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The quadrupole resonance of Cl35 has becn used to study
certain properties of crystals of p-CgH,;C1l, and C6H501. The
investigations of p=-CgH4Cly were made at room temperature
while those of CeHsCl were made at liquld nitrogen tempera=-
ture. Both resonances occur in the range of ~34ac. The
resonances were detected by means of an internally quenched
superregenerative oscillator.

The Zeeman splitting of the resonance from single cry-
stals of p-CgHyCl, indicated that there were two directions
of the C-Cl bong, separated by ~ 740, when the crystal was
in the low temperature, or e« , phase but that there was only
one direction when the crystal was in the high temperature,
or @ , phase, The transition temperature 1s ~ 32 'C. The
orientation of the single axis in the @ phase with respect
to the two in the X phase appeared to be elther random or
capable of assuming a large number of different valucs,
Measurements of the line width of the nuclear magnetic re-
sonance of the protons in the same samples indicated that
the reorlentation of the C-Cl bond during the phase transi-
tion was accompanied by a simlilar reorientation of the mole=
cule as a whole,

The samples of C5H5Cl studied contained controlled
amounts of other benzene derivatives., The addition of even
.001 mole fraction of certain impuritlies reduced the maximum

height of the signal greatly without appreciable broadening



Richard E. Michel

of the line. The effectiveness of the impurity in reducing
the resonance was measured by the number of molecules which
each impurity molecule would have to make ineffective in
order to bring about the resultant loss in intensity., There
appeared to be a linear rclationship between the effective-
ness of the impuritles and the difference in volumée between
the impurity molecule and the C6H501 molecule, There was
no observable effect due to a difference in the electric

dipole moment of the impurity and resonant molecules,
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I. INTRODUCTION

A nucleus which possesses an elcctric quadrupole moment
may interact with an electric field if the field is such

that not all of its derivatlves, ;ffi, vanish, The inter-

J
action energy is dependent upon the orientation of the nu-

cleus 1n the electric field. The presence of such an inter-
action can be observed in optical,1 molecular beam,2 micro-
wave3 and nuclear paramagnetic4 spectroscopy. In all of
these cases, however, the quadrupole energy is small in com-
parison to other energies present in the system and manifests
itself only in fine structure lines and line shapes,

The observation of spectfa resulting from nuclear tran-
sitions between energy states whose separation is determined
entirely by the electric quadrupole interaction was filrst
accomplished by Dehmelt and Krﬁger.5 The transitions ob-
served were those of the chlorine nuclel in solid trans-
dichloroethylene. In a series of paper36 they have discussed
this experiment along with similar observations of reso-
nances of bromine, lodine and antimony nuclel.

The spectrum which is observed arises from the detec-
tion of a radio-frequency nuclear magnetic resonance absorp-

tion. That 1is, energy of a radio-frequency field 1s trans-

ferred to the nuclel by means of an interaction between the



field and the nuclear magnetic moments. The absorption of
energy and the accompanying excitatiﬁn of the nuclei from

one energy state to another take place when the frequency of
the fleld satisfiles the condition J=%§ where At is the sepa-
ration of the energy states, In this respect it 1s similar
to nuclear paramagnetic resonance, the difference being the
manner in which the energy states are determined. In nuclear
paramagnetic resonance the energy levels are determined by
the orientation qf the nuclear magnetic moments in an exter-
nally appllied static magnetic field. On the other hand, the
quadrupole states are fixed by the interaction of the nuclear
electric quadrupole moments and an electric field gradient,
Furthermore, the source of the electric field 1s a charge
distribution within the sample iteelf. It follows that in
nuclear quadrupole resonance (NQR) the resonant frequency of
a giﬁen nucleus variee from com pound to compound,

Much of the ;ork which has been done in NQR has been
concerned with attempts to use these shifts in frequency to
substantiate or extend existing theories of molecular and
crystalline interactions. For instance, Livingston7 has ob-
served that the quadrupole coupling constant, the product of
the nuclear electric quadrupole moment and the maximum field
gradient, increases regularly in the sequence of solld mater-
lals CHxClz, CH 013 and CCly. This behavior is in agree-
ment with changes to be expected in the bonds within the

molecule, which will be discussed later, and indicates that



adjacent molecules in the s0lid have very little effect on
the quadrupole couplins constant in molecular crystals. If
the adjacent molecules did have a large effect, there would
be more random behavior of the coupling constant.

In a somewhat similar vein, investigator88’9 have found
that there 1s a relation between the quadrupole coupling
constant and Hamett's substituent parameter 0".~ The con-
stant 1s a measure of the electron density in the molecule
arnd thus should affect the electric field which is seen by
the resonant nucleus,

In contrast to these investigations which are concerned
with changes in the fleld gradient due to changes in molecu-
lar structure, some workers have observed varlations in the
spectrum when the crystal structure has been perturbed.
Duchesne and Monfilsl® have observed the NQR of c15° in
p - CeHyClo when small amounts (10°3 to 1072 molar concen-
tration) of p - CgH4Brp have been added, The two compounds
form a 80l1lid solution; however, the difference in size of
the two molecules should produce some straln around the ime-
surity molecule, The investigators observed a rapid decrease
of signal 1ntenéity and a broadening of the line with in-
creasing concentration of the impurity. They did not ob-
serve a shift in the resoﬂant frequency of the impure samples

with respect to the pure sample. Dean11 has reported that

there is a shift in frequency for molar concentrations of



the order of one-tenth. A shift in the resonant frequency
of 0135 in p - CgH4C1lo has also been reported by Dautreppe

12 when they subjected the crystal to a pressure

and Dreyfus
of 900 kg/cm®, It would thus appear that even if Livingston's
conclusion, that the surrounding molecules do not play a

large role in getermining the resonant frequency, is true,
their fractional imoortance is large enough to be easily
observed., Their exact role in the production of the field
gradient, however, is still not well understood, The im-
portance of NQR in the investigation of molecular bond
structure would be greatly enhanced if these crystalline
effects were better understood.

It might be mentioned at this point that, although we
have discussed only the case of solid materials, pure quad-
rupole transitions have been observed by Sterzer and Beers13
in vapors of GHBI and GF3I. Also Seiden14 has recently pro-
posed that it may be possible to observe such transitlons 1n
liquids which show some anisotropy.

The investigations of this thesis are restricted to
solids and in particular to organic compounds containling one
or more covalently bonded chlorine atoms. The resonances
observed are those of 0135. There are two sectlons to the
thesis. In the first part use is made of exlisting ldeas
concerning the electric field gradient at the nucleus to 1in-

vestigate a phase transition in p - CgHyCl, known to exist



at 3200. In the second part an attempt is made to better
understand the role which the surrounding molecules play in
producing the gradient at the nucleus, A discussion of the
general theory applicatle to both parts is given first with
the more specialized discuséions given in their respective

sections.



II. THEORY

A. The Pure Electric Quadrupole Energy States

The pure electric gquadrusole energy states arise from
an electrostatic interaction between the nuclear charge and
the electric charge surrounding the nugleus. The discussion
&lven here 18 merely an outline of the derivation of these
energy states for the particular case of an axlally symmetric
electric field. A more complete discussion of the general

case has been gilven by Pound.15

We begin by considering the total electrostatic inter-
actlion between two groups of charge, the nucleus and the

surrounding charge,

The subscript "n" refers to the nucleus and the subscript

"e" to the charge outside of the nucleus, In terms of the



indicated quantities the electrostatic interaction is given

£ =0\ Re LA+ (S0 - 3%8 (n®un] (1)

Since by definition Mwj <|,the denominator may be expanded

in terms of Legandre polynomials,
E =S S,(“ Q(Q\Q(g,\‘_%}*-%ﬁ(%ﬁe“)‘_%ﬁ\me,..) (2)
AL A R M
The first term of the expansion leads to the coulomb energy
which has no orientational dependence and 18 therefore of no
interest to us., The second term leads to the electric dipole
energy which vanishes for a nucleus which has a symmetrical
distribution of charge. This term has been found to be zero
for all nuclel so far studied. The third term leads to the
quadrupole energy which is the interaction we wish to dis-
cuss, Its value is:
Ee=" Sn S'\'.% RULAR(R) (308 Bun-10Ta D Te (3)
The angle ©q, may be eliminated from the problem by intro-
ducing the Cartesian coordinates through the relation

(4
' MLy = M LBy = izx\ixj.i )

This gives:
| SV g K

It can be verified that the energy may be expressed in the

following form:

. (6)
Ba = -1 Z, QulvEy,



where,
Qs = ST“QV‘:n\\'-san Xnmi =Sl ) 9T,
(VE):y= - § o (3ika-Sund) 97,
The advantage of expressing the energy in this manner 1is
that one can investigate the contribution due to the nucleus
separately from that of the surrounding charge distribution.
Considering (Qi) first we see that it is a symmetric
tensor, since the X{'s commute, and that the sum of the
diagonal terms 1s zero. There is a theor'em]'6 which statés
that if two tensors (a) are symmetric, (b) possess a zero
trace and (c) are constructed in the same manner from vec=-
tors which satlsfy the same commutation rules with respect
to l: as N andE , then the matrix elements dlagonal in L
of the two tensors will have the same dependence on the mag-
netic quantum number,w , That is, 1if T.‘_R and Tf, are

two such tensors then

(TwITul ) = K §iw (7)

]
(I'w\\TulI'm‘\ = Ky $ ()
where K, and K, are independent of m . Since w 18 a

measure of the orientation of the nucleus, it is $lww)
which is of interest to us in NQR. We may therefore replace

Qi\ by the following tensor:
Qiy = o L3I (T), ~ S (3] (8)

The constant C is determined by defining the electric quad-



rupole moment,l(Q, in the following manner

9Q = (TIVRnIII) = CL(a1-N1I] (9)

so that

Q= A& L3I (3), - Su (1] (10)
s YT

The second tensor k§7§\;; is also symmetric and real so
that it 1s possible to find a coordinate system in which it
will be diagonal.17 We shall assume that the coordinate
system chosen originally was the correct choice.

(VE); = - LI Xy, -8 M) 9T,
Ry

Ve

(11)

It is easily seen that this tensor is actually the gradient
of an electric field as indicated by the symbolism. The
potential arising at a point A due to the charge distribu-
tion QU};\ is given by:

V= i Yl 87 (12)

The second derivative of this quantity with respect to X.

3

evaluated at =0 results in (VE); « We now make the
assumption that (VE); is constant with respect to the nu-
clear orientation. This simplification can not be made in
investigations such as the molecular beam experiments. In
these cases one 1s concerned with essentially free molecules,
and the orientation of the nucleus certainly may have an
appreciable effect on the remainder of the molecule, In the

case of the NQR, however, the "remainder of the molecule" 1is



10

the macroscopic crystal and we may conceivably neglect the

effect of the orientation of the nucleus on such a massive

object.
We further restrict the problem to the special case of
E
an axially symmetric field gradient, that is for %Sf = %;%?

Furthermore, since we are considering the electric field at
the nucleus due to charges outside of the nucleus, the elec=
tric field must satisfy the relation WN:t: O . Using these

relations the Hamiltonlan of the problem becomes

CsQq L I -T° (12)
Rg : TR AES S ' = l
where %E OEi/);_.

The Hamlltonian is dlagonal in wvn and the resulting energy
states which are degenerate in 2w are

€ - s Qy [3«'«‘-1:(1:*'\} (1%)

T S

B. The Electric Field Gradient

The spectrum of 0135 result ing from the energy levels
derived in the last section consists of a single line whose
frequency 1s determined by the relation:

‘); 3 Q SS:% (15)

Thus, 1f 1t 1s assumed that the electric quadrupole moment
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of a given nucleus 1s independent of the nature of the com-
pound of which it 1s a part, the transition frequency is a
direct measure of the electric field gradient. As 1s evi-
dent, however, nelther the value of the field gradient nor
the quadrupole moment can be determined from a frequency
measurement alone,
Before discussing possible sources of q and thelir rela-

tive lmportance, we can consider one aspect of the source
which 1s entirely general. As has been mentlioned before,

the electric fleld must satisfy Laplace's equation, YV.E:O

— - ’

If the symmetry of the charge distribution is cubic or
spherical, the x, y and z directions will be equivalent.

This requires that:

(15)
0E, - Ok, = )_E_i
Y oy Dk
Taken together these two relationships require that:

(17)
2By By . Es g

R R
Therefore, for an electric quadrupole interaction to exist,
the charge distribution producing the electric field must
have a symmetry less than cublc.

The charge distribution is normally considered in two
parts, the valence electrons associated with the nucleus in
question and all other charges surrounding the nucleus. The

division is made in this manner since q is primarily depen-
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dent upon the valence electrons and the manner in which they
are bonded. The closed shells of electrons surrounding the
nucleus constitute a spherical charge distribution and there-
fore do not contribute to the field gradient.

For the case considered here, covalently bonded 0135,
the field will arise largely from the lack of one 3p elec-
tron in the valence shell, The validity of this division
of the source of q may be inferred from the following com-
parison., The field gradient due to one electronic charge
placed | R° from the nucleus is 1x10'" 452244 assuming
the atom 1is otherwise undisturbed. It has been shown1
that for the chlorine nucleus the shielding of the surround-
ing electrons should reduce this value to Axe' BYe3
In comparlison, the observed fleld gradient corresponding to
the resonant frequency of 35mc, which 1s an average value
for the C=C12° covalent bond, 1s 1L X '0'8. eIy,

A further 1illustration of the relative contribution of
the valence electrons and the external charges can be made
by comparing q for the gaseous NaCl and that for a molecule
in which the chlorine is covalently bonded, such as CH3Cl.
In the former case the electron distribution around the
chlorine nucleus 1is approximately spherical and the electric
fleld gradient must be attributed to its partner ion, whereas
in the second case there 18 no distinct charge present and

q must be attributed to the asymmetrical distribution of the
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chlorine electrons caused by their participation in the co-
valent bond. For NaCl q is known to be less than .|7Xl°'r%§5
while for gaseous CHzCl 1t 1is ‘3K,oh7339&£. Thus, for a
covalently bonded chlorine atom, q snould be given to a

good apnroximation by the calculation of only that portion
of q which arisés from the participation of the wvalence
electron in the bond. Even 1f the approximation is valid,
the calculation has an extremely large uncertalnty in itself
since the wave functions of electrons8 in the molecule are
not known,

Townes and Dailey18

have considered methods of making
approximate calculations from which one can obtain at least
an 1dea of the nature of q and in some cases an approximate
value. The nature of the chemical bond between two atoms 1is
commonly expressed in terms of a set of limlting types which
are more easily visualized. Thus, for example, a bond may
be sald to be largely covalent with a certaln percentase of
ionic character and a certailn percentage of double bonding.
The percentage of the varlious partes 18 normally determined
by fitting the available experimental evidence into a con-
sistent pattern.

The bond we are concerned with is the C-Cl bond in
chlorine derivatives of benzene, methane and ethane. 1In
these cases it is largely a single covalent bond. A single

covalent bond i1s visualized as a shared pailr of electrons.

The stabalization of the bond arises from the overlapping
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of the two electron orbits. 1In the valence bond method

the wave function for each of the electrons 1is expressed as
& linear combination of the atomic wave functions of their
respective atoms. The exact combination is chosen so as

to make the bonding aé strong as possible. The ground state
of the atom usually makes the most important contribution
with only one or two of the other states contributing to the
bond to any appreclable extent. For the normal single co=-
valent chlorine bond there 1s a mixture of the 3s and 3p
states., Townes and Dailey18 estimate that the character of
this hybrid bond is 20 percent 3s and 80 percent 3pge The
3pg orbital has axlal symmetry about the z, or bond, direc-
tion and will produce an axially symmetric fleld gradient at
the chlorine nucleus, The presence of the 3s character in
the bond will not affect the symmetry but since the s orbilt
has spherical symmetry the field gradient should be reduced,
To see thls we can compare q for atomic chlorine where 1t
should arise from a pure 3p, orbit to that in GH3c1 where 1t

arises from the s-p hybrid bond.

5
- es0 -
Atomic chlorine ®= 13 %0 /o3

N‘e -3
CHzC1 Q= 3% SV

There is also an lonic portion of the bond which can be de-
termined roughly from the difference in the electronegativity
of the two partner atoms. This also will not change the

axial symmetry of the bond but 1t will reduce the value of
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the gradient. It is a change in the ionic content which is
assumed to account for Livingston's7 results, As one adds
chlorine atoms 1in the sequence CH3Cl, CH,Clp and CHClz there
is greater competition for the carbon electrons and brings
about a reduction in the ionic character of the bond and an
increase in the value of q and thus the resonant frequency.
In the case of the chloro-benzenes there is a contri-
bution of about 10 percent double bonding. This 1s reflected
in a more stable compound and 1n a shortening of the bond
distances. The second bondlng orbital is a p, orbital where
the x direction is taken normal to the plane of the benzene
ring. The contribution of this orbital will destroy the

axial symmetry of q. Dean19 nas shown that the asymmetry
")_E_'_ b E;
d€Eq is A~,0% , In the work which we do

XY
with p-C6H4612 the asymmetry will be neglected since the

effects which we are concerned with will not be greatly

changed by the small errors introduced by this assumption.



III. THE SPECTROKETER

One of the fortunate features of NJR is that for many
cases the instrumentation necessary for the observation of
the resonance 1is relatively simple. The circuit diagram of
the instrument used for the investigations reported on in
this thesis 1s shown in figure No. 1. It is on internally
quenched superregenerative oscillator. The operation of
this type of oscillator has been discussed in some detail

20 The basic circult is that of a pulsed os-

by Whitehead.
cillator. The oscillations are turned off, or quenched, due
to a build-up of charge on the grid condenser. The time
constant of the RC combination in the grid circuit is too
long to permit the mean grid potential to adjust to the
level of oscillation,

In order that the oscillator will operate effectively
as a receiver the quench frequency should be between 1/100

and 1/1000 of the frequency of oscillation. 20

The absorp-
tion frequencies we were 1interested in were ~ 35mc which re-
quired a quench frequency between 35 and 350kc. The quench
frequency is determined to a large degree by the charging
rate of the RC combination on the grid. These componets
were adjusted until the quench frequency was 48kec at which

time the instrument seemed to function properly. The mea-

surement of the quench frequency was made by making use of
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the frequency spectrum of the oscillator. The periodic

quenching of the oscillations produces an amplitude modu-
lated signal which contains not only the main oscillation
frequency but glso frequencies which differ from it by in-

20 A measurement

tegral mult;ples of the quench frequency.
of the frequency separation of these so called side band
frequencies thus furnished the value of the quench frequency.,
If one starts with the oscillations quenched, the
growth of thelr peak values up to the point of steady state
oscillation can be expressed by the relation V=V, et/b,
vhere Vo, 18 the voltage from which the oscillations grow and
b a constant dependent upon the c¢ircuit parameters. The re-
sponse of a superregenerative oscillator to a signal from
an external transmitter has been studied in some detailgo
and is thought to occur due to the change 1in V, caused by
the presence of the external signal. The nature of the re-
sponse depends upon whether the quenching action is interal,
as in our oscillator, or is caused by the application of a
periodic voltage from an external source to some point of
the circuit which causes the oscillations to stop. Further=
more, if the quenching action is external, the form of the
response will be dependent upon the frequency of the quench
voltage. Whatever the form of the response, however, 1its

source is still thought to be a change in the voltage level

from which the periodic bursts of oscillations grow.
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The response of the oscillator to the nuclear magnetic
resonance and the nuclear quadrupole resonance of a sample
placed in the tank coil of the oscillator still needs an ex-
planation. It was suggested by Roberts?l who was the first
to observe that a superregenerative circuit would respond to
nuclear resonance, that one effect of the resonance would
be a change in the value of b in the expression describing
the exponential increase and decay of the oscillation, This
would follow from the lowered Q of the coll due to an ab-
sorption of energy by the sample, Roberts21 also suggested
that in agreement with Block's2? theory there should be a
transient signal 1nduced in the coll by the nuclear magnetic
moments in the sample after it is subjected to the r.f.
pulse of oscillation. The direct measurement of such in-
duced voltages has been mmde by Ha.hn23 for the case of nu-
clear resonance and by Bloom, Hahn and Herzog24 for the quad-
rupole system., A8 apolied to the superregenerative oscillator,
this effect results in the sample acting as a signal gener-
ator. Thus the detection process should be the same as that
already investigated for the response of the oscillator to
an external signal,

Roberts?l concluded that the latter of the two effects
was the most important in the production of a nuclear re-
sonance signal, Deanlg also gssumed that this was the most
important process in the detection of NQR by use of a super-

regenerative oscillator. The argument used by Dean was
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that, based upon the work of Watkins,25 a pure absorption
could not produce a signal with the strength and signal to
noise ratio actually observed with such an oscillator. His
arguments do not, apparently, apply to the oscillator which
we used for our investigatlions., This 1s shown in figure

No. 2 which contains the oscilloscope.traces of the output
of the oscillator for two different cases. (The manner in
which the traces are obtained will be explained later)., The
first trace resulted from the pure absorption of energy from
the oscillator., This was accomplished by placing a General
Radlo wave meter which was adjusted to the oscillation fre-
quency close to the oscillator coil. The resulting signal
certainly indicates that there 1s a strong response to a
pure absorption by our instrument. Furthermore, the strong
resemblance of this signal shape to that of the second trace
which is the €172 resonance line 1in p-CgH4Clpo indicates that
the quadrupole signal may well be determined largely by such
an absorption. The observed signal shape 1is very similar

to a mixture of the pure absorption and dispersion curves
wnich are obtainahle by use of an r.f. bridge.

Assuming that the main source of the output signal is
an absorption of energy by the sample, the question still
remains as to just how the output is related to this loss,
Figure No, 3 shows the variation in the peak values of the
r.,f. oscillations and the variation of the mean grid poten-

tial as a function of time. The variation of the mean grid
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Fig. 2.

Fig.

tor to (a) an nbsggption meter,
(b) the NQR of Cl in 05H501.

3. The time variation of (a) the
mean grid voltage, (b) the peak
values of the r.f., oscillations.
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potential will produce a variation in the plate voltage of
the same frequency and similar shape, The output of the
oscillator can then be taken to be the area of these pulses
multiplied by the frequency at which they occur. There will
be changes in the output corresponding to changes in the
variation of the mean grid voltage.

The mean grid potential is driven negative as the os=-
cillations 1ncrease due to a collection of electrons on the
g&rid during the positive sweeps of the oscillations. The
level of oscillations grows until the losses in the circuit
prevent further growth. Meanwhile the grid ootential is
still decreasing due to the long time constant of the grid
leak comblnation and starts a cumulative decrease of the os-
cillations. The growth of the peak values of the oscilla-
tions follows the relation V=, et/" . Losses in the coil
due to an absorption of energy by the sample wopld change
the value of b and thus the rate at which the oscillations
build up. This in turn would change the frequency and area
of the mean grid voltage variations and thus the output,

If one assumes that the decay of the osclillations obeys
the same law as the increase, then the period of the quench
frequency is 2tj. The value of t7 1s determined by
2,2 b, % %? where Vm is the maximum value of the oscillation

and V, 1s the voltage level from which the oscillatlons

grow, To a first approximation the grid voltage rises as
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a linear function of the time, Vs:-ct. The area of the pul-
ses of grid voltage will be Ag= %c(2t1)2. The output of the
osclllator, V3, will be proportional to the product of this
area times the frequency of the pulses,1/2t1;

V, = Laviad) b S 5

If we assume that any variation in Vgis negligible, the ratio
of any two output voltages will be given by V‘/ Vy = b‘/ b)_ .
If none of the clrcult parameters have been changed, the
ratio of the b's will be proportional to the ratio of the
losses due to the sample;

As a check on this idea, the maximum height of the oute
put signal was measured for different volumes of'CsHscl at
the temperature of liquid nitrogen. Figure 4 shows the rela-
tion between the normalized volume and the normalized signal
height. The relation is linear as is to be expected from the
above discussion when one assumes the losses to be a linear
function of the number of resonant nuclei, It is implicit
in the discussion of some of our results that the maximum
amplitude of the output signal is a linear function of the
number of nuclel contributing to the resonance.

The frequency of the oscillator was varied periodically
so that the condition of resonance was obtained at regular
intervals of time. The resulting periodic change in the plate
current due to the absorption of energy was picked up from the
plate circuit by means of an audio transfarmer and passed through

a detector circuit before being displayed on the oscillo-



Fig, 4. The dependence of the maximum signal height,
S, upon the volume of the sample for 05H501.
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scope, The audio transformer passed the quench frequency
without much loss; however, the time constant of the detec-
tor, T ~100mae, was long enough to rid the signal of the
quench frequency but short enough not to effect the absorp-
tion signal appearing at a low audlio frequency. The peri-
odic appearance of the absorption signal, which allowed it
to be displayed on the oscilloscope, was obtained in the
followling manner. The oscillator was adjusted so that its
frequency was equal to the resonant frequency of the nuclei
in the sample belng studied, A small condenser whose capa=-
citance could be varied periodically by the application of
a small voltage was placed in parallel with the main tuning
condenser of the oscillator., The small added condenser was
obtained from the Navy altimeter RT-T7/APN-1l. A 60 cycle
voltage of ~1 volt was applied to the condenser causing its
capacitance to vary periodically at this rate. This in turn
varied the frequency of the oscillator at this rate so that
the condition of resonance was swept through perlodically
allowlng the signal to be displayed on the oscilloscope.

It was found that by operating the heater of the 6H6
in the detector, which had its two sections in parallel,
at ~ 3 volts and also by operating the heater of the bJIS
slightly under 6.3 volts the noise of the instrument could

be reduced considerably without expense to the signal

strength.
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A measure of the sensitivity of the instrument was ob=-
tained from the fact that the smallest size sample of
p-CgH4Cl, which gave rise to an observable signal was one-

tenth of a cc.



IV, THE PHASE TRANSITION IN p-C6H4012

The observation of a phase transition in p-G6H4012 has
been reported by several authors. Beck and Ebbinghausz6 were
apparently the first’to observe it. Their method was to ob-
serve a sample in a test tube as it was gradually cooled
from the melt. They observed that when the sample first
solidified it appeared to ﬁave intimate contact with.the
glass wall, During subsequent cooling the crystal became
detached from the side of the test tube. The temperature at
which this occurred was quite definite and was assumed to
be the transition temperature of a phase change during which
the sample changed volume. The transition temperature was
found to be 39.5°c. Several other authors have reported ob-
servable changes in the macroscopic crysta1.27'28 The most
recent of which were Danelov and Ovcienk029 who observed the
speed with which the interface between the two phases moved
through the crystal. They concluded that the transition
temperature was 30,8°C. A different type of evidence of the

30 when he observed

phase transition was given by M. F. Vuks
& change in the Raman spectra at low and high temperatures,
His determination of the transition temperature was 32 C.
If, as 1t appears, the NQR absorption frequency depends
upon the crystalline arrangement, there also should be a

shift in it as the crystal changes phase., Such a shift has
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been observed by Deanll

who gives the magnitude of the shift
as 27ke for 0135 at 25°C. Observations have also been made
on the change 1in orientation of the C-Cl bond during the

31 The determination of the orientation

phase transition.
of the C-Cl bond can be made, as will be shown presently,
by observing the NQR of a single crystal in the presence of
a small (~30 gauss) magnetic field. The resuits which
have been obtained have not been entirely conclusive so we
have attempted a further investigation along this line. We
have also followed the orientation of the remainder of the
molecule by means of observations made of the line width of
the nuclear magnetic resonance of the hydrogen atoms situ-
ated on the sides of the benzene ring. Through a comparison
of measurements in the upper phase with those in the lower
phase we have attempted to determine the relation between
the two phases and thus the nature of the transition itself,
Before considering the actual experimental method we
will discuss the basis for the orientational determinations
which have been made. We conslder first the Zeeman split~
ting of the NQR of the chlorine nuclei and then the dipolar

broadening of the nuclear magnetic reasonance of the hydro=-

gen atoms in p-CgH4Clo.



A. Zeeman Splitting of the Nuclear
Quadrupole Resonance
We shall conslider the case of an axiallj symmetric
field gradlient and choose as our z axis the axis of symmetry.
We may therefore assume that the applied magnetic field lies
in the x, z phase without any loss of generality.

The re-~
sulting Hamiltonian 1is:

(18)
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where Yo 18 the unperturbed Hamiltonian. The matrix of

the perturbation energy 1s not diagonal in m. The elements

of interest to us are shown below,
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According to first order degenerate perturbation theory

the correction to the ta/z levels are given directly by the
corresponding diagonal elements of this matrix. To obtain
the corrections of the:¥; levels we must first diagonalize
the sub-matrix involving only these states, Thls process
results in a mixing of the states ™:=t¥ and the resulting

energy values can no longer be characterized by these states
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but will be called Ej p. The resulting first order energy

corrections for I=3/2 are thus:
W

Etg/l =+ m H no (20)
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Due to the mixing of the energy states ‘W\:i&'transitions

are now allowed between (1,2 2 % %)
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The transition frequencies are glven by

\ (21)
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Figure No., 5 shows a plot of the shift of the frequency of
the various Zeeman componets from Ua as a function of the
angle 6, Now if

(22)
i o~ ot gl 't

MH U = AT e + (ate]
o © = '/E"
then
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The same thing will be true of Jg and Vg at cosd5:-"Yz3 .

Thus if the magnetic field lies anywhere on this cone of
directions about the axis of symmetry we should observe a

coalescence of two of the Zeeman lines,
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By use of this fact it 18 possible to determine the

z direction 1n terms of coordinates fixed in the crystal,
In figure No. 6 %, %,% are the coordinates fixed in the
crystal and M' €' ana ?| are fixed in the laboratory.
The axis of the oscillator coil and crystal coincide along
the T ,7' axis. With the magnetic field fixed in the 7
direction the crystal is rotated about the Y ’ '?. axls,
If the z direction 1s such that @ D 35 then there will
be two values of ¥ (consider only one-half the cone of
directions) for which two of the Zeeman lines will coalesce.
If ¥ is set halfway between these two values the gradient
should 1le in the %' %' Dlane. When the magnetic fleld
is rotated in this plane about the { axis there should
again be two points at which the Zeeman l1lines coalesce and
they shouid be ~108o apart, Half-way between these two di-

rections is the axls of the fleld gzradient.



Fig. 5. Coordinate system for the
measurement of the C-Cl di-
rection in p-CgHyCl,.

N
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B. Dipolar Broadening of the Nuclear
Magnetic Resonance (NMR) of
the Protons in p-CgHyCl,

It was shown in the previous section how to determine
the C-Cl direction in a single erystal of pP=CgHuClso. We
will now indicate a method to determine the direction of the
line joining the two protons on the same side of the benzene
ring. If it is found that these two directions change in
the same manner when the crystal undergoes the phase transi-
tion, it will be fairly certaln that the molecule as a whole
1s undergoing the change and not just the C-Cl bond.

The line width of the protons arises from dipolar
broadening due to surrounding nuclear magnetic moments. The
crystal structure of p-CgHyCly in the lower phase has been
det.ermined32 and the environment of the protons based upon
this work is shown in figure No. 7. There is another mole=-
cule in the unit cell which has a simllar environment but
a different orientation. The analysis given for the molee
cules shown in figure No., 7 will be equally applicable to
the molecules of the other orientation. From the distances
given in figure No. 7 it was thought that we should include
all four protons in the group of resonant nuclei. The second
moment of the line is used as a measure of the line width

and is obtained from VanVleck's33 treatment of the problem.



Fige. 7o

The environment of the protons
in p-06H4012.
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VanVleck's expression for the second moment due to di-

pole interaction is given below in (gauss)e.

) 2 =
CIRNYY, = ;LT Glata v Zeen ) ray (o)
IR -6

ty Ny e 202 LT o (Sedeg ) Ry
In the above formula g and I are the nuclear g-factor and
spin for the nucleus having resonance, 9,,I, are the nuclear
g-factors and spins of other nuclear speclies in the sample,
rst 1s the length of vector connecting nuclel s and t, and
Ng is the total number of nuclel having resonance in the

sub=-group considered, For our case
I‘ \/1 16; 3/1
)= 5.5¢% Qy= 53

Ny =

We shall conslder only the interactions of the protons with
the nearest chlorine and the proton-proton interactions:
Hl-H2, H2-H? and HO-H*. This gives:
CLHD, = 245 L 3ude, -0+ (3wt 0y-Y ]

4 .009 L (3ua 93“‘\14' (3t 0&“?]

Obviously the second term may be neglected with respect to

(24)

the first. Within a fair degree of approximation the H2-H3
interactions may also be neglected. This results in the line
width being determined by the dipole-dipole interaction of

the two protons on the same side of the benzene ring. The
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line width should have a minimum value at ©O-= Uﬂjlip .
Thus, as long as the proton-proton and the C=Cl directions
are parallel, the orientation of the magnetic field in the
‘%"ﬁn*% coordinates which produce a zero splitting of
Zeeman componets of the NQR of the chlorine nuclei should
élso produce a minimum line width of the NMR.of the protons,
This, of course, 1s based on the assumption that we can
always attribute the proton line width to the dipole-dipole
interaction of the two orotons on the same side of the ben-

zene ring,

C. The Experimental Method

Crystal growth, The slingle crystals investigated were

cylinders ~10 cm long with a dlameter of ~ ,8cm. There were
no observable crystal faces to indicate crystalline struc-
ture or orientation. The crystals were grown from the melt
in the following manner. A cylindrical form of the desired
size was constructed from aluminum foll and glued to a pilece
of glass tubing which had been drawn to a very narrow tip
and sealed. The form was-filled with molten p-CgH,Clo

(M. P, 55°C) and placed 1n a vertical furnace kept at approxie-
mately 75 %3. The furnace was a brass pipe two inches 1n
diameter and one foot in length wrapped with two feet of
nichrome wire and covered with asbestos 4insulation, The
form was lowered through the furnace by means of a clock

mechanism at a rate of O.Sdm per hour into a water bath
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immediately below the furnace, In this method, as the con-
tainer 1s lowered from the furnace, the tip cools first and
with reasonable luck a single seed crystal is formed in the
very narrow tip. If the container is lowered slowly enough,
all subsequent crystallization takes place on the faces of
this seed and the result is that the entire sample is finally
solidified into a single crystal. The aluminum foll can
easlily be removed leaving the crystal free from any con-
straining walls,

The samples were first grown in the same manner but
with the form constructed entirely out of glass tubing.
Since the crystals were quite fragile the glass could not
be removed and the samples had to be investigated while
still enclosed in this form. There was,therefore, a possi=-
bility of the rigid walls of the container exerting forces
upon the crystal since there might be a change in volume
during the phase transition. The data presented in this
thesis was obtained from the free samples only.

The phase transition, It was found that most of the

samples grown by the method indicated above were in the low
temperature phase, the o¢ phase, At least they were in the
o« phase after standing at room temperature (~25°%) for a
day. The phase that the crystal was in was determined orig-
inally by a comparison of the transition frequency with
those given by Deanl9 for the two phases., Later it was

possible to determine the phase from the nature of the Zeeman

pattern,
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Consistent results were obtained when the phase transi=-
tion.°s-?(3 was lnduced by the following method, The crystal
vas warmed at ~ BODC.for one-half hour in a water bath.

Then the tip of the crystal was placed in water at ~ 45cb
until the Q; phase was observed to begin its growth. This
was noted by'a somewhat cloudy appearance of the @ phase
and by a sharply defined interface. The crystal was then
placed in a water bath at ~ 34°C while the (3 phase con-
tinued to grow along the crystal. If the Q> phase was
allowed to grow completely throughout the crystal and if the
crystal was then kept at 35°C for ten to frifteen mlnutes,
the crystal seemed to be quite stable and would remain in
the @) phase for a day or two when the crystal was kept at
room temperature. If, on the other hand, the @> phase was
only allowed to grow along a portion of the crystal, the
phase would grow back as soon as the crystal was placed at
room temperature,

Measurements of the molecular orientations before and

after the phase transitions. In order to make the measure-

ments previously discussed we had to assoclate a fixed co-
ordinate system with the crystal., The %t axis was taken to
be the axis of the c¢rystal., The ¥ and M axes were deter-
mined by clamping the crystal in a brass chuck which was
attached to a disc graduated in degrees, the dlsc belng per-
pendicular to the axis of the crystal. The orientation of

the C-Cl direction with respect to this coordinate system
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varled from crystal to cfystal. We were interested, how-
ever, only in the change in orientation of this bond as the
crystal underwent the phase transition. The crystal was
inserted in the tank coil of the oscillator. The axes of
the coil and the crystal, the %' and <% axes, coincided
and lay in the horizontal plane. The source of the magnetic
fleld was a set of Helmholtz coils designed so that the mag-
netlic field could be rotated about in the horizontal plane.
The “f axls was thus taken to lie in the horizontal plane
perpendicular to the 4} ,4}‘ axes, With the coordinate sys-
tems thus fixed the measurements described previously were
carried out to determine the C-Cl direction. Figure 8.
shows the oscillator with the Helmoltz coils in place.

Once the C-Cl direction was determined it was possible
to transfer the crystal to the nuclear magnetic resonance
appartus with the §, % ¢ axes still fixed in the crystal.
The apparatus used for this measurement is that described

34 The measurements made did not determine the

by Jain.
proton-proton direction since a rotation of the magnetic
field was not possible., With the magnetic field perpendic-
ular to the axis of the crystal, the crystal was rotated
about its axis and the direction of the magnetic field in
the *i A7<% coordinates was recorded for the orientation
which »roduced minimum line widths, These orientatlons were
compared with similar measurements for the zero splitting of

the Zeeman componets of the NQR. The phase of the crystal

was changed and the process repeated.
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D. Discussion of the Results

The results of the measurements to detzrmine the C-Cl
direction in both vhases of several crystals are given in
Table I, Two directions were fourd in the <X phase and are
labeled by the subscripts "1" and "2". Only one direction
was found in the (3 phase and is designated by the subseript
"3". The angle W, 1s the angle between the L® ana A%
axes, Flgure 9 shows typical traces of the Zeeman patterns
of a single crystal of p-CgH,Cl,. The top trace 1is the
pure quadrupole resonance. The middle trace shows two Zeeman
lines from each moleccule and the bottom trace shows the two
central lines after they have coalesced. The crystal struc-
ture of p-CgHyCl2 has been determined by Croatto, Bezzl and

32

Bua for the low temperature ohase. Thelr data shows that

there are two molecules to a unit cell and that the C-Cl
directions of the two molecules are separated by 74.20. The
average value of wjp for our results 1s 73.9b which can be
considered to be in agreement with the x-ray work. Lutz31
has obtained a value of wy2 of 76 + 2° from the Zeeman
eplitting of the quadrupole resonance signal.

Table II contains the directions of the magnetic fleld
in the ™ plane which resulted in a minimum width of the
proton resonance and also those which resulted in zero
splitting of the Zeeman componets of the chlorine NQR. Data
are given for two crystals in both the < and (O phases.

Although there 1s a very large shift in these directions
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(a) ...-../\Illll.

(c) IIIII‘~‘~ﬂ.....

Fig. 9. The (a) pure quadrupole sign=1 and (b),
(c) ggpical Zeeman splittings of it for
Cl: in a single crystal of p—CGHL‘_Cl2

(a) "...ll"-..h..~

(o) -—&

Fig. 10, The (a) maximum and (b) minimum line
widths of the proton resonance in a
single crystal of P'céHQC12'
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TABLE II

COMPARISON OF POINTS OF ZERO SPLITTING (NQR)
ALD POINTS OF MINIMUM LINE WIDTH (NMR)

FOR p-CgH,Cl, WITH

®=90°

Crystal « for Minimum Line Width

< for Zero Splitting

1.
o« phase

@ phase

2.
o« phase

(3 phase

(o]

164 ,

o

134 ,
60",

o

5,

o ° o
250 , 257 156 ,

o o
205 131 ,

o [
147 65 ,
103 ° 6°,

(o] V]
247, 268

204°

¢
144

o

106
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during the phase transitions, the proton resonance and the
quadrupole resonance experiments give the same data, for a
given phase, within the accuracy to which the minimum line
width could be determined (~5°). Since it was found that
there are two directions of the C-Cl bond in the = phase,
there should be four points for each experiment (0°$=xkl?o°).
A more detalled study of the Zeeman pattern showed that the
fewer colnts resulted from the accidental superposition of
two points. The comparison of these results can be inter-
preted to mean that during the phase transition there is a
reorientation of the molecule as a whole and that the proton=
proton and C-Cl directions remain parallel. Figureio 1is a
photograph of a typical oscilloscope trace of the maximum
and minimum line width of the proton resonance. At 1ts
widest point the line 1s seen to be a badly smeared out
doublet. These conclusions have been substantiated by a re-
cent x-ray analysis of the Q phase by Houty and Clastre.->
They found that the (3 phase was a triclinic crystal with
one molecule per unit cell and that the structure of the
molecule was essentially unchanged from that in the = phase,
Thus we can say quite definitely that durinz the phase transe-
sition there is a reorientation of at least part of the mole-
cules and that their reorientation is not accompanied by a
distortion of the molecule,

We can increase our knowledge of the nature of the

transition by determining the magnitude of the reorientation,



This should be obtainable from the wvalues of W1z and Wp3
for the various crystals investigated. A comparison of
these values, however, falls to show much regularity. The
reorientation in crystal #1 and one part of crystal 6b,
In which the upper phase was allowed to grow from both ends
of the crystal , agree to within 30. This is also true of
crystal #5 and part of crystal #7 although the reorientation
18 there crystals differ from that in #1 and #6. The rest
Of the fourteen examples show completely different reorien-
tation., This may mean that there aréyery mnany different but
definite ways in which the crystal may change from the o
to the @ structure. It may also mean that there is no de-
finite crystallographic relationship between the two phases
a&nd that the two cases mentioned above are mere coincidences.
This lack of a very regular relationship between the
two phases 1s fwr ther i1llustrated by the data obtalned for
the last six crystals, The data was taken for the sixth
Crystal in both phases and listed under 6a, the (5 phase
having grown throughout the crystal. The crystal was re-
turned to the o¢ phase where measurements listed under 6b
Were made. The orientation of the axes had changed. Per-

haps a more striking result was obtained when the crystal

Was ggain raised to the o< phase. This was done by starting

the growth of the upper phase from both ends of the crystal,
The result was that each end of the crystal had a single and
Wel1l gefined direction of the G-Cl bond but the two directions
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were different from one another. This same experiment was
repeated for the seventh crystal with similar results., For
the last two crystals the Q) phase was not allowed to grow
completely through the crystal when measurements were taken
on the Q phase, As the ™ phase grew back, the C-Cl direc-
tions had their original orientations. However, when the
crystals were again raised to the Q phase the orientation
of the single axis was different from the first time., In a
further experiment we submerged crystals in the & phase in
a temperature bath of ~ 40°C at which time the Q phase could
be seen to begin its growth at a number of points in the crye-
stals, Once the crystals were entirely in the (-‘a phase the
Zeeman pattern of their quadrupole absorption signal was ob=
served. It was found that the magnetic fileld either elimi-
nated any observable signal or resulted in a Zeeman spectrum
too complicated and weak to be analized in detail but at
least indicative of several different orientations of the
C-Cl direction. This last experiment can be explained by
assuming that many of the centers of growth of the Q* phase
resulted in little pleces of crystal with dlfferent orienta=-
tions, That 1is, we can consider this experiment to be merely

an extension of the case 1ln which we allowed the Q phase to
start its growth from the two ends of crystals #6 and #7.
These results seem to substantiate the views obtained from a
comparison of the values of W33 and W23 that the crystallo-
graphic reorientation during thg phase transition may take

place in either a very large or an infinite number of ways.



There was one characteristic of the transition which
appeared to be true from a visual inspection of the crystal
as well as from a check of the resonant frequencies of vari-
ous parts of the crystals during the time they were changing
phase., The new phase grows from its source in such a manner
that at no time 1s the entire crystal in a disordered state
half way between the two phases. Instead, there 1s one sec-
tion which has not changed its structure at all and another
vhich has been completely changsed. Thils was certainly sub-
stantiated by the fact that we were able to obtain normal
signals, as well as Zeeman patterns, from each section of
the crystal during the time that the interface between the
two phases was moving along the crystal., Even the slightest
irregularities in the crystal structure 1s sufficlent to
effect the signal greatly.

Another characteristic of the phase transition which
appears to be definite is that, although there are many
possible orientations for the new phase to take, once a cen-
ter of the new phase has begun its growth all of the old
phase, which 1s transformed as a result of the growth of this
center, will undergo the same reorientation. The fact that
the samples were still single crystals after they had under-
gone the transition requires that this be true. The results
of crystal #6 and #7 further illustrates this view since,
although the two sources of growth of the (3 produced sec-
tions of the crystal with different orientations, each sec-

tion was a single well ordered crystal,
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These properties of the transition suggested a further
experiment to decide if there was any relationship between
the crystal orientations of the two phases., If there is no
relation, then presumably the molecules of the o0ld phase can
rotate through any angle to take up the orientation of the
new nhase and will do so regardless of their previous orien-
tation. The orientation of the new phase being determined
by some undesignated parameters,

If the above 1dea 1is correct, it should be possible to
start with a polycrystalline sample and produce a single
crystal by merely causing the sample to undergo the phase
transition in such a manner that it starts from only one
source, The term polycrystalline would have to mean a con-
tinuous sample with different sections having various orien=
tations. A sample composed of separate crystals would re-
quire the phase change to start anew in each crystal and
thus would not produce the desired effect. A small (~ 30
gauss) magnetic field was applied to the sample to determine
if it was a single crystal or polycerystalline. A single cry=-
stal will give a well defined Zeeman pattern. Each section
of the polycrystal will also give a Zeeman pattern but since
they have different orientatlions the separation of the com-
ponets will be different for each section. If the sections

of the crystal with a given orientation are small enough, the

apolication of the magnetic field “washes out" the signal.

Typical results are shown in Figures 11 and 12. The pure
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quadrupole resonances before and after the phase transition
are shown in the first and third traces respectively. The
resonances in the presence of a 30 gauss magnetic field be-
fore and after the phase transition are shown in the second
and fourth traces respectively. The Zeeman lines shown in
the fourth traces are taken to indicate that the sample is
now a single crystal or at least contains a large section
which now has a single orientation. In Figure 11 the sam-
ple was originally in theoc phase and in Figure 12 the
sample was originally in the @’ phase., It thus appears that
either the & — (‘ or the (3 — ol transition can produce a
single crystal from a polycrystalline sample. It would thus
appear that there 1s no fixed relationship between the orien=

tations of the molecules in the two phases.



Fig. 11l.

Pigs 12,

51



)

V. QUADRUPOLE RESONANCE OF IMPURE SAMPLES

-

The 6135 resonance was observed at liquid nitrogen ten-
perature in samples of 06H501 which contalned controlled
amounts of impurities. The maximum height of the resonance
signal was greatly reduced by the addition of even 102
molar fraction of certain impurities.,
| If we assume that the effect on the signal arises from
8trains in the crystal due to a difference in size of the
impurity and resonant molecules, we can make a rough calcu-
lation of the expected change in the signal due to the pre-
Senée of the impurity. According to Love36, the strain
around a spherical inclusion in an elastic medium will fall
Off as the reciprical of the cube of the distance from the
inclusion. Although such a model is only a crude approxima-
Ation to our experimental < tuation it should at least allow
Us to determine the nature of the effects.,

If the shift in frequency i.s taken to be proportional
to the strain, then the resonant frequency of a nucleus at
& distance r from the impurity molecule will be V= ¥, + %—5
We shall first consider the resulting frequency spectrum
"hich would be expected in such a .situation from an infi-

NMtely sharp line. The number of molecules lying at a dis-

tance between r and r+dr 1s glven by:



ON = pHTT *n (25)

where © 1s the density of molecules, We can express dr in
terms of 9“’ through the relation for the shift in frequency

due to the strain. This gives\

Ry (26)
O = - 3()"-)"01"-1
Substitution of this expression in (25) yilelds
2
(V- Ve\
K v’

Since for kYo the ov corresponds to a decrease in frequency

when JN represents an increase in the number of molecules,

the ratio is negative so that = g—%. is positive. This ratilo

represents the number of molecules 1n a given frequency range
which is merely the frequency distribution which we desire
K (28)

N\V-Y) = T

This calculation was based upon the assumption that the

ef fect of the impurity was strictly radial. We can consider

the case of a simple angular dependence and see if there is

any effect upon the nature of the results.

The above relation for the dependence of the strain is
basgeq upon the fact that the displacement of a molecule at
& distance r from the impurity is proportional to 1/r2. If

We now assume that the only strains which will be effective
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are those which arise from displacements in the Z direction,.
the displacements effecting the signal will be given by:

C 2 (29)

\Lt: (x *\ %\.\/1—

The corresponding strain in the Z direction will be given by:

S, o 32 . cU-iwnde) (30)
9 - nd nS ns

If now the frequency shift is taken to be proportional to

this strain we have:
- 3m o (31)
V= Y, + R \\ )

In this case the shift in frequency will not be all in the

same direction. If we consider RO then:

r-vydco (n 049« 8
-4 AT
o' I
For all other values of & (V=-V)» 0.
For ¢ ©® { -9, the volume included by the surface of con-

stant frequency V= VU,-C 1is given by :
S SERETS R

' " AN S &Agﬂ (32)
v| - So So S n 6 Jde
I LN
- C

A%
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The volume included in the surface of constant frequency

Us Ut C for eoaec-‘g_ is given by:

} x
\ BN \y T &(\‘3\‘\“\\6 3 (33)
. “ *ain 0 §00nda
V, = SO \o 890 R Haln
L.
T A

If we take Into account the remaining values of g , the to-

tal volume inside the surface VsV, -C 1s given by:

IT R (34)

Vi= i® ¢

with a similar expression for the volume inside the surface
corresponding to the positive shift. The number of mole-
cules between the two surfaces corresponding to V,-‘ -V,“Ca

and Vft = Y =Cy is given by:
Q k Vy = V.\
MK/U’."‘IO\\\V\‘ Vot V)

(35)
AN

i

14

N

AN _, ON
If we allow AV to become small, the ratio /AU‘ ? ar

Or the frequency distributlion which we desire:
Koo
W\ \ u'- v\)\ = (\J.‘ V-.\

This i1s the same form as for the completely radial depen-

dence except that the frequency shift is now allowed in

both directions.
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The effect of a strictly radial dependence would predict
a shift in the average frequency of the resonance. Deza.nll
has reported a very slight (61 3kc) shift in p-CgH;Cl, when
one-tenth molar fraction of p-CgHyBr, was added. On the
other hand we found no shift in the resonant frequency for
the impure samples studied. Although the angular dependence
chosen here may not be the correct one, it at least shows
that an unshifted line 1s possible when some allowance is
made for the anisotropy actually present in the crystal.

The fact that we observe resonances at all in the impure
samples indicates that there is at least a portion of the
¢crystal in which the frequency 1s not shifted greatly. For
low concentrations we can surround each impurity by a sphere
of radius R such that %‘3 = (V- )z ek W , where W
1s the width of the original line. Since the frequency
Sshi fts in the remaining molecules lie well within the line
wld th, we can neglect their actual dependence and assume
tha+t they give rise to an undeviated line. The total volume
°f the sample which is contained in the spheres of radius
(‘5‘\"‘3 about each impurity 1s:

: (37)
o

Where N; is the number of the impurity molecules. The vol-

QWme outside of these regions, V,, will be given by:
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.\T.L: VO-V\ = NOV’M- V\

where No is the total number of molecules and Vi 1s their

molar volume.. The fractional value of Vi 1is ziven by:

W 4y ™K ¢ (38)
e"\/‘, 3 o,

where ¢ is the concentration of the impurity. The fraction
lying outside of these volumes is given by 1-Q.

If we arbitrarily apnly this arzument to an infinitely
sharp line of height A it will result in the following shape.

%= R1-9)
oo alRoe
s 3 b - J—
NN V Vyxa '

Fig. 13. Broadening of an infinitely sharp line

It we apply such a broadening to a rectangular line of width
2W  and height 24, the function f will result in a portion

OF +the 1line shape:

(39)
Fo = 1R (-9 “w LY LW
The contribution of £ will result in:
V-a 1 w ' (40)
Sv . Qv
F\ = HBo §w V=) ) He“‘_gw -
—wia < VL Wi U oWta
I . 1w
= Roa o Vaw ) ng&t vy we



The contribution of fp will result in:

W \ W &v‘
F:\. = Res Sr‘m ST AR, -Sw (vr-u\™
_\)-.\g\fﬁv)-m V{-W-«
\ \ LW
- ABAL K Y ru ! Reo"['v‘.\)‘]
Within the range - W¥a{ J{ wW-o the line shape 1s
&ilwven by:
(42)

Pv) = LRAW-0) 4 1nex\t+ S

For VD> wy o or v L-W-2o
ey s Real 22|

F'l gsure 14 shows the approximate line shapes for ©O-= 0J '/-1, \.

6=0 =X =\

Fig. 14. Broadening of a rectangular line



The effect of increasing the concentration of the impurity
1s thus to take a certain amount of absorption outside of
the original line width without appreciably broadening the
line as long as the concentration i1s low since the line
width is determined in this case by the undeviated central
portion.

Our results show very little broadening to the line for
low concentrations although the lntensity as measured by the
maximum height of the signal shows a definite decrease. This
can be seen in Filgure 15 which shows the signal in 061{501
for increasing concentrations of p-CgHjyClpo. The first trace
i1s pure CsH5C1l; the second and third are the signals for
« O017 mole fraction of impurity; the fourth and fifth are
S ignals for .0035 mole fraction of impurity.

The fact that the intensity does decrease without great
broadening permits us to apply the following, somewhat crude

Phenomenological argument which will aid us 1in discussing
the relative effectiveness of the various impurities. Con-
S 3der the impurity molecules to be distributed at random 1n
The crystal lattice. Also let each impurity molecule so
© ffect the crystal that it is surrounded by a sphere of ra-
QD ius R such that molecules of the sample which lie within
this volume do not contribute to the resonance and those
Which 1lle outside of the volume are unaffected by the im=-
Purity molecule, The probability that a given lattice posi=-

tion is occupied by an impurity molecule is c, where c 1is
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(a)

(o)

(c)

Fig. 15. The Cljs quadrupole resonance in CsHSCl
with (a) .0000, (b) .0017 and (c¢) .0035
mole fraction of p'CGHLLClZ'



the molar fraction of the impurity. The probability that a
lattice site is occupied by a resonant type molecule is given
by(l-c):l This molecule will contribute to the resonance only
i1f every site lying within a sphere of radius R surrounding
1t 1is occupiecd by a resonant type molecule. If there are

N sites in this volume, the probability that a molecule will

contribute to the resonance is (1 - c)N and the signal

Strength, S will be gilven by:

N 4
S= 5 (1 -<) (43)

where Sp is the signal strength for c=0. Taking the log-

Arilithm of both sides gives:
(44
Yn ¥, = N RL1-C) )

For small ¢ the logarithm on the right side may be expanded

in terms of ¢ so that:
g\'\ s/ﬁb =-Nc

Figures 16 and 17 are plots of

(45)

Y35, WA -C for various

lmpurities in CgH5Cl. At least until S .4S  the linear

Pelation is quite good and the negative slope of the lines
Should give the number of molecules made ineffective by the
DPxgsence of a given impurity. The deviation from a linear
Telation at higher concentrations may arise from the fact

that as more impurity atoms are added their spheres of ine-

T luence may begin to overlap, thus making their overall ef-

fectiveness diminish.



v m-C6H4CIz 35
x CgHsOH 135

+ CgHgCH, 218
® CgHeNHp 398

-.008 - 008 -.010
-C

-.002 -004

Fig. 16. A logarithmic plgt of the maximum
signal height of the Cl quadrupole
signal in CglHgCl as a functlon of
the concentration of varlious .
impurities,



.3

7
o

.2

N
o CGHSBr 70
X CgHg 208

e p"CGH4Cl2 220

-.002 -.004 -.006 -.008 -.010
-C

Fig. 17. A -logarit.hmgg plot of the maximum signal
height of the Cl quadrupole signal in
C6H5Cl as a function of the concentra-
tion of various impurities, -
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The signal strength was taken to be the ratio of the
maximum signal height to noise height of the signal trace
appearing on the oscilloscope. In order to obtain a perma-
nent record as well as more accurate measurements, the traces
were photographed with a Land camera and the measurements
made on the photographs., Photographs of the signal from
Dure samples were taken regularly in order to take into
account any possible change in the operation of the oscilla-
tor over the period during which data was taken.

The purlity of the CgHsCl was Eastman Grade which was
further purified by the method sugzested by Vogel.37 The
1 i1quid was washed with concentrated sulfuric acid until the
acid came clear. It was then washed with water, sodium hy-
Qroxide and water, Finally it was dried over calcium chlo-
Pfgde for twenty-four hours,

The impurities were added to the sample at room temper-
ature and the sample agltated to insure a good mixture, The
Sample holder was a test tube with an index scratch on 1t
to insure that the same amount of sample was used for each
Investigation. About 1 cc of liquid sample was used., The
test tube was held in the vertical tank coil by means of a
Cork washer so that the entire volume of the sample was con-
tained within the coil. The saumple and coil were immersed
in a bath of 1iquid nitrogen until the signal stabalized.
It ywas found that there was no further increase in the sig-

Naj] size or shift in frequency after three minutes. To
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insure that the temperature of the sample had come to equi=-
librium the samples were allowed to cool from four to five
minutes before the signal was recorded. The values given
in Figures 16 and 17 represent the average of three to four
readings at each point,

Work of thils same general nature has been reported by
Monfils and Gros) ean.38 They observed the effect of impuri-
ties on the €175 resonance in p-CgHyCl,oe The impurlity mole-
Cules were of two types; those which were taken to have the
Same size as p;-C5H4012 but a different electric dipole mo-
ment, and thoce which were taken to have the same electric
Qipole moment but differed in size. Their results are shown

in Table III where Vg 1is equivalent to the N of our dis-

TABLE III

RESULTS OF MONFILS AND GROSJEAN FOR
VARIOUS IMPURITIES IN p-CgH4Clp

_ Impurity Molecule 2 (Mo o) (010%) (V- o)k 1o+)
P ~chlorobromobenzene 87 0] 2.1
D - dibromobenzene 162 0 4,2
P - bromoiodobenzene 330 0 7.8
D < chlorophenol 135 2.59 0
P <~ chlorotoluene 204 4,29 0
P < chloroaniline 435 9.04 0

/
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cussion. The volume differences of the first three mole-
cules may be obtalned by associating spherical volumes with
each of the Cl, Br and I atoms whose radii are equal to their
respective covalent radil, The difference in volume of the
molecules is then taken to be the difference in the volumes
of the two atoms attached to the benzene ring. The effec-
tiveness of the three impurities, as measured by the value
of U, , appears to be a linear function of the difference
in volume between the impurity molecule and p-CgHyCls. This
1s shown in Figure 18,

For the last three samples the size of the molecules
were assumed to be equal to that of p-CgH,Cl, presumably be-
cause the covalent separation of the atoms in the radicals
substituted for the Cl atom is equal to the covalent radius
of Cl. The value of Yn for these three compounds shows a
Y inear dependence upon the square of the dipole moment dif-
ference listed in Table III. It is not too clear, however,
Just how these values are obtained, For p - chlorotoluene,
the moments of chlorobenzene and toluene were apparently
added, For p-chloroaniline and p-chlorophenol, however,
it was not possible to obtain the values given by Monfils and
Gl"osjean38 by this method. If instead, one considers the to-
ta]l dipole moment of the molecules, the change should be
©qQual to the value of the dipole moments of the impurities

Since the moment of p=CgHuCl, is zero. For p-chlorotoluene
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and p-chloroaniline the results are Apu= 1.92 X 10718 and

AM = 2.93 x 10718

respectively, which are in fair agree-
ment with those listed by the authors. In the case of
p-chlorophenol, however, the value of AM=2.27 X 10-18 vould

L
certainly destroy any linear dependence on (A;x\ .

Ty

The choice of the covalent radil and separation as a
measure of the size of the radicals attached to the benzene

ring seems strange since we are interested in thelr effect

on molecules to which they are connected by weak van der Waals ‘ ‘j

forces. If one treats the firest three impurities in the
same manner as before but uses instead the van der Waals
radli, one still obtains a linear relation between change in
volume and effectiveness. Thelr volumes are plotted in
Figure 18 along with values calculated using the covalent
radii.,

When one considers the last three impurity molecules in
the same manner, it becomes doubtful if one can consider
them to be the same size as p-CgHyClo. The Van der Waals
radil of all the radicals is not known, however, for the

CHs group 1t 1s 2.0 A°® as compared to 1.80 A? for the chlo-

rine aiom. From this point of view it does not seem likely.
that one could obtaln much information about the effect of
the electric dipole moment from these impurities since at
least one of them presents a change in volume also,

There are some interecting comparisons which can be

made, however, between the results of Monfils and Grosjean38
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and our results. The value of N for p-chlorophenol in
p-CgHyClp is the same as that for phenol in CgHgCl. There
is similar agreement between the values of N for p-ClCgH4NHp
and p-ClCgH4CH3 1n p-CgHyCl, and the respective values of N
for CgHgNH2 and CgHsCHz in CgHsCl. The fact that impurity
molecules which differ from the resonant molecule by similar
structural changes have the same effectiveness is an indi-
cation that the impurity molecules in general are distri-

buted throughout the crystal as single molecules, It 1is

possible that they could be collected at imperfections or

that groups of them could be merely caught in the crystal

as it solidifies and still be quite effectlve, However,

that two different binary mixtures would produce the sane

groupling or an equivalent one as far as the resonance is

concerned does not seem too likely. It is even more unlikely

that there should be three examples of this as we have here,
There 1is further support for the view that the effec-

tive impurities actually form solid solutions with the sam-

ples. To be effective in destroying the signal they cer-
tainly must be contained within the crystal, Furthermore
they all possess the characteristic of having a molecular
structure similar to that of the sample., While this is
neither a necessary or sufficlent condition for the forma-
tion of a solid solution it is fairly common. Furthermore
it has been found that impurities which differ greatly in
molecular structure are quite ineffective. For instance,

toluene which has a value of N=200 in 06H501 had a value of
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N2 5  when used in CHxClz. Although many impurities were
added to CHyClpy none had an N > 40 except CHpIp which was

the only impurity tried with a similar structure and whose

N =220, The relative effects of p, m and 0-CgH4Clo are also
examples of this. It appears that m-CgHjClo 1s more effec-
tive below ,001 mole fraction than for greater concentra-
tions. This my be explained as being the limit of the solu=-
Bility of the 1mpurity in the sample. Such an explanation

38 for simllar be-

has been glven by Monfils and Grosjean
havior of p-ClCgH4O0H and p-ClCgH4NHo in p-CgHyuClo.

Figures 16 and 17 show the plots of 1ln §§° versus-c¢ for
various impurities used in CgHsCl from which the value of
I was determined, Flgure 19 shows a plot of the values of
N versus the difference in the volume of the impurity and
resonant molecule, The volume difference was calculated in
the same manner as indicated previously by making use of the
van der Waals radil of the substituted group.

One group of molecules, CgHg, p-CgHlyBrp, p-CgEuCl, and
P-C1CgH4Br all have the same dipole moment, m=0p , and thus
differ from that of CgHsCl by the:same amount,hpat\X|€?
Based upon the conclusion of Monfils and Grosjean38 one would
expect that the plot of Nj versus AU would be a straight
line as it 1s but that 1ts intercept at AV 20 would be

~ 150, whereas 1t actually appears to be ~ o, This would
seem to indicate that the effectiveness of the impurity is

very low when there is no volume change, regardless of the
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difference in dipole moment. This is further substantiated
by the fact that the results for CgHgBr and CgHgI, both of
which possess the same dipole moment as CgHgCl ( fA=L?DAﬁw),
lie on the line defined by the above results,

Our results indicate that in agreement with Monfils
and Grosjean38 there 1s a linear dependence betweén the ef-
fectiveness of the impurity in reducing the signal strength

and the difference in volume of the impurlty and resonant

molecules, We find, howevcr, that a difference in the dipole
moment of the two molecules seemsto have little if any

bearing upon the effectiveness of the impurity.
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