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We here present a high-level ab initio study of the thermochemistry of the chromium hydroxides £ r(OH)

n = 2—6, and of the oxyhydroxide CrO(OH)Optimum geometries and harmonic vibrational frequencies
were determined at the B3LYP level of theory using basis sets of &ipjeality including polarization and
diffuse functions. Heats of formation were obtained from isogyric reaction energies computed at the
CCSD(T) level of theory using large basis sets and including corrections for core-valence correlation, scalar
relativistic effects, and basis set incompleteness. Additionally, polynomial fits were performed for the heat
capacity and the standard enthalpy and entropy over the 3000 K temperature range. While our computed
heats of formation agree well with previously obtained experimental data for some of these species, our
results suggest that revision of the experimental data for others may be appropriate.

1. Introduction TABLE 1: Previously Determined AH?,qq 15 Values for
Gaseous Cr(OH), n = 2—6, and CrO(OH),

The corrosion of chromium-containing materials at high

, 5 "
temperatures involves the formation of a potentially large Species AHP05.15(kcal mor™)
number of volatile species. Understanding the chemistry of this Cr(OH), —78.1+2.67~73.9+ 2.9
corrosion is important for both environmental and technological Cr(OH); —145.7+3.1

. . . i Cr(OH), —202.9+ 3.5
reasons. Health issues associated with the volatilization of Cr- Cr(OH) —218¢
(VI)_s_pecies in waste incin_eratqrs have long been a concern. In Cr(OH) —2oqc
addition, the loss of chromium in the presence of air and water CrO(OH), —220rC

vapor is a key roadblock in the development of interconnects
for solid oxide fuel cells;? which use chromium-containing
alloys, and refractories. The use of alloys containing chrome
also leads to catalyst poisoning in steam-methane reformers b
deposition of chromium oxidesand volatile chromium species

aFrom ref 8.2 From ref 9.¢ Lower bound.

including all of the hydroxides and oxyhydroxides studied in
Ythe present work. Because of the lack of experimental data for
formed in atmospheric pressure chemical vapar deposition these species,_their heats o_f forma_tion were estimated from_the

. . ) . heats of formation for chromium halides and oxyhalides by using
reactors used in the semiconductor industry can contammateVarious assumptions of linear relationships between bond
processed wafers, causing increased defect tates.

Unfortunatel : tal data for th ies is oft strengths for different ligands. In a later study, EbbingRaus
niortunately, experimental data for INEse SPECIES 1S ONEN oo 41 ated the heats of formation for several chromium halides
unavailable or conflicting, leading to very high uncertainties in

- . and oxyhalides and used these results to obtain revised values
the predictions of models developed to understand the COMOSION; - e heats of formation for many of the chromium hydroxides

process. Computatio_nal approaches can help_resolve inconSISémd oxyhydroxides. A theoretical study by Espelid ef al.
tbenC|esRamort1|g experlmotlental O:ag;f E}ndtf'” ga?ﬁ '3 the STOWIGEQe.computed bond dissociation energies and heats of formation for
ase. recently, we used coupled-cluster methods and farge basige, o a1 chromium hydroxides and oxyhydroxides but included
sets to determine thermochemical data for chromium hafides. only one species, Cr(Obi)from the present study. The two
The agreement between the limited experimental data availablemethods employéd were CCSD(T)-based variant's of the G2
and the predicted heats of formation is generally good, lending procedure and the PCI-X scheme for scaling correlation ener-
confidence to the overall theoretical approach. We have alsogies,lo and these methods were in excellent agreement for the

exteryded. these methods 10 G(OH), a key species in the smaller species investigated, including Cr(@H)though rather
volatilization of CpOs; by steanf, and obtained reasonable . . )
' . .o large discrepancies were obtained for some of the larger
agreement between experimental and theoretical equilibrium ;
compounds studied.

constants over the 5600 °C temperature range. . o
In the present work, we investigate the chromium hydroxides & here employ high-level ab initio methods to compute the
heats of formation and thermodynamic functions for the

Cr(OH),, n = 2—6, and the oxyhydroxide CrO(Okldjor which . . '
chromium hydroxides Cr(OH)n = 2—6, and the oxyhydroxide

most of the previously reported heats formation are not well- O )
established. Available thermochemical data for these compoundsCTO(OH). Structures and harmonic vibrational frequencies are

are listed in Table 1. Ebbinghdupresented experimentally computed with density functional theory, and heats of formation

derived thermodynamic data for gas-phase chromium species2'€ obtained from isogyric reaction energies computed using
coupled-cluster theory, including corrections for basis set

*To whom correspondence should be addressed. E-mail: ibniels@ iNcOmpleteness, core-valence correlation, and scalar relativistic
ca.sandia.gov. effects. Additionally, thermodynamic functions are computed
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TABLE 2: Thermochemical Data (kcal mol~?%) from the
Literature Employed in the Computation of Heats of
Formation in the Present Work

species AHf, AHf505.15
Cr(g) 94.49+ 1.07 95.00+ 1.0*
CrOH(g) 16.74+ 1.4 16.3+ 1.4
Cr0s(g) —76.44+ 1.¢¢ -773+ 1.0
H,0(g) —57.103+ 0.01G —57.798+ 0.01G

aFrom ref 38.° Computed from the reaction Cr(s) 0.50x(g) +
0.5H,(g) — CrOH(g) using theAH34s ,{CrOH(g)] value from ref 9
and theH3qq ;5 — Hg values from ref 7¢ From ref 9.¢ Obtained from
the reaction Cr(s)} 1.50x(g) — CrOs(g) using theAH34q ,JCrOs(g)]
andHsgg 15— Hg values given in ref 7¢ From ref 7.

over a range of temperatures, and polynomial coefficients in
the CHEMKIN format! are reported.
2. Computational Details

Heats of formation were computed using the following set
of isogyric reactions

Cr(OH), + Cr— 2CrOH @)
Cr(OH), + 2Cr— 3CrOH )
Cr(OH), + 3Cr— 4CrOH ®)

Cr(OH); + CrOH— CrO, + Cr + 3H,0 (4)
Cr(OH); — Cr0, + 3H,0 ()

CrO(OH), — Cr0O, + 2H,0 (6)

In addition to the target chromium hydroxides and oxyhy-
droxide, these reactions involve only small auxiliary species
(H20, atomic chromium, CrOH, and Cgpwith relatively well-
established heats of formation. For Cr(@Hnd Cr(OHj3,
reactions analogous to reactions3were also investigated but
were discarded because the CCSDCCSD(T) shifts in the
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Core-correlation effects (the effect of including the Cr 3s and
3p orbitals in the correlation procedure) were estimated using
either the CCSD or the MP2 method. For H and O, the cc-
pVTZ basis was employed, and for Cr, the Bauschlicher ANO
basis was modified by decontracting the outermost six s, seven
p, and seven d functions (producing a Cr basis with 146 basis
functions). For reactions-13, involving the smallest species,
computations were done at the CCSD level, but coupled-cluster
computations were not feasible for the remaining reactions. For
reactions 5 and 6, involving only closed-shell species, core-
correlation effects were instead computed at the MP2 level. For
these reactions, the frozen core MP2 reaction energies (computed
with the basis sets employed in the CCSD(T) computations
described above) lie 12.4 and 8.9 kcal makspectively, below
their CCSD counterparts, and the MP2 level is expected to be
reasonably accurate. For reaction 4, involving Cr(§Hie MP2
method was found to be inadequate (on the basis of a very large
discrepancy between the frozen core MP2 reaction energy and
its CCSD counterpart when using the basis sets employed for
computing CCSD(T) reaction energies) and the core-correlation
correction was omitted.

Relativistic effects were estimated using the Douglasoll —

Hess second-order relativistic correctidn?? employing the
relativistic cc-pVTZ_DK basis s&t?2 for H and O and the
Bauschlicher ANO set with the entire s and p spaces decon-
tracted for Cr. The MP2 level was used for reactions 5 and 6,
and HF corrections were employed for the remaining reactions.

A correction for basis set incompleteness was obtained by
computing reaction energies using a completely decontracted
Bauschlicher ANO basis set on Cr and the aug-cc-pVQ®2-3&t
on H and O. For reactions 5 and 6, energies were computed at
the MP2 level, and computations were performed at the HF
level for the other reactions.

For open-shell species, unrestricted HartrEeck (UHF)
wave functions were used throughout with the following two
exceptions. First, the open-shell CCSD(T) computations were
performed with the MOLPR® UCCSD(T) method, which uses
a high-spin restricted open-shell Hartrdeock (ROHF) wave
function referencé® Second, the various corrections applied to
reaction 4 were computed using ROHF reference wave functions

reaction energies (vide infra) were very large. Reaction energiespecayse the spin contamination in the UHF wave function for

were computedtadd K and converted to 298.15 K by application

Cr(OH) is large. For Cr(OH,), the expectation value of tHe?

of computed temperature corrections (vide infra). Heats of operator for the UHF wave function is 1.16 (vs 0.75 for a pure
formation were obtained using the computed reaction energiesgoyplet), whereas the spin contamination for all other species

and the heats of formation for Cr, CrOH, G@nd HO listed
in Table 2.

For all species in reactions—b, optimum geometries and
harmonic vibrational frequencies were computed with the
B3LYP density functional method (unrestricted for open-shell
species) using the 6-33H-G(d,p) basis sé€15 At the B3LYP/

6-311++G(d,p) geometries, reaction energies were computed
using the singles and doubles coupled-cluster method with a

perturbative correction for connected triple substitutions
[CCSD(T)] in conjunction with the Bauschlicher ANO basis
set for Ct617 and the cc-pVTZ sét for H and O. The

CCSD(T) computations employed the frozen core approxima-
tion, freezing the Cr 1s2s2p3s3p and the O 1s orbitals in the

correlation procedure.
A number of corrections were applied to the CCSD(T)

reaction energies, including corrections for core-correlation and

is at most 0.04. We note that the spin contamination in the open-
shell B3LYP wave functions is small in all cases (0.04 or less).

Thermal correctionsH5qg ;5 — HG, were computed using
standard formulas from statistical mechafid@mploying the
rigid-rotor, harmonic-oscillator approximations) and using a
hindered rotor treatment based on the Pitzer and Gwinn
approach? for the vibrational modes corresponding to internal
rotations of hydroxide groups.

All density functional computations and CCSD core-correla-
tion computations, as well as MP2 calculations for the smaller
chromium species, were performed with Gaussiadf03.
CCSD(T) energies were computed with MOLPRGNnd large
MP2 computations were carried out with MP@TRelativistic
computations were done using the NWCRéprogram.

3. Results and Discussion

scalar relativistic effects as well as a basis set incompleteness

correction. Coupled-cluster singles and doubles theory (CCSD), 3.1. Geometries and FrequenciesSelected B3LYP/6-
second-order MgllerPlesset perturbation theory (MP2), and 311++G(d,p) optimized bond distances for the target chromium
Hartree-Fock (HF) theory were used for computation of these hydroxides and oxyhydroxides and the chromium-containing
corrections as explained below. auxiliary species are listed in Table 3, and the optimized



Thermochemistry of Chromium Hydroxides

TABLE 3: Selected B3LYP/6-311+G(d,p) Optimum Bond
Distances for Chromium Specie3

species point group re(A)
CrOH (A") Cs 1.835
Cr(OHY), (°B) C 1.814
Cr(OH)3 (4A1) Csy 1.785
Cr(OH), (°A") Cs 1.777,1.791,1.764,1.764
Cr(OH) (?A) C 1.739,1.797,1.799,1.798,1.813
Cr(OH) (*A) Cs 1.889,1.889,1.889,1.764,1.764,1.764
CrO(OHy, (*A) C 1.542(Cr0),1.848,1.774,1.772,1.854
CrGs (*A1) Cs, 1.578(Cr=0)

a Cr—OH distances, unless otherwise noted. For each species, the
Cr—OH distances are listed ag(Cr—O,H) in order of increasing,
wheren is the number of the oxygen atoms as assigned in Figure 1.

structures are depicted in Figure 1. The complete Cartesian
geometries for the investigated chromium species are available
in the Supporting Information.

The CrOH and Cr(OH)molecules hav€s andC, symmetry,
respectively, and the symmetry of Cr(Qtvhich has a nearly

J. Phys. Chem. A, Vol. 110, No. 11, 2006095

planar Cr0O framework, isCs,. The Cr—0O framework in Cr-
(OH)4, Cr(OH), and Cr(OHp is nearly tetrahedral, square
pyramidal and octahedral, respectively, but both bond distances
and angles are distorted somewhat from these symmetries. The
resulting point groups for the optimized structures @geC;,
andC;g, respectively. For CrO(OH) the located minimum has

C; symmetry, but the CrO skeleton resemblesG, structure.

For the smallest hydroxides, Cr(Oth = 1-3, the C+O
bond distance is shortened by @3 A upon the addition of
another hydroxide group, assuming values of 1.835, 1.814, and
1.785 A, respectively. While the €10 bond distances within
the molecule are the same for Cr(QHand Cr(OH), the
addition of further hydroxide groups causes a splitting of the
Cr—0 bond distances, causing both shorter and longer bond
distances to appear. The-6D bond distances in Cr(OH)Cr-
(OH)s, and Cr(OHjy lie in the ranges 1.7641.791, 1.739
1.813, and 1.7641.889 A, respectively. Thus, for the larger
hydroxides, steric repulsion causes some-Qr bonds to
lengthen, and the addition of a hydroxide group causes the

Figure 1. Computed optimum structures for chromium species Cr¢Oi

¥ 1-6, and CrO(OH). For the larger species, for which the oxygen

atoms, generally, are not symmetry-equivalent, the oxygen atoms have been numbered (cf. Table 3).
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TABLE 4: Computed B3LYP/6-311++G(d,p) Harmonic Vibrational Frequencies?

we (M)
Cr—0O framework Cr—O—H Cr—OH and Cr=0O O—-H
species bend/torsion bend stretch stretch

CrOH 586 637 3858
Cr(OH), 71 453(B), 553 629, 737(B) 3892(B), 3893
Cr(OH) 164, 182(E) 606(E), 622 655, 739(E) 3856(E), 3861
Cr(OH), 131(A"), 174(A"), 175 704(A"), 730 678, 683, 738 3811, 3814,

194, 228 747,813 T69(A") 3824(A"), 3828
Cr(OH) 92, 223, 254, 281 787, 849, 858 568, 664, 676 3779, 3782, 3786

311, 330, 369 928, 944 706, 745 3792, 3803
Cr(OH) 169, 173(E),277 846, 886(E) 479(E), 624 3744(E), 3749

286(E), 386(E), 420 941(E), 1005 700, 703(E) 3748(E), 3784
CrO(OH), 81, 137, 277 771, 839, 930 527, 648, 700 3776, 3780

310, 325, 341 1027 712, 1122 3786, 3790

447
CrO; 208,376(E) 1003, 1075(E)

aThe symmetry (for nontotally symmetric vibrations) is given in parentheses after the freqdhages assigned as internal rotations: Cr(@H)
290(B), 384; Cr(OHy: 260, 379(E); Cr(OHy 193(A"), 305(A"), 315(A"), 344; Cr(OHy: 249, 472, 548, 557, 573; Cr(Ok)530(E), 577(E),
579, 689; CrO(OHy 372, 416, 535, 553.

longest Cr-O bonds to be elongated further. The crowding of for the chromium hydroxides or the oxyhydroxide. Structural
the oxygen atoms around the chromium atom in the larger information is available for CrO, for which the experimentally
hydroxides may be illustrated by the minimum-O distances, determineé? rg(Cr—0) value of 1.615 A is in very good
which assume values of 3.1, 2.7, 2.4, and 2.3 A in Cr(H) agreement with our computed value of 1.616 A. Experimentally
Cr(OH);, Cr(OH), and Cr(OHj}, respectively, and 2.3 A in  determined harmonic vibrational frequencies are available for
CrO(OH). CrO, CrG, and CrQ. For CrO, the experimental valtfeof

For the larger chromium hydroxides, the computed structures 846.3 cnT! (Ar matrix) is in good agreement with our computed
suggest that intramolecular hydrogen bonding may be presentvalue of 867 cm?. For CrQ, the experimental frequencfés®
and that the molecules adopt a configuration that maximizes 2204 20 (gas-phase), 921, and 975 (Ne matrix) ¢@so agree
the number of potential hydrogen bonds, even though the well with our values of 225, 989, and 1032 cinFinally, for
hydrogen bonds are relatively long with unfavorable bond angles CrGOs, the experimentally determined vafdef 968.4 cnt! (Ar
of about 96-10C°. Thus, in Cr(OHg, there appears to be four matrix) for the doubly degenerate €0 stretching mode is in
hydrogen bonds in the nearly planar base of the square pyramid fair agreement with our computed frequency of 1075 &m
namely, @Q—H:-O3, O3—H-++O4, O4—H+--Os5, and G@—H:---O, The frequencies for the located optimum structures for the
with hydrogen bond distances of 2.18, 2.21, 2.17, and 2.20 A, chromium hydroxides and the oxyhydroxide are listed in Table
respectively. In Cr(OH) there are six possible hydrogen bonds, 4. For CrOH and Cr(OH) our frequencies are in reasonably
namely, three connecting the upper three symmetry-equivalentgood agreement with frequencies computed previdusijng

oxygen atoms (cf. Figure 1), that isy©H:--O3, O3—H:---Oy, gradient-corrected density functional theory and a tripkesis
and Q—H---O,, and three connecting the three lower oxygen set with diffuse functions and a single set of polarization
atoms with the upper oxygen atoms, namely;@8---O;, Os— functions on hydrogen and oxygen. For Cr(@&ihd CrO(OH),

H---O,, and Q—H-+0s. The bond distances for these hydrogen B3LYP frequencies have previously been comptftadsing
bonds are 2.15 A for the first set and 2.05 A for the second set. smaller basis sets than those used in the present study, and these
In CrO(OH), there are two relatively short-GH distances, frequencies differ significantly from our values. For the remain-
namely, Q—H---Os (1.97 A) and Q—H-+-0, (2.09 A), and the ing higher hydroxides, we are not aware of previously deter-
optimum structure does not appear to maximize the number of mined frequencies. In the computation of thermodynamic
hydrogen bonds. functions for chromium species, Ebbinghaesnployed fre-

For all of the investigated chromium species, extensive quencies estimated from spectroscopic data for related vibra-
searches were carried out to ascertain that the optimizedtional modes in gaseous chromium oxides and oxyhalides as
structures presented herein are the global minima on thewell as solid oxyhydroxides. Some of these estimated frequen-
respective potential energy surfaces. For several species, locaties, however, deviate significantly from our computed values.
minima were found, which are energetically close to the global In particular, Ebbinghaus used frequencies in the-44ll cnt?
minimum. Thus, for the smaller hydroxides, local minima were range for the C+O—H bending motions and a value of 3000

located representing a Cr(OH3tructure with the two ©H cm1 for all O—H stretches. The estimated-@D—H bending
bonds pointing in the same direction and a Cr(@btjucture frequencies are substantially below our computed values,
with two O—H bonds above and one below the @ especially for the larger species for which the computed
framework. For the larger hydroxides, Cr(GH)nd Cr(OHj}, frequencies lie in the 7001000 cn1! range. Additionally, the

numerous local minima, each with fewer hydrogen bonds than estimated frequency for the-€H stretches is considerably below
the global minimum, were located. We note that, for CrO(QH) our values, which all lie in the 3768900 cn1? interval. The

we were not able to locate lower-lying structures with more use of highly inaccurate frequencies may cause a large error in
hydrogen bonds. the zero-point vibrational energy and in the computed thermo-

To gauge the performance of the employed computational dynamic functions, especially at high temperatures.

method for obtaining structures and vibrational frequencies, a 3.2. Thermochemical Data.The computation of the heats
comparison may be made with available experimental data for of formation for Cr(OH), n = 2—6, and CrO(OH, is detailed

the chromium oxides CrO, CegQand CrQ. We are not aware  in Table 5. The table lists the computed reaction energies for
of any published experimental data for structures or frequenciesreactions +6, including the corrections for basis set incom-
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TABLE 5: Evaluation of AHf, and AH? g ,5for Cr(OH) », n = 2—6, and CrO(OH)2

Cr(OH), Cr(OH); Cr(OH), Cr(OH) Cr(OH) CrO(OH),
rxn 1 rxn 2 rxn 3 rxn 4 rxn 5 rxn 6

AE[HF] 7.71 —4.60 —50.63 132.49 —29.21 24.02
O[CCSD] +7.17 +18.22 +40.47 —44.51 +15.57 +1.45
O[CCSD(T)] +0.36 +4.62 +13.06 —11.03 +9.62 +0.78
d[basis] —-0.30 -1.15 —-2.11 —-3.49 —-3.91 —2.63
o[core] -0.37 +0.76 +1.82 b +2.08 +0.90
ofrel] —2.53 —2.87 -3.19 +3.89 +2.06 +3.42
O[ZPVE] —1.06 —2.64 —-4.12 —5.53 —8.07 —4.99
AHY o 10.98 12.34 —4.70 71.82 —11.86 22.95
AHP, —72.08 —151.21 —211.97 —241.74 —235.85 —213.55
AH{ 98 15 —73.19 —153.36 —214.94 —247.07 —242.64 —218.09

a All entries in kcal mot?. AE[HF] is the computed reaction energy at the HartrEeck level using the Bauschlicher ANO set for Cr and the
cc-pVTZ set for O and H, and[CCSD] andd[CCSD(T)] represent the increment in the reaction energy relative to the preceding level of theory.
d[basis],o[core], d[rel], and S[ZPVE] denote the contributions to the reaction energy from basis set improvement, core-valence correlation, scalar
relativistic effects, and zero-point vibrational energy (see text for detaildj, and AH?,oq s are computed from\Hp , , as described in the text.
bNo core-valence correlation correction included (see text).

pleteness, core-correlation and scalar relativistic effects, as well To compare energetics obtained with the B3LYP and CCSD-
as the heats of formation at 0 and 298.15 K obtained using the (T) methods, we computed B3LYP reaction energies using the
computed reaction energies and temperature corrections asame basis sets as those employed for the reported coupled-
explained in section 2. Reaction energies computed at thecluster energies in Table 5. The computed B3LYP reaction
HF level and the correlation increments at the CCSD and energies are 12.0, 16.5, 2.4, 97.1, 12.2, and 37.7 kcailnfa
CCSD(T) levels are listed to illustrate the size of the correlation reactions -6, respectively, and the corresponding (uncorrected)
contributions. A large HF— CCSD or CCSD— CCSD(T) CCSD(T) energies are 15.2, 18.2, 2.9, 7#@,0, and 26.3 kcal
increment in the reaction energy may be indicative of large mol~2. Although the B3LYP reaction energies for the first three
dynamic correlation effects or possible inadequacies in the singleof these reactions are in good agreement with their CCSD(T)
reference approach. Considering the shift in the reaction energiescounterparts, the B3LYP values lie 420 kcal moi! above
with improvement of the correlation method (HF CCSD— the CCSD(T) values for the last three reactions and the B3LYP
CCSD(T)), reactions 1 and 6 display the most rapid convergencemethod does not appear to be appropriate for accurate computa-
and the small correlation increments lend confidence to the tion of reaction energies for these systems in general.
accuracy of the CCSD(T) approach. The correlation shifts On the basis of the expected accuracy of the theoretical
exhibited by reactions 2 and 5 are somewhat larger, althoughapproach and the uncertainty in the employed experimental data,
the observed HF~ CCSD shifts of 18.2 and 15.6 kcal ma) we have assigned uncertainties to our computed heats of
respectively, and CCSB- CCSD(T) increments of 4.6 and 9.2  formation. The uncertainties have been estimated as the sum
kcal mol! are sufficiently small that the CCSD(T) method can of a theoretical and an experimental contribution. The theoretical
probably be expected to provide an adequate correlationcontribution to the uncertainty is computed as one-half times
treatment. For reactions 3 and 4, the correlation contributions the sum of the CCSD—~ CCSD(T) shift and the basis set
at the CCSD level (40.5 and44.5 kcal mot?, respectively) correction (cf. Table 5) for each reaction. The experimental part
are considerable, and the size of the (T) contributions (13.1 andof the uncertainty is computed for each reaction by adding the
—11.3 kcal mot?) suggests that higher-order correlation effects uncertainties in the employed heats of formation (cf. Table 2)
may not be negligible. The corrections for basis set incomplete- for all species participating in the reaction. For Cr(@Hye
ness, core-correlation, and scalar relativistic effects are generallyhave added an additional contribution of 2 kcal mdlo the
fairly small for all reactions, with a magnitude of 3.9 kcal mol uncertainty because the core-correlation correction was omitted.
or less, and the size of the corrections tends to increase withWe note that the experimental contribution to the uncertainty
the number of hydroxide groups in the target chromium species. is considerable for some of these reactions (about 6 and 9 kcal
We note that a previous theoretical stéfigomputed B3LYP mol~! for reactions 2 and 3, respectively). However, if more
structures of Cr(OR)and CrO(OH) and reaction energies for  accurate reference data become available, these new values can
reactions involving these species using a 6-311G(d) basis seteasily be employed in the computations detailed in Table 5 to
on Cr and a 6-311G basis on other atoms. The optimized yield improved heats of formation with smaller uncertainties.
structures resemble those computed in the present work,Our computedAHy,qs 15 values for Cr(OH), Cr(OH), Cr-
although both were reported to ha@ symmetry. From the (OH)4, Cr(OH), Cr(OH), and CrO(OH) are, in order-73 +
reported B3LYP reaction energies, the reaction energies for our4, =153+ 9, —215+ 16, —247 + 13, —243 4+ 8, and—218
reactions 5 and 6 can be derived and are found to be 31.3 andt 3 kcal molt. These values may be compared with previously
50.0 kcal mot?, respectively. When computing these B3LYP obtained experimental values and a single value obtained by
reaction energies using the same basis sets (6-311G(d), 6-311G)heory (cf. Table 1). For Cr(OH) our value is in excellent
but the geometries optimized in the present work, we obtain agreement with the previously computetiH?,qg 15 value of
reaction energies of 41.2 and 55.2 kcal mptespectively. This —73.9 £ 2.9 kcal mot?! obtained from bond dissociation
difference suggests that the minima located in the present studyenergies computed using the CCSD(T) method in conjunction
for Cr(OH) and CrO(OH) correspond to lower-lying structures  with the G2 and PCI-X extrapolation schemes, and our value
than those reported in ref 36. Additionally, the basis sets also agrees reasonably well with the experimental value of
employed in ref 36 appear to be inadequate because they—78.1 + 2.6 kcal mofl. For Cr(OH}, the experimental
produce reaction energies that are 44 and 12 kcal Mol AHf,q,5value of —145.7+ 3.1 is in fair agreement with the
respectively, above those computed with larger basis sets forcomputed value, and for CrO(OF)there is good agreement
reactions 5 and 6 (vide infra). between theory and the reported experimental value 220
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kcal moll. The largest discrepancies between theory and
experiment are found for the larger hydroxides, Cr(@HDr-
(OH)s, and Cr(OHg, for which the reported experimental values
of —202.9+ 3.5, —218, and—229 kcal mot?! (the latter two
of which were reported to be lower limits) lie above the
computed values by 12, 29, and 14 kcal mplrespectively.
Considering that all of the previously reported experimentally
derived thermochemical data for the chromium species of

Nielsen and Allendorf

For the larger hydroxides, we suggest that a revision of the
experimental values may be appropriate.

Acknowledgment. Funding for this work was provided by
the U.S. Department of Energy Industrial Technologies Program
and Industrial Materials for the Future Program.

Supporting Information Available: Cartesian coordinates

interest in this work (cf. Table 1) are estimated values obtained for the B3LYP/6-313#+G(d,p) optimum structures, energies

from heats of formation for chromium halides and oxyhalides

computed at the HF, CCSD, and CCSD(T) levels, and fitted

by using assumptions of linear relationships between bond coefficients for polynomial fits for the heat capacity, enthalpy,

strengths for different ligand=? we believe our computed values
for Cr(OH) and Cr(OH} to be the best values currently

and entropy for Cr(OH) n = 2—6, and CrO(OH). This material
is available free of charge via the Internet at http://pubs.acs.org.

available and a resolution of the discrepancies between experi-

ment and theory for the larger hydroxides would probably

require determination of more accurate experimental heats of

formation for Cr(OH)—Cr(OH)s.

For the investigated chromium species, polynomial fits were
made for the heat capacit¢{), enthalpy H°), and entropy &)
as a function of temperature. Fits were performed over the-100
1000 and 10063000 K temperature ranges, usi@g H°, and
S values computed at 10ntervals. These fits, which can be
used with the CHEMKIN software packadkare defined by

R-atal+al +aT +al @)
H o 2y B2 B B B
Rp= At T+ 3T+ T +8551“+T )
— By Mz &
S =ainT+al+T +3“T +,T+a (9

whereH® = H°(T) — H°(298) + AH{298). AH{298) desig-
nates the species heat of formation at 298 K &i¢T) and
H°(298) represent the standard enthalpy at temperdtaed

at 298 K, respectively. The fitted coefficients are available in
the Supporting Information and also on the World Wide \§eb.

4. Concluding Remarks

We have computed the thermochemistry of the chromium
hydroxides Cr(OH), n = 2—6, and the oxyhydroxide CrO(Okl)
using high-level ab initio methods. Heats of formation were
obtained from isogyric reaction energies computed at the
CCSD(T) level of theory using large basis sets and including
corrections for core-valence correlation, scalar relativistic effects,
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