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Abstract In order to investigate the effect of dissolution of salts on the hydrogen-bonded

network in liquid water, near-infrared absorption spectra of aqueous solutions of 16 salts,

containing Na? as common cation, were measured in the region where the first overtone of

the –OH stretching mode of water is observed. Although the spectral variations of water

resulting from dissolution of a salt is dependent on the kind of salt, principal component

analysis of the observed spectra revealed that all spectral variations for the 16 salts were

almost reproducible with only three components. The first component corresponds to the

average of the observed spectra, while the other two components are responsible for the

variations. The second component, which almost coincides with the component of the

spectral variation of water from changes in temperature, was found to explain mainly the

spectral changes by salts that destroy the hydrogen-bonded network. On the other hand, the

third component, which includes the spectral changes at a lower wavenumber region than

the second component, was found to mainly explain the spectral variation from the salts

that expand the hydrogen-bonded network. These results suggest that observed spectral

variations are not due to direct interaction between ions and water molecules, but due to the

change of the hydrogen-bonded network because all variations produced by these 16 salts

can be explained by only two components. The results suggest also that the mechanisms of

destruction and expansion of the hydrogen-bonded network by the anions may be different.
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1 Introduction

The liquid structure of water, i.e. the hydrogen-bonded network in liquid water, is an

important and interesting research target in relation not only to the dissolving ability of

water but also to the behavior of ions and reactions in aqueous solutions. Also, most

biological reactions proceed in aqueous solutions. The hydrogen-bonded network of liquid

water is dynamical and is so complicated that its behavior has so far not been elucidated

clearly in spite of the great number experimental and theoretical researches [1, 2].

Near-infrared (NIR) spectroscopy is one of the most effective experimental techniques

for the investigation of the hydrogen-bonded network in liquid water. Since strong

hydrogen-bonded –OH and weak hydrogen-bonded (or non-hydrogen-bonded) –OH are

clearly distinguishable in the NIR absorption spectra of water, we can expect to get

information on intermolecular interactions of water molecules in the liquid state. The NIR

absorption band of liquid water around 6900 cm-1, measured at various temperatures,

reveals an isosbestic point [3, 4], suggesting two components are present in liquid water.

The components might be assignable to strongly hydrogen-bonded water and weakly

hydrogen-bonded (or non-hydrogen-bonded) water, which causes, respectively, the lower-

frequency and the higher-frequency components of the NIR absorption band of water.

Observation of two components seems, however, strange because a water molecule can

work both as proton donor and as proton accepter; more components due to water mole-

cules with hydrogen bonds of various types are expected. There must be more than two

components present in liquid water which are not distinguishable from the spectral vari-

ations with temperature.

In order to check whether or not more components exist in liquid water, we have

observed the changes of NIR absorption spectra of water upon the dissolution of salts.

There have been some reports on NIR spectra of aqueous solutions of salts [3–17]. We

measured the NIR absorption spectra of aqueous solutions of various salts at various

concentrations and at various temperatures in order to investigate the dependence of the

spectra of water on the ion in the solutions in more detail than in the previous studies. The

variations of spectra with concentration were found to depend slightly on the salts. The

spectra varied also with change of temperature. We found it rather difficult to analyze the

spectra systematically with the traditional method where the variations of peak positions

and intensities of absorption bands are examined. Therefore, we applied principal com-

ponent analysis (PCA) [18] for the precise and detailed analyses of the spectral variation of

aqueous solutions with the kind and concentration of salt and the temperature. Recently,

PCA was employed to analyze the observed variation of NIR spectra with the temperature

[3] and on the dissolution of some salts [4, 15, 16]. In the PCA scheme, each spectrum is

expressed as a point in the multidimensional space. An orthogonal linear transformation is

performed for the space to find a new coordinate system where the greatest variance by the

projection of the data comes to lie on the first coordinate axis, the second greatest variance

on the second coordinate axis, and so on. Each coordinate axis corresponds to a principal

component. From the analysis, each observed spectrum is expressed as a linear combi-

nation of principal components, where the coefficients for the components are called scores

and are used for score plots. PCA abstracts common components of variations of the

observed spectra, which make quantitative analyses of the variations possible.

There have been many reports on the changes in the hydrogen-bonded network of water

upon the addition of ions from dissolved salts [2, 19–21]. The effects of ions have been

mainly investigated by the variation of macroscopic properties of water such as salting out
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and salting in or viscosity. Different effects observed for different ions have been con-

sidered to originate from the different abilities of ions; some extend the hydrogen-bonded

network of water, while the other ions destroy it. These abilities are often explained by the

Hofmeister series [2, 22, 23] where ions are classified into kosmotropes and chaotropes that

are believed, respectively, to expand or destroy the hydrogen-bond network of water. The

Hofmeister series of some anions found in the literature [8, 15] are summarized in Fig. 1.

Recently, however, there have been some reports where the observed spectral variations of

water from the dissolution of salts are not attributable to the variation of the hydrogen-

bonded network in bulk water but to direct interaction between water molecule and ions

[20, 24, 25], although most other reports claim that ions in aqueous solutions can affect the

hydrogen bonded network of water molecules in addition to the direct interaction [26–29].

Therefore, the elucidation of effects of ions in water is another puzzle to be solved. Here

we discuss this point based on the microscopic information of intermolecular interaction in

aqueous salt solutions obtained by NIR spectroscopy.

2 Experimental

2.1 Chemicals Used

Sixteen salts containing sodium ion as the common cation were used in this study. Here the

effects of anions on the hydrogen-bonded network of water are discussed. All salts of

reagent grade were bought from Wako Pure Chemical Industries Ltd. and were used

without further purification. They were used without drying since the strictly quantitative

effects of salts are not being discussed here. Some salts were bought as hydrates.

The salts and their purities were as follows: sodium fluoride (NaF,[99.0 %), sodium

chloride (NaCl,[99.5 %), sodium bromide (NaBr,[99.5 %), sodium iodide (NaI,[
99.5 %), sodium nitrate (NaNO3,[99.0 %), sodium carbonate (Na2CO3,[99.8 %),

sodium sulfate (Na2SO4,[99.0 %), sodium acetate (CH3COONa,[98.5 %), sodium

thiocyanate (NaSCN,[99.0 %), sodium hydroxide (NaOH,[97.0 %), sodium perchlorate

(NaClO4�H2O,[98.0 %), sodium sulfite (Na2SO3,[97.0 %), sodium nitrite (NaNO2,[
98.5 %), sodium dihydrogenphosphate (NaH2PO4�2H2O,[99.0 %), sodium thiosulfate

(Na2S2O3�5H2O,[99.0 %) and sodium L-(?)-tartrate (C4H4O6Na2�2H2O,[ 99.0 %).

CO3
2-

SO4
2-

S2O3
2-

H2PO4
-

CH3COO-

OH-

F-

Cl-

Br-

NO3
-

I-

ClO4
-

SCN-

Kosmotropic: salt out,
extending HB network

Chaotropic: salt in,
destruc�ng HB network

Fig. 1 Hofmeister series of
anions [21, 22]
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2.2 Spectroscopic Measurements

The salts were dissolved at various concentrations in deionized water whose resistivity was

larger than 3 MX�cm. The concentrations of salts were adjusted to 0.0, 0.1, 0.2, 0.3, 0.4,

and 0.5 % in mole fraction. NIR absorption spectra were measured with an FT-NIR

spectrophotometer (Bruker, MPA, resolution: 8 cm-1, accumulation: 64 scans) using a

quartz cell whose optical path-length was 1 mm. The temperature of each sample was

stabilized at 20, 25, or 30 �C with the thermostat (Taitec, CTU-Mini) attached with a

home-made cell holder. Solutions were prepared just before the measurements of spectra to

avoid their deterioration. The observed spectra were corrected with the densities of solu-

tions determined by weighing the solutions of a definite volume. FreeMat 4.0 (http://

freemat.sourceforge.net/) was used for the PCA calculations.

3 Results and Discussion

Figure 2a, b shows the variations of NIR absorption spectra at 20 �C of (a) Na2CO3 and (b)

NaClO4 aqueous solutions with changes of the concentration in the region 7400–

6200 cm-1 where the first overtone of the –OH stretching mode of water is observed. Since

only dilute solutions were measured in this study, the changes are not clearly observed

although five spectra for the aqueous solutions with different concentrations are shown in
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Fig. 2 NIR absorption spectra of aqueous solutions of a sodium carbonate (Na2CO3) and b sodium
perchlorate (NaClO4) at five different concentrations (0.1, 0.2, 0.3, 0.4, and 0.5 % in mole fraction)
measured at 20 �C, NIR difference spectra of c Na2CO3 and d NaClO4 obtained by subtracting the spectrum
of pure water from the observed spectra of the solutions

2170 J Solution Chem (2015) 44:2167–2178

123

http://freemat.sourceforge.net/
http://freemat.sourceforge.net/


-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

lCaNFaN

NaBr NaI 

NaNO3 NaNO2

HOaNNCSaN

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

Fig. 3 NIR difference spectra of aqueous solutions of fourteen salts, obtained by subtracting the spectrum of
pure water from the spectra measured at five concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5 % in mole fraction
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each figure. In order to show the variations definitely, difference spectra obtained by

subtracting the spectrum of pure water from the spectra of aqueous solutions are shown in

Fig. 2c, d. Since Na2CO3 and NaClO4 contain a common cation, Na?, the effects of CO2�
3

and ClO�
4 on the hydrogen-bond network of water are being compared. Although CO2�

3 in

aqueous solution is partially hydrolyzed by water to form HCO�
3 , here for simplicity we

refer to CO2�
3 for the ions resulting from Na2CO3. Although the hydrolysis by water

simultaneously produces OH- which might be observed in the spectra, the absorption

bands caused by OH- are not discussed here because their contribution in the dilute

solutions is expected to be small compared with the strong absorption bands due to water.

Spectra of other salts producing OH- in aqueous solutions, such as NaOH and NaH2PO4,

were treated similarly.

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

Δ A
bs

or
ba

nc
e

Wavenumber / cm-1

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

62006500680071007400

ΔA
bs

or
ba

nc
e

Wavenumber / cm-1

Na2SO4

CH3COONa 

Na2SO3

Na2S2O3 NaH2PO4 

C4H4O6Na2

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

0.1%
0.2%
0.3%
0.4%
0.5%

Fig. 3 continued
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In the Hofmeister series CO2�
3 and ClO�

4 are known, respectively, as a kosmotrope and

a chaotrope. By increasing the concentration of Na2CO3, the intensity of the band at the

lower wavenumber side increased, while that at the higher wavenumber side decreased.

The absorption at the lower wavenumber region is due to –OH which forms a stronger

hydrogen bond. The variation of the spectra with the dissolution of Na2CO3 revealed that

the salt expands the hydrogen-bonded network of water. On the other hand, increasing the

concentration of NaClO4 caused a decrease and an increase in the absorption intensities at

the lower and the higher wavenumber sides, respectively, suggesting the destruction or

weakening of the hydrogen-bonded network of water. No change in the positions of the

features of the difference spectra upon the concentration changes was observed for both of

their aqueous solutions within the concentration range used for the present study.

Careful comparison of spectral variations in Fig. 2c, d revealed that the wavelength

regions where the absorbance varied most were different for Na2CO3 and NaClO4 solu-

tions, in addition to the opposite directions of the spectral variations. Isosbestic points for

the solutions were also observed at different wavelengths. Therefore, the effects of CO2�
3

and ClO�
4 on the hydrogen-bonded network of water are found to be opposite but not

completely reversed.

Figure 3 shows near-infrared difference spectra of aqueous solutions of the fourteen

salts, obtained by subtracting the spectrum of pure water from the spectra measured at five

concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5 % in mole fraction. Spectra of NaOH, Na2SO3,

NaF, NaH2PO4, CH3COONa, and sodium L-(?)-tartrate aqueous solutions were found to

show concentration dependences similar to that of the Na2CO3 aqueous solutions; these

salts expand the hydrogen-bonded network of water. On the other hand, other salts,

NaNO2, NaNO3, NaSCN, Na2S2O3, NaI, NaBr, NaCl and Na2SO4 were found to affect

water similarly to NaClO4; these salts destroy or weaken the hydrogen-bonded network of

water. These results are consistent with the Hofmeister series which categorizes ions as

kosmotropes and chaotropes [2, 22, 23].

In spite of some similarities among spectral changes for kosmotropes and among those

for chaotropes, detailed investigation revealed that the concentration dependences of the

NIR absorption spectra were different for each of the 16 salts. In order to analyze the
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dependences systematically, PCA was performed for spectra in the 7400–6200 cm-1

region of pure water and the aqueous solutions of 16 salts with five different concentrations

at three different temperatures, i.e. 243 spectra were measured in all. Figure 4 shows the

first four principal components (loading vectors), P1–P4, obtained by PCA. Component P1

corresponds to the average of all observed spectra, which is almost equal to the spectrum of

water because the spectral changes in this study were very small as shown in Fig. 1a, b, and

PCA were performed for the observed raw spectra and not the calculated difference spectra

without being mean-centered. Components P2–P4, on the other hand, are responsible for

the variations in the spectra. As for the contribution ratios of P1–P4 for the observed

spectra shown in Table 1a, more than 99 % of the spectra can be reproduced by P1;

spectral changes resulting from dissolution of salts in this study are very small. Here, the

contribution ratios are cumulative contributions, which represent the ratio of square sum of

scores for the principal components considered for the reproduction, against the square

sum of all scores for all principal components.

In Table 1b are shown the contributions of P2–P4 to the spectral changes. About 96 %

of the observed spectral changes can be reproduced only with P2, while 99.8 % of the

variations can be reproduced with P2 and P3. Since the contributions of P4 to the variations

are so small compared with those of P2 and P3, we only discuss in this study the spectral

variations with P2 and P3. Although P4 may be responsible for the species dependence of

the spectral variations, the detailed discussion of P4 and the higher components are left as a

subject for the future.

The spectral variations caused by the 16 salts could almost be sufficiently explained

with only three components, suggesting that the observed variations are not due to the

water molecules interacting with ions directly but are caused by the change of the

hydrogen-bonded network of water by ions; spectra of water molecules directly interacting

with ions should be salt dependent, resulting in many more components for the spectral

variations.

Variations of spectra for the 16 salts were analyzed in more detail with the score plot

shown in Fig. 5, where score t3 for P3 against score t2 for P2 of each spectrum measured at

20 �C are plotted. The plot for pure water is at around (0.35, 0.03). The plots corresponding

to the solutions are spread radially from the plot for pure water. For each salt, the plot was

found to yield an almost linear variation from the plot for pure water in a specific direction

as the concentration of the solution was increased. Since the concentrations of solutions

Table 1 Contribution percentages of components for the observed spectra

Component Contribution ratio (%)

(a) Contribution percentages of P1–P4 for the observed spectra

P1 99.9696

P2 0.0292

P3 0.0011

P4 0.00003

(b) Contribution percentages of P2–P4 for the observed spectral variations

P2 96.0

P3 3.8

P4 0.1
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used for measurements had a common molar fraction of anion, the distance of the plot for

the solutions with the highest concentration from the plot for pure water reflects the degree

of the effect for each anion.

Plots for kosmotropes and chaotropes in Fig. 5 are found to behave in quite different

manners. Plots for chaotropes, which destroy the hydrogen-bonded network of water in

aqueous solutions, moved to the left or to the upper left on increasing the concentration of

the solutions. On the other hand, plots for kosmotropes, which expand the hydrogen-

bonded network, moved downward or to the lower right. Therefore, the score t2 for P2

mainly changed when a chaotrope was dissolved, while score t3 for P3 mainly changed

when a kosmotrope was dissolved. For example, the score t2 mainly changed for the plots

of ClO�
4 , while the score t3 mainly changed for the plots of CO2�

3 . The score plot in Fig. 5

again suggests that the effects of chaotropes and kosmotropes on the hydrogen-bonded

network of water are essentially different. They are opposite, but not perfectly reversed, as

was found in Fig. 2c, d. It should be noted that Na2SO4 was the only exception among the

16 salts, because the plots for Na2SO4 moved slightly to the lower left as the concentration

was increased.

In Table 2, the assignment of anions as chaotropes and kosmotropes, based on the PCA

score plot in Fig. 5, is shown. Most anions are classified as has been reported in the

literature [22, 23] and shown in Fig. 1. Exceptions are SO2�
4 and S2O

2�
3 , which were

categorized as kosmotropes in the literature while in this study S2O
2�
3 is categorized as a

chaotrope and SO2�
4 was found to be almost neutral in its effect on the hydrogen bonded

network. The discrepancy is presumably caused by the difference in the method of
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classification. The traditional Hofmeister series was determined by their ability for salting

in and salting out by anions, while the effect on the hydrogen-bonded network is the basis

of the classification used here. This discrepancy should be discussed in more detail in the

future.

Figure 6 shows the score plots for all 243 spectra measured at three different temper-

atures. Three groups of plots, which are distinguished with different markers, correspond to

spectral variations measured at different temperatures of 30, 25, and 20 �C, sequentially
from the left. At each temperature, the relative positions of plots for salts with different

concentrations are almost the same. All plots shift along the t2 axis upon changing the

temperature, shifting to the left upon the rise of temperature, which corresponds to

destruction of the hydrogen-bonded network. Therefore, component P2 corresponds to the

changes of the hydrogen-bonded network caused not only by the dissolution of a chaotrope

but also by the rise in temperature. Upon the rise of temperature, the plots shift not only

leftward but also downward although the downward shift is small. The downward shift,

which corresponds to an extension of the hydrogen-bonded network, might be an artifact.

Since PCA was performed for the spectra at various temperatures and at various

Table 2 Classification of anions
into chaotropes and kosmotropes
based on the PCA score plot

Chaotrope Intermediate Kosmotrope

ClO�
4 SO2�

4
OH-

NO�
2 CO2�

3

NO�
3 SO2�

3

SCN- CH3COO
-

I- H2PO
�
4

Br- F-

Cl- Tartaric acid ion

S2O
2�
3
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Fig. 6 PCA score plots of 243 spectra of pure water and of aqueous solutions of 16 salts at five different
concentrations measured at three different temperatures
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concentrations of salts, the t2 axis does not coincide completely with the spectral variation

upon the temperature change. Component P3, whose variation is mainly induced by the

dissolution of a kosmotrope, corresponds to changes of the hydrogen-bonded network

different from that caused by the temperature variation.

4 Conclusions

In relation to the variation of hydrogen-bonded network of water, changes of the near-

infrared absorption band of the first overtone of the –OH stretching mode of water upon the

dissolution of various anions were analyzed by PCA and score plots. Score plots in Figs. 5

and 6 show how the spectra vary from the dissolution of chaotropic anions, which destroy

or weaken the hydrogen-bonded network of water, resembling that resulting from the rise

in temperature. On the other hand, the spectral variations upon the dissolution of kos-

motropic anions, which expand or strengthen the hydrogen-bonded network of water, were

found to be different from those resulting from the temperature change. Chaotropic and

kosmotropic anions are found to mainly affect the P2 and P3 principal components of the

spectra, respectively, although some chaotropic and kosmotropic anions also cause chan-

ges, respectively, to some extent in the P3 and P2 components.

Comparison of the loading vectors P2 and P3 in Fig. 2 reveal that only P3 includes the

spectral variation in the lower wavenumber region around 6500–6200 cm-1, which cor-

responds to water molecules with stronger hydrogen bonds. Kosmotropic anions mainly

cause variations in the P3 component, showing that they are apt to increase the hydrogen

bond strength compared to that in pure water.

As mentioned above, the effects of chaotropic and kosmotropic anions on the hydrogen-

bond network of water are not completely reversed as far as they are observed as variations

in the near-infrared spectra. The difference in the effects might be caused by basicity in the

aqueous solutions. Since most kosmotropic anions except OH- from NaOH, are anions

from weak acids, they bring about hydrolysis by water to produce basic solutions. Aqueous

solutions of NaOH are also basic. Therefore, the P3 component might have some relation

with OH- in solution, i.e. the spectra of aqueous solutions of kosmotropic anions might be

affected by their basicity, although elucidation of the effect is a subject for future study.

We have also investigated the effect of cations, which is different from that of anions.

The results will be reported in another paper in the near future.
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