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We have calculated the structure of the complex betwegh &hd HOCO. The FD—HOCO complex has

a relatively large binding energy of 7.1 kcal mbéat the B3LYP/6-31%-+G(3df,3pd) level of theory. Structure

and vibrational frequencies were also calculated. Infrared spectroscopy is a possible method for detection of
this complex due to the large shifts in frequency and intensities relative to the parent monomers of fundamental
modes in the complex. These data are used to calculate equilibrium constant for the formation of the complex,
as well as rate constants for its dissociation. These data suggest the formation gDthEH®ICO complex

may compete with HOCO dissociation in the GHCO reaction in the presence of water.

I. Introduction [I. Computational Methods

The oxidation of carbon monoxide (CO) by the hydroxyl All calculations were performed using the GAUSSIAN'94
radical (OH) is an important reaction in the atmosphere and in suite of programs. Geometries were optimized using the Becke
combustion chemistry, influencing the chemistry of many key three-parameter hybrid functional combined with Lee, Yang,
cycles! The reaction involves an association complek, and Parr correlation [B3LYP§ density functional theory
HOCO, in a vibrationally excited state, from the following method. This method has been shown to produce reliable results

reaction scheme: for hydrogen bonded complexes when compared with other
methods."18Basis sets employed are the 6-31G(d), 6-8115
OH+CO = HOCO‘ - H+CO, (d,p), 6-31H%+G (2d,2p), 6-313’.‘+G(2df,2p), and 6-311+G
L +M - %)) (3df,3pd). Frequency calculations were also performed at the
HOCO — products B3LYP/6-31H+G(3df,3pd) level of theory. Zero-point energies

taken from these frequency calculations can be assumed to be

an upper limit due to the anharmonic nature of the potential
These channels lead to the formation of hydroperoxyl radical energy surface.

(HO,) in the presence of £76 The formation of an association
complex as an intermediate to this reaction leads to a pressurq| Results and Discussion
dependence of the rate constant for the formation of products.
The magnitude of this pressure dependence also relies on what The calculated structure, rotational constants, and harmonic
the collision partner (M) is. Many quasiclassical and quaritdm  vibrational frequencies fotis-HOCO are listed in Table 1. In
calculations have been performed, elaborately detailing each ofthe calculated lowest energy structure for HOCO, the four atoms
the steps in reaction 1. Experimelftshow that when the  are planar. There are two carbeoxygen bonds. The shorter
collision partner is water (M= H,0), it is 10 times as efficient ~ one between the carbon and the terminal oxygen@g) has a
a third body as M There is uncertainty on whether the effective calculated bond distance of 1.181 A at the highest level of theory
quenching of HOCO* by KO may be affecting the results of used, B3LYP/6-311+G(3df,3pd). This is longer than what is
recent studi€d of the mass-independent fractionation (MIF) of calculated for either carbon monoxide or carbon dioxide at the
oxygen in the reaction of carbon monoxide and hydroxyl radical. same level of theory, which have bond distances of 1.125 and
There is conflicting data concerning a dependence of the rate1.159 A, respectively. The other carbeoxygen bond has a
constant for this reaction and the concentration of water. At calculated distance of 1.323 A.
least one experimental studyfinds that there is a water The structure of HO—HOCO is shown in Figure 1. It has a
concentration dependence on this rate constant. The hydropersix-membered ring structure including all the atoms except one
oxyl radical self-reaction rate constant shows a dependence orpf the hydrogens from water @i These six atoms are nearly
the water concentration preséatIn that case, the dependence  in plane, while H is out of the plane by about 120The six
is due to the formation of a complex betweesOHand HQ. If atoms forming the ring are within 220f being planar. The
there is a water dependence on the rate constant for reaction lprinciple interaction is between the oxygen on the watej) (O
a complex between # and HOCO may be formed as well. and the hydrogen on HOCO (H This bond distance is
The work that we present investigates the existence of acalculated to be 1.731 A at the B3LYP/6-3#+G(3df,3pd)
complex between D and HOCO. We calculate the structure, level of theory. There is also a slight interaction between one
rotational constants, vibrational frequencies and energetics ofof the hydrogens on the water {+and the terminal oxygen on
this complex. We also examine the lifetime of thgdH+HOCO HOCO (Qy). The distance between these two atoms is 2.338 A
complex and relate that to laboratory experiments previously at the highest level of theory. Evidence of these interactions is
performed. present in the altered geometry of HOCO when complexed with
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TABLE 1: Geometry, Rotational Constants, and Vibrational Frequencies (and Intensities) of HOCQ®

B3LYP

parameters 6-31G(d) 6-311G(d,p) 6-311#-+G(2d,2p) 6-31%++G(2df,2p) 6-31#+G(3df,3pd)
H,—O, 0.984 0.978 0.976 0.977 0.977
0,—C 1.331 1.326 1.325 1.323 1.323
C-0, 1.192 1.183 1.182 1.181 1.181
H,—0,—C 108.9 109.8 109.6 110.0 109.8
0,—C-0, 130.0 130.7 130.7 130.9 130.9
H;—0,—C-0; 0.0 0.0 0.0 0.0 0.0
A 138383 142918 142952 144078 144004
B 11721 11771 11789 11789 11809
C 10806 10876 10891 10898 10914
1z 3514 (10.9) 3586 (16.6) 3592 (18.4) 3583 (16.8) 3579 (15.5)
V2 1880 (281.1) 1868 (373.20 1856 (345.3) 1866 (350.1) 1869 (340.6)
V3 1311 (0.8) 1284 (0.5) 1304 (0.8) 1292 (0.3) 1294 (0.5)
V4 1091 (152.9) 1070 (172.5) 1067 (170.4) 1069 (167.7) 1072 (164.7)
Vs 611 (122.0) 599 (34.4) 598 (31.1) 598 (32.0) 599 (31.6)
Ve 592 (34.6) 580 (124.2) 585 (110.7) 583 (111.0) 585 (106.8)

aBond distances and reported in angstroms, bond angles and dihedrals in degrees. Rotational Constants are reported in megahertz. Vibrational
frequencies are reported in chyintensities in km mol*.

intermolecular bond distance of the principle hydrogen bond,
analogous to R1, is 1.781 A at the B3LYP/6-3ttG(3df,3pd)
level of theory. This is only slightly longer, 0.050 A, than that
of the HLO—HOCO complex. The H®-H,O has the same
connectivity as the BKD—HOCO complex with the substitu-

tion of an oxygen atom for the carbon atom in HOCQOH
HOCO has a shorter hydrogen bond thansH8,0 as well,

with the latter complex having an R1 distance of 1.781 A at
the same level of theory. The intermolecular distance between
the terminal oxygen, ©in the case of HO—HOCO, and the
in-plane hydrogen of the water, R2, is also shorter y©OH
water. Because of the strong interaction between the atomsHOCO than in the other two complexes. For the +4®,0
labeled Q and H, the hydrogeroxygen bond distance in complex, R2 is 2.406 A; while for H®-H.0, this dlstar_me is
HOCO (H—O0s) is the coordinate most affected by water 2475 A. These are about 3% and 6% longer than iOH
complexation. In isolated HOCO,;HO; has a bond distance ~HOCO, respectively. The rotational constants fgOHHOCO,

of 0.977 A, while when complexed with water, this bond listed in Table 3, are consistent with the structure of the
distance is 0.999 A, a difference of 2.25%. The-@ bond  Molecule. HO—HOCO is an asymmetric rotor, with = B =
distance is shorter in the complex than in isolated HOCO by C.

1.22%. The increased-€0, bond distance in water complexed The HO—HOCO complex has 15 fundamental vibrational
HOCO, 0.85%, is evidence for a slight interaction along the modes. Of these, three are similar to modes in isolated water,
R2 coordinate. The complete geometry ofHHOCO is listed six are similar to those in isolated HOCO, and the remaining
in Table 2. This can be compared to the geometry of similar six modes are completely unique intermolecular modes. The
complexes. H@-H,O has geometry similar to the;8—HOCO modes that are similar to the isolated monomers are shifted with
complex!® It has a five-membered ring-like structure including respect to the monomers due to changes in geometry induced
all the atoms except one of the hydrogen atoms of water. The by new interactions with other atoms present in the complex.

Figure 1. Structure of the HO—HOCO complex.

TABLE 2: Geometry of H,O0—HOCO?

B3LYP
coordinate 6-31G(d) 6-311+G(d,p) 6-311+G(2d,2p) 6-31%+G(2df,2p) 6-311+G(3df,3pd)
R1 1.708 1.742 1.740 1.745 1.731
R2 2.108 2.401 2.340 2.345 2.338
H10, 1.012 0.998 0.998 0.998 0.999
o.C 1.312 1.311 1.310 1.309 1.307
CO, 1.205 1.193 1.192 1.192 1.191
HsO5 0.971 0.963 0.962 0.962 0.962
H,0s 0.978 0.967 0.967 0.967 0.967
HsOsH, 104.8 106.9 106.3 106.5 106.3
H,0,C 107.7 108.5 108.3 108.6 108.5
0,CO, 130.1 130.7 130.6 130.8 130.8
H,05H1 92.2 102.1 97.0 97.5 97.2
O:H:0; 156.9 159.5 160.3 159.7 160.0
H10,CO, -0.3 0.3 -0.1 -0.2 0.1
H,0sH;0; -6.1 6.6 3.7 5.9 6.8
H305H10; 100.7 128.3 119.3 120.6 121.0
0:H:0,C 1.7 —4.9 -39 —4.1 —4.7

aBond distances and reported in angstroms, bond angles and dihedrals in degrees.
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TABLE 3: Rotational Constants for H,O—HOCO?2

. B3LYP
rotational
constants 6-31G(d) 6-33H-G(d,p) 6-311+G(2d,2p) 6-31%+G(2df,2p) 6-31%+G(3df,3pd)
A 11593 11851 11871 11876 11913
B 5400 4991 4991 5001 5017
C 3724 3530 3544 3539 3554
@ Rotational constants are reported in megahertz.
TABLE 4: Vibrational Frequencies for H ,O—HOCO?2 TABLE 5: Binding Energy of the H,0—HOCO Complex2
mode B3LYP/6-31H-+G(3df,3pd) binding energy
number mode description frequency (shift) intensity level of theory De Do
1  H;—Os—Hzasymmetric stretch 3872 —@1) 104.1 B3LYP/6-31G(d) 15.0 12.0
2 H,—Oz—Hssymmetric stretch 3747 —H67) 52.7 B3LYP/6-31H+G(d,p) 10.4 8.1
3 H;—Ostretch 3177 {402) 7233 B3LYP/6-31H-+G(2d,2p) 9.6 7.2
4 C—O;stretch 1818 {51) 339.7 B3LYP/6-311-+G(2df,2p) 9.5 7.2
5 Hp—Os—Hsbend 1623  £4) 96.7 B3LYP/6-31H-+G(3df,3pd) 9.5 7.1
673 (H:l:o?lsitgtgﬁnd ﬂgg igl)g)Z) 1%3; aBinding energies are reported in kcal mbl
8  H out-of-plane wag 887 +302) 117.3 ) )
9 0O—C-0;bend 670 +€71) 18.3 311++G(3df,3pd) level of theory. When differences in zero-
10 H;~0Os—H;bend 480 141.0 point-energy are included, the binding ener@g)(of H,O—
11 HmOsHstwist 349 101.3 HOCO is 7.1 kcal moil. A list of the binding energies
12 O—Hi~O,~Crorsion 248 135 calculated in this work for this complex is in Table 5. The
13  O;—Hj stretch 237 311 s . . :
14  H, Os—H;—O; torsion 208 58.9 binding energies seem consistent using the 6+3t6(2d,2p)
15 H,—0O;—H;—O; torsion 107 18.9 basis set or higher. The basis set superposition error (BSSE) is

estimated to be less than 0.2 kcal mollt is clear that the
6-31G(d) basis set is unreliable for this method, overpredicting
the binding energy by as much as 69%. This complex is
The modes, shifts, and intensities of®+HOCO are listed in relatively strongly bound when compared to H&H,0 and
Table 4. The H—0O; stretch is the most shifted mode, 402¢m HOs;—H,0. HO,—H,0 has a predicted binding energy of 6.2
to the same mode in isolated HOCO. This reflects the changekcal mol? at the same level of theofy,0.9 kcal mot? less

in geometry in the k-0, bond distance due to the strong than HO—HOCO. This difference is even larger when com-
interaction between #0 and HOCO in the complex. A similar  pared to H@—H,0,29 which has a binding energy of 4.9 kcal
red shift is seen in both HS-H,O (296 cnT})1® and HQ— mol~1.

H-O (346 cn%)?%in the analogous modes of those molecules. By using the binding energy, thermodynamic data can be
There is also a large blue shift in the HOCO torsion mode, which calculated for the following reaction:

is described as an out-of-plane wag by the hydrogen atom of

HOCO. This mode is shifted by 302 crhin the complex with H,O + HOCO=H,0—HOCO 2)
respect to the same mode in the isolated monomer. While there

is no ﬁnalqgouﬁ moﬁ;& forl the H?HZO_ complex, in H@— The enthalpy of formation for HOCO is taken from ref 21.
Hz(?lt ere is. That shift is larger than in,@-HOCO by 179 g4 temperature thermodynamic data foOHs taken from
cm™". Both the water asymmetric and symmetric stretches are \asa's JPL Publication 97-4! These data are extrapolated
red shifted in the complex, by 41 and 67 threspectively. to other temperatures using Kirchhoff's law,

There is a large shift in the HO—C bend of HOCO, 146 cnd

to the blue of the isolated molecule. The-O; stretch and _ _

C—0; stretch both have a moderately shifted frequencies of 96 AH(T,) — AH(T,) AC, AT (3)
cm™1 to the blue and 51 cni to the red of the isolated HOCO ) ) ) )
modes, respectively. This reflects the strengthening and weakenWhereT is the temperature andC, is the difference in heat

aVibrational frequencies are reported in chintensities in km
mol1,

ing of these respective bonds in the complex. The@-O _capa_city at constant pressure of the substa_nces _vvhose enthalpy
bend in HOCO s also shifted moderately, 71¢rto the blue is being calculated to those of the elements in their natural state.
of the isolated molecule. Only the-HO—H bend of water is Differences in heat capacities are assumed to be independent
relatively unaffected by the complexation 0j® and HOCO. of temperature. Entropies are extrapolated to different temper-

Many of the bands in O—HOCO have large intensities. The ~atures using the following equation:

strongest absorbing band is the-HD; stretch, with a calculated

intensity of 723.3 km mol. This is over 40 times larger than T, — Ty =C, In(T/Ty (4)

the same mode in isolated HOCO. The-O; stretch is also

very strongly absorbing, with an intensity of 339.7 km ol whereC, is the heat capacity at constant volume. The enthalpies

in the complex, compared to 340.6 in isolated HOCO. The of formation (AH¢) have been calculated for the complex at 200

H,O—HOCO complex has eight fundamental vibrational bands K and at 300 K. The enthalpy of formationKs) for the H,O—

with intensities above 80 km mol, meaning they should be  HOCO complex is-119.1 and—122.1 kcal mot?! at 200 and

strong absorbers. This and the large shifts from the parent300 K, respectively. The entropy valued @t 200 and 300 K

monomers in many of these modes indicate that the infrared are 68.7 and 75.9 cal midl K~1. We can use these data to

spectroscopy may be suitable for detection of this complex. calculate an equilibrium constarit{) for reaction 2. At 200
The HO—HOCO complex is lower in energy than isolated K, Keqis 2.3 x 10°1* cm® molecule’?, while at 300 K, it is

H,O and HOCO by 9.5 kcal mol (D) at the B3LYP/6- 1.7 x 10716 cm® moleculel. This means that at equal
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concentrations of reactants, formation of the complex is enhancement of the self-reaction of K@ the presence of }O.
thermodynamically favored by over 135 times at 200 K than at There is some evidence for a water number density dependence

300 K. on the rate of reaction between OH and CO. HOCO is a key
The dissociation constantifs for the complex can also be intermediate in this reaction. It may be that®+HOCO plays

calculated using a method first developed by T4, and an important role in the OH- CO reaction in the presence of

further shown to be effective by Patrick and Goléefor water.

reactions of atmospheric importance. The dissociation constant
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