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Cluster models are constructed for mononuclear Cr(I) and
Cr(III) sites as well as dinuclear Cr(II) sites of the reduced Cr/SiO;-
based Phillips catalyst. The binding energies and structures of oligo-
carbonyl complexes formed at these cluster models have been com-
puted using density functional theory. Furthermore, harmonic fre-
quencies and infrared intensities are calculated for the carbonyl
stretching modes of these complexes. The resulting parameters
are compared to literature spectra of CO-exposed Phillips cata-
lysts and related model systems. A reassignment is proposed for
the infrared spectrum of carbon monoxide on the reduced Cr/silica
System.  (© 2002 Elsevier Science
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1. INTRODUCTION

Vibrational spectroscopy of adsorbed probe molecules
has proven to be a powerful technique for characterizing
supported metal-based catalysts, both with respect to acid-
ity and coordination environment (1, 2). In the context of
Phillips catalysis for polymerization of ethylene (3), at the
focus of this communication, both ammonia and various di-
atomic gases (N, NO, CO) have been used as adsorbates.
Infrared spectroscopy of chromium-carbonyl species holds
aunique positioninresearch on the reduced Phillips system.
In fact, Ghiotti et al. (4) were able to discriminate between
Cr(II) species differing only in their degree of coordina-
tive unsaturation, and other researchers were able to reach
conclusions regarding the nuclearity and oxidation state of
chromium in these systems (5). Despite the application of
advanced spectroscopy for over more than two decades, a
unifying picture of the microscopic composition of Phillips-
type catalysts is still wanting (6).

At the core of the Phillips process are supported chro-
mium oxide catalysts, prepared industrially by impregnat-
ing a chromium compound onto wide-pore silica (7). In the
calcined catalyst, chromium is in its hexavalent state, either
predominantly as monochromate species, e.g., on pyrogenic
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silica at low chromium loadings, or as both dichromate and
monochromate, as found on industrial sol-gel silica (6). The
catalyst is reduced before attaining full activity, either dur-
ing the early stages of contact with ethylene or in a sepa-
rate pretreatment step, by exposing the catalyst to carbon
monoxide at elevated temperatures (7). Itis widely believed
that after reduction, the dominating chromium species is di-
valent (6), with the remaining chromium present as unreac-
tive chromia particles (8) or as isolated Cr(III) species (9).

Infrared (IR) spectroscopy of adsorbed carbon monox-
ide has been used extensively to characterize the dilute,
reduced Cr/Silica system. However, work done with differ-
ent choices of silica support has led to two comprehensive
interpretations of the IR spectra, with some notable dis-
crepancies between them.

IR spectra of catalysts prepared on pyrogenic silica have
been interpreted based on an assumption of mononu-
clear pseudo-tetrahedral Cr(II) as the totally dominating
chromium species, differing only in their degree of coor-
dinative unsaturation; A > B > C (4). When exposed to
carbon monoxide, Cr(II)-A sites are proposed to adsorb
three equivalents of CO and to give rise to bands in the
high-frequency range of the IR spectrum. Conversely, each
Cr(II)-B site is proposed to adsorb only one CO ligand,
while Cr(II)-C sites are proposed inactive to CO adsorp-
tion at room temperature (4). Kohler and Ekerdt assigned
the bands at 2178, 2191, and 2212 cm™! to a mer-Cr(I1)-
(CO)s species of Cy, symmetry (10). Furthermore, a peak
at 2184 cm~! was assigned to a separate species. At low tem-
perature, an increasing CO coverage is accompanied by the
appearance of two intense peaks at 2100 and 2120 cm ™! as
well as a broad and less intense band in the region of 2035-
2045 cm~! (11). These changes in the IR spectrum are not
well understood.

IR spectroscopy of chromium-carbonyl species of cata-
lysts prepared on sol-gel silica has lead to an interpretation
that anticipates a population of both mono- and dinuclear
species, with the two chromium atoms in the dinuclear site
connected via an oxygen bridge (5). Carbon monoxide may
coordinate to a dinuclear site in either terminal or bridging
positions, due to the inherent closeness of the chromium
atoms. The high-frequency bands (2178, 2184, 2191 cm™!)
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are assigned to vibrations of terminal carbonyls of both
mononuclear and dinuclear complexes, whereas the low-
frequency bands (2045, 2100, 2120 cm™!) are assigned to
vibrations of bridging carbonyls (5).

As an alternative to adding an external reducing agent,
the catalyst may be activated through heating under vac-
uum. Carbonyl IR spectra of a thus-activated catalyst were
reported to show a triplet of bands positioned at 2202, 2214,
and 2228 cm~! (12), assigned by Zielinski et al. to carbonyl
complexes of Cr(III) surface species (12). The most intense
component of this triplet, shifted down by a couple of wave
numbers from 2202 cm~!, is observed at elevated CO pres-
sure also when the catalyst is reduced in conventional ways,
as a weak shoulder to the 2191-cm~! band (5, 10, 11). How-
ever, there is disagreement with respect to the assignment,
with suggestions covering CO adsorbed to both Cr(I1)-C
(11) and Cr(IV) (10) sites, in addition to Cr(I1I) sites (5, 13).

In summary, two partly conflicting interpretations of the
carbonyl IR spectra exist in the literature, arrived at from
studies of catalysts that differ with respect to the silica
support. To some extent, conflicting assignments may be
resolved by reference to differences in nuclearity of the
chromium sites at the different kinds of silica (6). This ap-
plies, for instance, to the bands at 2178 and 2191 cm™!, since
it is conceivable that terminal CO may show up with the
same frequency on both mono- and dinuclear Cr(II) sites.
In other cases, since the same peaks arise in the spectra irre-
spective of the support material this indicates that they have
the same origin independent of the silica used. Moreover,
previous analyses have been made with little regard for
disparity in the local geometry of mononuclear chromium
bonded to the support, even though it is conceivable that
this may influence adsorption capacity as well as vibrational
frequencies of adsorbed carbonyl species.

The aim of the present work is to provide a theoretical
framework for a unified analysis of carbonyl IR spectra of
reduced Cr/SiO; catalysts. To this end, we have constructed
cluster models of coordinatively unsaturated mononuclear
and dinuclear Cr(II) sites and mononuclear Cr(III) sites.
Quantum chemical modeling is subsequently used to com-
pute the structure, stability, and vibrational frequencies
of the corresponding carbonyl complexes. Based on this
information, carbonyl IR spectra from the literature are
partly reassigned and used to identify chromium sites at the
catalyst.

2. COMPUTATIONAL MODELS

2.1. Cluster Models

The dominating mononuclear chromium species of the
reduced catalyst is believed to be divalent and bound by two
oxygen ester linkages to the surface. While an unstrained
/OCrO bond angle of a reduced chromium surface species
may be expected to lie in the vicinity of 150°,i.e., close to the
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FIG.1. Walsh diagram of the molecular orbitals with mainly Cr 3d
and 4s character of divalent mononuclear chromium cluster models (T, I,
0) with the ZOCrO bond angle in the tetrahedral-to-octahedral range. The
elements are coded on a gray scale according to increasing atom number,
H (white) < O < F < Si < Cr (dark gray).

/OCrO bond angle of Cr(OH),(g) (14), the geometry real-
ized at the silica surface depends also on the structure and
flexibility of the anchoring site. Thus, one should consider
a distribution of mononuclear Cr(II) surface species, char-
acterized by the value of ZOCrO. Here, this distribution is
represented by three cluster models: a pseudo-tetrahedral
cluster (T: Cr(OSiF,), 0, left in Fig. 1); a pseudo-octahedral
cluster (O: Cr(OSiF,0OH),, right); and a cluster of interme-
diate ZOCrO bond angle (I: Cr(OSiF,0),SiH,, center).

Depending on the load of chromium and the method
of reduction, the reduced Cir/silica system may show sub-
stantial amounts of dinuclear chromium(IT) and mononu-
clear chromium(III) species. They are modeled by clusters
shown in Figs. 2 and 3, respectively. The two dinuclear
chromium(II) cluster models may be regarded as an
—OCrOCrO- moiety anchored to sites of narrow (Dy:
O(CrOSiF,),0) and intermediate-to-wide “bites” (Dy:
O(CrOSiF,0H),), similar to those of the mononuclear
T and O cluster models, respectively. The Cr(III) cluster
(CrIII) consists of chromium bound to a ring of three silanol
moieties, themselves bound to one another through oxygen
bridges. The molecular formula becomes Cr(SiO,F)s.

The T, I, D,, and CrIII cluster models are identical to
those used in a parallel study of electronic d-d transi-
tions (15). Here, the set of surface models was expanded to
include the Dy, cluster, representing a dinuclear chromium
species anchored at a surface site of wider bite. Further-
more, to increase compatibility within the set of clusters,
the O cluster was terminated by two fluorine atoms and
one hydroxyl moiety at each silicon. Details regarding the
coordination sphere of chromium are included in Table 1 for
later reference. To maintain a close-to-linear O cluster, the
Si-Si distance was frozen at 6.9 A, i.e., the equilibrium dis-
tance of the cluster as terminated by six fluorines and made
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FIG.2. Relative energy levels and isosurfaces of the molecular or-
bitals with mainly Cr 3d and 4s character of the dinuclear Dy, cluster, as
obtained with DFT-1. Also included are the structures of the dinuclear
D,, and D, (inserted) clusters. The elements are coded on a gray scale
according to increasing atom number, H (white) < O < F < Si < Cr (dark
gray).

subject to Dsp symmetry. Likewise, to maintain a wide-bite
D,, cluster, the Si-Si distance was frozen at 7.0 A. To pre-
vent excessive geometric relaxation in these two clusters
following adsorption of carbon monoxide, only chromium
and oxygen atoms coordinating to chromium were allowed
to relax geometrically.

2.2. Calibration Study

The bonds that form between carbon monoxide and
transition metals pose a challenge to quantum chemical

Ae (eV)

FIG. 3. Relative energy levels and isosurfaces of the orbitals with
mainly Cr 3d and 4s character of the Cr(III) cluster (CrIIl) as obtained
with DFT-1. The elements are coded on a gray scale according to increasing
atom number, O (light gray) < F < Si < Cr (dark gray).
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TABLE 1

Selected Geometry Parameters of the Cluster Models: Tetra-
hedral (T), Intermediate (I), and Octahedral (O) Mononuclear
Cr(II); Narrow-Bite (D,) and Wide-Bite (Dy) Dinuclear Cr(II);
and Mononuclear Cr(III) (CrII)*

State rCrO rSio LOCrO /SiOCr
T 5B, 1.84 1.62 108 127
I 5B, 1.82 1.63 132 141
0 5B, 1.83 1.62 180 179
D," oA 1.84 1.59 145 160
D, oA 1.86 1.61 139 142
CrlII ‘A 1.81 1.65 104 114

a Units: bond length (r) in A, angle (/) in degrees.
b Geometry parameters unique to Dy, and Dy: r CrOypyigge Dyw:1.77 A,
D,:1.78 A. /CrOCr Dy,: 123°, D,,: 120°.

methods (17). Qualitatively, the metal-CO bond is usually
described in terms of ligand-to-metal donation and metal-
to-ligand back-donation, with 5¢ and 27 (also denoted 7*)
constituting CO’s donating and accepting molecular or-
bitals, respectively. A quantitative description needs to in-
clude both of these aspects in an accurate and balanced way,
which is difficult both to accomplish and to recognize when
succeeded. The present study was conducted in terms of two
different combinations of density functionals and atomic
basis sets, referred to as DFT-1 and DFT-2 and detailed in
the Appendix. Both methods are generally considered to
be reliable and of useful accuracy, and this view is confirmed
by their ability to describe relevant electronic properties of
the separated CO and cluster entities (cf. Table 2).

It is evident that while DFT-1 systematically overesti-
mates the bond lengths by ~1 pm, both methods are able
to reproduce the observed shifts in carbon—oxygen bond

TABLE 2
Spectroscopic Properties of Carbon Monoxide and Mononuclear
Cr(IT) Clusters®

DFT-1 DFT-2 Best value

COX'zr,w 1.141, 2116 1.129, 2207 1.128, 2170°

CO a’Ml,,r,w 1.217,1718 1.205, 1778 1.206, 1743P

CO* X22*, 1,0 1.125, 2185 1.112, 2297 1.115,2214°
CO a’ll, « X!z*, T, 5.71 5.82 6.04°
CO, ionization potential 14.04 14.17 14.01°
TAA; < X°B;, T 1.24 1.09 0.95¢
TYA; < X°B;, T 1.05 1.11 1.04¢
TB, « X°B, T 1.64 1.58 1.49¢
O, Electron affinity 2.61 2.53 2.46¢

a Units: bond length (r) in A, harmonic frequency (w) incm~', and tran-
sition energy (T) and ionization potential in eV.

b Experimental, Ref. (16).

¢ Ab initio value, Ref. (15).

4 Computed by means of CCSD(T) and extrapolated according to
PCI-83.
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FIG. 4. Overalladsorptionenergies (—A E) forsix oligocarbonyl com-
plexes at mononuclear clusters, as obtained with DFT-1 and DFT-2.

lengths upon excitation and ionization. The harmonic fre-
quencies are predicted too low by DFT-1 and too high
with DFT-2, thus bracketing the experimental values. This
property is previously noted also for chromiumhexacar-
bonyl (18, 19) and other first-row transition-metal mono-
carbonyls (17).

The calibration study was continued by computing the
stability of CO as adsorbed onto the O cluster, using a highly
accurate ab initio method: CCSD(T) extrapolated accord-
ing to PCI-83 (cf. Appendix). The coordination energy was
found to be 80 and 85 kJ/mol in the geometries optimized
by DFT-1 and DFT-2, respectively. (The O cluster was ter-
minated by six fluorine atoms during the calibration study
toincrease the molecular symmetry.) From the energies, the
adsorption geometry predicted by DFT-2 appears superior
to that predicted by DFT-1. However, with respect to sta-
bility, the two DFT models lead to energies that bracket the
more accurate estimate of 85 kJ/mol, at 92 kJ/mol (DFT-
1) and 75 kJ/mol (DFT-2). Hence, provided that the DFT
methods agree on the qualitative aspects of the metal-CO
bond, an improved estimate of the true adsorption energy
is apparently given by —AE = (—AEprr.1 — AEprr2)/2.

The two DFT models predict the same trend with re-
spect to the coordination energies of higher carbonyls,
(see Fig. 4). Based on the computed stability of six ter-
minal Cr(II) and Cr(III) carbonyl complexes, we find
—AEppr2 =0.87 x (—AEpFt.1), With a correlation coeffi-
cient of r2 =0.99. Drawing on this correlation, one may re-
place averaging over the two methods by scaling; for exam-
ple, —AE=0.94 x (—A EDFT—l) =1.07x (—A EDFT—Z)- These
scaling factors will be used in isolated cases when a coor-
dination step has been investigated using only one of the
computational models.

3. RESULTS

3.1. Adsorption States and Stabilities

All the investigated chromium-carbonyl complexes are
listed in Table 3, together with associated chromium-—
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carbon distances and energy parameters. The symbol AE!
is used to denote the reaction energy of

FCr(CO)m_1 + CO(g) = FCr(CO)p, [1]

which describes the adsorption of one (additional) mole-
cule of CO to chromium in a particular environment (de-
noted by ~Cr). By convention, the quantities “adsorption

TABLE 3

Chromium—Carbon Bond Lengths and Reaction Energies of
Eq. [1] for the Last Added CO of Carbonyl Complexes at Cluster
Models of Cr/Silica

DFT-1 DFT-2
AE! AE! rCr-C AE! rCr-C
Complex (kJ/mol) (kJ/mol) (A) (kJ/mol) (A)
T-1s —872 —94 2.06 -79 2.13
T-25 —702 -73 2.08 —67 2.15
T-2¢ —12° -13 2.03
T-3s —18° -19  2.09q, 2.38ax
T-3¢ —6° —6  2.01eq, 2.04ax
I-1s —732 78 2.03 —67 2.12
1-25 —522 —49 2.07 —54 2.14
12y —332 —45 2.04 -20 2.15
I-3s —19° —20  2.08.q,2.36ax
I-3r —18° —19  2.05cq, 2.05ax
O-1y 832 —-90 1.98 -75 2.08
0-2p —55b -58 2.06
0-2¢ —63¢ —-59 217
0-3p -332 —40 2.09 -25 2.19
CrIIl-1 —562 —-58 2.12 -53 223
CrllI-2 —482 —-50 2.12 —46 223
CrlIII-3 —502 -55 2.10 —44 221
Dy-1g —66P -70 2.01
—82¢ -77 2.11
Dy-2ss -732 -79 2.01 —66 2.04
D,-3ss,  —31° -31 1.98,2.26° +3 2.05,2.42¢
Dy-3ss —273 -25 1.98 -28 2.05
2.117,2.06 2.137,2.13
Dy-31s —412 —45 2.02 -36 2.08s
2.057 2147
Dy, -4ss —122 -30 2.10,2.05 +6  2.117,2.14
Dy-drr —182 -32 2.08 —4 2.11
D,-1s —64P —68 2.04 74 2.08
D,-2ss —592 —63 2.00 —47 2.06
D,-3ss,  —33¢ -33 2.01,2.23¢
D,-3ss —592 —61 2.02 —57 2.09
2.057,2.11 2.117,2.15
Dy-31s —282 —44 2.01g —12 2.055
2.057 2187
D,-dss —-302 —26 2.037,2.08 -33  211f,2.14
D,-4r1 —342 —48 2.05 -20 2.05

3AE! = (AEL o, + AEL /2.
bAE! =0.94 x AEL ...

CAE! =1.07 x AELgr,.

dAE! = AEL ).
€ CO cis to the Cr—O-Cr bridge.

f'CO in a bridging position between two chromium atoms.
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FIG.5. Structures of the most stable carbonyl complexes formed at
the mononuclear Cr(II) cluster models (T, I, O). The structures were op-
timized using the DFT-1 model, and only the top section of each cluster
is shown. The elements are coded on a gray scale according to increasing
atom number, C (light gray) < O < Cr (dark gray).

energy” and “coordination energy” are defined as the
negative of AE!. For oligocarbonyls, the binding energy
of the complex relative to the naked cluster and isolated
CO molecules is obtained by summation of the stepwise
adsorption energies. The corresponding overall reaction
energy is denoted by AE. In the following, the important
complexes will be presented for each of the model surface
sites.

Mononuclear Cr(II)-A. 1In Fig. 5, the most stable car-
bonyl complexes of the mononuclear Cr(II) clusters are
presented. They will be referred to by the cluster model and
the number of CO ligands, subscripted by either S or T to
specify anidealized coordination geometry about the metal.
With two CO ligands coordinated to a divalent chromium
center, subscripts S and T imply square-planar and tetra-
hedral geometries, respectively. This interpretation is also
valid for monocarbonyl complexes, with the understanding
that one of the coordination sites is vacant. A prime is added
if the ester oxygens are positioned trans to each other: §'.
In the case of three CO molecules, the subscripts are taken
to mean square—pyramidal (S) and trigonal-bipyramidal
(T) geometries. The subscripts are primed if the axial posi-
tions are occupied by ester oxygens and unprimed if these
positions are held by CO. While the square-planar 2g and
square-pyramidal 3g structures are related in an obvious
way, 21 and 3y are related to the extent that the tetrahe-
dral 2y complex may be regarded as a distorted trigonal
bipyramid with a vacant equatorial site. This view is useful
in connection with the pseudo-octahedral cluster.

The lowest unoccupied molecular orbital (LUMO) of the
pseudo-tetrahedral cluster is of b; symmetry (see Fig. 1).
Accordingly, carbon monoxide coordinates asymmetrically
to T, i.e., trans to an ester oxygen ligand (cf. structure T-1g
in Fig. 5). Furthermore, the second carbon monoxide also
donates into the LUMO by coordinating in the vacant po-
sition frans to the other ester oxygen ligand, leaving the di-
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carbonyl species in a square-planar configuration; T-2g. An
alternative structure with tetrahedral arrangement about
chromium was found to afford only a very low coordina-
tion energy of the second carbonyl and is not considered
further.

The coordination of a third CO to the T-2g species takes
place with the new ligand oriented normal to the coordi-
nation plane in T-2g to give a square—pyramidal geometry
about chromium. The adsorption energy of the third CO is
less than 20 kJ/mol, in concord with a long Cr—C distance
of 2.4 A for the axial CO, i.e., about 0.3 A longer than the
corresponding equatorial distances. The tricarbonyl com-
plex is not considered interesting at or above room temp-
erature.

At the pseudo-octahedral site, repulsion to the ester oxy-
gen ligands enforces symmetrical coordination of the first
carbon monoxide (see structure O-1g in Fig. 5). This coordi-
nation causes a le¢” < 1a) excitation of the cluster, thus fa-
cilitating donation in the 1aj orbital. Further coordinations
occur in the equatorial plane of the pseudo-octahedral site.
The geometry about chromium in the dicarbonyl complex
is predicted to be that of a flattened tetrahedron according
to DFT-1 (cf. O-2p in Fig. 5), while closer to square—planar
using DFT-2. The tricarbonyl complex optimizes to trigonal
bipyramidal geometry about chromium (cf. structure Q-3
in Fig. 5). The two DFT methods give somewhat different
pictures of the stability of this complex (discussed in the
following).

Carbonyl complexes at sites of intermediate /OCrO
bond angles are less stable than those of either tetrahe-
dral or octahedral sites. This may be understood in terms
of a reduction in the available coordination space about
chromium caused by increasing the ZOCrO angle from the
values realized in the T cluster. Alternatively, starting from
the O cluster, the 1b; <—2a; excitation that is required to
coordinate CO symmetrically is seen from Fig. 1 to get
more costly as the ZOCrO bond angle decreases from 180°
into the intermediate range. The implication is that, at a
low coverage, the distribution of carbonyl complexes tends
to be peaked at either tetrahedral or octahedral sites, or
possibly both, even for a distribution of Cr(II) sites that is
flat with respect to the ZOCrO angle. The I cluster shows
less selectivity with respect to the coordinative geome-
try about chromium than does the pseudo-tetrahedral site,
even though a square-planar geometry is still preferred for
the dicarbonyl species. Tricarbonyl species are only weakly
bound.

Based on the calibration study in Section 2.2, we form
best estimates of stepwise and overall adsorption energies
pertaining to each carbonyl complex by averaging the val-
ues obtained by DFT-1 and DFT-2 (cf. the second column of
Table 3). The numerical discrepancy between the two the-
oretical models increases with decreasing stepwise adsorp-
tion energy and reaches a high for the tricarbonyl complex
of the O cluster. Whereas DFT-1 predicts the third CO to be
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FIG. 6. The energy of CO coordinating to a square—planar mononu-
clear Cr(IT) site (T) with a siloxane at a fixed O- - -Cr distance of 2.42 A, as
a function of the angular orientation of the siloxane donor. The elements
are coded on a gray scale according to increasing atom number, H (white)
< C < O < Si < Cr (dark gray).

bound by 40 kJ/mol at the octahedral site, DFT-2 recovers
less than two-thirds of this value.

Mononuclear Cr(Ill)-B. Precoordination of oxygen-
containing donors is likely to modify and possibly limit the
uptake of carbon monoxide at Cr(II) sites. This has been
examined for the case of a siloxane donor, O(SiH3),, coor-
dinated to the T cluster as shown in Fig. 6. In terms of the
coordinates defined in the figure, the siloxane optimizes
to an O---Cr distance of 2.16 A, an /OCrO angle (¢ in
Fig. 6) of 160°, and a coordination energy of 65 kJ/mol.
Thus frozen, the donor reduces the adsorption energy of
the first CO by about 20% and leaves the mixed complex
about 20 kJ/mol less stable than the corresponding dicar-
bonyl complex. At the surface, an oxygen donor may face
geometric constraints that limit its proximity to chromium,
and the strength of the siloxane coordination is found to
drop quickly as the O- - -Cr distance is increased in the in-
terval 2.4-3.0 A. Taking rigidity at the surface site and the
entropy loss during CO adsorption into account, the donor
may go from out-competing CO to being easily displaced
by a second CO.

In addition to distance constraints, the substrate may also
impose constraints on the orientation of the donor. With
siloxane fixed at an O---Cr distance of 2.42 A, the coor-
dinative environment of chromium was transformed from
square-planar (with a vacancy) to trigonal-planar by reduc-
ing the angle ¢ shown in Fig. 6. In effect, the siloxane moiety
was made to pivot on Cr while maintaining a plane of sym-
metry for the complex. While the coordination energy of
the donor was hardly affected by this rotary motion, the re-
duction in available coordination space leads to a decrease
in the affinity toward CO adsorption by 60% at ¢ = 130°.
This reduction is accompanied by an increase in Cr-C dis-
tance from 2.06 to 2.13 A. Furthermore, while the siloxane
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molecule remains coordinated, chromium shows no affinity
toward a second molecule of carbon monoxide.

Asfar as CO adsorption is concerned, a displaceable oxy-
gen donor is expected to reduce the adsorption energy of
CO without affecting the spectroscopic signature of the di-
carbonyl complex once it is formed. Hence, displaceable
silanol donors are better studied in terms of frequency shifts
for the O-H stretching mode due to changes in coordina-
tion to chromium. Such changes may occur as a result of
decoordination caused by competitive adsorption of CO,
or as a result of the metal being oxidized or reduced (cf.
Fig. 7).

In an attempt to model these shifts, a difluorosilanol
molecule (SiHF,OH) was used to represent the surface
silanol functionality. The deprotonation energy of this
molecule is calculated to 1428 kJ/mol with DFT-1, in ex-
cellent agreement with estimates obtained from compu-
tational studies of larger silasesquioxane clusters (20).
Moreover, the computed vibrational frequency of the hy-
droxyl group matches the frequencies observed for iso-
lated hydroxyl species (21). Hence, this model is expected
to reproduce the nucleophilic and electrophilic proper-
ties of a surface silanol group to a satisfactory extent.
The interaction between silanol and the pseudo-tetrahedral
monochromium site was studied by means of the cluster
models shown in Fig. 7, subject to the following geometric
constraints: (i) the O(SiF,), part of the cluster was frozen,
and (ii) the SiF, part of the difluorosilanol molecule was
oriented parallel to the SiOSi moiety at the bottom of the
cluster. These constraints effectively reduce the flexibility
of both the silanol molecule and the OCrO moiety.

Selected geometry parameters and the shift in OH vi-
brational frequency of the silanol moiety are presented
in Table 4. For the reduced catalyst, we find that a coor-
dination distance of r (OH---Cr)=3.8 A corresponds to
the observed frequency shift of —42 cm™!, assigned to hy-
droxyls coordinating to reduced chromium surface species
by Nishimura and Thomas (21). In their experiment, this
peak disappeared completely after subjecting the sample
to oxygen at room temperature. In return, a broad absorp-
tion band appeared at 3590 cm™!, subsequently assigned
to silanols that are hydrogen-bonded to oxo moieties at
hexavalent chromium species. The red shift of 157 cm~! is

FIG.7. Models of a difluorosilanol molecule coordinating to a
pseudo-tetrahedral cluster with chromium in the divalent (left) (T) or
hexavalent (right) state (T(ox0),). The elements are coded on a gray scale
according to increasing atom number, H (white) < O < F < Si < Cr (dark

gray).
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TABLE 4

Geometry Parameters, Change in Energy (AE) and Shift in OH
Stretching Frequency (Awog) of Difluorosilanol Coordinating to
the Reduced and Oxidized T Cluster

f(HO---Cr)  r(OH..-OCr) AE Awon

(A) (A) (kJ/mol) (cm™)
Cr(I) 237 -3 ~133
3.04 —-11 —63
3.80 -5 —42
441 -3 -32
Cr(V1) 1.79 ~10 —210
1.95 —15 —158

reproduced in our models at OH - - - OCr distances just be-
low 2 A (cf. Table 4). In both cases, the observed frequency
shifts suggest that the silanol moieties are facing geometric
constraints that limit their proximity to chromium to about
4 A as given in terms of the O- - -Cr distance. The coordi-
nation energy is about 5 kJ/mol in the reduced case and
15 kJ/mol in the fully oxidized case.

Coordination of one equivalent of CO to the silanol-
coordinated Cr(II) is facile and leads to shifts in OH fre-
quency of only a few wave numbers. The adsorption en-
ergy of CO is reduced by a couple of kilojoules per mole
compared to that of T-1s. Upon coordination of a second
carbonyl, the weakly bound OH group is easily displaced,
effectively decreasing the coordination energy of the sec-
ond CO by 3—4 kJ/mol and otherwise leaving the dicarbonyl
complex as if prepared at a naked Cr(II) site.

Mononuclear Cr(IlI). The CrlIIl cluster adsorbs the first
CO molecule at 46° off the C3 symmetry axis (see Fig. 8)
in agreement with the shape of its lowest unoccupied or-
bitals (2e in Fig. 3). The first adsorption energy is estimated
to 56 kJ/mol, i.e., considerably lower than that found for
monocarbonyl Cr(II) complexes. This appears surprising

0
AE(kl/mol) )
]
o/é
Crill-1
-sof
g
-0 Crili-2
-150{ g
A Crlll-3
200

FIG. 8. Structures of the carbonyl complexes formed at the CrIII clus-
ter model as obtained with DFT-1. The elements are coded on a gray scale
according to increasing atom number, C (light gray) < O < Cr (dark gray).
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at first, given the donating nature of the bond. However,
the three bridges between Cr and the silica structure make
the three half-filled metal-dominated orbitals polarize
into the open hemisphere. As a consequence, donation into
empty d orbitals is accompanied by proximity and thus re-
pulsion, to occupied Cr 3d orbitals. This effectively limits
the adsorbate from taking full advantage from the accept-
ing ability of chromium, and the Cr—C bond length remains
significantly longer than that at the T cluster (see Table 3).

Adsorption of additional CO takes place with only a very
modest decrease in binding energy until the tricarbonyl
complex is formed. This structure has Cs, symmetry, with
each CO positioned trans to an ester oxygen. The adsorp-
tion energies of each of the three CO molecules are then
obtained as 56, 48, and 50 kJ/mol, using average energies.
Again the discrepancy between the two DFT models in-
creases with CO load to 12 kJ/mol in the case of the third
binding energy.

Dinuclear Cr(I1l). The most stable carbonyl complexes
at the D, site are presented in Fig. 9 as obtained with DFT-
1. To distinguish the structures, the shorthand developed
for the mononuclear Cr(II) case is extended to describe the
geometry about each of the two chromium atoms. The first
subscript applies to the Cr holding the most CO molecules,
while a bridging CO is indicated by the subscript wu.

The two computational models disagree with respect to
the ground state of the dinuclear clusters and to some
extent also to the structure of the corresponding mono-
carbonyl complexes. According to DFT-1, there are ele-
ments of metal-metal bonding in the dinuclear clusters (see
molecular orbital 2a; in Fig. 2), giving a Cr-Cr distance of
3.08 A and a fairly narrow /CrOCr angle of 120°. DFT-2 em-
phasizes the stabilizing exchange interaction within the Cr
3d shell more strongly than does DFT-1, as is evident from
the longer Cr-Cr distance of 3.40 A and an open /CrOCr

Or AE(kJ/mol)
—50} A Y\
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=100f ! W
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FIG. 9. Structures of the carbonyl complexes formed at the dinuclear
chromium cluster model (D), as obtained with the DFT-1 model. The
elements are coded on a gray scale according to increasing atom number,
C (light gray) < O < Cr (dark gray).
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angle of 140°. Moreover, as the 2b, orbital stabilizes and 2a;
and 2b; become more nonbonding with the change in geom-
etry, the ground-state electron configuration of the naked
clusters as obtained by DFT-2 differs by a single-electron
excitation (2b, <« 3by) from that of DFT-1.

In this situation, we form improved adsorption energies
by the scaling procedure developed in the calibration stud-
ies. The coordination energies of the first two terminal CO
(see structures Dy-1g and D,,-2gs in Fig. 9) become 66 and
74 kJ/mol with DFT-1, and 82 and 71 kJ/mol with DFT-2.
For the dicarbonyl as well as higher terminal carbonyls, the
two DFT methods agree with respect to both geometric
and electronic structures, and average energies are again
available (see Table 3).

A second discrepancy between DFT-1 and DFT-2 is
encountered when considering CO bridging between the
metal atoms. A stable bridging structure is obtained only
by means of DFT-1 (see Dy-3ss,, in Fig. 9). Since our pro-
cedure of scaling the adsorption energy is based on data for
terminally coordinated CO, it is not applicable here, and the
coordination energy of CO in the bridging position is sim-
ply taken as computed by DFT-1. Admittedly, the resulting
adsorption energies carry substantial uncertainty.

The main difference between Dy, and the less flexible
D, cluster becomes apparent when comparing the stabili-
ties of corresponding pairs of D-2gg and D-3sg complexes.
The constrained geometry of D,-2ss makes for facile ad-
sorption of a third terminal CO molecule. Conversely, the
open dinuclear cluster supports a more stable dicarbonyl
complex, while showing less affinity for further carbonyla-
tion. When a third CO is added terminally, this is to form
a Dy-31s structure, with one metal atom in a tetrahedral
environment and the other with trigonally oriented ligands
(cf. Fig. 9).

3.2. Adsorption as a Function of CO Pressure

For a chromium carbonyl species to be formed in sig-
nificant amounts and thus become observable in IR spec-
tra recorded at ambient pressure, the adsorption enthalpy
must be sufficiently negative to make up for the loss of
entropy. The relative concentration of two consecutive
carbonyl species at a particular surface site may be ex-
pressed in terms of the partial pressure of CO and the
reaction enthalpy and entropy of Eq. [1], as 6n/0m_1=
exp(AS!/R) x exp(—AH!/RT) x pco. fp denotes the equi-
librium concentration of vacant sites of the kind in ques-
tion. The entropy term depends only weakly on the spe-
cific choice of site and adsorption steps, and from DFT-2
calculations of a monocarbonyl complex at the T cluster,
we find AS = —15R, corresponding to a free-energy con-
tribution of —TAS ~ 37 kJ/mol at room temperature.
In the following, we will assume the adsorbent to furnish
detectable amounts of pseudo-tetrahedral mononuclear
Cr(II), mononuclear Cr(I1I), and dinuclear Cr(II) sites.
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Even at a very low pressure of CO, adsorption equilibria
with enthalpy changes below —70 kJ/mol will be shifted
toward the adsorbed complexes. This class includes di-
carbonyl species at the pseudo-tetrahedral Cr(II) cluster
and monocarbonyl species at Cr(II)-B sites. Consequently,
monocarbonyl species at the Cr(II)-A site are probably not
observed. However, the concentration of T-2 species may
display pressure dependence, as the presence of a displace-
able silanol group renders the second CO coordination
energy slightly less facile. Furthermore, since the adsorp-
tion energy associated with Cr(II)-B sites gets less favor-
able the closer and more symmetrically the oxygen donor
is coordinated to the metal, one may expect a gradually
increasing concentration of T-1-like complexes as the CO
pressure is increased. If present, Cr(II) sites with a wider-
than-tetrahedral ZOCrO angle support the formation of
monocarbonyl species even at a very low CO pressure,
here represented by I-1g and O-1s. Contrary to the
pseudo-tetrahedral case, the adsorption equilibria shift to-
ward dicarbonyl complexes only as the CO pressure is
increased.

The two DFT models disagree with respect to the sta-
bility of the monocarbonyl dinuclear complex, yet agree
on other features of the dinuclear sites. The coordination
of CO to geometrically flexible sites (Dy,) precede those
to more strained sites (D,) and show somewhat different
pressure dependency. At the Dy, dinuclear site, the carbonyl
equilibrium is expected to shift directly toward the Dy-2gg
dicarbonyl complex, with one CO bound terminally to each
chromium center. Subsequent coordinations are predicted
to be less facile and thus to occur at a later stage. On the
other hand, at the narrow-bite D, cluster, the equilibrium
is probably shifted toward the Dy-3ss complex in the same
pressure range that is supporting the dicarbonyl complex
at Dy.

Carbonyl complexes at CrlIlII sites constitute the next
class, with enthalpy changes in the region of —60 to
—50 kJ/mol. The stepwise adsorption energies are almost
constant up to three coordinated CO molecules, and we
expect the monocarbonyl complex to be observable only
in a narrow pressure range, before shifting the equilibrium
toward the tricarbonyl complex, CrlII-3. Beyond this
stage, less facile coordinations to the dinuclear sites may
dominate the uptake of CO. For instance, the coordination
of a third CO to Dy-2gs may give rise to three different
complexes, with associated changes in enthalpy between
—41 to —27 kJ/mol.

3.3. Macro Assignment of the IR Vibrational Spectrum

Of the systems studied here, the mononuclear tetrahe-
dral Cr(II) site supports the highest coordination energies
and thus constitutes a natural starting point for presenting
carbonyl vibrational frequencies. The two theoretical mod-
els lead to quite disparate results for the monocarbonyl
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complex, with harmonic frequencies of 2064 cm~! (DFT-1)
and 2214 cm~! (DFT-2). The discrepancy remains if first-
order shifts are considered, since DFT-1 predicts a red shift
of —52 cm~! upon coordination while a blue shift of 7 cm™!
is predicted by DFT-2. These shifts are matched by the pre-
dicted changes in the bond length of carbon monoxide upon
coordination, which are +0.5 pm and —0.3 pm for DFT-1
and DFT-2, respectively.

Despite the differences noted for the monocarbonyl com-
plex, DFT-1 and DFT-2 give fairly consistent pictures of the
process of adding a second carbonyl to this site. Both meth-
ods predict the C-O bond to contract slightly, with shifts to
higher frequency of both of the CO stretching modes, if only
minutely in the case of the antisymmetric B;. The symmetric
mode is shifted by 28 cm™! (DFT-1) and 19 cm~! (DFT-2).
Hence, the splitting of the symmetric A; and asymmetric
B, vibration of the T-2 dicarbonyl complex comes out as 24
and 18 cm~! with DFT-1 and DFT-2, respectively. In this
case, the agreement between the methods is satisfactory,
suggesting that the problems observed for the monocar-
bonyl complex may be solved by evoking a more relevant
reference state than gas-phase carbon monoxide.

In Fig. 10, the carbonyl vibrational frequencies of the
complexes expected to be observable are shown as com-
puted with both DFT-1 and DFT-2, using the frequency of
the asymmetric CO stretching mode of the T-2 complex as
a reference. The two computational methods are seen to
agree on the following partitioning of the spectrum: (i) a
low-frequency region, at 30-60 cm~! below the asymmetric
T-2 frequency; (ii) an intermediate region, from 0 to 30 cm™!
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FIG. 10. Shifts in vibrational frequencies of carbonyl complexes pre-
dicted to be observable (cf. the text), relative to the asymmetric T-2 mode,
as computed using DFT-1 (O) and DFT-2 (A).
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above this frequency; and (iii) a high-frequency region,
more than 30 cm~! above the reference frequency. These
frequency regions are characteristic for different adsorp-
tion sites, with dinuclear sites making up the low-frequency
part. CO adsorbed to mononuclear Cr(II) sites of differ-
ent local geometries constitutes the intermediate region,
while CO on mononuclear Cr(I1I) sites makes up the high-
frequency region.

The correlation between frequency regions and adsorp-
tion sites seemingly breaks down in a couple of instances;
e.g., the symmetric mode of the Q-2 dicarbonyl complex ap-
pears in the lower part of the high-frequency region. How-
ever, due to the relative orientation of the CO molecules,
the symmetric A; vibration of the Q-2 dicarbonyl complex
becomes IR inactive and will not show up in the spectrum.
Conversely, the antisymmetric B, vibration receives a boost
in intensity, and the O-2 dicarbonyl complex is expected to
give rise to only one peak, possibly overlapping with the
symmetric T-2(A;) band. A second deviation from the pat-
tern is made by the tricarbonyl complex at the narrow-bite
dinuclear site, Dy-3ss, to be addressed in the following.

3.4. Micro Assignment of the IR Vibrational Spectrum

In this section, we establish an interpretation of the exper-
imentally observed carbonyl Cr/Silica IR spectra by means
of computed stabilities, the shifts in vibrational frequencies,
and the IR intensities of model carbonyl-cluster complexes.
Because of the significant uncertainties associated with the
vibrational frequencies in particular, such an assignment is
less than straightforward and has to be made in close com-
parison to experimental observations. The evolution of the
carbonyl Cr/Silica IR spectra with increasing CO pressure
has been recorded at room temperature by Ghiotti ez al. (4)
and at 77 K by Zecchina et al. (11). These spectra are es-
pecially useful for comparison to our computed results, as
they facilitate discrimination of carbonyl complexes with
respect to stability, at least in a qualitative manner, as well
as shifts of vibrational frequencies.

The room-temperature spectra reveal spectroscopic fea-
tures of the carbonyl complexes at the most acidic of the Cr
surface sites. At a low equilibrium pressure of 0.2 Torr, the
room-temperature spectrum reveals two bands positioned
at 2180 and 2191 cm™!, with an intensity ratio of about
2:1 (4). Upon increasing the pressure, the 2180-cm™! band
transforms into an increasingly intense band positioned at
2184 cm~! with a shoulder at 2178 cm™!. At a pressure
of 40 Torr, the 2178/2191 intensity ratio has decreased to
4:3 (4). The bands positioned at 2178,2184, and 2191 cm™!
are commonly termed the room-temperature triplet. Atlow
temperatures, a new triplet of bands appears, positioned at
2045, 2100, and 2120 cm~!, which is referred to as the low-
temperature triplet of bands (11).

Based on our computed adsorption energies and vibra-
tional frequencies and the assumption that tetrahedral,
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mononuclear Cr(II) species are present in ample amounts,
we assign the 2178-cm~! peak to the asymmetric T-2(B;)
mode and the 2191-cm™! peak to the symmetric T-2(A;)
mode (see Table 6). The computed splitting is too high by
5-11 cm™!, a deviation from the experiment that is com-
patible with the accuracy of our calculations (19, 18). The
more stable monocarbonyl complexes at Cr(II)-B sites are
also predicted to be formed at relatively low CO pres-
sure, shifting the low-frequency component of the room-
temperature triplet to 2180 cm~!. Moreover, we see the
contribution from monocarbonyl Cr(II)-B species as an ex-
planation for the 2: 1 intensity ratio between the 2180- and
2191-cm™~! peaks. Cr(II)-B sites with a displaceable oxy-
gen donor eventually form dicarbonyl complexes and thus
show up as T-2 species in the IR spectrum, in accordance
with the observed decrease in the 2178/2191 ratio with in-
creasing CO pressure.

Furthermore, we assign the 2184-cm~! band to monocar-
bonyl complexes at Cr(II)-B sites that are significantly af-
fected by the presence of a nondisplaceable oxygen donor.
This is in agreement with the calculations, which gave a
small blue shift of the vibrational frequency and reduced
stability of the monocarbonyl complex, compared to that
without a siloxane coordinating to chromium. For such
species to give rise to a separate peak, we propose a nonuni-
form distribution with respect to the oxygen donor coor-
dination. Localized nests of hydroxyls, due to the lack of
one [SiOy4] building unit, may act as grafting centers for
chromic acid. Subsequent dehydroxylation and reduction
would give rise to Cr(II)-B sites with a distinct coordina-
tion environment (22).

Mononuclear Cr(II) sites that differ with respect to the
£OCrO angle may add additional structure to the carbonyl
IR spectra. The I-2g complex contributes to the same bands
as the dicarbonyl complex at the tetrahedral site, while the
0-2 complex contributes only in the frequency region as-
sociated with the symmetric T-2(A) vibration. Thus, the
presence of such sites causes the intensity of the band as-
sociated with the symmetric T-2(A1) vibration to display
additional pressure dependence.

New bands at lower frequencies develop in the room-
temperature spectra with increasing CO pressure (4, 10).
These bands are, however, best seen in the low-temperature
spectra (11). The first appears at 2100 cm~!, with a full-
width-at-half-maximum (fwhm) close to that of the high-
temperature triplet. The first sign of a peak at 2120 cm™! is
observed at this early stage, but a full band develops only
after a third band is formed at 2045 cm™!, along with a red-
shifted shoulder. Furthermore, the 2120- and 2045-cm™!
peaks are of comparable intensity, which, moreover, is
about two-fifths of that of the 2100-cm~! band. These three
bands are referred to as the low-temperature triplet.

With an increase in pressure, the intensities of the 2100-
and 2120-cm~! peaks increase and the fwhm’s approach
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three-fourths, and one-half respectively, of that of the high-
temperature triplet. The 2045-cm~! band shows only a mod-
est increase in intensity, yet its red-shifted shoulder grows
without separating from the initial band. Thus, a very broad
band results in 2045-2035 cm~!, with a fwhm about twice
that of the high-temperature triplet (11).

According to our computed stability data, CO adsorp-
tion at dinuclear sites occurs when the more acidic mononu-
clearsitesreachintermediate saturation, and the dicarbonyl
complex at the Dy, site is predicted to be the first structure
observable in the IR spectrum. Moreover, this complex is
expected to give rise to a single intense peak, computed at
46 and 64 cm™! below the asymmetric T-2(B; ) frequency ac-
cording to DFT-1 and DFT-2, respectively. This fits well with
the observation that the first band of the low-temperature
triplet is red-shifted by 78 cm~! relative to the 2178-cm™!
peak of the high-temperature triplet. Hence, the 2100-cm™!
peak is identified as the asymmetric B; mode of the Dy-2gg
dicarbonyl complex. The significantly less intense symmet-
ric mode is calculated at 14 cm™' (DFT-1) and 19 cm™!
(DFT-2) higher frequency. Thus, we assign the 2120-cm ™!
band to the symmetric Dy,-2ss mode.

Given the assignments made thus far, the CO stretching
frequencies computed for the remaining dinuclear com-
plexes need to be corrected by —14 cm~! in the case of
DFT-2, and by —32 cm™! in the case of DFT-1. Subsequent
adsorption of CO is predicted to take place at the D, din-
uclear cluster model, giving rise to tricarbonyl complexes
of D,-3ss character. The associated IR transitions come as
three well-separated peaks, and while the theoretical meth-
ods agree on the two highest frequencies, at 32 and 56 cm™!
above the 2100-cm~! peak, the two peaks observed in this
region, at 2138 and 2158 cm™~!, do not display the predicted
intensity ratio. Also, they appear at a higher CO pressure
than indicated by the stability of the current complex. In
the literature, these peaks are assigned to CO physisorbed
at dehydroxylated parts of the surface (2138 cm~!) and CO
hydrogen bonded to silanols (2158 cm™).

A third terminal coordination at the D, cluster gives rise
to the Dy-31s carbonyl complex. According to Table 5,
the spectral properties of this complex are quite similar
to those of the D,-3ss complex just reviewed. Hence, it
appears that terminal tricarbonyl complexes are not con-
tributing significantly to the IR spectrum of these systems,
and, in particular, that such species are not able to ac-
count for the observed evolution of the low-temperature
triplet.

A tricarbonyl complex may be formed at a dinuclear site
in yet another way, namely, by coordinating the third CO
in a bridging position as exemplified by Dy-3ss, and Dy-
3ss,- While the computed stabilities of these complexes
suggest fairly late population in terms of CO pressure, we
recognize that a theoretical description of a bridging CO
molecule may be more demanding than one of a terminally
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TABLE 5
Vibrational Frequencies, IR Intensities, and Carbon—Oxygen Bond Lengths of Carbonyl Complexes at Cluster
Models of Cr/Silica
DFT-1 DFT-2
was? (cm™), ws® (cm™), was® (cm™), ws® (em™),
rC-0O(A) 1 (D? A” amu) 1(D? A amu) rC-0(A) I(D? A’ amu) I (D? A amu)
CO(g) 1.141 2113,2 1.129 2207,2
T-1s 1.146 2064, 13 1.126 2214,13
T-2g 1.142 2068, 12 2092, 11 1.125 2215, 11 2233,9
I-1g 1.146 2057, 13 1.127 2212,13
I-2g 1.143 2073, 11 2090, 9 1.126 2212,17 2229, 10
O-1y 1.144 2067, 8 1.126 2222,9
0-2y 1.142 2083, 16 2098, 1
0-2¢ 1.124 2238, 13 2254,0
0-3 1.142 2078, 16 2081, 9 1.126 2212, 15 2219, 8
2103, 1 2233,1

CrlII-1 1.140 2097, 11 1.122 2262, 5
CrllI-2 1.139 2103, 8 2114, 10 1.123 2256, 5 2261,5
CrllI-3 1.139 2107, 14 2120,9 1.123 2254, 10 2259,5
Dy-1g 1.149 2017, 21 1.130 2177, 24
Dy -2ss 1.148 2022, 39 2036, 9 1.132 2151, 40 2170, 12
Dy-3ss,, 1.1520 2004, 9 1.129°

1.148 2031, 25 2049, 10 1.130
Dy-31s 1.149¢ 2013, 29 1.133s 2152,27

1.144+ 2058, 19 2075,9 1.1261 2205, 18 2223,3
D,-1g 1.148 2045, 19 1.130 2182, 19
Dy-2ss 1.152 1997, 27 2021,22 1.131 2161, 48 2179, 6
D,-3ss, 1.156 1975,9 —

1.150 2020, 24 2038, 15 —
Dy-3ss 1.150 2011, 26 1.131 2163, 29

1.146° 2077,18 2053, 13 1.129¢ 2208, 12 2184, 15

1.142 1.127
D,-31s 1.151¢ 2018, 30 1.132¢

1.148¢ 2025,21 2050, 13 1.130+
D, -4ss 1.148° 2025,2 2037,13 1.130

1.144 2046, 40 2074, 9 1.128¢
D,-4r1 1.147 2034, 40 2028, 0 1.130

2025, 32 2062, 5

& Subscripts s and as denote symmetric and antisymmetric CO stretching modes, respectively.

b CO in a bridging position between two chromium atoms.
¢ CO cis to the Cr—O-Cr bridge.

coordinated CO. To clarify this point, the Dy-2gs and D,-
3ss, complexes were reexamined using the larger Gaussian-
type basis sets described in the Appendix. Following reop-
timization of geometries and calculation of harmonic vi-
brational frequencies through analytical evaluation of the
full Hessian, we find the stability of the bridged tricarbonyl
complex to be improved by 7 kJ/mol. More importantly,
compared to the asymmetric stretching mode involving the
two terminal CO ligands at this complex, the red shift of the
frequency pertaining to the bridging CO increases from 26
to 53 cm~!. Undertaking the same kind of reexamination of
the analogous structures at Dy, the corresponding red shift
increases from 45 to 80 cm ™, albeit without changing the
stability of the bridging complex appreciably. Hence, the
bridging tricarbonyl complex is less stable at a narrow-bite

than at a wide-bite dinuclear site, yet produces a larger red
shift in the IR spectrum once formed.

The three CO stretching modes of Dy-3ss, give rise to
peaks in the IR spectrum with an intensity ratio of 2:5:2.
For comparison, at a CO pressure at which the 2120 cm™!
has developed into a full peak, this is the intensity pattern
observed between the bands at 2120, 2100, and 2045 cm .
The frequencies of the two stretching modes involving ter-
minal CO’s are split by 18 cm~! (21 cm™! using the larger
basis sets), and, invoking a red shift of 9 cm™!, these are seen
to match those of the Dy,-2gs dicarbonyl species, already as-
signed to the 2100- and 2120-cm~! bands. Based on the im-
proved estimates of the frequency of the third, red-shifted
mode that mainly involves stretching of the bridging CO,
we tentatively assign the 2045-cm~! band to this mode. The
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TABLE 6
Theoretical Assignment of Carbonyl-Cr/Silica IR Spectra

CO Pressure
IR band
(cm™1) Low Intermediate High
2212 CrlII-3(A,)
2200 CrlII-3(E)
2191 T-2(A)) 0-2(B,)
2184 Cr(II)-B-1
2178 T-2(B,)
2120 D,-2ss(A1) Dy,-3ss, (A')?
2100 Dy-255(B1) Dy-3ss, (A")?
2045 Dy-3ss, (A')?

2 Only observable at low temperatures due to unfavorable loss of en-
tropy.

observed broadening of the band toward lower frequencies
with increasing CO pressure is consistent with the forma-
tion of bridged tricarbonyl species of lower stability, such
as modeled by Dy-3ss, . The entropy loss upon adsorption
is found to be 40% higher when a CO molecule is coordi-
nating in a bridging position as compared to in a terminal
position. This implies that the infrared frequency associated
with a bridging CO, at 2035-2045 cm™!, is observable only
in spectra recorded at low temperatures.

Returning to the room-temperature spectra, at a high
CO pressure of 1 atm, Kohler and Ekerdt (10) observed
two low-intensity bands at 2200 and 2212 cm~!, in addi-
tion to the room-temperature triplet. The 2212-cm~! band
carries about half the intensity of the band at 2200 cm™.
Of the cluster models considered in this work, only CrIII
supports carbonyl complexes with vibrational frequencies
in this region. Furthermore, the Cr(III) site is predicted to
reach saturation with respect to CO uptake over a fairly nar-
row pressure region, as the adsorption energy is very similar
among the first three CO ligands. Relative to the T-2(B;)
mode, the theoretical methods agree upon a 39-cm~! blue
shift of the E mode of the tricarbonyl complex. Further-
more, the symmetric A; mode is blue-shifted by 5-13 cm ™",
carrying half the intensity of the doubly degenerate E mode.
These features are in fair correspondence with the proper-
ties observed for the 2200- and 2212-cm~! bands, which are
assigned accordingly (cf. Table 6). Implicit in this assigna-
tion is the recognition that our methods may overestimate
the intermolecular shift between CrlII-3(E) and T-2(B;)

frequencies by as much as 17 cm™!.

4. DISCUSSION

At this point, it is useful to contrast our assignment of the
carbonyl IR spectrum as it appears in Table 6 to those of
other workers. Kohler and Ekerdt (10) evaluated the ratios
of integrated IR intensities of the peaks observed at 2178,
2184,2191, and 2212 cm~! during isothermal evacuation at
room temperature. The 2191/2184 intensity ratio was found

ESPELID AND BORVE

to increase upon evacuation, reaching a value of ~0.75 at
the end of the observation period. The initial increase of
this ratio is in line with our interpretation of the spectra,
as desorption of CO is expected to occur more readily at
Cr(II)-B sites with a closely coordinated oxygen donor than
at Cr(II)-A sites. Furthermore, our assignment of the band
at 2184 cm~! to a monocarbonyl Cr(II) species agrees with
Kohler and Ekerdt and differs from other suggestions, such
as those involving mer-(CO);Cr(II) species (4) or terminal
carbonyls at dinuclear sites (5).

The 2191/2178 intensity ratio initially undergoes a modest
decrease before leveling off at a constant value. Nishimura
and Thomas observed an inverse correlation between the
decreasing intensity of the 2191-cm~! peak and the appear-
ance of a peak at 3705 cm™!, assigned to displaceable hy-
droxyl groups interacting with a Cr(II) site upon evacua-
tion of CO. This behavior is accounted for by desorption
of one equivalent of CO at Cr(II)-B sites with a coordi-
nating silanol, following the proposal by Nishimura and
Thomas (21). The close-to-constant 2191/2178 intensity ra-
tio is readily understood as these bands correspond to the
same dicarbonyl species, again in agreement with the inter-
pretation made by Kohler and Ekerdt.

Based on the computed stability data, the 2212/2190 in-
tensity ratio is expected to decrease with reduced CO pres-
sure, due to desorption of CO from Cr(III) sites. While this
fits the evolution of these peaks in the IR spectra recorded
at 77 K by Zecchina et al. (11), Kohler and Ekerdt observed
a close-to-constant intensity ratio. According to the DFT-
2 calculations, even monocarbonyl and dicarbonyl com-
plexes at Cr(III) surface sites contribute to the 2212 peak.
In this scenario, the intensity of the peak would be sus-
tained through the equilibrium shift from tricarbonyl to di-
carbonyl and further to monocarbonyl complexes, and the
intensity ratio would depend on whether it was observed
at equilibrium or after evacuation for a limited period of
time.

Our assignment of the peak at 2212 cm~! to Cr(III)
carbonyl complexes leaves us with a discrepancy toward
the interpretation of Kohler and Ekerdt, who proposed
the 2178-, 2191-, and 2212-cm™! peaks to arise from the
same mer-(CO);Cr(II) structure of C,, symmetry. In fact,
both Kohler and Ekerdt (10) and Ghiotti et al. (4) propose
the formation of Cr(Il) tricarbonyl species at low-to-
intermediate CO pressure. We find that freely relaxed, the
mer-(CO);Cr(IT)(OSiF3); cluster model adopts D3, geom-
etry. In order for the A} vibration to obtain intensity, the
structure must distort into C,, symmetry, possibly caused
by a weak interaction with the surface. Fixing the ZCCrC
angle at 110° causes the E mode to split into (A;); and
B,. Relative to the more intense B, mode, the A; modes
are predicted at 5 and 26 cm~! higher frequency and with
intensities of 0.54 and 0.08, respectively. These spectro-
scopic properties are in fair agreement with those assigned
to the tricarbonyl species proposed by Kohler and Ekerdt.
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However, according to the free energy of complexation,
the third CO is barely bound at room temperature and may
form only at an elevated CO pressure. Restricting the CO
molecules further to occupy only the (upper) hemisphere,
as suggested by Kohler and Ekerdt (10), causes reordering
of the (A1), and B, modes. While this leaves the most
intense B, band blue shifted relative to (A1), as proposed
by Ghiotti et al. (4), the third CO turns out unbound, at
a free energy of complexation of +26 kJ/mol at room
temperature.

Turning to the low-temperature triplet of bands, Reben-
storf assigned all three bands to CO bridging at dinuclear
sites (5). This was based on the known fact that the stretch-
ing frequency of CO bound in a bridging position is red-
shifted compared to the frequencies associated with ter-
minal CO. Kohler and Ekerdt found that the 2100/2190
intensity ratio increased with the chromium loading (10).
Since the dinuclear-to-mononuclear ratio is known to in-
crease with Cr loading on pyrogenic silica (6), assignation
of the 2100-cm~! band to CO coordinated to dinuclear
sites seems reasonable. However, the integrated intensity
of peaks corresponding to carbonyls in the bridging mode
are known to be distinctly lower than those of terminal co-
ordinations. The high intensity of the 2100- and 2120-cm™"
peaks observed in low-temperature spectra renders assig-
nation of these bands to terminal coordinations more likely.
Thus, these observations support our assignation of the low-
temperature triplet.

5. CONCLUSION

Cluster models and density functional theory have been
used to explore the structure, stability, and vibrational prop-
erties of carbonyls formed at low-valent chromium bound
to silica. The models have limitations in the assumptions
made in their construction, such as the neglect of the ex-
tended silica structure, as well as the accuracy with which
we are able to describe the electronic structure of the model
species. However, by comparing the computed spectral and
thermodynamical properties for the various surface sites
with observations, we are able to provide a consistent in-
terpretation of the infrared spectra of the reduced Cr/silica
as exposed to carbon monoxide, at different values for the
CO pressure and the temperature.

The pseudo-tetrahedral, mononuclear Cr(II) site is found
to adsorb two molecules of CO even at a low pressure.
Together with monocarbonyl species formed at a similar site
with an indisplaceable oxygen donor, the properties of these
complexes are consistent with the room-temperature triplet
found in experimental IR spectra. The evolution with CO
pressure of the so-called low-temperature triplet in these
spectrais consistent with our results for terminal dicarbonyl
species and tricarbonyl species with one bridging CO, at din-
uclear, divalent chromium sites. Finally, tricarbonyl com-
plexes formed at mononuclear, trivalent chromium sites
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give rise to two absorptions in the infrared regime at high
frequencies.

A consequence of the proposed interpretation of the ob-
served infrared spectrum is that dichromium species exist
in appreciable amounts on the reduced Cr/silica system,
both when pyrogenic and sol-gel silica is used as support.
Furthermore, Cr(II)-B sites appear to be present in appre-
ciable amounts, most likely exceeding the concentration of
Cr(II)-A.

APPENDIX

Quantum Chemical Models

This study was conducted in terms of two different den-
sity functional theory (DFT) models, denoted as DFT-1 and
DFT-2respectively. In both cases, basis sets of at least triple-
¢ quality were used on all atoms, and closed- and open-
shell systems were described within spin-restricted and
-unrestricted formalisms, respectively.

In DFT-1, which uses a pure generalized gradient-
corrected DFT method, electron correlation is provided by
the functional fitted to the Ceperly—Alder solution of the
uniform electron gas by Vosko et al. (23) together with the
nonlocal correction by Perdew (24). The exchange potential
consists of the Slater functional augmented by Becke’s 1988
gradient correction (25). Molecular orbitals were formed
in atom-centered primitive Slater-type basis sets supplied
with the computer code used, Amsterdam Density Func-
tional (26, 27), and detailed in Ref. (28). Polarization func-
tions were added to all atoms except chromium. Atomic
cores, defined as the K shell for first-row elements and K
and L shells for second- and third-row elements, were kept
frozen. Molecular geometries were converged to a gradient
below 0.001 Ey/A. The numerical integration parameter
was set to 4.5, albeit adjusted to 6.0 in frequency calcula-
tions, which were done by two-point numerical differentia-
tionin the C-O bond lengths. To check for possible coupling
to other internal degrees of freedom, full force-constant
matrices were computed for the T-2 and O-1 complexes.
The O-1 and symmetric T-2 CO frequencies remained un-
changed within 1 cm~!, whereas the asymmetric CO stretch-
ing frequency in T-2 dropped by 6 cm™! compared to the
value obtained from the truncated force field. The infrared
intensities of all relevant modes were found to increase as
the force field was made more complete, albeit with small
changes in relative intensities between modes associated
with the same complex. These changes are within the mar-
gins used when discussing shifts in vibrational frequencies
and intensities. As detailed in Section 3.4 for a dinuclear
site, the vibrational frequency associated with a bridging
CO ligand is notably more affected by truncations in the
force field.

DFT-2 uses the B3LYP hybrid density functional (29) as
implemented (30) in the Gaussian-98 set of programs (31).
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In this functional, exchange effects are modeled by both ex-
plicit Hartree-Fock exchange and effective local and non-
local density functionals. Molecular orbitals were formed
in atom-centered Gaussian-type bases of triple-{ quality
as extended by diffuse and polarization functions and de-
tailed in Ref. (15). The electron density was evaluated at a
grid with 75 radial shells per atom and 302 angular points
per shell. Molecular geometries were converged to a gra-
dient below 0.00045 Ey/Bohr. Vibrational frequencies and
infrared intensities were obtained in the harmonic approx-
imation by analytical evaluation of the Hessian. The algo-
rithm applied when evaluating the Hessian is valid at sta-
tionary points only, and may in principle lead to problems
when used in conjunction with frozen internal coordinates,
as was the case for two of our models (O and D,,). However,
judging from the preceding paragraph, the frozen coordi-
nates couple very weakly to the CO stretching modes, and
hence only minute errors are expected to result from non-
vanishing gradient elements. This view is corroborated by
results from the numerical evaluation of force constants
in the dicarbonyl O-2 complex. In this test calculation,
the Hessian was computed based on gradient information
from geometries in which only freely optimized atoms were
displaced. The resulting CO vibrational frequencies were
within 1 cm~! of those obtained from analytical evaluation
of the Hessian.

A limited number of ab initio coupled-cluster calcula-
tions were carried out to obtain precise CO adsorption en-
ergies. These calculations were performed in geometries as
optimized at the DFT-2 level of theory, and include sin-
gle and double excitations as well as a perturbative es-
timate of the energy contribution from triple excitations
(CCSD(T)). To make the calculations feasible, the basis
sets of the main group elements were replaced by double-
¢ basis sets (cc-pVDZ) (32-34), albeit augmented by the
diffuse s and p functions of the aug-cc-pVDZ sets. The
computed correlation effects were extrapolated toward a
complete correlation treatment according to the parameter-
ized configuration—interaction scheme (PCI-X) proposed
by Siegbahn et al. (35), with X = 83% (36).
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