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HRAESENIEBEK KNGS, B RUEERFEEH. EEMZBMNKN
EYBEEREN , ERAAEYMEN KEERHIEMIZEEN R FRKEM KL AIH 4H
fah, BEBREZEBMKNMELERERSESD , KNAKBRMABT TABENEE., R
MY BEAMENKNPAFTATS, KNERELSERTRANYNERICEBRERS  Hp—
ERE2HEAAKPWIRBAEBTE9EEN O-H RERDEE. O-H HEIREEE
FEWKD FRENREPEMRE , 8 O-H HBERSDEELEEAFHFE T EERM
£ F R B PR K

BRItARFTENETEAERMENTEAEIHEKN O-H BERDEE LHKX
fE, BAEEMR , AINMRESERARBKERREEREARINEN. RMAEREE
IABBRUKKENERREL  EAUNEANSESBRENIARBAECZEH/NE
107, AINRESESARHECEHENEAETY FHEL , i KA BEER &
L=, RAEKREHS T, cOREFEREELESTRE. B  EHENESERE
b, EAEENFH B HERE,

EMCREMBERETETANA N BB KNAE . —BRKASEE 14-Z8FE
B, 5 —BRIRKEERERARRK(AOT ) WEHMBR P, EAEERR 2.0M Y 1,4-
—EEEARY , K FEEREN 14-—EEERBET , LE AOT FHBHS , &
ER B REEEEERN KM, BASRDEEGEMEES , AKPHAIAR
ESNENERPBINSENAM L, RERMFPTRAN , ERERIEKKNRAETEHAZ
MR ES, EERARETMINEESERE 1 4-—ERESENFREBEERIE
EEENER, ENRM B ESFIM AR R A ME B, ALARBIENHEE AOT
FHBRAKFN 1, 4-—EEEBRENKPRIFET BN, RACKBEANEES
SFNERERAFEMCEP=ERBEKEENTERE, RMABRNERUFER
HE Ak B AR AN E SR, RMMEEEISENEREREREBNTR
FAEREKNRRL K MERRELERRMAEREBFEREN,

BMEARNRES —EHFE K SHERMNASESFAEIARR UKL HE
N,N-Dimethyl-p-nitroaniline T2 8B R ZEFHER, MEEERTRE , DMPNA 2k
EARPR , YFEERASENAREE, EEBNR  RPRAEKDY EKEREN
CHESFEERERRZER  EH_RRBATFHERAESEEE. RARIIBITREER
S—EEREE K RTTEHE  ERAEEDPERBERETREREEN.
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The structure and dynamics of bulk water are exceedingly complex due to the
three-dimensional network of hydrogen bonds. Water in confinement is more relevant to
biology. Despite a great deal of efforts, water still remains a mysterious substance to us. We
know far less about water in confinement. The complexity of water is manifested in various
physical and chemical phenomena, one of which is the inhomogeneously broadened O—H
stretch band observed in the vibrational spectrum of water. The O—H stretch band sharply
reflects the local environment around a water molecule, so it is a good probe to understand
water at the molecular level.

The primary objective of this project is to study the effects of an externally applied
electric field on the O—H stretch band of water. IR electroabsorption spectroscopy is one of
the most powerful techniques for such studies. Our unique apparatus can measure changes in
IR absorbance induced by the applied electric field as small as 10~". This technique provides
quantitative and otherwise unobtainable information on molecular properties such as the
permanent dipole moment and polarizability.

We have carried out IR electroabsorption measurements of water in two different
environments: water dissolved in 1,4-dioxane and water in AOT reverse micelles. In
1,4-dioxane solution (<2.0 M), a water molecule is surrounded mainly by 1,4-dioxane
molecules, whereas in the AOT reverse micelle, it resides within a nanoscopic water pool
formed by the surfactant. We have succeeded in recording for both samples the IR
electroabsorption spectrum in the O—H stretch region with reasonable S/N. To our knowledge,
this is the first observation of IR electroabsorption of water in the solution phase. The IR
electroabsorption signal of the O—H stretch band of water in 1,4-dioxane has a significant
contribution of the transition polarizability, in contrast to other liquids we have so far studied.
The IR electroabsorption spectrum of water in the AOT reverse micelle is quite different from

that of water in the 1,4-dioxane solution. We have found that the IR electroabsorption signal
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originates from the equilibrium change between three distinct water species present in the

water pool.
We also report on another project of IR electroabsorption spectroscopy of

N,N-dimethyl-p-nitroaniline (DMPNA) in acetonitrile/C,Cly.
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Water, infrared electroabsorption spectroscopy, reverse micelle, dipole moment
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1. Project I: Infrared electroabsorption study of water

1.1. Introduction

Water, the most abundant liquid in nature, plays essential roles in virtually all scientific
disciplines. Despite much effort, a detailed microscopic picture of water remains to be
obtained. In the vibrational spectrum of water, the O—H stretch v(OH) transition of water
appears as an intense, inhomogeneously broadened band. Because of the featureless band
profile, few clues can be derived from the steady-state v(OH) absorption spectrum alone.
More insights can be gained e.g. by studying water’s responses to an external perturbation.
Here, we employ the application of an external electric field and study its effects on
absorption spectra [1,2] (i.e., electroabsorption spectroscopy), particularly in the IR region.
Because water is polar (#p = 2-3 D [3]), it is expected to respond to an externally applied
electric field via electrostatic interactions.

There are several technical difficulties in IR electroabsorption measurements on water.
Water has a considerably large dielectric constant
(&= 80), possibly causing a large voltage drop and
phase retardation at an electric contact. In addition,
the molar extinction coefficient of the v(OH) band
of water is so large that the transmittance in the
v(OH) region can easily fall below the detection
limit of the apparatus. A simple remedy for this
problem would be to make the sample extremely
thin, typically thinner than 1 pum [4]. However, it
would be inconvenient to employ such a thin

sample cell. Instead, we here alleviate the problem

by effectively decreasing the concentration of

water in two different ways. One approach is to Water pool

dilute water with a solvent. In this work,  Figure 1-1: (a) 1.4-Dioxane. (b)
Schematic illustration of an AOT reverse

1,4-dioxane, an aprotic solvent with nearly zero micelle. Water is confined to a nanoscale

dipole moment, is used as the solvent (Fig. 1-1a). ~ Pocket formed by the surfactant

molecules.
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The other approach is to confine water to the nanopool of the reverse micelle of
1,4-bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate (AOT; see Fig. 1-1b) [5-10]. We can
control the size of the water pool by varying the molar ratio
wo = [H,O]/[AOT]. (1-1)

Not only does this approach effectively decrease water concentration, but it will also allow us
to compare the effect of confining water to the reverse micelle with that of dissolving water in
a solvent. The two approaches will serve as a bottom-up approach to understand the anomaly
of water because the complexity associated with the hydrogen-bonding network present in

bulk water may be reduced.

1.2. Theoretical background
A general theory of electroabsorption was established by Liptay and co-workers [1]. The

AA(v) spectrum can be formulated as [2,11]

B, _d A(v) C, _d* A(V)

V4

Vo——* 22V T -
15hc dv v 30h°c” dv 1%

A(V)=F*| 4,4(V)+ (1-2)

where F is the internal electric field, / is Planck’s constant, and c is the speed of light. There
are also third derivative and higher order terms in Eq. 1-2, but they are all proportional to the

fourth or higher powers of the electric field, which we do not detect. A4(V) comprises the
zeroth, first, and second derivatives of the absorption band A(v). For a randomly oriented,

mobile molecule, the coefficients 4,, B,, and C, are given by [11]

= 3O|1m|2 Z[IOAU2 +(3A1.1.Aﬂ. +34,4, _2Aij2)(3c052 Z—l)}
i

1
+m;[lomi4j'agf +(3miAji/ug +3m A, _ZmiA,]-/lgj)(3 cos’ Z—l)} (1-3)
1
J’_
10k, T

X

2
(agm —a_g)(3 cos’ ;(—1)+ 30';%]12 (3 cos’ a —1)(3 cos’ ;(—1)

B A, Mg, + (3m, A A, + 3m, Ay A, = 2m A, A, ) (308”7 -1) ]
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B

1
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[3(ﬁ1‘ug)(ﬁ1-Au)—(ug -A;L)}(Scos2 ;(—1)
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C, :5|Au|2 +[3(1i1.Au)—|Au|2}(30052 ;(—1) (1-5)

where the transition hyperpolarizability B is neglected. p, is equivalent to p,. A denotes the
transition polarizability. Ap and Aa denote the changes in dipole moment and polarizability
tensor between the vibrational ground state (g) and an excited state (e), respectively, i.e.,

Ap=p,—p, and Aa=0, —a,. m is a unit vector in the direction of the transition moment

m. O and Aay, are the components of the ground-state polarizability and the polarizability

A

change along the direction of the transition moment, ie., @, = ﬁl-ag ‘m  and
Ao, =m-Ao-m. A bar indicates the average value of the polarizability
(a_g:%Trag, E:%Tma).

The zeroth-derivative term represents the intensity change of the absorption spectrum.
The first-derivative term depends on both Ap and Aa and is responsible for the peak shift. The

second-derivative term, which is characterized solely by Ap, shows the change in the band

width of the absorption spectrum.

1.3. Method—IR electroabsorption spectroscopy

Figure 1-2 shows a schematic illustration of

HgCdTe or InSb detector

the IR electroabsorption spectrometer used fQ

Function generator
& power amp.

N\

N
-
Figure 1-2: Schematic illustration of the IR

recorded on a digital sampling oscilloscope. electroabsorption spectrometer. In this work, an
InSb detector was used.

in this study [12-14]. A ceramic IR emitter ~ joswes <7 | sample ol
ispersive
rnor?ochromator

was used as the mid-IR light source. The

absorption spectrum of the sample was

measured  with a  dispersive IR

monochromator and an InSb detector, and

In measuring the A4 spectrum of the sample,

the alternating current (AC) coupled amplification was employed that was developed
previously for time-resolved IR spectroscopy, followed by phase sensitive detection with a
lock-in amplifier. The combined use of the dispersive monochromator and the AC-coupled
amplifier in our apparatus enables detection of A4 as small as 107" [12]. A 25 kHz sinusoidal
AC voltage generated by a function generator was applied across the sample cell, in which
p-type boron-doped silicon plates (thickness = 0.5 mm, resistivity = 0.8-2 (2 cm) were used as

both optical windows and electrodes. The silicon plates transmitted >50% of light in the

3



1000-2000 cm ' region. To avoid applying a high voltage, the cell gap was kept typically
below 10 um by using a 6-um-thick polyethylene terephthalate film as a spacer. The lock-in
amplifier detected only the AC signal component modulated at 50 kHz, twice the frequency of
the applied electric field, yielding the second-order Stark spectrum. Angle y dependence of
AA spectra was studied using p-polarized IR light obtained with a wire-grid polarizer. IR
spectra were also recorded on a JASCO FT/IR-6100 spectrometer, the major equipment that
we purchased using the present research grant, using a sample cell composed of two CaF;

windows and a 50 um lead spacer. All measurements were performed at room temperature.

1.4. Results and discussion

1.4.1. Water in 1,4-dioxane [15]

A. Concentration dependence of FT-IR spectra

Figure 1-3a shows FT-IR spectra in the 3000-3800 cm ' region of water dissolved in
1,4-dioxane at molar concentrations of 0.25, 0.50, 0.75, 1.0, 1.25, 1.5, 1.75, and 2.0 M. A
major broad feature, which apparently consists of two peaks, is observed at ~3550 cm . This
band is unambiguously assigned to the O—H stretch of water. There is a small hump at around
3260 cm ' (see, for example, the 2.0 M spectrum). This band is assigned to the first overtone
of the O—H bend, 26(OH). The band shape of the voy band is found to change with water
concentration. To better see the change, we normalized the absorption spectra to the peak
height at 3514 cm ™. Figure 1-3b shows the resulting normalized spectra. As the concentration
increases, the higher-wavenumber peak of the voy band decreases in intensity and,
concomitantly, the lower-wavenumber side of the band appears to be broadened.

We also measured the concentration dependence of FT-IR spectra of water in
1,4-dioxane at lower concentrations (0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, and 0.40 M).
Figure 1-4a,b shows the spectra with and without normalization to the peak height at 3514
cm ', respectively. As can be seen from Fig. 1-4a, the band shape of the YOH) band and the
intensity ratio of its two peaks look quite similar in this concentration range. However, the
normalized spectra (Fig. 1-4b) do exhibit the same tendency as in Fig. 1-3b, although
somewhat less prominent. These results indicate that the water species responsible for the

observed 1oy band may exist even at low concentrations (<0.40 M).
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Figure 1-3: (a) Concentration dependence of FT-IR spectra in the 3000-3800 cm ' region, of water
dissolved in 1,4-dioxane at eight different concentrations. (b) The same spectra as in part (a) but
normalized to the peak height at 3514 cm™".

To extract the intrinsic IR spectra of the water species in the 1,4-dioxane solution in the

concentration range studied, we analyzed the spectra data using non-negative matrix
factorization (NMF) [16]. In NMF analysis, a data matrix X of a series of spectra at different
concentrations is decomposed into physically meaningful matrices H and W. The matrix H

contains normalized concentration profiles of individual molecular components and the

matrix W contains the corresponding intrinsic spectra. The sum squared residual || X — HW' ||

is minimized by solving alternating least-squares problems iteratively under the constraint
that concentration and spectral intensity (i.e., the matrix elements of H and W) are

non-negative. Before running NMF, we need to presume the number of components. Here, we

5



0.14 —

0.12 —
0.10 -
0.08 —
w
o
< 0.06
0.04 —
0.02 —
0.00 — ’
I I I | |
3800 3600 3400 3200 3000
wavenumber / cm™
——normalized 0.4 M
——normalized 0.35M
——normalized 0.3 M
normalized 0.25M
o ——normalized 0.2 M
2 normalized 0.15M

normalized 0.1 M
——normalized 0.05M

— | T | |
3800 3600 3400 3200 3000
wavenumber / cm™
Figure 1-4: (a) Concentration dependence of FT-IR spectra in the 3000-3800 cm '
dissolved in 1,4-dioxane at eight different concentrations below 0.4 M. (b) The same spectra as in part (a)

but normalized to the peak height at 3514 cm ™.

region, of water

refer to the result of singular value decomposition (SVD) of the dataset shown in Fig. 1-3a.
The SVD result shows that there are two principal singular values. We thus set the number of
components required in NMF as two. Hereafter the major component will be denoted 1 and
the minor 2. A randomly generated basis was used as an initial guess for W. One thousand
iterations were enough to obtain a good convergence regardless of the initial guess.

What molecular models can account for the water components 1 and 2? Because the
major component 1 exists even at low concentrations, it would be natural to attribute it to an
isolated water molecule surrounded by 1,4-dioxane molecules as illustrated in Fig. 1-5a. On

the other hand, we hypothesize that the minor component 2 is assigned to water species inside
6



(a) (b) o

Figure 1-5: Models for the water components 1 and 2. (a) The major component 1 is an isolated water
molecule surrounded by 1,4-dioxane molecules. (b) The minor component 2 is a water molecule inside a
small cluster of water. This water molecule forms hydrogen bonds with neighboring water molecules in
the ensemble and/or 1,4-dioxane.

a small cluster of water molecules that forms hydrogen bonds with neighboring water
molecules or 1,4-dioxane molecules outside the cluster (see Fig. 1-5b).

The concentration profiles (h; and hy)

e *7 (a) i
and intrinsic spectra (w; and w;) of oia "
components 1 and 2 derived from the NMF _ 040 . )
analysis are displayed in Fig. 1-6. As § 008 L ’ .\m
expected, the w; spectrum explains the < Z:j: ‘,f" .
major feature of the O—H stretch band of Uioz_ ,/’/ \.
water, in which two peaks at around 3600 e o o *

and 3500 cm ™' are dominant. The two peaks
are reminiscent of the antisymmetric and
symmetric O-H stretches, v,(OH) and
Vvs(OH), of water. It is not surprising that the
w; spectrum shows two distinct v(OH)
peaks in contrast with the broad, featureless
Vv(OH) band of pure liquid water, because
component 1 has been considered in our

model as an isolated water molecule in the

0.00
T

000 0.02 0.04 006 008 010 0.12 0.14

Normalized unit amplitude

Molar fraction

T

3400
wavenumber / cm™

1

3200

3000

Figure 1-6: The results of NMF analysis under

the assumption that there are two water

components present in 1,4-dioxane solution. (a)
Mole fraction profiles (h; and h,). The dashed
line represents the sum of hy and h,. (b) Intrinsic

1,4-dioxane medium. In this sense, the w; spectra (w; and w,).
spectrum is consistent with our model of
water. We fit the w; spectrum to a sum of three Lorentzian functions plus a baseline

represented by a linear function. The two Lorentzian functions at higher wavenumbers
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account for the v,s(OH) and v{(OH) bands, and the third one with very small intensity for the
first overtone of 3(OH). The best fit is shown in Fig. 1-7a, and the peak positions and band
widths (FWHM) of the three bands are given in Table 1-1.

Table 1-1: Peak positions and band widths determined by the fitting of the w; spectrum (Fig. 1-7a).

Peak position (cm") Band width (cm™)

Lorentzian 1 3589 84
Lorentzian 2 3507 99
Lorentzian 3 3262 80

The w, spectrum shows a
0.12 —

more complicated band profile, &5~

which has a maximum at a lower 0.08 —

0.06 —

Abs

wavenumber relative to the w;
0.04 —

spectrum and includes at least G =

0.00 —

three peaks. The profile of the w,
3800 3600 3400 3200 3000
spectrum resembles the wavenumber / cm™'

inhomogeneously broadened 0.10 -

v(OH) band of pure water. This 0.08
similarity in spectral profile is 2 000
0.04 —

consistent with our model for
0.02 -

component 2, in which the

I T T T 1
component is assigned to a water 3800 3600 3400 3200 3000

-1
wavenumber / cm

molecule in a water cluster. In fact, Figure 1-7: (a) Concentration dependence of FT-IR spectra

. —1 . . .
the w, spectrum can be well in the 3000-3800 cm = region, of water dissolved in

1,4-dioxane at eight different concentrations below 0.4 M.
reproduced by a sum of two (b) The same spectra as in part (a) but normalized to the
Gaussian  functions and one intensity at 3514 e’
Lorentzian function (plus a
baseline) rather than a sum of three Lorentzian functions, implying inhomogeneous
characteristics of the w, spectrum. The best fit is shown in Fig. 1-7b, and the peak positions
and band widths (FWHM) of the three bands are given in Table 1-2.
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Table 1-2: Peak positions and band widths determined by the fitting of the w, spectrum (Fig. 1-7b).

Peak position (cm™')  Band width (cm™)

Lorentzian 1
Gaussian 1

Gaussian 2

3545 49
3456 138
3323 231

B.  Angle y dependence of IR electroabsorption spectra

Figure 1-8 shows the A4 spectra in the v(OH) region of water in 1,4-dioxane (1.0 M, Feyx =
1.17 x 10" V.m") at five different angles y = 55°, 63°, 72°, 81°, and 90°. A4 signals in the

O-H stretch region as small as 1 x 10™° have been successfully detected for the first time. At

x = 90° (normal incidence of the IR light to the sample cell), the vV(OH) A4 spectrum is

dominated by a positive peak centered at ~3540 cm ™' and a broad dip between 3600 and 3700

cm . As y is varied from 90° to 55°
(near the magic angle), the positive
peak gradually diminishes, whereas the
negative  peak  remains  almost
unchanged. Inspection of the singular
values obtained from SVD and their
intrinsic  spectra suggests that the
observed jp-dependence of the A4
spectra in the v(OH) region can be
explained by considering only two
components associated with the largest

two singular values and disregarding the

3500 3409 3300 3200
wavenumber / cm™

Figure 1-8: IR electroabsorption spectra of water in
1,4-dioxane (1.0 M) measured at y = 55, 63, 72, 81 and
90°. Each A4 spectrum is offset by 2 x 10°° for clarity
of display.

other components as noises. As in previous studies [12,13], we assume the surviving two

components to be constant with respect to y (y-independent component) and to behave

according to 1—-3cos” y (y-dependent component). By taking a proper linear combination

of the vectors based on the model for the y dependence, we can reconstruct physically

meaningful vectors. The reconstructed y dependences and spectra are shown in Fig. 1-9a,b,

respectively. Reconstructed A4 spectra are overall in good agreement with the observed

spectra.
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Figure 1-9: (a) Model functions (thick solid line) and reconstructed y dependences (open triangle and

circle). (b) y-independent (red) and y-dependent (blue) spectral components.

The  y-dependent  component
spectrum (blue spectrum in Fig. 1-9b) is
dominated by a positive peak centered at
~3540 cm ' with no appreciable negative
Because the

dip in other regions.

y-dependent component vanishes at
around y = 55° the p-independent
component spectrum (red spectrum in
Fig. 1-9b) is almost identical to the y =
55° spectrum. It is composed of two
negative bands: the larger feature is
located at ~3600 cmfl, and the smaller
one appears around 3500 cm™.

C. Fitted results of the y-independent

and y-dependent component spectra

Next, we fit the p-independent and
y-dependent component spectra to Eq.
1-2 using the w; spectrum composed of
two distinct water species determined by
the NMF analysis. The
concentration-weighted IR spectra of
water

components 1 and 2 (total

0.30 |
0.20 (a)
0.10 ]

0.00 — =

Abs

— x-independent
—overall fit

(c)

1 —

2x10° 4 --eaa- - el e R .

AAbs
o
|

3800 3600 3400 3200 3000
wavenumber / cm”™’

Figure 1-10: Fitted result for the jy-independent
component spectrum of water in 1,4-dioxane. (a)
Dotted black line, observed FT-IR spectrum; purple
solid line, simulated spectrum using the results of NMF
analysis (see text for details); red thick solid line, two
Lorentzian bands, v,s(OH) and v{(OH), consisting of
the w; spectrum; blue thin solid line, the w, spectrum,
which is neglected in the fit below. (b) Red line,
y-independent A4 spectrum obtained with SVD; thick
blue line, the best fit to Eq. 1-2. (¢) Decomposition of
the overall fit into the zeroth (solid line), first (dotted
line), and second (dashed line) derivative shapes.
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concentration = 1.0 M) are shown in Fig.
1-10a. The peak height of the w;
spectrum is about four times weaker than
that of the two Lorentzian bands
consisting of the w; spectrum. As a result,
the contribution of component 2 to the
AA spectra is deemed comparable to the
noise level (<0.5 x 10°°). We thus make a
reasonable approximation that
component 2 is neglected in the fitting
analysis of the AA spectra and only
component 1 (i.e. antisymmetric and

symmetric stretch bands of isolated
water) is taken into account. In the fitting,
the band widths and peak positions of the
vas(OH) and vs(OH) bands are fixed to
the values given in Table 1-1. Under
these conditions, the y-independent and
y-dependent component spectra were fit
to a linear combination of the zeroth, first,

and second derivatives of each absorption

band (Lorentzian). The results for the

(b)

—— y-dependent
—overall fit

AAbs

05—

-1.0

1.5x10° |
1.0
0.5
(1Yo e
05—
1.0 -f-
-1.56 —

3800

AAbs

3600 3400

-1
wavenumber / cm

3200 3000

Fitted result
component spectrum of water in 1,4-dioxane. (a)

Figure 1-11: for the jy-dependent
Dotted black line, observed FT-IR spectrum; purple
solid line, simulated spectrum using the results of NMF
analysis (see text for details); red thick solid line, two
Lorentzian bands, v,s(OH) and v{(OH), consisting of
the wy spectrum; blue thin solid line, the w, spectrum,
which is neglected in the fit below. (b) Red line,
y-dependent A4 spectrum obtained with SVD; thick
blue line, the best fit to Eq. 1-2. (¢) Decomposition of
the overall fit into the zeroth (solid line), first (dotted
line), and second (dashed line) derivative shapes.

y-independent and jp-dependent spectra are shown in Fig. 1-10b,c and Fig. 1-11b,c,
respectively. The parameters, a,, b,, and c,, for each band determined by the fitting are
summarized in Table 1-3. They are related to the coefficients, 4,, B,, and C,, in Eq. 1-2 via

the following equations:

a,=F’4, (1-6)
F2 23 2
b, =155 =(3.356x10"F*)B, (1-7)
F2
c,=———C, =(8447x10" F*)C (1-8)
x 3()h2 2 Tx V4
C
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Some of the coefficients [e.g., a, for the v,(OH) band in the y-dependent A4 spectrum]
turned out not to affect the fit, so they were set equal to zero in the spirit of reducing the
number of adjustable parameters. In addition, during the fitting, we imposed a relation
between the ¢,’s for v{(OH) of the y-independent and y-dependent components (vide infra).

Table 1-3. The fitted parameters a,, b,, and c,, of the zeroth, first, and second derivative terms of the y-dependent
and y-independent A4 spectra of water in 1,4-dioxane.

y-independent A4 spectrum y-dependent A4 spectrum
Vas(OH) vs(OH) Vas(OH) vs(OH)
a, —4.7x10°° 2.52x10° 0 1.92x107°
b, 0 0 6.69 x 10~ 1.87 x 107
¢, 0 4.22 %107 0 -1.69 x 107
“The parameters for the y-independent and y-dependent component spectra are related to each other

by Eq. 1-15.

Figures 1-10c and 1-11c reveal the following qualitative features. (i) The y-independent
spectrum is dominated by the zeroth and second derivative components. We conclude that
within experimental errors, there is no contribution from the first derivative term. Because the
Vas(OH) and v(OH) bands are vibrational modes of the same molecule, an equilibrium shift
cannot contribute to the zeroth derivative component in the present case. Therefore, the result
seems to suggest a significant contribution of the transition polarizability A. (ii) The
y-dependent spectrum has contributions from all the three terms with the first derivative term
being dominant. (iii) In the y-dependent spectrum, the zeroth derivative signal of v,s(OH) is
zero and that of v4(OH) is positive. This is quite surprising because the v, (OH) mode (a =
90°) and vs(OH) mode (& = 0°) should give positive and negative A4 signals, respectively, if
orientational polarization is the main contributor to the zeroth derivative spectrum, as is often
the case [13]. Again, the fitted result is indicative of large contributions of the transition
polarizability A. (iv) The second derivative signal, which is proportional to |Ap[, is zero for
the v,s(OH) band but nonzero for the v{(OH) band. This can be rationalized in a qualitative
manner as follows. The transition moment m is perpendicular to p, for v,(OH), so the v = 1
< 0 excitation would not alter the dipole moment much, resulting in p. = p and hence |Ap| =
0. On the other hand, the transition moment of the v(OH) mode is parallel to p,, so the

vibrational excitation of this mode would induce a large change in dipole moment, resulting in
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U # K and hence |Ap| > 0.

From the parameters a,, b,, and c,, the values of the molecular properties such as Ap,
Aa, and A can, in principle, be obtained using Eqgs. 1-3-5, although it is often necessary to
make further assumptions or simplifications (e.g., A is a symmetric tensor). Each of Egs.
1-3-5 can be divided into two parts according to the dependence on angle y. The fragments

that show the 3cos’y — 1 dependence are

1
Aoy = o izj(?»A,,Aﬂ +34,4,-24,")(3cos> 7 -1)

+m§(3ml,4ﬂyg #3m A p, —2m A ) (3cos 2 1) (1-9)
+W(%m ~a,)(3cos’ 7 1)+ 30’;‘2;2 (3cos” @~1)(3cos” 7 1)
o1 =| Z(3mlAﬂA,uj +3m, A, A, —2m A A, ) (3cos” 7 1)
) 3c0s” 7 1) (1-10)
[3(m ), -] o 1)
Cponiyr =| 30 Ap) = |AW" |(3c05” £ -1) (1-11)

The ;(—independent terms are

ConSt - | |2 Zl | | k Tzloml z//ugi (1-12)
15 5

const—| F2 Z"%AUA# +3A0‘+kBT(ug~Au) (1-13)

Cconst :5|Au|2 (1_14)

It follows from Egs. 1-11 and 1-14 that C3coszz and C

-1 const

cannot be independent.
Assuming that Ap is parallel to p,, we get the relation 3(1f1 . Au) —|Ap4|2 = |Ap|2 (3cos’ a—1),

where o is the angle between the transition moment and the ground-state dipole moment.

Thus, the constraint between Cmszl and C 1s found to be

-1 const

C,. .
St Lo - 3eos’ -1 =—2(1-3co8’ 7) (1-15)

const
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Here we used a = 0°. In the actual fitting, the p-independent component spectrum (Fig.
1-10b) was fit first, yielding the value of ¢, for the v{(OH) band, 4.22 x 107, The fit was not
good if we did not include the second derivative component. Using the relation Eq. 1-15, the
value of ¢, for the v{(OH) band in the y-dependent component spectrum was calculated to be
—1.69 x 10, which was then fixed during the fitting of the y-dependent spectrum.

Using Egs. 1-8 and 1-14, |Ap] is evaluated to be 8.1 x 10™* D/f. Here f accounts for the
difference between the strength of internal and external electric fields. It is usually smaller
than unity in our experiments. For example, it was found to be about 0.6 in the previous work
[12,13]. Taking the factor f'into account, the value of |Ap| is of the order of 10 D. Andrews
and Boxer [17] reported the values of |Ap| for the C=N stretch modes of nitrile compounds
embedded in frozen glass matrix, all of which are of the order of 107 D. The |Ap| value that
we have obtained for the vs(OH) mode of water is one order of magnitude smaller than that
for the C=N stretch.

It will also be possible to evaluate Ac and the tensor elements of A using Eqgs. 1-12
and 1-13. However, the signal-to-noise ratio in our experiment is still not high enough to

enable us to determine these quantities | |

accurately. Improvement in data quality 2 ?%E (a)
and more detailed quantitative analysis < gg:
are left for the future studies. .6—
1.4.2. Water in AOT reverse micelles
18] 7
Figure 1-12 shows the A4 spectrum of & 2+
water in the wy = 15 AOT reverse micelle E
([AOT] = 030 M), together with the & ]
absorption spectrum measured with a 2
50-um spacer. The external electric field
strength was Fex = 2.9 X 10°Vm™' To - 38|00 36|00 34|00 32|00
estimate the mean diameter and size Wavenumber (cm™)

Figure 1-12: (a) WOH) spectrum of water in the
wp = 15 AOT reverse micelle. The spectrum was fit
dynamic light scattering was employed. to a superposition of three Gaussians (H;, H,, and
H;). (b) Observed AA spectrum (circles) and the
best fit to Eq. 1-2 (black solid line).

14

distribution of the reverse micelles,

The mean diameter d is obtained to be d =



6.4 (£1.0) nm, which is in reasonable agreement with the estimation d = 5.4 nm based on the
empirical formula [10] d = 0.29 wy + 1.1 (nm) with wy = 15.

As shown in Fig. 1-12a, the absorption spectrum was fit to a sum of three Gaussian
subbands. This sharply contrasts with the case of water dissolved in 1,4-dioxane, for which
Lorentzian functions give a better fit (see Fig. 1-7a). These subbands are thought of as
representing water molecules in different hydrogen-bonding environments [19]. The subbands
will be denoted H;, H, and Hj in order of decreasing the frequency. The peak position and
band width (FWHM) of each component determined by the fitting are summarized in Table
1-4. With these parameters fixed, the A4 spectrum was then fit to Eq. 1-2 including only the
zeroth-derivative terms for the absorption bands H;—Hj3 (see Fig. 1-12b). 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 g = 1.85 D [20] is of the order
of 1077, which is much smaller than the observed signal, so the A4 signal can be attributed

solely to a change in the equilibrium that is assumed to exist between H,—Hj:

KIZ K23

, H, (1-16)

H H

1

Table 1-4: Peak positions and band widths of Gaussian subbands H;, H,, and H; of water in the wy = 15 reverse

micelles.
Peak position (cm ™)
Band width (cm™)
This work Previous work”
H; 3575 (+4) 3603 (+£6) 73 (£5)
H, 3461 (+£6) 3465 (£5) 120 (£12)
H; 3306 (£20) 3330 (£20) 200 (+12)

“Taken from reference [21]

The absorbance change ratios for components H,—Hj; are determined as (A4/A)y; = 6.4 % 107 ,

(AA/A)p = 4.6 X 10'5, and (AA4/A)y3 =—3.3 X 10°°. Obviously the relation

ERCIRCE
A H, A H, A H,

does not hold, implying that the molar extinction coefficients of subbands H,—Hj3 are different
due to different hydrogen-bonding configurations. The signs of A4/4 for H—Hj3 suggest that

applying an electric field may cause hydrogen bonds to break (or weaken), giving rise to
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apparent increase in the “bound water” (H; and H,) and decrease in the “bulk water” (Hs)
[6,8,21]. This result has an important implication that the chemical properties of confined
water may be controlled by externally applying an electric field. The wy dependence of the A4

spectrum will provide further support to our hypothesis and is left for future studies.

1.5. Summary and conclusions

In this work, we studied electric-field effects on the v(OH) absorption of water in 1,4-dioxane
and in AOT reverse micelles. In both cases, v(OH) AA signals of water of the order of 10°°
has been successfully detected. To the best of our knowledge, our results are the first
observation of IR electroabsorption of the v(OH) transition of water. The IR spectrum in the
3000-3800 cm ' range, of water in 1,4-dioxane is interpreted in terms of the symmetric and
antisymmetric v(OH) stretches of isolated water, which are well represented by Lorentzian
bands. The angle y dependence of the A4 spectra strongly suggests significant contributions
of the transition polarizability A to both y-independent and y-dependent A4 spectra. In sharp
contrast, the IR spectrum and A4 spectrum of water in the wy = 15 AOT reverse micelle are
well characterized by three Gaussian subbands (H;, H,, and H3), indicating that the
corresponding v(OH) transitions are imhomogeneously broadened. Furthermore, the A4
spectrum of water in the reverse micelle is dominated by the zeroth-derivative terms that
originate not from A but from changes in equilibrium between H;, H,, and Hj. It is likely that
the difference in the mechanism for the v(OH) electroabsorption between the 1,4-dioxane
solution and the reverse micelle stems from the local environment of water. In 1,4-dioxane
solution (<2 M), most fraction of water molecules occurs as monomeric water that interacts
mainly with 1,4-dioxane. The properties of such water molecules are thought to differ
substantially from those in bulk, probably closer to those in the gas phase. Water in the
reverse micelle is even more complicated. Although we have not collected enough data on
this system, water in the wy = 15 reverse micelle seems to resemble neither isolated water nor
bulk water. We believe the present study is an important first step to the research along this

line.
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2. Project II: Infrared electroabsorption spectroscopy of
N,N-dimethyl-p-nitroaniline in acetonitrile and C,Cly: Solvation of the solute and
self-association of acetonitrile [14,22]

2.1. Introduction

Intermolecular interactions often give rise to molecular association. In solution, molecular
association may take place between solute and solute, solute and solvent, or solvent and
solvent, and profoundly affects the physicochemical properties of the solution, such as boiling
point and dielectric constant. Thus it is of fundamental importance to elucidate molecular
association in the solution phase and the underlying mechanisms. A sensitive probe of
molecular association is the permanent dipole moment wp. Because the overall dipole moment
of a given associated structure (e.g., dimer) is the vector sum of those of the monomers that
participate in the association, the dipole moment of the associated form should sharply
reflects their relative orientation in space. For example, if two monomers align in a parallel
manner, the resulting dipole would be approximately double that of the monomer. In contrast,
the dipoles will be cancelled out if they align in an anti-parallel manner.

IR electroabsorption spectroscopy has proven BNA

very useful for probing permanent dipole moments in oN

NH,

room-temperature solution [12—14]. When a polar
PNA (1:1
ON

molecule having the permanent dipole moment s is
NH, ---- ACN

subjected to an electric field, it undergoes

S e

reorientation along the field direction, giving rise to PNA (1:2
changes in IR absorbance. Our IR electroabsorption ACN === ON NH, === ACN
spectrometer, which combines a  dispersive DMPNA
monochromator and an AC-coupled amplifier, OZNON:Z:S
3

enables detection of A4 as small as 107", The high

Figure 2-1: Chemical structures of
PNA and DMPNA, and schematic of

the studies of p-nitroaniline (PNA) in acetonitrile the 1:1 and 1:2 forms of PNA.
(ACN) and CCly [13] and liquid 1,2-dibromoethane
[23].

potential of this apparatus has been demonstrated in

In the present study, we extended our previous work [13] on PNA to its derivative,

N,N-dimethyl-p-nitroaniline (DMPNA), in ACN and C,Cly. In our 2006 work [13], it is
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shown that the two distinct solvated forms of PNA, i.e., the 1:1 and 1:2 forms (see Fig. 2-1),
have a head-to-tail linear structure. We ask the question of how substitution in PNA affects
the formation of these solvated structures. In DMPNA, the hydrogen atoms in the NH, group
are both replaced by the CH; group. To examine the effects of the N,N-dimethyl substitution,

we focus on the NO, symmetric stretch v¢(NO,) in FT-IR and IR electroabsorption spectra.

2.2. Experimental

Experimental details have been given in Section 1.3.

2.3. Results and discussion

Figure 2-2 shows the ACN mole fraction (xpcn) dependence of FT-IR spectra of PNA and
DMPNA in ACN/C,Cly in the 1280-1360 cm ' region. xacn was varied from 0.18 to 0.57,
corresponding to 10 and 40 volume % of ACN, respectively. Two v{(NO;) bands are observed
in the PNA spectra (Fig. 2-2a); the higher-wavenumber band is attributed to the 1:1 form, and
the lower-wavenumber band to the 1:2 form [24]. As xacn increases, the 1:1 band decreases
with a slight peak shift, whereas the 1:2 form increases without any appreciable shift. This
observation has been interpreted as being a consequence of population changes in equilibrium
between the 1:1 and 1:2 forms. As opposed to PNA, the v{(NO;) band of DMPNA (Fig. 2-2b)
appears to be a single broad band and to undergo a continuous redshift with increasing xacn.
This behavior, which is typical of the so-called solvent effect, leads us to a hypothesis that
DMPNA does not form specific solvated structures with ACN.

0.354 a XACN
(a) T — 0.18
0.22
0.30 0.26
0.29
0.25- — g-gg
o — 0.39 °
8 0.204 — 0.46 e
s — 0.51 8
5 — 057 s
2 0.15 2
2 <
0.10
A
0.05
0.00 4=
T T T I 1 1 1
1360 1310 1390 1300 1280 1360 1340 1320 1300 1280

-1
Wavenumber / cm’ Wavenumber / cm

Figure 2-2: FTIR spectra of PNA (a) and DMPNA (b) in ACN/C,Cl, at 10 different mole
fractions of ACN, xscn. The concentration of PNA and DMPNA was 30 mM.
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To provide further evidence for the

absence of the solvation of DMPNA, we (a)

measured the y» dependence of IR

Abs.

electroabsorption spectra of DMPNA in
ACN/C,Cly (xacn = 0.18), where y is the

angle between the applied electric field and

the polarization of the incident IR light (Fig.

2-3). In the IR spectrum (Fig. 2-3a), three
vibrational transitions are seen; in order of

decreasing wavenumber, the CH; symmetric

AAbsorbance

deformation, J84(CHj3), of ACN, an
combination band of C,Cly [25], and
Vs(NOz) of DMPNA. In Fig. 2-3b, the

vs(NO;) band shows a large negative signal,

I
which decreases gradually in intensity on 1400 1380 1360 1340 1320 1300 1280 1260
Wavenumber / cm™

oing from y = 90° to 55°. The y = 55°
gomg d d Figure 2-3: Absorption spectrum (a) and

spectrum of DMPNA is quite different from y-dependent A4 spectra (b) of DMPNA in
ACN/C,Cly (xacny = 0.18). The dashed curves
represent the reproduced spectra by assuming
a dispersive  feature  arising  from only a single component.

that of PNA (data not shown), which shows

field-induced equilibrium shift from the 1:1
form to the 1:2 form. The SVD of the y-dependent spectra of DMPNA yields one principal
singular value, and the spectra can be reproduced fairly well by assuming this component
only (dashed curves in Fig. 2-3b). Taken together, the FT-IR and p-dependent
electroabsorption results indicate that, as opposed to PNA, DMPNA forms no specific
solvated structures in ACN/C,Cls; and behaves as the monomer. Whether the solute forms
solvated species in solution or not may significantly affect the reactivity of the solute in
chemical reactions. Our present study has demonstrated the power of IR electroabsorption
spectroscopy in this regard.

Careful inspection of the A4 spectra in Fig. 2-3b reveals a weak A4 signal of ds(CH3) at
around 1375 cm™'. To obtain A4 spectra with higher signal-to-noise ratio, we averaged more

scans at the cost of the number of measurement angle y. The A4 spectra so obtained are
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displayed in Fig. 2-4. The A4 signal of 6,(CHj3) is now evident in Fig. 2-4b. To analyze the
AA spectra, we first fit the absorption spectrum (Fig. 2-4a) to the sum of three Gaussian
functions, which account for 8s(CHj3) of ACN, the combination band of C,Cls, and v{(NO,) of
DMPNA. Subsequently, we fit the A4 spectra at y = 90° and 55° to Eq. 1-2, in which we
considered only the §(CH3) and v¢(NO,) modes with their peak position and band width fixed.
This is because the contribution of the C,Cls band to the A4 spectra is negligibly small. As
can be seen in Fig. 2-4b, Eq. 1-2 does a good job of fitting the observed AA spectra. The
zeroth derivative signal of the y-dependent component arises from orientational polarization

and is related to the permanent dipole moment of the molecular species as

ad_1 [M] (1-3cos” y)(1-3cos’ 1) (2-1)

A 30\ kT

where F is the internal field strength, kg is

the Boltzmann constant, 7 is temperature,

and 7 is the angle between up and the

transition moment. Using Eq. 2-1 with

known values of F, T, y, and 7, the value of

Lp can be calculated from the observed A4 g
signal. In practice, however, it is very g
difficult to do so because the field strength %
F cannot be estimated accurately in most -6- Ay =55°

cases. A potent resolution for this problem °

T T T T T T T
1400 1380 1360 1340 1320 1300 1280
Wavenumber / cm™

is to use an intensity standard. In the present

case, the A4 signal of DMPNA can serve as Figure 2-4: Fitted results of the absorption

spectrum (a) and A4 spectra (b) of DMPNA in
ACN/C,Cly (xpcn = 0.18). In (a), the absorption
the dipole moment of ACN. It follows from spectrum is fit to the sum of three Gaussian

Eq. 2-1 that bands plus a baseline.

an internal intensity standard to calculate

(A7 4), . J(A84)A) o= (1™ ™) (2-2)

Note that the field strength ' no longer appears in Eq. 2-2, hence the dipole moment can be
evaluated free from uncertainty in F. Because DMPNA has been shown to form no solvated

structures with ACN, the dipole moment of the DMPNA monomer can be used as zp>" .
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DMPNA 4 dilute benzene solution, ,uPD MPNA — 7.0 D. From

Here we use a literature value of sp
the fitting of the A4 spectra in Fig. 2-4b, we obtain (A4/A)acn = —1.3 X 107 and (AA4/A)pmpNa
=-2.0 x 10™°. Substituting these values into Eq. 2-2, we obtain 5N = 5.7 D.

The experimentally determined 2" is about 1.7 times larger than that of the ACN
monomer (3.43 D in dilute CCly solution [3]). This discrepancy cannot be accounted for by
experimental errors, but rather it is attributed to self-association of ACN. Considering the low
mole fraction of ACN in the binary mixture studied, a dimer is most likely to occur in the
solution. Two types of dimer structures of ACN have been discussed; an anti-parallel dimer
[26] and a head-to-tail linear dimer [27,28]. In an anti-parallel dimer (Fig. 2-5a), two ACN
molecules interact with one another via the C-C=N
part and align side by side in the opposite direction £l &—{,1.
such that their dipole moments cancel out. Thus the
resulting dipole moment of the dimer would be :
zero. In contrast, in a linear dimer (Fig. 2-5b), two | e
ACN molecules align in a head-to-tail manner
resulting in the overall dipole moment of ~6.8 D. (b)

Although ab initio molecular orbital calculations ‘ ’k‘. “;&"
[28] reveal that the linear dimer structure is higher

in energy than the anti-parallel structure, our result Figure 2-5: Anti-parallel (a) and

head-to-tail linear (b) dimer structures.
is in favor of the linear dimer.

2.4. Conclusions

We used IR electroabsorption and FTIR spectroscopies to study solvated structures of
DMPNA in binary mixtures of ACN and C,Cls. In comparison with PNA, DMPNA was
found to occur as a monomer rather than as specific solvated structures with ACN. This
finding illustrates that N,N-dimethyl substitution in the NH, group profoundly affects the
intermolecular interaction in the solution. Similar effects are anticipated for other types of
substitution such as replacing hydrogen atom(s) in the aromatic ring. We also analyzed the A4
signal of ACN in detail and found that a head-to-tail linear dimer (Fig. 2-5b) is most likely to
occur in the solution studied. Apparently this picture contradicts the ab initio calculation
result [28] where the anti-parallel structure has been shown to be more stable than the linear

structure. However it was obtained in gas-phase calculations. In an environment in which
21



ACN is surrounded by C,Cly, the local polarity induced by polarizable C—Cl bonds of C,Cly
could possibly stabilize polar linear dimers to a greater extent than nonpolar anti-parallel
dimers. Finally it is important to note that the associated structures in solution which we have
discussed should not be viewed as being rigid and well-defined, as opposed to those in the gas
phase. In other words, they are continuously being subject to intermolecular interactions with
the surrounding and fluctuating over time. Thus, the linear-dimer structure of ACN revealed
in this work may be more appropriately expressed as an averaged picture of fluctuating

structures of ACN aggregates.
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