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Min Cheng,"® Yuan Feng,"@ Yikui Du," Qihe Zhu," Weijun Zheng,"®) Gabor Czako,?°)

and Joel M. Bowman?

'National Laboratory of Molecular Sciences, State Key Laboratory of Molecular Reaction Dynamics,
Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China
2Cherry L. Emerson Center for Scientific Computation and Department of Chemistry, Emory University,

Atlanta, Georgia 30322, USA

(Received 9 March 2011; accepted 25 April 2011; published online 20 May 2011)

The entrance channel potentials of the prototypical polyatomic reaction family X + CHy — HX
+ CH; (X = F, Cl, Br, I) are investigated using anion photoelectron spectroscopy and high-level
ab initio electronic structure computations. The pre-reactive van der Waals (vdW) wells of these
reactions are probed for X = Cl, Br, I by photodetachment spectra of the corresponding X~ —CHy
anion complex. For F-CHy, a spin-orbit splitting (~1310 cm~') much larger than that of the F atom
(404 cm™") was observed, in good agreement with theory. This showed that in the case of the F~-CH,
system the vertical transition from the anion ground state to the neutral potentials accesses a region
between the vdW valley and transition state of the early-barrier F 4 CH4 reaction. The doublet split-
tings observed in the other halogen complexes are close to the isolated atomic spin-orbit splittings,
also in agreement with theory. © 2011 American Institute of Physics. [doi:10.1063/1.3591179]

Photodetachment spectroscopy of a stable anion to pro-
duce a neutral reactive system has been proven to be a pow-
erful probe of key properties of the reactive potential energy
surface, such as the pre-reactive van der Waals (vdW) well
and/or the reaction transition state (TS).!~” The sensitivity of
this technique to probe these aspects of the reactive potential
depends on the position of the anion vibrational wave function
with respect to the vdW well and/or TS.

Examples where the power of this spectroscopy has been
demonstrated include F + H,,>* Cl 4+ Ho/D,,” X + HX' (X,
X' =F, Cl, Br, I).3"! The extension to the X + CH, reactions,
where X is a halogen, is currently underway in the laboratory
of Neumark'>!3 for F and Cl and also by us. This work com-
plements the beautiful crossed molecular beam studies of the
F 4+ CH, and Cl 4+ CH, reactions.!*'° Furthermore, our work
presents the first characterization of the seemingly similar Br
and I + CHy reactions.

In this communication we report a joint experimental and
theoretical study of the low-resolution photodetachment spec-
tra of the anions X —CH4 (X = F, Cl, Br, I) and determine the
regions probed on the neutral reactive potentials.

The X~™—CHy anions are stable complexes with single H-
bonded equilibrium structures. Following the early work of
Novoa et al.,”® who reported the first computed interaction en-
ergies for X™—CHy (X = F, Cl, Br, I), Bieske and co-workers
studied the infrared spectra of X~ —CH,4.>'~?* Recently, two
of us (G.C. and J.M.B.) reported highly accurate ab initio
structure, dissociation energy, and vibrational spectrum for
the F"—CH, anion? as well as the accurate ab initio charac-
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terization of the saddle point of the F + CHy reaction.® The
F + CH, reaction has an early saddle point,?®?7 whose struc-
ture slightly overlaps with that of the F~—CHy anion; thus, it
seems to be possible to probe the TS region of F + CH,4 by the
photodetachment of F~—CH, as shown in Fig. 1 and discussed
in detail later. For CI-CHy4 system, previous work showed that
the anion equilibrium geometry overlaps with that of the vdW
complex in the reactant valley,>*>*2® which was confirmed by
the slow electron velocity-map imaging (SEVI) spectrum of
Cl~—CHj, reported by Neumark.'?

The experiments were conducted on a home-built set-up
consisting of a time-of-flight (TOF) mass spectrometer and a
magnetic-bottle photoelectron spectrometer, which has been
described elsewhere.?’ Briefly, the X™—CH4 (X =F, CL, Br, I)
cluster anions were produced in a laser vaporization source
by ablating a rotating, translating KX (X = F, Cl, Br, I, re-
spectively) target with the second harmonic (532 nm) laser
of a Nd:YAG laser, while the CH4 gas with 5 atm. backing
pressure was allowed to expand through a pulsed valve over
the target. The formed cluster anions were mass analyzed by
a TOF mass spectrometer. The cluster anions of interest were
mass selected by a mass gate and then decelerated before pho-
todetachment by the fourth harmonic (266 nm) of a second
Nd:YAG laser. The flight time of the photoelectrons was mea-
sured by the magnetic-bottle photoelectron spectrometer. The
electron binding energies (EBE) were obtained as usual by
EBE = hv — EKE, where hv is the photon energy, and EKE
is the kinetic energy of the photoelectron. The photoelectron
spectra were calibrated with known spectra of F~, C1—, Br™,
and ™.

The photoelectron spectra of X~ and X ™—CH4 (X = F,
CL, Br, I) taken with 266 nm photons are shown in Fig. 2
and the observed spectra data are listed in Table 1. The
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FIG. 1. Diagram of the potentials of the F~—CHy4 and F-CHy4 systems.

vertical detachment energy (VDE) shifts of X~ —CHy relative
to the VDEs of the corresponding X~ are shown in Fig. 3.
The anions were produced in supersonic beams; thus, they
stay at their vibrational ground state. Therefore, each peak in
the spectra corresponds to a transition from the ground vi-
brational state of the anions to the ground or excited elec-
tronic states of the corresponding neutral system. The doublet
features of the spectra show the energy difference between
two electronic states of the neutral system. The error bar
of the experimental results is determined to be £0.020 eV
(£0.010 eV for the splittings); thus, we cannot resolve the vi-
brational features corresponding to large amplitude motions
(hindered rotations and intermolecular stretchings) of the neu-
tral system. Note that Neumark and co-workers have probed
F~—CH4" and ClI"—CH,4'? by SEVI and found interesting
spectral peaks whose assignment is still “a work in progress.”

In order to understand the doublet spectral peaks, the
equilibrium structures of the anions as well as the loca-
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FIG. 2. Photoelectron spectra of X~ and X™—CHy (X = F, Cl, Br, I) taken
with 266 nm photons.
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TABLE I. Vertical detachment energies and their spin-orbit splittings (all
in eV) for X~ and X~-CHy4 (X = F, Cl, Br, I).

X~ X~ -CH4
VDE SO splitting VDE SO splitting
F~ 2Py, 3.401° 0.050 F~—CH; 2Py, 3.701 0.163
2py, 3451 2Py, 3.864
Cl- %P3, 3.613% 0.109 ClI—CH; 2P3p 3.730 0.124
2Py, 3722 2p, 3.854
Br~ 2Py, 3.364% 0.457 Br —-CH; 2P3p 3.447 0.465
2Py, 3.821 2Py, 3912
I~ 2Py 3.059° 0.943 I"-CH; 2Py, 3.108 0.949
2py,  4.002 2P 4.057

4References 37, 38, 39, and 40 for F, Cl, Br, and I, respectively.

tions of the TS (saddle point (SP) on the potential) and
vdW wells of the neutrals have to be determined. There-
fore, we have performed electronic structure computations by
MOLPRO (Ref. 30) using high-level ab initio methods, i.e.,
[CCSD(T)]*! and [MRCI+Q],*>3? with the aug-cc-pVNZ [N
= 2(D), 3(T), 4(Q)] correlation consistent basis set family of
Dunning and co-workers.*»* The MRCI4+Q computations
provided the entrance channel potentials for the A; and E
(assuming C3, symmetry) non-relativistic electronic states as
well as the three doubly degenerate spin-orbit (SO) states
(e.g., see Fig. 4), which are involved in the dynamics of the
X + CHy reactions. The computed structures and energetics
of the stationary points of the X~—CH,4 and X—CH, potentials
are presented in Table II. The SO states and the SO splittings
as a function of the C-X distance of the neutral systems are
shown in Fig. S1 in the supplementary material (SM).*® Fur-
ther computational details are given in the footnote of Table II
as well as in the SM.3®

The F 4+ CHy reaction has an early saddle point (F-Hj
—CHj3)sp, whose structure slightly overlaps with that of F~
—CHy, though the anion has longer H,—F distance (1.844 A)
than the saddle point value (1.628 A). Furthermore, (F-H,
—CHs)sp has Cg symmetry with £ F-H,—C ~ 150°, whereas
the point-group symmetry of F—CHy is Cs,. (The energy
difference between the C; and Cs, (F-H,—CHj3)sp is, however,
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FIG. 3. VDE shifts of X~ —CHy relative to the VDEs of the corresponding
X~. The difference in these “doublet numbers” is the difference between the
doublet splittings of X™—CH,4 and X~ in Fig. 2.
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FIG. 4. Potential energy curves (left panel) and spin-orbit splittings (right panel) of CH4—F as a function of the C-F distance along the C3, axis with fixed
CHy(eq) geometry and C—H-F linear bond arrangement computed at the MRCI4-Q/aug-cc-pVTZ level of theory. A and E denote the ground and excited
non-SO states, respectively. SO, SO;, and SO3 are the three doubly degenerate SO states. The green arrows indicate the C—F equilibrium distance in the anion

complex and the corresponding vertical splitting of the neutral system.

only a few cm™!.) The H,—F distance at the shallow vdW min-
ima (F-Hy—CHj3)yqw is about 2.6-2.8 A; thus, the structure of
F~—CHy corresponds to a configuration between the vdW and
SP regions of the F + CHy reaction. Indeed the VDE shift be-
tween F-—CH,4 and F(*P32) (2420 cm™ 1) is larger than the Dy
value of F~—CH, (2337 cm™'); thus, the experiment probes
the neutral potential above the reactant asymptote by about
100 cm~!, which is less than the SO-corrected barrier height
(~270 cm™') as expected considering the above mentioned
structural parameters.

Computations show that the X + CH4 (X = Cl, Br,
and I) reactions have late barriers, with increasing classical
heights of 2711, 6402, and 10574 cm~!, respectively, and the
corresponding saddle-point structures do not overlap with

those of the anions (see Table II). The CH4 geometries in
the anion complexes are almost free CH, equilibrium struc-
tures [#(CH) = 1.088 10\], whereas the CH,, distances of (X
—H,—CH3)sp are 1.407, 1.687, and 1.972 A for Cl, Br, and
I, respectively. Therefore, in these cases the anion photode-
tachment measurements probe the vdW regions of the neu-
tral reactions. Indeed, the anion structures overlap with the
corresponding (X-H,—CHj3)\qw structure, though the X-Hy
distances are slightly shorter in the anions in all the cases
of X = Cl, Br, and I. The measured VDE shifts between X
—CH4(®P32) and X(®P3,) are 940, 670, 400 cm~!, whereas
the computed Dy values of X™—CHy are 971, 788, 605 cm™~!
for X = Cl, Br, and I, respectively (see Table II). These results
indicate that the experiments access the vdW wells for CI, Br,

TABLE II. Computed structures (in A and degrees) and relative energies (dissociation energies and barrier heights in cm~') of the X~"—CHy anion complexes
as well as the entrance-channel vdW complexes and the saddle points of the X + CHy4 reactions (X = F, Cl, Br, I).

State rH(C-H)? rH(C-Hp)? r(X—Hp)* a(H-C—Hp)* AE. [AEy]*P
(F-Hp—CH3)~ A, 1.094 1.110 1.844 110.4 2475[2337]
(F—Hp—CH3)vaw SOy, SO, SO; 1.088 1.088 2.6,2.8,2.7 109.5 79, 94, 85
(F—Hp—CH3)sp 277 1.090/1.088¢ 1.112¢ 1.628¢ 107.3/108.3¢ 139[144]
(C1-Hy—CH3)~ TA; 1.091 1.093 2.639 109.8 1111[971]
(Cl1-Hy—CH3)vaw SO1, SO,, SO;3 1.088 1.088 3.0,3.2,3.1 109.5 116, 136, 123
(Cl1-Hp—CH3)sp 2A; 1.084 1.407 1.443 101.0 2711[1240]
(Br-Hp—CH3)™ A, 1.091 1.092 2.865 109.8 910[788]
(Br—Hp—CH3)vaw SO1, SO,, SO;3 1.088 1.088 3.2,3.3,3.3 109.5 114, 131, 121
(Br—Hp,—CH3)sp N 1.082 1.687 1.491 97.4 6402[4933]
(I-Hy—CH3)~ A, 1.090 1.090 3.188 109.7 708[605]
(I-Hp—CH3)yaw SO1, SO,, SO;3 1.088 1.088 3.4,3.5,3.5 109.5 130, 148, 137
(I-Hp,—CH3)sp ZA; 1.095¢ 1.9724 1.658¢ 94.94 10574[8919]¢

2Ab initio results obtained at the CCSD(T)/aug-cc-pVQZ and ROHF-UCCSD(T)/aug-cc-pVTZ levels of theory for the anions and the saddle points, respectively. For the vdW
complexes CCSD(T)/aug-cc-pVQZ CHa(eq) structures and MRCI4-Q/aug-cc-pVTZ X-Hy, distances are given. For Br and I small-core pseudopotentials and the corresponding basis
sets were employed. All the complexes have C3, symmetry, except (F-Hy,—CH3)sp (Cs).

YAE, [AEy] denotes the D [Dy] values for the anion and vdW complexes and classical [ground state vibrationally adiabatic] barrier heights for the saddle points. The harmonic
zero-point energy corrections were computed at CCSD(T)/aug-cc-pVTZ. For the vdW complexes the D, values were obtained at MRCI4-Q/aug-cc-pVTZ for the spin-orbit (SO,
SO,, SO3) states (see Fig. 4).

¢(F-Hp,—CH3)sp has Cs point-group symmetry and a(C—Hp—F) = 152° (see more details in Ref. 26).

dThese values were computed at the ROHF-UCCSD(T)/aug-cc-pVDZ level of theory.
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FIG. 5. Diagram of the potentials of the X™—CH,4 and X-CHy4 systems (X =
Cl, Br, I).

and I, since the VDE shifts are smaller than the Dy values of
the corresponding anion complexes.

The SO splittings in the photodetachment spectra of
X7—CH4 and X~ provide very useful information about the
regions where the neutral potentials are probed. The most in-
teresting case is the X = F, where the measured SO split-
ting between F(*P3;) and F*(?Py)) is 0.050 eV (404 cm™!)
whereas the spectrum of F~—CH, is split by 0.163 eV
(1310 cm™"). The measured doublet splitting of the F-CH,
complex is larger than the SO splitting of F by ~0.113 eV,
which is quite significant. Fig. 4 shows the computed SO split-
ting as a function of the C—F separation. As seen, the mea-
sured SO splitting of F~CHy4 nicely corresponds to the com-
puted splitting considering vertical transitions from the anion
potential to the neutral SO surfaces. The SO splitting also re-
veals that we do not probe the vdW valley, since the split-
ting would be very close to the atomic limit in the vdW well.
Furthermore, the computations predict an even much larger
doublet splitting at the saddle point indicating that the pho-
todetachment does not access the saddle point. The schematic
of FF—CH4 — F-CHy4 + e is shown in Fig. 1, where, as in-
dicated, the anion wave function is projected on to the neutral
surface in a region between the vdW well and the reaction
saddle point.

For X = Cl, Br, and I, the measured SO splittings of the
X—-CH,4 complexes are larger than the splittings of X by only
~0.015, 0.008, and 0.006 eV, respectively, in good agreement
with theory as shown in Fig. S1 of the SM.3¢ These are much
smaller than in the case of F-CHy4 (~0.113 eV), showing that
we probe the vdW regions of the Cl, Br, I + CHy reactions
(see Fig. 5).

Overall, the combination of anion photoelectron spec-
troscopy experiment and ab initio electronic structure compu-
tations presents a clear picture of the entrance channel poten-
tials of X + CHy — HX + CHj3 (X = F, Cl, Br, I) reactions.
The spin-orbit splitting information of the F + CH, reaction is
confirmed for the first time. The nice agreement between the
experiment and theory indicates that the theoretical methods
used here can also be extended to other similar reactions.
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