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! " . HUccnenoBaHHe OfHOOCEBOH peOpHEHTAUMH MoJleKyll MeTONOM
. Heympyroro paccesiHust HeHATDOHOB :

Honyuensr bopmyib! AN CedeHHs KBA3HYNPyrqro paccestust HeHTPOHOB
B cliyiae-poTauuoHHo# Ruddyauu monexyn BoOkpyr ¢uKcupoBaHHO# ocu. Ha' oc-
joBe HMCIIeHHEIX pacueToB, NPOBEAEHHBIX Al Tpex BENHMYHE yIJIOBOT'O CKadka
MOMeKy Nk, IT0Ka3aHO, YTO MEeTO/l KBasHyNnpyroro paccesHus HeHiTPOHOB MOXeT
6LITL NpUMEHeH AJIS ONpeaeleHHs BPeMeHHBIX ¥ reoMeTpHYECKHX NapaMeTpoB
peopHeHTaluA MOJeKyll B INIaCTHYECKHX KpucTaiiax.
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study of Uniaxial Molecular Reorientations '
by Cold Neutron ‘Scattering

" The expression for the cross-section of neutron
quasielastic scattering from a molecule, reorienting abouy
a fixed axis has been derived. Three possibilities for
the angular jump lengths are discussed and it is shown
that neutron quasielastic scattering technique can be used
for investigating the rate and geometry of reorientations
in molecular crystals. C
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I. Introduction- . s

Inelastic neutron scattering 1s aipowerful t>o<\>1' in Vstud&:!.ng
the rotational motions of molecules in the time ramge 10™77 = 10711
sec and space.range 0;1;- 10 A°. For the explanétion'of‘éhe resilts

from neutron scattering experiments an extensive use has been made

. of simplifying models for the dynamics of molecules. Reviews of -

these have been given by Janik /1/, Springér /2/ end Dahlborg et
al./3/. If a monoenérgetic neutron iﬁteiacts witl; a molecule tight- -
1y bond’ 'in a‘crysi.:al‘, the energy ~si>ec1)-.~cu.in"o;’.j ~sc§tteréd"'neutrqns‘,'
consists of -two parts. An-inelastic contribution is due to interac-
tion of “neutrons with vibrations (translational'and librational) " =

of molecules:and a sharp-elastic ‘li..ne at:zero energy transfer. If"

these molecules possess other degrees of freedom which undergo’ ran= -

dom rather than oscilatory motions, they give rise to broadening -
of the elastic line and. are often called "quasielastic". Moleci:la;_-/‘

redrientafions in plastic phase of some ‘mblecular’crystals’are'the
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. example of suoh random reorienteti_one.hy investigating inaoherent
‘quasielastioc acattering»fron hydrogeneue plastio eolide one can draw
& oonclusion on the rate andgeonetry of reorientational -otions/4,5,
6,7,8/. In many casss because of steric reasons the reorienta—
- tions are restricted to those about a f£ixed mg. In the present
communication we report the derivation of ‘neutron ecattering
cross-section for such a molecule which is reorienting about a -
fixed axis. The model assumes instentaneous reorientational jumps.
Molecular reorientations through an angle of 30°*, 60° and 120“’ are

considered »

II. Derivation of scatter law

Van Hove /9/ has shown that the ineoherent differemtial - -
ecattering cross—section per atom per unit solid angle and pexr
unit energy interval is given by:.: e ‘ '
2 H S e i _BQL -
B - m' Z
d Rd¢ [atom Gmc k e KBT S(::() CU) /1/
-F
S (Kiw) = zrrst(*i) Td? dt..
where 'F)K = -h (F- )
A 2 _
o“ = kz-)

& = hw=E,"E= e (
are momentum and -energy. transfer during 'scatter:!.ng processes, ko'
E, and k,E are the wave vector and the energy of- incident and
scattered neutrons respectively ., T is the ‘temperature of “the »( ;
scatterer sy K.B, f) 'are the mass of neutron, Boltzmsn constant
and Plenck constant respectively. Here Gs(r,t) is the class_ical self..
correlation function.If a particle is at the origin at time t=0,
“a,(3,%) gives the probability of finding that a particle at 7
after time t has elapsed. - B . A
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: The expression for G (r,t) can be easily written when a

molecule is ma]dng frequent rotational ;jumps between a finite num--

" ber of equilibrium orientations. Let us consider a hydrogenous i

molecule reorienting about a fixed exis. Incoherent scattering will
be mainly from protons. In the present derivation we consider

scattering from a single proton. Theitotal incoherent scattering

" from a molecule can be obtained by simple addition of contributions

from various protons in the molecules A reorientation of a molecule
is equivalent to the motion of proton to another equivalent ‘site

on a ring arround the axis about which the molecule is reorientiné .

‘Various protons in the molecule may be moving Von“’ring"s of"different

radii, depending on the structure of the molecule. If the molecule
reorients through an angle of 9 g‘g‘ are the number of equilib-

rium sites for proton on the circumference of ring When the mole-

‘ cule is in one . of its equilibrium orientations, the proton per-

forms various types of vibrations around its equilibrium position.
In the present formulation we assume that vibrat:.ons and reorien—
tations are independent and that only ‘the part of motion of, protons
which is due to reorientations give rise to quasielastic scattering.
The-vibratory motions wlll result in a Debye-Waller factor.'W'e‘ also
assume :that the reorientation time is negligibly small (:compared to- 4
the time ’f - betweenv successive reorientations; so. that the _proton.
i1s.always at one of-the equilibrium positions. So'the self correla-
tion function for the proton can-be written as . '

Gs,‘(v?,ﬂt,)ws ZN J(»,~ -7

/5/

. where the summation is done over all possible equilibrium sites '

-

" for the proton. 7. glves the position of these sites on the cir—

cumference of a ring. Pi(t) is the probabil:.ty of finding proton o
at i-th site if 1t was at origin at t 0. - k '
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I.f the Jumps are allowed onJ:; to the nearest neighbouring gite and
: we assume thata clockwise a.nd anticlockwise reorientations are

equal],y probable, then Pi(t) is given / 10/ by a differential equa~

tion- i | |
df t = 27! [ L4 (t) . _4 (t)] E—(m {4/”

One can choose orig:Ln at the first s:.te from where proton e

starts. ‘At any time t the proton should be sitting at one of the L i

equilibrium pos:.tions. ‘B_ut after a very long time, it wi_ll appear -
- to be ;equal],y distri't_iuted"over' these sites. Thus “I-‘i/(t) should
satisfy. the following boundary conditions:

Lo =1, ZLPL(t) =1

We/ considered three possibilities when the molecule reorient_s ‘

REd =

' ‘through an angle of 120°, 60° and 50°2.'respectivelyv;'The numberlofj o
coupled differential equations in th.ree ceses was different but flie
solution could alw&ys be expressed in the follow:n.ng form /11/

Dy oA ST hE

:where'n '=-2,‘.'4' and 7 for' 120°, 60° and 30° Jumps resﬁectix.rely-. ’l‘lie .

) values of ay; and bk are .given in Table I for the three cases under

: consideration‘ These express:.ons for probability functions are sub-

' stituted in- equation /27 and their Fourier transform over space and - »

“time is ev‘alu'a'ted. It is fvthen averaged over initial sites to obtain o
the scattering law. If the sample is polycrystalline, the scatering | i

law should be further averaged over all directions of K. The scat- - R I

“tering law for polycrystalline -substances for the three cases under
: discussion- can be 'efpres'sed as follows: : e

Case I Reorientational ;ju.mp by 120°

S (KE) (40 5% beins )J(E 2(4 mliﬁL)‘L(P,E.),“

where - - © - and s - i )
Li (.P)2 ) = -FTPP—S—J—' o : r. - 2- _'Q: i Ea

‘R = Z,d sin —Z;iy"‘ “.

- Here & is the radius of the circle on the circumference of which the

proton is moving.

‘Case II° ' Reorientational .jumps by 60°' :
.S(-K,E;)' = 7—[4+ IsmK»Q-,_s:nK'?:.),_ ﬁm 5] J_(E)

*2[“*““&%‘& sk T L0
+2[4_M_:%§QFM&] L (3, ¢

3 = ..

CaseI'II:. Reorientational .jumps by 30° :

5‘(5K,8)~=‘77A»J-(8 2 A L,(r,,,a)

where

42‘ .S.LD_K__L _5_'.]_A.+__§_£Z_K__=. SIQE! 5mE S) SJK’S ’
A=At ( Ky K’B K"’» e K T Kee
‘-A,== 2 (A+v——mK- K V—mzrs sinkec )

Tn X Ty i ) re ’
A= 2 (A1 sinkn L—“—z - 2k - ——*"—‘L K" *%2,1‘"‘*

./A_y—- 2:(/' 2.-51’924+2‘_SM_KELL .j-":?mzre)

Key

Ai 2_(4 él"_K_a_ &L*’Z. pe smgfg ‘ s«r;<" )

. 2,(/] J—Q'_QL* §m Kry ;In kfrgggg &erGA .

yinKev . sin Ko ;,mgf, ikl i M e il

A 4- Z( s _fs K’ ¥ 2 K“ | Zrys)szerr
H‘,’”; '_'r-u 2d sm(%") P
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In all the three cases discussed above, the scabtering law

I

consists of two parts. An elastic scattering term which is connec;'

- ted with long, time behaviour.of molecule.-The second part of' scat-
vtering law gives the quasielastic scattering and is controlled by
the time evolution of reerientation process. The value of.d is
known from the structure of the molecu.le end the only unknown
quantity in the above formulae is T the time between successive

reorientations o

TIII. Discussions

Many molecular crystals have so=called plastic phase,

‘which is characterised by rapid reorientational motion of the
molecules. In sSome cases the reorientations are ‘
restricted to those about the single axis. It is known /12/ for
example that electric dipole moment of t-butyl chloride ('I‘BG), ) '

(CF3)CCl molecu.le is frozen in space in the low temperatu.re plas-

tic phase of this substance. We had reported /8/ preliminary resu.lts

of neutron quasielastic scattering experiments with this compound
to study uniaxial reorientational motion end detailed analysis is
on the way. In neutron quasielastic scattering experiments w:.th a.
good resolution instrument, one expects from the above formu.lae a

broad quasielastic spectrum centred around incident energy and a

sharp elastic line sitting over th.'Ls spectrum. The relative inten- '

s:l.ties of elastic and quasielastic scattering for a particular
value of K is decided by the geometry of reorientations. '.'Ehe shape

of quasielastic spectrum is decided not only by geometry but also by

. the rate of reorientations.In the case of quasielastic scattering

f£rom TBC molecu.le, Fig.1 ghows the behaviou.r of calculated inten-
sity of elastic line as a function of the wave vector transfer for.

.the three cases under consideration. The value of 4 was taken as .’

1481 A . Although the three curves are similar at ‘small K, they

.behave in a di.fferent fashion at large K. Thus by studying elastic

intensity at. various scattering angles it should be possible to de-
cide the angular Jjump length. It may be pointed, however,:that ex-
perimental data have to. be corrected for Debye-Waller factor before
comparing elastic intensities with calculated ones. It 'is therefore

} recommended to compare experimental data with theory for the ratio

of elastic- to quasielastic intensities at various K. Figure, 2:shows
the ratio of ,intensities.‘of the two parts of scattering law as a
function of phe wave vector transfer. The information about reorien-
tation rate is contained in quasielastic spectrum.: The shape of this
part o2’ spectrum depends both .on T’ and on the angular Jump length 0
When there ‘is only one- lorentzian function for@ .120°, there ‘are
six such functions with different widths for 9 30°. ’1‘he . relative
intensities of these lorentzien functions also depend on K. Figure 3

. shows the behaviour of these.intensities as function of K for case -

I1T. Only the first and second lorentzians»contribut “to quasielas-

tic spectrum at small K, but all of them become important at large

K. If the value of @ is decided by form factor measurements, the
value of 'Z'can be obtained from the shape of quasielastic spectrum.

This value should be chosen in such a way that calculated quasielas-

tic spectra after being modified with instrument resolution compare
with measured spectra at all the angles simu.ltaneously. .
"The above d:Lscussions were confined to TBC molecu.le. But

this is true in general.

Concludi.ng we may say that neutron quasielastic scattering
technique can be used to .obtain information on the .geometry and

rate. of reorientational motions of molecules in plastic solids.
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‘TABLE I~

from /11/ .

Values of O,  and bk
K 1 2
bk 0. 3/2
1 1 -
Qypr-2 | -1 .-
3] 1 -1
Case I = ',Bepriehtatibh jumps by 1200
k.| o 2 3 4
b, o | 12 | 32
i=1 1 2 | e 1
4 2 1 1 -1 -1
|Oaxr 3 | 1 -1 -1 1.
4 1 Te2e 2. -1
2 LR C 1
611 Rh -1 -1
Gase II - Reorierrzte.ti'obn'jumps by 605 -
‘A2 |3 [als] e |
bk o f=yare| 172 1 [ as2 | 1eEre). 2
i=mt f 1| 2 b2 222
20 S TR IR L IR TS IR TR BT T BT S P
200 TR T O S s Y -2 I s S Al
40 v o (=2 0ol 2 | o |-
a 65:?,} -1 |21 . -i.’} 1
: - - A o | -1 R
kgl 1| -2 2 | =27 2 | -2 |1
-8 S Y 1 01 =1 | -Y3 |-
- 1 -1-.] =1 2 =1 -1 1.
}(1) : } o0 fl=2 o | 27 0 |-
O IR I SR IR 0 IR (PSR I B B 1
A2 A Y3 | 1| o o= [-3 -1

Cese III - Reorientation jumps by 30°
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