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Supporting information

1. The partition function for converting the vibrational spectroscopy to

thermodynamic properties

A partition function links the microscopic properties of a system and its macroscopic ones. If we

deal with the canonical system, the form of the partition function will be given by:
z=Ye ™" (1=1,23-) (1)

This equation depends on the temperature and the energies of the microstates, where E; is the
. . 1 . .
energy of each microstate (i) and g = 7. Where kp is the Boltzmann constant, and T is the

temperature in Kelvin.

The energies of the microstates are determined by thermodynamic variables, such as the number
of particles and the volume, and by microscopic properties, such as the mass of the particles
composing the system. From a model of the microscopic constituents of the system, one can
calculate the energy of the microstates, the partition function, and then the thermodynamic

properties of the system using the Boltzmann factor:
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P; is the probability that the system occupies a microstate i. The partition function then acts as a
normalizing constant, making the sum of the probabilities equal to 1. From this step, one can
calculate the thermodynamic value of the total energy. If the system is divided into N subsystems

having negligible interaction energies, the partition function is written as the product of the

.. . N
partition functions z;, of each subsystem: Z = ]_[l. Z; 3)

Therefore, the partition function is the sum of the energy states of the system. If the different forms
of energy in the system are independent from each other, the total energy can be written as a sum

of all these energies:
Etot =En+ Eci + Etrans + Evip + Eror (4)

Where E,, is the nuclear energy, E; the electronic energy, Eqns the energy of translation, E,;;, the
energy of vibration and E,,; the energy of rotation. In this way, the energy levels of the molecules
are quantified and: E, > E,;p > Epor > E 1,2].
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The partition function is then written as the product of the partition functions of each energy forms

in the system:
Ziot = Ln-Lel-Lirans-Lvib-Lrot (5)

For water, the nuclear and electronic partition functions (E,,E,;) are equal to 1 [3]. Additionally,
the first order of E,,; is negligible, and the translational energy is not quantified frequently [1]. As
a result, the vibrational energy, which we measure in FTIR, is the dominant contribution to the

calculation of the partition function.
The total energy is the sum of the energies of the microstates multiplied by their probability, and
it relates to the partition function as follows:
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Which can be written as:

SlnZ
(E) = kgT* 55 (7
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Since the Helmholtz energy is equal to F = E — TS, then it becomes:
F=—kgTInZ (10)

Finally, the Gibbs free energy (G) can be obtained from: G=F+PV, and this yields:

G = —15TIn (2) + KBTV(A%) (11

As a result, the partition function enables to calculate how much the Gibbs free energy changes
when the vibrational energy changes. The partition function that we use in this study is the same
as Bergonzi et al.’s [4, 5], which is derived from Griffith and Scheraga’s [6], and Néméthy and

Scheraga’s [7]. It can be expressed in the following form:
3 N %713 . Nyx;
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Where g describes the different populations of water absorbing the infrared radiation, and f; are
the weighting factors of each infrared mode.

The fraction of each population was obtained by decomposing the OH stretching band into three

Gaussian components. The g factor is calculated from these three populations as:

Ny
9= Nyw!Nw!Nyw! (12)

Where NNW = NAwa, N[W = NAX1w,aTLd NMW = NAxMw.

NW is the network water (see the main text for details on the three populations), IW the

intermediate water, and MW the multimer water; N 4 is the Avogadro number and N; = N 4x; with

2.N; = N, are the number of each species per mole of water; x; is the mole fraction of each species.

The weighting factors f; are assigned to the three intermolecular factors f jn¢er, one for each of

the three populations, and identically for the three intramolecular factors f; ;1
-3 -3
fiinter = [1 = exp (=D /icgT)] " [1 = exp (—hi/isT)] ™ (i = 1,2,3) (13)

Fimtra =1 — exp (=0 /icpT)] _3[1 — exp (—hvi P /isT)] “(=123) (14)
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v;®) the wavenumber assigned to the OH stretching mode, while the v;(®) the wavenumber
attributed to the bending mode. In this way, it is crucial to measure the wavenumbers of each mode
experimentally and not calculate them to adjust the results with the reference values. In addition,
it is necessary to experimentally obtain the fraction of each of the three populations and insert
these parameters as an input of the model. These parameters were obtained from the micro FTIR

measurements presented in the manuscript.

The population of NW (n,~4) is considered as the fundamental level, i.e. Eyy = 0. The energy
assigned to the level of IW is the energy required to transform a bond O — H---0 of ice in a free
OH bond, estimated for liquid water equal to Ey = 23.3 kj.mol ~! [4, 8-10]. Finally, the energy
allocated to the energy level of the MW population must be a combination of the energies required
to break 2, 3, and 4 hydrogen bonds with this form Eyyy = x,2Ey + x13Ey + x94Ey. However,
the fractions of the 2-, 1- and 0-linked populations contained in the MW fraction are not well-
defined separately in the literature. That is why Bergonzi et al. assumed that in MW, the molecules
create 2 hydrogen bonds at maximum. This hypothesis is verified by different studies [11-14].
Therefore, the energy assigned to the MW population is the energy required to break 2 hydrogen

bonds and is equal to 2E .

As aresult, the partition function can be calculated entirely from the experimental data. But, in our
case, the connectivity, libration and bending bands were not recorded because of the quartz
container. Consequently, we use the reference values of Bergonzi’s measurements for these three
modes of water molecules as a function of temperature, linearly extrapolated when working

beyond the range (-10° to +90°C) explored in Bergonzi et al.
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