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Reaction of Hydroxyl Radical with Aromatic Hydrocarbons in Nonaqueous Solutions: A
Laser Flash Photolysis Study in Acetonitrile
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Laser flash photolysis (LFP) of acetonitrile solutiona\ahydroxypyridin-2-thione in the presence todns

stilbene generates a transient absorbance at 392 nm, attributed to the addition of hydroxyl radical to stilbene.
The observed transient absorbance was used in competitive LFP experiments to determine relative rates of
reaction for hydroxyl radical with a range of aromatic hydrocarbons in acetonitrile. Struciaetivity
relationships for the reaction of hydroxyl radical with arenes are derived. With these aromatic hydrocarbons,
we observe a good correlation between the rates of hydroxyl-radical reaction and the ionization potential of
the arene. Kinetic isotope effects are consistent with hydroxyl-radical addition being the dominant reaction
pathway with the arene.

Introduction Experimental Details

It is now well accepted that a number of reactions of  High-performance liquid chromatography grade acetonitrile,
importance to both biologichland environmentalchemists transstilbene, and\-hydroxypyridin-2-thione were obtained
require the intermediacy of a group of compounds known from Aldrich and used as received. All other materials<{95
collectively as reactive oxygen species (ROShe term ROS 999+ purity) were obtained from Aldrich; crystalline solids
covers a range of different species that contain oxygen, but oneywere used as received, and liquids were passed through a short
of the most reactive and important is the hydroxyl radical (HO  column of basic alumina prior to use. Solutions (2 mL)
Hydroxyl radical intermediacy is critical in a range of important consisting ofN-hydroxypyridin-2-thione (5< 10-4 M), trans-
solution-phase reactions from pollutant photochemistry in natural stjlpene (held constant between 0.01 and 0.015 M), and the
waters to the chemistry of aging and carcinogenésts such,  aromatic competitor (serial concentrations between 0.00 and 1.10
this species has received a great deal of attention. M, depending on the reactivity of the competitor) were

One of the most important components in the study of these deoxygenated using a thin stream of bubbling argon. The
complex reactions is our ability to measure the rates of concentrations oi-hydroxypyridin-2-thione (PSH) anlans-
fundamental reactions involving these species. Many groups stilbene were chosen to provide optimal signal intensity from
have studied the kinetics of reaction of hydroxyl radical with the system (an overall optical density for PSH of about-1.8
organic substrates in the aqueous phase, largely by a combina2. 0 at 355 nm). Solutions were photolyzed at 355 nm, and the
tion of laser flash photolysis (LFPand pulse radiolysis (PR)  transient absorbance signal was monitored at 392 nm. The
techniques. Much of the data has been compiled and is readilyinstruments for the transient Uwis spectroscopic and nano-
available’ second laser flash photolysis kinetic measurements have been

An important group of environmental pollutants are polycyclic described previoushp
aromatic hydrocarbons (PAH%Y.These compounds are com-
mon components of crude oils and are also highly publicized Results and Discussion
products of fossil fuel combustion. One of the characteristics
of these compounds is their low solubility in water, making ~ The LFP technique used to determine the rate coefficients
them difficult to study in aqueous solutions on the laboratory for hydroxyl radical reactions has been described in detail in a
scale. However, the high reactivity of hydroxyl radical with most previous report! To summarize, hydroxyl radical is generated
polar organic compounds (including solvents) makes it difficult by the photolysis oN-hydroxypyridin-2-thione 1, Scheme £
to perform nonagqueous experiments. in acetonitrile with a 355-nm laser pulse (nominal pulse width

This paper describes the measurement of rate coefficients for= 10 ns).

reaction of hydroxyl radical with aromatic hydrocarbons by a  The formed hydroxy! radical reacts witans-stilbene to
laser flash photolysis technique in acetonitrile solution. We generate transient species that absorb around 392 nm. Calcula-
exploit the relatively slow reaction of hydroxyl radical with  tjongit suggest that the intermediates responsible for this signal
acetonitril€ to allow us to probe its reactivity with a variety of  zrise from hydroxyl radical addition to the aromatic ring in the
aromatic hydrocarbons in this sovent. We use these kinetic datag thg or para position (Scheme 1). The absolute second-order
to derive structurereactivity relationships for hydroxyl radical  rate constant for the reaction of hydroxyl radical witans-
reactions with a diverse set of aromatic hydrocarbons. stilbene in acetonitrile has been determined to be $6.0.2)

x 10° M~1s71 by measuring the pseudo-first-order rate constant
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SCHEME 1: Chemical Reactions Involved in LFP Methodology
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The signal at 392 nm is due to two processes. One is the fastshown in Figure 1. The relative rate coefficients for reaction of
reaction of hydroxyl radical to produce the species discussed hydroxyl radical withtransstilbene and aromatic substrates
above, which are also consumed on the time scale of the LFPdetermined by SteraVolmer analysis of kinetic data obtained
experiment. The second process slowly generates species thdby this method are summarized in Table 1. The data relate to a
are persistent on the time scale of the fast reactions mentionedhumber of aromatic substrates, including benzene, bendgne-
previously. It is likely that the slow process or processes and naphthalene, which have been discussed in our previous
correspond to secondary reactions of pyrithiyl radi@yl (nost report’ Where data are available, we have included the values
likely dimerization or reaction with formed cyanomethyl or other obtained by LFP and PR studies in aqueous solufions.
radicalst12 The time scales of these two processes are suffi-  Solvent Effects. As we have noted previoushy,the rate
ciently different so that to a good approximation, the two coefficients for reactions of hydroxyl radical with arenes in
processes may be considered separable for the purposes ddcetonitrile are significantly smaller than those observed in
Stern—Volmer analysis. That is, the slow growth curve in the water, an unexpected result. High-level ab initio and density
absence ofrans-stilbene may be subtracted from the combined functional theory calculations performed on the hydroxyl radical/
signal to yield a growth and decay curve for the rapidly formed benzene system in both water and acetonitrile indicate that the
intermediate. hydroxyl radical is stabilized by favorable hydrogen-bonding

Monitoring the yield of transient absorption at 392 nm enables interactions with water, an option not available to this species
us to determine the relative rate coefficients for competitive in acetonitrile. However, the transition state for the hydroxyl
reactions of hydroxyl radical witlransstilbene and a given  radical/benzene system is stabilized to an even greater extent
aromatic substrate by a Sterlolmer analysis (see Supporting in water than in acetonitrile. Thus, the stabilization of the

Information) according to the equation below reactants in water due to solvation is offset by the even greater
. stabilization of the transition state in wafér.

A’tiibene-Ho =14k, For the data available, the ratio of rate coefficients forrHO

Atibene-Ho rend reaction with arenes in water relative to acetonitrile (Table 1)
whereA’sinene-Ho IS the optical yield of the stilbereHO adduct )
in acetonitrile Asiibene-+o is the optical yield of the stilbere ggﬁﬁ:;ﬂ”ﬁ%ne
HO adduct in the presence of stilbene and ardreseis the 6= Triangles = p-Xylene
absolute second-order rate constant for the reaction of arene o
with HO radical, andr is the lifetime of the HO radical in the 5| 3
presence of constant stilbene concentration but in the absence o A
of arene. Previously, we have shown thatyene= (6.1 + 0.2) 8 A
x 10° M~ s71in acetonitrile at ambient temperatufeAt the 8 47 B
concentrations of stilbene of 0.020.015 M used in this work, ~ $ o L -0
kstiendStilbene]> kr (wherekr represents the sum of all rate g 5 o o.a . 8 O..-
constants for all processes which consume hydroxyl radical in ‘§ A o
the absence of stilbene) and 2 ,,ggj,.A,. o

27 .;E’“O,-O @
Astibene-Ho _ Kaendarene] :,:1%::«0"
Astiibene-Ho KstimendStilbene] 1%

The concentration of stilbene is kept constant with a particular |
arene. It is important to note thifeneandKsipeneare the total T T T T T
of all rate constants for reaction of HO radical with the arene 0 10 [Substrate]/[ﬁgns_smbene] 30 40
and stilbene, respectlve_ly, atall SIt(—_Z‘S and by_both addition and Figure 1. Stern-Volmer data obtained from competitive experiments
hydrogen-atom abstraction mechanisms. Typical Steimer betweentrans-stilbene and toluened), mxylene (), and p-xylene
data obtained from competitive experiments betwéams: (») at 298 K. The dotted lines are lines of best fit, and the relative rate

stilbene and toluene and-xylene andp-xylene at 298 K are coefficients obtained from these experiments are shown in Table 1.
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TABLE 1: Summary of Kinetic Data for Reaction of Hydroxyl Radical with Aromatic Hydrocarbons

substrate KarendKstibend ReP Karene,aci (M -1 571) karene,ag (M -1 371) IP (eV)
benzene 0.020% 0.0012 0.98 (1.2£0.1) x 10° 7.8x 10°f 9.243
benzeneds 0.0198 0.98 (1.2£0.1) x 10° 4.7 x 10°f
toluene 0.0686: 0.0034 0.99 (4.2£0.2) x 10° 5.1x 10° 8.828
toluenes; 0.0620 0.99 (3.8:0.1) x 1C¢®
toluenees 0.0571 0.99 (3.5:0.1)x 10°
toluenees 0.0587 0.99 (3.6:0.1) x 1C¢®
o-xylene 0.107 0.99 (6.5:0.2) x 1¢° 6.7 x 10° 8.56
m-xylene 0.130+ 0.007 0.99 (7.9: 0.5) x 1¢° 7.5x 10 8.55
p-xylene 0.107 0.008 0.97 (6.6 0.5) x 1¢° 7.0x 10 8.44
mesitylene 0.24% 0.008 1.00 (1.5:0.1) x 1 6.4x 10° 8.40
durene 0.232: 0.008 1.00 (1.5 0.1) x 1@ 8.06
naphthalene 0.296 0.007 1.00 (1.8:0.1) x 1® 9.4x 10° 8.144
1-methylnaphthalene 0.41.0.022 0.98 (2.5 0.2) x 1@ 7.96
2-methylnaphthalene 0.4620.021 0.99 (2.8£0.2) x 1 7.91
1,3-dimethylnaphthalene 0.7@1.0.027 0.91 (4.3:0.2) x 1@ 7.86
1,4-dimethylnaphthalene 0.8450.065 0.97 (5.220.4) x 1 7.80
biphenyl 0.1114 0.007 0.98 (6.8 0.5) x 108 9.5x 10° 8.16
diphenylmethane 0.128 0.011 0.97 (7.9£0.7) x 10° 8.9
bibenzyl 0.111+ 0.007 0.98 (6.8: 0.5) x 1¢° 8.9
trans-stilbene (6.1£0.2) x 1(° 7.656

a Determined by SteraVolmer analysis (298 K) for the variation of observed transient absorbance with increasing concentration of arene substrate.
b Goodness-of-fit parameter for the line of best fit for Stewolmer data.® Rate constants in acetonitrile as determined in this wb8ee compiled
data, refs 7 and 15, for rate constants in wat®flST recommended values, see ref 2%ee the text (and ref 14) for discussion of KIE experiments
with benzene and benzehgin water.

varies from a factor of 65 for benzene down to a factor of 4 for reactivity of toluene relative to benzene (an approximately 3-fold
mesitylene. It is expected that as the measured rate coefficientincrease) is activation of the aromatic ring. This is confirmed
in acetonitrile approaches the diffusion-controlled limit, this by comparison of toluene with toluerz-and tolueneds. The
factor will become smaller and approach a limiting value of KIE measured for addition to the ring (toluedg-is small,
approximately 0.37. This latter value is calculated from the approximately 1.2, as would be expected if H-atom abstraction
measured viscosities of these solvents at 293 K (0.37 cP foroccurs but is only a minor contributor to the overall reaction
acetonitrile and 1 cP for water) and assumes no change in therate, and the KIE is little changed by deuteration at the benzylic
reactants’ hydrodynamic radii moving from water to acetonitrile. position (toluenedg).
The qualitative behavior of the rate-coefficient ratios is con-  We should note as well that a number of rate constants for
sistent with such an expectation. hydroxyl radical reactions have been measured in the gas phase.
Kinetic Isotope Effects (KIE). The absence of a significant The relative ratio of rate constants between benzene and
KIE for benzene and benzemnk!! is consistent with the fact  p-xylene is~12 in the gas phase and only5 in acetonitrile
that the dominant reaction of hydroxyl radical with benzene is between the two substrates. The participation of multiple
addition to the ring rather than hydrogen-atom abstraction at reaction pathways (addition vs abstraction) and loose complexes
the phenyl G-H position13 In fact, the KIE for hydroxyl-radical on the entrance channel (as the reactants approach each other)
reaction with benzene in water was measured by Dorfman andmay be responsible for this difference.
co-workers. This is the only reported value using an internally  Structure—Reactivity Relationships. The KIE data for
consistent method for both isotopométsThese authors ob-  toluene indicate that the relative importance of hydrogen-atom
tained the same rate constant for benzikefnand benzenes, abstraction from the benzylic position is low compared to
specifically 4.7x 10° M~! s71, and therefore no KIE effect  addition to the aromatic ring. However, as more methyl groups
was observed in water. (We should note that, since then, thereare added to the system under study, we assume that abstraction
have been multiple measurements of the reaction of hydroxyl from a benzylic site should become increasingly probable. Of
radical with benzene, and the consensus rate constant forcourse, the addition of methyl groups to an aromatic system
benzendys in water is slightly faster at 7.& 10° M~1s71.7.19 will also activate the aromatic ring, particularly toward an
Our acetonitrile rate constants for benzdgend benzenés, electrophilic radical such as the hydroxyl radi€alWe have
as well as the aqueous results of Dorfman, concur in that thereconsidered the obtained data from two approaches: one is a
is no significant KIE for HO radical reactions with benzene. purely probabilistic analysis; the other based on a frontier
These results are consistent with a dominant radical-addition molecular orbital model.
reaction with the aromatic ring. The probabilistic approach is a very simple one: we simply
The measured KIE for the toluene isotopomers allows us to determine the rate coefficient ratio for the system under study
determine the importance of hydroxyl radical addition to the relative to its “parent” compound. In the case of benzene and
aromatic ring relative to hydrogen-atom abstraction from a naphthalene derivatives, the “parent” compounds are benzene
benzylic position, a more thermodynamically favored process and naphthalene, respectively; for the remaining compounds in
than abstraction from a phenyl-& position. The hydrogen-  Table 1, biphenyl is chosen as the “parent” compound. The
atom abstraction reaction would be expected to exhibit a relative rate coefficients are then plotted against the ratio of
significant primary KIE. However, comparison of the relative possible hydrogen-atom abstraction sites and hydroxyl-radical
rate coefficients of toluene and toluedgyields a KIE of 1.1. addition sites (i.e., the number of benzylic hydrogen atoms/the
Such a result tends to indicate that abstraction at the benzylicnumber of ring carbon atoms). The obtained plot is shown in
position represents a minor reaction pathway, consistent with Figure 2 and appears to show some degree of correlation.
results obtained previously in the gas ph¥sk.appears that However, such an approach does not explain why mesitylene
the major influence of the methyl group in the increased is as reactive as durene or indeed why methyl- and dimethyl-
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Figure 2. Correlation of the rate coefficient for the reaction of hydroxyl ~ Figure 3. Correlation of the rate coefficient for the reaction of hydroxyl
radical with arenes in acetonitrile with a probability-based structure radical with arenes in acetonitrile with the charge-transfer structure/

reactivity parameter. The parent arenes used to define the relative ratg©activity parameter (Une — EAuo). The dashed line and equation
coefficients are identified in the text. correspond to the line of best fit for the data obtained, excluding the

data for biphenyl, bibenzyl, and diphenylmethane. If those data are

. N . . included, the line of best fit iy = —0.88% + 14.87,R?> = 0.836.
naphthalene isomers show significantly different reactivity.

Moreover, if the probabilistic argument holds true, we would
expect that increasing the probability of hydrogen-atom abstrac-
tion (presumably the slower of the possible reactions, based on
the KIE data from toluene isotopomers) shodlecreasethe
overall rate of reaction. Therefore, it seems likely that the major
influence of the methyl groups is ring activation.

is worth noting that, for most of these compounds, radical
addition to the aromatic ring was the predominant reaction
pathway; no other modes of reaction of hydroxyl radical
competed with this process to any significant extent. The data
obtained fortrans-stilbene does lie on the correlation curve

Computational studies of the reaction of hvdroxvl radical with despite the fact that an attractive, alternative mode of reaction
P ot the reaction or nydroxyl radica is available to the hydroxyl radical, namely, addition to the

_benzene in_d_icate that charg_e-transfer interat_:tions are importantalkene double bond. It is difficult to determine whether hydroxyl
in the transition state. In particular, the transition state resemblesadolition to the alkene carbons competes to any significant extent
the hydroxide anion coordinated to the radical cation of with the addition to the aromatic ring, but it is worth noting

T . .
2?{;1?835221‘:5|I(Triﬁxci"ent agrele nk;?l_nr;[ V\;'th ?ur cali:ulaluons that the phenyl rings may represent a possible steric barrier to
€ atom compiex. 1heirontier molecuiar reaction at the double bond @fansstilbene. In addition, the

orblltial drPo?hel,ras (:ie\rgelogf)eijkblyr Z?Hallhjvstr?e?kn succbess_fullﬁll transient absorbance observed at 392 nm from reaction of
apr:je 0 de tia‘%?”?o adyl_adpats Ith e;tr(]anets b)'/l' 'St‘.: e, hydroxyl radical with transstilbene, the basis of our LFP
adom, and others. This modet indicates that ine Stablizallon e, appears to be due to the addition of hydroxyl radical

ggefttg do‘TlZ(;a:Jrzo?gorTg;(f;tzz tetlce,cttrg)r?;{!g:nras?;?reme dzysée? to the aromatic ring ortho and or para to the double bond, based
It evolv . Itior Wi PeNd ON 1, our earlier calculation&. It is not clear whether a similarly
the energies of the arene highest-occupied molecular orbital and

. - good correlation would be obtainable for multiply functionalized
the rad!caI.SOMO. O.f course, the expenmen.ta}l parameters arecompounds, and these systems will be studied further in the
the ionization potential (IP) and electron affinity (EA) of the future
arene and HO radical, respectively. Fischer éP hlave used a '
state correlation approach that uses these same parameters Qonclusions
model the energies of the charge-transfer states: the lower the
energy of the charge-transfer states, the greater the configura- By use of our LFP-based methodology, we have determined
tional mixing and stabilization of the ground state. The term the rate coefficients for the reaction of hydroxyl radical with a
“ground state” refers to the lowest electronic energy level of number of monocyclic and polycyclic aromatic hydrocarbons
the transition state of reaction. Favorable interactions of the in acetonitrile. From an analysis of the observed KIEs for the
charge-transfer states are those characterized by large valuegeaction of hydroxyl radical with isotopomers of benzene and
of the parameters (lRne— EAno) Of (IPho — EAgrend. In this toluene, we conclude that, at least for simple aromatic hydro-
particular case, we will use the first of these parameters as ourcarbons, the predominant reaction pathway in acetonitrile is the
structure/reactivity parameter. addition of the hydroxyl radical to the aromatic ring, rather than

The IPs for the arenes used in this study have been determinedhydrogen-atom abstraction from the phenyl or, somewhat
experimentally in the gas phase and are given in Tat®e 1. surprisingly, benzylic &H positions. Structurereactivity
Similarly, the electron affinity of hydroxyl radical has been analysis confirms that addition reactions play a dominant role
measured in the gas phase and has a value of 1.828 aV. in more complex systems in acetonitrile: the observed strueture
plot of log(KarendVIS) against (IRene— EAnc) is shown in Figure reactivity behavior of these compounds cannot be described in
3. terms of a simple probabilistic model.

The correlation of the data is quite good, particularly when A structure-reactivity analysis, based upon frontier molecular
one considers that the rate coefficients were determined in orbital and state correlation models, indicates that charge-transfer
acetonitrile solution, whereas the structdreactivity parameter  interactions between a hydroxyl radical and a given arene play
we used was derived solely from gas-phase data. However, itan important role in the stabilization of the transition state for
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