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Thermal study on the impurity effect on thermodynamic stability of the
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Abstract

To investigate the impurity effect on thermodynamic stability of the glacial phase, an apparently amorphous metastable phase observed
in triphenyl phosphite (TPP), the differential scanning calorimetry (DSC) was carried out in the temperature range 120–350 K for binary
mixtures between TPP and triphenyl phosphate (TPPO). Heating up from the glassy liquid, supercooled liquid phase transformed into glacial
phase below the crystallization temperature for all the samples withx< 0.2, wherex denotes the mole fraction of TPPO. Both transformation
t ed with the
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g SC results.
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emperatures from liquid to glacial and from glacial to crystal increased and temperature range that glacial phase appears narrow
ontent of TPPO. The peak intensity of exothermic effect due to the transformation from liquid to glacial becomes larger whereas
lacial to crystal reduced. The kinetic and thermodynamic stabilities were discussed for liquid and glacial phases based on the D
2005 Elsevier B.V. All rights reserved.
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. Introduction

Polyamorphism is the phenomenon that multiple non-
rystalline states appear in a substance especially in classical
iquids [1]. Amorphous ice[2–6] and some inorganic mate-
ials [7–13] are examples of polyamorphic substances that
ave been reported to transform from low to high density
morphous state under high pressure. It is still under discus-
ion whether the transition between two amorphous modi-
cations is really a thermodynamic phase transition or just
inetically distinct states within a phase. The glacial phase
f triphenyl phosphite (TPP) has also been considered as a
ossible example of polyamorphic modification[14–17]. The
lacial phase has been interested because of the uniqueness

n its apparently amorphous nature indicated by the X-ray
iffraction experiments[14,18,19]although the intermediate
tate in enthalpy between supercooled liquid and crystal. The
olyamorphic behavior of triphenyl phosphite has been stud-
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ied in many experimental techniques, such as calorim
[20–22], NMR[18,23,24], dielectric[22,24], and Raman[25]
experiments. According to their experimental results, the
ture of glacial phase has been suggested as a second liq
aggregate of nanocrystals or a liquid crystal, but is still u
discussion.

Observation of the response against the modulation o
termolecular interaction often gives insight about the es
tial nature of the aggregate. The thermodynamic propert
glacial phase reflect the energetic aspect of molecular a
gation in glacial phase. In the present study, we have e
ined the impurity effect on thermodynamic stability in gla
phase using thermoanalytical technique. Triphenyl phosp
(TPPO) was used for the impurity component in the pre
study. The molecular structure of TPPO is similar to
of TPP with difference that TPPO has extra oxygen a
bound to the phosphorus atom. The similarity in mole
lar structures of TPP and TPPO is expected not to c
drastic change in intermolecular interaction that cha
the nature of glacial phase but to modulate in a mod
manner.
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.01.033
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2. Experimental

Commercially available triphenyl phosphite (TPP;
Katayama Kagaku Kogyo Inc., Chemical grade) and triph-
enyl phosphate (TPPO; Katayama Kagaku Kogyo Ind.,
Chemical grade) were used as purchased. Materials are mixed
in the Erlenmeyer flask weighing with the precise balance to
determine the mole fractions of the mixtures.

The differential scanning calorimetric (DSC) measure-
ment was carried out using DSC instrument (Seiko Instru-
ments Inc., DSC10) equipped with liquid-nitrogen cooling
unit for low temperature measurement. Since the samples of
TPPO mole fractionx> 0.6016 included solid at room tem-
perature, the uniform liquid solution was obtained by heating
up above its fusion point before loading into sample container.
One or a few drops of sample solution were introduced using
a Pasteur pipette into a semi-closed-top sample container of
∼5× 10−2 cm3 in capacity. The sample mass was weighed
by precise chemical balance and DSC signals were reduced
by masses of samples. All the samples in liquid state at room
temperature were cooled down at 5 K min−1 at maximum rate
after loading the sample container into the chamber. The oth-
ers are loaded after the cryostat was cooled down below their
glass transition temperature namely below 200 K to avoid
the samples in crystal at room temperature crystallizing and
phase separating on cooling at usual rate. After cooled down
t -
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Fig. 1. DSC curve measured for neat TPP.

(called as “glaciation” temperatureTG hereafter) and glacial
to crystalline phase (crystallization temperatureTcry here-
after).

Fig. 2shows DSC results for (TPPO)x(TPP)1−x. For neat
TPPO one large and several small and broad exothermic ef-
fects due to crystallization followed by a large endothermic
effect due to melting were observed. The endothermic peak
of melting is associated with small several prepeaks which
are supposed to be due to minor unidentified impurities. For
samples ofx≤ 0.0582, two definitely separate exothermic
peaks were observed above the glass transitionTg. On the
other hand, the high temperature exothermic peak merges to

Fig. 2. DSC curves for (TPP)1−x (TPPO)x binary mixtures.
o 150 K, all the samples were heated at 1 K min−1. The tem
erature range measured was from 150 K to the one ra

rom room temperature to 350 K dependent on fusion p
f each sample. The outputs of DSC signal and temper
ere recorded on the electrical recorder (Seiko I&E;
10) and the data were simultaneously acquired by a d
ultimeter (Keithley Instruments Inc.; DMM-2000) and
otebook personal computer (NEC Co.; PC-9821Ne) vi
ard type GP-IB interface (CONTEC Co., Ltd.; GP-IB(PM

The temperatures of exothermic stabilizations were d
ined as the temperatures at maxima of DSC peaks. Fu
utectic and glass transition temperatures were determin

he temperature at the intersection between baseline belo
nomaly and extrapolation at steepest increment point d
ndothermic peaks or baseline shift.

. Results

Results of DSC for neat TPP are shown inFig. 1. The
ample cooled down to 150 K gave glassy liquid states
eating the glassy liquid, the glass transition phenom
as observed at 202.0 K. Two sharp and large exothe
eaks are also observed successively following to the

ransition at 227.4 and 241.1 K. At 296.5 K, a large endot
ic peak due to fusion was observed. This thermal beh
f neat TPP is essentially agreed with previously reporte
ults[20–22]. The observed glass transition can be assi
or glass transition of supercooled liquid. And the exot
ic peak at lower temperature due to liquid to glacial ph
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Fig. 3. Composition dependence of observed thermal anomalies: (�) glass
transition temperatureTg; (�) glaciation temperatureTG; (�), (�) crystal-
lization temperatureTcry; (©), (�) fusion temperatureTfus; (♦) eutectic
point Teut. The open and closed marks indicate those of TPP and TPPO,
respectively.

the lower peak as shoulder for sample ofx≥ 0.0763. How-
ever, transformation from liquid to crystal still proceeds in
two steps implying the existence of glacial phase in between.

In Fig. 3observed peak temperatures were plotted as func-
tions of mole fraction of TPPO. Fusion points of both pure
components decreases with blending the other component.
Also, the peaks of fusion are associated with peaks inde-
pendent on concentration in temperature and their intensity
maximized aroundx∼ 0.3. It is clearly illustrated that present
binary mixtures forms eutectic melting system with eutectic
point atTeut= 284 K andx∼ 0.3 although the precise con-
centration is not precisely determined in this stage.

4. Discussion

4.1. Glaciation and crystallization temperatures

In the heating process from glassy liquid of TPP, it has been
observed that the supercooled liquid stabilizes into glacial
phase aboveTg for samples ofx< 0.2. The glacial phase trans-
forms into crystal atTcry (crystallization). Thus the glacial
phase of TPP can be considered as metastable phase whol
temperature region it appears. For pure TPP, it was reported
that the supercooled liquid aboveTg (≈200–204 K) stabilize
i se
c in
t e dif-
f .

Fig. 4. Relative peak areas of glacial and crystallization peaks plotted as
functions of mole fraction of TPPO.

Since both the glaciation and crystallization processes pro-
ceed by the nucleation-and-growth mechanism[14,18,19],
the growth process controls the total transformation rate at
relatively high temperature. The growth process is controlled
by molecular diffusion process, and the transformation rate
should be totally described as a thermal activation processes.
Under constant heating rate, the transformation temperatures
reflect, therefore, the enthalpy barriers in transformation to
be passed over.

Fig. 3 shows that the change of glaciation temperature
TG with TPPO concentration is steeper than that of crys-
tallizationTcry at dilute concentration range. This trend in-
dicates the enthalpy barrier of glaciation increases more
than that of crystallization with blending TPPO. Incre-
ment in enthalpy barrier from liquid to glacial phase indi-
cates that the molecular diffusion process slows down by
adding TPPO as impurity. The glaciation proceeds in nu-
cleation and growth mechanism[14,18,19]and nucleation
process is expected to be equilibrated enough because the
present samples had already been experienced low tempera-
ture before starting the glaciation. Thus the present change
in glaciation rate results from slow down of growth pro-
cess. It is strongly desired to carry out further investiga-
tion for understanding of detailed mechanisms of glaciation
process.
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nto glacial phase atTG = 224–230 K and the glacial pha
rystallizes atTcry = 235–240 K[18–22]. The differences
he transformation temperatures are probably due to th
erence in experimental conditions such as heating rate
e

.2. Enthalpies of glaciation and crystallization

Relative enthalpies of transformations per unit mass
btained by integrating the DSC curves with the base
ubtracted. InFig. 4peak areas were plotted as function
ole fractionx of TPPO. It is observed that the entha
f glaciation increases and that of crystallization decre

n the concentration ofx< 0.1. The enthalpies of glaci
ion �G

liqH and crystallization�cr
GH can be expressed

ollows:

G
liqH(TG) = HG(TG) − Hliq(TG)
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Fig. 5. Concentration dependence of the ratior =�G
liqH /(�G

liqH +�cr
GH).

and

�cr
GH(Tcry) = Hcr(Tcry) − HG(Tcry).

Here,HG, Hliq andHcr are enthalpy values of glacial, su-
percooled liquid and crystal, respectively. It is noted that
both�G

liqH and�cr
GH are negative as these are exothermic

processes. Neglecting the difference betweenTG andTcry
(about 15 K at most) and the heat capacity difference between
glacial and crystal in the temperature range where the glacial
phase appears, the sum of stabilization enthalpies is nearly
equal to the enthalpy difference between liquid and crystal,
i.e.

�G
liqH + �cr

GH ≈ Hcr − Hliq = �cr
liqH.

Using the above assumption, the relative thermodynamic sta-
bility of glacial phase to liquid and/or crystal can be roughly
estimated by the ratior defined as

r ≡ �G
liqH

�G
liqH + �cr

GH
≈ �G

liqH

�cr
liqH

.

With the definition the ratior goes to unity as the enthalpy
of glacial phase approaches that of crystal and to zero as
approaching that of liquid.

In Fig. 5, concentration dependence of the ratior calcu-
lated from the peak areas are shown. Ther value increases
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similar to that induced by pressure. The effect of pressure
on the molecular environment should be contraction of free
volume distributed to each molecule. Doping TPPO as im-
purity is consistently considered results in the free volume
decreases in glacial phase.

5. Conclusion

The glacial phase as an apparently amorphous state con-
sidered as a new type of polyamorphism. The difference of
molecular aggregation between glacial and supercooled liq-
uid is important to understand the nature of glacial phase.
The present study elucidated that thermodynamic stability
of glacial phase become stable more than supercooled liq-
uid state by doping TPPO. Also the increment in enthalpy
barrier against transformation from liquid to glacial reflects
the molecular mechanism of transformation. The study of
impurity effect of glacial phase from the viewpoint of molec-
ular dynamics is desired for TPP-TPPO system. It is also a
question that the doping effect on thermodynamic stabilities
presented in this paper is common in the system containing
other impurities. The change in thermodynamic stability of
glacial phase in relation to molecular structure of impurity is
expected to give much insight about the manner of molecu-
l hase
b nfor-
m
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ith the TPPO concentration. This indicates the glacial p
s stabilized most among the three condensed phases,
lacial and crystal. It has been reported that molecular

ion of some kind is observed in glacial phase from calorim
ic, NMR and dielectric measurement[22,24]. The molecula
otion in glacial phase is associated with weak dielectric
nd broad distribution of relaxation time. The high pres
MR experiment[19] elucidated that compression narro

he temperature range in which the glacial phase app
ince the density of glacial phase is higher than that o
id, the glacial phase is more stabilized than liquid un
ressure. These features given by compression seem
imilar to those of impurity as shown above. This imp
hat the modulation of the environment for each molecu
ar aggregation in glacial phase. Thus changes both in p
ehavior and in thermodynamic aspect give essential i
ation for seeking the nature of the glacial phase.

eferences

[1] P.G. Debenedetti, Metastable Liquids: Concepts and Princ
Princeton University Press, New Jersey, 1996.

[2] O. Mishima, L.D. Calvert, W. Whalley, Nature 310 (1984) 393.
[3] O. Mishima, L.D. Calvert, W. Whalley, Nature 314 (1985) 76.
[4] O. Mishima, H.E. Stanley, Nature 396 (1998) 329.
[5] M.M. Koza, H. Schober, H.E. Fischer, T. Hansen, F. Fujara, J. P

Cond. Matter 15 (2003) 321.
[6] O. Mishima, Netsu Sokutei 31 (2004) 23.
[7] T. Grande, S. Stolen, A. Grzechnik, W.A. Crichton, M. Mezo

Physica A 314 (2002) 560.
[8] M.C. Wilding, P.F. McMillan, A. Navrotsky, Phys. Chem. Glas

43 (2002) 306.
[9] A. Navrotsky, Nature Mater. 2 (2003) 571.
10] P.F. McMillan, M. Wilson, M.C. Wilding, J. Phys.: Cond. Matter

(2003) 6105.
11] R. Martonak, D. Donadio, M. Parrinello, Phys. Rev. Lett. 92 (20

225702.
12] I. Saika-Voivod, F. Sciortino, P.H. Poole, Phil. Mag. 84 (2004) 14
13] J.A. Tangeman, B.L. Phillips, P.C. Nordine, J.K.R. Weber, J. P

Chem. B 108 (2004) 10663.
14] I. Cohen, A. Ha, X. Zhao, M. Lee, T. Fischer, M.J. Strouse

Kivelson, J. Phys. Chem. 100 (1996) 8518.
15] J. Senker, E. R̈ossler, Chem. Geol. 174 (2001) 143.
16] Y. Guinet, T. Denicourt, A. Hedoux, M. Descamps, J. Mol. Str

651 (2003) 507.
17] P. Derollez, O. Hernandez, A. Hedoux, Y. Guinet, O. Masso

Lefebvre, M. Descamps, J. Mol. Struct. 694 (2004) 131.



48 I. Tanabe et al. / Thermochimica Acta 431 (2005) 44–48

[18] A. Ha, I. Cohen, X. Zhao, M. Lee, D. Kivelson, J. Phys. Chem. 100
(1996) 1.

[19] B.G. Dimirjian, G. Dosseh, A. Chauty, M.-L. Ferrer, D. Morineau,
C. Lawrence, K. Takeda, D. Kivelson, S. Brown, J. Phys. Chem. B
105 (2001) 2107.

[20] K.V. Miltenburg, K. Blok, J. Phys. Chem. 100 (1996) 16457.
[21] G.P. Johari, C. Ferrari, J. Phys. Chem. B 101 (1996) 10191.

[22] M. Mizukami, K. Kobashi, M. Hanaya, M. Oguni, J. Phys. Chem.
B 103 (1999) 4078.

[23] J. Wiedersich, A. Kudlik, J. Gottwald, G. Benini, I. Roggatz, E.
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