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Abstract 

Aqueous solutions of salts composed from monovalent ions are explored using temperature-

dependent FT-IR spectroscopy in transmission. Water combination band, being extremely 

sensitive to the network of hydrogen bonds due to the contribution of water librations (ρLH2O), is 

analyzed in uni- and multivariate fashion. Univariate analysis of the combination band maximum 

(νmax) reveals that perturbation of water hydrogen bond network by ions is primary driven by 

electrostatic interactions between water and ions. Using multivariate curve resolution with 

alternating least squares and evolving factor analysis this band is separated into two components 

that represent low- and high-density water. The observed asymmetry in their behavior is 

interpreted in terms of fluctuations of a hydrogen bond network of two water components. The 

significance of the found phenomenon is unambiguously confirmed by performing analogous 

analysis in the spectral range that contains partial signature of water linear bending (HOH) and 

is free from ρLH2O, in which the asymmetry is absent. Additionally, we show that this 

phenomenon, namely ion-invariant behavior of water fluctuations, persists even in the regime of 

high ionic strengths. Although ions indeed participate in shaping of water hydrogen bond network, 

this straightforward approach shows that its temperature-dependent fluctuations are ion-

independent. 

Keywords: Water; Salts; Temperature-dependent transmission FT-IR spectra, Combination band; 

Multivariate curve resolution method; Fluctuations 
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1. Introduction 

Permeating all segments of the biosphere, water (H2O) is considered to be the most important 

liquid substance on Earth [1–5]. Among the physicochemical properties of water that reflect its 

anomalous behavior, its maximum density (ρ) at 4 °C, isothermal compressibility (κT) that 

decreases upon heating up to 46 °C, above which it starts to rise, and its heat capacity at constant 

pressure (Cp) displaying an increase below 35 °C stand out [6]. These anomalous macroscopic 

properties presumably originate from the coexistence of discrete water microstructures, commonly 

defined via the geometry of hydrogen bond network [7,8], whose distribution largely depends on 

the environmental conditions [7–10]. As demonstrated by FT-IR spectroscopy, in its condensed 

phase, both hydrogen bond donors (H-atoms) and both hydrogen bond acceptor (lone-electron 

pairs on O-atom) sites almost fully participate in creating water hydrogen bond network [5,11] 

making non-hydrogen-bonded OH groups virtually insignificant species (< 5 %) [5,12,13].  

Due to the exceptional ability of water OH moieties in forming hydrogen bonds, linear FT-IR 

spectroscopy has deservedly been placed in the focus of investigating the temperature dependence 

of water microstructures [5]. Applying principal component analysis (PCA) and partial least 

squares (PLS) regression on (anti)symOH bands of liquid water, Libnau et al. deduced that in 

temperature range 2 – 96 °C two water microstructures exist, differing by ~ 0.5 hydrogen bonds 

[14,15]. Thermal evolution of the water signatures in medium- and near-IR range (MIR and NIR, 

respectively) was additionally analyzed by the combination of multivariate curve resolution with 

alternating least squares and evolving factor analysis (MCR-ALS with EFA) and two-dimensional 

correlation spectroscopy (2DCOS) [16]. In the two aforementioned water microstructures, 

discriminated dominantly by the number of hydrogen bonds, the authors managed to identify even 

non-hydrogen-bonded water molecules. Despite the intrinsic limitations of various experimental 

and computational techniques, along with ambiguities arising from the interpretation of obtained 

data related with hydrogen bond stoichiometry [17–19], there is a universal consensus that 

microscopic structure of water at ambient conditions is based on tetrahedral arrangement of water 

molecules that decreases with increasing temperature [20]. Furthermore, all studies have shown 

that the change of temperature inevitably disorders hydrogen bond network and induces 

microstructure fluctuations.  
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Besides the temperature, hydrogen bond network structure [21,22] and dynamics [21,23–25] can 

be disturbed to the certain extent by the presence of solutes as simple as ions [26–29]. For instance, 

Na+ and K+ ions, which are similar in size to water molecules, only slightly disturb hydrogen bond 

network in structural terms, however, their presence is found to change the flexibility of a hydrogen 

bond network [5]. Ion contribution to the strengthening or weakening of the hydrogen bond 

network (kosmotropes and chaotropes, respectively) [30–34] has been intensively explored by 

computational and spectroscopic techniques [26,35–38]. Although the envelope generated by 

(anti)symOH is universally considered as the signature with the richest response of water hydrogen 

bond network [26,29,37,39,40], band arising from the linear bending of water (HOH) [41] and 

especially combination band, [42] originating from a fundamental transition of HOH and water 

librations (LH2O), [43] gained considerable attention over the last years in this respect. Unlike 

(anti)symOH (~ 3300 cm−1) and HOH (~ 1650 cm−1), representing intramolecular normal modes, 

LH2O are intermolecular normal modes which in liquid water appear at about 700 cm−1 due to the 

strong hydrogen bonds between water molecules [5]. As this frequency coincides with the bending 

of hydrogen bonds, they are also described as hindered rotations of water molecules, thus being 

extremely sensitive to changes in temperature [5] and molecular surroundings [44,45]. Recently 

Verma et al. analyzed the changes in the combination band position maximum (νmax; ~ 2130 cm−1) 

as a function of various salts and their concentration [46]. As concentration-dependent band 

maximum displays low- and high-frequency shift for chaotropes and kosmotropes, respectively, 

their general conclusion was that combination band can be used as a probe for monitoring both 

local and collective dynamics of water. Consequently, it is reasonable to assume that the band 

containing the signature of water librations, when examined in temperature-dependent manner, 

can be used as a probe for deciphering ion-induced fluctuations of water hydrogen bond network. 

This study presents a new approach in identifying the impact of ions on water microstructure and 

on fluctuations of the associated hydrogen bond network, regardless of the arrangement of water 

molecules. Starting from the assumption that in certain temperature range there are two types of 

water, high- and low-density water, we show that the analysis of the components concentration 

profiles, obtained using MCR-ALS coupled with EFA, provides deeper insight compared to just 

the usual application which determines the presence or absence of a particular component. More 

specifically, by regression of concentration profiles on a polynomial of a certain degree, 
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asymmetry between high- and low-density water is observed depending on whether the spectral 

region under investigation contains the signature of water librations. Since librations are intimately 

related with the hydrogen bond network, the noticed asymmetry is found to be caused by the 

fluctuations in water microstructures in high- and low-density water. We thus found that, although 

ions participate in the formation of a hydrogen bond network in terms of multipole interactions 

[47,48], instead in terms of their kosmotropic/chaotropic classification as previously stated [46], 

the hydrogen bond network perturbations are effectively unchanged with the addition of ionic 

species. The validity of our findings, which are based on defining the completely new terms of 

temperature-dependent water hydrogen bond network fluctuations, is supported by the results 

obtained from femtosecond elastic second harmonic scattering (fs-ESHS) experiments conducted 

on aqueous salt solutions [49]. 

2. Experimental 

2.1 Chemicals and solutions preparations 

Sodium chloride (NaCl; white powder, Gram mol, p. a.), sodium bromide (NaBr; white powder, 

Kemika, p. a.), sodium iodide (NaI, white powder, Kemika, 99 %), sodium nitrate (NaNO3; white 

crystals, AnalaR, 99 %), sodium nitrite (NaNO2; white crystals, Kemika, p. a.), sodium acetate 

(CH3COONa; white powder, Kemika, p. a.), sodium hydroxide (NaOH; white pearls, Kemika, p. 

a.), potassium chloride (KCl; white powder, Kemika, p. a), potassium bromide (KBr; white 

powder, Acros Organics, 99+ %), potassium iodide (KI, white powder, Kemika, p. a.), potassium 

nitrate (KNO3; white powder, Merck, p. a.), potassium nitrite (KNO2; transparent crystals, Merck, 

p. a.), potassium acetate (CH3COOK; white powder, Kemika, p. a.) and potassium hydroxide 

(KOH; white pellets, Kemika, p. a.), were used as received (their purities were checked by 

recording the spectra of powders and comparing with the reference data, see Supporting 

Information, Fig. S1). Aqueous solutions of these salts in milli-Q water of ionic strength I = 1 M 

were prepared. pH values of milli-Q water and prepared aqueous solution of chlorides (Na+ / K+), 

bromides (Na+ / K+), iodides (Na+ / K+) and nitrates (Na+ / K+) (measured by pH tester, Hanna 

Instruments) were  6.5; for salts of nitrites  6.9 (Na+) and  7.8 (K+); for acetates  8.4 (Na+ / 

K+); for hydroxides 13 (Na+) and  14 (K+).  In order to estimate the impact of solution pH value 

on the combination band and general spectral features, solutions of hydroxides (Na+ and K+) were 

measured in concentration range 0.001 M ≤ c (NaOH / KOH) ≤ 1 M (the spectra are presented in 
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Supporting Information, Fig. S2). Overall, pH values of dilute solutions of NaOH and KOH (0.001 

M ≤ c (NaOH / KOH ≤ 0.01 M) are very close to the pH value of pure water (pH values are 

provided in Table S1, section S2 in Supporting Information) and the FT-IR spectra of solutions of 

hydroxides appears to be virtually identical to the spectrum belonging to pure water. For c (NaOH 

/ KOH) ≥ 0.1 M pH is significantly larger and for c (NaOH / KOH) = 1 M pH is 13 /  14, 

respectively, thus significant differences in their FT-IR spectra compared to pure water FT-IR 

spectrum appear (see discussion in section S2, Supporting Information). 

2.2 FT-IR spectroscopy 

2.2.1 FT-IR spectra acquisition of aqueous solutions of salts 

FT-IR spectra of aqueous solutions were measured on an ABB Bomem MB102 spectrometer 

equipped with CsI optics and a DTGS detector in a transmission in a sealed cell equipped with 

CaF2 windows with the path length of the cell d = 48.48 μm, which was determined 

interferometrically. Temperature was regulated by Specac 3000 Series high stability temperature 

controller with heating jacket. Solutions were recorded in the temperature range 25 – 70 °C every 

5 °C with the heating rate of 5 °C min−1. All spectra were collected with nominal resolution of 2 

cm−1 and 10 scans. These conditions are considered optimal for collecting spectra of aqueous 

solutions that are minimally compromised by the change in atmosphere (CO2 and H2O vapor) 

during the measurement (more details are presented in Supporting Information, section S3). Every 

solution was recorded three times. 

2.2.2 FT-IR spectra analysis 

FT-IR spectra were divided and examined in two spectral ranges: i) 2650−1800 cm−1 (D1) 

containing water combination band and ii) 1560−1260 cm−1 (D2) that, besides containing partial 

signature of HOH band, is free from absorption and, more importantly, free from water librations. 

In D1 spectral region the baseline correction is drawn through the signal minima (at 2600 cm−1 and 

1850 cm−1, see raw FT-IR spectra in Fig. S3 in Supporting Information), whereas a vertical setoff 

with minimum at 1380 cm−1 is made as a baseline correction in D2 spectral range. Following the 

baseline correction the spectral response was smoothed using Savitzky-Golay filter [50]. Due to 

the contamination of combination band with uncontrollable atmospheric CO2 signature (νasCO2 
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with maximum at about 2350 cm−1, see Fig. S3 in Supporting Information), multivariate analysis 

was conducted on spectral range 2300−1800 cm−1. 

Univariate analysis was conducted on D1 spectral range with the aim of determining the position 

of the band maximum (νmax) as a function of temperature. As νmax displays linear decrease with 

temperature, linear regression of this data set 𝑦 = B0 + B1 ∙ 𝑥 provides νmax at 0 °C (B0) and the 

rate of wavenumber decrease (B1). When placed in physicochemical context, B0 (νmax at 0 °C or 

νmax, 0) gives the average position of combination band of water molecules in which hindered 

rotations are significantly reduced. Furthermore, B0 reflects the strength of the hydrogen bond 

network in the presence of particular ions and enables the comparison with the analogous quantity 

obtained from FT-IR spectra of pure water. 

Multivariate analysis. MCR-ALS with EFA is a statistical tool that enables determination of the 

spectral and concentration profiles of the components in the system without a prior knowledge of 

their signal shape, position or identity [51]. In mathematical terms, it decomposes data matrix (D) 

into the matrices of spectral (S) and concentration (C) profiles of particular component by solving 

following system of equations: 

D=CST+E            (1) 

with E being the matrix of residuals unexplained by the species found in S and C. 

In aqueous systems prepared here we were focused on multivariate analysis of two spectral regions 

(D1 and D2). Their constitutive data matrices (D1 and D2) contain spectral responses at different 

temperatures (rows) and different wavenumber (wavenumbers). Since the FT-IR spectra are 

acquired at ten different temperatures, the number of rows (Nr) in both D1 and D2 is, accordingly, 

ten, whereas the number of columns (Nc) varies with the number of wavenumbers in particular 

spectral region (D1 contain 519 points and D2 312 points). Thus, dimensions of the prepared 

matrices (Nr × Nc) are 10 × 519 and 10 × 312, respectively. 

The first step in obtaining the spectral and concentration profiles of particular component is to 

make an initial estimate of their number in order to determine the system rank. This is usually 

performed using mathematical procedures/algorithms such as singular value decomposition 

(SVD). Once the initial number of components is found, EFA is applied on the constructed data 



7 
 

matrix (Di; i = 1, 2) in order to follow the change of data matrix rank as a function of an ordered 

variable. This is carried out by making singular value decomposition of Di submatrices that are 

obtained by adding the rows of Di successively, starting either from the first (forward; 1, 2, 3, ..., 

Nr rows) or from the last (backward; Nr, Nr-1, Nr-2, ..., 1 row) row of the original data matrix Di. By 

performing EFA in both directions the information of the appearance and disappearance of the 

individual components is complete and serves as the initial guess of the concentration profiles of 

individual components. Following this, MCR-ALS procedure can be applied in which (1) is 

iteratively solved to determine spectral (S) and concentration (C) profiles of individual 

components. It should be emphasized that MCR-ALS is based on bilinear model according to 

which Di matrix can be obtained as product of two matrices and in which both concentration and 

spectral profiles should be imposed to possess only positive values (belong to R+) using non-

negativity constraint. Both EFA and MCR-ALS algorithms used to solve equation (1) are 

implemented in the publicly available Matlab-code [52] and further details on its usage can be 

found in [40,53,54]. 

As temperature-dependence of optical properties of a dielectric can be assessed by analyzing the 

spectral signatures using MCR-ALS with EFA [55,56] (see also Supporting Information, section 

S4), this tool can be used in discrimination of low- and high-temperature component behavior as 

well. Displaying non-linear behavior as the temperature rises, the concentration profiles of low- 

and high-temperature component correspond to high- and low-density water, respectively [57–60]. 

The regression of these data sets on the 2nd degree polynomial (𝑦 = B0 + B1 ∙ 𝑥 + 𝐵2 ∙ 𝑥
2) 

provides three, in physical sense rather abstract parameters, but mathematically significant: B0 

indicates relative concentration of particular component at 0 °C, B1 suggests the rate of a decrease 

of particular component at the expense of another one and B2 stems from the curvature of the 

profile, serving as a metric via which one can monitor particular alterations occurring in the low-

/high-density components with the change in temperature . Importantly, it is necessary to point out 

that, although the obtained parameters indeed correlate with the aforementioned physical 

quantities, the two are not in a bijective relationship, as can be easily observed from the behavior 

of high-density water B0 coefficient, whose value is consistently negative. This behavior of the B0 

coefficient stems from both the fitting procedure and the multivariate analysis, which is performed 

without imposing any boundary conditions, in order to obtain as unbiased results as possible. Thus, 

even though the obtained coefficients cannot, in general, be interpreted in terms of physical 
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quantities, this does not diminish the validity of the subsequent analysis, being based not on the 

absolute values of the obtained coefficients, but rather on the comparison between them. Since the 

temperature-dependent fluctuations of a hydrogen bond network are presumably reflected in 

different behavior of low- and high-temperature components (high- and low-density water, 

respectively), they can be identified by the appearance of the asymmetry in these two components. 

Thus, only the values and eventual differences in parameters obtained from fitting these two curves 

should matter; parameter values obtained from concentration profiles of low- and high-temperature 

components very likely reflect the presence of a particular ion, whereas their difference suggests 

asymmetry, i.e. in the absence of the asymmetry there are either no temperature-dependent 

fluctuations in the system or the fluctuations are undetectable by analyzing this particular 

vibrational band / spectral region. 

3. Results and discussion 

3.1 Univariate analysis  

Water combination band, with its maximum appearing at about 2130 cm−1, displays absorbance 

decrease and low-frequency shift as the temperature rises. Baseline-corrected spectra of NaCl and 

NaI, and also KCl and KI (solid lines) in D1 spectral range are presented in Fig. 1a and 1b, along 

with their S profiles (low- and high-temperature components that correspond to the spectra of high- 

and low-density water [15,16] (labelled with dotted curves) which is discussed section 3.2 

(analogous spectra of the remaining salts are not displayed, since, in qualitative terms, they are 

virtually indistinguishable). As demonstrated previously [46], νmax reflects the impact of a certain 

ion on a hydrogen bond network. In contrast to the study conducted by Verma et al. [46], we are 

comparing this parameter in equivalent systems, i.e. those recorded at the same ionic strength and 

in the same temperature range. By measuring νmax at a certain temperature we are able to 

extrapolate the position of the band maximum at zero (νmax, 0) at which librations are expected to 

be significantly lower [5], and the analyzed band should reflect only the instantaneous arrangement 

of water molecules and corresponding hydrogen bond network. As seen from Fig. 1c and 1d, the 

salts NaCl, NaI, KCl and KI in the absence of librations generate band with the maximum at 

different positions: νmax, 0= 2140.3  0.2 cm−1 for NaCl, 2140.6  0.3 cm−1 for KCl, 2135.2  0.2 

cm−1 for NaI and 2133.7  0.4 cm−1 for KI (see Table 1). This observation suggests that νmax 
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differences between the salts are similar for Na+ and K+ and, consequently, are primarily driven 

by the difference in present anionic species. According to the analogous quantity determined form 

the solutions of the remaining salts (Table 1), this appears to be the general case. When the anions 

are ordered by the position of νmax, 0 we obtain the following series: CH3COO− > H2O > NO2
− > 

NO3
− > Cl− > Br− > I−. The order of anions suggests that the hydrogen bond network formed 

between water molecules and anions (investigated cations, due to their effectively identical 

influence on the band, can be considered as the constant term, i.e. taken out of consideration) is 

governed by electrostatic interactions [47,48]. More precisely, monopole (halide ions) − dipole 

(H2O) interaction represents one extreme, with the behavior slightly shifting in the case of 

hetermolecular dipole (NO2
− / NO3

−) − dipole (H2O) and homomolecular dipole (H2O) − dipole 

(H2O) interactions all the way to the opposite extreme, namely acetate (CH3COO−) − H2O. This 

latter extreme is gravely influenced by hydrophobic hydration, in which CH3 moiety induces 

different and specific clustering of water molecules in its vicinity, with the effect subsequently 

propagating to the entire water hydrogen bond network [39,61,62]. 



10 
 

 

Fig. 1. Temperature-dependent FT-IR spectra (25-70 °C) in the spectral region 2300 to 1800 cm−1 

of: a) NaI (25 °C purple line, 70 °C magenta line) and NaCl (25 °C red line, 70 °C orange line) 

and b) KI (25 °C royal line, 70 °C dark cyan line) and KCl (25 °C blue line, 70 °C cyan line). 

Spectral profiles of low- and high-temperature component are labelled by dotted lines with 
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corresponding colors, respectively; Univariate analysis of max (cm−1) results of c) NaI and NaCl 

and d) KI and KCl.; Multivariate analysis of IR spectra of: e) NaI (low-temp. comp. (purple) and 

high-temp. comp. (magenta)) and NaCl (low-temp. comp. (red) and high-temp. comp. (orange)) 

and f) KI (low-temp. comp. (royal) and high-temp. comp. (dark cyan)) and KCl (low-temp. comp. 

(blue) and high-temp. comp. (cyan)). Results stemming from fitting procedure (linear for c) and 

d) and parabolic for e) and f)) are displayed in graphs.  

 

Regarding the slope of this line (B1), it is less informative than B0. The steepest slope is found for 

H2O (−0.678 ± 0.004 cm−1 °C−1), with the shallowest one appearing in the case of NaCl solution 

(−0.571 ± 0.004 cm−1 °C−1). Although the uncertainties in the slopes are rather minute, they all can 

be treated as 0.6 cm−1 °C−1. In the physical context the slope can be considered as the rate of the 

change of the hydrogen bond network with the temperature or, simply, as the temperature-

dependent fluctuations of a hydrogen bond network. In order to unravel eventual ion-induced 

perturbations in temperature-dependent behavior of the hydrogen bond network, a completely 

different perspective on the data is necessary, invoking multivariate analysis approach.  

3. 2 Multivariate analysis 

The application of MCR-ALS with EFA on D1 spectral range provided spectral signatures of the 

two resolved components, namely low-and high-temperature components corresponding to the 

high-density water and low-density water [15], respectively (these terms will be used 

interchangeably through the text). Their spectral profiles are presented as dotted lines on Fig. 1a 

(NaCl – red and orange, NaI – purple and magenta) and b) (KCl – blue and cyan, KI – royal and 

dark cyan). Values of the band maxima of spectral profiles (νmax, S1 / S2) of all systems are displayed 

in Table S2 (section S5) in Supporting Information as well as the example of residuals (section 

S6). Their concentration profiles, presented in Fig. 1e and 1f, showcase the appearance of non-

linearity, reflecting temperature-dependent nature of water density [57,63,64]. By examining the 

results of the performed fitting procedure, we obtain values representing intercept (B0), slope (B1 

in °C−1) and curvature (B2 in °C−2). In the remainder of the manuscript only the behavior of the 

absolute values of the parameters representing the slope and the curvature, namely |B1| and |B2|, 

are considered.  
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As displayed in Table 1, B0 (y-intercept) values of all concentration profiles are approximately 1.8 

for high-density water and ‒0.8 for low-density water. Interestingly, the slopes (B1 parameters) of 

these two curves display slight asymmetry: on average, it is approximately 0.004 in °C−1, even 

with the combined experimental/analytical uncertainty taken into account. Furthermore, consistent 

and ion-independent asymmetry in B2  values is observed as well ((0.3 - 0.4) ·10−4 °C−2); 

additionally, certain trend emerges. B2 values of low-density water of Na+ and K+ halides range 

from (1.4  0.2) ·10−4 °C−2 to (1.5  0.2) ·10−4 °C−2, and for high-density water from (1.7  0.2) 

·10−4 °C−2 to (1.8  0.2) ·10−4 °C−2. Analogous quantities for nitrates (NaNO3 and KNO3) are (1.6 

 0.2) ·10−4 °C−2 for low-density water and (1.9  0.2) ·10−4 °C−2 to (2.0  0.2) ·10−4 °C−2 for high-

density water. For salts of strong bases (NaOH / KOH) and weak acids (HNO2 and CH3COOH) 

B2 values are quite similar, (1.9  0.2) ·10−4 °C−2 for low-density water and about (2.0  0.2) ·10−4 

°C−2 for high-density water.  

Due to rather minor differences in the non-linear parameter B2 between different salts, one cannot 

discriminate different solutions based on this metric. Bearing this in mind we focus solely on the 

asymmetry in B2 obtained from the behavior of high- and low-density water in the case of each 

solution. Asymmetry usually refers to the difference in the system behavior when it responds on 

the temperature change in two opposite directions (heating – cooling). In the systems examined in 

this study the asymmetry between high- and low-density water can be interpreted in terms of 

different response of the hydrogen bond network to the heating and cooling, or, more specifically, 

asymmetry appears due to temperature-dependent fluctuations in water hydrogen bond network. 

Being free from any possible underlying assumption on the arrangement of water molecules in 

water hydrogen bond network, hereafter we discuss only the differences in B2 coefficients for 

high- and low-density water and label this difference as asymmetry. As seen from H2O, the 

asymmetry between high- and low-density water is ~ 0.4 ·10−4 °C−2 (Table 1). In spite of relatively 

minor differences in B2 coefficients when comparing solutions of different salts, asymmetry is 

seen in aqueous solutions of all investigated salts, with the found asymmetry being virtually 

identical (Table 1), suggesting that it is independent of the dissolved salt. This finding is rather 

important as it implies that the temperature-dependent fluctuations of water hydrogen bond 

network, at moderate pH values (see Supporting Information, sections S2 and S7), are ion-

invariant even in the high ionic strength regime. 
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As the examined band (D1 spectral range) originates from the combination of a fundamental 

transition (10) of  HOH and water libration (ρLH2O),  the former being intramolecular and the 

latter intermolecular vibrational mode, we ultimately confirm that librations are more sensitive to 

the associated fluctuations of hydrogen bond network, and can thus indeed serve as a descriptor of 

this phenomenon [5]. Since this spectral region differs from all the others in Mid-IR ≥ 1000 cm−1 

by possessing the signature of water librations, we examined the spectral range in which the latter 

is absent in order to ensure that librations are indeed responsible for the observed asymmetry. In 

this respect, we examined the region (D2) where only partial signature of linear bending is captured 

(Fig. 2a, 2b).
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Table 1. Parameters obtained from linear (B0, B1) and non-linear (B0, B1, B2) regression of the results produced by uni- and multivariate 1 

analysis conducted on D1 and on D1 and D2 spectral ranges, respectively (salts are ordered by descending values of B0 obtained from 2 

univariate analysis). 3 

system 
Univariate analysis 

Multivariate analysis (MCR-ALS with EFA) 

2300-1800 cm−1 (D1) 1560-1260 cm−1 (D2) 

B0
a B1

b B0
c B1

d B2
e 104 B0

c B1
d B2

e 104 

KI 2133.7  0.4 −0.626 ± 0.007 
1.79 ± 0.03 

−0.86 ± 0.03 

−0.036 ± 0.001 

0.039 ± 0.001 

1.5 ± 0.2 

−1.8 ± 0.2 

1.73 ± 0.03 

−0.73 ± 0.03 

−0.032 ± 0.001 

0.032 ± 0.001 

1.1 ± 0.1 

−1.1 ± 0.1 

NaI 2135.2  0.2 −0.628 ± 0.006 
1.78 ± 0.03 

−0.85 ± 0.03 

−0.035 ± 0.001 

0.039 ± 0.001 

1.4 ± 0.1 

−1.8 ± 0.1 

1.70 ± 0.03 

−0.70 ± 0.03 

−0.031 ± 0.001 

0.031 ± 0.001 

1.0 ± 0.1 

−1.0 ± 0.1 

KBr 2136.9  0.3 −0.608 ± 0.006 
1.79 ± 0.03 

−0.84 ± 0.03 

−0.036 ± 0.001 

0.039 ± 0.001 

1.5 ± 0.1 

−1.8 ± 0.1 

1.73 ± 0.02 

−0.73 ± 0.02 

−0.032 ± 0.001 

0.032 ± 0.001 

1.1 ± 0.1 

−1.1 ± 0.1 

NaBr 2139.4  0.3 −0.600 ± 0.007 
1.78 ± 0.03 

−0.84 ± 0.04 

−0.035 ± 0.001 

0.039 ± 0.002 

1.4 ± 0.2 

−1.8 ± 0.2 

1.69 ± 0.02 

−0.69 ± 0.02 

−0.030 ± 0.001 

0.030 ± 0.001 

1.0 ± 0.1 

−1.0 ± 0.1 

NaCl 2140.3  0.2 −0.571 ± 0.004 
1.78 ± 0.03 

−0.84 ± 0.03 

−0.035 ± 0.001 

0.038 ± 0.001 

1.4 ± 0.1 

−1.7 ± 0.2 

1.74 ± 0.03 

−0.74 ± 0.03 

−0.033 ± 0.001 

0.033 ± 0.001 

1.1 ± 0.2 

−1.1 ± 0.1 

KCl 2140.6  0.3 −0.592 ± 0.006 
1.79 ± 0.03 

−0.85 ± 0.03 

−0.036 ± 0.001 

0.039 ± 0.001 

1.5 ± 0.1 

−1.8 ± 0.1 

1.71 ± 0.02 

−0.71 ± 0.02 

−0.031 ± 0.001 

0.031 ± 0.001 

1.0 ± 0.1 

−1.0 ± 0.1 

KOH 2142.7  0.4 −0.63 ± 0.01 
1.82 ± 0.03 

−0.86 ± 0.03 

−0.037 ± 0.002 

0.039 ± 0.001 

1.6 ± 0.2 

−1.9 ± 0.1 

n. a. NaNO3 2142.8  0.3 −0.604 ± 0.007 
1.80 ± 0.04 

−0.86 ± 0.04 

−0.037 ± 0.001 

0.040 ± 0.002 

1.6 ± 0.2 

−1.9 ± 0.2 

KNO3 2143  0.3 −0.628 ± 0.006 
1.82 ± 0.03 

−0.88 ± 0.03 

−0.037 ± 0.001 

0.041 ± 0.001 

1.6 ± 0.1 

−2.0 ± 0.1 
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system 
Univariate analysis 

Multivariate analysis (MCR-ALS with EFA) 

2300-1800 cm−1 (D1) 1560-1260 cm−1 (D2) 

B0
a B1

b B0
c B1

d B2
e 104 B0

c B1
d B2

e 104 

NaOH 2143.6  0.2 −0.657 ± 0.006 
1.83 ± 0.01 

−0.90 ± 0.02 

−0.037 ± 0.001 

0.041 ± 0.001 

1.6 ± 0.1 

−2.0 ± 0.1 

n. a. KNO2 2147.6  0.3 −0.641 ± 0.007 
1.83 ± 0.03 

−0.87 ± 0.03 

−0.038 ± 0.001 

0.040 ± 0.002 

1.7 ± 0.1 

−2.0 ± 0.2 

NaNO2 2148.6  0.3 −0.646 ± 0.008 
1.84 ± 0.04 

−0.89 ± 0.04 

−0.038 ± 0.002 

0.041 ± 0.002 

1.7 ± 0.2 

−2.0 ± 0.2 

H2O 2152.5  0.2 −0.678 ± 0.004 
1.80 ± 0.03 

−0.87 ± 0.03 

−0.036 ± 0.001 

0.040 ± 0.001 

1.5 ± 0.1 

−1.9 ± 0.1 

1.69 ± 0.02 

−0.69 ± 0.02 

−0.030 ± 0.001 

0.030 ± 0.001 

0.82 ± 0.01 

−0.83 ± 0.01 

CH3COONa 2156  0.2 −0.626 ± 0.004 
1.82 ± 0.04 

−0.89 ± 0.04 

−0.038 ± 0.002 

0.042 ± 0.002 

1.7 ± 0.2 

−2.1 ± 0.2 
n. a. 

CH3COOK 2156.4  0.2 −0.596 ± 0.003 
1.82 ± 0.02 

−0.88 ± 0.02 

−0.037 ± 0.001 

0.041 ± 0.001 

1.6 ± 0.1 

−2.0 ± 0.1 

a In cm−1; b In cm−1 °C−1; c Dimensionless quantity; d In °C−1; e °C−2; n. a. stands for not analyzed (see Supporting Information, sections 1 

S7 and S8, for more details)2 
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In this regard, we find that HOH band (D2) displays small low-wavenumber shift as temperature 

rises with its intensity only slightly rising [46], whereas the low-wavenumber shift of a 

combination band is accompanied with greater absorbance decrease.  

In Fig. 2a and 2b are displayed FT-IR spectra of water solutions that contain partial signature of 

HOH in temperature range 25-70 °C. We excluded aqueous solutions of salts which are 

constituted from ions displaying signatures in this spectral region (see Supporting Information, 

sections S7 and S8 for more details); thus, only salts of halide ions are displayed. By following the 

same MCR-ALS with EFA procedure as for D1 spectral range, we obtained the parameters 

describing this region (presented in Table 1). We thereby find that B0 coefficients are mutually 

very similar (1.69 - 1.74 and 0.69 - 0.74), while both B1 (0.030 - 0.032 °C−1) and B2 ((1.0 - 1.1) 

·10−4 °C−2) are virtually identical for all aforementioned salts, respectively. We can thus conclude 

that, when the signal stemming from librations is absent, no asymmetry is observed from the 

concentration profiles of high- and low-density water.  

It is worth mentioning that B0 coefficients, which were not thoroughly discussed up to this point, 

exhibit particular symmetry in the case of D2 region (see Table 1, see Fig. 2c and 2d). More 

precisely, in the case of all investigated salt solutions (and pure water) B0 coefficients are perfectly 

symmetric around y = 0.5 (point denoting the mixture of low- and high-temperature water 

components in 1:1 ratio). This finding suggests two different conclusions; firstly, if the choice of 

two components indeed exhausts the component phase space, i.e. if two components are enough 

to completely describe the system at hand, one should expect that they possess virtually identical, 

albeit symmetrical appearance (mirror symmetry in B0 coefficients and profiles around line y = 

0.5 to be precise). Secondly, due to the fact that D1 region does not exhibit this perfectly 

symmetrical behavior (while the difference in the average B0 coefficients between two regions is 

rather minute, it is still significant), showing consistently distinct behavior compared to D2 case. 

Thus, we find that even B0 coefficients showcase the found asymmetry (albeit to a less significant 

extent) and reflect the difference in the temperature-dependent behavior of the two investigated 

spectral regions. 
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Fig. 2. Temperature-dependent FT-IR spectra (25-70 °C) in the spectral region 1560 to 1826 cm−1 

of: a) NaI (25 °C purple line, 70 °C magenta line) and NaCl (25 °C red line, 70 °C orange line) 

and b) KI (25 °C royal line, 70 °C dark cyan line) and KCl (25 °C blue line, 70 °C cyan line). 

Spectral profiles of low- and high-temperature component are labelled by dotted lines with 

corresponding colors, respectively; Multivariate analysis of IR spectra of: c) NaI (low-temp. comp. 

(purple) and high-temp. comp. (magenta)) and NaCl (low-temp. comp. (red) and high-temp. comp. 

(orange)) and d) KI (low-temp. comp. (royal) and high-temp. comp. (dark cyan)) and KCl (low-

temp. comp. (blue) and high-temp. comp. (cyan)). Fitting results are displayed in graphs.  

 

Due to the fact that the only, and thereby key, difference between these two spectral regions is in 

the presence/absence of librations, direct implication is that the fluctuations of hydrogen bond 

network are indeed reflected through water librations. In the context of findings provided by 
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Libanu et al. [15] and Czarnik-Matusewicz et al. [16], one can tentatively conclude that low- and 

high-density water possesses different rearrangement times on average; importantly, this 

reorganization seems to be independent on the presence of ions. Of course, this phenomenon could 

express different behavior for larger and structurally more diverse solutes that can be involved in 

additional directed interactions to much greater extent, in which cooperative effects might play 

significant role (lipids, for instance). Since the fluctuations in a hydrogen bond network are 

recognized as crucial events for electron transfer in various biochemical processes [65], the study 

presented in this manuscript serves as a seed for examining aqueous solution of more complex 

biologically relevant systems, e.g. sugars. Ultimately, this study shows that certain phenomena, 

accessible up to now only by time-resolved spectroscopic techniques, can be characterized and 

discerned with a combination of significantly simpler spectroscopic technique and an appropriate 

chemometric tool [49,66].  

Conclusion 

Temperature-dependent FT-IR spectra of aqueous solutions of monovalent salts were examined in 

two spectral ranges; the one in which water combination band appears and the region containing 

partial signature of water linear bending. Univariate analysis of the combination band revealed that 

the interaction of water and anions are primarily governed by their electrostatic interactions. Using 

MCR-ALS with EFA non-linear concentration profiles of high- and low-density water were 

obtained in both spectral ranges. The asymmetry in their behavior in the first spectral range, which 

is absent in the second spectral range, is assigned to the fluctuations in water hydrogen bond 

network. As the asymmetry is virtually indistinguishable for all investigated salts, we conclude 

that the fluctuations in water hydrogen bond network are ion-invariant, even in the regime of high 

ionic strengths. In technically significantly less demanding and more straightforward way, which 

is complemented by appropriate chemometric technique, our results confirm previous reports 

obtained by time-resolved spectroscopy and provide new means in deciphering this phenomenon. 
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