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Species of the form CH,X-Y (X, Y = Br, I) have been proposed and identified as recombination products of the pho-
todissociation of the parent dihalomethanes. Second-order complete active space perturbation theory (CASPT2) calculations
of the vertical absorption energies considerably overestimate the experimental transient absorption band maxima, while
the computationally cheaper time-dependent density functional theory (TD-DFT) method yields results with a reasonable
agreement. In this work, we try to find the reason for this unexpected performance difference. In an initial study of the I,
molecule, we establish that CASPT2 is capable of providing quantitatively accurate results and that the TD-DFT values are
only valid at first sight, but are qualitatively flawed. In the CASPT2 calculations for the CH,X—Y molecules, we include
relativistic corrections, spin—orbit coupling, vibrational and thermal effects, and the solvent polarisation. Unfortunately, the
results do not improve appreciably compared to the experimental measurements. We conclude that the good agreement of
TD-DEFT results is very likely fortuitous in this case as well, and that further theoretical and experimental investigations are
probably needed to resolve the current discrepancy between CASPT2 and experiments.

Keywords: dihalomethanes; transient absorption; spin—orbit coupling; rovibronic transitions

1. Introduction

The photodissociation of dihalomethanes containing
bromine and/or iodine has been experimentally and theoret-
ically studied because of their importance in atmospheric
chemistry, their use in organic chemistry, and the possibil-
ity of considering them as model systems for understanding
the fundamental photochemical reactions in laser-induced
dissociations and the subsequent recombination process.

Experimental studies on the photodissociation reactions
in solutions and in cold solid matrices have detected short-
lived photoproducts with characteristic absorption bands
in the 300-800 nm region, which have been identified as
the recombination isomers CH,X-Y (X, Y = Br, I) [1-6].
Apparently, the parent CH,X Y molecule suffers a cleav-
age of the C—Y bond, resulting in the CH,X and Y initial
fragments. In the gas phase these fragments separate, but
within the cage provided by the solvent or solid environ-
ment they can recombine to form the CH,X-Y isomer to
some measurable extent.

Theoretical calculations have helped establishing the
identity of the CH,X-Y species and the photolysis path-
ways of the parent dihalomethanes [2—4,7-9]. It is, how-
ever, significant that calculations with a multiconfigura-
tional method such as multistate second-order complete
active space perturbation theory (MS-CASPT2)/CASPT2,

which has often been shown to be highly reliable, predict
absorption maxima that are at least 0.5 eV too high com-
pared to the experimental results. Meanwhile, the compu-
tationally cheaper time-dependent density functional the-
ory (TD-DFT) with Becke’s three-parameter Lee- Yang-Parr
(B3LYP) hybrid functional method yields values in reason-
able agreement with the experiments. Other features of the
CH;,X-Y species, like vibrational frequencies or a lower en-
ergy absorption band, are correctly reproduced by CASPT2.
In this work, we address the discrepancy between
CASPT2 and experiments in the location of the absorp-
tion maxima at around 400 nm (3.1 eV). We study the four
CH;X-Y species mentioned, focusing on the correspond-
ing electronic transition (Sg — S3). In the CASPT?2 calcu-
lations, we include relativistic corrections and spin—orbit
coupling, and we analyse how the temperature, vibrational
levels and solvent influence can affect the absorption max-
imum. With this, we try to identify the reason for the dis-
appointing CASPT2 results and whether the TD-DFT ones
can be relied on or they must be considered accidental.

2. Method and details

The ground-state, Sy, geometries of CH,Br-Br, CH,Br—
I, CH,I-Br and CH,I-I were optimised at the CASPT2
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[10] level with a state averaging (SA) of six roots in the
complete active space self-consistent field (CASSCF) ref-
erence. Potential energy curves were also obtained along the
interhalogen distance, #(X-Y), coordinate: for fixed X-Y
distances between 2.5 and 6.0 A the rest of the coordinates
were optimised on the ground-state surface. Vertical exci-
tation energies (7v) and oscillator strength (f) values were
evaluated for a number of electronic states (six singlets
and five triplets, 6s+5t) obtained with the MS-CASPT2
method [11]. Spin—orbit coupled (SOC) states were also
obtained by applying the complete active space state inter-
action (CASSI) treatment on top of the MS-CASPT?2 results
[12], in conjunction with the atomic mean-field integral
[13] approximation. Solvent effects, when included, were
introduced with the polarisable continuum model (PCM)
method [14] or its conductor version (C-PCM) [15], by
using non-equilibrium conditions on the excited state.

The active space used was 12 electrons in eight orbitals
(12e,80), including the p orbitals of the halogens and the s
and p orbitals of C, except those involved in C—H bonds. The
C[He], Br[Ar] and I[Kr] cores were left uncorrelated at the
(MS-)CASPT2 level. The basis set used in all calculations
was ANO-RCC [16], with triple-{ contraction on the va-
lence shell and polarisation functions (ANO-RCC-VTZP).
Scalar relativistic effects were included in all CASPT?2 cal-
culations through the second-order Douglas—Kroll-Hess
transformation, and the default ionisation energy—electron
affinity (IP—EA) shift of 0.25 E}, [17] was applied to the
zeroth-order Hamiltonian. No symmetry constraints were
applied. All these calculations were performed with the
Molcas 7 quantum chemistry software [18].

For benchmarking, some additional calculations were
run on the I, molecule. In this case, the same methods de-
scribed above were used, with a full valence (14e,80) active
space, and the states included in the CASSI-SOC calcu-
lations were 5s+5t and 10s+10t. For comparison, we also
treated the I, molecule with spin-unrestricted (TD-)DFT
methods, using the B3LYP hybrid functional, and with the
basis sets ANO-RCC-VTZP, Sadlej-pVTZ [19] and aug-cc-
pVTZ-PP [20]. Scalar relativistic corrections were included
in all CASPT2 calculations and some of the DFT calcula-
tions; these are indicated with ‘DKH2’. All DFT calcula-
tions were done with the Gaussian 09 quantum chemistry
software [21] and included the first 20 singlet or triplet roots
with the TD-DFT treatment.

2.1. Rovibronic analysis

In order to include the contribution from the different rovi-
bronic transitions to the final absorption spectra, we com-
puted the ro-vibrational levels on the ground and excited
electronic states, as well as their relative population and
probability of transition between them. For this task we
used the VibRot program included in Molcas. For each po-
tential energy curve (E vs. r) the ro-vibrational Schrodinger

Table 1. Equilibrium distance, re, and vertical absorption en-
ergy, Ty, for the I, molecule obtained at different calculation
levels.

re (A) Ty (eV)
MS(5s+5t)-CASPT2 2.652 2.32
MS(10s+10t)-CASPT2 2.651 2.32
UB3LYP/Sadlej 2.719 2.15
UB3LYP/aug-cc 2.703 2.09
UB3LYP/ANO+DKH2 2.692 2.16
UB3LYP/Sadlej+DKH2 2.563 2.55
Experimental [22-25] 2.666 2.34

equation is solved numerically, and the overlap between
the wave functions of the different electronic states can be
computed. The transition probability (oscillator strength,
Jij) can be obtained by incorporating the r-dependent tran-
sition dipole moment, ;. , between the two electronic states
in the overlap calculation:

fij x / @} (r)®'(r)uT(r)r* dr, (1)

where @} and @', are the i and j normalised ro-vibrational
wave functions on the ground and excited electronic states,
respectively.

To simulate the absorption spectrum, we assign to each
i — j transition an intensity proportional to f;; and to the
Boltzmann population of the ground-state level i at the de-
sired temperature. A Lorentz-type curve of a given width,
centred at the corresponding transition energy and with an
area proportional to the intensity, is generated for each tran-
sition, and the sum of all these curves is the final simulated
spectrum.

Obtaining the potential energy curves for the I,
molecule is simple, as the » coordinate is trivially the -1 dis-
tance. For the CH, X—Y molecules we had to use a reduced
dimension, since the method is only applicable to diatomic
molecules. We represented the CH,X—Y molecules as fic-
titious Q—Y diatomic molecules, where Q is a pseudo-atom
that replaces the CH,X moiety, with its mass, and located
at its centre of mass (quite close to the X atom). The en-
ergy curves of CH, X-Y along the #(X-Y) coordinate were
then referred to the Q-Y distance, and we proceeded as
described.

3. Results and discussion
3.1. I, molecule

As an assessment of the quality of the methods used, we per-
formed an initial study of the I, molecule. The equilibrium
bond length r¢ was found by minimisation of the energy,
and values thus obtained are given in Table 1. We note first
that the CASPT2 results are very close to the accepted
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Figure 1. Potential energy curves for the I, molecule with
three selected methods. Each curve is shifted to have the
minimum at 0 eV. MS(10s+10t)-CASPT2 is almost coin-
cident with MS(5s+5t)-CASPT2, and UB3LYP/aug-cc and
UB3LYP/ANO+DKH?2 are very similar to UB3LYP/Sadle;j.

experimental value (2.666 A), while DFT calculations
show larger deviations. Non-relativistic calculations over-
estimate the bond distance by 0.04-0.05 A, and the use
of a relativistic basis set (ANO-RCC-VTZP) together with
the scalar correction makes it somewhat better. However,
including the correction with a non-relativistic basis set
(Sadlej+DKH?2) results in an underestimation of 0.1 A.

A scan of the potential energy curves was done for
bond lengths between 2 and 5 A, and some of the curves
are shown in Figure 1. Most DFT curves are very similar
to each other and, considering the shift of the minimum
distance, are also very similar to the CASPT2 curves around
the minimum, the main difference being the dissociation
energy, which is ~0.3 eV larger with DFT. The most striking
difference is the UB3LYP/Sadlej+DKH?2 curve, which once
again shows that one should not use relativistic corrections
with a non-relativistic basis set.

We also computed the vertical absorption energies, Ty,
at equilibrium geometries, for the transition with the high-
est oscillator strength in the region corresponding to the
X Eg ) — B(3I'I+u) transition of I,. The values are also
displayed in Table 1. Again, we find a very good agreement
of CASPT2 results with the experiment. TD-DFT results
are underestimated by 0.15-0.20 eV, but adding the DKH2
correction with a non-relativistic basis set increases the Ty
value by 0.4 eV, making it overestimated instead.

The computed Ty values, in the SOC-CASPT2 calcu-
lations, correspond to the transition to the sixth excited
state, which is almost a pure triplet, while the ground state
has an ~2% triplet character. The excited-state curve has
a minimum at around 3.0 A (see Figure 2), comparable
to the literature value of 3.024 A [24]. In contrast, the Ty
values reported for TD-DFT calculations correspond to the
So — S transition, involving only singlet states; the closest
triplet states are at ~1.5 and ~3.1 eV above the ground-state
minimum, much farther from the experimental absorption
maximum. In the SOC-CASPT2 calculations, there is a
predominantly singlet state at around 2.45 eV which should
probably be compared to the S; state in the TD-DFT results.
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Figure 2. Top panel: potential energy curves of the ground and
excited states of I, (left-hand axis), and transition dipole moment,
u (right-hand axis), calculated at the SOC-MS(5s+5t)-CASPT2
level. Bottom panel: simulated absorption spectrum at 300 K from
the data above. Inset: experimental spectrum, reprinted with per-
mission from Ref. [25] (Copyright (1987) [American Chemical
Society]).

From the CASPT?2 calculations we could obtain smooth
potential energy curves for both the ground state (X) and
the excited state (B), which allowed us to compute the vi-
brational levels in both states and the vibrational structure
of the corresponding absorption band, as described above.
The simulated absorption spectrum, displayed in Figure 2,
is very similar to the experimental one [25], the envelopes
corresponding to v = 0, 1 and even 2 can be distinguished,
and the maximum absorption occurs at around 545 nm
(2.27 eV), which slightly deviates the Ty result in Table 1
from the experimental reported value of 529 nm (2.34 eV).
In addition, we also calculated the vibrationally averaged
expectation value for the bond length 7, which is 2.666 A
at 300 K and 2.675 A at 450 K (compare the latter with the
experimental 2.681 A [26]).

The TD-DFT curves for the excited states, however,
have some continuity issues (cusps) around 3.3-3.6 A and
are not appropriate for a vibrational analysis.

Taking all these results together, it seems that SOC-MS-
CASPT2/ANO-RCC-VTZP is capable of giving results in
qualitative and quantitative agreement with the experiment.
The shape of the potential energy curves, position of the
minima, vertical absorption energy, nature of the electronic
states and vibrational structure of the absorption band all
match very closely the available experimental data. This
therefore supports the validity of the method for study-
ing the CH,X-Y (X, Y = Br, I) systems, which would
conceivably require a similar level of theory. On the other
hand, the different DFT results show a number of issues:
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Table 2. Interhalogen bond lengths (in A) and vertical excitation
energies to the S; state (in eV) for the CH,X—Y molecules.

CH,Br-Br CH,I-Br CH,Br-1 CH,I-I

r(X=Y)

CASPT2? 2.625 2.734 2.830 2.950
Ty

CASPT2? 4.06 4.01 3.86 3.85
TD-B3LYP 3.320 3.46° 2.94¢ 2.92¢

Experimental ~3.44% ~3.10-3.44°¢ 2.80¢ ~3.22¢

Notes:  2SOC-MS(6s+5t)-CASPT2/SA(6)-CAS(12,8)PT2/ANO-RCC-
VTZP. bRef. [3]. °Ref. [4]. IRef. [5]. °Ref. [2].

although the equilibrium bond length is approximately cor-
rect, there are discontinuity problems at longer distances
in the potential energy curves; the computed vertical ab-
sorption energies are not too far from the experimental
values, but the excited state is identified as a singlet and no
triplet candidate is found nearby, which leads to the con-
clusion that the apparently good result is in this case only
fortuitous.

3.2. CH,X-Y systems

We carried out for the CH,X-Y (X, Y = Br, I) systems
a similar study to that performed for I,. A more detailed
report on the geometry and electronic structure of these sys-
tems has already been published in previous works [7-9].
In this paper, we concentrate on analysing the transition
assigned to the experimental band found at 370450 nm,
due to the significant difference between the computed and
experimental values.

The geometry of each molecule was optimised at the
CASPT2/ANO-RCC-VTZP level, and a scan of the po-
tential energy surface was done by varying the X-Y dis-
tance and optimising the other degrees of freedom. The
optimised X—Y distances are shown in Table 2. At each
point of these scans, single-point calculations were done
with SOC-MS(6s+5t)-CASPT2, and the vertical transition
energies were computed to the excited state with largest os-
cillator strength in the region of 3—4 eV, which in all cases
was a state with the main contribution from the fourth sin-
glet, and we will refer to it as S3 even if it has some mixing
with other spin-free states. The 7y values obtained at the
optimised geometries are given in Table 2. We note that
some results differ from those published earlier at a similar
computational level by 0.1-0.2 eV, which is due to the dif-
ferent value of the IP—EA shift, which is 0.25 Ej}, in this
work and by default in Molcas versions since 6.4, while
previous versions had no such shift.

In general, the perturbed zero-order wave functions of
both the ground and excited states are described with the
same two electron configurations, one of closed-shell type

and the other of diradical type. The ground state can be
described as composed of ~60% of the closed shell and
~25% of the diradical, while the excited S; state is ~20%
closed shell and ~50% diradical. The Sy — S; transition
thus corresponds to a redistribution of these configurations
and the overall electron density decreases near the C and X
atoms, while it increases on the Y atom. It must be noted
that the above characterisation of the states is only valid in
terms of the average orbitals obtained by the SA-CASSCF
procedure, and the description would change if a different
set of orbitals, such as state-specific natural orbitals, were
used.

The first observation from Table 2 is that the X—Y bond
distances are rather long (compare with the Br,, IBr and
I, bond distances: 2.281, 2.469 and 2.666 A, respectively
[24]). The I-I distance in CH,I-I has been determined ex-
perimentally through picosecond X-ray diffraction at 3.02
+ 0.02 A [6]. In comparison, the present value is somewhat
lower, while the B3LYP/TZVP result reported in Ref. [2]
is much closer, 3.042 A. However, it must be considered
that the experiment measures the average distance and not
the equilibrium distance, and, when vibrational averaging
at 300 K is included (see below), the predicted CASPT2
distance is 2.982 A, and a similar increase would be ex-
pected for B3LYP values. Thus, a comparable performance
of these methods is found to what was described above
for I, where CASPT2 slightly underestimates and B3LYP
overestimates the bond length.

Another observation from Table 2 is that all the com-
puted absorption energies are very similar to each other,
with those for species where Y = I being ~0.2 eV lower
than for Y = Br. This is a result of the electron structure
being rather similar in all these species, and supports includ-
ing all of them in a single study. However, the main motive
for this work is the fact that in all species the computed
transition energies are 0.4—1.0 eV higher than the exper-
imental transient absorption bands attributed to them. As
shown in previous works [7-9], in all the CH, X-Y systems
the active S; state is the 13th SOC state at the equilibrium
geometry, and the oscillator strength for the Sy — Sj tran-
sition is of the order of 0.6. The immediately lower states
are 1.0-1.5 eV below S; and their oscillator strengths are
at least two orders of magnitude weaker. Thus, it does not
seem likely that the experimental absorption around 3 eV
be due to any other state than the S; state studied here; in
fact, a lower energy band has been found in argon matrices
which agrees quite well with the strongest transitions below
the S; state [1].

Surprisingly, the TD-DFT calculations reported by
other authors give results in very good agreement with the
experiment, except maybe for the CH,I-I species. This is
striking due to the above-mentioned partial diradical char-
acter of the ground state, which would be expected to dete-
riorate the quality of DFT methods. Besides, these TD-DFT
calculations did not include relativistic effects, which may
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be important for the present systems, and this could be one
reason for the poorer performance of CH,I-1.

In spite of the apparent good performance of TD-DFT,
these results should be taken with caution. We note that
there is a significant uncertainty in the experimental maxi-
mum absorption of CH,[-Br and that the value for CH, Br-1
was obtained in acetonitrile as solvent, while the other ex-
periments were done in cyclohexane. Comparison with the
CH,I-I absorption (3.22 eV in cyclohexane [2]; 3.14 eV
in acetonitrile [27]) would give ~2.90 eV for CH,Br-I in
cyclohexane. Nevertheless, TD-DFT estimations are much
closer to experiment than CASPT2 ones. Given the usually
very good performance of CASPT2 and the frequent prob-
lems of TD-DFT, as demonstrated in the I, case above, we
believe that the good TD-DFT agreement is accidental and
that there is some factor unaccounted for in the calculations
or in the interpretation of the experiments that causes the
rather large and systematic discrepancy with CASPT2. In
the following, we try to include as many of these factors
as possible, hoping to bring the CASPT2 results closer to
experimental values.

Active space and basis set. The active space used for the
CH,X-Y calculations is somewhat reduced compared to
that used for I,. We tested how this fact could affect the
results. First, we applied a smaller active space to the I, cal-
culations, excluding the s orbitals, which leaves (10e, 60).
The equilibrium bond distance was not affected, and the Ty
value was 0.06 eV higher than with the larger active space.
We then performed some additional single-point calcula-
tions on CH,X-Y systems, with an extended active space
which includes the full valence shell, that is, (20e,140).
Similarly to the I, case, the vertical transition energies are
reduced by ~0.05 eV or less with the larger active space.
To test the influence of the basis set, we did some single-
point calculations on CH,X-Y species with a larger basis
set, by using a quadruple-¢ contraction of the ANO-RCC
set (ANO-RCC-VQZP). In this case, the Ty values are only
reduced by ~0.02 eV. These results indicate that the basis
set and the active space chosen for the main CH,X-Y cal-
culations do only introduce minor errors in the transition
energies and the conclusions are therefore not affected.

Spin—orbit coupling effect on the geometry. In the above
results, the transition energies were calculated by including
the SOC through the CASSI treatment of the MS-CASPT2
wave functions, but the geometries were optimised at the
single-state, spin-free CASPT2 level. Although the SOC
effect on the geometry is expected to be minor, it could
still have a significant effect on the transition energies. The
S; state is bonded, but it has the minimum at longer X-Y
distances and it is quite repulsive in the Sp minimum region.
For example, in CH,Br—Br (see Figure 3) a lengthening of
the Br-Br distance by 0.05 A would reduce Ty by 0.15 eV,
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40 e JIREEE Ll Y
—~ 3.0 T 30 ~
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= £
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Figure 3. SA(6)-CAS(12,8)PT2/ANO-RCC-VTZP potential
energy curves of the two electronic states studied for CH,Br—
Br. The transition dipole moment, uT, is also represented as a
dotted line.

and the experimental value would be obtained at #(Br—Br)
~ 2.8 A. On the contrary, the Sy curve is quite flat, as can
be deduced from the vibrational frequency (see below), and
at 2.8 A the ground-state energy is only about 8 kJ mol~!
above the minimum.

We computed the SOC-MS(6s+5t)-CASPT2 energies
for all the points along the SA(6)-CAS(12,8)PT2/ANO-
RCC-VTZP curves. For the new potential energy curves
thus obtained along the #(X-Y) coordinate, we calculated
the interpolated minimum on the S state and the 7y value
to the Sj state. The results, displayed in Table 3, showed
only a very slight shift in the minimum position, lower than
0.02 A in all cases, smaller and to shorter distances for Y
= Br and somewhat larger and to longer distances for Y
= L. The interpolated 7y values do not differ much from
those of Table 2, only 4 0.01 eV, except for CH,Br-I where
the change is —0.04 eV. It therefore does not look like the
SOC effect on the geometries is a significant factor in the
discrepancy between CASPT?2 and experimental absorption
energies.

Table 3. Equilibrium interhalogen bond lengths (in A) and ver-
tical excitation energies to the S; state (in eV) for the CH,X-Y
molecules including SOC and solvent effects. All Ty values are
computed at the SOC-MS(6s+5t)-CASPT2 level (with PCM if in
solution); the differences are in the energies used for locating the
minimum of the potential energy curves (see text).

CH,Br-Br CH,I-Br CH,Br-I CH,I-I

r(X=Y)

CASPT2 2.625 2.734 2.830 2.950
SOC-MS-CASPT2 2.624 2,729  2.847 2957
PCM-SOC-MS-CASPT2  2.608 2.654 2.846 2.848
Ty

CASPT2 4.06 4.01 3.86 3.85
SOC-MS-CASPT2 4.06 4.02 3.82 3.84

PCM-SOC-MS-CASPT2  4.12 4.08 3.89 3.86
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Absorbance

Figure 4. Simulated absorption spectrum (full line) of
CH,Br-Br at 300 K from SOC-MS(6s+5t)-CASPT2//SA(6)-
CAS(12,8)PT2/ANO-RCC-VTZP potential energy curves. The
vertical line marks the computed 7 value at the equilibrium ge-
ometry. The dashed lines show the contribution of two different
Sy vibrational levels (the full line contains further terms).

Vibration and temperature.  As discussed above, the X-Y
bond in the CH, X—Y molecules is relatively long and weak;
the experimental frequencies assigned to its stretching are in
the range 130—180 cm™! [2—4]. This means that vibrational
levels are close to each other, higher levels can be populated
at room temperature and the vibrational motion can shift
the absorption maximum from the value at the ground-
state equilibrium distance. It has already been mentioned
that vibrational averaging elongates the effective X—Y bond
in CHyI-1: the effect is computed to be 0.010-0.045 A
in all four species. This alone could explain part of the
discrepancy, as longer distances would result in lower Ty
(Figure 3). However, the expected effect must be confirmed
with an analysis of the vibrational structure of the Sy — S3
band.

To perform this analysis, we computed the vibrational
levels in both the Sy and S5 states and the simulated ab-
sorption spectrum, as detailed in Section 2. As a result,
we find that although levels up to v/ = 7 are populated
with at least 1% of the v/ = 0 population, the maximum of
the absorption band hardly changes from the computed Ty
at the Sy minimum (differences of 0.01 eV or less). This
happens because the lower-energy contribution from one
end of the vibration is compensated by the higher-energy
contribution from the other end. An example is shown in
Figure 4.

Thus, although the lengthening of the average X-Y
bond is appreciable at room temperature, the predicted shift
in the absorption maximum is negligible, at least with the
simple diatomic model we used.

Solvent effect. So far, we have been comparing the cal-
culations performed on isolated molecules with the exper-
imental results, which have been measured in solution. In

most of the experiments, the solvent is cyclohexane, and
such a non-polar solvent is not expected to induce dra-
matic changes in the electronic states of the solute. In
addition, the absorption band does not seem to be ex-
tremely sensitive to solvent polarity (0.08 eV redshift from
cyclohexane to acetonitrile for CH,I-1 [2,27]). Neverthe-
less, since the computed Ty can be significantly affected
by small changes in the molecular structure, we analysed
the effect that the inclusion of the solvent effect has on the
results.

As with SOC effects on the geometry, the solvent ef-
fect was included by performing single-point calculations
with the PCM model on the SA(6)-CAS(12,8)PT2/ANO-
RCC-VTZP optimised structures along the r(X-Y) coor-
dinate. We used the solvent parameters appropriate for
the experiment on each molecule, i.e. cyclohexane for
all except acetonitrile for CH,Br—I (in the latter case,
the C-PCM solvation model was employed). The re-
sulting PCM-SOC-MS(6s+5t)-CASPT2 curves were in-
terpolated to get the X—Y distance and 7y value at the
minimum.

In general, the solvent makes the X—Y distances around
0.00-0.02 A shorter for X = Brand 0.08-0.09 A shorter for
X =1, which in turn increases the Ty values in ~0.07 eV
(0.02 eV for CH,Br-1I) (see Table 3). The shape of the
curves and the nature of the Sy and S5 states are not altered
by the solvent, so the vibrational analysis, as in the gas
phase, does not give an appreciable shift in the absorption
maximum from the Ty value.

Hence, we find that the bulk solvent effect is not re-
sponsible for the CASPT2—experiment disagreement, and
including it only enhances the disagreement.

4. Conclusion

We have carried out a unified study of the Sy — S; ab-
sorption in CH,X-Y (X, Y = Br, I) molecules, which have
been proposed as recombination products found in the pho-
todissociation of dihalomethanes CH, X Y. Previous calcu-
lations with a high-level multiconfigurational method, such
as CASPT2, showed a significant discrepancy between the
computed vertical absorption energy and the experimental
transient absorption maximum. In this work, we have tried
to address this issue and refine the computational results,
by including additional effects like spin—orbit coupling, the
solvent effect or the temperature-dependent population of
vibrational levels.

A benchmark calculation on the I, molecule showed that
the level we have used is capable of providing very good
results in qualitative and quantitative agreement with the
experimental data available. This gives us some confidence
to apply the same method to the CH, X—Y molecules, which
should pose a similar ‘difficulty’.

In spite of our efforts, we always found absorption en-
ergies much too high compared to the experimental results.
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The extent of the overestimation, 0.4—1.0 eV, is unusual for
a state-of-the-art CASPT2 calculation in a system of this
size, and we could not identify the source of this discrep-
ancy in the calculations.

Rather surprisingly, TD-DFT calculations seem to give
transition energy values much closer to the experiments.
As shown with I, it is possible for TD-DFT calculations to
yield an apparently ‘correct’ result that, upon closer exam-
ination, raises serious doubts about its validity. As Zheng
and Phillips mentioned [2], the errors associated with the
TD-DFT method they used can be of about the same size
as found with CASPT2 for these systems. Besides, the na-
ture of the CH,X-Y species, where the ground state is
a mixture of closed-shell and diradical structures, makes
it especially unlikely for DFT to succeed in describing the
electronic structure, while CASPT2 fails. For these reasons,
we believe that the good agreement of the reported TD-DFT
results with the experimental values must be considered an
accident, albeit a fortunate one.

However, although a part of the evidence supporting
the existence of the CH,X-Y forms is based on the DFT
calculations, we do not believe there is enough reason to
discard these species as recombination products. CASPT2
and DFT calculations still agree fairly well with the vibra-
tional frequencies obtained from resonance Raman spectra
[2,7,9], and DFT frequency calculations are generally much
more reliable than excitation energies. Moreover, a weaker
absorption band found at lower energies is also very well
reproduced with CASPT2 calculations [1,7,8], and there is
strong evidence supporting that the ~3.0-3.5 eV band here
studied belongs to the same species.

The calculations performed for this work have not al-
lowed us to reproduce the experimental absorption max-
ima, even though we have used some of the best quality
methods available. We do not believe this is due to a short-
coming of the theoretical methods employed. Nonetheless,
one could still think of further effects not considered here
which might explain the difference. (1) We assumed the
interhalogen X—Y distance as the main coordinate affect-
ing the Ty values; the CH, degrees of freedom could have
an effect that would need to be investigated. (2) Although
the solvent effect on Ty is expected to be minor, our cal-
culations used standard PCM parameters, while the X-Y
bond is rather unusual; it might be that the PCM param-
eters used are not appropriate for describing the solvation
in the CH,X-Y systems. (3) In relation to this, the PCM
method can only include inespecific or bulk solvent ef-
fects, and maybe specific solute—solvent associations are
important, or there could be associations with other species
or impurities present in the experiment responsible for the
discrepancy. (4) Experiments in cold matrices tend to give
higher energies for the band maximum [1]; this could be
an indication that dynamical effects due to the solvent and
the increased temperature may play a significant role in
lowering the transition energy.
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