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in Solution Using UV-vis Absorption Spectra
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The dissolved structures of mono- and dinuclear chromate species, CrO4%2~, HCrO4~, HyCrOy, and Cr072~
in aqueous solution were estimated by optimizing their structure models so that UV-vis absorption spectra
reproduced from molecular orbital calculation DV-X fitted to the experimentally obtained component spectra.
It is demonstrated that bond order obtained by Mulliken’s population analysis gives useful information to explain
why dimerization reaction of HCrO4~ to form CraO7%~ proceeds easily.

Chromate salts are useful oxidizing agents due to
its strong oxidation ability; but the reactivity depends
upon the pH of the solution. There are a variety of
chromium(VI) species in solution. In neutral or al-
kaline solutions, chromium(VI) exists as a tetrahedral
inert ion CrO42~.Y In acid solution, protonation gives
rise to a hydrogen chromate ion (HCrO4~)? and a dihy-
drogen chromate (chromic acid, H,CrQ4).> Dichromate
ion, Cry0727, is also formed in the high concentration
solution (>107* moldm~3) of HCrO4~ in the pH range
1—5. The hydrogen dichromate ion, HCr,O7~, was
once reported,® but later was found to be insignificant
in most studies.*®

The hydrogen chromate ion HCrO4~ has a tendency
to easily form esters with other species containing -OH
groups. The formation of the dichromate ion is the
archetype of this reaction.

2HCrO4~ = Cr20,°~ + H20 (1)

Changes in the electronic absorption spectra of
HCrO4~ in the presence of oxyacids, such as HSO, ™,
HyPO,~, HPO3~, and HS,03~, have been interpreted
as indicating formation of the 1:1 esters.? Kinetics of
the oxidation of the solution indicates that the for-
mation of such esters precedes the redox processes.
The HCrO4~ exchanges rapidly the oxygen with sol-
vent water although the CrO42~ is relatively inert.®
For most redox reaction the equilibrium described by
Eq. 1 is established more rapidly than the redox reac-
tion proceeds; and it is impossible to determine whether
the rate law depends on [HCrO4~]? or [Cry0,27],
although the latter interpretation is favored. Equi-
librium constants on chromium(VI) ions have been
reported elsewhere.” 10

An analogous oxyacid molybdate rather prefers much
aggregated species such as heptamer or octamer.'!'?
In order to understand the difference of the reactivity
on aggregation, the details on the electronic states of
the monomer species in solution have to be known. If

the informations on the dissolved structures of these
species are given, their electronic states are also ob-
tained through the molecular orbital calculation (MO).

The conventionally available methods to determine
the dissolved structure of the species in solution, X-ray
diffraction, neutron diffraction, EXAFS, and so on, are
however not adequate for this sort of solution system
containing very low concentration species such as the
HCrO4~. On the other hand, ultraviolet/visible (UV-
vis) absorption spectra come from electronic transitions
between molecular orbital levels of the species. If the
structure of the ion changes, the UV-vis spectrum also
changes. It is possible to optimize the structure model
of the species so that the spectrum expected from the
MO calculation using the structure fits to the measured
spectrum.!®

Usually the UV-vis spectrum measured by the exper-
iment is overlapped one to which a couple of species
contribute. In such cases a chemometrical technique, a
factor analysis with equilibrium constraints (FAEC),!?
can be applied to extract pure component spectrum for
each component species.

In this study, several possible structures of chromium
(VI) ions were assumed as shown in Fig. 1; and the
most probable structures of the species in solution were
estimated. In addition, the relationship between the
electronic states and reactivity on dimerization was ex-
amined. The effect of hydration of the CrO42~ ion on
its UV-vis spectrum was also discussed.

Experimental

UV-vis absorption spectra of the solutions of 6x107*
moldm ™ NayCrO4 and 0.5 moldm™® NaClO4 with var-
ious pH values (from —1.5 to 9) adjusted with NaOH or
HClO4 were obtained. In the case that the concentration
of used HCIO4 was higher than 0.5 moldm™3, the value of
pH was calculated from the activity: the product of nominal
concentration of HClO4 and activity coefficient.'*) The UV-
vis spectra of the solutions of various concentrations (from
6x107* to 5x107% mol dm™2) of Na;CrO,4 with pH 3.5 were
also measured. The FAEC was applied to these spectra; and
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Fig. 1. Illustrations of cluster models used for the molecular orbital calculations. As to the values of bond length and

bond angle, see Table 1.

the pure component spectra of CrO42~, HCrO4~, HoCrOy,
and Cry07%~ were extracted. These spectra are consistent
with the ones already reported elsewhere.!) In the following,
the term ‘observed spectrum’ is used to remark the pure
component spectrum extracted by the FAEC.

In order to get the correct peak positions of a spectrum,
peak separation treatment was carried out for each observed
spectrum, after the abscissa was altered from nm-unit into
eV-unit. Here, a peak was modeled by a product function
of a Gaussian and a Lorentzian:

I(E) = Hexp (—Bg(E — Eo)*)/[1+ BL(E — Eo)’]  (2)

where Bg and B are half width parameters of a Gaus-
sian part and a Lorentzian part, respectively. H is the peak
height at the peak center (Ejp).

Computational Method

The molecular orbital (MO) calculation of compounds
such as oxyacids including transition metals by the first prin-
ciples is one of the interesting problems. Discrete variational
(DV) Xa method based on the self-consistent Hartree-Fock—
Slater (HFS) one-electron model with the statistical approxi-
mation of exchange-correlation has successfully been applied
to many problems.'® In the DVXc the matrix elements of
Hamiltonian and overlap integrals are calculated as weighted
sums of integrand values at discrete sample points. In the
present calculation, numerical basis functions were utilized.

The exchange-correlation term is given by a statistical
local expression:

Vie(r) = —3a[(3/8m)p(r)]'/® (3)

where a is the only parameter used in the DVXa method.
For many metal complexes, it has been shown that theo-

retical dipole moments as well as ionization energies are in
excellent agreement with experimental values when a=0.7 is
used.'® Therefore, «=0.7 was used throughout the present
calculation.

In this calculation, one-electron energy is given by the
partial derivative of the total energy with respect to the oc-
cupation number of orbital i. Here, a concept “transition
state” is useful to determine excitation energies. The exci-
tation energy from the dth orbital to the jth orbital is given
as the difference of the corresponding eigenvalues ¢; —¢; for
the transition state, where a half electron is removed from
the ith orbital and put into the jth orbital.!®

Evaluation of the peak intensity is possible by using the
modified routine of the so-called SXS calculation developed
for the study of the soft X-ray emission spectroscopy.”
Here, the transition probability I for the transition where
an electron in the initial level v falls into the final level c is
written as

Ie ~ E3. | £(i,§)CivCje < ¢i | er | ¢; > (4)

where Ey is the transition energy between two levels v and
¢; ¢; and ¢; are the numerical basis functions. The eigenvec-
tor Cjy and Cjc based on an LCAO scheme can be obtained
from the MO calculation.

In the DV numerical integration scheme, all integrals in
this equation are evaluated as weighted sums of integrand
values at sample points taken in the three-dimensional real
space. Rigorous calculations of this equation are possible
without any approximation. When the transition state is
taken for the calculation, the orbital reconstruction effects
between the initial and the final state are properly included
in the transition-state cluster. It means that the peak in-
tensity calculated is more accurate with the transition-state
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cluster rather than with that of the ground-state. In actual
calculation, a part of Eq. 4, so called square of the transition
momentum

I2(4,5)CivCjc < ¢iler|d; > |2, (5)

is calculated as an estimation of a peak intensity. In order
to make easy the comparison of the observed spectrum to
the reproduced one by the MO, the latter was convoluted by
Eq. 2 with the half width parameters, Bo=16.0 and BL=0,
throughout this study.

On the other hand the Mulliken population analysis gives
bond overlap population called bond order, which is a mea-
sure of the strength of covalency. Although the DVXa
method is not suitable for the calculation of accurate to-
tal energy,'® evaluation of this bond order gives a good
criterion on the stability of the cluster.

The basis sets for the DVXa include Cr 1s-4p, O 1s-2p,
and H 1s. The used computers were a Sony NWS 3860 work-
station for the DVXca, and an NEC9801 for data treatments
including the FAEC.

Results and Discussion

Cluster Model of CrO42~ Giving the Best Fit
to UV-vis Spectrum. In Fig. 2 the observed
spectrum of chromate ion, CrO4%~, is shown at the
first panel; and the result of the peak separation at
the second panel. The structure of the CrO42~ has
been reported as tetrahedral (Tq4); and the interatomic
distances between Cr—O in crystals are about 1.60
A for NayCr04.'® 1.64 A for CaCr04,2” 1.60 A for
(NH4)2CrO4.2Y A hypothetical octahedral (Oy) struc-
ture shown in A2 of Fig. 1 was also examined for com-
parison. This species A2 with six equivalent Cr—OH
bonds, Cr(OH)g2~, can be rewritten in another way as
CrO42~ +(H20),. Furthermore, a hydrated Tq species
CrO42~ - (H20)4 shown in A3 of Fig. 1 was also ex-
amined.

When the Cr-O distance 1.62 A was used for the
structure A1, the molecular orbital levels were given as
shown in Fig. 3. A molecular orbital level 1t;, is the
highest occupied orbital, and 2e; is the lowest unoccu-
pied orbital. The occupied orbitals are mainly consisted
of 2p orbitals of oxygen atoms; and the unoccupied or-
bitals are mainly consisted of 3d orbitals of Cr atom.
Therefore the electronic transitions are categorized to
the charge-transfer transition from oxygen 2p orbital
to chromium 3d orbital. The lowest energy transition
corresponding to the transition from 1t;, to 2e; is 4.69
eV; however, it is too large as compared with the peak
energy observed as the lowest energy absorption of the
component spectrum, 3.35 eV. When the Cr-O dis-
tance was altered, the reproduced spectrum came to
agree with the observed one at Cr-O=1.77 A as shown
in A1l panel of Fig. 2. This distance is about 10% long
as compared with those reported for the most crystals.
The ones obtained for the melten solution by using the
EXAFS method are still 1.613—1.617 A.2?

This discrepancy seems to be coming from two causes:
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Fig. 2. First panel: component spectrum of chromate
ion CrO42~; the second panel: result of peak sepa-
ration; and the spectra reproduced from DVXa-MO
calculation using the cluster models, A1, A2, and A3.
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Fig. 3. Energy levels of the CrO4%~ species with Cr—

O distance 1.62 A for transition state cluster Al; and
the contributions of atomic orbitals.

The first is that the A1 cluster of CrO4%~ is the one put
in vacuum. In solution CrO42~ ion is surrounded by
some water molecules. The A3 cluster of Fig. 1 is the
one that the CrO42~ is assumed to be surrounded by
four water molecules. In this cluster, the hydrogen bond
length (Cr)O-H-O(H) was taken as 2.85 A, according
to a literature where the hydration structure of per-
chlorate ion was studied by X-ray diffraction method.?®
Then, the optimum Cr-O distance becomes a little bit
shorter value 1.74 A; and the reproduced spectrum is A3
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of Fig. 2. It means that when the effect of hydration
is rigorously taken into account, the optimum Cr-O
distance becomes much shorter.

Another reason for the discrepancy in the Cr-O dis-
tances is ascribed to the uniqueness of the absorption
peak observed at 3.35 eV. This absorption has been
assigned to a vibronic transition, coupling with the to-
tally symmetrical vibrational excitation. The vibration
is in rigorous resonance with the electronic transition.
Using the crude Franck—Condon model, a study on the
excited state geometry for the CrO42~ has reported that
in aqueous solution the excited state Cr—O bond length
may be expanded by 0.115 A than that in the ground
state.?Y Then 1.62 A+0.115 A becomes 1.735 A; this
value is very close to the one (1.74 A) used at the hy-
drated cluster A3.

It seems that the Cr-O distance now obtained for
the cluster A1, 1.77 A, is a kind of parameter which
takes into account the solvation effect and the vibroni-
cal effect under irradiation from light source of the spec-
trophotometer. In the following discussion, we ignored
the solvating waters from cluster models, and simply
adjusted the distance between Cr-O so as that the re-
produced spectrum fitted to the observed spectrum.

The fitting in shape of the component spectrum to
the reproduced one from MO is very good when the Al
(and A3) cluster is used. However, when an another
cluster model A2 with the Oy center is used, the shape
of the reproduced spectrum A2 of Fig. 2 differs from
the component spectrum. In this case, the distance be-
tween O—-H was kept constant 0.96 A, and the distance
between Cr—-O was optimized so that the lowest energy
transition peak of the reproduced spectrum consisted
to that of the component spectrum. It means that the
Oy, centered cluster is not adequate to represent the real
structure of the CrO42~ ion in solution.

On the other hand, the bond order obtained from
Mulliken’s population analysis gives large positive value
0.383 to the Cr—O bonds when the Al cluster (Tq)
used, but some large negative value —0.370 when the
A2 (Oy) cluster used, as shown in Table 1. The bond
order is a measure of covalency. The large positive value
means a strong covalent bond, and the negative value
means an anti-bonding character. Negative values of
the A2 cluster indicate again that the Oy, cluster is not
favored. As a result, we can conclude that the chro-
mate ion, CrO42~, exists as the Tq ion not as the Oy
ion, only from the interpretation of its UV-vis spectrum,
although this conclusion is so well known to us.

Cluster Model of HCrO4~ Giving the Best Fit
to UV-vis Spectrum. In Fig. 4, the observed spec-
trum of hydrogen chromate ion (HCrO4™), the result
of the peak separation, and the spectra obtained by
the MO calculations assuming B1, B3, and B4 clusters
(Fig. 1) are shown. In any cluster, the distance between
O-H was kept constant 0.96 A, and Cr-O distance was
optimized. Even for this ion, the discrepancy between
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Fig. 4. First panel: component spectrum of hydro-

gen chromate ion HCrO4 ™ ; the second panel: result
of peak separation; and the spectra reproduced from
DVXa-MO calculation using the cluster models, B1,
B3, and B4. The ‘v’ marks denote the possible com-
ponent peaks corresponding to the ones separated at
the second panel.

the observed spectrum and the reproduced one assum-
ing the Oy, cluster B4 was obvious. It is concluded that
the HCrO4~ ion has a T4 center, not an Oy, center. The
reproduced spectrum using the cluster B2 is not shown
in Fig. 4, but is almost same as that of B3 of Fig. 4.
Among Bl1, B2, and B3 having the Ty center, the Bl
has a straight Cr-O-H bond. And in the B2 and the
B3, the Cr—O-H bond is bent; the angle of Cr-O-H
has been assumed to be 109° 28’, the ideal tetrahedral
angle. In the B2 case, the hydrogen atom is existing
just over another Cr-O bond; but in the B3 case, the
hydrogen atom is existing over the mid of other two Cr—
O bonds. The reproduction by the MO gave the closest
spectrum at the B3 (or the B2) cluster to the compo-
nent spectrum. The ‘v’ marks in the B3 panel of Fig. 4
denote possible component peaks corresponding to the
ones separated at the second panel of Fig. 4. The Cr-
O bond orders also took the maximum values (0.406
and 0.046) when the B3 cluster was used. When the
B2 cluster was used, the bond orders became a little
bit smaller. Thus, the B3 cluster seems to be the most
preferable structure of the HCrO4~ ion, although the
B2 and the B3 seem to be easily altered as the hydro-
gen atom can rotate around an upward Cr—O bond.
Cluster Model of H,CrO4 Giving the Best Fit
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Table 1. The Values of Bond Length and Bond Angle

Structure® Interatomic Net charge Bond order
distance/A
Cr-0; Cr-O, O-H Cr O Op? H Cr-0; Cr-Op, Op-H
CrO4%~
Al 1.77 +1.962 —-0.991 0.383
A2 1.60 1.60 096 +3.313 -1.082 -1.290 +0.502 0.101 -0.370 0.535
HCrO4™
B1 1.73 1.73 0.96 +2.099 -0.813 -1.181 +0.521  0.399 0.007  0.545
B2 1.73 1.73 0.96 +2.034 -0.810 -1.078 +0.474 0.401 0.025 0.514
B3 1.73 1.73 0.96 +2.020 -0.808 —1.069 +0.472 0.046 0.046 0.516
B4 1.65 1.65 096 +3.139 -0.776 —1.187 +0.514 0.297 -0.129 0.539
HQCI‘O4
C1 1.73 1.73 0.96 +2.183 —0.583 —1.088 +0.580  0.465 0.102 0.522
C2 1.73 1.73 096 +2.009 -0.578 —0.940 +0.513 0.484 0.148 0.504
C3 1.73 1.73 0.96 +2.014 -0.600 —0.917 +0.510 0.484 0.148 0.506
C4 1.68 1.68 0.96 +3.151 —-1.089 +0.564 —0.007  0.522
Cr2072_
D 1.72 1.85 +1.961 -0.815 —1.031 0.428 0.214

a) Oy :terminal oxygen; Oy, : bridging oxygen such as Cr—-O-H, Cr-O-Cr. b) bond angle ZO-Cr-O 109° 28’ (A1,
B1, B2, B3, C1, C2, C3, D); 90° (A2, B4, C4). bond angle ZCr-Op,—Cr 120° (D).

to UV-vis Spectrum. In Fig. 5, the observed spec-

trum of dihydrogen chromate (HyCrQOy), the result of H.CrO
peak separation, and the spectra obtained by the MO e
calculation assuming C1, C2, C3, and C4 clusters of Observed

Fig. 1 are shown. In any cluster, the distance between
the O—H was kept constant 0.96 A, and the Cr-O dis-
tance was optimized. In this case, the possible orien-
tations of bonds are so flexible that the fitness of the
component spectrum to the reproduced one is not bet-
ter as compared with the case of the CrO42~ or the
HCrO,~. However, it is obvious that the discrepancy
between the observed spectrum and the one reproduced
assuming the Oy center C4 is large. The HoCrO4 has
not an Oy, center. The clusters C1, C2, and C3 have the
T4 center. The cluster model C1 has two straight Cr—
O-H bonds. On the other hand, there a lot of combina-
tions of bending forms of Cr—~O-H bond, such as C2 and
C3. Thirteen typical combinations were examined. As
a result, the cluster C2 seemed to be the most preferable
one when the result of peak separation and the peak po-
sitions of the C2 cluster (denoted by the ‘v’ marks) were C4
examined. In addition, this cluster C2 has the largest

Lol pbetbd 11

Molar Extinction Coefficient / a.u.

Wt sty Jioah

bond orders of the Cr-O (0.484 and 0.148) among the | Jl “ 1
candidates. Thus, the C2 cluster is favored, but is not > 25 3 35 S s 5 s
necessarily only possible cluster in solution because two Energy / eV
hydrogen atoms can rotate around their connecting Cr— Fig. 5. First panel: component spectrum of dihydro-
O bonds. 2 .. . gen chromate HoCrOy; the second panel: result of
Cluster Model of Cr;07°~ Giving the Best Fit peak separation; and the spectra reproduced from
to UV-vis Spectrum. In Fig. 6, the observed spec- DVXa-MO calculation using the cluster models, C1,
trum of dichromate ion (Cr,O727), the result of peak C2, C3, and C4. The ‘v’ marks denote the possi-
separation, and the spectrum obtained by the MO cal- ble component peaks corresponding to the ones sep-
culation assuming the cluster D are shown. In this case, arated at the second panel.

the distance between the O—-H was kept constant 0.96
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Fig. 6. First panel: component spectrum of dichro-
mate ion Crz0727; the second panel: result of peak
separation; and the spectra reproduced from DVXa-
MO calculation using the cluster model D.

A, and two kinds of Cr-O distances — one is Cr—Oy
(terminal), and the other is Cr-Oy, (bridge) — were op-
timized. In this estimation of peak intensities (Eq. 5),
the calculation did not converge; thus all peak inten-
sities were set to be same in order to reproduce the
component spectrum. As a result, the D cluster shown
in Fig. 1 was recommended, which gave the best fit be-
tween the observed spectrum and the one reproduced
from MO calculation. This cluster gave the large posi-
tive values (0.428 and 0.214) to the bond orders.

Interpretation of Dimerization Reaction Based
on Bond Orders. In the above discussion, two kinds
of criteria were used to assign the preferable structure
to each species: The first is the degree of fitness be-
tween the observed component spectrum with the one
reproduced from the MO. The second is the value of
the bond orders among pairs of atoms constructing the
cluster. The bond order is a measure of the covalency.
The bigger the bond order, the stronger the covalency,
and more stable the species is. Table 1 shows that the
bond order of Cr—OH of the HCrO4~, 0.046, is smaller
by almost one order than that of Cr—Q of the CrO42~,
0.383, and than that of Cr—OH of the HoCrOy4, 0.148.

We have recognized that the quantity, bond order,
can be used to understand the lability of a reaction.
Now consider the dimerization reaction shown by Eq. 1.
The equilibrium constant Kp can be expressed by using
a rate constant of the forward reaction k; and that of
the backward reaction k_ :
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Kp = ky/k- (6)

If an activated state complex expressed as B of Fig. 7
is assumed, and if it is allowed to assume that the bond
orders of the dotted bonds of this complex (B) are suf-
ficiently small, the forward rate constant k; (for dimer-
ization: A—B) should be proportional to the easiness of
the break of O3Cr—OH bond (al) and that of O3CrO-H
(a2). On the other hand, the backward rate constant
k_ (for monomerization: C—B) should be proportional
to the easiness of the break of O3Cr—QCrO; (cl) and
that of HO-H (c2). From the Table 1, the bond order
of Cr—0 in the O3Cr—OCrOs3 (cl: 0.214) is larger than
that in the O3Cr-OH (al: 0.046); and the bond order
of O-H in the HO-H (c2: 0.523) is larger than that in
the O3CrO-H (a2: 0.516). Here, the bond order HO-H
in (H20)s cluster was otherwise calculated. These com-
parison of bond orders indicate that the k_ is smaller
than the k;; in another word, the dimerization is much
favored as compared with the monomerization. In fact,
the rate constants for a following reaction have been
reported:?®

+ - -k 2- +
H™ + HCrO4~ + HCrO4 O Cr:07” +H. O+ H (7

where k; =6.2x10° dm®mol=2s~! and k_=6.3x10°
dm3 mol~1s~1. If there are sufficient number of HCr-
04~ ions in solution, the formation of CroO72~ should

Fig. 7. Schematic illustration of dimerization/mono-
merization reactions; A: HCrOs~ +HCrO4™; B:
a hypothetical activated state complex; and C:
Cry0727 +H0. Dotted lines indicate weak inter-
actions; and the marks al, a2, cl, and c2 denote the

bonds (See text).
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be easy.

In a similar manner, a hypothetical dimerization re-
action of the HoCrO4 to form a corresponding dimer
species HoCroO7 can be examined.

2H2CrO4 = H2Cr207 + H20 (8)

If it is allowed to assume that the bond orders of the
hypothetical HyCr,O7 are of same order with those of
Cry0+2, it comes that the bond order of Cr—O in the
(HO)O2Cr-OH (H2CrOy4: 0.148) is of same order with
the value of the Cr—O in the (HO)O2Cr—OCrO,(OH)
(H2Cr207: 0.214 from Cry0727). It means that the
break of the Cr—O in the HyCrOy is not so easy as com-
pared with that in HCrO4~; no large enthalpic merit
can be expected for the dimerization of HoCrOy4 to form
HyCr;07. Rather, a disadvantage coming from the loss
of randomness (entropic disadvantage) due to the de-
crease of the number of free species is expected. No con-
firmed report on the existence of the species HoCroO7
may be reasonable from this point of view.

Conclusion

The treatment introduced here gave the information
on the dissolved structure of the species in solution only
using the UV-vis absorption spectrum. In addition,
once the dissolved states of the ions are known, their
electronic states are estimated. This information on
electronic state, especially, bond order, gives us useful
information on reaction lability.
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