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TH E  FIRST EXPERIMENTAL OBSERVA-
TION of a pure quadrupole spectrum was 
made by Dehmelt and Kriiger (I) in solid 
trans-dichloroethylene at liquid air tempera- 

ture. A characteristic resonance absorption of radio- 
frequency energy in the vicinity of 30 Mc was seen for 
each of the stable chlorine isotopes. Subsequently re- 
sonances have been observed in a large number of 
other chlorine compounds, as well as compounds of 
other elements. The study of this phenomenon has at- 
tracted both chemists and physicists. 

The types of studies made a t  this Laboratory and 
elsewhere will illustrate some of the applications of 
the method to chemistry and physics. Even though the 
field is quite new, no attempt at a complete survey is 
intended, nor is it implied that all phenomena are 
completely understood. First, the nature of the phe- 
nomenon must be considered in more detail. 

The absorption of radiofrequency energy is accom- 
panied by transitions among closely spaced energy 
levels arising from the interaction of the atomic nuclei 
with their environment in a solid substance, and the 
frequency, v, is determined by E = hv, E being the 
energy difference between the levels and h Planck's 
constant. Hence an explanation of the phenomenon 
becomes a discussion of the nature of the energy bvels 
involved. This in turn requires some elaboration of 
the nature of a quantity called the nuclear electric 
quadrupole moment and the particular features of the 
nuclear environment that interact with it to determine 
tht  levels. 

The Energy Levels. Perhaps the most familiar of 
the nuclear moments are the magnetic (dipole) mo-
ment, p, and the mechanical moment (or intrinsic an- 
gular momentum), which is usually designated by a 
spin quantum number I. I n  general other magnetic 
and also electric moments can exist. The electric mo- 
ments can be treated, for the purposes a t  hand, by 
considering the nucleus to be made up of a finitely 
sized assemblage of charges. One thei finds that the 
electrostatic potential a t  a point, outside the nucleus 
can be expressed as an infinite series whose successive 
terms correspond to potentials from certain idealized 
charge distributions known as higher and higher order 
electric moments. The first term of this expansioh con- 
tains the nuclear charge which, in a sense, may he re- 
garded as the simplwt electric moment, a mono-pole 
with dimensions eLO.The second term in the expan- 

1 This work was performed for the Atomic Energy Coln-
mission. 
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sion of a general potential contains the electric dipole 
moment; however, the theory of nuclear structure im- 
plies that there should be no electric dipole moment 
in nuclei, and to date no experimental phenomenon 
has been found that requires the existence of such a 
moment. We are interested in the next term of this 
expansion which contains the nuclear electric quadru- 
pole moment, Q. This moment has dimensions of eLZ, 
but it is customary to factor out the protonic charge e 
and express Q in om2. This electric moment is a meas- 
ure of the departure from spherical symmetry of the 
nuclear charge distribution. The value for C135, for 
example, is about - 0.08 x 10-z4 em2, the negative sign 
indicating that the nuclear charge distribution is flat- 
tened or oblate with respect to the nuclear-spin axis. 
A positive sign indicates a prolate distribution. Q dif- 
fers from zero only for nuclei with I 1  1. 

A quadrupolar nucleus placed in the neighborhood 
of other electric charges will give rise to an interaction 
energy, which in general depends on the relative orien- 
tation of the nuclear and extranuclear charge systems. 
This interaction is described in terms of the set of 
second partial derivatives with respect to coordinates, 
q@;i,j= x,y,z, of the electrical potential a t  the location 
of the nucleus (thus q, = d2V/dzZ, etc.). This inter- 
action results in the quadrupolar nuoleus taking a 
number of allowed orientations in the qij system, and 
the energy for each is different. The number of quan- 
tum-allowed orientations is determined by the nuclear 
spin, two being possible for each of the stable chlorine 
isotopes with I= 3/2. The absorption of a quantum of 
radiofrequency energy by such a system induces a 
change in orientation from a lower energy configura- 
tion to a higher one. The set of second derivatives, 
which is commonly referred to as the electric field 
gradient, is a second order tensor quantity. With 
a proper choice of coordinate axes, the tensor may 
be represented by three orthogonal components, 

/ 4as / > I Qmm I > 1 e,1, and these conform to Laplace's 
equation, q,, + q,, + q,, = 0. Frequently q , the major 
component of the tensor, is abbreviated by q. The 
energy of the quadrupolar interaction is asten ex-
pressed in terms of a parameter called the nuclear 
electric quadrupole coupling, epQ, and this parameter 
is usually evaluated when the phenomenon is ob-
served. 

As a simple example, let us consider a quadrupolar 
nucleus aligned in the field grqgient of a single (clas- 
sical) electron with charge - e a t  a distance r from 
the nucleus. The electric potential a t  the nucleus is 
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- e / r  and q, is - 2e/r3. The quadrupole coupling be- 
comes - 2e2Q/rs and q,, = q,, = e /@.  In  this simple 
case the coupling is said to have axial symmetry. In 
many physical systems where more complex charge 
distributions are involved q,, and q,, may not be 
equal, the asymmetry frequently being denoted by a 
parameter tl= [q,, - q,,l /qzz. 

The energy levels for axial symmetry, q =0, are 
given by Em=eqQ[3m2-I(I+l)]/U(U-1) where 
m may have values I, I - 1, . . -, - I. Since m appears 
only as the square, all levels are twofold degenerate. 
For I = 3/2, the case for all stable chlorine and bromine 
nuclei, E+ ,/, = - eqQ/4 and E+ = eqQ/4. With the 
selection k l e  Am = 1 the transition energy is given by 
hv= 1 eqQ/2 1. The quadrupole coupling is often ex- 
pressed in frequency units and for this case is just 
twice the observed transition frequency. Since the sign 
of the coupling is not determined, only its magnitude 
and the magnitude of q are considered. The case of 
departure from axial symmetry is considered later. 
Properties of extranuclear charge distributions giving 
rise to significant quadrupole couplings are discussed 
in a later section. 

Experimental. Although the mechanism for estab- 
lishing the energy levels is electric in nature, the main 
process by which the nucleus absorbs radiofrequency 
energy in making a transition is magnetic. For this 
reason the sample is placed in the coil of a tuned cir- 
cuit of a radiofrequency oscillator where it experi- 
ences oscillations in magnetic field. The oscillator is 
frequency modulated at, say, 100 cps. If the oscillator 
is now tuned to the frequency of a quadrupole re- 
sonance, the oscillator frequency will be swept back 
and forth through the resonance frequency 100 times 
a second. Each time the resonance line is crossed, 
energy is absorbed from the oscillator coil and the cir- 
cuit is so arranged that the resulting signal can be 
taken from the circuit, amplified, and presented on the 
vertical plates of an oscillograph. The horizontal 
plates of the oscillograph are driven at  100 cps in syn- 
chronization with the frequency modulation. Figure 1 
is a photograph of a quadrupole line observed in this 
manner. In this case the line is only a few kilocycles 
wide. Other electronic arrangements can be used, the 
principal extension of the technique being the use of 
a chart recorder and appropriate electronic circuits 
that allow the line to be seen with a higher signal-to- 
noise ratio. 

Resonance Lines for Chlorine. Each of the stable 
chlorine isotopes possesses a quadrupole moment, and 
their resonance lines can be seen in many compounds. 
If the electrical environment of the nucleus were in- 
dependent of isotopic substitution, it would follow 
from the energy level expression that the ratio of 
observed frequencies for the two stable chlorine iso- 
topes in a given compound should be their quadrupole 
moment ratio. The ratios given in Table 1 do not vary 
outside of the accuracy of the frequency measure- 
ments. More recent data (2) of greater accuracy do, 
however, show a very small significant variation. 

FIG. 1. The 38.254 Mc CIJs line in CHC1, at 77' K. 

Nevertheless, to a very high precision q is a property 
of the substance that is quite insensitive to isotopic 
substitution, and accurate quadrupole moment ratios 
can be determined. Resonance limes for Cls"re mnch 
stronger than those for ClS7 owing, in part, to the 
three times greater natural abundance. Frequently 
just the Clss lines are measured since the weaker ClS7 
values can be easily calculated. 

Often two or more limes are seen for each chlorine 
isotope (Tables 1 and 2). A similar effect was first 
seen and explained by Dehmelt (3) for the iodine 
resonances in SnI,. The number of lines corresponds 
to the number of nonequivalent halogen positions in 
the crystal lattice. Thus each atom experiences a par- 
ticular q, the magnitude of which depends on the par- 
ticular lattice position it occupies. The value of q in 
these substances does not change greatly from one 
type lattice position to another as evidenced by the 
close spacing of the multiple lines. Fourteen weak 
lines were originally seen for CCl, (Table 2) and 
these were measured a t  20° K. Later with a more sen- 
sitive spectrometer, one of the lines at  77O K was re- 
solved into a doublet, which now gives a total of 15 
lines. The crystal structure may be like that of CBr, 
which is reported (4) to be ~i~onoclinic and of large 
cell dimensions, apparently with 32 moledes per unit 
cell. I t  is likely that there is a sixteenth line in CCl, 
that has not yet been observed. 

The frequencies of quadrupole lines shift with tem- 
perature changes, in most cases increasing with de- 
creasing temperature. A theory based on a torsional 
oscillator model has been proposed (5) to explain the 
efEect. Briefly the concept is that if there are rapid 
oscillations (compared to the transition frequency) in 
the charge distribution, then the effective value of q is 
an average over the amplitude of these oscillations 
and is thus of smaller magnitude than that given by 
the same charge distribution at  rest. Thus decreasing 
the temperature decreases the amplitude of oscilla- 
tions over which q is averaged, and a higher resonance 
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TABLE 1 
&IEASURED FREQUENCIES FOR SOLIDAND RATIOS 

CL COMPOUNDS KAT 77' 

~ o m ~ o u n dv (CPG)Mc v (Cp7) Mc v(ClS) /v(Cla7) 

TABLE 2 
MEASUREDFREQUENCIES(Mc) FOR CL3j 

frequency results. At sufficiently low temperatures one 
would expect excited lattice vibrations to be essen-
tially frozen out, and the resonance frequency would 
stop increasing with decreasing temperature. The 
measurements in Table 2 show a moderate frequency 
increase in cooling from 77' K to 20' K, while fur- 
ther cooling to 4' K gives very little additional in- 
crease. Dean and Pound (6) have reported higher 
temperature data on a number of substances. I n  some 
cases crystal phase transitions gave discontinuities in 
a frequency-temperature graph. One compound had 
four closely spaced lines below the discontinuity whib 
two were present above. Usually the frequency shift 
at such discontinuities is small, being of the same 
order as the separations of multiple lines. 

Chemistry. Nuclear quadrupole couplings have been 
determined in a number of gaseous substances by 
studying hyperfine structure of rotational transitions 
in the niicrowave region. Townes and Dailey (7)  have 
discussed the origin of q and have shown that it is 
almost entirely due to the electron distribution in the 
chemical bond that holds the atom containing a quad- 

rupolar nucleus in the molecule. Their development 
is based on an atomic orbital model of chemical bond- 
ing, and the general features may be applied to solid 
systems. 

Townes and Dailey point out that q has a very 
large magnitude in many molecules. For  example, in 
many chlorine compounds q must be of the order of 
L016 esu as determined from magnitudes of observed 
couplings. A (classical) electron near the nucleus, 
say a t  a distance of 1A, would give a contribution 
to q over an order of magnitude smaller than the ob- 
served lox6esu. A reasonable way to account for such 
large field gradients is to make use of appropriate 
atomic orbitals. For example, atomic chlorine has a 
quadrupole coupling of about (-) 110 Mc from meas- 
urements by an atomic beam experiment (8). The 
closed electron shells have spherical symmetry and do 
not contribute to q. The outer shell, however, lacks a 
p electron, and it is this departure from spherical sym- 
metry that gives q a large value. In  this case a defi- 
ciency of a p electron from a full shell may be re- 
garded as similar to a surplus of a p electron. It is 
the net unbalance in p orbitals that matters. A p elec-
tron is so effective because of its nonspherical angular 
distribution near the nucleus (penetrating orbital). 
Electrons described by s type wave functions do not 
contribute to q because of the spherical symmetry of 
s states. The coupling found in solid chlorine a t  20' K 
is only 0.7 per cent lower than the atomic beam value. 
This has been taken as an indication that the chemical 
bond in C1, uses essentially a pure p atomic orbital 
with very little if any s hybridization. If  the bonding 
orbitals could be better described by a mixture of 
s and p orbitals, there would be less net unbalance 
in the electron distribution about the chlorine nuclei 
and q would be smaller. 

If  the chlorine atom in the example above were con- 
verted to an ion by adding an electron, it would have 
a noble gas configuration with no unbalance in the 
electron distribution about the nucleus, and q should 
be zero. If ,  following Pauling (9),a bond to chlorine 
with partial ionic character is considered, the fore- 
going concepts lead usually to the correlation of re-
duced couplings with increased ionic character. Thus 
couplings found for many solid inorganic chlorine 
compounds where there is a moderate amount of ionic 
character (BCl,, AsCl,, SnCl,, SiCl,, PCI,, etc.) gen- 
erally are lower than the more covalently bonded or-
ganic chlorides (CHCl,, CCl,, etc.). An interesting 
example of a reversed type of ionic character is in 
C1F which has a coupling much higher than Cl,. I n  
this case there may be contributions from the resonant 
structure C1+ F-, and the ionic character is in the 
direction of increasing the departure from spherical 
symmetry in the charge distribution about the chlorine 
nucleus. Finally, if a partial double bond is formed, 
the coupling will be lowered. For  example, if an aton1 
is bonded with essentially a sigma p orbital, q will 
have a large magnitude. If  there is also partial double 
bond character through the use of pi p orbitals, there 
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FIa. 2. C1:'s quadrupole couplings in alkyl chlorides a t  20" K. 
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will be some contributions to q from this source. These 
contributions are properly represented by tensors. 
One effect of the pi contribution is to give a tensor 
element that subtracts from the magnitude of the 
major element (q,,) of the sigma contribution. The 
net effect is a decreased coupling. A second effect of 

in CH,CH2CH2Br is very close to CH,CH,Br, very 

the pi contribution is to give asymmetry to the coup-
ling, q # 0. This effect will be briefly mentioned later. 

The chloroethanes (Fig. 2) show a coupling de-
crease each time a C1 atom is replaced by H. Replace-
ment of H atoms by CR, groups results in further 
systematic coupling decreases. Here the coupling is 
taken as twice the observed transition frequency, the 
average frequency being used in cases where closely 
spaced multiple lines are seen. The coupling trend 

- -

may be explained in terms of variations in the amount 
of ionic character in the bond. For  example, the more 
chlorine atoms per molecule the less the ionic char-
acter in each C-Cl bond and the higher the coupling. 

similar to the corresponding chlorine cases. Compari-

The interpretation is consistent with the general chem-
ical properties of the substances involved. Additional 
correlations have been made on several chloroethanes, 
and in each case the,coupling trend may be reasonably 
explained by considering the electronegativities of the 
atoms involved and their effect on the C-Cl bond 
ionic character. The one carbon Freons have been 
correlated in a similar manner, but in this case the 
use of an additional parameter, partial double bond 
character, was used. Pauling (9) first proposed this 
concept (F-C = Clf resonant structures) to explain 
bond lengths in the Freons. Measurements have re-
cently been made on several corresponding bromine 
and iodine compounds (20)) and there is a striking 
parallelism in trend. A few of these include the coup-
ling in CH,Br2 which is appropriately higher than 
CH,Br while CH,CH,Br is lower. Moreover the value 

sons of solid values with microwave gas values show 
good agreement in several cases and marked depar-
tures, up to 10 per cent, in others. Although the solid 
values are for molecular crystals where the intermo-
lecular interactions are presumably weak, the com-
parisons seem to suggest a change in the nature of 
the bond in going from the gaseous to the solid state. 
One of the large problems is to properly interpret 
the role of lattice effects. Townes and Dailey (21) 
have interpreted the quadrupole data on solid iodine 
in the light of its crystal structure. They conclude 
that in addition to the main molecular covalent bond, 
there are two weak intermolecular bonds to each atom. 

The Zeernan Effect. Bersohn (12)has given a theo-
retical treatment of nuclear quadrupolar systems both 
in the absence and presence of a magnetic field. A 
magnetic field will remove the twofold degeneracy of 
the quadrupolar levels and in principle allow a larger 
number of lines (Zeeman components) to be observed. 

-
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I n  order to illustrate the phenomendn a simple case 
will be considered. The energy levels and allowed 
transitions for chlorine ( I  = 3/2) in the presence and 
absence of an applied magnetic field are indicated in 
Fig. 3. The magnitude of the magnetic splitting (spac-
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FIa. 3. The nuclear electric quadrupole energy levels for 
chlorine, niith and without an applied magnetic field. 

ing of Zeeman components) depends on the magnetic 
field strength, H, and the angle, 8, between the direc-
tion of the magnetic field and q,,. We will consider 
the coupling to have axial symmetry, q = O .  For an 
arbitrary angle 8 and for I=3/2 ,  a single quadru-
pole line will split into four Zeeman components sym-
metrically displaced about the original frequency. For  
special values of 8 some of the lines coincide. Only 
two lines are present for 8 = 90' and three lines for 
8 =54'44', the central line coinciding with the fre-
quency of the unsplit quadrupole line. A powder sam-
ple gives a random spread in values for 8, and the 
application of a magnetic field merely causes the line 
to broaden and, with high enough field, become un-
detectable. 

Let us consider the Zeeman effect in a single crystal 
of sodium chlorate (20). The crystal structure (4) is 
cubic with four molecules in the unit cell, and all 
chlorine atoms occupy equivalent lattice positions. I n  
the absence of a magnetic field a single quadrupole 
resonance for C135appears a t  about 30 Mc. The four 
C10,- ions in the unit cell have a pyramidal config-
uration with a threefold axis of symmetry, and these 



FIG. 4. Quadrupole resonance in a NaCIO, single crystal without an applied magnetic fleld (left) and with a field of 
approximately 50 gauss applied along a twofold axis of the cube. 

axes lie along the directions of the four body-diago- 
nals of the cube. The direction of q, for each lies 
along these symmetry axes, and from crystal aym- 
metry q = 0. Thus each chlorate ion has its own field 
gradient system, equivalent except for direction, and 
the application of an external magnetic field will, in 
general, give a separate set of four Zeeman compo- 
nents for each of the four chlorine atoms. The na- 
ture of the splittings will depend on the orientation of 
the magnetic field with respect to the diagonals of the 
cube. I f  the field is oriented normal to a face of the 
cube, it makes an angle of 54'44' with each of the 
diagonals, and all four sets of Zeeman components 
are superimposed. A total of three lines are present 
since this special angle gives a three line pattern. 

Figure 4 is a recording of the Zeeman components 
for ClS5 in sodium chlorate with a field of approxi- 
mately 50 gauss oriented along a face diagonal (two- 
fold axis) of the cube. The field direction makes an 
angle of 90' with two of the body diagonals giving 
two components and an angle of 35'16' with the 
other two diagonals giving four more components. A 
recording is also shown for the unsplit quadrupole 
line. The second derivative of the absorption line is 
recorded. 

Asymntetry Q the Field Gradient Tensor. A meas- 

urement of TI, the departure of the coupling from axial 
symmetry, often allows more to be understood about 
the chemical substance. In  the previously mentioned 
study of the intermolecular bonding in solid iodine 
(11) q was one of the important parameters. I f  the 
coupling is not axially symmetric a different expres- 
sion must be used for the energy levels (12). The 
magnitude of q can be evaluated directly from the 
pure quadrupole spectrum for all spin cases except 
I = 3/2. For example, the energy levels of the iodine 
nucleus ( I  = 5/2) with rl= 0 give rise to two lines, 
one having exactly twice the frequency of the other. 
However, if q + 0 the ratio is not 2: 1, and the actual 
ratio can be used to evaluate the asymmetry. Dean 
(13) has demonstrated that the asymmetry can also 
be evaluated for the I = 3/2 case by performing a 
Zeeman experiment. He observed the chlorine reso- 
nance in a single crystal of pdichlorobenzene in the 
presence of a constant magnetic field. By carefully 
studying the line frequencies with different orienta- 
tions of the crystal in the magnetic 4eld he was able 
to locate the directions of the principal axes in the 
crystal and evaluate q and q. He indicated that the 
asymmetry could be due to double bond character in 
the C-C1 bond. 

Quadrupole spectroscopy is a field that has at- 
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tracted both physicists and chemists. I t  has certain 
areas of applications f o r  nuclear moment determina- 
tions. I n  some cases nuclear quadrupole moment ratios 
of isotopes can be accurately measured. The magni- 
tude of the quadrupole moment, however, can be 
evaluated to no greater accuracy than the value of 
q can be estimated. I t  has been pointed out that the 
Zeeman effect is sensitive to H and 8 and to a lesser 
extent v. The magnitude of the separation of the Zee- 
man components also depends on the nuclear mag-
netic moment, and the phenonienon can be used to 
evaluate the magnitude of this moment. I n  this re-
spect the application will probably be limited in  view 
of other much more powerful methods. 

Studies on the nature of q are particularly appeal- 
ing to  the chemist because of the information on 
chemical binding that may be derived. Many more 
substances can be studied than by the microwave 
method on gases, but there is the very great compli- 
cation of evaluating the role of lattice interactions 

and motions in the lattice. I n  these respects the field 
is very new and there are many questions to be an-
swered. An appealing experimental feature of the 
method is that the instrumentation is often quite in- 
expensive and relatively simple to construct. 
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News and Notes 

Cold Spring Harbor Symposium on the 
Biological Nature of Viruses 
THE 18th Symposium on Quantitative Biology of 

the Long Island Biological Association, held June  5 
through 11, was devoted to a consideration of the 
biological nature of viruses, and of the interactions 
between viruses and their host cells. M. Delbruck 
opened the Symposium with a n  outline of the pro- 
gram, in  which he distinguished and defined three 
states of viruses, the infective, vegetative, and pro- 
virus states. I n  the infective state the virus is extra- 
cellular, metabolically inert, resting between cycles of 
reproduction. I t  is extracellular virus which has been 
most extensively studied by physical, chemical, and 
immunological techniques, and which is best known 
because of its accessibility. I t  is however of less in- 
terest to biologists than the intracellular states in 
which the virus demonstrates some of the properties 
of a living organism. I n  the vegetative state, the virus 
is intracellular, virus reproduction occurs, genetic 
changes of the virus take place, and the host cell 
metabolism is so disorganized that the pathology of 
virus diseases is produced. I n  the provirus state, the 
virus coexists with its host cell in a symbiotic rela- 
tionship in which the virus assumes the de facto role 
of a genetic unit of its host cell. The provirus protects 
its host cell against the attack of related viruses, pro- 
foundly affects the genetics of its host cell, and is a 
natural method for  the storage and preservation of 
viruses. 

Evidence for  the existence of the vegetative state 
in bacteriophages was presented by Doermann, and 
the stages in its maturation to the infective state were 
discussed by Levinthal. The intracellular development 

of influenza virus was described by Henle and by 
Schlesinger, while developmental stages in other mam- 
malian viruses were discussed by Sanders and by Mel- 
nick. Genetic recombination in bacteriophage was re- 
viewed by Doermann, and analogous phenomena in 
mammalian viruses were described by Appleby and 
by Hirst, and a paper on this subject by Burnet was 
read by Fenner. The striking silnilarities between bac- 
teriophages and animal viruses were made apparent, 
as well as  the extraordinary difficulty of studying 
animal viruses by the usual techniques. 

The properties of the provirus state in lysogenic 
bacteria were discussed by Bertani, including genetic 
interactions with related viruses and the protective 
effect of provirus against host cell destruction by re- 
lated viruses. Bertani suggested that the prophage 
may be attached to some chromosome-like structure 
in the bacterial nucleus and so divides with it  in cell 
duplication. Experiments on the inheritance of pro- 
phage lambda in crosses of E. coli K12, reported by 
Appleyard, were consistent with this hypothesis. The 
conditions involved in the transition from infective 
phage to prophage were discussed by Bertani and by 
Lieb. The physiological state of the host cell, the tem- 
perature, and the multiplicity of infection are im-
portant factors, as  well as the genetic constitutions 
of host cell and virus. The transition from provirus 
to the vegetative state, the phenomena of induction, 
was described by Jacob, who suggested that the pri- 
niary event is a local disturbance in the bacterium 
which dislodges the prophage from its locus on the 
bacterial chron~osome so as  to permit its uncontrolled 
multiplication. Evidence suggesting that genetic re-
combination in bacteria may be mediated by a n  agent 
analogous to a virus was presented by Hayes. This 


