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Quantum chemical SINDO1 study of vanadium pentoxide
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An improved set of parameters for vanadium in the semiempirical quantum chemical SCF MO method SINDO1 is presented.
It is shown that both the geometries and heats of formation of a number of vanadium-containing compounds calculated by this
method are in good agreement with available experimental data. Model clusters of increasing size are used for the study of geo-
metric and energetic properties of vanadium pentoxide. Both hydrogen atom and proton adsorption on the (010) surface of vana-
dium pentoxide and a subsequent formation of different oxygen vacancies have been investigated. Based on these
computational results the reactivities of V,Os-surface oxygen atoms for adsorption are discussed.
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1. Introduction

Vanadia-based catalysts with vanadium pentoxide as
a main component are widely used for various processes
such as (i) selective catalytic reduction of nitric oxide by
ammonia, (i1) both selective and total oxidation of
hydrocarbons and sulfur dioxide, (iii) formation of cath-
ode energy batteries and metal bronzes, etc. [1-3].
Numerous experimental investigations have been
reported in the literature dealing with synthesis, charac-
terization and direct study of optical, electronic and
magnetic properties of vanadium pentoxide using mod-
ern spectroscopic and other experimental techniques [4—
7]. On the other hand, only a small number of theoretical
investigations have been reported. This is not surprising
since the crystal structure of vanadium pentoxide has a
rather complicated molecular building block, which
may be one of the inherent problems of theoretical mod-
eling and interpretation of experimental data.

For example, Hiickel type calculations for small
charged fragments (VO}~ or VO3~) simulating vana-
dium pentoxide have been performed in refs. [8,9]. The
results obtained are used for interpretation of X-ray
emission spectra. The CNDO CI method was applied to
study the electronic structure and optical transitions for
V,0s using VOS2 clusters with n = 4, 5, 6 [10]. These
clusters correspond to tetra-, penta- and hexacoordi-
nated vanadium centers in the oxide lattice. It was shown
that the fine structure of the optical spectra is connected
with the covalent splittings of the vanadium 3d and oxy-
gen 2p atomic levels. Xa methods (both Xa-DV and
Xa-SW) were applied to study the electronic structure
and to interpret the photoelectron and X-ray spectra of
vanadium pentoxide modeled by VOi‘ clusters[11-13].
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The adsorption of hydrogen and subsequent removal
of OH from the vanadium pentoxide (010) surface has
been studied on the ab initio level [14,15]. The process is
modeled by small V;09, V,09H and V,0350H model
clusters. However, these model clusters do not correctly
describe the coordination of the six boundary oxygens
and do not take into account the influence of the rest
part of the vanadium pentoxide lattice. In contrast to a
generally assumed mechanism on the most important
role of vanadyl oxygen in catalytic oxidation reactions
[16-18], these authors found that the adsorption of
hydrogen as H* on V,04 and subsequent desorption of
an OH group and an oxygen surface vacancy formation
turns out to be more favorable on the bridged sites com-
pared to vanadyl oxygen site by energetics. Recent
DFT calculations by Hermann et al. [19] on the neutral
saturated V,09Hj cluster yield the same qualitative
results. This resultis in qualitative agreement with a con-
clusion from semiempirical INDO studies using the
same model clusters [20] that it is the bridging oxygen
site rather than the vanadyl site which is involved in the
process of the selective oxidation of toluene into benzal-
dehyde on the vanadium pentoxide catalyst. Earlier, the
same type of result had been obtained with both IR
spectroscopy and a semiempirical INDO method based
on crystal orbital formalism using two structural models
for vanadium pentoxide [21]. In the first model, a two-
dimensional V,0s monolayer was used. Atomic interac-
tions within the sphere of radii 5.5 A around each atomic
center are treated quantum mechanically while the rest
is expressed in terms of the conventional electrostatic
Madelung approximation. The second model, which
corresponds to a (V,0s5),(H20), one-layer molecular
cluster was directly applied for the study of the defect
energies associated with three types of oxygen vacancies.
Based on these computational results they also con-
cluded that the most stable vacancy corresponds to the
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removal of a bridged tricoordinated oxygen site rather
than dicoordinated bridging and/or vanadyl oxygen
sites and this former oxygen is the most relevant one in
the oxidation processes involving the catalyst V,Os.

In the present work we propose an improved set of
parameters for the semiempirical SCF MO method
SINDOI for the consideration of vanadium-containing
compounds. In the following we use this method for the
study of electronic, energetic and geometric characteris-
tics of vanadium pentoxide. Based on calculations the
adsorption of H or H and the formation of different
oxygen vacancies on vanadium pentoxide will be
discussed.

2. Method of calculation and parametrization

In the following quantum chemical calculations are
performed with the semiempirical SCF MO method
SINDOI. Its main features are given in refs. [22-25].
The parameters in the SINDO1 method can be divided
into two classes: fixed atomic and adjustable atomic and
bond parameters [23-25]. The first set of parameters for
the vanadium atom, which can be either obtained from
experimental data or calculated, are taken from the ori-
ginal version of SINDOI1 [24]. As for adjustable atomic
and bond parameters, we have systematically studied
their influence on calculated values of heats of formation
and geometries for some vanadium-containing com-
pounds. It was found that satisfactory agreement with
experimental data can be obtained when the atomic orbi-
tal exponent ¢ is set equal to 2.18 instead of 2.31 and
only one bond parameter ayx per V-X bond is used
instead of avx and axy as in ref. [24]. The latter param-
eters serve to supply the fine adjustment of the V-X
bond energy contribution to the total energy contribu-
tion. The other adjustable atomic parameters for the
vanadium atom are not changed compared to the origi-
nal version of SINDO1 [24].

Table 1 shows the optimized bond parameters ayx
between V and X atoms, where X = H,C,N, O, F,CL, V.
Table 2 compares the results for heats of formation and
geometries for a set of vanadium-containing compounds
of the previous parametrization [24] and the present
parametrization [25] with experimental data [24,26-31].
The agreement between the new calculated data and
observed data is quite good. Note in particular the good

Table1
Adjusted new set bond parameters ayx for vanadium with X = H, C,
N,O,F,CL,V

Bond type ayx Bondtype ayx
V-V 0.473 V-0 0.359
V-H 0.370 V-F 0.185
v-C 1.750 V-Cl1 0.170
V-N 0.694
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fit for heats of formation for V,, VO,, VFs, VOCl;. A
relatively large error is found in the present version for
V—C bond lengths in CsHsV(CO)4 and V(CO)s. How-
ever, there are no exact experimental data on the heats of
formation of these compounds. Moreover, the experi-
mental geometry of the former compound, which was
found from three-dimensional X-ray analysis, corre-
sponds to the crystal structure. For compound NVCl,
we found also another minimum which is 2.4 kcal/mol
more stable than the former one and has the following
bond lengths and bond angles: CIN =1.705 A;
NV =1.670 A; VCI=2226 A; CINV=112.9°
NVCIl = 105.6°. Perhaps there are two minima, one of
which is localized at a CINV angle about 170° and sec-
ond oneat 113°,

The molecular bond parameter app for A-B interac-
tion is not optimal for the description of bonding situa-
tions in solid-state-like structures [32-34]. Therefore
ayo was slightly modified in order to reproduce the solid
state properties of vanadium pentoxide. This is in accor-
dance with ab initio calculations for adsorption pro-
cesses on metal oxide surfaces, in which different basis
sets were used for the O atoms of the adsorbed molecules
and of the surface oxide anion (see, for example, ref.

[35D.

3. Cluster models for vanadium pentoxide

The crystal lattice of V,Os monocrystals is character-
ized by the Pymn space group (No. 59) [21] with unit cell
parameters a = 11.51 A, 5=3.56 A, and ¢ =4.37 A,
respectively [36]. It can be described by distorted trigo-
nal bipyramids [7,8,37], orthorhombic [21] or strongly
distorted octahedral [20] structures sharing edges and
forming infinite double ribbons parallel to the b-axis
(fig. 1). These ribbons or chains are linked by pyramid
corners forming puckered layers perpendicular to the c-
axis (fig. 1). Each vanadium atom is coordinated to five
oxygens of the same layer with interatomic distances
equalto 1.58,1.78,1.88,1.88and 2.02 A [36]. The larger
and much weaker V-O bond (bond length equal to
2.79 A [36]) is formed between a V atom and the nearest
vanadyl oxygen atom of the next V,Os layer. So the
coordination number of a vanadium bulk atom in vana-
dium pentoxide is formally equal to 6, even though the
V-0 bonds have different bond strength.

Quantum chemical cluster calculations are performed
with the semiempirical method SINDOI. Vanadium
pentoxide was modeled using one- to four-layer clusters
(fig. 2) of composition (V,05)sH,0 (I), (V205),,(H,0)
(D), (V205),5H20 (111, (V205),4(H>0) (IV), (V205),,-
H;0 (V), (V205),,(H20)3 (VI), (V205)3,(H20), (VID),
(V20s5)4,(H20), (VIII) and (V205)5,(H,0)s (IX). The
dangling boundary oxygens are saturated by hydrogen
atoms forming terminal hydroxyl groups. The positions
of these hydrogens are fixed (O—H bond length, 0.96 A,
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Heats of formation A¢Hj (kcal/mol) and geometries (bond length (A), bond angle (deg)) for some vanadium-containing substrates with previous

version ® and present version ® of SINDO1

Substrate AcHy Geometry
exp.? cale. ? calc.b length/angle exp.? calc.? calc.?
v, 187 173.2 186.6 V-v 1.77 1.805 1.765
SVH 120 121.8 120.4 V-H 1.719 1.768 1.724
Vo 30.5 33.1 214 V-0 1.589 1.628 1.595
VO, ° —55.1 - —55.1 V-0 1.589 - 1.675
ovo 110 - 110.0
VN 127 1317 127.1 V-N 1.612 1.820 1.590
4VC1,e —48.5 - —53.1 v-Cl - -~ 2.246
c1val - - 112.0
ey —125.3 —130.7 —125.8 V-Cl 2.138 2.231 2,211
2VE,¢ —321 - —306.0 V-F - - 1.679
VFs —341.0 —363.1 —340.2 V-Fq 1.708 1.721 1.672
V—Fax 1.734 1.731 1.668
VOCl; —165.5 —-192.2 —169.5 V-0 1.570 1.586 1.577
vV-Cl 2.142 2.234 2222
cverf 111.3 108.7 114.5
VOF; - - —295.0 V-0 1.570 1.595 1.588
V-F 1.729 1.727 1.675
FVF' 111.2 109.8 114.8
NVCl, - - —103.8 CI-N 1.597 1.679 1.675
N-V 1.651 1.634 1.605
vV-C1 2.138 2.246 2.225
CINV 169.7 167.1 167.5
NVCl1 - - 103.2
(CsH5)V(CO)4 8 - - - V-Cp 1.93 1.889 1.850
vV-C(0) 1.94 2.14 2.191
CVCp 119.8 119.0 123.3
2V(CO)s" - - - V-C 2.012 2.014 2.091

2 Experimental (exp.) and previous SINDO1 values from ref. [24].
b Present version [25].

¢ Ref. [26].

9 Ref. [27], heat of formation for 298 K.

¢ Ref. [28], heat of formation for 298 K.

f Ref.[29,30].

& Ref. [31].

V-O-H bond angle, 140°). In the calculations the other
geometry parameters are optimized. It is worth noting
that (I), (I), (I11), (V) and (VIII) are related to one-layer,
(IV) and (VII) to two-layer, (VI) to three-layer and (IX)
tofour-layer molecular clusters.

At first, two types of geometry optimization were per-
formed for the relatively small (V,0s5)sH2O one-layer
cluster. In the first case, full geometry optimization was
performed, while in the second case the V-O bond length
for all three tricoordinated oxygens (Os;) were set equal
to one and the same value and optimized. Thus, in the
first case we were able to distinguish between two sets of
V;5.—03; bonds, two of which have the same bond length,
while the third has a different bond length. It is worth
noting that the border oxygens and those oxygens which
attached to tetracoordinated vanadium atom (V) are
also independently optimized. Table 3 shows these opti-
mized geometry characteristics and relative total ener-
gies for (V,05)gH>0, in which all sets of bond lengths
and bond angles around the central pentacoordinated
vanadium atom (Vs;) are presented. The labeling of

atomsisinfig. 3. Asisclear, the second geometry optimi-
zation results in no drastic changes of VOs fragment
characteristics of (V20s5)3H,0 cluster compared to the
first. Moreover, the latter leads only to a little stabiliza-
tion (7.2 kcal/mol) of the whole cluster compared to the
former one. Taking this into account and to save com-
puting time, the second geometry optimization was per-
formed throughout for all other cluster models.

Table 4 shows the optimized geometry characteristics
of these molecular clusters simulating vanadium pentox-
ide together with the experimental bulk values. Only
the environment of pentacoordinated Vs, for one-layer
and of bulk hexacoordinated Vg for multiple-layer clus-
ters together with main lattice parameters are given. As
is clear the increase of cluster size for one-layer clusters
has practically no influence on the geometry of central
pentacoordinated vanadium atom, while transition
from one-layer to multiple-layer clusters causes strong
changes on the geometry of the vanadium atom envi-
ronment of interest. Thus, for example, the OV VO®
angle (fig. 3) drastically decreases, while the O VO®
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Fig. 1. Crystal structure of vanadium pentoxide simulated by a three-layer cluster (V,0s),,(H,0)3 (¢ V, O O, o H).

angle slightly increases when one considers the clusters
@), AV), (VI) and (IX) (transition from one- to four-
layer clusters) or (I1I) and (VII) (transition from one- to
two-layer cluster). The increase in the number of layers
also leads to shortening of the lattice parameter ¢, while
the lattice parameter b is practically unchanged and dif-
fers only slightly from the experimental reference value.
The discrepancy between the theoretical VO®) value and
the corresponding bulk value for the spacing between
two layers is not energetically important, because the
potential surface is very flat with respect to this coordi-
nate. The distances for the stronger bonds are in good
agreement with experiment. The calculated atomic
charges for the VOs fragment of (V,0s),sH,0 and for
the VOg fragment of (V,05),,(H20); clusters as repre-
sentatives of one-layer and multiple-layer clusters are
given in table 5. As expected, vanadium atoms are posi-
tively charged and oxygen atoms are negatively charged.
The increase in the coordination number of both vana-
dium and oxygen atoms leads to an increase in the effec-
tive charges. The effective charge on tetracoordinated
V4 (g = 1.38) is less than on the Vs site (g = 1.42) for
cluster (IIT) or formally pentacoordinated Vs (g = 1.43)
for cluster (VII). Bulk vanadyl oxygen is also more nega-
tively charged compared to surface vanadyl oxygen.
Now let us consider the quantum chemical binding
energy per unit of panadium pentoxide (E£g,) based on
these cluster model calculations, since this energetic
property is most important and can be easily compared
with the experimental heats of atomization related to the

bulk, if the zero-point energy per unit of the lattice is
neglected. Recently [32] we observed an increase an
increase of Eg, in dependence of a relative average coor-
dination number. We subsequently showed that for stoi-
chiometric ion crystal clusters the dependence of Ep, on
the relative average coordination number k has a simple
linear relationship [33,38],

EBu=ak+b. (31)

In our case of vanadium pentoxide, k is defined as the
average ratio of all coordination numbers of vanadium
atoms in the cluster and the ideal coordination number 6
in the bulk. The linear relationship does not depend on
the latter assumption. If coordination number 5 would
be assumed due to the weak bond V-O®), the a and &
values in (3.1) would have to be changed for adjustment
to the bulk Ey, value. This implies a change of the avo
value. Since we used clusters saturated with H and OH
throughout, Ep, is calculated as

Egy = [Ep((V205),(H20),,) — ImEs(H0)]/n.  (3.2)

It should be noted that eq. (3.2) is only an approxima-
tion, because in the case of saturation a V-O bond is
replaced by an H-O bond.

In fig. 4 the binding energy Ep, is presented in depen-
dence on the relative average coordination number k.
We observe a linear increase of Ep, with increasing k.
The extrapolated bulk value from SINDOI is 903.0
kcal/mol for Ep, compared to 909.8 kcal/mol [26] from
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Table 3

Geometry (bond length (A), bond angle (deg)) and relative total
energies Era (kcal/mol) of (V20s)3H20 model cluster calculated with
SINDO1

Length/angle Opt.1? Opt.2°© Exp. ¢
vo® 1.646 1.646 1.58
vo® 1.763 1.760 1.78
vo®) 1.823 1.827 1.88
vo® 1.848 1.827 2.02
ovo® 124.5 123.8

ovo® 1012 101.2

ovo® 113.2 1132

Ewa 0 7.2

2 Labels of atoms from fig. 3.

b Full geometry optimization.

¢ Restricted geometry optimization (VO(3) = VO)).
4 Bulk structure[36],

experiment. This comparison is justified, because the
zero point energy per unit will not exceed a few kcal/
mol. Thus, we conclude that SINDOI is a suitable
method for the consideration of bulk properties of vana-
dium pentoxide.

4, Oxygen reactivity in vanadium pentoxide

In order to clarify the reactivity of oxygens at differ-
ent oxygen sites on the (010) surface of vanadium pent-
oxide, we performed additional calculations modeling
(i) the formation of the different types of oxygen vacan-
cies, (ii) adsorption of H or H at the different surface
oxygens. In fact, on this surface we have five different
oxygen sites (fig. 5): the vanadyl oxygen site A, the oxy-
gen site B bridging two vanadyl groups, the oxygen site
C bridging two vanadium atoms, the oxygen site D
bridging two vanadyl groups and one vanadium atom,
and finally, the oxygen site E bridging one vanadyl group
and two vanadium atoms. A first type of calculation
can be performed by simply creating a vacancy site on
the respective precursor oxygen site in optimized and

N.U. Zhanpeisovet al. / SINDQI study of V,05
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Fig. 3. Labeling of oxygen atoms around a central vanadium atom.

nonrelaxed crystal structures and a second type by local
optimization of the geometry of the considered oxygen
siteand the adsorbed hydrogen or proton.

Table 6 shows the relative total energies of the cluster
(III) with an oxygen vacancy. The calculations have
been performed for three different net charges of g = 0,
+1, +2 of this cluster. For ¢ = 0 aneutral oxygen atom is
removed, for 4 = +1 an oxygen anion and for ¢ =2 an
oxygen dianion is removed. For each net charge, the
total energy of the most stable vacancy structure has
been taken as internal reference. As is clear the ordering
of stabilities of oxygen vacancies on vanadium pentoxide
is O3 (D site) < Osc (E site) < Oy (B site) < Oy (C
site) =~ Oy (A site).

In accordance with refs. [16-18] this order shows
that the creation of an oxygen vacancy at the precursor
vanadyl oxygen site is energetically more profitable
compared to the bridging oxygen sites. This means that
the energy necessary to create an oxygen vacancy on the
bridging sites is more costly than on vanadyl oxygen
site. This is also true if one takes into account the relative
concentration of vanadyl sites compared to dicoordi-

Table 4

Geometry characteristics (length (), bond angle (deg)) of various vanadium pentoxide clusters calculated with SINDO1 2

Length/ I I 1 v A VI VI VIII X Exp.?
angle

vo 1.646 1.645 1.647 1.644 1.647 1.645 1.645 1.647 1.646 1.58
vo@ 1.760 1.762 1.762 1.749 1.763 1.744 1.749 1.763 1.742 1.78
vo® 1.827 1.827 1.827 1.840 1.827 1.843 1.838 1.828 1.844 1.88
Vo - - - 2.339 - 2235 2.377 - 2.227 2.79
ovo® 123.8 123.6 123.8 116.8 1237 113.2 116.6 1234 112.4

ovo®) 101.2 102.6 101.6 104.5 101.9 104.4 105.4 102.7 104.4

ovo® 113.2 114.0 114.5 111.1 114.7 109.2 112.4 115.2 109.2

a 12.132 12.147 12.109 12,799 12.116 13.104 12.783 12.141 13.150 11.51
b 3.586 3.567 3.580 3.563 3.575 3.571 3.544 3.567 3.572 3.56
c - - - 3.983 3.880 4.022 - 3.873 4.37

2 R oman numbers correspond to different model clusters simulating vanadium pentoxide (see also text).

b Bulk structure [36].
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Table §
Atomic charges for VOs fragment of the cluster (III) and for VOg frag-
ment of the cluster (VII) calculated with SINDO1

Atom 111 vViI

o® —0.41 —0.45
v 1.42 1.51
o® —0.58 —0.57
o® —0.69 —0.70
0®a —0.73 —0.74
oM —0.73 —0.76
ot - —0.56

2 Oxygen atom attached to a vanadium atom with fewer oxygen neigh-
bors than others.

nated bridging oxygen sites (B and C). In the unit cell
the former is two times higher than the latter.

Now let us consider the interaction of H or H with
these surface oxygen atoms of vanadium pentoxide
simulated by the same cluster (III). Table 7 shows the
relative total energies AE for hydrogen atoms and pro-
tons adsorbed on these surface complexes. The energeti-
cally most preferable complex is taken as internal
reference in each case. The most important geometry
characteristics of these adsorption complexes are also
presented. In the calculations two parameters are opti-
mized within the symmetrical restrictions, namely, O-H
bond distance and relaxation value AR of the oxygen
site in the direction of adsorbed particle. The latter is the
difference between an optimal position of the oxygen
atomin the adsorption complex and in the isolated initial
cluster. As can be seen from table 7 the adsorption of
both hydrogen atom and proton is energetically more
favorable on the vanadyl oxygen site A and on the brid-
ging dicoordinated oxygen site C, because they display
comparable reactivity. In both cases the oxygen atom is
slightly moved out of the surface by the adsorbed parti-
cles. This effect is more pronounced in the case of
adsorption on tricoordinated bridging oxygen sites D
and E. However, from an energetic point of view they are

1000 % 1000
3 1 F
£ 900 C 900
8 ]
2
of
. ]
8 goo- 800
[ 4
= 4
@ -
o ]
g 3 g
@ 700 700
1 40,159
600 . : . . - 600
070 075 080 085 090 095  1.00

Relative average coordination numher

Fig. 4. Binding energy (kcal/mol) per unit Eg, in dependence of relative
coordination number & for vanadium pentoxide.

117

Fig. 5. Labeling of different oxygen sites A-E for the vanadium pentox-
ide(010) surface.

less profitable. Adsorption on the oxygen site B is less
profitable in both cases due to the influence of the two
vanadium atoms close by. In this case we found that
both Hand H™ are closer to a vanadium atom than to an
oxygen atom of interest.

This result is in contrast to other theoretical results
in the literature [14,15,19] where hydrogen adsorption
on the bridging oxygen site B is found to be energetically
preferable compared to the vanadyl oxygen site A. One
of the reasons could be that in ref. [14], the V-O bond
lengths for all oxygen atoms except the vanadyl oxygen
atoms are set equal to one and the same value obtained
from averaging the experimental bond distances for the
VO, fragment. As a result the V-O bond length for the
bridging oxygen is longer than the respective experimen-
tal value.

Based on our model cluster studies we can conclude
that the active site of vanadium pentoxide is probably
associated with the terminal V=0 groups. Therefore we
expect that in catalytic hydrocarbon oxidation reactions
in the absence of oxygen molecules, the C—H bond
breaking occurs at these centers. However, these hydro-
gens will be accumulated on the surface of the vanadium
pentoxide to form different type of bronze. Water mole-

Table6
Relative total energies (V) of the cluster (II[) with an oxygen vacancy
as calculated with SINDO12

Vacancy Site g=0 g=+1 g=+2
O1c A 0 0 0.54
Oy B 0.41 1.30 0.30
Oy C 0.40 1.18 0

O3 D 243 2.83 2.30
Osc E 2.10 1.76 1.90

2 Positive energy increments indicate destabilization of the defect struc-
ture (see also text).
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Table7

Relative total energies E;q (eV) of H and H* adsorbed surface com-
plexes, O-H distance (A), oxygen relaxation AR (A) calculated with
SINDO12

Site Hydrogen Proton

Ey OH AR Eq OH AR
A 0.24 0.967 0.051 0.11 0.970 0.048
B 8.52 0.984 —0.150 8.30 0.982 —0.150
C 0 0.979 0.206 0 0.975 0.178
D 3.03 1.010 0.610 333 1.026 0.356
E 3.57 1.052 0.413 3.65 1.044 0.371

2 See footnote of table 6.

cules can be directly formed only in the presence of gas-
eous oxygen, since the formation of the oxygen vacancy
centers and their recovery by incoming gaseous oxygens
are interrelated processes.

5. Conclusion

Model clusters of varying surface and layer size were
used for the study of the formation of O vacancies and H
and H' adsorption on the V,05(010) surface. It was
found that symmetry restricted, bulk-like optimization
of the cluster structure and local relaxation are impor-
tant for the description of these processes. Our proce-
dure emphasizes the wuse of neutral, saturated
stoichiometric clusters, where all cluster atoms in the
adsorption region have the proper environment. This
reduces artefacts from the cluster model.
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