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A density functional study of the Rh(@ = 1—6) clusters with different spin states has been carried out
systematically by using the B3LYP/Lan2DZ method. The equilibrium geometries associated with total energies
and natural populations of RR@n = 1—6) clusters are calculated and presented. Stabilities and electronic
properties are discussed in detail. The relative stabilities in term of the calculated fragmentation energies
show that the lowest-energy Rh€lusters with rhodium atom being located at terminal of carbon chain are
the linear geometries and the ground states of the,Rh/Gters alternate between doublet (lesdd members)

and quartet (fom-even members) states. Furthermore, the calculated fragmentation energies of the RhC
show strong evenodd alternations: the RhClusters with an odd number of carbon atoms are more stable
than those with an even number ones. In addition, we comment on the charge transfer and chemical bonding
properties within the clusters.

1. Introduction Surprisingly, there are few theoretical studies on the structures
. . . and stabilities of the transition metal doped carbon clusters. A
To understand a variety of chemical properties of carbon {heqretical study of the linear Ph@lusters and the transition
clusters (e.g., fullerene and nanotube carbon clusters), manymetal carbides of CrCYC,, LaG, NbG,, and Sc@5 30 clusters
experimental and theoretical investigations have been studied, 5 recently been investigated systemically. A number of
in the past decadés2 Small carbon clusters were studied with carbides containing rhodium atoms, i.e., RA&NN 32 RhCH,3!
great interest because they are intermediates in chemical VapoRKhHCO3* and Rh(CQ),3 have also been studied theoretically.
deposition of carbon clusters and can be exactly identified in Although the diatomic RhC has been studied both experi-
interstellar and circumstellar media by radiowave or infrared mentally and theoretically, to the best of our knowledge, no
spectroscopy in astrophysitdn the interstellar medium, the experimental or theoretical investigation on the RGC= 1—6)
reactivity of small carbon clusters shows their light reactivity j,sters has been reported. To reveal the unusual properties of
because of the quasicollisionless conditions, and highly linear o rhodium-doped carbon clusters, the aim of the studies
chains carbon clusters are observed. Furthermore, the d'scoverYepor‘[ed here is to provide a detailed investigation of equilibrium
and successful preparationf Ceo and other fullerenes have  geometries, charge-transfer properties, relative stabilities, frag-
spawned a new branch of chemistry. mentation energiesD{(n, n — 1)], atomic averaged binding
Heteroatom-doped carbon clusters result in significant changesenergies p(n)], and HOMO-LUMO gaps of these RhC
in the geometrical and electronic structures, which may eventu- clusters. The analyzed results help us understand chemical and
ally be used to elaborate new types of materials with interesting physical properties of the Rhodium doped carbon clusters.
applications and novel properties. In this respect, it is very
important to have some knowledge about the behavior of 2. Computational Details
transition metal-doped carbon clusters. This will allow the
identification of possible systematic trends that could help us
understand the structure of these materials and get information
that could be useful to make extrapolations for some properties.
Much interest has been focused on nonmetallic and metallic

i i 6 7 8 9,10
carbide clusters, such as 8CSICG,° PG,” CIC, AICy, clusters, the stability is examined by calculating the harmonic

MgC,112 and CaG!®14 clusters. Recently, these kinds of . = = . . . .
experimental studies have been extended to heavier transitionvn:)ratIOnaI frequencies. If an imaginary frequency is found, a

metal carbon clusters combined with mass spectrometry, therelaxatlon along the coordinates of the imaginary vibrational

ion drift tube technique, high-resolution optical spectroscopy mode is carried out until a true local minimum is reached.
photoelectron spectroscopy, ESR spectroscopy for YC, NbC, Therefore, the reported geometries and total energies for each

stable cluster and its stable isomers correspond to local minima.
24
PdC, and RhC ete However, as the number of isomers increases rapidly with the
— cluster size, it is very difficult to determine the global minimum
To whom correspondence should be addressed. E-mail: jghan@ gjmply according to the calculated energies of the isomers. To
ustc.edu.cn. Fax: 86-551-5141078. . - . . .
T The Chinese Academy of Sciences. find the stable Rh@(n = 1—6) geometries, we considered first

* University of Science and Technology of China. some previous theoretical or experimental geometries that are

All calculations were performed with the hybrid Becke (B3)
exchange and the Lee, Yang and Parr (LYP) correlation
(B3LYP) functionals in combination with the Los Alamos ECP
D95V and doublez basis sets (LanL2DZ) as implemented in
the Gaussian 98 codé.“° For each stationary point of the
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VC,2* and CoC* however, it differs from results for MC (M

= Sc, Nb, Al, and Na) cluster§-489
m The calculated RRC distance for the ground state RhC
(1.669 A) is also in good agreement with the previous theoretical

1,Cu2) 2, Ca(4) 2, Conl4) 2.C.(6) 2. Ca(ad ) results of Skaarup et al. (1.65R)and the experimental value
given by Norman et & (1.655 A); however, it is slightly

shorter than the previous calculated datum at the UHF/RECP
level3* The frequency of the ground state is calculated to be
1057.8 cnmil, comparson with an available experimental result
(10004 60 cnTl) is made??

3Ca®  3Cxb2) 302 3Cu@2) 3G(Q)  4.Dal?) 3.1.2. RhG. Five RhG isomers withCs, Doh, Cz,, Coi(a),

andC., symmetries were considered. The lin&a, geometry

is proved to be an unstable structure while the &dC,,(a)
clusters as well as the lineak.Cwith different spin states are
found to be stable geometries. As seen from the Table 1, the

bond lengths and the total energies of the Rh-cagghedomer
have an evident correlation with the spin; the-Rhbond length
and the total energies increase monotonical as spin S goes from

4 3 S = 1/2, to 3/2, and to 5/2, resulting in the weakness of the
m Rh—C bond interaction and the stability &, isomer. Like
the C,, isomer, the RR-C bond length and the bond angle

OCRNC in theCy,(a) isomer are increased monotonously with
4C@2) 5Ca(2)  5Cna2) 502 5,06 5G4 the spin going fron= 1/2, to 3/2, and to 5/2. The total energy

‘Ab ﬂ of the quarteC,,(a) structure, however, is lower than those of
A ‘Kg _ o the doublet and sextet isomers. The Rh-terminated liGzar
0‘0'6 3 {i} on“u,o isomer has similar feature to that of tBg,(a) isomer; The total

energy of the quartet isomer is the lowest one with the-Rh

4, Ca(4) 4, C(4) 4,Ca(2) 4.Ci(4) 4.Ca(a2)

5Ci(b2)  6.C.{2) 6Cn2) 6C(1) 602 6Ci(h2) and C-C bond lengths being the smallest ones. The l&ant
Figure 1. Equilibrium geometries of the RRGn = 1—6) clusters. structure is a distortion of the Rh-capp€g, isomer, but the
For example, the §2) above represents the doublet state with C ~geometry optimization of the doublet and quar@tisomers
symmetry. fail to be converged. The total energy of the segisomer is

higher than those of the other isomers.

On the basis of the calculated total energies, it is confirmed
that the linear quartet.,, geometry with electronic state 6§
is the lowest-energy isomer and is consequently selected as the
ground state. This finding is different from those for the most
stable doublet Lag?8 NaG,*8 ScG,%! and YG2?7 isomers.

3.1.3. RhG. The RhG clusters withCyv, Cs, C4, and the
'linear C,, isomers are taken into account. All of them are
considered as ground-state candidates. The calculated results
reveal that the scooplik€; isomer has higher total energy and
cannot be competitive with the other isomers in stability.
Exchanging the location of the Rh and the apex C atom results
in a planar geometry: the three carbon atoms form an equilateral
triangle and the Rh atom bonds to one of the carbon atoms,
which we call the kitelikeCy, isomer. The calculated results

available, we varied the structure starting from high-symmetry
structure and reducing the symmetry. The spin of the RhC
clusters were restricted t8 = 1/2, 3/2, and 5/2. The spin
contamination is zero and can be neglected.

3. Results and Discussion

The calculated results of bond lengths and bond angles
together with total energies, are listed in Table 1; Milliken
atomic net populations are listed in Table 2. Natural populations
and natural electron configurations of the Rh@ = 1-6)
clusters are listed in Table 3, whereas the equilibrium geometries
of RhG, (n = 1-6) are displayed in Figure 1.

3.1. Geometry and Stability. To check the reliability of our
calculations, we calculated the bond lengths of&dd Rh
dimers at the UB3LYP/LanL2DZ level. The calculated results o .
show that the €&C bond length of Gdimer is 1.281 A, which prove that thg kite-likec,, geometry is a stable structure. From
is in good agreement with those of B3LYP/ccp-VDZ(1.262°R): the Table 1, it can be seen that the total energy and the C
and that the RRRh bond length (2.321 A) corresponds to the bond length of the kitelike quart€,, structure are Ipwgr than
previous results of the UHF/SHIMSU method® with relativ- those of the dou_blet and se_xtet states, thus the kitelike quartet
istic core potential (2.283 A). On the basis of the tests above, Cz 9eometry with electronic state dB; is the most stable
the B3LYP/LANL2DZ method is believed to yield an adequate Structure.
description of the bonding properties of C and Rh atoms in small ~ Guided by the previous theoretical results on thes*¥ @nd
molecular units. LaCs?® clusters, two planaCyy(a) andCyy(b) isomers were

3.1.1. RhCThe equilibrium geometry of the RhC cluster with ~ considered. One is a ringliké;,(a) structure in which the Rh
Co, Symmetry is optimized at the (U)B3LYP/LanL2DZ level atom is inserted into the {Zing, the other is a fanlik&,y(b)
(Figure 1). The RR-C bond length depends on spin state and structure with the Rh atom bonding to three carbon atoms. For
is elongated as spin increases monotonically. The total energieghese two isomers, the total energy increases monotonically as
of RhC cluster are increased apparently as spin increases (Tablepin varies fron5=1/2, to 3/2, and to 5/2. The calculated results
1). So the doublet RhC cluster is obviously the lowest-energy indicate that the total energy of the doub®y, (a) isomer with
isomer and the ground state, and the corresponding electronicelectronic state ofA; is slightly lower by about 0.005 hartree
state is?y . This feature is in good agreement with an available than that of the double€,,(b) isomer with electronic state of
calculated result for Rm2 and is similar to those for Taf3, 2B;. The linearCwor RhG; isomer was also optimized. The
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TABLE 1: Geometries, Total Energies, and Electronic States of Rhg(n = 1—-6) Clusters

cluster symmetry spin electronic state RA) R2b (A) o Ey! (Hartree)
RhC Cov 1/2 2y 1.669 —147.4691
3/2 3 1.798 —147.4149

5/2 6y 2.035 —147.3484

RhG Coop 1/2 B, 1.916 1.350 180.00 —185.4438
32 By 1.812 1.341 180.00 —185.4871

5/2 5B, 1.846 1.521 180.00 —185.3575

Ca 1/2 B; 1.933 1.390 42.34 —185.4759
3/2 B, 2.038 1.357 39.44 —185.4754

5/2 5A; 2.041 1.526 43.91 —185.3405

Ca(a) 1/2 B, 1.780 103.21 —185.4126
3/2 ‘A, 1.789 111.98 —185.4133

5/2 5B, 1.891 166.10 —185.3464

Cs 5/2 5A" 1.949 1.359 137.79 —185.4009
RhG Cov 1/2 Y 1.781 1.307 —223.5922
3/2 3 1.882 1.295 —223.4702

5/2 6y 2.022 1.291 —223.4692

Ca 1/2 B, 1.868 1.415 —223.5165
3/2 “B, 1.912 1.411 —223.5199

5/2 SA; 2.002 1.450 —223.3965

Ca(a) 1/2 A, 2.083 1.357 74.92 —223.5553
3/2 B, 2.212 1.341 67.86 —223.4919

5/2 6A; 1.993 1.431 68.84 —223.4360

Ca(b) 1/2 B; 2.113 1.365 75.65 —223.5503
3/2 B 1.927 1.454 76.06 —223.4811

5/2 5B, 1.992 1.430 68.42 —223.4360

C 1/2 °A 2.207 1.318 116.17 —223.4940
3/2 A 1.919 1.312 108.32 —223.4623

5/2 6A 1.813 1.353 107.04 —223.4049

RhG, Cov 1/2 2y 1.915 1.302 —261.6061
3/2 3 1.825 1.298 —261.6369

5/2 6y 1.906 1.279 —261.5366

Ca 1/2 °A; 1.869 110.49 —261.2672
3/2 B, 1.860 112.35 —261.2574

Ca(a) 1/2 2Aq 1.879 1.335 99.85 —261.5292
3/2 ‘A, 1.994 1.360 127.32 —261.5233

5/2 5B, 1.930 1.410 136.17 —261.4551

Cs 3/2 A" 1.908 1.317 93.44 —261.4015
5/2 6A" 1.824 1.390 119.92 —261.3694

Cqa) 1/2 2A" 2.153 1.327 106.72 —261.5960
3/2 A" 2.228 1.311 101.31 —261.5937

5/2 SA" 1.949 1.302 119.92 —261.5615

C 1/2 1.808 1.343 110.35 —261.4993
3/2 1.814 1.337 106.93 —261.5042

5/2 1.908 1.320 154.44 —261.4751

Deoh 1/2 2y 1.977 1.283 —261.4086
5/2 6y 2.069 1.339 —261.3578

RhG Cov 1/2 2y 1.793 1.284 —299.7326
3/2 3 1.970 1.271 —299.6831

5/2 6y 2.096 1.265 —299.6030

Ca 1/2 B, 1.912 1.327 86.25 —299.6744
5/2 5A; 2.158 1.378 120.38 —299.6061

Ca(a) 1/2 A, 1.994 1.298 ~299.6278
5/2 5B, 2.041 1.357 —299.4945

C 1/2 2.163 1.429 69.55 —299.5063
5/2 2.166 1.399 60.53 —299.5252

Ci(a) 1/2 1.797 1.305 97.05 —299.6234
3/2 1.883 1.309 115.50 —299.5994

5/2 1.905 1.323 109.70 —299.5315

Ci(b) 1/2 1.912 1.327 86.26 —299.6746
3/2 2.017 1.372 89.81 —299.6417

5/2 2.165 1.377 116.37 —299.6075

RhGs Cov 1/2 2y 1.871 1.259 —337.7612
3/2 3 1.824 1.297 —337.7853

5/2 6y 1.919 1.312 —337.7082

Ca 1/2 °Aq 1.885 1.296 70.139 —337.6796
32 ‘A, 2.008 1.291 45.053 —337.6754

5/2 5B, 1.942 1.284 59.637 —337.6162

C 1/2 °A 1.914 1.311 102.60 —337.7488
3/2 A 1.939 1.292 95.76 —337.7487

5/2 5A, 1.997 1.433 91.75 —337.7167

Ci(a) 1/2 2.009 1.317 42.27 —337.7374
32 2.019 1.308 40.66 —337.7004

5/2 2.005 1.329 40.80 —337.6485

Cy(b) 1/2 1.661 1.294 115.59 —337.7218
3/2 1.766 1.295 109.97 —337.6850

5/2 1.750 1.311 110.09 —337.6345

2R1 denote the shortest RIC bond lengths? R2 denotes the shortest-€ bond length® a. denotes the bond angle of®h—C. 4 E, represents
the total energy of RhCclusters.
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TABLE 2: Mulliken Atomic Net Populations of RhC , (n =
1-6) Clusters at the B3LYP Level Employing LanL2DZ
Basis Sets

cluster symmetry spin Rh C Cs Cs
RhC Ce 1/2 0.0051

RhG Ce 3/2 0.3401 —0.2381

RhG Cen 1/2 0.2095 0.0372  0.0390

RhC, Ce 3/2 0.3097 —0.1768 —0.2545

RhG Ce 1/2 0.2155 —0.1023  0.1546 —0.0076
RhGs Cos 3/2 0.2856 —0.2058  0.0226 —0.2869

optimized results show that th€wv RhG; cluster has a
preference for the low spin state.

For the calculated total energies of the Rletisters described
above, we calculated that the doub@®b» isomer is the most
stable structure; the RRQCeov, S=1/2) is selected as the
ground state with electronic state bei#jg. The linear ground
state for the Rhgcluster is similar to the geometries of the
AIC3%2 NaG?®® and PdG? clusters. However, it significantly
differs from those of transition metal carbides, such as£&C
NbCz29, YC527, and ScGe°.

3.1.4. RhG. The RhG clusters withC.,, Dwn, and Cs,

symmetries were selected as the initial geometries to be

optimized. The linearC., RhC, isomer with the Rh atom

Jia et al.

to a transition state. A relaxation of the quar@t geometry
along the coordinates of the imaginary vibrational mode was
carried out until a true local minimui@,;(b) isomer was reached.
As seen from Figure 1, thé;(b) geometry is analogous to the
Cz, geometry. For the kitelik€,,(a) isomer, the doublet and
sextetC,,(a) isomers are actually formed to be the stable states.
However, the quartet isomer corresponds to a transition state.

As the most likely ground state candidate, the lin€ay,
structure was also optimized. The douliliet, isomer is actually
the ground state of the RBQnit. In addition, a bent;(a)
isomer, which can be viewed as the Rh atom substituted for a
C atom on the center site of the lindag, RhGs cluster, is also
optimized. The calculated results indicate that@&) isomer
is the stable geometry. However, its total energy is higher than
that of the linearC., isomer.

According to the investigated RiClusters, it is found that
the Rh atom in the most stable Rhi@omer localizes at the
terminal of the linear structure and the corresponding electronic
state is®y . The most stable geometry is different from those of
TMCs (TM =, Nb, La, and S& 30 isomers. However, it is
consistent with those of the C¢€ and PdG?® clusters.

3.1.6. RhG. On the basis of the investigations on the RhC
(n = 2-5) clusters abovea variety of possible Rhgdsomers

localized at the terminal was obtained by adding one C atom to with respectiveC.,,, Dgn, andCg, Symmetries as the ground state

the most stable Rh{luster and optimizing to obtain a stable
structure. The lineaD..n geometry with the Rh atom located at
the central site (Figure 1) was optimized. However, g
isomer is less stable than the quai@at, isomer.

After the geometry of the unstable Rh-centef@g isomer
is relaxed to be th€,, symmetry, the doublet and quartes,

candidates were investigated. The optimized results show that
the Rh-cappeds, isomer and thég, isomer are the unstable
structures. After an adjustment of tBg, geometry, a bicyclic
fused stablé€;(a) isomer, which contains a triangular-&h—C

ring, is obtained. A cyclic stabl€; structure was also obtained

by changing the location of the Rh atom and the tailing C atom.

isomers are optimized to be the stable structures while the sexte{Figure 1,C;). When spin goes fron$ = 1/2, to 3/2, and to

C,, isomer converges to be the stalilg isomer during the
geometry optimization. As seen from Figure 1, the sefet
isomer is analogous to th@&,, isomer in geometry, however,

5/2, the total energies of th€; and Cy(a) isomers increase.
TheC; isomer tends to have lower total energy as compared to
the Cy(a) isomer with the same spin value. Consequently, the

the Cs isomer with the same spin state is lower by about 0.14 cyclic doubletC; structure with electronic state éA is more

hartree in total energy than tt@, isomer.
As for the kitelikeCy(a) RhG structure, it was found that

stable than the doubl€s(a) isomer. A kitelike stabl€,, isomer
is found. The stable doubl€k, isomer is higher by about 0.07

the terminal carbon atoms are attached to the C ring with the hartree in total energy than the doub&tisomer.

rhodium atom embedded. Like th&,,(a) isomer, the total
energy of the fanlikeCq(a) isomer increases monotonically,
together with a drop of stability, when the spin increases from
S=1/2, to 5/2. It should be mentioned that the fanliRga)
RhC, geometry is lower in total energy than tii®., Cy,
Cz(a), andCs isomers. However, it is higher by about 0.01
hartree in total energy than tl@&,, isomer with the same spin
state. Finally, the stable scoopliki isomer, which is described
as a distortion of th€,,(a) RhG isomer above, was considered.
We found that its total energy is slightly higher than those of
the Cqa) andC.., RhC, clusters.

On the basis of the calculated total energies of the RhC
isomers, the linear R C.,, S= 3/2) cluster is the most stable
structure and its electronic ground statés The most stable
C., RN, structure is similar to that of the Pd@ome?® and
deviates strongly from those of the TMCTM =Y, Nb, La,

Sc, and CP520 clusters in geometrical structures.

3.1.5. Rh@. Guided by the calculated results on the BhC

and Rh@ clusters, the Rh&clusters with respectiv€w,, Ca,,

Two RhG isomers are expected to be the most likely ground
state candidates: one is a lineg2yg, structure; The other is a
distorted linealCy(b) isomer which can obtained by an exchange
of one C atom for one Rh atom in the liné@g, structure; The
calculated results show that tl@&,, and Ci(b) RhG isomers
are the stable structures. In analoge to@e RhC, isomer, it
is surprisingly found that the slight deviated linear doulet
(b) RhGs isomer is higher by about 0.06 hartree in total energy
than the linear quarte€.., isomer, the quarte€., isomer is
lower in total energy than the doublet and sextet isomers. Thus,
the linear quarteC.., isomer is the most stable structure with
electronic state ofy. The Rh atom in the lowest-energy RhC
geometry occupies the terminal site and Rh acts as only an
impurity atom for the carbon chain. It should be pointed out
that the equilibrium geometry of the most stablg, RhGs
cluster is similar to those of the TMETM= Cr, Y, Pd, and
Nb)25-27.30 clusters.

The available experimental data indicate that the linear pure
carbon G chains with 2< n < 9 are the most stable structufés.

andCs, symmetries were considered. However, the Rh-capped As far as the Rhgclusters are concerned, the linear isomer

tetragonal bipyramidaC,, isomer and the Rh-capped pentagonal
pyramidalCs, isomer turned out not to be stable isomers. After
a slight distortion of theCs, isomer, stable doublet and sextet
Rh-cappedC; RhG structures were finally obtained.

Ringlike Cy, and kitelike C,(a) isomers were optimized to
be stable geometries, whereas the qu&igtsomer corresponds

with the Rh atom acting as the terminal is the lowest-energy
form for each unit of the RhQ(n < 1—6) series. The terminal
Rh in the linear chain structure does not directly bind with all
carbon atoms and acts as only an impurity atom without
changing the framework of the most stablg 6tructure.
Moreover, the electronic ground state of Rh&lusters has a
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TABLE 3: Natural Populations and Natural Electron Configurations of the Most Stable RhC,, (n = 1—6) Clusters

system symmetry spin atom natural population natural electron configuration
RhC Cuv 1/2 Rh —0.1379 [core]5%84 B4 0t
C 0.1379 [core]2s3%2pt9639001
RhG Cas 32 Rh 0.4099 [core] 584 cP26
C(1) —0.4007 [core]25392p* 0338202302
C(2) —0.0092 [core]2552p? 353023001
RhG Co 1/2 Rh 0.2392 [core]Bs¥ P47
C@1) 0.1316 [core] 2827275830013 001
c(2) —0.5211 [core] 2527?5839 013 0L
C@3) 0.1504 [core]28922p?223-013pP-01
RhC, Co 32 Rh 0.3914 [core]Bs® P34
Cc@1) —0.1422 [core] 2522873013001
C(2) —0.0454 [core]2%?2p>093pP-01
C(3) —0.2770 [core] 25992328302
C(4) 0.0732 [core] 25 283-013 P 01
RhG Coy 1/2 Rh 0.2572 [core]5s% P46
c(1) 0.0595 [core] 2272 663013 01
C(2) —0.2615 [core]2%°2p3 3430t
C@®d) 0.2615 [core] 2922?8530t
C(4) —0.3949 [core]2%°82p3333pP-02
c(5) 0.1233 [core] 2522 253013 01
RhG Co 32 Rh 0.3652 [core]FS B350t
c@) -0.1102 [core]25282p? 8B 01301
C(2) —0.1068 [core]2%%%2p3 17301
C@3) —0.0094 [core]2%89p? 113001
C(4) 0.0901 [core]28°2p3 0301
C(5) —0.3094 [core]2%972p? 32302
c(6) 0.0805 [core]25 R 2R 03P 0L
TABLE 4: HOMO —LUMO Gap of the Most Stable RhC, Clusters (unit: Hartree)
system symmetry spin a-HOMO o-LUMO B-HOMO B-LUMO gap (eV)
RhC Ceoy 1/2 —0.19193 —0.09815 —0.24543 —0.11965 1.96602
RhG Ceor 3/2 —0.24724 —0.10300 —0.24698 —0.15865 2.40258
RhG Ceoy 1/2 —0.24768 —0.12028 —0.23793 —0.14476 2.53422
RhG, Ceor 3/2 —0.25134 —0.10697 —0.24342 —0.16633 2.09685
RhG Ceoy 1/2 —0.25096 —0.13944 —0.23780 —0.14564 2.50675
RhGs Ceop 3/2 —0.24234 —0.10555 —0.24116 —0.17140 1.89747

strong odd-even alternation as a function of the number of from curve a that the average atomic binding energies generally
carbon atoms: the doublet isomers with electronic stas of  fall as the number of carbon atoms increases from 1 ton
are associated with-odd members of series while the quartet = 2. Thereafter, the average atomic binding energies of the

isomers with electronic state ¢§ are associated with theeven clusters begin to increase with increasimgrhis regularity is

members. This everodd effect is similar to those occurring in good agreement with the observed regularity of the,|(Si

in the G,%* PdG,2® CaG,* NbC,,2° and Z¢®° clusters. = 2—6) clusters'® According to the calculated fragmentation
3.2. Binding Energies and Fragmentation EnergiesTo energies shown in curve b, three marked peaks are found

predict the relative stability of the most stable R{@= 1—6) respectively ah = 1, n = 3, andn = 5; indicating that the
clusters, it is significant to calculate the averaged atomic binding corresponding clusters have enhanced stabilities and have high
energies Ey(n)) with respect to the isolated atoms and frag- abundances in mass spectrum as compared to the corresponding
mentation energiesdD(n, n — 1)) with respect to removal of  neighbors. Consequently, the Rh€usters with odd-numbers

one C atom from the Rh€clusters. The averaged atomic of carbon atoms are relatively more stable than the neighboring

binding energies and fragmentation energies of the RhG ones with even-numbers of carbon atoms. The general behavior
1-6) clusters are defined &s of the RhG, clusters is very similar to that of the,& and ScG*°
clusters; however, it is opposite to that of RFECaG,* and
nE;(C) + E+(Rh) — E; (RhG) MgC,** clusters.
Ep(n) = ] 3.3. Population AnalysesOur calculated results of Mulliken
atomic net population on RRGn = 1—6) clusters obtained at
D(n, n — 1)= E(RhG,_)+ E(C) — E(RhG) the B3LYP/LanL2DZ level are summarized at Table 2. We find

that the Mulliken atomic net population of Rh in the most stable
WhereEr(RhG,-1), Er(C), Er(Rh), andEr(RhG,) representthe  RhG, (n = 1-6) clusters is positive, and that the nearest
total energies of the most stable Rhg C, Rh, and Rhg neighbor C of the Rh atom is negative (except in Bhi€ in
clusters, respectively. good agreement with what is found in Np@® = 3—8),2° YC,

The calculated results are plotted in Figure 2. Curve a in (n = 2—6),2" and LaG (n = 2—6)* clusters.

Figure 2 shows the size dependence of the average atomic Mulliken populations were sometimes found to be misleading
binding energiesHy(n)) of RhG, clusters; curve b in Figure 2  for TMSiy clusters3® whereas natural populations and natural
shows the size dependence of the fragmentation endbgies electron configurations are a reasonable explanation of the
n — 1) of RhG, clusters. The features of the size evolution are charge transfer within the clustet&?>57 For this reason, we
obviously displayed, and the peaks of the curves correspond tocalculated the natural population and natural electron configura-
those clusters having enhanced relative stabilities. It can be seertions are listed in Table 3 for the RRGn = 1—6) clusters.
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——a in good agreement with those of the calculated fragmentation

S o8l —=—D energies above.
£ 3.5. Chemical Bonding PropertiesAs seen from the HOMO
% b of RhG, clusters (Figure 3), the-type bond of RhC dimer is
g formed between the Rh and C atoms. However, when one Rh
E atom is capped on the;@nolecule, thes-type bond between
29 034 Rh and C atoms is changed to be théype bond. As observed
g o from the HOMO of RhG isomer, ther-type orbitals extend
<< g, over the 2C and 3C atoms (The order of carbon atoms is named
%‘é a from left to right). However, the shape of the HOMO and
r-g bonding property for the most stable Rhuster are obviously
m; e 01 different from those of Rhgcluster. For the Rhg; its HOMO
2 ] obviously corresponds to a—type bond between the 2C and
i 0.0+ 3C atoms, the Rh and 4C atoms formed the weak delocalized
£ — st-type bond, which is similar to that of RhCluster. However,
s 1 2 3 4 5 6 for the RhG, its HOMO corresponds to the delocalizedype

The number of C atoms bonds on 2€-3C and Rh-5C bonds. As far as the Rg@&omer
Figure 2. Size dep_endence'of the average atomic binding energies js concerned, the 2€3C and 5G-6C bonds arer-type bonds;
and the fragmentation energies of the most stable Rh@ters. The 1C, 4C, and Rh atoms appear the localizegipe bonds.

4. Conclusions

The RhG (n = 1-6) clusters with different spin states have
been studied employing the B3LYP method with the Lan2DZ
basis sets. The total energies, equilibrium geometries, and

stabilities of RhG (n = 1—6) clusters, together with fragmenta-
e 2 Cd) 3 4C(d) tion energies and averaged atomic binding energies, were
presented and discussed.
According to the calculated results, we find that the most
stable Rh-terminated linear RRGn = 1—6) geometries are
es 33‘9 similar to those of the ground states of thg.Cframeworks.
Therefore, linear structures are the most interesting possible
targets for an experimental search of rhodium-doped carbon
clusters. Furthermore, the electronic ground state has a strong
5C.(2) 6 Cau(4) even—odd alternation: the-odd RhG, clusters have a doublet
Figure 3. Contour maps of the HOMOs of the most stable RhC ~ ground state?), whereas the-even isomers have a quartet
clusters; For example, the 6.£4) represents the most stable quartet ground state“g). This feature is also found in {34 PdG,2®
RhG, cluster. CaG,** and NbG?° clusters.
The relative stability of the different clusters has been
From Table 3, one finds that the natural population of the Rh discussed in term of the calculated average atomic binding
atom for RhC is negative, and that it is positive for the stable energies and fragmentation energies. The calculated results
RhG, (n = 2-6) clusters. On the basis of the calculated natural exhibit an ever-odd alternation trend in the cluster’s stability:
electron configurations, we show that more than 8.3 electrons then-odd RhG, clusters are more stable than the corresponding
occupy the 4d subshell of Rh in the Rh€usters and that the n— 1 andn + 1 ones. The relative stability of the RRCh =
4d orbitals of the Rh atom in RhQlusters do not behave as  1-6) clusters agrees with findings for®and ScG3° clusters,
core orbitals but take an active role in chemical bonding. The but it is opposite to what is found for PRE CaG,* and
charges in the RhC(n = 2—6) clusters mainly transfer from  MgC,!! clusters.
the 5s orbitals of the Rh atom and the 2s orbitals of the C atoms  The population analysis indicates that the charges in the,RhC
to the 4d orbitals of the Rh atom and the 2p orbitals of the C (n = 2—6) clusters mainly transfer from the 5s orbitals of Rh
atoms. Consequently, the Rh atom in the most stablenRhC atom and the 2s orbitals of C atoms to the 4d orbitals of Rh
clusters acts as an electron acceptor, influencing the chemicalatom and the 2p orbitals of C atoms. The Rh atom in the most
bonding properties of theGramework. Natural population of  stable Rh@ clusters acts as an electron absorber. Generally,

Canl2)

Rh atom in the Rhn = 1-6) units also varies with the: the charges are transferred from the Rh atom to thinGhe
the natural populations decrease within evenn clusters, most stable Rhg(n = 1—6) clusters.
whereas the natural populations increase withodd-n clusters. Finally, the HOMO-LUMO gaps exhibit size and species

3.4 HOMO—LUMO Gap. The electronic properties of RRC ~ dependence. These findings are in good agreement with those
clusters are characterized by the energy gap between the highestf the calculated fragmentation energy. In addition, the chemical
occupied molecular orbital(HOMO) and the lowest unoccupied bonding properties of RhCclusters is also discussed in this
molecular orbital(LUMO). The calculated HOMQ.UMO gaps article.
of RhG, clusters are listed in Table 4. The calculated results
indicate that the HOMGLUMO gaps of RhG (2.53 eV) and
RhGs (2.51 eV) clusters are bigger than those of the other,Rh
clusters. Therefore, the chemical stabilities of these two clusters
are improved dramatically as compared to the others, and theReferences and Notes
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