TEMPERATURE DEPENDENCE OF IODINE PURE QUADRUPOLE
RESONANCE FREQUENCY IN IODIC ACID

by J. RAMAKRISHNA, Physics Department, Andhra U nmversity, Waltair
(Communicated by K. R. Rao, F.N.I.)

(Recewved November 21, 1962)

In continuation of the previous work of the author (Ramakrishna 1962),
modified expressions have been derived on the basis of Bayer’s theory for
the temperature dependence of nuclear quadrupole resonance for the case of
iodine of spin 5/2, taking into account the value of the field gradient asymmetry
parameter 5. These expressions have been applied for the case of iodic
acid which has a temperature dependent 5 as high as 0-45. The theoretical
results are found to be in agreement with the observations made by Living-
ston and Zeldes (1957) on the n.q.r. frequencies of this molecule.

INTRODUCTION

In a previous communication (Ramakrishna 1962), expressions were
derived on the basis of Bayer’s theory for the temperature dependence of
nuclear quadrupole resonance frequency for the case of iodine of spin 5/2
and, in the light of these expressions, the observed variations of n.q.r. fre-
quencies of CHgl and CDgI were studied. The results were in agreement
with Bayer’s interpretation of the influence of torsional motions of the mole-
cules on their n.q.r. frequencies. In an attempt towards the application of
these theoretical expressions to iodic acid, for which experimental data of
n.q.r. frequencies at different temperatures have been published by Livingston
and Zeldes (1957), it has been noticed that the value of the field gradient
asymmetry parameter » is as high as 0-4505 and it is further dependent on
temperature. More general expressions had therefore to be derived, taking
into account the value of the asymmetry parameter which was neglected in
the previous work. This paper reports the general expressions so obtained,
and the modifications introduced to make them suitable for application to
iodic acid. The theoretical results are compared with the observations of
Livingston and Zeldes.

GENERAL EXPRESSIONS FOR THE TEMPERATURE DEPENDENCE oF N.Q.R.

FrEQUENCIES FOR SPIN 5/2

As in the previous paper, we consider two systems of co-ordinates xyz
and z'y’z’ with the same origin, the former being fixed in space and
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the latter fixed in the molecule. Also the torsional motion about the y-axis
only is considered. Let the angle through which the molecule undergoes
torsion about that axis be ¢, For small rotations ¢,, it may be shown
that the primed and unprimed components of the field gradient are related
by the following equations :

Gos = (1=8))awr+iiee
Yyy = 4y'y
Gz = b+ (L —F) s
Yzz = bylqer—qrz)
Yoy == (yz = 0. .. . . S 5
We have further the relations
e QyyF e =0

U=y —dyy

e .e .. .. 2)
o ] (

in which % is the electric field gradient asymmetry parameter for the
molecule in its stationary state.

From (2) we have

1—
Yarg == =~ 3 1 Qe

1
Qy'y = "”‘1;27:’:’ . .o .. .. (3)

The Hamiltonian operator for the problem, according to Bayer (1951), is
Q

U = gy =y [sel sty el gyl Laly+ Ly
+Qyz(1ylz+121y)+qu(lzlz+lzlz)] .. - e (4)
Substituting (1) and (3) in (4) we get
' qu;'z’ ’
B =gier—n {6 =)+ 2082} I =202+ y(n=3) (N 4+ N1+ L(N+ N}

NN~ N N2 NN NN . L L )

where N = I,+il, and N* = [,—il, and I is the spin of the nucleus under
consideration.

Using this Hamiltonian, the secular determinant is formed for spin 5/2.
We get a six row-six column secular determinant.

Since the observed qua,t}mpole resonance frequencies involve averages over
the torsional motion, only qif remains finite while §, is zero. Using the
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usual perturbation methods (Eyring ef al. 1948), the secular determinant is
solved to get the energy eigen values. These are found to be:

Eiy= qu“ DL 20— 3082+ 10ndi 42 (n2—n24i+374.)]
E,,= e‘*?41"[ 4468~ 208+ 6(n2— 75 +314) ]

B, =S 164247 8gl— T (r =i+ 304 ©

Also if the torsional motion be approximated by a quantum mechanical
harmonic oscillator, then

hf,,(§+7f'1——)=4w2f§A,$§ W
KT
-1

e

where f, is the frequency of the torsional motion about the y-axis and 4,
is the corresponding moment of inertia of the molecule. T is the absolute
temperature, & and k are the Planck and Boltzmann constants.

A nucleus, such as iodme, with spin 5/2 will have two resonance fre-
quencies. From (6) and (7) these frequencies are :

— 36Qq3'3’ E 2 3h ].1 ﬂzh 6 77},/ 1 T
o1~ T10m [1 547 (16712 54 Ba 54 Bat ( Y hfy )A,f,,
1

3eQq. 59 3h Y n%h 304 nh 2 1
g,_lg" 20% [1"'54’7 (16172+.)4 872 54 snz)(l"'_h_f_y )A,,fy ®)
2 K]

e

When the torsional motions about both the axes x and y are taken into
consideration, the temperature dependent resonance frequencies are given by

_3eQQ1’x
v = [_1112 (Bl s a (L L)

et 87 \Temt ~ 51 82751 8 \ TR T 47,
_(3 Wt 6 ogpy/ 1 1 1 1
8a% 54 4m? 54’4w2)(Azfz' He Ayfy” My
eKT_l GKT--].

= 207 6254 82 ~ 54 B\ Dofu T ALy

»
(3159 w204 mhy/ 1 1 1 1
8n% ' 54 dm2 54 '4#’) Aafs” Ma T AufyT My
eKT—l eKT—

(9)

"r=3‘3@9""[1+§91,2_ (@_ 59 7% 204 nh)( 11 )
54
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Further if 4, = A, = 4, and f; = f, = f; equation (9) reduces to

Yro_3eQge ., 1 (3h 11 %% nh 2 1
3= "o | 175" sn2"51'4w2+54 w) (1t )4,
K

vy _ 3eQqre [ 3k | 59 7h 204 .k 1
1= 507, 1+54" (8n2+5“4'4}3—‘52'47?§ +,.,, 47| 19
—l

vy contains two parts, one independent of temperature and the other depen-
dent on temperature. When the temperature is zero, only the temperature
independent term remains and it will give the value of v, at T =0° K, ie.

the value of v,. v, can be written as
vo _ 3eQquy [1__1_1 2_(37» 1 g2 nh) 1 ]

—— ————

P~17 T 10h 547 T\8m2 T 54 1nt 4'41;2 Al
vo _ BeQurr [y, 59 5 ( 599%h _ 204 _vﬁ)_i
-4~ T90h [l+ 8112+ 54 472 54 " dn2f A.fy -+ (b

Further, when the field gradient asymmetry parameter 5 is neglected equation
(10) reduces to

vr _ 3eQrr fl_ 3h 3k 1
i+ 10% 8n2Af;  Am2Afy M
) KT
i -1
Ve 3eQqry '1_ 3 3%k 1 12)
 ad BTV SﬂzAtfg 41TSA¢fg _h_{{ o o
| eK] -1
or
_ 1 3 . 3h - 1
1= T T a4 f, AmtAlf, e
KT
A |
where

3eQq.y 3eQqry
o= 10 " 20n

This is the same as the expression* obtained in the previous paper.

ArpLicATION TO IopIC ACID

The method of comparing the general theoretical expressions (9) with
the experimental observations will be straightforward, if we have a knowledge

* Due to a Printer’s error in the transformations published in Bayer’s paper, a small error
has crept into the expressions derived in the previous paper. The final correet expressions for
the temperature dependence of iodine pure guadrupole resonance should read as given in (12).
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of all the quantities in (9), i.e. of eQg,, 4, Ay, f;, and f,. In the absence of
such complete data, approximations such as those adopted by Gutowsky
and McCall (1960) have to be followed or the slightly modified method
employed by the author himself in the previous paper. The procedure
followed here is the latter one.

When equation (9) may, in special cases such as that of iodic acid, be
further simplified to équation (10), on the assumption 4, = A, = 4, and
Jz = fy = f;, we may write for the transition 3/2 — 5/2,

v = 3eQgyv [1__ E-,,z_(?i -4 ﬂ.}.ﬁ "I_"’_)L_]

l—zi 104 54 8a2 54 4n® 54 4nf Asfs

seluec[ (31, 11 gty 6 ) 1 1]
102 4n2 54 2n% 54 2% Aify’ ’i:f_;‘

3eQqer [ (32 11 7% 6 R\ 1 1, ]

e ~1

A; and A, (both = 4,) are calculated using data on bond distances
and angles derived from known X-ray structural studies on iodic acid. The
value of v, i.e. n.q.r. frequency at 0° K, is found by extrapolation from ex-
perimental data. It should also be noted that » in this derivation is inter-
preted as the value of the asymmetry parameter corresponding to the
stationary molecule (ref. eqn. 2). The appropriate value of » is determined by
extrapolation from the values of the asymmetry parameter reported by
Livingston and Zeldes (1957) for iodic acid. Assuming the value of vr at any
one particular temperature (say 77° K) as recorded by experiment, the values
of f, and eQq,’,;’ are adjusted to fit equation (10az). These values are then
employed to calculate the resonance frequency at other temperatures, assum-
ing these to be constant and temperature independent. The process of
calculation is illustrated below.

Determination of A, and A, (= A,)

The structure of iodic acid is shown in Fig. 1. The molecule of iodic
acid contains distorted I0; pyramids, with the hydrogen atom attached to
that oxygen atom which is at the greatest distance from iofline. The dis-
torted nature of the IOy pyramid was confirmed by the Zeeman measurements
by Livingston and Zeldes. These measurements indicated a large value of
n of 0-4605 at the iodine nucleus at about 296° K. They found that the
z-axis of the field gradient at the 1%7 nucleus is not perpendicular to the plane
of the three oxygens but igvinclined at an angle of 13° 12’ with respect to
this direction. This has to be taken into account in calculating the moments
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of .inertia. The effect of the hydrogen atom is neglected, its contribution
being very small. Taking the origin of the co-ordinate system at the centre

Fie. 1. Structure of 10dic acid (distances in Angstroms).

of mass of the molecule, and the z-axis to pass through the I%7 pucleus,
the zy plane, perpendicular to the z-axis, will be at an angle of 13° 12’ to
the plane containing the three oxygen atoms. The moment of inertia with
respect to the z-axis, i.e. 4,, is found to be 186-3x 10-40 g cm? and that with
respect to the y-axis, i.e. 4,, is found to be 189-5x10-4 g cm2. The two
values are very nearly equal. The average value of 4, and 4, taken as
Ay = 187-9x 10-4 g cm? is used.

Determination of vy and 7.
Table 1 is reproduced from the work of Livingston and Zeldes. The
values of », and # found by extrapolation are also given.

TABIE 1
Temperature vr 7
77°K 330-84 0-4337
195° K 328-62 0-4406
273° K 326-63 0-4479
205° K 325-95 0-4506

vg = 331:80; % (at 0° K) = 0-43,

Estimation of f; and eQq,
Using the value of vy; = 330-84 Mec/s, the values of f, and of eQq,.
are adjusted to fit into equation (10a). These are f, = 35045 cm~! and

3694.'.' -
o 345 59 Mo/s,
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Resvrnts AND Discussiox

The results of the calculation are shown in Table 2.

TasLe 2
- . vr vy calculated »r calculated
omperatare experimental from eqn., (10n) from eqn. (12)
77°K 330-84 330-84 330-84
195° K 328-62 328-79 328-87
273° K 326-63 327-42 327-54
295° K 325696 327-04 327-16

Jt = 35-045 cm -1, Jt = 35-045 cm -1,

3eQgzr'y 3eQgss

oh = 345:59 Mc/s 0%

= 832-18 Me/s.

All the frequencies are expressed in Me/s.

The first two columns give the experimental observations. The third
gives the calculated value of v on the basis of equation (10a), taking % into
the caleculation. In the last column, the calculated values of vr on the basis
of equation (12) are shown, in which 7 is neglected. It is seen that values
in column (3) are in better agreement with the experimental values than the
values in column (4). Still, as observed in the previous paper, the diver-
gences increase as we go to the higher temperatures and these may be due
to the effect of other causes as discussed previously.
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