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Abstract. Infrared spectra of pure liquid water were recorded from 20 cm
-1

 to 4000 cm
-1

 at 8 

temperatures ranging from 263K to 363K. The evolution of connectivity, libration, bending and OH 9 

stretching bands as a function of temperature follows the evolution of the inter-molecular dynamics, 10 

and so gives insight into the internal energy averaged over the measurement time and space. A 11 

partition function, which takes into account the inter-molecular and intra-molecular modes of 12 

vibration of water, all variable with the molecular networking, was developed to convert this 13 

vibrational absorption behavior of water into its macroscopic Gibbs free energy, assuming the 14 

vibrational energy to feature most of the water energy. Calculated Gibbs free energies along the 15 

thermal range are in close agreement with the literature’s values up to 318K. Above this 16 

temperature, contributions specific to the non H-bonded molecules must be involved to closely fit 17 

the thermodynamics of water. We discussed this temperature threshold in relation to the well-18 

known isobestic point. Generally speaking, our approach is valuable to convert the IR molecular 19 

data into mean field properties, quantitative basis to predict how water behaves in natural or 20 

industrial settings. 21 
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1. INTRODUCTION 22 

Liquid water is present in abundance on and inside Earth. It is found, most of time, under its more 23 

common form, usually called the “bulk form”. Its physico-chemical properties
1,2

 are governed by 24 

the dense network of hydrogen bonds
3
 (H-bond) that one water molecule establishes with its close 25 

neighbours. Nevertheless, in the natural systems, liquid water can be found in other exotic forms, 26 

for instance solvation water, interfacial water layers located at the direct contact to minerals surface 27 

or water confined in restricted spaces (various types of pores). These varying forms of liquid water 28 

exhibit intrinsic properties that deviate from those of bulk water
4-11

. Consequently, their reactive 29 

properties with the surrounding matter (minerals, organics, gases, proteins) are also different to 30 

those of bulk water, making the by-products of this reactivity very different (pollutants, for 31 

instance, mobility/immobility; water sustainability, etc), especially on the long-term. The 32 

geochemical cycles in nature could be seriously reconsidered if a thermodynamic typology of liquid 33 

could be established with respect to a typology of the containing reservoir (atmosphere, rivers, soils, 34 

surfacial to deep aquifers, deep crust). 35 

To reach this goal, it is necessary to have a method for measuring these reactive properties while 36 

preserving the characteristics of the wide variety of possible containers. Infrared (IR) spectroscopy 37 

is a technique of choice to probe the strength of the H-bonds between water molecules, even 38 

trapped inside different types of materials, averaging the signal on micrometric distances and “long” 39 

time. It has been widely used to probe the vibrational properties of water
13-15

 even in its exotic 40 

forms
16-23

 or for reduced amount of matter, demonstrating its ability to record small energetic 41 

changes of water. 42 

Nevertheless, the widely known relationship between vibrational properties and energetics of water 43 

is not quantified in terms of macroscopic thermodynamic properties. Some studies
24-26 

proposed a 44 

statistical deconvolution of the IR band to thermodynamic values but they are only available for 45 

diluted solutions of HOD molecules in D2O (or H2O) and therefore cannot describe the IR spectrum 46 
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of bulk (normal) water. Moreover, this type of approach only takes into account the OH stretching 47 

band of water, while the infrared spectrum of liquid water is composed of four characteristic bands 48 

ranging from approximately 100 cm
-1

 to 4000 cm
-1

. The stretching band centered at 3400 cm
-1

 is the 49 

most intense and is very sensitive to the inter-molecular environment of water molecule, and is 50 

commonly used as a probe of the water networking. Alternative approach used a wider energy 51 

range, for interpreting spectra measured in the Attenuated Total Reflection optical configuration
15

. 52 

We choose here to only exploit transmission spectra, as it allows extracting reliable values for 53 

absorbance without assumptions on incidence angles, refractive index and geometric limitations. 54 

In this paper, the existing partition function from Giffiths and Scheraga
27

 is modified to convert the 55 

IR-absorption properties of bulk water into Gibbs free energy values, and this conversion is tested 56 

against the well-known thermodynamic values as a function of temperature. For this purpose, a new 57 

set of IR bands of water, from the connectivity band to the OH stretching bands reported from 263K 58 

to 363K, is used to retrieve the Gibbs free energies. The IR-thermodynamic conversion shed light 59 

on some specific properties (e.g. isobestic point) related to the evolution of bulk liquid water with 60 

temperature. 61 

2. THE IR-to-THERMODYNAMICS CONVERSION 62 

Griffith and Sheraga
27

 devised a partition function from an original version designed by Nemethy 63 

and Sheraga
28

, able to transform vibrational data into thermodynamic properties. It is based on the 64 

“Flickering clusters” concept
29

 which assumes the existence of clusters of bonded water molecules, 65 

with different sizes, the H-bonds of which break and re-form continually. The model also implies 66 

that the clusters are surrounded by non H-bonded molecules and so the partition function is 67 

expressed as the addition of two main structures: the non H-bonded molecules and the clusters, this 68 

latter being distinguished into 1-, 2-, 3-, 4-bonded water species. The partition function is therefore 69 

focusing on the coordination number of water species (four water clusters and the non H-bonded 70 

molecules) in an analytical approach completely compatible with the percolation model
30

, a 71 
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statistical viewpoint of the water energetics. Hence, this function is well adapted to the objective of 72 

turning the IR information into mean field thermodynamic properties, assuming they are strictly 73 

determined by the mean connectivity of water molecules. 74 

An energy level is ascribed to each species, and the molecules distribution between the energy 75 

levels is determined by the corresponding Boltzmann factors, exp(Ei/kT) where Ei is the energy of a 76 

given energy level and k is the Boltzmann constant, and by the degrees of freedom allowed for the 77 

motion of each species. The partition function can be written: 78 

� = ∑ ��� ∏ �	
�
exp	(−�
/��)������
��  (1) 79 

Where g is a combinatorial factor given by = ��!��!��!� !�!!�"!, with #$ the Avogadro number and 80 

#
 = %
#$ with ∑#
 = #$ are the number of each species per mole of water; %
 are the mole 81 

fraction of each species; �
 are the energy level of each species; 	
 are a multiplicity factor equal to 82 

1, 4, 6, 4, 1 successively for i=0, 1, 2, 3, 4; �
 are the weighting factors describing the vibrational, 83 

rotational and translational freedom allowed to each species, ascribed from IR and Raman 84 

experimental data. The equation to calculate these fi factors writes: 85 

�
 = &1 − exp	(−ℎ(
())/*�)+,-�1 − exp	(−ℎ(
./*�)�,- (2) 86 

Where	(
()) is the frequency describing the three degenerated translational degrees of freedom and 87 

(
(.) the three degenerated restricted rotations, both pertaining to the i
th

 energy level. The authors 88 

assumed that for each bonded state, all three translational modes are equal and all three restricted 89 

rotational modes are equal. The corresponding frequencies can be extracted from spectroscopic 90 

data, directly or indirectly. The authors assign a priori only the translational (210 cm
-1

) and the 91 

librational (750 cm
-1

) frequencies to the four-bonded molecules, based on the analogy with ice. The 92 

other values are chosen by a trial-and-error method to obtain the best fit of the theoretical 93 

thermodynamic quantities to the experimental ones. The values of �
 (i=0, 1, 2, 3), with �� = 0 94 

being the ground state, are determined through the same procedure. 95 
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This model neglects the intra-molecular modes arguing that they are also present in the vapor phase, 96 

and so are not characteristic of the liquid phase. However, the shape of the intra-molecular bands, 97 

notably the OH-stretching one, are very different between the liquid (continuous wide band) and the 98 

vapor (discontinuous peaks over a large frequency range) phases, expressing specificities in the 99 

energetics of these two phases. Consequently, we modified the partition function to include all the 100 

IR modes in the conversion calculations. The exact modifications introduced in the partition 101 

function will be detailed and justified further on. At this point, two facts should be emphasized: i) 102 

IR data can be converted into thermodynamic data using the intra- and inter-molecular measured 103 

frequencies; ii) the connectivity level of the molecules (from 0- to 4-bonded population) must be 104 

known as exactly as possible. 105 

3. MATERIALS AND METHODS 106 

We have recorded the IR spectra of liquid water at different temperatures. Three series of 107 

measurements were performed for different temperature ranges: the first report Mid-IR (MIR 108 

hereafter) spectra of water in an optimized environment under vacuum conditions; the second, also 109 

in MIR, uses a classic setup working at laboratory atmosphere; and the third extended the 110 

measurements to the low-frequency domain (Far-IR domain, noted FIR), using synchrotron 111 

radiation in a vacuum environment. 112 

3.1 MIR experiments under vacuum (SOLEIL) 113 

IR measurements, over the 400 cm
-1

 to 4000 cm
-1

 domain, were performed at SOLEIL Synchrotron 114 

at the AILES beamline using a Glowbar SiC source heated at 1200°C. Spectroscopic investigations 115 

were performed using a Fourier Transform infrared spectrometer (IFS 125 HR, Bruker Instruments) 116 

combined with a KBr beamsplitter and a helium cooled bolometer detector. The spectra were 117 

recorded with a resolution of 4 cm
-1

 with 400 scans per spectrum. Transmission spectra were 118 

acquired using a copper fluid cell equipped with two diamond windows. The thickness of the liquid 119 
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film was fixed by the thickness of the Mylar spacer ring (≈6 µm) and the sealing was ensured by 120 

two O-rings located respectively below and above the sandwich made up by the two windows and 121 

the liquid in between. The infrared coefficient absorption is defined by: 0 = −log	( 44�), where I0 is 122 

the transmitted intensity of the empty cell and I the transmitted intensity of the cell filled with 123 

water. The fluid cell was fixed to a closed cycle helium cryostat allowing a temperature control 124 

down to 4.2K. The temperature ramp was controlled using the software SELIA in the 275K to 350K 125 

range. 126 

3.2 MIR experiments under atmospheric condition (ISTO) 127 

The measurements and the subsequent conversion were verified by measuring equivalent spectra 128 

using a Fourier Transform Infrared Micro-Spectrometer (Nicolet Continµum, Thermo Scientific). 129 

Notice that this laboratory setup allows a wider thermal range (263K - 363K) than the Soleil setup. 130 

In the following, we limit the discussion to the 275- 350K temperature range, and report the other 131 

data and the comparison between the two datasets in a supplementary material. 132 

IR spectra were recorded, in the 850 cm
-1

 to 4000 cm
-1

 spectral range, using the laboratory 133 

spectrometer equipped with a XT-KBr beam splitter and a liquid nitrogen cooled Mercury 134 

Cadmium Telluride (MCT) wide range detector (250 µm). The microscope runs in confocal mode, 135 

using a 15X infinity corrected Schwarzschild objective and a matching 15X condenser. 136 

To prevent saturating the IR absorption, a fluid cell of varying thickness, down to the micrometer, 137 

was developed. This cell is made of two steel parts compressing two ZnSe windows (13 mm x 2 138 

mm), sealed with a fluorocarbon O-ring. A liquid drop was sandwiched and tightened between the 139 

two windows to form a bulk water film roughly 1 µm thick. The cell was introduced in a heating-140 

cooling stage (THMS-600, Linkam) compatible with IR light, controlling temperature at ±0.1K. 141 

Each spectrum was recorded with a resolution of 4 cm
-1

 with 200 scans per spectrum and no 142 

mathematical correction was used. The infrared coefficient absorption is defined as in the previous 143 

section. The spectra were recorded from 263K (slightly supercooled state) to 363K. 144 
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3.3 FIR experiments with synchrotron source radiation 145 

Water in the FIR / THz regions (600-50 cm
-1

) was investigated using the SOLEIL Synchrotron 146 

radiation collected at the AILES beamline. The FTIR IFS 125HR spectrometer was combined with 147 

a 6 µm Mylar beamsplitter and a helium cooled bolometer detector. For the THz (100-10 cm
-1

) 148 

measurements, the FTIR was combined with a 125 µm Mylar beamsplitter and a 1.6K helium 149 

pumped bolometer. All spectra were recorded with a resolution of 4 cm
-1

 with 400 scans per 150 

spectrum. Transmission spectra were acquired using a fluid cell made of copper and completed with 151 

two diamond windows. The thickness of the liquid film determined by the thickness of the Mylar 152 

spacer ring (≈ 5 µm) and the sealing was insured by two O-rings located respectively below and 153 

above the stacking made up by the two windows and the liquid in the middle. The infrared 154 

coefficient absorption is defined as in the previous section. The fluid cell temperature was fixed to a 155 

helium closed cycle cryostat under vacuum (Model PT405 from CryoMech.) allowing a fine control 156 

of the temperature. 157 

4. RESULTS 158 

4.1 Description of the bands 159 

The evolution of the IR bands in this spectral domain has been detailed by Brubach et al
31

 from 160 

264K to 320K. The present temperature range is wider, but the successive shape and absorption of 161 

the different bands meet their conclusions. Baseline correction is processed the same way for all 162 

spectra, using the Matlab function “backcor” developed by Mazet et al
33

, and the background is 163 

estimated by an asymmetric truncated quadratic cost function. 164 

The bending mode mostly reflects water molecules that do not lie in a symmetric tetrahedral 165 

environment
31

 as in ice. The band (Fig. 1A) exhibits an increasing absorbance with temperature, 166 

and the maximum slightly shifts toward lower wavenumbers from 1650.7 cm
-1

 at 263K to 1648.3 167 

cm
-1

 at 363K (experiment under atmospheric condition) and from 1651.7 cm
-1

 at 275K to 1646 cm
-1

 168 
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at 350K (experiment under vacuum). The shape of the band does not change much with 169 

temperature, except for a decreasing FWHM that agrees with the trends predicted by molecular 170 

modeling
34

. The increasing absorbance of the bending band with temperature is attributed to a 171 

decreasing number of water molecules in symmetric tetrahedral environment. 172 

The stretching band is the most sensitive to any changes in the water network as its shape and 173 

frequency range is known to vary with the hydrogen bonds strength
36

. Also, the asymmetric shape 174 

of the band is usually interpreted as a convolution of several sub-bands, each pertaining to water 175 

molecules differently bonded to their close neighbors. At first sight, the maximum of the band (Fig. 176 

1B) shifts toward higher wavenumbers as temperature increases (from 3380.6 cm
-1

 at 263K up to 177 

3436.5 cm
-1

 at 363K for experiment under atmospheric condition and from 3390.3 cm
-1

 at 275K to 178 

3431.7 cm
-1

 at 350K for experiment under vacuum). Simultaneously, the intensity of the band 179 

maximum decreases (from 0.82 a.u at 263K to 0.61 a.u. at 363K for experiment under atmospheric 180 

condition and from 0.85 a.u. at 275K to 0.61 a.u. at 350K for experiment under vacuum). Moreover 181 

its shape varies, losing the lower wavenumbers and enriching to higher ones with the FWHM 182 

increasing by about 6.5% with temperature. Finally, an isobestic-type crossing zone is displayed at 183 

high frequencies (see below, section 4.4). 184 
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 185 
Figure 1. IR absorption bands of liquid water as a function of temperature (MIR experiment at 186 

Soleil): A. Bending, B. OH stretching, C. libration and connectivity bands. Stars outline the 187 

isobestic points (see text). 188 

Page 9 of 30 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Revised version of the ID CP-ART-08-2014-003466. Submitted to Physical Chemistry Chemical Physics. September 

22
th

, 2014. 
 

10 

 

Concerning the intermolecular bands, their intensity relates to the number of H-bonds rather than to 189 

the number of water molecules as for the intra-molecular modes. As a consequence, these 190 

intermolecular motions forcibly involve supramolecular assemblies: this system can be considered 191 

as a super molecule corresponding to H-bonded water molecules. Since the energies corresponding 192 

to these noncovalent bonds are one or two orders of magnitude lower than those of covalent bonds, 193 

their spectral signatures range at lower wavenumbers. 194 

The libration band is ascribed to the frustrated rotations of rigid water molecules that are influenced 195 

by a force constant due to the H-bond between water molecules. These rotations have a vibrational 196 

character and are called librations. The corresponding band recorded using SR (Fig. 1C) and the one 197 

recorded from 275K to 250K with Glowbar source are in agreement with previous observations
13,35

 198 

(although the latter was cutoff at 426 cm
-1

): it shows a decreasing intensity with temperature, and 199 

the main peak moves toward lower frequencies from 731.8 cm
-1

 at 275K to 681 cm
-1

 at 350K. 200 

These changes demonstrate that the hindered rotations are temperature-sensitive, through the 201 

modifications of the molecular network of water. However, as already concluded
31

, the small shape 202 

changes with temperature suggest that the frustrated rotation is little or not affected by the number 203 

of H bonds established by the super molecule. From 267K to 302K (Fig. 1C), the libration band is 204 

complete and displays also a shift toward the lower frequencies: from 711.6 cm
-1

 at 267K to 687.9 205 

cm
-1

 at 302K, while the absorbance of the band decreases by 3% with temperature. An isobestic 206 

points is also shown in this temperature range (see below, section 4.4). 207 

The connectivity band (Fig. 1C) is related to the intermolecular stretching vibration between two H-208 

bonded water molecules. It is described as a translational stretching transition as opposed to the 209 

rotational like transition of the libration. From 267K to 302K the absorbance of the band decreases 210 

by 0.4 a.u. and the maximum is shifted toward the lower wavenumbers. However, owing to the high 211 

resolution of the band gained through the synchrotron source, the connectivity band appears less 212 

complex than usually proposed
31,40

. Its shape is quite regular, and can be fitted by a unique 213 

Gaussian sub-band. The observed variations (shape, frequency) with the temperature are very small, 214 
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especially compared to the other bands, and only the intensity of the connectivity is changing with 215 

T. Nonetheless, two isobestic points appear at the high- and low-frequencies sides of this band (see 216 

below, section 4.4). 217 

4.2 Decomposition of the stretching band 218 

Among all bands, the OH stretching band appears as the most sensitive probe of the H-bonds 219 

network between water molecules. The oscillator strength of water molecules decreases when their 220 

coordination number increases and the corresponding OH frequency is downshifted
36

. In particular, 221 

the band frequency increases with the average distance between oxygen atoms of water molecules 222 

linked by H-bond
36

, and the width of the band gives an averaged image of the H-bonds percolation 223 

throughout the molecular network. 224 

To account for the various environments of a molecule, the OH stretching band is frequently 225 

decomposed into three Gaussian components
16,18,20,31,37-40

, each embodying a certain connectivity of 226 

the corresponding water molecules, the whole featuring the liquid in the experimental time and 227 

space. Hence, each Gaussian sub-band describes the quantity and the energy of the water molecules 228 

with a given mean coordination number (Fig. 2). The low frequency Gaussian is associated to the 229 

fully tetrahedrally coordinated water molecules, called network water (NW) also known as ice-like 230 

water since the Gaussian peak is close to its ice counterpart (3250 cm
-1

). The high-frequency 231 

Gaussian sub-band is ascribed to the molecules with a low coordination number (two, one or zero), 232 

called multimer water (MW) and close to the IR frequency of vapor molecules. The Gaussian sub-233 

band lying in-between has a coordination number close to three, this population is called 234 

intermediate water (IW). 235 
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 236 

 237 

Figure 2. Upper, OH-stretching band at room temperature and its three Gaussian sub-bands, 238 

featuring the respective percentage of molecules with a given coordination number, averaged inside 239 

the probed volume and during the experimental time. Lower left, Frequency of each sub-bands as a 240 

function of temperature. Lower right, Molecular fractions of the three water populations (network 241 

water NW; intermediate water IW; multimer water MW; see text) as a function of temperature. 242 

The experimental bands are free-fitted (Fig. 2) with the software Igor and its Multipeak fitting 2.0 243 

package, to obtain the molecular fraction of each water population as a function of temperature. The 244 

molecular fraction of one population given by the ratio between the area of the Gaussian associated 245 

to the water population and the total area of the three Gaussians are reported in Table 1. 246 

Along the temperature range, the NW fraction dominates the other two populations (Table 1, Fig. 2 247 

lower right). The NW fraction however, decreases when temperature increases, while both the IW 248 
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and MW fractions increase with temperature, as expected when liquid comes closer to the vapor 249 

phase transition. These changes clearly evidence a lowered connectivity of the H-bonded network 250 

as the boiling point is approached. These variations of the three populations are in agreement with 251 

previous studies
31,37

. Moreover, the mean coordination number is equal to 3.4±0.1 at 298K, in 252 

agreement with numerical
41,42 

and experimental
37,43

 studies. 253 

The positions of the three Gaussians (Table 1, Fig. 2 lower left) are slightly shifted toward higher 254 

frequencies with the increasing temperature. 255 

Table 1. Molecular fractions and main peak location of the sub-bands fitted on the OH-stretching 256 

band recorded as a function of temperature (Soleil setup, AILES beamline). 257 

Water classes Temperature Molecular fractions Main peak frequency (cm
-1

) 

NW 
275K 0.599 3303 

350K 0.528 3317 

 Variation -0.095%/K +0.19 cm
-1
/K 

IW 
275K 0.338 3458 

350K 0.355 3475 

 Variation +0.0227%/K +0.23 cm
-1
/K 

MW 
275K 0.063 3593 

350K 0.117 3604 

 Variation +0.072%/K +0.15 cm
-1
/K 

The frequency shift of the maximum is clearly linked to a loss of order in the water molecular 258 

network
31,40

: an increasing temperature disrupts the connectivity and reduces percolation in liquid 259 

water. The associated variation of the band shape is consistent with this interpretation: the 260 

increasing intensity towards high wavenumbers and a loss towards low wavenumbers imply an 261 

increased fraction of the non H-bonded population and a decreased fraction of the connected 262 

molecules. 263 
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4.3 Decomposition of the connectivity and libration bands 264 

From 267K to 302K the connectivity and libration bands are not fully resolved, and then require to 265 

be treated together: the whole ensemble was fitted by three Gaussian components, one for the 266 

connectivity band (Gauss 1) and two for the libration bands (Gauss 2 and Gauss 3, see Fig. 3). 267 

The frequency of the connectivity band (Gauss 1) is almost constant with temperature (from 192.1 268 

cm
-1

 at 267K to 182.3 cm
-1

 at 301K, see Fig 3B), while its intensity decreases as expected from the 269 

loss of H-bonding with temperature. Concerning the libration band components (Gauss 2 and 3), 270 

their frequencies shift toward lower wavenumbers with temperature (Fig. 3B). In contrast, the 271 

intensity of Gauss 2 and 3 moves in an opposite way: Gauss 2’s decreases with T, but Gauss 3’s 272 

surprisingly increases with T. A close examination however shows that the total intensity of the 273 

libration (Gauss 2 and 3) decreases slightly (Fig. 1). Therefore, the increasing intensity of Gauss 3 274 

is related to the fitting procedure encompassing a wider distribution of states when T increases. 275 
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 276 

Figure 3. Upper, decomposition of the connectivity (one sub-band) and libration (two sub-bands) 277 

bands, here exemplified at 280K. Lower, evolution of the frequency, intensity and Gaussian sub-278 

bands area as a function of temperature. 279 

4.4 Isobestic points 280 

As often observed in water vibrational spectroscopies (e.g. 31, 44), the OH stretching band spectra 281 

measured at various temperatures cross each other in an “isobestic” point at around 3500 cm
−1

. The 282 

term “isobestic” refers to the wavelength for which all absorption curves cross each other, i.e., 283 
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where the absorbance is a constant. It implies some equilibrium between two absorbers. In previous 284 

studies (e.g., 37, 44, 46), this point was interpreted as the signature of two species of water 285 

molecules: H-bonded molecules and non-H-bonded molecules. Observing that the IW Gaussian sits 286 

very close to the isobestic point frequency, Brubach et al.
31

 reformulated this view in terms of 287 

balance between molecules that participate to the extended connective networks and those lying 288 

outside these networks. 289 

This isobestic point as a function of temperature does not appear as a point but in a restricted area 290 

of frequency. Indeed in the temperature range of 263K-313K, the spectra cross each other over 291 

frequencies spanning from 3520 to 3543 cm
-1

(see supplementary material). Consequently, after 292 

other authors
31

, we designated it as a quasi-isobestic point. It is noteworthy here that this isobestic 293 

area is limited to a more restricted thermal range than previously observed
44-47

. The experiments 294 

carried out in atmosphere and under vacuum recorded such quasi-isobestic point (∼3535 cm
-1

) from 295 

263K to 313K. At higher temperatures (310K), a vanishing of the quasi-isobestic crossing point 296 

with temperature
44-47

, is observed. Above this temperature, spectra intersections spread over 55 cm
-1

 297 

for both series of measurements (see supplementary material), supporting a loss of the quasi-298 

isobestic point above 310 K in contrast with the previously-reported value of 353K
37

. 299 

In terms of raw data, the consistency of the present results measured using two different setups 300 

indicates that the observed disappearance does not depend on the experimental procedure. To go 301 

further in the interpretation, the Gaussian decomposition showed that the mean molecular network 302 

of water molecules is disturbed by the increasing temperature, despite that the NW remains the 303 

dominating population. This implies that water molecules maintain a strong connectivity even at 304 

high T, in agreement with previous studies
3,48-50

. Other effects may however come into play 305 

prompting us to re-interpret this vanishing point in the thermodynamic frame, involving the whole 306 

vibrational spectrum of liquid water, as developed below (see section 5.4). 307 

A close examination of the low-frequency domain actually reveals three other isobestic points. The 308 

669 cm
-1

 one, appearing within the libration band in agreement with previous measurements
15

, 309 
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supports well the two-population assumption evoked above. The other two, at 171 cm
-1

 and 221 310 

cm
-1

, belong to the connectivity band and are located along each side of the band. It may only 311 

reflect a general broadening of the band remaining centered at the same frequency and cannot 312 

express the changes expected above 310K, with a dominant mode of the less-bonded molecules. 313 

5. DISCUSSION 314 

5.1 Modification of the model 315 

It follows from previous considerations that the model needs to take into account the intra-316 

molecular modes, by including the bending and also the stretching through its three sub-bands 317 

whose behavior account for the thermal changes in water. The new partition function integrates 318 

these modes through the fi factors, which stand for the molecular fractions of each stretching sub-319 

bands. Thus, in contrast to the original model, these factors are not any more adjustable parameters 320 

but become experimental variables, implying that the temperature dependence of the water 321 

vibrational modes, expressed by the bands shape changes, can be implemented in the modified 322 

model. 323 

Another limitation of the original model is the assumption made by Griffith and Sheraga
27

 that the 324 

three-bonded population predominates over the four-bonded population of water molecules at odds 325 

with the general consensus that the four-bonded population predominates in water up to 100°C
3,32

. 326 

Our modified model correctly matches the usual four-bonded dominance. 327 

The new partition function writes as follows: 328 

� =5�
��

678�
,
:;<=exp	(−�
/��)>����
-


�?
78�
,
:;=@exp	(−�
/��)>����
-


�?
A 

 (3) 329 

The OH-stretching sub-bands are ascribed to the three types of water molecules (MW, IW, NW) 330 

and so the combinatorial factor g is revised as: � = ��!�BC!�DC!�EC!, where #�F, #4F and #GF are 331 

respectively equal to #$%�F, #$%4F and #$%GF. 332 
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The form of the fi factors was also modified, by using three intermolecular fi factors and three intra-333 

molecular fi factors. Each of the three factors is ascribed to one class of water molecules. The 334 

different fi factors are given by: 335 

�
,
:;<= = &1 − exp	(−ℎ(
())/*�)+,-&1 − exp	(−ℎ(
(.)/*�)+,- 

 (4) 336 

�
,
:;=@ = &1 − exp	(−ℎ(
(H)/*�)+,-&1 − exp	(−ℎ(
(I))/*�)+,- 

 (5) 337 

Where i=1, 2, 3 respectively attributed to NW, IW, MW. The frequency (
(H)is ascribed to the 338 

bending mode, and (
(I) to the stretching mode. The frequencies of the associated fi factors and their 339 

dependency with temperature are presented in Table 2. The bending mode is hardly sensitive to the 340 

environmental conditions, including temperature, and so the band frequency is constant for all 341 

classes of molecules in the probed temperature range. The libration band was fitted by two Gaussian 342 

components (Gauss 2 and 3) but they have varying width with T preventing their use for 343 

extrapolation. Therefore, only the main frequency of the complete band is fitted with T according to 344 

a linear dependency. Meanwhile, the connectivity band has only one Gaussian component, linearly 345 

varying with T (Table 2). 346 

Table 2. Values of the vibrational characteristic frequencies used in the IR-to-thermodynamic 347 

model. Data are either directly measured or calculated with an empirical ν-T relationship defined 348 

from lower-T measurements (reported in footnotes). 349 

Temperature 

(K) νi
(S)(cm-1) νi

(B)(cm-1) νi
(T)(cm-1) νi

(L)(cm-1) 

  NW IW MW   Gauss 1 Gauss 2 Gauss 3 

263 3307.4 3464.1 3572.5 1648.84 193.4* 738.7** 

267 3305.1
† 3457.2

†† 3579.3
††† 1650

‡ 192.3 574.7 755 

268 3298.7 3451.8 3567.9 1654.62 191.9* 735.7** 

270 3305.4
† 3457.8

†† 3580.1
††† 1650

‡ 191.4 568.9 751.7 

272 3305.6
† 3458.2

†† 3580.6
††† 1650

‡ 190.4 566 749.7 

273 3302.6 3454 3573.3 1648.84 190.5* 732.7** 
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275 3303.1 3457.6 3593.4 1651.7 190 557.3 747.8 

277 3306.2
† 3459.3

†† 3581.9
††† 1650

‡ 189 558.3 746.3 

278 3309.5 3464.9 3580.1 1650.77 189.6* 729.6** 

280 3310.1 3459.1 3592.9 1650.8 188.5 554.4 743.9 

283 3308.9 3466.5 3583.6 1652.7 187.5 540.5 740.5 

285 3307.0
† 3461

†† 3583.9
††† 1650

‡ 187.1 530.3 739.1 

288 3308 3458.4 3578.3 1650.8 186.6 527.9 738.1 

290 3311.4 3460.8 3594.1 1649.8 185.6* 722.4** 

291 3307.6
† 3462.3

†† 3585.5
††† 1650

‡ 185.1 508.2 730.9 

293 3308.1 3463.8 3583.8 1648.8 184.7 470.1 720.8 

296 3308.1
† 3463.3

†† 3586.8
††† 1650

‡ 183.7 460.9 710.4 

298 3303.9 3462 3583.7 1652.7 183.3* 717.6** 

299 3308.4
† 3463.9

†† 3587.5
††† 1650

‡ 182.7 456.6 714.5 

300 3312.6 3463.3 3596.2 1648.8 182.7* 716.4** 

302 3308.7
† 3464.5

†† 3588.3
††† 1650

‡ 182.4 432 703.4 

303 3308.9 3467.2 3587.8 1648.8 181.8* 714.6** 

308 3308.4 3464.2 3586.7 1650.8 180.4* 711.6** 

310 3312.6 3464.5 3595.7 1647.9 179.8* 710.4** 

313 3305.3 3463.7 3586.7 1650.8 178.9* 708.6** 

318 3309 3472 3594.8 1652.7 177.5* 705.6** 

320 3312.1 3467.2 3598.1 1647.9 176.9* 704.4** 

323 3310.5 3468.3 3591.9 1646.9 176.1* 702.6** 

328 3307.6 3467.7 3591.7 1648.8 174.6* 699.5** 

330 3315.4 3469.3 3599.7 1646.9 174.0* 698.3** 

333 3308.9 3473.9 3597.6 1648.8 173.2* 696.5** 

338 3316.4 3476.8 3600 1646.9 171.7* 693.5** 

340 3315.3 3471.7 3601.7 1646.9 171.1* 692.3** 

343 3309.7 3471.6 3594.5 1650.7 170.3* 690.5** 

348 3314 3478.9 3599.5 1648.8 168.8* 687.5** 

350 3317 3475 3603.7 1646 168.3* 686.3** 

353 3308.9 3472 3596.8 1648.8 167.4* 684.5** 

358 3314.7 3477.6 3599.1 1648.8 165.9* 681.5** 

363 3315.5 3476.9 3600.2 1646.9 164.5* 678.5** 

† : ν
(I) = 3277.9 + 0.102�(Q) . †† : ν
(I) = 3401.1 + 0.210�(Q). ††† : ν
(I) = 3510.7 + 0.257�(Q). ‡ : 350 

assumed constant at 1650 cm-1. * : ν
()) = 269.4 − 0.289�(Q). **: ν
(.) = 897.0 − 0.602�(Q). 351 

For data recorded at ambient pressure with laboratory sources, the connectivity band and the low 352 

frequency part of the libration band were not recorded. For these measurements, the model is 353 

downgraded and only includes the libration main frequency (
(.) (ignoring the two sub-bands 354 

behavior), varying linearly with T as extracted from the data (Table 2). For the connectivity band, 355 

the same treatment applies, and the calculation then involves a constant main frequency with 356 

temperature, with intensity assumed to change linearly with temperature (Table 2). This 357 
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simplification allowed us to extrapolate the IR-to-thermodynamics conversion over the larger range 358 

of temperature retained in this study (see below, section 5.2). 359 

To sum up, from 267K to 302K (experiment 2.3) the model used experimental frequencies for the 360 

four bands. For the experiments 2.1 and 2.2 the connectivity band is not available and the libration 361 

band is recorded only for its higher frequencies. 362 

Last point, in the model, an energy level must be ascribed to each water species. In the original 363 

model, this energy level per species depends on the coordination number of the different water 364 

populations. In our modified model, the NW (four-bonded molecules) is at the ground state, i.e. is 365 

equal to zero. The energy attributed to the IW state is the energy necessary to transform one O-366 

H…O bond in ice into one free OH, estimated to be equal to Eb=23.3 kJ.mol
-1 1,3,51

. At last, the 367 

energy assigned to the MW should be a combination of the energies needed to break two, three and 368 

four H-bonds (so that to produce 2-, 1- and 0-bonded molecules), with the form %V2�W + %?3�W +369 

%X4�W. Nevertheless, the molecular fractions of 2-, 1- and 0-bonded molecules are indistinctly 370 

covered in the MW fraction. A reasonable assumption is that, in MW, the 2-bonded molecules are 371 

the dominating population
50,52-54

, and consequently the energy attributed to the MW state is equals 372 

2�W. 373 

5.2 Macroscopic Gibbs free energy from IR data 374 

The partition function Z is developed from the Maxwell-Boltzmann distribution what makes it a 375 

characteristic property of the system at constant temperature and volume. As a consequence, the 376 

thermodynamic function directly related to Z is the Helmholtz free energy F, the thermodynamic 377 

potential at constant (T,V), can be written: 378 

Y = −*�Z[(�) (6) 379 

The Gibbs free energy can be obtained from the usual G = F + PV relation, writing: 380 

\ = 	−*�Z[� + *�] ^_`:a_b c) (7) 381 
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In the present conditions of the experiment, the correction from Helmholtz to Gibbs free energy 382 

(included in our calculations) is practically negligible, amounting to about 2 J.mol
-1

 over the whole 383 

temperature range 263K-363K. 384 

From 267K to 302K (experiment 2.3) the vibrational Gibbs free energy well matches the bulk value 385 

of the reference G
55

 (Fig 4), calculated as the integral from 0K up to T of the ratio H/T², H the 386 

enthalpy itself calculated through the integral of the heat capacity Cp along the 0K-T range. The 387 

data match well with slight deviation as the T goes up (dG ≈ 37 J.mol
-1

 at 296K and dG = 32 J.mol
-1

 388 

at 302K). As introduced above, beyond 302K, we simplified the model working with the main 389 

libration frequency and a linear thermal behavior for the connectivity and libration bands. This 390 

simplified conversion still gives a good match, at least up to 318K. 391 

 392 

Figure 4. Gibbs free energy of liquid water as a function of temperature deduced from the present 393 

measurements and using the partition function described above in the text, compared to reference 394 

values
55

. Square: Gibbs free energy calculated from a complete data set of IR bands. Circle: Gibbs 395 

free energy calculated from the downgraded model. 396 

Above 318K the experimental values of G deviate systematically from the expected values. This 397 

deviation may mean that the vibrational part of the partition function becomes insufficient to 398 
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describe correctly the thermodynamics of the system at these higher temperatures. It is interesting to 399 

point out that this deviation takes place at the same T at which the isobestic point starts to move 400 

significantly with T (see below, section 5.4). 401 

5.3 Sensitivity of the model 402 

In this section, some input parameters are modified to test the sensitivity of the output values to the 403 

model structure. First, the conversion is performed assuming that the molecular fractions of the 404 

three water populations are constant and equal to their values at 298K. It comes to overlooking the 405 

OH-stretching band shape changes. In this case, the conversion is less satisfying (Fig. 5), by 201 406 

J.mol
-1

 with respect to the value coming from the full calculation. This test supports our hypothesis 407 

that decomposing the OH-stretching band gives important information into the energetics of liquid 408 

water. 409 

 410 

Figure 5. Gibbs free energy as a function of the temperature for molecular fractions fixed at 298K 411 

(red triangle) and for libration frequency fixed at 716 cm
-1

 (green lozenge). 412 

Secondly, the influence of the temperature dependence of the frequency of the libration is analyzed 413 

comparing the calculations with libration T-dependent frequencies with those calculated for a 414 

libration fixed frequency (the 298K one). The former gives a better agreement with the reference 415 
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values (-10643 J.mol
-1

 at 363K, instead of -10879 J.mol
-1

), even if the correction is quite small (less 416 

than 50 J.mol
-1

) below 318K. 417 

These sensitivity tests demonstrate that the IR spectra of water provide enough information to 418 

precisely calculate its thermodynamic properties. To reach a fine tuning, and so to follow minor 419 

variations of thermodynamics with temperature, precise measurements and an upgraded description 420 

of each band must be done. This was realized using the synchrotron radiation data measured in the 421 

263K-302K range. 422 

Finally, the model assumes that all the water molecules are in the fundamental energy state when 423 

they are probed by the infrared beam. From the point of view of an isolated molecule, the 424 

Boltzmann distribution predicts that only a small proportion will be in an excited bending state 425 

(close to 0.1 %) or even less so in an excited stretching state. However, if one consider the water 426 

network as a super molecule with their collective modes (connectivity and libration) there is a 427 

strong probability for the super molecules to be in an initial excited state following Boltzmann 428 

distribution. At room temperature, close to 40% of the super molecules have their H-bond stretching 429 

excited in v=1 at room temperature and 2% of the frustrated rotation in its first excited state. For the 430 

present calculation, we used the Boltzmann law to at 300K and a connectivity main frequencies at 431 

200 cm
-1

 to determine the proportion of molecules in an excited energy level at about 0.3805. The 432 

effect of the excited initial state on the model modifies the connectivity part of the �
,
:;<= to take 433 

into account the proportion of the excited molecules. At 302K, the Gibbs free energy using this 434 

modification equals -6747.45 J.mol
-1

, that is to say a negligible variation of 0.22%. 435 

5.4 Isobestic point and thermodynamics 436 

As argued before
44

, the isobestic points constitute a strong evidence for a mixture model of water 437 

involving the general H-bonded and non H-bonded classes of OH oscillators. It is interesting to note 438 

that Griffiths and Scheraga developed their partition function on such grounds. Alternatively, the 439 

isobestic point has been defined
31

 as a frequency barycenter between molecules that participate to 440 
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the extended connective networks and those lying outside these networks. Almost all molecules are 441 

assumed to be engaged into H-bonds, but here the level of network connectivity makes the 442 

difference between two populations. The present measurements only provide the mean field 443 

properties connected to the statistical connectivity in the water network, therefore supporting the 444 

latter interpretation of the isobestic point in terms of network connectivity. This analysis is also 445 

supported by the presence of isobestic points at low frequencies, in the intermolecular domain. 446 

The laboratory measurements in the MIR above 310K, show a loss of the isobestic point in the OH-447 

stretching band. This deviation suggests a growing impact of the translational and rotational 448 

components in the water energetics, owing to the increasing number of isolated molecules 449 

(increasing intensity of the MW band). As a consequence, the frequencies barycenter of the water 450 

network is no more balanced between two vibrational populations, but one population combines 451 

more modes than the other: the isobestic point has no physical meaning anymore. In this 452 

description, the disappearance of the isobestic point simply indicates that the vibrational energy no 453 

more features the whole thermodynamic properties of the liquid. 454 

5.5 Vibrational and total Gibbs free energy 455 

Generally speaking, one partition function is written as the product of different contributions: 456 

translational, electronic, nuclear, rotational and vibrational components. For liquid water, the 457 

nuclear and electronic partitions functions are equal to 1
56

, while the translational and rotational 458 

contributions are given by: 459 

�;=@:d = ^Vefg)
ℎ
 c- Vh ] (8) 460 

�=i; = Ve
j ^Ve4g)

ℎ
 c? Vh

 (9) 461 

With m the mass of the molecule, V is the volume available to the translation motions, k = 2 the 462 

symmetry number of water and I the inertia moment of the molecule. For highly connected 463 

molecules, the rotational and translational motions are negligible, as expected in liquid water at low 464 
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to moderate temperatures. When temperature goes up, translational and rotational effects may come 465 

into play so that �;=@:d and �=i; should be weighted by the molecular fraction of 0-bonded 466 

molecules. Therefore, one can estimate the x0 molecular fraction by matching the calculated and the 467 

theoretical G, through a calculation that includes weighted �;=@:d and �=i; . The percentage of 0-468 

bonded molecules thus calculated is 4.5% at 363K, indeed highly consistent with other studies
37-39

. 469 

The vibrational Gibbs free energy including rotational and translational terms can match the Dorsey 470 

reference values
55

 through a reasonable estimate of the unbounded molecules. Vibrational energy 471 

may not be able to fully describe all the energy state reached by liquid water in the full range of 472 

liquid water temperature, but seem adapted to describe the thermodynamics properties of water in a 473 

large domain of temperature. Table 3 shows the ratio between the vibrational energy and the total 474 

Gibbs free energy. From 263 to 310K, the ratio Gvib/Gtot approaches 1 and then decreases slightly, 475 

as already discussed above. In our present interpretation, this deviation trend is a clue that the 476 

rotational and translational components come into play. 477 

Table 3, Vibrational, total Gibbs free energy and ratio of Gvib/Gtot as a function of the temperature. 478 

The grey cells report Gibbs free energies calculated from our complete dataset over all IR bands and 479 

the white cells report Gibbs free energies calculated from the downgraded model. 480 

Temperature (K) Gvib (J.mol
-1
) Gtot (J.mol

-1
) Gvib/Gtot (J.mol

-1
) 

263 -4791.88 -4608.46 1.04 

268 -5175.37 -5175.37 1.00 

270 -5030.05 -4857.05 1.04 

275 -5289.41 -5211.1 1.01 

277 -5396.05 -5352.71 1,01 

280 -5546.12 -5565.14 1 

283 -5721.35 -5777.57 0.99 

285 -5836.39 -5919.19 0.99 

288 -5988.9 -6131.61 0.99 

290 -6304.30 -6193.28 1.02 

293 -6400.17 -6485.66 0.98 

296 -66601.97 -6698.09 0.99 

298 -6794.66 -6784.42 1.00 

300 -6856.82 -6918.60 0.99 

302 -7042.75 -7122.91 0.99 
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308 -7421.49 -7509.74 0.99 

310 -7598.14 -7643.92 0.99 

318 -8042.66 -8235.06 0.98 

320 -8105.86 -8369.24 0.97 

328 -8721.66 -8960.38 0.97 

330 -8724.33 -9094.56 0.96 

338 -9295.07 -9685.70 0.96 

340 -9388.53 -9819.88 0.96 

350 -10047.60 -10545.20 0.95 

353 -10385.10 -10773.70 0.96 

6. CONCLUSIONS 481 

IR measurements have been performed on liquid water, from supercooling state up to 363K, 482 

recording the evolution of the connectivity, libration, bending and OH stretching bands as a 483 

function of temperature. The recorded trends are consistent with previous studies, either 484 

experiments or simulations. Among all bands, the stretching band appears as the most sensitive. 485 

This justifies the intense study of this spectral range, which offers interesting prospect to investigate 486 

other types of water such as confined, capillary, interfacial, or solvated water
18,23,40

. The OH 487 

stretching bands measured through two different setups are consistent with each other and in 488 

agreement with previous studies. A decreasing connectivity on the mean water network builds up as 489 

the temperature increases and comes closer to the boiling point. However, the decomposition of the 490 

band into three Gaussian components demonstrates that the network remains energetically favorable 491 

to molecules that are tetrahedrically bonded. 492 

The IR-to-thermodynamics conversion is well validated by its ability to retrieve the well-known 493 

Gibbs free energy, in this thermal range. The modified partition function is able to describe the 494 

thermodynamics of water over 6 kJ.mol
-1

 of variation. To improve the match, additional 495 

contributions are required above 318K. The disappearance of the isobestic point with temperature, 496 

concomitantly with the thermodynamic deviation, is understood as another indication that the IR 497 

vibrational bands feature only part of the thermodynamics of water. Nevertheless, the vibrational 498 
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Gibbs free energy reproduces satisfactorily the thermal induced change in a large domain of 499 

temperatures for the liquid state. 500 

Promising future studies involve recording the infrared features of liquid water trapped in different 501 

containers to probe if and how the thermodynamic properties are modified in porous networks. 502 
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