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LIQUID SOLID TRANSITION IN CYCLOHEXANOL STUDIED
BY NEUTRON TRANSMISSION®

R Fulfara L A Vinhas and
A Liguon Nato

ABSTRACT

Tihw 10086 eross peticn of the  yelohnke nol was measured for Neutrons wieh wavalength of A = B13 A varying
the sampla wWMmperature in @ rangs ther includes the temperatune of melting Frown these expanmental resultl and by
coMmpanton with theoratieal caleulations batad 1n the Placzek modal 1t was possble ta obn the Debys tempersturas for
both statee These tamOeraTures wirt used o4 e caleutarion of the duorder antopy vanetian rwar the fusion ot

INTRODUCTION

Slow neutron transmassion metheds can be usad 1o invesugate physical properties sUch as freedom
of montion of molecules and molecular groups 1n condensed states of matter'' € 10 211 In tis regard the
plastic solxds formed by globular malecules are of particular interest since their physical yroperties are
intermediate between Lguinds and solids These solids called orgenic giobular compounds usually presents 2
very small entropy of melting!'1) (< 5 cal/mcle K] the term globular’ 1s apphed to them because the
molecules Lavolved possess a spherical symmetry about the center of mass a5 2 result erther of the
distnbution of the stoms of of the rotation of the moleculz sbout 1ts genter The sohid formed by such
molecula when It freazes fram the liquid state cispleys rather unusual physical propertes that have hean
explained as resuiting from practcally unhindered rotation of the molecyles about their latuce posnions
The name plasie crystals  for the solids anses because among these properties one find the ease of plastic
flow under only moderate pressures In evary case it 15 chserved 2 transition at some definite temperature
below the freezing point from the plastic sohid form to & crystalling farm that benaves Iike an ordinary
solidl? In the rotational farm stable at temperaturss |Ust below the freezing point the crystal structure s
usually of the cubie farmly

In the present work tha cyclohexanol was selected for the studies because 143 solds state
crystalitzes in 2 cubic system and for its properties asa giobular  substance The hguid-sohd transition in
cyclohexancl was snvestigated to obtain nformations about the transition wself and also to obtam
informations ahout the cyclohexand! s the hiquid state Atamc or molecular vibrational motion 1s one of
the physical parameters whose changes play an important part in ths transition It can be successfully
mvestigatad by means of slow neutron transmisston methods! 120 The total cress section measurements 25 3
furction of emperature of the sample n a range neat the metting point allows a clear observation on
thanges mn the molecular dynammcs at state rensimon |0 this paper from the slow neutran fransmission
tmegsurements carned out on sohd and hquid cyclohaxanol near tha melting point (25 E°C}, 1t was possible
o determing the Debye temperzture for the higurd cyclohexanc! and ewvaluzte a dizotder entropy at the
melang pomnt transition

I | This restarch wes partally supported by the ComisSo Macwanal de Enarga B uckear



EXPERIMENTAL

Mautron transmission measurements 1n the temperature mitervel 2°C to 35°C were parformed with
neutrone of 6 13 A wavelength selected using a single crystal spectromaeter'3! at the IEA 2 MW Light water
reactor A mapgnetite grystal monochromater and an sppropriate chice of polyerystaliing filters of Be and
Pt were used to select pnly neutrons from first order Bragg s reflections the shirminetion of hgher order
contammation was checked by total cross sectons measyrements of gold end water chosen as standard At

813 A the intensity was onough o hawe in one day s seriee of measurements covering tha whoie
temperature interval of ntarest

The sample weas 8 commercial cyclohexanol 1 T Baker Chemcal] with purity batter then 88% It
was 0 & alumnium holder with O 253 om nternal spaeing The sample cotling was performed by circuiption
of cold air with variable flow in a isglated valume surrounding the sample the temperatures ware sontrolled
within 2°C by thermocouplss attached to the alumintum holder The totsl neutron cross section 1s given by
or = in {T % i/fn where T 15 the medsured neutron transmussion and n 1s the number of maleculesfem”
ohtained from the sample thicknass and bulk density The melting peint for cyclohexsnal 1s 25 5°C and the
curye of density v temperature 15 shown i bigure 1 The density fer solid cycichaxancl was calculatad
using the formula cblaned from ultrasonic messurements'®' normalized for the expenimental value
p = 8624 g/em® at 20°C"1?! for the liguid oyelohexanol the density was obtamn through the formula

given in the International Critical Tables 18} Alse the experimental values gran in the Tteratural13 8 5
shown in figure 1

Twenty independent seres of independant measurements of neutron trangmismon were taken by
gooling and/or heating the sample Fesults cbtained for nex = InT™' in function of temperature sre
displayed in frgure 2 as average ower series of cooling and heating The indicated errors are obtained by
propagation of the stabstical errors of the saveral points measured at each temperature Aesults indicate on
cooling an step at 225°C the temperature difference from the tabulated melting pomt {265°C) s
probably due to & small water contamynaton On heating the venauvon ooccurred mear 16°C Tha
tempersture difference from hesting and cooling cannot be ascribed 1o an prror n the EmMperature

measurement Bnd may be due to a premelting phenomenon snd partiglly due to further water
contamination tn the coaling processiT!

The values of 04 as a tunction of tamperature in the Interval 3°C to 35°C ara shown in figure 3 for
cogling and heating series The densities were chosen from figure 1 considering the sample &5 baing solid
only betow 22 5°C for the cocling ard only below 15°C for the heaning case Amean vale of oy = 1103
barns can be ascribed for the cyclohexanol in the solid state and other mean wlue of o4 = 1135 barns for
the hquid state

CALCULATION OF TOTAL CROSS SECTION V 5 DEBYE TEMFERATURE

The Dabye approsximation 15 alsg valid for molecular erystals when in compu trng thermody nam i
functions only the lattice wbrations are constdersd The cyclohexanol hasafoce lartical 4! and belangs to
the globular mclecule class then 1t can be Likened to a moncatomic &rystal whose atoms are changed 1n
mora complex units 1 e moleculest10)

For cubic menoatomic palysrystels it s posstble to compute the totzl scattening cross sections
ustryg the Debye temperature as a parametar'®] |0 the Placzeck expanston the total scattering cross section
15 the =um of Indivdual cross sections for 0 1 2 phonon process 1 e

o, = L1 o i
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g

where oy 15 the total incahérent cross section in the Debye appraxwmation generalized to the casa of R
phanons invalved in the seaterving process In the case of heavy nuelan tha Debyae Waltar factor necuning in
gg 15 expanded in powers of 1/M Collecting tarms of same power in M™! one can wnita

ni
o ii-r"— 2}
n=0 M
with
olft= £ ggint {2
£=20

Alternsting terms i aquation (31 are of opposite sign cancel the conthbution of sach others
Becauze of this the weries of squation (2] converges very rapidly  For sufficiently large Mt 13 not nacessary
to go beyond the first inwarze power of M

Considering the complate axpresson'®l for g™l and using the equations (2) and {3} one can

write
111
= gl o 9" 4
o, LF)
" (&
with
alr = 050 =5 + (5}

that 1s the sum of zoherent and incoherent scaterring cross sections of hydrogen atoms in the cyclohexanol
muolacilas where S = d4ma* and s = 4rr{a -5 ) bamng & the scattenng length

For the bruting cese E <« k, 8, and T 2> 2= 8, some approximations can be parformad Far
M>> 10 amu 1t 15 not nacessary to consiger ¢'2! since 1ts contributian 1o total oross saction would not
amount mora than ona per cent

Forthecase T > 0, the ol 1s gvan by'®

3i8 +shmo . T 1 1 %
= - Mg = s J_ 1 N
& 25+m2 r aE+ JE (kB! [l b 7 tavo
(6)
E 5 717 1? 5 &p Ef 7T 1 ¥ fp E* 3 T
+ _— e —_ [_..-...-..._-__1___.'..— l'__

kol A6, 2 84 T KL 4 0p 24 2a0 T KIS 8 dg

Tha theoratcal scatiering cross sechon @, & calcylated from equations (4) (& and (6} Hera M 15 the
molecylar mass m, 15 the neutron mass and E 13 tha nautron energy

where
Lk B 1%
T it F =g T piD) iZi = e [ O n
ﬂﬂn ED T Z ‘o e —1



Bp 15 the Depya temperature, T s the absolute tamparaturs L= hiZm h and k, ara the Planck and
Boltzmann constants respectivaly  In the prasemt work for the fixed A = 12 A corresponds
E = QO 76eV¥ The temperatura interval for salid cyclohexenol was 27K — 290°K M = 10018
amu for the cyclohexanol 1CsH; | OH} and hawing twelve hydrogen atoms result 5 + 5 = 278 harng Tha
total cross section op = o, + o, where o 15 computed according to formula{d) and g, 15 the
shsorption cross section In o, #re included the contnbution to o of all atems different of hydrogen
presants o the eyclohexans! molecyls for the fived neutron energy E this total contribution & enual to
45 5 barng

The thearstical o1 (T} was calculated umng the mean tabulated value 85, ~60°K 25 a paramater
for all the temperature interval for sold cyclohaxanol the maximuem variation of the calculated values of
griTi was 0 2% Thersfora the UT{ED]' was cilculated as a functon of CQebye temperature ED in the
wntarvall 07K — 100°K using the fixed value T = 283°K as a paramater The range of varaton for B
was chasgn accordung to rﬂferancn*‘“, the resulting plot of g vearsusfp 15 displayed 0 figure 4 To the
expatmental mesn value op = | 103 barhs obtained for the sohd cyclobaxanol (frigura 3) corrasponds
two valuet of Debye temperatures in the figure 4 &, = 23°K and g, = E5°# this last velue agree with
the values wsually tabulated®! From the same figure 4 the experimetital mean value o = 1 136 barns
cbtained for the hgquid cyclohexanol {hgure 31 near the break leads to a Debye temperatura value
g = 20°K for the ligud cyclahexanal

CALCULATION OF & DISOADER ENTROPY AT THE MELTING POINT

The malting of a crystal 15 accompanied by an abrupt change In internal energy  Molar volume
and antrapy When the crystal 15 that of a molecular gompound contributins 1o the morease of intermal
anetgy and sntropy arige from changsy o tha character of the vibrations among the umt molecules
disorder of the structure changs n tha internal vibrations within gach molecule end acquisitran of
rotational degraes of freadoem A simpler case 1o treat 15 relative 10 orystals made up of atoms that
passess an entropy of melteng with only the twe first mentioned contributions sines the atoms do not
have |nternal degress of freedom Angther nieresting case where there 15 no change in the internal

coordinates dunng melung 15 that of the orgamc and norgame orystals whose moleculas possess fras
rgtatien (R three dirmansans m the crystalling state' P

At the melting there 15 a discontimuous changs in properties accompanying the dsgonbnuous
changa 17 volurme A volume expansion n a orystal and i a higuid s accompenied by an ncreass n
antropy chiefly due to the change n the vibegtionsl degrees of freedom of the assembly while the
configuration remains essentially unchanged On the other hand at the orystal Ligwid transiton there s
i addition an entropy change asscceated with the change i tha structure since the liquid lacks the long
range regularity aof tha erystall® |t 5 possible to compute the change in entrapy assaciated with the
volume change togerher wrth the change in vibrational character AS, by subtracung thes entropy change
from the expersmental entropy of fusion A5, one can obtan the entropy change associated with the
disordering metting AS,'9}

As a consequence of the foregoing arguments ons can write

ASp = A — A8, (8

THE &5, CALCULATION

From the statstical defsition of entropy and using some spproximatons ana &n write the
axpresuon on entropy far an Einsten sobdl2]

5 =k[{g + AN} En (g + 3N] — qfng — 3N 9n3N | (9]
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Figura 4 — Totel cross section ag 3 function of Debye temperature for T = 283 K calculatad using the

computar program in Appendix



where N |5 tha number of atoms [or molecule] g 15 the number of enstgy quanta ar phonons of
magmitude h and k 15 the Boltzmann corstant

The thermodynamic function free energy F s gven by F = I — TS where U = ghi is the
amount of energy rased abowe the 2ero point erergy after the absorption of g wibrational quanta by the
sthd So,F can ba written as

F =qghe# — kT [ig + 3N) Enlg + 3N} — giing — 3INEn3N] {10)

The number of guanta q 5 determined regarding that no guanta at all would be absorbed 1f the
sohid were shle to submit completaly to s stving towards a mimmum value of energy On the other hand
if It were govarnad completely by the striving towards maximum entropy  the numbar of quanta sbsorbed
would continue to increass'2) The aquilibnumn state les st the pont whers the free energy 15 a mmimum
thus where

dF lq] -
dnq

0 (RN

Combining equations {19) and (11} follows

+
he — kTn 32N _ g
q
or
g =——HN___
AT _
Rearranging the eq (9}
+ 3N + 3N
5 = kg nid o+ 3 1] {12}
aN
o
bk T i -
s=3mk[¥+mn— g Pl T- 1y (17
he/kT _

Since the Debye temperatures do not differ greatly from tha Emsten temperaturasm the farmer

h#
defned for asolid ms 1, = —k‘— one can put the equation {13) for the entropy of an Einstein sold 10 the
farm

a.T
Sy = INK[——— + fn{t — & OT)71] (14)

e s —1
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The main interest 15 to determine AS, in the melting temperature T, In a sald the atoms wibrate
sbout mean positians which are fixed but 1 a liguid at temperatures near the melting peint 1t 1s generally
Tecognized that the stoms vibrate about mean pesitions which though not fiwed move stowly compared
with the welocity with which the atoms wbrate Then one can assume the hguid phese to be
Quasi crystalline with weaker tinding ferces 1 with a Debye temperature # for liquid lower than in the
the solid state 817! The entropy for the iquid phase Sy, can be calculated usmg the same egquation (14)
but now introducing the 4,

The A5, = &, — 5, s given by
BT AT 1-¢%Tm

43, = 3Nk -— - it —————] (15

ot T -1 & Tm _ 1- e %Ltm

THE AS, CALCULATION

According with equation (8] to obtain ASpy 1t 15 necessary 190 have the experimental entropy of
fusion defined asi12}

AH

Ten

ASe = {16}

v here AHE 15 the gram atomc heat of fusion
For the cyclohexanc) whare T = 298 6°K and AHp = L M = 419 67 cal/maole ASp = 1408

cal/mole’ K. Here L rs tha latent haat of fusion equal to 4 19 cal/gram and M 1s the cyclohexanol molecular
s

The equation (B) for the disorder enropy at the melting pont carn be rewnitien in the farm

He 8. & ir 1-e %47
ASp= — — ANk = ——= T 4t > — ] (7
T e T Eﬂs”m -1 1 -t My
where Nk = R = {987 cal/maole “K 15 the Gas constant

The experimental values 4, and E= ghiained from the tptal cross sections measurements n
crelohexanol were used to perform the caloulehion-of theeg [17}

The first set of experimental Debye temperatures §, = B5 K and &, = 20°K for solid and liquid
cyclohexanol respectively gives & computed AS, = 7 016 cal/mole K this vaiue 15 larger than
experiments) entropy of fusion ASp Although the vatue 8, = 65 K 1z within the range of values usually
found for the sohid cyclohexanal!4! the employment of this 6, in the calculations lead to a negative value
of AS;, Since the cendition AS, <0 AS, must be satiched!® the AS, was caleutated for the second set of
Dobye temperatures #, = 23°K and 8, = 20°K obtanmyg A5, = 833 cal/mole °K and the value
855 = 573 cal/mole °K
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RESUMO

Far rnedida & sécgdd de chogue tolal do cicloheaxendl para Peutrons com compements de ada flxe da
h=p513 ﬂ. UBMEMID 48 A& EMpargtura o8 SNOstra ne nmeralo que I 3 termperaturd da mudanca de estado A partir
destes ramdiadas eape T TTHENLEE & o0 mparanda com caleulos tedricos baseados no modele de Placomk forsm cbhidos valores
das tamparsiurss de Debye do ciclohexsnol pars ambos of astados Ertes mmperaturas foram uthzedes md céleusla da
YEFIACHD 48 ertropia de desordam praxime 3o porto de fusso
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