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Molecular Motions in Sodium Tetrachloroaurate Dihydrate as Studied
by the Proton and Chlorine Nuclear Relaxation Times
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The 1H and %Cl relaxation times in NaAuCl,-2H,0 have been measured at temperatures between 79 and
350 K. The *H T, data revealed that the water molecule of crystallization reorients about its C, axis with an
activation energy of 26 k] mol-1. The 3Cl T values of the four NQR absorptions indicated that the reorientation
of the water molecule makes no important contribution to the chlorine T3, in spite of the hydrogen bonds between
them. A brief analysis of the 35Cl T led to a frequency of 58 cm™! for the torsional vibration of the AuCl,~ ion.

It has been reported that vibrational and reorienta-
tional motions of a molecule containing resonant quad-
rupolar nuclei produce their nuclear relaxation. How-
ever, the relaxation resulting from random motions of
atoms near the relaxing nucleus has received less at-
tention. Woessner and Gutowsky suggested that the
CH, reorientation in (CH,),CCl, is responsible for not
only the proton 7j but also the chlorine 77.Y They
estimated the chlorine 77 by assuming that the electric
field gradient at the chlorine nucleus fluctuates while
the CHj reorientation is actually taking place, but
their calculated value did not agree with the observed
one even in order of magnitude.

Recently we measured 77 of both the proton and
chlorine nuclei in «-NH,HgCl;, and showed that the
motion of the ammonium ion affects the chlorine T
as well as the proton 73.2 In «-NH/HgCl,; the am-
monium ion reorients about its C, and Cj axes, and
flips by 90° about its S, axis. Obviously the former,
C, and Cj reorientations, do not change the orientation
of the ammonium ion, whereas the latter, S, flip, does
change it. In the preceding paper, we therefore pro-
posed that only the flip mode should affect the chlorine
T;. In order to substantiate this proposal, our study
was extended to NaAuCl,-2H,0, in which one of the
chlorine atoms is probably hydrogen-bonded to water
molecules, whereas the other three do not participate
in any hydrogen bonds. The comparison of these chlo-
rine 73 values will enable us to examine the influence
of the reorientation of the water molecules on the
chlorine 77.

Experimental

A variable frequency pulsed spectrometer (Bruker, B-KR-
322s) was employed to measure the *H and 35Cl relaxation
times. The spin-lattice relaxation time, 73, was obtained
by use of a 180°-7-90° pulse sequence for *H, and a 90°-7-90°
sequence for 3%Cl. The %Cl spin phase-memory time, 75,
was measured by a 90°-7-180° method, and the inverse line
width parameter, T,*, was determined from the free induction
decay following a 90° pulse. The 3°Cl signal after the r.f.
pulses was often time-averaged because of its small signal to
noise ratio. The temperature of the specimen was varied
from 79 to 350 K by using liquid nitrogen or Dry Ice, and
measured by means of a copper-constantan thermocouple
with an accuracy of 20.3 K.  Polycrystalline NaAuCl,-2H,0
was prepared from an equimolar solution of NaCl and
HAuCl,-4H,0, and identified by use of an X-ray diffrac-
tometer.

Results and Discussion

The orthorhombic crystal of NaAuCl,-2H,O con-
tains one kind of planar complex ion, AuCl,~, the four
chlorine atoms of which are crystallographically non-
equivalent to one another.?) The crystal structure shown
in Fig. 1 suggests that only one of these four, CI(1)
atom, is hydrogen-bonded to four oxygen atoms; the
distances between CI(1) and the oxygen atoms (3.36
and 3.42 A) are shorter than the van der Waals con-
tact (4.0A). The lone-pair orbitals of the oxygen
atom are probably directed to sodium atoms. The
3Cl nuclear quadrupole resonance (NQR) gave four
absorption lines corresponding to the four nonequiv-
alent chlorine atoms, as listed in Table 1. Fryer and
Smith and Sasane e¢f al. have studied the temperature
dependence of the resonance frequency, and suggested
that the positive temperature coefficient of the lowest
frequency line arises from the hydrogen bonds of the
Cl(1) atom.*?

In order to elucidate the orientation and motion of
the water molecules of crystallization, the *H T, was
measured at the resonance frequencies of 20 and 35
MHz. A plot of log T, vs. inverse temperature exhib-
ited a minimum (0.44s at 308 K for 20 MHz) as
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Fig. 1.
jected along the b axis. The tctrachloroaurate and
sodium ions locate on the mirror plane at y=1/4
(single circle) or y=3/4 (double circle), while the
oxygen atoms locate at y=0 and y=~0.5.
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TaBrLe 1. 3°Cl NQR FREQUENCIES AND RELAXATION TABLE 2, POSITIONAL PARAMETERS OF HYDROGEN
TiMES IN NaAuCl,-2H,O Atoms IN NaAuCl,-2H,0O
T/K Frequency/MHz T,/s Tyfus To*[us xla /b z/e
79 V3 25.353 1.86 400 61 Model A {H(l) 0.1534 0.4327 0.3829
vy 28.001 0.94 930 79 H (2) 0.1776  0.5697  0.5199
Vg 28.866 1.20 970 150 Model B H (1) 0.1553 0.4646 0.3728
N 29.467 0.56 850 76 H(2) 0.1770 0.5378 0.5380
297 vy 25.702 0.065 470 150
V2 27.376 0.040 870 190 where N is the number of spins, w,=y H,, and 7, is the
Vs 28.345 0.049 820 260 correlation time. The f and ¢ in parentheses refer to
Ve 28.737 0.034 820 170 the two equilibrium lattice sites of a given proton.
For polycrystalline specimens, one must take the spatial
TIK averages of the 0,; and ¢,; terms.
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Fig. 2. The temperature dependence of *H T7; in
NaAuCl,- 2H,0.
@®: 20MHz, O: 35 MHz.

shown in Fig. 2, and gave the activation energy of
26 k] mol-1. These results, together with the fact that
the 'H T, is almost unchanged in the temperature
range studied, indicate clearly that the water molecule
reorients about its G, axis.

The theoretical value of the 'H T for the reorienting

water molecules was calculated as follows:%)
+ (2444© + Bu(z))*lﬁ
+ 2A“<2>1—1U}—2}°02?], (1)

4,5 = [Fi59(B,B) — Fi5@ (5,0)]*

 [Fy® (B9) ~ Fy @ GH)T,
By ® = - [Fy® (B,8) +Fi®(0)

— Fy @ (B3) — Fy® BT, @)
P (B.5) = res*(BB) (1 ~3eos,, ()]
Fiy® (B.B) = rif (B 8)sinfss )

x cosy (BB)expl— s BB,

Fy® (BB) = ey (BB)sint0 (BB expl 20 BB)),  (3)

where «(B8,60) is the angle between vector S8 and
vector 66.

Prior to the 7; calculation, the hydrogen atoms were
located by assuming that: A) the H-H vector is paral-
lel to the C1(1)-Cl(1) vector or B) the H-H vector is
normal to the Na—Na vector. In both cases the typical
values (£LH-O-H=106° and O-H=1.00 A) were used
for the geometry of a water molecule. The positional
parameters of protons thus obtained (Table 2) yielded
the 77 minima of 0.28 s for model A, and 0.65s for
model B at the Larmor frequency of 20 MHz; both of
these values are close to the experimental one. In
both models the water molecule is hydrogen-bonded
to the CI(1) atoms, although the positions of the hy-
drogen atoms are slightly different from each other.
Therefore, the agreement between the observed and
calculated values of the 7; minima supports the for-
mation of the hydrogen bonds. Moreover, the hy-
drogen bonding is suggested from the fact that the
spin phase-memory time, 75, of the CI(l) atom is
shorter than those of the other chlorine atoms (Table 1).
Presumably, the shorter T, of the CI(1) atom is due to
the magnetic dipole interaction with protons.

Figure 3 shows the temperature dependence of 35C]
T, for the four absorptions. All *Cl T, decreasc mo-
notonously with an increase in temperature with the
coefficients, AlogT;/Alog 7, ranging from —2.1 to —2.5.
It should be noticed that the 3%°Cl 77 for the lowest
frequency line is comparable to those for the other lines,
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Fig. 3. The temperature dependence of 3Cl T in
NaAuCly- 2H,0.
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and shows no anomalous temperature dependence.
This finding, contrary to the suggestion of Woessner
and Gutowsky,! permits us to conclude that the reor-
ientation of the water molecule affects the chlorine T
very little, although the hydrogen bonds are formed
between them. The very short 77 observed in (CHj),-
CCl, is probably caused not by the CH; reorientation
but by molecular reorientations.

Then the chlorine 7; in NaAuCl,-2H,O was inter-
preted on the basis of the torsional vibrations of the

AuCl,~ ion. The quadrupole transition probabilities,
Wi(1Am| =1) and W,(|Am|=2), can be expressed by
3 Awg: 1 x
Wi= 5 Tos Zc"th(T)’ ®)
3 h:COQ 2 Ta
W= ‘sZ( To, ) Sn k(72 ? ©)

where g is the angular NQR frequency, w, is the an-
gular torsional frequency, I is the moment of inertia,
7, is the average life time of torsional levels, and x=
hw,/kT. The T, for quadrupolar nuclei of spin 3/2
is given in terms of W; and W, by

1
—5_'7 = 2(W1+W2). (7)
Equations 5, 6, and 7 vyield the following quadratic
equation:

Az":a.2 - Ty + Al = 0: (8)

1
2T,
where A4; and 4, are parameters determined by wg,
wg, I, and T.

In order to obtain w,, the Bayer approximation was

used:?
(Avg/AT) 3 k
P S T Tod),”

where the summation is taken over all effective modes.
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TaBLE 3. CALCULATED VALUES OF Vy, T,, AND W;=W,
AT DIFFERENT TEMPERATURES

T/K vyfem—t Ta/PS Wi=W,/[s~1
79 56.62 4.880 0.278
102 57.16 3.358 0.500
150 57.62 1.898 1.250
201 59.16 1.257 2.252
297 58.67 0.694 6.098

In the crystal lattice, the planar AuCl,~ ion may vi-
brate about the two Cl-Au-Cl axes and about the axis
perpendicular to the plane. Supposing that these three
rotary modes are degenerate, and taking account of
the two effective modes, we estimated the value of
v,(=w,/27) to be 38.1 cm~! from the average temper-
ature coeflicient (—0.99x10-*K-) of all the reso-
nance frequencies except the lowest one. Substituting
the value of w, and the average value of the experi-
mental T, into Eq. 8, however, yielded imaginary
values of 7, at all temperatures of measurement. This
means that the 73 value predicted by the theory is
shorter than the observed one. Such a discrepancy
has also been pointed out in the chlorine relaxation
study for p-dichlorobenzene.l)

It is noteworthy that the o, dependence of the tem-
perature coefficient of the resonance frequency is quite
different from those of the transition probabilities of

W, and W,. 1If the approximation e®=14x-+x2/2 is
used, we obtain
. G)QZkT
Wy = 32——(@;&1&)‘ (10)
3 . wkATH
= — D = (Ta)- 11
W.=- ; Blog), (Ta)i (11)

The powers of o, in Egs. 10 and 11 are much smaller
than that in Eq. 9. This means that high frequency
modes contribute to the temperature coeflicient of
resonance frequency more strongly than to W; and W,.
Hence, a new attempt to evaluate the w, from the T,
data was made by assuming

LY = 44,4
<2T1)_ e

This predicts the minimum value of o, which will give

(12)

a real 7,. The quadratic equation then yields
1
T = 374, (13)
and
1
Wi=We =7 (14)

with the simplifying assumption of only one torsional
mode, one finds

AE5TS5T,2
Wy = \7/36 T CaE (15)
The calculated values of »,(=w,/2%), 7,, and W,

(=W,) are summarized in Table 3. Though one has
no justification for the use of Eq. 12, the resulting ratio
of Wo/W, (=1) is comparable to those obtained in
p-dichlorobenzene (2—12 at 300K and 0.5—2 at 77K),®
and the values of v, are approximately constant in the



July, 1978]

temperature range studied. These results support the
present model for the chlorine relaxation time. The
v, value of about 58 cin—! predicts a temperature coecf-
ficient of —0.28 x 10—* K1, which is somewhat smaller
than the average experimental one on the absolute
scale. The residual part of the coefficient may be
interpreted in terms of high frequency modes, as de-
scribed above.
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