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Since Dehmelt EH. Dehmelt  and H. Kriiger, Naturwiss. 37, 11 (1950)] observed the first pure 
quadrupole resonance signal in 1949, this technique has been developed to a high degree of sophisti- 
cation for the investigation of bonding and structural features in compounds. Most of the early 
data were obtained on organic halides. More recently, NQR has been used to research inorganic 
bonding characteristics such as ~r and ~ bonding in nitrogen compounds and transition metal 
complexes. The technique has also been extensively developed for mineralogical research, including 
recent applications for quantitative analysis of specific minerals in natural ore deposits. The 
major developments in instrumentation which were made in an effort to solve these problems 
are discussed. 
INDEX HEADINGS: Nuclear quadrupole resonance spectroscopy; Analytical applications; 

Instrumentation. 

INTRODUCTION 

Nuclear quadrupole resonance (NQR) is used to in- 
vestigate the character of chemical bonds in solids, 
including the influence of impurities, defects, etc. The 
occurrence of quadrupole energy levels in crystals is 
caused by the interaction between nonspherical nuclei 
and the nonuniform electric field of the lattice or 
molecule. The quadrupole resonance frequency de- 
pends on the type of resonating quadrupolar nucleus 
and ~he electric field gradient of the crystal or mole- 
cule. Since the absorption frequency for various iso- 
topes is different, and since the specific frequency 
depends on the type of bonding, this method can be 
used for qualitative chemical analysis (Figs. 1 and 2). 
Peak height or peak area measurements can be related 
to quantitative analysis. The multiplicity of the spec- 
trum may provide data for drawing conclusions con- 
cerning the crystal structure and bonding of molecules. 

Nuclear quadrupole resonance signals can be ob- 
served only in crystalline solids; however, liquids can 
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I~IG. 1. NQR frequencies for various isotopes. 

be frozen and studied at low temperatures. If the 
crystal lattice is disturbed (paramagnetic centers, 
impurities, irradiation, disordered), the width of NQI~ 
lines increases. (The influence of paramagnetic centers 
is complex. Paramagnetie centers can reduce the spin- 
spin relaxation time, T~, causing a decrease in satura- 
tion. Consequently, the signal intensity can increase 
as the line width decreases.) Consequently, the NQt~ 
method can be used for inspecting the quality of the 
crystal system. This is especially valuable in syn- 
thesizing new chemical compounds, where the occur- 
rence of NQI~ signals indicates that the product ob- 
tained is of high crystal lattice purity. 

I. THEORY 

An external radio frequency field precisely corre- 
sponding to the energy difference of nuclear states will 
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FIG. 2. NQR periodic table (taken from Wilks Scientific 
Corp. resume of the NQR-1A nuclear quadrupole resonance 
spectrometer). 
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Table I. Quadrupole resonance frequencies. 

I Secular energy equation ~ (~ = 0) ~, (7/~ 0) 

1 . . .  3eQq~/4 
E ~ - 3~ ~ - 9 = 0 eQq,~/4I (21 - 1) 
E~ - 7 (3 +v ~) E ~ eQq,,/2I (21 - 1) 

- 2 0 ( 1 - v  ~) =0 
{ E ~ -42 (1 +~/3)E ~ 3eQq=/4I (21 - 1) 

-64(1 - v ~ ) E  
+105(1 +~/3) ~ =0 

E s - 11 (3 + ~ ) E  ~ 3eQq=/2I (21-1) 
-44(1 -v~)E ~ 
+44/3(3+,~):E 
+48(3+,  a)(1-v ~) =0" 

3eQ(q=)/4. (1 ::k~/3) 
eQ(q~)/2.  (1 +v~/3)½ 
~1 = 3eQq=/20. ( 1 + 1.09259v 2 - 0.63403~ 4) 
2=3eQ(q=)/lO. (1-  0.20370~2+0.16215~ 4) 

~ = eQ (q~)/14.  (1 +3.63333~ ~ - 7.26070~ 4) 
= 2eQ (q=)/14- (1 - 0.56667~ ~ + 1.85952v 4) 

3 = 3eQ (q~)/14.  (1 - 0.1000~ 2 - 0.01804v 4) 
~ =eQ(q=)/24.  (1 +9.03333v~-45.69070~ 4) 

2 = 2eQ (q~)/24.  (1 - 1.338095~ ~ + 11.72240~ *) 
= 3eQ (q=)/24. (1 - 0.1857~ ~ - 0.12329v ~) 
= 4eQ (q=)/24. (1 - 0.08095~ ~ - 0.004258~ ~) 

cause forced transit ions between these states. The  
transit ions are accompanied by  absorpt ion of energy 
f rom the radio frequency field. The  frequency ab- 
sorbed in N Q R  is proport ional  to the quadrupole 
momen t  (Q) of the nucleus, to the nuclear spin (I) ,  
and to the field gradient  (q) of the molecule or crystal.  

The  electric quadrupole momen t  measures the de- 
viat ion f rom spherical s y m m e t r y  of a nucleus. 0 n l y  
nuclei with nuclear spins greater  t han  one-half have 
electric quadrupole moments .  

The  electric field gradient  (q) is the negat ive second 
der ivat ive of the electrostatic potential,  v, at  the 
nucleus produced by  nea rby  charges. The tensor  com- 
ponents  along the X, Y, and Z axes are q~=, qyy, a n d  
q~,. I f  q is axially symmetr ic  with Z ( O 2 v / a X  2 = 0 2 v / O Y  2) 

and since q = ~ + q v v + q ~ , = O ,  only two quanti t ies (qz~ 
and 7) are needed to define the field gradient  tensor, 
where the a s y m m e t r y  pa rame te r  

= (q==-- qyy) /q~ , .  (1) 

A nucleus with a quadrupole  momen t  s i tuated in an 
inhomogeneous electric field possesses a potent ia l  
energy which depends upon the or ientat ion of the 
quadrupole momen t  with respect  to the electric field. 
The  quadrupole coupling between different energy 
s tates  is directly proport ional  to the nuclear quadru-  
pole coupling constant  (eQq) .  Although the energy 
states are electrical in origin, the transi t ions are 
caused by  the in teract ion between the magnet ic  com- 
ponent  of the rf field and the magnet ic  momen t  of the 
nucleus. 

In  an axially symmetr ic  field (~=0) ,  the energy 
arising f rom a nucleus of momen t  Q in the field of 
gradient  q:is defined by  

eqQE3m 2 - I  (I-k 1)3 
~= = , ( 2 )  

4I ( 2 i -  ~) 

where m is the magnet ic  quan tum number,  which takes 
21.-I-1 values between I and - - I .  The quadrupole  
resonance frequency is given by  

3eQq 
,r = E2 (mT) -- 1]. (3) 

4 h i ( 2 I - -  1) 

Consequently,  ~r = 3 e Q q / 4 h  for I = 1, e Q q / 2 h  for I =-~, 
etc. 

In  a nonsymmetr ic  envi ronment  (7 ~ 0) the energies 
of the different quadrupole s ta tes  are not defined by  
Eq. (2). Table  I lists the resonance f requency equa- 
tions for various nuclear spin systems when n ~ 0 .  
The  quadruple  coupling constant  (eQq)  can be used 
to es t imate  the ionic charac ter  and hybridizat ion of 
covalent  bonds. The  electric field gradient  (qz,) is 
sensitive to the s t ructure  of the electron shells. The  
a s y m m e t r y  pa rame te r  (7) can be used to es t imate  
the 7r-electron concentra t ion near  the a tom in certain 
instances. 

A. Intensity of NQRSigna ls  

The intensi ty  of N Q R  signals depends upon (a) the 
angle between the axis of the electric gradient  and the 
applied rf field, (b) the popula t ion excess in the  lower 
s ta te  of the transit ion,  (c) the spin- la t t ice  relaxation 
t ime Ti, and (d) the t ransi t ion probabil i ty,  ( H i p / I )  2. 
Energy  absorpt ion is via coupling of the magnet ic  
dipole ~ of the nucleus to the magnet ic  vector  H1 of 
the rf field. Popula t ion  excess (very small  in absolute 
terms) is proport ional  to h~ , / k t ;  and thus s t rong signals 
occur when the quadrupole  coupling constant  is large, 
the absolute t empera tu re  is low, and T1 is short.  

A transi t ion will not be observed if the line width 
is too great.  Fac tors  affecting line width are (a) in- 
ternal  molecular  motion, (b) lat t ice vibrat ions,  (c) 
sa tura t ion  of the transit ion,  (d) magnet ic  coupling 
to other  nuclei, and (e) defects or strains in the  crystal  
s tructure.  The  most  impor t an t  factor  is the last  since 
it  can result  in line broadening to such an extent  t h a t  
the signal is completely  lost in the oscillator noise. 

II. INSTRUMENTATION 

Most  nuclear quadrupole  resonance spect rometers  
are based on either a regenerat ive (continuous wave) 
or super-regenerat ive (quenched) osci l lator-detector .  

A. Super-Regenerative 

A coil and variable  air condenser in parallel make  
up the t a n k  circuit of an rf osci l lator-detector .  The  
spec t rum is scanned by  ro ta t ing  the condenser. I n  a 
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super-regenerative oscillator, ~,2 the driving force is 
periodically cut off, and reactivated when the oscilla- 
tions have almost died away. This is the quenching 
cycle. An absorbing sample (placed in a vial inside the 
coil) affects the rate of decay of oscillations and hence 
the exact level remaining at the moment of buildup. 
Good spectrometer gain stability can be achieved by 
maintaining a constant ratio of coherent oscillations 
to residual noise at the moment of buildup. Too much 
coherence leads to poor sensitivity, while too little 
results in a very noisy signal. Peterson and Briden- 
baugh, 3 at Bell Laboratories, were the first to build an 
NQR spectrometer in which the noise from the oscil- 
lator was continuously monitored and used to control 
the length of time the oscillator was inactive. If an 
NQR spectrometer is to scan a wide frequency range 
while maintaining a constant noise level, this type of 
automatic control is essential. 

The spectrum produced by a super-regenerative 
oscillator contains the principal frequency (center 
peak) and side bands because of the mixing of the 
principal frequency with the quench frequency. If the 
frequency is modulated and phase-sensitive detection 
is used, then the side band responses are suppressed. 4,5 

B. Regenerative 

In a regenerative oscillator, 6-s the sample is in- 
serted into the oscillator coil and becomes an element 
of the resonant circuit. When the frequency of the 
oscillations in the circuit corresponds to the frequency 
between the quadrupole energy levels, the sample ab- 
sorbs energy from the circuit. The sensitivity of re- 
generative oscillators over a wide frequency range is 
often poor compared to that  of the super-regenerative 
spectrometers. However, a regenerative system is 
better for line shape, multiple structure, and relaxa- 
tion time studies. 

C. Spin-Echo 
A third type of NQR instrumentation is that of the 

quadrupole spin-echo technique2 -u If the sample is 
subjected to two rf pulses separated by time r, then 
2r sec after the first pulse an echo signal is produced 
which is the result of the interaction of the damping 
signals of nuclear induction. The spin-echo method 
combined with double resonance techniques permits 
NQR studies at low frequencies because the double 
resonance does not require a Boltzmann population 
difference for the second spin system. 

Oscillator circuits employing field effect transistors 
(FET's) TM are gradually replacing circuits usingvacuum 
tubes. The noise figure (0.5 dB) of field effect transis- 
tors is a factor of 4 better than vacuum tubes. Use of 
these devices in the oscillator circuit, audio amplifier, 
and filter circuits yields better signal-to-noise ratios. 
Also, these circuits operating at low voltage avoid the 
problems of hum and pickup associated with high 
voltages. A disadvantage of using FET's is the require- 
ment of a large sample. 

During 1967, Wflks Scientific Corporation sold the 
first commercial NQR instrument, based on the design 
of Peterson2 Decca Radar Limited of England has 
entered the market with a design Following that of 
Smith, 5 and Varian offers information on NQR ex- 
periments performed on their wideqine nuclear mag- 
netic resonance spectrometers. 

III. CHEMICAL APPLICATIONS 

A great deal of NQR data has been interpreted to 
provide a critical test for field gradients as calculated 
from molecular orbital theory, and for point charge 
calculations for ionic lattices. However, NQR is a 
useful technique for a variety of studies of solid-state 
chemistry such as the character of the chemical bond, 
the number of physical and chemical nonequivalent 
atom positions in the crystalline structure, the detec- 
tion of phase transitions, the determination of purity 
of a material, and the application to qualitative and 
quantitative analysis. Chemical nonequivalence is 
typified by a greater frequency shift than physical 
nonequivMence. As will be seen from the discussions 
on chemical bonding, the influence of pi and sigma 
bonds on absorption frequencies is significant. 

The first attempt to correlate electronic structure 
with nuclear quadrupole coupling constants was made 
by Townes and Dailey ~3 on a series of dihalides. From 
these studies they formulated the following equations 

eQq(mol) = (1 - s - k d )  (1 -i)eQq(at),  (4) 

eQq(mo~) = (1 -s -~d) (1- i ) -b2(1-bc)eQq(a t ) ,  (5) 

where i is the ionic character, s and d are the amount 
of s and d hybridization in the halide bond, c is a 
constant (approximately 0.25 to account for positive 
ionization), and eQq(at) is the coupling constant of an 
isolated atom. Equation (4) is specific for correlating 
eQq values for chlorine compounds and Eq. (5) is for 
other halogens. Townes and DMley concluded that  
the major contribution to the electric field gradient 
comes from p electrons in the valence shell because 
p orbitals have spherical symmetry. 

A plot of ionicity, 1 -  Pq, vs electronegativity differ- 
ence, X h - X m ,  on a series of diatomic halides shows 
that  for electronegativity differences greater than two, 
bonding is essentially 100% ionic in support of the 
Townes and Dailey result. 14 In this instance ionicity 
is defined by 

Pq = eQq(mol)/eQq(~t), (6) 

1 - P q = ½ ( X h - H m )  for X h - - X m < 2 .  (7) 

The halogen bond character of 24 alkyl halides has 
been calculated using a modified form of the Townes- 
Dailey equation 

eQq(mol)/eQq(at) = I - s ~ d - i -  II, (8) 

where I is the single bond character and II  is the 
double bond character. Calculating the sum total of s 
and d hybridization, it is found that  the average values 
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Fro. 3. Structure of group I I I  
halide molecules. 

are 13.6% for C-C1 bonds, 8.6% for C-Br bonds, and 
1.9% for C-I  bonds in agreement with the Townes- 
Dailey hybridization rules? 5 

When correlating molecular structures of a given 
family of compounds, it is convenient to define a 
quantity 

Up = eQq(mol)/eQq(~t), (9) 

called the "number of unbalanced p electrons." Con- 
siderable insight can be gained from studying families 
of compounds by utilizing the above equations where 
some of the parameters remain constant or are zero. 

A. Halogens 

More NQR data have been collected on chlorine com- 
pounds than all others combined (Figs. 1 and 2) 
because standard radio frequency oscillators have 
maximum sensitivity in the range of 10-70 MHz 
(most 35C1 frequencies are between 20-50 MHz), and 
chlorine resonances are not usually saturated by high 
rf power. Since the initial studies on dihalides by 
Townes and Dailey, a vast amount of NQR data has 
been collected on halogen compounds. Only a few 
examples will be offered here to familiarize the reader 
with the type of results which can be deduced from 
NQR spectral data. 

1. Group III Halides 

The halogen spectrum of group III  trihalides 1G-is on 
A1Br3, GaC13, InI3, etc., consists of three resonances, 
two being closely spaced at approximately 20 MHz 
and lying well above the third at approximately 15 
5~[Hz. The difference in the high field frequencies 

establishes a physical crystalline inequivalence around 
a set of chemically identical atoms. Bond angles 
calculated from the asymmetry parameter by 

n i  = 3 COS0 (10) 

indicates a dimerized molecule containing two halogen 
bridge bonds (Fig. 3). Calculated Up values demon- 
strate the halogen bridge bonds are weaker (longer) 
than the others in agreement with x-ray results. 

2. Group IV Halides 

The percent ionic character and percent single bond 
and double bond character of the group IV halides 
have been extensively investigated by the NQR 
me~hod. 19-22 The double bond character is greatest 
for Si halides, showing that  the greater ~r character in 
Si compounds shortens the Si-X internuclear distance 
~nd hence decreases the dipole moment. Another indi- 
cation of greater 7r character of the Si-X bonds is 
demonstrated by the fact that  Up is less for the Si 
halides than for any of the other M halides. Also, a 
plot of eQq vs electronegativity difference of the 
central metal atom and the halide atom gives a linear 
relationship. Since Si-X compounds show the smallest 
eQq values, the Si atom should be the most electro- 
positive of the group IV atoms. Thus the following 
electronegativity order is postulated as accounting for 
the linear relationship between eQq and (X , -X , , ) :  
C > G e > S n > S i .  

3. Transition Metal Halides 

Covalency calculated from the contrib.utions of 
the antibonding state to the p charge density [mag- 
netic transferred hyperfine interaction (THFI)] ,  and 
from quadrupole coupling in transition metal halides 23 
is compared. Assuming that  contributions from p 
electrons to the quadrupole interaction dominate, then 

f Q ~-- (eQq)crystal /nh(eQq)atom, ( [ 1 )  

Table II. Covalency determined by THFI and NQR in transition metal halides. 

Compound As(10 -4 cm -1) f~(%) A : -A~-(10  -4 cm -1) f ~ - - f ~ ( % )  

~,Q = (eqQ/2h) 
X (1--k 1/3n2) t 

(Mc/sec) fQ(%) 
CuCl.  2H~O 7.8 0.50 5.0 9.8 9.0 
CdC12 :Cu ++ 9.5 0.61 4.5 8.8 
CuF2.2H20 86 0.55 24 5.5 
CoCI2 2.56 
CoC12' 2H~O 5.6 1.08 0.8 4.7 5.2 
C o C h ' 6 H 2 0  5.5 
KCoF3 26 8 
KMgF2 :Co 2+ 23 0.48 6 2.9 
FeCh  2.37 
AgC1 :Fe ~+ 2.8 0.90 0.5 4.9 
FeC13 10.12 
KMgF3 :Fe 3+ 24.0 0.76 2.9 3.3 
CrC12 8.52 
CrC13 12.92 
K2NaCrF6 -- 1.1 -- 0.02 -- 7.2 --4.9 
VCla 9.40 
TiCi~ 4.17 
TiCI3 7.39 
(NH4) ~PtCle :Ir 4+ 8.8 - 4.3 
I~PtC10 26.02 

15.8 

4.7 
9.4 

10.0 

4.3 

18.2 

15.5 
23.4 

17.0 

13.4 

47.0 
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where fQ is the excess hole density of the ligand and 
p orbital, nh= 1, 2, . . .  is the number of holes in the 
molecular orbital before bonding. 

Similarly, the fractional amount of spin density in 
the chlorine 3p orbital is 

f , - -  f,. = 2S (A ~-  A , /A  ap), (12) 

where A~-A~ is the antisotropic THFI.  The isotropic 
THFI,  A~, is calculated by a Hamiltonian A J . S  

A 3 /  1 -t- (A,-- ~) (~ ~S~- ~I.S). When symmetry does not 
permit spin density to be transferred to the 7r orbitals 
(oetahedral d 8 or d o configuration), then f , - - f ,  re- 
duces to f,.  When ~ spin-transfer does not occur 
(d', d 2, or d3), A~--A~ determines f,.  Once f ,  or f ,  
is determined then the coefficients of the ICAO-MO 
theory can be calculated and fQ related to the anti- 
bonding wave function. Table II  summarizes the eQq 
and THFI  data obtained on transition metal halides. 
Several conclusions can be drawn from these data. 

(a) fQ measures the holes in both spin paired and 
unpaired orbitals, whereas f , - - f ,  measures only the 
holes associated with the unpaired orbitals. However, 
both fQ and f , - -  f~ measure the excess p holes in the 
bond direction and roughly increase and decrease 
simultaneously as a measure of covalency. 

(b) The fluoride f ,  values demonstrate that  a small 
amount of hyperfine interaction of the metal atom 3d 
orbitals to the fluorine 23 function exist. The f ,  values 
for chlorine and fluorine are small, indicating that  the 
halogen atom bonding functions are not appreciably 
hybridized with s functions. 

(c) The f ,  values are larger for C1 than for F, 
demonstrating that fluorides are more ionic than 
chlorides. 

(d) A comparison of eQq values for CrCi~, CrCi3; 
FeC12, FeC13; and TIC12, TIC13 shows that  the higher 
halides are more covalent than the lower ones. 

(e) The eQq values decrease in the series CrCI3, 
FeC13, TIC13 because the t2g metal orbitals empty and 
7r delocalization becomes more prevalent as the 
number of ~- electrons decrease. 

4. Hexahalides of Heavy Atoms 

The NQR spectra of a series of hexahalides of com- 
plex ionic compounds of the general formula R~MXe 
have been interpreted in terms of the eovaleney of 
the metal-ligand bonds. 24 The ionic character of these 
compounds was obtained by use of the Townes-Dailey 
equations with the exception that  the halogen bonding 
orbitals were assumed to have 15% s character. In 
cases where only outer d orbitals are present (Se, Te, 
Sn, and Pb compounds) the ionic nature is very high, 
consistent with bond formulation involving only 
valence s and p orbitals. The higher quadrupole fre- 
quencies of Se/Te compounds compared to Sn/Pb 
compounds are a result of two extra electrons in the 
group IV series (Table III). 

When the d orbitals are partially occupied and form 
part of the valency shell (transition metal complexes), 
then the metal-halogen bonds are much more covalent 
(higher resonance frequencies). However, dative bond- 
ing by the lone pair electrons of the halogen atoms can 
lead to a reduction in coupling constant and an in- 
crease in the ionic character of the metal-halogen bond. 

Assuming that  the number of electrons migrating 
from the halogen ion to the central metal ion is 
proportional to the number of electronic vacancies in 
the t2o orbitals, Nakamura has extended the Townes- 
Dailey method to include ~- bonding. Pi is proportional 

Table III. NQR data on hexahalides. M is an average of K +, Cs +, NH~ +, and N(CH3)~ ÷. 

X = 3sC1 X = 72Br X = 127I 
H e x a h a l i d e  v eQq/Mcs 1 - i  p v eQq/Mcs 1 - i  p v eQq/Mcs 1 - i  p 

K~Pt, X6 26.021 
K2PdXe 26.75 
K2SeXs 20.58 
N H 4 S e X ~  20.877 
Cs2SeBr~ • • - 
K ~ T e X 6  • - - 

NH4TeC16  15.137 
M~TeXG • • • 

Cs2TeBr8  
N (Me)  4TeBr6 
K 2 S n X 6  
(NH4)2SnBr6  

K2WX~ 

K2ReX6 

K2OsX6 

K 2 I r X ~  

( N H 4 ) ~ P b X 6  

10.22 
a~ 

2 2 . 5 ° C  
13.9 

16.897 

20.841 

52 56 0 .64  202 406  62 0.28 407 1360 70 - - 0 . 2 0  
53.2 57 0.58 205 .34  411 63 0.22 . . . . . . . . . . . .  
41.2 44  1.36 173 346.2  53 0.82 . . . . . . . . . . . .  
41 .8  45 1.30 172.623 345.2  53 0.82 . . . . . . . . . . . .  
. . . . . . . . .  177.44 354 54 0.76 . . . . . . . . . . . .  
. . . . . . . . .  135.670 271 42 . . .  154 1022 52 . - -  

302 1011 
30.3 32 2.08 . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . .  129.946 273.5  42 1.48 154 . . .  52 0.88 

134.258 266.18 
. . . . . . . . .  135.962 271.92 . . . . . . . . . . . . . . . . . .  
. . . . . . . . .  142.58 285 .16  . . . . . . . . . . . . . . . . . .  

31.5 34 . . .  130.5 261 40 1.60 - - -  884 45 . . .  
. . . . . . . . .  1269 253 39 1.66 . . . . . . . . . . . .  

a t  
- 7 2 ° C  

20.4 0 .22  0.58 . . . . . . . . . . . . . . . . . . . . . . . .  
(0.57) 

27.9 0.28 0.70 
(0.55) 

33.8 0.38 0.80 
(0.53) 

41.7  0.45 0.80 
(0.53) 

34.5 0.37 • • • 

115 231.34 34 0.34 123 822.21 57 0.08 
(61) 246 (68) 
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Table IV. ~N quadrupole resonance. 

Compound eQq ~ (%) 

N2 4.65 0 
N~ in quinone 4.6 

clathrate 
HCN 4.0183 0.85 
CICN 3.219 0.0157 
BrCN 3.27 0.006 
ICN 3.40 0 
NH3 3.5705 0 
ND3 3.2308 0 
CO (NH~) ~ 3.507 32.3 
C3N3C1~ 4.083 1.7 
CCI3CN 4.0521 0.53 
K~Zn (CN) 4 4.139 0.00 
K~Cd (CN) 4 4.1988 0.00 
K~Hg (CN) 4 4.0475 0.00 
K3Cu (CN) ~ 3.9639 2.94 
K2Pt (CN)4.3H~O 3.467 3.2 (av) 
K~CO(CN)~ 3.684 3.0 (av) 
Hg (CN) 2 3.9513 
NaNO~ 5.792 40.5 (av) 

K2ReC16, K2WC16, and K2ReBr6 where the meta l -  
ligand bonds involve high ~r bond character.  Because 
of the cylindrical symmet ry  of p orbitals, the t~ v 
bonding is only slightly affected by  bonding vibrations 
and is neglected in the above analysis. 

Brown et al. 25 take exception to the assumption 
tha t  the extent  of 7r bonding is a function of the 
varancies in the metal  d~ orbitals. Arguing tha t  the 
number  of electrons transferred per d~ vacancy is in- 
versely proportional  to the difference in optical elec- 
t ronegativi ty,  then  the number  of electrons trans- 
ferred per d ,  vacancy should decrease in the series 
P t ~ I r < O s ~ R e < W .  Force constants for the metal  
IV series as calculated from R a m a n  and ir spectra 
actuMly, increase and can be correlated with an in- 
crease in covalency of the metal-chlorine bond, giving 
support  to the observed NQR data.  

The  hexahalides offer an example where the maxi- 
mum chemical information may  be obtained from 
quadrupole resonance frequencies. Unfor tunately ,  few 
such examples exist in the NQR literature.  

to 6 -  n, where n is the number  of electrons in the anti- 
bonding t2o orbital. Since n = 2 ,  3, 4, and 5 in W 4+, 
Re 4+, Os 4+, and Ir  4+ complexes, ~-=0.22, 0.16, 0.11, 
and 0.05, respectively. If  these 7r values are included 
to calculate covalency, then numbers are obtained 
which are appreciably higher than  the values calcu- 
lated when only pure a bonding is considered. 

For  K:PtC16 the 7r orbital  is completely filled and 
no 7r delocalization of the halogen lone pair electrons 
occurs. However,  for K2IrCle, 7r delocalization becomes 
apparent  and increases from osmium to tungsten as 
the number  of electrons in the antibonding v orbital  
decreases by  one as the series is descended. 

Support  for the ~r bonding hypothesis comes from 
a consideration of the tempera ture  coefficient of the 
quadrupole coupling constant.  The  tempera ture  
coefficient 

O T = \ O T / v  \ O v / r k O T / p  
(13) 

is usually negative. However,  positive tempera ture  
coefficients were obtained for K2ReC1G (d~,/dT, kc/deg 
=0.13),  K2WC16 (0.44), and K2ReBre (2.8). Since the 
tempera ture  coefficient is normally negative, the maj or 
te rm (& , /aT )v  is negative. Theoret ical ly this te rm 
is based on thermal  vibrat ion of anions, but  does not  
take into account  the thermal  expansion of the lattice. 
As the thermal  vibrat ion of the complex ion increases, 
the overlap of the a orbital of the central  metal  ion 
with the P ,  orbital of the halogen decreases, leading 
to decreased covalent character  of the metal- l igand 
bond;  consequently, the field gradient q and the 
quadrupole frequency decrease with increasing tem- 
perature.  A positive tempera ture  coefficient results 
when this effect predominates over the usually nega- 
t ive tempera ture  coefficient as is the case with 

B. Nitrogen Quadropole Resonance 

The quadrupole coupling constants of the 14N 
nucleus are small, seldom being more than  6 MHz,  
and the intensities of the pure quadrupole resonance 
lines are weak. Consequently,  an extremely sensitive 
spectrometer  is required to obtain good results. The  
long relaxation t ime Ti, f requent ly  encountered with 
14N resonance leads to difficulty in detect ing a reso- 
nance. For  example, the ~1 line for urea has a T~ of 
40 sec and the ,~ line has a T1 of 78 sec at  77 K. These 
long relaxation times make for easy sa tura t ion of the 
lines. In  addition, most 14N measurements  have been 
made using magnetic field modulation, which be- 
comes ineffective for polycrystalline samples if the 
a symmet ry  parameter  is large. However,  by  using 
frequency modulation, a symmet ry  up to 40.5% has 
been reported. Fur the r  improvement  in the circuitry 
for 14N studies is very  desirable. These are the reasons 
tha t  da ta  on this nucleus have been obtained so slowly. 
The  difficulty of s tudying these low frequencies is 
offset by  the large var ie ty  of different bonding struc- 
tures present in compounds of the 14N isotope. 

Also, for a nucleus with a spin I =  1, both  ~ and 
eQq can be obtained from the resonance frequencies 
on polycrystalline powder. The pure quadrupole reso- 
nance frequencies are given by  

~'o = ½h~. eQq, (14) 

z,± = ~h~eQq(1 ± 7/3). (1.5) 

The frequency v0 is small and rarely observed, but  can 
be useful ia pairing the ~± frequencies when multiplet  
spectra are observed. Ni t rogen is found in a var ie ty  
of bonding types:  three single bonds;  one single, one 
double;  triple bond (cyanide) ; isocyanide ; conjugated 
heterocyclic rings. Since each type  has character-  
istically different frequencies (Table IV) the NQR 
spectrum quali tat ively determines the chemical nature  
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and location of a nitrogen atom, its physical crystalline 
structure, and provides an excellent test for the wave 
functions used in theoretical calculations of bond 
character. 

The quadrupole coupling constant decreases as 7r 
bonding increases in metal-cyano complexes 26 because 
of the migration of electrons of the central metal atom 
into the vacant antibonding 7r molecular orbitals of 
the cyano group. For example, metal-ligand bonds 
in the platinum and cobalt complexes (eQq = 3.5-3.7) 
have a greater extent of d~-p~ bond character than 
in the zinc, cadmium, mercury, and copper complexes 
(eQq = 4.0-4.7). 

In the simple cyanides, a quadrupole coupling con- 
stant of 3.8-4.0 MHz is obtained for 14N in hydrogen 
cyanide 27 and alkyl cyanides where a CN group is 
bonded to the rest of the molecule by a a bond. By 
contrast, a halogen XC = N, or sulfur RSC = N atom 
bonded to the carbon atom of the cyano group yields a 
quadrupole coupling constant in a range from 3.2 to 
3.6 MHz, corresponding to the contribution from 
resonance structures X + = CN-  and RS + = C = N-. 

C. Minerals 

Nuclear quadropole resonance spectra can be used 
to analyze the chemical and crystal structure of 
minerals such as the pyramidal coordination com- 
plexes, RX3, where R is As, Sb, Bi, and X is S or O. 
Qualitative correlation of the coupling constant to the 
electron state of the atom R can be related to the 
geometry of these complexes. Quadrupole shifts are 
due to the changes in the effective charge of the atoms 
R and X. Donor-acceptor bonds, induction, and steric 
effects are the causes of changes in the effective 
charge of atoms in R2X3 type minerals. If atom R is 
carrying a positive charge, polarity of the principal 
bonds decreases resulting in a reduction of the field 
gradient at the nucleus R. The coupling constant is 
sensitive to small gradient changes resulting from 
weak bonds of the donor-acceptor type. In realgar 
(As4S4) the values of eQq (178.44, 182.10, 184.10, 
and 185.92 5/IHz) for the four nonequivalent positions 
of As atoms are due to a slight difference in their field 
of force because of the effect of donor-acceptor bonds. 2s 
In orpiment, As2S3, (the product of realgar alteration) 
weak homo-atomic bonds, As-As, are identifiable by 
means of pulsed NQI:~ echo signals 29 and are assigned 
to dative bonding between As atoms of two adjacent 
chains. 

Coordination polymer compounds are other ex- 
amples of the effect of donor-acceptor bonds. For 
example, antimonite contains (Sb,S6)~ macromole- 
eules regarded as dimers of Sb2S3 linked by a pair of 
equidistant bridge bonds. Because of the redistribution 
of electron densities, two of the four SbS3 polyhedrons 
in the polymer are strongly distorted (n=38.10°fo) 
and the coordination polyhedron becomes a semi- 
octahedron2 ° In realgar, another example of a coordi- 
nation polymer, the lowest of the four eQq values 
(178.44 MHz) is greater than the highest value for 

orpiment (143.88 MHz). This is caused by the fact 
that  the S-As-S-As chains in orpiment (regarded as 
condensates of realgar half-molecules As~S2) have S 
as the bridging atom, as compared to metallic Sb in 
antimonite. With such a structure the number of 
bonds in each atom remains unchanged; however, 
the number of sulfur atoms in the polymer in- 
creases from two to three, with AsS~ polyhedrons 
being formed. 

The induction effect (polarization) is realized in 
compounds with two or more electropositive atoms. 
For example, in the series antimonite (Sb2S3), pyrar- 
gyrite (Ag3SbSa), and bourmonite (CuPbSbS3), the 
eQq values for 121Sb increase from 318.0 to 332.3 to 
376.2 MHz, respectively21 This is explained by the 
growing number of electropositive sites which in- 
fluence the field gradient of the atom R, thus changing 
the quadrupole coupling constant. Another example 
of the induction effect is that  of monoclinic bismuth 
oxide, a'Bi2Oa. When boron atoms (B203) are em- 
placed into the monoclinic lattice of a-Bi203, a small 
frequency shift results for the 2°9Bi nuclei. 32 A growth 
of the asymmetry parameter indicates a distortion 
of the Bi203 lattice. Also, the boron atoms lower the 
ionic nature of the BiO bonds. These factors are re- 
sponsible for the resonance shift to lower frequencies. 

The steric effect is much like polarization. For 
example, the crystal lattice of natural pyrargyrite 
(Ag3SbSs) includes some As atoms in the form of 
proustite (Ag3AsS3). The shift to lower resonance 
for the additive AsS bonds in pyrargyrite reveals 
more ionic character than for that  in pure proustite 
(Ag3AsS3).~a 

The high sensitivity of NQR shifts from different 
crystal structures makes it ideal to study mineralogical 
order-disorder phenomena. 34 This is difficult by other 
spectroscopic techniques because the data are an 
average for both standard and distorted unit cells. 
For example, x-ray diffraction indicates that  all poly- 
hedrons in bourmonite are distorted to the same 
extent as implied by the interatomic distances. 
Nuclear quadropole resonance data reveal that  one 
polyhedron is almost symmetrical (7 <0.2~0), while 

Table V. ~CI NQR of CHCI3 and CCI~ complexes. 

v(MHz at 
Compound 77 K) Compound ~(MHz at 77 ) 

CHCIa 38.253 CC14 40.465-40.817 (15 lines) 
38.308 CC14. (C~Hs) 20 40.132 

CHC13. (C2tt~) 20 37.627 40.181 
37.896 40,495 

CHCIa.2 (C~tta) 20 37.272 40.907 
37.608 41.097 
37.874 CC14.2 (C2HD ~O 40.494 
38.160 40.738 

cHC13.3(C2Hs)20 37.274 CC14- (CH3) 2CO 40.280 
37.946 40.380 
38.169 40.696 

ChCla. (CH3) 2C0 37.310 40.970 
37.752 CCL.pCH4(CHa)2 40.472 
37.650 40.689 

CHCh.CsH4(CHa)2 37.814 
37.842 
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Table Vl. NQR of miscellaneous complexes. 

Compound ~ (MHz ~t 77 K) ~s~ Compound ~ (MHz at 77 K) 

CBr~ 265.45 SnCl~ 24.294 
266.06 24.226 
266.4-267.06 24.140 
267.97 23.719 
268.30 19.473 
269.25 19.435 
264.95 23.08 (~v of sixlines) 
269.18 28.9835 
319.46 28.9378 
321.83 30.213 
29.208 30.117 
29.168 21.146 
29.154 19.807 
25.481 19.035 
25.125 25.406 
24.799 25.058 
22.873 24.968 
22.521 24.99 
21.196 26.37 
18.76--30.50 (eightlines) 
24.44-30.64 (six lines) 

CBr~. p-xylene 

AsClz-POCla 

HgCI~ 

HgCI~- C~ttaO, 
SbCl~ 
SbCi~. POCh 

27.93-54.22 (seven lines) 
34.05~,~a 
58.37.I "~ 
25.30~ 
34.48~'~Sb 
53.76J 

SnC14- 2 (C,Hs) 20 

SnC14 • CeHsNO~ 
POC13 

SnC14. POC13 

AsCls 

SbC15- CHsCN 

C6F5C1 39.410 
C6FsCI'CsH6 38.717 
C~FsC1.Mesitylene 38.684 
C6FsC1-Anfiene 38.640 
C6FsC1.Triethylene 39.284 
C6FsCI.Toluene 39.158 

39.312 

32.47\121~ 
64.87f ~ 
19.70~ 
39.43}'2~Sb 
59.06J 

the other is highly distorted (s = 22.8%). A widening 
of the quadrupole resonance signal is a result of dis- 
ordered minerals, dislocations being the most effective. 
I n  low symmet ry  crystals, dislocation is confined 
chiefly to the vicinity of nuclei with the higher value 
of the asymmetry  parameter.  The detection of non- 
structural  impurities in the parent  matrices depends 
on their concentration, as the N Q R  spectrum would 
be identical with tha t  of a s tandard specimen of the 
compound. The observation of structural  impuri- 
ties is more complicated as these distort the matrix 
system, and often both the host and emplacement com- 
pounds undergo spectral changes, including resonance 
broadening. 

Prousti te (Ag3AsS3) and pyrargyri te  (AgSbS3) ex- 
hibit restricted isomorphism. For  instance, natural  
pyrargyri te  containing 2% As gave a 75As signal at  
67.580 MHz compared with a 67.311-SJ[Hz signal for 

pure proustite. Also, the width of the resonance line 
of additive proustite is approximately 300 KHz  com- 
pared to a width of 24 KHz  for a s tandard specimen 
of proustite. 

a 'Bi20a alloyed with B203 shows the effect of 
emplacement on the width of resonance lines. Boron 
atoms bring about  a marked widening of the 2°9Bi 
resonance line, mostly for a single position of the Bi 
atoms, corresponding to the highest value of the 
asymmet ry  parameter  (v = 38%). Because dislocations 
interact  with impurities and create concentrat ion 
clouds, a definite correlation exists between the asym- 
metry  parameter  and the distribution of the impuri ty.  

Temperature  relationships between the spin-lat t ice 
relaxation (T1) and the resonance frequencies correlate 
for individual functional groups. I n  antimonite,  one 
of the R - X  bonds in SbSs (~=38.1%) is 2.49A, 
appreciably shorter than  the other bonds. The value 

Table VII. X(~CI, ~Br), ~iSb, ~Sb NQR complexes of SbX with organic compounds. 

Compound v~ Yl2~Sb Vl2tSb C o m p o u n d  vx vt23Sb YIglSb 

SbCla 20.9077 59.728 39.108 SbBr~ 137.429 (a) .. .  
19.3047 144.488 

2SbCla. C6H6 20.509 59.774 38.566 136.885 (~) 
20.459 59.602 37.117 137.621 
20.349 141.899 
20.068 142.614 
18.749 "'" 
18.655 135.880 

138.842 
140.330 

SbCl3. CsHsCH3 57.312 
SbCl3. C6HsC~H5 20.076 58.689 
SbC13" o-C6HsCH3 57.074 
SbC13.m-CeHsCH3 58.495 
SbC13. p-C6HsCH3 58.257 
SbCI~. C6H~OCH3 58.457 
SbC13. C6H5OC~H~ 56.063 

36.860 
37.988 

36.426 
35.167 

2SbBr3. C~H5 33.568 50.717 

SbBr3. C6H5. CH3 - • • 49.500 
SbBr3 • C6H~. C~H5 31.817 48.992 

SbBr3 • o-C6H4 (CH3) 2 28.627 46.323 
SbBr3 • m-C 6H4 (CH3) 2 • - - 46.574 
SbBr3 • C6H5. OCH3 31.342 50.194 
SbBr3 .C6H5OC~H~ 30.189 49.610 
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Table VIII. NQR data of complexes between iodides and sulfur. 

C o m -  
p o u n d  ~M ~ n ~, z2 eQq 

Asia 29.338 
AsIs. 3S8 49.501 
SbI3 25.406 
SbIa. 3Ss 37.461 
SnI4 .. - 

SnI4- 2Ss 

SnI4.4Ss 

207.023 395.979 1330.23 0.1891 
227.543 455.059 1516.86 0.007 
174.356 254.637 895 .83  0.565 
184.151 367.023 1226.25 0.03 
203.470 406.902 1363.28 0.000 
204.490 408.988 1360.04 0.002 
204.019 408.008 1360.04 0.002 
206.784 413.153 1377.40 0.028 
201.961 403.897 1346.3 0.00 
202.036 404.081 1346.9 0.00 
206.853 413.238 1377.7 0.30 
213.148 . . . . . . . . .  

of T~ for this type  of complex is approximately three 
times tha t  for the symmetrical  complexes where 

=0.8% 

D. C h a r g e - T r a n s f e r  C o m p l e x e s  

Research on charge-transfer  complexes ~5-39 is of 
value to catalysis, semiconductors, and pharmaco- 
logical studies. For  example, chloroform and carbon 
tetrachloride form molecular complexes (Table V) 
which are strong narcotics. As hydrogen atoms are 
replaced with chlorine atoms in methane, the s trength 
of narcotic action increases. The NQR spectrum of pure 
chloroform was obtained at  38.253 and 38.308 h/iHz. 
When CHC13 complexes are formed, the multiplicity 
of the NQR spectrum increases and the resonance fre- 
quencies decrease. The  frequency shift in chloroform 
complexes is greater than  in carbon tetrachloride 
complexes, establishing the fact tha t  CHC13 is a 
stronger acceptor than  CC14, in agreement with calcu- 
lations by the 5/IO-LCAO method for bonding orbitals. 

Also, chlorpromazine, an electron donor, is success- 
ful in t reat ing schizophrenia. Many  believe tha t  nar- 
cosis is caused by charge- t ransfer  complex format ion 
resulting in the disturbance of metabolism in the 
protoplasm. 

Tables V - V I I I  summarize some pure quadrupole 
resonance studies on molecular complexes. 
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Fro. 4. Calibration curve for 65 Cu (24.6 MI-Iz) in Cu20. 
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Fro. 5. Effect of quantity of sample in rf coil. 

2 0  

The  advantage of NQR for the s tudy of charge-  
t ransfer  complexes is t ha t  the direction and extent  
of electron transfer  can be determined. One cannot  
only establish the s trength o f  donors and acceptors, 
bu t  also the composition of the complex. In  some cases, 
complete t ransfer  of one electron takes place ; in other 
cases varying amounts  of charge- t ransfer  takes place 
from the ~r electron of one molecule to the vacant  7r 
orbital of another. 

E. Quant i ta t ive  Analysis 

Correlation charts for correlating NQR frequencies 
to molecular and crystalline structures are becoming 
ra ther  common. 4° Qualitative identification of un- 
known compounds can be determined from their  fre- 
quency position as discussed in the previous sections. 

In  contrast  to the quali tat ive features of a spectrum, 
quant i ta t ive  analysis applications of NQR are only 
recently being made. The quant i ta t ive  data  as dis- 
cussed in this section were taken  using a super-re- 
generative oscillator. 

The intensi ty of the NQR signal is a linear function 
of concentrat ion (Fig. 4).~1,42 However,  only the region 
corresponding to the volume of the oscillator coil gives 
a linear response although a weak nonlinear signal is 
obtained along the axis immediately outside the 
coil area (Fig. 5). For  a given quanti t ive analysis, 
both  s tandard and unknown samples must occupy a 
fixed volume within the same port ion of the oscil- 
la tor  coil. 

The  signal-to-noise power ratio, P~/P,, is related to 
the voltage ratio, V,/P,, and thus to the weight, 0% of 
the sample by the following equation 

(Ps/P,)l/2= V~/V,=Kz=K%, (16) 

where K, K '  are dimensional constants, and z is the 
filling factor  for the circuit (approximately equal to the 
coil volume covered by the sample). 

The magnetic energy density is not  uniform 
throughout  the coil volume, being the least uniform 
near the ends of the coil solenoid. Consequently,  a 
nonlinear relationship exists between signal-to-nosie 
voltage ratio and z at the ends of the rf coil. This is 
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FIG. 6. Effect of tungsten carbide grinding on NQR signal; (a) 
cuprite e~Cu at 26.5 MHz, (b) Cu~O G~Cu at 26.5 MHz, (c) 
HgC1235C1 at 22.5 MHz, (d) HgCI~ asC1 at 22.4 MHz. 

borne out  by  the  fall-off of signal peak  ampl i tude  a t  
the end of the rf coil as demons t ra ted  in Fig. 5 (end 
of coil). 

The  signal-peak ampl i tude is t aken  as the height of 
the center  line. Area measurements  obta ined by  
per imeter  tracings on the  N Q R  signal give cal ibrat ion 
lines of slightly less reproducibil i ty and l ineari ty t h a n  
peak height measurements .  The  ampli tude,  A, of the  
resonance signal corresponds to the weight of the 
compound under  invest igat ion in the sample  as follows 

A = K z  = k ~ ,  (17) 

where k is a constant  equal to the slope of the cali- 
bra t ion  line. 

When  grinding is to be par t  of the analyt ical  pro- 
cedure, then  the effect of the method  of grinding on 
the signal ampl i tude of the specific compound  under  
invest igat ion should be determined before quant i t a t ive  
analysis is a t t empted .  The  63Cu signM a t  26.5 M H z  
for bo th  cupri te ore and synthet ic  Cu20 is complete ly  
destroyed af ter  20 man of grinding in a tungs ten  car- 
bide vial (Fig. 6). However ,  if hand  grinding with  a 
mor t a r  and pestle or if agate  vial grinding is employed,  
no reduct ion in signal in tensi ty  is observed. The  re- 
str ict ion against  vigorous grinding presents few 
analyt ical  problems because an  average  value can be 
determined f rom several  different selections of ore, 
or a mild grinding method  can be employed.  This  is 
demons t ra ted  in Table  I X  for five different selections 
of high pur i ty  cupri te  ore. All samplings consistently 
gave values close to 100°/o Cu20. 

Another ,  unique, quan t i t a t ive  appl icat ion is based 
on the  sensi t ivi ty of the N Q R  peak  height to low levels 
of impur i ty  (5-500 ppm)  dissolved in solid solution in 
a sample.  The  amoun t  of signal decrease depends on 
the number  of nuclei th rown off resonance by  the im- 
pur i ty  center;  this relationship is l inear for low- 
impur i ty  concentrat ion.  For  example,  the  amoun t  of 
p dibromobenzene (in the  0 . 1 % - 1 %  range) is a l inear 
funct ion of the  in tegra ted  N Q R  signal. 43 

The  electronic induct ive effect character ized by  
values of H a m m e t t ' s  o- p a r a m e t e r  have  been quant i -  
t a t ive ly  correlated with quadrupole  resonance fre- 

Table IX. Quantitative analysis of minerals by NQR. 

Weight of CuzO 
Weight of in cuprite, g 

Sample Source sample (g) (from 26.5 MHz) 

Wt% 
Cu~O in cuprite 

26.5 MHz 24.6 MHz 

wt% 
Weight of As~O~ Ass03 in 

in arsenolite arsenolite 
(from 116 MIIz) (from 116 MHz) 

Cuprite Butte, Montana, 5.01 1.00 
No. 1 

Cuprite Butte, Montana, 4.58 1.15 
No. 1 

Cuprite Butte, Montana, 3.07 1.00 
No. 2 

Cuprite Butte, Montana, 4.57 1.70 
No. 2 

Cuprite Bisbee, Arizona, 4.03 0.90 
No. 1 

Cuprite Bisbee, Arizona, 4.53 0.65 
No. 1 

Cuprite Bisbee, Arizona, 6.52 6.50 
No. 2 

Cuprite Bisbee, Arizona, 6.38 6.40 
No. 2 

Cuprite Ajo, Arizona 6.89 7.00 
Cuprite Ajo, Arizona 6.89 7.05 
Cuprite Ajo, Arizona 6.79 6.95 
Cuprite Ajo, Arizona 6.79 7.05 
Cuprite Ajo, Arizona 5.70 5.60 
Cuprite Burra, Australia 5.63 1.45 
Cuprite Burra, Australia 6.21 1.50 
Arsenolite Nevada, No. 1 4.43 
Arsenolite Nevada, No. 1 5.17 
Arsenolite Nevada, No. 2 5.25 
Arsenolite Nevada, No. 2 6.28 
Arsenolite Nevada, No. 3 4.57 
Arsenolite Nevada, No. 3 5.62 

20.0 

25.1 29.5 

32.6 33.9 

37.1 

20.9 21.2 

14.2 

99.7 99.5 

100.3 

101.6 99.1 
102.3 
102.4 
103.8 
98.2 99.4 
25.6 
24.2 24.8 

1.011 22.8 
1.20 23.2 
2.804 53.4 
3.28 52.2 
1.109 21.9 
1.26 22.5 
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quencies of chloro-substituted benzene compounds. 44 
Similar correlations have been made with Taft ' s  
polar subsituent parameter  ~* on chloro-benzene de- 
rivatives, 45 RCH2C1 compounds and group IV 
halides? ~ 
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