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ABSTRACT: Inan effort to elucidate the origin of stimuli-responsive (7sr) transitions and correlate them to the
glass transition temperature (7), poly(N-acryloyl-N'-propylpiperazine-co-2-ethoxyethyl methacrylate) (p(Acr-
NPP/EEMA)), poly(N-vinylcaprolactam-co-n-butyl acrylate) (p(VCl/nBA)), poly(/N-isopropyl methacrylamide-
co-n-butyl acrylate) (p(NIPMAm/nBA)), and poly(2-(N,N'-dimethylamino)ethyl methacrylate-co-n-butyl ac-
rylate) (((DMAEMA/nBA)) colloidal dispersions were synthesized, which upon coalescence form solid films.
These studies showed that molecular rearrangements responsible for the Tggr transitions are attributed to the
backbone buckling and collapse of stimuli-responsive components. Based on empirical data, the relationship
between T, and Tsg was established: log(V1/V>) = (P1(Tsr — Tp)/(P>+ (Tsr — Ty)), where the I/, and 1 are the
copolymer total volumes below and above the Tsg, respectively, 7, is the glass transition temperature of the
copolymer, and P, and P, are the fraction of the free volume (ffiee) at 7, (P1) and (Tgmidpoint — T'sr)s0/s0) for each
random copolymer (P,), respectively. This relationship can be utilized to predict the total volume changes as a
function of Tsg — T, for different copolymer compositions. To our best knowledge, this is the first study that
provides the relationship between the Tsg, T, free volume, chain mobility, and dimensional changes in stimuli-

responsive random copolymer networks.

Introduction

While the design and synthesis of stimuli-responsive poly-
meric materials to achieve orchestrated and orderly responsive
networks continue to be a challenge,'® limited efforts have
been made to understand physicochemical aspects of stimuli-
responsiveness, in particular, solid networks. As pointed out
earlier,”® polymeric solutions, surfaces and interfaces, and to a
certain degree polymer gels facilitate energetically and spa-
tially favorable environments for stimuli-responsiveness. The
main challenge is, however, to design solid polymer networks
that sustain their useful functionalities while being stimuli-
responsive.’®

Since spatial and energetic network attributes are influenced by
chemical and morphological network features, recent studies’ "
have shown that the presence of localized “voids” is one of the
prerequisites for segmental rearrangements, which is facilitated by
the presence of a low glass transition (7;,) copolymerized compo-
nent. Following this concept, poly(N-pL-(1-hydroxymethyl)propyl-
methacrylamide-co-n-butyl acrylate) (p(DL-HMPMA /nBA))"!
and poly(2-(N,N'-dimethylamino)ethyl methacrylate-co-n-butyl ac-
rylate) (p(DMAEMA /nBA))'® copolymer films with thermal-sen-
sitive attributes were prepared, whereby by the presence of
temperature-responsive DL-HMPMA and DMAEMA units result
in dimensional changes above and below stimuli-responsive transi-
tions (7sg).” These endothermic relaxations occur above the T,
whereas the low-T, nBA provids free volume for spatial rearrange-
ments. Since at T, the kinetic energy of the segmental motions
results from the access of free volumes above the T, g,12—14 the Tsg
transitions were related to the compositional changes.

In view of these considerations, one needs to raise the question
if the T, and Tgg transitions are significant and, if so, how are
they related to each other. Qualitatively, the presence of the T,
with the respect to the environment determines the functionality
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of polymeric materials that is related to properties via the WLF
equation. In this context, the presence of the Tsgr in stimuli-
responsive polymers will also reflect mobility and conformational
and structural features. Thus, free volume changes as a function
of temperature will be affected by not only the T, but also the
Tsr. These studies will elucidate the origin of Tgr transitions
and their relationship to the T, free volume, and dimensional
changes in stimuli-responsive solid films of poly(N-acryloyl-N'-
propylpiperazine-co-2-ethoxyethyl methacrylate) (p(AcrNPP/
EEMA)), poly(N-vinylcaprolactam-co-n-butyl acrylate) (p(VCl/
nBA)), poly(N-isopropylmethacrylamide-co-n-butyl acrylate)
(p(NIPMAm/nBA)), and poly(2-(N,N'-dimethylamino)ethyl
methacrylate-co-n-butyl acrylate) (p(DMAEMA/nBA)). For
the purpose of these studies, these colloidal particles were
synthesized and coalesced to form uniform films, in which
volume changes were induced by temperature.

Experimental Section

N-Acryloyl-N'-propylpiperazine (AcrNPP) (99%) was pur-
chased from Eastern Systems, Inc. Hexadecyltrimethylammo-
nium chloride (HTAc) solution (25 wt % in H,O) was purchased
from Fluka Chemical Co. N-vinylcaprolactam (VCI) (98%) and
2-(N,N'-dimethylamino)ethyl methacrylate (DMAEMA) (97%)
were purchased from Polysciences Inc. 2,2'-Azobis(isobutyro-
nitrile) (AIBN) (98%), potassium persulfate (KPS) (99%), 2-ethoxy-
ethyl methacrylate (EEMA) (99%), n-butyl acrylate (nBA)
(99%), and N-isopropylmethacrylamide (NIPMAm) (97%) were
purchased from Aldrich Chemical Co.

P(AcrNPP/EEMA), p(VCl/nBA), and p(DMAEMA/nBA)
copolymers were synthesized using the semicontinuous emulsion
polymerization process outlined elsewhere' which was adapted
for a small-scale polymerization. The reaction flask was im-
mersed in a water bath preheated to 75 °C and purged continu-
ously with N, gas. The reactor was first charged with 27 mL of
double deionized (DDI) water, and after purging N, for 30 min,
the content was stirred at 350 rpm. At this point, pre-emulsion
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(DDI, 25 mL; HTAc, 0.62 g; weight-rationed monomers, 5.6 g;
and oil-soluble initiator AIBN, 0.1 g) was fed at 0.156 mL/min
into the vessel over a period of 3 h. After completion of pre-
emulsion feeding, the reaction was continued for extra 3 h. The
resulting colloidal dispersion was filtered after cooling to ambient
temperature. For p(NIPMAm/nBA), 54 mL of DDI and 0.62 g of
HTACc surfactant solution were first transferred into a 100 L
reaction flask which equipped with a reflux condenser in a 75 °C
water bath under the N, atmosphere and stirred at 350 rpm for
30 min. At this point, 5.6 g of NIPMAm/nBA monomers was
added to prepare the pre-emulsion. Then 10.1 mL of a 3.6 x 10>
M solution of KPS and DDI H,O was fed into the reaction kettle
for 3 h, followed by further reaction for an additional 3 h and
subsequent cooling to room temperature. The pH values of these
resulting original colloidal dispersions are ~8.5 determined by
potentiometric titration.

Molecular weight was determined using gel permeation chro-
matography (Waters, Inc.) equipped with a 515 HPLC pump and
a 2414 model refractive index detector. Each sample was pre-
cipitated in tetrahydrofuran (THF) and eluted through a 5 um
MIXED-C column. Elution times were referenced against poly-
styrene standards, and molecular weights of the copolymers were
within (1.33—2.15) x 10° g/mol.

Polymeric films were prepared by casting colloidal dispersions
onto a poly(tetrafluoroethylene) (PTFE) substrate and allowed
to coalescence at 45% relative humidity (RH) for 72 hat 22 °Cin
an environmental chamber. In a typical experiment, ~200 um
thick films were obtained and 15 x 10 mm sections were used for
dimensional change experiments. Each specimen was equili-
brated for 4 h at a given temperature before measuring the
dimensional changes using a micrometer (Mitutoyo Co.) with a
precision of +0.1 um.

Differential scanning calorimetry (DSC) measurements were
performed on a TA Instruments DSC Q 100 under a N, atmo-
sphere. Multiple DSC thermal cycles were conducted using the
following heating—cooling schedule: the specimen was equilibrated
at —50 °C for 5 min, followed by heating at 3 °C/min to 70 °C,
equilibrating at 70 °C for 5 min, and cooling down at 3 °C/min to
—50 °C. The same cycle was repeated several times. The resulting
data were analyzed using TA Universal Analysis software.

Microscopic attenuated total reflectance Fourier transform
infrared (ATR FT-IR) spectra were collected on a Bio-Rad FTS-
6000 FT-IR single-beam spectrometer set at 4 cm™ ' resolution
equipped with a deuterated triglycine sulfate (DTGS) detector. A
2 mm Ge crystal with a 45° face angle maintaining constant
contact pressure between the crystal and the specimens was used.
Each spectrum was collected on the film interface with attached
heating elements and represented 100 coadded scans ratioed to
100 scans collected on an empty ATR cell. All spectra were
corrected for spectral distortions by Q-ATR software using the
Urban—Huang algorithm.'®

Raman spectra were obtained using a Renishaw inVia Raman
microscope equipped with a computer-controlled three-axis en-
coded (X, Y, Z) motorized stage, a RenCam CCD detector, and a
Leica microscope (DMLM series). The 785 nm diode laser pro-
vided an excitation source with a maximum power output of 300
mW. The films were placed on the gold surface, and each Raman
spectrum was collected at a 100 mW laser power and an acquisi-
tion time of 45 s.

Solid-state *C NMR spectra were acquired using a UNITY
INOVA 400 spectrometer equipped with a Chemagnetics 7.5 mm
two-channel solids probe. The samples were spun at a rate of 4.0
kHz. The "H 90° pulse duration was 5.5 us, and the acquisition time
was 45 ms. A proton decoupling field strength of 52 kHz was used to
remove *C—'H dipolar broadening. The free induction decays
(FIDs) were zero-filled to 32 K data points, and Lorentzian and
Gaussian apodization was applied prior to Fourier transformation.

Quantum mechanical semiempirical calculations were conducted
using Material Studio software (Accelrys Inc., Version 4.1). Com-
puter modeling simulations were performed with the COMPASS
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Figure 1. Series DSC thermograms of (A) p(ActNPP/EEMA), (B)
p(VCI/nBA), (C) p(NIPMAm/nBA), and (D) p(DMAEMA/nBA)
recorded as a function of copolymer composition.
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copolymer ratio.

force field conditions. In the first step, we created infinite random
polymer long chains using 3D periodic boundary conditions. In an
effort to determine thermodynamic responses of polymer segments,
a periodic unit cell containing five polymer chains was constructed,
and temperature was the control parameter to simulate the heat
exchange with the environment. This method involves computing
NVT (constant number, volume, and temperature) molecular dyna-
mics at a set temperature using 25 000 steps and 25 ps (ps) (dynamic
times), followed by another NPT (constant number, pressure, and
temperature) molecular dynamics with 50 000 steps and dynamic
times 50 ps, and then NVE (constant number, volume, and energy)
molecular dynamics with 100 000 steps and 100 ps. The purpose of
this three-step process is to simulate energy, volume, and conforma-
tional changes at different temperatures.

Results and Discussion

While the Supporting Information provides detailed chemical,
structural, and compositional analysis of p(ActNPP/EEMA), p-
(VCI/nBA), p(NIPMAm/nBA), and p(DMAEMA/nBA) copoly-
mers after copolymerization, Figure 1A—D illustrates a series of
DSC thermograms as a function of the copolymer composition of
these copolymer films, respectively. As seen, two composition-
dependent endothermic transitions 7, and Tsg are detected, which
shift to higher temperatures as the w/w fraction of the stimuli-res-
ponsive component increases. As anticipated, the energy required
for the Tsg transitions to occur increases proportionally to the

amount of stimuli-responsive components incorporated into the
copolymer backbone. Also, the Tsg for p(DMAEMA/nBA) is
significantly above the T, compared to p(AcrNPP/EEMA), p(VCl/
nBA), and p(NIPMAm/nBA) copolymers, indicating greater free
volume and enhanced chain mobility available for DMAEMA/
nBA network rearrangements. The DSC thermograms also show
that, while the 7}, transition appears as an expected change of ther-
mal conductivity, the T transition is an endothermic peak, which
upon completion retains the same heat conductivity.

In order to determine which molecular entities are responsible for
the Tsg endotherm, ATR FT-IR, Raman, and *C NMR measure-
ments were performed as a function of temperature. While spectro-
scopic results are provided in the Supporting Information, Figure
2A—D illustrates integrated areas of the selected NMR resonances
and IR bands plotted as a function of temperature. As seen, all curves
decrease gradually as the temperature increases, with the middle
point transitions at 30, 30, 35, and 32 °C for p(ActNPP/EEMA),
p(VCI/nBA), p(NIPMAm/nBA), and p(DMAEMA/nBA), respec-
tively. These data are in good agreement with the Tgg transition
minimum detected in the DSC measurements shown in Figure 1.
Analysis of the spectroscopic data also indicate that, in addition to
the C—H stretching vibrations due to backbone/side groups, amide
and propylpiperazine functional groups of AcrNPP, amide and
lactam ring vibrations of VCI, isopropyl and amide linkages of
NIPMAm, and (dimethylamino)ethyl functional groups of DMAE-
MA are also sensitive to the Tsg transitions in each copolymer.
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Figure 3. Results of computer simulations representing molecular conformation changes at 25 °C (a) and 45 °C (b) of copolymers (A) p(AcrNPP/
EEMA), (B) p(VCI/nBA), (C) p(NIPMAm/nBA), and (D) p(DMAEMA/nBA).

To further elucidate the origin of molecular changes res-
ponsible for the Tsgr transitions, thermodynamic computer
simulations were performed, in which infinite copolymer
chains were constructed by randomly connecting energy mini-
mized monomer units under 3D periodic boundary conditions.
While the Experimental Section provides computational de-
tails, visualization of the results is illustrated in Figure 3A—D.
As seen, when going from 25 to 45 °C, the copolymer back-
bones buckle up and the stimuli-responsive components col-
lapse at 45 °C (above Tsr), which is caused by conformational
changes.'® The calculated total energies (AE.,) for the Tsg
transition of p(AcrNPP/EEMA), p(VCl/nBA), p(NIPMAm/
nBA), and p(DMAEMA/nBA) are 132, 127, 176, and 223 kcal/
mol, respectively, whereas the endothermic transition ener-
gies (enthalpy) detected in DSC are 93, 90, 145, and 189 kcal/
mol. While the observed trends are in agreement with the energy
values obtained from the theoretical measurements, ~40 kcal/
mol difference is attributed to the entropic component incor-
porated in the AE calculations, but not measured by DSC. The
above analysis indicate that molecular rearrangements at the Tsg
result in the collapse of stimuli-responsive side chains and
buckling of the backbone, which is also reflected in dimensional
changes leading to the volume shrinkage.'*!!

In order to relate the Tsg to polymer chain mobility, free
volume, T, and dimensional changes, log(}/V>) was plotted
as a function of (Tsg — Ty). The results are illustrated in Figure
4A—D for p(AcrNPP/EEMA), p(VCl/nBA), p(NIPMAm/
nBA), and p(DMAEMA/nBA), respectively, where the solid
cubic (M) points represent the DSC experimental data points
plotted for different compositions and the solid lines represent the
best curve fitting. As seen, the greater total volume changes are
detected for copolymer compositions with a higher content of
stimuli-responsive components (smaller Tsg — T, values). As the
Tsr — T, value increases (less stimuli-responsive component is
incorporated into a copolymer backbone), the changes of total
volume decrease nonlinearly. Compared to other copolymers,
p(DMAEMA /nBA) copolymer (Figure 4D) exhibits the greater
total volume changes for each composition attributed to the
higher free volume, and thus enhanced chain mobility as the Tsg

is further away from the T}, for all f(DMAEMA /nBA) copoly-
mer compositions. It should be noted that the DSC experimental
points are discrete with the best logarithmic hyperbolic curve
fitting (the red curves).

The empirical relationship predicting the total volume
changes as a function of the (Tsg — T,) for different copolymer
compositions with the calculated P; and P, values for each
copolymer (assuming that the contributions of free volume to
total volume changes above the T, are neglectable'”) can be
expressed as

logE = 7P1(TSR —Ty) (1)
Vs Py + (TSR — Tg)

where V7 is the copolymer total volume below Tsgr, V> is the
copolymer total volume above Tsr, Tsr is the stimuli-responsive
transition temperature, and 7T, is the glass transition tempera-
ture of the copolymer. The calculated P, values correspond to the
fraction of the free volume (fi..) at Tg,18 and based on the free
volume theory,'"" ! the reported fjc. values for various poly-
mers are in the 0.013—0.113 range. The calculated P, values
for p(ActNPP/EEMA), p(VCl/nBA), p(NIPMAm/nBA), and
p(DMAEMA/nBA) are 0.032, 0.042, 0.053, and 0.016, respec-
tively. It is therefore reasonable to assume that P; & fie.. On
the other hand, the calculated P, values can be approximated
to the temperature difference between the Ty migpoint and Tsg
(T midpoint — Tsr)s0/50) for random copolymers with the 50/50
ratio. As the copolymer networks shrink at the Tsg, the copoly-
mer density will change (M = pV, where M is the total mass, p is
the density, and V' is the total volume.). Upon substitution, eq 1
will become

log&: Py(Tsr — Ty) @)
po Pat(Tsp—Ty)

where p, and py, are the copolymer densities below and above the
Tsr- Using eq 2, one can predict the density changes as a function
of the (Tsg — T,) for different copolymer compositions. For
example, the relative density ratios below and above the Tsg are
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Figure 4. Curve fitting of the experimental Tsg values obtained from DSC measurements using eq 1: (A) p(ActNPP/EEMA), (B) p(VCl/nBA), (C)

p(NIPMAm/nBA), and (D) p(DMAEMA/nBA).

Pov/pa = 1.23,1.28,1.38, and 1.42 for p(ActNPP/EEMA), p(VCl/
nBA), p(NIPMAm/nBA), and p(DMAEMA/nBA) (at 50/50
ratio). These predictions are in a good agreement with the
experimental macroscopic changes (V/V5,) at Tsr, which are
1.2, 1.27, 1.34, and 1.41, respectively.

It should be noted that the calculated P; and P, values for these
copolymers are not universal constants. We determined their
values for all compositions examined in this study, and as an
example justifying their physical significance, the P, and P,
values were plotted for a 50/50 copolymer composition as a
function of the (Tsg — Ty). The results areillustrated in Figure S9
of the Supporting Information and illustrate that the P, values of
p(AcrNPP/EEMA), p(VCl/nBA), and p(NIPMAm/nBA) are
located in the 0.032—0.055 window, whereas the P; value of
p(DMAEMA/nBA) is at 0.016. The same features are observed
for the P, which fall in the —15 to —9 window for p(AcrNPP/
EEMA), p(VCI/nBA), and p(NIPMAm/nBA), but for p-
(DMAEMA/nBA) is —45. This analysis indicates that P; and
P, are not universal constants, and more importantly, their
magnitude depends upon the free volume available for chain
rearrangements. For example, as we recall the DSC data shown in
Figure 1 for p(DMAEMA/nBA) copolymer, the Tsg is signifi-
cantly above the T, compared to other copolymers, thus exhibit-
ing greater free volume and higher chain mobility. This is
attributed to structural similarities between p(ActNPP/EEMA),
p(VCl/nBA), and p(NIPMAm/nBA) with the presence of amide
linkages and ester groups in p(DMAEMA/nBA). It has been

reported®*~ > that the C; and C, constants in the WLF equation
also vary significantly for the various homo- and copolymers.
However, the P; and P, in eq 1 fall into specific ranges, depending
upon the Tsg — T, difference. For the random copolymers, where
Tsg — T, < 25, the average Py and P values are ~0.045 and —12,
whereas for Tsg — T, > 50 (such as p(DMAEMA /nBA)), the P,
and P, are ~0.016 and —45.

To visualize the relationship between the volume and tempera-
ture changes and assuming that the total volume (V) of a
copolymer is the sum of the free volume (V4.) and the volume
occupied by polymer chains (Voeeupy), Figure 5A,B was con-
structed and illustrates the temperature dependence of the Vo1,
Virees and Voeeupy for Tsg > Ty and Tsg > T,. As seen, below the
Ty, the V. remains almost constant, which significantly limits
molecular mobility, thus allowing only small-scale localized side
groups vibrations/rotations. At T > T, the V. increases faster,
thus mobilizing long-range segmental motions, and at Tsg,
buckling of a copolymer backbone as well as the collapse of
stimuli-responsive components occurs. As a result, the Vo will
decrease, at the expense of Voeeupy and/or V. This process,
however, will compete with the Vi increase at above T,. This is
specially pronounced when Tgg > T, for pf(DMAEMA/nBA)
copolymers shown in Figure 5B. As seen, compared to the Tsg >
T, (Figure 5A), the Vi significantly increases, activating long-
range molecular motions and providing sufficient space for
rearrangements and mobility of chains. As a result, conforma-
tion changes and shrinking at the Tsg occur, leading to larger
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Viotal decrease. Corresponding larger density changes are also
anticipated, as predicted by eq 2. The coexistence of these
competing processes is also reflected in thermally induced mo-
lecular interactions manifested as an exothermic transition im-
mediately before the Tsg, which is illustrated in the DSC
measurements in Figure 1D. As the copolymer temperature
increases above the Tsg, the V.. and the polymer chain mobility
are further enhanced, ultimately leading to the melt and flow of
the entire polymer.

Since the T, and Tgg are composmon-dependent let us go
back toeq | and compare it with the WLF equation.'” While the
latter examines thermally dependent viscosity changes'** in
polymer liquid/melts, eq 1 relates molecular relaxations and Vg
changes when Tsy transitions are present. Also, the WLF
equation is applicable for linear polymers within 7, — 7, +
100 temperature range, whereas eq 1 can be utilized for stimuli-
responsive random or alternative copolymers within the Tsg — 7
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Figure 7. Schematic representation of the volume changes as a function
of temperature for nonresponsive and stimuli-responsive polymers.

range. Since T, and Ty related n and V, respectively, Figure 6
was constructed in an effort to theoretically compare both
relationships. As seen, curve A represents the log(V;/V>) changes
asa function of Tsg — T, whereas curve B relates log(y7/77,) and
T — T,. When the temperature difference (Tsg — T and T= T,)
increases, both curves exhibit parallel declining trends although,
as anticipated, their magnitudes are quite different.

Finally, to compare the total volume changes as a function
of temperature for nonresponsive (Vioinr) and stimuli-
responsive (Viowisr) polymers, Figure 7 was constructed in
which the Vi,inr (blue dashed line) continues to increase
gradually, followed by an upward change above the T,. For
stimuli-responsive polymers (red line), the V. sr decreases at
the Tsg due to the collapse of stimuli-responsive components
and backbone buckling, followed by a further increase at the
same rate (slope) due to retention of the heat capacity before
and above the Tsg transition. The blue area corresponds to the
ViotatNR — Viotaisr, While the green area represents the Ve
required for stimuli-responsiveness to occur at Tsg. For a given
polymer system, the lower 7, will provide more free volume at
a given temperature, and when Tsg < Ty, the Tsg transition may
not be present. For example, when replacing the low-7, com-
ponent (nBA or EEMA) by high-7, MMA, with the T, ,vma)
of 105 °C,* the diminished Ve w111 51gn1ﬁcantly affect co-
polymer thermal relaxations. This is theoretically illustrated in
Figure 8, which shows that the T, values of high T, containing
copolymer will be above the Tsr line for all compositions
(Figure 8A—C), or only a small composition range is available
for the Tsg transitions (Figure 8D). However, for low-7, (nBA
or EEMA) copolymers, the T, values will be significantly lower,
which consequently will interset with the Tsg line (Figure 8A—C)
or will even be below (Figure 8D). As a result, significant
composition variations (shaded area) are available for the Tsg
to occur. Thus, regardless of the composition, the primary
requirement to achieving the Tgg transitions in solid networks
is that 715}{ > 7};.
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Conclusions

Stimuli-responsive p(ActNPP/EEMA), p(VCl/nBA), p-
(NIPMAm/nBA), and p(DMAEMA /nBA) solid networks were
prepared which exhibit two composition-dependent endother-
mic transitions, 7, and Tggr. Spectroscopic analyses combined
with molecular simulations indicated the collapse of stimuli-
responsive components and buckling of copolymer backbone
are responsible for the Ty transitions. Based on the experimental
results, the empirical relationship log(V/V5) = (Pi(Tsg — Ty))/
(P, + (Tsgr — T)) was established which can be utilized to predict
the total volume changes as a function of Tsg — T, for different
copolymer compositions. Depending upon available free volume,
the Py =0.045 and P, = —12 are applicable for the majority of
thermal-responsive components, whereas low-7, temperature-
sensitive components exhibit P, =0.045 and P,=—12. Regardless
of the solid-state composition of the stimuli-responsive network,
the designed Tsg should be above the T, in order to achieve
sufficient free volume and chain mobility facilitating chain
rearrangements at Tsg.
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