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Resonant two-photon ionization spectroscopy of jet-cooled PdC
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The first optical investigation of the spectra of diatomic PdC has revealed that the ground state has
Q=0%, with a bond length of ;=1.712 A. The Hund’s casga) nature of this state could not be
unambiguously determined from the experimental data, but dispersed fluorescence studies to be
reported in a separate publication, in combination with a comparison to theoretical calculations,
demonstrate that it is the & 1202, 12§+ state, which undergoes spin—orbit mixing with a
low-lying 26% 1201 671, 311+ state. An exciteds " state withr,=1.754+0.003A (r,=1.758
+0.002A) and AG,,=794cm ! is found at T,=17867cm®. Although only the Q=1
component of this state is directly observed, the large hyperfine splitting of this state for the
10%d1%C isotopomer implies that an unpaired electron occupies an orbital that is primarily of 5
character on Pd. Comparisondb initio calculations identifies this state ag2120* 1302, 33 .

To higher wavenumbers a number of transitions to states @ih0* have been observed and
rotationally analyzed. Two groups of these have been organized into band systems, despite the clear
presence of homogeneous perturbations between state§' in the region between 22 000

and 26 000 cmt. © 1999 American Institute of Physid$S0021-96069)00531-Q

I. INTRODUCTION tireference double-excitation configuration interacti&®P—
MRD—-CI) method?® and Russet al. used a local spin den-

Owing to the importance of transition metal based catag;, tormalism?! In recent work Taret al. have investigated

lysts for the controlled reduction, oxidation, and reformingt e molecule using a complete active space multiconfigura-
of carbon based molecules, there has recently been mugp .\ <aif-consistent fieldCAS—MCSCF method followed

mtelrest In th% dla:]omlc trzillnsmon metal ca;}r.blr(]jesr;]. These ol firt order configuration interactio®OCI) and multiref-
ecules provide the smallest units in which the transitiongonce ginglesdoubles  configuration  interaction

metal—carbon bond is present, and it is reasonable to thin RSDCI).*2 Most recently, Shim and Gingerich have rein-

that knowledge gained by investigations of these diatomi?/estigated the PdC molecule using a multireference configu-

molecule_s _Wi” be at lef_iSt partially tr_ansferable to Iarger SYStation interaction method which treats relativistic effects us-
tems. Within the past five years optical spectroscopic StUd'e'r?ﬁg perturbation theor{® Despite the number of these
of FeC}?CoC2*YC,> NbCP? IrC,” and PtC(Refs. 8, 9 have

studies, even the identity of the ground electronic state of
been published. In addition, V&;**NbC ' and RhC'? have PdC remains in dispute y g
been studied by electron spin resonance spectroscopy In The early HF/CI studies by Shim and Gingerich pre-

cryogenic rare gas matrices over an extended period of timedicted a%s~ ground state arising from the &%26% 672
Recently laser spectroscopic studies of F@®oC,}* and configuratior®®® as did the PP—MRD—CI study of Pac-
RuC (Ref. 15 have been published from this research grouPhioni et aI.'46 the local spin density study obtaineds
and a paper on the optical spectra of NiC is in preparafion. ground stat’e arising from the &% 2% 1202 configuratiorf!

In an earlier period of interest in the carbides RUC, 2 1 'ie CAS—MCSCE—MRSDCI study of Tat al. pre-

19-21 22-25 26,27 H : _ ) ..
RhC_' PtC_:, and IrQ, _were mvesngatgd by con-  jicted a near-degeneracy betweenfBié state arising from
ventional optical methods in high temperature King furnacesthe 110226* 1202 configuration and théll state arising

In this paper we report spectra of PdC, which is studied Grom the 112 28% 1201 6771 configuratior? The most re-
add to the growing body of knowledge surrounding the traNent work of Shim and Gingerich identifies the ground state

sition metal carb|dﬁs. , I s of the di _as the 1% 26%1202,'3 " state?® in agreement with Russo
Ir) 'add|t|on tot ese experlmen.ta studies of the d'atom'cet al** By providing the first spectroscopic study of the PdC
transition metal carbides, a growing number of theoretical ,j\acuie. it was our hope to resolve these issues and to

studies have been Pgb"Shg‘g’ as ;’ge"' These include oldglgiapjish the nature of the ground state of the molecule.
investigations of TiC® CrCc?® YC,*° and RuC(Ref. 3)

along with more recent studies of TIEVC,** CrC3*RhC®
IrC,%® and TaC¥" Diatomic PdC has itself been studied theo- Il EXPERIMENT
retically on five occasions. Shim and Gingerich used all-
electron Hartree—Fock/configuration interactiaitiF/Cl)

calculations’®3°Pacchioniet al.used a pseudopotential mul-

In the present study, diatomic PdC was examined by
resonant two-photon ionizatiofR2PI) spectroscopy per-
formed on supersonically cooled molecular beams with time-
of-flight mass spectrometric detection. The R2PI instrument
dElectronic mail: morse@chemistry.chem.utah.edu consisted of two vacuum chambers, one housing the molecu-
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lar beam source, and the other the time-of-flight mass spec- T | T T I
trometer. Inside the source chamber, PdC molecules were | pd In

produced by focusing the 532 nm radiation from a pulsed [ | PdC,;Hs PdC,H, T
Nd:YAG laser to a 0.5 mm spot on a palladium disk. To PdCeH,
remove metal uniformly and to avoid drilling a hole through PdC.H,

the sample, the disk was rotated and translated by a systen
of gears, a cam, and a cam followrThe ablation pulse
was timed to coincide with a pulse of helium carrier gas,
seeded with approximately 3% methane based on partial Mass (amu)

pressures. The carrier gas, along with the entrained alomge. 1. Mass spectrum obtained by laser ablation of a palladium sample in
and molecules, expanded into the source chamber, whicipulsed supersonic jet of 3%Gkh helium, using ArF excimer radiation
was held to approximate|y>2]_0*4Torr by a 10 diffusion (6.42 eV, 193 nmfor photoionization. In addition to atomic palladium, a
pump. The resulting molecular beam, roughly collimated bysmall amount of indium impurity is efficiently _detected because it is_ one-

. . . . . hoton ionized at 193 nm. A number of palladium hydrocarbons are identi-
a5 mm conical skimmer, passed into the t'me'Of'ﬂ'ght masﬁed in the mass spectrum, with particularly clean signals arising fogiRgC
spectrometer, where it was probed by tunable radiation fronand PdGH,. These display the characteristic pattern of Pd isotopic abun-
a Nd:YAG-pumped dye laser. Molecules absorbing this radances, clearly establishing that the remainder of the molecule has a mass of
diation were then ionized by 193 nm radiation from an exci-41 and 57, respectively.
mer laser operating on an ArF mixture. The resulting ions
were separated by mass and detected with a microchannel
plate detector. The output from the detector was then ampligeeded carrier gas produced a number of identifiable Pd-
fied, digitized, and stored in a computer for later analysisyygrocarbon species, including P#G, PdGHs, PAGH.,

This entire experimental cycle was repeated at a rate 9bgGH,, and Pd@H,, as well as P4 lon signals for each of
10 Hz. these species were collected; however, no transitions were
The spectrum of PdC was initially scanned with the dyefound for any of the palladium hydrocarbon compounds. Be-
laser in low resolution(0.7 cm™) to survey the vibronic  cayse the mass spectrum shown in Fig. 1 was collected under
bands. To measure the lifetimes of the upper states of thesggh jonization laser fluence, it is possible that the palladium
bands the dye laser was tuned to the individual transitionsyydrocarbons observed result from multiphoton ionization/
and the PdC signal intensity was monitored while the com- fragmentation processes of larger species. This would ac-
puter scanned the delay between the firing of the excitatiogount for the lack of observable spectra. A series of transi-
laser and the ionization laser. The resulting curve was fit tQjgns petween 14 600 ci and 17 800 cm® were observed
an exponential decay using a nonlinear least squargs the masses corresponding to the various isotopes of Pd
algorithm:® and the 1¢ lifetime was thereby extracted. The These will be investigated further and reported in a future
results of three or more separate measurements were avefpjication.
aged to obtain a final value. _ PdC produced no off-resonance signal in the mass spec-
To investigate the fine structure of the bands, an airyym; however, there was interference from an abnormally
spacedetalon was placed in the cavity of the dye laser 10 high background. The background mass spectrum was broad
narrow the linewidth(0.04 cmi), and the cavity was pres- ang jll-defined, unlike the usually sharp mass spectrum
sure scanned with Freon-12. The high resolution scans wetgeaks. The likely cause of this broad, featureless background
calibrated using either the absorption atl (corrected for  yas multiphoton ionization and fragmentation of diffusion
the erro),"’ the heatedlatlas!® or the Te atlas® Because  pymp oil. The problem was solved by placing a copper box,
the probe laser was propagated against the flow of the mGp thermal contact with a Dewar at liquid nitrogen tempera-
lecular beam, the spectra were also corrected for the Dopplgfre, around the ionization region. This arrangement re-
shift experienced by the PdC molecules as they traveled tnoyed the diffusion pump oil from the ionization region and
ward the radiation source at the beam velocity of heliumyyeatly diminished the background at the mass of PdC
(1L.77x10C°cm's™), a correction which never amounted to ~  The spectrum of PAC was scanned under low resolution
more than 0.16 cm'. For absolute calibration of the bands «onditions from 14 145 cfit to 27 200 cm?, and consisted
above 23800 cm' the output of a near infrared dye laser of approximately 50 bands. The lowest energy band ap-
was frequency doubled and the fundamental radiation wageared near 17 867 cih, one of three between 17 800 i
used for calibration while the second harmonic was used fognqg 19 800 crin’. The next band did not appear until 21 800
excitation. The second harmonic generation was accomym1 A portion of the low resolution spectrum between
plished with a KDP crystal which was angle-tuned to thez1 600 cm! and 25400 cm® is displayed in Fig. 2.
optimum position for the wavelength of interest, and the dyeryenty-nine of the bands were rotationally resolved and

laser was then pressure scanned. The crystal did not detuR@ajyzed; most of these were satisfactorily fit to the simple
significantly over the pressure scan range, which was typiaypression

cally 10 cmi L.

| 1 1
100 120 140 160 180 200 220

—B'J/(J +1)-B"I(J+1). 3.1
IIl. RESULTS ro ( ) ( ) @D

As displayed in the mass spectrum of Fig. 1, laser ablatdentification of the] values of the first lines allowed tHe
tion of metallic palladium in the presence of the methane-quantum numbers to be determined without ambiguity. A
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FIG. 2. Vibronically resolved spectrum #%d*%C, over the range 21 600—
25600 cm?. Vibrational progressions of thg22.10"«X0" and
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summary of these rotational fits is given in Table I, which
also provides isotope shifts and excited state lifetimes for the
observed bands.

Based on the lower state rotational constants &xid
values, it appears that all of the transitions arise from the
same lower state, which is presumably the ground state of
the molecule. Accordingly, the rotational constant of the
lower state was required to be the same for all of the unper-
turbed bands, which were fit simultaneously to extract the
most accurate values &) for the various isotopomers. This
ground vibronic state haQ"”=0. Three band systems were
identified in the spectrum and are discussed below. Their
spectroscopic constants are collected in Table I, which dis-
plays all of the electronic states of PdC which have been
characterized in this work. In addition, a number of bands
were observed which could not be classified into band sys-
tems. Data pertinent to these unclassified, but rotationally

[22.310"«—X0" band systems are indicated. analyzed bands are provided in Table I.

TABLE |. Rotationally resolved bands df®Pd?C.2

Band System v/ —v" Vo (cm™Y Isotope Shift(cm™1)° B, (cm™ A, (em™ r. (A) 7 (us)
0-0 17 867.0328%23 —0.00691) 0.504 91120 8.264676) 1.758 321) 0.50331)
[17.9°%5 " «—X0"
1-0 18 660.749F04) —1.103104) 0.499 88167 8.2151.200  1.767 130) 0.5147)
0-0 22 253.5305) 0.132735) 0.430 00936) Not applicable 1.905 38) 0.3862)
1-0 22 685.46032) —0.781951) 0.429 15069) Not applicable 1.907 225) 0.2745)
2-0  23152.189B0) —1.136240) 0.426 14990) Not applicable ~ 1.913 920) 0.2453)
N N 3-0 23638.703d5) —1.747720) 0.421 11944 Not applicable 1.925 320) 0.2642)
[22.3107 X0 4-0  24118.725@3 —2.278345) 0.414 57664) Not applicable  1.940 485) 0.2417)
5-0 24 577.707®4) —2.347686) 0.397 963839) Not applicable 1.980 540) 0.24Q1)
6-0 Not applicable 0.093)
7-0 25 445.75145) —3.247741) 0.383 63279) Not applicable 2.017 2@1) 0.2742)
3-0 23 546.05520) —1.781128) 0.389 27754) Not applicable 2.002 524) 2.7595)
4-0  24006.249@5) —2.425334) 0.385 745857 Not applicable  2.011 685) 1.42)
. N 5-0 24 459.010@12) —3.007447) 0.381 07%59) Not applicable 2.023 946) 1.142)
[22.107 X0 6-0  24904.971B91° 0.3770021311°  Not applicable  2.034(@5) 1.006)
7-0 25 348.729B2) —4.002545) 0.37367139) Not applicable 2.043911) 1.505)
8-0 25 772.647332° 0.367512777)° Not applicable 2.060 9819 0.3977)
22 053.206430) 0.014756) 0.413 762170 Not applicable 1.942 380) 1.061)
22 569.303824) —0.392739) 0.404 444115 Not applicable 1.964 G28) 2.026)
22 752.554626) —4.879536) 0.483 55754) Not applicable 1.796 130) 0.45913)
23 351.751814)) 0.0068259)d 0.430 707361 Not applicable 1.903 180) 0.41910)
23 474.826120) —5.955132) 0.480 67%98) Not applicable 1.802 18) 0.4753)
23 860.3288L14) —0.7304125 0.413 111396 Not applicable ~ 1.943 §93) 0.5141)
Unclassified 24 658.442942) —0.311962) 0.373 92637) Not applicable 2.043 210) 1.444)
Bands
24 897.29839)° Not analyzed 0.464 431)° Not applicable 1.832 9258°
24 813.640867) —2.273491) 0.396 70872 Not applicable 1.983 G28) 0.57321)
25 165.253818) —1.312742) 0.374 49768) Not applicable 2.041 649) 0.87Q13)
25 309.50081) —2.548355) 0.381 89846) Not applicable 2.021 7182 0.86439)
25 652.432856) —2.533489) 0.375 20%99) Not applicable ~ 2.039 127) 0.4(1)
25 758.35835)¢ Not analyzed 0.443 §99)° Not applicable 1.875 8207)°

¥Fitted values 0B, are: 0.534 74¢76) for 1%9Pd*2C; 0.534 01€54) for 1°Pd%C; 0.533 55660) for 1°Pd%C; 0.532 47(65) for 1%%d*?C; and 0.531 64%8)
for 11%d?C. These were obtained from a simultaneous fit of all of the unperturbed bands and convgrvatues of: 1.7118@2), 1.712 189),
1.712 0910), 1.712 219), and 1.711 98L1), respectively. In this and all other cases, quoted error limits represeint the least-squares fit of the data.

Plsotope shift is defined ag,(1°Pd*2C)— vo(1%Pd*%C).

Determined from a deperturbation analysis as described in the text. For the 24 9b@aimof levels,H,, is determined to be 2.884813 cm ™! from the
least-squares fit. For the 25 765 cthpair, H,, is determined to be 2.79%24) cm™.
disotope shift estimated from the value @f(1°%Pd*2C)— vo(1°%Pd*%C).
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TABLE II. Electronic states of®®d*%C.2

Electronic To we WeXe ®eYe Be e le T h
Staté (cm™Y) (cm™ (cm™Y (cm™ (cm™Y) (cm™Y) A) (u9) (cm™Y)
[22.310" 22251.066.12° 400.8911.67° —22.2253.449° —2.0328)° 0.44017436° 0.007 00201)° 1.883293)° ~0.256
[22.70% 22131.864.22° 483.371.96% 2.990.18¢ 0.403 1575¢ 0.0039432¢ 1.967 76182 ~1.35
[17.9°%S% 17867.0328623 AG,,=793.716(94) 0.507 42989° 0.005 (21) 1.754Q34) 0.508 *0.0305)
X0+ 0.00 B,=0.532 470(55) ro=1.712 21(9)

a/alues given in parentheses represent teefror limit of the fitted parameter, in units of the last digit quoted.

bThe electronic state is identified by the location ofvits O level, measured in units of 1000 ¢ in square brackets.

Both the vibrational fit to extract,, w., andwX., and the rotational fit to extra&, anda, for the[22.3]0* state were unsatisfying because of the large
residuals obtained in the fit. Even with the inclusion ofaty, term, the residuals in the vibrational fit were as large as 6.6'c@mitting this term, the
residuals increased to 23 ch Likewise, the residuals on the fit &, and «, were as large as 0.0066 ch These facts indicate extensive perturbations in
the[22.3]0" state, and explain the large error limits obtained for the spectroscopic parameters.

The fit of the vibrational levels of thg22.1]0" state omitted the’ =6, 8 levels, since the deperturbation procedure introduced greater errorsiy, the
values than for the remaining levels. The energies ofuhe 6 and 8 levels calculated from the vibrational constants listed above are 24 904.97 and
25 772.65 cm, respectively, however. These are 2.02 and 11.74'ahove the deperturbed energies, respectively, suggesting that perturbations by another
state may also be important. Likewise, the=6 andv’'=8 levels were omitted from the fit of th®,, values to extracB, and «; . The values oBg and

B predicted from the fit are 0.377 563 and 0.369 674 tmespectively. These are 0.000 56 and 0.002 16’darger than the corresponding deperturbed
values, which are listed in Table I.

®The fitted\, values of thev=0 andv=1 levels of thg[17.9°S " state of**%d%C are 8.262-0.676 and 8.21%1.207 cm %, respectively.

A. The [17.9]1%2 ]« X0* band system sesses onlg levels. As such, the upper sign was used for the
P- and R-branches, which obey the selection ride-e,

The[17.9/1+ X0 system consists of two members: thefo.m The lower sign was used for th@-branch, which

0-0 band, near 17 867 ¢rh and the 1-0 band, near 18 661 i .
cm 1 for %%d*2C. As is evident in the rotationally resolved obeys the selection rule~f, f— e Formula(3.2 is the

scan of the 0—0 band displayed in Fig. 3, no band heac"ilccemEd form for @11, upper stat€} but similar expres-

appears in the spectrum. However, fRéines become more flons nariilvi“crj t?é\iinﬁb?nl ?ta:errzf ;[he;nperr]turrber that is
closely spaced toward highdr while the P-lines become esgftts Ei ? fit th (I)'u 9 f’ emote Ee ez)gy. t with
more widely spaced at highdr indicating that arR-head is empts to fit the line positions using E.2) met wi

expected 0 form a hghr values athn sre populatzd (710 SUCCESs The resale ) e Tt re Soneanty
our experiment. In contrast, th@-lines fan out to the blue, 9 P '

and therefore cannot be fit with the same valu@of This 21 display & systematic trend, clearly showing that(Ba)
implies that there is\-doubling in the upper state. To ac- 'S inadequate to describe the observedoubling. This in-

count for theA-doubling, the rotational model of E¢3.1) ?r:((:aateesrtltjr;g;;[irc])?\ ‘::g(;’rrbi;'sr ;gg:?g??;;g‘gﬁ&ﬁ:ﬂoi;eé so that
was revised according p y exp g Q.

(3.2) is invalid. Recent theoretical investigatiotfs'® dis-
vpriQ= Vot (B'£q'/2)3'(J'+1)-B"J"(J"+1), cussed more fully below, suggest that fA&.9]1 state is the
(32 Q=1 component of a33" state deriving from the
where the upper sign is associated wéttevels of the upper 28° 120 130" configuration. For such an upper state the

state, the lower sign withlevels. As justified below, it was =0 component is invisible from a2 =0" lower state,

assumed that the lower state is@f=0" state, which pos- unless it is strongly mixed with thé levels of the(2=1
component, as occurs when tf&" state approaches Hund’s

case(b). On the basis of the theoretical calculations, an at-
' ! T ' RO) ' tempt was made to fit the rotational lines using the expres-
) sions for theQ) =1 levels of a®3 " state which result from a
diagonalization of its matrix Hamiltoniatf,according to

o)
M
P(J) 147 vpr(J")=vo+B'J (I +1)—B"J"(J"+1), (3.33

and
vo(J")=vo+B'J (' +1)+B' =\ +[(B'—\")?
+4(B/_ 7//2)2J,(J'+1)]1/2— BI/J//(J//_,’_ 1)

WJ (3.3b

7858 7862 TG ET 8T For this fit the rotational constant of the ground staé,

was held fixed at the value determined from a simultaneous
fit of the unperturbed bands, and was set to zero because
FIG. 3. Rotationally resolved scan over the 0-0 band of[tizg®s;  the limited number of rotational levels observed did not per-
—X0" system of*%%d*C. mit it to be accurately determined.

Wavenumber (cm-!)
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The least-squares fits of the rotational lines to the model 1 T . T
of Eq. (3.3 provided consistent values &' and\’ for the ot 4
v=0 andv=1 levels for all isotopic modifications, and re-
duced the magnitude of the residuals to values comparable to
the unperturbed bands. This provides convincing evidence
that the[17.9]1 state is th&) =1 component of &3 state. In
addition, the fact that it is th€-branch, rather than thie-
and P-branches, that follows the complicated formula given

Isotope Shift (cm™1)
&

in Eq. (3.3b demonstrates that the levels reached in the 6L

Q-branch have the same/f parity as the unobservef) 4 . . .

=0 level of the[17.9] 33 state. Since th&®-branch obeys 20000 22000 24000 26000 28000
the selection rule—f, f—e,* this establishes that th@ Transition Wavenumber (cm1)

=0 ground state and th@ =0 component of th¢17.9] 33 ' e S
state have opposite/f parity. Assuming that the ground E:2|2'3]g4 M;‘gil"edt 'SCz;fIJIPZ S_h'Ttho(lan ZCtZ]— v?( IEFt’ddZ_C),t of tf;:_eﬂ

. . . e . . . — system(filied circles along with calculated Isotope snitts
state is of 0 pailty', as justified below, this establishes the (oiyineq for assignments in which the 22 253 chband is identified as
upper state a3 *, in agreement wittab initio calculations.  the 0-0, 1-0, and 2—-0 band, in descending order on the graph. From the

Spectroscopic constants derived for this system and alllot it is clear that the 0-0 assignment is correct.

other rotationally resolved bands are given in Table | for
108d12C. The measured rotational line positions for the vari-

ous isotopomers of PdC for this and all other rotationally

analyzed bands are available from the autfidrD.M.) or provide averages for the unpaired electron; aiD)|? pro-

the Physics Auxiliary Publication Servi¢@APS.5 . . X L
Ad?j/itional suppoyrt for the assignment of the upper Statewdes the probability density for finding the electron at the

to a3y " state deriving from the & 120! 130! configura- magnetic nucleus. The nuEnericaI fg\sctggﬁeﬁn combine to
tion is found in the hyperfine splitting observed in the give the vglue 0.003 186 c_rﬁ.bohr3. ,
105412C isotope. The'®Pd nucleus is magnetid £5/2), To estimate the hyperfine parametef, the spectrum of

1055412 ; ; ; ; .
and the lines of thé17.9]1—X0 system of the'Pd1>C "Pd?C was simulated. Using the fitted spectroscopic con

isotopomer were split by hyperfine interactions. For thestants, and the temperature and laser line width estimated

H 1
low-J rotational levels of this state, prior to the transition to from the S|multane,ously regordé?ﬁ?d C spectrum, the hy-
Hund's caseb), this is expected to follow the formulas de- perfine parametdr’ was varied until the simulation matched
’ : 4 the spectrum. This procedure produced a hyperfine param-
velgped by Frosch. and Foley for t@AcouphAng case! in eter of [h’|=0.030+0.005cm* for the [17.9]1 state. The
which the electronic angular momentaand S have well-

) = linewidth of the laser employed for this stud9.04 cm %),
defined projections on the molecular axisand=, respec- combined with other experimental problems, prohibited the

tively, and the total angular momentum apart from nL‘Adeardetermination of the sign df’. Nevertheless, the magnitude

spin, J, defines the rotational energy levels. CouplingJof of h’ can only be explained by a Fermi contact interaction
with the nuclear spinl, then leads to the total angular mo- due to an unpaired electron in an orbital which is primarily
mentum, F, with the hyperfine contribution to the energy 5Spqin character. This is entirely consistent with the assign-
given to first order in perturbation theory Yy ment of the[17.9]1 state as the & 120 13051,33 ] state.

FF+1)—1(1+1)—J(J+1)
2J(J+1) '

the angle between the internuclear axis and the vector from
the magnetic nucleus to the electron; the expectation values

Eni(SA,Y,0,1,J,F)=hQ B. The [22.3]0*«X0* band system

3.4 This band system was the most intense of the three band
' systems identified, and consisted of nine members, eight of

In this formula which were rotationally resolved. A list of the rotationally

2 resolved bands of the system, along with fitted spectroscopic
h=aA+| bg+ §C 2, (3.5 constants, is provided in Table I. A plot of measured isotope
. shifts [ »(}%%d*?C)— »(}%Pd'?C)] as a function of band
where

origin is given in Fig. 4 for the bands which appeared rela-
a=2.00@, BeBn(r %), (3.6)  tively unperturbed, along with calculated isotope shifts based
on vibrational numberings in which the band at 22 253 ¢m
37 is assigned as the 0-0, 1-0, or 2—0 band. These calculated
' isotope shifts were plotted as solid lines by calculating the
transition wavenumber as a function wf using

8w 5
bF: geglﬁeﬁn? | ¢(0)| )

and

— N 12 ’ 1ol
C= 20¢01 BefBn(3 COZ 0—1)(r ~3). (3.9 v=rvotvioem (VITEV ey 3.9

Hereg,=2.002 3193 is the electronigfactor® g,=y, /I is ~ 2"d the isotope shift as a function of as

the nuclearg-factor, given by the nuclear magnetic dipole v—ri=(1—p)wl(v' +1/2)— 0l(1/2)]—(1—p?)
moment in nuclear magnetons divided by the nuclear 3$pin, L s )
Be is the Bohr magnetons, is the nuclear magnetor, is X[ weXe(V' +1/2)°— weXe(1/2)7], (3.10
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FIG. 5. Rotationally resolved scan over the 2—0 band of [22.3)0* the 2—0, 3-0, or 4-0 band, in descending order on the graph. From the plot
—X0" system of PdC. it is clear that the 3—0 assignment is correct.

Wavenumber (cm 1)

C. The [22.1]0*t«+X0* band system

with p given as fu/u;)¥2.%° By treatingr andv— v; as para- The [22.1]0+—X0 band system is nearly as intense as
metric functions of the continuous parametef, it was the[22.3]0—X0 system. The fine structure of these bands
straightforward to generate the curves of calculated isotopwas also bereft ofQ-branches and fit td)'=0+—Q"=0
shift vs. transition wavenumber displayed in Fig. 4. For thistransitions. Six members of the band system were identified,;
purpose, the values of, andwpx?, were taken to be 844 and however, in this case the lowest energy band had an isotope
5.7 cni’l, respectively, as estimated from dispersed fluoresshift of vo(*%Pd*?C)— vo(1%Pd**C)= —1.7809(28) cm*,
cence work on PdC currently in progreSs. strongly suggesting that it is not an origin band. A plot of the
From a comparison of the calculated isotope shifts to thdneasured isotope shifty(**Pd*?C)— »(**Pd*’C)] as a
observed values, it is clear that the 22253 énband is function of band position is provided for this system in Fig.
properly assigned as the 0—0 band. It is also clear that th@ for the bands which appeared unperturbed, along with cal-
1-0, 5-0, and 7—0 bands fall significantly off the predictedCUIated isotope shifts based on vibrational numberings in

line, indicating the existence of perturbations in these uppeYVhiCh the band at 23546 crhis assigned as the 2-0, 3-0,

states. Perturbations were also evident in the fit of the banaa.f‘:_? tlﬁnd' Frtc))m a go_mpt)ra]trlson Otf the .E)r-edl?ted '[II’S]O'EO'[FI’)]e
origins to extraciw, and wX., since inclusion of just these Snis to those observed In the spectrum, 1t 1s clear that the

two vibrational parameters led to a fit of the data with re—23 546 cm pand is the 3-0 band. . . S
: 1 : Perturbations were also clearly evident in the vibrational
siduals as large as 23 cth Likewise, the measured upper

ional did f. I h : levels of the[22.1]0 state. In particular, the’=6 andv’
state rotational constants did not fit well to the moBie, =8 levels were strongly perturbed by otHer=0 states ly-
=Be— (V+1/2)a,, giving residuals as large as 0.0066 ¢m

_ g o ing nearby in energy. These perturbing states were also vis-
in the fitted values oB, . The anomalously long lifetime of  jyjq i the rotationally resolved spectra, and a sufficient num-

thev’=0 level (386 n3 and the anomalously short lifetime per of rotational lines were observed to perform a two-state
of thev’=6 level (93 n9 also provide evidence of pertur- geperturbation analysis. After the individual lines had been
bations in this system. The remaining vibrational levels ofigentified asR(J) or P(J) lines of the higher(or lowen
this excited state all display lifetimes within the range of frequency band, total energies were calculated for the upper
256+18ns. levels of these transitions by adding the rotational energy of
A rotationally resolved scan over the 2—0 band of thisthe lower level to the wavenumber of the transition. For this
system, which occurs near 23 152 this displayed in Fig. purpose the rotational energy of the lower level was calcu-
5 for the *°®Pd*?C isotopomer. The absence ofGabranch |ated asB”J”(J"+ 1), with the value oB” determined from
and the presence &(0) andP(1) identifies the system as the simultaneous fit of all unperturbed bands. The resulting
an('=0+Q0"=0 system. A large increase in bond length energies of the upper and lower members of the perturbing
evidently occurs upon electronic excitation in this systempair of states, designated &' (J) and E~(J), were as-
leading to band heads ne(¢3) in the rotationally resolved sumed to be the solutions of a two-state perturbation model
spectra. The long bond length of PdC in this electronic statén which the Hamiltonian matrix is given as
is mirrored ,|n. the low V|brat|or_1al frequen_cy which is found. T++B*J(J+1) Hyp
Although w¢, is poorly determined for this state due to the H= o . (3.11
many perturbations which are present, its estimated value of Hio T +B7JJ+1)
401 cm * is much less than any vibrational frequency previ-The parameter§ © and B* provide the term energy and
ously reported for a transition metal carbide. rotational constant of the higher energy member of the per-
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—r ——— —— are also provided on the plot. Although an insufficient num-
ber of J-levels are populated in our experiments to reach the

culmination of the perturbation nedr=9, the curvature of

the measured data points and the fitted curves is evident. The

fitted values ofT,, and B, resulting from this deperturba-

] tion analysis were not used in the vibrational fit to extr@gt

and w¢Xx,; neither were they used in the rotational fit to

] extractB, and a), .

] Although the isotope shifts displayed in Fig. 6 show no
. . evidence of perturbations in the =3, 4, 5, or 7 levels, the

B () calesied | ] v’ =3 level displayed a significantly longer lifetim@.75

o w w  mo than that found for the' =4, 5, or 7 levelgwhich fell

within the range of 1.350.22us), suggesting that it, too,
may be perturbed by another level. The fits of tHe=3, 4,

FIG. 7. Deperturbation of the 24 900 cpair of bands. Measured values 5, and 7 levels to extract values of andwX, or of B, and

of E(J)—0.41(J+1) for the upper states of the higher and lower frequency e Were excellent, however, with Iargest residuals of 0.5 and
bands are displayed as solid squares, along with the fitted curves throu%l 0004 le respectively

these data points, as described in the text and(842. In addition the

.
24907 C E” (J) calculated

24905

s da v abas g by

24903

24901 |-

E(J)-04J0+1)

E” (J) deperturbed ————,
24899

24897

LELLES B B N

%

24895

(=
[
(=
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deperturbed energies, given B (J)=T*+B*J(J+1) are given by the Further similarities to thg22.3]0X0 system include a
straight lines lying between the fitted curves and measured energy levels. large change in bond length upon excitation, leading to band
all cases the data are plotted as functiong(@f+1). heads aR(2), along with an obvious assignment of the up-

per state as havindl=0, based on the absence of a
Q-branch in the rotationally resolved spectra. In addition,
like the [22.3]0 state, thg22.1]0 state also has a very low
vibrational frequency for a transition metal carbide.

A smattering of other bands appeared in the spectrum.
They were allQ)’=0+Q"=0 transitions which could not
be assigned with certainty as members of a progression, al-
ghough the bands at 22053 and 22 569 ¢rhave some of
the characteristics expected of the unidentified 0—0 and 1-0
bands of the[22.1]0—X0 system: their vo(1%Pd*%C)
—vo(1%%Pd¥C) isotope shifts are 0.0146 and0.3926

turbing pair, whileT~ and B~ provide the corresponding
parameters for the lower of the two mutually perturbing
states. Since both states have the same valu@ dfwas
assumed that the perturbation matrix elemdny is reason-
ably constant over the small range bfaccessed in our ex-
periments. The upper and lower energy levels were simult
neously fit to the eigenvalues of this Hamiltonian matrix,
according to

. 1. L cm % their B’ values are 0.4138 and 0.4045 ¢hmand their
E (‘]):E[(T +T)+(B"+B7)JI(I+1) lifetimes are 1.06 and 2.02s, respectively. Extrapolating

the fits of thev’' =3, 4, 5, and 7 levels of thg22.1]0— X0

+V(TT=T)+(B"—B7)I(JI+1)]?+4HZ,), system, isotope shifts of 0.256 and0.418 cm* and B’

values of 0.4012 and 0.3972 cthare expected for these
bands. It is likely that the upper states of these bands are
primarily composed of the’=0 and 1 levels of th§22.1]0
— — 5 5 state, but that homogeneous perturbations amond)ltaé®
V(T =T7)+(B*=B)II+1)] +AH]. states in this energy range have affected these levels so that
(3.12 the bands are shifted considerably from the extrapolated
band positions of 22 132 and 22 609 thnrespectively.

E"(J)= %[(T++T_)+(B++B_)J(J+l)

In this nonlinear least-squares fit, the paramefets T,
B*, B™, andH,, were varied to obtain the best fit.
The resulting fits for thev'=6 andv’=8 levels of IV. DISCUSSION
19%Pd%C (and for their perturbejsgave root-mean-square a wolecular orbitals of PAC and the nature of the
values of the residuals of 0.014 and 0.007 ¢mrespec- ground state

tively. These are much smaller than our laser linewidth of o i .
0.04 et and must be considered excellent fits. The result- N considering the electronic structure of PdC, it is useful

ing band origins, T, and rotational constant®,., are to begin by reviewing the molecular orbitals that may be
listed in Table | for both thes’ =6 andv’=8 levels of the formed from the atomic orbitals of Pd and C, along with any

[22.1]0 state and for their perturber levels. Figure 7 present§n0Wledge that is available for the othed 4ransition metal
the measured energy leveE"(J),E~(J), and the fitted carbides. The important molecular orbitals are formed using
curve as given in Eq3.12), as functions ofi(J+ 1), for the  the 4dpqand Spq orbitals of palladium and thesg and 2nc

interacting states near 24 900 chThe higher energy mem- Orbitals of carbsg?s. As has been discussed in other papers
ber of this pair of perturbing states is thé=6 level of the ~ from this group®**and elsewhere, these orbitals combine to
[22.1]0 state. In addition, lines describing the behavior of thedVe low-lying 107, 110, and 5 orbitals. The 16-and 11r
deperturbed system, governed by the equations or_bltals are S(_)mewhat difficult to_che_lracterlze Wltho_ut de-
tailed calculations, but the d0orbital is probably mainly
E*(J)=T"+B*JJ+1), (3.13  carbon 3 in character while the 14 orbital is probably a
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bonding orbital with significant contributions from the 26*12¢1 67, %Iy, ; and 25672, 33 (Q=0") unless
4dopgand Do orbitals®® The 5r orbital is a bonding com-  additional information is obtained. In dispersed fluorescence
bination between thedkrpq and 27 orbitals and is domi- experiments to be reported in a subsequent publication, this
nated by 4lmpy character in an early Hartree—Fock issue is resolved and the ground state is determined to be the
calculation®® This was found to be the case in the density26*120?, 13" (Q2=0") state>’ All four spin—orbit compo-
functional calculation of Russet al. as well* nents of the 2*120' 671,31 state are observed in that

Above these bonding orbitals lie the nonbondinfa-  study, and theiv=0 levels are found to lie in the range of
bitals, which are exclusively palladiumd# in character, 2150 to 2850 cm' above thev=0 level of the 25* 1202,
owing to the lack of accessibkgorbitals on the carbon atom. 3" ground state.

In RuC and RhC the next orbital above thé &bitals is the The three most recent calculations of PdC are in substan-
120 orbital*® In these molecules this orbital has been dem-tial agreement with our experimental results on the PdC
onstrated to be primarily metalsp in character, through a ground state. The density functional calculation of PdC of
comparison of the hyperfine structure of the MC molecule toRusso et al. identifies the ground state of PdC as the
that of the free metal atoff:*>Finally one finds the 6 and ~ 26%12¢2, 137 term, withr,=1.73A, 0,=907 cm !, and
130 orbitals, which are antibonding in character in the RuUCD,=4.94 eV This is in close agreement with our measured
and RhC molecules. In PdC, by contrast, it has been sugrlue ofry=1.712 A and with our preliminary value @,
gested that the % orbital is essentially nonbonding and is =844 cm* obtained from dispersed fluorescence studfes.
composed of a nearly purepz- atomic orbital, while the This level of agreement supports the assignment of the
5+ orbital retains nearly all of the dirpy character and is ground state as & 1202, 3", which is analogous to the
similarly nonbonding in charactér. correspondindg> * ground states of NiC and P&:®How-

In the ground states of RuC and RhC, theslQ1lo, ever, this density functional calculation predicts the
57, and 2 orbitals are filled, giving ground terms 25*120' 67, °II term to lie only 2718 cm® above the
of 1002110?57%26% 3% for RuC® and 3% term, and to have,=1.74A and w,=794cm %4
1002 1102 57% 25 1201, 23 * for RhC? It would be rea- These two states are calculated to have very similar proper-
sonable to expect the &rbital to accept one more electron ties and to lie sufficiently close to one another in energy to
in PdC, to form a 162 110257%26%1202, 1% (Q0=0")  prohibit a definite assignment of the ground state based on
ground term. However, it is well-known that thel 4rbitals  this calculation alone. The& 672, 33~ term, on the other
drop significantly in energy as one moves across thesd-  hand, is calculated to have=1.79 A, w,=642cm?, and
ries, particularly relative to thessorbital * This leads to the to lie 12164 cm® above the'S " state. These values differ
unique result that the ground term of atomic Pd 8 %s°, sufficiently from the values of; and w, reported here to
1S, making palladium the only transition metal which lacks allow the 33~ term to be discarded as a candidate for the
valences electrons in its ground term. The stability of this ground state. A particular strength of this density functional
closed shell configuration contributes to the low bond enerstudy is that the method was tested on the closely related, but
gies which have been noted for palladium compouiidsis experimentally known RhC molecule. There it reproduced
possible that in PdC the ground configuration would avoidthe ground state bond length to within 0.03 A and the vibra-
placement of two electrons in thesBike 120 orbital, placing  tional frequencyw,, to within 4%. It also reproduced these
either one or two electrons in the nominally antibonding 6 parameters for the first excited electronic state to within 0.03
orbital instead. If only one electron were placed in the 6 A and 1%, and obtained the energy of the first excited elec-
orbital, a 1&? 1102 57*26* 120 67, 311, ground term  tronic state to within 800 cit of the experimental value.
would result, for which either th@ =0" or the(2=0" level The results of the density functional calculation are
would be expected to emerge as the ground level. Alternaborne out to a high degree in the recent CAS—MCSCF-
tively, it is conceivable that the H2orbital, which is based MRSDCI calculation of Taret al*? This detailed study ob-
on the palladium § atomic orbital, would be so unfavorable tained a ground term of &1202, 3%, with the
that both of the last two electrons would go into the 6 25*1201 64, °I1 term lying 424 cm* above it when spin—
orbital to form a 162 110 57* 26* 672, 3%~ ground term.  orbit interactions were excluded. Thé®1202, 13" ground
In the latter case off-diagonal spin—orbit interactions withterm had r,=1.676 A and w.=822cm!, while the
the higher energy> ™ term deriving from the same elec- 26*120* 67!, °I1 term had r,=1.721A and w,
tronic configuration would cause the ground level to be an=762cmt. The 25*672, 33~ term was found to lie 5447
Q=0" level. Likewise, if the ground term were cm ! above the ground state, and hag=1.809 A andw,
1002 1102 57* 26% 120 6 7%, 311, , spin orbit interactions =664cm . Based on this study and the previous density
between this state and the d@®110?57%26%1202,  functional study of Russet al.** the 26672, 33~ term
I3 7(Q=0") state are calculated to be significdhteading may be eliminated as a candidate for the ground state. How-
to the emergence of #1,, ground spin—orbit level. Thus, ever, in both studies the calculated spectroscopic properties
regardless of whether the ground termtXs', °I1,, or®3~,  of the 26* 1202, 13" and 25* 1201 672, °II terms are suf-
the ground level is expected to be @F=0" symmetry. ficiently close to those observed hemy€1.712 A andw,

The R2PI experiments reported here have proven that 844 cni?) that the ground term cannot be assigned on the
the ground level of PAC ha§l=0 (and presumably basis of the level of agreement between experiment and these
=0%), but they cannot distinguish between the threecalculations alone. As mentioned above, dispersed fluores-
competing possibilites of & 1202, 3T(Q=07); cence studies conducted in this group, to be published else-
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where, clearly establish that the ground state is thdarity between the calculated and measured properties, it
2641202, 13" state>’ seems fairly certain that tHd7.9]°3 * state is dominated by
Finally, a very recent MRCI study by Shim and Ginger- the 26% 120! 130! configuration, in agreement with the ob-
ich is in good agreement with experiment, predicting theserved hyperfine structure.
ground state of PdC to bE. ;. with w,=864cm* andr, Access to the 3*120'130%, 33 state is spin-
—1.698 A% forbidden from a ground state that is of puré*2242, 13+
character, but it may be reached in an allowed one-electron
transition from the 2* 1201671, 3I1,-+ state that is also a
candidate for the ground state. If these two states are mixed
The[17.9]%%] state of PdC is the only state we have by spin—orbit interaction, then thes2 120 1302, 331 state
observed withQ) different from 0. It therefore is the only may well be spectroscopically accessible even if the ground
state which could possibly display observable hyperfinestate is mainly of 2* 1202, 3" character. The spin—orbit
structure, since all of the states of PdC are expected to b@ixing between the & 1202, '>* ground state and the
good Hund’s caséa) or case(c) states. A simulation of the 26%120671,%II,+ state will be discussed further in a fu-
hyperfine splitting observed in the spectrum of this isoto-ture publication on the dispersed fluorescence spectra of
pomer was found to be consistent with that expected fronPdC>’
Eq. (3.4, with |h’|=0.030:0.005cm?! for the [17.9]1

B. The [17.9]3%] state

state. , _ C.The[22.1]0* and [22.3]0" states
For a system with more than one electron outside of N _ .
closed shells, Eq(3.5) must be generalized $%°° Only a few 2=0" candidates for th¢22.1]0" and

[22.3]0" excited states have been calculated thus*¥ar.
bot2ca J (4.1 Ihese are the 5428% 1201 672, °A; 57*26% 1202 67,
R Rl ' 311; and 57°26* 120 672, °11 states, which are calculated

where the sum is over all electrons outside of closed shellsat the FOCI level to lie at 18848, 20534, and 23824 &m

nere mis o tror S€d SNM3Yith r,=1.933, 1.911, and 2.104 A ang, =540, 590, and
with 1,; and$,; giving the projections of electronic orbital 415 ¢y, respectively. While these states have bond lengths
and spin angular momentum on the axis for elecitonhe 5 viprational frequencies that are similar to those found in
parameterss;, bg;, andc; are then given by Eq93.6)—

i - 5 our experiments, only théll state is accessible from the
(3.8), with the expectation values ang(0)| evaluated for  pyc ground state. Even this state is inaccessible unless the

electroni. With this in mind,h may be approximated using groundQ=0" state has significariily+ character.
values ofa, bg, andc based on atomic data. The atomic ~  aqgitional singlet states almost certainly lie in this en-

01__ = 10 _ =
p?oramete&o of 344= ~ 0-1%06 02 cm*, azq —_?-002 17cem’,  grgy range, and they probably provide the oscillator strength
a5s=0.0598 cm*, andaz=—0.006 02cm™ correspond 10 \yhich makes thes€ =0" upper states observable. Likely

the values ofazs, br 25, Dr 12, and 2/25,/(3 co$6-1),  sources of oscillator strength for these states include the
assuming that the®and 12r orbitals are purely dépgand  5,4254125113,1 1S+ and 57%25%1202 67, 13+

5spqin character, respectively. From these values it is cleagiates.
that the Fermi contact interaction which results when the 5
orbital of palladium is singly occupied is approximately an
order-of-magnitude more important than the other sources o
hyperfine splitting which arise from tha and c terms. In Through a laser-ablation, resonant two-photon ionization
fact, it is only possible to generate valueshdfthat are close spectroscopic investigation and comparisons to theoretical
to the simulated value dh’|=0.030+0.05cm ! for states calculations, the ground state &1%Pd?C has been deter-
which place a single, unpaired electron in thesd@bital  mined to be an)=0" state withr,=1.712 A. Dispersed
(which is assumed here to be entirelgpgin character. For  fluorescence studies, to be reported elsewhere, further estab-
such a state, the Fermi contact interaction alone contributdish the ground state to be tH& ™ state deriving from the
(1/2)0.0598 c*=0.0294 cm* to the value oflh’|, which ~ 26* 1202 configuration.

is nearly sufficient to account for the observed splitting. An excited electronic state lying nearT,

The only reasonable electronic configuration for the=17867cm?, with Q=1, r,=1.754A, and AG,,
[17.9]°3 " state is ar! o configuration in which one of the =794 cm ! is shown to be thé3 " state deriving from the
unpairedo electrons has substantias character. The ob- 26%12051 130! configuration. Hyperfine splitting observed
vious candidate is a & 120! 130! configuration. The cal- in the®Pd?C isotopic modification demonstrates that either
culation of Taret al, predicts the lowest energy, * stateto  the 12r or the 13r orbital consists primarily of palladiumss
lie near 14 477 cmt, with w,=844cm *andr,=1.726 A at  character. Beyond 21000 ¢tha number of excited states
the MRSDCI level of theory? The state is also calculated to with Q=0" have been located, and some of these have been
be dominated by the & 120 130 configuratior? These  grouped into two band systems. Homogeneous perturbations
values are reasonably close to our measured valuél, of between thes€ =0" states complicate the interpretation of
=17867cm?t, AG,,=793.7cm?, andr,=1.754A. Simi-  this portion of the spectrum. Nevertheless, the fve0"
lar results have been obtained in a very recent calculation bgtates which are identified &f,=22 132 and 22 251 cit
Shim and Gingerich, who find th& * state at 16 551 cit ~ possess , values of 1.97 and 1.88 A, and, values in the
with w,=902cm* andr,=1.727 A* Based on the simi- neighborhood of 483 and 401 ¢th respectively. These are

aiTz,i+

h:<z

. CONCLUSION
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