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Stable structures of neutral {8s), clusters i = 1-5, 8, 10, and 12) are determined by density functional
calculations (BP86 functional with a doubtefV)/triple-¢ (O) valence basis set augmented by polarization
functions). Comparison is made with calculations for the periodic structure of seldd. Whe most stable
structure of the smallest cluster is doubly O-bridged,4—VO,, and by 184 kJ/mol Vs less stable

than the periodic bulk structure. From the tetrahedr#D structure on (41 kJ/mol V& above the crystal
energy) polyhedral cage structures are the most stable isomers: trigonal pgB3),(bube (MO,g), pentagonal

prism (V100zs), 16-hedron (WsO40), dodecahedron (3Osq), and truncated octahedron£®s0). The polyhedra

have vanadyl groups at the apexes and bridging oxygen atoms on the edges. Differently from the crystal
structure, vanadium is 4-fold coordinated and 3-fold coordinated oxygen is avoided. The energies relative to
the periodic solid are 22.1, 12.4, 9.4, 5.5, 3.3, and 3.4 kJ/malsvf@spectively. Structures that correspond

to fragments cut out of the crystal structure (examined up te 8) are significantly less stable. The IR
spectra of cage-type structures will show bands in the 0480 cm! and in the 806-925 cm! regions
(terminal V=0®) and bridging \V-O®@-V, respectively), but not between 650 and 750 &mr around 500

cm ! (V—0,2—-V double bridges and triply coordinated oxygen, respectively).

1. Introduction phase vanadium oxide species were studied, since they are much
. . . easier to separate and to identify by mass spectrometric
How structure, properties, and reactivity of a chemical echniques than neutral species (see refsiBfor cations and
compound change when passing from small molecules over et 18-21 for anions). Foltin et @ studied the growth
nanosized clusters to the bulk solid, belongs to the fundamentaldynamiCS of neutral YO, clusters obtained by laser ablation of
questions in understanding materials. While in the 1960s and,,znadium metal in the presence of oxygen. Previously we

early 1970s cluster studies mainly dealt with metatapre reported the structures of mono- and polynuclear vanadium
recently the interest has expanded to metal oxides, €.9.,qxjde anion& and made predictions of vertical detachment

magnesiunttitanium? niobium? and zirconium oxides. Mass  gnergies and of adiabatic electron affinities of the respective
spectrometry yields cluster size distributions and renders o iral species.

reactivity studies possible, whereas characterization of cluster . . .
y P b Here, we employ density functional methods to predict the

structures remains a challenge for experimentalists. Even if 2
infrared spectra of metal oxide clusters become available, theirStruCture and stability .Of (40s)n gas-phase clusters € 1-12) .
nd compare them with the crystal structure of the bulk solid

assignment to specific cluster structures requires assistance b - - -

guantum mechanical calculations as a study e@#r ; clusters 20.5' For t.h'S purpose, calculations on the periodic structure

shows? The emergence of bulk-type structural properties with of dl\(anadlum pentaoxide were.performeq at th? same com-
putational level although calculations applying periodic bound-

size is of prime interest. Already small (NagI(KCl),, and " ! .

(LiF), clusters adopt cubic structures typical of the periodic ary COT;E'OnS. have been made before using various tech-

crystal structure;” while for alkaline earth oxides the critical niques” Solid V205 has a layered strgctd?eshown in Figure

cluster size where anions with bulk coordination first appear is 1. The layers are mad_e up of d_ouble ribbons that stretch along
the crystaB axis and, inA direction, are connected by oxygen

much larger (See ref 8 and references therein). ) ; . iy
This studv deals with di di ta0oxid d 4d bridges. Vanadium atoms are pentacoordinated within a layer,
IS study deals with divanadium pentaoXxide ant We adaress, i, "5y aqditional weak interlayer bond, resulting in a 6-fold

the question how the structures of small to nanosize gas-phase A f
. . . rdination. There are thr ifferen f ox n ms:
clusters of \MOs differ from that of the bulk solid. Our interest coordinatio ere are three different types of oxygen atoms

in this material arises from its important use as solid oxidation mono-coordinated oxygen atoms within the vanadyl groups,
11 o P : doubly coordinated oxygen atoms that form bridges between
catalyst?~11 specifically from the fact that many active catalysts

contain vanadium oxide highly dispersed on different supports the ribbons, and triply coordinated oxygen atoms within one
. ghly disp : . pg " ribbon. We show that the coordination is different in the most
While the crystal structure of solid )Ds is well-described

oo stable isomers of the (Ds), clusters = 1—12) which have
{;c;thel?g(\;sok;logzsa;lenfsutéie esrti%(étr?t:IOf :rk:ggtél{ mc?:Z?Ué% oras_ a polyhedral structure. Vanadium is always four-coordinated,
9 2-5/n - =XP Y, y ged g and oxygen is mono-coordinated within vanadyl groups or two-
coordinated as bridge betweer=D(0O—)s/; pyramids. Inspite
* To whom correspondence should be addressed. Address: Humboldt- of thjs different coordination pattern, the stability of the largest
Universitd zu Berlin, Arbeitsgruppe Quantenchemiégdestrasse 10-11, . .
D-10117 Berlin, Germany. Fax:+49-30-20192302. E-mail: js@ ©f the clusters is only marginally smaller than that of the bulk
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for the cage-type ¥O;5 and VgOyg clusters at the BP86/D(T)-
ZVP level using the Gaussian 94 packdgEor larger clusters,
frequency calculations are not affordable on routine basis. To
strengthen confidence that minima rather than saddle points are
found, the optimizations were made either without symmetry
constraints, or, when a minimum was found under symmetry
constraints, it was distorted to destroy the symmetry and
reoptimized. If this procedure did not result in an energy gain,
the symmetric structure was accepted. All geometry optimiza-
tions were performed with the TURBOMOLE program
package's—48
2.2. Performance of the MethodsTo test the performance
of the computational method chosen, calculations have been
made with the TZVP basis on small vanadium-containing
molecules, for which experimental gas-phase data is avaféble.
For the calculated structures, both functionals give a very good
agreement with the experiment. Bond distances differ by at most
3 pm, B3LYP doing slightly better. Comparison between the
experimental and calculated atomization energies shows that
B3LYP/TZVP typically underestimates the atomization energies,
whereas the BP86/TZVP results are in excellent agreement with
the experiment. For the energy difference between the tv@ V
2.1. Methods Used.We employ density functional (DF)  structures (Table 1), BP86 yields a larger value (77.4 kJ/mol)
technique® and make use of two different functionals: (1) than B3LYP (69.7 kd/mol).
B3LYP,343% hybrid functional combining Becke’s 1988 non-  Moreover, we optimized two vanadium(V) complexes for
local exchang® with Hartree-Fock exchange along with the  which X-ray structures are available. One of them is VO@E
Lee—Yang—Par?” correlation functional, and (2) BP8S8, Pr-2,6%.4° Both B3LYP and BP86 functionals with the
Becke’s exchange functiorfilin combination with Perdew’s D(T)ZVP basis set yield &3, structure with a tetrahedrally
correlation functional. For transition metal complexes, the coordinated central vanadium atom for the model compound
B3LYP functional yields accurate structures and, in many cases, triphenylvanadate VO(OPhshown in Figure 2a. The bond
also reasonable relative energi2&’The BP86 functional, even  |engths calculated at the B3LYP/D(T)ZVP level differ from the
if generally less reliable, performs well (particularly for experimental results by at most 1.3 pm. The deviation of the
geometries) for many systems including some transition metal BP86 structure from the experiment is slightly larger, but the
compounds? and permits substantial savings of computation accordance is still rather good (within 2 pm).
time when the RI-DFT (‘resolution of identity”) proceddfes The second example is dimeric trimethylvanadate (VO-
applied. (OMe)s)2.5051 |t contains two pentacoordinated tetragonal
The calculations were performed with all-electron double-  pyramidal vanadium atoms connected through two MeO bridges
and triple€ valence basis sets developed by Ahlrichs and co- (Figure 2b). The coordination of the vanadium atoms resembles
workers? augmented by a set of polarization functions (a p-set that in solid \4Os. Similarly to the solid \Os structure, there
for vanadium, a d-set for oxygef).Table 1 shows basis sets  are three distinct types of oxygen atoms: terminal with-a0/
tested for the purpose of the present study. Calculations®8 V  distance of about 160 pm, doubly coordinated with a®
showed that on vanadium the TZVP basis can be safely replaceddistance of about 180 pm, and triply coordinated bridging
by DZVP, e.g. the energy difference between two different oxygen atoms with a YO distance of about 200 pm. The
configurations of ¥Os (singly and doubly bridged ones, vide  structure optimized using the B3LYP and BP86 functionals with
infra) changes by less than 1 kJ/mol. This mixed basis set, whichthe D(T)ZVP basis set ha8,; symmetry (Figure 2b). For the
is TZVP for oxygen and DZVP for vanadium, was employed \ —Qterminal hond length, the B3LYP result virtually coincides
throughout the study and is referred to as D(T)ZVP. The idea with the experimental value. For the-\QMe-bridging hond,
behind using such a basis set is that oxygen atoms, which areB3LYP and experimental distances are also in good agreement
negatively charged in oxides, need a more flexible basis setwith each other. For the nonbridging\D bonds, B3LYP yields
than the electron-deficient metal atoms. two rather similar values (178 and 179 pm), while the X-ray
To confirm the nature of stationary points found by optimiza- distances show a larger variation (174 and 186 pm). The average
tion, calculations of harmonic force constants were carried out (180 pm) is again close to the B3LYP result. This shows that
for all the clusters of YOs and V4010 composition, as well as  the splitting observed by X-ray may well be due to crystal

Figure 1. Structure of crystalline divanadium pentaoxide.

2. Computations

TABLE 1: Basis Set Used in the Present Work and Number of Basis Functions (no. of BF) per V& unit

E(Co)—E(C)*

basis set description contraction schefef/d functions (no. of BF) refs B3LYP BP86

DzP double¢ + polarization V:{62111111/331111/331 78.5 67 83.7 95.8
functions 0:{5111/31/3

TZVP TZV + polarization V:{842111/6311/411 80.5 43,44 69.0 78.2
functions 0:{62111/411/}

D(T)ZVvP V: {63311/531/41 715 43 69.7 77.4

0: {62111/411/}

@ Energy difference between the singly and doubly bridged configurations of #6e Molecule,E(C;) — E(Cs), in kJ/mol VO, 5. The doubly
bridged OV-0,—VO; structure is more stable.
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TABLE 2: Absolute Energy Difference between BP86/
D(T)zZVP' and BP86/D(T)ZVP Optimized Structures*

molecule AE, kd/mol VO, 5
V4010
TETRA 12.2
SQUARE 11.3
DOUBLE-BRIDGE 125
CHAIN 11.7
: RIBBON 11.0
> 180 WK V20
(136) VO—0,-VO, 11.2
[138/136] Y > VO,~0-VO, 12.2

aThe D(T)ZVP energies are always lower.

TABLE 3: Experimental and Calculated Unit Cell
Parameters and Fractional Coordinates for Solid \LOs, as
Well as Selected Interatomic Distances

experiment BP86/D(T)ZVP
A B C A B C
11.512 3.564 4.368 11.74 356  4.47
X y z X y z
\ 0.1012 0.25 0.8917(2) 0.1042 0.25 0.8835
o1 0.1043 0.25 0.531(1) 0.1062 0.25  0.5273
02 —0.0689 0.25 0.003(1) —0.0681 0.25  0.0236
03 0.25 0.25 0.001(2) 0.25 0.25-0.0029
vV-01 1576 1.592
. . V-02 1.778 1.786
Figure 2. DFT/D(T)ZVP optimized structures of OV(OPhja) and Vv—03 1878 1875
(OV(OMe)). (b). B3LYP results without brackets, BP86 results in  \v_04  2.017 2117
parentheses “()", experimental values in brackets “[]". Hydrogen atoms /... 2.793 2.877

are omitted for clarity.

numerical gradients. The gradients were calculated by a two-
point formula with step size of 0.2 pm for unit cell parameters

and 0.0001 or 0.0002 for fractional atom coordinates. Unit cell
parameters and fractional atom coordinates were optimized
simultaneously using the quasi NewtoRaphson method and

. . BFGS Hessian update with a simple five-point line search. The
(OPh}, BP86 generally yields slightly longer bond lengths than optimization was stopped when the maximum component of
B3LYP. the gradient did not exceed 0.01 hartree/A. The experimentally
the CRYSTAL-95 cod® was employed. Comparison of gas-  total of 27 points of the reciprocal unit cell (including equivalent

phase clusters and bulk solids is only meaningful if the same gnes) were used in the course of optimization, whereas for the
Gaussian basis sets are used for both calculations. When workingijna| energy evaluation up to 406points were used.

with the original D(T)ZVP basis set, the two outermost
s-funptions for vanadiumi(= 0.072 and Q.027) cause a basis 3. V,0s Bulk Structure
set linear dependency at reasonable integration cutoffs. To
overcome this problem, we reoptimized these two exponents  Solid V,Os belongs to the orthorhombic crystal system (space
by minimization of the BP86 crystal energy at the experimental group Pmmn and has four YOs formula units per unit cell
bulk structur&®and obtained, = 0.348 and; = 0.166 for the  (Figure 1)12 Table 3 shows the BP86/D(T)ZVFesults for bulk
outermost functions. Catti et &.obtained values of = 1.04 V,0s. Comparison with the experimental values indicates that
and ¢ = 0.4346 by completely optimizing an-8111G*-type the DFT calculation reasonably reproduces both the cell
basis set for YO3. Though these values differ by about a factor parameters (within 2%) and the atomic coordinates. For three
of 3 from ours, the general trend is that the optimum exponents different V—O bonds within one YOs layer, the calculated
for a solid are much less diffuse that those for an atom. We interatomic distances agree with the respective experimental
will refer to the basis set as D(T)ZVPThis basis set was used  ones within 2 pm. The longest of the three-@'PY bonds,
for the crystal structure optimization, whereas the cluster v—04, and the interlayer ¥-O distance are too long by 10
calculations employed the original Ahlrichs’s basis $ét§o and 8 pm, respectively. The latter is essentially of intermolecular
assess the performance of the “solid state” basis sets for thecharacter, and a proper description may therefore be a challenge
clusters calculations, we reoptimized the structure of th®sV  for DFT calculations. Overall, the quality of the structure
and V40yo clusters using the D(T)ZVPoasis set. The bond  obtained is satisfactory. Under periodic boundary conditions the
length show a maximum difference of 0.5 pm. The total energy periodic bulk structure of ¥Os was previously optimized by
obtained with the modified basis set D(T)ZVR lower by Kempf et al?* who applied the HartreeFock method, and by
11.0-12.5 kJ/mol V@5 than that obtained with the original  Yin et al32 using DFT (LDA- and GGA-based functionals).
basis set (Table 2). However, the relative stabilities of the Augmented spherical wave calculatioffs®® within the LDA
different species change by at most 1.5 kJ/mol,¥O approach have also been reported. Most recently, the full
Since analytical energy gradients are not implemented in potential linearized augmented plane wave method in conjunc-
CRYSTAL-95, the crystal YOs structure was optimized using  tion with the LDA functional was used by Chakrabarti efal.

packing effects (weak dimeric interaction between two (VO-

(OMe)), molecules). Hence, the overall agreement of the

B3LYP/D(T)ZVP distances with the experimental results is

considered satisfactory. The BP86 distances differ by at most
2 pm from the B3LYP ones. Both in (VO(OMg) and in VO-



(V205), Gas-Phase Clusters J. Phys. Chem. A, Vol. 105, No. 37, 2008591

TABLE 4: Relative Energies of (V,0s), Clusters in kJ/mol TABLE 5: Relative Energies of (V20s), Clusters with
VO, 5 with Respect to the Crystalline Divanadium Spherical Shape (cages) in with Respect to the Crystalline
Pentaoxideé Divanadium Pentaoxide (kJ/mol VO, 5)2
relative energy point relative
2n molecule pointgroup  B3LYP  BP86 2n molecule faces group energy BP86
2 2-SINGLE BRIDGE C 2035 2231 e JETRAhedion . 2232 b 55
2-DOUBLE-BRIDGE GCs 188.7 1843 8 cuse p o 54
4  4-SINGLE-BRIDGE C 143.7 138.0 I :
4-DOUBLE-BRIDGE C 130.6 1314 10 PENTAgonal PRISM 45 C 9.4
( . .
' 16 OCTAgonal PRISM 4882 Ci 7.6
4-RIBBON G 112.2 113.6 12
4-CHAIN D 102.3 1002 16 16-hedron 584 Ci 55
- 2h . .
20 DODECAhedron 5t2 Dsq 3.3
4-SQUARE Dan 563 561 24 TRUNCated OCTAhed &4 T, 3.4
8 8-POLYCYCLE -2 C. 97.9 5 bulk I."é € edron d 50
8-POLYCYCLE —1 G 78.6 ulksol :
8-SHEET-2 Cs 77.8 aWe use notatiom¥, wherek is the number ofm-gons defining the
8-SHEET-1 C 70.1 faces.Yk is equal to the number of faces of the polyhedron.
8-SHEET-4 Cs 64.8
8-SHEET-3 Ci 64.0 TABLE 6: Calculated Interatomic Distances (at B3LYP/
8-SHEET-5 Cs 61.0 D(T)zZVP Level and BP86/D(T)ZVP Level, in Picometers)
8-RIBBON Ci 57.0 and Bond Angles (in Degrees) in the YOs clusters
8-TWO-LAYER-1 C 52.7
8- TWO-LAYER-2 C 301 molecule parameter B3LYP BP86
16 16-DOUBLE RIBBON C 60.8 VO—-0,—VO, V6—-07 157.9 159.5
16-SHEET C 46.9 V1-02 158.3 159.9
16-TWO-LAYER C 15.3 V1-03 158.7 160.3
o bulk crystal Pmmn 0.0 V6—04 169.0 170.4
2The relative B3LYP values are obtained by extrapolation assuming \éi/zgé 4-\/6 13:? g’ l;):? 3?
equal B3LYP and BP86 relative energies for th\ TETRA cluster. 002-V1-03 111' 0 lld 9
for partial structure optimizations of the three-dimensional 5?_26;/1_04 %g-g iégg
structure (bulk) and of a single layer (slab model). The resulting 2 2 Vi-04 158.8 160.9
bulk structure is in very good accord with the experiment. The V1-03 179.7 180.3
Cartesian atomic coordinates agree up to about 0.01 A, and the 003-V1-05 118.1 116.5
unit cell parameters are underestimated.25% only. The 004-V1-05 111.0 110.1
optimized one-layer structure differs very little from that of the . .
bEIk Y y TABLE 7: Comparison of Experimental and Calculated

. . . (BP86/D(T)ZVP) Bond Lengths in Picometers in (MOs),
. To_ estimate tr_le strength of the interaction between the Cjusters, Bulk V,0s Solid, and Bis(trimethoxyvanadate)
individual layers in the crystal, we calculated the energy of a (VO(OMe)s),

single layer using the SLAB option of the CRYSTAL progrdm V=0 V—0®@ V—0®
(interlayer distance 500 A, experimental intralayer structure).

. : . . VO(OMe obsd 158 179 203
The resulting absolute energy per unit cgll is 9.3 kJ/mol higher (VO(OMe). caled 159.3 1803 202 5
than for the bulk crystal. Thus, the layer interaction energy per pulk solid obsd 157.6 177.8 187.8: 201.7
VO, unit is as low as 2.5 kJ/mol. Yin et &.reported an calcd 159.2 178.6 187.5; 211.7
estimate of about 4.2 kJ/mol \W@ Despite the uncertainty of ~ all clusters fromto 155.1-162.4 164.4212.0 176.8-217.0

o average 158.6 179.7 194.4

these results due to the limited performance of DFT for weak

. . . cage-type clusters frorto 157.6-160.3 170.4198.9
bonds, and of a possible basis set superposition error, the average 158.2 178.6

conclusion is reached that the interaction between tb@sV )
layers is very weak, of the order of few kd/mol Y9 * Average of two different values.
able: with one, two, or three bridging oxygen atoms (cf. Figure

4. (V20s)n Gas-Phase Cluster 3). The latter structure, O¥(0);—VO, with Cs, Symmetry was

In this section we examine the structures and stabilities of found to be a higher order saddle point on the potential energy

(V20s),, clusters fom = 1—12. The smaller clusters,®@s and surface (PES). Its optimization without symmetry constraints
V4010, were studied systematically, so that all or nearly all low- results in the doubly bridged & —0,—VO configuration Cs
energy structures are included. For the larger clusteg®,y/ symmetry), which is by 77 kJ/mol more stable than the singly
and V16040, only selected structures were considered. The initial bridged one €, symmetry).

structures are either fragments cut out from th&®y/crystal The doubly bridged /—0,—VO molecule has one tetra-
structure (“analytic” approach), or designed according to build- coordinated (V1) and one triply coordinated (V6) vanadium

ing principles found for the smaller clusters (“synthetic” atom. The latter has a pseudotetrahedral coordination with one

approach). In addition, two selected examples of medium-size vacant position. Assuming that the three termina® bonds

clusters, \O15 and V1¢Ozs, as well as two big clusters,¥Oso with distances between 159 and 160 pm are double bonds, the

and V,,Og0, are discussed. Tables 4 and 5 show the relative valence of 5 for V and the valence of 2 for O implies bond
energies. The optimized bond distances and angles 0V  orders of 1.5 for the V605 and V6-0O4 bonds having

clusters are given in Table 6. For bigger clusters, only average distances of about 170 pm and bond orders of 0.5 for the V1
bond length of different types are summarized in Table 7. O4 and V}O5 bonds. The latter are almost 200 pm long, i.e.,

Comparison of observed and calculated bond lengths indicatesthis bond order scheme is supported by the calculated bond

that V—O® and V—0® distances are overestimated by 1 pm. distances.
4.1. \,0s5 Clusters. As already mentioned in our previous In the singly bridged YOs structure the V@units are slightly
paper2 three configurations of the XDs molecule are conceiv-  pyramidal, the sum of the ©V—0 angles being 346nd 339
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2-SINGLE-BRIDGE C,

Figure 3. DFT optimized structures of two isomers of theQé
molecule.

for the B3LYP and BP86 functionals, respectively. However,
this pyramidalization is much smaller than that of the V6 atom
in the doubly bridged molecule (322nd 320, respectively).
4.2. V4,019 Clusters. First, we consider ¥O1g units cut out
from the crystal structure of ¥Ds in various ways (“analytic
approach”). The&l-ONE-BRIDGE cluster (Figure 4) is obtained
by optimization of a (O;0 fragment cut from two neighboring
ribbons of the crystal along th& crystal axis. The structure is
strongly dissymmetric, with a dihedral ¥2/8—V4—V6 angle
of 28° (B3LYP) or 38 (BP86). The V6 atom remains unsatur-

ated. When V6 forms an additional bond to O13, a much more

stable and symmetridg,) structure 4-SQUARE is obtained
(vide infra). However, to make such a ring closure possible,
the O9 atom must move to the opposite side of the-X0&—
V4—07 plane. Since this costs energy, tO&E-BRIDGE
structure exists as a local minimum stabilized by repulsion

Vyboishchikov and Sauer

4-SINGLE-BRIDGE C,

Figure 4. DFT optimized structures of various isomers of thgOyp
molecule.

between the O9 and O13 atoms which point against each otherof the other results in a linear arrangement of the four metal

TheDOUBLE-BRIDGE cluster results from the optimization
of a crystal fragment cut from the crystal along Biexis. The
trans configuration shown in Figure 4 is slightly (6.7 kJ/mol,
BP86) more stable than @s structure, but the latter is not a
minimum. The DOUBLE-BRIDGE structure contains two
4-fold and two triply coordinated vanadium atoms.

A cut along theB crystal axis, after optimization, yields the
4-RIBBON structure (Figure 4). Its most distinctive feature is
the preservation of two triply coordinated oxygen atoms O4
and O11. The WQYidging honds are considerably elongated
compared to the ¥Os cluster, but still shorter than in the bulk
structure. The V204 and V12-O11 bonds remain rather short.

atoms which are pairwise connected by double oxygen bridges.
We refer to this structure @&CHAIN (Figure 4). The optimized
geometry ha®,, symmetry. Assuming that the four terminal
V=0 bonds are double bonds and the central bridgirgOVv
bonds are single bonds, the valence of 5 for V and the valence
of 2 for O implies bond orders of 1.5 for the V6, V2—05,
V8—-011, and V8-012 bonds as well as bond orders of 0.5
for the V1-06, V1-05, V7—012, and V#~011 bonds. The
calculated bond distances follow this bond order scheme.
Another combination mode connects a terminal oxygen O2
or O3 of one VOs moiety to the (formally unsaturated) triply
coordinated vanadium V6 of the other moiety, and vice versa.

Although the metal atom environment has become tetrahedral This procedure creates a ring with two doubly bridged opposite

and thus bond angles differ considerably from the bulk values,

and the entire structure is rather puckered, 4ARRIBBON
cluster exhibits the most similarity with a crystal structure
fragment among all the XD structures considered.

Next, we generate starting structures by combining twOsV
units (“synthetic approach”). Within this approach thé®OU-
BLE-BRIDGE cluster can be built by connecting two singly
bridged VQ—0—-VO, molecules. Th&-RIBBON structure can
be created from two ¥Os units if the bridging O4 atoms of
each unit are connected with the V2 atoms of the other.
Connecting the O7 atom of one,¥s moiety to the V6 atom

sides and two other singly bridged sides. The optimization of
this isomer leads to a planar arrangement of vanadium atoms
(D2n symmetry) 4-SQUARE, already mentioned above (Figure
4). All four vanadium atoms are tetrahedrally coordinated, each
of them has one short (terminal) and three longer (bridging)
bonds. The two types of ¥Obrideing honds (singly and doubly
bridging) have almost the same length.

There may be clusters that can be generated neither by the
“analytic” nor by the “synthetic” approach. Since®y is iso-
(valence)electronic with the tetraphosphorus decaoxide mol-
ecule, BOsq, in which the phosphorus atoms form a perfect
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tetrahedron, an analogous structure foEOy should be 8-POLYCYCLE-1 (Figure 5) is one of two additional
considered. Its optimization results in a very stable tetrahedral isomers with a nearly planar arrangement of the metal atoms.
structure4-TETRA (see Figure 4), which has a pronounced It resembles thet-SQUARE structure, but has four penta-
closed-cage character. There are termirdQ/double bonds coordinated tetragonapyramidal vanadium atoms. Energeti-
(about 160 pm) and bridging YO single bonds (about 180 cally, it lies 6 kJ/mol above the least stable “sheet” cluster,
pm). (BP86 predicts slightly longer vO bond length than 8-SHEET-2. 8-POLYCYCLE-2, unlike 8-POLYCYCLE-1

B3LYP, but the difference does not exceed 2 pm.) preserves the tetrahedral environment of the metal atoms. There
The 4-TETRA structure is the most stable,®;, isomer. are no triply coordinated oxygen atoms in these structures.
Relative to two MOs units, the energy is about600 kJ/mol, A nonplanar cluster is obtained by cutting a fragment from

a marked stabilization gained by the cage formation. The two layers of the periodic structur8-Z-0, Figure 5). The initial
4-SQUARE cluster is only 15 kJ/mol V@s less stable than  structure consists of two XD, fragments 4-RIBBON) placed
4-TETRA. In both of these isomers all metal atoms are overeach other. Optimization changes the structure very strongly
tetrahedrally coordinated, all V atoms are pentavalent, and all (8-TWO-LAYER-1, Figure 5). The weak interlayer -¥O

O atoms are bivalent. The other isomers are substantially higherinteractions turned into normal %O bonds. The longest of

in energy. Third in stability is#-CHAIN, which is about 60 these, V16-0O15, is 191 pm. One of the metal atoms (V18)
and 45 kJ/mol V@5 aboveTETRA and4-SQUARE, respec- remains pentacoordinated and only two of the oxygen atoms
tively. The only structure that contains triply coordinated oxygen (O4 and O25) remain triply coordinated. A similar, but by 108
atoms,4-RIBBON, is about 70 kJ/mol V@s less favorable kJ/mol more stable structure 8TWO-LAYER-2 .

than4-TETRA. The 4-SINGLE-BRIDGE and4-DOUBLE- Since a cage structuré{TETRA) was found to be the most
BRIDGE structures which have triply coordinated metal atoms  stable of the O clusters, an analogous cubelikgQ4o isomer
are even higher in energy. may be very important. The corresponding optimized cluster

4.3. VgOyo Clusters. Figure 5 shows the optimized and some CUBE hasS symmetry (Figure 5) and is by far the most stable
of the initial structures for the 30,0 clusters. Following the (Table 5) among the 110, clusters considered. It is followed
“analytic” approach, we cut such fragments out of the crystal by the 8-TWO-LAYER-2 isomer which is the only isomer
that would generate the entire periodic structure by translations.besidesCUBE in which all vanadium atoms are tetrahedrally
One possibility is to cut a fragment from two ribbons of one coordinated, and no triply coordinated oxygen atoms are present.
layer of the bulk structure. This structur@;Y-0 (Figure 5), Next in stability are8-TWO-LAYER-1 and 8-RIBBON-1
contains metal atoms with coordination numbers 3 to 5 and cluster, which is the most stable two-dimensional sheetlike
oxygen atoms with coordination numbers between 1 (terminal) structure. Among the true “sheet” cluste8SHEET-1 to
and 2 or 3 (bridging). In the course of optimization, the structure 8-SHEET-5, 8-SHEET-5is the most stable. Since this structure
changed significantly to yield the clust8fSHEET-1 (Figure features pentacoordinated vanadium atoms, one can conclude
5). First, all but one (017) of the triply coordinated oxygen that pentacoordinated vanadium is no longer so unfavorable in
atoms gave up one bond to adopt a double coordination. SecondysOzo as it is in V4Op Clusters.
all pentacoordinated V atoms lose the fifth coordination and 4.4, V4,040 Clusters. For species of such size the basis set
form a tetrahedral environment. The only exception is V14, used, D(T)ZVP, consists of 1144 basis functions. This makes
which remains triply coordinated. TFB2eSHEET-1 structure is it very costly to examine a broad range of such clusters.
not symmetric. However, symmetry could be restored by Therefore, we consider a small set ofg@. Structures that are
creating an identical environment on the left- and right-hand of particular interest with respect to comparison with the most
side with respect to the 7020 line. This can be done intwo  stable isomers of smaller clusters and the periodic bulk structure.
ways. One can remove the triply coordination of the O17 atom We use \{¢O4o fragments cut out of the periodic divanadium
by breaking the V4017 bond. Alternatively, one can saturate pentaoxide structure along ti#e B, or C crystal axes16-X-0,
the triply coordinated V14 atom by linking it to the O11 atom. 16-Y-0, and 16-Z-0, respectively, as initial structures for
In doing so, two other starting structures are generated. Theirgeometry optimizations (Figure 6). Th&6-X-0 fragment
optimization yields the clustei®SHEET-2 and8-SHEET-3. consists of two ribbons of one layer of the periodic structure. It
They are by 62 kJ/mol less stable and 49 kJ/mol more stable has nine pentacoordinated, six tetracoordinated, and one triply
thanSHEET-1, respectively. Another structure, which is very coordinated metal atoms. The cluster obtained after optimization
similar to SHEET-3 and differs from it only in topology, 16-DOUBLE RIBBON, retains the main features of the initial
SHEET-4 (Figure 5), is only 6 kJ/mol higher in energy than structure, although the coordination of some of the atoms has
SHEET-3. Another two-dimensional structure presented in changed. Five metal atoms in the middle of the cluster preserved
Figure 5,SHEET-5, is 23 kJ/mol more stable thaBHEET-3. their 5-fold coordination, and only those at the boundary adopted
It is the smallest cluster in this work with pentacoordinated a tetrahedral environment. The structure found is probably only
vanadium atoms. It should be noted, however, that the trigonal- one of several “sheetlike” MO clusters with slightly different
pyramidal coordination is not typical of vanadium (V). More- coordinations. The 6-Y-0 fragment (Figure 6) is also “sheet-

over, the V9-0O3 and V9-O7 bonds are quite long (about 210 like”, but made of four ribbons of one crystal layer. The structure
220 pm). resulting after optimizationl6-SHEET retains the overall

If a VO, fragment is cut from one chain of as layer of “sheetlike” structure and only atoms at the clusters boundary
the crystal, theB-X-0 structure is obtained (Figure 5), which assume a different coordination.
can be alternatively generated by linking twgQ{, 4-RIBBON The two-layer fragment considerd®-Z-0 is a stack of two

clusters together. The cluster@fsymmetry resulting fromthe ~ VgOy “sheet” fragments similar t8-Y-0 (Figure 6). Optimiza-
optimization of this structure i8-RIBBON. Compared to the  tion converts it into a double-layer structukr8-TWO-LAYER ,

initial struture, both pentacoordinated metal atoms lost the fifth in which only tetrahedrally coordinated vanadium atoms and,
bond to become tetrahedrally coordinated. Correspondingly, only besides terminal %O bonds, only doubly coordinated oxygen
two oxygen atoms remain triply coordinated. The structure is bridges are present. A closer inspection shows that this structure
rather puckered. has the topology of a octagonal prism with 165@(0—)3/»
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8-POLYCYCLE-2 G

8-Z-0 8-TWO-LAYER-1

8-TWO-LAYER-2 C; 8-CUBE S,

Figure 5. BP86/D(T)ZVP optimized structures ofgfd, clusters. The arrows connect initial and resulting (optimized) structures.

units as apexes. However, compared to this perfect cage, theoxygen atoms are directed outward, whileliy TWO-LAYER

structure found has a “defect”. the V—0 bonds partly inherited a nearly collinear arrangement.
In one of the octagons which form the upper and lower faces This outward direction of the ¥O bonds reduces steric

of the prism a pair of neighbored=0(0—)3, units is replaced hindrance and, hence, lowers the energy by about 8 kJ/mol

by one \=0(0O—)42 and one ¥=0O(O—) unit. Thus, instead VO3

of an octagon with an adjacent square in the perfect cage, we The energies of the four 040 isomers differ substantially.

have a heptagon with an adjacent pentagon inldWO- The 16-DOUBLE-RIBBON cluster is not particularly stable,
LAYER structure. Otherwise, the topology persists. comparable in stability with the 80, clusters83-RIBBON and
Upon optimizing the perfect octagonal prism of=0- 8-SHEET-5. The other “sheet’-type clusté6-SHEET is more

(O—)s2 units, thel6-OCT-PRISM structure is obtained (Figure  stable thanl6-DOUBLE-RIBBON and also thar8-SHEET-
6). Its main difference ta6-TWO-LAYER is that all terminal 5. In agreement with our findings for theg®, clusters, the
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A

TETRA  TRI-PRISM CUBE  PENT-PRISM

S

16-HEDRON DODECA TRUNC-OCTA

Figure 8. Cage-type structures of §@s), clusters i = 2, 3, 4, 5, 8,
10, and 12). The apexes of the polyhedrons represents vanag@)V
groups, edges are-vO—V bridges.

Figure 9. BP86/D(T)ZVP optimized structures of g0, V10025,
V20050, and Vo4Ogo Cage clusters.

16-OCT-PRISM 16-HEDRON

Figure 6. BP86/D(T)ZVP optimized structures ofMOs Clusters. The  suggests that for all cluster sizes fram= 4 to an unknown
arrows connect initial and resulting (optimized) structures. limit the most stable structures are spherical with theQ#

(O—)a12 groups forming regular polyhedp@ Hence, forn = 6
andn = 10, the trigonal and pentagonal prisms, respectively
(double three- and five-membered rings, respectively) are
§ S possible candidates for the most stable isomers of »&H0O
clusters. Fon = 16, in addition to the octagonal prism already
examined, another 16-hedron with eight pentagons and two

16-TWO LAYER 16-OCT-PRISM squares as faces could be more stable because it is more
Figure 7. Cage-type structures oOCT-PRISM and 16-TWO- spherical than the octagonal prism. For= 20 the pentagon
LAYER clusters. The apexes of the polyhedrons represent vanadyl Jodecahedron (all 12 faces are pentagons) and fer24 the
(V=0) groups; edges are-vO—V bridges. truncated octahedron (eight faces are hexagons and six faces

are squares) are very likely to be the most stable structures.

16-TWO-LAYER cluster is much more stable than the “sheet” We have optimized these cage structuresnfer 6, 10, 16,
clusters, but still less stable thar®,, CUBE. Only the most 20, and 24. In the minimum energy structure for= 6, TRI-
stable of the four VsOag Clusters considere@CT-PRISM, is PRISM (Figure 9), the trigonal faces are six-membered rings
more stable than the most stableO4o cluster, CUBE. in chair conformation, i.e., the bridging O atoms are shifted

4.5. Cage-Type Clusters of Various SizeThe most stable outward from the V--V line. In the energy minimum structure
isomers of (VQ ), clusters withn = 4, 8, and 16 found allare  for n = 10, PENTA-PRISM (Figure 9), the five V atoms in
regular polyhedra of ¥O(O—)3, units: tetrahedron, cube, and the pentagonal faces are almost exactly within one plane, with
octagonal prism (Figures 7, 8). These polyhedra haw®©Winits three of the bridging O atoms shifted outward from the-V
at the apexes and bridging O atoms on the edges. This principlelines and two of them shifted inward. For= 16 the optimized
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TABLE 8: IR Spectra of V ,05 Isomers

OV—(02)—VO,Cs 0.V—0-VO, C,
v, cnt A, km/mol symmetry v, cnrt A, km/mol symmetry
1057 137 A V—0OW-str2 1040 234 A V-0WM)-str
1038 196 A V—0W-str 1035 212 B V-OW)-str
1026 244 A V—0OW-str 1032 52 A \V-0W-str
859 122 A sym V—0®@-str 1016 219 B V-0O-str
799 149 A as. V-0@-str 876 742 B as. VO@—V-str
537 115 A 0@—-V—-0@-str 464 7 A
413 5 A 370 9 B
379 7 A 328 1 A
352 21 A 281 39 B
309 2 A 267 22 A
260 2 A 164 59 B
187 9 A 159 9 A
164 2 A’ 43 0 A
155 24 A 38 13 B
72 7 A 26 8 A

astr = stretch. sym= symmetry. as= asymmetry.

16-hedron structure does not have symmetry. It is about 2 kJ/ the neutral clusters studied here by the formal process

mol VO, 5 more stable than th©®CT-PRISM. For n = 20,

optimization yielded a s_IightIy distorted dodecahedrorDef (V,0q), + mH,0 — HxV2n05n+m(2m_X)_ +(2m— x)H+

symmetry,DODECA (Figure 9). The perfect structure of

symmetry, which requires almost linear—D—V bridges, is 458 o a

about 17 kJ/mol V@s higher in energy. The optimization of _Exarsréples are the ¥Os and the ¢Ozs™ /HaV1oO6™

the truncated octahedron € 24) converges toward a structure lons=>The structures of salts containing _sucg oxygen fich anions

of Tq symmetry shown in Figure 9 (the starting structure fiad have .been determined by X-ray dn‘fr actight?In the presence

symmetry). When the symmetry was constrainedTtothe of suitable template molecoules or ions, they may assume the

energy did not increase. Moreover, a fully unconstrair@g ( sEape 0; b(_)\;]vl%g_ordcagltﬁ.t\;;l\(la Iatger ha}ve§sooAfatrhorgy”iJe

optimization starting from a slightly distorted structure resulted observed with mixed valen oxide anions-As e bu .

in the same structure. Hence, tRestructure was accepted as V205 solid these complex vanadate anions have 3-fold coordi-
X nated oxygen atoms and 5-fold coordinated vanadium atoms.

the lowest energy structure. As expected, the relative energiesH h i ¢ dium th
of the V5015 and VigOos5 clusters are intermediate betweesOyp owever, they contain more oxygen atoms per vanadium than
the neutral gas-phase species considered in this study. The

and V502, and between ¥0O,0 and Vig040, respectively. .

Therefore, in the series of the most stable isomers (all are Cagestructure of some other vanadate(V) itheesembles some of
structures)4-TETRA, 6-TRI-PRISM, 8-CUBE 10-PENT- the less stable isomers of_ gas-_pha_se_ clusters. For example, the
PRISM, 16-hedron DODECAhedron, andTRUNC-OCT the metavanadate (V£)., ion is built similarly to our4-CHAIN

: : e : isomer, and the cyclic ¥015*" ion resembles remotely our
energy per VQ@s unit decreases monotonically with increasing ) - X
cluster size (Table 5). 4-SQUARE isomer. It has tetrahedrally coordinated vanadium

atoms but only single oxygen bridges.
5 Discussion 5._2_. Vibrational Spectra. Neut_ral (_:Iusters of (¥Os), com-
position have not yet been studied in the gas phase. However,

5.1. Structures.Fromn = 2 on, the most stable isomers of advances in IR laser spectroscopy due to the free eletron laser
(V20s)n clusters are polyhedral cages with vanadyl groups, technigue render such studies possible. Recently, von Helden
V=0, at the apexes and bridging oxygen atoms on the edges.et al. observed the infrared spectra of gas-phase zirconium oxide
Hence, vanadium is always 4-fold coordinated and pentavalentclusterst Guided by predicted IR spectra, inferences about the
while oxygen is always divalent. This is qualitatively different structure of the clusters are possible. For some of the cluster
from the structure of the bulk XDs crystal, which also features  structures predicted in this study we have calculated the IR
3-fold coordinated oxygen atoms and in which all vanadium spectra in harmonic approximation using the BP86 functional.
atoms are coordinated to five oxygen atoms within one layer The characteristic bands obtained for different stretching vibra-
with an additional weak sixth coordination to vanadyl groups tions involving differently coordinated oxygen atoms fit to the
of the next layer. bands observed for polycrystalline®s; sample$? 1023 and

The polyhedral structures of the {8%), gas-phase clusters 982 cnt?! (V=0W), 813 cnr? (V—-0®), as well as 605 and
follow a general structure principle for spherical molecular hosts 472 cnt® (V—0®).
for which many examples exist in inorganic and organic  Table 8 shows the vibrational frequencies and IR intensities
chemistry®® This is the same building principle as found for for the two \,Os isomers. The different number of terminal
anionic silicate species in solution, [Si(D—)s],%¢ or for V=0 bonds in the single bridge and double bridge structures
polyhedral building units in framework silicates, [SiQu2].5” gives rise to three and four bands, respectively, in theO®)
For example, the trigonal prism and the cube have been stretching region above 1000 cfnNevertheless, discrimination
identified by NMR techniqué$ in silicate solutions. In the  based on this feature will not be easy because of the very small
structural chemistry of zeolites the hexagonal prism and the splittings predicted between bands in th8/&-0—VO, isomer.
truncated octahedron are found in faujasite. The latter is also The V—0O®@—V stretching region is better suited. It shows three
known asf3-cage or sodalite cagé. about equally intense bands between 925 and 506 éon the

In solution, complex vanadate anions with all vanadium atoms more stable OV-(O,)—VO, isomer, but only one very intense
in the formal oxidation state ¥do exist. They are related to  band at 876 cm' for the less stable & —O—VO; isomer.
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N ORY pseudopotential for the core electrons, predicts thal FHERA
e cluster is by 53 kJ/mol V&k less stable than the periodic bulk
structuré* compared to 41 kd/mol V& found in this study.
/OQ For the 4Oy gas-phase species an estimate of thermochemi-
V\O@(V"» cal data is available, albeit with a large uncertainty. The heat
iy

SQUARE TETRA

of formation determined at 1104 K and extrapolated to 298 K
| using estimated temperature coefficiemig%gs (V4O010,9) =
‘ —2866 kJ/moF° combined with the data for solid2®s, A{H%gs
CHAIN / VO,, (V20s,) = —1551 kJ/mdi® yields an estimate for the reaction

/OQ enthalpy of the following hypothetical process:
V\Oﬂ{\//f
AN 1 1
_{V205}5_> _{V4010}g
2 4
V.0 The result ArH 298 = 59 kJ/mol VQ 5, is close to our predicted
8720 reaction energy of 41 kJ/mol V@ and even closer to the plane
wave-pseudopotential result just mentioned, 53 kJ/mop O
6. Conclusions
(1) The structures of (3Os), gas-phase clusters are very
T  em0 800 1600 1200 o e e 0 " 1650 1200 different fror_n th_e Iayer structure of the solid bulk._lnstead of a
v,em™ v, o™ 6-fold coordination in the crystal structure vanadium tends to
Figure 10. IR spectra of diferent ¥O,0 isomers (left) and cage-type adopt a 4-fold coordination with one terminal\D and three
clusters of different size (right). bridging V-0 bonds in gas phase clusters. Contrary to the
crystal structure, triply coordinated oxygen atoms are avoided,
Figure 10 shows the predicted IR spectra for differef®) unless this is necessary to saturate vanadium which otherwise

isomers and for the most stable cage-type structuressOfsv would have coordination numbers less than four. Cluster
and kO, Characteristic of the most stable cage-type structures structures that correspond to fragments cut out of the crystal
are the \=0W stretching and the asymmetric\D®@—-V structure are very high in energy.

stretching bands in the regions between 1040 and 108G cm (2) Starting from 2 = 4, the most stable isomers are
and 806-925 cnt?, respectively. Depending on the symmetry, polyhedral cages with vanadyl groups®, at the corners and
there may be one or more bands in these regions. The less stablbridging oxygen atoms on the edges. This is the same structure
SQUARE isomer of 4Oy is distinguished from th@ETRA type as found, e.g., for anionic silicate species in solutions or
cage structure by a doublet of bands around 700%cwhich in building units of framework silicates.

are due to the ¥0,@—V double bridge. Three such double (3) The energies of the most stable clusters per formula unit
bridges with different bond length are characteristic of the decrease monotonically with increasing cluster size. The energies
CHAIN isomer. Correspondingly, there are three different bands of the largest clusters studiedy 2 16, 20 and 24, are above

at 876, 699, and 516 crh. The RIBBON structure which is that of the bulk solid by about-35 kJ/mol VG 5 only. This

the only one preserving triply coordinated oxygen as a char- difference is on the order of the interlayer binding in soligDy.
acteristic motif of the structure of the bulk solid shows a very  (4) Experimental information about the {¥s), gas-phase
similar band pattern. The only difference is that the absorption clusters can be obtained by IR spectroscopy. The most stable
at 536 cnt is now due to \-0®) stretch vibrations involving cage-type structures should show bands in the 30480 cnt?!

the triply coordinated oxygen. (terminal V=0W) and 806-925 cnt1? regions (bridging \-0O@—
Hence, the most stable cage-type structures with only two V), but not between 650 and 750 ctn(V—0,?—V double

types of oxygen atoms, terminalsO® and bridging \-O®@— bridges) or around 500 crh (triply coordinated oxygen).

V, could be identified by IR spectra showing bands in the 1040

1080 cnt? and in the 808-925 cnr regions, but not between Acknowledgment. This work has been supported by the

650 and 750 cm! or around 500 cmt. The latter are Deutsche Forschungsgemeinschaft within the Sonderforschungs-
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to several percent. For example, based on a large number of

nontransition metal molecules, a scaling factor of 0.9914 was Supporting Information Available: Absolute energies of

proposed to improve BP86 frequencfés. vanadium oxide clusters and bulk solid as well as those of
5.3. Stability. The stability of the cage-type clusters increases vanadium and oxygen atoms. This material is available free of

monotonically with increasing size. The energy difference charge via the Internet at http:/pubs.acs.org.

between the largest cluster studied= 24) and the bulk solid

(Table 5) is only 3 kJ/mol, on the order of the interlayer binding

in the bulk solid. The predicted stability difference between gas- (1) Castleman, A. W., Jr.; Bowen, K. H. Phys. Chem1996 100,

phase clusters and the bulk solid may be affected by the inherent12911.

error connected with the computational technique used. A ¢ (2) Guo, B. C.; Kemns, K. P.; Castleman, A. W., Jnt. J. Mass
. . . pectrom. lon Processd992 117, 129.
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