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Hydration and hydrogen bond network of water around hydrophobic
surface investigated by terahertz spectroscopy

K. Shiraga, T. Suzuki, N. Kondo, and Y. Ogawa?®
Graduate School of Agriculture, Kyoto University, Kitashirakawa-oiwakecho, Sakyo-ku,
Kyoto 606-8502, Japan

(Received 10 September 2014; accepted 25 November 2014; published online 16 December 2014)

Water conformation around hydrophobic side chains of four amino acids (glycine, L-alanine, L-
aminobutyric acid, and L-norvaline) was investigated via changes in complex dielectric constant in
the terahertz (THz) region. Each of these amino acids has the same hydrophilic backbone, with suc-
cessive additions of hydrophobic straight methylene groups (-CH,—) to the side chain. Changes in
the degree of hydration (number of dynamically retarded water molecules relative to bulk water)
and the structural conformation of the water hydrogen bond (HB) network related to the number of
methylene groups were quantitatively measured. Since dielectric responses in the THz region repre-
sent water relaxations and water HB vibrations at a sub-picosecond and picosecond timescale, these
measurements characterized the water relaxations and HB vibrations perturbed by the methylene
apolar groups. We found each successive straight -CH,— group on the side chain restrained approx-
imately two hydrophobic hydration water molecules. Additionally, the number of non-hydrogen-
bonded (NHB) water molecules increased slightly around these hydrophobic side chains. The latter
result seems to contradict the iceberg model proposed by Frank and Evans, where water molecules
are said to be more ordered around apolar surfaces. Furthermore, we compared the water—hydrophilic
interactions of the hydrophilic amino acid backbone with those with the water—hydrophobic inter-
actions around the side chains. As the hydrophobicity of the side chain increased, the ordering of
the surrounding water HB network was altered from that surrounding the hydrophilic amino acid
backbone, thereby diminishing the fraction of NHB water and ordering the surrounding tetrahedral

water HB network. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903544]

. INTRODUCTION

Interactions of water with hydrophobic groups play an
essential role in orchestrating molecular-scale phenomena
in living systems, such as protein conformation,' lipid self-
assembly,” and binding in the ligand.> Thermodynamical
studies have shown that when a hydrophobic solute is dis-
solved in water, the hydrogen bonds (HBs) of the water
molecules in the first coordination layer surrounding a hy-
drophobic solute are disrupted thereby creating a void. In
order to minimize any enthalpic penalty associated with the
breaking of these HBs, water molecules are forced to reorient
in a more favorable direction to avoid breaking HBs.*”

From a thermodynamic point of view, this ends up in sig-
nificantly decreasing the entropy (AS) of the surrounding HB
network and also slightly decreasing the enthalpy (AH).>°
Furthermore, water interactions surrounding the hydrophobic
group also induce an increase in the heat capacity (C,). This
increase in C,,, and the large negative change in AS, is asso-
ciated with a so-called “hydrophobic hydration” phenomena,
where the HBs are strengthened and tetrahedral structure of
the surrounding water undergoes “ordering” around the hy-
drophobic solute.”

To characterize the thermodynamics of hydrophobic hy-
dration, Frank and Evans proposed an “iceberg” model, where
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the water takes on a frozen or immobilized patch like struc-
ture, almost a microscopic ice-like formation, around the
hydrophobic groups.® While, Head-Gordon et al. described
the hydrophobic hydration water as forming planar pen-
tagon rings that extend for two layers,’ similar to natural gas
clathrates, rather than hexagonal rings of ice.'’

These explanations of the static structure of water sur-
rounding hydrophobic groups, which have been criticized,'!
do not, however, provide information regarding the dynam-
ical aspects of the water — hydrophobic group interactions.
Although the iceberg model is appealing in terms of a static
structure, in the dynamical aspects this model has been ques-
tioned, with few experimental or computational results to
support the model.'> Other more recent experimental re-
sults suggest a dynamically “moderate” view of the iceberg
model:'3~!> water around the apolar groups is actually or-
dered with slow reorientational dynamics, but the degree of
rotational slowdown at ambient conditions is at most a fac-
tor of 2 compared to that of bulk water (not as pronounced
as “ice”). The reorientational slowdown can be ascribed to
a solute excluded volume effect, in which some of the wa-
ter molecules are hindered from finding new HB partners
around the hydrophobic solute, moderately retarding the HB
exchange rate.'*

On the other hand, experimental studies, such as
NMR, " time-resolved IR spectroscopy,'> !¢ X-ray/neutron
diffraction'”'® and dielectric spectroscopy in the GHz

© 2014 AIP Publishing LLC
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region'”?% and MD simulations,?'~2* have been used to in-

vestigate the dynamical and structural properties of water sur-
rounding hydrophobic groups. X-ray/neutron diffraction and
MD simulations have been mainly used to explore the “static”
structure of water around apolar solutes via a radial distri-
bution function (RDF). Whereas, NMR and dielectric spec-
troscopy directly reflect the rotational dynamics of the hy-
drated water surrounding the hydrophobic groups, and can
be used to quantitatively determine the hydration number and
the retardation factor with respect to bulk water. In addition,
time-resolved IR spectroscopy has been used to infer the re-
orientational dynamics of water from the anisotropy decay
of the intramolecular OH stretching vibration. Thus, these
studies focus on the retardation dynamics of hydrophobic hy-
dration and the elongated lifetime of the HB. However, to
achieve a more wholistic picture, such details need to be ex-
plained within the context of what is happening in the sur-
rounding HB network of water, since most of the unique phys-
ical properties of water originate from their HB structures and
dynamics.>*?

While the dynamical structures of HBs have been
estimated, no consensus of what is happening to the HBs
around the hydrophobic solute has been achieved. This is
in part due to the fact that no “direct” probe of water HB
dynamics has been available to date. Such a situation can
be attributed to the pico- to sub-picosecond lifetimes of
HBs,2® which are too short for the NMR and dielectric
spectroscopy time window. It is certain that time-resolved IR
spectroscopy can record time-dependent change at the pico-
to sub-picosecond timescales, but estimating intermolecular
HB dynamics of water from intramolecular OH stretching
vibration would be still “indirect” since the resonance
lifetime of OH stretching (~10 fs) is much shorter than the
HB lifetime. Fortunately, recent advances in terahertz (THz)
spectroscopy may allow us to directly observe these HB
dynamics, since the oscillation period of the THz waves is on
a picosecond and sub-picosecond timescale.?’~2° This means
that dielectric responses in the THz region are selectively
sensitive to the HB dynamics of water, such as the reori-
entations of bulk water and HB stretching, with negligible
interference from apolar solutes and hydrated water relax-
ation (typically in the low GHz region) and intramolecular
dipole fluctuations (at higher frequencies). These unique
aspects of THz spectroscopy have recently been used to
quantitatively measure hydration state,’ the existence of
non-hydrogen-bonded (NHB) water”® and the tetrahedral
ordering of the water HB network.?> However, attempts to
discuss water—hydrophobic group interactions in aqueous
solutions have yet to be examined systematically using THz
spectroscopy.

In this study, THz spectroscopy over a broad frequency
range was used to determine the complex dielectric con-
stant (¢ = Re[e] — iIm[e]) of amino acid solutions with in-
creasing the number of methylene (-CH,—) groups in the
side chain. Amino acid solutions provide a convenient plat-
form to explore hydrophobicity, since they all contain the
same hydrophilic backbone, while the hydrophobicity of the
side chain can be successively increased. In our experiments
water—hydrophobic group interactions were examined in

J. Chem. Phys. 141, 235103 (2014)

terms of (a) hydration number, (b) the population of solute-
induced NHB water, and (c) the tetrahedral water ordering
engaged in the HB network.

Il. METHOD
A. Sample preparation

Powder samples of glycine (Gly), L-alanine (Ala), L-
aminobutyric acid (Aba), and L-norvaline (n-Val) were pur-
chased from Wako Pure Chemical Ind., Ltd. and dissolved
into distilled water to prepare 50 mg/ml solutions with-
out further purification. The neutral molecular structures of
these amino acids are depicted in Figure 1. However, the
—COOH group is deprotonated and the -NH, group is pro-
tonated, thus yielding a zwitterion state with anionic and
cationic groups: -COO~ and -NH; " in aqueous solution. In
such a zwitterion state under the isoelectric point (around
pH = 6 for all the investigated amino acids), amino acids
behave in their native roles that are relevant to biological
functions.

B. Complex dielectric constant measurements

1. Terahertz time-domain attenuated total reflection
spectroscopy

In order to detect tiny changes induced by water—
hydrophobic group interactions in the amino acid solutions,
complex dielectric constants between 0.2 and 3.0 THz were
measured by a THz time-domain attenuated total reflec-
tion (THz TD-ATR) spectrometer, TAS7500 (Advantest Co.,
Ltd.), where the incident angle is 57° and silicon is used as
an ATR prism. A temperature controller was attached to the
ATR prism to keep sample temperature at 300 = 0.1 K. In this
time-domain measurement scheme, a temporal THz wave-
form is recorded with and without a sample. The temporal
THz waveform with the sample undergoes both an amplitude
decrease and time delay compared to that without the sample.
By Fourier transforming the time-domain THz waveform into
the frequency-domain spectrum, we can simultaneously ob-
tain both the reflectance R(w) and phase shift spectrum ¢(w).
Therefore, from these two parameters the real part Re[e(w)]
and imaginary part Im[e(w)] of the complex dielectric con-
stants can be calculated directly. The detailed calculation pro-
cedures to determine the complex dielectric constants are ex-
plained in Refs. 31 and 32.

H
H H—IE—H
H H-C—H H-C-H
H H-C-H H-C-H H-C-H
HN-C=C-OH H,N-C-C-OH HN-C-C—OH HN-C-C-OH
H 0 H 0 H 0 H 0

FIG. 1. The molecular structure of neutral amino acids. (a) Glycine, (b) Ala-
nine, (c) Aminobutyric acid, (d) Norvaline.
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2. Far-infrared Fourier transform attenuated total
reflection spectroscopy

In the higher frequency region up to 12 THz, we mea-
sured the reflectance spectrum R(w) by far-infrared Fourier
transform attenuated total reflection (FIR FT-ATR) spec-
troscopy. Unlike time-domain spectroscopy, FT spectroscopy
directly records the frequency-domain spectrum and thus only
the reflectance R(w) is measured. To determine the complex
dielectric constants, the Kramers-Kronig relation, along with
the procedure proposed by Bertie and Lan,** was used to the-
oretically calculate the phase shift spectrum ¢(w),

2 [“ w,In,/R(w,

p(w) = _;/o Z%T((Uzd)dwa-l-fﬂoo, (1)
where w), is the upper integration limit and ¢, represents the
phase shift at = w,,. Equation (1) is identical for both s- and
p-polarizations. Though the first term in Eq. (1) is calculated
by the experimental result, R(w), the second term (¢ ,,) cannot
be directly determined from our measurement.** To overcome
this problem, we set ¢ as the value that best fits the THz TD-
ATR measurement result between 2.8 and 3.2 THz, so as to
smoothly connect the THz TD-ATR and FIR FT-ATR results.
In our FIR FT-ATR measurements, a FARIS-1s spectrome-
ter (Jasco Co.), in which the incident angle is 45° and silicon
ATR prism with a temperature controller was used. A ceramic
heater and pyroelectric element (deuterated triglycine sulfate:
DTGS) were chosen as a light source and detector, respec-
tively. Since the ceramic heater radiates unpolarized electro-
magnetic waves, experimentally measured reflectance R(w) is
composed of both s- and p-polarization components. When
the incident light undergoes only one reflection at the incident
angle of 45°, we obtain

Ri(@)+ R, (®) R (0)+ Rz (w)
2 - 2 ’ @

where subscription s and p represents s- and p-polarization,

respectively.>* Hence, we can calculate the R (w) from the un-
polarized reflectance spectrum R(w). After deriving ¢ (w) by
Eq. (1), the Fresnel’s reflection coefficient for s-polarization
7, (w) is associated with the complex dielectric constant of the
sample, &, (w) by the following equation:

R(w) =

F(w) = Ry(w)exp[—ipy(w)]
Jer@)cos b — /5, (@), /1 — Lsin? g

1 2 : z(i))) ’ (3)
V& (w)cos 0+,/&(w),/1 — gl(w)sinze

where ¢, (w) and 0 is the dielectric constant of the ATR prism
and the incident angle, respectively.

3. Standard errors of measurements

Since the TAS7500 exhibits better signal-to-noise ratios
at lower frequencies, the standard errors in the real and imagi-
nary part of the complex dielectric constant (&g;) below 1 THz
were less than 0.020 and 0.025 (corresponding to ~0.3% and
~0.4%), respectively. Even in the higher frequency region be-
tween 1 and 3 THz, where the signal-to-noise ratio is not as
good as in the low frequency region, the standard errors were
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no more than 0.090 (corresponding to 2.5%) in the real part
and 0.045 (3.0%) in the imaginary part.

The FARIS-1s spectrometer has a relatively consistent
accuracy over the investigated frequency region (3—12 THz),
exhibiting standard errors of reflectance R(w) smaller than
0.4%. After the Kramers-Kronig transform, &, in the real and
imaginary part was: 0.035 and 0.045 (corresponding to 1.4%
and 2.5%) at 5 THz and 0.040 and 0.015 (1.8% and 1.5%) at
10 THz, respectively.

The values listed above hold for both distilled water and
the amino acid solutions, indicating the measured complex
dielectric constants are accurate enough for further analysis.

lll. RESULTS AND DISCUSSIONS
A. Data analysis

The measured complex dielectric constants from 0.2 to
12 THz of the distilled water and 50 mg/ml glycine solution
(as a representative of the four examined amino acids) were
plotted in Fig. 2. Although there were slight deviations be-
tween the distilled water and glycine solution, the frequency
dispersion of the glycine solution was quite similar to that
of the distilled water. These observations reconfirm that the
dielectric responses in the THz region are particularly sen-
sitive to water. Furthermore, no specific absorption bands of
glycine crystal®> were observed. This is because the glycine—
glycine intermolecular vibration modes will be disappeared in
the aqueous solution where the glycine solutes are dispersed
and surrounded by water molecules. Similar tendencies were
also observed for the other three amino acid solutions (data

10

Re[g]at 0.5 THz

50 1 B -

49 T m
6 T+ A ; ;

=

W
'3‘ Water Gly Ala Aba n-Val
(=7
4+ TG0
O Distilled water
2 il
9 Glycine
0 f t
42
Im[e]at0.5 THz
g | 4.0

3 T =5
4 4 4 L
t t +

t
Water  Gly Ala  Aba n-Val

Im[g]
’Qgé@

0.1 1 10
Frequency [THz]

FIG. 2. (Upper) real part and (lower) imaginary part of the complex dielec-
tric constant of distilled water (black circle) and glycine (blue triangle). The
insets show the comparison at 0.5 THz with error bars.
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not shown). In the insets in Fig. 2, the complex dielectric con-
stant at 0.5 THz was shown to confirm the representative trend
over this frequency range. Both real and imaginary parts were
statistically distinguished among the amino acid solutions, in-
dicating each amino acid interact with water in a different
manner or in a different magnitude.

Since the frequency region between 0.2 and 12 THz cor-
responds to the 0.01-0.8 ps time window, the complex dielec-
tric constants in this region correspond to dipolar fluctuations
(such as reorientation and vibrations) at these timescales.
Recent dielectric spectroscopy in the GHz region has re-
vealed that three reorientation dynamics contribute to the
complex dielectric constant of amino acid solutions between
0.1 and 89 GHz:**% the reorientation of hydrated amino
acids, hydrogen-bonded bulk water (HB bulk water), and non-
hydrogen-bonded bulk water (NHB bulk water). Of these
three reorientation dynamics, only the latter two are respon-
sive above 0.2 THz, meaning the reorientational motions of
hydrated amino acids will not be detected in the measurement
window of this study.?>-37 Additionally, it should be noted that
the HB bulk water and NHB bulk water can be distinguished
by their dielectric responses, since the NHB water reorients
faster than the HB water by an order of magnitude.”® These
water reorientation dynamics are described as Debye-type re-
laxation modes. Moreover, at higher frequencies two damped
Lorentzian-type vibration modes are found around 5 and
15 THz for distilled water.”®?° These vibrations are assigned
to an intermolecular stretching mode and intermolecular libra-
tion mode of water, respectively. As such, they directly reflect
the HB dynamics of water and thus are sensitive to the dy-
namical structure of the HB network and the HB strength.'>38
These intermolecular stretch and libration modes undergo a
slight peak shift and/or broadening, which comes from the
modulation of the HB ordering and/or strength.

Thereby, the complex dielectric constants from 0.2 to
12 THz are selectively associated with reorientational and vi-
brational dynamics of the water HB network, since the di-
rect influence of amino acid solutes can be neglected. Conse-
quently, complex dielectric constants & (w) between 0.2 and
12 THz are a superposition of theoretical complex suscep-
tibilities ¥ (); the slow relaxation ¥, (@) (reorientation of
HB bulk water), fast relaxation j;,, (w) (reorientation of NHB
bulk water), intermolecular stretching vibration ¥g (@), inter-
molecular libration j#; (w), and higher frequency limit ¢ . As
pointed out by Yada et al.,”® two Lorentzian-type vibration
modes are imperative to accurately describe the dielectric re-
sponses in the THz region, avoiding the uncertainty of the
Debye relaxation components.”® Then, the experimental re-
sult & (w) can be fitted to the following equation:

E(®) = Ktow(@) + Xpast(@) + Xs(@) + Xp(@) + €o
_ AEslow A8fast A VS w52
l+tiotg, l+iot,, og®—o?>+ioys
AV, ?
— Lt )
Wt —w t+iwy
where Ag g5 18 the relaxation strength, T, g 1S the re-

laxation time, AV, is the vibration strength, wg ) is the
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resonant frequency, and y g is the damping constant. In the
present analysis, the experimentally determined & (w), includ-
ing the experimental standard errors, were decomposed into
these theoretical susceptibilities by a least square method until
the chi-square value of the Levenberg—Marquardt algorithm?”
satisfies <107°. For a successful fit, the relaxation time of
the slow relaxation mode at 300 K was fixed at 7., = 7.93
ps, according to the critical slowing formula of water.*? This
formula was originally applied to pure water, but is assumed
to be valid for the amino acid solutions since it has been
confirmed that 7, is unchanged even in the presence of
solute molecules.’®*' The fitted parameters as well as the
standard deviations of the distilled water (Agy,, = 72.06
£ 0.39, Agp = 2.02 £ 0.04, 74 = 271 £ 24 fs, AVy
=124 £0.04, g =5.22 £ 0.05 THz/27, yy = 5.31 £ 0.09
THz/2mw, AV = 049 £ 0.12, w; = 13.91 &+ 0.26 THz/2r,
and y; = 7.70 & 0.28 THz/27) are in good accordance with
previous studies by Yada et al. (at 293 and 296 K).?%>° Here,
it should be noted that these standard deviations are not solely
a result of the fitting procedure of the “average” & (w). Con-
cretely, each experimental result & (w) was substituted into the
left-hand side of Eq. (4) and the resulting spread in the fitting
parameters were considered as the standard deviations of the
fitting procedure.

The fitted versus the experimental results for the
50 mg/ml glycine solution are shown in Fig. 3. The

10
gt
6 ——_= 1
:EE: - \;,5:224 - Frequency [THz]
(] e %4*;;, Y
oo T
Dﬂ 4 e i e B i “Xele g ):"“x :‘}‘g‘;, .
Lee
e O O
2k § AV, &' 2,031 DN
----- Fitted result Experimental result
0 S t + Bz! 1 t + ————++
L 48 &
¥ 1 2 SIm[e
. g0 v.) [e]
e - B
- b 8 7 00
e, .01 1
L .
Gt wa) 0.1 1 10
= R | Frequency [THz]
w N\
S .)
g L O - - = Slow relaxation
—_ 4 + X J:",A — — Fast relaxation
\\ 3 ""' - - ¢ .
N %3 — - Libration
8. 'f;‘r,(v.; :
2.7 " Tl S e T
g L S et o
L ——- P s
0 - =
0.1 1 10
Frequency [THz]

FIG. 3. Decomposition of the complex dielectric constant of glycine solu-
tion into theoretical susceptibilities; slow relaxation (blue broken line), fast
relaxation (green long broken line), intermolecular stretch vibration (orange
chain line), libration (purple two-dot chain line), and high-frequency limit
(red dot line). The fitted result was represented as the sum of the five com-
plex susceptibilities. The insets show the fitting residues, §Re[e] = Re[e

expl
— Releg,] and Im[e] = Im[e — Im[eg]. P

exp]
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FIG. 4. The comparison in the calculated imaginary part of the complex sus-
ceptibilities of the distilled water and amino acid solutions: (upper) slow re-
laxation, (middle) fast relaxation, and (lower) intermolecular stretching vi-
bration mode. These imaginary parts are the theoretical results calculated
from Eq. (4). The insets show the solute-dependent relaxations strength, with
standard errors arising from the fitting procedure.

residues according to the fitting procedure, §& (w) = Eexp. (@)
— & (@), where &, (w) and & (w) are the complex di-
electric constants of the experiment (left hand side of
Eq. (4)) and the fitting (right hand side of Eq. (4)), were within
£0.1, validating the fitting function as represented in Eq. (4).
Therefore, based on the best-fitted free parameters (Aegg,,,
At Trgr AVs, g, and y¢) for each sample, detailed dis-
cussions are to be made in Secs. III B-III D. Additionally,
the calculated imaginary susceptibilities of the distilled wa-
ter and all the amino acid solutions obtained by the fitting
procedure are compared in Fig. 4, and the solute-dependent
relaxation strengths (Aeg,,, and Agg, ) are shown in the in-
sets. While j,. (w) exhibits a small but clear peak around
0.5 THz,%,. (@) was monotonously decreased above
0.2 THz since the THz region lies in the high frequency tail
of the slow relaxation mode peaked around 0.02 THz. For the
intermolecular stretching vibration mode of water, fg(w), a
slight attenuation, peak shift, and broadening can be observed.
This originates from modulations in the water HB network in-
duced by the amino acid solutes. Note that the intermolecular
libration mode of water, j; (w), will not be discussed in de-
tail here since the absorption peak (~15 THz) is outside the
measured range.

J. Chem. Phys. 141, 235103 (2014)

B. Hydration states in amino acid solutions

We will first focus on the hydration number followed by
the fraction of NHB bulk water released from the HB net-
work (Sec. III C) via estimates of the slow and fast relaxation
of bulk water molecules. Although the relaxation mode of hy-
drated water is outside the THz region, we can indirectly es-
timate the hydration state from the reduced volume fraction
of bulk water.’ The slow relaxation mode in the imaginary
part exhibited a decrease for all the amino acids compared
to distilled water (Fig. 4). Since Ag,,, is proportional to the
number of HB bulk water molecules, these results indicate the
volume fraction of HB bulk water was reduced in the amino
acid solutions compared to that in distilled water. This reduc-
tion in Aeg,,, can be explained by three factors: (1) A part
of the volume of the HB bulk water is replaced by amino
acid solutes (= water dilution), (2) HB bulk water that is cap-
tured by a solute molecule is dynamically retarded when it
becomes hydrated water (= hydration effect), and (3) amino
acids disturb the water HBs and thus release NHB bulk water
from the HB network (= destructuring effect). In order to se-
lectively understand the hydration effect removing the excess
influence of water dilution and destructuring effect, we esti-
mated the hydration number, where hydrated water is defined
as the water molecules that are dynamically slowed down and
not detectable in the THz region. In this case, the bulk water
molar concentration in the solution (C,;, ) is calculated by*!

s N
A‘9slow + A8fast Py

W w ; (5)
Agslow + A‘9’fast MW

Couk =

where Ae*™ represents the relaxation strength of solution
(distilled water), p,, is density of water, and M, is molecular
weight of water. Then, the law of error-propagation was used
to determine the errors in the bulk water concentration (Cy
£ 8C, ) by substituting Asgy £ SAe] . Ash £ SAeL,

slow slow?

Agl., £ O0Ae] . and Agl ESAel into Agl .. Agf,
Ag).,, and Aeg  in Eq. (5), respectively, where § A¢ is the

standard deviation of the fitting procedure. Given C,.. and
C denote the “stoichiometric” molar concentration of water
and solute in the system, we can deduce the hydration num-

ber ny, 4 per a solute from Eq. (6),1

My = Cwaterc_1 Cbulk ) (6)
By substituting C,;, in Eq. (6) into C;, £ 6Cy ., the errors
in ny 4 were determined. The “stoichiometric” water molar
concentration (C,,,,.,) was determined from the density mea-
surement of the amino acid solutions (see Table I). For all
the amino acid solutions, C,, ., was smaller than that of dis-
tilled water (= 55.55 mol/l) due to a water dilution effect,
and therefore, the hydration number was determined without
obstruction of the factor (1) (= water dilution). Furthermore,
since both C, ., and C,, contain exactly same amount of
NHB bulk water, C,,... — Cpu cancels out the influence of
the factor (3) (= destructuring effect).
The hydration number n,, 4 and molarity of hydrated wa-
ter (Cyg = Cyper — Cpune) are summarized in Table 1. Addi-

tionally, the relationship between the amino acid SASA (sol-
vent accessible surface area)®® and nyyq are shown in Fig. 5.
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TABLE I. Classification of water in amino acid solutions.

Water Gly Ala Aba n-Val
SASA (A%)2 226.7 249.5 275.5 306.0
Hydrophobicity 7° 0.00 0.31 0.82 1.37
Density (g/ml) 1.019 £ 0.005 1.013 £ 0.007 1.012 £ 0.002 1.009 £ 0.002
Mg (/solute) 1.90 3.17 5.65 7.60
Ny (/solute) 0.53 0.29 0.33 0.44
Cater (moOl/T) 55.55 53.81 53.50 53.44 53.28
Cpi (mol/l) 55.55 52.54 51.72 50.71 50.04
Cyp (mol/l) 54.04 50.75 50.15 49.16 48.48
Cyyp (mol/l) 1.58 1.79 1.57 1.54 1.55
Chryq (mol/l) ... 1.27 1.78 2.74 3.24

Literature values cited from Ref 20. SASA stands for solvent accessible surface area, when a oxygen radius of 1.4 A a nitrogen

radius of 1.55 A, and a carbon radius of 2.0 A.

YCitation from Ref 50. Hydrophobicity of the amino acid side chain () is calculated by the equation: 7 = log P(amino acid)
— log P(glycine), where P is the partition coefficient of the amino acid and of glycine in octanol/water.*?

Although a linear positive correlation was observed, it should
be noted that both hydrophobic hydration and hydrophilic hy-
dration are counted as hydration water (except for glycine,
where hydrated water is entirely originated from hydrophilic
nature of polar groups in the amino acid backbone; while
the other three amino acids have additional hydrophobic side
chains, -CH,-).

Our estimate of ny4(gly) = 1.9 represents the hy-
drophilic hydration capacity of the amino acid backbone.
In zwitterions, the -NH;™ and -COO~ groups separate in
space to create a pronounced molecular dipole moment; fa-
cilitating the coupling to polar solvents, such as water.*?
From a thermodynamical point of view, the -COO™ group
is a “structure-maker,” while the -NH;™ group acts as a
“structure-breaker.”**~*’ These observations, in combination
with recent MD simulations where the -COO™ group accom-
modates more HBs with the proximal water molecules than
~NH;*,** imply hydrophilic hydration is dominated by the
strong hydration capacity of the -COO™ group, with a rela-
tively small contribution from the -NH;* group. Based on the
RDF of glycine aqueous solution, Campro*® calculated the to-

10 =
TeT 1
g
F+ 4T [
8 g,1 ’ I n-Val
— e 3
3 0 —
= 61 00 03 06 09 12 1.5[
2 Hydrophobicity
> 1
AT : .
= I \|, Hydrophobic hydration
. 2 - Gly i t I I
,,,,, §,,,,,,f,,,,,,,,,,,,,,,,,,A
: Hydrophilic hydration
0 f— :
200 250 300 350

Solventaccessible surface area [A2]

FIG. 5. Hydration number versus solvent accessible surface area (SASA)
of amino acids. The gray area indicates hydrophilic hydration by the polar
backbone. The inset shows the relationship between hydrophobicity () and
hydrophobic hydration number.

tal number of HBs between glycine and water, 5.7, which is
larger than our result n,,4(gly) = 1.9; suggesting large frac-
tion of the water molecules (i.e., 5.7 — 1.9 = 3.8 molecules)
forms relatively weak HBs with the glycine solute, and thus,
their reorientational dynamics are hard to distinguish from
those of bulk water.

If we assume the hydrophilic hydration number of the
amino acid backbone is identical for all the amino acids,
the number of hydrophobic hydration water trapped by the
straight methylene side chains (~CH,—) can be calculated by
subtraction of the hydration number of the different amino
acids, shown as solid bold arrows in Fig. 5. The inset in
Fig. 5 shows the number of hydrophobic hydrated water
and the hydrophobicity m of the amino acids as defined by
Fauchere et al.>® As the number of methylene side chains in-
creases one by one, the hydrophobicity & becomes larger and
larger, raising the number of hydrophobic hydration water by
steps of 1.3-2.4. This number is similar to that obtained by the
previous dielectric study, 1.9.3° Assuming the van der Waals
radius of carbon is 2.0 A and of a water molecule is 1.4 A, the
average number of water molecules with access to the -CH,—
surface was calculated to be 4.2° Therefore two out of four
water molecules in the first hydration shell of the methylene
side chain are dynamically so retarded in the orientational di-
rection that they are distinct from bulk water.

C. NHB water released from the HB network

In Fig. 4, J;, (@) of the glycine solution was found to
be considerably larger than the other amino acids. This result
stems from the significantly larger population of NHB wa-
ter in the glycine solution. This supports the assumption that
glycine solutes have a strong “destructuring” effect on the na-
tive HB network of water, releasing larger numbers of NHB
water molecules from the HB network. To quantitatively de-
termine the “destructuring” effect on the HB network, the mol
concentration of the NHB bulk water Cyy Was calculated by

Eq. (7),

s
A“':“fast Py

. 7)
Ae:;]OW + AS}ZS[ MW

Cyup =
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FIG. 6. Number of NHB water per a solute for each amino acid solution
against hydrophobicity 7.

Here, Cy and Cyyyp were related to the molar concentration
of bulk water (Cy;,) by the equation, Cy ;, = Cyp + Cyys-
Note that Cyyp considers both solute-induced NHB water and
the native NHB water in the bulk water, which are located
some distance from the solutes. Since the latter are not per-
turbed by the amino acid solutes, only the former will be di-
rectly associated with the “destructuring” effect of the amino
acids. The number of NHB water molecules induced by a so-
lute molecule (nyyy) was determined by Eq. (8),

n _ Cnm Agg Chuik 8)
NHB C Ael 4+ Asl, C

slow

The first term on the right side is the total number of NHB wa-
ter assigned per solute molecule and the second term denotes
the native NHB water in the bulk phase. In this equation, it
is assumed that the percentage of the NHB water in the bulk
phase in the amino acid solution is equal to that in the distilled
water. Then, the errors in nyy; were determined in the same
procedure based on the law of error-propagation, just as those
in 7,4

Cygp and nyyp are listed in Table I. The larger nyyp
found for glycine solution (Fig. 6) is interpreted as glycine
having a larger “destructuring” effect on the water HB net-
work than that of the other three amino acids. Considering
all the amino acids differ in the number of —CH,— groups
they have, while maintaining exactly the same hydrophilic
backbone, the change in nyyy is assumed to be associated
with the interaction between water molecules and the methy-
lene groups. Noticeably stronger “destructuring” effect of
glycine among amino acids has been also reported in var-
ious thermodynamical studies evidenced by a substantially
large entropy,’’>> and a negative enthalpic pair interaction
coefficient.’>>* The main reason for this “destructuring” ef-
fect may be ascribed to be the -NH; " group in the amino
acid backbone structure, which is known to be a structure-
breaker,>> ¢ as mentioned above.

Interestingly, an addition of a single methylene group to
the hydrophilic amino acid backbone (i.e., alanine compared
with glycine) significantly reduced nyyg. From this result,
it can be deduced that the “destructuring” effect of the hy-
drophilic backbone is significantly reduced by the first methy-
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lene group addition, which is consistent with TIPSP simula-
tions performed by Godec et al., who found that highly dis-
ordered HB structural components are more common around
polar than apolar groups.?! This trend seems to agree with the
“iceberg” model proposed by Frank and Evans,® where the
HB network around a hydrophobic regime is more structurally
ordered like ice; implying a decreased NHB water population
around hydrophobic groups. However, our results showed that
nyyg slightly but certainly increased with subsequent methy-
lene group additions (Fig. 6), suggesting even hydrophobic
groups have a weak “destructuring” effect. The rate of in-
crease in nyyp according to an addition of a single —CH,—
group was larger than that in the SASA of the hydrophobic
region, indicating that the increment in the hydrophobic moi-
ety is not enough to explain the increasing tendency in Fig. 6.
Thus, even hydrophobic groups, to some extent, have a “de-
structuring” effect on the native ordering of the water HB
network, generating additional NHB water molecules. There-
fore, our experimental result suggests a more nuanced ver-
sion of the iceberg model: from the viewpoint of NHB water
abundance, water molecules in the vicinity of the hydropho-
bic solute are actually more ordered than that around the hy-
drophilic region, but its ordering may not be as drastic as
ice. Such an interpretation of the iceberg model is also evi-
denced by IR vibrational spectroscopy,’’ neutron scattering'’
and MD calculation,® which selectively probe the hydrocar-
bon/water interface.

D. Ordering of the tetrahedral HB network of water

In this section, we will focus on the tetrahedral HB
network structure via measurements of the intermolecular
stretching vibration mode of water g (w). Theoretical stud-
ies 3! and THz measurements®® have shown that the Xs ()
mode around 5 THz is assigned to O ... O hindered trans-
lational motion in a “tetrahedral” HB environment. Since the
tetrahedral HB network has a symmetric ordering, this vibra-
tion mode is originally Raman-active.”® However, the inter-
molecular charge flux followed by the intermolecular stretch-
ing motion induces a dipolar movement, resulting in enhanced
infrared-activity. Thus, a disordered tetrahedral HB network
(i.e., distorted structure or large dynamical fluctuations in
molecular positions) is likely to enhance the intermolecular
stretching vibration fg (®).?° On the other hand, when wa-
ter adopts an ordered and symmetric tetrahedral coordination
with smaller dynamical fluctuations, the ¥g (w) band becomes
weaker, leading to an attenuation in the vibration strength
(AVg).

Fig. 7 shows the solute dependent vibration strength
determined by the fitting procedure. For comparison,
AVg (water) x B, where B is the mol ratio of “HB bulk
+ hydrated water” of the specific amino acid solution was
compared to that of distilled water. In this comparison
AVg (water) x B is an analytical value taking into account
water replacement by the solute molecules (water dilution
effect). The assumption is that all the water molecules in
the aqueous solution exhibit exactly the same stretching dy-
namics as pure water. Therefore, if AVy is statistically equal
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to analytical AV (water) x 8, it can be assumed that inter-
molecular stretching in the amino acid solutions is quite sim-
ilar to that in distilled water. On the other hand, in case
AVy > AVg (water) x B, we can consider that ¥ (w) mode
is more activated in the solution due to solute—water inter-
actions. As seen in Figure 7, the glycine aqueous solution
had a significantly larger AV (left bar) than AV (water) x B
(right bar). This is a direct indication that the tetrahedral HB
network is more dynamical in the presence of glycine solute
molecules. In the case of the other three amino acids, there
was no such significant enhancement in A Vj; the values for
AVg and AV (water) x 8 overlapped within the range of er-
ror bars. This noticeable enhancement in AV for glycine so-
lutions has been also found in other THz measurements,®?
and recently, Havenith and co-workers pointed out that the
enhanced vibrational intensity was found only in glycine so-
lutions, and not other amino acids such as alanine.®®> They
combined THz spectroscopy with MD simulations, and used
these to attribute the enhanced vibration mode around 5 THz
to the strong stretching vibration between water and glycine
(especially -NH; ™ group in glycine).*> Taking into account
that as AV becomes larger the tetrahedral water coordina-
tion becomes more dynamical, their experimental results can
be interpreted as follows: the tetrahedral coordination of wa-
ter molecules around the -NH;* group is dynamically dis-
ordered, leading to a larger vibration strength (AVy). This
interpretation is in line with the concept that -NH;* groups
act as a “structure-breaker,” as predicted by thermodynamical
studies.>>>® While the addition of a methylene group —CH,—
to glycine substantially lowered AVy (Fig. 7), implying the
—CH,— group retards the dynamical fluctuations of the water
HB network. Further additions of -CH,— groups (i.e., Ala —
Aba — n-Val) did not exhibit further significant decreases.
The bar graphs in Fig. 8 illustrate the resonant frequency
(wg) and damping constant (y g) of the best-fitted results from
Eq. (4). The resonant frequencies of the amino acids were not
significantly different from that of distilled water, wg(water)
= 5.22 THz. It is known that the resonant frequency of in-
termolecular stretching motion is correlated with average in-
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FIG. 7. (Left bar) Normalized vibration strengths AVy with error spans
(right bar) analytical oscillator strengths considering water molar fraction,
AV (water) x 8, where f is the ratio of “HB bulk + hydrated water” in the
amino acid solutions against that in the distilled water. The bars represent the
analytical errors arisen in the least-square process.
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FIG. 8. (Left) Resonant frequency wg and (right) damping constant y ¢ of
distilled water and amino acid solutions with error spans. The bars represent
the analytical errors arisen in the least-square calculation.

termolecular distance.®* This is because the shorter average
HB distance stiffens the HB strength, which increases the HB
stretching frequency.®® Indeed, as water—water average dis-
tances shorten, (i.e., when liquid water is cooled), the water
structure approaches an ice-like environment, where wg un-
dergoes a blueshift.%®%” On the other hand, wg was not signif-
icantly different among amino acid solutions we measured;
irrespective of the number of the hydrophobic groups in the
amino acid side chain. This result is inconsistent with the
ice-like structure around the hydrophobic region as described
by the “iceberg” model of Frank and Evans.® Thus, our re-
sults suggest the average HB distance in the first hydration
shell (i.e., the hydrophilic solute—water distances and water—
water distances surrounding hydrophobic surface) do not dif-
fer much from the HB distance in bulk water. This result is
supported by RDF of various hydrophilic groups obtained
by MD simulations, which showed the distance between hy-
drophilic solute and hydrated water is similar to the HB dis-
tance in bulk water.®®>% Additionally, RDF studies around
hydrophobic solutes also demonstrated that water—water dis-
tance in the hydrophobic hydration shell is also very close to
that of bulk water at the same temperature.'”-%

In contrast to the relatively consistent resonant frequency
(wg), the damping constant y¢ was the largest in glycine,
gradually decreasing as hydrophobicity increased (Fig. 8).
Based on the water isotope effect on complex dielectric con-
stants in the THz region, it has been experimentally shown
that the damping constant y¢ and the order of water tetra-
hedrality is negatively correlated with each other.?’ In other
words, a smaller damping constant reflects a more highly
ordered tetrahedral HB network with uniform HB distances
and angles. Therefore, y ¢ provides a “static” picture of the
tetrahedral ordering of water, such as the distribution of the
HB distances and angles, while AV represents a “dynam-
ical” aspect of water molecules in the HB network. From
this standpoint, a significantly larger y ¢ for glycine implies
hydrophilic—water interactions that have a marginally dis-
turbed tetrahedral structure in the HB network, and widening
HB distances and angles. This observation is in agreement
with the “structure-breaking” effect of the -NH;* group with
a more disordered native tetrahedral HB ordering around the
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glycine surface. White and Jiang also came to a similar con-
clusion using ab initio MD simulation;’® a decrease in tetra-
hedral order parameters g for glycine solutions. While not
significant, the gradual drop in yg as further -CH,— groups
were added to the glycine base (Fig. 8) suggests hydrophobic
methylene side chains do form an ordered and uniform tetra-
hedral HB network of water around them. Recent MD com-
putational studies have shown that tetrahedrality is enhanced
around hydrophobic groups,”” because water molecules can
form a more ordered arrangement than in the bulk water,
avoiding the enthalpic penalty associated with a loss of water—
water HBs. However, to discuss whether hydrophobic hydra-
tion water is more tetrahedral than bulk water or not is beyond
the present study, since the hydrophilic amino acid backbone
prevents us from isolating the y ¢ of the hydrophobic hydra-
tion water.

IV. CONCLUSION

Changes in the dynamical structure of water molecules
near hydrophobic groups were experimentally measured via
changes in the broadband complex dielectric constants of
aqueous amino acid solutions in the THz region. By ex-
amining changes in the above properties as straight methy-
lene groups (-CH,—) were added to a hydrophilic amino acid
backbone we were able to separate out water—hydrophobic
and water—hydrophilic interactions. The derived theoretical
susceptibilities represent slow relaxation of HB bulk water
Xsiow (), fast relaxation of NHB bulk water ¥, (w), inter-
molecular stretching of water g (w), and libration of water
% (w). ATR measurement scheme contributed to precise data
acquisition with small measurement errors, assuring the accu-
racy of the spectrum decomposition procedure.

Since the dielectric responses in the THz region reflect
the relaxation dynamics of bulk water and that of hydrated
water is negligibly small, the hydration number was deter-
mined from the reduction in the amount of bulk water. As
a result, while the amino acid backbone has 1.9 hydrophilic
hydration water molecules, our experimental results showed
that each straight methylene group (~CH,—) restrains approx-
imately two hydrophobic hydration water molecules. Further-
more, the HB network of water around the hydrophobic re-
gion was experimentally examined in two ways: the popula-
tion of the NHB water isolated from the HB network and the
dynamical structure of water engaged in the tetrahedral HB
network. The hydrophilic amino acid backbone was likely to
“destructure” the HB network, producing more NHB water
and distorting the tetrahedral HB arrangement, mainly due to
the -NH;™ group. On the other hand, we found that an ad-
dition of hydrophobic —CH,— side chain to the hydrophilic
backbone pronouncedly orders the HB network with reduc-
ing the population of NHB water and forming less distorted
tetrahedral HB network. Further addition of a single —-CH,—
side chain did not exhibit more structuring effect, or if any-
thing, tended to increase the population of the NHB water.

To summarize, water molecules around the hydropho-
bic groups were more ordered than those around hydrophilic
ones: more dynamically restrained and less conformationally
distorted. However, the degree of the ordering was not as ex-
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treme as the iceberg model of Frank and Evans,® which ex-
plained the unusually large entropy loss upon dissolution of
hydrophobic solutes.> Rather, our results are consistent with
a more “moderate” view of the iceberg model, in line with
various previous simulations®>?3 and experiments.'3~!3
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