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                     ABSTRACT

THERDvlAL STUDY OF GLASS TRANSITION AND DEVZ[PR:FXCA[rXON

    PHENOMENA ON SOME SIMPLE MOLECULAR GLASSES
                  '
                                             '                     by •
              Masayasu Sugisaki

     In order to investigate thermodynamically the

glass transition and the devitrification phenomena of

some simple molecular glasses, we have constructed the

two kinds of calorimeter. One of them is for such a

purpose that the vitritication process is performed by

a rapid cool,ing of a liquid sample in the ca•lorimeter

cell (Type--1), and the othesc is for the sample which

.is vitrified with condensation of its vapor directly

on the chilled wall of the calorimeter cell (Type-2).
                                       'The heat capacity rneasurements of isopentanet methanol

and water were made for the crystaUine, liquidt glassy

and supercooled liquid states between 130 and 3000K.

The details of the resuits are as foliows.

     (X) a) The heat capacity measurements were performed

for the crystalline, liquid, glassy and .gupercooled

liguid states of isopentane between l30 a.nd 3000K by

using the [eype-l calorirneter. b) The Ei.ln.ss transition

phenomenon of isopentane was found near 650K with dra$tic

change of the heat capacity which amounts to 68.20 J/molOK).
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c) The residual entropy of the glassy isopentane at abso-

lute zero was found to be 14.06 J/(molOK). d) The ir--

revexsible entropy production of isopentane during the

glass transition intervals was found to be Q'.08 J/(molOK).

it is concluded that the neglect of the irreversible

production of entropy leads no significant error in de-
                                                      'termining the residual entropy.

    (2> a) The heat capacity measurements ofi methanol were

rnacte for the cry$talline state between 200 and 1200K, and

for the giassy and supercooZed liquid states between 200

and I05eK by using the Type-2 calorimeter. b) The giass

transition phenomenon was found near I030K with the abrupt

change of the heat capacity which amounts to 26 J/(rnolOK).

c) The drastic devitrification with the exothermic effect

which amounts to 1.54 KJ/moi was observed near I05eK.

The residual entropy for the glassy methanol at absoiute

zero was found to be 7.07 J/(molOK).

     (3) a) rn the case of water, the heat capacity

measurements were carried out for the hexagonal crystai

between 600 and 2500K, for the cubic crystai between 200

and 2400K, and for the giassy and supercooled liquid

states between 200 and l360K by using the Type-2 calo-

rimeter. b) The giass trans.ttion phenomenon was found'

near 1350K with the sudden change of the heat capacity

amounting 35 J/(molOK). c) The drastic devitrification

-- ii-



with the exothermic effect which amounts to 1.64 KJ/mol

was observed at about 1350K. d) The transformation

of the cubic cncystal to the hexagonal ene was found to

occur irreversibiy and sluggishly in the temperature

region from 1600 to 2100K where the exothermic eEfect
                                                    '
coming to about i60 J/mol was observed. '
     Finally, the discussion is given concerning the

origin of the giass transition phenomenon, and the defi-

nition of the glassy state.

     Xt was concluded that the appearance of the glass

transition phenomenon is due to the anomalous dispersion

effect, although thÅ}s phnomenon is ciosely connected with

sorne thermodynamical quantities in the equilibrium state.

     It was proposed that the non-crystalline solid

deposited on the chiZled substrate Åírom the vapor state

must show the glass transition phenornenon. This propo-

sition was really confirmed by our experiments on methanol

and water.

     Definition of the glassy sta'te was proposed in such

a way that it must be in the thermodynamically non-equi-

librium statet and that it' must show necessarily the

glass transition phenomenon.

 "---zu-
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[1] INTRODUCTION

     When liquid materials are supercooled down far

below their rnelting points without any crystallization

effect, a certain kinds of their physical propertiesr

such as heat capacity, thermai expansion, and com-
                                                    '
pressibility as static properties, as well as dynamical

properties such as viscosity and others, are observed

to change abruptly at a narrow temperature region

characteristic of each material. This characteristic

temperature, which is called now as a glass transition
tempencature Tg, was first ob$escved by Regnauit(1) in

1856 on selenium element. The importance of this dis--

covery has been, howevey, overlooked for about 70 years,
                             'the modern investigation on this phenomenon was restarted
by the celebrated work by simon(2) on glucose in l922.

Since then there have been increasing such kind of

investigations inteymittently. The development of the

synthetic high polymer chemistry has accelerated the
              'more detaUed study on this field and now we have a

considerable number of data about the glass transition

on variou$ kind of materials.

     Nowt below this boundary of tempexature, so-called

glass transition temperature Tg,, the supercooied liquid

-1-
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transforms into a new state which is called as a glass.

This glassy state is definitely distinguished frorn the

supercooled liquid by only the fact that its internal

eguUibrium is not attained. A glass is often called

aiso as a non-crystalline or amorphous solid, because

the giass lacks a long-range periodicity characteristic

of a crystalline state, and that, responds against an

external force likeiy as a solid.

     Nowadaysr we are able to obtain the non-crystalline
solids by using other various methods(3) except the

method of the supercooiing oÅí iiquid. These methods

are, shock wave treatment, neutron bombardment, vapor

condensation, solution method (hydrolysis and anodization

methods), and finaUy dehydratSon of hydrated crystal.

[VhesG non-crystalline solids prepared by the different

methods have common features that they crystallize

below their meltÅ}ng point on heating. Are they plausi-

bZe to be also called as q giass? In order to uceply

this question, it seems most decisive to Eind out their

glass transition phenomena. Up to the present time

there has been no successful and quantitative work of

observing the glass transition phenomena for such non-

crystaUine solids. Xn addition to the above-rnentioned

questionr there is very important unsolved problem

concerning the essential nature of the glass transition
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phenomenon. About this problem there exist two kinds

of opposite opinion. One is such that the glass tran-

sition occurs at temperature where a certai-n kind of
thermodynamical quantity takes critical value(4'5).

The other is such that the glass transition phenomenon

may be interpreted as a relaxation phenomenon with

regards to the degree of freedom of molecular rnotions.

In order to resolve this controversy, it seems very

appropriate to perform the accurate experiments about

the glasses composed of as stmpler moiecule as possibZei

and analyze the resuits Åírora thermodynamical and

dynamical aspects.

     For these purposes of yesolving the two irnportant

pacoblems, we constructed two types of calorimeter and

performed the heat capacity measurement for vitreous

isopentane, methanol and water using the supercooling

and the vaposc condensation inethods. Before proceeding

to the description of the details of our original

work we should iike to present below some available

knowledge on each materials reported by previous workers

for references.

     a) For isopentane there is known that the binary

mixtures of this compound with some hydrocarbons (e.g.

3-methylpentane) arce easily supercooled and oÅíten used

as a matrix for isolation technique of free radicals
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or excited molecules, but pure isopentane is supercooled

with sorae difficulty, and that, its glass transition

phenomenon has not yet been observed before the present
                                     '                                          'study.

     b) The glassy states of the many alcohols are

weli known except methanol as the simplest alcohol.
                           (6)Accoxding to Staveley et al.                               pure methanol can be

supercooled down to 950K when its dropXet is chiiled
down.' pimentei(7) has also reported that the infra--
  '

red absorption spectra of methanol deposited on the

cold substrate at about 40K is considered as that for

its g]assy state. In spite of these observations it
                                         'ha$ not been yet cXarÅ}Åíied whether these two uncommon

states are really caUed as a glass.

     c) Finallyr concerning water there exists no

successfui wonck of obtaining a glassy state by a

rapid cooling of liquid water at the present time.

However, it has been well known that the binary systems
such as H20-N2H4<8), H20-Hci<9), and H2o-Ca(No3)2<10)

become easily glassy state by rapid cooiing of solutions.
                                                       '                                                   'Zn these casesr their glass transition points have

been found between l400 and l500K.

     On the other hand, many previous workers have

reported that even a pure water becomes non-cryst,alline

solid when the vapor is condensed directly on a suf-
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ficiently chilled substrate. Recently, McMUIan and
Dos(il) have repoxted that ichey have found a glass

transition point of the condensed non-crystaUine

soUd of water at 1390k using the diffeacential thermai

analysis rnethod. Furthermore, many previous workers

have reported by use of the X-ray or electron diffraction

methods that the amorphous ice crystallizes into a

cubic form when heated up to X400K, and that cubic ice

transform$ into a hexagonal ice sluggishly and irre-

vexsibly on heating up to about 2000K. All the infor-

mations hitherto obtained by many workers with different

rnethods of investigation on the relationship among

the nQn-qrystalMne soZXd, khe hexagQnak iÅëe and the

cubic icei are summerized in Table 1.



Table l. Summaryof Previous Exppmvrimental Datci
.

Experimental
Method -180-i60-l4

TefnperatureRegion(Oc) Numberof
BiblÅ}ography.'u

Worker
'

X-ray
diffraction amorphous

,seml-

c,rstalline hexagonal Burton&Olivex
!

l2

thermal
analysis amorphous crystalUne StaronkaQ939) l3

X-ray
diffradtion tsmallÅ}ntermediatescangellLhexagonal

rt-crysta!snotinvestigatedT
Vegard&
HiZlesund(l942)

14

electron
diffraction

smal!
crystals cubichexagonal K6nig(l942) l5

thexmal
analsis amorphous crystal!ine

Pryde&Jones
(l952) 16

electron-
diffraction

CgrrgXttahlpgorcubici,hexagonal Honjoetal.
(l956) 17

thermal
analysis amorphous crystalline Ghormley(l956) l8

thermal
anaisis amorphous crystalline deNordwall&

Stavele1956
l9

electron
diffrB..ction

arnorphousoysmal.L
crystals cubic hexagona! BlackTnan&

Mnsgarten(1957) 20

X--ray
diffraction

.

amorph6il's'--C.RPic' Shallcross&
Carpenter(1957) 21

X-ray
diEÅíraction amorphous •cubic Dowell&Rinfret

(l960)
22

eecrondiffraction
halopattern:ciubichexagonall

Shimaoka(196O) 23

X-xay
diffraction arnorphous hexag6nal Beaumontet

al.(l961) 24

differential
thermalanalysis glass hexagonal McMillan&Los

(l965)
ll

supercooledliguid?

l

or
l
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[2] EXPERXMENTA[[,

2.1. Apparatus

     Xn the present work, we have constructed the two

kinds of calorimeter. One of them is for such a purpose

that the vitrification pucocess is performed by a rapid

cooiing of a liquid sample in the calorimeter cellr and

the other is for the sample which is vitrified with
         'condensation of its vapor directly on the chilled wall

oE the calorimeter cell.

     2.1.l. Type-1 Calorimeter. The adiabatic Nercnst-
                                               (25)type calorimeter used hitherto in our laboratory                                                   was
partly modified, in such a way that a rapid quenching

of the liquid sample may be easily carried out. For
  'this purposer an additional transfer tubing made of

stainless-steel is provÅ}ded which enables charging of

Xiquid nitscogen or liquid hydrogen directly into the

space between the outer and the inner adiabatic shieids

as is shown in Fig. I.

     2.l.2. Type-2 Calorimeter. rn the past, there
                        'has been known no successful work of the precise
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I) sampXe

metert 3)

shield, 6)

8) vacuum

  Description of the Type-l Calorirn,etev.
      'containenc, 2) platinum ncasistance thermo•-

thescmocouple, 4) j-nner shie16, 5) outer

 coppeuc bleck, 7) lead connectonct
              'jacketr 9) tran$fer tcube.



-9-

rneasuxement of heat capacities fosc an amorphous materi-

al deposited dixect:y onto the waU of a calorimeter

ceU fxom its vapor sta'te. This fact is due to some

difficulties for constructing the calorimeter which

fulfiUs the followÅ}ng aca.ther sevesce requirements.

     (a) The calorimetesc must be equipped with the

filling tube, through which vapor of a sample passesr

kept at a sufficiently higher temperature above the

meiting point of the sample, and with the calorimeterc

cell into whj.ch the vapor of the sample is condensed

as an amorphous state, kept at a sufficiently lower

temperature far below a giass transitÅ}on temperature

of the arnorphous sainple. For instance, the tempencature

of the tiUing tube should be hi.gher about IOOO - 2000C

than that of the calorimeter cell if the glass tran-

sition point of the sample used situates axound 1000K.

(b) Xn order to satisEy the above cited steady distri-
                               'bution of temperature difference in the calorimeter,

a thermal switch is required whose power of heat

exchange is sufficiently large enough. (c) It seems

very .difficult to obtain a considerable amount of a

condensed amorphous substance, so a good adiabatic

conditioning of the calorimeter is needed in order to

pexfioacrn pxecise measuscementcs.
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     Xn order to satisfy the condition (a)r aU previous

workers have adopted the rnethod that a sample cell is

directly immersed into the liquid nitrogen. This method

is, howeverr inadequate to satisfy the condition (c),

because a contamination during the sarnpXing obstructs

a realization of an adiabatic conditioning by high

vaguum. By taking into consideration the above cited

`three conditions we have constructed the calorimeter

with adopting following devises.

     (a) In order to maintain the steady temperature

difference between the sample ceL-Z and the fUling

tubet the heat aonduction between them is sufticiently

sceduced by joining them through a thin stainless tube

(3 mm in diameter, O.l5 mm in thickness and IO mm in

length). (b) For simplicity ofi the handling of the
                                             'apparatus, a conduction gas !nGthod was chosen as the

thermai switch. If we adopt a mechanical thermal

switch which has a comparabie efticiency oE heat

exehantLr•e with that of the conduction gas thermal switch,

the apparatus becomes to be very compMcated. This

complÅ}cation necessarily causes the increase of heat

capacity of the sample cell itseif, so the mechanical

swÅ}tch is inadequate for the precise measurement. (c)

Xn order to realize a good adiabatic conditionr it seems
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preferable to design the calorimeter equipped with two

adiabatÅ}c jackets; the structure satisttes the conditions

that the convection current of the conduction gas is

facUitatedt and that a heat leak due to a radiation

is completely preciuded.

     Based on these considerations mentioned abover

we have constructed a calorimetesc which consists of

a EUUng tube rnade of monel and soft copper, a copper

cell with a platinurn resistance thermometer, inner

and outer adiabatic jackets, a copper block as thermai

station, and a vacuum jacket and others. This fiUing

tube, two adiabatic shields and a copper block are

all wound closely with constantan heaters.

     The total view oS the constructed calorimeter and

the sketch of the sample cell ance given in Figs. 2 and

3. As is shown in the Fig. 3, the part of the fUiing

tube enters into the sample ceU. During the procedure

of sampling, this part of the filling tube is warmed

by the heat conduction from the upper part of the

fUling tube which is wound ciosely with the constantan

heater. The part of the fUling tube inside the ceU

can be •kept at about 150C, when the temperature of the

waU of the sample cell is adjusted to be about 800K

and the outer part of the filiing tube is warmed around
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Fig. 2. Description of the Type-2 Calorimeter.

   l) sample container, 2) inner shield, 3) outeuc shieldr
4) copper block. 5) vacuum jacket, 6)tilling tube, 7)wood
aUoy joint, 8) nylon thread, 9)glass dewarc, 10) N i6)thexmo-
couples, l7) sheath of the fiUing tube, l8) picein joint,
l9)brass pla"L-e for suppoxting the,apparatus, 20)outiet tuber
21)tube for introducing liquid hydrogen or nitrogent
22)to vacuum purnps, 23)needle valve for sampling, 2•4)glass
tube for introducing the vapor of sample, 25)picein joint
fosc taking out of Zead wires.
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300c underc high vacuum condÅ}tion of about lo-6 mm Hg

inside the cell. In this case the heat Åëonduction

between the filling tube and the sample ceU occurs

spontaneously through the out,,er short staÅ}nless steel ,

tubÅ}ng put on the top of the ceU. The amount of this

heat conduction is estimated as Z.3 (J/s), when the

above cited temperature difference is adjusted.

Therefore the effect of the thermal switch is necessi-

tated whose p.ow.ey onf the heat exchange i.q. at least

larger than l.3 (J/s). For this pu=pose the conduction

gas method by using helium ga$ is sufficiently adequate

when the apparatus is operated above the boiling point

o# #ggid n:trogen.

     Xn ordesc to carry out the heat capacity measurement

under weU adiabatic condition, the adequate combination

of monel and copper rnetals for the fUUng tube outside

the celX is designed for preventing the heat leak

thrcough this tube.

     Measurements of tempeucature are made with the

platinum resistance thermometer calibrated in terms of

Xntencnational Temperature Scale between 900K and 5000K

and the provisional scale of the National Bureau oE

Standards between llOK and 900K.

     It is found that a heat capacity of the empty cell
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is about 8.5 (J/degl<) at room temperature, and that the

ateaÅ}nment o:"- the thermmal L.quiXÅ}k>xium affter 'ehe tiotthnish

Qf energy j.npu-t takes. abo.ut 25 minuto.s aÅ}; a.1,.Z t.em}?e,xatunce

region between l30 and 3300K, and that the vaiues ofi

heat capacity deviates from the smoothed curve within

O.i O-o jn the temperature region between i30 and 3300K.

     Next, the procedures forc condensing the vapor of

a sample into the calorthmeter as an amorphous state
                'wiXl be described. Firstly the vacuum jacket is

immersed inico the liquid nitrogen, and helium gas at

about one atmospheric pressure is then introduced as

a conduction gas into the vacuum jacket, the filUng

tube and the copper block being simukaneously warmed

up at the desired temperature with the constantan

heaters wound ascound them. Their temperatunces are

regdistered by the seven chncomel P-consta:ntan thermo-

coupies, one of which is attached on the copper biock,

all the others being attached on the tiUing tube (see

Fig. 2). The temperature of the sample cell is watched

by recording the resistance ofi the platinurn thermometer

on the "Speedo Max" (rlr"ype Gr Leeds & Norcthrup Co.).

Under such operation of the' heaters, onÅ}y the wall of

the sample ceil is chilled down to sufticiently iow

tempGxatusce, because the heat exchange between the
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filling tube and the sample cell is pressed down. The

tempexature differeince between them can be easUy acegu-

lated at any desired values up to about 2000C by chang-

ing the leveZ height of liquid nitrogen or by changing

the amount oL" electxic cuucrent thrcough the heaterc wound

on the f"ling tube. When the terapexature ditrÅ}bution

of the caloximeter becomes to be s-teadiyr the vapor of

the sample is slowiy condensed into the calorimeter by

opening the needle valve situated at tlie upper part of

the calorirneteT (see Fig. 2). The rate of condensation

raust be regulated to be very slow, since the surface of

"che amorphous sarnple produced in the cell may be warmed

up above a devitrittcation temperature wiich the accumu-

lation of the heat of condensation tf the rate ofi conden-

sation is pretty high. Usuaily the preparatÅ}on of the

vxtreous sample needs about 10 rv 20 hours and a tota].

amount of a condensed vitxeous substance is oÅí about

l rxJ 2 g. After the sampÅ}ing is over, the heaters of

the f"ling tube and of the copper block are switched

off, and 'the total parts of the calorimetex are chilled

down to 80eK, then heliurn gas (20 rnrnHg at 80QK) being '

introduced in the calorimeter celÅ} im order to facUitate

the attainment of the thenmal equUibriurn. Finaily

the conduction gas in the vacuum jacket is evacuated
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 '          -6down to IO             mm Hg for the maintenance of the adiabatic
                                                     'conditiQn. Mea$uscemeiats ofi the heaic eapacities wexe
      'carrdied out from L3eK to 330eK.

     When the raeasurement is over, the caiorimeter cell

is heated up and the sample in the cell is gathered in

the glass tube out of the caiorimeter, and its totai

amount is deicexmined by measuning its weight.

2.2. SarnpXe

     2.2.l. Purification of the liquid samples. <a)

Zsopentane. The commercial extra purce isopentane

(Nakarai Chemicals, Ltd.) was purtfied by fractional
                 'distUlation, and then distUXed twice under high
vacuurn ao-6 mm Hg). impurÅ}ties contained in each

fuaction were detected by use of the gas-chromatographic

technique and the purest fraction was empioyed for the

heat capacity raeasurements. The amount oi the impurities

present in the sampZe was determined to be O.Oi4 rnoie

percent by making use of therruo-analytical method as

wUi be described Later.

     (b) Methanol. The commercÅ}al extra pure rnethanol

(VVako Chernrkcal Industries, Ltd.) was dried by rnagnesium

metal (Lund and Bjerncum method). This product was
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distUled twice in h-igh vacuum (IOrv6 Tnin Hg) and the

fi[Lnal pncoduck was degr: .ssge.d, ve.xry Qa.i R.f.u.l..Z>tr b.y .ire.}?eatj.ng

melting and freezing of the sample under high vacuum
                                             '(lo-6 mm Hg). This ntmal product was introduced in

the calorimeter in high vacuum (xoM6 inm Hg).

     (c) Watesc. The waterc treated by ion-exchange

]resin was distiUed undei a'tinospheMic pressure, and

then this product was distilled twice in high vacuum
ao'-6 mm Hg). AEtenc the finaZ pxodsact was degassed

very carefully with the same procedure rcentioned above,

the sample was condensed in'to the calorimeter in high
vacuum ao-6 mm Hg).

     2.2.2. Prceparcation of vj-treous samples. (a)

Xsopentane. Xn this case, the Type-i caionimeter was

used. The liqufud sarnple (O.2433 moi) seaXed under

high vacuurn in a gold calorirneterc celi, was quenched

down to 200K from xoom temperature by use of liquid

hydrogen. Xt was Åíound that the whole amount of the

sarnp.Xe was completeXy superccooied down to 200K without

any occurcxence of crystalUzation.

     (b) Methanol. .For this rnateriaX the Wype-2

caloyimeter was employed, and the outer jacket was

removed so that the tempercatunce of the sample ceil
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may be kept as low as possibie. During the vitrification

process, the teniperatuuce of the sample eell was kept

between 940 and 970K, and the fUling tube axound 2200K.

The "L-wo kinds of rate of condensation were adopted

as given in Miable 2.

     (c) Wateac. In this case the Type-2 calorimetenc

equipped wtth the outer jacket was used so that rneasure-

ments of the heat capacity in high temperature region

can be easily perforrned. Durlng the vitrification, the

ternperatuxe oE the sainple ceU was kept between I030

and I06eK for samD. le (l), and between i200 and i230K

in thG other cases of samples (2), (3) and (4). The

filling tube was kept arcound 3000K in each case Eor all

saTnples. The rate of condensation and khe total '
amount oi the sample used forc th.e measurements are

given in Table 3.



Table 2. Experiraenta1 Data of //v /l -- -• 't.hano l .

Nun.bex of
  sarn "o' le
     x

  Rate of
condlGnsa'tion

 (g/hr.)

Total amount
of sample
  (g)

   Heat ozr
devit nt fica 't ion

 ( KJ/rno 1 )

  ACp
 at Tg
(J/mo1OK)

   Am6rDhous
       L
par't of sampl-.-

     (9a)
:

Noi

l

2

O.IO.1

Oe366

l.214

1.645

1.54

O.57

Å}O.05
26

io

IOO

37.4



Table 3. Exi•o ct .T. iip• ,e n/, 'Lz al, Da. t' a Of V•G ca '- u- y- .

Nuicr,,b•,"-.: of

  sam"e]e
     L

 Ra.fL'e o.ff

conrJle'e)nstti-l ie,n.

  (g/hzb.)

To "L a. I a x:, ';•.t" u. n't

i)f' sarnr)•let,
      L
  <g)

  t:fe'L)-A:H. Of-

deviiL- rl fi ca'ti on

  < KJ/rc.ol )

  ACp
 a.t Tg pasc'tr.

<J/molOK)

im.o :tr z],ho ,.i, 1.t,Mdi"'-'

 o]f s•a,r/y// ,le

 (e6)
i

NPl
3

2 rk

3 ft "•

4kkk,

o

o

o

D

.032

.033

.C24

.030

O.6054

O. S8 {l} 7

0.695t

O . 7 7 ti. 5

Ze64

la45

le06

O.85

Å}o.or)

35

29

l9

ll

IOO

89.0

64e6

49.0

  *.   .
 rkk.
   .
krk*•
   .

annealed

annealed

annenled

at l280.k'

at 128aK

at 128aK

t'A or, 4 houLrts.

for l6 hours,

fcr. 13 hours.
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            [3] EXPERIMENTA[L RESULTS

3.l. Heat Wreatment Adopted for the Heat Capacity

      Measurement.

     3.l.l. Xsopentane. The measusceraents of heat

capacities of "L-he crystaUine and liguld states were

made frorn l30 to 3000K. The measurements for the

gXass wesce rnade Erom X50I< to just above the giass

transition temperature. Xn the gXass transition

intervals detailed mLeasurernents were also raade for

various sampies which had experienced the difÅíerent

thermal histom'es. AEter the rneasurements of the

guenched sampl/.e were made from l50 to 68el<, the sample

was slowly cooled down to 430K during 4 hours. The

rneasuscemGnts fior this sampLe wence made it'-ncom 430 ico

680K. FinaUy, this sample was again chiiled down

to 600K Åírorn 680K during 25 minutes and annealed for

about 20 houxs at this ternperatunce. The measuscements

for this annealed sarnpie were aXso made from 600 to

680K.

                                           '                             '
     3.i.2. Methanol. For the sarnplG (i) heat capacities
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of'  glassy state were measured firorn 940K to just above

the cj'iass transition temperature, and this sarnple was

again cniUed down sÅ}owly ico 800K as soon as the saraple
                                  'reached to just above the glass transition tempexaturer

and heat capacÅ}ties were rneasusced agatn fyom 800 to

i040I<. When the temperaturce of the samplG reached

about I050I<, a drastic devltrification took piace and

the temnL eratusce of che saruple rises spontaneously due

to the exothescmic effecic. For iche sample (2) the

measurcernents were made fox the glassy state firom 200
                                                 '
-;-o Z040K. Aitex the devttnification, the crystaXline

sample was chilled down `vo 200K and the measu=ements

were made fncom 200 to L200K.

     3.l.3. Water. Sample (l). Tlie measuxements of

heat capacities of a glassy state werce made in the
                    'vegion covering the giass transition temo.eratuxe, when

an appseciable exothermic effect was obsetAved above

1150K. The drastic devitrification was observed at

about X350K which is just above the glass transition
                       '             'point.

     Sample (2). The measurements for the glassy state

were made in the region of giass transttion temperature,

when the exotherradc Gffect was observed above l230K.
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The drastÅ}c dievitrificatto.n w•as o})sGrved at about 135eK.

A:=`{;e.rc ibehe. de.v:i.tx'"iL.liiLca. t;;.i.Qka .i.$ ove.x t-i.h.i...c. st,riag)1.R wa.s chL].Lp..d

down to llOOI< and measurements wence carried out f.rom

l800 to 2370K, when the appxeciabke exothescmic effect

was obsercved between Z800 and 2iOOK. After the•previous

sexies of measurcement, this sample was chilZed down

to l800K and the measurernenics weMe madF"} frcorn l8eOK to

2250K.

     Sample (3). Pbem s` or 'to 1he rueasux eme n, t of the gXassy

state, the sample was annealed at ]-28el< for X2 hours.

ThG measurements of the gkassy .fftate were made from

200 to l350K. AÅ}tex 'elke devitrcÅ}ficar-ion dis pencfioncmed,

this sanaple was chilied down to 200I<, and the measuye-•

ments wGre made again from 200 to 24(Ol<, an apprec.iable

exothencinic effect being also observed between 160e and

2100K during this experimenic. Thts sarnple was again

chÅ}Ued down to 600K and the rnea,o.v.x-ernen'ts wesce caxrried

out fscom 600 to 240al<.

     Sampie (4). After the measurement of khe glassy

state between 60e and Z250K was overc, the samp-le was

annealed at X280K for X2 hours, and then for this

annea]ed sampie the meas.uMements wesce "iade between

1200 and l350K, when the d.xas'tic clevÅ}tyi.iffication was

Qbse)ved at"T abQuC j.35QI<. A,Å}itek t;he. e..ome},).Zumt,ic}n oii this



-25-

devi Jc ri r- :` ca 't ion r the sampie was qhUled down to 600 I<

and the measurements weTe repeated frorn 600 to 2400K.
 '

                      '

'3.2. Results of Heat Capacity Measu]rement.

     3.2.l. Zsopentane. (a) Heat capacjkies of its

crystalline and liquid states. The numenical values

are given in Table 4A and illustrated by hoUow

cixcles in FÅ}g. 4. These values agree with those
reported by Guthrie and Huffman(26) in lg43 with the

experimen-Cal encrosc. They confix"med the non-existence

of the appeascance of anomaZous heat capacity of the

liquid sta"L-' e in the temperature ifegion between i700

and 2500K which was fÅ}rst reporcted by Schumann and
Aston(27) in lg4•2. This facic coincides wÅ}th our

present results.

     Pthe data of meiting point jmn yelation to the

mole fraction oiC the meit, and the heat of Eusion,

obtained fuom the xesults of heat capacity measure-
                             '
ruents, are shown in Tabie 5, and the scelationship

between the melting points and the reciprocal moiten

fraction is given in -F-ig. 5. rt"he value obtained fo]r

the melting point of IOO O-. punce isopentane is found

to be )l3.36 + O.050K. From the meltÅ}ng curve, the
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amount ofi' iruLourciSL-jes in #che present sample was found

to be O.Oltt rno/.ie oex cern"L-.
                 k
     <b) I{ec-•L'c cap,aciL'rkes Qf ab'tG. cythets• sy a:id supercooXed

liqui(El sLLates. The numeMical data are given in [Vable 4B
        'and iUusic]rat:ed by 'the fiZled circles in I7ig. 4. "i"here

appears a sharp rise of heat capaci'ty at about 650I<r

the shape oLC which is chascacicertstic to a glass tran--

siVion ]phemomenon. "2ihe amoun"L- o:rt heat capacity of the

supexcooled iiqurd jv.st• above the glass L'rcansition

poiAt is neaxh]y eor.ual to the twice oE that for the

crysi a] ttne sSca"ce and weU situaices on the assumed

curve extrapola+tea' tiyom those above the mGlting point.

;then the supercooied Uquid which hact experienced the

gXass "cransi"eion, was heated up to above the glass ,

icransÅ}"cion poini, the dxastic devitriftcation was

Eound to take pZace at about 750I<. [ghe. rcesults of the

detaiXed )"easureraen-ts around Tg on iche sampte with the

vantous heat tt"eatrnents arG shown in Fl'g. 6 and t-he

enthalpy curves correspondlng to eac] o:"' them are

dxawn Å}n Fig. 7. In 't'he case oi" guenched sample, the

enthalpy value oif' t'ne supercooled liqwid devÅ}ates

from the.. equilihr'ium curve at about 6ort.501K, and

tacansEotrrins inico "Lhe glassy state. Forc stowly cooled

sarnpte, the cux"ve devia'tes frora the equiMbriurn value
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at the tempeacature ZOC lower than that Eor the quenched

sample. mhe effect of annealing is really found in the

enthaLpy cuxvs in such a way that the enehalpy cuxve

of giass cornes beZow the slowly cooled one. The triple

circle near 690K which is taken as the reference point

for evaluation of absolute enthaipy of the glass, was

determined as the intexsection of the curve for super-

cooled liguid and iche isenthalpy straight line at

Z06.20K of the enthalpy curve for .crystaUine state.

     3.2.2. Methanol. (a) Heat capacities of its

crystaUine state. The numerical data for the sarnple

(2) are given in Table 6A, and are represented by the

hollow circles in Fig. 8. Xn thÅ}s figure the smoothed

curve above 1200K is drawn on the basis of Keiley's
data(28). zt is found that our present data below

l200K agreG with his data within the e>i'perimental

error of 1.3 O-o jn the temperature region of liquid

hydrogen, and O.5 O-. in the ternpercature region of

liquid nitrogen.

     (b) Heat capacities of its gXass and supercooled

liquid states. The scesults of the samples (i) and (2)

are given in [VabLe 6B and UXustrated by the fUled

cixc:e$ in Fig. 8. Xn Lhis Åíig'u:e, the values Eorc
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the sarcLpLie (l) are plotted around the glass transition

point and those for the sample (2) are piotted below
                         --800I< (see Tab2e 6B). As z$ seen in this figuxe it is

found tha2u' z' he s"Late of aggregation of methanol

obtained by the present method of vapor condensation

shows a glass transition phenope.Gnon at about I030K. '

On z"urther heating we found a drastic devitritication

D.henornenon at about X050K just above this gZass tran-
                                                 'sition point. The dotted line repyesents the assumed

one for the supercooZed liquid which are ohrained by an

ext]rapolation oE those of the norrnal iiquid. [Vhe

jump oE heat capacity (ACp) at glass transition point.

(Tg> and the total arnount of exothermic effect accompa-

nying the devitrifi.cation are given in [Dable 2. By ''

comparing the heakL of devitrification and the magnitude

of ACp at Tg for both samples, it is easily concluded

that the sample (l) is almost cornpletely giassy state

while the sample (2) is in the partially glassy state.

Xn the "Å}able 2 the amorphous part contained in the '

samples are also estirnated by como.axing the heat of
                         'devitrification with each other by assuming that the

samLple (l) is cornposed of iOO per cent amorphous

material.
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Table 6A. Heat Capacity of
  in J/(rdol

Me irhanol <crystal)

ol<)"

T(OI<) Cs T(OK) cs [Ir (oK) Cs

2i
23
26
29
32
36
39
43
47

.6X

.97

.66

.73

.93

.25

.83

.51

.24

6.
7.
9.
u•
Z3
l5
17
l9
21

OX9.
402
3U
.30
.29
.57
.59
.87
.84

51.28
5S.26
58.74
62.46
65.9I
69.68
73.73
77.56
79 .92

23.94'
-7S.7S
28.25
29.98
31.69
32.82
34.44
36.39
36.64

 84.40
 88.47
 92.46
 96.30
IOO.25
lO4;' 29
iO8.22
li2.04

38
40
41
42
43
44
45
46

.

.

.

.

.

.

.

.

24
07
49
33
21
51
76
8' 3

Table•6B. Heat Capacity of Methanoi(glass and
supercooled iiquid) in J/(rnol OK).

T(OK) C$ ,T ( O,K). ,,Cs , . , .T (O K) cs

 96
 97
 99
101

 82
 85
 88
 91
 93
 95
 97
 98
leo
IOI
ZO2
X03
ZQ5

  sarnple

  sercxees
.3Q
.96
.58
.i3

     ,  semes
`88
..80

.64

.42

.63

.34

.02

.74

.39
-. 97

.96
,. 87

.i6

 (l)

z
44+ .30
45.96
49.77
83.56

 2
39.54
40.82
41.85
42-. 23
43.I8
43.75
45.09
47.2X
5' 7.28
76.84
7i.62
68.92
67.7O

23e
26.
30.

49.
51.
54.
57.
60.
63.
66.
70.

2Z.
24.
•27.
3Z.
34.
38.
42.
46  -t

 samp1e

    t $exxG$
64
64
03

    , serxes
39
8S
38
M
l9
38
65
05

 series
92
73
85
36
8X
50
28
32,

 (2)

:
8.074
XO.03
12.33

 2
24•.21
2S.42
26.40
27.58
29.Q6
30.54
3i.97
33.3i

 3
7.04or
8.665
IO.79
i3.23
i5.99
L7e98
2Q.I2
22e66

   ,s&mes
 72.26
 76.22
 80.86
 85.50
 89.27
 92.02
 93.79
 95 •. 54

 97.25
 98.94
iOO.58
102.I4
103.54
I04.82
I06.22

4
34
35
37
39
41
41
42
43
43
44
48
58
53
54
53

.

.

.

'

-

r

'

-

.

-

.

.

-•

e

.

56
96
71
54
04
80
45
e.g

97
88
64
56
43
04
61
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     3.2.3. W/ater. (a) Heat capacities of hexagonal

ice. The results oi the samples (3) and (4) are given

in Table 7A and axe sceprre$Lsneed i"y the hoXiow cÅ}rcies

in Fig. 9.

     Mihe vaiues of our pxesent data were smaller than
those of• Giauque's data(29) by io ox. because of the

diEficulkLy of estx'mation oÅí the accurate weight oL=

the sample in the calorSmeter. [Vhis seems `Lo be due

to the fact that the some amount oE water are condensed

in the k`- UUng tube out of the sampie ceil and so the

mole z"actor of- the sample in the cell was estirnated

to be smallex than the true value. In this respect,

the mole :-ac"Lors oL= the samples were determined by

r' itting our values of hexagonal ice to those of

Giauaue's dat-a between IOOO and 1400K. The deviation
    .L
of the values around the smoothed curve is within 3 g

in the vicinity of the boUing point of liquia" nitrogen

and l O-o arcund 2000K.

     (b) Heat cap. acieies oE its giassy and supercooZed

liquid states. The results of the samples <1), (2), (3)

anai (4) are all given in Table 7B. The detaUed values

in the vicinity of the glass transition point are

dyawn in Fig. IO. The vaiues of the sample <l) are

plotted axound Tg and those of the sampXe (3) below
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800K amongst ali :fi1]ed circles given in Fig. 9. As is

seen in these iigures the arnorphous solid of water

obtained by Vne method oi" vapour condensation was found

to s]now a g]ass transition phenomLenon at about l350K.

On r-urthex heating the drastic devitrÅ}fication was found

to occur just above tle giass transitz'on point. The

jump of heat capacity at Tg and the total amount of

exothermic effect accompanying tlne devitrifi'cation

are given in "iable 3, and the assumed content of the

amorphous part of `Lhe samples are also given on the

assumption that the sample (l) is composed of IOO per

cent amorphous rr,aterial.
         "
                                    '     (c) Heat capacities oi cubic iae. The resuZts of

the samples (2), (3) and (4) are given in Table 7C,

and are i]]ustratad in Figs. 11 and l2 in comparison

with the L-"esuks oE the hexagonaX ice. As is seen in

these figures, the remarkably anomalous region of heat

capacities was found between l900 and 2100K, which is

accompanied wi"i n an apprecLable exo"cl"jermic efiect.

[Vaking in`Lo consideraticn oE the TL)revious workers by

the X-ray analysis which have reported that in this

ternsLpera-i ure region t]ne cubic ice transforras sluggishly

and irxeversibly into tlne hexagonal ice, this exotherndc

eEr-ect seems to be d'ue t'o the ixreversibie transforrnation
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oÅí this ]ind. The totai exothermic effect was observed

including the anomalous effect mentioned above in the

wÅ}dex ternpexature region fxern Z60e to 2iOOK. The

corresponding enthalpy amount of this exothermic effect

was estirnated for each specimen as is given in Tabie 8.

3.3. Thermodynamic Properties and Residuai Entropy.

     The values of heat capacity, entropy, 'and also

the enthalpy and Gibbs enexgy functions at selected

ternperatures are listed fQr. the "quiClr cscysta.1#..n.e,

glassy, and supercooied ZiquiCl $ta.te.$ Qf isQpentane in.

TabZgs 9A ennd 9B, Sex ehe gZassy statce oE methanoi

in Table IO.

     The residual entropies, s8, were aZso determined

for isopentane and methanol by using the results of

heat capacity measurements and given in Table 9B and

IO. In the case of methanol we calculated the residuai
entropy on the basis of Keuey's data(28) for the

crystalline state.
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Table 7A. Heat Capacity of Water

(hexagonai ice) in J/(molOK).

T(OK) cs T(OK) cs

sample (3) sampie <4)

 56.
 61.
 65.
 70.
 75.
 80.
 85.
 89.
 95.
 99.
I02.
I07.
Il2.
Il7.
122.
I27.
I34.
I40.
I45.
I49.
I54.
I60.
I65.
I71.
I77.
182.
I88.
i94.
199.
203.
210.
2i6.

02
l3
69
28
20
Ol
oo
70
15
90
IO
22
l7
20
32
95
04
oo
81
26
93
48
93
54
27
97
58
10
53
78
l8
49

9.
9.
IO

ui2
l2
l3
l4
l5
l5
l5
l6
17
l8
18
19
20
20
21
22
23
23
24
25
25
26
27
28
29
29
30
30

058
761
.49
.30
e05
.73
g98
.64
.28
.98
.83
.53
.41
.22
.77
.52
.28
.98
e87
.i8
.04
.61
.39
.35
.95
.63
.31
.Il
.54
.02
.46
.59

 59.29
 63.46
 68.05
 72.68
 77e25
 82.30
 87.60
 92.72
 97.58
 97.79
I02.55
I07e36
112.24
ll6.98
l21.57
l26.06
l30.67
135.42
i40.06
144.67
i36.89
l4i.56
l46.I5
l50.66
l55.09
l59.67
l65.44
l70.73
175.37
l81.01
i86.57
192.04
l97.44
202.77
208.03
213.09

9.
IO
10
ll
i2
12
l4
l4
i4
l4
l5
l6
17
l7
19
19
l9
20
2i
21
20
21
21
22
22
23
23
24
25
26
26
28
28
29
30
30

473
.i3
.50
.27
.37
.77
.50
.62
.95
.97
.55
.44
.45
.99
.02
.32
o74
o58
.47
.45
.86
.21
.94
.20
.36
.48
e81
.93
.71
.29
.88
.07
e82
.45
e20
e85
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Table 7B. Heat Capacity of Water

supercooied liquid) in

<glass and

J/ (molOK).

T(OI<) Cs T (O K) Cs T(OK) cs

taX8
l20
122
tz24
126
l28
l30
Z31
l33
135

l18
ll9
l21
l23
l25
l27
Z29
l3Z
l33
l35

-

'

.

.

'

.

.

.

.

.

.

.

-

.

.

.

.

.

•-

.

saraple

82 l9
21 i9
23 20
21 20
l7 21
U 21Ol 21
88 23
58 57
86 46
sampie

05 l9
90 19
8X 20
72 20
61 20
48 2X
35 21
23 25
l9 35
50 50

(l)

.42

.63

.I7

.64

.I2

.45
e89
.37
.30
.47

<2)

.20

.72

.21

.49

.s3

.38

.78

.44

.42

.04

 21
 24
 27
 3i
 34
 38
 41
 45
 49
 53
 57
 58
 62
 66
 7i
 76
 80
 85
 89
 94
 98
I02
I04
I09
ll4
ll8
l21
123
l26
129
l31
l34

.

.

.

.

e

.

.

.

.

.

.

-

o

.

.

.

.

.

-

.

.

.

.

.

.

.

e

.

.

.

.

.

sample

75
73
75
IO
53
IO
70
40
33
56
83
04
22
59
24
05
80
27
74
23
57
75
94
77
46
20
Ol
79
56
34
97
67

3.
3.
4.
4.
6.
7.
7.
7.
8.
9.
9,
9.
IO
ll
ll
12
i3
14
14
l5
15
l6
l6
17
l8
l8
19
l9
20
23
32
38

(3)

644
957
061
685
378
O02
393
653
590
032
501
527
.26
.24
.92
.68
.30
.47
.86
.28
.75
-50
.97
.67
.35
.90
.39
.94
.72
.74
.36
.47

    sample <4)

 79.98 13.71 84.23 14.29
 88.51 14.78 92.93 M5.27
 97.50 l5.88iOl.91 16.63
i06.49 17.l9
ill.25 18.l7
U5.88 19.09120.38 l9.88
series after annealing
at i280K for l2 hours

U9.95 19.30l22.i6 19.93l24.35 20.33i26.52 21.17
.l28.69 22.31
l30.90 24.49
132.73 28.l4
.134.l8 3i.51
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Table 7C. Heat Capacity of Water

(cubic ice) in J/(molOK).

T(OI<) Cs T(OK) cs T(OK) cs

sample (2)

i82.sro
l87.Zl
l91.6tde
i96.I9
2OO.,59
204.87
209.08
2i3.26
2i7.39
221e48

 21.
 24.
 26.
 29.
 33.
 37.
 4X.
 44.
 48.
 53.
 57.
 58e
 63.
 67.
 72.
 76.
 8L.
 86
 90
 95.
 99.
I03.
[LO8e

24.73
25.71
25.80
24.05
27.40
29.25
30.04
30.07
30.44
3i.I9

sample (3)

62
08
64
79
45
24
oo
83
82
ie
63
98
25
54
IO
86
57
02
51
08
49
75
li

l.275
3.019
3.462
4.139
5.076
5.805
6.7i6
7.I06
8.069
8.434
8.980
9.397
IO.26
ll.04
il.66
Z2.21
i3.38
l4.03
l4.58
l5.I6
l5.54
l6.I6
l7.02

109.
Il4.
U9.
I23.
128.
I33.
Z37.
142.
I46o
l51.
I55.
159.
X64.
X70.
176.
I81.
i87.
I93.
I98.
204.
210.
2X6.
222.

94
64
20
69
33
07
70
28
77
l8
79
67
57
40
ll
79
47
l5
82
24
08
36
55

l7.
I8.
!9.
I9.
20.
20e
2i.
22.
22.
23.
23.
23.
23.
24.
25.
26.
26.
25.
26.
29.
30.
30.
31.

36
27
l3
65
20
85
55
l8
65
48
64
ox
69
l8
25
32
94
25
60
l3
l2
85
81

sample

 60.14
 64.62
 69.i4
 73.72
 78.21
 82.68
 87.47
 92.56
 97.44
 97.72
I02.76
I07.77
l12.61
ll7.32
121.90
l26.10
l26.62
l30.92
l31e43
i35.64
l36.17
l40.26
l4ti.82
149.30
153.72
-156.21
l62.22
l68.I7
l74.03
179.82
l85.51
l91.I4
l96.77
202.24
208.07
214.34
220.52

(4)

9.
IO
il
X2
12
13
l3
14
l4
l4
15
l6
l7
l8
l8
l9
19
20
20
20
20
21
22
22
22
23
23
24
24
25
26
26
25
28
29
30
3i

496
.41
.02
.I2
.35
.I5
.94
.34
.95
.95
e58
.5i
.47
.22
.85
.48
.74
.02
.oo
.84
.98
.40
.29
.62
.97
.53
.32
.04
.40
e03
.10
.80
.57
.9X
.77
.83
.34
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[rable 8. Total Amount of

Accompanying Irrever'sible

Cubic Ice to Hexagonal Mce

Exothermic Effect

Transformation of

.

Number of
  samp1e

 -AH
(J/mol)

2

3

4

158.9

164.4

l59.5

Å}l5
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Therrnodynamic Properties

(crystalline and liquid

        in J/(mol degK).

 of Isopentane

states)

T CP
o  os. (HO--H8)/T

--  (G o   o-H  o )/T

  5(O
 IO (2
 l5 6
 20 i2
 30 24
 40 35
 50 43
 60 51
 70 63
 80 63
 90 71
IOO 78
llO 86
l,l3.36

120 X24
l40 l27
l60 L30
180 l34
200 i38
220 i42
240 l47
260 Z53
280 i59
300 l66

.

.

-

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

e

.

.

.

.

255)

030)

430
47

76

21

60

92

08

88

25

72

81

42

74

97

38

i7

so

63

60

62

82

 (o
 (o
  2
  4
 12
 20
 29
 38
 47

 55
 63

 71
 79

l34

l53
l70
l86
200
214
226
238

250

261

.085)

.6' 55)

.236

.893

.32

.93

.7i

.38

.I2

.43

.38

.27

.I4

   ,Fus2on
.19

.59

.87

.48

.83

.20

.81

.85

.46

.70

(o.

(o.

 1.

 3.

 8.

 I4
 i9
 23
 28
 32
 36
 40
 44

 92
 97
 99
104
IOO
llO
ll3
l16
119
l22

063)

499)

667

596
642
.03

.I2

.88

.59

.79

.65

.48

.32

.78

.51•

.Ol
1gg

1gz

16,g

.42

(o.

(o.

 o.

 1.

 3.

 6.

 10
 l4
 l8
 22
 26
 30
 34

 41
 56
 71
 81
 92
i04
ll2

U2
130
i39

021)

i55)

569
297
678
903
.59

.50

.53

.64

.72

.78

.82

.4i

.08

.86

.52

.74

.I9

.97

.I9

.94

.28

Values in

function.

parentheses axe extrapolated by means of the Debye
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Ta] le 9B. Thermodynamic properties of Isopentane

(glassy and supercooled Uquid states)

          in J/(mol degK).

T Co P
so-s8 (gl)

* (.o-H8 (gl))/T    o-(G   o
-- H  o

(gi))/T

  5
 IU
 l5
 20
 30
 40
 50
 60
 70
 80
 90
].oo

liO

(o.

(2.

 8.

 I5
 26
 36
 45
 58
ll7
IZ8
il9
i2i
l22

365)
880)

660
.03

.95

.75

.I3

.77

.28

.63

.98

.33

.67

(o.

(o.

 2.

 6.

 14
 23
 32
 42
 55
 71
 85
 97
108

Z22)

977)

95i
315
.73

.88

.97

.i6

.45•

.21

e26

.72

.68

(o.

(o.

2.

4.

10

l5

20

25
38

48

56

62

68

091)
735)

373
733
.21

.67

.72

.70

.60

.52
e• 38

.81

.i9

(l4

(l4

14

15
l8

22

26

30

30

36

42

48

54

.09)

.30)

.64

.65

.58

.27

.31

.52

.91

.75

.94

.97

.55

 *

**

s8

:

:

(gl) -- l4.06 J/(mol degK); H8<gl) -'

  The values between 700 and llOOK

  of interpolation using equation

  O.Z351T (J/moX degK).

(gl) indicates glassy state.

(c) indicates crystalline state.

H8(c;'= 2673

are evaXuated

  Cp == I07.82

J/mol.

 by means

 +
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Tabie IO. Therrnodynamic Properties of Methanol

(glassy and supercooled liquid states)

        in J/(molOK).

,ep (o I<) Co
 P

sO.-sO
    o (gZ)

* (Ho-H8 (gl))/T •-  (G O.HO
   o (gl))/T

  5
 Å}o

 :,5

 20
 30
 40
 50
 60
 70
 80
 90
I03

uo
i20
l30
i40
i50
Z6O
l75. 22

(O.310)
(i.700)

(4e350)

7.250
l3.75
a.9.96

25.30
30.02
34.42
38.59
42e40

68.IO
68.39
68.70
68.98
69.20
69 .,4l

70.00

Glass

(o.

(o.

(l.

3.

7.

I2

l7

22

27

32

37

48

54

60

65

69

74

80

transition

082)

6i9)

796>

444
572
e40

.44

.48

•44

.3a

.07

.65

.59

.05

.I6

.90

.39

.70

(O.070)

(O.447)

(le297)

2.421
5.081
8.043
IO.97
13.76
l6.40
18.91
21.3i
point
28.04
31.38
34.24
36.71
38.87
39.78
43.27

(o.

(o.

(o.

1.

2.

4.

6.

8.

Ii
13

15

20

23

25

28

31

34

37

Ol2)

172)

499)

023
491
357
466
720
.04

.40

.76'

.61

.21

.81

.45

.03

.61

.43

 s8 (go -

      The

the Debye

 * : (gX)
*)k : (C)

 7.o7 J/(molOK); H8(gl) - H8(c)""= l538

 values in parentheses are extrapoiated

 function.

 indicates glassy state.
indicates crystalline state.

J/(MOi).

by means of
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[4] DXSCUSSION

4.Z. GZass Transition and Devitrification Phenomenai

     4.l.1. Isopentane. The heat capacities of isopentane
                                         (26r 27r 30)have been measured by three investigators ,
nevertheless the occurrence oE the glassy state of this

comD.ound had not been known by any authors. It must be

noted here that a supercooled liquid of isopentane
are often caiied as a giass in erxor(3i). As is axready

reinarked in the introductory chapter of the thesis, a

mode.scn tencminolp.gy fionc "glass" must not be used for

"che supercooled iiguid state above a glass transition

point. We have really succeeded in obtaining the glassy

state of the present rltaterial. The relation of the

normal boUing point to its normai me].ting point oÅí

isopentane is equal to 2.70. This fact Å}s concordant
with the Turnbuzl--cohen empirical rule(32) for obtainu

ing glassy state by the supercooling method; x`.e. the

ratio should be equal to or larger than l.8. In passing

we rnay describe here our experience on n-pentane. The

ratio Tb/Tm = 2.l5 for this substance suggests that

this tiquid might have also the tendency to be supercooled,
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wl eLveas the cxystallization has always occurred as far

as our observation is concerned.

     Now, for Xiguid isopentane two kinds of origin

associated with the relaxation phenomenon in regard to

the rnolecular motion may be possible to consider; one

is due to the degree of freedom of the internai rotation

with scespect to the intramoiecuiar c-C bond, and the

othex due to the change of the intermolecular configu-

rabion which is related to the shear and/or-voiume
                                                    '
viscosity of liquid isopentane. Concerning the iiquid

state ot- isopentane, there is a.n investigation wÅ}th

an ultrasonic absorption technique by Young and
          <33)              . TheÅ}ac results suggest that aroundPetxauskas

l500K the relaxation tirne with respect to the degree

of fMeedom .of internal rotation is larger than that
                                               'for intermolecular contigurational change. It is not

clear, howevex, how is the relation between these two

types of relaxation time fox the supercooled liquid

around 650K. We may safely concluder anyhowr that

ACp, the increment of heat capacity at the glass

transition pointr is mainly associated with Å}nter-

moXecular configurational change, since the difference

between the contribubions Erom the intramoiecular

scotation in the supercooled liquid and that in the
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glass, may be too small to explain this ACp.

           '
                                  '                                              (7)     4.1.2. Methanol. Van Thiel and Pimentel

observed that methanoi deposited on the chilled
                                       'substrate between 4.20 and l200K gives an infra-red

absorption spectrum resembling that of the norrnal

Uquid methanoir and that once this deposited state

was heated up above i200K, the spectrum disappeared

and changes to that characterÅ}stic of the crystalline

state. Based on the above observation, they have

conjectured that this deposited state of methanol

rnight be a glass. However, their conclusion seems too

hasL"y, DT ecause a gZass txansition phenomenoni which

necessaAly accompanies the glassy state, has not

been yet found out. Therefore our present tinding of

the glass transition phenomenon certifies for the

tirst tirne that the methanol condensed onto the chiiled

substrate below i050K exists as a glassy state.

Moreoverr it is to be noted that the vitreous methanoi

of the sarnple (l) is composed of about 200 per cent

arnorphous material judging from the heat of devitrifi-

cation as well as the jump height of heat capacity,

AC   t at Tg.  P
     In general, it seems very difficult to pbtain
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the compZeteZy vitxeous state by the method of vapor

condensation. Xn fact there has been no quantitative

wonk ofi obicaining completely vitreous material by thi$

method. Zn case of our calorimetry, the temperatures,

of several parts of the apparatus can be regulated

accurately and tinely and also the rate of condensation

can be controlled very precisely during the vitrifi--

catx'on pscocess, so that it is rather easy to obtain
                    'a completely vÅ}treous maten'al, when the suitable

condition for the adjustment of temperature distribution

is established. The fact that the sample (2) contains

the appreciable crystailine part seems to be due to

the warming up of the surface of the sample above the

devi'critication point by the high rate oE condensation.

                                      '     4.X.3. Water. ,(a) Glass transition phenomenon.
sÅ}nce Jones and simon(34) first tried to find out a

glass transition phenomenon of water by a scapid cooling

of droplet of the order of few microns, there have been

severcal trials to discover the glass txansition phe-

nomenon oE an amorphous state deposited on a chUled

subs-trate. They are, for exaTnple, of Pryde and Jones
(igs2)(i6), of dhormiey ags6)(l8), oE de Nordwali and

                                                  (ll)               Q9)                   , and of McM"lan and Los (l965)Staveley (1956)

     Recentlyr McMillan and Los have found by a
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citfferential thermaZ analysi$ method an endothermic

effect at 1390K just below a devitrification temperaturer

cheix experiment was, however, insufficient to conclude

that this endothermic effect mi,ght be due to a glass

transition phenomenon. Xn the present work we have

found out the anomalous heat capacity for four species
          'characteristic of the glass transition phenomena at

about i350K. Judging from the shape of the anoraalous

hea"e capacityr and from its temperature dependence on

anneaZing treatment, it seems evident that this eEfect

is due to the so-called glass transition phenomenon.

     Although the exotherrnic efEect observed below Tg

i$ shoMtiy understood as an approach of the glassy

state to an eguilibrium (the so-called stabiiization

effec"L), we conclude that this exothermic Gffect is

also partly due to a devitrification of the glassy

state. ri-his is evidenced by the fact that the

exo-therrnic effect was observed even after the anneal-

ing aic l280K Eox l6 hours, and that the heat of devitrifi-

catÅ}ons is smaUer as the duration of anneaUng Ss longer

(see Tabie 3), and further that the heat capacity curves

of two series do not agree with each other in the case

of "L-he sample (4)r as is shown in Fig. i3t where one

sem' es of measurernents is made prior to annealing and

the other after annealing at Z28eK for l3 hours.
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     In the case of sample (1), the jump height oE

heavu' capacity ACp at Tg is the highest value arnong aU

sarRLoles (see [rable 3 and Fig. 10). [vhe heat capacity

jus"c above the Tg of this sarnple, however, appreciably

smaller than that of the supercooled liquid at the

same temperature assumed by the extrapoiation of the

heat capacity of the liquÅ}d above the melting point.

ThÅ}s fact is at the first glance consÅ}dered to be due

to the existence of crystaUine part in the vitrGous

sample. This interpretatÅ}on seems, however, to be

inadequate because oE some thermodynamical contradiction

as wiii be described just below. !f Cp values of the

superccooled iiquid are assumed to be extended li]<e a

dot'eed iine in Fig. 9, the corresponding enthalpy curve

oE• the supercooled liquid comes out to be drawn in

Mg. I4. At first sight of this figure it is shortly

understood that the curve of the supercooled liquid

intercsects that of the crystal far above 1350K (=Tg).

FÅ}"his cixcumstance is evidently incompatible with the

facLL that the devitritication is necessarily accompanied

by the exothermic effect. Consequently, it turns out

to be inappropriate to assume the Cp values of the

supercooled liquid by extrapgiating the Cp values of

the liquÅ}d above the melting point down to the iower

tempencature.
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     Now, water has been known as a typÅ}cal anoinalous

]Sqwid, fox example, its C                           values are higher than                         P
tbose oE othex normal li(l{uids. In o]rder to interpret
'the remarkably abnormal physical properties, Eucken(35)

has proposed 'that watenc is an equilibrating mixture of

sevescaZ kinds of associated species (eeg•f H20, (H20)2t

(I'I20)4 and (H20)s), and that the anoraalous large value

of heat capacity is caused by dissociation of the

associated species with the rise of the ternperatuxe.
Recently, wada(36) has calculated the heat capacity

of water reduced to a norcmal liquid assuming the ex-

istence oL` two states in wateM such as icy and packed

stzL-es. According to his calculation, the C                                             vaiue                                           P
of' wa-i er reduced to the norrnal liquid is srnaUer than

ichat oE crystaZ at OOC. Therefore hÅ}s calculation

does not dixectly stand for our present results. i{owever,
                                                        'this ptausible intexpretation that the Å}ntrinsic C                                                 P
vaXue of water consisting of exclusively monomer molecuies

mighSc be sraaÅ}ler than the really obsescved oner seems

undoubtedly to support "Lhat the vitreous water obtained

in the present work ,(in panc'ticular sample (l)), may be

in the nearly iOO per cent amorphous state.

     (b) Devitrification phenornenon. The temperature
recj'ion and ' the heat of devitxification have been reported
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by many wonkers. Their data are cornpared with each

others in Table IX.
     Mn iche expexinaents by de No.rdwakl and staveLey(X9)

by Ghorniey(i8) and by us, Å}t was found that the process

of -l he devitrification proceeds in two steps. The

exl,)Zanaeion of the reason why such a stepwise phenomenon

appeared is not cleasc at the present state of investi--

gatLon.

     I{ere we may notice again that aU the data except

ours arce got by the thermal analysÅ}s method, hence the

pxAevÅ}ous a"ata aace to some extent foM the non-equilibrium

staLve.

     (c) Appearance oÅí the cubic ice and its transfor-

iioiation imbo the hexagonal ice. During past many years,

a traceat deal of investigations have been reported

conc•.o.x'ning the appeascance of the cubic ice and its

transformation to the hexagonal ice (see Table l).

As the resuits of these studies it is now weXl known

"uha't the cubic forrn of ice can be obtained either as

a product of devitrtfication of amorphous ice ox as

a kind ofi high pressure form. In this sectionr we

should ;ike to concern only with the cubic ice prepared

bv "Lhe former method. "

     Up to the present, the existence of sluggish and
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reable U .

for

Coxnparison of PMevious Data

 Heat of Devitrification.

Workers " HD(cai/g) Ternperature

  reg-on

               (l6)
Dkxnyde and Jones

de NordwaU and Staveley

            (]8)    Ghormiey
              (24)b'eaumon et al.

            (38)    Ghorrnley

Pxesent worcij<

(l9)

2N7

3NiO

i5.8

,l2

24Å}2

21.8

   X440K

l400Nl600K

l530Nl980K

l400ooX560K

153O,tvX93OK

   1350K
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ixx"evex'sible transformation of the cubic ice to the

h•vmxagonal ice has been observed by several wonkercs.

"j-hG]pme has been no quant='tative experi;nents on the sample

in the therxnodynamÅ}caUy equiiibriurn state, so there

rerrLain stiU a confusion about the teruperature interval

of tl/ne appearance of the cubic ice, and also a more

irti"/3orLeant Droblem whether the cubic ice is more stabie  L=than iche he><agonal ice or not in the lower temperature

retrion as is already pointed out Å}n the introductory

 lkCsrlLaHki3 Le]" .

     According to oux present heat capacity measurcementsr

iche cubic ice transforrns sluggishly and irnceversibly

irrL'o tbe hexasfonal ice with an app]reciable exotherTnic

vr)ffect bettween 1600 and 2100K. Mihe average total

arv.:oun-i s of the exothermÅ}c enthaipy change, 160 J/molr

tis close to the value, l50 J/mol, prev.iously reported

by LNIcMiUan and I,os. Mihis agreement however, seems to

be iortui'tous, because their experiment is of dynamical

na't• ure and theisc results arce based on the Ghormleyis
vaL-u-e(l8) a.26 iw/mol) for the heat of devitrification

which a"oes not agree with our present data (l.64 KJ/mol)

     As is weli known, the hexagona] ice has a center

ot': synumetry in the directton vertical to c-axis and

a rL#rrox of syirnnietxy in the direction paucallel to this

axis with regard to the conformation of oxygen atoms
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1:n 'tl/ke i'a"u"cice. On the other hand the cubic ice has

-LL h.A. cen4.ex orn syrtmietry in these two directionst ab.e.,

a cttarriond sU"ucture. F,ach unit off the both confor--

rftc.4"tionbr" of the oxygen atoms is Ulustxated in Fig. I5A.

"rhe tto-tai stTuctures composed of these units a=e shown

Mn X•g.]5B in the cases of the cubic and hGxagonai

zce.q..

     Th•e enthalpy change of the tscansfo)rination arnimount-

iing to ao' out l60 J/mol, which is obtained in the present

ex'oeriment, is considered to be due to the difference

ot' 'che lattice ewencgy between both structuMes. Such

aia exogihex"rflic phenomenon seems to be concordant with
the x"esuit caieuzated by Bjerrurn(37), i.e., the hexa-

cj-onal ice is morre stable than the cubic ice with regard

"co iLLs lattice energy.
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4.2. 0:•"igÅ}n oE GIass [I)ransi"eion Pla<.'nomenon.

     Itt is wÅ}dely known that the gla.ss transition

"Lampc';)k&"tusce T• crJi where the vaxious D. roperties of the

supercoo]ed lici•uid and/or of the glass change suddenlyr

Å}s iound ou"L to be evidently dependent upon the magni-

cude of a'ura'tion oi the experimental observation. This
                                                     'i'&ct undoub`Ledly suggests that the glass transition

phenomen,ori oxiginates t'rorn a certaÅ}n kind of rate
                                                    '      '].rocesses. As a rna'tJcer of fac"", thesce has been proposed

rne,:•zy successLCul kinetic theories to explain the obser-

vation ot- the frequency-depenc]ent propexties around the

glass transition point. On the othex hand there exises

also "ehe tthermodynarndcaX interpretation of this phenomenon.

Xt ts JL"o be noted hesce that the past theorÅ}es explain--
   'Å}nvg "the really observed glass transition phenomenon as

a seconctH-ordeuc pha$e transition in the sense of the

Ehr"nenfes'tVs classitication Ls now quite nonsense.

Because the sceally obtained glassy state does not in

an eoJuUibxium state at ail. We neverc designate here

such a, misiu-a]<en view as the ichermodynamical theories.
     Zn his faraous lpaD.er(40) I<auzmann has pointed out

"Lhe iact that therce seems t(i) ".ppear the thercmodynandcally

uni hinkable circumstances tt we could perform the ex-

pertment durtng the inEinitely long peviod. For exampXeE



-68--

we ioilow his statement using the enU"opy curve of

isopen"cane which was obtained by the heat capacity

measurernent .

     If we could chUl the supercooled liquid at an

iurCÅ}niLLely Zow scate, the glass transition phenomenon

nGver occurs and its entropy curve might be such as

drawn by a bro]<en line in Fig. I6 wherce it is represented

crLs an ideeLUy supercooled liquid. At ttrst sight of this
:Fx" gure, i"- is shortly understood that the cuxve of 'thÅ}s

i,deallv suo, ercooled lioruid intersects that of "L-he      -L L -
cTystalline state a`L an unique temperatunce. Below this

"LeraLoet-aturce the entxopy values of the supexcoo].ed liguid

ance z-aichesc smallesc "chan those of cscystai. This circum-

s-t'ance seems rlo be unthinkable j ecause a UquÅ}d sta'te

is geneucaUy consideyed to be of a mosce appreciably

disordesced state than the cyystalline one. This therxno-

dynamÅ}cally unusual situation is well known as a

]<auzmann's paradox. And the temperature where' the

enLvroLoy curve of the supercooLed liquid intersects

tha't of "che cjrystal, was first caUed at T2 by Gibbs
et .-z(4•Z).

     Itg]aat is meant by this peculiar way o'fi thinking?

Adam and Gibbs have thought that there might exÅ}st a

cer'tain ]<inQi of thexrnodynamicarLly definable phase

tramsi"L-icn at T2r and that in the vicinity of this
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"eeraiceratux"e 12i the proper rcelaxation time of the

sys'tem has a tendency to attaÅ}n qutte a large value.

As L=t ucesuZt tn" e sysiem really goes Å}n.to a glassy state

even when it is chÅ}Ued dowm as slowly as possibler

be•cause•our D.resent available duscatÅ}on o,f the expexi--

men"u Tnas an inevitable upper Ximit.

     By e><plaining the appearance of the glass tTan-

si"tion in such a way as meritioned above, Adam and Gibbs

asce "cryina. ico grcasp the glass transition as a ref]ection
                                              'off 'the "cheacmodynamically definabZe phase transition.

It is :co be noted hexe that the experimentaUy observed
                                                    'glass tacansition is neveT defj.nable by the usual

"ihemmodynamics and that their interpxetation is very

raeaniimgL=ul and suggestive forc deeper consideration

abou-ir 'the relation between an equilibrlum and a non-

eor, uiXib rc i um states .
 A
     X'n their suggestÅ}ve paper, Adarn and Gibbs have

pLvoposed that the tempescature dependence of the relax-

at -'L' on ti' me .o fi liquid system , wh ich char T'i tJ: tex [L' ze its

scesLoonse to an externaZ force, might be t'},'i.ven by the

equaUon ,

       T("Å}i) = A exn. (Av s5 / [VSc) = A exptC/[VSc) (4-2--l)
                                                '

he:ee A is the freguency factor and may not be dependent
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u})on -terqoera"cure, Ay the potential energy barrier for
                                          *'tlle cooi eyabive moleculaf reancrangementr S                                            the                                         c
c rt "b ica :, con ft' gura 'c ional entz opy ct. the r. epxesenta ut ve

coopefantively irearranging region wfith the iowest sizer

and Sc(T) the configurational entropy of the glass-

fo=irp,ing liquid and can be calculated by using the

dif'rL=evence of the heat capacity, ACp, between the glass--

                                                      'forming liguid and the glass, tha' t isr

       Sc([I]) -- Sc(T2) == ACp ln([V/[i]2) . (4--2-2)

                                                     ']E we use the assumption Sc(T2)=O, which is explained

in "che p=ecedÅ}ng section, the above equatÅ}on becomes

          Sc([V) = ACp ln(T/T2> . (4-2-3)
                                                       '

Mdi'z--cheL""more, if we neglect the differe,nce in the

vihrai:x:onal entropy between the hypothetical glass

and "the crystal at T2, the residual entropyr i.e.r

'the a]oD. arent entropy difference between glass and

crysri al at T=OOK should be equal to ?zhe configuscational

en-L'ropy of the liquid which is "froz(,),n in" at Tg.

Then, we have the next e(2[uation,

   ASo == ( Sglass- Sc) ystax )mi .,o == Sc ([V g) ' (4 "-2-" 4)
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Using equation (4-2-3) we get

                                     '
               ASo == A{lp ln([l]g/[i]2) . (4pm-2e-5>

                  '

Thus, i'rom the results of heat capacity measurement

'che xesidual en'crcopy ASo can be easily obtainedr and

then Tg/rY2 is also estirnated. This vaXue Tg/T2 has

been estz'mated by some previous wor,kers, and they have

found that "Lhe scatio, Tg/[r2, Eor many ma.terials have
                                      'a icendency to be l.3.

     ]y 'ch' e way, we have i.30 and 1.31 for isopentane

and me'-hanoX, respectlvely. As is expected, our

pt-eseni values Eor moehanol and Å}sopentane are close

to -he reported value l.3. This agrceement seerns to

maeain tha'e Adam and Gibbs's theory might catch the

essential features ofi the glass transition phenomenon.

4.3. Appearance oi Glass Transition Phenomenon as

       a [remperature Dispersion.

     "=•"he term of "dispersion" generarUy means the fact

`L- ha-t `-he ciuantiJL-y of a given ply--zcal property xs

deioeAdent upon the duraLtion o'iil f.r)bservation. Xn par-

       '"tÅ}cu2ar z; =L' z's called an anomalous dispersion when

the vaiue of biae veievan"L physical property changes
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ahruptly witth a xather narrow frequency x"egion. This

anomaious dÅ}spersion effect originates LCxom the fact
v.' .ha'- a reLaxation time of the systera, characterizing

i'ts xesponse "co an external forcce, becomes of the same

oaca"er of rRagnitude with the duration of the observation.

Ancl. jL-he dispersion efL"ect is called as a "frequency

di•s]oersion" when the frequency of an extercnal forcce

is chnnged and as a "temperature dispescsion" when the

icerflioera"cusce of the systern is a variabie.

     A['-ter aU, nhe frequency and the temperature

ta]<e 'tn' e same effect on the dispersion effect and this

fac"- is called as "time-temperature equÅ}valence". The

Qbservattoxi wiich hicj-h dre(luency rcegÅ}Qn Å}$ guite eguiva-

ient to aL-he observation in low temperature regiont

and vdice versa.

     Now, iche appearance of the glass transition phe-

nornenon does indisputabiy originate fscom this anomalous

61ispe:esion effeck-. These circumstances arce conceptuaily

a-epÅ}ct• ed in Fig.Z7. [rhe values of T(T) is a xelaxation

tti.rne cha]racte]risbic of the sy'F.stem, and dependent on the

"certc,oera"Lunce. This curve is f•;e•iÅ}ed out in three tempex-

ature ncegions, i-c., one is mb'.'t where the Arrhenius

egu'ation is avaÅ}s{uble, second 'l',ere WLF empirical rule

holds good and thi•rd wiAere the tt.Ldam and Gibbs theory

i•s avaUahle. [rhe anomalous dispeMsion effect can be
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obse:eved on 'the cu]ve of the equation coT(T)==l. Within

'irhe 'L'ta;mLec,sca"cure region below this curve, 1he sys'tem

]ehaves as a gZass,' and in the upiL)eir tempeuca'tuae iregion

i"- behaves as a liquid. On such a viewpoint, thesceforer

'ehexe are possible to exist infinitely many glass tran-

sztuon termoeratuMes which are defined in a wider sense          f
than usual.

     Next, we should Zike to sketch the temperature

dts?,)ersion effect of the liquid system considering

tliLA rather simpUfled modeX of the Ziquid in the teraper--

a"cure region wherce the Adam-Gibbs theoxy is available.

     As is usuaZZy abopted, we assuine that the physicai

;rJscopex"L-ies of the liqui'd rnatexials can be separated

into the "cwo parts, that Å}s, one is due to the degree
                     'of• x"=eedom chaxacterx'stic exclusiveXy of a liquidr and

the ario"Lher is due to the degree of freedom character-

istic of a giass. "Å}ptl.),(-:ri, for example, the heat capacity,

of the ac"Luai Ziquid t'-;ystem, Cxiq, can be represented

as followsr

                                         '                                               (4-3-Z)           c                =C                     -i- c            lia              .gl                        str

wheuce C,yl is the heat cail:acity of the glass and Cstr

the hea't capacity charactentstic exclusively oi the

liquiai. Next, iet's suppose that the liquid as a
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w]"io]c, consis'ts of' two subsystems ora "stiructural" and

                               'ft g:as'sy" which are connected with a hypothetical tube

whostA; 'dherraaZ conducbivity is repxesented by K([D), as

is dxHi]wn in X"ig. i8.

     :i' 4chis Uquid system is bxought to be thermal
        'cozatac"e wUh an extexnal coid resevoix, how does this
                       '
syster;L ucespond to this thermal disturbance? This

causes -l he system to iose some amount of enthalpy at
a corts"tant rater -Aklicj, which is supplied by the

S' st.r-uc"curcal" and "glass" systemsr so that the foXlow-

ing x"elation holds,

          -o"         AHIiq -ww' AHgi +AH.t,, ' <4-'3-2)

     As "che both subsystems•lose the.tr enthalpies with

'the passage of tirne, theix temperature decreases.
Here AIrlg] is not dependent upon the temperature and

 eA}lstr is necessarily dependent upon the both ternperatures

Tgl aTid MÅ}stsc in "che vicinity of Tg.

     Assuming furthex the foUowing xelations

            Afistit = K ('Å}"str - rzrg?

                                             (4-3-3)
                 K ct 1/T
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                    '
and zColiowing the theory oE Adam and Gibbs (see equatiOn

4-2-l)r we have .

        T(T) = l/K =A exp(C/[VSc) (4-3--5)
                                                   '

in the vicinity of the temperature T2 as was described

alLx"eady.

     Conseguently, when "Lhe teTnpeTature of the system,

w] ic] is identicai to the temperature of the "glass"

subsys"Lem, approaches this temperature T2, the re:ax-

at.ion ti'rne T tends to become vescy large. This causes

Ailstx "uo be a very srnaU vaiue. ReaUy, if the value

oaf' T becomes to be the same oxdex of magnitude with

the duscaticn of experiment, the Ziquid system tends

to deviate Erom its inner thermal equUibriurn. And

finaUyi AHstr becomes zero when the value of

beco]nes of the order much larger than the duration of

the ac"cual experiment.

     Zn that case the heat capacity of the liquid

sys'cem is given by

            "-t--  Cliq = (AI{gl + AHstr)/M"g; " AHgi / AWgl
                                                    '                                       '
       = Cgl `( Cgl + Cstr )' (4-3-6)
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ConsequentZyr che heat capacity of the liquÅ}d realiy
                                               'decreases ahruptly at a certain tempencaturce. This is
                   'concordant with the reall:r oloservahle behavior of

heat capacity. The temperature, wheTe the sudden

chantre occursr is naturaUy the glass transition temper-

aeure which is usuaUy observed above T2 by about 500C.

In 't• tns acespect the appearance ofi the glass transxtion

may be thought as an example of the tempercatuxe dis-

pex"sion ei'fect.
                                     .t
     After aUt we can expect that the glass transition

plaenomenon raust be obsescved for evGry materials if we

can use an appropriate rnenhod and suitabZe condition.

Whe vapor condensatÅ}on method adopted in the present
                            'investigation wUl prcomtse a frcuitEui futusce study

                                                 'on some simple molecular glasses.

4.4. Embropy Production and Residual Entropy.

     A few comments wUl be given here concerning the

relatton between the residual entTopy and the entropy

:orcoduction of the irrevescsible phenomenon taking part
                                                   '
in a gZassy state.

     Just below the glass transx't:Lon temperaturer we

can obse.vve usually- a.n exothermic effect due to the
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sti abilization phenornenon of the glassy state into a

supercooled lÅ}quid.

     This stabilization give$ sci$e to an incsceveashaqiloZe

en"L-L""opy production within the systern. It is well known

"Lhat the Tesiduai entropy oi the giassy state generally

involves the excess entropy due to this irreversibie
phenomenon. Davies aind Jones(42) suggested the possi-

bUÅ}"Ly that this entropy production can be estimated

by considering the heat conduction between subsysteras

of ''struc'L'ural" and of "glassy", each of which is in

dtf• Eerent temperatures in the glassy state.

     Consept.uently, the irreverstble production of

exitropys ASthscsc, can be expsceseed vescy simpXy by the

foUowing expression

          ASirr = ACP (i/[V m 1/[V) A[V t (4m4mO

whesce ACp is the heat capacity ofi structuraX part, T

the "L-emperature oF, a glass, and T the fictthve ternper-

ature of a struc't'uL"-al system.

     xn ordesc 'co estixnate this quantityr the dntft

of "cemperature of the sampie, for example, o.fl isopentane

was measurced for iong time during the glass '{.'}ransition

intervals. This drift corresponds to the time derivative

oE W, and/or T. Analyzing the acesults ofi the drift
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curve for the quenche' d sample, AW was found to be

-O.0890C with the assumptÅ}on that stxuctuscaZ heat

capacity is equal to that of the g]..ass. Ta]dng the

foUowing data Mi=650K, T==600K, ACp=16.3 cal/(mol OK)

we get ASirr=OeO19 cal/(rnol OK) which is very small

compa=ed wÅ}th the yesiduaÅ} entyopy at absolute zero,

So=3•36 cal/(mol OK).

     We can safely conclude that the neglect of the

irrevexsible productÅ}ori of entropy leads to no $ignifi-

cant error on determinÅ}ng the residual entropy.

4.5. Definition ofi Glassy State.

     In this section we do not want to give the deta"ed

rco:/eculaac description of a glassy statet but to discuss

the chaxacteristics which dk'xi;.inguish the glassy state

fxom other states oi aggregat.lon.

     A gZassy state has been ('ny:ommonly considered as a

non-crysJL'aUine solid obicaine.<'i by supercooiing of a

2io.'uid, wlken the glass transV.i'j,.on phenornenon has been

akways observed. However, thG. })on-crystalline soiid

can be also obtained by using {')'l-jJier rather uncommon

methods, such as vapor condensation, neutron bom-

bancdrnent, and others. This non-cxystalline solid has
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been observed "Lo be crystaUized on heating. For this

kind oE solidr the glass transition phenomenon has not

ever been obsexved. As Åíax as the gla$$ transiuton

phenomena are not obsexved, we may feel a certain hesi-

tation to call this non--crystaXline solid as a glas$.

However, oux new findings of the giass transition

?.Dhenoirnena of methanol and water produced by the vapor

condensation method conclude that the non-crystailine

solidis ofi 'these materials made by this unc6mmon method

must bLts called as a gZass. On the basis of our new

observatton we rnay propose a move general property of

the glassy state as foiZows.
   '(a)- be"x' ust of all, the glassy state vaust be distinguishedi

f:•'ora o"-hesc statGs onXy by the fact that the thermo-

dynaraicaUy equilibrium state is never attained.

(b) The glassy state rfiust show the glass transition

p'henorflenon which characterizes the boundary between

"Lhe g]assy and supercooied liquid states.

<c) The glassy state.i$ established irrespective
                                    'o:= either the method of preparation or the chemical

conseruction of the material.

     Whexeforet ii we could not observe the glass

transitÅ}on phenoraenon concescning the non--crystalline

soXidt we must be as carefui as possÅ}bie to caU its



-83-

state as a gZass, till its glass

is really found out.

txansitÅ}on phenomenon
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                 [5] CONCLUSION

                                               '
     Ub Wn" e two types of caloximeter wence construcrlredi

for "che study of g'lass transition phenoraena. One of thertt

is r"or such a purpose that the vitrification is performed

by a rapid cooling of a iiquid sampie in the calorimeter

ceXZ and the othex is for the sample which is vitrified
              'with cona"ensation of its vapox cMr,ectly ofi the chUled

walL/ of the calorimeter cell.

     (2) a) The heat capacity rneasurernents were perfoacmed

fosc the crcystalline, liguid, glassy and supercooled Uquid
                        's'taL'es of isopentane between l30 and 3000K by using the

foacrnez" caloriraeter. b) The gXass transition phenornenon

of isopen'cane was fiound near 6501< wii.'h iche drastic change

oL"'- tn' e heat capacity which amounts:; 1'.o 68.20 J/(moZ OI<).

c) Mihe x"esÅ}dual en."Lropy of the gX;.=:[sy isopentane at abso-

iute zero was tiiound to be 14.06 J/<,],iol OK). d) The

irscevexsibie e•ciL'ropy production oS i.s,"opentane during the

gias s trans tt /S t.Jsn intervals was foup t. 1'. t:o be . O . 08 J/ (rnolOK) .

Xt is conc2uc"tE'Ltl that the negZect oit, the irreversible

produc'tion oS'l entropy leads no ,sigirÅíKicant eacror in de--

terraining the residual entropy.

     (3) a) The heat capacity measurements of methanol were
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made for the crystalline state bc)t;ween 200 and l200K,

ana: fox the glassy and supercooled liquid stati'si) between

200 ana' 1050I< by using the latter type of the calosci'

meter. b) The glass transition phenomenon was found

rieasc X030K witl) the abrupt change of the heat capacity

which amounts to 26 J/(ruolOK). c) Whe drastic de--

vttnification with the exothermic effect which amounts

to l.54 KJ/rnoL was observed near 1050K. The residual

entscopy for the glassy methanol at absolute zero was

found to be 7.07 J/(molOK).

   (4) a) Zn the case of watex-, the heat capacity

measurcements were carried ou't for .the hexagonai crystal
          'between 600 and 2500K, for the cubic crystal between

200 and 2400K, and fox the. gXassy and supercooled liquid

s"ca4ces between 200 and Z360K. b) The glass transition

phenomenon was found near X350K with the sudden change

orC the heat capacity amounting 35,• J/(molOK). c) The

drasJcÅ}c devitriEicaiton with the exothescmic effect which

arnounts 'tQ l.64 KJ/mol was obsescved a't about l350K.

ai) "ihe tyansfiormation oE the cubic cMystal to the hexagonal

one was found to occur ircreversibly and sluggishly in the

ternperatuxe region from lj600 to 210"K where the exothermic

effecic coming to about l60 J/moZ was observed.
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     <S) T•he on'gin of the giass trans'ttion phenomenon

was discussecl and concluded that the appearance. of the

giass icransition phenomenon is diue to the anornalous

dispersion effect, aZthough this phenonenon is closeZy

aonnecteai with some thexmodynamical quantj.ties in the

eguUibxium state.

     (6) It was pscoposed Jchat iche non-cxystalUne solid

deD.osited on the chÅ}Ued $ubstrate fuom the vapor state

must sbow the glass "Lransition phenornenon. This propo-

sition was sceally contirmed by our experiments on

rae'LL] anol and water.

     (7) Detinition of the giassy state was proposed in

such a way that it rnust be in the thermodynamicaUy

non-egtiZibrium state, and that it must show necessarUy

ther glass transition phenomenon.
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