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Anomalous generation and extinction of crystal nuclei in nonequilibrium supercooled
liquid o-benzylphenol
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Crystal-nucleation phenomena of supercooled ligodbdenzylphenol are studied by differential scanning
calorimetry(DSC). While crystallization proceeds with crystal nucleation and growth processes, only the latter
process can be observed calorimetrically. Whether there exist crystal nuclei in the supercooled liquid or not
was therefore judged by whether crystal growth does or does not proceed in the course of subsequent DSC
measurement. The liquid sample was cooled rapidly at 200 K trfiom above fusion temperature down to
each desired aging temperatuig,l below thea-glass transition temperaturd {,=223 K), and annealed
there for different periodst{) for enhancement of crystal nucleation, if any. The sample was then heated at
200 Kmin* up to 213 K a little belowT gy, , and measured at 10 K mif to examine if the crystallization/
fusion behaviors appear. It was discovered {Hatcrystal nuclei are generated and increased in the number
during the aging at 143K T,<213K; (2) they are generated immediately after the rapid cooling, then
extinguished and again generated at 128 K <133 K; and(3) they are generated and decreased in the
number but some survive & <123 K. The generation and extinction of the crystal nuclei in a nonequilibrium
state much below th& g, are discussed based on the ordered-clusters aggregation model for a supercooled-
liquid structure.

DOI: 10.1103/PhysRevB.65.144202 PACS nunider64.70.Pf

[. INTRODUCTION crystal growth. This process was accordingly called
homogeneous-nucleation-based crystallizationThe fact
Gas, liquid, and crystal are three typical states of molecuthat this crystal-growth process was found in more than one
lar aggregation. In the gaseous state, molecules are arranggdbstance implies the universal occurrence of generation and
randomly with respect to their positions and orientationsextinction phenomena of crystal embryos.
Liquid can be formed through a continuous change of state The stability of a crystal embryo/nucleus is ordinarily
from gas by going around the liquid-gas critical point, and itmeasured in reference to the Gibbs energy of real _“a’a'kﬂ_-
is macroscopically isotropic and fluid without any long-rangethis is the case, the following situation can be imagined.
order in the molecular arrangemén€rystal, in principle, ASsume that the liquid sample is brought to an extremely
has an ordered arrangement with respect to both positio Qnequlllbnum state,_for_ e_xample, by rapid cooling. T_he
and orientations of molecules in the long range. The arrange: Ibbs energy of the liquid is much larger than the equilib-

. ; . . rium value, and therefore certain ordered-structural regions
ment of molecules is, accordingly, quite different between a 9

liquid and a crystal. Crystallization from liquid, therefore such as a crystal nucleus tend to be generated as one of more
d rystal. LIy . quid, ' stable states than liquid state. The liquid structure then re-
needs to begin with the generation of a crystal embryo

I he f . f I : thin which th axes toward an equilibrium structure with time. The Gibbs
nucleus as the formation of a small region within which theg g0y of the liquid accordingly decreases upon approaching

molecules are arranged in the same ordered manner as in the, oqilibrium value, and the crystal nucleus becomes com-
crystal. Crystal nucleation as a microscopic process shouldyratively unstable and is potentially extinguished with time.
occur through a fluctuation of the liquid structure, and isTne potential occurrence of such a generation/extinction phe-
followed by crystal growth as a macroscopic crystallizationnomenon of a crystal nucleus can also be imagined from the
process: view that a supercooled liquid is composed of fluctuating
We have found, in thea-glass transition regions of structured clusters, since the crystal embryo and nucleus can
o-terphenyt*® triphenylethylené, and saloll a strange be recognized as representatives of the clusters. If this phe-
crystal-growth process which is separate in the temperatuneomenon is found experimentally, it would provide, in some
range from the ordinary growth process taking place in thesense, evidence supporting a pictdreé of the cluster struc-
middle betweefT 4, and fusion temperaturd{,o). The crys-  ture for supercooled liquid in an exaggerated way.
tals formed in the two processes were the same in structure. A crystal nucleus is considered to be composed of
This new growth process has been interpreted as followst(?—10° molecules. Therefore, while the nucleus is large
The crystal embryos, being a kind of structured clusters, arenough to be recognized as a structured cluster in liquid, the
generated and extinguished ubiquitously in supercooled ligaucleation phenomenon is rather difficult to observe by tech-
uid, but the embryos, generated right above the crystallin@iques usually used for phase changes of bulk material com-
surface and possessing the same orientation as the crystpbsed of~ 107> molecules. On the other hand, the crystal
coalesce into the crystal and are stabilized as a process gfowth process can be observed macroscopically, for ex-
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FIG. 1. Scheme of procedures taken in the present differential
scanning calorimetryDSC): A, rapid cooling at 200 K min® from FIG. 2. DSC curves of th@-benzylphenol samples aged for
343 K to each specified aging temperatufg)¢ B, aging atT,; C,  different periods af,=213 K. The aging periodtf) is given, as
rapid heating at 200 K mift from T, to 213 K; D, DSC heating Parenthesized, after run number of DSC measurement.
measurement above 213 K at 10 K mint,, aging period af, .

DSC measurements is judged from whether crystal growth
ample, by differential scanning calorimetSC). However, and fusion phenomena are detected or not, respectively, on
no growth proceeds without a crystal nucleus. Therefore, ththe DSC chart as described below. After each heating run of
presence or absence of crystal nuclei within a supercooletheasurement in procegs the calorimeter pan was renewed
liguid can be judged by whether the growth process can béor fear of potential decomposition of the sample during the
observed or not?>!3In the present work, by making a con- measurement of one cooling/heating cycle. Such experiments
trivance for thermal treatment in the DSC, we examine howwere repeated more than five times at each set of aging tem-
processes of the nonappearance, generation, extinction, perature and period.
reappearance of crystal nuclei proceed during the course of
aging at constant temperature after a rapid cooling.

lll. RESULTS
Il. EXPERIMENT A. Differential scanning calorimetry

o-Benzylphenol[ CgH,(OH)CH,CeH,], purchased from Figures 2,_3, and 4 shpw some typical results obtained for

Tokyo Chemical Industry Co., Ltd., was purified by recrys- samp_les subjected to a_gmg'ég: 2.13’ 12.8’ and 103 K, re- .
: o Ospeqnvely. Ryns 1—3.Wlth the aging per|oq§ less than 5 min

K under reduced pressure. The obtained sample was ke Fig. 2 exhibit nthln.g pUt a glass transmqn taking place
within a desiccator in coexistence with a dry silica gel. The | TQQTZZB.K' This m?jlcgte_s that esse_ntlally no crys-
sample was repurified by sublimation every half a month forta hucleus is generated during the cooling from 343. to
fear of any vitiation. A Perkin-Elmer DSC-7 instrument was 213 K and the aging within 5 min at 213 K. Runs 47, with
used, and 8—10 mg of the purified sample was loaded in each
aluminum DSC pan. The thermal treatments taken are shown ] T=128K
in Fig. 1: The initial, melt sample was obtained by heating ) ‘ |
the loaded crystalline sample at 200 K minfrom room Run 6 (316 i)
temperature up to 343 K, which is above the fusion tempera-
ture (325 K) of the stable crystalline phase, and by holding
there for 2 min. The melt sample was cooled in procass
rapidly at 200 Kmin! down to each specified aging tem-
perature T,) which is below thex-glass transition tempera-
ture (T4, =223 K), held there for each desired peridg)(in
processB, and then heated up to 213(K little belowT,,) at
a rate of 200 Kmin! in processC. The aging temperatures
were taken to b&,=103, 123, 128, 133, 143, 153, 173, 193, —
and 213 K, and the aging periodg) to be in a range from e ECRs
30 s to 316 min. The DSC measurement was carried out in s s
the temperature range 213-343 K at a heating rate of 10 200 250 T(K) 300 350
Kmin~!in process.

Whether crystal nuclei do or do not exist at the start of FIG. 3. DSC curves of the samples agedrgt 128 K.
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FIG. 4. Some DSC curves of the samples aged at 103 K.
The fusion of the metastable crystalline phase appeared in all the |G, 5. Schematic Gibbs energy diagram representing the states
samples. of molecular aggregation: process rapid cooling from 343 K to
each desired aging temperaturg,); processB, aging atT,; pro-

t,=10—316 min, show a crystal growth proceeding aroundcessC, nucleation of the metastable crystalline phase during the
-F‘ =280K and a corresponding fusion &,=290 K aging; proces®, growth of the metastable crystalline phase in the
Crys us .

The crystalline phase witfi;,=290 K is metastable, since ¢0Urse of the DSC measurement, Liq, liquid phasengr(meta-

the stable phase showls,.=325 K. The peak area, or en- stable crystalline phase; G stable crystalline phase. The stable

thalpy, of the fusion of utshe forméd metastable C1rystal in_crystalline phase was found as the prepared sample, and only the

creaséd with increasing aging periag)( Provided that the metastable crystalline phase was formed in the present crystalliza-
. . ¢ jon in DSC.

magnitude of the fusion enthalpy and thus the degree o

progress of crystgllization is proportional to the number of he Gibbs energy vs temperature associated with the fusion is
the crystal nuclei generated, the behavior of the crysta&

nucleation is consistent with the ordinary finding that theequal to minus of the fusion entropy, the schematic Gibbs

number of nuclei increases with time after some incubatior, o 2. relation among the crystalline and liquid phases is
2,3,12,13 r};liven as shown by solid lines in Fig. 5. When the liquid of

time. o-benzylphenol is cooled very rapidly from some high tem-

Intriguing, but hard to be explained immediately, phe- ) .
nomena are found in Fig. 3 to occur just after the rapidperature such as 343 K, the configurational entr@pyd thus

cooling from 343 K toT, = 128 K. The samples aged for 30 the slope of the Gibbs energy vs temperatuesnains rather

; . high as compared with the equilibrium value of supercooled
S, and 1 and 5 min exhibit crystal grovv_th and a correspondﬁquid at each temperature. The resulting Gibbs energy curve
ing fusion of the metastable crystalline phase withg

—290 K, as shown in runs 1-3. The samples aged for 10 an f the rapidly cooled liquid, being in a nonequilibrium state,

; . represented schematically as procAsBy a broken line
100 min longer than these, meanwhile, do not show the CYSRith an arrow. At the aging temperature, the nonequilibrium

tal groyvth and fusion ir.' runs_4_ and 5. The sample ageq fogupercooled liquid relaxes in its structure toward the equilib-
316 min, however, again exhibits crystal growth and fusmn,rium liquid, as indicated as proceBsby a dashed line with

as shown in run 6. It must be concluded from these result:arrow In the present case akbenzylphenol, the crystal
that crystal nuclei are generated during the aging IrnmEd'hucleation of the metastable phase proceeds simultaneously

ately after the cooling td ,= 128 K, and extinguished in 10 during the aging. shown as proce@sby dotted lines with
min Of. the aging. The crystal growth and fusion behaviorsFrrOV\?s and bgy gyshade in theptempergture range of 103-213
found in run 6 would be analogous to those in runs 4-7 O%. The crystal growth(processD) of the metastable form

Fig. 2. ;
. o as observed around 280 K macroscopically, as represented
Essentially all the samples aged at 103 K exhibit the crys%;vy a solid \I/ine Witl’? an arrow. pically P

tal growth and fusion of the metastable crystalline phase, as
shown in Fig. 4. The peak ardanthalpy of the fusion de-

creases at arourtg=30 min, and then increasestationger C. Presence or absence of crystal nuclei as functions
than 100 min. of aging temperature and aging period

The presence or absence of crystal nuclei in a supercooled
liquid is illustrated in Fig. 6 by circles and as regions on the
surface spanned by the aging temperature anddb@®mon

In view of the thermodynamic relations that the Gibbslogarithm of aging period. Results obtained for all samples
energy of a crystal is equal to that of a liquid at the fusionaged between 103 and 213 K are shown together. Open
temperature, and that the change in the slop&/{T),, of  circles within region 1, enclosed by a solid line, represent

B. Gibbs energy relation between crystalline and liquid phases
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FIG. 6. Presence or absence of crystal nuclei in the supercooled
liquid state of o-benzylphenol as represented on an aging
temperature-period surface: The open circle in region 1 indicates
that no crystal nucleus was found. The closed circle in region 2
indicates that crystal nuclei of the metastable phase were found to
exist at the initial stage of aging by DSC. The closed circle in
region 3 indicates that the crystal nuclei of the metastable phase
were found in a period of long aging. The half-filled circle repre-
sents the situation that the crystal nuclei were found in some of the
measurements and not in the others.

states where crystal nuclei were absent. Filled circles repre-
sent states where crystal nuclei of the metastable phase were
found to exist. Half-filled circles, located mainly between the
open and filled circles, indicate that the presence of the crys-
tal nuclei was confirmed in some experiments but not in
others. Regions 2 and 3, both corresponding to regions where
crystal nuclei of the metastable phase are present, are sepa-F|G. 7. Aging-period dependence of the enthalpy of fusion of
rated by a dotted line, surrounded by half-filled CirCleS,the metastable crystal§éa) samples aged af,=213 K, (b) at T,
around logg(t, (min))=1.6 (namely,t,=40 min). It is con-  =193K, (c) at T,=128K, (d) at T,=123K, and(e) at T,
cluded from the diagram that, when the liquid sample is=103 K. The gray zone represents a situation in which the presence
cooled rapidly to temperatures 128—-133 K, much belowor absence of crystal nuclei are ambiguous due to randomness in the
Tge=223 K, the nuclei of the metastable crystalline phasenonequilibrium process.

are generated during aging just after the rapid cooling, extin- . .
guished within 10 min of the aging, and regenerated during 5@)—7(6) decreases and disappears at around 10 min. It ap-

longer aging than 100 min. A similar tendency is also foundP€ars agaln'at around 60 min. The former effect at around 1
when the aging temperature is decreased below 128 K. TH&!" must originate from_a_ remarkable structura_ll_ fIL_lctuatlon
crystal nuclei generated immediately after the rapid cooling%/ at _takes p'aC? at the initial stage of noneqqlhbnum Irre-
mostly disappear at arourtd=40 min, as indicated by the ersible relaxation process. The latter effect is due to the

presence of half-filled circles, but increases in the numbeprdinary ny_Sta'3qg$'36at'°” which h_as bee_n fognd SO far in
during longer aging some materialé>?13The apparent incubation time;) for

the latter nucleation exhibits a peculiar aging-period depen-
D. Effect of anomalous crystal nucleation on the apparent dence: The common logarithms of the tirfie min uni are
o N : i around 0.7, 1.6, 2.3, 1.9, and 1.8Tg{=213, 193, 128, 123,
incubation time for the ordinary crystal nucleation . . . ; :
L _ and 103 K, respectively. It increases with decreasing aging
proceeding in the range of long aging temperature in the range 128-213 K or in the range 153-213
An interesting fact, relevant to the generation, extinction,K according to the solid line separating regions 1 and 3 in
and regeneration of crystal nuclei during the aging, is found-ig. 6. This increase is understood as reasonable due to the
with respect to the enthalpy of fusion at 290 K of metastableslongation of the relaxation time of the molecular rearrange-
crystals, as shown in Fig. 7 as a function of the aging perioament with decreasing temperature. What is peculiar is that
(ta). The aging temperatures in Figda-7(e) are 213, 193, the apparent incubation time decreases below 128 K. The
128, 123, and 103 K, respectively, from the top through thepeculiar dependence definitely originates from the event of
bottom portions. The enthalpy found at around 1 min in Figscrystal nucleation found arourtg=1 min below 128 K. As

—— I I

1 2
log;4(2,( min ))

144202-4



ANOMALOUS GENERATION AND EXTINCTION CF . .. PHYSICAL REVIEW B 65 144202

could be looked upon as an aggregate of clusters with a
diversity of structures. The generation, extinction, and regen-
' > > ‘ eration processes of crystal nucleus are schematically illus-
trated in Figs. 8)—8(c) in the order of the elapse of the
aging time. Immediately after cooling from a high tempera-
ture, molecules within the clusters characteristic of liquid are
arranged rather in the disordered way, and gradually be-
(a) (b) (©) comes ordered with time, as represented by a change in the
background darkness from white in Figagto light gray in
FIG. 8. Schematic diagram illustrating potential processes forFig. 8b). Meanwhile, the crystal nucleus formed would pos-
generation and extinction phenomena of a crystal nucleus in theess many aggregation faults of molecules. This is due to the
course of the irreversible structural relaxation of a nonequilibriumfact that the Gibbs energy of the glass, as regards the stability
liquid. The encircled part stands for a crystal nucleus, and the othesf the crystal nucleus, is much larger than that of an equilib-
part for a liquid region composed of corresponding clusters. Thej,m liquid, as described above; therefore, any crystal
darkness represent§ the degree of order in the molecular arrangggcleus with some faults tends to remain as a comparatively
ments, so that the liquid molecules should be ordered f@mo  giapie state of a molecular aggregation. As the molecular
(b), and the crystal nucleus ift) is considered to possess More i anaement within the liquid clusters becomes more or-
ordered arrangement of molecules than thagin dered, the nucleus appears to become unstable as regards the

o liquid clusters present, and tends to disappear, as shown in
seen more clearly in Figs(d) and fe) at T,=123 and 103 {he process from Fig.(8) to Fig. 8b). But the molecular

K, respectively, it seems tha_t some of the crystal nuclei 9€Narrangement within the liquid clusters is frozen in at a certain

erated around,=1 min survive so as to work as embryos giage depending on the aging temperature much below the

or nuclei in the ordinary nucleation process at longer t'mesglass transition point as shown by the lack of a change in

T_he c_ritipal_aging—pgriod region for the disappe_arance_ Or SUlthe darkness of the gray in the process from Fig) & Fig.

vival is indicated with a shade arourig=40 min in Figs.  g(). Then, a crystal nucleus with fewer aggregation faults of

7(d) and 7e). molecules than the previous ofiEig. 8a)] is formed at a
certain statistical rate with aging. As the aging temperature
decreases to a lower temperature such as 123 K, the molecu-

IV. DISCUSSION lar arrangement within the liquid clustefsvhich are not

The above results indicate that an anomalous, but exdrawn explicitly is frozen in at lower degree of order, result-
pected(see Sec.)lcrystal nucleation certainly occurs imme- Nd in lower stability of the liquid c_Iuster%“. Some crystal
diately after cooling to very low temperatures, and that theUclei, such as those shown in Figa8 then develop to
nuclei formed are then extinguished through a structuraf0Se in Fig. &) through a rearrangemelnlt3of molecules sur-
fluctuation and an irreversible relaxation of liquid in the founding the initially generated nucl‘éf.: Thus clusters
course of aging. One might suspect that the nucleation OCgenerated as crystal nuclei tend to survive or decay accord-
curred in the course of cooling. However, the nucleationNd {0 whether they are more stable or less stable, respec-
must occur in a range below 143 K, since the crystal nuclefively: than the liquid clusters at each moment.
are considered to be absent for samples aged for 30 s above
143 K, as seen in Fig. 6 Thus it is r_eqsonable to concl_ude V. CONCLUSION
that nucleation occurs in the very initial stage of aging
(namely, of nonequilibrium, irreversible relaxation of liquid  The peculiar generation and extinction of crystal nuclei
structure at the temperatures below 143 K. The fact that thewere discovered in an extremely nonequilibrium state of su-
nucleation occurred only at such low temperatures indicatepercooled liquid at low temperatures much beldyy, . This
that the process is enhanced in the glassy state extremely fdiscovery is important in two respects. First, it provides a
from equilibrium, and having a large Gibbs energy that refersind of evidence that supercooled liquid is an aggregation of
to the equilibrium value of a supercooled liquid. somehow ordered clusters. The reason for this, as described

In view of the result that crystal nuclei were found to existabove, is that a crystal embryo or nucleus is just a represen-
in some experiments but not in others, even under the santative of structured clusters. The observation of the extinc-
conditions, there is a possibility that the nuclei were formedtion as well as generation of the nucleus could be strong
heterogeneously, for example, on the surface of the DSC parvidence of the presence of a diversity of ordered clusters.
If this is the case, however, it is hard to understand thelhe occurrence of such structural fluctuations in a tempera-
present results based only on the heterogeneity. The point afire range much belov,, also indicates that thg process
the present observation is that the realization of the generamight be indispensable for the progress of crystal
tion and then extinction phenomena of a crystal nucleus esiucleationt®*5and further that a supercooled liquid would
sentially reflects the effect of the real structure and its relaxhave a heterogeneous structure composed of regions of mol-
ation of the liquid and glass on the stability of the nucleus. ecules giving rise to the and 8 processes, respectivefy*

The crystal nucleus can be recognized as a representative Second, the discovery explores quite a different method of
of structured clusters. Naturally, other kinds of structuredcrystallization of any liquid which is hard to crystallize,
clusters must appear and disappear with time, so that a liquisince to date it has been commonly recognized that the only
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