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Abstract (English)

The structure, dynamics, and properties of liquid bulk water are exceedingly
complicated due to three-dimensional network of hydrogen bonds. Although a great deal of
efforts has been devoted to understanding its anomalous characteristics, water still remains a
mysterious substance to us. Water in confinement is more relevant to biology, because
biological water is usually confined to organelles or cells with nano- to micrometer scale.
However we know far less about water in confinement.

Here we study water in bulk and in confinement using infrared (IR) electroabsorption
spectroscopy in order to shed more light on the mystery of water. This technique measures
with high sensitivity changes in IR absorption intensity induced by an externally applied
electric field modulation. It provides quantitative information on molecular properties such as
the permanent dipole moment and the polarizability, which sharply reflect the structure and
local environments of the molecule. Since H,O is polar, it will respond to the electric field via
dipolar interactions. If there is a thermal equilibrium between water molecules in distinct local
hydrogen-bonding environments, equilibrium shift may also occur.

We have been studying IR electroabsorption of water with two approaches. In one
approach, water dissolved in 1,4-dioxane has been investigated. We were able to detect the IR
electroabsorption spectrum of the OH stretching of water, which is as small as 10° OD. The
spectrum is indicative of an anomalously large change in the dipole moment and/or the
polarizability upon vibrational excitation. In the other approach, AOT reverse micelles have
been used to generate confined water. The IR electroabsorption spectrum of water in the AOT
reverse micelle shows quite different features from what is observed for the 1,4-dioxane
solution of water; it is likely to be caused predominantly by a change in equilibrium among at
least three water species.

Keywords (English)
Infrared electroabsorption spectroscopy, bulk and confined water, liquid structure, reverse
micelles
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1. Introduction

The ultimate goal of this study is to answer the long-standing question in molecular
science, of what water’s structure and properties in bulk and in confinement are. Due to
three-dimensional network of hydrogen bonds, liquid water exhibits anomalous
thermodynamic behaviors', characteristic local environments, and ultrafast dynamics.” By
way of example, the density of water reaches maximum at 4 °C and decreases upon forming
ice at 0 °C. Ultrafast pump—probe spectroscopy has revealed®® that the excitation of the OH
stretching (1oy) vibration of water relaxes within 1 ps. In parallel with continuous research on
bulk water, confined water has also attracted much attention recently.”” In fact biological
water should be viewed as being confined in nano- to micrometer scale. There have been
many evidences that the dynamics occurring in confined water is substantially slower than
that in bulk water.” Despite a great deal of efforts devoted in previous studies, a conclusive
picture of bulk water and confined water has yet to be drawn.

In this project, infrared (IR) electroabsorption spectroscopy is used to study the
molecular structure and intermolecular interactions of water at ambient temperature. This
method is capable of observing changes in IR absorption intensity induced by an externally
applied electric field as AA spectra and hence provides quantitative information on molecular
properties including the permanent dipole moment g and the polarizability e.'®" Since H,0
is a polar molecule, it is expected to respond to the applied field via dipole interactions. If
there exist more than one water species in equilibrium reflecting distinct local environments, a
change in the equilibrium would take place as well. However a technical problem arises from
the intense vou absorption.'* Here we alleviate this problem by decreasing the concentration
of water in two different ways. One approach is dilution with a solvent. In the present study,
1,4-dioxane is used as the solvent. The other approach is to confine water to the nanopool of
the AOT reverse micelle.”'>'® We are able to control the size of the water pool by varying the
molar ratio wo = [HO)/[AOT]."” Not only does this technique effectively decrease water
concentration, but it will allow us to compare the effect of confining water to the reverse

micelle with that of dissolving water in a solvent.

2. Methods

A schematic of our IR electroabsorption spectrometer is shown in Fig. 1. The feature to
note is the combined use of a dispersive IR monochromator and an AC-coupled signal
amplifier, which can achieve sensitivity as high as AA ~ 107."'® Our sample cell is also

worth mentioning. It consists of a brass cell holder, two p-type boron-doped Si windows that
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also act as electrodes, and a PET film spacer HoCdTe or InSb detector

AC-coupled

signal amplifier

Function generator
& power amp.

of ~6 pm thick."" This sample cell has made

sample cell
Dispersive IR
monochromator

it possible to do IR electroabsorption

spectroscopy of liquid samples at ambient

temperature, in contrast to a series of
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N
4
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Fig. 1: Schematic of our IR electroabsorption
spectrometer. In this work, an InSb detector was
used.

measurements at 77 K by Boxer and

13
co-workers.

3. Results and discussion
3.1. Water in 1,4-dioxane

Figure 2a displays a series of FT-IR spectra in the won region at 11 different
concentrations of water dissolved in 1,4-dioxane. At 0.50 M, it is evident that the vou
spectrum consists of two major bands centered at around 3580 and 3510 cm™, and the 3580
cm” band is slightly more intense than the 3510 cm™ band. As the concentration increases,
the 3510 cm™ band becomes stronger relative to the 3580 cm™ band, concomitantly with
emergence of the shoulder at ~3280 cm’. Thus there seems at least three Vou subbands
involved in the concentration-dependent spectra. In order to verify this picture quantitatively,

18 was employed. As shown in Fig. 2b, three major singular

singular value decomposition

values are in fact obtained.
The AA spectrum of the 1.0 M solution is shown in Fig. 3a. The electric field strength of

F=13x 10’ Vm' was applied to the sample. Shown in Fig. 3b is the IR absorption

spectrum measured with our dispersive monochromator. A least-squares fitting to sine
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Fig. 2: (a) Concentration dependence of the FT-IR spectra in the voy region, of water dissolved in
1,4-dioxane. The concentration of water varies from 0.0 to 5.0 M. (b) Singular values obtained from
singular value decomposition of the FT-IR spectra in the voy region.
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function was performed to remove the

baseline of the AA spectrum due to an o (a)

Abs

interference fringe pattern. The

baseline-subtracted AA  spectrum s
displayed in Fig. 3c. Although the

signal-to-noise ratio (S/N) is not excellent,

AA (10°)

positive and negative features can be

clearly seen at ~3540 and ~3600 cm’,

respectively. 1.0 (c)

In general, the AA spectrum of a 0.5

vibrational band, AA(V), consists of the r/\AAA A AAM‘A [Tina¥N
0.0 W \ll v"v‘\,ﬂv vv |
zeroth-, first-, and second-derivatives of 05 V\/j W
| 1 I

AA (10°)

the absorption band A(v):'*?!

3800 3600 3400 3200 3000

AA(&) _ Fz |:Az A(17)+ Blﬁﬁ( A(~V)] Wavenumber (cm-t)
dv\ v Fig. 3: (a) IR absorption spectrum in the voy
) B (1) region, of water dissolved in 1,4-dioxane. The
iC v d (A(V)ﬂ concentration of water was 1.0 M. (b) AA
gyt v spectrum (solid curve) and the best fit of the
baseline to sine function (dashed curve). (c)

where vis the wavenumber, and A, B, Baseline-subtracted AA spectrum.

and C, are, respectively, the coefficients of

the zeroth-, first-, and second-derivative terms. y represent the angle between the direction of
the applied electric field and the electric field vector of the incident IR light. The AA spectrum
shown in Fig. 3 was recorded at y = 90°. The zeroth-derivative component is attributed mainly
to orientational anisotropy induced by the electric field,'"'® while the first- and

second-derivative components arise from electronic polarization'*?' associated with changes

in g and a upon vibrational 0.4 L L L L '
excitation. 3 g%;

The baseline-subtracted von AA e
spectrum was analyzed using Eq. 1. e
First, assuming that there are two  _ °°
components, the FT-IR spectrum of % 0.0
the 1.0 M solution was fit to a o
superposition of two Lorentzians. We | | ,

3800 3700 3600 3500 3400 3300 3200

used the FT-IR spectrum (Fig. 2a) Wavenumber (cm)

Fig. 4: (a) Spectral decomposition into two Lorentzians:
components 1 (dotted) and 2 (dashed). (b) Fitting of the
with  our IR electroabsorption AA spectrum to the model function (Eq. 1).

rather than the IR spectrum measured
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spectrometer (Fig. 3a) simply because of a higher S/N. The decomposed Lorentzian bands are
shown in Fig. 4. Hereafter the higher-wavenumber component will be denoted 1 and the
lower-wavenumber 2. The best fit of the AA spectrum to Eq. 1 is also shown in Fig. 4. In the
fitting, the peak position and the bandwidth for each component were fixed, leaving only the
coefficients A,~C, adjustable parameters. The A,~C, thus determined are listed in Table 1. In

1118 the contributions of the first- and second-derivative

contrast with our previous studies,
terms appear to be dominant, indicative of substantial changes in xp and/or « upon vibrational

excitation.

TABLE 1: Coefficients A,, B, and C, determined by the fitting

Component 1 Component 2
A, -2+1)x10° (3+2)x 107
B, (6+5)x10™ —(1.7+0.7) x 107
C, (3.2+1.8)x 107 (5.7+1.5)x 107

Those contributions depend in a different manner on the angle y. The zeroth-derivative
component originating from orientational polarization should vanish at y = 54.7°, and only the
electronic polarization contribution remains. It is thus possible to separate those contributions

by analyzing y-dependence of the AA spectrum, which is now in progress.

3.2. Water in AOT reverse micelles

Figure 5 shows the AA spectrum of water in the wo = 15 AOT reverse micelle ([AOT] =
0.30 M), together with the absorption spectrum measured with a 50-um spacer. The electric
field strength was F =2.9 x 10° V m™. To estimate the mean diameter and size distribution of
the reverse micelles, dynamic light scattering was also employed. The mean diameter d is
obtained as d = 6.4 (£1.0) nm, which is in reasonable agreement with the estimation d = 5.4
nm, using the empirical formula'’ d = 0.29w + 1.1 (nm) with wo = 15.

As shown in Fig. 5a, the absorption spectrum was fit to a sum of three Gaussian
subbands. This contrasts with the case of water dissolved in 1,4-dioxane, where Lorentzians
yield a better fit. Those subbands are thought of as corresponding to water molecules in
different hydrogen-bonding states.'®**** The subbands will be denoted H;, H,, and Hs in order
of increasing the frequency. With the peak position and the bandwidth of each subband fixed,
the AA spectrum was then fit to a model function consisting of the zeroth-derivative shape of
the absorption bands H;—Hj3 (see Fig. 5b). Both absorption and AA spectra are well reproduced
by assuming the three subbands. A simple calculation shows that the orientational anisotropy

signal for a water molecule®* of zp = 1.85 D is of the order of 107, which is much smaller
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than the observed signal, so the AA signal
can be attributed solely to a change in the
equilibrium that is assumed to exist
among H;—Hj. The absorbance change
components H;—Hs; are
determined as (AA/A)y = 6.4 x 107,
(AA/A = 4.6 x 107, and (AA/A)s =
-3.3 x 10°, respectively. Obviously the

ratios for

sum of these ratios does not equal zero.
This is because the molar extinction
coefficients for subbands H;—H; are
different due to different
hydrogen-bonding configurations. The
signs of AA/A for H;—Hj3 suggest that
applying an electric field may cause
hydrogen bonds to break (or weaken),
giving rise to apparent increase in the

“pbound water” (H; and H;) and decrease

in the “bulk water” (Hs)."**?” The wj

AAbs (10-6)

I I I I
3800 3600 3400 3200
Wavenumber (cm-1)

Fig. 5: (a) voy spectrum of water in the Wy = 15
AOT reverse micelle. The spectrum was fit to a
superposition of three Gaussians (H;, H,, and
H3;). (b) Observed AA spectrum (circles) and the
best fit to the model function (black solid curve,
see text for details).

dependence of the AA spectrum will be examined in order to provide more solid evidence.
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To achieve the goal of this project, we have been using two approaches: IR
electroabsorption studies of water dissolved in 1,4-dioxane and of water in AOT reverse
micelles. In both approaches, we have successfully detected electroabsorption signals of water
with fairly good signal-to-noise ratios. To the best of our knowledge, those data are the first
observation of water’s responses to an externally applied electric field.

In the second year of the project, we will perform more experiments such as the angle y
dependence for water in 1,4-dioxane and the W, dependence for water in the reverse micelle.
We will then analyze our data to obtain quantitative information on the liquid structure of bulk
water and confined water. Better understanding of water will impact a multitude of

interdisciplinary areas. We hope to publish our results in journal(s) with a broad readership.



