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The results of quasi-elastic neutron scattering (QNS) investigations are presented for
phases II and III of t-nitrobutane (TBN, (CHs);CNO,) in the range of momentum transfers
from 0.96 to 2.56 A-1. The neutron spectra obtained for phase III correspond to the spectro-
meter resolution function, whereas in phase II distinct quasi-elastic broadening is observed.
Two models of uniaxial reorientational motion of protons were considered in the QNS
pattern analysis, namely, proton jumps by an angle of 120° around the C—C axis (CHs
group rotation) and rotations of molecules around the C—N axis. The latter involved
two extremes of molecular reorientation: jumps by 120° and rotational diffusion. It was
ascertained that in TBN phase II there exists a stochastic uniaxial reorientation of molecules
with a correlation time of about 1.6x 10'2sec, and the model of 120° jumps is given
preference.

1. Introduction

The quasi-elastic neutron scattering (QNS) method is an important tool used in research
on proton dynamics in molecular systems. In contradistinction to other methods, QNS is
sensitive not only to the time parameters of the stochastic proton motion but also to the
geometrical parameters of this motion. This is particularly useful when other methods
(especially nuclear magnetic resonance) fail due to the enormous rate at which the dyramic
processes occur. The greatest weakness of the QNS method is its insufficient energy resolu-
tion in most of the currently existing neutron spectrometers. This considerably limits
the possibilities of examining the finer effects. Therefore the results acquired are of a quali-
tative, rather than quantitative, nature. This is also true in the case of the KD SOG-1
inverted-geometry spectrometer installed at the IBR-1 pulsed reactor of the JINR, Dubna,
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on which the present investigation of molecular reorientation in phase II of t-nitrobutane
was carried-out. ,

t-Nitrobutane (TBN, 2-methyl-2-nitropropane) belongs to the group of compounds
of the general chemical formula (CH;);CX (X = Cl, Br, NO, or CN), the molecules of
which feature orientational freedom in the solid phases. TBN, like the other three com-
pounds, exhibits two phase transitions in the solid state which demarcate three phases:
phase I between the melting point at 299.2 K and the first phase transition at 260.1 K
(4S = 4.28 e. 1.), phase II between 260.1 K and the second phase transition at 215.3 K
(4S = 4.69 e. u.), and phase III below 215.3 K [1]. The structure of phase I is ortho-
rhombic. Phase 1I has triclinic symmetry of the following unit cell parameters: @ = 7.19 A,
b=622A, c=1725A, a =90°14", § = 88°32' and y = 87°40’ [1]. Dielectric studies
of TBN have shown that phase I is a typical rotational phase, in which similarly as in the
liquid phase the dipole moments of the molecules perform rotational movements hindered
by a low energy barrier (of the order of 1 kcal/mole) [2]. Measurements of the static dielectric
constant have shown that in TBN phase II the dipole moments of the molecules do not
have orientational freedom, but perform librations of a relatively high amplitude, whence
this phase has been named the “librational phase’ [3]. Such large librations and relatively
loose packing of molecules in the crystal unit cell [4] implied the existence of reorienta-
tional motions of the molecules about the C—N axis in phase II. A similar suggestion
follows from an analysis of the entropy of the phase II — to — phase III transition [I]
and from studies of absorption in the far infrared [5]. 7

QNS measurements performed earlier for a similar compound, t-butyl chloride (TBC,
X = Cl in the general formula), revealed that its phase II features uniaxial rotation of
molecules around C— Cl axis with a correlation time of the order of 5 psec {6]. Analyses
of several rotation models enabled us to give preference to the model embodying jumps
of trimethyls by an angle of 120°. Despite the essential difference in the crystal lattice
symmetry of phases II of TBN and TBC (TBC is tetragonal witha = 7.08 Aand ¢ = 6.14A
[7]), the unit cells in the two cases differ only slightly.

Bearing all that in mind, it was decided that QNS measurements should also be
performed for TBN’s phase II. In the analysis of the QNS spectra two models of proton
reorientational movements will be considered: proton jumps by an angle of 120° around
the C—C axis (CH; group rotation) and rotations of molecules around the C-N axis,
where two extreme cases will be examined; viz., jumps by 120° and rotational diffusion.

2. Some remarks on theoretical models

A specific form of incoherent cross section for quasi-elastic neutron scattering is
known only for several simple molecule reorientational models [8]. Hitherto, in analysing
the results of experiments concerning molecular reorientation in crystalline substances,
one-parameter models have mostly been used. The parameter is either the mean time
elapsing between jumps of molecules from one potential minimum to another, or the time
that is the inverse of the rotational diffusion coefficient of the models assuming a diffusion-
-wise change of molecular orientation. In those cases the scattering law for uniaxial molec-
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nlar reorientation and polycrystalline samples can be described as

2 r
;:T(K, ©) ~ Z [Fel(;crﬂ)5(CO)+ ”7‘{ Z ge)l(KrH) 1_,' +(D ] @)
H

where: hix = (hk;— k) is the momentum transfer (xk* = k,2+kf2—2kikf cos. 9, § is scattering
angle), hw = E;—E; is the neutron energy transfer, k‘[A—’] = 2xn[A = 0.6947 E(meV) is
the value of the neutron wave vector (the indices “i”” and “f” denote the initial and
final values, respectively, of the neutron wave vector and energy), ry is the rotation radius
of a given proton, and I';, being a function of the model’s parameter, is the half-width
at half height of the Lorentzian curve.

Specific formulae for the elastic scattering form factor F,(xr) and the quaSI-elastlc
scattering form factor Fy(xr) are given in Refs [9-11] for the jump-wise models of proton
rotation and in Ref. [11] for the rotational diffusion model. The numerical values of those
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Fig. 1. Elastic E, and quasi-elastic Foe; form factors vs xr for two models of proton rotation
Fig. 2, Ration of the elastic and quasi-elastic form factors for different models of proton rotation

form factors for the models discussed in this study are shown in Fig. 1, while their ratio
is presented in Fig. 2.

For 120° proton jumps the quasi-clastic part of the scattering law is represented by
one Lorentzian function of half-width I' = 3A/2z, where t is the mean time between jumps.
On the other hand, in the case of rotational diffusion S™¢ qe1 18 the sum of an icfinite series of
Lorentz functions of half-width I' = D2, where I = 1, 2, ..., and D, is the rotational
diffusion coefficient. These models are extreme cases of proton reorientation which
may occur in the examined crystal. The form factors from Figs 1 and 2 indicate when
the models will be distinguishable in the neutron scattering experiment.
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For small xr values the elastic scattering form factors are practically identical for
the two models; the difference between them becomes distingunishable beginning with
kr > 2. A comparison of the F,/F. ratios (Fig. 2) also reveals that the differences between
the 120° - jump model and the rotational diffusion model become manifest only when
kr > 2. The value of this ratio gives an idea of the radius of proton rotation in the sample.
Namely, if the two rotation radii differing by, eg. a factor of two are considered (in our
case the rotation of the CH; groups and the rotation of the molecule), the quasi-elastic
broadening should be visible beginning with the smallest values of x measured in this
experiment for molecular rotation, whereas the effect of CH; group rotation becomes
visible only for larger scattering angles. Attention should be drawn to the fact that the
QNS method in the considered xr range is rather insensitive to the intermediate models
of proton reorientation for, as shown in Fig. 2, the 60°-jump model is practically the same
as the rotational diffusion model.

3. Experimental

The QNS spectra were measured by the time-of-flight technique on an inverted-geo-
metry KD SOG-1 spectrometer at the IBR-1 pulsed reactor of the Neutron Physics Labo-
ratory, JINR, Dubna. The principle of the spectrometers operation is presented in

- Ref. [12].

The energy of the incident neutrons was analysed by the time-of-flight method over
a reactor — sample distance of L, = 30.22 m, while the scattered neutron energy was
determined by a Be-filter — Zn (002) single crystal system. The single crystals were oriented
in such a way that their maximum reflectivity was near the Be-filter cut-off (E, = 5.24 meV).
The neutrons reflected off the single crystal were detected by a set of 3He counters
180 x 180 mm? in area with an efficiency of about 95%,. The mean energy of the neutrons
detected after scattering was E; = 5.06 meV, while its mean spread at half peak height
was AE; = 0.356 meV. The energy resolution was therefore about 7%, Spectra for seven
scattering angles 9 36°, 56°, 76°, 90°, 110°, 130°, and 150° were measured simultaneously.

The TBN sample, identical with the one used in [1], was poured into an aluminium
measuring vessel and then quickly solidified. The vessel consisted of two circular plates
of 20 cm in diameter screwed together. The sample thickness d = 0.8 mm. The vessel
was placed in a cryostat [13] and cooled down to the required temperature. The sample
temperature was measured by means of three copper-constantan thermocouples, two of
which were co-mounted at the edge and one at the center of the vessel. The temper-
ature gradient did not exceed 1.5 K.

4. Experimental results and data processing

The QNS measurements of the TBN sample were carried out at two temperatures
corresponding to phase IIL (7" = 150 K) and phase IL (T = 240 K) of the substance.
Besides, the background of scattered neutrons was measured with the empty vessel in the
cryostat (at room temperature).
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Because the Bragg reflections from the substance and aluminium (vessel and cryostat)
appear near the energy E; for large scattering angles, the data analysis which follows will
neglect the results obtained for the angles 130° and 150°. The analyzed momentum transfers
range between 0.96 A-! and 2.56 A-1. -

The intensity and shape of the quasi-elastic peak (after the vessel and cryostat back-
ground is subtracted) in the time-of-flight scale for phases III and II of TBN are shown
in Fig. 3. The shape of the peak of phase III corresponds to the resolution function of the
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Fig. 3. Neutron spectra measured for TBN’s phase II and III in the time-of-flight (TOF) scale

spectrometer measured by analyzing neutrons scattered elastically on vanadium. In phase IX
the elastic scattering intensity decreases considerably and the peak shape becomes altered,
which is evidence that there is quasi-clastic neutron scattering on the sample. There is
also a change in the background due to inelastic neutron scattering on the sample, the
intensity fraction of which increases with increasing scattering angle.

The neutron intensity in the time-of-flight scale, presented in Fig. 3, can be expressed
by formula [12] ‘

I(to) ~ At | dE, | dE; | dto(t)®(E;)o(E;, Ey, 8, T)R(Ey)

xa(to_t-“—’LL—iL_i>, @
JEi  JVE
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where p(z) is the time distribution and &(E,) is the energy distribution of the neutrons
emerging from the reactor; R(E;) is the energy distribution of the neutrons recorded after
scattering; o(E;, E;, 9, T) is the cross section describing the probability of neutron scat-
ol oL,
tering on the sample, and § (to— t— J—Fl - JE >1s a condition which has to be fulfilled
i f

if a neutron leaving the source at time ¢ with energy E; and scattered on the sample to
energy E; is to be recorded at time #, (x = 2286.2 ps x meVY2x cm! is a factor converting
neutron energy into time of flight, L, = 1.42 m is the mean distance between sample and
detector).

Assuming that the o(¢) and R(E;) distributions are narrow enough for the energy of

the neutrons incident to the sample to be expressed in terms of their mean values ¢ and E;

(whlch may be done in our case because #, > £+ \/_) we get

252 -
= L3
Ei(t) = = =, = Eo. 3)
(to—1—aL, N Ey)
Performing an appropriate exchange of variables and making use of the properties of the
d-function, we can present the intensity of scattered neutrons in the incident neutron
energy E, scale in the form
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Fig. 4. Normalized neutron spectra presented in Fig. 3 vs incoming neutron energy scale (dashed lines —
accepted inelastic background)
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dE,
where @(fo) = di(Eo) —— = const X (D(Eo)xE3/ 2, ®(E,) being the energy distribution

of neutrons emerging from the moderator. This distribution is well described by the Max-
well function @(E,) = Eo exp (—Eo/Epay) With E,, = 28.0 meV.

The spectra presented in Fig. 3 (after being divided by the flux ¢(#,) and normalized
to the same height) are shown again in Fig. 4. The background under the quasi-clastic
peak is mainly due to multiple and inelastic neutron scattering on the sample, and increases
with sample temperature and scattering angle 3. This background is proportional to the
intensity of neutrons incident to the sample and after being normalized by &(z,) should
have a constant value. Since our system of analysing the scattered neutron energy includes
a beryllium filter, the transmission of which rises abrupily for neutrons of energies
E, < 5.24 meV, the background for neutrons in-this energy range is higher. Therefore,
the step function depicted in Fig. 4 by the dashed line was accepted as the background.

After background subtraction the experimental spectrum was analyzed according
to Eq. (4) as the convolution of the cross section described by the scattering law (1) with
the spectrometer resolution function R(E).

5. Fitting procedure and discussion of results

The spectrometer resolution was assumed to be the same as that presented by the shape
of the peak measured for TBN’s phase III, which may be said to be the outcome of pure
elastic incoherent neutron scattering. In this case the cross section at a given angle and at
a constant temperature of the sample can be written as

UL?C(EO’ Eg, 9, T) = const X 5(Eq— Ey),

and on the basis of Eq. (4) we get I"'(E;) = R(E,). Since the experimental values of the
spectrum I"™(E,) are burdened by statistical spread and correspond only to some definite
values of energy, the resolution was assumed to be in the form of an analytical function
fitted to these values. This function is made up of two Gaussian functions

(4 exp[-B(E-Ep?], E<E,
RE) = {Az oxp [~B,E~E)Y], E>E, ®)

In Fig. 5 the solid line depicts the shape of function (5) after the parameters 4y, 4,, By,
B,,Ey, Ey and E, are fited to the experimental points.

The shape of the quasi-elastic peak for TBN’s phase II was analysed with the assump-
tion that the cross section in this case can be descrlbed by the scattering law ;’,;‘;(E, w)
presented in S:c. 2 of this paper,

k .
gns(Eo» E 8, T) = —1:5 exp (—hw[2kpT) X Squs(k, w). ©)
0
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After Eqgs (1) and (4) are taken into account and assuming a mean rotation radius r for
all protons in the molecule we get

I'Ey) = const{ F [k(Eo)r] x R(Ey)

- TdE, }
j\/ ( Zkg )R(Ef) Z qul[K(EO) ]Fl +(E0 Ef)z (7)’

Here the parameters of the fit are the normalization constant “const” and the half-width
of the first Lorentz function I, . The limits of integration E; = 4.3 meV and E, = 5.4 meV
define the energy range in which the resolution function is greater than zero. The fit of the
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Fig. 5. Resolution functions of the specirometer (solid lines correspond to two Gaussian functions)

parameters to the experimental data was accomplished with the use of the MINUITS
program of the CERN Program Library [14] on the CYBER-72 computer of the
CYFRONET Computing Center in Cracow.

The fundamental problem which should be solved first, when analyzing the experi-
mental results  obtained for phase II of TBN, is associating the observed quasielastie
broadening with the character of the motion of protons in this phase. As has already been
mentioned, we should consider the possibility of rotational jumps of the CH; groups
around the C; axis (r = 0.964 A) and the reorientation of the trimethyls around the
C-N axis. Then as earlier for TBC [6] the rotation radius was assumed to be r = 1.81 A,
which corresponds to the radius over which the center of gravity of the CH; group’s proton
move in the rotation of the molecule around the C-X axis.

The results of the best fit of the model incorporating 120° jumps of the CH; groups
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for each scattering angle are arranged in Table I. The quality of the fit is characterized

by the parameter
N

Jry I79(Eo) ~ I (Eo) |
X = N_nNP AIPE) |’

i=

®

TABLE I

Values of I and y2 for 120°-jumps of CHj groups in Phase II of t-nitrobutane fitted to QNS data at
different scattering angles

-1
Scattering # [A1] xr bP [mgV]d .
Sngie average momentum (r = 0.964 A) est fitte x
transfer parameter

36° 0.966 0.931. 0.339 26.369
56° 1.467 1.414 0.306 10.738
76° 1.924 1.855 0.221 2,979
90° 2.210 2.130 0.184 4419
i10° 2.563 2.470 0.192 2.139
average value 0.248 9.329

where I°*® is the experimental intensity, I*® is the theoretical intensity according to Eq. (7),
AT is the error of the experimental value, N is the number of measured points, and NP = 2
is the number of fitted parameters. When the model gives a good fit, the parameter y2
should be near unity. As seen from Table I, the model of 120°-jumps of CH; groups
cannot explain the quasi-elastic broadening observed for the low scattering angles of 36°
and 56°. Such a result should have been expected because for these angles the observed
share of the quasi-elastic scattering is much greater than follows from the form factor
ratio for xr = 0.93 (Fig. 2). It can be assumed, therefore, that this broadening is associated
with a much greater radius of proton rotation, hence, with the rotation of the trimethyls
around the C-N axis of TBN molecule.

TABLE 11
Parameters fitted to QNS data and x? for two models of uniaxial reorientation of t-nitrobutane molecule
120°-jumps Uniaxial rotatioﬁai dif,
19 = =
X
scattering = {1 5 T [meV] Ty [meV]
angle - best fitted x2 best fitted x*
| parameter parameter
36° 1.748 0.181 3.808 0.1615 4.349
56° 2.656 0.147 1.638 0.0866 1.554
76° 3.483 0.186 2.555 0.0503 2.495
90° 4.000 0.274 3.724 0.0314 3.929
110° 4.638 0.304 4.225 0.0289 2.644
average value 0.218 3.190 0.0717 2.994
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The second step in the analysis of the data was to obtain the best fitted parameters
for the 120°-jump model and the model of uniaxial rotational diffusion of the trimethyls
for each scattering angle. A comparison of the fits obtained is given in Table II. The x?
test in the fitting of a frec model parameter independently for each scattering angle does
not give preference to any of these models. However, for the rotational diffusion model
there is a pronounced systematic change of I'; depending on xr, which should not occur.
For the fitted half-width of the Lorentz function I' gives a time characteristics of the proton
motion and is a function of the sample temperature but not of the scattering angle. The

TABLE 11T
x2 value for the model of 120°-jumps of t-nitrobutane molecule at I’ = const for all scattering angles
Scattering -angle | I’ = 0.1 meV I'=0.15meV I'=02meV |[I'=025meV | I = 03meV
36° 10.02 4.54 4.01 6.12 9.55
56° | 4.81"‘ 1.65 4.33 9.83 16.47
76° 10.86 3.74 2.71 5.18 9.51
90° 13.12 7.54 4.83 3.82 3.82
110> 11.65 7.67 5.52 4.51 4,23
5
%— Z %2 10.09 5.029 4.280 5.892 8.723
i=1

geometry of the proton motion is incorporated in the neutron scattering law (Eq. (1))
only through the form factors F,; (xr) and F,, (xr). The next step (in the analysis) was,
to test x2 at a fixed value of the model parameter for all scattering angles. The results of
calculations for the 120°-jump models are arranged in Tablé III, while Fig. 6 shows the

Model:uniaxial rot.diff. Iy [meV]
003 004 005 €08 007 008 609
T T I ] T L] T
X = 120° jumps CH.
wol - uniaxial diff} t-Pitro-
~o~ 120%umps butane

\_Llec:ljj

60

Lo

20 1 1 1 1 1
010 015 02 05 030
Mode! : 120° jumps "[meV]

Fig. 6. x* test for three models of proton rotation in TBN’s.phase II
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5
mean values x? = %Z obtaired for all of the three proton motion models discussed

in this paper.

A comparison of the shapes of the peaks calculated from Eq. (7) with experimental
data for values of the parameter corresponding to minimum y? (for the various models)
is given in Fig. 7. Figure 7A depicts the situation for a model of 120°-jumps of both CH;

model: 720°/umps Imodel uniaxial diffusion
—— t-nitrobutane of t-mtrobufane

0.20meV n phase Il =igr
7000 - T=237K I7=006meV
800 90369 '

8§88

S 3

8388

Scattered neutron intensity [arbitrary units]
N RO oS NN R NS
SS8888

40 4550 55 60 40 4550 55 6.0
Incoming neutron energy [meV']

Fig. 7. Comparison of experimental intensities with theoretical curves based on two models of TBN's
molecule rotation in phase II

and trimethyl groups. As can be seen, the model of trimethyl rotation renders the quasi=
elastic peak shape well for small & angles, but worse for large angles.

It follows from Table IIT and Figs 6 and 7 that none of the one-parameter models of
stochastic reorientation of protons in TBN’s phase II explain the observed quasi-elastic
broadening of scattered neutron peaks with sufficient accuracy. It seems that a better
description of the shape of the observed peaks would be obtained if both models of proton
motion were considered simultaneously. Due to the low spectrometer resolution, the
quality of this experiment is not good enough for fitting multi-parameter models. This
is to a certain extent, illustrated by Fig. 7B, in which the solid line depicts the fit of the
model of uniaxial rotational diffusion of the trimethyl with the model parameter varying
with each scattering angle. Then there is good agreement of the thereotical curve with the
points measured. However, once the I'; parameter is established (its value corresponds
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to minimum x?) the deviation of the curve from the points becomes more evident (the
dashed line in Fig. 7B). Hence, Fig. 7 shows how important the extent of the range of
momentum transfers and the degree of the energy resolution in the QNS experiment are
when verifying the correctness of an assumed model of molecule reorientation in a crystal.

Assuming that the model of 120°-jumps. of trimethyls depicts the dynamic situation
of the TBN molecules in phase II best, it is possible to find the mean time a molecule
spends in the potential well on the basis of the determined Lorentz curve half-width. This

h
amount to T = 3x o (3.1+0.3) x 10! sec, which corresponds to a jump frequency

Viump = 3.22x 10 sec™! (at T = 237 K).
Interpreting the gns broadening observed in the spherical harmonics formalism
{15, 16] we get the values of correlation times for the model of 120°-jumps of trimethyls

T, =Ty = ..=1 = hf2I' = (1.6510.1) x 102 sec,
whereas for the rotational diffusion model |
7, = hf2I'; = (5.5+0.5)x 1012 sec,
7, = B2, = (1.4+0.1) x 10-12 sec.

Although the results of the analysis of the QNS experiment give preference rather to the
trimethyl 120°-jump model, it would be enlightening to have an experiment which allows
the time 7, to be determined (dielectric relaxation, IR), as its value depends heavily on the
assumed rotation model.

6. Conclusiors

The analysis performed on the results of the QNS experiment for TBN allows the
following conclusions to be drawn:

1. In phase Il of TBN there are rapid stochastic reorientation movements of protons,
whlch vanish after the transition to phase IIL.

2. The one-parameter models of 120°-jumps of protons and uniaxial rotational dif-
fusion cannot satisfactorily explaln the observed shape of QNS peaks in the examined
range of neutron momentum transfers. However, the results of the analysis imply that:

— the radius of proton rotations is large which supports the idea of the whole molecule
. votating around the C-N bond, and '

°  — there are rather large angular jumps of the molecules, probably by angles of the
order of 120°, with a correlation time of about 1.6 psec.

3. The approximation of real stochastic motions of molecules in substances of the
(CH,);CX type by the one-parameter model is too rough even for phases in which the
C-X bond is frozen [6]. A better fit of theoretical curves to experimental patterns
could be achieved by considering many-parameter models which account for:

— the duration of the proton jumps from one equilibrium state to another,

— jumps of both molecules and CHj; groups,
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—- combinations of jumps with the diffusive motion of molecules,

— combinations of molecule jumps by various angles.

4. Verification of many-parameter models of stochastic uniaxial reorientation of
protons requires performing a QNS experiment with much better resolution, so that the
shape of the analysed peak would better reproduce the shape of the measured scattering
law. Moreover in order to provide coverage for a large interval of xr values an experiment
like this should comprise the broadest range of neutron momentum transfers possible.

The aunthors wish to express their appreciation to Professor J. A, Janik and Dr W.
Nawrocik for invaluable comments and discussions in the processing of the results, and
to Dr M. Sudnik-Hrynkiewicz and 8. I. Bragin for assistance in performing the mea-
surements.
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