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Photoelectron spectrosco ES is combined with density functional theofipFT) to study the
monochromium carbide clusters GfC and CrG (n=2-8). Well-resolved PES spectra were
obtained, yielding structural, electronic, and vibrational information about both the anionic and
neutral clusters. Experimental evidence was observed for the coexistence of two isomersfar CrC
CrG;™, CrGC,’ and CrG. Sharp and well-resolved PES spectra were observed fop, Qi€
=4,6,8), whereas broad spectra were observed fog Ceid CrG ™. Extensive DFT calculations

using the generalized gradient approximation were carried out for the ground and low-lying excited
states of all the Cr and CrG, species, as well as coupled-cluster calculations for,Cré&nd

CrG,. Theoretical electron affinities and vertical detachment energies were calculated and compared
with the experimental data to help the assignment of the ground states and obtain structural
information. We found that CrC and CrG~ each possess a close-lying cyclic and linear structure,
which were both populated experimentally. For the larger Cr€lusters withn=4, 6, 8, linear
structures are the overwhelming favorite, giving rise to the sharp PES spectral features waC

found to have a cyclic structure. The broad PES spectra of CLiggested a cyclic structure,
whereas the DFT results predicted a linear one. 2@4 American Institute of Physics.
[DOI: 10.1063/1.1701754

I. INTRODUCTION and linear configurations have been found to be close in
N _ _ _ energy? However, subsequent mixed HF-DFB3LYP) and
Transition metalgTMs) interact with carbon in a num-  coupled-cluster with single and double excitatiq@®CSD
ber of ways. Early TMs form metcarsand carbide calculations resulted in fanlike structures for both neutral
nanocrystalé. Rare-earth elements can be trapped insideyC, (n=3-6) and their cation$The ground states of LaC
fullerene cages and form endohedral metallofullerénes,(up to n=6) were also predicted to be fan like at both
whereas both early TMge.g., ND (Ref. 4 and late TMS  B3LYP and MBPT2] levels?*° whereas larger LaC(up to
(e.g., Fe, Co, Ni, Rh, and)I(Ref. 5 can be substitutionally n=14) were found to be cyclic with the La atom inserted
networked into fullerene cages. Late TMs are also wellinto the carbon rings' B3LYP calculations for TiG(n
known for their ablllty to Catalyze the grOWth of carbon :2_4) found that the fan Configurations are the most
nanotube$. Extensive theoretical and experimental stullies stap|el213 For NbG, (n=2-8), extensive calculations con-
of TM carbide clusters have been performed in the past degjuded that cyclic structures are most stable, except for
cade to elucidate the nature of interactions between TMs andpc,, which favors a linear ground staté!® Several com-
carbon. _ _ putations performed for NiCshowed that the relative ener-
Numerous theoretical studies have been performed ofjes of different geometrical configurations depend strongly
the monometal carbidk! C, series~**revealing the compe- o the level of theory applietf° Recently, DFT calcula-
tition betweenM —C and C-C interactions in governing the tions were reported on FeCn=1-4), concluding that all
structural evolution of the monometal carbide species. Baseghe clusters have the fanlike ground-state configurafidns.
on the results of Hartree—FodkiF), second-order many- | ast, DFT calculations were also performed on late TM car-
body perturbation theoryMBPT[2]), and density functional pige clusters PdC (n=3-18) and Ptg" (n=2-16) 2422
theory (DFT) calculations, it has been concluded that,YC  gng showed that these clusters possess cyclic configurations
YCs, YC4, and YG may posses€,, , kite, fan, and linear o1 n—2 |inear configurations fon=3-9, and again cyclic
ground-state configurations, respectively. ForsY Goth kite configurations fom> 10.
Structural evolutions of several monometal TM carbide
3Electronic mail: Is.wang@pnl.gov systems have also been characterized experimefRtaff.

0021-9606/2004/120(19)/8996/13/$22.00 8996 © 2004 American Institute of Physics
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We have used photoelectron spectroscdP¥S to study  the known spectrum of Rh and the energy resolution of the

TiC,” (n=2-5) (Ref. 26 and interpreted the vibrationally apparatus wad Ek/Ek~2.5%—that is,~25 meV for 1-eV
resolved PES spectra in terms of the cyclic configurations oglectrons.

the anions, which were confirmed by subsequent theoretical

calculationst® A recent PES study of NhC (n=2-7)

revealed experimental evidence for a cyclic-to-linear struc- ,

tural transition from Nbg™ to NbGC,~ (Ref. 27. Interest- B. Theoretical methods

ingly, the PES data suggest that the Nb atom may substitute The GaussIaN 98 progrant? and the basis set denoted as
a carbon atom in the carbon chain, giving rise to linear NbC 6-3114+G*—namely, (1511p6d1f)/[10s7p4d1f] for Cr
clusters with similar electronic properties as pufg. Cclus-  (Refs. 43—45band (126p1d)/[5s4pld] for C (Ref. 46—
ters. For late TM systems, ion mobility experiment was carwere used. Seven exchange-correlation functionals were
ried out for FeG~ (n=4-8),% in which a linear isomer tested on Crg and CrG~: BLYP (Becke’s exchandé and
was observed for FeC and a two-dimensional isomer was Lee—Yang—Parr correlati?, BP86 (Becke’s exchandé
observed for Feg, whereas both linear and two- and Perdew's correlati6h, BPW91 (Becke’s exchandé
dimensional isomers were observed for EeCFeG~, and and Perdew—Wang correlatifh PW91PW91 (both ex-
FeG™. A subsequent PES study of FgQn=2-5) (Ref.  change and correlation are due to Perdew and Wang
29) suggested a possible linear-to-cyclic transition fromBPBE (Becke’'s exchandé and Perdew—Burke—Ernzerhof
FeG to FeG, consistent with the ion mobility measure- correlatiortt), PBEPBE(Perdew—Burke—Ezerhoff exchange
ments. and correlatiort), and hybrid B3LYP?®3 Since two con-

In this article, we report the results of a combined PEStenders for the ground state of GfCare close in energy at
and DFT study on a series of monochromium carbideshe DFT level, we also investigated the anion using the
CrG,” and CrG, (n=2-8). The combination of theory and coupled-cluster singles and doubles apprdatitiuding the
experiment has proved successful in obtaining electronic andffect of connected triples determined using perturbation
structural information about TM compound clust&ts®3 To theory®™ which is denoted UCCS@) in the
the best of our knowledge, previous calculations were remoLPRO  prograni® used in  this work. The
ported only for CrC3*=3¢CrC,% and CrC,%" whereas we Cr (20s15p10d6f4q)/[7s6p4d3f2g] averaged atomic
have reported previously PES spectra for £r@nd CrG~ natural orbital séf and carbon-augmented correlation-
in studies of the @ TM MC,~ andMC;~ species®*The  consistent polarized valence triple-zet@ug-cc-pVTZ
current work presents a comprehensive study on the, CrC seP®°were used.
series forn=2-8, including CrG~ and CrG~ for com- Only the BPW91 functional was used in the calculations
pleteness. Well-resolved PES spectra were obtained, providler n=3. Our assignment of the spectroscopic states was
ing a wealth of structural, electronic, vibrational, and iso-based on the symmetry of the Slater determinants built using
meric information. Extensive DFT calculations using the one-electron DFT orbitals. After the geometry of a spe-
generalized gradient approximation for the exchangecies was optimized, subsequent harmonic frequency calcula-
correlation functional were carried out for both Gr@nd tions were performed using analytical second derivatives in
CrC,”. The experimental and theoretical data were com-order to confirm that the optimized geometry corresponded
bined to elucidate the electronic and structural evolution into a minimum. Theoretical electron affinitiéSAs) were ob-
the series. tained by the differences in total energies of a neutral and its

anion at their respective equilibrium geometriesrrespond-
ing to adiabatic valugs

EAx= Eo N,RN) +ZN— Eio( AL RA) —Zp
=AEg+AEn, 1)

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experimental methods

The experiments were carried out using a magneticwhere Ry and R, denote ground-state equilibrium geom-
bottle-type PES apparatus equipped with a laser vaporizatiogtries of a neutral specidy and its anionA, respectively.
supersonic cluster source. A detailed description of the exzero-point energie$Z) are computed within the harmonic
perimental techniques can be found elsewt{&fé Briefly,  approximation.
the CrG,~ anions were produced by laser vaporization of a  Vertical detachment energi€¥DEs) were computed as
chromium carbide (GIC,) target in the presence of a helium the difference in energies between the anion ground state and

carrier gas. Various Q€,~ clusters were generated and the neutral state at the anion geometry:
mass analyzed using a time-of-flight mass spectrometer. The

CrG,” (n=2-8) species of interest were each mass selected VDE;=Ey(N,Ra) — Eio(A,RR). 2

and decelerated before being photodetached. Three detach-

ment photon energies were used in the current study: 532 niwith the present approach, two VDEs corresponding to re-
(2.331 eV, 355 nm(3.496 eV}, and 266 nm(4.661 eV. moval of an electron from the- and 8-spin orbitals can be
Photoelectrons were collected at nearly 100% efficiency byomputed—i.e., transitions to the neutral states with spin
the magnetic bottle and analyzed in a 3.5-m-long electromultiplicities of 2S+1=M =1 (M stands for the spin mul-
flight tube. The photoelectron spectra were calibrated usingplicity of an anion statpwere computed.
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TABLE I. Observed adiabatiCADE) and vertical(VDE) detachment energies and vibrational frequencies for
CrC,” (n=2-8). The numbers in parentheses are uncertainties in the last digits.

Obs. feature ADHeV) VDE (eV) Vib. Freq.(cm™?)
cre,” X 1.61715) 1.680(15) 510 (20)
A 2.011(10) 2.076(10) 520 (20)
B 230 (5 2.36 (5
c 2.466(15) 480 (30)
D 268 (3)
E 2.88820) 2.888(20) 515(20)
F 3.160(10) 440 (20)
G 3.41410) 3.414(10) 620(20)
cre,” X 1.47415) 1.474(15) 700 (30)
A 1.64415) 1.640(15) 720(30)
B 1.79720) 1.797(20) 400 (30)
c 1.93610) 1.936(10) 540 (20)
D ~2.25
E 2.461(20) 2.461(20) 720(20), 1160(40)
F 2.82620) 2.826(20) 480 (40)
G 3.00-3.35
cre,” X 2.781(15) 2.781(15)
A a 3.02715) 3.027(15)
b 3.063(15)
c 3.102(15)
d 3.144(20)
e 3.186(15)
B 335 (3
c 355 (2)
D 3.88 (2) 3.94 (2 480 (30)
E 437 (2)
X' ~1.85 ~2.05
Crey” X 2.20 (8 243 (8)
A 276 (6)
B 334 (6)
c 353 (6)
D 437 (8
Crcs~ X 3.15610) 3.156(10) 680 (20)
A 3.33310) 338 (2 390(30), 650 (20)
B 361 (5)
c 369 (3)
D 3.92 (2
X' ~2.60 ~2.73
cre, X 2.96 (3) 301 (3
A 320 (3)
B ~3.6
c ~39
Crcy™ X 3.45010) 3.450(10)
A 357 (2) 357 (2) 970 (40)
B 381 (2
c 394 (2
D 419 (2)
lIl. EXPERIMENTAL RESULTS ability to control cluster temperatur€%:%3Two vibrationally

resolved band¥X and A were observed in the 532-nm spec-

The photoelectron spectra of GfC(n=2-8) are pre- trum [Fig. 1(@)]. The 0-0 transition of banX at 1.617 eV

sented in Figs. 1-9. Figures 3 and 5 provide evidence for the ~ . . .
existence of low-lying isomers for CkC and CrG™. The Seﬁnes the grountlj-state ADEd_"he" E.A of QnCTh|§ value d
adiabatic detachment energié8DEs), VDEs, and vibra- is more accurately measured than in our previous study,

tional frequencies for the resolved spectral features are giveich yielded an EA of 1.630.01 eV for CrG. The VDE
in Table | for all seven species. of bandX is defined by the 4-0 transition at 1.680 eV. The

well-resolved vibrational progression yielded a vibrational
A. PES spectra of CrC 5~ frequency of 51620 cmi ! for the ground state of CeC A
Figure 1 shows the PES spectra of GrGit 532 and 355  similar vibrational frequency of 52620 cm * was observed
nm. The spectra were slightly better resolved compared tfor band A. These values agree with our previous study
those reported in our previous stutfyin particular, hot band  within the experimental uncertainties.
transitions were significantly suppressed due to our improved A congested spectral pattern was revealed at higher bind-
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FIG. 1. Photoelectron spectra of GrCat (a) 532 nm(2.331 eV and (b)

355 nm (3.496 eV). The vertical bars indicate resolved vibrational struc-  F|G. 2. Photoelectron spectra of GrCat () 532 nm andb) 355 nm.
tures.

_ _ ) ) ~ peared that the intensities of the lowek, A,B) and higher-

ing energies at 355 nifig. 1(b)], where numerous vibronic (g G) binding-energy regions were significantly enhanced

features were observed in the higher-binding-energy ranggs|ative to the central part of the spectru@,D,E). This

and were tentatively labeled frod to G. Compared to our  gpseryation indicates that there existed at least two low-lying

previous spectrum reported in Ref. 38, the intensity ofBhe isomers for CrG: one gave rise to the spectral features in

band was reduced in the current colder source conditiongpe |ow- and high-binding-energy ranges and the other gave

suggesting that this band might be due to a low-lying isomefyise to the spectral featur€; D, andE in the middle part of

As will be shown later, this observation was borne out fromine 355-nm spectréFig. 3. The coexistence of both isomers

the theoretical calculations. at the colder conditions suggested that they are close in sta-
bility, similar to our recent observation for;B (Ref. 64.

B. PES spectra of CrC 3~

The spectra of Crg are shown in Fig. 2 at 532 and 355 C. PES spectra of CrC 4
nm. The 532-nm spectrurfFig. 2@], though better re- Figure 4 shows the spectra of GfCat 355 and 266 nm.
solved, is similar to our previous repdrtThe X, A, B, andC ~ The spectra shifted significantly to higher binding energies
bands are consistent with the previous spectrum, but eadlelative to those of Cr& and CrG~ and became much
with a better-resolved vibrational progression. sharper and less congested. The 355-nm spedtFign4(a)]

A congested spectrum with numerous transitions at theevealed three main bands A, andB. BandX is sharp with
higher-binding-energy range was observed in the 355 nriittle vibrational excitation, indicative of little geometry
[Fig. 2(b)], which was dominated by an extremely intensechange upon photodetachment. The sharp featwelded
band (E) at 2.461 eV. Surprisingly, the 355-nm spectruman EA of 2.781 eV for Crg. Band A contains several re-
shown in Fig. 2Zb) was quite different from the spectrum solved fine feature&, b, c, d, ande) as shown in the inset of
reported previously due to the colder source condition in thé=ig. 4(a@). The binding energies of these features are given in
current experimerf®=%3Figure 3 compares the 355-nm spec- Table |, and they are likely due to vibrational structures for
tra of CrG~ taken at two different source conditions. The more than one electronic transition. Four more bands were
data in Fig. 8a) are the same as in Fig(l9. The spectrum observed at 266 nnB, C, D, andE [Fig. 4b)]. The D band
shown in Fig. 8b) was taken at a relatively hot source con- consisted of a vibrational progression with a frequency of
dition, and this spectrum was similar to that reported previ480 cm ™.
ously in Ref. 39. In addition to the deterioration of spectral A very weak band X’) was observed at the low-
resolution, dramatic intensity changes were observed. It aghinding-energy side of the main featurdsg. 4). Figure 5
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FIG. 3. Photoelectron spectra of GrCat 355 nm under two source condi- Binding Energy (eV)

tions: (a) cold and(b) hot. Note the relative intensity changes of spectral

features, indicating the coexistence of isomers in the;Crgeam. FIG. 4. Photoelectron spectra of GfCat(a) 355 nm andb) 266 nm(4.661

eV). The inset shows fine features in bafdn the 355-nm spectrum.

shows that the relative intensity of the featufté was en-

hanced under hot source conditions, suggesting that it came

from a higher-energy isomer. We estimated an ADE and0 a low-lying isomer was observed at the lower-binding-
VDE of ~1.85 and~2.05 eV, respectively, for this low-lying €nergy side of the main features with an ADE and VDE of
isomer of CrG . ~2.60 and~2.73 eV, respectivelyFig. 7).

D. PES spectra of CrC 5~ and CrCg4~

The spectra of Crg at 355 and 266 nm are shown in _ _
Fig. 6. These spectra represent a complete departure frorEn' PES spectra of CrC ;™ and CrCyq
those of CrG~, showing extremely broad and congested  The PES spectra of CkC are shown in Fig. 8 at 355
features. Five bandéx, A, B, C, and D) were tentatively and 266 nm. These spectra display broad and congested fea-
labeled. The ground-state VDE was estimated to be 2.43 eVWures similar to those of CiC. The ground-state transition
and the ADE was evaluated from the onset of fealite be  (X) was fairly well defined, yielding an EA of 2.96 eV for
~2.2 eV. The broad spectral features suggested that there a@C,. The higher-binding-energy banda,B8,C) were ten-
likely large geometry changes between the anion and neutr#htively identified.
of CrGs. The spectra of Crg are shown in Fig. 9, and they are

The spectra of Crg are shown in Fig. 7 at 355 and 266 similar to those of Cr¢™ and CrG~ with sharp and well-
nm. These spectra are quite similar to those of Lr(Fig.  resolved PES features. The 355-nm spectf&ig. 9a)] re-

4). Analogous to that of Crg, the 355-nm spectrum of vealed only a single sharp featude at 3.450 eV, which
CrCs~ [Fig. 7(a)] also exhibits two bands. Th¢ band was yielded an accurate EA of 3.450 eV for GyCAt 266 nm
sharp and intense with a short vibrational progression.Xhe [Fig. 9b)], four well-resolved band§A, B, C, andD) were
band yielded an EA of 3.156 eV for CgGand vibrational observed. BandA was intense and appeared to possess a
frequency of 680 cm’. The A band again consisted of sev- partially resolved vibrational progression with a spacing of
eral features likely due to vibrational features of more thar970 cm . The 0—0 transition of band was broad and likely
one electronic transition. The intensity of baAdncreased contained unresolved vibrational features corresponding to a
substantially at 266 nrfFig. 7(b)]. Three more bands were lower-frequency mode.

also observed at 266 nm in the higher-binding-energy range: The ADEs, VDEs, and vibrational frequencies for all the
B, C, andD. Similar to CrG,~, a very weak featur&X’ due  observed spectral features are given in Table I.
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FIG. 5. Photoelectron spectra of GrCat 355 nm under two source condi-  FIG. 6. Photoelectron spectra of GrCat (a) 355 nm andb) 266 nm.
tions: (a) cold and(b) hot. Note the relative intensity change of featdre
indicating that this feature was due to a minor isomer of CrC
states corresponding to asymmetric angular CCrC and CrCC

configurations for spin multiplicities of 4 and 6. At the
BPWOL1 level, the lowest state found®8,, which is above
V. THEORETICAL RESULTS the ®3 " linear state by 0.13 e\Fig. 10. In order to make
Theoretical results at the BPW91/6-31G* level for  sure that this result was not an artifact of the BPW91 ap-
the neutral and negatively charged Grépecies =2-8)  proach, we performed computations using six other
are presented in Figs. 10-16. In general, two types of strugxchange-correlation functionals, including the hybrid
tures were found: linear and cyclitan like). Forn=2—-4, B3LYP functional, on the®S* and °A; states of Crg"
the local magnetic moments are also presented in order tdable Il). We also calculated the lowe¥, state for neutral
assess changes in the spin density due to electron detadBfC, at the same levels of theory, which allowed us to esti-
ment. The local magnetic moment is defined by the differ-mate the EAq of the C,, CrC, at the different levels of
ences in populations of the- and 8-spin representations. theory. However, we found that the linear neutral CrCC was
The spin densities reported in Figs. 10—12 were obtaine#iot a minimum with one imaginary frequency. In addition,
using the conventional Mulliken analy$sThe differences calculations with the basis set extended to 6-8G[3df) at
computed using the atomic natural orbital populatféfié the carbon atoms were performed. As shown in Table II,
(NAOs) are essentially the same, as was noted for otheneither functional nor the basis extension influence the order
system$® Positive and negative values of local spin densi-of the anion states. The maximum variation in the,f#ith
ties on carbon atoms correspond to larger populations in theespect to that computed at the BPW91 level was about 0.1
a- and B-spin representations, respectively. Generally, theeV. All the approaches produced rather similar geometrical
asymmetry in thea and 8 populations is small in fanlike parameters and vibrational frequencies.
structures, while it can reach one electron in the linear struc- We also carried out CCS[D) computations, which fa-
tures(Fig. 11). vored theC,, ®A, state over the linedt> * state by 0.06 eV.
_ According to Table II, the geometrical parameters and
A. CrC,™ and CrC, vibrational frequencies obtained at the CGQ3$D level
We have performed an extensive search for he2 were in good agreement with those obtained at the DFT
system, including linear and nonlinear configurations. Thedevels. According to the NAO analysis, the electronic
linear CrCC structure was found to be the lowest for theconfiguration of Cr in the ground®A; state of
CrC,” anion at the DFT leve{Fig. 10. We paid particular CrC, is (3d*34s°332(3d%3%s%194  Attachment of an
attention to the nonlinear structures, including states of alextra electron leads to the lowest-energy stafds’
possibleC,, symmetriesA,, B;, A,, andB,, as wellas and °A;, of CrC,”. The corresponding electronic
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FIG. 7. Photoelectron spectra of GfCat (a) 355 nm andb) 266 nm. The
weak feature labeleX’ is due to a minor isomer in C¢C. FIG. 8. Photoelectron spectra of GrCat (a) 355 nm andb) 266 nm.

configurations are (@ *%4s%6%¢(3d%?%4s%19%  and
(3d*5%4s078¢(3d%2%4s98 A respectively. Thus there is no C. CrC,~ and CrC , (n=5,6)
substantial differences between fi®* and®A; NAO popu-
lations. Attachment of the extra electron substantially in-
creases the population of the G 4rbitals.

Our BPW91 optimizations yielded a line&® ~ ground
state for CrG~ (Fig. 13. A nonplanar fanlike structure
(*A"), which is 0.29 eV higher, is the lowest nonlinear struc-
ture. There are also two high-spin bent structur®s’ (and
_ 8A"), but they are significantly higher in energy. Neutral
B. CrC,” and CrC,, (n=3,4) CrCs was also predicted to have a linear ground state, which

As shown in Fig. 11, the fanlike*B,) and the linear is 0.16 eV below the nonplanar fanlike structure. Again, a
(*S7) structures of Crg~ were found to be nearly degen- high-spin bent Crg(’A’) was predicted to be 0.32 eV
erate, with the former slightly more stable at the BPW91higher than the linear ground state. It seemed that the high-
level of theory. For neutral CrgG the low-spin £B,) fanlike  spin states prefer quasilinear configurations. We tried several
structure was the ground state with the high-spin i)  starting geometries comprised of Cr on the top of or added to
being 0.15 eV higher in energy. The linear Gr@as higher the side of a pentagons@ing. In the first case, optimizations
than the®B; structure by 0.30 eV. The electronic configura- resulted in transition states, which finally led to the cyclic
tion of Cr in the ground 3B, state of CrG is configurations found previously, while the latter converged
(3d3684s016 43013145098 A Attachment of an extra elec- to a cyclic*A” configuration, which is above tH& ~ state
tron to CrG led to “B; of CrC;~ with a Cr occupation of by as much as 1.85 e\Fig. 13.

(3d*2745%78¢(3d%745%99 A, The electron attachment sub- Like CrC,™, the ground state of the CgC anion was
stantially increased the population of the Grarbitals simi-  found to be linear %), which is well separated from the
lar to CrG,. Note that Feg and FeG also possess similar fan structuregFig. 14). The closest-lying fan structuréA”)
cyclic structure€>°although the binding patterns should be is 0.82 eV higher in energy. The neutral ground state of,CrC
quite different since the effective configuration of an ironis also linear, but the fan structur®’) is almost degenerate
atom is close to 874s. with the linear structure, only 0.04 eV higher. Optimizations

The ground state of CyC was found to be the linear of a configuration consisting of a Cr atom on the top ofga C
63+, which is well separated from the fanlike configurationsring led to the3A’ and?A’ states for the neutral and anion,
(Fig. 12. However, for neutral Crg the linear structure is respectively, as shown in Fig. 14. Both states are signifi-
higher than the ground-state fan structutB,) by 0.34 eV.  cantly above the ground states.
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As shown in Fig. 15, both CrCand CrG~ were found ~The geometries of Cand G~ were reoptimized at the
to possess cyclic ground-state configurations correspondin@PW91/6-311-G* level beginning with the bond lengths
to the 3B, and*B; states, respectively. The linear structurestaken from the B3LYP/6-3116 calculations”® As is well
are low-lying isomers corresponding to thd state for CrG known, pure DFT approaches are biased towards overesti-
and“s ~ state for CrG~. The linear anion is 0.33 eV higher mating the dissociation energies, by as much as 1 eV in the
in energy than the cyclic ground state, but the neutral lineaf@se of homonucleardmetal dimers’* If one assumes the
structure is almost degenerate with the ground state, onlgverestimation to be nearly the same for the series of neutral
0.08 eV higher. The fanlike structures are much higher ir@nd anionic species, one may compare the trends along the
energy for both Cr¢™ and CrG. Series.

The CrG~ anion continues the trend of the series with ~ The G, chains possess triplet ground states for emen
an even number of carbon atoms: its ground state is lineathich are less stable than the oddsinglet ground-state
and corresponds again to % * state, while the neutral states(see Ref. 70 and references thejei@, presents an
ground state iSTI (Fig. 16. These states are significantly €xception since its singlé , state is slightly belo¥? the
more stable than the lowest cyclic states by 0.75 and 0.93 eWiplet °II, state by 0.09 eV. The BPWO9L level places the

respectively. triplet state of G somewhat below the singlet state because it
is well knowr'® that it is difficult to obtain a singlet ground
E. Theoretical EAs and VDEs state of G without using a multireference approach. As seen

We computed the EAs for the two lowest-lying isomers from Table 1V, the evem CrC, species are more stable with

for each species and the VDES for two detachment channe[§SPect to both Cr—and CrG,_;~C decay channels, al-
(a low- and a high-spin channelThese theoretical data are though they possess higher-spin-multiplicity quintet states.

given in Table Il and compared with experimental data, as' '€ C'G~ anions are less stable than the corresponding

will be discussed below neutrals with respect to the CryCdecay channel, while the
largen CrC;~, CrC,”, and CrG~ anions are the most

F. Thermodynamic stability of CrC , and CrC ,~ stable with respect to the CfC,;—C"~ channel.

clusters

In order to assess the thermodynamic stability of theV' DISCUSSION

monochromium carbide clusters, we evaluated the fragmen- Chromium is challenging both experimentally and theo-
tation energies of two decay channels, the losa € or Cr  retically due to its unique half-filled &4s' electronic
atom, as follows: configuration’*”® The existence of structural isomers re-
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TABLE II. Computational results for thBA; and®S * states of Crg~ and the®A, of CrC, at different DFT-GGA levels using the 6-3tG* basis set and
at CCSOT) level.

BLYP BP86 BPW91 BPWHL PWOT*2 BPBE PBE2 B3LYP CCSDET)b
Anion 5A;
ro(Cr—=0 (A) 2.066 2.042 2.044 2.042 2.039 2.043 2.038 2.085 2.078
£ CCrC° 36.32 36.80 36.82 36.72 36.86 36.85 36.94 35.62 36.01
w(by) cm ! 312 334 330 331 339 331 345 289 378
w(ay) 452 470 468 467 472 469 472 455 483
w(ay) 1689 1686 1695 1697 1697 1692 1691 1775 1734
AE g (eV) ~1.59 ~1.79 ~1.68 ~1.65 ~1.72 ~1.64 ~1.66 ~1.82 ~1.58
Anion 63 *

ro(Cr—=0 (A) 1.917 1.902 1.907 1.905 1.904 1.906 1.905 1.924 1.933
r(C—C) 1.278 1.280 1.279 1.273 1.277 1.279 1.279 1.265 1.277
o(m (cm™Y) 174 169 169 171 171 168 169 162 140
w(o) 474 482 476 477 479 476 478 488 490
(o) 1778 1780 1787 1794 1793 1786 1788 1871 1843
AE (V) -1.72 ~1.89 ~1.80 -1.78 -1.81 ~1.76 ~1.74 -1.91 -1.52
Neutral®a,
ro(Cr—=0 (A) 1.965 1.949 1.958 1.955 1.950 1.957 1.949 1.988 1.990
£ CCrC° 38.08 38.90 38.64 38.58 38.78 38.68 38.86 37.48 37.84
w(b,) (cm™Y) 346 357 345 349 363 350 368 363 431
w(ay) 505 512 497 496 510 498 510 483 520
w(ay) 1660 1659 1673 1674 1674 1671 1669 1760 1697
AEqm (eV) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

aThe basis set is 6-3#1G* for Cr and 6-31% G(3df) for C.
PThe basis set is (205p10d6f4g)/[ 7s6p4d3f2g] for Cr and aug-cc-pVTZ for C.

sulted in much congested PES spectra. Note, however, th8ut at the CCSDT) level of theory, the cyclic structure is

photodetachment is essentially a vertical process and onefightly more stable. These two isomers are likely to have
electron transitions dominate the PES spectra. Therefore, thgmilar stability and both should be populated experimen-
features in the CrC" spectra are primarily due to either tq)ly. The calculated EA of 1.66 eV for the cyclic structure

Iﬁn'to'r?‘” Ior Iinei\tar-to-(ljintear tran?itionj. Witt:j th‘f help of the %?rees well with 1.617 eV measured from tkdvand (Fig.
eoretical results and temperature-depenaent expermentay o ,,qqsting that the main spectral features of Cr@ere
data, it was possible to identify PES features from either,”’ 99 9 P £

. o - . ddue to the cyclic isomer. As described in the experimental
linear or cyclic isomers. Our synergistic experimental an .
esult section, th& band showed dependence on source con-

theoretical approach allowed us to obtain consistent conclJ—_ ; i )

sions on structural evolution in the GfCand CrG, series.  ditions and should be due to a different isomer. The ADE
estimated from th® band was 2.30 eV, which is in excellent

A. CrC,™ and CrC, agreement with the EA calculated for the linear to linear
As shown in Table II, all DFT methods predicted that thetransition(Table 1ll). The calculated VDEs for the two iso-

linear CrG ™~ is more stable than the cyclic isomtig. 10). mers are also in good agreement with the experimental val-

CrC,

1.85 1.30. 1.31

o1p © ¢o.v‘f 5.08 0.7y 0.1y -0.2§ 04 € 1094

5B, +0.15eV °IT +0.30 eV A, +1.08 eV FIG. 11. Optimized structures of CsGand CrG~ at
BPW91/6-31% G*. Bond lengths are in A and the local
magnetic moments are in Bohr magnetons.

0.6y A v

4B, -1.69ev ‘X -1.64eV 6B, -1.38eV 2B, -1.16 eV
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SA* +0.04 eV 3A° +0.67 eV 3A¢ +3.96 eV

1.88 _1.27 _1.31 126 _ 131 _1.29

4p“ -2.14 eV 6A¢ -2.18 eV 2A-0.51 eV
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FIG. 12. Optimized structures of CgGnd CrG~ at BPW91/6-31+G*.  good agreement with calculated VDE for the high-spin final

Bond lengths are in A and the local magnetic moments are in Bohr magnestate(Table 111). Thus we conclude that the cyclic GyCwas

tons. the dominant isomer experimentally and should be the
ground state, in agreement with the CQ$Dresults(Table

).

ues(Table Ill). A high-spin excited state was also calculated”
for each isomer. Because of the low abundance of the line -

isomer, no other spectral transitions could be identified foaré' CrCs and CrCs
this isomer other than the ground-state transition. For the Our DFT results predicted that the quartet cyclic €rC
cyclic isomer, theC band with a VDE of 2.47 eV was in and the linear isomer are nearly degenef&ig. 11. Thus
they both should be populated experimentally. Figure 3 dis-
plays unambiguously the existence of two isomers in the
PES spectra, as described in the Sec. IlIB. The calculated
EA for the cyclic isomer was 1.69 eV, in reasonable agree-

D
~ 1.34 . 1.28
il

1.95 CrC, 188 128 130 _1.28 1.28 130 _1.30

5B, +1.00 eV TA* +1.04 eV

3T +0.08 eV

1.27_1.31_1.29_ 1.31

197
153 °
3A +0.16 eV 5A% +0.40 eV 7A* +0.32 eV
1.86 1.28 1.29 1.30 1.30
© o o e e-0
T 0.0ev
3A¢ +0.59 eV
138
2
O CrC
o 1 1.36 . 1.27 i 1.80 _1.30_1.29 130 1.27_1.33 _1.28
99 @\ 1.38 p
> -2.63 eV
6A -1.78 eV 4B, -0.86 eV 4p% -0.52 eV 130 @130
197— 1.29 1.31 _1.31 .. 1.30 \96 1.30_1.29 _1.31_1.29
BA¢ .
BA“ -1.88 eV A -1.97 eV 8 !3
1.78 1.31 1.28 _1.33 1.28
45" 2376V 4p% -2.08 eV 4Bq -2.96 eV 4A° -2.23 eV 2B,-2.02 eV

FIG. 13. Optimized structures of C¢Gind CrG~ at BPW91/6-31%+G*. FIG. 15. Optimized structures of CyGnd CrG~ at BPW91/6-31%G*.
Bond lengths are in A. Bond lengths are in A.
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CrCq

5A +0.93 eV 3A +1.31 eV
1.89 1.27 _1.31 _1.26 _1.30 1.27 _1.31 _1.29
°T1 0.0eV
CrC8 1.91 1.27 _1.32 1.26 _ 1.31 _1.26 1.32 _1.28

1 -2.07 eV .

1.99 201
4pA4 -2.45 eV 6A‘ -1.84 eV
1.89 1.26 _1.33 _1.26 _1.32 _1.26 1.33 _1.28
63+ .3.20 eV

FIG. 16. Optimized structures of CsGnd CrG~ at BPW91/6-311+G*.

Bond lengths are in A.

ment with the value of 1.474 eV derived from theband
(Fig. 2). The calculated EA for the linear isomét.94 eV

Zhai et al.

D, andE were due to the linear isomer and the rest were due
to the cyclic isomer. Since the abundance of the cyclic iso-
mer increased at hotter source conditions, we conclude that
the linear isomer is probably more stable than the cyclic one,
although the DFT results showed that the cyclic isomer is
slightly more stablgFig. 11). We note that the agreement
between the DFT results of the cyclic isomer and the experi-
mental data is not as good as that between the DFT results of
the linear isomer and the experimental data.

C.CrC,” and CrC,(n=4,6,8)

The PES spectra for these larger even-carbon systems
exhibited sharp and well-resolved data, which were different
from the other spectra. Our DFT calculations predicted that
all these species possess linear ground states, which are
much more stable than the closest cyclic structures. Indeed,
these theoretical results are in excellent agreement with our
experimental observations, as shown in Table Ill, where the
calculated EAs for the linear structures of the three species
are compared with the experimental values. The sharp peak
for the ground-state transitions in each case is consistent with
the theoretical results that showed very little geometrical
change between the anion and neutral linear structures. Even
the calculated VDEs for the first excited state are in good
agreement with the experimental data. Weak populations of
minor isomers in the PES spectra of GrCand CrG~ were
observed, which were in good agreement with the lowest

was in excellent agreement with the value of 1.936 eV meaeyclic isomers in each case. The large difference in stability
sured from theC band. Therefore, spectral features can bebetween linear isomers and the cyclic ones was consistent
unambiguously identified for the two isomers on the basis ofvith the extremely weak populations of the cyclic isomers in
the temperature-dependent spectra shown in Fig. 3. B@nds each case.

TABLE lll. Comparison of experimental data with the BPW91 adiabatic electron affiriiids) of CrC, and BPW91 vertical detachment energi¥®Es)

from the CrG~.2

EA (L~ —L)? EA (C”—C)° VDE (L7)¢ VDE (C")®
Final Final
Theor. Expf. Theor. Expf. state  Theor. Exdt.  state  Theor. Expt.

CrC, b3+ 5[19 2.35 2308) °A;—°5A; 166 1.617K) I 2.39 2.36 B) 5A; 1.71 1.680K)
b 2.72 A, 2.56 2.466 C)

CrC, -5 194 1.936C) “B,—°%B; 1.69 1.474K) 51 2.04 1936C) °B, 1.80 1.474K)
85~ 2.85 2461E) 5B, 2.04 1.640 )

CrC, 63+ 571 2.65 2.781K) A, —°B, 168 ~1.8(X') S 2.69 2.781K)  °B, 207 ~2.05(X")
H 3.24  3.027p) A, 3.57

CrCs 4375 237 AT 3AT 2,23 2.20K) 5TI 2.46 SA” 2.43 2.43K)
1 3.35 SA” 2.85 2.76 Q)

CrGs 53" =511 296  3.156K) ‘A" —=S5A" 218 ~26(X') °II 3.00 3.156K) SA’ 2.82 ~2.73
i 3.40 3.384) A" 3.79

CrC, 4S5 270 ‘B, —°%B; 2.96 2.96 K) 51 2.79 5B, 2.97 3.01K)
1 3.63 B, 3.22 3.200)

CrGg 53" =511 320  3.450K) I 3.23  3.450K)

U 3.54 3.574)

All energies are in eV.

PEA for linear anion to linear neutral.
°EA for cyclic anion to cyclic neutral.

4/DE for the linear anion leading to a low and high spin final state.
®VDE for the cyclic anion leading to a low and high spin final state.

fSee Table | for spectral feature assignments and uncertainties.
9The °T1 state of CrG has one imaginary- 287 cm™! and corresponds to a transition state.
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TABLE IV. Fragmentation energieéFES) of CrG, and CrG;™ (n=1-8)  mer. Thus we could not rule out a small population of the

computed at the BPW91/6-3315" level of theory. linear isomer experimentally. But this population had to be
Neutral Anion very small, because we would expect the linear isomer to

give rise to more intense and sharper features dominating the

Channel FEeV) Channel FEeV)  PES spectra if it had a significant population, such as that
crc ((A)—cCr(’S)+C(®P) 350 CrC (PA)—Cr+C (*S)  3.43 observed in the spectra of CyC (Fig. 2. Thus our experi-
CrCy(°A;) —CrC+C 730 CrG (°*)—CrC+C”  6.08 mental observation suggested that €rGnost likely pos-
HC“;CZ(SHU) 4.30 —crt C; (*3g") 275  gesses a nonlinear structure and the nonplanar cyclic one is a
Cr%&il)lgcicﬁc g'gg crG (CBl)Cﬁcngf+C gg; good candidate. In light of this apparent discrepancy, further
;C:(SB;(H&}G ic 6.83 Cr;(e;)i(crcil c 763 theoretical calculations are warranted for grCand CrG.
—Cr+Cy(32y") 3.94 —Cr+C, (°Ily) 2.61
CrC5(°I)—CrC,+C 6.13 CrG (*37)—CrC,+C~ 6.91
—Cr+Cs(*24") 2.58 —Cr+Cg (°I1,) 2.14
CrCs(°IT)—CrCs+C 665 CrG (°s*)—Crg+C™ 806  E. General remarks
;gggﬁ?g%ﬁ c 2:22 er_:ggl)ci gg:l o 5;’; The copclusions on the_ geometrical structures deduced
—Cr+Ci(iS,Y) 278 .CrCy () 247  from experimental observations are supported by the results
CrGy(°I1) — CrC,+ C 6.52 CrG (°S*)—-CrC,+C~ 8.16 of our extensive DFT calculations in terms of the relative
—Cr+GCe(°3y") 3.34 —Cr+Cqg (°Iy) 2.46 energetics of different isomers, as well as by comparison of

the ADE and VDE values presented in Table Ill. Discrepan-
cies between theory and experiments were observed for
CrC;~. We should point out that the CC$D result for
CrC,” predicted an ordering of stability for the linear and
D.CrC,~ and CrC , (n=5,7) cyclic isomer different from the DFT resuli@able 1l). A
similar discrepancy between results of DFT and CCBD

carbon clusters, these two odd-carbon cluster species yield&@mputations was pre;gougly found for thél and 62_+
very broad PES spectra, signaling that they may have Ver?tates of CrO as well® It is thus possible that a highly
different structures or large geometry changes between thefiorrelated level of theory would be needed for €TC

anions and neutrals. Indeed, for GfCour DFT results pre- Elnally, it |s_|nter_est|rlg to note_ that_ the structural evolu-
dicted a cyclic structuréFig. 15 which is more stable than ton in the CrG, series is neZ%rIy identical to that found for
the linear isomer by 0.33 eV. The calculated EA and VDE forth® FeG~ (n=4-8) serie§” and is 7S|m|Iar to that ob-
the cyclic structure are almost in perfect agreement with thé€"ved in the Nbg™ (n=2-7) ser.|e§. We note that the
experimental valu€Table 1ll). The linear isomer has a com- I|ne.ar Cr_C; . clusters all posses§ h|gher_ elegtron *?'”d'”g en-
puted EA of 2.70 eV, slightly lower than the cyclic isomer. ergies, similar to ¢~ and Nbcﬁ n Wh'(:_h linear |_somers
But there was no experimental evidence that this isomer wad©ré also foun7d7;c_)7€ossess higher binding energies than the
populated in any measurable amouiig. 8. The low-  CYclic isomers’"

binding-energy tail in the 355-nm spectrum of GrC[Fig.

8(a)] could be due to this isomer, but this part of the spec-

In contrast to the well-resolved spectra of the even

trum was not well resolved. V1. SUMMARY
The CrG~ and CrG turned out to be the most difficult
species in the series. The situation of grGvas quite un- A combined anion photoelectron spectroscopy and den-

usual. Its PES spectra represented the worst resolved daddy functional theory study on a series of monochromium
among the whole CrC series. Surprisingly, our extensive carbide clusters CrC and CrG (n=2-8) is reported.
DFT calculations predicted a linear ground state for £rC  Well-resolved photoelectron spectra for GrCyielded a
which is lower in energy than the closest nonplanar cyclicwealth of structural, electronic, and vibronic information.
structure by 0.29 e\(Fig. 13. However, the calculated EA Extensive DFT calculations using the generalized gradient
and VDEs for the nonplanar cyclic structure are in goodapproximation were performed for both GfCand CrG,
agreement with the experimental ddfeable Ill), whereas series. Optimized geometries of the ground and low-lying
the calculated EA for the linear isomer appeared to be higlexcited states of both series were reported and compared
compared to the EA measured from théand(Fig. 6). Thus  with the experimental data. We found that the small clusters
we conclude that the main spectral features of thesCrC CrC,” and CrG~ possess both fanlike and linear structures
spectra were due to the nonplanar cyclic isomer. The broadith similar stability. For larger CrC clusters, the even-
spectral transitions were consistent with the anticipated flopspecies (Crg ,CrCs~,CrGg ™) exhibited sharp PES features
piness of this structure. Significant geometry changes werand high binding energies and were found to possess linear
seen between the anion and neutral of this isofRéy. 13, structures. On the other hand, the addspecies
consistent with broad PES spectral features. However, sindgCrC;~,CrC; ) displayed low binding energies and broad
the EA of the linear Crg isomer was calculated to be PES patterns and were suggested to be due to nonlinear
higher than the cyclic isomer, all its PES features wouldstructures. In addition to CeC and CrG™, direct experi-
appear in the higher-binding-energy part of the spectra commental evidence was observed for the coexistence of minor
pletely overlapping with those form the nonplanar cyclic iso-nonlinear isomers for CrC and CrG .
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