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Theoretical studies on structure and stretching frequency of the CO molecule physisorbed
MgO(100) or ZnO(1Q0) surfaces are reported. The properties of the adsorbed molecule were
tigated by means of the recently developed formalism of Kohn—-Sham equations with const
electron density (KSCED). The KSCED method makes it possible to divide a large system ini
subsystems and to study one of them using Kohn—Sham-like equations with an effective pc
which takes into account the interactions between subsystems. This method (KSCED) was st
be adequate to study the properties of the CO molecule adsorbed on the MgO(100) surface
ported in a previous paper (Wesolowski al: J. Mol. Struct, THEOCHEM in press). The effect of
the interactions with the surface on the CO stretching frequency and geometry was analyzed f
tically bound (C-down) CO at the Zn-site of the ZnQi(ap surface. The ZnO(10) surface was
represented using several cluster model$* Z(Zn0,)*", or ZnO, embedded in a matrix of point
charges. The KSCED frequency shift of the CO stretching vibration is blue-shifted and in
agreement with experiment.

Key words: Physisorption; Frozen electron density; IR Frequencies; Zinc oxides; Magnesium o
Carbon monoxide; Clusters.

The recently developed formalism of Kohn—Sham equations with constrained ele
density (KSCED) makes it possible to divide a large system into two subsystems
study one of them using Kohn—-Sham-like equations in which the effective pote
takes into account the interactions between the subsystefitee KSCED formalism is
closely related to the one proposed by Kohn and S$H#®) and can be seen as
method to minimize the total energy with respect to variations of electron de
which are well localized in space.

* The author to whom correspondence should be addressed.
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The formalism can be used to obtain the electron density and the energy of th
systemvia the “freeze-and-thaw” cycter to obtain the electron density of one subs:
tem keeping the electron density of the other one ffoZei the latter case, the
KSCED formalism can be seen as a theoretical framework for designing the embe
potentials based on density functional theory (DFT).

Previous studies of weak molecular complexes using the KSCED method sh
that:

— KSCED calculations using relatively simple expressions for the non-add
kinetic energy functional lead to electron densities which are very similar to the
tron densities derived from supermolecule Kohn—Sham calculé&fions

— KSCED results are generally less sensitive to the choice of the approximate
tionals than the KS ones owing to the fact that they depend on the accuracy of tf
of the used approximate functionals {andT2299 thus making some error cancellatic
possiblé®!l whereas the KS ones depend on the accuracy d&,thanly;

— The vibrational frequency of the CO molecule physisorbed on the MgO(100)
face calculated using the frozen surface electron density is in good agreemen
experimental measurements of the CO frequency*&hift

For CO adsorbed on MgO(100), experimental measurefdeltand the results of
several theoretical studies (for comparison of different theoretical methods, $&e
for ab initio results, see ref&?% for density functional theory results, see &%)
indicate indeed that CO binds weakly to the MgO(100) surface.

The purpose of this work is to study a similar system, the vertically oriented (C-d
CO molecule adsorbed at the Zn-site of the Zn@Q)Gurface. The relatively smal
experimental shift (59 crhref28, 47 cn?! ref?’) of the stretching frequency of the Ct
molecule adsorbed on the ZnO surface and small experimental binding energy (-0
ref28, —0.48 eV refd) indicate that CO physisorbs at this surface, which was confir
by several theoretical studies (semi-empiricahbrinitio)*-33 This system resemble:
closely the one described in our previous work on the CO adsorption on MgO
surfacél. Within the framework of the KSCED formalism, the two systems differ o
by the terms responsible for the interactions with the surface in the effective pote
the level of quantum mechanical description of the CO molecule being the same.

METHODS

The Kohn—-Sham Equations with Constrained Electron Density (KSCED)

The formalism of Kohn—Sham equations with constrained electron deh@{$CED)
was applied. The description of the KSCED method and the details of its com
implementation can be found elsewhere (seé aefl references therein).

The KSCED approach allows one to limit the DFT treatment to a selected part
system (with electron densify;) while taking into account the other part (solvent
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surface, for instance, with electron density by means of an effective potential whic
takes the following forfh?

pA(r ) pPu(r’) 3T py.p2]
Vi&cen= Z Ir- RAI _[ ‘f| +I|r | xc(P1(r) + (P2(r)) + 5, ,
(D
where
Ni
P1= Z n(l)iILP(l)ilz ' @
i
V,. is conventional exchange-correlation potentM). (= 8E,/8p), Ti2% denotes the

non-additive kinetic energy,

Toadd[p, 0] = T [y + ol = Ts[Pa] — Ts [p2] ()

and the indeXA runs through the nuclei of subsystem 1 and subsystem 2.

The formalism makes it possible to keep the density of the seconggarogen or
to modify it by means of the “freeze-and-thaw” cykcle

The total energy of the system comprising the two subsystems is expressed a:

E[p] =E[py+ Pl =T [pa] + Ts[po] + To2¥[p,,p,] +

! I (P1(r') + po(r))(Pa(r) + po(r))
2

T drdr +

z
* 2 =y a0 + 0N+ Exc oy + 03 (4)

In the absence of strong chemical interactions between the adsorbate and the ¢
it is natural to use the electron density of the adsorbgie @sd electron density of the
surface ag,. With such a partition of the electron density, one can consider the
sorbed molecule as a quantum mechanical system in an effective potential whi
pends omp,. The electron density,, the position and charges of atomic nuclei of t
surface enter as parameters into the expression of the effective potential. It is po
therefore, to calculate the total energy of the system assuming a given position
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surface atoms as well as a given electron density of the surface. Such calculat
which p, does not depend on the position of the adsorbate introduce an addi
approximation, namely, neglecting the relaxation of the surface electron density
KSCED results obtained using frozpp density calculated for the surface without a
sorbed molecules will be referred to as KSCED(1). The KSCED formalism mak
also possible to relax the surface electron density by means of the “freeze-and.
cycle in which the electron densities of the surface and of the adsorbed molecule
their roles in a series of subsequent KSCED calculdtidisch calculations will be
referred to as KSCED(n) where n denotes the corresponding number of swaps
“freeze-and-thaw” cycle.

All results presented were obtained using the surface model comprising the «
(with frozen electron density in most cases) embedded in an array of point charg

Description of the Cluster Models

Scaranocet al?’ studied ZnO microcrystals by means of high resolution transmis
electron microscopy; it was found that the dominant face i$Q)lBased on the IR
spectra, the authors deduced that CO adsorbs on this face at the Zn-sites for
linear structure. According to the photoelectron spectroscopy sttidfeSO bound on
clean terrace (1) sites of ZnO surface, CO molecules are adsorbed at the Zn
and are tilted by 300ff the surface normal.

In this work, the ZnO(ﬁ)O) surface was represented as a clustet*(Z@n0;)*, or
ZnyOg) with frozen electron density embedded in an array of point charges (+2e f
and —2e for O atoms), or, for reference purposes, by means of point charges only
cases, the total system boundaries were defined byxal23 4 matrix.

The following clusters embedded in theX 33 x 4 array of point charges were use
(see Fig. 1): (i) cluster 0: point charges only; (ii) cluster 12*Znom,; (iii) cluster 2:
(ZnOy)*; (iv) cluster 3: ZgO,. Cluster 0 was used for reference purposes to sep:
the effect of the electrostatic interactions from short-range contributions. Cluster
cludes only the nearest atom of the surface whereas the largest one (cluster 3) w
to model the ZnO(Z 3 x 2) section of the surface. The structure of the cluster
defined by the (1D0) cleavage of the ideal crystal structure ar@2ref34). The cal-
culations were made for the C-down orientation of the CO molecule adsorbed
Zn-site of ZnO(1Q0) (see Fig. 1). A vertical orientation of the adsorbed CO mole
and a rigid non-relaxed surface structure were assumed for sake of simplicity.

The choice of the clusters in this study was based on previous investigations
CO adsorption at the Mg-site of the MgO(100) surface, where the following clu
embedded in an array of point charges were used: {g@nd MgO, (representing
MgO(3x 3x 2), refl}) embedded in a 1813x 4 array of point charges (+2e on M
and —2e on O atoms, respectively).
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Numerical Details

The program deMofi was modified to perform the KSCED calculations. Gauss
basis sets were used to expand one-electron orbitals and to fit (auxiliary functior
electrostatic and exchange-correlation potentials. The orbitals were constructed
atomic basis sets with the following contraction patterns: (621/51/1*) for c&rbe
(621/41/1%) for oxyge®f, and (621/41/1*) for zint, which were developed specifi
cally for Kohn—Sham calculations. The coefficients of the auxiliary functions v
taken from ref® (4,3;4,3) for carbon and oxyg€nand from ref’ (5,5;5,5) for zinc.
Additionally, other sets of auxiliary basis functions were used to fit the non-adc
kinetic energy term in the effective potential. They were constructed by multiplyin
exponents of the standard exchange-correlation auxiliary functions by factor two
simple procedure is justified by the fact that the exchange-correlation potential i
portional top’® whereas applied functionals used to ded&*[p, p,l/dp, lead to
terms proportional t@?3. The applied construction scheme proved to be numeric
very stable in several test ca¥es

The expansion of the electron density of CO using atom-centered Gaussians in
only CO atoms. Similarly, the expansion of the surface electron density involved
Gaussians centered on the surface atoms. Such an expansion of the electron
referred to as KSCEDY) (in ref?) wherem stands for monomer implies that the expe
sion of the electron density of a given fragment uses the same basis functions r
less of the mutual orientation of interacting fragments. It is, therefore, free fron
usual basis set superposition error of quantum mechanical results derived fro
supermolecule calculatiotts

The PW91 exchange-correlatio, (and E, proposed by Perdew and Wéfgfunc-
tional was used. The PW91K functional was employed to approximate the non-ad

(Mg0g)®

Fic. 1
The geometries of studied clusters (@Znog*
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kinetic energy and the associated functional derivétivighe choice of the PW91 func
tionals for the present study was based on the study of the adsorption of CO
MgO(100) surface reported previouSiyand our studies on other weak complé%é$

Aiming at reducing the computational effort needed to study physisorbed mole
on chemically inert surfaces, the electron density of the surface was frozen. Thel
the major part of calculations presented here were made at the KSCED(1) leve
approximation was discussed in téfwhere it was shown that allowing the surfa
electron density to relax upon adsorbing the CO molecule did not lead to signi
changes of neither the CO stretching vibration frequency nor the interaction ener

At all considered C—Zn distances, the CO stretching frequency was calculat
fitting a third-order polynomial to the potential energy curve corresponding to
atomic displacements as in the stretching vibrational mode of the isolated CO ma
(11 points at 3.8 . 10 A intervals).

RESULTS

CO Adsorption Energies

The frozen surface calculations (KSCED(1)) neglect the effect of the surface’s ele
density relaxation. To study its importance the “freeze-and-thaw” calculations
made. The effect of the relaxation of the electron density of the surface on the bi
energies was analyzed for the (Z)® cluster (cluster 2). Both the frozen (KSCED(1
and the relaxed (KSCED(2)) surface density results are presented in Fig 2. Freez
electron density of the surface, which proved to be a good approximation i
MgO(100) case leads to small binding energy errors also in the Zh@)(t@se. The
KSCED(1) and KSCED(2) potential energy curves are almost undistinguishable
termediate C—Zn distances whereas at shorter distances the relaxation of the
electron density lowers slightly the total energy. The KSCED(2) binding en:
amounts —0.14 eV ®_,,= 2.5324 A.

The test calculations with more “freeze-and-thaw” iterations show that the “fre
and-thaw” cycle converges rapidly (the KSCED(2) and KSCED(5) energies differ
than 0.001 eV).

As expected, the point charge model leads to qualitatively wrong trends for
C-Zn distances. The use of even the smallest cluster possible &hat@m) reverses
these trends and leads to a strong repulsion at short C-Zn distances.

The C-Zn distance at the minimum of the KSCED potential energy curve is eq!
2.71 A for cluster 2 and the interaction energy amounts —0.16 eV. The KSCED
action energies lie above both the experimental binding energies (—-0.48 &% &wed.
—-0.52 eV (ref®)) and the ones derived from theoretical calculations (semi-empir
from —1.35 to —1.84 eV (réf) at R._,, between 1.988 A and 2.137 A ab initio:
-0.41 eV (ref!) atR. ,,= 2.705 A). As it was shown by Jafée al*° the structure of
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the ZnO(l(iO) surface differs from that of the bulk crystal. The prerequisite for
accurate prediction of the binding energy is the knowledge of the relaxation c
ZnO(1QaL0) surface. The determination of the surface of ZnO@)1®s beyond the scope
of this work. As the main object of the present work studies is the prediction of th
stretching frequency, the absolute values of the binding energy are of lesser i
tance.

The CO-ZnO interaction energy is significantly lowered, however, if the CO
cule approaches the surface not vertically but tilted by (88 indicated by the ex:
perimental measuremenfs The interaction energy calculated using cluster 2
non-vertical orientation of CO amounts —0.45 eV at C—Zn distance equal to 2.52
which is in a very good agreement with experiment.

The relaxation effect on the CO frequencies was negligible in the previously st
case of CO on MgO. It was, however, more important for the KSCED energies |
rather small (less than 0.001 eV) compared to the adsorption energy (about —O.
The position of the minimum of the potential energy curve was also not signific:
affected Ro_yg = 2.35 A and 2.33 A for frozen surface density and “freeze-and-th
calculations, respectively). The CO-MgO interaction energies obtained using tw
ferent cluster models ((Mgg$~ and MgO, embedded in the 1:813x 4 array of point
charges) are listed in Table I. Near the minimum of potential energy curve, the
of the cluster size on the interaction energy was small compared to the absolute
of the interaction energy. At shorter C—-Mg distances, the difference betwee
KSCED(1) energies derived using different clusters increases.

int’

~15 1 I I I I I 1 I 1
20 21 22 23 24 25 26 27 28 29 30

Re-zm A

Fic. 2
CO binding energy to the ZnO(10) surface obtained using different embedded cluster model
the surface for sever&®._5, distances (13 13x 4 matrix of point charges, C-down orientation, Z
binding site) (for description of clusters, see the textgluster 0,0 KSCED(1) energies for cluster 2
m KSCED(2) energies for cluster 2
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CO Bond Length

The same cluster models as the ones described in the previous section were ap
optimize the CO bond length and to calculate the CO-stretching vibrational frequ
Figure 3 shows the CO bond length calculated for different C—Zn distances fc
vertically oriented CO molecule.

The CO bond lengths derived from KSCED(1) calculations are shorter than the
CO bond length (the corresponding Kohn—Sham calculations le&jJequal to
1.1515 A) for all clusters including at least one surface atom. At a C—Zn distance
to 2.5234 A, the KSCED(1) CO bond lengths are shorter by 0.005, 0.004, and 0.C
for the Zrt*, (Zn0y)*, and ZROy clusters, respectively. At smaller C—Zn distances,
CO bond length shortens even more. The same trends were found previously f
adsorbed on the MgO(100) surface (see Table Il). The CO bond length shorte
about 0.003 A aR._, equal to 2.42 A (ref!).

The point charge model of the ZnO surface does not lead to significant chan
the CO bond length compared to free CO. The CO bond length change being
small does not vary significantly with the C—Zn distance.

CO Stretching Frequency

High Resolution Electron Energy Loss Spectroscopy (HREELS) was use!
D’Amico?® to study the interaction of CO with the ZnO1D) surface. The symmetri
cal loss feature at 2 202 chwas assigned to the carbon—oxygen stretching mod
the adsorbed CO. Compared to the free-CO IR spectrum, the blue-shift of the freg

TaBLE |
Intermolecular distanceR¢ ) and binding energyK,) calculated for two embedded cluste
models of the MgO(100) surface (Mg® or MgyO,, 13x 13x 4 array of point charges, vertica
orientation, C-down, Mg binding site). For description of applied methods and functional paral
zations, see text

Ein eV
RC—Mg! A
(MgO5)* MgoOq
21 -0.178 0.061
2.2 -0.234 -0.129
2.3 —-0.259 -0.288
2.45 -0.265 -0.270
2.6 -0.234 -0.236
2.8 -0.173 -0.188
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amounts 59 cmt. More recently, Scaradbobtained an IR peak at 2 190 @mat the
low coverage limit which was assigned to CO bonded linearly at the Zn
(Awgo = 47 cnT?). B

In this work, the stretching frequency of CO adsorbed on the ZriOj1€urface is
compared with the free-CO stretching frequency derived from KS(PW91) calcula
(2 113.1 cm?). The frequency shiftsMocq = Wco(adsorbed™ Weogiree) OPtained using
different models of the surface and the KSCED(1) approach are presented in Fig
several C-Zn distances.

TasLE Il
Intermolecular distanceR¢_y,) and C-O bond length calculated for the two embedded clu
models of the MgO(100) surface (Mg® or MgyO,, 13x 13x 4 array of point charges, vertica
orientation, C-down, Mg binding site). For description of applied methods and functional paral
zations, see text

Reo A

RC—Mg! A
(MgOg)®~ MggOg

2.3 1.1469 1.1464
2.375 1.1479 1.1468
2.45 1.1484 1.1483
2.6 1.1487 1.1491
2.8 1.1488 1.1499
00 1.1515

1.155
Rcor A
1.150

1.145

1.140

1.135

1.130
1

1.125 1 L 1 L 1 1 1 1 1
2.0 2.1 2.2 2.3 2.4 25 2.6 2.7 2.8 29 3.0
Re_zn: A

Fic. 3
CO bond length calculated as a function of C-Zn distance for different cluster models (for de
tion of clusters, see the tex®; cluster 0, * cluster 1[J cluster 2, A cluster 3
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The equilibrium C-Zn distance was not determined experimentally. Different the
tical ab initio studies using cluster models of the surface lead to the energy mini
at C—zn distance ranging from 2.3 to 2.7 A (féf8). At C—Zn distances in the
Re_zn = 2.4-2.75 A range, the frequency shift varies within the following limits:
71.8 to 26.9 cmt for cluster 1 (ZA"), (i) 70.7 to 17.1 cm' for cluster 2 ((Zn@*),
and (i) 68.9 to 25.4 cni for cluster 3 (ZgO,). At the minimum energy C—Zn distanc
amounting 2.5324 A, derived from supermolecule Kohn—Sham calculations for ¢
3, the frequency shifts equal to 50.0, 42.1, and 3838 fon clusters 1-3, respectively
These results are in line with experimental measurements (#7(@f?’) and 59 cmt

TasLE Il
Intermolecular distanceR( ) andAwgo frequency shift (relative to that of free CO derived fro
KS(PW(91) calculationsoggfree) = 2 113.1 cmt) calculated for two embedded cluster models of t
MgO(100) surface (Mgg)~ or MgyO,, 13x 13x 4 array of point charges, vertical orientation, C-dow
Mg binding site). For description of applied methods and functional parametrizations, see text

Atdeg, Cmt
RC—Mg! A
(MgO5)* MgoOq
2.3 53.2 53.2
2.45 36.0 33.6
2.6 20.5 25.7
2.8 7.1 3.0
300 T T T T
AWco, em !
250 —
AN
200 \ -
150 —
*
100 —
50 —
.

20 21 22 23 24 25 26 27 28 29 30

Fc. 4
CO stretching frequency shiff\@o relative to that of free CO derived from KS(PW91) calculatio
Weoiree) = 2 113.1 cmt (for description of clusters, see the tew)cluster Om cluster 1,0 cluster 2,
A cluster 3
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(ref29)). In the same range of C—Zn distances, the point charges model (cluster 0’
to a value lying between 15.5 and 16.9trithe point charges model leads to a sm
frequency shift which does not vary significantly with the C—Zn distance (see Fic
This is in line with the results of the analysis of the contributions td\thg, of CO
adsorbed on MgO surface by Pacchienal (seee.g, ref?%) which indicated that the
electrostatic effects are far less significant than the ones identified as “wall effect
to the Pauli repulsion.

The cluster size effect on the KSCED(1) results is rather small. At intermediate
distances, the frequencies of the adsorbed CO molecule calculated using three
clusters agree within 11 cf

A similar agreement between the experimental frequency shift with the one de
from the KSCED(1) calculations was reported previously for CO on MgO(100) ir
C-down orientatioh* and listed in Table Ill. The shifts Re_yg = 2.42 A (with
(MgOs)®- cluster as a model of the surface), which corresponds to the minimum
KS(PW91) potential energy curve, amount 35-tnfKSCED(1)) and 36 cm
(KSCED(conv.)), in excellent agreement with experimébdd, = 35 cntl, refld).

CONCLUSIONS

The interaction energy as well as the CO stretching frequency for the C-down or
tion of the CO molecule are not significantly affected by the choice of the cluster
used to model the MgO(100) or the ZnO10Y surface.

The frequency shift obtained using the frozen surface KSCED calculations is
good agreement with the experimental measurements. The physisorbed CO in
very locally with the ZnO(100) surface as evidenced by the small influence of
cluster size on both the CO geometry and the stretching frequency. Good qual
results were obtained using even the smallest considered cluster (consisting of o
Zr?* ion) whereas larger clusters led to a good agreement with experiment. Th
that the long-range electrostatic interactions do not influence significantly the
stretching frequency, which is determined by local interactions with the surface,
ports the applied model in which the surface structure relaxation was neglected a
vertical adsorption was assumed.

Our results together with the ones presented previously for the MgO stirifadie
cate that the dominant contribution to the CO stretching frequency shift accompa
the physisorption of CO on such inert chemically metal oxide surfaces originates
Pauli repulsion and not from electrostatic long-ranged interactions. This conclus
in line with the analysis performed by Pacchiehal?® of the contributions to the CC
frequency shifts upon adsorption on the MgO(100) surface. These studies showe
the dominant contribution is due to the “wall effect” which is represented in the mr
applied in the present work by the non-additive kinetic energy component of the «
tive potential.
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