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On the Enthalpy of Formation of Hydroxyl Radical and Gas-Phase Bond Dissociation
Energies of Water and Hydroxyl

1. Introduction

It is difficult to name many thermochemical quantities that
are more fundamental to chemistry than the-KD bond
dissociation energy in wateBo(H—OH) = AHY, (1):
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In a recent letterJ. Phys. Chem. /2001 1051), we argued that, although all major thermochemical tables
recommend a value afHg(OH) based on a spectroscopic approach, the correct value is 0.5 kcal/mol lower
as determined from an ion cycle. In this paper, we expand upon and augment both the experimental and
theoretical arguments presented in the letter. In particular, three separate experiments (mass-selected
photoionization measurements, pulsed-field-ionization photoelectron spectroscopy measurements, and pho-
toelectron-photoion coincidence measurements) utilizing the positive ion cycle to derive-théahd energy

are shown to converge to a consensus value of the appearance engf@HAE,O) = 146117+ 24 cmi'?

(18.116 + 0.003 eV). With the most accurate currently available zero kinetic energy photoionization value

for the ionization energy IE(OH)= 104989 4+ 2 cm!, corroborated by a number of photoelectron
measurements, this leadsg(H—OH) = 411284 24 cnT! = 117.59+ 0.07 kcal/mol. This corresponds to
AHp(OH) = 8.85 4 0.07 kcal/mol and implie®o(OH) = 35593+ 24 cmt = 101.76+ 0.07 kcal/mol.

These results are completely supported by the most sophisticated theoretical calculations ever performed on
the HO system, CCSD(T)/aug-cc-pVna,= Q, 5, 6, and 7, extrapolated to the CBS limit and including
corrections for core-valence effects, scalar relativistic effects, incomplete correlation recovery, and diagonal
Born—Oppenheimer corrections. These calculations have an estimated theoretical er@r2dfcal/mol

based on basis set convergence properties. They reproduce the experimental results for dissociation energies,
atomization energies, and ionization energies for th@ blystem to within 0.60.2 kcal/mol. In contrast, the
previously accepted values of the two successive bond dissociation energies of water differ from the current
values by 0.5 kcal/mol. These values were derived from the spectroscopic determinatiy(®d) using

a very short Birge-Sponer extrapolation on OH/OD'A*. However, on the basis of a calculation of the A

state potential energy curve (with a multireference single and double excitation wave function and an aug-
cc-pV5Z basis set) and an exhaustive reanalyzis of the original measured data on both the A and B states of
OH, the Birge-Sponer extrapolation can be demonstrated to significantly underestimate the bond dissociation
energy, although only the last vibrational level was not observed experimentally. The recommended values
of this paper affect a large number of other thermochemical quantities which directly or indirectly rely on or
refer to Do(H—OH), Do(OH), or AH{OH). This is illustrated by an analysis of several reaction enthalpies,
deprotonation enthalpies, and proton affinities.

spectrum from simple (though fundamental) chemical reactions,
in which this bond is formed and/or destroyed, to the extremes
of complex environments, such as flames or the troposphere,
where the balance between production and consumption of
hydroxyl radicals is an important factor shaping the overall
H,O—OH+H 1) chemistry. This bond energy, or, equivalently, the enthalpy of
formation of hydroxyl radicalAH7,(OH) (vide infra), is one of

Its prominence arises from its ubiquity, which covers the full yhe fyndamental building blocks in models that describe such
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of key intermediate species, such as OH. Moreover, the
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TABLE 1: Various Values for the 0 K Enthalpy of Formation of OH and Related Values for Do(H—0OH) and Do(OH)?

source

AH{OH)

Do(H—OH)

Do(OH)

Gurvich et al® following
Carlone and Dallsy
Barrow

JANAF9

positive ion cycle,
literature value
positive ion cycle,
PIMS experiment
positive ion cycle,
PFI—PE experimerit
positive ion cycle,

PFI-PEPICO experiment

photodissociation of FO

using H atom Rydberg
“tagging” TOF technique
present ab initio calculations

recommended values
from present study

9.35+ 0.05 kcal/mal
9.26+ 0.29 kcal/mal
9.18+ 0.29 kcal/mol
8.83 0.18 kcal/mal
8.85 0.08 kcal/mal
8.86 0.05 kcal/mal
8.83 0.12 kcal/mal

8.92+ 0.03 kcal/madl

8.850.18 kcal/mol

8.850.07 kcal/mol

118.08+ 0.05 kcal/mat
(41301 17 cn'y)
118.004 0.29 kcal/mat
(412704 100 cm'Y)
117.9% 0.29 kcal/mat
(412404 100 cm'Y)
117.56+ 0.18 kcal/mol
(41118t 65 cnTY)
117.59+ 0.08 kcal/mol
(41127 28 cm1Y)
117.60+ 0.05 kcal/mol
(41130t 16 cnT?)
117.56+ 0.12 kcal/mol
(41118t 40 cnT?)
117.66+ 0.01 kcal/mol
(4115 5cm?)

117.76- 0.15 kcal/mat

(41194+ 51 cnry)
117.5% 0.07 kcal/mol
(4112824 cnrY)

101.27+ 0.04 kcal/mol
(354204 15 cnt?)
101.36+ 0.29 kcal/mol
(354504 100 cnt?)
101.44+ 0.29 kcal/madl
(354804 100 cnt?)
101.7% 0.19 kcal/mot
(356024 65 cnT?)
101.72 0.08 kcal/mot
(35594 29 cnT)
101.76= 0.05 kcal/madi
(35590 18 cnTY)
101.79% 0.12 kcal/mat
(356024 41 cnTY)
101.7@ 0.03 kcal/mat
(35570 9 cnTY)

101.77+ 0.12 kcal/mol

(355914 42 cm'Y)
101.76= 0.07 kcal/mai

(355934 25 cnT?)

2 The total atomization energy of water@K is taken to beAHaomizaion§H20) = 219.355+ 0.024 kcal/mol (76721 8 cmi?), usingAHg,(H20)
= —57.104+ 0.010 kcal/mol, AHp(H) = 51.6337+ 0.0014 kcal/mol, and\Hg,(O) = 58.984+ 0.021 kcal/mol from refs 17; see also ref 8.
b Reference 1, corresponds to recommended values in réfReference 15, spectroscopic determinatiorDgfOH). ¢ From Do(OH), AHg,(H),
and AHg(0O). © From AHaoemizaion§H20) — Do(OH). f Reference 16, spectroscopic determinatioDgfOH). 9 References 3 and 19, see also ref 17.
" From AHg,(OH), AHp(H), andAHg(O). ' Based on A{OH"/H,0O) = 18.115+ 0.001 eV from ref 23 and IE(OHy 104989+ 2 cn* from ref
30.7 From Do(H—0OH), AHg(H20), and AHg(H). X From AHaomizaion§H20) — Do(H—OH). ' Based on present PIMS result {BH'/H,0) =
18.116 + 0.003 eV and IE(OH) from ref 30 Based on present PFPE result Ag(OH/H,0) = 18.116 + 0.002 eV and IE(OH) from ref 30.
" Based on present PFPEPICO result AffOH'/H,0O) = 18.115+ 0.005 eV and IE(OH) from ref 3®.Based orDo(H—OH) = 41151+ 5 cnm?
reported in ref 63.

it directly participates as a reactant or product. Namely, the pletely equivalently, if the two bond energies produce conflicting
sequential process of building serious thermochemical tablesvalues for AH7,(OH), then there must be a problem with at
usually follows the “standard” order of elements: ©H — least one of the underlying measurements.
rare gases> halogens— chalcogens— pnicogens— carbon Until we recently produced evidence to the contrEryhe
group— etc., in whichAHG(OH) enters very early. Hence, the  pest available experimental bond dissociation energy of water
tabulated enthalpies of formation of many other “less funda- \yas firmly believed* to be Do(H—OH) = 118.08+ 0.05 kcal/
mental” species depend directly or indirectly on the selected mo| (see Table 1). The recommended value does not correspond
value for AH(OH). to a direct measurement. Rather, it implicitly originates from
Two additional thermochemical quantities are tightly related the difference AHS,,,;,dH20) — Do(OH), because it was
to the bond dissociation energy in water: the bond dissociation gptained fromAHS(OH) = 9.347 + 0.048 kcal/mol from
energy of the hydroxyl radical (i.e., the second bond dissociation Gyrvich et alX which is based on a spectroscopic determination
energy in water),Do(OH) = AH(2), and the enthalpy of  of Dy(OH) = 35420 + 15 cntt by Carlone and Dalbi®
atomization of water (equivalent to the sum of the two \yjthout a detailed analysis, the latter value appears to stand on
successive gas-phase-8 bond dissociation energies in water),  firm ground, because it was obtained by a short (272%cm
AHZiomizdH20) = AH(3) = AH(1) + AH(2) = Do(H— beyond the last observed vibrational level) extrapolatioh®fv
OH) + Do(OH): + 1/,) of the A=+ state of OH, yieldindDo(OH, A2=+) = 18847
+ 15 cntlto O 1D, An even shorter extrapolation (114 cin
beyond the last observed level) led to an apparently congruent
value for the dissociation energy of OD.

As opposed to the tabulation of Gurvich et’athe JANAF
Though not directly experimentally measured, an accurate valueTable§ list a lower value AH(OH) = 9.17% + 0.29 kcal/mol.
for the enthalpy of atomization of water can be deduced from However, a detailed analysis of the discussion accompanying
generally acceptéd® thermochemical values fokHg(H20), the OH table in the JANAF Tablédeads to the conclusion
AHg(0), andAHg(H) as AHZ, i, dH20) = 219.355+ 0.024 that the value given by Gurvich etashould be preferred, since
kcal/mol, equivalerdf to 76720.7+ 8.3 cnmL. Given a fixed it appears to be based on more accurate and complete spectro-
value for the atomization enthalpy, the three quantifle@d— scopic measurements. Namely, the JANAF tabledled to
OH), Do(OH), andAH;(OH), have only one degree of freedom. consider the work of Carlone and Dalbylnstead, they refer
An independent determination Bi(H—OH) implies a certain to the older (and longer, hence, inherently less precise)
value for Do(OH) and vice versa. Either of the two bond extrapolation of the same?&* state of OH by BarroW that
dissociation energies can be used to detfueeH ,(OH), producedDo(OH) = 35450+ 100 cntl. Further inspection
because a given value farH7(OH) simply implies a particu-  reveals that the actual extrapolated vafugas 35427 cm,
lar partitiort? of AHZ,(H20) into Do(H—OH) andDg(OH). If a very close to the newer value of 3542015 cnt! by Carlone
situation arises where botDg(H—OH) and Do(OH) are and Dalby!> which Barrow increased in the final analysis to
known independently, but their sum does not correspond to 354504 100 cnTto compensate for a suspected underestimate.
AHZomizdH20) within the propagated error bars, or, com- In the discussion of how the OH values were obtained, the

OH—O+H )
H,0 — O+ 2H ©)
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JANAF Table$ explicitly list the latter value as the adopted (H—OH)= 117.564 0.18 kcal/mok= 411184 65 cntl, which
Do(OH), together withAHg(OH) = 9.26 + 0.29 kcal/mol, is noticeably (0.52 kcal/mol or180 cn1?) lower than the
which correctly results from such selectibiinexplicably, the recommended value, as pointed out by Berkowitz ét-#&lin
actual value listed on top of the OH page in the JANAF tables other words, the sum of the two independently determined
and used in the tabulated thermodynamic functions is differ- values for the successive- bond dissociation energies in
ent: AHg(OH) = 9.17% £ 0.29 kcal/mol. Because this corre-  water, wherddo(H—OH) is from the positive ion cycle and-
sponds very closely tBy(OH) = 354804 100 cnT?, it is not (OH) is from Carlone and Dalb¥?, produces 218.83 0.19
clear whether the discrepancy is anottagrsug® or the authors kcal/mol, which is at variance withHg;,,dH20) = 219.3%
had some undisclosed reasons to additionally increase Bar-+ 0.02 kcal/mol by more than twice the collective error bar.
row’s!é estimatedDo(OH) by 30 cm™. The latest NIST-JANAF Consequently, at least one of the following must be true:
tabled® do not introduce any changes regarding OH and hence (1) AHZ,..,dH20), as implied by generally accepted val-
still neither consider Carlone and DalBynor shed any light ues-23for AHg(H20), AH(H), and AHg(O) is too high;

on the curious discrepancy between the discussed and selected (2) Do(OH) of Carlone and Dalby is too low;

values. Taking all of the above into account, one concludes that 3y p,(H—OH) as obtained from the positive ion cycle is too
the best available experimental spectroscopic evidence suggestg,.

Do(OH) = 35420+ 15 cn1* (= 101.2% + 0.04 keal/mol), It is fair to state that hypothesis 1 does not appear to be

and consequentlpo(H—OH) = AH;tomizc(Hzol) — Do(OH) = likely at all and is submitted here only for the sake of

118.08 =+ 0.04 kcal/mol = 41301+ 17 cnt™. completeness of argument. The relevant thermochemical quanti-
": contrast to the approach througiDo(OH) and ties, AHg,95(H20), AHggg(H), andAHg,o4(0), are the pillars of

AHgiomi,{H20), the positive ion cycle offers an independent ;. serious thermodynamical compilation, and one would like

aﬁd mor? dir?ct r?ute t°(|H_?.H)' dTh_ehposLtiv? ion therrkno]: to believe that they have been extremely carefully examined
chemical cycle is frequently utilized within the framework ofa 6 than once and, if nothing else, implicitly validated through
general approach that extracts accurate and reliable bond

) . . e constant use. A scrutiny of the underlying measurenfehts
dissociation energies from photoionization and photoelectron

- h suggests that these belong to a small select group of very
,20 ) . . .
measurgment’é‘. The prqblem at hand involves the enthalpies meticulous thermochemical determinations. Hence, we have
of reaction for the following two processes:

proceeded by assuming thaHy, ., {H20) is correct.

At — Hypothesis 2, however, would be much less surprising.
HO—~OH +H+e “) Birge—Sponer extrapolatiod% are notorious for inaccura-
L cies337 particularly when excited electronic states are used.
OH—OH +e ®) They rely on the assumption thaG(v + /,) for the unobserved

levels, all of the way up to the dissociation limit, can be safely
extrapolated from a polynomial fit of the observAG(v+Y,)

terms. The usual polynomial fit is inherently equivalent to a
Dunhan®® expansion of the potential about the equilibrium

AH?,(4) corresponds to 0 K appearance energy of the OH
fragment from water, AKOH'/H,0O), and can be obtained from
photoionization mass spectrometric (PIMS) measurements.
AH7y(5) is the adiabatic ionization energy of OH, IE(OH), and . ) . . .
can be measured either by photoionization (PI) or photoelectrond'Stance'_ Wh'_Ch typically gives a very reasonab_le representation
(PE) spectroscopd®: The thermochemical cycle is closed by _Of Fhe_ vibrational levels deep n the potential w_eII, b.Ut.'S
applying AHS,(4) — AHS,(5) = AHZ(1), and hencePo(H— |.ntr.|n5|cally a poor approximation close to the.dllssomatlon
OH) = AEo(OH/H;0) — IE(OH). limit.3° In case of hydroxyl, the apparently convincing coun-
The photoionization appearance energy of the'Gidgment terargument is that the extrapolations for both OH and OD are

from water was first reported by Dibeler et?las a “sharp ra_lther short £1.5 vibratior_1a| Ie\_/els) _ar_1d that the i.SOtOPiC
onset” at~18.05 eV. This value was extracted from a rather difference between the derived dissociation energies is close to

coarse spectrum and does not contain the necessary Correctioﬂ]e expected value:* The selected value deO(QH) seems
for the internal energy of water. Subsequently, McCttoh to be _furthercorroborateq by observed _broadenln% of rotational
performed a very detailed photoionization study ogOHand lines in OH .and OP’ attributed to predssomati’éﬁ.
D,O. For hO, he reported # 0 K fragmentation onset of Hypc_)theS|s_3, Wh!Ch has been tacitly assunjgd to b_e the source
18.115+ 0.008 eV. of the inconsistencie’;3* can be further partitioned into:

The adiabatic ionization energy (IE) of OH has a slightly ~ (3a) IE(OH) is too high;
more colorful history. The often referenced early photoionization ~ (3b) AEy(OH*/H;0) is too low.
values, such as 12.94 eV by Dibeler et?dl12.88 eV by Hypothesis 3a is not particularly likely. Admittedly, the
Berkowitz et al2* and 13.00 eV by McCulloB2 are actually inherent lack of mass selection causes the ionization threshold
indirect and depend, among others, on auxiliary thermochemical region of OH to be congested in all photoelectron st
values?® including AH(OH). Subsequent direct photoelectron by peaks from other species present during production of OH,
studies of IE of OHR% 29 reported 13.01 eV. So far, the most such as HO, O, H, and even HOF, and the final OH spectrum
accurate adiabatic ionization energy of OH has been reportedhas to be obtained by some form of subtraction of these
in a zero kinetic energy photoionization (ZEKE) st&¥lyas impurities. However, the Franck Condon factors for thetOH
104989+ 2 cnmT 1= 13.01698+ 0.00025 eV. It should be noted ~ X3Z~ < OH X213, transition favor the 8- 0 vibrational peak,
that, as opposed to these photoelectron and ZEKE studies, directvhich appears to be clearly visible in all studies, with the-1
photoionization mass spectrometry of the OH radicaf 0 transition being much smaller (but still usually identifiable
produces an O signal at energies that are slightly lower than despite impurities). Consequently, it is highly improbable that
the adiabatic IE(OH). However, this appears to be entirely the 0< 0 transition is misassigned and that the true adiabatic
attributable to rotational hot band&33 ionization onset is lower, because, to maintain a reasonable

Taking the best available literature valg&¥® to complete Franck-Condon envelope continuing with the two existing
the positive ion cycle, namely, ABDH/H,O) = 18.1154+ peaks, the hypothetically missing lower member of the progres-
0.008 eV and IE(OH} 13.0170+ 0.0003 eV, results iDo- sion would have to correspond to an even higher peak, clearly
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absent in the spectra. Hence, the photoelectron value of IE-trivial sources of systematic errors, such as an inadvertent
(OH) = 13.01 eV is not likely to be in error. In addition, ZEKE  wavelength calibration error or peculiar experimental conditions
spectr& contain rotationally resolved information, which was causing undesired pressure or field effects, etc.
successfully modeled theoretically, and hence serves as an The discussion presented above suggests that a closer scrutiny
effective fingerprint identifying both the species and the states of the experimental determinations underlying hypotheses 2
that are involved. Finally, the ZEKE study reports that IE(OD) and 3b should shed light on the discrepancy surrounding
— IE(OH) = 96 + 3 cnr™. This can be compared with the ~ AHS,(OH). In this paper, we examine hypothesis 3b by
difference of 98.7 cm' that can be obtained from zero-point  reinvestigating the OHfragment onset in the photoionization
vibrational energies (ZPE), Dunham corrections, and rotational spectrum of water both by mass-selected photoionization (PIMS)
term valueg'? of a thermally equilibrated sample and by pulsed-field-ionization
Finally, hypothesis 3b, although not at all impossible, would photoelectron (PFHPE) spectroscopy of a supersonically cooled
be quite unusual. Conventional wisdom has it that PIMS sample. We also examine hypothesis 2 by analyzing and
fragment appearance energidsproperly extracted and cor- critiquing the Birge-Sponer extrapolation used by Carlone and
rected correspond technically tstrict upper limits Fragment Dalby.
onsets can be “retarded” by competitive or delayed fragmenta- While providing an independent check of possible systematic
tion (“kinetic shift”), but apart from collisional and field effects  errors in the previous photoionization determination, the re-
(which can be avoided by careful experiments), it is difficult to investigation by PIMS is also expected to provide a more robust
see how a fragment might appear below its thermochemical value for AR(OH"/H,0) then that obtained by McCullgt.
threshold. Although onset retardation has been known to Namely, over the recent years, we have developed an approach
frustrate measurements in large molecules and/or higher frag-for extracting fragment appearance energies that dispenses
mentation processes, it does not apply here, and even if it wereentirely with the extrapolation ste8.This approach is based
applicable, it would mean that the actual thermochemical on direct numerical fitting of spectra with a model function that
threshold is even lower, further escalating the discrepancy with describes the fragment threshold region at the actual temperature
the result of Carlone and Dalby. However, the key to obtaining of the experiment and includes both the fragment ascent and
an honest upper limit to the appearance energy is in the properthe asymptotic tail region. When the procedure produces a good
extraction of the threshold and correction for the effect(s) of fit, then the determin0 K fragment appearance energy is very
internal energy. The typical shape of the PIMS fragmentation reliable and quite accuratéOn the other hand, an unsatisfactory
onset consists of an ascent in the fragment ion yield, precededfit clearly indicates that there is some complication associated
at lower energies by a long pseudoexponential “t&i* The with the threshold in question, and hence, it cannot be used
“tail” is related to the distribution of internal energies over the straightforwardly for thermochemical purposes, a fact that can
rotational and vibrational states of the starting neutral molecule be quite difficult to obtain from graphical treatments.
and, hence. thermally dependent. The observed position of the High-resolution PH-PE studies of small supersonically
ascent in the fragment ion yield curve is also thermally cooled molecules can produce a distinct steplike feature
dependent, because it is shifted toward lower energy by ancorresponding to #10 K fragmentation onset, as recently shown
amount equal to the average internal energy present in the initialby Weitzel et al34 if the underlying fragmentation process
molecule. Traditionally, PIMS fragmentation onsets have been fulfills certain conditions. The process is rather weak, but its
(and in most cases still are) derived by graphical extrapolation observation became possible with the exceptional brilliance of
(linear or otherwise) of the observed ion yield ascent to the third-generation synchrotrons. A disadvantage is that the-PFI
baseline, followed by a correction for the thermally dependent PE approach inherently lacks mass selectivity, so that there is
shift. The extrapolation is effectively an attempt to separate the no guarantee that a particular spectral feature indeed corresponds
actual ascent of the fragment ion yield from the “tail” region. to the formation of a fragment. A possible additional disadvan-
Unfortunately, this approach suffers from a significant degree tage is that the internal energy distribution of supersonically
of subjectivity, although in good cases it can admittedly produce cooled molecules does not necessarily correspond to an equili-
quite accurate fragment appearance energies. It should be noteddrated distribution defined by a single temperature. However,
though, that, in the analysis of his PIMS spectra, McC@#floh  Weitzel et al. have shown that the step onset indeed corresponds
introduced an additional (and quite unusual) step: he took theto & 0 Kvalue for CH and GH,. Hence, when measurable,
estimatel 0 K fragment curve that he had obtained by graphi- and particularly if it produces a value closely correlated to that
cally extrapolating the upper portion of the experimental Which has been obtained by PIMS of a thermally equilibrated
fragment ion yield, convoluted it with the classical energy Sample and/or by photoelectron-photoion coincidence (PEPICO)
distributions for three rotational degrees of freedom, and studies, the steplike onset provides additional confirmation for
compared it to the experimental data. Although the primary the fragmentation threshold in question.
reason for the addition of this step was to demonstrateathat Additional insights on the question of the correct value for
of the internal rotational energy is available for the fragmentation AHg(OH) can be obtained from high-level theoretical compu-
process (by fitting data at two different temperatures), it tations. At the G2 level of theord?, AHg,(OH) = 9.0 kcal/mol,
effectively introduced a secondary check on the extrapolated whereas at the G3 level of thed§this becomes 8.4 kcal/mol.
onset and, as such, is clearly superior to a simple one-stepAlthough vaguely suggestive of an enthalpy that is lower than
graphical extrapolation. However, careful as it seems, the the experimental value of Gurvich et althese high-level
procedure applied by McCulloh may still suffer from some calculations are not quite accurate encdtigto distinguish
degree of subjectivity hidden in the extrapolation step leading discrepancies of the order of 0.5 kcal/mol. However, for a
to the assuni 0 K fragmentation curve. In fact, a close species of the size of OH or even® much more sophisticated
examination of his analysis shows that the convoluted fragment calculations are now possible.
curve slightly overestimates the “tail” region, suggesting that A composite theoretical approach to predict uniformly
the reported AE{OH/H,0) may be slightly too low. Of course,  accurate thermochemical properties across a range of small-to-
the threshold reported by McCulloh may also have other, more intermediate size chemical systems without recourse to empirical
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correction parameters to the computed total electronic energy
has been recently in developméhtHigh-level ab initio 0.6 OH'/H,0
electronic structure methods are used to calculate the molecular
atomization energy. The energy of the valence electrons are
calculated by using frozen-core (FC) coupled cluster methods
including single, double, and connected triple excitations
[CCSD(T)], with the latter being handled perturbativéiThe
CCSD(T) energies are extrapolated to the complete basis set
(CBS) limit, a step that is facilitated by the uniform convergence
properties of the correlation consistent basis sets (cc-pVnZ) from
Dunning and co-worker®. Core/valence corrections are ob-
tained from CCSD(T) calculations by using the cc-pCVnZ basis
sets which contain additional functions in the core electron
region, and scalar relativistic corrections are obtained from
CCSD(T)(FC)/unc-cc-pVnZ calculations. Further corrections to
the atomization energy for higher order excitations are based
on full configuration interaction (FCI) computations. This
procedure leads to total electronic energies that are entirely
computational and do not incorporate any experimental correc- g g R e e e e m
tions. Atomization energies are obtained from these total 176 177 178 179 180 181 182 183
electronic energies by adding either experimental or calculated
Zero-poi.nt vibrational energies for the mole(?ular species and Figure 1. Photoion yield curve of the OHfragment from water in
subtracting .CompUted to.tal electronic ene_rgles of the atoms.thg vicinity of the t%reshold region obtaineg in the present PIMS
These atomization energies refer to the weighted average of thesyperiments on a thermally equilibrated (28 H,0 sample. The solid
available spin multiplets of the molecular and atomic species line passing through the points is a model fit incorporating the effect
and are, where necessary, further corrected by incorporatingof the internal energy distribution of water, whereas the line displaced
experimental spirorbit splittings. The atomization energies toward higher energy is the derived fragment yield at 0 K. The general
computed and corrected in this manner can then be directly appearance of the threshold and the quality of the fit demonstrate that

. - - . the onset conforms to a well-behaved photodissociative ionization
compar.ed to atomlgatlon energies obtained from exper!me.ntalprocessl The best fitted threshold using the discrete distribution of
enthalpies of formation. Alternatively, the computed atomization jntermal energies and including the resolution effect is(&E/H,0)
energies can be expressed as enthalpies of formation with the= 18.116 + 0.003 eV.
aid of experimental atomic heats of formation. The accuracy of
the computed atomization energies is essentially limited by the on the continuum served as accurate wavelength calibration
size of the species and the computational resources availablemarkers. In particular, all scans were extended to include the
(which limit the highestZ-order of the basis set than can be Ne i lines. The absolute wavelength calibration of the present
used). For OH and $D, the achievable accuracy is expected PIMS experiments is believed to be accurate to slightly better
to be of the order of 0-20.3 kcal/mol, and hence, theory should than 0.01 nm (or<Y/, step size).

be capable of distinguishing between the two competing Figure 1 displays the photoion yield curve of the ©OH

o
'S
1

Photoionization Yield (arb. units)
o
()

Photon Energy (eV)

experimental values that are discussed above. fragment from water in the vicinity of the threshold region
obtained in the present PIMS experiments on a thermally
2. Experimental Results and Discussion equilibrated (25°C) H.O sample. The general appearance of

the onset conforms to the expected shape of the photoion yield

Two different experimental setups were used in present curve that corresponds to a well-behaved photodissociative
experiments: one at Argonne National Laboratory (PIMS jonization process.
experiments) and the other at Lawrence Berkeley National possible complications arising from collisional effects are
Laboratory (PF+PE and PEPICO experiments). The results of most easily discerned in the tail region preceding the onset,
each are described in turn. where, if present, the ion signal will show a nonlinear

2.1. PIMS Studies.The basic instrumental setup at Argonne, dependence on sample pressure. We have checked explicitly
employed in the present PIMS studies, was recently describedfor this behavior and verified that at the sample pressures utilized
elsewheré! The light source is a discharge lamp, followed by in the present experiments the response of the ion signal was
a 3 m vacuum-ultraviolet normal-incidence monochromator that linear. Checking explicitly for the effect of the repeller field in
is mated to the main vacuum chamber. The main chamber hasthe ionization region is somewhat less straightforward, because
provisions for measuring ions that are mass-selected by athis setting cannot be changed by substantial amounts indepen-
quadrupole filter, near-zero energy electrons, and light intensity dently of the other ion optics. For these measurements, the
and is outfitted with various in situ sources of radicals. The repeller field was explored within the range of our usual setting
experiments described here used the helium Hopfield emission(~2—3 V/cm), and the other lenses were optimized accordingly.
continuum. The mass-selected ions were pulse-counted, whereablo changes in the threshold shape were observed, consistent
the light intensity was monitored via fluorescence of a sodium- with our extensive past experience that strongly suggests that
salicylate-coated window coupled to an external photomultiplier. at these values the field effect on the fragmentation threshold
The response of the sodium-salicylate transducer was assumeds negligible. Hence, to the best of available evidence, the
to be wavelength independent in the region of interest. The spectrum in Figure 1 is devoid of significant field and collisional
nominal photon resolution was kept at 0.08 nm (fwhm), and effects.
the spectra were scanned at a constant 0.02 nm step size. The The solid line passing through the data in Figure 1 is a least-
small atomic emission lines of Ne i, N ii, dH i superimposed squares fit with a threshold model function. The overall quality
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of the fit in Figure 1 appears to be excellent, clearly suggesting

Ruscic et al.

Proceeding to fits with more sophisticated representations of

that the underlying fragmentation process is well behaved. The the internal energy distribution of J@, one finds that, for a

procedure for obtaining appearance energies by fitting experi-

mental ion yield curves with model functions was described in
greater detail previous? The function that was used to fit

given choice of background, the fitted values for A&re
essentially independent (within a span ©0.2 meV) on the
particular choice for the internal energy distribution function.

the experimental data consisted of a kernel function, which was In fact, using the more sophisticated representations leads to

convoluted with a second function describing the vibrational
and rotational energy distribution of the starting water molecule
at the temperature of the experiment. The underlying ion

fitted values that differ mutually by negligible amounts but are
systematically lower by~0.1 meV than those obtained with
the simplest representation. The only other noticeable effect of

background level was predetermined in separate fits, which wereusing successively more sophisticated representations for the

restricted to points at wavelengths significantly longer than the

internal energy distribution was a slight, but consistent, im-

examined threshold. Several different backgrounds were usedprovement in the/? of the fit. Any of the fits mentioned so far

including two limiting extremes in which the background level
was slightly (but noticeably) underestimated or overestimated.

do not explicitly take into account the effect of instrumental
resolution, which for a featureless fragment ion curve such as

The kernel function used in the present case had the usual formthe present one is very small and can be ordinarily ignéfed.

of {1 — exp[—p(hv — AEg)]}, wherehv is the photon energy,
AE, is the 0 K fragmentation threshold, and paramgtadjusts

However, in the present case, we have repeated all fits by
including explicitly the resolution effect and found that this

the shape of the kernel function such that it can reproduce theproduces thresholds that are consistently 0.9 meV higher, further

slowing down in the growth of the fragment ion yield toward
higher energy.

Aside from the desired appearance energy,Alie only free
parameters of the fit werg (curvature at higher energy) and a
scalar factor that adjusts the fitting function to the relative ion
yield of the experiment. Besides using several differing back-
grounds, the actual fitting of data was performed using four

systematically reducing thg?. Taking all of the above into
account, the best fitted threshold using the discrete distribution
of internal energies and including the resolution effect is
AE(OH'/H,0) = 18.116 + 0.003 eV (= 146116+ 28 cnT?).

2.2. PFI-PE and PEPICO Studies. The PF-PE and
PEPICO studies presented here were conducted at the Advanced
Light Source at Lawrence Berkeley National Laboratory,

different representations for the internal energy distribution, each utilizing the high-resolution monochromatized VUV source of

corresponding to a successively higher level of sophistication.
Meticulous direct state countif§ (including vibrational an-
harmonicity, Darling-Denison resonance, rigid rotator with the
Stripp—Kirkwood correction factor, and corrections for cen-
trifugal distortion) produces a rotational and vibrational internal
energy[EDyip ror Of water of 1.495 KT at 298.15 K (0.03842

+ 0.0000% eV or 309.9 + 0.4 cm™1). We have rechecked
this quantity by using a discrete state count that implicitly

the Chemical Dynamics Beamline. The setup of the Beamline
and its capabilities have been descrifédin detail elsewhere.
The procedures for PHPE measurements using the photo-
electron-photoion facility of the Chemical Dynamics Beamline
have been also described previou¥l\Briefly, the gaseous
sample (HO in this case) is introduced into the photoionization/
photoexcitation (PI/PEX) region of the apparatus as a skimmed
supersonic beam, achieving a temperature=80 K58 Each

includes all of these (and any other) corrections, because it is656 ns period of the ALS light pattern in the normal multibunch

based on the best currently available list of rovibrational levels
of the ground state of #0.5253 This produces a practically
identical value of 1.495kT at 298.15 K (0.03847eV or 309.8
cm™1). Because the dominant contribution &t are
rotations and the accurately calculated value differs from 1.5
KT by <1 cnr'l, the distribution of the internal energy can be

operation consists of 256 light pulses (50 ps each, separated by
2ns) and a dark gap of 144 ns. Excited parent species inrhigh-
(n > 100) Rydberg states, formed by excitation of the beam
sample at the PI/PEX center by the dispersed synchrotron
radiation, are field ionized by an electric field pulse (1.5 V/cm,
40 ns) applied during the dark gap and delayed by 20 ns with

expected to be quite close to that corresponding classically torespect to the beginning of the dark gap. Electrons formed by

three degrees of rotatio&Y2 exp(—E/KT). This representation,
which was also the basis for McCulloR*snalysis, corresponds
to the simplest form of the internal energy distribution used in
the present fits. The next two levels of sophistication in the

PFlin the dark gap are selected by a time-of-flight scheme using
a detection time gate. The photon energy calibration was
achieved using rare gas PHPE bands recorded under the same

experimental conditions. Previous experiments indicate that the

representation of the internal energy distribution were both basedaccuracy of this calibration method is withif0.5 meV?8:59.62

on the analytical fornk” exp(—aE), wherea is slightly adjusted
so thatlED,ip ot = 1.49% KkT.54 In one casey was kept at 0.5,
and in the other, the “best) was determined by fitting the
discrete distribution of internal energies cited ab&V&Finally,

Figure 2 depicts the PHPE spectrum of supersonically
cooled water in the vicinity of the expected Okhreshold. The
distinct steplike feature at18.115 eV almost certainly corre-
sponds to the desired onset. Previous compari$ohthe PF-

we also performed a least-squares fit of the data using a modelPE steplike features in Gicorresponding to the onset of gH

function that was based on numerical convolution of the kernel
function with the discrete distribution of vibrational and
rotational energies.

With the simplest form for the internal energy distribution
function, EY2 exp(—E/KT), the fitted values clustered very closely
around 18.115eV, with a spread of:0.004 eV that arises
primarily from the uncertainty in the underlying background.
Increasing the error bar to reflect other uncertainties (including

fragment, and €H,, corresponding to &1+ fragment, with
PFI-PEPICO breakdown diagrams indicate that the desired
onset is located close to the point where the step levels off.
The actual apex of the step in Figure 2, which would then
correspond to an upper limit to AFDH™/H,O), occurs at
18.116 + 0.00% eV (= 1461194 16 cnt?l), lending full
support to the mass-analyzed fragmentation threshold obtained
above.

those related to the wavelength scale calibration) leads to Additional support for these values can be gleaned from the

AEo(OH'/H,0) = 18.11% 4 0.003 eV. This result should be
directly comparable to that obtained by McCulloh (18.Ht5
0.008 eV). Clearly, the two are in superb agreement.

breakdown diagram obtained in PEPICO experiments (Figure
3). The disappearance point of the parent, which currently
appears to be the best way to recover the desired thermochem-
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0.4 ing fragmentation process. Hence, we conclude that the frag-
mentation threshold, as determined by photoionization experi-
H,O ‘ ments, corresponds with extremely high probability to the
j\ thermodynamically correct onset.
|

s Combining tke 0 K appearance energy determined from our
I PIMS studies of 146116- 28 cnT! (18.116 £ 0.003 eV)
\ with the best available adiabatic ionization enéfggf OH,
I3 104989+ 2 cm'l, results inDo(H—OH) = 41127+ 28 cntt
“ = 117.59+ 0.08 kcal/mol, implyingDo(OH) = 35594+ 29
® cm 1 = 101.77+ 0.08 kcal/mol and\Hy(OH) = 8.85+ 0.08
AA% kcal/mol (see Table 1 for these and following values). The-PFI

! PE step-onset of 146110 16 cnt! leads to very similar values
of Do(H—OH) = 41130+ 16 cnT! = 117.604 0.05 kcal/mol,
Do(OH) = 35590+ 18 cnt! = 101.764 0.05 kcal/mol, and
] ;??ﬁ‘,&‘\‘ % 9?? B o0l AHip(OH) = 8.86 + 0.05 kcal/mol. Finally, the coarser value
3 gg\ I «Q‘? ® ”gf\w L8 ek | from the breakdown diagram, 14617 40 cnt! (which is,

& ‘ aside from the smaller error bar, identical to the value of
McCulloh?d), results inDo(H—OH) = 411184+ 40 cnt =

o
w
|

PFI Photoelectron Yield (arb. units)
o
N

01 +—r———r———— — - .

18.00 18.05 18.10 18.15 117.56+ 0.12 kcal/mol, implyingDo(OH) = 356024 41 cnt?

' ' ' ' = 101.794+ 0.12 kcal/mol and\Hg(OH) = 8.83+ 0.12 kcal/
Photon Energy (eV) mol.

Figure 2. PFI-PE spectrum of supersonically cooled water in the A weighted average of these three very slightly differing sets
vicinity of the expected OHthreshold. The distinct steplike feature at of values, obtained by minimizing, produces A§OH*/H,0)

~18.115 eV almost certainly corresponds to the desired onset. The —
apex of the step, which corresponds to an upper limit to(@E*/ = 146117+ 24 cni* (18.116 £ 0.003 eV) andDo(H—OH)

H.0), occurs at 18.1%6+ 0.002 eV. = 411284 24 cnt!1 = 117.59+ 0.07 kcal/mol, corresponding
to Do(OH) = 35593+ 25 cnm! = 101.76+ 0.07 kcal/mol and
10 AHip(OH) = 8.85 £ 0.07 kcal/mol. These are our currently

recommended values on the basis of the positive ion cycle.

As we were preparing this manuscript, a study of photodis-
sociation of HO at 121.6 nm by Harich et &% appeared,
reportingDo(H—OH) = 411514+ 5 cnt! = 117.664 0.01 kcal/
mol. This value is in quite good agreement with the photoion-
ization measurements reported here and certainly adds signifi-
cant weight to the arguments made in the present study.
However, on a finer scale of comparisons, it seems that this
value is slightly ¢-20 cntt or ~0.06 kcal/mol) higher than the
photoionization values discussed above. The reason for this very
slight discrepancy is not quite clear. From £B8H'/H,0) =
Do(H—OH) + IE(OH), the result by Harich et al. would imply
that tre 0 K appearance energy of OHrom water is 146140
+5cnT1(18.119 + 0.00G eV). This seems to be in agreement
with the result of McCulloh, 18.115+ 0.008 eV and the

. . . L ) coincidence result presented here, 18.#18.005 eV, which
:;'g;é%%OBgiZﬁmenng?%aenhr]:zrs’-’fre in?e:deHonJl; ?0 gﬁitg'entehde eye are the two phot_oionizat_ion measurements with the coarsest error
and do not affect the determination of the disappearance point of the Pars butis only in marginal agreement with our PIMS threshold

parent, which corresponds to #BH"/H,0) and occurs at 18.115 of 18.116 + 0.003 eV and just outside the error bar of our
0.005 eV. PFI—PE step-onset of 18.146 0.002 eV. One could argue

that the latter corresponds to ionization not from thg(Qsing

istry from a breakdown diagraf,occurs at 18.115- 0.005 Jkake Notation) rotational ground state ob® but from the 3;
eV (= 1461074+ 40 cnd). level (23.8 cm! above the g level), which is the lowest

2.3. Discussion of Experimental ResultsThe very good accessible level of ortho # and in an ortho-para mixture is
agreement between four completely separate determinations ofopulated more than the@evel even at the lowest tempera-
the fragmentation onset of OHfrom H,O (one from the tures. Although this interpretation has its undeniable appeal, the
literature and three presented here) has a synergistic effect andriticism is not applicable to the PIMS experiment, which was
quite strongly suggest that the experimental values are not biasedconducted at room temperature, particularly because the discrete
by systematic errors arising from peculiar experimental condi- distribution of internal energies used in its interpretation
tions, instrumental effects, or human errors, such as pressurecorrectly takes into account the underlying 1:3 statistical weights
and field effects, wavelength calibration problems, or inap- of para and ortho bD. An entirely different possibility is that
propriate threshold interpretation. Furthermore, the fact that the ZEKE IE(OH), which is a common denominator in all four
PFI-PE studies of supersonically cooled samples (which positive ion cycles discussed so far, is slightly too high.
measure near-zero energy electrons) produce the same resulilthough it would be quite surprising that the wavelength scale
as PIMS studies of thermally equilibrated samples, further determination in the ZEKE experiment is off by as much as 20
restricts the hypothetical range of systematic errors that could cm™, the possibility is not entirely without merit, given the
be construed by postulating various peculiarities of the underly- fact that all other photoelectron experiments report 13.01 eV

0.8
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but none report 13.02 eV, which would be slightly more in line predissociation are involved here. One kind refers to predisso-
with the ZEKE determination. Finally, it could be argued that ciation of higher levels of the A state via curve crossing, and
the measurement of Harich et al. depends critically on the the other refers to the highest rotational levels of the B state
accuracy with which the kinetic energy release is determined, that are still contained within the potential well. The first
which in turn depends on such factors as the geometrical manifests itself as broadened rotational lines, the second is
accuracy of their instrumental setup. inferred from the absence of lines. Predissociation via curve
Although the curious discrepancy between the current pho- crossing affects levels of & that are below its asymptotic
toionization result and the value of Harich et al. merits additional H(2S) + O('D,) limit but above the H{S) + OEPy) limit. The
investigation, it should be clearly recognized that its magnitude succinct picture that emerges from the more complete references

is largely inconsequential from the thermochemical point of

given in Huber and Herzbet§is that predissociation in &

view. Hence, we take the pragmatic approach and adopt as theds observed fou=0, N > 23, = 1, N = 14, and all levels of
experimentally recommended value the consensus of photoion-y = 2 in OH, and in ODv = 0, 1, 2 andN > 29, 26, 17. The

ization experimentsDo(H—OH) = 411284 24 cnT! particu-
larly because its error bar, while still very small from the
thermochemical point of view, allows for a sufficient overlap
with the result of Harich et al.

3. Analysis of the Spectroscopic Determination oDg(OH)

lowest-energy level, which sets an upper limit to the dissociation
energy, isv = 2 andN = 0 of AZZ* in OH. This is still 2802
cm~1 above theDo(OH) value of Carlone and Dalby and,
hence, not particularly useful.

In contrast to the above, predissociation by rotation in the
B2 state provides a better handle on the dissociation energy.

In this section, the analysis of spectroscopic determination This state has a shallow potential curve with an asymptotic limit

of Do(OH) will proceed in three steps. First we will describe in
detail the work of Carlone and Dalbyresponsible for that
determination. Second, we will technically improve on their data

H(3S) + O(*D,) and an equilibrium internuclear distance that
is nearly twice that of the X staté.The potential subtends only
two vibrational levels in OH and three in O3 FelenboK? first

reduction in small ways that together act to raise the derived reported predissociation by rotation in this state, giving evidence

value of Do(OH). Third, we will supplement the data used by
Carlone and Dalby by an ab initio electronic structure calcula-
tion.

Carlone and Dalby have performed high-resolution mea-
surements of the ™ — A2 and =+ — AZXZ* band systems
in OH, improving upon previous observations by Barf$w.

that for OH the last rotational level in = 0 is N = 15 and
assuming thall = 8 is the last level inn = 1. Although Carlone
and Dalby® have observedN only up to 10 fory = 0, they
observe transitions thl = 9 of v = 1, one rotational quantum
higher than Felenbok’s surmise. The levelss 0 andN = 15
andv = 1 and N= 9 can provide a lower limit tdy(OH,

From combination differences between corresponding lines of B2x) if the effect of the centrifugal barriers can be taken into

two bands having the same upper state, they obtak@e@ +
1/,) values for &=*, (v + Y,) = 0.5-8.5in OH and 0.52.5,
6.5-12.5 in OD% A standard Birge-Sponer extrapolation,
using the expression

AG(U+1/2)=Zak(U+1/2)k; k=0,1,..n (6)

with polynomials of ordersi = 4, 5, or 6 produced an average
(v + Y2)interceptof 9.955 for OH and 13.836 for OD. Integrals
under the fittedAG(v + /) curves from 0 to  + Y2)intercept
yielded (with a relatively small dispersion?/—4 cm for OH
and TY/_3 cm™! for OD) the valuesDo(OH, AZ=") = 18847
cm™1 (corresponding to an arithmetic average of the three
fits) and Do(OD, A?Z*) = 19263 cm! (2 cmt higher than
the average, 19261 cm). These D,y values refer to the
H(or D)(3S) + O(*Dy) limit. The desired dissociation energy of
ground-state Xz, J = 3,, v=0 of OH producing H{S) +
O(CP;) was obtained by adding the enefgyof the R(1)
transition of 32440.6 cmt to Do(OH, A%2Z™) and subtracting
the term valué® for O(*D,) of 15867.7 cm?, producing
Do(OH) = 35419.9 cm?. Instead of derivingDg(OD) in an
equivalent manner and comparing itBe(OH) via the corre-
sponding ZPEs of the X state, and/or compaiOH, AZZ™)
and Do(OD, A%>*) via the ZPEs of the A state, Carlone and
Dalby present a somewhat circuitous compari¥deading to

a residual difference of-5.8 cnt! (OD being more bound),
which they attribute toelectronic isotope shifts. However,

account by, for example, constructing the appropriate limiting
curves of dissociation. Similarly, if levels = 0 andN = 16
andv = 1 andN = 10 indeed do not exist, they can provide an
upper limit to the dissociation energy. In lieu of an estimated
limiting curve of dissociation for B*, Carlone and Dalby use
these four rotational levelsand straight lines on aN(N + 1)

plot through two alternate pairs of levels to obtain estimates of
the upper and lower limit to the dissociation energy, producing
Do(OH, B?XZ+) = 917+ 60 cnm . Their analysis is reproduced

in Figure 4. They also quot®¢OH, B’=") = 1355 cm!
inferred from the measureG(v+1/2) values for the B state
of OH and OD, as well as ®. of 1360 cnt! from another
limiting curve plot of the highest observed rotational levels in
B2=" of OH. Although they do not explicitly give the ZPE value
used or implied in their procedure, with a ZPBf 462.9 cnt?,
these twoDe values correspond tbo(OH, BZ=") = 892—-897
cm1 in good agreement with 91F 60 cnTl. However, as
noted by Carlone and Dalby, this result impliesalues of
Do(OH, A=) of 18943+ 30 cnt! or 18965+ 60 cnT?, about
100-120 cn1! higher than the value of 1884#% 15 cnt® from

the Birge-Sponer extrapolation on the A state. Carlone and
Dalby argue that the shortness of the Birggponer extrapola-
tion makes the latter a more reliable estimate and conclude that
the B state must have an inherent dispersion hump, i.e., a reverse
dissociation barrier even & = 0.

In the second step of our analysis, we will technically improve
the Birge-Sponer study of the A state and the analysis of the

because of a failure to properly account for all spectroscopic predissociation of the B state. Consider first the BirGponer

terms®” the residual difference actually is 9.6 chwith OH

extrapolation. We have repeated the fit of Carlone and Dalby

being more bound. This change in sign may correspond to a(see Figure 5a) and obtained virtually identical res{fitss long

somewhat less satisfactory resifit.

Carlone and Dalby attempt to find further support for the
value Do(OH) = 35419.9 cm! by examining the observed
predissociation patterns in OH and OD. Two different kinds of

as the integrand was the fitteéddS(v + Y/,) function. For some
reason Carlone and Dalby did not realize that the resulling
values ardower (by up to 26 cmt) than the energy of the last
(predicted) level? as a direct consequence of the approximation
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Figure 4. Limiting curves of dissociation of the &" state of OH.
The circles correspond to the highest observed rotational leveis)
andN = 15 andv = 1 andN = 8. TheN = 0 intercept of the limiting
curve (full line) passing through the last observed rotational state of
= 1 and the first extrapolated rotational state/ef O provides a lower
limit to a plausible dissociation energy. Likewise, the limiting curve
passing through the other pair of points provides an upper limit,
bracketingDo(OH, B?X*) to 9614 55 cnt!. The dashed straight lines
correspond to the original simplified analysis in ref 15 which leads to
an underestimate ddo(OH, B*Z™).

dG(v)/dv ~ AG(v + ,). The derivative dB(v)]/dv can be
obtained from the same data without much more effort,
producing slightly higher valués Do(OH, A%ZZ") = 18866.7
cmtandDy(OD, A%Z1) = 19272.3 cm?, which representhe
technically correct outcome that should:leebeen obtained from
a Birge—Sponer fit The ZPE difference (including of terms)
based on the best available ddtan the A state is 420.8 cm,
leading to a residual discrepancy of 15.2dmJsing the more
convoluted approach of Carlone and D&bthat relates the
two Do values through the ZPE differences of the ground
electronic state produces 19.6 tinThese shifts are slightly
less convincing (certainly by size and perhaps by sign as well)
than the original discrepancy ef5.8 cnt! quoted by Carlone
and Dalby. Whether 19.6 and 15.2 chare plausible electronic
isotope shifts of the X and the A state is an open question, which
is very difficult to address without specialized calculatiéhs.
Now consider predissociation in the B state. Although the
underlying idea of pairing the four levels in a way that produces
an upper and lower limit is excellent, the use of straight lines
on anN(N + 1) plot implicitly leads to an underestimate of the
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Figure 5. Birge-Sponer extrapolations of the vibrational gaps in the

AZZ* state of OH and OD. (a) Extrapolation of experimental data as
performed in ref 15. (b) Extrapolation of data from a high-level ab

dissociation energy. Figure 4 shows the straight lines of Carloneinitio calculation of the same state (see text). To mimic the situation
and Dalby, together with the more appropriate (albeit ap- occurring in the experimental fit, the last gap has not been considered
proximate) limiting curves of dissociation. These have been In the fit. This clearly shows that the curves underestimate the position

obtained from effective potential energy curves calculated by ©f e last gap. They also seriously underestimate the resuiting
using dissociation energy. (c) Extrapolation of the same data as in part a but

with inclusion of all vibrational levels. The lower order fit clearly shows
an inflection point close to the last vibrational gap followed by curvature
outward. This behavior is not reproduced in parts a and b and is the
primary reason leading to an underestimate of the dissociation energy,
whereas the higher order fits do not converge, showing that the
underlying Dunham approximation becomes inappropriate in the vicinity
of the dissociation limit.

U,(r) = Ug(r) + h(8z°cur?) I3 + 1) (7)
where J has been replaced by, as appropriate for case b
coupling andUy(r) was approximated by a Morse curtfe-or
eachN, the energy of the centrifugal maximum relative to the
bottom of the Morse curve was converted to a scale relative to The curves are a plot of these maxima agah@ + 1). The
v = 0 andN = 0 by using a vibrational ZP® of 462.9 cntl. parameter®,. and o of the Morse potentiaUy(r) have been
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iteratively adjusted so that the curves pass exactly through thelow in OD, on the average). The correspondingxvalues are
chosen pairs of points. Given the rather approximate nature ofalmost 0.5 higher than values obtained by the fit that omits the
this approach? the values obtained from these curves have to last vibrational levef*

be taken with considerable caution. Nevertheless, although the The fact that fits that include all vibrational levels have a
straight lines of Carlone and Dalby brackeDg(OH, B*<™) tendency to diverge strongly suggests that the polynomial
range of 849-983 cnt! (or 916 + 67 cntl), the range expansion of eq 6 becomes an inadequate representati&(a)of
bracketed by the two limiting curves of dissociation is 906 as the dissociation limit is being approached. This is not
1016 cnt! (961 £ 55 cntl) or another~50 cnt! higher. If surprising at all, because the polynomial expression used in the
taken at face value, the estimatBg{OH, B’=") = 961 4+ 55 Birge—Sponer fit is based on the Dunham power series
cm~1 implies Do(OH, AZZ+) = 19002+ 55 cnt?, or ~135 expansiof® of the diatomic potential about the equilibrium
cm1 higher than that from the technically correct Birg@poner distancere. This gives rise to a reasonable representation close
extrapolation. This value fdDo(OH, B2Z™) ultimately implies to the bottom of the well, but because the convergence radius
Do(H—OH) = 41146 &+ 56 cntl, in excellent accord with for this expansion ise, the power series becomes an inherently
Do(H—OH) = 41128 + 24 cmi'! suggested above from inappropriate representation of spectral data when2re.3°
photoionization experiments. Thus, the reconciliation of the A As opposed to the Dunham polynomial expansion, at large
and B state spectroscopic analysis and the reconciliation of theinternuclear distances, the potential follows the familiar inverse
spectroscopic and photoionization determinations of bond power form. If only the leading inverse power term is
dissociation energies can be both achieved if the technically considered, simple expressions for vibrational terms close to
correct Birge-Sponer underestimat&s(OH, A2S*) by ~135 the dissociation limit can be derivéei® Such expressions can
cm L. be extended toward levels that are more bound via empirical
function$” or (more rigorously) Padapproximants?—8° which

structure calculations on the OHR&') potential curve. We effectively produce an analytical continuation of Dunham’s
expression. For the Xt state, the leading inverse power term

have carried out multireference single and double excitation ; . : ) 6 )
(CAS+1-+2 with Davidson correction) calculatichon the OH- 1S the |nduc<|ad-d|po}emduced-(ilpcr)ller term. There is no
(AZ=*) potential energy curve with an aug-cc-pV5Z basisget, €XPerimental measurement of the associa constant.
As will become quite clear in the next section, this level of However, the electronic structure calculations were systemati-

. — -6 '
calculation cannot be expected to produce a dissociation energ)églggg%”ed_?lg ta fb 10hA' Anr . tlerm Wgh %(03/6 ¥alue %f
accurate to 135 cmt and thus cannot “replace” the Birge cm - describes the potential to within 5% from about

Sponer analysis of the spectroscopic data. However, it is the turning point of the second to last level of OHZ5 A) on

expected that this level of theory will reproduce the essential out to the asymptote.

-6
features of the real potential used in the Birg&gponer analysis. :<nov¥lfr:jeg§ of tha; Iorm Gn.d pe_rha_lpls %ISO. of the cotmgl_Jt?d
Then the computed dissociation energy can be compared to that\t/a ue of thel.e cons an+ could In principie be incorporated Into
he analysis of the & vibrational levels to produce a more

derived from the Birge Sponer analysis on the vibrational - ) -
eigenstates produced by the computed curve. Indeed, solvingConfldent estimate 0Do than_that pf. the us_ual BirgeSponer
method. Following a suggestion originally given to us by Féld,

the vibrational eigenstates for the calculated poteftmbduces we have attempted to fit both the experimental and computed

exactly the same number of bound le¥élgup to » = 10 in vibrational levels by using such expressions. The most successful
OH andv = 14 in OD) as that deduced experimentally by y g suc P : .
. ] of our numerous attempts involved Padpproximants. For
Carlone and Dalby. Figure 5b shows the result of the Birge ' )
example, the extrapolation of the RKR experimental ctirve

Sponer exirapolation using the theoretlcal Ie\_/els that are (shown in Figure 6) out to the asymptote could be done with a
analogous to those observed experimentally. Quite clearly, the . y ! .
simple Padeapproximant:

extrapolation seriously underestimates the position of the last,
experimentally unobserveiG(v + 1/,) value. The underesti- — N 6
mate of the calculated limit is even more severe: the averagesvex"p(r) =D {@+ P+ d}HC), r=rn (8)
of three fits completely analogous to those used by Carlone and,;are rm is @ match point at whictp and q of the Pade
Dalby undervalue the calculated limit by 128 chin OH and approximant (in braces) are adjusted to reproduce the RKR
81 cnr* in OD. If one uses the technically correct integration, potential curve in slope and value. The second term in the above
the discrepancies are only slightly lower (109 ¢rfor OH and expression expands into an infinite order inverse power series
73 crr_rl for OD). This exercise shows ql_Jlte persuasively that ot \which the lead term is—Cg/r® taken from the ab initio
the Birge-Sponer treatment of the experimental data féEA calculations. (This is true only asymptotically: inappropripte
of OH and OD leads to a substantial underestimate of the 5nqqvalues can lead to potentials with barriers or singularities
dissociation energy and he_nce vitiates the most powerful in physically meaningful regions af) In Vex(r), the dissocia-
argument (“short” extrapolation) favoring the values derived jgn energyD is an adjustable parameter selected so as to
by Carlone and Dalby. Furthermore, the scale of the underes-gptimally fit in a least squares sense a local region on the RKR
timation is near that required to resolve the discrepancy with cyrve about the match poing,. If there is any information in
the B state and with the photoionization studies. the RKR curve that constrains the dissociation energy, in eq 8,
An interesting question is whether the experimental knowl- it is reflected in the adjustable value Bfonly through the local
edge ofall vibrational levels would have produced a better region abouty,. The final potential curve is then the RKR curve
Birge—Sponer fit. Figure 5¢ shows such a fit using all calculated for r < rp, andVexup for r = ry,. Correspondingly, the Birge
AG(v + ). The lastAG(v + ¥/) induces a change in curvature  Sponer estimate dd is replaced by the adjusted value of the
of the fitted function close to the dissociation limit. Whereas parameter D minus the ZPE.
polynomial fits withn = 6 (and higher)diverge both in OH A major difficulty with extrapolation schemes, whether they
and OD, never producing & (+ 1/2)nterceptvalue, fits withn = be for potential curves dB(v), is that there is no rigorous way
4 and 5 behave apparently reasonably and produce similar result$o select a local region from which to adjust the dissociation
close to the calculated limit (13 crhlow in OH and 9 cm?! energy. The most successful approach discovered involved a

The last step in our analysis is the incorporation of electronic
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fitting over a local region of &Ar as required by eq 8 apparently
averages out. Alternatively, one could ad®'#&? term to the
numerator of the Padapproximant in eq 8 resulting in two
parameters (safp and P') to adjust in optimizing agreement
over the local region between the extrapolated form and the
RKR curve. This leads to erratic values@fthat do not allow

a reliable extrapolation t®.. Despite the lack of robustness,
the procedure discussed above, which incorporates new infor-
mation in the form of an ab initi©Cs value, implies that the
technically correct Birge Sponer value foDo(OH, A%ZH) of
18866.7 cml is too low by 894 14 cnml. The new estimates
for Do(AZZ*) implie Do(OH) = 35529+ 14 cnTl, a value lower
than the photoionization estimate of 355834 cnt! by only

by 64 cmt.

Whereas the above discussion has focused on extrapolating
the RKR potential curves, a similar discussion can be carried
out for directly extrapolating th&(z) function because the form
of that function for a—Cg/r® attractive potential is know#p.86

r(A) fExtrapolati?n ogG(u) from tPehotéssrvg;;/els_to thit;zasygwp;]totic

. . orm can also be accomplished by roximant¥ and the
Figure 6. RKR curve for the A=+ state of OH (full circles) and OD - : L :
(ogen circles). The last two levels in each of t%e two isot)opomers are S8Me questions of aPpmp“"?‘t? fitting regions and of robustness
outside the & region (which is the domain of validity of the Dunham  With respect to the Paderm limit the confidence one can have.
approximation) yet barely start encroaching on the long-range region in the results. However, such analysis does suggest an inflection
of the potential and hence do not carry a strong information content point and a consequent drastic change in the curvatu@9f
on the long-range behavior of the potential. beyond the last experimental point. The existence of an
inflection point guarantees that any Birg8poner type of
extrapolation that maintains the general direction of curvature
implied by the points before the inflection will systematically
underestimatemax and henceo.

The difficulty of extrapolating either the RKR potential or
G(v) to the asymptote probably arises from the fact that the
last few vibrational states of the?A" state are just outside the

sequence of local regions ofA? in width centered about the
sequence ofy, values of the forn{rm; = rpp — iAr | i = 1,n},
whererpy is the RKR turning point for the highest observed
level. Theith local region can be processed to obtain an optimal
D; value. The resultingD; values as a function ofy,; are
observed to decay largely exponentially to an asymptotic value
at larger for OH and OD for both the experimental RKR curve L - g X
and the ab initio potential curve. This asymptdilg can be  Validity domain of the Dunham expansion region, yet barely
interpreted as the value eq 8 would have produced if the dataStrt €ncroaching on the long-range region of the potential.
would have allowed they sequence to be extended beyond Conseqguently, they do not protrude far enough to carry a strong
M. The final value oD.. does depend on the choice Af. If information content on the long-range behavior of the potential,
Ar is too small, any value db; fits the data well giving rise to Iead!ng to dlff_lcultles in ext_ractmg that information w_|th
unphysical or poorly fit extrapolations .. The same can conflder!ce. This explqnatlon is corroborated by_ tr_lt_a experience
also be true ifAr is too large because some valuesDofare of qppl_ylng extrapolation procedur_es to the ab initio potential,
determined by too much of the interior portion of the potential Which is shallower than the experimental potential by several
energy curve where there is little dissociation energy sensitivity. "undred wavenumbers and consequently has turning points for
However, for a range ofr in the vicinity of ~0.1 A, well the hlghest vibrational levels t_hat are at largethan those
behaved extrapolations to physically meaningful valueBgf ~ ©btained from the RKR analysis. For example, the second to
can be achieved. Depending on the order of the Dunham last OD level hgs an ab initio turning p_omt of 2.84 A, Wher_ea_s
expansions used in the RKR analy&ishe final values oD the corresponding value on thg expenmenta} R.KR poter_r[la! is
determined fronD., are 18956+ 14 cnt for Do(OH, AZS*) 2.55 A. In general, extrapql_atmn of the_ ab |n|t!o potential is
and 19365+ 15 cnr for Do(OD, A2E+). When the same less sensmve.to. thg definition of a fitting region and more
procedure is applied to the ab initio curve using the analogous tolerant of varlqtlon in the fprm of the extrapolating function
highest observed level to sefy, the resultingD. values for than extrapolation on experimental data.

OH and OD are 20146 and 20120 chrespectively, where From all of the above analysis on both théSA and BP=*

the correct computeD. is 20121 cm?, i.e., a 25 cm? error or states of OH and OD, we can conclude that the original analysis
less. The value 0. does depend on the value ©f used, but of Carlone and Dalby underestimates gOH) by a thermo-
only to a minor degree. Variation of thes value by +10% dynamically significant amount. In the case of the&XA state,
produced alterations iDg that fall within the~15 cnt? error a Birge—Sponer extrapolation over only one missing level still
bars produced by different RKR curves. introduces a significant underestimation BH(OH, AZ=™)

Although suggestive, this analysis is not definitive because because the missing level has a changed character that reflects
it is not robust. The implications of wide variations in the the influence of long-range forces. In the case of tAE'Bstate,
selected value foAr have already been mentioned. In addition, an overly approximate treatment of the centrifugal barrier leads
simple variations of eq 8 do not produce sensible results. Forto an underestimation ddo(OH, B?Z*). In both cases, more
example, in eq 8p could be set to zero andland q directly sophisticated but still approximate analysis and, for tRE'A
selected so as to match slope and value at ggcfihe resulting state, additional ab initio information suggest tita{OH) is
sequence ob; can be extrapolated toDbut the extrapolated  underestimated by 110 cnt? (for A2Z*) and~155 cn?! (for
value is typically below the highest observed level. There is B2Z%). The photoionization results of the previous section
also a “chatter” in the values @; asrm; approachesn, that suggest an underestimation by ¥25 cnt L. Thus, this review
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of the Carlone and Dalby results can largely but not perfectly gram°2 Program thresholds were chosen to ensure accuracy
reconcile the spectroscopic and photoionization data. It is likely in the total energy to at least 19Hartrees.
that only new measurements on either ti&Aand B> states In the case of OH, where an open shell molecule dissociates
can tighten the estimates BD§(OH) from the spectroscopic data. into two open shell atoms, the spread in dissociation energies
across the three CCSD(T) methods was a mere 0.07 kcal/mol.
4. Theoretical Studies All three methods underestimated the FCI result, with errors
. . L . ranging from 0.06 to 0.13 kcal/mol. The R/UCCSD(T) and
In, this section, we report ab initio calculatlor!s that are RCCSD(T) methods produced essentially identical results and
de§|gned t'o dl'rectly determine the thermodynamic quantities were in best agreement with FCI. For,® the spread in
of interest in this paper to an accuracy of about 50%?0*9'10 atomization energies was a somewhat larger 0.17 kcal/mol, with
to ~0.20 kcal/mol). This will involve the determination of  yhe R/yCCSD(T) method coming closest to reproducing the FCI
atomization energies, ionization potentials, and dissociation result,SDe = 216.29 (FCI) vs 216.27 (RIUCCSD(T)) kcal/mol,
energies. First we describe_ the electronic structure methods used, Gifference of—0.02 keal/mol. Errors for the RCCSD(T) and
and then we report and discuss the results. ~_ UCCSD(T) methods were only slightly larger, #0.06 and
4.1. Methods. All ab initio calculations presented in this  _q 12 kcal/mol, respectively. On the basis of these results, we
section were carried out by using MOLPROGaussian 98} have adopted the RIUCCSD(T) results for open shell systems,
and ACESI?® on an SGI Origin 2000 or an SGI PowerChallenge although the very limited amount of data precludes making

computer. _ - _ . generalizations for other systems or for larger basis sets.
The computational procedure for obtaining atomization — |p previous studie&?0101103ye have sometimes estimated

energies starts with CCSD(T) electronic energies including only the difference between FCI and CCSD(T) with the CCSDT
the valence electrons in the correlation calculation extrapolatedmethod in which triple excitations are treated on the same
to the complete basis set (CBS) limit, a step which is facilitated footing as the singles and doubles, i.e., iteratively via the coupled
by the uniform convergence properties of the correlation cjyster equation¥?For a collection of 25 known FCI energies,
consistent basis sets (cc-pVnZ) from Dunning and co-workers.  cCSDT shows a slightly smaller mean absolute deviation than
For the present study, we used the diffuse function augmenteddoes CCSD(T). However, the level of agreement between
(aug-cc-pVnZ) basis sets far=T, Q, 5 and 6. In addition, we  cCSDT and FCI was found to vary significantly among the
were able to carry out calculations using an “unofficial” molecules in the test set. In the case eBHCCSDT actually
septuples basis set that was designed to mimic the correlation predicts a reduction in the atomization energy, relative to CCSD-
consistent approach. In all cases only the spherical component§T), whereas FCI increases the atomization energy.
(5-d, 74, 9.9, 11-h, and 13¥) of the Cartesian basis functions  Three different formulas were used to extrapolate the cor-
were used. Because of software limitations, we were unable tore|ation energy to the frozen core CBS limit. The first is a three-
includek functions ( = 7, wherel is the angular momentum  parameter function in Ifax, Wherelnaxis the highest angular
quantum number) in the aug-cc-pV7Z basis set. The small momentum in the oxygen basis $8t:
energy contribution from the missing functions was estimated
by extrapolating the contributions of the (I = 5) andi-type E(lma) = Ecgs+ |_:,/|max3 + (;/|max4 (9a)
functions ( = 6). A check on the accuracy of this extrapolation
for the oxygen atom at the singles and doubles configuration wherel,.x = 2 (DZ), 3 (TZ), etc. In addition, we used two
interaction level of theory showed it to be good to at leas10 two-parameter formulag 107
Hartrees®

Three coupled cluster methods have been proposed for E(lma) = Ecas + B/(Imax + 1/2)* (9b)
treating open shell systems. The first is a completely unrestricted
method, built atop unrestricted HartreEock (UHF) orbitals and
and designated UCCSD(T). The other two methods start with
restricted open shell Hartre¢-ock (ROHF) orbitals. One is a E(la) = Ecas + B/l (9¢c)
completely restricted method, which we label as RCCSB(T).
The other relaxes the spin constraint in the coupled cluster In previous work, we have used a mixed exponential-Gaussian
calculation and is designated R/UCCSD#F At present, little form?108
is known about which open shell coupled cluster method B o
produces the best agreement with the exact full configuration E(lna) = Ecgs + Be (m ) 4 ce (ma™) (9d)
interaction (FCI) results. In prior FCI work on AH and AB
diatomics?9-101 cc-pVDZ basis set results were often found to which on average has been found to produce slightly better
be unreliable in predicting the true effect of higher order agreement with experiment when basis sets up to quadiuple-
correlation recovery beyond the CCSD(T) method. Thus, if FCI were available. However, thel} formulas, which are based
calculations are to be useful in calibrating coupled cluster results, on the asymptotic 1/Z perturbation theory convergence proper-
it appears that basis sets of at least triplguality will be ties of two-electron systeni&€é as well as principal expansion
necessary, severely restricting the number of systems that carargumentg?” are thought to perform better for the very large
be examined. Consequently, in previous work, we have tendedbasis sets employed in the present work. We adopt the average
to use the spread in atomization energies resulting from the threeof the three extrapolations as our best estimate of the frozen
open shell coupled cluster methods as an indicator of the core CBS limit. The assignment of meaningful error bars to
uncertainty in our findings. However, for this study, we were the present theoretical results is hindered by the general lack of
able to carry out a FCl/cc-pVTZ calculation on OHI) and a formal, a priori error bars for all electronic structure calculations.
FCl on O (*A;) with a combination of the cc-pVTZ basis set  After careful consideration, we have adopted three times the
on oxygen and the cc-pVDZ basis set on hydrogen. The latter spread among the estimated CBS limits as a crude measure of
calculation involved 1.%& 1(° determinants and was performed our uncertainty!®® This choice reflects the uncertainty in the
with the Knowles sparsity-driven, determinant-based FCI pro- CBS energies, as well as errors arising from a number of smaller
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corrections, to be discussed, and the assumption that these 0297 . . : : 0242
smaller corrections are additive. In each case, the CBS
extrapolations based on eqs-9ainvolved only the R/JUCCSD- 0200 1-0.244
(T) correlation energies. The resulting CBS limits were then
obtained by combining the extrapolated correlation energies with ~ 50, [ 1 0246
the SCF/aug-cc-pV7Z total energies. § 9"‘

The geometries were optimized at the frozen core CCSD(T) z 0.303 F OH lo248 T
level of theory. The molecular zero-point energies were taken ® H,0 3
from the experiment and include anharmonic correctf§3:1° M oaosh lozso ©
Additional corrections to the CCSD(T)(FC) atomization energies
are needed when trying to achieve accuracies on the order of a g 307L 10252
few tenths of a kcal/mol. Core/valence correctionEgy) to TCBS(OHy oo mmerrmne e e ]
the dissociation energy were obtained from fully correlated 209t o2 L L 1,

0.254

CCSD(T) calculations with the cc-pCV5Z basis Setat the avQz  avsz  avez  av7z
CCSD(T)/aug-cc-pVTZ geometries. Basis Set

The effects of relativity must also be considered. Most figyre 7. Frozen core CCSD(T) correlation energy ofdHand OH
electronic structure computer codes do not correctly describeas a function of the basis set size. The estimated CBS limits were

the lowest energy spin multiplet of an atomic state, such as the obtained from the two poir(n) = Eces + Bllma’ formula using the
3p state of oxygen. Instead, the computed energy correspondgug-cc-pV6Z and aug-cc-pV7Z basis sets.
to a weighted average of the available multiplets. To correct

for this effect, we apply an atomic spiorbit correction of-78 three formulas behave similarly, increasing the computed value
cm~* for O on the basis of the excitation energies of More. by ~0.2 kcal/mol when the aug-cc-pV7Z basis set is used as
For OH, a molecular spinorbit correction of—38.18 cn1l is the largest basis seDg(OH) and D¢(H—OH) behave very
also available from experime#fA0.111 similarly to the atomization energy of water, although the

Molecular scalar relativistic correctionaEsg) which account ~ changes are about a factor of 2 smalleO(1 kcal/mol).
for changes in the relativistic contributions to the total energies Table 4 lists the corrections for core-valence and scalar
of the molecule and the constituent atoms were included at therelativistic effects, and the amount of higher order correlation
CCSD(T) level of theory using an uncontracted cc-pVQZ basis recovery. Together with the experimental ZPEs, sfirbit
set in the frozen core approximatioNEsr is taken as the sum  effects, and diagonal BofrOppenheimer corrections, the
of the mass-velocity and one-electron Darwin (MVD) terms in estimated CBS limits lead to the final computed thermochemical
the Breit-Pauli Hamiltonian''2 AEsris very insensitive to the ~ quantities. The “error bars” attached to these quantities are a
level of theory. The present CCSD(T) values are withim®l0  reflection of three times the spread of estimated valence
Hartrees of values obtained at the singles and doubles Cl level,correlation energies using the three CBS extrapolation formulas
a method we have applied previously, and differences in (9a—c). This conservative estimate of the extrapolation error is
differential scalar relativistic corrections for atomization energies designed to also include systematic errors in the additional small
are even smaller. correction factors incorporated into the final computed quanti-

Finally, corrections that are due to the Bet@ppenheimer ties. The magnitudes of the small correction factors show how
approximation have also been included by calculating the difficult it is to calculate dissociation energies to a few tenths
diagonal correction (BODC). These calculations used the Of @ kcal/mol. The core valence correctidfEcy ranges from
formulas as implemented in MOLPRO by SchweHRat the 0.14 to 0.36 kcal/mol, always increasing the energy, and the
complete active space self-consistent field level (CASSCF) with scalar relativistic correctioAEsr is always negative for these
the aug-cc-pVTZ basis set. The active space used in theseenergies ranging from0.12 to—0.27. The smallest magnitude
calculations, which were carried out @ symmetry, involved of these corrections is found f@y(OH). The full-Cl correction
7 d and 2 & orbitals with eight electrons active (the first a  AErci is less than 0.1 kcal/mol and is largest for OH where it
orbital constrained to be doubly occupied). Following the increases the dissociation energy by 0.08 kcal/mol. The smallest
suggestion of Handy and Lé& atomic masses were used AErci correction is forDo(H—OH) where it is only—0.02 kcal/
throughout!s and these values, including conversion factors, mol. The diagonal BorrOppenheimer correctionEgopc is
were obtained from the NIST website, http://www.physics.nist- very small for OH, only—0.01 kcal/mol, but is significantly
.gov/PhysRefData/contents.html. larger forDo(H—OH), 0.11 kcal/mol, and foAHg,,.., {H20),

4.2. Results and DiscussiorFigure 7 shows the regularity it IS 0.10 kcal/mol. Clearly, target accuracies of a tenth of a
of the frozen core correlation energy of® and OH as a kcal/mol WI|! require conS|derat|qn of 'Fhls_term in the calculation
function of the basis set size, along with the CBS limit estimates Of the atomization energy. At this point, it should also be noted
obtained from eq 9c. As one can see, even basis sets as largéat nonadiabatic corrections to the zero-point energy 9 H
as aug-cc-pV7Z are still relatively far from the limit, reflecting  are calculated using the method of ref 113 to be only 0.23'cm
the well-known slow convergence of the one-particle expansion. Which will have no effect on the present results.

Table 2 lists the RIUCCSD(T)/aug-cc-p¥, n = Q, 5, 6, and The computed values fokHZ,,.i,dH20), IE(OH), and IE-

7, frozen core total electronic energies and CBS extrapolations (O) serve as a benchmark for our theoretical approach. When
using eqgs 9ac. Table 3 shows the corresponding convergence results only up to the @-level are included, the theoretical
behavior of IE(O), IE(OH) AEatomiAH20), De(H—OH), andDe- atomization energy of water is smaller than the experimental
(OH). For IE(O) and IE(OH), the extrapolations are seen to be value by 0.05 kcal/mol, IE(OH) by 0.02 kcal/mol, and IE(O)
relatively insensitive to the size of the underlying basis sets, by 0.10 kcal/mol. The errors with respect to experiment in Table
because the use of basis sets up to aug-cc-pV7Z results ind are comparable to the theoretical error bars, lending credence
essentially no change in the IEs as compared to using basisto their use as crude measures of the inherent uncertainty in
sets only up to the aug-cc-pV6Z ones. ROE,omiAH20), all the calculations.
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TABLE 2: R/UCCSD(T) Frozen Core and Estimated Complete Basis Set (CBS) Frozen Core Electronic Energies for O,"Q

OH, OH*, and H,0?

basis otP) o' () OH (XI) OH* (X32) H,0 (A1)
aug-cc-pvVQZ —74.995132 —74.498352 —75.664450 —75.187268 —76.363587
aug-cc-pVsZ —75.000610 —74.502402 ~75.670573 —75.192346 —76.370298
aug-cc-pVezZ —75.002425 —74.503580 —75.672631 —75.193932 —76.372558
CBS{madose® —75.004456 —74.504735 —75.674895 ~75.195512 —76.374940
CBS{mad)ss” ~75.004206 ~74.504697 —75.674672 —75.195437 —76.374753
CBS(mad)ss” —75.004744 —74.505034 —75.675291 —75.195894 ~76.375419
aug-cc-pV7Z ~75.003283 ~74.504111 —75.673654 —75.194709 ~76.373714
CBS(ma’?)s6? —75.004622 —74.504919 ~75.675337 —75.196031 ~76.375702
CBS{mad)sr® —75.004368 ~74.504778 ~75.674958 ~75.195703 ~76.375186
CBS(mad)sr —75.004708 —74.504987 ~75.675367 —75.196015 —76.375648

aEnergies are in Hartrees. Optimal CCSD(T) geometries were used, with the exception of the aug-cc-pV7Z results, which were performed at the
optimal aug-cc-pV6Z geometry. OHion = 0.9707 (aug-cc-pVQZ), 0.9702 (aug-cc-pV5Z), and 0.9701 A (aug-cc-pV6Z).: Qb = 1.0283
(aug-cc-pvVQZ), 1.0280 (aug-cc-pV5Z), and 1.0279 A (aug-cc-pV62ZD:H oy = 0.9594 (aug-cc-pVQZ), 0.9584 (aug-cc-pV5Z), and 0.9577 A
(aug-cc-pV6Z).JHOH = 104.35 (aug-cc-pVQZ), 104.43(aug-cc-pV5Z), and 104.4Qaug-cc-pV6Z). Symmetry equivalencing of the O, (
my) and oxygen (p py, p,) atomic orbitals was not imposed. The Hartré®ck energies for the H atom are).4999483 (aug-cc-pVQZ);0.4999948
(aug-cc-pV52),—0.4999993 (aug-cc-pV6Z), and0.4999997 (aug-cc-pV7Z). The CBS limit for H-atom is taken as exac@y50(E;,. The HF/
aug-cc-pV7Z total energies that were used in the CBS limit determinations+we812392 (0);-74.372602 (0Q), —75.422943 (OH);-75.002149
(OH"), and—76.067437 (KHO). ® RIUCCSD(T)(FC) CBS extrapolation based on thgl¥ + 1/mas formula. ¢ RFUCCSD(T)(FC) CBS extrapolation
based on the Ui+ 1/2) formula. ¢ R/UCCSD(T)(FC) CBS extrapolation based on thig,7 formula. ¢ Because of a limitation in the MOLPRO
integral package, we were unable to incléd@anctions in the oxygen basis set. Their small energy contributionq.00030 Hartrees) was estimated
by performing an exponential extrapolation using the contributions df {he= 5) andi (I = 6) functions. Tests of this approach at the CISD level
of theory using a code capable of handlingunctions suggests that the extrapolation should be accurate tdHEdtree or better.

TABLE 3: Convergence Behavior for AEatmize(H20), IE(O), IE(OH), Dg(H-OH), and Dg(OH)?

basis IE(O) IE(OH) AEuomz {H:0) D(H—OH) D{(OH)
aug-cc-pvQZz 311.734 299.436 231.274 124.993 106.281
aug-cc-pV5Z 312.630 300.092 231.989 125.332 106.657
aug-cc-pv6z 313.030 300.388 232.263 125.457 106.807
CBS(mad?qsd 313.58 300.82 232.48 125.53 106.95
CBS(max)se 313.45 300.72 232.52 125.55 106.97
CBS(max)se” 313.57 300.83 232.60 125.58 107.02
CBSyss6ave? 313.534+0.20 300.79+ 0.18 232.54+ 0.21 125.55+ 0.09 106.98+ 0.12
aug-cc-pV7Z2 313.235 300.543 232.449 125.540 106.909
CBS(max>*)s67 313.57 300.77 232.86 125.73 107.13
CBS(max)6r° 313.50 300.74 232.69 125.64 107.05
CBS(max)s7 313.58 300.80 232.77 125.68 107.09
CBSy67aver 313.554+ 0.15 300.7# 0.09 232.7H 0.24 125.68+ 0.15 107.09+ 0.12
CBSs/67aver— CBSgs6aver 0.02 —0.02 0.23 0.13 0.11

aValues are in kcal/mol, based on R/JUCCSD(T) frozen core and estimated complete basis set (CBS) electronic energies @i 0B,
and HO given in Table 2° Based on R/UCCSD(T)(FC) CBS extrapolation using thg.#/+ 1/ma formula. ¢ Based on R/JUCCSD(T)(FC) CBS
extrapolations using the 146x + 1/2)f formula.9Based on R/UCCSD(T)(FC) CBS extrapolations using tHea#/ formula.®Average of
CBS(ma’*¥)ass CBS(mad)ss, and CBSkmad)ss extrapolations. The uncertainty reflects the spread in the extrapolatidmsrage of CBSgad?)s67,
CBS(max)s7, and CBSlmad)s7 extrapolations. The uncertainty reflects the spread in the extrapolations.

The inclusion of the % results in the CBS extrapolation only  CBSsjg7avervalues in Table 3 are now always less than the raw
slightly changes the differences between theory and experiment6-5/7- difference. This not withstanding, we have elected to
for IE(O) and IE(OH) but increases that &fHZ,,,,{H20) use the CBS energies obtained by extrapolating only the largest
somewhat. The theoretical values now differ from the experi- basis set values in the belief that they come closer to satisfying
mental values by—0.18 kcal/mol for AHZ,,i,dH20), 0.03 the conditions under which theldAcformulas should work best.
kcal/mol for IE(OH) and 0.08 kcal/mol for IE(O). Additional insight into the accuracy of our CBS estimates

At this stage in the development of standard electronic can be gained from very recent calculations using “explicitly
structure methods, it is very difficult to judge if the remaining correlated R12” techniques which appeared in print while this
small errors with respect to the experiments come primarily from manuscript was in preparation. Noga et8lreport a CCSD-
the extrapolation to the CBS limit or the various smaller (T)-R12 frozen core kD atomization energy of 232.54 kcal/
corrections. To illustrate the sensitivity of just the CBS mol (vs 232.77+ 0.24 for the present work) using a large,
component to the five thermochemical properties in Table 4, uncontracted (spdfgh/spdfg) basis set, where the part before the
new extrapolations were performed with the same three formulasslash represents oxygen and the part after the slash represents
(9a—c), but rather than using only the two (or three) largest hydrogen. The geometry used in the R12 calculations is very
basis set results, all four results were used in a least squareslightly different than the one we have used, causing an expected
procedure. By so doing, the deviation with respect to experiment difference of less than 0.01 kcal/mol in the atomization energy.

is significantly improved for AH .., dH20), going from
—0.18 t0—0.08 kcal/mol. There is a similar improvement in
Do(H—OH), whereas IE(O) anBy(OH) very slightly worsen,

and IE(OH) remains unchanged. The results of the least-squaresnd current results is encouraging.
fitting approach also exhibit improved internal consistency

characteristics, e.g., the difference between the §Bs.and

Because of the independent manner in which the R12 technique
estimates the CBS limit, with an avoidance of the need to adopt
one or more extrapolation formulas, the similarity of the R12

As seen from the last column in Table 4, the theoretical value
for Do(OH) is nearly identical to the experimental value
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TABLE 4: Electronic Energy Contributions to the Calculation of Thermochemical Properties?
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component IE(O) IE(OH) AHZomizdH20) Do(H—OH) Do(OH)
CBSs67ave? 313.55+ 0.12 300.7H 0.09 232.7H0.24 125.68t 0.15 107.09t 0.12
AEc® 0.334 0.270 0.358 0.220 0.138
AEsg? —0.208 —0.163 —0.270 —0.151 —0.119
AEgcf 0.06 0.05 0.06 -0.02 0.08
AEzpd - —0.889 —13.260 —7.969 —5.291
AEsd? 0.223 0.109 —0.223 —0.109 —0.114
AEgopd” - - 0.10 0.11 —0.01
total 313.96+ 0.15 300.15+ 0.09 219.54+ 0.24 117.76t 0.15 101.7A 0.12
expt 314.040£ 0.001 300.1794 0.006 219.3562 0.024 117.591+ 0.069 101.7654+ 0.073
[expt — calcd] [0.08] [0.03] [-0.18] [-0.17] [0.01]
118.085+ 0.049" 101.2714+ 0.043"
[0.33]" [—0.50]"
117.913+ 0.286 101.4424+ 0.286'
[0.15] [—0.33T
117.657+ 0.012 101.699+ 0.027
[-0.10° [—0.07°

aValues are in kcal/moP Average of CBSa?)s67 CBS(maxt)s7, and CBSkmad)s7 €xtrapolation, shown in Table 3. The uncertainty reflects the
spread in the extrapolationsCore/valence corrections obtained from R/UCCSD(T)/cc-pCV5Z calculatiddsalar relativistic corrections obtained
from R/UCCSD(T)(FC)/unc-cc-pVQZ calculatiorfSA correction to the atomization energy for higher order excitations based on FCl/cc-pVTZ
(OH, OH" and FCl/cc-pVTZ/VDZ (H20) calculation$ ZPE(H0, X'A;) = 4637.97 cm* from ref 52 (cf. to 4631.25 cnt from ref 36). ZPE(OH,
X2IT) = 1850.69 cm* and ZPE(OH, X327) = 1539.72 cm* (including Yoo terms), based on data from ref 40. ZPE(QM3Z") includes the KO)
term of —1.46 cnm. 9 Weighted average 6P term in O is 78.0 cnit, from ref 66. R(%/,) term for OH XI1z, is —38.19 cn1?, based on data from
ref 40." Net Born—Oppenheimer diagonal corrections obtained at the CASSCF(7,2)/aug-cc-pVTZ level of theory: B@DZ3 (HO), 640.9
(OH + H), 638.6 (OF2H) cn* (using atomic masses)From generally accepted values faHg(H-0), AHH(O), andAHg(H), see ref 8 for
details.) IE(O) = 109837.02: 0.06 cnT! = 13.61806 eV, from Moore, C. Eonization Potentials and lonization Limits Dedd from the Analyses
of Optical SpectraNatl. Stand. Ref. Data SerU.S. Natl. Bur. Stand. 34; U. S. Department Commerce: Washington, DC, L1&@®H) =
104989+ 2 cnt?, ref 30.!' Recommended experimental value from present stidased onDo(OH) = 354204 15 cnt?! from Carlone and
Dalby !> adopted af\H{OH) = 9.347+ 0.048 kcal/mol in Gurvich et &l. "Based orAHJ{OH) = 9.1% =+ 0.29 kcal/mol in JANAF and NIST-
JANAF.19.° Based orDo(H—OH) = 411514 5 cn1! from Rydberg tagging experiment 63.

proposed earlier in this study. If results only up tg @rere to 5. Consequences
be considered, this dissociation energy would be underestimated On the basis of the current photoionization results, the

by just 0.11 kcal/mol. Another very high-level theoretical _
. ) . recommended values af@y(H—OH) = 117.59+ 0.07 kcal/
treatment ofDo(OH) by Martin obtained essentially the same mol, Do(OH) = 101.76+ 0.07 kcal/mol, andAHZ(OH) =

117 ; _ S
value: ' Although the theoretical value f@o(H—OH) is higher 8.85+ 0.07 kcal/mol. The equivalent 298 K values are given

than the proposed experimental value by 0.17 kcal/mol, when in Table 5. The new values proposed here produce a ripple effect

té";ﬁg;ggztnh dergva'ltlgl);hﬁc:fstﬂ;;?(g;)d n.i'tr\]]%\t&;fgssﬂfn?f that propagates throughout the thermochemical table, and its
! ! full assessment would require the individual examination of

Eﬁgzlgfé 'i\lrgt ﬁg(ljy Src:(fre]ftadifterirf]iﬁzT?g(lcouﬁgt?(;(ﬁseglie% egﬂth every entry in such a table. Here we will limit our discussion
cases, the carl)culat@b(OH) is r)lli herthan the s ectrbsco icall only to a few more obvious consequences.
’ 9 P pically For example, the enthalpy of deprotonation of water,

determlned bo_nd energy. The latter would imply f[hat the AHZ4{H20), corresponding to the threshold for photoion-pair
calculation seriously overestimates the total electronic energy ¢ . Mation AH2(10)
’ r0

of OH, which appears unlikely.
Hence, the theoretical results discussed above corroborate the
currently recommended values 0g(H—OH) andDo(OH). The

calculations show unprecedented agreement with other relevantCan be expressed @2, {H20) = Do(H—OH) + IE(H) —
Cli

quantities as well (Table 5). For example, the value fop-AE EA(OH), where EA stgnds for electron affinity. Using the

(OH'/H,0) = 18.123 eV that can be obtained directly from ... rate valié®of EA(OH) = 14741.02+ 0.03 cn? produces
the computed quantities and has an estimated uncertainty of, ;o 4(H20) = 389.03+ 0.07 kcal/mol (16.879+ 0.003
+25 meV, is only 7 meV higher than the experimental o\ \(ct 5 390.7+ 0.1 kcal/mol, listed by the WebBod¥).
consensus of 18.136 0.003 eV presented earlier. Another jsing enthalpy increments and entropies from Gurvich €t al.,
view on the benchmark enthalpy of atomization ofCHis the related gas-phase acidity of water AS;ofH20) =
provided through the equivalent enthalpy of formation of water. 3535 614 0 07 keal/mol (cf. to liste#9 value 384.1+ 0.2 kcal/

Aided by experimental enthalpies of formation of H and O, the mol). Similarly, the enthalpy of deprotonation of hydroxyl,
calculation produceAHg(H20) = —57.29 @ 0.30) kcal/mol, AHZ . {OH) = AHo(11)

to be compared with the experimental value-&7.10+ 0.01 acid '
kcal/mol. The calculatedH(OH) = 8.85 & 0.18) kcal/mol OH— O +H* (11)
that can be obtained in a similar fashion is identical to the

experimental value proposed here, whereas the calculateds AH ,{OH) = Do(OH) + IE(H) — EA(O), and with?° EA-
AHZ(OHY) = 309.00 €0.27) kcal/mol differs by only 0.03  (O) = 11784.65+ 0.35 cnT?, one obtainsAHZ{OH) =
kcal/mol. This level of theoretical accuracy is attainable because 381.66 4+ 0.07 kcal/mol (16.559 + 0.003 eV) and
these calculations are the most sophisticated ever performed foIAGg;,,d OH) = 376.69+ 0.07 kcal/mol. The proton affinity
OH and RO using standard Gaussian basis set expansions antbf O, PA(O) = —AH?,4412)

are among the most rigorous calculations ever performed for
any molecule larger than 41

H,O0—OH +H" (10)

O+H*— OH" (12)



2742 J. Phys. Chem. A, Vol. 106, No. 11, 2002

Ruscic et al.

TABLE 5: Summary of Calculated and Recommended Experimental Thermochemical Valués

current theoretical value

recommended experimental value

AE(OH*'/H,0) 18.123 £ 0.025) eV 18.116+ 0.003 eV
IE(OH) 13.016 & 0.003) eV 13.017+ 0.00Q eV®
Do(H—OH) 117.76 £ 0.15) kcal/mol 117.5% 0.07 kcal/mol
Daos(H—OH) — 118.81+ 0.07 kcal/mol
Do(OH) 101.77 £ 0.12) kcal/mol 101.76: 0.07 kcal/mol
D2og(OH) - 102.75+ 0.07 kcal/mol
AHJH:0) —57.29 @& 0.30) kcal/mol —57.10 0.01 kcal/mal
AHP5q5(H20) - —57.80+ 0.01 keal/maf
AHZ,(OH) 8.85 & 0.18) kcal/mol 8.85t 0.07 kcal/mol
AH?595(OH) - 8.91+ 0.07 kcal/mol
AH?,(OHY) 309.00 & 0.27) kcal/mol 309.03 0.07 kcal/mol
AH{o(OHY) - 309.04- 0.07 kcal/mol
AHZ 4 26 OH) — 389.034 0.07 kecal/md
AHZ g 26§ OH) - 390.204+ 0.07 kcal/mol
acid 204 OH) — 383.614+ 0.07 kcal/mol
acid - 381.66+ 0.07 kcal/mot
AHZ g 20fOH) - 382.604+ 0.07 kcal/mol
acia dOH) - 376.69+ 0.07 kcal/mol
PA(O) - 116.21:+ 0.07 kcal/mot
GB(0) - 109.99+ 0.07 kcal/mol
PA(OH) - 141.43+ 0.07 kcal/mdl
GB(OH) - 134.49+ 0.07 kcal/mol
AH?P((CO+ OH— CO; + H) - —23.98 0.09 keal/ma
AH? 50 CO+ OH— CO; + H) - —24.444 0.09 kcal/mol

AH(CH, @A, + H,0 — CH; + OH)
AH%(CH, aA; + H;0 — CH; + OH)
Do(CHs—OH)

Daos(CHs—OH)

—0.384+ 0.21 kcal/mdl
—0.544 0.21 kcal/mol
90.154 0.17 kcal/mal
92.00+ 0.17 kcal/mol

a All values are from the current study, unless otherwise noted. Enthalpy increments and entropies (for conveksigpatm AGS,o) are from
refs 1 and 2° IE(OH) from ref 30.¢ From ref 2. See also ref 1, 3, and®8AHZ,;{H20) = AH(H,0 — H™ + OH") = Do(H—OH) + EI(H) —

o
acid!

EA(OH); EA(OH) is from ref 118° AH2;,{OH) = AH(OH — H* + O")

= Dg(OH) + EI(H) — EA(O); EA(O) is from ref 120f IE(H,O) from

ref 123.9 AH(CO) = —27.20+ 0.04 kcal/mol andAHg(CO,) = —93.96+ 0.03 kcal/mol from refs 1 and 2.AHZ,(CHy, a'A; + HoO — CHs
+ OH) = Do(H—OH) — Do(CHs to &A1 CHy). Do(CHs to &A; CH,) = 117.97+ 0.20 kcal/mol from ref 128. Alternatively\Hg(CH,, &A1) =
102.21+ 0.20 kcal/mol andAHg,(CHs) = 35.86+ 0.07 kcal/mol, also from ref 128 AHf(CHsOH) = —45.44+ 0.14 kcal/mol from ref 1.

can be readily obtained throughHy(11) = IE(OH) —
Do(OH) — IE(H) and is PA(O)= 116.21+ 0.07 kcal/mol (to
be compared to listed valti-122116.0 kcal/mol). The related
gas-phase basicity of O, GB(GF AGpe12), is 109.99+
0.07 kcal/mol. The proton affinity of OH, PA(OH)F=
—AHRe(13)

OH+H"—H,0" (13)
relates toAH(13) = IE(OH) — Do(H—OH) — IE(H) and is
PA(OH) = 141.43+ 0.07 kcal/mol, if one uses the accurate
valug2 |[E(H,0) = 101766 £ 2 cmr! (cf. to listed PA
valugi?t122of 141.8 kcal/mol).

exo- or endothermicity changes with any change of the enthalpy
of formation of CH but also that of OH. The enthalpy of
reaction can be expressed abl(15) = Do(H—OH) — Do-
(H—CH2 to CH, alAl) = D()(H—OH) - Do(H—CHz) -
AE(CHy, alA; — X3B;). A number of combustion mechanisms
appear to require this reaction to be exothetfti€2We have
recently determined a new accurate va#ié?8for the C-H
bond dissociation energy in methyl radicBh(H—CH,) =
108.95 + 0.20 kcal/mol (forming the ground-state triplet
methylene) and hence 117.970.20 kcal/mol to form singlet
methylene, as well adHg(CHy) = 93.18 £ 0.20 kcal/mol.
These values, together with the previous best availBb{el—
OH) produced an enthalpy of reaction of 0.3£10.20 kcal/

Of course, the reaction enthalpy (as calculated from available mol, implying that the reaction is thermoneutral or perhaps even
enthalpies of formation) for any chemical reaction in which the sjightly endothermic. However, with the present value for
O—H bond in water or OH is either formed or destroyed changes py(H—OH), this becomes once again slightly exothermic,
when the new values fdDo(H20), Do(OH), or AH{OH) are  AH2(14) = —0.38 + 0.21 kcal/mol, further increasing to
introduced. There are many possible examples that can be given-0. 54 + 0.21 kcal/mol at 298 K.
here. For instance, the overall exothermicity for the important
reaction 14 (which is a major oxidation pathway from CO to 6. Conclusion
CO, and energy-releasing step in combustion and is also
responsible for vernal and aestival cleaning of the atmosphere)

CO+ OH—CO, + H (14)

Several photoionization experiments utilizing the positive ion
cycle to derive the ©H bond energy converge to a consensus
value of AR(OH'/H,0O) = 1461174+ 24 cnt! (18.116 +
0.003 eV). With the most accurate currently available ZEKE
value®® IE(OH) = 104989+ 2 cm L, corroborated by a number
of photoelectron measuremeRfs2® this leads taDo(H—OH)
= 41128 & 24 cnr? 117.59 + 0.07 kcal/mol. This
corresponds ta\Hy(OH) = 8.85+ 0.07 kcal/mol and implies
Do(OH) = 35593+ 24 cnt! = 101.76+ 0.07 kcal/mol. The
most sophisticated theoretical calculations performed so far on
the HO system, CCSD(T)/aug-cc-pVnZ,# Q, 5, 6, and 7,
Because this reaction is very close to being thermoneutral, its extrapolated to the CBS limit and including corrections for core-

becomes slightly lower than previously thoughtiis,(14) =
—23.984 0.09 kcal/mol (cf. to previous best available vadRfe
of —24.48 kcal/mol) andAHp,q4(14) = —24.44 + 0.09 kcal/
mol. Another quite interesting reaction is

CH, (a'A,) + H,O0— CH, + OH (15)
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valence effects, scalar relativistic effects, incomplete correlation
recovery, and diagonal BorfOppenheimer corrections repro-
duce the experimental results to within 80.2 kcal/mol.

J. Phys. Chem. A, Vol. 106, No. 11, 2002743

possible paths that appear to differ by only 0.03 kcal/mol: one
is from H,O and the other is from ¥D,. The former utilizes
the recent result oBo(H—OH) of Harich et al83 and the latter

The new values of the two successive bond dissociation utilizes the available literature valti of Do(HO—OH). One
energies of water supersede the previously accepted Values, of the major points of the contribution by Jones is not only that
which were based on spectroscopic determinatfol§sof his proposed value is very similar to otifbut also that his
Do(OH) using a very short BirgeSponer extrapolation on  apparent error bar is lower. Although the average value of Jones
OH/OD AlZ*. An exhaustive analysis of the latter approach, indeed appears to be extremely close to ours, we do not quite
combined with the application of the same procedure on a agree with several aspects of his approach, which bear directly
calculated potential energy curve for the state in question, on his reported error bar and, to some extent, on his reported
demonstrates that the Birg&poner extrapolation underesti- value. For example, th®o(H—OH) value used in Joen’s
mates the bond dissociation energy, although only the last derivation and attributed to Harich et al. appears to be in error,
vibrational level was not observed experimentally. because it is 10 cnt lower than that actually given by those

The new values affect a large number of other thermochemi- authors. With the value as given by Harich et al., the difference
cal quantities which directly or indirectly rely on or refer to between the two approaches averaged by Jones increases to 0.06
Do(H—0OH), Do(OH), or AH{OH). kcal/mol, tending to vitiate his quoted error bar. In addition, a

These results of course also effect the thermochemistry of more prudent approach requires that the value of Harich et al.
D-O. However, at the level of accuracy reported here, this be considered in a wider context, as discussed in section 2.3 on
thermochemistry will require careful consideration of the mass- the present paper. Another important point is that the derivation

dependent BorrOppenheimer correction which gives rise to
the electronic isotope shift. This will be the subject of a future
publication.
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Note Added in Proof

After this manuscript had been submitted, it came to our
attention that at least two groups have further examined our
original suggestiot? that AH{OH) is too high by~0.5 kcal/
mol.

Herbon et al. have recently submitted a pagfin which
they supplement our findings with their observations that under
certain conditions kinetic models consistently appear to under-
predict the OH concentration. This led them to perform a
carefully designed kinetic experiment from which they obtain
AHg(OH) = 8.86 £ 0.16 kcal/mol, providing an independent
corroboration of the value of 8.8% 0.07 kcal/mol reported
here.

A recent paper by Joeh® also follows up on our original
letter3 From an analysis of available data, he reports
AHZ(OH) = 8.88 + 0.03 kcal/mol as an average of two

thermochemical network,128.132which will be the subject of
a future note.
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the residual difference of-5.8 cn! to electronic isotope shifts. In fact,
the best presently available difference in vibrational zero-point enéfgies
of X132 of OH and OD, including the 3 term but excluding the rotational
terms, is—499.97 cml, even closer to their derived offset. However,
because the offset of the lowest level of OD relative to OH-@f98.1
cmtis derived by using experimental(®) values, rather thamyg (which
would make it refer to the zero-point of the Hill-Van Vleck expression), it
should really have been compared to the difference in zero-point energies
that includes the £3%5) terms3640When those are included, the expected
difference is—513.46 cm! leading to a residual discrepancy of 9.6 ¢m



2746 J. Phys. Chem. A, Vol. 106, No. 11, 2002 Ruscic et al.
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