in the different regions of the solvent—cosolvent
mole fractions: one in the solvent-rich region and another in
the cosolvent-rich region, as shown in Figure 2. (2) The most
important requirement is that these individual blocks should be
responsive to the same solvent—cosolvent mixtures. In this
context, one pair of the ideal candidates, though not restricted,
for such polymeric blocks are PNIPAm and PMPC chemical
structures. For example, under ambient conditions, PNIPAm
precipitates between 5—50% ethanol mole fractions,”® while
PMPC exhibits a collapse between 40-90%.>>>° If a
copolymer is synthesized with these specific blocks, one
expects to observe double-well conformational behavior like
that predicted in the simulations, see Figure 2. For this
purpose, we have synthesized a P(NIPAm-co-MPC) with 130
repeat units of NIPAm and 100 units of MPC using the
reversible addition—fragmentation chain-transfer polymeriza-
tion (RAFT) as shown in Figure 3.

(0]
block S S OH
HO 100 IS(J\H/ \/\[(
NC O S O
PMPC - 8 PNIPAm
O O
7
P

S0

\/\N+f O

Figure 3. Schematic representation of the chemical structure of a
P(NIPAm-co-MPC) diblock copolymer consisting of 100 monomers
of MPC and 130 monomers of NIPAm.

To identify conformational behavior in solution, we have
first performed dynamic light scattering, where we estimated
the hydrodynamic radius Ry, of the diblock systems. For pure
water x. = 0.0, we find R, = 5.6 nm and for pure ethanol x. =
1.0, Ry, = 5.5 nm. For the chain lengths chosen here, this
corresponds to an expanded configuration of a single chain
structure. For x_ = 0.74, we observe large structures with Ry, =
22.5 nm, thus indicating the formation of aggregates. It should
also be mentioned that the MD simulations are performed for
a single chain, while experimental data is collected with finite
polymer concentrations. Therefore, when the polymer
conformation shows collapsed structure in simulations, at
finite concentrations, this can lead to aggregates.36 Further-
more, as identified by the simulations and based on the well-
known behavior of PMPC aqueous alcohol mixtures,”**® inner
cores of micelles are formed by the MPC blocks for higher
alcohol concentrations, while NIPAm units are forming the
outside shell. On the other hand, for x. < 0.5, the inner core is
PNIPAm-rich with outer PMPC blocks. We have also tried
DLS for x. = 0.10, which however became nontrivial for a low
polymer concentration because of the zwiterionic nature of the
PMPC block.

To further investigate the possible structure of the
copolymer, we have performed cryo-TEM experiments at x,

= 0.04 and x. = 0.74, see also Section 2.6 for details on cryo-
TEM. Images for the two cosolvent mole fractions displayed in
Figure 4 clearly show both cases of polymer aggregates
compatible with micellar dimensions, highlighted with white
arrows. The most prominent view of the micellar objects are
observed in the regions of maximum contrast. Especially, the
regions with black dots, highlighted by the arrows in Figure 4,
indicate micellar objects and reveals the collapsed part of
micelles, as reported earlier for micelles made from amphiphilic
diblock copolymers.”” Note that the soluble parts of the
diblock copolymers are not easy to visualize using cryo-TEM.
Figure S4 shows two full-field images of cryo-TEM at ethanol
volume fractions x, = 0.04 and x. = 0.74. It should also be
noted that here, we discuss the generic behavior of a rather
large class of systems, even when the experimental proof of
concept is restricted to a P(NIPAm-co-MPC) system.
Therefore, a rather broad and wide range of chemical systems
are expected to show this behavior.

According to simulations, the conformational transitions of
the diblock copolymer have strong chain length effects. It can
be seen that the multiminima-like behavior is only observed for
N = 100 (typical of the order of 100 in persistence length 1),
which deserves more attention (see data in blue in Figure 2).
This multiminima behavior can be understood by analyzing the
co-nonsolvency of corresponding homopolymer blocks of a
diblock copolymer in a binary solution.” When a polymer
collapses in a mixture of two good solvents, the solvent quality
remains good or even gets increasingly better by the addition
of a better cosolvent.'"® A data that somewhat speaks in this
favor is the ever decreasing variation in excess chemical
potential 42, as a function of x, (for example, see Figure S in ref
16). This suggests that the conformational transition of a
polymer in good solvent mixtures is not a phase transition in a
true thermodynamic sense.'” It was previously proposed that
while the initial collapse of a homopolymer at around x. — 0 is
first order-like, the reopening shows inverse system size effects
at higher x. values. The longer the chain, the smoother the
reopening transition.” However, it should be noted that the
observation of conformational transition discussed here is
based on the flexible chain regime. For oligomers (or for very
stiff polymers), it will become energetically costlier to form
segmental loops, and thus a single rigid chain may not show
polymer collapse. Moreover, this may lead to other interesting
behaviors at a finite polymer concentration, that is, liquid
crystalline or even crystalline ordering mediated by cosolvents.
In Figure S, we show the l_lg of individual blocks of a diblock
with lengths N, = Ny, = 50. A smooth reopening is evident from
the data. It can be seen that in the 0.35 < x, < 0.65 range, both
blocks of a diblock copolymer are collapsed, hence the polymer
as a whole shows a dip in I_Qg at around x, ~ 0.5 (see Figure 2).
Moreover, within the ranges 0.2 < x, < 0.4 and 0.6 < x, < 0.8,
only one of the blocks is collapsed, while the other block
remains completely expanded. In combination, this results in
the two peaks in R, at around x. = 0.3 (solvent-rich) and 0.7
(cosolvent-rich) in Figure 2.

3.2. Conformation of the Copolymer Sequence. To
further study the sequence-dependent design of copolymer
architectures, we have also studied the conformation of
copolymers with different sequences, that is, with sequence
lengths n, of the two monomer types a and b repeated along
the chain length N = N, + Nj. In Figure 6, we show the
conformational behavior of the copolymer of N = 100 for
different n; values. It can be appreciated that depending on the
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Figure 4. Cryo images of P(NIPAm-co-MPC) for two ethanol volume fractions, (a) x, = 0.04 and (b) x = 0.74. The core of the polymer micelles
are seen as black dots pointed by the arrows. The sample is homogeneously distributed in the amorphous ice layer spanning a supporting carbon/

formvar film. The latter is seen in (a) highlighted by the arrowheads.
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Figure 5. Normalized radius of gyration ﬁg = Rg/ R; as a function of
the cosolvent molar fraction x. for individual blocks of a diblock
copolymer with length N = 100. For simplicity of modeling, all
interactions are taken as repulsive except those of monomer type b

with s and monomer type a with c. Attractive interaction strengths are
chosen as €, = ¢, = 1.0¢.

lengths of the sequences, we can find qualitatively different
response schemes.

In this last section, we now examine if having only one of the
the two monomers to be responsive to an external stimulus can
still show a re-entrant collapse-swelling transition. In Figure 7,
we present data when only monomer type b is responsive, that
is, showing co-nonsolvency at lower x_ values. It can be seen
from the simulation data that even when only 50% of the
monomers have preferential coordination with the cosolvent,
copolymers still exhibit co-nonsolvency. For comparison, we
also include simulation data of a generic PNIPAm homopol-
ymer in a mixed solvent” that shows good agreement with the
present data. Furthermore, a relevant experimental system
representing this situation is a random copolymer consisting of
NIPAm and DEAm monomers.”” Note that even when a

1.4 | L 1 1 1 1 1 L 1 1 1
1 eng=2 eng =10 ong = 50 -
1.24 -

1.0
0
[~ 0.8-
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Figure 6. Normalized radius of gyration l_lg = Rg/Rg as a function of
the cosolvent molar fraction x, and for the copolymer of length N =
100. Results are shown for three different sequences of n, values.
Here, n, = 50 represents the diblock copolymer. The lines are
polynomial fits to the data that are drawn to guide the eye.

PDEAm shows a similar temperature effect as PNIPAm,
PDEAm does not show co-nonsolvency in an aqueous
methanol mixture.’’ In Figure 7, we also include the
experimental data of a copolymer made from NIPAm and
DEAm monomers represented by P(NIPAm-co-DEAm).*’ A
good agreement between simulation results with the
experimental data in Figure 7 presents a situation that the
simulation data captured the correct conformational behavior
of the reference experimental system. It still is important to
mention that the experimental system consists of a statistical
random copolymer, while we have a well-defined sequence.
Moreover, as it appears, the coil—globule—coil scenario is
qualitatively rather independent of the polymer sequence, and

DOI: 10.1021/acs.macromol.9b00414
Macromolecules XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.macromol.9b00414

Macromolecules

1 L 1 L 1 L 1 L 1 L 1

1*ng = 1 o Homopolymer Sim. [2] _] o
1.2+ ong = 2 o Copolymer Exp. [34] -
-1.0

> %
-0.8
-0.6

00 02 04 0.6 0.8 1.0
Ze

Figure 7. Normalized radius of gyration l_ig = Rg/ R; as a function of
the cosolvent molar fraction x. for a copolymer of length N = 30.
Results are shown for two different copolymer sequences of ng values,
that is, n, = 1 corresponds to an —(a—b)— sequence, and n, = 2 gives
an —(aa—bb)— sequence. For comparison, we have also included the
generic simulation data corresponding to a homopolymer of
PNIPAm” and also the experimental data of P(NIPAm-co-DEAm)
taken from ref 39.

a few well-dispersed monomers with preferential binding to
one of the cosolvents are sufficient to exhibit the co-
nonsolvency effect.

4. CONCLUSIONS

We have proposed a flexible design principle of a set of smart
multiresponsive copolymer architectures in mixtures of two
good solvents. For this purpose, we have combined generic
molecular dynamics simulations and polymer synthesis and
characterization to establish a structure—property relation of
polymers in mixed solvent mixtures. Results show that the
polymer conformation can be tuned at will so long as we
choose correct combinations of solvents and copolymer
sequences. While it is rather easy to vary parameter space in
simulations that can therefore be used to predict a broad range
of interesting polymer structures, the predictions are supported
with empirical data from a diblock copolymer of PNIPAm and
PMPC. This study shows that the different (competing)
monomer responsiveness with solvent—cosolvent can be
combined to predict structures for desired applications. For
example, the architectures presented here are not only
interesting, they also possess great technological implications
especially in biomedical applications in encapsulation through
micellization of polymers. Furthermore, these structures can be
extended to account for a combination of thermal and solvent
concentration effects within one unified framework, which will
be presented elsewhere. Additionally, the conformational
transition can also be introduced by changing pH® and thus
provide another route to tune conformational behavior.
Therefore, in a broad sense, this study may pave new
directions toward the operational design and functional
application of multiresponsive smart polymeric materials.
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