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We have combined a cw visible laser with synchrotron radiation, respectively, to
photodissociate the s-tetrazine molecule and to probe, with an electron analyzer, the
vibrational energy of the nascent fragments. No fragments other than N, and HCN were
detected on the time scale of our experiment. We find that 5.4% 4 0.5% of the nitrogen
fragment departs with one quantum of vibration and at least 26% of each HCN fragment is
vibrationally excited, mainly in the bending mode (n = 1 to 6) and probably to a very small
extent in the C-N stretching mode (n = 1). These data are fully consistent with a pure three

body fragmentation mechanism governed by the geometry of the transition state as calculated
by Scheiner et al., J. Am. Chem. Soc. 108, 8160 (1986).

I. INTRODUCTION

The photodissociation of ground state s-tetrazine, near
the S, state, with visible light, into three bodies, i.e., one N,
and two HCN molecules, has raised considerable interest
since the early work of Curtius et al.,' Koenigsberger and
Vogt,” and later Hochstrasser and King.®> This process is
strongly exothermic, as shown in Fig. 1, and provides an
interesting case, which perhaps cannot be described with sta-
tistical models. The central question concerns the dissocia-
tion mechanism itself. Several experimental studies*” in-
cluding the most recent ones, have discussed the occurrence
of a concerted triple fragmentation

C,N,H, -2HCN + N, (1)
and sequential two body fragmentation processes

C,N,H, - HCNN, + HCN—-2HCN + N,, (2)

C,N,H, - HCNNCH + N, -2HCN + N,. 3

Except the work of Glownia and Riley® who found evi-
dence of a double translational energy distribution of HCN
and favored process (2), any of the recent experimental
work tend to prove a concerted triple fragmentation (1)
along a repulsive surface. Coulter et al.,’ using time resolved
fluorescence found very little vibrational excitation in the
fragment, namely, 1% in the C-N stretching mode (v;) a
negligible amount in the C-H stretching mode (v,) of
HCN, and they estimated some 10% in N, . Note that there
is no experiment reported, to our knowledge, on the excita-
tion of the bending mode in HCN. Zhao et al.” on the basis of
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photofragment translational spectroscopy measurements,
reported that 73.9% of the available energy is found in trans-
lation, thus confirming that little internal energy is left in the
fragments. Furthermore, the same authors measured an ani-
sotropy in this dissociation, showing a stronger repulsion
between the two HCN compared to the repulsion between
HCN and N, .

Meanwhile, ab initio molecular structure calculations®
have shown that the activation energy for the three body
fragmentation is low (47 kcal/mol) enough to make this

8,4, (S‘K //

.
o

AE ., = 0.26eV

53.8 51.8
(2.34) (2.25)

~J
1Ag (Sy) s-Tetrazine

2 HCN (X) + Ny (X)

FIG. 1. Energy diagram of s-tetrazine photodissociation with energies in
kcal/mol and in eV in parentheses, from Ref. 7.
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route energetically open after S, — S, photoexcitation (see
Fig. 1). More recently, Strauss and Houston® have proposed
a method to appreciate the difference between a concerted
mechanism and a stepwise process. On the basis of the inter-
pretation of the fragment translational distribution and the
anisotropy of the fragmentation of s-tetrazine, measured by
Zhaoetal.,” they concluded to a synchronous and concerted
mechanism. The question of the complete partitionning of
vibrational and rotational excitation among the fragments
remains open, in order to approach the dynamics of this
fragmentation.

In this paper, we report novel measurements on this
photodissociation problem, by probing in the gas phase, the
nature and the detailed vibrational energy content of the
fragments by photoelectron spectroscopy. This method has
been already proved to be well adapted for studying unstable
molecules,'®!! chemical reactions in the gas phase (also
called chemielectron spectroscopy) such as metal oxidation
reactions'? or pyrolysis of azides.!* Here we introduce two
novel aspects:!* One is the use of synchrotron radiation in
the vacuum ultraviolet, at selected wavelengths, in order to
maximize the sensitivity according to the nature of the prod-
ucts to be probed. Another is to use this method to the specif-
ic problem of state to state laser molecular photodissocia-
tion. Actually, we have built an experimental setup'® and
used it for studying the ionization of open shell species such
as iodine atoms'® produced by photodissociation of the I,
molecule. In the present paper, we focus our attention on the
laser induced dissociation process, in probing the fragments
by photoelectron spectroscopy. Regarding the problem of
fragmentation of s-tetrazine photoexcited near the S, state,
we identify the nature of the fragments N, and HCN, and
the distribution of their vibrational energy. The present re-
sults are found compatible with a concerted triple fragmen-
tation process, after a S; —S; internal conversion, as sug-
gested by Zhao et al.” We show that the geometrical
structure of the transition state, calculated by Scheiner ez
al.® governs the vibrational excitation along the various co-
ordinates of the fragments. Further insights on the dynamics
of this fragmentation are discussed.

Il. EXPERIMENT

The experimental setup and procedure have been de-
scribed in details previously,'>!¢ and will be presented here
briefly. Synchrotron radiation emitted from the Super ACO
(Super Anneau de Collisions d’Orsay) positron storage
ring, is monochromatized by a 2.5 m toroidal grating mono-
chromator. The synchrotron light wavelength is selected in
the vacuum ultraviolet (vuv) region around 23 ¢V photon
energy, with a bandwidth of about 60 meV. This energy cor-
responds to the maximum of photoionization cross section
of N, in the N,*, A(I1, ) state,”” which is well suited for
detecting hot vibrational bands. Note that this energy is also
adequate for detecting HCN. The monochromatic beam is
refocused by a toroidal platinum coated mirror into the cen-
ter of the experimental chamber. The photon flux at 23 eV,
amounts to 3 X 10" photon/s ="' per 40 meV bandwidth.

A schematic of the experimental setup is shown in Fig.
2. The vuv light beam crosses the interaction zone, formed

Probe Zone

vuv

Synchrotron Light Electron Analyser

Interaction zone

FIG. 2. Schematics of the experimental setup. The distance d between the
interaction zone and the probe zone amounts to about 3 mm. © = 54.7°, as
measured with respect to the polarization vector of the vuv photon beam.

by a narrow effusive jet of gas obtained from a very thin
needle (0.3 mm in diameter) issued from an oven heated
gently to about 80 °C, crossing at right angles the laser beam
originating from a cw argon ion laser, used in a multiline
mode mostly, 476.5, 488, 496.5, 501.7, 514.5, and 528.7 nm
with 6%, 32%, 6%, 10%, 22%, and 10% of the total inten-
sity, respectively. Because the laser beam is carried through
different mirrors with different planes of refiection, the
original polarization of the laser is lost, and there is no pref-
erential orientation of the photoexcited molecule. The vuv
beam actually crosses the region at a point located only 3 mm
away from the laser/gas interaction point. Photoelectrons
are energy selected in a 127° cyndrical electrostatic analyzer,
which is used at low (electron energy bandwidth FWHM,
AE = 180 meV) or medium (AE = 120 meV) resolution,
the latter being necessary to resolve stretching modes. Under
these conditions, owing to the high particle density inside the
oven and the ability of this compound to polymerize, s-tetra-
zine exhibits a strong explosive character which has prevent-
ed us from running the experiment for long periods of time.

The arrangement shown in Fig. 2 is somewhat different
from the one used in our previous studies.'®!® Here both
photon beams are (nearly) collinear, and no longer perpen-
dicular. The small angle (2°) between both photon beams, in
the vertical plane, prevents the laser light to damage the refo-
cusing mirror of the synchrotron light beam. This new ge-
ometry, allows us to position the electron analyzer at a se-
lected angle with respect to the polarization vector of the
incident vuv photon beam of 54.7°, thus eliminating possible
angular effects.

The laser power was set at a minimum value of 3 W in
the chamber, to obtain a nearly full dissociation. Note that
under these conditions, only one photon transitions have to
be considered.

s-tetrazine has been produced using the method de-
scribed by Marcelis and van der Plas,’® which offers the
advantage over the original synthesis of Spencer et al.,'® that
there is no pyrolytic decarbonylation step. Purity was care-
fully checked by mass spectrometry, infrared and visible
spectrometry.

All photoelectron spectra have been corrected for the
transmission of the analyzer. The partial pressure and light
flux were controlled to be constant during data acquisition
period (typically 15 mn).

J. Chem. Phys., Vol. 96, No. 5, 1 March 1992
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1. RESULTS AND DISCUSSION
A. Nature of the fragments and yield

We present in Fig. 3(a) the photoelectron spectrum of s-
tetrazine, laser off, recorded at 23 eV photon energy and
with a total bandwidth of 190 meV. As mentionned in Sec.
11, this energy offers the best conditions of sensitivity for
detecting the fragments. The bands (including the strong
one located around 20 eV binding energy, not fully shown in
the figure), correspond to the valence ionization spectrum,
in excellent agreement with the best data available at this
time.”®?! The detailed assignment has been made by von
Niessen et al.?* on the basis of many body Green’s function
calculations. No further comments will be made at this point
since it is out of the scope of this paper.

When the laser is turned on with a power of 3 W in the
chamber, the spectrum changes drastically, as seen in Fig.
3(b) because of the nearly complete dissociation of the par-
ent molecule. The laser is used here in a multiline mode. The
various wavelengths correspond to the S; —.S; transition
with excess energies with respect to the 0-0 band, equal to
787, 1308, 1804, 2013, 2364, and 2858 cm ~ !, respectively.
None of them matches an intense line of the photoabsorption
spectrum.'®?* The 528.7 nm light falls in the rotational tail
of the 6b 2 line (2 cm ~ ' above), the 514.5 nm light lies at 52

s-Tetrazine: Cy N4Hy
Laser off (a)
30
20

10

- (b)
2 Laseron N3 (X)
10 4

COUNTS (arb. units)

HCN'(X,A)
8 -
6. N3 (A)
4_

2 HCN (B)

BINDING ENERGY (eV)

FIG. 3. Photoelectron spectrum of s-tetrazine recorded at 23 eV photon
energy (synchrotron radiation) and 0.19 eV total energy resolution (a) la-
ser off, (b) laser on (3 W).

cm ~ ! above the 62 1642 line, the 501.7 nm light lies 23 cm ~!
abovethe 6al 165} 176} line, the 496.5 nm light lies 51 cm ~!
above the 6a3 1642 line and the 488 nm light lies 106 cm ~!
above 6a316b !, the 476.5 nm light lies 63 cm ~! above the
6a} line. From the work of Innes ef al.,** those lines corre-
spond essentially to the excitation of in-plane breathing
modes of the ring. We have reported in Table I the useful
structural elements and the vibrational frequencies as mea-
sured for the parent molecule'®?>** and fragments.?*-’

In Fig. 3(b), all the bands are readily interpreted as due
to HCN and N, . They correspond to the well known X, A4,
and B bands of N;* (see, e.g., Ref. 28) and the X,4,and B
bands of HCN *.2° There is a small residual signal of the
parent molecule but the overlap of the s-tetrazine bands and
those of the fragments is negligible except for the B state of
HCN *. The main information brought by this spectrum is
that there is no signal due to any fragments like HCNN, or
HCNNCH, which have been proposed in stepwise processes
(2) or (3). Indeed, the first ionization potential of any iso-
meric form of H,C,N, lies around 10 to 11 eV*%?! and
should have been detected in the present experiment, as long
as its lifetime would have been longer than a few 100 ns, the
dead time of our detection technique.

The relative intensity J of each resolved band, labeled /
for HCN and;j for N, is proportional to the partial photoion-
ization cross section, o, at 23 eV photon energy, and the
stoechiometric factor 8 of the photodissociation cross sec-
tion. One can thus write

I(HCN,)/I(N,,) = Bo(HCN;)/o(N,)).

The value of (N, ) for the X state of N;" is known*? at this
specific energy as 9.4 Mb. For the HCN molecule, there is no
experimental data available. Only theoretical values*® have
been published to our knowledge. The relative intensity of
each iand jbands is reported in Table I1. Taking the 3 factor
equal to 2, we readily extract from the relative intensity of
the bands, the partial absolute photoionization cross section
for HCN, i.e., 13.5 Mb the sum of X and 4 state, 3.6 Mb for
the B state, by normalization to the X state of N,*. These
values compare favorably with the calculations of 12.8 Mb
for the X + A states and 10 Mb for the B state,?* at 23 eV
photon energy. This shows that there is a reasonable accord
with theory. Moreover, this method provides easily absolute
photoionization cross section of fragment species as soon as
the cross section for one of the other fragment is known.

B. Vibrational distribution in the fragments

We turn now to the analysis of the vibrational bands of
the fragments. We have used an improved electron energy
resolution (130 meV in total) in order to resolve stretching
modes. The corresponding spectra of nascent N, and of nas-
cent HCN are shown in Figs. 4 and 5, respectively. Note that
the small contribution of the s-tetrazine bands has been sub-
tracted. This does not affect the fragment bands of interest
because there is no overlap, except around 20 eV binding
energy. Indeed, unlike the other fragment bands, the shape
of the B band of HCN * cannot be taken on quantitative
grounds. This is why we will focus here on the X and 4 states
of HCN.

J. Chem. Phys.. Vol. 96, No. 5, 1 March 1992
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TABLE 1. Geometrical parameters and useful vibrational frequencies of s-tetrazine, HCN, and N,.

Geometry s-tetrazine (Refs. 19,23,24) HCN (Ref. 26) N, (Ref. 25)
C-H distance (A) 1.06 1.064
C-N distance (&) 1.33 1.156
N=N distance (&) 1.32 - 1.094
HCN angle (°) 116 180
Vibrational C,N,H,, S, '4, HCN, X's+ N,, X'z}
frequency
(cm~") (Ref. 23) (Ref. 26) (Ref. 25)
Ve (24):736.1 v,:3311.47
Ve (a,):1526.2 v,:713.46 @, = 2359.61
Ve (B35 ):651.1 v,:2096.7

Let us first analyze, the nitrogen signal. The direct evi-
dence of vibrationally hot molecules is seen by the existence
of the hot line N;t* X '35, v=1-N;* 4711,,v=0(1-0
in a simplified form) located at a binding energy of 16.43 eV.
The energy separation between this line and the regular
(X'=}, v=0-471,, v=0) line, (0-0), equals
0.293 4 0.05 eV, which matches exactly the first v=0, 1
energy separation of the ground state of the neutral mole-
cule, i.e., 0.291 eV (Ref. 25). Note that there is no signal
corresponding to the (2—0) line within the limit of our
background noise, at 16.14 eV binding energy. The observa-
tion of such hot bands in the A state is possible because the
potential curve is such that the FC (Franck—Condon) fac-
tors F, _, is large, i.e., 0.38.3* We readily extract the vibra-
tional population of the nascent nitrogen fragment (see Ta-
ble IID), i.e., 94.6% for v =0and 5.4% + 0.5% forv = 1.

Let us consider the HCN signal. Unlike nitrogen, we do
not resolve the full vibrational structure because of our limit-
ed resolution. The peak energies result from a calibration of
the binding energy scale made at the N;*, X 22 * v = 0 posi-
tion. We have compared it to the contour of “‘vibrationally
cold” HCN, as established at room temperature, from Fridh
and Asbrink,?® using very high resolution photoelectron
spectroscopy. In order to make a meaningful comparison,
we convoluted their spectrum with our experimental resolu-
tion, i.e., 130 eV, precisely measured from the FWHM of the
N, vibrational bands. The corresponding profile is shown in
Fig. 5 as a dashed line. We observe that there is a marked
difference, showing that nascent HCN is surely vibrationally

TABLE II. Absolute photoionization cross section of HCN and N,, at 23
¢V photon energy.

Relative intensity ~ Partial photoionization

Band (arb. units) cross section (Mb)
HCN* (X + 4) 201 13.5
HCN* (B) 53 36
N (X 70 9.4*
N;* (A) 105 14.1
N,* (B) 15 2.0

* Normalized to the value of Ref, 32.

excited. In order to analyze the “hot” component, and cor-
rectly substract the “cold” part, we have made the assump-
tion that 000 — 000 peak (X state) is only due to cold HCN.
Then after normalizing both spectra at this particular bind-
ing energy, i.e., 13.607 eV, we obtain the “difference” spec-
trum as shown in Fig. 5. This difference spectrum is surpris-
ingly intense and markedly structured and show four main
features labeled &, #, and ¥ in Fig. 5(b).

The analysis of the difference spectrum requires a de-
tailed knowledge of the vibrational spectroscopy of the X
and A4 states of HCN *. Apart from the original work of
Fridh and Asbrink?® which offers a detailed assignment of
the photoelectron spectrum based on classical spectroscopy,
Koppel et al.*® have made a successful quantitative interpre-
tation in introducing non Born—-Oppenheimer effects. They
have shown that vibronic coupling between the X *IT and
A 23+ states of HCN *, leads to a perturbation of the spec-
trum, especially above 14 eV binding energy. The strong
mixing manifests itself by an intricate interplay between the
bending (v,) and C-N stretching (v;) modes (the C-H
stretching mode, v, can beignored). According to K6ppel et
al.,> the PES lines located below 13.95 eV can be described
essentially with vibrational progressions of the pure X state.
In contrast, above 13.95 eV, the mixture of states is such that

Nascent N,

2501

200

COUNTS (arb, units)

18 16 k14
BINDING ENERGY (ev)

FIG. 4. Photoelectron spectrum of nascent N, fragment (X and 4 bands)
recorded with 23 eV synchrotron radiation and 0.13 eV total energy resolu-
tion and laser on (3 W).

J. Chem. Phys., Voi. 96, No. 5, 1 March 1992
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127 Nascent HCN (&)

10

-1
1 T T T 1 1
12.5 130 13.5 140 145 15.0 155
BINDING ENERGY (eV)

COUNTS (arb.units)

4 0nd —-> On0
: Y 0ong ---> Ont (C)

133 134 135 136 137 138 139
BINDING ENERGY (eV)

A
|

FIG.5. (a), solid line. Photoelectron spectrum of nascent HCN fragment
(X and A bands) recorded with 23 eV synchrotron radiation and 0.13 eV
total energy resolution and laser on (3 W). Top, dashed line. Photoelectron
spectrum of cold HCN from Ref. 29, convoluted with our present energy
resolution. (b), Difference spectrum between the nascent and cold spectra
with details of the A and B bands in (c).

it is not possible to assign any line to one pure X or 4 elec-
tronic state. We readily see that the o and & features be-
longs to the unperturbed part of the spectrum, whereas ¥
belongs to the complex part.

We interpret the o and & bands as due primarily to
hot bands due to bending excitation of the nascent fragment,
because of the following. Fridh and Asbrink®® have observed
two hot bands in the HCN PES spectrum located at 13.554
eV (01'0-010) and 13.764 eV (01'0-011). From their
analysis, 6% of HCN at room temperature is found in
v, = 1. We readily extract from the relative intensity of two
hot bands, as measured in Ref. 29, that the transition proba-
bilities are 0.3 and 0.15, respectively. Since both bands are
the only one observed, we consider that the corresponding
transitions have the most favorable FC factors, in agreement
with the selection rules of Dixon ef al.,?® i.e., in the present
case, Av, = 0, Av; = 0,1, and used in Ref. 29. These two hot
lines coincide in energy respectively with the high energy
edges of the & and # bands. We believe that other hot lines
are also present. Since the bending frequency is smaller by 20
meV (160 cm ~')>* in the ion state compared to the neutral
molecule, we expect the (0n0—-0n0) and (0n0—0n1) bend-

TABLE III. Vibrational distribution in the neutral fragments.

Nascent N, fragment

v=0 94.6 4+ 0.5%
v=1 54+ 0.5%
HCN fragment

Bending

(000) 70%
OndYyn=1t06 26%
Estimated partioning

(010) 3%

(020) 5%

(030) 7%

(040) 6%

(050) 3%

(060) 2%

C-N stretching

001 <4%

ing progressions associated, respectively, tov, = 0and 1, to
lie on the low energy side of the first hot transition. We have
then obtained that the . band is likely made of some six
lines, the maximum of the band being found for v, = 3. As-
suming the same transition probability for the first hot line
(01'0-010) as for the others, we obtain that the total proba-
bility for bending excitation (six levels), 2a, (bending) is
given by

I
=—°ij
FF(1-2,a,)

withI, = e, F,_,, where I, represents the total intensity of
the o band, I, the intensity of the main 000 band of the X
state, F,_, the Franck-Condon (FC) factor for the An
(v, ) = Otransition, and F,, the FC factor for the main tran-
sition. Assuming a constant value for F,_ , =0.3 and

F, ~0.36 as estimated from the work of Ref. 29, we obtain
2a,/(1 —2a,)=1,F,/I,F,_,.

We measure from the results of Fig. 5, I,/I, = 0.3 and we
obtain Z2a,/(1 —Z2a,)=03XF,/F,.,. Assuming
F,/F,_, = 1.2,weobtain Za, = 0.265. Knowing the ener-
gy separation of individual hot lines, we have estimated the
distribution of Fig. 6 and Table III to obtain a reasonable fit
with the o/ band. For the # band, we proceed along the
same lines as for the & band and we find that the informa-
tion is consistent with a bending excitation as reported in
Table III.

We observe also that the % band is narrower than the
&/ band. It is possible that .« contains another hot line, i.e.,
the 001 001 transition. We expect this line to lie 37 meV
below the main 000 line of the X state. This position lies on
the high energy edge of the .2 band. According to the poten-
tial curve of the ionic state,*® we expect that the FC factor is
rather large since the equilibrium distance of the X state
equals 1.21 ;\, i.e., 0.06 A larger than the neutral molecule.
Consequently, we offer to consider the existence of such line,
with an intensity not higher than the & band intensity at the
nominal energy ( — 37 meV), taking into account our pres-
ent energy resolution

I,

J. Chem. Phys., Vol 95, No. 5, 1 March 1882
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FIG. 6. Vibrational energy distributions &, for nascent N, and HCN frag-

ments (bars), as evaluated from this work. Vibrational energy distributions
expected in a pure statistical model (stars).

I(C-N stretching)

a,
=[0

(C-N stretching) F,_,/F,.

—a,

We estimate the ratio /(C-N stretching)/J, < 0.05. Taking
F,_,/Fy~1, we obtain an estimated value of a; (C-N
stretching) smaller than 0.05. The results are reported in
Fig. 6 and Table III.

The vibrational energy distributions of the nascent N,
and HCN, reported in Table III, are reported in Fig. 6 for
comparison with a statistical theoretical model (see Sec.
III C). The fact that these fragments are relatively cold in
the stretching modes is in agreement with the work of
Coulter et al.> They report 1% for one quantum of v; in
HCN and estimate some 10% in v = 1 in N,. No compari-
son can be made for the bending modes of HCN, which have
never been probed directly to our knowledge.

We now deduce the maximum energy devoted to vibra-
tion. It amounts to the sum of v = 1 (N, ) plus twice the sum
of the frequency of 001 and 060, for HCN. We obtain
0.3 + 2(0.26 + 0.089 X 6) = 1.88 eV (43.35 kcal/mol). We
also see that the maximum of the vibrational distribution
corresponds to an average value of 0.188 eV (4.335 kcal/
mol), i.e., 0.054 quanta in N,, 0.04 quanta of v,, and 0.85
quanta of v,. Those numbers are significantly smaller than

those deduced from the translational energy distribution of
Zhao et al.” According to this previous work, when s-tetra-
zine is photoexcited at the S, (0-0) level, the total transla-
tional energy amounts to 73.9% of the total available energy,
i.e., 80.7 kcal/mol. Zhao et al. observe also that any excess
energy in S, is found as translational energy. In other words,
the fragments are found with essentially the same internal
energy, independently of the energy deposited in S, . We de-
duce then from this previous work, that the fragments carry
28.5 kcal/mol (1.26 eV) internal energy. The difference
with our results amounts to 24.2 kcal/mol. Apart from the
uncertainty in this work (i.e., error bars of the intensity of
v = 1for N,, the error bar for the intensity and distribution
of bending and C-N stretching in HCN) and in Ref. 7, part
of this gap is probably due to rotation. This point is discussed
in the next section.

C. Dynamics of the dissociation process

From the present data, we cannot conclude directly that
we observe a concerted three body fragmentation because
the dead time (100 ns) of our experiment is too long com-
pared to the relevant time scale of the process. However, the
internal energy distribution of the fragments can be analyzed
in more details and related to different dynamical models.
We find that the fragments are almost totally vibrationally
cold, in the N, and CN (in HCN) stretching motion and
rather hot in the HCN bending motion. In a pure statistical
redistribution of this available energy, we would have ex-
pected a large fraction of it to be found in internal energy of
the fragments, because the available energy is very large and
amounts to the minimum value of S, (0-0), i.e., 109.2 kcal/
mol (4.77 eV). Such vibrational distribution is evaluated as
follows. Considering the (HCN), -+ N, system, the level
density p is given by

p=k/[E; — E(HCN), — E(N;)]"?

where k£ is a constant. We have E(HCN),
= E(HCN) + E(HCN) + ¢, with e being the translational
energy for the HCN+-HCN separation. Integrating p four
times (one for translation and three for rotation, which cor-
respond to coordinates undetermined in our experiment) of
the three fragments, we obtain
<P> = [ET - E;-;IEN —E:;ZN’ _E;}:]Wz-

Here we only consider the v, and v; modes for HCN. The p
values for each of the relevant vibrational modes of the frag-
ments are reported in Fig. 6. Indeed, the observed distribu-
tions depart strongly from the statistical model. A similar
conclusion has been found by Zhao et al.” using transla-
tional energy distribution measurements. In addition, they
have established that the fragmentation is governed by the
repulsive shape of the potential surface in the exit channels
(N-N and the two C-N reactions coordinates). We find the
same qualitative conclusion, since we confirm that very little
internal energy is left for the fragments. However, the de-
tailed energy distribution of the fragments shed some light
on the “perpendicular coordinates” which oppose them-
selves to the reaction coordinates. They are the remaining
N-N and C-N stretching, and HCN angle which are clearly
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visualized in the activated complex calculated by Scheiner et
al® and reported in Fig. 7. This transition state corresponds
to the top of the barrier shown in Fig. 1, positioned at 47
kcal/mol. We have reported in the same figure, the potential
energy curves of N, and HCN (C-N stretching and bend-
ing) as well known from the literature.’’** We readily see
that the perpendicular coordinates in the transition state are
very close to the equilibrium distances N-N and C-N in the
N, and HCN molecules. These differences amount to
AR(N-N) =0.05 A and AR(C-N) = 0.03 A. From the
potential curves of Fig. 7, we see that the corresponding
stretching maximum amplitude matches barely v, ~0 in
HCN and v = 1 in N,. The very small stretching excitation
in the fragments is fully compatible with the distances calcu-
lated in the transition state. Notice that in the neutral ground
state s-tetrazine molecule, the same distances are much larg-
er (see TableI) than in the fragments. If this initial geometry
would have played a role in the energy content of the frag-
ments, we would have seen a very large vibrational energy
content in the stretching modes, as expected from the poten-
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FIG. 7. Transition state for the unimolecular triple dissociation of s-tetra-
zine as calculated in Ref, 8 and its relevance to the vibrational excitation of
the fragments within the equilibrium geometry model. The potential energy
curves of N, and HCN (C-N stretching and bending) as calculated in Refs.
37-39 and the relevant equlibrium coordinates for the ground state mole-
cule, transition state, and fragments (dashed vertical lines) provides the
maximum of the distribution (see the text).

tial curves of Fig. 7. This is evidently not the case. Turning
now to the bending motion, we see that the HCN angle in the
transition state amounts to 133°, i.e., a difference of 47° with
the equilibrium geometry in HCN. According to the poten-
tial along the bending coordinate, the angle amplitude corre-
sponds to a maximum of v, = 5. This is consistent with our
findings. Again this means that the geometry of the transi-
tion state, and especially the atomic distances and angles
which are not active in the dissociation channel, is ruling the
vibrational energy content of the fragments. We believe that
this nice situation is favored because of the small excess ener-
gy ( <0.46 eV) of the S, state with respect to the top of the
barrier (Fig. 1) at which the geometry of the transition state
has been calculated. We conclude that the unimolecular
photodissociation of s-tetrazine can be well described by the
equilibrium geometry model, introduced by Mitchell and
Simons*® for interpreting the photodissociation of triatomic
molecules into one atom and a vibrationally excited molecu-
lar fragment. The difference, here, is twofold: (i) the exten-
sion of this model to a three body photodissociation process.
This requires that the three bonds break simultaneously, as
expected in a concerted mechanism, (ii) the fact that the
interatomic distances in the perpendicular coordinates, in
the transition state, are smaller than in the neutral molecule,
in contrast to the original triatomic systems.

We have seen in Sec. I1I B that the fragments may carry
rotational energy because the translational energy obtained
by Zhao et al.,” measured at the maximum of the distribu-
tion is not sufficient to explain the total available energy. If
this is the case the amount of rotational energy is very large,
i.e., a most probable value of 24.2 kcal/mol. We believe that
the two HCN fragments are carrying a large part of this
energy, because Zhao et al.” have shown, on the basis of
angular anisotropy in this fragmentation, that there is a
stronger repulsion between both HCN fragments than be-
tween one HCN and N, . If it is so, it is reasonable to find up
to several kcal/mol rotational energy per HCN fragment
and much less in N, . In other words, there would be a strong
coupling between rotation and translation in the dynamics of
the process, having in mind that vibration is uncoupled to
the former. Note that such prediction is intimately related to
the accuracy of the present data and those of Ref. 7 and
requires either direct probe on HCN rotation or improved
measurements on the vibrational distributions.

IV. CONCLUSIONS

Photoelectron spectroscopy with synchrotron radiation
has been proved to be an efficient method to probe simulta-
neously HCN and N, nascent fragments issued from the
photodissociation of s-tetrazine in the S, state. More impor-
tantly, vibrational energy distributions of both N, and HCN
could be probed directly. Despite the lack of energy resolu-
tion to resolve hot bands for HCN we have shown the pres-
ence of a very little stretching excitation in both N, and
HCN and a large amount in bending motion of HCN. The
maximum of the distribution is found fully compatible with
the “perpendicular coordinates™ of the transition state cal-
culated by ab initio molecular structure calculations, We
thus conclude that the unimolecular dissociation of s-tetra-
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zine can be well described by the equilibrium geometry mod-
el. The geometry of the transition state calculated by ab initio
quantum chemical calculations, being associated to a con-
certed three body mechanism, our findings are consistent
with this model. Extension of this work with higher energy
resolution in the detection is needed to provide more accu-
rate numbers and confirm our prediction of large amounts of
rotation especially in the two HCN fragments.
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