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A. INTRODUCTION 

Since NQR was discovered by Dehmelt and Kriiger fl] in 1959, it has 
attracted attention among chemists as a powerful means for studying chemi- 
cal bonds in molecules because detailed information is available about the 
electronic 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--IO]. 

Nuclear quadrupole resonance is directly .related to the tensor componenk 
of electric field gradient formed by extra-nuclear charges at a resonant nucleus. 
The field gradient can be obtained from the hyperfine structure of molecular 
rot;ttiond spectra 111,123 and also the quadkpole splitting of ~~~ba~er 
spectra [13,14] _ 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. Flow- 
ever, the method is not experimentally or theoretically feasible for rather 
complicated coordination compounds which usually cannot be vaporized. 
Like NQR, the MSsbauer effect is observed with solid materials, and provides 

281 



282 

a convenient means for obtaining field gradients in coordination campounds. 
Mowever, experiments using y-rays of high energy naturally invoIve a low 
aCCuraCY compared with NQR measurements. Accordingly, it is difficult to 
resolve the qua~pole sylittings of nonequiv~ent atoms in crystals differing 
slightly in electric field gradients. On the other hand, an advantage of NQR 
~~troscopy arises from the high accuracy of frequency measurements ob- 
I=ainable in radiowave spectroscopy. Indeed, it is feasible to determine the 
ChIorine resonance frequencies of, for instance, potassium chforate and sodium 
chlorate giving 15% to sharp resonance lines to an accuracy of eight significant 
figures 1151. The high accuracy ~plies that it is possible by NQR to discuss 
slight changes in fieId gradients due to the phase transition of crystals, the 
effect of temperature and external pressure, etc., in addition to crystal en- 
vironments, 

Normaffy, the NQR frequencies of monovalent halogens decrease with in- 
creasing temperature, the rate of decrease, Y-I ~d~~dT~, being of the order of 
X0-” - 1@ deg- ‘. Unlike molecular rotationaI spectra, observed NQR 
f~~W3Xks yield electric field gradients averaged over the thermal motion of 
atoms? moI@cuIes and ions+ The average field gradient (I,, experienced by 
the resonant nuciei of terminal atoms in molecufes and compfex ions decreases 
in generai 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 frequencies gives information on the 
bonding of the resonant atoms. If the effect of bonding is marked, the 
temperature dependence of NQR. frequencies shows anomalies revealing the 
effect of change in the bonding state. For instance, the chforine NQR 
frequency of potassium hexachIororhenate( IV) shows a positive temperature 
coefficient above liquid nitrogen temperature f It;]. This has been expIained 
as due to $he partial scission of R&l bonds having a strong ?r covalent 
character [l?--151. T’nus, one can obtain from NQR some knowledge about 
bonding types as well as ~f~rmation on moIecuIaf motions. 

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

B. NQR SPECTROSCOPY 

When a nucleus having a nuclear spin quantum number I equal to or greater 
than unity is piaced in an inhomogeneous eiectric field, the electric quadrupoIe 
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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 he 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, 

v,, = a2v ( 1 ax2 $ 
v,, = a2v ( > a9 L 

v,, = 32v ( 1 az2 o 
(1) 

are nonzero components of the electric field gradient tensor. Since the 
Laplace equation, V,, t 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 IVz,I > [V,,l2 lV,,,l, the 
nuclear spin is quantized along the z axis. For this system, the NQR inter- 
action can be expressed by the Hamiltonian Bc, given by 

%Q =41(21.--l) eQqh [31,2 - 12 + 3 (12 + 12 ) J 
2’ - (2) 

where I,, I, I, and f- are nuclear spin operators and eQq stands for the 
nuclear quadrupole coupling constant in frequency units expressing the 
magnitude of the nuclear quadrupole interaction energy. Aithough 
4 (= Qzz = V,,) is the negative of the z component of the field gradient, it is 
simply called the field gradient by convention. The asymmetry parameter 7 
is defined by 

(3) 

Accordingly, eIectric field gradients along the principal axes can be evaluated 
from two observable parameters, ~QQ and v?- 

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

(4) 

where m, is the z component of the nuclear spin 1: and can assume (59 + 1) 
different values from -1 to t-1. Because mI appears in eqn. (4) as its square, 
all of Em, kvels are doubly degenerate except for the level with vanishing mI. 
The selection rule, Am, = t 1 restricts transitions as in the case of NMR. 
Accordingly, observable NQR frequencies are given by 

E 
Yfrnf * In;, = 

mi - %I, = f3eQdd + m)l 
h 4z(!a - 1) (5) 

where m; - mI = -+ 1. One can observe a single frequency v. = ~(0 + * l), for 
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TABLE 1 

NQR frequencies of nuclear species having I equal to 1,312 or 5/2. 

Nuclear Nuclear species NQR frequency 
spin 

1 

3/z 

5f2 

*D. ‘*N 
36C1, 3’C1, 63Cu, 65Cu, 7sBr, I 
‘lBr, lslIr, ls31r, “‘AU 
27Al, “Mn, 12%b, 12’1, 
186Re, 187Re 

I 

v() = 3eQq/4, vi = 3eQq(l f 77/3)/4 

v = eQq(1 + v2/3)lt2/2 

ZJ~ = (3eQq/ZO)(l + 1.0926~~ - 
0.6340774 .*_) 

v2 - (3eQq/lO)(l -0.2037??2 f 
0.1622~~ .._) 

I = 1; a single frequency, v z v(+ l/Z% * + 3/Z), for I = 3/Z; and two frequencies, 
PI = ZJ(~ l/2 *+ 4 3/2) and v2 = ~(5 3/2 + -+ 5/2), for f = 5/Z. 

When the asymmetry parameter n 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 11. For I = 1, double degeneracy occurring for 
n = 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 can be evalua- 
ted only when the asymmetry parameter may be assumed to be zero 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, 35Cf and 37Ci, 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)/v(~~Cl) = 
1.269. Bromine has two isotopes, “Br and ‘lBr, both having I = 3/2, the 
frequency ratic y(7sBr)/y(81Br) 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 l 271 having 
I = 5/2 exists in a natural abundance of 100%. However, because two resonance 
frequencies, v1 and v2, can be observed, some means of identifying v1 and v2 
must be found when nonequivalent iodine atoms exist in crystals. A theoretical 
relation, 2v, > uz (equal sign for vanishing g), holding for equivalent atoms 
is very effective for this purpose. However, it is often insufficient, and must 
be supplemented by ;,nformation obtainable from crystal analysis. Table 2 
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TABLE 2 

NQR frequencies, quadrupote coupling constants, and asymmetry parameters of 1271 in 
cesium triiodide at room temperature [ 20, 211. 

Centtxd iodine 
&OlB 

Ic 

368.21 
735.6 

2452 
0.02 

Terminaf iodine atoms 

I& IL1 

214.62 119.48 
428.63 238.8 

1429.5 196.0 
0.034 0.02 

Shows observed resonance frequencies of cesium triiodide and their assign- 

ments f 20,211. In the crystal of this compound, all G ions are crystallograph- 
ically equivalent, and each I, - ion is linear and asymmetric [ZZ] suggesting 
small asymmetry parameters for the three iodine atoms. Correspondence 
between v1 and v2 can be found by taking into account a relation that 
2% G 2~2. When the number of nonequivalent iodine atoms is large [ 231 or 
both ul and 2.~~ appear as closely spaced multiplets with a finite asymmetry 
parameter, it is difficult to find ~o~espondence between v1 and v2. When a 
large single crystal is obtahzable, correspondence between vI and v2 can be 
found by observing Zeeman splittings, At the same time, the observed 
frequencies can be assigned to nonequiv~ent iodine atoms in the crystal. 

For atoms having 1” = 1, a single resonance frequency, vg is observed when 
q = 0 whereas two frequencies, v, and V-, are observed when 9 f 0. The 
characterization of observed lines to Y@, Y+ or ZP.- can be achieved by 
examining the line shape of absorptions recorded with Zeeman modulation 
[ 24-261. When Q = 0, the resonance frequency is given by 

se&q 
vo = - 

4 (6) 

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

3eQq TH cos 0 
z&=-$-k 2X m 

where 7 denotes the gyromagnetic ratio of the nucleus, and B sfznds for the 
a.t@e between the externd magnetic field and the t axis of the field gradient, 
In the case of powder samples, the z axis is distributed in space. Accordingly, 
tro appears as a broad absorption covering a frequency range from 3eQq/4 - 
yH/% to 3eQq/4 + yH/Zn. In pen recording, sensitivity in detection is usually 
increased by use of a phase-sensitive detector [ 27 J , which is set so as to 
move the pen to the right in response to a signal applied during a half period 
of Zeeman modulatiGn, in which H = 0, and to the left when a signal is given 
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*a *_ v+ 
Fig. 1. NQR spectrum of 14N in potassium tetracyanomercurate(II) recorded at liquid 
nitrogen temperature by Zeeman modulation with a modulation field of about (a) 15 G 
and (b) 60 G [ 29 1. The line shape of vo {?? = 0) is more or less symmetric. When the 
asymmetry parameter is finite, U+ has a negative wing on the high-frequency side, while 
v- is accompanied by a negative wing on the iow-frequency side. 

dnring t&e other hdf period, in which H + 0. fn this recording, negative wings 
appear symmetrically on both sides of v. = 3e&q/4. The fine shape is char- 
acteristic of resonance fines of nuclei having ?? equal to zero. When the asym- 
metry parameter is finite, a negative wing appears on the low-frequency side 
of Y-, whereas Y, is a~comp~i~d by another negative wing on the high- 
frequency side. Thus, it is possible t;o charactirize observed tines as u, , Z.Q. or 
v_,_ , Figure 1 shows the line shape of three resonance lines of potassium t&r&- 
~y~omercura~(~I~ recorded at liquid nitrogen temperature [28,29]. It is 
evident fram the tine shape that two kinds of nonequiv~en~ nitrogen 
atoms exist: one which has q equal to zero, while the other has a finite asym- 
metry parameter. 

C_ TEMPERATURE DEPENDENCE OF NQR FREQWENC~E~ 

Figtire 2 shows the dependence of the I’% NQR frequency in potassium 
te~~y~oz~n~~(~~~ on temperature I303 _ In general, terminal resonant 
atoms yieid NQR frequencies decreasing with increasing ~mpera~re. Bayer 
I313 has explained the behavior theoretically. 

Suppose we have a moiecule R-X having a resonant atom X_ Without much 
loss in generality, let it be assumed that the atom X has a nuclear spin f = 3/2, 
that the z axis af the electric field gradient coincides with the R.--X bond axis, 
and %hat ?J = 0 for simplicity. The molecule performs a rcltitiond osci.Wion 
about its center of mass, i.e. the atom X undergoes a bending vibration relative 
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Fig. 2. Temperatuw variation of the N&R frequency of 14N in potassium tetracyano- 
zincate( II) [ 301. 

to R. In order to examine the effect of the vibrational motion on the electric 
field gradient experienced by the nucleus X, a coordinate system (SC. y, z) fixed 
in space and another system (x’, y’, z’) fiied 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 w. 
Let it be assumed that i3 changes with time harmonically: 

8 =asin(ot+f$) (8) 

where a is the angular amplitude of the oscillation, and 4, is a phase factor. Al; 
an arbitrary time t, the nucleus X experiences an electric field gradient V,, 
rather than the field gradient Vrtz* in the absence of @scillation_ Transforma- 

x=x’ 
Fig. 3. Coordinate systems. X. y, z and n’, y’, t-. 
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tion between V,*,* and V,, is s~~ghffo~~d, 

V xz = f V*~,(3COS2 @ - 1) 

and one obtains a relation 

19) 

The equation is simplified for small vaIues of 8 as 

V IE = If,*,, (1 - +o*, 

For harmonic motion, O2 averaged over time is given by 

(10) 

h wlz 
((p}=-.- - 

2wo coth 2hT 

at a temperature T. Here, 0 denotes the rn#rn~~~ of inertia of the molcculc 
R-X about the x axis. Since an observable resonance frequency v(T) is equal 
to ‘12 eQVzr,one has 

where v. is equal CO % e&V,*,1 , * IS. the rescmance frequency in a fictitious 
vibrationless state of alt atoms involved. In the limit of T = 0, one has .- ._-_.. 

Accordingly, 
3hve 

( 

wfi 
v(T) -EtfU)=-- 4wo 

e&h z&yajy - 1 
1 

(14) 

Because cotb(c&/ZkT) 2 1, v(T) - v(O) is negative, For wk < kT, the expansion 
of exp(&z/2kT) yields 

3kT 3kT 
v(T) = ~$0) --vo = v(O)-- 

2w20 2f vg 
115) 

where f denotes the force constant of the rotational oscillation. At bigh 
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 f. 

Various modes of vibration including intramolecular vibrations as well as 
lattice vibrations are possibfe for cry&a&. Bayer 1311 took into account only 
vibrational modes in which the direction of the field gradient qzr rather 
than its magnitude changes at a resonant nucleus. Kushida 1321 and Wang 
[331 generalized Bayer’s theory, considering alI normal modes of vibration, 
to evaluate the temperature variation of resonance frequencies. Among 
Mramofecular vibrations, bending vibrations having a low frequency con- 
tribute to the change of resonance frequencies with temperature to a greater 
extent than do stretching vibrations. In the case af l&ice 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 (d2v/dT2 < 0). The 
example shown in Fig. 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 1351 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 (a v/i3 T),, is given by 

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 

(17) 

where a: stands for the thermal expansion coefficient and r: is the isothermal 
compressibility. Both Q and x are normally positive. Therefore, when 
@v/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) ?r bonding 

Hamlen and Koski [36], who found the anomalous behavior of tungsten 
hexachloride, noticed that the 35Cl NQR frequency (10.545 and 10.172 
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MHz at 35 and -196”C, respectivelyj was much lower than can be anticipated 
from the electronegativity difference, Ax = 1.2, between chlorine and tungsten 
[37,38], and invoked a character for the W-Cl 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 79Br 
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 (av/ap), was negative, 
and attributed the anomalous low frequencies and the anomalous temperature 
dependence to intermolecular interactions. Reddoch 1401 observed that 
ZJ(~~CI) 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 ?r character 
for the Th-Cl bonds, and showed that the positive temperature coefficient 
could be explained adequately on the basis of the 7: bond character. 

Ikeda et al. 1161 found that the NQR frequencies of chlorine and bromine 
in hexahalorhenates(IV) increase with increasing temperature. They called 
attention to the fact that the du/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 metal atom from platinum to 
tungsten almost linearly as shown in Fig. 4 [ 171. Table 3 shows the reso- 
nance frequencies of these complexes and the temperature coefficients 

Opt. 

I I I t , 

0 I a 3 4 

number of vacancies in ttg orbitals 

Fig. 4. Temperature coefficient of 35C1 NQR frequencies at room temperature plotted 
against the number of vacancies in the B antibonding orbitals. 
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TABLE 3 

Temperature coefficient of NQR frequencies in potassium hexahaiorhenates(IV), hexa- 
chlorotungstate(IV) and related complexes at 20°C [ 17 1. 

Compound v (MHz) dvldT 
(kHz deg-‘) 

Temp. range (“C) 

K2PtCl6 25.82 -1.00 -75.0-23.5 
K&Cl6 20.73 -0.54 -69.0-24.2 
&O&i6 16.84 -0.22 -70.0-26.0 
KzRea6 13.89 +0.13 -76.0-21.2 
K2 WC16 10.22 +0.44 10.5-35.0 
K&eBrg 112.71 1-2.8 - 3.O-181.0 

thereof at room temperature. It is seen that the resonance frequency de- 
creases linearly with decreasing atomic number of the central metal. Ah of 
these compIexes form crystals of the K2PtCIs 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 eIectronegativities 141,421 of the 
central 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-Cl bonds. Since these complex ions have Oh symmetry in 
crystals, the degenerate 5d orbitals of a central metal atom are split into 
t,, and es levels (or de and dy levels) in the strong field approximation. In 

0 : ci 

0 :K 

0 : Fy 

Fig. 5. Crystal structure of potassium hexachioroplatinafe( IV). 
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Fig. 6. Formation of dir-pn bonds. 

the case of Pt*+ having 5d6, the t,, subshell is completely filled with elec- 
trons. With decreasing atomic number 01’ the central metal atom, an elec- 
tron hole or holes are formed successively in the tBg orbit&. Back donation 
then takes place from the occupied 3p orbitals (3p, and 3p, ) of ligands as 
shown in Fig. 6, forming dr-pr bonds between the central metal atom and 
the ligands. The theoretical prediction fcr the formation of r bonds has been 
verified by an experimental investigation carried out by Owen, Griffiths and 
others [43-471, who confirmed the K 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 7~ bond character. 

According to the Townes-Dailey approximation [48], the quadrupole 
coupling constant eQq observable in NQR is given by 

IeQql = U-k&q,1 WI 
where eQq, stands for the quadrupole coupling constant per single p efec- 
tron distributed alon: the z axis of the field gradient q. For halogens, 
leQ%l is equal to the absolute value of the atomic quadrupole coupling con- 
stant, leQqat,,], amenable to direct measurements 149-511. The number UP 
of unbalancedp electrons is defined by . 

where N,, NY and N, denote electron populations in the outermostp orbit- 
akj, px, py and pz, respectively. When a halogen atom forms a o bond, one 
may assume that iV, = IV, = 2. On the other hand, when a dr-px partial 
bond is formed between the central metal and a chlorine atom as in a hexa- 
chforoiridate(IV) ion involving the transfer of ‘IT electrons from the chlorine . 
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atom to the central metal atom, one has N, = NY = 2 - 7-r/2 from symmetry, 
the number of transferred x electrons being denoted by n. The decrease in 
population from two implies that the charge distribution approaches spherical 
symmetry about the chlorine atom, and hence the observed resonance fre- 
quency decreases. A theoreticaI calculation yields the following relation for 
the ionicity i of the metal-halogen bonds [ 521. 

ieQqI = [(l - s)(l - i - n) - n/2] leQq,i (20) 

where s denotes the s character of the e bonding orbital of the halogens. 
Dailey and Townes 1373 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(IV) 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- 
563. 

Ikeda et al. (17, 521 attributed a marked dependence of v(~‘C~) in potas- 
sium hexachlorometallates(IV) on the nature of the central metal to a change 
in the P bond character of M-Cl bonds, and evaluated the ionic character i 
of M-Cl bonds assuming that the R bond character n is proportional to the 
number of electronic holes in the tze orbital. The values of io;licity thus ob- 
tained were found to be reasonable from electronegativity considerations. 
However, when the same method is applied to a tungsten hexar=hloride 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 R bond character and possibly the s char- 
acter are also overestimated. Machmer f57, 581 found a linear relation be- 
tween Jprgensen’s optical electronegativity [59--62] and z~(~~Cl) in potassium 
hexachlorometallates(IV). Brown et al. [63] proposed a formula for esti- 
mating the 7r bond character nh1 of M-Cl bonds from the optical electronega- 
tivity. 

AXM = X8' - Xc1 (21) 
Here the numerical factor is the observed s bond character of Ercl bonds 
in hexachloroi~date(IV) ion 143-463, n denotes the number of holes in 
the tag orbital of the central metai M, and ~3” stands for the optical elec- 
tronegativity of the metal M. They observed Y(~~C~) in [WCls]- to complete 
a series from n = 0 to n = 6. Their data for bond parameters are compared in 
Table 4 with those obtained by Ijieda et al. 117,521. The optical electro- 
negativity has been obtained on the basis of experimental charge transfer 
spectra resulting from the transfer of electrons localized in the pn orbitafs’of 
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TABLE 4 

Ionicity and 51 bond character of M-X bonds in some pammagnetic hexacoordinated 
complexes. 

Complex 
Number K Bond 
of dn character 0 
holes 

Ionicity 0 Net chage 
onMa 

?&?I”” 

WsfW;~ Whd2- 
1 0.054 0.47 0.82 2.4 
2 0.081 0.108 0.51 0.47 1.06 0.82 2.2 

;g~s$- ; 0.097 0.100 0.16 0.22 0.55 0.62 0.45 0.43 1.34 1.72 0.70 0.58 2.0 1.7 
[wa61- 

: 
0.16 0.27 0.50 0.33 2.0 0.98 2.0 

WC16 0.21 0.32 0.44 0.26 2.6 1.56 2.1 

’ Data in the first coIumn were evaluated by the method of Brown et al. [ 63 J , whereas 
those in the second column were calculated by Ikeda et al. 117 1. 

iigancis to the dr orbitals of central atoms [59]. Accordingly, the estimation 
of Brown et al. is expected to provide a better result than that of Ikeda et al. 
whic’r is based on an assumption that the r character is proportional to the 
number of vacancies in the tze orbit&. 

Thus, it is indubitable that the M-Cl bonds in pammagnetic hexachloro- 
metaliates(IV) have dx-pn 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 tzs orbitals 
of the central metal M, although the estimation of s character and 7r character 
still involves various problems. These conclusions permit one to ascribe the 

origin of the positive temperature coefficient of NQR frequencies to the T 
bond character of M-Cl bonds in this series of paramagnetic complexes. 

When an M-X bond is formed as a hybrid between a u covalent bond and a 
7r covalent bond, the excitation of M-X stretching and bending vibrations 
gives rise to a decrease in the overlap population of both o and z bonds. The 
decrease of a bond overlap leads to an increase in N, as well as NY, and 
hence the quadrupole coupling constant and NQR frequencies increase. On 
the other hand, in the case of u bonds, decrease in overlap may increase lV, 
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 tse orbit& (i.e., 
free from x bond character of Pt--Cl bonds), shows a normal negative 
temperature coefficient of the NQR frequency. Armstrong et al. [64-‘703 
investigated the dependence of 35Cl NQR frequency in potassium hexachloro- 
platinate(IV) on temperature and pressure as well as 35Cl 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 inlmmolecular 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-l calculated theoretically from the data of a vibrational spectrum 
[71] . This indicates that vibrational excitation affects the u overlap popula- 
tion of M-Cl bonds to a negligibly small extent. Therefore, the temperature 
coefficient of NQR frequencies of potassium hexachlorometaUates(IV) is 
determined by two factors, i.e., the Bayer effect and the effect of partial 
scission of r bonds. In other words, the temperature coefficient of 
Y(~%Z~) in pammagnetic potassium hexachlorometallates(IV) is determined 
by the balance between two contributions differing in sirm. When the Bayer 
effect predominates over the K bond effect, the temperature coefficient of 
NQR frequencies is negative, whereas when the reverse relation holds as in 

TABLE 5 

35C1 and 81Br NQR data [‘72] at 300 K. 

Compound 

WC16 
WBrG 
CsNbC16 

CsTaCls 

CsWClG 

RbWCIG 

KWCIG 

(&WC16 
C+WBr6 
R&WC16 
CS2ReC+j 
K2asBr6 
&OsBr6 
&PtBrG 
CszPtCls 
C@tBr6 
C.s&&&!lg 
CS2SnBr6 
CS2MOC16 
KzMoC16 

MozCho 
@&T&6 
Cs2PbCI6 

v (MHz) 

IO.539 
72.12 

8.589 
9.245 
9.127 
8.803 

11.748 
11.605 
11.281 
Il.546 
11.320 
11.455 
11.335 
10.913 
75.28 
IO.575 
14.592 

111.78 
116.83 
167.25 

26.552 
173.18 

16.057 
120.01 

10.732 
9.541 
9.795 
9.876 

14.085 
15.566 
17.705 

dvldT (kHz deg-I) 

1.80 
13.0 

0.92 
1.20 
0.3 
0.62 
0.94 
0.60 
0.56 
0.54 
0.48 
0.78 
0.46 
0.35 
3.04 
0.49 
0.00 
0.29 

-0.42 
-5.1 
-@.83 
-4.3 
-0.43 
-2.2 

0.76 
0.12 

-0.15 

-1.44 
-0.21 
-0.50 
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potassium hexachlororhenate( IV), a positive temperature coefficient is ob- 
served. 

Table 5 shows the temperature coefficients of ~(~%!l) and &$81Br) in 
various compounds having [MXs] ‘, [MXs J- or [MXe] ‘- units observed by 
Brown and Kent [72]. When M-X bonds have a strong ds--pn character 
with sufficient vacancies in the tz& orbitals, the temperature coefficient of 
NQR frequencies is positive, whereas it is negative in the case of complexes 
having a ds-dl’ central metal atom (Pt, Sn, Te and Pb) with completely 
filled tsg orbitals. These facts provide strong evidence for the foregoing pre- 
sumption that the positive temperature coefficient arises from metal-halo- 
gen ST bonding. 

fn order to clarify the mechanism by which the partial scission of 7~ bonds 
takes place, Haas and Marram [ 191 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-’ [63,73-753, 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 5~ bond overlap and hence to an increase 
in NQR frequencies. Oka et al. [ 76, 771 recorded the microwave spectra of 
bromine cyanide and iodine cyanide, and found that the quadrupoIe 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 ?r 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 KzMCls (M: Pt, Ir, OS, Re) on pressure (16 p < 5000 kg cmm2) 
in a temperature range covering 275-350 K. It was found that (av/ap)~ was 
very nearly constant, the value being equal to 6.0, -3.7, -7.1 and -11.2 Hz 
kg-’ cm2 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 F 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 vibronid interaction or thermal expansion and whether bending vibration 
or stretching vibration is more important for the vibronic interaction. 

O’Leary and Wheeler [78] observed ~(~%l) 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 (791, The phase transitions can also be located by the tem- 
perature variation of ~(~%l) shown in Fig. 7. O’Leary and Wheeler attributed 
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Fig. 7. 36C!1 NQR frequency datu &ken on KzReCIG below a phase transition at 110.9 K 
[78]. Evidence for thermal hysteresis is shown in the temperature range about the 76 K 
transition. 

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 

lsmp./I 
Fig. 8; Temperature dependence of ~1 NQR frequencies of 12’1 in ammonium hexaiodo- 
rhenate(IV) [18]. 



frequencies decrease with increasing temperature below the transition point. 
However, their conclusion seems to be inadequate for the following reason. 
Ammonium hexaiodorhenatef 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 [lS 1. Figure 8 shows the dependence of trl 
frequency on temperature; the resonance frequency at about 119.7 MHz clear- 
ly increases with increasing temperature. The corresponding v2 also shows a 
positive temperature coefficient. 

Resides potassium hexachloroplatina~~~v) type complexes aheady discussed, 
the following compounds have been reported to show a positive temperature 
coefficient of NQR frequencies presumably owing to the B bond character of 
metal-halogen bonds: the cubic form of titanium tetrabromide [39], thorium 

tdrach~oride [do], the monoclinic modification of titanium tetrabromide [80] 
square-planar tetsachforocopper(II) complexes [ 811, ammonium trichloro- 
~u~~~e~~~~ !alf and ~ex~mine~ob~t~III) pen~~h~orocu~~~~~1~ [sl] l 

tiil Hydrcgen bsnding 

mel’ and Smith 1821 and independently Sasane et al. [83,84] observed 
35Cl NQR in sodium tetrachloroaurate(II1) 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 vt3sCl) in this complex. The resonance 
frequencies of various tetrachloroaurates(II1) are given in Table 6 at three 
different temperatures. Among various tetrachloroaurates(III), only sodium 
tetrachloroauratefII1) 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 
te&achloroaurate(IIL) dihydrate showing the positive temperature coefficient 
is considerably lower than the remaining three frequencies and also than the 
resonance frequencies of other tetrachloroaurates(fIf). This indicates either 
that the chlorine atom giving rise to the lowest frequency line has a large 
ianicity (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 graup 
Pnmu f.Z = 4) and that four complex ions in a unit cell are equivalent to one 
an&her. The stnxcture is shown in Fig, 10. Four chlorine atoms in a complex 
ion are nonequivalent, the Au-Cl distances amounting to 2.288,2.260,2.283 
and 2.278 A, respectively. Planar [AuClJ- ions lie on (0, b/&O) and (0,3b/4, 
0) planes along with sodium ions. Although hydrogen atoms have not been 
located, oxygen atoms are approximately on f&b, 6) and (6, b/2,0) planes. 
Unlike other chlorine atoms, a Cl1 atom having the longest Au--Cl distance 
is surrounded by four oxygen atoms at relatively short $istances, Cl1 l o-C 
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Fig. 9. Temperature dependence of 35C1 NQR frequencies of sodium tetrachioroaurate(IiI) 
dihydrate [84]. 

distances being 3.36 or 3.42 f3, as contrasted with other Cl-s-0 distances longer 
than 3.45 8. The Cl, atom and the four oxygen atoms form a very flat slightly 
distorted square pyramid, the Au--Cl1 bond axis almost coinciding with the 
axis of the pyramid. The angle, LCll +..O(l)..Cl;, equal to 118” is close to the 
LHOH bond angle in a water molecule. If the water molecule is oriented with 

TABLE 6 

N&R frequencies of 35C1 in some tetrachloroaurates(III) [Se). 

Compound Frequency (MHz) 

7’7 K 193 K 293 K 

NaAuClB-2HaO 25.356 25.501 25.685 
27.998 27.696 27.400 
28.867 28.633 28.368 
29.466 29.118 28.770 

RAuCi, 27.320 27.205 27.088 
27.598 27.415 27.231 
27.907 27.724 27.545 
28.214 27.881 27.573 

KAuCI,- 2Hz0 27.237 27.056 26.967 
28.183 27.948 27.686 

NH4 AuC14 27.300 27.180 26.993 
28.130 27.980 27.809 

RbAuC14 27.651 27.436 27.297 
28.319 28.056 27.946 

CsAuCls 28.419 28.151 27.885 
27.800 27.330 27.093 
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Fig. 10. ckysid stm3me of so~um ~trachloroaurate~III) dihydrate 185]. 

its ‘1’ vectors point@, to the a, and Cl; atoms, the lone pair orbit& of the 
Oxygen atOm ZUX! directed to two neighboring sodium ions, leading to an eIee- 
~ost~~~ca~~y stable orientation of the water molecule. 

The formation of weak hydrogen bonds O-H~~Cll has been confirmed by 
infrared spectroscopy [86) and brvad-line NMR (841. Fryer and Smith [82], 
observed the 35C1 NQR in NaAuCla s 2D,O, and found that the lowest fre- 
quency line shifted en deuteration to the low-frequency side by 0.03 MHz 
(at liquid nitrogen temperature), whereas three other lines underwent no 
appreciable changes. From these results, one can assign the resonance fine 
showing the positive temperature coefficient of NQR frequency unequivocally 
to the Cl1 atoms. An interesting feature of the crystal structure of this com- 
plex is that the Cl1 -.-Na* distances are long: the Cl1 atom is separated from 
the nearest sodium ion by 4.37 A, whereas other chlorine atoms are distant 
from sodium ions by an average distance equal to 3.05 8. This suggests that 
the ionicity of the Cl1 atom is not larger than that of other chlorine atoms. 
Therefore, the considerably low NQR frequency of the CI1 atoms must be in- 
terpreted in terms of a decrease in the populations of the 3p, and 3p, orbitals. 

Taking the z axis along an Au-C11 bond direction, one can calculate the 
quadrupole coupling constant of Cl1 from eqns. (18) and (19) as 

IeQst = IW, +~~)~Z-~=~leQ~~~~l @a 
If hydrogen atoms in water molecules are present in the x and y directions 
from the Cl1 atom, elections 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, IV, and 
IV,, decrease leading to a decrease in the quadrupole coupling constant in 
agreement with the small observed Y(~%I) of Cl1 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 moie- 
cules are excited to an increasing extent and reduce the electrostatic inter- 
action between hydrogen and chlorine in the H-Cl1 system. This along with 
the effect of thermal expansion increases the electron populations in the 3p, 
and 3p, orbitals of Cl1 , leading to an increase in the quadrupole coupling 
constant and hence in the observed NQR frequency. Thus, the partial scission 
of hydrogen bonds 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 Cl1 atom. According- 
ly, the positive temperature 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(I1) chIoride dihydrate [87] and cobaIt(I1) 
chloride dihydrate 1881. The presence of O-H---Cl type hydrogen bonds has 
been confirmed in these dichloride dihydrates by neutron diffraction experi- 
ments [89-911. 

Sodium MrabromoauratefIII) dihydrate shows the temperature depen- 
dence of “Br NQR frequencies bearing a strong resemblance to that of sodium 
tetrachloroaurate(III) dihydrate [84]. These compounds are isomorphous to 
each other as confiied by X-ray powder patterns. Comweil and Yamasaki 
[92] observed four 35Cl NQR frequencies in sodium tetrachloroiodate(II1) 
dihydrate. Their date suggest a positive temperature coefficient of the lowest 
frequency of four observed lines, but they failed to discuss the anomalous 
behavior. &sane et al. [93f observed the temperature variation of Y(~~CZI) in 
this compound, and obtained a frequency gattem resembling that of sodium 
tetrachloroa=lrate(III) dihydrate. In addition, they recorded 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(III) dihydrate and sodium 
~~achloroioda~(III) 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(III) dihydrate. 

TABLE 7 . . 

Lattice constants of NaAuC!14*2H~O type complexes [84,85,93]. 

Compound a @I c (A) 

NaAuCl4’2HsO 12.818 7.067 a.993 
NaICl,-2Hz0 13.51 7.15 9.21 
NaAuBr4 * 2Hs 0 13.29 7.27 9.43 



Fig- 11. Temperature dependence of 7gBr NQR frequencies in potassium tetrakwomoaurate- 
(III) dihydrate [ 843. 

Figure 11 shows the dependerrce of the 79Br NQR frequencies in potassium 
te~bromuaura~(III) dihydrate on temperature f&S]. Four nonequivalent 
bromine atoms exist in crystals below a transition point at 331 II, 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 teinperature 
coefficient is positive in the high-temperature region. The crystal structure 
analysis e!f 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--eBr 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. 

Graybe& et al. 1943 observed the 35C1 NQR in MSnCI, l 6H20 type corn- 
pfexes (M: di_;alent metal), and reported the positive temperature coefficients 
of NQR frequencies for magnesium hexach!orostannate(IV) hexahydrate and 
calcium hexachlorostannate(IV) hexahydrate. Although they attributed the 
positive temperature coefficients to the n bond character of %-Cl bonds, 
their explanation seems to be implausible because no positive temperature 
coefficients have @en observed for RzSnCls type complexes (R: alkali metal) 
I%@&$. Sasazte et ai. f96;2 observed the temperature variation of 35Cf NQR 
frequencies in MPtC!l, - 6H,O type complexes, and found that the Iowest 
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 or@n of the posWve temperature 
coefficiekt, because the frequency showing the positive temperature coefficient 
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Fig. 12. Temperature dependence of 35C1 NQR frequencies in barium hexachloro- 
pIatinate( IV) hexahydrate [ 96 I_ 

is considerably lower than those of the two other lines and also than those of 
R.#tCle type complexes [97,98] _ The negative temperature coefficients of 
35Cl NQR frequencies observed in MPtCIG * 6H& 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 N&R frequencies presumably due to 
hydrogen bonding have also been reported for tetrachloroiodic(III) acid tetra- 
hydrate (or hydroxonium tetrachloroiodate(II1) trihydrate) f99] and tetra- 
chioroauric( III) acid tetrahydrate (or hydroxonium tetrachloroaurate(II1) 
trihydrate) [ 1001. 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 of 
resonance frequencies, suggesting a type of participation of hydrogen bonding 
different from the case of sodium tetrachloroaurate(III) dihydrate. 

BrilI and Long [loll report that, in a low-temperature region, the bromine 
resonance frequencies in tri(diethylammonium) hexabromoantimonate(II1) 
and tri(diethylammonium) l~exabtomobismuthate(IIII) 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 perrhenate(VII), and attributed it 
to hydrogen bonding of the N-H-*+0 type. 
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(iii) Arrangement of neigh boring ions 

Ammonium, rubidium, cesium and thallium(I) triiodides are isomorphous 
v&h one another, having linear asymmetric #&iodide ions in crystals 120-23, 
103-1051. All NQR frequencies of iodine in rubidium and cesium triiodides 
show normal negative temperature coefficients of resonance frequencies. 
However, in ammonium and thaliium(1) triiodides, the most negatively charged 
iodine atom I, gives rise to v1 and v2 frequencies increasing with increasing 
temperature as shown in Figs. 13 and 14 120,231. It is noteworthy #at 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 neighborizg cations around a triiodide ion. The crystal is 
orthorhombic belonging to the space group Pnma IlO3,104] _ An iodine atom 
IG is surrounded by four ammonium ions in directions lateral to the &-IO 
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 
a positive temperature coefficient of NQR frequencies of I, atoms in the 
following three ways. 

(a) In ionic crystals, the field gradient 4 at an I= nucleus is the sum of a con- 
tribution from all other charges in the central triiodide ion and another from 

Fig. 13. Temperature dependence of the ~1 (circies) aild ~2 (crosses) NQR frequencies of 
t@o most negatively charged iddilze atoms l& in-ammonium triiodide [ 201. 
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Fig, 14-dTemperature dependence of the v1 and ~2 frequencies of the most negatively 
charged iodine atoms I, in thallium(I) triiodide [ 23 1. 

Fig. 15. Crystal structure of ammonium triiodide and the arrangement of neighboring 
cations about a triiodide ion. 

charges on all ions other than that in question. 

4 = Q&L + 9n.t (23) 
For simplicity, let it be assumed that qo,L and qn,i have a set of priilcipal 
axes in common and that only neighboring cations, which may be approxi- 
mated with point charges, contribute to qn.i. to an appreciabie extent. Theo- 
retical considerations fead to a conclusion that Q~,~_ is positive whereas qn_L is 
negative 1981. Interionic distances increase with thermal expansion. This 
gives rise to a decrease in fq n.il and hence an increase in the observed quadru- 

. pole coupling constant. The effect is expected to be marked when qeaL is 
small or the halogen is strongly ionic. 

(b) Owing to electrostatic interaction with neighboring cations, ele@rons 
in the 5p, and 5p, orbit& of I, are excited to outer orbit& as in thecase df 
sodium tetracbloroaurate(Iff) dihydrate, the t ax& being taken aloxig the 
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1,--I, bond axis. In other words, the electronic cloud of the Sp, and Sp, 
orbitals is distorted so as to extend outwards. As a result, the number of 
electrons in 6p, and Sp,, 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 Sp, and 5p, orbitals of the I, atom, but on the 
charge dist~bution in an 13 ion. This may cause the geometry of the Iii_ 
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 increases, 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 6pr orbital, 

The large positive temperature coefficients of v1 and v2 observed for I, 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 II, decreases by as much as 8% with increasing temperature from liquid 
nitrogen temperature to room temperature. The vafue is one order of mag- 
nitude greater than the corresponding values of IO in rubidium triiodide and 
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 trliodides 
are expected to show temperature coefficients of the same order of magnitude. 
Accordingly, the marked decrease of the quadrupole coupling constant ob- 
served for Ib in ammonium triiodide must be explained as due to an increase 
in the ionicity of II, with increasing temperature. This implies that the elec- 
tronic distribution of an 19 ion is affected indirectly by the electrostatic 
interaction between I, and neighboring cations. In other words, the contribu- 
tion from the resonance structure, I,-IE*.*fb increases at the sacrifice of 
contribution from 1, .*,I,+, with increasing temperature. Effects (b) and (c) 
are continuous to each other, and the former effect is surely involved in the 
present case as well. However, it is impossible to expIain the large positive 
temperature coefficient observed for I, with (b) alone. Quite recently, 
bromine WQR was observed in ammonium tribromide jlO8,109]. 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 N&R frequencies observed for 
thallium(I) trliodide is attributable mainly to the effect (b) 1233, because the 
lattice constants of the crystal of this compound are considerably smaller than 
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TABLE 8 

Unit ceil dimensions of some orthorbcmbic triiodide crystals [20, 22, 103-1051. 

Compound a 01) 5 (A) c (A) 

NW3 6.64 9.66 10.82 
Rb13 6.65 9.71 10.68 
Cd3 6.86 8898 11409 
“l’I(I)I:, 6.48 9.45 lO.GG 

those of other triioclides as shown in Table 8. Since Tl(I)...I, distance is antic- 
ipated to be smaller than the NH4 ***I,, distance [ 1101, the distortion of the 
5p electron cloud of I, due to oationic charges is expected to be considerable. 
The quadrupole coupling constant of I, in thallium(I) triiodido observed at 
liquid nitrogen temperature amounts to 632.7 MHz. This value along with 
cafculated qn,i. yields a fairly large (~~,f,, sLlggestin~ that the effect (a) is not 
the major factor for the anomalous temperature behavior. 

Tovborg-Jensen [ 11 l] observed the 3GC1 NQR in cesium trichloroplum= 
bate(I1) which has a cubic perovskite structure, and found that the resonance 
frequency increases with increasing temperature. The observed low frequency 
of 7.7 MHz indicates that the field gradient is mainly due to contribution from 
surrounding ions [ 112 J , In the perovskitc structure, a chlorine atom Is SW- 
rounded by four cesium ions in directions perpendicular to the Pb-Cl bond 
axis. The significant contribution from q,,.l, indicates that the positive tem- 
perature coefficient of the NQR frequency is due mainly to the effect (a), 

E. PHASE TRANSITION 

In a majority of cases, a high&mpcraturc modification having a symmetric 
structure undergoes a phase transition to a low-temperature phase of a less 
symmetric crystal structure [113j I) This type of phase transition has been 
observed in a variety of RPMXB type complexes [6]. As an example, Fig. 16 
shows the temperature variation of ‘%r NQR frequencies in potassium hexa- 
bromostannate(IV) f114J. Phase transitions take place at 375 and 399 K 
with disrxxatinuities in observed resonance frequencies. Immediately below 
the transition at 399 K, the high-frequency line is twice as intense as the Iow- 
frequency line. Galloni et al. [ 116 ] carried out an X-ray analysis and found 
that the compound forms potassium hexachioroplatinate(IV) type crystals 
above the transition point whereas it forms crystaIs having tetragonal symmetry 
at lower temperatures, afthough a detailed 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. This sug- 
gests that bromine atoms in the tetragonal phase yielding the low-frequency 
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Fig. 16, Temperature dependence of “Br NQR frequencies in potassium hexabromo- 
stannate [114 1. 

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) [1163 and 
potassium hexabromorhenate(IV) [ 173 . The characteristic behavior can be 
explained if it is assumed that each of {MXs] 2- 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, vt and z+ , of the low-temperature tetragonal phase show an 
intensity ratio of 1: 2. They found that [ReCls] 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 
cfefinite 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, 
1191 observed a similar behavior of NQR frequencies for a phase transition 
of potassium hexabromoplat~ate(~) at 169 K. They assumed that the 
geometry of [PtBrs] 2- octahedra is unchanged even in the less symmetric 
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Fig. 17. Orientation of [ ReCI~ ] ‘- ions in the cubic (left) and tetragonal (right) crystals 
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 vx,,, 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 u~.~ and v, is proportional to the square of the angle 
8 of rotation of [I%&,] 2- octahedra, Armstrong et al. estimated 8 to be 
equal to about 7’ at a temperature a few degrees below the transition point. 
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 Iines below a 
transition at 375 K [ 1143 as is shown in Fig. 16, suggesting that the crystal 
has a lower than tetragonal symmetry. Nakamura et al. [Ha] observed 
three NQR signals of bromine in potassium hexabromotellurate(fV) 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 P2r/n, the structural parameters being (t = 7.521, b = 7.574, 
c = 10.730 A and p = 89”40’. The structure is very closely tetragonal, while 
[T&&j] 2- ions retain their 0, symmetry. Each octahedron is rotated from 
the symmetric position through small angles about two axes successively. In 
other words, it is rota$ed slightly about the IC’ axis of the tetragonal phase 
shown in Fig. 17. From the result, one is led to conclude that in the Iow- 
temperature phase of potassium hexabromostannate(IV) below 375 K, each 
of [SnBrJ 2- octahedra is rotated about two axes tbrough 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, RzMXs type complexes show multi&et 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 “N NQR frequencies in potassium tetracyanomer- 
curate(I1) showing a phase transition at 111 K [ 124 1. 

cause line separations are very small [5]. X-ray studies by Brown [122] and 
by O’Leary and Wheeler [‘i8] have provided experimental evidence for the 
adequacy of this point of view. 

Saruwatari et al. [124] observed the temperature variation of 14PJ NQR 
frequencies in potassium tetracyanomercurate(II), 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),] 2- 
ion has Td 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 14N 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 
yielding a signal with q = 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 
below 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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Fig. 19. Temperature dependence of 35C!t NQR frequency in di(methylammonium) hexa- 

c~Ioroplatinate(IV), (C&NH3 )&‘tCl~ [ 126 1. 

intact. It is an advantage of 14N 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 35C1 NQR 
frequencies in di(methyiammonium) hexachloroplatinate(IV) as shown in Fig. 
19. An anomaly at 125 K is characterized by a marked change in dv/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 [PtCl,] 2- ions retaining 0, symmetry and the C-N bond axes 
of methylammonium ions lying on the threefold axis of a coordination octa- 
hedron [X27]. 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 to the rotation 
of [Pelt ] 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. 



312 

F. MISCELLANEOUS 

Sasane et al. [ 84 J observed two frequencies in the NQR spectrum of ’ 
in cesium ~~abromoaum~(III). The result is shown in Fig, 20. A line OI 

high-frequency side shows normal temperature dependence, whereas the 
frequency of the other line decreases sharply near 273 K, above which tt 
curve is concave upwards. The anomaly is explained by a slight rotation 
square planar [AuBr*] - ions about their respective Br-Au-Br axes. A E 

temperature behavior of NQR frequencies has also been found for needy 
trihromide El%] and 1,2_dichloroethane tl.29, X30]. 

Hynes et al. 11311 observed three resonance lines in the NQR of 35C1 
potassium trichIorocuprate(I1) as is shown in Fig. 21. The crystal of this 
plex is monoclinic belonging to the space group P21/c. Discrete dimeric I 
[ CuzCls] 2-, having a center of symmetry exiZ in the crystal [ 1321. All 
dimeric units are equivalent, and each is locatad at a center of symmetry 
unit cell. Accordingly, there are three kinds c f nonequivalent chlorine at 
in crystals, i.e. two terminal chlorine atoms, Cl<,, and C&a>, and a bridgii 
chlorine atom, Cl~a) . A characteristic feature of the temperature variatio 
resonance i?equen,ciea is that they decrease sharply near the liquid helium 
temperature and again the slope becomes less steep beIow liquid nitrogen 
temperature. The trend is particularly marked for the resonance frequen 
Clc3j. It is noteworthy that the anomaly occurs at a very low temperatur 
at which the excitation of thc:rmal motion is inconceivable for averaging 
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Fig. 20. Temperature dependence of 7s Br NQR frequencies in cesium tetrabromoac 
(III) [841. 

Fig. 21. Temperature crependence of 3sC1 NQR frequencies in potassium trichloro- 

cuprate 11311. 
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field gradient. The ESR [133-1351 and magnetic susceptibility [136] 
measurements have indicated that unpaired electrons of copper in a discrete 
dimeric unit undergo p airwise exchange interaction. Hynes et al. 11311 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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