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We investigated the hydration and swelling properties of poly(N-isopropylacrylamide) and poly(N-iso-
propylacrylamide)-poly(N,N-diethylacrylamide) derived microgels by Fourier transform infrared- (FTIR-)
spectroscopy in a wide region of the temperature—pressure plane. These systems are known to show
a swollen-to-collapsed-transition upon temperature elevation. Our data reveal that pressure favours the
swollen, hydrated state over the collapsed state in all systems investigated. A detailed analysis of the
fractions of the respective IR sensitive amide-I'-subbands allowed the calculation of AG® and AV? for the
pressure-induced swelling process as well as evaluation of various intra- and intermolecular hydrogen
bonding connectivities in the different systems. In fact, considerable differences exist between different
polymer or microgel types with regards to their hydrogen bonding pattern as a function of temperature
and pressure, and the microgels may even exhibit a biphasic swelling behavior. Notably, the thermo-
dynamic parameters derived reveal to be in the same order of magnitude as measured for the pressure
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1. Introduction

Polymers consisting of certain acrylamide derivates like poly
(N-isopropylacrylamide) (PNIPAM) or poly(N,N-diethylacrylamide)
(PDEAAM) show upon heating a phase transition from a relatively
hydrophilic, swollen and stretched conformation to a relatively
hydrophobic, compact, globular state, i.e., exhibit thermorespon-
sivity [1-5]. Above this so-called lower critical solution tempera-
ture (LCST, 32 °C in the case of PNIPAM), the polymer precipitates,
which manifests itself in an enhanced turbidity or even flock
formation (cloud point). The transition is endothermic and hence
entropy driven, as the release of bound water around the hydro-
phobic isopropyl- and/or diethyl-residues causes an increase of
the entropy of the total system. These properties render such
polymer systems a simplified model system for the cold dena-
turation of proteins [6]. Proteins from mesophilic organisms
generally unfold under the release of heat at subzero temperatures
[7,8]. The necessary liquid state of water can only be maintained
by means of high hydrostatic pressure (HHP) or by supercooling of
small volumes. Polymers like PNIPAM are hence easier to handle
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and provide the additional advantage that the whole phase
transformation can be understood purely in terms of hydrogen
bonding patterns, which is not possible in proteins or peptides, as
the secondary structure changes hide this information upon
[R-analysis [9].

Upon incorporation of a crosslinker, the linear polymers form
hydrogels, which can be divided in macro- and microgels [1].
Microgels possess radii from ~10 to ~1000 nm and might be
physically or, as in our case, chemically crosslinked. The gels adopt
the stimulus-sensitive properties of the linear polymers, and
change their physical state according to their monomer composi-
tion, by changes in temperature, pH, light exposition or electric
fields, which implicates numerous potential applications in
microtechnology and biomedicine [10]. Particularly interesting is
for example the use of hydrogels for the stimulus-sensitive release
of therapeutically active substances [11].

Cross-linking induces some changes in the physical characteri-
stics of the microgels in comparison to the linear polymers. The
phase transition temperature (volume phase transition tempera-
ture, VPTT) changes only slightly compared to the LCST of linear
polymers, whereas the transition itself becomes much broader due
to the increasing subchain length inhomogeneity with increasing
crosslinker content, as revealed by dynamic light scattering (DLS)
analysis, and the swelling capacity decreases drastically with
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Table 1

Assignment of the amide-I'-subbands to the different hydrogen bonding patterns of
polyacrylamide polymers. The exact band positions may vary in dependence of the
polymer system and the physical conditions.

Band assignment Wavenumber/cm ™!
Intramolecular H-bonds from carbonyl groups 1642—1652
to amide-deuterons
Carbonyl groups in mixed hydrophobic/ 1617—-1628
hydrophilic environment®
Intermolecular H-bonds from carbonyl groups 1580—1612

to D,0 (sometimes two bands)

a

i.e., where both hydrophobic and hydrophilic groups are present in the direct
neighbourhood of the C = O groups.

increasing crosslinker content [12,13]. Small-angle neutron scat-
tering (SANS) experiments also show that the crosslinker density is
not equally distributed throughout the microgel particles, it is
rather high in the particle core and decreases radially to the
periphery [14].

So far, most of the high pressure studies on PNIPAM or PNIPAM-
derived hydrogels were performed by measuring the cloud point
via turbidimetry under HHP or by DLS and high pressure micros-
copy [6,15—19]. Although the solution behavior of such tempera-
ture sensitive polymers has been investigated by FTIR spectroscopy
at ambient pressure [20—23], currently there is only one high
pressure FTIR-study for linear PNIPAM, considering the behavior at
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Fig. 1. a) Normalized amide-I'-FTIR-spectra of linear PNIPAM from 10 to 80°C at
ambient pressure. The black arrow indicates the development of spectra with
increasing temperature. b) Temperature dependence of the relative areas of the
diagnostic amide-I'-bands of linear PNIPAM. Symbol denotation: & intramolecular
hydrogen bonds (~1652 cm™!), B carbonyl groups in a medium hydrophobic envi-
ronment (~1626 cm™'), A hydrogen bonds to D,0 I (~1606 cm™') and O hydrogen
bonds to D,0 II (~1583 cm™!). The error bar indicates the fitting uncertainty, as
determined from different measurements and is similar for all data points.

ambient temperature [9]. Here, we present the first FTIR-spectro-
scopic investigation of the pressure-temperature behavior of linear
PNIPAM and different PNIPAM-PDEAAM-based microgels covering
a wide region of the p, T phase space.

2. Materials and methods

2% (w—v) solutions (in D0) of linear PNIPAM, crosslinked
PNIPAM microgel (1.5% (w—w) BIS), crosslinked NIPAM-co-DEAAM
copolymer microgel (45 mol-% NIPAM and 55 mol-% DEAAM with
6% (w—w) BIS as crosslinker) were used in this study. The microgel
synthesis was performed as described previously [24,25].
Temperature dependent measurements were performed using
a Nicolet 5700 FTIR spectrometer (Thermo Fisher Scientific, Wal-
tham, USA) with a liquid-nitrogen cooled MCT detector (HgCdTe).
Around 30 pL of the respective polymer solution was filled between
CaF, windows, which were separated by a 50-um thick Mylar
spacer. For temperature regulation, the cell was placed in a ther-
mostatized jacket with internal temperature measurement. An
external water bath was used for temperature control (accuracy:
+ 0.2 °C). The sample chamber was purged constantly with dry air.
Spectra were recorded from 4000 to 1100 cm™". To obtain accurate
peak positions and to minimize spectral noise, 256 spectra were
summed up (spectral resolution: 2 cm~!). Apodization was done
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Fig. 2. a) Normalized amide-I'-FTIR-spectra of PNIPAM-microgels from 10 to 80 °C at
ambient pressure. The black arrow indicates the development of spectra with
increasing temperature. b) Normalized amide-I'-FTIR-spectra of NIPAM-DEAAM
(45—55 mol%) copolymer microgels from 10 to 80 °C at ambient pressure. The black
arrow indicates the development of spectra with increasing temperature.
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with a Happ—Genzel function. Data acquisition was performed
every 5°C from 10 to 80 °C. The temperature equilibration time
before spectra recording was 15 min.

The pressure dependent measurements were conducted at 10,
20, 30, 40 and 50 °C with a Nicolet MAGNA 550 FTIR spectrometer
(Thermo Fisher Scientific, Waltham, USA). Pressure generation was
achieved with a thermostatted High Pressure Diamond Optics
P-series diamond anvil cell with type Ila diamonds (High Pressure
Diamond Optics Inc., Tucson, USA). A 50 pm thick gasket of stainless
steel with a 0.45 mm drilling was placed between the two diamonds
holding ~10 nL of the sample. Pressure was determined with
co-added BaSO4, which exhibits a characteristic pressure sensitive
symmetric sulphate stretching mode around 983 cm~' that
increases linearly with pressure [26]. All other technical parameters
were identical to the temperature dependent measurements.

Spectral processing and deconvolution of the amide-I'-band was
performed with the GRAMS/AI 8.0 software package (Thermo
Fisher Scientific, Waltham, USA). After subtraction of noise and the
temperature-corresponding background (D;0), all spectra were
normalized to the same area to ensure comparability. Finally, the
amide-I'-region was fitted with the number of subbands (which are
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typical for distinctive hydrogen bonding patterns) detected by the
2nd derivative using a Voigt-function. The subbands could be
assigned to the following hydrogen bonding patterns (Table 1 [27]).

The slightly different intensities of amide-I' subbands at
ambient pressure observed for the different sample cells used may
derive from the fact that the background correction in the diamond
anvil cell is less accurate, but may also be due to the different
surface properties and surface-to-volume ratio of the sample cell
materials used for the temperature (CaF;) and pressure (diamond)
dependent studies, respectively. As relative changes of conforma-
tional states are essentially discussed only, these differences are of
minor importance.

3. Results and discussion

3.1. Temperature dependent FTIR-measurements at ambient
pressure

As already mentioned above, aqueous solutions of linear
PNIPAM have been investigated by FTIR spectroscopy before, and
the amide-I'-spectrum of PNIPAM at 20°C and 1 bar can be
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Fig. 3. a) Temperature dependence of the relative areas of the diagnostic amide-I'-bands of PNIPAM-microgels. b) Temperature dependence of the relative areas of the diagnostic
amide-I'-bands of NIPAM-DEAAM (45—55 mol%) copolymer microgels. For symbol denotation see Fig. 1. The error bar indicates the fitting uncertainty, as determined from different

measurements and is similar for all data points.
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deconvoluted to obtain the main diagnostic bands located at
~1652 cm™ !, ~1626 cm™!, ~1606 cm~! and ~ 1583 cm™!, which,
in accordance to Table 1, can be assigned to intramolecular
hydrogen bonding of carbonyl groups to amide deuterons, carbonyl
groups in a medium hydrophobic environment and to hydrogen
bonding of carbonyl groups to the solvent DO (the latter both),
respectively. The bands indicative for hydrogen bonding to the
solvent and for carbonyl groups in a medium hydrophobic envi-
ronment are dominant, as PNIPAM is in the swollen, coil-like state
below 32 °C. As reference to the pressure dependent spectra that
will be discussed below, Fig. 1a illustrates the development of the
normalized amide-I’-spectra upon heating, whereas the relative
areas of the detected subbands, which represent the respective
relative parts of the total hydrogen bonding pattern, in dependence
of temperature at ambient pressure are displayed in Fig. 1b. As
mentioned above, the bands at ~1626 cm~! and at ~1606 cm™!
are dominant below 30 °C, indicating a rather hydrophilic, coil-like
state. Between 30 and 35 °C, the band at 1606 cm~' shows a steep
decrease and eventually vanishes at ~40 °C. Also, the relative
fraction of the band at ~ 1626 cm™! decreases, whereas the band at
~1652 cm~ ), representing intramolecular hydrogen bonds, shows
a steep increase. The midpoint of the transition appears at
32—-33°C, in excellent agreement with the location of the cloud
point. The positions of the subbands change only slightly with
increasing temperature. Hence, the spectral data reflect nicely the
coil to globule transition and confirm previous results [9,27].

In contrast to the nearly discontinuous phase transition of linear
PNIPAM, PNIPAM-microgels show a different behavior (Figs. 2a and
3a). The swollen-to-collapsed state transition, which is reflected by
the increase of the subband-fraction indicative for intramolecular
hydrogen bonds, is less steep and more continuous, whereas the
subband responsible for intermolecular hydrogen bonds to the
solvent shows a similar steep decrease as in the case of the linear
PNIPAM. Such behavior is known from DLS-measurements and due
to the well known greater inhomogeneity of the subchains in
crosslinked gels which leads to a broadening of the phase transition
that becomes more accentuated when the crosslinker content
increases (see above). This effect can be nicely seen in the microgel
system consisting of 45 mol-% NIPAM and 55 mol-% DEAAM with 6%
(w—w) BIS as crosslinker (Figs. 2b and 3b). Here, only a broad,
continuous transition between 10 and 50 °Cis visible, although DLS-
measurements report a remarkably low VPTT of 21 °C, presumably
due to strong hydrogen bonding between the two different
repeating units at nearly equimolar composition [25,27,28].

By comparing the general hydrophilic/hydrophobic properties
of the linear PNIPAM with the microgels, a considerably greater
hydrophilicity of the microgels could be seen below the VPTT in the
case of the PNIPAM-microgels and also above the VPTT in the case
of the NIPAM-DEAAM copolymer gel. A potential reason for this
observation is the presence of the hydrophilic BIS-crosslinker,
which mediates additional hydrogen bonds to the solvent, as well
as the generally reduced shrinking capacity of crosslinked gels in
comparison to linear polymers.

3.2. Pressure dependent FTIR-measurements

Upon application of high hydrostatic pressure at constant
temperature, all investigated polymer systems show an inverse
behavior when compared to temperature elevation. Fig. 4 a,b shows
representative FTIR-spectra of the pressure dependent measure-
ments of linear PNIPAM at 20 °C (below the LCST) and at 50 °C
(above the LCST), respectively. The corresponding hydrogen
bonding pattern analyses after deconvolution are displayed in Fig. 5
a,b. At 20 °C, no changes occur up to ~ 1500 bar. Above this pressure,
the fractions of the subbands representing hydrogen bonds to D,0

increase slowly, whereas the relative area of the band indicative for
carbonyl groups in a medium hydrophobic environment decreases
concomitantly up to ~6000 bar, and both stay nearly constant up to
the maximal pressure of ~9000 bar (ice VI-formation in bulk water
occurs above ~8500 bar [29]). The relative fraction of the subband
for intramolecular hydrogen bonds remains essentially constant.
Measurements at 10 and 30 °C exhibit similar results (not shown).

At 50°C, i.e., above the LCST, the spectral changes are much
more pronounced and start already between 1 and 500 bar. Up to
~5400 bar, the relative fraction of the subband for intramolecular
hydrogen bonds has decreased from ~50 to 17% and the relative
fraction of the subband for carbonyl groups in medium hydro-
phobic environment has increased from ~50 to ~79%. Above
~5400 bar, a new band for hydrogen bonding to D,O emerges at
1612 cm~! and starts to increase together with the other band for
hydrogen bonding to the solvent (at ~1595cm™!), up to the
maximal pressure of 11 400 bar. In this upper pressure range,
a further slight pressure-induced increase in swelling of the
microgel is observed, only. Similar results are observed for 40 °C
(data not shown). Altogether, according to the FTIR-data, HHP
favours the formation of a more hydrated, coil-like state.

Assuming a two-state-model for the transition at 50 °C between
1 and ~5400 bar, the associated Gibbs energy changes for the
swelling process can be calculated via the equation
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Fig. 4. a) Normalized amide-I'-FTIR-spectra of linear PNIPAM from 1 to ~9000 bar at
20°C. The black arrow indicates the development with increasing pressure.
b) Normalized amide-I'-FTIR-spectra of linear PNIPAM from 1 to ~ 11400 bar at 50 °C
(for better visibility not all spectra are shown). The black arrow indicates the devel-
opment with increasing pressure. All pressure-induced changes are completely
reversible (data not shown).
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Fig. 5. a) Pressure dependence of the relative areas of the diagnostic amide-I'-bands of linear PNIPAM at 20 °C. b) Pressure dependence of the relative areas of the diagnostic amide-

I'-bands of linear PNIPAM at 50 °C. For symbol denotation see Fig. 1.

AG® = —RTInKeq = —RTln[(Icouapsed —Ip) / (I, - Swouen)] (1)

where Ieopapsed denotes the fractional band intensities in the
collapsed state (at 1 bar), I, at pressure p, and Isyolien in the swollen
state (at ~5400 bar), respectively.

The associated volume change can be obtained via the relation

(dAG®/dp), = AV® 2)

By plotting AG® vs. p, the volume change AV° can be obtained
from the slope and AG°; par, which refers to the thermodynamic
stability of the swollen state with respect to the collapsed state at
atmospheric pressure, from the y-axis intercept. The calculated
values for the HHP-induced globule — coil transformation of linear
PNIPAM are AG°{ par =4.2 & 0.24 kJ/mol and AV° = —29 + 1.09 mL/
mol at 50 °C. Notably, the volume change is of similar magnitude as
that for pressure-denaturation of proteins like SNase or RNase A at
ambient temperature [7,30,31], only AG®; pa is considerably

smaller, which is not surprising, as the polymer is near its “cold-
unfolding temperature”. The negative AV° indicates a release of
void volume in the collapsed state during the swelling process, as
charged or polar side-groups are not present in the polymer, whose
hydration would also lead to a decrease of the system volume [7].

The investigated microgel systems exhibit a similar behavior to
that observed for the linear PNIPAM, i.e. no or only slight swelling
under pressure below the respective VPTT (data not shown) and
a rather pronounced collapsed to swollen transition above the
VPTT. In comparison to the linear PNIPAM, the PNIPAM-microgels
exhibit a significantly smaller swelling capacity at 50 °C, as can be
deduced from the relative amide-I'-subband areas (Fig. 6a). Even
more pronounced as in the case of the linear PNIPAM, a biphasic
swelling is visible with a first, partial swelling between 1 and
~1800 bar, followed by a plateau and a second swelling phase
between ~5000 and ~9500 bar. The reduced swelling capacity in
the collapsed state is also observed in the other microgel system,
most likely due to the elastic resistance imposed by the crosslinker
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Fig. 6. a) Pressure dependence of the relative areas of the diagnostic amide-I'-bands of PNIPAM-microgels at 50 °C. b) Pressure dependence of the relative areas of the diagnostic
amide-I'-bands of the NIPAM-DEAAM (45—55 mol-%) copolymer microgels at 40 °C. For symbol denotation, see Fig. 1. The error bar indicates the fitting uncertainty, as determined
from different measurements and is similar for all data points.

on the gel network. The pronounced biphasic swelling of the copolymer microgel, the homopolymer microgel and the linear
PNIPAM microgel might be attributed to an inhomogeneous PNIPAM, two aspects come into play: (i) the different hydropho-
distribution of the BIS-crosslinker, which leads to an equally bicity and substitution pattern of the DEAAM and NIPAM repeating
inhomogeneous distribution of packing defects. units and the different chemical structure of the crosslinker as well

By examining the HHP-behavior of the PNIPAM-PDEAAM copol-
ymer microgels at 40 °C, a pronounced swelling is visible above
atmospheric pressure, which reaches a final plateau at ~5 kbar
(Fig. 6b). Upon application of a two-state process for the collapsed —
swollen transition, one estimates AG®; par=4.8 = 1.4 KJ/mol and
AV°=-236+75mL/mol (owing to missing extended plateau
regions below and above the transition, these values should be
considered approximate, only; here we are interested in the order of
magnitudes, only). The value of AG® par is only slightly higher than the
one found for the pressure-induced-transition of linear PNIPAM at
50 °C,and AV?is even smaller, although the uncertainty is rather high.

All experiments show that pressure induces increased solvation
and thus pressure is antagonistic to temperature as schematically Fig. 7. Schematic drawing of the opposite effect of temperature and pressure on the
illustrated in Fig. 7. When comparing the different behavior of the swollen-to-collapsed-transition of the polymers.
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as (ii) the topological constraints of the network as compared to
a linear chain. To this end, these two aspects cannot yet be sepa-
rated, nevertheless the data clearly reveal that both “chemical” and
topological properties influence the behavior at high pressure and
thus will allow preparing microgels with well-defined pressure
sensitivity.

4. Conclusions

Altogether, the data obtained show that all investigated
polymer-/microgel-systems are getting more hydrated under
HHP-conditions above and in most cases, though less pronounced,
also below their LCST/VPTT, which means that pressure generally
favours the swollen or coil-like state over the collapsed state, not
only above the cloud point temperature. This effect is - at least in
part - probably due to a weakening of hydrophobic interactions
upon pressurization, in agreement with theoretical considerations
[32]. The negative AV° indicates the presence of void volumes in the
collapsed state. These results are also in excellent agreement with
previous high pressure FTIR-measurements on linear PNIPAM at
ambient temperature, which also indicate the formation of a more
hydrated conformation under pressure [9], i.e. pressure and
temperature have an antagonistic effect on the hydration, and it
will be interesting to investigate how pressure affects the interac-
tion of PNIPAM with additives that change the LCST [33]. Inter-
estingly, for the PNIPAM microgel, a biphasic swelling behavior has
been observed.

In this context, we would like to refer also to a study on
hydrogels consisting of the PNIPAM-isomer poly(N-vinyl-
isobutyramid) (PNVIBA), where collapsed, optical intransparent
gels have been found to regain their transparency when subjected
to pressure treatment, i.e. the collapsed, insoluble polymer chains
are regaining their solubility by hydration [19]. Hence, such poly-
mers and microgels can not only serve as simplified model systems
for the cold denaturation process of proteins, but also for the
pressure-induced protein unfolding and denaturation process,
which is analogous to the globule — coil transition.

Generally, pressure sensitivities and the values of the thermo-
dynamic parameters vary between linear PNIPAM and the micro-
gels. Owing to their inherent complexity, a detailed molecular-level
picture of the differential behavior of these linear polymer and
microgel systems is not possible at the moment, however. Possible
influencing factors comprise the crosslinker density and the
monomer composition, which most likely influence the formation
of packing defects in the collapsed state and the general H-bonding
pattern. The occurrence of a biphasic swelling behavior might be
due to an inhomogeneous distribution of the crosslinker. Future
studies might target these questions using additional suitable
techniques, such as small-angle X-ray scattering (SAXS) and NMR-
spectroscopy.

All temperature- and pressure-induced changes are completely
reversible, which is not only a prerequisite for obtaining thermo-
dynamic properties of the system, it is also an important property
for putative technical applications, like the stimulus-sensitive
encapsulation of chemical compounds, enzymes, catalysts, etc.
[1,10,34—36], which certainly still needs further exploration.
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