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Abstract

Ab initio direct dynamics calculations have been carried out for the ionization and electron attachment processes for the
CCI;F molecule in order to obtain dynamical information on these processes-C@loduced via vertical ionization directly
dissociates into CGF* + Cl within a very short time. It has been found that 80% of the available energy is partitioned into
the relative translational energy. It has been also found thatFCCllormed by vertical electron attachment dissociates to
CCLF + CI~; however, the energy partitioning was very different from the f£Clcase. This difference in the dissociation
dynamics has been discussed on the basis of the potential energy curves. (Int J Mass Spectrom 176 (1998) 227-235) © 1998
Elsevier Science B.V.
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1. Introduction of freedom. An alternative approach, on the other
hand, is to calculate the classical trajectories directly
The classical trajectory method has been a conve- utilizing the ab initio MO method without construc-

nient and powerful tool for understanding chemical tion of the potential energy surface. Due to recent
reaction dynamics. In a traditional approach, classical advances in computer hardware as well as the devel-

trajectories are calculated on an analytical potential opment of efficient ab initio computational codes, this
energy surface, which is generally constructed by a fit method has become feasible in recent years. In fact,
to potential energies obtained from ab initio molecular the ab initio direct dynamics method has already been
orbital (MO) calculations for a large number of applied to various reaction systems [1-12]. The dis-
geometrical configurations. However, it is still diffi- advantage of this method is that it generally requires
cult to apply such a procedure to general polyatomic a large CPU time to generate even one trajectory and
reaction systems because of a large number of degreeghus it is not feasible to calculate a large number of
trajectories for obtaining statistical quantities such as

cross sections and energy distributions. In spite of this

* Corresponding author. E-mail: tako@popsvr.tokai.jaeri.go.jp  limitation, it should be emphasized that the direct use
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of the ab initio MO results in the trajectory calcula- found that the CGF" cation dissociates into CgH*
tions is very convenient in order to understand the and Cl. This result is qualitatively consistent with
reaction dynamics because a typical trajectory gener- photoionization experiments [15] in the gas phase;
ally gives dynamical information such as kinetic however, the detailed potential energy surfaces have
energy release, typical reaction time, and so on. In this not been calculated. Gustev [16] have recently em-
paper we present ab initio direct dynamics calcula- ployed a local spin density functional approximation
tions for the ionization and dissociative electron to calculate the electron affinity of C{H. Therefore,
attachment processes for the g€molecule. information on the detailed mechanism and dynamics
In the previous paper [9] we have theoretically of the electron attachment and ionization processes
studied the mechanism and dynamics of the ionization for the CCLF molecule is still insufficient.
and dissociative electron attachment processes of The purpose of the present study is to obtain
CCl, using the ab initio MO theory combined with the information on the dynamical properties of the
ab initio direct dynamics calculations. Two important charged CCIF molecule produced by the electron
conclusions were obtained from our previous work. attachment or ionization process: a dissociation time,
The first is that the CG]l cation produced by vertical  energy partitioning of fragments, and so on. These
ionization spontaneously dissociates into §£@ind properties give important information on the dynam-
Cl; the typical dissociation time is about 0.1 ps. The ical behaviors of charged molecules not only in the
second is that the Cg¢lanion formed via vertical  gas phase but also in the condensed phase.
electron attachment does not dissociate into God
CI™ within 0.6 ps and vibrationally excited CLlis
produced despite the fact that such a dissociation 2. Method of calculations
process is energetically possible. We here extend our
previous work to the CGF molecule and compare to All ab initio MO calculations were carried out
the results for the CGImolecule. using the GAUSSIAN 94 program [17]. Most of the
Although the CCJF molecule is simple and is also  calculations were carried out at the HF level of theory
important in the chemistry of the upper atmosphere, using the correlation consistent polarized valence
very few ab initio MO studies, especially on its double-zeta (cc-pVDZ) basis set of Dunning [18]. In
charged species, have been reported so far. Peyerim-order to study the effect of electron correlation,
hoff and Buenker [13] carried out pioneering work on coupled-cluster with single double substitution
the potential energy surfaces (PES) of /€1 and (CCSD) calculations were done with the geometries
CCIF~ using the ab initio multireference-double- optimized at the HF level. The effect of diffuse
configuration-interaction (MRDCI) method. They function was also examined by changing the basis set
have obtained the limited potential curves as a func- into the augmented cc-pVDZ (aug-cc-pVDZ) basis.
tion of one of the C—CI distances in CEL Their In the present article, the classical trajectory cal-
computational result shows that the lowest two states culations were carried out directly using the ab initio
of CCLF" are nearly degenerate and the ionization MO results without constructing an analytic potential
potentials calculated for these two states are in good energy surface function. Classical equations of mo-
agreement with experimental values. The result for tion were numerically solved by the standard fourth-
CCI;F also shows that electron attachment to the order predictor—corrector method. An ab initio MO
CCI,F molecule leads to dissociation into the calculation was done at every step of the trajectory
CCLF + CI™ channel and is qualitatively consistent calculation using the GAUSSIAN 94 program. We
with the electron attachment experiments in the gas employed the HF/cc-pVDZ optimized geometry of
phase. Lunell and co-workers [14] later studied the the neutral CGJF molecule as an initial structure of
electronic structure of CQF" at the less accurate the trajectory calculations. Initial atomic velocities
Hartree—Fock (HF)/3-21G* level of theory. They were randomly selected so as to give a sufficiently
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Fig. 1. Potential energy curves for GEI' as a function of one of
the C—-CI distances. Upper two curves were calculated at the
HF/cc-pVDZ level while lower two curves were obtained at the
CCSD/cc-pVDZ level. The other internal coordinates are optimized
at the HF/cc-pVDZ level of theory.

Fig. 2. A schematic description of vertical ionization of GEl
Potential curves are calculated at the HF/cc-pVDZ level. “Opt”
means that the internal coordinates other than the one C—Cl distance
are optimized. “No opt” means that the internal coordinates other
than the one C—ClI distance are fixed to those of the neutralFCCI
minimum.

small center-of-mass kinetic energy (typically less
than 0.1 kcal/mol). Note that zero-point vibrational State at smaller C—Cl distances. The present results are

energies were completely ignored in the present qualitatively consistent with the MRDCI results by
calculations. The trajectory calculations were done at Peyerimhoff and Buenker [13]. It is also seen that the

the HF/cc-pVDZ level of theory with the analytical potential curves for CGF" are completely repulsive.
gradient technique. In order to examine the effect of electron correlation,

the potential energy curve was calculated at the
CCSD/cc-pVvDZ level for the HF/cc-pVDZ optimized
geometries. The result is also plotted in Fig. 1 and is
found to be very similar to the HF/cc-pVDZ result.
This suggests that the classical trajectory calculations
at the HF/cc-pVDZ level would give a qualitatively
Fig. 1 shows the potential energy curves for the accurate description of the dissociation dynamics of
lowest two states of CGF", 2A” and?A’, calculated  the CCLF' cation.
at the HF/cc-pVDZ level of theory as a function of Before we present the classical trajectory results,
one of the three C-Cl distances. Other geometric the vertical ionization process of CElis schemati-
parameters are fully optimized in this figure. It is seen cally described in Fig. 2. The potential energy curves
that both the’!A” and?A’ states are nearly degenerate calculated at the HF/cc-pVDZ level are plotted as a
although the?A” state is slightly lower than théA’ function of one of the C—ClI distances. The solid line

3. Results and discussion

3.1. CCLF™" cation
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indicates the potential curve for the neutral Gl ]
molecule. The lower dashed curve indicates & -1515.36
potential for which other geometrical parameters are
optimized. The upper dashed curve shows, on the
other hand, the potential curve in which the other
geometrical parameters are fixed to those of the
neutral CCIF molecule. The comparison of these two
curves clearly indicates the effect of geometrical
optimization is significant at larger C—CI distances. In
other words, the molecular geometries of the {ECl
moiety are quite different between small C—Cl dis-
tances and large C-Cl distances. In fact, the asymp-
totic CCLF* molecule has a plane€,, structure.
Therefore, it is expected that a part of the available
energy is partitioned into the vibrational energy of the F
CCLF* fragment in the dissociation of CH*. The 130 [
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available energy was calculated to be 36 kcal/mol at o 120 /.
the HF/cc-pVDZ level of theory. > 110K
The result of the classical trajectory calculation is J 100t
depicted in Fig. 3. Fig. 3(a) shows the potential 5 Or
energy as a function of reaction time, while the < 32 o

nuclear distances are plotted as a function of time in e e L L
. . . L . 0.00 0.04 0.08 0.12 0.16 0.20

Fig. 3(b). In this calculation, the initial condition was Time / ps

determined so as that the molecular geometries are

constrained withirC; symmetry. Also, only théA” Fig. 3. The result of the classical trajectory calculation for £CI

potential surface was considered since the character-formed by vertical ionization: (a) potential energy, (b) internuclear

istics of the?A’ surface was found to be very similar distances, and (c) bending angles as a function of time.

to that of the?A” surface. It is seen that the potential

energy suddenly decreases in a very short time regiondissociation dynamics cannot be predicted by statis-

0-0.04 ps. This behavior is due to the repulsive tical theories [19].

nature of the?A” potential surface in the Franck— It should also be informative to compare the

Condon region. On the other hand, one of the C—C| present theoretical results to available experimental

distances gradually and monotonously increases. Thisdata. Photoion—photoelectron coincidence (PIPECO)

clearly shows that vertical ionization leads to sponta- Spectroscopy [19] is one of the experimental methods

neous dissociation of CGH" into the CCF* + ClI by which energy distributions of dissociation frag-

channel. The relative translational energy between the ments can be obtained; however, no such experimen-

CCLF* and Cl fragments was estimated to be 28 tal data are available for the C€molecule, as far as

kcal/mol from this trajectory result. This means that we are aware.

79% of the available energy is partitioned into the

relative translational energy and 21% is partitioned 3.2. CCLF~ anion

into mostly the vibrational energy of the CEI"

fragment. Although we did not analyze the vibrational Fig. 4 shows the potential energy curve for Gil

modes in detail, Fig. 3(c) qualitatively suggests that calculated at the HF/cc-pVDZ level of theory (solid

the out-of-plane bending mode of GEI is consid- line) as a function of one of the three C—ClI distances.

erably excited. These results strongly suggest that the Other geometric parameters are fully optimized. It can
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Fig. 5. Molecular geometries of (a) the elongated £Clstructure
Fig. 4. Potential energy curves for GEI' as a function of one of and (b) the asymptotic CEH fragment optimized at the HF/cc-
the C-CI distances. Upper two curves were calculated at the pVDZ level of theory. Numbers in parentheses are the values
HF/cc-pVDZ level while the lower curve was obtained at the optimized at the MP2(fc)/cc-pVDZ level (bond lengths in A, angles
CCSD/cc-pVDZ level. The other internal coordinates are optimized in degree).
at the HF/cc-pVDZ level of theory.

be seen that the potential curve has two local minima  Fig. 5 shows the molecular geometry of the elon-
at short and long C—Cl distances. These two structuresgated CCJF~ structure determined at the HF/cc-
correspond to a compressed structure and an elon-pVDZ level of theory. Also shown in Fig. 5 is
gated structure, as was found in the case of the,CCl| the molecular structure of the asymptotic GEEl
anion [9]. Note that the elongated structure is more radical. It can be seen that the structure of the £ClI
stable than the compressed structure. The effect of moiety in CCLF™ is very similar to that of the CGF
inclusion of diffuse basis set was examined by chang- radical. This suggests that the elongated (ECI
ing the basis set into aug-cc-pVDZ. The result is also structure is essentially a charge-dipole type complex,
plotted in Fig. 4 as a dashed line. The inclusion of the CI™ - - - CCLF. In fact, a simple Mulliken analysis
diffuse basis function does not largely affect the shows that most of the negative charge in £Clis
characteristic of the potential curve although the localized on the elongated Cl atom; the value was
decrease in total electronic energy is more significant calculated to be 0.92 at the HF/cc-pVDZ level of
at larger C—Cl distances. The effect of electron cor- theory. Table 1 also reports harmonic vibrational
relation was also examined at the CCSD/cc-pVDZ frequencies for CGF~ and CCLF calculated at the
level of theory. It is found that the elongated structure HF/cc-pVDZ level. It is interesting to note that the
becomes more stable with respect to the asymptotic elongated CGF~ anion has a very loose structure
CCLF + CI™ energy level. Also, the location of the because of very low vibrational frequencies. We have
minimum corresponding to the elongated structure also optimized the geometries for GET and CCLF
shifts to a smaller C—ClI distance. at the MP2(fc)/cc-pVDZ level of theory in order to
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Table 1

Harmonic vibrational frequencies for CEl™ and CCLF
calculated at the HF/cc-pVDZ and MP2(fc)/cc-pVDZ levels
of theory

Symmetry Frequency/cmt

CCI;F~ (Cs) at HF/cc-pVDZ

a’ 75, 100, 300, 485, 627, 1285
a” 44, 406, 931

CCIF~ (Cs) at MP2(fc)/cc-pvDZ

a’ 131, 197, 266, 429, 571, 1074
a” 57, 345, 722

CCIL,F (Cs) at HF/cc-pVDZ

a’ 302, 492, 680, 1308

a” 441, 1001

CCLF (Cs) at MP2(fc)/cc-pVDZ

a’ 289, 480, 648, 1199

a” 386, 937

examine the effect of electron correlation. The result
is also shown in Fig. 5. One of the C—Cl distances was
calculated to be 2.396 A, which is much smaller than
the HF value. The other two C—Cl distances optimized
at the MP2 level, on the other hand, were slightly
larger than those at the HF level. Harmonic vibra-
tional frequencies calculated at the MP2(fc)/cc-pVDZ
level of theory are included in Table 1. The results
clearly indicate that the elongated GET structure
optimized at the MP2 level has a slightly tighter
structure than that at the HF level. This implies that
electron correlation in the CGH™ anion is more
significant than that in the CGHF" cation. Although
the ab initio direct dynamics calculations are carried
out at the HF level of theory in this work, as will be
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Fig. 6. A schematic description of vertical electron attachment of
CCI F. Potential curves are calculated at the HF/cc-pVDZ level.
“Opt” means that the internal coordinates other than the one C—-Cl
distance are optimized. “No opt” means that the internal coordi-
nates other than the one C—Cl distance are fixed to those of the
neutral CCJF minimum.

rameters are fixed to those of the neutral £CI

molecule. The comparison of these two curves indi-
cates that the effect of geometry optimization is more
significant in the Franck—Condon region. This means
that the molecular structure is quite different between

described below, a correlated wave function should be the optimized CGJF~ anion and neutral CGF mol-

employed in the dynamics calculations in order to
obtain more quantitative information.

Fig. 6 shows the schematic description of the
vertical electron attachment process for the £ClI

molecule. The potential energy curves calculated at

the HF/cc-pVDZ level of theory are plotted as a
function of the C—ClI distance. The solid line repre-
sents the potential curve for the neutral G'Cmole-

cule. The lower dashed line indicates the potential

ecule. On the contrary, the two potential curves are
close in energy at longer C—ClI distances, indicating
that the effect of geometry optimization is less impor-
tant.

It is expected from Fig. 6 that vertical electron
attachment to the neutral C£l molecule should lead
to spontaneous dissociation of the GIEl anion into
CCLF and CI'. In addition, the available energy
would initially be partitioned into the vibrational

curve in which the other geometrical parameters are energy of the CGF~ anion because the effect of
optimized, while the upper dashed line shows the geometry optimization may be significant. This be-
potential curves in which the other geometrical pa- havior is highly contrast to the CEH™ case. It should
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be mentioned, however, that the classical trajectory 1515.70
calculations on anions produced by vertical electron
attachment must be viewed with caution. As shown in
Fig. 6, the total electronic energy of the GET anion
with the neutral CGJF structure is much larger than
that of the neutral molecule. This means that an
excess electron is not bound to GEIif the neutral
molecule is in its optimized structure. The GET
anion produced via electron attachment is initially
temporal and again may release the electron within a
finite lifetime. If such a lifetime is, however, long
enough, the CGF~ anion would change its structure
to a more stable structure for which the electronic
energy of the anion is lower than that of the neutral
molecule. Alternatively, the potential curve for the
CCI;F™ anion in the Franck—Condon region is not a
true potential curve but should have a finite energy
width. It should be emphasized that the classical
trajectory calculations on anions presented in this
work completely ignore the electron detachment pro-
cess, anion— neutral + electron.

The ab initio direct dynamics calculations were s S P T S T T
carried out under the assumption of vertical electron 000 004 008 ] 012 016 020 024
attachment. A total of 5 trajectories were run and all Time / ps
the trajectory calculations gave eslsemla”.y the Same Fig. 7. The result of the classical trajectory calculation for {£CI
results. The result of the sample trajectory is plotted in formed by vertical electron attachment: (a) potential energy, (b)
Fig. 7. Fig. 7(a) shows the potential energy as a internuclear distances, and (c) bending angles as a function of time.
function of reaction time, while the nuclear distances
are plotted as a function of time in Fig. 7(b). Itis seen into mostly the vibrational energy of the CgEI
that the potential energy suddenly decreases in a veryfragment. This result is contrast to the dissociation
short time region 0-0.02 ps, suggesting that the dynamics of CCJF", for which most of the available
potential energy surface in this region is strongly energy is partitioned into the relative translational
repulsive, although the change in nuclear distances isenergy.
relatively small. After that, the potential energy sud- The translational energy distribution for the
denly increases and becomes approximately constant.CCI;F~ — CC,F + Cl™ reaction has experimentally
On the other hand, one of the C—ClI distances gradu- been measured by Dunning and his co-workers
ally and monotonously increases. This behavior im- [20,21]. They have produced the negative parent ion
plies that vertical electron attachment leads to disso- of CCI;F by electron transfer reaction, K¥ CCI;F
ciation of CCLF~ into the CCLF + CI~ channel. The ~ — K* 4+ CCLF, where K* is a potassium atom
available energy for this process was calculated to be excited to a high-lying Rydberg state. They have
54 kcal/mol from Fig. 6 and the relative translational found that the observed translational release is in good
energy between CGF and CI" was estimated to be  agreement with the prediction of statistical theory
13 kcal/mol from this trajectory result. This means [19]. Note, however, that the excess energy of the
that 24% of the available energy is partitioned into the parent ion is very small in their experimental condi-
relative translational energy and 76% is partitioned tion and that direct comparison of the present theo-
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retical calculations with the experimental result can- dynamics method gives important information which

not be possible. Since the present trajectory results cannot generally be obtained from usual potential
show that the dissociation dynamics of GEI for energy surface calculations and/or stationary point
large excess energy cannot be described by statisticalcalculations. The classical trajectory calculations
theory, it would be interesting to measure the energy were initiated from the neutral geometry. This means
distributions of the fragments for larger excess energy that the direct dynamics method enables us to theo-

conditions.

The present trajectory results for GET are also
contrast to the trajectory results of GClfor which
dissociation into CGl+ CI~ did not occur within 0.6
ps [9]. This difference in the dynamics is primarily
attributed to the difference in the potential energy
curve. As shown in Fig. 4, the potential well for the
elongated CGF ™~ anion was found to be very shallow
at the HF/cc-pVDZ level. The direct ab initio dynam-
ics calculations were actually carried out at this level
of theory. It can be concluded that the potential well
corresponding to the elongated GG3tructure is not
shallow to cause a direct dissociation. However, as
mentioned before, we found that the inclusion of
electron correlation makes the potential well for the
elongated CGF ™~ anion slightly deep. Thus, ab initio
direct dynamics calculations using a correlated wave
function should be performed in the future in order to
obtain more quantitative results. Such a calculation is
currently undertaken in our laboratory.

4. Conclusions and future work

In this paper we have applied the ab initio direct
dynamics method to the ionization and electron at-
tachment processes for the GEImolecule. Both the
CCILF" and CCLF~ ions produced via these pro-
cesses spontaneously dissociate into €CI+ ClI
and CC} + CI, respectively, within a very short
time. In the case of CQF" most of the available
energy was distributed into the relative translational
energy, while most of the available energy was
partitioned into the internal vibrational energy of
CCLF in the case of CGF . This essential difference

in the dissociation dynamics has been discussed on

the basis of the difference in the potential energy
curve as a function the C-CI distance.
We have demonstrated that the ab initio direct

retically simulate the ionization and electron attach-

ment processes of neutral molecules. Therefore, the
direct dynamics method can be applied to simulate
dissociation channels of larger polyatomic molecular

ions, for which potential energy surface calculations

would be extremely difficult.

In this work we have considered only the ioniza-
tion or electron attachment process in the gas phase.
However, it may be possible to simulate such a
process in condensed phase using the following ap-
proximate procedure. Consider an ionization process
of a neutral molecule in a rare gas cluster. The
interactions between the rare gas atoms can be well
approximated using the Lennard-Jones potential func-
tions since many-body interactions are expected to be
very small. Also, the interactions between the atoms
in the target molecule and the surrounding rare gas
atoms may be approximated with the Lennard-Jones
potentials. Only for the target molecule the ab initio
MO method would be employed. This approximate
procedure may probably make actual computations
feasible because the use of the ab initio method for all
the atoms included in the system will practically be
prohibitive. Such a theoretical simulation is currently
undertaken in our laboratory.
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