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The first direct experimental observation of an intramolecular reaction path going through a transition
state is reported. The results of a Coulomb explosion imaging experiment for cold CH4* molecular ions
show the intermediate conformations between permutationally equivalent structures of this molecule.
Comparison with a theoretical prediction of the corresponding reaction path is given and the agreement

is satisfactory.
PACS numbers: 35.20.Bm

Optical spectroscopy has been extremely successful in
deriving the structure of rigid or “semirigid” molecules
[1-5]. Spectroscopic data, combined with Born-Oppen-
heimer approximation (BOA) based ab initio calcula-
tions, are the basis for much of our understanding of
molecular structure. In general, the interpretation of
spectra depends on model Hamiltonians and, thus, the
coupling between quantum calculations and experiments
is essential for the conversion of spectral observations into
structural parameters. This rigid structural approach
starts having difficulties when one deals with floppy sys-
tems. Examples of such systems are van der Waals com-
plexes, clusters, and some molecular ions which are
characterized by weak binding energies or weak in-
tramolecular forces [6,7]. For such species the interpre-
tation of high resolution spectra is difficult and not al-
ways conclusive [8]. Furthermore, once the system in-
cludes large internuclear distances such as in reactions,
the BOA theoretical framework must be modified. As a
consequence, modern reaction dynamics calculations
necessarily employ models which are far more sophisti-
cated and extend beyond the BOA [9-12].

Thus, the field of molecular structure in nonrigid sys-
tems suffers from the deficiency of interpretational tools
for the extraction of structural parameters. It would be
desirable to have more direct experimental and theoreti-
cal means for obtaining structural information on such
systems. The purpose of this Letter is to report on new
experimental possibilities for direct measurements of de-
tailed structural features of floppy molecules including in-
tramolecular dynamics.

Concepts such as “‘reaction paths,” “transition states,”
“intramolecular reactions,” and the like are extremely
useful in the field of molecular reactions. A semiclassical
description is given by Levine and Bernstein [13]: “The
key assumption of the theory is that there exists a single
configuration of no return, called the transition state.
Once the system has reached this configuration, it is as-
sumed to proceed further and form the products. That
path (on the surface) along which the reactants reach the
critical configuration and along which the supermolecule
in the transition state ‘deforms’ to yield the products is
the reaction coordinate.” Several experimental schemes
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have been used to obtain indirect information on the tran-
sition state configuration. Structural information can be
inferred from the features observed in the emission spec-
tra of photodissociating molecules [14]. Interpretation of
photoelectron spectra provides another means of gaining
insight into the transition state of the dissociating neutral
species [15]. We present here a new experimental
method by which direct information is achieved on an in-
tramolecular reaction path and a transition state. We
demonstrate this method for a special case of the ground
state permutational isomerization of CH4 ™.

The vibrational-electronic coupling caused by electron-
ic degeneracies in nonlinear molecules is a common ex-
ample of BOA breakdown and is known as the Jahn-
Teller (JT) effect [16]. CH4% is one of the simplest sys-
tems which exhibits JT distortion in its triply degenerate
ground state. A detailed study of a particular reaction
path in the ground state of CH4™* has been given by Frey
and Davidson [17]. Various stationary points were locat-
ed on the calculated lowest energy surface and pseudoro-
tations were studied in terms of bond lengths and bond
angles. The deduced ‘“‘reaction path” in terms of bond
angle variables (i.e., the six H-C-H angles) for the tun-
neling from one minimum to another permutationally
equivalent minimum is shown in Fig. 1(a). The confor-
mation at the left side of the figure (path phase of —n/2)
has one small bond angle /ZH,-C-H4=53° and a large op-
posite bond angle /ZH,-C-H3=127°. The other four an-
gles are all 113°. This conformation has the symmetry of
a group which can be generated by reflections through
two planes perpendicular to each other and is customarily
symbolized by Cj. [4]. The conformation at the right
side of Fig. 1(a) (path phase of n/2) is another permuta-
tionally equivalent minimum with a C,, symmetry. Be-
tween these minima there is a barrier of about 80 meV
with a conformation (path phase of 0) which is invariant
under the exchange of protons 1 and 2 and is marked in
Fig. 1(a) by C; [17].

Coulomb explosion imaging (CEI) [18], a relatively
new technique for molecular structure determination, is a
model-independent method which directly samples the
fully correlated many-body nuclear density for both rigid
and floppy systems. In the following, we describe how a
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FIG. 1. The H-C-H angles along the reaction path between two equivalent conformations. The abscissa represents a phase angle

along the path between these conformations. (a) Theoretical reaction path from [17]. (b) Experimental reaction path (see text).

reaction path, equivalent to the theoretical reaction path
shown in Fig. 1(a), is observed directly using the CEI
method. For conciseness, we will discuss only the five-
dimensional subspace of the measured angular variables.
A full treatment of the nine-dimensional CEI data for the
structure of CH4 % will be published elsewhere.

A persistent technical problem in previous CEI experi-
ments had been the inability to generally prepare fast
molecular-ion beams with well defined vibrational excita-
tion [19,20]. Previous CEI experiments on CHs* suf-
fered from this problem [21], thus limiting precise inter-
pretation to a possible reaction path of a mixed molecular
ensemble [22]. Recently, an ion source has been
developed to produce vibrationally cold molecular ions in
the terminal of the Argonne Dynamitron accelerator by
implementing a supersonic expansion crossed by an elec-
tron beam [23], thus overcoming this problem. Optimal
parameters were chosen experimentally for the produc-
tion of the coldest CH4 % ion beam from this source. The
molecular ions were accelerated to an energy of 4.5 MeV
and, after mass selection, were stripped of their valence
electrons by a 0.6 pg/cm? Formvar target [24]. The
stripping process occurs in about 10 ~'¢ s and the remain-
ing atomic ions start Coulomb exploding. For about 40%
of all impinging molecular ions, a coincidence of four pro-
tons and a carbon ion with charge +3 were collected us-
ing two detectors [25,26]. Further details of the experi-
mental procedure may be found in Refs. [26] and [27].
From the information provided by these detectors the
simultaneous values of all velocity components may be
deduced for each fragment (i.e.,, a total of 15 com-
ponents). About 2500 molecular ions were analyzed.
For the purpose of studying the topology of the multidi-
mensional nuclear density, the six measured H-C-H an-
gles (between the velocity vectors after the explosion)
were used for each CH4" ion. The density in terms of
these angles approximates the density in terms of H-C-H
angles in the unexploded molecules [18]. Corrections to
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this approximation will be discussed later, and are unim-
portant for understanding the method of studying the re-
action path.

The six H-C-H angular coordinates depend on five an-
gular normal modes. If we define 6;; as the angle be-
tween the H;-C-H; fragments for i,j=1,...,4 then the
following five angular normal modes [17] can be con-
structed for each measured molecule:

B, =172(681,— 634) ,

B, =V1/2(624—613) ,

B: =1/2(614—65) ,

Ep=1712[2(8)2+ 6033) — (813+ 014+ 023+ 6241,
E; =73 (03— 0144024~ 633) .

(1

Any point in the 5D space (By,By,B.,E,,Ep) can be
transformed to the corresponding set of six interbond an-
gles 6;; by noting that any such set of redundant angles
must satisfy the additional constraint detlcos(6;)]1=0.
In this 5D space, the origin represents a regular tetrahe-
dral geometry. Every measured molecule contributes 24
points to the density in this 5D space, representing all the
possible permutations of the four experimentally identical
protons. Thus, about 60000 points contribute to the
measured ensemble. A procedure for smoothing the sta-
tistical fluctuations of the density is used [28] and we
refer to this 5D smoothed density as the measured densi-
ty. Except for some minor Coulomb and target distor-
tions which can be accurately simulated [29], the mea-
sured distribution represents the actual ground state nu-
clear density for the angle variables. Moreover, the mea-
sured density represents the square of the nuclear wave
function whenever a single electronic potential surface is
applicable.

Figure 2(a) shows a cut of the measured density on the
(By,B;) plane at By =E, =E, =0. As expected, the regu-
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FIG. 2. Two-dimensional cuts from the five-dimensional experimentally measured density (see text) of the angle variables. (a) B,
vs B: at By =E, =E,; =0, (b) Ej vs B, at B, =B, =E, =0, (c) By vs B; at By =E, =0; E;, =25°. (d) Composite view of the segments

of the reaction paths which appear in (a), (b), and (c).

lar tetrahedral structure does not contribute to the densi-
ty because of the JT symmetry-breaking mechanism.
Four prominent equivalent peaks appear symmetrically
around the origin on the B, and B, axes (and, not shown,
two others on B,). These peaks represent structures of
C», symmetry and are marked as C», in the figure. The
lower and the left peaks have the six 6;; angles given in
Fig. 1(b) at the extreme left and right sides, respectively.
Figure 2(b) shows a cut of the measured density on the
(B;,Ep) plane at B, =B, =F,=0. The two peaks on the
B. axis from Fig. 2(a) are still present in this view, how-
ever, here they are connected through ridges to two new
peaks at Fp=25°. Each of the two high density regions
has two comparable peaks connected via a saddle. The
connecting ridges are identified as the experimental reac-
tion paths between the conformations of the peaks. On
this plane, any nonzero E} value lowers the C;, symme-
try into a twofold axis C, symmetry, which is the symme-
try of the new peaks. To complete the experimentally ob-
served pseudorotation picture we show in Fig. 2(c) a cut
of the measured density on the (B,,B.) plane at By
=F, =0 but E;,=25° which is where the new peaks ap-
peared in Fig. 2(b). Four prominent equivalent peaks ap-
pear symmetrically around the origin on the B, and B,

axes connected by four saddles. These four peaks, two of
which appear in Fig. 2(b) at E,=25°, represent confor-
mations of C; symmetry. The saddle points between the
peaks are identified as the transition states and marked
by C;. The experimental transition states are true saddle
points in 5D, namely, the density is a maximum for every
direction except for one, for which it is a minimum. In
this plane, all six angles differ from each other, except on
the two axes and on the diagonals (B, == B,) which
represent loci of C, and C; conformations, respectively.
Figure 2(d) is a perspective view combining the two
parallel cuts of Figs. 2(a) and 2(c), and one of the con-
necting perpendicular planes shown in Fig. 2(b). An
equivalent (Ep,B,) plane at B, =B, =E, =0 (not shown)
connects the uppermost (C) and lowermost (C,,.) peaks
in Fig. 2(d), which completes the exchange of protons 1
and 2. Thus, we have found a passage of high probability
density in 5D configuration space which connects permu-
‘tationally equivalent peaks to each other. Physically, the
experimental data show that the CH4* ground state is
unlocalized along connected one-dimensional paths in this
space.

For accurate tracing of the reaction path, it is possible
to make a computer search in the 5D space which follows

3551



VOLUME 70, NUMBER 23

PHYSICAL REVIEW LETTERS

7 JUNE 1993

the ridges of the measured density. The result of such a
search is shown in Fig. 1(b). The qualitative similarity
between the theoretically computed reaction path and the
experimentally deduced one is evident. Some of the
quantitative differences between them can be accounted
for by Coulomb distortions such as proton-proton repul-
sion for small H-C-H angles (this is more pronounced at
+ /2 in Fig. 1, where the smallest measured angle is
larger by 30° than the theoretical one). As mentioned
before, this has been neglected in this simplified analysis.

The reaction paths shown in Figs. 1(a) and 1(b) ap-
pear quite similar. However, Fig. 1(a) shows the changes
occurring in the H-C-H angles along a reaction path be-
tween two equivalent minima where the path is calculated
from a model potential surface, while the results shown in
Fig. 1(b) are based on the path which follows the max-
imum probability ridges of the measured density. In both
Figs. 1(a) and 1(b), the six H-C-H angles start with a
C»,. symmetry structure where four equal angles split into
two pairs of equal angles lowering the symmetry to C»
[4]. Further along the path, a bifurcation of each pair
occurs. All six H-C-H angles are then unequal until the
transition state is reached at path phase equal to zero in
Figs. 1(a) and 1(b). After this point, one pair of the four
initially equal angles gradually evolves and assumes the
role of the largest and the smallest angles in the confor-
mation shown on the right side of Figs. 1(a) and 1(b).
All other angles drift toward equality in a fashion
symmetrically similar to the left side.

To conclude, we have presented the first detailed
model-independent measurement of an isomerization re-
action path and transition states using the CEI method.
The complete analysis of the data should reveal further
significant information on the dynamics of the permuta-
tional isomerization of the CH4t ground state, such as
additional correlation with C-H bond lengths and the rel-
ative densities of conformations. The technique offers a
possibility to obtain experimental information, which was
unavailable before, on dynamics of floppy molecular sys-
tems.
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FIG. 2. Two-dimensional cuts from the five-dimensional experimentally measured density (see text) of the angle variables. (a) B,
vs B. at By =Ey=F, =0, (b) Ep vs B. at B, =B, =F,=0, (¢c) B, vs B. at B, =F,=0; £, =25°. (d) Composite view of the segments
of the reaction paths which appear in (a), (b), and (¢).



