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The order-disorder phase transition which occurs at Tc = 296.9 K in anilinium bromide, 
C6H5NH3Br, is studied by inelastic neutron time-of-flight measurements. Data are taken from 
hydrogenated and partially deuterated samples (C 6 D 5 NH 3 Br and C 6 H 5 ND 3 Br) below and above 
the transition temperature. F rom the inelastic scattering data the phonon frequency distribution 
in the range of the intermolecular vibrations is calculated. The assignment of bands is given and 
changes in the spectra with temperature are discussed. The analysis of the quasielastic line 
revealed substantial broadening due to rotational diffusion of the —NH® group. These j u m p 
diffusion processes were observed in the or thorhombic high temperature and — with markedly 
diminished rate — in the monoclinic phase below TQ. F rom the correlation times at different 
temperatures the activation energies are estimated for both phases. Comparison with calculated 
elastic incoherent structure factors suggests j umps of 60° for hindered rotation. 

Introduction 

The reversible solid ^ solid phase transformation 
of anilinium bromide, C6H5NH3Br, at F c = 296.9 K 
has been extensively studied by different, mainly 
spectroscopic and diffraction methods ([1—4] and 
literature cited therein). A recent structure deter-
mination by neutron and X-ray diffraction of the 
orthorhombic high temperature phase [1] revealed a 
disorder of the - N H ® group which also affects the 
phenyl ring. Complete order of the whole molecule 
is found at temperatures well below the transition 
temperature Fc , where the anil inium ion occupies 
only one of the two possible orientations of the high 
temperature phase [2]. Temperature dependent 79Br-
N Q R studies of C6H5NH3Br, C 6H 5ND 3Br (Tc = 
291.5 K) and C6D5NH3Br (Fc = 297.6 K) [3] and 
'H-NMR work on C6H5NH3Br [4] showed a close 
connection between the mechanism of the phase 
transition and the hydrogen bonds N - H - - B r . A 
dynamical model for the disordered or thorhombic 
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structure is proposed, mainly considering reorienta-
tional —NH® motions [1]. The phase transition is 
characterized by a continuous change from the state 
of disorder (two orientations) to the ordered state 
[2]-

Inelastic incoherent neutron spectroscopy is very 
sensitive to dynamics of hydrogen atoms due to the 
high incoherent scattering cross-section (for a gen-
eral review see e.g. [5] and [6]). Ratcliffe [7] per-
formed incoherent inelastic neutron scattering (INS) 
measurements on anilinium chloride and bromide 
at 77 K in the range of 0 - 500 cm"1 (0 - 60 meV). 
By comparison with corresponding IR and Raman 
spectra he achieved the assignment of torsional 
bands and calculated the height of the barrier 
against the - N H ® rotation from the - N H ® tor-
sional frequency. The calculation was based on a 
periodic potential (120° periodicity) in a simple 
harmonic approximation. 

The purpose of the present study is (i) verifica-
tion of the assignment of various parts of the in-
elastic neutron pattern by partial deuteration of the 
anilinium bromide, (ii) determination of the impact 
of the phase transition on the INS spectra and (iii) 
estimation of the residence times and activation 
energies by analysis of the broadening of the quasi-
elastic line. We therefore performed several inelas-
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tic time-of-flight measurements above and below 
the transition temperature. 

Experimental 

Anilinium bromide was prepared from an aque-
ous solution of aniline and hydrobromic acid. The 
deuteration of the - N H ® group was achieved by 
four repeated recrystallizations of the compound 
from heavy water, which was then removed in a 
desiccator system [3]. Ring deuterated aniline 
(Merck, 99% D), and hydrobromic acid gave the 
ring deuterated sample. 

Neutron time-of-flight measurements were per-
formed on the rotating crystal spectrometer T O F 2 at 
the cold source of the FR2 reactor of the Kernfor-
schungszentrum Karlsruhe. The results were re-
corded as energy gain spectra with an incident 
energy of 5.06 meV and 20 different angular posi-
tions between 80° and 166°. Data were collected on 
polycrystalline material of the three compounds. 
The time-of-flight spectra were converted into the 
double differential scattering cross section. The gen-
eralized phonon density of states G (Jt co) was cal-
culated after corrections for mult iphonon contribu-

tions by an iterative process. G (/? co) is the sum of 
the partial densities of the atomic components 
weighted with their scattering power and vibration-
al amplitudes. The experimental energy resolution 
AE/E lies between 5% and 10% for neutron energy 
gain between 0 meV and 100 meV, respectively. The 
quasielastic scattering, observed in an energy range 
up to ± 3 meV, was analysed by Lorentzian-Gaus-
sian convolution fits. 

Results 

Assignment of Bands and Temperature Dependence 

The frequency distribution of the monoclinic 
C6H5NH3Br(II) at 288 K in the region of the ex-
ternal vibrations, together with that of partially deu-
terated samples is shown in Fig. 1. The peak at 
6 meV, reduced by deuteration of the benzene ring, 
but unaltered by deuteration of the - N H ® group, is 
attributed predominantly to vibrations of the ring. 
A frequency shift is observed at the same t ime 
which corresponds to the greater mass of the deu-
terated ring. 

The peak at 17 meV is reduced by both kinds of 
deuteration, phenyl and - N H ® groups are involved. 

Fig: 1. Comparison of the generalized phonon density of states for anil inium bromide with those for its partially deuter-
ated derivatives (monoclinic phase). 
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The area of the different peaks is proportional 
to the number of protons. No frequency shift is 
observed. 

The peak found for C ^ N H ^ I I ) at 33 meV 
almost disappears in C6H5ND3Br(II), indicating that 
it is strongly related to a motion of the - N H ® 
group. Its high intensity is a sign of torsional motion 
of the —NH® group, because the intensity increases 
with decreasing mass of the scatterer. The whole 
molecular mass must be considered for a trans-
lational motion, a reduced effective mass only for a 
torsional one. 

In the energy range above 50 meV the evaluation 
becomes increasingly difficult due to the low 
thermal occupation of the levels involved and high 
multiphonon contributions to the scattered inten-
sity. Nevertheless, a comparison of the spectra sug-
gests dominant ring modes in the 50 — 70 meV 
region. This assignment of bands, derived from scat-
tered intensities, is in agreement with that proposed 
by Ratcliffe [7], The coincidence of the phonon 
density of states peaks (INS) with the zone center 
frequencies as measured by Raman indicates flat 
dispersion branches. 

Figure 2 a compares the spectra of monoclinic 
(275 K and 294 K) and or thorhombic (333 K) 
CöDsNHjBr. A pronounced intensity loss is observed 
for the - N H ® torsional band in the high tem-
perature phase (I) as well as a slight shift to lower 
frequencies. The latter might be explained by 
weaker hydrogen bonds in the or thorhombic phase. 
Weaker bonding, however, is usually connected 
with higher amplitudes of vibration, and should 
thereby lead to an increase of the scattered inten-
sity. The observed decrease is therefore somewhat 
surprising. A possible explanation may be a shorter 
residence time of the - N H ® group in one of the 
two positions at high temperatures, which implies 
an increase of the j u m p rate between available 
orientations. The higher stability in the monoclinic 
phase is indicated by the striking shift of the - N H ® 
torsional band to higher frequencies in the 105 K 
measurement (Figure 2 b). The structure on the low 
frequency slope of the - N H ® torsional band was 
found as a shoulder in the INS work of Ratcliffe [7] 
at 77 K also and was assigned to ring modes from 
IR and Raman results. 

From the recorded spectra no distinct effect 
caused by the phase transition can be directly 
detected. The analysis of the quasielastic scattering, 

however, gives a direct indication of the phase tran-
sition. 

Quasielastic Line Broadening 

The quasielastic scattering was analysed for 
C6D5NH3Br at 363 K, 333 K, 308 K, 300 K, 294 K, 
275 K, and 105 K and on C6H5NH3Br at 333 K, 
294 K, and 288 K in the original time-of-flight pat-
terns. For C 6D 5NH 3Br a considerable broadening is 
observed, which increases with temperature (Figure 
3). It is almost absent at 105 K, where the line width 
corresponds to instrumental resolution. Figure 4 
does not present any broadening for C6H5ND3Br, 
indicating that the j ump diffusion processes of the 
—NH® groups are the origin of the observed line 
broadening. As expected, this partially deuterated 
sample does not show any change in the pattern 
when passing the transition temperature. 

The total line is composed of the elastic part re-
presented by a Gaussian function and the quasi-
elastic contribution which is of Lorentzian shape. 
The width of the latter depends on the diffusion 
constant, or in the case of discontinuous diffusion, 
on the average time between two jumps (residence 
time r) and on the geometry of the position which is 
available for the proton by a j u m p [8]. 

The purely elastic scattering is proportional to the 
so-called Elastic Incoherent Structure Factor (EISF) 
and gives the time averaged spatial distribution of 
the diffusing proton and therefore information 
about the geometry of the motion. Jump diffusion 
about one rotational axis and one rotational angle 
leads to a single Lorentzian. Its line width is inde-
pendent of momentum transfer Q for Q > reciprocal 
j ump distance /" ' . 

Figure 5 represents computer fits to the observed 
lines for C6D5NH3Br at several temperatures. These 
continuous lines are composed of the sum of a 
Gaussian function and a convolution of a Lorentzian 
with a Gaussian function. This convolution gives 
the quasielastic part folded with the instrumental 
resolution [9]. The base lines present the inelastic 
background arising from vibrational excitations at 
low energies. The background is estimated by extra-
polation between the regions without quasielastic 
contributions and then adapted in the least squares 
calculations. 

Figure 6 shows the full width at half maximum r 
of the pure Lorentzian as a function of the squared 
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momentum transfers Q2. No relevant change of Q2 is 
recognizable in the range covered by these experi-
ments. The saturation of the line-width with in-
creasing Q indicates j ump diffusion [10]. 

The additional broadening in C6H5NH3Br com-
pared to that in C6D5NH3Br (by about 10%) is cer-
tainly not produced by reorientation of the phenyl 

ring around the C-N-ax i s . A proton magnetic re-
laxation study [4] had demonstrated that the respec-
tive mechanism sets in at much higher temper-
atures. A reorientation of the phenyl ring around an 
axis vertical to the C - N direction has to be taken 
into consideration. The structure determination [1] 
of the or thorhombic phase revealed a reorientation 
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Fig. 3. Time-of-f l ight spectra of C 6 D 5 N H 3 B r showing in-
creasing quasielastic line broadening with rising t emper -
ature. 
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Fig. 4. Time-of-f l ight spectra, showing the j u m p d i f fus ion 
broadening of the elastic line for p ro tona ted - N H 3 ® 
groups. 
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Fig. 5. Tempera tu re dependence of the quasielast ic line 
broadening of Q ^ N H ^ B r . The cont inuous lines are com-
puter fits, representing phonon background, Lorentzian-
Gauss ian convolution describing the quasielastic scatter-
ing, and sum of purely elastic Gauss ian line and Lorent-
z ian-Gauss ian convolution. 

of the whole C6H5NH® ion simultaneously with the 
jumps of the - N H ® group: the axis N - C ( l ) - - -
C(4) -H(4) has two orientations inclined by ± 3° 
with respect to the crystallographic twofold axis [1]. 
The total tilt of the anilinium ion, caused by the re-
orientation of the - N H ® group, is therefore six 
degrees. This motion should produce additional Lo-
rentzian contributions to the quasielastic scattering. 

A rough estimation based on model calculations 
for different j u m p diffusion processes [6] was done. 
The quasielastic form factor for a ring proton with a 
j ump distance 0.15 A has a first maximum at 
Q « 30 A - 1 starting at zero for Q = 0. 

The additional broadening and the increase of the 
line-width above £ 2 = 8.5 A - 2 in C6H5NH3Br are 
therefore not explained by a reorientation of the 
ring. An extension of the experimental £>-range and 
further model calculations seem desirable. They 
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Fig. 6. Pure Lorentzian full widths at 
half maximum r as a function of the 
squared momentum transfer Q2 for 
three different temperatures. Dotted 
lines are calculated from limiting case 
formulas [10]: a) C 6D 5NH 3Br; b) 
C6H5NH3Br. 
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should consider all possible geometries for jumps 
and the influence of the j u m p time. The absence of 
any quasielastic broadening in C 6H 5ND 3Br (Fig. 4) 
is in agreement with these model calculations. 

Residence Times and Activation Energies 

From the mean Lorentzian width (horizontal 
dotted line in Fig. 6) the residence times of the 
—NH® group within one position were derived ac-
cording to the relation r = 2 h / T [10]. The results are 
listed in Table 1. The reliability of the values is 
about 4%, becoming less accurate for shorter mea-
suring times. A reasonable evaluation of the 105 K 
data was not possible. A quasielastic broadening, if 
present, lies below the experimental resolution of 
about 0.30 meV, implying a residence time of 
T > 4 • 10~12 s. 

The shorter residence times in C6H5NH3Br agree 
with the slightly higher torsional frequency (see 
Figure 1). The residence t ime falls from 2.35 x 10~12s 
at 275 K in the monoclinic phase — about 20 peri-
ods of torsional oscillations - to 0 . 6 8 x l 0 - l 2 s at 
363 K in the orthorhombic phase, corresponding to 
about 5 vibration periods. The In x versus 1 / F plot 
(Fig. 7) has a bend at the transition point Tc. A 
similar effect has been observed for the rotational 
jumps of the NH® ion around its fourfold axes in 
NH4C1 at 242 K, where an order-disorder phase 
transition occurs [11]. 

The residence times of hindered rotator groups in 
solids are generally described by an Arrhenius de-
pendence on the temperature F, the activation 
energy F a n d the correlation time constant T0, that 
is r = r 0 e x p ( V / R T ) . Activation energies of (5.5±0.6) 
kJ/mol and (24 ± 5) kJ/mol were derived from the 
different slopes of the In T versus 1 / F curve (Fig. 7) 
for the two phases. The height of the potential 

Table 1. Mean values for the pu re Lorentzian full widths 
at half m a x i m u m T and residence t imes r = 2 h / T . 

Tem- C 6 D 5 N H 3 B r C 6 H 5 N H 3 B r 
pera ture 
7V K r / m e V r - 1 0 l 2 / s T / m e V r - 1 0 1 2 / s 

105 < 0 . 3 0 > 4 
275 0.56 2.35 
288 0.98 1.34 
294 1.11 1.19 1.23 1.07 
300 1.34 0.98 
308 1.42 0.93 
333 1.72 0.76 1.84 0.71 
363 1.93 0.68 
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Fig. 7. Arrhenius plot of the residence t imes giving activa-
tion energies of 24 and 5.5 kJ /mol for the monoclinic and 
or thorhombic phase respectively. 

barrier was determined in a similar way for 
(CH3)3NHC1 (INS results) [12], for - N H ® groups 
in anilinium salts ( ' H - N M R ) [4] and for NH® ions 
in NH4CI [11] and (NH4)2SnCl6 [13] (both INS). 

The activation energy of 5.5 kJ /mol seems to be 
very reliable as its temperature dependence is neg-
ligible in the high temperature phase. In the 
monoclinic phase, however, the value of V increases 
with decreasing temperature and has its highest 
value when the state of order is reached. All concep-
tions of the phase transition in anilinium bromide 
postulate a continuous change of the activation 
energy at the transition point [2, 14]. The final 
value of the monoclinic angle which increases grad-
ually is 91.37° at F ~ 160 K [15]. 

The activation energy of 24 kJ /mol should only 
be considered as an estimation for the temperature 
range just below Fc (275 - 295 K). The barrier 
height increases when the symmetries of rotator and 
environment are similar. The environment changes 
from nearly C4 symmetry in the orthorhombic 
phase towards a disturbed C 3 symmetry in the 
monoclinic phase [1 ,2] without ever reaching exact 
correspondence with the symmetry of the rotator. 
This correspondence leads to higher barriers, as 
observed in anilinium chloride [4, 7], Additional 
measurements at lower temperatures should give 
higher barriers. The higher frequency observed in 
the 105 K result gives some indication. The instru-

orthorhombic. monoclinic 

C 6 H 5 NH 3 Br 
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mental resolution did, however, not allow an analy-
sis of the quasielastic scattering at 105 K. 

In accordance with Ratcliffe [4, 7] we suppose 
that the barrier against the —NH® group motion is 
essentially of external origin (via hydrogen bonds), 
and the internal hindrance is low. Still the inter-
action between ring and — NH® group seems to be 
strong enough to arrange the ring in an eclipsed 
position to one of the H atoms of the — N H f group 
[1]. It is concluded from the absence of neutron scat-
tering intensity on the - ND® torsion that the motion 
of - N H ® group and phenyl ring are decoupled. A 
frequency of about 3 3 / ] / T meV = 23 meV should 
be observed for C6H5ND3Br in the case of coupling. 

Analysis of the line width gives also information 
on the j u m p distance. F rom the crystal symmetry, 
angles for an individual j u m p of 60° or 120° seem 
reasonable. The Lorentz widths for these two angles 
at low (2-values were calculated and drawn in Fig. 6 
for the 275 K experiment. The calculation was 
based on a limiting case formula [10] with / = j u m p 
distance and ( « 2 ) / 6 = Debye-Waller coefficient. As 
no experimental points are available in that Q-
range, an evaluation based on elastic incoherent 
structure factors (EISF) was attempted. The EISF 
reflects the geometry of the moving proton directly. 
The quasielastic form factor 1-EISF was in fact 

used, as the elastic incoherent scattering is influ-
enced by Bragg reflections. 

The integrated Lorentz intensities are plotted in 
Fig. 8 as a function of Q • r for several temperatures 
(r = distance of the proton f rom the rotational axis). 
They were corrected for the partial Debye-Waller 
factor of the - N H ® group and normalized to the 
incoherent part of the total scattering. The theoret-
ical curves for the 60° and 120° jumps calculated 
from formulae of [6] reveal marked differences for 
high Q values. The experimental points show a 
distinct tendency to a 60° reorientation in both 
phases for temperatures not so far from the transi-
tion point. The 105 K data unfortunately do not 
allow a corresponding evaluation. 

Discussion 
Activation energies for hindered rotation of 

- N H ® groups which are involved in hydrogen 
bonds are listed in Table 2. The values derived f rom 
quasielastic scattering are in general agreement with 
values observed by other methods. The considerable 
difference in the activation energy between the two 
phases (approximately a factor of 4) was stated for 
the two phases of e thylenediammonium chloride, 
too [19], though the two phase transitions are of dif-
ferent type. Ratcliffe and Dunell [4, 5] derived 

1.0 

Ll-
CO 
LU .5 

C6D5NH3Br 

Fig. 8. Comparison of the quasielastic form factor, calculated for j u m p angles of 60° and 120° with the experimental 
values. 
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Table 2. Comparison of activation energies for reorientational motions o f - N H 3 ® groups embedded in hydrogen bond 
systems. 

Substance Activation energy Temperature Method Ref. 
F /kJ /mol - 1 (range) 7VK 

(CH3)3CNH,Br 3 3 . 2 ± 0 . 8 330 N M R [16] 
N :H5C1 31.4 + 0.3 220 - 300 N M R [17] 

40 77 INS 
[17] 

N :H5Br 32.3 ± 0.2 200 - 280 N M R [17] 
37 77 INS 

[17] 

N,H6Br, 35 296 INS [18] 
BrNH3CH->CH->NH3Br 12.3 ± 0 . 2 80 - 300 N M R [19] 
C1NH3CH2CH2NH3C1 41.3 ± 0.2 2 5 0 - 4 1 0 (phase I) N M R [19] 

8.6 ± 0.5 320 - 550 (phase II) N M R 
[19] 

C 6 H 5 N H 3 C I 37.1 ± 0 . 6 295 - 450 N M R [4] C 6 H 5 N H 3 C I 
47.6 77 INS 

[4] 

C6H5NH3Br 11.2 ± 0.1 77 - 230 (phase II) N M R [4] 
21.7 77 (phase II) INS 

[4] 

24 ± 5 ~ 275 (phase II) quasiel. INS this paper 
5.5 ± 0.6 300 - 360 (phase I ) quasiel. INS 

C 6 H 5 N H 3 I 8.5 ± 0.1 77 - 180 (phase II) N M R [4] 

11.2 K J / m o l - 1 f r o m sp in la t t ice r e l axa t ion t i m e 
m e a s u r e m e n t s a n d 21.7 K J / m o l - 1 f r o m the I N S 
tors ional f r e q u e n c y of the - N H ® g r o u p . T h e dis-
c r e p a n c y b e t w e e n t he t w o va lues is cons ide r ab l e . 
T h e N M R resul t m i g h t b e s t rongly i n f l u e n c e d by 
the a s s u m p t i o n s m a d e a b o u t the i n t r a m o l e c u l a r 
g e o m e t r y [4], A r eca l cu l a t i on b a s e d on t he latest 
n e u t r o n d i f f r a c t i o n d a t a [2] s e e m s w o r t h w h i l e . T h e 
a g r e e m e n t b e t w e e n the I N S v a l u e a n d the resul t of 
the quas i e l a s t i c l ine b r o a d e n i n g is r a t h e r good 
desp i t e the un rea l i s t i c a s s u m p t i o n of a r egu la r 
th ree fo ld e n v i r o n m e n t of t h e —NH® g r o u p in the 
eva lua t ion of t he I N S d a t a . 
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