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We observe chlorine radical dynamics in solution following two-photon photolysis of the solvent,
dichloromethane. In neat CH2Cl2, one-third of the chlorine radicals undergo diffusive geminate recombination,
and the rest abstract a hydrogen atom from the solvent with a bimolecular rate constant of (1.35( 0.06)×
107 M-1 s-1. Upon addition of hydrogen-containing solutes, the chlorine atom decay becomes faster, reflecting
the presence of a new reaction pathway. We study 16 different solutes that include alkanes (pentane, hexane,
heptane, and their cyclic analogues), alcohols (methanol, ethanol, 1-propanol, 2-propanol, and 1-butanol),
and chlorinated alkanes (cyclohexyl chloride, 1-chlorobutane, 2-chlorobutane, 1,2-dichlorobutane, and
1,4-dichlorobutane). Chlorine reactions with alkanes have diffusion-limited rate constants that do not depend
on the molecular structure, indicating the absence of a potential barrier. Hydrogen abstraction from alcohols
is slower than from alkanes and depends weakly on molecular structure, consistent with a small reaction
barrier. Reactions with chlorinated alkanes are the slowest, and their rate constants depend strongly on the
number and position of the chlorine substituents, signaling the importance of activation barriers to these
reactions. The relative rate constants for the activation-controlled reactions agree very well with the predictions
of the gas-phase structure-activity relationships.

I. Introduction

Hydrogen abstraction by atomic chlorine is a model system
for investigating the dynamics of bimolecular reactions in gases
and liquids. In the gas phase, chlorine radical chemistry has
received a great deal of attention because of its importance in
the atmosphere, particularly with respect to ozone depletion.1-4

There are thorough studies covering a wide temperature range
for reactions with small alkanes,5-7 alcohols,8 aldehydes,9

ethers,10 and their various halogenated derivatives.11-14 Well-
developed gas-phase detection techniques can distinguish
between different products and, thus, investigate the selectivity
of chlorine attack. As a result, the temperature-dependent gas-
phase rates of these reactions and their mechanisms are well-
known, allowing experimental determination of bond strengths
and activation energies for the abstraction of individual hydrogen
atoms.5,6,12,14These insights gleaned from gas-phase experiments
form a basis for understanding reactions in liquids.

The gas-phase studies show persistent trends in the reactivity
of small organic molecules toward chlorine atoms. Specifically,
the activation energy for abstraction of a primary hydrogen is
higher than that for secondary or tertiary hydrogens. In addition,
the presence of halogen substituents generally raises the
activation energy for abstraction of neighboring hydrogens. This
effect increases with increasing electronegativity of the halogen
and is stronger forâ-hydrogens than that forR-hydrogens. These
trends led to the idea of structure-activity relationships that
predict the reactivity of a molecule toward chlorine from its
structure.15,16 The relationships assign a reactivity to every
hydrogen atom, based on its position (primary, secondary, or

tertiary) and weight it according to the identity of its neighboring
groups. Summing all of the contributions gives the total reaction
rate constantktotal of a molecule

wherekpri, ksec, andkter are reaction rate constants for hydrogens
in various positions andF(X), F(Y), F(Z) are the weighting
factors. Structure-activity relationships successfully predict
hydrogen abstraction rates by chlorine atoms or by hydroxyl
radicals from a variety of small molecules. The weighting factors
for many common neighboring groups, such as methyl, ethyl,
OH, and Cl, are available from fits to experimental results.15,16

Experimental data on chlorine reactions in solution are more
limited. Early microsecond or nanosecond time-resolved studies
used absorption of visible wavelengths by a chlorine atom-
arene or chlorine atom-DMSO complex to monitor chlorine
radical populations in solutions of organic molecules.17-19 The
investigators then inferred the reaction rates through complicated
competitive reaction schemes. In a series of more direct
experiments, Chateauneuf assigned a transient ultraviolet ab-
sorption centered at 330 nm to the “free” chlorine atom in
solutions of dichloromethane, chloroform, and several other
molecules and showed that the hydrogen abstraction rates
depend on the solvent.20,21 He suggested that atomic chlorine
forms complexes with many common solvents and that the
reactive species observed in solution is a chlorine-solvent
complex rather than a free chlorine radical.22 Advances in time-
resolved laser techniques have made it possible to measure even
very fast reaction rates directly. For example, Raftery et al. used
picosecond infrared probe pulses to monitor the evolution of
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the HCl product of hydrogen abstraction by chlorine in neat
cyclohexane.23 Keiding and co-workers reported two ultrafast
studies of chlorine radical reactions produced by the photolysis
of HOCl in water.24,25 Most recently, Elles et al. performed a
thorough study of the photodissociation of CH3OCl and of the
subsequent chlorine dynamics in solution.26

Here, we describe a femtosecond time-resolved pump-probe
study of chlorine radical reactions in CH2Cl2 solutions of 16
different organic molecules. The solutes are alkanes (pentane,
hexane, heptane, and their cyclic analogues), alcohols (methanol,
ethanol, 1-propanol, 2-propanol, and 1-butanol), and chlorinated
alkanes (cyclohexyl chloride, 1-chlorobutane, 2-chlorobutane,
1,2-dichlorobutane, and 1,4-dichlorobutane). We generate chlo-
rine atoms by two-photon photolysis of the CH2Cl2 solvent with
a 266-nm, 100-fs laser pulse. The chlorine radicals subsequently
evolve according to the reaction scheme shown in Figure 1.
Immediately after photolysis, we observe the chlorine radical
by using its characteristic charge-transfer transition centered at
about 330 nm. We tune a probe pulse to the maximum of this
band and follow the temporal evolution of chlorine radicals in
a range of concentrations of each solute. For all solute
concentrations, the chlorine signal has a fast, nonexponential
decay followed by a slow exponential decay. The fast decay is
independent of solute identity or concentration and is almost
complete by 200 ps. We assign this fast component to diffusive
geminate recombination of the dissociating pair (krecombin Figure
1). The slow decay component is always present, but its rate
varies among solutes. We assign the slow decay to hydrogen
abstraction by the surviving chlorine radicals with a rate constant
kobs that depends linearly on the concentration of the solute

where ksolvent is the rate constant for reaction with dichlo-
romethane andkbi is the rate constant for bimolecular reaction
with the hydrogen-containing solute RH.

Subpicosecond time resolution allows us to observe directly
very fast processes, such as the diffusion-controlled reactions
and the diffusive geminate recombination of the fragments
following photodissociation of dichloromethane. It also sets the
stage for future studies of vibrationally mediated reactions that
proceed on ultrafast time scales dictated by the short lifetimes
of molecular vibrations in solution. Our solutes fall in four
homologous series: straight-chain alkanes, cyclic alkanes,
alcohols, and chlorinated alkanes. Within each series, structural
differences among the solutes reveal interesting details about
hydrogen abstraction reactions in solution.

II. Experimental Approach

The experimental arrangement requires an ultraviolet photo-
lysis pulse to generate chlorine radicals and a tunable ultraviolet
probe pulse to follow their evolution. We use a Coherent Vitesse
oscillator to seed a Coherent Legend HE Ti:sapphire regenera-
tive amplifier, which produces a 1-kHz train of 100-fs-duration
(fwhm) pulses centered at 800 nm. A portion (∼180µJ) of the

amplified 800-nm light generates the photolysis pulse. We first
double the 800-nm light by focusing it in a 0.3-mm type I
â-barium borate (BBO) crystal (θ ) 29°). We separate the
resulting 400-nm light from residual 800-nm fundamental with
a dichroic mirror, focus both beams, and recombine them in
another 0.2-mm type I BBO crystal (θ ) 42°) to produce
∼4 µJ pulses centered at 266 nm by sum-frequency generation.
Because these experiments do not require high photolysis power,
we use neutral density filters to limit the photolysis pulses at
the sample to about 0.75µJ. To produce probe pulses, we use
about 500µJ of the 800-nm light to pump a continuum-seeded,
double-pass optical parametric amplifier (OPA) based on a
5 × 5 × 5 mm3 type II BBO crystal (θ ) 27°). The signal out
of the OPA is conveniently tunable between 1120 and
1560 nm. We isolate the signal with a polarizer and quadruple
it in two additional BBO crystals (1 mm, type I,θ ) 22°, and
0.3 mm, type I,θ ) 29°). The resulting probe pulses are tunable
between 280 and 390 nm, with energies in excess of 100 nJ
over the entire range. The photolysis and probe pulses are
perpendicularly polarized to suppress coherent responses from
the solvent.

A pair of quartz lenses (f ) 250 andf ) 200 mm) focus the
photolysis and probe beams to diameters of∼100 and∼50µm,
respectively, in the sample where they cross at a small angle.
Because the beams are not collinear, the resolution of our
detection system is about 400 fs as measured by the two-photon
solvent response. Two Si photodiodes monitor the probe light
before and after the sample to account for shot-to-shot laser
fluctuations. A chopper blocks every other photolysis pulse, and
the probe intensity after the sample (normalized to probe
intensity before the sample) with and without the photolysis
pulse gives the transient pump-induced absorbance change. A
Teflon gear pump circulates the sample through a 1-mm-thick
Teflon cell with CaF2 windows. A computer-controlled delay
stage varies the time between pump and probe pulses. We
average 4000 laser shots per point and achieve a noise level
under 0.01 mOD.

The solvent in all experiments is HPLC-grade dichlo-
romethane. The solutes are the highest purity available from
Aldrich and do not require further purification. We take care to
use solute concentrations that are low enough that reactions of
secondary radicals are not important but are high enough that
there is no significant depletion of solute during the experiment.
Typical solute concentrations are less than 0.6 M.

III. Results

A. Neat Dichloromethane. Irradiation of neat dichlo-
romethane with a 266-nm laser pulse produces a transient
spectrum with a maximum near 330 nm, shown in Figure 2. A
pump energy of about 0.75µJ per pulse results in a transient
signal of 3-4 mOD at early delay times. The one-photon
absorption of dichloromethane is very small at the photolysis
wavelength, and a plot of the maximum transient signal versus
photolysis energy is quadratic, consistent with a two-photon
photodissociation. The band at 330 nm is a charge-transfer
transition between a dichloromethane electron donor and a
chlorine atom electron acceptor.20 In the ground state, the
chlorine atom is probably not truly free but is more likely in a
loosely bound solvent-chlorine complex. Chateauneuf measured
reaction rates for chlorine atoms in several solvents22 and found
that they are proportional to the ionization energy of the solvent.
He proposed the presence of a weak chlorine-solvent complex
with an association constant that depends on solvent ionization
energy. Additional evidence for a bound ground-state complex

Figure 1. Reaction scheme following photodissociation of CH2Cl2.
The quantity 2hν is the two-photon photolysis with a 266-nm photolysis
laser pulse, andkrecombis diffusive geminate recombination.kbi andksolvent

are the rate constants for hydrogen abstraction from the solute and the
solvent, respectively.

kobs) ksolvent+ kbi[RH] (2)
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comes from Keiding and co-workers, who obtain a good fit of
their experimental chlorine transient signal in aqueous solutions
using a diffusion constant that is too small for an isolated Cl
atom but is reasonable for a Cl-water complex.24,25Elles et al.
measured a transient spectrum of free Cl in dichloromethane
that shifted to lower energy in the first few picoseconds,
consistent with the presence of a weakly bound ground-state
complex and a tightly bound excited-state charge-transfer
complex.26 As the chlorine radical thermalizes, the difference
in the slopes of the ground-state and excited-state potentials
produces a shift of the absorption wavelength. Thus, we assume
that the free chlorine signal in our experiments is actually a
weakly bound complex with the solvent.

The charge-transfer transition at 330 nm is a direct monitor
of the chlorine population because no other species present in
our experiment absorbs significantly between 300 and 400 nm.
Figure 3 shows a typical normalized transient in neat CH2Cl2.
The signal rises to nearly its maximum value within the
instrument response time. During the next 2 ps, it grows more
slowly probably because of relaxation of the ground-state
solvent-chlorine complex.26 We limit our analysis to the
behavior of the signal after 2 ps to focus on the reaction kinetics.

We fit the chlorine signal decay in neat dichloromethane using
a variant of the Smoluchowski model.27 In the model, the radical
fragments of a dissociating pair equilibrate with the solvent at
a distancer0 and move randomly afterward with a relative
diffusion constantDrecomb. Whenever two geminate fragments

approach each other to a distanceRrecomb, they recombine
without a barrier (krecombin Figure 1). The recombination gives
a time-dependent Cl concentration of

The chlorine radicals that do not recombine go on to abstract a
hydrogen atom from the solvent (ksolvent in Figure 1). Smolu-
chowski theory predicts a time-dependent reaction rate coef-
ficient in cases where the early time concentration of the excess
reactant is different from its steady-state concentration.27

However, for neat CH2Cl2, the change in concentration is
negligible during the course of the reaction. Therefore, we ignore
this time dependence and fit the slow component of the transient
chlorine signal to a simple exponential decay with the pseudo-
first-order rate constantksolvent for hydrogen abstraction from
dichloromethane. To compare neat solvent transients from
different days, we normalize each transient to its maximum value
and fit thenormalizedtraces to the relation

where

The diffusion coefficientDrecomb) 4.3 nm2 ns-1 is the sum of
the diffusion constants of the diffusing pair (a CH2Cl radical
and a Cl-solvent complex). We calculate each diffusion
constant using the Stokes-Einstein expression,D ) kBT/6πηR,
whereη is the viscosity of neat dichloromethane andR is the
radius of the diffusing particle.28 We fit eight different neat
solvent transients to generate statistics on the fit parameters
shown in Table 1. Knowing the diffusion constant allows us to
calculateRrecomband r0 from the values ofA andB.

B. Dichloromethane Solutions.Upon addition of a hydrogen-
containing solute RH, the slow component of the transient
chlorine signal decay becomes faster due to the new reactive
pathway, Cl• + RH f R• + HCl. Immediately after the
formation of Cl radicals, the solute concentration around them
is higher than in the steady state that characterizes the bulk
reaction.27 Therefore, bimolecular rate coefficients for reactions
with solute are time-dependent in accordance with Smolu-
chowski theory. The time-dependent Cl concentration in a
diffusion-controlled bimolecular reaction is

whereRrxn is the reaction radius,Drxn is the sum of diffusion
constants of reactants (solute RH and Cl-solvent complex), and
Csolute is the solute concentration. At early times (<0.2 ns), the
second term in the exponential is large and produces significant
deviations from single-exponential decay. However, at long
times, corresponding to bulk reactions, this equation simplifies
to a single-exponential decay with the steady-state rate constant

Figure 2. Transient spectrum at a delayt ) 250 ps following
photodissociation of CH2Cl2. The dotted line is only a guideline.

Figure 3. Transient response atλ ) 330 nm following photodis-
sociation of neat CH2Cl2. The circles are experimental data. The solid
line is the fit to the full model (eq 4), and the dotted line shows geminate
recombination alone.

[Cl]( t) ) [Cl](0)[1 -
Rrecomb

r0
erfc(r0 - Rrecomb

x4Drecombt )] (3)

S(t) ) [1 - Aerfc( B

xt)] exp(-ksolventt) (4)

A ≡ Rrecomb

r0
B ≡ r0 - Rrecomb

x4Drecomb

[Cl]( t) ) [Cl](0) exp{-4πRrxnDrxnCsolute(1 +
2Rrxn

xπDrxnt)t}
(5)

kbi(t)|tf∞ ) 4πRrxnDrxn(1 +
2Rrxn

xπDrxnt)|t f ∞
) 4πRrxnDrxn (6)
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The parameterRrxn is an “effective reaction radius” at which a
reaction proceeds with unit probability, and for activation-
controlled reactions,Rrxn is smaller than the sum of the reactant
radii because not all encounters between reactants lead to
products.27,29

Figure 4 shows the normalized transients for six different
concentrations ofn-heptane in dichloromethane along with the
fits from the Smoluchowski theory. When fitting the transients
that contain reactions with thesolute, we include thesolVent
contribution as a parameterS(t) with time dependence deter-
mined from neat dichloromethane measurements. The complete
fit is to the equation

whereS∞ is a long-time offset and the superscript (n) denotes
different concentrations of a particular solute. The fixed
parameters areS(t) from eq 4,Drxn from the Stokes-Einstein
equation, andCsolute. We fit all concentrations simultaneously,
using global values forS(t), Rrxn, andDrxn but lettingS∞ vary
from trace to trace. We calculate the steady-state bimolecular
reaction constantkbi using eq 6. A typical value for the offset
is less than 10% of the maximum signal, and its effect on the
fit is minimal. In particular, the bimolecular reaction constants
kbi for all solutes do not change outside of their error limits if
we remove the offset altogether. Table 1 gives the fit parameters
for all solvents along with the values forkbi (all of the
uncertainties are one standard deviation).

The fits show that the long-time offsetS∞ increases mono-
tonically with increasing solute concentration. The magnitude
of this increase depends on the identity of the solute, being
smallest in alcohols and largest in chlorinated alkanes. The offset
is likely absorption by a solute radical R• or its derivative, RO2•,
formed by reaction with O2 in oxygen-containing solutions,17,30,31

since many organic radicals or their derivative peroxy radicals
absorb at wavelengths longer than 300 nm.30-32 Because the
solute RH competes with the solvent for chlorine atoms, the
final concentration of R• depends on the fraction of chlorine
atoms that react with RH compared to that reacting with the
solvent dichloromethane

The final number of solute radicals increases (althoughnot
linearly) with increasing solute concentration. To test this model,
we measure the photolysis-induced absorption for various
concentrations of methanol, cyclohexane, cyclohexyl chloride,
and 1,4-dichlorobutane at a delay of 15 ns, when the chlorine
decay is essentially complete. We observe the behavior of the
offset predicted by eq 8, including the nonlinear dependence
on solute concentration. A similar measurement for cyclohexyl
chloride dissolved in CCl4 shows no increase in the offset at

TABLE 1: Fit Parameters and Rate Constants for All Data

adjustable parameters calculated values kbi (107 M-1 s-1)

neat CH2Cl2 A 0.32( 0.01 r0 (nm) 0.50( 0.05 this work 1.36( 0.06
B (ns-1/2) 0.082( 0.005 Rrecomb(nm) 0.16( 0.02 literaturea 0.9( 0.2

ksolvent(ns-1) 0.21( 0.01

fixed parametersb adjustable parameters kbi (109 M-1 s-1)

solutes Csolute(M) Drxn (nm2 ns-1) Rrxn (nm) this work literaturec

pentane 0.05-0.3 2.84 0.43( 0.03 9.3( 0.7
hexane 0.05-0.3 2.78 0.49( 0.05 10.4( 1.0
heptane 0.05-0.3 2.73 0.53( 0.04 10.8( 0.8
cyclopentane 0.05-0.3 2.95 0.45( 0.04 10.1( 0.9
cyclohexane 0.05-0.3 2.87 0.52( 0.04 11.4( 0.8 5.4 (11.7( 2.3)d

cycloheptane 0.05-0.3 2.82 0.55( 0.05 11.8( 1.2

methanol 0.1-0.6 3.46 0.20( 0.04 5.2( 1.1 2.7 (5.9)e

ethanol 0.05-0.3 3.22 0.29( 0.09 7.1( 2.2 3.3 (7.3)e

1-propanol 0.05-0.3 3.07 0.33( 0.06 7.7( 1.5 5.6 (12.3)e

2-propanol 0.05-0.3 3.06 0.27( 0.05 6.3( 1.3 3.7 (8.1)e

1-butanol 0.05-0.3 2.96 0.40( 0.06 9.0( 1.4 7.0 (15.4)e

cyclohexyl chloride 0.1-0.6 2.83 0.30( 0.03 6.5( 0.6 2.3 (7.2( 1.6)f

1-chlorobutane 0.2-0.6 2.89 0.21( 0.05 4.5( 1.1
2-chlorobutane 0.4-1.8 2.88 0.07( 0.02 1.4( 0.4
1,2-dichlorobutane 0.4-1.7 2.85 0.05( 0.02 1.0( 0.5
1,4-dichlorobutane 0.4-1.8 2.87 0.04( 0.01 0.9( 0.3

a Reference 17.b Fixed parameters also include the solvent contributionS(t) determined by fits to neat CH2Cl2. c The value in parentheses is
corrected for solvent viscosity, if different from that of CH2Cl2. d Reference 23.e Reference 36.f Reference 26.

Figure 4. Normalized transient response atλ ) 330 nm in solutions
with various concentrations ofn-heptane. The solid lines are experi-
mental data, and the dotted lines are simultaneous fits to eq 7. The
dashed line is the fit to the transient response from neat solvent, shown
in Figure 3.

[Cl]( t)

[Cl](0)

(n)

) S(t) exp{-4πRrxnDrxnCsolute
(n)(1 +

2Rrxn

xπDrxnt)t} + S∞
(n) (7)

[R•]∞ ) [Cl•]0

kbi[RH]

kbi[RH] + ksolvent

(8)
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higher solute concentrations because CCl4 does not react with
chlorine in competition with the solute.

IV. Discussion

A. Neat Dichloromethane.The decay of chlorine atoms in
neat dichloromethane has two components, diffusive geminate
recombination and hydrogen abstraction. As shown in Figure
3, recombination dominates the transient signal at early times
(e200 ps). We can compare the values for the recombination
parametersDrecomb, Rrecomb, and r0 to those from Keiding and
co-workers, who investigated the recombination dynamics
following photolysis of HOCl in water at wavelengths corre-
sponding to excess energies between 1.5 and 3 eV.25 Using the
value ofDrecomb) 3 nm2 ns-1 from Parsons et al.33 andRrecomb

≈ 0.35 nm, they found that the initial separation of the fragments
is in the range of 0.4-0.6 nm and varies linearly with the excess
photolysis energy. In contrast, we calculate a slightly higher
value of Drecomb ) 4.3 nm2 ns-1, consistent with dichlo-
romethane being less viscous than water. Our fits of the
recombination of CH2Cl and chlorine yield a value ofRrecomb

) (0.16( 0.02) nm, about 50% lower than that of Keiding et
al., despite CH2Cl being larger than the OH radical. However,
they estimateRrecomb from the point on a gas-phase collinear
potential surface34 where the fragments experience an attractive
force equal tokT. Such an assumption is valid only for the most
favorable approach geometry and ignores steric effects. Our
value ofRrecombis about 4 times smaller than the physical radii
of the recombining fragments, reflecting the possibility of
unfavorable collision orientations.

In comparison to the aqueous HOCl experiment of Keiding
and co-workers, the two-photon dissociation of dichloromethane
at 266 nm in our experiment leaves much more excess energy
in the resulting fragments (about 5.8 eV, calculated using a gas-
phase C-Cl bond strength of 3.5 eV35 and neglecting solvation
effects). In addition, dichloromethane is only about one-half as
viscous as water, and therefore it is surprising that our value of
r0 ) (0.50( 0.04) nm is about the same as that of Keiding et
al. However, the photolysis of CH2Cl2 may occur after fast
internal conversion with some of the excess energy dissipated
by the solvent or deposited in the internal degrees of freedom
of the CH2Cl radical. In contrast, in the photolysis of HOCl all
of the excess dissociation energy goes into kinetic energy of
the fragments.25 In the analysis based on Smoluchowski theory,
the parametersRrecombandr0 are potentially correlated because
their ratio, Rrecomb/r0, determines the asymptotic fraction of
chlorine atoms that recombine with their partner radical.27,36

Therefore, in fitting the chlorine transients, the value ofr0

depends on the arbitrarily chosenRrecomb, and our low value
for the initial separation of the fragments is consistent with the
smaller recombination radius. Despite the physical ambiguity
of Rrecomb, the fit is quite robust and gives the recombination
yield of Rrecomb/r0 ) 0.32( 0.01.

The chlorine atoms that survive diffusive geminate recom-
bination decay in (4.7( 0.2) ns. Because the concentration of
neat dichloromethane is 15.6 M, the corresponding bimolecular
rate constant for hydrogen abstraction by chlorine is (1.36(
0.07)× 107 M-1 s-1. It is larger than two other experimental
values of 0.6× 107 M-1 s-1 obtained by Emmi et al.18 (which
they give as a lower limit) and (0.9( 0.2) × 107 M-1 s-1 by
Alfassi et al.17 However, multiple secondary reactions make their
experiments more complicated to interpret, and they do not
observe the chlorine radical directly but rather infer its decay
rate from competing processes. Avoiding secondary reactions
is one of the advantages of using ultrafast time resolution to
observe reactions in solution.

B. Dichloromethane Solutions.The most important param-
eters extracted from the fits are the effective reaction radiiRrxn,
shown in Table 1. A discrepancy betweenRrxn and the physical
size of the reactants indicates the presence of a long-range
interaction potential.27,29 For example, a reaction radius that is
too small suggests that the reaction proceeds over a barrier.
Conversely, a reaction radius that is too large implies an
attractive interaction between the reactants. Figure 5 shows the
reaction radii for all solutes we studied along with the physical
size of the reacting pair,Rpair ) Rcomplex+Rsolute, calculated using
the molar volumes of the reacting particles and the assumption
that they are spherical. We calculate the size of a chlorine-
dichloromethane complex by adding together radii of a chlorine
atom and a solvent molecule. This approximate value ofRpair

is a guide in interpreting our results.
The alkanes (n-pentane,n-hexane,n-heptane, and their cyclic

analogues) have the largest reaction radii, and their values are
the closest to the physical size of the reactants. In fact, neither
size nor shape (comparing linear and cyclic alkanes) seems to
have a large effect on the reaction radii. This result is consistent
with the reactions being diffusion-limited and with the difference
betweenRrxn andRpair likely arising from steric effects of the
Cl-solvent complex. We expect that there is a range of
orientations where the chlorine-solvent complex presents the
wrong side to the solute molecule, making hydrogen abstraction
impossible. Additional evidence for the alkane reactions being
diffusion-limited comes from the work of Raftery et al.23 who
measured a bimolecular rate constant for hydrogen abstraction
from neat cyclohexane that is about 50% lower than ours.
However, the Smoluchowski reaction rate constant is propor-
tional to the diffusion constantDrxn, which is in turn inversely
proportional to the solvent viscosity. Correcting for the differ-
ence in viscosity between cyclohexane and dichloromethane
brings the two rates into good agreement, as expected for a
diffusion-limited reaction.

Alcohols have uniformly smaller reaction radii than alkanes,
and within the series from methanol to butanol, the variation
of Rrxn is larger. This observation suggests that the reaction rate
is not purely diffusion-limited and that activation energy plays
a role. For example, the reaction radius decreases in going from
1-propanol to 2-propanol, implying site specificity in the

Figure 5. Comparison of experimental reaction radii,Rrxn, defined as
the radius of approach at which reactants form products with unit
probability, to the physical size of the pair,Rpair ) Rcomplex+ Rsolute,
calculated from the molar volumes of the reactants.
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chlorine atom attack that is consistent with activation-controlled
reactions. In the gas phase, chlorine reactions are about 4 times
faster with secondary hydrogens than with primary hydrogens.5,6

Because 1-propanol has more secondary hydrogens and fewer
primary hydrogens than 2-propanol, its overall reactivity is
higher, similar to the gas phase. We can compare our reaction
rates to those measured by Sumiyoshi et al. in aqueous
solution.37 Their rates are 25-50% smaller than ours, but the
qualitative trends are the same, including the difference between
the two propanol isomers. There are two reasons for the
discrepancy in absolute values of the reaction rates. First, the
higher viscosity of water as compared to CH2Cl2 slows down
the almost diffusion-controlled reactions. Second, their rates
reflect the reactivity of the chlorine-water complex, different
from that of the chlorine-dichloromethane complex.22

The most striking comparison is for the chlorinated alkanes.
In the gas-phase, chlorine substitution deactivates C-H bonds,
especially for hydrogens inâ-positions,12,14,16and our results
follow the same qualitative trend. Cyclohexyl chloride has a
much smaller reaction radius than cyclohexane, despite having
a similar physical size. The effect on chlorinated butanes is even
more dramatic. There are no data on hydrogen abstraction from
n-butane in solution, but extrapolating our results for the other
straight-chain alkanes gives a reaction radius of about 0.4 nm,
much larger than the halogenated butane species in our study.
Figure 6 shows the effects of chlorine substitution on reaction
radii of the four chlorinated butanes. Of these, 1-chlorobutane
has the largest reaction radius because the halogen substituent
deactivates only the C1 and C2 hydrogens. In 2-chlorobutane,
the chlorine substituent affects the position C1 through C3 in
the four-carbon backbone, leading to a much smallerRrxn. In
1,2-dichlorobutane, two halogens affect three of the four carbon
positions (with the C1 and C2 hydrogens affected by the presence
of both chlorines), leading to a still smallerRrxn. Finally, in
1,4-dichlorobutane all of the C-H bonds are affected, and the
reaction radius is the smallest of all the solutes in this study.

It is interesting that gas-phase trends concerning the influence
of substituents survive in liquid-phase reactions. Solvent interac-
tions, even in a weakly interacting bath such as dichloromethane,
can perturb a reaction considerably. Diffusion and caging change
the ways in which reactant species approach each other as well
as the time they spend near each other. These effects are
apparent in alkanes and alcohols, all of which have reaction
rate constants that are 10 to 20 times smaller in solution than
in the gas phase. The chlorinated species, however, are much
more sensitive to the details of the reactive potential surface
because they have a barrier to reaction. It seems that solvation
by dichloromethane does not change the transition-state region
of the reactive potential surface drastically.

C. Comparison with Structure-Activity Relationships.
Our results allow us to apply the structure-activity relationships
(SAR) to activation-controlled reactions of chlorinated butanes
and cyclohexyl chloride in solution. We base our analysis on
parameters reported by Senkan and Quam in an extensive gas-
phase study of methane and ethane derivatives, where all the
neighboring groups are, at most, one-carbon moieties.16 Because
our solutes are larger and have a greater variety of neighboring
groups, we extend their method by making two assumptions.
We assume that the first carbon in a neighboring group
determines the influence of that group on adjacent C-H bonds.
For example, all neighboring groups that have the form
-CH2-R have the same weighting factor regardless of the
identity of R. Aschman et al. achieve good agreement with
experimental data by making the same assumption in their
analysis of chlorine atom reactions with saturated alkanes.15

There are five classes of neighboring groups in our solutes
(-Cl, -CH3, -CH2Cl, -CH2-R, and-CHCl-R′), with the
weighting factors for only the first four of these available from
the literature.16 We further assume that a chlorine substituent
in theâ position has an effect that is independent of the rest of
the neighboring group. Senkan and Quam list a weighting factor
of 0.76 for the-CH2Cl group, 6.7 times smaller than that for
the methyl group (5.1). By analogy, we assign a weighting factor
of 4.5 to the-CHCl-R′ group, which is 6.7 times smaller than
the value of 30.3 for the-CH2-R group. Table 2 lists all of
the weighting factors along with the reactivities for primary,
secondary, and tertiary hydrogen atoms.

Figure 6. Effects of chlorine substitution on the reactivities of the
four chlorinated butanes. For each molecule, the affected carbon and
hydrogen atoms are explicitly labeled. For hydrogen atoms, the labels
include the strength of the deactivating effect, determined by the position
(R, â) relative to the chlorine substituent (also labeled).

TABLE 2: Comparison of Experimental Rate Constants
with Those from Structure-Activity Relationships

SAR parameters

group weighting factor type of hydrogenkg (109 M-1 s-1)a

-Cl 0.4b primary 0.61b

-CH3 5.1b secondary 1.52b

-CH2Cl 0.76b tertiary 1.11b

-CH2-R 30.3b

-CHCl-R 4.5

relative rate constantkbi

solute this study SAR prediction

cyclohexanec 1.7 1.7
cyclohexyl chloridec 1 1

n-butaned 8e 7.4
1-chlorobutaned 4.4 4.5
2-chlorobutaned 1.4 1.4
1,2-dichlorobutaned 1 1
1,4-dichlorobutaned 0.9 1.5

a kg is the gas-phase hydrogen abstraction rate on a per atom basis.
b Reference 15.c The rate constants are normalized to that of cyclohexyl
chloride.d The rate constants are normalized to that of 1,2-dichloro-
butane.e This value is extrapolated from rate constants for pentane,
hexane, and heptane.
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We calculate the SAR rate constants according to eq 1 and
compare the results to our experimental rate constants for
cyclohexane, cyclohexyl chloride,n-butane, and chlorinated
butanes. A direct comparison of the magnitudes of the rate
constants is not useful because the SAR analysis uses rate
constantskpri, ksec, andkter for reactions in the gas phase, which
are much faster than those in solution. Instead, we compare the
relatiVe experimental rate constants to those predicted by the
structure-activity relationships. Table 2 shows the rate constant
for cyclohexane relative to that of cyclohexyl chloride and for
butanes relative to that of 1,2-dichlorobutane. The experimental
kbi for n-butane is an extrapolation of our values for the other
straight-chain alkanes. The agreement between SAR predictions
and experiment is excellent. The only significant deviation is a
65% overestimate in the rate constant of 1,4-dichlorobutane,
which is slightly outside of our experimental error limits. Our
results suggest that the structure-activity relationships are useful
for predicting the relative rates of activation-controlled reactions
in weakly interacting solvents such as dichloromethane.

V. Summary

We generate reactive chlorine atoms in solution by two-
photon photodissociation of the solvent dichloromethane and
monitor the nascent chlorine radical population via a charge-
transfer transition. The chlorine atoms that do not immediately
recombine with their partner radicals escape the solvent cage
within the instrument response time. The chlorine signal rises
slowly for about 2 ps, probably reflecting the relaxation of a
weak chlorine-solvent complex, and decays with two distinct
components, a fast diffusive geminate recombination of the
dissociated fragments and a slower hydrogen abstraction reac-
tion.

We fit the fast component of the chlorine decay to a diffusive
geminate recombination model based on pair survival prob-
ability. Geminate recombination is complete within about
200 ps and accounts for the loss of about one-third of the
solvated chlorine atoms. The other two-thirds of the chlorine
atoms go on to abstract a hydrogen atom. Hydrogen abstraction
from the solvent occurs with a lifetime of about 5 ns, in good
agreement with literature values. Upon the addition of solutes,
the chlorine decay becomes faster, and the signal returns to
baseline within 1 ns, depending on the solute concentration.
We study four different classes of solutes: straight-chain
alkanes, cyclic alkanes, alcohols, and chlorinated alkanes. The
hydrogen abstraction reactions from alkanes are diffusion-
limited. Pentane, hexane, heptane, and their cyclic analogues
have similar rate constants that are about 20 times slower than
those in the gas phase. Reactions of alcohols show a wider range
of rate constants. Two propanol isomers have rate constants that
differ by about 20%, suggesting that the reactions are partially
activation-controlled. The chlorinated alkane species are also
activation-controlled, with rate constants that depend strongly
on the molecular structure. We compare our experimental results
to predictions of the gas-phase structure-activity relationships
and find excellent agreement in the relative rates. Our results

suggest that SAR is a useful means of estimating the relative
reactivity of organic molecules in weakly interacting solvents.
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