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MZNEBAL ASPEOPS OF NQR SPECPEOSCOPY 

Nuclear quadrupole resonance (N&R) is a branch of radio~pectro~copy which 
rneasurer~ weak interactions between nuclei having nonzero quadrupole mo- 
menti (&) and their local electric environment in the ground state of the solid 
aysfems. Thie interaction ia chara&erized by the electric field gradient EFG 
= aBJazi = $V/&$, where Ei ia the strength of the electrostatic field at 
the nuclear site and V is the electro&a$ic potential. The set of NQR spectroscop- 

ic parameters includes the qua&upole coupling constant (&CC = e8&p&), 
the elecfric field gradient asymmetry parameter (q = (pm - p,,)/q,,), the. 
resonance line width, and the longitudinal (TI) and transverse (Z’,) relaxation 
rates. These parameters can be measured over a wide temperature range and 
under various pressur& so that their values provide an important and in- 

cre&ngly recognized data eet which ia concerned with various aspects of 
structure and chemical bonding. As the &cc and 7 vahes depend directly on 
the electron density distribution in the vicinity of the nucleus, the NQR 
re~ulti axe important for a number of problems aria@ in theoretical 
chemistry. It is however to be noted that current theories used to convert the 
NQR parameters tci conventional ch&r&cteristics of chemical bonding, such &8 
orbital occupancies, ionic- and covalent o-chmacter, x-bond effecfs are subject 
to certain assumptions such that the subequent quantitative results are 
rather ambiguous. At the same time the method is highly sensitive towards 
very weak changes in electronic state of the substances and towards subtle 
structura1 changes. Conclusions b=ed upon empirical relationships betweenNQR 
p~ametera and other characteristics in a series of related compounds usually 
appear very plausible and improve the understanding of many phenomena.. 

During the period of time since the first N&R experiments (Dehmelt and 
Kruger first observed signals of pure quadrupole resonance in 1950 [1, 2]), 
the method haa found diverse chemicaJ applications, and the range of its 
applicability is still expanding rapidly. Problems in the structural chemistry 
of organic and organoelement compounds in molecular crystaJs with relatively 
narrow spectroscopic lines have hi&orically become the traditional domain of 
N&R inve&iga;tions _ 
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The reoent advantages of pulse methods which removed the limit&ions 
imposed on the line width by continuous wave and super-regenerative taoh- 
niques have stimulated intansive ~88 of NQR in inorganic chemistry. Here 
NQR is especially effective in the study of chemical bonding and electron 
density distribution in ooordination complexes. The increased sensitivity of 
methods with greater automa,tion made NW applicable to the study of prac- 
tically all types of inorganic oompounds including polymera with highly 
imperfect or disordered cry&al lattices and amorphous compounds. 

The deta,iled theoretical basis of NQR spectroscopy is avGla.ble in seveml 
reviewB and books [3 - 91. The review r#ries “Advances in Nuclear ~uadrupole 
Resonance” started in 1974 (edited by J. A. S. Smith, Heyden & Son, London) 
also includes theoretical and methodologiortl aapecfs of NQR. No attempt will 
therefore be made to give a detailed description of these quesfione, and in the 
following se&ion we limit ourselves to a brief consideration of the n&ure of 
the phenomenon. 

A. PHYSICAL PRINCIPLES OF NQR 

A nuoleus with a nonspherical charge distribution (and hence with a nuclear 
spin I r 1) posseesea an eleotrio quadrupole moment eQ which can intiract 
with the eleotrio field gradient (Em) tensor eqlf = ea*7/az”,, (7 is the potential 
of eleotrostatia field) produced by neighbouring oharges. The energy of inter- 
&ion depends upon the orientation of the nualeua with respect to the axea of 
the EFG tineor. The change in nucleus orientation is acoompaaied by the 
absorption (dkpemion) of radiofrequency energy componding to the eepara- 
tion of neighbouring quadrupole levels. The external radiofrequency energy 
etimulates quadrupole traxktions, the phenomenon thus being of resonance 
nature. 

Quite a number of elementa (nearly two-thirds of the elementa in the periodic 
table) have isotopes with nonspherical (ellipsoidal) charge distribution of their 
nuclei and c&n thus be studied by NQR speotroscopy. These are: 

(1 = 3/Z): ‘Li, @Be, llB, -Na, “Cl, Wl, *Wu, 7?u, @Wa, ‘Wa, 76As, =Br, *lBr, 
S’Rb, l=Ba, “‘Ba, l@‘Au, =Oa, -1Hg; 

(I = 5/Z): 170, B’A.l, UMn, “‘Zn, 86Rb, l-b, lwI,186Re, 1YRe; 
(I = 7/2): WC, elV, %, l=Sb, l=Cs, ?La, 1’6Lu, MIT&; 
(I = 912): EN-b, FIJI, WBi; 
(I = 1): W, SLi, 14N. 

The nuclear q&pole moment beiug a measure of the extent to which 
charge distribution departa from the spherical, the appropriate relation ia 
given aa I 

42 = J enWe - <) dv, (1) 
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where en is the charge density on & nucleus; z, is the direction of the nuc&az 
epin I, du, is the nu&ar volume element, r, is the distance between thevol- 
ume element and the origin which is the centre of gravity of the nuoleua 
(Fig. 1.1). 
It ie evident that integration over a sphere (i.e. for a nucleus with spin I = l/2) 

yidds eQ = 0 became 4 = G/3. . 

Yh 
Figure 1.1 Cartesian coordinate ayatem fixed at the qua&up& nucleus (index n). 

In a crystal, quadrupole nuclei are aited in a non-uniform electrostatic field. 
Let the EFCI at the site of nuclem be axially symmetric about its large& compo- 
nent which is conventionally la&e&d eq,, (ep IS = q##). The nucleus wiJl then 
precees about the 0,direction under the action of the rotational moment pro- 
portionaJ to lqzzI and eQ, i.e. l&&J, at a frequency of fe%& - S-l1 (h is 
Plank’s constant) _ It 3s important that, aa seen from Figure 1 .l , both eq,, and 
e& querJtities are defined in different coordinate systems. The frequency there- 
fore depends on the orientation of the nucleus with respect to the components 
of the EF(X. This is a fundamental difference between the NQR and NMR 
phenomena [ 8 J, in NMR the precess ion frequency being independent of orien- 
takion . 

Bemmme of its internal position, the nucleus ie subject to the effecta of 
electron charge distribution which crea;te the ele&ro&atic potential V(r,) 
at the nucleus elementary volume dvm. The potential energy of the nucleus 
charge contained in that volume ia then equal to -en du,V. For the nucleus aa 
a whole we have 

w= -+f enV(m) dun (2) 
Taking into consideration that V(r,,) doea not rapidly vary over the nuoleue 
volume and expanding V(rll) in the Taylor serie~~ about the origin, we may 
rewrite equation (2) in the form 
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The first term in equation (3) may be omitted ae it does not depend on the 
nucleus orientation. It represents the Coulomb “monopole” energy and con- 
sequently gives no contribution to the quadrupole coupling. 

The second term describes the interaction of the nuclear electrostatic dipole 
moment with the external electric field (Xi = -aP/Z&). This term is equal 
to zero because nuclei possess no dipole moments [lo]. 

The third term in which we are interested is the electric quadrupole term, 
ignoring for now, higher terms. It represents the potential energy of a qua&u- 
pole nucleus in a non-uniform external electrost&ic field with the gradient 

iPV/&~&q and may be written in the Cartesian coordinates as 

One can see that equation (4) contains the components of the nuclear quadru- 
pole moment tensor (9 terms involving the nuclear coordinates) and those of 
the electrostatic field gradient tensor (9 terms involving second derivatives 
of the electrostatic potential). As is known, a new coordinate system, the system 
of the principal axes, can always be used such that all off-diagonal terms are 
zero. The potential energy of a quadrupole nucleus in a non-uniform field thus 
becomes 

(5) 

In the quantum mechanical approach, eQ entering equation (1) is conventio- 
nally redefined in such a way that the integration includes the state with the 
maximum component of the nuclear magnetic moment parallel to the x axis 

(4 = 1). The parenthesized terms in equation (5) are then the expectation 
or mean values of the principal components of the EFG over the wave function 
of the molecule in the ground state, They are conventionally chosen in the 

order kzzl > 191,l > Id- 
Neglecting small electrostatic charge distributions within the nucleus, we 

have according to the Laplaoe equation 

a=v/ax= + asPlay= + a”v/&= = 0 (6) 

Hence there are only two independent EFG components which describe the 
spatial electron distribution around the nucleus. They are chosen to be the 
maximum component of the EFG 
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and the EFG asymmetry parameter 

rl = (Pvjax~ - @VIW)lWVIW = (&S - p;,)l!7zz (3) 

The quantum mechanical expression for the Hamiltonian can be obtained 
from the classical potential energy equation (5) by replacing en by iti quantum- 
mechanical operator and by taking into account equations (6 -3) : 

sea = ea&q 
41(21 - 1) 

[(32 - is) - (i: - iL)l 

where i is the operator of the total angular momentum or spin of the nucleus, 

The quadrupole interaction mixes the spin states since the operators i+ and 

ii_ are present in equation (9). 
In order to calculate the energy one has to evaluate the matrix elements 

of Xa between nuclear states ]Im) : 

(Iml x, Pm’> = 41(zyT l) { C3m8 - W + I)1 LrnO 

+$9lV~m)V7 m - 1) (I & m + 1) (I & m + 2)]l’* 

x &*2,rw (10) 

where m is the z component of the total angular momentum which has (21 + 1) 
values. The quantity e”&q - h-l is known aa the quadrupole coupling constant 

(&CC). 
The solution of secular equations to obtain the energy eigenvalues is, in 

general, difficult, especially for half-integer spins, due to the mixing of states 
which differ by Am = 2 [2]. For the case of I = 1 and I = 312 they can be 
solved exactly (Table 1.1). For other half-integral spins closed sohrtions do 
not exist, and the equations can be solved numerically for different values of 
7. The calculated frequency ratios can then be tabulated for various values of 
7 as shown by Cohen [l 11. 

The most simple situation is realized when the EFG is axiaIly symmetric 

(17 = 0). In this case the expression for the quadrupole energy levels is equation 

(11) 

Em = e$9q 
3m2 -I(1 + 1) 

41(21 - 1) 
(11) 

which shows that the levels -&m are degenerate. 
The probability for spontaneous transitions between neighbouring levels 

is exceedingly small. An external radiofrequency field recording to equation 



- . 

i 



• -H i 

II II 

~ ~- + 

" ~ "" ~ 

+ i i + ~h 

II 

I 

r~  
+ I 

° 

-.I- x I 



(12) of the frequency 

’ = 4M(21 _ l) (2 lml - 1) (12) 

corresponding to the energy difference sepa.r&ing the levels atimulatea both 
upward and downward tran8itions fo the same extent. Nevertheless, the net 
result will be absorption of external field energy became, in accordance with 
the Boltzmann law, the lower level population should exceed that of the upper 
one under thermal equilibrium conditions where upon upward transitions 

will prevail. The NQR experiment conaista of mmurement of resonance ab- 
sorption frequencies. These may be related to the QCC and q value8 by solving 
the secular equations listed in Table 1.1 [12], using the tabulated frequency 

ratio8 [ 1 l] or applying equation (10) if q = 0. 
The determination of QcC and q-values at the nuclei sites with I = 3/2 

requires additional experiment8, for instance the Zeeman experiment8 in 
weak static magnetic fields, since the resonance frequency which ia observed 
depend8 on both these quantities. In practice, however, finite q-values are 

often ignored because one can see from the relationship (Table 1.1) that an 
error of less than O-Z*/., i8 introduced into the QCC value when one ignorea 

va.lues of 17 up to 0.3. So when q is, on chemical grounds supposed to be small, 
the &CC value is usually set at twice the resonance frequency vrtlue. 

In cases where a aepara;te determination of QCC and 7 is atill necessary, 
various version8 of the Zeeman experiment are performed using single crystals 
or powder8 and the super-regenerative or pulse technique. 

In Zeeman experiment8 with single C.?7&alS the orient&ion dependence of 
the N&R spectroscopic splitting is studied. A perturbing atrttic magnetic field 
I$,, removes the double degeneracy &-m of the quadrupole levels since the energy 
of inter8,ction of the nuclear magnetic moment with this field becomes different 
for the orientation8 of nuclear spin projection ‘along’ and ‘opposite’ the H, 
direction. The total interctction energy then becomes (1~1 > l/2) [13] 

z*In = 
e%h7 

41(21 - 1) 
[39n? - I(1 + l)] =F m?yH, cos 8 (13) 

where y is the gyromagnetic ratio for the quadrupole nucleus, 19 is the angle 
between XI, and z-axis of EFG (Q~* direction). Each -&m + &-m(m + 1) transi- 
tion is thm split by the applied field into a doublet ( &mtiyHO COB 8), both 
components ha,ving half intensity of the initial non-split line. Their relative 
intensities are independent of the Zeeman field orientation while the separation 
in&de such a pair is evidently maximal at 6 = O” and zero at 8 = 90°, 

When m = & l/2 mixing of the y+l/g and v__~,~ states occurs in zero order of 
degenerate perturbation theory 80 that new afates, v+ and v-, are produced. 
This lead8 to the appearance of four lines in the Zeeman spectrum (ds, ac’, p, p’, 
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Fig. l.Z), corresponding to the selection rule Am = f: 1. The quadruplet is sym- 
metrical about the zero field NQR frequency. 

The relative intensities of the doubleti LX(&) and /I(/?‘) depend on the orien- 
tation of the Zeeman field but the inner pair is always stronger [S]. 

The Zeeman NQRspectra for nuclei of any half-integer spins are character- 
ized by several specific features [13]: when 0 = O”, i.e. the Zeeman field is 
parallel to the z-axis of EFG, the splitting between as-components is maximal, 
while the /I doublet is of zero intensity 

8 = O” ; Av,_. = (Z/a) yHO (141 

Figure 1.2 Zeemau splittings of the m = &-312 and m = &l/2 energy levd.~ ; vo is 
the NQ,R frequency when a magnetic field is absent. 

If 8 = 90°, a single pair of lines is observed 

(15) 

For 8, = 
1 

tan 2V 

the splitting is 

1 + 112 

Au& = 0 ; A@’ = 6/(7aydI,) (16) 

In the latter case the OCCX’ lines coalesce producing a signal of double intensity 
at the zero-field NW frequency. For nuclei with I = 3/2, 8 = 54O 44’. The 
lo&s of such zero-splittjng of the LTLX’ components is determined by the direc- 
tions of H, lying on a right oircular cone with semivertical angle 0, around the 
z-axis of the EFG. Looking for this locus of a,, orientation which retains unsplit 
componenti at the frequency of the unperturbed NQR transition is an essen- 
tial part of one of the earliest way of dete rmining 7, namely the method of zero- 
splitting locus [ 14]. This USA single cry&&s &relatively weak (up to 100 gauss) 
magnetic fields. The following relationship (sqn. (17)) descxibes the zero-split- 
ting elliptical cross-section around the z-axis with the ratio of semi-axes deter- 
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mining the q-value 

SinW, = l/(3 -q CO8 294 (17) 

here cp is the azimuthal angle with respect to the ~-axis of the EFG tensor. 
The geometry of the locus thus determines the orientation of the EFG prin- 
cipal axes with respect to the crystal axes. 

If 0, are known in two planes, for instance for 9 = O” and 9 = 90°, one can 
avoid a detailed orientation study, calculating the equation Cl43 

3[5in~ O,(O”) - sin” O,(QO”)] 
rl 

= sin2 6,(0”) + sin* 8, (QOO) 
(18) 

These 0, values can easily be found by taking into account that sin* 0, and thus 
0, are maximal for 9 = O* and minimal at QI = 90°. In general the method 
provides accurate values of q except when these are small. In this case the 
ellipticity of the cone also becomes small, presenting difficulties for mesaure- 
ment (it is less than 3” for q - 0.1). The field-frequency method is then pre- 
ferred [ 151. This consists in application of H0 perpendicular to the z-axis of the 
EFG, the splitting of the spectrum then becoming equation (19). 

A%, YEOV 
=z 

[ 

t?.?<omi) 

1 + Z(co5 2p, -7) 
1 

w VLrlIR (19) 

The dependence on 9 is negligible for q < 0.25 so that 7 is calculated from the 
measured splitting Av,, , if the direction of the z-axis is known. Magnetic fields 
of up to 500 gauss are used in this method. 

Historically both methods suggested the observation of N&R using a super- 
regenerative technique. The first experiments with the use of N&R pulse 
spectrometers (later we shall discuss the recording technique in more detail) 
have, however, shown that it could also successfully be used for the study of 

Zeeman effects [lS]. The determination of q according to the procedures 
described above appeared to be even less tedious when the pulse (spin-echo) 
technique was used [17], The zero-splitting locus is identified more easily and 
to a higher degree of accuracy than with the C.W. technique, by observing the 
beats of the spin-echo signal. The pulse spectrometer in this case operates at 
zero-field frequency, and the frequency of the beats is defined by the differ- 
ences between the 0~6~’ Zeeman components since the radio-frequency pulses 
excite the Zeeman spectrum lines within 50 -150 kHz from the central fre- 
quency of puIses. When the frequencies of both OL,~’ components coincide, 
the period of beats increases. The width of the spin-echo signal serves as a con- 
trol for observing the points of the zero-splitting locus [17]. If the field-fre- 
quency method is used, the Ei, field is located in the xy-plane of EFG, and the 
spectrometer operates at the frequency v xQa f vL (vL = yI1i~/272 is the Larmor 
precession frequency of the quadrupolar nucleus in a magnetic field H,). The 
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spin-echo signal shows, in this case, bests at the frequency difference between 
the a and @ Zeeman components. There can not however be any zero-beats if 
q is of finite value. Measuring of a minimal value for a period of beats, on 
rotation of a sample, gives the separation AY##, and thus according to equation 
(19) the value of q for a certain Lanaor frequency. 

AIthough the pulse technique can simplify the orientation procedures of 
the Zeeman experiments, the problem of growing large single crystals (up to 
1 cm8 is often needed) still remains a serious limiting factor for the widespread 
use of these methods. Hence considerable sttention has been paid to a report 
by Merino and Toya.ma [ZO] on the results of the Zeeman analysis of NQR 
spectra taken with crystalline powders. Using a super-regenerative spectro- 
meter, they analyzed the shape of the first derivative (this form of the signal 
is recorded when using super-regenerative technique) of the NQR signal when 
applying a weak magnetic field parallel to a radio-frequency field, i.e. to an 
axis of the coil with the sample. According to the theory a pair of ‘kinks’ 
separated by AV = 2171rL from each other, apgars on the envelope of the N&R 

Figure 1.3 Theoretics@ predicted envelope shepe (I = 3/2) in the magnetic fieId 

Ho II K.,. for +I * 0 WI. 

signal, when a static magnetic field &is applied to a sample containing crystal- 
lites of random orientation. The authors [ 201 introduce the parameter 8r = AY /2v, 
equal to the frequency difference between the maximum and minimum of 
the recorded signal (Fig. 1.3) which converges on q ‘as H, --f co. In practice, 
however, measurements are only possible in weak magnetic fields since they 
require careful analysis of the line shape and hence alao a high signal-to- 
noise (S/N) ratio. A number of reports devoted to the improvement of the 
original method are available, for instance, by comparing computer-simulated 
powder Zeeman spectra, with experiment-al Zeeman N&R spectra [21-251. 

Although many provide q values not markedly different from those measured 
on single crystals there are some resulfs yielding asymmetry parameter values 
unexpectedly too high on pure chemical grounds, end much higher than values 
obtained for the same compounds using single crystal samples (Table 1.2). 

The authors [26] suppose that one of the reasons for this discrepancy is 
that the polycrystalline samples used were not truly isotropic. The authors 
[27] constructed a super-regenerative spectrometer with optimized para- 

2* 
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TABLE 1.2 

8&c&d remits of the merreurernents of q by single crystal amd powder methoda 
([24] and referencea therein) 

Compound Iso- T (IO Frequencies Asymmetry parameter Ref. 
bpe v W=) 7 (%) 

crsstal Powder 

HgcI8 43 296 22.251 
22.064 

22s40 
22.W3 

*aa Wl 20.23 
19.08 

300 20.302 
19.204 

-1 77 24.449 
26.461 

3.7 C2W 
1.2 

W&l 
28-& 1 

3.4 & 0.8 
8.9 j= 0.8 

63 
59 

3.6 (average) Wbl 
36 & 8 

meters including modulation depth and capable of signal averwing, in order 
answer this question. They estimated v~~lues of 7 in severcll compounds by 
comparing the experimental and computer-simulated Zeeman NQJ3 spectra. 
It was aoncluded that modulation depth, which is sometimes increased to 
improve the S/N ratio when using ordinary singk+scan spectrometers, &ads 
to & modulation broadening, which masks the structure of the line recorded. 
But even with the use of low modulrttion amplitudes and a signal averaging 
system the location of %nks’ due to 7’ =j= 9 (‘+5ks’) on the signal envelope 
is difficult. Since the Zeeman fields are weak (those under 10 gauss were used 
in [27]) the S/N ratio of the 7 = 0 background is very strong while the ‘+inks’ 
m barely discernible. An incorrect identification of the strong deflections in 
the signal ba&ground in the first-derivative representation as the ‘+inks 
is, in opinion of the authors 1271, the mrtin reason for the overestimated values 
of q reported. They confess that when looking for the ‘~-kinks’ they often 
guided themselves by the theory which states that the ‘~-kinks’ should be sited 
symmetrically with respect to the frequency vNQB & yL. 

The application of stronger magnetic fields to improve discernibility of 
the structure of the signal recorded, leads to a further de-e of spe&roseopic 
intensity. Apart from all these disadv~tages, there is one more very serious 
limiting fax&or which reduces greatly the number of compounds that could 
be studied by stationary methods. If the line width originates from & distri- 
bution of the local EFG values over the semple due to imperfections of crystal 
lattice (the broa&ning due to orystalline inhomogeneity as distinct from much 
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less broadening due to relaxation processes), the stationary technique becomes 
ineffective. The vast majority of inorganic compounds, probably suffer this 
problem. 

Henoe NQR speotrosaopysts now prefer pulsed methods which are free of 
the limitations imposed by the quality of the samples. They consider them to 
be equally suited for Zeeman studies of both single crystals and powders. 

Thus to determine q in crystalline powders a method was developed [ZS] 
based upon the results of a quantum mechanical analysis [29, 301 of spin-echo 
envelope (See), influenced by 11 in a magnetic f&Id. The mixing of the states 

/+1/2) and l---1/2) in pulse experiments leads to the appearance of ‘slow’ 
beats on the echo envelope. Their frequency Aw~,~ is determined by the split- 
ting of the lower level of the quadrupole system- Since this frequency depends 
on the 19 and q angles between the EFG components and magnetic field a,, 
the full set of them, Ao,,&Y, VP), is contained in the oscillations of the See [Zri]: 

Acol,s(O, v) = @&/(e) [(e + 1 - 7)s sins 8 COB* 19 + (Q + 1 + 7)s sin* 0 sins q 

+ co&P 6(Z - 9)*)]1’* (20) 

where e = (1 + $13) lls. Experiment [31J confirms that the asymmetry para- 
meter q does not affect the position of the first minimum of See but innuences 
the function modulating the beats of See. The spectrum of modulation is de- 
rived [28] using the standardprogram of fast Fourier transform of See in a mag- 
netic field (30 - 100 gauss). To obtain q, the spectrum is further compared with 
the function ~Q(Y, 9) simulated with the help of histography. A theoretical ana- 
lysis of the See in a magnetic field hss been performed for powders containing 
nuclei with I = 3/Z in order to determine the value of q from the position of the 
first modulation minimum of the echo envelope [32,33]. In agreement with the 
resulte [28, 311, the cakulations showed that the position of the first mini- 
mum of the echo beat envelope is independent of q, while the positions of the 
modulation minima on the echo beat envelope are considerably affected by v. 
This enabled the authors [32, 331 to find q from the experimentally measured 
position of the first modulation minimum on the See. Comparison of the results 
of both methods [28,32,33] showed that they provide values of q in agreement 
with the published data available for single crystals and not differing from each 
other within experimental error, which appeared nearly the same over the 
entire range of 11 values studied by both methods. 

One bould determine [34] q-values in powder samples by performing the 
FFT of the Zeeman split NQR spectra, similar to that carried out in [24 J. 

The NQR spectra in magnetic fields are recorded over the interval 
ox- & 4~~1~ ; (,g = (1 + ~*/3)~‘7. Their Fourier transform shows 4 maxima 

located at Q,s = rxQr& =!I (1 + q) VL/e and psr = vN‘@ & (1 - 17) V&. The 
value of q is then found from the equation 7 = (d, - d,)/(d, + d,), where 
A, = v1 - Y% and A, = v, - v,. 
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The method developed in [28] was 
of previously unstudied compounds of 
rus [35]. 

used to measure 7 in powder samples 
tetrs- and pen&coordinated phospho- 

Thus there is a wealth of reasons for considering the pulse methods as most 
suitrtble for the Zeemsn NQR studies of any type of compound. They provide 
reliable values of 7, simplify the tedious experiment.4 procedures and remove 

limitations imposed on the samples by stationary methods. In addition there 
is considerable room for a further increase in sensitivity of the pulsed methods 
snd thus the accuracy of determining q which we shall discuss in the next 
section. 

B. RECORDIIYG NQR SPECTRA 

Large line widths and low intensities are generaJly observed in NQR spectra 
imposing severe requirements on the equipment. An NQR spectrometer should 
provide a combination of high sensitivity, and stable rsdiofrequency power 
output over the whole scan range. The spectroscopic range of the quadrupole 

interactions is exceedingly wide, from below 1 to above 1000 MHZ. Quadru- 
pole transitions for a particular compound may cover several hundred MHz. 

Instruments that satisfy the above requirements may be based on a number 
of different principles. A survey of experimentrtl NQR techniques up to 1963 
was reported by Grechi&in and Soifer [36]. We shall not provide instrumen- 
tation de%1 but give only & brief view of their advantages and shortcomings. 
Spectrometers using the continuous wave (c-w.) technique were the first NQR 
instruments, and this principle is still used in NQR instrumentation. The choice 
of the generrttor-detector is determined by the compound to be studied. 

Regenerative spectrometers (marginal oscill&ors) are most efficient in the 
low frequency region. Practically, they cannot be used at frequencies exceed- 
ing 100 MHZ and cccccccccccccccccccc best of all be applied to the study of compounds con- 
taining l&N nuclei which are geners,lly characterized by long relaxation times. 
In this case, the danger of satura;ting the resonance transitions is minimized 
because of the low radiofrequency power output. Marginal oscillators provide 
r&her accurate reproduction of the resonance line shape. However they re- 
quire much adjustment and monitoring of null stability in order to maintain 
the required sensitivity over the whole spectroscopic range. The theory of 
marginal oscillators-detectors has been described [3, 13, 371 and will not be 
discussed further here. 

The first instrumenti which found practical rtpplication were spectrometers 

of the Pound and co-workers [38, 393 or Robinson type [40]. 
Super-regenerative spectrometers with internal or external quench have 

achieved a high reputation a+s instruments providing high radiofrequency power 
outputs in the range 20 -300 MHz. Unlike marginal oscillators, they do not 
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require fine tuning during s c&nning. The necess&ry tuning is performed by 
internal a;utomatic control systems. The physical processed responsible fo? 
the NQR sign&l rise in the super-regenerator-detector systems &re exceedingly 
complex a,nd line shapes suffer considerable distortion [41]. Super-regenerative 
osoill&ors are however believed to patmew higher sensitivity than marginal 
oscillat.o~~ because coherent nuclear precession gives rise to development of 
radiofrequency oscillations fo a far greater extent than does noise [Z ; 131. 

Sideb&nds &ppe&r &t integr&l multiples of the quench frequency. These 
excite reson&nce transitions during scanning of the carrier frequency and are 
one of the dis&dv&nt&ges of super-regenercltive systems. Spectra obtained with 
such systems represent series of closely spaced lines. This hinders determin&tion 
of the correct reson&nce frequency and m&y mask multiplet structure of the 
NQR spectra. Ordirmry super-regener&tive spectrometers &re thus unsuifable 
for the study of sign&l sh&pes and for determin&tion of rel&x&tion tunes. Another 
limifation is high r&diofrequency output which makes spectrometers of this 
type in&pplic&ble in the c&se of e&sily s&tur&ting reson&nce lines. In order to 
overcome some of these disadvantages & number of modified super-regenerstive 
oscill&tors have been suggested: with frequency locking [42] ; with suppression 
of sidebands accomplished in the super-regenerative circuit itself [43]; with 

frequency &nd phase locking &nd equipment for S/N ratio enhancement [44]. 
These instruments operate between 30 -230 MHz, combine high sensitivity 
and good frequency stability, &nd &Uow the strtbilized line sh&pe response 
through the use of &n &ppropri&te feedback circuit. 

At frequencies &bove 150 MHz, super-regener&tive oscillators with distri- 

buted circuit elements &nd push-pull oscill&tors are used. At still higher fre- 
quencies, c&vity-type oscillators m&y be employed. A super-regener&tive os- 
cillator with & co&xi&l transmission line, &utom&tic coherent g&in control, side- 
b&nd suppression tend frequency czUibr&tion operrtting from 100 to 380 MHz 
h&s been reported 1451. This is & p&rtly modified version of & stand&rd commer- 
ci&lly av&il&ble Mecca R&d&r NQR system. A wide r&nge spectrometer with 
an oscillator of the microstrip type &nd suppression of sidebands hae been 
designed to cover 250 -1100 MHZ [46&J. A co&xi&l-c&vity super-regenerafive 
oscillator with cylindrical trimmer condenser for tuning, hasc also been reported 

to cover 300 - 1000 MHZ [46 b]. 
Other diaadv&nt&ges of C.W. spectrometers &re the difficulty in determining 

the reson&nce transitions frequencies Y of the sideband series Y rt mvp (where 
yq is the quenching frequency &nd n is 1,2,3 . _ .), the impossibility of &n&Iyzing 
split sign&Is, and poor line shape reproduction with super-regener&tive oscil- 
lators. Recall &lso the limitations inherent in the station&ry technique which 
impose severe requirements on the qurtlity of the sample crystal lattice bec&use 
of the strong dependence of the sensitivity on equiv&lent line qu&lity, Qeqa 
= Y/Av, where Y is the reson&nce transition frequency &nd AV is the.NQR line 
width. 
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The preparation of samples of high purity producing spectral lines of mini- 
mal width (broadeGng due only to relaxation contributions would be ideal) 
and hence of the highest Qscla is most important in obtaining good NQR signals 
using stationary instrumentation [4’7]. For example deuterated p-dibrom- 
benwne was used by Bead in his experiments 1441 to reduce dipolar broadening 
of the bromine resonance by substitution of hydrogen for deuterium. The 
resulting decrease of line width from 14.1 kHz to 5.3 kHx gave at resonant fre- 
quency Y = 223.781 MHz, a value of &epU = 42 221. The probability of detec- 
tion of a NQB signal, using stationary methods, decreas es rapidly at Qequ 
below 5000 MHZ, and the signal becomes practically indetectable with c-w. 
instruments when QepU does not exceed lO*MEIz [48]. Most compounds, 
especially inorganic compounds and coordination polymers, show broad lines 
originating from the scatter of local EFQ values, over far from ideal crystalline 
lattices containing impurities, dislocations, vacancies and other defeti. 
NQR resonance signals from such compounds have line widths from about 30 
to 50 kHz in the best crystals ; typically, NQl% line widths are of the order of 
50 -150 kHs. At a resonance frequency of say 60 MHz nuclei of %81Br, 
1~~187Be, ‘&As, lal*wSb, WBi in a number of compounds give resonances close 
to this frequency value, this gives Qeqn values of ca. 700. 

For this reason in particular, comparatively little work has been done on 
the NC&I% spectra of inorganic compounds using the stationary technique. 

The pulsed methods (quadrupole spin-echo) offer an effective approach to 
overcoming all the limitations of marginal and super-regenerative instruments. 
According to this technique, a sample experiences pulsed radiofrequency power, 
while spin-echo signals are detected in the intervals between pulses. The sug- 
gestion that a spin-echo technique, similar to that used in NMR smpy, 
can be applied to detect NQR signals was put forward and experimentally 
realized in 1954 [lS, 49-51-J. 

Since those first experiments and theoretical considerations [50, 52, 531, 
systematic inveetigation of the potential of the pulsed method in NQR spectro- 
scopy 154 -621 revealed many attractive advantages of spin-echo spectrometers 
over the marginal and super-regenerative instruments. The amplitude of 
the spin-echo signal depends insignificantly on the value of Qsp,, which provides 
superior sensitivity in searching for new resonances in compounds with broad 
lines (Qrpu < 5 000). 

The spin-echo technique has also proved effective in measurementa of low- 
frequency weak resonances characterized by long relaxation times. The con- 
struction of the puIsed NQ$% spectrometer with coherent mode operation and 
phase detection (1 -5 MHz) enabled the authors [63 -661 to use the laN NQR 
method for the successful study of a large number of nitrogen-containing com- 
pounds. Peterson and 0 ja [67 3 also reported the constzuction of a pulsed coher- 
ent N&R spectrometer covering 0.5 -30 MEz together with comments on 
the advantages of pulsed techniques over marginal and super-regenerative 



oscillatorrs. They underline the uoneiderably higher sensitivity of the pulsea 
method than that of any stationary technique, the much wider variety of 
information supplied by the former method (i.e. ability to obtain data quickly 
and Ito conveniently meafsure relax&ion times and line &ape), a4d muoh 
faster scan rates without suffering from saturation problems. Subsequently 
a panorssmio NQR spectrometer covering 2 -20 MHZ (ISP-1) wss constructed 
in the SKB IRE of the USSR Academy of Sciences [SS]. The pulsed method 
also offers much promise in the high frequency range. Pulsed speotrometers 
have been described in [SS, 701, one of which [70] covers the interval 
2 -1000 MHZ. Pt&ed methods have become preferred by mo& -hers. 
Several types of pulsed NQR systems are now commercially avGla,ble (Matec 
Inc. of Warwick, Bruker SXP). The labora,tory-made or modified commercial 
pulsed systems often possess advanced spectroscopic equipment with signal 
averaging systems and computer units, providing for automation of the rnw- 
urements 118, 71, 721. 

With a view to further enhance the sensitivity of pulsed instruments, 
attempts have been made to reduce the effective line width. The width of 
an N&R line, AY, is determined by several factors 

AV = (ZQ-1 cy @Q-l + (CX1 + AB (21) 

The statistical distribution of local EFG componenti over the sample, due to 
crystal inhomogeneity, is reflected by the term AB; magnetic dipole i&era&ions 
which determine mainly spin -spin relaxation time or spin-phase memory .T, 
and are measured from the decay of the echo envelope (this is supposed to 
occur according to the law exp [ -(z/!Z’,)‘J [73]); molecular motions, such as 
torsional osoillations or reorientations, determining mostly the spin-lattice 
relaxation: time 21, - p2 h th e inverse of the line width parameter. This deter- 
mines the time necessary for the free induction decay (PID) amplitude to 
decrease to (e)-l of ite initial value [73]. The Fourier transform of the FID 
signal restores the real undistorted line shape. 

The vsst majority of inorganic compounds possess line widths mainly 
determined by the third term in equation (21) reflecting inhomogeneous broad- 
ening due to lattice imperfections, while the contribution of the relaxation 
terms is much smaller. The pulsed NQR technique however eliminates the con- 
tribution due to inhomogeneous broadening since the decay time of the echo 
envelope is characterized by the homogeneous contribution to the line width. 
Typical values for Ts lie normaUy in the interval from several tens to several 
hunti of microseconds. The Tl value are often orders of magnitude longer 
than T,, and therefore the contribution to the line width of the first term in 
equation (21) is much less than that of the second. 

The main purpose for experimenta on pulsed line narrowing thus consists 
in searching for the conditions which would provide for slower decay of the 



26 

spin-echo envelope. According to equation (21) this leads to a decresse of the 
term l/T, which is effectively equivalent to line narrowing. Physically these 
conditions favour removal of the contribution to the line width from magnetic 
dipole interactions. 

Having modified the Lee -Goldberg teohnique (1743 and refs. cited therein) 
the authors used a sequence of radiofrequency pulses which enabled them to 
observe the FID in the rotating frame which appeared 25 times slower than 
it was in the laboratory frame due to the suppression of both inhomogeneous 
and dipole -dipole sources of line broadening. 

The possibility of suppressing the inhomogeneous line width and to consider- 
ably reduce the contributions to the line broadening of heteronuclear dipole - 

dipole interactions in powders through the action of a strong alternating mag- 
netic fisld in quak-stationary states, hazr been theoretically analyzed [75]. 

The line narrowing of WI N&R in p-C&H,&& (lengthening of WI1 NQR 
spin-echo envelope decay time TB) can also be caused [76] by a nonr8sonant 
circularly or elliptically polarized radiofrequency field at a frequency much 
higher than the line width of WI1 and 1H. This line narrowing arises from aver- 
aging the local field due to protons having thus suppressed the contribution of 
the heteronuclear dipole -dipole interactions. The Larmor frequency of the 

protons around the effective field is so high that the fluctuating local field at 
this frequency (although it is still much lower than the NQR frequency} does 
not contribute to the Wl echo decay. Therefore, the local field from the protons 
responsible for the echo decay is reduced and the line narrows. The contribution 
of this field to the 86c1 echo decay is found to be reduced by a factor of almost 
10-a. 

Attempts to narrow the N&R line by eliminating heteronuclear dipole -di- 
pole contributions through the use of multipulse sequencies similar to those 
by Carr -Purcell in NMR, have also been made [71, 77 -791 and theoretical 
calculations reported [SO]. The authors [71, 791 report conditions which enable 
them to observe l4N echo trains persisting for times of the order of the spin- 
lattice relaxation times T, which is orders of magnitude longer than irt deter- 
mined by the value of Ta. 

Parallels to efforts for enhancing the sensitivity of NQR detection, by further 
improvement of the experimental technique, methods alternative to direct 
NQR detection are rapidly developing ; for example, a double resonance apkc- 
troscopy which greatly increctsea the sensitivity of N&R observation. In this 

technique, the quadrupole transitions on the nuolei with low abundance or 
small quadrupole coupling constant (Q spin system) are observed indirectly, 
i.e. by their influence on abundant species (P spin system) for example, protons 
which give strong signals easily detected by NMR. Under certain conditions 
the radio frequency excitation of the Q spin system is transferred to the P spin 
system due to dipole -dipole interactions and is recorded as a change of the 
NMR signal on the P nuclei. The energy exchange between the two nuclear 
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spin systems is facilitated in a considerable number of ways. Thus, double 

resonance experiments have been realized successfully in high, zero and weak 
external magnetic fields. Ln all kinds of experiments, three imports& steps 
include the polarization of the P spin system, the heating of the Q system and 
the partial heat transfer to the P system due to the thermal contact between 
the two systems. The latter monitors the amplitude of the resultant free induc- 
tion decay of the P system, which is recorded. 

Various experimental techniques have been developed for the study of 
particular spin systems, e.g., with large PQ dipole-dipole interaction, with 
PP dipole -dipole interaction much larger than PQ (0; QQ); with large QQ 
dipole-dipole interaction. These have been extensively reviewed and their 
relative advantages discussed [Sl -883. Among them there w techniques which 
are referred to as double resonance in the rotating frame (DRRF), double reso- 
nance between the rotating and laboratory frame (DRLF), double resonance 

via level crossing (DRLC), double resonsnce with coupled multiplets (DRCM), 
spin-echo quadrupole - quadrupole double resonance (SEDOR), triple resonan- 
ces. 

This field of NQR spectroscopy is now at its initial and ascending stage, 
but the resulti obta,ined with the help of double resonance demonstrate a, highly 
successful approach to a great -diversity of problems which could not be solved 

using a single frequency technique. They are concerned with a study of rare 
nuclei (for instance, 170 in its natural abundance, O.O37o/o) or nuclei near im- 
purity sites ; the determination of QCC and 7 of the nuclei =s41K, SNrt, l*Ws, 
86*87Rb, s5C1- in ionic compounds ; the analysis of chemical effects, especially 
H-bonding, in ice and many biochemically interesting compounds containing 

ZH, l70,14N ; the investigation of phase transition mechanisms in ferroelectric 
ionic compounds. Many of the observed spectra showed fine structure yielding 
information on dipolar coupling, for example, D -D in groups such as -ND,, 

=CD2, OD,; D -Mn in DMn(CO),; D-Cl in DCI, etc. ([84] and refs. cited 
therein). 

Using DRCM, Popplett resolved 170 -lH dipolar fine structure for the 170 
sites of the oxonium ion H,SO, - H,O [89] and for the hydroxide ion in several 

hydroxide compounds [go], all at natural abundance. 
Appropria.te space cannot however be given here to discuss in detail the many 

unusua.1 aspects of this new field of spectroscopy. The interested reader is refer- 
red to the reviews mentioned above [Sl -881 which give a complete biblio- 
graphy together with essential comment as well as reference to more recent 
original papers [89 -941. 



C. INTERPRETING NQR LSPEOI’RA 

Exi&ing methods of interpreting NQR data differ in the approxima- 
tions introduced to relate the NQR spectral parameters (QCC = (@Q&/~, 

rl = (I~;zl - ldMq4 to th me asaociafed with electron density distribution. 

Figure I.4 Cartesian coordinate q&em of molecular charge diefribution, 

The volume element dv of the moleaulax charge density distribution 8 (Fig. 
1.4) produces the ebctroatakic potential 

V = ,g dvjr (22) 

at the origin. Clearly 

av 
a9 

= e(3 co@ 8 - l)/+ da 

av - = -e(z/@) dv = --&OS 191~2) dw 
a2 

and 

ar x 
- = case 

az=r 

Similarly 

aw 
-zz = @(3 sins 8 co@ q - I)/+ dv 

and 

a=v 

aya 
= ,o(3sinB8sinarp - l)/@dv 

(23) 

(24) 

(25). 

(26) 



The expression for EFG at the origin may be obtained by integration of equa- 
tion (23) over the molecular charge volume (eqn. (27)). 

Tzz = J e(3 co#8 - l)/fl du (271 

En terms of quantum mechanical notations e dw should be rephwed with the 
Bohr probabihty criterion !PF dw. Further, we may separate from the right 
hand side of equation (27), the tex-n~~ describing the contribution of adjacent 
nuclei which to a good approximation behave a+s point charges [S] 

(28) 

Here z( ia the full charge loce&zed on the nuclei lying at a distance of Ri from 
thak under consideration, The corresponding term depends only on the mole- 
cular geometry and may be calcul&ed directly. The first term in equation (28) 
describeB the contribution to QCC from the molecular electronic structure. 
Hence if wave function are known, the QCC -meter gives the mean 
(3 COG 8 - l)/fl value over the molecular charge distribution at a fixed point 
of an atom in the ground atate, providing the nuclear quadrupole moment 
value & is available. The experimental QCC value ma.y, in its turn, 8erve 88 
a criterion for the choice of the wave function [S-J. 

Within the MO LCAO approximation, a molecule is described by a set K 
of doubly occupied orthogonal molecular orbit&. Each of the MOs is given 
&S a linear combination of K orthogonal atomic orbit& (AO) vi 

Substitution of equation (29) into (28) yields equation (30). 

(30) 

where Rj ia the number of electrons in Fj. The summation over all occupied 
orbit& in the fir& term leads to basic inkgrak of three different tv- Let 
us analyze the QCC on the nucleus 1. The first type of integral then has the 
form (31). 

caf caj s ( 3c0f3=e - I 
fl ) 9s (31) 

1 

These are three-centre integra& since they include contributions from three 
atoms (having indices 1, 2 and 3). 

The integrak of the second type are two-cadre in~ls 



Lastly, we have one-centre integrals (33). 

G* d s ( 3coEPe - 1 

r8 > 
VI dv 

1 

The current N&R theories differ in how they treat these three types of 
integral. Let the EFG values measured in a molecular crystal be fully deter- 
mined by contributions from the isolated molecule under consideration, so 

that the effects by neighbour molecules may be neglected (the second term in 
eqn. (30)). 

The theory of Townes and Dailey [95] provides s, rather simple means of 
determining information about the nsture of chemical bonds in covalent com- 
pounds. This theory, based on the approximation of localized orbits&, was 

the first applied to NQR spectra and it still remains the one most widely used 
today. The approximations proposed by Townes and Dailey follow: 

a) The neighbouring atoms give negligibly small contributions to EFG 
at the atom under study. In molecular orystrtla, this gives a contribution of less 

than 40 kHz to QCC [13]. 
b) Two-centre integrals of the type (32), which describe contributions to 

EFG from the overlap of electron density distribution between the atom under 
consideration and other stems, are also neglected. According to Townes and 
Dailey [95] the neglect of the overlap density on the bonds formed by the 
atom under study leads to errors of about 5% in case of halogens. 

c) Three-centre integrals of the type (31) give contributions to QCC from 
the overlap of electrons on bonds other than those for medby the atom conaid- 
ered. These .are far less important than those preceding, and may certainly 

be neglected. 
d) With the assumptions specified above (30) becomes equartion (34) : 

(34) 

Expression (34) describes contributions to QCC from electrons localized on 
the atom studied. 

In the absence of polarization effects, internal orbit& possess spherical 
symmetry and consequently give no contribution to &CC. The summation 
in equation (34) is therefore taken only over valence orbit&. However polari- 
zation of internal orbit& often occurs (the Sternheimer effect [SS]) and cannot 
be neglected. Still as we are mainly concerned with the ratio of &CC in a mole- 
cule to its value in a free stem, the corrections for the Sternheimer fa&or 
may cancel out on the assumption that their magnitudes vary only insignifi- 
cantly on going from one molecule to another. This justifies consideration of 
only valence orbitals in aJl cases. The Townes and Dailey theory [95] proceeds 
by assuming that the cross-terms in equation (34) may be neglected. Separating 
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them out from equation (34) we have 

where the second term is formally nonzero if the orbital quantum numbers 
of q+ and pi, differ by 2. If only p and 8 orbitals contribute to chemical bonding, 
the second integral is zero. With & orbitals, the neglect of small but nonzero 
contributions to &CC from the 8-d integral leads to some errors in calculated 
&CC values. The contributions from the s orbitals are also neglected, within 
the Townes and Dailey theory [95], because of their spherical symmetry. 

Using equation (28) and hydrogen-like wave functions, Townes and Shawlow 
[97] have shown that the contributions to QCC from the p, d, and f orbitals 
are related to each other as 21: 3: I. The expression (35) may thus be reduced 
to consideration of only valence p orbitals to within a 15% uncertainty, and 
we obtain 

where ez = s 3coE+e-1 pz 
ra 

p, dx, . . ., etc. 

Following from equations (6) and (7), ‘in axial symmetry 
expression (37) is true. ( 

PV @V 
s = - 

ag2 ) 
the 

!&=~L=~:.=pcu*=~z=4~= -f9t (37) 

It is also true that 

!za! = !& = &z = !?P (38) 

where the parameter qP characterizes the EFG produced by one unbalanced p 
electron; its value can be determined empirically from microwave or optical 
spectra. The quantity e%&,@ is usually referred to as atomic QCC. 

From equations (36 - 38), the principal relationship of the Townes and Dailey 
theory [95] which determines the EFG produced by valence p-electrons in a 
single MO, may be written in the form 

Cyclic permutation gives 

(39) 

(49) 



(41) 

Clearly, the coeffioiente C’: describe the weights of the respective p-orbit&s 
used in the MO approaoh, so that we can write c = IV,. The components of 
total EFG can be obtained by summing equations (39-41) over all the MOs 
in accordance with equation (34). Then the two experimentally measured 
quantities can be expd in terms of the occupancies Ni of valence p-orbi- 
talsas 

(42) 

where 

UP = ~%M%?!?P 

Using the Townes and Dailey approach [95] which is based on the approxi- 
mation of localized orbit.& it is necewary to locate the EFG principal axes 
with respect to the bond directions, In a general case, this may be done on the 
basis of NQR and X-ray studies of single crystals. For a large number of simple 
molecules, symmetry considerations may prove sufficient. With terminal atoms, 
the z-axis of the EFG coinoides with the direction of the chemical bond. If a 
lone pair is present, the latter usually determines the z direction though its 
own orientation mMO& ahap be determined unambiguously if there are steri- 
cay strained fragments or if charged particles are present in ifs vicinity. The 
results of numerous investigations of single crystals show that the EFG reflects 
the local symmetry of the crystal lattice. With molecular crystals, the EFG 
is determined by molecular symmetry8 

We now consider the Townes and Dailey theory [95] applied to the most 
simple case of a halogen atom, e.g. chlorine, linked with only one atom R. 
The localized orbital approximation takes into consideration only valence 
orbitals on both halogen and R atoms. The EFG axis should naturally coincide 
or almost coincide with the R-Cl direction. Let the chlorine bonding orbital 
PI be a 383~ hybrid 

!I& = 8% + (1 - 8’)lla VW (44) 

and have occupancy b. The antibonding P2 orbital with occupancy a has the 
form 

‘r/, = (1 - S=)lra v# - St& (45) 

Lastly, the two n-orbit& having occupancies N, and NY, respeotively, may 
be written aa 

?3 = 9%%V (46) 

pa = %v (47) 
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TABLE 1.3 

One-centre contributions to EFG at the chlorine nucleus 
in the molecule RCI [S] 

Orbital EFG along the Orbital Total contribution 
z-ax& occupency tOEFGI 

The one-centre contributions are listed in Table 1.3, overlap terms being 
neglected. 

Hence the expression for the total EFG has the form 

Sz= -Pp( --b + &I2 - a8= + K/2 + &I21 

Multiplication of both parts of (48) by e”& yields 

(48) 

&Qq/ea&qp = Up = b(8' - 1) - a@ + f (JL + qJ . 

Let us apply equation (49) to the Cl, molecule. Neglecting overlap of orbitals 
and assuming b = 1, a = 2, IV, = NY = 2 we obtain 0, = (1 - 89. &I the 
experimental values are e”&q - Iid1 = 108.9 and eqqP - h-l = 109.7 MEz, Ss 
should be nearly zero. There are other indications of a low degree of hybridi- 
zation in the bonding orbit& formed by one-coordinate chlorine [98] and the 
conclusion drawn from the NQFC data agrees with the generally accepted point 
of view. 

On the assumption that d-orbital contributions may be neglected, in the 
absence of IG bonding (Nt = NY = 2) and with a set equal to 2, equation (49) 

become8 

UP = ewq/e%&, = (1 - @) (2 - b) WJ) 

Within the framework of the valence bond scheme, valence orbital occu- 
pancies depend on bond ionicity, i, which in its turn correlates with the electro- 
negativity difference of the bonded atoms. With chlorine havmg a higher elec- 
tronegativity than R, its pz orbital occupancy is given by 1 + i and the term 
2 - b should be replaced with 1 - i, where i is the fractional ionic character 
of o-bonding. 

3 Bns3asv, NQB 
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If both 3~~ and 3p, chlorine orbitals give equal contributions to n-bonding 
with R, their occupancies become 2 - Ed, where z is the degree of double bond- 
ing. We have for 27, in that case 

u, = caQM%I~P = (1 i 8%) (I - i) - Iz (51) 

If only one 3~~ orbital contributes to rr-bonding, the asymmetry parameter 
becomes nonzero, the bond loses axial symmetry, and the following relation- 
ship becomes valid according to equation (43) 

The asymmetry parameter 7 serves as a measure of double bonding in this 
case [95-J. 

Even after excluding the d orbitaIs from consideration there remain three 
unknowns: i, 1~, and 8, (equations (61), (52)) while only two quantities can 
be measured. The Townes and Dailey theory [95] is often criticized on three 

grounds. The number of unknown -meters can, however, often be reduced, 
especially for a series of related compounds, from independent considerations 
based on the data of other methods. 

On the whole, the majority of workers express the opinion that the Townes 
and Dailey theory [SS] furnishes a much better approach than might be expect- 
ed, considering the many assumptions it includes. For that reason, the abso- 
lute occupancy values so obtained, can hardly be relied upon; if, however, 
relative changes in electron distribution are examined over series of related 
compounds, NQR spectroscopy provides quite reliable trends for such changes. 
As the one-centre terms increase with atomic number, the Townea and Dailey 
method [95] becomes more satisfactory for the heavier elements. Attempts 
to improve the theory, even on strict theoretical grounds, often lead to deterio- 
ration of the agreement between theory and experiment. Thus, the exceedingly 
simple theory by Townes and Dailey provides an adequate description of the 
observed trends, reveals subtle effects, and in favourable cases, gives quanti- 
tative estimates and correct predictions. No wonder therefore, that it achieved 
deserved success and is still being extensively used for the interpretation of a 
considerable body of experimental data. 

Many authors attribute the success of the Townes and Dailey model [SS] 
to the balancing of errors of opposite signs. Thus the neglect of the d-hybridi- 
zation effects on &CC in halides may be cancelled out by the neglect of a-hybridi- 
zation in certain cases [SS]. Schempp and Bray [13] note that the represen- 
tation of the LCAO is most adequate in the vicinity of the nucleus. The EFG 
is also determined mainly by the electron density distribution in the immediate 
vicinity of the nucleus where the approximations are best [loo]. The psrticular 
form of the Townes and Dailey expression is, of course, determined by the struc- 
tural environment of the resonance atom. Later we shall consider several 
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bonding aituatiom in order to give oorre~ponding general Townes and Dailey 
formulae for the EFG at the mnance nucleus. 

The model suggested by Cotton and Barr.% [loll is baeed on the LCAO 
approach. The-bond pazametem i, 3c, ti whioh are empirical parameter in the 
Townes and Dailey theory [SS], are now implicitly included in the eoeffioients 
of the baeie orbitala of ot#?upiedMoS. The three-cenfre integrah~are again neglect- 
ed, and Borne of the two-centre integrals cancel out together with the nuclear 
term in equation (28). The remainiug two-centre contributions are approxi- 
mated by a relationship including overlap integrals Is,. The tiontzibutione from 
the &.ernheimer polarization of inner shells [Se] are again assumed to vary only 
insignificantly from one molecule to another. The principal equation of the 
Cotton and Harris theory [IOlJ has the form 

where 

fi = C Rj(q + ci C cksik) 

i k>i 

is the occupancy of atomic orbital qJ in terms of MO theory. 

(54) 

Clearly, equation (53) reduces to the Townes and Dailey [95] relationship 
(42) if Hi, = 0. 

The &CC valuee for molecules such as Cl, and Br, coincide with the QCCB 
of the free atoms (eWqJh> to within 1 O/$. This shows that there is no eignifi- 
cant charge concentration in the overlap regions. Otherwtie, charge redietri- 
bution with withdrawal of electrona from the regions in the immediate vicinity 
of the nuclei, to the overlap regions would cauee a de- of the QCC valuee 
in molecules with respect to those in free atoms, which is not the case. Oberva- 
tions of this type Iend support to the Townes and Dailey theory [9SJ neglect- 
ing overlap integraIa. There are however cases in which ComGderation of the 
electron densities in the overlap regiollg may be of importance. The DC1 mole- 
cule provides an example [13]. The theory by Townes and Dailey [95] fails 
to explain the experimental QCC values of the deuteron in thme molecules. 
Caaabella and Oja [102] have compared the calculated and experimental QCC 
and 11 values for boron trihalidw . They conclude that overlap electroIls and 
halogen atom electrons make considerable contributiona to the l1B QCC vahms 
in these molecules having ehort bond distances. 

In CMBB like these, the approach auggeated by Cotton and Harrti [101-J, 
which expresses overlap integral explicitly, should be preferred. 

Several ab initio QCC calculations have been pubhhed [103 - 1101. In 
some caees, the calculated values ahow good agreement with experiment 
[lO3, 104, 109, 1101. The calculations show in particular that 0 and 3~ electrons 
give significantly different contributions to EFG, with contributions from G 

3* 
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ele&rons prevailing. In other words, one electron ewq/A values should differ 
depending on whether the electron occupies a G or a rr orbital. The most general 
conclusion drawn is that ab initio aalculations are more effective for the com- 
putation of a series of large molecules when larger basis set is used. 

On the whole, the oaluulated QCC values rarely show good agreement with 
experiment, even when the most elaborate wave functions are used. EFG 
values are very sensitive to the aalytical form of the wave fun&ion in the 
vicinity of the nucleus thus imposing rigorous requirements on the choice of 
the latter. A wave function providing reasonably good approximations in 
many other respe&~, may prove unsuitable for calculating QCC! (cf. Town- 
and Dailey in [lSj). 

A theoretical C&CC and 7 calculation with wave functions known at present, 
cannot be performed with an accuracy oomparable to that of the experiment. 
The latter may, in general, be very high, the error being determined by the 

line width (Av) and signal-to-noise ratio (S/N) : 6 = Z-. 
Av This 

@PO 
means that 

for arsenic-contaming compounds showing NQR ape&a with moderately 
broad lines (Av - 50 kHz) and quite typical signal-to-noise ratios (S/N - 10 
to 20), the absolute accmxoy of frequency measuremenfe is 8 N 5 - 10 kHz. 
At the resonance frequencies of Y - 50 MHz which are lowest for the ‘aAs 
nucleus, this gives a relative error of 81~ - 10-O. The latter can be further in- 
creased by orders of magnitude, taking into account a wide frequency range, 
where quadrupole nuolei resonate (1 MHz 5 Y 5 1000 MHZ) and small line 
widths in highly ordered and pure molecular crystals. In this case we have 
AV 5 1OkHz. 

As to a semiempirical treatment of N&R parameters on a relative scale, this 
appears also to be, in general, more reliable thau theoretical calculations, which 
again justifies the use of approximations based on the Townes and Dailey 
theory [95). 

D. INFORBQWION SUPPLIED BY NQR 

The NC&P&, being highly sensitive to changes in electron density distribution, 
provides diverse information on structural and chemical properties of com- 
pounds. 

When applied to structural investigations, N&R spectra may prove an effec- 
tive tool for preliminary study of crystal structure in the absence of detailed 
X-ray data. Such parameters as spectroscopic shifts, multiplicity, spectroscopic 
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sp l i t t i ng ,  r e s o n a n c e  l ine  w i d t h s ,  t h e  t e m p e r a t u r e  d e p e n d e n c e  of  r e s o n a n c e  
f requenc ies  a n d  r e l a x a t i o n  r a t e s ,  a f fo rd  usefu l  s t r u c t u r a l  i n f o r m a t i o n  a n d  pro-  
v ide  i n s i g h t  i n t o  t h e  f ac to r s  d e t e r m i n i n g  t h e  f o r m a t i o n  of  c e r t a i n  s t r u c t u r a l  
t y p e s .  

I t  is i m p o r t a n t  to  n o t e  t h a t  co r re spondence  is u s u a l l y  obse rved  b e t w e e n  
t h e  n u m b e r  of  r e s o n a n c e s  a n d  t h e  n u m b e r  of i n e q u i v a l e n t  pos i t ions  occup ied  
b y  t h e  r e s o n a n c e  a t o m  of a c e r ~ i n  e l e m e n t  in  a c r y s t a l  l a t t i ce .  V io la t ions  of  
t h i s  co r r e spondence  a re  v e r y  ra re ,  r e s u l t i n g  as a ru le  f rom s e c o n d a r y  i n t r a -  
mo lecu l a r  i n t e r a c t i o n s  s u c h  as  H - - b o n d i n g .  W e  can  the re fo re  c lass i fy  f r e q u e n c y  
s e p a r a t i o n s  b e t w e e n  c o m p o n e n t s  of  spec t roscop ic  m u l t i p l e t s  in  acco rdance  
w i t h  t h e i r  or ig in .  

As  is e v i d e n t  f rom t h e  de f in i t i on ,  t h e  e lec t ron ic  s t r u c t u r e  of  " c h e m i c a l l y  
e q u i v a l e n t "  a tomR [2, 4, 11] s h o u l d  be ident ica l .  T h e  v io l a t i on  of chemica l  
e q u i v a l e n c e  of r e s o n a n c e  a t o m s  due  to  a change  in  chemica l  bond ing ,  such ,  
as  for  example ,  p o l y m e r i z a t i o n  of  i n i t i a l l y  m o n o m e r i c  species,  loads t o  a s igni-  
f i c a n t  (of ten 40--50~/o) s p l i t t i n g  of  t h e  spec t roscopic  m u l t i p l e t  caused  b y  a 
d i f f e rence  in  t h e  e lec t ron ic  s t r u c t u r e  of b r i d g i n g  a n d  t e r m i n a l  a t oms .  

I f  t h e  spec t roscop ic  s p l i t t i n g  is caused  b y  t h e  loca t ion  of  t h e  a t o m s  a t  
c r y s t a l l o g r a p h i c a l l y  d i f f e r e n t  s i tes ,  t h e y  a re  ca l led  " c r y s t a H o g r a p h i c a l l y  in-  
e q u i v a l e n t " .  T h e  co r r e s pond ing  c o m p o n e n t s  of  t h e  E F G  a t  t h e  r e spec t ive  s i tes  
d i f fe r  f rom e ~ h  o t h e r  in  m a g n i t u d e  a n d  d i r ec t ion  d u e  to  t h e  " c r y s t a l  f ie ld  
e f fec t " .  Th i s  g e n e r a l l y  inc ludes  c o n t r i b u t i o n  to  t h e  E F G  of  e l ec t ro s t a t i c  forces 
b e t w e e n  molecules ,  d i spe r s ion  forces,  i n t e r m o l e c u l a r  b o n d i n g  a n d  s h o r t - r a n g e  
r epu l s ion  forces [111, 112]. T h e  c r y s t a l  f ie ld  e f fec t  on  N Q R  s p e c t r a  is less 
i m p o r t a n t  r e l a t i v e l y  t h a n  chemica l  bond ing ,  a n d  t h e  c o r r e s p o n d i n g  fre-  
q u e n c y  s p l i t t i n g s  r a r e l y  exceed  5~/o [3], a l t h o u g h  some e x c e p t i o n s  occur  
w h e n  s t r o n g  H - b o n d i n g  or  space  i n t e r a c t i o n s  c o n s i d e r a b l y  increase  t he  sp l i t -  
t i n g  obse rved .  

" P h y s i c a l l y  i n e q u i v a l e n t "  s i tes  d i f fe r  f rom each  o t h e r  o n l y  in  t h e  d i r ec t ion  
of t h e  E F G  c o m p o n e n t s ,  t h e i r  m a g n i t u d e s  be ing  iden t ica l .  To  d i s t i n g u i s h  
b e t w e e n  such  s i tes ,  Z e e m a n  ana ly s i s  of t h e  N Q ~  s p e c t r u m  is r equ i red .  

T h e  in t ens i t i e s  of  spec t roscop ic  l ines  a re  a lso i m p o r t a n t  charac te r i s t i c s .  
T h e y  ref lec t  t h e  r e l a t i ve  c o n c e n t r a t i o n  of r e s o n a n c e  nuc le i  a t  c e r t a i n  sitcss 
a l t h o u g h  one  a lso  has  to  t a k e  in to  a c c o u n t  t r a n s i t i o n  p robab i l i t i e s  a n d  ]fie 
t i m e s  of  t h e  e n e r g y  s t a t e s  of  t h e  s y s t e m  i n v e s t i g a t e d  [111]. 

T h e  co r r e spondence  b e t w e e n  t h e  n u m b e r  a n d  i n t ens i t i e s  of  r e sonances  a n d  
t h e  n u m b e r  of  i n e q u i v a l e n t  s i tes  occup ied  b y  a r e s o n a n t  a t o m  in  a c r y s t a l  
l a t t i ce ,  is v e r y  he lp fu l  in  a p r e l i m i n a r y  s t r u c t u r e  s t u d y  m a d e  w i t h  t h e  use of 
N Q R .  Such  a s t u d y  enab les  one  to  de r ive ,  f rom N Q R  spec t r a ,  v a l u a b l e  in- 
f o r m a t i o n  on  c r y s t a l  s y m m e t r y  [4, 111, 113]. T h u s  Tab l e  1.4 [113] g ives  t h e  
n u m b e r  of s i t es  w h i c h  can  be  d e t e r m i n e d  b y  I~TQR Z e e m a n  a n a l y s i s  for  a n  
a t o m  a t  t h e  gene ra l  p o i n t  pos i t ion .  D e t e r m i n a t i o n  of th i s  n u m b e r  is in  fac t ,  
i d e n t i c a l  to  d e t e r m i n a t i o n  of  t h e  L a u e  g roup  of t h e  c rys ta l ,  t h e  pos i t i ve  a n d  



TABLE 1.4 

The correspondence between the number of orientations of 
the EFG componenta of atom at the central point pitions 
8tlc1 hue symmetry for different crystal clssses [ 1131 

emalc~ Laue symmetry Number of possible 
orientations of the 
ElW components 

Triclinic 
Monoclinic 
Orthorhombic 
Tetwnal 
TetragomiJ 
Rhombohedral 
Rhombohedral 
Hexagon&l 
Hexagonal 
Cubic 
Cubic 

1 
2 
4 
4 
8 
3 
6 
6 

12 
12 
24 

neg&tive directions of th e z-axes of the EFG, being indistiuguishable in the 
%?+MnaIl eplitting patterus. 

The PJQR single-crystal Zeeman analysis cau provide information about 
ape&l point poeitione ocoupied by the quadrupob atoms. Their number is 
usually lowered by the symmetry operations of the Laue group. 

In general, an NQR siugLcrystal Z&man study determines the orientation 
of the EPG componenti with respect to the crystal axes, which essentially 
facilitates the most difficult and time-consuming stage of the X-ray analysis. 

TABLE 1.6 

The angles between the directions of C-Cl bonds and the crystal 
ages in 1,3,6-trichlorobenzene according to N&R 11141 and X-rcty 
[ 1163 rfMu1ts 

Chlorine Crystal axes 
position & b 

NQR X-ray N&R 

c 

X-ray NQR x-ray 

a 119.1” 118s 149.6” 160” 81.7” 80.9” 

Cl, 64.1” 65.0” 31.3” 30.2” 73.7” 74.3” 

Cl* 24.8” 24.0” 90.4” 9O.W 114.8” 114.0” 
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Table 1.5 gives comparison of the angle values between the crystal axea 
and the EFG z-axis at the chlorine atome (i.e. the directions of the C-Cl 
bon&) in 1,3,5-trichlorobenzene, determined by the two methods. 

In order to illustrate more completely the aspectx~ of atructure~ information 
which can be obtained by NQB single-crystal Zeeman spectroecopy, we con- 
sider in more detail an N&R study of BiCl, [llS] whose structure is known 
[117]. This consida of dkcrete distorted pyramidal molecules with Bi -Cl 
bonds aocordii to the stru&ure in Figure 1.5. The space group is orthorhom- 
bit Pn2,a awording to [117] with four molecules in a unit cell: a = 0.764 nm ; 

Figures 1.6 Projection of the stru&ure of BiC!l,, on the ab plane showing the chlorine 
bridging between a eingle BiCl, moleoule and its neighboura 11171. 

b = 0.917 nm; c = 0.629 nm. Cl(Z) and Cl(3) atoms in Figure 1.5 are nearly 
equal. There are Bi ... Cl intermolecular d.i&anoes which are shorter than the 
Bum of the van der Waals radii of the corresponding atoms, so that the bismuth 
atom ia surrounded by five neighbouring chlorine atoms apart from the three 
nearest chlorine atoms (Fig. 1.5). The two chlorine atoms (Cl(2) and Cl(S)) 
are involved in bridging to two other Bi atoms while the Cl( 1) atom is involved 
in bridging to-only one other Bi atom. The-Y!1 and -Bi NQB parameters of 
BiCl, measured by meana of the eingle-crystal Zeeman method are lkted in 
Table 1.6. The assignment of WI resonances is unambiguous due to direct 
correspondence of the lower frequency line of double intensity to the two Cl 
atoms which are cry&allographicaIly nearly equivalent (Fig. 1.5). The 
symmetry parameter 7, for the chlorine atoms, haa been determined, using the 
zero-splitting cone method described above. According to the reeulte the 
BiCl, crystal belongs to the Laue symmetry of I&, and therefore to the or- 
thorhombic crystal class. The Cl(l) and Bi atoms occupy the special point 
positions in the lattice since only two non-equivalent directiona of the corre- 
spcmding EFG componenfs have been detected for them, while four orienta- 
tions have been found for the EFG components at the site of Cl(2, 3) atoma. 
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TABLE 1.6 

WI md -Bi NQR spectm of BiCls l11.6) 

Isotope F(K) Train&ion frequencies (MXz) 
~(nmz) 17(%) A=i@;n- 

l/2-33/2 3/2--S/2 G/2-77/2 7/2-Q/2 ment 

291 l&952(2)*) 30.960 43.1 cl(l) 
19.173(l) 38.146 17.8 cl(2) 

mBi 294 31.865 26.132 37.362 51.776 318.9 66.6 

*) Relafive intensities of the lines me shown in -theses. 

The Pti2,a pee group Cl17 J wumes three kinda of chlorine atoms in a 
unit cell which are expected to give three equally intense Wl resonances. 
Moreover, each resonance must aplit into four zero-splitting componenta in an 

applied magnetic field. The number of observed -1 resonances, as well aa the 
Zeeman-splitting pattern, do not agree with these predictions, but suggest 
that the molecule possesses a mirror plane and therefore the centrosymmetric 
group Prvnaa. The lower frequency resonance of double intensity is then to be 
assigned to the chlorines out of the mirror plane while the higher frequency 
line corresponds to one lying in the mirror plane. The shorter (i.e. more co- 
valent) bond length of the lattir corresponds to the higher resonance frequency 
M expected in accordance with equation (51). 

Table 1.7 lists the angles between the EFG z-axes and the crystal axes in 
BiCI, resulting from the NQR single-crystal analysk compared with their 
values oaloulated assuming the PM,a space group. The calculations were 
performed on the assumption that the z-axes lie on the relevant Bi -Cl bonds. 
As one can see from Table 1.7 the angle values compared ahow rather good 
numerical agreement even though determined within different space groups. 
This indicates that the z-axis on each Cl atom is directed along the intramole- 
cular &-Cl bond despite from the large symmetry parameter value (Table 

TABLE 1.7 

The interbond angles *Cl-Bi-Cl in BiCl, 

Cl(2)-Bi-Cl(3) Cl(l)-Bi-Cl(2) cl(l)-Bi-Cl(3) 

NQB, {llS] 86.6” 92.3” 92.3” 

X-rtly 84.5” 93.2* 94.9” 

11171 



1.6). The intermolecular secondary bonds between Cl and Bi atoms may 

partly be responsible for q being so large, although these bonds seem to be 

still considerably weaker than the intramolecular bonds since they do not 
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affect the direction of the EFG z-axis. 
One can see from this example that NQl3 speotroscopy provides a great deal 

of structural information which is of great value even if the results of the X-ray 
analysis are available. Thus, the NQR data enabled the author [llS] to correct 
the spm group of the compound determined by the X-ray study. 

We shall later return again to this paper in order to discuss aspects of bonding 
obtained with the help of NQR. 

The fact that the difference between chemically non-equivalent atomic 
positions is readily revealed in NQR spectroscopic splitting may be utilized to 
identify geometric isomers. Octahedral complexes of tin tetrachloride, 
SnC!l~= 2D, form either c&- or tram-isomers. In &-isomers the axial and equa- 
torial chlorine atoms have different electron density distributions [ 1181. The 
chemical inequivalence produces considerable splitting in the NQR spectra. 

JL_u_ I 
SnCL<2C5H5N 

17 q8 19 20 - 23 
I 1 

zb 25 
v/MHz - 

Figure 1.6 w NQ.33 patterna of the initial SnC!& (a) and octahedral complexes of 
composition SnCl, - 2L 11191; b) c&-E?nCl, - 2 (CH,),SO ; c) trarre_SnCl, - 2C,H,N. 

In &a--complexes, all four chlorine atoms are chemically equivalent with 
identical eleotron density distribution. Splitting in the NQR spectra of these 
isomers, arises therefore from crystallographic inequivalence of the chlorine 
positions. Indeed, the observed NQ,R splitting of two complexes (Fig. 1.6) 
provides evidence for the cis-configuration of SnCl, l 2 (CH&SO and the trams- 
configuration of S&l, - 2 C&l16N [ 1191 confirmed by X-ray data 1120, 121-J. 

The width of the N(&R signal also incorporatzs important structural in- 
formation. In molecular crystals of high order and purity, the line width is not 
much different from the value determined by the sum of the two first terms in 
equation (21). In the majority of inorganic compounds, the lines are however 
inhomogeneously broadened by lattice imperfections such as defects, vacancies, 
admixtures and dislocations, so that their widths are maiuly determined by 
the third term of equation (21). Systematic study of spectroscopic shifts and 
broadening produced by a continuous change of the relevant sources of 
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brosdening, makes an effeotive approach fo the investigation of problems con- 
oerned with distribution of mixtures over a matrix, the natuze of their inter- 
a&ion with matrix, the mechanisms of dkorder, the looal order in vitreous 
compounds, etc. 

The Townes and Dailey approach [95] is the most widely u&l to provide a 
meaningful account of bonding trends within a series of related compoundf3. 
The preoise form of the formulae depends on the environment of the reJaonant 
atom, and home of the most widespread in inorganic chemistry are colkted 
in Table 1.8 (they are labelled as N*). The ex&pLpI8 of a eingly coordinated 
regolzsnf &om bonded to another atom or group R, ~88 coxuidered in Borne 
detail earlier as an illustration of the Townes ELga Dailey method [95]. Recall 
that oon&eration is re&riotad to systems with only one-centre %ntegraJs 
arieing from the vaJ,enm p-orbit&, s-hybridissstion being ignored. No oorrec- 
tion for the distortion of the valence lp orbit& by the effective nuclear charge 
is introduced. In this cm, we have according to equations (59 -41): 

(55) 

where IV,, NY and ZV, are the occupanciee of the ps, pP and pe orbit& respec- 
tively, and qP is the EFG along the axis of the valencle p orbital produced by a 
single sbctzon in that p-orbital. The symbols 0 and i in Table 1.8 denote the 
covalent and ionic aharacter of R-Cl bonding, reepeatively ; X ie the elec- 
tronegakivity of the atom. The formulae (l*) -(3*) of Table 1.8 for a iringly or 
multiply one-coordina.ti rerronant &torn bonded are evident from equationa 
(55) and (56). 

Our next model is the two-ooordinated remnant atom in the symmetric 
and symmetric bonding environment AR,. A molecular orbital (1140) popula- 
tion analysis ia again performed here. The MO system is given in Table 1.8 
for the general c&88 of a symmetric AR, system aeeuming that the a-bonds of 
the system a.re represented by 8~~ hybrid orbitals, the interbond angle is 2y, 
and the n-electrons ocoupy an MO which ia a pure p, orbital. Several particular 
situ&ions have been tiyzed using this general model. 

One is the population a,nalysis of the l*N &om in pyridine enabling one to 
evaluate the nitrogen a(a) and n-bond (b) orbital populations (eqns. lo*, ll* 
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of Table 1.8) if the values of Uf, = e%&j@&,, and 9 ar8 measured experimen- 
tally. Table 1.8 shows the orientation of the EFG axes at the l4N atom site. 

Another example presents the situation where the quadrupole atom A 
(halogen) makes a symmetrical bridge between two metai atoms, often the 
case in polymeric metal halides of composition MX, (n = 3 -5). The metai 
atoms do not form n-bonds with the bridging haiogens, therefore b and c (the 
occupancies of z and lone pair orbitals, respectively) must be set equal to 2. 
The i-axis of the EFG lies, in tins B, along the axis perpendicular to the 

molecular plane (Table 1.8), and the asymmetry parameter q is, according to 
equation (I&*), completely determined by the angle between hybrid a-orbit&s 
[123]. The bridging halogen a-bond orbital population (a) can be estimated 
according to equation (16*). 

A situation which is frequently reaiiz8d in inorganic coordination aom- 
pounds, involves formation of so-oaiied “secondary bridging” when the halogen 
atom bridges two metal atoms by means of two considerably different bond 
lengths. The Townes and Dailey approach has been modified for the analysis 
of such systems (antimony and mercurio halide adducts) [124]. It was shown 

that the asymmetrically bridging halogen ~88s pure p orbitais for the secon- 
dary bonding, denoting the covalent bond characters of primary (short) and 
secondary (long) metal -halogen bond as c1 and a,, respectively. Each of 
these may easily be estima;ted, according to equations (lQ*) and (20*) of 
Table 1.8, from the experimental QCC (Ui) and 7 values. Equation (20*) ap- 
pears useful in yielding a contribution to the EFG at the site of the terminal 
halogen atom, from electron distribution in the crystal lattice outside the 

molecule studied. This contribution is aca, which is a falsely deduced element 

of covaiency. Its value was found to be within & 1% of bra It arises mainiy 
from asymmetry of the crystal field, leading to a non-zero 7 value at the 
terminal halogen while it should ideaily be zero. Having substituted the mea- 

sured q value into equation (20*) Wulfsberg and Weiss [124] found error of 
--&0.02 in the estimation of the covalent bond order, due to asymmetry in the 
crystal field (mercury complexes and some other compounds having both 
terminal and asymmetrically bridging halogen atoms). Some of their results 
are listed in Table 1.9 which provides estimates of secondary bonding effects. 
The Table 1.9 also lists the difference CT - aB between the covalent character 
of the terminal halogen and that of primary (short) bonding of the asymmetri- 
cally bridging halogen. This gives an estimate of the polarization of the pri- 
mary metal -halogen bond as a result of the secondary bonding. The mean 
value of the ratio ax,/(@r - bgl), the highest and lowest values being deleted, 
lead the authors to an approximate relationship 

CB, - 3bT - CB,) (57) 

providing evidence that about one third of the electronic effect of the secon- 
dary bonding is transmitted through the chlorine to the primary bond, in- 
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TABLE 1.9 

Fractional covalent bond orders u of metal-halogen bonds calculated from NQK 
data [124] : UT covalent bond order for terminal halogen atom ; dCF fictitious %ec- 
ondary bond order” of terminal halogen afoms arising from asymmetry of the 
crystal field ; b& primary bond order and CQ* secondary bond order for the bridging 
halogen atom (RT room temperature) 

Compound T (K) Terminal 
halogens 

Bridging halogens 

H&. diglyme 77 

HgI, &iglyme 77 
HgI* - tetrag1yme 77 

RT 
HgIt - dioxane 
HgI, - py-N-oxide) RT 
He;&-y-pie-N-oxide’) RT 
2sbc1, l c&H, RT 

2SbCl, 4&,Hs RT 

0.618 
0.612 
0.616 
0.611 
0.604 

0.601 
0.508 
0.365 
0.365 
0.363 
0.356 
0.373 

0.022 
0.008 
0.015 0.608 0.021 0.008 2.6 
0 
0.013 

0.616 0.066 
0.012 0.491 0.041 0.020 2.0 
0 
0.021 0.364 0.036 0.008b) 4.6 
0.013 0.362 0.013 O.OlOb) 2.6 
0.028 
0.028 
0.018 0.368 0.021 0.006 4.2 

0.361 0.029 0.012 2.4 

a) py pyridine ; pit picoline ; 
b) average of UT values are used for all terminal halogens. 

creasing the polarization (ionic character) of the latter. In other words, Wulfk- 
berg and Weiss 11241 offer the following picture of the formation of a “typical” 
second&y bond: 0.03 electrons are polarized or transferred towards the metal 
atom from the halogen p, orbital, and the halogen ao@res an additional 0.01 
electron in the primaxy (shorter) bond with the metal. 

When studying chlorine or bromine-containing compounds, q is usually 
not available un.lem the Zeeman experiments arc performed. In this ca8e the 
r&tionshipsgiveninTable 1.8 may be replaced by ~pproximateone~s deaGng 
with -**7Cl and ?s**rBr NQR frequencies instead of Ufi (C&CC) values. Since the 
negkct of the squm root term in the expression 

Ir = eQ&&)-1 * (1 + $/3)1/a (58) 

leads to a negligible error, especially when q is not too high (for q 5 0.17 
which is typical for secondary bonding in compounds diecussed in [124], the 



error is I055 than 0.5%), we have for the terminal halogen 

2+++%&@--~ = CrT 

instead of Uz = UT, and for the bridging halogen one obtains 

instead of equation (17 *). One easily oomes now to equation (219. After sub- 
stitution of equation (60) into the latter we have equation (22*) which permits 
us to estimate the covalent chara&er of the secondary bond from frequency 
splitting between terminal and bridging halogen atoms. Combining equations 
(2O*) and (22*) one obtajns equation (2341) to predict from the frequency split- 
ting the q value at the site of secondary-bonded ch.lor.ine (or bromine). 

Wulfeberg and Weiss [124] believe the eelf-consistency of the e&ima,tion 

justifies the use of the covalent-bonding language of the Townes and Dailey 
theory although they admit that the mechanism for the influence of secon- 

dary bonding on the EFG could be different. For instance, the electrons may 
be polarized electrostatically from the halogen pP orbit& into some other 
halogen orbit&. 

One more bonding model included in Table 1.8 is concerned with pyramidal 

molecules AR, or XARS. The idealized model has a S-fold axis of symmetry, 
so that the EFG at the site of resonance atom A is axially symmetric, therefore 
17 = 0. The populations of the cr:bonds A -R are lrtbelled a, that of the fourth 
orbital is b. The corresponding relation between the quadrupole parameter U$ 

the RAR interbond angle a and the orbital populations are given by equation 
(25*). The latter is very sensitive to the angular term. Often in certain com- 
pounds, the fourth atom X is absent, the appropriate orbital being occupied 
by a lone pair of electrons. In this case b is set equal to 2 and equation (24*) 
is valid. 

We now return to the discussion of the NQR reaulta for BiCl, [llS] with 

respect to chemical bonding. As shown in Figure 1.5 there are two Cl atom 
positions in the structure, one being three coordinated to Bi atoms (C1$,*) and 
the other making an asymmetrical bridge between the two neighbouring Bi 
atoms (Cl,). Furukawa [116j uses the Townes and Dailey approach to derive 
chemical information from the N&R results. The nearest atom environments 
of both the chlorine atoms are, however, different from those considered in 
Table 1.8. Around Cl,, there is a non-regular trigonal pyramid with different 
bond lengths and interbond.angles, while a regular pyramid haa been ans,lyzed 
in Table 1.8. The other (Cl,) although forming an asymmetric bridge, gives no 
evidence for retaining the dire&ion of the EFG along the short Cl -Bi bond 
which was the case in the example considered in Table 1.8. 

Furukawa [116] simplifies the situation with Cl,,s, assuming the two inter- 
molecular bonds to be equivalent. Three bismuth atoms around the Cl,,, po- 
sitions are nearly co-planar, and the angles between intmmolecular Bi -C12,8 
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and both the intermolecular Bi--XX,, bonds are praoticaJly the same. The 
z-axis of the EFG is then placed along the intramoleoular Bi -Cq.* bond, and 
the x- and y-axes lie parallel and perpendicular to the plane of the bridge. The 
intramolecular bond which is suggested to have a small amount of s-characfer 

(8 = 0.15) is represented by Q. The intermolecular bonds are supposed [ll6] to 
be formed by the transference of p, electrons from chlorine into bismuth 

vacant orbit& leading to a decrease in the ewq/A value at the Cl,, afom and to 

increase in the q value at the Cl,,, site due to imbalance between the p= and p” 
populations. The fractional contribution of intermolecular bonds to the total 

EFG is denoted by n as the sum of two. 
Thus, the components of the EFG are given as follows : 

eq ss = {-l/2@ + 1/2z(3sin~8 - l)]fq, 

eq vo = -.1/2b + n) eq, 

eqzE = {a + l/2=(3 co@ 0 - 1)) eqp (61) 

Here 8 is the angle between the intra- and intermolecular bonds. The ionic 
character of the Bi -Cl bond is, in this case, given aa u = (1 - a) (1 - i,). 
Substituting the experimental values of Ui z&d q from equation( 8) into equation 
(61) one obtains the bonding characteristics listed in Table 1.10. The intm- 

molecular Bi -Cl,, bonds have a covalency of 0.37 while the formation of two 
intermolecular bonds occurs, due to transfer of 0.09 e- from p_ electrons to the 
two neighbouring Bi atoms. This is reflected by the difference in the two 

interatomic distances. The total charge on the Cl atoms is represented by 8. 
In reality the contributions of the two intermolecular bonds are different 

from each other, and the z-axis may not be directed along the Bi --Cl1 bond. 
The extent of the deviation depends on the gap between the two contributions. 

The assumption of C,symmetry around the Cl%, atom is not far from the truth 
considering the interatomic distances, and the z-axis retains the direction 

along the bond in spite of the large q value (0.431) [116]. 

TABLE 1.10 

Chemical bonding characteristics of chlorine atoms in BiCl, from NQ!B data [116] 
(i_ ionic character of Cl-Bi a-bond ; n double bond character ; 8 the net charge on 
Cl atom) 

Atoms) T (MBZ) i,(e) n(e) -8 = i, --n(e) 

a, 30.960 109.7Fi 43.1 0.63 0.09 -0.642 
CL 38.145 109.75 17.8 0.60 0.07 -0.631 

a) See fext for definition. 
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When oonsidering the Cb position with only one intermolecular bond and a 
lack of Cs symmetry, one must take into account the non-vanishing off-diago- 
nal xz component of the EFG: 

This makes the direction of the z-ax% ambiguous, and one must rotate the 
coordinates about the y-axis to diagonalize the .components. These are : 

eq aA?&= 
[ 
$ (a + 9~) - s {(a + z)~ - 4760 sin* d}lj8 1 eqp 

eq 3.2’ = [ a (Q + n.) + a {(a + n12 - 47zcr sin2 O)lla 
I 

eq, 

ep,, evidently remaining unchanged from equation (61). Substituting the 
experimentally measured NC& parameters into equation (63) one obtains the 
bonding characteristics shown in Table l-10. The angle of rotation LY is deduced 
from the expression 

tan 2a = 3%&?& - eQcz) (64) 

This yields 5O meaning that the direction of the x’-axis lies within 5” of the 
Bi -C!I, bond direction, according to the model used. 

The !& values listed in Table 1.10 am, on the whole, reasonable and consistent 

with the corresponding bond lengths as well as with the estimations according 
to Gordy’s electronegativity difference (0.58). It is interesting that the results 
show nearly the same total electronic charge at both Cl positions in spite of the 
large difference of the corresponding NQR parameters. 

The examples discussed do not of course exhaust the potential of NQR as a 
tool for structure and chemical bonding. These are only simple illustrations to 
the applied aspects of NQR spectroscopy. We shall extend consideration of the 
latter in later Chapters. 

Now it seems to the point to say a few words about the rank NQR h&l.s 
among other methods. The study of nuclear quadrupole interactions in solids 
can be made using other than NQR methods, such as Mossbauer spectroscopy, 
perturbed angular correlations of y-rays, electron paramagnetic resonance 
(EPR), quadrupole effects in broadline NMR spectroscopy. The hyperfine 
structure of molecular rotation spectra can also give the EFG values but they 
refer to gaseous molecules. 

The Mossbauer spectroscopy is a rather expensive tool using y-rays of high 

energy, while the N&R is the lowest energy spectroscopy providing the least 
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perturbation to the substance under study. The accuracy of the QCC values 
determined by the former method is however low compared to NQR. The 

hyperfine structure of the quadrupole splitting in Mijssbauer spectra is often 
difficult to resolve so that the information about crystallographically non- 
equivalent atoms remains uncertain [537]. 

The other advantage of NQR ia that it gives an information about the 

ground state charge distribution while the most techniques (for instance, 
electronic absorption spectra) measure the parameters dependent on the 
properties of electronic excited states. 

Like NIHR and ERR, NQR provides a microscopic probe and enables there- 
fore to study local aspects of various phenomena. It means that the infor- 

mation yielded by these techniques is complementary to that provided by 
light scattering and neutron scattering which are sensitive to the collective 
excitation in crystals, It is meanwhile interesting to note that NQR is more 
sensitive than neutron scattering when the effects due to atomic displacements 

are concerned. The displacements of - 0.01% can easily be detected by 
NQR [152-J. 

Although NQR has the field of applications different from that of NMR, the 

Zeeman splitting of NQR spectra has much in common with the well-known 
shifts in NMR. The NQR spectroscopys~ however restrict themselves to the 
case when the magnetic interaction can be considered as a perturbation 

(e%&7/41(3I - 1) > PH, where p is the maximum projection of the magnetic 
dipole moment vector into the direction of magnetic field, H is the strength 

of the field). 
Magnetic dipole -dipole interactions and electron-coupled spin -spin 

interactions measured in NMR were in the past years not usually observed 
in NQR, except for very favourable cases [ill]. The recent progress in double 
resonance technique facilitated however both, detection of well-resolved 
dipolar structure of NQR resonance lines and their interpreting. The results 
are now available in the double resonance literature and reviewed in [556]. 

N&R is nevertheless not as extensively useful at present as NMR. The best 
results on light nuclei, such for example as those on “‘Al &CC in mineral 
samples, have been made using NMR ([537-J and refs. therein). The changes in 
NMR spectra were considered as a function of the orientation of a single crystal 
in external magnetic field. The NQR could however directly me&8ure the same 
&CC data using neither single crystals nor an external magnetic field. NQR 
measurements possess high spectral resolution, precision, specificity and speed 
of measurements. The reason for relatively limited practical application of 
NQR seems to lie in the lack of sufficiently sophisticated equipment [537-j. 

4* 



COlKPOUND13 WlT.E DISC- S!CBUCTUBAL UNl!l!B 

This chapter is devoted to consideration of compounds which contain nominslly 
isol&ed species in their ory&aJline lattices. Very often these species form 
eleotrically charged or neutral complex groups of considerable size, such as 
heteroatomio ions, dimeric molecules or units of molecular adducts. Under- 

stinding of the origin of the EFG can a&& in the solution of many problems 
conoerning atruotural, electronic and other crystallochemical properties. 

We shall discuss the geometric configuration of ions, the nature of intra- 

ionic chemical bonding, the probable mechanism of cation influence on the 
speotrosoopic parameters of anions, the factors which determine the sensitivity 
of anionic octa,hedra to oationic effects, etc. 

A. CHEMICAL BONDING AND STRUCTURE OF HEXAHAL OMETBr;LATES 

OF THE TYPE R,l@v&; CATION INFLUENCE ON THE EFG AT THE 

SITE OF THE HALOGEN ATOM 

The most extensive NQR and X-ray data are available for hexahalometal- 
la.tes(IV). They provide a good deal of material clarifying trends and regulari- 
ties observed in the experiment. 

Kubo and Nakamura [125] summarized their NQR data on R&l& type 
compounds. They estimated the ionicitiea of metaJ-halogen bonds (i) and 
central atom effective oharge values (&) in heavier element hexa-anions, from 
the observed halogen resonances, using the Townes and Dailey theory [SS] 
approximations. Their calculations are based on the a,ssumption tha.t the EFG 
at the halogen atom depends only on intra-anionic metal-halogen interactions. 
They assumed negligible d-chara.cter and 15% 8-c haxa&er in the M-X bond. 

In fact, differences in the a-chara&er are the dominant fautors in variations 
of the EFG at the halogen sites over Main Group element ions. The changes in 
chlorine N&R frequencies in germanium(IV), tin(IV) and lead(IV) hexa- 
chloride ions have been shown [127] to correlate with the ionization potentisls 
of the Ge, Sn, and Pb atoms, respectively. Data on bond ionicities [125] show 
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linear dependence on the corresponding metal-halogen electro- 
diffelrell~ within the series of derivatives of the asme Group 
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Kubo and Nakamura neglected possible m-bonding contributions to the 
M-ha1 bon&. due to delocalization of halogen p= electrons over t,, MOs in 

octahedral complexes .’ 
There is however experimental evidence that weak but “non-negligible” 

~bonding is present in [GeCIJB- and in [SnCIJB- anionz [126, 1271. Thus a 
comparison [l27] between the 86cl NQR frequencies in isostructural salts of 
(NMe*),MCI, with the corresponding thermochemical bond energies of [MCl,]z- 
leads to the conclusion that n-bonding decreases in the order Ge > Sn 5 Pb. 
With n-bonding taken into account variations of the chemical bond parameter 
values for tin halides estimated for the whole range of positive charges on the 
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Figure 2.1 Metal-halogen bond ionic&y i., (Oh) as a function of difference of elec- 
tronegativity between the metal and halogen atoms (Axn_& in hexahalogen anions. 
Solid line correspond to the data [126] redcula,ted for 8 = 0. Shaded area covcm 
possible Z,, values for tin hex&halides calculated for the effective charges on the cen- 
tral atom (6,,) varying within the limits Otnmrxj < 8, < 8,,,,. 

central atoms, fall within the limits shown in Figure 2.1. The i, values esti- 
mated in Cl251 correspond then to the upper limit of the variation range for 
positive & values in tin hexahalides. =-Electron contributions to M-ha1 
bonds clearly reduce the effective charge on the central atom. Neglect of the 
n-bonding contribution might possibly be the reason for the fact that an almost 
equal ionic character for the M-X bond is obtained 11251 for both K&ICI, 
and Rb,TeCl,, while Sn(IV) is more electropositive than Te(IV). 

In order to analyze the effect of external charges on the electron distribution 
within the complex anion [MX,Js- one has evidently to measure the halogen 
resonance frequency shifts within families of complexes with the same central 
atom. Systematic analysis of the Y!l NQR frequency shifts due to cations, in 
the hexahalometallates RzMrvCl, (Mrv = Sn, Pt, Re, Te, Pb ; R = K, NH,, Rb, 
Cs, (CR&N) has been carried out by Brill et al. [128] (Table 2.1). 
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TABLE 2.1 

VII and *lBr NQR frequenciee of octahedral anions at 298 K (MHz) [130, 131] 

Cation 

I(+ 

Rb+ 
Cs+ 

NHZ 

z+ 
M&N+ 
E&NH; 
Et&H+ 

(PYHP) 

(2,6lutH)+ “) 16.54 17.02 
(4picH)+ *) 16.68 17.81 

Mgvw):+ 

16.29 
15.91 
15.48 
16.49 

16.66 17.52 
16.37 17.32 
15.56 14.97 
15.55 15.83 

15.06 25.82 13.89 

15.60 
16.05 
15.45 
15.81 
16.63 
16.67 

14.94 
17.37 

26.29 14.28 
17.71 26.60 14.61 
17.05 26.07 14.09 
17.50 

18.54 

15.39 
19.44 
19.30 
18.75 
19.87 
19.63 
18.58 
19.71 
15.53 

a) (pyH)+ stands for pyridinium, (lutH)+ for lutidiuium, and (pioH)+ for pieolinium. 

Within a series of isostructural salts of the hexachlorostannate(Lv) anion 
having a cubic antifluorite (Pm, ) structurel), no correlation existed between 
the frequency shifts and the Sn -Cl distances, while the former correlate well 
with the unit cell dimensions. Thus the WI frequency values, shifting upwards 
by 1.6 3KAs along the series, are accounted for neither by ‘Sn -Cl bond length 
changes, nor by the variation in orbital occupancies. They correlate, however, 
with changes in cation dimensions, or the anion-cation and anion -anion 

contact distances. These shifts correlate with the Born-Mayer potential 
which describes the repulsion between the chlorine atoms of adjacent octa- 
hedra. A plot of the Born repulsive potential e-‘/e (r is the separation between 
the Cl atoms in adjacent anions ; e = 0.33 x 10m8 is the “hardness parameter”) 

l) Among the compounds compared (K+, Rb+, Ca+, NH;, Me,N+ salts), the salt 
(MesJ,)SucI, does not have (1291 an autifluorite, but rather a cubic structure 
Fd3c(a0 = 2.573 nm) at room temperature. It becomes cubic antifluorite Pmsrn 
(a0 = 1.297 nm) above 365 K. 



vs the YX resonance frequency was found [128] to be linear, indicating that 
the frequency increas es with increase in size of the cation (Fig. 2.2). The cation 
influences the frequency 11281 through the change of polarization of the 
chlorine .inner shells (quenching of the chlorine Sternheimer antishielding). 
With increasing size of the cation the inter-ionic Cl -Cl distances increaEle, the 

repulsion between them weakens, and the Sternheimer antishielding factor 

(r_)l) decreases. As a result, the part of the EFG produced by the external 
charge (q_*_) decreases, and since it has the opposite sign to the contribution 
produced by the intra-anion charge distribution (p&, the N&R frequency 

must increase, which is observed ex+rimentally. 

. 

Figure 2.2 Plot of the Born-Mayer potential (e-‘1”) vs WI?1 resonance frequencies 
in R&Q 11281 (R = Me,N, Cs, Rb, NH,, K; P is the separation between the Cl 
atoms in adjacent anions; e = 0.33 l 10-e is the “hardness parameter”). 

Ikeda et al. (1313 also noticed that halogen NQR frequencies increased with 

the lattice parameter values in the complexes RzMrvhab (R = K, NE,, Rb, 4%; 
M(IV) = Re, Pt ; ha1 = Cl, Br). All these compounds possess cubic antifluorite 
structures (PI, ) at room temperature, except the platinum(IV) hex&bromides 
whose structure were not determined. Calculations [131] using the point charge 
model led to the conclusion thrtt the contribution to the EFG at the site of the 
halogen, associated with the direct electrostatic effect of the external ionic 
charges (qti_) is much smaller than the indirect effect (p,& originating from 
polarization of the halogen core electron shells by external ions. The direct 
electrostatic effect is thus amplified by the Sternheimer .antishielding factor 
(r_), giving rise to a large indirect effect (hind. = (1 - yco) qdir.) responsible for 
the N&R frequency variations observed experimentally in these complexes: 

y = !zint. + ht.; !&St. = air. + 9ina. (65) 

l) The Sternheimer fsctor relates, in geneml, to the difference in polarization of 
valence and core electrons ; the letter gives an enormous contribution to the EFG 
(antishielding); the multiplicative factor of the value for chlorine is in the range 
26 -66 [ 1285 The empirical value is accepted usually to be much less. 



In fact, a variation of the empirical Sternheimer factor within 10 - 16 is suffi- 
cient to fit the observed frequency shifts [128]. The influence of the cations on 
halogen resonance frequency shifts, through the change of polarization of the 
halogen inner shells, is more or less common for the majority of hexahalosalts 
crystallizing in the cubic antifluorite lattices. Plots of the 8scl N&R frequencies 
in various hexachlorometallates(IV) against the Y71 NQR, frequencies in 
[SnClJ~- are essentially linear (Fig. 2.3) with the slopes reflecting the sensi- 
tivity of the anions to the cation influence. The smaller and more compact 

15 16 17 16 
v/MHz - 

Figure 2.3 Wl resonauces in hexachlorometallates(IV) of type R&K& (116 = Pb, Pt, 
Te, Re) vs “c1 reeonances in R&ICI, with the same cations (R) [123]. 

anions ([PtClJa- , [l&CL]*- ) are less easily perturbed and hence less sensitive 
to the cation influence than [SnClJS-, in contrast to the larger anions [TeClJS- 
and [PbClJ8-. 

These observations lead to a conclusion Cl281 that the interaction including 
ion -ion repulsion and acting through the electron shell polarization of the Cl 
anions, is a dominant factor determining the “crystal field effect” in these 
salts. However it may not be completely responsible for the frequency shifts 
which occur. Among other non-zero contributions there may be changes in 

anion-oation covalency, changes in the electric dipole moments of the M -Cl 
bond, differences in torsional motions of the ions, electrostatic contributions, 
etc. Analysis of their relative importance is a major problem in interpreting 
the NQR data. These factors, however, do not provide a consistent explanation 
of the experimental data [128]. 

Brill and Welsh [ 1301 pay attention to the behaviour of hexahalotellu- 
rat&IV) which demonstrate an exception to the valence shell electron-pair 
repulsion theory of Gillespie and Nyholm (VSEPR) [132]. The latter predicts 
distortion of octahedral species possessing the eeventh ele.ctron pair. The NQR 
results (Table 2.1) readily reflect inequivalence in the chlorine positions and 
hence distortion of the octahedral species; however there is the strong tend- 
ency for the [TervC&Je- anions to form undistorted octahedra. Even the 
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preparation of compounds with cations of low symmetry which reduce the 
symmetry of the (TemC!lJ*- lattice sites did not noticeably affect this tend- 
ency. Hence the lone pair on the Te(IV) atom in the [TervCl,Js- anion is 
stereochemically inactive and causes no angular distortion. The ion [PbmCIJ’- 
havingessentially thesamedimensions (Pb -Cl = 0.250nm, Te -Cl = 0.250nm) 
but not lone pair, suffers, according to Table 2.1, stronger distortion due 
to influence of unsymmetrical cations. An extra pair of electrons does not 
distort the 0, structure [ 1331 if it occupies the ccl, antibonding MO local&d 
primarily on the tellurium atom. This is the case when the ns orbital of the 
central &torn plays little part in bonding. 

Another interesting aspect 11281 ia concerned with the low sensitivity of the 
hexachlorotellurate(IV) ion to cationic effects. As was mentioned above the 
relative measure of this effect was a NQR frequency shift suffered by halogen 
when oations run from K+ to Cs+ and (Me,N)+ over the series of isostructuraJ 
salts. As was shown in Fig. 2.3, the appropriate frequency shifts depended 
linearly on the ionic radia of the ca&ions (N&R data for K,TeCI, were ignored 

be-use they deviated from the straight-line dependence). The slopes of the 
straight lines were associated with the sensitivity of various anions to the 
cationic effect. The latter appeared to depend mostly on the sizes of the anions, 
the larger ones being more easily perturbed and hence more sensitive. The 
exception made tellurium(IV) anions. Being of approximately the same size 
&8 [PbCl,Je- they showed abnormally low sensitivity to the cationic effects. 
The inclination for the tellurium(W) and lead(IV) anions measured w-ith 
respect to the sma.ller tin(W) anions (Sn -Cl = 0.241 nm) rtppeared to be 
0.106 for [TeC&J*- and 0.123 for [PbClJz- anions. The more extended data of 
Table 2.1, including compounds of structures other than Fmsm, show that 
[TeClJ*- anions fend to be even less perturbed than [SnCl,J+ if the whole 
ranges of frequency changes are compared [130]. 
Since the frequency shifts due to cationic effect were considered [l3O] to 

originate from polarization of halogen’s inner electron shells by external 
cationic charges, one can suggest that the Cl- anions are less polariza;ble in 
[TeC1,J8- than in [PbClJs-. The reason for this seems to be tha lone pair of 
electrons localized on the Te atom. Being subject to a short range influence of 
its negative charge, the inner electron shells of the Cl atoms reflect the super- 
posed antishielding due to more distant cationic charges to a relatively wea,ker 
extent than those in anions with no extra, electron pair. This gives rise to a 
smaller NQR frequency increase along the series of tellurium than of lead 
anions. 

A strong tendency of [TeCl,JB- octahedra to remain undistorted, regardless 
of the site symmetry, seems also to arise from the presence of the lone pair 
electron cloud localized on the tellurium atom. 

Summarizing all the results of NQR investigations on various hex&halo- 
metaJlates(IV) we can state that the electron distribution within the anion is 



mainly determined by the intra-anionic metal-halogen inters&ions. Weak 
but non-negligible z-bonding is present in the IVth Main Group element hexa- 
chloridea which decreases in the order Ge > Sn 5 Pb. The influence of the 
cations on the halogen N&R frequency mainly determining the “orystal field 
effect” in cubic R&Iv& salts, aeew to include ion -ion inters&ions (re- 
pulsions) acting through the electron shell polarizrttion of the Cl anions. The 
electronic structure of the anions is also an important faotor contributing to 
the mechanism of c&ion influence on the q1 frequencies. 

A number of papers are devoted to analysis of the Oontributions of other 
effects into the EFG, with are non-zero but not of primary importance, suoh 
ZM lattice charge distribution, anion -cation covakncy, polarization of the 
complex ion by the eleotrostatic field from neighbouring atoms, bending vi- 
brations of Biz -X bonds, etc. The reader willl find them reviewed in [134]. 

Transition metal hex&halides of the types RWX, (M(IV) = Pt, Pd, Ir, 
Rh, Os, Ru, Re, To, W, MO) have been thoroughly studied using NQR. NQR 
data on them have been reviewed [125, 134, 1351. Some of the compounds, 
namely those orystaUizing in a, cubic lattioe, show crysta~ochemical proper- 
ties muoh in common with the relafed compounds of the non-transition ele- 
me&s. In both types, the EF’G et the halogen sites has mainly an into- 
anion origin as well aa a similar mechanism for the influence of the cation on 
NQRfrequencyshifts [128,131]. A specific temperature behaviour was observed 
however in saJti of the third transition hexachlorides(TV) series whioh did 
not occur with the Main Group metal complexes. The temperature coefficient 
of the halogen NQR frequencies increased linearly with the number of v&can- 
ties in the metal antibonding t& orbitals in the order [PtCIJs- < [IrClJs- 
< [GsC!lJ*- < [ReCl,]*- < [WC&,]+ (Fig. 2.4, [125]). The authors 11251 advo- 
cated the idea of an increasing role for the pz --d, halogen-to-metsl bonding 
in this series, in accordance with an increa&ng possibility of the t& orbital8 
pazticipating in delocctlizstion of the halogen &tom px electrons (the central 

0 - 
A- 

4 

Figure 2.4 *scl N&R frequency tempemture coefficients dv/dT (kHz - de@;-I) in 
transition metal hexahalides depending on the number of vacancies (A) in the t& 
orbit&? [ 1251. 
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metal valence shell configuration changing from de to &B in the same direction). 
They suppose two mechanisms govern the temperature effect on the NQB 
frequency in these compounds. One is the usual Bayer-Kushida mechanism 
[136,137] lowering the reeonancefrequency with temperature due to the aver- 
aging of the EFG by the growing amplitude of thermal motions according to 

where vO is the resonance frequency in the static lattice, rli gives the relative 
weight of the ith mode to the nuclear motion and hw a dimension of moment 
of inertia and mi is the angular frequency of the ith mode. 

The other mechanism superimposed on the first, is related to the n-bonding 
contribution in such a way that increase of the latter along the series, regularly 
enhances the temperature coefficients from negative to positive values. It was 
later shown [138, 1391 that the second transition row metal hexahalides have 
temperature coefficients varying in a similar manner (Table 2.2). 

Extensive attempts have been made to describe the particular vibration 
me&a&m which reduces the z-character of the M -Cl bond and thus increases 
the resonance frequency in accordance with equation (42) leading to a positive 
temperature coefficient. 

TABLE 2.2 

86c1 NQR frequencies Y (MHz) at 300K and their 
temperature ooefficients dv/dT (kBz l deg-1) for the 
second a,nd third transition row metal hexahalides 
([126, 134, 1393 and references therein) 

Cation Anion AX”) v dv/dT 

(M=) (kEIz . deg-l) 

Kf Pdq- de*) 1.48 26.77c) 
Ptcg- 1.39 26.77 

cB+ RhClf- & 1.38 21.86 
xc+ IlClf- 1.28 20.73 
IC+ R&l;- d” 1.41 17.34 

o&I:- 1.31 16.82 
K+ TcCl:- cte 1.47 14.19 

R&l:- 1.37 13.88 
CW iWocl;-CEP 1.63 10.74 

WCl,g- 1.43 10.91 

-0.89 
-0.93 
-0.53 
-0.64 
-0.04 
-0.22 
to.15 
+0.13 
to.76 
+0.36 

*) Central metal electron configura.tion; 
b) eleotronegativity difference values [ 1431; 
“) at 77 K, 



Haaa am3 Marram Cl401 conclude that d, -p_ metal-halogen overlap de- 
creases with temperature because of an inoreaae in the amplitudes of the 
bending vibrations. Accordingly, the degree of n-bonding also decreases. 

Brown and Kent [141] reported, however, that anharmonic M --X stretching 
vibrations rather than the M --X bonding mode are responsible for reduotion of 
n-overlap to a greater extent than for reduction of u-overlap, producing a 
temperature shift of the NQR line to higher frequencies. 

O’Leary and Wheeler 1142, 1431 concluded that the anomalous temperature 
dependenoe of the 85cl NQR frequency in K-ReCt, above the phase transition 

point at 110.9 K (Fig. 2.5) is accounted for by a strong temperature dependence 

Figure 2.5 Temperature dependence of *a NQR frequencies in K,ReC& [142). 

of the R = 0 torsional mode. This softens from 25 to 1 cm-l in the range 300 
to 112 K dominating the phase transition from cubic antifluorite to tetragonal 
structure. This would render unnecessary the suggestion concerning n-bonding 
as a factor determining the positive value for the temperature coefficient of 
N&R frequencies. 

Following this Armstrong and co-workers 1144 - 1461 performed a multi- 
mode analysis of the wl NQR data on K&ICI, and KBOsCl, to conclude that 
better results are obtained if one takes into account a weakening of the M-Cl 
z-bonding with temperature. 

Commenting on the role of a soft vibrational mode to produce a positive 
temperature dependence of the NQR frequency, note [137, 1381 that 
(NH,),ReI,, K,RuCl* and K,TcCl, exhibit, like &ReCl,, anomalous temper- 
ature dependence, but unlike K,ReCl,, have no phase transitions down to 
77 K. 

The correlation between the temperature coefficient of the 56cl N&R fre- 
quency, the absolute value of the frequencies and the number of vacancies in 
the central metal t& orbitals is particularly distinct along the series Rb,WCl, 
(de), RbWC& (dl) and WCl, (do) [141]. Their corresponding temperature coeffi- 
cients are all positive and grow in value as +0.49 kHz K-I, +0.54 kHz K-l, 
+I.8 kHz K-l, which [141] is evidence for strong d, -13, character in the W -Cl 
bonds, still increasing along the series. 



Summarising, the majority of authors share the opinion that the positive 

temperature dependence of the halogen resonance tiquenoies originates from 
metal -halogen n-bonding although the meahaniem relating n-bond weakening 
to the NQR temperature dependence remains unclear. 

Lucken 11471 however denies any irrefutable relationship between positive 
temperature -efficienta and the presence of ~-bonding. Having reviewed the 
origin of the vibrational dependence of gas-phsse QCC in simple molecules, 
he proposes that iutramolecular vibrations are likely to give rise to positive 
contributions to NQR temperature dependence with nearly the same prob- 
ability as negative contributions. In fact, the temperature coefficients cor- 
relate with their resonance frequency values which themselves are linearly 
dependent on the extent of n-bonding (equation (51)). The temperature coeffi- 

cients of KJ?tC~, Cs$tCl,, CsPbCI,, Cs,SnCI,, K&eCg and Cs,TeC& are 
examples supporting this conclusion [147]. Ah of these compounds possess 

complete d-shells and therefore have no appreciable n-bonding. They have 
similar molecular and crystal structures, similar dimensions and are therefore 
expected to have similar temperature coefficients of resonance frequencies, 
if the latter are directly related to the extent of d, -pz bonding. Contrary to 
this, their temperature coefficients, although all negative, show widely dif- 
ferent magnitudes ( - 1.04 ; -0.83 ; -0.5; -0.48; -0.67; -0.21 kHz K-l at 
298 K, respectively). Therefore intramolecular vibrations iucrease the QCC 
with increasing temperature and provide a dominant contribution to the 
anomalous temperature dependence [147]. There is consequently no need to 
postulate unusual vibrational modes or bonding situations to explain the 
observed temperature coefficients. 

These conclusions are of course not to be understood w deny&g the presence 
of any n-character in transition metal -halogen bonds in the complex hexa- 
halides( rr-Bonding in transition metal hexahalides(IV) leads to considera- 
ble lowering of the halogen frequencies (Table 2.2) which can hardly be 
accounted by the change in electrouegativity difference of the corresponding 
atom-partners. The situation is most impressive in bridging dimers of the 
transition elementi (NbHal,, TaHal, and others). The terminal halogen fre- 
quencies in these dimers are shifted lower than their bridging halogen fre- 
quencies , while in non-transition element dimera (SbCl,, Gahal,) the reverse 
is rue [149 -151-J. Later these compounds are discussed in more detail. 

Many R&X, hexahalometallates(IV) undergo structural phase transfor- 
mations from cubic to lower symmetry lattices when the temperature decreases. 
The NQR technique together with relaxation measurements have been widely 
and very fruitfully applied to the study of a Past field of problems related to 
the dynamic behaviour of these compounds. There are experiments clarifying 
the phase transition mechanisms and revealing local dynamic processes. They 
specify the order of transition and determine the phase transition poiuts. 
Other studies analyze vibrational modes dominating motional averaging of 



the EFG at the halogen sites and governing the phase transitions, etc. Dis- 
cussion of the appropriate resulti is however beyond the scope of this aocount, 
and we refer the reader to several detailed reviews [162 -1541, devoted to the 
analysis of relationship between NQR parameters and various dynamic and 
static characteristics of crystal lattices. 

We also set aside R&I& bromo- and iododerivatives, since most of the 

literature deals with an NQR study of lattioe dynamics in these compounds. 
The w*slBr and la71 NQR spectra can be found in books and reviews [4, 

125, 135-J. 

B. HEXAEALOMETALLATES OF THE TYPES RMvx, AND R&l==& ; STRWC- 

T-URAL TRENDS, MIXED-VALElNCE HEXABROMOANTIMONATES 

Octahedral hexahalogenoanions, bearing various charges and existing nomi- 
nally as isolated units within a crystal, are formed by the Vth Main Group 
elements and some transition metals of higher groups (in lower oxidation states) : 

Mo(III), W(V), W(III), Ir(II1). 
Table 2.3 lists ql NQR data on hexahalocomplexes of composition RMvX,. 

56cl frequencies in Main Group metal(V) hexachlorides have been reported 
[156-1673 to be fully determined by the nature of the intra-anion bonding 
which is essentially covalent. The oalculated magnitudes of the direct and in- 

direct ionic contributions to the EFG appeared not to exceed 0.5% of the total 
EFG for the majority of the compounds. As a matter of fact, the average val- 
ues of the wl frequencies in [SbvCl& anions are practically independent of 

the cations and are determined nearly completely by the internal eleotron 
distribution (Table 2.3). We have, however, seen above that the cation in- 
fluence causes a frequency shift of 7% in cubic (Fmsrn) hexachlorostannates(IV) 
and 8% in isostructural hexachloroplumbates(IV). The shifts were produced 
by variation of the inner shell polarization of the Cl anions when the separation 
between them increased with increasing size of the cations. It is however clear 
that the separation between the octahedra influences the NQR frequencies 
until a limiting value is reached. After that changes in the lattice dimensions 
do not produce any appreaciable shift in the N&R frequency. This is a prob- 
able explanation of the experimentally observed insensitivity to the cation 
influence of many phosphorus, arsenic and antimony hexachlorides normally 
crystallizing with large cations. 

A uniform mean SSCI frequency value in [MvCl,]- anions is highly charac- 
teristic and may be used to identify anions in unkowu compounds [157, 170-J. 

Few data are available for uni-negative transition metal(V) hexahalo- 
anions. The three hexachlorotungstates(V) crystallizing with alkali metal 
cations (Table 2.3) show regular, although small, (2.3% from K+ to Cs+) 

shifts in 5scl N&R frequencies with variation in cation [141, 1583. 
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TA33I.E 2.3 

Bscl NQR spectra Y (MHz) of hexachlorometallate(V) anions 

Cation T c=u- l&ad- fSb’%l- [TaCJ.sl- [~f&ll- CWW- 
Ref. (ICI 

wu+ 77 29.61; 30.07 22.8 : 23.02 
166,166, 30.46 ; 30.62 
163-164 
CEt,NI+ 77 29.32 ; 30.06 28.37 ; 29.16 24.01; 24.21 
166,166 30.34 30.07 24.67 ; 24.86 
[Scl,]’ 77 22.306; 22.390 7.684; 7.893 7.078; 7.373 
166- 168 23.270; 24.169 8.660; 9.060 7.610; 7.666 

24.813 ; 26.828 9.163 ; 9.224 9.236 
[NO]+ 77 22.36; 22.97 
166 23.16; 26.03 

26.48 
[N,P,Cl,]+ 77 24.62; 24.80 
170 
INd’&bI+ 77 24.64; 24.74 
170 24.88 ; 26.14 

Iwu’ RT*) 20.78; 24.83 
169 21.03; 26.69 
[K]’ RT 11.336; 
141,168 11.466 
[Rbj+ RT 23.609; 23.777 11.320; 
141,168, 24.232 11.646 
169 
[Cs]’ RT 8.803; 9.172 8.689; 9.246 ll.f3O6; 
141,168 11.748 

*) RT room temperature. 

The remarkable feature of the N&R spectra listed in Table 2.3 is their 
splitting. AU anions without exception exhibit split spectra, the spread of the 
SW1 resonances in hexaohloroantimonatee(V) being extra-ordinarily large. 
Thns the chlorine atoms are crystallographically inequivalent in these anions, 
the latter suffering distortion from ootahedral symmetry even in the preeence 

of small (Rb+) and highly symmetric [Et,NJ+ cations. The spectra cited in 
Table 2.3 for 77 K are also split at room temperature. 

Distortion of the [SbvCI, J- anions is common Cl69 - 1631. More than a 
0.02 nm range in Sb -Cl distance and a 3” range in angle variation have been 
observed cl311 in different hexachloroantimonates(V). In ICl$ - SbCl; [lSl] 
the scatter of the Sb -Cl distances was found to be 0.016 nm and that of inter- 
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bond angles at the antimony atom was 13.6”. Merry-man and Corbett [169] 
also measured both the Wl NC@%+ and l*lJ93b NQR spectra in I&l+ - SbCc. 
Although the anion in thie ealt is nominally octahedral, the antimony quadru- 
pole coupling constant (QCC) value is fairly high (122.2 BEEXz for lrrSb), the 

TABLE 2.4 

86c1 and 7eBr NQR frequencies of hexahsJometallates(II1) and mixed-valence 
compounds of the type R,SbrnSbVBr14 [174] 

Compound T (K) +otope y (a) Ref. 

77 
77 
77 
77 
77 
77 
77 
77 

300 
298 

298 

298 

-cl 
wl 
=cl 
=cl 

7eBr 
TeBr 
=Cl 

WJ 

=cl 
7oBr 
*Br 
79Br 

Wl 
=Cl 

13.600 4 
13.544 4 
13.476 4 
12.344 4 
13.495 4 
39.02; 123.68 171, 172 
78.26 172 
12.432; 12.618 4 
12.734; 13.330 
12.433 ; 12.626 4 
12.770; 13.314 
12.601 173 
12.296 ; 10.064 173 
46.86; 164.87 171, 172 
72.89 172 
54.080; 54.448 173 
80.612; 82.421 
9.64 ; 9.83 168 

16.639; 17.690 139 
17.846 ; 18.436 

[SbnrBr,j8- [SbvBrJ 
7, W=) y W=) 

69.69 (ax)b) 182.00 (ax) 
74.03 (eq)b) 184.26 (eq) 
73.16 (8X) 183.00 (ax) 
77.66 (eq) 185.46 (eq) 
77.40 (ax) 186.60 (ax) 
77.62 (eq) 190.31 (eq) 

a) calculated from 8rBr frequencies in accordance with the quadrupole moment 
ratio c8(Brm)/e&(Br”l) = 1.197 I ; 

b) (ax) and (eq) stand for axial and equatorial bromine atoms, respectively. 
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asymmetry parameter value (9) being 0.38. Such a value of 17 c&n be produced 
by as little as a 3% imbalance in the population of the antimony l)r.# orbit& 
with respect to the axi&lly symmetric state [162]. Angular distortions seem 
to be highly effective in this situation. The anionic distortions are in most 

cases attributed to packing effects [lSO]. 
The average *SC1 NQR frequency corresponding to relatively unperturbed 

[SbClJ- ions is 23.7 & 0.7 MHz at room temperature [156]. 
While we have no examples of undistorted octahedra.1 configurations among 

the [MvXJ- anions considered here, hexahalometalla;tes(III) of the same central 
elements do sometimes form regular octahedra (Table 2.4). Alkali metal salts 
of the composition R,MmX, appear [171] not to exist under normal conditions. 
Many R&‘MX, hexahalometalla.tes(III) cry&a&zing in face-centered cubic 

(f.c.c., Pmarn ) lattice ([175] and refk. cited therein) are however known. This 
is also indicated by the 86cl NQR dab (Table 2.4). Hexachlorobismuthates(II1) 
need some comment. While the f.c.c. (Pmsm ) lattice was reported [175] for 
Cs,NaBiCb at room temperature, the NQR spectra show a distorted anion 

geometry at 77 K. In addition, Wl N&R data reported [Q] for C+NaRiCI, 
and Cs&.BiC~ are identical within experimental error ; this is rather surprizing 
in view of the high sensitivity of N&R in revealing distinct differences in Wl 
frequencies of similar hexachloroantimonates(111) (Table 2.4). 

Some of the alkyIrtmmonium hexahalometallates(II1) also form regular 
octahedra according to their N&R spectra. This is in agreement with X-ray 
data [172] on the propylamine hexabromoantimonate(II1). 

A very interesting class of hexahdoantimonates has a forma.1 composition 
R,SbX, but contains not Sb(IV) atoms but a mixture of Sb(II1) and Sb(V), 

being mixed-valence compounds R,SbmSbvX,,. Antimony atoms form two 
types of octahedral anions [SbvXJ- and [SbmXJ8-, differing from eaich other 
by the oxidation state of the central atom. Several bromides of this type 
(R = NH,, Rb, Cs) have been studied by N&R 11743. The results together 
with the X-ray data Cl75 -1773, give a sensitive meaus for comparing crysWlo- 
chemical features and elucidating the electronic state of both molecular moie- 

ties. 
The crystals of the NH, and Rb salts form tetragonally distorted &PtC?b 

lattices (14&z&) with unit cell dimensions a = 1.066 nm, c = 3.152 nm 
(NH?) [175]and a = 1.070 nm, c = 2.169 nm (Rb+) [176], respectively. X-ray 
powder results [177] for the Cs salt (a = 1.085 nm, c = 2.197 nm) together 
with the NQR da;ta (Table 2.4) give reasons for considering this salt to have 
a similar structure [174]. The bond lengths and angles of ammonium and Rb 
salts are given in Table 2.5. 

As one can see from Table 2.5 X-ray analysis [175] (as well as the 1Wb 
Mijesbauer effeot [178]) show no distortion of the [Sbn%kJa- anion in 

WH,),SbRr,. NQR spectra however show considerably different resonance 
frequencies assigned to equatorial and axial Br atoms in this polyhedrum sug- 

5 Bualaev, NQE 



TABLE 2.5 

Bond leugtha and angles in the mixed-valence hexabromoanti- 
monatee R,SbmSbvBr II. (The Br, and Br, stand for axial and 
equatorial bromine atoms.) 

caBtioxl (a) Polyhedrum Bond lengthy Bond anglm 
Ref. (m@ (9 

J-c 
175 

[SbvBr,]- 

Rb+ 
176 

[SbvBr,]- 

[&bmBr#- 

0.256 86.33 
Sb--Bra 9; Br,-Sb-Br, 

0357 30.23 
Sb-Br= a Br,--Sb--Bre 

0279 89.58 
Sb-Br, 4 Br,--Sb-Br, 

0.279 80.00 
Sb--Bre Sr Br,-Sb-Br= 

0.264 
Sb-Bra 

0.253 
Sb-Br, 

0.271 
Sb-Br, 

0.279 
Sb-Bre 

88.72 
+ Bre-Sb-Bra 

30.03 
Q Bre--Sb-Bre 

88.80 
3; Bre-Sb-Br, 

90.03 
Q Br,-Sb-Br, 

~tingdistortion of the latter to probably Dtd symmetry, similar to the &&or- 
tion of [SbYBr& in this salt and both aniona in the Rb &t (Table 2.4). 

Differences in cry&al chemistry of the two polyhedra in the. mixed-valence 
oompounh are similar to those observed in the corresponding [MV&]- and 
[&I*~- anions with the central atom solely in oxidation state Sb(V) or 
Sb(III). Thus the Sb(II1) -Br bonds are longer and the Br NQR frequencies 
are lower than those of the Sb(V) -Br bonds. This suggeste a relatively higher 
ionicity (i) of the Sb(III) -Br bonda. Within the Towne~ and Dailey approach 
[95], Terao [174] cakulated values of i from the measured wJJIBr remnance 
frequencies. He estima;ted the net charges 8 on the Sb atoms from the equation 

6 =F - 6(1 - i) e (67) 

where F denotes the formal charges on the Sb atom (F = 3 for [SbmBQ- 
andF = 5 for the [SbYBrJ-, respectively) and 6 is the coordination number of 
the Sb atom. The calculated values of i and 6 are lieted in Table 2.6 together 
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with those of some other hexabromometallates(IV). As expected the Sb(III)- 
Br bonds have a larger ionic oharacter than 8b(V)-Br bonds. The ionic 
chara&~ of the Sb(lv) -Br bond of a fiotitioua [SbK13rJs- ion is the average 
of thol3e of the Sb(III) -Br and Sb(V) -Br bonds. It ~EI intere&rig that aooord- 
ing to the NQR resulfs (Table 2.6) the net charges on the Sb(II1) and Sb(V) 
atoms are almost equal in spite of the different formal charges, i.e., the number 
of electrons on both ato- is almorrt the same. Terao [174] neglected delooali- 
xation of the 5~” electron of the Sb(III) atom, a very emall effect, (lees than 
0.1% according to estimation [429] from the single cryxtal electronio speotra 
of a series of similar hexachloroantimonate~). 

TABLE 2.6 

Ionic character a of the M-Br bonda 
and net charge 6 on the central metal in 
8ome octahedral anions according to NQEk 
data (El741 and refs. therein) 

Complex ion i f3 

[Sb=IBr*l”- 0.75-0.79 1.63-1.66 
[SbWr,]- 0.42-0.44 1.63-1.64 

1.60 
1.48 

Summarizing, among the octahedral complex antimonati (bismuthatea) 
considered here those containing the central atoms in a lower oxidation atate 
-(I$-electron complexes) commonly possess undistorted octahedral configu- 
ration, making them exceptiona to the valence shell electron pair rep&ion 
(VSEPR) model 11321. Qualitative MO argumentx [179] account for the differ- 
encea in bond length and strength between 12- and 14-electron complexes 
and rationahxe trends in complex stabilities 88 related to ligand substitution 
(distortion from ootahedral symmetry). Tspical bond distances (nm) in MX, 
pairs which differ only in the oxidation state of the central atom are [179]: 
12-electron complex- : [PbrvCl,Ja-, 0.250; [SbvCl&, 0.235 ; [SbY&]-, 0.265 ; 
14-electron complexes : [PbnC1,]4-, 0.296 ; [SbmClJj-, 0.265 ; [SbFBr,J+, 
0.280. 

The relative trend of 12- and 14-electron complexes to retain an undistorted 
octahedral geometry is clarified through comparison of the 1Mx, complex HO 
energies octahedral (0,) and trigonal prismatic (D,,) configurationa. 

In 14-electron complexefl the highest occupied orbital is the antibonding ZU,, 
MO which accounts for longer M -X bon& in these complexes, when compared 
with the correeponding 1 a-electron complexes. The distortion of the 14-eleotron 

5* 
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complexes from octahedral symmstry is related to the relative values of central 
atom and ligand A0 coefficients in the 2af1(0h) orbital, determined by differ- 
ences in central atom and ligand A0 energies. The 2”~1~ MO in the 14-electron 
complexes is stabilized by large ligands through in-phase ligand -1igand over- 

laps. 
The highest occupied orbital in 12-electron complexes is e,. It is stabilized 

by large oentral atoms and small ligands (F) through ligand-ligand out-of- 
phase overlaps. All the 12-electron complexes considered here possess rather 
large volume ligands which perhaps aocount for their distortion from regular 

octahedral conf @ration. 

C. CRYk3TAL CHEMISTRY OF 8QUAREPLANAR AND TETRAHEDRAL 

HALOMETALLATES 

(i) Cowvplexe8 with 8quare-plancw tchdba1mnti.s 

The N&R spectra of nominally isolated square-planar complex anions are 
presented in Table 2.7. Tetrachloro- and tetrabromoaurates(II1) were syste- 
matically studied by Sasane et al. [lSO, 185, 186] using “cl and 7Q,g1Br N&R. 
The number of resonances evidently indicates the number of inequivalent 
halogen atoms. As indicated by X-ray powder patterns, tetrahaloaurates(II1) 
form crystals of lower than tetragonal symmetry with no isoatructural relation- 
ships between chlorides and bromides of similar composition. The majority of 
compounda form crystals containing various mole fractions of water. Such 
hydrated compounda are not included in Table 2.7, since their anions are not 
generally isolated, while a wide enough NQR data set is available for anhydrous 
tetrahaloaurates (III). 

Anhydrous CsAuBr, gives nearly as large a splitting in its N&R spectrum, 
as hydrated compounds with H-bonds usually do. The [AuBr,]- anion has 
rhombic symmetry and is twisted through a small angle, so that the two axial 
Br at,orm undergo torsional oscillations of much smaller amplitudes than the 
other two [lSOJ. With such oscillation the principal axis direction and EFG 
value will change. This leads to an abrupt frequency drop in the corresponding 
(lower frequency) resonance8 when the temperature increases from 77 K, 
accounting for the large splitting in the NQR spectra at 193 K (Table 2.7). 

Having studied the resonance frequencies, temperature dependence, it is 
concluded [l&O] that the tetrachloroaurate(III) anions have rotational freedom 
in the crystals. All tetrachloroaurate+III) except for the rubidium salt exhibit 
broadening of resonance lines at low temperature, indicative of a random orien- 

tation of tetrachloroaurate (III) ions. 
On the whole, the splitting is the distinguishing feature of tetrahaloaurate(II1) 

N&R spectra Cl80, 181, 185, 186-J. Cations seem to have a markedly stronger 
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~ l ,  ~ B r  a n d  lzTI N Q ~  spec t r~  o f  s q u a r e - p l a n a r  t e t r ~ h a l o m e t a l l a t e s  
( R T  r o o m  t e m p e r a t u r e )  

69  

C o m p o u n d  T (K) ~ (M~z)  Re f .  C o m p o u n d  T (K) v ( ~ z )  R e L  

18 .38 ;19 .16  181 KAuC14 193 

NH4AuCI  4 193 
R b A u C I ,  193 

CsAuC14 193 

K A u B r 4  193 

R b A u B r  4 193 
CsAuBr4 193 

(PrNHs)2CuCI 4 77 

"KPdCI 4 77 

(PyH)sPdCI4 273 

(Et~N)2PdCl ~ 273 
K i P d B r 4  300 
KsPtCI4 273 
(PyH)2PtC-~ 4 273 

2 7 . 2 0 5 ; 2 7 . 4 1 5  
2 7 . 7 2 4 ; 2 7 . 8 8 1  
2 7 . 1 8 0 ; 2 7 . 9 8 0  
2 7 . 0 5 6 ; 2 7 . 4 3 5  

2 7 . 3 3 0 ; 2 8 . 1 5 1  

2 1 3 . 6 9 ; 2 1 4 . 3 3  
2 1 6 . 4 8 ; 2 1 7 . 0 8  
2 1 4 . 0 2 ; 2 1 8 . 6 0  
2 1 3 . 9 8 ; 2 2 9 . 4 4  

11.290; 11.781 

16.795 

180 

180 
180 

180 

180 

180 
180 

188 

16 .61 ;17 .08  181 

17.97 181 
129.34 183 
17.925 182 
18.41 ; 18.60 181 

(Me4N)sPtCl4 

K z P t B r 4  
KICI4 

WTCq4 • H~O 

NaICI  4 - 2 HeO 

(NH4)IC14 
(NH~)ICa4 "H20 

RbICI4(I)  ~) 
(1I) c) 

CsICl ,  

(PyH)ICI,(I) c) 
(n)o) 

273 

300 138.70 183 
298 22.369 190, 

191 
298 16.84; 20.14 189--  

24.86;  28.17 191 
77 20 .010;  22.656 186, 

23.251 ; 23.827 190 
295 22.23 191 
296 19.98 191 

24.68;  27.96 
77 22.576 190 

22.116;  22.628 4 
77 22.612;22.892 190, 

22.975 ; 22.705 202 
R T  22.375 191 

77 19.924; 25.664 189 

C o m p o u n d  T (K) ~ (M-Hz) e ~ q  (MSHz) ~7 (%) Ref .  
112--312 312--512 a 

KTII4  291 154.94 1033 a) 184 
KTII4  • 2 H 2 0  291 157.45 1050 a) 184 
N H , T I I 4  291 155.88b) 1039~) (av.) 184 
N H j T I I 4  • 2 H s O  291 157.19 312.50 1043 6.8 184 
l ~ b T ] I  4 - 2 H z O  291 157.78 313.7 1056 6.8 184 
CsTII4 • 2 H t O  291 157.85 1052 s) 184 

*) Ca l cu l a t ed  a s s u m i n g  ~ ---- 0 ;  b) d o u b l e t ;  c) p o l y m o r p h  mod i f i c a t i ons .  

e f f e c t  o n  t h e  c o n f i g u r a t i o n  o f  t h e  [ A u h a ] 4 ] -  a n i o n s  t h a n  o n  c o m p l e x  h e x a h a l o -  
m e t a l l a t e s ,  i n  m o s t  e a s e s ,  t e ~ r a h a l o a u r a t e s ( I I I )  s h o w  d i f f e r e n t  A u - - h a l  b o n d  
l e n g t h s  w i t h i n  t h e  s a m e  a n i o n ,  a n d  p l a n a r  [ A u h a l 4 ] -  a n i o n s  h a v e  l o w  s y m m e t r y .  
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The average frequency of the [AuClJ- groups is determined [189] to be 
about 27.3MIIz at room temperature. The spread is unexpect&ly rather 
small (e.s.d. 0.26 MHz) in spite of the high multiplicity of the Wl NQR spectra. 
This means that the crystal structure and the type of cation (as well as the 
presence of crystallixation water) have only minor contributions into the aver- 
age NQR frequency [180]. In agreement with these experimental observations 
calculations [187] show that the external ion contributions to the EFG at the 
halogen site are responsible only for the spectroscopic splitting, while the aver- 
age NQR frequency is determined by the electronic distribution within the 
anion. 

Tetrachloroiodates(II1) also have square-planar anions, and distortions 
from Dlh symmetry cause very pronounced effects on their WI NQR fre- 
quencies [lSS], (Table 2.7). Some, however, are not distorted. There is remarka- 
ble constancy in the average Wl N&R frequency which is 22.034 ME& at 

Figure 2.6 Relationship between v Wl and bond distances r in some tetrachlom- 
iodate8(III) at room temperature /lSS]. 

n KIcl,.~o;oBcl*.Icl,(I) 

77 K for 16 sets of data (e.s.d. = 0.13 A&EL) [189]. There is a distinct correla- 
tion between the iodine-chlorine bond lengths and the corresponding Wl 
frequencies (Fig. 2.6). This correlation is considered to be helpful for predicting 
“missing” NQR frequencies &B well aa for the prediction of bond lengths from 
measured NQR frequencies in structurally unknown compounda. Thus the 
I-Cl distance is predicted to be 0.251 nm in KICl, from NQR resulti [lSS]. 
Evidently the high mean value of the ql frequency in NH$Cld [191] implies 
that the resonance frequency at 16.7 MHz was not detected in this complex. 

Data for the hydrated compound KICI, . II,0 in Figure 2.6 serves to support 
the inclusion in Table 2.7 of several hydrated chloroiodates which contain 
relatively discrete anionic units. X-ray results [203] on KICl, . I&O show only 
slight pyramidal di&ortion of the anions with the I -Cl bond distances varying 
within 0.242 -0.260 nm. Weak hydrogen bonding is reflected in a very moderate 
splitting of the spectrum of NaICl, - 2&O [186] on the basis of T?l NQR tem- 
perature dependence study and analysis of the X-ray powder pattern. 
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Unlike tetrahaIoaurates(III), many anhydrous and hydrated tetrahalo- 
thallates(III) including those listed in Table 2.7, crystahize in cubic lattice8 
P’,,(o6,). They have square-planar [TlmhaIJ unifs of Blh symmetry, located 
on a cube face f184). Accordingly, the 1871 NC&R CT&]- anion spectra show 

that all iodine atoms are crystallographically equivalent (Table 2.7). The la71 
QCC values seem to be independent with a few percent of the cation as well 

aa of the presence of water molecules. According to X-ray analysis 11841 

all the tetraiodothallates(III) studied are isostructural with CBTl&. The latter 

is cubic F- (0:)) with lattice constant a, = 1.994 nm and the distance 
Tl-I = 0.294 nm. Each [TlI,]- square anion is situated on a cube face. The 
Tl -I bonds make a small angle (2.4O) with the face diagonal. It is presumed 
that in dihydrates the water molecules are located about the Tl atom, above 
and below the plane of the square coordination. The finite though small 7 
values are suggested [184] to originate from electrostatic effect of external 
charges rather than from the nature of Tl -I bonds involving z-character. 
They can hardly be accounted for by 22, -d, bonding, since the Tl(III) atom 
has no vacant d orbit-ala. In order to anaIyse if ~~-Tlp, interaction contri- 
butes to the i=I NQR parameters, one can compare them with the correspond- 
ing parameters of octahedral &PI&, where any 36 interactions are usually 
ignored [ 1261: 

T (K) ~1 (=z) ~2 Of-1 $g (MHz) 0, 17 

KTlI, 291 164.94 
77 167.86 1046s) 0.W) O&W) 

RbTlI,-2Ha0 291 167.78 313.7 1046 0.46 0.068 
KSJW 77 1366.4 (av.) 0.69 (av.) 0.028 (av.) 

*) Assumed basing on similar y1 values in KTlI, (77 K) and in RbTlI, l 2HI0 (291 K). 

Applying further Eqns. (42) and (43) of the Townes and IMIey approach 
one has 

= NPS + NP, - Np,= (1 -8) (1 -i -n) 
2 

where 8 = 0.15 [184]; i+a+n=1; Np,= 2 -n,; 

% + ngf = n ; e~qp/h(1~71) = 2292.8MlS. 

- 42 

Np,= 2 -n#; 
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Since the electronegativities of both Pt and Tl are equal to each other (xft 
= xTI = 1.44 [148)), one can suggest that the Pt -1 and Tl-I bonds have 
identical ionic character hence obtaining the relationship 

This gives zT1_r = O.O96e*), the occupancies of the iodine p= orbitals being 

%% = 1.96% and Np, = 1.942e. This amount of z bonding could be attributed 
to the p,, -Tip, interaction were it not for some dubious points. 

First, the-square-planar [MXJ- ions are expected to have a finite 11 because 
of the two-fold symmetry about the Tl -I bond. If the 7 were produced by the 
estimated amount of IG bonding it would have the magnitude 7 = 31.3 */*. The 
observed q in [TlI,]- is however not much different from the q = 2.0-4.5*/0 
of iodine in octahedral [PtIJs- [125], where the symmetry does not require the 
q to be non-zero, and finite values of 7 are accounted for the influence of exter- 
nal ions. 

Second, fairly large negative temperature coefficients observed for y1 in 
[TlIJ- ions have been considered [184] as an evidence for a negligible contri- 
bution of n character to Tl -I bonding. 

Third, the components of the EFC tensor at the iodine due to the direct 
electrostatic effect of external ions have been computed [184] in RbTlI, l 2-O 
to conclude that the origination of q can easily be accounted for this effect, 
considering that $zt and flgGt can be amplified by the Sternheimer factor 
(1 - rW) which is about 46 in value. The detailed calculations [ 1843 show the 
q can come mostly from the two nearest Rb ions separated from the iodine 

atoms by 0.345 and 0.370 nm. 
As these findings show, too much emphasis should not be laid on the p=-Tlp, 

bonding in [TlIJ ions. 
The halogen N&R frequencies of square-planar tetrahalopalladates(I1) 

and tetrahaloplatinates(I1) (Table 2.7) appear to be lower than those in the 
corresponding hexahaloanions of Pd(IV) and Pt(IV) [182,183]. This was inter- 
preted [183] by a’n increase of the M -ha1 bond covalency in the hexahalo- 

metallates(IV~ mmpared fo that in the tetrahalometallates(I1) of the same 
metal atom. One can see from the frequencies in Table 2.7, that the covalency 
of the M-ha1 bond shows a tendency to increase in the order of increasing 

electronegativity (fd(II) < Pt(I1)). Fry er and Smith [181] have pointed out 
however, that deviations from the expected order of frequencies take place 
when the cations are varied. (See, for instance, the NQR spectra of (Et,N)PdCl, 
and KsPtC14, Table 2.7.) This may give evidence for the importance of solid- 
state effects in these compounds. 

A number of chloro complexes of copper(I1) with square-planar [CuCl,]s- 
units have been studied by Scaife [ 1881 using WI NQR, but nearly all of them, 

*) ?+&_I = O.O87e, if one assumes 8 = 0. 



73 

except (PrNH&kCl, listed in Table 2.7, gave two resonances with large 

spectral splitting interpreted to suggest no isolated complex anions in these 
compounds: (MeNH,),CuCl,, -10.780 and 12.157 MECz; (EtNH,),CuCl,, 
-10.817 and 12.074 MEi; (enE,)CuCl~ -10.27and11.907M.Ez ;(allmeaaure- 
ments were made at 77 K). A long-bond interaction between square-planar 
units, involving chlorine bridging completing the fetragonally distorted six- 

fold coordination of the Cu(I1) atoma has been proposed [188]. 
The ionic character of the Au -ha1 bond is compared [lSO] with that of 

Pt -ha1 and Pd-ha1 bonds and the net charge values on the central atoms 
in the corresponding tetracoordinated square-planar complex ions are alElo c&n- 
pared. The results obtained within the Townes and Dailey [95] theory approxi- 

mations are listed in Table 2.8. Aa with tetrahaloplatinateB(II), the Au-Cl 
bonds appear more ionic than Au -Br bonds. The data also show the Au -ha1 
bonds to be less ionict han those of Pt -hal, in agreement with expection from 
the electronegativity values and anionic charges. 

TABLE 2.8 

The nature of M-ha1 bonds in square-plauar complex ions 
([180] and refs, therein) 

Complex ion Bond ionicity i Net metal charge B 

(PdBr,]*- 0.60 0.40 
I pt(3419- 0.61 0.44 
[PtBr4,P- 0.67 0.28 
/AuCJ,I- 0.41 0.64 
[AuBr,]- 0.34 0.36 
P=41-- 0.46 0.84 

(ii) Comjplexea witA tetrahedral anions 

Tetrahedral anions, similar to square-planar units, also show distortion of 
their geometry from regular configuration in moat cases (Table 2.9). 

Compounds containing chloroaluminate(III) group were studied aystema- 
tically by Merryman et al. [ 196, 197-J. NaAlCz wa8 studied by Scheinert and 
Weiss [ 1933 using single-crystal Zeeman 86cl N&R a.z~ well BB 88Nrt and %‘A1 
NMR. They also redetermined the crystal structure of the complex. The 9scl 
QCC values lie within 21.6 - 23.0 MHz and the corresponding 9 values varied 
within 0.18-0.32. The small scatter in the QCC values ie in agreement with 
small variations in the Al -Cl bond lengtha about the mean value of 0.213 nm. 
The wide range of q values wa6 accounted for by the combined contributions 
of external charges into the EPG at the chlorine nuclei, of the interactions be- 
tween the Cl atoms inside the anion, and of the anisotropic thermal vibrations 
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TABLE 2.9 

W’l, ‘@Br and If’1 Na epeotra of cornplex~~ with tetrehedral anions 

Compound T(K) y (=z) Ref. Compound T(K) y (=) Ref. 

NaAlCl, RT 

CUAlCl, 302 
GaAMZl, RT 

Ph,PAlCl, 77 

Bk WC%), RT 
p-1* *MCI, RT 

I, - Am, RT 

I&l *An* RT 

Icl* * Awl, RT 

NaGaCl, 77 

KGa,WI)*) 
(II)s) 

RbGaC& 

-4 

GI%s&a, (1)s) 77 
(II)*) 316 

11.009; 11.272 
11.385; 11.583 
11.739 
10,296 ; 10.382 
10.466; 11.312 
11.23 
10.479 ; 10.779 
9.960 ; 10.874 

11.046; 11.091 
10.988 ; 11.086 
11.124; 11.440 
10.297 ; 10.474 
11.265; 11.283 

192, 
193 
194 
195 

198 
196 
197 

197 

197 

10.802 ; 10.843 196 
11.297; 11,413 
16.118; 16.370 199 
16.825 ; 16.961 

16.483; 16.553 199 
15.795; 15.846 
16.003 ; 16.486 
15.182; 16.001 199 
16.349; 16.587 
15.456; 15.468 199 
15.485; 15.524 
16.325; 16.604 
16.755; 16.958 
16.072; 16.250 199 
15.104; 15.231 232 
15.457; 16.337 

CUAlBr, 297 

NaGaBr, 

KGaBr, 

304 

298 

77 

77 
77 

77 
273 

77 

77 

77 

77 

77 

298 

16.204; 16.418 201 
10.484 ; 10.593 
10.856 205b 
19.86 198 

20.00 198 
8.85; 9.05 181 
8.96 ; 9.45 181 

85.505; 94.443~) 208 
98,113 
89.925 ; 93.021~) 208 
99.031 
89.809; 90.993=) 208 
93.472 ; 96.336 
90.641; 92.653~) 208 
94.674 
89.042; 90.079=) 208 
90.213; 90.862 
91.017; 91.721 
91.780; 91.875 
92.458 ; 96,044 
97.316; 98.208 
99.333; 100.907 
98.62 194 

138.01; 12434 194 
123.43 
125.53; 128.02 194 
131.39 ; 132.43 

124.94; 126.38 194 
131.42 

(1I)a) 298 123.25 ; 127.12 
127.97 ; 128.06 
128.83 ; 128.58 
129.42; 131.80 
132.03 
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TABLE 2.9 {continued) 

Compound T(K) y (=I@ Ref. 1 Compound Z’(R) v (MHrr.1 Ref. 

CkGaBr, (I)*) 297 121.88; 127.22 194 
130.81 

(II).) 77 121.87; 124.63 
124.89 ; 126.17 
127.27 ; 127.63 
127.98; 128.20 
129.49 ; 134.27 
136.17; 136.66 
136.76 ; 136.95 
139.06; 140.56 

GaGaBr, 293 128.94; 128.87 194 
(Bu,N)GaBr, 77 131.7; 133.6~) 201 

RbGaBr, 77 126.68; 127.29 194 
128.30; 130.09 
132.66 ; 136.06 
136.30; 137.54 

Compound T (K) v (-1 @Qqth (ms) ?1 (%I Ref. 

l/2-3/2 4 3/2-S/2 

(Bu,N)GaI, 77 
C!uGa& 299 
CsGaI, 296 

8 sets of freqs. 960.12 average 6.0 201 
169.68 263.38 887.6 63.73 194 
150.09 288.18 966.8 18.0(18.6)b) 194 
145.06 287.6 960.0 8.2(7.2)“) 
134.93 269.73 899.2 1.9 
130.50 267.48 860.1 10.3 

*) Polymorphic modifications; 
b) 7 values due to altemative combination of resorknce frequencies ; 
C) calculated from *lBr frequencies according to eQ(70Br)/e&(81Brj = 1.1971. 

of chlorine anions. The *‘Al &CC value was 1.4895 MHz due to distortion of 
[AK&J- anions from Td symmetry. 

mmparison of the chloroaluminate(II) NQR data with IIS spectra and 
X-ray data, whenever available, enabled Merryman et al. [lSS, 1971 to show 
that the average &Cl NW frequency and the range of spectral splitting may 
serve as a criterion in structural diagnosis of such compounds. The resonancea 
of relatively free [AK&]- group in ionic compounds were found to average 
10.6 - 11.3 MHz with a splitting range of s 1 lKE&. Strong coordination of 
(AK&]- to cations as well as the formation of bridging anionic groups such as 
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[Al&l,]- is reflected in the shift of the whole family of resonances 
am increase in the range of spectral splitting. 

Some chloroa1uminate(III) complexes with polyhalogen cations 

like relatively unperturbed ions are also included in Table 2.9. 

and/or in 

behaving 

Table 2.9 lists the N&R data for t&rahalugallates(III). Several [194, 199] 
exist in two polymorphic modifications (I and II). 

The average sW1 frequency of the tetrahedral gallium anion, seems to be 
independent on .the cation. Although the number of halogen resonances (2) 
and thus the symmetry of the [GahalJ- anion changes with the change of 
cation, no simple correlation between 2 and the ionic radius of the cation or 
its electric dipole polarizability was found [194, 199-J. This is demonstrated in 
Table 2.10 [194] where the propcsed symmetry of [GaBr,]- is shown, based 

on the multiplicity of their 79*81Br N&R spectrum. NEI,GaBr, (phase II) shows 9 
resonances at 298 K (Table 2.9) accounted [194] for by an accidental coinci- 
dence of a larger number of lines (possibly twelve). 

Govalency in the Ga -X bonds increases in the series [GaCl,]- < [GaBrJ- 
< [GaI,]- in the complexes (Bu,N)GaX, [ZOl]. 

Calculations of the ionic bond character (i) within the two series of tetra- 

TABLE 2.10 

Average 7eBr and 86c1 NQR frequencies F (MHz), an< 
2, in tetrahalogallatee(III) at 77 K and RZ’ (room 
refs. therein) 

number of observed resonances 
temperature) ([194], [ 1991 and 

Compound F W=) J%, Proposed symmetry Z,, Proposed symmetry 
of GaX; at 77 K of GaXy at RT 

GaGaBr, 
NaGaBr, 
KGaBr, 
NI&GaBr, 

(phase I) 
RbGaBrd 

CsGaBr, 131.03 16 

GaGaCl, 16.161 2 
NaGaCl, 16.669 4 
KGaCl, 16.620 2 
RbGaCl, 16.021 4 
CsGaCl, 16.072 8 

130.88 2 
131.83 3 
132.37 4 
131.70 . 3 

131.61 8 

C, or mm 
m 
asymmetric 
m 

2 Cp or mm 
3 m 
4 asymmetric 
3 m 

asymmetric (two - - 
inequivalent 
tetrah8dra) 
asymmetric (four 3 m 
inequivalent 
tetrahedrrt) 
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halogallates(III), CsGtlx, and CuGaX,, according to the Townes and Dailey 
theory gave a linear relationship between the valuea of i and the correspond- 
ing Ga -X electronegativity differences [ 1941. This also confirmed that the 
Ga -halogen bond character is not influenced much by the cation. The wide 
range of q in CsGaI, is accounted [194] for by different polarizations within 
the complex ion, due to external charges as well as intra-ionic interactions 
between the large iodine atoms. 

The Cu -1 inferaction in CuGaI, is supposed to be stronger than in the cor- 

responding alkali and alkylammonium salts, and is considered [194] as a pos- 
sible reason for a large value of q in CuGaI, (Table 2.9). 

Thallium(II1) tetrachlorides appear to have anions of high symmetry. If 

the resonances reported in [198] are the complete set of NQR spectra for the 
[TlCl,]- groups, their symmetry is not lower than 8,. 

NQR data available for both tetrahedral and square-planar Ni(I1) complexes 
[lSl, 2041 make a good basis to demonstrate the difference in chemical bond- 
ing between these two types of configuration. Data for tetrahedral [NiCl,]g- 
anions are included in Table 2.9. Further NQR frequencies (Sacl, ?gBr, la71) 
have been reported [204] for uncharged tetrahedral complexes (at 298 K): 

(PhsP),NiCla , 9.471 MHz; (Ph,P),NiBr,, 71.07; 75.15 MHz; (Ph,P),NiI,, 
71.04MHz (l/2-3/2), 138.0 MHz (3/2-512). Complexes of similar composi- 
tion, but having square-planar anion configuration, gave quite different NQR 

frequencies ( Wl, %Br) : (Pr,“P),NiCl,, 15.852 MHz (298 K, [204]) ; (BuSnP),NiC1,, 
15-99 MHz (273 K, [181]); (PrSpP),NiBr,, 126.26 MIHz (308 K, [204]); 

(BusW,N=r,, 126.53 MHz (308 K, [204]). Comparison of the NQR frequencies 
for both typ8s of compound, reveals those of the tetrahedral species. to be 
half those of the square-planar complexes. These differences are [204] attributed 
to the presence of partially filled nickel orbitals, available for metal -halogen 
n-bonding in the tetrahedral complexes, while no such orbit&s are present in 
the square-planar units. An estimate of n-bonding in the tetrahedral com- 

pounds, within the Townes-Dailey approximation, gives values of about 
10% L-2041. 

Zinc(II), cadmium(I1) and mercury(II) form many complex halides con- 

taining isolated tetrahedral OX,]*- ions. Tetrah8drally coordinated Zn(I1) , 
Cd(I1) and Hg(II) all have a d 10 electron configuration and present a simple 
o-bonding situation such that comparison of the NQR data over the appro- 
priate series of compounds is useful in both structure and bonding aspects. 

In recent years, tetrahedral halides of the type RaMX, have gained much 
attention, due to their structural phase transitions into incommensurate 
phases, with ferroelectric properties occurring in some cases. Representative 
compounds which have been studied by N&R (review [213] and refs. cited 
therein) include Rb,ZnCl,, Rb,ZnBr,, K&iCl,, (NH&+ZnCl&, Cs,CdBr, and 
Cs,HgBr,. Their N&R spectra with some other complexes of the same type 
are listed in Table 2.11, The number and relative intensities of the N&R lines 
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serve aa a reliable and convenient indicator of the site symmetry of the anionic 
groups in these complexes. 

Table 2.12 gives the cell dimensions of the compounds calculated from single 
crystal and powder X-ray diffra,ction dab. The site symmetry of the [MX,]*- 
anions, determined from their NQR ape&r& is aleo indicated. Table 2.12 shows 

TABLE 2.12 

Structural data and relative intensities of halogen N&R sign& in complex zinc(II) 

hehdes 

Compound Lattice Unit ceh dimensions (nm) Site symmetry Ref. 
symmetry of [Mx,)S- 

a b c /F*) (Relative inten- 
sities of NQR 
signals in order 
of increasing 
frequency) 

(1) hZna4 

(2) Cs*ZnBr, 

Ortho- 
rhomb. 
P nma 

P nma 

(3) Cs&dBrd P nma 

(4) CsSgBr4 P nma 

(5) c%$=4 P nma 

(6) Rb,ma4 P nma 

(7) Rb,ZnBr, P nma 

(8) (PYW&G 

(9) tpyW2ZnBr4 

(10) Rb,ZnI, Monocl. 

( 11) TlzZn14 Monocl. 

0.974 0.741 1.296 G 
(2:l:l) 

1.018 0.777 1.362 $l:l) 

03 
(2:l:l) 
c* 
(2:l:l) 

1.084 0.829 1.446 G 
(2:l:l) 

0.927 0.731 1.274 c, 
(2:l:l (at 320K)) 

3x 0.771 1.326 0, 
0.980 (2:l:l (at 36OK)) 

c 
(lY1) 
c!?. 
(2:l:l) 

1.050 0.801 0.768 109.6 
(2:l:l) 

0.986 0.761 1.389 110 
(incomplete) 

205 b, 

207, 
206 b, 
220 
207 

207 

206b 

S!OSb, 
214, 
215 
2056, 
2Okib 
216 
206, 
205; 

206 a. 

206a 
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TABLE 2.12 (continued) 

Compound Lattice Unit cell dimensions (nm) Sits symmetry Ref. 

symmetry 
b c B<*’ 

of [MIX,]=-- 
a (Relative inten- 

sities of NQR 
signals in order 
of increasing 
frequency) 

Tetragon. 
(12) Rb,5C& lQ}mc?n 

(13) Cs,ZIlCl~ l4/mcm 

(14) Cs,ZnBr, l4jmcm 

(17) Rbs5Bq p,,, 

0.881 0.881 1.415 5, 

0.923 0.923 1.448 1$” singlet) 

O.Q64 0.964 1.613 
$ singlet) 

$ singlet) 

(1”: 1:2) 

o.QO6 1.036 1.324 0, 
(1:2: 1) 

0.908 1.032 1.342 Q, 
(1:2:1) 

1.016 1.169 1.433 G 
(incomplete) 

206a 

206b, 
221 
206a 

206a 

206a 

a close correspondence between thestructural information obtained from X-ray 
data and NQR spectroscopic patterns. Compounds (l)-(7) of Table 2.12 
are isomorphous [207, 208, 2201 based on results of X-ray analysis. The NQR 
spectroscopic patterns of these compounds also show a close resemblance to 
each other in multiplicity and relative intensities supporting their isomorphism. 

Tripling of the a-dimension was reported [206b] in Rb&Br, which was 
later [205a] interpreted to be a consequence of a stacking fault. This complex, 
aa well as RbsZnCl~ and KsZnCla, are known to belong to a family undergoing 
a sequence of phase transitions (1213, 216,218,219,430] andrefs. cited therein) : 

para-electric phase P_ (Z = 4) + incommensurate phase Pn2,a ++ ferro- 
electric phase Pn2,a (2 = 12) with a tripling of the unit cell volume e polar 
monoclinic (2 = 24). {In Table 2.11, N&R spectra are in the para-electric 
high-temperature phase.) 

Similar temperature behaviour but with a different phase sequence and 
without a ferroelectric phase, has been observed [207] for Cs&WBr~ (M = Cd, 

Hg): P_ (2 = 4) M incommensurate phase e P2,n (2 = 4) ++ unknown 

low-temperature phase. Table 2.11 lists the N&R spectra of these compounds 
in the high-temperature orthorhombic phase P_. 



The phase transition from an incommensurate to a ferroeleotric phase (P2,an) 
accompanied by a tripling of the c-dimension of the unit cell was detected 
12171 in (NH&%iCl, at 266 & 0.5 K. The NQR spectrum of the compound is 
given (Table 2.11) in the low-temperature ferroelectric phase. 

Compounds (8) and (9) in Table 2.12 differ from each other both in their 
halogen N&R spectra and in their X-ray diffraction patterns [205b]. 

Complexes (12) - (14) R,ZnX,, have the tetragonal structure [205a, 2223 
of Cs&oCl,. They therefore contclin [ZnXJ*- units of Is, site symmetry and 
Ca+ and X- ions, the latter giving too low a frequency to be detected with the 
technique used [205&l. The NQR singlets from the four equivalent X atoms 
in the [ZnXJs- units are in agreement with structural conclusions. 

Complex (15) has a structure [221] very closely related to those of compounds 
(16) and (17) (Table 2.12) but with small, slthough significant, shifts in atomic 
positions [205a]. The NQR spectroscopic pattern of (15) however shows a quite 
pronounced difference from the NQR spectra of the other two, demonstrating 
a high structural sensitivity for the N&R technique. 

A remarkable constancy [205a] is noted in the me&n frequency values in 
tetrs,hedral zinc(II) halides. They fall near 8.97 MHz for chloride complexes 
and near 60.05 MHz (*lBr) for the related bromides in spite of differences 
in the symmetry of the anion sites. Thus contributions from externsl lattice 
charges to the EFG at the halogen sites do not exceed the spread of frequencies 
about the mean estimated [205a] as 9.1% over the complexes listed in Table 
2.11. 

Few data are available for tetrahs,lomerouratis( II) and t&rahalocadmia.tea( II) 
(Table 2.11). Some have unknown structures and incomplete NW spectra. 
The species (pyH),HgCl, can hardly contain discrete anionic groups con- 
sidering its largely split W31 spectrum [ZOQ]. C&&I, and Cs$IgI, are reported 
[210] to form isolated tetrahedral anions [HgIJB- with highly ionic Hg-I 
bonds. The air& 1271 resonances observed in Ag&gI, and Cu&IgI, [212] 
confirm the presence of regular tetrahedral anionic groups in both complexes. 

The M(I1) -Br +covalent bond charaoter was estimated in some Zn(II), 
Cd(I1) and Hg(I1) bromide complexes using the Townes and Dailey approxi- 
mations [ZOS] with the reasona;ble assumption of negligible 3t-bonding and a- 
hybridization of the appropriate bonds. a-values of the order of 0.19 -0.20 
were obtained requiring tkEaf the effective charges (8) on the Br atoms in 
these compounds to be of the order of -0.843. 

D. INTERACI3ONS BETWEEN HETEROATOMIC ION PAIRS 

Interionic interactions in ionic compounds with quadrupole stems contained 
in cation and anion species are studied using N&R. As shown above the isolated 
complex ions are charsterized by a small scatter in the average frequency 
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values. They vary typicaI!ly within 15.8 & 0.8 MHz for &Cl:, 23.7 & 0.7 MHz 
for SbCl;, 22.6 & 0.13 MHz for ICI;, 27.8 & 0.5 MHz for AuCl- and 
10.9 -& 0.4 MHZ for Alcl,. Frequency values outside the appropriate limits, 
as we11 as increased splitting, point either to formation of bridging anion groups 
or to strong interionic coordination [196]. Most of the anions indicated above 
show considerable variations in intra-anion bond distance as found by X-ray 
analysis. This naturally leads to splitting of the NQR spectra even for the iso- 
lated groups. 

Interionic interactions nevertheless can be recognized from (i) shifts to 
lower frequency by halogens bridging ions, or (ii) upwards shifts of the whole 
resonance family, due to a partial removal of the negative charge by an electro- 
philic partner, or vice versa if the ion bears an opposite charge. 

TABLE 2.13 

Wl NQR spectra of compounds of the type [SC&,]+ -[WC&+,]- a;t 77 I(. (Relative 
intensities in parentheses.) 

Compound Cation Anion Ref. 

+J (l=W) AY”) (%I y WW*) Arc) (%I 

isw+ - [Icl,l- 41.726 14.85 
(W 42.091 2.8 20.95 59.0 227 

42.637 28.12 
142.123 [22.46] 

WW’ . mm- 41.80 
(W) 42.45 

20.07 227 
2.1 21.58 22.9 

23.63 
25.26 
/22.61] 

[8cl,l+-[s~61- 42.940(2) 
42.192 
[42.69] 

c=u+. w3f34l- 42.62 

[SC&J+ * pm,l- 4!wo 
42.10 

[ZZ] 

1.8 22.305 
22.390 
23.370 
24.169 14.8 
24.813 
25.828 

1533.81 

166-168 

10.178 
10.378 

3.3 10.787 
Il.285 
110.6323 

168 

167, 168, 
11.3 421 
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TABLE 2.13 (continued) 

Compound Cation Anion Ref. 

y (M=w W) (%) y (=w) W) (%) 

[SC&J’ - [T&lJ- 

[SCl,]’ - [AsFJ- 

above 77°K 

[SC&,]+ - [AuClJ 

42.072 
42.684 

,Z:E 

41.793 
42.477 
[42.37] 

42.26 
42.44 
42.58 
[42.43] 

41.296 
42.321 
42.743 

t42.121 

41.883 
42.136 
42.318 

[42.11] 

[SC&J+. [MoOCl,]- 41.832 

[SCSI,]' - [Cd&]- 

41.709 
42.466 
43.289 
[42.49] 

41.880 
41.943 
42.063 

[41.96] 

41.960 
42.080 
43.404 

C42.481 

1,7 

2.6 

0.73 

3.4 

1.0 

3.7 

0.4 

3.4 

7.684; 7.893 167, 168 
8.660 ; 9.050 17.9 
9.163; 9.224 

[8.613 

7.078 ; 7.373 
7.610; 7.566(2) 29.1 167,168 
9.325; [7.72] 

168 

25.247 
27.917 
27,956 
30.613 

[27.93] 

4.5;52( 1) 
4.762(l) 
5.OQ4(3) 

[4.92] 

16.160 
16.519 
16.748 
16.793 

fl6.80] 

20.0 167 

168 

168 

226 

11.0 226 

167 
10.3 

“) Average frequency vdues are given in square brackets ; 
b, crystal modifications ; 
“) spectroscopic splitting. 



Consider complexes of the type P&WJ, - lkth& known to form [SClJ+ 
- [MC&J- ion pairs for the majority of metals. Those studied by NQR spectro- 
scopy are listed in Table 2.13. The available X-ray data am scanty [223 - 226 J, 
but the -1 NQB spectra give clear proof of the ionic nature of these com- 
pounds. That the average 9scl frequenoies for both the anion md eation groups 
fall within a limited range, that for the cation group being 42.3 -& 1.1 MEx. 
The anion average frequencies lie in the typical ranges listed above for the 

1 SCL; NbCLz NaAIClt 

I t t A It II I, scl~rcl,‘(m 
e 

14 16 18 20 22 
v/Id: 

26 28 30 

KAuCL4 
, I l[l I _ 

NaAuCL4y2H*0 
I 1 I & 

Figure 2.7 Wl NQR patterus of aniona in several ionic compounds demonstrating 
increased spectroscopic splitting in compounds with cations [SC&]+ [163b]. 

ionic compounds. Several of them show considerably increased splitting. In 
Figure 2.7 we compare the 8scl spectra of such compounds with the spectra 
of compounds having the same ions but forming no secondary interionic 
bonds. 

X-ray data available for crysfal modification (I) of [SCl,]+ - [ICI,]- [223] 

established considerable secondary interactions I-Cl.*-S between the ionic 
groups of the compound, which is consistent with the highly split anionic 
spectrum (Fig. 2.8). 

The structure of SCl$ - AlCl; h as also been studied [224]. According to 

X-ray data three ohlorine atoms of the AlCl; tetrahedra make asymmetrical 
bridges with the sulphur atoms of three adjacent cation units. As a result, 
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the environment of the aulphur atom is completed to a distorted o&&e&al 
oonfiguration. The primsry S-Cl bonds oomprise two longer distanc~3 
(0.199 and 0.198 nm) and one shorter distance (0.196 nm) which is in agree- 
ment with the Wl NQR spectrum of the cation speaies. The tetrahedra 
[A.lCl,]- are &torfed, thre8 bridging bonds being longer than the terminal 
Al-Cl bond. The Wl NQR spectra of the two related compounds [SClJ+ 
- [AElJ- and [SClJ+ . [G&&l- (Fig. 2.7) oorreapond closely to a description of 
the structure . There is conGderable splitting in their anion spectra between 

Figure 2.8 Projection of the {SCl,]+ . [IC!14]- 
structure unit and that related by the center 
of symmetry (shown dashed) down OOi (after 

~2231). 

the high frequency line and lower frequency triplet. The spectroscopic patterns 
of the cations of theee oompounh a;re also very similar enabling one to 
suggest that the structures of the t&raohloroaJuminate(III) and tetra.chlor- 
ogallat8(III) salts share very similar. In Figure 2.7, the anions in NaAlCl, 
and Na&kK& show epectroscopio splitting produced appar8ntly by the crystallo- 
graphic inequivalence of the chlorine positions, which are much lee significant. 

The spectroscopic splitting of the CAuClJ- group in @Cl,]+ - [AuClJ- is 
nearly 2Q%, which is higher than the corresponding splitting in NaAuCl, 
- 2-0 (Fig. 2.7), where formation of 0 --H..Cl bonds is suggested LlSO]. 
Thus strong Au .-Cl -a-S interionic coordination in the former compound [167] 
is v8ry probable. 

The complex [SClJ+ . [NbCl& shows a split anion spectrum, the splitting 
considerably exceeding that of [SCl,]+ - [T&B&. It is also considerably higher 
than the anion splitting in CsNbCl, (Fig. 2.7). 

The *6cl spectra of the SCl$ groups, in all these compounds, also show in- 
creased splitting, and their average frequency values are shifted slightly 
downwarda with respect to those of the remaining compounds in Table 2.13. 
This is consistent with the formation of secondary interionic bonding accord- 
ing to (i) and (ii). 

It is interesting that a distinct correlation has been otierved between the 
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cation average 8scI frequency and the difference in metal and halogen electro- 

negativity in the anions of Table 2.13 (Fig. 2.9). The correlation is essentially 
linear for complexes whose ion pairs, aceording to NQR spectra, interact most 
weakly. This is understood to reflect the pure electrostatic nature of the inter- 
actions between the ions in such complexes. The more covalent and short are the 
M -hal bonds in the anion, the longer and weaker are the interionic distances 
M -hal--S, the less perturbed is the [SC&J+ cation and relatively higher are the 

corresponding Wl NQR frequencies. Interaoting ions are expected to show low 
frequency shifts in the [SC&]+ groups due to charge transfer from the anions 

422- s m 
423 I IIll I ! l1ld rll-j 

0.5 -LO 1.5 28 

Figure 2.9 Relationship between the cation average c Wl frequency and metal -ha- 
logen electronegativity difference of anions in compounds of type @Cl, ]+ - [M%#+*]- ; 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
*FeCI,;7SC1,.NbCI,;8SC1,-T~,;9SC1,-AaF*;10SC1,-UCZ. 

through the secondary bonds Cl,,..4 -Cl,,,,. Compounds 1, 2, 3, 5, 7, 10 
are examples presented in Figure 2.9.1) The remaining compounds in the dia- 
gram seem to possess ionic pairs which do not interact with each other. 

The NQR spectra of other compounds of similar type such ss nRC14 l Mhals, 

where R = Se, Te, show that most part of them also form ionic pairs %[RCls]+ 
- [Mha&+,]“-, although ZrCl, and HfCl, [2263 give molecular adducts ZrCl, 
.2RCl,(R= Se, Te) and HfC1, - 2TeC1,. 

Table 2.14 lists compounds whose ionic nature is indicated by the NQR 
spectra of the anion species. For some compounds, this is known from X-ray 
data [16 11. According to the latter and also from bond theory ([197] and 
refs. cited therein) and Zeeman analysis of N&R spectra [228] a v-shaped 
geometry has been suggested for the heteroatomic cation in all these com- 
pounds. For the first two substances in Table 2.14, the single crystal %‘A1 
NMR rotation pattern of the central lines ( - l/2 +W + l/2) have also been 

1) The compound 10 contains, according to the x-ray data at room temperature [225] 
only weakly interacting ions. Its NQR spectrum, inconsistent with [225] at 77 K, 
was however inobservable at room temperature. 



T
A

B
L

E
 2

.1
4 

N
W

 
ep

ec
tr

a 
of

 io
ni

c 
co

m
po

un
ds

 w
ith

 V
-s

h
qe

d 
ea

tio
ns

 (
B

T
 r

oo
m

 te
m

pe
ra

tu
re

) 

C
cr

m
po

m
d 

T
 (

X
) 

C
at

io
n 

ap
e&

e 
A

ni
on

 s
pe

ci
es

 

Is
ot

op
e 

Y
 (M

H
z)

 
eT

 
(M

H
Z

) rl
 (%

I 
I~

~p
e 

y 
(J

W
 

l/2
-3

/2
 

3/
2-

G
/2

 
l/2

-3
/2

 
3/

2-
6/

2 

R
ef

. 

[S
bB

r,
J+

[A
lB

r,
]-

 
20

6 

20
6 

R
T

 

R
T

 

‘W
b 

“B
B

r 

ln
lS

 b 
1
8
7
-J

 

07
.4

O
ti

 1
13

.3
 

41
6.

0 
14

3.
63

 
28

7.
2 

14
9.

99
 

30
0.

0 

76
.6

81
 

04
,8

32
 

34
3.

2 
73

.6
 

S
7A

l 
18

6.
88

 
37

3.
70

 
1.

24
6.

0 
0.

0 
l?

t 
20

7.
30

 
41

4.
40

 
13

82
.6

 
2.

7 

30
8.

6 (
c)

a)
 

41
6 

(t
)‘)

 
62

7 

~t
3 

w
 

42
0.

1 
(c

)q
 

61
7.

1 
(t

)“
) 

38
02

8 

82
.1

 
87

A
I 

2.
4 

8’
B

r 
1.

1 

37
.3

 
W

l 

86
c1

 

W
b 

(a
t 

29
6 

K
) 

7.
2 

76
.6

37
 

14
6.

6 
79

.0
88

 
16

2.
5 

81
.0

30
 

16
1.

3 
82

,6
80

 
16

4,
8 

(a
t 

28
6 

K
) 

6.
7 

11
8.

18
 

2O
o.

48
 

68
6.

6 
11

8.
86

 
23

2.
68

 
77

8.
2 

12
3.

04
 

20
1.

73
 

60
4.

0 
12

3.
10

 
21

4.
40

 
73

1.
1 

10
.1

20
 

10
.5

oO
 

ll
.O

oO
 

ll
.p

M
) 

20
.7

8 
21

.0
0 

24
.8

3 
(2

)b
) 

25
.6

0 
(2

)b
) 

21
.0

3 
36

.7
0 

12
2.

2 

66
&

3 
22

8 
64

.3
 

47
.7

 
30

.7
 

14
.1

 

55
&

3 
22

8 
38

.2
 

13
.0

 
42

.6
 

34
.7

 

10
7 

15
9 

37
.0

 

--
 

__
 _

_ 
- 

. 
- 

- 
. 

_-
 

- 
_ 

--
 

- 
- 

- 



R
T

 
1
3
7
1
 

8
4
3
 

77
 

w
l 

77
 

Y
.I

 
77

 
w

 

77
 

V
l 

77
 

W
I 

77
 

w
 

77
 

W
I 

46
8 (

c)
b)

 
61

8 (
t)

“)
 

38
.6

90
 

39
,0

86
 

79
.3

76
 

78
.9

62
 

7
9
,
3
3
6
 

80
.0

66
 

80
.1

72
 

78
.2

63
 

77
.0

8 

26
60

.7
 (c

) 
36

,O
 

w
l 

. 

W
b 
7
a
A
8
 

W
B

i 

“1
T

a 

l%
b 

W
b 

10
.8

02
 

10
.8

43
 

11
.2

97
 

11
.4

13
 

23
.9

3 

26
.4

72
 

13
.2

81
 

13
.6

02
 

69
.9

36
 

11
7.

41
6 

67
.9

13
 

11
4.

20
9 

42
.6

31
 

68
.3

76
 

33
.1

60
 

48
.1

43
 

47
.3

16
 

66
.9

96
 

39
.9

81
 

68
.7

28
 

47
.6

7 

26
.6

23
 

24
.8

06
 

19
7 

19
2 

16
9.

00
 

6.
6 

22
9 

23
0 

30
76

86
 

6.
3 

23
1 

30
0.

94
 

9.
4 

23
0 

82
4.

20
 

7.
1 

23
0 

80
0.

97
 

6.
8 

20
7.

67
 

83
.3

 
22

9 
03

9.
4s

 
66

.9
 

20
7.

83
 

78
.1

 
22

9 
20

8.
33

 
66

.6
6 

“)
 (

c)
 =

 c
en

tra
l 

at
om

; 
(t)

 
=

 t
er

m
in

al
 at

om
; b

) r
el

at
iv

e in
te

n
si

ty
 of

 e
ig

n
al

 in
 p

ar
en

th
es

es
. 



90 

studied 12281. The a7Al QC!C! and ~-values, thus obtained supported the existence 
of distorted tetrahedral [Alhal,]- ions in the compounds. NQR Zeeman ana- 
lysis for the same compounds enabled determination of the ~-values on 81Br 
atoms in the [SbBr,]+ and [AlBrJ- species [228]. Those in the cation appear 
negligibly small indicating unperturbed terminal halogen atoms. In the 
[AlBrJ- ions the ~-values are much higher. The angles between the z-axes 
of the EFG at the Br sites vary from 908.9 to 118.1“. This is consistent with 
the existence of a distorted tetrahedral [AlBrJ- ion, the bromine EFG z- 
axes deviating from the Al -Br bond axes because of the large q-values. The 

[Cl ~ ] + rSbF6] ~j r23il 

Figure 2.10 Geometry of V-shaped oations and electron distribution according to 
NQR data. 

variation of the 81Br frequency values in the anion is also large, approaching 
12% (Table 2.14). Both these factors provide evidence for the i&era&ion of 
the Br atoms in the anion species with other neighbouring atoms. The NQR 
spectroscopic pattern of the related iodide complex is very similar. 

Thus, the [Sbhl,]’ and [AlhalJ- ions are linked together by w-k secondary 
bonds between the Sb atoms in the cation and the halogen atom in the anion 
[Alha&]- [228]. The spatial arrangement of the cationic species in these com- 
plexes with respect to the antimony EFG axes, as determined from NQR Zee- 
man analysis, ia shown in Figure 2.10, which also gives the eleotron oharge 
distribution in the [SbBrJ+ cation calcula+ted 12281 using alp* hybridized anti- 
mony orbitals with C, symmetry, within the Townea and Dailey approxi- 
mations. 
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The NQR data for the remaining species in Table 2.14 are less complete 
although X-ray results [lsl] are available for [R&J+ . [AK&]- and [IClJ’ 
- [SbClJ-. There is & weak interaction between ionic pairs which oocurs through 
the Cl atoms of the anions and the I atom of cations. The Cl&*-Cl -M inter- 
action completes a plane tetrafold environment for the iodine atom. Such 
coordination is considered [ 1971 to be responsible for the shifts in the average 
cation WI frequencies in [I&l]+ and [ICl,]+ salts, with variation in anion, 
assuming an approximately constant geometry at the central iodine atom. 
Thus slightly stronger coordination of [I&l]+ with [Ah&J- than with [SbClJ 
(38.02 &I& vs. 38.28 MHz) and a relatively stronger coordination to [IClJ+ 
with [SOsF]- than with [AlCl J- (38.12 ME& vs. 38.894 MHz) was euggeated. 

Using the X-ray data [lSl] on the value of Cl-1 -Cl angle (0 = 96.7O) 
in [IClJ+ - [AK&]- the q at the iodine site was estimated Cl97 J from the rela- 
tionship 7 = -3 co8 8 to complete the a*71 NQR ape&r&. The use of the ob- 
served lm?I lower transition (Am = l/2-3/2) frequency together with the 
estimated q value and the atomic QCC (2 292-8 MHZ) give the o-bond popu- 
lations on the central iodine atom. The terminal atom a-bond populations 
were calculated separately using the observed -1 resonances and the atomic 
QCC value with the assumption of axial symmetry for the chlorine EFG 
(q = 0) and no s-contribution to bonding by that atom. The a-bond population 
sum in [IClJ+ thus obtained averaged about 1.97 electrons very close to the 
expected value of 2. 

Charge distributions calculated ss above in the cation of this, and two other 
coniplexes, are shown in Figure 2.10. The additional values in parentheses, 
for the central iodine are caloulated by differenoe from the termintil aharge 
and the total ionic charge of + 1. 

Differences found for the central atom by the two approaches are attributed 
11971 both to the limitation of the model, including the presumed absence of 
any s-ohara&er in the bonding of the terminal atoms and to real effects of 
anion coordination to the central atom, ignored during the calculation. 

Table 2.14 aleo lists NQR data for the fluoride ionic pairs. X-ray investi- 
gations on [ClFJ+ - [SbFJ- [232] and [ClFJ+ - [AsF,]- [233] show the struc- 
tural similarity of the cation fragments in these compounds and in [ICI,]+ 
- [SbCI,]- [101] (Fig. 2.10). The [ClE’,]+ cation like [ICI,]+, possesses a V- 
shaped configuration with angles close in value. Secondary interionic bonds 
Sb -F. .-Cl.Fd in [ClFs-J+ - [SbF,]- complete coordination of the central Cl 
atom to the distorted square plane. The F atoms of [SbFJ- octahedra parti- 
cipate in interionic coordination and are located tran8 with respect to each 
other. This agrees with the small g-values at the Sb sites of the l”Sb NQR 
spectrum [229] (Table 2.14). The latter seems to be incomplete since two crys- 
tWographically independent [SbF& polyhedra are present in the crystal- 
line lattice of the compound, sooording to X-ray resull~ [232]. In this respect 
the description of the structure agrees betfer with the N&R spectra of 



[ClFJ’ - [BiPJ and [ClFJ’ - paF,J- providing reasons for suggesting the 
structural similarity of these compounds including the &a=-location of bridging 
fluorine ligands in the anion groupe. 

In compounds of [ClF,]+ with the polyanions [Sb$Y,,]- and [Sb,F,,]-, the 
q-values at the Sb sites are much higher (Table 2.14) interpreted 12291 aa evi- 
dence for the &-location of the bridging fluorine atoms in the polyanions, 
similar to that established [234] for [BrF,]+ - [Sb,F,,]-. 

An IR study of XeF, aomplexes with various Lewis acids 12361 showa the 

electron-acceptor ability of the anions decreases in the order: 

[Sb,F,]- > [Sb,F,J- > [SbFJ- > [TaF,]- (33) 

In compounds with [ClF,]+ cations (Table 2.14) the Wl NQR frequency 
increases in the same order. Considering this increase as a criterion for anion 
electron-acceptor ability [230] the series may be extended ~3 follows: 

[Sb,F& > [Sb,F,,]- > [AsFJ- > [BiFJ- > [SbF& > [NbF,]- > FaFJ- 
(69) 

This succession evidently shows increasing order of interionic interaction. 
Using the frequency inorease as a mmure of the ticeptor ability of the anions, 
it was assumed, of course, that the Wl QCC values inoreased in the same order 
[230]. This is reasonable firstly became determination of the &CC value M 
simply twice the corresponding asC1 frequency is less than 0.5% erroneous until 
q reaches 0.3. Seaondly, the ,available speotroscopic and structural data sug- 
gest similarity in atomic arrangement and electron distribution in the [CIFs+] 
cations. Therefore the asymmetry parameter at the chlorine site does not vary 
considerably over the compounds discussed although it can be non-negligible 
in absolute value. This evidently contradicts the &88umption [230] of zero asym- 
metry parameter at the chlorine site in [ClF,]+ cations. Indeed, one can see 
from Table 2 -14 that the q values at the lra71 sites in [ICl,]+ - A- are of the 
order of 35% and Figure 2.10 shows that the Cl -1 -Cl angles in [IClJ+ and 
F -Cl -F in [ClF,]+ which determine the ~-values, are similar to .one another. 

Another type of fluoroionic compound with a heteroatomic cation arises due 
to the interaotion of chlorine(V) pentafluoride with various mole amounts of 
metal halides. The ionic pairs 80 produced are listed in Table 2.15 together with 
their NQR spectra. X-ray data are available only for [BrF,]+ - [Sb,F,,]- 
[234]. The geometry of the [BrF,]+ is a trigonal y-bipyramid. The two secon- 
dary bonds which the oentral Br atoms form with the fluorine atoms of adja- 
cent anions (0.224 and 0.249 am) complek a distorted octahedron. A similar 
arrangement in the cations [IFJ+ and [ClFJ+ is suggested [235] in compounds 
with antimony pentafluoride, the latter being taken in various mole ratios. 

The anions are oharaoterized by relatively high asymmetry parameters at 

the Sb atoms. The q value in [ClF,]+ - [SbFJ- ia nearly the same as in the struc- 
turally studied [237] [BrF,]+ - [SbFJ- (Table 2.15) where the c&position of 
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TABLE 2.16 

NC&R spectm of the central atoms in hetaoakomic fluoroions at 77 K 12361 

Compound Cation Anion 1Wb 

y (=s) y (=I e$QzHz) 7 (%) 

l/2 - 312 312 - 612 

=BrF;. Sb,E”;; 128.163 

=BrF,+ - Sb,F& 127.039 

BrF,+ - Sb- 

27.200 
26.651 

124.320 
104.460 

27.291 

27.430 

11.207 21.036 70.84 22.7 

17.03 33.69 112.6 9.2 
38.542 56.410 198.32 56.0 
35.728 62.286 183.79 66.1 
48.546 60.196 218.31 74.7 
38.710 63.012 217.36 43.4 
40.917 61.448 186.01 73.2 
37.660 44.660 163.04 80.1 
40.923 60.026 210.96 66.7 
40.923 68.466 246.12 68.8 
40.224 66.566 197.40 62.6 
16.197 33.306 102.10 23.3 
16.039 30.202 101.66 22.1 

the bridging fluorine atoms is established. This suggests a similar arrangement 
of bridging fluorine atoms in the former compound. 

The polyanions [SbJ?-,I- in compounds with the known structures 

(CBr&I+ - LSb,FIJp Pel+ - [Sb,F,,l-, tBqJ+ . W@,,I- and [ClO,l+ . [Sb,F,,l- , 
12351 and refs. cited therein) form chains of [SbF,]- octahedra joined to each 
other by bridging fluorine atoms at k-positions. This agrees with the high q 
values at the Sb atoms in [BrFJ+ - [Sb,F,,]- and in other ionic compounds 
listed in Table 2.15. 

The lslSb QCC value will decrease with an increase in the strength of the 
Sb -F bridging bond [235]. At the same time this increase reflects as an in- 
crease in the donor ability of the cations. Thus the order of variation in the 
average anion lWb C&CC value provides the following order of cation donor 
ability : 

BrF, < ClF, < ClF, < BrF, -=z IF, (70) 



E, THE ORIGIN OF THE EEG AT THIZ COMPLEX ION CENTRAL ATOM 

Clearly valuable crystallochemical information can be obtained from the N&R 
spectra of both central and ligated stems in ionic complexes. While ligctnd 
NQR spectra yield information on the geometry of the ions and the chemical 
interactions between them, mainly from shifts and splitting of resonances, the 
central atom spectra co&a&i such information in their QCC value and the 
asymmetry p&rameter of the EFG. 

Now let us consider some NQR data pertaining to the oentr& atom in these 
complex ions, in order to analyze the sources contributing to the EFG. 

Table 2.16 lists NQR data for a number of cobalt(II1) ionic complexes in 
which the central atom is located in cations of roughly octihedral configura- 
tion. The sites with cubic point group symmetry are known to have zero EFG, 
so that these 6BCo QCCJ values serve partially as a measure of the distortion of 
these cations from octahedral symmetry. 

In the first row transition elements, the principal contribution to the EFG 

derives from electrons on the &, 4~ and 3d orbit&. Though the contribution 
from the 3d electrons prevails and the 4~ orbit& have far lower occupancies, 
the contributions of the latter should also be taken into account. The review 
by Brown [238] devoted to an NQR study of various types of cobalt compound 
contains data on EFG values due to the unpaired 3&. (qS& electrons for three 
isoelectronic metals (Table 2.17). Table 2.17 also includes EFG values arising 
from 4~~ electrons (q& for Fe(O) having the configuration 4&3@4@. These 

are not much smaller than qaso. The contribution to the EFG, from vrtlence 
orbital populations, can be written as 

Q%% = !?a20 [ Nd,. 

+ P410 Np, - $ Wps + NJ 1 (71) 

In addition, in coordination compounds of Co(III) where the charges on 
the cobalt and ligand atoms are non-zero some contribution to the EFG is 
made at the central atom by the externsl charge distribution. The electrons on 
valence orbitals as well as the external aharges can polarize the inner core electrons, 
generating a Sternheimer shielding or antishielding contribution to the EFG. 

Three possible factors which determine the EFG at the cobalt atoms have 
been discussed by Watsnabe et al. [239] who interpreted the - NQR Dali 
for octahedral cobalt complexes : metal valence electrons, ionic charges on 

the ligand atoms bonded to the metal, and outer ion charges (lattice charges). 
The ionicities of the Co -Cl bonds in the [Co(NII,),Cl]e+ cation were estimati 
from sX!l NQR data via the Townes and Dailey [95] theory approximations, 
and appeared to be about 70%. I&and charge contributions have been deter- 
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TABLE 2.16 

NQR spectra of some cobalt(ILL) octahedral complexes aad related compounds at 
room temperature 

Compound*) Ieo- Transition frequencies (MHz) ew 77 (%) Ref. 

tope l/2 - 3/2 3/2 - 612 612 - 7/2 li 
WW 

vm~8)5QICI, “co l 2.733 
Co[(NH8)&l’lSO~~H~S0~ ‘Kb 2.406 

2.626 
cis-[Co(en),C1,]CLHsO Wo 3.168 
c&it-[Cb(en),cl,]NO, wb 2.664 
(II)tr.-[Cb(en),Clp]NO, =Co 4.777 
(at 270K) innersphere *Wl 16.426 
tr.-[Co(en)&l~]Cl =Wo 5.367 
(III)tr.-[Co(en),Cl,]ClO, ‘Wo 4.614 

4.601 
innersphere *Wl 16.616 

16.828 
tr.-[C(a)sBrJBr 
~~.-[wNIE,),aI~ 
(W.-I~(~)*~*]~ 68co 6.979 
- HCl- zH,O innersphere W 16.068 

outersphere =Cl 2.868 
(V)tr.-[Co(tn),Cl,]Cl 6oco 
-HCl.2HaO”) 

innersphere W!l 16.331 
WW.-CRh(~)&b~ 
- HCl *zHpO innersphere W 17.089 
tr.-[Cr(en)&l,]Cl 
- HCl- ~H~Oinneraphere Wl 10.300 

outersphere 86cI 
tr.-[Co(en),C&]Br T?o 4.890 
tr.-[Co(en),C$]I ‘Xb 4.628 
tv.-[Co(en),Cl&CN 
tr.-[Cb(en),C!l,]BrO, 
tr.-[Cb(en),Br,]C10, 
(IV)&.-[Co(en),Br,]Br SDCO 6.212 
-HBr-2H30 

innerephere =Br 127.34 

4.399 6.768 31.74 
4.773 7.161 33.43 
4.892 . 7.364 34.39 
4.980 7.668 36.06 
4.741 7.201 33.71 
8.877 13.426 62.78 

8.368 12.892 60.63 
8.404 12.869 60.14 
8.462 12.708 69.86 

8.392 12.860 
8.370 12.666 

10.001 16.296 

8.690 13.143 

W-36 23.6 242 
69.23 13.6 246 
71.73 22.2 240 
31.91 22.4 247 
6.04 90.4 

61.46 246 

8.406 12.821 
8.237 12.486 
8.396 12.870 
9.067 13.880 
8.096 12.264 

10.104 16.603 

20.66 7.3 247 
6.26 90.2 

60.08 20.4 243 
68.41 16.6 243 
60.43 24.6 239 
06.16 23.8 244 
67.38 14.9 244 
72.80 24.4 240 

26.1 239 
4.2 239 
8.9 

26.8 241 
17.3 241 
13.2 242 

246 
27.2 242 
14.6 243 
14.8 244 

246 

‘9 tr. trczm ; “) tn trimethylenedbmine. 



TABLE 2.17 

3d and e unpaired electron contributions to the EFG 
at some metals in specific states 12381 

Atom Configu- State q*&@) 10-16 Pllo*) 10-l’ 
ration Eleotrost8tic cgs units cm+ 

4.iv%kP sD -670 . 

Fe #W” SD -9.23 
Co+ 4&W 6D - 12.16 
Fe 48%W4pr ?l? -8.79 -4.79 

mined with the assumption that the point charges are located at the sites of 

the ligated atoms (nitrogen and chlorine) with the use of the Sternheimer factor 
of1 --y= 8. Outer charge contributions have been calculated from the struc- 

ture data ([239] and refs. cited therein) with the assumption of 1 - ym = 8. 
These contributions appeared to be negligibly small. The estimates, thus ob- 
tained, led to the following atomic charge values for [Co(NI&),Cl]*+ cation: 

CO -0.48 ; N to.63 ; Cl -0.67, if one assumes that Q > 0 in accordance with 
12381 and refs. cited therein. The unreasonable charges on the cobalt and nitro- 
gen atoms are, according to Brown 12383, due mainly to the assumptions made 
in evaluating contributions of the ionic charges on the ligand atoms bonded 
to the central atoms. 

There is at present no adequate theoretical model for the choice of the 1 - y 
value in calculations of ligand charge contributions and of the 1 - yco value 
in calculations of lattice charge contributions. 

For that reason, Brown 12381 suggests use of the model of additive partial 
field gradient (p.f.g.). This model is often used in interpreting the data for 67Fe 
and 1Wn Mijssbauer quadrupole splitting. The contribution from a certain 
ligand, to the EFG at the central atom, is regarded as a paramefer charac- 
teristic of that ligand, and the EFG components are determined by summation 
of effective contributions over individual ligands. 

The NQR data for complexes of Co (III), listed in Table 2.16, reflect the 
effect of the outer ions on the central atom &CC values. As seen from these 
data, changing the anion shows no strong effect upon the EFG at the Co atom, 
if no specific interactions such as hydrogen bonding, are suspected to occur 
between the ligands and external ions. At the same time, lattice effecfs on the 
q-value can be quite pronounced as it is seen from the non-zero asymmetry 
parameter in the tram-[Co(NB,),Cl,]+ cation (Table 2.16). Calculations [239,244] 
show, however, that the outer charge contributions to the EFG are too small 
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to significantly affect either the QCC or q values. In Brown% opinion 12381, 
the most probable reason for non-zero ‘I values in the compounds in question 
is distortion of the coordination polyhedron with displacement of the ligands 
from positions having four-fold axial symmetry. 

The study of contributions to the EFG at the WZo and ha1 (X) sifes in several 

compounds containing the tr.-[Co(en),X,]+ ions (X = Cl, Br) (I -VI in 

Table 2.16) have required measurement of the temperature dependencea of Wo 
and ligand halogen NQR frequencies [246]. Using thermal parameters from 
a neutron diffraction study of (I), a rigid-body analysis of the effects of libra- 

tional motion led to the conclusion that the latt8r accounts for less than 15% 
of the change in the “Co EFG with temperature. Point charge model calcula- 
tions indicated small direct contributions to the EFG at Wo and Wl from lat- 
tice charges. On the basis of extended Hiickel MO calculations, it was concluded 
that hydrogen bonds involving the complex ions appear to offer an explana- 
tion of some of the temperature effects, in terms of changes in orbital popu- 
lations, although the explanation is incomplete. The authors 1246) concluded 
that study of the NQR t8mperature dependences in the deuterated analogues 
as well as precision diffraction studies of more of the compounds would be 
necessary to provide more definitive information about hydrogen bonding, 
the rigid-body motion and the bond lengths in order to continue efforts to 
sort out contributions to the N&R parameters in these compounds. 

In general, if no specific interaction exists between ligands and outer charges, 
and the configuration of the cation is determined, then both QCC and q values 
at the central atom provide information about the electron distribution within 
the ion. Table 2.16 contains Wl N&R data [247, 2481 on the related cations 
tram-[M(en),Cl,]+ where M is Rh and Cr. There are strong reasons to suggest 
that these compounds are isostructural to the corresponding Co(II1) complexes 
[248]. Thus lattice contributions to the EFG at the chlorine atom should re- 
main approximately the same along the series, and resonance frequency varia- 

tions from one compound to another should be due to changes in the electronic 
distribution within the ions. Lowering of the 8scl N&R frequencies from Rh 
to Co to Cr is consisfent with a decrease of the electronegativity difference 
between the M and Cl atoms in the same direction. The rapid Wl resonance 
frequency decrease on passing to the chromium cation may be explained [248] 
by the presence of half-filled d, orbitals on that metal which may participate 
in px (Cl) --d,(Cr) int8ractions. These should result in halogen atom resonance 
frequency lowering. The corresponding Co and Rh orbitals are filled, and the 
extent of Co -Cl n-bonding is small compared to a-bonding (- 3%). 

Hartmann et al. [247] studied single crystals of trarrs-[Co(en).&!l,.JCl - HCl 
. xH,O and trans-[Cr(en),Cl,]Cl . HCl . xH,O by the NMR technique, to obtain 
halogen atom QCC values for the complex cation and outer sphere anions. 
They made an approximate estimate of the M-Cl bond ionicities (;) in terms 
of the Townee and Dailey theory, for the cases of z = 0, 0.06 and 0.1. For the 
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Co -Cl bonds, i values were of the order of 0.8, 0.7 and 0.6, respectively, while 
for the C.?r--Cl bonds theee values WBFB of the order of 0.9, 0.8 and 0.7. 

Perrhenates and periodates (AB!I-0,) make the class of ionic compounds 
whioh numerous representatives have been studied by NQR at the central 
atom (Table 2.18). Mob of them crystallize in a tetragonal scheelite (space 
group 14&s> or rhombic pseudoscheelite lattice ([252, 2611 and refs. cited 
therein). The isolated ions @eO,]- and [IO,]- in the scheelite atruoture suffer 
small distortions from tetrahedral symmetry being compressed, like NaIO, 
[249], or elongated, like KReO, [250], along the c-axis. They form a tbragonal 
bisphenoid (D,) arrangement of atxms. Their distortion in solids is proposed 
[251] presumably to arise from interaotions with the lattice. The site symmetry 
of the anion species S,, requime a zero asymmetry parameter (q) at the rhenium 
(iodine) atom, which is the case in compounds with the scheelite struoture 
(Table 2.18). In the complexes with the pseudoscheelite struofure the anions 
form rhombic bisphenoids of lower symmetry (D,) [252] accompanied by an 
increase in the 7 value at the site of the central atom (CsIO,, T-0, in Table 
2.18). Table 2.18 also includes the NQR spectrum [252] of the compound 
N(CH&IO, which be1ongs to neither scheelite nor to the pseudoscheelite family, 
but is isotypic with tetragonal perrhenates and perchlorates 1253, 2543, which 
8MbleS the authors [252] to suggest q = 0 in this compound. The structure of 
LiR,eO, seems to be unknown. From the ?Re NC&R speutrum of LiReO, there is 
evidences for at least three crystallographically independent @eO,]- groups in 
the crystal lattice, all having large asymmetry paiV%Tn8ters. Hydrogen-like 
bonds of the type Li ..*O -Li are probably present in the compound [255]. 

The relatively large magnitudes of the QCC at the central atoms in the 
compounds dimuseed here, result from (i) a contribution to the EFG from 
outer point charges in the tetragonal lattice q(e) [l - y-3, (ii) partial covalent 
bonding inside the anion q(p) and (iii) po1arization of the central metal atomic 
00~8 by the external charges. Relative values of these contributions hav8 been 
estimated [25&J in KReO, and NaIOI using X-ray results [249, 2501 and a 
valence bond formalism. BIagnitudes of the Sfernheimer factor yoo w8re obtained 
and fitted as adjustable parameters, to get agreement between the total value 
of the calculated EFC q = q(e) [l - yao] + q(p) and the experimentally measu- 
red value lqobJ. Their results are given below [256]: 

NaIO, 187I -0.88 7.8 -112.3 +1 -19.1 
KReO. 1NRe 2.6 11.2 -3.54! -0.0.456 -15.8 

7* 



.The relative importanae of these oontributions is naturally different for pazti- 

edas uompounds, but in general, contributions (i) and (iii) prove rather signi- 
ficant. The large value of the quadrupole moment of the Re isotopes as well 
m the more ionic M -0 bonds in the rhenium compounds, seem to account for 
the greater QCC values in perrhenates than in related periodates. 

Burkert et al. [252, 257, 2581 note a good linear correlation of the i8s.187Re 
and I*‘1 QCC magnitudes in scheelite structures to cd8 (c is the length of the 
unit cell) and to V; 1 (7, is the unit ~11 volume). This agrees with the conclu- 
sion [259] that the temperature expansion of the lattice makes an important 
contribution to the EFG at the ctentral metal, and the magnitude of this con- 
tribution varies with cation even in a series of compounds with the same type 
of structure (scheelite). 

Another type of tetrahedral ionic compound which has been exten- 
sively investigated by NQR, is represented by mono- and dihydrogen 
arsenates R,HAsO, (PbHAsO,) and RH&O, (KDA). They belong to the 
highly important hydrogen bonded ferroelectric and antiferroelectric group. 

KDA crystals consist of tetrahedral [AsO,]8- groups connected by 0 -H---O 
bonds. The dynamics in the hydrogen. bonds play an important role in the 
ferroelectric properties of these crystals. In the ferroelectric phase, their struc- 
ture is orthorhombic, C,,, and spontaneous polarization occurs along the c- 
axis [262]. The EFG on the 76As nucleus is strongly dependent on the mutual 
disposition of the four protons contributing to the 0 -H . ..O bonding of the 
CAsOJJ- group. The EFG is, in addition, enhanced by the displacement of the 
As atom from the centre of the tetrahedron [263). The NQR frequency pro- 
vides therefore, a measure of the distortion of the [AsO,]+ tetrahedron. In 
the paraeleotric phase the crystals exhibit a structure of tetragonal symmetry 

D,, C262]- 
Some of the monoolinic monohydrogen and dihydrogen arsenates of the 

PbEUsO, and TlH&sO, families; aleo undergo ferroeleotric phase transitions 
[264]. 

An T&As NQR study of ferroeleotric and antiferroelectric arsenates (Table 
2.19) is of great interest, due to the considerable contribution of the [AsO,]+ 
tetrahedron, to spontaneous polarization in the crystal. A remarkable isotope 
effect (6 -7 MHz) was observed [265] on deuteration of the KDA type com- 
pounds (Table 2.19) indicating an important role for hydrogen bonding in the 
[AsOJ8- distortion. 

Most papers devoted to the NQR study of these substances, report the 
results of pressure and temperature effects on the 75As NQR frequencies. The 
latter incorporate information about various microscopic parameters, cha- 
racterizing the dynamic properties of the compounds, such as the tunnelling 
energy, dipole -dipole interactions [262], type of proton ordering in the 
hydrogen bonds O--H.~~I) connecting the tetrahedral [AsOJ*- groups [266]. 
They also provide valuable information concerning molecular mechanisms 
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TABLE 2.19 

‘&AH NQl3 frequencies in monohydrogen and 
dihydrogen arsenak at 77 K (ferroelectric 

Phase) 

Compound v (MHz.) Ref. 

FbHAsO, 
N+HAsO, - 7 HsO 
Na,HAsO, - 5 H,O 
Na,HAsO, 

(NIWaHAsOc 
(NDJoDAsOa 
TlH&O, 

I(HI~O* 
=LQG 
RbH&sOl 
RbD&O, 
CSH~ASO, 
CsD&O, 
NH,H&O, 
ND,D&O, 

26.491 267 
42.110 264 
40.80 264 
47.400 264 
32.740 264 
33.770 264 
37.760 264 
38.476 264 
36.07 266 
42.62 266 
36.70 266 
42.68 266 
37.23 266 
42.98 266 
36.18 266 
38.78 266 
39.46 266 

responsible for the temperature and pressure effects (rotation of (NH,)+ 

groups, vibrations contributing to intermolecular gradients, geometrical 
effects, thermal expansion of crystal lattice, etc. [ZSS]) as well as 

chanisms of phase transitions. 
These problems are however beyond the limits of this paper, and 

not dwell on them here. 

I?. DONOR-ACCEIXCOR BONDING AND CHARGE DISTRIBUTION 

IN GaCl,.L, SnCl,.2L, AND SbCl, .L MOLRCULAR ADDUC’I’S 

the me- 

we shall 

Reports on the use of N&R to study molecular adducts or electron donor- 
acceptor (EDA) complexes have become available along with the first papers 
dealing with chemical applications of the method [274]. Thereafter, interest 
in this problem has been increasing due, on the one hand, to the wide use of 
these complexes in extraction, catalytic and preparative chemistry and, from 
the other, because of the diverse potential of the NQH technique which pro- 
vides subtle information on various aspects of complexation phenomena. 



The EDA complexes are formed by mea.1113 of electron charge trufer from 
the highest ocoupied donor MO to the lowest vacant MO of the a,cceptor moiety. 
They are oonventionally claesified according to the nature of orbita& which 
ta,ke part in the donor--acceptor interclctions: m---76, z--b, n--Q and U---Q 
complexes. Donor -acceptor interactions of this type, w a rule involve molecules 
containing atoms with lone pairs of electrons (donor molecules) and those 
posseseing low-lying vacant orbita& (Moeptor moleculea). In this se&on we 
consider the discrete molecular complexes of the n--d claes where constituent 
moieties (donor and tlcceptor) can olearly be identified. 

The important problems which arise in the study of EDA complexes oon- 
tern the determination of the amount of charge tramferred from donor to 
receptor and the analysis of the distribution of charge over the eystem of 
intera&ing eomponenfs. These featurea are the principal chara&eri&iccr of 
the complex&ion process. The application of NQR requires us therefore to 
establish the relationship of these chara&ertitics to the NQR spectroscopic 
parameters. 

The most extensive data are now available for complexes of the type 
GaCl,.L, SnCl,.2L and SbCl,.L [134, 270, 2711, the mo& extended data being 
reviewed in [274]. 

The complexes appear attractive because their Eloceptor molecules contain 

none but quadrupole atoms (the ll*Sn QCC values in SnCl, d 2L complexes 

being measured by Miissbauer spectroeoopy). 
N&R studies of these complexes became available already in early papers 

[118, 200, 268, 2691. They oomprtred the Wl frequency shifts due to com- 
plexation, with respect to their frequencies in free components. The deore~e 
of electron density in a donor system and its increcase in the mcepfor system 
which accompanies the formation of the complex was asaumed to shift the 
sbcl frequency upwards in a donor fragment and downwards in an acceptor 
fragment. This w&~l observed in experiment, and the relative values of the 
shifti were treated aa a measure of the strength of the complexes studied. 

The variation in NQR frequencies ag a consequence of complexation is 
caused by the combined action of a number of contributions. These include 
reorganization of the electron structure of the constituents, the change in the 
environment of the quadrupole atom in the adduct compared to that in the 
starting component, a~ well 88 the influenoe of epatirtl interactions. 

The effect of the change in the environment on the N&R spectroscopic 
parameters is rtasociated with a solid-&&e effect. Shifts are due to intermole- 
cular interactiona in the solid, moleoular motions in crys* and electric 
charges on atoms [269]. The aterib interactione mrty a&o play an imprfrtnt 
role in complex formation [270]. They can hinder approach of molecule@ to 
each other thus limiting charge transfer. Although the donating power of & 
donor may be high, the amount of charge transfer will be amall in this case. 
St&c interactions may lead to distortion of the con&ituent molecules and 



polarization of their atomic shells. All the factors mentioned above require 
UB to use caution in interp~ting NQR spectra [271-273-J sinae their relative 
importance may vary widely from one compound to another. Clearly, to have 
reliable information on the electronic prooesses oucurmg upon complex for- 
mation one must be sure that the speotroscopic ohcLnges observed originate 
from the reorganization of electron structure rather than from steric inter- 
actions or solid-state effects. 

3lV-fl5~ * -2s 
B l rE@ 
8n 6-l7.0 

Is 00 &SW 
* *C&N 

c I !Y? I I 

100 l25 l50 175 
W AH+ / kJ - mole-’ __) 

Figure 2.11 a) Wl NQR frequencies vs roCa NQR frequencies in complex= of type 
GaCl, - D ; b) correlation of Wl and “ca NQR frequencies with heats of formation 
in the gaseous phase (AHt) for complexes of type GacI, - L [Zoo]. 

In this respect the paper by Tong [ZOO] is instructive. This presents the 
results of an NQR investigation of GaCl,-L complexes in the form of oorrela- 
tions between the 86cl and W3-a NQR frequencies, and between these frequen- 

cies and the enthalpies of formation of the complexes in gaseous phase A.ZZf 
(Fig. 2.11). The energy of formation of the donor -acceptor bond in complexes 
MCI, - L (AED*) is related to the enthalpy of complex formation in the gaseous 

phase (AHr) as follows [llQ]: 

A.Ef = AXZ(MC1,) + A&, + AHDA. (72) 

Here AH(MC1,) is the energy of rearrangement of the acceptor molecule due 
to complexation (in the first approximation it is the energy of transformation 
of the acceptor molecule from the configuration it has in a free molecule to 
the configuration it has in the molecule of complex), A.HL is the energy of 
rearrangement of the donor molecule. The magnitudes of AH(MC1,) and A.ZZL 
have signs opposite to that of A@ DA. The value of A.ZZ(MCl,) may, as a rule, 
be considered constant ; vahes of A.Ht are generally less than dHDn. The value 
of AH, may therefore be considered as a measure of the strength of thedonor - 
acceptor bond in the complexes MCI, .zL. If the energy of formation of the 
donor-acceptor bond due to the interaction of components MCI, and L, 
does not exceed the sum of the energies necessary for the rearrangement of 
molecules {AEI(MCl,) + ML}, i.e. -A.Hf < 0, the formation of the donor - 
acceptor bond and thus of molecular complex is not profitable energetically. 
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The correlatioxls established undoubtedly show that, in these compounds, the 
NC&R frequency shifts are dominated by the eleatronic charge transfer effects 
rather than solid-stat8 or steric interactione, and the frequency shifts oan 
therefore be considered a~ a me&c3ur8 of the strength of the donor -acceptor 
interactions, Since th8 number of complexes studied by NQR is so great and 
their sp8ctroScopic parameters ar8 av&tiable in the reviews mentioned above, 
w8 shall not cite tham hare repeatedly but discuss the ~~SI&EJ in terms of g8n8ra.l 
regularities in Spectroscopic changes which relate to the basic structure and 
bonding oharacteristics of these types of complex. 

Most of the authors applying NQR to the study of molecular adducts have 
intmpretad their resuhs within th8 Town8s and Dailey-approximation theory. 
fitailed MO calculations of 111 - 0 complexes are rather complicated since 
their formation is accompanied by a significant electron reorganization, which 
involves the donor lone pair orbit&s and the acceptor vacant orbitalS. The 
most widely used approach consists therefore in setting up hybrid orbit&s of 
definite symmetry which ar8 centered at the quadrupole atom. With the help 
of the Townes and Dailey relationships (eqns. (42, 43)) on8 can obtain from 
NQIX data, basic chemical characteristics of th8 complexes such as the amount 
of charge transfer a~ ~811 as the net electron charges located at various atoms 
in the complexes. 

We shall repeat this prOO8dUr8 [276] for complexes of the typ8 GaCl,-L 
which, according to Tong [ZOO], are usually monomeric and possess a distorted 
t8trah8dral configuration. The four orthonormal hybrid orbitals of symmetry 
C, wer8 supposed 12761 to be cent8r8d at the Ga atom. The z-axis of the EFG 
at the Ga atom is chosen along the C,, axis 

(73) 

where 8% and 8: are, respectively, the partial a-characters of the Ga-L and 
Ga-Cl bonds. The angles L -Ga -Cl are denoted by 8. The occupation 
number of the PI orbital directed to L is a~, whioh evidently determines the 
amount of charge tranSfer from the ligand L. The occupations of !P*, Yrs and !Jrd 
are labdled by baa. Then we have 

2 (N,)i = (1 - 82) a~~ + 3(1 - 8;) CO@ t%*, 
i=l 
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i==l 
- 8;)Sin*8bGa + (1 - 8;)Sinr 0% = + (1 - 89) sin*BbGa 

In accordance with equation (42) we obtein 

@Q!?Z, - k-l = 
I 
(8' - l)t& + 648; - 1) 

( 
3~0f3V9 e%Jqp -h-1 

(75) 
Orthogon&lity of the wave functions (73) requires 

g2= 2COB2e/Sha8; 8; = 1 -+h2e 

which leads to the relationship 

(76) 

@Qqz* - h-l = @a, - e,) (3 - 2/sin2 e) e’d&pp - h-l (77) 

It can be easily found from equations (73) and (74) that qSz = qvv which means 
that ‘1 = 0 and the EFG at the Ga site is axially symmetrical, consistent with 
C, symmetry. The QCC at Ga is then obtained by simple doubling of the N&R 

frequency 

2~~~ = eqq - h-1(1 + +/3)*f4 = eqq - h-1 

Combining (77) and (78) we have 

(W 

%,‘= ‘%?!7p - WW [@Ge - aa.1 (3 - 2/sin8 0) (1 + dGac)l (79) 

Here &a is the positive charge et the Ga atom and e(Ga) is a parameter which 
takes into recount the increase in & due to a positive charge at the Grt &tom_ 

According to [97] 8 = 0.25. 
By analogy we have for the Wl NQR frequency, provided that N, = b,,, 

iv ,=iv,=z 

VcI = j-(1 - 89 (2 - &d/P + 941 @Qqp . WV (8’3) 
In this case &(Cl) = 0.25 takes into account the decrease in q at the Cl atom 
due to the negative charge at the latter atom. 

The net charges 6 on the Cl and Ga atoms relate to the occupation numbers 
as follows 

&I = b,, - 1 

i&, = 3 - (3&* + %a) 

Assuming the self-consistency of this approach we must obtain 

a,, + &J, = 2 

(81) 

(82) 

(83) 
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Deeg and Weiss [276] wed the ~mne values of aP and e as those (8s = 0.16 and 
E = 0.26) which caused self-consistency in & similar approach when the charge 
distribution inMe,& [123] and [G-a&l,]- [139] was calculated. 

One can now estimate the characteristics of two particular W-L oom- 
plexes, with L = Cl- and L = &ClC,H,OH [276]. The ligand Cl- is assumed to 
possess a greater donating power than all other ligands which means that the 
[GaClJ anions can in some respects, be considered the most strong complexes 
of the type G&l,-L. Aocording to Tong [ZOO] the r(aGa) is lowered with in- 
creasing gas phase enthalpy of formation of the complexes (-AB,). The 
higher the value of p(aGa), the we&er is the complex produced. The complex 
of GaC1, with 4-ohlorophenol therefore presents an example of the weakest 
complex among those estimated in [276p). All the nv speotiroscopic 
and structural parameters trtben from [276] and the results ob&ned with 
equations (77 -80) are listed in Table 2.20. It was also estimated that near- 
ly hslf of the totEll charge transfer from the ligand to the aeoeptor resides at 
the 3 ahlorine atoms of the latter [276]. This is evident from the results of 
Table 2.20. One oan easily find that the increase in the occupation number of 
the three orbit&s directed from Cl to Ga (3Ab,) represents the fraction of the 
charge gained by the chlorine atoms when the charge transfer increases by 
Aue., due to the ohange of donor from the relatively weak (Q-chlorophenol) to 
the strongest (Cl-). The sum (A%* + 3Ab,,) evidently represents the fraction 
of charge gained by the Ga s&om (or A&) under the same conditions. Their 
ratio, SAb,,J(Aa(t, + 3&,) M 1 reflecta therefore the tendency to redistribute 
the charge transfered from the ligand to the aaoeptor molecule so that nearly 
half of the density received from the ligand is acoumulated on the Ga a%m. 

From the correlafion by Tong [ZOO] the following ligands order reflecting 
the increase of their donating power is suggested aoording to the lower fre- 
quency shifts measured ttf the chlorine and gallium sites in the acceptor 
moieties. 

PhNO, < PhOMe < POCl, c Et,0 < THF c Et,S (84) 

Kuz’min et al. [119, 1691 attempted to snelyze in & similar manner, NW 
dafa, available for the SbCl,-L complexes. They obtained a linear correlation 

‘) The amount of charge transfer (a& calculated [276] for several complexes in- 
cluding those we are discussing here showed a linear dependence on r(Q). As 
follows from the correlation ~(6Qa) = f(-AHi) found by Tong [200] and inter- 
preted by Deeg and Weiss [276] in terms of the Towrtes and Dailey analysis, only an 
electrostatic interaction between the Ligand and acceptor is taken into account by 
this approach. This suggests that AHf N f&&J. This however also means that one 
would expect #Bca) -_(c&) which is not confirmed by the results [278]. The 
discrepancy may be accounted for by the inadequacy of a simple ionic model for the 
EDA complexes as well as for the various simplifications inherent in the Townes and 
Dailey theoq [96]. 
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TABLE 2.29 

N&R data and estimati characteristics of the chemical bonda in complexes GM&-L 
12761, the hypothetical oomplexes 8bC& .L, the strongeot (-mm = 46kcal- mole-‘) 
and the wealmst (-AI?” = 0) /119, 1691. 
a(Cl) the net electron charge on the Gl atom in the acceptor moiety ; cz~ the amount 
of charge transfer; 8(M) the net eleotron oharge on the central atom ; h the electron 
oaoupancy of the oentral atom bonding orbital direct& fo the Cl atom. 

Complex y ww 7 (l”‘lsb) WV (e) Me) 8(M) (e) We) 

(W) (Q) 
(=W 

NaGaCl, 16.669 2.50@) -0.69 0.37 +1.41 0.41 
(aC?l-Ga -cl = 1cMV) 
GaGI, - 4C?lGH,OH 18.480 22.614 -0.65 0.16 +1.60 0.45 
(Q L-Ga-cl = 104.6”) 
sbc%- 24.00 0.0 -0.61b) 0.49 t2.04 0.49 
(-AH0 = 46 kcal 
X mole+) 
Sbc&.L 26.741 249.0 -O&b) 0.17 +2.11 0.54 
(-AH0 = 0) 

a) Calculated [276] from a7Al NMR data on NaAlCl,; 
b, zero s-hybridization of the chlorine bonding orbitals was assumed [llS, 1691. 

between the average Wl NQR frequency of the acceptor moiety V(W!l) and 
the enthalpy of formation of the complexes in the gaseous phase (-AZZ,) 
(Fig. 2.12) : 

F(86cI) = -0,069(--A&) + 26.741 (66) 

0 50 100 150 200 250 
-AH&J~ mot<‘- 

Figure 2.12 Correlation of WI NQR average frequencies of acceptor moiety with 
heats of formation in the gaseous phase for complexes of the SbCi, - L type 11691, 
L:ISOCl~;2PhGOCl;3PhNO,;4PhGOGH~;dPOGl~;6PhCN;7MeGN;8EtOH; 
9 O(CH,), ; 10 (CH~O)J?O ; II MeaCQH; 12 Py ; 13 (MetN)aPO. 
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The correlation ehowa that the ionicity of the Sb -Cl a-bonds in these corn- 
plexes is also enhanced with the strengthening of the donor-acceptor inter- 
actions. The authors [lSS] report that a linear correlation exista between 
(-AHr) and the “cl average frequencies of individual axial and equatorial 
atoms whenever the NQR spectra distinguish between these kinds of atoms. 
This leada them to the conclusion that both kin& of chlorine atom in SbCl, 
are identical with respect to accepting the electron density t;ransfered from 
the @and. 

There is a tendency [169] for the l*Wb &CC to decrease in value with de- 
creasing c(*Wl), the correlation not being too distinct because of the suscepti- 
bility of the antimony coupling constants to deformations of the local C,, 
symmetry 12731 and to an insufficient number of experimental points. More ex- 
tensive experimental data with complexes of similar liganda might improve 
the correlation. 

The correlation (85) may be used [llQ, 169-J to estimate extreme values of 
the WI NQR frequencies in complexes within the limits of complexation from 
-ABr = o to -AHf = -AH,(max). These NQR parameters are ascribed to 
the two hypothetical complexes, with the strongest and the weakest &and. 
The former is evidently the complex with the ligand of the greatest donor 
ability, i.e. Cl-. This means that the lower limit of the 8scl frequency is that 
of the [SbCl J- ion. The EFG at the antimony site of the ion ia zero or very 
amall if the latter is not highly distorted. According to the correlation (85) 
the value of V~ ( WI) is 24.0 MHz which is really very close to F(*Wl) of 
RbSbC1, (24.08 MEz [ 1191). The apeotroscopic parameters of the weakest 
hypothetical complex are not very different from those of the complex 
#bCl,- SOCl, [169]. They are listed in Table 2.20 together with estimates of 
the chemical parameters (the amount of charge transfer and the net oharge 
located at the Cl atoms and central metal) which were abo estimated for 
GaCl, . L complexes_ 

Estimation of the electron distribution around the Sb atom wan based [169] 
on the simplified approach of the s#W hybrid orbit&s of ideal C,, symmetry: 

The occupation number of the PI orbital directed to the ligand is again 
denoted by a Sb and those of the Pa - lu, orbitah are denoted by &I,. 
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The Townes-Dailey relationship was then applied in the form 

@Qq - K+(Sb) = eqqp - A-l(Sb) N, - 
Nz + NY 

2 1 tw 

the contribution of d-orbitah into the EFG at the antimony atom being 
ignored. With the use of equation (86) this transforms into 

e”&p - h-l(sb)j@Qqp - h-l(Sb) Cl -k &bl = f&b - %b)j2 (88) 

Here (Sb) = 0.15 and 
eQjV~‘s b, 

h = 98OMH.z 

Comparison of the electronic characteristics estimated for G-aC&- L and 

SbCl, .L could lead to the conclusion that the antimony atom is a better con- 
ductor of electron density than gallium in the sense that it transfers a larger 
fraction of the electron density gained from the ligand to the chlorine atom. 
One can see from Table 2.20 that nearly half of the density received from the 
ligand is accumulated on the Ga atom (~A&,/(AQ;G~ + 3A&) w 1), while in 
the SbCl, -L complexes 0.25e of the total amount of 0.32e gained by the SbCl, 
moiety (A&b) goes to the chlorines (5Abc, = 0.25) when the ligands are changed 
from the weakest to the strongest on=. This conclusion should however be 
treated with considerable caution became of the approximate level of inter- 
preting the l*lSb NQR data [IlS, 169]. 

Figure 2.12 shows the following order of increasing in the ligand donating 
power in the complexes SbCl, - L : 

SOCl, -=z PhCOCl -=z PhNO, < PhCOMe -=z POCl, < PhCN < M&N c EtOH 

K (CH,),O -c (CH,O),PO e Me,NCOH -c Py -c (MeBN&+PO (89) 

This order ia consistent with the N&R results reported by others 1272, 4241, 
as well a~ from thermochemical etndieB and IR rJpectroscopy 14243. 

The results (Table 2.20) show that in both types of complex, the increase in 

donor-acceptor interaction going from the weaker ( -AHr = 0) to the strongeat 
complexes ( -ABt max) is accompanied by an increme in both the amount of 
charge transfer and the &t negative charges on the Cl atoms of acceptor 
moieties. 

Complexes of the type SnCl, - 2L have also been extensively studied by 
N&R. The studies are however complicated by cis-&a=-isomerism in these 
complexes. In this connection the spectroscopic splitting becomes important 
because it is related directly to the configuration of the complex. 

In tram-complexes all four halogen atomf3 are chemically equivalent. Spec- 
troscopic splitting in these isomers should therefore ariee from cry&allographic 
nonequivalence of halogen atom positions in the abnce of steric or other spe- 
cific interactions. In the c&-homers, the axial and equatorial halogen atoms 
have different electron densities CllS] and hence are chemically inequivalent 
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whiuh gives rise to eo&demble splitting in the NQR speotra. The equatorial 
chlorine atoms show the higher frequencies as a rule (i.e., they are more cova- 
lently bonded to Sn) than the axial chlorines 12791 which is in agreement with 
the X-ray data where available [280 -2821. 

The NC&R experimenti undoubtedly reflect isomerism in the complexes, the 
extent of Bplitting distingui&ng between the &- and &rum-ieomem. Thus, the 
NW 86cl spectra of structurally studied cis-tiomers [120, 280-2821 show 
ConsiderabIy larger splittings than the spectra of complexes possessing a 
tfccrae-configuration according to X-ray and vibrational dati ([118, 1211 and 
refs. cited therein; Table 2.21). 

TABLE 2.21 

Y!l NW frequencies v (B&Es) of several SnC!l,-2L isomers at 77 K 

Complex v WW Assignment Ref. 

Gk-&cl, - 2cH*c.N 19.192; 19.680 
19.825; 20.026 

&-Sncl,‘2Seocl, 16.917 
19.678 

&s-SnCl, - 2 (cH&SO 16.93; 17.17 
17.98 ; 18.74 

&?-&~, - 2Pocl, 21.146 (2) 
19.036; 19.807 

tram-S&l, - ZC,HJSI 17.644; 17.760 

br~M-Snc!l, - 2 (c&),0 19.438 ; 19.473 

tru7z8-SnCl,~2CH~O(CH&JCHs 19.020 

axial 
ENpbcwid 

axial 
equatorial 

axial 
equatorial 

&xi&I 
C3CjU8tOrid 

278 

119, 278 

118,268 
269 

119 

118,268 

118 

The splittinge in trans-isomers however may be enhanced by specifio inter- 
or intramolecular i&era&ions. If such interactions affect the NQ,R speotra 
of #racm-isomera, the increctsed splitting8 will mask their spectracopic differ- 
ence from the &-isomers 12701. This often happena with bulky ligands and 
a&Iitional analysis or employment of other methods are necev to obtain 
unambiguous information on the configuration of complexes. Sometimes the 
study of the temperature dependence5 of the resonance frequencies appear to 
be useful for the aflsignment of 1ineB to equatorial or axial atoms, i.e. for the 
correct determination of the oonfiguration of the complex 1277, 2781. Tem- 
perature coefficients of N&R frequencies are determined by the amplitude of 
thermal motion of fragments containing quadrupole atoms and should there- 
fore be different for axial and equatorial chlorines (Fig. 2.13). 
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Bpecific interactions may however ako interfere here. The difference in 
temperature behaviour due to positioning of the atoms may then be indiatin- 
guishable from that induced by specific interactions [273 J. In general, caution is 
nemary on interpreting NQR epectra of isomers [5, 2721 since the relative 
importance of specific interactions may vary widely from complex to complex. 

Halogen average frequency shti due to complexation and spectroscopic 
splitting8 in &-isomers are not independent of each other. The maguitude of 
the latter decreases as the ligand donating power increases [279]. It vanishes 
in the limiting w of L = Cl-. This means that the splitting may serve as 
a supporting criterion for the donor basicity of the l&an&. 

100 la0 280 

b) T/K- * 

Figure 2.13 Temperature dependence of the WB N&R frequencies in two complexes 
of the S&l, - 2L type: 

I graw-suC% . CKGH,)~W(~GWl~ ; 
II tie-S&l, - [(n-C,&O)~P(O)SCH&. 

In the complexes GaCl, .L, SbC16 .L and BnC1,. 2L, the shift in the lower 
frequency halogen resonance increaeee with increased atzength of the donor- 
acceptor interaction. The order of 1igand.a in &-B&l, l 2L is [118, 270) : 

EtOH > POCl, r MeOCH&l > PhNO, > PhOCH$l (90) 

The use of the reciprocal of the splitting, (I/&, gives nearly the same order of 
ligands [279] 

POcl, - MeOCH&?l > PhNO, > EtOH > PhOCH&l (91) 

the change of the position of EtOH perhaps being due to hydrogen bon& 
OH-*-Cl with enhance the spectroscopic splitting. On the whole the average 
frequency shift of the chlorine atoms is more reliable than the splitting for 
d.i&ingui&ing the ligand positione and comparing their donating power since 
it is relatively less sensitive towards aterio and other specific effecti [270]. 
On the contrary the splitting is very sensitive to distortion of valence angles 
and bond lengtha requiring special consideration in each particular case. 

The “cl NQR and -Sn M&sbauer spectroscopy data for SnCl, - 2L were 
analyzed to compare their chemical characteristics with GaCl*.L complexes 
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[l IS]. The similar nature of donoracceptor interaction in aJ.l three types of 
complexes, namely G&l,. L, SbCl, - L and SnCl~ .2L, enables one to expect a 
linear correlation between the average Wl NQR frequency in the SnC1, - 2L 
complexes and the enthalpy of their formation in the gaseous phase ( -AHr). 
Such a, correlation haa indeed been established for the trams-isomers 

F= -0.059 2( -AHf) + 20.290 (15 points ; r = 0.975) (92) 

This provides evidence that the ionicity of the Sn -Cl bonds increases when 
the donor-acceptor interactions become stronger. 

In &-isomers, with the enthalpy values available the average Wl frequen- 
cies of the atoms trans to each other (i.e. making a linear Cl -Sn -Cl fragment) 
also appeared to follow the correlation (92). Thus the general correlation valid 
for the linear Cl -Sn -Cl fragments in both c&s- and trams-isomers of SnCl, - 2L 
is given [1 191 &8 follows 

S(CI -Sn -Cl) = -0.06( -A&) + 20.304 (20 points; r = 0.969) (93) 

The dependence of the average frequencies of the chlorines at tram-position 

to the ligands (making a Cl --@n-L fragment) on the values of -AHf is found 
p191to be 

Y(Cl-Sn-L) = -0.081( -AHf) + 21.95 (94) 

Roth correlations (93) and (94) aregiven in Figure 2.14. The diagram correspond- 
5ng to Eqn. (94) includes the frequencies of the eight complexes &-SnCl, - 2L 
with unknown values of -AHf, the WI!1 frequencies assigned to the Cl -Sn -Cl 
fragments being suggested to follow the dependence (93). 

Given that the donor strength of ligands in both cis- and tfam-SnCl, - 2L 
complexes does not exceed that of Cl- ion, the avera,ge Wl frequency in the 
anion [SnCl$- of Rb,SnCl, (F = 15.63 MHz) was liken as the lower limit of 
both, F(Cl -Sn -Cl) and ti(Cl -Sn -L). This gave a value of -AHf = 78 kc&l/ 
mole (Fig. 2.14) for the complex Rb,SnCl,. The diagramshows that the sepa- 
ration between the axial and equatorial Cl atoms in the c&+isomers increases 
with a decrease in the ligand donor ability, consistent with expectation 1279-j. 
Splitting in the c&-isomers of complexes with relatively strong ligsnds be- 
comes less significant, which complicates the sssignment of complexes to 
cis- and &um-isomers. The unsplit NQR spectrum, like in SnCl, - 2py, provides 
however an unambigous evidence for a tram-configuration. 

An attempt was also made to estimate [llS] the chemical characteristics 
of hypothetic1 I%- and tram-SnCl,-2L complexes, corresponding to the 
extreme vrtlues of -AHI ( -AHf = 0 and -AHr(max)). lWn quadrupole 
splitting values (A = 1/2ewq - h-l) measured by Mossbauer spectroscopy were 
used together with the qPd~ hybrid orbitals at the Sn atom, again ignoring 
contribution of the d-orbitals to the EFG at the tin site. The results do not 
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however look very reasonable (the isomers are not electrically neutral), so they 
are not cited here, 

From these results, one can conclude the following: as the donating power 
of the ligands grows, the negative charge on the Cl atomx in the acceptor 
moieties increases, while the positive charge on the tin atom m slightly. 

Figure 2.14 Correlation of Wl NQB average frequencies of linear fragments 
Ul-Sn-Ci (I) and Cl-Sn-L (II) in the complexes &cw~-SnCl~ l 2L (l-8,13- 16, 
17, 18, 19, 26) and C&-&ICI, + 2L (9-12, 16, 17, 20-25, 27) with heats of forma- 
tion in the gaseous phase [llS], L : I PhPOCl, ; 2 MePOClt ; 3 (C&),0 ; 
4 Ph,OMe; 6 (Me&),PO; 6 (Me&T),MePO; 7 HCONMc~; 8 (Mea)-; 9MeCN; 
IO Me&O ; 11 (C,IQO)&Me)PO ; 12 POCI, ; 13-O; 14C&N; Ib:Ph,(NM+)PO; 
16 MeCOOEt ; 17 (C&),0, ; 18 PhCOMe ; 29 Ph,PO ; 20 Me=&l ; 21 cH,(OMe), ; 
22 (EtO)PO(SMe) ; 23 EtpocI, ; 24 M@‘O(OMe) ; 26 (MeO)pocI, ; 26 (MefihP ; 
m B!&so. 
Black circles indicate the complexes &d3nCl, - 2L with unknown duea of -AtP, 

A large number of octahedral tin tetrachloride complexes with bulky organo- 
phosphorus ligmd~ has been studied 1277, 283 -2861 by NQR, IR and y-ray 
spectroscopy and the factors favouring the formation of tie- or tr~n&somers 
were discussed. The assignment of the complexes to cis- or &~mAsorners was 
made by analysis of the 4!l frequency temperature dependence in acceptor 
fragments. The &-isomers are formed by ligands of relatively smaller size, 
causing no steric hindrance 1277, 283). If the ligands arc of similar sixe, those 
of higher donor ability prefer to be located at trarrs-positions with respect to 
each other. However the same ligands may form different isomers in solids 
and in solution as reported for SnC1,.2(C$&O) [118]. The observation wee 
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&o made [llSj that freshly prepared SnCl,+ 2(CII,),O, has a &-configuration 
which spontaneously changee into a traw-form. This is consistent with the 
conclusions [llS, 277, 2831 that relatively weaker donors preferably form C&F 

complexes. The latter might, however, be &e&ally hindered which favours 
rearrangement of the complex a brow-form. 

In complexes with quadrupole atoma in the ligand moiety, the NQR registers 
a shift of its frequency consistent with the transmission of electron density in 
the direction of the donor centre. In the complex SbCl, - C,E,COCl an increase 
in the Wl frequency of the coordinated benzoyl chloride W&B observed with 
respect to the frequency in the free molecule ClSS]. This corresponded to the 
transfer of 0.077e from thig Cl atom to the carbon atom. The electron density 
is probably shifted back to the oxygen atom to partly compensate the loss due 
to the charge tramfer to the acceptor molecule. 

Ligand chlorine ato- in tin tetrachloride complexes with phosphorus deri- 
vatives [277, 2841 also showed considerably higher frequency shifts indicative 
of the P-Cl bond ionicity decreasing on complexation. In &am-isomers the 
ionicity appeared to fall almost linearly with the ionicity of the Sn -Cl bond 
in the acceptor fragment. The strengths of the complexeEl with various ligands 

were found [277, 2841 to decrease in the order : 

The change due to complex formation of the electron distribution in the ligands 

(Me~),R,_,P(O), (MesN),R,_,P(S) (R = OMe, Ph, EtCl) and D&NRC(O) 
(R = II, Me, Ph, Cl, CQ, NMe,) haa rtlao been studied using 14N, Wl NQR, IR 
and y-ray spectroscopy [277, 2861. According to the conclusions made the 
complexation influences mo&ly the N -P (N-C) o-bon&, the occupancy of 

the corresponding nitrogen orbitals being decreased. The occupancy of the 
nitrogen orbital of lone electron pair also decreases as a result of complexation. 
It points out that in the ligands the N-P (N-C) multiple bond character 
increases due to complex formation. 

Summarizing one can conclude that the N&R gives a useful information 
concerning these “classical” EDA complexes : 

(i) Evidence is provided for complex formation, aho yielding supporting 

data on the compoeition of the product. The NQR spectrum of each complex 
differa distinctly from the spectra of the interaoting components. If one studi- 
a mixture of the components, taken in an arbitrary mole ratio (for example, 
I : 1 when the complex has a stiichiometry 1: 2) the NQR spectrum will con- 
tain, in addition to the lines of the complex, the lines of pure starting compo- 
nenta ; 

(ii) NQR gives structural information including that concerning homertim 

of the complex molecules; 
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(iii) the charge distribution, as well as the amount of charge transfer, oan 
also be estimated from NQR spectra. The results m reliable in elutidating re- 
lative trends in redistribution of the electron density over the interacting com- 
ponents (donor and/or acceptor fragments) in series of similar complexes ; 

(iv) N&R spectra permit comparison of the donating power of ligands and 
of the strengths of the complexes produced. 

One must however keep in mind that N&R, like any other method, is not 
free of limitations. Most of the conclusions based on NQR are nevertheleee 
consistent with those made on the basis of other spectroscopic or struotural 

methods. 

G. MOLECULAR ADDUCTS OF METAL HALIDES OTHER THAN GaC&, 
S&l, AJKD SbCl, 

We shall now discuss NQR data on complexes of similar composition to those 
discussed in the preceding section but with different metal halides. They have 
much in common with adducts of GaCl,, SnCl, and SbCl,, as far as crystallo- 
chemistry and donor- acceptor interactions are concerned,One can however 
expect that some individual features may appear in their N&R spectra as a 
consequence of the substitution of the central atom. 

Metal(III) halides behave as acceptors in a large number of complexes, due te 
the presence of low-lying vacant orbit& in their electronic structure. 

We start with a short characterisation of boron trihalide complexes. Con- 
siderable s5cl NQR data are available for BCL, complexes with nitriles, ethers, 
thioethers, arsines, amines, phosphines, pyridines and phosphorus oxychloride 
(12741 and refs. cited therein). In more recent papers, halogen NQR data on 
boron trihalide complexes with phosphorus trihalides [287] and trimethyl- 
amine (T&LA) [288] can be found. The llB NQR spectra are much less extensive, 
although they are available for uncomplexed boron trihalides (QCC w 2.5 MHz 

1288, 292, 2941). 
Free BX, molecules are known to have a triangular planar geometry and 

do not show any tendency for polymerization. The llB &CC values decrease 

in the series [13; 1023 

BF, > BCl, > BBrs > BIs (95) 

and the B-X ionic bond oharaoter decreases in the same order. This is ac- 
counted for by the parallel increase in double bonding between the halogen p, 
electrons and boron vacant p# orbitals 113, 1021. The planar configuration of 
the molecules favours formation of the B=X double bond which is reflected 
in large asymmetry parameters 7 at the halogen site (Table 2.22). According 

s* 
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TABLE 2.22 

*Wl, =Br-and 1mX NQR spectra of aewewal boron trihalide cornplexee at 77 K (reletive 
intensities of lines are parenthee~kd; tma = trimethylamine) 

Compound Isofope * ww 77 (%) Ref. 

l/2 - 3/2 312 - 5/Z 

J=kl 
Bcl*-tma 

BBq, 
BBrs . tnm 

3?Br* 
(art 83K) 
BBra . PBrs 

PII 

BBq, . PII 

BI, 
Bit - tma 

BI, l PBra 

BlBr 
8lBr 

8lBr 

QBI-) 

‘uB*) 

1971 

=Br”) 

lf71 

la71 

1971 

=I 

@lBr 

21.582 
21.532 
21.779(2) 

146.43 
144.28 
147.20(2) 
184.257 
182.636 
151.90 
153.92(2) 
216.64 
216.24(2) 
230.46 
231.63 
233.80 
147*31(l) 
150.59(2) 
289.91(l) 
289.61(2) 
214.00 
186.65(2) 
190&q 1) 
203.41(2) 
207.58( 1) 
216.12(2) 
216.80( 1) 

457.9 
460.00 
463.81 

342.95 
371.19(2) 
378.84( 1) 
401.22(2) 
399.80( 1) 

41.208 
43.064 
43.556 

283.45 
288.66 
294.40 

306.5(BBr,) 

(average) 
432.6(PBr*) 
(average) 
lG27.9 
1536.1 
1548.2 
298.98 
W=Vp) 
1931 
(average) 
1186.3 
1238.4 
1263.9 
1340 

432.6 

(==a@) 

l ) Ekeoalculated from the data on -Br according to W@Br) 8(~~r) = 1.1971; 

54.0 
Ob) 

45.0 

Ob) 

W 

Ob) 

7.1 
7.4 
7.9 

Ob) 

OV 

46.3 
6.6 
6.6 

12.7 

Ob) 

292 
293 

423 

287 

287 

287 

287 

to the Townea and Dailey relationship (eqn. (42)), the inweaae in n-electron 
don&ion from the halogeti ps orbit&l [295] to the vacant pz orbital of boron, 
decreases QCC at the halogen site. However me of the halogen NQR spectra 
to calculate 1fB QCC in terms of the Townes and Dailey theory [lOS] appeaxed 
to be ummocestsful due to negleot of overbp terms by thie theory. The latter 
can hardly be negligible because of the short bond distances in boron com- 
powldE3 [13, 102]. 
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Several specific features have been noted 1274, 287, 288, 290, 2911 in .the 
NQR epeotra of BX, oomplex88, Complex&ion of the BX, molecules is aocom- 
panied by unusually high frequencies for the halogen mnanm (acceptir) 
with respect to those in parent BX, molecules. The other mty in the 
BCl,.L complexes, ie concerned with a relatively low aeneitivity of the Wl 
frequencies to the nature of donor, and hence to the amount of ohazge transfer 
(the Wl resonances lie mostly within 21 -22 MHZ in the complexes considered 
12741). The acceptor properties of the BCl, groups are nevertheless significant 
&B is evideht from the shift of the donor Wl to higher frequency, within the 
series of complexes with the same donor molecule (PCK&) [292] 

BCI, > SbCl, r FeCl, > SnCl, WV 
The N&R experimental results and theoretical calculations show that the 
complexation enhances the B-Cl ionic character in fhe SC& compounds but 
also reducee the z-bonding character [289]. Since these effecfe give contri- 
butions of opposite sign to the Wl frequency shift, this apparently explaim3 
the low sensitivity of the Wl epectra to t&e nature of donor [274J. 

Further illustration of the characteristic features of these complex= is 
presented in more recent NQR data 1287, 2881 on several boron trihalide 
complexes, listed in Table 2.22 together with the spectra of parent molecules. 
As is Been from Table 2.22, the halogen QCC? values of uncomplexed BX, mol- 
ecules are lower than those in the complexes. The asymmetry parametera (q) 
which are rather high in uncomplexed BX, molecules, are reduced considerably 
in the complexes. When the triangular planar BX, molecule, having consi- 

derable B -X double bond character and hence showini a large r] value, forms 
a ,complex, it rearranges to a pyramidal configuration which is accompanied 
by a donation of halogen n-electrons, participating in the boron-halogen R- 
bonding, back to the halogen atom. As a consequence the asymmetry para- 
meter at the halogen atom is considerably reduced in the complexes. 

It is assumed [287, 2881 that the B-X bond ti repented by resonance 
between B-X, B- = X* and B+X-. This leads one to the relationship 

VP = @Q&+Qfzp = (1 - 8) (1 - i) - -${I - (1 - 28) E} (97) 

where 8 is the partial 8 character of the B -X bond (assumed to be O-15), 
8 ia the correction for the incre~e in EFG due to the positive charge at the 
halogen atom (is set 0.14, 0.13 and 0.12 for Cl, Br and I, respectively), i is the 
ionic character. 

Relating the B -X double bond character f to the q value w 

rl = 3f(l + JW2Vp (98) 

gives chemical parameters for the B -X bon& which are listed inTable 2.23. 



One can see from this estimation that complexation generally increases the 
halogen QCC values, the ohange being composed of two contributions of op- 
posite sign: the increase in u-bond ionic character and the decrease in m-bond 
character. The latter factor is evidently responsible for the net increase in the 
QCC values upon complex formation. 

TABLE 2.23 

The nature of the B-X bond in BXI molecules snd their 
complexes with trimethylamine @ma) ([288] and refstherein) 

Compound 
z&(X) =- 

Ionic Double 

esQS character bond 

i(%) chsracter 

f(%) 

BQJ 0.376 50 12 
BCI, a tms. 0.395 54 0 
BBr,, 0.441 42 12 
BBr, 0 tnm 0.455 47 0 
B&l 0.517 32 14 
BI, - tma 0.544 36 2 

The ionic oharacter of the B-X bonds in the oomplexes, although it does 
not change very significantly with respect to the parent molecules, decnreaseEl 
consistent with the eleotronegativity values (chlorine > bromine > iodine). 
The net change in QCC due to oomplexation is evidently dominated by back 
donation of n-electron density, highly characteristic for BX, complexes [274, 
289, 2901. 

The ioOllB Na data in the complexes are much less extensive since they 
are too low for study in zero fields [13]. Using NM& the llB QCC in BX, com- 
plexes with tma is estimated [288] to be less than 500 kHz in each complex. 

N&R data on laa-complexes of other metal(II1) halides, AlX, and InX,, 
provide evidence for the similarity of the latter to complexes of the type 
G&l, l L discussed above. NQR studies of the majority of the compounds were 
carried out in the frame of a general study to learn about the geometry, chem- 
ical bonding and relative strength of donors, assuming the mechanism of 
donor -acceptor interaction is similar in all these complexes. N&R data on 
indium trihalide molecular complexes are much less extensive than those on 
aluminium trihalide sdducts, although some reports are available on the 
complexes of trimethyl derivatives of indium ([274] and refs. cited therein). 

The starting AIXs and InX, compounds show a strong tendency to dimerise 
[302 -3041. On complexation they act as a,cceptors of rt- or z-donors. Depend- 
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ing on the nature of the latt8r they either remain dim&c in complexes or 
become monomeric. 

Most of the N&R data are available for molecular adducts of AlBra. It forms 
rw-complexes with ethers, thio&hers, sulphones, ketones and amines exten- 
eively studied by NQIt and reviewed in [274]. 

The AlBr, complexes with sulphon8s an be formed in two composition 
ratios, AlBr,. R,BO, and 2 AlBra. R&SO, depending on whether one or two oxy- 
gen atoms in the sulphone group participake in the donor-acc8ptor inter- 
action. A correlation wss reported 12961 to exist between the shift of the average 
mBr resonance frequency in complexes and the enthalpy of complex formation 
in the gaseous phase, indicrtting that charge tram&r is responsible for the 
shifts to lower fr8quency of the elCBr r8sonanc8 in the 8ompl8x8s. 

TABLE 2.24 

*lBr NQR Elpectra of AlBra complexes at room temperature (relative intensities of 
lines in parentheses) 

Compound v WJW e~(MHz) 11 (%I Ref. 

Am& * PllN& 

AIBr, . Ph&H 

79.86 br.a) 168.1 24.8 
92.36 t.“) 184.6 7.3 
93.47 t.8) 186.6 10.6 
79.108 297 
80.47 (2) 
83.168 (2) 297 
84.290 
79.676 
80.666 
81.424 
69.876 139.71 4.0 297 
69.966 139.69 9.8 
79.689 169.14 3.7 
79.667 169.17 7.8 
81.328 162.40 9.7 
81.331 162.67 6.9 
79.194 168.11 10.3 297 
79.899 169.68 9.0 
84.863 169.68 3.2 
78.497 297 
86.380 
86.611 

a) br. bridging; t. terminal; b) tma trimethylamine. 
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A more moent NQR study [297] was devoted to the invest+tion of severaJ 
AlBra molecular complexes with &mines (Table 2.24). The first NQR results 
hove been reporlzjd on oomplexes of the typ8 AlBra - 2L. The *lBr NQR spec- 
trum of AU!&-tma was interpreted aa evidence for an 8than8-like structure 
for the complex with an Al- N bond, similar to the AlcI,.tma structure 
studied by X-ray diffraotion ([297] and refs. cited therein). Baeed on NQR 
and Raman spectra, the authors oonoluded that AlBr, l 2trpa, forms a complex 
of trigonal-bipyramidal configuration with three bromine atoms at equatorial 
sit8s. Complexes of two compositions, 1: 1 and 1: 2, hav8 also been prepared 
with pyridine. fWgl8 crystals of the latter compound were studied using NQR 
Zeeman zero-splitting patt8rns [297]. The compound appe8r8d to be ionic 
with the cationict species [AI&,(py of roughly ootahedral configuration 
and the anionic species [AK&,]- of distorted tetrah8draJ oonfiguration. 

Fairly large 9 values at the Br sites were measured using the &mum zero- 
splitting p&&mm of the Alar,-PhNH, complex (Table 2.24) and were inter- 
preted to show that some Br atoms psrtioipated in intermolecular infers&ions. 
In general, contributions of solid-state effects to the m.elBr frequency shifts, 
sr8 important in AlBr, complexes. 

The “2As N&R t d s u y of AK&, G&l, and BCI, complexes with M8&.s and 
Et& as donors [298] lead to the conclusion that AlCl, is a weaker acceptor 
than BCI, and G&l, with respect to Me&. Aluminium trihalides also form 
na-complexes with various n-donors, and in this way they differ from the 
other metal halides discussed above. AlBr, forms complexes with benxene, 
o- and p-xylene, acting as weak x-donors [299, 3OO] towards dimeric A&Br,, 
molecules. In these complexes, the frequency shift due to complex formation 
is usually small, so that from NQR spectra it is difficult to distinguish between 
the effect of charge transfer and the solid-state and/or spatial effects. Alu- 
minium bromide retains its dimeric form on complexation, the two widely 
separated groups of lines observ8d in the NQR spectra being aseigned to the 
bridging and teFmina1 Br atoms of Al&r,. 

In stronger &nplexes the dimem are broken, and the lines in theee com- 
plexes are distributed over a frequency interval which is less than the separct- 
tion between the bridging and terminal resonances in dimeric molecules. 

The stwngth of an &romatic donor is related to the number of methyl group 
substituents on the ring [274]. Dur8ne and mesitylene are hence stronger 
n-donors, breaking the dimeric structure of AlBrs and forming I: 1 c~omplexes 
with AzBr,, while benzene, o&ho- and pm-c+xylene form dimeric AlBr, complexes 
[299, 300-j. Consistent with this the de-e in frequency of the bromine 
NQR signals is more than 7% in complexes of AlBr, with durene Btnd mesitylene 
and less than 1% in those with each xylene. The inme in donor ability w&8 
reported [SOO, 3011 to follow a decrease in the ionization potential of the aro- 
matic ligmG&3 _ 

If the aromatic ligand contains & h8tero&tom (such ~EI oxygen or nitrogen) it 
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can form the aomplexes of w and zu types. This wrc~ observed for the 2: 1 
-r, OoMpbX with benzophenone [SW]. One AlBra moleoule in thie oomplex 
~88 eupposed attaohed to the kefonic oxygen atom via, an w interaotion be- 
tween the lone pair of thiz oxygen and the vacclnt valence orbital of the Al 
atom, while the other AlBr, molecule wm bound to the benzene ring via an 
ZKG intera&ion, auoh that n-donation took pla.ce towarda the Br atom. 

The =u complexes of the type MIX,-Ar or MX,- ZAr, where M = As, Sb, Bi; 
X = Br, Cl; Ar = aromatic molecule, belong to the well known &MM of 
Menehutkin complexes. Mclny NQR resuh% &1p8 available for these complexes 
which &FB reviewed in [274]. Although all the atoms in the acceptor moieties 
of these systeme are q-pole, their NQR spectra are not simple to inter@& 
due to vaqing the QCC value at the centrrtl atoms over a wide frequency 
range. In several AsX,. Ar complexes the ‘~AE NQB frequency is decFeaeed 
[3OS, 306) considerably with respect to pure AsX,, the “SAfl frequency &if&~ 
showing a linear correlation with the ionization potential of the aromatic 
molecule [307, 301). 

In Menshutkin complexes of the SbX,. Ar type a weak donor-acceptor 
interaction takee place between the SbX, and the x-electron system of the 
aromatio ring. The ohange of EFGI at the antimony atom, due to complex&ion, 
is determined by a contribution of both electronic and ateric effects. The for- 
mer is related to the strength of thedonor -acceptor interaction and involves 
the change in the antimony hybridization state, the variation in the Sb -X 
bonding parameters and the charge tramfer from donor to acceptor. The steric 
effect considers various nonvalence i&era&ions between the constituent paFte 
of the moleculea and depends on the epatictl arrangement of the interacting 
componenti. The combined contribution of these effects, of comparable im- 
portance in weak complexes, gives, in general, rather complioated NQB spectra-. 

Some regularities concerning complexation have nevertheless been reported 
([SlO, 274,6] and reti. therein) in the systemrr zSbC1,~ Ar, where Ar is an aro- 
matic molecule such &B benzene, substituted benzene or polycyclic aromatic 
hydrocarbons. Although a diatinot linear correlation *PBB not observed between 
the antimony QCC and the ionization potential of the donor molecule in such 
complex-, there is a linear trend in the variation of antimony &CC and ioni- 
zation potentials of chemically related aromatic donor% [S, 3101: e%&/fi = 350 
to 3831 (r = 0.61). The antimony QCC vrqluee in the complexes were often 
found in a higher frequency range than in the pure SbCl,. The shifta were 
explained by a change in the antimony hybridization state, becoming SOW 
in the complexes from 89P in the starting SbCl,, so that the higher d-hybridi- 
zation on the Sb atom WMI related to the greater high frequency shift of its 
QCC value. The pII character of a lone @air of antimony eleatrons W&B assumed 
to remain nearly unaffected by the increase in the antimony d-hybridization 
while the occupancies of the p* and pH orbitala reduued considerably, [270], 
thus raising the l*l*lmSb A&/h value. The contribution of the hybridization 
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ohange to the shift in EFG at the antimony site is ahno& conet&nt through 
complexes of the same acceptor. It means that the increase in donor ability 
of the aromatic molecule must be reflected in a decreaee in the QCC value at 
the Sb atom. This trend was clearly observed as donor ionization potential 
decreased in a number of complexes of composition SbCb. Ar, where Ar is 
benzene and its derivatives (153 and refs. therein). In the complexes of compo- 
sition 3Sb&-Ar, the antimony QK! values were found always to exceed those 
in related 1: 1 complexes since the amount of charge transfer per one &coBptor 
molecule was evidently less in the former case. 

As to the NQB frequencies at the halogen sites, they appeared only slightly 
shifted to lower frequencies upon complexation, thus confirming the small 
extent of charge transfer [5, 310, 2741. Based on NQB data, the aromatic 
donor with heteroatoms such as benzophenone were olassified [310] aa a- 
donors when interacting with SbC&. Th e chlorine N&R spectra of the 1: 1 
and 1:2 complexes with benzophenone showed no marked difference from 
each other, that was accounted by the interaction of SbCl, molecules with 
n-electrons of the ring only. 

More recently [31 13 an attempt has been made to compute the parameters 
of the SbCl, molecule and its complexes with benzene and aniline on an 8p- 
basis using the CNDO/B approach. It was suggested that the antimony d- 
orbitals do not participate in chemical bonding, so that any change in the 
antimony QCC value upon complexation is due to charge transfer effects. 
The &CC values on the Sb and Cl atoms were calculated within the Townes 
and Dailey approximations and compared with experiment. The amount of 
charge transfer in SbCl,.C&H, was found to be O.Ole, while O.36e appeared to 
be in SbC& - C&H,%, not muoh different from the resulti [312] baaed upon 
NQB measurements. 

In the SbCb-aniline complex the greatest incxesse in negative charge, due 
to complexation, occurred at the axial Cl atom trans- the ligand [311 J. This 
observation was interpreted in terms of the formation of three-centre four- 
electron N-Sb-Cl bonds. The Cl --Sb -N angle being close to 180”, the 
electrons are transmitted along this linear fragment in the direction of more 
electronegative atoms such = axial chlorines. 

Okuda et al. [313, 314) observed a similar tendency in the electron density 
distribution in the naphtalene . BSbCI, and ethylbenzene - WC!l, complexes. 

The change in the 1alJWb es&q/h values in complexes of SbCl, with ben- 
zene and aniline, appeared to be in opposite directions with respect to the 
antimony eqq/h value in the starting Sbc1, compound. In the SbCl, *C&H,, 
the amount of oharge transfer was small [311]. Electron density is reported to 
be transferred from benzene to the antimony I~I orbital, leading to an increase 
in the antimony QCC value upon complexation. Polarization interactions 
(dipole -dipole, ion-dipole), important in weak complexes, are also considered 
13111 to increarre the Sb QCC value. 
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In the complex SbC~~C,lX&&, formation of three-centre four-electron 
Cl --Sb -N bonds causes transmittance of the electron density transferred 
from the ligand through the antimony pz orbital, to the &YZPW-chlorine atom. 
This factor, in company with rearrangement of the acceptor geometry produces 
[31 l] a significant d8qu=eas8 in value of the 1=188L3b e-/h in this complex with 
respect to the uncomplexed SbCl, component. 

The nature of the donor-acceptor interaction is different in the two com- 
ph3xes 13113. mile complex SbCl, . C,& is a typical ~8nshutk.m complex, the 
SbCl, complex with &niline is of the w-type [315, 3161 consisfenf with a fairly 
large amount of charge transfer [3113. Complexes of SbBr, and SbCl~ with 
anisole and SbCl, with phenylchloride have &lso b8en report&l to be of the 
w-type [305, 317]. 

Ishihara has reported [656] an NQR study of several n-complexes of tspe 
SbCl*.2L (L = (C&H&PO, C8HB08, C&H&, C&H,%), Some, together with 
previously studied zca-compkxes have been investigated using the sing18 
crystal %eman analysis, The femperatur8 dep8ndence of their NQR spectra 
have been m8asur8d to study the effect of intermolecular interacfions and 
the motions of constituent fragments on the EFG at the Cl and Sb atoms. 

In these complexes the configuration around the Sb atom appears to be dis- 
torted pyramidal, the Sb -Cl (basal) bond opposite to the l&and being longer 
than the Sb -cl (apical) bond. It was found that the angl8 between the Sb -Cl 
(apical) bond and the prinoipal z-axis of the EFG at the Sb atom depended on 
the strength of the coordination bond. As the l&and coordinst8d more strongly 
to SbCl,, the EFG z-axis approached the Sb -Cl (apical) bond. 

While AaX, and SbX, act sa acceptors of la- and n-donors, arsenic and anti- 
mony can also be donors in complexes of AsMe,, AsEt, and SbM8, with tri- 
chlorides of Group III metals (Al, Ga, In) ([274] and refs. cited therein). In 
the ‘G&l, complexes of Me&s Etnd Et& the donor power of the arsenic 
derivatives is nearly as high as that of Cl- C3 181. 

Earlier N(&R dsk& on BiC& compl8x8s with several ligsnds (a&&one, s&e- 
tonitrile , &nisol8, chloropyridines , etc.) we18 briefly reviewed in [274-J. The 
spectra of these complexes have been analyzed and compared with the NQR 
spectrum of pure BiCl, discuss8d in detail in the preceding chapter. Conclusions 
have b88n drawn on the importance of spectroscopic shifts produced by the 
geometric rearrangement of the Bill, molecule due to complex&ion. It was 
difficult to obtain definit8 information about charge transfer in these oom- 
plexee. In complexes with various chloropyridin8s, BiCl, was found [291] to 
be an acceptor of the strength comparable to Sna,. 

More recent data on Sic& A- and n-complexes with a number of ligands, 
ar8 listed in Table 2.25. Unfortuna&ely, no X-ray data ar8 available on their 
geometry. It has been [319,320] supposed from the Wl spectroscopic p&k8rns, 
that the crystalline structure of pure BiCl, does not change too radically when 
forming complexes. Thus, the scic1 NQR spectra of complexes conta,in, as in 
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TABLE 2.26 

NQR data on oomplexee of the tspe Bill, . L and 2BicL, - L at 77 K (-tin inten- 
sitiea of linea in panenthesee) 

Compound =clyW=) -Bi (MHz) ?1 (%I Ref. 
t+Qq . A-1 

BiCl, 
CH&?N - BiCl, 

CJ&CN . 2BiCls 

ClCH#N - BiCl, 
GE&H&N l Bill, 
CJ&CN l Sicl, 

C&H&N - 2BiC?l, 

p-BrC,H,CN - BiCl, 

NCC,H,CN - 2BiCl, 

C!l&,C~H, l BiCl, 

C?& - BiClt 

CE&CJ& l BicI, 
1,2-(C&)&,H, . BiCl,, 

l,P(CHI)&HI l BiCl, 

1,3,6-(cH,)sCtH~ . BicI, 

18.64 16.82 (2) 

17.67 ; 14.34 (2) 
19.72 ; 16.40 (2) 
18.67 ; 16.68 (2) 
17.74; 14.89 (2) 
18.603; 16.83; 16.64 
18.03; 16.60; lb.36 
17.63 ; 14.66 (2) 
20.08; 16.12; 16.83 
20.21; 14.76 (2) 
19.92 ; 16.63 (2) 
18.70; 16.79 (2) 
16.93; 14.90; 14.34 
16.69 ; 14.72 ; 
14.48 
19.20; 17.16 
16.Q4; 19.47 
16.74; 16.60 
18.61; 17.74; 16.87 
19.28; 16.28 (2) 

17.82; 16.98 ; 16.84 

19.37 ; 18.78; 18.60 
19.10; 17.39 ; 17.06 
19.01; 17.24; 16.94; 
16.63 ; 16.12 
18.49 ; 16.64 (2) 
21.14; 16.17 (2) 

326.6 68.6 
372.0 26.7 
372.8 30.1 
373.3 21.4 
380.2 30.6 
240.3 78.0 
432.1 17.0 
378.1 64.6 
420.0 19.3 
389.1 18.0 
410.8 23.0 
307.1 79.0 
446.4 66.0 
440.1 61.0 
404.7 47.6 
331.1 10.2 
392.8 68.0 

417.1 

383.7 36.6 
390.6 13.7 
366.8 39.6 
400.1 33.6 
393.84 37.6 
432.7 26.0 
372.6 6.0 

369.2 44.0 320 
628.47 24.6 321 

36.4 

319 

319 

319 
319 
319 

319 

319 

319 

319 

320 

320 

320 

320 

the initial BicI, spectrum, two lower frequency lines sometimes at frequencies 
coin&lent with one another. These have Bern assigned to Cl atomas which have 
a higher coordination number due to formation of seoondary bonds. The higher 
421 fiwquenoy Binglet, assigned in pure BiCl, to a relatively short Bi-Cl 



bond, is also present in the speotra. The frequency shifted to greatest extent 
due to complex form&ion, ooours at this very Cl atom [319]. 

In all the 1: 1 complexes (Table 2.26) an increase in the aOWi Qcc value is 
accompanied by a reduction of 7 with respect to uncomplexed BiCl,. Acoording 
to the shift in the rsC1 frequencies charge transfer ocours largely along the 
direction of the shortest Bi -Cl bond. This does not coinoide with the dire&ion 
of the qxr component at the Bi site, suggesting that this noncoincidenoe could 
alccount for the increase in the value of the sFBi e-/n. upon complex&ion [320]. 

The speotrosoopio parameters of the two BiCl, groups in the 2 : 1 complexes 
differ considerably from each other, suggesting chemical inequivalenue for 
these groups. One possible reason [SlS] for this is the formation of sssociates 
of thetypeL +,BicI, + &cl, whem ,BiCl, acts as a donor towards &K?ls. 
In this case the higher ‘ODBi QCC value is to be wigned to the zBi atom. How- 
ever as alternative, versions of the ionic nature of these complexes are not 
exoluded. 

One interesting but rare example where BiCla s&s as a donor, is the 
complex GaCla.BiCI, (Table 2.25). The Wl, % and -Bi NQR speutra of 
this complex have been interpreted [321] in terms of the formation of a fairly 
strong complex with the Ga -Bi donor -acceptor bond. 

These complexes though studied less than the MX,*L give an example of more 
complicated structural problem to examine with N&R. The dual fun&ions of 
T&l, are exhibited more clearly than those of SbX, or BiX,. The central Te 
atom having from one hand a lone pair of electrons, and on the other, low- 
lying d-orbitals, permits TeC14 to show donor properties with respect to strong 
acceptors such as AlX, [225) and GaCla [323) and acceptor properties with 
respect to *donors such JMJ ethers, ketones, sulphides, and sulphoxides ([326] 
and reti. cited therein). It is therefore interesting first to consider NQR results 
for the pure telh&um tetrahalides. 

Figure 2.15 Schematic drawing of the atomic errangement in T&l, [3273. 

l Te;OCl. 
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The Wl NC$R spectrum of T&l, [322] contains 6 lines of equal intensity in 
agreement with X-ray EMS [327] ad the ooourreno8 of tetmerio units 
(TeCl$ -Cl-), insolid T&I, (Fig. 2.15). Thesix observed resonances wereaasigned 
to the two species of TeCl$ (Table 2.26). The signals from triply bridging 

TABLE 2.28 

=Cl and *lBr NQR spectra of TeX, (X = Cl, Br) and some of their complexes 
(relative intensities of lines in parentheses) 

Compound AEcaignmmt Ref. 
of lines 

TeCl, 

TeBr, 

299 

299 

293 

298 

298 

77 

77 

77 

26.782 53.36 
26.947 63.87 
27.024 64.04 
27.471 54.93 
27.684 65.36 
27.968 66.93 

186.18 370.22 
187.68 373.5 
187.81 
190.91 381.74 
196.36 390.71 
197.34 394.63 
13.639 
12.613 (2) 
12.626 
30.670 
29.674 
29.420 

207.33 
207.67 
208.12 
208.90 
212.46 
214.37 
30.66 (2) 
22.46 
21.31 
31.47 (2) 
23.34 
29.994 (2) 
26.764 
24.822 1 
29.700 
29.670 (2) > 

2.4 
up to 6.0 

3.0 
2.8 
1.9 
2.6 
4.6 

up to 6.0 

1.6 
2.7 

322 

Cl-terminal 

226 

Br-terminal 

Br-pyramidal 324 

rTeaJ+ 226 

[TeBr,]+ 226 

326 

326 

Te-Cl 

P-Cl 

326 
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or “pyramidal” Cl atoms were not defected, probably, because they fall in a 

low frequency region. Zeeman NQR effects have been analyzed 12251 for TeCl, 
and TeBr,. The zero-splitting patterns of both compounds were very much 
alike so TeBr, eonsista of tetramers (TeBr$ - Br-), in acoordance with X- 
ray diffraction data which show that TeBr, and TeCl, are komorphous. 

Later the sign& from triply bridging bromine atoms were also detected [324] 
(Table 2.26). One therefore sees that the potential ability for TeX, cornpour& 
to exhibit dual functions, is already reflected in their crystalline etructure. 

On one hand, ionic vex,]+ groups me Been distinctly in tetrameric units 
which shows that TeX, is a potential donor of Cl- ions. On the other hand, 
the central Te atoms have a distorted octahedral environment in the crystal 
lattice, so one also expects the donor properties for TeX,. 

Table 2.26 contains NQR spectra for complexes illustrating the dual role 
played by tellurium tetrahalides. In complexes with AICl, and AlBra they am 

donors of halogen ions so that the complexes have ionic structures and are 
formulated [TeX,]+ . [AD&]-. The resonances [225] are assigned to the [TeXs]+ 
speciea, those from the anion lying in a lower frequency region (Table 2.26). 

Figure 2.16 Assumed configurations of the complexes TeCl, - (C&I,),S (a) and 
[TeCl, - 2DMSO]+ - Cl- (b or c) according to the data 13253. 

l Te; ligand molecules ; 0 Cl. 

The 91 N&R spectrum of TeCl,. (C,H,),S contains three lines with intensity 
ratio 2 : 1: 1. Taking into account the low conductivity of benzene solutions of 
this complex, the molecular structure shown in Figure 2.16a is proposed 
[325]. Thus, TeCl,appears here, and in the next few examples as an acceptor. 
As often pointed out, the axial Cl atoms give rise to a higher frequency line of 
double intensity. The complex T&l,- 2DMSO gives only two resonances with 
intensity ratio 2 : 1. Unlike the constituent components, the compound is 
insoluble in benzene. A solution of T&l, in DMSO shows high conductivity. 
The complex apparently has the ionic structure (T&l, - 2DMsO)+ -Cl- while 
the [TeCl+J+ moiety a&s as an acceptor 13261. A possible cationic structure for 
this compound is depicted in Figure 2.16, b. 

According to an NQR study [326], TeCl, also acts as an acceptor with 
respect to FOCI,, forming an octahedral complex of 1:l composition. The 
high frequency line of double intensity (Table 2.26) was assigned, by analogy 
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with the ape&rum of TecI,-(C&Q)@, to the axial ohlorine atoms. The two 
lower frequency liner were aesigned to equatorial Cl atom, the remaining 
eqwtorial positions being oooupied by a l@nd mobule and a lone pair of 
tellurium el~ctronm. The a&gnment of the higher frequency ~nancx~ to 
either donor or to moeptor moieties wats msde from & study of the temper- 
ature dependenoe of the Wl NQR fkequenciea. The POCL, W signale &tanged 
their muItipli&y when the temperat- wan raked and vanished near room 
temper&~ due probably to hindered rot&ion of the PCI, group [8X$]. 

w NQR spectra of complexes of the TiCld l mL type (* = 1,2) 
(/328] and refe. therein) 

TX& - MecN 
Tic& - Pocls 

TiCI l MeNOz 

TiCl, - py 77 
TiCl,THF 77 
TiQ, - MeCOOEt 77 
TiCi, - DMZA 77 
Tia, - 33xnp*) 77 
Ticl, 77 

77 7.643 ; 7.072 8.227 
77 8.182; 7.936 7.622 

293 8.233 ; 8.051 7.727 
77 7.686 ; 7.896 7.251; 7.367 

7.073 ; 7.700 
7.074 ; 7.764 
8.008 
8.084 
9.573 
6.9802; 6.0380 
6.0807; 8.1118 

7.323 
7.998 
8.202 
9.429 
9.218 

10.363 ; 10.389 
10.076 
9-946 
9.605; 9.706; 
9.752 

10.068 
9.814 

10.392 
10.433 
10.766 

Compound 

Tic%, _ 2MecN 77 8.126; 8.177 8.832; 9.080 e&5- 
293 8.147 ; 8.238 8.980; 9.000 cak- 

TiCl, - 2POCl* 77 8.141; 8.310 8.922; 9.047 tie- 
Ticl, - 2py 77 8.400 tram- 
TiCl,-BTHF 77 8.150; 8.483 trccns- 

8.663; 9.141 
TicI, - 2DMFA 77 8.286 ; 8.603 tranu- 

8.782 
TicI, - 2HmpW) 77 9.416; 9.776 trane 

a) Hmpa hexamethyitri~mide of phosphoric acid. 
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Several more W1 NQR TeCl, -nL spectra were reported in [220]. The 1: 1 
complexes with L = F&h, MoC16, NH&, TaC& and GaCI, were ooncluded to 
be ionic, of the [TeClJ+ . fJ!WCls+l]- type. The complexers Zr&* 2Tq and 
HfCl, - 2 T&I, were euggested to be molecular adducti although there is Borne 
doubt became of the weak intensities of resonances [ZZS]. 

The N&R spectra of transition metal halide complexes can be interpreted 
self-coneietently, assuming non-zero p,,-d, character in their terminal 
M-Cl bonds. According to X-ray results, the Ti-Cl bond distances increa~ 
and henoe the covalency of Ti -Cl bon& decreases in the direction TiCl, [329] 
< TiCI,-POCI, [330] < Rb,TiC1,[331]. The WI NQR frequencies however 
shift higher in the same direction (Table 2.27) in contra& to what is observed 
in compounds of non-transition elements. Provided the chlorine pS eleotrons 
participate in chemical bonding with the titanium vacant d-orbita& of appro- 
priate symmetry, the increase in Ti -Cl bond length causes an increase in a- 
ionic character of this bond (or increase in occupancy of the chlorine 3p, 
orbital) ax3companied by a reduction of the 86cl frequency. A decrease in ita 
r)= - d, characte r ( or increase in occupancy of the chlorine 3~~ orbitale) is 
accompanied by a frequency increase. If the latter of the two competing con- 
tributions preva$ one observes a net incrertse in the chlorine resonance fre- 
quency with an increase in bonding distance. For the same remon in bridging 
transition element compounds (NbCl,, TaCl,, etc.), where apart from the 
M-Cl terminal bonds, there exist much longer bridging M-Cl-M bonds 

whose P, -& character is insignificant, the lower fr&quency NQR lines are 
assigned to the terminal Cl atoms [1493. The opposite situation takes place 
with non-transition element bridging halides (GaCl, [346]). X-ray data available 
for TiCI, - MeCOOEt, TiCl, - POCl, and ‘I’iCl~ - MeNOt (13281 and refs. cited 
therein) ahow they are also dimeric with two Cl atoms bridging between two 
Ti atoms in a distorted o&ahedral environment (Fig. 2.17). Their NQR spectra 
(Table 2.27) contain a high frequency group of 1ineB in the 10 MHz range which 

Figure 2.17 Atomic arrangement in TiCI, l POCls 13301. 

9 Bnalaev, NC&B 
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must be aeeigned, in accordance with the intensity ratio of the lines to bridging 
chlorine atoms, and low frequency multiplets which must be assigned to ter- 
minal Cl atoms. The latter have been assigned to atoms either & or trcrna 
with respeot to the ligand L, based on their multiplicity and relative intensity. 
The NC&R patterns of the remaining 1: 1 complexes, with unknown structures, 
are similar (Table 2.27); all are suggested to be dimeric [328]. 

Using the 8~’ hybrid MO orbitals of C, symmetry centered at bridging Cl 
atoms, and the Townes and Dailey approach (Table 1.8, eqns. (16*, 16*)) 
the occupancies of the bridging Cl -Ti orbitals and the net charges on Cl bridges 
were oalculated in 1: 1 complexes of known structure. The increase in donor 
ability of the ligands is accompanied by a decrease in the net charge on the 
bridging Cl atom, and hence by a decrease in occupation of the bridging Cl -Ti 
orbital. In other words, the bridge bonds increase in strength with increasing 
donor ability of the ligands. Table 2.27 also lisfa “c1 NQR frequenoies for com- 
plexes of the type TiCl, - 2L with the same ligands as those in 1: 1 complexes. 
X-ray data for Tic& - 2POC1, [332] show it has a c&octahedral configuration, 
aa does the SnC14 .2POCI, complex. The axial Sn-Cl bonds [279] give lower 
frequency signals in the NQ,R spectra of SnCl, - 2 L complexes, being relatively 
less covalent than the equatorial bonds. Ass uming a similar bond arrangement 
occurs in TiCl, . 2POCls, the lower frequency doublet is sssigned t0 the equa- 
torial Cl atoms taking into account the 13, --d, contribution to the Ti-Cl 
bond. The NC&R spectra of the remaining 1:2 TiCl, complexes in Table 2.27 
were assigned [328] either to tie- or trarrs-isomers depending on the extent of 
spectroscopio splitting. 

Attempts to compare the donor power of ligmds in TiCl, - ta;L complexes, 
were made [328] based on their Wl NQR frequencies. The ligand order ob- 
tained from either bridging or terminal Wl resonances in 1: 1 complexes, as 
well as in 1: 2 complexes, differ from eaoh other, and do not look very reason- 
able. They also differ from the order of the same ligands established using NQR 
data for SnC14 - 2L and SbCl, - L complexes. TiCl, - 11;L complexes therefore 
look less favourable for the comparative study of ligands than non-transition 
element adducts. Their structures have not been studied sufficiently by X-ray 
methods, and the relationship between NQR frequency shifts, and the charge 
distribution is less direct than in non-transition element halide complexes. 
Indeed, the NQR spectroscopic parameters for bridging halogen atoms depend 
on the interbond M-Cl -M angle which in the majority of complexes, is not 
known. The frequency shifts on terminal halogen atoms are governed by two 
contributions of opposite signs: the change in a-covalent character (pz orbital 
occupancy) and the change in pl. orbital occupancy. Their relative importance 
varies of course from complex to complex, and even from atom to atom, 
within the same complex, depending on iti position with respect to the ligand. 
It is however difficult to take into account this variation at this semiquanti- 
tative level when X-ray d&a are not available. 
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Data for several more D&Cl& - raL complexes are listed in Table 2.28. Some 1: 2 

complexes have been assigned to C&Y- or trane-isomers, on the basis of -Wl 
spectrosoopic splitting in the MCI, moieties. 

In other compounds the 8acl frequencies of the donor POCI, moiety have 

been measured. The shift to higher frequency of the POCI, Jigand resonance 
WWJ compared [334] with a number of metal chloride complexes, in addition to 

those listed in Table 2.28, to learn about the accepting power of various metal 
chlorid.es, in their higher oxidation states resulting in the sequence: 

B > Sb > Al > Ga > Ta > Nb > Sn > Hf > Zr > Ti (99) 

The relative Lewis acid strengths based upon NQ$C results for ligand moietks, 
agree well with those basing on other methods, such as II% spectroscopy, or 

TABLE 2.28 

WY NQR spectra of complexes of the type MCl, . nL (rel&ive intensities of lines 
in parentheses) 

Compound T W) Resonance frequencies AsEligmnent Ref. 
y WH@ 

Zrcld * 2Mf3cN (c&r) 77 
Hfc?la ~2MecN (&) 77 
Mock, - 2MeCN (tram) 77 
zlcl, - Poclj) 77 
ZIa, - ZPOcr, 77 

Hfcl, - POcl, 
Hfcl, - 2POcl* 
HfC!l, - 3POcl, 

77 
77 
77 

6.066 (2) ; 6.396; 6,493 
6.767 (2) ; 6.043 ; 6.099 

10.789 ; 10.798 
30.087; 30.208; 30.463 
29.981; 30.067 ; 
30.219 
30.168; 30.280; 30.652 
29.966 ; 39.124 ; 30.276 
28.622 ; 28.705; 
28942 ; 29.034;‘ 
29.939 ; 29.981; 
30.126 ; 30.461 

zr-f.3 
zr-cl 
MO-CI 
P-Cl 
P-CI 

P-Cl 
P-Cl 
P-Cl 

334 
334 
334 

Zrcl, - 2Pocl, 77 30.288 (2); 
30.168 
30,064 (2) ; 
30*024 
29.922 ; 
29.866 (2) 
29.030; 28. 
28.680 
i8600 (2) ; 
28.566 

l ) Relative intensity of doublet groups. 

(Xl)‘) P-Cl 

P-Cl 

POCI, 

326 

9* 
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the determination of enthalpiea of complex formation in ~XIB phase or in 
sollltions. 

NQR results for Group IV and V metal chlorides, the latter with metal atom 
valence basis sSS~(6cQ (Sn, Sb), poeeese the higheet aooepting power; then 
follow metal ohlorides with valence baais M sdss6~ (Elf, Ta) and finally those 
with 4d&w (Zr, Nb). 

According to the Sac1 frequency sh.ifU of coordinated POCl, in the complexes 
MCI, - 1rP0C1, the accepting power of MCI, changea more strongly from metal 
to metal (Nb < Ta < Sb) than that of MCI, (Zr < Hf < Sn). In the Group IV 
tramition metal complexes the order of increasing accepting power is the same 
(Ti < Zr < ECf) for both 1: 1 and 1: 2 complexee. 

The 86cl NQE% spectrum of HfCI, - 3POC1, provides [334] evidence for for- 
mulating this complex a~ HfCl, - 2POC1, - POCl,. The outer sphere POCl, 
molecule W~EJ euggested to come into Cl..Cl contact with the coordinated 
POCl, molecules. A very complicated ligand moiety Wl Na spectrum wa8 
reported [326] to be given by a compound of net composition ZrC& - 2POCl,, 
prepared by dissolving Zr& in exce- POCl,. The sample probably contained 
a mixture of 1: 1, and 1: 2 POCl, complexes with an excess of ZrCl, - 2POC1,. 
POCl, moleoules may alao reside in interstitial sites of the structure (Table 2.28). 

The ,NQE& spectra of transition metal NbCl, - L and TaCl, - L complexes 
are presentid in Tables 2.29 and 2.30. The Wl spectroscopic pattern of the 
niobium and tantalum complexes, with the Bame donors, bear a great resem- 
blance in both splitting and intensity ratio, providing evidence for the close 
structural similarity of these oompounds. 

TABLE 2.29 

lslTrt and Wl N&R spectra of TaC15 - L complexes [336], (The calculated values 
in parentheses) 

Compound T(K) Iao- v (MHz) 

~JOJ+ l/2-3/2 3/2-612 6/2-712 

TaCl, - POCl, 77 l*lTa 167.76 111.808 160.633 836.70 97.6 
293 117.424 

T&l, - POCI, 77 =Cl 7.337 
8.&W) 
8.149 
9.696 

293 =Cl 7.668 
8.178 
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TABLE 2.29 (oontinued) 

Compound Z’(K) Iso- v(MEIz) *(MHZ) 711%) 

tip0 l/2-3/2 3/2-6/2 b/2-7/2 J+ 

. 

TaC% - W,&W 77 

T&i5 - CH,CN 77 
293 

77 

293 

T&l5 . C&H&TN 77 
293 

77 

293 

T&l, - C,H,C?H,CN 77 
77 

T&l,. CHI =CHCH,CN 77 
77 

293 

8.634 
9.613 

=Ta 70.698 
l=Ta, 62.889 

k53.65 
7.ooo 
8.519 
8.619 
9.203 
9.318 

=Cl 7.268 
8.560 
8.675 
9.149 
9.355 

l*lTa 61.38 
66.34 

*WI 6.64 
8.87a) 
9.06q 

WI 6.88 
8.94 
9.08 

l*lTaa 52.26 
‘WI 6.450 

9.ooob) 
9.284 

l*lTa, 53.742 
=Cl 6.866 

8.6# 
8.829 
8.999 
9.304 

*WI 7.098 
7.676 
8.896 
9.020 
9.2&S 

119.082 (182.041) 853.68 21.9 

00.128 137.691 644.98 21.0 
90.345 160.289 702.76 14.0 

99.17 149.34 697.69 9.3 
106.93 (161.02) 762.04 9.2 

104.20 (166.36) 729.67 

107.160 (160.796) 760.42 

2.6 

2.7 

a) The lines of double intensify ; b) the line of triple intensity. 



134 

TABLE 2.30 

wNb and UC1 NQR apeotra of NbC& - L complexes 13361. (The caloulated values 
prentheaea) 

Compound T(K) Iso- Y (MHz) @a? rl(%) 

top l/2-3/2 312-512 S/2-7/2 7/2--912 h 
wH@ 

77 
293 

77 

293 

77 
77 

77 
77 

293 

77 
293 

77 

293 

*Nb 5.772 3.958 4.685 
5.340 (3.863) 5.298 

=a 6.654 
7.697s) 
7.808 
9.393 

wl 7.007 
7.810 
7.936 
9.329 

=Nb (2.286) (3.277) 5.090 
wl 7.083 

7.750 
8.094J’) 

“WI 6,182 
8.287 
8,393 
8.856 
9.200 

“WI 6.630 
8.340 
8.416 
8.824 
9.239 

=Nb (1.455) (2.758) 4.16 
(1.549) (2.931) 4.42 

WI 5.79 
8.4+) 
8.68s) 

=cl 6.09 
8.69 
8.77 

NbCl, - C,,H&H,C!N 77 FN-b (1.470) (2.808) 4.234 
293 (1.593) (3.021) 4.559 

77 “wl 6.670 
8.W) 
8.748 
9.099 

6.768 43.13 83.1 
7.474 46.60 67.0 

6.820 

4.900 

41.07 21.1 

(29.51) 21.0 

5.55 
5.90 

33.32 7.4 
35.43 7.5 

5.648 33.96 6.8 
6.082 36.54 7.3 
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TABLE 2.30 (continued) 

Compound Z’(K) Iso- 9 (BSHz) e=Q!I t3 

tope l/2-3/2 3/2-G/2 6/2-7/2 7/2-9/2 --& (%) 

-5 
* ~,=CECHH,cN 77 

293 
77 

293 

-N-b (1.487) (2.869) 4.307 6.746 34.48 6.3 
(1.610) (3.068) 4.610 6.150 36.92 V.3 

=cl 6.094 
8.293 
8.689 
8.720 
9.231 

=cl 6.419 
8.324 
8.672 
8.764 
9.172 

*) The linea of double intensity; 
b, the line of triple intensity. 

The NQR spectrum of NbCl, - POCl, agrees with X-ray data [337] on &he 
complex : two Cl atom lie in crystallographically equivalenf axial positions, 
giving rise to a resonance of double intensity (Table 2.30). 
A partial tramfer of electron density from the chlorine pS orbitah to the 

central metal vacant d orbitala of symmetry tso (d,,, d,, d,,) is also very impor- 
tant. The p* -d, interaction [335, 336-J contributes to the anamaloue tempera- 
ture dependence of the w1 NQR frequencies (Tables 2.29, 2.30) in a manner 
previously suggested by Brown and Kent [141]. With a femperature rise, the 
overlap between chlorine 3~~ orbitals and the central metal d, orbitals, de- 
creases, due to anharmonicity of the M -Cl bending vibrations leading to an 
increase in equilibrium bonding length, thus increasing the chlorine 3p,, 
313* orbital occupancies and hence the resonance frequency. The I)~ -d, inter- 
actions were reported 13361 to account for linear correlation between fhelengtheq- 
ing of Nb -Cl bond distances, and the increase in 8ac1 reeonance frequency 
(Fig. 2.18) observed in the structurally studied NbCl, and NbCl, - POCI, 
compounde. The temperature coefficient Z?vjaT also showed a tendency to 
become less negative in the same direction. For Nb -Cl distances (r) shorter 
than 0.234 nm a linear correlation is observed between h/M’ and r which 51 
explained by the dominating contribution to the frequency of the rising 3~~ 
orbital occupancy aa it increases wifb temperature. When the bond distance 
increases beyond 0.234 nm (corresponding to w frequencies higher than 
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8.8-9.0 MHz in the Figure 2.18) the relative importan- of the Bayer mecha- 
nism becomes greater. The growing importance of the alternative frequency 
temperature dependence mechanism oauses a slower increase in the value of 
the temperature coefficient %/aT with r, making the correlation non-linear. 

NbC& - NCCl and TaC?& l NCCI have been studied [SSS] using -1 NQR of 
the ooordinated nitrile. single peaks have been detected in both compounds, 
their frequenoies being very simihr Ii0 8ash other at temperatures between 
77 and 300 K. At 77 K they are 41.930 ME& in niobium and 41.945 MHz in 

I 1 I I -0.17 
0.224 0.232 0.240 0.246 0.256 

Figure 2.18 q NQR frequency temperature coefficients (aY/Z!‘) and UCIresonance 
frequencies (Y) for NbC& and NM& l POCl, VB Nb-Cl bond distamm [337-J. 

tantalum. These values are slightly greater than the Sac1 frequency in free 
cyanogen ohloride (41.7 MHz at 77 K) although the ligand is coordinated 
through the nitrogen atom and the chlorine atom is separated from the coordi- 
nation centre. We have already mentioned above that NC&R also provides evi- 
denoe for electron shift density in coordinated hgands involving distant atome, 
not acting as coordination centres. This shift must evidently increase with 
increase of accepting power of the metal chloride, providing a measure for 
comparison of the metal ohlorides aa acceptors. According to the results I3381 
on complexes with cyanogen chloride one crtn sssume that the accepting power 
of TaCl, slightly exceeds that of NISI, agreeing with conclusions from other 
NQR studies (eqn. 99). One cannot however, exolude the possibility that the 
shifts, of such small m&gnitude may originate from crystal lattice effects 
[338]. 



CHAPTEB 3 

COMPOUNDS WITH POLYMEB PRALG)MENTS IN CBYSTAL LAT!l!ICE 

From the very outset, NQI% developed as a method for studying the molecular 
crystals of organic and organoelement compounds containing halogen atom 
nuclei. This is easy to understand since the C.W. technique, the only one used 
in the past and one still practised at present, requires samples to be free of 
structural imperfections (see Chapter 1). Inorganic compounds are mostly 
coordination polymers often containing non-removable lattice defeats such as 
local distortions, vacancies, admixtures, etc. Typically, their NQR line widths 
of about 70 kEz in the frequency range 50 to 100 MHz. Pulsed techniques have 
greatly facilitated studies of inorganic compounds, although their number 
still remains more limited than the number of organoelement compounds stu- 
died by NQR. 

This chapter is devoted to the discussion of NQR data on solids containing 
polymeric fragments in crystal lattices. Such compounds (coordination crystals) 
represent aggregates of molecules or ions linked into chains (ribbons), layers, 
or three-dimensional networks. In these structures the relative contributions 
from inter- and intramolecular interactions vary widely and are in certain casee 
of comparable importance, meaning that one may only conventionally sub- 
divide such compounds into constituent molecules. Their chemical formulae 
merely describe composition ratios. 

NQR data on these compounds are much less extensive than on molecular 
compounds, though many naturally occurrin g minerals including those widely 
abundant ones have polymer structures. Many poss& valuable physical pro- 
perties. It is therefore very important to consider the relationship between 
N&R speotroscopic parameters, and crystallochemical features of these com- 
pounds. 

The problems that arise in studies of coordination polymers bear mostly 
on the relative number and types of coordination polyhedra present in the 
crystal lattice, the quadrupole atoms’ neares t environment, the ability to 
form additional donor-acceptor bond by the quadrupole atoms, lattice imper- 
fections as indicated by NQR speotra, etc. 
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A. CHEMICAZLY NON-EQUIVALENT BONDS IN BRIDCINC DIMERIC 
COMPCUND8 

Bemuse of the high sensitivity to the thence shell electron &ruoture of quadru- 
pole atoms, NQR is very effeotive for the etudy of compounds with chem- 
ically different bonds between the central atom and ligands of the same sort, 
such as bridging dimeric metal halides. Dimeric ha&lee of transition and non- 
transition elements (G&l,, II&, T&J,, etc.) have been attractive for NQR 
investigskors, for a long time beca,use of the striking differenoes between the 
spectroscopic values of the terminal and bridging halogen atoms within dimeric 
molecules, as well as between the resonance frequencies of terminal halogens 
in transition and non-transition metal dimers. Both sorts of dimers have similar 
types of structure, with two equivalent bridging M -hal-M bonds and the 
met4 atoms located in either distorted tetr&edral (in trihaIide dimers m) 
or distorted octahedral (in pent&&de dimers MX,) environments. Their 
NQR spctra contain two widely separated groups of lines, whose intensities 
are related to each other as the numbers of bridging and terminal halogen a;foms. 
However while the resonances from bridging atoms, of the same halogen, in 
both types of dimers are relatively &se to each other, the frequencies from 
terminal atoms are greatly different for trsnsition and non-transition metal 
dimers. They appear at about half the bridging atom frequencies in Tax, 
and NbX, while in G&X, dimers they are found considerably higher than the 
frequencies of their bridging atoms (Tables 3.1 and 3.4). 

Before discussing the reason for this differenoe we consider in more detail 
dimers of non-transition elements. 

Bridging dimeric structures have been established by X-ray a~Aysis for GaCl, 
[SOZ], AlBr, [304], InIS [SOS] and ICl, [364]. Their NQR spectra are lisfsd 
in Table 3.1. They are ohara.&erized by higher frequency terminal halogen 
resonrtxlcee as compared to bridging halogen frequencies. The terminal and 
bridging group resonances have an intensity ratio 2 : 1. Asymmetry parameter 
values (q), whenever available, are always muoh higher for bridging than for 
terminal atoms, thus oonfirming X-my data on interbond angles changing 
within the range 86 to 101” in the compounds discussed. 

The spectroscopic patterns of other metal trihalides presented in Table 3.1 
bear a gre& resemblance to those of the dimers whose struotures are known. 
This provides evidence for the bridging dimerio struoture of these compounds 
also. SbC15 aeems to be dimeric at low temper&ures oonsidering its Wl NQR 
spectrum, which is quite typical for bridging compounds. 

Por the compounds listed in Table 3.1 the spectroscopic splitting between the 
bridging and terminal halogen atom resonances is large enough that the assign- 
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ment is facile whether valucf~ of q are avatiable or not. There m, however, 
ahnninium heptsbromide anions [Al@,]- compoeed according to X-ray da-, 
(1208-J and r&s. cited therein) of two t&rahe&a sharing one apex (Fig- 3.1) 
which give “*lBr rcsonancca distributed more or leee uniformly over a relatively 

TABLE 3.1 

NQR spectra of dimeric non-transition element halides (reJakive intensiti~ of GRIMM 
in parentheeee) 

Corn- Isc- T (R) Terminal atoms 

pound fope l/2-3/2 e#/h 

Bridging atoms Ref. 

l/2-3/2 eQ/h 7 

y W=) (MHz) (%) 

G&l* Wl 306.2 

77 

GsBr, =Br 298 

-It =I 77 

AlBr, *lBr 301 

77 

ALI, 1071 77 

ma I*‘1 297 

I(& =cl 297 

AuCl, =Cl 77 

SbC1, 8ocl 77 

19.084 
20.226 
19.643 
21.014 

137.46 
137.63 
137.72 
137.78 
176.496 
177.438 
92.36 
93.47 
96-W) 
96.61~) 

131.371 
131.844 
173.177 
173.633 
33.916 
36.680 
33.340 
36,116 
27.42 
27.86 
27.96 
28.02 
29.78 (2) 
29.96 (2) 
30.38 (2) 
30.48 (2) 

38.12 8.9 
40.43 3.4 

1176.63 0.9 
1186.91 2.8 

184.6 7.3 
186.6 10.6 

876.62 0.0 
879.33 0.0 

1164.33 1.1 
1167.66 0.0 

14.067 28.30 47.3 

16.139 

98.43 
98.40 

136.719 

76.86 

81.8s) 

112.314 

122.728 

13.740 

23.386 

863.92 27.3 367 

168.1 24.8 344 

367 

723.38 18.1 357 

772.26 23.7 360-368 

192,369 

195 

162, 170, 
360 
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TABLE 3.1 (continued) 

Corn- Iao- T(K) v(MHz) &Mb 
po~d~pe l/2-3/2 3/2-6/2 6/2-7/2 7/2-g/2 (-1 

Ref. 

GavCl, “Wa 304.8 
GaBr, We 77 
GSI, e@G, 77 
AIBrS =‘A.l 77 
InI* ~16lil 77.3 
I(% 147I 77 
8bc1, 1Wb 77 

=Sb 
l=Sb 
=Sb 

29.066 
20.494 
21.686 

36.718 
458.19 

42.90 
38.41 
39.69 
36.43 

61.93 68.7 

13.868 72.86 
20.864 37.420 327.20 66.04 
909.37 3034.9 7.72 
61.10 186.70 79.3 
30.98 47.67 237.99 79.3 
47.34 172.80 79.0 
28.67 44.10 220.30 79.0 

346 
366 
356 
123 
3i56 
361,363 

360, 
170, 
162 

a) Recalculated from mBr frequencies according to e~Q(~Br)/eQ(*lBr) = 1.1971. 

narrow frequency range (Table 3.2). One cannot therefore assign any specific 
r~~ona31ce to the bridging halogen atom unless the asymmetry parameters 
are measured. Two exceptions are CsAl$r, having 0, or CS (1. ) anion sym- 
metry, and intensity ra.tio 1: 2 : 2 : 2 from the lowest frequency, and Li.QBr, 
(/?) with anion symmetry C,, having the intensity ratio 2 : 4 : 1 from the lowest 
frequency. In both caae~, the lines of unit intensity are to be assigned to 
bridging halogen atoms [ZOS]. 

The spectroscopic patterns for related Qa,X; aniom~ show a much larger 
splitting of frequencies (Table 3.2), the low frequency signal beingaasigned to 
a bridging halogen atom [194, 1991. The intensity ratio of the terminal-to- 
bridging halogen resonances W&E found to be 6 : 1 consistent with the corner- 
sharing tetrahedral struoture of the anion (Cl921 and refs. cited therein). 
Assignment of reBonance8 in gallium dimeric unita is usually unambiguous 
and does not require additional experiments. 

Pigure 3.1 Atomio arrangement in the ahuninium(II1) heptabromide anion of 
KAl,Br, and the EFC axes at the bridging Br atom [2O8] 

o Al;0 Br. 



.I_
“..

.._
.._

^ 
.._

_.
. 

X
..“

_I
X

__
._

_.
_“

_,
,“I

 
_ 

_ 
__

 _ 
--

- 
.; 

-_
 

_ 
_ 

_ 
.-.

 
. 

_ 
_ 

__
 

I”
~.

 
_

. 

. 
. 

. 
.“,

 _
_ 

I_
 

I..
 

T
A

B
L

E
 3

.2
 

N
&

R
 sp

ct
m

 (
M

l&
) o

f d
im

er
ic

 br
id

gi
n

g a
n

io
n

s o
f t

yp
e 

[M
,X

,]
- 

(r
el

at
iv

e in
te

n
si

ti
es

 of
 li

n
es

 in
 p

ar
en

th
es

es
; H

” 
ro

om
 te

m
pe

ra
tu

re
) . 

C
om

po
u

n
d 

Is
ot

op
e 

T
 (

K
) 

T
er

m
in

al
 at

om
s 

1(
2-

3/
a”

) 
ew

!I
lR

 
y 

w
w

 
w

w
 

‘I
 (%

) 

B
ri

dg
in

g a
to

m
s 

l/2
-3

/2
 

eQ
Y

/A
 

y 
w

w
 

w
w

 

R
ef

. 

r 
(%

) 

N
a A

&
B

r, 

=w
r,

 

*l
B

r 
29

6 
26

0 
29

6 
28

0 
29

6 
81

B
r 

29
8 

C
sA

&
B

r,
 

B
lB

r 
29

7 

(N
e&

W
B

r,
 

81
B

r 
29

6 

79
.7

67
 

80
.8

96
 

80
*6

01
 

81
41

1 
84

.3
08

 
82

.1
40

 
83

.3
86

 
83

.4
56

 
84

.0
89

 
86

.0
84

 
88

.1
16

 
84

.3
%

 
84

.8
01

 
84

.9
36

 
86

.4
37

 
86

.5
86

 
89

.2
11

 
84

.6
46

 (2
) 

84
.5

46
 (2

) 
88

.2
98

 (2
) 

(8
4.

81
6)

 

15
8.

8 
16

.1
 

16
0.

3 
18

.8
 

16
8.

4 
9.

1 
16

4.
0 

10
,o

 
16

6.
7 

6.
0 

16
6.

7 
9.

1 
16

8.
1 

4.
3 

16
9.

7 
13

.6
 

17
5.

9 
10

.4
 

16
8.

3 
11

.9
 

16
8.

0 
24

.0
 

16
9.

3 
14

.4
 

17
0.

0 
17

.6
 

17
3.

0 
7.

2 
17

7.
7 

11
.2

 

83
.9

32
 

14
9.

7 

9&
b)

 

88
.0

 

12
.O

b)
 

84
.0

67
 

14
9.

1 
10

.4
b)

 
8.

P
) 

90
.2

 
19

.O
b)

 
9.

O
b)

 

84
.7

23
 

16
6.

3 
72

.0
 

10
.2

8b
) 

4.
oy

 
9&

b)
 

13
,O

b)
 

83
.8

32
 (1

) 

78
.2

26
 

13
9,

6 
87

.8
 

20
8 

20
8 

20
8 

20
8 

20
8 



T
A

B
L

E
 3

.2
 (c

on
ti

n
u

ed
) 

C
om

po
u

n
d 

IS
ot

op
8 

U
K

) 
B

ri
dg

in
g a

to
m

s 
R

ef
. 

34
%

) 
11

2 -3
12

 
e’

Q
q/

~ 
rl 

(%
) 

t 
(M

H
z)

 
W

z)
 

L
iA

&
B

r,
 

h
em

or
ph

 
a)

 

L
iA

l,B
r,

 

@
@

m
or

ph
 

B
) 

N
aG

a&
 

K
G

a,
C

.l,
 

R
bG

@
, 

G
aV

h
,C

l, 

K
G

a,
B

r,
 

N
H

,G
rt

*B
r,

 

R
bG

a,
B

r,
 

(P
h

W
 1

) 
C

tB
r,

 

~
%

I,
 

*l
B

r 
29

6 

’ f
 Br

 

=c
l 

w
a 

w
 

%
a 

T?
l 

Y
h vl
 

@
G

a 
81

B
r 

O
G

la
 

B
IB

r 
@

@
G

a 
8l

Br
 

%
a 

*l
Br

 
w

a 
1
8
7
1
 

@
c&

I 

33
3 77
 

77
 

77
 

77
 

R
T

 

R
T

 

R
T

 

R
T

 

29
7 

80
.0

03
 

81
.2

28
 

83
.6

30
 

85
.3

29
 

79
.0

31
(2

) 
80

.8
20

 (4
) 

(1
8,

25
3)

 
(1

9.
56

6)
 

(1
8.

03
4)

 

w
*@

w
 

(1
8.

08
9)

 
(2

1.
19

0)
 

(1
7.

76
7)

 
(1

9.
59

0)
 

(1
20

.9
9)

 
(1

8.
11

2)
 

(1
20

.8
4)

 
(1

8.
29

7)
 

(1
21

.4
1)

 
(1

8.
82

) 
{ 1

20
.3

0)
 

(1
8.

45
6)

 
(1

56
.8

9)
 

15
.8

8 

B
ss

ig
nm

en
t 

of
 li

ne
s 

w
&

8 n
ot

 p
er

fo
rm

ed
 

82
.9

92
 (1

) 
20

8 

15
.6

53
 

19
9 

15
.3

71
 

19
9 

15
.9

92
 

19
9 

15
.7

38
 

19
9 

99
.5

9 
19

4 

93
.8

4 
19

4 

98
.0

6 
19

4 

98
.5

1 
19

4 

16
0.

69
 

76
7.

7 
66

43
 

19
4 

20
8 

a)
 {

v)
 (M

H
z)

 tw
ec

ag
e N

Q
R

 fr
eq

u
en

cy
; b

) 
da

ta
 fo

r 
a7

A
l at

 2
84

 K
. 



143 

In order to make an unequivocal assignment in [Al&r,]- species, Yarn& 
[208] examined the 81Br NQR Zeeman splitting patterns and *‘Al N&US 

rotation patterns of several compounds. Distinguishing between terminal 

and bridging halogens (Table 3.2) he obtained information concerning details 
of geometry and electron distribution. 

The single crystal NQR Zeeman experiment allowed [208] the orientation 
of the bridging bromine EFG principal axes to be determined with respect 
to the Al -Br -Al plane (Fig. 3.1) aa well as the EFG z-axes of the z7Al nuclei. 
On the basis of the Townes and Dailey theory approximation, the effective 
charges and the a-orbital populations in [Al&r,]- ions were estimatid. Asaum- 

ing the 89 hybrid orbit&s of C, symmetry are centred at the bridging Br 
atoms, the Al -Br -AI angles estimated from, the q values using equation (16*) 
(Table 1.8) appeared to be in good. agreement with those determined by the 
X-ray method. They are given below together with the bridging bonding orbital 
occupations (cz~) and the net electron charges on the bridging Br atoms (&) 
calculated according to equation (16*). 

Al-Br-Al8 (deg) a, 4 

Na&Br, 107.1 1.68 -0.36 
KAl,Br, 107.6 1.68 -0.36 
N&GBr, 103.9 1.68 -0.36 
CJW~N4BrT 107.0 1.70 -0.40 

Hybrid 8~19 orbitals of C, symmetry were centered at the Al atom. Figure 3.2 
shows the atomic arrangement and the occupation numbers of. the bonding 
a-orbitals in [&Br,]- anions. or-10 can use equations similar Go (73, 78 -81) 
where 8 = 106.6O for RAI,Br,, e(Al) = 0.25, E(Br) = 0.15, %‘AIl eQ@ 
= -37.52 MHz, and the total charge of the anion is equal to -1. If 6,, bb 
and & are charges on the tirminal and bridging Br atoms and Al atom, respec- 

tively, then 

--6b -6sS,+2dM= -1 (100) 

/\ /\ 
Br Br Br Br 

Figure 32 Occupation numbers of *bonding orbit& in ]Al*Br,]’ anions. 
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The following cr-bonding 
are then obtained [208]: 

orbital populations and atomio charges in K&&r, 

&f 43 ab 

-0.66 +1.%3 -0.36 1.66 0.38 0.19 1.68 

Various reasons have been suggested for so different frequency values for 
the bridging and terminal halogens in gallium and aluminium heptabromide 

ions (Table 3.2). According to Yamada [208], the large asymmetry parameters 
at the bridging Br atoms in aluminium compounds shift their NQR frequencies 
up, in accordance with the equations of Table 1.8, decreasing the separation be- 
tween the terminal and bridging resonances. 

Deeg and Weiss Cl991 however, suggest a weak *gree of (p -d), bonding is 
involved in the terminal M -X bonding, the vacant 3d orbitals of aluminium 
being more favourable for accepting bromine p=,-electrons than the vacant 
4d orbitals of gallium. Thus according to equation (51) (cf. (2*) in Table 1.8) 
the resonance frequency of the terminal Br atom is lowered as the population 
of the pr and pH orbit&s decreases. Consequently a smaller value of FJ7rb is 

found for Al compounds than for Ga compounds. Quantitative estimations 
of the z-bond character are however difficult in these compounds, since the 
transfer of n-electrons might affect the covalency of the u-bonds [lSS]. 

Table 3.3 gives NQR spectra for compounds containing dimeric halide 
anions of general composition @lJL,,]~-(M = Sb, Bi; X = Cl, Br, I), based on 
two octahedra sharing a faoe. In accordance with such an atomic arrangement, 
the intensity ratio of the terminal-to-bridging halogen resonances, must be 
2 : 1, which was observed in experiment (Table 3.3). The NQR spectra of many 

bismuth compounds, seem to be incomplete [173). The spectra of the C+Sb,X, 
compounds appear quite consistent with the X-ray data available [342]. They 
correspond to the presence of one crystallographic type of antimony octa- 

hedron with 7 = 0, in the crystal lattice and two sorts of halogen atoms, ter- 
minal and bridging, in the ratio 2 : 1. In the iodine compound, the NQR signals 
of both types of halogen, were found to have similarly high asymmetry para- 
meters (Table 3.3). Unfortunately, no reasons for that unexpected observation 
were suggested 1339). 

The other compounds studied by NQR (Rb&b&,, (NE&,Sb,&) evidently 
belong to another structural type, probably to that of (Ph,P),Bi,Br, 13431 
in view of spectroscopic multiplicity and intensity ratio [339aj. 

An interesting opportunity, to compare chemical bonding in dimers con- 
taining the same oentral metal in various oxidation states, is presented by the 
NQR spectra of several tetra-alkylammonium hexahalogenogallates(II) (Table 
3.3) and GaX, (X = Cl, Br) {Table 3.1). The former compounds possess an 
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ethane-ljke dimeric structure [372] with Ga -G-a bonds and tetrahedral geo- 
metry about the Ga atom with oxidation number +2. The %l resonances 
appeared considerably lower in these compounds than the corresponding Wl 
resonances in the Ga&?l, dimers where the gallium oxidation number is +3. 
The Townes and Dailey analysis of the electron distxibution in these two types 
of dimer [372] gave the following results: (6(Ga) = net electron charge on the 
Ga atom; a(X) = negative charge on the halogen atom; a,, = occupancy 
of the terminal gallium orbital directed to the Cl atom ; a, = occupancy of the 
terminal halogen orbital directed to the Ga atom; b,, = occupancy of the 
Ga -Ga orbital) 

WdQdhPb 1.06 -0.68 0.57 1.68 0.83 
(Mefl)&a&6 0.88 -0.63 0.42 1.63 0.87 
@k&4 1.67 -058 0.66 1.68 
GM% 1.28 -0.48 0.66 1.48 

The results are in agreement with the fact that the Ga -Cl bonds have higher 
ionicities in compounds with central metab in lower oxidation states. This is 
also consistent with X-ray data. Indeed, the terminal Ga-Cl bond distance is 
0.206 nm in Ga&l, [302] and 0.219 nm in (Me~N),Ga&?~ 14281. 

N&R spectra of dimeric transition metal pentahalides are listed in Table 
3.4. According to the X-ray data available on NbCl,, TaC&, NbBr, [351J, 
MO& [353] and RecI, [352] the compounds are based on two distorted octa- 
hedra sharing an edge, so that one can expect, in their spectra, the terminal 
and bridging groups of halogen resonances in intensity ratio 4: 1. This was 

observed for compounds whose spectra are complete (Table 3.4). 
Let us now consider the structure-spectrum reIationship for NbCl,. Accord- 

ing to the X-ray resultdl [351] the Nb,CIIO molecules crystallize in a mono- 
clinic lattice and occupy two sites of different symmetry in the crystal. The 
site of symmetry 2/m is occupied by m molecules, so that the Nb atoms lie on 
a two-fold symmetry axis while the two bridged Cl atoms are located in the 
mirror plane nz, perpendicular to this axis. These molecules should therefore 
give rise to an N&R singlet from the two equivalent bridged Cl atoms and two 
signals, twice as intense as the singlet, from eight terminal CI atoms, occupying 
two crystallographically non-equivalent positions. The separation between 
the bridging and terminal resonances must evidently be larger than those 
between crystallographically inequivalent terminal Cl atoms (Fig. 3.3a). 

10* 
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The other symmetry site is occupied by 2% moleuules, so that two bridged Cl 
atoms are crystallographicaliy different. They must give rise to two lines, 
eaoh of double intensity, taking into account the doubled oooupation of this 
site compared to the site of 2/m symmetry. Four crystallographically non- 
equivalent positions exist in this site, and in mcordanoe with the require- 
ments of eymmetry 91c, are occupied by eight terminal chlorines giving rise to 
four signals, each being twice as intense as the resonances from the bridging 
atoms (Fig. 33b). 

tnMoW<utec oftypen: 

I I I 

7.5 8.0 a.0 f3.5 
Cl v/hHz - 

Figure 3.3 Two types of Nb&l,O molecule in the NhCl, crystal lattice 13511 and 
their hypothetical NQR spectra (a and b); 
c) Hypothetical total Wl apectroscopio pattern for NM& ; 
d) aesumed coincidence of spectroscopic lines to account for the 43 NQR spectrum 
of NbCl,(II) in terms of the structural data [361]. 

The net spectroscopic pattern should therefore consist of three equally 
intense lines from bridging Cl atoms separated far from a group of six lines from 
the terminal Cl atoms, the latter being twice as intense as the signals from 
the bridging Cl atoms (Fig. 3.3~). 

The same struoture was established [351] for NbBr6 and T&Cl, whiah are 
therefore expected to give similar spectroscopic patterns. One can however 
see from Table 3.4 that at lea& two sets of NQR lines have been reported by 
various groups of authors for both NbC& and NbBr, compounds, evidence 
for polymorphism in the dimers discussed. None of the NbC& or NbBr, poly- 
morphs studied have, however, given a halogen NQR spectrum exactly corre- 
sponding to that theoretically predicted. The only compounds which gave spectra 
completely consistent with expectation from X-ray data [3513 wem TaC15 
and TaBr,(II). A similar spectroscopic pattern was observed for an annealed 
R&l, [347], although an unannealed sample of ReCl, gave a Wl NQR spec- 
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trum nominally consistent (in total number of resonauces) with that expeuted 
from X-ray data [352]. 

One could assume however that in the spe&rum of NbCls(II), two pairs 
of ql frequenoies (one containing the two bridging signals from each tspe 
of dimer (2lnt and m) and another pair including the terminal signals from each 
type of dimer) appear a&dentally doinoident (Fig. 3.3d), the coincidence 
existing through the whole temperature range studied (77 -296 K). With this 
assumption, the Ural NQR speotrum of NbCls(I1) qpes with the monoclinic 
structurestudied in't35l-j. The.crystalstructure of Nb&(I) is unknown. Asimilar 
structure according to NC&R (Table 3.4) can be ascribed to TaBr,(I): The 
halogen NQB spectra of NbBr,(I) and TaI, at 77 K are also similar to each 
other, and their structures are probably alosely reIat8d. 

8everal different sets of spectroscopic lines have been reported for MOCI, 
by various authors [141, 347, 348) but no discussion of the correspondence 
between spectra and structure is available. As a whole it is seen, from NQR, 
that the polymorphism of heavy metal pentahalides is a characteristic prop- 
erty of these oompounds. All of the polymorphs seem to have a dimeric struc- 
ture, their NQR spectra showing average frequency values very close to each 
other. w.slBr NQR spectra wer8 observ8d from several samples of TaBrS 
prepared according to the same procedure but showing different multiplicity. 
This varied from 5 to 10, for different sampbs, suggesting the exist8nce of 
two polymorphs (I) and (II) for this compound (Table 3.4), some samples 
containing mixtures in various ratios of constituent. The w**iBr NQR spectra 

of NbBr,(I) and TaBr,(I) [149] were later reinvestigat8d by Edwards and 
McCkley [ 1501 who reproduce the results [ 1491. After measuring the 70.81Br 
spectrum, TaBr,(I) was annealed [150] to measure iti lsiTa spectrum. The 
latt8r, however, corresponds to TaBr,(II) (Table 3.4), conversion TaBr,(I) 
-+ TaBr,(II) presumably occurring with annealing. The halogen frequencies 
of both polymorphs are very near to each other, so that minor variations 
in conditions of preparation may direct the process to formation of either of 
the polymorphs or of their mixtures. The NQR spectrum of NbBr,, reported 
in [l5l], provides evidence for a mixture of polymorphs contaiued in the sample 
studied (Tab18 3.4). The 1SlTa NQR spectrum of TaBrs [f 511 is different from 
that of TaBr,(II) measured at our laboratory and by others [150]. 

We now return to comparing the speotrosoopic patt8rns of transition and 
non-transition metal dimeric halides (Tabl8a 3.1 and 3.4). The most obvious 
difference between them oonsists of the relative positions of the terminal halo- 
gen resonances which appear in transition metal pentahalides at frequenoies 
muoh lower than those assigned to their bridging halogen atoms. In non-tran- 
sition metal halides they were however always higher than the frequencies of 
bridging atoms. The other significant differenoe is seen in the temperatur8 
dependence of the terminal frequencies. While bridging halogen atom frequen- 
cies show a normal temperature dependence in both tspea of dimer, the ter- 
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minal halogen frequencies in tranGtion metal compoun& shift upwarda with 
temperature rise, while in non-transition element dimers, they show a normal 
temperature dependence. 

The explanation for the specific features otirved with tramition element 
compounds lies, of ooun~, in the nature of the frrtnaition metal valence she&. 
The 8 configuration in Tax, and NbX, dimers allows a considerable 
probability of electron tramfer from the halogen valence pS orbit& to the 
vacant d, orbitals of the central atoms. In the frrtmework of the Townes 
and Dailey theory, this means an effective lowering of the resonance frequency, 
due to the decrease in pS, p# orbital populations of the terminal halegens. 
The longer bridging bonds, being presumably a-character, do not differ in 
their spectroscopic behaviour from those in non-transition metal dimem. 

The basJic differences between the spectra, of the two classes of dimeric halide 
are reflected most clearly in an example where the central atoma possess similar 
electronegativity values. 

T (K) Terminal atom Bridging atom 

@Q!Gb (=) ‘II (%) e’QSl/h (_) KJ (%) 

InI, 77 1164.3 1.1 772.26 23.7 
1167.7 0.0 

TaIS 77 468.6 6.1 738.3 33.6 
474.3 6.0 736.6 33.66 

732.9 33.7 

The close similarity in the QCC values observed for the bridging iodine atoms 
in both dimers, is not surprizing in view of the similar electronega;fivities of 
the metal atoms. Evidently the M-I-M bonds have dominantly a-bonding 
chaza&er, the long bridging bond distances C303, 3611 and the departure 
of interbond angles from 180” (they fall within 86 - 111” in all the bridging 
dimers studied) making the formation of multiple bridging bonds unfavoura- 
ble. 

The positive temperature coefficient of the terminal halogen monan- 
in transition meta1 dimers (Table 3.4) is usually considered support for signi- 
ficant pS -d_ chara&er in the appropriate bon&. A weakening of the n-bonds, 
due to thermal vibrations, leads, according to this viewpoint, to an increased 
population of halogen pS orbit& with temperature and hence to an increase 
in resonance frequency. Bince the bridging M-X bonds have insignificant 
Ic-character the temperature behaviour is governed by the Bayer mechanism 
so that negative temperature coefficients are observed. The intensity ratio and 
the sign of the temperature coefficienti c&n be ueed &B criteria for the assignment 
of halogen resonances to bridging or terminal atome in the NC$R spectra of 
trrtnaition metal dimeric compounds [149, 1601. 
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Okubo [362] has attempted to estimate, within the framework of the Townes 
and Dailey theory, the uhemical chara&.eristica of metal-halogen bonds in 
transition metal compounds (Table 3.5). Values of u and z have been cal~u- 

l&ted using the equation i + Q + n = 1; value i was estimated from the elec- 
tronegativity difference of the atom-partners. The reliability of the ionic 
character so estimated is of course not very high, not indeed are the numerical 
values for U- and ~-bonding character. They may, nevertheless, be useful for 
comparing trends in chemical bonding among a series of related compounds. 

Negligible values for the z-character were obtained, as expected, for the 
bridging bonds in pentahalides. The amouut of z-character in the terminal 
Nb-Cl bond was not too different from 5.4% x 6, 6 being the number of 
vacancies in the d, orbitals of the central metal [SSZ]. The value of 5.4% 
per vacancy was aho adopted, on the basis of ESR data [125], for [I&&j+ 
anions. 

B) b) a 
Figure 3.4 The ga=- d, bonda in NbC& illustx&ed for the octahedron NM&. K?l, of 
Fig. 3.3 [3&Z]. The bonding of the bridging Cl, and Cl, atoms with the Nb atom is 
indica;ted by the broken lines. 

a) dxLyl-plBne; b) (d,, + dl,,)/l%~~e; 01 (d,, - d,d/@-p~= 

Assuming a close relationship between the value of the temperature coeffi- 

cient (dv@Z’) and the value of n-character of the corresponding bonds, Okubo 
assigned terminal halogen frequencies to axial (ax) and equatorial (eq) atoms 
(Table 3.5). According to the struotural data (Nb-Cl, = 0.225 nm and 
Nb -Cl,, = 0.230 nm [351]), and geometry of the overlapping n-orb&& 
(Fig. 3.4) the equatirial Nb -Cl bonds should be of higher rr-charaoter than 
the axial bonds. The resonances of the largest temperature coefficient dv/dZ’ 
have therefore been assigned to equatorial halogen atoms. 

The increase in 3E;character of bridging bonds, as the halogen atom is varied 
from Cl to I (Table 3.5) has been attributed [362] to the approach of the central 
metal environment to octahedral symmetry. Octahedral symmetry is asso- 
ciated with the ratio of the stretching force constants for bridging and ter- 
minal bonds 13501 approaching 1. The NQR spectra of several other compounds 
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having dimeria halides as basic structural uniti are shown in Table 3.0. Such 
a structure W&B established for NbOCI, (Fig. 3.6a, [365]) and may acuording 
to NQR data, be suggested for WOOL. NbOBF, ako teems to have a bridging 
dimeric structure but i& spectroscopy differs in detail from the structure of 
NbocI,. NQR and IR spectra [347] are showing that MoOCI, forms dimers 
bridged through two Cl atoma while the oxygens atoma are terminal (Fig. 3.5b). 
It is important to note that oppo&e sign6 for the frequency temperature de- 
pendencee for bridging and terminal halogene have been observed for the 
compounds listed in Table 3.6. 

a) b) cl 

Fignre 3.6 lschematio drawing of atomic arrangement in a) NbOCl, ; b) MoOCll ; 
c) the C&X,P, oore of Cu,X,(PPh,), (X = a, Br, 1) 

Complexes of copper(I) halides with triphenylphosphine were found (13503 
and refs. cited therein) to have a binuclear structure. Two bridging halogen 
atoms in this complex connect with two copper atoms, one having a distorted 
tetrahedral coordination and the other approximately trigonal-planar (Fig. 
3.5~). The decrease in % QCC values from the chloride to theiodide complexes 
was discussed [35O] with the high asymmetry parameters for the bridging Br 
atome, in terms of j9= -ps halogen -copper interactions. Delocalized n-bond- 
ing occur6 along the trigonal-planar ooordination axis of the copper atom by 
mixing of copper 4~~ and 3d,. orbit&. The high 11 values of the EFG on the 
bridging halogen atoms are consistent with a C?u, -X -Cu, interbond angle 
close to 70.5O (according to eqn. (16*) (Table 1.8) q - 1 at 19 = 70.59. 

Dimeric tantalum(II1) and niobium(III) halide adducta b&X,(SC,H,), 
were studied by WI, *iBr, I*71 and *m NQR [354] (Table 3.6) allowing one to 
compare the spectroeoo pit patterns of dimers with central metals in different 
oxidation states, +3 and +5. The diamagnetic dimers with tetrahydrothio- 
phene are related to the metal -metal bonded cofacial octahedral structure 
consisting of two halogen atoms and the sulphur of one tetrahydrothiophene 
ligand bridging between the two metal atoms, while two halogen atoms and 
one tetrahydrothiophene are bound as terminal ligands to each metal [354). 

As the oxidation state of the metal increasee, greater covalency is expected 
in the metal-halogen bonds, and this is consistent with the difference in 
the halogen resonance frequencies in the NQR spectra of Ta,X,(SC,H,), (I) 
(X = CI, Br; Table 3.6) and Ta*X,, (II) (X = Cl, Br; Table 3.4). Higher bridg- 



161 

ing halogen frequencies in (II) than in (I), agreed with the increased covalency 
of the metal -bridging halogen bonds in (II), which are of essentially r_+charac- 

ter. The decrease of the terminal halogen frequencies in (II) as the oxidation 
state of the metal increases is explained by a significant rr-contribution to 
the terminal halide bonding to the metal. Indeed, the u-covalency of the ter- 
minal bond increases as the metal is oxidized but in addition n-bonding will 
also increase. If the total change in n-donation exceeds the +donation change 
upon oxidation, then the resonance frequency will decrease and this is evi- 
dently the case for the terminal halogen frequencies in (I) and (II). The sWb 
NQR coupling constants of the three niobium dimers increase in the order 
Cl -ZZ Br -=z I. This order is consistent with a nearly constant contribution over 
the series to the g8Nb EFG from &-electrons involved in metal-metal bonding 
and decreasing contribution to the net *Wb EEG from d-electrons involved 
in metal-ligand bonding [354]. 

B. CHAIN (RIBBON) POLYMERS 

(i) I-nfide ihdn.8 formed by vadal lhaEkk8 

A large number of polymeric compound5 containing infinite chain5 involve 
products of interaction between antimony trifluoride and alkali metal or 
ammonium halides. 

The majority of the compound5 form anionic chains composed of antimony 

polyhedra having various geometric configurations. The high environmental 
sensitivity of NQR make5 it very effective for the study of these polymers 
(Table 3.7). The correlation between the spectroscopic parameter5 and con- 
figuration of antimony polyhedra enables one to identify the latter in com- 
pound5 of unknown structure. 

Caution should be exercized in that the central atom (Sb) QCC and q values 

vary within groups of similar coordination geometry, depending on variation5 
in bond lengths, valence angles, electric charges on atom5, cation contribution5, 
etc. Comparison of the spectrtlscopic parameters and available structure data 
lead5 however to definite limit5 in variation5 of N&R parameters within series 
of coordination groups of the same type. 

Coordination polyhedra in these complexes have more or less rigid geometries, 

so that the spectroscopic parameter5 for a given coordination unit might be 
characteristic for a series of compound5 which might contain these units. 

Now let u8 compare the lsl*lWb NQR [340 3 and X-ray data [367] for KSb,F,. 
Cry5tala of the latter contain Sb coordination polyhedra of two types ~-o&a- 
hedra (I) and trigonal q-bipyramids (II) (Fig. 3.6). The bridging Sb(1) -F 
bond5 are much longer than all other bonds in the octahedra (I). For this reason 
the coordination polyhedra (I) are considered[367] a5 isolated p-tetrahedra 
(or SbF, groups). In agreement with structural data, the NQR spectrum of 

11 Bnehev, I‘TQR 
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TABLE 3.7 

IflJWb NQR data for antimonytrifluoride comp1exee with alkali metA hslidea at 77K 

E340j 

Compound Re8onancetra.ktionfrequem3ies(MHs) ewe t-1 9 (%I 
-- 

l=Sb =Sb l=Sb l=Sb 

l/2---3/2 312-512 l/2-3/2 3/2-5/2 5j2-7/2 

8bFa 

=sF, (I) Z:E 
(II) 83.14 

KSbclF, 79.78 
RbSb,F, (I) 79.99 

(II) 82.37 
RbSb,CWe (I) 79.89 

(II).82.40 
NH.Sb%F, (I) 79.93 

(II) 80.94 

mb,p, 79.42 

Mb&W (f) 79.44 
(II) 82.08 

wb.Fis (I) 79.47 
(II) 83.12 

N&b,& SO.31 
NarSbF, 78.81 
NaBbClF,.H,O 73.16 
KSbF, (I) 73.25 

(II) 78.29 
(III) 78.85 
(Iv) 82.76 

RbSbF, 80.71 
RbSbClE', 80.41 
CBSbF, (I) 76.38 

(II) 79.02 
CsSbCIFs 76.18 
NH,SbF4 (I) 75.28 

(II) 80.01 
NH,SbClE‘, 78.03 
NH,Sb,F,, (I) 76.93 

(II) 81.01 
KSbF, (1) 

(W 

a) Frequencies reported earlier 13661; b)the data reported independently in[366]. 

16O.W) 49.17 
158.5 49.48 
165.0 51.16 
158.9 49.15 
157.6 49.68 
163.2 50.96 
167.8 49.60 
163.2 50.96 
169.1 48.97 
161.3 49.63 
154.9 50.44 
155.0 50.44 

156.1 50.44 
163.1 62.26 
160.3 48.92 
144.6 64.75 
143.6 46.13 
139.2 43.69 
154.3 48.90 
150.6 61.73 
165.1 50.44 
169.9 49.94 
159.5 49.27 
162.4 48.60 
166.8 43.70 
150.4 46.77 
148.9 46.61 
168.9 48.98 
155.7 47.67 
149.8 47.47 
160.7 49.89 

97.W) 
95.90 
100.08 
Q5.92 
95.54 
98.88 
96.53 
98.84 
96.53 
97.65 
93.56 
93.54 
105.08 
93.55 
98.50 
97.33 
86.05 
86.56 
83.33 
93.58 
90.47 
100.09 
96.76 
97.00 
92.48 
96.02 
91.22 
90.17 
96.43 
94.46 
90.97 
97.26 

146.69 538.7 684.2b) 4.3b) 
144.32 529.1 674.1b) 8.P) 
150.51 550.8 702.6b) 7.3y 
144.22 530.1 674.1s) 7.2y 
143.97 526.1 672.5 9.8 
148.77 544.8 694.9 8.6 
143.90 527.2 672.1 9.7 
148.80 544.8 694.7 8.7 
145.02 530.8 677.0 6.9 
146.67 538.0 684.9 6.3 
141.55 518.6 661.8 13.8 
141.56 618.6 660.9 14.3 

141.53 619.0 661.6 13.8 
148.80 546.3 696.2 12.2 
146.06 634.7 681.7 3.6 
132.50 488.6 622.8 26.8 
130.78 479.8 611.2 12.7 
127.33 467.8 696.2 20.7 
141.05 617.0 669.0 10.4 
137.81 506.4 644.4 19.4 
150.27 650.2 701.3 4.4 
146.62 533.9 680.2 8.8 
146.90 633.8 679.2 7.9 
138.86 508.4 648.1 4.3 
142.70 623.3 667.1 7.7 
136.90 501.2 638.9 2.8 
135.65 497.3 633.9 9.0 
144.92 630.3 676.4 6.2 
141.80 619.3 661.9 4.0 
137.12 500.4 640.4 10.3 
146.33 636.4 683.2 7.9 

668.6?J) 4.9b) 
701.6b) 6.0b) 
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KSbp, chows two type8 of Sb atom (Table 3.7). It ie i.nbreating that the anti- 
mony QCC and q values of the oomplex KCl- 8bFs (KSbCIFs) coinoide 
almost emwtly tith the Sb(1) QCC and 7 of KSb,F,, which shows that SbF, 
uniti of the p-tetrahedral configuration with closely eimilar geometry, are 
present in both oomplexes. AB in E&F,, these unite in KSbCW~ &FB only 
weakly bound info polymer chains through halogen bridges which however, 
involve in the latter c&Be, the chlorine atoms. This suggestion was later oon- 
firmed by X-ray analysis [3713. 

B’igure 3.6 Anionic chains in KSb*F, [367]. 

l Sb;OF. 

The close similarity of the antimony &cc values for SbFs units observed 
in the two cornpOunds, confirma the assignment of KSb,F, spectroecopic 
parameters to the groups (I) and (II) (Table 3.7). It also explained why the 
replacement of F atoms with Cl atoms had no marked effect on the antimony 
specti in the respective coordination units. The chlorine bridges ---F,Sb.--Cl- 
. ..F,sb.. . being, as in HSb,F,, of essentially ionic nature, produce, similarly 
to the fluorine bridges in the latter compound, a purely electrostatic contri- 
bution to the EFC at the Sb site. The Wl N&R frequenciee then evidently fall 
info a low-frequency range, where the spectrometer used W&B not sufficiently 
effective to detect them. 

According to the l~JnsSb N&R data selected from Table 3.7 and hated below, 
the following compounda may also contain, p-tetrahedral SbF, groups linked 
to adjacent coordination polyhedra by two long bridging bonds. 

=bsF, (1) 674.1 8.7 
KBbClF~ 674.1 7.2 
Rb=sF, (1) 672.6 9.8 
RbSb&.lF~ (I) 672.1 9.7 
NRaSb,F, (1) 677.0 6.9 
NH,SbF, (II) 676.4 6.2 

Trigonal ~-pyramidal groups similar to Sb(II) polyhedra in HSbp, seem 
also to be present in RbSbp,, RbSb,ClF~, KSbF& and CsSb~F,,. The correspond- 
ing 1-b QCC valuee fall in the range 695 -703 MHZ. The NQR data there- 

11' 
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fore suggest that the complex RbSb,F, has a similar structure to KSbp,. 
For the componding chlorofluoro derivative RbSb,ClF,( 2SbF, . RbCl), NQR 
shows practically no difference in the nearest environment of each Sb atim. 
The latter structure may contain alternating chloro and fluoro bridges between 
Sb(I) and Sb(I1) polyhedra. The corresponding bonds are expected to be rather 
weak to explain the nearly identical EFG on Sb in the fluoro and chlorofluoro 
complexes. Note that RbSb,F, is isostructural [369] to NII,Sb,F, which does 
not contradict NQR data (Table 3.7). 

X-ray data [3683 for the complex CsSb,F, ahow it in dimeric, containing two 
identical trigonal ‘y = bipyramids (Fig. 3.7). In agreement, I3681 the lal*lWb 

Figure 3.7 Atomic arrangement in the anionic part of CsSb*F, 13683. 

.Sb;OF. 

NQR spectra show that all the Sb occupy equivalent positions. Comparison 
of these results with the NQR spectrum of CsSb,F,, (4SbF, - CsF) (Table 3.7) 
shows that one Sb atom (Sb(1)) in the latter, has the same neare& environment 
configuration &s in CaSb,F,. The Sb atoms of the second sort, as suggested 
above, have the oy-bipyramidal configuration similar to the Sb(I1) polyhedra 
in KSb,F,. Thus the net structure of [Sb,F,,]- ion is built up of dimerized 
[Sb,F,]- anions as shown in Figure 3.8. Based on NQJR data (Table 3.7) the 
neare& coordination environment of antimony in NHdSbCIF, ia very similar 
to that in CsSb,F,. 

The antimony QCC values for NaSbrF,, RbSbF* and RbSbClF, do not 
differ significantly from that for pure SbF,. The anionic chaine of the two latter 
compounds are suggested to contain SbF, units weakly bridged through 
halogen anion (F- or Cl-) while in NaSb*F, the SbF, groups might be very 
weakly dimerized through Sb - - -F l - Sb bridges. 

The ~~~***Sb NQR data for CeSbF+, and CsSbClE, suggest antimony environ- 
ment patterns different from those discussed until now. 

Indeed, the X-ray data have become available which show that CWbE; 
possesses a dimeric structure [379J built up of two crystallographically differ- 
ent SbF, groups (Table 3.7) asymmetrically bridged by two fluorine atoms. 

Figure 3.8 Assumed atomic arrangement in the anionic part of CaSb,Fl~ (eee text) 

l Sb;OF. 
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The crystal structure of CsSbClF, consists of quadrinuclear [Sb4C14F‘,,]4- 

isolated complexes forming layers [380]. The anionic complexes are built 
of SbF, groups linked by chlorine bridges. 

Different sets of NQR l*i~l~Sb frequencies have been detected for KSbF, 
by two groups [340,306] (Table 3.7) neither, however, looking quite consistent 
with the X-ray data [370]. According to the latter, the KSbF4 anionic frag- 

ment contains only SbF, ly-octahedra linked into [Sb,F,,r- rings. 
Therefore N&R data, in addition to X-ray data, do distinguish between 

the variety of configurations formed by antimony polyhedra in SbF,. zMIha1 
complexes. The majority form anionic chains composed of y-octahedra, tri- 
gonal v-bipyramids and SbE‘, groups (p-tetrahedra). The other form dimers 
bridged by either one or two halogen atoms or multinuclear anionic complexes. 

In general, the N&R data are useful to provide insight into the crystallo- 

chemical features of the polymers. They may also serve as a bad for the struc- 
tural predictions. The latter are, however, more reliable if, in a series of closely 
related compounds, some members are previously studied by X-ray methods. 

Table 3.8 contains NQR data for some other metal halides having infinite 
chain structures. Some, such as ZrX, (HfX,), contain both bridging and ter- 
minal halogen atoms, while others, like MO&J, (M = MO, Cr , W), have either 
terminal halogens only, the chains being formed by the metal -oxygen bonds, 
or only bridging halogen atoms, like HgX, (X = Cl, Br, I). The NQR spectra 
readily reflect these features. 

The ZrCl, (HfCl,) compounds are known [385] to form chains made up from 
MCI, octahedra sharing edges. The intensity ratio of terminal-to-bridging 
resonances are expected to be 1: 1, consistent with the NQR data (Table 3.8). 
The latter also give a reason to suggest a similar structure for ZrBr, (HfBr,). 
The X-ray data for ZrI, [386] and Hf14 [387] show that both compounds 
consist of infinite chains of MI, octahedra sharing non-opposite edges. The 
chains however differ from each other and from the chains in the ZrCl, struc- 
ture. A helical arrangement of ZrI, octahedra results in an identity period 
of 6 octahedra in ZrI,. In ZrCl, this period equals 2 octahedra .and in HfI, 
it is 4 units (Fig. 3.9). X-ray [386, 3871 and the NQR data (Table 3.8) show that 
both types of iodine atoms, terminal and bridging, are crystallographically 
inequivalent in the tetraiodide compounds. However more complicated m*81Br 

and Is71 NQR spectra have been observed [376], those listed in Table 3.8 ev- 
idence for the presence of several polymorphs in thesamples studied. The 1871 
NQR spectra in Table 3.8 therefore give average frequency values. Rhombic 
and tetragonal modifications have been identified 13761 in the X-ray powder 
patterns of the ZrI, samples, but their NQR lines are not assigned. X-ray 
analysis [386] determined the structure of ZrI, as monoclinic with apace 
group P2/c. 

The spectroscopic patterns of zirconium (hafnium) tetrahalides all have 
characteristic features discussed above for the transition metal bridging halides. 
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The adpment of resonance lines to bridging and terminal atoms has been 
made based on the same arguments. The bridging halogen atoms showed 
resonances at relatively higher frequencies with negative femperature coeffi- 
cients. The lower frequency lines, with positive temperature coefficGenfs, are 
assigned to the tern&al halogen atoms. The suggestion concerning considera- 
ble (p --d), character in the terminal M-X bonds, in transition metal halides 
with the vacant d-orbit&, is supported by the high asymmetry parameter 
magnitudes (q) measured at the terminal iodine atoms in both zirconium and 
hafnium tetraiodides (Table 3.8). 

Figure 3.9 Linkage of octahedra. to chains: a) in ZrCl, [385]; b) identity periods 
are shown in the arrangement of Zrhal, octahedra in Zrhal, crystals [386-3871. 

The reverse frequency ordering is found in N&R spectra of transition metal 

complexes with filled d-s&shells. The terminal halogen frequencies in the 
mercury chain compounds KHgI, - H,O and (CH,),NHgI,, built up from HgI, 
tetrahedra sharing vertices [388, 3891 exceed their bridging ;atoms frequencies. 

The NQR spectra of PtCI,, PdCl,, HgX, and CuX, show only bridging halo- 
gens in agreement with their structures consisting of infinite chains of edge- 
sharing tetrahedra [MXJB-. A similar type of atomic srrangement (HgI,-type 
structure) has been established for y-ZnCl, [390, 3911. The halogen environ- 
ment in ZnBr, and ZnI, (Table 3.8) is not very different from the Cl atom envi- 
ronment in the ZnCl, [381]. This suggestion agrees with X-ray data [392] for 
ZnI,. 

The SnCl, structure [393] is known to consist of @n-Cl]_, chains running 
along the c-axis. One more Cl atom (terminal) is bound to each Sn atom. The 
NQR spectra of SnCl,, SnBr, and PbBr, are consistent with this structure 

(Table 3.8). 
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Group V non-transition element chalcogenides of the composition &Bs such 
as AssB, (B = S, Se, Te); Sb&3, (B = S, Se) and B&S, are known [394 -4011 
to be coordination polymers (chains, ribbons) built up of two crystallochemically 
different coordination polyhedra. While one of them (say, formed by AI) 
is a regular or slightly distorted trigonal pyramid AB,, the other (formed by 

An) has lower symmetry due to the tendency of the Am atoms to make secon- 
dary bonds with the chalcogen atoms of neighbouring polyhedra. The sche- 
matic arrangement of ribbons which is fairly close to the real structural patterns 

of Sb,B, and Bias, is given in Figure 3.10. 

Figure 3.10 Atomic arrangement in Sb& [442] 

oSb;CS. 

The crystal structure of SbsS, (antimonite) [394, 3951 consists of infinite 

ribbons (Sb,S,), p arallel to the c axis, which are only weakly linked together. 
The ribbon is built up from two types of chains, the middle part consisting 
of the SbnS, coordination polyhedra. On both sides of these chains, there are 
Sb%, polyhedra, (Fig. 3.10). The SbI atoms are therefore in a trigonal pyramidal 
environment while the configuration of the SbrrSs polyhedra is a distorted 
square pyramid. The Sbn atom has, in addition to the three sulphur atoms 

at distances of 0.249 and 0.268 nm, two more separatid S atoms (Sb-S 
= 0.282 nm), the latter distance however being shorter than the sum of the 
van der Waals radii. Such a geometry favours the suggestion that the anti- 
mony lone pair electrons occupy the sixth octahedral place of the Sb%, 
polyhedron. A 0.012 nm displacement of the Sbu atom downwards from the 
pyramid bottom is explained by repulsion between the Sbn lone pair of elec- 
trons and the valence bond electron pairs [394, 402). For the same reason, 
some of the bond angles at the Sbn atom are narrowed from 90°. The SW 
polyhedron is considered to be a distorted vctahedron. This is consistent 
with the decrease in lsl.msSb QCC value for the Sbn atom compared to that 

for SbI (Table 3.9). 
Other AaBs (A = Sb, Bi) compounds listed in Table 3.9 show similar struc- 

tural features, and the crystallographic differences between the two coordina- 
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TABLE 3.9 

NQR spectra of Qroup V element binary polymerio chaloogeuides 

T (EC) Isotope, Trausition frequeuoiee (MHz) e%?dh 7 (%I Ref. 
site 

I/2-3/2 3/24;/2 8;/2-712 7/2-g/2 
(=W 

Sb&$, 77 

Sb,Sq, 77 

B&S, 77 

Ad% 300 

J&%3 77 

Aa,Te, 300 

47.71 96.41 
28.96 67.90 
42.98 73.29 
32.27 43.13 

QQ.36 
26.93 
40.99 
30.84 

40.91 
24.83 
34.98 
27.02 

88.69 
63.86 
69.59 
40.99 

81.78 
49.68 
67.73 
33.92 

38.07 76.09 
23.10 46,lO 
33.10 64.51 
28.44 31.94 

14.25 28.29 
21.W 14.73 

71.92 
69.53 

60.2lS 
66.07 

41.12 

36.86 

67.45 

80.86 

64.19 

74.61 

63.30 

69.17 

60.20 

42.26 
16.32 

318.0 
4OS.4 0.8 
250.7 
319.4 37.7 

296.6 
376.9 2.0 
238.3 
303.8 38.3 

272.7 
347.0 0.0 
198.6 
263.3 41.8 

253.7 
327.8 0.9 
187.7 
238.4 41.9 

86.63 339.6 3.0 
23.77 162.76 88.9 

141.1 34.3 
138.9 37.4 

407 

tion groups in every compound, are clearly reflected in their NQR epe~~tra. 
In Sb,S,, the participation of Sb* atoms in seoonclary bonding resulte in a de- 
crease of the corresponding &&/A value by 21% from that of SW, while the 
asymmetry parameter increases from 0.8 to 37.7% passing from SbI to HP. 
The splitting amounts to 27% in Sb&e, indicakive of a still greater difference 
between the two types of Sb afoms. In the spectrum of Bi#, the two $OgBi 
eqq/h values differ by tiGo/O. The X-my data [397] show that Bi@, features 
in fact, the greate& structural difference between the (I) and (II) unifs of all 
the A&, compounds studied. 
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X-ray data on amen& &alcogenides As& [398-4011 show them to h&e 
orystallochemical features similar to thoee of Sb,B, and Bi& Their ‘&As NQR 
spectra are alao given in Table 3.9. By analogy with the antimony and bismuth 
compounds, the higher 7sb NQR frequencies are assigned to the Ae’ sites of 
relatively higher symmetry, while the lower frequency linea were assigned 
to AEP sites characte rized by higher coordination number. In agreement 
with the structural differences between the AsI and Aen polyhedra increasing 
from A#, to As,Te, [398-401) the N&R Bpednwcopio splitting in- 
from As&$ to AI@+. In the Aa,Te, structure [a013 the tendency to increa~ 
the coordination number is shown by the AB* atoms wbioh form an octahedral 
configuration. This may probably be the remon for the failure to observe the 
AEI~ monance in the 7bb NQ,R spectrum of AsaTeS [407]. 

Comparison of struotural and NQR data for binary chalcogenides &B, 
shows that the NQR sptxtra distinctly reflect the ability of the A= elemente to 
form secondary bon& with chalcogen atone thurr increasing their coordination 
number. The shift of the An &CC value to lower frequency with respect to 
that of Ax may mrve = a measure of this ability. According to the NQR reeult~ 
(Table 3.9) the An atoms show a tendency which grows with an increase in 
atomic radii of both, A and B atoms, to form secondary bonds aeoompanied 
by the increase of their coordination number. This is confirmed by the increas- 
ing N&R spectroscopic splitting along the As@,-As&,-As,Te, direction 
and by X-ray data [398 -4011 which reveal the increasing structural differenoe 
between the AsI and A@ polyhedra in the same direction. A similar increa~ 
in spectroscopic eplitting has been observed, conkstent with the X-ray results 
[394-3971, between the QCC values at the AI and An sites, in the series 
A@,-Sb,S,-B&S, (Table 3.9). This tendency might pmsibly be responsible 
for the crystallization of Sb,Te,, B&Se, and Si,T% in different structural 
types. They are known to form layer lattices, with the A atoms residing in 
octplhedral sites [408]- 

.Table 3.10 shows the NQR spectra of ternary chakogenidea. Many of them 
exist as na;tural minerah whose structures are built up from variou~~ polymeric 
patterns. The AB, trigonal pyramids are established = basic structural uniti 
in the majority of minerals. In Cu, Ag and Tl salts of metathioa;rsenous HA& 
(metathioantimono~ HSbS,) acid the AB, pyramidal groups are bound to 
(AR,), rings or infinite chati (AB,), through sulphur bridges. Smithite 
AgAsS, 14311, lorandite TM&, [432], and miargyrite AgSbS, [433] may 
serve as examples. Wolfsbergite CuSbS, contains double layem of (SbS,), 
chains linked through Cu atome tetrahedrally bound to sulphur atoms [434]. 
The spectroscopic analogies (Table 3.10) enable one to predict similar structurea 
for Borne related compounds with unknown &ructures [410] : CuSbS, -C&b&; 

Ag&S, -Ag&Se* ; Tl,SbS, -TlabSe, ; Tl&S, -Tl&Se, --Tl,SbSe,. 
The pyramidal AR, configuration is ako typical for the chalcogeniti of 

R&B3 composition (R = Cu, Ag, Tl; A = As, Sb, Bi; B = S, Se [410] and 
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TABLE 3.10 

76As, lfiSb and -Bi N&R spectra of ternary Group V element chalcogenides at 77 K 

Compound @Qcrlh ? (%) Ref. Compound Y (MHz) Ref. 

(M=) 

Aglm&l 
PSrargyrite 
&kJbS, 
Cu.Bi& 
wittichenite 

afibS, 

332.3 0.0 409 AgSAs;Q6 
proustite 

Agz&Se, 

67.34 

344.9 
644.1 

10.0 
17.6 

413 
416 

64.02 436,410 

346.8 0.0 410 68.93 410 

68.82 411 TlabSe, 
Na#bSI) 
CuSbSr* 
wolfsbergi te 
CuSbSe~ 

Ag8b& 
msargsrite 
TlSbS, 

266.3 0.0 410 
367.9 0.0 419 
379.3 1.6 412 

324.7 2.0 410 
321.8 34.0 417 AgA4 

smithite 
TIASS, 
lorandi te 
!l’lAsSe, 

67.99 ; 68.66 436, 414 
71.64 
81.14 411 
84.12 
64.00 411 
66.67 

304.6 64.6 
392.3 66.3 
361.8 10.7 

416 

&I@~4 

stephElnite 

l/2-3/2 3/2--b/? 

LiSbS, 86.16 89.62 336.4 93.8 436, 418 
a-NaSb& 92.29 99.84 371.1 90.7 419,436 
I=b& 98.16 108.84 493.3 87.6 436, 418 
RbSb& (I) 89.17 116.43 416.2 69.8 436,418 

(II) 102.93 119.24 438.1 82.6 
KS-2 (1) 77.92 96.19 349.1 76.3 436,418 

(W 90.91 96.40 367.3 94.1 

refis. cited therein). The stibility of this configuration is reflected in & relatively 
small scatter of QCC values over the compounds listed. The NQR spectra, of 
chalcogenides containing regular AX, pyramids, with the central atom A 
located at the lattice site of point group symmetry 3m, show a zero asym- 
metry parameter (Table 3.10). 

The Townes and Dailey approach [96] yields, after trivial transformations 
of equations (24*), (26*) of Table 1.8, relationships for the pyramidally coordi- 
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nated Group V atoms 

Z.7, = -3(b - a) ~ ‘OS dL = (b 
- CO8 oc 

- a) (1 - 2 cots 0) (101) 

Here a is the occupation number of the central atom MO occupied by a lone 
pair of electrons, b is the occupancy of the MO directed to the three chalcogen 
atoms, oc is the B -A -B angle, 8 is the angle between the z axis and the direc- 
tion of the AB bond (Fig. 3 in Table 1.8). If the lone pair of electrons is stereo- 
chemically inactive (b = 2), the equation (101) becomes 

u, = -l 3:-_ (1 + i) W-w 

where i is the AB bond ionicity. 
From equation (lO2), the QCC value at the AB, central atom is mainly 

determined by the geometry of this group and the ionic character of the AB 
bonding. 

However these factors do not completely explain the variations in the experi- 
mental magnitudes of the arsenic or antimony QCC in the compounds dis- 
cussed. The estimation of angular terms of equation (102) in the two structurally 

studied compounds, pyrargyrite AgsSbS, (a = 96” 20’, Sb -S = 0.246 nm 
[3183) and stephanite Ag,SbS, (oci = 93-B*; as = 94.5O; Sb -S,(2) = 0.247 nm; 
Sb-S, = 0.248 nm [346]) leads to the conclusion that the observed difference 
in the lsi*lWb esQq/h magnitudes in these compounds is fitted by at least a 
45% difference in the Sb -S bond ionicitizs. This does not seem reasonable 

considering the nearly identical Sb - S bond distances which are close to the 

sum of their covalent radii (0.245 nm) in both compounds. A partial reason 
for the discrepancy might be an incorrect use of the Tonnes and Dailey approauh 
which requires the pyramidal groups to be isolated, while they are not in the 
real structures. The other reason may lie in the stereochemical activity of the 
arsenic (antimony) lone pair of electrons [435] which means b < 2 in equation 
(101). The polarization effects due to the presence of metal atoms (Cu, Ag, Tl) 
also contribute to the EFG at the As (Sb) atom. 

The electron density distribution in several antimony and arsenic chalco- 
genides (As&JbS*, Ag,SbS,, CuSbS,, AgsAsS,) were calculated within the MO 
LCAO CNDO approximations [436]. Partial delocalization of the antimony 
and arsenic lone pair electrons over the antibonding sulphur orbitals was 
postulated. The results show that delocalization of this type has a marked effect 
on the EFG value at the Sb atom and has to be considered when interpreting 
N&R spectra. It is worthwhile mentioning that satisfactory agreement between 
the theoretical and experimental eqq/A values may be achieved merely by 
taking into consideration the delocalization effect, although a more rigorous 
treatment, of course, requires total energy minimization over all the Pauling’s 
A0 coefficients in the expansion of the Hartree-Fock one-electron orbitals. 
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The idea of the ~io.ips&ion of lone pair eleotrons in uhem.i~A bonding find,s 
support in some ab initio o&ul&ions [104a, 437] which show that the tradi- 
tional view, according to which the lone pairs occupy non-bonding orbit& 
on halogen, nitrogen, eta. atoms is often not justified. 

The other type of Sb atom environment established in ternary &aloogenid.es 
is SbB,-tp-trigonal bipyramid. This was detected in TlSbS, [433] and in several 
compounds of the same composition (RSbB,) with alkali metal atoms for 
R : a-NaSbS, [439, 4801, KSbSe, [439], KSbS, [440], and RbSbS, [441]. 
Their lalSb NQR speatra &re listed in Table 3.10. The a=Sb NQR signals were 
also observed in all the compounds shown in Table 3.10. 

Figure 3.11 1Wb QCC values in RShS, vs alkali metal ionic radii (R+l). 

In the series LiSbS,, cc-N&lb& KSbS, and RbSbS, (Sb(1)) the antimony 
QCC values increase almost linearly with the alkali metal ionic radii (R+) 
(Fig. 3.11) thus reflecting the cation influence on the Sb QCC. Bearing in mind 
that the alkali atom electronegativity decreases in the series Li > Na, > K 
> Rb with increase of their ionic radii one can expect &n increase in the effec- 
tive positive charge on the alkali atoms in the same direction. The influence 
of cations on the Sb e%&/7s may then be attributed to increasing Sb-S bond 
ionicities along the series, which is followed by an increase in the Sb QCC 
(eqn, (102)). Extrapolation of the stiaight line in Figure 3.11 to intirsection 
with the ordinate a.xis, gives an eS&q]h value near that observed for Sb(1) 
in Sb,S, (Table 3.9). 

X-ray data on RbSbS, [441] give 4 types of crystallographically independent 
positions for the Sb atoms in the crystal, while the NQR detected only two, 
with the sign&l-to-noise ratio of resonances exceeding 50 [418, 435). Some of 
the compounds appeared to partially decompose with time although stored 

in sealed ampoules. Thus, in the NQR spectrum of a-NsSbS,, Sb,S, resonances, 
which were formerly absent, appeared with time. Resonances in CsSbS,, 
which became observable after prolonged homogenizing and anne&ing, van- 
ished again sfter several months, and did not appear after repeated annealing. 
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This instability gives some resson to suppose that the structure of RbSbSs 
changes with the loss of some symmetry elements, under the action of X-rays. 

In gener&l, chaloogenides of type RAXs, where R is an alkali metal atom, 
show orystallo~hemioal properties similar to those of other ternary chalcoge- 
nides of the same composition. Their structures become more complioa;ted ss 
the radii of the constituent atoms increase. The spectrosoopio multiplicity 
shows two ~rystallographically independent positions for the Sb atoms in RbSbS, 
and KSbSe% while 8$1 the Sb akuns are equivalent in LiSbS,, a-NaSbS, and 
KSbS,. The NQR spectrum of CsSbS, detected four inequivalent Sb atoms. 
The magnitudes of their =Sb &CC and q v&lues, &re &s follows: (I) 293.8MHz, 

rl = 47.7%; (II) 33&4n!IHz, T&? = 36.q~; (III) 449.1B!rEIs, Pj = 38.5*h; 
(IV) 482.OkfHz:, q = 35.8%. 
NC&R results for tern&ry ch&lcogenides are &s a whole, in satisfsctory agree- 

ment with the X-ray d&t& &v&il&ble. They &lso supply tiditional crystsllo- 
chemical inform&tion. The NQR spectra of the compounds (T&ble 3.10) in&- 
c&e that the EFG at &rsenic (antimony) &toms does not vary consider&bly 
within the coordination polyhedr& of similar types. The same is seemingly 
v&lid for the &ver&ge bonding stske within the polyhedra, although the cryst&l 
structures of the compounds m&y differ considerably in detail. 

The NQR d&t& suggest, as indic&ted above, the p&rticip&tion of antimony 
(srsenic) lone pairs in chemical bonding. This is &greed with the structure d&t& 
&v&ilable. X-r&y d&ta for TlAsS, [432], for ex&mple, show shortened As-S 
bond distances in both types of Ass, coordination polyhedra They &re 0.2 15 and 
0.216 nm in Ass,(I) &nd 0.205 nm in AsS,(II) which is shorter than the sum of the 
corresponding covalent radii (0.220 run). The antimony lone pair of electrons 
is also stereochemically active in TlSbS, 1438-J. 

This lone p&ir activity evidently enh&nces the valence potenti&lities of the 
antimony (&rsenic) atoms. Their valence resources c&n then be enhanced by 
the formation of secondary bonds and hence by an incresse in coordin&tion 
number. Such &n increase w&s established in myargyrite AgSbS, [433] and 
smithite AgAsS, [431 J. Their sntimony (&rsenic) atoms possess, in sddition 
to the three nertrest neighbour sulphur atoms, three next neighbour sulphur 
&toms &t distsnces shorter th&n the sum of v&n der Waals radii. This is m- 
fleeted in lower Sb (As) NQR frequencies in their spectra, compared to the 
spectr& of other compounds h&ving the s&me composition (T&ble 3.10). 

C. COMFOUNDS WITH LAYER STRUCTURE 

Substances which form layer Mtices include crystals of diverse structural 
types, Some, such 88 perovskite compounds, “s&ndwiches” or other double 
oxides possess valuable physic&l properties. We shall discuss here compounds 
which have been most extensively studied by NQR. 
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The most numerous family of “sandwich” compounds is formed by the halides 
of non-transition and transition metal in oxidation at&es +2 and +3. The 
metals are often located in an octahedral environment of halogen atoms. The 
arrangement of the latter (as well = of metal atoms) is a planar network formed 
by alternating sheets of coplanar atoms of the same sort. As a result metal 
layers and pairs of halogen atom layers, form a %andwicb” structure 1442-J. A 
simplified scheme for such a “sandwich” atomic arrangement, in metal dihalide 
crystals is shown in Fig. 3.12. The halogen atoms are seen to be tri-coordinate. 

Figure 3.12 Spatial arrangement of the atoms in layer metal dihalides [442j. The 
orientation of the EMT axes at the halogen site is shown. 

0 metal atoms; 0 halogen atoms. 

The real structures of metal dihalides may, of course, be much more compli- 
cated in detail, with higher coordination numbers for all the atoms, due to 
various packing patterns. The crystal structure of SrBr, [451] contains, for 
example, 10 formula unifs in the unit cell of tetragonal symmetry Pd/rr with 
four inequivalent bromine positions. Two are tetrahedrally coordinated by 
equivalent Sr atoms producing a vanishing EFG at these Br atoms. This might 
explain the failure to observe their N&R signals in the spectrum of SrBr, 

[449] (Table 3.11). 
The structural types CdC& and Cd& are, however, satisfactorily described 

by the scheme in Fig. 3.12. 
Table 3.11 listi NQR spectra for metal dihalides and their hydrates. The 

halogen NQR frequencies are remarkably low in these compounds. In hydrated 
substances, water molecules readily enter the metal inner coordination sphere 
to increase the halogen atom asymmetry parameter (7). Their crystals retain, 
as a rule the layer structure. Thus in BaBr, - 2H,O [45O] the Ba(H,O),- and 
Br- columns extend along the c-axis. Each Br atom is linked with three Ba(H,O)B 
groups and has one Ba atom and two water molecules in its nearest environ- 
ment. Both metal and halogen atoms oacupy crystallographically equivalent 
positions in the crystal lattice of the compound. From the close resemblance 
of the N&R spectra for BaBr, + 2H,O and Ball - 2H,O the two compounds 
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TABLE 3.11 

NQR data on layer metal dihalides end hydrated compounda 

Compound Ieotope T(K) Y (MHz) @Q@ q (%) @QM(l - y=) Ref. 
(=) ionic 

l/2-3/2 3/2--612 (‘KR&) 

CkBr& *lBr 
CsBr% . HSOb) 81Br 
c.!lSI* * 6 H*O 1m1 
&Bra”) SlBr 

SrBr% - HIOb) 81Br 
&I*. 6H*O x=1 
B&?l, - 2 HgO =‘Ba 
BtsBr, 81Br 

BaBr, . H,O 81Br 
BaBr, - 2 Ho0 81Br 

1a7-J3& 

B& - 2Ha0 Is71 
13’Ba 

CdBr, 81Br 

aI, la71 

PbBr, 81Br 

77 32.88 
77 16.83 
77 15.62 
77 i8.93 

14.88 
77 13.98 
77 24.82 

300 16.303 
77 21.73 

12.19 
77 10.12 
77 3.82 
77 26.83 

300 10.23 
24.46 

297 14.34 
297 14.49 

14.79 
298 17.39 

26.15 
77 17.16 

4.17 
8.62 

4.2 2.62 
76 6.2 
77 
77 2.37 

27.97 94.81 29.6 

48.79 163.04 11.7 
29.78 77.14 

16.34 
44.8 73.0 
63.7 63.2 

29.02 
29.47 

26.68 0.0 
96.6 0.0 
98.6 0.0 

34.6 116.6 0.0 
8.34 0.0 

17.04 0.0 

9.866 44.0 
6.6O8 8.0 

18.96r) 

449 
449 

449 

449 

443a,b 

446 

6.9 447 
7.17 447 

384 

448 
447 
447 

0.11 467 

469 
0.24 470 

8) Data [447] on enhydrous compound; 
b) recalculated from the data on mBr sccording to e&(TgBr)/eQ(*lBr) = 1.197 1. 

appear ,to be iso&ructural[446-J. B&4 - 2H,0 has a different stru&ure ([446l 
and r&s. cited therein) with two typea of Cl position and a different ooordi- 
nation environment of Ba atoms, but it remaine l&yened. 

Only one halogen N&R Ggnal was observed in SrBrs - J&O [449] but the 
X-ray analysis [462] establkhed two tspee of Br atom in the crystal. A similar 
&u&ion was reported [4&S] for BaBr* - -0. The probable reaeon for the dis- 
crepancy of the da&a on SrBr, - -0 might be the effect on the environment 
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of one of the Br atoms of 3 Sr atoms and one 0 atom at nearly identical distances 
(0.331-0.332 nm) producing, as in anhydrous SrBr,, a close to zero EFG at 
this Br atom. 

Table 3.11 shows a remarkable variation in the N&a parameters with the 
number of water molecules in the crystalhydrates. 

The coordination polyhedra in Figure 3.12 present the arrangement of 
atoms in metal dihalides where all the edges are ah&red. In metal trihalides 

(Fig. 3.13) only three edges are shared and halogen atoms are d&coordinate. 
This type of structure occurs in AlCl,, CrCl, and FeCl,, etc. The halogen N&R 
spectra of various metal trihalides are listed in Table 3.12. Their frequencies, 
in general, appear to be higher than in the corresponding metal dihalidea, 
consistent with the difference in halogen environment in the two structures. 

Figure 3.13 Scheme of spatial atomic arrangement in layer metal trihalidea [442]. 

l metalatoms ;O hdogenatoms. 

At first sight, the low halogen atom NQR frequencies and &CC values favour 
a predominantly ionic nature for the metal-halogen bonds in the layer 
structures. The relative importance of the ionic lattice, and covalent bond 
models, contributing to the EFG value has been investigated by Barnes et al. 
[447], &CC values in covalent compounds being dependent on the halogen 
atom hybridization state and the partial ionic character of the metal -halogen 
bond. On the other hand, ionic compounds may feature high EBGs because 
of the antishielding effects. Thus both limiting models can yield spectroscopic 
parameters of comparable value. QCC values have been calculated for some 
layer metal halides on the basis of a purely ionic model. The model considered 
interactions of nuclear quadrupole moments with the EFG, due to the lattice 
of ionic cores enhanced by the antishielding effect of the core electrons of the 
halogen atom. The results are shown in Table 3.11 under “&&/A (1 - roD) 
ionic”. They show the ionic model to be a rather poor approximation, the cal- 
culated values being far below the experimental ones. The results could only 
be improved by using antishielding factor values, yoD, exceeding the theoretical 
values. At the same time, comparison of the calculation with the experimental 
QCC values for, e.g. two non-equivalent halogen atoms in Cd& shows that 
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TABLE 3.12 

Halogen N&R data for layer metal trihalides (RT room temperature) 

Compound Isotope T (K) Transition frequency es&q/n (MHz) q (%) Ref. 

(=z) 

l/2-3/2 3/2--512 

TiCI, 

=% 
Ed, 
rScBr, 
CkBr, 
&I* 
BiI, 

UC% 
NdBrS I 

II 
UI, I 

II 

Qr& 

R&l, 

YCl, 

TlBr, 81Br 297 

BlBr 
81Br 

1271 

1871 

WI 

81Br 

107I 6.0 

=c.l 

297 
297 
300 
296 
297 
297 

77 
77 

RT 

297 

300 

77 

4.2 

7.39 
9.49 

10.118 
41.163 
86.73 
67.21 

111.32 
4.61 

44.676 
23.649 
66.197 
39.616 
12.848 
12.812 
14.812 
14.766 
16.880 
16.816 
4.273 
4.212 

126.9 
126.7 

106.6 
201.38 

109.086 
60.980 

369.6 
682.18 

89.076 
46.348 

366.36 
183.49 

447 
447 
463 
464 
447 

24.3 464 
29.0 466 

466a 
6.8 467 

48.7 
16.4 467 
70.68 

447 

466s 
468 
466 b 

466 

196 

more realistic empirical values for these factors amount to about 20 -30% of the 

theoretical values. 
The Townes and Dailey theory has been used [447] to calculate the QCC at 

the halogen atom, assuming a~* hybridized MOs in metal dihalides, and S@ 
hybridized MOs at the halogen atom, in metal trihalides. For metal dihalides 
the EFG axes are shown in Figure 3.12. As a rmult the following relationship 
was obtained. 

(103) 

where s reflects the small contribution to EFG from the halogen atom charge. 
Based on electronegativity differences the ionicities i of the cadmium -halogen 
bonds were set equal to 60% which gave 8 = 0.036 .[447]. Using further, the 

12* 
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equation 8 = 
COB a 

CoS&-1 
[W] the values of a(Cd -hal-Cd) angles were 

predicted to compare with X-ray values. Thus, for Cd& this estimation 
gave dc = 92O against 88” determined by the X-ray analysis ([447] and refs. 
cited therein). Comparison of the two models led to the conclusion that the 
covalent bond model should be preferred. The latter may be improved by in- 
clusion of ionic lattice contributions to EFG. The total EFG value (pJ should 
then be regarded as a sum of two terms : one describing the contributions from 
the charges of the lattice ionic cores (m) estimated from consideration of 
relative atom eleotronegativities and the other depending on the contributions 
from halogen atom valence WP orbit&s (qb) slightly differing from the pure p- 
orbit&s : 

(104) 

Using empirical yrn values and estimating the s-character with the help of 
equation (104), values of interbond cu angles have again been calculated. It 
appeared that the inclusion of ionic contributions had no marked effect on the 
covalent parameter values. Generally speaking, the lattice term only leads to 
some enhancement of valence bond s-character and consequently to some 
increase in valence angles. It however improves agreement between the cal- 
culated and experimental values, in particular with the difference between 
the IS71 e%&/ic values in CdI,. According to [447], the latter model is the most 
realistic. It is important that, though lattice contributions to EFGs may 
vary considerably from one compound to another (Table 3.11), their summary 
effect on QCC remains significantly smaller than the effect of the halogen atom 
p-orbitals . 

Transition metal dihalides have been concluded [459-J to be largely ionic 
(80% and higher), the higher halides being more covalent than the lower ones. 
Lyfar et al. [460] later reestimated the covalent and ionic contributions to 
qzz at the halogen site in CdBr, and Cd&. Using the relationship (103) when 
estimating the covalent contribution, they however took into account the fact 
that the ionicity or covslency portion of each of the three bonds formed by the 
halide ion with the three cadmium ions &t about 90” could not be estimated 
merely from the eleotronegativity difference of the atoms. 

Presenting the et&3 I&r- (I-) as a superposition of the three states where 
the halogen atom is bonded only with one of the three Cda+ ions they have con- 
cluded that the degree of ionicity of each bond follows from the electronega- 
tivity difference of Cd -hal, but the mean electron density per bond is a = i/3. 
The i values used in equation (103) were 0.60 for Cd&, and 0.52 for Cd&. The 
values of 8 were 0.021 for Cd&, and 0.005 1’7 for CdI, using 91°14’ _4 5O and 
90~14’ -& 5O for the corresponding a angles as determined by X-ray ([46l] 
and refs. cited therein). The latter are, however considered insufficiently 
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exact, giving a marked uncertainty in the calculation of B and hence of ~b in 

equation (104). 
This of course partly accounts for the discrepancy between the calculated 

and observed results, but the discrepancy is characterized by the systematic 
underestimation of qb which does not result from the error in X-ray data. 

The lattice contribution to the NQR frequency also appeared to be too small 
compared to the observed frequencies, the sign of pi being opposite to that of qb. 

The inconsistency of the calculated eqq/h values with those observed 
experimentally, may be accounted for by the strong polarization of the co- 
valent bonds by the internal electric field present in the layer crysw. Indeed, 
the etrength of the internal electric field at the halogen site in Pl& possessing 
a “sandwich” structure was estimated [462] to be of the order of 4.2 x lo* 

Vcm-I, typical for layer crystals. 
Values of the electric field constants measured on single crystals of the 

Cdhal,, and Pbhal, layer compounds gave, however, evidence that the contri- 
bution from the polarization of bonds by the electric field is an order of magni- 
tude smaller than the contribution of ionic polarizability [461, 4621. 

Table 3.12 lists halogen NQR spectra for layer metal trihalides crystallizing 
in several structural types. The compounds TiCI, through BiI, crystallize in 
the FeCl, lattice [4423 with hexagonal close packing of halogen atoms and 
metal atoms occupying l/3 of the octahedral cavities (Fig. 3.13). Halogen 
atoms form bridges between pairs of metal atoms. The Townes and Dailey 
analysis gives for the iodine valence orbital occupancies in ScI, 14541: N, 

= 1.975, N, = 1.831, N* = 1,856. Of the 8 electrons which might be present 
on the iodine atom if the structure were purely ionic, there are thus only 7.662 
electrons according to the NQR estimate. A similar treatment for BiI, gives 
7.308 elecfrons, and with VI, which crystallizes in the PuBr, type structure 
and contains two crystallographically independent I positions, the number of 
electrons on I(1) and I(II) are equal to 7.6656 and 7.8016, respectively. 

Compounds C&l, through TlBr, crystallize in the AlCl, lattice. 
The valence angle estimates made in [447] for metal trihalides using equa- 

tion (16*) of Table 1.8 range from 93 to 102’. The X-ray structural data gave 
values of about 90°. Thus it appears that the QCC values for metal trihalides 
also fit, to a reasonably good approximation, the model of partial covalent 
bonds having rather high ionicities and only small departure from pure p- 
configurations. As with metal dihalides, the inclusion of ionic contributions 
to the halogen atom EFGe leads to some increase of the valence angles and 
does not seriously affect the parameter values describing the covalent metal - 
halogen bonding. 

Carlson et al. 1456, 463-4651, who have studied the Wl N&R spectra of a 
large number of rare earth metal trichlorides belonging to various structural 
types (Table 3.13) also eume the possible presence of a small fraction of 
covalency in rare earth metal -halogen bonds in these compounds. 



182 
. 

TABLE 3.13 

q NQR data on rare ear&h metal chlorides 

Compound T W) y (MHZ) 7 (%) Ref. 

m* 4.2 

CecI, 4.2 
NdC!&, 4.2 
SmCl, 4.2 

LaQl 4.2 
GdCl, 4.2 
TbCI, 77 

HocI, 4.2 

4.2 

4.2 

4.6667 
4.387 
4.729 
6.033 
4.167 
5.316 
7.45 
4.30 
4.3071 
4.3900 
4.7903 
4.8464 
4.4666 
4.6167 

68 -& 2 463 
466 
466 
466 

mzt2 466~~ 
42.6 & 0.1 464 

466b 

466~t 

466a 

466a 

Compounds having ‘ ‘sandwich” structure are the bismuth oxyhalides 
BiOX. They crystallise with a tetragonal PbFCl type lattice consisting of a 
central sheet of coplanar oxygen atoms with a sheet of halogen a;toms on each 
side and the metal atoms between the oxygen and halogen atoms (14713 and 
refs. cited therein). Each Bi atom is surrounded by four oxygen and four halo- 
gen atoms. The =Bi NQR spectra are given in Table 3.14. The Bi atom mym- 
metry parameter values (q) are zero in accordance with the position of the 
latter at four-fold axially symmetric sites. None of the halogen reaonanceB 

has been detected, due probably, to their highly ionic state in the crystal lattice. 
In order to rationalize the bonding nature in the “sandwich” oxyhalides 

the adequacy of the ionic and covalent models was compared [477]. Two 
theoretical approaches were used ; the self-consistent monopole-point dipole 
lattice-sum approach, and the simple MO LCAO method within the Townes 
and Dailey theory approximations. 

The lattice Bum calculation [471] was carried out over all the ions in a 

volume of 20 x 20, x 20 unit cella, rtssuming the charges +3e, -28 and -e 
for the Bi3+, 02- and X- ions, respectively. The monopole and dipolar contri- 
butions to the EFG at Bi and the X sites were calculated for this volume, 
using the optical polarizabilities of the halide ions and various -urned po- 
larizabilities of the Bia+ ions (a(Bi) = 2 - 10e2, 4 - 10w2, 8 - lOma nm8. The 
results obtained when the remonable value of a (Bi) = 4 - lob2 W&B used, gave 
the EFG of the chloride, bromide and iodide compounds in about the right 
ratios, but the QCC values were only one-quarter of the experimental values. 
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TABLE 3.14 

NW spectra of several Group V element oxyhalides 

Compound T (EC) Isotope Transition frequencies (MEL) @(&/A rl (%) Ref. 

l/2-3/2 3/2-512 5/2-712 7/2--912 
ww 

BiOF 295 
BiOCl 295 
BiOBr 296 
BiOI 295 
Bi,O,Cl 77 

Bi,O,Br 77 

77 

a-Sb,O,I 

77 

%OgBi 
BoQBi 
WBi 
-Bi 

(I)-Bi 

(II) 
(I)wBi 

(II) 
l=lSb 

(I)l==Sb 
l=lSb 

(II)l*Sb 
=Sb 

(I)-Sb 
=Sb 

(II)=Sb 
=S b 

(III)=Sb 
l=Sb 

(IV)=Sb 
=Sb 

(V)=‘Sb 
1871 

11.44 22.76 34.07 45.49 
6.445 12.691 19.040 26.413 
5.001 10.004 14.976 19.931 
. . . ___ 11.44x 15.210 
20.8 25.32 39.68 53.30 
59.31 45.50 66.54 92.61 
21.97 25.13 39.69 53.34 
58.04 43.39 61.92 86.63 
82.48 _._ 
58.97 87.50 .._ 
92.29 . . . 
70.25 91.13 . . . 
112.82 159.13 
95.56 93.60 147.99 

101.14 109.15 
77.19 99.50 156.00 
111.32 168.89 
90.93 98.98 156.63 
88.94 169.26 
58.71 101.50 154.74 
89.79 171.26 
59.11 102.75 156.74 
16.25 23.35 

272.94 0.0 
152.46 0.0 
119.68 0.0 
91.26 0.0 
321.56 25.8 
571.75 58.1 
322.915 31.1 
536.87 61.7 

638.6 30.7 

677.5 39.6 
563.3 
718.0 60.2 
580.7 
740.3 40.0 
689.9 
752.0 51.9 
568.8 
724.9 19.95 
574.5 
733.2 19.5 

82.4 58.1 

471 
471 
471 
471 
472 

472 

471 

479 

A number of contributions to the EFG was neglected in this approach, among 
them the contributions from charges external to the ion, and those from the 
electronic charge distribution of the bismuth ion. The latter were considered 
in the MO calculations. 

The model adopted [471] in the MO calculations was chosen on the basis of 
the structural data. According to this model the Bi atom formed strong di- 
rectional bonds to the four nearest 0 atoms, making a pyramid with the Bi 
atom at the vertex, and was more weakly ionically bonded to the four nearest 
halogen atoms. A set of $218 hybrid orbitals of ‘C,, symmetry was then con- 
atructed, for a neutral Bi atom, with the x direction parallel to the c-axis of 
the unit cell. The p-orbital analysis (the d-orbital contribution was discarded) 
of these orbitals yields 

(195) 



Here a is the population of each of the four molecular orbitala pointing to the 
0 atoms, b is the population of the molecular orbital directed toward the 
halogen layer; e’Qq,/A N 1500 MHz ; A is the undetermined coefficient, related 
to the angle between the Bi -0 bond direction and the z axis 

n/(1 + n*)tis = ($Fsin 8 oot3 0 + j(2co0 @)/Bin 8 (196) 

8ince the Bi-0 distances and the 0 -Bi-0 angles remain essentially 
constant, for the series of BiOX compouads, a and il are also assumed constant 
for the four oxyhalides. Assuming further that a > b, because the Bi -0 
bonds are stronger than the Bi -X bon&, equation (105) predicts a decrease 
of the QCC as the halogen electronegativity decreases, i.e. b becomes greater 
gaining electrons in the aeries from iodide to fluoride, &B observed. This ex- 
planation of the change in the -Bi QCC through the series ie the only advantage 
of the Townes and Dailey approach, the disadvantages being uncertainties 
of the ground-&ate configuration, of spatial extent of the wave functions and 
contributions of d-orbit&s [47 11. 

The lattice sum method was concluded [47 11, in spite of its approximations, 
to be more satisfactory for yielding a basis for further refinement and testing as 
well &B providing fair agreement with the observed trends in the k&C values. 

In addition to the AvOX compounds which are known to be the products of 1: 1 
composition formed in the ~y&eme GO8 + AvX,, several other oxyhalides of 
various composition, formed in these sysfems, have been studied by NW. 
Their spectra are aSo given in Table 3.14. The structure of both the lkted anti- 
mony oxyhalides are available. 

The compound of 6 : 2 composition (Sb,O,ClJ is built up from two types of 
distorted tetrahedra ty_SbO,, with the lone pairs of the antimony electrons 
at one corner. The coordination polyhedra t&are corners to form infinite 
[Sb,O,la+ layers parallel to the b plane, the Cl atoms being located between 
the layers [481]. They are in ionic state, considering the failure to observe their 
resonances in NQR spectra. In the spectrum of Sb,O,Cb, the antimony QCC 
values (as well as the q values) (Table 3.14) are not very different from those 
of valentinite Sb,O, (690.3 MHZ and 3&O%, respectively [365]) which is 
con&tent with a eimilar type of coordination environment around the Sb 
atom in both compounds. 

The antimony(II1) oxide iodide Sb,O,I (7 Sb,O,- 1 SbI,) is known [482&l 
to form 9 polytypes. The polytype 2MC of low-temperature phw a-8b,O,I 
possesses ferro-ela&ic propertiee [482b]. Its crystal lattice ia formed by 
Sb,[Sb,O,]+ layers connected by intermediate iodine atoms which are located 
at the centre of a slightly distorted cuboctahedron of Sb atoms. The neare& 
coordination enqironment of each Sb atom consists of three oxygen atoms 
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making a nearly equilateral triangle with the antimony atom above the base. 
There are altogether 5 crystallographically independent positions for the Sb 
atoms in the crystal of a-Sb,O,I [482b]. Three of them (I-III in Table 3.14) 
which form the structure units [Sb,O,]S- (Fig. 3.14) have, apart from the 
three nearest oxygen atoms, two more distant (0.39 nm) iodine atoms. The 
other two Sb atoms (IV and V in Table 3.14) are bound to three oxygen atoms 

.above and below the [Sb,O,y- units and have, in addition, three more distant 
(- 0.39 nm) iodine atoms. This is readily reflected iu the Sb atom asymmetry 
parameter values thus showing high sensitivity to the site symmetry, of the 
quadrupole atom. The q values are also known to be very sensitive to the 
external charge contribution. The QCC values at the Sb atoms seem to be lees 
sensitive to these factors, as confirmed by comparison of the m*lmSb QCC 
values at the positions (I) -(V) in Table 3.14. 

Figure 3.14 The structural units [Sb,O,]6- established by X-ray in a-Sb,O,I 
[48Zb]. 

Table 3.14 also givea the ?l3i N&R spectra of two bismuth(III) oxyhalides 
Bi,O,X (as&O, - 1 BiX,) of unknown structure. The X-ray powder diffraction 
analysis [483] only determined the monoclinic symmetry of crystal lattice for 
BisO,Cl and rhombohedral symmetry for Bii,O,Br as well as the unit cell 
dimensions for both compounds. Some struotural predictions may, however, 
be made on the basis of NQR. 

First, no halogen resonances have been detected in either compound. This 
suggests the presence of ionic halogens in the crystals, as in the known oxy- 
halides with layer structure (AvOX, ATO,&). 

Second, the =Bi NQR spectra of both compounds establish two crystallo- 
graphically independent Bi atoms with coordination environments consi- 
derably different from each other. The Bi(1) position is characterized by 
relatively lower QCC! and q values than Bi(II). Note also that the QCC and 
q values at Bi(1) are practically insensitive to the substitution of chlorine for 
bromine. We can therefore expect that no halogen atoms enter the nearest 
environment of the Bi(1) atoms and that the site symmetry of the latter is 
higher than that of the Bi(I1) atoms’ environment. 
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Third, the QCC and g values for Bi(I1) are not greatly different from those 
in. or-B&O, (Bil:556.6 MHZ, 7 = lO.Oo/o; BP: 483.2 MHz, q = 41.3% [365, 
404-J). They decrease from chloride to bromide, so providing evidence for the 
pmaence of Bi(I1) -halogen co&a&s in the structure of both compounds. 

We can note in summary that as a whole the picture of the chemical bonding 
in layer compounds discussed in this se&ion, is not yet definitive. This is 
largely aocounted for by the compounds being more complicated objects for 
theoretical investigation than purely ionic or molecular crystab. They contain 
in the crystal lattiae both coordination polyhedra formed by strong direc- 
tional bonds and yet are linked with each other, into polymer patterns, through 
atoms, or groups of atoms, bearing considerable electric charges. 

(iii) hZ$W’ UXi&?8 of t?mup v ei?er?z43n&8; tihble ox&% ant3 raea t?ompuu* 

All the layer compounds listed in Table 3.15 although they belong to various 
structural types, have a crystal chemistry much in common with each other. 
They can be described as double oxides A”AvO, containing the central atoms 
A in two oxidation states, +3 and +5. These central atoms may be the ele- 
ments of the same group or may even be the atoms of the same element, as in 
case of Sb%O,. 

The latter compound is known to exist in two crystal modifications, a and p. 
In p-SbaOe the ory~tal lattice of monoclinic symmetry contains Sbv-0 octa- 
hedra sharing corners, to form corrugated layers parallel to (100). Adjacent 
sheets are joined by the columns of Sbm atoms trapped between them [484] 

(Fig. 3.15). The Sb 111 atoms have a one-sided four-fold coordination of oxygen 
atoms, showing the presence of a stereochemically active lone pair. 

In orthorhombic a-Sb%O, the Sb atoms are also present in two oxidation 
states. The nearest environment of both types of antimony atoms is similar in 
CC- and #%Sb,O,, the differences between the two forms consisting of relatively 
stronger distortion of the Sbv-octihedra in the p-form 1485) (Fig. 3.16). 

All the features established by the structural studies for u- and a-Sb,Ol 
are definitely confirmed by their N&R spectra (Table 3.15). The latter gives, 
in addition, some support to the opinion reported in [486] that a- and @Sb,Oa 
are individual phases with slightly different stoichiometry, P-Sb,O, being an 
oxygen-deficient phase with respect to a-SbaO,. In agreement with this report, 
the l2i*l*%!b resonances in the NQR spectrum of a-Sb,O, appeared to be ab- 
normally wide (Fig. 3.17). This might be associated with a statistically dis- 
ordered distribution of the excess oxygen atoms over the crystal lattice of 

a-Sb,O*. 
A final answer to question about the nature of the difference between a- 

and l3-Sb,O, must however await for the reliable data on the range of thermo- 
dynamic stability of these compounds. 

The structure of ar-Sb,O, appears to be typical for many Group V element 
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TABLE 3.16 

NC&R spectra of several Group V element oxides and related lg~8 arth niobates at 77 K 

Compound Isotope Oxidation Transition frequencies (&I&) @WI& 51 (%) fife 
state l/2-3/2 3/2-66/2 512-712 7/2--912 (=‘I 

a-8b,01 

P-Sb,Oa 

SbPO, 

SbTaOl 

SbNbO, 

BiNbO, 
BiTaO, 
BiV04 
LuNbO, 
La;NbOl 

YbNbO, 

l=Sb 
=Sb 
Wr3b 
1s-b 
IWb 
l*Sb 
=lSb 
=Wb 
l*lgb 
1-b 
=Wb 
l_Sb 
=lSb 
=Sb 
WBi 
mBi 
a*Bi 
TLU 

-St% 

=Nb 
=Nb 

VW 

m 

09 

(=I) 

(III) 

WI) 

*) Calculated frequencies. 

72.3 
47.3 
21.9 
. . . 
77.1 
50.0 
22.0 
. . . 
76.605 
47.499 
80.18 
67.54 
81.6 
I.. 
41.871 
41.946 
21.3 
80.1 
6.66 
4.02 
6.4*) 

138.5 464.8 
83.2 126.6 692.8 
41.6 139.8 
26.1 38.2 179.1 

148.4 497.8 
89.3 136.6 634.9 
43.7 145.9 
26.6 39.9 186.1 

151.630 506.980 
91.712 138.066 644.979 

142.76 484.91 
84.60 131.14 618.11 

142.6 484.5 
84.3 131.6 618.9 
42.631 67.247 91.964 652.74 
42.654 67.197 91.080 556.16 
14.6 16 22 149.6 
69.6 108.7 636.2 
4.98 7.79 38.4 
7.4Q 11.18 14.92 loo.1 
6_4*) 10.12 13.73 101 

18.6 473, 
474 

20.4 

17.4 
473 

6.6 

9.25 474 

31.4 
31.3 
34.0 
34.0 
37.0 
37.0 
90.1 
71.2 
70.0 
9.0 

38.0 

474, 
476 
476 

475 
476 
476 
477 
478 
478 
478 

a 

t 1 1 1 

al bl cl I; L $ zz 

Figure 3.16 Atomic arrangement in p-Sb,O, [484] ; 
a) the antimony(V) coordin&ion polyhedra (y = 88.7” ; 6 = 89.8” ; E = 96.7O) ; 
b) the ~ntimony(II1) coordination polyhedra (a = 148.1”; fl = 87.9*) ; 
c) [OOl] projection showing corrugated layers of SbV octahedra, with SW columns 
trapped between them. 
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double oxides. According to [487] the compounds SbNbO,, SbTaO, and low- 
temperature orthorhombio forms of BiNbO, zmd BiTaO, we isostructur~l with 
a-Sb,O,, forming fa,mily of stibiofrtntalite structurtll type [488]. Structures of 
this type are built up from corrug&ed sheets of Av-0 (Av = Sb, Nb, Te) 
distorted ootilhedra, linked by shkng corners, and running ~llel to the 

u 
al bl 

Figure 3.16 coOrdin&ion of the Sb &tome in a-SblO, [485] : 

a) the antimony(II1) coordin&ion polyhedra (ac = 146.6”; fl = 82.5”; 8 = 78.6”); 
b) the antimony(V) coordinafion polyhechx (y = 87.1”; 8 = 176.6”; E =.176.6”). 

(001) pls,ne. Adjclcent sheeta axe joined by Am &xxns (Am = Sb, Bi). The 
antimony phosphate SbPO, crystaUizes in & monoclinic lattice [489] and is not 
isostructural with the compounds of the atibiotanti1it.e structurrtl type. It 
however &o forms layers of composition SbPO,, with the Sb atoms coordinated 
on one-side to four oxygen atoms, in & manner very similar to the coordinakion 
of the Sbm akoms in the stibiota&aJife compounds rend in a-Sb,O,. 

Sb= 

dfcr_ i 
I I I I I 

21.5 22 
u/MHz 

225 137 136 139 
r/MHz 

140 141 14M 
B - v/MHz - 

b) 

Figure 3.17 l”Sb remmmcea in a-Sb201 (a) and p-Sb,O, (b) [473]. 
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The similarity of the coordination environment of the Am atoms in the 
compoundE! enumerated, is reflected in the relatively small scatter of the QCC 
values at the Am aite in their NQR spectra (Table 3.15). 

The apectroecopio parameters, however, change abruptly when the com- 
pounds of similar composition crystallize in fergusonite structural type. BiVO, 

(purcherite) and rar8 8arth niobates are known to belong to this type [490, 
4911. The deorease in the WBi QCC was observed in BiVO, with respect to the 
-Bi QCC in BiNbO, and BiTaO, (Table 3.15) compatible with the difference 
between the two structural types. 

The structure of purcherite can easily be obtain8d from the “sandwich” 
structure of BiOCl. The substitution of one half the number of Bi atoms with 
vanadium and all the Cl atoms with oxygen and a shift of alternat layers 
parallel to the b’ axis, leads to the etructure of purcherite 14903. In the latter, 
vanadium atoms are not in an octahedral environment aa are theAv atoms in 
the stibiotantalite struoture. They are bonded to only four oxygen atoma, the 
tetrahedral environnmnt being considerably distorted. The Bi atoms have two 
pairs of short Bi -0bonds (0.220and0.231nm) andtwopairsoflongbonds (0.254 
and 0.273 nm in their nearest environment, analogous to that in BiOCl. This 
accounts for the aimilarity of the =Bi QCC magnitudes in BiVO, and BiOCl 
as well as for the decrease with respect to the corresponding magnitudes in 
BiNbO, and BiTaO, (Tables 3.14 and 3.15). 

In general, the atoms at the A position in the compounds ABO, with the 
fergusonite tspe of structure are. charactarized by considerable ionicity. The 
EFG at this site, although not large, is nevertheless important. It ia meociated 
with the internal electric fiel& usually preBent in the cornpour& relat8d to 
ferroelectric materials, and responsible for the anomalies of dielectric properties 
in these compounds [477]. 

Many of double oxides lW8d in Table 3.15 reveal the physical properties 

valuable from the practical viewpoint. Thus BiVO, is antiferroelectric with a 
Curie temperature T, = 57O*C ([476] and refs. cited therein). Ferroelastic 
phase tramitiom have been detected in rare earth’orthoniobates ([477, 4781 
and refs. cited therein). Ferro- and antiferroelectric properties welp8 established 
in a number of compounds with the stibiotantalite structure ([492] and refs. 
cited therein). 

Some other oxygen-containing compounds studied by N&R and important in 
applied fielde are bated in Table 3.16. They belong to perov&ite, perovskite-like 
and other structural types, characterized by layer or three-dimensional net- 
works. 

Ferroelectric ABO, oryatala with a perovskit8 structure attracted con- 
siderable attention. An extended literatur8, irr available concerning the pbe 
transitions, the crystal modifications, NMEt measurementi, calculations of 
spontaneous polarization and internal electric fields (see, for example, the 
periodic “Ferroelectri~’ ’ , Gordon and Breach Science Publishers Ltd, Great 
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TABLE 3.16 

NQR spectra of double oxides ($2’ room temperature} 

Compound Isotope T (K) Transition frequencies (MHz) e%W 7 (%) Ref. 

I/2-3/2 312-612 6/2-712 7/2-g/2 
ww 

LiNbO, “Nb 

LiTaOs l*lTa 
NaNbOs OSNb 
KNbOs ?Nb 

a(@Bi 

77 0.988 
298 0.924 

77 19.2 
RT 
298 3.03 
77 
77 32.24 

RT ii.6 
RT 20.4 

77 21.18 
77 34.29 
77 34.22 
77 36.03 

37.02 
77 20.68 

28.74 
300 33.7 

1.968 2.942 3.960 
1.842 2.763 3.686 

37.9 66.9 . . . 

2.086 2.627 3.648 
1.336 2.004 2.674 

31.16 48.92 66.49 
19.67 30.60 40.83 
39.2 69.0 78.4 
40.6 61.4 81.8 
42.31 63.47 84.61 
66.02 86.96 114.77 
66.74 86.63* 114.34* 
34.99 66.11 74.75 
34.62 64.19 73.82 
36.9 64.7 73.06 
26.6 41.4 56.46 
26.7 37.3 62.0 

2i.616 3.0 
22.10 3.0 

266 6.0 
19.7 82.0 
23.12 80.6 
16.0 0.0 

404.3 40.0 
246.9 20.3 
470.4 0.0 
490.8 0.0 
607.8 1.1 
690.3 16.4 
687.2 16.6 
463.8 38.1 
449.4 42.0 
438.8 12.6 
343.9 42.9 
321.1 69.4 

496, 
497 
478 
498 
499 

601 
601 

*) Calculated frequencies. 

Britain). The NQR data provide experimental values for the internal electric 
field gradients and are very important in this respect. They may serve aa a 
test for the choice and refinement of structure and bonding models thus shed- 
ding light on the mechanem of ferroelectricity in the compounds. 

Discussion of these problems is however beyond the scope of this book, and 
we shall only mention here that according to most of the results the oxygen 
conta.ir$ng perovskite compounds are essentially ionic crystals, The calcula- 
tion of the internal electric fields in the rhombohedral phase KNbO, [493] 
within an electrostatic point charge and dipole model leads to correct values 
for the QCC at the constituent atoms in the crystal. 

Some members of a less numerous family of halogen-containing perovskites 
ABCl, are also ferroelectrics (CsGeCl,, CsPbCl,, etc.). Calculation of the EFG 
at their atoms within the electrostatic model, [494,495] leads to the conclusion 
that the EFG at the chlorine site is determined mainly by contributions from 
external point charges, those from the dipolar polarizability of the ions being 
negligible. The overlap between the electron shells of the ions is also important 
in cubic perovskites since it determines some details of the quadrupole inter- 



action under high hydrostatic pressure and during structural phase transi- 
tions 1495-J. 

The remaining compounds of Table 3.16 are represented by mixed bismuth 

oxides. 
The compaunds Bi4TisOla, Bi,,SiO, and Bi,,GeO, show remarkable pieeo- 

aotivity [SOO, 5021. According to [502] Bi&eO,, crystallizes in & cubic lattice 
(123) with the-unit cell dimension a = 1.015 nm. The germanium atoms occupy 
the geometrically regular tetrahedral sites (Ge -0 = 0.172 nm). The bismuth 
atoms are heptacoordinated, five oxygen atoms forming an incomplete o&a- 

hedral mngement, with the Bi -0 distances ranging from 0.208 to 0.264 nm 
and the two remaining 0 atoms being electrostatically coordinated from the 
side of a vrtcant octahedral apex (0.308 and 0.317 nm). The crystal is strongly 

optically active snd photoconductive in the visible range. Low, room-temper- 
ature elastic wave losses have been reported as well as low propagation wave 
velocities ([502] and refs. cited therein). The isostructural Bil,SiOw, also finds 
an application in opto- and acoustoelectronics. The relationship between the 
physical properties of the compounds and N&R parameters have been studied 
by various groups 1503, 5041. 

Bi,Ti,O,, crystallizes in an orthorhombic lattice [505] which contains the 
[BiaO,]+ la.yers alternating with the perovskite-like double layers fBiaTisO,,,]~- 
corresponding to a hypothetical BiTiO, perovskite structure. In agreement 

with the X-ray data, the a@Bi NQR spectrum of Bi,Ti,O,, shows two sets of 
lines (Table 3.16). The set with the higher QCC value was assigned [5OO] to the 
Bi atoms in the [BizO,] a+ layers. The Bi atoms occupying the spaces in the 
Ti -0 octahedral framework of the [BizTi,O,]a- units seem to give rise to a 
lower frequency set of resonances. 

Similar structural patterns have been established by X-ray analysis for 
several other mixed bismuth oxides. [BiBO,] 2+ layers alternating with sheets 
of oxygen polyhedra, formed by atoms of the second element (Ge, W), were 
found in BiGeO, [SOS] and Bi,W,O, [507]. Brtsed on “OBBi N&R spectra (Table 
3.16) similar layers can be expected in Bi,WO, and Bi&03012_ 

The structures of Bi,Ge,O,, and Bi,Si,O,, (euletine) are different from that 
of Bi,Ti,O,,. According to [SOS] euletine crystallizes in a cubic lattice I43d 
(a = 1.03 urn). Each Bi atom is coordinated to a distorted octahedron of 
oxygen atoms, three close neighbours located at 0.215 nm and three more at 
0.262 nm. The Bi atoms link discrete SiO, tetrahedra. The -Bi N&R spectra 
provide evidence for a close structural resemblance between Bi,Si,O,, and 
Bi,Ge,O,,. Based on N&R spectral data, it is concluded [501] that the purely 
ionic model is inadequate to describe the EFG at the Bi site in these compounds. 

Summarizing Chapter 3 we have to note that not only double oxides possess 
valuable practical properties. The majority of the chalcogenide polymers discus- 
sed here, also show interesting physical properties and are wideIy used in vsrious 
fields. Thus, Sb,S, is the commercial source of antimony and is a high-resistance 
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semioonduator. It display ferroelectrio properties below 420 -490 K ([508] 
and refs. cited therein). Sb@e, is also a semiconductor. Lorandite (TM&,) is a 
promising semiaonduofing pyre- and ferroelectric. Orpiment (A@,) is used 
in radio and television engineering and in IR optics [609] on account of its 
high dielectrio properties. Proustite (Ag&sS,) and pyrargyrite (AgJ3bS~) are 
semiconduotors, transparent in a wide range of the IR spectrum [MO]. They 
show nonlinear optical properties and belong to pyre-, piezo- and ferroelectric 
materials [511--5131. Phase transitions in proustite and pyrargyrite have 
been extensively studied using NQR ([514, 5163 and refs. cited therein). With 
the help of the latter, first order phase transitions have been detected in 
smithite (AgAsS,) 1414, 4351 and in the selenium analogue of lorandite 
(TM&e,) [407]. 

It is evident however that one has to consider a good deal of arystallo- 
chemical information in order to discover properties of interest and to specify 
their nature. Our intention was to show, in this respeot, that nuclear quadru- 
pole resonanoe is an effective tool for crystal ohemistry investigation of great 
importance among methods of material researah. 

A further extension for NQR studies in the field of inorganic polymers and 
ionic compounds is expected for two reasons. First, it would fa&itate and 
improve experimental teohniques in this area of considerable complexity, and 
second, it would contribute to the development for industry of a larger number 
of materials with valuable physical properties. 



CHAPTER 4 

NQR APPLICATIONS TO BXATERIALS RESEARCH 

Here we give a short review of some less common applioations of NQR spec- 
troscopy. They bring to light methods which are not widely known but can 
give diverse subtle information in various aspects of materials research. 

A. IMPURITIES AND MIXED CRYBTALS 

N&R was successfully used by several groups, for the study of problems con- 
cerned with compounds possessing imperfect lattices, such as compounds with 
impurities, mixed crystals, etc. They studied the distribution of the impurities 
over the crystal and their interaction with atoms of the matrix. 

The influence of various impurities on the NQR spectroscopic parameters 
of a large number of Group V eIement chalcogenides has been examined [5 16). 
We recall that binary compounds of the ATBzr type contain two crystallo- 
chemically different coordination polyhedra AB,. Comparison of the variations 
in the spectroscopic parameters of these two groups in the presence of impuri- 
ties showed that the latter affect them differently. The effect of each type of 
impurity on the NQR prameters is quite specific [516]. The spectroscopic 
variations are usually related to the form in which the impurity is present in 
the crystal lattice ; t-m an inclusion phase in lattice vacancies, in the form of 
isomorphous aubstituent, localized in interlayer spaces, etc. One can analyze 
the impurity distribution by comparing the spectra of crystals with impurities 
to the spectra of pure cry5td3. 

The introduction of small quantities of an impurity or a non-stoichiometric 
ion, may, under certain conditions, permit the isomorphous substitution of 
atoms of a given type in the crystal lattice. In this case, broadening of the NQR 
lines is observed. NQR study of solid substitution solutions Sb,S, + B&S3 
[5l7 J reveals broadening of the lzrel=Sb resonances by up to several MHz, on 
introduction of Bi,S, in concentrations below 10 mole/o. 

Proustite AgsAsS, and pyrargyrite Ag,SbS, are known to display limited 
isomorphism. Natural samples of these minerals usually contain a small 

13 Boslaev,NQB 
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amount of isomorphic atoms (Sb or As). The ‘6As N&R signals were observed 

[409] from impurity arsenic atoms in pyrargyrite crystals where the content 
of the latter did not exceed 2%. NQR showed that the impurity affected the 
crystal lattice of the pyrargyrite matrix, due presumably to the difference in 
the dimensions of the As and Sb atoms. There is considerable broadening of the 
76As atom N&R line (300 kHz) compared to the line width in the standard 
proustite sample (24 kHz). In the sample under study, the 76As NQR signal 
was observed [409] at a frequency slightly exceeding the frequency of the same 
signal in the standard Ag,AsS, sample (67.58 against 67.31 MHz at 77 K). 
The small frequency shift was interpreted as. the retention of symmetry in the 

vicinity of the As atoms in the pyrargyrite matrix, characteristic of isomorphic 
systems _ 

Direct observation of NQR from impurity atoms is, however, rare on ac- 
count of their small concentration. It is more reasonable to take advantage 

of the sensitivity of N&R to crystallochemical changes produced by impurities 
in the matrix. 

An effective approach to the study of the distribution of isomorphically 
substituted impurities consists of the systematic analysis of spectroscopic 
changes produced in the matrix, by continuous variation of the relevant sources 

of broadening. Mixed crystals of the Ap,, type provide an example of 
such a model. The N&R spectrum of a molecule (atom) B reflects the influence of 
impurity molecules (atoms) A which can be treated as point defects if x is small. 

In this respect the results of the above N&R study of the solid solution Sb,S, 
+ Bi,S, [5X7] is worth discussing in more detail. Changes in the 1a1n123Sb NQR 
spectra were observed as the relative Bi,S, content varied. Adramatic broad- 

ening of the antimony resonances occurred even at low (under 10 mole/o) 
concentration of the added second component. With an increase in the amount 
of Bi atoms, new satellites appeared in the vicinity of the undisturbed anti- 
mony resonances, dependent on the symmetry of the nearest environment and 
concentration ratio, (Pig. 4.1). The whole family shifted gradually with va- 

rying composition. The relative intensities of the multiplet components were 
also dependent on the composition of the solid solution. Similar features were 
observed in the NQR spectra of solid solutions formed by molecular crystals of 
halosubstituted benzenes ([ 5181 and refs. cited therein). The composition 
dependent spectroscopic changes are determined mainly by electrostatic 
interactions. Short range interactions are responsible, together with symmetry 

and packing factors, for splitting of the spectroscopic multiplets, while line 
broadening reflects uncertainty in the mutual arrangement of the atoms. The 
concentration dependent shifts of the whole family of resonances are accounted 
for by the change in charge distribution in the vicinity of the resonance atoms 
via the change of packing coefficients. These conclusions do not, of course, ex- 
plain all the diversity of experimental observations reported in the numerous 
publications devoted to this interesting but very complicated problem. 



Upon introduution of cetrtain other impurities (Cu, Zn) into Sb,Sa or I&S,, 
the spectroscopic parameters provide evidence that the impurities occupy 
vacancies (interstitialsites) in the lattice [516]. In this case the NQR lines are 
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not broadened to such a degree as they ~81~8 in the w of isomorphoua substi- 
tution. These impurity sifes do uot seriously affect the crystal lattice of the 
matrix. The spectrosoopic parameter most sensitive to the lattir type of 
impurity is the spin -spin rqlaxa;fion time T, [516]. An increase& content of 
impurity may also lengthen the spin lattice relaxation time TX. 

Consider as an example, the NQR study of the chemisorption ability of 
antimonite (SbsS,) [519]. The change in the T% l*lSb value (transitions Anz 
= 5/2 -3/2 were identified for both Sb positions) due to the action of chemi- 
sorbed material WEMI recorded m a criterion of the chemisorption ability. It was 

Figure 4.1 =Sb NQR 
tions [517]. 

a) Sb& ; b) 10 mole o/o 

line in solid solutions of Sb&,: + Bias8 of various composi- 

of BipSs ; c) 25 mole o/o of Bi& ; d) 80 mole O/O of B&S,. 

concluded that cations shortened the T, value in the sequence Cu > Ag > Zn 
> Pb > xani). The changeof Z’* is greater for Sb atoms at position (I) with the 
lower coordination number and smaller asymmetry parameter (Table 3.9). 
Based on these observations one may conclude [519] that the chemisorbed 
species show a tendency to concentrate in the vicinity of the SW atoms. The 
centres of chemisorption are reported to be of eIectron-donor nature. Sulphur 
atoms possessing lone pairs of electrons directed to the van der Waals (inter- 
ribbon) space of the structure, are responsible for the sorbent -sorbate donor - 
a.cceptor interactions. As a reeult of chemisorption, the concentration 
rent carriers increases, thus affecting the relaxation time Ts. 

of cur- 

1) Xan = xanthogensfe. 

13* 
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Finally, impurities oan localixe in struotural defecte such ae dislocations, 
intercrystallite boundaries, eti. Dislocation defe& have been established in 

all the minerals discussed here. In low-symmetry orystals contain& several 
inequivalent coordination groups of the same element, regions of dislocation 
distortions develop preferably within the groups of lower symmetry ([516 J and 
refs. cited therein). Dislocations are the most dynamic of the defects, capable 
of displacement, closing, degeneration [524]. They can interact with impurities 
attracting them and forming czmcentration clouds, thus blocking the defect 

regions. The interaction is governed by the Coulomb forces between impurity 
atoms and dislocation fields. All the binary GB, chalcogenides, containing two 
types of coordination group (AB, and ABs,,) of different symmetry, show 
distinctly differing line widths in their NQR spectra, assigned to positions A(1) 
and A(I1). The resonances assigned to the A(I1) atoms at groupa of lower 

TABLE 4.1 

NQR frequencies v (A,m = l/2-3/2), asymmetry Parameters p and linewidths Av 
in binary Group V chalcogenides 

Compound Coordi- T (W 3[sofope v (l=W Av (Me) 7 (%) Ref. 
nation 

group 

I 
II 

I 
II 

I 
II 

r 
II 

I 
II 

71.94 
7sAs 69.55 

80.25 
77 ‘6As 56*07 

47.70 
77 l=Wb 42.98 

40.91 
77 1*43b 34.98 

14.25 
77 2159 

loo 
140 

150 
270 

70 
120 

35 
60 

70 
150 

34.3 405 
37.4 406 

407 

0.8 
37.7 403 

0.0 
41.8 404 

3.0 
88.9 404 

symmetry, were always considerably wider than those assigned to A(1) (Table 
4.1, Fig. 4.2). The low-frequenoy line in the 7sAs NQR spectrum of natural 
orpiment (a-A@,) was considerably wider than the high-frequency line. It 
also remained wider in the spectrum of artificial a-Aa&& (Fig. 4.3) obtained 
from highly pure glass under the action of high pressure (40 -70 kbar) and 
temperature (300 -4OOOC) [525J. This seems to be in agreement with the fact 
that the defecfs are intrinsic in crystal lattices so that they often cannot be 
removed by the usual methods such as annealing, for example [SlS, 5241. 
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In the -Bi N&R spectra of a-B&O,, doped with boron, the resonances as- 
signed to the lower symmetry polyhedra also suffered considerably more broaden- 
ing due to doping, than the other lines [526]. This observation is expMned by 
the selective distribution of dopant boron atoms over the a-Bi,O, ho& lattice, 
suggesting that dopant atones predominantly 1oeaIize in the vicinity of the 
lower symmetry bismuth polyhedra. 15261. 

-I 
54 55 56 59 5s 60 

-o/MHz - 

Figure 4.2 ‘6Aa N&R signals in As&, at room temperafure. 

f I I I I 1 
69 m v/t42 72 73 69 70 71 72 73 
al - b) v/MHz - - 

Figure 4.3 76Aa NQ,R spectra, of two a-A& samples at room temperature /525] 

a) 8 sample of natural orpiment; 
b) a sample cryst&kecl from glass at high pressure and temperature. 

B. N&R IN VITREOUS MATERIALS 

The improvement of experimental technique and in particular of pulse in- 
strumentation ha,s opened for investigation a va& field of problems relatxxl to 
non-crystalline solids with the help of NQR. A series of pulsed 76Aa NQR studies 
was carried out on glassy As&, and As,Se, 1520 -522). It ie a difficult problem 
to detect NQR sign& in glassy substances. The magnitude of the EFG at a 
certain atom is highly sensitive to the nearest atomic environment, In a glass, 



the configuration and location of the neighbouring atoms vary from site to 
site thus produoing considerable line broadening. The half width of the 76As 
resonance observed in glassyAs,s, was N 3.5 MEL. In the As+, glass, the 
halfwidth was - 6 MHZ (see ref. [521]). The pulse technique has a distinct 
rlldvaxhqp over the continuous-wave (c.w.) method in detecting such wide 
NQR lines. We have mentioned in Chapter 1 that C.W. methods are unable to 
defect NQR signals in imperfect samples because it is impossible to use field 
or frequency modulation equal in magnitude to the line width, if the latter 
is as broad as, for example, in vitreous As,&+. The results obtained for vitreous 
samples were compared to ‘5As NQR measurementi in crystalline As& and 

As&,. They provide deeper insight into the structure of glassy compounds. 
The’ most important conclusion is concerned with the fact that the local order 
in these two glasses is remarkably well preserved. The basic structural unit 

in glassy As,x, (X = S, Se) is, as in the corresponding crystals, a trigonal AsX, 

pyramid. However, unlike in the crystals, this pyramid is characterized not 
by a fixed, but by an average X-As-X pyramidal apex bonding angle Acx 
due to the soatter of its value over the sample volume. From the resulti of 
simple MO calculations, and measurements of the width of the ‘SAs NQR ab- 
sorption spectrum, the striking conclusion arises, that in gla~y As& the 
average apex bonding angle Adc varies statistically throughout the glass, within 
the rather narrow limit from SO.5 to &-lo. Poor glassy As,&, where the data 
are less accurate, the corresponding Aa value is approximately &-3O. 

NQR results in vitreous As,& and As,&, were best interpreted by assuming 
that layers are still retained in the amorphous phases of these materials. 

Measurements on unannealed and strain-relieved As,& indicated that 
at least some of the greater deviation in oc over a long range than .that which 
occurs locally, can be attributed to the presence of macroscopic strains [522]. 
The crystal chemistry of the amorphous state attracts considerable attention, 
being at the same time the subject of debak As an example it is reported 

[520b] that X-ray and neutron-diffraction data on glassy SiOg, have variously 
been interpreted to support a structural arrangement based either on a random 
network of SiO, tetrahedra or on a more ordered network of distorted regions 
retaining substantial elements of the crysta~ine order. 

Conclusions [520 - 5221 based on the first NQR results of vitreous As&$+ and 
As,%, are therefore of fundamental importance in clarifying some structurctl 
aspects of vitreous inorganic compounds. 

As,S, and As,&, are highly valuable materials possessing the useful property 
of existing in both the crystalline and amorphous state. Only one other in- 
organic compound with suoh dual properties has been studied to our knowledge 
using NQR, [623]. Pyrophosphorylchloride P,O,CI, whioh is a liquid at room 
temperature, ftirms a transparent glass when cooled to liquid nitrogen tempera- 
ture. It is possible to observe in the glassy compound the s6c1 NQR signal which 
was naturally very broad (under N 1 MHz). Repeated melting and freezing 
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of the aample, followed by recording the N&R epectra, led to gradual crystal& 
z&ion of pyrophosphorylchloride. The process, in all its stagea, was reflected 
distinctly in the NQR spectra (Fig. 4.4). Two cry&aUine modifications, one 
being metakable, have been identified in the crystalline phase 15231. 

Concerning to amorphous SiO,, the latest results on the 1’0 NMR study Of 
this compound [562] indicate significant local order in the m&erial, Quadru- 
pole parameters (QCC and ‘I) for the oxygen site, have been obtained from a 
computer simulation. The Townes and Dailey c&ulakion reMed the quadru- 
pole parameters to the charge density in the oxygen orbit&. This wan consistent 
with the Si -0 -Si bond angle (Aa) having a distribution of values 130° s Aor 
I; 180°. 

28.0 2&s 29.0 

al vfiHz - 

28.5 29.0 

b) u/MHz e 

29.0 
cl w/MHz - e) v/MHz - 

Figure 4.4 Change of the ‘Wl N&R spectrum of glassy P&Cl, (a) in the course of 
cry&a&z&ion of the compound (b)-(e) [623]. ascl rtxxma~ces of two crystal modi- 
fications are seen in the ape&rum (d). 



C. NQR AS METHOD FOR PHYSICCkCHEUKK!AL ANALY6IS 

The us8 of NC&R for the study of the N%S + eb#, q&em was attempted 
[419j in combination with traditional methods for physico-chemical analysis; 
differential thermal analysis (DTA) and X-ray pa-8 anaJysi6 (XPA) [527,528]. 
It was expected [419] that NQR would be effeotive in this experiment for sev- 
eral reaso118 : first, eaoh compound formed in the system would give rise to an 
individual spectroscopic pattern ; then, the relative infensities of the NQR lines 
from a certa,in compound, would 8vid8ntly vary with conc8ntration ratio giving 
a maximum at the composition corresponding to it6 stoiohiometry ; finally, 
the vari&tion of line widths could, in principle, d8termin8 boundary compitions 
of solid Bolutions, if these are formed in the system. The presence of initial 
components in samples of non-stoichiomefric composition could also be de- 

teatad by NQR. 
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Figure 4.6 Resonance peak areaa for the 1-b NW transition Am = 6/2 - 3/2 
aa a function of aample composition in the system Na,S + Sb& [419]: 

a) in the NQR spectrum of NQbSa ; 
b) in the NQR speotrum of N&b&; 
c> in the NQR spectrum of Sb& 

According to the N&R data [419] compounds of the composition Na&bS, 
and NaSbS, were formed in the system (Fig. 4.5), the conclusion agreeing with 
the DTA and XPA data.. The lsl*lssSb NQR spectra of the compounds (Table 

3.10) wer8 discussed in the preceding chapter. On8 ca.n see from Figure 4.5 
that the NQR spectra of the samples containing 58, 70 and 80 mol ob of Sb,S, 
show resonances from the initial Sb,S,, in addition to those chara&8ri&c of 
N&b&. It is also seen that the intensity curves for Na@bS, and N&S, axe 
asymmetric with respect to their stoichiometric compositions (25 and 60 mol o/o 
of Sb&, respectively). In fact, a third compound, containing 40 mol o/o 
of Sb,S, (N@b,S,) was detected in the NaBS + Sb,S, systam by DTA and XPA 
methods [527, 5281. The abrupt decrease in the int8nsity curves at 40mol o/o 
of Sb& is therefore due to formation of the third compound in the system. 
Ita lSX*lWb NQR spectrum has not however been defected, due probably to 



one reason m&ing N&R spectra unobservable (Chapter 1). For instance, 
site, where the quadrupole atom resides may have cubic point symmetry. 

The application of Nm nevertheless appeared useful since it enabled 
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on0 

to establish the formation of the two compounds, to determine their compo- 
sition and to obtain certain crystallochemical characteristics, as well as to 
obtain indirect evidence for the formation of the third compound. The NC&R 
study, combined with DTA and XPA techniques, evidently increases the effi- 
ciency of the latter, enlarges the amount of information received and makes 
the investigation less time consuming. 

25 

CdSb 20 60 so ZnSb 

Figure 4.6 Variation of the NQR spectroscopic parameters for the system CdSb 
+ Z&b [629j: 

I =Sb NQ,R frequency (Aon = l/Z - 312) ; 
2 relative linewidth Av/Av,, ; 
3 relative amplitude of the lzlSb resonance. 

Results of the similar use of NQR for the study of CdSb + ZnSb alloys were 
reported later [SZS]. Several spectroscopic parameters varied [629] in samples 
containing annealed solid CdSb + ZnSb solutions of composition 1, 2, 10, 20, 
30,40, 50,60, 70, 80 and 90 at. % of CdSb (Fig. 4.6). The l=-lWb NQR spectra 
of the starting components at 77 K are shown below. 

Isotope Transition frequencies (MHz) @Q!7P 7 (%I Ref. 

(=z) 
l/2-3/2 3/2--812 pi/2-712 

ZnSb 

CdSb 

=lSb 53.66 88.10 393.42 
==Sb 41.42 61.76 81.31 386.72 

42.0 629 

=Sb 46.30 84.82 286.76 
1-b 32.34 60.46 76.73 365.74 

27-O 630 
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ZnBb and CdSb wer8 reported to be isostruutural (Lb291 end refs. cited therein) 
which is consistent with the N&R da&. 

The most interesting result of the experiment [529] was the composition de- 
pendent smooth ohange of antimony r8sonance frequency between the end- 
member valuss which exceeded 7 MHz (Fig. 4.6). Evidently substitution of 
Zn atoms for cd atoms in the solid solutions, generates & continuous variation 
in the EFG value at the antimony atoms in this system. 

D. AFTER-EI?XEC?TS IN MATERIAIB SURJECT TO THE INFLUENCE 

OF EXTREME CONDITIONS 

The study of materials subjeat to the a&ion of extreme conditions such as 
high pr8ssure Itnd temperature, shock compression, etc., is a, promising field 
for the use of NW. There are no esp8oia.l limitations when NQR is used in 
this way and it can provide important informrtion for such investigations on 
the sfrtbility range of crystal modifica&ions, local stru&ural changes, the rtp- 
pearanoe of new crystal modifications and their crystal chemistry f8atur8s. 

The results of an ‘5As NQR study of the changes in glassy Asa, and AB,S, 
subject to high pressure (40-70 kbar) and temperature (up ti 1 OOOOC) were 

reported [525]. 
Glassy As,S, first crystallix8d with the formation of an a-phase identical 

to na;t;ural orpiment which fact was unequivooaJly established by NQR (Fig. 
4.3) in agre8ment with DTA and XPA. A further inc~~3ase in temperature at 
constant pressure, resulted, according to XPA, in the polymorphio frensitions 

a-As& --f $-A.+, + y-Af&. The 75As NQR spectra of the three modifioa- 
tions (see Figure 4.7) clearIy show that the sample of p-As& ineludes both 

Figure 4.7 The 76As NQB spectra of As,& crystal modifications obtained under 
high pressure and temperature (recorded at room temperature) 16261: 

a) a-&&; b) B-b%; c> y-b% 
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the a- and y-phases. Some weak additional lines in its spectrum, which were 
absent in the speutra of a-A@, and y-w, were in&p&&i [625] as evidenoe 
for the presenue of a small amount of the aasooiate a-A@, . y-As& formed 
presumably through bridging sulphur atoms (AP...S.**AsY). 

The @-AE& and y-As& were further annealed at 180°C for 2 months and 
their T6As NQR spectra recorded again (Fig. 4.8). They distinctly reflect the 
local structural changes in thesamples which ocurred as a result of annealing. 

The struutures became more ordered as demonstrated by the narrowed reso- 
nances. The intermediate As positions, which appeared during the a + @ 

reorgauization were redistributed between the two in y-As%&. In the 7sAs 
NQR spectrum of p-As,&,, the resonances assigned to a-As&& showed a ten- 
dency to vanish, evidence for the conversion p + y during anne&ng. Under 
constant pressure, and at temperatures of 700 - 1 OOO”C, y-As,& CJMI &lso be 

. 
obtamed from a-As&,. 

bl d) ti 
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Figure 4.8 The change of the 76As NQB spectra of As& modifications due to 
anIWaling [626]: 

a) the spectrum of p-As&$, annealed ; b) the spectrum of the same sample before 
w.me&ng ; c) the ape&rum of y-As& before annealing ; d) the spectrum of ~-AI& 
CLnnealed. 

According to NW, both the a- and y-phases have several crystallochemieal 
features in oommon. Both possess two crystallographically independent As 
positions with the 7sAs NQR frequencies typical for polymer arsenic chalco- 
genides. The shift of the NQR spectrum of y-A&, to lower frequencies with 
respect to those of a-A@, was explained [SZS] as an increase in the ooordina- 
tion number of the arsenic atoms, due to a closer approach of chains under the 
action of high pressure. 

A similar experiment was carried out with glassy As@, [525]. The latter 
crystullized at pressures of 40 -70 kbar and tempera&urea within 300 - 600 “C. 
The ‘SAs spectra of cr@aJline a-As& and As&l, before, and after, annealing 
are given in Figure 4.9. It is evident that two crystal modifications are formed 
in the As& sample under high preamm and temperature. One with an intense 
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doublet appear.8 to be thermally unstable, undergoing structural tramforma- 
tion under a~ealing and diminihing in relative content. The other modifi- 
cation is thermally atable. It contains four crystallographically independent 
arsenic positions, their resonance8 lying within the frequency range typical 

for trivalent arsenic chain chalcogenide polymers. 
Clearly NQR speatioacopy is very important in fields such as this. NQR 

evidence for the after-effecti experienced by materials under extreme condi- 
tions, appeara to be more useful than traditional DTA and XPA. The latter 

al 
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Figure 4.9 The TsAs NQR spectra of amenic sulphides crystalhzed from glaes at 
high pressure and temperature [626J : 

a) a--As2Ss ; b) As&, unanne&d ; c) As&?, JMIIMLM. 

gave diffraction patterna of $I- and y-As&$ too complicated for indexing. They 
were however considered [a26] aa evidence for @A@& being an individual 
polymorph of orpiment. But NQR clearly showed that p-A+& was an inter- 
mediate &ate during the conversion a- + y-AE&. Under certain conditions, 
specified in [525] the high-temperature~pressure y-phase is deveIoped in u- 
Aa,S, but the latter does not disappear. According to NQR the sample (3- 
As& contains a-Arr,S,, y-A@, and presumably a emdl amount of the asao- 
ciate a-As&& - y-As&&_ ‘GAB NQR also yields information on the crystal chem- 
istry of the new phasee, ~-AS&~ and &S6 formed under high pressure and 
temperature. 

The sensitivity of NQ!R to structural changes is superior to X-ray diffraction 
patterns [521-J. The relative broadening of the lines in both NQR and X-ray 
spectra were compared [531] after the semples of InSb and CdSb had been 
subject to shock compression with a peak pressure of 100 kbar. The defects 
produced in the samples due to shock loading strongly affected the N&R 
line widths while those in the X-ray diffraction patterns broadened imignifj- 



cantly. With the help of NQR the app8aranc8 of pi8zoactivity induced by 
shock compression in CdSb and InSb was established E53l-j. 

SpectrOecopic methods ar8 now the most reliable sourc88 of various infor- 
mation on the effect of extreme conditions upon materials. They suppIy 
such information from powder samples. The’principal limitation of the X-ray 
8xperim8nt is the difficulty in growing single Cry&&. In &ny 8V8nt, few Orysfals 
remain intact under the action of 8xtr8m8 conditions. 

E. NQ,R IN THEXMODYNAMICALLY UNSTABLE COMJ?LEXES 

The sensitivity of NQ@ to alterations in the details of a stru&ure such &S the 
r8arrangem8nt of atomic positions and order-disorder phenom8na, permits 
the observation of dynamic process86 occurring in thermodynamically non- 
equilibrium systems, a study poorly accessible by other methods. 

A convenient model of a non-equilibrium system is afforded by the cis- 
isom8rs of a number of diaminodiha~op~atinite compl8x86. The total energy of 
the &-isomers exceeds that of the corresponding tram-isomers, so that the 
formation of cis-isomera by these complexes is thermodynamicahy unfavour- 
able [532, 5331. They therefore show a tendency to cL+trana isomerization at 
low activation energies. 

Using NQR a number of phenomena were observed [534 -536) fo proceed in 
&-isomers of platinum(II) complexes, processes such as thermoisomerization, 
the spontaneous conversion of crystahin8 modifications, and differences in 
thermal behaviour in samples prepared by different methods. The NQR spectra 
also permitted the d8tection of a previously unknown inn8rSph8r8 transfor- 
mation in several complexes. The high thermodynamic instability is readily 
reflected in the lz71 NQR spmkra displayed by &-platinum(I1) diaminodiiodi- 
dea. Slow changes involving the oontinuous alteration of iodine resonance line 
widths and amplitudes could be observed for many hours aft8r preparation 
(Fig. 4.10). 

To stimulate thermoisomerization in &-PtpyB& it is suffioieaf to heat the 
sample for 1 hour at 14O”C, the isomerization then proceeding at room tem- 
perature to complete conversion into the tram-form. This was monitored by 
NQR speotra ov8r several days [534]. 

In a freshly prepared sample of cia-Pt(buNIIz),Iz, about 20% of the trans- 
form was deteoted by =‘I NQR and oonfirnmd by polarography 15361. 

The controlled variation of conditions of preparation [534] mainly involved 
the duration of heating to completely convert the &-isomer to the traras-form. 
For cti-Pt(etNII&I, the conversion varied from 2 to 9 hours depending on 
the component ratios Pt : PiI :L 15343. 

Maintaining a precipitate in solution during preparation of the compounds 
has given some interesting results. A sample of cis-Pt(meNE&Iz, so obtained, 



gave & completely different m1 NQR spectrum after several months, its pattern 
however allowing one to suggest that the new crystalline cis-modification 
developed spontaneously during the storage time. The struotural transfor- 
mation c&$1)-Pt(meNH&I, + ddp)-Pt(melXE&),~ W&B accompanied by single 
crystal growth, so that a oomph&e structure study of the new compound was 
made by X-ray [535]. While C&J ‘I)-Pt(mem),I, converted into the &a=-form 
at 140 -1550°C and deoomposed at above 17O”C, ci@-Pt(meNHs),I, showed 
no indications of either conversion to trava+Pt(meNH,),I, or of decomposition 
on heating to 170 “C. Moreover, new resonances identical to those of trams- 
Pt(NH.&I, were developed at 180 “CL They prevailed in intensity at 190 “C 

155 156 '157 156 
v/MHz- 

159 

Figure 4.10 l-1 NQR lower frequency lines in C&V-Pt(C&N)& [635]: 

a) freshly prepared sample ; b) the same sample after 24 hours. 

and remained the only lines at 195 “C, evidenoing for the inner sphere oonver- 
sion cis(B)-Pt(meNHs),I, + tra~-Pt(NHs)&s occurring on heating this new 
compound [535]. The elemental analpis of the product confirmed the compo- 
sition of the sample. 

Another inner sphere conversion occurred in a sample of cis-Pt(etNH,),I, 
which was also kept for a prolonged period (24 hours) in solution during prepa- 
ration. After the first NQR study, the sample was stored for years in the same 
tube. Initially it was a fine powder, but during storage a number of single crys- 
tals grew inside the tube. The NQR test of the content of the tube showed 
that it became c&(l)-Pt(meNH,),I, suggesting the spontaneous transfor- 
mation &-pt(etKEZ&$, + &a(l)-Pt(meNE&),I, proceeded during storage 15351. 
The single crystal X-ray study of the new content of the tube was also attempted 
to give the same lattice parameters as those earlier measured for the c@)- 
Pt(moNH~),I,. This indicates that the structure conversion &soB-Pt(meNH&I, 
+ c&(a)-Pt(meNE&I, took place under the action of X-ray irradiation [535]. 



The prolonged mainten&no~ of samples in solution presumably promoted 
the formation of more thermodynamically stable compounds. One oan believe 
that &(*‘-I?t(meN&)s& is more thermodynamically stable than #rune- 
Pt(meNEQI, but ite energy is still higher than that of trans-Pt(NH&l& 
accounting for the observed thermoisomerization c&s(~)-Pt(meNII&I~ + tram- 
Pt(NII,),I, accompanied by inner sphere transformation. 

According to NQR and in agreement with estimation of the isomerixation 
energies [633], the ck-tvaaws isomerization of PtL,I, is favoured in following se- 
quenoe : NH, z py < meNI&, < et-. This conclusion might account for the 
observed inner sphere conversion c&s-Pt(etNH,& + c&+l)-Pt(meNEI,),I, 
governed by the tendency of the former complex to reduce its free energy. 
The tendency is realized under certain preparation conditions (maintaining 
the precipitate for a long time in solution). 

F. POTENTIAL APPLICATIONS OF NQR TO THE GEOSCIENCES 

A group of American authors [537] ha reported their opinions on the long- 
term potential of NQR spectroscopy to the geosciences, many of which are 
associated with an in-depth understanding of mineralogy. 

The limitations of widely used traditional methods for studying mineralo- 
gical problems, such as X-ray, electron and neutron diffraction, NMR, and 
electron microscopy are noted. They are not able to fully characterize the 
minerals, especially if they are polycrystalline. 

NQR spectroscopy has advantages over the other methods providing a 
diversity of information about structure and bonding, order-disorder pheno- 
mena, and on atomic arrangement. Study of the temperature and pressure 
variations yields information on molecular dynamics and phase transitions as 
well as strain and stress. N&R also permits the study of some subtle aspects 
of crystal structures impossible to investigate by other techniques. Moreover 
NQR requires neither single crystals nor an external magnetic field [537]. 

Since the rocks and sediments composing the upper few kilometers of the 
earth’s crust are made up principally of alumino-silicate minerals containirig 
oxygen, silicon and aluminium initial investigations are centred on the problem 
of efficient detection of aluminium-27 NQR [537]. 

The potential applications of N&R to various energy technologies have been 
tabulated [537]. These include nuclear waste isolation, continental drilling, 
fossil fuel recovery, etc., and those technologies whose implementation may 
take many years of effort. Among them are the identification of lattice sites 
of radionuclides in glasses, synthetic and natural minerals ; measurement of 
stress in salts and rock formations ; memurement of stress at depth ; evaluation 
of localized stress in non-isotropic materials; interpretation of ordering in 
minerals with respect to thermodynamic properties, continuous measurement 
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of the distribution of sulphur between organic and inorganic phases in coal ; 
characterization of phase transitions in common rock-forming minerals, etc. 

To make fuller use of the potentialities of the method, many experiments 
are to be undertaken [527). This covers the development of 27Al NQR instru- 
mentation techniques including the detection of NC@, lines of various inten- 
sities, widths and shapes ; improved sensitivity ; remote analysis and measure- 
ment of small samples. NQR research on other important probe nuclei (W, 
%wU, 170, etc.) must be undertaken. 

G. NQR STUDP OF INTERMETALLIC COMpOuNas 

The NQR spectra of metals are highly sensitive to superfine interactions 
between nuclei and conduation electrons, the spectroscopic parameters being 
related to the density of states at the Fermi level N(0). A series of -Nb NQR 
investigations were performed [640-5421 on binary NbaX alloys (X = Al, 
Ga, Ge, Sn, Pt, OS, Ir, Sb). These alloys are known to have a cry&a1 structure 
of type A-15 with niobium atoms occupying crystallographically equivalent 
positions 6(c), thus forming a system of orthogonal chains oriented along the 
[loo], [OlO], [OOl] directiona. The latter lie along the axes of a body-centered 
cubic sublattice formed by the a;toms of the second component, occupying 
equivalent sites 2(a) ([541] and refs. cited therein). 

Many intermetallic compounds which belong to thk structural type, show 
anomalous magnetic, electric and elastic properties. Home are well-known high- 

temperature superconductors. 

TABLE 4.2 

88Nb Quadrupole coupling instants &11cI superconducting transition 
temperatures in intermetallic alloys [541,542] 

Compound eW# (Mfl[z) T, W) 

113.1 * 0.3 18.2 
101.4 * 0.3 

76.8 & 0.2 
44.7 zt_ 0.2 
64 
77.6 & 0.6 
75.4 rfi 0.5 
72.0 & 0.6 

110.4 & 0.4 14.6 
111.0 -& 0.4 19.1 
113.0 + 0.5 16.6 
110.4 zt: 0.6 18.2 



-Nb NQR data for these alloys are shown in Table 4.2. The euperconduuting 
transition temperature T, of the alloys appears to be varied by doping. m 
NQB data for several doped alloya are &o available in Table 4.2 together with 
their traxktion temper&urea TC. The Nb sites 6(c) have tetragonal symmetry. 
The point group is l&(4%) requiring the asymmetry parameter at the nio- 
bium site to be zero. The %Wb NQB spectra of mo& compounde verified axial 
symmetry for the EFG. Only in Nb,Gs and Nb& did the re~nences yield 
high symmetry parameter values (17 z 0.8). Thk m interpreted as a result 
of dieorder charaoteristic of niobium compounds with transition met& ([Ml] 

and refa. cited therein). 
The wide range in -Nb QCC values in these Nb,X compound8 (Table 4.2) 

is related to the quasi uni-dimemional properties of these compounds [541j. 
A considerable dependence of the m QCC values on the overlap between 
d-orbitale of the neighbouring Nb atoms is to be expected in suoh structures. 

Non-negligible charge fnrnsfer from Nb to X atoms occurs in the A-15 com- 
pounds [541]. This leada to the increased coupling between the Nb and X 
a.toms, thereby influencing the uni-dimen&onality of the structure, The in- 
creasing charge transfer to Nb,Ga and Nb&e ie accompanied by a reduction 
of the @Wb QCC value. The considerable charge tramfer in Nb& and Nb,oS 
was believed.[5413 to be responsible for the considerable difference in their 
electron distribution (non-axial EFG) compaxed to the other compounds of 
Table 4.2; 

In fernary eolid solutions obt&ned by doping the NbAl, alloy6 with Zr, 
Ga, Sn, Si, the substituting atoms ocoupied eith8r 6(c) or 2(a) positions. When 
the Al atoms were subiltituted for Sn, Si, Ga, broadening of the Y9h ~le8onance~1 
was observed. The latter, however w&8 small in systema with Zr dopant atoms. 

Substitution of Nb atoms in Nb&l was found to shift To much more effec- 
tively than substitution of Al atoms [542]. Theam QCC deoreased with respect 
to Nb&l in the ternary sysfems of both tspes, (Nb, A&Al and Nb,(Al, B) 
(Table 4.2). 

The total EFG in met& may be represented as the sum 

eq = e%**(l - Yoo) + ep,(l - &a) 

where qhtt is the point-charge contribution, (1 - ycD) and (1 - R,) are the 
Sternheimer antiahielding and shielding factors, mpectively, and eg_, is the 
EFG due to the conducting electron. The contribution of eq_ is proportional 
to the density of at&es at the Fermi level N(0) [542]. 

The decrease in @%b p due to alloying wa8 therefore considered [541,' 5421 
to be due to a reduction of the density of the N(0) statea of conduction electrons 
at the Fermi level. More detailed inform&ion ~88 obtained [541, 5421 from 
relaxation measurements. 



H. NQR PUIE IN8!FRUMENTATION AND RELATED ECHO PHENOB&NA 

Pulse NQR spe~txometms which operete in a wide frequency m, appear 
to be very suitable for the investigation of some other related echo phenomena. 
The poseibility fo observe piezoelectrio resonances using NQR equipment, is 
widely know-n. In 1970 two groups of authors discovered a new phenomenon 
of ele&roaooustic echo (EAE) using NQR speotrometers 1538, 5393. 

The effect has considerable potential in various areas of science and engineer- 
ing. It can find many applications in the field of communication. The con- 
struction of controlled delay lines with extremely long delay times is possible 
using EAE. The most interesting property of materials posse&ng the EAE 
effect is fhe long-term storage of the response echo signal. This can be used in 
memory devices of a new type aharacterized by large information ospacity, 
non-destructive reading, power-free storage of information, low cost and low 
energy consumption. The coherent signal twtcumulation, averaging, recording 
and erasing systems can also be mnstruoted using the EAE phenomenon. 

In more fundamental areas, the EAE effeot may serve M a new method for 
the investigation of solids. Using m vario- nonlineai parameters may be 
measured. It is also an efficient tool for the study of acoustic attenuation (aspe- 
cially at superhigh frequencies), point defeats, dislocations and impurity 
sites. 

With this potential, the study of EAE has advanced to the researoh fore- 
front of the physics and chemistry of solids. It is not appropriate to discuss 
the question here in d&tail, buf it is neaeesary to comment briefly on some aapecti;J 
insofar as they are closely related to NQR and its contribution fo the investi- 
gation of new phenomena. 

Having some phenomenologioal features in common with NQR spin echo, 
the EAE is quite different in nature. When a piezoelectric substice is excited 
by three electromagnetic pulsp applied at the time moments t = 0, t, 2’ 
respectively, aresponse series of echosignals arises at the moments t = (rr + 1) t 
and t = T + -nit (rlr = 1, 2, 3.. .). The former signals make a two-pulse and the 
latter a three-pulse electroacoustio echo. The EAE can be observed in a wide 
frequency range, in single crystals, a~ well as in piezoelectric powders. In the 
latter substances, the dominating mectinism for echo formation, is determined 
by the nonlinear properties of the system of piezoeleotric oscillators. The 
three-pulse echo possesses the property of long-term memory. When applying 
the pair of exciting pulses, a “record” of the eleotroacoustic echo signal can 
be made which oan be stored for a long time (days or weeks). A repeated appli- 
cation of the third pulse, of the same filling frequency aa that of the two first 
pulses and,of an amplitude not exaeeding the amplitudes of the two preceding 
pulses, can then permit the non-destructive “reading” of the stored signal. 
The first pair of exciting pulses is therefore called the L*rec30rding” pulses while 
fhe third pulse is called the “reading” pulse. 
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We refer the inter8sted reader to the th& by Petroc3yan [548] for infor- 

mation on the more important theoretical and experimental EAE results as 
well as & spt8matic hat of ref8reno86 on thie problem and wlat8d a8p8ots. The 
final purpoee of th8 study [543] was a s8arch and NQR inv8Mgation of 

crystals ming the EAE 8ff8Ct. 

Inorganic compoun& and especially alkali metal halogenate contain numer- 
ous examples where the EAE effect wa8 obs8rv8d (a-HI&, K&=0,, CsBrO,, 
SbF,, C!sIO,, BieTiOlr, BiJJeO,, etc.). Ioda&es am known to find a wide 

application in quantum 8lectronics, nonlinear optics and piezoengineering 
[5433. The literature data available on th888 compounds, contained however 
many contradictions. Thus, there W&B considerable d&cord on the numb8r, 
structure and NQR spectra of the cry&a&n8 modifications formed by acid 
potaseium biiodate (KIO, - HIO,). There we18 also contradictions between the 
X-ray data on the cBntiymm8trio structure of iodate anhydride (I,O,) [546] 
and a report on th8 observation of the piezoelectric reaonan~ and EAE in 
commercial samples of GO, ([548] and refs. cited therein). 

Using NQR all the disc:repancies in the data have been rationalized [543]. 

The compounds formed in the Byetern -0 -I,O, have been studkd systemati- 
cally together with the related compounds (RbIO, - EIO,, 43~10, - HIO,, 
LiBrO,, LiBrO, - E&,0, etc.). The exietence of a-HIO, which appeared to be 
meta&able at room temperature, was confirm8d. It wa8 ~&SO found that 
commercial iodate anhydride (GO,) contained, as a rule, a mixture of a-HIO, 
and EIO, - IaO,, free &OS often being completely absent in the reagent. The 
le71 N&R spectm conkrkently reported either some HIO, . &O. reBonancea 
or the combined spectrum of a-HIO, and HIOs . &O, [544,545]. The true fm1 
NQR spectrum of &Osl W&B not known. The otierved pi8zoreeonances or EAE 
signals in commercial GO6 h&v8 evidently been accounted for by the pence 
of a-HIOS in the samples used. In the pure sample of &O, [547, 5481 both the 
piezoelectric resonance8 and the EAE signals were completely absent, and 
the ia71 NQR speotra appear8d in complete agreement with the X-ray data 

[546-j. 
All the crystal modifications (a, @, y, 6) of acid potaeaium biiodate 

(KIO, - HIO,) ha ve been pr8pared and investigated using N&R [543]. a- 
KIO, - HIO, is ferroelectrio, the first example in the acid iodate family. The 

order, mechanism and temperature of the ferroeleotric phase tramition (223 9) 
have been determined. A detailed study of the th8rmal behaviour of other 
modificationa of acid podium biiodat8 ha@ been carried out in the tempera- 
ture range near dehydration. This gave information [543] on the relative thermo- 
dynamic stability of the crystalline modifications of potaseium biiodat8. 

The varied information wa8 obtain8d 15431 on a larg8 number of compounds 
using NQR apeotrolJcopy almost 8xclusiv8ly. Aa a result of this study EAE 
was observed for the first time in 60 piezo- and ferroelectrio crystals. 

Two ways of erasing the electroacoustic record w8re proposed [549] t0 

14+ 
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provide exparime ntal confirmation of the oompo6ite nature3 of the three-pulse 
echo. The exp&menta provided evidence in f&vour of one of the disputed 
mt~hani~ms responsible for the long-tam memory of three-puke echo, attri- 
buting the effect to a residual pltletic deformation which develops ia the piezo- 
electric subetanckdue to the action of radiofrequency pulses [MO]. 



CONCLUDING BEMAfGKS 

In this review the authors intended to cover, comprehensively, the diversity 
of information which can be obtained uhng NQR. Various classes of inorganic 
compounds were considered from the viewpoint of their geometry and chemical 
bonding. 

Aiming at simplicity and clarity to non-apeciahists, the authors often limited 
themselves to a qualiwtive comparison of the rest&~ for as great a number 
of Aat. cQmpoun& a~ possible. 

A short review of promising applications ie included for NQR in area8 which 
have not yet become traditional. 

The large field of NQR spectroscopy based on relaxation measurements 
was, however, beyond the soope of the present paper. Information obtained 
from measurement of relaxation rates, their temperat- dependence and the 
femperature dependence of the resonance frequenti provides information 
concerning the dynamic properties of cryeta. lattices, molecules or ions. 
Investigation of the temperature behaviour of the spectroscopic parameters 
including relaxation times contributes considerably fo our understanding of 
the nafure and mechanisms of phase transitions. Consideration of l&se subjects 
would, however, greatly increase the size of this monograph, so the reader is 
rekredtoreview~ [164, 661,653,564]d.evotedtothese problems. 
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