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Abstract

Poly (N-isopropylacrylamide) (PNIPAM) is the premier example of a macromolecule that undergoes
a hydrophobic collapse when heated above its lower critical solution temperature (LCST). Here we
utilize, dynamic light scattering, H-NMR, steady-state and time-resolved UVRR measurements to
determine the molecular mechanism of PNIPAM’s hydrophobic collapse. Our steady-state results
indicate that in the collapsed state the amide bonds of PNIPAM do not engage in inter-amide
hydrogen bonding, but are hydrogen bonded to water molecules. At low temperatures, the amide
bonds of PNIPAM are predominantly fully water hydrogen bonded, whereas, in the collapsed state
one of the two normal C=0 hydrogen bonds is lost. The NH-water hydrogen bonding, however,
remains unperturbed by the PNIPAM collapse. Our kinetic results indicate a mono-exponential
collapse with 1~360 (£85) ns. The collapse rate indicates a persistence length of n~10. At lengths
shorter than the persistence length the polymer acts as an elastic rod, whereas, at lengths longer than
the persistence length the polymer backbone conformation forms a random coil. Based on these
results we propose that at low temperatures PNIPAM adopts an extended, water-exposed
conformation that is stabilized by favorable NIPAM-water solvation shell interactions which stabilize
large clusters of water molecules. At elevated temperatures, thermal agitation disrupts these
interactions. The PNIPAM+water polymer undergoes a volume phase transition, expels water and
shrinks to a compact conformation that reduces its hydrophobic solvent accessible surface area. In
this compact state, PNIPAM forms small hydrophobic nano-pockets where the (i, i +3) isopropyl
groups make hydrophobic contacts. A persistent length of n~10 suggests a cooperative collapse where
hydrophobic interactions between adjacent hydrophobic pockets stabilize the collapsed PNIPAM.
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INTRODUCTION

Poly(N-isopropylacrylamide) (PNIPAM) is the premier example of a macromolecule that
undergoes a hydrophobic collapse when heated above its lower critical solution temperature
(LCST).l‘17 Below its LCST, PNIPAM exists in a swollen, WeII—hi/drated state that is nearly
refractive index matched to water; the polymer weakly scatters light. —6,18,19 At the transition
temperature (T{~32-35 °C%the polymer undergoes a hydrophobic collapse, expels water and
adopts a compact state3:5 and shows a dramatic increase in turbidity.
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This temperature dependent PNIPAM collapse which in the physics community is called a
“volume phase transition” (VPT) 1-6,19 gives rise to very large volume changes for cross-
linked PNIPAM, which can be used to actuate chemical and physical phenomena. This VPT

has been utilized in drug dellvery syntheS|s 22,23 (where PNIPAM serves as a
nanoreactor) and sensor development.3v24v25 For these applications, PNIPAM nanogels are
functionalized such that environmental changes induce PNIPAM chemical changes (e.g.
deprotonation of a carboxylic acids) that shift the PNIPAM’s critical transition temperature.
The PNIPAM hydrophobic collapse can thus be designed to occur in response to a specific
chemical stimulus such as pH changes.26_2

The PNIPAM hydro;)hoblc collapse results from the temperature dependence of PNIPAM-
water interactions.2 Presumably, at low temperatures the favorable enthalpy of
amide-water hydrogen bonding stabilizes the swollen state of PNIPAM by overcommg the
unfavorable entropy of water solvation of the isopropyl hydrophobic groups 4 As the
temperature increases towards the VPT the unfavorable hydrophobic solvation entropy
eventually dominates, forcing the PNIPAM collapse, releasing water into the bulk. Recent
dielectric relaxation studies suggest that the average number of hydratmg water molecules per
NIPAM group falls from 11 to ~ 2 upon the hydrophobic coIIapse

The temperature dependence of the entropy-enthalpy balance determines the critical VPT
temperature. This VPT is similar to the “inverse temperature transition” of elastin-like peptides
that undergo well-known transitions from an extended, highly mobile conformatlon toa
collapsed molten globule-like conformation at higher temperatures.37 This VPT of
PNIPAM and elastin-like peptides is related to the cold-denaturation#2—48 phenomenon
observed in proteins such as myoglobin. Proteins typically undergo a transition from a native
compact state to disordered, expanded state as the solution temperature decreases. 49,50 protein
cold denaturation appears also to be driven by the temperature dependence of the free energy
of solvation of the hydrophaobic groups. 50 At higher physiological temperatures, the low
hydrophobic solvation entropy favors compact or folded protein conformations where
hydrophobic groups are protected from water. At lower temperatures expanded conformations
with hydrophoblc %roups exposed to water become stabilized over the folded, compact
conformations.#

There is intense interest in developing a molecular understanding of the molecular mechanism
of PNIPAM’s VPT. In the work here, we probe this VPT using monodisperse, highly charged
PNIPAM nanogels which undergo the VPT. 3,51 This simple homogeneous system can be
straight-forwardly studied and the VPT here is not confounded by processes such as polymer
aggregation.

Kinetic studies of macroscopic PNIPAM hydrogels find that the rate of golymer collapse
should scale as 172, where | is the smallest dimension of the material.>2>3 Thus, PNIPAM
nanogels are expected to show relatively fast collaj {)se Kinetics, as compared to macroscopic
gels that take hours or days Indeed, Wang et al’s+ T-jump Kinetic turbidity measurements of
~400 nm diameter PNIPAM nanoparticles showed a smgle exponential collapse with an
apparent time constant of ~390 ns. In addition, Reese et al3 utilized kinetic turbidity
measurements following a laser induced T-jump to examine the collapse of ~350 nm diameter
PNIPAM nanogels and observed a muIt| -exponential process with a major component
occurring in less than 1 us.3 Reese et al3 also showed that individual PNIPAM nanoparticles
show an apparent single exponential collapse with t ~ 120 ns.

To date most spectroscopic studies of the PNIPAM’s hydrophobic collapse have focused on
its stead state behavior. Utilizing FTIR, 34,54-59 ATR/FTIR60 and Raman spectroscopy: 21,
28,30,31,33 several groups independently determined that PNIPAM’s hydrophobic collapse
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disrugts the hydration of both hydrophobic and hydrophilic groups. In particular, FTIR34
54-59 and ATR/IR80 studies focusing on the Aml region (C=0 stretch) showed that hydrogen
bonding of the amide carbonyl changes with temperature. The consensus appears to be that the
hydrogen bonds present at low temperatures are disrupted upon the higher temperature
PNIPAM hydrophobic collapse.

In this study we utilize steady-state and time-resolved UV resonance Raman (UVRR)
spectroscopy to directly examine the equilibrium and kinetics of amide dehydration during the
PNIPAM’s hydrophobic collapse. Our results indicate that the amide dehydration is complete
within ~1 ps.

Experimental

The ~170 nm diameter PNIPAM nanoparticles (T; ~33 °C) were synthesized using previously
published techniques.51 Briefly, the PNIPAM particles were synthesized by dispersion
polymerization. 1.40 g NIPAM (Aldrich, used after recrystallization), 0.0242 g 2-
acrylamido-2-methyl-1-propanesulfonic acid (ionic co-monomer, Aldrich), 0.0659 g N, N'-
methylenebisacrylamide (cross-linker, Fluka), 0.036 g sodium dodecy! sulfate (surfactant,
Aldrich) and 0.088 g ammonium persulfate (initiator, Sigma-Aldrich) were added to 100 mL
18 MQ deionied water and reacted at 70 °C for 4 hr under stirring. The crude product was
filtered by glass wool and dialysized against DI water by using a Snakeskin™ dialysis tube
(10,000 MWCO) for 2 weeks to remove impurities such as unreacted NIPAM monomers,
dodecyl sulfate and single chains. Deuterium labeled d7-PNIPAM monomers (the isopropyl
group hydrogens are deuterated) were acquired from Cambridge Isotopes and used to
synthesize ~100 nm diameter d;-PNIPAM particles. Temperature dependent changes in
particle size were measured by dynamic light scattering (ZetaPALS, Brookhaven Instruments
Corporation).

The solid sample of dried PNIPAM nanoparticles was prepared by allowing a sample of
PNIPAM particles to slowly dehydrate at room temperature under a steady flow of dry nitrogen
gas.

The hydrogen-deuterium exchange (HDX) studies were carried out on a 300 MHz high-field
H-NMR instrument (Bruker). A 100 pl solution of 0.73% wt/vol of PNIPAM in water at 20°
and 55 °C was diluted with D,0 (at 20° and 55 °C, respectively) to a final volume of 1 mL.
All H-NMR spectra were immediately acquired following solution preparation at 20° and 55
°C, except for one room temperature H-NMR spectra which was allowed to sit for 24 hr to
rule-out any slow exchange. The time between solution preparation and spectral acquisition
was less then 5 min. The 20 °C NMR spectra of PNIPAM in H,0 only was acquired utilizing
850 pl of stock PNIPAM solution with 50 pl of CD3CN for deuterium locking.

A home built UV resonance Raman (UVRR) spectrometer was used for both steady-state and
kinetic measurements.®2 The T-jump results were obtained with a home-built nanosecond
pump-probe setup. The probe laser was a 1 kHz repetition rate Photonics Industries Ti:Sapphire
laser which produced ~204-nm laser light with an average energy of 2.4 uJ per pulse and a
pulsewidth (FWHM) of 14 ns. The output beam was collimated and focused to a spot size of
~ 100 um at the sample.

The pump laser was a 1 kHz repetition rate Photonics Industries YLF-pumped OPO, which
produced 1.9 um pulses with an average energy of 1 mJ per pulse and a pulse width of 13 ns.
The IR beam was collimated, made collinear with the UV beam and focused to a spot size of
~165 um at the sample. The pump and probe lasers were synchronized and a variable delay
was obtained by using a digital pulse generator (DG535, Stanford Research systems, Inc).
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These delay times were confirmed by measuring reflections of the pump and probe pulses with
fast photodiodes by using an oscilloscope (TDS 3054B, Tektronix).

A 10 mL solution of 0.73% wt/vol PNIPAM nanoparticles was circulated in a free surface,
temperature controlled stream. The concentration of PNIPAM was chosen to match the sample
absorption for both the UV probe (OD2g4 nm = 156) and IR pump laser. This ensures that during
the T-jump experiment, the UV laser probes the heated volume of the sample stream.62

A ~165° laser excitation backscattering geometry was used for sampling. The collected light
was dispersed by a subtractive double monochromator onto a back thinned CCD camera (400
B Princeton Instruments-Spec 10 System) Four 2 min. spectra were averaged.

The magnitude of the T-jump was determined from the UVRR water O-H stretching region
which is highly temperature dependent.62’63 T-jump spectra were compared to equilibrium
spectra taken at different temperatures (data not shown), demonstrating a ~15 °C T-jump from
the initial equilibrium temperature of 30 °C to a final temperature of 45 °C.

The steady-state UVRR spectra were acquired on the same spectrometer by using only the
probe laser. The UVRR PNIPAM spectra in the amide region taken with and without T-jumps
were normalized to the intensity of the isopropyl group’s CH3 deformation band at ~1460
cm 1 and subtracted from the equilibrium 30 °C spectrum.

The transient difference feature in the Aml region was fitted to the convolution of a Gaussian
instrument function with the sum of a step function and an exponential rise. The step function
accounts for the essentially instantaneous spectral changes due to the T-jump which were not
associated with PNIPAM structural changes, while the exponential rise time derives from the
dynamics of the polymer structural collapse. The 22 ns width of the Gaussian instrument
function is due to the pump and probe laser pulse widths and the 15 ns timing jitter. The
instrument function was determined by fitting the difference Raman signal in the water O-H
stretching region around 3300 cm™1. The T-jump gives rise to an essentially instantaneous
temperature change, since thermalization of near-IR laser excitation in water is known to occur
on the psec timescale.

Results and Discussion

DLS measurements

The Fig 1 temperature dependent DLS measurements indicate that between 4 °C and 45 °C the
particle size collapses from 167 nm to 80 nm, with a transition temperature T; ~ 33 °C. The
PNIPAM particles undergo a hydrophobic collapse from a high-volume water-swollen state
to a 9-fold smaller volume, compact state.3:2:6 The volume change suggests an ~88% reduction
in water molecules inside the PNIPAM particles, which represents a loss of ~8.7*107 water
molecules for the ~2.4*108 amide bonds in the nanogels particle a ratio similar to the 81% loss
in water hydration estimated by Ono et al.36

UVRR spectral band assignments

The 204-nm excited UVRR spectra of PNIPAM (Fig 2) resemble the typlcal amide spectra
seen for proteins. We observe a broad Aml band (predomlnantly C=0s) 64-66 3t 1625 cm™1

while, the AmlI band (predommantl_)/ C-Ng with NHb) 7'is located at 1565 cm™2. The
resonance enhanced C,Hp band®8-70 is located at 1387 cm‘1 Two weak AmIII bands are
observed at 1345 and 1321 cm™1, whereas, a strong Aml |1 band (C-Ng with NHb) 7 located

at 1258 cm~1 shows shoulders at 1284 cm™1 and ~1230 cm 2. It should be noted that a similar
molecule, N-methylacetamide shows only a single intense AmlIl band at 1315 cm 166,67,
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1 Likely, the multiple AmIlI bands in PNIPAM arise due to coupling between the AmllII
vibration (C-Ng with NHy) and isopropyl group vibrations.

In order to ascertain the impact of the pendent isopropyl group on amide vibrations we
examined the 204-nm excited UVRR spectra of deuterium labeled d;-PNIPAM. In d7-
PNIPAM the seven hydrogen atoms of the isopropyl group have been replaced with deuterium
atoms (Fig 3). The largest impact of deuterium labeling is observed in the AmlI region (Fig 2)
where deuterium labeling broadens and downshifts the Amll band (AFWHM =2 cm-1, Av =
7 cm™1). This result indicates that the normal mode composition of the Aml| vibration in
PNIPAM contains significant contribution from the isopropyl group motion.

Upon deuteration, the weak ~1460 cm ™1 band of PNIPAM is replaced by a broad low intensity
feature centered around ~1445 cm™1 (d7-PNIPAM, Fig 2). The 1460 cm ™1 band of PNIPAM
derives from a non-resonant enhanced CH3 deformation mode of the isopropyl group.72

Deuterium labeling decreases the 1387 cm™1 C,H}, band intensity but does not significantly
impact the band frequency. The 1387 cm ™1 band in the natural abundance NIPAM has a ~50%
contribution from isopropyl CH3 umbrella motion. The d7-PNIPAM completely derives from
the amide C,H bending vibration (Fig 3).

In the AmlIII region deuterium labeling appears to only impact the Amlll bands at 1300
cm1, 1345 cm™1 and 1321 cm™L. The frequencies of the strong AmlII band centered at 1258
cm~1 and its shoulders at ~1284 cm~1 and 1230 cm™? are not impacted by isopropy! group
deuteration (Fig 2). Upon deuteration both the 1345 cm™1 and 1321 cm~1 AmllII bands of
PNIPAM appear to have been replaced by a single band located at ~1341 cm ™! (Fig 2). The
difference spectrum between dz-PNIPAM and PNIPAM shows a positive peak at ~1300
cm L,

This result indicates that both the 1345 cm™1 and 1321 cm™1 and 1300 cm™1 AmlII bands
contain significant contribution from isopropyl vibrations. We, therefore, conclude that the
1345 cm~1 and 1321 cm™1 AmllIl bands of PNIPAM are not the same vibrations as the
Amlll; and Amlll, vibrations observed in peptides which derive from coupling between the
Amlll vibration and the heavy atom vibrations of the peptide backbone.67

As noted above the frequencies of the Amlll bands located in the region of 1200-~1290
cm~L are not impacted by deuterium labeling of PNIPAM’s isopropyl group (Fig 2). This result
indicates that the AmlII bands located in this region do not contain a significant contribution
from the isopropyl group and, thus, derive from the “classical AmlIil” vibration®” which is
predominantly C-Ng stretching coupled with in-phase NHj, motion.66:67 Extensive Raman
studies indicate that the “classical” Amlll vibration is sensitive to h¥drogen bonding and
dihedral angle changes around the C,-C bond length (see Fig 3).67' 9,73 n peptides this
vibration is referred to as the Amlll; vibration.67 In subsequent discussion, we refer to this
band as simply the AmlIlI band.

Temperature dependence of PNIPAM

As the temperature is increased from 4 to 65 °C the Aml band of PNIPAM shows a ~28
cm~1 upshift from 1623 to 1651 cm ™1 and its intensity increases by ~15% (Fig 4) suggesting
a Ty ~ 37 °C. We can model the spectral changes in the Aml region by using three Gaussian
bands located at 1624 cm™1, 1655 cm ™1 and 1700 cm ™1 (Fig 5). The low intensity 1700 cm ™1
Aml feature likely derives from dehydrated amides, while the 1624 cm™ band derives from
fully hydrogen bonded amides at least 2 waters hydrogen bonded at the C=0 (hydrogen bonded
at sites A and C, Fig 5A) and one water hydrogen bonded at the N-H site (hydrogen bonded at
the B site).mv75 The 1655 cm~1 Aml band, which occurs ~30 cm™ to higher frequency from
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the fully hydrogen bonded AmlI band, probably derives from an intermediate hydrogen bonded
state, with only two hydrogen bonded waters, one each at the C=0 and N-H sites 4,75
(hydrogen bonded at the A and B sites).

The Aml spectral changes result from changes in the intensity ratio of the 1624 cm~1 and 1654
cm~1 Aml bands over the 3040 °C temperature range (Fig 6). Obviously, the PNIPAM’s
hydrophobic collapse decreases the hydration of the pendent amide bonds increasing the
intensity of the higher frequency 1654 cm~1 Aml band. At low temperature the 1624 cm ™2
band dominates indicating that most of the amide bonds are fully hydrogen bonded at all three
sites (A, B, and C), while above 30 °C the amides predominantly show A and B hydrogen
bonding. Our spectral modeling suggests (assuming similar Raman cross sections) that the
PNIPAM collapse results in a hydration change, where at low temperature fully hydrated
amides, which constitute ~60 % of the population decreases to ~40 % of the population at the
higher temperature. The less hydrated A and B site hydrogen bonded amide population
increases from ~ 30 % to 50 % of the population. The fully dehydrated amide population
decreases only slightly. The presence of multiple Aml bands-representing various degrees of
amide hydrogen bonding even at low temperatures, indicates that pockets of collapsed polymer,
hydrophobic domains are present at all temperatures.

The intensity ratio of the (1655/1624) cm~1 Aml bands does not show any significant change
until the solution temperature increases above 30 °C. Light scattering (Fig 1), in contrast, shows
a ~24% decrease in particle diameter (and a 56% volume decrease) between 15 °C and 30 °C.
This indicates that a large particle volume decrease occurs due to the temperature increase to
30 °C in the absence of any obvious Raman changes in the amide hydration level.

Previously, Manas et al’® utilizing IR spectroscopy demonstrated that burial of an amide bond
inside protein’s h%/drophobic core upshifts the Aml band by ~26 cm™1 as compared to a water-
exposed amide.® This ugshift in the Aml band frequency derives from a weakening/loss of
hgdrogen bonding64’76_ 8 and a decrease in the dielectric constant of the surrounding media.
78,79 Theoretical studies suggest that the dielectric constant in the protein’s hydrophobic
interior is & ~ 4-20.80-

Recently, Iwai et al?® utilized a florescent dye, 9,-(4-N, N-dimethylaminophenyl)
phenanthrene to probe the local dielectric constant in a PNIPAM hydrogel. These authors
interpreted the temperature induced shift in Ay, Of the fluorescence as arising due to a change
inthe dielectric constant of the surrounding media. They suggest that at 40 °C (above the LCST)
the local dielectric constant in the collapsed state of PNIPAM is ~17, while at 15 °C the local
dielectric constant is ~ 63, close to that of pure water.2° The relatively high dielectric constant
of the high temperature PNIPAM nanoparticles indicates significant water penetration of the
collapsed particle’s interior.

Recently, Ono et al36 utilized dielectric relaxation methods to estimate that in the collapsed
state of PNIPAM the number of hydrating water molecules is <2 per NIPAM group. In contrast,
the low temperature hydrated state boasts ~11 water molecules per amide group.

The loss/weakening of amide hydrogen bonding observed in the Aml region is confirmed by
spectral changes in the Amll and AmlII region. The AmIl band systematically loses 10% of
its intensity while the Aml band intensity shows a ~15% increase as the temperature increases
from 4 to 65 °C. Previously, Triggs and Valentini83 observed that upon water hydrogen
bonding, the AmI band intensity of N-methylacetamide (NMA), amodel amide bond, decreases
while the AmlI band intensity increases. The ratio of the Aml to Amll intensity also increases
as the solvent polarity increases. 083,84 These authors suggest that hydrogen bonding
stabilizes the charged resonance form of the amide bond [TO(C)=NH"]. This makes the ground
state geometry more like that of the excited state along the C=0 coordinate and less like that
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of the excited state along the C-N coordinate, thus diminishing the displacement along the C=0
bond and increasing the displacement along the C-N bond. Consequently, hydrogen bonding
results in a relatively smaller resonance enhancement of the Aml vibration and a greater
enhancement of the Aml| vibration.83

The Amll and AmlIl band frequencies downshift with increasing temperature. The Amll band
downshifts from 1565 to 1558 cm~1 while the AmIII band downshifts from 1258 to 1252
cm 1 as the temperature increases from 4 to 65 °C (Fig 4). Similar temperature-dependent
changes in the Amll and AmIII frequencies have been observed for water-exposed peptide
bonds®7:85:86 and attributed to temperature induced weakening and/or loss of amide-water
hydrogen bonding.62v67-76

It should be noted that changes in Amll and AmlilI frequencies are ~5 times smaller then the
upshift in the Aml frequency. This result is highly unusual. Typically, the temperature induced
frequency shifts are largest for the Amll vibration (—0.11 cm~1/°C), followed by the AmlII
vibration (—0.09 cm~1/°C) with the Aml vibration showing a smaller upshift.6

Utilizing high level density functional theory calculations of NMA and NMA-water complexes
we recently demonstrated that the Aml vibration is predominantly sensitive to changes in
hydrogen bonding at the C=0, while the AmII vibration is almost exclusively sensitive to
hydrogen bonding at the N-H site.

Assuming the amide vibrations in PNIPAM and NMA have similar normal mode compositions
we can conclude that the Aml frequency shift indicates an increase in the A (C=0) and B (N-
H) site water hydrogen bonded amide population. A lack of significant change in the AmlI
frequency indicates little or no change in hydrogen bonding at the B site. The results drawn
from both the Aml and AmlI frequency shifts indicate little or no change in N-H hydrogen
bonding, while a decrease in hydrogen bonding occurs at the C=0.

We also examined the exposure of the amide groups by measuring their hydrogen-deuterium
exchange rates at room temperature and 55 °C. We found that all the amide N-H were
exchanged within the ~5 min it took to prepare and measure the H-NMR spectra (data not
shown). This result clearly indicates that the collapsed PNIPAM does not significantly hinder
diffusion of D,0O into the collapsed particle. This result, thus, indicates that in the collapsed
state of PNIPAM, the amide bonds are hydrogen bonded to water and not to each other.

The 1387 cm™1 C,Hy, bending band shows no significant temperature-induced frequency or
intensity change. Previous studies indicate that the C,Hy, band intensity is greatest when the
C,H and amide N-H bonds are cis, which allows for maximum coupling.6 87 However, in
the trans conformation the two bonds lie far from each other giving minimal coupling. In
proteins, the cis C,-H bond conformation corresponds to an extended B-strand while the
trans conformation corresponds to a-helix-like conformation.89 The lack of change in the
CyHp band during PNIPAM’s hydrophobic collapse thus indicates essentially identical
Ramachandran P angles for the collapsed and fully hydrated PNIPAM conformations. Further,
the AmIl and AmlII features at both low and high temperatures demonstrate that the amide
bond conformation remains in the trans amide form throughout the VPT.

We compared the collapsed form of PNIPAM in water to that of fully dried PNIPAM prepared
by flowing dry nitrogen over the sample. As compared to the collapsed particles in water (45
°C), the dry, solid PNIPAM at room temperature Aml band intensity is dramatically increased
and its frequency is upshifted by 7 cm™2, while its band width (AFWHM =5 cm-1) significantly
narrows (Fig 7). The solid PNIPAM Aml| vibration shows a 7 cm~! downshift in the dry, solid
state whereas, the AmllI vibration downshifts by ~4 cm™1. The magnitude of the Aml|

frequency downshift between the dry, solid and the collapsed 45 °C aqueous PNIPAM nanogel
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is similar to the temperature induced frequency shift observed for the Amll vibration between
4° and 45 °C (Av = 6 cm™1), indicating weakening of NH-water hydrogen bonding. The impact
of particle dehydration on the Aml frequency is relatively small as compared to the large upshift
observed in the PNIPAM nanogel in water between 4° and 45 °C. Spectral modeling of the
Aml region with three Gaussians indicates that the 7 cm™1 upshift in the Aml region derives
from a ~49% increase in the A and B hydrogen bonded amides (1654 cm ™1 peak) as compared
to the collapsed 45 °C aqueous state (Fig 7).

The C,Hp band intensity is slightly greater in the solid state as compared to the collapsed
aqueous phase (Fig 7). The C,Hp band intensity is sensitive to changes in coupling between
the C,H and N-Hy, motions. The strength of coupling between the two motions in inversely
correlated with the distance between the two hydrogens.88 Thus, the increased C,Hy, band
intensity indicates that the conformation of the amide bonds in the solid, dry state differs
somewhat from their aqueous counterparts in that its ensemble structure favors a more extended
conformations. There are also changes in the AmIlI band shape which also indicate some ¥-
angle conformation alterations for some of the pendent amides.

The presence in dry PNIPAM of the 1654 cm™1 AmI band which we observe for A and B
hydrogen bonded peptide bonds in water, probably derives from inter-chain hydrogen bonding
between pendent amides. The formation of hydrogen bonded inter-chain aggregates is likely
responsible for conformation changes at the amide bond as indicated by increased C,Hy, band
intensity in the dry solid.

A Model of PNIPAM Collapse

In PNIPAM, our results indicate that at low temperatures the amide bonds are predominantly
water-exposed. Likely at low temperatures the amides of PNIPAM are in an extended, trans
amide conformation, as indicated by a strong C,Hp band (Fig 4), that allows for favorable
interactions between the amide and a surrounding hydration shell.89 In the extended state the
exposed amide bonds provide three hydrogen bonding sites where three water molecules
localize and serve as nucleating sites for formation of large water clusters i.e. the hydration
shells. The formation of these water cluster is highly cooperative, e.g. cooperative effects in a
water pentamer cluster result in hydrogen bonds energies that are almost twice as large as the
linear hydrogen bonded dimer.20 Presumably, by providing a nucleation site the amide bond
lowers the free energy barrier to formation of large water clusters. The free energy gained via
formation of large water-clusters stabilizes the well-hydrated extended PNIPAM
conformation.

At elevated temperatures, increased thermal agitation disrupts the extensive hydrogen bonding
network that stabilizes these large water clusters. The loss of favorable interactions destabilizes
the exposed PNIPAM conformation with its significantly exposed hydrophobic surface area.
PNIPAM then collapses to a compact conformation that reduces its hydrophobic solvent
accessible surface area. Such a compact state may be formed by pushing the i, i+3 isopropyl
groups closer together to form local hydrophobic pockets where the C=0 groups are located
inside the hydrophobic core (Fig 8) which results in a large upshift of the Aml band. Nearer-
neighbor interactions are sterically forbidden.

The formation of a collapsed hydrophobic cluster or a nano-pocket reduces PNIPAM’s exposed
hydrophobic surface area. The loss of well-ordered water molecules from the hydrophobic
group’s solvation shell into the bulk increases the system entropy, thus stabilizing the compact
PNIPAM conformation. Previously, Okada and Tanaka’s numerical simulations of PNIPAM
in water indicate the temé)erature of LCST depends upon the hydration cooperativity.91
Daggett and co-workers 2 working with elastin-like peptides found that the hydrophobic
collapse of elastin-like peptides is driven by changes in water’s orientation entropy.
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As shown in Fig 9, we observe similar temperature-induced spectral changes for single
PNIPAM polymer chains (m.w. ~25, 000) as observed for cross-linked PNIPAM nanoparticles.
Utilizing the same band decomposition routine used for PNIPAM nanogels (Fig 5) we find
that a temperature increase form 24 °C to 42 °C results in an A and B hydrogen bonded
population increase from ~33% to 47%, while the fully hydrated population shows an
equivalent decrease. This result indicates that the VPT evident for PNIPAM nanoparticles also
occurs in single PNIPAM polymer chains.

Kinetics of PNIPAM’'s hydrophobic collapse

We examined the dynamics of the VPT to see if the dynamics would give insight into the VPT
reaction coordinate. As shown in Fig 10A, a 15 °C T-jump results in prompt changes in the
PNIPAM amide UVRR spectra which occur at the shortest delay times resolved. As in the
equilibrium spectra the spectral changes are most prominent for the Aml band. The difference
spectra at longer times resemble the equilibrium difference spectrum (Fig 10A). The kinetic
changes in the Aml region can be accurately modeled as a single exponential process which
yields a time constant of 360 + 85 ns (Fig 10B).

The PNIPAM amide dehydration appears complete within 1 Xs; we do not observe any
significant change in the Aml region at longer time scales (Fig 10B insert). The prompt spectral
changes in the AmIl and AmlII regions are very similar to features observed by Lednev et
al%2in T-jump Raman measurements of an a-helical polyala peptide. They demonstrated that
these changes derived from the temperature-induced frequency shifts independent of peptide
structural changes.62

Our success in modeling the transient spectral changes as a single exponential indicates that
at least kinetically the PNIPAM collapse occurs as a two-state process with no significant
intermediates observed. Previous steady-state light scattering studies of single PNIPAM chains
indicate the polymer collapse involves at-least two-intermediate states as suggested by small
but significant temperature-dependent changes in <Rg/Rh>.93 Our steady-state (Fig 6) and
kinetic (Fig 10) results indicate that these intermediates do not significantly impact PNIPAM
hydration during the polymer collapse.

Our results are consistent with previous kinetic studies of Wang et all and Reese et al3 that
indicate a single exponential collapse of free PNIPAM particles with relaxation times of ~390
ns and ~120 ns, respectively. The observed time for the PNIPAM’s hydrophobic collapse is
similar to the folding time observed for small a-helical peptides62 and some designed ultra-
fast folding mini- roteins,86:94.95 where folding is regarded as being essentially limited by
solvent friction.9%96-103 The rate of collapse in PNIPAM may also be limited by polymer
and water diffusion.

Polymer collapse is likely limited by the rate at which distant part of the polymer can form
contacts. 104107 The rate of intra-chain contact formation or the rate of loop formation has
been extensively studied in the context of protein foIding.lO4—107 These studies indicate that
the rate of loop formation is limited by solvent viscosity and chain stiffness. For short peptide
chains (<10 mers) in water the rate of loop formation appears to be ~107 571,105,107 The rate
of loop formation decreases with increasing chain length but due to chain stiffness which limits
the conformation space available to the polymer chain, the rate of loop formation levels off at
~105 571 for n> 20.107

Assuming amide dehydration in PNIPAM is limited by the rate of polymer collapse, the

observed collapse rate in PNIPAM (108 s~1) suggests an average persistence length in PNIPAM
of n~10.105,107 a¢ lengths shorter than the persistence length the polymer acts as an elastic
rod, whereas, at lengths longer than the persistence length the polymer backbone conformation
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forms a random coil. The estimated persistence length is roughly three times longer than the
smallest possible PNIPAM length required to form a local hydrophobic pocket. This suggests
that probably the adjacent hydrophobic pockets coalesce via hydrophobic interactions to
stabilize the collapsed particle.

PNIPAM chains as small as a 10-mer is thus expected to show a temperature induced
hydrophobic collapse. It should be noted that a 10-mer is also the minimum length required
for a polypeptide to fold into a stable a-helix conformation

Conclusions

PNIPAM has long been utilized as a model system for understanding temperature-induced
polymer hydrophobic collapse. Here we utilize DLS, H-NMR, and steady-state UVRR
measurements to determine that in the collapsed state the amide bonds of PNIPAM do not
engage in inter-amide hydrogen bonding. Our measurements clearly indicate that above T; the
amide bonds of PNIPAM are predominantly hydrogen bonded on average to two water
molecules each, with one water-peptide hydrogen bond at the C=0 and N-H site each. In
contrast at low temperatures the C=0 is hydrogen bonded to two water molecules.

Based on our spectroscopic data we propose that at low temperatures the PNIPAM-water
interactions stabilize an extended water-exposed conformation. At elevated temperatures,
thermal agitation disrupts the solvation shell around N-isopropylacrylamide (NIPAM). The
loss of favorable NIPAM-water solvation shell interactions forces the PNIPAM chain to adopt
a compact conformation, forming local hydrophobic pockets that significantly reduce the
solvent exposure of its pendent NIPAM amide groups. The resulting decrease in hydrophobic
solvation increases the system entropy which stabilizes the compact/dehydrated state of
PNIPAM.

Steric constraints prevent hydrophobic contacts between nearest neighbors. The (i, i+3) is the
nearest neighbor pair that can form hydrophobic contacts free of steric clashes (Fig 8). The
formation of local hydrophobic clusters results in a loss on average of one C=0-water hydrogen
bond, which results in a 28 cm™ upshift in the average Aml frequency. This provides a
convenient marker for examining the temporal evolution of the PNIPAM collapse.

Our time-resolved UVRR measurements indicate that the changes in C=0-water hydrogen
bonding can be modeled as a mono-exponential collapse with a time constant of 360 (+ 80)
ns. Changes in the AmlI region are complete within 60 ns, indicating the Aml|I frequency shifts
derive from temperature induced weakening of NH-water hydrogen bonds. Similar temperature
induced changes in the amide band frequencies were observed by Lednev et alb2 in their T-
jump study of a mainly a-helical peptide. Thus, the NH hydrogen bonding does not appear to
significantly change.

Assuming the PNIPAM collapse is diffusion limited, the rate of collapse (10% s™1) suggests a
persistence length of n~10. The estimated persistence length is ~3-times longer than the shortest
polymer length that is sterically allowed to form a hydrophobic cluster. This suggests that the
hydrophobic collapse is a cooperative process where probably adjacent hydrophobic pockets
coalesce via hydrophobic interactions to stabilize the collapsed particle.

The hydrophobic collapse of PNIPAM is driven by changes in polymer-water interactions. In
the extended state the exposed amide bonds provide three hydrogen bonding sites where water
molecules localize and serve as nucleating sites for formation of large water clusters i.e. a
hydration shell. The formation of these water clusters is highly cooperative, e.g. cooperative
effects in a water pentamer cluster result in hydrogen bonds energies that are almost twice as
large as the linear hydrogen bonded dimer.90 Presumably, by providing a nucleation site the
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amide bond lowers the free energy barrier to formation of large water clusters. The free energy
gained via formation of large water-clusters stabilizes the well-hydrated extended PNIPAM
conformation.

Atelevated temperatures, increased thermal agitation disrupts the extensive hydrogen bonding
network that stabilizes the large water cluster. The loss of favorable interactions destabilizes
the exposed PNIPAM conformation with its significantly exposed hydrophobic surface area.
PNIPAM then collapses to a compact conformation that reduces it hydrophobic solvent
accessible surface area. The loss of well-ordered water molecules from the hydrophobic
group’s solvation shell into the bulk increases the system entropy, thus stabilizing the compact
PNIPAM conformation. Our results here suggest that PNIPAM hydrophobic collapse is driven
by temperature-induced changes in water hydrogen bonding.
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Figure 1.

Temperature dependent DLS measurements show that PNIPAM particles collapse between 20
°C and 40 °C with a transition temperature of ~33 °C
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204 nm excited UV Raman spectra of PNIPAM and d;-PNIPAM at 5 °C. Both spectra were
normalized to the peak intensity of their AmlIl bands. The difference spectrum was obtained
by subtracting the PNIPAM spectra from that of d;_.PNIPAM.
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PNIPAM PNIPAM-d.,

Figure 3.

The structure of PNIPAM and its deuterated isotopomers, d7-PNIPAM. The C,-hydrogen that
gives rise to the resonance enhanced C,Hp, band at ~1387 cm™1 is highlighted. The curved
arrow highlights the ¥ dihedral angle rotation around the C,-C(O) bond. The Amlll band
frequency is sensitive to the Ramachandran ¥ angle rotation around the C,-C(O) bond.
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Figure 4.

Temperature dependence of the 204 nm excited UVRR spectra of PNIPAM. The Aml band
intensity increases and upshifts with temperature, while the Amll band intensity decreases and
downshifts with temperature.
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204-nm excited UVRR spectra of PNIPAM at (A) 4 °C and (B) 45 °C the spectra were
decomposed into a minimum sum of mixed Lorentzian and Gaussian bands. The Aml region
was fit to Gaussian bands. The measured and modeled spectra overlap almost completely. The
different amide-hydrogen bonding sites are shown in the Fig 5A insert.
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The intensity ratio of the 1655 cm~1/1624 cm~1 Aml bands shows an abrupt increase between
30 °C and 40 °C.
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PNIPAM spectra in water (45 °C) and in the solid dehydrated state normalized to the peak
intensity of the AmIlI bands show significant differences in the amide band frequencies. In
particular, the Aml vibration upshifts while, the AmlI vibration downshifts by 7 cm™ upon
PNIPAM dehydration. The insert shows the results of spectral decomposition in the Aml and
Amll region of the dry, solid PNIPAM which show increased band intensity for the 1654
cm~1 Aml region.
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Extended Collapsed

Figure 8.

A cartoon of collapsed and extended conformation of PNIPAM (top-view) as drawn in Material
Studio software. Note that the carbonyl groups are fully exposed in the extended conformation
but are located inside the hydrophobic pocket in the collapsed state. The carbonyl oxygens are
colored red while, the nitrogens are blue.

J Phys Chem B. Author manuscript; available in PMC 2010 April 2.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Ahmed et al.

Page 24

Amll

Intensity/ AU

Difference Spectra

(24- 42) °C

1 1
1400 1600
Raman Shift/ cm™

I
1000

Figure 9.

|
1800

Single chain PNIPAM shows a ~20 cm™1 upshift in the Aml vibrational frequency upon
PNIPAM collapse. Spectral decomposition of the Aml and Amll regions at 24 and 42 °C are

shown in inserts.
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Figure 10.

A) Time resolved 204-nm UVRR (hot — 30 °C) difference spectra at different delay times. The
Aml band shows the largest spectral shift. B) The peak to peak Aml band intensity in the (hot
— 30 °C) transient difference spectra at different delay time is used to model the kinetics of
PNIPAM’s hydrophobic collapse. All changes in the Aml region are complete within 1 ps; we
do not observe any significant changes in the Aml region at longer timescales (insert). The
amide band intensity in the difference spectra shows a small decrease at 100 us which indicates
sample volume cooling due to thermal diffusion and equilibration.
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