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Summary

On the basis of a set of excitation decay functions developed recently
(A. Guarino, Chem. Phys., 86 (1984) 445), this paper describes numerical
calculations carried out both on models of host—guest inclusion compounds
and on true host—guest inclusion compounds in order to assess the spreading
of electronic excitation inside these compounds under vy or UV photonic
irradiation. These calculations are correlated with the experimental behav-
iour of irradiated inclusion compounds.

The influence of factors such as the anisotropy of the energy transfer
process or the ratio of partially empty host cavities versus those filled by
guest molecules has been investigated in detail.

There is interest in these correlations because of the possibility of
determining the feasibility of utilizing the regiospecific and stereospecific
reactions which occur inside inclusion compounds, e.g. syntheses of
ethylenic polymers useful as organic semiconductors, isomerization processes
ete.

1. Introduction

The study of host—guest inclusion compounds is a rapidly expanding
research area; although mainly employed in the past decade for separation
purposes [1], they are now a promising synthetic tool, particularly of
stereospecific products [2, 3]. There is additional interest in their study
because of the possibility of mimicking the catalytic behaviour of rather
complex natural structures such as enzymes [4].

A significant contribution to the knowledge of the reactivity of an
inclusion compound may be gained from the quantitative study of the
photophysical and photochemical processes which occur in these compounds
when subjected to light or v radiation in the solid state [5].

Many theoretical and experimental approaches have been developed to
explain the phenomena that take place on light irradiation of pure and
mixed organic crystals or aggregates [6]; however, the photophysical
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processes concerning inclusion compounds have been studied only scarcely
[7]. For these compounds, electronic energy migration (EEM) (host* = host;
guest® - guest) or electronic energy transfer (EET) (host* = guest; guest* —
host, in case of energy back transfer) may occur by at least three different
mechanisms: via an exciton energy transfer, via a resonance coulombic multi-
polar transfer or via a short-range exchange transfer.

It has been shown [8] that exciton transfer of energy predominates in
molecular organic crystals and aggregates; this behaviour corresponds to a
“strong coupling” between the electronic wavefunctions of the molecules
involved, as evidenced by the shifts and splittings in the absorption and
emission spectra of the molecules when in crystals rather than their free
state.

The purpose of the present paper is to study the EEM and EET pro-
cesses in models and in real host—guest inclusion compounds, and subse-
quently to correlate these calculations with the behaviour of these com-
pounds under 7 or UV photon irradiation [9, 10].

2. Photophysical processes in inclusion compounds

In the case of inclusion compounds, a ‘‘very weak coupling’’ among
- host and guest molecules seems to be the most probable interaction [5]: the
microscopic energy migration or transfer law may be expressed as

1({dY
w(R;) = —(—) (1)

Te \R;

where 1/7g refers to the transfer rate of any EEM or EET process, d is the
nearest-neighbour host*-host or host*—guest distance, R, is the host*—host
or host*—guest crystallographic distance for any single site i occupied by an
unexcited species and s refers to the kind of multipolar interaction (e.g.
s = 6 in case of dipole—dipole interaction). It is worth observing that eqn. (1)
assumes the rather unrealistic condition of an isotropic interaction among
excited and unexcited species, which are taken as ‘‘points”; in order to
account for the anisotropy of the interaction among the transition dipole
moments of the host and guest molecules, a geometric parameter {; has to
be included in eqn. (1), giving an equation of the form [11, 12]

V; = (cos 8; — 8 cos Op; cos 0,,)? (2)

where the 6; are the angles between the donor transition dipole moment uy
and the unexcited acceptor host or guest vectors u,;, the 8, are the angles
between the donor u;+ and the distances Ry; or Rg; and the 6,; are the
angles between the acceptor u,; and Ry or Rg;. Consequently, under
anisotropic conditions, eqn. (1) becomes

1/4d\*®
w(Ry) = —(—) ¥y (3)
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Fig. 1. Electronic energy transfer processes for an inclusion compound.

The photophysical processes which occur inside a host—guest inclusion
compound may be studied, as shown in diagram (a) of Fig. 1, by choosing
host and guest molecules which possess suitable excited states, and by
exciting the inclusion compound by means of adequately filtered UV
photons. Figure 1, diagram (b), shows the excitation dipole moments of a
donor D and an acceptor A, and their relative angles.

For the sake of simplicity, the study will be restricted to the specific
situation in which the host molecules possess excited energy levels higher
than those of the guest molecules, i.e. no excited guest = unexcifed host
energy back transfer may occur. Consequently, two possible photophysical
processes may take place: (a) the host molecules remain totally inert to the
radiation; (b) the radiation is absorbed by the host molecules which then
transfer their excitation to the guest molecules.

2.1. Host molecules inert to radiation: guest molecules absorb radiation
directly

In this case, host molecules act as an inert matrix, giving rise to an
ordered spatial distribution of guests. This condition is to be found in many
particularly useful photoprocesses such as the stereospecific polymerization
of acetylenic guests or the photoisomerization of norbonadiene to quadri-
cyclene [13].

The directly excited guest molecules deactivate via intramolecular
radiative and non-radiative processes, as well as via intermolecular. energy
migration to other unexcited ordered guest molecules.



The time evolution of the EEM process is given by [5, 14, 15]
Ey(t) = exp{—tw(R;)} (4)

The decay of the excitation consequent to any guest™—guest interaction is
given by the product of the E;(¢t) functions which account for any crystal-
lographic site i where unexcited guest molecules are present, with the
exception of the site occupied by the excited guest:

pe:(t) =L Ey(8) (5)

In the case of anisotropic guest*-guest interactions, the geometric
parameters J/; of eqn. (3) become

¥i=(1—cos?6))? (6)

where the 6, refer to the angles between the guest*—guest transition dipole
moments ug; and the guest®*—guest distances R;.

2.2. Host molecules absorb radiation: guest molecules are excited by energy
transfer

Under these circumstances, eqn. (4) refers to both EEM host*-host
interactions (egn. (7)) and EET interactions (eqn. (8)):

t [dg_u\®
Bt =exp}— (T2}
and

t (dy_c\®
EGj(t)=eXP;_ ?EI( g;) f (8)

where 1/1gy and 1/7g, represent the EEM and EET rates respectively; dy_y
and dy.g are the host*-host and host*—guest nearest-neighbour distances
respectively and Ry; and Rg; are the distances between the excited host and
any unexcited host present in site { or any unexcited guest present in site j.
Consequently, the overall decay function for a specific inclusion compound
of known crystallographic structure becomes

pee(®) = I, Ee () I, Eg, () (9)

2.8. Partially filled host cavities

It is also useful to study the photophysical behaviour of an inclusion
compound when the host to guest concentration ratio is different from that
expected from the crystallographic cell molecular ratio, i.e. when not all the
host cavities contain a guest molecule.

In such a case many different empty and/or filled host-cavity configura-
tions exist, with different guest molecule distributions in the cavities. For



any specific host—guest configuration k the decay function becomes
Pru(t) = L1 Egy(0) I E*(2)

If a large number N of these p"g(t) functions is generated by Monte
Carlo simulations, the usual py(t) functions may be obtained:

)=l L 3o (t)
Pr(t) lelugl_\iélpm ;

It has been shown experimentally that the occurrence of partially guest-
filled inclusion compounds is relatively frequent [14, 16]. In this case
also, two irradiation conditions will be investigated: (a) the host molecules
are inert to radiation; (b) the host molecules absorb radiation.

3. Numerical calculations and correlation with real inclusion compounds

The decay functions pg.(f) discussed in the previous paragraph are
particularly suitable for a numerical evaluation of the photophysical pro-
cesses which occur inside an inclusion compound.

To fulfil this task the following computations were carried out.

(i) By using the X.ray crystallographic unit cell parameters for a
specific inclusion compound, the atomic coordinates were calculated for the
host and guest molecules corresponding to a central unit cell. The atomic
sites i forming the central host cavity and the atomic sites j occupied by the
guest molecule included into this host cavity will be called a ‘“‘computational
cell” [17]; this cell is surrounded by equivalent ‘“images’”, as shown in
Fig. 2. It is worth noting that the inverse sixth power transfer law requires a
relatively small number of image cells to obtain reliable excitation decay
functions pg(1).

(ii) It is assumed that photons of known energy impinge on a specific
surface of the computational cell, exciting a host or a guest molecule
depending on the particular case investigated, i.e. whether the host molecules
are inert or absorb the radiation.

(iii) Whenever the crystallographic host to guest ratio for a specific
inclusion compound did not correspond to the experimental ratio, i.e.
when not all the available host cavities are filled by guest molecules, a Monte
Carlo simulation was employed to obtain a random distribution of empty
versus filled host cavity cells corresponding to a given host to guest experi-
mental ratio. :

Three different conditions of irradiation were simulated for each
inclusion compound studied: (a) isotropic energy transfer, i.e. the excited
donors and acceptors are treated like “points”; (b) anisotropic energy
transfer, with consequent calculation of the orientation of the molecular
host = host* or guest > guest* excitation dipoles with respect to the lattice
axes; (c) anisotropic energy transfer in inclusion compounds which contain
host cavities partially filled by guest molecules.
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Fig. 2. Computational host—guest cell of an inclusion compound.

The following inclusion compounds were simulated: a guest-centred
square planar compound and a guest-centred cubic compound, Figure 2
shows the central cell of these two hypothetical inclusion compounds; for
both, the host molecules are shown with different excitation dipole
moments in order to illustrate the influence of anisotropy on the electronic
energy transfer process.

The computed pgy(t) versus t/Tg plots are reported in Figs. 3 - 6. The
following observations may be deduced from these calculations.

(i) The pg(t) values are strongly dependent on the lattice of the
inclusion compound and particularly on the relative orientation of the
excitation dipole moments of the host and guest molecules.

(ii) For a given structure, e.g. a guest-centred planar cell, the spreadmg
of excitation is faster when the host molecules absorb radiation but slows
down when the host molecules are inert to radiation.

(iii) Whenever the host moiety absorbs radiation but the host cavities
are only partially filled by guest molecules, the spreading of excitation
strongly depends on the specific host to guest ratio employed for the simula-
tion.

In conclusion, provided the structure of the host—guest inclusion
compound as well as the excitation singlet and triplet levels of the host and
guest molecules are known, it is possible to estimate the EEM and/or the
EET processes. These calculations may be used to make reasonable guesses
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TABLE 1

Structural parameters® and photochemistry? of the inclusion compound: Nill(NCS),-
(4-picoline), (host) and bromonaphthalenes (guests)

hy
Br-NA + host —> [Br-NA] — [Br-NA*] —— NA + Br + host

System Space group Molecules per unit Naphthalene
‘ cell yield®©
Host Guest

Host plus 1-bromonaphthalene P2y, 4 8 0.05

type A guest moleculesd 4

type B guest molecules B 4
Host plus 2-bromonaphthalene P1 1 1 0.81
a8ee ref, 19.
bSee ref. 14.

CPercent of naphthalene formed at 1 x 10 quanta em™2.
dType A and B 1-bromonaphthalene molecules are differently oriented inside the host
cavity.

on the extent of specific reaction processes which occur inside any real
inclusion compound subjected to irradiation.

For example, it is possible to correlate the photochemical behaviour
of two real inclusion compounds with the previously described numer-
ical calculations: Ni"(NCS),(4-picoline)s forms two different inclusion
compounds with both 1-bromonaphthalene and 2-bromonaphthalene (which
act as guests). The structures of the two complexes are rather different, as is
their photochemical behaviour (see Table 1) [18].

When these two inclusion compounds are irradiated by UV photons,
the dehalogenation product is formed, i.e. naphthalene. However, its yield is
quite different for the two compounds.

By using the known atomic coordinates for both compounds, and by
simulating the experimental host to guest ratios, numerical calculations were
carried out, giving the pg(t) versus t/rg plots shown in Fig. 7. It is worth
noting that in the case of 1l-bromonaphthalene the excited states involved
are its first singlet states; these correspond to the excitation dipole moments
passing through the long axis of the naphthalene rings.

By correlating the pgi(t) values for the 1l-bromonaphthalene inclusion
compound with those for the 2-bromonaphthalene inclusion compound, a
significantly faster spreading of excitation energy may be obtained for the
latter. Experimentally, this calculation corresponds to the observed larger
yield of product, i.e. naphthalene, in the case where the inclusion compound
contains 2-bromonaphthalene.
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Fig. 7. Decay functions vs. #/Tg plots for 1-bromonaphthalene (guest) and Nill(NCS8),-
(4-picoline)sy (host): 1 Br(A);, represents the case of dipole moments of molecules A
through their long axes and 1 Br(A)g the case of molecules A through their short axes:
1 Br(B), represents molecules B through their long axes and 1 Br(B)g through their short
axes. 2 Br are 2-bromonaphthalene guests.

3. Conclusions

In conclusion, provided the crystallographic structure is known, the
extent of any photochemical transformation in the cavities of an inclusion
compound may be estimated by computing the spreading of energy.

This treatment seems particularly appealing when applied to the forma-
tion of polymeric semiconductors in host cavities. The length and the
ordering of the product polymer may be studied by computing the best
spatial arrangement of the host and guest molecules; work is in progress to
exploit this opportunity.

In general, a simultaneous study of EEM and/or EET processes for
inclusion compounds of known structure as well as of the photochemical
processes which ocecur in their cavities may enhance the possibility of
‘“engineering” compounds suitable for obtaining specific phototransforma-
tions.
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