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Competition between vitrification and crystallization of methanol
at high pressure
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We have studied methanol at high pressure up to 33 GPa at room temperature with x-ray diffraction,
optical (polarization microscopy, Raman spectroscopy, and detection of hydrostaticity. A
competition between crystallization and vitrification is observed when methanol is superpressed
beyond the freezing pressure of 3.5 GPa: between 5.0 and 10.5 GPa crystals can nucleate, but if this
region is surpassed quickly enoughithin a few seconds methanol remains amorphous. For the

first time the nucleation rate and the crystal growth velocity have been studied as a function of
pressure. These kinetic properties can be described by classical nucleation theory in agreement with,
respectively, Turnbull-Fisher and Wilson—Frenkel type behavior using one and the same activated
hard-sphere diffusion coefficient. The experimental nucleation rate and the crystal growth velocity
are both effectively reduced to zero above 10.5 GPa, because the diffusion is suppressed. At these
pressures methanol is compressed into a glasd.9@5 American Institute of Physics.

I. INTRODUCTION sures higher than the glass transition pressure, the system is
trapped between barriers. If the system is in a potential well
Glasses are subject to intensive study because they are @ffferent from the wells corresponding the crystal states and
considerable technological interest, whereas their physicaklaxation to other potential wells is again slow compared to
description is still far from complete? A promising descrip-  the experiment, the system has been compressed into a glass.
tion of glass forming liquids is by a potential energy hyper-  Because glass formation and relaxation phenomena in
surfaced in configuration spacésee, e.g., Refs. 337This  his nonequilibrium state are still insufficiently understood, it
potential energy landscageis a function of the positions of s o interest to compare pressure induced vitrification with
all particles, and one point ofp corresponds to a definite o ictions based on the more usual temperature quenhing.
arrangement Of, all _partlcles. In thg liquid phase th? SySt,e"Pn addition, temperature quenching experiments are usually
has so much !(lnetlc energy that 't, probes a!l confllg'urano erformed isobarically, hence in addition to the temperature
space. In a solid phase the system is trapped in a minimum flso the density is changebly up to 25% in methand). In

@, Wh'(.:h means that it samples onl)_/ a limited perthasin contrast, in isothermal compression only the density is varied
of configuration space. The energetically most favorable ab- . . A . .

L . which might simplify the comparison with theory. We study
solute minima ind correspond to the crystalline phase of the

solid. However. when the svstem is trapoed in a basin of thgressure induced vitrification of methanol because methanol
' ’ Y PP is a simple hydrogen-bonded glass forming systéfi.

potential energy landscape different from the absolute Temperatur nched methanol a ; v ob
minima, the system is in @nonequilibrium glassy state. __'emperature quenched methanol giasses are usually o
tained by vapor deposition onto a colg<110 K)

From this description it is readily inferred that the glass o o
b y gassy bstraté14-16as it is difficult to freeze a liquid sample fast

phase can be reached when the solidification is rapid enou )

so that the system is trapped before it can relax to an absoluf‘@ough to obtain the glassy.sta(wthough t,haf[ method.has

(crystalling minimum. Thus competition between crystalli- been reportet). Slower freezing from the liquid state yields
an orthorhombit? crystalline 8 phase at higher temperature

zation and vitrification is expected at certain solidification - i
rates. (157 K=T=<175 K). A crystallinea phase is formed at lower

The usual method to form a glass is by rapid cooling oftemperaturél'® that is probably monoclini¢? Applying
a liquid? If the system is quenched into a relative minimum Pressure to methanol at room temperature leads, according to
in @, relaxation to lower lying basins i can take place. If the general notion in the literatut®to formation of a glass
the remaining kinetic energy is so low that the time it takesaround 8.6 GPa. This apprehension is based on the occur-
to traverse the energy barriers to the next potential well igence of pressure gradients at this pressure as determined by
longer than practical time scalésours, the system is effec- Piermariniet al?° Recently, however, it was suggested that
tively trapped and is for all practical purposes a glass. Aat this pressure methanol solidifies into a crystalline state
complementary way to vitrify a liquid is by applying rather than becoming a glass, because the viscosity is found
pressuré=1% In this way no kinetic energy is withdrawn to be 8 orders of magnitude lower than the glass defining
from the system, but the energy barriers that connect differvalue®! From these viscosity measurements a glass transition
ent regions in configuration space are increased in heighpgressure of 1£0.7 GPa was anticipated. The equilibrium
and their spacing is decreased due to compression. For praselting pressure at room temperature is around 3.5&/a.

J. Chem. Phys. 103 (7), 15 August 1995 0021-9606/95/103(7)/2661/9/$6.00 © 1995 American Institute of Physics 2661



2662 M. J. P. Brugmans and W. L. Vos: Vitrification and crystallization of methanol

From Raman spectroscopy it has been deduced that the présa were recorded with a Dilor XY triple monochromator
sure induced crystalline structure resembles that of the lowequipped with a liquid nitrogen cooled CCD detector.
temperaturer phase? It seems better established that crys-  Angle dispersive x-ray diffraction experiments were car-
tallization of methanol can be suppressed by addition of ethried out on station 9.1 at SRS, Daresbury Laboratory, UK
anol: The well known hydrostatic pressure medium of a 4:1(see Ref. 31l using the Edinburgh image-plate setup as de-
mixture of methanol to ethand#:1-M:E) starts to develop scribed in Ref. 32. A double-bounce(&L1) monochromator
pressure gradients near 10.4 GPat 10.8 GPa, Eggert was used to select a wavelength of 0.4652 or 0.4447 A and
et al?® have observed a change of the slope of the refractivéhe beam was collimated by a 2@@n platinum pinholg130
index as a function of pressure, reminiscent of the tempergam for the highest pressure samplebhe sample was care-
ture dependent behavior at the glass transtfon. fully aligned with the beam and diffraction patterns were
We study pressurized methanol by x-ray diffraction, Ra-collected on image plates at about 18 cm distance from the
man spectroscopy, opticgbolarizatior) microscopy, and hy- DAC. The storage-phosphor image plates were read and the
drostaticity measurements. We find that liquid methanol atlata were subsequently transferred to a workstation. Dedi-
room temperature is always superpressed up to about 5dated softwar€ was used to perform integration over the
GPa. From 5.0 GPa to about 10.5 GPa there is a transitioDebye—Scherrer rings. To obtain the diffraction angle
region where crystallization can occur. The x-ray diffractioncalibration, diffraction patterns were collected for materials
decisively shows the lack of long range order in samplewith knownd spacings: either InSb powder at ambient pres-
above 10.5 GPa that have not crystallized and the occurrencire loaded in the DAC or the tungsten gasket, after slight
of large pressure gradients reveal that it is solid. In additiordisplacement of the cell.
from the absence of optical polarization coloring, and from
the absence of s_pllttlng of the C-0O stretc_h Raman band, w | RESULTS AND DISCUSSION
conclude that this phase is the pressure induced glassy stateé
of methanol. A. Phase identification
Density dependent studies of the crystallization mecha-
nism and the kinetics involved have so far only been ex
plored in colloidal system®~2’ Because the crystalline

Optical microscopy proved to be a clarifying tool to ex-
‘amine methanol at high pressure: Samples compressed up to

. ) . .about 5.0 GPa look perfectly clear and, as is revealed using
phase of pressurized methanol can easily be recognized W'E 0 polarizers, show no depolarization, consistent with the

optical microscopy and the crystal growth rate is SIOWobservations of Yenicet al3* For pressures in the range

enough for direct observation, we have been able to perforrBetween about 5.0 and 10.5 GPa, many of the samples obtain
a detailed study of the crystallization kinetics. This is the first, ¢, 4o morpHoIogy as is shown in Figal Upon reach-

Ztudytof_crystallllzatul)n kmeitlcs as dfun_Ct'(t); of plress%r_(te_, Oring pressures in this range, the change is often instantaneous
ensity, in a molecular system under 1sothermal Conditions,, 45, o5 place after a few seconds, but especially at the high-
The pressure dependencies of both the nucleation rate a

) " %%t pressures the conversion to facets is sometimes delayed
the crystal growth rate can be described by a competitio

. o . . '?)y up to several hour®.g., more tha 2 h for a sample at 9.7
petween the chemlcallpotentlal difference and Q|ﬁu5|on, .g'Y'GPe). Especially at the higher pressures we could follow the
ing rise to the competition between crystallization and vitri-

2 . conversion visually: We observed needles start to grow in
fication of methanol at high pressures. clear samples within a few seconds or minutes, leaving be-
hind a facetlike morphology, see Figb). Most of the time
II. EXPERIMENT needles grow through the whole sample from a single center
(usually located at the edge of the sampkometimes there
Methanol used in the experiments was obtained fromare a few centers and on one occasion many nucleation sites
Merck with a stated purity of 99:8%. For one set of were observed. After conversion from a clear to a facetlike
samples a dehydrated form was used, containing less thanorphology, the pressure was found to be lowered a few
0.005% water. The methanol was used without further puritenths of a GPa typically. Pressure gradiefets., a differ-
fication but was handled in a nitrogen environment to pre-ence of 0.6 GPa between two ruby grains in a sample at 9
vent water contamination. The samples were compressed iBPa, see Table) Ireveal that the faceted sample is solid.
Diacell, Mao-Bell, Merrill-Bassett, membrane, and Silvera—Upon releasing the pressure the facets persist up to the melt-
Wijngaarden diamond—anvil celllDAC).?® The methanol ing pressure that we determine to be at 3.5 GPa, in good
was injected into 0.12 to 0.25 mm holes in tungsten or steehgreement with the previously reported val&®€Using po-
gaskets between the diamonds. larizers, we nearly always see polarization colors in the fac-
Small ruby grains in the gasket hole allowed forsitu ~ eted samples, that become stronger upon releasing the pres-
determination of the pressure by the usual ruby fluorescencgure until the melting pressure is reached. When all grains
techniqué®® with a precision of about 0.05 GPa. By measur-are melted the sample looks clear again without polarization
ing the pressure at several ruby grains within one sampleolors.
pressure gradients could be detected, which indicate devia- When a clear sample is rapidly pressurized from below
tion from hydrostatic equilibrium and thus demonstrate so5.0 GPa to above 10.5 GPa, typically within a few seconds,
lidification of the samplé?® the sample remains clear and does not exhibit polarization
For the Raman measurements the sample was excited leploring [Fig. 1(c)]. The occurrence of pressure gradients,
light from an Ar" laser using the 488 or 514 nm lines. Spec-see Table |, shows that these clear high-pressure samples are
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(b)

()

FIG. 1. Photographs of methanol as seen through a microscope with the
sample between crossed polarizers for different pressures and different
states. Above 5 GPa the sample morphology can become facetlike, as is
shown for a sample at 8.2 GPa. Most of this morphology has grown from

one cente(right). A second center from which the conversion started some-
what later is also observe@ipper lefi. The conversion process can be
followed real time: in(b) needles are growing in a clear sample at 9.7 GPa.
For this sample the total conversion from a clear sample to the morphology
shown in(a) took about 20 min. Samples that are compressed fast enough
above 10.5 GPa remain clear, which is illustrateddnfor a sample at a
pressure of 24 GPa. The depolarization is caused by stress in the diamonds
of the DAC.

solid. When the pressure is subsequently reduced to belofer the structural changes in the sample. Whereas the clear
10.5 GPa, the clear sample is often converted to a faceteshmples up to 5.0 GPa show a single C-O stretch Raman
morphology like the one that is shown in Fig. 1.

Raman spectra were taken up to about 24 GPa. The C—geak is clearly split. For clear samples above 12 GPa, a
stretch mode at 1031 cm was found to be most indicative single broad C—O stretch band is observed that is decreased

TABLE |. Largest pressure differenckp between ruby grains at different

pressures as observed for several samples.

Morphology Phase p (GPa Ap (GPa
Clear Liquid 4.5 0.06
6.5 0.21

Faceted Crystalline 7.7 0.54
9.0 0.60
17 1.78

Clear Glassy 12.2 0.68
13 2.60
22 6.65
24 6.40
29 7.44

band, for the facet-morphologic samples the C-O stretch

dramatically in intensity, but in the weak signal there is no
indication for band splitting.

In Fig. 2 the x-ray diffraction patterns are shown for
liquid methanol at 2.8 GPa, a facet-morphologic sample at
9.0 GPa, and a clear sample at 13.0 GPa. In contrast to the
spectrum at 2.8 GPa, the scattered intensity from the facet-
edlike methanol exhibits pronounced peaks as functiorgpf 2
indicating long range order in the sample. For the clear
sample at 13 GPa, however, no sharp diffraction peaks are
observed. This spectrum is similar to the liquid at 2.8 GPa,
with the main feature nearg28° shifted to larger diffraction
angles due to compressiofT.he broad bump at@=20° is
Compton scattering from the diamonds and from the
sample). In fact, in 15 x-ray diffraction patterns taken from 6
samples at different pressures we always observed sharply
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16 ——T from the absence of splitting of the C—O stretch Raman
1 band, we identify the clear samples above 10.5 GPa as

methanol glass.

. The notion in literature that methanol can be vitrified at

9.0 GPa, crystalline 1 high pressures is based on two studies. The first is that of

] 1,2% in which a sudden increase of the line-

1.4 -

Piermariniet a
width of R, ruby fluorescence as a function of pressure was
observed at 8.6 GPa, signaling the occurrence of pressure
gradients. This was interpreted as the glass transition. The
second proposition for pressure induced methanol glass was
done in a Raman study of Mammosageal 2 From broad and
nonsplit Raman bands up to 9.2 GPa it was inferred that

12 12.8 GPa, glass

2.8 GPa, liquid

intensity (arb.units)

1.0

o8d4v— - ] methanol is amorphous, in contrast to the sharp split peaks of
10 15 20 25 crystalline samples. Raman spectra for these crystalline
20 (degrees) samples showed narrower peaks, and the C—H and C-0O vi-

brations were split and displayed discontinuities as a func-
FIG. 2. X-ray diffracted intensity as a function of diffraction angle fr tion of pressure. In a recent study however, Calal !

clear methanol samples at 2.8 and 12.8 GPa, and for a facetlike sample : :
9.0 GPa. The spectra are the result of integration over Debye—Scherrer rin%&trapmated pressure dependent viscosity data to a glass

on the image plate. The curves have been scaled so that they coincide fSiansition pressurédefined as the point where the viscosity
large values of & and the 2 upper curves have been shifted 0.1 and 0.3s 10'* P°) of 11.0=0.7 GPa. Because they find viscosities as

units, respectively(The broad feature at(2-=20° is Compton scattering gmal| as 15 P at a pressure of 8.35 GPa they conclude that

from both the cell and the sampleNote the distinct difference between he pressure aradients observed by Piermaetral. at 8.6
diffracted signals from crystalline and amorphous phases. The diffractiorjf p g y : :

pattern of the glass resembles that of the liquid, with the features shifted &P&° must be the result of crystallization, which they ob-

larger diffraction angles due to compression. The main diffraction peaks irserved as a sluggish process at 8.5 GPa.

the crystalline spectrum are at somewhat larger diffractio_n angles, corre-  The observation of birefringence for the faceted sample

sponding to smaller distances, suggesting that the density of crystalling . . . .
Supports the notion that it is crystalline. We think that upon

crystallization a defective polycrystalline aggregate is

formed. Upon decreasing the pressure the crystals are an-

peaked diffraction patterns for the facet-morphologicr?ealeoL as is suggested by the increasingly strong polariza-

samples and broad features for the clear samples. At thien colors with decreasing pressure. Our Raman exper-
higher pressureabove 20 GPawe find a small change in ments also suggest that the facetlike crystalline samples are

the shape of the first broad diffraction peak for the cIeardefeCt'Ve' When the pressure on a crygtallme sample is re-
samples, indicating a structural change at these higRuced to the melting pressure, a few single crystals can be

pressures® For the clear samples the intensity is homoge-grOWn by increasing the pressure when only some grains are
neously distributed over the Debye—Scherrer fings Thétill present in the melt. Sometimes these single crystals have

x-ray diffraction patterns of the facetlike samples consist oft clear matchboxlike shape. The C—O stretch Raman band

sharp rings, over which the intensity varies strongly indicat-for these single crystals is more distinctly split than for the

ing a strong preferred orientation. This all suggests that thgrgstalhr;g face]:telz\;lll samples, \I’\QQ'Ch is in agreement with the
facetlike samples, which display strong diffraction peaks, ar@pservations of Mammonet al;

crystalline and that the clear samples are amorphous. Note Fron; (;;er-ray d|ffra_ct|ont, optlcdlpolarlz?t:or) m|c|ro§- that
that this is consistent with the higher density for the facetlike"OPY and Raman experments, we may saiely conclude tha
ar samples are amorphous and facetlike sanfptss Fig.

samples at 9.0 GPa compared to the clear sample at 12.1 line. Thi d I dv th
GPa, as inferred from the shift of the main diffracted inten---) &€ crystalline. This correspondence allows us to study the

sity to higher diffraction angles. kinetics of the pressure-induced amorphous to crystalline

From the splitting of the crystalline peaks we estimatet'ansition in methanol.

that the peaks would be washed out for structures compos
of less than ten unit cel Hence, the smooth diffraction
patterns are associated with amorphous structures. In addi- As mentioned before, for some of the samples between
tion, when the pressure on clear high pressure samples &0 and 10.5 GPa crystallization was observed, but others
reduced a growth of facets from one or several pdiniele- remained amorphous and vitrified at higher pressures. We
ation centerscan be observed between 5.0 and 10.5 GPa. lhave collected 300 measurements from 18 samples at pres-
is very unlikely that a polycrystalline phase with very small sures above the equilibrium freezing press(8® GPa, in
crystallites(<10 unit cellg regrows to larger crystals, start- which the pressure was measured within one minute and the
ing from only one or a few centers. Also for the 4:1-M:E phase of the sample was determingdystalline vs amor-
mixture in which the ethanol restrains crystallization, we ob-phoug. We have determined the fractidnof samples that
tained for pressures up to 12 GPa smooth diffraction patternerystallized within 1 min, for intervals of 0.5 GPa. From this
resembling the smooth curves in Fig. 2. Thus from thefraction the steady-state nucleation rate can be calculated,
smooth diffraction patterns, from the presence of pressurprovided that the transient time for the time-dependent
gradients, from the absence of polarization coloring, anducleation, which is related to the induction tiffds much

methanol at 9.0 GPa is larger than that of methanol glass at 12.8 GPa.

eéj. Crystallization kinetics
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FIG. 3. Nucleation rate of methanGh intervals of 0.5 GPjras a function . o ) )
of pressure. The nucleation rate is calculated from the fraction of crystalliF!G. 4. Crystal growth velocity, which is the inverse of the time for the
zation events that take place within one minute upon reaching a certain ystalline needles to grow from one point at the side of=e@®.1 mm
pressure, using Eq1) and assuming an average valuencf2x10~8 mol dlametgr ;ample through the whole sample,_ as a function of pressure. The
for all the samples. In this figure 300 pressure measurements of 18 differettPPer limit for the growth rate at 11.4 GPa is measured by pressurizing a
samples above the melting press(8&5 GPa have been collected. The error  9rowing crystalline structure at lower pressure. The sollc_i line is a fit to the
bars denote 68% of the binomial distribution for the crystallization fraction, Wilson—Frenkel relation using the Stokes—Einstein relation to calculate the
for which the number of events and the number of trials are given by thediffusion coefficient from the viscosit}Eq. (6)]. In the inset this line and
experiments in that pressure interval. The solid line is a fit to the Turnbull—the data are shown on a linear scale. Note thas zero at the freezing
Fisher relation using the Stokes—Einstein relation to calculate the diffusioPréssure of 3.5 GPa. The transition region, where there is a finite nucleation
from the viscosity[Eq. (5)]. The dashed line is a fit to the Turnbull—Fisher 'ate. is in the tail of the growth velocity curve where diffusion completely
equation with the diffusion taken from the crystal growth velocity data determines the growth speed. The dashed line is the Wilson—Frenkel pre-
(Fig. 4. diction, with a diffusion of the form given by Eq10) is fitted to the data,
yielding a value ofv,=7.0 A3,

smaller than our observation time b£60 s. We have veri-  ete is depicted as a function of pressure. It is clearly seen
fied that this is true at least in the pressure region that is ofhat for the whole transition region the growth velocity de-
interest for the nucleation rate da’{%between 5.0 and 10.5 creases with increasing pressure. The upper limit of the

GPa, and consequently we can calculate the steady-stag@owth velocity at 11.3 GPa was obtained by increasing the

nucleation rate per mole from the crystallized fractiori pressure on a sample just after the crystalline structure had
—In(1—1) started to grow: After 900 s still no further growth of the
r= TR (1) crystals was observed. This clearly supports the notion ob-

tained from Fig. 3 that at pressures above 10.5 GPa diffusion
where the waiting tim&é=60 s andn is the number of moles does not take place on experimental time scales.
in the sample, for which an estimated average value of The nucleation rate and the crystal growth velocity can
n=2x102 mol has been used. In Fig. 3 the nucleation ratebe compared to classical nucleation theory. Following
is plotted as a function of pressure, as determined from th&elton?®’ the nucleation rate per mole from the Turnbull—
crystallization fraction using Eq(l). The liquid is super- Fisher theor§? can be written as
pressed up to about 5.0 GPa, which is inferred from the

- - 6 1/3D NA y 1/2
absence of nucleation. Above 5.0 GPa the nucleation rate =g _) — _) vl/3
increases, indicating that the difference in chemical potential ™ AT L keT
between the crystalline state and the liquid is high enough to 16my302
overcome the barrier for nucleatif® and increases with X exp — Wg(e)), 2

pressure. We find a maximum in the nucleation rate at about
7.0 GPa and with further increasing pressure the crystallizawhereD is the self diffusion coefficientN, is Avogadro’s
tion rate goes down. Above 10.5 GPa the nucleation rate isumber\ is the molecular jump distandghich is the mean
negligible and in fact at these pressures we have never oliree path for diffusioiy vy is the surface free energy per unit
served crystallization in any sample, even over periods oérea,v is the volume per molecule, antu is the chemical
several days. potential difference between the initial phase and the nucle-
Because in the transition region the time it takes for theated phase. For heterogeneous nucleation, which we are
crystalline structure to grow through the whole sample is oflikely to have because we find the nucleation centers usually
the order of seconds to minutes, we have been able to meat the edge of the samplg(6) accounts for the decrease of
sure the crystal growth velocity directly with optical micros- the nucleation barrief? is the wetting angle®’ Based on the
copy [see also Fig. (0)].4* In Fig. 4 the crystal growth ve- form for the solidification velocity as a function of tempera-
locity (the inverse of the time it takes for growing crystalline ture proposed by Wilsdri and Frenkef* the crystal growth
needles to occupy the whole sample of 0.1-0.2 mm diamvelocity can be written 43

J. Chem. Phys., Vol. 103, No. 7, 15 August 1995
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TABLE II. Parameters for classical nucleation theory and fitting parameters. () D(p) v(p) 5
r(p)=A ——=573 €X — 5
Data fitted with  Data fitted with [v(p)] Ap(p)
free volume activated 1/3
A priori viscosity? and diffusion u(p)=C D(p)[vc(p)] 1—ex _A/—L(p) ®)
expected Stokes—Einstein  [Eq. (10)] [v(p)]? kgT /|’
vo (A3 67.6 with
ag (A) 1.92
y(@m? 0.031 A 38 ( 6)1/3N Ay 1/2 -
7 (104 kgmts™h 5.5 ==\ AQo|l —|
oD0 (109 m2sY 2.9 AT KT
A (m®mol™) 2.2x10°8 1.6x10724 1.5x10°% 1673
B (10 Zm ) 1.29(6) 1.3 0.80 B= Y g(6), (8)
C (10 m?) 0.82 ¢ 17 0.85 3kgT
Vs (A3) 29 7.0 3,75 1/3
%From Ref. 21. C= (T a5 (©)
SFrom Ref. 48.
We can now fit the Eqg5) and(6) to the data in Figs. 3 and
4, respectively, using the diffusion coefficied{p) obtained
Dd¢ Aup from the free volume model for the viscosity in combination
u=—7-|1-exp - KeT) |’ (3 with Eq.(4) and usingA, B, andC as adjustable parameters.

whered is the intermolecular spacing in the crystal along the

growth direction and\ is again the mean free path for diffu-
sion in the liquid. The tern is the fraction of sites active in
the crystallization process times éxp\S/kg),*® where AS
is the entropy of fusion. The value @f is of the order unity
(somewhat smaller than onkut is not accurately known. To
compare Egs(2) and(3) with the data in Figs. 3 and 4, we

have to know the values and the pressure dependencies of t

guantities involved. Thevolume per moleculdor liquid
methanol as a function of pressurg(p), is taken from
Brown et al!® The chemical potential difference\ u(p) is

obtained from integration of the equation of state of the

liquid!® and crystallin@® phases. At the freezing poidiu is

zero and the density of crystalline methanol is assumed to b

5% higher than that of the liqui¢this yields, e.g.Au=1.4
kgT at 8.0 GPa Thesurface free energis taken as half of
the latent heat® which is estimated from the slope of the
melting line as determined by Su al*’” and the estimated
volume difference upon freezinfvalues of the constants
used are given in Table)lIThe mean free patlin the liquid

\ scales with the volume per moleculk(p)=uv(p)/mra3,
wherea, is the hard-sphere radiag,.?! The intermolecular
spacing of the crystal planesid calculated from the volume
per molecule in the crystalline phagép) =[3v(p)/4m] 2.
The self-diffusioncan be obtained from the viscosity. For

simple liquids but also for materials where crystallization
involves molecular reorientation or breaking of directional

proportional to the viscosit}’ Using the free volume model

for the viscosityz that was obtained from the viscosity data

as a function of pressure by Coek al,?! the self-diffusion

coefficient can be calculated using the Stokes—Einstein rele\‘/i/eakly onAu

tion
3 kgT
~ 6magy’

(4)

wherea, is again the hard-sphere radi(see Table .

Collecting the pressure independent quantities in newly

defined constants, we can rewrite E(3. and (3)

The fits are represented by the solid lines in Figs. 3 and 4,
and the corresponding values for the adjustable parameters
are given in Table Il. We can compare these parameters with
the values obtained from the prediction of classical nucle-
ation theory in combination with the Stokes—Einstein equa-
tion (Table Il). The parameterB and C are in surprisingly
good agreement with the expected values. However, the pref-
ctorA in the expression for the nucleation rate is 18 orders
Fmagnitudelower than the anticipated valughe implica-
tions of the values for the adjustable parameters are dis-
cussed beloyw Nevertheless, the trends in both the nucle-
ation rate and the growth velocity data are satisfactorily
described by the classical nucleation theory. The fit to the
nucleation ratgFig. 3) clearly shows that beyond a certain
ﬁressure the difference in chemical potential between liquid
and crystalline phases is large enough to overcome the bar-
rier for nucleation and the nucleation rate increases with
pressure. At about 7 GPa, however, the decreasing diffusion
starts to suppress the nucleation rate and finally nucleation
centers cannot be formed at the highest pressures. The fit to
the crystal growth velocity shows that in the transition region
the growth velocity is completely determined by the diffu-
sion. In fact, this is the reason why the growth velocity is
low enough in the transition region to be observed visually.
One of the central assumptions made in our description
of the data above is to use the Stokes—Einstein equgign
(4)] to calculate the diffusion from known viscosity d&ta.
We have verified that scaling the hard-sphere radius with the

Wolume per molecule yields nearly the same fits. Another

way to analyze the data is by fitting a pressure dependence of
the self-diffusion coefficient to the crystal growth velocity,
because in the transition region this velocity depends very
%% 1n a simple conception of diffusion of hard
spheres, the work that has to be done for a particle to diffuse
by a nearest neighbor distancepis,,s, whereuv ¢ is the hard-
sphere volume. The diffusion coefficient can then be written
as

pvhs), (10)

D(p)=Dyg exy{ _kB_T
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whereDy is the diffusion constant at ambient press(see o4 3
Table 1l). Combining Eqs(3) and(10), we can fit our crystal .

growth data between 6 and 10 GPa, usingas an adjust- 5 i
able parameter in addition ©. The result is shown in Fig. 4 )

as the dotted line and the agreement with the growth velocity -10 4 .

data has clearly been improved. The fit yields a value of 7.0
A3 for v, and, as can be seen in Table I, this value com-
pares satisfactorily with the value calculated from the hard- 1
sphere radiug4/3)ma3=29 A3, Also the value ofC is in -20 1
close agreement with the expected value. With this experi- ]
mentally determined diffusion the nucleation rate data of Fig. -25 1
3 can be fitted again using E¢p). The result is shown in 1
Fig. 3 as the dotted line and also for the nucleation rate the -30 A S E—
agreement has clearly been improved with this new form for 0 2 4 6 8 10
the diffusion coefficient. The good agreement for the param- pressure (GPa)
eter B in the exponent of the nucleation rate indicates tha

. f ph £ barrier f | f . EIG. 5. Logarithm of the normalized self-diffusion coefficient as a function
pur estimate for the free en.ergy arr_'er or nuc eF'S Ormatlorbf pressure. The dashed line is the activated diffusion coefficient(1By.
is correct and that the barrier lowering facty(d) is of the  with v,=7.0 A%, obtained from a fit to the growth velocity data, which also
order 1. Thus we can safely estimate the critical cluster sizéescribes the nucleation rate data. The dots are the inverse normalized ex-
n* 37 as a function of pressure, and at the onset of Crysta”ipenmen_tal vyscosny data as obtained by Cetlal. (Ref. 21). The solid ]me .

. ok 02 h o for th is the diffusion calcu_lated f_rom the free voI_ume‘modeI fitted _to v!8005|ty
zatlon(S.O GPa we ObFamn 10°. The parametef forthe  gata(Ref. 21, assuming an inversely proportionality between diffusion and
nucleation rate is again much lower than the expected valueiscosity [from this model a glass transition pressure of-D17 GPa was
In many cases, classical nucleation theory prediCtS a nuclébtained(Ref. 21)]. It is seen that up to about 6 GPa the diffusion is indeed

tion prefactorA different from th xperimental data b inversely proportional to the viscosity, but that above this pressure the dif-
ation prefacto e_ e 0 € expenmental data y_fusion decreases more slowly than that the viscosity increases.
many orders of magnitude. In temperature dependent studies
the predicted value oA is often too low, which is attributed

to a negative entropy contribution due to ordering of thepressure than the diffusion decreases. It is not clear to us why
liquid near the interfacésee Keltori” and Oxtob§®). In con-  this deviation occurs above 6 GPa. Maybe the hydrogen
trast, in this pressure dependent study the predicted value @bnded methanol chains start to form a rigid network that
A is much too high for which we have no explanation. Thehas a large viscosity as a whole, but in which self-diffusion
parameterC for the growth velocity, however, agrees very of molecules can still occur by collective processes. Our ob-
well with the anticipated value. This is somewhat puzzling,servation of an activated diffusion coefficient which deviates
because both prefactors scale with the same diffusion corfrom the Stokes—Einstein prediction above a pressure that is
stant. Although our findings comply with the statements thakmaller than the glass transition pressure is reminiscent of
the prefactorA in the nucleation rate is difficult to estimate, findings in low-temperature liquids: Upon cooling a liquid, at
both the position of the maximufdetermined by the param- a temperature above the glass transition temperature a cross
eterB) as well as the pressure dependence of the nucleatiagver is observed from a Stokes—Einstein diffusion to an ac-
rate are in excellent agreement with the predictions frontivated hopping process:>*
classical nucleation theory, if the activated diffusion is used  Our results of the crystallization kinetics are somewhat
that is obtained from the growth velocityFurthermore, the in contrast to the expectation of Angélivho states that at
excellent description of our growth velocity data with Egs. high pressures “all liquids should begin to resemble the
(3) and(10) shows that the crystal growth velocity in metha- hard-sphere fluid” and that it is not clear whether the glassy
nol at high pressure is diffusion limited and not collision state survives “because of the decreasing gap in configura-
limited >2 tion space between the liquid and the crystal, and the conse-
So far we have shown that the activated diffusion ob-quent increase in crystallization kinetics.” First of all, we do
tained from the crystal growth velocity daf&q. (10) with  not think that any strongly compressed substance behaves as
vps=7.0 A%, indeed applies to methanol in the transition a hard-sphere systeti®® It might be appealing to replace
region. To see how this activated diffusion compares to ahe steep repulsive potential of compressed systems with a
diffusion obtained from a free volume modghe inverse of hard wall potential. However, the essential difference is that
the free volume viscosity taken from Ref.)2In(D/Dy) is  infinitely hard systems are purely entropic whereas real sys-
plotted as a function of pressure in Fig. 5 for both cases. Théems develop a large internal energy that competes with en-
points are the normalized inverse viscosity data of CooKlropy in the free energy. Second, we found that beyond the
et al,?! the solid line is their free volume model fitted to the transition region, methanol stays in the glassy state at least
experimental dat& and the dotted line is the pressure de-up to 33 GPa. In the description of the glass with a potential
pendence of the activated diffusion that describes both ouenergy hypersurface, the relaxation kinetics are deter-
nucleation rate data and our crystal growth velocity data. Upmined not only by the distance between the energy barriers
to about 6 GPa the fitted activated diffusion is indeed foundn ®, but also by the height of the barriers. Under compres-
to be exactly inversely proportional to the viscosity, but atsion the barrier distance is reduced, but simultaneously the
higher pressures the viscosity increases much more witharrier height is increased, and both dimensions are deter-

-15 4

In(D/Dy)
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mined by the detailed microscopic interactions. Hence, it is  The activated diffusion coefficient, which describes both
not intuitively clear whether relaxation is slower or faster in our growth velocity and our nucleation rate data, is found to
compressed glasses compared to temperature quencheéeviate above 6 GPa from the diffusion coefficient expected
glasses. This is illustrated by the following example. Methafrom a free volume model for the viscosity. Detailed infor-
nol seems to be arrested in the glassy state more easily byation about the self-diffusion is necessary to understand
compression than upon cooling: The cooling rate to obtairrelaxation processes in glasses, because relaxation is directly
methanol glass is so high that in practice only vapor deposirelated to individual movement of the particles. Because the
tion is used to obtain this phase. Ethanol in contrast, which isletailed microscopic interactions that determine the relax-
relatively easily frozen into a glass at 97 K for cooling ratesation kinetics behave differently as a function of pressure
>0.5 K/s>" is found to always crystallize under pressure atthan as a function of temperature, pressure dependent studies
1.78 GP&?2 of the glass transition can provide new information about the
microscopic dynamics.
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