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ATOMIC MOTIONS IN LIQUID AND 50LID CYCLOHEXANOL STUDIED
BY INCOHERENT INELASTIC NEUTRON SCATTERING

V. 5. Waldar and L. A. Vinhas

ABSTRACT

The frequancy e Gf cycloberanal in thres crysialling phpges and 0 the liquid state weee gatRemined by
imgchiiant ipelisoe newtian seatimng, The measuements weie peclgiomed ising 3 Bargthum Flhoe  Tima-er-Fiighs
Slactirmweter. MNygkron inetasec scarienng specira aindl Iiegquency spectra lived o a suen of Gausisn functions show
vuwkna for geenid argond 3644, §3.79, 170.148, P16-250 and 3E4-500 cm ! magned & hindord rafanon ol
mrdau A bty wibraneht, by drogen bond siredchang, oul-cl-plane and wn-plane ring berding odea respectively

V- INFRUDUCTION

Thare & 3 large inleress in the stody o globular mmpmnr]i{z” because of their peculiar
physical properties, attnbuted 1o the afmost sphencal symmetry of their molecufes. The glatwlar
tompounds show high tople point, small entropy of melung and a phase transition, in solid state, wilh
large anvopy change. Ths phase transition ocours from a {ow symmetry crystzlline phase, stable at low
Termnperateies, 0 a crystaline phate wilth hogh symmetry, stable a1 temperatures between the {ransiiion
poini ardd the melling point The fogh symmetry phase s callegd plastic crystal or retationdl phase due 1o
display a certaim deqrne 2l plasticity amnd an wohindered rolation af moalacules around their lattice
patitions,

In particular, cyelohexannl hat been clatified as 3 globular c-::mpnundu” dus o its small
emiropy o tusion (137 cal /K el 12 and ta show a plastic crystal phass near balaw the melting point
It freezes a1 ZOBS K into a Fe.c. structure with a tastice spacing 8.B3 A2 Investigarons by
di!letril_:” ' and ultrasonic!' 2! methods indicate the existence of three phases in solid sate, one plastic
and two non-plastic, ooouring phase transitions at 264.7 and 244.2 K. The wlid phases of cyciohexana!
wers named here according o Green and Scheiel! 2! convention: crysial | [plastic phase); crystal It
Ingrrplashe) with transition -1 21 244.2 X and crystal M (ron-plastic] with transition 110 a1 2684 7 K.
These phate iransitions possesse high entropy of transiormation, around 7.5 cal/k.mol'2) The Presence |
of OH in the molecule carses 3 mchecular asymmetry and associalion: of molecules through hydrogen
Bonds, resporiahble for the high viscosity of hquid cyelchexenoct.

The study of cyclehexarnof becomes more inlarecling becauss of the duatity of dynamical
behavior of this globdlar compound; freedon tor rotations, &1 least in the plastic crystal phase, end
resirictions ol mouvermnenis due o the hydiogen bonds.

. ]
The rmoleculat dynarmics of cyclohmxannl has been sluched by Raman''®! any infrared
apectrascopy. in the fraquency region from 300 ta 3000 em~ ", being the lowar gssigned Trequencie

Aprowged for probdicateen o Auguit 1679
tNritvng, Grihography, conenp asd Togd savinon aea of sxclusive raspomsolilny of tha Aulhomns.



atiributed ro ring vibratiops, bt iz well know thad inelastie neatron scattering is a powerful echnigua oo
investigate the low-frequency atomic motions of hydrogenated molecules in condensed states. In these
ca%es, the neutrom scattering is eesentislly incoherent and due to hydropan atoms, since the ingoharent
sxaltating cross section of H atom is about 20 times that for © and Q,

tn order to inwestigate the dynamical behavior of eyclobexancl in difarent phases, determining
tha characteristic stomic motions in the low-frequency fegion, balow BD0em™', neutron inelasbe
waliering Spectra were measured in tha emparaturs interval 1002300 K,

1l - RELATIOMS BETWEEM CCRARELATION FUNCTION, DIFFERENTIAL SCATTERING CHOSS
SECTION AMD GENERALIZED FREQUENCY SPECTAHUM

& gystern of particles and i3 evoldtion in time can be described by the Van Howe space-tlirme
correlation Funﬁtiﬂn[?ﬂ, GI‘?,II. This function describes the corcelationr between the prasence of
pactiche in position I +1 at time v +1t and the presence of a particle in position 7 at time 17, averaget)
ower P The function GILY is detined by the equation

GiE 0 =— < I [dfBIf+ 7 im -7y si - i)

1
N 1.4=1

Irlormations aboutl thandes i the gysiem of particles are contained in the self-correlalnon
functron E![*F.tl and n the distinge Iparticles) eorrelation function Gdﬁ.tl, corrgspondig to tRrm
=i and 1% ) in 1he sum regpactively. in the siudy of charaererisiee mauvements of maolecules only
the self-corcelation Tunclion is wied.

In the study of molecular dynamics by slow neytron scattering technigue, energy and momentom
transfers i tha collisian proces: are determined expenimentally. Tha energy and momentum transfers
in the scatarfing process Bia

Ep - Ep = IW? h[EI - Eﬂ+ = hE‘

Here £, and £, #re the stattered and méwlent energy of neutran and ﬁ, and iu the respective
wavy veLTorY,

. Thut, it s convanient o changg from space fF.t ta (Dwh The incoherant SCALEering fanw
B e lfhw] it obrained by Fowier transform over Fand t of Gi['F.Il”z'

: M ia.
QW) = 5 f oot dt ¢'QT -t G, ir.n

The differantial incohorent scatieiog cross section is related to the scatrering law thoovegn

F]ﬂl.li]!l'.’ll"lr??]

r o ownmi
e, k|
——— — s eeem hl {ﬂ wr

ldw b, N Sine

wesg b is tRe mealirent seatteringg lenqeh of aucler of dhe scalterng syaem,



The yenerslizad lraq?nnnv spectrum tw} for lguids can be ohtaieed as an exiension of the
frequency spectrum Tor solids LATASIREIN frecuency spectram i caloulated from the scattering -

lew threugh the exact refation ™2™,
B fiwy -
Fiwh = — senh l—— 1 w?  him 5 10w
P KT ¢ —=

0=+ e

whera M s the mass of watiering atom, K s the Boltzmann's constant, T is the absolute 1smperatore
a ¥ . . |. .
#rul E-w_[l'.l'.wl iz The sysmmetrical scattering law given by

- " _f“ -
Sine [Cwl e:-:p{;;(';l 5  {d.wl

L1y =

In the case of iQiiofe systems, it 5 more canverient 1O wark with an admenzional Trequenty
Mtrumm'g'm', chiained defining new vanables o and § and redefining tha scattering faw:

hoy?
o=
ZMKT

5,0 1QW)

™

Sia KT .
af = —
h

.:,__
Tz

The raspltant frequency spectrum 1s piven by

d Slafi
Fiar = 2 0sen—  lim --wme-
2 -0 «a

Ths timit for G - 0 or @ -+ O can be substituted by a generalized DebyeWaller factor'2+7 81,

Thus, using above relalions, gereralized frequency Spectrum can be obtained irom difterantial
scattering cross section, determined experimentally by slow neutron scattering measurements

ili - EXPERIMENTAL

The measurements of scatterad neuiron distributions were carried out using & conventional ¢old
neutron time-of-flight spectrumerer”] at 1EA-AT research reactor.

A polycrystalling beryllium filter, cooled in liquid nitrogen, transmirs a cold neutron spectrum
with an averags enecgy of 3.5 meV and a bl width at halt-haight of 2.0 meV, Neutrans scatiered by the
smple 3t 8 certain solid angle sre pulsed by a curved shit slow-peutron choppar operated wsually at
13000 rpm snd are detecied by a bank of eight *Ha detectors after & flight path of 315m. The
tima-ol-flight analysis of scartared neuirons and the datz record are performed by 8 moltichannel
anabwser,

Cyclahexantol of "pro analysi” gquality, purchased from J. T. Beker Co, with purity highar than
£EPL were used, The sample, sealed in ap alumiriuom holder while in liguid state, has & tickness of
0,092 cm ensuring 8 807% transmission to avoid multiple scattering. The samphe haldar was mounted in 8
cryostat wilh 8 cgld linger and a hean syslem pernmiting measurements at tamperatures in the ranoge
10030 K, controlled within 2 K. All measurements have hepn performed in ransmission geometry with
the sample plane forming an angla of 4587 wath 1he incoming baam,



IV — RESLILYS AND DISCLUSSIDN

Tha anargy distributions ol scattered neutrons in cyclohexanol were measured at tha scattering
ongle 50° for the sample at the following iemperatures: 300 K [Niguid state], 287 K (crystal 11, 263K
{orystel 111), 163 K, 142 K and 10D & {orystal [,

After subtraction of background and sample holder scartering, Spectss were epreectsd  for
chopper transmission, detecror sfficiency and air absorption and scatterirg

Cormected time-of-flight spactra for six measured temperatures are shown in Figures 1, 7 and 3.
In all specira five peaks are observed, plus the peak retfering 1o the guaskelastic scatienng.

The corrected spectrum correspands to d20/dfidt which is transformed in dF a/dfdw by the

ralation
3 _ingl 2 L nef
o Tine g2 4 Tine
di? dw dit dt

The generalized Mrequency spectra for cyclohexanol were calculated From d2o/dTidw using the
Tarmalism described in part IV, Figures 4 and 5 show a3 spectium for gach cyelobexgng| phass,

in grder to allow a most precise determinatron of characterist frequancies, freguency specirs
have beer hrted to 8 sum of Gaussian fun:tions”'ﬂ, using the least-sguares 11 method, A Gaussian
tunction was associated #n each peak, thus each spectrom o5 described a5 3 sum of five Gaussian
hungtions ' .

| B8
110 = E Al exp [-—[— 2 1]
=1 2 .fjﬁ-F
Where A, B, and A8, ere Gaussiun function parameters: height, peak pasition and half widlh
respectively, Fitted curves together with expernimental results are shown in Figures 4 and 5. Determined
frequencies are lisred in Table 1,

For each peak, shifts in frequency are observed for ditferent phases. These shifts are principally
due to chamges in intermolecular and intramolecular 1orces at the phasa transitions, and partigfly
attribvied 1o the effect of temperature variation,

The peak at 40 cm ', observed in all phases, is attributed o bindered rotations o molecular
receentation, This peak i3 Better defined in the prystal plastic phase (otysiat 11

The peak cbserved in the region 7D em”’ corresponds to vibration medes of crystatline lartice.
Simdar rasults have been aobtsined far wclohe:ana‘ﬁr using slow nautron scattaring techhigue. As
termperaturd decroases, this peak becomes better defined in the neutron scattered spectra, speciaily for
tha non-plastic efyslalline phases: on the other hand the decreass in intensity of this paaks iz caused by
the reduction af thermal snorgy of the crystal. The prasence of this peak in tha spectrum obtsined fram
liguid state indicates 1ha existence of region with crystalling structure in liguid. Tha origen of those
reginnd can be #linbured to the susocistion of maolecules theough hydrogen bonds. Dielecttic
_meas.urumnnts“m have shown that molecules in tyclohexanol are pysoeialed in dimers. at leas! in the
phastic crpstal phaoe,
-1

Ar ot hes buen soggented for other globular compounds, the peaks 80 40 and M em’ ' conid

permit another assigiwnenn . vibrational sad librational modes of molacules associnted in dimees
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The peak observed in tha region 120480cm™' is originated from the straching of hydragen
bonds, H,..0, between two molecules''?!. The frequancy incressas with the decraase of temperature,
irlicating that the height of karrier tor hydrogen bond stretching varies inversely with temparsture.

The peak chserved at frequencies in the range 245-280 e nwst be atrributed to ring berding
moctes with -0 transition dipols rl'leEhtm'”'m]. characteristic of out-of-plane atomic motiens. T hase
ring wibrations are represented schematically in Figuie sl

- . - \h

7
e
4

a— -

4+ +

Figure § - Schematic View of the Ring Bending Modes Where the 3igns + and - Indicate
the Direction of Atoms Mowvverrents Perpendiculary 10 the Mean Plare of Molscule,

A peak in this frequency region could be assigned as stratching of hydrogen bond; however due
10 the high intensity pbearved for this peak in tcattered neutron spectra end in frequency spectra, it
rulst correspond 1o mouverment envolving large nomber of hydrogen atoms, a5 & ring vibration, and not
1o mouvement of one hydrogen in the Hond,

In the frequency range 3BO-SD0Oem™' . in all spectra 2 broadad peak was observed {1 must be
attributed 1o ring banding modes‘ ! E], inchyding in plane and cut-of-plane modes. These vibratians are
schematically represented in Figure 718

Astsle;

Figum T - Schematic View ol the Ring Hending Modss

In infrared measurements reported by Commins wnd Fuger“, four paaks werg observed in thiy
frequency region, I the spectra obainsd from neoirgn scaltaning sechnigua, andy a broaded poak was
oxerved. This band prabatty reprosents tho vnresolved Tour praks, corresponding 1o different ring
vibrationh modes. The resolotion of the noutron spociromeler, which vaned with E:].r?. 5 poor in thig
reqinn of eneigy o6l insgH e ent o pecdve the Baor peaks,



12

Thae predeimingnce of one vy band mode in each phase ¢ould exptain  the large displacement
in frequency and the differences in the peek profite oocured in phase transitions,

RESLMO

Ogrrminou-sas por meio do espalbafreaty incosmnte inelistico de ndutrans os especiroe de frequénesa g
ciclohexanpl wm trks lasas crlstafinas 9 mo esiede [fquido, As medidas foram tealizadat utilizendowe o dispositiva
axperimenial Filtro ds Berflio Espectrbenetro de Tempo o Yoo, Os wpectrbmwiros de méutrons sspalhados g ooe
epactros de frequincia ajuzimles por uma soma e lungdet gaussiznas apresontam cinco Acidentes nos intervabos de
frequéncia 3544, G2-7%, 120148 215250 o IR4-500 et B picos foram alribuidos respectrvaments 3 rotagdas
msiritas da maldcuka, wihesofies da rede coslahing, astivamento de pontas de hidrogénin, modos whbracionais de anai

cHrlafinico ne plano ou Torn oo plang emdcha s el e,
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