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Resonant two-photon ionization spectroscopy of jet-cooled RuC
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A resonant two-photon ionization study of the jet-cooled RuC molecule has identified the ground
state as &3 " state arising from the ¥F110°57%25* configuration. ThéA, state arising from the
1002110°57%28%120 configuration lies very low in energy, with the\; and3A, components

lying only 76 and 850 cm' above the ground state, respectively. Transitions fronkth& =, 3A,

and 3A, states to the’ll,, °I;, 3®;, 3®,, ®,;, and II; states arising from the
10021105 7%25%6 71 configuration have been observed in the 12 700-18 100 crange,
allowing all of these states to be placed on a common energy scale. The bond length increases as the
molecule is electronically excited, fromy=1.608 A in the 2%, X 137 state, to 1.635 A in the
26%120t, 3A state, to 1.66 A in the @671, °I1 and>® states, to 1.667 A in the#6=1, 1® and

1.678 A in the %67, Il state. A related decrease in vibrational frequency with electronic
excitation is also observed. Hyperfine splitting is observed in th&120!, A, state for the
9Ru(l =5/2)*C and'®'Ru(l = 5/2)'%C isotopic combinations. This is analyzed using known atomic
hyperfine parameters to show that therIitbital is roughly 83% Sg,, in character, a result in good
agreement with previous work on the related RhC and CoC molecule4.998 American Institute

of Physics[S0021-960808)01442-1

I. INTRODUCTION that the lower state levels observed in emission could also be
seen in absorptioff

In recent years there has been considerable interest in  Two experimental problems severely limited the knowl-
studying transition metal carbides using optical spectrometedge that could be gained about RuC from the previous op-
ric techniques. Recent gas-phase work on these moleculégal studies. First, many of the bands were complicated by
include studies of Fe€;* CoC}*® YC,® NbC,” MoC2 IrC,°  overlapping lines from & CN, and the different isotopomers
and PtC'®'" Additional work from our laboratory will be of RuC. Second, the high temperatures required to produce
forthcoming on NiC(Ref. 12 and PdC> There was an ear- RuC reduced the population in the laitevels, usually mak-
lier period of interest in this type of molecule. Between theing the lowd lines too weak to be detected. As a result,
mid-sixties and the mid-seventies, conventional optical specdefinitive ()-values could rarely be assigned to the observed
troscopic studies were performed on RHCI®IrC,'"*®and  bands. This precluded any serious attempts to understand the
PtC®~?2In addition to these optical studies, valuable infor- electronic structure of RuC, and provided the impetus for the
mation was garnered from maitrix isolation electron spinpresent investigation. The present study employs a super-
resonance studies on V@2 NbC?* and RhC?> Over the  sonic expansion source to produce rotationally cold mol-
past 15 years, the number of theoretical studies of the diecules, allowing the first lines to be observed, and permitting
atomic transition metal carbides has grown considerably adefinite Q-values to be assigned for the transitions. In addi-
well, with published calculations reported for T#Z’  tion, by using a mass spectrometric detection scheme, optical
VC,229Crc03YC 32 NbC, MoC 2 RuC3* RhC*3"and  spectra could be independently collected for each isoto-
Irc.38 pomer.

Among the molecules studied in the early period was In addition to these spectroscopic investigations, a num-
RuC. In 1971 Scullman and Thelin of the University of ber of investigators have given their attention to the bond
Stockholm recorded the emission spectrum of RuC fromenergy of RuC. Mcintyreet al. measured the bond energy of
6000 to 8700 A*° The RuC molecules were produced by RuC asD,=6.68+0.13 eV by the third law method using
heating Ru powder in a graphite vessel+8000 °C in a  Knudsen cell mass spectromeffyLater, Gingerich used the
King furnace. The emission spectrum was then recordedsame technique to measure the bond energp gs 6.55
first under low-dispersion conditions to survey the vibronic +0.13 eV#? Shim, Finkbeiner, and Gingerich subsequently
structure, and then under high-dispersion conditions to reveakcalculated this bond energy using an improved set of mea-
the fine structure. They found 48 bands in this region, whictsurements and information from all-electroab initio
were grouped into eight subsystems. Twelve of the most inHartree—Fock/configuration interaction calculatigh=/Cl)
tense bands were rotationally analyzed to determine the speasD,=6.34+0.11 eV3* This value is an average of the sec-
troscopic constants. In 1972 the same investigators recordezhd and third law determinations. The all-electiam initio
an absorption spectrum of RuC from 4100 to 4800 A undeHF/CI calculations examined 28 electronic states, and pre-
experimental conditions similar to their previous study, lead-dicted the ground state to B& with low-lying =" and*A
ing to the discovery of eight new bands and the confirmatiorstates:* A comparison of the results of the present spectro-
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scopic study and these Hartree—Fock/configuration interagotationally resolved and analyzed. The isotope shifts were

tion results is presented in Sec. IV C below. determined by the difference between the fitted band origins
of the *®Ru*?C and the'®Ru*C isotopomers and are listed in
Il. EXPERIMENT Table I. The rotational structure of these bands was fit to the
formula,
In this work the RuC molecule was investigated using
resonant two-photon ionizatioR2P)) spectroscopy per- v=vy+B'J'(J' +1)—-B"J"(J"+1) (3.2

formed on a supersonically cooled molecular beam with op- . , " '
tical transitions detected mass spectrometrically. The Ru(I:0 yield values forvo, B, andB". The results of these fits

molecules were produced by focusing 532 nm radiation from"’l”.owed the 29 bands to be grouped into nine subsystems,

inati _Ivi i 1y +
a pulsed Nd:YAG laser to a 0.5 mm spot on a ruthenium—Orlglnatlng from three low-lying electronic stateX, ">~

metal target disk. To remove metal uniformly, the target disk[0'1]3A3’ an'd[0.9]3A2. Throughout the remallnder.of this
was rotated and translated side to side, driven by a system beper Hund's casée) Iab.els will be u;ed to identify the
gears, a cam, and a cam follow&The ablation laser pulse 0 served'states, glong W't.h theiener_glles ofut Igvel qf
was timed to coincide with a pulse of He carrier gas, seedeHqe state in question, in units of-1@m =. To exemplify this

. 1 . — .
with approximately 3% methane, based on partial pressure pnvent|on, tr_‘? @ state for which thev=0 level Iles_
: : : 6 195.145 cm™ above they =0 level of the ground state is
The carrier gas, along with the entrained atoms and mol:

1 1F1 H 1
ecules, expanded into a chamber maintained at %abeled a9 16.2]"d,. Justification for the Hund’s cas@)

X 10~ * Torr. The resulting molecular beam was roughly col- abels that are suggested is provided in Sec. IV.
limated by a skimmer and passed into a reflectron time-of-
flight mass spectrometer, where it was probed by tunablé- Syst

radiation from a Nd:YAG-pumped dye laser or a Nd:YAG-  The determination of th& ™ term symbol, as well as its
pumped optical parametric oscillator/amplifier. Moleculesidentification as the ground state, are discussed below.
absorbing this radiation were then ionized by 193 nm radiaSomewhat surprisingly, no vibrational hot bands were ob-
tion from an excimer laser operating on an ArF mixture. Theserved arising from this state.

resulting ions were separated by mass and detected with a

microchannel plate detector. The output from the detector

was then amplified, digitized, and stored in a computer forl. The [13.9] *II,;«X 2% system

later analysis. This entire experimental cycle was repeated at The 0—0, 1-0, 2—0, and 3—0 vibrational bands were ob-

a rate of 10 Hz. No molecules other than RuC were observed ! L . . .
) . served for this system, with vibrational numberings assigned
in the mass spectra which were recorded, although the mags

; ased on isotope shifts. With the dye laser in low-resolution
range above 120 Daltons was not carefully examined. P Y

—1 _ .
The spectrum of RuC was initially recorded with the dyemOOIe (0.7 cm ), the bands appear _red degraded W.Ith a
. : 1 . .~?“small band gap. Under higher resolution the observation of
laser in low resolution(0.7 cm ) to survey the vibronic

bands. To study the fine structure of these bands taore (R_(?l),,':%( 1r)e’1nzli1ti?3|r31(?:)o:dtﬁ?glftl)tz(;h:yit):asr;erlgnﬁs da;h d:ulbling
was placed in the dye laser cavity to narrow the linewidth, , ' . .
(0.04pcm‘1) and thg cavity was ypressure scanned usingm the Q' =1 upper state was included using the forniGla
Freon-12. To study the hyperfine structure of the v=vo+(B'¥q'/2)J'(J'+1)—B"J"(J"+1), (3.2
[12.7)31,—[0.1]3A; 0—0 band the narrow linewidth inher- o _ _
ent in a Nd:YAG pumped optical parametric oscillator/ Where the upper sign is associated vetkevels of the upper
amplifier (0.02 cmY) was used to record the spectrum. All state, the lower sign withlevels. As justified below, it was
of the rotationally resolved scans were calibrated by com@Ssumed that the lower state is@fi=0" state, which pos-
parison to the well-known absorptions gf**4® sesses onlg levels. As such, the upper sign was used for the
To measure the lifetimes of the excited states, the excif’ a“QSR branches, .Wh'Ch obey the selection ru}e»g,
tation laser was tuned to the transition of interest, and thé < f.™ The lower sign was used Igr th@ branch, which
RuC" signal intensity monitored while the computer scanned?0€Ys the selection rule—f, f«e. 7':0@“'5}(3;2) is the
the delay between the firing of the excitation and ionizationdccepted form for all; upper staté, which is in accord
lasers. In all cases the resulting curve was well-described ¥t the assignment suggested below. Spectroscopic con-
a single exponential decay. It was fit as such using a nonlinStants derived for tr_ns system and all other rotationally re-
ear least squares algorithm, permitting the lifetime to be ~ Solved bands are given in Table I f6*Ru'*C. The mea-
extracted. The results of two or more separate lifetime measured rotational line positions for the various isotopomers of
surements were averaged to obtain a final value. The lifeRUC for this and all other rotationally resolved bands are

times are listed in Table | for the upper states of the variou@vailable from the a“thdMAE-M_-) or the Physics Auxiliary
bands. Publication ServicdPAPS." This band system was not re-

ported in the previous emission study of Scullman and
Thelin2® although it certainly falls within the region investi-
gated. Their failure to observe this system provides circum-
The spectrum of RuC from 11 975 to 18 400 chand  stantial evidence that the upper state is primarily triplet in
from 18 957 to 18 969 cim was recorded, resulting in the character, making thg13.9°I1;—X 3" emission nomi-
observation of approximately 49 bands, 29 of which werenally spin-forbidden. If a spin-allowed emission pathway

ems originating from the X X+ state

Ill. RESULTS
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TABLE I. Rotationally resolved vibronic bands 8tRut’C.2

Band system v'—v" v (cm™Y) Avg (cm™hP B, (cm™ q, cm™) B! (cm™ 7 (us)
[18.1 T, —X 13+ 1-0 18 961.539(1.3) 3.291 723 0.550 65978) —0.000 02626) 0.607 35466) 0.181)
0-0 18 086.015 (29) —0.426 0.555 11595) —0.000 10886) 0.607 35466) 0.191)
[16.2'®,—[0.9]%A, 1-0 16 263.596 (25) 3.693 742 0.558 43645) 0.587 10646) 0.433)
0-0 15 344.755@4) —0.200 933 0.562 71244) 0.587 10646) 0.455)
[16.2]'d,—[0.1]3A, 1-0 17 038.040 (24) 3.734 636) 0.558 285%32) 0.585 52840) 0.507)
0-0 16 119.19526) —-0.173 @33 0.562 62635) 0.585 52840) 0.457)
[13.9°H,—X 13+ 2-0 15 850.080 20) 7.809 229) 0.561 23%62) 0.000 11814) 0.607 35466) 0.364)
1-0 14 902.947 @0) 3.821 530) 0.565 36749) 0.000 03§36) 0.607 35466) 0.365)
0-0 13 945.230@3) —0.254 §24) 0.569 42647) 0.000 07616) 0.607 35466) 0.353)
[13.9311,—[0.9%A, 2-0 14 999.6904.9) 7.980 29) 0.560 93@50) 0.587 10646) 0.376)
1-0 14 052.556 (1) 4.003 223 0.565 04634) 0.587 10646) 0.364)
0-0 13 094.84446) —-0.074 723 0.569 08241) 0.587 10646) 0.374)
[13.9°3®,—[0.1]3A, 3-1 15 589.219 @2) 7.22F 0.555 00%52) 0.582 01462 0.304)
2-1 14 667.153@27) 3.396 149 0.559 26836) 0.582 01462) 0.357)
1-1 13 734.217 @2 —0.530 143) 0.563 45871) 0.582 01462) 0.281)
2-0 15 696.758 (27) 7.782 355) 0.559 01238) 0.585 52840 0.301)
1-0 14 763.810 25) 3.857 G50) 0.563 24758) 0.585 52840) 0.283)
0-0 13 820.116 @7) —0.159 §55) 0.567 39260) 0.585 52840) 0.323)
[13.53®,—[0.9]%A, 0-0 12 624.318@98) —0.156 328) 0.565 24150) 0.587 10646) 0.392)
[13.5)%®,—[0.1]°A, 2-1 14 238.097 @0) 3.383 141) 0.556 95782 0.582 01462 0.4Q77)
1-1 13 309.255 ®8) —0.518 G41) 0.561 23966) 0.582 01462) 0.438)
1-0 14 338.838@9) 3.869 (33 0.560 96943) 0.585 52840) 0.374)
0-0 13 398.745 @5) —0.128 @41) 0.565 12940) 0.585 52840) 0.384)
[12.731,—[0.1]3A 3-1 14 500.038 (27 7.659 §54) 0.558 44986) 0.582 01462) 0.4Q7)
2-1 13 553.173@4) 3.716 G41) 0.561 30864) 0.582 01462) 0.293)

1-1 12 596.055 @0) —0.307 §45) 0.566 15834) 0.582 01462)
2-0 14 582.763(26) 8.098 345) 0.561 17877 0.585 52840) 0.31(3)
1-0 13 625.622A5) 4.071 639) 0.566 03267) 0.585 52840) 0.31(1)
0-0 12 658.110 (B1) —0.044 144) 0.569 93%54) 0.585 52840) 0.341)

@ands originating from the same lower state were fitted simultaneously to reduce the correlation between Biedfitti®l’ values. Numbers in parentheses
represent & error limits, in units of the last reported digits.

PThe isotope shift is listed a8 vo= vo(**RUC) — vo(**RUL*C).

°For this band an insufficient number of lines were identified for*fiRr°C isotopomer, so the isotope shiftvy= vo(**RUC)— vo(1*RUC) is estimated
by scaling the isotope shifts between the other isotopic combinations.

from the[ 13.9)%I1, state were available, the branching ration bands, which permitted th#A ; vibrational interval AG 5,
for the [13.9°3I1,—X '3 * emission process could well be to be accurately measured. A value oAG,),
negligible. =1029.587 cm! was found for thet®RutC isotopomer.

2. The [18.1] I, —X '3* system

Two vibrational bands belonging to this system were
observed over the spectroscopic range investigated here; they
were readily determined to be the 0—0 and the 1-0 bands on— | T | | :
the basis of isotope shifts. Under low-resolution conditions,
the 0—0 band appears red-degraded with no discernible banc
gap. A high resolution scan over the 1-0 band of this system om : RQ)
for 1Ru*“C is presented in Fig. 1. The branches are readily L
distinguished, and first lines &(0), Q(1), andP(2) iden-
tify the system as af)’ =1+ "=0 transition. As with the ; : e e —— T
[13.9°I1,X 13 system, inclusion of a lambda doubling | ¢ 5 2 19 15 10
parameter for the upper state yielded a slight improvement in
the fit. In this case, however, the fitting formula differed
from Eg.(3.2) in the sign ofq’, owing to the different con-
ventions for’I1,; and I, states'” Scullman and Thelin did jJ J
not observe this band system because it appears between thJT‘“L‘*“LL"‘L““ .l l

regions of the spectrum that they photograpfieti. 18947 18951 18955 8955 18963 15967

Wavenumber (cm™)
B. Systems originating from the ~ [0.1]%A; state
. FIG. 1. Rotationally resolved scan over the 1-0 band of [th&1]'II,
The second set of band systems is generated frdtsa . x 13+ system. This is fairly typical of the observed bands originating
lower state. These band systems display vibrational hokom theX *3* ground state, all of which terminate 6l =1 upper states.
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1. The [12.7] T +—[0.1] ° A; system T l 1 T T T

Under low resolution, a band system consisting of the

0-0, 1-0, 2-0, 1-1, 2-1, and 3-1 bands was recorded. The P '
. . ; . . . {J) R(J)

vibrational assignments were again based on isotope shifts| —r—r—T—T71T1
and are unambiguous. Even at a resolution of 0.7 ‘gris- 9 7 5 35791
tinct branches are observed; tdranch is the most intense, I_I_n(_zl_(lﬂm
followed by theP and then theR branches. Consistent with 12 84
this intensity pattern and the large band gaps, the rotational
structure was fit to the model of Eq3.1) as anQ)'=2

«—0"=3 transition. The high-resolution spectra also re-
vealed hyperfine splitting if°Ru(l =5/2)*C and *Ru(l MLJJL
o "
| | !

=5/2)?C. The analysis of the hyperfine structure is pre-
sented in Sec. Il D. This system, designated the 7884 A ‘535 3810 13816 1382 13538 TN
system, was observed in reasonable intensity by Scullman
and Thelin, and the 0-0 band was rotationally analyzed;
however, the hyperfine structure was unresofed. FIG. 2. Rotationally resolved scan over the 0-0 band of [t&9)°®,

—[0.113A, system. The large gaps between By&Q, andP branches dem-
onstrate that large values 6f are involved in the transition; the first lines
establish thaf)’=4 and()"=3.

Wavenumber (cm™)

2. The [13.5] ®,—[0.1] 3 A; system

Approximately 800 cm® to the blue of thg12.7)°[1, 3. The [13.9] S®,—[0.1] 2 A, system

3 i it _
—[0.1]°A5 system lies another system consisting of 0-0, The intensd 13.9°® ,—[0.1]°A5 system provided the

1-0, 1-1, and 2—1 bands, with vibrational numberings again test b f ob d bands. T i b
determined from isotope shifts. Under low-resolution, thedrcatest number 0,, observe an,s. ransitions were: 0b-
erved from bothv”"=0 and 1 tov’'=1-4. Under low-

bands appear red-degraded and exhibit distinct band gap%

with the Q branch the most intense branch and with nearl)[etso'u.t'or.1 ctc;]ndltlonj,RtEese Ean.di appear \t/;/;éhbnearrl]y_equal
equal intensity in thé> andR branches. The intensity distri- intensity in theQ an ranches, however, ranch is

bution in the branches and the large band gaps are indicativ%remIy diminished ‘in comparison with the other two

of aAQ) =0 transition with a large value 2. Upon detailed branches, indicating that(2=+1 for this system. The gaps

analysis, this is exactly what is found; the rotational structurepetween the br/anches ”are quite wide as vyell, indicating that
the values oft)’ and " are large. A rotationally resolved

of these bands could be well described by the model of Eqé the 0—0 band of thi tem is displaved in Fig. 2
(3.1 as an)’ =3+ " =3 transition. This band system also can over the U—1 band of this systém Is displayed In Fig. 2.
The existence oP, Q, and R branches with first lines of

o ' : 10
exhibited hyperfine broadening HRu'*C and'*'Ru*’C. R(3), O(4), and P(5) identify the system as af’—4

A rotationally resolved scan of the 1-1 band of this sys- . .
y y —0"=3 system, in agreement with the arguments based on

tem revealed a mysterious bump in the gap betweerRthe : 10 ok
and Q branches. The bump appeared in the same relativg‘e low resolution spectrum. THERWC and'*'Ru’C iso-

position in all of the isotopic combinations, reducing or rul- topomers exhibited hyperfine broadening, which was not re-

ing out the possibility that it arises from an impurity mol- solvable at a resolution of 0.04 cih This system was ob-

ecule. Comparing the position of this band with those re_served in the earlier work of Scullman and Thelin,

corded previously by Scullman and Thefthit was noticed designated as the 7224 A system, and 5 bands were rotation-

that the position of a band they identified as the 0—0 band o.?”y re-sollveoa.9 It was the ’.“O.St |nt-ens-e ban_d Sy stem obsferv_ed
the 7499 A system came close, but was slightly higher iin emission, consistent with its high intensity in absorption in
energy than the 1-1 band of out3.5]°®3—[0.1]3A; sys- the present study.

tem. In fact, the lowd lines of theQ branch of the 0—-0 band

of the 7499 A system, described by Scullman and Thelin, are
in excellent agreement with the unresolved bump in our™ The [16.2] * ®5—[0.1] > A5 system
spectrum. This band was described as weak in the earlier This system consists of a 0—0 band and a 1-0 band.
work, and it was very weak in our spectra as well; neverthelUnder low-resolution conditions the bands appeared with
less, the conditions that produced sharp peaks in the momdistinct well-separated branches, RandP branches nearly
intense 1-1 band of thgl3.5°®,—[0.1]3A; system had equal in intensity and nearly equally spaced from the more
power broadened the features of t@ebranch of the 0—0 intenseQ branch. Fitting the rotationally resolved spectra of
band of the 7499 A system so severely that only a singlethese bands revealed them to®é=3—"=3 transitions.
broad feature was observed. THES.53®5—[0.1]3A; sys-  The ®Ru'’C and °’Ru'’C isotopomers were again broad-
tem was not observed in the emission spectra recorded tBned by hyperfine interactions, but the hyperfine splittings
Scullman and Thelifi® This suggests, but does not prove, could not be resolved in the present study. This band system
that the 7499 A system obeys theS=A3 =0 selection was not observed in the emission study of Scullman and
rule, but that this rule is broken in our obsenfeB.51°®;  Thelin2® again suggesting that it is a spin-forbidden transi-
—[0.1]3A system. tion.
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, , [ : , , two. It is difficult to determine where the branch begins
and theQ branch ends; therefore, it is difficult to gauge their
relative intensities in the low resolution scans. A rotationally
resolved scan over the 1-0 band of this systemf&Ru'“C

T PQ —— T 1}(11)| i is displayed in Fig. 3. This demonstrates the first lines of
g6 4 2 2 4 6 81012 R(2), Q(2), and P(2), which identify the system as an
Qd) Q'=1<Q"=2 electronic transition. This system, desig-
14 10 62 nated as the 7623 A system, was also recorded in the emis-

sion study of Scullman and Thel#.In emission it appears
as a fairly strong system.

3. The [16.2] 1 ®;—[0.9] ° A, system

, , , , | , Only two members of thg16.2]'®;—[0.9]°A, system
14043 14047 14051 14055 14059 14063 were observed in this study, the 0—0 and the 1-0 bands.
Under low resolution conditions these bands are marked by
three distinct branches, with th@ branch the most intense
FIG. 3. Rotationally resolved scan over the 1-0 band of [t@9°ll;  followed by theR and then thé®. Like the other bands in this
(0.9, system. study, these bands are slightly red-degraded. Under higher
resolution the bands are readily identified @$=3—Q"
[0.9]%A, state =2_ transitions frqm the first lineRR(2), Q(3), andP(4). _
This system, designated as the 6509 A system, was previ-

The third low-lying state, identified below as the gysly observed quite weakly in the emission spectra recorded
[0.9]%A, state, allowed us to place the other states on a COMyy Scullman and Thelif?

mon energy scale. No hot bands could be found originating  This pand system, along with the[13.9311,

from this state. —[0.9]°A, system, allowed th&S ", A5, and®A, states to
1. The [13.5] *®5—[0.9]2 A, system be placed on a common energy scale. The measured upper

. . . state vibrational intervals and rotational constants, listed in
Only a single band belonging to this system was ob-

H 1 - 3
served. Under low resolution three distinct branches wer-rfléJ Izl(;)l’(_e[sgaﬁgzh sg?siten:rs]e'[sﬁgri] ;D gom[rgfi ﬁépearngtate
evident. They displayed a slight shading to the red, with the, = ° the [13 %3(1) [09°A, and the [13.53%®,
intensity of theR branch nearly equal to that of ti@branch. [0 1]3A'3 system.s cer3tainly. sharze a common ubper 3state
The P branch is weak compared to the other branches. Obs, = ' / / 3 3 '
Servation of the et ines lentiied the band astafr-3 e Values oB' andaG! for the[13.9°MT,-—[09P’A; and

" o : . the[13.931,—X 13" systems, also listed in Table I, like-
—€"=2 wansition. This system, designated as the 7909 Awise demonstrate that these systems share a common upper

fg:(tﬁgg dvéass?:ljﬁmc;bns;v;?rhvé‘laiﬁke\l/r:g :Qtzt;r:;f'o;njlpigﬁfate. Subtracting corresponding band origins for the systems
y ’ y y aving a common upper state then allows the lower states to

the 0-0 band? be placed on the same energy scale. The final result is that
the 13" term is the ground state with the=0 level of the
2. The [13.9] *T1;—[0.9] ° A, system 3A term lying 75.953 cri* above they =0 level of the'S *

This system consists of a progression from tHe=0  term for 1°Ru'’C. Thev =0 level of the®A, term then lies
level to thev’ =0, 1, 2, and 3 levels. At lower resolution, the 850.386 cm?® above thev=0 level of the'S " term for
peaks appear red-degraded with a band gap betweeR thel“Ru?C. Transitions that correspond to thel8.1) 1
andQ branches, th€ branch being the more intense of the —[0.9]°A, system were also observed850 cm ! to the

Wavenumber (cm™)

C. Systems originating from the

TABLE II. Bands linking theX =%, [0.1]%A;, and[0.9]°A, states of-%Ru**C.2

Linked states Band system By B B, AGy, AGy,
X 13+.[0.9]°A, [13.9° X '3+ 0.569 435)° 0.565 375)° 0.561 246)° 957.7182) 947.13%3)
[13.9°11,[0.9]%4A, 0.569 084)° 0.565 0%3)° 0.560 935)° 957.7123) 947.1343)
[0.9°A,,[0.1]%A, [16.2]*®;—[0.1]3A, 0.562 634) 0.558 28§3) 918.8464)
[16.2)'®,—[0.91°A, 0.562 714) 0.558 445) 918.84@3)
[13.5%®,—[0.1]%A, 0.565 134)
[13.5%®,—[0.9]°A, 0.565 245)

3All values are in cm®. Numbers in parentheses provide the drror limits, in units of 0.000 01 cnt for B values and 0.001 cht for AG values.

The systematic discrepancy between the rotational constants of 1B6]°I1, state as measured from tHd3.9°I1;—X =% vs the [13.9°I1,

—[0.91°A, band systems is likely due to the fact that the lambda doublets dfB@]°TT,—[0.9]°A, system were not resolved, while the lines of the
[13.9°TI,—X '3 * system are not doubled. The good agreement found in comptiagdAG’ values measured in the different systems for'fReut?C

isotopic modification demonstrates that the different systems do indeed terminate on the same upper state. Similar agreement is found when the corresponding
values ofB" andAG' are compared for other isotopic combinations.
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T T T T 7 T T Er(S,A2,Q,1,3,F)
P3) RG) FIF+1)—-I1(1+1)—J(J+1)
=hQ 3.3
@ ranch Rl 233+1) (33
P to first order in perturbation theory. In this formula
P(5)
h=aA+ (bg+35c)2, (3.9
where
a=2.000y, BeBn(r %), (39
8w )
| , | | be=0c018eBn ? |¢(0)| ) (3.6
| I 1 !
12652 12653 12654 12655 12656 12657 12658 12663 12664
. and
Wavenumber (cm™)
C:%gegllgeﬁn<3cog 0— 1><r73>' 3.7

FIG. 4. The hyperfine splitting in the lod-lines of the [12.7)°I1,

—[0.1]3A; transition. The upper trace is the measured spectrum at 0.0Here U= 2.002 319 3 is the electron'@factor?o =M /1

cm ! resolution; the lower trace is the inverted simulated spectrum. Note th _ i ; ;

breaks in the seale at 12 655 and 15 658 b s the nugleag factor, given by the. nuclear magnetic d|p9le
moment in nuclear magnetons divided by the nuclear $pin,
Be is the Bohr magnetong,, is the nuclear magnetors, is

red of the corresponding18.1 X 1S* system; the the angle bgtween the internuclear axis and the vgctor from
the magnetic nucleus to the electron; the expectation values

transitions were too weak for rotationally resolved studies, . . i
provide averages for the single unpaired electron; and

however. |4(0)|? provides the probability density for finding the elec-
tron at the magnetic nucleus. The numerical factyB.A,

D. Hyperfine structure of the rotationally resolved combine to give the value 0.003 186 chbohr’.°

bands Formulas(3.4)—(3.7) are appropriate for a single elec-

The ®Ru and°Ru isotopes have magnetic nucldi ( tron outside of closed shells, and must be generalized for the

=5/2) and as a resuffRU2C and!®Ru*2C can exhibit hy-  ¢@S€ of more than one electron. The resulting expression is

R 2,53

perfine splitting in their rotationally resolved spectra. In all 9/V€N by
of the spectra recorded here, the hyperfine splitting found for R R
0IRUC is slightly larger than that found foi’Ru'’C, a h={ 2 [al,;i+(bri+3c)5,1)., (3.9
result which is consistent with tH&'Ru and®*Ru g-values of '
—0.272 and—0.248, respectively’ The band system that where the sum is over all electrons outside of closed shells,
exhibits the largest hyperfine spliting is tHd2.7)3I1,  with I,; ands,; giving the projections of electronic orbital
—[0.1]3A; system, displayed in Fig. 4. For the lalines,  and spin angular momentum on the axis for elecirofhe
most of the hyperfine structure is resolved; however, theparameterss;, bg;, andc; are then given by Eq93.5-
magnitude of the splitting decreases rapidlyJamcreases, (3.7), with the expectation values ah@(0)|? evaluated for
and the hyperfine lines become unresolved at high@rhile  electroni.
the hyperfine envelope of tHe3.9%®,—[0.1]3A; system For transition metal systems with unpaired electron den-
is as broad as it is for thigl2.7]%I1,[0.1]3A; system, the sity in orbitals with significans character on the transition
lines are mostly unresolved. For the remaining systems thahetal atomh is dominated by the Fermi contact terby, ,
exhibit hyperfine splitting, the[13.5°®3—[0.1]3A;, which is typically a factor of 10 larger than eitharor c. A
[16.2)'®,—[0.1]°A;, and[16.2]'®;—[0.9]3A, systems, valid rough approximation, therefore, is to assume that any
the lines are merely broadened with partial resolution at bestase @) state with% =0 will display negligible hyperfine

Because of the large spin—orbit effects expected in RuGplitting. This assumption provided the starting point for our
(£44(RU~1038 cm ), “8 all of the states involved in the ob- analysis of the hyperfine structure of the RuC molecule.
served transitions are expected to belong to Hund's @se BecauseX =0 in the [0.9]°A, state there can be no
possibly showing significant spin—orbit mixing with other Fermi contact contribution td, and its hyperfine splitting
Hund’s casda) states. In such cases the hyperfine levels arevill be small. The fact that thg13.5]3®;—[0.9]°A, system
expected to follow the formulas developed by Frosch andloes not exhibit hyperfine splitting therefore implies that the
Foley for theas coupling casé! in which the electronic [13.5]°®4 state has a small hyperfine splitting as well. How-
angular momenta andS have well-defined projections on ever, the[13.5]3®,—[0.1]3A; system does exhibit hyper-
the molecular axisA and,, respectively, and the total an- fine splitting, which must therefore be primarily attributed to
gular momentum apart from nuclear spi,defines the ro- the lower[0.1]3A; state. To estimate this splitting, spectral
tational energy levels according to E@®.1). Coupling ofJ simulations were performed fd®’Ru'’C using laser line-
with the nuclear spinl, then leads to the total angular mo- widths and rotational temperatures estimated from simula-
mentum, F, with the hyperfine contribution to the energy tions of the simultaneously recordeldRu*?C spectrum,
given by which is free of hyperfine effects. From this the parameter



J. Chem. Phys., Vol. 109, No. 18, 8 November 1998 Langenberg et al. 7869

TABLE llIl. Electronic states of’’Ru*?C below 18 300 cm*.2

State To (cm™Y) we (cm™Y) weXe (CM™Y) B, (cm ™3P a, (cm™) re (AP h (cm™ 7 (u9)

[18.1*TI, 18 086.016 AG,,=875.523 0.557 343 0.004 456 1.678 50 ons

[16.2'®,° 16 195.14%4) AG,,=918.843(4) 0.564 82330 0.004 308123  1.667 3419) —-0.0183)  0.442)

S8 x+13312.69 AGy,~962 Bo=0.5701(7)" ro=1.660 3(10%

31,8 x+13 286.48 AG~ 949 Bo=0.569 7(14Y ro=1.660 9(20%

3¢ ¢ x+12 875.28 AG,,~ 944 Bo=0.5691(4)" ro=1.6618(6)¢

[13.9°, 13945230 968.293) 5.291(3) 0.571 310210 0.004 086158  1.657 8%30) 0.362)

[13.9°P,  13896.05%4)  954.54446) 5.40811) 0.569 517140 0.004 14492) 1.660 4620) 0.291)

[13.5%®,° 13 474.699 951.344 5.625 0.567 2436 0.004 109110  1.663 7720) 0.0003) 0.392)

[12.7°T1,  12734.07%4)  977.81846) 5.16511) 0.571 878624 0.004 01%5411)  1.657 0490) 0.0085) 0.321)

A9 x~1900 AGy,~1032 B,=0.588 4 ro=1.634%

[0.91°A, 850.386 Bo=0.587 106(46) ro=1.63540(6) 0.00(5)
1039.1436)° 4.7516)°

[0.1]%A, 75.953 0.587 285 0.003 514 1.63515 —0.0303)

AG,,,=1029.587(20)
X izt 0.000 Bo=0.607 354(66) ro=1.607 90(9)

8N umbers in parentheses indicate thedrror limits of the indicated quantity, in units of the last digits quoted. Additional higher energy excited electronic
states are also known from the absorption spectra of RuC reported in the 410—480 nm region by R. Scullman and B. Thelin, BH381 &G72.

bBecause of possible- and S-uncoupling interactions with other states, Bizalues should be considered as effec@/ealues. The unknown magnitude of
these interactions introduces an uncertainty into the conversi@vafues to bond lengths. Because the density of electronic states is fairly low, however,
the bond lengths obtained for the'>*, [0.1]3A;, and[0.9]°A, states are probably correct to within 0.001 A. The uncertainties in bond lengths arising
from the effects ol- and S.uncoupling interactions could be larger for the higher lying states, however.

“The[16.2]'®, and[13.5]°®, states are certainly strongly mixed, and the spin multiplicity is poorly defined for these states.

YData taken from R. Scullman and B. Thelin, Phys. S¢r19 (1971). From the data currently available, it is impossible to identify tHeQ=0" andQ

=0~ components. The assignment of fhk,, 31, , 3,,, and®A, states is reasonable but unproven at this time. The reported rotational constants are
averaged over the isotopic contributors for'&yy as are the estimates &f3,,,. In addition, the estimates &G, are based on band heads, rather than on
fitted values ofv,. Calculatedr, values are based on the averaged reduced mass of #€ Ruwlecule.

®These data were taken from R. Scullman and B. Thelin, Phys.3S¢@ (1971).
This work.

tion, thereby proving that the molecule was not ionized by
state. Using this value in the simulation of th#2.7)°[1,  ©ne photon of the ArF laser. The upper limit of 8.01 eV was
—[0.1]3A; systemh’ Q' was determined as 0.016 cfnfor established by combining the ArF photon energy with the
the[12.7)°I1, state. A comparison of the simulated and mea-€nergy of the)=0 level of the[12.7].3H2. state, which is the
sured spectra for this system is given in Fig. 4. The lack ofowest upper state energy level which is known to be ionized
hyperfine effects in thg13.5]3®;[0.9]3A, system also by ArF radiation. A minor correction is also made to account
implies that the hyperfine splitting in th¢16.2)'d, for the shift in the ionization threshold due to the field ion-
—[0.9]%A, system arises from the upper state of the transiization effect. From this bracketing of the RuC ionization
tion. Simulating this spectrum yielded &nQ’ parameter of ~€nergy we find IERuC)=7.22£0.80 eV. Although the error
—0.055 cmi X for the[16.2]®, state. Combining this upper limits of this measurement are quite large, it nevertheless
state parameter with the lower state parameter obtained froffovides the only estimate of the RuC ionization energy to
the [13.5]3® 4 [0.1]3A5 system allowed us to predict the date. . . o . o
hyperfine splitting in the[16.2]'®5;—[0.1]3°A; system, Using this value of IERuUC) it is ppssmle to derive limits
thereby testing the values i) for consistency. The pre- ©On the bond energy of RuCby making use of the thermo-
dicted hyperfine broadening was slightly less than that obdynamic cycle

served in the measured spectrum, but the overall level of p (RuC")=IE(Ru)+Dy(RuC)—IE(RUC). (3.9

agreement was sufficient to trust our valueshéi for the ) 1 -
various states to an accuracy of roughiy).01 cmi. The  1h€ IE of the Ru atom is 59 366440.3 cm *=7.360 eV:
The bond energy of RuC was determined by Stetral.

values ofh obtained for the various states are provided in'"’ '
Table Ill, along with a summary of the spectroscopic prop-USing Knudsen effusion mass spectrometry to be 6.34
+0.11 eV (Ref. 39 and this value is revised below to 6.31

erties of all of the states df’Ru'’C. ) ¢ \
+0.11 eV. Combining these values with the present range
for IE(RuC) we obtainD,(RuC")=6.45+0.81 eV.

h”Q)" was estimated ds’()" = —0.09 cm * for the[0.1]3A

E. lonization energy of RuC

In their Knudsen effusion mass spectrometric study,
Mclntyre et al. could not determine the appearance potential
of RuC due to low signal strengffi.In the present investi- To a first approximation, the bonding in RuC may be
gation, however, the ionization energy,(RuC), is found to  understood in terms of a molecular orbital diagram as shown
lie between 6.42 eV and 8.01 eV. The lower limit of 6.42 eVin Fig. 5. Considering only the valenced4,, 5Sg,, 2S¢,
was established because resonant enhancement of the Ru@nd 2o atomic orbitals, one expects to find four low-lying
signal was observed using ArF excimer radiation for excita-orbitals (100, 110, and the doubly degeneraterSorbital

V. DISCUSSION
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Ru RuC C 4d and 5 in character, the greater stabilization of the
4d orbitals as one moves to larger nuclear charge suggests
that the 2 orbitals will be even further stabilized as one

130 — moves to RuC. Thus the lowest energy config-
6m — — urations expected in RuC are dfllo?57%26* and
55 — 1206 — 1002110°57%28%1201, resulting in low energy molecular
terms of 13 * and®A;, respectively. The lowest spin—orbit
4dd————— 26 —— ———2p levels expected ar@=0" (from 1002115257%26%, 13 7)
and Q=3 (from 1002110257426%120%, 3A;), with Q=2
?i;* and Q=1 (also from 1@2110257%25%1201, 3A;) lying

somewhat higher in energy.

These expectations are in perfect accord with the
FIG. 5. Schematic molecular orbital diagram for RuC. observed states. AL =0 state lies lowest in energy, with
an Q=3 state 75.953 cit higher in energy and af =2
level 850.386 cm! above the groun@ =0 level. The cor-
r{espondence between the expected levels and the ob-
served levels allows the low-enerdy=0, 3, and 2 levels

be assigned to the #B11s°57%25% =7(07);
00211625742 6%120%, 3A5; and 1®?110°57*26%120,
A, states, respectively. At energies 62150 and 5200
cm ! one may expect to find the @8110°57*26%120,
3A, and 1@%110%57%25%120°, 1A, states, respectively, as
é's derived in the next paragraph.

The measured separation between(he 3 and 2 levels
k of RuC implies a value oAA = —774.43 cm* for the *A;
state. For a 3%1201, 3A, state the spin—orbit constar, is

100 — — 2s

pair). These are probably filled in all of the states observed i
this work. In one limiting viewpoint the &€ atomic orbital
may be considered to be corelike, becoming the nonbondin
100 orbital in the RuC molecule. Above this lies the bonding;
110 orbital, which is primarily a mix of o and dog,.
This is followed by the bonding# orbital, which is a mix of
2pme and 4dmg,. Next come the & and 12r orbitals,
which by comparison to the better known metal oxides ar
thought to be primarily nonbonding in character. Thedz-
bitals are almost purelydiég, in character, owing to the lac
of energetically accessibigorbitals on the carbon atom. The - ; " )
120 orbital is thought to be primarily &g, in character, At 'elated to the microscopic spin—orbit parametey, asA
substantially higher energies one expects to find the anti= — &s/2- Furthermore, since the523r1bigal is purely 415,
bonding Gr and 13 orbitals, which are expected to be pri- " character,a5f1§4d(Ru)~ 1038 cm =™ Thus, a value of
marily combinations of the dmg,+2p7c and dog, AA=—1_038 cm® might be expected for théA; state c_)f
+2pac orbitals, respectively. RuC. This would su%gest that tid; v=0 level should lie
The opposite limiting viewpoint considers that fact that oughly %>l< 1038 cm akljove the’A3 v=0 level, or roughly
the 2s and 2p orbitals of carbon are rather close in energy,2152 ¢m ~ above theX 27 v=0 level. The uneven inter-
causing them to mix to forrsp hybrid orbitals. One of these Vals between th€1=3, 2, and 1 levels of théA; state are

points toward the metal atom and forms bonding and anti€XPected to result primarily from an ofI-diagonaI spin—orbit
bonding combinations with the drg, orbital. The other ~Matrix element that connects tha, and'A, states deriving

points away from the metal and is primarily nonbonding.from the same 2° 120* configuration. This matrix element
Apart from the energy ordering of the &011s, and 5r is easily calculate) and is found to be—{uq(Ru)
orbitals, these two views lead to rather similar expectations™ ~ 1038 cmi™. Using this value and the fact that tfid,
for the higher energy orbitals, making them hard to distin-v="0 level lies 264 cm" lower than expected, it is possible
guish in practice. In addition, both suffer from the defect thatto Solve for the location of the perturbing, v=0 level,
they ignore the effects of configuration interaction, whichWhich is thereby predicted to lie 4350 crhabove the’A,,
limits the validity of the molecular orbital picture. v=0 level, at an energy of 5202 crhabove theX 'X* v

_ . . =0 level. The predicted separation between'the and3A,
A. Low energy states of RuC: X 2", [01]As, and states of 4350 ct is in rough agreement with what might
[0.91°A, be expected based on the separations between high-spin and

The lowest energy states of RuC, a 12 valence electrolow-spin atomic states. For example, after averaging over

species, certainly derive from configurations in whichspin—orbit levels the d’(*F)5st, 3F low-spin state of Ru
the 1Qr, 110, and 5r orbitals are filled. The remaining lies 6308 cm? above the high-spindf(*F)5s?, °F ground
4 electrons are then presumably distributed among thetate>® Similarly, the 417(*P)5s!, 3P low-spin state lies
nonbonding 2 and 12 orbitals. In recent work NbC 5191 cm?! above the 47(*P)5s!, °P high-spin stat&
has been shown to have a ground stat&Xdf\,,, derived  These exchange splittings are at least comparable to the pre-
from a 1@°110°57%28 configuration, although the dicted*A,—3A, splitting of 4350 cm?, and verify that it lies
1002110°57*1201, 23" state was found to lie only 830 within the expected range. Although neither e, nor the
cm 1 higher in energy. Likewise, the ground state of MoC A, states are observed in this work, these predictions also
is calculated to be the b¥110°57%246%, 33~ state, as is provide a useful estimate of the energies of these states. Dis-
experimentally observetiwith the 10-?110°5742 5120, persed fluorescence experiments are currently in progress in
3A state calculated to lie some 4500 chhigher in energy®  this laboratory in the hope of locating these states.
Given that the @ and 12r orbitals are primarily metal The assignment of the [0.1]°A; state as
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10021105 7%25%120, 3A; allows the measured hyperfine of about 5000 cm®. The other low-lying configuration
parameter for this statéy(=—0.09 cni* for **'Ru'’C, to  which might be expected fs..]26?°1202, leading t0°S. . ,
be psed to estimate the amount dR§characte_r inthe 12 33 - 3!, , and'T, states. Apart from th&3 [, state, none
orbital. This state may be represented by a single Slater dg; these upper states are spectroscopically accessible from
terminant as the[...]26% =% or[...]26%120, 3A states populated in
W(3A3) =26, (1) a(1)25,5(2)B(2)25_,(3)a(3) the present study unless theS=A3 =0, AA==*1,0 selec-
tion rules are compromised by substantial spin—orbit mixing.
X1200(4)a(4)], (4.9 | addition, thel...]26%1202, 13, state is only accessible
allowing Eq.(3.8) to be used to estimate the hyperfine pa-if configuration interaction is important enough to make two-
rameter,h. After the terms that cancel in EG3.8) are de- electron transitions possible. Furthermore, since no upper
leted, one obtains the expression states with() =0 are observed in this work, it is clear that we
h(3As)=[a5s 2+ (br 12+ be 25+ 205)- 11, (4.  are accessing neither the..]26%1202, 13}, nor the33 .
' ’ states. On this basis these expected low-lying states may be

which may be approximated using values &f b, agld excluded from further consideration.
c based on atomic data. The atomic paraméteet ag Apart from the[...]26%°120 configuration, the lowest

=—0.004 48 cm*, 1521}13:0-002 12 cm?, 3ss energy electron configuration not yet considered is the
=—0.05544 cm*, and ag5=—0.003 47 cm* correspond [ 125%x! configuration, which gives rise ta1l, 4 5,

to the values of,;, br 25, br,12,, andicy;/(3 cos 6-1), 3d, 4, H1,, andld, electronic terms. The observed upper
assuming that the@and 12 orbitals are purely ddr, and  giates lying in the range from 12 700 to 18 090 ¢reorre-
5sg, in character, re_spectively. Whilg this assumption is ®X'spond to) =2,3,4,1,3,1, in order of increasing energy, with
cellent for the 2 orbital, the 12r orbital undoubtedly con-  yhe |55t two states lying substantially above the first four.

tains contributions from other atomic orbitals. Since the €XThis closely corresponds to what might be expected for the
pression forh(3A3) is dominated by the value i 1o, We L3[T and 3 states arising from the...]26% 7 configura-

can take suph orbitgl mixing into account by introdycing Ation. For such a configuration thidl and3® states will lie
factor,x, which describes the amount o§g, character in the low in energy, and théll and® states higher in energy

120 orbital. Thus we finally obtain with singlet—triplet splittings comparable to the exchange
h(3A3)=[—0.004 48 2+{—0.055 44x+0.002 12 splitting in the free atom, which lies in the range of 4000—
6000 cmi L. On this basis it seems likely that th&8.1]*11,

2.3 _ a1 el
+355(—0.0034%(—7)}-3] em and[16.2]'®, states are thg...]25%6 7, 1 and'® states,

=[—0.006 91-0.027 72x] cm .. 4.3 respectively, and that the lower ener@y=2, 3, 4, and 1
tates are spin—orbit components of and3®
Equating this to the measured valub(3A;)=—0.030 ztatez sp! ! P S ﬂféom 234

+0.003 cm'!, we obtainx=0.83+0.11. Thus, the 12 or-
bital has roughly 83% %y, character, an amount which is
consistent with previous estimates for thesi@bital of RhC
(~69% 5Ssgp) (Ref. 25 and for the analogousc9orbital of
CoC (89% 4s¢,).*

The groundX 3" state of RuC has,=1.608 A, which
compares to,=1.635 A for the®A, state. Although the 12
orbital is nominally nonbonding, occupation of this orbital [...]128%, "I state.

;i 1
nevertheless causes an increase in bond length by 0.027 A in Regardlgs]:s of ';‘S(girgztage, 31;6322 CDi Sttate ca; only
RuC. A similar effect has been previously found in CoC,, e accessed from t@.1]°A, or [0.9]°A, states, and more

where the »%90!, X 25" state bond length ofr, "importantly, it can only fluoresce to these states or to the

—1561A increase,s by 0.081 A 1g=1.642 A when a & much higher energyA, state, expected near 5200 ¢

electron is moved to thedorbital to produce the 83902 Thus, the considerably longer fluorescence lifetime measured
! 1

%A, state? Such an effect is perhaps not surprising when jtfor the [116'2] &3 st.ate(0.4.4 MS as opposed to 01'85 for

is noted that the & (or 120) orbital has an apparent metal- the[18.1]°11, §tate) is consmtgnt wnh a state which is forced

basedns content of more than 80%. The lack of significant {© fluoresce either along a spin-forbidden pathway or along a

atomic orbital mixing into the & or 12r orbital demon- Pathway with a substantially re_ducea factor '”1the expres-

strates that it is not strongly polarized away from the M—cSion for the radiative rate. In this case, {i6.2]"d; state is

bond, leading to Pauli repulsions with the bondingrbital thought to be primarily*®5 in character, with fluorescence
that force the bond length to increase. occurring primarily to thé'A, state. In addition, fluorescence

may occur to théA, state due to spin—orbit mixing &b,
character into th¢16.2)'d, state, as discussed in the next
B. Upp(lar states of trl‘i observed band systems: section. These assignments of f8.1]'I1, and[16.2]*d,
26° 7", VI, and @ states states as thg...]28%«!, 11, and'®, states, respectively,
From the previous section it is clear that the.]26%, predict that fluorescence from these states will occur mainly
I3+ and[...]26%120%, 3A states are very low in energy and to theX 13 andA, states, respectively. These predictions
that the[...]25%1201, 1A, state most likely lies at an energy are currently being tested by dispersed fluorescence studies.

Supporting this assignment is the fact that[the.1]*I1,
state is accessed with much greater intensity fromXttg *
state than from thd 0.9]°A, state, consistent with the
[18.11,—X 37" transition being spin-allowed and the
[18.1)*1,+[0.9]3A, transition being spin-forbidden. On
this basis the [18.1]'I1; state is assigned as the
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To lower energies one finds t@2.7°Il,, [13.5°®;3,  states of 2 (3d,|AS91d,)~3114 cmrL. This implies that
[13.9°®,, and [13.9°1, states, respectnl/elgl. AssumINng the off-diagonal spin—orbit matrix element is smaller than
ghat these may be assigned to fhe]26%6 !, Ho,l,g and 1557 cni'?, a fact that is not unreasonable given that the 6

(pz,s,%'eVe'S, one is f%rced to conclude that #8.5]°®5,  grpjtal is not purely 4img, in character. It also implies that
[13.9]°C,, and [13.9]°T], states correspond to theb3,  in the absence of spin—orbit interaction th@; and ',

®,, and °lI, states, respectively. In principle, the states lie very close in energy, so that the state we have
[12.7°I1, state could correspond to either A, or 0,  gesignated add, is lowered substantially when spin—orbit
state, but the great intensity of tia2.7°T[,—~[0.1]°As interaction is considered. With a coupling matrix element of
system in absorption and especially in emission argues fo{gg0-1500 cmit a lowering of the>® level by over 1000

the assignment of thg12.7]°IT, state as’Il,. This is be-  cm~1 could easily occur. This would be more than sufficient
cause §12.7)°[1,[0.1]°A; system obeys thA% =0 se- 5 account for the reversal in energy ordering of #igy and
lection rule, while the alternativgl2.7°®,—[0.1]°A3 as- 3@, states. Of course, an additional consequence of this cou-

signment corresponds to a forbidder® = —2 transition,  pling is that the states we have labeledds andd; are in
and is not expected to be observed. reality very strongly mixed.

1. Spin—orbit structure of the excited 2 6°6w states

. . . 2. Hyperfine structure of the excited 2  8°6w state
Testing these ideas, we note that the methods described ypertine Structu Xl w slates

by Lefebvre-Brion and Fieff allow the spin—orbit splitting, The methods used in Sec. IV A to predict the hyperfine
AA, for the[...]25%6 =1, 3I1 and®® states to be calculated parameterh, for the[0.1]3A; level may also be applied to
asAA=-—as;—a, /2 andAA=—as+a,/2, respectively. As- the other observed levels. Again using the known atomic
suming that the & and 67 orbitals are primarily composed hyperfine parameter§,expected values df for the[0.9]°A,
of 4dg, atomic orbitals, this leads t&A=—3/2,4(Ru) and[...]26%120%, A, levels of h=—0.009 cm! are ob-
~—1557cm? and AA=—1/2/,4(Ru)~—519cm?! for tained. This is not too far outside of our experimental esti-
the I and 3® states, respectively, using,q(Ru)  mate for thg 0.9]°A, state of 0.008 0.005 cm* (see Table
=1038 cm ~.“8 Thus, the’ll state is predicted to be strongly IlI).
inverted, consistent with the measured separation between Estimates ofh for the excited states thought to derive
the[13.9°I1, and[12.7)°I1, states of 1211 cit. The fact  from the[...]25°6#* configuration work out to be-0.013,
that this separation is of smaller magnitude than the pre—0.013, and—0.002 cm? for the [16.2]'®;, [13.53d5,,
dicted value of 1557 cimt is no cause for concern, since in and[12.7]°I1, states, respectively, under the assumption that
the 6 orbital the 4 g, character is diluted by the admix- the 6 orbital is of pure 417, character. These values com-
ture of carbon P character, thereby reducing the expectedpare to experimental estimates ©0.0183), 0.0043), and
spin—orhit splitting. In addition, off-diagonal spin—orbit in- +0.0085) cm™?, respectively. The calculated and experi-
teractions between tHdl; and®II; states will push théll;  mental estimates for thgl6.2]'®; state are in reasonable
state to lower energies, further reducing the measuredgreement, but a greater discrepancy exists fof 18e5]3®
811,211, interval. Additional support for the assignment of and[12.7)3I1, states. This discrepancy suggests that it is not
the[12.7)%I1, and[13.9)%1, states as spin—orbit levels of a possible to accurately describe these excited states as arising
common’II state is found in their similar bond lengthsith ~ from a single configuration. Both spin—orbit mixiiguch as
ro values differing by only 0.0008 Rand vibrational fre- certainly occurs between thgl6.2'®; and [13.5°®,
quencieswhich differ in w, by only 9.5 cm%, or 1%. state$ and configurational mixing due to electron correlation
Although the spin—orbit analysis presented above preean causeh to deviate from the simple estimates given
dicts that the’d state will be less strongly inverted than the above. Spin—orbit mixing of thg16.2]'®, and[13.5]3®,
31 state, withAA~—519 cm'?, it is nevertheless still pre- states can be accounted for rather straightforwardly, since the
dicted to be inverted. This is at odds with the measured specoupling matrix element is readily calculated as
tra, which place thg13.9°®, state 421 cm® abovethe  (3d,|HSA D )=a,+a, /2~1557 cnil. The measured en-
[13.5]3®, state. The off-diagonal spin—orbit interaction be- ergies of thg 16.2)'®, and[13.5]3®, states, however, are
tween the isoconfigurationafb; and °®; states, however, inconsistent with values of3®,|HS9d,) greater than
can exert a substantial effect because the spin—orbit matrix3g0 cm* unless additional perturbations are considered.
element is readily calculated to bE®3HSY'dz)=a;  These facts imply that th&b; and3®, states are severely
+a,/2~1557 cm 1.#8 Because this value is Iarger than the mixed, so that each has consideraBe 0 andS=1 elec-
diagonal spin—orbit matrix element of3®,/HS93®d,)  tronic character. Assuming that the mixing is complete and
=—azt+a,/l2~—519cm?, spin—orbit coupling between using the hyperfine parameters of tRyenbacPP then leads
the 3®, andl®, states may be responsible for the reversedo revised estimates dfi for these states of-0.015 and
energy ordering of thé®, and3®, states. This possibility —0.012 cm, respectively. This brings the theoretical esti-
requires a small exchange splitting betweenheand3®, mates ot into slightly better agreement with the experimen-
states. tal values of—0.0183) and 0.00(8), respectively. Clearly
The measured splitting between the states assigned aslditional mixing of states due to the spin—orbit interaction
3d, and'd, is 2720.4 cm?, a value which is even less than or electron correlation is needed to explain the observed hy-
the expected minimum splitting between the final mixedperfine structure of th€l =3 states.
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The difficulties are even more severe for {1e.7)°I1, origin at 12 875.23 cm', then most probably is théd,
state, which our experiments clearly show possesses a posi-3A; emission system. With these thoughts in mind the
tive value ofh, but which is calculated to have a negative 3A,, 3®,, 3I1,,, and®Il,, levels are listed in Table IIl at
expected value of0.002 cm L. This again suggests that the the  term  energies x,  x+12875.23 cm?, X
[12.7)3I1, state is contaminated, either by spin—orbit mixing +13 286.43 cm?!, and x+ 13 312.69 cm?, respectively.

or configuration interaction with another state. Based on the spin—orbit considerations discussed in Sec.
IV A, it is expected thak should fall in the range from 1620
3. Previous observations of the excited 2~ 6°6x! states to 2150 cm*. This places thé®,, °I1,,, and®Il,, levels

In the original spectroscopic study of RuC, Scullman@t energies whi_ch are completely consistent with the ex-
and Thelin observed 8 band systems in emission, with origi€cted values given above. We are thus led to conclude that
bands in the range from 12 624 to 15 345 ¢ The sys- the weak but nevertheless power broadened feature that was
tems reported in that work were completely consistent Withobser\?{ed in theacourse of scanning the 1-1 band of the
the assignments made above, with all of the observed sy$13-9"®s—[0.1]°A5 system, as described in Sec. [l B 2, is
tems corresponding to alloweliS=AS =0 emissions ex- dué€ to an ogerlapplgng transition that is probably ghe 0-0
cept for the weakest of the observed systems, which corrd?@nd °3f the“llop—>A; system. Because thgl3.5]"®,
sponds in our assignment to a spin-forbidder6.2 _<—_[0.1] A5 system fails to fqllow the&2_=0 selection rule,
—.[0.9]3A, emission. It is not surprising that this system is it is a weak system which is not readily power broadened.

observed in emission, since our estimate of g~3b,  The Igp+3A, system, on the other hand, is fully allowed
matrix element of<3<1> ||:|SO|1‘D )~1557 el leads to a under theA3 =0 selection rule, and is readily power broad-
nearly complete mixinsg of thé<1333 and3d, states ened under the conditions required to record the weaker

In addition to the emission systems also observed in Oupverlapping band.
work, Scullman and Thelin identified three other band sys- _ _ o _
tems with origin bands at 12875.23, 13286.43, andC. Comparison with ab initio calculations

13 312.69 cm®.*° Because this early work was not isotopi-  The onlyab initio study of RuC published at this time
cally resolved, it was only possible to rotationally resolve theonsists of a 1987 all-electron Hartree—Fock and configura-
0-0 bands of these systems. Nevertheless, the three systefps, interaction calculation by Shirat al3* This study pre-
were found to havés values of 0.588@), 0.58825), and  jicted a3A ground state, withr,=1.74 A, w,=888 cm %,
0.58879) cm *. These values are statistically the same, andhngp_=2.92 eV. The bond length for this state is overesti-
are statistically different from th@&, values found for the |5teq by 0.1 Aw, is underestimated by 15%, ari, is
X'3", [0.1]°A5, and[0.91°A, states. Nevertheless, they ynderestimated by a factor of 2 in this calculation. In addi-
are very close to the isotopically averaged values found bﬂon, the 13" state that has now been established as the
Scullman and Thelin for thg0.1]°A3 and[0.91°A; states, ground state is calculated to lie 4275 chabove the3A
which are 0.5863 and 0.5877 c respectively. It therefore  giate. Clearly, the theoretical methods employed in this cal-
seems very likely that these emission systems terminaté ogjation were inadequate to describe RuC. A more reabnt
the °A; level, which is not observed in our work due to its jnjtio investigation of the closely related MoC molecule by
low population in the jet-cooled molecular beam. Assuminginese same authors which employed an all electron multicon-
that these emission systems obey ff8=A% =0 selef:t|on figurational self-consistent field meth¢8ASSCH followed

rule and that they originate from tf[e--]2536_771 manifold  py multireference configuration interactiéMRCI) calcula-

of states, the only candidates which can emit tothglevel  tions was much more successful, reproducing the experimen-
are the’d,, *I1,+, and®I1,- states. It therefore appears that 1] MoC ground state bond lendtto within 0.02 A and the
these three band systems are #e,—°A, *Ilo+—°A1,  gissociation energy to within 49%. These results suggest
and®Il,-—°%A; emission systems. that multiconfigurational self-consistent field methods will

If one assumes that the spin—orbit structure of thegenerally be required for an accurate description of the elec-
[...]28% 7, °II state exhibits equal spacing between theyonic structure of the transition metal carbides.

*Il,, °My, ?‘”daHOf’ levels, th?SHOf levels would be ex- The ab initio study of RuC by Shinet al3* was used to
pected to lie at 15156 cnt. Given that the’ll; level is  gstimate the thermodynamic functions of RuC, which were
pushed to lower energies by an isoconfigurational spin—orbifhen used to extract the valle,(RuC)=6.34+0.11 eV from
interaction with the[...]253671,_ 'I, state, however, the the results of Knudsen effusion mass spectrometric
*Iy= levels might more realistically be expected to lie ateyxperiment3* A recalculation of the thermodynamic func-
To(*I) +2|AJA =12 734+2(1557)=15 848 cm™.  Simi-  {jons of RuC using the results listed in Table Il for the

lar calculations suggest that ti@, level should lie in the  |oy.lying states leads to a slight revision in this value. With
energy range of 13 900—14 900 ¢ These considerations the new dataD o(RUC) is revised to 6.310.11 eV.

clearly place thé®, level below the®Il - levels. Further-

more, the®[I,- levels are gxpected to lie close to one an-, -5\ ELUSION
other, because they are split only by second-order spin—orbit
interactions with othef)=0 states. These facts suggest that  In our recent work on Fe€NiC,*? and MoC(Ref. 8 we

the band systems with origin bands at 13 286.43 andhave found that these molecules possess vibronic spectra of
13 312.69 cm® are the®lly=—3A, systems, with théll,- nearly impenetrable complexity, making even the identifica-
levels split by 26.26 cm®. The lower energy system, with its tion of band systems very difficult. The situation in RuC is
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