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The proton spin±lattice relaxation time (T1) measured as a function of temperature in the range 424
to 119 K in trimethyl ammonium hexachloro plumbate [(TrMA)2PbCl6] shows phase transitions at
340 and 119 K. The observed badly resolved minima in this compound are explained on the basis of
C3 reorientations of inequivalent trimethyl ammonium and methyl groups. The computed second
moment values, suggest the freezing of both types of reorientation around 117 K. Proton T1 studies
in tetramethyl ammonium hexachloro plumbate [(TMA)2PbCl6] in the temperature range 295 to
106 K shows a deep T1 minimum at 180 K and a shallow one around 111 K, which are interpreted in
terms of inequivalent tetramethyl ammonium (TMA) ions as well as CH3 reorientation.

1. Introduction

1H NMR spin±lattice relaxation study of the dynamics of the trimethyl ammonium
(TrMA) ion has been carried out only in a few simple compounds like TrMA halides [1 to
4] and TrMA oxalates [5] and it was observed that the relaxation is dominated by reorien-
tations of the TrMA ion in the high temperature range (>150 K), while at lower tempera-
tures it is dominated by the dynamics of the methyl groups. As the correlation times for
these motions are close to each other in these simple compounds, the observed spin±
lattice relaxation T1 minima are not resolved in the TrMA halides while they are barely
resolved in the other compounds. On the other hand, the T1 minima in the TrMA hexaha-
lo metallates of the R2MX6 family (R = TrMA, M = Pt, Sn, Te and X = Cl, Br and I) are
well resolved [6]. The NMR study in TrMA hexabromo selenate has revealed the pre-
sence of inequivalent TrMA ions and methyl groups [7]. Jagadeesh et al. [8] have reported
the presence of inequivalent TrMA ions and methyl groups in the (TrMA)3Sb2Cl9. The
activation energies for the TrMA ion and the methyl groups in the TrMA compounds of
R2MX6 family (�29.3 and �14.6 kJ/mol) [6] are smaller than the corresponding values in
the TrMA halides and in TrMA oxalates (�37.7 and �20.9 kJ/mol) [1 to 4]. While
(TrMA) halides have shown phase transitions [1 to 4], the (TrMA)2MX6 type compounds
investigated so far [6, 7] have not exhibited any phase transitions. The TrMA ion has only
a threefold symmetry axis, whereas the tetramethyl ammonium (TMA) ion has much
greater symmetry (four threefold axes, three twofold axes) and TMA based R2MX6 type
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compounds often exhibit phase transitions [9, 10]. It would be interesting to study the
effect of this higher symmetry on the proton dynamics. Moreover, many compounds of
the RMX3 family with R = methyl ammonium or TMA, M = Pb and (X = Cl, Br and I)
have shown phase transitions [11, 12]. Hence, it would be interesting to study the lead
containing systems with TrMA and TMA cations. We have therefore measured 1H NMR
spin±lattice relaxation time as a function of temperature in (TrMA)2PbCl6 as well as
(TMA)2PbCl6 and the results are reported here.

The method of preparation and powder X-ray diffraction study of the (TrMA)2PbCl6 as
well as that of the (TMA)2PbCl6 are reported by Brill and Welsh [13] and the DTA studies
are reported by Blazejowski and Szychlinski [14]. Both the compounds are prepared by the
reaction of a solution of lead acetate in concentrated hydrochloric acid with a solution of
the corresponding cation chloride in concentrated hydrochloric acid. The crystals are ob-
tained by passing chlorine gas and cooling the solution to 0 �C. They are cubic with space
group Fm3m and isostructural with TrMA hexachloro stannate and tellurate [13]. We have
characterised our samples by X-ray diffraction, IR and elemental analysis of lead. The d
spacings recorded in our compounds compare well with those reported for the R2MX6

family by Brill and Welsh [13] and others [15, 16]. The IR frequencies recorded in the range
400 to 4000 cmÿ1 agree with the corresponding values reported by Stammler [17] for the
TrMA and TMA halides. The elemental analysis of lead yields a value of 38.0% against the
estimated 38.4% for (TrMA)2PbCl6 and 36.4% against a value of 36.4% for (TMA)2PbCl6.

We have carried out NMR measurements (T1 and M2) in the temperature range 110 to
424 K using a home-made spectrometer working at 10 MHz. The temperature of the sam-
ple, in the range 300 to 110 K, is varied using a gas flow arrangement while the range
from 424 to 300 K is covered with a heating arrangement and the sample temperature is
measured using a copper±constantan thermocouple to an accuracy of �0.5 K.

2. Results and Discussion

2.1 Trimethyl ammonium hexachloro plumbate [NH(CH3)3]2PbCl6

2.1.1 Relaxation

The 1H relaxation time (T1) was measured from 424 to 117.5 K. A plot of T1 versus 1000/T
is shown in Fig. 1. The relaxation time decreases rapidly from 424 down to 180 K, where
two badly resolved minima (5.6 ms at 176 K and 6.0 ms at 164 K) are observed. In this
temperature range (424 to 180 K) small changes in the slope are observed at 340 and 226 K.
In the low temperature region, below 164 K, the relaxation time increases and shows a
discontinuous jump at 119 K. The signal could not be observed below 117 K.

The T1 behaviour is analysed using the model developed by SjoÈ blom and Punkkinen
[3]. They have considered the modulation of the proton±proton interactions by the reori-
entation of the methyl groups and the TrMA ions about their C3 axes. The intra-methyl,
inter-methyl and methyl proton-lone proton pairwise interactions are considered in this
model. The expression for the effective relaxation rate is given by the equation
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Here r � tÿ1
c is the correla-

tion rate for reorientations of
the methyl groups and
R � tÿ1

T , is the correlation
rate for reorientations of the
TrMA ion. The temperature
variation of the correlation
times �t� is given by the Ar-
rhenius equation

t � t0 exp�Ea=kT� ; �2�
where Ea is the activation en-
ergy for the type of motion
considered. The values K�m�i ,
L�m�j , M�m�

n which are used for
the T1 analysis [3] are given
in Table 1.

The T1 behaviour above 340 K is attributed to the C3 reorientation of the TrMA ion.
The observed T1 values follow the equation (1) yielding an activation energy of 12.4 kJ/
mol and a pre-exponential factor of 2:9� 10ÿ12 s. This activation energy is smaller than
the value of 25.1 kJ/mol observed in TrMA hexahalo metallates of the R2MX6 family

Fig. 1. Plot of relaxation time T1

vs. 1000/T in [NH(CH3)3]2PbCl6

Ta b l e 1
The relaxation constants K�m�i ;M�m�n and L�m�j (in 108 sÿ2) for the trimethyl ammonium ion

m i; j; n
K�m�i
(intramethyl)

M�m�
n

(lone proton)
L�m�j
(intermethyl)

1 1 24.22 1.74 0.63
2 48.45 7.28 4.30
3 19.99 11.68 6.86
4 1.16
5 2.39

2 1 94.84 6.83 2.56
2 193.08 29.49 17.29
3 81.22 46.65 28.16
4 4.58
5 9.78



(M = Pt, Sn, Te and X = Cl, Br) [6] and 28.9 and 24.3 kJ/mol found in TrMA hexabro-
mo selenate for the C3 reorientation of TrMA ion [7]. The pre-exponential factors for
the C3 reorientation of the two inequivalent TrMA ions in (TrMA)2MX6 (M = Pt, Sn,
Te and X = Cl, Br) [6] and in (TrMA)2SeBr6 are (0.6 to 3) � 10ÿ13 s and (3.8 to 4.0)
�10ÿ14 s, respectively. The smaller activation energy for the reorientation of the TrMA
ion indicates a greater mobility in the present compound. The slope change at 340 K
could be due to a phase transition. However, it needs to be confirmed by other mea-
surements.

The T1 behaviour in phase II (340 to 119 K), could be explained in terms of inequi-
valent TrMA ions and inequivalent methyl groups. In the presence of inequivalent mo-
lecular groups, the resultant relaxation rate is given by [18]
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where Na and Nb are the numbers of a and b type TrMA ions with the corresponding
relaxation times T1a and T1b, respectively, given by equation (1). A small change in
slope, around 226 K, indicates a possible T1 minimum (of 22 ms), occurring at this
temperature. This T1 minimum is twice the expected value (�11 ms at 10 MHz) for the
reorientation of the TrMA ion while the barely resolved minima (5.6 and 6.0 ms) ob-
served at 176 and 164 K, are also longer than the expected (5.5 ms) values for the
reorientation of the methyl group. The poorly resolved minimum (22 ms) on the high
temperature side is explained in terms of the contributions from the two inequivalent
TrMA ions, while the barely resolved minima of 5.6 and 6.0 ms are explained in terms
of contributions from the inequivalent methyl groups. The slope of the linear portion
on either side of the T1min is used to obtain the approximate values of Ea (activation
energy) and t0 (pre-exponential factor). These Ea and t0 values are used as initial param-
eters in equations (1), (2) and (3) and are iterated to get the best fit values. We have
used the non-linear last square (NLS) fitting programme in the sigma plot for our
calculations. The best fit of the observed T1 values to the equations (1), (2) and (3)
yield activation energies of 14.5 and 16.8 kJ/mol for the TrMA ion dynamics. The pre-
exponential factors �1:6� 10ÿ13 and 4:1� 10ÿ13 s) for the a and b type of TrMA ions in
phase II (340 to 119 K) are comparable to those (0.6 to 3.0) � 10ÿ13 s observed in the

Ta b l e 2
Activation energy and pre-exponential factors in trimethyl ammonium hexachloro
plumbate

T�K� Ea

(kJ/mol)
t0

(s)
motion

phase I 424 to 340 12:4� 0:6 �2:9� 0:2� � 10ÿ12 C3 of TrMA ion

phase II 340 to 119
type a TrMA 14:5� 0:7 �1:6� 0:1� � 10ÿ13 C3 of TrMA ion
CH3 8:3� 0:4 �2:9� 0:2� � 10ÿ13 C3 of CH3 group
type b TrMA 16:8� 0:8 �4:1� 0:2� � 10ÿ13 C3 of TrMA ion
CH3 10:7� 0:5 �1:9� 0:1� � 10ÿ12 C3 of CH3 group

phase III <119 ± no signal frozen on NMR
± below 117 K time scale



other TrMA compounds of the R2MX6 family [6]. Similarly, the activation energies and
the pre-exponential factors for the inequivalent methyl groups are 8.3 kJ/mol,
2:9� 10ÿ13 s (for type a methyl groups) and 10.7 kJ/mol, 1:9� 10ÿ12 s (for type b
methyl groups). The motional parameters for the TrMA ions and methyl groups in
different phases of this compound are given in Table 2. The activation energy reported
by Ikeda et al. [6] for the C3 reorientation of the methyl groups in the TrMA com-
pounds of the R2MX6 family (M = Pt, Sn, Te and X = Cl, Br), is �12.6 kJ/mol and the
pre-exponential factor is (4 to 8) � 10ÿ13 s. In the present compound, the activation
energies and the pre-exponential factors are comparable to those observed in other
(TrMA)2MX6 compounds.

The discontinuous jump in T1 at �119 K can be attributed to a phase transition.
More points below 119 K would have made it more convincing. However, it was not
possible as the signal could not be observed below that temperature. An independent
confirmation by other measurements is thus necessary. Though discontinuous jumps in
T1 values, indicating phase transitions, are reported in TrMA chloride [2] and trimethyl-
amine gallane [19], such phase transitions are not reported in TrMA hexahalo metal-
lates [6, 7] so far. This appears to be the first report of a phase transition in TrMA
compounds of the R2MX6 family.

A comparative study of the 1H NMR results of this compound with those of the
other TrMA hexahalo metallates, indicates greater mobility (lower Ea values) for the
TrMA ion in the present compound.

2.1.2 Second moment

The second moment, computed from the absorption line obtained by Fourier transform-
ing the free induction decay (FID), remains constant at 2.6 G2 from 424 to 160 K
(Fig. 2). On further cooling it increases rapidly and reaches �26 G2 around 117 K.

The theoretical second moment, calculated from the geometry of the rigid TrMA ion,
by Andrew and Canepa [20] is 29.4 G2. In TrMA chloride the second moment in the
presence of rapid methyl reorientation alone is 9.9 G2 and when both the TrMA ion

Fig. 2. Plot of second moment M2 vs. temperature in [NH(CH3)3]2PbCl6



and the methyl groups are undergoing rapid reorientations, it is 2.3 G2 [20]. The second
moment study in (TrMA)2MCl6 (M = Pt, Sn) and (TrMA)2PtBr6 by Ikeda et al. [6]
shows a steady value of �2.0 G2 in the temperature range 400 to 180 K, followed by
second moment transitions from 2.0 to 10 G2 at 180 K and from 10 to 27.5 G2 at 130 K.
The high temperature value of 2.0 G2 is attributed to the reorientation of both TrMA
ion and the methyl groups about their C3 axes [6]. The increase in second moment at
180 K from 2.0 to 10 G2 is attributed to the freezing of the TrMA ion and the
subsequent increase in second moment from 10 to 27.5 G2 at 130 K indicates the
freezing of methyl group reorientation. The increase in the second moment in this
compound from 2.6 to 26 G2 indicates the freezing of both TrMA ion and methyl
group motions within a narrow temperature range and this accounts for the loss of
the FID below 117 K.

2.2 Tetramethyl ammonium hexachloro plumbate [N(CH3)4]2PbCl6

2.2.1 Relaxation

A plot of 1H spin±lattice relaxation time (T1) measured from 295 to 106 K at 10 MHz,
is shown in Fig. 3. The relaxation behaviour is BPP like with two T1 minima, one of
4.0 ms around 180 K and the other of 14.5 ms around 111 K. The signal could not be
observed below 106 K. We have, after completing this work, come across a paper by

Fig. 3. Plot of relaxation time T1

vs. 1000/T in [N(CH3)4]2PbCl6



Furukawa et al. [21] on NMR/NQR study of (TMA)2PbCl6. They have measured the 1H
spin±lattice relaxation time at 20 MHz and observed two T1 minima. However, they have
reported a hysteresis of about 20 K around 110 K, in the proton T1 behaviour which was
not seen by them in the halogen NQR. Our T1 minima at 10 MHz and their T1 minima at
20 MHz are as expected from the Bloembergen, Purcell, and Pound (BPP) theory.

The T1 behaviour due to TMA dynamics can be expressed as, following the modified
BPP model [22],
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r is the interproton distance in a methyl group (0.178 nm) and R the intermethyl dis-
tance (0.304 nm) [22]. The model predicts two T1 minima, one due to TMA motion (at
a higher temperature) and the other due to CH3 dynamics (at a lower temperature);
the values being 9.8 and 5.5 ms at 10 MHz, respectively.

Furukawa et al. [21] have attributed the two T1 minima to inequivalent TMA ions in
the ratio 3:1 with activation energies 19.1 and 8.3 kJ/mol. The activation energies for
the two inequivalent TMA ions, obtained by them are thus widely different. Similarly,
the two T1 minimum values are also widely different.

We have reconsidered the T1 behaviour in (TMA)2PbCl6. The experimental T1 mini-
mum of 4.0 ms observed at 180 K is much shorter than the expected value of 9.8 ms
(10 MHz) for TMA tumbling. The observed T1 behaviour could be explained to a large
extent, assuming the presence of two inequivalent TMA ions (type a and type b) in the
ratio of 1:1 using equation (4) and an equation similar to equation (3). But, a descre-
pancy between the experimental and calculated T1 values is found, which could not be
adjusted by assuming inequivalent methyl groups. Hence, small angle torsion of the
methyl groups is considered as an additional relaxation mechanism. The relaxation rate
due to this is given by

Tÿ1
1 � �9=40�g4�h2rÿ6�1ÿ cos 2q� g�w; t� ; �8�

where t is the correlation time for small angle torsional oscillations of the methyl
groups and r is the interproton distance in the methyl group and q is the amplitude of
torsional oscillations. The best fit parameters with these mechanisms are given in Ta-
ble 3. The activation energies for the TMA ions and the CH3 groups are not widely
different and consequently, the T1 minima due to the different motions are not re-
solved. The high temperature minimum (180 K) is ascribed to the combined effect of
these two motions. The small angle torsional oscillation of the methyl group explains
the shallow T1 minimum observed at 111 K. Such mechanism has been considered by
Prabhumirashi et al. [27] to explain the shallow T1 minimum of protons at low tempera-



tures in (TMA)2MCl6 (M = Pt, Sn, Te) compounds. The amplitude of the methyl tor-
sion (14�) compares well with the values reported by Berg [23], Berg and Sotofte [24]
and van der Ohe [25, 26]. Also, it is in agreement with the value reported by Prabhu-
mirashi et al. [27], in (TMA)2MCl6 (M = Pt, Sn, Te) compounds.

The FID in (TMA)2PbCl6 could not be observed below 106 K. A change in IR and
Raman frequencies is also observed in this compound around 106 K [28], which is
ascribed to a change in the motional mode of the methyl groups. Further investigation
is necessary to confirm if a phase change is taking place.

2.2.2 Second moment

The temperature dependence of the second moment, shows a nearly constant value of
0.55 G2 from 297 to 160 K (Fig. 4). A second moment transition from 0.6 to 9.3 G2 is
observed around 125 K. The constant value of the second moment (0.6 G2) is attribu-
ted to the motional narrowing due to the reorientation of the methyl groups and the
overall tumbling of the TMA ions in the temperature range larger than 125 K. Below
this temperature, the freezing of TMA tumbling gives rise to an increase in the ob-
served value of the second moment to 9.3 G2 and shows the presence of methyl group
motion.

Ta b l e 3
Activation energy and pre-exponential factors in tetramethyl ammonium hexachloro
plumbate

Ea

(kJ/mol)
t0

(s)
motion

15:9� 0:8 �6:2� 0:3� � 10ÿ13 type a TMA tumbling
15:1� 0:7 �3:2� 0:2� � 10ÿ13 type b TMA tumbling
10:0� 0:5 �2:4� 0:1� � 10ÿ13 C3 reorientation of CH3

12:1� 0:6 �4:7� 0:3� � 10ÿ14 small angle torsion of CH3

Fig. 4. Plot of second moment M2 vs. temperature in [N(CH3)4]2PbCl6



The studies of the temperature dependence of second moment by Andrew and Cane-
pa [20] in TMACl and by Ludin and Zeer [29] in TMAHgX3 (X = Cl, Br) compounds
show a constant value of 1.5 and 0.6 G2, respectively, in the temperature range larger
than 150 K. Below this temperature the second moment increases steadily and reaches
values of 33.6 and 24 G2 around 77 K. The freezing of TMA tumbling around 150 K
and the reduction in the efficiency of the C3 reorientation of the methyl groups in the
TMA ion are given as the reasons for the above observations.

Prabhumirashi et al. [27] report a rigid lattice value of 29 G2 in (TMA)2MX6 com-
pounds having Pt, Sn and Te as the metal atoms. The second moment observed in these
compounds, due to the simultaneous presence of TMA tumbling and methyl group
reorientation is 0.9 G2, while that in the presence of methyl group motion alone is
9.0 G2. In the present compound, the second moment value of 9.3 G2, below 125 K, is
in agreement with the value reported for the methyl group motion in the compounds of
the R2MX6 family [10, 27].
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