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ABSTRACT
Diiodomethane, CH2I2, in a polar solvent undergoes a unique photoinduced reaction whereby I2

− and I3
− are produced from its photodissoci-

ation, unlike for other iodine-containing haloalkanes. While previous studies proposed that homolysis, heterolysis, or solvolysis of iso-CH2I–I,
which is a major intermediate of the photodissociation, can account for the formation of I2

− and I3
−, there has been no consensus on its

mechanism and no clue for the reason why those negative ionic species are not observed in the photodissociation of other iodine-containing
chemicals in the same polar solvent, for example, CHI3, C2H4I2, C2F4I2, I3

−, and I2. Here, using time-resolved X-ray liquidography, we revisit
the photodissociation mechanism of CH2I2 in methanol and determine the structures of all transient species and photoproducts involved in
its photodissociation and reveal that I2

− and I3
− are formed via heterolysis of iso-CH2I–I in the photodissociation of CH2I2 in methanol. In

addition, we demonstrate that the high polarity of iso-CH2I–I is responsible for the unique photochemistry of CH2I2.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5099002

INTRODUCTION

Physical and chemical properties of a molecule are gov-
erned by intramolecular forces (that is, chemical bonds) as well as

intermolecular interactions, which include dipole-dipole inter-
action and dispersion forces. Accordingly, the outcome of a
chemical reaction is determined by such intermolecular interac-
tions. In particular, in solution-phase reactions, the solute-solvent
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interaction is a critical factor that determines the pathways and
kinetics of the reaction by changing the landscape of potential energy
surfaces.1–8 For example, there have been many reports showing
that the solvent polarity alters not only the three-dimensional struc-
ture of a molecule9,10 but also the dynamics and mechanism of a
reaction.11,12

Here, we investigate an interesting photoreaction that not
only exhibits the variation of reaction pathways depending on
the solvent polarity but also produces a unique ionic species not
observed in other photoreactions with chemical similarities. The
reactant of the photoreaction, diiodomethane (CH2I2), is one of
the most extensively investigated haloalkanes, and its photodisso-
ciation has been studied as a prototype dissociation reaction with
various time-resolved techniques such as transient absorption spec-
troscopy,13–15 time-resolved resonance Raman spectroscopy,16–19

and time-resolved X-ray solution scattering (TRXSS).20,21 Figure 1
outlines various reaction pathways of CH2I2 photodissociation
reported by several previous studies.13,16,20,21 Photoexcitation at
267 nm induces the n(I)→ σ∗(C–I) transition, leading to the break-
ing of one of the two C–I bonds in CH2I2.14,22,23 In the gas phase,
the excitation of CH2I2 at wavelengths longer than 248 nm gen-
erates CH2I⋅ and I⋅ radical fragments.24–26 By contrast, in liquid
solutions, the excited CH2I2 molecule undergoes two parallel reac-
tion pathways: (i) radical formation, that is, dissociation of CH2I2
into CH2I⋅ and I⋅ radicals, and (ii) isomer formation, that is, gem-
inate recombination of CH2I⋅ and I⋅ to generate iso-CH2I–I. Both
radical formation and isomer formation pathways are active irre-
spective of the polarity of solvent, but the ensuing reactions and
their kinetics vary substantially depending on the solvent polar-
ity, which is quite a complex photochemical behavior compared
with those of other iodine-containing compounds. In nonpolar
solvents, iso-CH2I–I undergoes homolysis to generate CH2I⋅ and
I⋅ radicals, and I⋅ released from the solvent cage either combines
nongeminately with another I⋅ to form I2 or recombines gemi-
nately/nongeminately with CH2I⋅ to regenerate CH2I2. By contrast,
the reaction mechanism of CH2I2 in polar solvents is not only more

FIG. 1. Reaction pathways of CH2I2 photodissociation in methanol and dissocia-
tion of the isomer via homolysis, heterolysis, or solvolysis.

complicated than that in nonpolar solvents but also more compli-
cated than the mechanisms of other iodine-containing chemicals
in the same polar solvent, for example, CHI3, C2H4I2, C2F4I2, I2,
and I3

−.9–11,27–35

The complication of the reaction mechanism of CH2I2 pho-
todissociation in polar solvents stems mainly from the way how
negative ionic species such as I2

− and I3
− are formed. Since the for-

mation of these negative ionic species requires I− as a precursor,
the question of how I− is formed is central to the formation mech-
anism of I2

− and I3
− but it has been controversial. From a study

using ultrafast transient absorption spectroscopy, it was suggested
that iso-CH2I–I in methanol is dissociated into CH2I+ and I− via
heterolysis with ion solvation.13 Later, based on time-resolved res-
onance Raman spectroscopy, nuclear magnetic resonance (NMR),
and ab initio calculations, it was suggested that iso-CH2I–I under-
goes solvolysis with methanol into H+ + I− + CH3O–CH2I, which
then undergoes further solvolysis to generate CH3O–CH2–OCH3.16

By contrast, in a study using TRXSS, it was proposed that iso-CH2I–I
is dissociated into CH2I⋅ and I⋅ via homolysis, even in polar sol-
vents,20,21 and thus, electron transfer from the polar solvent to I⋅
is needed for the formation of I−. In summary, according to the
previous studies, three types of dissociation pathways of iso-CH2I–I
(that is, heterolysis, solvolysis, and homolysis) can lead to the for-
mation of I−, but it is still inconclusive which mechanism is in
action. Here, it should be noted that, in general, the photodis-
sociation of iodine-containing compounds such as CHI3, C2H4I2,
C2F4I2, I2, and I3

− results in the formation of I2, not I2
−, even in

the methanol solvent,9,10,28,32–34 indicating that the formation of I2
−

is a unique photochemical property of CH2I2. Nevertheless, this
point has not received proper attention in previous studies and
there has been no clue for this unique photochemistry reported thus
far.

To address this issue in this work, we used TRXSS to inves-
tigate the reaction dynamics of CH2I2 photodissociation. TRXSS,
also known as time-resolved X-ray liquidography (TRXL), is a pow-
erful tool that not only provides the information on the reaction
mechanism of various chemical reactions in the solution phase but
also tracks the structural progression of transient species generated
during the reaction. The TRXL experiment was performed with
femtosecond laser pulses (267 nm) for excitation and 100-ps X-ray
pulses for probing the transient molecular structures resulting from
the photodissociation of CH2I2 in methanol.

RESULTS AND DISCUSSION
Time-resolved difference scattering curves

The difference X-ray scattering intensities, q∆S(q, t), contain-
ing the structural changes are shown in Fig. 2(a) as a function
of the momentum transfer q = (4π/λ)sin θ, where 2θ is the scat-
tering angle and λ is the average wavelength (0.71 Å) of the
incident polychromatic X-rays with ∼5% bandwidth. The differ-
ence scattering intensities were obtained by subtracting the scat-
tering pattern measured at −3 ns (i.e., before excitation) from the
scattering patterns measured at positive time delays, as described
previously.12,32–34,36

Figure 2 shows the experimental and theoretical q∆S(q) curves,
difference radial distribution functions (∆RDFs), r2∆R(r), and the
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FIG. 2. Difference scattering curves, q∆S(q), of CH2I2 in methanol at various time delays after excitation at 267 nm. (a) Experimental q∆S(q) (black), where q∆S(q, t) = qS(q, t)
– qS(q, −3 ns), and calculated q∆S(q) (red) curves based on the final optimized kinetic model. For a proper comparison of oscillatory features from 30 ns to 3 µs, q∆S(q)
below 3.4 Å−1 were multiplied by a factor of 0.4. (b) The difference radial distribution function, r2∆R(r, t), obtained by the sine-Fourier transform of q∆S(q, t) shown in (a).
For a proper comparison of r2∆R(r, t), r2∆R(r, t) from 30 ns to 3 µs were multiplied by a factor of 0.4. (c) Experimental (black) and theoretical (red) solute-only difference
radial intensity curves. The solute-related atom-atom distances are displayed at the top of the plot. The upward and downward bars with reference to a horizontal line indicate
the interatomic distances of newly formed and depleted atomic pairs, respectively. The atomic pairs belonging to CH2I2, CH2I–I, I2−, and I3− are indicated in black, red,
magenta, and blue, respectively.

solute-only r2∆R(r), that is, r2∆Rsolute(r), at various time delays.
Experimental difference scattering curves measured at various time
delays are shown in Fig. 2(a), together with theoretical differ-
ence scattering curves that were fit to the experimental differ-
ence scattering curves using the best kinetic model, which will
be discussed later. It can be seen that the experimental and the
theoretical curves are in good agreement with each other, testi-
fying the relevance of the kinetic model. In Fig. 2(b), ∆RDFs,
r2∆R(r), obtained by sine-Fourier transform of the difference scat-
tering curves in Fig. 2(a) are shown together with theoretical
r2∆R(r) curves that well reproduce the experimental ones. The
scattering signal of a solution sample can be decomposed into
(i) the solute-only term, (ii) the cage term, and (iii) the solvent-
only term. To emphasize the solute-only r2∆R(r), the cage and
solvent-only contributions were subtracted from r2∆R(r) of the
solution sample to obtain r2∆Rsolute(r) shown in Fig. 2(c), where
the internuclear distances of various solute species (that is, the
reactant and reaction intermediates) involved in the photoreaction
are indicated with positive (intermediate) and negative (reactant)
bars.

Identification of major intermediates at 150 ps

To identify the major intermediates on subnanosecond time
scale, we first analyzed the q∆S(q) curve at 150 ps shown in Fig. 3.
We considered three kinetic models of reaction pathways: (i) forma-
tion of iso-CH2I–I (CH2I2 → iso-CH2I–I), (ii) formation of CH2I

FIG. 3. Determination of reaction intermediates of CH2I2 photodissociation in
methanol at 150 ps time delay. (a) Experimental q∆S(q) curve at 150 ps (black)
was fit by theoretical q∆S(q) curves (red) constructed based on three kinetic mod-
els of reaction pathways: formation of only iso-CH2I–I (top), dissociation into CH2I
and I radicals (middle), and formation of both iso-CH2I–I and CH2I radicals (bot-
tom). The residual (blue curves) obtained by subtracting the theoretical q∆S(q)
from the experimental q∆S(q) is shown together. (b) r2∆R(r) curves obtained by
the sine-Fourier transform of q∆S(q) curves shown in (a).
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and I radicals (CH2I2 → CH2I⋅ + I⋅), and (iii) formation of both
CH2I⋅ and iso-CH2I–I with a branching ratio α [CH2I2 → (1 − α)
(CH2I⋅ + I⋅) + α iso-CH2I–I]. Experimental q∆S(q) curves were
fit by theoretical q∆S(q) curves by optimizing selected structural
parameters for each kinetic model. As shown in Fig. 3(a), model
(iii) that includes the formation of both CH2I⋅ and iso-CH2I–I
gives the best fit with the reduced-chi square (χv

2) value of 1.18
and α = 0.54 ± 0.02. This result suggests that the photodisso-
ciation of CH2I2 proceeds via the reaction pathways leading to
the formation of both CH2I⋅ and iso-CH2I–I. Previously, an opti-
cal spectroscopic study reported that iso-CH2I–I is formed in
methanol with the quantum yield of 0.74 ± 0.08 within ∼15 ps,13

whereas a previous TRXL study reported a relatively low quantum
yield (0.34) for iso-CH2I–I.20,21 The quantum yield for iso-CH2I–I
obtained from our TRXL study (0.54) lies between the two previ-
ously reported values, but it is still large enough to guarantee that the
iso-CH2I–I is a major intermediate of the photoreaction of CH2I2 in
methanol.

The fitting analysis for the q∆S(q) curve at 150 ps based on
the three kinetic models is more intuitively visualized in the real
space (that is, r-space), as shown in Fig. 3(b). In principle, the
∆RDF, r2∆R(r), obtained by the sine-Fourier-transform of q∆S(q)
gives information on the change in the distribution of interatomic
distances. In ∆RDF, a positive peak indicates the formation of an
atom–atom pair, whereas a negative peak corresponds to the elimi-
nation of an atom–atom pair owing to the bond cleavage. As shown
in Fig. 3(b), the best-fit model, CH2I2 → 54% (iso-CH2I–I) + 46%
(CH2I⋅ + I⋅), well reproduces three major features at 2.14 Å (neg-
ative), 3.09 Å (positive), and 3.60 Å (negative) in the experimental
∆RDF at 150 ps. Considering the structure of iso-CH2I–I, the pos-
itive peak at 3.09 Å can be assigned to the formation of the I–I
atomic pair in iso-CH2I–I and the two negative peaks at 2.14 Å
and 3.60 Å correspond to the depletion of C–I and I–I atomic
pairs, respectively, in CH2I2 by the C–I bond cleavage. As depicted
in Fig. 3(b), the isomer model fails to reproduce the peak inten-
sities in the region of 1.5–6 Å, resulting in a poor fit. Also, the
radical model does not reproduce the positive peak in the region
of 2–4 Å due to the absence of the isomer. These results indicate
that both isomer and radicals are present at 150 ps as reaction
intermediates.

Dissociation mechanism of iso -CH2I–I

One of the major issues investigated in this study is which
reaction involving iso-CH2I–I is a major source of I−, which is the
precursor of I2

− and I3
−. The relevant reactions for three candi-

date kinetic models including homolysis, heterolysis, or solvolysis
of iso-CH2I–I are as follows:

Homolysis:

CH2I2 → CH2I⋅ + I⋅, (1)
CH2I2 → iso-CH2I−I, (2)
iso-CH2I−I→ CH2I⋅ + I⋅, (3)∗

I⋅ + e− → I−, (4)∗

I⋅ + I− → I2
−, (5)

I⋅ + I2
−
→ I3

−. (6)

Heterolysis:

CH2I2 → CH2I⋅ + I⋅, (1)
CH2I2 → iso-CH2I−I, (2)

iso-CH2I−I→ CH2I+ + I−, (3)∗∗

I⋅ + I− → I2
−, (5)

I⋅ + I2
−
→ I3

−. (6)

Solvolysis:

CH2I2 → CH2I⋅ + I⋅, (1)
CH2I2 → iso-CH2I−I, (2)

iso-CH2I−I + CH3OH→ CH3O−CH2I + H+ + I−, (3)∗∗∗

I⋅ + I− → I2
−, (5)

I⋅ + I2
−
→ I3

−. (6)

The key reaction steps that are different in the three cases
are emphasized with asterisks. In fact, we considered all possible
pathways comprehensively, as illustrated in Fig. S1 and will be dis-
cussed later, but here, we show only the pathways that were found
to be the most plausible according to the results of the global
fitting (GF) analysis. In the GF analysis, the experimental differ-
ence scattering curves at all time delays were fit simultaneously
by theoretical q∆S(q) curves calculated with global fitting parame-
ters, with the maximum likelihood estimation method being applied
as a fitting algorithm. In this fitting algorithm, the χv

2 value for
the discrepancy between the experimental and theoretical q∆S(q)
curves was employed as a measure of the goodness of the fit.
The density functional theory (DFT)-optimized structures of solute
molecules were used as starting structures of the global fitting and,
as fitting parameters, we used several selected structural parame-
ters of the solute molecules and other relevant kinetic parameters,
for example, rate constants for all reaction pathways, branching
ratios of the photoproducts, and the excitation ratio of photoexcited
molecules.

In the three candidate kinetic models shown above, the prod-
ucts of the key reactions involving iso-CH2I–I are CH2I⋅, CH2I+,
or CH3O–CH2I. The scattering signal of CH3O–CH2I is quite dif-
ferent from those of CH2I⋅ and CH2I+ due to extra atoms, but in
principle, it is challenging to distinguish CH2I⋅ and CH2I+ only
by their scattering patterns unless their exact three-dimensional
structures are known. For example, if the atomic distances of C–I
pairs, which give the largest scattering among all pairs, in those
species are identical to each other, their scattering patterns will be
highly similar to each other [Fig. S2(a)]. However, the cage term
would still be very different depending on the absence/presence
of the extra charge or extra atoms, therefore helping to distin-
guish CH2I⋅ and CH2I+ [Fig. S2(b)]. To determine the mech-
anism of I− formation, we first fit experimental q∆S(q) curves
at all time delays with theoretical q∆S(q) curves based on one
of the three kinetic models: homolysis, heterolysis, and solvoly-
sis of iso-CH2I–I. To do so, we used the structural parameters
(for CH2I2, iso-CH2I–I, CH2I⋅, CH2I+, and CH3O–CH2I) predicted
by DFT calculations or the experimentally reported ones (for I2

−

and I3
−). The reduced chi-square values for the homolysis, heterol-

ysis, and solvolysis models are 1.78, 1.67, and 1.82, respectively,
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indicating that the heterolysis model gives the most satisfactory
fit.

While we used the molecular structures of reaction interme-
diates calculated from quantum calculation to initially fit the time-
resolved scattering curves, those theoretically predicted structures
are not guaranteed to be accurate as the structures of intermediates
involved in the nonequilibrium photochemical reaction. Therefore,
we refined the structures of reaction intermediates and products
by allowing all structural parameters to vary when globally fitting
the experimental time-resolved scattering curves at all time delays
based on each kinetic model. We assumed that the refined struc-
ture of each intermediate stays the same during the reaction. The
optimized molecular structures of intermediates vary depending on
the kinetic model because, in principle, each kinetic model is sup-
posed to give different concentrations of intermediates at a given
time, but the global fitting is governed by common experimental
time-resolved scattering curves irrespective of the kinetic model. As
the global fitting-optimized structures deviate further from the cal-
culated structures, it is judged that the fitting is less adequate. As
shown in Table I, with the refinement of the molecular structures of
reaction intermediates and products, the heterolysis model still best
fits the experimental q∆S(q) curves.

To confirm which kinetic model is the most suitable, beyond
the fitting quality, we also checked structural parameters such as
(i) the C–I bond lengths of CH2I+ or CH2I⋅ and (ii) the I–I bond
lengths of I2

−, I3
−, and iso-CH2I–I among the selected structural

fitting parameters that were adjusted to refine the actual struc-
ture of the chemical species involved in the photodissociation of
CH2I2. The results show that the kinetic model including heterol-
ysis provides the most reasonable values for the C–I bond lengths
of either CH2I+ or CH2I⋅. As shown in Table II, for the heterol-
ysis model, the C–I bond length of CH2I+ was determined to be
1.91 ± 0.25 Å, which is close to that of CH2I+ calculated by DFT
(1.94 Å) and CCSD(T) (1.94 Å), and the C–I bond length of CH2I⋅
was determined to be 2.04 ± 0.30 Å, which is in excellent agree-
ment with those of CH2I⋅ calculated by DFT (2.04 Å) and CCSD(T)

(2.05 Å). By contrast, for the kinetic models based on the homolysis
and solvolysis, the C–I bond lengths of CH2I⋅ were determined to be
1.86 Å ± 0.30 and 1.94 Å ± 0.35, respectively, and these bond lengths
are much shorter than the calculated C–I bond length value of
CH2I⋅ (2.04 Å).

However, the large uncertainty associated with the C–I bond
lengths makes it difficult to judge the most suitable candidate kinetic
model only based on the good agreement between the C–I bond
lengths determined from the structural refinement and the DFT cal-
culation. In this regard, the I–I bond lengths provide more convinc-
ing evidence because they would have much smaller uncertainties
due to the larger scattering of I–I pairs than C–I pairs. For the I–I
bond lengths of I2

− and I3
−, the heterolysis model again gives bet-

ter agreement with the DFT-calculated values than the homolysis
and solvolysis models. Specifically, with the heterolysis model, the
I–I bond length of I2

− was determined to be 3.325 ± 0.005 Å, which
is close to 3.235 Å (ωB97X/AVTZ) and 3.332 Å (MN12-SX/AVTZ)
calculated from DFT calculations, whereas the homolysis and
solvolysis models give the I–I bond lengths of 3.535 ± 0.003 Å
and 3.525 ± 0.003 Å, respectively, which deviate much from the
DFT-calculated values.

For I3
−, quantum calculation predicted identical bond lengths

for the two I–I bonds: 2.933 Å (ωB97X/AVTZ) and 2.949 Å (MN12-
SX/AVTZ). However, according to a previous TRXL study on the
photodissociation of I3

−,10 I3
− formed by the reaction between I2

−

and I⋅ in the polar solvent has an asymmetric structure with two
different I–I bond lengths, 2.98 ± 0.03 and 3.03 ± 0.04 Å. From
the global fitting analysis, the I1–I2 and I2–I3 bond lengths of I3

−

were determined to be 2.962 ± 0.012 and 3.053 ± 0.008 Å in the
heterolysis model, 2.850 ± 0.010 and 3.100 ± 0.015 Å in the homol-
ysis model, and 2.858 ± 0.027 and 3.066 ± 0.023 Å in the solvolysis
model, respectively. Thus, as is the case for the C–I bond lengths of
CH2I+ or CH2I⋅ and the I–I bond length of I2

−, the I–I bond lengths
of I3

− obtained with the heterolysis model best match the experi-
mental values reported in the TRXL study on the photodissociation
of I3

−.10

TABLE I. Kinetic parameters for homolysis, heterolysis, and solvolysis models.

Homolysis Heterolysis Solvolysis

Fraction of photoexcited moleculesa 23.2% (±0.2) 23.0% (±0.1) 19.8% (±0.1)
Fraction for the isomer channel 21.2% (±0.4) 23.5% (±0.5) 20.4% (±1.1)
Fraction for the radical channel 21.9% (±0.6) 20.0% (±0.4) 30.1% (±0.9)
Fraction of direct relaxation back 56.9% (±0.1) 56.5% (±0.2) 49.5% (±0.1)
to the ground stateb

CH2I–I→ CH2I⋅ + I⋅ 2.33 (±0.02) × 108 s−1 . . . . . .

CH2I–I→ CH2I+ + I− . . . 2.23 (±0.01) × 108 s−1 . . .

CH2I–I + CH3OH . . . . . . 9.91 (±0.02) × 106 M−1 s−1

→ CH3OCH2I + H+ + I−

I⋅ + I− → I2
– 5.12 (±0.02) × 1010 M−1 s−1 7.69 (±0.03) × 1010 M−1 s−1 1.01 (±0.02) × 109 M−1 s−1

I⋅ + I2
–
→ I3

– 7.76 (±0.01) × 109 M−1 s−1 3.28 (±0.02) × 1010 M−1 s−1 1.00 (±0.01) × 109 M−1 s−1

Reduced chi-squarec 1.566 1.497 1.627

aThis value is the fraction of photoexcited molecules from the CH2I2 solution (50 mM) in the ground state.
bThis value is the fraction of the photoexcited molecules that relax back to the ground state without undergoing photodissociation.
cThe reduced chi-square value (in bold) reflects the quality of fitting. As this value is smaller, the quality of fit to the experimental data is better.
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TABLE II. Optimized structural parameters of the chemical species involved in the CH2I2 photodissociation, obtained by either quantum chemical calculation or global fitting
analysis based on homolysis, heterolysis, and solvolysis models.a

DFT Ab initio GF analysisb

ωB97X/ MN12-SX/ CCSD(T)/
Species Parameterc AVTZc AVTZd AVQZ Homolysis Heterolysis Solvolysis

(methanol) (methanol) (methanol)

CH2I2

C–I 2.125 Å 2.129 Å 2.132 Å 2.134 Å (±0.400) 2.135 Å (±0.200) 2.145 Å (±0.250)
I–I 3.580 Å 3.585 Å 3.588 Å 3.596 Å (±0.005) 3.601 Å (±0.003) 3.625 Å (±0.002)

I–C–I 114.76○ 114.71○ 114.55○ 114.82○ (±0.50) 114.99○ (±0.35) 115.34○ (±0.40)

CH2I1–I2

C–I1 1.983 Å 1.942 Å . . . 1.963 Å (±0.300) 1.975 Å (±0.250) 1.956 Å (±0.350)
I1–I2 3.155 Å 3.133 Å . . . 3.136 Å (±0.005) 3.094 Å (±0.006) 3.058 Å (±0.003)

C–I1–I2 114.98○ 121.93○ . . . 110.4○ (±3.7) 115.7○ (±4.3) 119.6○ (±5.7)

CH2I⋅ C–I 2.038 Å 2.040 Å 2.050 Å 1.864 Å (±0.300) 2.038 Å (±0.300) 1.938 Å (±0.350)

CH2I+ C–I 1.936 Å 1.938 Å 1.940 Å . . . 1.910 Å (±0.250) . . .

CH3OCH2I C–I 2.208 Å . . . . . . . . . . . . 2.105 Å (±0.300)

I2
− I–I 3.235 Å 3.332 Å . . . 3.530 Å (±0.003) 3.325 Å (±0.005) 3.525 Å (±0.027)

I3
− (I1–I2–I3)−

I1–I2 2.933 Å 2.949 Å . . . 2.850 Å (±0.010) 2.962 Å (±0.012) 2.858 Å (±0.027)
I2–I3 2.933 Å 2.949 Å . . . 3.100 Å (±0.015) 3.053 Å (±0.008) 3.066 Å (±0.023)

I1–I2–I3 180○ 180○ . . . 180○ (fixed) 180○ (fixed) 180○ (fixed)

aThe listed parameters were either optimized by DFT calculations or obtained from GF analysis of the experimental TRXL data.
bErrors for global fitting parameters are shown in the parenthesis. Fixed values are excerpted from the ωB97X/AVTZ calculation.
cThe parameters (in bold) refer to the structural parameters of each chemical species. The parameters consisting of two atomic symbols represent bond lengths and the parameters
consisting of three atomic symbols represent bond angles.
dDFT-optimized parameters by considering the scalar relativistic effect by introducing dhf-TZVPP small-core relativistic effective core potential (RECP) on the iodine atom.37

For iso-CH2I–I, with the heterolysis model, the C–I1–I2 angle
was determined to be 115.7○ ± 4.3○, which is similar to the DFT-
calculated value of 114.98○ (ωB97X/AVTZ) and 121.93○ (MN12-
SX/AVTZ). The I–I bond length of iso-CH2I–I was determined to
be 3.094 ± 0.006 Å, which is smaller than the DFT-calculated val-
ues, 3.155 Å (ωB97X/AVTZ) and 3.133 Å (MN12-SX/AVTZ), and
larger than the experimentally determined value (3.04 Å) in a previ-
ous TRXL study on the photodissociation of CH2I2.20,21 In fact, the
I–I bond length of iso-CH2I–I obtained with the homolysis model
is closer to the DFT values. Nevertheless, based on the global fitting
of our TRXL data and the overall comparison of optimized struc-
tural parameters obtained from the fitting of experimental TRXL
data with their DFT-calculated values, we conclude that the het-
erolysis model is the most relevant mechanism for the formation of
I− from iso-CH2I–I.

In the previous TRXL study on CH2I2,20,21 it was found that
the I–I bond length of iso-CH2I–I is larger by 0.07 Å in methanol
than in cyclohexane and it was suggested that the longer I–I bond
length in the polar solvent originates from the stronger interaction of
iso-CH2I–I with methanol than with cyclohexane. In a transient
absorption spectroscopy,13 it was shown that iso-CH2I–I has a
shorter lifetime (5 ns) in methanol than in n-hexane and it was
suggested that the shorter lifetime in the polar solvent arises
from the stabilization of ionic resonance forms, which may readily

undergo the heterolytic cleavage of the I–I bond. Also, CH2I+

was observed in the gas-phase decomposition of CH2I2,38,39 sug-
gesting the stability of the positive ionic species generated from
heterolysis. Moreover, theoretical calculations for the products of
CH2I2 photodissociation13 showed that the ion pair of CH2I+ and
I− is stabilized significantly by the solvation in polar solvents
such as methanol, ethanol, and acetonitrile and that the solvated
ion pair, (CH2I+ + I−)sol, in those polar solvents has a lower
energy than the radical pair of CH2I⋅ and I⋅ (2P1/2) [although it
has a slightly higher energy than the radical pair of CH2I⋅ and
I⋅ (2P3/2)].

To examine the energetics of the three pathways for the disso-
ciation of iso-CH2I–I, we performed DFT and ab initio calculations
for the products of CH2I2 photodissociation, of which the details are
presented in the supplementary material and the calculation results
are summarized in Fig. S3 of the supplementary material. As shown
in Figs. S3 and S4, the heterolysis and homolysis pathways are nearly
degenerate in methanol, supporting that the heterolysis can occur
in methanol in terms of energetics. Although the solvolysis path-
way is an endothermic reaction that requires a lower energy than
both heterolysis and homolysis pathways, the products of solvolysis,
CH3O–CH2I and CH3O–CH2–OCH3, are likely to be formed on
slower time scales than the products of heterolysis and homol-
ysis according to the result of previous time-resolved resonance
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Raman study that reported the solvolysis-mediated dissociation of
iso-CH2I–I,16 thus negating the involvement of solvolysis in the
formation of I− in methanol.

Reaction kinetics

Figure 4(a) shows the time-dependent concentration profiles of
chemical species involved in the photodissociation of CH2I2. The
dissociation of iso-CH2I–I occurs with the time constant of 4.48 ns,
and the concentration of CH2I+ increases with the same time con-
stant, in accordance with the heterolysis mechanism. The concen-
tration of I⋅ decreases in ∼10 ns via reactions (5) and (6), while I− is
consumed in tens of nanosecond via reaction (5). As the concentra-
tions of I⋅ and I− decrease, I2

− and I3
− are formed until I⋅ becomes

depleted at ∼30 ns.
In principle, I3

− can be formed through reactions (5) and (6)
irrespective of how iso-CH2I–I is dissociated, but we can consider
an alternative pathway for the formation of I3

− as follows:

I ⋅ + I⋅ → I2, (7)

I− + I2 → I3
−. (8)

In a previous study on the photodissociation of CHI3 in methanol,
Lee et al. reported the rate constant of 3.1 × 1010 M−1 s−1 for the
recombination of I radicals to form I2 in methanol.34 This rate con-
stant is smaller than that (7.69 × 1010 M−1 s−1) for reaction (5),
which indicates that in methanol, the formation of I2

− is kineti-
cally favored over the formation of I2. However, a separate simu-
lation including reaction (7) occurring with the previously reported
bimolecular rate constant shows that not only I2

− but also a non-
negligible amount of I2 can be formed. To examine whether reac-
tion (7) contributes to the photodissociation of CH2I2, we consid-
ered reaction (7) in all three kinetic models (that is, heterolysis,
homolysis, and solvolysis). If reaction (7) is forced to occur with
the previously reported bimolecular rate constant for the formation
of I2, the fit qualities deteriorate, and if the bimolecular rate con-
stant is allowed to vary, the concentration of I2 converges to zero,

indicating that reaction (7) is not involved. Thus, under our experi-
mental condition, the formation of I2 via reaction (7) does not occur
and, instead, I3

− is formed through reactions (5) and (6) in the pho-
todissociation of CH2I2. The absence of reaction (7) is consistent
with the results of previous studies using TA spectroscopy13 and
TRXL,20,21 but its origin is not clear. Similarly, for the photolysis
of I3

−, the TRXL measurement showed that reaction (7) does not
occur.40

From the GF analysis of our TRXL data, it was found that reac-
tion (6), which occurs subsequently to reaction (5), occurs with a rate
constant of 3.28 × 1010 M−1 s−1. Although we found that the heterol-
ysis model is the most suitable mechanism for the formation of I−
from iso-CH2I–I, we tested other various kinetic models where one
or more of the key reaction pathways, for example, reactions (3∗∗),
(5), and/or (6) are removed from the heterolysis model so that the
significance of each removed pathway can be estimated. Removal of
any pathway from the complete heterolysis model results in worse
fitting of the experimental q∆S(q) curves than fitting with the com-
plete heterolysis model, thus confirming that each of the constituent
pathways of the heterolysis model is essential. Additionally, we also
tested the significance of the formation of C2H4I2 by the bimolecu-
lar recombination of CH2I⋅ (CH2I⋅ + CH2I⋅ → C2H4I2). Addition of
this reaction step to the heterolysis kinetic model worsens the fit,
confirming that this pathway is not operational within the inves-
tigated time window. We also tested a kinetic model where both
heterolysis and homolysis are involved. In this case, the additional
I atoms produced by homolysis should be combined to form I2 via
reaction (7), but it was already demonstrated above that the forma-
tion of I2 was not observed in our TRXL data, indicating that reac-
tion (7) does not occur. Therefore, we can exclude the occurrence
of homolysis from the kinetic model for the photodissociation of
CH2I2.

Comparison with other iodine-containing compounds

To explain the unique photochemical behavior of CH2I2 in
methanol in contrast to other iodine-containing compounds, we

FIG. 4. (a) Time-dependent concentrations of chemical species involved in the photodissociation of CH2I2 in methanol based on the heterolysis model and (b) its overall
reaction mechanism.
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performed quantum chemical calculations for a series of iodine com-
pounds, CH2I2, CHI3, and C2H4I2, each of which generates an iso-
mer containing an I–I bond via photodissociation, and their isomers
in the environment of a polar solvent. In particular, from the quan-
tum chemical calculations, we obtained the dipole moment values of
8.89 D, 13.32 D, and 2.40 D for the CH2I–I, CHI2–I, and C2H4I–I
isomers, respectively. Also, the partial charge at the terminal I atom
of the I–I group of each isomer was examined and their values were
calculated to be −0.571, −0.671, and −0.073 for CH2I–I, CHI2–I,
and C2H4I–I, respectively. According to the chemical intuition of
electronegativity, a molecule of higher polarity should have higher
probability of undergoing heterolysis, especially in a polar solvent
like methanol. Therefore, we can infer that the probability of het-
erolysis becomes higher for the isomers with higher dipole moment
and higher partial charge at the terminal I atom, that is, in the order
of CHI2–I > CH2I–I > C2H4I–I.

This predicted order of reactivity for the three isomers is con-
sistent with the energetics of the heterolysis reactions for the three
isomers calculated with a DFT method (MN12-SX/AVTZ), that
is, higher energy is required for the endothermic heterolysis reac-
tion in the order of CHI2–I < CH2I–I < C2H4I–I, as shown in
Fig. S4. First, it should be noted that the C2H4I–I isomer has a
bridged conformation, which has a relatively high symmetry com-
pared with the structures of the other isomers, in both polar32 and
nonpolar11 solvents according to previous TRXL studies and, as a
result, C2H4I–I has a much smaller dipole moment than those of the
other isomers, thus making it difficult for the heterolysis to occur.
Accordingly, the heterolysis of C2H4I–I is an endothermic reaction
that requires the highest energy among the heterolysis reactions of
the three isomers (see Fig. S4). Also, the heterolysis of C2H4I–I
(114.6 kJ/mol) is energetically unfavorable compared with its dis-
sociation into C2H4 and I2 (13.3 kJ/mol), and therefore, it does not
occur.

By contrast, CHI2–I has the largest dipole moment among
the three isomers and therefore the heterolysis of CHI2–I should
occur most easily among the three isomers, which is supported by
the smallest reaction energy required for the heterolysis of CHI2–I
as shown in Fig. S4. However, any signature of the negative ionic
species (I2

− and I3
−) was not observed in a previous study on

the photodissociation of CHI3 in methanol using TRXL and time-
resolved X-ray absorption spectroscopy.28,34 In fact, in that same
study, the CHI2–I isomer was not observed, either, within the signal-
to-noise ratio of those measurements. While there was a time-
resolved spectroscopic study that reported the formation of the
CHI2–I isomer,29–31,35 the absence of such signature in the X-ray
scattering and absorption signals, which are sensitive to molecular
structure and of which the intensities are proportional to the popula-
tions of chemical species, indicates that the formation of the CHI2–I
isomer must be a minor reaction pathway, at best, for the photodis-
sociation of CHI3 in methanol. Therefore, despite the high polarity
of the CHI2–I isomer, the negative ionic photoproducts such as I2

−

and I3
− may not be observed in the photodissociation of CHI3 due

to a low yield of the CHI2–I isomer not because of the low proba-
bility of the CHI2–I isomer undergoing the heterolysis. Conversely,
despite the high probability of heterolysis for CHI2–I, the absence of
the negative ionic species (I2

− and I3
−) in the photodissociation of

CHI3 can serve as another evidence that supports the very low yield
of the CHI2–I isomer proposed in the previous TRXL study.28,34

Thus, we can conclude that the heterolysis occurs only for the
CH2I–I isomer, which has high polarity and is produced with a high
yield.

CONCLUSIONS

In this study, we investigated the photodissociation dynamics
of CH2I2 in methanol using TRXL and unveiled the mechanism and
the origin of the formation of I2

− and I3
−, which are observed only

in CH2I2 but not in other iodine-containing compounds such as
CHI3, C2H4I2, I2, I3

−, and C2F4I2. The analysis of our TRXL data
supports that iso-CH2I–I is decomposed via heterolysis into CH2I+

and I− and subsequently I− undergoes nongeminate recombination
with I⋅ to form I2

− and I3
−. Based on the findings of this work, we

propose that the high polarity of the iso-CH2I–I isomer and its sub-
tle interaction with the polar solvent are responsible for the unique
photochemistry of CH2I2 in the polar solvent, that is, the formation
of negative ionic products such as I2

− and I3
− via heterolysis. The

photodissociation of CH2I2 is a good example showing the dramatic
effect of the complex and delicate solute-solvent interaction on the
outcome of a chemical reaction.

EXPERIMENTAL PROCEDURES

The TRXL experiment conducted as part of this study was per-
formed at the NW14A beamline in the High Energy Accelerator
Research Organization (KEK). The full methods including the DFT
calculations, MD simulations, global fit analysis, and TRXL setups
are provided in the supplementary material.

SUPPLEMENTARY MATERIAL

The supplementary material contains detailed methods and
data acquisition, data processing, global fit analysis, molecular
dynamics simulation for the solute-solvent cross term, computa-
tional details, sine-Fourier transform, and Figs. S1–S5.
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