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ABSTRACT: The best-known examples of smart, responsive
hydrogels derive from poly(N-isopropylacrylamide) (PNI-
PAM) cross-linked polymer networks. These hydrogels
undergo volume phase transitions (VPTs) triggered by
temperature, chemical, and/or environmental changes. PNI-
PAM hydrogels can undergo more than 50-fold volume
changes within ~1 us intervals. Studies have tried to elucidate
the molecular mechanism of these extraordinarily large
responses. Nevertheless, the molecular reaction coordinates
that drive the VPT remain unclear. Using visible nonresonance
Raman temperature-jump spectroscopy, we determined the
molecular ordering of this VPT. The PNIPAM hydrophobic
isopropyl and methylene groups dehydrate with time constants

PNIPAM Volume Phase Transition
Nanogel N Raman
Temperature—Jump ‘
—
Vo W

[22]

=
% Hydrophobic

Pump . © =» Collapse

/;lme % Time Constant

Delay £

Probe - :
0 N Raman Shift

of 109 + 64 and 104 + 44 ns, initiating the volume collapse of PNIPAM. The subsequent dehydration of the PNIPAM amide
groups is significantly slower, as our group previously discovered (360 + 85 ns). This determination of the ordering of the
molecular reaction coordinate of the PNIPAM VPT enables the development of the next generation of super-responsive

materials.

B INTRODUCTION

The development of smart responsive materials will revolu-
tionize processes that involve biomaterials, bioengineering, and
chemical sensing. Smart materials can be designed to reversibly
or irreversibly respond to changes in their physical or chemical
environments.' "' These responses can be used to actuate new
chemistries that enhance human well-being through tissue
engineering and drug delivery, or to prevent the negative
impacts of hazardous chemicals.

The most responsive smart materials, at present, are
hydrogels whose large volume responses involve motion of
their water mobile phase within their swollen cross-linked
polymer networks. These hydrogels undergo volume phase
transitions (VPTs) where the polymer network responds to
physical or chemical changes, such as temperature, to expel or
imbibe the mobile phase, resulting in dramatic volume changes.

Poly(N-isopropylacrylamide) (PNIPAM) hydrogels show
the largest thermoresponsive VPT (Figure 1A). The PNIPAM
hydrogel exists in a highly swollen state at temperatures below
its lower critical solution temperature (LCST) of ~32 oC.!2718
Increasing the temperature above the LCST causes the polymer
to undergo a rapid VPT that expels water, forming a
dehydrated state. PNIPAM has one of the largest and fastest
VPT showing up to a 50-fold volume change within ~1 us
(Figure 1B).'°

Despite the numerous studies of the VPT of PNIPAM:-like
thermoresponsive materials, there has been insufficient insight
into the VPT molecular mechanism to enable its optimization.
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The magnitude of the VPT volume change of PNIPAM has
improved little since its discovery in 1956."" The current
understanding of hydrogel VPT derives from the thermody-

namic insights of Flory and Rehner'®"’

who relate changes in
osmotic pressures to hydrogel cross-linking, charge localization,
and the free energy of mixing of the mobile phase with the
polymer network. However, this physical insight provides little
information on the VPT molecular reaction coordinate.

Many vibrational spectroscopic studies have sought insight
into the PNIPAM VPT mechanism(s), but until recently, the
insights were extremely limited and often contradictory. For
example, studies by Ramon et al. and Lai et al. concluded that
the phase transition is initiated by the breaking of the amide—
water hydrogen bonds.””*' On the other hand, S. Sun et al.*
and B. Sun et al.”® proposed that the hydrophobic isopropyl
methyl groups and polymer backbone dehydrate first.
Consequently, it remains unclear whether the hydrophilic>*!
3 groups initiate the VPT. Unlike these

previous studies, we utilize a direct, time-resolved, laser-induced
24-26

or hydrophobic™

temperature-jump (T-jump) spectroscopy to unequivo-
cally determine the reaction coordinate for the PNIPAM VPT.
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Figure 1. (A) Chemical structure of PNIPAM. (B) Schematic showing the volume phase transition of cross-linked PNIPAM hydrogel. Below the
LCST, the hydrogel is in a swollen hydrated state. Above the LCST, the hydrogel is in a compact, dehydrated state.
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Figure 2. (A) Schematic of the nonresonance Raman T-jump instrument. The laser beams were directed to the 100 ym sample cuvette, as shown in
part B using two turning prisms. The beams were focused onto the sample using a 12 cm focusing lens.

B METHODS were determined at different temperatures by using dynamic

PNIPAM Synthesis and Preparation. PNIPAM nano- hght. s¢ attering (DLS) (Brookhaven, ZetaPALS).
ticl thesized b ousl blished Visible Nonresonance Raman T-Jump and Steady
particies were Synthesized Dy Our previously publshe State Instrumental Design. We utilized a Coherent Infinity

.dlsp ersion p olyn}erlzatlon method,”” where 34730 g f)f N- Nd:YAG pulsed laser (3 ns pulses, 100 Hz) with a fundamental
isopropylacrylamide (NIPAM), 0.0513 g of 2-acrylamido-2- wavelength of 1064 nm. A schematic of the steady-state and T-
methyl-1-propanesulfonic acid (ionic comonomer, Sigma- jump experimental setup is shown in Figure 2. The 532 nm
Aldrich), 0.1101 g of N,N'- methylenebis(acrylamide) (cross- probe beam was generated by frequency doubling the Nd:YAG
linker, Fluka), 0.0815 g of sodium dodecyl sulfate (surfactant, fundamental. The 1.9 um pump beam was obtained by Raman
Sigma-Aldrich), and 0.0280 g of ammonium persulfate shifting (Light Age Inc,, 1000 psi, 1 m length) the 1064 nm
(initiator, Sigma-Aldrich), were added to 250 mL of 18 MQ fundamental of a second Coherent Infinity Nd:YAG laser in H,

deionized water and reacted at 70 °C for 4 h with continuous gas and selecting the first Stokes harmonic. Both the 532 nm
stirring. The product was filtered using glass wool and dialyzed and 1.9 um beams were directed onto a dielectric mirror
against nanopure water by using a cellulose membrane dialysis (Thorlabs) that reflects the 532 nm beam while transmitting
tube (Sigma-Aldrich) for 4 weeks to remove unreacted the 1.9 ym beam (Figure 2A). Two apertures were used to

overlap the 532 nm and 1.9 ym laser beams. The beams were
directed onto the sample using a series of turning prisms and
focused using a 12 cm focusing lens (Figure 2B).

We collected the Raman scattering with an ~165° back-
scattering geometry for the 532 nm steady state and T-jump
Raman experiments. A Rayleigh rejection filter (Semrock) was
placed before the slit (350 ym) to reduce the Rayleigh scattered
light. The Raman scattered light was dispersed using a modified
Spex single monochromator with a 500 G/mm plane ruled
grating (Richardson Gratings). The dispersed light was focused

monomer and impurities. Ionic impurities were removed by
incubating the PNIPAM particles with mixed bed ion exchange
resins.

PNIPAM was concentrated by centrifuging the purified
suspension at 17,000 relative centrifugal force (rcf) at 34 °C for
70 min. The supernatant was removed, and the PNIPAM
particles were washed with 18 MQ deionized water to remove
impurities. The PNIPAM suspension was further centrifuged at
17,000 rcf at 34 °C for 70 min. The final PNIPAM

concentrations were measured to be ~4 wt 9%. These on a back-thinned Princeton Instruments Pylon 1340 X 400 B

concentrations were used for the 532 nm steady state Raman CCD camera.

measurements. PNIPAM was diluted to ~2 wt % for the T- Visible Nonresonance Steady State Raman Measure-

jump experiments. PNIPAM particle diameters (~0.001 wt %) ments. Steady-state, 532 nm visible Raman spectra of
3009 DOI: 10.1021/acs.jpcb.8b00740
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PNIPAM (~4 wt %) were measured using ~15 mW average
power with an accumulation time of 20 s. PNIPAM Raman
spectra were measured by using a 1 cm path length cuvette
placed in a temperature controlled cuvette holder. Spectra were
collected at temperatures ranging from 15 to 63 °C. The
temperature of the PNIPAM sample was measured by a
thermocouple placed in the sample solution.

T-Jump Raman Measurements. The T-jump was excited
by 1.9 um Stokes shifted Nd:YAG laser pulses that were
strongly absorbed by water. To ensure that the 532 nm beam
probed the sample volume that experienced the T-jump, the 1.9
um T-jump beam was focused to a diameter (~180 um)
slightly larger than the overlapping 532 nm excitation beam
(~13S pym).

For the T-jump measurements, a 100 pm flow cuvette
(Starna Cells) is used to minimize the sample T-jump
temperature variation along the sample thickness. A thin
sample thickness is necessary because water absorbs 1.9 ym
light with an absorption coefficient of 40 cm™" but transmits the
532 nm Raman excitation light. Therefore, the maximum T-
jump occurs at the front surface of the sample stream; the value
of the T-jump decreases exponentially with sample depth. In
contrast, the Raman scattering from the 532 nm beam is
constant along the entire sample thickness (Figure S1A). We
utilized a very thin sample thickness (100 ym) to minimize the
sample T-jump variation along the sample thickness (Figure
S1B).

Supporting Information Figure S2 shows the sample setup
for the T-jump Raman measurements. A constant initial sample
temperature was maintained by placing the PNIPAM sample
solution (~2 wt %) in a stirred and heated water bath (31 °C)
that was temperature controlled to +0.1 °C (Fisherbrand
Isotemp). To ensure we replace each illuminated sample
volume before the next pulse, a peristaltic pump (Harvard
Apparatus) flowed the sample fast enough (57 mm/s) to
exchange the sample between T-jump pulses.

T-Jump Raman spectra were measured using 3 ns 1.9 ym
pump pulses with an energy of 0.45—0.60 mJ at a 100 Hz
repetition rate. The 1.9 ym T-jump pulse energy is sufficiently
large to induce the PNIPAM VPT. The Raman 532 nm
excitation beam consisted of 3 ns pulses at a 100 Hz rep rate at
an average power of ~25 mW at the sample. Four 180 s
accumulation Raman spectra were measured at each delay time
between the T-jump and the Raman excitation pulses (10, S0,
100, 150, 200, 500, 750, 1000, and S000 ns). These four spectra
were averaged to improve signal-to-noise. The same method
was used without the T-jump pulses to measure the initial
temperature Raman spectra. Raman spectra were measured
before and after each T-jump measurement to verify that the
PNIPAM samples did not degrade.

Spectral Analysis. The T—jumzp magnitude was determined
using the method of Lednev et al.”® The OH Raman stretching
band of water has a well-known frequency and band shape
temperature dependence. We determined the water T-jump
value from the measured water difference spectrum.

To monitor PNIPAM T-jump spectral changes in the CH
stretching region, we subtracted PNIPAM Raman spectra
collected without the 1.9 ym T-jump pulses (initial temper-
ature), from Raman spectra excited with the 1.9 ym T-jump
pulses (final temperature) at each time delay. Before
subtraction, the T-jump Raman spectra were normalized to
the intensity at the isosbestic point of the liquid water OH
stretching band at ~3425 cm™.*” The resulting peaks in the

3010

PNIPAM difference spectra were fit with mixed Gaussian and
Lorentzian band shapes using the Grams Al software suite (ver.
8.0, Thermo Fisher Scientific). The PNIPAM difference peak
intensities are proportional to the magnitude of the PNIPAM
frequency shifts. The kinetics for the dehydration of the
methylene and isopropyl methyl groups were modeled as a
single exponential process.

B RESULTS AND DISCUSSION

Ahmed et al. previously combined T-jump and UV resonance
Raman (UVRR) spectroscopy to examine the temperature
induced dehydration kinetics of the amide I (C=0) vibration
of the PNIPAM amide groups. A 1.9 um pump laser pulse
rapidly increased the PNIPAM temperature. Then, a probe
laser measured the PNIPAM UVRR response, providing time-
resolved, molecular information on the heat induced VPT.
They enhanced the amide I band by exciting at 204 nm, in
resonance with the amide 7 — 7 transition. Dehydration
upshifts the amide I frequency by ~28 cm™. They found that
the amide groups dehydration is monoexponential with a time
constant of 360 + 85 ns.'°

We found that UVRR cannot be used to study the side chain
isopropyl methyl (—CH(CHj,),) and main chain methylene
(—CH,—) dehydration of PNIPAM because the UVRR
enhanced amide overtones and combinations at ~2850—3000
cm™" obscure the CH stretching bands (see Figure S3 in the
Supporting Information). Instead, we constructed a T-jump
nonresonance Raman instrument that utilizes 532 nm
excitation to study the kinetics of PNIPAM hydrophobic
group dehydration (Figure 1, Figures S1 and S2). We have
accomplished, to our knowledge, the first nonresonance Raman
T-jump measurement of PNIPAM. This method enables
studies of the time-resolved structural evolution of proteins
and polymers.

The PNIPAM nanogels (diameter = ~376 nm at room
temperature) were characterized with dynamic light scattering
(DLS). Figure 3 shows the temperature dependence of the
particle diameter, as measured by DLS. The results indicate a
transition temperature of ~32 °C in agreement with previous
studies.'”*”?97** As the temperature increases from 15 to S0
°C, the particle diameter decreases from 404 to 143 nm, a 23-
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Figure 3. DLS measurements of the PNIPAM dispersion (~0.001 wt
%) nanogel diameter as a function of temperature. As the temperature
increases from 15 to S0 °C, the nanogel diameter decreases from 404
to 143 nm, indicating a LCST at ~32 °C.
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fold volume difference. This volume change indicates that ~96
% of the PNIPAM nanogel water is expelled upon the nanogel
collapse. The nanogels were also characterized by UVRR
spectroscopy, as discussed in the Supporting Information,
Figures S3 and S4. The UVRR results are consistent with
previous studies by Ahmed et al. and others.'®>%*>?%3

The CH stretching band assignments for PNIPAM in the
~2850—3000 cm ™" region are shown in Table 1. A recent study

Table 1. Spectral Assignment of Raman Spectra of
Isopropanol and Solid State PNIPAM“

Raman
frequency previous
cm™") spectral assignment assignment
isopropanol 2878 CHj;-FR and CH-str-gauche 2879
2913 CH;-FR 2911
2916 CH;-FR and CH-str-trans 2920
2935 CH;-SS 2938
2970 CH;-AS 2973
dehydrated 2871 CH, symmetric str, CH;-FR,
solid state and CH-str-gauche
PNIPAM
2909 CH;-FR
2919 CH, asymmetric str, CH;-FR,
and CH-str-trans
2937 CH;-SS
2971 CH;-AS

“FR = Fermi resonance; SS = symmetric stretch; AS = asymmetric
stretch.

by Yu et al. clarified the CH stretching band assignments of
isopropanol.’* These assignments include possible Fermi
resonances. We used these isopropanol assignments and the
PNIPAM methylene CH stretching assignments of Pimenov et
al.* to assign the CH stretching bands. The PNIPAM spectrum
matches that of isopropanol. For comparison, Raman spectra of
isopropanol and solid state PNIPAM are provided in
Supporting Information Figure S5. The first peak in PNIPAM
at ~2871 cm™" shows a slight downshift in frequency compared
to that of isopropanol. This frequency shift is likely due to the
presence of additional methylene group stretching from the
PNIPAM backbone.”*> The two bands of interest for this
study are highlighted in the steady state Raman spectra of
PNIPAM (Figure 4A). The band at ~2917 cm™" is assigned to
the CH, antisymmetric stretching of the main chain methylene
group, while the ~2976 cm™ band is assigned to the CHj
antisymmetric stretching band of the isopropyl methyl groups.
A T-jump induces the volume collapse of PNIPAM which
evolves between a swollen and dehydrated state. The
hydrophobic group dehydration during the T-jump gives rise
to shifts in the CH stretching vibrations of PNIPAM’s
methylene backbone and isopropyl groups. The initial and
final states of the CH stretching vibrations due to the VPT were
determined from the steady state Raman spectra collected at
temperatures below and above the LCST (Figure 4A). By
spectroscopically monitoring the temporal evolution of the CH
stretching vibrations during the T-jump, we can model the
kinetics of the hydrophobic group dehydration. These spectral
changes disclose the VPT reaction coordinate when combined
with the measured amide kinetics from our previous work."®
The CH stretching bands of the methylene and isopropyl
methyl groups shift to lower wavenumbers.”>*® This frequency
dependence on hydration was previously attributed to a
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Figure 4. (A) Top: Raman spectra (532 nm excitation) of PNIPAM in
H,O at indicated steady state temperatures. Bottom: The steady state
difference spectrum (41—25 °C) of PNIPAM. The frequency shifts of
the CH stretching bands are due to changes in hydration of the
PNIPAM isopropyl and methylene groups. (B) Left: Time-resolved 13
°C T-jump Raman difference spectra at indicated delay times. Right:
Time-resolved, 15 °C T-jump Raman difference spectra at indicated
delay times. The time-resolved difference spectra were calculated by
subtracting the Raman spectrum of PNIPAM at its initial temperature,
from the 13 °C (or 15 °C) T-jump heated Raman spectra measured
with the indicated delay times. The steady state spectra in part B were
collected identically to the T-jump spectra, except that the T-jump
beam was blocked, and the samples were heated with a temperature
controlled water bath.

hydrogen bonding interaction that strengthens the X—H
bonds and blue-shifts their band frequencies. This type of
hydrogen bonding has been referred to as “improper, blue-
shifting hydrogen bonding”.*>*”~*" These frequency shifts in
PNIPAM are easily observed as peaks in the 41—-25 °C steady
state difference spectra where the difference peak intensity is
proportional to the magnitude of the frequency shift (Figure
4A).

The two T-jump measurements (AT = 13 and 15 °C) with
time delays between 10 and 5000 ns between the pump and
probe pulses are essentially identical (Figure 4B). The T-jump

DOI: 10.1021/acs.jpcb.8b00740
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magnitude was determined using the method of Lednev et al.”*
The kinetics for the dehydration of the methylene and
isopropyl methyl groups can be modeled as a single exponential
process, as shown in Figure 5. We find that dehydration of the
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Figure S. Kinetics of the PNIPAM isopropyl and backbone methylene
group dehydration for the 15 °C T-jump (see the Supporting
Information for the 13 °C T-jump). The inset shows time delays out
to S ps. (A) Kinetics of the peak intensity difference spectra of the
isopropyl CH, antisymmetric stretching (v,,) band (~2976 cm™).
The 7 = 109 + 64 ns is the average of the 13 and 15 °C T-jumps. (B)
Kinetics of the peak intensity difference spectra of the methylene main
chain CH, antisymmetric stretching (v,,) band (~2917 cm™). The ©
= 104 + 44 ns is the average of the 13 and 15 °C T-jumps.

isopropyl groups occurs with an apparent time constant (7) of
109 + 64 ns (Figure SA), while the methylene main chain
groups show an essentially identical time constant of 7 = 104 +
44 ns (Figure SB). Additional dehydration kinetics for the 13
and 15 °C T-jumps are shown in Supporting Information
Figure S6.

Combining our new, nonresonance Raman T-jump data with
our previous UVRR T-ump data,'® we conclude that the
temperature induced PNIPAM collapse is initiated by
dehydration of the hydrophobic groups via hydrophobic
collapse with an average of 7 = 107 + 37 ns. This cooperative
transition forces the subsequent dehydration of the side chain
hydrophilic amide groups at 7 = 360 + 85 ns,'® which expels
large water clusters from the polymer network. The proposed
VPT mechanism is illustrated in Figure 6. Our results directly
demonstrate that the hydrophobic group collapse initiates the
PNIPAM VPT in response to a T-jump.

3012
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Figure 6. Illustration of the VPT of PNIPAM. (A) Below the LCST,
the PNIPAM hydrogel exists in a fully hydrated state. (B) As the
temperature increases, hydrophobic collapse occurs. The isopropyl
groups and the methylene groups dehydrate with an average of 7 = 107
+ 37 ns. (C) Subsequently, the amide groups dehydrate and water is
expelled, 7 = 360 + 85 ns.'®

B CONCLUSION

In summary, we used nonresonance time-resolved Raman
spectroscopy to investigate the molecular mechanism of the
PNIPAM VPT and obtain the first direct measurement of the
hydrophobic group dehydration kinetics. We monitor the shift
in frequencies of the CH, antisymmetric stretching bands of the
main chain methylene group and the CH; antisymmetric
stretching bands of the isopropyl group during the VPT. As the
temperature increases past the LCST, dehydration of the
isopropyl groups and the main polymer chain occurs with 7 =
107 + 37 ns. This is much faster than the dehydration of the
amide groups, which was previously measured to occur with 7 =
360 + 85 ns,'® demonstrating that the hydrophobic groups
initiate the PNIPAM VPT. We can utilize this new insight into
the VPT reaction coordinate to engineer and optimize the
PNIPAM polymer structure to increase the VPT magnitude

DOI: 10.1021/acs.jpcb.8b00740
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and response rate to fabricate more efficient, super-responsive
smart materials.
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