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Because of their importance in atmospheric and combustion chemistry, the rate coefficients and mechanisms
of gas-phase reactions of the OH radical have been studied extensively, and the kinetic database for these
reactions is unsurpassed. The OH radical has a rather large electric dipole moment (1.668 D) and is clearly
capable of forming strong hydrogen bonds. In this article, we examine the evidence for the importance of
such interactions in reactions of OH. We propose that the reactions of OH with alkanes and with HNO
represent extremes of behavior, with no effect of hydrogen bonding in the first case but reaction via a rather
strongly bound intermediate complex in the second. From this base, we go on to discuss, in turn, the reactions
of OH with carboxylic acids, aldehydes, ketones, hydrogen halides, and CO, with the emphasis on the possible
role of hydrogen bonding between the reagents of these reactions.

1. Introduction dynamics and hence the kinetics of reaction. At the outset, we

Mainly because of their importance in the chemistry of the distinguish between, on one hand, species that arise when OH
Earth’s atmospherkthe reactions of the hydroxyl radical have radicals add to an electron-rich moiety, such as molecules
been studied very intensively over the past 30 years. The greatcontaining double (or triple) chemical bonds or an aromatic ring,
majority of bimolecular reactions between OH radicals and in which case a rather strongly bound adduct is formed, and,
molecular as distinct frontadical, co-reagents occur by H-atom ~ On the other hand, the more weakly bound complexes that result
transfer, that is, the hydroxy] radical extracd H atom from from the formation of hydrogen bonds. Under suitable condi-

the molecular reagent to form a molecule of water and a new tions, the former can be observed, and they can be thought of
radical: and dealt with as true reaction intermediates. Except under

extreme conditions, such as those generated in supersonic
OH+RH—H,0+R (1) expansions, the latter more weakly bound complexes can be
too short-lived to be detected easily, but their existence can be
Such reactions are mainly responsible for initiating the oxidation inferred b.y the way in which they. aﬁe.Ct th? over.all behavior
of a vast majority of hydrogen-containing species in the of a reaction. We are concerned in this article with the latter,
atmosphere. Because of the need for data that can be used ilflnoderat.ely bound adducts. o _
atmospheric models, many of these reactions of OH have been The dipole moment of the OH radical is well-established as
studied at least over the ranges of temperature and total pressuré-668 D? This value is similar to that of HF (1.826 B)so it
that are found in the atmosphere (ca. 3310 K and 1760 is reasonable to suppose that OH might form hydrogen bonds
Torr). Although the current uncertainty in measured rate that are comparable in strength with those involving HF.
constants varies from reaction to reaction, the overall quality Because OH is a highly reactive free radical and any complex
and range of the kinetic database for reactions of OH radicals that OH forms might dissociate very rapidly to reaction products,
is second to none3 These kinetic measurements, especially there have been rather few experimental studies of its weakly

those at low temperatures, have been important in discoveringound complexes. However, in the case of the analogous HF
new and interesting phenomena. complexes where dissociation to products is not energetically

In this article, we examine the evidence that, in a number of feasible, there have been many experiments utilizing rotafional
reactions of the OH radical, forces resulting from hydrogen and vibrationdl spectroscopy, including some in which the other

bonds between OH and the co-reagent affect the collision species in the complex is a molecule that can undergo reaction
with OH. The information gleaned from these experiments can
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behavior can be identified. The first is the case in which reactive does not exist. One might suppose that Cl atoms would react
collisions occur directly, and any hydrogen-bonded forces, if more slowly with a given RH molecule than would OH because
they exist, exert no significant influence on the collision the H—CIlbond is weaker than the-HOH bond, with the result
dynamics. At the other extreme, a hydrogen-bonded complex that reaction 2 is less exothermic than the corresponding reaction
can be formed with an overall bond strength that appreciably 1. However, this expectation is contrary to what is often fotihd.
exceedsksT at the temperature of the experiments. In this In a series of papers, Donahue and co-workY¥save argued
situation, a complex of appreciable lifetime may form before it that the barrier to direct H-atom transfer reactions is the result
dissociates to products, redissociates to reagents, or is stabilize@f an avoided crossing between two diabatic states, one that
by collisions. Even the stabilized complex can lead to products. correlates with the neutral reagents and ionic products and the
An intermediate type of behavior is also possible where no other, with ionic reagents and the neutral products of reaction.
collision complex is formed, but the forces due to hydrogen In this model, which is discussed further in section 2.a. on the
bonds are sulfficient to influence the collision dynamics as the reactions of OH with alkanes, the barriers for reactions of Cl
reagents approach. Such forces may, for example, orient theatoms are less than those for the corresponding reactions of OH
reagents favorably or unfavorably for reaction. In either case, chiefly because of the higher electron affinity of Cl (3.61 eV)
such forces will exert the most influence on reagents when they compared with that of OH (1.83 eV)Within this framework,
are in low rotational states. Consequently, the rotationally if a given molecule reacts faster with OH than with ClI, it
specific rate constants may depend significantly on the rotational suggests that the OH reaction may occur by other than a direct
states of the reagents, and the thermal rate constants, especiallgbstraction mechanism, probably one involving the participation
at low temperatures, will be influenced by the different values of a hydrogen-bonded complex.
of the rotationally state-specific rate constants and the temper- Finally, an unusually rapid rate of vibrational relaxation of
ature-dependent distribution of reagents over their rotational OH by a molecular reagent may point to the formation of
levels? collision complexes that facilitate energy transfethough once

In this article, the emphasis is @xperimentaevidence that again one must carefully assess the possibility of other explana-
points to the influence of hydrogen-bonded complexes or the tions for such large experimental values.
forces resulting from hydrogen bonds, on the behavior of The present review is structured as follows. We begin by
reactions of OH radicals. However, where they are available, considering two cases: (i) the reactions of OH with alkanes,
we have incorporated the results of ab initio calculations that especially OH+ CHj, in which it seems safe to assume that
have explored how the potential energy varies along the hydrogen-bonding plays no role and (ii) the reaction of OH with
minimum energy path for the reactions that we consider. We HNOs, where there is now a substantial body of evidence that
invoke four types of experimental evidence, although data of reaction proceeds through a hydrogen-bonded adduct of sig-
all these kinds are available only for a few systems. First and nificant lifetime. Having considered these two prototypes at the
foremost, an unusual dependence of the rate constant for aextreme ends of the behavior that we have described, we
reaction on temperature and total pressure can indicate that aconsider the experimental and theoretical evidence for the
reaction proceeds through a short-lived complex, possibly oneinfluence of hydrogen bonding in a number of other reactions
held together by hydrogen bonds. The reaction between OH of OH: with carboxylic acids, with ketones and aldehydes, with
radicals and HN@ (see below, section 2.b.) is the prototype hydrogen halides, and finally with CO, a bimolecular reaction
for such unusual behavior. of OH that is almost unique in that it does not proceed by

The participation of at least two H atoms in the reactions H-atom transfer but rather by O-atom transfer via a HOCO
represented by eq 1 allows both primary and secondary kineticintermediate. We begin by briefly considering the reactions of
isotope effectsto be examined via D for H atom substitution, OH radicals with alkanes.
either in the molecular reagent or in the OH radical. Examination . . . .
of the magnitude of these effects, t@mary effect, where one 2.a. Reactions of OH with Alkanes, Especially with CH
compares the rate constants for OH (or OD) reacting with RH  In the atmosphere, the reactions of OH with alkanes initiate
and RD, and theecondaneffect, where one compares the rate their oxidation and therefore largely control the atmospheric
constants for OH and OD reacting with RH (or RD), is one lifetimes of these speciés. Consequently, these reactions,
way in which clues can be obtained as to whether a given especially that of OH with Ck} have been extensively
reaction proceeddirectly or via a hydrogen-bonded (or other)  studied?313 Lester and co-workers have studied the weakly
adduct of significant lifetime. The observation of an appreciable bound complex between OH radicals and 2 The equi-
primary kinetic isotope effect must, however, be interpreted with librium structure has the H atom of OH pointing toward the C
caution. In a direct reaction, such an effect is generally explained atom of CH, between three of the €4 bonds and along the
in terms of transition-state theory. In particular, substitution of line of the fourth C-H bond so that @H---C—H is linear.
D for H can increase\Eq!, the difference in energy between The dissociation energy of this complex is equivalenDio=
the zero-point levels in the transition state and in the separated210 £ 20 cnt ™. This value is not significantly different from
reagents, and hence lower the rate constant for reaction. On théhat which would be expected on the basis of dipateluced
other hand, in a reaction proceeding via a complex, a strong dipole plus dispersion forces. It is also much smaller than both
isotope effect may arise if a significant barrier separates the the average thermal energy associated with/OH collision
complex from the products. In this situation, an H atom will pairs afT = 200 K and the barrier to reaction inferred from the
tunnel through the barrier faster tha D atom. activation energy given in Table 1.

In addition, it makes sense to compare the rate constants for All the evidence points to the reactions of OH with alkanes,
reactions of OH radicals with those for the corresponding especially methane, taking place directly over a potential energy

reactions of Cl atoms, namely, surface with a significant barrier but no well that exerts a
significant effect on the collision dynamics. There is no evidence
Cl+ RH—HCI+R (2 that the rates of any of these reactions depend on total pressure.

Of course, as with other H-atom transfer reactions, it is possible
where the possibility of hydrogen bonds between the reagentsthat tunneling is a significant factor in these reactions.
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TABLE 1: Comparison of Rate Constants /cm® molecule™® constants and activation energies for reactions of OH and Cl
s 1) and Activation Energy ((E</R)/K) at 298 K for the with the same co-reagent. When the OH radical reacts faster, it
Eﬁc?%f&i of OH and Cl with CHy, CoHs, CsHg, CDa, C2De, provides some evidence that there may be a mechanism
involving hydrogen bonds that provides a lower-energy path to
reagent OH cl reaction than direct H-atom abstraction. In considering the
CH, 6.3x 10715(17754+ 100) 1.0x 10713(14004+ 150) kinetic data for reactions involving co-reagents other than
CoHs 2.4x 1012(1070i 100) 5.7x 1<TL1) (90+90) alkanes, it is important to bear in mind the caution expressed
8?3':'18 é%i igmgg?g(ilgg%) égi ig15§2_1450012150(()))) by Donahue et al. that one should consider ionic surfaces
OD+ CH, 6.8 x 1015 (1640+ 40) result|_ng from the promotion of electrons involved in the bond-
C.Ds 57x 104 (1425) 1.9x 101t (380+ 70) breaklng/bond-maklng process.
CsDg 4.0 x 10713(770) Gierczak et al® have measured rate constants for the

aMost of the data in this Table comes from the evaluations performed reactions of OH with partial_ly and fully deuterated Cas well
by the IUPAC and NASA panefs Data for most of the deuterated @S for the reaction of OD with Cibetween ca. 200 and 415 K
species comes from the laboratory of one of the present authors. Theusing pulsed-laser photolysis to generate OH/OD and laser-
activation energies are appropriate for a rather small temperature rangeénduced fluorescence of OH/OD to observe kinetic decays. Their
around 298 K, and curvature in the Arrhenius plots is ignored. results for OH+ CD, and OD+ CH, are given in Table 1.
Comparison of the data for OHt CH; and OH+ CD,4 shows
Table 1 compares the rate constants for the reactions of OHa primary isotope effectk(OH + CHg)/k(OH + CD,) = 7.2 at
with the three simplest alkanes, GKHg, and GHg, both with 298 K, whereas the data for OH CH, and OD+ CH, yields
one another and with the rate constants for the correspondinga secondary isotope effect of 0.93 (or close to unity).
reactions of Cl atoms. Two conclusions stand out. First, the  As mentioned earlier, according to the ideas of transition-
overall rate constants for the reactions of both OH and Cl state theory, the principal cause of fairly large primary kinetic
increase sharply as one proceeds along the alkane series, leadingotope effects in direct reactions is the lowering/dg*, the
to considerably reduced atmospheric lifetimes for the higher difference in the zero-point energies in the transition state and
alkanes relative to that for GHSecond, the rate constants for in the separated reagents wiheeD atom rather than an H atom
abstraction of H atoms by Cl atoms are much larger than thosejs transferred. Substitution of D for H elsewhere in the reaction
for abstraction by OH radicals from the same alkanes, despitesystem, for example using OD rather than OH as the radical,
the greater exothermicities of the latter reactions. From the dataaffectsAEq* only slightly and has a much smaller effect on the
given in Table 1, it is apparent that the increase in the rate rate coefficient. These general ideas have been elaborated on
constants for reactions of higher alkanes is associated, at leaspy a number of groups including Truhlar and co-work&veho
in part, with a lowering of the activation energy and presumably used variational transition-state theory with multidimensional
of the barrier to reaction on the minimum-energy path, although tunneling and an ab initio potential energy surface to calculate
the actual magnitude of these barriers cannot easily be inferredrate constants at different temperatures. In general, the calculated
from the activation energies given in Table 1 because there israte constants matched the experimental results of both Gierczak
evidence for the curvature of Arrhenius plots for these reactions. et al. and Dunlop and Tull rather well.
Itis usually assumed that this lowering of the barrier to reaction  |n summary, the evidence appears to be overwhelming that
is connected with the lowering of the-¢ bond energy from  the reactions of OH with the simpler alkanes proceed directly,
439 kJ mot? for CHz—H to 420.5 kJ mot! for C;Hs—H, to without influence from any weak potential energy wells in the
401 kJ mot? for (CH3),CH—H, and to 399 kJ mot for entrance valley of the potential energy surface. In the context

(CHg)sC—H. _ of the present article, these reactions serve as a useful benchmark
Donahue and co-worket¥’ have argued persuasively that  against which to compare the kinetic data for other reactions to
the correlation between activation energies andHCbond determine if evidence exists for the influence of hydrogen

energies is coincidental. They propose that the height of the honding, either through the formation of transitory complexes

barrier to reaction is determined by the coupling between ground or by affecting the dynamics of the reactive collisions.

and ionic excited-state surfaces; the smaller the separation

between these surfaces, the stronger the coupling and the smalle?.b. Reaction between OH Radicals and HN@

the barrier to reaction. In this model, the lowering of the

activation energy for the reaction of a given radical (e.g., OH

or Cl) with the series of alkanes is associated with the decrease

in ionization energies of the alkanes, which for £8,He, and

CsHg have the values 12.51, 11.52, and 10.95%%r the

reactions of OH radicals, Donahue et al.’s model leads to barrier

heights close to the experimentally determined activation OH + HNO. — H.O + NO

energies. More to the point and within the context of the present 8 2 3

article, the model leads to the reaction of Cl with a given alkane AH°(298)= —72.0 kI mal* (3)

having a smaller barrier than the reaction of OH with the same

alkane. For example, for Ct+ CH,, EJ/R is estimated to be  is a major pathway for regenerating N®om this reservoir.

1350 K, whereas for OH- CHy, E/R is estimated to be 1800  This reaction is also a major sink for HOn the lower

K.%a stratosphere. Its atmospheric importance as well as its interesting
Ideas of this kind, together with the large amount of accurate kinetic features has led to this reaction being the subject of a

kinetic data available for these reactions, have led to a numberlarge number of laboratory investigati@iss well as theoretical

of attempt&5-17to construct structureactivity relationships for  studies?122

these and other similar reactions to make it possible to predict Although the earliest direct kinetic measureméhtsiled to

the rate constants for reactions for which direct measurementsrecognize the unusual temperature and pressure dependences

may not be possible. In the present article, we compare the rateof this reaction, they did demonstrate that its rate constant was

Nitric acid is one of the most abundant active nitrogen species
in the atmosphere, and it is an important reservoir foryNO
radicals that play crucial roles in the chemistry of both the
troposphere and the stratosph&fhe reaction of HN@with
OH radicals,
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Figure 1. Structure of the weakly bound intermediate in the reaction
of OH with HNO;.

surprisingly small given that it showed little or no variation with W
temperature at and around 298 K. Subsequent studies showed o OH + DNO |

that the rate coefficient for this reaction had a negative
temperature dependence and possibly a slight pressure depen-
dencez2 This discovery significantly altered the perceived role 1
of the OH+ HNQO; reaction in stratospheric ozone depletion 1000/T(K)
due to CFCs and nitrogen oxides. Besides confirming the rio e 5 pictorial representation of the rate coefficients for the
unusual effects of temperature and pressure on the rate of thiseactions of OH and OD with HNDand DNG as a function of
reaction (and those involving the isotopomers of OH and BINO  temperature.
more recent studié$?>have also shown unequivocally that the
yield of H,O + NOs; from this reaction is unity within
experimental error, that the system exhibits kinetic isotope —
effects that are not those expected for a direct H-atom abstraction ! ;
reaction, and that the mechanism does not lead to significant
exchange either of H/D isotopes in the reactions of OH with
DNO3; and OD with HNQ or of 180/10 in the reaction of®OH
radicals with normal HN@ Moreover, at 298 K, the analogous
reaction of Cl atoms with HN®is more than two orders of
magnitude slower than the reaction of OH with HNQgg(CI
+ HNO3) < 1 x 10716 cm® molecule® st 23 compared with 50 |-
kogg(OH 4+ HNO3) = 1.0 x 10713 cm® molecule® st in the
limit of zero total pressuré3 This finding is in sharp contrast ‘
to those for the direct reactions of OH and Cl with alkanes, 15 MOs
where Cl atoms react consistently faster than OH radicals.

The observed behavior of the OH HNO; reaction with Figure 3. Schematic _diagram of the mechanism for and energetics in
respect to temperature and pressure has led several groups t§€ reaction of OH with HN@
propose that the reaction proceeds via a mechanism involving
an addition complex. Marinelli and Johnstéwere the first to
propose that this complex might involve hydrogen bonding;
Lamb et ak’ preferred a complex in which a weak bond forms
between the O atom of the hydroxyl radical and the N atom in
the nitric acid molecule. On the bases of their results on isotope

exchange, of quite detailed modeling of the kinetics, and of the OH -+ HNOs, Another result of the barrier separating GHIOs

ab initio calculations of Aloisio and FrancisébBrown et al?® ) .
have argued for the importance of a complex of the form shown from H0 + NQs is that the reaction to #D + NOs proceeds

in Figure 1. It is bound by two hydrogen bonds in a six- via the H atom from HN@tunneling through the barrier that
membered cyclic structure and has a dissociation energy of ca Separates the OHNO; potential energy well f.rom. the product

25 kJ mof relative to the energy of the separated reagents. asymptote. The reason that there is a large kinetic isotope effect
Lin and co-worker& have come to the same conclusion on the P€Ween the rate constants for OH, GDHNO; and OH, OD

basis of detailed calculations of the structures of the adduct and™ PNOs has little to do with the difference in zero-point

microcanonical variational RRKM calculations that fit the data €N€rdies at the transition states and reagent asymptotes, as in
of Brown et alk425to a falloff curve. the case of H-atom abstraction reactions such as those of OH

Figure 2 shows how the rate constants of Brown &¢&t. with alkanes. Rather, it is because the H atom transferred in

depend on temperature for the different isotopic variations of the OH, OD+ HNO; reactions can tunnel faster than the D
reaction 3 in the limits of low and high pressure (close to 1 atom transferred in the OH, OB DNO; reactions.

atm). It is especially noteworthy that the rate constants for OH, ~ The reaction of OH with CEDNO,, unlike the reaction of
OD + HNOj3 are much greater than those for OH, GCDNOs OH with HNO;, exhibits a positive temperature dependence
and that OD reacts faster than OH with both HN\NfDd DNG. consistent with direct H-atom abstraction as in the case of
In addition, the rate constants for all the reactions show a alkanes2 Even though CHONG; is very similar to HNQ, its
negative dependence on temperature below room temperatureteaction with OH is not facilitated by the formation of a
that is, they increase as the temperature falls. All these results,hydrogen-bonded complex. It is noteworthy that the rate
together with the observed dependences on total pressure, areoefficient for the reaction of C¥ONO, with Cl is an order of
well matched by calculations based on the adduct whose magnitude larger than that with OH at 298*Rhese observa-
structure is shown in Figure 1 and the mechanism that is showntions are consistent with our contention that the adduct formation
schematically in Figure 3. increases the rate coefficient for the OH reaction relative to that

k (cm3 molecule-1 s-1)
=
)

3 4

[\°]
h

OH + HNO; = OHsHNQ3* iko | &5

(=]

3

. ,'" kg
OH*HNO3

Energy (kJ/mol)
8
I

A crucial part of the hypothesis is that the hydrogen-bonded
adduct is separated from the,® + NOs; products by a
significant energy barrier so that, in the absence of stabilizing
collisions, the majority of the energized adducts, -BNOz*,
that form in collisions between OH and HN@edissociate to
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for the Cl atom and leads to negligible or negative temperature TABLE 2: Comparison of Rate Constants ks/cm?®

dependence. molecule s7%) and Activation Energy ((E/R)/K) at 298 K

In summary, the reaction between OH and HN@pears to for the Reactions of OH, OD, and CI with Carboxylic Acids
be clearly established as the prototype of reactions of OH that  reagent OH oD Cl
can proceed via a hydrogen-bonded adduct that lives sufficiently HcooH 4.5% 10713 1.8 x 1071334
long with respect to unimolecular redissociation to be treated, (—102+ 194y2
at least approximately, as an intermediate by the usual steady- 47x 101
state approximations. The model calculations carried out by (=772 755
Brown et al?® fit the current experimental data quite well, and DCOOH j'gi 1&1333
the main features of their mechanistic explanation are sup- pcoop ' 6.1x 10-14
ported by the more extensive theoretical calculations of Xia and (594 + 134y2
Lin.22 Their quantum chemical calculations predict that two CHsCOOH 8.7x 107133 2.8x 1071435
OH-HNO; complexes are involved in the dynamics of this CD:COOH 8.1x 10°13%

. . . . . . 1335
reaction: a six-membered ring structure with a binding energy ga?’COOD 2.35< 100

of 34 kJ moi? that is separated from 4 + NOs by a barrier

of 48.5 kJ mof* and a five-membered structure with abinding  There have been several studies of the reactions of OH with
energy of 22 kJ motf* and a barrier to decomposition to® both HCOOH and CEHCOOH with the objective of determining

+ NOs of 27.5 kJ mot™. Their rate constant calculations suggest rate constants as well as the mechanism of reaction. Foi-OH
that reaction occurs via both these routes and that quantumycoOH, both Singleton and co-workésand Wine et af3
mechanical tunneling through the barriers separating the po-paye measured rate constants over a range of temperatures and
tential wells associated with the complexes from th®H- have conducted experiments designed to determine which H

NOs products is an important influence on the kinetic isotope atom is abstracted from the HCOOH molecule:
effects.

On the experimental side, new measurements have been OH+ HCOOH— H,0 + COOH (4a)
made?® of the rates of relaxation of Okl(= 1) and OD¢ = 1)
by HNO; and DNQ and their temperature dependences. The or
rate constant for relaxation of OWE 1) by HNG; at room
temperature is 2.5 10~ cm? molecule’ s71,2° more than OH + HCOOH— H,0 + HCOO (4b)
two orders of magnitude greater than that for reaction of OH
with HNO; at the same temperature. This unusually rapid rate  The results of their kinetic measurements are shown in Table
of relaxation for a high-frequency vibration may have two 2. Where the rate constants can be compared, they are in good
causes: it may reflect the possibility of near-resonant vibration ~agreement. As with reaction 3, the rate constant for reaction 4
vibration (V—V) energy exchange between OH and the kD is found to be essentially independent of temperature but to have
stretching vibration in HN@ or it may reflect the ease of energy ~ quite a small value at 298 K. However, in this case, the rate
transfer via the bound complex that plays a role in the ©H  constant shows no dependence on the total pressure.
HNO; reaction. The latter of these two mechanisms should Circumstantial evidence indicates that OH predominantly
operate, with comparable efficiencies, for all four isotopic abstracts the acidic H atom rather than the other hydrogen,
variants. On the other hand,~W exchange between OHE despite the higher energy of the-® bond compared to that
1) and DNQ and OD¢ = 1) and HNQ should be appreciably ~ of the C-H bond. First, there are the relative values of the rate
slower than that between OHE 1) and HNQ and OD¢ = constants shown in Table 2. Substitution of D for H in the acidic
1) and DNQ because of the lack of close resonance between position brings about a substantial lowering of the rate constant
the vibrational frequencies in the first two cases (and in ©D( for reaction, whereas substitution in the other position brings
= 1) + HNOs because WV exchange is strongly endothermic).  about only a small change. Second, Singleton and co-waéhkers
Preliminary results obtained in these systems support the notionextracted rate constants for the reactions of OH and OD with
that relaxation is rapid because of the formation of transient, dimers of HCOOH and DCOOH by nonlinear fitting of their
moderately bound complexé&. measured pseudo-first-order rate constants. Although the errors
in the rate constants derived for reactions of the dimers were
large, it was quite clear that the dimers in which the H atoms
participating in the hydrogen bonds are shielded but the other
H atoms are exposed and essentially unaffected by dimer
Carboxylic acids, aldehydes, and ketones all contain carbonyl formation reacted appreciably slower than the monomers.
groups that are known to form strong hydrogen bonds with Finally, the observation of near-unity yields of H atoms is also
H-atom donors. For example, complexes of HF witlCB have consistent with abstraction of the acidic H atom followed by
been thoroughly studietf® and the spectroscopic evidence rapid dissociation of the HCOO product of reaction 3b.
points to the formation of a strong hydrogen bond. In addition, ~ Wine et al®3 concluded that the absence of any temperature
dimers of carboxylic acids are one of the best-known examples dependence of the rate constants suggests that reaction proceeds
of species held together by hydrogen bonds. In each dimer, therevia a complex rather than a direct mechanism and hypothesized
are two hydrogen bonds, each between the acidic H atom ofthat OH might add to the carbonyl double bond. Singleton and
one monomer and the O atom of the=O group on the other,  co-worker§? subsequently invoked the participation of a
forming an eight-membered ring structure and yielding an hydrogen-bonded adduct. Although they did perform some
overall dissociation energy of approximately 60 kJ Mgt One model calculations in which the adduct could redissociate to
has to take careful account of this dimerization in the interpreta- OH + HCOOH or rearrange and dissociate tg0H+ HCOO,
tion of any kinetic measurements on reactions of a carboxylic they did not include the possibility of collisional stabilization
acid where first-order conditions apply with the acid in excess of the initially formed adduct, nor did they discuss whether any
over the radical, for example, OH or Cl atoms. barrier separated the adduct from the product asymptote.

;:CH,COOH 1.1x 10712%

2.c. Reactions of OH with Carboxylic Acids, Aldehydes,
and Ketones$?
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Our own view is that this system may strongly resemble the forces created by hydrogen bonds influence the dynamics of
OH + HNO;3 system that we have already discussed. OH could these reactive collisions.
add to formic acid (and, indeed, other carboxylic acids) by Interpretation of the kinetic data for reactions of OH radicals
forming a six-membered ring, with minimal ring strain, held with aldehydes is confused by two factors: the relative scarcity
together by two hydrogen bonds. Formation of the products of data, for example, on isotope effects, despite the importance
would then require intramolecular transfer of the acidic H atom of these reactions in the breakdown of hydrocarbons in the
to the OH. This process is likely to have a barrier associated atmosphere and the weakness of the aldehyditl®ond. Thus,
with it, and the large isotope effect is likely, as with OH in acetaldehyde, the enthalpy of the aldehydic bond D(CH
HNOs, to be attributable to the different rates at which H and (O)—H) = 374 kJ mot™, which compares with the values of
D atoms can tunnel through this barrier. Studies of these D((CHs)2CH—H) = 401 kJ mot! and D((CH;)sC—H) = 399
reactions over a wide range of temperature, especially belowkJ mol that were given earlier. In light of these figures, it is
200 K, should reveal the type of behavior observed for the OH not surprising that the rate constant for the @HCH3CHO
+ HNO; reaction if complex formation is important, although reaction
care will have to be exercised to exclude effects due to increased
formation of formic acid dimers. OH + CH;CHO— H,0 + CH,CO

Further indirect evidence for the unimportance of abstraction AH° = —139.6 kJ morl?t (5)
of the formyl H atom in the reaction of OH with HCOOH comes
from the fact that the rate constant for € HCOOH, a reaction is ks(298 K) = 1.4 x 10 cr® molecule’ s and shows a

that abstracts the formyl H atom and yields HEICOOH, is slightly negative temperature dependefédn other words,

1.8x 10713 cm® molecule™ s at 298 K¥* This value is less  yhare ‘seems to be little need to invoke a strong role for the
than half that for OH HCOOH, which yields HCOGr H:0, hydrogen-bonded configuration that almost certainly exists
whereas comparisons of the rate constants for H abstraction fromyanveen OH and CHCHO. Such OHCHsCHO adducts have
alkanes (see section 2.a.) would suggest that abstraction by Clygean proposed and their role discussed previcsREven if

should be significantly faster than abstraction by OH. reactive collisions proceed via this potential energy minimum,
Singleton et af° have also investigated the kinetics and it seems likely that there is no barrier to reaction between this
mechanisms of the reactions of OH radicals withsCBOH, minimum and the products G80O + H,O. This interpretation

CD3COOH, CyCOOD, and CHCH,COOH at temperatures  of the dynamics of OH+ CH3CHO reactive collisions is
between 297 and 446 K. The rate constants that they determinedsupported by the fact that the reaction of Cl atoms with
at 298 K are listed in Table 2. For O#f CH3CH,COOH, the CH3CHO, k(298 K)= 7.2 x 1071 cm® molecule s71, is even
rate constants are independent of temperature. The Arrheniudaster than that of OH radicals with GEHO and shows no
plots for all three of the reactions involving isotopomers of acetic temperature dependentg.

acid are markedly curved, the rate constants decreasing as the The situation with respect to the reaction between OH radicals
temperature is raised until they flatten off at about 400 K. and acetone is especially intriguing. In 1997, when the IUPAC
Consequently, activation energies are not cited. At higher and NASA evaluations were publish&éithe rate constant at
temperatures, the rate constants for these reaction may start t®98 K was fairly well-established(298 K) = 2.2 x 10713
show a positive temperature dependence. Singleton et al.’'scm® molecule* s™1, but there had been rather few investigations
interpretation of their results for OH- CH3;COOH and its of the temperature dependence of the rate coefficient and none
isotopomers mirrors that given for the reactions of OH with of isotope effects. Moreover, the reaction was assumed to
HCOOH and its isotopomers. proceed entirely by H-atom abstraction:

Again, we would propose that the adduct formed from OH
+ acid is likely to involve two hydrogen bonds and that OH + CH;COCH; — H,0 + CH,COCH,;
dissociation of this species to products probably involves AH° =—87.8kJ mol* (6a)
tunneling through a potential energy barrier, thus contributing
to the relatively large isotope effect that is seen when the acidic
H atom is replaced by B%23The rate constants for the reaction
of OH with propionic acid are independent of temperature and
are larger than those found for OH CH3;COOH, which is

Since then, a number of experimeRtdi—> and theoreticaf 38
studies have been carried out on this reaction. Although the
rate constant for the overall reaction at 298 K has remained
. ) . g essentially unchanged, there have been suggestions that other
interpreted as being due to the increasing rate of H-atom o, for this reaction should be revised. Measurements by Le
abstraction from the alkyl group when secondaryHCbonds Calve et al4 Wollenhaupt et ak! and Gierczak et &8 have

are present, as is seen (see section 2.a.) for the reactions of Okyemonsirated that the rate exhibits an unusual temperature
with alkanes. Finally, we note that Cl atoms react appreciably gependence, with the overall rate constant increasing above room
more slowly with CHCOOH, k(298 K) = 2.8 x 1074 cm® temperature but becoming essentially constant at and below
molecule’ s713 than do OH radicals and that they abstract gpout 250 K.

methyl, rather than acidic, H atoms. This is again consistent  Gjerczak et af® also thoroughly explored the kinetic isotope

with the notion that OH radicals react with the simpler eftects in this reaction, demonstrating a relatively large primary
carboxylic acids, HCOOH and GBOOH, via a hydrogen- effect, k(OH + CHsCOCHs)/ k(OH + CDsCOCDy) = 5.9 +
bonded intermediate involving theCOOH group and subse- g g at 298 K, and a very small secondary isotope efi@H
quent abstraction of the acidic H atom. + CHyCOCH)/k(OD + CHsCOCHs) = 0.84+ 0.09 at 298 K.
There is an increasing amount of theoretical evidéht¢hat Figure 4 shows an Arrhenius plot of their d&tior OH + CHs-
OH radicals can form strong hydrogen bonds with species COCH;,, OH + CDsCOCD;, and OD + CDsCOCD;. In
containing a carbonyl group. Here we review the evidence that addition, Gierczak et & demonstrated that the rate of reaction
such weakly bound species either act as transitory intermediatebetween OH radicals and GEHOCH; shows no dependence
in the reactions of OH with CE¥CHO and CHCOCH; or that on the total pressure, even in 500 Torr of added &R250 K.
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energy surface more widely. They found two hydrogen-bonded
structures, one (MC1) like that determined by Aloisio and
Francisco and a second (MC2) in which, as well as the primary
hydrogen bond, there is weak attraction between the carbonyl
C atom and the O atoms of the hydroxyl. They went on to
calculate transition states for the transformation of structure MC1
to H,O + CH,COCH; and of MC2 to CH + CH;COOH.

To summarize, we conclude that weakly bound adducts in
which one or two hydrogen bonds play a key role appear to
play an important part in the reaction between OH radicals and
acetone. The large primary kinetic isotope effect may be the
result both of zero-point effects and of different rates of H-atom
and D-atom tunneling through barriers separating the structures
of these complexes from the products of reactions 5a and 5b.

S5H T T T T T T

OH + CH3C(0O)CH; |

=

>
T
1

-13 -
k, 10 em® molecule 5!
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01} __
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Figure 4. Schematic representation of the rate coefficients for the

reactions of OH and OD with C}&€(O)CH; and CRC(O)CD; that were
measured by Gierczak et 4l.

2.d. Reactions of OH with Hydrogen Halides

The halogen atoms Cl, Br, and | all play important roles in
the atmosphere. Chlorine and bromine are present in the
stratosphere and are known to destroy ozone. lodine is also

Although the overall rate constants for OH CHsCOCHs expected to be very efficient in destroying ozone, if it gets there.
measured by Wollenhaupt and Crowfégind by Vasvd et al 38 lodine is known to play an important role in the troposphere.
and their temperature dependence agree very well with thoseThe hydrogen halides HCI, HBr, and HI are all major sinks for
determined by Gierczak et & the former two groups report ~ active forms of the halogens in the atmosphere. Their reactions

evidence that Ckiradicals are formed as a direct product of With OH radicals are important, as they convert these reservoir
this reaction, namely, by the channel compounds to active forms that can participate in catalytic ozone

destruction. Consequently, the three reactions
OH + CH,COCH,; — CH; + CH,COOH

AR = 1081 k) moit (6b)  OH T HX(X=CLBr)—H,0+X

AH° = — 67.5,—133.0,—200.9 kJ mol*, respectively
(7a—c)

Vasvari et aP® measured the yield of G4€(O)CH: to be

roughly 50% at 298 K. Furthermore, Wollenhaupt and Crotdley

report that the yield of Ckgifalls from 0.5 at room temperature  have been studied quite extensively.
to 0.3 at 230 K. Vasvari et & suggest that the two channels, The kinetic behavior of the OH HClI reaction around room

6a and 6b, proceed by a common hydrogen-bonded intermediatetemperature has been well establisheg298 K)= 8.0 x 10713

and their calculations reproduce the experimental result of equalcm?® molecule! s~1.23 However, there remain questions about
branching to both channels at room temperature. Wollenhauptthe temperature dependence of the rate constant at low tem-
and Crowley measured the yield of @Ho decrease with peratures. Sharkey and Sniftthave measured rate constants
decreasing temperature, an observation that is hard to reconcildor reaction 7a at temperatures down to 138 K, finding very
with the proposed mechanism. They acknowledge, however, thatlittle change with temperature below about 200 K. The
uncertainties remain with respect to how the branching ratios experimental results of Ravishankara and co-wofKetewn
depend on temperature, and it is also not clear whether thesetio 200 K agree well with those of Sharkey and Smith, although
results are consistent with the large primary isotope effect they fit their data to transition-state calculations that deviate
observed by Gierczak et &l.that increases with decreasing significantly and increasingly from Sharkey and Smith’s results
temperature. The large kinetic isotope effect is inconsistent with at the lower temperatures.

the breaking of a €C bond being the rate-limiting step in this More recently, Battin-Leclerc et 4%.have investigated the
reaction; it would argue for the involvement of a H-atom kinetics of all four H/D isotopic variants of reaction 7a (i.e.,
transfer. In addition, very recent experiments contradict the OH + HCI, OH + DCI, OD + HCI, and OD+ DCI) at

conclusions of Wollenhaupt and Crowféand Vasva et al 38
regarding the importance of reaction 6b. Gierczak é¢ &ihd

temperatures between 200 and 400 K. The results are what one
would expect in terms of a conventional analysis of the kinetic

that less than 0.1% of the overall reactions of OH radicals with isotope effects. That is, the rates are lowered appreciably when

CH3COCH; produce CHCOOH. Furthermore, two other recent
studie4® report upper limits of 5-10% for the formation of Ckt
COOH as a product of the reaction between OH and-CH
COCH.

Aloisio and Franciscd and Vasva et al38 have carried out

DCl is substituted for HCI but are altered only slightly when
OD replaces OH.

Steckler et af? have performed variational transition-state
theory calculations on the OHt HCI reaction using scaled ab
initio calculations to define the minimum-energy path and the

ab initio calculations to explore the energies and structures of vibrational frequencies orthogonal to it. They obtain remarkably

any adducts that might be formed from OH radicals ang-CH good agreement with experiment. In particular, the rate constants
COCH;. Using density functional theory, Aloisio and Francisco that they calculate show appreciable curvature on an Arrhenius
found one minimum corresponding to a hydrogen-bonded plot, exhibiting the lack of dependence on temperature below
structure in which a strong hydrogen bond was formed between200 K that is a feature of Sharkey and Smith’s experimental

the H atom of the OH and the O atom of gEDCH; and a results.

weaker hydrogen bond was formed between the O atom of the Of course, our purpose here is to explore if there is any

OH and one of the methyl H atoms in @EOCH;. Recognizing evidence for the influence of hydrogen bonding on the reaction

the importance of reaction 6, Vasvat al. explored the potential ~ dynamics. Spectroscopic experiments on-HHC| complexe?®
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reveal that the most strongly bound complex has a dissociationinteresting dynamics in that it proceeds by way of an energized
energy ofDg = 7.7 kJ mot! and a structure that, if repeated HOCO complex that can redissociate to @GHCO, dissociate

for HO—HCI, would serve as a suitable prereaction intermediate. to products H+ CO,, or be stabilized in collisions to HOCO
Forces of similar strength in the case of HEICI would create radicals. Both of these features have led to its kinetics and
a minimum along the reaction path of comparable magnitude

to the barrier height. Furthermore, the rate constant might be OH+CO 2 @ocoyt —> H+CO, (82)
expected to depend on the rotational states of the reagents, higher
rotational states being less affected by long-range forces M
directing the reagents into favorable orientations for reaction.
In keeping with its greater exothermicity, the reaction between HOCO (8b)

OH and HBr occurs faster than that between @HHCI, k7,
(298 K)) = 1.1 x 10~ cm® molecule’l s7123and around 298 dynamics being extensively studied both experimertaft§and
K, its rate constant is independent of temperatiidowever, theoretically®%® over the past three decades.
reaction 7b is the one reaction of OH radicals in which a H  The rate constant for reaction 8a, that is, for reaction at
atom is abstracted that has been studied at very low temperaturegressures too low for significant collisional stabilization of
(down to 23 K)3253As the temperature is lowered below about (HOCOY, is rather small,kg(298 K) = 1.5 x 10713 cm?
200 K, the rate constant starts to rise steeply, reaching its highestnolecule® s™, and exhibits very little dependence on temper-
value, kzy(298 K) = 1.07 x 1071° cm® molecule’? s71, at 23 ature from 508-80 K23 There is a significant isotope effect.
K. This observation shows that this reaction proceeds over a Thus, at 298 Kkg(OH + CO)ks(OD + CO) = 2.8 In the
potential energy surface with no barrier between reagents andlimit of high pressureks(298 K) = 9.7 x 10~ cm® molecule
products. s~158 and both this value and the rate constant for relaxation
Clary and co-workef4have calculated the rate constants Of OH(v = 1) by CO® are assumed to be that for the initial
for OH + HBr and for OH+ HCI by a variety of theoretical ~ formation of the (HOCO) complex. . . .
methods. In relatively simple adiabatic capture calculations, like ~ The mechanism that is accepted for reaction 8 is that it
those employed successfully for reactions between ions andProceeds over a low barrier (TS1) to form the chemically bound
polar molecules, they calculated rate constants forOHBr HOCO species, which corresponds to a deep potential energy
while assuming that the long-range potential responsible for Well along the reaction path. Between this well and therH
capture arose from the dipoles on the two reagents. Although COz product asymptote is a barrier (TS2) whose energy is close
the absolute values of the rate constants were greater than thos® that of the OH+ CO reagent asymptote. These are the
found experimentallj! their negative temperature dependence features of the potential energy surface that are mainly
above 20 K mirrored that observed. At least in part, this increase réSponsible for the unusual temperature and pressure depend-
as the temperature is lowered results from the increase in€nces that are found for the rate constant for this reztigh
rotationally selective rate constants as the rotational quantumand that are outlined in the previous paragraph.
number decreases, and it becomes more likely that the dipole ~ However, using transition-state theory, Frost éfaind others
dipole potential will orient the reagents favorably for reaction. have only been partially successful in modeling all of the kinetic
Clary et al’® have also undertaken quantum scattering fgatures of the reaction. For example, they were unable
calculations on OH+ HBr and OH+ HCI within the rotating simultaneously to explain the values of the observed rate
bond approximation. Once again, the rate constants are foundconstants at low temperature (down to 80 K) and the high-
to depend strongly on the rotational state of the OH radical, Pressure limfe of the rate constant. In an attempt to model all
but the explanation for this dependence is rather different. Now the Kinetic behavior of the O CO reaction, they explored
for OH it is attributed to the strong correlation between the Whether a hydrogen-bonded complex between OH and CO
(i, K) states and the ground and excited bending states@f H ~ Might act as a precursor state for the formation of energized
Consequently, the adiabatic barriers do depend on (j, K). This HOCO complexes via TS1. By comparison with the measured
theory takes no account of the long-range electrostatic potentialPonding energies of the XHCO complexes (= F, Cl, and
between the two dipolar reagents. The results reproduce not onlyBr): they estimated that the OHCO adduct would have a

the negative dependence of the rate constants fortOHBr binding energy of Ro/hc) ~ 450 cnt?. This value is quite
but also the very slight dependence of the rate constants forSimilar to that estimated in ab initio calculations by Lester et
OH + HCI on temperature below 298 K. al? ((Do/he) ~ 405 cm™) and by Kudla et af* (Do/he) ~

The kinetics of the OH+ HI reaction continue the trend of 600 cn1?). These energies are higher than both the thermal

increasing rate constants as the HX bond energy decreases (of"€"9Y in low-temperature experiments and the inferred adiabatic

the exothermicity of reaction 7 increases). The rate constant atParier at TS1. However, in contrast to the case of OH radicals

room temperature k(298 K) = 7.0 x 10~ ¢ molecule't reacting with hydrogen halides, in this case the structure of the

s1, and between 246 and 353 K, the rate constant increasedYdrogen-bonded complex is not that required for passage
with decreasing temperature according b2 dependence ?g)ugflj'll;Sl. In sun;pl;teﬁréms, it Ids lOfI;CO lratr;ekr] thr?rlee
At present, it seems impossible to arrive at any definite » and Frostetal.’s efioftsto model the role of the hydrogen-

conclusion about how the dynamics of collisions between OH bonded complex on the klnetlc_:s of reaction 8 were not
+ HCl and OH+ HBr, and hence their reaction kinetics, are successful. However, the calculations reported by LesterSet al.

. : . _ do suggest a smooth reaction path from the minimum associated
affected by the relatively strong dipetelipole (or hydrogen with OH—CO over a shallow barrier transHOCO.

bonding) forces that act as OH approaches the hydrogen halides. More recently, Lester and co-workéthave created the OH

CO adduct in supersonic expansions and studied the structure

and binding energy of this hydrogen-bonded complex by
The reaction between OH radicals and CO is almost entirely infrared action spectroscopy. From such measurements, they

responsible for converting CO to G@ the Earth’s atmosphere  estimate a binding energy dd§/hc) < 430 cnT! However, as

and in combustion systemsin addition, it exhibits very yet, they have no firm evidence for the promotion of reaction

2.e. Reaction of OH with CO
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to H + CO, when these species are provided with additional possibility of multiple product formation should be considered.
vibrational energy. At the present time, the role of hydrogen Measurement of the rate constant over a wide range of tempera-
bonding in the OH+ CO reaction remains less than certain. tures, especially lower temperatures, and pressures should help
diagnose the possibility of adduct formation.
3. Conclusions Isotopic substitution of the reagents would be another
important step. A negative activation energy with a large kinetic
'isotope effect would indicate the role of an adduct. Identification
Mand quantification of the products would greatly help in this
process. Direct detection of the adduct would, if possible, be
reatly beneficial in understanding these reactions.
The role of oxygenated hydrocarbons in the atmosphere is

As discussed above, the reactions of OH with many species
especially oxygenated compounds, can proceed via the formatio
of complexes that involve one or two hydrogen bonds. The
presence of an attractive well in the entrance channel of a
potential energy surface can influence the dynamics, and henc
the course, of the reaction. Its existence can manifest itself in receiving more attention because of their role in the upper

terms of the negative temperature dependence, which is to betroposphere, because they are formed in the troposphere, and
expected when there is an attractive encounter between reactant% ecause they are being used as fuel additives and substitutes

Just as importantly, it can also lead to pressure dependence forl’heir degradation in the atmosphere is likely to be initiated,

tnhet cl))vera::I reatlcgofrrl ?:d th(iamgelneLa}tut)nr:f %rcltrjucttis rt]hrat Wguf primarily, by reaction with OH. These oxygenated hydrocarbons
ot be expected Irom a simple H-alom abstraction reaction. 5o 554 reactants that might form two hydrogen bonds with
These drastic changes arise from quite subtle changes in theOH, so the unusual temperature and pressure dependence from

topology of the entrance channel, and the extent to Wh'Ch the these reactions can be expected and needs to be investigated.
course of the reaction changes may depend on small differences

in energetics and available pathways. However, the changes can
have large impacts on practical systems such as the atmosphere?vi
For example, the increase in the rate constant for the4OH
HNO; reaction at low temperatures has a major effect on the
ratio of NO, (NO + NO, + NOs) to NG, (NOx + HNOs +
other nitrates and pernitrates) in the atmosphere. This chang
led to major revision in the efficiency of nitrogen oxides in the
stratosphere toward ozone production and destruction. Thereforepoferences and Notes
quantifying the consequences of the adduct formation in OH
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