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Various molecular species are known to form during the photoreaction of C2H4I2 in the gas phase and in
solution. We have studied all species involved in this reaction by ab initio and density functional theory
(DFT) calculations: Geometries, energies, and vibrational frequencies of C2H4I2, bridged C2H4I•, anti C2H4I•,
C2H4, I2, I3-, and the isomer C2H4I-I were calculated. The absorption peaks and oscillator strengths of selected
species along the potential energy surface (PES) were calculated using time-dependent DFT and were compared
with available experimental results. The calculated PES satisfactorily describes the observed reactions of the
photoexcited C2H4I2 molecule. In the gas phase, there is only one reaction pathway: the first C-I bond
ruptures followed by a secondary C-I breakage in the haloethyl radical C2H4I•. In solution, by contrast,
another reaction channel, which is energetically more favored over the secondary dissociation, is switched on
due to a solvation effect: the bridged C2H4I• can bind to the free iodine atom to form a C2H4I-I isomer
without any energy barrier. The isomer can then break into C2H4 and I2. The rotational barriers in the gas
phase and in solution were also calculated and compared. To provide experimental data on the structure of
C2H4I2 in solution, the ground state structure of C2H4I2 in methanol was determined from static X-ray diffraction
data using 88 keV (λ ) 0.14 Å) X-rays. The structural parameters are compared with those from the theoretical
results.

1. Introduction
The structure of small molecules (i.e., the time and space
averaged positions of all atoms) in the gas phase can be readily
studied by electron diffraction. Similar information can be
obtained in a straightforward manner for the solid state if crystals
are available. In contrast, the structures in disordered phases
such as solutions are difficult to study and at this stage no routine
methods are available to determine averaged local structures in
solution. Here, we used static diffraction of 88 keV X-rays to
determine the structure of C2H4I2 when dissolved in methanol.
1,2-Disubstituted ethane C2H4X2 molecules and haloethyl
radicals C2H4X• (X ) F, Cl, Br, and I) have been thoroughly
investigated in stereochemical,1-7 thermochemical, and photochemical studies.8-18 Since interesting aspects of the stereochemistry are observed in 1,2-dihalocompounds, many fundamental questions in conformational analysis were addressed by
the study of 1,2-disubstituted ethanes,19 which are “structural
prototypes”, the simplest structures that incorporate functional
groups commonly found in larger systems.
The iodoethyl compounds have been extensively studied by
time-resolved electron and X-ray diffraction experiments due
to the high Z-number of iodine.20-22 However, there are few
theoretical studies on iodine containing molecules,23-25 as they
present higher computational complexity. We have recently
investigated the photodissociation process of C2H4I2 in methanol
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by time-resolved X-ray diffraction and confirmed the existence
of the bridged C2H4I• radical.26 Here, we present quantum
chemical calculations for photoinduced reactions and putative
photoproducts of dissociated C2H4I2, to get a more detailed
picture of the dissociation mechanism in solution. Static X-ray
diffraction measurements of the ground state structure of C2H4I2
in methanol are also shown and compared with the calculation.
2. Experimental and Computational Methods
2.1. Static X-ray Diffraction. The basic formulas used to
determine the ground state molecular structure from the scattered
X-ray signal are summarized in this section.27,28 The scattered
intensity is generally expressed as a function of q ) (4π/λ) sin(2θ/2), where λ is the X-ray wavelength and 2θ is the scattering
angle.
The total diffraction signal from a liquid is generally described
in terms of partial structure factors which are related to the
Fourier transform of the statistical correlation between scattering
sites, g(r).29 In the present study, with very hard (88 keV)
X-rays, the effective g(r) is dominated by the contributions from
heavy atoms and is related to the scattering signal:

∫

S(q) ) fe2(q) + fe2(q) 4πr2F(g(r) - 1)

sin(qr)
dr (1)
qr

where F is the atomic number density for the material under
study and fe is an average scattering factor per electron:

fe ) (

fm)/∑Zm
∑
uc
uc
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Here, fm is the elastic scattering factor for atom m, uc is the
unit of composition or unit cell, and Z is the number of electrons
of atom m. The back transform yields

q(S(q) - fe2(q))
2
1
g(r) ) 1 + 2
sin(qr)e-(Rq) dq (3)
2
2π Fr
fe (q)

∫

S(q) - fe2(q) represents the deviation from atomic scattering
due to interference, and the integrals range from zero to infinity.
In practice, the termination effects due to the finite q-range of
the experiment are attenuated by using an exponential damping
factor, R. F is the atomic number density. Here, g(r) is a measure
of the electron density seen from the center of an average atom.
Strictly speaking, eq 1 is valid for systems containing only one
type of atom. For a system containing more than one kind of
atom, this equation is an approximation. Therefore, eq 3 is also
an approximation, weighted toward heavy atom contribution in
proportion to Z2.
The total diffraction signal, S(q), from C2H4I2 in methanol
can be expressed as the sum of different contributions from
solute, solvent, and solute-solvent interaction:30

S(q)solution ) S(q)solute + S(q)solvent + S(q)solute-solvent (4)
Because both the elastic and inelastic signals are detected in
the static X-ray diffraction experiments, the latter was also
included in the calculation.31
To extract the ground state structure of C2H4I2, the experimental data were processed in the following way: (a) First, the
pure solvent scattering, S(q)solvent, was subtracted from the total
scattering of the solution, S(q)solution, and the difference signal,
S(q)solute + S(q)solute-solvent, was then scaled to the average gas
scattering factor of C2H4I2, fe2, and corrected by the calculated
Compton scattering of the solute. (b) Second, fe2 of C2H4I2 was
subtracted from the experimental difference data, S(q)solute +
S(q)solute-solvent. The remaining data contain two terms:
S(q)solute-solvent, the cage structure, and the interference terms
from atom-atom pairs, sin(qrij)/qrij (i*j), molecular structure of
the solute. (c) To bring out the oscillations at high q, the
remaining signal, designated as S(q)structure ) S(q)solute +
S(q)solute-solvent - fe2(q), was multiplied by q and divided by the
sharpening function, ∑fi2(q). Although all structural information
is contained in the molecular scattering function, S(q)structure, the
radial distribution function, g(r)structure, is more intuitive for
qualitative interpretation, as it directly reflects the relative
density of internuclear distance in the molecule. When the
sharpening function is taken into account, the final g(r)structure
function takes the following form:

g(r)structure ) 1 +

1
2π2Fr

∫0+∞

qS(q)structure

∑fi (q)
2

sin(qr)e-(Rq) dq
2

(5)

2.2. Ab Initio and Density Functional Theory (DFT)
Computations. Calculations were carried out by ab initio and
DFT methods using the Gaussian 03 code.32 Geometries were
fully optimized, vibrational frequencies were calculated with
analytical second-order derivatives, and zero-point vibrational
energies were derived. The number of imaginary frequencies
was used to characterize the nature of the structure. For the
transition state, intrinsic reaction coordinate (IRC) calculations
were performed to follow the reaction path. The structural
parameters were also optimized with the coupled cluster CCSD(T) method33 for comparison.

TABLE 1: Calculated Bond Lengths of I2 in the Gas Phase
with Different Basis Sets at the HF and B3LYP Levels
I2 bond length (Å)
basis set

B3LYP

HF

3-21G**
6-31+G
6-311G
6-311G(d)
6-311+G(d)
Lanl2dz
experiment41

2.719
2.732
2.859
2.737
2.707
2.863
2.67 ( 0.004

2.696
2.700
2.810
2.703
2.676
2.817

The Becke three-parameter hybrid functional with the LeeYang-Parr correlation corrections (B3LYP) was used in the
DFT calculation.34,35 The all-electron basis set 6-311++G(d,p)
for C and H atoms36 and the all-electron basis sets 6-311G(d)
with added d and f polarization functions and s and p diffuse
functions for the I atom,37,38 which are referred to as 6-311+G(d), were used. For the geometry of the anti C2H4I• radical, the
Hartree-Fock (HF) and MP2 results were used, since the anti
form converged to the bridged structure in DFT and CCSD(T)
calculations. For all other structures, the DFT results are
presented.
The solvent effects were calculated using self-consistent
reaction field (SCRF) theory. The Self-Consistent Isodensity
Polarized Continuum Model (SCIPCM),39 which allows geometry optimization at the HF and DFT levels, was used to perform
the solution calculation using an isodensity value of 0.0004 e/au3
for both methanol and cyclohexane solutions.
Time-dependent density functional theory (TD-DFT)40 was
used to calculate the vertical excitation energies, oscillator
strengths, and excited potential energy surfaces. The TD-B3LYP
method with the same basis sets for C, H, and I atoms as
described above was used in these calculations. To obtain the
excited potential energy curves, the single-point energies were
calculated at each point of the ground state surface. In the
calculation, the Cs symmetry rather than the C2h symmetry of
optimized ground state geometry was preserved.
To choose an appropriate basis set for the iodine atom, the
bond length of the I2 molecule was calculated with different
basis sets and compared to the experimental gas phase value
2.67 ( 0.004 Å.41 The calculated results at HF and B3LYP
levels are shown in Table 1, and the all-electron 6-311+G(d)
basis set was finally chosen for iodine.
3. Results and Discussion
In section 3.1, the static X-ray diffraction results of the ground
state structure of 1,2-diiodoethane in methanol are presented.
In section 3.2, we will discuss the rotational potential energy
surface of 1,2-diiodoethane around the C-C axis in solution
and the gas phase, and in section 3.3, we will present various
dissociation channels for photoinduced chemical reactions.
3.1. Static X-ray Diffraction. The diffraction experiments
were carried out on the high-energy beamline ID15 with 88
keV (0.141 Å) X-rays. The higher energy extended the q-range
up to 23 Å-1, which correspondingly improves the spatial
resolution to ∼0.27 Å. The 60 mM C2H4I2/CH3OH solution,
which translates to a solute-solvent ratio of 1:412, was used
in the X-ray diffraction experiments. The samples were purchased from Sigma-Aldrich and used without further purification. The C2H4I2/CH3OH solution was added into a 3 mm thick
capillary, and the scattering signal was integrated on a 2300 ×
2300 pixel image plate with a pixel size of 150 µm.
Figure 1a shows the total scattering intensity from the C2H4I2/
CH3OH solution, S(q)solution, and Figure 1b shows the scattering
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Figure 2. Structure of C2H4I2 in methanol: (a) qS(q)structure/∑fi2(q),
where S(q)structure is obtained after subtraction of fe2 for C2H4I2 from
S(q)solute + S(q)solute-solvent; (b) g(r)structure.

Figure 1. Static X-ray diffraction of C2H4I2 in methanol: (a) the total
scattered intensity from C2H4I2 in methanol, S(q)solution; (b) scattered
intensity from pure methanol, S(q)solvent; (c) scaling of the difference
between C2H4I2 in methanol and pure methanol, S(q)solute + S(q)solute-solvent,
to the average gas scattering factor of C2H4I2, fe2.

intensity from pure methanol, S(q)solvent. After subtracting the
pure solvent scattering from the total scattering of the solution,
the difference signal, S(q)solute + S(q)solute-solvent, was scaled to
the average gas scattering factor of C2H4I2, fe2, as shown in
Figure 1c. Figure 2 shows the structure of C2H4I2 in q- and real
spaces. Figure 2a was obtained by subtracting fe2 of C2H4I2 from
S(q)solute + S(q)solute-solvent and multiplying it by q/∑fi2(q). Fourier
sine transform of the curve in Figure 2a, according to eq 5,
leads to the radial distribution curve in Figure 2b, which
represents the molecular structure of the solute, C2H4I2.
The interatomic distances in Figure 2b are assigned as
follows: the first peak around 1 Å is an artifact caused by the
absence of experimental data close to q ) 0, the inevitable
consequence of using a beamstop; the peak at 2.2 Å is the

covalent C-I bond; the peak at 3.1 Å is the (nonbonded) C‚‚‚I
distance; the peak at 5.1 Å is the (nonbonded) I‚‚‚I distance.
The broad peak around 4.0 Å is tentatively assigned to the first
solvation shell.
3.2. Rotational Potential Energy Surfaces. To observe the
effect of solvation of the C2H4I2 molecule on the rotational
potential energy surface, we calculated the potential energy as
a function of the torsion angle around the C-C axis in the gas
phase as well as in solution. The calculation was performed at
the B3LYP level, the geometries of the minima and the transition
structures were fully optimized, and the vibrational frequencies
were calculated. Figure 3 shows the rotational energy curves
in the gas phase, in cyclohexane, and in methanol using the
SCIPCM model. The total and relative energies at the minima
and the transition states are given in Supporting Information
Table 1S. The optimized structures in the gas phase and in
methanol are presented in Figure 4, and the detailed geometrical
parameters of the optimized structures as well as the calculated
vibrational frequencies in the gas phase and in methanol are
listed in Supporting Information Tables 2S and 3S.
The solvent effect on C2H4I2 along the rotational potential
energy surface (PES) is clearly illustrated in Figure 3: the
solute-solvent interaction stabilizes the solute. In the SCRF
theory, the solvent is considered as a continuum reaction field
with uniform dielectric constant  and the solute is placed in a
cavity in the solvent. The interaction between the solute and
solvent depends on the properties of both the solvent, represented by the dielectric constant, and the solute represented by
dipole and multipole moments. Thus, methanol with a large
dielectric constant of 32.63 is expected to have a more stabilizing
effect on the solute molecule than cyclohexane with a smaller
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Figure 3. Rotational potential energy curves for the C2H4I2 molecule
around the dihedral angle ICCI, in the gas phase, in cyclohexane, and
in methanol, calculated at the B3LYP level. The all-electron 6-311++G(d,p) basis set for the C and H atoms and the 6-311+G(d) basis set for
iodine were used. The SCIPCM model was used for calculations in
the solution phase.

Figure 4. Geometries of C2H4I2: (a) anti form; (b) gauche form; (c)
transition state 1 (TS1 anti f gauche); (d) transition state 2 (TS2 gauche
f gauche) calculated at the B3LYP level (distances in angstroms and
angles in degrees). ICCI indicates the dihedral angle. The values in
parentheses show the structural parameters in methanol. Detailed
structural parameters are shown in Supporting Information Table 2S.

dielectric constant of 2.023. The difference between methanol
and cyclohexane is demonstrated in Figure 3. For the anti form,
the energy difference between the gas phase and methanol is
2.372 kcal/mol, while, for cyclohexane, it is only 0.935 kcal/
mol (Supporting Information Table 1S). According to the
reaction field theory, the solvent effect in cyclohexane, compared
to the gas phase, will be about 40% of that in a high-dielectricconstant solvent, and our results confirm this.42
We noticed that the relative energy between the anti and
gauche forms decreases from 3.232 kcal/mol in the gas phase
to 2.617 kcal/mol in methanol. The smaller energy difference
in solution means that the solvent interacts more strongly with
the gauche form than with the anti form. This is because the
interaction between the solute and the solvent depends not only
on the polarizability of the solvent but also on the dipole and
multipole moments of the solute. The anti form of diiodoethane
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Figure 5. Potential energy levels of the photodissociation of C2H4I2
in methanol, plotted using energies calculated at the B3LYP level,
6-311++G(d,p) basis set for C and H, and the 6-311+G(d) basis set
for I. C2H4I_a and C2H4I_b stand for the anti and bridged C2H4I,
respectively. The SCIPCM model is used to include the solvent effect.
All energies were subjected to ZPE correction. Dotted lines show the
corresponding energy levels in the gas phase.

has C2h symmetry with a dipole moment of zero, whereas the
gauche form has C2 symmetry and a dipole moment of 2.47 D.
Therefore, the gauche form of C2H4I2 will be more stabilized
than its anti form, resulting in decreased relative energy in
methanol. The solvent effects are also reflected in the changes
of the structural parameters shown in Supporting Information
Table 2S, as well as in the changes of the vibrational frequencies
(Supporting Information Table 3S).
Our time-resolved26 and static X-ray scattering results for
C2H4I2 in methanol show that the gauche form is almost absent
within experimental error. This observation is in agreement with
the calculated energy difference of 2.617 kcal/mol between the
anti and gauche forms in methanol, since, at this energy
difference, the gauche population is less than 1% at 300 K. The
measured nonbonded I‚‚‚I distance of 5.1 Å, as shown in Figure
2b, is in good agreement with the calculated value of 5.105 Å
for the anti conformer, and not with 4.034 Å for the gauche
conformer.
3.3. Dissociation Potential Energy Surfaces. Bridged and
Anti Conformers of C2H4I•. The overall potential energy levels
of various candidate species along the photoreaction pathways
of C2H4I2 are shown in Figure 5. Starting from the hot C2H4I2*
molecule, the first step in dissociation is to form C2H4I• + I•.
The bridged and anti conformers of the haloethyl radical C2H4I•
were first calculated using the HF, MP2, B3LYP, and CCSD(T) methods in the gas phase, and based on these results, the
calculations were extended to solution at the HF and B3LYP
levels with the SCIPCM model. The structures of the anti and
bridged forms of C2H4I• are shown in Figure 6. The selected
optimized geometrical parameters are presented in Table 2, and
the relative energies are listed in Table 3. The detailed structural
parameters and the XYZ coordinates of the C2H4I• radical with
bridged and anti conformers are shown in Supporting Information Table 4S. The calculated vibrational frequencies for the
gas phase and for methanol are shown in Supporting Information
Table 5S.
At the B3LYP and CCSD(T) levels, the anti form converged
to the bridged form. The calculated C-I bond length in the
bridged form is 3.107 Å in methanol at the B3LYP level, in
good agreement with the experimental value 3.06 ( 0.02 Å
obtained from time-resolved X-ray diffraction.26 The calculation
at the Restricted Open-Shell Hartree-Fock (ROHF) level gave
a C-I bond length of 4.144 Å, indicating that the ROHF method
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Figure 6. Geometries of C2H4I•_b (2A1), C2H4I•_a (2A′), C2H4I-I (1A1)
isomer, and I3- (1∑g). Selected geometric parameters in the gas phase,
in methanol, and in cyclohexane at the B3LYP level are shown
sequentially; bond lengths are in angstroms, and angles are in degrees.
Geometric parameters of the anti form of C2H4I• are calculated at the
ROHF level. ICCI indicates the dihedral angle. The detailed structural
parameters and XYZ coordinates are shown in Supporting Information
Table 4S.

does not describe the bridged C2H4I• radical properly. In the
gas phase, the C-I bond length in the bridged C2H4I•, optimized
at the ROHF, MP2, B3LYP, and CCSD(T) levels, is 4.138,
3.129, 3.149, and 3.285 Å, respectively. The MP2 and B3LYP
methods produce reasonable results, while the CCSD(T) method
slightly overestimates the C-I bond length. The effect of
solvation on the molecular geometry is shown in Table 2: the
change in the C-I bond length of bridged C2H4I• in going from
the gas phase to methanol and cyclohexane is 0.042 and 0.018
Å, respectively, at the B3LYP level, which shows again that
the effect of cyclohexane is ∼40% of that of methanol.42
While the anti form of C2H4I• converged to the bridged form
at the B3LYP level, the optimization in solution can only be
performed at the HF and B3LYP levels. Thus, the relative
energy between the bridged and anti forms in optimized
geometries in solution is only available at the HF level, as shown
in Table 3. The relative energy of 7.985 kcal/mol in the gas
phase and 7.391 kcal/mol in methanol at the HF level may
overestimate the real energy difference. As discussed above,
the HF method cannot produce geometrical parameters for the
bridged form appropriately. Single-point energies in the gas
phase and in solution at the CCSD(T) level are calculated on
the basis of the gas phase geometries of the bridged and anti
forms obtained with the MP2 method. The optimized relative
energy at the MP2 level and the single-point relative energies
at the CCSD(T) level are shown in Table 3. The relative energy
between the bridged and anti forms of the C2H4I• radical is
about 3 kcal/mol. This energy difference is of the same order
as the energy difference between the anti and gauche conformers
of the parent molecule C2H4I2 (Supporting Information Table
1S).
Final Products. Table 4 shows the relative energies of the
reaction intermediates and products as compared to the parent

J. Phys. Chem. A, Vol. 109, No. 45, 2005 10455
molecule C2H4I2 in the ground state. The bridged haloethyl
radical C2H4I• + I•, generated from the decay of the excited
parent molecule C2H4I2*, is initially excited with an excess
energy of 45.906 kcal/mol in methanol. Since dissociation of
the remaining β-carbon-halogen bond to form C2H4 + I•
requires an energy input of only 4.391 kcal/mol in the gas phase
and 5.212 kcal/mol in methanol, further dissociation is possible.
Dissociation of C2H4I• by secondary C-I bond breakage might
be less efficient in solution than in the gas phase due to
vibrational cooling. However, vibrational energy transfer to the
solvent may not completely suppress secondary dissociation,
because the distribution of internal vibrational energy in the
haloethyl radicals is fairly broad.43,44 The I2 molecule lies 43.193
kcal/mol lower in energy than two free iodine atoms in
methanol. If the secondary dissociation reaction occurs, C2H4
+ I2 can be formed directly without energy barrier, as shown
in Figure 5. The secondary dissociation is the most important
channel in the photochemical reactions of C2F4I2 in the gas
phase,21 and the photodissociation studies on C2F4I2 and C2H4I2
in solution also suggested the secondary dissociation mechanism.45
The solvation cage may contain the liberated iodine atom
within the interaction distance of the remaining iodine on C2H4I•
and lead to the formation of a new species. As shown in Figure
5, the interaction of the free iodine atom with the haloethyl
radical can form a C2H4I-I isomer. The scan along the I-I
distance of the isomer shows that there is no energy barrier for
the transition from the bridged C2H4I• + I to the C2H4I-I
isomer. The calculated results are shown in Supporting Information Figure 2S.
The C2H4I-I isomer has a significant interaction between
the C2H4 moiety and the I2 group and is lower in energy than
C2H4 + I2 by 1.480, 1.119, and 1.411 kcal/mol in the gas phase,
methanol, and cyclohexane, respectively. The geometry of the
C2H4I-I isomer is shown in Figure 6. The isomer has C2V
symmetry, with an I-I bond length of 2.747 Å in methanol
(2.733 Å in the gas phase and 2.737 Å in cyclohexane).
Compared with the C-I bond length 3.107 Å of the C2H4I•
radical, the C-I bond length of the C2H4I-I isomer is elongated
to 3.273 Å in methanol, which indicates a weaker interaction
than that in the bridged C2H4I•. Due to the long distance between
the iodine and carbon atoms, the C2H4I-I isomer might be
considered as an I2-C2H4 van der Waals (vdW) complex. The
LUMO and part of the valence molecular orbital depictions of
the isomer are shown in Supporting Information Figure 1S. The
HOMO-5 shows molecular orbital overlap between the I2 and
C2H4 groups. Following the molecular orbital definition,46 the
“overlap” implies covalent character rather than weak vdW
interaction. In this context, the isomer is not a “true” vdW
complex such as the He dimer, in which there is no MO with
bonding character between two He atoms.
The interatomic distances for ordinary vdW interaction can
be estimated by the formula R ) 2xRARB - ∆R, where R is
the van der Waals (vdW) radius and ∆R is the correction term
(∆R ) R - Rmin or ∆R ) R - Rmax) of which the value usually
does not exceed 0.15 Å.47 With RC ) 1.7 Å,48 RI ) 2.13 Å49
and ∆R ) 0.15 Å, the lower limit of the vdW distance between
carbon and iodine atoms is calculated to be 3.66 Å, which is
0.39 Å longer than the C-I distance of the C2H4I-I isomer.
The isomer may still be considered as a vdW complex in a broad
sense, when individual identities of the I2 and C2H4 moieties
of the isomer are emphasized.
In comparison with the secondary dissociation leading to C2H4
+ 2I, which is a unique reaction channel in the gas phase, the

10456 J. Phys. Chem. A, Vol. 109, No. 45, 2005

Kong et al.

TABLE 2: Selected Structural Parametersa of the Bridged and Anti Conformers of C2H4I• in the Gas Phase and in Solution
gas phase
C2H4I•_b

C-C
C-I
I-C-C
C-C
C-I
I-C-C

C2H4I•_a

in methanol

in cyclohexane

ROHF

MP2

B3LYP

CCSD(T)

ROHF

B3LYP

ROHF

B3LYP

1.319
4.138
80.8
1.473
2.205
111.7

1.349
3.129
77.6
1.463
2.195
110.2

1.343
3.149
77.7

1.351
3.285
78.1

1.320
4.144
80.8
1.471
2.218
111.4

1.348
3.107
77.5

1.319
4.136
80.8
1.473
2.209
111.7

1.345
3.131
77.6

a Bond lengths in angstroms and angles in degrees; C H I•_b denotes the bridged form, C H I•_a denotes the anti form; the anti form converges
2 4
2 4
to the bridged form at the B3LYP and CCSD(T) levels.

TABLE 3: Relative Energies (kcal/mol) of the Bridged and
Anti Conformers of C2H4I• in the Gas Phase and in
Solutiona

C2H4I•_b
C2H4I•_a

HF

MP2

0
7.99
(7.39)

0
3.04

MP3//
MP2

MP4SDQ//
MP2

CCSD//
MP2

CCSD(T)//
MP2

0
3.94
(3.77)

0
3.71
(3.52)

0
3.46
(3.26)

0
3.55
(3.41)

a The values in parentheses are the relative energies in methanol
solution.

TABLE 4: Relative Energies (kcal/mol) of the Reaction
Intermediates and Products in the Gas Phase and in
Solution at the B3LYP Levela
species

gas phase

in methanol

in cyclohexane

C2H4I2
C2H4I•_b + I•
C2H4 + 2I•
C2H4I-I
C2H4 + I2

0
46.66
51.05
5.75
7.23

0
45.91
51.12
6.81
7.93

0
46.34
51.08
6.10
7.51

a

All values are corrected for the zero-point energies.

abstraction reaction becomes an important channel in methanol.
The change of reaction pathways in going from the gas phase
to the solution phase has been established by both experiment
and theory previously.50,51 According to the PES shown in
Figure 5 as well as previous experimental results, the following
reaction mechanisms are plausible:
In the gas phase

C2H4I2* f C2H4I•_b + I• f C2H4 + 2I•
(secondary dissociation)
In solution

C2H4I2* f C2H4I•_b + I• f C2H4 + 2I• f C2H4 + I2
(secondary dissociation)
C2H4I2* f C2H4I•_b + I• f C2H4I-I f C2H4 + I2
(abstraction reaction)
where C2H4I•_b stands for the bridged C2H4I•. In a highly polar
solvent like methanol, the strong interaction between the solute
and the solvent can suppress secondary dissociation of the
haloethyl radical through vibrational cooling. At the same time,
the solvation cage built around the solute molecules increases
the interaction between the liberated iodine atom and the
haloethyl radical. This solvation effect thus promotes the
interaction between C2H4I• and I to subsequently form the
C2H4I-I isomer. Therefore, the abstraction becomes an important reaction channel for C2H4I2 in solution. Energetically, the
abstraction reaction is more favored than the secondary dissociation. The direct formation of C2H4 + I2 from C2H4I + I
through an abstraction pathway cannot be excluded. However,

since the C2H4I-I isomer is 1.119 kcal/mol lower in energy
than C2H4 + I2 in methanol, the formation of the C2H4I-I
isomer is more probable.
At this stage, a full description of the photoinduced reaction
of C2H4I2, supported by both experiments and our calculations,
can be proposed. Ihee et al. showed that the excited C2F4I2*
molecule decays in a two-step process in the gas phase.21 An
ultrafast C-I bond breakage is followed by a secondary C-I
cleavage in the resulting C2F4I• radical. Lee et al. and Lou et
al. also suggested the occurrence of secondary dissociation in
haloethyl radicals.52-54 We note that according to our calculations the isomer formation is energetically more favored than
the secondary dissociation even in the gas phase, as shown in
Figure 5. However, in a typical gas phase experiment, it is
unlikely that the free iodine will encounter the C2H4I radical
and have a chance to form the isomer. A° kesson et al. suggested
in their study of C2H4I2 in acetonitrile solutions that both
secondary dissociation and abstraction channels are possible and
that the process might be dominated by secondary dissociation
in the C2H4I• radical.45 In contrast, our recent time-resolved
X-ray diffraction study of C2H4I2 in methanol26 revealed that
the formation of C2H4 + 2I is negligible within the experimental
time resolution of 100 ps. Instead, the C2H4I-I isomer appears
at ∼100 ps, peaks around ∼10 ns, and persists until µs. The
results from time-resolved X-ray diffraction are consistent with
the conclusion drawn from calculations, that the abstraction is
energetically more favored than the secondary dissociation. The
measured I-I distance 2.75 Å is also in good agreement with
the calculated value 2.747 Å at the B3LYP level. The C2H4I-I
isomer eventually dissociates into C2H4 + I2, which is 1.119
kcal/mol uphill on the energy surface. Therefore, this final step
is entropy driven.26 The scan calculation along the C-I
coordinate of the C2H4I-I isomer in Supporting Information
Figure 3S shows that no transition state exists between the
isomer and C2H4 + I2.
The I3- ion, with an absorption maximum at 362 nm, was
formed on longer time scales in previous studies of the solution
C2H4I2/CH3CN.45 This species is also observed in our study of
C2H4I2/CH3OH,26 on a time scale of hours. As shown in Figure
6, I3- optimized at the B3LYP/6-311+G(d) level has a linear
structure with an I-I bond length of 3.011 Å in the gas phase
(2.999 Å in methanol and 3.003 Å in cyclohexane).
The Ground and Excited State Potential Energy Surfaces
(PESs) of C2H4I2 and Vertical Excitation Energy. TD-DFT has
proven to be a reliable method for computing transition energies
and oscillator strengths.55,56 The vertical excitation energies and
oscillator strengths of the parent molecules C2H4I2_anti, intermediate C2H4I•_bridged, and the C2H4I-I isomer in the gas
phase and in solution were calculated with the TD-B3LYP
method, and the results are shown in Table 5 and Supporting
Information Table 6S.
The calculated absorption peak of C2H4I2 in methanol is at
269 nm, blue shifted by 2 nm as compared to that in the gas

Photodissociation Reaction of C2H4I2 in Solution
TABLE 5: Calculated Absorption (nm) and Oscillator
Strengths (in Parentheses) of C2H4I2 at Different Excited
States in the Gas Phase and in Solution at the TD-B3LYP
Level
C2H4I2 (anti)
excited states

gas phase

in methanol

in cyclohexane

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

320 (0)
315 (0)
312 (0)
309 (0)
278 (0)
271 (0.0005)
271 (0.0355)
270 (0)
248 (0)
243 (0)
242 (0)
238 (0.0127)
238 (0)
235 (0)
233 (0)

316 (0)
311 (0)
309 (0)
306 (0)
276 (0)
270 (0.0002)
269 (0.0387)
268 (0)
248 (0)
239 (0)
237 (0)
234 (0)
233 (0.0126)
230 (0)
229 (0)

318 (0)
314 (0)
311 (0)
308 (0)
277 (0)
271 (0.0003)
270 (0.0369)
269 (0)
248 (0)
242 (0)
240 (0)
236 (0.0127)
236 (0)
233 (0)
231 (0)

phase. In comparison with the experimental absorption peak at
261 nm, an empirical wavelength scaling of 0.97 is needed
between theory and experiment. The maximum of I2 absorption
in the visible range calculated at the TD-B3LYP level is 553
nm in the gas phase, identical to the experimental value.57 No
experimental transient absorption spectra for the bridged C2H4I•
radical and the C2H4I-I isomer are available for comparison,
but the calculated absorptions and oscillator strengths of the
bridged C2H4I• radical and the C2H4I-I isomer are shown in
Supporting Information Table 6S.
The excited PESs of C2H4I2 along the r(C-I) bond-stretching
coordinate were calculated using the TD-B3LYP method with
the same basis sets as described above. Figure 7 shows the
various excited states of the PES. Under 267 nm laser excitation
(4.65 eV), the C2H4I2 molecule is promoted to the seventh
excited state (1Bu state). The excited molecule will at first
instance preserve its ground state structure and then relax on

Figure 7. Ground and excited state potential energy surfaces of C2H4I2
along the r(C-I) bond-stretching coordinate. The seventh excited state
(1Bu) is plotted thicker (blue) to highlight the dissociation PES of the
C2H4I2 molecule excited with 267 nm. The C2h symmetry of the ground
state structure breaks as the C-I distance becomes longer; the values
in parentheses show the Cs group term symbols.
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the 1Bu energy curve to form a hot C2H4I2* molecule with a
greater C‚‚‚I distance. The subsequent transformations are the
dissociation reaction through C2H4I2* f C2H4I• + I• and the
fast recombination C2H4I2* f C2H4I2 due to the surrounding
solvent molecules.
The stretching coordinate at r(C-I) ) 3 Å is the point where
the restricted DFT singlet ground state breaks down to the
unrestricted one, and the TD-DFT single-point energy calculation starts to produce negative excitation energies. For this
reason, the excited PESs at r(C-I) > 3 Å are not shown.
4. Conclusion
The photodissociation reaction process of C2H4I2 in the gas
phase and in solution has been investigated using ab initio and
DFT methods. The bridged conformer of the C2H4I• radical,
which lies about 3 kcal/mol lower in energy than the anti form,
is dominant both in the gas phase and in the solution phase.
The excited C2H4I2* dissociates in a two-step process: in the
gas phase, initial C-I bond rupture is followed by secondary
cleavage of the C-I bond in the haloethyl radical C2H4I•,
whereas, in solution, the abstraction is a more important process
than the secondary dissociation and becomes a major pathway.
The C2H4I-I isomer, which is a covalently bonded molecule
with a lower energy than C2H4 + I2, is formed through the
interaction of C2H4I• with I•. The ground state structure of 1,2diiodoethane in methanol was experimentally determined by
static X-ray scattering and compared with the theoretical values.
The measured structure is in good agreement with the one
predicted by theory.
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