
35C1 NQR Studies of Bismuth Trichloride 
P. K. Babu and J. R a m a k r i s h n a 
Department of Physics, Indian Institute of Science, Bangalore-560 012, India 

Z. Naturforsch. 52a, 614-620 (1997); received April 4, 1997 

The temperature dependence of the 35C1 nuclear quadrupole resonance (NQR) frequency and spin 
lattice relaxation time (Ti) are studied in crystalline BiCl3, in the range 40 - 300 K. The positive 
temperature coefficient observed for one of the 35C1 resonances is explained in terms of the strong 
intermolecular interactions that exist in this compound. Variation of with temperature is found 
to be similar at the chemically inequivalent halogen sites. Semiclassical descriptions based on 
torsional oscillator dynamics are found to be inadequate for explaining the spin lattice relaxation. 
Tj (T) data follow an AT2 + BT3 type behaviour, indicating that the anharmonic nature of the 
lattice vibrations plays a significant role in determining the temperature dependence of 7i at high 
temperatures. 

1. Introduction 

The tempera ture dependence of the N Q R frequency 
in molecular crystals is usually explained in terms of 
intramolecular vibrat ions and torsional oscillations 
[1, 2], Such descriptions are satisfactory when the in-
termolecular interactions are weak. The N Q R fre-
quency can show an unusual tempera ture dependence 
in the presence of s trong intermolecular interactions. 
Also, semiclassical descriptions [3] based on torsional 
oscillator dynamics suggest tha t the nuclear quadru -
pole spin lattice relaxation time in molecular crys-
tals should show a quadra t ic t empera ture depen-
dence. However, deviations f rom this are reported by 
many workers [4-6] . Recent advances in describing 
the nuclear quadrupo le relaxat ion in molecular crys-
tals [7] predict that the anha rmon ic na ture of the lat-
tice vibrations plays a significant role in the tempera-
ture dependence of Ti in molecular crystals, which 
may deviate f rom being p ropor t iona l to T2. 

BiCl3 is a molecular crystal, belonging to the 
family of G r o u p V trihalides that exhibit well defined 
trends in physical and chemical properties. In addi-
tion to the usual Van der Waals interaction, these 
compounds show intermolecular interact ions which 
lead to an interesting chemical binding between adja-
cent molecules, resulting in chemical inequivalence of 
the halogen sites. In BiCl 3 , each Bi a tom is bonded to 
three Cl a toms, and the molecule has a distorted 
trigonal pyramid shape (Figure 1). The bond lengths 
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Bi-Cl (2) and Bi-Cl (3) are 2.513 Ä and 2.518 Ä, respec-
tively, while the third bond is much shorter, 2.468 Ä. 
The two angles opposite to the equal Bi-Cl bonds are 
comparab le but not equal: 94.9° and 93.2°. The third 
angle, the one opposite to the shortest Bi-Cl bond is 
84.45°. 

BiCl3 is isostructural with SbCl 3 [8], being or-
tho rhombic with 4 molecules per unit cell. The unit 
cell parameters are: a = 7.641 Ä; b = 9.172 Ä and 
c = 6.291 Ä and the space group is P n 2 x a [9]. A non-
bonded Bi-Cl distance is about 4.1 Ä, and distances 
much less than this value can be considered as inter-
molecular bonding [10]. In addit ion to the three 
bonded Cl a toms a round Bi, five more Cl a toms exist 
at distances between 3.216 and 3.450 Ä. This eight-
fold coordinat ion can be described as a right tr igonal 
prism, with two addit ional Cl a toms in face bridging 
posit ions (Figure 2). The a toms Cl( l ) , Cl(2) and Cl(3) 

2.518 A 
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Fig. 1. Shape of the BiCl3 molecule. 
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Fig. 2. The eight-fold coordination of Bi in BiCl3. 

are closely bonded to Bi, to form the base of the prism. 
Cl(l ' ) , CI (2') and CI (3') lie in a plane tha t is almost 
parallel to the base and vertical above their unpr imed 
counterparts . Thus, three rectangular sides are 
formed. CI (2") and CI (3") lie in the middle of two of 
these sides. Also a pseudo mir ror plane relates CI (2) to 
CI (3), CI (2') to CI (3') and CI (2") to CI (3"). The Bi 
a tom is not at the center of the prism but is much 
nearer to the three bonded CI a toms at the base. Since 
the bond length Bi-Cl( l ) is the shortest a m o n g the 
three, it is involved in the bridging to only one o ther 
Bi a tom. The two other CI a toms involved in the 
longer Bi-Cl bonds take par t in intermolecular bond-
ing with two other Bi a toms. 

A compar ison of the cell dimensions of SbCl 3 and 
BiCl3 shows that a considerable shrinking of the unit 
cell has occurred in the BiCl 3 s t ructure (unit cell vol-
ume of SbCl 3 ~ 490 (Ä)3, that of BiCl 3 ~ 441 (Ä)3). 
This contrasts with the expansion that would be ex-
pected to accommoda te the larger Bi covalent and 
Van der Waals radii. This indicates tha t the inter-
molecular Bi-Cl interact ion is much s t ronger and ap-
pears to be responsible for this cell shr inkage in the 
BiCl3 structure. Examinat ion of solid S b C l 3 , using 
laser Raman spectroscopy [11] has not revealed any 
intermolecular vibrat ional modes for CI a toms, 
whereas in BiCl3 clear indicat ion of such modes is 
observed. This may be due to the weakness of the 
intermolecular interact ions in SbCl 3 . Thus , in the 
crystal lattice all CI a toms are involved in intermolec-
ular bonding to one or more Bi a toms, and this ac-
counts for the decrease in all Bi-Cl stretching m o d e 
frequencies on passing f rom gaseous to solid BiCl 3 . 

Robinson [12] reported the pure N Q R spectra of 
35, 3 7 q - n ß iC l 3 at both room and liquid air tempera-
tures. Each isotope of CI gives rise to two separate 
resonances, indicating that three are two chemically 
inequivalent CI sites in BiCl 3 . F o r 35C1, the resonance 
frequencies at room temperature are 19.155 M H z and 
15.995 MHz. Frequency measurement at liquid air 
temperature showed that for the low frequency 3 5C1 
N Q R line, the resonance frequency decreased with 
temperature. 

The first N Q R measurements [12] were reported 
before the s t ructure of solid BiCl3 was solved. Later, 
X-ray [8] and Raman spectroscopic studies [11] have 
given a detailed picture of the structure and the inter-
molecular interactions in this material. The R a m a n 
spectrum of gaseous BiCl3 (at 460 °C) is quite different 
f rom that of the solid. The terminal Bi-Cl stretching 
modes (342 and 322 c m - 1 ) in the gaseous phase are 
considerably shifted to lower wave numbers (280 and 
262 c m " 1 ) in the solid, and bands of medium intensity 
in the 2 5 0 - 1 5 0 c m - 1 region of the solid are absent in 
the gas. 

Gillies and Brown [13] have reported the tempera-
ture dependence of 35C1 N Q R frequencies in BiCl3 

f rom 238 to 338 K. They have also investigated the 
pressure dependence (up to 275 M P a ) near r o o m tem-
perature. The frequencies at bo th the sites varied es-
sentially linearly with temperature and pressure over 
the ranges investigated. The low frequency line 
showed a positive temperature coefficient. The coeffi-
cients obtained for the two CI resonances are given in 
Table 1. 

E F G ' s at the CI sites have been calculated [14] by 
means of a point charge model employing the crystal 
sturcture da ta of BiCl 3 . These calculations predict 
large r] values at both CI sites. The calculated N Q R 
frequencies agree with the experimentally reported 
values only at the low frequency site. Recently [15], 
BiCl3 has been employed as a sample to demons t ra te 

Table 1. Pressure and temperature coefficients of the 35C1 
NQR frequency in BiCl3. 

Coeffi- Site I 
cients 

Site II 

( ^ j - 1 . 9 4 ± 0.04 kHz K " 1 0.38 ± 0.03 kHz K~ 

- 0 . 3 8 ± 0 . 0 1 kHz ( M P a ) " 1 —1.22 ± 0.01 kHz ( M P a ) " 1 
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a new two-dimensional N Q R experiment which corre-
lates two connected N Q R transitions. 

It is of interest to study how the intermolecular 
interactions affect the temperature dependence of the 
N Q R frequency. Also, BiCl3 being a molecular crys-
tal. one can examine which of the available theoretical 
models is best suited to explain the experimentally 
observed tempera ture dependence of the relaxation 
time. Therefore we have carried out extensive investi-
gat ion of the tempera ture dependence of the reso-
nance frequencies and relaxation times in BiCl 3 . 

2. Experimental 

A pulsed N Q R spectrometer was used for the pres-
ent investigations. The t ransmit ter part of it consists 
of a home made p rogrammable pulse generator, a 
K I K U S U I (model K S G 4100) frequency synthesiser 
and a gated power amplifier (ENI model LPI-10). A 
series resonance N Q R probe [16] that can be operated 
in the frequency range 1 2 - 2 5 M H z was designed and 
fabricated. The ou tpu t of the probe is connected to a 
Matec Receiver (Model 625) through a pre-amplifier 
(Model 252). Nuclear induction signals, detected by 
the receiver, are acquired by a waveform analyser 
(DATA 6100) that can perform signal averaging as well 
as different types of signal processing functions. The 
waveform analyser is interfaced to a P C to which the 
averaged/processed signals can be transferred for stor-
age and fur ther analysis. 

Temperature variat ion was accomplished with the 
help of a low tempera ture assembly consisting of a 
helium gas flow cryostat (CF 1200), transfer tube (GFS 
200), t empera ture controller (ITC-4), a flow control 
valve (VC 30) and a d iaphragm p u m p ( G F 2) (All the 
units are f rom Oxford Instruments). Temperatures 
were measured and controlled to an accuracy of 
± 0 . 1 K in the range 4 . 2 - 3 0 0 K. A minimum waiting 
period of 1 hour was given between successive mea-
surements to ensure that proper thermal equilibrium 
is at tained by the sample. Each temperature run was 
carried out at least twice to check the consistency of 
the measured Tx values. 

About 5 g of BiCl3 powder (Aldrich, 99.999%) was 
densely packed into a pyrex tube of 10 mm diameter 
and vacuum sealed. A high purity sample was used for 
the present investigation was we failed to observe the 
N Q R signals f rom a low purity (98%) sample. The 
resonance frequencies were measured by means of the 

spin echo sequence while the relaxation times were 
measured by employing either the inversion recovery 
or the sa tura t ion burst sequence. U p to 100 K, mea-
surements were m a d e at intervals of 20 K, and below 
100 K the measurements were done at 10 K intervals. 

3. Results 

3.1 Temperature Dependence 
ofi5Cl NQR Frequencies 

According to the crystal s t ructure studies [9], one 
expects that all the three Cl a toms in BiCl3 are chem-
ically inequivalent. But the earlier N Q R investigations 
[12, 13] as well as the present s tudy indicate that only 
two inequivalent Cl sites are present in BiCl 3 . At 
room temperature , we have detected two 35C1 reso-
nances at 19.159 M H z and 15.956 M H Z with the lat-
ter showing nearly double the intensity compared to 
the high frequency line. Fol lowing the convention 
adop ted for SbCl 3 [17], the Cl a tom forming the short-
est Bi-Cl bond is termed as Cl site I and the other two 
with longer Bi-Cl bonds (which take par t in more than 
one intermolecular bonding) are referred to as site II. 
Since the number of Cl a toms occupying site II is 
twice tha t of site I, the higher intensity 15.956 M H z 
line is assigned to site II and the 19.159 M H z line to 
site I. 

These frequencies are plotted as funct ions of tem-
pera ture in Figures 3 and 4. The solid lines in these 
figures represent a four th-order polynomial fit. The fit 
parameters are given in Table 2. As the 35C1 N Q R 
frequency of site I follows the usual temperature de-
pendence, it is possible to analyse its temperature de-
pendence using Bayer 's theory [1] with the help of the 
m o m e n t of inertia value [13]. Torsional frequencies 
responsible for the tempera ture dependence of the 
field gradient are obta ined by the numerical i teration 

Table 2. Parameters of the fourth-order polynomial fit for 
the NQR frequency. 

Parameters Site I Site II 

19.5950 MHz 15.8406 MHz 
a 9.819 x 10~4 -3.007 x 10"4 

b -2 .508 x 10"5 1.067 x 10"5 

c 9.252 x 10~8 -5.147 x 10"8 

d -1 .205 x lO"10 7.884 x 10"11 
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Fig. 3. Temperature dependence of the 35C1 NQR frequency Fig. 5. Variation of torsional frequencies with temperature, 
in BiClj (Site I). 
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Fig. 4. Temperature dependence of the 35C1 NQR frequency 
in BiCl3 (Site II). 

of the equat ion [18] 

3 h 
(1) 

v(T) = v0< 1 -
71 C 

sin2 0 i 1 
eh vJkB T _ j 

where 0, is the angle between the momen t of inertia 
axis considered and the z-axis of the E F G tensor. The 
v0 value, obtained from the four th-order polynomial 
fit, is used in the above equat ion . The analysis can be 
simplified by putt ing together the effects of torsional 
motions about the different axes of the m o m e n t of 
inertia tensor to a single m o d e of tors ional mot ion 
about an axis passing th rough the Bi a t o m and per-

pendicular to the right trigonal prism. The effective v, 
values thus obtained are plotted in Figure 5. The tor-
sional frequencies vary non-linearly with temperature . 
The torsional frequency that we have obtained f rom 
this analysis at 296 K (38 c m - 1 ) is quite close to the 
lowest frequency mode (45 c m - 1 ) reported for the Ra-
m a n spectrum of solid BiCl3 [11]. 

It is not possible to perform a similar analysis for 
the temperature dependence of the 3 5C1 N Q R fre-
quencies at site II, as it shows a positive tempera ture 
coefficient. The temperature coefficient of the N Q R 
frequency can be written as [19] 

dv \ / dv \ a / dv \ 

v r j p = { w ) y ~ J \ d p ) T ' 
( 2 ) 

where a is the thermal expansion coefficient and x the 
isothermal compressibility. The first term is usually 
negative according to Bayer's theory [1]. Both a and x 
are normally positive. Therefore, when (9v /dP) T is neg-
ative and the absolute value of the second term is 
greater than that of the first term, the observed N Q R 
frequencies will show a positive tempera ture coeffi-
cient. ( d v / d P ) T is negative for both the CI sites 
(Table 1). Thus, the second term is positive for bo th CI 
sites. But at site II it is about three times that of site I. 
Therefore, for site II the net tempera ture coefficient 
becomes positive. 

The microscopic origin for the positive tempera ture 
coefficient can be at t r ibuted to the intermolecular 
bonding that exists in BiCl 3 . All the CI a toms in BiCl3 

take par t in one or more intermolecular bondings 
[9, 11], One can regard the intermolecular bonding in 
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BiCl3 to arise due to the transfer of electrons from Cl 
to the Bi of a neighbouring formula unit [20]. Bi has 
got empty 6 d orbital to which electrons from the filled 
p ti orbi tal on the Cl a tom are transferred. This can 
lower the magni tude of the field gradient and increase 
the asymmetry parameter [21, 22], 

According to Townes-Daily 's approximat ion [22], 
the quadrupo le coupling constant observable in N Q R 
is given by 

\e2qQ\ = Up\e2qpQ\, (3) 

where e2 qp Q s tands for the quadrupole coupling con-
stant per single p electron. F o r halogens, | e2 qp Q | is 
equal to the absolute value of the a tomic quadrupole 
coupling constant | e2 Q qatom | which can be measured 
directly by observing the N Q R (via microwave spec-
troscopy, for example) in the gaseous phase. The num-
ber U p of unbalanced p electrons is given by 

Up = \(Nx + N y ) - N z , (4) 

where N x , N y and N z denote the electron populat ions 
in the outermost p x , py and p z orbitals, respectively. 
When a halogen a tom forms a a bond, one may as-
sume that Nx = Ny = 2. O n the other hand, when a 
An — p7r part ial n bond is formed between a Bi a tom 
and a Cl a tom of ano ther BiCl3 unit involving the 
transfer of electrons f rom Cl a tom to the metal a tom, 
there will be a decrease in the populat ions Nx and Ny. 
This decrease in the popula t ion implies a reduction 
in the charge distr ibution a round the Cl a tom and a 
consequent decrease of the net E F G . Thus, at any 
given tempera ture the N Q R frequency of site II is 
expected to be less than that of site I. As the tempera-
ture is increased, the molecular mot ions will give rise 
to a decrease in the charge overlap of the d7r — prc 
bond. This decrease of overlap leads to an increase in 
N x and N y , which leads to an increase in the field 
gradient, and hence the N Q R frequencies increase 
with temperature . The usual mot ional effects [1] and 
its consequence (i.e., negative temperature coefficient 
for the N Q R frequency) are present in BiCl3 also. 
Thus, there is an interplay between the mot ional ef-
fects and the intermolecular bonding effect. In SbCl 3 , 
the mot iona l effects are still dominant , but in BiCl3 

the influence of the intermolecular bonding surpasses 
the normal mot ional effects to impart a net positive 
tempera ture coefficient for the N Q R frequency at 
site II. Since site I is also involved in intermolecular 
bonding [9], one can expect similar effects at site I too. 
However, the intermolecular bonding in which site I is 

involved is ra ther weak, and therefore the mot ional 
effects still de termine the t empera tu re coefficient of the 
N Q R frequency. 

O n the other hand , applicat ion of pressure increases 
the overlap popula t ion , which will reduce the net 
E F G at the Cl sites. Since the contract ion of the unit 
cell, p roduced by the applicat ion of pressure, is much 
larger than that which can be b rough t about by lower-
ing the temperature , the pressure effect on the inter-
molecular bond ing (i.e., negative pressure coefficient 
for the N Q R frequency) is observed at both Cl sites. 

3.2 Temperature Dependence o f 3 5 Cl Relaxation Times 

3 5C1 relaxation times are measured by observing 
the F I D ampl i tude as a funct ion of the pulse separa-
tion in an inversion recovery sequence, down to about 
200 K. Tj has become about 500 ms when the temper-
a ture reached 200 K. Below this temperature, the re-
laxat ion times were obtained th rough a sa turat ion 
burst sequence consisting of ten n/2 pulses. At about 
40 K, 3 5C1 N Q R T t became more than 20 s, and it was 
not possible to measure it below this temperature. 

Figure 6 shows the tempera ture dependence of the 
3 5C1 relaxation rates for site I and site II. Q u a d r u p o -
lar relaxation can be expected to be the dominan t 
mechanism causing the spin-lattice relaxation, as 
BiCl3 is a molecular crystal. 

F o r / = 3/2 spin systems, the relaxation times can 
be analysed with the Woessner-Gutowsky theory [3]. 
O n e can calculate the torsional level life-times f rom 
the known values of the m o m e n t of inertia and the 

8 

- P 6 CD 
co O 

£ 4 

2 

o -0 100 200 300 
T(K) 

Fig. 6. Temperature dependence of the 35C1 spin-lattice re-
laxation rate in BiCl3. 
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torsional frequencies, combined with the measured 
values of 7^. However, in the present case the life 
times obtained th rough this analysis turned out to be 
imaginary. 

A least-squares fit of the da ta to an expression of the 
type A Tn gives the following values: A = 7.065 x 10" 6 

and n = 2.408 for site I and A = 2.56 x 1 0 " 5 and 
n = 2.23 for site II. O n e notices that the index n is 
different f rom the value 2 predicted for a torsional 
oscillator model [23]. Within experimental error, we 
were able to fit the relaxation rates at bo th CI sites to 
an expression of the type [3] 

AT2 + Be~EJk«T 

and obtained the activation energies as 536 cal /mol 
and 668 cal/mol for site I and II, respectively. Since 
these values are smaller than the usually obtained 
activation energies [3], it is highly unlikely that the 
quadrupole relaxation is assisted by any activated 
process. As BiCl3 is a molecular crystal, we tried to 
analyse the quadrupo le relaxation with the theory of 
Zamar and Gonzalez (Z-G) [7], where the collective 
nature of the molecular mot ions and anha rmon ic ef-
fects are taken into account . The deviat ion of the re-
laxation rate f rom the T 2 dependence is an indicat ion 
that the interaction process described by Z - G is play-
ing an impor tan t role in the spin-lattice relaxation. 
Therefore, we have fitted our Tx values to the expres-
sion [7] 

T~l = AT2 + BT3, (5) 

which gave the coefficients given in Table 3. 
The solid lines in Fig. 6 are numerical fits to the Z - G 

equat ion for T t . The T 3 term in the Z - G theory arises 
due to the interaction of the first-order R a m a n and the 
anharmonic R a m a n processes. The anha rmon ic terms 
in the lattice vibrat ions Hami l ton ian can enhance the 

Table 3. Least-squares fit parameters to the Z-G equation 
f°r Tj~1 (T). 

CI site A B 

Site I 7.58 x 10"5 2.37 x KT 7 

Site II 5.68 x 10"5 1.17 x 10"7 

intensity of the spin-lattice coupling th rough the inter-
action process. Therefore, this interaction process is 
expected to domina te the relaxation behaviour at high 
temperatures. B is about three orders of magni tude 
less than A, and we expect the T 3 process to be less 
significant at low temperatures. F r o m Fig. 6 we can 
see that the experimental da ta fit to the above expres-
sion, particularly well in the high tempera ture region. 
A separate evaluat ion of the individual t ransi t ion 
probabili t ies is not possible within the f rame work of 
the Z - G theory. 

4. Conclusions 

In BiCl 3 , the temperature dependence of the N Q R 
frequencies is strongly influenced by intermolecular 
interactions. Since the spin lattice relaxation is caused 
by collective excitations of the lattice, bo th CI sites 
show similar behaviour of the tempera ture depen-
dence of the relaxation rates. Semiclassical descrip-
tions are found to be inadequate in describing the 
tempera ture dependence of the relaxation rate. The 
experimental da ta are found to follow an A T2 + B T3 

type behaviour. The T 3 term dominates the relaxat ion 
behaviour at high temperatures, indicating that the 
anha rmonic nature of the lattice vibrat ions becomes 
impor tan t in causing the spin-lattice relaxation at 
high temperatures. 

Compar ing our results with the 3 5C1 N Q R of SbCl 3 

[17], one can see that the tempera ture dependence of 
the N Q R frequencies in both c o m p o u n d s shows the 
effect of intermolecular bonding. Since these interac-
tions are stronger in BiCl 3 , the CI site involved in 
more than one intermolecular bond shows a positive 
temperature coefficient for the N Q R frequency. 
O k u b e and Abe [17] have analysed the quadrupo le 
relaxation in SbCl 3 at low temperatures in terms of 
R a m a n processes. The high tempera ture relaxation is 
a t t r ibuted to activated behaviour arising f rom rota-
tional mot ions and tumbling or diffusive mot ions . We 
find that the Z - G theory [7], which takes into account 
the collective na ture of excitations in a molecular crys-
tal, describes the relaxation behaviour quite well for a 
wide range of temperature. 
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