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Time-resolved transient absorption spectroscopy was used to investigate the primary geminate recombination
and cage escape of alkyl radicals in solution over a temperature range from 0 to 80 °C. Radical pairs were
produced by photoexcitation of methyl, ethyl, propyl, hexylnitrile, and adenosylcobalamin in water, ethylene
glycol, mixtures of water and ethylene glycol, and sucrose solutions. In contrast to previous studies of cage
escape and geminate recombination, these experiments demonstrate that cage escape for these radical pairs
occurs on time scales ranging from a hundred picoseconds to over a nanosecond as a function of solvent
fluidity and radical size. Ultrafast cage escape (<100 ps) is only observed for the methyl radical where the
radical pair is produced through excitation to a directly dissociative electronic state. The data are interpreted
using a unimolecular model with competition between geminate recombination and cage escape. The escape
rate constant, ke, is not a simple function of the solvent fluidity (T/η) but depends on the nature of the solvent
as well. The slope of ke as a function of T/η for the adenosyl radical in water is in near quantitative agreement
with the slope calculated using a hydrodynamic model and the Stokes-Einstein equation for the diffusion
coefficients. The solvent dependence is reproduced when diffusion constants are calculated taking into account
the relative volume and mass of both solvent and solute using the expression proposed by Akgerman
(Akgerman, A.; Gainer, J. L. Ind. Eng. Chem. Fundam. 1972, 11, 373-379). Rate constants for cage escape
of the other radicals investigated are consistently smaller than the calculated values suggesting a systematic
correction for radical size or coupled radical pair motion.

I. Introduction

The influence of local environment on the geminate recom-
bination and cage escape of reactive species in solution is a
topic of great significance for detailed modeling of chemical
reactivity. This question has excited the interest of many
researchers, both experimentalists and theorists, for 70 years or
more. Yet the problem is not solved. A qualitative understanding
is straightforward. Diffusive cage escape and recombination of
radical pairs is expected to depend linearly on the sum of the
diffusion constants of the radicals. For diffusion of the radical
pair in a continuum solvent the self-diffusion coefficient can
be approximated by using the Stokes-Einstein expression

where kb is the Boltzmann constant, r is the radius of the radical
(assumed to be spherical), T is the temperature, and η is the
shear viscosity of the solvent. The factor of 6π in the
denominator assumes stick boundary conditions, while a factor
of 4π is derived for slip boundary conditions. Thus cage escape
and recombination are expected to depend linearly on the solvent
fluidity (T/η) and inversely on the radical size or radius. Such
qualitative trends are observed in the data, but quantitative
agreement between theoretical prediction and experimental
measurement remains elusive. One of the complications lies in

development of experimentally accessible probes of the intrinsic
dynamical processes. Early studies used steady-state spectro-
scopic methods to investigate the photoinitiated dissociation of
iodine molecules.1 This allowed direct comparison with theoreti-
cal predictions and models.2,3 Steady-state spectroscopic methods
have been applied to study geminate recombination in many
other systems, including alkylcobalamins.4,5

The development of time-resolved spectroscopies with pico-
second and femtosecond resolution allowed for much more
direct measurement of diffusive cage escape and geminate
recombination. Again the iodine molecule became a favored
paradigm, with early studies investigating the dissociation,
geminate recombination, and vibrational relaxation of iodine
as a function of solvent.6-19 Studies have also been performed
to investigate geminate recombination following excitation of
larger neutral radicals.20-31 The measurements on these caged
radical pairs produced by photodissociation again provide
qualitative agreement with predicted trends, escape rates depend
on radical size and solvent fluidity, but quantitative agreement
is elusive.

Femtosecond and picosecond experimental measurements
suggest that cage escape on time scales of a few picoseconds is
common for all but the largest radicals.29,32,33 Yet simple
consideration of diffusive cage escape using the Stokes-Einstein
formula for the diffusion coefficient suggests that cage escape
should be a much slower process. Under stationary state
conditions, when the lifetime of the radical pair is controlled
by diffusive molecular movement, the rate constant for dis-
sociation or cage escape, ke, of a contact radical pair is34* Corresponding author, rsension@umich.edu.
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where R is the contact radius or reactive radius of the radical
pair and D is the sum of the self-diffusion coefficients of the
two radicals. With eqs 1 and 2 the diffusion coefficient for a
radical with a radius of 2 Å in a solvent of viscosity 1 mPa s
at a temperature 298 K will be on the order of 1.1 × 10-5 cm2/s
and the rate constant for dissociation of the contact radical pair
will be 1.4 × 1010 s-1, or 0.014 ps-1. That is cage escape should
occur with an approximate time constant τe ≈ 70 ps. Measured
rates of cage escape following photodissociation have been
uniformly faster, often much faster than these simple estimates
predict.

Some models for diffusive cage escape suggest a nonexpo-
nential decay of the geminate radical pair,21,32-37 but the
measured decays are still faster than the decays predicted by
using reasonable parameters. Bultmann and Ernsting,32 in their
careful study of photodissociation, cage escape, and geminate
recombination of bis(p-aminophenyl) disulfide find that the data
suggest an unreasonable value for the diffusion coefficient,
approximately 2 orders of magnitude larger than expected, and
pursue other explanations for the observed data. The disagree-
ment between quantitative estimates for dissociation of caged
radicals and the available time-resolved data demonstrates that
there is still a need for careful investigation of the cage dynamics
and recombination of simple radicals in typical solvents.

In a recent series of papers we have explored the photodis-
sociation and recombination of alkylcobalamins, especially the
biologically active B12 coenzymes methylcobalamin (MeCbl)
and 5′-deoxyadenosylcobalamin (AdoCbl), as a function of
environment.38-43 These studies were pursued to address ques-
tions of biochemical importance concerning the enzymatic
generation and exploitation of free radicals. However, the
photolysis of alkylcobalamins is interesting in its own right as
a method for production of neutral radical pairs with well-
defined initial conditions and a variety of sizes and properties.
The spectral changes associated with changes in the ligation
and oxidation state of the cobalt-containing corrin ring provides
an excellent spectroscopic probe of the dissociation and
geminate recombination. Thus the photolysis of alkylcobalamins
provides a paradigm system to study the diffusive cage escape
of small molecules in solution.

Excitation of an alkylcobalamin (Figure 1) with 400 nm light
results in homolytic bond cleavage on a time scale of 100 ps or
less with a quantum yield near unity for most alkyl ligands.
The dynamics on time scales of 100 ps to 10 ns are then
dominated by the competition between geminate recombination
and diffusive separation of the radical pair. Thus the time scale
for geminate recombination and cage escape is of the order
expected for the diffusive cage escape of simple radicals. This
is in direct contrast with most of the photodissociation studies
reported in the literature.

In the studies reported here, we measure geminate recombi-
nation and cage escape for methyl, ethyl, n-propyl, n-hexylni-
trile, and adenosyl radicals in a range of solvents and solvent
mixtures over the temperature range between approximately 0
and 80 °C. These data provide the opportunity to investigate
the diffusive behavior, including cage escape and geminate
recombination of small radicals in solution in real time. The
data agree well with hydrodynamic models for cage escape.
These data also highlight the need to correct eq 1 to account
for the influence of solvent, and solute mass and volume.

II. Experimental Section

Adenosylcobalamin and methylcobalamin were obtained from
Sigma-Aldrich and used without further purification. Syntheses
and purification of ethylcobalamin (EtCbl), n-propylcobalamin
(PrCbl), and n-hexylnitrile cobalamin (HxnCbl) were carried
out according to literature methods as described previously.38

Cobalamin samples were prepared to a concentration of ca. 1
mM in aqueous solution, sucrose solution, ethylene glycol, or
mixtures of ethylene glycol and water. The EtCbl and PrCbl
solutions were somewhat less concentrated to conserve sample.
The solutions were prepared, stored, and studied under anaerobic
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Figure 1. Top: Sketch of the alkylcobalamin structure observed in
solution. The bottom axial ligand is supplied by a nitrogen from the
appended dimethylbenzimidazole group. In the work described here
the upper axial ligand is a methyl, ethyl, n-propyl, 5′-deoxyadenosyl,
or n-hexylnitrile group. Bottom: Relative sizes of the cobalamin,
adenosyl, hexylnitrile, propyl, ethyl, and methyl species. The models
use the corresponding saturated species as approximations for the
radicals.

Figure 2. Absorption spectra of the alkylcobalamins used in these
experiments. All of the species have the characteristic broad visible
absorption at ca. 520 nm with a second strong absorption feature of
comparable peak intensity beginning at 400 nm.
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conditions. Deoxygenated water was prepared by bubbling
nitrogen gas through doubly distilled water for a minimum of
1 h before preparing the sample solutions. Ethylene glycol was
deoxygenated using a freeze-pump-thaw cycle repeated three
or four times before preparing the sample solutions. All
cobalamin samples were maintained under a positive pressure
atmosphere of nitrogen to exclude oxygen during the measure-
ments. Temperature control was achieved by immersing the
sample reservoir in a bath with a 50/50 mixture of water and
ethylene glycol. The temperature of the bath was controlled by
a Neslab RTE-111 refrigerated bath/circulator, capable of
maintaining temperatures from -25 to +150 °C. The samples
were flowed through a 1 mm path length cell to refresh the
sample volume between laser pulses, and the temperature was
measured with a temperature probe inserted in a T-joint located
immediately after the sample cell. The temperature of the solvent
was varied from 0 to 80 °C and was maintained within (0.5
°C.

Pump-probe transient absorption measurements were per-
formed using pulses from a 1 kHz Ti:sapphire laser system as
described previously.38,42-44 The excitation pulse was the second
harmonic of the laser at 400 nm. The probe pulse between 500
and 600 nm, usually at 540 nm, was produced in a noncollinear
optical parametric amplifier and was delayed with respect to
the pump using a 1.5 m computer-controlled delay line. The
cross correlation between the 400 nm pump pulse and the visible
probe pulse ranged from ca. 120 to ca. 300 fs depending on
the experiment. Variable step sizes were used to scan the time
delay of the probe pulse from -10 ps to 9 ns with data obtained
at ca. 416 time points. When necessary, transient difference
spectra were obtained for several time delays using a white-
light continuum generated in a flow cell containing ethylene
glycol. These data were used to confirm the assignment of the
spectral features giving rise to specific decay components in
the data, most importantly the geminate recombination observed
following excitation of MeCbl in ethylene glycol. Most mea-
surements were made at the magic angle to eliminate contribu-
tions due to solute reorientation. For measurement of the
anisotropy decay, alternate scans were made with parallel and
perpendicular polarization of the probe. UV-visible spectra
taken before and after laser exposure indicated minimal sample
degradation and no significant permanent photoproduct forma-
tion during the course of the typical experiments. A small
buildup of aquocobalamin (H2OCbl) was observed for some
samples over the course of the experiment, but as this molecule
exhibits no bond cleavage or excited state dynamics beyond
ca. 10 ps the photoproduct did not interfere with measurements
of geminate recombination on time scales of 100s of picoseconds
to nanoseconds.

III. Results

A. Transient Absorption Data. Pump-probe transient
absorption traces were obtained for methyl, ethyl, n-propyl,
n-hexylnitrile, and adenosylcobalamin as a function of temper-
ature and solvent. The data were modeled according to kinetic
schemes reported in earlier papers.42,43,45 The model used for
hexylnitrile is similar to that determined for ethyl- and
n-propylcobalamin.38,43 The discussion below presents first the
results for adenosylcobalamin followed by the results for ethyl-,
n-propyl-, and hexylnitrile cobalamins. In each of these systems
the longest decay is assigned on the basis of the transient
difference spectrum to competition between geminate recom-
bination and diffusive cage escape. The traces obtained in
methylcobalamin are presented in the final section. These data

are complicated by branching between prompt dissociation
(30-40%) and formation of a long-lived excited state.39,41,45 The
kinetic model and analysis described for methylcobalamin are
described below in greater detail.

i. Adenosylcobalamin. Pump-probe transient absorption
traces were obtained for adenosylcobalamin in water, ethylene
glycol, mixtures of water and ethylene glycol (75:25, 50:50,
and 25:75 by volume), and 20% and 40% sucrose solutions for
temperatures between 0 and 80 °C. The temperature limits in
each case were determined by the properties of the specific
solution. Typical data are plotted in Figure 3. These data
demonstrate the dependence of the apparent recombination rate
and the magnitude of the net cage escape on temperature and
sample viscosity. In ethylene glycol at 10 °C the primary
geminate recombination is nearly complete with only 1-2%
of the initial radical pairs surviving to form solvent separated
radical pairs. On the other extreme the yield of solvent separated
radical pairs approached 60% in water at 70 °C and 40% in
ethylene glycol at 80 °C.

The data were fit as described previously to a model
consisting of a sum of exponentials.38,40,42 With water present
in the solution, there is a decay component that corresponds to
a decrease in the magnitude of the bleach as the radical pair is
produced. This component is not present in ethylene glycol.
Thus four exponential components were included for the
samples in neat ethylene glycol and five exponential components
in all of the rest of the samples (a more detailed discussion of
the model is presented in ref. 42). The longest decay component
represents the sum of the escape and recombination rates. The
quantum yield for production of the long-lived radical pair state
was calculated as described previously.42 A table summarizing
the data is included in Supporting Information. The rate constant
for recombination is scattered, but generally shows no significant
dependence on temperature or solvent viscosity. The average
rate constant for recombination is 1.07 ( 0.25 ns-1. The rate
constant for cage escape ranges from 0.016 to 2.06 ns-1 and
the quantum yield for formation of long-lived radical pairs
ranges from 1.5% to 67%. These quantities are strongly
dependent on both temperature and solvent viscosity.

ii. Ethyl-, Propyl-, and Hexylnitrilecobalamins. In order to
test the dependence of cage escape on the nature of the alkyl

Figure 3. Transient kinetic traces following excitation of adenosyl-
cobalamin at 400 nm. The probe wavelength was 520 nm in water and
ethylene glycol and 540 nm in the 50/50 mixture of water and ethylene
glycol and in sucrose solutions. The approximate temperatures are 10
°C (red), 20 °C (dark blue), 40 °C (green), 60 °C (orange), and 70 or
80 °C (light blue) as indicated.
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radical, data were also obtained for ethyl, n-propyl, and
n-hexylnitrile cobalamins. Sample traces for HxnCbl in water
and ethylene glycol are shown in Figure 4. Data were obtained
for temperatures of approximately 10, 20, 30, 40, and 50 °C in
water, ethylene glycol, and a 50/50 mixture by volume of water
and ethylene glycol. Data were also obtained at 60 °C in the
latter two solvents and at 70 °C in ethylene glycol. The
formation of the radical pair on a time scale of ca. 100 ps is
followed by cage escape or formation of a solvent-separated
radical pair. Similar traces were obtained for ethyl and n-
propylcobalamins.

The kinetic traces were fit to a model consisting of a
biexponential rise of the radical pair signal and an exponential
decay representing the competition between cage escape and
primary geminate recombination. This model was developed
in earlier studies of ethylcobalamin and n-propylcobalamin.38,43

A table summarizing the data for cage escape and primary
geminate recombination following excitation of EtCbl, PrCbl,
and HxnCbl is included in Supporting Information. As for
adenosylcobalamin, the rate constant for recombination for
EtCbl and PrCbl is scattered but shows no significant depen-
dence on temperature or solvent viscosity. HxnCbl, however,
exhibits a clear increase in the rate constant as a function of
solvent fluidity (Figure 5). The average rate constant for
recombination is 0.89 ( 0.19 ns-1 for PrCbl and 0.81 ( 0.33
ns-1 for EtCbl. The recombination is slower for all of the alkyl
radicals than for the adenosyl radical but does not seem to
depend much on the specific radical investigated. The rate
constant for cage escape ranges from 0.12 to 0.99 ns-1 for
hexylnitrile radical, 0.13 to 1.8 ns-1 for n-propyl radical, and

0.24 to 2.8 ns-1 for ethyl radical. The quantum yields for
formation of long-lived radical pairs are strongly dependent on
both temperature and solvent viscosity.

iii. Methylcobalamin. Finally, measurements were made for
methylcobalamin in ethylene glycol, in mixtures of water and
ethylene glycol, and in sucrose solutions. Although a geminate
recombination component is not evident in water except at 10
°C, a recombination component is evident in the more viscous
solvents. Data obtained in ethylene glycol with 510 and 540
nm probe wavelengths are plotted in Figure 6. Data were also
obtained using 520 and 600 nm probe wavelengths. In addition,
difference spectra were measured at 10, 40, and 80 °C and time
delays ranging from 20 ps to 8 ns to confirm the model used in
the analysis of the data. The rising component at early times
(<1 ns) correlates with the disappearance of a cob(II)alamin
difference spectrum leaving a pronounced contribution from the
S1 excited state absorption. The S1 absorption spectrum decays
on a nanosecond time scale leaving a small yield for the
production of solvent separated radical pairs.

The data obtained following 400 nm excitation were analyzed
using the model developed earlier (see Figure 7).41,45 Excitation
results in rapid formation of a radical pair or rapid internal
conversion to the S1 state. The S1 state decays on a nanosecond
time scale at room temperature to form a radical pair with small
yield (ca. 15% in water). The remaining molecules return to
the MeCbl ground state. These branching ratios may be
temperature dependent. In ethylene glycol the contribution to
the signal arising from geminate recombination of the prompt
radical pair is temperature dependent. The data were analyzed
using this model to extract the rate constant for geminate
recombination and cage escape (Figure 7). The quantum yield

Figure 4. Transient kinetic traces following excitation of n-hexylni-
trilecobalamin at 400 nm. The probe wavelength was 540 nm. The
approximate temperatures are 10 °C (red), 30 °C (dark blue), 50 °C
(green), and 70 °C (light blue). Data were also obtained for a 50:50
mixture of ethylene glycol and water by volume.

Figure 5. Recombination rate constant for hexylnitrilecobalamin as a
function of solvent fluidity. The blue diamonds are in ethylene glycol,
the red squares are in a 50/50 mixture of ethylene glycol and water,
and the green triangles are in water.

Figure 6. Transient kinetic traces obtained following excitation of
methylcobalamin in ethylene glycol at 400 nm. The approximate
temperatures are indicated in the left panel. For the 540 nm probe plotted
in the right panel, additional traces were obtained at 30 °C (magenta)
and 50 °C (brown). The traces obtained at 510 nm on the left are plotted
on a logarithmic time scale to emphasize the recombination component.
The traces obtained at 540 nm on the right are plotted on a linear time
scale to emphasize the S1 state decay.

Figure 7. Quantum yields as a function of temperature for internal
conversion to S1 (blue diamonds), bond cleavage from S1 (red circles),
and geminate recombination of methylcobalamin (green triangles) in
ethylene glycol following excitation at 400 nm.
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for cage escape is 0.4 at 10 °C and increases to unity at the
highest temperatures. The quantum yield for production of the
S1 state is slightly temperature dependent. The small temperature
dependence observed for the branching between internal conver-
sion (ic) and bond cleavage (bc) from the S1 state likely reflects
the geminate recombination of the radical pair.

Transient kinetic traces at 540 nm were also obtained in a
range of solvent mixtures as a function of temperature. Data
obtained near 8 °C are summarized in Figure 8. These data
exhibit the same recombination component observed in ethylene
glycol with somewhat different escape rates and yields for
geminate recombination.

The transient data are summarized in a table included in
Supporting Information. The average recombination rate con-
stant for MeCbl is 1.9 ( 0.5 ns-1 with no obvious temperature
or solvent dependence, although the uncertainties are rather large
and the temperature range small for most solvents. The
temperature range surveyed was limited by the ability to extract
the recombination component from the other components of the
signal. This requires good signal-to-noise and a reasonable
quantum yield for recombination. The rate constant for cage
escape ranged from 1.3 to 23 ns-1, strongly dependent on solvent
and temperature.

B. Cage Escape. The standard place to start when investigat-
ing the influence of solvent on diffusive cage escape is with
the Stokes-Einstein expression for the diffusion coefficient. In
the simple hydrodynamic model, the rate constant for cage
escape is proportional to the translational diffusion coefficient
of the solute radical in the solvent. The diffusion coefficient is
related to radical radius and solvent viscosity by the formula in
eq 1 above for spherical radicals. For a spherical particle in a
solvent of comparable or larger size, where approximation of
the solvent as a “hydrodynamic continuum” is not appropriate,
the factor of 6π in the denominator of eq 1 is replaced by Rπ,
where R is a variable factor determined by the effective path
length taken by the solvent to exchange places with the solute.
This expression may also be generalized to describe the diffusion
of ellipsoidal molecules. These considerations suggest that plots
of the rate constant for escape versus solvent fluidity (T/η) will
provide a useful means to characterize the escape process.

While there is considerable tabulated viscosity information
available for pure water and pure ethylene glycol, there is far
less data available for mixtures of water and ethylene glycol.
Fortunately, at least two groups have studied the viscosity
properties of, and provided fits for, these mixtures over a
sufficiently wide range of concentration variations and temper-
atures, so as to cover all compositions and temperatures needed
to analyze the data presented here.46,47 The numbers from Teja
and co-workers are used in what follows and reported in the
tables.

There is a considerable literature on to the viscosity of
solutions made from sucrose dissolved in water. Sucrose
solutions are important as a gradient medium for the separation
of biological material in centrifuges, requiring viscosity infor-
mation as a function of temperature and sucrose concentration.
In what follows we use the fits of Barber to calculate the
viscosity at the desired temperature.48,49

i. Adenosylcobalamin. It is common in much of the literature
to explore the influence of solvent on cage escape and geminate
recombination by varying the solvent or solvent composition
at a constant temperature. If the data for adenosylcobalamin
obtained at temperatures between 19.9 and 20.7 °C is plotted
as a function of fluidity, there is a correlation between ke and
1/η but the correlation is weak and the scatter significant (Figure
9). Similar trends are observed for other temperatures.

The apparent trend in Figure 9 is misleading though. The
dependence on fluidity at a given temperature is distorted by a
much more significant dependence on the nature of the solvent.
The rate constant for cage escape is plotted as a function of
solvent fluidity in Figure 10 for photolysis of AdoCbl over the
entire temperature range investigated. Clearly the data do not
follow eqs 1 and 2 in any simple fashion. In any given solvent
the data are reasonably well approximated by a straight line,
but the slope depends on the solvent, with a much steeper slope
in ethylene glycol than in water. The data in 75% ethylene glycol
follow essentially the same line as that in 100% ethylene glycol.
Likewise the data in 75% water solution (25% ethylene glycol)
follow essentially the same line as that in 100% water. The data
in the 50/50 solvent mixture fall between the two extremes.
The data in 20% sucrose solution fall slightly above the line

Figure 8. Transient kinetic traces for methylcobalamin following
excitation at 400 nm. The temperatures are 6.8 °C in 20% Sucrose, 8.2
°C in 40% sucrose, 8.5 °C in 75% ethylene glycol, 8.4 °C in 50%
ethylene glycol, and 10 °C in both ethylene glycol and water. Figure 9. Data obtained for cage recombination of adenosylcobalamin

at 19.9-20.7 °C in a variety of solvents. The correlation is slightly
better for data obtained at 8-10 °C and worse for the data at 39-41
or 59-62 °C (not shown).

Figure 10. Rate constant for cage escape of the adenosyl radical as a
function of solvent fluidity in water (red with error bars), 25% ethylene
glycol (light blue), 50% ethylene glycol (maroon), 75% ethylene glycol
(orange), ethylene glycol (dark blue with error bars), 20% sucrose (open
black diamonds), and 40% sucrose (open green diamonds). The dashed
lines are linear fits to the data in ethylene glycol and water.
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for 100% water, while the data in 40% sucrose solution fall
between the extremes.

ii. Ethyl-, Propyl-, and Hexylnitrilecobalamin. The adenosyl
radical is large, rigid, and has several NH and OH groups
capable of specific interaction with the water and ethylene glycol
solvents used in these experiments. The influence of radical on
the diffusive cage escape was explored by expanding the study
to include ethyl, propyl, and hexylnitrile radicals. The first two
represent examples of small nonpolar radicals, while hexylnitrile
is somewhat larger and flexible. The rate constants for cage
escape as a function of solvent fluidity are plotted in Figure
11. The data follow the same trends observed for the adenosyl
radical. The rate constants for the escape of the hexylnitrile and
propyl radicals in water fall near the line observed for adenosyl
in water with hexylnitrile slightly lower and propyl radical
slightly higher than adenosyl. The rate constant for escape of
the ethyl radical is substantially faster than those for the larger
radicals. The rate constants for cage escape in 75% ethylene
glycol (ethyl and propyl) or 100% ethylene glycol (hexylnitrile)
fall above the line observed for adenosyl radical in 100% or
75% ethylene glycol solutions. The data in 50/50 solvent
mixtures for propyl and hexylnitrile radicals fall between the
two extremes.

iii. Methylcobalamin. The rate constant for the diffusive
escape of the methyl radical is much larger than that for any of
the other radicals studied. These data are plotted as a function
of solvent fluidity in Figure 12. The trends are similar to those
observed for the larger radicals. The accessible range of fluidity
is much smaller for the methyl radical as the quantum yield for
cage escape quickly approaches unity as the temperature
increases. The numbers reported for water are estimates from a
very small amplitude decay component observed at the lowest
temperatures only. The large error bars on these two data points
and for the two highest temperature points in ethylene glycol
arise from the difficulty of determining an accurate quantum
yield for escape at these temperatures and intrinsic errors in
the decay constant for this small amplitude component. For the
two data points in water and these two data points in ethylene
glycol, the quantum yield for cage escape is greater than 90%.
The error bars are also indicated for data obtained in the 50/50
mixture of water and ethylene glycol. For the remainder of the
data, the error bars are comparable to the size of the markers.

IV. Discussion

The qualitative discussion above can be placed on a more
quantitative footing. In this experiment we produce radical pairs
at or near thermal equilibrium with the surrounding and watch
the decay of this radical population. The decay of the primary
geminate pair in most of the measurements reported here is well
approximated by a single exponential decay to a plateau. Some
of the data at the highest temperatures begin to show evidence
of a nonexponential or mutiexponential decay and some
secondary geminate recombination of radical pairs following
the initial cage escape process. The numbers reported however
are dominated by the “unimolecular” decay of a radical pair
surrounded by solvent molecules. With no specific interaction
between the neutral radicals the lifetime of the contact pair is
determined by the molecular diffusion. Thus we suggest that
this decay will occur at approximately the steady state rate in
the initial analysis.

A. Influence of Radical Reorientation on Recombination.
Both diffusive cage escape and diffusive reorientation of the
cob(II)alamin and the alkyl radicals are expected to correlate
with the solvent fluidity with the reorientation time given by τR

∝ η/T. This may be important as the radical recombination
requires a compatible orientation for the two radicals. Thus the
dependence of the observed escape rate on fluidity may be a
function of both translational and rotational diffusion. The
reorientation time for the cob(II)alamin radical may be deter-
mined from the anisotropy decay of the signal following
excitation of any of the alkylcobalamins. Such a measurement
following excitation of adenosylcobalamin at 20 °C in water
yielded a reorientation time of 1.41 ( 0.05 ns for the
cob(II)alamin radical. This time constant is consistent with the
size and shape of the radical and the fluidity of the solution.
Most of the experiments were conducted at lower fluidity and
the reorientation time will be slower. In every case the
reorientation is significantly slower than the recombination and
cobalamin reorientation should play little role in the geminate
recombination process.

We have no direct probe to measure the reorientation of the
alkyl radicals. Experimental measurements on small molecules,
similar in size and shape to the radicals investigated here, permit
estimates of the room temperature reorientation. The reorienta-
tion time of ammonium, a spherical cation slightly smaller than
the methyl radical, ranges from 0.93 ps in water to 12.4 ps in
ethylene glycol,50 a range qualitatively consistent with the
anticipated dependence on viscosity. The reorientation time of

Figure 11. Rate constant for cage escape of the alkyl radicals as a
function of solvent fluidity. The squares are for the hexylnitrile radical
in water (yellow), 50% ethylene glycol (light green), and ethylene glycol
(red). The circles are for the propyl radical in water (light blue), 50%
ethylene glycol (dark green), and 75% ethylene glycol (purple). The
triangles are for the ethyl radical in water (orange) and ethylene glycol
(dark blue). The dashed lines are for adenosylcobalamin in water and
ethylene glycol as plotted in Figure 10.

Figure 12. Rate constant for cage escape of the methyl radical as a
function of solvent fluidity in water (red squares), 50% ethylene glycol
(maroon circles), 75% ethylene glycol (orange triangles), ethylene glycol
(dark blue triangles), 20% sucrose (open black diamonds), and 40%
sucrose (open green diamonds). The dashed lines are for adenosylco-
balamin in water and ethylene glycol as plotted in Figure 10. The insert
highlights the behavior as a function of solvent at approximately
constant temperature.
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molecules comparable in size to the Ado radical are on the order
of 70-140 ps/(mPa s) at room temperature.50-58 Reorientation
of the Et and Pr radicals will be slower than anticipated for Me
but much faster than the reorientation of the Ado radical. Thus,
reorientation of the small alkyl radicals is anticipated to be rapid
with respect to the observed recombination rate, while reorienta-
tion of the Ado radical will be on a time scale comparable with
(water) or slower than (ethylene glycol) the recombination at
room temperature. There is no apparent correlation between
recombination rate and solvent fluidity for methyl, ethyl, propyl,
or adenosylcobalamin supporting the conclusion that recombina-
tion rate for the smaller radicals reflects an orientational average
while the recombination rate for the adenosyl radical is not
substantially influenced by reorientation. Hexylnitrile is an
exception to the above analysis with a distinct correlation
between solvent fluidity and recombination. The hexylnitrile
radical is larger and/or more flexible than the other radicals and
it is likely that reorientational and conformational dynamics of
the radical result in an effective recombination rate which
depends on solvent fluidity.

B. Hydrodynamic Stokes-Einstein Diffusion. In a hydro-
dynamic model the escape rate is equated to the dissociation
rate and plotted versus the fluidity for a quantitative comparison.
For adenosyl radical in solution the radius r can be estimated
as 4.1 Å (based on measurements of the molar volume of
adenosine).59,60 The radius used for adenosyl is slightly larger
than the 3.8 Å radius estimated from the calculated van der
Waals volume,43 which may be important when we consider
the other alkyl radicals below. The estimate for adenosyl is
slightly smaller than the 4.42 Å radius obtained in the diffusion
measurements of adenosine.61 The radius of the cobalamin
radical is estimated at 7.1 Å based on measurements of the
partial molar volume of simple cobalamins.62 This is consistent
with the radius estimated from the calculated molar volume
using the LeBas correction.63 The hydrodynamic radius of
vitamin B12 has also been estimated at 8.5 Å from diffusion
measurements assuming a spherical molecule,64,65 thus 7.1 Å
should be considered a lower limit. The reactive radius is taken
to be the sum of these R ) 11.2 Å. The rate constant ke(T/η)
calculated using eq 2, assuming the Stokes-Einstein model for
diffusivity (eq 1), D ) DAlkyl + DCob, and R ) 11.2 Å, is in
reasonable quantitative agreement with the observation in water
(Figure 13). But the simple Stokes-Einstein hydrodynamic
model provides no explanation for the variation in the slopes
in different solvents.

C. Solvent-Dependent Corrections to the Diffusion Coef-
ficient. Diffusion has been heavily studied and many more
sophisticated and potentially more accurate models for diffu-

sivity have been explored. Multiple expressions for the diffusion
coefficient are in common use, but these are often limited in
terms of environmental application, involve unknown empirical
parameters, or are limited to self-diffusion. The Stokes-Einstein
expression for the diffusion coefficient assumes that a large
particle is diffusing in a solvent composed of much smaller
molecules. The Eyring expression is one of the earliest theories
designed to take into explicit account the relative sizes of the
solvent and solute molecules.66,67 In the limit that the diffusing
particle and the solvent are the same size the diffusion coefficient
is given by

where λa is the perpendicular distance between two neighboring
layers of moleculessgenerally less than 2r where r is the
molecular radius, λb is the distance between neighboring
molecules in the direction of motion, and λc is the molecule to
molecule distance in the plane normal to the direction of motion.

Akgerman and Gainer proposed and characterized a model
for diffusivity of molecules of differing size that is an extension
of the Eyring model using molar volumes to account for the
relative sizes and displacements of the solvent and solute.68 The
Akgerman model uses the following expression for diffusion
constants

V is the molar volume of the solute/solvent, M the molar mass,
kb is the Boltzmann constant, R the gas constant, and N
Avogadro’s number. � is a parameter that accounts for the
number of solvent molecules surrounding the solute molecule.
Eη is the activation energy for viscosity, and ED the activation
energy for diffusion. The Agkerman-Gainer model considers
explicitly the relative probability that either a solute or solvent
molecule will be in the transition state to fill a hole which has
opened in its vicinity. The factor (Msolu/Msolv) in eq 4a arises
from the ratio of the transition state partition functions. This
model provides an approach to begin to explain and interpret
the solvent and radical differences observed in the present study.

To apply this model to calculate the diffusion coefficients
for the alkyl radicals studied here, we need estimates for the
molar volumes of the solvents and solutes and estimates for
the activation energies. Akgerman and Gainer used LeBas values
to calculate the molar volumes.68,69 We have used estimates
based on measurements of the molar volume for water, ethylene
glycol, adenosyl, and the cobalt ring structure. For the other
alkyl radicals, the molar volume was determined from the van
der Waals volume calculated with Spartan. The van der Waals
volume can be related to the LeBas volume as VLB ) 1.15VvdW.63

This choice of parameters results in close agreement with the
diffusivities tabulated by Akgerman,69,70 for those solutes where
comparison is possible. The method for calculating the differ-
ence in activation energies is based on the energy necessary
for a solvent or solute molecule to occupy a hole in the solvent,
which may be significant in associated solvents where hydrogen

Figure 13. Calculations of cage escape for adenosylcobalamin.
Diamonds are data obtained in water (red), 75% water (lt blue), 75%
ethylene glycol (orange), and ethylene glycol (blue). The black dashed
line is a Stokes-Einstein calculation using eqs 1 and 2. The lines are
calculations using eq 4a assuming both radicals diffuse (thick lines) or
only the adenosyl radical diffuses (thin lines).

D )
kbT

η
λa

λbλc
(3)

D )
kbT

�η ( N
Vsolv

)1/3(Msolu

Msolv
)1/2

exp(Eη - ED

RT ) (4a)

� ) 6(Vsolu

Vsolv
)1/6
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bonds must be broken before obtaining the activated state for
flow.68-70 Akgerman and Gainer proposed the following expres-
sion to calculate the difference

EAB and EBB are the jumping activation energies required for a
solute molecule to fill a hole and a solvent molecule to fill a
hole, respectively. EBB is calculated by Akgerman and Gainer
for a range of solvents according to the method of Glasstone et
al.71 from solvent viscosity and found to be 4.3 kcal/mol for
water and 7.1 kcal/mol for ethylene glycol over the range of
0-70 °C. EAB was estimated based on the probability of the
“jumping” to fill a hole as

Akgerman has tabulated EAA in expression 6 by correlating the
experimental data with molecular weight.

where the molar mass is given in g/mol and EAA in cal/mol.
This model for diffusivity represents a significant improve-

ment in explaining the gross features of the data. Indeed, the
agreement with adenosylcobalamin data is excellent as shown
in Figure 13. The model accounts very well for the relative
escape rates in ethylene glycol and water solutions. Because
the estimate for the diffusion coefficient of the cob(II)alamin
radical may overestimate the mobility of this radical, especially
as the radical interacts strongly with the solvent, we have
calculated the rate constant for cage escape assuming DCob ≈ 0
and DCob calculated as described abovesi.e., both radicals
diffuse, or only the alkyl radical diffuses. The agreement is
nearly quantitative, with the data falling between the two limiting
rates.

The dominant factor contributing to the observed solvent
dependence is the factor (Msolu/Msolv)1/2 arising from the ratio
of the transition state partition functions. Turning attention to
the influence of radical size on cage escape, the model does
not fare quite as well. When parameters appropriate for the
hexylnitrile, propyl, or ethyl radicals are used and the data are
compared with the experimental cage escape rates, the model
overestimates the escape rate by a factor of 2 or 3 but reproduces
the solvent dependence. The predicted and measured rate
constants in water are plotted in Figure 14 for all three radicals.
The model predicts a substantial increase in the escape rate for
all three radicals while the data show a slight decrease for the
hexylnitrile radical, slight increase for the propyl radical, and a
somewhat larger increase for the ethyl radical.

The model still provides a qualitative explanation for the
solvent dependence. A multiplicative factor of 0.46 for hexy-
lnitrile radical, 0.44 for ethyl radical, and 0.32 for propyl radical
yields qualitative agreement with the data in both solvents (see
Figure 15). Likewise, the model reproduces the solvent trend for
methyl radical with a multiplicative factor of 3.3 ( 0.1. For
methyl, ethyl, and propyl radicals the same constant accounts
for both solvents. For hexylnitrile the constant is an average
the best fits in the two solvents (0.36 in water and 0.55 in
ethylene glycol).

The need for a multiplicative factor is interesting. If the
expression derived by Akgerman and Gainer accurately accounts

for the diffusivity of the radical through the solvent, this scale factor
likely arises at least in part from an underestimate of the effective
hydrodynamic radius. If the entire effect is attributed to radical
size, the data suggest that the effective radical sizes are roughly
twice that predicted from the van der Waals radii. For the ethyl
radical the effective radius is estimated at ca. 4.5 Å compared with
the estimate of 2.3 Å obtained from the calculated van der Waals
volume. The effective radius for the propyl radical is approximately
6.1 Å compared with the calculated estimate of 2.5 Å. The effective
radius for the hexylnitrile radical is approximately 4.7 Å in ethylene
glycol and 6.4 Å in water compared with the calculated estimate
of 3.1 Å. The difference in the effective radius may arise from
the shape and conformational flexibility of these small alkane
chains. Alternatively factors other than effective radius may
contribute to the observed discrepancy in the quantitative prediction
of escape rates.

The analysis above has not explicitly considered the geminate
recombination in the solvent mixtures. The data in 75% ethylene
glycol mixtures follow the line calculated for ethylene glycol,
while the data in 25% ethylene glycol follow the line calculated
for water solvent. These observations suggest that the influence
of solvent molar mass and volume on the diffusion coefficient
is dominated by the major component of the solvent. The
behavior of both methyl and adenosyl in the 20% sucrose

Eη - ED ) EBB - EAB (5)

EAB ) EBB
�/�+1EAA

1/�+1 (6)

EAA ) 5875.3Msolu
-0.186 (7)

Figure 14. Comparison of calculated and experimental cage escape
for adenosyl, propyl, and hexylnitrile radicals in water. The gray lines
and symbols are the data for adenosyl radical as plotted in Figure 13.
The blue squares are the data for hexylnitrile, the green circles are the
data for propyl, and the red stars are the data for ethyl. The solid lines
are calculations using eq 4b assuming both radicals diffuse (thick lines)
or only the alkyl radical diffuses (thin lines).

Figure 15. Top: Escape rates for hexylnitrile (blue squares) and propyl
(green circles) and ethyl (red stars) in ethylene glycol and water. The
lines are the calculations using eqs 2 and 3 for diffusion of both radicals
(solid) or just the alky radical (dashed) with multiplicative factors of
0.46, 0.32, and 0.44, respectively. Bottom: Escape rates for methyl in
water (red) and ethylene glycol (blue). The lines are the calculations
for methyl diffusion with a scale factor of 3.3.
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mixture is only slightly different than those in 100% water or
25% ethylene glycol suggesting that displacement of water again
plays a major role in the diffusive cage escape. The 40% sucrose
mixtures and the 50/50 mixtures of water and ethylene glycol
are more interesting. In these systems the rate constant for cage
escape falls near the mean of the data in ethylene glycol and
water suggesting that the influence of solvent parameters on
the diffusion constant is in effect a weighted average of the
two components.

D. Other Considerations. i. Radical Proximity. An impor-
tant assumption made above is that the total diffusivity is the
simple sum of the steady-state diffusivity for each radical.
However, for the case of relative diffusion of two molecules in
close proximity to each other, it is known that the overall
diffusive coefficient is reduced due to coordination between the
molecules. The diffusion of each molecule is hindered by the
presence of the other resulting in a spatially dependent diffu-
sivity. Certainly the diffusion of the smaller alkyl radical will
be hindered by the presence of the large cobalamin in close
proximity. The smaller diffusivity will result in a smaller rate
constant for the dissociation of radical pairs, in agreement with
the observed trends. Thus it is also possible that this effect
accounts for some of the deviation between the calculated and
experimental escape rates for the alkylcobalamins. Hynes has
offered eq 8 as a reasonable empirical approximation.72

The qualitative influence of eq 8 on the escape rate is
consistent with the observations for hexylnitrile and propylco-
balamin. In the initial cage escape process it is reasonable to
assume that r ≈ R. In this limit eq 8 reduces to D(r) ) D0(1 -
0.5) ) 0.5D0. This factor of 0.5 is of the same order as the
observed factors of 0.34-0.5. However, this effect does not
account for the behavior of the methyl radical where the cage
escape is much faster than that predicted.

ii. The Methyl Radical. The cage escape of the methyl radical
is substantially faster than that predicted by simple hydrody-
namic models. It is possible that the size of the methyl radical
facilitates a faster cage escape, although radical size does not
account for the fast cage escape observed in other systems where
the radicals are much larger.29,32 In this regard it is important
to note that the photodissociation of methylcobalamin produces
the radical pair through excitation to a directly dissociative
state.38,39,41,43 The momentum imparted in the photoexcitation
can have a substantial impact on the cage escape and geminate
recombination.73 For all of the other systems studied the radical
pair is produced following internal conversion to a lower excited
state, often with a substantial delay between excitation and the
formation of the radical pair. Thus the radical pairs are produced
in thermal equilibrium with the surroundings. Direct photodis-
sociation, as for methyl radical here, may accelerate the cage
escape by producing radical pairs with excess kinetic energy in
the recoil.

iii. More Sophisticated Models. In this paper we have
analyzed a substantial data set in the context of a rather simple
hydrodynamic model using one parametersan exponential rate
constant for cage escape. The model accounts for the gross
features of the data quite well, including the dependence of this
escape rate on viscosity, solvent, and temperature. Moving
beyond hydrodynamic and rate theory models for cage escape,
one may apply a kinetic theory for the geminate recombination
of photoinduced caged radical pairs calculating the pair survival

rate as a function of time8,72,74-80 A kinetic model based on a
generalized Langevin approach has been formulated to calculate
the survival probability of the radical pair as a function of time,
still with the assumption of hard spheres for both solute and
solvent molecules. In the long time limit, the kinetic model
reproduces the hydrodynamic results of Collins and Kimball.36,37

Several groups have used this time-dependent result to analyze
photolysis data, by fitting directly the time-dependent expression
for the probability of pair survival (convoluted with an ap-
propriate instrument response function) to the transient data,
where the fitting parameters are (1) the ratio of the initial
separation, r0, to the reaction radius, R, (2) the ratio of the
bimolecular rates for recombination and diffusion, and (3) the
ratio of the elapsed time to the diffusive time constant, R2/D
()1/ke, above).20,21,32 Such fits, however, still require an estimate
for the diffusivity, D, to provide physically relevant parameters.

One serious limitation of both hydrodynamic and kinetic
models of diffusion is the assumption of hard spheres or even
ellipsoids for solvent and solute. Both the propyl and the
hexylnitrile radicals have a capacity for conformational fluctua-
tion likely to complicate the diffusion process. The most
promising approach to analyze the cage escape appears to come
from atomistic molecular dynamics simulations. Such simula-
tions should be able to capture the radical specific dynamics
and account for the contrast in behavior of ethyl, propyl, and
hexylnitrile radicals in water and ethylene glycol.

V. Conclusions

In this paper we have explored the geminate recombination
of cob(II)alamin with several alkyl radicals as a function of
temperature and solvent composition. These results demonstrate
that geminate recombination of contact radical pairs occurs on
time scales ranging from a few tens of picoseconds for methyl
radical at high fluidity to more than a nanosecond for the larger
radicals at low fluidity. These time scales are much slower than
those expected based on earlier work on recombination follow-
ing direct photodissociation, where the time scale for cage
escape is typically picoseconds. The time scales reported here
are, however, in excellent agreement with the predictions based
on hydrodynamics theories and experimentally determined
steady-state diffusion constants for all of the radicals except
the methyl radical. The near quantitative agreement between
the observed data for adenosylcobalamin and the escape rates
calculated by using the formula derived by Agkermann and
Gainer for the diffusion coefficients illustrates that the hydro-
dynamic model accounts for the general features of the process.
The cage escape process is well modeled as a unimolecular
activated process characterized by an exponential decay. For
any given solvent or solvent mixture the escape rate depends
approximately linearly on the solvent fluidity. However com-
parisons of radical recombination at constant temperature,
changing the fluidity by using solvents of different viscosity,
are problematic. These plots should not be expected to agree
with simple theories as the dependence of ke on fluidity is
convoluted with the dependence on solvent mass and volume.

These results and the extensive data set presented above
should stimulate further experimental and theoretical studies of
influence of local environment on primary geminate recombina-
tion of reactive species in solution.
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