Coordination Chemistry Reviews, 17 (1975) 281—316
© Elsevier Sequoia Publishing Company, Amsterdam — Printed in The Netherlands

ANOMAILQOUS TEMPERATURE VARIATION OF NQR #REQUENCIES
AND BONDING IN METAL COMPLEXES

DAIYU NAKAMURA, RYUICHI IKEDA and MASAJI KUBO
Department of Chemistry, Nagoya Universily Chikusa, Nagoya (Japan}
{Received 21 April 1975)

CONTENTS
A Introduction . . . . . . . . . T 0. e e e e e e e e 28
BE. NQR spectroscopy . e e e e e e e e ... 282
C. Temperature dependence of NQR frequenmes e e e e e e e 4w . . . 286
D. Positive temperature coefficient . . . . . . . . . . . . . . . . . 289
(i) mwhonding . 1
(ii} Hydrogen bondmg .. 2. 1
{iii} Arrangement of neighoringions . . . . . . . . . . . . .« . . 304
E. Phase transition . . . « « & o « 4 « o 4 e 4 4 0 e o« . . . 307
F. Miscellaneous . . . . « « o v 4 4 e e e e e e e e ... 312
RefOIONCES - + -« « + o e e e e e e e .o o318

A. INTRODUCTION

Since NQR was discovered by Dehmelt and Kriiger [1] in 1950, it has
attracted attention among chemists as a powerful means for studying chemi-
cal bonds in molecules because detailed information is available about the
electronie charge distribution near resonant nuclei. It has been applied in a
wide field of chemistry [2, 3]. In particular, a number of investigations have
been carried out in coordination chemistry for clarifying the nature of coor-
dination bonds, and the results have been summarized in several reviews
[4—10].

Nuclear quadrupole resonance is directly related to the tensor componenis
of electric field gradient formed by extranuclear charges at a resonant nucleus.
The field gradient can be obtained from the hyperfine structure of molecular
rotational spectra [11, 12} and aleo the quadrupole splitting of Mosshauer
spectra [183, 14]. The former refers to gaseous molecules and is suitable for
evaluating with a high precision the electric field gradient tensor in simple
molecules and for discussing the electronic state of isolated molecules. How-
ever, the method is not experimentally or theoretically feasible for rather
complicated coordination compounds which usually cannot be vaporized.
Like NQR, the Mdssbauer effect is observed with solid materials, and provides
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1 convenient means for obtaining field gradients in coordination compounds.
However, experiments using y-rays of high energy naturally involve 2 low
accuracy compared with NQR measurements. Accordingly, it is difficult to
resolve the quadrupote splittings of nonequivalent atoms in crystals differing
slightly in electric field gradients. On the other hand, an advantage of NQR
spectroscopy arises from the high accuracy of frequency measurements ob-
tainable in radiowave spectroscopy. Indeed, it is feasible to determine the
chlorine resonance frequencies of, for instance, potassium chiorate and sodium
chlorate giving rise to sharp resonance lines to an accuracy of eight significant
figures [15]. The high accuracy implies that it is possible by NQR to discuss
glight changes in field gradients due to the phase transition of crystals, the
effect of ternperature and external pressure, etc., in addition to crystal en-
vironments.

Normally, the NQR frequencies of monovalent halogens decrease with in-
creasing temperature, the rate of decrease, v~ {dr/dT}, being of the order of
107* —107° deg™!. Unlike molecular rotational spectra, observed NQR
frequencies yield electric field gradients averaged over the thermal motion of
atoms, molecules and ions. The average field gradient ¢_, experienced by
the resonant nuciei of terminal atoms in molecules and complex ions decreases
in general with increasing excitation of thermal motion. However, when the
excitation of molecular vibrations alters the bonding state of resonant atoms,
the temperature coefficient of NQR freguencies gives information on the
bonding of the resonant atoms. If the effect of bonding is marked, the
temperature dependence of NQR. fregquencies shows anomalies revealing the
effect of change in the bonding state. For instance, the chlorine NQR
frequency of potassium hexachlororhenate{IV) shows a positive temperature
coefficient above liquid nitzogen temperature {16]. This has been explained
as due to the partizl scission of Re—C! bonds having a strong T covalent
character [17—19]. Thus, one can obtain from NQR some knowledge about
bonding types as well as information on molecular motions.

In this review, we shall focus our attention on the anomalous temperature
variation of NQR frequencies observed with coordination compounds. The
effact can he divided hroadly into two main categories: onc relating to the
bonding type, whereas the other is due to phase transitions. First, let us out-
line the hasic principle underlying NQR spectroscopy and the dependence of
NQR frequency on temperature, and then discuss some examples of coor-
dination compounds showing a positive temperature coefficient presumably
due to bonding. The discussion will proceed to some examples of compiexes
showing an anomalous temperature behavior due to phase transition. Exampiles
lying outside these two categories will be treated in the last section.

B. NQR SPECTROSCOPY

When a nucleus having a nuclear spin guantum number I equal to or greater
than unity is placed in an inhomogeneous electric field, the electric quadrupole
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moment e@ of the nucleus interacts with the electric field gradient, and the
nuclear spin is quantized along the direction of a principal axis of field gra-
dient. Accordingly, transitions can be observed between discrete levels
differing in the quantized interaction energy.

Let the electrostatic potential at a nucleus due to extranuclear charges be
denoted by V. With respect to the principal coordinates, x, y and z, only
diagonal terms,

a2v) (azv) (azv)
Vis = , Vi, = , V.= 1
(axz o ¥y ayz o azz o ( )

are nonzero components of the electric field gradient tensor. Since the
Laplace equation, V., + V,, + V,, = 0, must hold, the electric field gradiert
tensor is traceless, and the number of independent components is reduced

to two. If the coordinate system is chosen so that |V, | > {V, . i = |V, ], the
nuclear spin is quantized along the z axis. For this system, the NQR inter-
action can be expressed by the Hamiltonian %g given by

o = _eQgh _ 2 _ g2 .1 g2 2 \

(] 41(21',,_1) [31; I +2(If +I_.- }] (2}
where I, [, I, and I_ are nuclear spin operators and eQqg stands for the
nuclear quadrupele coupling constant in frequency units expressing the
magnitude of the nuclear quadrupole interaction energy. Although
g (= q., = V_,) is the negative of the 2z component of the field gradient, it is
simply called the field gradient by convention. The asymmetry parameter
is defined by

WVex — Vs

= — 3

1? \sz{ ( )

Accerdingly, electrie [ield gradients along the principal axes can be evaluated
from two observable parameters, eQg and 7.

When the distnbution of extranuclear charges has a threefold or higher
axis of symmetry about the z axis, the asymmetry parameter vanishes, and
the quadrupole interaction energy E,,, is given by

___eQgh .
Em; - 4}'(2_{___ 1) [3”’1? I(I + 1)] (4)

where m; is the z component of the nuclear spin I and can assume (27 + 1)
different values from —f to +I. Because m; appears in eqn. (4) as its square,
all of E,,,, levels are doubly degenerate except for the level with vanishing m;.
The selection rule, Am; = £ 1 resiricts transitions as in the case of NMR.
Accordingly, observable NQR frequencies are given by

Enp ~ Em,  13eQq(m) + m,)l

Hm; » m}} = k = 412 — 1) (5)

where m; —m; =t 1. One can observe a single frequency vy = »(0 « =1}, for
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TABLE 1

NQR frequencies of nuclear species having I equal to 1, 3/2 or 5/2.

Nuclear Nuclear species NQR frequency
spin
1 D, ™% vo = 3eQq/4, v, = 3eQq(1 *77/3)/4
5¢1, 374, 63y, 85Cy, " Br, 3 2 . 1/2
3/2 8lg, 191;. 193, 197 } v=eQqg(l +1°/3)'"“12
5/2 27 A1, 55Mn, 121gy, 1277 } vy = (3eQq/20)(1 + 1.09267% —
186p. 187TRe 0.63407* ..}
ve = {3eQq/10){1 —0.20377°% +
0.1622n% ..}

I'=1; asingle frequency, v = p(+1/2 + £ 3/2), for I = 3/2; and two frequencies,
p, =p(+x1/2+» +3/2yand v, = (£ 3/2 + £ 572), for [ = 5/2.

When the asymmetry parameter 77 is finite, mixing takes place between
states having Am; =+ 2; m, is no longer a good quantum number. In this case,
energy levels must be evaluated by solving a secular equation. Table 1 shows
some nuclear species amenable to NQR studies along with resonance frequen-
cies as functions of eQq and 7. For I = 1, double degeneracy occurring for
71 = 0 is lifted, and two resonance frequencies can be observed. On the other
hand, double degeneracy persists for half-integral nuclear spins even when the
asymmetry parameter is finite. A single resonance line is observed for equiv-
alent nuclei of I = 3/2 regardless of whether the asymmetry parameter is
zero or finite. Accordingly, the quadrupole coupling constant ean be evalua-
ted only when the asymmetry parameter may be assumed to be zerc or neg-
ligibly small from theoretical consideration based on crystal structures. In
other cases, the asymmetry parameter must be determined separately by
studying the Zeeman effect of NQR in single crystals.

Observed resonance lines are assigned to various isotopic nuclear species in
the following way. Chlorine has two isotopes, 3°Cl and *7Cl, both having
I = 3/2 in comparable natural abundance. Because electric field gradients in
crystals are independent of the kind of isotopic nuclear species, the ratio of
frequencies due to isotopic species is constant: for instance »(**Cl}/p(3"Cl}) =
1.269. Bromine has two isotopes, ™ Br and 8By, both having I = 3/2, the
frequency ratic v(*®Br)/v(** Br) being equal to 1.197. With these criteria,
it is feasible to assign observed lines to isotopic nuclear species unambiguously.
Iodine compounds present no problem regarding isotopes, because *?71 having
I = 5/2 exists in a natural abundance of 100%. However, because two resonance
frequencies, v; and »,, can be observed, some means of identifying v; and v,
must be found when nonequivalent iodine atoms exist in erystals. A theoretical
relation, 2v, > v, (equal sign for vanishing 1), holding for equivalent atoms
is very effective for this purpose. However, it is often insufficient, and must
be supplemented by information obtainable from crystal analysis. Table 2
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TABLE 2

NQR frequencies, quadrupole caupling constants, and asymmetry parameters of 127f jn
cesium tritndide at room temperature [20, 21 ].

Central iodine Terminal iodine atoms

atom

Ic Ib Ia
Yy (MHz) 368.21 214.62 119.48
va (MHz) 735.6 42863 238B.8
eQq {MHz) 2452 1429.5 T96.0
n 0.02 0.034 0.0%

shows observed resonance frequencies of cesium triiodide and their assign-
ments {20, 21]. In the crystal of this compound, all Iy ions are crystaliograph-
ically equivalent, and each I; ion is linear and asymmetric [22] suggesting
small asymmetry parameters for the three iodine atoms. Correspondence
between r; and v, can be found by taking into account a relation that
2v, = v,. When the number of nonequivalent iodine atoms is large [23] or
both v; and v, appear as closely spaced multiplets with a finite asymmetry
parameter, it is difficult to find correspondence between »; and vo. When a
large single crystal is obtairable, correspondence between r; and v, can be
found by observing Zeeman splittings. At the same time, the observed
frequencies can be assigned to nonequivalent iodine atoms in the crystal.
For atomns having I = 1, a single resonance frequency, v, is observed when
71 = 0 whereas two frequencies, v, and v, are observed when 1 # Q. The
characterization of observed lines to vq, ¥, or v can be achieved by
examining the line shape of absorptions recorded with Zeeman modulation
[24—26]. When 7 = 0, the resonance frequency is given by

3
vo = 2224 (6)

in the absence of external magnetic field. When a weak externel magnetic
field H is applied to this system, one has

8eQq +yHcos0
T4 T 2 (7)

where vy denotes the gyromagnetic ratio of the nucleus, and # stands for the
angle between the external magnetic field and the z axis of the field gradient.
In the case of powder samples, the z axis is distributed in space. Accordingly,
vy appears as a broad absorption covering a frequency range from 3e@g/4 —
~H{27 to 3eQq/4 + yH[2r. In pen recording, sensitivity in detection is usually
increased by use of a phase-sensitive detector [27], which is set 50 as to

move the pen to the right in response to a signal applied during a haif period
of Zeernan modulation, in which H = 0, and to the left when a signal is given

Vo
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Fig. 1. NQR spectrum of 14N in potassium tetracyanomercurate{Il) recorded at liquid
nitrogen temperature by Zeeman modulation with a modulation field of about {a} 15 G
and {b} 60 G [29]. The line shape of vy {7 = 0} is more or less symmetric. When the
asymmaotry parameter is finite, ¥, has a negative wing on the high-frequency side, while
v__ is accompanied by a negative wing on the low-frequency side.

during the other half period, in which H # 0. In this recording, negative wings
appear symmetrically on both sides of 14 = 3e@g/4. The line shape is char-
acteristic of resonance lines of nuclei having n equal to zero. When the asym-
metry parameter is finite, a negative wing appears on the low-frequency side
of v__, whereas y, is accompanied by another negative wing on the high-
frequency side. Thus, it is possible to characterize observed lines as vy, v, Or
v__. Figure 1 shows the line shape of three resonance lines of potassium fetra-
cyanomercurate(1I} recorded at liquid nitrogen temperature {28, 29]. It is
evident from the line shape that two kinds of nonequivalent nitrogen

atoms exist: one which has i equal to zero, while the other has a finite asym-
metry parameter.

C. TEMPERATURE DEPENDENCE OF NQR FREQUENCIES

Figure 2 shows the dependence of the **N NQR frequency in potassium
tetracyanozincate{Il)} on temperature [30]. In general, terminal resonant
atoms yield NQR frequencies decreasing with increasing temperature. Bayer
{31] has explained the behavior theoretically.

Suppose we have 2 molecule R—X having a resonant atom X. Without much
loss in generslity, let it be assumed that the atomn X has a nuclear spin I = 3/2,
that the z axis of the electric field gradient coincides with the R—X bond axis,
and that i = O for simplicity. The molecule performs a rotational oscillation
ahout its center of mass, i.e. the atom X undergoes a bending vibration relative
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Fig. 2, Temperature variation of the NQR frequency of 142 in potassium tetracyano-
zincate{ll} {30].

to R. In order to examine the effect of the vibrational motion on the electric
field gradient experienced by the nucleus X, 2 coordinate system (x, ¥, z} fixed
in space and another system (x', ¥, 2} fixed to the R—X bond are chosen with
a common origin at the nucleus X as shown in Fig. 3. The motion of R relative
to X is rotational oscillation in the y'z" plane with an angular frequency <.

Let it be assumed that § changes with time harmonically:

& = a sin (wt + @) (8)

where a is the angular amplitude of the ascillation, and ¢ is a phase factor. At
an arbitrary time ¢, the nucleus X experiences an electric field gradient Vv,
rather than the field gradient V. . in the absence of cscillation. Transforma-

O
.

F 4
R
4,
X ’,

x=x’
Fig. 3. Coordinate systems, x, ¥, zand x’, ¥', "
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tion between V, - and V,, is straightforward, and one obtains a relation
Voo = 5 Virr(8cos? 8 — 1) (9)

The equation is simplified for small values of  as

Ve = Voo (1—326% (10)
For harmonic motion, #% averaged over time is given by

2y _wh
{8<) 2w®coth SET 11

at a temperature T'. Here, @ denotes the moment of inertia of the molecule

R—X about the x axis. Since an observable resonance frequency v(T) is equal
to 4 eQV,,, one has

3h wh
L'(T)=V°(l—m00th Eﬁ’-) (12)

where v, is equal to 1 eQV, ., i.e. the resonance frequency in a fictitious

3A
V(0)=Vo(1—-m {13)
Accordingly,
3’!1’0 toft
v(T) — p(0) =—m(coth hT 1) (14}

Because coth{cwh/2RT) > 1, W(T) — v(0) is negative. For wk < kT, the expansion
of exp{wh [2kT) vields

k
vo = (0} — % vo {15)

(T) = w(O) —
v(T)y=v(0)—
) 2w?0
where f denotes the force constant of the rotational oscillation. At high
temperature, the resonance frequency decreases linearly with the temperature,
and the slope of the straight portion of the v versus T curve becomes steeper
with decreasing force constant £

Various modes of vibration including intramolecular vibrations as well as
lattice vibrations are possible for crystals. Bayer {31] took into account only
vibrational modes in which the direction of the field gradient g., rather
than its magnitude changes at a resonant nucleus. Kushida [32] and Wang
[33] generalized Bayer's theory, considering all normal modes of vibration,
to evaluate the temperature variation of resonance frequencies. Among
irtramolecular vibrations, bending vibrations having a low frequency con-
tribute to the change of resonance frequencies with temperature £o a greater
extent than do stretching vibrations. In the ease of lattice vibrations, contri-
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bution from librational modes is larger in general than from translational
modes.

The temperature variation of NQR frequencies is usually observed at a
constant pressure, whereas Bayer and others’ theories are developed at a
constant volume. Accordingly, agreement between theoretical calculations
and experimental data is rather poor when thermal expansion is no longer
negligible at high temperature. In fact, the observed v versus T curve often
is not linear at high temperature but is convex upwards {d®»/dT? < 0). The
example shown in Fipg. 2 presents a rather exceptional case in which the
linearity of the curve is excellent in a high temperature range.

Kushida et al. [34] and Brown [35] refined Bayer’s theory by introducing
thermodynamic relations involving the thermal expansion coefficient and
the isothermal compressibility. According to the authors, the observed
temperature coefficient {(8v/d T}, is given by

v _ [ v 3
(%), - G), ~ Gv), G7) ao)
I v T b ] .
The first term is usually negative according to Bayer’s theory. When the con-
tribution from this term is large, one has a normal negative temperature co-
efficient of NQR frequencies. Equation (16) can be rewritten as

) -(2),-5(3),

where a stands for the thermal expansion coefficient and »; is the isothermal
compressibility. Both a and ¥ are normally positive. Theretore, when
(3v/ap)r is negative and the absolute value of the second term in the right-
hand side of eqn. (17) is greater than that of the first term_observed NQR
frequencies increase with increasing temperature.

D. POSITIVE TEMPERATURE COEFFICIENT

Hamlen and Koski [36]} found that the NQR frequency of chlorine in
tungsten hexachloride decreased monotonically with decreasing temperature
from room temperature to liquid nitrogen temperature in contradiction to
Bayer’s general theory. At the present time, various compounds are known to
show a positive temperature coefficient of NQR frequencies for halogens,
and the reason for these anomalies has been clarified for some compounds.

In this section, the anomalous temperature behavior is discussed by classifying
such complexes into several groups according to the origin of the anomalous
temperature dependence of halogen NQR frequencies.

{i) = bonding

Hamlen and Koski [36], who found the anomalous behavior of tungsten
hexachloride, noticed that the 3*Cl NQR frequency (10.545 and 10.172
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MHz at 35 and —196°C, respectively) was much lower than can be anticipated
from the electronegativity difference, Ax = 1.2, between chlorine and tungsten
[37, 38], and invoked 7 character for the W—CI bonds. However, they failed
to discuss the positive temperature coefficient of NQR frequency in relation
to 7 bonds. Barnes and Engardt [39] found that the resonance lines of "Br

in titanium tetrabromide showed a temperature dependence having a broad
maximum at about —50°C. In this case also, observed NQR frequencies
(47.127 and 46.309 MHz at liquid nitrogen temperature} are lower than
expected from Ax. They found that the observed (3v/3p) was negative,

and attributed the anomalous low frequencies and the anomalous temperature
dependence to intermolecular interactions. Reddoch [40] observed that
»(?3Cl) in thorium tetrachloride showed a maximum at about —50°C. Because
the observed resonance frequency, 5.9 MHz, deviated from Dailey and
Townes’ curve of Ax plotted against the ionicity i, he suggested m character
for the Th—CI bonds, and showed that the positive temperature coefficient
could be explained adequately on the basis of the 7 bond character.

Ikeda et al. [16] found that the NQR frequencies of chlorine and bromine
in hexahalorhenates{IV) increase with increasing temperature, They called
attention to the fact that the dv/dT of chlorine in K,MCl; type complexes
having a third-row transition metal as the central metal M increases with
decreasing atomic number of the central metat atom from platinum to
tungsten almost linearly as shown in Fig. 4 [17]. Table 3 shows the reso-
nance frequencies of these complexes and the temperature coefficients

T T T I
05[ -

o>
T
1

Lo/ K zdeg ™

-
wh
1
L

—1.ﬁ£— oPy. =

1 | J—| L] 1
[ 1 3 3 4

aumber of vagancies in 1z, orbitals

Fig, 4. Temperature coefficient of 3Ba NQR frequencies at room temperature plotted
against the number of vacancies in the 7 antibonding orbitals,
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TABLE 3

Temperature coeflicient of NQR frequencies in potassium hexahalorhenates(1V}, hexa-
chlorotungstate(IV) and related complexes at 20°C {171.

Compound v (MHz) dvjaT Temp. range {"C)
{lcHz deg™ 1)

K,PtClg 25.82 ~—1.00 —75.0—23.5

KzIrCIG 20.73 _0-54 '_69.0_24.2

K,0sClg 16.84 —0.22 —70.0—26.0

Kz ReClg 13.89 +0.13 —76.0—21.2

KoWCig 10.22 +0.44 10.5—35.0

K3ReBrg 112.71 +2.8 — 3.0—181.0

thereof at room temperature, It is seen that the resonance frequency de-
creases linearly with decreasing atomic number of the central metal, All of
these complexes form crystals of the K, PtClg structure shown in Fig. 5.
Accordingly, the characteristic changes in the resonance frequency and its
temperature dependence must be attributed to the difference in the kind
of central metal atoms. However, the electronegativities {41, 42] of the
ceniral metals are not much different from one another. Accordingly, the
decrease in resonance frequency is not attributable to an increase in the
ionicity of M—CI bonds. Since these complex ions have 0y, svmmetry in
crystals, the degenerate 5d orbitals of a central metal atom are split into
t,, and e, levels (or de and d+ levels} in the strong field approximation. In

O:a

Fig. 5. Crystal structure of potassium hexachloroplatinate{IV}.
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Fig. 6. Formation of dm—pm bonds.
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the case of Pt%* having 5d%, the £,, subshell is completely filled with elec-
trons. With decreasing atomic number of the central metal atom, an elec-
tron hole or holes are formed successively in the t,; orbitals. Back donation
then takes place from the occupied 3p orbitals {3p, and 3p, ) of ligands as
shown in Fig. 6, forming dm—p7 bonds hetween the central metal atom and
the ligands. The theoretical prediction for the formation of 7 bonds has been
verified by an experimental investigation carried out by Owen, Griffiths and
others [43—47], who confirmed the 7 character of Ir—Cl bonds in a hexa-
chloroiridate(IV} ion from the hyperfine structure of ESR, and succeeded in
evaluating quantitatively the extent of w bond character.

According to the Townes—Dailey approximation [48], the quadrupole
coupling constant eQ¢ observable in NQR is given by

leQqgl = UyleQq,l (18)

where eQlg, stands for the quadrupole coupling constant per single p elec-
tron distributed alon¢ the z axis of the field gradient q. For halogens,

leQq,| is equal to the absolute value of the atomic quadrupole coupling con-
stant, [eQqGuom, amenable to direct measurements [49—-51] The number U,
of unbalanced p electrons is defined by

U, =%2{N: +N,)—N, (19)

where N, N, and N, denofe electron populations in the outermost p orbit-
als, p,, p, and p,, respectively. When a halogen atom forms a ¢ bond, one
may assume that N, =N, = 2. On the other hand, when a dr—pw partial
bond is formed between the central metal and a chlorine atom as in a hexa-
chloroiridate(I1V) ion involving the transfer of 7 electrons from the chlorine -
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atom to the central metal atom, one has N, =N, =2 — n/2 from symmetry,
the number of transferred m electrons being denoted by 7. The decrease in
population from two implies that the charge distributicn approaches spherical
symmetry about the chlorine atom, and hence the observed resonance fre-
quency decreases. A theoretical calculation yields the following relation for
the ionicity { of the metal—halogen bonds [52].

teQql = [(1 —s}1 —i—m) — n/2] leQq,l (20)

where s denotes the s character of the g bonding orbital of the halogens.

Dailey and Townes [37] assumed that the atomic orbital of a halogen atom
has 15% s character when the halogen atom is bonded to an atom more electro-
positive than the halogen by as much as 0.25. Cotton and Harris [53] carried
out molecular orbital calculations on the complexes of the potassium hexa-
chlorometallate{1V) series, and showed that the assumption of s = 0.15 is
reasonable from the standpoint of orbital population. However, analysis of

the experimental data suggests that the s value might be overestimated [54—
b6}.

Ikeda et al. {17, 52] attributed a marked dependence of »(**Cl) in potas-
sium hexachlorometallates(IV) on the nature of the central metal to a change
in the 7 bond character of M—Cl bonds, and evaluated the ionic character {
of M—Cl bonds assuming that the 7 bond character 7 is proportional to the
number of electronic holes in the ¢;, orbital. The values of ioaicity thus ob-
tained were found to be reasonable from electronegativity considerations.
However, when the same method is applied to a tungsten hexachloride mole-
cule, one gets an unbelievably small ionic character. Moreover, a negative
net charge is obtained for the central metal of a hexaiodorhenate(IV} ion.
Therefore, it is presumed that the 7 bond character and possibly the s char-
acter are also overestimated. Machmer [57, 58] found a linear relation be-
tween J@rgensen’s optical electronegativity {59—62] and »(*°Cl) in potassium
hexachlorometallates(IV). Brown et al. {63] proposed a formula for esti-
mating the 7 bond character m,; of M—Cl bonds from the optical electronega-
tivity.

- 0.054 n 2
ﬂ'M . I Axh,}
AXy = XM — Xa (21)

Here the numerical factor is the observed 7 bond character of Ir—Cl1 bonds
in hexachloroiridate{IV) ion [43—46}, n dénotes the number of holes in

the ¢, orbital of the central metal M, and x§f* stands for the optical elec-
tronegativity of the metal M. They observed v(**Cl) in [WClg] ™ to complete
a series from n = 0 to n = 6. Their data for bond parameters are compared in
Table 4 with those obtained by Iiteda et al. [17, 52]. The optical electro-
negativity has been obtained on the basis of experimental charge transfer
spectra resulting from the transfer of electrons localized in the pw orbitals’of
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TABLE 4

Ionicity and 1 hond eharacter of M—X bonds in some paramagnetic hexacoordinatec
complexes.

Number 7 Bond

Compiex of d1r character ¢ Ionicity @ Net charge x&pt
holes on M ¢
[Clg}®™ 1 0.054 0.47 0.82 2.4
{OsClg12 2 0.081 0.108 0.51 047 1.06 082 22
[ReCls]:' 3 0.097 0.16 055 045 1.34 070 2.0
[WCIgl<™ 4 0.100 0.22 062 043 172 058 1.7
[WClgl™ 5 0.16 0.27 050 0.33 2.0 093 2.0
WClg 6 .21 0.32 0.44 0.26 2.6 1.56 2.1

¢ Data in the first column were evaluated by the method of Brown et al. [63], whereas
those in the second column were calculated by Ikeda et al. [17].

iigands to the dr orbitals of central atoms [569]. Accordingly, the estimation
of Brown et al. is expected to provide a better result than that of Ikeda et al.
whic"1 is based on an assumption that the 7 character is proportional to the
number of vacancies in the £, orbitals.

Thus, it is indubitable that the M—Cl bonds in paramagnetic hexachloro-
metaliates(IV) have d7—pm bond character and that its strength or the num-
ber of electrons transferred from a ligand to a central metal atom {or to the
overlap region) increases with increasing number of vacancies in the #,; orbitals
of the central metal M, although the estimation of 5 character and m character
still involves various problems. These conclusions permit one to ascribe the
origin of the positive temperature coefficient of NQR frequencies to the r
bond character of M—CIl bonds in this series of paramagnetic complexes.

When an M—X bond is formed as a hybrid between a o covalent bond and a
7 covalent bond, the excitation of M—X stretching and bending vibrations
gives rise to a decrease in the overlap population of both 6 and 71 bonds. The
decrease of 7 bond overlap leads to an increase in N, as well as N, , and
hence the quadrupole coupling constant and NQR frequencies increase. On
the other hand, in the case of o bonds, decrease in overlap may increase IV,
of halogen atoms and hence the NQR frequencies are expected to decrease.
However, the latter effect can be disregarded for the following reason. Po-
tassium hexachloroplatinate(IV}, having completely filled t», orbitals (i.e.,
free froin 7w bond character of Pt—Cl bonds}, shows a normal negative
temperature coefficient of the NQR frequency. Armstrong et al. [64—70]
investigated the dependence of 3*Cl NQR frequency in potassium hexachloro-
platinatefIV) on temperature and pressure as well as 3°Cl quadrupole spin—
lattice relaxation, and evaluated the frequency of rotational vibration of the
complex ion. From the observed temperature coefficient, they subtracted
a contribution from intramolecular vibrations without considering the
decrease of o bond overlap. The remainder, which was assumed to be due to
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the rotational mode, yielded a frequency of 58 cm™! in good agreement with
63 cm™ ' calculated theoretically from the data of a vibrational spectrum
[71]. This indicates that vibrational excitation affects the o overlap popula-
tion of M—Cl bonds to a negligibly small extent. Therefore, the temperature
coefficient of NQR frequencies of potassium hexachlorometallates(IV) is
determined by two factors, i.e., the Bayer effect and the effect of partial
scission of 7 bonds. In other words, the temperature coefficient of

v(3*C1) in paramagnetic potassium hexachlorometallates(IV} is determined
by the balance between two contributions differing in sien. When the Bayer
effect predominates over the 7 bond effect, the temperature coefficient of
NQR frequencies is negative, whereas when the reverse relation holds as in

TABLE 5

35Cl and ®'Br NQR data [72] at 300 K.

Compound v {MHz) dvfdT (kHz deg™})
WClg i0.539 1.80
WBrg 7F2.12 13.0
CsNhClg 8.589 0.92
9,245 1.20
CsTaClg 9.127 0.3
8.803 0,62
CsWClg 11.748 0.94
11.605 0.60
11.281 0.56
RbHWClg 11.546 0.54
11,320 Q.48
KWClg 11,455 0.78
11.335 0.46
CsqaWClg 10913 0.35
CsoWBrg 75.28 3.04
RboWCig 10.575 0.49
CsgReClg 14.592 0.00
K50s5Brg 111.79 0.29
Cs205Brg 116.83 —0.42
KoPiBrg 167.25 —5.1
CsoPtClg 26,552 —0.83
CsoPtBrg 173.18 —4.3
Cs2SnClg 16.057 —~0.43
Cs2SnBrg 110.01 —2.2
CsaMoClg 10.732 0.76
K2MoClg 9.541 0.12
9.795 —0.13
9.876
Mo, Clio 14.085 —1.44
CsaTeClg 15.566 —0.21

Cs2PtClg 17.705 —0.50
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ootassium hexachlororhenate(IV), a positive temperature coefficient is ob-
served.

Table 5 shows the temperature coefficients of #(°°Cl) and v(®'Br) in
various compounds having [MXg]%, [MXg] ™ or [MXg]% units observed by
Brown and Kent {72]. When M—X bonds have a strong da—pw character
with sufficient vacarnicies in the ¢,; orbitals, the temperature coefficient of
NQR frequencies is positive, whereas it is negative in the case of complexes
having a d®—d1° central metal atom (Pt, Sn, Te and Pb)} with completely
filled t,; orbitals. These facts provide strong evidence for the foregoing pre-
sumption that the positive temperature coefficient arises from metal—halo-
gen 7 bonding.

In order to clarify the mechanism by which the partial scission of 7™ bonds
takes place, Haas and Marram [19] performed quantitative calculations and
concluded that the excitation of bending vibrations plays a major role. On
the other hand, Brown and Kent [72] laid importance on a contribution
from M—X stretching modes appearing below 360 cm™*! [63, 73—175], the
excitation of which is not negligible at room temperature. Owing to the an-
harmonicity of vibrations, equilibrium bond distances increase with increasing
temperature leading to a decrease in 7 bond overlap and hence to an increase
in NQR frequencies. Oka et al. [ 76, 77] recorded the microwave spectra of
bromine cyanide and iodine cyanide, and found that the quadrupole coupling
constant of halogens is greater in the excited state than in the ground state.
They explained their finding as due to a decrease in the © bond character of
X—C bonds with the excitation of vibration. This suggests the importance of
stretching vibrations for the positive temperature coefficient of NQR fre-
quencies.

Armstrong et al. [66, 68) determined the dependence of chlorine resonance
frequencies in KoMClg (M: Pt, Ir, Os, Re) on pressure (1 < p < 5000 kg cm™2)
in a temperature range covering 275—360 K, It was found that {dv/ep)r was
very nearly constant, the value being equal to 5.0, —3.7, —7.1 and —11.2 Hz
kg~?! em? for M = Pt, Ir, Os and Re, respectively. This suggests that the posi-
tive temperature coefficient originates from the second term in the right-hand
side of eqn. (17) or that the partial scission of m bonding takes place in accor-
dance with a mechanism dependent on the volume. Haas and Marram’s
theoretical calculations [19] were performed at a constant volume, whereas
Brown and Kent [72] proposed a mechanism dependent on the volume. Ac-
cordingly, the result of Armstrong et al. supports the latter mechanism. At the
present stage, however, it is difficult to decide whether the mechanism is due
to vibronic interaction or thermal expansion and whether bending vibration
or stretching vibration is more important for the vibronic interaction,

O’Leary and Wheeler [78] observed v(**Cl) in potassium hexachlororhenate-
(IV) over a wide temperature range. The complex undergoes three crystallo-
graphic transitions at 76, 103, and 110.9 K as revealed by the determination
of specific heat [79]. The phase transitions can also be located by the tem-
perature variation of P(*®Cl) shown in Fig. 7. O’Leary and Wheeler attributed
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the positive temperature coefficient observed for this complex above a tran-
sition point at 110.9 K to a soft rotary mode giving rise to the transition from
a less symmetric structure to a face-centered cubic structure because the NQR
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Fig. 8. Temperature dependence of vy NQR frequencies of
rhanate{IV)} [18].

1271 in ammonium hexaiodo-



298

frequencies decrease with increasing temperature below the transition point.
However, their conclusion seems to be inadequate for the following reason.
Ammonium hexaiodorhenate(IV) has iodine atoms showing a positive temper-
ature coefficient of the NQR frequency even when it forms crystals not having
the face-centered cubic structure [18]. Figure 8 shows the dependence of »,
frequency on temperature; the resonance frequency at about 119.7 MHz clear-
ly increases with increasing temperature. The corresponding v, also shows a
positive temperature coefficient.

Besides potassium hexachloroplatinate(IV) type complexes already discussed,
the following compounds have been reported to show a positive temperature
coefficient of NQR frequencies presumably owing to the 7 bond character of
metal—halogen bonds: the cubic form of titanium tetrabromide [39], thorium
tetrachloride [40], the monoclinic modification of titanium tetrabromide [80]
square-planar tetrachlorocopper(Il) complexes [81], ammonium trichloro-
cuprate(ll) {81] and hexamminecobalt(IlI) pentachiorocuprate(ll) {81].

(ii) Hydrogen bonding

Fryer and Smith [82] and independently Sasane et al. [83, 84] observed
B¢y NQR in sodium tetrachloroaurate{III} dihydrate, and found that the lowest
among four observed frequencies increased with increasing temperature, where-
as three others showed normal negative temperature coefficients. Figure 9
shows the temperature variation of v(33Cl} in this complex. The resonance
frequencies of various tetrachloroaurates(IIl) are given in Table 6 at three
different temperatures. Among various tetrachloroaurates(Iil}, only sodium
tetrachloroaurate({IIl} dihydrates shows a positive temperature coefficient of
resonance frequency, indicating that unlike the case with rhenates(IV} the
positive temperature coefficient is characteristic of this complex rather than
of tetrachloroaurates(III). The aforementioned lowest frequency of sodium
{etrachloroaurate{11ll) dihydrate showing the positive temperature coefficient
is considerably lower than the remaining three frequencies and also than the
resonance frequencies of other tetrachloroaurates{Iil}. This indicates either
that the chlorine atom giving rise to the lowest frequency line has a large
ionicity (increase in the population of the 3p, orbital) or that populations in
the 3p, and 3p, orbitals perpendicular to the bonding direction are not com-
pletely occupied for some reason.

Bonamico et al. [85] carried out the X-ray crystal analysis of this complex,
and found that the crystal is orthorhombic belonging to the space group
Pnma (Z = 4) and that four complex ions in a unit cell are equivalent to one
another, The structure is shown in Fig. 10. Four chlorine atoms in a compiex
ion are nonequivalent, the Au-—Cl] distances amounting {o 2.288, 2.260, 2.283
and 2.278 A, respectively. Planar [ AuCl,;]™ ions lie on (0, b/4, 0} and (0, 3b/4,
0) planes along with sodium ions. Although hydrogen atoms have not been
located, oxygen atoms are approximately on (0, b, 0} and (0, b/2, 0) planes.
Unlike other chlorine atoms, a Cl, atom having the longest Au—Cl distance
is surrounded by four oxygen atoms at relatively short distances, Cl; ---O
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Fig. 9. Temperature dependence of 3By NQR frequencies of sodium tetrachlorcaurate(III)
dihydrate [84].

distances being 3.36 or 3.42 A as contrasted with other Cl---O distances longer
than 3.45 A. The Cl; atom and the four oxygen atoms form a very flat slightly
distorted square pyramid, the Au--Cl, bond axis almost coinciding with the
axis of the pyramid. The angie, LCl; ---Of1}--Cl1, equal to 118° is close to the
{HOH bond angle in a water molecule. If the water molecule is oriented with

TABLE 6

NQR frequencies of 3501 in some tetrachlorcaurates{IIi) [B4].

b

Compound Frequency {MHz}
TTK 192 K 293 K
NaAuCly-2Hz0 25.356 25.501 25.685
27.998 27.696 2'1.400
28.867 28.633 28.388
29.466 29.118 28.770
KAuCl, 27.320 27,205 27.088
27.598 27.415 27.231
27.907 27.724 27.545
28.214 27.BB1 27.573
KAuCig*2H50 27.137 27.056 26.967
28.183 27.948 27.686
NH4AuCl, 27.300 27.180 26.993
28.130 27.980 27.809
RbauCl, 27.851 27.436 27.197
28.319 28.056 27.946
CsauCl, 28.419 28.151 27.885
27.8Q0 27.330 27.098
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its OH vectors pointing to the Cl; and CI, atoms, the lone pair orbitals of the
Oxygen atom are directed to two neighboring sodium ions, leading to an elec-
trostatically stable orientation of the water molecuie.

The formation of weak hydrogen bonds O—H---Cl; has been confirmed by
infrared spectroscopy [86] and broad-line NMR [84]. Fryer and Smith {82]
observed the 3°C1 NQR in NaAuCl, - 2D,0, and found that the lowest fre-
quency line shifted cn deuteration to the low-frequency side by 0.03 MHz
{at liquid nitrogen temperaturz), whereas three other lines underwent no
appreciable changes. From these results, one can assign the resonance line
showing the positive temperature coefficient of NQR frequency unequivocally
to the Cl; atoms. An interesting feature of the crystal structure of this com-
plex is that tha Cl, ---Na* distances are long: the Cl; atom is separated from
the nearest sodium ion by 4.37 A, whereas other chlorine atoms are distant
from sodium jons by an average distance equal to 3.05 A. This suggests that
the ionicity of the Cl; atom is not larger than that of other chlorine atoms.
Therefore, the considerably low NQR frequency of the Cl; atoms must be in-
terpreted in terms of 2 decrease in the populations of the 3p, and 3p, orbitals.

Taking the z axis along an Au—C}; bond direction, ane can calculate the
quadrupole coupling constant of Cl; from egns. (18) and (19) as

leQg) = l{N, + N,}/2 ~ N, 1eQquom! (22)

If hydrogen atoms in water molecules are present in the x and y directions
from the Cl, atom, electrons in the 3p, and 3p, orbitals of the chlorine
atom are excited to outer orbitals owing to perturbation by electrostatic
interaction with protons involved in hydrogen bonding. Accordingly, N, and
N, decrease leading to a decrease in the quadrupole coupling constant in
agreement with the small observed »{3>Cl) of Cl, atoms as compared with the
NQR frequencies of other chlorine atoms. With increasing temperature,
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the lattice vibrations, i.e. translational and librational modes of water mole-
cules are excited to an increasing extent and reduce the electrostatic inter-
action between hydrogen and chlorine in the H---Cl, system. This along with
the effect of thermal expansion increases the electron populations in the 3p.
and 3p, orbitals of Cl,, leading to an increase in the quadrmipole coupiing
constant and hence in the observed NQR frequency. Thus, the partial scission
of hydrogen honds gives rise to a positive temperature coefficient of NQR
frequencies to compete with the normal negative temperature coefficient of
the Bayer term. If the former predominates over the latter, a positive tem-
perature coefficient of NQR frequencies is observed as in sodium tetrachloro-
aurate(III) dihydrate. In this complex, the effect of hydrogen bonding is
particularly marked because the Cl; atom is surrounded by four hydrogen
atoms located nearly in the x and y directions from the Cl, atom. According-
ly, the positive ternperature coefficient of NQR frequencies of halogens is
expected for other systems involving hydrogen bonding of a similar spatial
arrangement. In fact, the positive temperature coefficient of NQR frequencies
has been observed in copper(II) chloride dihydrate [87] and cobalt(II)
chloride dihydrate [88]. The presence of O—H--Cl type hydrogen bonds has
been confirmed in these dichloride dihydrates by neutron diffraction experi-
mants [89—917.

Sodium tetrabromoaurate(IIl} dihydrate shows the temperature depen-
dence of Br NQR frequencies bearing a strong resemblance to that of sodium
tetrachloroaurate(I1II} dihydrate {84]. These compounds are isomorphous to
each other as confirmed by X-ray powder patterns. Cornwell and Yamasaki
[92] observed four 3*Cl NQR frequencies in sodium tetrachloroiodate{III)
dihydrate. Their data suggest a positive temperature coefficient of the lowest
frequency of four observed lines, but they failed to discuss the anomalous
behavior. Sasane et al. [93] observed the temperature variation of v{33Cl) in
this compound, and obtained a frequency pattern resembling that of sodium
tetrachloroaurate{Iil) dihydrate. In additicn, they recarded the X-ray powder
patterns and confirmed that this compound is isomorphous with the foregoing
two complexes. Table 7 shows the lattice constants of the three complexes. It
is presumed that, in sodium tetrabromoaurate(IIl} dihydrate and sodium
tetrachloroiodate(II1} dihydrate, the halogen atom giving rise to the lowest
frequency resonance line forms hydrogen bonds with four surrounding hydro-
gen atoms as in sodium tetrachloroaurate(Ill} dihydrate.

TABLE 7

Lattice constants of NaAuCl,*2H, 0 type complexes [84, 85, 93].

Compound a (A) b{A) ¢ (&)
NaAuCly-2H20 12.518 7.067 8.993
NalCl, - 2H, 0 13.51 7.15 9.21

NaAuBry*2H,0 13.29 7.27 9.43
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Fig. 11. Temperature dependence of e NOR frequencies in potassium tetrabromoaurate-

{IH) dihydrate {B4].

Figure 11 shows the dependence of the 7*Br NQR frequencies in potassium
tetrabromoaurate(I1i} dihydrate on temperature [84}. Four nonequivalent
promine atoms exist inn crystals below a transition point at 337 K, whereas
two kinds of nonequivalent bromine atoms are present above the transi-
tion point. Two resonance lines of the low-temperature phase on the low-
frequency side show a very mild temperature variation, and the temperature
coefficient is positive in the high-temperature region. The crystal structure
analysis of this compound has not been carried out as yet, but it is highly
probable that bromine atoms yielding the two resonance lines are involved in
weak hydrogen bonding of the O—H---Br type. Broad-line NMR observed at
room temperature shows a broad signal having a maximum-slope width
equal to 11 G supporting the formation of hydrogen bonds in the crystals.

Graybeal et al. [94] observed the 33C! NQR in MSnCl, - 6H,0 type com-
plexes {(M: divalent metal}, and reported the positive temperature coefficients
of NQR frequencies for magnesium hexachlorostannate(IV) hexahydrate and
calcium hexachlorostannate(IV} hexahydrate. Although they attributed the
positive temperature coefficients to the 7 bond character of Sn—Cl bonds,
their explanation seems to be implausible hecause no positive temperature
eoefficients have been observed for R,5SnCls type complexes (R: alkali metal)
[95]. Sasane et al. [96] observed the temperature variation of 35Cl NQR
frequencies in MPtClg - 6H, 0 type complexes, and found that the lowest
frequency of three resonance lines observed in barium hexachloroplatinate{(IV}
hexahydrate shows a positive temperature coefficient as shown in Fig. 12,
Although the crystal structure of this complex has not been elucidated as yet,
hydrogen bonding is suspected to be the origin of the positive temperature
coefficient, because the frequency showing the positive temperature coefficient
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Fig. 12. Temperature dependence of 35¢y NQR frequencies in barium hexachloro-
platinate(IV) hexahydrate [96].

is considerably lower than those of the two other lines and alsc than those of
R, PtCle type complexes [97, 98]. The negative temperature coefficients of
35C1 NQR frequencies observed in MPtClg - 6H,0 type complexes other than
barium hexachloroplatinate(IV) hexahydrate are smaller in absolute values
than those of potassium hexachloroplatinate(IV) indicating a possible effect
of hydrogen bonding on the temperature variation of NQR frequencies.

Positive temperature coefficients of NQR frequencies presumably due to
hydrogen bonding have also been reported for tetrachloroiodic(IIl} acid tetra-
hydrate {or hydroxonium tetrachloroiocdate(IIl} trihydrate} [99] and tetra-
chioroauric(I1I) acid tetrahydrate (or hydroxonium tefrachloroaurate{III)
trihydrate) [100]. In the case of the former compound, four resonance lines
were observed between 130 K and room temperature. Two of the four reso-
nance lines on the high-frequency side show positive temperature coefficients o:
resonance frequencies, suggesting a type of participation of hydrogen bonding
different from the case of sodium tetrachloroaurate{Iil} dihydrate.

Brill and Long [101] report that, in a low-temperature region, the bromine
resonance frequencies in tri{diethylammonium) hexabromoantimonate(III})
and tri{(diethylammonium) hexabromobismuthate(I1l} increase with increasing
temperature, and that the intensity of signals decreases with decreasing tem-
perature. The origin for the positive temperature coefficient of NQR fre-
quencies seems to lie in the formation of hydrogen bonds of the N—H-~Br
type in these complexes.

Johnson and Rogers [102] observed the positive temperature coefficient
of the rhenium resonance in ammonium perthenate(VIL}, and attributed it
to hydrogen bonding of the N—H--O type.
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(iii}) Arrangement of neighboring ions

. Ammonijum, rubidium, cesium and thallium(I} triiodides are isomorphous
with one another, having linear asymmetric trilodide ions in crystals [20—23,
103—105]. All NQR frequencies of iodine in rubidium and cesium friiodides
show normal negative temperature coefficients of resonance frequencies.
However, in ammonium and thaliium(}) triiodides, the most negatively charged
iodine atom I, gives rise to v, and v, frequencies increasing with increasing
temperature as shown in Figs. 13 and 14 [20, 23]. It is noteworthy that the
change in the resonance frequency of ammonium triiodide with temperature
is particularly marked.

Figure 15 shows the crystal structure of ammonium triiodide along with
the arrangement of neighboring cations around a triiodide ion. The crystal is
orthorhombic belonging to the space group Pnma 1108, 104]. An iodine atom
I, is surrounded by four ammonium ions in directions lateral te the I.—I,
bond axis. Two of the four ammonium ions are close to I, the distances being
equal to 3.62 and 3.68 A. The characteristic arrangement of cations may give
@ positive temperature coefficient of NQR frequencies of I, atoms in the
following three ways.

(a) In ionic crystals, the field pradient g at an I, nucleus is the sum of a con-
tribution from all other charges in the central triiodide ion and another from
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Fig. 13. Temperature dependence of the iy (circles) aind Vg {(crosses) NQR frequencies of
the most negatively charged iodine atoms I; in'ammonium triiodide [20].



305

188.0- 2L . : 4 ol & O/O/

Iy

Freq /it
\
4%

C\O
)\)

148.5

39.71- L. P -1 2‘ :;
. porc "~y
- i
RE! r &1 Wen
L A @ Y7

. D e ©
9850 § 7 =4
1 4 g oy
inlj 200 k113 O ]
Temp./K O

Fig. 14. Temperature dependence cf the ¥y and va frequencies of the most negatively
charged iodine atoms I, in thallium{(I} tritodide [23].

Fig. 15. Crystal structure of ammonium trilodide and the arrangernent of neighboring
catiana ahout a triindide ion,

charges on all ions other than that in question.
g =qei t qn.L (23)

For simplicity, let it be assumed that g, and g, have a set of principal
axes in common and that only neighboring cations, which may be approxi-
mated with point charges, contribute to g,.; to an appreciable extent. Theo-
retical considerations lead to a conclusion that g, is positive whereas g, ;. 1s
negat.we [98]. Interionic distances increase with thermal expansion. This
gives rise to a decrease in {gq (| and hence an increase in the observed guadru~
pole coupling constant. The effect is expected to be marked when g, is
small or the halogen is strongly ionic.

(b) Owing to electrostatic interaction with neighboring cations, electrons
in the 5p, and 5p, orbitals of I, are excited to outer orbitals as in the case 6f
sodium tetrachloroaurate(Ill) dihydrate, the z axis being taken along the
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I,~I. bond axis. In other words, the electronic cloud of the 6p, and 5p,
orbitals is distorted so as to extend outwards. As a result, the number of
electrons in 6p, and Bp, orbitals decreases from the maximum value of two,
and hence the observed frequencies decrease. The electrostatic interaction

is reduced when thermal vibrations are excited. Accordingly, NQR frequen-
cies increase with increasing temperature.

{c} When the electrostatic interaction becomes extraordinarily strong, it
is expected that neighboring cations exert a great influence not only on the
electron population in the 6p, and 5p, orbitals of the I, atom, but on the
charge distribution in an I3 ion. This may cause the geometry of the I3
ion to be more asymmetric, because NQR and X-ray studies on a variety of
triiodides [106, 107] have revealed that, when the electrostatic effect of
neighboring cations on a triiodide ion incresses, the ion becomes more asym-
metric and the ionicity of I, increases. Therefore, when thermal motion is
excited to decrease the electrostatic effect, the triiodide ion becomes more
nearly symmetric, and the electronic charge on the I, atom decreases because
the excess negative charge on I, is in the bp, orbital,

The large positive temperature coefficients of vy and vy observed for [, in
ammonium triiodide are attributable to {c¢) for the following reason. The
quadrupole coupling constant of I, at room temperature is greater than that
at liquid nitrogen temperature by about 23%. That of another terminal iodine
atom I, decreases by as much as 8% with increasing temperature from liquid
nitrogen temperature to room temperature, The value is one order of mag-
nitude greater than the corresponding values of I, in rubidium triiodide anc
cesium triiodide {0.4% and 0.5%, respectively). Evidently, this is anomalous
although the temperature coefficient is negative, because, if the negative
temperature coefficient arises from the Bayer term alone, the three triiodides
are expected to show temperature coefficienta of the same order of magnitude.
Accordingly, the marked decrease of the quadrupole coupling constant ob-
served for I, in ammonium triiodide must be explained as due to an increase
in the ionicity of I, with increasing temperature. This implies that the elec-
tronic distribution of an Iy ion is affected indirectly by the electrostatic
interaction between I, and neighboring cations. In other words, the contribu-
tion from the resonance structure, I,~—I.I; increases at the sacrifice of
contribution from I -+I.~—I, with increasing temperature. Effects (b) and {c)
ara continuous to each other, and the former effect is surely involved in the
present case as well. However, it is impossible to explain the large positive
temperature coefficient observed for [, with (b) alone. Quite recently,
bromine NQR was obgerved in ammonium tribromide {108, 109}, It was
found that the terminal bromine atoms Br, bearing the highest negative
charge yield resonance lines varying with temperature in almost the same
manner as the lines of I, in ammonium triiodide.

The positive temperature coefficient of NQR frequencies observed for
thallium(I) triiodide is attributable mainly to the effect (k) [23], because the
lattice constants of the erystal of this compound are considerahkly smaller than
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TABLE 8

Unit ceil dimensions of some orthorhcmbic tritedide crystals [ 20, 22, 103—105].

Compound a (&} b (A) ¢ {A)
NH,I, 6.64 9.66 10.82
Rbl, 6.65 9.71 10,88
Cslg 6.86 9.98 11,09
T, 6.48 9.45 10,56

those of other trijodides as shown in Table 8, Since TI(I}]1, distance is antic-
ipated to be smaller than the NH, <1, distance [11Q], the distortion of the
5p electron cloud of I, due to cationic charges is expected to be considerable.
The quadrupole coupiing constant of I, in thallium{I)} triiodide observed ut
liquid nitrogen temperature amounts to 632.7 MHz. This value along with
c¢alculated q,,,, vields a foirly lorge q,;, supgesting thot the effect (a} is not
the major factor {or tiie anomalous temperature behovior,

Tovborg-Jensen {111] observed the 3°Cl NQR in cesium trichloroplum-
bate(Il) which has a cubic perovskite structure, and found that the resonance
frequency increases with increasing temperature. The observed Jow frequency
of 7.7 MHz indicates that the ficld graclient is mainly due to contribution from
surrounding ions [112], In the perovskite structure, a chlorine atom is sur-
rounded hy four cesium ions in directions perpendicular to the Pb—C: bond
axis, The gignificant contribution from q, ; indicates that the positive tem-
perature coefficient of the NQR frequency is due mainly to the effect (a).

E. PHASE THANSITION

In & majority of cases, a high-temperature modification having a symmetric
structure undergoes a phase transition to a low-temperature phase of a less
symmoetric erystal structure {113]. This type of phase transition has been
observed in a variety of R,MX; type eomplexes [6). As an example, Fig. 16
shows the temperature variation of "*Br NQR frequencies in potassium hexa-
bromostannate{IV) [114]. Phase transitions take place at 375 and 399 K
with discontinuities in observed resonance frequencies. Immediately below
the transition at 399 K, the high-frequency line is twice as intense as the low-
frequency line. Galloni et al. [115] carried out an X-ray analysis and found
that the compound forms potassium hexachloroplatinate(IV) type crystals
above the travsition point whereas it forms crystals having tetragonal symmetry
at lower temperatures, although a detajled structural analysis has not been
performed on the latter crystal. The high-frequency NQR signal observed in
the tetragonal phase disappears whereas the low-frequency signal undergoes
only a slight frequency shift on heating above the transition point. Thic gug-
gests that bromine atoms in the tetragonal phase yielding the low-frequency
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Fig. 16. Temperature dependence of gy NQR frequencies in potassium hexabromo-
stannate{IV) {114].

NQR signal have an environment of surrounding ions resembling that in the
cubic phase and that the arrangement of neighboring cations undergoes no
appreciable change. Similar transitions showing no detectable discontinuity in
NQR signals have been found in potassium hexabromoselenate{IV) [116] and
potassium hexabromorhenate(IV) [17]. The characteristic behavior can be
explained if it is assumed that each of [MX3]?~ octahedra is rotated about
an M—X axis through a small angle in a cage formed by surrounding cations
on cooling the cubic crystals below the transition point [117].

O’Leary and Wheeler [ 78] carried out an extensive NQR study on a phase
transition of potassium hexachlororhenate(IV) at 110.9 K (see Fig. 7). Two
resonance lines, v, and v, ,, of the low-temperature tetragonal phase show an
intensity ratio of 1:2. They found that [ReClg] 2— octahedra are rotated about
the z axis through about 2° at a temperature a few degrees below the transi-
tion point as shown in Fig. 17. The angle of rotation increases with decreasing
temperature, In other words, the complex anions are not rotated through a
Jefinite angle abruptly at the transition point, but the angle of rotation
gradually increases with decreasing temperature. They attributed the occur-
rence of the phase transition to the induction of a soft rotary mode of the
complex ions, the force constant of which depends to a great extent on
temperature tending to zero at the transition point. Armstrong et al. [118,
119] observed a similar behavior of NQR frequencies for a phase transition
of potassium hexabromoplatinate(IV) at 169 K. They assumed that the
geometry of [PtBrg] 2~ octahedra is unchanged even in the less symmetric



J09

Fig. 17. Orientation of [ReClg 127 ions in the cubic (left} and tetragonal (right) eryatals
of potassium hexachlororhenate(IV).

low-temperature crystal structure, that the tetragonal distortion of the cage
of cations is inappreciable, and hence that the difference between v, , and
v, is due to the difference between the field gradient originating directly
from four neighboring cations, which can be approximated with point
charges, at Br, , and at Br,. A simple calculation leads to a conclusion that
the difference between v, , and v, is proportional to the equare of the angle
6 of rotation of [PtBrgl2~ octahedra. Ammsirong et al. estimated 8 to be
equal to about 7° at a temperature a few degrees below the transition peint.
A phase transition of a similar nature has been found for potassium hexa-
chloroosmate(IV) at 45 K by NQR measurements [120].

Potassium hexabromostannate(IV}) shows three resonance lines below a
transition at 375 K {114] as is shown in Fig. 16, suggesting that the crystal
has a lower than tetragonal symmetry. Nakamura et al. [121] observed
three NQR signals of bromine in potassium hexabromoteliurate{IV) at
room temperature indicating that the crystal has a lower than tetragonal
symmetry. An X-ray structural analysis carried out by Brown [122] on the
latter compound has shown that the crystal is monoclinic and belongs to the
space group P2, /n, the structural parameters being a = 7.521, b = 7.574,
¢ =10.730 A and § = 89°40'. The structure is very closely tetragonal, while
[TeBrg] 2~ ions retain their O, symmetry. Each octahedron is rotated from
the symmetric position through small angles about two axes successively. In
other words, it is rotaied slightly about the x' axis of the tetragonal phase .
shown in Fig. 17. From the result, one is led to conclude that in the low-
temperature phase of potassium hexabromostannate{IV) below 375 K, each
of [SnBrg1?~ octahedra is rotated about two axes through small angles in a
cage of cations having orthorhombic or nearly tetragonal symmetry. An
early X-ray analysis [123] reported that the compound forms tetragonal
crystals at room temperature. Presumably, analysis was carried out assuming
the tetragonal symmetry instead of the nearly tetragonal symmetry.

Very often, R,MX; type complexes show multiplet lines in NQR spectra.
The multiplet structure has been attributed to the crystal field effect, be-
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Fig. 18. Temperature dependence of 14 NQR frequencies in potassium tetracyanomer-
curate{Il) showing a phase transition at 111 K [124].

cause line separations are very small [5]. X-ray studies by Brown [122] and
by O'Leary and Wheeler [ 78] have provided experimental evidence for the
adequacy of this point of view.

Saruwatari et al. [124) observed the temperature variation of *N NQR
frequencies in potassium fetracyanomercurate(I1), and located a phase transi-
tion at 111 K as shown in Fig. 18. The crystal of this compound is cubic at
room temperature belonging to the space group Fd3m [125]. An [Hg(CN),1>~
ion has Ty symmetry with CN groups lying on the body diagonals of unit
cubes having threefold axes of symmetry. Accordingly, all nitrogen atoms are
crystallographically equivalent. In fact, a single **N NQR, line was observed
with a vanishing asymmetry parameter above 111 K. Below the transition
point, two kinds of nonequivalent nitrogen atoms exist in crystals as revealed
by NQR. From intensity measurements, one can conclude that nitrogen atoms
vielding a signal with n = 0 and those giving rise to two signals for a finite
asymmetry parameter are in an abundance ratio of 1:3. This indicates that
one of four cyanogen groups in a complex ion lies on the threefold axis even
helow the transition point. The resonance line of 7 = 0 undergoes a trivial
frequency shift and a small change in the temperature coefficient of NQR
frequencies at the transition point. These observations indicate that the low-
temperature phase of this complex has a crystal structure obtained by dis-
torting the aforementioned cubic structure slightly in the direction of a body
diagonal, thereby leaving the threefold axis inherent in trigonal symmetry
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intact. It is an advantage of YN NQR spectroscopy as contrasted with the
case of chlorine or bromine that both the quadrupole coupling constant and
the asymmetry parameter can be determined for discussing the structure of
low-temperature phases and the nature of phase transitions.

Ikeda et al. [126] determined the temperature variation of *Cl NQR
frequencies in di{methylammonium) hexachloroplatinate(IV} as shown in Fig.
19. An anomaly at 125 K is characterized by a marked change in dy/dT
rather than in v, and is accompanied by no change in intensity near the second-
order phase transition. The structure of this complex is obtained by a
rhombohedral distortion of the cubic potassium hexachloroplatinate{IV)
structure with [PtClg] ?~ ions retaining O, symmetry and the C—N bond axes
of methylammonium ions lying on the threefold axis of a coordination octa-
hedron [127]. The fact that a single NQR frequency was observed even below
the transition point indicates that the threefold axis is retained in the low-
temperature phase as well. The transition has been attributed te the rotation
of [PtClg] 2~ ions through a small angle about their respective threefold axes.
The present example is instructive in showing that accurate determination
of the temperature variation of NQR frequencies at small temperature inter-
vals is required for locating this type of phase transition.
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F. MISCELLANEOUS

Sasane et al. [84] observed two frequencies in the NQR spectrum of K
in cesium tetrabromoaurate(IIT). The result is shown in Fig. 20. A line o
high-frequency side shows normal temperature dependence, whereas the
frequency of the other line decreases sharply near 273 K, above which tl
curve is concave upwards. The anomaly is explained by a slight rotation
square planar [AuBr,]™ ions about their respective Br—Au—Br axes. A s
temperature behavior of NQR. frequencies has also been found for neody
tribromide {128] and 1,2-dichloroethane [129, 130},

Hynes et al. [131] observed three resonance lines in the NQR of *3Cl
potassium trichlorocuprate(II) as is shown in Fig. 21. The crystal of this
plex is monoclinic belonging to the space group P2;/e. Discrete dimeric 1
[CuyClg]1?, having a center of symmeiry exizt iz the crystal [132]. All
dimeric units are equivalent, and each is locat2d at a center of symmetry
unit cell. Accordingly, there are three kinds ¢ f nonequivalent chlorine at
in crystals, i.e. two terminal chlorine atoms, Cl;, and Cl¢z), and a bridgi
chlorine atom, Clz,. A characteristic feature of the temperature variatio
resonance frequenzies is that they decrease sharply near the liquid heliur
temperatiure and again the slope becomes less steep below liquid nitroge:
temperaturs, The trend is porticularly marked for the resonance frequen
Clzy- It 15 noteworthy that the anomaly occurs at a very low temperatue
at which the excitation of thermal motion is inconceivable for averaging
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Fig. 20. Temperature dependence of Pge NQR frequencies in cesium tetrabromoar
(IIT) [84].

Fig. 21, Temperature dependence of Eaw:| NQR frequencies in potassium trichioro-
cuprate{Il} [131].
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field gradient. The ESR [133—135] and magnetic susceptibility [136]
measurements have indicated that unpaired electrons of copper in a discrete
dimeric unit undergo pairwise exchange interaction. Hynes et al, {131] ex-
plained the anomalous temperature variation of NQR frequencies in terms of
the change of population in the singlet and triplet states. From the dependence
of NQR on temperature, they evaluated the energy difference between the
singlet state and the triplet state as AE/k = 32 K if the ground state is triplet,
and 48 K if it is singlet.
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