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ATOMIC MOTIONS IN SOLID AND LIQUID METHANOL

BY NEUTRON INELASTIC SCATTERING

A. M Figusirndo Neto and L. A. Vinhas

ABSTRACT

Itw r.Kijiümcy ,|»-it'a ol metrunol in threw prases liquid, crystal I and cryjtalll were determined by

incoherent inelastic neutron scattering. The measurements were performed using a Beryllium Filter Time-of-Flight

Spectrometer. Neutron inelnstic scattering spectra and frequency specTra allowed assignment! of five peaks,

corresponding to frequencies: 420 cm attributed to vibimiuncii modes of crysiaiiine iattice, 240 and íõOcm

associated to stretching of hydrogen bonds, 82 and bO cm interpreted as vibrational and torsional mode» of CH)0H

units in dirners, 'rimers, tetrarrwrs and pentames. The rpsults suggest crystal I phase as an intermediate phase between

liquid and crystal I I , concsini;,^ the structural and dynamical properties of molecules and their correlation. The plastic

character of cryiral I is di«us\>-rl

i -

MithHi. j l , C M . i i H , f:,is tv'cn (Idssifipd as a globular compound '. These compounds display

p*>culiar physical properties, for instance small entropy of melting and a phase transition in solid state

>vth l.itqe entropy change, due to 'different degree of orientation of their molecules as a function of

tPi i :(TjturR. The phase transition is from a low-temperature crystalline phase (crystal I I ) with low

symmetry to a crystalline phase (crystal I ) , stable between phase transition (II -» I ) 8nd melting

temperatures, with high symmetry and a certain degree of plasticity. For this reason they are called

plastic crystals ' . The unusual properties have been attributed to almost spherical symmetry of

molecules about the center of mass as a result either of the geometrical distribution of the atoms or of

rotation of the moleculp .ibout itr, rrtit»t

In particular, methanol has high triple point, at 175.59 K141 and shows a first order transition

at 157.34 K141. From X r,iy studies on rnethanol, it was established crystal II as monoclinic and crystal I

as orthohombic1 3 3 1 or hexagonal1' 6 I .

Based on its small entropy of melting (4.38 cal/mol K ) 1 4 1 , methanol was classified as a plastic

crystal according to Timmermans' ' 3 4 1 empirical definition of a plastic crystal as a substance which has

an entropy of melting less than 5 cal/mol K. However the plastic feature of crystal I is questionable

because of the small entropy of transition (0.966 cal/mol K) and the decrease in heat capacity across the

iystal II •* crystal I transition, atypical for plastic crystals.

Although the structure and atomic dynamics of methanol have been investigated by a variety of

• p e c t r s l m e t h o d s , i n f r a r e d " 6 1 9 1 , R a m a n 1 1 7 1 8 2 1 1 , N M R ( 5 \ n e u t r o n inelastic

s c a t t e r i n g 1 1 - 2 3 - 2 4 2 & - 2 6 2 7 ' 2 9 1 , many problems ire « i l l of interest.

Afiffivwi lor puhliration in AUTJIHI 10/9.

Writing, orihorjraphy, ronrpptt and ftnnt r*vi«ion Hfi» of imlníirf r*fr.K>rnM". ' v "* ffl(I Autholl.



It is well established that neutron-inelastic scattering is a powerlul tool <o investigated the
dynamical behaviour of hydrogenated molecules in the solid and liquid states. In this i:ase the neutron
scattering is essentially incoherent and due to hydrogen atoms since the incoherent scattering cross
section of hydrogen atom is about 20 times the for carbo.i and oxygen.

In order to study the moleculdi dynamics of methanol in the low frequency region, neutron
inelastic scattering measurements in methannl were performed at the following temperatures: 140 K
Icrystal I I ) , 166 K (crystal I) and 298 K (liquid stale).

II - GENERALIZED FREQUENCY SPECTRUM

Van Hove emphasized the separation of the differential incoherent scattering cross section,
given in the first Born approximation when the neutron-nucleus interaction is described by means of
the Fermi pseudopotencial , in two factors.

d2 a
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where, for a given momentum and energy transfers in the scattering process, SJnc(Q,u>) is independent
of neutron energy as well of the interation potential, depending solely on the dynamics of the scatterer,
wfureas A dependes only on the properties of individual particles of the scattering system. S (Q,co) is
called "Incoherent Scattering Law".

Here, liQ and !w denote the momentum and energy transfer in the co'ision between the
neutron and the scatterer and through the relations.

» • likò Ilk'
Q ' k0 - k and w

2m 2m

m being the neutron m.vs and h Planck's constant divided by 2n, are expressed in terms of initial and
final WHve vectors kn and k.

The incoherent scattering law, S (Q,OJ), is defined as the Fourier transform over space and
time of the space-time u>lf-correlation function G (r,t).

N , .
S , n , ( Q . w ) / / exp l i ( Q . r - wt) I G (r,tl dr dt

For a system in thermal equilibrium, tho scattering law and th*> space-time self-correlation
function mus satisfy the detailed balance condition'31 '.

Vineyard13" proposed that the self-correlation function G (r,t) could be approximated to a
Gaussian function of r with the width depending on time. Egclstaff18' , using such
approximation, described the scattering system in therms of "Generalized Frequency Spectrum" Z(u>),
defined as a Founw transform of tlif! imaginary | art of the velocity autocorrelation function as follows.

Im - v l O ) . v ( l ) • f CJ Z(w) sen Iwt) dw

wrier'; M is the atomic m,iv,



riie genet al ̂ ed frequency spectium, Z|u>), is related to the incoherent Mattering Uw tii;
the equation

— *
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uv»>»tt» K is the Holt/mann's coiutirit I the temperatuie of scattfiinit system HIKI

o IQ,<.;) »'»p I i S !O ..i!

is ih(- syrnnmtrujl scattpung law winch includos the iletailpd balance condition.

All information about the scattering system obtained by means of neutron incoherent scattering
crc«5 section measurements, is contained in the function Zlw). It represents th* atum» ane! moiin.uld'
movements, in the scattering system, responsalile for energy sntj iTiiinientxiii tian-i. r m 1,1ms i>:
dinr irttvisiic frpfiuencipi of the sc-'itterinq system.

The l imi t for Q - 0 h.we been studied b y several a u t h o r s 1 2 - 3 ' 8 - ' 1 ' - i : i l 3 I 4 > , being proposed

iH subst i tut ion by a qpnornl i /ed Debye-Wal le r f a c t u i :
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?VV I ' ( l io j ) HOJ) o i t h ( - ) d-.,)

2M 2K7

Ml - EXPERIMENTAL

The measurements of scattered neutron distributions were carried out using a conventional cold
neutron time of light spectrometer'2-31 at IEA-R1 research reactor. An incident beam of cold neutron,
with as average energy of 3.5 meV and a full width at half-height of 2.0 meV, obtained by filtration
through a blocks of polycrystalline beryllium held a liquid nitrogen temperature, hits the sample. A lead
monocrystal filter is also used to reduce the gamma ray background. Neutrons scattered by the sample
ft a certain angle are pulsed by a curved slit slow neutron chopper operated usually at 13000 rpm and
are detected by a bank of ten JHe detectors arranged in one layer after an evacuated flight path of
3.15 m. The time-off light analysis and the data record are performed by a multi-channel analyser. The
time-offlight resolution is 1.7% for 4 A neutrons and 6.4% for 1 A neutrons.

Methanol of "pro analya" quality, purchased from J. T. Baker Co, with purity higher than
99.5% and 0.2% maximum water content, was used. Tho scattering sample, conttined in a slab type
aluminum cell, has a tickness of 0.2 mm, chosen to avoid multiple scattering. The sample container was
placed in a liquid nitrogen cooled cryostat with a 6 litre coolant reservoir, a cold finger and •
nickel chrome wire heating system. In the cryostat the sample could be held at any desired temperatura
between 100 and 300 K. The temperature was measured with a copper-constantan thermocouple and it
was controlled within 2 K by an electro-mechanical devices which turns on or off the heating wire
power supply. All measurements have been performed in transmission geometry, with the sample plane
at 45 to incident neutron beam.

The energy distributions of scattered neutrons were measured at tho scattering angle 40 for the
m««ti.,ii»ol sample at the foVowing temperatures: 298 K (liquid state), 166 K (crystal II and 140 K

III.



After subtraction of background and sample holder leaner ing. spectra were corrected for
Copper transmission, detector efficiency and air scattering and absorption'2'. Figures 1, 2 and 3 shown
the corrected time-off light spec.;, a for three measured temperatures. Owing to the reactor schedule
17 8 h/day). each spectrum takes three weeks to be obtained.

The time-of flight spectrum, proportional to d2a/dIMt. after to be transform in d:.>/di2<U...
through the relation:

d1 a dJ a
!2 i -. E 3 / J _ :nc

diídw diidt

is used to calculate the generalized frequency spectrum by means of the equations introduced in part I I .
Figures 4, 5 and 6 show frequency spectra obtained for different temperature conditions.

IV - RESULTS AND DISCUSSION

An analysis of scattered neutron spectra and generalized frequency spectra reveals the existence
of five characteristic frequencies, shown in Table I.

Table I

Frequencies (cm ') and Assignments for Methanol

w l rm ' )

ASSIGNMENT

PHASES
AND

STATES

420

Lattice
vibration

mode

CRYSTAL II
CRYSTAL 1

240 160

Streching of
hydrogen bonds

LIQUID
CRYSTAL 1
CRYSTAL II

82 50

Vibrational and torsional
modes of molecules

in the globules

LIQUID
CRYSTAL 1
CRYSTAL II

The peaks observed at 420 cm"1 is attributed to vibrational modes of crystal lattice1151. This
peak is predominant in crystal II phase, where there is more ordering of methanol molecules. In crystal I
phase the intensity of 420 c m 1 peak was reduced and in the measurement performed at room
temperature, liquid state, it was not observed.

The peaks at 240 and 160 cm' 1 , observed in all phases, *re associated to characteristic
movements of hydrogen bond stretching. Raman Spectroscopy'18'22' result! are consistent with this
assignment. These peaks are dominant in the frequency spectrum for the liquid state. In crystal II phase,
their intensities are strongly reduced. This fact could be attributed to the restriction of individual degree
of freedom of molecules, caused by their ordering in the crystalline lattice, facilitating the predominance
of collective degrees of freedom, as lattice vibrations.

From neutron spectroscopy results obtained by the isotopic substitution technique'1' (CHjOH,
CD,OH and CH,0D), it could be concluded that the peaks at 160 cm' 1 might be attributed to CH,
group motions. However, R-man and infrared experiments'1B'18-191 suggested that the CH3 hindered
rotation frequency changes from ca.270cnV' to ca.65Ocm"' at the vapour-liquid transition.
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In the spectra obtained in the present work, intensities of peaks at 160 and 240 cm' 1 are

approximately equal. By analogy with the 240 cm*1 peak, the peak at 160 cm' 1 was attributed to

stretching of hidrogen isonds. If this peak would be originated from rotation of CH, group, its intensity

might be larger because of the number of hydrogen envolved in this motion.

Tht? peaks observed at BO and 82 cm ' correspond to vibrational and torsional modes ol

molecules associated in dimets, trimers, tetramers and pen tames, by hydrogen bonds. Studies performed

using several techniques'5 -1 5 1"2 5 '2 6 '2 1" show that CHjOH units in methanol are associated in

globules containing in average 3.5 molecules. In Raman spectroscopy measurements , the peaks

observed at frequencies below 130 cm*1 have been attributed to thjse external molecular modes.

In neutron inelastic scattering measurements, the 50 and 82 cm"1 peaks are better defined in

the liquid state spectrum, although they have been also observed in the spectra for solid phases.

The spectrum of methanol in crystal I phase shows the same intensity for the peak at tributei)

to the stretching of hydrogen bonds, dominant in the liquid state, and the peak correspondent to

movements associated to collective degree of freedom, as lattice vibrations, it can be concluded that

crystal I can be con-dered as an intermediate phase between liquid state and crystal II phase, concerning

the structural and dynamical properties of methanol molecules and their correlation depending on

temperature

I his work shows that the most important dynamical change occurs at the change of state ami

not at the phase transition. The low entropy of melting must be due to ordering in the liquid,

maintained by hydrogen bonds as has been suggested, also, for other associated compounds, particularly

tert-butanol'2'3'. The non plastic feature of crystal I1 4 ' is supported.

RESUMO

Determinou se por meio do espalhamento incoerente íneltalico de neutrons, at espectro! de freqüência do

metanol em duas faief cristalinas e no estado liquido, Ai medido* foram realizadas utilizando-se o dispositivo

experimental Filtro de Berttio Espectrometro da Tempo d* Vôo. Nos espectros de neutrons espalhados e no* espectros

d* freqüência foram assinalado» cinco pico* correspondendo ai freqüências: 420 cm' 1 atribuída a mock» vibracionais da

ntde cristalina. 240 * 160 cm'1 associados ao estiramento dai ponte* da hidrogênio, 82 e 50 cm' interpretado* como

modo* vibracionai* e toriionai* dai unidade* de CHjOH associados em dimerot, trimeros, tetramero* e pentameros. O*

multados indicam a fase da cristal I como lendo intermediária entre o estado líquido • o cristal I I , em termo* dai

propriedndn «fruturau e dinjmicm rfcn molécula» e tu* correlação. E discutido o caráter plástico do cristal I.
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