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SYMMETRY ALLOWED CHARGE-THANSFEH TRANSITIONS
BETWEEN SPIN-ORBIT STATES IN THE GASEOUS
DIHALIDES OF lMn, Co, Ni, and Cu

I. INTRODUCTION

Since the middle 1950's there has been considerable
interest in the study of the physical properties of the
gaseous dihalides of the 3d transition metals. These mole~
cules are of interest for several reasons. Three-center
molecules composed of only a metal atom and two halogens
lend themselves to the possibility of complete molecular
orbital calculations. Offenhartz (17) has undertaken com-
plete a priori molecular orbital calculations to determine
the effects of electron correlation, ligand polarization,
and d-orbital expansion in a gaseous linear 34 transition-
metal dihalide. Because these molecules possess at most
only four vibrational modes, a complete analysis of vibronic
interactions may also prove possible. Vibronic interaction
is a coupling of electronic motion with vibrational motion
(9, p. 26=-34). 1If sufficiently strong, vibronic interaction
may alter the geometry of a molecule in either the ground or
excited states. Lohr (14) has considered the effect of
vibronic interactions on the geometry of gaseous CuClz,
using extended Hiickel type semi-empirical LCAO-MO calcula-
tions. Finally, these simple, high-symmetry transition-

metal molecules provide a testing ground for theories of



bonding in transition-metal compounds.

Electronic transitions in these molecules break down
into three types: primarily metal-metal, primarily halogen-
halogen, and primarily metal-halogen (See Figure 1).
Charge-transfer transitions are of the latter type, involv-
ing an electron transfer from the halogen to the metal
during the excitation.

Our interest is in the charge~transfer spectra of the
gaseous dihalides of Mn, Fe, Co, Ni, and Cu. These transi-
tions have been observed for MnCl,, FeCl,, Ni1Cl,, and CuClz
both in the gas phase and 1solated in an argon matrix (CuCl2
cannot be isolated in argon due to the reaction ZCu012*w*4
2CuCl + Clz) (5,7). It was not possible from these studies
to assign the transitions; however, the number of observed
transitions was consistent with the previously assigned
ground state,

Bird and Day (1) have used spin-orbit coupling effects
to assign in detail the charge-transfer spectra of anionic
tetrahalides of Fe, Co, and Ni in rigid glassy solutions at
77°K. They concluded that spin-orbit coupling at the
halogen is sufficiently large to become decisive in any
interpretation of the charge-transfer spectra of the bro-
mides and ilodides. Furthermore, they observed that the
bands which in the chlorides are single became increasingly
separated into components of comparable intensities in the

heavier halides due to spin-orbit coupling effects of the



halogen. Thelr work suggests that an analysis of the
possible spin-orbit states and the symmetry-allowed transl-
tions between them could be of use 1n assigning the charge-
transfer bands of the gaseous dihalides of ln, Fe, Co, Ni,
and Cu. In addition, this analysis would indicate whilch of
the molecules would provide the most information when spin-

orbit coupling effects are 1lncluded.



II. ELECTRIC DIPOLE TRANSITIONS

The charge-transfer transitions of interest in the
gaseous dihalides of Mn, Fe, Co, Ni, and Cu are electric
dipole transitions. For such transitions, absorption inten-
sity is proportional to the Einstein coefficient of induced

absorption an

(1) Pyn = BpnB( Wmp )

where Pmn is the probability per unit time of a transition
from a state n to state m, and E( U}ntﬂ) is the energy den-
sity (in unifs of ergs per cubic centimeter per cycle per
second) of the radlation of frequency l*hnft interacting
with the molecule.

Time-dependent perturbation theory for electric dipole
radiation gives the following equation for the Einstein
coefficient in terms of the moment of the transition from

state n to state m (18, p. 302-305)

2

(2) By, = %k Uy >’”+<uy7m >+(uzmns

Ux,y,zmn ijs a definite integral of the form

e <Y, I Ugye Wn 2

where 1PTR is the wave function for the excited electronic

state of the molecule, u, v,z is the x, y, or z component



of the electronic electric dipole moment of the molecule,
and th i1s the ground state wave function. Equation (2)
assumes the molecular dimensions are small relative to the
wave length of the perturbing radiation, and the excited
state and ground state are non-degenerate, If a degeneracy
exists in the ground or exclted state, then equation (2)

becomes

4
(3) B = lTT 1 | 3 =X,
- 3 dﬁmé (quL“k) p=rg
URP

where dm 1s the degeneracy of the ground state, and the

jndices 1 and k indicate summation over all combinations of
the sublevels of the excited and ground state (10, p. 382).
A transition 1s allowed only 1f at least one of the
moments of equation (2a) is non-zero. If any one of the
moments in equation (2a) 1s non-zero, 1ts magnitude gives a
measure of the t?ansition intensity in that direction. Such
a determination requires a knowledge of the symmetry of the
wave functions for the ground and accessible excited states,
The functions 1p' in equation (2a) are solutlions to the

Schrodinger equation

(%) H«{f:E\{f

where H represents the total energy of the molecule not in-
cluding the translational kinetic energy. The functlons

are assumed to have the form



(5) v - Y (fjla)/j> \Pv (Q)wr (OA>

where Uﬂz is the electronic wave function,'uﬂ/ the vibra-
tional wave function, and uhr the rotational wave function.
’¢Q 43 a function of all the electron coordinates, q, the
nuclear coordinates, Q, and the electron spin coordinates,
/3. The vibrational wave function @VV is a function of all
the nuclear coordinates, Q, and the rotational wave function
N% is a function of three angles, <<, which become two for
a linear molecule. This is the usual Born-Oppenheimer
approximation.

The integral (2a) becomes
©) £ [ux)y)zﬁfpsélfm (%G)ﬁ’m)]U% 2
Yo @ 0>
< )V (<)

The following assumptions are made with respect to the

Vnlg32n) >

various parts of the product on the right-hand side of equa-
tion (6):
(a) For the charge-transfer bands under consideration,
3t is assumed that appropriate exclted state vibra-
tional and rotational levels are available for the
electronic transition.

(b) The spin-orbit coupling in the gaseous 3d transition-



(c)

7
metal dihalides 1s assumed to be sufficlently weak so
that the Russell-Saunders coupling scheme holds. The
orbital angular momentum for a given electronic con-
figuration, denoted—f: is the sum of the individual
orbital angular momenta of the electrons. The spln
angular momentum-§+1s the sum of the individual spins
of the electrons. For each configuration of elec-
trons several values of—i*and~§+are allowed, consist-
ent with the Paull exclusion principle. _E?and_g9
then couple to give a set of spin-orbit states for
the molecule. The set of spin-orbit states assoclated
with a given—iaand—g)are states of definite total
angular momentum_Ef the magnitude of which may take
on the values L + S, L + 3 =~ 1; L+ 8 =2, ¢cosese
lL - S\. Each value is associated with a definite
energy state of the electron configuration. For a
more comprehensive discussion see (9, p. 19) and (10,
p. 333-337). |
The Russell-Saunders coupling in the gaseocus 3d
transition-metal dihalides is assumed to be suffi-
ciently weak so that only those excited states acces-
gible from the ground state in the absence of spin-
orbit coupling need be considered. This restriction
includes preservation of the spin rule (AS = 0), so
t:hat:/3777 must be the same as /3, 1in equation (6)

for the transition moment integral to be non-zero.



Bird and Day (1) have found this to be a good

approximation in an analysis of the charge-transfer

spectra of anionic tetrahalides of Fe, Co, and Ni.

DeKock and Gruen (5) also found the charge-transfer

spectra of the gaseous 3d transition-metal dichlo-

rides consistent with this assumption.

The problem to be solved is the determination on the

basis of group theoretical (symmetry) considerations which

integrals
(7) <'\Vem (C{‘)QJ E.n)’ ux‘j,z\ \chn(ilq)ﬁ‘ﬂ)>

are non-zero, where the functions

(78) Vom (3,Q, By)
(70) lllen (%)Q) 87\)

are the wave functions for the excited spin-orbit charge-
transfer state and ground spin-orbit state respectively.
The functions (7a,b), which are solutions to the electfonic
part of equation (4), possess definite transformation
(symmetry) properties., If the spin associated with the
functions is integral. then the symmetry properties of the
functions are characterized by the irreducible representa-
tions of the standard molecular point group, since the
functions remain single-valued under any operation of this
group. If the spin assoclated with the functions (7a,b) 1s

non-integral, then the functions are double-valued under
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some operations of the standard molecular point group. In
order to classify the symmetry properties of these functions
it is necessary to extend the standard point groups. The
symmetry properties of the functions (7a,b) with half-inte-
gral spin are characterized by the irreducible representa-~
tions of these extended (double) point groups. For a more
comprehensive discussion see (9, p. 14-17).

For integral (7) to be non-zero, the integrand must be
a totally symmetric function, or in other words, must be
characterized by the totally symmetric representation of
either the standard or extended molecular point group. If
the irreducible representation of the excited state (7a) 1is
‘E; , that of ug, ug, or u, is EL , and that of the ground

state (7b)I; , for integral (7) to be non-zero

(8) r xr. o I

n Y m

(19, p. 134-136).
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III. MOLECULAR MODEL

There is substantial evidence which suggests that the
gaseous dihalides of ln, Fe, Co, Ni, and Cu are linear in
the ground state. Lerol et al (13) have observed the
infrared absorption spectra of gaseous MnClz, CoClz, FeClz,

NiCl,, CuCl, and CoBr, at temperatures ranging from 600°¢C

20
to 1,000°C in the region between 220 and 4,000 em™t. oOnly
the antisymmetric stretch was observed, lending credence to
a linear model. Milligan, Jacox, and McKinley (16) have
observed the infrared spectra of gaseous Nin and NiCl2 in
an argon matrix at 14°K in the reglion between L00O and 4,000
em~l. The isotopic splitting of the asymmetric stretch was
calculated in both cases assuming a linear molecule. The
correspondence between calculated and observed values was
found to be good. Furthermore, the symmetric stretch fre-
quency of gaseous Nin, which would be infrared active 1f
the molecule were bent, was calculated to be 606 cm-1 but
was not obgserved experimentally. More recently, Thompson
and Carlson (20) have made matrix-isolation studies on
gaseous MnCl,, CoCly, NiCl,, and NiBr, in argon at 4°K. The
infrared absorption spectra were recorded between 40 and

800 cm-l. In each case both the asymmetric stretch and the
bending mode were observed. The isotopic splittings of the

asymmetric stretching frequency were found to be compatible

with a linear geometry. In addition, no absorptions were
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observed in the region predicted for the symmetric stretch,
again indicative of a linear geometry in the ground elec-
tronic state.

DeKock and Gruen (7) have observed the gas phase spectra
near 1.000°K of all the stable gaseous 34 transition-metal
dichlorides except 1'nCl, in the region between 4,000 and
50,000 em~l. Low intensity bands in the region 4,000 to
22,000 cm'1 were interpreted as Laporte forbidden dne——-dn
transitions., The a®«— 4" transitions were reasonably well
fitted by two ligand field parameters appropriate for a
molecule linear in both the ground and excited states. Cal-
culations have been made by DeKock and Gruen (6) in an
attempt to include spin-orbit coupling effects in inter-
preting the a% «— a® transitions of gaseous NiClz, NiBrz.
and NiI, in the region 4,000 to 20,000 en”l. The molecules
were assumed linear in both ground and excited states.
Agreement with observed absorption bands was found to be
good. The charge-transfer spectra of IMnCl,, FeClz. CoClz.
and NiCl, isolated in an argon matrix at 4.2°K have been

1 by DeKock and

observed in the region 4,000 to 50,000 cm
Gruen (5). In each case, the number of observed charge-
transfer bands agreed well with the ground state of the
molecule predicted earlier (with the exception of CoClz) by
interpreting the aP«— a" transitions on the basis of a

linear model. All excited states were assumed to have a

linear geometry.
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Some theoretical calculations have been made on the
compounds in question. Charkin and Dyatkina (3) have pre-
dicted the linearity of the gaseous dihalides of Mn, Fe, Co,
Ni, and Cu using the energy of the valence state of the
metal atom. Lohr (14) has made extended Huckel calculations
on gaseous CuClz, taking into account spin-orbit coupling
and vibronic interactions. Results indicated that gaseous
CuCl, is linear in both the ground state and the excited
ZTTS and ’QAj crystal field states.

Using the third law of thermodynamics and assuming
linear geometry, Thompson and Carlson (20) have calculated
the entropy of gaseous NiCl, to be 85.6 eu at 850°K. Recent
vapor pressure measurements of NiCl2 by McCreary and Thorn
(15) lead to an experimental entropy of 85.4 eu for the
gaseous molecule at 850°K. Such close agreement lends
excellent support to an assignment of a linear geometry for
these molecules. Buchler, Stauffer, and Klemperer ﬁ2) have
observed that MnCl2 and the difluorides of Mn, Co, Ni, and
Cu were not deflected by an inhomogeneous electric field,
indicating that the molecules are linear. Observations on
the dihalides of Group IIA suggested that a linear structure
is favored by large halogens and small metal atoms. There-
fore, if the difluorides are linear, the dichlorides, di-
bromides, and di-iodides are expected to be linear. Kasal,
Whipple, and Weltner (12) have studied the electron spin

resonance spectrum of Cqu 1solated in an argon matrix at
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MOK. The observed ESR spectrum supports a linear molecule
with a az;' ground state.

Hastie, Huage, and Margrave (8) have recorded the 1n-
frared spectra of matrix-isolated CoFZ, N1F2, and CuF2 in
the region 400 to 4,000 cm-l. From measured isotopic shifts
for the asymmetric stretch, and taking the anharmonicity of
this mode to be the same as that for diatomic transition-
metal fluorides, the molecules have been predicted to be
bent with the following bond angles: CoF,, 165°; NiFp,
154°-167°; CuF,, 163°-170°.

‘With the exception of the work of Hastle, Huage, and
Margrave, currently available data and theoretical calcula-
tions support the linear structure for the gaseous dihalides
of Mn, Fe, Co, Ni, and Cu in the ground state.

The molecular orbital diagram for a gaseous llnear 34
transition-metal dihalide is given in Figure 1. Quallita-
tively, the bonding, antibonding, and nonbonding molecular
orbitals split into two types, those which are primarily
metal in character and those which are primarily ligand in
character. The 1Gé+ ' J_’)T3 ) :;0'3"' , 107, ACJ'U"'. and
117, are primarily ligand orbitals and the 183 , 9~'7T3* ,

30'3+*. 40:7'"** . aqru* , and BO'U:"* orbitals are pri-
marily metal orbitals. DeKock and Gruen (5) have used this
molecular orbital diagram in their interpretation of the

charge-transfer bands of MnClz. FeCl,, CoCl,, and NiCl, in

an argon matrix at 4.2°%K, and achieved good agreement with



observed spectra.
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IV. TERM MANIFOLDS AND SYMMETRY ALLOWED TRANSITIONS

In deriving the manifold of spin-orbit states for the
gaseous dihalides of Mn, Co, Ni, and Cu only excited elec-
tronic configurations reached by one-electron transitions
from the ground state were considered. The ground state
term and terms of accessible excited states for each mole-
cule have been tabulated by DeKock and Gruen (5) for the
case of no spin-orbit coupling. Excited state terms have
the same multiplicity as the ground state. This is in
agreement with preservation of the spin selectlon rule
( A\ S = 0) mentioned earlier., The gaseous 3d transition-
metal dihalides of interest are treated as linear in ground
and excited states.

The spin-orbit states associated with a given zero-
order term are found by taking the direct product of the
spin irreducible representations with the orbital irreducible
representation. Each direct product is then decomposed to
find the component irreducible répresentations which are the
allowed spin-orbit states for the term. For integral spin,
direct products are taken and decomposed within the standard
molecular point group; for non-integral spin, the same opera-
tions are carried out in the extended point group of the
molecule. Tables of spin irreducible representations and

direct product decompositions have been prepared by

Herzberg (9, p. 569-573).



17
The §>:u term of the first excited configuration of
MnX, serves as an example of the procedure for finding the
spin-orbit states. The spin irreducible representatlions

are

(9a) S = 5/2 D + + E
The direct products and the jrreducible representations they

contain are

(ov) E x 2. > F
(90)  Es,q % R, > E

(9a) E 130 t Eﬂ/au

b
For non-zero spin-orbit coupling the §u state splits in-
to the terms on the right-hand side of (9b,c,d).

Tables I, II, III, and IV contain the electronic con-
figurations, zero-order terms, and spin-orbit terms for
gaseous MnX,, CoXo Nixz. and Cuxz. respectively. Spin-
orbit states labeled with an asterisk are the symmetry
allowed excited states found with the aid of equation (8).
Tables V, VI, VII, and VIII contailn the decompositions of
the direct products of the jrreducible representations of
the dipole moment components with that of the ground state.

The gaseous dihalides of Fe have not been included in



this study because the ground spin-orbit term was not
avallable. DeKock and Gruen (5) have found the number of
observed charge-transfer bands of matrix-isolated FeCl,
at 37,5005 39,800; ul,éoog 44,100; and 47,600 et
consistent with a ‘5133 ground state. In the dibromide
and di-iodide, the SA 3‘ zero-order term may split into
a maximum of six distinct spin-orbit components, any one
of which may be the ground state. Furthermore, each ex-
cited electronic configuration of gaseous FeCl2 glves
rise to a number of zero-order terms, many of which would
split into several spin-orbit states in the dibromide and
di-iodide. Because of the large number of choices for
the ground state, the large number of spin-orbit exclted
states, and the closeness of the charge-transfer bands in
the gaseous dichloride, any serious attempt to assign
transitions in the FeX2 system using spin-orbit coupling
effects at the halogen must be postponed until the ground

state spin-orbit term is known.

18
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V. DISCUSSION

| The high-temperature absorption spectra of the gaseous
dihalides of Mn, Co, Ni, and Cu would be difficult to inter-
pret. Several spin-orbit states and their vibrational
levels would be populated, giving broad absorption bands
with complicated vibrational structure. 1In addition,
possible overlapping of bands would complicate assignments.
Matrix-isolation of these dihalides would simplify the ob-
served spectra considerably, since only the ground elec-
tronic and vibrational states would be appreciably populated.

There are three different one-electron charge-transfer

transitions of interest in the gaseous dihalides of Mn, Co,

Ni, and Cu

e X
(100) [Ty —— 21T
(10c) —

Ty —— 363+*

Transitions from the 2&5(L+ molecular orbital (See Figure
1
(5).

Discussion will be focused on how spin-orbit splitting

1) probably lie above 50,000 cm

of bands observed in the matrix-isolated dibromides and di-
jodides would be of use in assigning these one-electron
transitions. The observed splitting 1s expected to be due

primarily to spin-orbit coupling of the halogen, with the
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splitting strongest in the matrix-isolated di-iodides,
Values for the spin-orbit coupling constants of the free

1; Cc1, 587 cm-lg Br, 2457 cm-lz

halogen atoms are: F, 269 cm
and I, 5069 om~t (11, p. 159).

The polarization properties of an observed band can be
of aid in assignment and will also be considered. Kasal,
Whipple, and Weltner (12) have observed that CuF, isolated
in neon and argon matrices at 4°K 1s preferentially oriented
with the principle axis of symmetry (the oO-fold z-axis)
parallel to the surface on which the matrix is deposited.
The principle axes of molecules in a given plane parallel to
the surface on which the matrix 1s deposited may assume any
orientation with respect to one another.

Plane polarized electric dipole radiation distinguishes
at most two types of transitlions 1ln gaseous linear dihalides:

(a) z-polarized, which occur when the electric vector 1is
parallel to the z-axis of the molecule.
(p) (x,y) - polarized, which occur when the electric
vector is perpendicular to the z-axls.

| Two orientations of the electric vector with respect to the
exis of rotation of the surface on which the matrix 1s de-
posited are of interest. The first 1is the case in which the
electric vector is colinear with the axis of rotation. For
those 3d transition-metal dihalides matrix-isolated in the

manner just described, no change in the intensities of ob-

gserved bands would occur as the surface 1is rotated. The
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second i3 the case in which the electric vector is both
perpendicular to the axis of rotation and initially parallel
to the surface on which the matrix is deposited., As the
surface is rotated, a change in the intensities of the ob-
served bands would occur. The bands which decrease in in-
tensity are the z-polarized transitions, and the bands which

increase in intensity are the (x,y)-polarized transitions.
Xz

Three charge-transfer transitions at 43,900; 45,700;

1

and 50,000 cm - have been observed in matrix-isolated MnCl2

(5)s For sufficiently weak spin-orbit coupling in the di-
chloride, the observed bands are consistent with the three

spin and symmetry allowed transitions

b— b o+

(11b) L€+ (__L,é +
U 9
N 9

Trensitions (1ila,b,c) correspond to the one-electron transi-
tions (10a,b,c), respectively., The three bands are expected
to separate into spin-orbit components in the matrix-isola-

ted dibromide and di-iodide.
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The 62; ground state of gaseous MnCl, is formally
split into three states by spin-orbit coupling. The split-
ting is due to higher order effects and will be small, on
the order of a few wave numbers or less. Therefore, any
splitting of the bands in matrix-isolated MnBr, and MnI2
will be due to excited state term separation. The transi-
tion corresponding to (11b) is expected te remain single,
since the excited 62: term will be split by only a few
wave numbers or less. The transitions corresponding to
(11a,c) may each split into a maximum of six distinct
transitions. The polarization properties of the two spin-
orbit bands will be identical.

Apprecliable overlapping of thé transitions is probable
in the matrix-isolated dibromide and di-iocdide. The only
definite statement which can be made on the basis of symmetry
considerations alone is that thirteen transitions are ex-

pected in matrix-isolated MnBr2 and MnIz.

COXZ

Eight charge-transfer bands at 30,800; 32,000, 33,700;
35,000; 36,400; 39,500; 42,000; and 45,800 cm-1 have been
observed in matrix-isolated CoClz (5). There is ambiguity
about the ground state of gaseous CoClz. DeKock and Gruen
(7) have found the dne__ a® transitions of high-temperature
gaseous CoCl2 consistent with a 4j§3 ground state, although

they did not exclude entirely the need for considering spin-
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orbit coupling effects of the metal lon. The elght observed
charge-transfer bonds are consistent with a 4'7:5 ground
state if spin-orbit coupling at the metal lon and halogen
13 small. Recent calculations by Clifton and Gruen (4),
including spin-orbit coupling of the metal lon, indicate
that the ground state is an E ¢, g - For sufficiently
strong spin-orbit coupling at the halogen, an Ejsz
ground state 1s also consistent with the number of observed
charge-transfer transitlons.

?ag

transitions are expected in both matrix-isolated CoBrZ and

For an E. ground state, eight charge-transfer
Col,. The eight transitions are the spln-orbit components
of the three one-electron transitions (10a,b,c). Six of the
transitions are expected to be (x,y)-polarized and two z-
polarized in each case. No deflnite assignment of the one-
electron transitions (10a,b,c) 18 possible with this infor-
mation alone. However, observation of eight bands in both

the matrix-isolated dibromide and di-iodide would lend

suﬁport to an E:%: ground state for all three gaseous
dihalides.
NiX,

Four charge-transfer bands at 28,400; 32,000; 35,800;
and 41,500 have been observed 1in matrix-isolated NiCl2 (5).

For sufficiently weak spin-orbit coupling in the dichloride,
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the observed bands correspond to the spin and symmetry

allowed transitions

(12a) 3€ Hg

(12b) é\ - H‘:j
(12¢) 2 A 3

(124) [y e— 9

Transitions (12a,b,c) and (12d) correspond to the one-elec-
tron transitions (10c) and (10b), respectively.

DeKock and Gruen (6) have made calculations which indi-
BT—

cate a.éfxfa ground spin-orbit component of the \8 state

for the gaseous dihalides of Ni. Transitions (12a,b,c ,a)
would exhibit the following behavior in matrix-isolated
NiBr, and NiI,:
(a) transitions (12a,b) would remain single and are
(x,y)-polarized;
(b) transition (12c) would split into two (x,y)=-polarized
components and one z-polarized component;
(c) transition (12d) would split into two (x,y)-polarized
components.
With this information, only two definite assignments are

possible., The bands which remain single in matrix-isolated
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NiBr2 and NiI2 belong to the one-electron transition (10¢),

and the z-polarized band belongs to (10b).
a3

One charge-transfer band at 19,000 cm-l has been ob-
served by DeKock and Gruen (5,7) for high-temperature gaseous
CuCl,. They assigned this band to the one-electron transi-
tion (10c). There is one other one-electron charge-transfer

transition of interest for a gaseous copper dlhalide

(10d) 20,7 —304%%

which 1is expected to lie above 50,000 cm-l. Observation of
both (10c) and (10d) in any gaseous copper dihalide would
give an estimate of the separation of the,Z,Oij'and l’r[u
one-electron molecular energy levels (See Figure 1).
Matrix-isolation of CuCl,, CuBr,, and Cul, 1is not

possible due to the decomposition reaction

Study of the high-temperature spectra of gaseous CuClz.
CuBrz. and Cu12 above 50,000 cm"1 with an overpressure of
Clz. Br2. or I2 gas, respectively, would be difficult, if
not impossible., Gaseous 012. Brz. and 12 each possess
gseveral bands in the region above 50,000 em™t (10, p. 512,

519, 543)., Reaction (13) does not occur for CuF,. Study of
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the ultraviolet spectrum of this molecule in matrix-isola-
tion or at high temperatures could provide an estimate of
the sigma-pi energy level separation.

There are two primary uncertainties in this analysis.
The first is the assumption that the molecules are linear 1in
the excited states. The second is the effect the matrix
environment will have on the spin-orbit levels. Weltner,
McLeod, and Kasai (21) have observed that the band spectra
of matrix-isolated ScO, YO, and LaO are shifted by about
one percent toward shorter wave lengths.

Symmetry considerations coupled with polarization
studies alone do not provide enough information to assign
all the bands expected in each of the molecules of interest.
Estimates of transition intensities, total energy spread of
the spin-orbit components of a transition allowed in the
absence of spin-orbit coupling, and the unit of splitting of
each zero-order state would prove useful. Bird and Day (1)
have made estimates of such quantities in their analysis of
the charge-transfer spectra of anionic tetrahalides of Fe,
Co, and Ni in rigid glassy solutions at 77°K.

In conclusion, measurement of the charge-transfer
spectra of matrix-isolated MnBrz, Mni,, NiBrz. and NiI2
coupled with calculations glving estimates of the quantities

mentioned above would provide a good test of the model used

in this analysis.



Table I. Spin-Orbit Terms for One-electron Transitions of MnX Gas.

2
Electronic Configuration Zero-order Term Spin~-orbit Term
1. Ground State:
4 2 2 +* 1 6 .+
§ * E E E
(hry) - (1857 (2mg) = (304 ) g 1/2 g%3/2 ¢%5/2 g
2. Excited State 1:
3 3,0 12,4 %01 6
(lﬂu) (lég) (2ﬂg) (3Gg) q)u E1/2uE3/2uE“S/ZI.lE?/ZuE9/2uEll/2u
6 * * * *
™ (2Y¥Ey /5y (DV*Eg 5 "B n 0By oy
3. Excited State 2:
3 2 0 w3 4 F* 1 6+ . . .
(lﬂu) (lég) (2ﬂg) (30g ) Zu El/2 u E3/2 u E5/2 u
6 —
2u B1/2 uw B3/2 u B5/2 u
6
Au (2)ELQIH%/2UEWQHEZQUE9/ZH
4. Excited State 3:
3 2 * 2 +*,2 6 * * * *
(Im )7 (18 )" (2m8) = (30, ) " @*Ey /5 w2V *E3 5 4*Eg n 4*Ey oy

*These are the symmetry allowed transitions from the El/2 g’ E3/2 g’ and

IT
E5/2 g states of gaseous Lnxz.

Le



Table II. Spin-orbit Terms for One-electron Transitions of Cole Gas.

Electronic Configuration Zero-order Term Spin-orbit Term
1. Ground State:

+*, 1 4

4 3, 403
3 2
(lnu) (16g) (2ng) ( Ig ) q>g 3/2 gE5/2 gE7/2 gE9/2 g
4
2 E E 2
Ty (2)E) /5 ¢F3/2 ¢F5/2 g
2. Excited State 1:
3 4, 3, %1 4+
SLRRICEIRICLINRYEL AP zu EL s u B3/
4 —_
2y E1y/2 u B3/2 u
4 *
by Ey/2 4 B3/2 u Bs/2u "B7/2 w
3. Excited State 2:
3 3 ey d3gtty 1 4
(1Tru) (1<Sg) (Zﬁg) ( Og ) L (2)El/2 a E3/2 a E5/2 a
4@ E * *
u 3/2 u B5/2 u "B7/2 u “Bosa u

*These are the symmetry allowed transitions from the 39/2 g ground state

of gaseous Coxz. R

8¢



Table II. (Continued)

Electronic Configuration Zerxro—-order Term Spin-orbit Term

4, Excited State 3:

3 3, 4134 % 2 4_+
(lﬂu) (ng) (2ﬂg) (30g ) D El/2 4 E3/2 4

45 E E
u 1/2 u "3/2 u

4A E E E *E
u 1/2u73/2 u °5/2 u 7/2 u

s E E E *E
u 1/2 u 73/2 u 5/2 u 7/2 u

4F E *E *E *E
u 5/2 u 7/2 u 9/2 u T11/2 u

*These are the symmetry allowed transitions from the Eg/2 g ground state
of gaseous CoX2.

6¢



Table III. Spin-orbit Terms for One-electron Transitions of Nin Gas.
Electronic Configuration Zero-order Term Spin-orbit Term
1. Ground State:
ar s @nn el > by Ty Ty I
2. Excited State 1:
(am)® st 2nh 30772 35 I
1 M
3Au *Au *“u *¢u
3. Excited State 2:
(> s )t anh ol 3 mookay Il

*These are the symmetry allowed transitions from the Ag ground state of gaseous

N1X2.

0¢€



Table IV. Spin-orbit Terms for One-electron Transitions

Electronic Configuration

1. Ground State:

+, 2 4 4 4 +*.1
(20,07 Qm ) (l5g) (2“;) (30g )

2. Excited State 1:

2o, M 2am)’as ) @rnt el ?

3. Excited State 2:

+,1 4 4 4 +%*,2
(20, )7 (1m,) (lﬁg) (ZHS) (30g )

*These are the symmetry allowed transitions from the

gaseous CuX,.

Zero-order Term

25+

E1/2 g

of CuX

> Gas.

Spin-orbit Term

E1/2 g

*
*Ev 2 u “E3/2 4

*
E1/2 u

ground state of

1€



Table V. Decomposition of T _x T for MnX Gas. 32

n u 2
z-polarized (x,y)-polarized
+ o « -
Lo Byng Iy TEB100 Biyog X M T B2 uwt B3
2. E x LT DE E x m_ DE + E
: 3/2 g u 3/2 u 3/2 g u 1/2 u 5/2 u
3 E x vt oE E x m_ - E + E
* 5/2 g u 5/2 u 5/2 g u 3/2 u 7/2 u
Table VI. Decomposition of Fn X Fu for CoX, Gas.
z-polarized (x,y) -polarized
1 E x 3t o E E X 1 2EF + E
* 9/2 g u 9/2 u 9/2 g u 7/2 u 11/2 u
Table VII. Decomposition of Fn X Fu for NiX2 Gas.
z-polarized (x,y)-polarized
+
1. A x ¥ 2=2A A x7m_ =27+
g u g u u

Table VIII. Decomposition of T _x T for CuX Gas.

n u 2
z-polarized (x,y)-polarized
1. E x 1¥ DE E x m_ DE + E
* 1/2 g u 1/2 u 1/2 g u 1/2 u 3/2 u
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