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ABSTRACT: Photolysis of iodoform (CHI3) in solution has been extensively studied, but its
reaction mechanism remains elusive. In particular, iso-iodoform (iso-CHI2−I) is formed as a
product of the photolysis reaction, but its detailed structure is not known, and whether it is a
major intermediate species has been controversial. Here, by using time-resolved X-ray
liquidography, we determined the reaction mechanism of CHI3 photodissociation in
cyclohexane as well as the structure of iso-CHI2−I. Both iso-CHI2−I and CHI2 radical were
found to be formed within 100 ps with a branching ratio of 40:60. Iodine radicals (I), formed
during the course of CHI3 photolysis, recombine nongeminately with either CHI2 or I. Based
on our structural analysis, the I−I distance and the C−I−I angle of iso-CHI2−I were
determined to be 2.922 ± 0.004 Å and 133.9 ± 0.8°, respectively.

Photochemistry of polyhalomethanes has been extensively
studied, due to their halogen-releasing properties, with a

focus on reaction dynamics and structural rearrangement upon
carbon−halogen bond cleavage.1−8 The well-known photo-
reaction of these compounds is the formation of so-called “iso-
polyhalomethane” species following ultraviolet photolysis in a
condensed phase environment.5−9 Among various polyhalo-
methanes that undergo photoinduced isomerization in the
condensed phase, iodoform (CHI3) has attracted a lot of
interest since its synthetic applications have been reported.10−12

In particular, ultraviolet irradiation of CHI3 in the presence of
olefins yields iodocyclopropanated products. According to DFT
calculations, photolysis of CHI3 yields two types of reaction
intermediates, CHI2 radical and iso-CHI2−I, which can
competitively react with olefins to produce iodocyclopropa-
nated products.13 Interestingly, photolysis of CHI3 with trans-
and cis-butenes resulted in stereospecific iodocyclopropanated
product with no isomerized product being produced from the
reaction with cis-butene.12 This finding strongly suggests that
iso-CHI2−I is the major agent of iodomethylene transfer,13 and
its asymmetric geometry accounts for stereoselectivity of
iodocyclopropanation reaction. Thus, elucidating the photo-
chemistry of CHI3 and the structure of iso-CHI2−I provides a

detailed understanding of how the iodocyclopropanation
reaction occurs.
Previous spectroscopic studies have proposed photoreaction

pathways of CHI3 in solution, as summarized in Scheme 1.
13−16

Excitation of CHI3 at 267 or 350 nm induces the n (X) → σ*
(C−X) transition by which a nonbonding electron localized on
a p-orbital of iodine is transferred to an antibonding C−I (σ*)
orbital, producing CHI2 and I radicals through C−I bond
cleavage. The dissociated I radical is expelled from the solvent
cage, leaving the CHI2 radical, or it recombines geminately with
the CHI2 radical in the solvent cage to form iso-CHI2−I.
Transient absorption (TA) spectra of CHI3 in cyclohexane and
acetonitrile following excitation at 350 nm showed two
transient absorption bands on 10 ps time scale.15 Those
features were assigned to iso-CHI2−I based on time-dependent
density functional theory (TDDFT) calculations. Although the
spectroscopic evidence of CHI2 and I radicals was not detected
in that study, the presence of the two species cannot be
completely ruled out because of the low oscillator strengths of
electronic transitions of the two radical species.15
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Although the previous spectroscopic works provide detailed
kinetic traces of iso-CHI2−I,

13−16 the spectroscopic data cannot
be used to refine the molecular structure of iso-CHI2−I because
the spectroscopic signals in general cannot be accurately
calculated from the molecular structure, and thus the structure
of the isomer remains elusive. In this regard, time-resolved X-
ray solution scattering (TRXSS), also known as time-resolved
X-ray liquidography (TRXL), is a relevant tool for probing the
structure of the reaction intermediate because it uses X-rays to
probe the global structural changes of molecules.8,17−35

Previously, a TRXL study was performed on the photolysis
of CHI3 in methanol in the time range of 100 ps to 3 μs,36 but
it was not able to confirm the formation of iso-CHI2−I in
methanol, due to a low yield of its formation. Instead, the
TRXL study showed that CHI3 dissociates into CHI2 and I
radicals, followed by a nongeminate recombination of two I
radicals to form I2. Thus, to date, the detailed structure of iso-
CHI2−I has not been determined.
The lifetime of iso-CHI2−I was measured to be ∼1 μs in

cyclohexane.13,15 By contrast, a femtosecond TA study of CHI3
in methanol showed that iso-CHI2−I decays rapidly, in only 740
ps, due to insertion of O−H (in methanol) into iso-CHI2−I.14
These findings imply that iso-CHI2−I is unstable in the polar

methanol solvent compared with the nonpolar cyclohexane
solvent, suggesting that methanol is not an appropriate solvent
for capturing the structure of iso-CHI2−I. Instead, we chose
cyclohexane as a solvent to directly observe the structure and
kinetic behavior of iso-CHI2−I. In this work, by analyzing our
TRXL data using density functional theory (DFT) calculation,
molecular dynamics (MD) simulation, and global fit analysis,
we present the first demonstration of the detailed structure of
iso-CHI2−I and the underlying reaction kinetics of CHI3
photolysis in cyclohexane.
The experimental and calculated difference scattering curves

qΔS(q) at various time delays are shown in Figure 1a. The
experimental qΔS(q) exhibit clear oscillatory features, repre-
senting the structural changes of the photoexcited molecules.
The calculated qΔS(q) were obtained from global fit analysis
based on the maximum likelihood estimation (MLE) method,
with the reduced-chi square (χv

2) value as a measure of the
goodness of the fit.18−20 In the global fit analysis, the DFT-
optimized structures of solute molecules were used as starting
structures for the fit and several selected structural parameters
of the solute molecules were varied to fit the experimental
qΔS(q). Specifically, we selected the C−I bond lengths of CHI3
and CHI2, I−I bond lengths of I2 and iso-CHI2−I, and C−I−I
bond angle of iso-CHI2−I as fit parameters to refine the actual
structure of the chemical species involved in the CHI3
photolysis. In addition, kinetic parameters such as branching
ratios and rate constants were also adjusted in the fit so that the
reaction mechanism of CHI3 photolysis can be determined.
The details of the global fit analysis are provided in the
Supporting Information (SI).
The best-fit, calculated qΔS(q) obtained by the global fit

analysis shows good agreement with the experimental qΔS(q).
The difference radial distribution functions (ΔRDFs), r2ΔR(r),
where r is the interatomic distance (Figure 1b), were obtained
by sine-Fourier-transformation of qΔS(q). The ΔRDF signal
provides the change in the distribution of interatomic distance,
r; thus the positive peak indicates the formation of an atom−
atom pair, whereas the negative peak shows disappearance of an
atom−atom pair, generally related to bond cleavage. The

Scheme 1. Possible Reaction Pathways for CHI3 Photolysis
in Cyclohexanea

aExcitation at 267 nm induces the n (X) → σ* (C−X) transition,
resulting in C−I bond cleavage. The dissociated I radical is expelled
from the solvent cage, leaving CHI2 radical, or it recombines
geminately with the CHI2 radical to form iso-CHI2−I.

Figure 1. Difference scattering curves, qΔS(q) of CHI3 in cyclohexane as a function of the time delay after excitation at 267 nm. (a) Experimental
qΔS(q) (black, qΔS(q,t) = qS(q,t) − qS(q, −3 ns)) and calculated qΔS(q) (red) obtained by global fit analysis. For proper comparison of oscillatory
features of qΔS(q) at 300 ns and 1 μs, qΔS(q) below 2.3 Å−1 were multiplied by a factor of 0.2. (b) The difference radial distribution functions,
r2ΔR(r,t) representing the sine-Fourier transformation of qΔS(q,t) shown in (a). For proper comparison of peaks of r2ΔR(r,t), r2ΔR(r,t) at 300 ns
and 1 μs were multiplied by a factor of 0.2. (c) The solute-only r2ΔR(r,t) from the experiment (black) and from calculation (red). One unit of the y-
axis in (b) is 1.5 times of that in (c). The solute-only r2ΔR(r,t) was extracted by subtracting the contributions of the cage and the solvent from the
r2ΔR(r,t). The solute-related atom−atom distances are displayed at the top of the plot. Newly formed atom−atom distances show up as positive
peaks, whereas the negative peaks are from depleted atom−atom distances.
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ΔRDF signal shown in Figure 1b is a mixture of three
contributions, solute, cage, and solvent, making it difficult to
retrieve the change in the solute structure alone. To extract
more intuitive structural information from the ΔRDF in Figure
1b, we decomposed it into solute, cage, and solvent
contributions (Figure S2). The solute-only ΔRDF in Figure
1c was obtained by subtracting the contributions of the cage
and the solvent determined from the best-fit calculated model
and represents structural change of reacting solute molecules.
From the solute-only ΔRDFs in Figure 1c, we can identify the
reaction intermediates and their concentrations as a function of
time. By analyzing the change of concentration of each species,
we can retrieve the reaction pathways. For example, at 100 ps,
three major peaks at 2.8 Å (positive), 3.6 Å (negative), and 5.7
Å (positive) are observed in the solute-only ΔRDF. The strong
negative peak at 3.6 Å corresponds to the depletion of the I−I
distance in CHI3 and the positive peaks at 2.8 and 5.7 Å
correspond to the formation of the I2−I3 and I1−I3 distances
in iso-CHI2−I (Table 1). As the reaction progresses in tens of
nanoseconds, the positive peak at 2.8 Å shifts slightly to a
shorter distance (∼2.7 Å) and the intensity increases, while the
intensity of the positive peak at 5.7 Å remains unchanged.
These observations indicate that the concentration of iso-
CHI2−I stays constant up to tens of nanoseconds and new
iodine-containing species, with atom−atom distances of
approximately 2.7 Å, start to form on the nanosecond time
scale. The 2.7 Å peak is assigned to formation of I2 with an I−I
distance of 2.662 Å. This peak is not located exactly at 2.662 Å
because the I−I distances of iso-CHI2−I (2.922 Å) and I2
(2.662 Å) both contribute to the peak.
To identify the major intermediates of CHI3 photolysis on a

subnanosecond time scale, we analyzed qΔS(q) measured at
100 ps. As shown in Figure 2, we considered three kinetic
models of reaction pathways: (1) formation of CHI2 radical
(CHI3 → CHI2 + I), (2) formation of CHI2−I isomer (CHI3
→ CHI2−I), and (3) formation of both CHI2 radical and

CHI2−I isomer with a branching ratio α, CHI3 → (1 − α)
(CHI2 + I) + α CHI2−I. All of the selected structural
parameters were optimized for each kinetic model. As shown in
Figure 2, the combined model considering the formation of
both CHI2 radical and CHI2−I isomer gave the best fit (χv

2 =
1.38) with α = 0.40 ± 0.02. The difference in the fit quality
between the three kinetic models is clearly visualized in r-space
by comparing the fits with the solute-only ΔRDF, r2ΔRsolute(r),
as shown in Figure 3. The best-fit model, CHI3 → 60% (CHI2
+ I) + 40% (CHI2−I), clearly reproduces the three major peaks
at 2.8, 3.6, and 5.7 Å in the experimental ΔRDF at 100 ps. The
positive peaks at 2.8 and 5.7 Å indicate the formation of new I−
I distances and can be assigned to the I2−I3 and I1−I3
distances in iso-CHI2−I, respectively. The r2ΔRsolute(r) of the
radical model has no such positive peaks in the 2−6 Å region

Table 1. List of Structural Parameters of the Chemical Species Involved in CHI3 Photolysisd

aDFT-optimized parameters without considering scalar relativistic effect. bDFT-optimized parameters with considering scalar relativistic effect by
introducing dhf-TZVPP small-core relativistic effective core potential (RECP) on iodine atom.37 cErrors for global fit parameters are shown in the
paranthesis. Fixed values are excerpted from the ωB97X/dhf-TZVPP+AVTZ calculation. dThe listed parameters were either optimized by DFT
calculations or obtained from global fit analysis of the experimental TRXL data. Computational details of the DFT calculations are given in the SI.
Additional DFT-optimized structures with different choices of basis sets and functionals are listed in Table S2.

Figure 2. Calculated qΔS(q)s for the three candidate kinetic models at
100 ps. (a) Direct dissociation into the CHI2 and I radical (CHI3 →
CHI2 + I), (b) CHI2−I isomer formation (CHI3 → CHI2−I), and (c)
the combined model. The experimental (black) and calculated (red)
qΔS(q) with the residual (blue) obtained by subtracting the two
curves (Experiment−Calculation) are shown below. All three panels
are on the same scale. Note that the combined model gives the best fit
with a radical-to-isomer branching ratio of 60:40.
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due to the absence of the isomer. On the other hand, the
isomer model overestimates r2ΔRsolute(r) in the two positive
peaks, leading to a poor fit. These results strongly indicate that
iso-CHI2−I as well as CHI2 and I radicals are present at 100 ps.
In Table 1, the experimental structures of CHI3, CHI2, iso-

CHI2−I, and I2 determined by the global fit analysis of
experimental TRXL data are listed in comparison with DFT-
optimized structures that were calculated using various basis
sets and functionals. In particular, for iso-CHI2−I, the I2−I3
distance (dI−I) and the C−I2−I3 angle (θC−I−I) were
determined to be dI−I = 2.922 ± 0.004 Å and θC−I−I = 133.9
± 0.8° from the global fit analysis. We note that, while the
DFT-optimized structures for other iodine-containing species
(CHI3, CHI2, and I2) do not exhibit much dependence on the

calculation method, the DFT-optimized structure of iso-CHI2−
I varies sensitively depending on the choice of basis set and
functional (Table 1 and Table S2). For example, I2−I3
distance, I1−I3 distance and C−I2−I3 angle vary significantly,
from 3.022 to 3.221 Å, 5.392 to 5.934 Å, and 114.2 to 130.4°,
respectively, indicating that the DFT calculation cannot predict
the consistent molecular structure of iso-CHI2−I. Especially, the
structure optimized by MN12-SX/dhf-TZVPP+AVTZ is the
closest to the experimental structure, but it still deviates much
from the experimental structure. By contrast, the DFT-
optimized structures of CHI3, CHI2, and I2 are in good
agreement with the experimentally determined structures. Such
discrepancy between the experimental and DFT-optimized
structures was also observed for iso-CH2I−I generated by
another photoreaction, photolysis of CH2I2 in cyclohex-
ane,38−40 and it suggests that the refinement of DFT-optimized
structure based on the experimental data is needed for
determining the accurate structure of iso-CHI2−I. A more
detailed discussion on DFT-optimized structures and their
comparison with global-fit structures are given in the SI.
Figure 4 shows the overall reaction mechanism and time-

dependent concentration profiles of CHI3 photolysis in
cyclohexane and methanol. Concentration profiles shown in
Figure 4c are the optimal concentrations of reaction species in
cyclohexane predicted from the optimized kinetic model that
best describes the experimental data shown in Figure 1a.
Initially, CHI2 and I radicals are formed by the cleavage of C−I
bond in CHI3, and they undergo two reaction channels: (1) the
cage breakout of CHI2 and I radicals, and (2) the geminate
recombination of CHI2 and I radicals forming iso-CHI2−I, with
a branching ratio of 60% and 40%, respectively. Iodine radicals,
a product formed after the cage breakout, further undergo
nongeminate recombination with I or CHI2 to form I2 or CHI3
with rate constants of 1.52 ± 0.01 × 1010 M−1 s−1 and 7.59 ±
0.01 × 109 M−1 s−1, respectively. The bimolecular rate constant
of I2 obtained in this TRXL study is consistent with those
obtained from previous TRXL and pulse radiolysis studies.40,41

The concentration of CHI2 remains constant after 30 ns (when

Figure 3. Solute-only ΔRDFs, r2ΔRsolute(r), for the three candidate
models at 100 ps. (a) Radical formation channel, CHI3 → CHI2 + I,
(b) isomer formation channel, CHI3 → CHI2−I, and (c) the
combined model with a radical-to-isomer branching ratio of 60:40.
Experimental (black) and calculated (red) r2ΔRsolute(r) are extracted
by subtracting the cage and solvent contributions from the 100 ps
experimental and calculated r2ΔR(r). All three panels are on the same
scale. The solute-related I−I distances from the global fit analysis are
displayed at the top of the plots. Newly formed atom−atom distances
are associated with in positive peaks; depleted atom−atom distances
are negative peaks.

Figure 4. Reaction mechanism of CHI3 photolysis in (a) cyclohexane determined in this study and (b) methanol from a previous work.36 The
branching ratios and rate constants are shown for each reaction channel. Concentration changes of chemical species involved in CHI3 photolysis as a
function of time delay in (c) cyclohexane and (d) methanol. Solid lines were obtained from optimized global fits based on kinetic models, and
symbols were obtained from individual fits of experimental difference scattering curves at various time delays. CHI3 (olive), CHI2 radical (black), I
radical (red), iso-CHI2−I (blue), and I2 (magenta).
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most of the I radicals are used up), and the product of 2CHI2
→ CHI2−CHI2 was not observed in the time range of our
measurement.
As noted above, iso-CHI2−I is already formed within 100 ps

with a quantum yield of ∼40%. The presence of the isomer
prior to the formation of I2 suggests that the isomer is formed
by means of geminate recombination within the solvent cage.
The geminate recombination rate of iso-CHI2−I was not
determined in this experiment due to limited temporal
resolution of the measurement. The reported recombination
time of iso-CHI2−I is 7 ps,14 which is inaccessible with our 100
ps time resolution. The lifetime of iso-CHI2−I is 334 ± 5 ns,
which is comparable to the value determined from time-
resolved TA and resonance Raman experiments.13−15 It is
noteworthy that the reaction pathways of CHI3 photolysis are
much simpler in methanol solvent.36 As shown in Figures 4b
and 4d, CHI3 in methanol dissociates into CHI2 and I radicals
and subsequent nongeminate recombination of two I radicals
produces I2. In that study, the characteristic I−I distances of iso-
CHI2−I were not observed in the solute-only ΔRDF at 100 ps,
implying that the branching ratio of isomerization in methanol
is much lower than that in cyclohexane reported here. The lack
of iso-CHI2−I in methanol was further confirmed by another
study combining TRXL and time-resolved X-ray absorption
spectroscopy (TRXAS) measurements, which showed that the
major intermediate species of CHI3 photolysis is CHI2 and the
yield of iso-CHI2−I is too low to be detected by those
measurements.42 In methanol, I radicals recombine non-
geminately to form I2 with the bimolecular rate constant of
3.1 ± 0.5 × 1010 M−1 s−1, which is twice higher than that in
cyclohexane. The higher nongeminate recombination rate of I2
can be explained by viscosity difference between methanol and
cyclohexane. The viscosity of methanol is 0.59 cP, whereas
cyclohexane is 1.0 cP, and thus the I radical can diffuse faster in
methanol, resulting in the faster nongeminate recombination.
Nongeminate recombination rates of I2 in cyclohexane and
methanol determined in the TRXL studies of CHI3 photolysis
are consistent with those reported in previous TRXL studies on
different photoreactions involving I radicals.21 The lifetime
(∼330 ns) and quantum yield (∼40%) of iso-CHI2−I
determined by TRXL is in good agreement with the ones
from previous spectroscopic studies.13−15 However, compared
with the previous spectroscopic studies, our TRXL study
provides a complete picture of reaction mechanism, without
being affected by the absorption strengths of individual
chemical species. In those spectroscopic studies, the major
spectroscopic features in the TA and resonance Raman spectra
were assigned to iso-CHI2−I species. The lack of distinct
features for the CHI2 radical in the transient absorption spectra
can be attributed to the difference in the oscillator strengths of
iso-CHI2−I and CHI2 radical. Kim et al. calculated the oscillator
strengths and resonance Raman intensities of the iso-CHI2−I
and CHI2 radical in cyclohexane using the same DFT method
used in the current study.42 According to the DFT calculation,
the oscillator strength and Raman intensity of iso-CHI2−I are 3
orders of magnitude higher than those of CHI2 radical. This
calculation result implies that the TA signal of CHI2 may be
optically “masked” by the intense signal of iso-CHI2−I. By
contrast, TRXL signal contains the contributions of all atomic
pairs and therefore CHI2 radical and iso-CHI2−I contribute
equally to the X-ray scattering signal, in proportion to their
concentrations.

In this work, the photolysis of CHI3 in cyclohexane with
excitation at 267 nm was monitored by time-resolved X-ray
solution scattering from 100 ps to 1 μs. The time-dependent
scattering signals visualize the structural changes associated
with the formation of transient intermediate species.
Furthermore, by applying a structural refinement protocol, we
determined the three-dimensional structure of iso-CHI2−I in
solution with atomic spatial resolution. Considering that the
DFT-optimized structure of iso-CHI2−I varies sensitively
depending on the choice of functional and basis set, the
experimentally determined structure of iso-CHI2−I in this work
can be a valuable reference for the development of DFT
functional and can give insight into the structural optimization
of iso-polyhalomethanes by quantum chemical calculations. The
structural refinement estimates the geminate recombination
probability to be 40%, that is, 60% of the CHI2 radicals are
expelled from the cage at 100 ps. Although it is difficult to
probe CHI2 radicals by optical spectroscopy due to their low
oscillator strengths, we were able to determine the kinetics of
both iso-CHI2−I and CHI2 from the global fit analysis of TRXL
data. Thus, the current TRXL study provides the global
reaction mechanism of CHI3 photolysis.
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