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Multiphoton ionization (MPI) of polyatomic mole-
cules by high intensity laser radiation is usually accompa-
nied by intense fragmentation even down to atomic ions, like
C* in benzene.! This mechanism (ionization first and frag-
mentation afterwards) was observed in molecules contain-
ing light atoms only. In molecules with one or more heavy
atoms, like organometallics or metal carbonyls, it is ob-
served that fragmentation producing neutral (metal) atoms
is more probable than MPI, when weakly focused laser light
of convenient vis-UV wavelengths is used.>

Recently, extensive multiphoton fragmentation was re-
ported for some strongly bound molecules (benzene, benzal-
dehyde, fluorobenzene and perfluorobenzene) yielding neu-
tral carbon atoms.® This occurred during a 5 ns, 30-300 uJ
UYV laser pulse and produced carbon atoms in their ground

*Po.1,, and first metastable ' D, levels. Atomic lines appeared
as two-photon resonances on the three-photon carbon ioni-
zation spectrum in the 279-320 nm laser wavelength range.

In the present study, using laser light in the ~340 nm
region, we have observed another atomic carbon transition,
in the multiphoton dissociation/ionization of another relat-
ed group of molecules, that of benzene, pyridine, and the
three diazabenzenes. Specifically we detected the
..2p* 'D,—>...2p3p ' P, transition as a two-photon resonance
in the three-photon ionization of carbon atoms [Fig. 1(a)].

The experimental setup and procedure is described in
detail elsewhere.® Sample pressure in the static cell was ~0.5
Torr. The output of a dye laser, pumped by a XeCl excimer
laser, was focused between two parallel electrodes by a 4 cm
focal length lens. Pulse duration was ~ 10 ns, pulse energy
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FIG. 1. (a) Energy diagram (Ref. 13) of the observed atomic carbon transition. (b) Multiphoton dissociation/ionization of benzene at different laser
powers. The zero MPI signal level is the same for all cases. Signal scale is the same for the 0.4 and 0.9 mJ spectra, while it is reduced five times for the stronger
2.5 mJ signal.
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FIG. 2. Multiphoton dissociation/ion-
ization of (a) pyrazine, (b) pyridine,
(c) pyrimidine, and (d) pyridazine. «
indicates the carbon resonance.

~ " Broken curve in (a) is the dye profile.
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up to ~2.5 mJ, and bandwidth ~0.01 nm. The dye used was
p-terphenyl/dioxane.

The MPI spectra of the studied molecules are presented
in Figs. 1(b) and 2. All of them show a continuous nonre-
sonant background, which follows the wavelength depen-
dence of the laser intensity, and some more or less distinct
structure. Their most characteristic feature is a sharp peak,
appearing at 340.93 + 0.06 nm in all cases, which can be
attributed to the above-mentioned carbon transition. As we
see in the case of benzene [Fig. 1(b)] the ratio of the atomic
resonance to the nonresonant background is higher for lower
laser power, in agreement with previous observations.’

In order to certify that this peak is not due to any impu-
rity in our samples or in the cell, we used samples from differ-
ent suppliers plus we applied the same experimental proce-
dure with an empty cell and with samples of s-triazine
(C,H;N,) or air. In the last three cases no such peak was
detected. The structure we observed in the s-triazine spec-
trum is attributed to vibrations of 3s Rydberg state (see Ref.
7 for the MPI supersonic jet spectrum). The fewer carbons
of s-triazine or the possibility that this molecule gives HCN
fragments under laser irradiation may be the reasons we did
not detect the carbon atomic transition. The possibility of

(nm)

HCN production can be supported from the s-triazine pho-
todissociation into three HCN molecules, when irradiated
with laser light at 248 and 193 nm.®

Except the carbon peak there are some additional, dis-
tinctly broader, MPI transitions appearing mainly in the
spectra of pyrazine and pyrimidine [Figs. 2(a) and 2(c)].
They can be attributed to the vibrational structure of the 3p
Rydberg state which has a 0-0 energy of 6.838 eV in pyra-
zine® and 6.977 eV in pyrimidine.'® Such an assignment is in
agreement with the structure observed in their VUV absorp-
tion spectra.®'°

Finally, in the pyrimidine spectrum [Fig. 2(c)] there is
another weaker but quite sharp resonance T, at A = 342.8
nm, which does not show up in the other molecules. More-
over, the pyrimidine one-photon absorption spectrum'® does
not show any transition at A /2. On the other hand, the
3B, (n—*) triplet state origin was assigned at 28 530 cm ™!
from vapor phase phosphorescence measurements.'' Based
on these facts we tentatively attribute the 342.8 nm (29 163
cm™!) peak to the one-photon excitation, and subsequent
jonization by two more photons, of the 6a} (630 cm™") vi-
bration of this triplet state. Its sharpness supports further
such an assignment, because of the longer lifetime of the
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lower triplet state. An analogous singlet-triplet transition
was observed also in the MPI spectrum of pyrazine.'? Unfor-
tunately, the 28 530 cm ™! origin of the '4,—>B, transition
was outside the wavelength range of the dye used.

In contrast to the well understood mechanisms of the
molecular MPI resonances, the mechanism of neutral car-
bon production still remains an open question. Possible pro-
cesses have been mentioned,’ but other complementary ex-
perimental methods are needed.
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The definition of the frontier or Fukui function as the
derivative of the charge density with respect to the number
of electrons'

- __5/’(’)) 1
A ( N /, 0

has allowed us to prove the frontier orbital theory,” by as-
suming that chemical reactions are preferred from the direc-
tion which produces maximum initial chemical potential re-
sponse of a reactant. This in turn implies that the local values
of f (r) provide a measure of reactivity. The Fukui function
is different for electrophilic, nucleophilic, or free radical at-
tack, and reduces to the classical frontier orbitals when fro-
zen core approximations are imposed.’ That is, the simplest
approximation to f (r) is to neglect relaxation effects. In
such a case, for an open shell atom, Eq. (1) reduces to®

S (1) =% (r)y(r), (2)

which relates the Fukui function to the density of the highest
occupied atomic or molecular orbital. The object of the pres-
ent work is to establish another approximate relation for
f (r) to support its role as a measure of chemical reactivity.
We will show through the use of the appropriate Taylor se-
ries expansions, and some simplifying assumptions that
f (r) can be expressed in terms of the spin density.

It is well known*” that one can improve the description
of the electronic structure of atoms, molecules, and solids by
breaking the charge density into spin components. Thus, ex-
plicitly indicating the dependence on the number of elec-
trons of a given spin NV, and N, (1 refers to spin up or @, and
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| to spin down or f3), in terms of the total number of elec-
trons N=N, + N,, and we shall call the spin number N
=N, — N,, one can write the total electronic density as

p(N,N,,;r) =p, (N,N,,r) +p, (N,N,,r) (3)
and the spin density as
- p,(N,N,r) =p, (N,N,,r) —p, (N,N,,r). (4)

Now, since the spin-nonpolarized description amounts
to the assumption that there are the same number of spin up
and spin down electrons, one could use such electronic con-
figuration as the starting point to reach the actual configura-
tion that distinguishes between the number of electrons of a
given spin, for an open shell system. This means that one
could propose a Taylor expansion of p and p, around N, = 0
for N constant and equal to the total number of electrons. In
particular, for p, one has that

dp,(N,N,,
Ps (N,Ns,r) =NS(M)
oN; ~ln=o
1 .., (9%, (NN,r)
5 () |
s NIN;=0
(5)

where we have made use of the fact that g, is an odd function
of N,, which implies that

P (NN |y 0s  [0%0,(N,N,8)/AN2] y|n, —0» et

are all equal to-zero.
Now, making some algebraic manipulations in connec-
tion with the change from the set of independent variables

© 1986 American institute of Physics 2337

Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



