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First-principles calculations based on the generalized gradient approximation to the density
functional theory are performed to explore the global geometries, ground-state spin multiplicities,
relative stabilities, and energetics of neutral and anioni¢B¥),, (h=1-3, m=1-4, with n

<m) complexes. The calculated results show that théb¥nzene), complexes clearly prefer
sandwich structures to rice-ball structures. The ground-state spin multiplicities of the
V,(benzene), ; complexes increased linearly with the size of the systee, n). In the anionic
complexes, the V(benzenefomplex is found to be unstable against the autodetachment of the
extra electron. The energy difference between adiabatic and vertical electron affinities is found to be
very less, indicating negligible ionization-induced structural changes in the ground-state geometries
of V,(benzene), ; complexes. ©2004 American Institute of Physic$DOI: 10.1063/1.1738632

I. INTRODUCTION tral and cationic VBz complexes. Bauschlichetral. re-
ported the equilibrium geometries and dissociation energies
The interactions of organic molecules with metal atomspf cationic transition-metal-benzene complexes using the
and metallic clusters have been studied extensively in theyogified coupled-pair functional methdCPF) method.
past decade, using both experimental and theoretical metiyecently, the present authors have reported DFT-based
ods. Especially the interactions between the transition metaj,qje&° including gradient corrections through the general-
atoms and the benzene molecules have received wide attegg gradient approximatiofGGA) on the geometries and

tion recently. In a recent experimental stddythe  gjectronic structure of neutral, cation, and aniokl¢Bz),,
3d-transition-metal—benzerd ,(Bz),, complexes were syn- ; _gransition metalsm=1, 2 complexes. In these calcu-

thesized in gas phase using the laser vaporization techniqu tions, the geometries dfl(Bz) and M(Bz), complexes

These complexes were analyzed using mass SPECtrosCopy. o restricted only t€g, andDg, symmetry, respectively.

a_nd their strgcture_s are pred|ct§d to be either ?"?‘”dW'Ch C1[|owever, theoretical studies aimed at understanding the
rice-ball configurations, depending on the transition metal.

. > . - . equilibrium geometries and electronic structure of large neu-
Weiset al have performed ion-mobility experiments on cat- tral and charge (Bz),, complexes are very scarce. The
ionic V,(Bz),, complexes and proposed multidecker con-_ " " m-e/m )
figurations as their likely structures. For the early optimized _geometnes and spectroscopy of neutral and
3d-transition-metal-benzene complexes, Hoshirbal3 charged Nj(Bz)y (n<3m=2) complexes were rec_ently re-
predicted the geometries to be sandwich structures based qurted by the present authdfSin this work, the '.\“ atoms .
their reaction with (CQ) molecules. In another work, were found to bg caged between the benzene rings, forming
Yusuikeet al. reported the synthesis M ,(Bz),, (M=Ti, V, what is called rice-ball structures: In the case o B2) 1,
and C complexes and found that these complexes exhibifOMPlexes, however, all the previous theoretical works fo-
magic number behavior sh=n+ 1. Based on this observa- cu;eq only on elthgr neutrall or cat-lonlc systgms. DFT-based
tion, the authors performed quantum chemical calculation§Ptimized geometries and ionization energies of the mul-
on multidecker sandwicM ,(Bz),, complexes. Recently, an tidecker sandwiciM(Bz),., (M=Ti, V, and Cr;n=1, 2,

IR spectroscopic studywas carried out on gas-phase and 3 complexes were reported recenityAnother DFT-
V(Bz)* and V(Bz)," complexes to provide some insights GGA-based, ground-state geometry and spin multiplicities of
into the structure and spin states of these complexes. Vn(B2)n* complexes were reported by Weis al” Hence

However, in order to get a good quantitative picture ofthere are no previous theoretical calculations concentrated on
the equilibrium geometries, relative stability, and electronicanionic V,(Bz),,, complexes.
structure of gas-phagd ,(Bz),, complexes, theoretical cal- In this paper, we report the results of a theoretical study
culations are necessary, as the above-mentioned experime®f-neutral and anionic {Bz),, (n=1-3,m=1-4, withn
tal studies cannot predict the equilibrium geometries accu<<m) complexes. Specifically, we have performed a very ex-
rately. On the theoretical front, there has been considerabliensive search in identifying the global geometries, total en-
effort towards understanding the geometries of smalergies, and ground-state spin multiplicities of these com-
transition-metal—benzene complexes. Matter and Hanfiltonplexes. We have examined the role of the extra electron on
have reported density-functional-theorfPFT-) based re- the geometry and spin multiplicities of the complexes. We
sults on the ground-state geometries and spin states of nealso report the electron affinities, ionization potentials, and
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dissociation energies of ¥Bz), complexes. Though the multiplicity are further reoptimized using the 6-311G
neutral \,(Bz),, complexes have been reported eafiéf, basis set.

the optimization of geometries and spin multiplicities of neu-

tral V,(Bz),, was necessary as it allows us to assess th#@l. RESULTS AND DISCUSSION

differences in the structural and electronic properties of the .

neutral and anion complexes at the same level of theory. It ié“ Geometries

to be noted here that this is the first systematic theoretical. VBz complex

study to report the geometry and ground-state spin multi-  The smallest complexes in the current investigation—
plicities of anionic \{,(Bz),, complexes. Furthermore, to the namely, neutral and negatively charged VBz—are studied in
best of our knowledge, none of the previous studies havgetsi| using both the Lanl2dz and 6-317G basis sets.
reported the dissociation energies and electron affinity vaIueﬁere, two different structures were considered as initial
of V5(B2); and V4(Bz), complexes. geometries for geometry optimization(1) a perfectCe,-

The rest of the paper is organized as follows. The comgymmetric configuration, in which the V atom is above the
putational method employed in this work will be discussedpenzene ring along the central axis of the benzene plane, and
briefly in the next section. In Sec. lll, the results for neutral 2) a C, configuration, in which the V atom is displaced
and anionic VBz complexes will be presented and discusse(;rom the central axis of benzene plane. These two different
We first discuss the equilibrium geometries and ground'Statﬁeometries were completely optimized for all spin multiplici-
spin multiplicities of VBz complexes, followed by a discus- tjes without any symmetry constraints. In the subsequent
sion of their electron affinity, dissociation energy, and iomza‘subsections, we discuss the details of our search for the glo-
tion potentials. Finally, we summarize our results in Sec. IV.y51 minimum of the VBz complex.

a. Lanl2dz calculationsin neutral VBz complexes, the
Il COMPUTATIONAL PROCEDURE geometry opti_mizz_ition of the above-me_ntioned configura-
tions resulted in eitheCg,- or C;-symmetric structures, de-

The electronic structure calculations of neutral and negapending on the spin multiplicity of the system, instead of the
tively charged V,(Bz),, (h=1-3, m=1-4, with n<m) initial geometries. When th€g, structure was optimized
complexes were carried out in the framework of DFT, usingwithout any symmetry constraints for spin states, @&
the caussiAN 98 (Ref. 12 program suite. The GGA to DFT symmetry stayed unchanged for the doublet and sextet
was used in all these calculations. The gradient correctedihereas the quartet state§21=4) became &, configu-
exchange functional due to Beckecombined with the ration with the vanadium atom displaced from the central
gradient-corrected Perdew—Wafigcorrelation functional —axis of benzene plane. In th@; starting configuration, the
(BPW9)) is employed for these calculations. The reliability quartet and sextet spin states retair@d symmetry upon
of the said theoretical method and the basis set was comptimization. However, the doublet state, when optimized,
firmed in our previous calculations of NBz), resulted in a perfec€g, half-sandwich structure. In sum-
complexes? One may expect that the inclusion of diffuse mary, the doublet spin state always forme@g configura-
functions in the basis set will play an important role in de-tion; the sextet preferred eith€; or Cg, depending on the
termining the ground-state geometries and the energetics starting configuration, and the quartet always preferred the
anionic complexes. In our previous study on the anionicC,; configuration, independent of the symmetry of the start-
Ni,(Bz),, complexes? the importance of the diffuse func- ing geometry. The energy differences among these spin states
tions was examined by comparing the results from Lanl2dzare very small, with a maximum difference of 0.08 &ée
and 6-31% +G** basis sets. It was found that there is aFig. 1). The quartet withC; symmetry is the lowest in en-
very small but negligible difference between the results fromergy, closely followed by the sexteC{ configuration and
these two basis sets. Therefore, in the current calculationsloublet Cg, configuration.
we have not considered the inclusion of diffuse functions in  The negatively charged VBz system was studied the
the basis sets. same way as the neutral complexes—i.e., by optimizing the

In the geometry optimization procedure, a two-step ap-geometries corresponding to all spin multiplicities for both
proach was used. First, the geometrical parameters of neutrdie Cg, andC; configurations. Here the optimized geometry
and anionic {(Bz),, complexes were completely optimized corresponding to the quintet spin state always Gasym-
for all the possible spin configurations, using the “frozen-metry, independent of the initial starting configuration. On
core” Lanl2dz (Ref. 12 basis set. As the second step, thesethe other hand, for the remaining spin stateS{2=1, 3,
optimized geometries corresponding to the ground-state spiand 7, the optimized geometry ha3g, symmetry, for both
multiplicity were reoptimized without any symmetry con- C; and Cg, initial configurations. In these anionic com-
straints, using the all-electron 6-311%G basis set. In order plexes, theC; configuration with spin multiplicity of 5 is
to make sure that both the Lanl2dz- and 6-311chased lowest in energy, closely followed by the triplet stai€g(
calculations are leading to the same ground-state spin multeonfiguration, which is about 0.07 eV higher in energy.
plicity, we have optimized the V—benzene complex for all Relative energies of the geometries corresponding to various
spin multiplicities using both the frozen-cofkanl2dz and  spin multiplicities are plotted in Fig. 1.
the all-electron(6-311G™* ) basis sets and compared the The ground-state geometry of the VBz cluster is given in
corresponding results. For,\Bz),, (n>1) complexes, the Fig. 2. This C; structure is slightly Jahn—Teller distorted
geometries corresponding to only the Lanl2dz ground-statéom the Cg, in that the benzene ring is not completely pla-
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—O— Anion TABLE . Structural parameterd): C—C(A), C—H (B), and V—benzene
] —m— Neutral (C) of ground-state VBz.
0'7._ Neutral Anion
a
061 Lanl2dz 6-311G* Lanl2dz 6-311G*
05 A 1.58 1.45 1.65 1.44
3 B 1.09 1.09 1.09 1.09
z %4 C 1.45 1.48 1.45 1.53
s ]
o 0.3+
0 J
F 027 . C
o . +1=2) to be the ground-state spin multiplicity. The quartet
0.1 . . . spin state, which is the ground state in Lan12dz calculations,
0.04 \_ is now 0.32 eV higher in energy. Figure 3 shows the relative
energies of the geometries corresponding to various spin
01 . multiplicities. When we compare our neutral VBz ground-
M = 2541 state spin multiplicity with those of the earlier works, there

are some agreements and disagreements. A previous theoret-
FIG. 1. Relative energies of various spin multiplicities of the VBz complex. jcal Work,6 based on the linear combination of atomic
The open squares represent the anion complexes, while the solid squargspitals-local spin densityLCAO-LSD) method predicted
represent the anions. The results are based on BPW91/Lanl2dz calculatior{?ie spin multiplicity as a doublet. which is in ag'reemem with
our results. Recent electron paramagnetic resonéae®)

nar. It is very slightly zigzag, which is not noticeable in the 8XPeriments on matrix-isolated VBz also point to the spin

figure. The average structural parameters corresponding f9ultiplicity as a doublet. However, our calculated spin mul-
this figure are given in Table . tiplicity is not in agreement with the results obtained from

Clearly, there are some unanswered questions in detePUr PreviousdmoL-based calculatiorfs? In that work, using
mining the correct ground-state geometry as well as the coPF T and numerical basis sets, we found the spin multiplicity
rect ground-state spin multiplicity of the VBz complexes. In ©f 6 t0 be the ground state. In the present calculation, how-
the previous GGA-DFT-based wérkusing thepmoL pro-  €Ver, the rr;ulupllcny of 6is 0.89 eV _above the doublet state.
gram by the current authors, the ground-state geometry wa¥/€is et al,” based on DFT calculations, found the ground-
found to be a perfect half-sandwich configuration with a spinState spin multiplicity of VBZ to be a triplet, followed
multiplicity of 6. However, in that studythe C, configura-  CloSely by a quintet E=2.1kcal/mol). The authors,i n
tions were not considered for the geometry optimizationN€ir paper, hence observe that the ground state of the' VBz
Owing to this ambiguity and the very-low-energy differencesSystem is uncertain and can be either a trlple_t_ or quintet.
among our spin states for the neutral VBz system, we havgecim DFT-(B3LYP-) based work by Van Heijnsbergen
chosen to repeat the geometry optimization using an all€t @l predicted a quintet ground state for the VBaystem.
electron 6-311¢* basis set. The results of these calcula- e authors also found the triplet to be next lowest in energy,
tions and discussion about the correct spin state of the vBYith an energy difference of only 5 kcal/méi=0.22 eV).
complex are given in the following subsection.

b. 6-311G™ calculations The global equilibrium geom-

etry of the neutral VBz complex, calculated using the all- —B—Neutral
electron 6-311G* basis set, corresponds taCg, structure, 22 —0— Anion
with the V atom located 1.48 A above the center of the 20
benzene plane. The C-C and C—H bond distances remain ¢ 1.8+
1.45 and 1.09 A, respectivelysee Table ). Unlike in 164
Lanl2dz-based calculations, here we found the doublgt (2 144
12]
g 1.0-:
ul 0.8
0.6-
0.4
02
0.0—- )
\w’ -0.2 ] T T T T T v T T T v T T T
1 2 3 4 5 6 7

M =2S+1

© ©

a
FIG. 3. Relative energies of various spin multiplicities of the VBz complex.

FIG. 2. Ground-state geometry of the VBz complex. The geometrical pa-Solid squares represent the neutral complex, while open squares represent
rameters shown in the figure are given in Table I. the anions. The results are based on BPW91/6-311Galculations.
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®

© ©
©
«
© ©
Dgh Symmetry
«
© ©
A
(9 C1 Symmetry
p FIG. 5. Ground-state structure of neutral and anionic V(Ba@mplexes.
. - The C-C distance, C—H distance, and V-Bz distances are labeled as A, B,
© © and C, respectively, and are given in Table Il.
w ©

FIG. 4. Three structural configurations of V(Bz)considered for geometry the geometry optimizatio(see Fig 4. The first configura-
optimization. LY . C .
P tion is a normal sandwich structure withg, symmetry, in
which vanadium atom and benzene rings are arranged alter-

These observations indirectly support our result that the neJiatively. The second one is a staggered sandwich structure
tral VBz complex can be either a doublet or quartet. In view{Psa Symmetry in which one of the benzene rings is rotated
of the small energy differences between the doublet an%y 30° with respect to the other ring. The third configuration

guartet spin states, selection of the basis set, and the comp asC, symmetry in which the upper benzene ring is tilted

tational accuracy of our calculations, we conclude the groun(‘i"ith r_esl[:))elct tor;[he bOttEm ger;zEne moIe(t:)uIe and the m(;t'al
state of the VBz complex has a spin multiplicity of 2. More- atom is below the C—C bond of the upper benzene ring. This

over, the ground-state multiplicity of VBz(a triplet; see be- cc_)nf|gurat|on S based on the grqund-state ge_ometry of

low) further supports our conclusion. Ni(Bz), obtained f(r)om our previous calculations on
For the negatively charged VBz complex, the ground-N'n(BZ)m complexes? Geometry optlmlz_anon was carrle_d

state geometry is &g, configuration in a triplet spin state. out on these three structural configurations for all possible

The C, configuration after optimization became a half- SPin multiplicities. _ ,
sandwich structureGg, symmetry. The benzene—metal dis- In neutral complexes, the sandwigly;, structure(Fig.
tance in the ground state is 1.53 A, with the C—C and C—I—P) _W'th doublet.spm ($+.1=2) is lowest in energy in
distances in the benzene ring remaining same as that in tp(ghlch the vanadium atom is located 1.69 A from the benzene

neutral VBz complexXsee Table)l The quintet spin state, the molecules. '!'his structure is .closely . followed by' the
lowest energy in Lan12dz calculations, is 0.84 eV higher inDGd-symm_etrlc StaggerEd sandwwh_conflgurathn, agan in a
energy than the triplet spin state. The geometry correspondiOuPlet spin state with an energy difference of just 0.05 eV.

ing to this quintet spin state h& symmetry. The calculated " th|sdstetl)ggered s;a&n;jwmhbc%nﬂﬁurgltlon the m?tal latom r:s
ground-state spin and metal—benzene distance agree witfcated about 1.70 A from both the benzene molecules. The

that of our previoudMoL-based DFT-GGA resulfs? equilibrium geometry and the corresponding geometrical pa-

As observed from the above discussion, the Lan12dz anffmeters of theDgy, configuration are given in Fig. 5 and
6-311G* calculations may not always lead to the SameTable I, respectively. One of the interesting results from

ground-state spin multiplicity. This contradiction and ambi- these optimization processes is that @e configuration,
guity arises when the energy differences between varioudPon optimization, became a perfect sandwich structure with

spin states is too lowe.g., neutral VBE Hence, during Den symmetry. This fact indicates that no matter where we

Lan12dz calculations, if we find the energy of any spin statd/ace the V atom and benzene ring they always try to go into

too close to the corresponding ground staddE&0.1 eV),
we considered both of. thosc_e states for the seconq SYRABLE II. Structural parameteréh): C—C (A), C—H (B), and V—Bz(C)
namely, geometry reoptimization using the 6-31¥1(asis  of ground-state V(Bz) complexes.

set. In this way, we can circumvent the ambiguity in the

ground-state spin multiplicity. Neutral Anion
Lanl2dz 6-311G* Lanl2dz 6-311G*
2. V(Bz), complex A 1.44 1.43 1.44 1.43
. B 1.09 1.09 1.09 1.09
a. Lan12dz-based calculationt the V(Bz), complex, c 1.69 167 1.68 1.66

three different structural configurations were considered fok
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the symmetric position, forming a sandwich configuration. In ! 0 { "
summary, the neutral V(Bz)complex has two energetically = p » ° =€ > ©
degenerate ground-state structures, one Wigh symmetry e

and the other witlD g4 symmetry. © ©

When an electron is added to the V(Bz)omplex, the \
ground-state geometry was found to be again a sandwichgzwzg <m@
structure withDg,, symmetry(Fig. 5. The ground-state spin ® © © fo ©
multiplicity for this anionic system was found to be singlet ©
(2S+1=1), with the vanadium being 1.68 A from the ben- e g
zene molecules. ThBg-symmetric structure is again ener- { ¢ @
getically almost degenerate, being 0.06 eV higher in energy‘%:“‘ @
than the lowest-energy structure. In this staggered configura: ) -
tion (Dgg Symmetry, also the metal ion is 1.68 A away from ~ Normal Sandwich Staggered Sandwich
the benzene rings. Even in the negatively charged V{Bz)
optimization of theC; configuration resulted in a perfect
D¢, configuration. This proves that unlike Ni(Bz)the
V(Bz), complexegboth neutral and chargggrefer perfect
sandwich structure.

The anionic V(Bz) complex is found to be unstable
against autodetachment of the extra electfege Sec. |l
Judaiet al’® also predicted the anionic V(Bg)to be un-
stable, which is in good agreement with our calculated re-
sults. The triplet spin states @, and Dgq configurations
are 0.30 and 0.34 eV higher in energy than the doublgt
configuration. FIG. 6. Three structural configurations 05(\Bz);, considered for the ge-

The addition of an extra benzene ring to the neutraPMely optimization.

V(Bz) complex did not affect the ground-state spin multiplic-

ity. However, in the anionic ¥Bz) complex the attachment

) . ... barrier for the benzene rings. Hence the frequency calcula-
of the second benzene ring has reduced the spin mU|t'p|'C't¥ion has helped us in identifying the staggered sandwich as a
from a triplet to a singlet.

b. 6-311G™ -based calculationsBoth the neutral and E;\?gsf:gozeséi}g'sVggrer;esaso::jes rt]grt?slgsrgzg\év_'gg tvg '2182:1235"
anionic V(Bz), ground-state geometries obtained from the q P Y.

Lanl2dz calculations were further reoptimized using theV It is evident from Table 1l that the geometry of the
6-311G* basis set. Since th®g- and Dgy-symmetric (Bz), complex is almost independent of the choice of basis

ndwich structures were found to be eneraetically degen set. Earlier, the current authors, using DFT and numerical
sa ch structures were found to be energetically degeneyz, ;o set$ predicted the benzene—metal distances of neutral

a.‘te.’ .bOth of these .geometrles n the|.r gr.ound-state SPIN MUEng negatively charged V(Bg)complexes to be 1.70 and
tiplicity were considered for reoptimization. In these calcu-

. X L ~°"1.65 A, respectively. Another previously reported DFT
lations, .the preferred spin multlpllglty from the _ea_rller (B3LYP) study! of neutral V(Bz), had considered a sand-
galcuIat|on(BPW91/Lan12d)zwas retained. The reoptimiza- wich structure for geometry optimization and had reported

©

Rice - Ball

tion process was done without any symmetry constraintSy o various bond distances as V—Bz. 1.675 A: C—C. 1.426 A:
After reoptimization of the neutral V(Bz)complex the 4 ~_H 1084 A Thus our c;alculated’ resu&lsoth '
Deh-symme_tric sandwich configuration was aggin found 0 an12dz and 6-311¢ calculation$ are in good agreement
tle lower ‘in energy than theD gq conflguratlon_ 8E  \ith these previously reported results. On comparing the
_,0'02 eV).. In the negatively charged complex, this eNer9Yeometrical parameters of neutral and anionic complexes
dlﬁergnce Is 0.03 eV. . (Table 11, it is observed that the addition of an extra electron
Since the normal and staggered sandwich structures ajg,q inqyced insignificant changes in the V—benzene distance
energetically nearly degenerate, in o_rder to identify the rea\'/vhereas it has absolutely no influence on the C—C and C—H
ground-state geometry, we have carried out frequency calCysonq gistances. In fact, Judzti al*® had performed Hartree—

lations on both of the above sandwich structures. In the Cas€yck-basedab initio calculations and had predicted negli-
of normal sandwich structure, the calculated vibrational fre'gible geometric change upon ionization.

guencies are all positive, indicating that it is a stable struc-

ture. However, the frequency calculation of the staggered

sandwich revealed an imaginary frequency in its vibrationat> V2(B2)s complex

spectrum. The imaginary normal mode corresponds to the For V,(Bz); complexes also, three different structural
rotation of the benzene ring about & axis. Moving the  configurations were considered for geometry optimization
carbon atoms in the direction of the normal mode, corre{see Fig. 6. Two of these structures are multidecker sand-
sponding to this imaginary frequency, and reoptimizing thewich structures, with each of the vanadium atoms sand-
staggered sandwich structure resulted in a stable normaliched between benzene rings. In one of these structures, the
sandwich configuration. It indicates that there is no rotatiormiddle benzene ring is rotated by 30° with respect to the two
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( D TABLE IlI. Structural parametersA): C—C (A) in terminal benzenes,
\ - C-C (B) in middle benzene, C—KLC). V—terminal-benzene ring®), and
© V-middle-benzene ringE) of the ground-state }Bz); complexes.
e D
-
Neutral Anion
© R
D Lanl2dz 6-311G* Lanl2dz 6-311G*
I A 1.45 1.43 1.45 1.43
‘D B 1.46 1.45 1.47 1.45
A4 C 1.09 1.09 1.09 1.09
D 1.67 1.65 1.68 1.64
E 1.75 1.73 1.71 1.70

multiplicities 2, 4, and 6. For all three structural configura-
tions, the doublet spin state is lower in energy than the re-
C maining quartet and sextet states. However, of all three con-
figurations, the rice-ball structure is again higher in energy
(AE=0.34 eV) than both sandwich configurations. The stag-
gered sandwich structure is found to be 0.10 eV higher in
energy than the normal sandwich complex. To summarize,
the normal sandwich structure is the ground-state geometry
of the V,(Bz); complex, closely followed by the staggered
sandwich and rice-ball configuration. Hence, from the
V(Bz), and \,(Bz); calculations, it has been proved con-
clusively that the vanadium—benzene complexes prefer mul-
tidecker sandwich structures to rice-ball configurations.
Upon comparing the geometrical parameters of neutral
FIG. 7. Ground-state geometry of neutral and anioy{Bz), complexes. and anionic complexes in Table lll, it is clearly seen that the
The geometrical parameters identified in the figure are given in Table Ill. gddition of an electron to the neutral complex did not result
in significant changes in the geometrical parameters of either
the benzene molecule or vanadium—-benzene distances. The
terminal benzene ringéhe staggered sandwichThe third  only perceptible change is seen in the V-middle-benzene-
configuration is called rice-ball structure, in which the two molecule distance, which decreased by just 0.0&dnpare
metal atoms are completely covered by the benzene ringgntry E in the Table I)\. These insignificant geometrical
thus allowing the vanadium atoms to form a diatomic clusterchanges upon ionization can be due to the accommodation of
As the first step, geometry optimization, using the Lan12dzhe extra electron in a nonbonding orbital.
basis set, was carried out on all three configurations for dif-  b. 6-311G™ calculations As the second step, only the
ferent spin multiplicities. two energetically isomeric multidecker sandwich configura-
a. Lanl12dz calculationsin the neutral (Bz); the tions (normal and staggergdare considered for geometry
ground-state geometry is a normal sandwich configuratiomeoptimization using the all-electron basis set. In the neutral
with the triplet being its spin multiplicity. The staggered system, similar to that seen in the Lan12dz calculations, both
sandwich configuration (@+1=3) is energetically degen- sandwich configurations are energetically degenerate with an
erate with just 0.09 eV higher in energy than the normalenergy difference of 0.03 eV. In the case of anions, the en-
sandwich complex. In the most interesting configuration—ergy difference is 0.04 eV. The addition of an extra electron
namely, the rice-ball structure—the triplet is still lower in again did not result in any significant changes in the geom-
energy than the other spin states. However, the rice-ball tripetry of the systenisee Table ll).
let state is 0.68 eV higher in energy than the triplet normal  As we move from the V(Bz) to the \,(Bz); complex,
sandwich configuration. The two sandwich configurationst is seen that there are no significant changes in the C—C and
have the same C-C, C—H, and V-benzene distances and tle-H bond lengthgcompare Tables Il and Il Hence the
sameDg,, symmetry, the only exception being the orientationaddition of a VBz complex to V(Bz) has a very weak in-
of the middle benzene ring in the staggered sandwich corfluence on the geometrical parameters of benzene molecules.
figuration (which is rotated with respect to the two terminal However, unlike in V(Bz), the vanadium atoms inBz)
rings). The geometry and structural parameters of theare no longer at equal distances from their neighboring ben-
V,(Bz); complex are given in Fig. 7 and Table IIl, respec- zene molecules. Upon the addition of the VBz complex to
tively. The singlet spin state of the normal sandwich configuV(Bz),, the vanadium atoms readjust and are closer to the
ration is 0.86 eM1.20 eV in staggered configuratiohigher  terminal benzenes than the middle benzene mole(zde
in energy than the triplet ground state. rows D and E in Table Il
In anionic \,(Bz); complexes, the rice-ball structure In our previous theoretical studipf the neutral \}(Bz),
and the two multidecker complexes were optimized for spincomplex, using theomoL program suite, the benzene mol-
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FIG. 8. Two geometrical configurations of thg(8z), complex considered
for geometry optimization. The first one isyarmalsandwich; the second is
a staggeredsandwich.

ecules were frozen, while only allowing the vanadium-—
benzene distances to vary and the ground-state spin multi-
plicity of the neutral complex was determined as a singlet. In
order to compare the current results on the same footing with
that of the reported resulfswe have performed a similar
geometry optimization by freezing the benzene molecules
and only allowing the V—Bz distances to vary. The current
calculated results, however, show the triplet state to be thEIG. 9. Ground-state geometry of the,(8z), complex. The geometrical
ground state, with the singlet being 1.05 eV higher in energyparameters identified in the figure are given in Table IV.
When we performed a full optimization, without any geom-
etry constraints, the singlet was found to be 0.87 eV higher
in energy than the triplet state. Hence we conclude that théalculations. This step reduced the computational cost sig-
ground-state spin multiplicity of ¥ Bz); is indeed a triplet.  nificantly without any major compromise in the accuracy of
Moreover, Weiset al.? based on a DFT-BLYP-based geom- Our results.
etry optimization of \4(Bz);", reported that the ground-
state geometry of the cation is a sandwich structure with spin
multiplicity of 4. This further supports our current conclu- 4. Vs(Bz), complex
sion regarding the ground-state geometry and spin multiplic- As mentioned in the above subsection, only Lanl2dz-
ity of the neutral \4(Bz); complex. In a DFT-(B3LYP-) based calculations were performed for this system. Geometry
based geometry optimizatibinof the neutral \4(Bz); com-  optimization was performed for two different quadruple-
plex, the authors considered the triplet as the ground-statgecker sandwich configurationsee Fig. & (a normal
spin  multiplicity and reported the optimized sandwich Dg, symmetry and(b) staggered sandwictD(gy
parameters: C-C, 1.48 Aniddle Bz), 1.429 A (terminal  symmetry. In the latter case, the benzene molecules are ro-
Bz); V—terminatBz, 1.648 A; V-middleBz, 1.722 A. Thus tated by 30° with respect to their neighboring benzene mol-
our calculated results for neutrab{Bz); are in good agree- ecules.
ment with this reported work. The rice-ball structure can also be a possible candidate
The overall affect of the basis set on geometrical paramfor geometry optimization. However, as mentioned in the
eters of this system is found to be very negligitdee Table previous section, it has been proved conclusively that the
[11). It is noted that a similar trend was observed in the caseice-ball structure is not a preferred configuration of
of V(Bz), also. Hence, for the largest system under curren¥/ ,(Bz),, complexes. Therefore, based on this observation,
investigation—i.e., for the ¥(Bz), complex—geometry re- rice ball structure is not considered during the geometry op-
optimization using the all-electron basis set was deemed urtimization of the \4(Bz), complex.
necessary. Moreover, the agreement of our calculated ioniza- In neutral complexes, the multidecker configuration with
tion potential(IP) and electron affinitfEA) values with the  Dg, symmetry in the quartet spin state§2 1=4) is found
experimental resultésee next sectioralso has given us the to be the most stable configuratifig. 9), whereas the stag-
necessary confidence in the accuracy of Lanl2dz basis sgered sandwich multidecker complex is 0.32 eV higher in
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TABLE IV. Structural parameter§d): C-C(A) in terminalbenzene, C-C Our calculated adiabatic EA valu¢om Lanl2dz and

(B) in middle benzene, C—HC), V-terminatbenzengD), and Vmiddle 6-3116"*) of the VBz complex are in reasonably good

benzengE), (F) of the ground-state 3Bz, . . . .
agreement with the reported experimental value given by

Neutral Anion Judaiet al,’® the maximum deviation from the experimental
A e pe value being 0.32 eV in the case of 6-31tGbased calcu-
B 147 147 lations. For the V(Bz) complex, the calculated EA is found
C 1.09 1.09 to be negative, meaning the anion is unstable against the
D 1.66 1.65 autodetachment of the extra electron. Jutail 1° from pho-
E i;g i-gg toelectron spectra experiments concluded that V4{B®s a

negative electron affinity. An electrochemical study by
Elschenbroichet al1®1” also resulted in a negative EA for
V(Bz),. A previous theoretical study, based on Hartree—
energy. The geometrical parameters of the neutral and arf—OCk calculations preformed by Juddial. predicted a nega-
ionic V5(Bz), complexes are collected in Table IV. tive EA value(—1.99 eV for the V(Bz), complex. Hence
The addition of an electron to the;(Bz), complex did ~ OUr preghqﬂon regarding the |n§tablllty .Of negatlvgly charged
not affect the configurational symmetry of the lowest-energy”(B2)2 is in good agreement with previous experimental and
structure, with the staggered sandwich configuratiBn( theoretical works. Experimental values are not available to
symmetry being unstable by 0.13 eV than the normal sand-Verify our predicted EA of Y(Bz); and V5(Bz), complexes.
wich (Dg, symmetry structure. The ground-state spin mul- We .note that the differences between the v_ertlcal EA and
tiplicity is found to be a triplet (8+1=3) for both these ~2adiabatic EAof the ¥(Bz),, complexes are negligible—with
structural configurations. ThBg,, configuration with singlet & maximum difference of 0.08 eWin VBz). This is consis-
spin state is 0.67 eV higher in energy. tent with the picture discussed in the previous section:
The geometry relaxation due to the addition of an elec.namely, the ionization-induced structural changes are not sig-
tron again did not result in any significant changes in thghificant in V;(Bz),, complexes. The vanadium atom likes to
geometrical parameters, with a maximum variation of 2 30//ccommodate an extra electron whereas the benzene dislikes
in V—middle-benzene distances. The geometrical parametef8 (has negative EA hence, it will be interesting to study the
of the benzene molecule remained unaffected by the ionizd€SPonse of EA values as we increase the size {BY)n,
tion. A similar trend was observed in the smallef(Bz),, complexes starting from.VBz: We can increase the size of
complexes also. It is also observed that the C—C and C—{{hese complexes by adding eithey a benzene molecule or
bond distances of the benzene molecules remained almodd) @ V atom or(c) both. The addition of a benzene ring is
independent of the size and charge of thg¢Bz),,, complex. expected to decreases the EA value significantly, which is
This observation can be exploited in future calculations forclearly seen as we move from VBz to V(Bz)The addition

larger complexes by freezing the benzene molecules duringf @ benzene ring to VBz resulted in a negative @acreas-
the geometry optimization processes. ing the EA by about 0.90 eV in Lanl2dz and 0.70 eV in

6-311G* calculation$. When we add both benzene and V
_ atoms to a }{(Bz),, complex, two opposite trends compete
B. Energetics in influencing the EA value of the resulting system. The ad-

In this section, we present and discuss our results for théition of the V atom and benzene ring to the V(Bzom-
EA, IP, and dissociation energie®{) of V,(Bz), com- Plexresults in J(Bz);, while the EA increases from0.50
plexes. to 0.13 eV. Similarly, as we move further to a bigger
The EA is calculated following the definiton EA System—namely, ¥(Bz),—the EA increases to 0.50 eV
=E (neutral)- E (anion). The adiabatic and vertical elec- (Lanl2dz calculations Hence, when we add both the ben-
tron affinities are compared with the experimental values irFéne and V atoms together, the effect of adding the V atom
Table V. The vertical EA values are computed by detachingﬂom'nates inmodifying the EA value of the resulting
the extra electron from the anion, without relaxing the anion¥n(BZ)m complex.
geometry, whereas in the adiabatic EA calculations, both the ~The stability of neutral Y{(Bz),, complexes against dis-

neutral and anionic ground-state geometries were allowed tgociation into smaller complexes is studied by calculating the
relax. dissociation energies. The calculated dissociation energies of

neutral \,,(Bz),, complexes along with the available experi-

mental values are compared in Table VI. The dissociation
TABLE V. Vertical and adiabatic electron affinityeV) of V,(Bz), energy of the VBz system is defined as the energy required to
complexes. dissociate it into individual metal atom and benzene mol-
ecules: Dy(VBz)=—[E(VBz)—-E(V)—E(Bz)]. For the
remaining \,(Bz),, complexes,D, was calculated by the
Vertical ~ Adiabatic ~ Vertical ~ Adiabatic Adiabatic following definitions:

Lanl2dz 6-311G* Expt.

VBz 0.52 0.44 0.35 0.30 0.620.07

VBz, —0.48 —0.50 —0.38 -0.42 Negative De[V(Bz)z]: —[E(VBz,)—E(VBz)—-E(B2)],
V,Bz3 0.16 0.13 0.24 0.21
V3Bz4 0.56 0.52

D[ Va(B2)3]=—[E(V,Bz3) —E(VBz;) ~E(VBz)],
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TABLE VI. Dissociation energieseV) of neutral \j,(Bz),, complexes. IV. CONCLUSIONS
The equilibrium geometries and ground-state spin multi-
De (eV) o i
- plicities of neutral and negatively charged,-~benzene),
System Lanl2dz 6-311G Expt. complexes are calculated here. We have also calculated the
VBz 0.67 2.09 0.79 electron affinity and vertical ionization energies of
V(Bz), 3.13 3.64 3.19 V,—(benzene), complexes. It has been shown that the
Va(B2)s 2.32 276 choice of the basis setdanl2dz versus 6-311% ), with
V3(B2), 2.29

the exception of the VBz complex, has no affect on the ge-
ometries and energetics of these complexes and the Lanl2dz
basis set is sufficient for any future calculations of larger
Dl V3(Bz),]= —[E(V3Bz,) —E(V,Bz3) ~E(VBz)]. complexes. It has been proved conclusively that the ground-

The experimental values given in the Table VI are actu-State geometries of the ¥ (benzeng),, complexes are
ally empirical values, calculated from the following equa- ndeed —sandwich structures. All  negatively ~charged

tions: For the VBz system, V,—(benzene) complexes, with the exception . of the
. V- (benzene) complex, are found to be stable against auto-
D[VBz]=D."[VBz]+IP[VBz]-IP[V], detachment of the electron. The electron affirtitgrtical and
and for V(Bz), it is obtained by adiabatig values increased with the size of the system, again

N . the exception being the V—(benzepeomplex. The addi-
De[V(B2),]=D¢"[V(B2),"]+IP[V(B2)2] = IP[VBZz],  {jon of an electron did not affect the ground-state geometries

where the IPs are experimental values obtained by Kaya ar@f V,—(benzeng) complexes. It has been observed here that

co-worker§*®and theD, " are the experimental dissociation the structural parameters of benzene molecules are not sig-

energies obtained by Meyest al’® The experimentaD, nificantly altered by the presence of transition metal atoms.

data for \4(Bz); and V,(Bz), are not available. However, Hence it is claimed here that the benzene molecule can be

keeping in view the good agreement between our calculatetfozen during the geometry optimization of larger complexes

(Lanl2d2 results and the available experimental data, we caivithout affecting the accuracy of the results.

conclude that our dissociation energies fop(Bz); and  AckNOWLEDGMENT
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