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ABSTRACT: Elucidating the state of interfacial water, especially the hydrogen-
bond configurations, is considered to be key for a better understanding of the
functions of polymers that are exhibited in the presence of water. Here, an
analysis in this direction is conducted for two water-insoluble biocompatible
polymers, poly(2-methoxyethyl acrylate) and cyclic(poly(2-methoxyethyl
acrylate)), and a non-biocompatible polymer, poly(n-butyl acrylate), by
measuring their IR spectra under humidified conditions and by carrying out
theoretical calculations on model complex systems. It is found that the OH
stretching bands of water are decomposed into four components, and while the
higher-frequency components (with peaks at ~3610 and ~3540 cm™") behave
in parallel with the C=0 and C—O-C stretching and CH deformation bands
of the polymers, the lower-frequency components (with peaks at ~3430 and
~3260 cm™") become pronounced to a greater extent with increasing humidity.
From the theoretical calculations, it is shown that the OH stretching frequency that is distributed from ~3650 to ~3200 cm™" is
correlated to the hydrogen-bond configurations and is mainly controlled by the electric field that is sensed by the vibrating H atom.
By combining these observed and calculated results, the configurations of water at the interface of the polymers are discussed.

‘ relative humidity

A Absorbance

Field on H/10% au

B AR AR RRRE RARRRRRRRS RRRY '.:. .
3600 3400 3200 Waes’
Wavenumber / cm’™'

1. INTRODUCTION DSC measurements, a model in which the water molecules at
or around the interface of the polymers are classified into non-
freezing water (located closest to the interface), intermediate
water, and free water (located farthest from the interface), and

Polymers often exhibit their functions in water, or in the
presence of water, that is not just a solvent but plays an
important role in the expression of functions. The water

molecules related to those functions exist in the vicinity of the among  these, irzlggllrmediate water plays a key role in
polymers and, compared to bulk water, have different biocompatibility.” " In addition, time-resolved ATR-IR
properties, which have been studied by various techniques spectra were measured during the water adsorption process,
such as differential scanning calorimetry (DSC),l’2 neutron and the frequency positions of the observed OH stretching
reflectometry,® > atomic force microscopy,® and contact angle bands were discussed in relation to the classification of
measurements.”” Vibrational spectroscopy has been used to water.”**?

analyze the structural and dynamical properties of aqueous The aim of the present study is to clarify the state of water at
solutions.””"* The state of water in various polymers has often the interface of those polymers more quantitatively by
been studied by analyzinig the OH stretching bands obtained combining IR spectroscopy and theoretical calculations. To
from IR spectroscopy, ™" with the expectation that abundant measure the IR spectra in a static state without interference of
information with regard to the nature of hydrogen bonding is free water, measurements under humidified conditions were

contained in the band shapes. However, the mechanisms that
determine the band shapes seem complicated, so that the
discussions on the state of water in polymers are often limited
to a qualitative level.

The system examined in the present study is the interface of
water-insoluble biocompatible and non-biocompatible poly-
mers. Water-insoluble biocompatible polymers have an
inhibitory effect on the adsorption of proteins and are widely
used as coating materials for medical devices. Regarding the
mechanism of biocompatibility, Tanaka et al. proposed, from

performed. In this way, it is expected that the behavior of
interfacial water is most clearly seen. Theoretical calculations
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Figure 1. Chemical structures of PMEA, cyclic-PMEA, and PBA.
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Figure 2. Difference absorption spectra of (a) PMEA, (b) cyclic-PMEA, and (c) PBA in the wavenumber region of the OH stretching mode. The
dry spectrum was subtracted from the humidified spectrum whose relative humidity is indicated beside the peak. The absorbance scale is indicated
by the bar. The OH bands have four components at 3610, 3540, 3430, and 3260 cm™’, which are labeled as Al to A4 in (a).

were carried out on a number of complexes consisting of water
molecules and model compounds representing the hydrogen-
bond-accepting functional groups in the polymers to support
the discussion on the effects of humidity on the vibrational
spectra. The factors that determine the frequency positions of
the OH stretching bands are discussed at a quantitative level,
on the basis of which the meaning of the observed IR spectra
in relation to the hydrogen-bond configurations at the
polymer—water interface is discussed.

2. EXPERIMENTAL AND COMPUTATIONAL
PROCEDURES

Polymers examined in the present study are poly(2-
methoxyethyl acrylate) (PMEA),”>** cyclic(poly(2-methox-
yethyl acrylate)) (cyclic-PMEA),* and poly(n-butyl acrylate)
(PBA).>”** The chemical structures, properties, and synthesis
methods of these polymers are described in Figure 1.

IR spectra (in the mid-IR region from 600 to 8000 cm™")
were measured on the IR beamline BL43IR at the SPring-8
synchrotron facility. The wavenumber resolution was 2 cm™
and accumulated number was 100. The humidity dependence
of absorption spectra was measured using a humidity
controlling cell, which is illustrated in Figure S1 in the
Supporting Information. Each polymer was cast on a silicon
wafer for IR measurements. To calibrate the polymer thickness,
the observed absorption spectra were normalized by the
integrated intensity of the C=O stretching band. The amount
of water adsorbed into the polymers at humidified conditions
was estimated by the OH stretching band. Detailed
descriptions of the experimental procedures and sample
preparation are provided in the Supporting Information.

To support the discussion on the effects of humidity on the
vibrational spectra, calculations were carried out for the
following types of complexes related to acetone (a model of
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the carbonyl groups in a polymer) and/or dimethyl ether (a
model of the C—O—C groups in a polymer) interacting with
water: (1) complexes of either acetone or dimethyl ether with
1—3 water molecules with full geometry optimization to cover
a variety of possible hydrogen-bond configurations, including a
bifurcated configuration (with a water oxygen atom that
accepts two hydrogen bonds from other water molecules) and
a (topologically) linear hydrogen-bond chain of water, (2)
complexes of either acetone or dimethyl ether with a water
molecule with specified angular hydrogen-bond configurations
[defined by the inclination € and azimuth ¢ of the spherical
polar coordinate system around the carbonyl or ether O atom],
(3) complexes of either acetone or dimethyl ether buried in a
cavity made around the center of the (water)y, clusters with
full geometry optimization, and (4) complexes consisting of
two molecules of acetone and/or dimethyl ether with one
water molecule in the bridging hydrogen-bond configurations.
Hereafter, we denote these types of complexes as 1a, 2e, and so
forth, where characters a and e stand for acetone and ether,
respectively. Taking into account that the ether group in the
side chain of PMEA is separated from the ester group by two
methylene (CH,) groups, the inductive effect discussed in a
previous study”® is not considered to be relevant in the present
case. Details of the structural characteristics of these complexes
are given in the Supporting Information.

The vibrational properties were examined for the normal
isotopic species of all these complexes, as well as for
isotopically diluted complexes with all but one hydrogen
atom of water (interacting directly with acetone or dimethyl
ether) being deuterated to remove the effects of vibrational
couplings among the OH stretches. The electric field operating
on the vibrating H atom along each OH bond was also
calculated. All the abovementioned calculations were carried
out at the B3LYP/6-31+G(2dfp) level of density functional
theory by using the Gaussian 09 program.”” The calculated
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Figure 3. Difference absorption spectra of (a,d) PMEA, (b,e) cyclic-PMEA, and (c,f) PBA in the wavenumber region of (a—c) C=0 stretching
mode and (d—f) C—O—C stretching and CH deformation modes. The dry spectrum was subtracted from the humidified spectrum whose relative
humidity is indicated beside the peak. The absorbance scale is indicated by the bar. The dry spectrum is shown at the top. The intensity of the dry

spectrum was multiplied by 0.1 in (a,b,d,e) and 0.0S in (cf).

vibrational frequencies were scaled by a factor of 0.95935,
which was determined”® by referring to the observed”” and
calculated frequencies of an isolated HDO molecule in the gas

phase.

3. RESULTS AND DISCUSSION

3.1. Results of IR Spectroscopy under Humidified
Conditions. Figure 2a—c shows the difference absorption
spectra of PMEA, cyclic-PMEA, and PBA, respectively, in the
wavenumber region of the OH stretching mode. The spectrum
measured under dry conditions (shown in Figure S2 in the
Supporting Information) was subtracted from that observed at
each RH indicated beside the peak. The absorbance scale is
indicated by the bar. The OH stretching band observed in
Figure 2 is due to the water molecules adsorbed into the
polymers. The band intensity increases with increasing RH. In
Figure 2a, we can recognize four components that are labeled
as Al to A4. At a RH of 52%, the spectrum consists of Al and
A2 components located at about 3610 and 3540 cm™’,
respectively. Upon increasing RH to 72%, the A3 component
appears at 3430 cm ™!, and at the highest RH of 98%, the A4
component appears at 3260 cm™'. The spectral change with
humidification observed for cyclic-PMEA is similar, as shown
in Figure 2b, but the intensity grows faster and the A3 and A4
components are much higher at the highest RH than in the
spectra of PMEA. On the other hand, the OH stretching band
observed for PBA is weak even at the highest RH but has a tail
to a lower wavenumber region extending to ~3250 cm™, as
shown in Figure 2c. The weak intensity means that only few
water molecules are adsorbed into PBA by humidification. The
OH stretching band intensity at the highest RH reflects the
saturated water content of each polymer. The average number
of adsorbed water molecules per monomer was estimated from
the total integrated intensity of the OH stretching band in the
IR absorption spectrum of each polymer with saturated water
content, in a way described in detail in the Supporting
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Information. The estimated numbers are 0.27, 0.44, and 0.01
for PMEA, cyclic-PMEA, and PBA, respectively, at the highest
RH.

Figure 3 (a,d), (b,e), and (c,f) show the difference spectra of
PMEA, cyclic-PMEA, and PBA, respectively, in the wave-
number regions of (a—c) the C=O0 stretching mode and (d—
f) the C—O—C stretching and CH deformation modes. The
RH of each spectrum is indicated in the figure, and the dry
spectrum of each polymer is shown at the top. In the C=0
stretching mode region shown in Figure 3a—c, the difference
spectra have negative and positive features centered at 1740
and 1718 cm™!, so that the frequency shift is estimated to be
22 cm™. The widths of these features are 24 cm™’. This low
wavenumber shift is considered to arise from hydrogen
bonding. With increasing RH, the amplitudes of these negative
and positive features increase without changing the center
wavenumbers. It implies that the number of the hydrogen-
bonded C=O sites increases with humidification. These
spectral changes are common in shape among the three
polymers, but the amplitudes are obviously small for PBA. This
is consistent with the small intensity of the OH stretching band
shown in Figure 2c, which indicates that the amount of
adsorbed water is low. In Figure 3a—c, the OH deformation
band is also observed at 1635 cm™!, with its intensity
increasing with humidification. In the wavenumber region
shown in Figure 3d,e, we can recognize two negative features
located at 1160 and 1136 cm™!, which are considered to be
related to the C—O—C stretching modes of the ester and ether
groups. There are also positive features related to the CH
deformation modes. The intensities of these features are
enhanced with increasing RH, but no wavenumber shift is
observed. The spectra in (f) have only a small structure related
to ester C—O—C.

The integrated areas of the component bands observed in
the OH stretching region (shown in Figure 2) of the spectra of
PMEA, cyclic-PMEA, and PBA are plotted versus RH in Figure
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Figure 4. Analysis of humidity dependence of (a,d) PMEA, (b,e) cyclic-PMEA, and (c,f) PBA. (a,)b) Integrated areas of the Al + A2 (black dots),
A3 (red dots), and A4 (blue dots) components in the OH stretching region (shown in Figure 2). (c) Integrated area of whole OH bands of the
spectrum of PBA. (e—f) Integrated intensities of the difference spectra in the wavenumber regions from 1693 to 1758 cm™" (the C=0 stretching
band region shown in Figure 3a—c, blue triangles) and from 953 to 1475 cm™' (the C—H deformation and C—O—C stretching band region shown

in Figure 3d—f, black triangles).
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Figure 5. Plots of the (a,c,e) dipole derivative and (b,d,f,g) vibrational frequency (scaled) of the OH stretching mode against the (a,b) electric field
on the vibrating hydrogen atom (the component along the OH bond), (c,d) OH bond length, (e,f) hydrogen-bond distance, and (g) dipole
derivative of the OH stretching mode calculated for the acetone + nH,O complexes (n = 1—3, with full geometry optimization, black +), the
acetone + H,0O complexes with variously fixed angular hydrogen-bond configurations (pink dots), and the complexes of acetone buried in a cavity
made around the center of the (water)y, clusters with full geometry optimization (green X), overlapped on the results obtained®® for the OH
stretches of the (water)o, clusters (gray dots). With regard to the complexes involving acetone, the stretching of the OH bond directly interacting
with acetone is considered, and [including the case of the (water)y, clusters] the hydrogen atoms other than the vibrating one are deuterated.

4a—c, respectively. Here, the spectra measured at some RH
values not explicitly shown in Figure 2 are also included in this
analysis. For PMEA and cyclic-PMEA, both components Al
and A2 are observed together from RH ~ 50%, as shown in
Figure 2, and so, the sums of their band areas are plotted with
black circles in Figure 4a,b. The red and blue circles show the
areas of A3 and A4 components, respectively. For PBA shown
in (c), the integrated intensity of the whole OH stretching
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band is plotted because the intensity is too low for reliable
deconvolution. We can recognize in Figure 4ab that the
intensity of Al + A2 gradually increases between RH 50 and
70% and more steeply in the higher RH region. The intensity
of A3 starts increasing at higher RH and that of A4 starts
increasing at even higher RH. The increase of A3 in cyclic-
PMEA is steeper, and the intensity at the highest RH is larger
than in PMEA. In contrast, with regard to PBA shown in

https://doi.org/10.1021/acs.jpcb.2c01702
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Figure 4c, the intensity remains low and increases only slightly
with RH. Figure 4d—f shows the integrated intensities of the
difference spectra in the wavenumber regions from 1693 to
1758 cm™" (the C=0 stretching band region shown in Figure
3a—c, blue triangles) and from 953 to 1475 cm™ (the CH
deformation and C—O—C stretching band region shown in
Figure 3d—f, black triangles) plotted versus RH. It is
recognized that the curves in (d,e) are similar to those of Al
+ A2 in (a,b). The curve in (f) is also similar to that in (c), but
the value is very small. These results indicate that both the
carbonyl and ether groups play an important role in water
adsorption. The rapid increases with RH that are seen for the
components A3 and A4 in (a)b) do not have any counterparts
in (de) [even if we take into account the IR intensity
enhancement upon hydrogen-bond formation due to the non-
Condon effect’®! discussed in Section 3.2]. This suggests that
there exist some excess water molecules that are not directly
hydrogen-bonded to either the carbonyl or ether group in the
polymer.

3.2. Results of Theoretical Calculations. The vibrational
frequency and the dipole derivative (of isotopically diluted
species) plotted against the electric field operating on the H
atom, the OH bond length, and the hydrogen-bond distance,
as well as the correlation between these two vibrational
properties, calculated for the complexes of types 1a, 2a, and 3a
are shown in black and color dots and markers in Figure S,
overlapped on the plots of the results obtained™® for the OH
stretches of the isotopically diluted (water)o, clusters shown
with gray dots. It is clearly seen in panel d of this figure that the
frequency (including type 2a shown with pink dots) is linearly
correlated with the OH bond length, supporting the idea that
constraints on softer modes (C=0-+-H bending and C—C=
O---H torsion) do not essentially have any harmful effect on
the properties of harder modes (OH stretches). It is also seen
that reasonably good correlations are obtained among the
structural, vibrational, and electrostatic properties as shown in
the other six panels of Figure S. According to the mechanism
discussed in ref 28, the frequency is shifted mainly by the
interaction between the dipole derivative and the electric field.
Since the dipole derivative is enhanced by the electric field
(known as the non-Condon effect’”*"), as shown in Figure Sa,
the frequency is nonlinearly dependent on the electric field, as
shown in Figure Sb. [As a result, the infrared intensity per OH
bond is larger for a lower-frequency mode, as shown in Figure
Sg]. The same set of plots obtained for the complexes of types
le, 2e, and 3e is shown in Figure SS in the Supporting
Information. By using the results obtained”® for the OH
stretches of the (water)o, clusters shown with gray dots as a
reference, it is recognized that the correlations do not largely
depend on the functional group of the hydrogen-bond acceptor
(>C=0 or C—0-C). It is also clear that the stretching
frequencies of the dangling OH groups are as high as ~3700
cm ™! because the electric fields sensed by all those OH bonds
are small.

The abovementioned result indicates that the frequency
calculated for the complexes of type 2a (acetone---water 1:1
complexes) is distributed in a rather wide range of about
3500—3650 cm™". This is because the frequency depends on
the 0 and ¢ angles. The frequency (of HDO) is calculated as
3622 cm™" at O = 0° (linear C=0--H configuration) and
shifts to the low-frequency side as @ increases to ~60°. The
extent of the frequency shift is the largest at ¢ = 0° (down to
3492 cm™'), where the H atom of water is located on the plane
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of the carbonyl group, and is the smallest at ¢ = 90° (down
only to 3609 cm™'), where the H atom of water is located out
of the plane. A similar dependence is also recognized for the
lower-frequency OH stretch (corresponding to the OH
symmetric stretch of an isolated water molecule) of the
normal isotopic species. The behavior of these frequency shifts
is described in more detail in the Supporting Information.
From the plots for the complexes of types la and 3a shown
in Figure §, it is recognized that the frequencies of some of
those complexes are significantly lower than those of the 1:1
complexes (type 2a), with the frequency range extending to
~3200 cm™". Some insights would be obtained by examining
the results for the complexes of type 1a, which are summarized
in Figure 6. Here, each hydrogen-bonded OH (supposed as
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T T T T T 1
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Figure 6. Vibrational frequencies (scaled) calculated for the normal
isotopic species of the complexes of types 1a and le (numbered as 1—
10 for the structures shown in part a—j of Figure S3 in the Supporting
Information) and type 4 (numbered as 11—13 for the structures
shown in part a—c of Figure S4 in the Supporting Information). For
the modes that are sufficiently isolated and for those delocalized over
the bonds of the same M value, the nature of the OH bond that
mainly contributes to each mode is indicated by the M value as M = 0
(blue), 1 (light blue), and 3 (red). The modes that are delocalized
over the bonds of M = 1 and 2 are shown with purple markers. The
stretching modes of dangling OH bonds are shown with black
markers. For some complexes, the markers are displaced horizontally
to clearly show two or more closely located data. The frequency range
obtained for the complexes of type 2a or 2e is also shown with a gray
bar overlapped with the markers for complexes 1 and 7, respectively.

belonging to molecule D and donating a hydrogen bond to
molecule A) is characterized by the M value defined, by
modifying from that in ref 32, as M = —d' + a' + d" — a” + 6,
where d’ and a’ are the number of hydrogen bonds donated
and accepted by molecule D, d” and a” are the number of
hydrogen bonds donated and accepted by molecule A (without
counting the hydrogen bond between D and A), and § is 1 if A
is a carbonyl or ether O atom and 0 otherwise. The frequency
(of the lower-frequency OH stretch of the normal isotopic
species) is calculated as 3487 cm™! for the optimized structure
of the 1:1 complex [with (6, ) = (60.7, 1.7°)] and also as
~3500 cm™ (3509 and 3523 cm™') for the 1:2 complex if
both of the water molecules are hydrogen-bonded directly to
C=0. However, when the water molecule that is hydrogen-
bonded to C=O receives a hydrogen bond from another
water molecule, the OH stretching frequency (delocalized over
the two hydrogen-bonded OH bonds) shifts down to ~3400
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em™! (3386 and 3437 cm™') [The decoupled OH stretch of
HDO also shifts to this frequency region, as shown in Figure
S9 in the Supporting Information]. The frequency region of
these delocalized OH stretching modes extends further to
~3300 cm™' when a (topologically) linear hydrogen-bond
chain of water is formed, and when the O atom of the
innermost OH receives hydrogen bonds from two water
molecules in a bifurcated hydrogen-bond configuration (M =
3), the stretching frequency of this innermost OH shifts further
down to 3222 cm™. As shown in Figure Sb, all these
frequencies are controlled mainly by the electric field operating
on the vibrating H atom. Similar results are obtained for the
complexes of type le and 3e, as also summarized in Figure 6.

In the case of the bridging hydrogen-bond configuration
(type 4), the two OH stretching modes of the normal isotopic
species are characterized as the symmetric and antisymmetric
stretches because both OH bonds are hydrogen-bonded with
similar strength. It is shown in Figure 6 that the frequencies of
those modes are calculated as 3515 and 3593 cm™' when a
water molecule is bridging to two C=O groups of acetone
molecules. Similar results are obtained for the cases where one
or both of the hydrogen-bond accepting groups are replaced by
C-0-C.

All these results suggest that we can detect the hydrogen-
bonding conditions of the water molecules adsorbed on the
hydrogen-bond-accepting functional groups in a polymer by
analyzing the vibrational spectral features.

3.3. Discussions on Water Structures Adsorbed at the
Interface of the Polymers. Based on the results of the
experiments and the calculations, we will discuss the state of
water molecules adsorbed at the interface of the polymers
under a humidified environment.

As shown in Figure 6 (as well as in Figure S6 in the
Supporting Information), when a water molecule is hydrogen-
bonded to a carbonyl group or an ether group (or more
generally, any group with the C—O—C structure) without
accepting any hydrogen bond from another water molecule (M
< 1, shown with blue and light blue markers in Figure 6), the
lower bound of the OH stretching frequency is estimated as
~3480 cm™". In other words, according to Figure Sb (as well as
Figure SSb in the Supporting Information), this indicates the
upper bound of the magnitude of the electric field that is
sensed by donating only a single hydrogen bond without
accepting any hydrogen bond. Therefore, OH stretching bands
observed at lower wavenumbers are considered to arise from
water molecules that accept one or more hydrogen bonds or
from clusters involving such water molecules. The A3 and A4
components (located at 3430 and 3260 cm™') observed at
middle to high RH in Figure 2a,b correspond to this. Indeed,
as shown in Figure 4, the rapid increase of intensity with RH is
recognized for the A3 and A4 components of the OH
stretching bands (panels a and b of the figure) but not for the
bands of the polymers (panel d and e), supporting the
existence of water molecules that are not directly hydrogen-
bonded to either the carbonyl or ether group. More
specifically, as indicated in Figure 6, when a water molecule
donating a hydrogen bond to a carbonyl or ether group accepts
only one hydrogen bond, forming a linear hydrogen-bond
chain, the lower bound of the OH stretching frequency is
estimated as ~3300 cm™'. At high RH > 85%, the A4
component appears at a lower wavenumber, as shown in
Figures 2 and 4, indicating that small water clusters with
bifurcated (typically M = 3, shown with red markers in Figure
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6) hydrogen-bond configurations are formed at the interface of
the polymers. Especially the rather small but rapid increase of
the intensity of this component observed for cyclic-PMEA
should be noted. This may be regarded as an early stage of the
formation of intermediate water that is considered to play a key
role in biocompatibility of the polymers.””*" In the case of
PBA, there are only few adsorbed water molecules because the
OH stretching band shown in Figure 2c is very weak. However,
since the spectrum has a tail to a lower wavenumber region
extending to ~3250 cm™), it is considered that the water
molecules adsorbed into this polymer form some clusters.
According to Figure Sb (as well as Figure SSb in the
Supporting Information), all these vibrational frequencies are
controlled mainly by the electric field sensed by each vibrating
OH bond.

Various hydrogen-bond configurations that are considered
to be formed at the interface of the polymers are schematically
illustrated in Figure 7. The structures with a bifurcated

Figure 7. Illustration of various possible hydrogen-bond config-
urations at the interface of the polymers. The structures represented
as d-trimer(bif) and s-trimer(bif) have a bifurcated hydrogen bond,
while the structures represented as dimers [d-dimer(lin) and s-
dimer(lin)] and linear trimers [d-trimer(lin) and s-trimer(lin)] have a
linear hydrogen-bond chain. The characters d- and s- indicate whether
the hydrogen-bond-accepting group of the polymer is carbonyl
(involved in C=0 double bond) or ether (or ester, involved in C—
O—C single bond).

hydrogen bond are represented as d-trimer(bif) and s-
trimer(bif), while the structures with a linear hydrogen-bond
chain are represented as dimers [d-dimer(lin) and s-dimer-
(lin)] and linear trimers [d-trimer(lin) and s-trimer(lin)].
Here, d- and s- indicate whether the hydrogen-bond accepting
group of the polymer is carbonyl (involved in C=0 double
bond) or ether (or ester, involved in C—O—C single bond).
The A3 and A4 components of the OH stretching band are
considered to arise from these configurations. As shown in
Figure 3, both of these functional groups of the polymers are
involved as hydrogen bond acceptors of water at the interface.
The distribution of various hydrogen-bond configurations
shown in Figure 7 is reflected in the observed band widths of
these functional groups.

Then, what kind of configurations may be considered for the
Al and A2 components of the OH stretching band that are
present even at low RH? Taking into account the discussion
made above, in which small water clusters at the interface of
the polymers are considered at high humidity, it would be most

https://doi.org/10.1021/acs.jpcb.2c01702
J. Phys. Chem. B 2022, 126, 4143—4151


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01702/suppl_file/jp2c01702_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01702/suppl_file/jp2c01702_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01702/suppl_file/jp2c01702_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01702/suppl_file/jp2c01702_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01702?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01702?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01702?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01702?fig=fig7&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c01702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

reasonable to suppose that the configurations with a single
water molecule hydrogen-bonded to the polymer are formed at
sufficiently low humidity. The correlation between the spectral
intensity changes of the OH stretching band and the polymer
bands shown in Figure 4, and the frequency ranges of various
hydrogen-bond configurations shown in Figure 6 would
support this idea. As clearly recognized from the spectral
changes shown in Figure 4, both the carbonyl and ether groups
are considered to be involved in such configurations. These
configurations are labeled as d-monomer and s-monomer in
Figure 7. The vibrational frequencies would not change much
even if two water molecules are hydrogen-bonded separately to
one hydrogen-bond acceptor (2d-monomer and 2s-monomer
in Figure 7). At a higher humidity, the A1 and A2 components
may also arise from the water molecules at the peripherals of
clusters, such as those shown with blue markers (M = 0) for
complexes 6 and 10 in Figure 6.

With regard to the frequency distributions of the Al and A2
components, the following three possibilities may be
considered. One is the angular distributions of the hydrogen
bond. As shown in Figure 6 (as well as in Figure S6 in the
Supporting Information), the OH stretching frequency
depends strongly on the angular configuration of the hydrogen
bond, ranging from ~3500 to ~3600 cm™". For example, if the
hydrogen bond on the C=0 group is made rather linear (i.e.,
0 =~ 0°) or out of the carbonyl plane (i.e., ¢ = 90°) due to
some steric reasons of the polymer, the OH stretching
frequency would be ~3600 cm™' rather than ~3500 cm™’.
Another possibility is the formation of the bridging
configurations, in which a water molecule straddles two
hydrogen-bond acceptor groups of the polymer. As shown in
Figure 6, for all the three complexes of type 4 (complexes 11—
13), the symmetric and antisymmetric OH stretches are
calculated at ~3520 cm™ (in the range of 3515—3526 cm™)
and at ~3600 cm™' (in the range of 3593—3605 cm™'),
respectively. In other words, not only the carbonyl group (as
reported in ref 23) but also the ether group may be involved in
such configurations. The frequency splitting between the two
modes is totally of intramolecular origin because the two
modes are essentially degenerate for HDO, as shown in Figure
S9 in the Supporting Information. These configurations are
labeled as dd-monomer, ss-monomer, and sd-monomer in
Figure 7. Yet another possibility would be the distribution of
the hydrogen-bond distance. As shown in Figure 5 (as well as
in Figures SS and S6 in the Supporting Information), the OH
stretching frequency is well correlated to the hydrogen-bond
distance. A rather long hydrogen bond (longer than 2.2 or 2.3
A) corresponds to the OH stretching frequency of >3600
cm™!, while a shorter hydrogen bond gives rise to a shift to a
lower frequency. As a result, when the hydrogen-bond distance
fluctuates dynamically because of thermal motions or is
distributed statically for steric or some other reasons,
frequency distributions of the OH stretching band would be
generated. In fact, the existence of completely dangling OH
bonds of water is not realistic around polymers, and there is no
IR band observed at ~3700 cm™' (corresponding to the
frequencies of the gas-phase water molecule) in the spectra
shown in Figure 2, even if we take into account the intrinsically
weak IR intensity of those bands.

Recently, some of the present authors have found that it is
possible to distinguish the characteristics of water molecules
inside the condensed organic—water complex by employing
molecular dynamics (MD) simulations.”> Therefore, to
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quantitatively evaluate the relative contributions of the
abovementioned three possibilities, information derived from
MD simulations is considered to be most helpful. Theoretical
analyses on this point will be deferred to later studies.

4. CONCLUDING REMARKS

In the present study, by combining IR spectroscopy under
humidified conditions (RH from S0 to 98%) and theoretical
calculations on model complex systems, we have examined the
state of water at the interface of two water-insoluble
biocompatible polymers, PMEA and cyclic-PMEA, and a
non-biocompatible polymer PBA, with a focus on hydrogen-
bond configurations. The following four points are considered
to be especially noteworthy. (1) The OH stretching band
consists of four components, labeled as Al (3610 cm™"), A2
(3540 cm™), A3 (3430 cm™"), and A4 (3260 cm™). As shown
in Figure 4, the Al and A2 components are present even at a
low RH of ~50% and are enhanced upon increasing RH in
parallel with the carbonyl- and ether-related bands of the
polymers, while the lower-frequency A3 and A4 components
appear at a higher RH and are enhanced more steeply upon
increasing RH. The intensity and the extent of enhancement
depend on the specific polymer species. (2) Changes in the
intensity and/or shape are recognized for both the carbonyl-
and ether-related bands upon increasing RH, as shown in
Figure 3, indicating that both of these groups are involved in
the hydrogen bonding with interfacial water. (3) The results of
the theoretical calculations show that the OH stretching
frequency, which is distributed from ~3650 to ~3200 cm™, is
mainly controlled by the electric field sensed by the vibrating
H atom, as shown in Figure 5b, and, hence, is correlated to the
hydrogen-bond configurations, that is, the number of donating
and accepting hydrogen bonds that may be roughly
summarized as the M value defined in Section 3.2, as well as
the distance and angular properties of each hydrogen bond. (4)
Based on the results of these experiments and calculations, the
A3 and A4 components of the OH stretching band that are
observed at lower wavenumbers are considered to arise from
water molecules that accept one or more hydrogen bonds or
from clusters involving such water molecules, which are shown
as dimers and trimers in Figure 6. With regard to the Al and
A2 components, three possibilities are suggested, that is, the
angular distributions of the hydrogen bond, the symmetric and
antisymmetric OH stretches of water bridging to the carbonyl
and/or ether groups of the polymer, and the distribution of the
hydrogen-bond distance.

All the abovementioned results clearly indicate that IR
measurements under humidified conditions, combined with
theoretical analysis, are useful for elucidating the state of water
at the interface of polymers. The information obtained in the
present study will constitute the basis for further examination
of the state of interfacial water, for example, with regard to the
relation between detailed spatial characteristics and vibrational
frequency distributions, which will be dealt with in future
studies.
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