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Initial and secondary intermediates in the reactions of Q\&@d CrC}O, with H,O have been characterized

by matrix isolation infrared spectroscopy and density functional calculations. Twin jet co-deposition of these
reagents led to a series of infrared absorptions that are assigned to the 1:1 molecular complexes between
these two species. Irradiation of these matrices with light ef 300 nm led to complete destruction of the
bands of complexes, and the growth of a number of new bands. These are assigned 19 (B§0E and
CICr(O),OH species, as well as to HCI arising from destruction of the complex. Identification of these species
was supported by isotopic labelintf@ and?H), as well as by B3LYP/6-3116(d,2p) and B3LYP/LANL2DZ

density functional calculations. Good agreement was observed between the experimental and computed
frequencies. The overall yield of product was low for these system, and was probably a consequence of the
low basicity of HO.

Introduction were introduced into the vacuum system as the vapor above
the room-temperature liquid, after purification by freeze
pump—thaw cycles at 77 K. bD (distilled), B8O (99%'0),

and DO (99% D) (both Cambridge Isotope Laboratory) were
introduced in a similar manner into a separate vacuum manifold
and were purified by repeated freezzgump—thaw cycles at

77 K. Argon and nitrogen (Wright Brothers) were used as the
matrix gas in different experiments, and were used without
further purification.

Matrix samples were deposited in both the twin jet and
merged jet modes. In the former, the two gas samples were
deposited from separate nozzles onto the 14 K cold window,
allowing for only a very brief mixing time prior to matrix
deposition. Several of these matrices were subsequently warmed
to 33—35 K to permit limited diffusion and then recooled to 14
K and additional spectra recorded. In addition, most of these

High-valent transition metal oxo compounds, including
OVClI; and CrC}O,, are very strong oxidizing agents and are
known to oxidize a wide range of organic substrates. This
oxidizing power has applications in catalysis as well as in
organic synthesis?2 However, very little is known about the
reaction of these reagents with,®l, despite its ubiquitous
presence in nature. A single drop of either reagent will fume
vigorously in the atmosphere, generating HCI and additional
products. While the mechanistic details of this reaction have
not yet been explored, one gréupas employed this reactivity
to produce thin films of YOs through the chemical vapor
deposition reaction of OVGIwith H,0.

The matrix isolation techniqde® was developed to facilitate
the isolation and spectroscopic characterization of reactive

intermediates. This approach has been applied to the study of dmatrices were irradiated for 1.0 or more hours with the®H

Molecua complexes, and molecuiar fons. Recent studies fromPY1eX flered OUIpUL o a 200 W medium-pressure Hg arc lamp,
P ' ) after which additional spectra were recorded.

this laboratory have focused on the sequence of intermediates A few experiments were conducted in the merged jet néde,

formed in the reactions of OVeland CrCjO, with small in which the two deposition lines were joined with an UltraTorr

i 10 i 11,12 i . . .
ﬁ;%in'gesnligitsrzgz i ?r?a\;vetlr::ssew;tehag:gns (lii?etﬁ%i'gs th etee at a distance from the cryogenic surface, and the flowing

. o as samples were permitted to mix and react during passage
formation of an initial 1:1 complex, followed by thermal and/ J b b gp g

. L " - . . through the merged region. The length of this region was
or photochemical elimination of HC': In add.ltlc.m, since impurity variable; typically, a 90 cm length was employed. In both twin
levels of water are always present in matrix isolation studies, a

knowledae of the spectrum of possible reaction products of and merged jet, matrices were deposited at the rate of 2 mmol/h
wiedg pectrum Of possi ion procu from each sample manifold onto the cold window. Final spectra

OVCl; and CrCiO, with H,O is important. Consequently, a were recorded on a Perkin-Elmer Spectrum One Fourier

study was undertaken to identify and characterize initial and f .

secondary intermediates in the reaction of OY&Hd CrCyO, transform infrared spectrometer at 1 chresolution.

with H.0. Density functional calculations were also carried out Theoretical calculations were carried out on likely intermedi-
. 2= ty ; . ates in this study, using the Gaussian 98W suite of progtams.
in support of the experimental observations.

Density functional calculations using the hybrid B3LYP func-
tional were used to locate energy minima, determine structures,
and calculate vibrational spectra. Final calculations with full
All of the experiments in this study were carried out on geometry optimization employed the 6-31%t@,2p) and
conventional matrix isolation apparatus that has been de- LANL2DZ basis sets, after initial calculations with smaller basis
scribed!® Chromyl chloride, CrGIO, and OVC} (both Aldrich), sets were run to approximately locate energy minima.
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Figure 1. Infrared spectra of a matrix prepared by the twin jet co-deposition of a sample of AriG¥E250 with a dilute sample of Ar/kD. The
lower trace is before irradiation; the upper trace shows the spectrum after irradiation. Bands marked-withrew’ as a result of irradiation;
bands marked with a-*" were destroyed by irradiation.

Experimental Results Numerous additional experiments were conducted, depositing
Prior to any co-deposition experiments, blank experiments t_hese two reagents into argon matrices at dlfferent.concentra-
were run on each of the reagents used in this stch.In tions, using twin jet deposition. The exact concentration gdH

each case, the blanks were in good agreement with literaturein these matrices was difficult to control due to the absorption
Spectra and with blanks run previ0u5|y in this |aboratory. The of H,O on the walls of the Samp'e manifold and depOSition lines.
actual®0/10 ratio in the H8O blank, as determined by relative  Nonetheless, a range of concentrations @OHn argon was
parent band intensities, was approximately 2/1, while ints@ D explored and the same results were obtained throughout. The
experiments the D/H ratio was approximately 1/1 in the initial Weak bands formed upon initial sample deposition were
experiments and increased to as high as 4/1 when additionalobserved reproducibly, were all destroyed by irradiation, and
experiments were conducted. Each blank experiment was thenthe second set of weak (but somewhat more intense) bands grew
irradiated by the KO/Pyrex filtered output of a 200 W Hg arc  in upon irradiation. While the absolute intensities of these bands
|amp for 1.5 h. No Changes were observed in any of the blank were low (001—010 OD), the relative intensities of the bands
spectra as a result of irradiation. Weak bands due to HCI in each set appeared to be consistent over all of the experiments.
impurity were noted in all of the Cr@D, and OVC} blank A series of twin jet experiments were also conducted in which
experimentg! N2 was used as the matrix gas. Qualitatively similar results were
OVCI3 + H,0. In an initial twin jet experiment, a sample of ~ obtained, with weak bands formed upon initial deposition near
Ar/H,0 = 500 was co-deposited with a sample of Ar/OYCl 440, 475, 1572, and 3592 crth These were destroyed by
= 250. After 20 h of deposition, weak product bands were irradiation, leading to weak new features at 436, 483, 780, 805,
observed at 446, 1534, 3557, and 3650 &nin addition to 2750, 2768, 2815, 3437, and 3451 dmrhese results and band
quite intense absorptions of both parent species. When thispositions were reproducible over the seven experiments in which
sample was annealed to 30 K and an additional spectrumNz was employed.
recorded, these four bands were seen to grow slightly. Growth A set of twin jet experiments was undertaken in which
was also seen in parent bands ofCHdimer, with a slight samples of Ar/OVG were co-deposited with samples of Ar/
reduction in the intensity of the 4 monomer bands. This  H,0. Inasmuch as the isotopic enrichment was not 100% due
matrix was then irradiated for 1.5 h with the filtered ¥ 300 to exchange, the bands described above were seen, with lower
nm) output of a medium-pressure Hg arc lamp. The weak bandsintensity. In addition, in the better (higher yield) experiments
noted above all disappeared upon irradiation, and a set of newat higher sample concentrations, a new absorption was observed
bands were observed, at 433, 798, 2808, 3450, 3466, and 359&t 3549 cml. When this sample was irradiated, the above
cml. Several of these bands were split into doublets or irradiation products were observed, along with bands at 434,
multiplets. Figure 1 shows spectra of this matrix before and 771, 3436, and 3586 cth These were reproducible over several
after irradiation. experiments at higher sample concentrations. In the lower
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TABLE 1: Band Positions and Assignments for C}V(O)OH
in Argon Matrices

Cl,V(O)OH ChLV(0)*0OH CLV(O)OD assignment
433 cmrt 434 cnrt VCl,asym. st.
798 771 779 cmt V—O stretch

3450 3436 2562 G-H stretch
3598 3586 2661 OH stretch

aMultiplet. ® Interacting with cage-paired HCINot interacting with
cage-paired HCI.

TABLE 2: Band Positions and Assignments for
CICr(O) .0H in Argon Matrices

CICr(OxOH  CICr(Op'®0OH  CICr(Ox0OD assignment
479 cmt 479 cmt 477 et Cr—Cl stretch
755 725 726 CrO stretch

3437 3426 2539 ©H stretch

concentration experiments, the bands were so weak that the
could not be conclusively identified.

Samples of Ar/OVG were also co-deposited with samples
of Ar/D,0 in several experiments. Due to impurity® from
other sources and exchange with adsorbed species, the degr

of deuteration was less than 100%; in the best experiments, D/H
= 4. In a typical experiment involving these two reagents, bands

were seen upon deposition and prior to irradiation, at 446, 1145
1362, and 2718 cmi. All four bands grew slightly upon sample
annealing to 30 K. Irradiation of this sample with> 300 nm

completely destroyed these four bands, and led to growth of

bands at 560, 779, 798, 2034, 2562, 2661, 3465, and 3598 cm
The bands at 798, 3465, and 3598 énmatched the above

product bands with normal isotopic water. These product bands

were reproducible in all of the experiments conducted with this
pair of reagents. Table 1 summarizes product bands position
for the photochemical products of OV CWith H,O and its
isotopomers in argon matrices.

CrCI 0, + H»0. Similar experiments were conducted in
which samples of Ar/CrGD, = 150 were co-deposited with
samples of Ar/ HO, Ar/H;®0, and Ar/DO in twin jet

experiments. Very weak bands were observed prior to deposition
for each pair of reagents. These bands were destroyed with HYow Certainly

arc irradiation with4A > 300 nm, and new product bands
observed. For example, when®was employed, product bands
were noted after irradiation at 479, 754, 2817, and 3435'cm
rather close to product bands reported above for QWZ0.
Product bands for the photochemical reaction of @ogwith

water isotopomers are summarized in Table 2, and displayed
in Figures 2 and 3. Over several experiments with each pair of

reagents, the product bands were weak but reproducible, an

appeared to maintain a constant intensity ratio with respect to

one another. Finally, the merged jet co-deposition of gbgl
and HO was explored as well; results very similar to those
from the twin jet experiments were obtained.

Results of Calculations

Previous studi€s®® have shown (and will be discussed
below) that photochemical elimination of HCI from the initial
reactants is a likely mode of reaction, yielding\@O)OH and
CICr(O)%OH. Consequently, DFT calculations were undertaken

Subel et al.

isotope, the'®O-labeled isotopomer and tiel-labeled isoto-
pomer, for comparison to experimental spectra. The results of
these calculations are given in Tables 4 and 5. Calculations were
also carried out for the double HCI elimination product CB/O
This species optimized as well to a stable minimum at the
B3LYP/6-311GtH level of theory, and vibrational spectra were
calculated as well.

Discussion

Weak bands were observed upon initial co-deposition of
samples of either Ar/fOVGlor Ar/CrCl,O, with samples of Ar/
H,0; with OVCl; these bands were located at 446, 1534, 3557,
and 3650 cm!. These bands grew somewhat upon annealing,
and were completely destroyed with Hg arc irradiation. These
bands were formed under the conditions of shortest reaction
time and lowest reaction temperature, namely in the twin jet

}pleposition experiments, where mixing of the two reactants
occurs on the surface of the condensing matrix. This indicates
the absorbing species is the initial intermediate in the reaction
between OVQ and HO. It is also important to note that each

eof the four bands lies near a parent mode of one of the reagents;
fhe 446 cm? band is to the red of the intense 505 chof

OVCls, while the bands at 1534, 3557, and 3650 &iiie near

the bending and the two stretching modes gDHrespectively.

"Further, the isotopic dependence of each of these bands mirrored
the isotopic dependence of the nearby parent mode. These

observations are indicative of the formation of a molecular
complex between the two reacting species, where each subunit
is perturbed in the complex, yet maintains its molecular
identity22 On this basis, these initial weak product bands are
assigned to a molecular complex between either QM|

SCrCIzoz, and HO and its isotopomers in argon and nitrogen
matrices.

The stoichiometry of the complexes is not as readily
determined. However, the observation of only a single product
after co-deposition over a wide range of concentrations suggest
that the stoichiometry is 1:1. This is particularly true in those
experiments where ¥ was only present at impurity levels
(3000-5000/1), and since the yield of the complex was very
it would be difficult to envision formation of
higher complexes (e.g., 2:1 or 1:2) without also forming the
1:1 complex. The observation of a single product argues against
this, and for the formation of the 1:1 complex. Consequently,
the bands described above are assigned to the 1:1 molecular
complexes GVO-OH; and ChCrO,:OH,. These species re-
present the initial intermediates in the reactions between each

air of reagentsBand assignments are straightforward, since

ach band represents the nearby parent band shifted upon
formation of the molecular complex. The complex appears to
be quite weakly bound, and a number of fundamentals are not
shifted sufficiently far away from parent OVg£br CrChLO, to

be detected in these experiments, since most of the parent

molecules are trapped and isolated unreacted.

Photochemical Products

The 1:1 molecular complex is clearly very sensitive to
ultraviolet irradiation, as bands due to this complex were
destroyed by 1.5 h of irradiation with light df > 300 nm.

on these two species using the B3LYP hybrid functional and Similar results were observed for a number of related complexes,
basis sets as high as 6-311(l,2p) and LANL2DZ. Both including the complexes of NdHand CHOH with OVCl; and
compounds optimized to energy minima on their respective CrCL0O.. In each of these cases, it was shown conclusively that
potential energy surfaces, with all positive vibrational frequen- complex destruction occurred through HCI elimination, after
cies. Table 3 gives the key geometric parameters calculated forabsorption of a photon. The HCI produced in these systems,
each. Vibrational frequencies were also calculated for the normal however, was trapped within the matrix cage with the second



Reactions of OVG and CrC}O, with H>O J. Phys. Chem. A, Vol. 106, No. 19, 2002001
0.550 _
0.50 J *
0.45

0.40

0.20 ]

0.15_"’\}\"\/\“"/\‘%%

0' lm T L3 T o
3600.0 3500 3400 3300 3200.0
cm-1

0.350 _
0.30 J
0.25
0.20
0.15 |
0.10
0.05 }

o‘oo_w._‘/v/\&k e A

‘0.050 T T T L3 T T T

900.0 830 860 840 820 800 780 760 740 720 700.0
cmrl

Figure 2. Infrared spectra in selected regions of a matrix prepared by the co-deposition of a sample of &/&rA@B0 with a dilute sample of
H2O. The lower trace in each frame is the spectrum before irradiation; the upper spectrum was recorded after irradiation. Bands marked with an *

appear upon irradiation.

photoproduct (for example, &I(O)NH; in the OVCE/NH;3 of the initial 1:1 molecular complexes. Further, the HCI that is
system). The HCI spectrum, then, was that of weakly hydrogen- produced is trapped within the same matrix cage, and weakly
bonded HCI, with bands appearing between 2750 and 2800hydrogen bonded to the species responsible for the remainder
cm1, shifted from isolated monomeric HCI which absorbs at of the photochemical bands.

2863 and 2888 crt in solid argorz*25Similar absorptions were The photochemical product for each system is clearly
seen in the present experiments, at 2808 twith OVCl; and identified with the species resulting from an HCI elimination
2817 cmt with CrCLO; in argon matrices)These bands did  process from the molecular complex. In the previous stidiés
not shift upont®O substitution but did shift upon deuteration  of the OVCk + CHzSH, CrChO, + CH30OH, and OVC} +

to 2034 cm? in the OVC} experiments, and to a multiplet CHs;OH systems, only one HCI elimination product was
centered at 2028 cm in the CrChO, experiments. This is  possible. This was the product arising from the elimination of
precisely the isotopic dependence anticipated for HCI. In one HCI unit from the complex, yielding @I(O)SCH;,
addition, thevy/vp ratios of 2808/2034= 1.38 and 2817/2028  CICr(O)OCHs, and ChV(O)OCH;, respectively. In the previous

= 1.39 are almost identical to that observed for both gas-phase studie$!12of the OVCk + NHz and CrCO, systems, elimina-
and matrix-isolatetf-2> HCI, namely 1.38. Given the isotopic  tion of either one or more HCI molecules was possible. These
behavior of these bands and the analogy to a number of well- studies demonstrated that only a single elimination of HCI
established systems, the bands at 2808 and 2817 ame occurs. In the present study the possibility of the elimination
assigned to photoproduced HCI, arising from the decomposition of either one or two HCI units from the molecular complex is
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Figure 3. Infrared spectra in the ©H and O-D stretching regions of a matrix prepared by the co-deposition of a sample of A#irEl 150
with a dilute sample of Ar/BO (with significant HO impurity). The lower trace in each frame is the spectrum before irradiation; the upper
spectrum was recorded after irradiation. Bands marked with an * appear upon irradiation.

TABLE 3: Key Computed Structural Parameters? thus requires a single HCI elimination from each complex, to
parameter GV(O)OH CICr(OYOH form CLV(O)OH and CICr(O)OH, respectively, from GVO-

Ruco 156 A 155 A OH, and CrC}O,-OH,. This conclusion is strongly supported
Ru_ci 216 A 214 A by the quite good fit between the experimental spectrum of each
Ru-o 1.75A 1.75 A photochemical product, and the infrared spectra and isotopic
Ro-+ 0.96 A 0.97 A shifts calculated by DFT methods, as discussed below. Thus,
Om-0-H 124.6 117.r the photochemical products for these two systems are identified
gg:"h”ﬂ’_‘; i?g:; igg:g as ChV(O)OH and CICr(O)OH. One complicating factor in
spin multiplicity 1 1 this identification is the observation of two—€H stretching

modes in the OVGIH,0O studies, one at 3598 crhand the
* Computed at the B3LYP/6-311d,2p) level of theory. other a doublet centered at 3458 ¢nfsee Figure 1). The higher

present, to yield either CICr(@PH or CrQ; from CrChO,: energy band is more characteristic of a freelDoscillator (and
OH,, and either GV(O)OH or CIVO, from ClVO-OH. is in much better agreement with the calculatedHDstretching
Distinguishing between these possibilities is straightforward. band position for GV(O)OH), while the lower energy band is
First, a product band was observed for each system above 340anore characteristic of a weakly perturbeet B oscillator. Since
cmL, a region attributable primarily to-©H stretching modes. ~ HCl is formed as a photoproduct in these experiment, it is
Of course, only one possible product for each system containstrapped in the same matrix cage with the\{D)OH species.
an O-H bond. In additionall of the product bands for each It is likely that the 3458 cm! absorption is due to a configu-
system shifted with deuterium substitutiamdicating that the ration in the matrix cage where the-® moiety is interacting
absorbing species must contain at least one D atom. Thiswith the trapped HCI, while the 3598 cthband is due to a
eliminates Cr@ and CIVQ, as possible product species, and configuration where they are trapped in a geometry that does
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TABLE 4: Calculated (B3LYP 6-311G+(d,2p)) and Observed Frequencies and Isotopic Shifts for CI2V(O)OH

normal isotope 180 °H
calcd freq? calcdlye expt. freq. exptlrel calcd shift ex. shift calcd shift ex. shift description
415 (403) 0.03 -2 -1 VCl;, st.
431 (418) 0.17 433 0.2 —4 1 —93 VCl, st.
523 (507) 0.84 -2 —-14 V—0—H bend
650 (631) 0.56 -10 —-129 V—0O—H bend
794 (770) 0.44 798 0.45 —26 —27 —21 -19 V—O stretch
1118 (1084) 0.63 0 0 ¥O stretch
3842 (3727) 1 3598 1 -12 -12 —1044 —937 O—H stretch

aUnscaled frequencies (scaled frequencies, with a 0.97 scale factor, are given parenthetically).

TABLE 5: Calculated (B3LYP 6-311G+(d,2p)) and Observed Frequencies and Isotopic Shifts for CICr(O)20H

180 2H
normal isotope calcd calcd calcd calcd
calcd freq2  calcd calcd frec  expt.  expt. shift shift ex. shift shift ex.

B3LYP lrel LANL2DZ freq. lrel B3LYP  LANL2DZ shift  B3LYP  LANL2DZ shift description
486 0.43 455 479  0.18 0 -1 0 -2 -12 —2  Cr—Clstretch
741 0.89 586 -23 -9 —-114 Cr—0O—H bend
774 0.14 816 755 0.64 -—12 =27 —-30 17 —-25 —-29 Cr—0 stretch

1089 0.8 1074 0 -1 0 Cr=0 stretch
1103 0.84 1097 0 0 0 €O stretch
3810 1 3726 3437 1 -13 -13 -11  -1037 —998 —898  O—H stretch

aUnscaled frequencies.

not allows interaction. The former configuration would then be Further Considerations
responsible for the shifted HCI stretching bands near 2800
cm~1 while the latter should give rise to absorption near 2880
cm1. Weak bands of unperturbed HCI are seen near 2888 cm
in all experiments, as it is very difficult to remove traces of
residual HCI from OV{ and CrChO,. In the former config-
uration, where the two species are interacting within the matrix
cage, both the ©H and the H-CI stretching modes are
perturbed and red-shifted. This suggests that both are acting a
proton donors as well as proton acceptors, in a cyclic structure.

The theoretical calculations also provide calculated spectra
and isotopic shifts for comparison to experiments. Tables 4 and
5 compare the calculated infrared band positions, intensities
and isotopic shifts for GV(O)OH and CICr(O)OH to the
experimental band positions. For,2{O)OH, the calculations
predict 7 bands above 400 ctp the spectral limit of the
spectrometer. One of these is very close to the instrumental limit,
while a second is very close to the parer=¥ stretch, is
strongly overlapped by the intense parent band, and thus not
observed. The ¥O—H bending modes are predicted to be
moderately intense. One should come very near an intense mod
of parent OVC} and is obscured, while the second is not
observed. It is not clear why, other than calculated intensities Acknowledgment. The authors gratefully acknowledge
are known to be quite approximate. The remaining three modes, SUPPOIt of this research by the National Science Foundation
the O-H stretch, the O stretch, and the ¥Cl stretch are ~ through Grant CHE 9877076. B.L.S. acknowledges the Women
all observed, and there is relatively good agreement betweenin Science and Engineering Program at the University of
experiment and theory, as shown in Table 4. For gdglthe Cincinnati for a summer fellowship. A Gudmundsdottir is
B3LYP/6-311GH(d,2p) calculations have the €0—H bend gratefully acknowledged for computer time.
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