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In the fascinating world of the physico-chemical properties of water vibrational spectroscopy provides a powerful tool to 
unravel the complicated scenario of H-bonding structures. In this work, we used Raman spectroscopy to give an estimate 
of interactions and nearest-neighbour distances in water and KBr aqueous solutions. By H/D isotopic substitution and 
analysis of the OH/OD stretching regions, we followed the rearrangement of local structures in the proximity of bromide 
ions as a function of temperature, in the –30°C - 50°C temperature range, at different KBr concentrations. A more 
compact and interacting shell was recognized for the solution in the presence of ice, regardless of KBr concentration; 
however, both at high and low temperatures, a 20% lessening of H bonding enthalpy was estimated in water-bromide 
with respect to water-water interactions. This analysis of water properties in the bromide hydration shell below and 
above the melting range, gives a more comprehensive picture of the H bond network of water-electrolyte systems. © 
Anita Publications. All rights reserved.
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1 Introduction

	 Water in nature is one of the main constituents of ecosystems and is necessary to all known forms of 
life. Liquid water is one of the most studied systems, but at the same time, it is most difficult to fully understand 
due to its peculiar physico-chemical characteristics [1-3]. In the condensed phases, many of the properties 
of H2O are due to the presence of hydrogen bonds between neighboring molecules, to form a network 
that extends over the entire volume [4]. With respect to the solid phase, the liquid water is characterized 
by the absence of long-range order and in a lower average hydrogen bond (HB) strength [5]. Due to the 
ice structure, the difficulty to represent the variety of H-bonded species, different structural models have 
been postulated for liquid water. Many of these models describe liquid water as an equilibrium of discrete 
molecular structures characterized by a different number of hydrogen bonds per molecule and/or a different 
geometry of HB clusters [6-8]. Each water molecule can act as double accepting and double donating HB 
unit in the local pentamer structure; the irregular distortions and elongations of local tetrahedral arrangements 
are expected to be higher in the liquid than in the solid phase, and to increase with increasing temperature. 
To study the properties of HB strength and HB structures, vibrational spectroscopy, and particularly Raman 
spectroscopy, comes to our aid, since the vibrational signals are highly sensitive to the strength and extension 
of this interaction [9].
	 Salts of monatomic ions in water dissociate into cations and anions, which interact with the H2O 
molecules and orient them. Around each ion, a certain number of water molecules (hydration number) is 
present and is greater the larger the size of the ion itself [10]. These water molecules interact with the ion 
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through hydrogen bonds and form the hydration shell. Naturally, the water molecules surrounding the cation 
behave as acceptors, while those in the hydration shell of the anion will act as hydrogen bonding donors. 
Depending on the type and concentration of the electrolyte, higher solvation shells may also be considered 
consisting of water molecules that are affected by the influence of the ion, but which are not directly linked to 
it. Regarding the extension of hydration shell, it is difficult to define it exhaustively: we call hydration shell 
the ensemble of water molecules with properties different from pure water, thus it strongly depends on the 
properties that are probed, and therefore by the technique used to study the solution structure [11].
	 The ion induces a new local order and a different restructuring capacity in the solution compared to 
bulk water, by accepting or donating H-bonds. The ions that interact weakly with water increase the disorder 
and weaken the hydrogen bond, while the ions that interact strongly impose greater local order on the water 
molecules that surround them. Small ions, can locally create a condition of order and a high local density; 
large single-charge ions behave like hydrophobic molecules, increasing the disorder. This restructuring at a 
microscopic level also affects the macroscopic properties of the water, including viscosity [12]. The effects 
are different depending on the type of ion, charge and size. [13,14] 
	 Vibrational spectroscopy techniques have made it possible to observe that as the concentration of 
the salt increases, the water-anion interaction significantly changes the characteristic signals of water, while 
the effect of the cation is much less evident [15].
	 In this work, we characterize the properties of the water molecules in the bromide hydration 
shell, taking a simple electrolyte, KBr, as a casus studii. To characterize the hydration properties, we used 
vibrational Raman spectroscopy because it is very informative about the structure and dynamics of hydrogen 
bonding systems [16-18]. Many theoretical and experimental studies [19-23] have been made over the years 
to understand the properties of water in the ion/solute hydration shell, most of them at room temperature. In 
the present study, we analyzed KBr solutions in a wide range of temperatures, including below the melting 
temperature, to describe the perturbation of HB network. Frozen electrolytic solutions are of fundamental 
importance in the geochemical and astrochemical fields [24-26]; therefore, we used Raman spectroscopy to 
characterize the hydration shell for bromide solutions in the presence of ice to mimic situations similar to 
those under extreme conditions. 

2 Materials and Methods

	 KBr was purchased from Riedel-de Haën with purity of 99%. KBr solutions were prepared by 
weight, in salt/water mole ratio 1/39 (diluted solution, hereafter KBr dil) and 1/8 (concentrated solution, 
hereafter KBr conc). The solutions at the same KBr concentration were prepared in a 50% H2O/D2O mixture. 
D2O was purchased from Sigma-Aldrich and used as such without further purification. Ultrapure water 
(resistivity: 18.2 MX/cm at 298 K) was obtained with a Millipore Direct-Q–3 UV purification system.
	 Raman measurements  were performed using a solid-state laser OXXIUS mod. LMX-532S-300 
emitting at 532 nm with a 300 mW power radiation. All the Raman spectra were collected in backscattering 
configuration and the radiation was analyzed by the monochromator Horiba iHR320, and revealed by the 
CCD Horiba mod. Syncerity. The spectra were recorded in the 1100-4200 cm–1 region as the average of 30 
scans, 10 seconds each, with a resolution of 3 cm–1. A Linkam Stage FTIR600 was used as a temperature 
control system: the cell with the sample inside was slowly cooled (cooling rate 2°C/min) down to –30°C, 
left at this temperature for 30 minutes and then heated up to 50°C at 1°C/min. Spectra were recorded every 
2°C with a step-scan acquisition (constant temperature during spectrum acquisition then heating at 1°C/min), 
in a range, –30°C - 50°C. The polarizations of incident and scattered radiations were selected to be parallel 
(VV configuration) ; the resulting spectra were baseline-corrected using the Labspec6 software from Horiba. 
At the salt concentrations here studied, at low temperatures a two-phase system was obtained, with pure ice 
separating from a KBr solution [27]. 
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	 To isolate the spectral contribution of hydration water both above and below the melting temperature, 
bulk-free Raman (BF-Raman) spectra were obtained by the difference between the spectrum of KBr solutions 
and the rescaled spectrum of the corresponding solvent, as described elsewhere [28]; the rescaling factor was 
determined to give the maximum non-negative spectral profile.

3 Result and Discussion

	 The OH stretching signals of liquid water and ice, respectively at 25°C and –30°C, are shown 
in Fig 1. It is well known that this band is a good probe of the H-bonding interactions in the liquid and 
solid systems since the stronger this interaction the lower is the OH-stretching frequency [29]. The Raman 
spectrum of ice shows an intense peak at about 3140 cm–1: this is due to vibrations of OH oscillators engaged 
in ideal tetrahedral hydrogen bond configurations of the Ih solid structure. This spectral component has a 
similar counterpart in the OH stretching profile of liquid water; in fact, liquid water maintains a short range 
tetrahedral arrangement similar to the one that is present in ice, and the sub-band at around 3200 cm–1 of 
the OH-stretching profile of the liquid is assigned to these ice-like structures. Two other components are 
present in the ice spectrum at approximately 3260 and 3360 cm–1. According to the assignments reported 
in the literature by Hu and others [30], they are respectively related to water molecules that are in deformed 
tetrahedral hydrogen bond configurations and in single donor hydrogen bond (weakly bonded) configurations. 
Also, the profile of liquid water shows two high frequency sub-bands at ca. 3420 and 3600 cm–1, that can be 
ascribed to the same structures [31].
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Fig 1. Raman spectra of ice and liquid water (polarized VV profile).

	 Figure 2 shows the OH stretching profiles of water and of diluted and concentrated KBr solutions at 
25 ° C. Due to the addition of salt, the band maximum shifts to higher frequencies and undergoes a variation 
in the relative intensity of the three components described above. The blue shift indicates a weakening of 
the average strength of the hydrogen bond [32], passing from pure water to the more concentrated solution, 
and this is in line with previous experimental results [33]. The different band-shape is related to the different 
intensities of the 3260, 3420 and 3600 cm–1 contributions, which are further altered by the temperature 
variation.
	 As the temperature increases, a decrease in the intensity of the component at lower frequencies 
is observed in favor of the intermediate one, both for pure water and for the diluted KBr solution: this 
indicates a decrease in “ordered” and strongly bonded water structures, while the fraction of “disordered” 
water increases. The effect of increasing temperature is very similar to the one following the addition of KBr.
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Fig 2. (a) Room temperature Raman spectra as a function of KBr concentration. (b) VV configuration 
Raman profile as a function of temperature for H2O and (c) the dilute KBr solution.

	 The shift at higher frequencies observed by increasing temperature or KBr concentration is best 
appreciated by referring to the first moment, M1, of the OH stretching band: this quantity estimates the average 
frequency of oscillators associated with the asymmetric profile, and was calculated using the equation:

	 M1 = 
∫band I(ν) ν dν
∫band I(ν) dν

	 (1)

where I(v) is the scattering intensity at Raman shift, and integration is over the 2750-3850 cm–1 interval. 
Isotope substitution promotes the formation of distorted hydrogen bond configurations, due to an increase 
in hydrogen bond asymmetry in the presence of D2O since hydrogen bonds in liquid D2O are more linear 
and stronger than those in H2O [30,34]. When D2O is added to H2O, the tetrahedral HB configurations are 
distorted, and the ordered water component has a very low intensity compared to H2O [35] (Fig 3).
	 We used an equimolar H2O/D2O isotopic mixture as a solvent in order to reduce the intra- and 
intermolecular vibrational coupling on OH stretching profile and have a better probe of H-bonding interactions 
in KBr solution with respect to the pure solvent [34,36]. 
	 For both the OD and OH stretching signals, the blue-shift on increasing temperature can be observed, 
thus suggesting that a progressive rearrangement of the HB structures is observed in water and KBr solution 
on increasing temperature.
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Fig 3. (a) OH and OD stretching profiles (VV configuration) of the equimolar D2O/H2O mixture, in the 4°C-50°C 
range. Dilute KBr solution and pure solvent: (b) temperature dependence of the first moment M1 of OD stretching 
band; (c) temperature dependence of the first moment M1 of OH stretching band.

	 Moreover, the vibrational frequency distributions associated with the two oscillators show that M1 
values increase in the solution compared to the pure solvent and that the temperature coefficient (slope 
of black and red lines in Fig 3(b) and 3(c) is lower in the presence of KBr. Higher M1 values and lower 
temperature coefficients of the solution with respect to the pure solvent are agent related to the presence of 
ion-water HB interactions that are weaker than water-water ones. According to Smiechowski et al [36], the 
frequency of the OD stretching vibration can be used to estimate the average distances RO..O (Å) between 
water molecules. Using Eq (2), it is possible to calculate the nearest-neighbors oxygen-oxygen distance RO..O 
for the different systems:
	 vOD = 2727− exp[16.01 – 3.73(RO..O)	 (2)
	 The RO..O values obtained for the different systems at room temperature and in the presence of ice 
are reported in Table 1. 

Table 1. First moment of OD stretching band and average oxygen-oxygen distance

Sample νOD (cm–1) 
T = 25°C

RO..O (Å)
T = 25°C

νOD (cm–1) 
T= –30°C

RO..O (Å)
T= –30°C

H2O/D2O 2500 ± 5 2.84 ± 0.01 2421± 5 2.76 ± 0.01
KBr dil 2513 ± 5 2.85± 0.01 (2421± 5)* (2.76 ± 0.01)*

KBr conc 2540 ± 5 2.89± 0.01 (2420± 5)* (2.76 ± 0.01)*

*: the strong intensity of ice signals probably hides the contribution from KBr solution
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	 The RO..O distance increases in liquid KBr solutions with respect to pure water and the variation is 
small but progressive as the KBr concentration increases. The values found at room and low temperatures 
are compatible with those of the literature [37], but the strong intensity of ice signals probably hides the 
contribution of the solution to the spectrum.
	 To isolate the contribution of hydration water from the spectrum of the bulk, we applied the 
spectrum-subtraction procedure described in the experimental section. In Fig 4, the results of this subtraction 
(bulk-free BF Raman spectra) are compared to the profiles of neat water at 25°C and –30°C ( T = –30°C is 
chosen as a reference of the system condition below the melting range). At both temperatures the position 
of band maximum is shifted to higher values in BF spectra with respect to the solvent; in addition, the low 
temperature data are red-shifted from those at room temperature. 
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Fig 4. Bulk and bulk-free (BF) Raman spectra in the OH stretching region at 25°C (a) and –30°C (b). Normalized 
BF spectra of dilute and concentrated KBr solutions at 25°C and –30°C are shown in the insets of a) and b) panels, 
respectively. 

	 At 25°C and –30°C BF profiles show similar band-shapes for both KBr solutions (see insets of Fig 
4), indicating the same hydrogen bond interactions in the anion hydration shell as a function of concentration 
of KBr. In the H2O/D2O solvent, we also obtained similar results: we observed that the bandshape of BF 
profiles is not affected by the KBr concentration, both at 25°C and –30°C. In Table 2 the first moment of OH 
stretching signals of BF and pure solvent spectra are reported at the two temperatures. 

Table 2. First moment of OH stretching band and average HB interaction strength

Sample

T = 25°C T = –30°C

M1 vOH 
(cm–1)

Δ–v OH
(cm–1)

ΔH
(kJ mol–1)

M1 vOH 
(cm–1)

Δ–v OH
(cm–1)

ΔH
(kJ mol–1)

pure solvent* 3396 ± 10 274 21.2 ± 0.5 3285 ± 10 385 25.7 ± 0.4
BF KBr dil** 3455 ± 20 215 18 ± 1 3325 ± 20 345 24.2 ± 0.8

BF KBr conc** 3466 ± 20 204 18 ± 1 3338 ± 20 332 23.7 ± 0.8

*: H2O/D2O; **: H2O/D2O solutions

	 These average stretching frequencies (M1 values) allow estimating an average strength of HB 
interaction (∆H) from the well-known Badger-Bauer rule [38]. This correlation between the OH stretching 
frequency (vOH ) and the strength of HB interaction ΔH is found in the literature in different forms; an extension 
of the classic Badger and Bauer rule has been proposed by Iogansen [39]:
	 ΔH 2 = 1.92∙(Δ–vOH – 40)	 (3)
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where, Δ –vOH = –vOH – –vOHf, is the frequency shift for the H-bonded species with respect to the free hydroxyl 
and vOHf is the OH stretching frequency for the free hydroxyl. 
	 From the frequency of OH stretching band, we obtain that both in the liquid phase and at low 
temperatures, the water-ion interaction is lowered by about 18% compared to the water-water interaction.
Besides, the M1 values of OD stretching band of BF spectra can be used to evaluate the average oxygen-
bromide distance RO…Br– according to Mikenda and Steinböch [40]:
	 νOD = 2727 – 1.49∙106 ∙ exp [–2.64(RO…Br–)]	 (4)

Table 3. First moment of OD stretching band and average oxygen-bromide distance in the hydration shell

Sample
T = 25°C T = –30°C

M1 vOD 
(cm–1)

RO…Br–

(Å)
M1 vOD 
(cm–1)

RO…Br –

(Å)
BF KBr dil* 2560 ± 20 3.45±0.04 2442 ± 20 3.24±0.03
BF KBr conc* 2549 ± 20 3.42±0.04 2425 ± 20 3.22±0.03

*: H2O/D2O solutions

	 Data of Tables 1- 3 give an exhaustive description of the structural properties of bromide aqueous 
solutions with respect to bulk water. In particular, the average water-anion distance is 3.44 (3.23) ± 0.03 Å 
in the liquid phase (below the melting range) which is higher than average water-water distance being 2.84 
(2.76) ± 0.01 Å; this high intermolecular distance is related to the significant lowering in the strength of 
water-bromide with respect to water-water interaction. 

5 Conclusions

	 In this work, the properties of electrolyte solutions were studied by Raman vibrational spectroscopy: 
in particular, aqueous solutions of KBr at different concentrations and as a function of temperature were 
analyzed.
	 The analysis of the OH stretching signal evidenced the weakening of the average hydrogen bond 
strength in the presence of KBr, respect to liquid water. Besides, we analyzed the hydration properties at 
temperatures below the melting range; also in the presence of ice, the high frequency component of OH 
stretching profile showed a higher intensity to suggest a lowering of the average HB interaction strength.
	 Bulk-free spectra were analyzed to isolate spectral contribution of the hydration shell from one 
of bulk water. Different BF spectra were obtained above and below the melting temperature: this allowed 
evaluating a different water-bromide distance and HB energy in the presence of ice with respect to the liquid 
phase, but, in both cases, a 20% lessning of HB interaction enthalpy was estimated. Interestingly, the same 
BF-Raman profile was obtained regardless of KBr concentration. This is probably due to our capability to 
monitor those water molecules directly interacting with bromide ion, which form the same first hydration 
shell both in the diluted and concentrated solution.
	 Our spectroscopic method could be further extended to the study of other binary salts to highlight 
their ability to modify the hydrogen bond network of water, and to study the extent of molecular-level 
distortions that solvation of ions causes in water and ice.
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