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Through the use of available experimental data and thermochemical cycles, improved values for the enthalpy
of formation and dissociation energy of the hydroxyl radical have been found. The results of the analysis
give AHG JOH(XI13)] = 37.14+ 0.12 kJ/mol,Do[OH(XI13)] = 35 584+ 10 cnt?, andDo[OH(AZX")]

= 190114 10 cnt. These results are consistent with those found froy® hotoionization experiments

but have a factor of 3 smaller uncertainty than the best results from the photoionization studies. The results
disagree with the presently accepted values for these quantities, obtained from an analysis of spectroscopic
data on the hydroxyl radical. Based on the new value for the enthalpy of formation of hydroxyl radical and
additional experimental data, values for the enthalpy of formation have been found for QB €
—73.99+ 0.12 kJ/mol) and BrOHAHg ; = —47.7 = 1.8 kJ/mol).

Introduction AHg [OH(X?TT,,)] =

The hydroxyl radical plays a key role in both atmospheric AHg (H) + AHg(O) — DO[OH(X2H3,2)] (1)
chemistry and high-temperature combustion processes. Because
of this, there have been numerous studies on the spectroscopi@he Birge-Sponer extrapolation performed by Carlone and
and thermodynamic properties of hydroxyl radical in both its Dalby is shorter than that carried out by Barrow and is therefore
ground and excited electronic states. Thermochemical data forexpected to have a smaller associated uncertainty, as is reflected
the hydroxyl radical can also be used in conjunction with other in the value for the formation enthalpy of hydroxyl radical given
experimental information to determine the enthalpy of formation by Gurvich and co-worker$ AHg [OH(X?I13)] = 39.12 +
of other molecules, such as CIOH and BrOH, that are important 0.21 kJ/mol. Further discussion of these various calculations
species in stratospheric ozone chemistry. of the formation enthalpy of hydroxyl radical and some

The currently acceptédralue for the enthalpy of formation anomalies in the results that are reported is given by Ruscic
of hydroxy! radical, AH JOH(X?ITs)] = 38.390+ 1.21 kJ/ ~ and co-workers. _
mol, is based on the dissociation energy for hydroxyl radical  The enthalpy of formation of OH(AIs;) can also be
reported by Barrov#,DoOH(X2I1s)] = 35 427 cm', adjusted determined from measurements of the appearance energy of
to a slightly higher value as discussed in refs 1 and 2. Carlone OH" formed from photoionization of ¥D. In this case, the
and Dalby? who studied the B+ — A2+ and G+ — AZS* dissociation energy of water is given by the expression
emission spectra of OH and OD at high resolution, combined " 5
their data with previous measurements by Baftodetermine Do(H—OH) = AE,(OH"/H,0) — IE[OH(XTI;,)] (2)
energies for vibrational levels in the?&" electronic state for )
v = 0—9 for OH andv = 0—13 for OD to within a few hundred ~ Where AR(OH'/H,0) is the appearance energy of Offom
wavenumbers of the dissociation energy. A short extrapolation H20 and IE[OH(XTI)] is the ionization energy of hydroxyl
of the Birge-Sponer plot of the data giveB[OH(AZE)] = ra(.jlcal. The enthalpy of formation of OH{KI3,) is then found
18 847+ 15 cnt! and a dissociation limit of 51 2874 15 using
cm1relative to they = 0, J = 3/2 energy level of OH(X13/). . 5
Because OH(AZ') dissociates into GD) + H(3S) and AHG {OH(X"TI,)] =
OH(X2I13,) dissociates into GP,) + H(%S), it follows that AHg (H,0) + Do(H—OH) — AHg (H) (3)
Do[OH(X?IT37)] is smaller than the dissociation limit for the
AZ>* state of hydroxyl radical by 15 867.9 ¢ the difference The enthalpy of formation of OH®13,) as determined by
in energy between th® and®P; electronic states of the oxygen photoionization experiments is approximately 1.7 kJ/mol smaller
atom?! From this, one obtainBo[OH(X2I13,)] = 35 420+ 15 than the value found using spectroscopic data.
cm™L, in good agreement with the value given by Barrow. The  In a recent experiment, Ruscic and co-worReeneasured
enthalpy of formation for OH(X13/) can then be found from  AEq(OH'/H.0). The value that they obtained for the appearance
the relationship energy of OH is consistent with results previously reported

by McCullough and by Wiedmann and co-worké&rdbut
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TABLE 1: Summary of Thermodynamic Data? TABLE 2: Bond Dissociation Energies
substance AHG ¢ (kJ/mol) bond Do (cm™) reference
Br 117.92+ 0.06 H—OH 41117+ 63 e
Cl 119.6214 0.006 41 141+ 5 10
H 216.0354 0.006 41121431 5
O 246.79+ 0.10 HO—OH 17 051.8+ 3.4 13
HO —238.9214 0.042 ClI-OH 19 288.8+- 0.6 14
H.0, —129.808+ 0.2 19290.3+ 0.6 15
aValues from ref 1 except as notetError estimate calculated from Br—OH < %g 8ggi iggo %g
the reported uncertainties in the enthalpy of vaporization and enthalpy _17 2254+ 350 19

of decomposition of kD, reported in ref 11.

AHG [OH(X?IT3/2)] = 36.94+ 0.38 kJ/mol for the enthalpy of
formation of hydroxyl radical, significantly smaller than the
currently accepted value. If their result is correct, then
Do[OH(X2IT35)] = 35601+ 33 cnt! and D[OH(AZEY)] =

19 028+ 33 cnml, approximately 180 cnt larger than the
values reported by Carlone and Dalby. Ruscic and co-workers
also carried out a CCSD(T)/aug-cc-pVnZ ab initio calculation
on OH using MOLPRO, Gaussian 98, and ACHSand found
Do[OH(X&13)] = 35532 cntl, in good agreement with the
result obtained from their photoionization experiments. A
similar high-level calculation by MartfgaveDo[OH(X2I13/5)]
35588 cml, which also supports a lower value for
AHG [OH(X?I13,)] than the presently accepted value.

The purpose of the present paper is to use thermodynamic
cycles for which accurate data are available to find the value
for the dissociation energy and enthalpy of formation for the
X2I13, state of the hydroxyl radical. Results from two different
cyclic processes agree within their mutual experimental error
and support the values for the dissociation energy and enthalp
of formation for OH(XI15/,) obtained from the photoionization
studies and molecular orbital calculations. However, the present
results reduce the uncertainty in these values by a factor of 3 in
comparison to the best results from the photoionization experi-
ments. The improved value for the enthalpy of formation of
hydroxyl radical and additional experimental data are used to
obtain values for the enthalpy of formation for CIOH and BrOH
with significantly smaller uncertainties than the currently
accepted values.

Determination of D for OH(X 2I3/)

To find the value forDo for OH(X2I13,) from a thermo-
chemical cycle requires a set of processes for which accurate

y

a2 As recalculated in ref 5.

of-flight technique. Their result is in accord with but more
accurate than the values found from thgOHphotoionization
experiments. Therefore, the value g(H—OH) reported by
Harich and co-workers is used in the calculation of the dis-
sociation energy of the hydroxyl radical. Combining the data
on the formation enthalpies of H, O, and® with the value
for Do(H—OH) from Harich and co-workers giveBy[OH-
(X2II32)] = 35579+ 11 cntl, with the major contribution to
the uncertainty due to uncertainty in the enthalpy of formation
of the oxygen atom.

H,0, cycle
20H— H,0, —Do(HO—OH)
H20, — Hz + O — AHG (H202)
H,— 2H 2AHG (H)
0,—20 2AHg (O)

net 20H— 20+ 2H 2Do[OH(X2H3/2)]

Values for the enthalpy of formation for H, O, an@®} are,
as before, taken from the most recent NIST-JANAF thermo-
chemical tables and given in Table 1. FaiQ4, the uncertainty
in the enthalpy of formation is calculated using the experimental
uncertainties in the heat of vaporizatio#@.13 kJ/mol) and
heat of decomposition+{0.08 kJ/mol) reported in the original
calorimetric measurements of Gigeeand co-worker$! from
which the formation enthalpy was fouA8The HO-OH bond
dissociation energy, 17 0518 3.4 cntl, is taken from the
infrared—optical double resonance measurements of Luo and
co-workerst® Combining the data give®[OH(X2I1sy)] =
355894 12 cntl. The main contributions to the uncertainty
in this result are uncertainty in the enthalpy of formation of
oxygen atom and of hydrogen peroxide.

The agreement in the value fB[OH(X?I13/,)] found from

data are available for all steps except dissociation of hydroxyl the H,0 cycle and HO, cycle is excellent. Because the
be found (note that all reactants and products are in the gas(the enthalpy of formation for hydrogen and oxygen atoms) is

phase). small, the above results are essentially independent determina-
H.0 cvel tions of the bond dissociation energy for the hydroxyl radical.
20 eycle H 4 OH— H-.O —Do(H-OH) Combining the results from the two cycles gDg{OH(X?IT3/)]
H,0 — H, + 150, — AH (H:0) = 35584+ 10 cnTl, DJOH(AZ")] = 19011+ 10 cnt?,
1,0,— 0 AH (O) and AHj [OH(X?137)] = 37.14 + 0.12 kJ/mol. This is in.
H,— 2H 2AHG (H) agreement with the values found from the photoionization
net OH— O+ H Do[OH(X2MT3)] experiments but reduces the uncertainty in the values reported

by Ruscic and co-workers by a factor of 3. This result indicates
that the Birge-Sponer extrapolation used by Carlone and Dalby
to obtainDo[OH(AZ=™)] gives a value that is too low (by about
164 cn1l), as has been previously suggested.

Values for the enthalpy of formation for H, O, and® are
listed in Table 1 and taken from the most recent NIST-JANAF
thermochemical tablésA summary of H-OH bond dissociation
energy measurements is given in Table 2. TheGH bond o
dissociation energy can be obtained indirectly from measure- AHg, for CIOH and BrOH

ments of the appearance energy of Ok photoionization The value for the enthalpy of formation of hydroxyl radical
experimentd’-8using eq 2. However, a direct measurement of found above can be combined with appropriate thermodynamic
the H-OH bond dissociation energy has recently been reported data to find improved values for the enthalpy of formation for
by Harich and co-worket8 using the Rydberg tagging time-  other molecules important in atmospheric chemistry. As ex-
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amples, we consider the following cyclic processes involving TABLE 3: AHg, for CIOH 2
XOH, where X= Cl or Br (as before, all reactants and products AHE, (kd/mol) reference
are assumed to be in the gas phase except fgf)Br :

~ =72 20pc
XOH cycle (X= ClI, Br) :;igi gé ggz
X 4+ OH — XOH —Do(X—OH) 715138 e
X o — X AHG(X) ~72.8+ 3.8 23
14,0, 4 Y/,H, — OH AHS JOH(X?MT3)] ~73.0 24e
net 1/2X2 + 1/202 + 1/2H2 — XOH AHSf(XOH) —71.8+1.2 25
—73.99+ 0.12 present result

Values for the enthalpy of formation for Br and Cl are taken  agased on experimental measurements, except as ridéedind
from the most recent NIST-JANAF thermochemical tables and using AHg,, (C1,0) = 81.42 + 1.7 kd/mol, as discussed in ref 1.
are listed in Table 1. The value used faHg [OH(X?I13)], ¢ Adjusted b 0 K usingAHg (CIOH) — AH3qg (CIOH) = 2.9 kJ/mol:
37.14+ 0.12 kJ/mol, is that obtained as described above. Values® Based on kinetic data for the Gt CIOH < Cl, + OH reaction and
for Do(X—OH) and the corresponding values for the enthalpy recalculated as discussed in the téxbbtained from molecular orbital
of formation of XOH are as follows. calculations.

CIOH. Barnes and co-worke¥s and Wedlock and co-  TABLE 4 AHg, for BrOH 2

workers® have independently determin&(3*Cl—OH) from

double resonance overtone spectroscopy experiments and have AHg ¢ (k/mol) reference
obtained values that differ by only 1.5 ¢t Fujiwara and ~—69 26

Ishiwatd® have also obtained a value for the-@H bond :gg.li 6.7 g;c

dissoc_:iation energy using photofragment Doppler spectroscopy —48.0 244

but with a much larger uncertainty than that observed in the —45.94+ 4.1 o5

double resonance experiments. These results are summarized —45.7+1.8 18

in Table 2. The present calculations use the average of the results —49.54 4. 19

from Barnes and co-workers and Wedlock and co-workers, :ig-?i %'8 29  result
Do(35CI—OH) = 19 289.6+ 1.5 cnrl. Combining this result A presentresu

and the enthalpy of formation data givesHg(CIOH) = 2Based on experimental measurements, except as rfaéstained
—73.994 0.12 kJ/mok7? ' from a combination of molecular orbital calculations and experimental

data.® Adjusted b 0 K usingAHg (BrOH) — AHZ4g (BrOH) = 10.5

BrOH. On the basis of the appearance energy for iBrthe kJ/molZ” 9 Obtained from molecular orbital calculations.

photoionization of BrOH, Ruscic and BerkowitZound Do-
(Br—OH) < 16 9464 150 cnT. On the basis of the process
involved in the dissociative ionization, they believe that the
actual value for the BrOH bond dissociation energy is close Cl,0 + H,0 < 2 CIOH (4)

to the upper limit found in their experiment. In a study of the

near threshold photodissociation dynamics of BrOH, Lock and 4 results (adjusted to 0 K) are summarized in Table 3.
co-workers? foundDo(Br—OH) = 17 225+ 350 cn1™, slightly The recommended value given in the NIST-JANAF table,
larger than the upper limit reported by Ruscic and Berkowitz. AHE (CIOH) = —71.5+ 2.1 kd/mol, is based on a reanalysis
The present calculation assumes that the valu®i(Br—OH) of the data from Knauth and co-workers. The results obtained

is equal to the upper limit reported by Ruscic and Berkowitz, o 5 reanalysis of the other experiments discussed above differ
which we believe is the more accurate method for determination only slightly from the NIST-JANAF value.

of the dissociation energy. Combining this value with the
appropriate formation enthalpies givasig (BrOH) = —47.7

equilibrium constant for the reaction

Ennis and Birks also report a value for the enthalpy of
formation of CIOH based on room-temperature measurements

+ 1.8 kd/mol. of the forward and reverse rate constant for the reactiofir Cl
Discussion CIOH < Cl; + OH. Their calculation of the enthalpy of
formation of CIOH from these data uses the NIST-JANAF value
The value for the enthalpy of formation for OH{M3/,) for the enthalpy of formation of hydroxyl radical to determine
obtained from the kD and HO, thermochemical cycles is  AHF(CIOH). If the value for AHg {OH(X?I13;)] from the
consistent with that found from 4@ photoionization experi- present study is used instead, the enthalpy of formation of
ments but with a factor of 3 smaller uncertainty than the result CIOH, adjusted to 0 K, i&AHg (CIOH) = —72.8+ 3.8 kJ/mol.
recently reported by Ruscic and co-workes.follows from The value for AHG{(CIOH) has also been calculated by

this that the value foD[OH(A%Z")] found by Carlone and  Glukhovtsev and co-worketsat the G2 level and by Hassan-
Dalby from a Birge-Sponer analysis of vibrational data for this  zadeh and Irikur& using the ACES-II program suite and several
electronic state is approximately 160 chismaller than the different reaction schemes.
actual dissociation energy for this state. It is interesting to note  The value forAHg(CIOH) found in the present work is
that Carlone and Dalby, in a BirgeSponer analysis of  larger in magnitude than the results obtained from studies of
vibrational data for the B&" state of the hydroxyl radical, found  the equilibrium constant for reaction 4 and from the molecular
a dissociation limit that was 110 crhlarger than that predicted  orbital calculations of Hassanzadeh and Irikura. The present
on the basis of the dissociation limit for the?3" state, a result is in better agreement (although still slightly larger in
difference that they attributed to a barrier in the potential energy magnitude) with the values found from the rate constant
curve for the BZ* state® The present results indicate that this measurements of Ennis and Birks and the molecular orbital
barrier does not in fact exist. calculations of Glukhovsev and co-workers.

Molina and Molina2® Knauth and co-worker&, Niki and co- Previous determinations @fHg (BrOH) have used a variety
workers?? and Ennis and Birk$ have reported values for the  of methods and are summarized in Table 4. Beffsestimated
enthalpy of formation of CIOH based on measurements of the AHg (BrOH) = —69. kJ/mol on the basis of consideration of
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the thermodynamics of several reactions involving BtcGrath ization studies on kD are correct but reduce the uncertainty
and Rowland’ found AHg (BrOH) = —49.1+ 6.7 kd/mol on relative to the photoionization results by a factor of 3. The new
the basis of a G2 calculation for molecular energies supple- value for the enthalpy of formation of OH&KI3),) is used to
mented with empirical data. Monks and co-work&rsising find values for the enthalpy of formation of CIOH and BrOH
measurements of the photoionization yield spectrum of BrOH, that improve upon presently accepted values.

MCSCF calculation on the BrOHcation, and the calculated
proton affinity of BrO, reportedAH (BrOH) = —27 kJ/mol. Acknowledgment. The author thanks one of the referees
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