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Powder X-Ray Diffraction, and Differential
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The temperature dependences of 'H spin-lattice relaxation times were determined at 20 MHz for
[(CH3)4N1,CdCl,, [(CH;3)4N],CdBr,, and [(CH;3){N],Cdl,. For the last two complexes, the frequency dependence
of the relaxation time was observed above room temperature. 'H NMR second moments were observed for the
bromide complex. At room temperature, the first two complexes were found to be isomorphous with the iodide

complex which forms orthorhombic crystals.

Differential thermal analysis experiments revealed that these

complexes undergo four, one, and one solid-solid phase transitions in the above order between ca. 80 and 430 K.
Two 'H T, minima were clearly observed at lower temperatures for the chloride and bromide complexes,
whereas at least three !H T; minima partly overlapped with each other were detected at lower temperatures for
the iodide complex. For the former two complexes, the 'H T, data were well analyzed by the general method
already reported. For the bromide and iodide complexes, H T curves observed showed a maximum above room
temperature. Motions of the cation activated in these complexes are discussed in relation to the crystal field

experienced by the cation.

Dynamic behavior of tetramethylammonium (tetMA)*+
cations in various crystalline salts has been studied
fairly in detail by means of !H NMR techniques.!=1?
The motions of the cation contributing to 'H spin-
lattice relaxation times (71) around room temperature
have been shown to be random reorientations of CHs
groups about each C-N bond axis by 120°, i.e., the Cs
reorientations, and overall reorientations of the cat-
ions about the center of gravity. It has been revealed
through the temperature dependence measurements
of 'tH T; that the activation energies (E.) for the
CH;3 Cs reorientation of the above salts except
(tetMA)CdCl3!? are in a range of 15—30 k] mol~1. The
widely spread values of E, observed indicate that the
potential barriers to reorient arising from interionic
as well as intraionic forces contribute to E, for the
CH3 Cj3 reorientation of the cation.

When the cations are located in a weak crystal field
formed by surroundings such as those in (tetMA)2MBrs
(M=Sn, Te, Pt), E, for the CHs C3 reorientation is
thought to be mostly determined by the intraionic
potential barrier.1® In these crystals, the four CHs
groups in the cation are equivalent because of the
position of the cation having a high site symmetry and
the E, values observed are ca. 17 k] mol-1. If the
cation is placed ata low-symmetric lattice site, however,
it is supposed that the cation is somewhat distorted
owing to an asymmetric crystal field and the four CHs
groups become nonequivalent. For the distorted
cations, we can expect that they show 'H T; through
unique motional processes different from those found
for the high symmetric cations. In the present
investigation, we have selected (tetMA):CdX4 (X=ClI,
Br, I) as an example of the salts having the cations
distorted and the measurements of the temperature
dependences of tH NMR parameters, X-ray powder
diffraction, and differential thermal analysis (DTA)

have been undertaken to obtain detailed information
about the motion of the slightly distorted cations.

Experimental

Wide-line TH NMR absorptions were recorded to eval-
uate 'H NMR second moments (Mz) at several temperatures
by use of a JEOL JNM-MW-40S spectrometer operated at
40 MHz. The temperature dependences of 'H T; were mea-
sured at the Larmor frequencies of 9, 12, 20, and 45.7
MHz by means of pulsed spectrometers already reported.?12
The conventional inversion recovery method was employed
to determine T values. DTA experiments were performed
using a homemade apparatus.’¥ For the foregoing mea-
surements, temperatures were determined by use of copper
constantan thermocouples with the accuracy of 3K for
the wide-line NMR and *1K for the other measurements.
X-Ray powder patterns were recorded at room temperature
using a Model D-3F diffractometer from Rigaku Denki Co.
equipped with a copper anticathode.

(tetMA)2CdCls was synthesized by slowly evaporating the
solvent after mixing two methanol solutions of 2CdClz- H20
and (tetMA)CIl in a molar ratio of 1:8.19 (tetMA)2CdBry
was prepared in a similar manner from the corresponding
bromides. Crystals of these salts obtained were purified by
recrystallization from methanol by adding a small amount of
the corresponding tetramethylammonium halides. (tetMA )z-
CdI4 was obtained by mixing the aqueous solutions of stoi-
chiometric amounts of CdIz and (tetMA)I. The colorless
crystals obtained were recrystallized from water. The above
crystals prepared and purified were dried over phosphorus
pentaoxide in a vacuum desiccator and were sealed in glass
ampoules for the measurements of NMR and DTA after
evacuating ambient air and then putting in a small amount
of helium exchange gas. (tetMA):CdCls and (tetMA)2CdBry
were identified by chemical analysis. Anal. Calcd for [(CHs)s-
N):CdCls: Cl, 35.2; C, 23.9; H, 6.0%. Found: Cl, 35.1; C,
23.7; H, 6.1%. Calcd for [(CH3)aN]2CdBr4: Br, 55.1; C, 16.6;
H, 4.2%. Found: Br, 55.0; C, 16.7; H, 4.2%. (tetMA)Cdl4
was identified by taking X-ray powder patterns. All diffrac-
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Fig. 1. X-Ray powder patterns taken at room temper-

ature for tetramethylammonium tetrachloro- and
tetrabromocadmate(II). Those of tetraiodocadmate-
(II) are given for comparison.

tion lines detected were completely indexed in terms of an
orthorhombic lattice having the lattice constants a=13.409,
5=9.724, and ¢=16.894A already reported by Kallel et al.1

Results

From X-ray powder patterns taken at room temper-
ature, the crystals of (tetMA)2CdCls and (tetMA )2CdBr4
were proved to be isomorphous with that of (tetMA)z-
Cdls. The powder patterns recorded for the three com-
plexes are shown in Fig. 1. These patterns could be
interpreted by the orthorhombic structure of many
(tetMA):MX4 type tetrahedral complexes!®—18 belong-
ing to the space group Pnma with Z=4. The lattice
constants determined were a=12.47, ¥=9.12, and ¢=
15.81A for (tetMA)2CdCls and a=12.78, $=9.33, and
¢=16.19A for (tetMA)CdBrs.

DTA curves recorded between ca. 80 and 450K for
the three complexes are shown in Fig. 2.

When (tetMA)2CdCls was heated from room temper-
ature, a very small endothermic anomaly having a tail
on the low temperature side appeared. The peak tem-
perature of the anomaly was 399K. An exothermic
anomaly having a similar shape to the endothermic one
and almost the same peak temperature appeared on
cooling. Various methylammonium salts are known
to show characteristic small heat anomalies showing
no hysteresis phenomena about the peak temperature
similar to the present one.13:19-23 For these salts, we
could unequivocally determine the phase transition
temperature (7T) to be the peak temperature of DTA
curves by comparing with the results of NQR studies
which vyield more accurate information about the
alteration of crystal structure taking place especially
in ionic crystals.13:19-29  Accordingly, we can conclude
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Fig. 2. DTA curves recorded for tetramethylammo-
nium tetrachloro-, tetrabromo-, and tetraiodocad-
mate(II). Heat anomalies observed for tetrachloro-
cadmate(II) near 285K are so small that they are
enlarged about three times and shown in the figure.
Temperatures measured in K are given only by
figures.

that (tetMA).CdCls undergoes a second order phase
transition at 399 K.

When (tetMA)2CdCls was cooled from room temper-
ature, three small exothermic anomalies appeared,
the starting temperatures of which were 287, 267, and
224 K. Among these anomalies, the highest temperature
one was very small. With increasing temperature,
endothermic anomalies appeared at 225 and 267K
which were the initial temperatures and at 286 K de-
termined as the peak temperature. Since the initiat-
ing temperature of the last one could hardly be deter-
mined because of its weakness and also broadness, we
tentatively assigned Ty of this phase transition as
286 K. Therefore, it is concluded that (tetMA)2CdCl4
undergoes three phase transitions at 286, 267, and 225 K
below room temperature. Consequently, this complex
experiences totally four phase transitions between ca.
80 and 450K, yielding five structurally different solid
phases.

Below room temperature, when (tetMA)2CdBrs was
cooled and warmed, an exothermic and an endothermic
anomaly, respectively, appeared. Both anomalies are
small and bear a strong resemblance to those observed at
T of 399K for (tetMA):CdCls. They gave almost the
same peak temperature. Except these, no heat anoma-
ly could be recorded on both cooling and heating
runs between ca. 80 and 430K. Accordingly, one can
conclude that (tetMA)2CdBr4 exhibits only one phase
transition at 272K, indicating the presence of two
different crystalline phases.

With decreasing the temperature from room tem-
perature, (tetMA);Cdls yielded a large exothermic
peak which started very sharply at 247 K. From the peak
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temperature, the curve returned back very sharply and
almost symmetrically, but it became asymmetric from
243K and gradually returned back to the base line
with decreasing temperature. When the temperature
was increased from 80K, the base line was gradually
deviated to the endothermic direction from ca. 235K
and a very sharp and large peak started from 244 K. The
curve reached the maximum at 245K, above which
temperature the curve returned back to the base line
very sharply. These experimental facts suggest that
there exist two successive phase transitions around
245K in the crystal of (tetMA)2Cdls. Since these phase
transitions were not resolved, we could not deter-
mine T exactly. Therefore, (tetMA)2Cdl4 can be con-
sidered to undergo successive phase transitions having
considerably different nature around 245 K. No heat
anomaly except the above ones was recorded between
ca. 80 and 450 K.

The temperature dependence of 'H T: observed
for (tetMA)2CdCls at the Larmor frequency of 20
MHz in a temperature range of 85—430K is shown
in Fig. 3. Two clearly separable 77 minima with al-
most the same minimum value of 16 ms were observed.
It is quite interesting that the observed Ti curve is
smooth and shows no marked anomaly at the phase
transitions revealed by the DTA experiments although
the gradient of the T curve becomes milder just
above Ty of 286 K. This indicates that the phase
transitions at 399, 267, and 225K give negligible
influence on the averaging of 'H-'H dipolar interac-
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tions in the cation.

The temperature dependences of 'H T; observed
for (tetMA):CdBrs at 12 and 20 MHz in the tempera-
ture ranges 300—465 K and 56—430 K, respectively, are
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Fig. 3. Temperature dependence of *H T observed
for tetramethylammonium tetrachlorocadmate(II)
at the Larmor frequency of 20 MHz (@). Solid line
indicates the best fitted T curve calculated based on
the cationic model of C3, while dotted line that based
on the model of Cay. Both curves agree very well with
experimental values. The dotted line is written only
in the temperature region where both calculated
curves differ from one another. Ty is the phase
transition temperature determined by DTA.
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Fig. 4. Temperature dependence of 'H T: observed for tetra-
methylammonium tetrabromocadmate(Il) at the resonance fre-
quenicies of 20 (@) and 12 (O) MHz. Solid line shows the best
fitted T curve calculated using the cationic model of Cz, while
dotted line that using the model of Cz2y. The dotted curve is
written only in the temperature region where both calculated
curves differ from one another. Broken lines show calculated
T1 curves arising from inter-cationic dipolar interactions.
Three curves were calculated for the cations between the same
kind I(I-I), the different kinds I and II(I-II), and the same kind
II(II-1II). Twdenotes the phase transition temperature determined
from DTA.
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Fig. 5. Temperature dependence of 'H T, observed for tetra-

methylammonium tetraiodocadmate(II) at 45.7 (A), 20 (@), 12
(O), and 9 (A) MHz. Ty indicates the phase transition temper-
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ature determined by DTA.

shown in Fig. 4. Two T:1 minima having almost the
same minimum value of 16 ms were also obtained for
this complex below Tw. The Ti curve yielding the
low temperature minimum was very broad. The same
is true for (tetMA);CdCls. Above Ty, 'H Ti curves
observed at both frequencies showed a maximum,
above which temperature both T: values decreased
almost linearly.

The temperature dependences of 'H T of (tetMA )o-
Cdls measured at 9, 12, 20, and 45.7 MHz are shown
in Fig. 5. T; observation was made in the temperature
ranges of 65—430K for 20 MHz and 300—465K for
the other three frequencies. Possibly, three or four
T, minima partially overlapped to each other could
be seen below Ti. In a narrow temperature range
below Ty of ca. 245K, 'H T, observed at 20 MHz
increased rapidly with increasing temperature and
gave, above Ty, a milder temperature gradient. With

(tetMA)2CdBry4 crystals because no atomic coordinates
have been determined for these complexes as yet.
The present DTA experiments revealed the existence
of phase transitions for both chloride and bromide
complexes below room temperature. This means that
the crystal structure of these complexes at lower tem-
peratures is no more the same as that determined

‘at room temperature. However, the heat anomalies

recorded were so small that the structure was expected
to be altered only slightly by the phase transitions.
Furthermore, the 'H T; data obtained show no mark-
ed anomaly at Ty suggesting that the cations in these
crystals keep almost the same structure from room
temperature down to below 77 K.

According to the BPP theory, 1H T arising from the
averaging of 'H-'H magnetic dipolar interactions due
to molecular motions can be expressed as??

further increasing temperature, 'H T observed at the Tt = Cg(t), (1)
above Larmor frequencies yielded a maximum above
which temperature each T decreased almost linearly. ~ where

Discussion &(r) = 7/(1+ @’c?) + 47/(1+40%c?). (2)

It has been reported,6—18 thathalf of the eight cations
in a unit cell (Z=4) of the isomorphous (tetMA)2MX4
type complexes including (tetMA )2CdIs occupies one of
two kinds of nonequivalent lattice sites having low site
symmetry. This means that the cation in these crystals
may be distorted to some extent mainly through the
electrostatic forces of the neighboring ions. In fact, the
cations in the crystals of (tetMA)2Cdl4 are known to be
slightly distorted from T, although the heavy atoms of
the cation have very large thermal parameters.!® In the
following discussion, the same structures were rough-
ly assumed for the cations also in (tetMA)2CdCls and

In these equations, C, 7, and w denote the motional
constant, the correlation time of the motion, and the
angular Larmor frequency, respectively. By assuming
the. Arrhenius relationship for the motion, 7 can be
written using the activation energy E, for the motion as

T = tyexp (E,/RT), (3)

where 7o is the correlation time at the limit of infinite
temperature.

The fact that the two T; minima with the same
minimum value were observed for both chloride and
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bromide complexes agrees very well with the crystal
structure described above, showing the existence of
two nonequivalent (tetMA)* cations in the crystal.
Conceivable motional modes of the cation contributing
to the T1 minima are reorientations of the four CHs
groups in the cation and also of the slightly distorted
cation as a whole about its real and/or fictitious Czand
Cs symmetry axes. A possible explanation of the fairly
deep T1 minimum of 16 ms determined for each of the
two nonequivalent cations is that all of these motional
modes of each cation give a T1 minimum at almost the
same temperature and contribute as a whole to the T}
minimum. This is because the 'H 71 minimum of the
cation arising from these motional modes can be
roughly estimated as 14 ms,? although this is obtained
by assuming that all bond angles in the cation are
tetrahedral and the bond lengths of C-H and C-N are
1.09 and 1.50A, respectively.?

(tetMA)2CdCls and (tetMA )2CdBr; yielded very gentle
gradients of logT; vs. T! plots on the cold side of the
lower temperature 77 minimum. By using Eqs. 1—3,
we roughly estimated E, as 9 and 6.5 k] mol~! for the
chloride and bromide complexes, respectively, from
each slope. These values are too small to be consider-
ed mostly resulting from the CHgz C3 reorientation by
the following reasons. The potential barriers for the
internal CH3 rotation in the cation have been esti-
mated as 19.3 and 17.6 k] mol-! for (tetMA);PtCls
and (tetMA):PtBrg, respectively, from the study of
vibrational spectra.?6:2?  For molecules having CHs
groups in a similar situation to that of the cation, the
torsional barriers of CHs groups in (CHs)sN and
(CHz3)4C molecules are reported to be 18.5 and 18.0
kJ mol~}, respectively.28.29 Moreover we also already
obtained E, for the CHj3 C3 reorientation of the cation
in (tetMA),MBr¢ (M=Sn, Te, Pt) crystals as 15.4, 17.8,
and 18.4 kJ mol-! respectively.1®

In previous papers,® 19 we explained shallow T,
minima with extremely low E, values (=8 kJ mol~1)
appearing at lower temperatures for (tetMA)z2TeCls,
(tetMA)2PtCls, and (tetMA):MBre (M=Sn, Te, Pt) by
the small-angle reorientation of the four CHs groups
about their respective Cs axis. However, this process
can be permitted only for the cation placed in a high-
ly symmetrical and weak crystal field such as that in
the above complexes. This is because the correlated
reorientation of the four CHs groups is an important
condition for this motion. Since the cations in the
present complexes are located at low symmetric lattice
sites, their structure must be deformed from a tetra-
hedron. Therefore, the small-angle reorientation seems
to be unsuitable for the explanation of the present
T, minima with small E, appearing at lower tem-
peratures. For the cations deformed to some extent
such as those in the present complexes, it can be
expected that E, for one or two CHs groups in the cation
may be much lower than that for the others. This is
because hindering barrier for the CHjs Cs reorientation
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is considered to be formed mainly by the intraionic
forces.

For the present complexes, the CHs C3 and overall
reorientations give 77 minima at almost the same tem-
perature, where the condition necessary for the con-
ventional treatment by Albert et al.? is not fulfilled.
This indicates that this usual method cannot be used
here. To interprete the present T data, we employed
the method of T calculation reported by Takeda et
al.,3® which had been used for the interpretation of the
data observed for neopentane. In this method, pair-
wise addition of intra- and inter-methyl 'H magnetic
dipolar interactions is taken for randomly jumping
IH-1H vectors through the respective CHs Cs reorien-
tations and also the reorientations of the whole cation
about its Cz and Cs axes. Since jumping of each 1H-
1H vector is regarded as representable by a Markov
process, no correlation between these motions is con-
sidered as like in the case of the more convenient and
widely used method developed by Albert et al.?

In the following analysis of T3, the presence of two
kinds of nonequivalent (tetMA)* cations is assumed
in accordance with the crystal structure isomorphous
with (tetMA)2Cdls and the other (tetMA):MXy
type complexes.’51® In the structure, each cation
is placed on a mirror plane of the unit cell, indicating
that there exist two equivalent carbon atoms in the
cation. This means that each cation has two or three
nonequivalent CHs groups. For favorable cases, the
cations having Cay or C3, symmetry can be placed
on the lattice sites. Therefore, the present T calcula-
tion was performed for the two models of the cations
having Cav or C3y symmetry so far as the motion of
CHs3z groups is concerned. In other words, the ge-
ometry of the cation was roughly assumed to be T4
but the motional states of the four CHs groups to
satisfy the above symmetry. The stable positions of
hydrogen atoms were fixed at the all-staggered con-
formation,?” and for C-H and C-N bond lengths the
foregoing values were used.?

As the first model, we consider the cation having Cay
symmetry only in the motional states of the four CHs
groups. Namely, two pairs, each of which consists of
“equivalent” CHs groups, have different jumping rates
and activation energies for the CHs Cs reorientations
from one another. For overall cationic reorientations,
we assumed the presence of two kinds of nonequivalent
Czreorientations about one genuine Czand two pseudo
C; axes of the cation and, for simplicity, a single kind
of Cs reorientation about the four pseudo C3 axes.

As the second model, we assumed the cation having
Csy symmetry in the same sense as above. In this model,
we assumed that one CHs group of the cation has a
more frequent jumping rate and a lower activation
energy for the Cs reorientation than the other three
groups. The whole cationic motions are considered
to consist of Cs reorientations about the unique Cs
axis and the other three pseudo Cs axes, and of C3
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reorientations about the three equivalent pseudo Cs
axes of the cation. In general, these reorientational
modes should have different correlation times with the
temperature dependence expressed by Eq. 3. However,
the overall cationic C3 and Cg: reorientations were
reasonably assumed to have the same 7o and the same
assumption could be made on the two kinds of CH3 C3
reorientations as well.

For the first C2y model, the 12X12 transition matrix
D39 o calculate the intra CHjs relaxation rate due to
random jumpings of the 'H-1H vectors is given by

D=(A B B B, 4)
B A B B
B B A B
B B B A
where
A =[ay a; a)\, 4 = (ay a) a/\, (5)
a, ay a, a/ ay a/
a, a, a, a,/ a)/ ay
B =— [0, o o\, B =— w0, wy wg\. (5%
oy w, o o) @) wy
oy 0 w, o 0 o,/
In these equations,
ay = 2woy, + 8wy + w, + 2w, (6)
a; = — (wgg, + @3'), (7)
ay’ = 208y, + 8wy’ + 0, + 2wy, (8)
a/ =— (a)(’:kﬂs + o). 9)

Here, wcy, and wcp* are the jumping rates of the
Cs reorientations of two nonequivalent CHs groups,
and w2, w2’, and w3’ denote the jumping rates
of the whole cationic reorientations about the Cg, pseu-
do Cs, and pseudo Cs axes, respectively. These jump-
ing rates were assumed to be the reciprocals of the
correlation times of these motions.

The transition matrix due to jumping of the inter
CH3 'H-'H vectors was calculated in a similar manner
as used by Takeda et al.3? Since diagonalization of
these transition matrices which could be algebraical-
ly done for the T4 symmetric molecule was difficult
for the present systems, it was carried out numerically
using a FACOM-M382 computer in the Computation
Center of Nagoya University.

Correlation times for the respective motional
modes at a fixed temperature were calculated using
Eq. 3 by substituting suitable trial values of Ea and
70. The numerical D matrix can be expressed in terms
of these correlation times. By diagonalizing the D ma-
trix thus constructed, we obtained a set of non-trivial
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eigenvalues which were reciprocals of the correlation
times for the normal modes of reorientations for the
intra CHs 'H-'H vectors at the temperature. The cal-
culation for the D matrix of the jumping of the inter
1H-1H vectors was performed analogously. Finally,
1H T, was obtained by the following equation,

-1 = Te 41’[ ) 10
Ti ?Kl(l + @?r? + 1+40%2 )’ (10)

where 17 and K indicate the correlation time of the £-th
normal mode associated with intra and inter 'H-'H
vector jumpings and a constant depending on the
mode and the structure as well, respectively. K, can
be calculated numerically using the equations given
by Takeda et al.3®

T, values in a wide range of temperature were cal-
culated as above by changing seven unknown param-
eters i.e., five E, and two 7o values. From the Ti
curves calculated here, we selected several curves
which agreed roughly with the observed values obtain-
ed from the cold side of the 77 minimum, and derived
approximate values of the unknown parameters.

For the other T, curve appearing at higher temper-
atures, the same method of calculation was applied.
However, the T; curve having a rather steep slope
may be interpreted by the usual ‘“undistorted” cation.
Therefore, the calculation was performed by simply
assuming that all CHs groups in the cation are equiv-
alent even in their motion. This results in the reduc-
tion of the number of unknown parameters.

The theoretical T curve for the second model of
the cation with Csy, symmetry for the motion of the
CHs groups could be obtained similarly using the D
matrix given by

D = (4’ B, B, B), (1)
B, A' B, B
B, B, A' B
B BB 4

where

A = [ay a) a)\, (12)

! ’ !
a, a6y a,

4 =(ay a; a,\,

ay G &

’ ’

a; a; a a) a) a,
By =~ |0 o) w5\, B =— [0 0 w5\,
0y 0 of 0y W) wy
o 03 o) 0y @y @)
=— [0/ vy wf\. (13)
o 0, oy

@) w0y o)
In these matrices,

a, = 2‘"01—13 + 2(03 + 6(08’ + 30)2" (14’)
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a == (wCH3+w8); (15)
ao’ = 2(00!13* + 20)3 + 6(03’ + 30)2’: (16)
a)' = — (wong*+ @y'). (17)

Here, wcy, and ws are the jumping rates of the tH-1H
vectors for the CHs Cs and the whole cationic Cs
reorientations about the unique Cs axis of the cation,
respectively. wcpy* is the jumping rate of the other CHs
Cs reorientation while ws” and w2’ denote those of the
whole cationic reorientations about the other three
pseudo Cs and the three pseudo C: axes, respectively.

Since these 'H-1H vector reorientations in the cations
should also average the interionic dipolar interactions
which might be small, the interionic contribution to T
was roughly estimated by evaluating the difference of
the inter-cationic second moment AM:z between those in
the rigid lattice and in the isotropically rotating state.
The second moment Mz in the rigid lattice could be
roughly estimated for the present complexes by placing
the T, cations in the crystalline lattice isomorphous
with (tetMA)2Cdls. From this model, we could calcu-
late inter-protonic distances between protons belonging
to the different cations. The interionic Mz averaged by
rapid ionic rotations was obtained by use of the meth-
od reported by Andrew and Eades.3Y In both crystals,
there are two kinds of the cations I and II, which are
considered to perform isotropic rotation with quite
different correlation times from each other. Then,
T, for the cation I giving rise to the low temperature
minimum is expressed by32.33

2
T = TrzAMzg(‘t'm) +—§—TZAM2/g(Tlso/2), (18)

where vy and Tis, indicate the gyromagnetic ratio of a
proton and the correlation time of the isotropic rota-
tion of the cation I, respectively.

The first term of Eq. 18 comes from the 'H dipolar
interactions between the cations I and II, while the sec-
ond arises from those between protons belonging to
the same kind of the cations I. The values of AM;
and AM2’ calculated were 0.64 and 0.48 G2, respective-
ly. To evaluate 7iso which is assumed to be expressed
by Eq. 3, let the T: minimum temperature for the
first term of Eq. 18 be equal to that of the observed
low temperature one. Then, the temperature depend-
ence of 7i, was roughly estimated from the slope
of the logT, vs. T~! curve. For the cation II yielding
the high temperature T; minimum, the interionic T}
can be given only by the second term of Eq. 18. AMy’
for this cation was calculated as 0.18 G2 and 7iso was
obtained in the same way as for the cation I. The
interionic contribution to the calculation of 'H
T1 was taken into account only for (tetMA)2CdBr4
because it was turned out to be very small and the
observed H T3 for (tetMA)2:CdCls was assumed to be
well explained only by intraionic contribution.

NMR Studies on Cationic Motions in [(CH;3){N],CdX,

1987

The refinement of the foregoing calculation was
finally performed by changing the values of the ad-
justable parameters by stepwise finely to obtain the
resultant best fitted 71 curve which was the sum of
the low and high temperature T curves calculated
separately as above. The evalution of the degree of
fitting was determined by inspection.

The most appropriate T: curves calculated for the
two kinds of the models of the cation are shown in
Figs. 3 and 4 for the chloride and bromide complexes,
respectively. The adjustable parameters giving rise
to these T1 curves are shown in Table 1. From these
results, it is difficult to determine which model is more
suitable for the present complexes. This is because both
models provided the T curves interpreting the observed
T, data very well. However, it can be said that the ob-
served T curve having a normal minimum value but
unusually small E, can be explained by the motional-
ly distorted Ty cation.

The values of E, derived from the low temperature
T, curve indicate that there is a distinct difference be-
tween the reorientations of the two kinds of CHj
groups in the cation. It is noteworthy that E, for the
CH3 reorientation whose rate is given by wgy,* is rath-
er insensitive to the shape of the T, curve for both
complexes and also for the choice of the model of the
cation when E, is larger than ca. 12 k] mol~1. On the
other hand, the other E, values listed in Table 1 gave an
appreciable change on the shape of the curve when they
were altered more than 0.5 k] mol-!. The larger E,
values of (tetMA)2CdCls than those of (tetMA)2CdBry
obtained from both models are understandable by
considering the size effect of the anion. Namely, the
cations in the latter complex are thought to be more
loosely packed in the crystal than those in the former
crystal.

The T, curve observed for (tetMA)2Cdl4 below room
temperature is quite different from those of the forego-
ing two complexes, although the three complexes are
isomorphous at room temperature. This difference
may be due to the phase transition located at ca. 245K,
which exhibits a large heat anomaly suggesting a
drastic change of the crystal structure. Therefore, the
appearance of many T minima successively in the
low temperature phase is possibly attributed to the ex-
istence of more than two nonequivalent cations and/or
CH3; groups in the cation yielding their 77 minima
due to reorientations appearing in a fairly wide range
of temperature. For this complex, E. values were
roughly estimated from the linear portions on the hot
and cold sides of the T curve below Ty as 20.7 and
6.5 k] mol~1, respectively. Very small Eq0f 6.5k] mol—1
was obtained also for this complex in the very low
temperature region.

A T, decrease with increasing temperature was ob-
served for both (tetMA)2CdBr4 and (tetMA )2Cdl4 above
room temperature, indicating the presence of at least
one new relaxation process at higher temperatures.
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Best Fitted Activation Energies E, and Correlation Times 7o for *H-'H Vector

Jumping Rates of the Cation in Tetramethylammonium (tetMA) Tetrachloro- and
Tetrabromocadmate(II) Yielding High and Low Temperature T1 Curves

Compound High temp side Low temp side
[Motional model] Jumping rate  E./k] mol-! To/s Jumping rate  Ea./k] mol-! To/s
(tetMA)2CdCly
[Cav] WeHg 17.5 3.3X10-12 WCHg 7.5 _
weng* S15, | 2eX107M
w3 19.7 w3 10.8
19.7 } 3.5X10-14 w3’ 18.0 } 6.3X10-14
Wy 18., wy’ 13.0
[Cav] WCHg 17.5 3.3X10-12 WCHg 8.1 _
o Si9. | laxio-u
w3 19.7 Wy 11.0
19.7 } 3.9X10-14 Wy’ 13.0 } 3.3X10~1
w2 18.0 wg’ 14.5
(tetMA)2CdBry4
[Cav] WcH, 14.0 1.sX10—11 WCHg 5.4 _
o S190 | laxionm
w3 17.5 w3 9.8
17.5 } 1.3X10-13 wg’ 12.7 } 3.3X10—14
(2 14.5 Wy’ 15.0
[Cav] WCH; 14.0 1.sX10-11 WCHg 5.7 _
weHg* >12. J 8.x10-12
w3 17.5 Wy 95
17.5 } 1.3X10-11 wy’ 12.5 } 3.3X10-12
Wy 145 w3z’ 125

In these temperature regions, a clear frequency de-
pendence of 'H T was observed for both complexes.
However, the ratios of T: values determined at dif-
ferent frequencies and at the same temperature are
much smaller than those of squared resonance fre-
quencies. We determined M2 for (tetMA)2CdBrs at
450K and yielded 0.5 G2 which was almost the same
as the value of 0.6 G2 obtained at 302 K. This indicates
that the T: decrease observed is difficult to explain
through the magnetic dipolar relaxation mechanism.

It has been reported3*3® that even bulky octahedral
complex anions such as [PtClg}2~ and [PtBrs]?~ reorient
quite frequently at high temperatures and this motion
appreciably shortens spin-lattice and also spin-spin
relaxation times of the quadrupolar halogen nuclei.
In the present complexes, rapid motions of the com-
plex anions can be also expected to take place at high
temperatures and the quadrupole resonance frequen-
cies of iodine and bromine in both complexes are
nearer to the NMR frequencies than that of chlorine
in (tetMA)2CdCls. Quadrupolar relaxation of iodine
and bromine nuclei can provide an important relaxa-
tion process for !H in the cation through magnetic
interactions between 'H and halogen nuclei when
the quadrupolar relaxation time becomes shorter
than 'H T at high temperatures. This relaxation
mechanism named dipolar relaxation of the second
kind3® seems to be the main origin of the frequency
dependent T decrease observed at higher temperatures.
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