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Theoretical analysis of d—d transitions for the reduced
Cr/silica system
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Cluster models are constructed for mono- and dinuclear Cr(ll) sites and mononuclear Cr(lll) sites on the Eniffi{@3 catalyst and
used to compute d—d transition energies and intensities. Mononuclear pseudo-tetrahedral Cr(ll) gives rise to two bands of electric-dipole-
allowed d—d transitions, at 8,400 and 12,300 ¢m This doublet is lowered in energy and intensity as the bond angle about chromium,
/OCrO, opens up. The dinuclear site gives rise to bands at 5,200 and 10,300 camsistent with calculations for a mononuclear
cluster of comparable value farfOCrO. A tri-coordinated Cr(lll) cluster shows bands of comparable oscillator strengths at energies of
11,000, 16,000, 18,000—20,000 and 33,000 &niThe predicted bands correspond well with d—d bands in experimental diffuse reflectance
spectra.
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1. Introduction clearity of surface species of the calcined and reduced cata-
lyst [6].

Diffuse reflectance spectroscopy (DRS) has recently beenDiffuse reflectance spectroscopy of the reduced catalyst
launched as a suitable technique for studying heterogenetgxgals two broad bands in the d—d region. Transitions in the
catalysis, as both d—d and charge-transfer transitions of s#200—10,000 and 10,000-13,000 ¢hregions have been
ported transition metal ions can be probed [1]. In partic@ssigned to pseudo-tetrahedral and pseudo-octahedral Cr(ll),
lar, DRS has been used to address the long-standing guespectively [9]. Hence, more than identifying oxidation
tion of the active oxidation state of chromium in Phillipsstates, DRS characterization studies have been used to differ-
catalysts. These Cr/Si(s)-based catalysts are responsentiate between Cr(ll) in different local surroundings. While
ble for more than one-third of the world production othisis animportant step in the direction of identifying the ac-
polyethylene-based polymers [2], yet they remain somewHime site(s) in the Phillips catalyst, one should bear in mind
of an enigma in terms of microscopic composition and struthat assignation of the broad d—d bands is hampered by the
ture. lack of knowledge of the number and positions of the ob-

In the calcined catalyst, chromium is in its hexavalerstervable electronic transitions. For instance, all known coor-
state, either predominantly as monochromate speeigs, dination states of Cr(Il) yield d—d bands in the region 5,000—
on pyrogenic silica supports at low chromium loadings, d4,000 cnm? [5,10]. On this background, there is a need for
both dichromate and monochromate, as found on indubeoretical calculations on models of supported transition-
trial sol—gel silica [3]. The catalyst is reduced before athetal ions [2].
taining full activity, either during the early stages of con- The aim of the present work is to aid future analyses of
tact with ethylene or, in a separate pretreatment step, e d—d region in DRS spectra of reduced Phillips-type cata-
exposing the catalyst to carbon monoxide at elevated telysts as well as model systems thereof. We have constructed
peratures [4]. It is widely believed that after reduction, theluster models of coordinatively unsaturated mononuclear
dominating chromium species is divalent [3], with the reand dinuclear Cr(ll) sites, with mononuclear Cr(Il) bound at
maining chromium present either as unreactive chromia paites that differ with respect to the sterical constraints. Fur-
ticles [5] or as isolated Cr(lll) species [6]. The identificationhermore, a model of mononuclear Cr(lll) covalently bound
of Cr(ll) as the dominating oxidation state is corroborated kg three surface oxygen atoms, has been prepared. State-of-
IR spectra of chromium-carbonyl species, which have be#hre-art quantum chemical methods are then applied to cal-
interpreted in terms of mononuclear (pseudo-) tetrahedrallate electronic d—d transition energies and electric-dipole
chromium(Il) species on pyrogenic silica [7] and both monascillator strengths. The resulting spectroscopic informa-
and dinuclear species on sol-gel silica [8]. Re-oxidatidion is used to discuss assignment in the d—d region (7,000—
of the catalyst reestablishes the initial monochromate-t1,000 cntl) of DRS spectra of Phillips-type model sys-
dichromate ratio, suggesting a connection between the nems.
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2. Computational models

3t - 231'

2.1. Basis sets and methods -

)

The cluster models were studied in their ground-state @

geometries, optimized using the hybrid gradient-correcteek % o—c é
density functional method B3LYP [11-13], as implementec?u 1’3a1

—_— ¥

in the Gaussian-98 program [14]. W by — =,
Molecular orbitals were formed in gaussian-type atom< ot i '\‘:j:::::fH—_,‘_—lle','
centered bases of triplequality (or better) as extended by la, :;‘: eo--mTETIIICC oo 4

diffuse and polarization functions. For H, O, F and Cr, the 2a;
basis sets denoted BZD1P in [15] were used, albeit with -1 71bﬁ_1a1 _________
a set of contracted f functions added to Cr [16] and with d T *—1— 4— le'
functions on O and F redefined iy = 1.292 and 1.750, 2 : : : :
respectively. Silicon was described by a (12s9p)/[6s5p] ba- Cyy 120 / ggrO (01)60 180 Dsy
sis [17], augmented by a set of even-tempered, diffuse s

and p functions and a single set of polarization fur]Ctl(:)rll—sl'gure 1. Walsh diagram of the molecular orbitals with mainly chromium

(ad = 0450) ) 3d and 4s character for divalent mononuclear chromium cluster models with
Transition energies were computed from second-ordefe OCro bond angle in the tetrahedral-to-octahedral range. Orbital ener-

multi-reference many-body perturbation theory as impl@ies are shown relative to the mean energy of the highest occupied and the

mented in the CASPT2 module [18] of Molcas-4 [19]!owest unoccupied orbitals in the ground state, and with all virtual levels

. . iformly shifted to reflect the energy of the lowest d—d transition. The
The reference states were determined at the reStrICe §ments are coded on a gray scale according to increasing atom number

CASSCEF [20] level of theory, with an active space con- H (white) < O < F < Si < Cr (dark gray).
sisting of the singly-occupied orbitals as well as any vir-
tual Cr 3d orbitals. When optimizing orbitals for excited Ae (eV)
states, a low weight (1%) was assigned to each interacting | 4b—
state of lower energy than that of the state sought, to avoid 2a) —
root flipping. All valence electrons were correlated in the 4aj—
subsequent CASPT2 step in order to account for dynamical I 3a,—
correlation energy. Electric-dipole transition moments were e
obtained from CASSCF wave functions in the length repre 3b,—
sentation [21], using the RASSI approach [22]. or b _1_
le4 4 i
2.2. Cluster models 2b14_
-1+
The dominatin [ i lay - 2 j:j: 2a
g mononuclear chromium species of the la, 2

reduced catalyst is divalent and bound by two oxygen es- Al 1b1_1_4_ 1b,
ter linkages to the surface. Based on th®@CrO bond Cs, C,, la,

angle, these divalent species may be classified further
into pseudo-tetrahedral and pseudo-octahedral Cr(ll) sur- , , _ _
face species. An unstrainetOCrO bond angle of a re- Figure 2. Orbital energy d|agrams for a mqnonuclear, trlyalent chromium
. . . .. luster ac-Cr(I11), left), and a dinuclear, divalent chromium clusté, (

duced chromium surface species is expected to lie in t t). Preparation of relative orbital energies and explanation to the gray-
vicinity of 15C°, i.e, close to the/OCrO bond angle of scale coding is given in figure 1.
Cr(OH)(g) [15]. Thus, the silica surface must present some
strain on the chromium sites to support a distribution ahodel were validated by comparison to a much larger cluster
pseudo-tetrahedral to pseudo-octahedral divalent chromiimmwhich the anchoring site was represented by two singly-
surface species. deprotonated hydroxosilasesquioxane clusters. While geom-

The mononuclear Cr(ll) surface species are representedy parameters and atomic charges are virtually identical for
by three cluster models (see figure 1); a pseudo-tetrahedhed two clusters, there is a close-to uniform shift of 0.75 eV
site (T) (left); a pseudo-octahedral sit®) (right); and, a site in 3d orbital energies. However, the constancy of the shift
with an intermediate/OCrO bond anglel] (center). The makes d—d transitions energies agree well between the two
T andl cluster models are similar to those used in previousodels.
work on the reactivity of these sites [23], except that fluorine Our model of a dinuclear chromium(ll) surface species
replaces hydrogen as terminating agent. Guided by previosas constructed by attaching a —OCrOCrO- unit to an an-
studies of silanol groups at the silica surface [24], the ochoring site similar to that used for the mononucl€alus-
tahedral cluster was terminated by trifluorosilanol moietietgr. The resulting cluster model is shown to the right in fig-
to make Cr(OSik)2. The basic electronic properties of thisure 2 and will be denoted Hy.
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Table 1 Table 2
Selected geometry parameters of the cluster models, mononuclear Cr(ll): Computed d—d transition energieB)(and oscillator strengths
tetrahedral T), intermediate I() and octahedral@); dinuclear Cr(Il) D); (f) for mononuclear Cr(ll) clusters.
and mononuclediac-Cr(111).2
Transition T (cm™ 1) f x10°
rcro 'S £ocro £siocr Pseudo-tetrahedral §
cr(in T 1.839 1.619 107.9 127.4 15A; < 15B; 7,700 0
Cr(ll) 1 1.818 1.631 132.3 140.8 15A, « 15B; 8,400 17
Cr(ll) O 1.84 1. 180. 180. 5 5
CrEII; Db 1 233 1 ggg 122 g 128 2 ;5}22 e 12 ’
. : . : 1< 15B; 12,300 17
fac-Cr(l1l) 1.811 1.651 104.0 114.0
Intermediate I()
aUnits: bond length«() in (&), angle () in degrees. 15A; < 15B; 4,700 2
b Geometry parameters uniquemo rcroygqe 1-803 A,/CrOCr 137.5. 15A, « 15B; 4,900 5
15B, « 15B; 10,700 @
The mononuclear chromium(lll) site was represented by ~ 2°A; < 1°B; 10,800 8
a single cluster model, prepared by anchoring chromium to Pseudo-octahedraD)
aring of three silanol moieties bound to one another through 1547 < 15¢” —900 @
oxygen bridges. The resulting cluster model possessgs C  15E « 15¢” 7,200 0

symmetry and is shown to the left in figure 2.
Geometry parameters describing the coordination sphere

of chromium, are included in table 1 for all the clusters useglansitions receive an appreciable electric-dipole oscillator
In structures of @, symmetry,oy, denotes the symmetry strength, namely Lb< 1a and 1h < 1a, at transition

aSymmetry-forbidden in g, (T, 1) or D3p, (O).

plane that contains a CgOnoiety. energies of 8,400 and 12,300 cf respectively. The other
two transitions may gain some intensity through coupling to
3. Results vibrational degrees of freedom. However, since the transi-

tion energies coincide well with those of the dipole-allowed
transitions, additional structure in the spectrum is not ex-

A Walsh diagram for the molecular orbitals with considpected.
erable chromium 3d and 4s character is shown in figure 1, A second set of excitations have their origin in the pro-
for mononuclear Cr(ll) clusters displaying/4DCrO bond motion of an unpaired electron into 3avhich has notable
angle in the tetrahedral-to-octahedral range. components at the ester oxygens. This gives the excitations

The two lowest-lying orbital energy levels shown for thé& mixed d—d and metal-to-ligand character, resulting in high
pseudo-octahedral conformation,’ Fnd 14, correspond transition energies and large oscillator strengths. The lowest
to orbitals that are non-bonding and mainly of Cr;2thd of these excitations, 3a< la, is electric-dipole forbid-
“3d, + 4s” character, respectively. The next two orbitalglen and has an energy of 27,000 ¢mThe other three are
1¢/ and 24, haver* ando* anti-bonding character towardfound with energies of 29,000-30,000 tiand with oscil-
the ester oxygens, with large Cr,3dnd “3d, —4s” compo- lator strengths between 0.002 and 0.03. However, since there
nents, respectively. Since the”1shell accommodates onlyare other transitions that may contribute to spectral density
a single electron in the ground state, the term symbol big-the charge-transfer region, our results do not open for in-
comes’E”. terpretation of this part of the spectrum.

Upon bending the’OCrO bond angle away from linear As is apparent in the Walsh diagram, figure 1, the en-
arrangement, the most pronounced effects are seen for @figy gap between the 1land 1a orbitals decreases steadily
anti-bonding molecular orbitals. The “L&evel splits into with increasing/OCrO bond angle. Hence, the main change
la and 1k, and the 1aorbital receives the single electronin the d—d spectrum upon going frof to the | cluster
because of less* character. The Lborbital is thus unoccu- (/OCrO = 132), is a shift to lower transition energies.
pied and becomes increasingly anti-bonding toward the estdre pattern of two distinct bands prevails, but now shifted to
oxygens, displaying both* ando* character. The largest4,900 and 10,800 cnt. The associated oscillator strengths
change in stability is seen for the unoccupied 2e) or- are also notably lowecf. table 2.
bital, due to decreasing™ character. Only minor changes The trend of converging orbital energies continues to full
are observed for 1@nd 13 as they transform into orbitals degeneracy at the pseudo-octahedral site. Moreover, the
of a; and by, and a symmetry, respectively, makirfi@3; the ~close proximity of 1aand 1€ makes it difficult to ascertain
ground state. the ground state of th® cluster. While density-functional

Vertical d—d transition energies of the mononuclear Cr(Ifheory predicts a ground-state electronic configuration of
clusters are presented in table 2. Starting with the pseudd€)?(14))*(1€")*, Hartree—Fock has a strong bias toward
tetrahedral cluster modeT}, the four lowest d—d transi- (1€)2(1€")?, to the extent that even at the CASPT2 level of
tions correspond to excitation of an electron from one dlfieory, the latter is lower, by 900 crh. Going to even more
the four singly-occupied molecular orbitals into the lowaccurate theories, the energy difference between these two
est unoccupied molecular orbital, LbOnly two of these states is reduced to 200 ¢ without really resolving the

3.1. Mononuclear Cr(ll) sites
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Table 3 Table 4
Computed d-d transition energied’)( and electric-dipole oscillator Transition energiesl() and electric-dipole oscillator strengths
strengths () for the dinuclear chromium(ll) clusté. (f) for d—d transitions from théAz ground state of théac-
Cr(I11) cluster.
Transition T(em1)  fFx10° Orbital transitions
Transition T (cm 1) f x10°
197, <« 19A; 3,600 ¢ 23 — 3ar; 2bp — 3by
29A; <19, 4,200 3 23 — 3a; 2b; — 3b; 14A; < 14A, 8,500 ¢
1981 « 1974 4,700 2 23 — 3by; 2by — 3a 19E < 19A, 11,300 43
198, « 1974 5,200 16 2b — 3a; 28 — 3by 24E < 14A, 16,200 37
298, « 194, 10,000 0 (2by, 2by) — (33, 3by) 247, < 14A, 18,000 29
(2ay, 23) — (3a, 3by) 34A5 « 14A, 19,800 25
29, <19, 10,100 ¢ lap — 3ap; 1by — 3by 34E «— 14A, 32,800 42
29B; < 19, 10,300 14 la — 3by; 1b — 33 2 : :
39A1 - 19A1 10,400 9 13 — 3ay; 1b; — 3by Symmetry forbidden in &,.
398, « 19 10,700 0 1bp — 3a; 1 — 3b;
3%, « 19 10,800 ¢ (2ay, 2bp) — (3, 3by)
. . (23, 2by) — (32, 3b) 3.3 Mononuclear Cr(111) sites
4971 <194 11,500 0 (2ay, 2by) — (3a, 3by)

aSymmetry forbidden in &,. . I .
b Orbitals optimized in a state-average CASSCF calculation, with weight Even though the emphasis of the present contribution lies

factors of 15, 15 and 70% on the first three root¥Bp symmetry, re- O divalent chromium Sp_eCie_Sv it was d_eeme_d necessary to
spectively. include also Cr(lll) species in order to identify transitions
. ] . that may be used to distinguish the two oxidation states from
issue of the ground state. Here it suffices to conclude thatthge another. The ground state of tree-Cr(I11) cluster
linear, pseudo-octahedral site gives rise to a single d—d bagfyyn 1o the leftin figure 2, is well described by the electron
at a transition energy in the range 7,000-8,000 tnSince configuration (1g)l(1ef, high-spin coupled tdA,. Three

the transition is eIect_rlc-dlpoIe forbu_ﬂden and, moreover, %ht of the five lowest excited states derive from the singly-
least partly overlapping with a relatively strong band from_ .

1 : : L
the tetrahedral sites, it may be difficult to use d—d transitioﬁ%( ztedE(laL (ley(2e) con.f|gurat_|ron, g'|\./|ng nsehto fs;ates
to identify pseudo-octahedral sites. OT Ay, E and A symmetry in Qi"' ran§|t|qns ot & 2
state, computed at 8,500 ¢ is electric-dipole forbidden.
The first transition to receive appreciable intensity goes to
14E, at 11,300 cm!. This state contains some mixing with
The molecular orbitals of the dinuclear, divalent chromihe (1ef(2e)! configuration, which in turn is dominating the
um cluster may be understood as symmetrized analogoughifd excited state, 2E, at 16,200 cm’. However, both
orbitals already described for the mononuclear case. Tigie)(2ef and (1a)'(1e)(2e) provide important contribu-
implies that each electronic transition is typically describetibns to 2*E.
by two one-electron excitations, making a multi-reference The two next excited states, ®h, symmetry, are mainly
description mandatory. Electronic d—d transitions derivescribed by the (13(1e)(2e) and (1a)!(2e¥ configura-
their intensities from excitation of unpaired d electrons intgons. The mixture of these two configurations is important
the virtual 3k and 33 orbitals,cf. theright side of figure 2. yjith respect to the strength of the associated dipole transi-
When proper account of configuration interaction is madggns j e, the transition-dipole moment is expected to cor-

the spectrum emerging in table 3 is one quite similar to thad|ate with the weight of the singly-excited configuration.
of the intermediate mononuclear cluster,There are tWo gjnce 24A, and 34A, have quite similar energy it is con-

electric-dipole-allowed bands, one at 10,300 ¢frconsist-
ing of two transitions, and a low-energy band at 5,200 ¢m
The resemblance to the spectrum computed fsuggests
that at least in the d—d region, the dinuclear site is acting
two mononuclear sites of matchigg@CrO bond angle.

In addition to the dominating electric-dipole bands, th 3000 1 higher i h h d Iti
dinuclear cluster shows several dipole-forbidden transi~ cm= higher in energy than the ground state. It is

tions below 5,000 cm. In agreement with this, the low- Mainly described by the (1%026)2 configuration, but bor-
est doubly-excited state is found as low in energy d8WS dlpol_emtensnythrough|nt_eract|on with _smgly-egcm_ad
10,000 cnt?, albeit with negligible oscillator strength in theconfigurations.  From the orbital energy diagram in fig-
dipole approximation. Doubly-excited states are indicatéd€ 2, the first excitation to the second-lowest virtual or-
in table 3 by grouping pairs of orbitals within parenthese8ital, 2a, gives rise to #E term. Using the energy of
Single excitations to 4aand 4h are found at transition en- 4 *E as a lower limit, we can conclude that excitations
ergies in excess of 30,000 cth as previously found for to virtual orbitals with notable Cr 4s character lies above
the mononuclear clusters. Again, these were not explortie d—d region in the spectrum, as was the case for Cr(ll)
in depth. sites.

3.2. Dinuclear Cr(Il) sites

ceivable that one of these peaks may become significantly
stronger than the other. The main point here is that we ex-
ect an electric-dipole active band in the region of 18,000—
8,000 cntl, possibly with some structure.
The fourth excited state ofE symmetry lies some
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4. Discussion suggest this band to receive intensity from both Cr(lll) and
pseudo-tetrahedral Cr(Il)-species.

It is of interest to compare our computed d—d transition Weckhuyseret al. [6] observe bands also at 15,500 and
energies to those observed for the CO-reduced Phillips c48,500-21,000 cm' and assign these to Cr(lll) species.
alyst. Considering only electric-dipole-allowed transitions} his is in excellent agreement with our calculations, given
the calculations give rise to bands at the following posthat the energy of the second band is computed some
tions (cluster models)~5,000 cnt? (I, D), ~8,500 cnt! 1,000 cnt! too low. Again, this is well within reach by re-
(T), ~10,000 cn? (I, D), ~11,000 cnt® (fac-Cr(l11)), laxationto aless symmetrical geometry than the one realized
~12,500 cm! (T), ~16,000 cmr! (fac-Cr(l11)), and in our cluster. Zecchinat al. observe the~15,000 cnt
~18,000-20,000 cmt (fac-Cr(111)). transition only as a shoulder, yet make the same assignment

Weckhuyseret al. conducted a literature survey of theto Cr(lll) [10].
DRS absorption bands of the CO-reduced Phillips cata- From the discussion thus far, there are some notable
lyst [6], and it is evident that the reported spectral charagifferences between the d-d spectra recorded by Zecchina
teristics vary with both sample preparation and what is rét @ [10] for chromium on pyrogenic silica, and those
garded to constitute a band. We will base our comparison B#Ported by Weckhuysert al. [3], using sol-gel sil-
an extensive study conducted by Zecchghal., as well as ica as support. DRS spectra of reduced catalysts based
later work by Weckhuysen and coworkers. on pyrogenic silica show two main pe_aks, at 8,000 and
There are no experimental reports on band maxima 3500 ¢, respectively, corresponding to tetrahedral
low in energy as 5,000 cnt; we can only conjecture that mononuclear Cr(ll) sites. Add_ltlonally, a shoulder is re-
this may be due to lower-than-computed intensities or linR0rted [10] at 10,000 cn’_il, possibly due to a small popula-
itations during recording of the spectra. The first observdi@n Of dinuclear Cr(ll) sites. Alternatively, it may be taken
band is found at 7,500-8,000 cthand assigned to coor- in evidence of a bimodal distribution of mononuclear Cr(ll)

dinatively unsaturated Cr(ll) [25,26,5], in agreement witf§It€S With respect to theOCrO angle. _
our result for theT cluster. The next band was observed 'N DRS spectra of reduced catalysts based on sol-gel sil-

by Zecchinzet al. at 10,000 cm? [10], as a shoulder to an- ica [3], the first peak is found at 10,000 cf with no sign

other band at-12,500 cnv2. Weckhuyseret al. observe the pf a shoulder at the low-energy side. A likely explanation

same bands [6], and both groups see these transitions as'%\yhle rlnoe rggr oftthe tvyo first ba_ndtshobcs:erl\ll eccii.by Zleccrtuna
idence for more than one coordinative situation of Cr(ll). I?t al. [ ]I ue t'o a_rl‘_hmcrea.f.e n ftﬁ {g éoolnu?ceark- 0-
is suggested that the12,500 cnt! band may be ascribed mononuclear ratio. € position otthe s, cea

to chromium in an octahedral coordination, while the bang not affected by the shifted position of the first peak, in

at 10,000 ¢t may be due to a GF ion in a lower sym- agreement with this interpretation. Noteworthy, the band at

metry [6]. Our calculations lend support to the main conclul—5’.000. cnr® is observed |rresp¢ctlye of the support type,
indicating a small Cr(lll) population in both cases.

sions from the experimental studies; the two bands in ques-

. : . : . The good correspondence between our calculated and the

tion may be assigned to divalent chromium species that ar, e . .
e 7 observed d—d transition energies support the widely accepted

differing in the local geometry about the metal. However, we

. N . ' view of divalent chromium as the main surface species after
find the 10,000 cm! band to be indicative of chromium in P

th trained i ither bound Ireduction of the catalyst. However, assuming that silanol
arafherunsirained geometry, €linérboundas a monoNUCEAY oy ane moieties may coordinate weakly to Cr(ll) sites

species to S'“.Ca or as part of a dinuclear surface SPeClRthout significantly changing the d—d transition energies,
The_band at higher energy Would_then corresp(_)nd to a MAffs does not exclude a population of chromium species that
strained mononuclear Cr(ll) species, characterized by a Nafe coordinatively less unsaturated than our cluster models.
row ZOCrO angle. The lack of reports of &5,000 cnT! band may indicate that

_ Cr(ln) species may also give rise to dipole-active tran e coordination of additional ligands may affect intensi-
sitions in this energy region, as evident from the transiras more than peak positions.

tion computed at~11,000 cnt? for the fac-Cr(I11) clus-

ter. Our cluster is probably too strained to be representa-

tive for Cr(lll) species at the silica surface; one may easily Conclusion

envisage distortions to localsGymmetry that will relieve

the strain while keeping the pattern of three covalent ester |n this study, theoretical cluster models have been used
linkages to the surface. This implies that while we expe@b compute d—d transition energies and electric-dipole oscil-
thefac-Cr(l11) cluster to constitute a useful model, individ{ator strengths for mononuclear and dinuclear Cr(ll) species
ual transition energies may well be off by 1,000chtom-  as well as mononuclear Cr(lll) species. The computed tran-
pared to what is correct for the majority of Cr(ll)-species aition energies agree well with what is observed experimen-
the silica surface. Experimental spectra show no signs ofally, lending credibility to our results.

band at~11,000 cn?, suggesting that this band is indeed The d—d electronic spectrum contains several bands that
shifted into either of the 10,000 cm and~12,500 cmt?  may be used to identify specific coordination and oxidation

bands. Based on the higher intensity of the latter [10], watates of chromium. In particular, the band-&,500 cnt?!
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is unique to mononuclear Cr(ll) with a narraDCrO an-
gle (“tetrahedral” site). Furthermore, transitions-t6,000
and ~18,000-20,000 cm are characteristic for Cr(lll). []
A shoulder at~10,000 cn1? is, on the other hand, found 8]
to receive contributions from both mono- and dinuclear
Cr(ll), and possibly also from Cr(lll). For samples that are
fully reduced to Cr(ll), this band may be useful to idenH0l
tify chromium sites with a widezOCrO angle. The same
reasoning applies to the band-a12,500 cnt?, in the ab-
sence of the Cr(lll)-specific bands; this peak may serve ey
quantify tetrahedral Cr(ll) sites. In the energy range beloja)
30,000 cmr!, we have not found any transitions well suited5]
for quantification of dichromium species.
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