PHYSICAL REVIEW B VOLUME 53, NUMBER 13 1 APRIL 1996-I

Evidence for a supercooled plastic-crystal phase in solid ethanol
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The existence of an orientationally disordered cubic phase of solid ethanol is revealed by x-ray diffraction
and Raman spectroscopic measurements. Such a phase, whose existence was postulated some time ago on the
basis of specific-heat measurements, is produced by quenching below Sdtree#astic crystal formed upon
melting and subsequent annealing of the topologically disord@ledsy solid. The relevance of the present
findings for current discussions on glassy dynamics is analyzed in some detail.

Despite recent advances in our understanding of the miealorimetric anomalies distinct from those associated with
croscopic mechanisms driving the dynamics of glasses ahe glass transitionT;=97 K), the melting of the stable
intermediatgabove 1 K temperature$ most studies regard- crystal (T,,=169 K), or crystallization of the supercooled
ing topologically disordered solid§.e., real glassy materi- liquid into such a phaseT(,~125 K). In fact, the presence
als) still encounter substantial difficulties when trying to go of a well-defined exothermic anomaly at some 115 K was
beyond descriptions of the data by means of phenomenologinterpreted as the onset of a crystal phésgstal 1) which
cal approaches. This contrasts with a more developed undesnce grown exhibited a calorimetric transition into another
standing regarding the dynamics of disordered crystalerystalline phaséglassy crystal showing small differences
formed by either mixetior chemically homogeneouplastic ~ in heat capacity with those of the glass obtained by rapid
and glassy crystal) materials, which in common with cooling of the normal liquid, but evidencing a calorimetric
structural glasses exhibit some features considered as fingeantropy between that of the glass and the stable crystal. A
prints of the glassy dynamics. Such developments are, howNMR relaxation measurement reported late? showed that
ever, restricted to materials which being disordered in soméhe dynamics of the real glass and that of the glassy crystal as
guantity (chemical composition, relative molecular orienta- sampled by the values of the second moment of the NMR
tions, etc) still have an underlying crystal lattice, thus en- shared some analogies, whereas inspection of the relative
abling the calculation of a number of physical propertiesvalues of the relaxation times revealed some systematic dif-
(i.e., coupling between molecular translations and rotationderences between both.
softening of elastic constants due to disorder, anomalous di- Our aim here is to establish the nature of the crystal Il and
electric behavior, etg. in terms of well-established glassy crystal phases of this material. If, as expected, a su-
techniqueg. The relevance of such findings for the under- percooled plastic crystalSPQ can be formed by freezing
standing of real glasses was not explored in detail, perhagbe rotational freedom of the plastic cryst&0O), it would
due to the fact that most of the existing materials can eithethen provide an excellent benchmark material where quanti-
be converted into topological or disordered-crystal states, exative studies on the role of different degrees of freedom
ceptions to such a rule being ra@@morphous and hexagonal (positional and orientationabn the dynamics of the glass at
ice being an example which involves rather different routesntermediate temperatures could be carried in detail.
of preparation which pose severe conditions when trying to Spectroscopic grade ethanol was used without further pu-
compare the two in terms of transition temperatures rification, avoiding exposure to atmosphere to prevent cap-

The existence of some polymorphic phase in solid ethandiure of water vapour. The x-ray diffraction measurements
which could be prepared under mild thermal conditions wasvere performed using a Stoe diffractometer, using the Cu
known to exist since the work of Haidz al® who observed Ka line A\=1.5418 A, being the samples contained in glass
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150 ing four molecules, two of which are independent in the
)

400 asymmetric unit oPc symmetry. The referred two molecules
150 Glass have a different internal structurgonformation, showing
3004 dihedral G-C—0O—H angles of some 297¢gauche and
% 250 179° (trans) with also significant variation of the bond-angle
2 200 values’ The crystal structure shows infinitely bonded zigzag
— chains joined by ©-H- - - O bonds of length 2.716 A. In full
100 4 contrast, the glass shows a broad spectrum with a main dif-
. 1 . fraction peak centered a~1.65 A~! and a width of
5000 - ~0.5 A~1. The parameters of such a peak are close to those
SPC found for a chemically related glagsiethanal discussed in
4000 some detail in the paStand which were found to represént
-‘%’ 3000 a system of long, winding chains, with a correlation length
2 5000 [defined _by_the_extent ir_1 real space V\_/here akie) intermo-
= lecular distribution function shows noticeable oscillatipof
1000 - L some 15 A. The existence of a high-symmetry crystal phase
. ) is demonstrated by the diffractogram of Fig. (tiddle),
400 — ' which shows that most of the intensity arises from two Bragg
3501 Monoclinic Xtal reflections atQ=1.651 A~! (intensé and Q=2.335 A~*
300 (weak, alongside with small traces of contamination by
2 2504 minute amounts of the monoclinic phase and a broad, diffuse
g 2004 background. Such a diffraction pattern can be understood as
£ 1509 : arising from a body-centered-cubic structure with lattice con-
100 4 stanta=5.381 A, the(110) and(200), respectively, being the
50+ observed reflections. Assuming two molecules per unit cell,
00 05 1.0 1.5 200 25 30 the assignment would correspond to a solid with a macro-
Q (AY scopic density of 982.5 kg i, close to the value &, as

extrapolated from tabulated values for the normal super-

FIG. 1. X-ray diffraction patterns ofa) the positionally disor-  cooled liquids® (p=958.2 kg mi 3). The value for the lat-
dered glass at 80 Kb) the supercooled cubic crystal phase at 80 K, tice constant mentioned above becomes very close to that of
and(c) the stableimonoclinig crystal at 120 K. The small peak at 5.3774) A corresponding to the dimension of the mono-
Q~1.786 A" in (b) comes from a small contamination of the clinic cell.” On the other hand, the close location of {a&0)
monoclinic crystal phase. reflection with the wave vector characteristic of the peak

maximum in the glass phase provides a clear example of the

capillaries cooled by an Oxford Instruments cryostreamphysical meaning of the first diffraction peak in glasses, an
cooler. The Raman spectra were recorded orXan Dilor  issue which was the focus of some recent controverSiks.
spectrometer equipped with an enhanced photodiode arrafact, comparison of diffractograms of glass and cubic crystal
Slit widths giving nominal resolutions of 1.8 and 3.7 ¢  clearly suggests that only the width of such a peak should
were employed for crystal and glass spectra, respectivelypear a clear physical significance in a glass.
Excitation was achieved by an Arsource lasing at 514 nm Because of the small number of observed Bragg reflec-
and delivering some 10 mW to the sample which was contions, further details regarding the structure of such a cubic
tained within 5 mm quartz tubes. These were kept within gphase could only be derived from additional independent
Oxford Instruments flux cryostat used to keep temperaturemeasurements. Between those, a comparison of the Raman
between 10 K and ambient. The scattered light was collectedpectra of the solid within its thre@ubic, monoclinic, and
on the Stokes side at right angles. glass phases was chosen and the most relevant results are

Sample preparation regarding the normal glass and stabliisplayed in Fig. 2. The immediate consequence of such a
(monoclinig crystal phases is straightforward since it only comparison regards the existence of a strong static disorder
involves a quench beloWy=97 K at a rate not slower than in the cubic phase as demonstrated by the absence of well-
6 K min~! (glas$ and a subsequent annealing at some 13®esolved phonon peaks below some 40 meV. That such a
K for at least a half houfcrysta). As regards the preparation disorder is of stati¢orientational nature is further ratified by
of the supercooled-plastic-crystal phase, our own experiendée absence of any thermal anomaly for this phase below our
indicates that reproducible results are obtained if the superctualT=280 K, which should be present if substantial rota-
cooled liquid formed upon melting the normal glass is al-tional motions were still present. It seems then clear that the
lowed to anneal for some minutes Bt 100 K followed by  cubic phase represents a SPC or glassy crystal phase, where
a rapid quench below th&,=97 K transition. A macro- the large rotational motions present above 97 K have frozen
scopic phase separation occurs during annealing where iato a strongly orientationally disordered phase. In fact, spec-
translucent solid phase segregates from the clear liquid. tra measured during annealing time show in addition to the

Figure 1 shows a plot comparing the x-ray scattered inpeaks shown in the SPC phase an additional strong diffuse
tensities for the three phases of solid ethanol. The monoclinibackground. The amount and kind of disordes., statistical
crystal spectrum is fully compatible with the crystal structureor through some preferential directionannot be inferred
described in Ref. 7 which corresponds to a unit cell containfrom the available data, although the similitude between the
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absence of additional information a quadratic frequency de-
pendence for th€(w) light-to-vibration coupling function

is assumedi.e., complete randomness of couplihgdotice
from the inset in Fig. 2 that the main difference between
canonical and SPC spectra regards the position of the
maxima which in the SPC phase is shifted some 1 meV
above that of the canonical glass, as well as a rather small
excess of modes below 6 meV of the glass with respect to the
SPC.

An assessment of the physical soundness of such results is
provided by evaluating the harmonic contribution to the
constant-volume heat capacity from tAg(w) estimate of
the vibrational densities of states described above. To avoid
problems regarding the normalization H§(w) to absolute
units only the ratioC%/ C37C of heat capacities for the glass
and SPC are considered. Such a quantity yields a value of
1.34 to be compared with that of 1.60 derived from data
given in Ref. 13. On the other hand, the maxima of
C,(T)/T2 curves appear in the SPC phase shifted some 1.8
K above that for the structural glass, a fact also borne out by
calorimetric measurements where the maxima of the SPC
sample is located at some 6.5 K whereas that for the glass
appears at=4.5 K.

In consequence, and with the above provisos in mind, it
seems clear that the cubic SPC phase of ethanol here studied
corresponds to the same one explored by calorimetric
means»!3This being the case, the difference in specific heats
atT, discussed by Johari and oth¥rapon melting the glass
and that arising from the SPC-plastic crystal transition can be
rationalized on a more quantitative basis. In fact, comparison
of the jumps inC, at the glass transition and rotational arrest
points T;=T,=97 K of 35 and 23 JK!'mol™* evidences
that some 66% of the jump upon melting the glass can be

FIG. 2. Raman frequency distributions Zg(w)  accounted by the onset of rapid molecular rotations. Such a
=l(w)w/[n(w)+1] at 10 K for (a) the glass phase, upper frame percentage becomes even larges%) for the jump in en-

(b) the SPC phase midframe, afd the monoclinic crystal. The oy and goes to some 63% for the configurational entropy.
inset in(b) represents an enlargemen_t_of the fre_quer_u:y dl_strlbutlor_ls In conclusion, the existence of a orientationally disor-

of the glass and SPC phases. Intensities are given in arbitrary Unityered phase in a system considered since many decades ago
as one of the clearest examples of a glass-forming liquid has

been demonstrated. From the present data as well as from

cc_)incidence .Of the position of the inte_nse Bragg _refle_ctior}hat already available, the SPC solid can be rightly consid-
with the maximum ofS(Q) in the canonical glass pinpoints ered as a phase with’ an intermediate kind of disorder be-
the existence of remarkable correlations between molecuIT

I(®) o/ [n(w)+1]
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low-frequency Raman specttaelow some 20 me)/and the

orientations as it is known to occur in the glass phase o ween the grqund stg(monocllnlc; crystal and the gla.ss'..ln
other alcoholS:12 his respect, its detailed stud_y_ will open up the _p055|b!llty of
' . separating the effects of positional and orientational disorder

The Raman spectra of the glass and SPC solid show rather"™ . ) . X .

o o gn different magnitudes usually considered in studies on

similar shapes of the frequency distributions. Because of thelass dvnamics

isotropy of the glass and the orientational disorder in the)'assy dy '

SPC, the Raman intensities could be considered to be di-

rectly related to the vibrational density of states through the This work was supported in part by DGICYT Grant No.

usual expressioZg(w)«l(w)w/[n(w)+1], where in the PB92-0114-C04.
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