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MOLECULAR DYNAMICS OF TERT BUTANOL STUDIED BY
NEUTRON INELASTIC SCATTERING'

L Q Amwal? 3ad L A Vinhas?

ABSTHACT

Malsculer dynanice of farfbutano! i twa erydalling phasts and In the Neakd Aate wes Invest pated by cold
neytron scatter|pg bn tha tompsreture nrerl B35°C Inelasilc spacira remansd spsentally tha seme indlcaling short
renge ordar in the hgqued stata A frequency spactrum obtaned from tha sum of sswen Geusien funcilons flued the
mgrurdd Uiikof Hght diatrbation ind allowsd kignmsnt of Deak poition: A Berrler ¥ =140 2021 kealimol for
CHy nternsl rotation wis obiungd  resuity are companble with o pacond arder term Wy =—0 1V Cumeebaie line
hroaferng end Dabys-Waller tactars wors snalyasd in termn of modeli for moleculsr diffusion and the result
compared with NMR date M 45 conclisded the! cooperatiig retatranal deffusnon ooours Both in saho and |Igubd mates.

I = INTRODUCTION

Molecular compounds that ferm structures with different phases are receiving Increasing
attention  spacially f tha phase fransctbon nvolves & change 10 rotational dynamics nn 35 oogurs with
the so calied orgamig glabular [:Dmmundim: The molecuiss 1nvolved sre almost spherical in shape and
show 0 the solid state 2 phase transimion with large antrogy change frem 3 crystal 11 form of low
symmetdy stable a1 low temperature to a crystal | form with high symmetry ang 8 cortas degree of
plasticity  tha entrapy of melting w very small usyally less than B euv  following Tupmerman s
corwention and the tngle pount 15 figh The peculiar physical properties of the  Plaatic!’ erysial phase
have besn attnibuted to onentational disorder and rotation of the molecules ebout their latiice
;:n:ssun'.'ur-url3 &) Although what actually hapgens 15 a small resistance to molecular rearientations and very
teldom free rotation the sold transition and the plastic phase are sometimes called rotatwonat

Compounds of the typa ([CHa);C X that show aizo mternal methyl rotation, fall usually among
the plashic crystels and hawe been studied'™ for X=CI Br I €N SH fert Butanol IGH; |38 OH hs
been classitied'® as a globular compaund due to ts small entropy of fusion This compoynd has ¥ high
melting pent for the alcohal series {25°C) and 2 first order phase transiten at 13°C, studied by
alormery'’? and dlratﬂmutrym' Heat capacity maasurements indicste the existencs of & crystal N
form ower tha wemperatyre range B 5-21 &°C &y an dlternative aptwn that could not be reproduced 1t
will Ollstamatric studias mention an oldress  effect of crystal | Envopy retults'”’ show that the
ghaswe trensimons see nat highly snsrganc which makas quastionabis the plagtie ' charactor of tha
compound that beudes has complex crystatiine forms. The internal mtation of the methyl groups hay
been studred by thermodynamic measyrramenty in the gag lf.ltlml, by NMA in tha liquid ltltu"m, by
far infraced in the sold 'I-t.ltl””, ond by meutron traramission In the condentad stata!’ 4

The neutran trantmision studiss parformed at this llbuﬂ.m"m, confum tha axitence of &
crystall Hi phase but this e difficult Yo reproduce furthermors this wark shows thet the most Imbdrtant
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dynamicsl chenge cccurs at the change of state and not ot the phata trensition The small entropy of
fusion may be dus moce to ordenng i the hiquid than freedoem in crystall | and could be relsted to the
presence of H bonding NMA measurements 1nd1c.au“3]' tha existence of cyche trimars In the liquid and
there 13 evidence ot association aven In the gas statet9)

In order to investigate further the molecular dynamics of fer? butanol 0 the low frequency
reqian nautron Inelastic scattering sxperimants were perfarmed i the temperaturs interval B 35°C

Il — EXPERIMENT AL

Measuremeants were taken with a convsntional cold neutran ume-of fiight spmnmm“" at
the IEA 2 MW swimming poal rasearch reactar A polygrystailine beryllium Rltar cooled wath liquid
rutrogen iranstits a neytron spectrum with @ sharp cuteff at 395 A (5 2 meV) and with mean ennrgy of
J5meV and width 2 maV a Pb monacrystal filer 15 wsed to recduca 7 rey background Meutrons
scattered by the sampla at angfa 3 ars pulsed by 8 curved shit gdow neutron chopper apergted usially at
13000 rpm avd are detected by a bank of *He detectors afwor gn evacuated fhight path of 315 m,
Scattersd neutren spectra are recorded with & multichannel bima-of flight analyzer and the tiva-of flighe
resalution is 1 7% for 4 A neutrong and B 4% for t A reutrons

The sample was commercial Merck terf butanol of 99% purity and 0 1% maximum watsr
content The scattering sample sesled i an aluminium holder whle in the ligukd state has 2 tickness of
02mm ensurning 3 Y% transmission to avod meltiple scattering and it s placed xt 45" 1o the incxdent
beam The <ample temperature was controlled within 2°c

Energy gain spactra were collected at scattaning angles £ botween 20° and 90° Spactra in the
hiowid state wers measured at 20°C m fiva acattzring engles In the sold state six spectra were abtaned
at 15°C in three scattering angles 3nd s independent spectra wors obtainsd at 5°C n onm sCatiarinvg
angle warying the tharmal treatment of the wample Ths was mede bacsup transmiszion
maawrammts“?' thowed the influenca of the thermal westment in cbtaimng @ posibfe cryoal HE
Soma enes refar to simple cooling whila in others the sampla steyed saveral hours at hgqued obogen or
dry ke before atartsng the measurements Owing to the reactor schadule (40 hiwaskl esach spectrum
takes two or threa weeks: to be obtamned momtonng of the incrdent beam was ussd over such long
peripds (0 estimate relative (niensities

Afrer subtraction of background and sample holder scattering apectra wers oorrected for
chapper transmussion air scattering and datector effipiency, all thess cofractions Mo snergy dependent
A typeal result far the time-of flght distribution &% ool for crystal [ ot S1=50° and T=16°C 1s
shown n Figura 1

Il - AESULTE AND DISCUSSION

Inslastic tpectra remein ecagniaily sguat om the three pheses there 11 8 sansible variation only
for amall anorgy transfars and in tha width of the quapelastic paak

For tha snalysiz of scatiered apectrs A separaticn betwasn quasieiosts: and imalastic scattering
must be performed Usually this separation s made by pmplas exirapolation of the inglmtic contribution
anather mathod s to eshimals the nelastic contributian by & Krisger Nelkin model As the arrocs in
bath methods ere esmenbally 1he same' 157 a sumple extrapalation was sdopted, with evaluation of &
manimum and mmam inefastic slope under 1he guasalasiic peak

& — Datermination of Froquency Spectra
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For the snatysis of the ioslastic scattering, @ reduction to generalized frequency spectre ploty
was performad in order to ahminate distortions present in the o o/fSkdt axperimentsl gpectrum This
allorivs 8 moat pracisa cetermination of the pesk potitions

Tha scattoring by hydrogomesud compounds corredponds sssantially to ineoherent scattaring by
H stoms sints the incoberent scatiering cross eaction of the H atom e shout 20 times that for © and O

Dafining tha energy transfer fica=E ~E, and the wave vector trensfer Q= k—k, a gensralized
frequancy spectrum for solids can be obtamned from the meastrsd time-of flight disirlbution from!18 182
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where @2 1y a generalized OsbyeWallar factor snd g=hwAT Z(§) for maieculer crystals musy be.
intarprated as an effective fraquency spectrum that corresponds to the dapsity of states modulated by
the square of the wibrational amphigudes Thus transtetional snd rotations] componsnts anter with
differant weights and neutron scattering results are mostly sansible to tarslonal motlons of small groups
containing H atoms

This same formalism can be sxtanded to the liguld state if L interprated as a ganaralizad
factor substituting the weual limit foar @ =0 (n this caee W may vary with sowgy Since the fector '
is wnknown the expsrimantal results give after straightforward transformatron o Kinctign
618 ~ Zi «~ W

Figure 2 shows some typicsl Gl spectra calculations have been performed wisurning for £
the rmean energy ot the cold incklent spectrum

A careful analysis of Giff) curvet tor 8l seattering sngles and for the three phaces reveslsd that

the position of peaks and vafleys remamad constant within 2% these pogifions am chown an Table | The
relative ytensities veried but the snalyss will congantrate on the pmak pyijiens

Table )

Analysis of Generslized Frequency Spectrs Obtained fmm Meutron Inelastic Seatterng
Poution i the Meagured Giff Remwin Equal tor the Diferert Phases Wrthin 2%

Depnvelsted Gif}
Meaiured Gausan Gaussian Amoiut on
Gif) {meVi poak [meV| wadth {maV) {maV)

28 z24 13+
Peak agxo 45 17 o1
Peak 23102 Tl a0 o
Valley 11x056 118 73 o&?
FHump 106 1B7 42 118
Pauk 331 I 194 2 B0
Peak L o 78 byt B 633
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To analyze the effect of the real incident spectrum one of the sxperimental resylts in the solid
state hax been fitted to & theoretical curve obtamed assumling Fif) to ba 2 wum of Gauxian funchons
A computer program has been developsd o calouwlata o?g/5gt from a chosen set of Gaustien
functions and perform the cohvalution with the EZE incident spestrum The expression of GIf as a
sum of Gauswans 15 # mathernatical artifice to abtain an analytieal form for GI# but 1t san have a
physical meaning 1n the case of well separatad energy levels An derative process was perfarmad until g
good adjustment was ohtained with G{I) expressed az a sum ot seven Gaussian functions sean in
Figure 3 The senubnlity of the pararmeters adjustment 18 2%

Table I shows also the best Geussizn parameters lpeak position and width at hali height] after
daconvelubion Resuvlts show that if one reglagis the real shape of the ngident spectrum a distortion of
~ 1 meV s obtaned For a peak observed at B meV this means an error of 20% n the peak posiiion
The sum of Gaussians has not f%en corrected for the spectrometer resglution whose values are also
shown n Tablel Tha compansan of the resolution with the Gaussian widths shows that all pesks
presant ntrinsic beeadening thus gane can be considered as a fmple transihon between wel! defined
eriergy levels

The peak at 33 maV wery wall progounced and dorunant n tha neutron spectrym must ba
#ssociated to the 1 -0 wanutien of CH, torsional metions to which the 2 —+ 1 transihion i supesposed
The pezk &t 58 meV corresponds to the 22— O transtion superposed to skeletal molecular movemnents
Far intrared low temperature data'l'! are cangistant with this assignment  Charactershie vibrations of
the {CH3)3C structure as well as CC-O and CGC bend ocour'® 11 191 arpund 50 mev but thay are
rot expected to contribute significantly to neutron scattering In the regon of B meV whers 8 OH
torsion 15 expectad tha intensity 5 alvsady 100 low due to the popelation factar Thw butanol molscules
are attachad through hydrogen bonds at the OH groups and the 20 meV peak corresponds to the
stratching frequency of thass hydrogen bomds as observed by irf20 111 Tha valley at 14 maV probably
saparates the reqons of internal and sxtarnal modes The peaks at § wnd § meY may e of transiatory
or hbrationdl orgin

Tha fact tha! pontisns of the peaks remamn oanstant n the thres phask indicetey thit w
drastic alteration in the interaction potantialy cecur This means that short range order must ba kept i
tha asaciated frquid  similar indications were obtmned 1 the anafyst of Raman il'!'llﬂiltll:m‘

In two serms sxirs peaky wers obtaryed shown [n Figure 4 Theee two spectrs ware obiained In
the told state i messurements Where it hes bean difficult 10 ksep the sampls temperature, dus o
slectnic powar Tailures Thers 135 not enowgh basis to saoclate thess differant results with the posibls
cystal 111 form These sxtra praks correspond 1o two of the Gaugians of i), that could have Baen
snhanced by a prafarred macroscopic onentation of i:r',mlllhutn::mm“m The pospbliny of axictence of »
third crystalling form remains opan

B « Internal CH, Aotation
Tha detsrmmation of the barrier hindering mathyl rotatlon from the observed snergy tranaitions

f besn drcasisadd by Fateley and Millari22} T Darrisr hag the form

Vi) = %V, (1 +co3al + GF [V,)

In the cam of one wnpla CH; group the oond order term may be pagfacted tince it
reproenty |#s then 3% of tha main p-c.'-tun'tnll'M 23 |n the came of two or more CHy graups the
sacond ardar teem rapressntx the interacilon between the CH; groups and may be of the order of 10%

124}
or maore
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Talking wite account only the first order term the observed transmion allow the dewrmingticn
of V, 122 259 uvtizing for the raduced CH; moman: of mertia the velued! 5 1495 10719 gom® For
the 1 —+0 mwanstion et 31 meV the adimensional paramater §=115 giver ¥, =4 02 02 kealmol The
valus pbtatned 15 1n good agreement with the nfrared estnmatwa”” of 41 keal/mal and & consistent
with previous estimates frem neutron transmission data'12! and NMR resutes{1?)

For terr butanol a nonneghgible second order term V3 << 0 15 expected a3 occurt with other
compounds with mora than one CH; qruup'n 24} This term watlld be responsible for a compression of
the torsiohal levels and a splitting of the sublevels 4 and £ that can be resolved only with high
resalution neutron s;:rm:tn'.:lmumers12 ) Howeyer the consideration of the broademing of the peak may
help to estimate ¥y This broadening 15 probably due to an actua) separetion benwean the two snargy
levels which 5 expecied to ba ~ 20% for methyl groups boend to 8 © atom'22 241 4504 15 of 17% for
the low temperature data'll! A separation between the levels of that order together with the
expermmental resolution could explain the obseryed brosdenmg of the peak This waould correspond to
Ve ~01¥, A coupling berween the CH, torsional oxcillatons and the sksletal metions of the
(CH4)3C group could also contribute 10 the observed broadenwg

The agreement hetween the value 4 0 2072 kealfmol hera obtened with tha tharmodynanie
result for the gasecus state'g] 3 B keal/mol as well as the fact that the peak posinon does not change
in the phease end state transibions ewidenca that this Barmer o practically independent of intermolecular
forces Comparson of results for tert butanal with microwave results'? 37 for {CH;3}: CH and (CH4)3 CF
respectively 19 and 4 3 keat/mol indicatss that the bamer s essentially determined By the interacton
forces of the {CH;),C group Only when the C atom 15 substiiuted for instance by P the barnier 1t
eonsiderably reduced

L — Quesielastic Scatinrning

The nelasue seattering beg pracbically insenmible to the phase transitions any information
about changes m rotatwnal freedom can be phteined only frem the analysis of the broadariny of the
alastic hine The study of thes broadering = usually performed sdmitnng that the cross section 13 B
Lorantzian function of #nargy this assumpnon finds support 1n many theoratical consskderations and
dynamical madels1% 17} Onfy with high resolution tpectrometers 1 1t possibla to stugdy 1o greater
detail the exatt torm of the cross section curvel?®

A calibration curve has besn obtaned'!4) ralating the Lorentzian helf width AE with the
abserved bropadening &t of the berylbum edge aftar » doubla convolution with the resl incident
spectrum and the spectromater resolotian A fitting of the measursd spsctra with this theoretgy
convalution was alse parformed and & typical risult = shawn n Figure B Figure 6 shows the results
ohtaned for AE i tunction of 07

An estimativa was made for the relaxation time for internal CH, rotation’ 14! filving a value of
~ 107" 4 for the Lquld stats, NMR results''®" gave 04 x 107" 5, Residence times of thn order

correspond ta brosdenings of the order of the errors i the mesiursd AE for liquid and orystalt It s
therefore astumed that the CH, contribution can be neglscted in the lgusd and crystal | phases and the

otmerved brogdernyg 13 dus ta motions of the whole moleculs that correspond to a supsrpoution of
tramglational with rotational d:Musicn as falt 1n the nsutran timae scale

In ganoral & linear dependence of AE with @7 s obtaired in tha case of dmple diffutdon and »
constant valus af AE Indicates jJump diffunion Dur reseits do pot indicais & erturstion behayior at least
in the maasuced O range

Informateen about the typs of rotetional motion can be obtalnsd from the Osbys-Waller factor
LF¥ = 037) that goverra the inteniity of tha quaslelastic pasak The valus sxperimentaily detarmmined
for the tiquid snd cryntal | are respactively 2 = (026 £ 0056} A? and (D 18 £ 0 04) A2
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The axperimental Debye Wallar factors Indicats @7 values much larger than the expecied for
transistioneal motiens of the whols molscule Assuming a Debye spectrum for the trensiational
vibrations the relation a® =31 TAKET gives & value a7 ~ 008 A? for & =100 K Tha internal methyl
vibration could give a small contributien of @ ~ 003 A estimated from the molscular geomstry and
the 31 meV torsional oscillaton Thus the a? experimental values clearty indicate a mntrihutlull of the
ovarall molecular retation This means that the neutron v acutally seaing moleguler hbrations 27) A
lbration with M =31/29* =26m whera s 1 the proton mexs and enargy 5 ma¥ would g
a? ~ 017 A at 30°C that could explaln the measured values Different rotatlonal contmibutions vesm to
miist for the Liqud end grystal |, but, the precision in a? values does not sllow & more detalled analyyis

The AE x &% curve con ba analyzed in terms of models for the molscular mevements Fastly,
an analysis will e made following Largsons mode @ including rotational and translational diffusion,
under the asymption thet thegs two processes are ynporreiated In this model tranglation consipe of
alternate periods of wibration and smple dfusion while the movement arcund the centar of mat
eonsists of alternats parods of hbration and rotational diffusion A linear behavior is especind for low
? values according to

£ ) 4 297
8E =MD, +———— )&
T

whers 8 15 the macroscopic translational salf-chifusion coafficient, {3 ) 1x tha mesn square radlus of
the thermal could sat up by the proton o is the proton distance to the center of mes, and v b &
corralation time for maleculsr rotations The behavior for low O values i expected to be corract even
In the casa of had resolution

The relt diffusion translational coefficiant was delsrmined by Kosslori28) g

37 04 10~ %cm¥/sec at 30°C and ¢ =251 A from structural data'® Using the measured values of
n? the slopes a1 the ongn of Figure & qive the correlation times shown In Table {1

Tabls il '

Rotatronal Diffusron Coefficient O, snd Correlation Time v for Molscular Olvtained
from the Analysis of Neutron and NMA Resulis

Ligud Crystat |

D,s7) T =} D,ll" ] T3
Larsson 1221 05) {30 0B
maodel %1011 x 10~
S:mpls IB0+0 B {40105
rotatianal =10 x 1040
ddfuian
Jump
rotatonal iZ020E) {30 0QE)
dftuson x10°"? x1p7113
18 =I1/8)
NMR 18 -1
I'D,'='|1"'ﬂ'fl' Otz x10 14 x 10
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It 1z posmble abio to analyse the results v terms of modals that taka into account only
rnaim:ular rotations o the tanslatwonal centnbution i the [iguid sstte 15 subtracted, assurmng
=hd, ﬂi Two madels will be conadered [} Simple rotationsl diffusion Egelstaff291 gues a
t:unre of &m‘ﬂ as a function of 0'a® where Aw =AM and D_ 13 a rotational drffuston coefficient
This curye tal:es Nty acoount kaveral terms of the expansion of the rotationsl scattering function what
is necessary for comparison with the AE measored 10 this experiment The best 11t 5 showh in Figura 8
angd the walues of Dr are in Tablalt (] Jump rotatioral diffusion Leadhettermm qives a curve of
lfear) a3 a function of 04" haying as parameter tha angle 8 of an average Jump 715 the remidence
time of the molecule A reasonable fit to the jump modal g obtained only in the case of small anguiar
displacements (8 = 1/81 when the behavior of the curve approaches that of simple rotattonal diffusion
The best fit 15 shown in Figure 6 and the values gra in Table |1

In order to discuss the parameters obtained from these modelts B comparison 15 made in Tabie 1
with NMR resuits'H a for the liguid state a1 30°C that correspond to movemants of the proton of the
OH group

Aesults of Figure 6 amd Table |1 indicate that the jump diffusion model does not give the best
fit 1o neutron data and rmoincompatible with NMB results 1t s therefare concluded that  although
molacular hbrations must exist a5 evidenced by Debys Waller factars Jump motational diffusion cannot
sccount for the abserved broaderipg Simple rotavanal diffusion explain the observed AL but the Dr
gra much larger than NMRB  measursments  Sesides this model cannot account for the obitaired
Debwye Waller factors Larsson = mode! explains nautron data but ¥ vafues are 6 times smaller than NMA
rasults Tha decrepancy betweer Larsson’s model and ssmple rotational iffusion 15 due partally o the
difHerent dymarmical madel and partielly o the approximations involved «n the calculations Tharefore,
although the uncertainties on the parameters are relatvely small only therr order of magnituda are
really meanmnghel

To congihate neutron data with NMR resulis it s proposed the exithence of two chifsrent
motions rdividuzl molecular (ibrations syperposed 10 & cooperative rotational diffunon invailviyg for
Istance imers associated by H bonding  Kpown 1o exist In tert butanoll! 3! Higher values of of woukd
cotrespond 1o this cooperative rotational diffusion anmd smaller values of D has well as (srger of
r would sxplain the measured AE In Larssen's model for 1nstance & ~ 6 7 A woukl give the 1 valuea
measured by NMA  this result however cannot be yted to sstimate the corrslatipn repge since tha
madel is not vahid in the cass of cooperativa rotalion |1 is possible howeyer, tg epnclude that
conperativa rotation occurs both i crystal | sand hguid phasas

Such m result & in agreament wath Egelstaff s analymas of cooperative rotatlon in the plactée
phase of wduhaxanauﬂl and with the fect that in ganeral there is mnsufflclont spaos for moleculss tm
iyrn indepandently not only in the plaghc orystal phaﬂm” but even w the hiquid illltnl:“.‘i It is,
therefore muggetted that NMR results obtalned with the proton from tha QH group rafar sctually
rotatonal diffuson of larger units kapt together By H hundlrl? betwesn haighboring malecules This
would sxplain the high actvation snergies of 9 keal/mol obtalrwd 19) from NMR and vhooity dats

Résults show alsp that thers B rotetional contrlbution presant in the crystsl || phass, thet
subtists below the trantition temperaturs this brosdening Is too enell to be analyzed ax a function of
2* and the possible contribution of CH,; motions make:s the snatysis more difflcult Thu sxince of
thut brosdemng Tn crystal 11 howewer  indicates rotation of » quasiespherical giobuin 133} 1y o situation
where the amount of rotaticna! snergy increases steadlly and nat abruptly As the tert-butanal molscule
i not parfect!y spherical and s bound to It neighors by H bornding, the brosdening in phaes 11 Indicatss
that » spherical globule of for instence threw anocisted molecules, coukd be responsible for a rotational
diffusion procem This axplsnation sgress with the analyals of AE for the other phases

Tha gensral conclusion must ba macds that whila cooperstive rotstiansl diffusion sxists even In
the crystal || phass the wlldilke bahevior is avidenesd by the Inslastic spactra of the liquid state Thue
terr butanal axhibita both » strong order in tha thort range snd rotational disorder in » tong rangs The
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low entropy of melting must be cdus o nrdumn? i the liquk!? maintsined by H bonde sz hay besn
sipgested also for othar associeted mmpﬂurﬂiu ' parhcularly rnathana) ‘5 Prabably the motiong of
larger units ora changing over state Bnd phasa tramstions A Morae definite wnalyss of the molecylar
Hynamica could be made only with tha exact knowledge of the crystalline structurss in the solid siwts,
that hava not yet baen detarmined

RESUMD

A dinarmca mofscular do botenol tercidrko em cduss fevsy crivtaling & o sstado Ifquide kol Invertigeds por
mag do espalhamenie de ndutrons frict no intervals de 1emeerature de 8 & 35°C Os wpactrog da dutmne el hadar
Wlastcamimie apressntam ssancisliimemte O Mo comporiamenta  avidanclindo 1 sxbtivxcis df onfem = Ut
Moance no estade 1lgudo

Um wspecim e fraquinciny obigo pela soma de arie peoclines depcriviy 8 disiribuiclic s tempo de vio
madidn 8 permitio & SxbnalmcE das poicBer ooy piem Fol pbtlds umae baresirs VW =4 020 2] keal'/mol pars &
Iotecas mterna do grupe GHa  oa resltedon wfe compativels com um o de segunds ordem Wy m-0 1V O
Slargarien iy de Iinhe quaseeldstica & ca fatares oy Cobye-Wallee 10vaMm analisesdos sagunda wiros modaios pira p oifusio mo
dpculur v Ca resuliadas fotam comparadas cam squeles obhidoy por NMR Concluiim qus a difuslo romcional  coopmrativa
OCOFRE RO Ay $8hdo & [Mowido
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