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Photoelectron spectra of MoGand WC™ are reported at two detachment energies, 532 and 355 nm.
The electron affinities of MoC and WC were measured to be 1(858.0 and 1.022(0.010 eV,
respectively. Seven low-lying electronic states were observed for MoC within 2 eV above its ground
state whereas six were observed for WC within 2.4 eV above its ground state. The bonding and
spectroscopy of MoC and WC were found to be different and were attributed to their different
atomic configurations due to the strong relativistic effects in W. The current study reports the first
spectroscopic information on WC. @999 American Institute of Physics.
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I. INTRODUCTION 1.358(0.010 and 1.0220.010 eV, respectively. Seven low-
lying electronic states for MoC and six for WC were ob-

The chemical bonding between transition metals andseryed and tentatively assigned. The chemical bonding in the

organometallic chemistry, surface chemistry, catalysis, and
astrochemistry. Diatomic metal carbides are the simplest sys-
tems to understand the metal-carbon chemical bonding. In-
deed, increasing theoretical and experimental efforts havl: EXPERIMENT

recently been focused on these systéhiawever, very few All experiments were performed with a magnetic-bottle

carbide diatomics involving the b transition metals have time-of-flight (TOF) PES apparatus and a laser vaporization

been studied. There have b‘éff experimental studies for only,nersonic cluster source, which had been published in detail
two 5d carbides, PtC and Ir€C;” and theoretical studies for previously’1! Only a brief description is given here. The

only TaC and IrC® Most of the experimental investigations MoC~ anion was produced from plasma reactions between

on diatomic carbide species have involved opticalzqer aplated molybdenum atoms and Gi¢eded in a He
techniques; which are powerful to yield detailed spectro- . ier gas containing 5% GHwhile the WC™ anion was
scopic information about electronic states allowed in Opticabroduced by direct laser ablation of a tungsten carbil€)
transitions. However, a high density of low-lying electronictarget with a pure He carrier gas. Besides the desired MoC
states are expected for the transition metal species and magy,q \wc diatomic species, other larger clusters were also
of these states are not accessible to optical experiments, §5:med with their relative abundance depending on the

ther their excitation energies are too low or they are nol, rce conditions. The clusters formed in the source were
allowed optical transitions. We have shown that photoelecéxpanded to form a supersonic cluster beam which was col-

tron spectroscopyPES of anion species is an ideal experi- jimated ly a 6 mmdiameter skimmer. Anionic species were

mental technique to map out the low-lying states of thesgyracted perpendicularly from the beam by a high voltage
complicated electronic systeris’ In this article, we report oulse, and were analyzed by a TOF mass spectrometer. The
our PES investigation on MoC fi”d WC. . resolution of the mass spectrometer was sufficient to resolve

There has been no experimental or theoretical study,. gitferent isotopes of Mo and W in MoCand WC .
available for WC. The first spectroscopic mvestpl(%atlon of After being mass selected and decelerated, the desired anions
MoC has been just reported by Morse and co-workeveio  \yere crossed with a detachment laser beam in the detach-
also provided an excellent discussion of the chemical bondsent zone of the magnetic-bottle electron analyzer. The third
ing between the @ transition metals and C and its trend 4. sacond harmonic of a Nd:YAG lasé55 and 532 nm

across the periodic table. Due to the strong relativistic efyyere ysed for photodetachment in the current investigation.

fects, the 8l transition metals are expected to show differentpp, hioelectrons were collected by the magnetic bottle at

behaviors in their bonding to C. We obtained vibrationallyneaﬂy 100% efficiency and analyzed by a 3.5 m long TOF
resolved PES spectra of MoGand WC™ at two photon en-  gignt tube. The absolute electron kinetic energies were cali-

ergies, 5322.331 eVf and 355 nm(3.496 eV} The electron  at64 and converted from the measured TOF spectra using
affinities (EAs) of MoC and WC were determined to be the known spectra of Rh!2 The electron kinetic energy

resolution in the present study was better than 30 meV
3 Author to whom correspondence should be addressed. (FWHM) for 1 eV electrons.
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FIG. 1. Photoelectron spectra of MoGat 532 (2.331 eV} and 355 nm
(3.496 eV} and their assignments. HB represents hot band transitions.

17 and Zr are bonding MOs between (b2and Mo =, 16
and 3 are nonbonding MOs from Modt and s, respec-
tively.

In the MoC anion, the extra electron can either enter

The PES spectra of MoCand WC™ at 532 and 355 nm the 156 MO to give a 15° configuration or the @ MO to give
24 1 - : : -
are shown in Figs. 1 and 2, respectively. Well-resolved spec® 10 3¢~ configuration, depending on the separation be-
tra were obtained for both species. The spectral features df/¢€n the B and 3r MOs. If that separation is larger than
MoC~ appeared much more complicated than that of WC the electron—electron repulsion introduced by adding an
The PES spectra represent transitions from the ground stat§€ctron into the & MO, the 15° configuration would be

of the anions to the ground and low-lying excited states ofavered. If the sgparlation between thednd 3r MOs is not
the neutral molecules. Excitation energies of the low-lying!e° large, the 3730~ configuration would be favored. For

excited states can be obtained straightforwardly from théhe latter configuration, the electron—electron repulsion is re-

binding energy differences between that of the excited stateduced as compared to the¥ configuration, and additional

and that of the ground state. The identified electronic stateStabilization is expected in th& ™ state due to favorable

and their assignments are labeled in the figures and the bin§X¢hange interaction. Given these considerations, we assume

. 2 1 . . .
ing energies of each feature and the derived spectroscop}ll?"’It the MoC' anion has the &30 configuration with a

constants are given in Tables | and Il for MoC and WC >~ electronic state. From this anion configuration, the fol-
respectively. As will be subsequently discussed, some of thPWing detachment channels are expected:
assignments are rather tentative, in particular, for those of 0?1 7%25216°301(*3 ")

WC, for which no prior experimental or theoretical work

Ill. RESULTS AND DISCUSSION

exists. —10?17%20%16%30°, 357, T, 137, @

A. MoC —10?17%20%16'301, 34, 1A, 2
MoC has been studied both experiment®t? and —10%17%20116%30, 537, 337(2),

theoretically** Its ground electronic state is known to be 39+ 3p, Ap, 1yt iy 3

33~ with a vibrational frequency calculated to be 997 ¢m
The ground state properties of MoC have been well disDepending on the photon energies, other detachment chan-
cussed by Morseetal. in their recent spectroscopic nels with high binding energies can also occur. We expect
investigation:® Figure 3 shows schematically the valencethat the removal of a@bonding electron would weaken the
molecular orbitalgMOs) of MoC and the ground state con- MoC bonding and give rise to broad vibrational progressions
figuration, lo°17%20216°, where 12 is mainly the C2,  for the electronic states with this configuration whereas the
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TABLE |. Observed binding energid8E) and spectroscopic constants of MoC from photoelectron spectra of

MoC™.
BE (eV) Term value(eV) Vib. freq. (cm™Y)
X337 (Lo?17*20216%30°) 1.358(0.010 0 1000 (100
A3A, (16?17%20%16%30Y) 1.798(0.020 0.440 (0.020
A, 1.864(0.020
3A, 1.948(0.030
BI' (10217%20216°307) 2.070(0.020 0.712 (0.020
C% (1o217*20'16%30Y) 2.138(0.010 0.780 (0.10
D A (16%17*20%16%30Y) 2.256(0.010 0.898 (0.010 890 (60)
E3 " (10%17%20116%30,) 2.584(0.010 1.226 (0.010 (890
F 33~ (1o?17*20'16%30%) 2.950(0.010 1.592 (0.010 870 (60)
G33* (1o%17%20'16%30?) 3.400(0.020 2.042 (0.020 850 (60)

removal of a B electron should lead to sharp features with The latter might be the case since there is no known excited
little vibrational excitation due to its nonbonding nature.

The 532 nm spectrum of MoCdisplayed a strong peak excited state calculated by Shim and Gingerich is at 4500
at 1.358 eV with a well resolved vibrational progressioncm 1.4

which has a spacing of about 1000 ¢inThis progression is

state for MoC with such a low excitation energy. The lowest

The 532 nm spectrum shows several weak featl(&es
assigned to be the ground state of MGG () resulting from  and(B)] beyond the ground state vibrational progression and

removing the & electron(1). The observed vibrational spac- two strong peaks at 2.13&) and 2.256 eMD). The inten-

ing is consistent with the vibrational frequency calculated forsity of the 2.256 eV feature was significantly enhanced at
the ground state of Mo&* The adiabatic EA of MoC is 355 nm; the intensities of the weak featuf¢a) and (B)]
defined by the 1.358 eV peak, which is the 0—0 transitionobserved at 532 nm were also slightly enhanced at 355 nm.
The two weak features immediately to the left of the 0—0The intensity of the 2.138 eV feature relative to the ground
transition should be due to vibrational hot bands of the anionstate 0—0 feature was unchanged at 355 nm. The three weak
yielding a vibrational frequency of 87@0) cm™* for MoC. features(A) between 1.8 and 2 eV appeared to be due to
The very weak feature at about 0.92 éX’, Fig. 1) was spin-orbit splittings and were assigned to filestate due to
likely due to an electronically excited state of MOCBoth ~ removal of a B electron(2). The separations among the
the observations of a smaller vibrational frequency forthree components were comparable to the spin-orbit splitting
MoC™ and the ground state vibrational progression suggesh atomic Mo® Since the MO is nonbinding, no vibra-
that the 3 orbital is slightly antibonding. tional structure was expected, consistent with the observation

At 355 nm, we observed that the intensity of the groundof only the three spin-orbit features. However, the very weak

state features were significantly reduced. Furthermore, thmtensity of this transition is puzzling. As shown in Eg), a
vibrational progression of the ground state appeared to b&\ state was also expected from the removal ofseeliec-
quite different: the intensity of the-8 1 peak was enhanced tron. The very strong peak at 2.256 eV was assigned to this
relative to the 0—0 peak and the spacing between the twestate. The features around this strong peak were assigned to
peaks was increased. There are two possibilities for this olthe®3, ~ state and will be discussed below. The enhancement
servation:(1) there was another electronic state that over-of the intensities of théA and!A features at 355 nm was

lapped with the 8- 1 peak and its intensity was enhanced atexpected. However, their considerable intensity disparity
355 nm;(2) there was an autodetachment state for Ma®

355 nm that could result in unusual Franck—Condon factors.

40
TABLE Il. Observed binding energig®E) and spectroscopic constants of ! \
WC and from photoelectron spectra of WC Do
[ “
X '
BE (eV) Term value(eV) 581 o! é’ 30 \\\‘
—_— -1 W
X3A; (16°17%20°16'30") 1.022(0.010 0 o / 102 %
3 —— v
A, 1.174(0.010 s o A W
3A, 1.410(0.010 £€:- gl 0, 3
AS* (10217%20%307) 1.174(0.010 0.152 (0.010 ™ A Y G 2p2
B A (10217*20%16'30Y) 1.585(0.010 0.563 (0.010 AR ; ==
C3A,; (161 7*20115'302) 2.522(0.020 1.500 (0.020 W 202 70
A, 2.666(0.015 \ 1T .
SA,4 2.724(0.019
D A (1o?17*20'16%30?) 3.071(0.010 2.049 (0.020 1652 282
E3®, (1o217°20216'30?) 3.196(0.010 21740020 Tttt TTTooT
3
dy 3.276(0.010 C
D, 3.354(0.010 Mo MoC
F 3 (10%17%20%16%307) 3.426(0.010 2.404 (0.020

FIG. 3. A schematic valence molecular orbital diagram for MoC.
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was not understood. We expected that the triplet feature§ABLE lil. Comparison of the experimental spectroscopic constants of
should have a slightly higher intensity than the singlet. AsMOC to theoretical calculatiorfs.

will be seen below, théA feature was overlapped yv?th the Term valuecm™) Vib. freq. (cm )

v=1 feature of the’Y ™ state but that was not sufficient to

account for its apparently anomalous intensity. States Exp. Theo Exp. Theo
The peak at 2.07 e\B) is a lone feature: its separation = X3~ 0 0 1000 (100 997

from the 2.138 eV peak is too small to be accounted as a AiA 4120 (200° 4500

component of a vibrational progression. We tentatively as- gsg, Zggl(gg; ;i% 890(60) 801

signed this feature to be tH& state, derived from the same D 1A 7250 (80) 9312 [890 (60)] 1026

configuration as the ground state Ef).. The weak intensity

was expected because this state was not allowed in the sing?%‘eference 14. ] ]
. . . . Average over the three spin-orbit components.

particle approximation. It had to be derived from the removal

of the 3r electron accompanied by the change of a quantum

number of a ¥ electron, i.e., it should be considered as a

“shakeup” feature'® Its presence in the PES spectra indi-

cates strong electron correlation effects in the ground state

the anions.

(E) and (F) progressions to the twts ~ states, respectively.
The peak at 3.40 eV was assigned to " state, also
%ferived from the removal of thed2electron. A similar vi-
brational progression was expected for this state and the

At first glance the 2,'138, eV pedk) might t?e coqsid- higher vibrational levels were beyond the 355 nm photon
ered to be part of a vibrational progression including theenergy.

strong peak at 2.256 eV. However, the mte_nsny of the 2.138 The observed binding energies of all the spectral features
eV peak at 355 nm was not correlated with the 2.256 eV given in Table I, as well as the derived term values and
peak, suggesting that the 2.138 and 2.256 eV peaks represgjy ational frequencies. The low-lying electronic states of
two different electronic states. The 355 nm spectrum rey,qc have been calculated at fairly high level by Shim and
vealed many more well resolved features beyond the 532 N qerichl4 who took into account the relativistic effects
spectrum. In particular, two peaks at 2.364 and 2.468 €\oypected to be important for MoC. The calculated term val-
were observed which might be considered as part of a vibrageg and vibrational frequencies are compared to the current
tional progression with the strong peak at 2.256 eV as theyperiment in Table IIl. The calculated term values are in

0-0 transition. The 2.138 eV peak could then be viewed as g4 agreement with the experiment, lending some credence
hot band for this progression. However, as we discusseg, ihe spectral assignments.

above, the 2.138 eV peak was independent of the 2.256 eV
peak. We noticed that the separations among the 2.138,
2.256, 2.364, and 2.468 eV peaks are similar and could pg- WC
due to a vibrational progression. Two more similar vibra-  As we mentioned above, there is no theoretical calcula-
tional progressions were observed at higher binding energiagon on WC. However, we can gain a qualitative understand-
[(E) and (F)]. These progressions were assigned to be froning of the bonding in WC based on that in MoC. As we
the detachment of an electron from the @rbital, based on  move down the periodic table fromd4to 5d, the 6s orbital
their similarity. The broad vibrational progressions and theiris stabilized relative to the & due to the strong relativistic
reduced vibrational frequencies were consistent with the reeffects. Thus, W has ad86s? ground state configuration, in
moval of a bonding electron. Therefore, we assigned theontrast to 4°5s' for Mo. We can expect that this differ-
2.138 eV peak to be the 0-0 transition of a broad vibrationaknce in the atomic configurations between W and Mo to be
progression due to th@°S. ~ state derived from removal of a reflected in WC and MoC. To form chemical bonding to C, a
20 electron[Eq. (3)]. The strong 2.256 eV peak then must 6s electron in W is expected to be promoted to tha &-
contain two components, one from thesQ transition of the  bital. The promotion energy is only 0.366 &% Therefore,
C53 "~ state and another electronic state which was the domithe MO picture shown in Fig. 3 for MoC should be qualita-
nating one. In the above we assigned the latter to be due tively correct for WC(by replacing 4 and 5 with 5d and
the *A state, derived from removing asElectron[Eq. (2)]. 6s), except that the ordering or spacing between therdd
Among all the states derived from removing & @lec- 30 MOs is expected to be different. In WC, the 8rbital is
tron, the®X ~ state was expected to have the lowest energyeither lower in energy than theslor very close in energy
followed by a set of triplet states and then the singlet stateswith the 15. Therefore, the ground state configuration of WC
Due to the strong bonding nature of the @rbital, all of the  could be either 32 or 15'3¢'. The 3 configuration
electronic states derived from removing an electron from thisvould give a'>* ground state for WC whereas théBo?!
orbital were expected to have broad and similar vibrationatonfiguration would mean 2A ground state for WC.
progressions with frequencies lower than that of the ground The 532 nm PES spectrum of WCshown in Fig. 2
state. The observation and assignment of the three vibrahould reveal the ground state of WC. Five well resolved
tional progression$(C), (E), and (F)] were consistent with peaks were observed, among which the lowest binding en-
this expectation. However, the ordering of the triplet statesrgy peak K’) was either due to an excited state of Wer
were not knowra priori. Among all the triplet states, thd" a hot band transition because its relative intensity was always
state was expected to give a complicated spectrum due to itery weak and could be slightly changed under different ex-
spin-orbit splitting. Therefore, we tentatively assigned theperimental conditions. The remaining four peaks show a
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rather complicated spectral pattern with various spacings anent spectral range. All of our assignments were shown in
cannot be assigned to a single vibrational progression. If wE&ig. 2 and the binding energies and spectroscopic constants
assume the ground state of WC to he’3WC™ should have of all the observed features are listed in Table II.
a 30°16* ground state configuration. In the PES spectrum,  Due to the lack of any previous work on WC, we again
we would expect a strong ground state feature due to reemphasize that the current assignments are tentative. How-
moval of the ¥ electron, followed by two featurea and  ever, the singlet and triplet spectral patterns and the spin-
'A) due to removal of a @ electron. The®A state should orbit splitting anticipated for the triplet states were born out
also contain three spin-orbit components. If we assign théairly well in the PES spectra, thus lending some credence to
strong peak at 1.174 eV to the ground state transition, wéhe deduction of the MO configurations in WC and Wend
would not have the expected spectral pattern due to’she to the spectral assignments. The electron affinity of WC
and®A. (1.022 eV} was observed to be lower than that of MoC
Alternatively, if we assume the ground state of WC to be(1.358 eV}, in contrast to the atoms, where W has a slightly
15630 (3A), the WC ground state could bedt3¢? (°A).  higher EA than Mo’ This is likely due to the electron—
In the PES spectrum, this anion configuration would give aelectron repulsion in thedorbital in WC™, where there are
3A and a'A state due to removal of ac3electron and a two electrons in the @ orbital, whereas there is only one
strong peak due to removal of thé &lectron. Our observed electron in the & orbital in MoC™. The current spectral
PES spectrum at 532 nm could be satisfactorily assignedssignments will need confirmation from further theoretical
with these transitions, as shown in Fig. 2. The strong peaktudies, which will also be important to provide a quantita-
(A=") due to the removal of thedlelectron overlapped tive understanding of the chemical bonding in WC.
with one of the spin-orbit components of tid ground
state. The close separation betweenXfa ground state and V. CONCLUSIONS
the A3 " excited state is understandable because thar@l
15 orbitals were expected to be nearly degenerate. This Sy
signment yields an adiabatic EA of 1.022 eV for WC.
The overall detachment transitions from the top few
MOs of WC™ are shown below:

We reported the first photoelectron spectra of Mahd

~ at two photon energies, 532 and 355 nm. The PES
spectra provided both the electron affinities of MoC and WC
and a wealth of low-lying excited states for the two neutral

diatomics. For MoC, we observed seven low-lying excited

1021742021 6'30%(%A) states within~2 eV of the ground state and compared these
observations with available theoretical calculations. Our PES

2 4 2 1 1 3 1
—1017°20°15°307, "A, “A, “) study provided the first spectroscopic information on WC.
—10217*202%16%°302, 137, (5) We observed six low-lying excited states for WC within 2.4
ot e da de 2 3. 1 eV above its ground state. The bonding and molecular orbit-
—10°17"20716°30°, A, “A, (6)  als of WC were discussed and compared to that of MoC. We
—10217320216%302, 3d, 311, b, I @) tentatively deduced that the bonding and spectroscopy of

MoC and WC are different due to their different atomic con-
With the 16302 (?A) ground state configuration of WG figurations. The electron affinity of WC was observed to be
only singlet and triplet excited states of WC are accessiblelower than that of MoC.

Detachment channe]&qgs.(4) and(5)] were observed at 532

nm. The other higher energy channels should be observed ACKNOWLEDGMENTS

355 nm. The next detachment chanfted). (6)] involves the hi h by th . | Sci
removal of a & electron, giving rise to dA and!A state. Support of this research by the National Science Foun-

The 3A state was expected to exhibit a pattern of spin—orbitd""tick)n (DMR'f96227dB3 i‘; gratefullyllacknovyledged. ':'his
splitting. The first features in the 355 nm spectrum beyon Oork was performe atthe W. R. \_N' ey Epvwgnmenta M,O_'
those observed at 532 nm were the group of weak featur gcular Sciences Laborat.ory, a qaﬂon_al scientific user facility
between 2.5 and 2.8 eV, which we tentatively assigned to thgponsored by DOE's Office of Biological and Environmental
C3A state due to the removal of ar2lectron. The strong Research and located at Pacific Northwest National Labora-
peak at 3.071 eV was assigned to B\ state derived from tory, operated _for DOE by Battelle. L.S.W. is an Alfred P.
the same configurationEq. (6)]. Similar to the MoC spec- Sloan Foundation Research Fellow.

trum, we again observed that tha transition seemed to

have much higher intensity than tBA state. LFor a recent review, see for example, J. D. Langenberg, R. S. DaBell, L.

Th e tral feat in the 355 t Shao, D. Dreessen, and M. D. Morse, J. Chem. Ph98, 7863(1998.

. € rémaining spectral reatures in the nM SPeCtruMty o Hyper and G. Herzbertylolecular Spectra and Molecular Structure
again showed a group of three weak features between 3.2\v: Constants of Diatomic Moleculg¥an Nostrand Reinhold, New York,
and 3.4 eV and a strong peak at 3.426 eV. As shown in Fig.31979- _

2, we tentatively assigned the three features to’thestate ﬁgjg'e""a"' M. E. Flores, and T. C. Steimle, J. Chem. PHi@4 8183
due to the removal of ai electron[Eq. (7)]. Three spin- 47 Steimle, K. Y. Jung, and B. Z. Li, J. Chem. Phg82, 5937(1995:

orbit components were expected for this state and were con-103 1767(1995.

sistent with the observed spectral pattern. The sharp peak aP- Majumdar and K. Balasubramanian, Chem. Phys. L284, 273
3'42.6 ev .Was then aSSIQned to thid Stat.e from the same 5H. Tar.L M. Liao, and K. Bulasubramanian, Chem. Phys. 280, 219
configuration. There should also be spin-orbit components (1997

for the 3P state at higher binding energies beyond the cur-7L. S. Wang and H. Wu, irdvances in Metal and Semiconductor Clus-

Downloaded 26 Jun 2007 to 130.20.226.164. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 111, No. 6, 8 August 1999 Electronic structure of MoC and WC 2469

ters edited by M. A. Duncar(JAI, Greenwich, 1998 Vol. 4, pp. 299— 12C. s. Feigerle, R. R. Corderman, S. V. Bobashev, and W. C. Lineberger,

343. J. Chem. Phys74, 1580(1981).
8X. Liand L. S. Wang, J. Chem. Phy$09, 5264 (1998. 183, K. Gupta and K. A. Gingerich, J. Chem. Phyd, 3584 (1981).
9X. B. Wang, C. F. Ding, and L. S. Wang, J. Phys. Chem1@{, 7699 1. Shim and K. A. Gingerich, J. Chem. Phyk06, 8093(1997.
(1997. 15C. E. Moore,Atomic Energy Level&National Bureau of Standards Circu-
10D, J. Brugh, T. J. Ronningen, and M. D. Morse, J. Chem. Ph§8.7851 lation, U.S. GPO, Washington DC, 197Wol. Ill.
(1998. 163, Suzer, S. T. Lee, and D. A. Shirley, Phys. Revl3\ 1842(1976.
111, s. wang, H. S. Cheng, and J. Fan, J. Chem. Ph98. 9480(1995. 17H. Hotop and W. C. Lineberger, J. Phys. Chem. Ref. Da731(1985.

Downloaded 26 Jun 2007 to 130.20.226.164. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



