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Electron attachment and ionization processes in the, @@lecule to form CClradical anion and cation,
CCly + € (hole)— CCl,~ (CCls%), have been studied by means of both ab initio MO and direct dynamics
calculations. The ab initio calculations of GClshow that two conformers of the radical anion ¢Care
obtained for the stable structures: the elongated and compressed structures distort€gddyammetry of
neutral CCJ due to the JahnTeller effect. The elongated structure is more stable by 11.8 kcal/mol relative
to the compressed structure at the MP4SDQ/6-31G(d) level. Thg @Qinstable relative to its dissociation
limit (CCl3™ and Cl atom). The direct dynamics trajectory calculations show that the radical anign, CClI
formed by a vertical electron attachment of the ©@blecule, leads directly to the elongated form of £ClI

On the other hand, C¢l formed by a vertical ionization directly dissociates to €CH CI without an
activation barrier. The reaction mechanisms of electron attachment and ionization processes are discussed
on the basis of theoretical results.

1. Introduction (i.e, electron- and hole-capturing processes):

lonic species stabilized in the solid phase at low temperature CCl,+ e — [CCly 1instabie— [CCly Treiaxed
have been extensively studied from experimental and theoretical
points of view! Electron spin resonance (ESR) spectroscopy
combined with ab initio MO calculation gives valuable informa-
tion on the electronic states of the ionic species with unpaired
electrons

CCI4 + hole— [CC|4+]unstable_> [CCI4+

]relaxed

where [Xlnstable IS @an unstable complex formed by vertical
, electron attachment and ionization of GCI'he main purposes
Tetrachlpromgth_ane, CE’_I is one of the_ mo_s_t popular of this study are (1) to determine theoretically the electronic
molecules in radiation chemistry because of its ability to capture 5.4 geometrical structures of the radical ions £@ind CCk*
electrons and holes. In addition, its ionic species formed in anq (2) 10 elucidate their formation processes theoretically (i.e.,
the condensed phase have been extensively studied as a modghe dynamics of the unstable complexes).
of halocarbong. A large number of the studies on ESR and  The collision cross section of CRNith a beam of electrons
pulse- and-radiolysis of CC} have been presented. Bonazzola and alkali-metal atoms has been measured as gas-phase experi-
et al. observed an ESR spectrum of ¢€Ctrapped in CQJ ments. According to data from such investigations, the forma-
matrixes at 77 K. They suggested by analyzingtensor tions of the parent CGt anion is very sensitive to the nature
components that CEl has aCg, structure and the excess of the molecular excitations® The anions are formed with a
electron is occupied in ap* antibonding orbital. In addition,  relatively low cross section in the electron-transfer collision with

they carried out an ab initio MO calculation of CClwith a a potassium atom beahs.

minimal basis set (STO-3G) and suggested that,C8hs a As a theoretical point of view, Gutsev investigated the
compressed structure in which one of the-@ bonds is electronic and geometrical structures of the anion radicalg CCl
shortened as a most stable form. (n = 1-4) by means of the local density functional (LDF)

method® The calculations implied that the anion GClis
(CCls+, CCly, and so on) have been carried out by several nonrigid due to the presence of a number of local minima on
' ' . : : the potential energy surface. Lunell and co-workers calculated
roups? The studies mainly focused on the assignment of D e
group y v the structure of CFGF, which is very similar to CGIt, by

absorption spectra appearing at visible regions of the ionic
species formed by radiolysis. The assignments of the spectrarneans of the HF/3-21G* methG8. They suggested that CRCI

o . L is unstable and spontaneously dissociates to ¢Fand Cl-
of the ionic species are however still in controversy because of (atom). Although the structures of ionic species of Clem
their chemical instability:®* Therefore, the electron attachment : 9 P

and ionization processes in GGire not clearly understood to pe understood theoretically, _the dyn_amics_is s_carcgly known.
) To interpret the results of experimental investigations, it is useful
In the present study, the electronic states and structures ofto give theoretical information on dynamics for the electron-
the ionic species of Cg¢Imolecule are investigated by means and hole-capturing processes in GCl
of an ab initio MO method. In addition, direct ab initio
dynamics calculations are carried out in order to elucidate the 2. Method of Calculations

electron attachment and ionization processes in, @0lecules Ab initio MO calculations were carried out at the MP4SDQ

level of theory with the 6-31G* basis set. Geometries for neutral
® Abstract published irAdvance ACS AbstractSeptember 15, 1997. CCly, neutral radical CG] singlet state ion CGt, and radical

The pulse- ang-radiolysis studies on ionic species of GCI

S1089-5639(97)01715-5 CCC: $14.00 © 1997 American Chemical Society



Electron Attachment in CGl J. Phys. Chem. A, Vol. 101, No. 40, 1997455

Calculated at the MP4SDQ/6-31G* Level. Bond Length and
Angles Are in Angstroms and Degrees. The Values
Calculated by the MP2/6- 3#G* Method Are Given in
Parentheses

TABLE 1: Optimized Parameters for CCl, and CCl,~ @

r

CCly~

CCly compressed elongated TS '/ fa
ry 1.7756 1.8160 2.4815 (2.4903) 1.9596 @

ra 1.7756 1.9852 1.7768 (1.7639) 1.9339

6 109.46 106.56 108.59 (107.89) 109.89 Figure 1. Structure and geometrical parameters of the,Ggstem.

ions CCl~ and CCl+ were fully optimized at the MP4SDQ/

1 | 13

6-31G* level. To test the effect of the diffuse function, a 24_‘:./—el<;n/g‘;t76d \ :
6-31+G* basis set was used for the calculation of ¢€ClI D<) Lo
However, MP2/6-31G* calculation gave similar results at the Pid } R
MP4SDQ/6-31G* level of theory, as can be clearly seen in Table e /_,r”ff /
1. Hence we will discuss the electronic states by using the i N B
results of MP4SDQ/6-31G* calculations. < ™ ,.// ;

In general, the classical trajectory is performed on an ~g \v-;”/""’ L
analytically fitted potential energy surface as previously carried = 20 X
out by us!® However, it is not appropriate to predetermine the -7
reaction surfaces of C¢l and CCl™ systems due to the large
number of degrees of freedomN3 6 = 9, whereN is the e
number of atoms in the reaction system). Therefore, in the compress}_&ed A \
present study, we applied the direct MO trajectory calculation 20 2.1 22 23
with all degrees of freedor. | A

First, a trajectory calculation of the neutral G8Ystem was 1
carried out in order to obtain the initial structure of GCand Figure 2. Potential energy surface of the GCkystem calculated at

CCl,s*. We used the HF/3-21G* optimized geometry of GCl the MP2/6-31G* level. Contours are drawn for each 0.01 au. Dots mean

. . . two stable structures of CE£L the elongated and compressed forms
as an initial structure. At the start of the trajectory calculation, CCl—. The hatched region indicates the FranGondon region of

atomic velocities are adjusted to give a temperature of 10 K. the neutral CGImolecule. The dashed line schematically represents a
All dynamics calculations are performed at the ab initio HF/3- trajectory starting from the hatched region.

21G* level of theory. By using the configurations randomly

selected from the trajectory calculation of GGhe trajectory  and the other one is a compressed structure in which one of the
calculations were carried out for the GCland CCl+ systems. C—ClI bonds is shorter than those of the other@ bonds.

The potential energy (total energy) and energy gradient were The structural parameters of the GChre summarized in Table
calculated at each time step. In the calculation of the classical1. For the elongated structure, one of the @ distances is
trajectory, we assumed that each atom moves as a classicatalculated to be 2.4815 A and the other distances are 1.7768
particle on the HF/3-21G* multidimensional potential energy A, suggesting that the structure of GCIs much distorted from
surface. The equations of motion faratoms in a molecule  that of neutral CCL In the compressed form, the—ClI

are given by distances are calculated to be 1.8160 and 1.9852 A. The angles
from the C; axis @, OCI—C—CI) in both structures are very
m d”,,i/dt = F‘ui close to the neutral C&molecule. The elongated structure is
more stable by 11.9 kcal/mol than the compressed one. The
dxﬂi/ dt = Ui vertical electron affinity of CGlis calculated to be-27.5 kcal/

mol (= —1.19 eV), which is in good agreement with the
wherex,i (u = 1, 2, 3) are the three Cartesian coordinates of experimental value 0f-0.94 ev13
theith atom with massn andF,,'s are the three components The ab initio calculation also shows that there is an activation
of the force acting on théth atom. These equations were parrier between the compressed and elongated structures. The
numerically solved by the Rungdutta method. No symmetry  siyycture of the transition state (TS) is given in Table 1. The
restriction was applied to the calculation of the gradients in the c_c distances are 1.9596 and 1.9339 A at the TS. The barrier
Runge-Kutta method. The time step size was chosen by 0.20 pejghts from compressed and elongated structures are calculated
fs, and a total of 25 trajectories were run. to be 0.4 and 12.2 kcal/mol, respectively. This result implies
that the compressed structure is unstable on thg Giitential
energy surface.

I. Ab Initio MO Calculations. A. Radical Anion CGCl. The potential energy surface of GClis given in Figure 2
First, the geometry of the neutral CCmolecule is fully as a contour map. The values are calculated as functions of
optimized by means of the MP4SDQ/6-31G* calculation. The andr; atthe MP2/6-31G* level of theory. The other geometrical
optimized geometrical parameters are listed in Table 1. The parameters are fixed to those of the neutral £OFigure 2
C—Cl distance is calculated to 1.7756 A, which is in good shows that two energy minima are bound on the PES, corre-
agreement with an experimental value (1.767*4). sponding to the compressed and elongated structure. The

To obtain the structure of the CLI radical anion, the elongated structure is strongly bound, whereas the energy
geometry optimizations are carried out from several initial minimum of the compressed one is very shallow. One expects
structures on the potential energy surface by the energy gradienthat for a trajectory formed by vertical electron attachment in
method. Two stable structures are obtained for,CCbne is CCl, on the PES one will pass rapidly through a region of the
an elongated structure in which one of Cl bonds is elongated  compressed structure on the way to the elongated structure. This

3. Results
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TABLE 2: Total Energies and Relative Energies AE)
Calculated at the MP4SDQ/6-31G* Level

species total energy/au AFE/kcal mol?
CCly —1876.4544 0.0
CCly~ compressed —1876.4483 3.8
elongated —1876.4672 -8.0
TS —1876.4477 4.2
CCl,@ —1876.4164 27.45
CClt (=CClst +Cl) —1876.0732 (10.37 eV)
CCl,ta —1876.0328 (11.47 eV)

2 The energy with the geometry fixed in the neutral £@blecule.

TABLE 3: Optimized Parameters for CCl 4~ Calculated at
the MP4SDQ/6-31G* Level. Bond Lengths and Angles Are
in Angstroms and Degrees

CCls*

Iy 10.10
ra 1.6535
0 89.92

feature of the trajectory, which will be confirmed by the
trajectory calculations in the next section, is schematically
illustrated as a dashed line in Figure 2.

B. Radical Cation CGif. The geometry optimization is
carried out for CGf* at the MP4SDQ/6-31G* level of theory.
However, the stable structure of GC€lwas not obtained, but
the dissociation products, i.e., G€land Cl, are obtained. This
means that the radical cation of GCls unstable and spontane-
ously decomposed to Cg€land Cl by ionization of CGl The
optimized parameters for Cgl are given in Table 3. The
vertical ionization potential of CGls calculated to be 11.5 eV.
The energy of the vertical ionized CQtith the neutral structure
is 25.3 kcal/mol unstable relative to its dissociation limit (€ClI
+ Cl). This large energy difference implies that GGlformed
by vertical ionization of CCJ, is rapidly dissociated to Cgl
and Cl. This feature will also be confirmed by the following
trajectory calculations.

II. Ab Initio Dynamics Trajectory Study. A. Structure
of Neutral CC}. First, a trajectory of neutral C¢ls calculated
in order to obtain the structure of CGlt low temperature. The
calculation was run for the constant temperature condition from
the optimized structure of C¢l We chose 10 K for a simulation

Tachikawa
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Figure 3. Trajectory for the neutral C€molecule plotted as a function
of reaction time. The simulation is carried out at 10 K: (A) interatomic
distancesr; andr,, versus time and (B) bending andleversus time.

C—Cl bonds (denoted bw) is very elongated, whereas the other
bond distances are slightly elongated and fluctuated around the
equilibrium bond length. At a time region from 0.15 to 0.40
ps, one of the €CI bond distances becomes 3.5 A due to the
fact that excess energy distributes on the@T stretching mode.

In addition, the C+C—CI angle fluctuates in the range 88
130.

Snapshots of the structure as a function of time are illustrated
in Figure 5 accompanied with the spin densities expressed by
contour maps. At time zero, the structure is the same as that
of the neutral CCl The contour plot for the spin density implies
that an unpaired electron is only localized on the central carbon
atom, whereas the charge is spread over the molecule. After
0.20 ps where one of the-€Cl bonds is very elongated, the
unpaired electron is occupied in the3dyybrid orbital on the

temperature and 0.01 ps for a bath relaxation time. The energycarbon atom. The negative charge is largest on the elongated

of the system was close to a constant value during simulation.

The profile of the trajectory is given in Figure 3. Two bond
distances are plotted as a function of time in Figure 3A. Both
bond distances{ andr,) are oscillated in the range from 1.758
to 1.797 A at 10 K. The GtC—Cl angle hardly fluctuated in

Cl atom (~0.898). At 0.40 ps, the Cl atom is rebound at the
turning point, and the electronic state of the Cl atom is close to
the free Ct ion at this point. At 0.60 ps, the elongated atom
is switched to the other CI atom, so that the direction of the
sp-spin-orbital on the central carbon atom is changed to the

the neutral system, as clearly seen in Figure 3B. These resultsother Cl atom. These vibrational and bending mode excitations

indicate that the CGlmolecule has a very rigid structure at

low temperature and has a small Fran€ondon (FC) region.
B. Electron Attachment Process in GCITo elucidate the

dynamics of CGJ~ following vertical electron attachment, the

may be continued as long as the energy relaxation process is
not considered. This process may be caused by collision with
solvent molecules in the condensed phase.

C. Vertical lonization Process in C&l The vertical ioniza-

ab initio trajectory calculations are carried out on the assumption tion process in the CgImolecule was also investigated by

of the vertical electron attachment in GCIA total of 12
trajectories were run by using the initial structures randomly
selected from the Cglirajectory. All trajectory calculations

means of the same procedure. The initial geometries of the
CCl,+ are randomly selected from the trajectory of the neutral
CCly in the FC region. A total of 12 trajectories were run. All

gave the similar results. The potential energy for a sample trajectories gave the dissociated product (i.e., s€@nd CI

trajectory is plotted in Figure 4 as a function of reaction time.

atom). As a sample, the result for a trajectory started from the

The energy suddenly decreases and then increases in the shodptimized structure is given in Figure 6. The energy of £ClI

time region 0.6-0.08 ps. This energy lowering is due to the
fact that the structure of C¢lis rapidly deformed by the Jahn

after hole capturing of CG@lsuddenly decreases at a very short
time period up to 0.1 ps. This energy lowering-85.0 kcal/

Teller effect. After that, the energy gradually decreases. The mol after 0.8 ps. After that, only the energy fluctuation caused

C—ClI bond distances are plotted in Figure 4B (only two bond
distances are given). All€Cl bond distances in C¢t are
equivalent at time zero. At the short time region, one of the

by both C-Cl stretching and bending modes of the g@utral
radical is observed. The distance between the carbon and
dissociating Cl atom is plotted in Figure 6C. The result implies
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Figure 4. Sample trajectory for the C€1anion formed by the vertical
electron attachment of COplotted as a function of reaction time: (A)
the potential energy of the reaction system, (B) interatomic distances,
r; andrp, and (C) bending anglé versus time. O
that a Cl atom dissociates from GCJ and the CG* ion and Gl +0.062
Cl atom are formed within a very short time corresponding to O

one vibration period of the €CI stretching mode. Ac-
companied with the dissociation of the ClI atom, the bond
distance of G-Cl in CClst ion is shorten due to the fact that
the C-ClI bond of CC* is shorter than that of CGl These
results suggest that CCl is spontaneously dissociated by
capturing a hole.

-0.067

Figure 5. Snapshots for the C¢1 system as a function time. The
contours and values indicate the spin densities and Mulliken charges
on atoms calculated at the HF/3-21G* level.

Snapshots of the structure of GCfor the sample trajectory ~ CCl (i.e, electron- and hole-capturing processes). On the basis
after a vertical ionization of CGlare illustrated in Figure 7. In  of the present results, we would propose a reaction model for
addition, spin density and charge on each atom are given bythese processes. Potential energy curves expressed for electron
contour maps and values, respectively. At time zero, an gttachment and ionization processes in £48k schematically
unpaired electron is mainly localized on one of the Cl atoms in illustrated in Figure 8A,B, respectively. Lower and upper curves

CClst. The positive charge on the Cl atort@.777) is much
larger than that of the other Cl atoms$({.274,+0.254, and
+0.273). After 0.1 ps where one of the-Cl bonds is more
elongated (3.45 A), the unpaired electron is still localized on
the dissociating Cl atom, although the charge is close to zero
on the Cl atom. At atime of 0.2 ps, the system is composed of
the dissociated product (C£lion and Cl atom), suggesting
that the dissociation process is almost completed at 0.2 ps.

4. Discussion

In the present study, we treated two processes of, @I
means of ab initio MO and ab initio dynamics calculations:

in Figure 8 express the potential energies for the neutral and
ionic species along the -&Cl bond, respectively. The upper
curve in Figure 8A has two energy minima, corresponding to
the elongated and compressed structures of,CCIBoth
structures are energetically lower than that of the dissociation
limit (CCl3z + CI7). The hatched region expresses that Franck
Condon (FC) region for a vertical electron attachment in/CCl
The ab initio calculation indicated that the energy in the FC
region on the PES of C¢t is comparable to or slightly higher
than that of the dissociation limit, suggesting that the dissociation
of CI~ from CCl~ may occur. However, the trajectory
calculations rejected this proposition: the reaction energy
distributes mainly to internal modes in GC| so that the

these are the electron attachment and ionization processes imissociation of CGI~ would be restricted by the dynamic effect
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Figure 6. Sample trajectory for the C&l formed by the vertical B . CCla*
electron capturing of CG@lplotted as a function of reaction time: (A) . CClInt 4 G
the potential energy of the reaction system, (B) interatomic distances 3+
ry and (C)r,, and (D) bending angle versus time.
in the case of zero excess energy of [EQsabie This feature . CClz +Cl
is in qualitative agreement with the available experimental
findings in the gas phadé. ,
Next, the medium effect on the structure of @0k discussed =
because the experiments for the ionic species of, @@l carried CCly

out mainly in the condensed phase Banazzola et al. measured  _. . .
the ESR spectra of Cl trapped in CCJ matrixes. They Figure 8. Reaction model for the electron (A) and hole (B) capturing

. ) AT processes in CGlLower and upper curves are potential energies for
showed that CGI™ has axially symmetrig-tensors, indicating  neytral and ionic species, respectively.
that the compressed and/or elongated structures contribute to
the spectrum. From an analysis of hyperfine coupling constantstemperature. The excess energy of £Chfter the vertical
(hfc’s) of CCly, it was suggested that Clis composed of electron attachment of Cglmay disperse into the matrix
three equivalent chlorines and one chlorine different from the molecule before the conversion from compressed to elongated
others. The hfc of the latter one is as small as 25% of the former structures, so that the compressed structure is dominant in the
ones. The preliminary calculation of hfc's of CClindicates condensed phase.
that the compressed structure has one chlorine with a smaller The potential energy curves for the GCkystem are given
hfc (17%) than the other onés. In contrast, in the elongated in Figure 8B. The curve for the cationic system ¢Clupper
structure the hfc of one of the chlorine atoms is 9 times larger curve) is strongly repulsive, and the energy of the FC region is
than the other ones. This result strongly indicates thay CCl always much higher than the dissociation limit. Hence there is
exists as a compressed structure in L@latrixes at low no intermediate complex on the PES. This indicates that the
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dynamics of CCJ" is very simple and the Cgl dissociates
rapidly to CCk™ and CI without excess energy. This feature
in the CClt is very similar to that of CFGI reported by Lunell
and co-workergP

We have introduced several approximations to calculate the
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potential energy surface and to treat the reaction dynamics. First,R: E- J. Phys. Chem1994 98, 9570. (b) Suwalski, J. FRadiat. Phys.

we assumed that the radical ions have no excess energy at th

initial step of the trajectory calculation (time 0.0 ps). This
may cause a slight change of lifetime in the £Gind of energy
distribution in CCJ}~. In the case of higher excess energy, the
dissociation of Ct may occur in the CGI" system. This effect

hem 1995 46, 53. (c) Reed, A. E.; Weinhold, F.; Weiss, R.; Macheleid,
.J. Phys. Chem1985 89, 2688.

(6) For example: (a) Buler, R. E.; Ha, T.-K.Radiat. Phys. Chem
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was not considered in the present calculations. It should be processeg989 89, 1.

noted therefore that the present model is limited in the case of
no excess energy. Second, we assumed a HF/3-21G* multi-
dimensional potential energy surface in the trajectory calcula-

tions throughout. A more accurate wave function may provide
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information on the mechanism of electron- and hole-capturing
processes in CGl
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