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Evidence for two kinds of
hydrogen-bonding networks in
ionic solutions by 2D infrared
correlation spectroscopy

Daitaro Ishikawa®'™, Anqi He®?*, Yizhuang Xu®?, Tomoyuki Fujii* & Yukihiro Ozaki®3*

IR spectra from 4000 to 100 cm™ were measured for four kinds of alkali chloride solutions (LiCl,

Nadl, KCl, CsCl solutions) with different concentrations. Their second derivative spectra revealed two
bands around 3400 and 3160 cm™ attributed to the OH stretching mode of weakly hydrogen-bonded
(WHB) and strongly hydrogen-bonded (SHB) water species, respectively. Two-dimensional correlation
spectroscopy (2D-COS) was applied to analyze the IR spectra. Two autopeaks in a 2D synchronous
spectrum correspond to the WHB and SHB bands, respectively. Moreover, 2D-COS confirmed the
existence of two bands around 700 and 350 cm™ in the 1000-100 cm™ region. The bands at 700 and
350 cm™ are assignable to liberational L2 modes and correlated with SHB (~3160 cm™) and WHB
band (~ 3400 cm™), respectively, revealed by the hetero 2D-COS spectrum. These results suggest the
two kinds of hydrogen-bonding networks are constructed by SHB or WHB water species in the alkali
chloride solutions.

The structure and dynamics of water have long been investigated extensively due to its great importance in our
life and various anomalies in physicochemical properties'~” However, in spite of intensive physicochemical,
spectroscopic, and theoretical studies, structure and dynamics of water and its anomalous behavior as liquid
have not been fully explored yet'~” There has been fundamental conflict in understanding water structures;
mixture models consisting of the distributions of structural components reflecting the coexistence of two or
more types of local structures and continuum models based on the distribution of continuous hydrogen-bonding
networks®~!? The mixture model proposed by Bernal and Fowler® was a simple one in which water is a mixture
of two molecular states. Walrafen reported Raman spectroscopy studies of the effects of temperature on water in
1964 and 1966!! They measured Raman spectra of water both in the OH-stretching and low-frequency regions.
They concluded that the intermolecular vibrations of water are related to a five-molecule hydrogen-bonded C,,
model. Recently, Shi and Tanaka!? reported that two peaks exist within a diffraction peak in the X-ray scattering
pattern. One of the hidden peaks was associated with the tetrahedral structure of water, and the other peak
was found to arise from a distorted tetrahedral structure. This finding unambiguously proves the coexistence
of the two states of local structures in liquid water, directly evidencing the two-state model. Recently, water’s
tetrahedrality was probed by two-dimensional IR-Raman spectroscopy'>.

Vibrational spectroscopy is powerful to investigate the structure and dynamics of water. Infrared (IR),"*~*
Raman,!*?3-26 near-infrared (NIR),?’-3° and Terahertz>!"3? spectroscopy have been used extensively to explore
the water structure and dynamics because they are very sensitive to the structure of hydrogen bondings of
water. One can use the frequencies, intensities and band widths of peaks to explore the structure and dynamics
of water. The IR spectra of water and the Raman spectra of water are similar in the 4000 -3000 cm™! region but
they are markedly different in the low frequency region, giving rise to different information. The IR spectra
of liquid water show four major bands in the regions of 4000-3000 cm™, 1700-1600 cm™!, 1000 -300 cm™!,
and 300-100 cm™.13722 They are assigned to the OH stretching modes, HOH bending mode, liberation
mode, and O* - O hydrogen-bonding stretching mode of water, respectively. In this study we investigate the
4000-3000 cm™! region and the 1000-100 cm™! region. The IR spectra of the 4000-3000 cm™ region of water
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and aqueous solutions show a very broad feature centered at around 3300 cm™!!3-22, Using the second derivative
one can divide the broad feature into two major bands at 3400 and 3160 cm™.. It is well known that these
are due to OH stretching modes of weakly hydrogen-bonded (WHB) water species and strongly hydrogen-
bonded (SHB) water species, respectively?"* SHB and WHB water species correspond to tetrahedron structure
and slightly distorted tetrahedron structure, respectively'? Thus, the 4000 -3000 cm™! region is very suitable to
investigate local hydrogen bond structure. In contrast to the 4000 -3000 cm™ region the 1000-100 cm™! region
has not been well analyzed!3-?2 In this study we have tried to deepen the spectral analysis in the 4000 — 3000 and
1000-100 cm™! regions. We have also explored the correlation between the two regions. One of the important
novelties of this study is to use two-dimensional correlation spectroscopy (2D-COS)**-% for the band analysis in
the two regions and to investigate the relation between the two regions. This is a clearly different point between
the present study and those reported in Refs??2, where we did not employ 2D-COS. Second derivative and
curve-fitting are also employed for band analysis. They are very useful to investigate the dynamics of water in
liquid water and aqueous solutions because they offer information about the band widths of OH stretching
modes and water liberational modes. Effects of ions in the aqueous solutions on the IR spectra are also studied.
CsCl solutions show significantly different effects on the spectra from LiCl, NaCl, and KCI solutions.

In the 1000-100 cm™ region (IR/FIR region) one broad feature is observed around 500 cm™!, and it has been
assigned to aliberation mode!®-22. It was found by Ashihara et al.'®. that the liberational L2 band with a maximum
at 670 cm™ reflects water structure!8. Using MD calculations Cho et al. attributed this band to an intermolecular
vibration of several to several hundred water molecules'. Both Ashihara et al.!®. and Cho et al.”®. indicated that
the band in the 1000-100 cm™ region arises from the cooperative vibrational mode of many water molecules.
IR spectra in the 4000 -3000 cm™! region are concerned with local vibrational modes (OH stretching modes).
In contrast, the 1000-100 cm™ region is for the cooperative vibrational mode of numerous water molecules.
Therefore, the 1000-100 cm™ region is suitable for exploring water hydrogen- bonding network structure.

It was not clear how many component bands are involved in the broad feature. Recently, Ishikawa et al. divided
the broad band in the 1000-100 cm™! region of NaCl solutions into two components using curve-fitting?! The
base of the two components came from the existence of an isosbestic point near 600 cm™1.2! In the case of NaCl
solutions the peak top of the two bands are identified at 673 and 403 cm™!. Based on the concentration-dependent
spectra variations of NaCl solutions in both high- and low-frequency regions, Ishikawa et al. suggested that the
673 cm™! band is correlated with the SHB band at 3210 cm™! while the 403 cm™ band is related with the WHB
band at 3380 cm™!. The detailed spectra variations in the 1000-100 cm™* region for LiCl, KCI, NaCl, CsCl, CaCl2
and BaCl, solutions were reported firstly by Ishikawa et al.>!. They have found that an isosbestic point occurred
in the 1000-100 cm™ region, and that its wavenumber is correlated to the hydrated area of each ion*!.

The purpose of the present study is to investigate the structure and dynamics of water by deepening the
spectral analysis of both the 4000-3000 cm™ and the 1000100 cm™ regions. To deepen the spectral analysis
we used 2D-COS**-3% 2D-COS is a powerful analytical technique that enhances spectral resolution by spreading
peaks along a second dimension, allowing for the detection of correlations between spectral intensity changes
under various perturbations, such as mechanical stress, electric fields, temperature, pH, and concentration,
etc®¥-3° There are three main functions: (1) characterizing intermolecular interactions, (2) resolving overlapping
peaks, and (3) probing the sequential order of physical and chemical processes. In our work, 2D-COS has been
instrumental in revealing the correlations between different vibrational modes, providing strong evidence for
distinct hydrogen-bonding environments in these aqueous systems. The 2D-COS has allowed us to confirm
there are two components in the low-frequency region without any assumption and elucidate the correlation
between two bands in the high frequency region and those in the low-frequency region. Another important
point of the present study lies in the discussion of the changes in the bandwidth and shift of the components
bands in the two regions caused by the changes in the kinds of alkali ions and their concentrations. This may be
the first time that the band widths of water bands have ever been discussed. Based on these variations one can
discuss changes in the structure and dynamics of water species. The present study has reached very important
conclusion that two kinds of hydrogen-bonding networks consisting of the several to several hundred of SHB or
WHB water species exist in the alkali chloride solutions.

Results
IR spectra of alkali chloride aqueous solutions in the high frequency region (4000-3000 cm™)
Figure 1A, B, C, and D show concentration-dependent IR spectra and second derivative spectra in the
4000-3000 cm™! region of LiCl (2,10,22 w/v%), NaCl (2,10,22 w/v%), KCl (2,10,22 w/v%), and CsCl (2,10,22
w/v%) solutions, respectively. It is well known that the IR spectra of pure water and aqueous solutions consist
mainly of two bands, a higher frequency band at around 3380 cm™' and a lower frequency band at around
3210 cm™! band?!?? The former is due to the OH stretching mode of WHB water species while the latter is
assigned to the OH stretching mode of SHB species?*> The SHB has tetrahedron structure while the WHB has
slightly distorted tetrahedron structure!? It can be seen from Fig. 1A, B, C, and D that the intensity of the SHB
band decreases with the increase in the concentration of aqueous solutions because the ions perturb tetrahedron
structure of the SHB species. In contrast, the intensity of the WHB band band increases with the concentration.
Of note is that the intensity changes are rather small for CsCl. The ion size of Cs+ (1.81A) is significantly larger
than those of others (Li* (0.90A), Na* (1.164), K* (1.524)). Thus, the effect of charge density is small for CsCL
These frequencies of the two bands change as follows; LiCl:3371 and 3209 cm!, NaCl: 3374 and 3210 cm™},
KCI; 3370 and 3209 cm™!, CsCl: 3371 and 3210 cm™. These frequencies are fairly different for the corresponding
frequencies in the power spectra of 2D-COS (Fig. 4). We will discuss this point later. The frequency of the SHB
band decreases from 3212 to 3204 cm™' with the increase in the concentration of LiCl while that of the WHB
band changes a little (Fig. 1A). The similar results were obtained for NaCl and KClI (Fig. 1B, C). These indicate
that the hydrogen bonding in the SHB species becomes weaker with the concentration and that the strength

Scientific Reports |

202515:16991 | https://doi.org/10.1038/s41598-025-00774-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(A)  LiCl (B) NaCl

0.00010 0.00010
—LiCl 2%
- .- LiCI10% ——NaCl 2%
----LiCl 22% - - - NaCl 10%
® . - ==-NaCl 22%
> 000005 > 000005 -
® E S
= 7
b b
3 - :
- 0.00000 o 0.00000 -
< c
S <] /\
o o .
@ J L) "
[%] N/ , h N\ by
-0.00005 ey . ~0.00005 |- Ne )
3371 \‘, 3209 3374 \_,’ 3210
L L L N L L L , \ X \ ) .
3700 3600 3500 3400 3300 3200 3100 3000 3700 3600 3500 3400 3300 3200 300 3000
Wavenumber (cm™") Wavenumber (cm™')
14 12 -
—Lici 2% .. NaCl 2% JOLas
12H - - -Lici1os o 1ok - NeCltOw o
-==-LiCl 22% P S ===-NaCl22% )
/e
3 8os /
& s
£ Los
2 o
< 3
< 04
0.2
0.0 . . R . ) ) . ) ) )
3700 3600 3500 3400 3300 3200 3100 3000 3600 3400 3200 3000

Wavenumber (cm™) Wavenumber (cm ')

(€)  Kd (D) CsCl

0.00010 0.00010
GsCl 2%
—KCI 2% - - - GsCl 108
- - - KCI 10% ===-(0sCl 22%|
£ 000005 ----Kol22% 2 000005
=] =]
> ©
= i
! 3
©
2 000000 < 000000
c ©
o =
o (=]
@ o g g
L N / & ~0.00005 3371 ’
b ot 7 s
g | Ay 3210
3370 s 3209
3700 3600 3500 3400 3300 3200 3100 3000 ~0.00010 y y y y y v
= 3700 3600 3500 3400 3300 3200 3100 3000
Wavenumber (cm™') Wavenumber (cm™)
141 12F  |——cCsCl 2%
b - - CsCl10%

==-=-CsCl22%

o
e
©

Absorbance
o
4
Absorbance
o
>

06
04
04F
02 0.2
0.0 n . L L L L 00
3700 3600 3500 3400 3300 3200 3100 3000 L . : L L L

Wavenumber (cm_1) 3700 3600 3500 3400 3300 3200 3100 3000

Wavenumber (cm™)
Fig. 1. IR spectra and their second derivatives in the 3700 -3000 cm™! region of (A) LiCl, (B) NaCl, (C) KCl,
and (D) CsCl solutions (2,10,22 w/v%).

of the hydrogen-bonding in the WHB species changes little. However, for CsCl the corresponding band shifts
are very small (Fig. 1D), indicating that the strength of the hydrogen bonds in the SHB species of CsCl changes
little. Interestingly, the bandwidth of the SHB band becomes narrower significantly while that of the WHB
band becomes wider slightly for LiCl, NaCl, and KCI solutions. These observations indicate that in the lower
concentrations the water molecules behave more freely in the SHB species. On the other hand, they move less
freely in the SHB species in the higher concentrations. In the WHB species the movement of water molecules
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Fig. 2. IR/FIR spectra and their curve fitting plots in the 1000-100 cm™! region of (A) LiCl, (B) NaCl, (C) KCl,
and (D) CsCl solutions (2,10,22 w/v%).

changes little with concentration. The difference in the change in the bandwidth may come from the difference
in the hydrogen-bonding structure between the SHB and WHB species. For CsCl solutions the bandwidth varies
little for both the SHB and WHB bands, again indicating that in the case of CsCl solutions, the effect of charge
is small compared with the other ions.

This may be the first time that the bandwidth of the second derivative spectra of aqueous solutions has ever
been investigated.

IR/FIR sr.lvectra of alkali chloride aqueous solutions in the low frequency region (1000-
100 cm™)
Figure 2A, B, C, and D show concentration-dependent IR/FIR spectra in the 1000-100 cm™! region of LiCl
(2,10,22 w/v%), NaCl (2,10,22 w/v%), KCl (2,10,22 w/v%), and CsCl (2,10,22 w/v%) solutions together with
their curve-fitting spectra. All show a very broad band centered at around 600-550 cm™! with an isosbestic
point of 591, 488, 477, and 410 cm™! for the LiCl, NaCl, KCI, and CsCl solutions, respectively. The broad band
was assigned to the liberation L2 mode and attributed to the intermolecular vibration which causes several water
molecules to bond and vibrate collectively'®!® Ishikawa et al. reported that the spectra in the 1000-100 cm™!
region of NaCl solutions consist of two peaks based on the curve-fitting results of the broad bands?! It was
difficult for Ishikawa et al. to obtain good second derivative spectra of NaCl solutions, but they could calculate
their curve-fitting spectra. It can be seen from the spectra in Fig. 2 that the same conclusion can be reached for
other solutions. Figure 2 shows that the higher frequency band at around 700 cm™' decreases while the lower
frequency band at around 400 cm™! increases with the increase in the concentration for all the solutions. In the
case of the low-frequency region even CsCl solutions shows significant variations, although they are smaller.
Thus, it seems that the higher frequency band is correlated with the band at 3200 cm™! due to the SHB species
while the lower frequency band is related to the WHB species band at around 3400 cm™. As we will discuss later
we can confirm this point using 2D-COS. Therefore, we have assigned the higher and lower frequency bands in
the low frequency region to the librational L2 mode of the SHB and WHB species, respectively.

As in the case of the two bands in the 4000 -3000 cm™! region, the band widths of the two bands at 700 and
400 cm™! change. The higher frequency bands become narrower as the concentration increases as in the case of
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the SHB band at 3180 cm™!, while the lower frequency band becomes broader as in the case of the WHB band
at 3380 cm™! in the cases of the LiCl. NaCl, and KCI solutions. However, the changes in the bandwidths are
small for the CsCl solutions. The same discussion as that for the 4000-3000 cm™ region can be made for the
concentration-dependent variations of the band widths of the LiCl. NaCl, KCl, and CsCl solutions.

2D-COS of IR spectra of alkali chloride solutions in the 4000-3000 cm™ region

LiCl

Figure 3A shows a synchronous 2D correlation spectrum in the 3900 -2600 cm™ region of LiCl solutions with
the concentrations of 2, 10, 22 w/v%. Two diagonal peaks appear at (3375, 3375) and (3156, 3156) cm~! and two
negative cross peaks develop at (3375, 3156) and (3375, 3156) cm™!. The two diagonal peaks correspond to the
two peaks in the second derivative spectra of the 1D spectra. The two peaks at 3375 and 3156 cm™! are due to
OH stretching modes of WHB and SHB water species, respectively. It is of note that the frequencies of the two
diagonal peaks (3375 and 3156 cm™) are close to but significantly different from those of the second derivative
peaks (3375 and 3220 cm™!). We will discuss this discrepancy latter. Figure 4A depicts a power spectrum in the
4000-3000 cm™! region developed from the 2D synchronous spectrum of LiCl solutions. It shows two peaks at
3375 and 3156 cm™!, corresponding to the two peaks in the synchronous spectrum. The former is stronger than
the latter.

NaCl

Figure 3B shows a synchronous 2D correlation spectrum in the 3900-2600 cm™! region of NaCl solutions with
the concentrations of 2, 10, 22 w/v%. Two diagonal peaks appear at (3419, 3419) and (3171, 3171) cm~! and
two negative cross peaks develop at (3419, 3171) and (3171, 3419) cm™!. Figure 4B depicts a power spectrum
in the 3900-2600 cm™! region developed from the 2D synchronous spectrum. It shows two peaks at 3419 and
3171 cm™, corresponding to the two peaks in the synchronous spectra. Note that in contrast to the case of
LiCl solutions, the former is weaker than the latter. The relative intensity of the two peaks in the power spectra
changes significantly between LiCl and NaCl solutions. We will discuss this point later.

KCI, CsCl

Figures 3C and 4C show a synchronous 2D correlation spectrum in the 3900-2600 cm™! region of KCI solutions
with the concentrations of 2,10,22 mM and its power spectrum in the 3900 -2600 cm™! region developed from
the 2D synchronous spectrum, respectively. As in the cases of LiCl and NaCl solutions, two diagonal peaks
appear at (3429, 3429) and (3156, 3156) cm™! and two negative cross peaks develop at (3429, 3156) and (3156,
3429) cm™!. The power spectrum in the 3900-3000 cm™! region shows two peaks at 3429 and 3156 cm™,
corresponding to the two peaks in the synchronous spectra. A synchronous 2D correlation spectrum in the
3900-2600 cm! region of CsCl solutions with the concentrations of 2, 10, 22 w/v% and its power spectrum in
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Fig. 3. Two-dimensional synchronous correlation spectra in the 4000 -2600 cm™! region showing
concentration-dependent variations of different alkali chloride solutions: (A) LiCl, (B) NaCl, (C) KCl, and (D)
CsCl.
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Fig. 4. Autopower spectra of the two-dimensional synchronous correlation analysis in the 4000-2600 cm™
region corresponding to Fig. 3. (A) LiCl, (B) NaCl, (C) KCl, and (D) CsCl.

the 3900-2600 cm™! region generated from the 2D synchronous spectrum are shown in Figures. 3D and 4D,
respectively. The power spectrum of CsCl solutions in the 3900 -2600 cm™! region shows two peaks at 3425 and
3155 cm™, corresponding to the two peaks in the synchronous spectra. It is noted that the relative intensity of
the two peaks in the power spectra changes significantly among LiCl, NaCl, KCI, and CsCl solutions.

In the high-frequency region of LiCl, NaCl, KCl, and CsCl solutions there are significant differences between
the autopeak positions and band positions in the second derivative spectra. The reason for the discrepancy is
that the band position in the second derivative spectra and the autopeak in 2D synchronous spectra reflect
different aspects. According to the reference®*~%°, autopeaks represent the total amount of spectral intensity
variations observed at a specific spectral variable v during the measurement. Thus, for a given perturbation,
any region with significant intensity changes will exhibit strong autopeaks, while regions that remain relatively
constant will show little or no autopeaks. On the other hands, the second derivative approach is a useful method
for identifying the inflection points in the 1D spectrum, effectively indicating the positions of underlying peaks
and shoulders. This means that the two approaches can provide different information depending on their
mathematical underpinnings. This is the reason why the autopeak positions may not correspond to the peak
positions in second derivative spectra, especially when the positions shift with changing concentrations of
aqueous solutions.

The four kinds of the alkaline chloride solutions show interesting frequency shift behaviors of SHB and WHB
bands. The shift of the WHB band is as follow (Fig. 4);

3375 cm ™' (LiCl) — 3419 cm ™' (NaCl) — 3429 cm ™' (KCl) — 3425cm ™" (CsCl).

Only LiCl solutions give the lower frequency compared with other three. Li* has a smaller ionic radius with
high charge density. This indicates that there are strong interactions between Li* ions and water molecules.
These strong interactions can weaken the OH bonds in the WHB species, resulting in the lower frequency
shift of the WHB band of LiCl solutions. As the ionic radius increases and charge density decreases (Li* to
Cs*), the interactions become weaker to allow OH bonds to vibrate at wavenumbers closer to those of free
water molecules. For the SHB water species, the autopeak positions remain relatively stable (3155-3171 cm™,
Fig. 4). This behavior shows that the SHB water networks beyond the immediate vicinity of the ions maintain
similar structural characteristics irrespective of the kinds of ions because the SHB water species have rather rigid
tetragonal structure.

It can be seen from Fig. 4 that the intensity ratio of the WHB band and the SHB band (WHB/SHB) changes

as follows;

LiCl: ~ 2.5,NaCl: ~ 0.58, KCI:~ 0.30,CsCl: ~ 0.17

Of note is that the LiCl solutions yield much larger intensity ratio compared with others, showing that much
larger intensity variation of the WHB peak. This means that the intensity of the WHB band changes largely
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with the increasing the concentration. This is clear also from the 1D spectra and their second derivative spectra
(Fig. 1A). This result suggests that Li* ion interacts more strongly with the WHB water species than the SHB
water species because the WHB water species have somewhat distorted structure.

2D-COS of IR/FIR spectra of alkali chloride solutions in the 1000-100 cm™ region

LiCl

Figures 5A and 6A show a synchronous 2D correlation spectrum in the 1000 -100 cm™! region of LiCl solutions
with the concentrations of 2, 10, 22 w/v% and its power spectrum generated from the synchronous spectrum,
respectively. Two diagonal peaks appear at (758, 758) and (396, 396) cm™! and two negative cross peaks develop
at (758, 396) and (396, 758) cm™!. The two diagonal peaks correspond to the two peaks in the curve-fitting
spectra of the 1D spectra (Fig. 2). The frequencies of the two diagonal peaks (758 and 396 cm™!) are close to but
significantly different from those of the curve-fitted peaks (674 and 367 cm™'). As we mentioned in the session of
the 1D spectra and their curve-fitting the two peaks at 758 and 396 cm™ are concerned with the SHB and WHB
water species, respectively. The 396 cm™ band (WHB) is stronger than the band at 758 cm™! (SHB) in the power
spectrum (Fig. 6). This is consistent with the result of the high frequency region (Fig. 4).

NaCl

Figures 5B and 6B shows a synchronous 2D correlation spectrum in the 1000 -100 cm™! region of NaCl solutions
with the concentrations of 2, 10, 22 w/v% and its power spectrum generated from the synchronous spectrum,
respectively. Two diagonal peaks appear at (~666, ~ 666) and (364, 364) cm™! and two negative cross peaks
develop at (~666, 364) and (364, ~666) cm™'. The two diagonal peaks correspond to the two peaks in the curve
fitting spectra of the 1D spectra (Fig. 2). The frequencies in the 2DCOS spectra are ~666 and 364 cm™! while
those in the curve fitting spectra are 673 and 403 cm™. Thus, there is significant discrepancy in the frequency of
the lower frequency band between the power spectrum and the curve-fitting spectrum.

KCl, CsCl

Figures 5C and 6C show a synchronous 2D correlation spectrum in the 1000 -100 cm™ region of KCl solutions
with the concentrations of 2, 10, 22 w/v% and its power spectrum in the 1000-100 cm™! region developed from
the 2D synchronous spectrum, respectively. Figures 5D and 6D depict the corresponding synchronous spectrum
of CsCl and its power spectrum, respectively. LiCl, NaCl, KCI, and CsCl all show two peaks in the power spectra.
Their frequencies change as follows: 758-666-615-617 cm™! and 396-364-324-324 cm™!. The frequencies of the
LiCl solutions are much higher than those of others. The frequencies of KCl and CsCl are similar to each other,
and those of NaCl are somewhat between the frequencies of LiCl and those of KCl and CsCl solutions. The
relative intensity of the two autopeaks of LiCl solutions is markedly different from those of other solutions and
those of the KCl and CsCl solutions are similar. Those results of frequencies and relative intensities suggest
that due to the smaller ion size with high charge density Li* interacts more strongly with WHB water species
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Fig. 5. Two-dimensional synchronous correlation spectra in the far-infrared region demonstrating
concentration-dependent behavior of alkali chloride solutions: (A) LiCl, (B) NaCl, (C) KCl, and (D) CsCl
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Fig. 6. Autopower spectra in the 1000-100 cm™! region derived from the two-dimensional synchronous
correlation data presented in Fig. 5. (A) LiCl, (B) NaCl, (C) KCl, and (D) CsCL

than other ions. The behavior of NaCl solutions is somewhat between the LiCl solutions and the KCl and CsCl
solutions.

The autopeak positions around 700 cm™ of KCl and CsCl solutions may not be very accurate due to the
noise. However, it seems that these bands around 700 and 400 cm™! are redshifted as the ionic radius increases
(Li*>Na*>K*>Cs*). As the alkali metal ions increase in radius, their hydration strength decreases. That leads to
weaker hydrogen bonding in the shells formed between water molecules and ions. Thus, the length and/or bond
angles of hydrogen bonds increase. This result aligns with the study by Ashihara et al.!8.

Hetero 2D-COS between the 4000-3000 cm™ region and the 1000-100 cm™ region

Figure 7A, B, C and D exhibit hetero synchronous 2D correlation spectra between the 4000-2600 cm™ and
1000 -100 cm™ regions for LiCl, NaCl, KCI, and CsCl solutions, respectively. In the hetero 2D-COS spectrum
of LiCl solutions there are four major cross peaks at (3375, ~758), (3375, ~396), (3156, ~758), and (3156, ~396)
cm™!. Now, it is clear that the 3375 cm™ band is positively correlated with the 396 cm™! band, and the 3156 cm™!
band is positively correlated with the 758 cm™ band. Therefore, the 340 cm™! band is correlated with the WHB
band while the 680 cm™! band is corelated with the SHB band. Similar correlations can be found for the NaCl,
KCl, and CsCl solutions (Fig. 7B, C, and D). Ishikawa et al. already reached to the same correlation based on the
concentration-dependent intensity changes of the second derivative and curve-fitting spectra of the 1D spectra®!
Their conclusion was based partly on the simulation (the curve-fitting spectra). In contrast, the present study
confirms the same conclusion based on the solid mathematical calculations of the experimental data. It yields
correlations quantitatively.

It seems from Fig. 7 that the hetero correlation between the 396 cm™ band and the 3375 cm™ band (both
WHB bands) becomes weak upon going from LiCl to NaCl, KCl, and CsCl solutions. On the other hand, hetero
correlation between the 758 cm™ band and the 3156 cm™! band (both SHB bands) becomes strong upon going
from LiCl to NaCl, KCl and CsCl solutions.

Figure 8 shows slice spectra extracted from the heterogeneous 2D-COS spectra of alkali chloride solutions
shown in Fig. 7. The slice positions correspond to wavenumber at (A) 360 and (B) 3425 cm™, respectively. It
can be seen clearly that the peak intensities near 3425 (Fig. 8A) and 360 cm™! (Fig. 8B) gradually decrease in
the order of LiCl, NaCl, KCl, and CsCl solutions. In all the cases the changes are very small for CsCl solutions.

The trend of the intensity variations around (3425, 360) shown in Figs. 7 and 8A and B, follows the order;
LiCl=NaCl > KCl > CsCl. This trend can be explained by the hydration capacity of different alkali metal ions: Li*
and Na* have a strong hydration ability and tend to form stable shells with water molecules, leading to increase
the proportion of WHB species. However, the hydration capacity of K* and Cs* is weaker. They have less effect
on the hydrogen bonding network, which leads to a relative decrease in the amounts of WHB species.
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Fig. 7. Heterogeneous two-dimensional synchronous correlation spectra between the 4000-3000 cm™! region
and the 1000-100 cm™! region illustrating concentration-dependent characteristics of alkali chloride solutions:
(A) LiCl, (B) NaCl, (C) KCl, and (D) CsCl.
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Fig. 8. The slice spectra extracted from the heterogeneous synchronous 2D-COS spectra of alkali chloride

solutions shown in Fig. 7. The slice positions correspond to wavenumber at y=360 (A), and x=3425 (B) cm™},
respectively.

Discussion

The present study based on the 2D-COS analysis, the second derivative, and curve-fitting revealed that there are
two major bands in both high frequency region (4000 -3000 cm™!) and low frequency region (1000-100 cm™')
of IR spectra of the LiCl, NaCl, KCl, and CsCl solutions. The two bands at around 3400 and 3160 cm™ are due to
OH stretching modes of WHB and SHB water species, respectively, SHB and WHB correspond to tetrahedron
structure and slightly distorted tetrahedron structure, respectively. Thus, the 4000-3000 cm™' region is very
suitable to investigate local hydrogen bond structure.

Skinner et al.*® have demonstrated that the apparent presence of two bands in the 40003000 cm™! region
stems from a Fermi resonance of the OH stretching vibration with the overtone of the H,O bending vibration.
While this idea is interesting, the present result in the 4000 -3000 cm™ region can be explained by 2D-COS and
second derivative spectra. The 2D-COS analysis clearly reveals correlations between the 3400 cm™! band and
370 cm~! band, as well as between the 3160 cm™ band and 700 cm™! band irrespective of the kinds of ions. These
correlations between the OH stretching and librational modes, in various alkali cations solutions, provide a
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strong evidence for the existence of distinct hydrogen-bonding environments in these solutions, complementing
the spectral interpretations based on Fermi resonance.

Bands at around 700 and 370 cm™ are assigned to the librational L2 modes of the SHB and WHB water
species, respectively. The librational L2 band is collective vibration of several to several hundreds of molecules,
and thus suitable for exploring network structure of water hydrogen bonds!®!° Therefore, there may be two kinds
of hydrogen bonding networks of water molecules; the network consisting of the SHB species with tetrahedron
structure and that involving the WHB species with slightly distorted tetrahedron structure. Both regions yield
clear evidences for the existence of two kinds of water hydrogen bonding networks; the 4000 -3000 cm™! region
gives information about two kinds of water structures, tetrahedron structure (SHB) and distorted tetrahedron
structure (WHB) through local vibrational mode (OH stretching mode). The 1000-100 cm™! region suggests
that there are two kinds of the cooperative vibrational modes of many water molecules.

Materials and methods

Sample preparation

LiCl, NaCl, KCl, and CsCl were purchased from Fijifilm-Wako, Osaka, Japan, and their solutions were prepared
based on the method described by Ishikawa et al.2!.

IR and IR/FIR spectra measurements in the 4000-100 cm™ region
ATR-IR/FIR spectra in the region of 4000-50 cm™! were measured using an FT-IR spectrometer (FT/IR-6700FV,
JASCO) with a high-intensity ceramic source, a Si beam splitter, and a DLATGS detector. An ATR accessory
(ATR PRO ONE, JASCO) with a diamond crystal which transmits light in the wide wavenumber region was used
for the IR/FIR measurements. In addition, a whole optical path was evacuated to avoid the interference of water
vapor and carbon dioxide. Each spectrum was measured with a spectral resolution of 2 cm™! and accumulated
for 50 scans. The ATR method uses evanescent waves to obtain the absorption spectrum of a sample. Since
the penetration depth of the evanescent wave depends on the wavelength, the ATR correction involved in the
instrument was applied to all spectra prior to analysis.

All ATR spectra were treated with the correction of penatration depth. For confirmation of repeatability,
each sample was subjected to the IR/FIR measurement twice and averaged spectra were used. To obtain second
derivative spectra of ATR-IR, Savitzky-Golay method were used.

Calculation of 2DCOS
2D-COS spectra were calculated using the algorithm-based numerical method proposed by Noda®. The
synchronous 2D correlation spectra were generated using MATLAB software (The MathWorks Inc.).

Curve-fitting spectra

The simulated spectra in the 1000-100 cm™' region was calculated by a combination of Gauss and Lorentz
functions. The procedure was performed using a curve fitting program of Spectral Manager (JASCO Co., Tokyo,
Japan).

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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