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The photodissociation dynamics of CH2ICH2I, CF2ICF2I, and CF2BrCF2I have been studied in solution after
excitation at 266 nm. Formation of I2 is apparent within tens of picoseconds in solutions of CH2ICH2I and
CF2ICF2I in acetonitrile, but not from CF2BrCF2I. More I2 is formed from CH2ICH2I rather than from CF2-
ICF2I, as expected if the I2 formation is a result of secondary dissociation of the haloethyl radicals followed
by geminate combination. For CH2ICH2I, the I2 formation is ultrafast (<2 ps) in several different solvents.
The quantum yields of I2 formation (after a few microseconds) were found to be 1.0( 0.1 for CH2ICH2I and
0.75-0.95 for CF2ICF2I in hexane, dichloromethane, and tetrachloromethane. The data on a nanosecond to
microsecond time scale indicate that all haloethyl radicals decay within tens of nanoseconds. We suggest that
the decay of haloethyl radicals can occur partially via abstraction.

1. Introduction

Dissociation of vicinal dihaloethanes has previously been
investigated in the gas phase. Among these studies, the only
time-resolved work was performed by Zewail and co-workers
on CF2ICF2I.1-4 Using both femtosecond and picosecond
KETOF1,2 mass spectrometry and ultrafast electron diffraction,3,4

they discovered that upon nf σ* excitation (promotion of the
HOMO n electron of iodine to the LUMOσ* orbital of the
carbon-iodine bond), the elimination of I2 occurs via a two-
step process. An ultrafast primary (∼200 fs) C-I bond rupture
is followed by a secondary carbon-iodine cleavage in the
resultant•CF2CF2I radical as a consequence of vibrational energy
redistribution. This secondary dissociation occurs with an
average time constant of 15-150 ps (depending on the available
energy) for a fraction of the haloethyl radicals. Other important
studies for understanding the dissociation of vicinal dihalides
have been performed by Lee and co-workers. They used
photofragment translational spectroscopy to monitor the UV
photodissociation of CF2ICF2I,5 CF2BrCF2I,5 CH2BrCH2I,5

CH2ICH2Cl,6 and CF2BrCH2I.7 General conclusions of their
studies were that the excess energy is partitioned roughly equally
between translation and internal degrees of freedom and that
secondary dissociation of the haloethyl radicals often occurs
due to the weakness of theâ halogen-carbon bonds (with
respect to the C-atom with an unpaired electron), which,
however, strengthen upon fluorination.

We have chosen to study CH2ICH2I, CF2ICF2I, and CF2-
BrCF2I in solution for several reasons. First, no time-resolved
measurements on the photodissociation of CH2ICH2I and CF2-
BrCF2I have been published previously. Second, it is of interest
to examine how the vibrational energy redistribution in the
•CF2CF2I radical is affected by the presence of a solvent
environment and to what extent the vibrational energy is

dissipated to the solvent, because the secondary dissociation is
dependent on the vibrational energy in the haloethyl radical. In
principle, information on this could be obtained by comparing
liquid-phase measurements with gas-phase data from the
investigations of Zewail and co-workers. Third, a comparison
between the systems CF2ICF2I and CH2ICH2I (and between their
corresponding radicals) is motivated by the need to gain further
insight into how perfluorination of haloalkanes alters their
dynamical properties and stability.8 Finally, we want to deter-
mine which processes occur after dissociation and compare this
with previous studies on related systems in solution. For
instance, it is of interest to examine whether an iodine-iodoethyl
radical complex, I-ICH2CH2, can be formed. This complex
could be regarded as an isomer analogous to H2C-I-I
(isodiiodomethane),9,10 the formation of which we have recently
observed following excitation of CH2I2 in solution.11,12

In their study of CF2ICF2I dissociation in the gas phase,
Zewail and co-workers determined that secondary dissociation
occurs for 55% of the radicals atλpump ) 267 nm4 and for only
30% at 278 nm2 and that the process is characterized by an
average time constant∼25 ps. The dissociation of•CH2CH2I
is expected to occur faster and with a higher quantum yield,
for the following reasons: (a) It is well-known that fluorination
increases the branching ratio between the ground-state I(2P3/2)
and spin-orbit excited-state I*(2P1/2) (later denoted as I/I*) by
reducing the coupling between the state carrying the oscillator
strength (this state correlates with I*) and other excited states8

of iodoalkanes. Zewail and co-workers have clearly shown that
haloethyl radicals created from the I* channel have less internal
energy than those created from the I channel. (b) The C-I bond
is weaker in•CH2CH2I than in •CF2CF2I due to the fact that the
π bond formed concertedly upon fission of the C-I bond is
stronger in the case of•CH2CH2I (ref 5). This behavior has been
attributed partially to the unusual stability of singlet CF2 (ref
13). (c) The rate of internal vibrational energy redistribution in* Corresponding author: Eva.Akesson@chemphys.lu.se.
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•CF2CF2I is probably faster than in•CH2CH2I due to the higher
density of states in•CF2CF2I.14 The faster IVR rate would lead
to a less efficient secondary dissociation if a significant part of
the vibrational energy is initially deposited in the C-I bond
that is not cleaved in the primary dissociation. In resonance
Raman experiments on CH2ICH2I in cyclohexane solution with
a 266 nm excitation light, a significant amount of vibrational
excitation of this C-I bond stretch has indeed been observed.15

Other experiments also support the expectation that the
lifetime of •CH2CH2I is shorter than that of•CF2CF2I. Lee and
co-workers, using photofragment translational spectroscopy to
study photodissociation of CF2BrCF2I and CH2BrCH2I at 308
nm, observed stable bromoethyl radicals only from the former.5

Wang et al., using the same technique to study photodissociation
of CH2ClCH2Br at 266 nm, observed that a fraction of the
•CH2CH2Cl radicals undergoes secondary dissociation,16 despite
the fact that the C-X bond energy increases in the order I<
Br < Cl.

The paper is organized as follows. Section 2 describes the
experimental methods. Section 3A presents pump-probe ex-
periments on CH2ICH2I, CF2ICF2I, and CF2BrCF2I in acetoni-
trile. A general conclusion in this section is that I2 forms faster
than 10 ps in solutions of CH2ICH2I and CF2ICF2I. We also
propose a mechanism for the formation of I2, guided by
knowledge concerning the relative stability of haloethyl radicals.
The formation of I2 is further discussed in section 3B, where
we present experimental results following excitation of CH2-
ICH2I in other solvents (n-hexane, cyclohexane, dichlo-
romethane, and tetrachloromethane). These experiments indicate
that the formation of I2 is ultrafast (<2 ps). Other conceivable
mechanisms of I2 formation are thoroughly discussed in section
3C, where we present several arguments and experiments to
distinguish between these mechanisms. In section 3D, we present
and discuss the results of nanosecond experiments on CH2ICH2I,
CF2ICF2I, and CF2BrCF2I. Femtosecond transient absorption
data indicate also the formation of species other than I2 and
possible candidates are discussed in section 3E. Finally, the
results and conclusions are summarized in section 3F.

2. Materials and Methods

Femtosecond pump-probe experiments were carried out
using a Ti:sapphire laser/regenerative amplifier system. Pulses
of 70 fs duration at 800 nm were generated by a Ti:sapphire
laser operating at 82 MHz, pumped by a diode-pumped solid
state laser. The pulses were amplified in a regenerative
Ti:sapphire amplifier, pumped at 1 kHz by an intracavity
frequeny-doubled Q-switched Nd:YLF laser. The amplified
pulses typically had an energy of∼0.9 mJ and a duration∼100
fs. About 35% of the amplifier output was used to generate the
266 nm excitation light in a frequency tripler. The remaining
65% of the amplifier output was used directly or after attenuation
to generate probe light, either as quasi-monochromatic light or
as a white-light continuum. In the first case, an OPA was
employed. In the latter case, light at 800 nm was first frequency-
doubled to 400 nm using a 1.5 mm thick KDP crystal and then
used for generation of continuum probe light pulses by focusing
into a 5 mmsapphire plate. The plane of polarization of the
pump beam could be varied with a Berek polarization com-
pensator and that of the probe beam was purified using a Glan-
Thomson polarizer. Unless stated otherwise, the relative polar-
ization of the beams was set to the magic angle. Before
interaction with the sample, the analyzing light was split into
reference and probe beams. After passing the sample and a
monochromator, these beams were registered separately by the

probe and reference photodiodes. In the sample position, the
excitation beam was focused using af ) 150 mm lens and
overlapped with the probe beam focused using af ) 75 mm
lens. The angle between the beams was∼10° to reduce the
contribution to the transient absorption signal from the front
window of the sample cuvette. The excitation pulse had∼140
fs temporal width (fwhm) and delivered typically 5µJ in energy
to a spot of variable diameter in the range 170-250µm at the
sample position. The changes in optical density of the sample
(∆A) were detected using a scheme described previously in ref
17, and some recent refinements of the detection system are
discussed in refs 18 and 19. The sample was pumped through
a 1 mm (unless stated otherwise) Spectrosil quartz flow cell
with 1.25 mm thick walls. In all kinetic traces, a sharp feature
was observed att ) 0. This feature was also observed in neat
acetonitrile (and in the other neat solvents such as tetrachlo-
romethane, dichloromethane, cyclohexane, andn-hexane, used
in section 3B). We assign this solvent signal to induced phase
modulation,20,21 although excited-state absorption and two-
photon absorption19 may also contribute (front window contri-
bution to the overall signal was negligibly small, even att )
0). This sharp feature was used to determine zero time delays
between pump and white light probe pulses at different
wavelengths (the dispersion curve). For measurements of
transient spectra, the delay line was moved automatically in
accordance with the predetermined dispersion curve in order
to account for the difference in arrival times of different spectral
components of the continuum.

In section 3E, we present measurements obtained with a
nanosecond laser flash photolysis setup. Briefly, the pump beam
at 266 nm was obtained by quadrupling the output from a
Nd:YAG laser. The probe light from a Xenon arc lamp was
focused to a 1 mmdiameter spot overlapping the unfocused
pump beam with a diameter of 2.5 mm. The peak intensity of
the pump pulse was estimated to be∼2.5 × 1010 W/m2. After
the 1 mm path length Spectrosil quartz flow cell containing the
sample, the probe light was passed through two single mono-
chromators and detected by a photomultiplier tube (PMT). The
signal from the PMT was amplified by a 400 MHz amplifier
and digitized with 500 ps/data point. The time resolution is not
only determined by the pulse length (fwhm 10 ns) but also by
the digitizing and the signal-to-noise ratio; we estimate it to be
∼20 ns.

All solvents used were received from Merck and were of p.a.
quality. The solutions were bubbled with argon prior to the
experiments. CH2ICH2I (>97%) was purchased from Fluka and
CF2ICF2I (97%) and CF2BrCF2I (97%) were purchased from
Larodan Fine Chemicals. I2, the major contamination in CH2-
ICH2I, was due to thermal degradation of CH2ICH2I and
probably present in a higher amount than specified, as seen by
the strong coloring of the sample. It should be mentioned that
the study of molecules that form iodine upon dissociation
involves some complications in acetonitrile due to the fact that
I2 undergoes photoaccelerated reactions with this solvent22 on
longer time scales. The result of the reactions is formation of
I3

-, which has an absorption maximum at 362 nm23 with ε )
27 300 M-1 cm-1. [CH3CN‚I]+ has been proposed as the
counterion.22 Transient absorption kinetics recorded on old
solutions of CH2ICH2I had a bleach contribution at 360 nm,
which was not observed in fresh samples. To minimize this
problem, we purified the CH2ICH2I from I2 prior to use by
washing with 2-propanol followed by drying in an argon flow.
The measurements presented in the section 3B using solvents
other than acetonitrile were performed on solutions of non-
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purified CH2ICH2I. Control experiments performed on an
n-hexane solution of I2 (0.25 g/L) proved that the signals
observed in the CH2ICH2I solutions were not due to direct
excitation of the 3% (0.09 g/L) I2 present as impurity.
CF2ICF2I and CF2BrCF2I were used without further purifi-
cation because of the lower level of contamination. Steady-state
spectra were measured using a JASCO V/530 UV/vis spectro-
photometer.

3. Results and Discussion

A. CH2ICH 2I, CF2ICF2I, and CF2BrCF2I in Acetonitrile.
Steady-state absorption spectra of CH2ICH2I, CF2ICF2I, and
CF2BrCF2I in acetonitrile are shown in Figure 1, and transient
absorption spectra of these molecules in acetonitrile after
excitation at 266 nm are shown in Figure 2.24 The excitation
energy and the optical density at the excitation wavelength were
identical for the three compounds in order to ensure the same
concentration of excited species. With increasing time delay,
an increase of the transient absorption is observed in the spectral
region 440-800 nm in the solutions of CH2ICH2I and CF2-
ICF2I. We assign this to formation of I2, which in acetonitrile
has an absorption maximum at 455 nm, as also shown in Figure
2 panel D. The I2 formation occurs much faster than 10 ps.
The ensuing spectral evolution observed at time delays below
200 ps can then be partly attributed to vibrational relaxation
(and/or excited-state dynamics) of molecular iodine. However,

because no previous studies of these issues for I2 in acetonitrile
are available, the complete assignment of the signal at earlier
times remains at present uncertain and will be discussed in later
sections. Figure 2 also demonstrates that in the blue part of the
time-resolved spectra, I2 is not the only species contributing to
the transient absorption for CF2ICF2I at short delay (panels A
and D) and for CH2ICH2I at both short and long delays (panels
B and D). The possible assignments will be discussed in section
3E.

As evident from the transient spectra, the yield of I2 is highest
in the case of CH2ICH2I, whereas the I2 formation is less
efficient for CF2ICF2I and seemingly absent for CF2BrCF2I. We
suggest the following explanation to this trend. It is well-known
from gas phase studies that excitation of all three compounds
at 266 nm leads to their dissociation into haloethyl radicals and
atomic iodine. Because no major differences between the
absorption spectra in the gas phase and solution exist, the same
dissociation process most likely occurs also in solution. The
haloethyl radicals are initially internally excited and could
therefore undergo secondary dissociation of the remainingâ
carbon-halogen bond. For reasons explained above,•CH2CH2I
is expected to have a shorter lifetime than•CF2CF2I. Because
carbon-iodine bonds are generally weaker than carbon-
bromine bonds, we expect the lifetimes of both•CH2CH2I and
•CF2CF2I to be shorter than that of•CF2CF2Br. In solution, the
yield of secondary dissociation might be lower than in the gas
phase due to vibrational cooling, which for neutral polyatomic
molecules in solution typically occurs on time scales from a
few picoseconds to hundreds of picoseconds,14,25,26 i.e., on a
time scale similar to that of secondary dissociation of CF2ICF2I
in the gas phase. However, it is unlikely that vibrational energy
transfer to the solvent will completely suppress secondary
dissociation, because the distribution of internal vibrational
energy in the haloethyl radicals is fairly broad.1,2 Atoms that
have been formed from the same parent molecule may combine
geminately to I2 (in solutions of CH2ICH2I and CF2ICF2I) or
IBr (in solutions of CF2BrCF2I). In the same solvent, we would
expect the yield of I2 to be highest for CH2ICH2I, smaller for
CF2ICF2I (due to its more persistent haloethyl radical), and
smallest for CF2BrCF2I (for which only nongeminate combina-
tion of cage escaped iodine atoms can occur). If secondary
dissociation occurs for CF2BrCF2I, IBr formation might fol-
low. Even if the amount of IBr formed upon photolysis of
CF2BrCF2I would be as high as the amount of I2 formed from
CF2ICF2I, a contribution of IBr to the transient absorption should
be less significant due to its relatively small extinction coef-
ficient. In acetonitrile, IBr was measured to have an absorption
maximum at 401 nm withε ) 370 M-1 cm-1 whereas I2 hasε

) 860 M-1 cm-1 at 455 nm. Both transitions are due to the
molecular halogen:CH3CN charge-transfer complexes.22 A
comparison between the transient absorption in the CF2BrCF2I
solution and the steady-state spectra of IBr and I2 (Figure 2)
shows that the main contribution to the transient absorption
could be due to IBr whereas any contribution from I2 is
negligible. In principle, other mechanisms for I2 formation than
the one proposed above could be possible. This issue is
discussed further in section 3C.

Kinetic traces of CH2ICH2I, CF2ICF2I, and CF2BrCF2I in
acetonitrile at 440 nm are shown in Figure 3. The measurements
were performed with the relative pump-probe polarizations at
the magic angle, and with the optical density at the excitation
wavelength identical for the three compounds in order to ensure
the same concentration of excited species. The traces exhibit a
sharp solvent spike att ) 0 followed by absorption changes

Figure 1. Absorption spectra of (a) CH2ICH2I, (b) CF2ICF2I, and (c)
CF2BrCF2I in acetonitrile.

Figure 2. Transient spectra in acetonitrile. The samples were circulated
through the flow cell of path length 0.5 mm with unity absorbance at
266 nm for all three compounds. Accordingly, the used concentrations
were 12 mM CH2ICH2I, 28 mM CF2ICF2I, and 57 mM CF2BrCF2I.
The used excitation intensity was 6.3× 1014 W/m2. For comparison
with time-resolved data, steady-state spectra of I2 (maximum at 455
nm) and IBr (maximum at 400 nm) are shown in panel D, where the
spectra of I2 are scaled to coincide with the low-energy parts of the
transient spectra of CH2ICH2I (solid squares) and CF2ICF2I (solid
trangles). The IBr spectrum is scaled to coincide with the low-energy
part of the transient spectrum of CF2BrCF2I (open circles).
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similar to those seen in the time-resolved spectra (Figure 2) for
delays longer than 10 ps. The kinetics could be fitted using three
exponential functions, namely a few picosecond rise and decay
followed by a much slower picosecond process, and a persistent
offset at long delays. The kinetic parameters of the best fits (as
judged by theø2 value) are given in Table 1. The transient
absorption signal at this probe wavelength is mainly due to I2

and other species, whose spectral assignments will be further
discussed in section E.

The quantum yield of formation of molecular iodine could
be estimated using the∆A signal at the delay 200 ps as a
measure of the I2 concentration and the isomer of CH2I2 (H2C-
I-I) as a transient actinometer (Φiso ) 0.7;12 Standard deviation
of the mean is(0.15). Samples of CH2I2 and CH2ICH2I, CF2-
ICF2I, and CF2BrCF2I in acetonitrile were prepared with the
same absorbance at 266 nm and transient absorption spectra
were measured in identical conditions. The maximum transient
signal of H2C-I-I at 390 nm (∆AH2C-I-I ) 0.065), and the
transient signals of CH2ICH2I and CF2ICF2I at 455 nm were
substituted into eq 1 for the determination ofΦI2. The extinction

value of 5600 M-1 cm-1 was used for H2C-I-I (εH2C-I-I) at
390 nm.12 The quantum yieldsΦI2 thus obtained were 0.40 and
0.25 for CH2ICH2I and CF2ICF2I, respectively. In a similar
manner, a yield of 0.17 was obtained for the formation of IBr
from CF2BrCF2I at 500 ps.

The unity or very close to unity quantum yield for the pri-
mary C-I bond breaking is suggested for the parent com-
pounds.1,5,8,27,28 The calculated rate of diffusion-controlled
combination of cage escaped iodine atoms is approximately 20
ns at our concentrations and excitation energy and thus not
responsible for the observed formation of I2 on the femtosecond
to picosecond time scale of this experiment.29 The obtainedΦI2

values of 0.25 and 0.40 for CH2ICH2I and CF2ICF2I show that
at least this fraction of the haloethyl radicals rapidly loses a
second I atom. For•CF2BrCF2, the secondary dissociation is
the least pronounced among the studied compounds. The rate
of appearance of I2 absorption depends on both the rate of I2

formation (combination of iodine atoms) and the rate of the
subsequent vibrational relaxation. The latter process has not been
studied separately in acetonitrile. Some increase of the I2

absorption from 200 to 500 ps in CH2ICH2I and CF2ICF2I
sample (see Figure 2) suggests that the vibrational relaxation
indeed may be slow and, therefore, the obtainedΦI2 values are
low limits. To determine the mechanisms leading to ultrafast I2

formation (as discussed above), we have studied the dissociation
dynamics of CH2ICH2I in other solvents where a comparison
with previous studies of vibrational relaxation of I2 is possible
(see section 3B).

B. Iodine Formation from CH 2ICH 2I in Other Solvents.
Pump-probe experiments on CH2ICH2I in solvents other than
acetonitrile were performed in order to investigate whether
evidence for fast I2 formation could be obtained. Photodisso-
ciation of I2 in the condensed phase has been studied by many
authors (we refer to recent work30 for references). Particularly
relevant to us are the pump-probe studies of the photodisso-
ciation of I2 (λexc ) 590 nm) and its geminate recombination in
several commonly used solvents (but not acetonitrile) performed
by Harris and co-workers.31-34 Their work31,32contains kinetic
traces (at 635 and 710 nm) that reveal the dynamics of
predissociation from theB state to repulsive states, subsequent
trapping/detrapping in the excitedA/A′ states and vibrational
relaxation in the ground state.34 Because theA/A′ states and
the ground state are degenerate in the asymptotic limit, the two
latter processes will occur also when I2 is formed following
excitation of CH2ICH2I. Therefore, a comparison between the
kinetic traces in the work of Harris and co-workers and kinetic
traces of CH2ICH2I in the same solvents could provide informa-
tion on the rate and dynamics of I2 formation following 266
nm excitation of CH2ICH2I.

We examined the dynamics of I2 formation following
excitation of CH2ICH2I in n-hexane, cyclohexane, tetrachloro-
methane, and dichloromethane. The steady-state absorption
maximum of I2 in these solvents is positioned at 520, 515, 513,
and 505 nm, respectively.35 Kinetic traces at 520, 635, and 710
nm are shown in Figure 4, both for the neat solvents and for
the CH2ICH2I solutions. Due to two-photon absorption, the
excitation light at 266 nm gives rise to a relatively strong
transient absorption in the neat solvents. To a large extent, this
is suppressed in the CH2ICH2I solutions by solute absorption.
To estimate the contributions due to excitation of ICH2CH2I
only, we first assumed that the transient absorption at∼1 ps
was entirely due to the solvent. Then, the accordingly scaled
traces of the neat solvents36 were subtracted from the traces
measured in the CH2ICH2I solutions. The assumption is justified
by the slow rates of appearance of I2 in theA/A′ states or in the
ground state (most likely the only other contribution at these
wavelengths) observed by Harris and co-workers.

The positive rise observed inn-hexane at 520 nm (where I2

has an absorption maximum), shown in Figure 4A, is due to

Figure 3. Kinetic traces (symbols) in acetonitrile measured at 440
nm. The intensity was 6× 1014 W/m2 and the concentrations were 21
mM (CF2ICF2I), 57 mM (CF2BrCF2I), and 11 mM (CH2ICH2I). Due
to a strong solvent contribution to the measured transient absorption
signal at zero delay time, kinetic analysis of the data was performed
for time delay>0.5 ps and the best fits are shown by thick lines.

TABLE 1: Kinetic Parameters Determined from the
Analysis of Transient Absorption Data of CH2ICH 2I,
CF2ICF2I, and CF2BrCF2I at 440 nm in Acetonitrile Using
the Function F(t) ) ∑i)1

3 [Ai exp(-t/τi)] + A4

compound A1
a τ1 (ps) A2 τ2 (ps) A3 τ3 (ps) A4

CH2ICH2I -0.23 2.5 0.19 5.5 -0.23 150 0.35
CF2ICF2I -0.18 2.9 0.26 6.0 -0.14 400 0.42
CF2BrCF2I -0.46 0.9 0.05 4.0 0.29 110 0.2

a Amplitudes were normalized such that∑|Ai| ) 1. Negative and
positive amplitudes represent rising and decaying components, respec-
tively. A time constant of 10 000 ps was included to represent a
persistent offset on the transient absorption signal at long delays. Error
bars correspond to 15% of the parameter value.

∆AI2
(λ)

∆AH2C-I-I(λ)

εH2C-I-I(λ)

εI2
(λ)

Φiso ) ΦI2
(1)
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formation of I2 after photolysis of CH2ICH2I.37 We also
performed measurements on CH2ICH2I in dichloromethane and
tetrachloromethane at 710 nm (Figure 4B,C) and in cyclohexane
and n-hexane at 635 nm (Figure 4D,E). These kinetic traces
exhibit rises on the picosecond time scale, followed by slower
decays (tens of picoseconds). A similar behavior was observed
in the study of I2 photodissociation by Harris and co-workers,
who assigned the induced absorption at these wavelengths to I2

trapped transiently in theA/A′ state (main contribution) and
vibrationally hot I2 in the ground state (minor contribution). For
comparison, we indicate by arrows in Figure 4 the times at
which maxima were observed in the work of Harris and co-
workers. The fact that maxima are observed at these wavelengths
also in solutions of CH2ICH2I, and even at very similar time
delays, suggests that the dominating mechanism for I2 formation
in these solvents is an ultrafast process. More precisely, the
formation occurs largely within a time delay comparable to the
time required for the B state predissociation and geminate
recombination. These processes are essentially completed within
2 ps.33,34We conclude that I2 formation following excitation of

CH2ICH2I largely occurs within a few picoseconds, most likely
by the geminate mechanism proposed in section 3A.

The decays in Figure 4 are less pronounced than the
corresponding decays in the study of Harris and co-workers.
We attribute this to two causes. First, there is most likely a
relatively broad range of formation times of I2 after excitation
of CH2ICH2I. Second, because I2 is generated via excitation of
CH2ICH2I in our experiments, a residual positive signal will
persist for as long as a population of I2 exists at wavelengths
of I2 absorption. In contrast, in the experiments of Harris and
co-workers, the complete recovery of I2 in its ground state will
bring the transient absorption to zero.

C. Discussion of the Mechanism Leading to Fast I2

Formation. As shown in section 3A, the amount of I2 formed
within 500 ps upon photolysis of vicinal dihaloethanes in
acetonitrile is largest for CH2ICH2I, smaller for CF2ICF2I, and
negligible for CF2BrCF2I. For the latter compound, the transient
spectrum indicates formation of IBr. This trend in the behavior
of the vicinal dihaloethanes is what would be expected if
secondary dissociation followed by combination of iodine atoms
were the mechanism producing I2, because the stability of the
haloethyl radicals is thought to decrease in the order•CF2CF2-
Br > •CF2CF2I > •CH2CH2I. The observation of fast I2

formation from CH2ICH2I in different solvents, as concluded
from the measurements presented in section 3B, is also in
accordance with such a mechanism. However, the experimental
evidence presented in sections 3A and 3B alone does not exclude
the parallel occurrence of other mechanisms that could lead to
fast production of I2, e.g., cluster-dependent mechanisms and
photodissociation of the haloethyl radicals. In this section, we
will therefore take these possibilities into account.

Considering the relatively high concentrations used in the
experiments (e.g., in the measurements presented in Figure 2
we used concentrations of a few tens of millimolar) one could
suspect that there might be a tendency for the molecules to form
clusters. The dimerization of a simple haloalkane, CH3I, in the
gas phase within a broad range of pressure and temperature was
proposed in ref 38 but questioned in ref 39. Dimer structures
have been proposed for CH3I clusters in the molecular beam/
supersonic jet and it has been shown that photodissociation of
the CH3I clusters in the A-continuum leads to formation of
molecular iodine.40-43

Observation of I2 formation after excitation of neat CH3I
solutions has been interpreted as resulting from excitation of
CH3I molecules in clusters.44 The mechanisms that have been
considered for I2 formation in CH3I clusters in the gas-phase
are either sequential or concerted.42

The following observations indicate that clustering of the vicinal
dihaloethanes do not play any major role for the formation of
I2 in the present study. First, I2 formation via the concerted
mechanism is known to result in ground-state I2 with very little
excess vibrational energy.40 In contrast, our results in section
3B suggest that I2 is initially formed vibrationally hot and not
only in the ground state, similar to the case when it is formed
as a result of recombination following photodissociation of I2.

Figure 4. Transient absorption of 1,2-diiodoethane (filled circles)
obtained by subtracting the transient absorption of neat solvents (open
triangles), scaled as described in the text, from the transient absorption
of solutions of 1,2-diiodoethane (dotted circles): (A)n-hexane 520 nm;
(B) dichloromethane 710 nm; (C) tetrachloromethane 710 nm; (D)
cyclohexane 635 nm; (E)n-hexane 635 nm. The amplitudes should
not be directly compared due to the use of different excitation intensities
and concentrations (10-29 mM). The excitation wavelength was 266
nm. The scaling factors for the solvents were 0.29 (A), 0.46 (B), 0.35
(C), 0.20 (D), and 0.04 (E); see ref 36 for details. Thick lines represent
fits to the data for time delay longer than 1 ps. Arrows indicate the
delay times, at which the transient absorption maxima were observed
in refs 31 and 32.

sequential: CH3I + hν f •CH3 + I•

[CH3
• + I•‚‚‚ICH3] f I2 + 2CH3

•

∆H ) -0.23 eV for I*

concerted: [CH3I‚‚‚ICH3] + hν f I2 + 2CH3
•

∆H ) -1.62 eV forλexc ) 266 nm
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Second, I2 formation via a sequential mechanism is exothermic
only for iodine atoms in the excited spin-orbit state, I*. Because
I* formation is dominant only for the primary dissociation of
perfluorinated CF2ICF2I,1,8,27 the yield of I2 would be highest
for this compound if the sequential mechanism were dominating.
Third, a tendency of the molecules to form clusters should be
detectable as perturbations of the UV-vis steady-state spectrum
as the concentration is altered. Dimerization of CH3I in the gas
phase was concluded on the basis of a gradual blue shift and
increasing asymmetry of the A-band absorption when CH3I
concentration increased.38,45We have measured spectra of CH2-
ICH2I in 2-propanol in the concentration range 0.6-9 mM. No
alteration of the spectrum was observed, suggesting that the
propensity for clustering of vicinal dihaloethanes in solution is
too weak to be of importance in our pump-probe experiments.
The choice of 2-propanol was motivated by the poor solubility
of CH2ICH2I in this solvent. The solubility of CH2ICH2I in the
solvents used in the pump-probe experiments was higher than
in 2-propanol by the following factors: acetonitrile, 3.7;
tetrachloromethane, 8.2; dichloromethane, 11.7;n-hexane, 2.0;
cyclohexane, 4.4. Finally, the concentrations used in the
comparative investigations presented in section 2A increase in
the order CH2ICH2I < CF2ICF2I < CF2BrCF2I (the optical
densities of the samples were kept identical). If cluster formation
were responsible for the production of I2, a significant amount
of I2 would be observed also from CF2BrCF2I, in contrast to
the actual observation.

To obtain further information about the mechanism for I2

formation, we studied the excitation intensity dependence and
concentration dependence of CH2ICH2I kinetics at 440 nm in
acetonitrile. As shown in Figure 5, the shape of the kinetics
does not vary with the excitation intensity and is independent
of the solute concentration within the experimental error,
indicating that the same mechanism(s) leading to I2 formation
dominates within the examined ranges (I0 ) 1.8 × 1014 to 1.7
× 1015 W/m2; C ) 3.5-26 mM) below 500 ps. The absence of
a pronounced concentration dependence excludes a sequential
cluster mechanism, because this mechanism would be favored
by an increasing average size of the clusters.

Only a one-photon process gives rise to I2 formation in our
experiments. This is concluded on the basis of the investigated
intensity dependence of the signal amplitude at the probe
wavelength 440 nm for CH2ICH2I in acetonitrile (C ) 12 mM).
An approximately linear increase of the signal amplitude at two
delay times, 50 and 100 ps, was observed with increasing
excitation intensity from 2× 1014 to 2 × 1015 W/m2. If the
signal were due to absorption of two photons per CH2ICH2I
from the pump pulse, deviation from linearity would have been
observed, contrary to our observations.

By excluding other possibilities, the evidence presented in
this section shows that fast formation of I2 following excitation
of CH2ICH2I or CF2ICF2I occurs by a cluster-independent
mechanism initiated by one-photon absorption (Scheme 1). Most
likely, this implies the mechanism proposed in section 3A: one-
photon absorption yields vibrationally hot haloethyl radicals,
which undergo secondary dissociation followed by geminate
combination of iodine atoms. Another mechanism that we
believe could accompany the aforementioned is iodine abstrac-
tion from the haloethyl radical by the liberated iodine atom.
Because cage escape is expected to occur to some extent, more
I2 is expected to form on longer time scales, by nongeminate
combination. This is investigated in the following section.

D. Vicinal Dihalides on the Nanosecond-Microsecond
Time Scale. We measured the transient absorption on the
nanosecond to microsecond time scale using the Nd:YAG laser
system described in section 2 in order to obtain additional
information about the formation of I2 (e.g., quantum yields in
different solvents for the three vicinal halides and occurrence
of nongeminate formation) and the stability of haloethyl radicals.

The measurements presented in this section were performed
in n-hexane, dichloromethane, and tetrachloromethane. Repre-
sentative kinetics are shown in Figure 6. We do not present
measurements in acetonitrile because I3

- formation substantially
complicates the kinetics in this solvent on the nanosecond to
microsecond time scale. In all three solvents, I2 formation was

Figure 5. Concentration dependence at constant excitation intensity
(A) and excitation intensity dependence at fixed concentration (B) of
1,2-diiodoethane kinetics in acetonitrile atλpump ) 266 nm andλprobe

) 440 nm. In (A), the concentrations were 3.5 mM (filled circles), 12
mM (open squares), and 26 mM (open triangles). The intensity was
1.7 × 1015 W/m2. In (B), the intensities were 1.8× 1014 W/m2 (open
circles) and 1.1× 1015 W/m2 (filled circles). The concentration was
12 mM. The kinetic traces were scaled to coincide for longer time
delays.

SCHEME 1: Proposed Scheme for the Photodissociation
of 1,2-Diiodoethane in Solution upon 266 nm Excitationa

a Reaction paths A and B account for the major part of the
observations below 500 ps, whereas C dominates on longer (nanosecond
to microsecond) time scales (see section 3D). Reactions D-F are
suggested to account for part of the observations below 500 ps (see
section 3E). Reactions D-H are thought to be minor paths. A similar
scheme is applicable for CF2ICF2I.
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observed following excitation of both CH2ICH2I and CF2ICF2I
at 266 nm. From the kinetic traces it can be seen that the
formation of I2 is biphasic: a fast resolution-limited rise is
followed by a∼1 µs rise. We determined the quantum yield of
I2 formation actinometrically using solutions of benzophenone
in acetonitrile, which upon excitation at 266 nm forms a triplet
(ε520nm) 5800 M-1 cm-1 in acetonitrile46) with unity quantum
yield. From kinetics measured close to the I2 absorption
maximum, the final quantum yield for I2 formation was
determined to be 1.0( 0.1 for CH2ICH2I in all solvents
examined. The corresponding values for CF2ICF2I were slightly
lower: 0.75-0.95. The quantum yields for photodestruction of
parent molecules (determined from the bleach at 290 or 280
nm in tetrachloromethane, see curve “a” of Figure 6) were equal
to the yield of I2 for both CH2ICH2I and CF2ICF2I. From this
we conclude that photodissociation of the haloethyl radicals is
negligible at the excitation intensities employed and that a small
fraction of •CF2CF2I recombines with I atoms. Furthermore,
because the ratio between the fast and slow phases of molecular
iodine formation is higher (by approximately a factor of 3 in
n-hexane, cf. Figure 6d,e) for CH2ICH2I than for CF2ICF2I, it
is reasonable to assume that the dominant mechanism for I2

formation during the faster phase is the same in the femtosecond
to picosecond experiments as in the nanosecond to microsecond
experiments. Indirectly, this supports our argument that clusters
play no role for the formation of I2, because the concentrations
employed in the nanosecond to microsecond experiments were
comparatively low (10 mM for CF2BrCF2I and less for the two
other compounds; see Figure 6).

It seems reasonable to assign the slower rise mainly to
combination of iodine atoms having escaped the solvent cage.
This assignment is supported by the fact that the rise in hexane
could be well fitted (see Figure 6c-e) using second-order
kinetics:

with k ) 1.3 × 1010 M-1 s-1, which equals the previously
determined rate constant for the reaction 2If I2 in n-hexane.47

[I] 0, the initial concentrations of “free” iodine atoms was set to
[I] 0 ) 1.2× 10-4 M for CH2ICH2I and [I]0 ) 3 × 10-4 M for
CF2ICF2I. These concentrations were close to those obtained
from the “final” I2 concentrations estimated using the Lambert-
Beer law. The steady-state absorption spectrum of I2 has a low
amplitude between 290 and 350 nm. Therefore, the contribution
of I2 to the transient absorption can be neglected in this spectral
region. In this region, a submicrosecond decay was observed,
as shown for 330 nm in Figure 6c. This decay was also fitted
using the same rate constant and concentration parameters as

used for fitting the rise of I2. Similar decays of lower amplitude
were observed in the same spectral region in both tetrachloro-
methane and dichloromethane. When we subtract the transient
absorption signal at 10µs (essentialy the bleach contribution)
from that at 50 ns, we obtain a spectrum that is in close
agreement with a previously published spectrum of I-atom:n-
hexane charge-transfer absorption.48 The decay we observe in
hexane after subtraction of∆A at 10µs is approximately uniform
in the range 290-350 nm, showing that I-atom:n-hexane CT
absorption and parent bleach are the only significant contribu-
tions after 50 ns. Therefore, our analysis indicates that haloethyl
radicals do not contribute to the transient absorption in the range
290-350 nm at times longer than 50 ns. The primary reason
for this is most likely, considering the high quantum yields of
I2 formation and the facts that both the time evolution of the
signal and its “final” level can be explained without assuming
that haloethyl radicals give a contribution to the signal after 50
nm, that the lifetimes of these radicals are shorter than 50 ns;
whether they have significant absorption in this spectral region
is uncertain (see section E). Regarding this issue, a conclusive
analysis of data at time delays shorter than 50 ns is precluded
due to the presence of scattered excitation light in traces
measured below 310 nm and signal-to-noise limitations.

CF2BrCF2I was examined in dichloromethane. The kinetics
were relatively complex (data not shown) and suggest the
presence of I2, IBr, and Br2 already after∼50 ns, indicating
that secondary dissociation occurs to a substantial extent for
this compound. In this context it should be mentioned that
Scaiano and co-workers,49 also using actinometry in a nano-
second photolysis experiment, determined that 266 nm excitation
of CH2BrCH2Br in acetonitrile solution yields bromine atoms
with a quantum yield of 2.

E. Spectral assignments.Haloethyl Radicals.Obviously,
knowledge of the absorption spectra of haloethyl radicals would
be useful for determining their lifetime. However, we have found
no spectra of haloethyl radicals in the literature although it is
known that the•CF2CF2Br radical absorbs at 248 nm.28 DFT
calculations of Zheng and Phillips50 indicate that the first two
absorption bands of•CH2CH2Br are located in the 280-300
nm region, a result that has some support from a nanosecond
resonance Raman study.51 A comparison between the experi-
mental gas-phase spectrum of•CH2I52 with that of •CH2Br53 or
that of CH3I with that of CH3Br indicates, by analogy, that the
spectrum of•CH2CH2I is red-shifted compared to that of•CH2-
CH2Br. It is therefore not unreasonable to assume that•CH2-
CH2I (and also•CF2CF2I) contribute to the transient absorption
in the blue part of the spectral region examined in section 2A.
However, the absence of anisotropy in the transient absorption
in CH2ICH2I in acetonitrile at 380 nm (not shown) suggests
that the contribution due to•CH2CH2I is small in this spectral
region.

Recent ab initio calculations by Ihee et al. have shown that
the stable structures of•CH2CH2I and•CH2CH2Br are bridged.54

The calculations by Zheng and Phillips50 pertain to an open
structure and might therefore seem to be invalidated by this
study. However, they could still apply to the initially formed
haloethyl radicals because it is natural to assume that these are
open. An ultrafast electron diffraction study on photodissociation
of CF2ICF2I indicates the formation of the•CF2CF2I radical
having an open (“classical”) structure on the picosecond time
scale.3,4 According to most recent ab initio calculations on
isolated•CF2CF2I, the open structure is most stable.55 Whether
this is its energetically preferred structure in solution remains
to be determined.

Figure 6. Transient absorption kinetics after excitation at 266 nm.
From top: (). CH2ICH2I in tetrachloromethane at 290 nm; (b) CH2-
ICH2I in tetrachloromethane at 510 nm; (c) CH2ICH2I in n-hexane with
fit at 330 nm; (d) CH2ICH2I in n-hexane with fit at 530 nm; (e) CF2-
ICF2I in n-hexane with fit at 530 nm. The concentrations used were
2.6 mM CH2ICH2I and 5.7 mM CF2ICF2I.

∆A(t) ) A[I] 0
2/(1/kt + [I] 0) (2)
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Interaction between Haloethyl Radicals and Iodine Atoms.
Some of the primary released iodine atoms are, due to their
large size, likely to remain in the solvent cage and interact with
the C-X chromophore of the haloethyl radicals. In the following
discussion, we will argue that these interactions can give rise
to transient absorption in the visible spectral region (weak
absorption bands observed around 400 nm for CH2ICH2I and
CF2ICF2I and around 410-440 nm for CF2BrCF2I) by forming
species analogous to H2C-I-I (isodiiodomethane) and that this
may promote C-X cleavage producing XI.

Intensive absorption in a broad band around 400 nm has been
observed for both isodiiodomethane, H2C-I-I, and alkyl halide:
iodine CT complexes56-59 CH3I-I• and RI2-I•. Isodiiodomethane
was discovered upon UV photolysis of diiodomethane in solid
matrixes at low temperature,9,10 and later, in the liquid-phase
photodissociation studies of diiodomethane in acetonitrile11,12

and other solvents60 at room temperature. In acetonitrile, this
species is relatively long-lived (lifetime is about 200 ns) and
has its largest absorption maximum at 390 nm withε ) 5600
M-1 cm-1.12 Low-energy excitation (266 nm) of diiodomethane
results in C-I bond breaking, the produced radicals form H2C-
I-I in a cage of acetonitrile molecules with the quantum
efficiency of about 70%.12 Substituting a C-Br bond for the
C-I bond red shifts the isomer transition without significant
change of absorption intensity and shortens the isomer life-
time.9,10,12

The transient absorption in acetonitrile solutions at 400 nm
is at all time delays considerably higher for CH2I2 than for CH2-
ICH2I (e.g., 17 times at 50 ps; Figure 2 and section 3A).
Nevertheless, formation of analogous species after dissociation
of vicinal dihalomethanes (we refer to them as isodihaloethanes)
probably occurs, although with a much smaller quantum yield
due to competing secondary dissociation and the greater
separation between the iodine atoms in the parent molecule.
Also due to secondary dissociation, the quantum yield for
formation of I-BrCF2CF2 and I-ICF2CF2 can be expected to
be higher than that of I-ICH2CH2. As seen in Figure 3, the
signal amplitude at early time delays at 440 nm is higher for
both CF2BrCF2I and CF2ICF2I than for CH2ICH2I, despite the
fact that vibrationally hot I2 gives a larger contribution at early
time delays for CH2ICH2I. A contribution from isodihaloethanes
to the transient absorption at this wavelength provides an
explanation to this fact. Moreover, it can also explain the
presence of decays in the transient absorption traces for CH2-
ICH2I and CF2ICF2I (5-6 ps) and CF2BrCF2I (∼100 ps). Decay
of isodihaloethanes should be expected to be faster than
isodihalomethanes (due to the formation of stable products
following C-X cleavage in the former case) and occur faster
the weaker the C-X bond. On the basis of the weak intensity
of these bands, the quantum yield of isomerization of the vicinal
dihaloethanes is estimated to be less than1/10th of the I2
formation quantum yield for the corresponding dihaloethanes
at a delay of 500 ps (assuming an extinction coefficient for
isodihaloethanes of∼6000 M-1 cm-1, i.e., similar to that of
the H2C-I-I isomer).

Because the weak bands were observed early after excitation,
the assignment of these bands to dihaloethane-iodine CT
complexes is highly unlikely because formation of such a
complex is controlled by diffusion, which occurs on a nano-
second time scale at the concentrations used.

I-Atom-Ethene CT Complexes.As seen in Figure 2, panel
D, the transient spectrum of CH2ICH2I at 500 ps has a
contribution from a species other than I2 around 400 nm.
According to the discussion in the previous paragraph, it cannot

be due to I-ICH2CH2 because this species is not expected to
be present at 500 ps and because no corresponding absorption
for CF2ICF2I was observed. Instead, we assign this absorption
to charge-transfer interaction between iodine atoms and ethene,
the product formed after secondary dissociation. The absorption
maximum for this charge-transfer complex (I:C2H4 CTC) was
calculated to 399 nm, using experimental data from the ethyne-
iodine charge-transfer complex61 and the difference in ionization
potentials62 between ethyne (11.4 eV) and ethene (10.51 eV)
and assuming that the Coulomb terms are the same for the CT
states in the two systems.

4. Conclusions

The photodissociation dynamics of CH2ICH2I, CF2ICF2I, and
CF2BrCF2I have been studied in acetonitrile solution after
excitation at 266 nm. Within tens of picoseconds, formation of
I2 was observed from CH2ICH2I and CF2ICF2I, but not from
CF2BrCF2I. Following excitation of CH2ICH2I, ultrafast I2
formation was observed in several other solvents (dichloro-
methane, tetrachloromethane, cyclohexane, andn-hexane). We
propose that the predominant mechanism for I2 formation is
secondary dissociation of the haloethyl radicals followed by
geminate combination of iodine atoms. For CF2ICF2I, in
particular, where direct comparison is possible with gas-phase
time-resolved studies, our results (including both femtosecond
and nanosecond experiments) indicate that the haloethyl radicals
are not more long-lived than in the gas phase, despite the
possibility of vibrational cooling by the solvent. Various other
pieces of evidence, including intensity and concentration
dependence of kinetics, show that photodissociation of haloethyl
radicals or cluster-dependent mechanisms do not play an
important role in the formation of I2. In nanosecond laser
photolysis experiments, we determined the final quantum yields
for I2 formation on the microsecond time scale to be 1( 0.1
for CH2ICH2I and 0.85 ( 0.1 for CF2ICF2I in n-hexane,
dichloromethane, and tetrachloromethane. The nanosecond to
microsecond data indicate that all haloethyl radicals decay within
tens of nanoseconds. We argue that the decay of haloethyl
radicals can partially occur via abstraction. The various reaction
paths leading to I2 formation following photoexcitation of a
vicinal dihalide are depicted in Scheme 1.
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