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High resolution He 1 (584 A) photoelectron spectra of ZnCl,, MnCl,, and NiCl, were
measured using a high temperature supersonic molecular beam source. In ZnCl,, vibrational
structures were resolved, and spectroscopic constants were derived for the observed molecular
ion states. A single v, vibrational progression was observed for the C?3} state of ZnCl;". A
Franck—Condon factor calculation allowed us to obtain a Zn—Cl equilibrium bond length
increase of 0.095(5) A and a v, vibrational frequency of 290(8) cm™". For the open-shell
molecules, MnCl, and NiCl,, no vibrational structure could be resolved because of their very
low bending frequencies. Transitions from the ligand orbital and metal d orbital ionizations
were clearly resolved, with those of the & orbitals having considerably narrower band widths.
Even though many final states are expected for ionization of the open-shell 4 orbitals, only a
few states were observed. This was explained in MnCl, by the one-electron spin selection rule:
Sy =S; £ 1/2. Besides the spin selection rule, a propensity toward high spin was proposed to
account for the spectrum of NiCl,. From the metal d orbital and ligand orbital splittings, the

degree of covalent bonding was inferred to be in the order of: MnCl, > NiCl, > ZnCl,.

1. INTRODUCTION

The first row transition metals are the lightest elements
in the Periodic Table for which the free atoms have d orbitals
that must be taken into account in chemical bonding. These
d orbitals often impart interesting chemical and physical
properties to the transition metal compounds.' Even though
the first row transition metal dihalides are among the sim-
plest transition metal compounds which can be studied as
free molecules, they are still difficult to study and are incom-
pletely characterized spectroscopically. Still, much remains
to be understood about these compounds. There have been
earlier infrared®* and ultraviolet* absorption studies both
in the gas phase and in rare gas matrices, and electron dif-
fraction studies’ to determine the geometric structure. The
dichlorides are now known to be linear and symmetric’®
with a very small bending frequency.>®

Theoretically, these molecules are difficult subjects too,
because of their open-shell character and the large number of
electrons involved. Electron correlation, spin—orbit, and
spin—spin effects should be taken into account, and large
basis sets are required. Consequently, there have been few ab
initio quantum chemical calculations on these mole-
cules. %12

There is also considerable discussion about the degree to
which the d orbitals participate in chemical bonding, par-
ticularly in the transition metal dimers which have drawn
great interest recently within the chemical physics commu-
nity in the context of studying transition metal clusters. It
was believed that when two transition metal atoms formed a
diatomic molecule the bonding involved mainly the 4s orbi-
tals, while the 3d orbitals were largely localized on the two
atoms. The unpaired d electrons on the two atoms could
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couple to form many low-lying excited states. Indeed, just
for the Fe, molecule alone, Shim and Gingerich'® have pre-
dicted that 112 states would lie within about 0.6 eV above the
ground state. However, in a Fe, negative ion photodetach-
ment experiment recently by Leopold and Lineberger,'*
only two pronounced bands were observed within about 0.6
eV above the Fe, ground state. Based on this observation, the
authors tentatively concluded that the 3d orbitals were more
strongly bound in Fe, than previously thought and hence did
not produce a large number of low-lying excited states
through the weak d-d coupling. It is now known that there is
considerable d orbital bonding in the first row transition
metal dimers on the left side of the Periodic Table and that
this bonding gets weaker across the Periodic Table from left
to right.

The bonding situation in the transition metal dichlor-
ides is different from that in the transiton metal dimers. Nev-
ertheless, these molecules also have open-shell 3d orbitals,
and the unpaired 3d electrons can in principle couple to give
many final states upon photoionization. The small number
of final states evident in the Fe; negative ion photodetach-
ment experiment enhances the interest of a high resolution
photoelectron spectroscopic study of the transition metal
dichlorides. An initial question is: can we observe all the
predicted final states in the photoelectron spectra of the
transition metal dichlorides?

There have been three previous photoelectron spectro-
scopic investigations of the first row transiton metal dichlor-
ides.">'7 Unfortunately, due in part to the limited resolution
in these studies, the spectral assignments have not been con-
sistent.

We have recently built a high temperature molecular
beam source, '*-2° which is especially suitable to study these
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molecules with high resolution. We are also interested in
resolving vibrational structures in the photoelectron spectra
of these molecules. These would provide important informa-
tion about the chemical bonding and a better spectroscopic
characterization of the molecular ions. It is also our hope
that these experimental studies can spur more theoretical
interest?! on these relatively simple transition metal com-
plexes.

Zinc, with a closed 3d shell, is not considered to be a
transition metal. However, ZnCl, is a much simpler mole-
cule in terms of electronic structure, and has been better
understood than the transition metal dihalides. There have
been numerous photoelectron spectroscopic investigations
of ZnCl, at low resolution,?*" none of which has resolved
any vibrational structure. Besides the interest in studying
ZnCl, at higher resolution, we include it in this study as a
comparison with the more complicated transition metal
molecules, MnCl, and NiCl,.

1. EXPERIMENTAL

The experiments were performed with a newly con-
structed high temperature molecular beam source, recently
described elsewhere.'®-%° Only a brief description, and fea-
tures related to the current experiments will be given here.
The source used electron-bombardment heating and a
graphite crucible, and it had the capability to entrain carrier
gases to produce seeded supersonic beams of high tempera-
ture species with internal cooling. The experimental condi-
tions for each experiment are listed in Table I.

Thermodynamically, ZnCl,, MnCl,, and NiCl, are
known to evaporate mainly as monomers.?®->! All samples
were purchased from Johnson Matthey Inc., NiCl, in its
hydrated form, and ZnCl, and MnCl, in their anhydrous
forms. These materials are extremely hygroscopic, and were
all dried before use. Moreover, each sample underwent pro-
longed heating at a temperature below its melting point in
vacuum to be dehydrated further. Even with these efforts,
small amounts of water and hydrogen chloride, due to the
reaction of water with the metal dichlorides, were still ob-
servable at the beginning of each experiment. In the case of
ZnCl,, minute amounts of these impurities persisted during
the full course of the experiment, due to the lower tempera-
ture needed for the evaporation. In the cases of MnCl, and
NiCl,, these impurities disappeared shortly after the operat-
ing temperatures were reached.

It was not necessary to have absolutely accurate tem-
perature measurements in these experiments. In general,
about 1-5 Torr vapor was needed to be able to collect a spec-
trum. Both a quadrupole mass spectrometer and the photo-
electron spectrometer were used to monitor the evaporation
process. Once a reasonable photoelectron count level was
reached, the temperature was stabilized and the whole ex-
periment was done at this temperature. The beam source
pressure was kept below 5X10~* Torr during an experi-
ment. The carrier gas pressure was adjusted to maintain this
vacuum in the beam source.

Special care had to be exercised for running ZnCl, and
MnCl, because they were evaporated above their melting
points. It was found that the carrier gas could spill the liquid

TABLE 1. Experimental conditions.

ZnCl, MnCl, NiCl,
YAt O 800 1000 960
P(Torr)® 110 (He) 120 (He) 500 (He)
¢(mm)° 0.18 0.23 0.16
Power (mA X V)* 30X 600 200600 60X 1200
Starting materials Pure ZnCl, Pure MnCl, Pure NiCl,

* Accuracy of temperature measurements was + 50 K.

b Carrier gas pressure.

¢ Nozzle diameters.

9 Heating power, emission current (mA) times applied high voltage (V).
About 60 W power was needed to drive the tungsten filament, which is in
addition to the heating power.

samples in the graphite crucible and make liquid jets. Special
quartz sample cells had to be used to confine the liquid sam-
ples inside the crucible in these cases, as shown in Fig. 1. The
two openings (6.35 mm diameter holes) in the cell always
faced up. NiCl, had a high enough sublimation pressure be-
low its melting point, and was loaded into the graphite cruci-
ble directly without using a sample cell.

The details of the photoelectron spectrometer have also
been published previously.*? Briefly, it consists of a helium
discharge lamp as the photon source (584 A),a quadrupole
mass spectrometer and a hemispherical electron energy ana-
lyzer with a multichannel detector. The energy resolution of
the anlayzer was about 12 meV, as measured with the
Ar* P, ,, photoelectron peak which was used for calibration.
Under high temperature conditions, drift of the energy scale
was severe, and shorter scans were taken and the spectra
were later added to enhance the counting statistics. As a
result, the effective resolution in the final spectra was about
15 meV.

1Il. RESULTS AND DISCUSSION
A. General remarks

Before discussing the spectra, let us first examine the
molecular orbitals and the chemical bonding in the first row
transition metal dichlorides. It is generally believed that the
participation of the 3d orbitals in chemical bonding de-
creases from the left to the right side of the Periodic Table.
For Zn, a closed shell element, the 3d orbitals should be core-
like, with little bonding capability. Ligand field theory?3-*
has been used to describe the chemical bonding in these mol-
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FIG. 1. The graphite crucible configuration with a sample cell.
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ecules. In this theory, we allow the two Cl~ ligands to ap-
proach the central metal ion M?* collinearly and split the
fivefold degenerate d orbitals into o, 7,, and &, orbitals.
The ligands can backtransfer charge to the 3d orbitals, facili-
tating covalent bonding character between the ligands and
the central metal atom. Obviously, there cannot be any back
transfer in ZnCl,, and the bonding should be primarily elec-
trostatic. The valence molecular orbitals can be written as
follows:

0, M, 0, 0,0,7,T,

(3d) (C13p)

where only the Cl 3p and the metal-atom 3d orbitals are
shown. The first three orbitals (§,, 7,, and o, ) are mainly
from the metal atom 3d orbitals and the later four (o,
o,, m,, and 7, ) are mainly from the Cl 3p orbitals. A sche-
matic pictorial representation of these orbitals is shown in
Fig. 2. For the closed-shell ZnCl, molecule, the above orbital
sequence is correct, with the 34 orbitals being almost core-
like. However, the situations are more complicated for
MnCl, and NiCl,, where the 3d orbitals are only partially
filled. It is now fairly well established that the ground states
of these molecules assume the states of maximum multiplic-
ity*>1°just as in the free atoms and ions. Therefore, we have
the following valence electronic configurations for the
ground states of ZnCl,, MnCl,, and NiCl,:

183274802902 T0%4n 27y '3} ZnCl,,
802702 4127318237290, °%; MnCl,
80270247427 188373960 *II, NiCl,.

To avoid confusion in later discussions, we numbered each
molecular orbital by counting the inner orbitals. It is to be
noted that the 15,, 27,, and 8¢, orbitals correspond to the
3d orbitals in ZnCl,, while the 16,, 37, and 9o, orbitals
correspond to the 34 orbitals in MnCl, and NiCl,. The rest
of the orbitals corresponds to the Cl 3p orbitals. The orbitals
omitted in the above all have ionization potentials too high
to show up in the He 1 (584 A) photoelectron spectrum.

The closed-shell configuration of ZnCl, implies a simple
photoelectron spectrum from a one-electron point of view.
Ionization of each orbital produces one photoelectron band,
neglecting spin—orbit splittings. However, the situations are
much more complicated in MnCl, and NiCl, because of the
open d shell. Table I lists all the possible final states upon d-
electron ionization in MnCl, and NiCl,, assuming Russell-
Saunders coupling.®> There are indeed many possible final
states for each one-electron ionization, except for the 90,
orbital in NiCl,. It should be interesting to see how or
whether all these final states will show up in the photoelec-
tron spectra. For each ligand-orbital ionization there would
be also a large number of possible final states because of the
presence of the unpaired d electrons. We assume that the
coupling between the ligand orbital electrons and the 3d
electrons is weak, and we shall not consider it here. In other
words, we should still expect only one band for each ligand
ionization. In the following, we shall first discuss the ZnCl,
spectrum and then proceed to MnCl, and NiCl,.

M Ct M Cl a a
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FIG. 2. A schematic pictorial representation of the valence molecular orbi-
tals of a linear MCl, molecules (M = first row transition metals, Cu and
Zn). Only one component is drawn for the 7, and 7, orbitals of the ligands,
and for the 7, and 6, orbitals of the central metal atom.

B. ZnCl,

The photoelectron spectrum of ZnCl, has been exten-
sively studied and the spectral assignments are well estab-
lished.””*” The ground stae vibrational frequencies® of
ZnCl, are w,(v,) =358 cm™ ', w,(v,) =295 cm~!, and
@, (v;) = 516 cm ™. These are well within our experimental
resolution. We should be able to resolve vibrational struc-

TABLE II. Terms of electron configurations after removing a d electron in
MnCl, and NiCl,.

Orbitals Electron

ionized  configuration Molecular electronic terms
MnCl,: -+ -80570% 474 20416237290} 3
90, ! -+182372 32,02, (2),%A,.°T,, 2.5 (2),'4,(2),
'T,.'I,
3ot 1823790, ML, M, (2),°®,,°H,, 'L, (2),'®,,'H,
15" -++16,3m90, AEFES A (), TLES S,
'A,(2),'T,
NiCl: -+ 802702 0% 4742731643 m2 90, °I,
90! -+-18%3, 1,
kZ -+-1833m290) TSRS,
15, -+-1833m90, L, 0,1, (2),°®, (2)
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FIG. 3. The He 1 photoelectron spectrum from the 27, 47, and 7o, orbi-
tals of ZnCl,. Gaussians were fitted to the 4 *I1,, band and are plotted in the
spectrum to show the spin—orbit components.
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FIG. 4. (a) The He 1 photoelectron spectrum from the 9o, orbital of ZnCl,,
with the vibrational assignments. The vibrational levels are labeled with the
v,, v;, and v, vibrational quantum numbers. HB stands for the hot band
transitions. (b) Comparison of a Franck—-Condon factor calculation with
the C?Z .} state experimental spectrum of ZnCl;" . The individual lines are
the calculated Franck—Condon factors, each of which is convoluted with a
Gaussian (0.024 eV width) to compare to the experimental spectrum ( —

calculated, - - - experimental).

ture in the spectrum if the vibrational frequencies do not
change very much in the molecular ion.

Figures 3-5 illustrate the photoelectron spectrum of
ZnCl, obtained in the current study. Figure 3 shows the
three bands from the 70, 47,, and 27, orbitals. Figures 4
and 5 show the spectrum of the 90, and the d orbitals, re-
spectively. Spin—orbit splitting is partly resolved in the
X ?I1, band, while the two spin—orbit components in the
A ?T1, band are completely overlapped. This is because the
47, orbital is a bonding orbital and has a broader Franck-
Condon envelope. Two Gaussians were fitted to the broad
band and are plotted in Fig. 3 to show the two spin—orbit
components. The spin—orbit splittings here are comparable
to that in Cl;".*” The overlappings of the two spin—orbit
components in these two bands apparently tends to smear
out the vibrational structures, which are only partially re-
solved. For the X *I1, band, the v, mode was observed to be
excited with frequencies of about 240 and 260 cm ! for the
M, and *I,, components, respectively. For the
A’l,;,, band, two frequencies of 360 and 280 cm ™' are
discernible. These should be due to the v, and v, modes,
respectively. For the 4 °Il,,,, component, only a frequency
of 280 cm ™!, corresponding to the v, mode, can be recog-
nized at the high ionization energy side. It is likely that the v,
mode was also excited with its features getting buried in the
other spin—orbit component. These vibrational structures
are indicated in Fig. 3.

A broad and featureless band was observed for the
B?3} state, as can be seen from Fig. 3. It is surprising that
no vibrational structure was resolved in this band, since
there is no complication from the spin-orbit effect. This
could, in principle, arise from either of two factors. The first
one is lifetime broadening. This would mean that the B *2
state is unbound, which is not likely. More probably, the
vibrational frequencies become smaller in the B23 state
and all three vibrational modes got strongly excited. This
would produce a very congested and featureless band such as
the one observed. If this is the case, even higher resolution
might resolve vibrational structures in this band.
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FIG. 5. The He 1 photoelectron spectrum from the Zn 34 orbitals (8a,, 2,
and 16,) of ZnCl,, with the assignments,
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TABLE IIL. Ionization potentials (eV) and assignments of the C?Z .} state
of ZnCl;+.

Ionization potential Assignment®
13.975 (6) Hot band (v{ = 2—v] =0)
14.020 (5) Hot band (v{ = 1-v] =0)
14.065 (5) 0
14.101 (4) 1
14.136 (6) 2
14.170 (7) 3

*The v, vibrational quantum number.

A beautifully resolved spectrum was observed for the
C?3.} band, which is displayed in Fig. 4(a) with the assign-
ment. The vibrational spacings between the first and second,
and the second and third peaks are about 360 cm !, which is
identical with the ground state v, vibrational frequency (358
cm™').3¢ Thus, the first two peaks are assigned to hot band
transitions. The rest of the spectrum is assigned to a v, vibra-
tional progression. From Fig. 2, it is seen that the o, orbital
is mainly a symmetric combination of the Cl 3p, orbitals. So,
it is not surprising that the v, symmetric stretching mode
was excited in the C?2Z " state. The vibrational spacings,
however, are considerably smaller than that in the neutral
ground state, indicating the strongly bonding character of
the o, orbital. The ionization potentials and the assignments
of the C2Z,' state are given in Table III.

A Franck-Condon factor calculation was performed to
simulate the observed vibrational structure in the C 2
state. Figure 4(b) shows a comparison between the calculat-
ed and experimental spectra. A Morse potential was em-

TABLE IV. Spectroscopic constants of ZnCl,*.

ployed in the calculation, which was done similarly as our
previous calculations on diatomics.'®'® From the calcula-
tion, we estimated a vibrational temperature of 350(50) K.
The v, vibrational frequency was found to be 290(8) cm ™.
More importantly, we obtained a Zn—Cl bond length in-
crease of 0.095(5) A with respect to the neutral ground
state. The spectroscopic constants of the C?Z .} state are
given in Table IV together with the other states of ZnCl;+.
The spectrum of the 3d region of ZnCl, is shown in Fig.
5. Bancroft et al.*” and others®* have studied this part of the
spectrum extensively, to probe the bonding characters of the
3d orbitals in Zn. They were the first to resolve the two spin—
orbit components of the I, and ?A, states. The current
spectrum is in good agreement with the previous studies, but
with a better resolution. One difference is that there do not
appear to be any sizable vibrational excitations, in contrast
to the assignment by Bancroft et al. The extra feature at
about 19.55 eV and the less visible feature at about 19.28 eV
cannot be assigned to any vibrational levels, because their
spacings relative to the immediate peaks at the lower energy
side are not close to any vibrational frequencies. Considering
the nonbonding character of the d orbitals, the vibrational
frequencies in the molecular ion should not be very different
from those in the neutral ground state. Bancroft et al. attrib-
uted these features to vibrational excitations without giving
any specific assignments.>” It should be pointed out that they
only observed these features in their He 11 (304 A) spec-
trum, but not in the He 1 spectrum. Theréfore, they may
arise, e.g., from multielectron processes, as it has been point-
ed out that electron correlation effects are important in this
molecule.’® Thus, the spectrum in the 3d region is very
sharp, with little or no apparent vibrational excitation. This

o, (v)) o, (v;)
IPa (eV)? IPv (eV)® A (eV)© (ecm™) (em™") Tzaci (A)?

ings/z 11.802 (5) 240 (20)

M, 11.880 (5) 0.078 260 (20)
4 Mo 12.341 (10) (360) (280)

M, 12.451 (10) 0.110 (280)
Bzt 13.103 (15)
szg+ 14.065 (S) 14.101 (5) 290 (8) 2.145
3d bands
DZE;' 19.037 (5) 19.037 (5)
Ezng,,2 19.163 (5) 19.163 (5)

My, 19.434 (5) 19.434 (5) 0.271
FZA"” 19.213 (6) 19.213 (6)

2A3m 19.499 (6) 19.499 (6) 0.286

* Adiabatic ionization potentials.
®Vertical ionization-potentials.
¢ Spin—orbit splitting parameters.

4Zn—Cl bond length. A bond length increase of 0.095(5) A was obtained from the Franck—Condon factor
calculation. The bond length in the neutral ground state is 2.05 A from Ref. 7.

J. Chem. Phys., Vol. 83, No. 2, 15 July 1890
Downloaded 20 Jun 2007 to 130.20.226.164. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



962 Wang et a/.: Transition metal dichlorides

300

COUNTS
I
o
=)

100}

9514 13 12 11
IONIZATION POTENTIAL (eV)

XBL 902-425

FIG. 6. The He 1 photoelectron spectrum of MnCl,. Individual Gaussians
were fitted to the observed bands and are plotted in the spectrum.

is in accord with the expectation that the 3d orbitals of Zn
are core-like, with little bonding capability.

The ionization potentials and the derived spectroscopic
constants from the current study of ZnCl;" are summarized
collectively in Table IV.

C. MnCl,

The photoelectron spectrum of MnCl, is shown in Fig.
6. The very low value of the bending frequency of MnCl,
makes it impossible for us to resolve any vibrational struc-
ture. There are no gas phase measurements of the bending
frequency available, but Thompson and Carlson® measured
it as 83 cm ™' in an argon matrix: such a small value is be-
yond our current experimental resolution. Both hot band
transitions, from thermal population of the v, mode in the
ground state, and excitation of this mode in the final state
accompanying the photionization process would smear out
any vibrational structure. Vibrational cooling in a super-
sonic expansion is relatively inefficient, and there should be a
substantial thermal population of the low-frequency bend-
ing mode in our experiment.

For the spectral assignment, Lee et al.'” used intensity
differences between He 1 (584 A) and He 11 (304 A) spectra
to identify features from the d orbitals. It was assumed that
the d orbitals have an enhanced ionization cross section at
the He 11 photon energy. In Fig. 6, we have fitted each ob-
served band with a Gaussian, also plotted. There are three
relatively sharp bands at ionization energies of 11.03, 12.40,
and 13.96 eV. Two of these bands (11.03 and 13.96 eV) were
assigned as being the d orbitals by Lee et al. They observed
no definite intensity enhancement of the 12.40 eV peak in
their He 11 spectrum, and did not assign this band to the d
orbitals. However, from the sharpness of the band at 12.40
eV, we tentatively assign it as arising from the d orbitals.
This illustrates one of the advantages of having high resolu-
tion. In the three previous investigations'*~'” at lower resolu-
tion, this assignment could not be made from the spectral
width.

TABLE V. Ionization potentials (¢V) and assignments for MnCl,.

IP* Assignment Electronic term FWHM (eV)® Lee et al.©

11.03 90, '(3d) 55 0.184 90,37,
1168 27, M, 0.367y  4m,,2u,,70,
11.96 47! m, 03320  (did not
12.18 70" 5+ 0314 (  specify)
1240 37.'(3d) I, 0.160
13.60 80,! =F 0.360 18,.80,
13.96 15, '(3d) A, 0.115} (did not
resolve)
14.51 80, 33 0.396 Satellite?

*Vertical ionization potentials, uncertainty = + 0.01 eV.
® Full width at half-maximum of the fitted Gaussian.
¢ Reference 17.

After identifying the bands arising from the d orbitals,
we should easily be able to assign the rest of the bands from
the ligands by analogy with the ZnCl, spectrum discussed in
the above section. However, there is an extra band at 14.51
eV, which Lee et al. could not assign. They speculated that it
was a satellite band. Lee ef al.'” did an ab initio molecular
orbital calculation on MnCl, along with their experimental
study. Although the overall accuracy of the calculation was
not high enough to assign the spectrum, they found a re-
markably large spin—spin splitting for the ionization of the
80, orbital (~1 eV), but only very small spin-spin split-
tings for the ionizations of the other ligand orbitals. Based on
this, we assign this extra band at 14.51 eV to be the low-spin
state from ionization of the 8o, orbital. The high-spin band
should be the one at 13.60 eV. The three bands at ionization

. energies of 11.68, 11.96, and 12.18 eV are assigned to be from

the 27, 477, and 70, orbitals, respectively. It is natural to
assign the three bands from the d orbitals at 11.03, 12.40, and
13.96 €V to be from the 90,, 37,, and 18, orbitals, respec-
tively. The overall assignments, the ionization energies, and
the band widths from the Gausian fitting are all tabulated in
Table V. The assignments by Lee et al. are also given in Table
V for comparison.

With reference to Table II, how do we explain the fact
that there are only three bands observed for the ionizations
of the d orbitals, much fewer than shown here? We notice
that, for a one-electron transition, the spin selection rule says

where S; is the initial spin in the neutral molecule, and S, the
final spin in the cation. The free photoelectron can carry
either up or down spin. In MnCl,, the five d electrons are all
parallel to each other, giving the °Z;* ground state. From
the spin selection rule, only quintet states are allowed in a
strictly one-electron transition. From Table II, there are
only three allowed final quintet states, arising from each of
the three d orbitals, in excellent agreement with our experi-
mental observation. However, it is well known that electron
correlation effect is strong in this open-shell system, result-
ing in multielectron processes, which would give rise to the
other terms listed in Table I1. This notwithstanding, multie-
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lectron transitions usually have much smaller cross sections,
and may have eluded the experimental observation. For the
ionizations of the ligand orbitals, both septet and quintet
states are allowed. As mentioned above, only for the 80,
orbital both low-spin and high-spin states were explicitly ob-
served, and the spin—spin splittings for the other three ligand
orbitals may be too small to be resolved experimentally.

We can gain additional insight into the MnCl, spectrum
by considering the ionic limit, CI~Mn?*Cl~, for the ground
state, in which Mn?™* has the free-ion character (3d 5; °S) of a
high-spin half-filled shell, and the chlorine ions have filled
3p® shells. In this model, removal of a 3d electron can only
lead to a quintet final state. Crystal field theory leads unam-
biguously to the orbital order 90, '; 37, '; 15, ' for the
3d ~final states through repulsive interaction with the chlo-
rine ions. In the case of chlorine 3p ionization, it is helpful to
consider a small degree of covalency. Only the 8¢, combina-
tion of 3p, orbitals can form a bond of reasonable strength
(Fig. 2), and this orbital will clearly have the highest bind-
ing energy because the 3p, orbitals both form a bonding
combination and overlap with the attractive potential of the
Mn’* ion. The order, 70,; 47,, 2m,, is also expected on
similar arguments, as are the similar binding energies of
these orbitals and their separation from the 8o, orbital.
Thus, the large multiplet splitting occurred only in the 80,
orbital, because only the 80, orbital has any appreciable
density across the Mn?* ion, facilitating large exchange inte-
grals. In fact, the two peak (72g+ — 52;’ ) multiplet pattern
is strongly similar to the two peak 'S-°S pattern, well-
known*® in the 35 photoelectron spectrum of ionic Mn?*, in
which a 3s electron couples to the (3d>; 8S) shell through
exchange, parallel to form ”S and antiparallel to form >S. The
smaller splitting in MnCl, is expected because the 80, orbi-
tal cannot overlap with the Mn 3d shell as much as a Mn 3s
electron. Even the width and lower (than statistical, 5:7)
relative intensity of the >X;" peak is analogous, probably
arising from electron correlation.*

D. NiCl,

The spectrum of NiCl, is shown in Fig. 7, with the Gaus-
sian fit plotted underneath each observed band. The ground «
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FIG. 7. The He 1 photoelectron spectrum of NiCl,. Individual Gaussians
were fitted to the observed bands and are plotted in the spectrum.
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TABLE VL. Ionization potentials (eV) and assignments for NiCl,.

Electronic FWHM
IP*  Assignment term (eV)® Leeeral®
11.24 90, '(3d) 1, 0.166 90,,37,,15,
11.40 37,"(3d) ‘Z; 0.135 ((Only resolved
11.56 15;'(3d) ‘¢x 0.183 {one band)
11.76 16;'(3d) ‘I]x 0.150
12.08 27! ‘A, 0.322) 47, 27,70,
12.60 47! 4A, 0.352 » (did not
13.00 70! o, 0.302 Y specify)
13.70 80, 1, 0450 80,
1525 80, 1, 0.400 37, Satellite?

*Vertical ionization potentials, uncertainty = 4 0.01 eV.
®Full width at half-maximum of the fitted Gaussian.
°Reference 17.

state of NiCl, also has a very low bending vibrational fre-
quency (85 cm™'),? so no vibrational structure could be
resolved. It is remarkable that four relatively narrow bands
were resolved at low ionization energy. In all the previous
investigations,'>~'7 only one band was resolved in the same
energy range. Evidently these four bands should be from the
d orbitals, on the basis of their small band widths. It is no-
ticed that there is some nitrogen inpurity from the back-
ground at high ionization energy. There are no other sharp
bands in the entire spectrum, so the first four bands are ap-
parently the only features from the d orbitals. The rest of the
spectrum can be assigned by analogy with those of ZnCl,
and MnCl,, as shown in Table V1.

An expanded portion of the d region is plotted in Fig. 8.
Only four components are evident, by either visual inspec-
tion or curve-fitting. Additional peaks could be present, ei-
ther coincident in energy or with low intensity. In associat-
ing these peaks to the eleven possible final states listed in
Table II, there are many possibilities. In none of the previous
work'>~'7 has any of these components been resolved. We
make the very tentative assignment shown in Fig. 9. This
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FIG. 8. An expanded portion of the He 1 photoelectron spectrum of the 4
bands region of NiCl,, with the assignments and the individual Gaussians.
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FIG. 9. Correlation diagram showing the valence orbital ionization poten-
tials of MnCl,, NiCl,, and ZnCl,. The d orbitals are not labeled.

assignment is neither firm nor unique. Its basis is as follows:
we assume that photoionization, which removes a d electron
from the triplet ground state of NiCl,, will access any of the
doublet or quartet final states of NiCl,", given in Table II,
for which §; = §; + 1/2. We assume further that some in-
tensity is observed in ionization from each of the 4 orbitals,
9a,, 37,, and 18,. Finally, we invoke a “weak form” of a

high-spin propensity rule. That is, the highest-spin final

states will appear to be enhanced relative to low-spin states.
There are two firm reasons for this. First, the (25 + 1) spin
multiplicity favors high-spin states. Second, electron corre-
lation effects tend to distribute the intensity of photoelectron
transitions to low-spin states over several peaks, reducing
the intensity in the “main” peak. A clear example of this is in
the photoionization of Mn?* in a solid.*®

In applying these assumptions, we note from Table 11
that the ionization of the 9o, orbital results in only one state

(ZHg), the ionization of the 37, orbital leads to only one -
state with maximum multiplicity (*= ¢ ), and the ionization

of the 16, orbital produces two states with maximum multi-
plicity (*®, and *Il, ). According to the Hund’s rules, the
*I1, state should have higher energy than the “®, state. So,
the four bands from the d orbitals can be very tentatively
assigned as shown in Fig. 9 and given in Table VI. Also given
in Table VI are all the ionization energies and the assign-
ments and the band widths from the Gaussian fittings, to-
gether with the assignments by Lee ez al.'” for comparison.

E. DISCUSSION

The photoelectron spectroscopy of the open-shell tran-
sition metal molecules is apparently very complicated. Evi-
dently, not all the final states arising from an open-shell elec-
tron configuration would be observed experimentally. In the
one-electron transition, first of all, the spin selection rule is
obeyed. Even within the spin selection rule, we still found
that there was a propensity toward high-spin final states in

TABLE VII Vertical ionization potentials (eV) of the ligand orbitals and
the d orbitals of ZnCl,, MnCl,, and NiCl,.»

Ionization potentials of the ligand orbitals

", ™, o, o,
ZnCl, 11.84 12.40 13.10 14.10
NiCl, 12.07 12.60 13.01 14.47
MnCl, 11.68 11.90 12.18 14.06

Ionization potentials of the d orbitals
A T, R

ZnCl, 19.04 19.30 19.35
NiCl, 11.24 11.40 11.70
MnCl, 11.03 12.41 13.96

* In cases where there are spin—orbit or spin—spin splittings, an average value
was taken as the ionization potential of the orbital.

NiCl,". The states with low spin and the states arising from
electron correlations may have much smaller cross sections,
and require much higher signal level to be observed. The fact
that these were low signal experiments implied that there
were many final states sharing the oscillator strength, and
only the ones with large enough cross sections were experi-
mentally observed. These may well apply to the transition
metal cluster systems, where a large number of final states
are expected from their open-shell nature, and caution must
be taken to interpret the observed spectra. Quantum chemi-
cal calculations of the final state energy levels and partial
cross sections would be very helpful.

Another question concerns spin—orbit splitting in the
spectra of MnCl, and NiCl,. For the ligand bands, the spin-
orbit components must be contained in one band, based on
the bandwidths and by comparison with the spectrum of
ZnCl,. For the bands of the d orbitals, it is also possible that
the two spin—orbit components are contained in each band
because the spin—orbit splitting parameters are comparable
to the bandwidths. A different explanation could be offered
for NiCl, if its ground state configuration was assumed to be
closed-shell (---18;37390%9). This configuration would
yield the correct number of final states including the spin—
orbit splittings, as shown in the following:

e 16;377.; (lzg+ Yoo 15‘;31@, 2Hg _'ZHgJ/Z’ZHgI/Z

=0 183378, A, Ay, ).
The observed four d bands could be assigned to the above
four spin—orbit components, and this even yields reasonable
spin—orbit splitting parameters, 0.16 eV for the I, state,
and 0.20 eV for the 2Ag state. Indeed, two previous investiga-
tions'>'® have assumed this ground state configuration for
NiCl,, although only one d' band was resolved in these stud-
ies. Unfortunately, this ground state configuration of NiCl,
is in apparent conflict with previous optical absorption stud-
ies*® which concluded that the ground-state configuration
of NiCl, should be ---18;3m,90; (°I1,). Therefore, the
closed-shell configuration cannot be taken for the spectral
assignments of NiCl,.

In Table VII are given all the orbital ionization energies
of ZnCl,, NiCl,, and MnCl,. In cases where there are spin—
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orbit or spin-spin splittings, an average was taken as the
orbital ionization energy. A correlation diagram of these or-
bital ionization energies is shown in Fig. 9. It is seen that the
ligand orbital ionization energies of NiCl, are similar to that
of ZnCl,, while that of the MnCl, ligand orbital ionization
energies show a slightly different pattern. It is known that
the metal-ligand bonding in ZnCl, is primarily electrostatic.
This suggests that the metal-ligand interaction is stronger in
MnCl, than in NiCl,, that is, there is more covalent charac-
ter in the bonding of MnCl, than in that of NiCl,. The ligand
field splittings of the d orbitals support this view. While the
splittings in MnCl, are very large, they are quite small in
NiCl,, being very close to that in ZnCl,.

It is also instructive to examine the d orbital band-
widths. In the spectrum of ZnCl, shown in Fig. 5, the bands
are very narrow, on the order of the instrumental resolution,
with little vibrational excitation. However, the d band
widths are considerably broadened in MnCl, and NiCl,. The
broadening cannot be fully explained by spin—orbit and ther-
mal effects. There must be some vibrational excitations,
most likely of the low frequency bending mode, suggesting
significant covalent bonding between the central metal atom
and the ligands in MnCl, and NiCl, in comparison with
ZnCl,. This supports the general conviction that the partici-
pation in chemical bonding of the 3d orbitals in the first row
transition metal elements weakens from left to right in the
Periodic Table.

IV. SUMMARY

We have measured the high resolution He1 (584 A)
photoelectron spectra of ZnCl,, MnCl,, and NiCl,. Vibra-
tional structure was resolved in the ZnCl, spectrum A single
v, vibrational progression was observed in the C 23 state
of ZnCl;+ . A simple Franck—Condon factor calculation with
a Morse potential simulated the spectrum very well and al-
lowed us to estimate a vibrational temperature of 350(50) K
for the ZnCl, molecules. A v, vibrational frequency of
290(8) cm ™' and a Zn—Cl bond length increase of 0.095(5)
A were also derived from the calculation. Spin—orbit split-
ting was partly resolved in the X °I1, state while the two
spin—orbit components were heavily overlapped in the
A 11, state. Vibrational structure was partially resolved in
these two states. Five peaks were clearly resolved for the d

orbitals including the spin—orbit effect, with little or no vi- -

brational excitation.

No vibrational structure was resolved in the cases of
MnCl, and NiCl, because of the very low bending frequen-
cies in these two molecules. However, the high resolution
was very helpful to identify the bands arising from the d
orbitals, and their bandwidths yielded information about the
bonding character. The much broader bandwidths indicated
significant covalent bonding involvement of the 3d elec-
trons. However, much fewer final states were observed than
expected from their open-shell configurations. In MnCl;",
only three bands could be attributed to the d orbitals, which
were assigned to the three highest-spin final states, for which
there was no spin-flip (spin selection rule). Only four peaks
could be clearly resolved in NiCl;", which may be associated
to the d orbitals. For assignment of these four states, a pro-

pensity toward high-spin states was proposed in addition to
the spin selection rule. The spectra of the ligand orbitals in
MnCl;* and NiCl;}" are similar to that of ZnCl;, except
that the separation between the o, orbital and the other li-
gand orbitals increases in the order MnCl, > NiCl, > ZnCl,,
supporting the view that the covalent bonding character in-
creases in the same order.
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