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The 'H NMR second moment M2 and the spin-lattice relaxation time T, are determined for 
pyridinium hexachlorotellurate(IV), hexachlorostannate(IV), and hexabromostannate(IV) at various 
temperatures above ca. 140 K. The phase transition temperatures already reported from halogen 
NQR experiments are determined as 272, 331, and 285 K, respectively, by differential thermal 
analysis (DTA). The DTA as well as differential scanning calorimetry measurements show that the 
above phase transitions are of second-order. For pyridinium hexachlorotellurate(IV) and hexa- 
bromostannate(I V), a sharp 'H T, dip was observed at the transition temperature. This is interpreted 
in terms of a phenomenon related to the critical fluctuation of an order parameter. From the 
measurements of 'H M2, 60° two-site jumps (60c flips) around the pseudo C6 axis of the cation are 
suggested to occur in the high temperature phases of the complexes. Modulation of X...'H (X = 
CI, Br) magnetic dipolar interactions due to the reorientational motion of the complex anions is 
considered as a possible relaxation mechanism in the high temperature phases.

S tru c tu ra l  P h a se  T ra n s itio n s  an d  Io n ic  M o tio n s

Introduction

Recently, in the crystals of pyridinium hexachloro- 
metallates(IV), (C5H6N)2MC16 (M = Sn, Te, Pb, Pt) 
[1] and hexabromostannate(IV), (C5H6N)2SnBr6 [2] 
(hereafter C5H6N + is abbreviated to pyH+) a struc­
tural phase transition was found from the temper­
ature dependence of halogen NQR frequencies. The 
'H NMR spin-lattice relaxation time, T{, determined 
for (pyH)2TeCl6 as a function of temperature shows a 
sharp dip at the transition temperature, Tc ( = 273 K) 
[3]. This has been explained as relaxation modu­
lated by the anion reorientation through dipolar re­
laxation of the second kind [4],

A previous powder X-ray diffraction study [1] has 
shown that the crystals of (pyH)2MCl6 (M = Sn, Te) in 
their high temperature phases are isomorphous. The 
accurate X-ray analysis of these complexes has re­
vealed that the tin complex forms triclinic crystals 
with the space group PI (Z = 1) in the low tempera­
ture phase [1], while the high temperature phase of the 
tellurium complex is monoclinic, belonging to the 
space group B2/m with Z = 2. Accurate structural 
data have not been reported as yet for the high tem­
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perature phase of the former complex and the low 
temperature phase of the latter. From a structural 
analysis of the high temperature phase of (pyH)2TeCl6, 
the most probable orientation of the cations was re­
ported [5]: The nitrogen atom in pyH+ was consid­
ered to occupy with equal probability the two neigh­
bouring positions on the ring connected through the 
mirror plane of the crystal. The mirror plane is per­
pendicular to the ring plane and also one of the C-N  
bond and through its center. This is explainable by the 
presence of static or dynamic disorder for the pyridi­
nium orientation in the crystal. Since 35C1 NQR in 
(pyH)2TeCl6 was clearly observed at room tempera­
ture, static disorder, leading to a distribution of the 
electric field gradient formed at the chlorine nuclei and 
thus making difficult the observation of chlorine NQR 
signals, can be excluded. The Tj and the NMR 
second moment, M2, were measured to obtain more 
information about the cationic disorder and motional 
processes around the phase transitions in the com­
plexes (pyH)2TeCl6, (pyH)2SnCl6, and (pyH)2SnBr6.

Experimental

The measurements of !H Tt were carried out by 
means of homemade pulsed NMR spectrometers al­
ready described [6. 7] at three or four Larmor frequen­
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cies between 10.5 and 33.5 MHz, employing the con­
ventional 180 r-90  pulse sequence. To obtain !H 
NMR M2 values at various temperatures, *H reso­
nance absorptions were recorded at 40 MHz by use of 
a JEOL JNM-MW-40S broadline NMR spectrome­
ter. During the measurements, the sample tempera­
tures were controlled to within ±0.5 K. The tem­
perature were measured using copper-constantan 
thermocouples within an estimated accuracy of +1 
and +3 K for the pulsed and broadline NMR experi­
ments, respectively. X-ray powder patterns were 
recorded with a model VD-1A X-ray diffractometer 
from Shimadzu Co., equipped with a copper anti- 
cathode. The DTA experiments were done with a 
homemade apparatus already described [8]. For the 
measurements of differential scanning calorimetry 
(DSC), a Du Pont 990 thermal analizer was employed.

The crystals of (pyH)2TeCl6, (pyH)2SnCl6, and 
(pyH),SnBr6 were prepared according to the method 
described in [2, 9] and purified by recrystallization 
from a hydrochloric or hydrobromic acid solution. 
The prepared samples were identified by conventional 
elementary analysis and by taking X-ray powder 
patterns, which were compared with those reported in 
[1, 2, 5],

Results

Figure 1 shows the temperature dependence of *H 
NMR M2 determined for the powdered samples of 
(pyH)2TeCl6, (pyH)2SnCl6, and (pyH)2SnBr6. Below 
ca. 200 K, the complexes yielded a nearly constant M2 
of (5±1)G 2. With increasing the temperature up to 
each T f M2 decreased to ca. 2G 2. Above Tlr, the 
values of M2 around 2 G2 were almost temperature 
independent, although a gradual decrease in each M2 
could be observed.

When the temperature was increased and decreased 
in the DTA experiments, characteristic endo- and exo­
thermic heat anomalies, respectively, with a long tail 
on the low temperature side were recorded for all 
complexes studied. The peak temperatures of both 
anomalies were the same for these complexes. For 
crystals showing this kind of heat anomalies we have 
assigned the peak temperature to Tlr, referring to exper­
imental evidences already reported [10]. For the crys­
tals of (pyH)2TeCl6, (pyH)2SnCl6, and (pyH)2SnBr6, 
therefore, Tlr was determined as 272, 331, and 285 K, 
respectively.
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Fig. 1. Temperature dependence of the 'H NMR second mo­
ment M2 observed for powdered samples of pyridinium 
hexachlorotellurate(IV), hexachlorostannate(IV), and hexa- 
bromostannate(IV).
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Fig. 2. Temperature variation of 'H NMR spin-lattice relax­
ation times Tx determined at four Larmor frequencies for a 
powdered sample of pyridinium hexachlorotellurate(IV).

The temperature variations of 'H Tx determined 
at the Larmor frequencies chosen between 10.5 
and 33.5 MHz are shown in Figs. 2, 3, and 4 for 
(pyH)2TeCl6, (pyH)2SnCl6, and (pyH)2SnBr6, respec­
tively. As for (pyH)2TeCl6 and (pyH)2SnCl6, a slightly 
nonexponential recovery of the magnetization was 
observed in the low temperature phase as well as in a 
limited temperature range in the high temperature 
phase when the Larmor frequency around 16-20 MHz 
was employed. In this case, the Tx values were esti­
mated by approximating the magnetization recovery 
to the exponential one. Preliminary results of 'H Tx 
obtained for (pyH)2TeCl6 were already reported as a



302

100

h / S

10

1 ---------------- ^ ------------- 1-------------
2 kK / T 4

Fig. 3. Temperature variation of 'H NMR spin-lattice relax­
ation times Tj determined at four Larmor frequencies for a 
powdered sample of pyridinium hexachlorostannate(IV).
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Fig. 4. Temperature variation of 'H NMR spin-lattice relax­
ation times 7"i determined at three Larmor frequencies for a 
powdered sample of pyridinium hexabromostannate(IV).

letter [3], For (pyH)2TeCl6 and (pyH)2SnBr6, the 
log Tx vs. T ~ l curves obtained at each Larmor fre­
quency yielded a sharp Tx dip at Ttr. In the high tem­
perature phase, shallow Tx minima of 2.4 and 1.0 s for 
(pyH)2TeCl6 and (pyH)2SnBr6, respectively, were ob­
served at the Larmor frequency of 10.5 MHz. For 
(pyH)2SnCl6, clear Tx dips were not discernible at Ttr, 
probably because the temperature of the T, minimum 
of the high temperature phase is too close to Tu.
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Discussion

60 Two-Site Jump Model for the Motion of the Cation

X-ray diffraction studies have been carried out for 
(pyH)2SnCl6 [1] and (pyH)2TeCl6 [1, 5] in the low and 
high temperature phases. The X-ray powder patterns 
taken for the high temperature phase of both com­
plexes could be interpreted as arising from isomor- 
phous crystals. The crystal lattice of (pyH)2SnBr6 be­
longs to the space group B2 with Z = 2 at room 
temperature [2], and the structure can be considered 
to be close to that of (pyH)2TeCl6. This indicates that 
almost the same arrangement of cations in the crystals 
can be expected in the high temperature phases of 
these complexes.

As the most probable motional mode of the cation 
occurring in the high temperature phase, we assumed 
60 flips of the whole cation about its pseudo C6 axis. 
This is because the cationic ring can be regarded to be 
planar, and the disordered cationic orientations con­
cluded from the X-ray study on (pyH)2TeCl6 [5] can be 
superimposed by this mode. *H M2 values for the rigid 
lattice and those averaged over the above motion were 
evaluated for each complex. For the calculation of 
' H M2, the coordinates of the heavy atoms deter­
mined at room temperature were used for both the 
high and low temperature phases of each complex 
studied. The protons in a pyH + ring were assumed to 
be located on the line connecting the center of the ring 
with the respective ring atom. The center of the catio­
nic ring in each complex was evaluated by taking the 
average of the coordinates of the six heavy atoms 
determined by the X-ray studies. The C -H  and N-H  
distances were taken to be equal and set at 1.06 Ä.

The M2 values were calculated by taking *H ..^H 
dipolar interactions into account, resulting from all 
protons in the 73 primitive cells around the resonant 
protons for each complex. A program PYM2 written 
by us [11, 12] was employed for the calculation at 
Nagoya University Computation Center. The calcu­
lated and observed M2 values are listed in Table 1.

The M2 values observed above Tlr for the present 
complexes can be fairly well interpreted by the 60° 
two-site jump model for the motion of the pyridinium 
cation. However, partial excitation of six-site reorien­
tations about the pseudo C6 axis cannot be excluded 
in the high temperature phases of these complexes if 
one considers that the M2 values observed at high 
temperatures were small compared with those calcu-
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Table 1. The calculated and observed 'H NMR M2 values for pyridinium hexachlorotellurate(IV), hexachlorostannate(IV), 
and hexabromostannate(IV). The calculated intramolecular contributions are indicated in parenthesis. The phase transition 
temperature Ttr is given in the last column.

Compounds M2calc/G2 MloJ  G2

rigid 60° two-site C; reorien- 120~ 200 K just -450 K Tlt/K
jump tation * above Tir

(C5H6N)2TeCl6 5.18 (3.86) 2.49 (1.67) 1.29 (0.96) 5.5 ±1 2.2 + 0.3 0.9 + 0.1 272
(C5H6N)2SnCl6 5.26 (3.88) 2.57 (1.70) 1.31 (1.06) 5.3 ±1 1.9 + 0.3 1.4 + 0.1 331
(C5H6N)2SnBr6 4.64 (3.41) 2.25 (1.49) 1.15 (0.85) 5.1 + 1 2.3 + 0.2 1.4 + 0.1 285

* C'6 reorientation indicates the 60° reorientation about the pseudo C6 axis of the cation.

lated based on the above motional mode. The ob­
served M2 values of the present complexes were de­
creased from ca. 200 K with increasing temperature, 
suggesting that the cations start the two-site jump 
motion considerably below Tu.

Phase Transition Related to Cationic Two-Site Jump
According to the above discussion, the phase transi­

tion occurring in the present complexes should be of 
second order, characterized by the orientational order- 
disorder of the pyridinium cations. This interpretation 
is supported by the X-ray diffraction studies [1, 5] and 
the characteristic shapes of the DTA and DSC curves 
observed around Ttr. The transition entropy derived 
from the DSC measurements also supports this expla­
nation. The fact that the transition entropy of ca. 
5 J K~ \  roughly evaluated for the present complexes 
per 1 mol pyridinium ions, is approximately equal to 
R In 2 = 5.8 J K_1 mol-1, supports the present two- 
site disorder model. The endothermic anomaly of the 
DTA and DSC curves, which started at temperatures 
much lower than Tlr and increased gradually with 
increasing temperature, conforms quite well with the 
gradual decrease of M2 with increasing temperature in 
the low temperature phase. These results suggest the 
following mechanism of the phase transition. There 
exists a difference of lattice energies between two 
cationic orientations, namely, one is stable and the 
other is metastable in the low temperature phase. This 
difference decreases when the temperature approaches 
Tu from the low temperature side and, above Tlr, these 
two orientations become equivalent.

For the two-site jump motion between nonequiva- 
lent sites, an extremely long XH Tt minimum value has 
been derived theoretically and experimentally [13-15], 
Provided that the correlation time i of this jump 
motion is short enough around Ttr as compared with

the inverse Larmor frequency employed, the Tx due to 
this motion will stay extraordinally long in the whole 
temperature range. This is an explanation for the 
disappearance of the Tx minimum corresponding to 
the gradual M2 decrease of ca. 3 G2 observed between 
ca. 200 K and Tu.

The Tx dips observed for (pyH)2TeCl6 and 
(pyH)2SnBr6 around T{r were almost frequency inde­
pendent. This can be explained by the fluctuation of 
lattice vibrations including the pyridinium cations ex­
pected to occur in the vicinity of the transition point 
[16]. In our previous letter on (pyH)2TeCl6 [3] we have 
tentatively assigned the XH T, dip to a motion of 
complex anions and the shallow Tj minimum ob­
served in the high temperature phase to the motion of 
the cation. However, we now propose a different inter­
pretation for the *H Tx of these complexes based on 
the newly obtained *H M2 and *H Tt data.

Modulation of X . . . 1H Magnetic Dipolar 
Interactions due to the Re orientational Motion 
of the Complex Anions

Our measurements of the quadrupolar spin-lattice 
relaxation time T1Q of 35C1 in (pyH)2SnCl6 showed 
that the reorientational motion of the anions occurs 
quite frequently in the high temperature phase [17], 
Therefore, the modulation of X ...xH magnetic di­
polar interactions due to the anionic reorientations 
can be considered as a possible relaxation mechanism 
for the protons in question. The existence of such a 
mechanism was reported for several complex com­
pounds: [C(NH2)3]2PdCl4 [18], (NH4)2PdCl6 [19], 
and (NH4)2SnCl6 [20], Applying this mechanism to 
the present complexes, we will quantitatively explain 
the observed shallow Tt minima.

For the spin-lattice relaxation of 'H nuclei (I-spins) 
through the nuclear magnetic coupling with quadru-
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polar nuclei of chlorine or bromine isotopes (S-spins, 
having the spin quantum number 5), one can obtain 
the following equations when the quadrupole cou­
pling energy of S-spins is greater than their Zeeman 
energy [21]:

(V s) - 1 = <}f y2s * 2 S(S + l) I  {(1/12) x«"1- +1)
pairs

•^(« ,-< w s) a) + (3/2)X(1-0)J(coI) 

+ (3/4)K< + 1-+1>J(Wl + <eos>a)}>b, (1)

where

K{i- ̂  = < I £ " '• |2>a -  I <L(i-j)>a I2, (2)

J((0) = 2Tc/(1+CO2T2). (3)

Here, y, and ys denote the gyromagnetic ratio of 'H 
and halogen nuclei, respectively, and co, and cos are 
their nuclear resonance angular frequencies under the 
weak field approximation for S spins. The square 
interaction amplitude K{l,j) is defined by (2) using the 
spatial parts Eu,j) of the dipolar Hamiltonian, which 
are given in [21] (see Appendix). The spectral intensity 
J(a>) is related to the correlation time rc for a fluctua­
tion of X-.^H dipolar interactions through (3). The 
average < >a means the motional average of I-S  inter­
actions for all interaction states appearing within a 
period of the order of 'H T{. The average < >b takes 
into account the following ones: the average over 
crystallographically nonequivalent protons, the aver­
age over Zeeman splitted NQR lines of 35C1 and 37C1 
for chloro complexes or gBr and 81 Br for the bromo 
complexes, and the powder average.

Since the halogen NQR frequencies [1,2] are larger 
than the respective halogen NMR frequencies in the 
present study, (1) is considered to be applicable. The 
sum of the square interaction amplitudes K(l-j) was 
estimated under the following assumptions.

(i) A complex anion [MX6]2~ reorients isotropically 
among the six orientations corresponding to each 
M X bond direction.

(ii) The electric field gradient tensor at a halogen 
nucleus X is axially symmetric about the M -X bond 
axis.

We calculated the contributions to *H Tx from the 
interactions with the halogen nuclei within 53 primi­
tive cells around the resonant proton at Nagoya Uni­
versity Computation Center using a computer pro­
gram RELAX 4 written by us. The calculation is given 
in detail in the Appendix.

For (pyH)2SnBr6, the following relation holds for 
'H T at a Larmor frequency of 10.5 MHz, because the 
bromine NQR frequencies are around 120 MHz [2]:

|Wl±<«S>al >OJi. (4)

When this condition is satisfied, the TY minima due to 
J(oj, ± <cos>a) and J(co,) may appear separately at 
different temperatures. Here, the T, minimum ob­
served for (pyH)2SnBr6 was assumed resulting from 
J(w,) and was calculated as 0.6 s using

( T l l - J - 1 = <y,2 7s2 fi2 S(S+1) I  {(3/2) X(1,0)/coI})b
pairs

= (3/2) (1/co,) y2 fi2 (5)

•<7s2 5(5 + 1))s « Z K (1-°»)powd) proton. 
pairs

Here, < >s, < >powd, and < >proton indicate the isotope 
average for two halogen isotopes of chlorine or 
bromine, the powder average, and the average over 
crystallographically nonequivalent protons, respec­
tively. In the calculation, the position of the protons 
was assumed to be the same as that used for the M2 
calculation.

As for (pyH)2TeCl6, oj, ± <cos) a and oj, become of 
the same order of magnitude when the *H NMR fre­
quency of 33.5 MHz is used. (The 35C1 NQR frequen­
cies are observed at ca. 16 MHz under zero magnetic 
field [1].) By assuming that the three terms in (1) give 
a single Tx minimum at the same temperature, the 
lower limit of the Tx minimum can be estimated to be 
about 3 s at 33.5 MHz.

The calculated Ty minimum values of 0.6 and 3 s for 
(pyH)2SnBr6 and (pyH)2TeCl6, respectively, are of the 
same order of magnitude as the observed values, 1 s 
for (pyH)2SnBr6 (at 10.5 MHz) and 8 and 9 s for 
(pyH)2TeCl6 and (pyH)2SnCl6, respectively, at 33.5 
MHz. These results strongly suggest that the motion 
of the complex anions is the most effective mechanism 
for yielding the minimum in the high temperature 
phase of the present complexes. A BPP type frequency 
dependence [13] of *H T{ for (pyH)2SnBr6 observed 
above Tlr can be explained by use of the J(a>,) terms in 
(1) under the condition of (4). Frequency dependences 
of !H Tx for (pyH)2TeCl6 and (pyH)2SnCl6 are un- 
explainable by the simple BPP curve. This is because 
the first and third terms in (1) can no more be neglect­
ed if the *H NMR and chlorine NQR frequencies are 
of the same order as in the present study. Especially, 
when the 'H NMR frequency is taken to be ca.



16 MHz near the chlorine NQR frequencies, the ob­
served *H Ty becomes very short suggesting the pres­
ence of a strong cross relaxation between the *H and 
chlorine nuclei, indicated by the first term on the right 
side of (1).

In the high temperature range above the Ty min­
imum, 'H Ty of the hexachloro complexes still showed 
marked frequency dependences. These anomalous re­
sults seem to be due to the excitation of pseudo C6 
reorientation of the pyridinium cations.

Appendix

The following case was analyzed in detail by Kim- 
mich [21]: The I-spins orient along the external mag­
netic field whereas the S-spins are approximately quan­
tized along the principal axis of the electric field 
gradient (EFG) experienced. Therefore, two coordi­
nate systems as shown in Fig. Al were introduced.

The Z-axis of the I-system is directed along the 
external magnetic field, and the spin-spin vector rIS is 
expressed in this system by the coordinates (rIS, 0,, 
The S-spins are quantized along the principal axis Z' 
of the EFG which is belonging to the S-system. In 
this system, rIS can be expressed by the coordinates 
(rIS, 0S, 0S). The X- or T-axis of the I-system and the 
X'- or T'-axis of the S-system, having axially symmet­
ric EFG, can be defined anywhere on the plane per­
pendicular to the Z- and Z'-axes, respectively. The
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I-spins and the S-spins are quantized along the Z- and 
Z'-axes, respectively. Eulerian angles q, e, ij/, which transform 
the S-system to the I-system, are indicated. Spherical coordi­
nates of the spin-spin vector /-,s are defined in each system.

intersect of these two planes (the line of nodes) is called 
,4-axis. The ß-axis is normal to the plane defined by 
the Z- and ,4-axes. By defining the Eulerian angles q, 
£, ij/ (Fig. Al), the S-system can be transformed to the 
I-system by use of the transformation matrix e, i//) 
[22].

The detailed expressions for the spatial parts E[l,j) 
of the dipole Hamiltonian are given in [21]. The com­
ponents which appear in the Ty formula (1) are written 
as follows:

£ <- 1- +1) = rö3[~ /1- m 2-i(»n1- / 2)
+ 3 sin 0, sin 0S exp {— i(<ps — </>,)}], (Al) 

£(i.o, = r,s3[ - ( /3 ~ /m 3)/3
+ sin 0, cos 0S exp { — /</>,}], (A 2) 

E( + u+1) = r ^ [ - { l y - m 2- i ( l 2 + ml)}/3
+ sin 0, sin 0S exp{ — /(</>, + 0S)}], (A3)

where

/, \ / cos c cos i// — sin £ cos e sin i/A 
l2 I = I sin c cos ij/ + cos q cos e sin i// I, (A 4) 
l}/  \  sin e sin ij/ J

mA /  — cos c sin i// — sin £ cos £ cos i/A
m2 j = ( — sin q sin ij/ + cos c cos e cos ^ I. (A 5)
mi J \  sin e cos /

Taking the arbitrariness of defining the X- and 
X'-axes into account, we averaged each term in (2) 
over all possible configurations before taking the 
motional average. 

Since

(2tt)- 1 J £ <-1' +1) d^ = (27i)-1 f E<u 0) di// (A6)
— n —n

= (2 7T)- 1 j E(+1' +1) d^ = 0,
— n

we have

X(-i. + i) = <(2 ny 2 J J | +1) |2 dc d.A)a
— it — n

= Ws 6 [(:1 + cos e)2 + 9 sin2 0, sin2 6S

— 6(1 +cos e) f+(0y, 0A, e)] )a, (A 7)

K(1"°> = <(2tt)-2 j f | £ (1-0,|2dcd(A>a
— 71 — n 

= <| £ (1.0)|2>fl

= <rrs6[(l/9) sin2 s + sin2 0, cos2 6S
— (2/3) sin 0, cos 0S sin </>A sin £] )a , (A 8)
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X( + 1- +1) = <(27r)~2 f f | E{ + + u |2 de dt//> and </>A denotes the azimuthal angle of rIS in the AßZ
coordinate system as shown in Figure AI. The
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— n — n
= <r1s6[(l/9)(l-cos£)2 + sin2 0,sin2 0S powder average of the contributions of I  K(iJ)hom

pairs
— (2/3) (1 — cos e) /  (6 4> e)]> (A 9) halogen nuclei in 53 primitive cells was calculated with 

j_Iere ' a respect to each crystallographically nonequivalent
proton.

/+(#,, 0A, e) = sin2 cos2 </>A + sin2 0, sin2 </>A cos e
+ sin Ö, cos 0l sin 0A sin £, (A 10)
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