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Abstract—The eoergy transfer process between the excited singlet state of N-phenylurethane, NPU®, and any
other w-system, M, will be described theoretically by introducing the integral U, which symbolizes the interaction
of the states NPU*-M and NPU-M* following a suggestion of Labbart ef al.' The formula for U based on the
LCAO-MO-SCR-LCI approximation in the Pariser—Parr-Pople-version enables us 10 systematise the energy tranfer
tendency of any w-system to quench or sensitize the photo-Fries reaction of NPU® depending on the aggregate
seometry NPU-M. The criteria of the complex geometry and the electronic structure of M providing a maximal value

of U are collected and discussed. Together with the differences in transition

energies of the fluorescence and the

absorption spectra of NPU and M, respectively, the maximal values of U yield a theoretical index p, providing a
sequence for different M to inhibit the photo-Fries reaction by energy acception.

Based on the approximate coincidence of absorption and
fluorescence spectra, in Part 11 of the series,” a number
of organic w-systems has been found, which can act as
inhibitors or sensitizers of the photo-Fries reaction’
within an energy transfer process. The transition ener-
gies of absorption and fluorescence were obtained by
using the Pariser-Parr-Pople (PPP)-procedure. This
method is well established for calculating the electronic
transitions in absorption spectra® and has been modified
recently®” to estimate the emission energies.

On the other hand, the probability of the energy trans-
fer depends strongly on an integral U, which represents a
*pseudo-Coulombic™ interaction between the transition
densities of, e.g. N-phenylurethane, NPU, the molecule
of our basic interest, and any w-system, M, which should
influence the photoreaction of the former. In a compact
version U is given by eqn (1)

U = (@npue®ul VIOnpuOree) 1)

where the Hamiltonian V contains all interactions be-
tween the initial and final state of the supermolecule
NPU-M, the wave function of which has been expressed
as the product of the unperturbed many electron func-
tions of the component systems. U holds within our
simple model for the second important variable of the
probability of the energy transfer, but has not been taken
into account for a qualification of the w-systems in Part
IL. In this paper. therefore, an approximate expression
for U will be derived based on a suggestion made by
Labhart er al.' This expression contains only variables,
available from ordinary PPP-calculations and enables us
to calculate U for any geometry of the aggregate NPU-
M in relation tb the electronic structure of both com-
ponents in the ground and excited singlet state.

The relation between U? and the difference of the
absorption and fluorescence energies, AAE, for obtaining
a theoretical measure for the energy transfer should be

given in analogy to an equation derived by Foerster” as
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Here, p, will be defined as a theoretical index of the
encrgy transfer probability, the value of which
represents a key for systematising organic w-systems
that can influence the photo-Fries reaction as a donor or
an acceptor of energy.

Expansion of the interaction integral U

Starting from eqn (1) the many electronic functions
can be expressed by a linear combination of the
configurationa! wave functions
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In eqns (3) and (4), C; and C,_., label the component
cigenvectors of a one electron transition §,-» ¢ in NPU
and ¢y, - ¢, in M, resulting from the matrix of configura-
tion interaction, respectively. The bars above the mole-
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cular orbitals in eqn (5) indicate occupation by an elec-
tron with B8 spin.
The operator V
between the
becomes:

in eqn (1) contains all the interactions
states NPU*-M and NPU-M* and

V= Hip+ 2 ©
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Insertion of eqns (3)(6) into (1) and expansion of the
integral provides (7);”
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The terms in eqn (7) can be defined and expanded by a

linear combination of the atomic orbitals within the two
w-systems as following:
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Introduction of the zero differential overlap approxima-
tion into eqn (11) and insertion of eqns (8)-(11) into eqn
(7) gives the final expression for the integral U:
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In eqn (12) v,, is the two centre electronic repulsion
integral

(12)
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which has been estimated by using the Mataga-Nishi-
moto approximation.”
In a short hand notation eqn (12) can be expressed as:

U-Uc+U.+U. (‘4)
with:
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" Therefore, the
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Here Uc, Ug and Uy represent the change of coulombic
repulsion between the electrons of the two states, of the
resonance interaction between the electrons in NPU and
the core in M and vice versa and of the energy of
exchange of clectrons between the two states according
to a localization of the excitation on NPU or on M,
respectively.

It can be shown, that the first term in eqn (14) is the
dominant one. The second term, due to the resonance
interactions is smaller for one order of magnitude. The
third term Ug is still much smaller and can be neglected
for the first approximation. Thus, for a rough estimation
of the U integrals for different systems in different
geometries the exclusive consideration of the term U‘i
should be sufficient and has been applied elsewhere.'™*
From eqn (12) it can be seen that U becomes zero, if the
transition in M creating M? is forbidden.

Variation of U with the spatial arrangement of the com-
plexing molecules

The variables y,, and S,, in eqn (12) cause a con-
siderable dependence of the integral U on the spatial
arrangement of the component molecules in the aggre-
gate. In physical mixtures of the components in solution
or in the gas phase, U will be obtained as a statistical
average value of all configurations existing incidentally in
the moment of the energy transfer process. This has
been taken into account, e.g. in the Foerster equation by
introducing the orieatation factor x, which reduces the
product of the transition moment vectors.® In the case of
a nonconjugative coupling of the partners'>’* and even
in the solid state, however, the efficiency of the energy
transfer should be determined by the fixed spatial ar-
rangement of the componeats. It seemed to be desirable for
us.thucfm.loknowthedependenceoonan
geometries of the aggregates. Thus, for the complex
NPU-pyrrole a systematical variation of the geometrical
arrangement in view of the following degrees of freedom
has been made:

(i) The complex has a planar geometry. The pyrrole
molecule surrounds the NPU-ring within its plane (see
Fig. 1a).

(ii) The complex has a sandwick geometry. The dis-
tance of the planes was varied (Fig. 1b). The translating
movement of the pyrrole molecule relative to the NPU
within a fixed distance of the planes has been in-
vestigated (Fig. 1c). The rotating movement of the pyr-
role molecule relative to NPU within a fixed distance of
the planes and a fixed arrangement of the pyrrole over
the w-system of NPU was checked (Fig. 1d).

The results of the study are the following:

(i) U? for sandwich complexes exceeds that of planar
complexes for 2-3 orders of magnitude.

(i) U* shows an exponential slope with R and
becomes infinite in the case of the united molecules.
optimal intermolecular distance of the two
molecules in the sandwich arrangement should collapse
with the optimal value of U2,

(iii) Maximal overlapping of the two w-systems causes
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Fig- 1. Models of different spatial arrangements of NPU and pyrrole in the study of the spatial influence oa the
value of U: (a) planar complex; (b) sandwich complex with different distances of the planes; (c) sandwich complex,
pywole moves over NPU: (d) sandwich complex. pyrrole rotates around the given axis.

s maximal value of U Thus, the complex “ring over
ring” is more favourable than the complex “ring over
functional group™.

(iv) Within a fixed distance of the molecular planes
and the optimal overlapping of the w-systems U? will be
further dependent on the angle ¢ formed by the tran-
sition moments of the two w-systems, which are
available from PPP calulations, t00. U? becomes a
maximum for 0< 9 <15 and 160 < & < 180° (see Fig. 2).

The relation betiveen U? and p given in eqa (2) in-
dicates, that based on the total or approximate coin-
cidence of the absorption and fluorescence transition
encrgies of NPU and M, a maximal value of U means a
maximal ability of M to stimulate or inhibit the photo-
Fries reaction. To obtain a reliable sequence of U
values for different systems M, only those geometries
of the aggregate NPU-M will be considered which gave
maximal values for U?. The geometry considered is
therefore at the same time the most favourable position
of M relative to NPU in the energy transfer process.

Calculation and discussion of the new index p
According to eqn (15) the maximum values of U have
been calculated for an extended number of »-systems
being under discussion for sensitising or inhibiting the
photo-Fries reaction. It has been found that U is subject
to considerable variations due to the of M.
Figure 3 shows the region comprising U* for different
molecules considered. Whereas the pyrylium ion and the
values of U?, the more extended w-systems have often
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U.values of two orders of magnitude lower than the
former. To this group of molecules belongs also diben-
zofurane, which is known to be an effective inhibitor of
the photo-Fries reaction™ (see below). This example
shows, as we know from eqn (2), that U? cannot be the
only variable for estimating the energy transfer activities.

Thus, calculating the theoretical index p according to
eqn (2) we combine the theoretical results for the
differences in absorption and fluorescence energies of
the two molecules (see Part I) and the U-values
obtained from eqn (15). Then, p represents within the
scope of our spproximate model, the ability of any
w-system 1o act as donor or acceptor of the excitation
energy of NPU.

Table | shows the results. In excellent agreement with
the experiment we find that the salicylic ester and
dibenzofuran are the chief inhibitors of the pboto-Fries
reaction.'® Also the photoproduct of the reaction, anth-
ranilic ester should have considerable ability to act as
quencher of the reaction. However, the most superior
quenching system for the reaction has been found to be
the pyrylium ion. This system has not been tested at all.

The striking differences in the sequence of systems
between Tabie | and Fig. 3 show, as mentioned above,
that small values of U? cannot be combined in every case
with s low transfer ability of the system and vice versa.
The deciding fact of a high quenching or stimulating
effect is both a high value for U? and a low difference
between the emission energy of donor and the absorption
energy of the acceptor. A good example is dibenzofuran,
the excelient quenching activity of which is mainly due
to a small epergy difference of its long wavelength
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Fig. 2. The influence of the rotation angle on U2 for different systems.
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organic molecules, complexing with NPU (sandwich arrangement optimized,
distance of the planes: 3.5

Fig. 3. The values of U? for different
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Table 1. Calkulated p-values for selected #-systems and their action mode o the photo-Fries reaction,
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absorption band to the location of the NPU fluorescence.
On the other hand, the S-membered ring heterocycles
should have only a small sensitizing sctivity, although
their U-values are rather high. In the case of pyrylium
both'lhmvalneofl}mdumllenmdiﬂmnee is
predicted

The model suggested seems to reflect some relevant
relations concerning the energy transfer phenomenon in
the photo-Fries reaction, in spite of some drastic
approximations. Therefore, it can be helpful for a sys-
tematic search of inhibitors of the reaction investigated.
The expenses for obtaining the results are rather small
and at least a rough selection of structures for practical
tests can be given. In Fig. 4 the transition energies and
the transition moments (which can be shown to be in a
nearly direct proportionality to U?) of some xr-systems
are presented in compatison to the emission encrgy of
NPU. Nearly all the systems are unchecked, but should
have a quenching effect on the photo-Fries reaction.

Attention had been given 10 a minimal difference in the
excitation energy to the emission energy of NPU, to high
transition moments and to a sufficient photostability of
the systems. The number of compounds considered can
be extended arbitrarily and the mode! presented can be
transformed to other photoreactions, the stimulation or
anihilation of which is of practical interest.
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