Hoknamu Ha Bbarapckara akaneMmsi Ha HayKUTe

Comptes rendus de I’Académie bulgare des Sciences

Tome 76, No 6, 2023

PHYSICS
Solid state physics

THERMODYNAMIC FUNCTIONS AND MOLECULAR
STRUCTURE OF GLASS-FORMING LIQUIDS

Hristo Solunov

Received on April 3, 2023
Presented by A. Petrov, Member of BAS, on April 25, 2023

Abstract

In cooperative molecular dynamics, the molecules of the glass-forming lig-
uids are partitioned to sub-molecular units named “beads”. The beads have
been empirically defined. Recently, a method for measuring the beads has been
suggested. In this method the difference between entropy of the liquid and
the crystal, known as excess entropy, has been used. Here, it is found that all
other thermodynamic quantities are functions of the number of beads in the
molecules, and their number can be measured from each of them. A subject of
special interest is to measure the number of beads from the difference in the
heat capacity between the liquid and the crystal, and the liquid and the glass as
the configuration and the vibrational components in the number of the beads,
can be separated. In Adam—Gibbs, post Adam—Gibbs theories as well as the
potential energy landscape paradigm the thermodynamic nature of the dynam-
ical phenomena is being studied. From the obtained equations, transition in
the opposite direction became possible, namely the thermodynamic functions
can be estimated from the dynamic experiments, if the number of the beads
in the molecules are known. The theory is examined from the experimental
results of 3-bromopentane.

Key words: glass-transition, super cooled liquids, Adam—Gibbs theory,
configuration entropy, thermodynamics

Introduction. In the last several decades an increasing interest in glass for-
mation has been observed (for reviews see ['"4] and references therein). ADAM-
GIBBS theory [?] is a core giving rise to new theories [¢8] and paradigm [*9],
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helping to go inside of the molecular origin of the glass formation. The success
of the Adam—Gibbs theory is the relation of dynamical phenomena with thermo-
dynamics by using configuration entropy, defined as difference between entropy
of the liquid and the glass or the crystal. Adam—Gibbs theory is a phenomeno-
logical theory, and its original form is an object to criticism [>**%78]. In the post
Adam-Gibbs theory [¢8] the majority of the limitations of this theory have been
overcome.

The base of Adam-Gibbs (AG) theory is the size of the cooperatively rear-
ranging region (CRR), defined as the number of the molecules rearranging into
another configuration by surmounting simultaneously their individual potential
barriers. Adam and Gibbs do not provide a relation for the cooperatively rear-
ranging regions only accepting the configuration entropy of the smallest region as
a constant.

In an extension of the AG theory, temporarily named Molecular Entropy The-
ory (MET) [®] an equation for the measuring the size of the (CRR) has been found
and interpreted as the number of the beads rearranging during the relaxation time.
The beads have been empirically defined [!°]. A relation to measuring the par-
titioning of the molecules to the number of the beads has been suggested [!1+12].
In the Random first order transition theory (RFOT) [>7], the beads have also
been accepted as base kinetical units, but due to uncertainty of their estimation
in this theory, the last version avoids using them [?]. In General Entropy Theory
(GET) [*®], the beads are named “unaided atom groups” and empirical beads
are also used in “four-point” susceptibility approach [?| and Gaussian excitations
model [!3]. The relation of MET with the later post Adam-Gibbs theories is
discussed in ['4].

In recent years, Potential Energy Landscape (PEL) [}%15:16] has become
an active field to study connections between thermodynamic and the dynamical
behaviour of glass-forming liquids. The evaluation of the number potential minima
(inherent structures) as function of potential depth is a key factor opening the
possibility for calculating the configurational entropy defined as the logarithm of
the accessible minima. Hence in this way Adam—Gibbs theory is related to the
statistics of the PEL. In ['7] relation between parameter o determining maximal
number of the minima in the empirical distribution functions and the size of the
CRR, as well as fragility, has been found. In the equation for the parameter «
as well as for the breadth of the distribution, the number of the beads in the
molecules is also included. To apply the method of PEL to real molecules, a
model of the molecule is needed [*®]. With the intention of obtaining a successful
model of the molecules of the liquids, knowledge of the number of beads seems to
be obligatory.

The number of the structural units or the molecular groups have been assigned
as the beads by empirical rules ['°]. By measuring partitions of the molecules to
the beads ['2], it has been found that one and the same structural unit in different
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classes of liquids or in the isomers, behaves in a different way. Hence the beads
formation depends on the structure of the molecule and this finding allows to
clarify the behaviour of the molecule structure in the dynamics of the liquids.

The Adam—Gibbs concept of the dynamic phenomena to be resolved on the
thermodynamic base is followed in post Adam-Gibbs theory [¢8] as well as the
PEL. In MET, in addition to this concept, transition in the opposed direction has
been acquired, namely from the dynamics, the thermodynamic volume of a bead
has been measured ['®].

Bearing in mind the importance of measuring the partition of the molecules
to the beads, the aim of this paper is to suggest new methods for measuring the
beads as well as new relations in direction from dynamics to thermodynamics.

Theory. In the MET Hirai-Eiring quasi-lattice model of the liquid with oc-
cupied and free lattice place is assumed, but with a revision, the beads occupy the
lattice place instead of the molecules. Hirai—Eiring named the free places “holes”.
The fluctuation in free volumes with raising the temperature from below at the
glass-transition temperature opens a hole large enough for a bead to overcome
its barrier, jump into it and start the rearrangement. The same procedure is re-
peated several times, the beads rearrange bead by bead as each of them overcomes
its individual potential barrier, practically statistically independent, and in this
way, forming a cluster with the size j(T') and average potential barrier u [¢]. The
relaxation time is given by

) (1) =mewp (201,

where 7y is the vibration relaxation time, T is the temperature and kp is the
Boltzmann constant. This model provides advantage to form intramolecular clus-
ters especially in organic liquids and polymers, where the chemical groups are fit
together with the covalent bonds stronger, than London’s dissipation and dipole-
dipole intra- and intermolecular interactions. Viscosity is related to tear up and
recover the intermolecular interaction.

The temperature dependence of the relaxation time is given by the VTF
empirical relation

) o) = e (2.

where A, B and Tj are material constants. In comparing equations (1) and (2)
one obtains

(3) i(T) =
and u = kB and 19 = A.
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Adam and Gibbs defined configuration entropy with the equation

T

(4) AScont = AC,dInT’,

T
where AC), is the difference between the heat capacity of the supercooled liquid
and glass and 75 is a temperature at which configuration entropy vanishes in
Gibbs and DiMarzcio’s theory. As the heat capacity of the glass can be measured
only to the glass-transition temperature 7,, Adam and Gibbs accepted AC), as a
constant. This fact is an object of criticism to the theory and when configuration
entropy is used, heat capacity of the glass is extrapolated, or model functions
are used [?°]. Many scientists used the excess entropy, where difference between
heat capacity of the supercooled liquid and the crystal is used ACy,(T") and T
is replaced with Kauzmann temperature Tx ['%2°]. Kauzmann’s temperature is
the intersect point of the extrapolated entropy of liquid with the entropy of the
crystal ['?2°]. In the last case, the difference between vibration entropy in the
liquid and the crystal is neglected and Ty = Tk is assumed ['%2°]. RICHERT
and ANGELL ['Y] found that if the excess heat capacity follows hyperbolic low
ACp(T) = QT ', where @ is a constant, the VTF temperature T, is equal to
the Kauzmann’s temperature Ty = Tk

In the MET, the configuration entropy of the CRR is

AS(T)
N . i(T),

(5) Scerr =

where AS(T) is configuration entropy of a mol molecules (JK ! mol™1), j(T) is
the size of the CRR in units of bead, N4 is Avogadro number and 7 is the number
of the beads in the molecule. In the Adam—Gibbs theory, the number of beads n is
not present because they use the hard sphere model to model the liquid, whereas
in MET all intramolecular configurations are accounted for by n.

According to the model of the cooperative molecular dynamic in MET at
the glass-transition temperature, every bead overcomes its individual potential
barrier and, in this way, creates a new configuration in the CRR. As every barrier
separated two potential minima follows

(6) wj = 2j(Ty),

where wj; is the number of configurations in the cooperative cluster. Using Boltz-
mann equation for the configuration entropy of the CRR one obtains

(7) Scerr = kplnw; = kpIn2j(Ty).

Plugging this relation in (5) one obtains

(8) AS =nRj(T) ' In2;j(T,) = nRIn2;(T,) <1 - ?9) :
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where R is the universal gas constant. The last equation has been used for mea-
suring n ['1'12]. From (4) and (8) one obtains

d(AS)  nRTyIn25(Ty)

(9) AC, =T IT B ,
and configuration enthalpy
T
(10) AH =nRTyIn2j(Ty) In (T> :
g

The thermodynamic functions are summarized in Table 1.

Table 1

Thermodynamic and statistical quantities as
function of number of the beads in the molecules.
Units J, K, mol

Quantity Equation

AC, nRTyIn25(T,)T~*
AH nRT1n25(T,) In Tlg)
AS nRIn2j(T,) (1 — L2)
at nln25(Ty)

N4&2 n2RTy In 25(Ty)

L2Parameters determining the number of the minima
and breadth of the hyperbolic distribution function [17]

As it can be seen from Table 1, all thermodynamic and statistical quantities
are functions of the number of the beads in the molecules. Hence, from each one of
these quantities n can be measured. Note that since Ty = Tk it becomes possible
to obtain thermodynamic quantities from dynamic experiments (relaxation times,
viscosity and diffusion), where the VTF equation is applied. Generally, this is
possible if n is known.

Discussion of the experimental results. Prediction of the thermo-
dynamic functions from the dynamic experiment per mol of the beads.
For the temperature dependence of dielectric relaxation times for 3-bromopentane
Richert and Angell [*] obtain, log7(T) = —12.9 + 374.1(T — 82.9)"'. From
the hyperbolic approximation for the excess entropy, they obtained Tk = 82.5K.
Hence for 3-bromopentane practically Ty = Tk . Defining Tj; as temperature where
7(Ty) = 100 sec from the above equation they estimated 7, = 108 K. From equa-
tion (3) one obtains j(7y) = 4.3 bead. Obtaining Ty and j(Ty) from the dynamic
experiment one can predict (calculate) the thermodynamic and statistic function
in Table 1 per bead where n = 1. For example, for the AC}eaq = 1483.1 T-1JK !
mol bead ™! is obtained.
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Fig. 1. Heat capacity of the liquid (rhombs), glass (cir-
cles) and crystal (crosses) of 3-bromopentane. The re-
sults are from [20]. The thickish lines are polynomials
fits listed in Table 2 and the tin line is extrapolation the

heat capacity of the glass to the glass transition temper-
ature

Prediction of the thermodynamic functions from the dynamic ex-
periment per mol of the molecules. To calculate thermodynamic function per
mol of the molecules from that of the mol of the bead it is necessary to know the
n. The simple way to estimate the number of beads in molecules is to use data for
temperature and entropy of melting from a reference book and to divide entropy
of melting by the entropy of a bead from (8) with n = 1. For 3-bromopentane
enthalpy of melting is 8400 Jmol~! at temperature of melting 167.3 K and entropy
of melting 50.2 JK~'mol~! [?°]. From (8) for n = 1 Aspeaq(167.3) = 9.03 JK!
mol bead~! and in this way n = 5.5 beads and ACpeze = 81577~ kJK 'mol~!.

Prediction of the configurational thermodynamic functions. The
measuring of the number of the beads from AC),, opens possibility with a good
approximation the configuration thermodynamic function to be calculated. In
Figure 1, the heat capacity of the liquid, glass, and crystal in the glass-transition
range of the 3-bromopentane are shown.

The results obtained from the polynomials fit, in the temperature range used
AT with the corresponding coefficient of the determination R, are listed in Ta-
ble 2.

From Table 2, one obtains ACy4(T,) = 66.97, and ACp.-(T,) = 76.15
JK~'mol~!. The difference between excess and configuration heat capacity at
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Table 2

Temperature dependence of the heat capacities

Heat Equation AT R
capacity JK=! mol™! K

Liquid Cpi = 149.19 + 0.176T — 0.0003447> 112-190 0.9917
Glass Cpg = 35.76 + 0.1305T 4 0.004067> 66-88 0.99996

Crystal — Cper = 19.47 + 0.7155T — 0.0007475T2  71-142  0.99997

T, 9.18 JK~'mol~! will be prescribed to vibration component in the first one.
From (9) AChead(Ty = 108) = 13.73 JK ' molb bead~!. These results give the n
from configuration heat capacity n¢ons = 4.9 beads and from excess heat capacity
Nexe = 5.5 beads. The obtained value for n from configuration heat capacity, prac-
tically coincided with the empirical assigned value for the number of the beads in
the 3-bromopentane n. = 5 beads.

In Figure 2 the configuration heat capacity per bead estimated from dynamic
experiments (9) is shown.
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Fig. 2. The configuration heat capacity per bead ob-

tained from dynamic experiment (triangles). The ther-

modynamic excess heat capacity from polynomials in

Table 2 (z’s). The configuration (circles) and excess

(rhombs) heat capacities per molecule predicted from
that of the bead from dynamical experiment
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Predicted the excess and configuration heat capacities per mol from this of
the mol of bead, obtained from dynamics, in Fig. 2 are calculated by multiplying
that of the bead correspondingly with 5.6 and 4.9 the number of the excess and
the configuration bead in the molecule of 3-bromopentane. The excess capacity
estimated from the polynomial fit in Table 2 is also given. Small difference in
the predicted and measured excess capacities is observed since one can estimate
excess heat capacity per mol from that per bead in the hyperbolic approxima-
tion, whereas the heat capacities in Table 2 were obtained by polynomial fit. The
polynomial fit of the heat capacities is practiced in adiabat and DSCs. The dif-
ference in both approximations is material dependent, and hyperbolic is accurate
for many substances ['?]. The estimated configuration heat capacity in Fig. 2 per
molecule is “exact” configuration heat capacity corresponding to VTF equation
and Adam—Gibbs theory.

Generally, a supercooled liquid is observed in the temperature domains close
to glass transition and melting temperatures, as crystallization cannot be avoided
in other temperature ranges as in Fig. 1. Similar behaviour is observed for the
water. In this case, the heat capacity of the super cooled liquid can be estimated
from the heat capacity of the crystal from the suggested procedure.

Conclusions. The number of beads in the molecules explicitly present in the
thermodynamic and the parameters of the statistical functions of the glass-forming
liquids and can be estimated from each of them.

An informative way to measure the partition of the molecules to the beads is
from the difference of the heat capacity between the liquid and the crystal, and
the liquid and the glass at the glass-transition temperature, as separation of the
configuration and the vibration components is estimated.

The number of beads estimated from the difference between heat capacity of
the super cooled liquid and the glass, corresponds to the Adam—Gibbs theory and
VTF equation.

The thermodynamic and the statistical functions can be estimated from dy-
namic experiments if the number of beads in the molecule are known.
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