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tions determine the three polarizabilities charac-
terizing the 4P level. These are tabulated in
Table I along with the predictions of the Bates
and Daamgard theory. The agreement is seen
to be good.

An interesting point arises from the fact that
in the limit of zero-orbit coupling it can be shown'
that

o(4'p, +-,') =-,'[o4'p3 +-,')+ a(4'p1~-,' )] .
2 2 2

This relationship is seen to be very well satis-
fied by the actual measurements, in contradis-
tinction to the case of the first excited P state in
cesium, which shows marked spin-orbit effects.

Work supported by the U. S. Atomic Energy
Commission.

D. R. Bates and A. Daamgard, Phil. Trans. Roy.
Soc. London A242, 101 (1949).

R. Marrus, D. McColm, and J. Yellin, Phys. Rev.
147, 55 (1966).

R. Marrus and D. McColm, Phys. Rev. Letters 15,
813 (1965).

R. Marrus, E. Wang, and J. Yellin, Phys. Rev.
Letters 19, 1 (1967).

P. Buck and I. I. Rabi, Phys. Rev. 107, 1291 (1957);

R. W. Schmieder, A. Lurio, and W. Happer, Phys. Rev.

173, 76 (1968).
A. Salop, E. Pollack, and B. Bederson, Phys. Rev.

124, 1431 (1961).

PHYSICAL RE VIEW VOLUME 177, NUMBER 1 5 JANUARY 1969

ESR Spectrum and Structure of HCN in KC1 at O'K *

Frank J. Adrian, Edward L. Cochran, Vernon A. Bowers, and Barry C. Weatherley

Applied Physics Laboxato~, 2'he Johns Hopkins University, Silver Spmng, MaryLand
(Received 22 July 1968)

A previous electron-spin resonance (ESR) study of HCN in KC1 at 77' K yielded an isotropic
spectrum indicating rapid tumbling of the radical. At 4.2'K this tumbling is frozen out and

ESR spectra recorded at this temperature are anisotropic, permitting a complete determination
of the magnetic parameters of HCN . The experimental results show that the planar radicals
lie in (110)crystal planes with the CN bonds parallel to (110) crystal axes. The components

of the electronic g-factor tensor, the proton hyperfine-splitting (hfs) tensor, and nitrogen hfs

tensor are as follows: g&
——2.0023, g&

——2.0005, andg =2.0035; A& ) ——136.5, A2( ) ——141.3,
and A3(H) =121.2 Oe; andA&( ) ——20.9 and A&( ) ——Aqi~=0. 0 Oe. Axis 1 lies in the molecular

plane and is perpendicular to the CN bond, axis 2 is parallel to the CN bond, and axis 3 is
perpendicular to the molecular plane. The carbon-13 hfs tensor has the components:

A&, ( ) ——90.0, A&, (C) =65.6, and A3(C) =68.6 Oe, where axes 1' and 2' lie in the molecular
plane and make angles of 34 with axes 1 and 2, respectively. From these results we deduce

an approximate value of 131 for the HCN bond angle and the following values for the unpaired

electron density on the hydrogen, nitrogen, and carbon atoms: pH= 0.27, pC = 0.32 and

pN= 0.41.

INTRODUCTION

Electron-spin resonance (ESR) studies have
shown that ultraviolet or gamma irradiation of
cyanide-doped alkali halide crystals at 77'K fol-
lowed by warming briefly to around 280 K and
recooling to 77'K produces the HCN radical
ion. '-~ The initial step in this process is appar-
ently the photolytic dissociation of hydroxide ions,
present as an impurity in the alkali halide, to
give hydrogen atoms which at 77'K are trapped
interstitially in the crystal. %arming the crystal

permits the H atoms to diffuse about and react
with CN ions to form HCN ions.

At 77 K the ESR spectrum of HCN is isotropic
indicating that the radical is rotating or reorienting
rapidly enough to average out any anisotropies
which may be present in its magnetic Hamilton-
ian. ' ' We now report the ESR spectra of this
center in KCl crystals at 4 K at which temperature
the spectra are anisotropic indicating that the
tumbling of the radicals has been frozen out. These
measurements permit a complete determination of
the magnetic parameters and of the orientation of
HCN in the KCl crystal.
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EXPERIMENTAL

Cyanide-doped KCl crystals were drawn under
nitrogen from a 95% KCl, 5% KCN melt contained
in a platinum crucible. Failure to rigorously ex-
clude oxygen from contact with the molten salt
resulted in the formation of gas bubbles within the
melt, indicating the occurrence of some chemical
degradation. Crystals grown from such melts
gave generally complex ESR spectra whereas in
oxygen-free systems only HCN was observed.

Paramagnetic centers were generated in the doped
crystals by photolysis at 77 K with a 100-W medi-
um-pressure mercury arc in a quartz envelope,
followed by rapid warming to 280'K and recooling.
ESR measurements were made at X band in a
TE011 circular cavity. The sample was contained
in the quartz finger of a dewar containing liquid
helium which extended into the cavity. This dewar
and the cavity were immersed in a Styrofoam
container filled with liquid nitrogen. The orienta-
tion dependence of the spectrum was studied by
rotating the sample about the (100) crystal axis
perpendicular to the external magnetic field.

RESULTS AND DISCUSSION

The magnetic interactions of HCN are de-
scribed by the Hamiltonian'

(H ~(H3'. = PH ' g ' S+ S ' X ' I

; -„(N);(N); +C);(C)

stal axes are shown in Figs. 1 and 2, respectively.
The spectrum for H(~[100] is especially simple. It
consists of a pair of triplets in which the doublet
splitting is 136.5 Oe and the triplet splitting is
20. 9 Oe. The triplet splitting is due to the nitro-
gen hfs and the triplet intensity ratio of (1:5. 5: 1)
can be accounted for only if the nitrogen hfs of .

any HCN- molecule is 20. 9 Oe along one of the
(100) crystal axes and zero along the other two
(100) axes. [The theoretical intensity ratio for
this a.ssignment is (1:7: 1) which is in satisfactory
agreement with the observed intensity ratio when
one considers that anything less than exact coin-
cidence of the individual lines which comprise the
strong center lines of the triplets will broaden
this line slightly and reduce its intensity. ] These
results for the nitrogen hfs are especially useful
in the analysis of the HCN- spectrum because it
is readily shown from Eq. (1) that a vanishing
hyperfine splitting ca,n occur only if one or more
of the principal components of the hfs tensor has
th value zero. Thus it follows immediately that
A (N) is axially symmetric with A [[&N) = 20. 9 and
A&( ) -—0. 0 Oe, and that for any I@en HCN—
molecule, the symmetry axis of &N) is along a
[100] crystal axis.

The fact that the doublet splitting is the same
fog q,ll the lines requires that the components of
A &Hj along the three (100) axes have the same
value, namely, 136.5 Oe. This quantity must be
equal to the isotropic proton hfs constant (A,(H))
which has a measured value of 137.5 Oe at 77'K, '

Here, H is the external magnetic field, p is the
Bohr magneton, S is the electron spin, and g is
the electronic g-factor tensor. The spins of the
hydrogen, nitrogen and carbon nuclei are denoted
as f(H), I (N), and I(C), respectively, and A H),

A (, and A ( ) are the corresponding hyperfine-
splitting (hfs) tensors. The nuclear Zeeman terms
have been omitted from the foregoing Hamiltonian.
Neglect of these terms can be justified a Posteriori
from our results which will show that the proton
and carbon hfs splittings are always large com-
pared to the Zeeman interactions of these nuclei,
while the nitrogen Zeeman splitting is small com-
pared to the width of the lines in the ESR spectrum.

The anisotropic ESR spectrum of an unsymme-
trical molecule such as HCN, which contains
several magnetic nuclei, can be quite complicated.
Fortunately, the ESR spectrum of HCN at 4'K
is relatively simple when the magnetic field is
oriented either along the [100] or the [110] cry-
stal axes, and these spectra are sufficient to de-
termine the magnetic constants of the molecule
and its orientation in the KCl crystal. It is also
helpful to treat first the spectrum of thy abundant
isptqpic species H"CN to obtain g, A &H), and
A ~ &. This facilitates the analysis of the spec-
tr of samples enriched in carbon-13 to obtain

P—50 Oe —
I
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The ESR spectra of H' CN at 4'K for the mag-
netic field oriented along the [100] and [110] cry-

FIG. 1. ESR spectrum of H CN in KCl at 4 K for
the magnetic field parallel to a [100] crystal axis,
this and subsequent figures, Hq denotes the magnetic-
field strength for resonance of the free electron.
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FIG. 2. ESH spectrum of H C N in KCl at 4' K for
the magnetic field parallel to a f110] crystal axis.

The agreement between these quantities is satis-
factory in view of the fact that hfs interaction con-
stants are often slightly temperature dependent.
The fact that all the splittings in this spectrum can
be accounted for by the proton and nitrogen hfs
requires that the components of g along the three
(100) crystal axes all have the same value. The
common value of these components of g is 2. 0023
which is in good agreement with the value of 2.0022
found for the isotropic factor at 77'K. '

The spectrum for H(i 110], Fig. 2, is also rela-
tively simple. The low-field portion is a simple
triplet with a splitting of 14.8 Oe and an intensity
ratio of (2: 5: 2). The high-field portion of this
spectrum is more complex consisting of a broad
complex center line and two outer lines with the
same splitting and nearly the same shape and in-
tensity as the outer lines of the low-field triplet.
Using the knowledge that the triplet splitting is
due to the nitrogen hfs, it is possible to decom-
pose the high-field portion of the spectrum into a
triplet and a doublet. The lines which make up
the high-field portion of the spectrum are shown
separately in Fig. 2 where, for later reference,
the doublet lines are denoted as D, and D, while
the triplet lines are denoted as T„T„and T,.

The 14.8-Oe nitrogen hfs triplet is due to those
molecules which are oriented so that the magnetic
field makes a 45' angle with the [100] crystal axis
which is the symmetry axis of their nitrogen hfs
tensor. Two thirds of the HCN molecules will
be oriented in this way assuming that the mole-
cules are randomly distributed among all the or-
ientations which they may assume in the KCl crys-
tal. The remaining HCN molecules will be ori-
ented so that the magnetic field is perpendicular
to the symmetry axis of A (N}, giving a nitrogen
hfs of zero. This will lead to the intensity ratio
of (2: 5: 2) observed for the low-field triplet Qrq-
vided that the values of the components of A ~

and g are such that the center line of the 14.8-Oe

TABLE I. Principal components of the electronic g-
factor tensor and the proton and nitrogen hyperfine
splitting tensors of HCN . Components of the hyper-
fine splitting tensors are in oersteds.

gg = 2.0023
g2

——2.0005
g3

——2.0035

A, {Hi = 136.5
A2{H) =141 3
A3{H~ = 131.3

A, {Ni = 2O. 9
A {»= o.o
A, {»

triplet and the lines with zero nitrogen hfs coin-
cide exactly. This coincidence does not occur,
however, in the high portion of the spectrum,
where anisotrqpies in A (H& and g split the lines
for which A (N& = 0 into the doublet D, and D, .

These results provide eno~ ata to determine
all the components of g apdX H . able I gives
the components of g, X(H&, and A (N in an axis
system composed of one of the (100) crystal axes
and the two (110) axes which are perpendicular
to this axis. These axes are denoted as j„j„j3,
respectively, and are illustrated in Fig. 3. Thus
our results refer to an HCN radical which is
oriented so that j, is the symmetry axis of its
nitrogen fs tensor. All the components of A (H)
and% & must have the same sign if they are to
be consistent with the observed isotropic proton
and nitrogen hf s constants. Theoretical consider-
ations which will be discussed later suggest that
the sign of these quantities is positive.

As discussed previously, the values of the cyrq-
ponents of A &N} and of the quantities g, and A, &H&

were determined fryrq the Hii 100] spectrum. The
values of g„g„A,&Hj and A, were determined
from the Hing[110] spectrum (Fig. 2). The specific
lines used in this determination were the center
line of the low-field triplet and the doublet lipes
D, and D„ that is, those lines for which A(N& = 0
indicating that the magnetic field was along a
(110) axis whic gas perpendicular to the sym-
metry axis of A &&.

The measured values of the electronic g factors
and the proton hfs constants of the remaining lines
of the HE I[110]spectrum, namely, those lines for
which A(N) = 14. 8 Oe indicating that the magnetic
field makes a 45' angle with the symmetry axis
of A N&, show that the axes ji, I, and I„are the
principal axes of both g and X (H~. [It has already
been shown from the Hii (100) spectrum that these
are the principal axes of A(N). ] The reason for
this is that all these lines have the same g factor
(2. 0020} a,nd proton hyperf inc splitting (126. 1 Oe).
This would not be the case if either g or A (H}had
off-diagonal components in this axis system. Also,
using the results given in Table I, a computation
of the electronic g factor and proton hyperfine
splitting along those (110) crystal axes which make
a 45 angle with j, , gives 2. 0022 for g and 136.4 Oe
for A(H} in excellent agreement with the experi-
mental results. Finally, the results given in
Table I predict that the electronic g factor and
proton hyperfine splitting along the (100) crystal
axes perpendicular to j, will be 2. 0020 and 136.7
Oe, in good agreement with the observation that
the components of g have the common value of
2. 0023 along all three (100) axes while the com-
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FIG. 3. Orientation of the HCN radical anion in
the KCl crystal.
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ponents of A tH) along these three axes have a
common value of 136.5 Oe.

These results together with a few elementa
th

~ ~ ~

men ary
eoretical considerations are sufficient to de-

termine the orientation of HCN in the KCl crys-
tal. The observation that A(N) is axially sym-

f
metric together with the fact that HCN lik th
ormyl radical (HCO), ' is a: a electron radical

strongly suggests that the unpaired electron densit
on the nitrogen atom is located in that in-plane

ensi y

nitrogen 2P orbital which is perpendicular to the
pm, . This orbital will be the symmetry ax'

j and, therefore, is oriented along the
ry axis

[100] crystal axis which is denoted as j, in Fig. 3.
Moreover, the axis perpendicular to the molecular
plane must be a symmetry axis of all the magnetic
tensors of HCN and it has been shown that the

(110 cr
remaining principal axes of these tenso th

) crystal axes perpendicular to the symmetry
axis of X(N). Therefore one of the (110) crystal
axes must be perpendicular to the molecular plane
of any HCN molecule so our complete picture of

, as s own xn Fig.he orientation of these radicals as sh ' F' .
, is that they lie in (110].crystal planes with the

CN bonds parallel to (110) crystal axes. Theore-
tical considerations about g factor shifts in mole-
cules of this type, ' which are supported by the ex-
perimental results on HCO, ' indicate that the posi-
tive g-factor shift is associated with the axis per-
pendicular to the molecular plane, while the nega-
ive g- actor shift corresponds to an axis in the

approximate direction of the CN bond. Thus we
take j, to be parallel to the CN bond and j, to be
perpendicular to the molecular plane.

13C j12C

feature of these spectra is that the intensity of
the H"CN- lines is considerably less than the
expected value of one half the intensit of the
corresponding H"CN lines, whereas the iso-
tropic spectrum observed at 77'K shows the ex-

this h
pected intensity ratio. We have no expla t' fexp ana son o

zs phenomenon beyond the possibility that the
lines, which are known to have a long relaxation
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FIG. 4. ESR spectrum of 50% H"CN and 50% H CN
in KCl at 4 K for the magnetic field parallel to a [100]
crystal axis.

8'3 CN

50
The ESR spectra at O'K of HCN e '

h d t
Vo in carbon 13 a.re shown for the magnetic

field parallel to the [100] and [110] crystal axes
in igs. 4 and 5, respectively. One puzzling

FIG. 5. ESRR spectrum of 50%8 CN and 50% H12

in KCl at 4'K for the magnetic field parallel to a f110]
crystal axis.
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time at 4'K, are slightly saturated and that the
H"CN lines are somewhat more saturated than
are the H"CN lines. In any event, this effect is
not likely to alter the positions of the lines and we
will not consider it further.

The spectrum for H~~ [100] is quite simple. The
carbon hyperfine splittings of the high-field lines
are indicated in Fig. 4 and the low-field lines
have identical splittings. All the lines of the 20. 9-
Oe nitrogen hfs triplet have a carbon hfs of 83. 1
Oe, while all the lines for which the nitrogen hfs
is zero have a carbon hfs of 71.5 Oe.

The initial stages of the analysis of the carbon
hfs is best carried out in a coordinate system com-
posed of the three (100) crystal axes. One of
these axes, which we ca 1 jz, is identical with j„
the symmetry axis of A N&. The other two-(100)
axes will be denoted as jx and j . This axis sys-
tem also is shown in Fig. 3. Since the molecular
plane of the HCN molecule bisects the angle be-
tween j, and j„compare Fig. 3, we have from
symmetry the simplifying relations

(c) „(c); a (c) „(c)
XX Pg PZ

(2)

The analysis of the carbon hfs to determine A(C}
is somewhat more complicated than the procedure
used to determine A(H& and g, because g(c) is
much more anisotropic thanX(H) and g. Since
the g-factor tensor is only slightly anisotropic we
may assume that the electron spin is quantized
along the external magnetic field. Then Eq. (1)
shows that the carbon hyperfine splitting is given
by the expression

(C)
((A

(C) )2]
—',

(~)
hfs H

where &H is a unit vector in the direction of the
external field. Equation (2) gives the following
relations between the carbon hfs observed in the
H~~(100) spectrum and the components of A(C):

[(~ ) +2(~ ) ]'=ss 1 (4)
zz xz

((~ ) (X ) +(~ ) ]'=71 5 (5)
xx xz

where we have used the relations in Eq. (2).
The spectrum for H~~ [110], Fig. 5, is the most

complicated of the series since it has the largest
number of lines and there is considerable overlap
among these lines. Fortunately, however, there
are enough distinct lines to complete our deter-
mination of the compnnents of A(C). Consider,
for example, the line denoted by B in Fig. 5.
Reference to Fig. 2 shows that this is the low-

field line of the 14.8-Oe nitrogen hfs triplet in
H"CN . The low-field lines resulting from the
carbon hyperfine splitting of this line are denoted
by B' and B"in Fig. 5, which assig™~~W~S

verified by considering spectra for angles inter-
mediate between H[~ [100] and H[[ [110]. These
lines correspond to carbon hf s of 85. 3 and 69. 1 Oe,
respectively, and these splittings are related to

the components of A(C} by the equations

p[~ (C) ~ (C)]2 g(~ (C) ~ (C)]2
zg xg " xx xg

1

+-.'[a (C)+a (C)]2]'=s5.2 69. 1xz X3l
~

p
~ (6)

1
(c) ~ (c)]2 2(~ (c))2] ()

XX XP Xg

Equations (4-7) are readily solved by iteration
starting with a solution obtained by neglecting all
off-diagonal components yf A(C} in Eqs. (4} and
(5) andby neglecting A»&c) in Eq. (6). The re-
sults are:

=624 A =A =71 0,zz xx

" (C}=" "'=.So " ('}=22O.
xz pg ' xy

In determining the signs it was assumed that all
the diagonal components of A(C} were positive.
These quantities must have the same sign if they
are to be consistent with the value found for the
isotropic-carbon hfs constant (74. 5 Oe). ' We take
the sign to be positive following results obtained
for the radicals HCO and FC

Diagonalizing the tensor A C} gives the results
listed in Table Ig. The principal axes of A&c) are
denoted as jyf j, , and j, where j, is the axis

where we have again used the equalities in Eq. (2).
One cannot tell from the experimental results
whether the plus sign in this pair of equations is
associated with the 85. 3, or the 69. 1-Oe splitting.
This does not hinder the solution of these equa-
tions to obtain the components of A(C) but does
make it impossible to determine the sign of A

Although Eqs. (4—6} give us four equations xn
Sg

four unknowns, thee equations are so insensitive
to the value of A»") that they cannot give a re-
liab e result for this quantity. To determine
A» C) we need the carbon hyperfine splitting
along one of the (110) crystal axes perpendicular
to the symmetry axis of X(N). Consider the line
denoted as D, in Fig. 5. Referring back to the
spectrum of H"CN for H~~[110], Fig. 2, and the
analysis of this spectrum we see that this line is
thy igh-field member of the doublet for which
A N =0, the double splitting being due to aniso-
tropies in g and A ~. This doublet, together
with the central line of the low-field triplet in
Fi(. 2, was used to determine g„g„A,«), and
A, H. Moreover, since D, is the high-field mem-
ber of the doublet, it is associated with the small-
er of these components of g, ™ly,g, =2. 0005,
and theory has shown that this is the component
of g along the CN bond. ' One of the lines resulting
from the carbon hyperfine splitting of D, is de-
noted as D, ' in Fig. 5, this assig™~~~~v~~g
been made on the basis of similarities in the shape
of the lines in the vicinity of D, and D, ' ~ This
assignment gives a value of 74. 1 Oe for the car-
bon hfs along the CN bond, which quantity is
related to the components of A &C) by the equation
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TABLE II. Principal components (in Oe) of the carbon
hyperfine splitting tensor of HCN

A = 90.01'
(C) =65 62I

A( )=686

perpendicular to the molecular plane Axis j] J

makes a 34' angle with j,. It could not, however,
be determined whether j» is inclined toward the
nitrogen atom or away from it. To do thj.s we
wou d need the sign of the quantities A~z&C), and

A~z C) which these experiments did not provide.
Since, however, jyf is the symmetry axis for the
approximately axially symmetric tensor A (C) it
is certain that jyI is oriented so that it approxi-
mately bisects the HCN bond angle since this is
the orientation of the carbon sp hybrid orbital
occupied by the unpaired electron. '

Structure of HCN

= (1+X')-'~'(- XQ + P~) .
A (8)

The corresponding bonding MO, which contains
two electrons is

TABLE III. Bond angles and unpaired electron charge
distribution in the HCN and HCO radicals.

8 (deg)

~C
~N
I'o

HCN

131
0.27
0.32
0.41

HCO

125
0.27
0.45

0.28

The results for the hfs constants can be used to
determine the HCN bond angle (8) and the unpaired
electron charge distribution. This latter quantity
is characterized by the unpaired electron charge
densities in the following atomic orbitals: (1) the
hydrogen 1s orbital; (2) a carbon sp hybrid orbital
directed along the bisector of the HCN bond
angle'; (8) the in-plane nitrogen 2p orbital directed
perpendicular to the CN bond. The unpaired elec-
tron densities in these orbitals are denoted as
pH, pC, and pN, respectively. The process of
determining the bond angle and unpaired electron
densities from the hfs constants has been described
previously for the HCO radical. ' The same pro-
cedure is applicable to HCN except that here we
can determine pN directly from the anisotropie
part of the nitrogen hyperfine interaction. ' The
results, together with the previously determined
results for HCO, are given in Table III.

The results for the unpaired electron charge
distribution in HCN and HCO are in agreement
with a simple qualitative theory which relates the
unpaired electron density on atoms A and 8 of
the radical II-A=B to the electronegativity differ-
ence between A and B. If we neglect the hydrogen
atom, the unpaired electron in such molecules
occupies an antibonding o molecular orbital (MO)
of the form

(9)

As B becomes more electronegative, the electron
charge distribution in the bonding MO becomes
concentrated on atom B, i. e. , X increases. Equa-
tions (8) and (9) show, however, that an increase
in A. , while producing an increase in the total elec-
tron charge density on B, reduces the unpaired
electron charge density on B. Thus upon replacing
the nitrogen atom in HCN by the more electro-
negative oxygen atom to form HCO, there is a
decrease in the unpaired electron density on the
end atom and a corresponding increase in pC.

The unpaired electron density on the hydrogen
atom is the same in HCN and HCO despite the
differences in bond angle and pC among these
radicals. The theory of the proton hfs in radicals
of this type predicts that both the increase in bond
angle and decrease in pC encountered upon going
from HCO to HCN should tend to decrease pH. '~'
However, this theory also predicts that pH will be
very sensitive to the CH bond strength, so that
these factors which tend to decrease pH can easily
be overcome if the CH bond in HC N is somewhat
weaker than it is in HCO. (An upper limit of 1.71
eV has been given for the CH bond strength in
HCO. ") A very weak CH bond in HCN is consis-
tent with the fact that HCN in KCL decays rapidly
at room temperature, due presumably to dissocia-
tion of the CH bond. ' From the activation energy
for this reaction, Weatherley estimates the CH
bond energy to be 0. 95 eV. '

The observed change in bond angle upon going
from HCO to HCN is in agreement with a some-
what speculative application of Walsh's rules for
the shape of H-A=B type molecules. " These rules
are based on a qualitative picture of how the en-
ergies of the various molecular orbitals of
such molecules change with bond angle, the most
significant features of these changes being as
follows: (1) As 8 varies from 180' (linear mole-
cule) to 90', the bonding MO's increase in energy
and, except for a high-energy antibonding MO
which is unoccupied in the ground states of HCN
and HCO, the antibonding MO's decrease in energy.
(2) The changes in the energies of the MO's which
accompany molecular bending are due chiefly to
the changes produced in the orbitals of atom A.
In HCN and HCO, only one antibonding orbital
is occupied in the ground state. However, a key
point of Walsh's argument is that the decrease in
the energy of this orbital with molecular bending
is so great that it outweighs the corresponding
increases in the energies of all the doubly occu-
pied bonding orbitals. Consequently, HCN and
HCO are bent while HCN is linear. If this pic-
ture is correct, then the molecular bending should
increase as B becomes more electronegative rela-
tive to A because such a change in eleetronegativity
will increase the contribution of orbitals of. B to
the bonding MO's and, correspondingly, increase
the contribution of orbitals of A to the antibonding
MO's Icompare Eqs. (8) and (9)]. This will make
the bonding MO's, which favor a linear configura-
tion, less sensitive to changes in bond angle while
the energy of the antibonding MO will decrease
faster as the molecule is bent. Thus we may ex-
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TABLE IV. Components of the electronic g-factor
tensors and anisotropic proton hyperfine splitting tensors
of HCN and HCO. All results given in the axis system
(j~, j2, j3) cf. Fig. 3. Values of components of ~ are~(H)
in oersteds.

HCN HCO

Z, (H)

p (H)

~, (H)

(H)

2.0023
2.0005
2.0035

0.1
4.9

—5.1

2.0027
1.9960
2.0041
—0.8

5.0
-4.2
+ 5.8

pect that HCO will be more sharply bent than HCN .
Table IV gives the components of the electronic

g-factor tensor and the components of the aniso-
tropic part of the proton hfs tensor 5~H~ for HCN
and HCO. The marked similarities between these

quantities further emphasize the similarities be-
tween these molecules. These results were also
useful in our earlier assignment of the axes j„
j„and j, to specific directions in the HCN mole-
cule. The presence of a measurable off-diagonal
component of 5(H~ for HCO established axes j, and

j, as the in-plane axes for thip p, olecule, ' and the
similarities between g and TPH& indicated that these
were also the in-plane axes of HCN

We had begun to study the HCN ESR spectrum
at temperatures intermediate between 4'K where
the molecule is rigidly fixed in the KCl crystal
and 77 K where it is rotating freely when we be-
came aware of a similar study by Othmer and
Silsbee. " They find that around 30'K, the ESR
spectrum is characteristic of a magnetic Hamil-
tonian which is symmetric with respect to a
[111]crystal axis, and they attribute this to re-
orientation of the CN bond among the three equiva-
lent (110) axes which leave the hydrogen atom in
roughly the same position. Our preliminary re-
sults are consistent with this interpretation.
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