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I. INTRODUCTION

From the hyperfine structure of the atomic spectra of europium, Schuler
and Schmidt [1] first indicated that a nucleus may possess an electric
quadrupole moment and a magnetic dipole moment, the former having its
origin in a non-spherical distribution of the nuclear charge. As a result of the
non-spherical distribution of the nuclear charge, the nucleus has an orienta-
tion-dependent electrostatic interaction with its environment. Nuclear
quadrupole resonance (NQR) spectroscopy is a branch of radiofrequency
spectroscopy which has been adapted to study the small interaction energies
which nuclear moments give rise to.

Since the NQR frequency depends on the electric field gradient at the
nucleus under study, the NQR data can provide valuable information about
the electronic structure of the molecules in the solid state. As the distortion
of the core electrons due to polarization effects can modify the field gradient
at the nucleus appreciably, the calculation of internal field gradients, effective
in the nuclear quadrupole interaction, represents a delicate and often difficult
problem. It follows that it is often difficult to interpret observations in highly
quantitative terms.

The nuclear guadrupole interaction is affected by the internal motions
of atoms, groups of atoms or molecules in the solid state. The two types of
molecular motions which are expected to have an appreciable effect on the
NQR frequency are torsional oscillations and hindered rotations. The frequen-
cies of molecular motions are orders of magnitude higher than the Larmor
frequencies of the quadrupolar nuclei and hence the nuclei see only the
average value of the electric field gradient. As these motions are temperature
dependent, NQR frequency shows variation with temperature. The tempera-
ture coefficient (3v/3 T)p of the NQR frequency is generally negative. Apart
from giving valuable information about bonding in molecules, temperature
dependence studies throw light on phase transitions and hydrogen bonding
in solids.

NQR is useful in detecting chemical and physical inequivalences in solids.
While chemical inequivalence gives a multiplet of pure NQR lines, the physic-
al inequivalence can be detected only through a study of the Zeeman NQR in
single crystals. Also, a study of Zeeman NQR, particularly for nuclei having
spin quantum number I = 3/2, will yield the asymmetry parameter, 1, which
is related to the electronic configuration of the atom under study. In
favourable cases it is also possible to obtain 7 in polycrystalline solids.

The first observation of NQR was made by Dehmelt and Kruger [2] in
trans-dichloroethylene, while Kruger and Meyer-Berkhout [3] were the first
to observe NQR in a coordination compound (°Cu NQR in K[Cu(CN).]).
Since then many organic and inorganic compounds have been studied by
NQR. The NQR effect, the techniques involved, the application and the
interpretation of NQR results have been dealt with in a number of review
articles [4—18]. Two excellent books have also appeared on the subject
[19,20].
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The present review is concerned with the application of NQR in coordina-
tion chemistry. The review is divided into two major parts, viz. basic theory
and application. The basic theory is dealt with only briefly as an introduction
to the applications. The literature covered is through 1975; most of the
Russian work dealt with is based on ‘““‘Chemical Abstracts”.

II. BASIC THEORY

1. Nuclear quadrupole Hamiltonian and energy levels

In the multipole expansion of the electrostatic interaction of a quadrupolar
nucleus with the surrounding charge distribution, the only orientation de-
pendent term is that due to the quadrupolar interaction between the
quadrupole moment of the nucleus and the electric field gradient (EFG) at
the site of the nucleus produced by surrounding electric charges, the higher
order terms (like the hexadecapole term) being negligible [21]. The nuclear
quadrupole interaction can conveniently be expressed in terms of nuclear
spin operators using the Wigner—Eckart theorem. The Hamiltonian so derived
can be expressed in the principal axis of the EFG, obtaining

%=A[(315—12)+g(13+12_)] 1)

where A = e2Qq/4I(2] — 1) and 1 = (V.. — V,, )| V., with the convention
[Vl < |Vl < [V, |. Vis the electrostatic potential at thesite of the nucleus
and V,,, V,, and V,, are the EFGs along the prinzipal x, y and z directions.
Conveniently, V,, is written as eq. Since V, + V,, + V.. = 0 (Laplace
equation), 7 lies in the range zero to 1. eQ is called the quadrupole moment
of the nucleus and is defined as

e@ =f(3z2 —r¥)p(r)dr

where p(r) is the nuclear charge density at the point r inside the nucleus. The
x, ¥, z axes with respect to which e@Q is defined are the same as the principal
X, y, 2 axes of the EFG.

The matrix elements of %, in the case of axially symmetric EFG (n = 0)
are
Qg
41(2I — 1)

For n # 0, I3 and I operators in eqn. (1) lead to a mixing ug- of states giving
matrix elements of the type

e*Qq
42— 1)
s mIFm—1DUTtm+ 1) m+2)]'"?8,,. 3)

Im| He | Imy = [8m* —I(I +1)15,,, 2)

Im\HolIm'y = [8m? ~ I(I + 1)18, +
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The degree of mixing increases as 7 increases and as 1 tends to zero, eqn. (3)
reduces to eqn. (2). In the case of half integral spins, there are I + 1 energy
levels, all doubly degenerate. For I = 3/2 (e.g. 3°Cl, *’Cl, "®Br, 'Br, ¢*Cu etc.)
the energy matrix can be solved exactly [19] giving (Fig. 1)

2’Qq 2 1/2

i1l +

an [T (0%/3)]

Evip 1% 1+ 3 (4)
with the single transition frequency

-l (1))
v=n 11+ 3] (5)
Thus, for I = 3/2, NQR does not permit the evaluation of e’Qqg and
simnultaneously. However, by the application of a small magnetic field (ca.
20—100 gauss), the I degeneracy can be lifted and a study of the resulting
Zeeman spectrum will give information about 1 and the orientation of EFG
axes (in single crystals). For higher half integral spins, the secular equations
are not exactly soluble, and the transition frequencies are available, for
small 17 values, in literature [22]. However, for moderately large n values, the
Hamiltonian must be diagonalized by numerical methods [23—25].

Among the nuclei with integral spins, nitrogen is one of the most impor-
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Fig. 1. Energy levels and allowed transitions for I = 1 and I = 3/2 nuclei.
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tant (/ = 1) and in this case the eigenvalue problem can be solved exactly
giving

82
E =S @)
eZ
£ =22 @) ©)
—e’Qq
E —
o2
with the transition frequencies
3 2
D, = -‘%}?2 [1 s (17?:)] (7)
2
vy = f—-é%" () (8)

2. Temperature dependence of NQR

As mentioned earlier, the NQR frequency is affected by molecular motions,
particularly the torsional oscillations. Bayer [26] was the first to analyse the
temperature dependence of NQR and to show that the torsional motion
affects the NQR spectrum in two ways: (i) the resonance frequency is
shifted since the nucleus sees a temperature dependent average field gradient,
(ii) the relaxation processes are affected leading to a variation of line shape
and intensity. Bayer assumed that these motions are harmonic and are
taking place about the three principal axes of the EFG tensor. His calcula-
tions show that the NQR frequency at any temperature T is given by

Doy = P [ _-_3_£l_ ..l.(l-{-__...___i____.)} (9)
rore 87 ; Iy; \2 exp(hv;/RT)—1 .

where v, is the NQR frequency of the stationary molecule (which is given by
the extrapolated frequency at 0 K in good approximation), v; and [; are the
frequency and the corresponding moment of inertia of the torsional motion
about the ith axis and the summation is over the x and y modes. It is further
assumed that the effect of 7 is negligible in the first order. Bayer’s results
have been generalized by Kushida [27] who expressed the motions about
the EFG axes in terms of normal coordinates and an equation similar to

eqn. (9) was obtained involving normal modes and equivalent moments of
inertia.

The effect of volume changes on the NQR frequency was first considered
by Kushida et al. [ 28]; their calculations require a knowledge of parameters
like the coefficient of thermal expansion, Griineisen constant eic., and so are
not generally practicable. Brown {29] tried to include the effect of volume
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change, in a molecular crystal, in a simple way by assuming that torsional
frequencies (¥;) themselves are temperature dependent. He further assumed,
on the basis of the results of Ichishima [30], that v; varies linearly with
temperature. With such simplifying assumptions, Brown [29] showed that
the NQR data at high temperature, hv;/kT << 1, can be used to evaluate
the average weighted temperature coefficient of torsional frequencies.

3. Zeeman NQR and the determination of 1

The application of a weak magnetic field (20—100 gauss) splits the pure
NQR spectrum of an I = 8/2 nucleus into four lines. An angular variation
study of these lines leads to the determination of  [19,23,31] in single
crystals. Even in the case of polycrystalline samples, it is still possible to
estimate 1 through a study of certain characteristic features of the Zeeman
NQR spectrum [32—35]. As it is not always possible to grow big single crystals
suitable for single crystal Zeeman NQR studies, Zeeman NQR of polycrys-
talline samples is attractive even though the information about the EFG
directions is lost. Further, the powder Zeeman NQR method is especially
suitable for low melting (below room temperature) substances.

4. NQR and chemical binding

Accurate interpretation of e2Qq and 7 in terms of charge distribution in a
given molecule may prove to be difficult; however, approximate calculations
with a few simplifying assumptions may be useful, particularly in a comparative
study of a family of compounds. Townes and Dailey [36] were the first to
introduce certain approximations and express the coupling constant in terms
of bond characters and their procedure has been extensively applied by a
number of workers. Also, their work formed the basis of later modifications
(e.g. Cotton and Harris [37]).

a. Townes and Dailey treatment. The contribution to EFG at the nucleus A
due to an electron in the ith M.O. of the molecule is given by

20 .
@ = foi (223" piar (10)

where {; is the wave function of an electron in the ith M.O. Expressing ¢; in
terms of atomic orbitals,

i=n

vi= 2 Cid; an
i=

one may arrive at the total field gradient at A, given by

qs = EN,{Z Cigi + 2 Chg"* + 2223 C;Crq™ + 2223 C,Cla" |+ Qruciei
! ! k Jjaé?? kk?&; (12)
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where N; is the population of the ith M.O. and g pycei, the contribution from
charges outside the atom A under consideration.

The following assumptions have been made to simplify eqn. (12); (i) ¢"**
arising from core electrons of atoms other than A and q,,..: are negligible,
(ii) the EFG due to overlap of atomic orbitals of A with those of other
atoms, ¢'", is negligible, (iii) g/ arising from the overlap between atomic
orbitals of atoms other than A is negligible and (iv) in the absence of
polarizing effects, the contribution to EFG from the core orbitals of A
(g%, ) is negligible. Under the above assumptions, the contribution to EFG
from the valence electrons can be expressed as

qft = Z.;N‘{Z.)C?Q” +23 25 CCpa¥ (13)
{ 7 J J

where g7 due to the cross terms is negligible unless the difference in orbital
quantum number of ¢; and ¢; (Al) is equal to 2. When only s and p orbitals
are considered (as in the case of chlorine) ¢/ = 0 and when d orbitals are
required to describe the bonding, the small, but finite, value of s — d integral
is usually neglected.

Further simplification can be effected on the first term in egn. (13). Since
the s orbitals are spherically symmetrical, they do not contribute to the EFG.
Contribution from d and f orbitals to the EFG is comparatively smaller than
that of the p orbital and can be neglected. Thus, the EFG at A (e.g. a chlor-
ine atom) due to p orbitals alone can be expressed to a good approximation
by

(q2); = Ciqi + C3q3 + Ciq; (14)
with

5= [P} V7

But

ai=q}=qi=gq, (8
and

g% =q% =93 =95 =97=G:="Qp (16)

Here q,, is the EFG due to an unbalanced p electron and is experimentally
determined. Thus,

(@) = [C2—1 (C2+C3)a, a7
and

e?Qq = 27 N;[(Ci)* — L {(CL)* + (C})*}1eQq, (18)
or

e?’Qq =a - e’Qq, (19)
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where
a= 2IN;[(CL)? — 4 ((CL) +(CL)* 1

Here the coefficients (C.)?, (C})? and (C%)* are the weights of the p,, p, and
p. orbitals respectively used in the M.O. which describes the bond. Assuming
s and d hybridization in the bonding orbital of chlorine, it can be shown that

a=(1—s*+d>—i—m)+i(s?—d%) (20)

where i is the ionic character and 7 is the 7 character of the bond between
chlorine and another atom. s and d? are the amounts of s and d characters in
the bonding atomic orbital of chlorine. When d? and 7 are small, eqn. (20)
reduces to eqn. (21).

a=(1—i)1—s?) (21)

Similarly when only one of the p, and p, orbitals is involved in the 7 bond,
egn. (20) can be written as

a=(1—s*)1—i)—(7/2) (22)

The problem of hybridization of the halogen bonding orbitals has been
dealt with by many authors [36,38,39]. According to Townes and Dailey,
the s hybridization is taken as 15% when the halogen is bound to an atom
whose electronegativity is less than that of the halogen by 0.25 units. In all
the other circumstances s character is taken as zero. The amount of d char-
acter is propnsed to be 5% or less and in most cases considered negligible.
Thus according to Townes and Dailey, the changes in e*Qq for different
molecules are due mainly to changes in the ionic character of the bond.
Gordy [38] has preferred to take s hybridization always equal to zero.
Bersohn and Shulman [39] have concluded from their NQR and ESR
studies with the transition metal chlorides that s hybridization in the bond-
ing orbital of chlorine in these compounds is negligible.

b. Cotton and Harris treatment. Cotton and Harris {37] have shown through
a molecular orbital procedure that

€*Qq =22f - €*Qq wom (23)

where

f; = 22 Ni(C} +C; 22 CiSix) (24)
i k>j

Here S, is the overlap integral between atomic orbitals ¢; and ¢, and the
other terms have the same meaning as in Sect. I11.4.a. Equation (23) is the
M.O. analogue of Townes and Dailey expression (19) and reduces to the
same when S, is zero.
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c. Point charge model calculations. In addition to the contribution from the
charges within a given molecule, lattice contributions to the EFG become
significant in the case of ionic solids. The observed e?Qq is in fact a sum of
contributions from the electrons within the molecule, g young, and those
from the lattice, g, tice - Hence,

Grotal = 9 1attice + Qpound (25)

Qratsice Can further be resolved into g4;, EFG due to direct electrostatic
effect of external ions, and gq;,q which takes into account the indirect effect
(e.g. the distortion or polarization of the ion in question) caused by the
external ions.

gair can be calculated from the known crystal structure by considering the
charges in a sphere of chosen radius using a point charge model [40]. Thus,

gl = ZBP Zo(3xBxP —r}5,)irg (26)

where Zg is the charge on the ion B having coordinates x? at a distance rg
from the origin. §; =1 when i = j, and zero when i # j. The polarization effect
[41] due to the lattice is difficult to estimate and is generally taken into account
by multiplying gg;, with a suitable numerical factor. Hence, the EFG at the
origin is given by

q7" = (1 — Y ) qdir 27

where Y. is the Sternheimer antishielding factor. In solids with appreciable
asymmetry values, the point charge model fails in predicting the value of 7.
Several authors have tried to improve the point charge model by introducing
effects due to dipoles and multipoles on ¢”. Attempts have also been made
to consider the overlap of orbitals in computing the EFG.

III. INVESTIGATIONS IN COORDINATION CHEMISTRY

A. Halogen resonances
(3501’ J7Cl, 79BI‘, B'Br, 1271)0

1. Hexahalometallates

The group of coordination compounds most extensively studied by NQR
spectroscopy is the hexahalometallates {42—95]. The first NQR signal in this
series of compounds was observed by Nakamura et al. [42] in the compound
K,PtCle. A number of reports on a variety of hexahalometallates with different
central metal ions in their various oxidation states has appeared since then
[48—95]. These studies have been successfully employed in understanding
the electronic structure and other physical and chemical properties of these
complexes.
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a. Metal—halogen bonding in hexahalometallates. Nakamura et al. [11,42—
58] have analysed the halogen NQR data in a number of hexahalometallates
in terms of Townes—Dailey treatment assuming negligible d character and 15%
s character in the M—X bond. The results of the analyses show the following
trend:

(i) the covalent character of the M—X bond increases with decreasing electro-
negativity of the halogen;

(ii) the covalent character of the M—X bond increases with decreasing dif-
ference between the electronegativities of the atoms forming the bond.

A plot of the ionic character of the M—X bond against the electronegativi-
ty difference between the atoms involved in the bond (Fig. 2) shows a few
distinct features. The complexes studied fail into three distinct classes com-
prising complexes derived from metal ions having the same outer electronic
configuration. The higher degree of ionic character shown by Sn—Cl, Pb—Cl,
Se—Cl and Te—Cl bonds is consistent with the completely filled d-shells of
these metal ions which use only s and p orbitals for M—X bonding. Although
Sn'™ and Pb'Y are more electropositive than tellurium(IV), the ionic char-
acter of the M—X bond in hexachlorostannates(IV) and hexachloroplumb-
ates(IV) is almost equal to that of the hexachlorotellurates(IV). This has

1.4+

0.4

o H I i 1 i
20 30 40 S0 60 70 80

*/e lonic character

Fig. 2. Correlation between the percent ionic character of the M—X bond and the elec-
tronegativity difference between M and X. (Figure redrawn with the permission of the
publisher, Academic Press, and the authors from ref. 11.) 1. Se—Br; 2. Te—1I; 3. Se—Cl; 4.
Te—Br; 5. Te—Cl; 6. Sn—1I; 7. Sn—Br; 8. Sn—Cl1; 9. Pt—I; 10. Re—1; 11. Pt—Br; 12, Re—Br;
13. Pd—Br; 14. Pt—Cl; 15. Ir—ClI; 16. Pd—Ci; 17. Re—Cl; 18. 0s—Cl; 19. W—CI1; 20. Pb—Cl.
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been attributed to the difference in the electronic structure of the central
metal ions [41]. Even though, Nakamura et al. [45,51] have not considered
the possibility of M—X #-bonding in [SnCl¢]?” and [PbCl¢]?", there are
evidences {59,60] to show that Ge—Cl, Sn—Cl and Pb—Cl bonds have definite
though small 7-character. For example, Brill and co-workers [59] have shown
that Ge—Cl bond in [GeCl¢]?™ ion has a ““non-negligible” w-character.

The hexahalometallates of Ir™V, Os™, Re!V, Mn", Tc™, Mo and W', in
which the central metal ion has vacancies in the ¢;; orbitals, show resonances
at lower frequencies than the corresponding hexahaloplatinate(IV) and hexa-
halopalladate(IV). The change in the NQR frequency with the d-electron
configuration is approximately linear. Nakamura et al. [48,49] have ex-
plained the lower coupling constants in these paramagnetic complexes in
terms of the w-character of M—X bonds involving p. and p, orbitals of halogens
and vacant ¢, orbitals of metal ions. Using the equation,

e’Qq = [(1 —s)(A —i—7) — (7/2)1e’Qqaiom (28)

Nakamura et al. have calculated the ionic character of the M—X bond in
these complexes. Based on the work of Owen and co-workers {96—99],
Nakamura and co-workers [48,53] have assumed that the degree of n-bond-
ing is 5.4% per vacancy in the metal ¢, orbital. Thus, for the ions Ir'™, Os™,
Re® and WY, which have one, two, three and four vacancies respectively

in the t., orbitals, the percentage of wm-character in the M—X bond will be 5.4,
10.8, 16.2 and 21.6 respectively [48,58]). Calculations using eqn. (28) show
that with increasing n-character of the M—X bond, the M—X o-character
decreases (Table 1). The ionic character of the M—X bonds calculated for the
paramagnetic complexes correlates well with the electronegativity differences
between the halogen and the metal ion (Fig. 2). The hexachlorotungstate(IV)
ion shows a deviation from this trend and this has been attributed to errors,
which are large for this complex ion [11], due to various assumptions
involved in the calculation.

TABLE 1

o and 7 contributions to the M—X bond in a few hexahalometallates(IV) as calculated by
Nakamura et al.

Complex Electronic g-character fm-character Ionic Ref.
configuration character
K.PtCly  d° 0.560 — 0.440 42
K,oIrClg ds 0.480 0.054 0.466 48
K,0sClg d? 0.430 0.108 0.462 48
KsReClg d3 0.390 0.160 0.450 53
K, WClg d? 0.350 0.220 0.430 53
K;ReBrg d° 0.450 0.160 0.39¢ 53

K;Relg d3 0.520 0.160 0.320 53
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Although Nakamura et al. assumed 15% s character in the M—X bond when
the halogen is bonded to an atom more electropositive than the halogen by
63.25 units, recent experimental data suggest that the value of s-character
might be overestimated [39}. The assumption that the w-character increases
linearly with the ¢;; “hole’ population has also recently been questioned [61].

Brown et al. [61] have assumed that the number of electrons transferred
to the metal orbitals per metal ¢,, vacancy in the hexachlorometallates(IV)
is inversely proportional to the difference in the optical electronegativities
of the central metal ion and chlorine. Based on the value of 5.4% w-character
in the M—X bond of potassium hexachloroiridate(IV) [96—99], the value
of m-charge transferred to the metal ion per chlorine is given by

7= 0.054n (A1 /AXm) (29)

where Axam = X5t — x25t. Here X3Pt is the optical electronegativity of the
metal M and n is the number of vacancies in the {,; orbitals of M. Thus, the
m-character of M—X bonds in the complex species [PtCl¢]1?™, [IrCl¢]1?,
[OsCls]%", [ReCl¢]? and [WCls]%™ has been calculated to be 0, 5.4, 8.1, 9.7
and 10%, respectively. The g-character of the M—X bond has then been cal-
culated using the equation

equ = [0'85 g— (ﬁlz)]ezQQatom (30)

Estimation of w-character in these complexes by Brown et al. [61] is ex-
pected [72] to provide better results than that by Ikeda et al. [53], as Brown
et al. have based their analysis on optical electronegativity [100] which
depends on the transfer of electrons localized in the pm orbitals of ligands

to the dm orbitals of central atoms.

A correlation between optical electronegativity of the central metal atom
and halogen nuclear quadrupole coupling constants of hexahalometailates(IV)
of the second row transition metal ions has been shown to exist by Machmer
[62,63]. The quadrupole coupling constant is related to the electronegativity
of the central metal ion by eqn. (31)

2
R (31)
where C is a constant equal to 0.38 for °Cl and 0.134 for "°Br resonances.
The values of electronegativity thus obtained are very similar to the optical
electronegativity values obtained from electronic absorption spectral data
[{100]. But Brown et al. [61] have shown that the above relation breaks
down completely when hexahalometallates of the same metal ion, such as
tungsten, in different oxidation states are considered. A linear relationship
between the NQR frequencies and optical eiectronegativities of the central
metal ions has been reported by Cresswell et al. [64]. A plot of optical
electronegativity against **Cl NQR frequency (Fig. 3) gives two straight
lines, one for the second row transition metals and the other for the third
row transition metals. It has also been shown [64] that the chlorine quad-
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25+

20—

Y 351 MHz

W

1.5

Fig. 3. Correlation between optical electronegativity of the central metal ion and 3%Cl
NQR frequencies in K;MClg.

A = resonances at 77 K; © = resonances at 300 K; * = average of 3 resonances; ** = cal-
culated approximately from the resonance for Cs;RhCl.

rupole coupling constant decreases on going from the second tc the third
row transition metal hexachloro complexes. However, calculation of
m-character based on optical electronegativity differences using eqn. (29)
shows that the m-character is greater for the second row fransition
metal—halogen bonds [64]. (7-character of M—X in IrV’, Os"™ and Re" is
0.054, 0.081 and 0.097 respectively; for Rh'Y, Ru, and Te™ the cor-
responding values are 0.093, 0.118 and 0.130.)

b. Effect of cations on the NQR frequency of hexahalometallates. The NQR
frequency of halogens in various hexahalometallates with the same anion but
different cations increases with increase in size of the cation (Table 2). The
variation of NQR frequency upon changing the cation has been attributed to
(i) electrostatic contributions to the EFG [65—67], (ii) changes in the elec-
tronic structure of the [MX.]"~ ion [52,68], (iil} anion—cation covalency
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TABLE 2
Chlorine-35, bromine-79, bromine-81 and iodine-127 NQR frequencies in hexahalo-
metallates
Compound 2 Nucleus  Temperature® NQR Ref.
CK) frequency
(MHz)
K2SeClg 3s5¢1 77 20.576 47
K,TeClg 35C1 298 15.13, 14.99 69
Rb;TeClg 3501 298 15.14 69
Cs,TeClg 35¢1 298 15.60 61,68,69
(NHg),TeClg 35C1 298 14.98 44,61,68
(CH3NH;3),TeClg 3501 298 15.52 69
[(CH;3)4N],TeClg 3501 298 16.29 59,69
{(C2Hs):NH;1,TeClg 30 298 15.91 69
[{C2Hs);NH],TeClg 3501 298 15.48 69
(PyH),TeClg ¥l 298 16.49 69
(4-PiCH),TeClg 35¢1 228 16.68 69
(4-CIPyH),Te<lg 35¢1 298 16.686, 16.37, 69
15.56
(2,6-LutH),TeClg 35¢1 298 16.54 69
MgTeClg - 6H,0 35¢1 298 15.55 89
(12,C1)SbCl, 3501 R.T. 20.778, 21.011, 270
24.829, 25.689
(PCl4)SbCl, 3501 77 22.80, 23.02 109, 272
[(C2Hs5)4N1SbClg 3scl 77 24.01, 24.21, 109
24.67, 24.86
NOShClg 3s5¢t 77 22.35, 22.97, 109
23.15, 23.317,
25.03, 25.48
[{CH3)4N],GeClg 35¢H 298 19.61 59
Rb,GeClg 3501 298 18.87 114
K2SnClg 35y 77 15.78 51,61,65
Rb,SnClg 3s5¢] 77 15.63 51,61,65
Cs»SnClg 35¢ 300 16.057 61,65,68
(NH4)25nClg 35¢1 77 15.61, 15.65 51,56,61,65
(ND3)>5nClg 35C1 273 15.477 56
{(CH3NH3),S8nClg 35¢1 206 15.811 65
[(CH3)3NH],8nClg 3501 296 16.635 65
[(C2Hs)3sNH],8nClg 3scl 298 14.94 69
[(CH3)4N1,SnClg 350 296 16.663 65
(PyH),SnClg 35C1 298 17.37 69
(2,6-LutH),SnClg 35l 298 17.02 69
{4-PiCH)»2SnClg 3scr 298 17.81 69
(4-CiPyH)2SnClg 33Q 298 17.52, 17.32, €9
14.97
MgSnClg - 6H,0 3501 300 15.836 60,65
CaSnClg - 6H,0 35¢i 300 15.904 60
MnSnClg - 6H,0 35¢1 300 15.770 60
CoSnClg - 6H,0 35C1 296 15.752 65
NiSnClg - 6H,0 33 300 15.716, 15.719 60,65
ZnSnCls - 6H,0 35C1 300 15.720, 15.763 60,65
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Compound 3 Nucleus Temperature b NQR Ref.
(OK} frequency
{MHz)
CdSnClg - 6H,0 3501 300 15.907 60
Cs,PbClg 35¢1 300 17.705 68
(NH,4),PhClg 35¢1 77 17.26 51,61
{CH3NH3),PuClg 35¢1 298 17.50 69
[(C,Hs)3NH],PbClg 35¢C] 298 15.39 69
[(CH3)aN1,PbClg 35¢1 298 18.54 69
(PyH),PbClg 330 298 19.44, 19.30 69
(4-PiCH),PbClg 35¢1 298 19.87,19.63, 69
18.58
(2,6-LutH);PbClg 35¢1 298 18.75 69
(4-CIPyH),PbClg 35¢1 298 15.53 €9
K,PdClg 35¢1 77 26.75 43,82
Na,PtClg - 6H,0 35¢1 296.5 25.73, 26.47, 46
27.04
K,PtClg 35¢1 77 26.021 44,46,61,
68,82
Rb,PtCl, 35 77 26.44 52,81
Cs,PtClg 35¢1 77 26.70 52,61,68,
81
(NH,4),PtClg 35¢1 77 26.282 52
H,PtClg - 6H,0 35¢1 298 26.55 46
MnPitClg - 6H,0 35¢1 77 25.870 58
FePtClg - 6H,O 35¢1 77 25.837 58
CoPtClg - 6H,0 35 77 25.815 58
NiPtClg - 6H,0 33¢1 77 25.789 58
CuPtClg - 6H,0 35¢1 77 25.524, 25.788, 58
26.097
ZnPtCl, - 6H,0 35 77 25.810 58
CdPtClg - 6H,0 35¢1 77 25.823 58
BaPtClg - 6H,O 35¢1 77 25.442, 26.574, 58
26.698
Cs3RhClg 33C1 298 21.859 64
K3RhClg - H,0 Exle. 238 18.292, 18.497, 64
19.463
Na3RhClg - 2H,0 3501 298 17.618 64
NazRhClg - 10H20 35¢1 298 17.664 64
K,IrClg 3s¢a1 77 20.841 48,61.,82
K3IrCly - H,O 35 298 16.754, 16.939, 64
17.505, 18.109,
18.251, 18.800
KsIrClg 35Q 298 16.639, 17.690, 64
17.845, 18.43%
(NH,);:IrClg - H,O 35¢1 298 17.526, 17.758, 64
18.038
K;RuClg 3sct 298 17.345 64,94
K,0sClg 3sc a1 16.897 48,61,68,
75
K;MnClg 33a 77 18.843 64
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TABLE 2 (continued)

Compound 2 Nucleus  Temperailure* NQR Ref.
(K) frequency
(MHz)
Cs,MnClg 35C] 77 19.539 64
K,TeClg sq) 77 14.148 64,94
K;ReClg 35¢1 77 13.986, 13.966 50,53,61,
68,75
Rb,ReClg 35q1 77 14.248 54
GsaReClg 35¢1 77 14.604 54,61,68
(NH;)2ReClg :jCI 71 14.125 54
K,MoClg =3¢ 300 §.541, 8.785, 68
9.876
Cs;MoClyg 3s5¢i 300 10.732 61,68
K;3MoClg 35¢) 300 9.83, 8.54 61
KWCl, 3521 300 11.455, 11.335 61,68
RLWCl, 350 300 11.548, 11.320 61,68
CsWClg J501 300 11.748, 11.605, 61,68
11.281
K,WClg 3s5¢1 300 10.195 53,61,68
RbL,WClg 35¢1 300 10.575 61,68
Cs, WClg 35¢ 300 10.913 61,68
Cs,NECl, 350 300 8.589, 9.245 61,68
Cs,TaClg 35¢1 300 9.127, 8.803 61,68
K,SeBrg ?Br 77 173.599, 173.285, 47
172.389
Cs,SeBrg 9Br 77 177.44 47
(NH,)28eBrg 798r 77 172.623 47
K,TeBr, 7SBr 77 135.946, 135.670, 44
134.496
Cs,TeBr 79Br 77 135.962 44
(NH4),TeBrg 79B8r 77 135.062, 143.258, 44
129.946
[(CH3)aN],TeBrg 79Br 77 142.58 44
{{C2Hs)2NH; [ 3SbBrg °Br 298 126.19 a2z
[(C2Hs),NH,13BiBr, 9B 298 87.38 92
K;SnBrg 798r 77 130.53, 129.17, 45
132.00
Rb,SuBrg 79Br 77 128.91 51
{NH4)28nBrg 7°Br 296 126.53 45
Cs,SnBrg 8lgr 300 110.01 61,68
K,PdBr, 79Br 77 205.43 43
K,PtBrg 79Br 77 204.11, 202.25 42,61,68
H PtBr5 SH,O 798r 292.8 201.52 52
Na,PiBrg - 6H,0 79Br 77 207.44 52
Rb,PtBr, 9By 77 205.63 52
Cs,PtBr, 9By 77 208.32 52,61,68
{NH4),PtBrg 79Br 77 203.983 52,61
K,OsBrg 8igy 300 111.78 61,68
Cs,0sBrg sipr 300 116.83 61,68
{NH4),0sBrg 8igr 300 112.78 61
K.ReBrg 9By 77 115.09, 115.86, 50,53,68

116.06
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Compound 2 Nucleus ~ Temperature b NQR Ref.
K frequency
{MHz)
Rb;ReBrg 79Br 77 115.73 54
CsaReBrg 7%Br 77 118.41 54
(NH,),ReBrg 7?Br 77 113.95 54
Cs,WBrg 8lgr 300 75.28 61,68
KaTelg 127y 77 v, = 154.250, 44
154.095,
151,878
v, = 307.353,
300.603,
303.230
Rb,Tel, 1271 77 r; = 153.903, 52
153.240,
151,995
v, = 306.619,
305.636,
303.688
Cs,Tel, 127y 77 vy = 154.140 44
v, = 308.288
{NH,;),Tel, 127y 77 v, = 153.831, 44
152.165,
148.173
v, = 306.192,
302.335,
295.123
Rb,Snl, 127y 77 vy =132.57 51
K,Ptl, 127y 77 v, = 204.68, 42
203.70,
202.60
v, = 408.28,
407.18,
405.02
Rb, Pt 127§ 77 v, = 205.33 51
vy = 410.66
(NHQ)QPLI6 ‘271 77 D, = 205-69, 5]
205.48
KyRel,g 127y 77 vy = 122.9892, 50,53
123.73,
124.58
Uy = 245.52,
246.55,
247.45
Rb,Rel, 127y 77 v, =122.8,122.4 54
v = 244.8
Cs;Relg 1271 77 vy =124.49 54

v, = 249.01
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TABLE 2 (continued)

Compound 2 Nucleus Temperature NQR Ref.
°K) frequency
(MHz)
(NH4)2Relg 127y 77 v, =122.62, 54
122.10,
119.73
Yy = 242.03,
241.03,
239.42

a Ahhbreviations: PyH = pyridinium ion; 4-PiCH = 4-picolinium ion; 4-CIPyH = 4-chloro-
pyridinium ion; 2,6-LutH = 2,6-lutidinium ion.
b R T. = Room temperature.

[65,95], and (iv) changes in the M—X bending vibrations {52].

Calculations, using the point charge model, on the complexes K,PtCl¢ and
Cs,PtCl, have shown [52] that the direct electrostatic effect of the charges
of other ions on the EFG at the chlorine nucleus under observation is insig-
nificant. The EFG is supposed to originate largely from the charge distribution
within the complex anion whose electronic structure is affected by the sur-
rounding cations. Similar results have been obtained [54] for the complexes
A,ReCl, where A = K*, NH;, Rb" and Cs*. The changes in the charge distribu-
tion in the anion may be attributed to (i) the polarization of the complex ion
by the electrostatic field from neighbouring ions and (ii) the suppression of
bending vibrations of the M—X bonds [52]. Ikeda et al. [54] have shown that
the introduction of Sternheimer antishielding effect [41] in the calculation of
EFG due to external ions (point charge model) accounts for the large indirect
effect, at least with respect to the sign and the order of magnitude of g, 4.
relative to q4y.- Smith and Stoessiger [66] have shown that the introduction cf
Sternheimer antishielding factor, as well as the effect of multipoles on the EFG
at the halogen into the point charge model calculations, largely accounts for
the observed difference in frequencies (but see ref. 81).

Brill et al. [65] have performed point charge model calculations to evaluate
the EFG at the chlorine nuclei due to external ions for certain hexachloro-
stannates(IV) such as K,8nCls, Rb,SnCl¢ and Cs,SnCls. Their results show
that a simple point charge model does not account for the difference in
frequencies of these three salts. However, introduction of the effect of anion—
cation covalency involving the overlap of the cation p-orbitals with the
chlorine s and p orbitals, to the g, ce accounts for the differences in the
resonance frequencies [65,95]. Further, the overlap integrals for the three
salts menticned above show a trend which may be related to 1he resonance
frequencies [65]. In salts of the type A(H;0)¢SnClg, the variation of EFG
at the chlorine site could be interpreted in terms of point charge model [65].
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Brown and Kent [68] have observed in a series of hexahalometallates
(including WCl,, Cs,WCls, K,ReCl, Cs,S5nClg, K,0sClg, K,PtClg, Cs,PtClg
and the corresponding bromides) that the ratio of the **Cl NQR frequency to
the corresponding ®'Br NQR frequency is very close to the ratio of their
nuclear quadrupole coupling constants (Fig. 4), even though the Sternheimer
antishielding factor y.. for Br™ is twice as large as that for Cl1°. This is taken
as indicative of the fact that the field gradients due to lattice charge distribu-
tion do not contribute significantly to the halogen coupling constant. This
led Brown and Kent [68] to suggest that the variation in frequency due to
changes in cation is mainly due to covalency changes within the complex
anion.

Brill et al. [65,67,69—71] have studied the effect of cations on the halo-
gen NQR in a number of hexahalometallates. They have observed {70] that in
a series of [SnCl¢]* salts, the resonance frequencies do not correlate well
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Fig. 4. Plot of 35Cl NQR frequencies in hexahalometallates versus Br (A) and 3Br (B)
NQR frequencies in the corresponding bromo complexes. Resonances at 77 K have
been used for (A) and those at 300 K have been used for (B) (ref. 68).
1. WX 2- Cs,WXgs 3. KaReXg: 4. CsaSnXg: 5. K30sXg; 6. KaPtXe; 7. CsoPtXs; 8.
K2R9X6; 9. (NH,);ReXg; 10. Rb,;ReX4; 11, Cs,ReXg;12. (NH4),5nX4:13. RbaSnXgs
14. KQSnX{s; 185. KQSGXG;].G. I{thX6; 17. (NHq)zthG; 18. N32PtX6 . 6H20; 19. szptxc‘,:
20. KdeXG; 21. CSthXs.
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with the Sn—Cl bond lengths, but correlate with the cation size (cation—anion
contact distance) and the anion—anion contact distance. The 3Cl NQR
frequency in the [SnCl¢]*~ salts is shown to be very sensitive to the anion—anion
contact distance. The sensitivity gradually drops with the increase in separation
of the anions till a limiting value is reached. After this value is reached, the
changes in lattice dimensions do not produce any appreciable change in the
NQR frequency [70]. Further, the repulsive potential between ions in
[SnCl¢]?" salts closely follows the NQR frequency trend and may be a
dominant factor in determining NQR. frequencies {70,71]. An increase in

the repulsive potential decreases the polarization of the halogen atoms, and
hence the Sternheimer antishielding effect is suppressed [68,70,71,101]. This
lezds to the experimental observation that the electric field gradient decreases
with increasing repulsive forces between the ions [70,71].

c. Effect of temperature on the halogen NQR frequencies in hexahalo-
metallates [72]. One of the simplest applications of NQR is the study of
phase transitions taking place in solids (Table 3). Many hexahalometallates
of the type A:MX, exhibit a cubic antifluorite structure at room temperature.
As the temperature is decreased, some of these compounds have been ob-
served to undergo structural phase transformations to lower symmetry forms.
For example, the phase transiti~rn observed at 111 K for K;ReCl¢ has been
shown by O’Leary and Wheeler [73,74] as due to a change from cubic to
tetragonal structure. The [MX4]?" ions have been taken to be rigid octa-
hedral structures situated within cages defined by A ions. At the phase transi-
tion, the cage dimensions change and the octahedra reorient themselves to
the principal axis of the cage, but the octahedra themselves remain unaltered.
The angle of rotation of the octahedron is taken as the order parameter

and the observed changes in the NQR frequencies are associated with the
change in the order parameter. The phase transition may be caused by the
condensation of a particular normal mode of the phonon in the cubic phase
whose eigenvector corresponds to atomic displacements in the structure
stabilized below the transition temperature [74,75]. Recent advances in the
understanding of phase transitions in K,PtBrg, K,ReClg and K,0sClg, as
revealed by NQR data, have been reviewed by Armstrong [75].

Armstrong and co-workers [75—90] have analysed the temperature
dependence of halogen NQR frequencies in a number of hexahalometallates
containing [SnCl¢]?™ [76], [PtClg]*™ [77—82], [PtBrs]1?> [83,84], [PACls]?*"
[79,80,82], [IrCls]* [85,86], [OsClg1?” [87,90]1 and [ReCls]?>~ [88]. The
pressure dependence of the NQR frequency in a few of these complexes, as
well as spin lattice and spin—spin relaxation measurements, have also been
reported by Armstrong and co-workers {78,81,85,87—89].

The temperature dependence of the 3°Cl NQR frequency in K,PtCls and
K,PdCl¢ has been analysed using Bayer’s equation [77,79]. It has been shown
[79] that a single low frequency vibrational mode (~42 cm™' for K,PtCl,
and ~32 em™! for K,PdCls) dominates the motional averaging of the electric
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Phase transitions observed by halogen NQR in hexahalometallates
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Complex Transition temperature Ref
o
¢ C)

K1SeBrg —33, —52, —64 47

K, TeBrg —40 44
{NH;4),TeBrg & —52 44
Rb,Telg —40, —16, +55 52
K4SnClg —17,—8.5 56
{NH,),SnCl b ca. —85 56
(NDj3)2SnClg P ca. 10 56
KzSané 98, 123 56
{NH4)2SnBrg —129, —116 56
(NH,4),PtClg ® < 52
CuPtClg - 4H,0 —136 58
K,PtBrg —104, —130, —136, —168, —195 84,75
(NH3),PtBrg 0—1Y?,—215 52,83
K>;RhClg - H;O € (<—30) 64
K3IrClg ¢ (<0, >—51, <—51) 64
K;ReClg —199, —170, —162 74
KgReBl's —4,—16, —27 50,53
KsRelg ca. 166 53
(NHa)gREIG ca. 46 © 53
RbsRelg < 54
CsaRelg ¢ 54

3 Another transition is expected to exist between —8.5°C and —196°C.
b Rotational transition of (NH4)* and (ND)} ions.
© Transition point has not been observed definitely, but the range of temperature in which

transition is expected is indicated.

field gradient at the chlorine site. This mode has been identified as the rotary
F,; mode which corresponds to torsional oscillations of the [PtCls}*" and
[PACls]? ions about their axes of symmetry. However, stimulated by a
suggestion by O’Leary [74], that rotary modes and internal bending

modes may be important in the averaging process, Armstrong et al. [80,81]
have shown that a multiple mode analysis of the *Cl NQR data for K,PtCl,
and K;PdClg based on the Bayer—Kushida model provides a convincing ex-
planation of the motional averaging of the electric field gradient at the
chlorine sites. Thus, using the multiple mode analysis, Armstrong et al. {80]

have caiculated the torsional oscillation frequencies ~58 ecm”™

! and ~64 cm™!

for K,PtCl,s and K, PdClg respectively. In carrying out the multiple mode anal-
ysis, two important assumptions have been made: (i) that bond stretching motions
internal to the [MX]?" ion are of negligible importance relative to bond bend-
ing motions as a means of averaging the field gradient and for the destruction
of m-bonding, and (ii) that (d3v/aT), = (3v/3T),, which is reasonably valid for
compounds having no n-character in the M—X bond [75]. Baker and Armstrong
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[85] extended the multiple mode analysis to include the effect of the destruc-
tion of w-bonding [ 53] in K,IrCl, by the lattice vibrations.

The temperature coefficient (0v/07T),, of the halogen NQR frequency is
usually negative due to the Bayer effect {26]. For the hexahalometallates
generally, (0v/0T), increases with the decrease in size of the cation and in-
creasing temperature (Table 4). Compounds such as (NH;),PtClg, (NH,4),PtBrg,
[52], (NH,),SnCl, and (ND4},SnCl; [56] show a deviation from this irend,
and exhibit a second order phase transition, attributed to the rotation of NHJ and
NDj ions in the crystal lattice {52,56]. It has been observed that the NQR
frequency of (ND4j).SuCls is always higher than that of (NH,;),5nClg at a given
temperature. Further, the phase transition for (N1),4),SnCl¢ occurs at a higher
tamnaratinra (982 WY than far (NTIT V. QnfYl. (1R W)Y Mhacn vaciilée hava haoan
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presumed to be due to the secondary hydrogen isotope effect. Since deuterium
atoms undergo tunnelling less readily than hydrogen atoms in the ammonium
ion, it has been presumed [56] that the averaging of EFG takes place toa
smaller extent in the ND; compound resulting in a higher resonance frequency
at a particular temperature.

The temperature coefficient of the NQR of hexahalcmetallates of the transi-
tion elements increases progressively with increasing vacancy in the £,; orbitals
of the central metal ion (Table 4). The temperature coefficient becomes posi-
tive for K,ReCls and K,WCl; in the K,MX, series. This progressive increase
in (0v/8T), with ¢, vacancy has been attributed by Ikeda et al. [53] to the
m-character in the M—X bond. A more quantitative treatment reiating the
w-character of the M—X bond to the observed (@ v/a T)p values has been

o o towe TV e J, RO IR, |

p.{cat:uwu Y 11458 and Marram ]_cu.} &LLU{uxug to buexu, an increase in vempera-
ture will result in exciting the M—X bending vibrations. This in turn, will

TABLE 4
Temperature coefficients of 35CI NQR frequencies for some hexachlorometallates(IV) 2
Complex Cation Electronic Temperature {ov}d Tip Ref.
radius configura- range (kHz/°K)
(A) tion CK)
K,PtClg 1.33 ds 77—196 —0.92 52
K, IrCig 1.38 as 204297 —0.54 53
K,0sClg 1.33 a4 203—299 —0.22 53
K,;ReClg 1.33 a3 197—294 +0.13 53
K, WClg 1.33 da? 283—-308 +0.44 53
Rb,PtClg 1.48 as 77—196 —0.59 52
Cs,PtClg 1.69 a6 77198 ~-0.33 52
Cs, RhClg 1.69 as ~298 —0.50 64
K;RuCLg 1.33 - d3 ~298 —0.04 64
K;TeClg 1.33 a3 ~298 +0.15 64
2 (3v/3T), data for a number of hexahalometallates have been reported by Brown and

Kent [68]



result in the decrease in the overlap of the halogen p, and p, orbitals with the
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metal ¢,, orbitals, thereby increasing the electronic populatlon in the p, and
b, orbitals of the halogen atoms. This leads to an increase in the coupling
constant (eqn. 18). Comparison of the (3v/8 T'), data for the hexahalometall-
ates of second and third row transition elements (Table 4) indicates that the
M—X w-bonding is greater for the second row transition metals, especially
with the electronic configuration d*® and d* [94].

Brown and Kent {68] have suggested that the positive (6¢/3T), in some
of the paramagnetic complexes is due to the M—X stretching mode rather
than the M—X bending mode. If there is a greater decrease in the metal—
halogen orbital overlaps in the Tr-system than in the o-system upon stretching
the M—X Uonu, the relative loss in the w-bond order is aﬂ‘lpuucu u_y the con-
commitant increase in the o-covalancy {61,68]. Thus the coupling constant

Af halAaognrn whisrh AarnanAdc 11man tha Aiffarancsn in . and roAavhifal nansiladian
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(egns. 20—22), might increase markedly with vibrational excitation of the

stretching mode.

Another explanation for the observed positive (3v/3T),, has been given by
O’Leary [74]. According to him, the positive temperature coefficient in K-
ReCls is due to the soft librational mode which is highly temperature-
dependent above the highest crystallographic phase transition of K,;ReCl¢. He
rules out the w-bonding theory on the basis of observed negative (3v/37T),
in K;ReCl4 below the transition temperature 110.9 K. If the 7-bonding were
the cause of the anomalous behaviour, one would expect a positive (32/3T),
even at low temperatures. O’Leary has further poin'oed out that an alternative
explanation [28] that the EFG might itself increase with increasing volume so as
to produce a positive (3v/d T), may not be applicable in the case of hexa-

(ldl()’llebdudu;'b.
A number of factors other than m-bonding, expansion of volume and temper:

ture dependence of soft librational modes oler\ have tg he considered in ex-
ullu‘.‘/ HCAI\.ACAIVD AWFL OVL LV AALIL ANFARCAL ZAAVILANL.

plaining the (3v/3T), data. For example, Tkeda et al. [54] have observed
a negative (3v/8T), for the >*Cl NQR frequency in the compound (NH,),-
ReCl¢, even though the corresponding potassium salt exhibits a positive
(3v/oT), above the transition point (110.9 K). It has been suggested [ 54]
that hydrogen bonding or some electrostatic interaction between hydrogen
and chlorine atoms is responsible for the observed negative (av/0T), in
(NH,),ReCls. The normal negative (3v/3T), is not followed by the 7’Br
resonances in [(C,;H;),NH,1;[SbBrs] and [(C,Hs5),NH,]: [BiBrsl. An inversion
of sign of (3v/8T), has been observed in both these complexes. Brill and
Long [82] have interpreted this observation as due to the effect of phase
transition on the NQR frequency. However, similar results for the **Cl
resonances in Mg(H,0)¢[SnCls] and Ca(H,0)4[{SnCls] have been attributed
{60] to the presence of Sn—{l #-bonding in these complexes.

The **Cl NQR frequencies for some hexahydrates of hexachloroplatinates-
(IV) such as RaPtCl, - 6H,0, CuPtCl; - 6H,O etc., show low values of

Qi WNSLE WALy Wvee V2 LIS A0, 220N vallaks L

(a v/a T), (0.23—0.38 kHz deg™! ) which are much smaller than the value
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(0.95 kHz deg™! ) for K,PtCls. It has been suggested [58] that torsional oscil-
lations of [PtClg]?” octahedra are strongly hindered in these crystals. Broad
line NMR spectra of these complexes suggest [58] that water molecules in
these crystals do not have any freedom of rotation. Hence, it might be that the
hydrogen bond formation between chlorine atoms and water molecules is
responsible for the small (3v/aT), [58].

Lindop [93] has studied the **Cl NQR in K,IrCl¢ as a function of temper-
ature and magnetic field. The compound exhibits a single resonance above
the Neel point (8.05 K) and seven resonances below this point. The result has
been interpreted in terms of hyperfine interaction at each of the chlorine
nuclei in [IrCl4]?" ion.

2. Tetrahalometallates

Compared to the number of hexahalometallates studied by NQR, studies
on tetrahalometallates are very few (Table 5). The NQR of the first compound
of this series, K,Hgl,, was reported by Nakamura et al. in 1959 [102]. Other
tetrahalomercurates studied by NQR include K,HgCl, - 2H,0, (PyH),-

HgCi, [103] and Cs,Hgl, [104].

The resonance frequencies of tetrahaloplatinate(II) and tetrahalopalladate-
(I1), where the central metal ions have a d® configuration, are considerably
lower than those of the corresponding hexahalocomplexes of these metals
in their higher oxidation state (IV) [43,105]. Analysis of the NQR data using
the Townes—Dailey approach indicates that the covalency of the M—X bond
in the hexahalometallate(IV) is larger than that in the tetrahalometallate(1I)
of the same central metal ion [43]. As the metal becomes increasingly elec-
tronegative in the order Ni'!l < Pd" < Pt!l, the covalency of the M—X bond
has been found to increase in this order in compounds of the type A,MX,.
Even though the expected order has been observed when the cation is the
same [43], deviations have been observed when compounds containing dif-
ferent cations are considered [106]. This may indicate the importance of
Qhattice N these compounds [106].

Compounds containing the [ AICl;]™ ion have been studied widely [107—112].
Merryman et al. [107] have shown that the observation of one, two, four or
some multiplet of four resonances within a range of 1 MHz about an average
of 10.6 to 11.3 MHz is an indication of the presence of a salt-like compound
A*[ AICL,]". Observation of resonances at higher frequencies, with a wider
range will mean either the presence of [Al,Cl,]” (or [ Al;Cl,0]7) anions or
[ AICl4]™ ions which are strongly bound to the cation {107]. In compounds
containing [ Al,Cl;1” (or [ Al;Cl;0]7) ions which show resonances in a wider
range of frequencies (10—13 MHz), the higher frequency resonances have
been attributed to the terminal chlorines while those occurring at lower
frequencies have been assigned to the bridging chlorines {107].

Okuda et al. [112] have observed the halogen NQR and the Zeeman effect
on the resonances in AlX; - SbX; (X = Br or I) and AlBr; - BiBr; . The former
adducts have been shown to consist of { Al1X,]” and [SbX,]* ions with a weak
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TABLE 5
Halogen NQR frequencies in tetrahalometallates

Compound Nucleus 'I;emperature a  p(MHz) Ref.
(K)
Na,ZnCl, - 3H,0 35¢1 298 7.680, 9.150 121
Cs,ZnCl, 3s5¢1 77 8.893, 9.175, 121
9.628
{(PyH),ZnCly 35¢) 298 8.890, 9.477 121
(N2Hs),ZnCly sa 298 7.854, 8.596, 121
9.117, 9.900
K,HgCly - H,0 35() 298 16.24 103
(PyH),HgCl, 35¢1 298 11.99, 14.25, 103
15.72
Cs2CuCly 3s5¢1 77 10.484, 10.593, 121
10.856
(CH3NH3),CuCl, 35¢1 77 10.78, 12.157 116
(C2H;NH,),CuCly 35¢1 77 10.817,12.074 116
(C3H;NH;3),CuCl, 35¢1 298 11.315, 11.645 116
(enH,)CuCl, 35¢1 77 10.271, 11.901 116
NaAuCl, - 2H,0 35¢i 77 25.856, 27.998, 106,122,
28.867, 29.466 123
KAuCl, 35¢1 77 27.320, 27.598 122
27.907, 28.214 :
KAuCl, - 2H,0 3s5¢] 77 27.137, 28.183 122
(NH;)AuCl, 35¢1 77 27.300, 28.130 122
(NH;)AuCl, - 2/3 H,0  35Ci 293 26.617, 26.979, 122
27.431, 27.627
RbAuCl4 3sql 717 27.651, 28.319 122
CsAuCly 35¢) 77 28.419, 27.800 122
[N(CH3)4]2NECI4 35Cl 273 8.85, 905, 9.2— 106
9.4
[N(C2Hs)4]12NiCly 350 — 8.95, 8.64 (77 K), 106
8.96, 9.45 (220 K)
(CH3NH3),MnCl, 35¢C1 R.T. 7.711, 4.564 120
(PyH),PdCly 3501 273 17.97 43
K,PtCly 351 273 17.03 133,105
[N(CH3)4],PtCly 35¢1 273 18.38, 19.16 138
(PyH),PtCl, 3501 273 18.41, 18.60 138
NaAlCl, 3501 R.T. 11.009, 11.272, 107
11.385, 11.583
Te4(AlCl4), 351 R.T. 10.201,11.138 107
ICl, AsCly 351 R.T. 10.802, 10.843, 107
©11.267,11.413
Bis(AlCl,); 351 R.T. 10.479, 10.779 107
GaAlCly 35¢] R.T. 10.813,11.115, 107
12.491, 12.959
Hg3(AICL,), 35¢1 R.T. 10.417,10.676, 107

10.812, 11.383,
11.433, 11.843,
12.568, 12.597
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TABLE 5 (continued)

Compound Nucleus Temperature 8 v {MHz) Ref.
°K)

Co(AlCl,4), 35¢1 R.T. 10.813, 11.115, 107
12.491, 12.959

SC1; AICI, 350y R.T. 9.91, 10.18, 10.46, 107
11.04

[P(CgHs )4 JAICL, 35¢1 R.T. 11.23 111

CsGaCl, 35Cl 77 15.456, 15.468, 114
15.485, 15.524,
16.325, 16.604,
16.755, 16.958

NaGaCl, 3¢l 77 16.118, 16.370, 114
16.825, 16.961

RbGaCly 3501 77 15.182, 16.001, 114
16.349, 16.587

KGall, 35 77 16.483, 16.553 114

GaGaCly a5¢1 77 16.072, 16.250 114

[P(CeHs)a ITICI, 35¢t 77 19.86 111

[As(CgHs)4]TICL, 35t 77 20.00 111

CsoZnBrg 8igy 77 59.008, 61.2686, 121
63.240

Rb,ZnBrg 81Br 77 56.898, 62.533, 121
68.171

(PyH)>ZnBr, 81py 77 57.944, 59.801, 121
60.657, 61.182

NaAuBr,s - 2H,0 79Br 77 201.70, 217.66, 122
224.48, 229.43

KAuBrg 79Br vki 215.88, 214.64, 122
219.54, 217.73

KAuBr, - 2H,0 798y 77 212.75, 214.15, 122
217.97, 219.84

NH;AuBr, - 2/3 H,0 798y 77 207.03, 214.43, 122
215.52, 217.43

RbAuBrg4 19Br 77 215.69, 219.53 122

CsAuBrg Br 77 216.85, 222.00 122

K,PdBr, 79Br 300 129.34 43

K,PtBry 9Br 77 159.84 43

Cs,Znly ra27y 77 79.037 (v;) 121

K, Hgl, 127y 293 123.46, 129.30, 102
148.49 (1)

NE4Til, - 2H,0 1271 291 157.19 (v4), 118
312.50 (v3)

NH,4 T, 1271 291 155.88, 153.77 118
)

KTil; - 2H,0 127y 291 157.45 (vy) 118

KT, 127g 291 154.94 (v} 118

RbTII, - 2H,0 1271 291 157.78 (v ), 118
313.7 (v2)

CsTll, - 2H,0 1271 291 157.85 (¥1) 118

2 R.T. = Room temperature.



149

bonding between them through the halogens of the [ AlX,]” group. AlBr; -
BiBr; showed spectral features which are different from those of AlX; - SbX;.
Poleshchuk and Maksyutin [113] have studied the compounds AlBr; - SbBr;
and AlBr; - BiBr; by halogen, antimony and bismuth NQR.

35Cl, ¢°Ga and ®'Br NQR spectra in a series of halogallates(IIl) including
tetrahalogallate(I11), MGaCl, (M = Na, K, Rb, Cs and Ga') have been reported
by Deeg and Weiss [114]. Temperature dependence of the *Cl resonances
in KGaCl,; and GaGaCl, has shown that these compounds exhibit poly-
morphism. The phase transition on going from low to high temperatures in
these two compounds is accompanied with the lowering of symmetry of the
GaCl, tetrahedron and an increase in the crystal field splitting. From 3°Cl
and ®*Ga NQR data, compounds of the type MGa,Cl,; have been assigned a
bridge structure analogous to KAl,Br, and Tes(Al;Cl,); [114]. Alymov et al.
[115] have observed halogen NQR in compounds of the type BuiN{GaX;]
(X = Cl, Br, I). Bu}N[Gal,;] has two non-equivalent [Gals]” ions in the unit
cell. The covalency character of the M—X bond in these compounds is shown
to increase in the order GaCl; < GaBr; < Galj.

Scaife [111,1171 has suggested an empirical relationship between (i) the
covalent character, ¢, of the M—X bond, (ii) covalent radius of the metal M,
ry, and that of the halogen, ry, and (iii) the M—X bond length d:

d=r1ﬂ+rx_0.6110g0 (32)

Substitution of different values in eqn. (32) for both [T1,Cly]?” and TICl;
led to the evaluation of ro; = 1.24 A_ This was used in the prediction of the
Ti—Cl bond distance in [TIClL;]™ (dp—. o1 = 2.50 &), which agrees well with
2.47 A calculated from Pauling’s tetrahedral radius for TI'"')[117]. The small
asymmetry parameter (n = 6.8%) observed for }?"I in [T11,] ion has been
attributed to the electrostatic effect of the external ions [118].

The two 3*Cl resonance frequencies observed [116] for compounds of the
type AzCUCL;, (A == CH3NH;, CH;;CHgNH;, CH3CH‘20H2NH;) and
(NH,CH,CH,NH;)CuCl, have been assigned to “bridging’’ and non-bridging
halogen atoms based on the structural data for the complex (NH;),CuCl,
[119]. The higher frequency resonance has been shown to be due to the
“bridging’’ chlorine atoms of a [CuCls]™ unit which are long bridging to the
neighbouring [CuCl,]™ unit at a distance of about 2.8 A to 2.9 A. Similar assign-
ments have been made for the NQR frequencies in (CH;NH;),MnCl, [120],
based on studies involving single crystal rotation patterns in a small magnetic
field of 40 G. The temperature dependence of NQR in (CH;NH;),.MnCl, in-
dicates a first order phase transition at 256.5 K and a second order phase
transition at 393.7 K [120]. (CH;CH,;NH,),[CuCl,] shows a phase transition
at ca. 360 K [120]. Halogen NQR in [ZnX,]*>" has been reported by Scaife
[121].

Temperature dependence of *Cl NQR frequencies in Na(AuCl,) - 2H,0
is interesting in that, of the four resonance signals ovserved, the lowest
frequency line showed a positive (0v/3T), while the others showed a normal
negative (av/87T), [122,123]. The positive (3v/3T), of the low frequency line



150

has been shown to be due to the hydrogen bond formation between the chlorine
responsible for the signal and the water molecule {123]. This assignment has
been confirmed by the temperature dependence of the NQR spectrum of the
compound Na(AuCly) - 2D,0 which showed a still more positive (dv/3T),

for the lower frequency line [106]. The anhydrous compounds NaAuCl; and
KAuCl, show only two frequencies which exhibit negative (av/0T), [124].
The temperature dependence of 3Cl NQR in HAuCl, - 4H,0 (Hs0;AuCl; -
2H,0) shows two phase transitions, one at 298 K and the other at 218 K.
However, only one phase transition (at 252 K) was observed in DAuCl, -
4D,0 [125].

3. Other halometallates

Bowmaker et al. [128] have discussed the !?7I spectrum in [Ph;MeP} Cu,l;
in terms of covalent character of the Cu—I bond as well as in terms of con-
tributions from the Sternheimer antishielding effect.

Bowmaker et al. {126] have observed only a single set of halogen resonance
frequencies for the [CuX,]™ ion in [BuiN]CuCl,, [Ph;As] CuCl, and
[BuiN] CuBr, and have interpreted the data in terms of centrosymmetric,
linear {CuX,] ions. The ionic character of the M—X bond in these complexes
is found to be more in the Cu—Br bond than in the Cu—Cl bond {126].

NQR spectra of a number of compounds containing [CuCl;}™ anion have
been reported by Scaife [116]. The data for these complexes have been inter-
preted on the basis of predominent covalent character of the Cu—Cl bond with
only 10% contribution to the EFG from the lattice charges. The low frequency
resonances in these compounds have been assigned to chlorine atoms engaged
in long bridging interactions while the higher frequency resonances have been
assigned to the terminal chlorines. Positive (3v/3T), was observed for all the
three resonances in NH,CuCl; while the normal negative (8v/3T), was observed
in KCuCl,. The difference in the temperature dependence of NQR spectra of
these two complexes has been explained as due to a change in the degree of
magnetic ordering [116]. While KCu(l; is not magnetically ordered even at
1.3 K, CsCuCl; is magnetically ordered below 10 K [127]. Zeeman experi-
ments on 3°Cl NQR in KCuCl; show [127] that the asymmetry parameter for the
bridging chlorine is larger (91.6%) than that for terminal chlorines (22.5 and
51.3%).

{Co(NH;)s] CuCls exhibits two 35Cl resonances (77 K) at 10.453 MHz and
9.642 MHz. The higher frequency resonance has been assigned [116] to
axial chlorine atoms (of the trigonal bipyramidal arrangement of chlorines
around Cu') and that occurring at 9.642 MHz to equatorial chlorine atoms.
While the low frequency signal shows a negative (dv/d T),, the high frequency
signal shows a moderate positive (3v/3T), . As the frequency due to axial
chlorine atoms is lower than the expected value (based on the Cu—Cl bond length)
and it shows a positive temperature coefficient, Scaife {116] has suggested that
the n-character of the axial Cu—Cl bond is more than that for the equatorial
Cu—cCl bond.
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Compounds of the type AGa,Cl, (A = Na, K, Rb and Ga') show two
groups of **Cl resonances, one containing six resonances and the other only
one. A structure similar to that of (Al,Cl;)” [107] involving 2 chlorine bridge
has been suggested {114] for the ion Ga,Cl; and the low frequency reso-
nance has been assigned to the bridging chlorine. The sextet at higher frequen-
cies is due to the “chemically inequivalent’ terminal chlorine atoms [114].
Deeg and Weiss [114] have found that the ratios of the terminal halogen
frequencies (average) to the bridging halogen frequencies in compounds having
the anion M,X3 (M = Al, Ga) are greater for the Ga'! compounds than for
the Al compounds. This has been explained [114] as due to the greater
degree of terminal M—X pm — d7 bonding in A" compounds than that in
Ga'! compounds.

Bridging and terminal halogen resonances have been observed in ACuCl,
{116,1271, AMnCl; [129,130], {Hgl;]™ [131], AHgCl; [117,132],

CsPbCl; [133—135], KAl,Br; [114] and A;Sb,X, [136]. Only two
resonances which could be assigned to the + 1/2--+3/2 transition have been
observed in (CH5NH,3)5Sb,I, [136]. The low frequency resonance in this
compound has been assigned to the bridging iodine [136]. The terminal
halogen resonances in [Sb,Br,}*” are lower than those in [SbBrs]® even
though the Sb—Br bond lengths in the former are less than those in the latter.
This has been attributed [136] to the distortion of the Sb' kernel to de-
crease the electron density in the region of the bridging halogen atoms. The
terminal chlorine frequencies have not been observed in [(CH;)sN]; -
[(NDb4Cl,,)Cl¢]. Based on structural and chemical facts, it has been suggested
{137] that the terminal halogens in the cluster anion are ionic in nature and
that the resonance frequencies for them are much lower than those for the
bridging halogens.

Hydrogen bonding in hydrated salts has been shown to cause large frequen-
cy shifts in NQR spectra [122,138]}. The presence of water molecules ap-
parently increases the spread of resonance frequencies as in Na,ZnCi; - 3H,O
or increases the resonance frequency as in the salts KZnX; - 2H,0 [139]. The
frequencies of bridging and terminal halogen atoms are also affected by the
formation of hydrogen bonds [129].

4. Miscellaneous

127 NQR in simple jiodates such as KCrIO4 and complex iodates such as
K,Sn(I0;)¢ has been reported by Shishkin et al. {195]. The e’Qq values in
these compounds show a linear dependence on the ionic radius and oxidation
state of the cation. Further, e2Qqg and 7 values in these complexes depend on
the oxidation state of the central metal ion of the [M(I0,)]? octahedron.

A number of complexes of mercury(1l) halides with various oxygen donor
ligands has been studied by NQR spectroscopy [117,140--148] (Table 6).
The 3°Cl NQR in HgCl,(dioxane) occurs at a lower frequency than the parent
halide, while those of HgBr,(dioxane) and Hgl,(dioxane) occur at a higher
frequency than the parent h-lide. This has been explained by Brill [141] as
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TABLE 6
Halogen NQR frequencies of complexes of mercury(Il) halides

Compound Nucleus Temperature 2 Halogen Ref.

(°K) frequency
({MHz)
HgClz(dioxane) 3sa R.T. 20.454 141
HgCl,(dioxane), 351 R.T. 21.15 144
H¢Cly{methanol), 3scy 298 20.205, 20.052 142
HgCl,(THF) ¢ 35y 298 21.014, 19.628 142
HgCl,(DMSO0) ¢ 35 296 21.184, 20.075 143
HgCly(acetophenone) 35¢1 298 20.872, 19.396 143
HgCla(benzophenone) 3scl 298 21.685, 20.742 143
HgCl;(benzoquinone) 35¢1 296 20.540 143
HgCl,(2,6-dimethyl-

Y-pyrone) 35¢1 296 19.155 143
HeCl,(Py0O) 35Cy 298 19.461, 19.022 142
HegCla(4-MePyO) 3501 298 21.451, 20.050 142
HgCl, - DMF 3501 — 20.208, 20.456 140
HgCl, - dimethoxyethane 35Ci —_ 21.326 140
HgC12 . CﬂgsCHchz'

SCH; 35C1 77 16.89, 16.92 150
ch12(CH3)2NCH20H2'

N(CHzs)» 3sq 77 17.96 150
HgBra(dioxane) 79Br R.T. 160.G3 141
HgRBr,(dioxane), 79Br R.T. 170.07 144
HgBr,(THF) 81py 298 136.74, 130.22 142
HgBry(acetophenone) 8igy 298 135.73, 128.49 142
HgBr,(benzophenone) 81gy 298 139.17, 136.26 142
HgBry{ 2-phenoxathiin} 81 Br 298 130.14, 128.87 142
HgBr,(PyO) 8ipy 208 141.21,132.03 142
HgBr,(4-MePy0) 8ipr 298 141.33, 131.55 142
HgBr; - 2DMSO 8ipr — 128.08, 134.78, 140

141.45,141.84
HgBr, - DMF 81Rr o 122.87, 134.60, 140
186.00
HgBr;(dimethoxyethane) ®!Br —_ 141.23, 140.40 140
HgBr,(CH;SCH,CH,-

SCH3) slgy 77 116.00, 116.44 150
HgBr,(CH3)2NCH,-

CH.(CH3), 81pr Yii 117.56, 123.05 150
Hgl,(dioxane) 127y R.T. 172.77° 141
Hgl(PyO) 127y 208 172.51,164.63 % 142
Hgl,(4-MePyD) 127y 298 174.53,167.13» 142
Hg’lg(CH;;SCHzCHz‘

SCH3) 1271 77 152.93,156.44® 150
Hgl,(CH;); NCH,CH>-

N(CH3)» 1271 77 148.13,153.84 % 150

2 R.T. = Room temperature {not specified). .

P Resonance due to +1/2->+3/2 transition.

¢ Resonances for this compound have been obtained at 19.878 and 19.484 MHz [140].
d Resortinces have been reported at 20.584 and 19.272 MHz [140].
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due to a weak interaction of dioxane with HgBr, and Hgl, such that no sig-
nificint charge transfer takes place in these complexes. The Hg'' halides are
considered to act more as free but ordered molecules in a lattice containing
dioxane molecules of crystallization [141]. The trend in strength of inter-
action of Hg"! with dioxane appears to be in the order of HgCl, > HgBr, >
Hgl,. The shift of NQR to higher frequencies in HgBr, and Hgl, complexes
may also be due to changes in Hg—X w-bond character [140].

Similar trends have been observed in the Hg!! halide complexes with tetra-
hydrofuran (THF), benzophenone, acetophenone, phenoxathiin, methanol,
pyridine-1-oxide (PyO) and 4-methylpyridine-1-oxide (4-MePyO) [142].
Patterson et al. [144] have interpreted the halogen NQR spectra in HgX,-
(dioxane) and HgCl,(dioxane), in terms of substituting oxygen for halogen
in the highly distorted octahedral coordination about Hg" in HgCl,. The
presence of two widely separated ?3Cl resonances in HgCl, complexes with
THF, dimethylsulphoxide (DMSO), acetophenone, PyO and 4-MePyO has
been attributed to the presence of both bridging and terminal chlorine atoms
in these complexes [141,143], (however, see ref. 149). Temperature de-
pendence of **Cl NQR in HgCl, - 4MePyO has also been reported [147].

More recently [273] the appearance of two NQR signals separated by a
few MHz in mercuric halide complexes has been suggested to be due to
differences in the intermolecular interactions experienced by the two halo-
gens of the same HgX, group. The extent of splitting depends on the number
of nearest neighbours of Hg" as well as that of the halogen. From a study of
35C1, "°Br, 8'Br and '?’I NQR in a number of mercuric halide adducts of
polyethers such as glyme and diglyme and a crown ether (18-crown-6) and
from the data available in literature, Wulfsberg [273]} has proposed that the
possible structure of the adducts of HgX, may be postulated from NQR
data.

Complexes of the type HgX, - D (X = Cl, Br or I; D = —SCHj3, N(CH3),,
—QCH;, disubstituted ethanes) have been studied by Bryukhova et al. [150}
by halogen NQR spectroscopy. The results show that in the complexes where
X = Cl or Br, the halogens are equivalent indicating a linear X—Hg—X group.
For the X = I compounds, the tetrahedral coordination around Hg''is
destroyed and the asymmetry parameter, 7, is severely decreased. Babushkina
et al. [151] have studied the covalency changes in the M—X bond in com-
plexes of the type MX, - L, (where M = Zn, Cd, Hg, X=Brand Iand L. =
nitrogen containing heterocyclic ligand) using "?Br, 8'Br and '*’I NQR. The
covalent character of the M—X bond decreases when Hg!! and Zn™! halides
are complexed. However, in the case of CdBr; and Cdl,, the covalent char-
acter of the M—X bond increases on complexing with the ligand.

35C1 NQR in CuCl; - PyO complexes has been studied by Frausto da Silva
et al. [152,153]. The chlorine resonances observed for CuCl, - PyO com-
plexes have been assigned to terminal halogens which differ in the Cu—Cl
bond length [153]. While the DMSO adduct of CuCl,(PyO) shows an increase
in both the resonance frequencies relative to those of CuCl,(PyO) by about
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0.2 MHz, the PyO adduct shows a decrease of about 0.24 MHz for both the
resonances. This may be due to the possible hydrogen bond formation in the
PyO adduct which cannot happen in the DMSO adduct [153].

35C1 NQR frequencies of BCl; and its amine complexes [154] and nitrile
complexes [155,156] have been reported. The coupling constants have been
interpreted in terms of two molecular theories, BEEM-7 and CNDOQO [156].
35Cl and *°*Ga NQR have been reported for a number of 1 : 1 complexes of
GaCl; with a variety of donor ligands [157—160]. Only the adduct of GaCl,
with CH;CN gives a single resonance line indicating a C3, symmetry for the
complex in the solid [158]. Structures involving halogen bridges and [GaCl,]”
ion have been ruled out by halogen NQR data [157,158]. From the **Cl NQR
data on GaCl; complexes with different ligands, Carter et al. [159] have
concluded that the basicity of the ligands increases in the order R;P< R;As
< R,S< R,0 where R = Me or Et.

Rogers and Ryan [161] have partly used the point charge model calcula-
tions in assigning the frequencies in the complexes of POCl; with a number
of metal halides. Analysis of the result using the Townes—Dailey approach
indicates the decrease in Lewis acid strength of the metal halides studied in
the order SbCls > FeCl; > SnCl, > TiCl,. Temperature dependence of the
35Cl NQR in these complexes has indicated [161] the internal motion of the
—PCl; group about its three-fold axis. The observation of only two resonance
frequencies for POCI; in SnCl, - POCI; (the crystal structure demands the
observation of four resonances) has been explained by assuming a lower barrier
for rotation in one —PCl; group so that even at 77 K, the resonances for
that set would be lost while those for the second set would only disappear at
higher temperature [161]. In SbCl; - POCl;, there is evidence for a hindrance of
vibration of one of the chlorines and extensive rotational (or librational) motion
of the POCI; group about the PO bond at room temperature [271]. Rotation of
SnCl; group has been reported by Kume et al. [162] in the complex SnCl;Mn(CO);

The frequency splitting and shifts of the 3°Cl resonance frequencies in
complexes of the type SnCl, - L, are based on the cis or trans structure of the
complex [163,164]. As all the four chlorines are equivalent in the frans
isgmer and tfwo pairs of equivalent chlorines are present in the cis isomer,
the complexes showing two sets of resonances have been assigned the cis
configuration [163]. Of the two sets of resonances exhibited by the cis com-
plexes, the higher frequency resonances have been assigned to the equatorial
chlorine atoms and the low frequency resonances to the axial chlorine atoms
[163]. The splitting of the spectra is maximum at the lowest charge transfer
and decreases with increasing charge transfer, finally giving a single intense
line.

35Cl, "°Br, and ®'Br NQR spectra in a number of charge transfer complexes
(Menshutkin complexes) of AsCl;, AsBrs;, SbCl; and SbBr; with aromatic
hydrocarbons, ethers and amines have been studied [165—185]. The shifts
in the halogen NQR frequencies in these compounds compared to the parent
halides have been attributed to the charge transfer from the donor to the
metal atom (As or Sb) or to the halogen by the interaction of the acceptor
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atom with either the m-system or the lone pair of electrons on the heteroatom
of the donor. Steric effects of the donor ligands also play an important role
in deciding the extent of shift in the NQR frequency as well as the splitting
pattern in the spectra. Zeeman effect on the NQR frequencies in 2AlBr; -
CsH,, 28b(Cl; - C¢Hg, 2SbBr; < CsHg and 2SbCl; - C,oHy has also been studied
[168,181—183]. The CI—Sb—Cl bond angles obtained in these complexes

(ca. 90—95°) show satisfactory agreement with those obtained by X-ray
diffraction method. The value of n for the halogens in the SbX; complexes
varies from 5 to 17%. ®'Br spectrum and the Zeeman study of the complex
AlBr; - CgHg [182] show that this complex is a dimer. The interbond

angle, obtained by the Zeeman study, at the bridging bromine in this complex
is 95.5 =+ 0.2° and the bond angle between the two termiral bromines is
117.3 + 0.5°. The corresponding values obtained from the X-ray diffraction
method are 87 + 2° and 122 £ 2° respectively. The difference between the
values obtained by these two methods has been attributed [182] to the
presence of bent bonds. The asymmetry parameter obtained for this

complex at the bridging bromine site is 28.9 + 1.1% and those obtained for
the two terminal bromine sites are 8.6 * 1.1 and 6 * 0.9%.

Poleshchuk et al. {186,187] have studied the chlorine NQR in the 1:1
complexes of SbCl; with donors such as pyridine, ammonia, diethylether,
dioxane, benzonitrile and quinoline. Analysis of the results by the Townes—
Dailey procedure indicates that the charge has been largely transferred to
chlorine rather than to antimony. 33Cl and '?'Sb (*?*Sb) resonances in SbCls

CH,CN are consistent with a covalent structure in which SbV is hexacoordi-
nated [271]. 35Cl NQR studies have been made by Makridin et al. [188] on
SbCls(CICH,),0. Burgard and Lucken [189] have reported the 3SC1 NQR in
SbCls; - CNC1. 1 : 1 and 1 : 2 complexes of TeCl, with donors such as (C3H,),S
and DMSO have been studied by 3°Cl NQR [190].

Observation of two 33Cl resonances (at 9.265 and 9.592 MHz) in Rb,-
VOCI, has been attributed [191,192] to the existence of two sets of chlor-
ine nuclei in non-equivalent positions. Safin [193] has observed two types
of bromine sites in Rb,UQO,Br, by temperature dependence of the *'Br
NQR. The difference in (3v/3T), for the two sites is shown to be due to
bromine to water hydrogen bonding. The temperature dependence of halogen
NQR frequencies in acetic acid complexes of vanadium(III), [(CH;)sN]-

[ VCla(AcOH),] and [(CH;3)4N] [ VBr;(AcOH),], has shown [194] some
interesting results. While the higher frequency line shows a normal negative
(8v/3T), the low frequency resonance exhibits a positive (8r/3T),. The
higher frequency resonance disappears at 77 K. This observation has been
explained [194] by assigning the low frequency line to a pair of halogens
which are 7-bonded but not hydrogen bonded and the higher frequency lines
to a pair of halogens which are both 7-bonded and hydrogen bonded.

35C1 NQR in a few cobaloximes shows [197] that the covalency of the
Co—Cl bond gets reduced by the electron-donor ligand present trans to the
chlorine, the interaction of P(C¢Hs); being more than that of pyridine. No
such trend has been observed for trans-dichlorocobaloximes. A number of
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complexes of ethylenediamine (en) and NH; with Co(III) salts have been
studied by 3°Cl NQR [198—204]. Trans-[Co(en),Cl,]Cl10, [198] and
[Co(NH;)sC1]SO, - H,SO, [204] show two *°Cl resonances consistent with
two inequivalent cobalt sites observed by *°Co NQR. Analysis of **Cl NQR
data using Townes—Dailey procedure indicates ~35% covalent character in
the Co—Cl bond of these complexes. The 3°Cl resonance in trans-{Co(en),Cl,]-
Cl - HCI - 2H,0 is similar to that in trans-[Co(tn),Cl,]Cl - HCl - 2H,0 (tn =
trimethylenediamine) indicating that the Co—Cl interaction and population

of the Co(d_;) orbital which is involved in ClI—Co—Cl bonds are virtually
unchanged in these complexes [203].

A number of cis—trans isomers of the type MX,L, (M = Ni"!, Pd! or Pt'")
have been studied by Fryer and Smith [106,205,206]. The trans-PtCl, * L,
complexes exhibit resonances at higher frequencies than the cis-PtCl; - L,
complexes (Table 7). The difference between the **Cl NQR frequencies of
the trans complex and those of the cis complex, is a measure of the trens influ-
ence of the ligand L [206]. On changing the ligand L, rescnances due to both

TABLE 7

Chlorine-35 NQR frequencies of some square planar platinum(II) and palladium(II) com-
plexes

Compound 2 Temperature v Ref.
(°K) (MHz)
trans-(piperidine),PdCl, 273 16.11, 16.31 205
trans-(pyridine),PdCl, 273 17.72 205
trans-(Buj As); PdCl, 273 18.23, 18.59 205
trans-{Buj P),PdCl, 273 18.37, 18.50, 205
18.58, 18.63
trans-(EtCN),PdCls 273 20.30 205
trans-(CgHsCN ), PdCly 273 20.58 205
trans-[(CH3),NH],PtCl, 273 18.16 205
trans-(NH3),PtCl, 273 17.30 205
trans-(pyridine),PtCl, 273 19.62 205
trans-(Et3P), PtCl,y 273 20.99 205
irans-[{C¢Hs)Bui P, PiCl, 273 21.32, 21.64 106
CiS‘[(CH3)2NH]2PtCIz 273 17.21 206
cis-(pyridine),; PtCl, 273 17.65 206
cis-(Buj P),PtCl, 273 17.73,17.79, 106
17.89, 17.96
cis-[(CgHs)Et2 P12 PtCly 273 17.82,17.99 106
cis-[(CgHs)BuZ P],PtCl, 273 18.33 106
cis-(bipyridine)PtCl, 273 18.98 106
cis-(EtCN),PtCl, 273 21.05, 21.33 106
(bipyridine)PdCl; 273 17.82, 18.35 106
(DMSQ),PaCl, 273 19.75 106
trans-(Bu§ P); PtCl, 273 20.90, 21.04, 108
21.08

2 Bu" = n-butyl; Et = ethyl; DMSO = dimethylisulphoxide.
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trans and cis complexes move in the same direction [206]. In the trans Pt!!
series the decrease in the **Cl NQR frequency has been correlated to the in-
crease in the Pt—Cl bond length [106]. A greater spread of Pt—Cl bond dis-
tances for a given range of 3°Cl resonances has been observed when the trans
ligand is changed, than when the cis ligand is changed. In the trans-PdCl,L,
series, the charge on the chlorine atom increases as L is changed in the follow-
ing sequence: PhCN, EtCN, Buf}P, Buj As, pyridine and piperidine. A similar
trend has been observed for the corresponding Pt complexes also. The in-
crease in the charge on chlorine indicates a weakening of the M—Cl bond
which appears to assist nucleophilic subs.itution reactions of the chlorine.
The above order of cis influence of the nucleophiles has been explained by
Fryer and Smith [205] as due to either (i) the increasing charge donation from
left to right in the series allowing the cis M—Cl bond to become increasingly po-
larized or (ii) the possibility that the ligands which weaken the frans bond simul-
taneously strengthen the cis bond. An interpretation of the cis effect in planer d?
complexes of the type PtCl,XY based on experimental NQR data has been
presented by Schreiner and Brill [207]. No appreciable cis effect on **Cl NQR
has been observed in PtCl,(C,H;)L compounds {208]. )

A common feature in the spectra of mono-olefin complexes of the type
[PtCl;L]  is the presence of a pair of higher frequency resonances and one
low frequency resonance [138,209]. The low frequency resonance has been
assigned to the trans chlorine. Temperature dependence studies on Zeise’s
salt reveal that, of the two cis chlorine atoms which are responsible for the
pair of high frequency resonances, the one responsible for the higher
frequency resonance is involved in a stronger hydrogen bond than the other
[138]. The observed order of the olefins in terms of increasing **Cl
frequencies, ethylene < butene < styrene, is probably influenced by both
inductive effect and steric character of the substituents on ethylene [138].
Yesinowski and Brown [209] have studied the 3'Br NQR in K[PtBr;(C.H,)]-
H,O0, K,PtBr; and PtBr,L (L = cyclooctatetraene). As in the corresponding
chloro complex, the low frequency resonance (103.2 MHz) and the high
frequency resonances (130.9 and 132.5 MHz) have been assigned to trans and
cis bromine atoms respectively [209] in K[PtBr:(C,H,;)]1H,O.

In complexes of the type trans-(LPtCl,), and trans-(LPdCl,),, where both
bridging and terminal chlorines are present, the higher frequency resonance
has been assigned to the terminal halogen [174]. This assignment has been
supported by photoelectron spectroscopic studies on trans-[(Et;P),Pt,Cls]
which show lower binding energy for the bridging chlorines than that for the
terminal chlorines [210]. A correlation between the (Cl 2p;,,) binding energy
and 3°Cl NQR frequency has also been obtained for these compounds (Fig. 5)
[210].

Differences in NQR frequencies of tetrahedral and square planar complexes
of Nill have been observed by Smith and Stoessiger [211] (Table 8). The
differences have been attributed to the presence of partially filled metal orbitals
suitable for M—X m-bonding in the tetrahedral complexes and the absence of
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Fig. 5. Correlation between the 3°Cl NQR frequency and the binding energy [CK2p3;2)]
in a few Pt complexes.
{Redrawn with the permission of the publisher, Chemical Society, London, and the authors,
from ref. 210.)

such orbitals in the square planar complexes [211]. An estimation of 7-bond-
ing in tetrahedral complexes has been made by comparing the **Cl ¢’Qq of the
squre planar and tetrahedral complexes.

35C1 NQR in tris-(sarcosine)calcium chloride has been studied [212] as a
function of temperature in the range 127—320 K. The measured NQR
frequency at room temperature (2.175 MHz) is one of the lowest reported
35C1 NQR frequencies so far. Point charge model calculations indicate that
the EFG at the chlorine site is mainly determined by the hydrogens involved
in three hydrogen bonds, N—H...Cl, around each chlorine {212]. Blinc et al.

TABLE 8

Halogen NQR frequencies of some square planar and tetrahedral nickel(II) complexes
{211}

Compound Stereochemistry Temperature Nucleus v

(°K) (MHz)
[(CsHs)3P],NiCl, Tetrahedral 298 35¢t 9.471
[(CH3)4N]2NiCl, Tetrahedral 273 35¢1 8.85, 9.05
[(C¢Hs)3P] 2 NiBr, Tetrahedral 298 9Br 71.07, 78.15
[(CsHs)3P]aNily Tetrahedral 298 t271 71.04 (v,)

138.00 (v,)

[(n-C3H7)3P]2NiCi, Square planar 298 35¢1 15.852
{BujP];NiCl, Square planar 273 35¢1 15.99
[{n-C3H,)3P],NiBr, Square planar 308 79Br 126.26

{Bu3iP]2NiBr, Square planar 308 798r 126.53
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[218] have observed that the chlorine environment and the lengths of the
N—H...Cl hydrogen bonds significantly change on going through the phase
transition in this complex. The hydrogen bonded chlorine atoms seem to
play an important role in the transition mechanism in addition to the rota-
tional distortion of the sarcosine octahedron.

Halogen NQR in compounds such as CsH;Fe(CO).X (X = Cl, Br or I),
[CsH,4 - C,H,B,oHg] Fe(CO),Br {214] and Cl,Ti(CsHs)s—, (n = 2—4) [215]
has been reported. Halogen NQR in other organometallic complexes where
the chlorine is a part of the ligand has also been reported [for example 162,
217-—222]. **Cl NQR in a few complexes of 3-chloroacetylacetone with
different metal ions has been shown [216] to vary markedly according to
the polarity or charge of the complex. The non-polar complexes show reso-
nancesaround 36 MHz while the polar or charged complexes show resonances
around 38 MHz [216].

B. Copper-63 and copper-65 resonances (Table 9)

The first NQR report [3] on a coordination compound is the ¢3Cu re-
sonance in KCu(CN),. Zeeman NQR [223] study of this complex has yielded
the asymmetry parameter 7 as 78 £ 7%.

%3Cu and %°Cu resonances in a few (CuX,)” compounds have been inter-
preted [126] in terms of ds hybridization on the Cu' ion. %3Cu and ¢5Cu
NQR frequencies in (Ph;MeP)Cu,I; have shown [128] the presence of two
crystallographically inequivalent copper sites in this compound. Based on the
signal to noise ratio for the two crystallographically inequivalent copper sites,
the compound is shown [128] to have the tetramolecular [Cusls]?” species.

Cu—S bonds in complexes of copper(I) with thiourea (and substituted
thiourea) have been shown to be quite covalent by ¢*Cu and *Cu NQR studies
[224,225]. The observed resonance frequencies have been shown to be
dependent on the metal—ligand bond lengths and inductive effects of the sub-
stituents in the substituted thiourea complexes [224]. ¢*Cu and **Cu NQR
frequencies in some copper-N,N’-dialkyldithiocarbamates are relatively con-
stant [226], lying within 0.5 MHz of 26.5 MHz. This constancy has been ex-
plained as due to the fact that the basic Cu, tetrahedral unit with its inter-
locked dithiocarbamate groups is a rigid structure less susceptible to distor-
tion due to packing or solvation.

$3Cu and *°Cu NQR in a few complexes of trimethylphosphine sulphide
[227,228] and trimethylarsine sulphide [228] with Cu! salts has been inter-
preted in terms of partial d-orbital vacancy which arises due to the promotion
of the electronic charge density from the 3d,z orbital to the vacant 4s orbital of
the copper atom. Graybeal et al. [227] have calculated the EFG at the Cu!
site in [Cu({CH,);PS);]" by an extended Hiickel molecular orbital EHMO
method. The calculated e’@Qq is only 30% of the observed value. This dif-
ference in the e’Qq may be due to (i) the use of Slater type basis orbitals in
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TABLE 9
Copper-63 and copper-65 resonance frequencies of some copper(I) complexes

Compound ? Temperature Cu-63 Cu-65 Ref.
(OK) resonance resgnance
(MHz) (MHz)
K[Cu(CN);] 289 33.479 30.221 3
(Buj N)CuCl, i 30.7 28.3 126
[(CeHs)aAs]Cully 77 31.15 28.75 126
[Buf NI1CuBr; 77 28.85 26.60 126
[{Cgs Hs)3(CH3)PICu,l;s 77 26.8, 26.15 24.55, 23.95 128
Cu(tu),Cl 22.115,19.296 20.465, 17.856 224
Cu(tu);Br 16.443, 16.181 — 224
Cug(tu)g/NO3)4 25.088 23.280 224
Cu(etu};ClOq4 22.881 - 224
[Cu(=tu)s] 2S04 31.562 29.250 224
Cufetu),Cl 27.860 25.753 224
Cu(etu);Br 32.010 29.620 224
Cu(dtu);C! 38.804 36.825 224
Cu[{CH;)3PS];ClO4 P 77 26.35 24.39 228
Cu[(CH3)3As55]3Cl0O,4 77 24.16 22.35 228
[(CH3)5PSCull}; 77 29.24 28 .44 26.77, 26.34 228
[(CH3)3PSCuBr], 77 27.53, 27.18 25.49, 25.16 228
[(CH3)3PSCu:}, 77 24.91, 24.92 — 228
[(CH3)3AsSCuCl], 77 29.05, 28.25 26.86, 26.10 228
Cu[(CH;3)3PS]3BF4 300 24.838 22.985 227
Cu(dtce) 293 26.956 24.949 226
Cu[Bu3dte] 293 25.949, 26.824 23.997, 24.827 226
Cu[(n-C3Hy),dtc]- 293 26.238, 26.432, 24.278, 24.461, 226
1/8 CS; 26.476 24.497
Cul(n-C3H,).dtc]- 293 26.270, 26.343, 24.313, 24.375, 226
1/2 CHClj 26.504, 26.765 24.525, 24.764

2 Abbreviations: tu = thiourea; etu = ethylenethiourea; dtu = N,N'-dimethylthiourea; dte =
N,N-diethyldithiocarbamate; Bu3dte = N,N-di-n-butyldithiocarbamate.

b Graybeal et al. {227] have reported 3Cu and 85Cu resonances (300 K) at 24.815 and
22.968 MHz respsectively.

the calculation and (ii) the value of Sternheimer antishielding factor used in
the calculation [227].

C. Gallium-69 resonances

Tong [158] has reported °°*Ga NQR in a number of donor—acceptor com-
plexes containing GaCl, as the acceptor. ®°Ga resonances in these complexes
are more sensitive to the changes in the ligands than the 35Cl resonances [158].
In most of these complexes (3v/0T), values for the $9Ga resonances are posi-
tive. All these complexes are shown to be monomeric from their *°Ga and
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35C1 NQR spectra. It has been suggested [158] that ®°Ga NQR frequency
might be a useful guide to the relative strength of coordination in different
complexes; the weaker the donor the higher the frequency. Good correlation
of the %°Ga and average 3°Cl frequencies with gas phase heats of formation

has also been obtained [158]. °Ga resonances in compounds such as GaCls -
O(C,H;), [157] and compounds containing the anions [Ga,Cl,;]” and [GaCls]”
[114] have also been reported.

D. Arsenic-75 resonances

75 As NQR in a few substituted dithiocarbamates and O-ethylxanthate com-
plexes of As'! has been studied by Bastow and Whitefield [226]. °As
frequencies in these complexes show a marked variation upon changing the
substituent in the dithiocarbamate ligand. This may be due to changes in the
S—As—S pyramidal angle in these complexes [226]. It has been observed that
(3v/3T), for the As'!! O-ethylxantbate complex in the temperature range 77—
195 K is approximately three times that in the range 195—293 K.

Grechishkin et al. have studied the "*As NQR in a number of Menshutkin
complexes based on AsCl; and AsBr; [229—234]. Extraordinary frequency
shifts have been observed for the 73 As resonances in these complexes. Com-
parison of 7*As spectra with '*'Sb spectra of similar complexes indicates that
the arsenic d-orbitals have more tendency to form dn—pm bonds than thos:
of antimony. Multiplicity of 7 As resonances also surpasses that of '*'Sb and
1238h frequencies in similar compounds. Shift in the 7°As resonance frequen-
cies of the complex compared to the parent halide is usually towards the
lower frequency region. The shifts correlate linearly with the ionization
potential of the donor ligands: the lower the ionization potential of the
ligand, the greater will be the shift. Patterson and Carnevale [235] have
reported the >As NQR in (CH;);In - As(CH3),.

E. Mercury-201 resonances

Patterson et al. [144] have reported 2°"Hg NQR in the complexes
HgCl,(dioxane), (323.38 MHz) and HgBr,(dioxane), (313.23 MHz). 2°'Hg
and 3*Cl NQR data in these complexes have been discussed [144] in terms
of finer details of the structure of these complexes.

F. Nitrogen-14 resonances

Nitrogen-14 is one of the important nuclei which can be studied by NQR.
However, '*N NQR has been studied only in a few metal complexes [213,
236—239]. Nakamura and co-workers [236] have studied '*N NQR in Zn",
cdl, Hg', Cu!, Pt!! and Co™ cyano complexes. The quadrupole coupling
constant of '*N in complexes of the metal ions having no vacant d-orbitals
(e.g. Zn'', Cu') are higher than those of Pt!! and Co'! complexes (Table 10).
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TABLE 10
Nitrogen-14 NQR parameters for some metal eyano complexes at 77 K [236]

Compound Vs v Yo e?*Qq/k 7

(kHz) (kHz) (kHz) (kHz) (%)
K,Zn(CN)4 - - 3104.2  4139.0  0.00
K,Cd(CN)s - — 3149.1  4198.3  0.00
K,Hg(CN)s - - 3035.6  4047.5  0.00

3069.4  3041.4  — 4073.9  1.37
K,Cu({CN}y4 3002.1 2943.8 — 3963.9 2.84
K,Pt(CN)s - 3H,0  2641.2  2594.7

2614.2  2549.7 3467.0 3.2
K3Co(CN); 2794.5  2709.9

2789.2  2706.3  — 3684.0 3.0

2787.8 2688.8

It has been suggested [236] that the metal—ligand bonds in Pt and Co"
complexes have greater dm—pm bond character than those in Zn'!, Cd", Hg"!
and Cu' complexes. Saruwatari et al. [287] have studied the temperature
dependence of '*N NQR in K,Hg(CN}, and located a phase transition at 111 K.
The temperature dependence of the *N NQR in this compound has been
shown to be determined mcstly by the rotational oscillation of the cyanide
group [237].

Brown and co-workers [238] have studied the '*N NQR in a number of
bis(glyoximato)metal compiexes like bis(dimethylglyoximato)nickel(II). The
1N coupling constants of the complexes have been compared with the free
ligand values and have been interpreted in terms of changes in nitrogen orbital
occupancies and bond angles. The nitrogen orbital directed towards the metal
has been estimated to have an occupation number of 1.65 in Ni(DMG), and
1.75 in PA(DMG@G), as compared with 2 in the free ligand.

Blinc et al. [213] have studied the '*N NQR in tris(sarcosine)calcium
chloride. At room temperature two nitrogen sites have been observed in this
complex. On lowering the temperature the inequivalence is removed and at
77 K only one resonance line has been observed [213]. !N NQR in a series of
hexamethylenetetramine complexes with lithium halide hydrates has been
reported by Dresvyankin et al. [239]. »*N NQR along with 3Cl NQR has been
used by Andreeva et al. [164] in assigning the cis-trans structures in a number
of complexes of the type SnCl, - 2L {where L = phosphoric acid amides).

G. Manganese-55 resonances (Table 11)

A number of **Mn NQR reports has appeared on manganese pentacarbonyl
and its derivatives [220,221,240—246]. Voitlinder et al. {240] first reported
the °Mn NQR in manganese pentacarbonyl. From a study of a number of
substituted n-cyclopentadienylmanganesetricarbonyls, Nesmeyanov et al. [221,
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241,242] correlated the **Mn quadrupole coupling constants to o-constants
of the substituents on the cyclopentadieny! ring (egn. 33).

A=Ay +ao; +fog (33)
where

A = e2Qq/h or v(+3/2 ~ +5/2)

gy, Og = induction and conjugation constants of the substituents

and o, 8 = coefficients which determine the fransmission properties of a sys-
tem in relation to the induction and conjugation influence of the
substituent.

The results show [241] that in this system of compounds, the influence
of a substituent is transmitted to the metal from the cyclopentadienyl ring in
accordance with a conjugative mechanism. The asymmetry parameters for
the compounds in which the substituents are of the type COR (R = CH;, CF;
or C¢Hjs) are appreciably greater than the asymmetry parameter for CsHs-
Mn(CO);. This has been explained [241] as due either to a direct interaction
of the substituent with the metal atom giving rise to a distortion of the ideal
structure of the molecule CsH;:Mn(CO),, or to a fulvene-like rearrangement
of the cyclopentadienyl ring. Temperature dependence of the **Mn NQR
frequencies in m-pyrrolenylmanganesetricarbonyl! and n-cyclopentadienyl-
manganesetricarbonyl suggest [243] that the pyrrolenyl—manganese bond is
significantly distorted via a pyrrole slippage. Thus, the pyrrolenyl—manganese
bond might be described [243] as a four-electron metal—heterocyclic allylic
and two-electron metal—olefin bond.

Effect of substitution in the cyclopentadienyl ring on the *>Mn NQR in the
complexes of the series RCsH,Mn(CO); has also been studied by Brill and
Long [220]. The resonance frequencies and hence the coupling constants of
Mn'! increase as the ring becomes electron rich. This has been explained [220]
as due to the el=ctronic polulation of d-orbitals, the population of d,2, d,, and
d,.being greater than that of d,2— ,2 and d,, orbitals in these compounds.
Substitution of a CO group by another ligand such as (C¢Hs); As and (CsHs)s-
Sb sharply raises the asymmetry parameter and changes the coupling constant
considerably at the manganese site [244].

In compounds of the type m-CsH;Mn(CO),L where L is a cycloolefin, 5
decreases in the order, cis-cyclooctene, cyclopentene and cycloheptene [245].
This order parallels an increase in the olefin ring strain; as the strain increases,
the strength of the manganese—olefin bond, which acts to relieve the strain,
increases [245]. When L is a group V donor atom derivative, the frequencies
roughly parallel the ¢-donor and m-acceptor abilities of the ligands. For
example, the trend in resonance frequencies for phosphorus donor ligands,
viz., P(OC¢Hs)s > P(C¢Hs)s > P(alkyl)s, parallels the m-acceptor ability of the
ligand and the reverse is the trend for the o-donor ability.

In compounds of the type [(CH;),CsHs—,Mn(CO);]*, changes in size,
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symmetry and charge density of the anion produce a variation of about 3% in
5SMn coupling constant [246]. The lattice effects in these compounds seem to
be about the same magnitude as those found in organic compounds and
smaller than those in hexahalometallates. The 5°Mn (£3/2—++5/2) transition
frequencies for the Brj and I3 salts of {(CH;),C¢Hg-,Mn(CO);]* correlate
linearly with the number of methyl groups on the aromatic ring [246].

H., Rhenium-185 and rhenium-187 resonances

'85Re and '®*’Re NQR frequencies in Re,(CO);, have first been observed by
Segel and Barnes [247]. The large asymmetry parameter observed in this
compound has been explained in terms of both anisotropic vibration [248]
and electronic configuration [249]. The increase in the asymmetry parameter
from 63% at 26.5°C to 88% at liquid nitrogen temperature has been explained
by Harris [248] in terms of large anisotropic vibrations which leave g, rela-
tively unaffected both in direction and in magnitude but affect g, and g,, in
such a way as to make q,,/q.. much larger than 1. The increase in 1 at low
temperature is due to decrease in motion in both x and y directions but a
greater decrease in the x-direction. On the other hand, Segel and Anderson
[249] attribute the increase in 7 with decreasing temperature to a rearrange-
ment of the orbital configuration so as to allow one of the components of
the EFG tensor to increase to a value almost equal to g...In fact, extrapolation
of the 1 versus temperature curve does predict a value of n = 100% at about
0 K. It is interesting to note that the forbidden transition (¥1/2-++5/2) of
185Re and '®’Re has been observed [241] in this system (71.51 and 75.45 MHz
respectively at 77 K).

Nesmayanov et al. [241,242] have studied the '*Re and '®*’Re NQR in sub-
stituted m-cyclopentadienylrheniumcarbonyl compounds. The 1 values are
greater in these compounds than in the corresponding manganese compounds.
Comparison of e?Qq values for **Mn and '®*’Re in similar compounds indicates
that the EFG at the Re nucleus is about twice as large as that at the Mn nucleus.

I Antimony-121 and antimony-123 resonances

1215h and '23Sb NQR in a number of Menshutkin complexes based on Sb-
Cl; have been reported [172,174,176—178,180,229,232,250—252]. General-
ly the asymmetry parameter, 77, at the antimony site is found to be 10—15%
in these complexes except in SbCl; - C;H:NH, which has n = 3% [253]. This
low i for SbCl; - C.HsNH, has been attributed to fortuitous balancing of
EFG components from the external atoms as a result of their arrangement.
A considerable change in 77 has been associated with a distortion of shape
of SbCl; and SbBr; pyramids in their complexes with aromatic hydrocarbons.
12181 and !?3Sb coupling constants in a few of the Menshutkin complexes
based on SbCl; and SbBr; indicate that the complexes are formed mainly
through the m-electrons of the benzene ring. Zemmukhova et al. [196] have
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reported !'2!Sb and !?3Sb resonances in a number of oxalatofluoride and nitrato-
fluoride complexes of Sb™ such as K,Sb,(C,0,)Fs and K3;Sb,(NO3),F.

1215hH and '?3S8b resonances in SbCls - POCl; and SbCl; - CH;CN have been ob-
served by Schneider and Dilorenzo [271]. In SbCl;s - POCl,, the '*'Sb and '**Sb
resonances are consistent with an unusually large n and the temperature depen-
dence of ?18b and !?3Sb resonances indicates a large axial anisotropy in the x
direction (lowest EFG direction).

J. Cobalt-59 resonances [254]

Hartman et al. [200,201] have studied the °Co, 3**Cl and *’C1 NQR in
trans-[Co(en),Cl,]1Cl1 - HCI - 2H,0. The quadrupole coupling constant and 77
at the cobalt site have been shown to be 71.73 MHz and 0.222 respectively.
Using the Townes—Dailey procedure, they have calculated an ionic character
of 75—80% for the Co—Cl bond in this complex. Watanabe and co-workers
[198,204,255,256] have studied ?Co NQR in a number of cobalt-ammine
complexes. The coupling constants for the compounds (Table 12) of the
type [Co(NH;)sCl]Cl, (33.71 MHz) are about half those for the correspond-
ing praseo salts such as trans-[ Co(NH;),Cl;]Cl (59.23 MHz) and trans-
[Co(en),Cl,] Cl (60.63 MHz). Comparison of the coupling constants of cis
and trans-dichlorobisethylenediaminecobalt(II1) complexes has shown that
€2Qq in the cis complexes are considerably smaller than those for the trans
complexes and are comparable to those for {Co(INH;)sCl]?* complexes. Large
variation in *°Co coupling constants have been observed in trans-[Co(en),Cl, ]
complexes when the anion is changed. For example, on going from trans-
[Co(en),Cl,]Cl to trans-[Co(en),Cl,]Cl - HCl - 2H,0, the *°Co e*Qq increases
by about 15% and on going from trans-[Co(en),Br,]ClO; to trans-[Co(en),-
Br,]Br - HBr - 2H,O0 there is an increase of ca. 25% in the *°Co e?’Qq [199].
The lower value of 3°Co e?Qq in trans-[Co(tn},Cl,]Cl - HCI - 2H,0 compared
to trans-[Co(en),Cl,]Cl - HCI - 2H,0 has been attributed by Brill and Hugus
[203] to the difference in the interaction of the carbon atom with the cobalt
valence electrons in the two compounds considered.

La Rossa and Brown [197] have studied a number of Co™' complexes,
known as cobaloximes, of the type Co(dh),L'L” (dh = dimethyl glyoximato-
mono anion; I',L.” = C17, Br~, NCsH;s, (CsHs)sP, (OCH;);P, (n-C;Hs)sP,
{C¢Hs)sAs etc.). The 5°Co NQR data for these complexes have been
analysed in terms of a partial field gradient model. Good agreement with the
experimental results could be obtained only when it is assumed that the
partial field gradient tensor parameter for the equatorial ligand nitrogen
becomes more positive as the axial ligand contribution increases in such a way
that the total field gradient is approximately constant [197].

A large number of investigations (Table 13) have been carried out on di-
cobaltoctacarbonyl, Co,(CO)s, and its various substituted complexes [217—
219,222,240,258—264]. From the pure quadrupole resonance of %9Co in
Co,{CO);g. two €2Qq (90.19 and 89.30 MHz at 77 K), which are almost equal
for the two cobalt sites, and tiwo 17 values (81 and 48% respectively), which
are considerably different, have been obtained [240,262]. The asymmetry

I
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parameter for the two sites approach each other with increasing temperature.
Moobery et al. [262] have attributed the two different 7 values and their
temperature dependence to the distortion of the regular octahedron around
the two cobalt sites to different extents.

$9Co NQR spectra of a number of derivatives of Co,(CO)s have been
reported by Chia et al. [263,264]. The NQR parameters obtained for these
complexes have been interpreted in terms of the electronic population in the
d orbitals of the cobalt atom. For the alkyne complexes such as (RC =
CR')Co,(CO)s (R =R' =H, CF;, CH,OH, C¢H;; R = H; R’ = C(CH;),),
e’Qq and 71 values have been related to the electronegativities of R and R’
and e*Qq values have been found to be inversely proportional to . Sub-
stantial differences in €*Qg have also been observed with gross structural
variations.

Brown et al. [217] have interpreted the variation in the EFG at the cobalt
site in compounds of the type MX3;Co(CO), (M = Si, Ge, Sn and Pb; X = Cl,
Br, I and C,H;) in terms of ¢ and 7 bonding of MX; to the cobalt atom.

The resuits show that the groups MX; which are poor donors and/or strong
acceptors cause large °Co quadrupole coupling constants. *°Co e2Qq values
have also been used [217] in studying the electronic effects within the MX;
group. For example, the low coupling constant for SiCl;Co(CQ}; compared to
other MX;Co(CO),; compounds is shown to indicate an extensive Si—Cl
dn—p7 bonding. In the series GeCls-, GeBr,- and Gel;Co(CO),, the essential
constancy of the *°Co coupling constants has been shown [217] to be due
to variations in germanium—halogen w-bonding in the order Cl > Br > 1. 5°Co
NQR in a series of complexes derived from cobalt carbonyl and organotin
(or organogermanium) compounds has been studied by Nesmeyanov et al.
[222]. %°Co coupling constants in these complexes increase with increasing
electronegativity of the substituent on germanium or tin. 3°Co e*Qq.values
correlate with inductive and conjugative constants of the substituents and
this correlation was used [222] to show that in RR,SnCo(CO),, there exists
some bond multiplicity in the Co—Sn bond.

Spencer et al. [218] have reported *°Co NQR in compounds of the type
X,,Sn[Co(CO)s]4—, where X =Cl, Bror CH; and n =0, 1, 2 or 3. The ¢°Qq
values have been analysed in terms of the population of 3d as well as 4p orbitals.
59Co €*Qq in these complexes increases on increasing the value of n when X =
Cl or Br and decreases on increasing the value of n when X = CH;. It has been
shown [218] that the e?Qq values at the cobalt site correlate smoothly with
the highest frequency CO stretching vibration (in hexane) of these compounds.
Analysis of the coupling constants suggests that chlorine is relatively strongly
n-bonded towards tin in these compounds than bromine. Pribula et al. [260]
have calculated e®’Qq for the complexes [M(CO);— P, ]” where P is
P(C¢H;s)s or P(OCHS3); and M is Mn (7 =—1), Fe (n =0) or Co (n = 1) in
different electronic configurations using SCF atomic wave-functions. Com-
parison of the calculated e*Qq with observed e*Qq indicates [260] that the
radial orbitals of the central metal ion become more populated compared to
the axial orbitals with increased charge on the central metal ion.
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Boyd and Brown [258] have studied °Co NQR in compounds of the type
XCo(CO),L, where X is Sn(C¢Hs); or other similar group IV metal derivatives
and L is P(n-CsHe)s, P(OCH,)s, P(OC,H; )3 or P(OCH;)s. The O—donor and
w-acceptor characteristics of the ligand L play an important role in deciding
the °°Co coupling constant in these complexes. Axial substitution does not
markedly change the e’Qq at cobalt when both axial ligands are of m-acceptor
character [258].

Harris [257] has observed the °Co NQR in Cs[(1,2-B¢C;H,),Co] and ex-
plained the coupling constant in terms of the bonding of the [1,2-B,C,H,,]*"
moiety to Co'!. The 1,2 carbons and the 4,7,8 borons are pratically identical
in their bonding to Com

C" 4

K. Niobium-93 resonances

NQR of °>Nb in [(CH;3)sN]: [(Nb¢Cl2)Clc] has been observed at room temper-

ature by Edwards et al. [1371. An approximate nopulation nncﬂﬂcxc far clec-
CAVMAA VJ A NA T LA RAN U RALs L-‘-u 2 J ytJLu“&ﬂ“uw y tl TAIENF AL

trons in [Nb4Cl,,]%" cluster has shown [137] that fourteen electrons are
available for metal—metal bond as predicted by theory. °>Nb NQR in NbFs
and a number of its adducts have been reported [266]. NQR cata for these
complexes are consistent with low values for n at the niobium nucleus. The
interaction of XeF* and NbF; or Nb,F;; ions in XeF; - NbF; complexes has
been discussed [266] in terms of the point charge model.

L. Indium-115 resonances

It5In NQR in (NH,;), InCls - H,O has been studied by Carr et al. [267] as
a function of temperature. The !!°In resonance in this complex shows an
unusually large temperature dependence and the value shows a linear de-
crease with decrease in temperature. Analysis of both *SIn and *°Cl I‘VTQI\. data

in this complex indicates that the complex is predominantly ionic with greater

covalent character in the indium—water bond than in the indium——chlorine
vaient ¢cnaracter 1in the mamium—water Lon ¢ than in ine maium chlorine

bond.
1157y NQR parameters as well as those for "As and '?3Sbh in the 1 : 1 com-

plexes of (CH3);In with (CH;):sN, (CH;)5P, (CHj3)3As and (CH;)1:Sb are con-
sistent with a small dr—p7w bonding between (CHj3);In and (CH;)sP and its
heavier congeners [235].

Guryanova and co-workers [268,269] have studied the ?°°Bi NQR in a
number of complexes of BiCl; with different #-donors such as CH;0C¢H;,
CH;0CH; and CH;CN. The variations in e’Qq and 7 in these complexes depenc
mainly on the geometry of the complexes. The value of 77 in these complexes
varies from 14% to 34% with the distortion of BiCl; being greater than that in
similar complexes of SbCL.. Bi-209 NQR in the complex AlRr. - RiBr. has also

SLILIIAL LUFRLIPIIC AT S UL wiiisis . LN AN AL 311 LT LT A Jaiadiy AFiI3L I IS QA

been reported [113].
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