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The thermodynamics and cooperative dynamics of heterophase liquid states is considered taking into account
frustration and volumetric interaction of the solid-like fluctuons. It is found that the glass transition temperature
range is scaled by difference of the frustration parameter and mean energy of the volumetric interaction. A
model of the cooperative relaxation with finite cooperatively rearranging domains is considered. The fictitious
Kauzmann and Vogel-Fulcher temperatures are determined. It is found that they are close to a proper ac-
curacy. Correlation of the temperatures of glass transition, Vogel-Fulcher and “ideal” glass transition (as it is
determined in the mode coupling model) is considered too.
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1. Introduction

The heterophase fluctuations model (HPFM) is based on the idea of heterophase structure of
glass forming liquids [1H5]. Consecutive consideration shows that in a heterophase state (HPS),
molecular clusters (fluctuons) of specified short-range order (SRO) are statistically significant en-
tities rather than single molecules. As a result, the supramolecular interactions determine the
thermodynamics and dynamics of the glass forming liquids. Equation for the free energy of HPS is
deduced within the framework of HPFM taking into account frustration and volumetric interaction
of the fluctuons |5, 6]. The model of the cooperative relaxation dynamics of HPS developed in [2, 3]
describes the a-relaxation rate in terms of the free energy. The developed theory is a proper base
for the analysis of experimental data on thermodynamics, structure and cooperative relaxation of
the glass-forming liquids [2-4].

The Vogel-Fulcher and Kauzmann temperatures (Typ and Tk) [71-9] and the temperature of
the “ideal” glass transition determined within the framework of the mode-coupling model (Tvcr)
[10,[11]) are in use at the analysis and rationalization of experimental data. At Tk the extrapolated
entropy of liquid becomes equal to that of crystal or, in other words, the configurational entropy
of liquid is going to zero. In [9, [12] it is assumed that a critical point is located at Kauzmann
temperature, Tx < T, while Ty is the assumed singular point of the cooperative relaxation [, |§].
The relaxation time at this point is ~ exp (Tx/(T — Tx)). The empiric Vogel-Fulcher formula
was obtained by Adam and Gibbs in a theoretical model [13]. They connected the size of the
cooperatively rearranging domain with the configurational entropy of liquid. The size increases
with the configurational entropy decrease while at Tk it goes to infinity. As a result, Tk is a singular
point of the cooperative relaxation and Tx = Tyg. Though Tk and Tyr are not accessible for a
direct observation, the formulas obtained in Gibbs-DiMarzio and Adam-Gibbs (AG) models (along
with the empiric definition by Kauzmann) make it possible to rationalize and fit the experimental
data on the liquid configurational entropy and relaxation cooperative rates.

Determination of Tyic is given in terms of the basic relations of thermodynamic and dynamic
properties of glass-forming liquids under special assumptions [10, [11]. The predicted “ideal” glass
transition has not been observed yet but this model and its consequences have been under consid-
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eration for several decades. In Odagaki’s model of the cooperative relaxation [14] and in [15], where
this model is reconsidered without resource of the configurational entropy arguments, the following
correlations of the singular temperatures are found: Tx = Tyr and Tver — Tvr = 2(Tz — Tvr).

By means of experimental data fittings, the mentioned temperatures are determined for many
glass-forming liquids. It is found that TycT > T, and correlations Tk ~ Tyr and Tvcr — Tvr =
2 (Ty — Tyw) are true with an acceptable accuracy (see e.g. [15-17]). For this reason, it is desirable
to check whether these correlations are consistent with the HPFM predictions. This consideration
is performed below. Furthermore, some peculiarities of the HPFM including volumetric interaction
and frustration of solid-like fluctuons are considered.

In section 2, the thermodynamics of HPS is considered. Section 3 is devoted to a description
of cooperative relaxation dynamics in terms of thermodynamic properties of glass-forming liquid.
Consideration of the mentioned correlations and discussion is placed in section 4.

2. Glass transition in HPFM model

To get the characteristic temperatures Tk and Ty g, whose definitions have no connection with
microstructure of glass-forming liquid, the coarsened HPFM without specification of the short
range order of solid-like fluctuons has to be used. In this formulation of the HPFM [1, 3, 6], solid-
like fluctuons having the averaged SRO and thermodynamic properties are considered. In this case,
the order parameters of the liquid are fractions of the solid-like and fluid-like fluctuons, ¢s and ct,
respectively. Due to the evident relation,

s+ =1 (1)

only one of these parameters is independent.
For simplification, the number of molecules per the solid-like and fluid-like fluctuon are put to
be equal, ks = k¢ = kg. In this case the free energy in the mean-field approximation is

G(P,T) = /g(:c; P, T)d3z. (2)

Its density can be presented as follows:

1
g (:Ca P, T) = Cf(l‘)g? + Cs(x)gg =+ Cs(x)cf(x)gsf + 595563
1

+3 /cs(a:)(b(x,x')cs(a:')d?’x' + T (celnes + csncy). (3)

Here g? (P, T) is the part of free energy of i-th fluctuon independent of fractions {cx }; g% (P, T) > 0
is the interfacial energy; gss > 0 is the frustration parameter; ®(x, z’) is the attractive potential of
the solid-like fluctuons which we take in the Yukawa form

D(w.a') = ~=F exp(—r/Ro). )

where rg is the fluctuon size; ¢ > 0 and Ry > ro is the strength and range of the potential,
respectively. The last term in (B]) describes the contribution of the mixing entropy of solid-like and
fluid-like fluctuons.

The attractive volumetric interaction of fluctuons can lead to long-range correlations of solid-
like fluctuons (the Fischer cluster formation) [4, |6]. The contribution of long-range correlations of
solid-like fluctuons into the free energy is comparatively small [6] and can be neglected for a while.
Therefore, we can replace cs(z) by its mean value ¢ in ([3). As result, equation ([B]) reads

g(a:, P, T) = g(Pa T) = Cfgfo + ngso + CsCrgst + %(gss - 800)03 +T (Cf Inct +cs1n Cs) ) (5)
o = 4m [ ®(r)ridr’ = —4rR3p. (6)
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The equation determining the liquid equilibrium state, dg/dcs = 0, reads

Cs

(]- - 2Cs)§sf +Tln 1 = hsf; (7)

S

Jsf = st — (gss - 900) /27 het = gfo - gsO - (gss —©0) /2'

It follows from (] that the phase coexistence temperature, T, (at which the solution ¢s = 1/2
exists) is determined by the following equation

het = 0. (8)

To show the effect of the frustration and volumetric interaction on the equilibrium and glass
transition, let us introduce the phase equilibrium temperature without fluctuon interactions as
follows:

T = Aegr/Asy . (9)

Here Aeys and Asg is the difference of energies and entropies of the non-interacting solid-like and
fluid-like fluctuons at the point where g%(P,T) = ¢?(P,T). Then, as it follows from (&), the phase
coexistence temperature is,

T. =T — (gss — ¥0)/2A5¢ . (10)

The frustration decreases while the volumetric interaction increases the phase coexistence temper-
ature.

Apparently, for the majority of substances the glass transition proved to be continuous. It
follows from equation (7)) that the continuous transformation takes place if

gsf < 2Te (11)

gst < 2[TY + (gss — o) (1 — 1/Asg ) /2] (12)

Taking into account that the difference of entropies of fluid and solid is ~1 per molecule and that
ko ~ 10, we have Asg ¢ > 1. Therefore, with g ~ gsf the condition (I0) can be easily fulfilled.

It is of particular interest to consider the heterophase fluctuations in Frenkel’s limit [18], at
¢s — 1 and ¢s — 0, i.e., for almost pure solid and fluid phases with small amount of heterophase
fluctuations. In these cases, the solutions of equation () take the following form

() = 1—exp{[Asto(T — T2) — gl / T2} (13)
dN(T) = exp{[Asi (T = T) — gu]/ T} (14)

where
Te1 = Te? — s/ Asps = Teo — AT (15)

Evidently, ATy = gss/Ast s is the glass transition temperature range of the equilibrium liquid. We
remind that the glass transition temperature T depends on the cooling rate because in the vicinity
of T} the relaxation dynamics dramatically slows down, the liquid becomes non-equilibrium and
non-ergodic. Therefore, calorimetrically determined T} is above 7.

From equations ([I3)—(I1) we see that the frustration, apart from decreasing the phase coex-
istence temperature T,, causes the appearance of two characteristic temperatures, Tg and T2
The physical meaning of the temperatures T and T is clear. At T2, the transformation of an
almost homogeneous fluid into the heterophase liquid state takes place. The non-Frenkelian het-
erophase liquid state exists within the temperature range [Teo , Tel} . The fraction c¢g increases with
the temperature decrease and at T} the heterophase liquid transforms into a glass with weak fluid-
like heterophase fluctuations. Therefore, T} may be regarded as thermodynamic glass transition
temperature.
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To complete the description of ¢s(T') we find a solution of equation (@) in the vicinity of Te. It
can be presented in the form of a series in T — T, [1]

1 het(T 2T.h2 (T 1 T.-T 2T, (Ts — T)?

o)=Ly fea |y 2ThdD) |1 CHAL TN (g
2 22T — Gey) 32T —geg)® | 2 26T 3(6T)3
where 9T _ 7
— Gs,f
0 = ———, 17
ASS,f ( )
To estimate the role of correlation of the solid like fluctuons, let us take the pair correlation function
_ _ _ 3-D _
Wes (1) = (cs()es(0')) = Cowes(r) + T2 =T (22)" “exp(—r/&) + 22 (1 —exp(—r/E)),  (18)
r > 19, r=lz—a],

where D < 3 and £ > Ry is the fractal dimension and correlation length, respectively. The last
term in ([I8) describes the input from non-correlated fluctuons. The exponent exp(—r/&) describes
a smooth decrease of the pair correlation on the scale r ~ £. It follows from (I8]) that

Wy = [(T_O)BD —zs} exp(—r/€), r>=rg. (19)

r

Neglecting the long-range correlations, we can take for estimations £ ~ Ry. Then the correlation
energy is [6],

Ecorr(Cs; D, E) = 27r7<1>(7")w (r)r?dr’ ~ —c? 3 D71| | ~ —c2 1f(D71)& o
corr{\Csy L/, ss s RO+€ ®o s E ®ol

£(e,D) ~ (&)7 . (20)

One can see from this equation that €. is proportional to 2, . It increases with the temperature
decrease due to an increase of D, ¢ and &2. Formally, the correlation of the solid-like fluctuons can
be taken into account by substitution g — @o(T) &~ ¢o (1 + S(Te — T')) in equations (7)), (3B)—(D).
Here (3 is the logarithmic derivative of @o(T") at Te.

3. The cooperative relaxational dynamics of the heterophase liquid
(a-relaxation)

A model of the cooperative relaxational dynamics of the heterophase liquids was proposed in
[2,13]. Tt is based on a simple physical idea. The orientation and location of fluctuons are correlated
due to the volumetric interaction on a length £ which is comparable to the interaction potential
range Ry. Single jumps of molecules do not change the correlations within the correlated domain
(CD). However, cooperative rearrangement, involving many molecules within CD can destroy and
change the local correlation. Let us denote the size of the cooperatively rearranging domain (CRD)
by Rcrp. Evidently the cooperative rearrangement is an activated process. The number of the
fluctuons involved in the rearrangement z¢ is ~ (Rcrp/ 7'0)3 and the number of molecules within
CRD is ~ zckg. To get an idea on the activation free energy let us consider the coarse-grained on
the scale 7 ~ Rcrp free energy landscape of CRD’s. It looks like this is shown in figure [[I The
deepest minima of gorp belong to states with ¢s () nearly equal to an equilibrium value, &, found
in the previous section. The maxima of gocrp belong to states with a small amount of solid-like
fluctuons, which are responsible for the correlation settling, ¢s (x) < 1. In accordance with this
picture we can determine the activation free energy of a-relaxation at constant pressure as follows:

gac (T) = B+ 20 |gf (T) = g (T) + 26 *e, (T) gt (21)
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Figure 1. Schematic pattern of the coarse-grained free energy landscape of the heterophase
liquid. The free energy of CRD, gcrp, vs a configurational coordinate is shown. zcgy is the free
energy of “molten” CRD; zcg is the equilibrium free energy of CRD.

E is the activation energy of CRD in the fluid-like state. The term ~ 22/ is the interfacial free
energy.
The cooperative relaxation plays a key role in the heterophase liquid existing at T < T. The
relaxation rate is
[N (T) = Fg exXp [_gac (T) ﬁ] ’ (22)

% =T (T?) is a constant; 3 = 1/T. The Boltzmann constant is put equal to 1.
Considering T, (T') in the vicinities of the characteristic temperatures T, T) and T, where

dependence of ¢ on T is given by expressions (3)—(7). At |T — T} < T

E A 2/3
Lo (T) =Ta1 =T} exp <—T _ e Sfas;' 2o Yst |

At T =T, < Ty

E  zcAsig z_l/?’gsf T-1T,
I, (T) = I\T = : S 24
a(T) O‘ e)eXp{ T 2 MNse.2To—G) | T [’ (24)
- -1/3
To(T.) = I%27*Cexp (-ZCW> . (25)
At |T - T9| < TY:
T — T()
o (T) =Ty (T) =T2 exp |:ZcAS 7 ] : (26)

In |2, 13] these equations were successfully used to fit the relaxation rate and its derivatives of
salol in the glass transition temperature range. Reliability of the developed a-relaxation model
was checked by fitting the experimental data for many other liquids. These results have not been
published yet.

4. Correlations of characteristic temperatures and discussion

Let us refer to the models of a heterophase state with and without accounting the frustration
and volumetric interaction of fluctuons as Model 1 and Model 2 respectively. The models differ in
the thermodynamic coeflicients. The substitution

gSO - gSO = gsO + (gss - SD()) /23 gs,f — Jss = gs,f — (gss - 90()) /2 (27)

leads to the transformation Model 1 — Model 2.
Due to the revealed independence of mathematical formulation of the Models on details of the
pair interaction of solid-like fluctuons, we can expect that they are applicable for a description
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of glass-forming liquids of many types. It has to be noted that a variety of SRO of the solid-like
fluctuons in some cases has to be taken into account like in [5] where two types of the solid-like
fluctuons were taken in consideration to describe the liquid-liquid 1%¢ order phase transition.

The Model 2 has evident advantages. It accounts for important components of the solid-like
fluctuon interaction — i.e., the frustration and volumetric interaction. Hence, we have got the
determination of the glass transition temperature range [T}, T?].

Further, in Model 1 the condition g4 < 27, has to be fulfilled to explain and describe the
continuous liquid-to-glass transformation. This condition looks like unphysical, since g is compa-
rable with liquid — crystalline fluctuon interfacial free energy, g, ¢, which is apparently larger than
2T, (T, is crystallization temperature) because crystallization is a discontinuous 15 order phase
transition. Model 2 is free of this shortcoming.

Thus, the HPFM is general enough to be applied to the examination of correlations of charac-
teristic temperatures Tyr, Tk, TvmcT and T;.

The found expressions for g(x, P, T) and its derivatives show no singularities at all temperatures.
The relaxation rate (I8) also has no singularities when the condition (IIJ) is fulfilled. However, we
can determine the Kauzmann temperature, Tk, by extrapolation of the configurational entropy of
liquid below Ts.

To determine Tyr we have to compare the found a-relaxation rate with the Vogel-Fulcher
formula.

Since we have used the model of cooperatively rearranging domains, our approach has to be
compared with the AG model of the a-relaxtion controlled by cooperative rearrangements. In AG
model, the configurational entropy per molecule, s¢, is taken as a controlling parameter of the
glass transition. A domain consisting of z molecules has W (z, s¢) = exp(zsc) structure states of
the lowest energy. Structure rearrangement of the domain is possible if it has at least two different
structure states, W(z, s¢) > 2. This condition gives lower boundary of CRD, z > In2/s¢c. One can
see that with s¢ — 0 the size of CRD increases and the transformation time increases too,

e~ oxp (zA,u) — exp (ConstantAu (28)
o™ T o Tsc '

Here Ay is the conventional free energy barrier per molecule to rearrangement. The Constant
is ~1.
Taking into account that for glass-forming liquids
sc  0Osc
— < == 29
T oT (29)
we see that with linear extrapolation of s (T")

SC

T)=0 at Tx =1, — ——
SC() a K g 653/8T T>T,

> 0. (30)

At Tk, as equation (28)) shows, 7, — o0 as it should be at the 21 order phase transition.

In contrast to AG-model, we are considering CRDs with finite number of molecules, z = z¢ - kg.
It was revealed experimentally [19-22] that in the vicinity of T, the CRDs are finite. This property
of cooperative relaxation was used to explain the dynamic heterogeneity of supercooled liquids
[21, 23]. Due to this property 7, is finite below Ty, as in the HPFM.

In a glass-forming liquid, the activation energy of rearrangement increases with the temper-
ature decrease mainly due to the growth of ¢s and supercooling, gac ~ zcAss¢(Te — T')cs. This
quantity is large but finite at 7, and at the thermodynamic glass transition temperature 7). The
configurational entropy is finite too at T.. It is equal to the residual entropy of glass at T — 0.
Thus, both temperatures Tyvr and Tk are fictitious.

The AG ideal glass possesses a single structure state of minimal energy which has no translati-
onal invariance and other symmetries. In HPFM, glass is formed by non-crystalline clusters (frozen
fluctuons) consisting of ko bids. The configurational entropy of glass is ssc = S5 — Scr; Ser 1s the
entropy of crystalline state; sg. is the residual entropy of glass at T — 0.
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To determine Tk in HPFM, let us find the liquid entropy,

s(T;cs) 7% =¢85 (T) 4+ (1 — ¢5)8¢ (T) + Smix(Cs) = €s8s + Ast st + Smix(Cs),
Smix(cs) = —[eslnes 4+ (1 —¢)In(l — ¢)], (31)

Smix With T — Te1 is negligibly small and ss — S¢r + Ssc. Therefore,
$(T;cs) & Ssc + Aspser = s+ Ases (1 — ). (32)
As it follows from equation (IG), in linear on T — T, approximation

hs f(T) ASS f(Te — T)
o = 2 — ~ 2 — . 33
20T —Gu) ~ 22T —Gor) (33)

Since at the Tk extrapolated value of s (T;¢y) is zero, we have

Ssc
Tk) =1 34
0Tl =1+ 3= (3)
or ( )
2 2Te - gs f Ssc
Tk =T, — —=>> (1 . 35
Ko Asts ( " ASf,s) (3)
Calorimetric data for liquids and glasses show that usually As¢g > s4.. Therefore,
2 (2T — gs 1)
Tk ~T, — ———2 72 36
K e ASf,s ( )
and a(Tk) ~ 1.
The empiric three parameter Vogel-Fulcher (VF) formula reads
B
InTy=A+ ——. 37
nle + T — Tup ( )

Here A, B and Tyy are fitting parameters.
To determine Tyr in the HPFM, let us use the method proposed by Stickel at al. [24, [25]. This
method of experimental data presentation is known as the Stickel plot.
Noting that the quantity
;1 dInT, B

DT Ty .

depends on two parameters, B and Ty, and that v = 0 at T' = Typ, Stickel has used an ex-
tensive set of experimental data on relaxation in supercooled liquids using v to determine both
parameters [25)].

It follows from ([I6]), [24) and [B]) that below T,

dInl, B(a) ~ e -1/3
1_ _ _ T 2 39
= 5 B(a) E gsf/2 + 5 (ASfys et 2¢ gsf> (1 + a). ( )

v

Noting that

12 _ T T zT(l—Ka) . E-g«/2
! [B(a)]'?  [B(0)(1+2Ka)]"?  [B(O)? K=1""5g W

we see that the value of v extrapolated to temperature below T, goes to zero at

1 E— gs/2
a(Tyr) = - Ve t/

K B(0) (41)
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The last term in brackets of r.h.s in this equation is &~ In (o (T%)/T'o(T?)) < 1. Therefore,
a(Tyr) ~ 1. (42)

As it follows from (1)),

2(2Te — s ) E — §s/2 2 (2T — gs )
Tvr =Te —~ = (1 ~ T, — P 43
Ve Asi g "B Asi s (43)
Comparing (34), 38 and {@2), ([@3) we see that
Tvr ~ Tk . (44)

To find correlation of Tyict, T and relation Ty, it has to be noted that Tyt is close to Te
as Stickel et al. have found [24, [25]. Though T is not a properly defined temperature, evidently
¢s(Ty) = 1 or a(Ty) ~ 1/2. Thus, we have from [B3)) and (Z2) that

Tnver — Tvr = 2 (T, — Tyr) - (45)

It follows from ([23) and [B8) that at T < T}

B Aseq + 224,
T (T) ~ exp [ — + 2cASts + 25 Gst (46)
2T
and, consequently,
B=F + ZCASf,s —+ Zé/3gsf, TVF =0. (47)
Similarly, from (28]), [38) we have that at T > T?
B=F, Tyr = 0. (48)

Thus, beyond the glass transition temperature range [Tel, Teo] the relaxation rate obeys the Arrhe-
nius equations with different activation energies.

5. Conclusions

Taking account for the frustration and volumetric interaction of the solid-like fluctuons in the
HPFM leads to renormalization of thermodynamic coefficients saving the mathematical form of the
equilibrium state equations. For this reason, equations ([B)), (7)) can be taken as a minimal model of
the HPS thermodynamics. The liquid-to-glass transition takes place within the temperature range
of width scaled by (gss — ©0)-

Cooperatively rearranging domains are formed due to the interactions of fluctuons and the
rearrangements are thermally activated events. The fact that the activation energy increases and
liquid entropy decreases with the temperature decrease lies in the base of the assumption on the
non-analytic behavior of entropy and singularity of the a-relaxation time at finite temperatures Tx
and Typ which in the AG model coincide but are not accessible due to the violation of ergodicity
at T,. In our model, the free energy derivatives have no singularities at Tix and Tyr but these
temperature are determined by an extrapolation procedure. As a result, it is found that Tyr =~ Tk
and TMCT — TVF ~ 2 (Tg — T\/F).

Above T? and below T, the relaxation rate obeys the Arrhenius equations with different acti-
vation energies.
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TepmoguHamika i koonepaTuBHa gUHaMika retepodasHol
piavHu

O.C.bakan

HauioHanbHMn HayKOBMiN LLEHTP “XapkKiBCbkni @i3nKo-TeXHIYHUIA iIHCTUTYT” HAH Ykpainu,
ByN. AkagemiyHa, 1, 61108, Xapkis, YkpaiHa

Po3rnaHyTo TepMoamHamiky i koonepaTtmBHy AMHaMIKy retepodasHoi piaMHu 3 ypaxyBaHHAM dpycTpadii
i 06’eMHOI B3aeMOgii TBEPAOTINbHUX PNYKTYOHIB. BCTaHOBNEHO, L0 WMPUHA TEMMEPaTypPHOro iHTepBany
NepPETBOPEHHS PIAVHN B CKJI0 € MPOMOPLIAHO pisHUL napamMeTpy dpycTpalii i eHeprii 06’eMHOT B3aemo-
nii. 3HalrigeHo yaBHi Temnepatypu Kayumana i @orena-dynyepa. BoHn BUSBUANCHE 61M3bKMMU 3 rapHOIO
TOYHICTIO. PO3rnsiHyTO TakoX Kopensaujilo TemnepaTtypu ckiyBaHHs, Porens-Pynyepa i temnepatypu “ige-
aNnbHOr0” NeEPEeTBOPEHHS PiAMHA-CKII0, SKe ONMCcCaHO B MOAENI BBAEMOAOHMX MOA.

Kniou4oBi cnoBa: retepogasHi pigki ctaHu, nepexig ckiyBaHHs, Temrneparypu KayumaHHa T1a
borensa-dynuepa
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