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Abstract

To investigate the impurity effect on thermodynamic stability of the glacial phase, an apparently amorphous metastable phase observe
in triphenyl phosphite (TPP), the differential scanning calorimetry (DSC) was carried out in the temperature range 120-350K for binary
mixtures between TPP and triphenyl phosphate (TPPO). Heating up from the glassy liquid, supercooled liquid phase transformed into glacia
phase below the crystallization temperature for all the sampleswith2, wherex denotes the mole fraction of TPPO. Both transformation
temperatures from liquid to glacial and from glacial to crystal increased and temperature range that glacial phase appears narrowed with tt
content of TPPO. The peak intensity of exothermic effect due to the transformation from liquid to glacial becomes larger whereas that from
glacial to crystal reduced. The kinetic and thermodynamic stabilities were discussed for liquid and glacial phases based on the DSC results
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ied in many experimental techniques, such as calorimetric
[20-22], NMR[18,23,24], dielectri¢22,24], and Ramaj25]
Polyamorphism is the phenomenon that multiple non- experiments. According to their experimental results, the na-
crystalline states appear in a substance especially in classicalure of glacial phase has been suggested as a second liquid, an
liquids [1]. Amorphous icg2—6] and some inorganic mate- aggregate of nanocrystals or a liquid crystal, but is still under
rials [7—13] are examples of polyamorphic substances that discussion.
have been reported to transform from low to high density =~ Observation of the response against the modulation of in-
amorphous state under high pressure. It is still under discus-termolecular interaction often gives insight about the essen-
sion whether the transition between two amorphous modi- tial nature of the aggregate. The thermodynamic properties of
fications is really a thermodynamic phase transition or just glacial phase reflect the energetic aspect of molecular aggre-
kinetically distinct states within a phase. The glacial phase gation in glacial phase. In the present study, we have exam-
of triphenyl phosphite (TPP) has also been considered as aned the impurity effect on thermodynamic stability in glacial
possible example of polyamorphic modificatjdd—17]. The phase using thermoanalytical technique. Triphenyl phosphate
glacial phase has been interested because of the uniqueneg3PPO) was used for the impurity component in the present
in its apparently amorphous nature indicated by the X-ray study. The molecular structure of TPPO is similar to that
diffraction experiment§l4,18,19]although the intermediate  of TPP with difference that TPPO has extra oxygen atom
state in enthalpy between supercooled liquid and crystal. Thebound to the phosphorus atom. The similarity in molecu-
polyamorphic behavior of triphenyl phosphite has been stud- lar structures of TPP and TPPO is expected not to cause
drastic change in intermolecular interaction that changes
* Corresponding author. Tel.: +81 88 687 6429; fax: +81 88 687 6022.  the nature of glacial phase but to modulate in a moderate
E-mail addresstakeda@naruto-u.ac.jp (K. Takeda). manner.
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2. Experimental . . 350

Commercially available triphenyl phosphite (TPP; L - ]
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 i
unit for low temperature measurement. Since the samples of 0
TPPO mole fractiox>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 . o )
a Pasteur pipette into a semi-closed-top sample container of(c2lled as “glaciation” temperatufie; hereafter) and glacial

~5 x 10-2 ¢ in capacity. The sample mass was weighed to crystalline phase (crystallization temperatiig, here-
by precise chemical balance and DSC signals were reducedffter)-
by masses of samples. All the samples in liquid state at room __Fi9- 2shows DSC results for (TPPLTPP) x. For neat
temperature were cooled down at 5 K mirat maximum rate TPPO one large and several small and broad exothermic ef-
after loading the sample container into the chamber. The oth-fects due to crystallization followed by a large endothermic
ers are loaded after the cryostat was cooled down below theiréffect due to melting were observed. The endothermic peak
glass transition temperature namely below 200K to avoid Of melting is associated with small several prepeaks which
the samples in crystal at room temperature crystallizing and @€ SUpposed to be due to minor unidentified impurities. For
phase separating on cooling at usual rate. After cooled downSa@mples ofx < 0.0582, two definitely separate exothermic
to 150K, all the samples were heated at 1 KniriThe tem- ~ Peaks were observed above the glass transitiprOn the
perature range measured was from 150K to the one rangingother hand, the high temperature exothermic peak merges to
from room temperature to 350 K dependent on fusion point
of each sample. The outputs of DSC signal and temperature
were recorded on the electrical recorder (Seiko 1&E; SR-
410) and the data were simultaneously acquired by a digital
multimeter (Keithley Instruments Inc.; DMM-2000) and a
notebook personal computer (NEC Co.; PC-9821Ne) via PC
card type GP-IB interface (CONTEC Co., Ltd.; GP-IB(PM)).
The temperatures of exothermic stabilizations were deter-
mined as the temperatures at maxima of DSC peaks. Fusion,
eutectic and glass transition temperatures were determined as
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Fig. 1. DSC curve measured for neat TPP.
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3. Results "U'% x=0.2991
Results of DSC for neat TPP are shownFiy. 1. The —~———«—de=04013

sample cooled down to 150 K gave glassy liquid states. On J/L = 06016

heating the glassy liquid, the glass transition phenomenon jl

was observed at 202.0K. Two sharp and large exothermic 1078

peaks are also observed successively following to the glass L TPPO

transition at 227.4 and 241.1 K. At 296.5 K, a large endother-
mic peak due to fusion was observed. This thermal behavior
of neat TPP is essentially agreed with previously reported re-
sults[20—-22]. The observed glass transition can be assigned
for glass transition of supercooled liquid. And the exother-
mic peak at lower temperature due to liquid to glacial phase

il

1
300

350
T/ K

1
200 350

Fig. 2. DSC curves for (TPR)x (TPPOY binary mixtures.
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Fig. 4. Relative peak areas of glacial and crystallization peaks plotted as
functions of mole fraction of TPPO.
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20 Since both the glaciation and crystallization processes pro-

oz 0 06 s 1 ceed by the nucleation-and-growth mechan[d,18,19],
X the growth process controls the total transformation rate at
relatively high temperature. The growth process is controlled
Fig. 3. Composition dependence of observed thermal anomdliggjldss by molecular diffusion process, and the transformation rate
Iraf‘téitio?etrsmeﬁ:l:ﬁgﬁgf (é))g'f‘.d)aﬁfs?(f,?Tepn?raetr”;fﬁg(v)-’ ((g)) gzzt;'c should be totally described as a thermal activation processes.
[I)i)?nlto'?em. TEe open Ce;);{d cloysed marks indicgte thosefu:f TPP and TPPO, Under constant heating rate, the traDSfor.matlon tempe_ratures
respectively. reflect, therefore, the enthalpy barriers in transformation to
be passed over.

Fig. 3 shows that the change of glaciation temperature
T with TPPO concentration is steeper than that of crys-
tallization Tery 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 mechanisfi4,18,19]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
4. Discussion process.

the lower peak as shoulder for samplexef 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 around~ 0.3. Itis clearly illustrated that present
binary mixtures forms eutectic melting system with eutectic
point at Teyt=284 K andx~ 0.3 although the precise con-
centration is not precisely determined in this stage.

4.1. Glaciation and crystallization temperatures
4.2. Enthalpies of glaciation and crystallization

Inthe heating process from glassy liquid of TPP, ithas been
observed that the supercooled liquid stabilizes into glacial  Relative enthalpies of transformations per unit mass are
phase abovg, for samples ok < 0.2. The glacial phase trans-  Obtained by integrating the DSC curves with the baseline
forms into crystal affery (crystallization). Thus the glacial ~ Subtracted. Iirig. 4 peak areas were plotted as functions of
phase of TPP can be considered as metastable phase whof@ole fractionx of TPPO. It is observed that the enthalpy
temperature reg|0n |t appears For pure TPP |t was reporteoof g|aCIatI0n InCI’easeS and that Of Crysta”|zat|0n deCI’easeS
that the supercooled liquid aboV¥g (~200-204 K) stabilize ~ in the concentration ok<0.1. The enthalpies of glacia-
into glacial phase afg =224-230K and the glacial phase tion A||qH and crystallizationAZH can be expressed as
crystallizes affory = 235-240 K[18-22]. The differences in ~ follows:
the transformation temperatures are probably due to the dif-
ference in experimental conditions such as heating rate. Aiig i #(Te) = Ho(Te) — Hiq(Te)
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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-
o " a purity is consistently considered results in the free volume
sk pd _ decreases in glacial phase.
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5. Conclusion

0.6 -

TPPO)(TPP) ., .
( PP 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 lig-
uid is important to understand the nature of glacial phase.
Fig. 5. Concentration dependence of the ratiA R, HI(AG, H + AZH). The present study elucidated that thermodynamic stability

of glacial phase become stable more than supercooled lig-

uid state by doping TPPO. Also the increment in enthalpy

barrier against transformation from liquid to glacial reflects
AEH(Tery) = Her(Tery) — Ho(Tery). 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-
Yar aggregation in glacial phase. Thus changes both in phase
" behavior and in thermodynamic aspect give essential infor-

mation for seeking the nature of the glacial phase.
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Here, Hg, Hjq andHc are enthalpy values of glacial, su-
percooled liquid and crystal, respectively. It is noted that
both AﬁqH and AZH are negative as these are exothermic
processes. Neglecting the difference betw&gnand Ty
(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 nearl
equal to the enthalpy difference between liquid and crystal
ie.

AR H + AYH ~ Her — Hig = Afg H.

Using the above assumption, the relative thermodynamic sta-
bility of glacial phase to liquid and/or crystal can be roughly References
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