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Abstract

A tetraphenylporphyrin bearing four anthracene donor moieties (5,10,15,20-tetra(3-(9-methyloxyanthracenyl)phenyl)porphyrin,
I) was synthesized and fully characterized. Spectroscopic and electrochemical data and results of metallation and intermolecular
fluorescence quenching experiments suggest that there is no appreciable interaction between the porphyrin and anthracene
moieties in I. Although intermolecular quenching of anthracene fluorescence by 5,10,15,20-(tetraphenyl)porphyrin is not obvious,
the fluorescence of the anthracene donors in I is quenched by more than 90%. On the basis of the fluorescence excitation
spectral data, the quenching observed is attributed to intramolecular singlet-singlet energy transfer from anthracene to the
porphyrin. However, neither Forster’s dipole—dipole formalism nor Dexter’s electron exchange mechanism can explain adequately
this intramolecular energy transfer. Thermodynamic considerations and solvent-dependent fluorescence data indicate that
photoinduced electron transfer from singlet anthracene to the porphyrin can compete with energy transfer in this supramolecular

system.
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1. Introduction

Although intramolecular singlet-singlet energy trans-
fer has been examined in a large variety of covalently
linked bis-porphyrin systems [1], only a few studies
have dealt with energy transfer in porphyrins attached
to other (rather than a porphyrin itself) donor hydro-
carbon moieties [2-5]. In an attempt to mimic pho-
tosynthetic energy transfer reactions and to develop
molecular devices, porphyrin systems, as energy ac-
ceptors, have been covalently linked to carotenoid [2,3],
cyanine dye [4] and anthracene [5] donor subunits to
form molecular dyads. The architectural symmetry of
the porphyrin skeleton permits the attachment of more
than one energy donor subunit, and such a supra-
molecular, light-harvesting system can be expected to
show an antenna effect. Antenna systems comprising
a central porphyrin linked to four peripheral porphyrin
units have been reported [6-8]. Attempts have also
been made to link four photon-harvesting hydrocarbon
moieties to the porphyrin periphery. For example, naph-
thalene [9,10], anthracene [10,11], phenanthrene [12],
pyrene [12] and pyrazole [13] groups have been linked
directly to four meso-carbon centres of a porphin. In
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the last three cases, steady state fluorescence spec-
troscopy has indicated intramolecular energy transfer
from the attached hydrocarbon units to the central
porphyrin [13-15]. An analysis of the results described
in all of these studies suggests that neither the attached
hydrocarbon moiety nor the porphin itself retains its
individual characteristics in these systems. In this sense,
donor-acceptor (D-A) systems in which the energy
donors are linked directly to the porphyrin periphery
cannot be accurately described to possess an antenna
function.

Thus it can be suggested that, in order to exhibit
an antenna function, it is essential to have multicom-
ponent structure in which the donors and acceptors
retain their individual characteristics. The microstruc-
ture of such a supramolecular porphyrin should favour
high local concentrations of the light-harvesting chro-
mophores without forming intermolecular aggregates
which are notorious energy-wasting sinks [16]. Fur-
thermore, for a realistic description of the photosynthetic
antenna function, a porphyrin-based model system
should exhibit an electron transfer reaction in addition
to an energy transfer reaction [2,17,18]. All of these
considerations indicate that a molecular pentad system,
in which a porphyrin acceptor is linked, via spacers,
to four appropriately positioned donor hydrocarbons,
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Fig. 1. Molecular structure of 1.

forms a suitable choice for the demonstration of a
biomimetic antenna function.

In this paper, we present results on a pentad system
in which a 5,10,15,20-tetraphenylporphyrin (H,TPP) is
linked, via ether bridges, to four anthracene donor
moieties (5,10,15,20-tetra(3-(9-methyloxyanthracenyl)-
phenylporphyrin, a D,—A pentad, I, Fig. 1). A detailed
analysis of the spectroscopic, electrochemical and sol-
vent-dependent fluorescence data indicates the occur-
rence of both energy and electron transfer reactions
in this supramolecular porphyrin.

2. Experimental details
2.1. Materials

The solvents and all other common chemicals used
in this study were purchased from BDH (India) and
were purified according to standard procedures before
use [19]. Pyrrole, m-hydroxybenzaldehyde and 9-chlo-
romethylanthracene were purchased from Aldrich
Chemical Company (USA). 5,10,15,20-Tetra(3-hydrox-
yphenyl)porphyrin (II) was synthesized as reported in
Ref. [20].

5,10,15,20-Tetra(3-(9-methyloxyanthracenyl)phenyl)-
porphyrin (I) was synthesized by condensing 1 mol
equivalent of II with an excess of 9-chloromethylan-
thracene in dimethylformamide using potassium car-
bonate as a base. It was purified on an alumina column
using CHCI,~CH,OH (10:1, v~/) as an eluent (yield,
approximately 60%). The purity of the sample was
checked by thin layer chromatography, analytical data

and proton nuclear magnetic resonance (‘H NMR)
methods. Analytical data: observed: C, 84.68%; H,
4.84%; N, 3.76%; calculated for C,,,H,,N, O, C,
86.60%; H, 4.87%; N, 3.88%. 'H NMR (CDCl,,
tetramethylsilane (TMS)): &y (ppm) 896 (s, 8H;
pyrrole), 8.45 (m, 10H; 1,8-anthry! and o-phenyl por-
phyrin), 7.98 (m, 14H; 4,5-anthryl and m- and p-phenyl
porphyrin), 6.15 (s, 2H; -OCH,, spacer), ~2.76 (br s,
2H; -NH porphyrin).

Zinc(IT) and copper(II) derivatives of I were prepared
using procedures similar to that reported for the prep-
aration of metallo derivatives of H,TPP [21].

9-Methyloxyphenylanthracene (IHI) was synthesized
by condensing phenol and 9-chloromethylanthracene;
it was purified as described above for I (yield, ap-
proximately 80%). Melting point, 145 +2 °C. Analytical
data: observed: C, 88.60%; H, 5.61%; calculated for
C,H,,0: C, 88.70%; H, 5.67%. "H NMR (CDCl,, TMS):
8y (ppm) 8.44 (s, 1H; 9-anthryl), 8.26 (m, 2H; 1,8-
anthryl), 7.99 (m, 2H; 4,5-anthryl), 7.46 (m, 4H; 2,3,7,6-
anthryl), 7.18 (m, 5H; phenyl), 5.96 (s, 2H; —OCH,-).

2.2. Methods

UV-visible spectra were recorded with a Per-
kin-Elmer Lambda 3B spectrophotometer. Fluores-
cence spectra were recorded with a Hitachi model F-
3010 spectrofiuorometer employing right angle detection
of fluorescence (slit widths, 2/2 nm (excitation/emis-
sion)). The concentrations of the samples were such
that the optical absorbances at the excitation wave-
lengths (250 or 420 nm) were less than 0.2 for fluor-
escence spectra and about 1077 M (A0 nm =0.02) for
fluorescence excitation spectra. A rhodamine 6G quan-
tum counter was employed for spectral corrections (less
than 600 nm). Fluorescence quantum yields (¢,) were
estimated by integrating the areas under the fluores-
cence curves and by using either H,TPP (for excitation
into the porphyrin band of I, 420 nm) or anthracene
(for excitation into the anthracene band of I, 250 nm)
as standards. The excitation spectra were overlapped
with the absorption spectra after correcting for the
instrument response function and after normalizing the
spectra in the 500-600 nm region. The excitation spec-
trum of H,TPP may well (+5%) be overlapped with
its absorption spectrum in the wavelength region
220-600 nm under these experimental conditions. Cor-
rections (A?) were applied whenever the data obtained
as wavelengths were converted into wavenumbers [22].

The '"H NMR spectra were recorded with a Bruker
NR-200 AF-FT NMR instrument. The electron par-
amagnetic resonance (EPR) spectra were taken on a
JEOL JM-FE3X EPR spectrometer. Differential pulse
voltammetric experiments were performed with a Prin-
ceton Applied Research (PAR) electrochemical work
station. A highly polished platinum button working
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electrode, a Pt wire counter-electrode and a saturated '

calomel electrode (SCE) as reference were employed.
The SCE was separated from the deoxygenated bulk
electrolytic solution by a fritted glass disc junction
containing the solvent (CH,Cl,) and the supporting
electrolyte (tetra-n-butylammonium perchlorate
(TBAP)).

Metallation reactions were followed by monitoring
the decrease in absorbance at the 515 nm band of the
porphyrins and by employing pseudo-first-order con-
ditions ([I] or [H,TPP]=5x10"° M; [zinc ace-
tate] =5X107* to 5X1073 M).

Care was taken to avoid direct, ambient light entry
into the samples during all the measurements. Unless
otherwise stated, all experiments were carried out at
293+3 K.

3. Results and discussion
3.1. Ground state properties

The UV-visible spectrum of I (Fig. 2) shows bands
due to porphyrin (400-650 nm) and anthracene (220-350
nm) absorption. The shapes and the derived extinction
coefficients of the bands in this spectrum are similar
to those of a solution containing 1 mol equivalent of
H,TPP and 4 mol equivalents of anthracene. Similarly,
the "H NMR spectrum of I has been compared with
the spectra of H,TPP and III. The results suggest that,
except for the spacer -OCH, protons (which are slightly
deshielded for I in comparison with HI), the peak
positions of all the other protons in I are not altered
significantly with respect to those of the corresponding
protons in the constituent partners. Moreover, the EPR
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Fig. 2. UV-visible absorption spectra of H;TPP (~~~) and I (—)
and fluorescence spectra (--- - - ) of I obtained on excitation at the
anthracene (250 nm) absorption peak (emission range, 350~500 nm)
and the porphyrin (420 nm) absorption peak (emission range, 580-750
nm). The solvent was CH,Cl,. The spectra were regenerated using
absorption/fluorescence data obtained at 5 nm intervals.

spectrum of the copper(II) derivative of I shows g and
A values (g,=2.204+0.001, g, =2.033+0.001,
A =(1994+4)x107*cm ™, A =(14+1)X10"*cm ™)
similar to those observed for CuTPP [23]
(g,=2.203+0.001, g, =2.027+0.001, A§*=(198+1) X
107*ecm™1, AV =(144+1) X107 * cm ') (toluene, 100 + 3
K). Fig. 3 gives a comparison of the differential pulse
voltammograms of I, H,TPP, anthracene and III. As
can be seen, the redox potentials of 1 do not vary
significantly from those of its individual components.
The porphyrin part of I is oxidized and reduced at
1.08+0.03 V and —1.1940.03 V respectively, and all
four anthracene subunits are oxidized in a single step
at 1.51+0.04 V (the peak having a large current value
in Fig. 3). Thus UV-visible, ’'H NMR, EPR and redox
potential data of I suggest that there is no appreciable
interaction between the porphyrin and the anthracenes
in this complex. Therefore the microstructure around
the porphyrin is sufficiently “porous” and is devoid of
perturbations arising from either crowding of the four
anthracene subunits or 7 interactions between the
porphyrin and anthracenes.

The above proposition is further substantiated by
metallation reaction kinetics, excited state intermolec-
ular electron transfer kinetics of the porphyrin part of
I and structure simulation studies employing molecular
mechanics calculations. In CH;OH-CHCL; (1:1, viv)
mixtures, the second-order rate constants for zinc(Il)
insertion into I and H,TPP are 0.28+0.03 M~?! s~!
and 0.35+0.04 M~ s! respectively. The bimolecular
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Fig. 3. Differential pulse voltammograms of I (a), H,TPP (b), III
(c) and anthracene (d) in CH,Cl,, 0.1 M TBAP (scan rate, 10 mV

s~'; modulation AE =10 mV, modulation amplitude). The potential
axis is referenced with respect to SCE. Fc, ferrocene.
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rate constants (k,) for steady state fluorescence quench-
ing of I and H,TPP (excitation at 420 nm where only
the porphyrin part absorbs) by 2,4-dinitrobenzene
(DNB) are (4.3+0.4)x10° and (5.440.6)x10° M~
s~ respectively (7(I) =8.02 ns and (H,TPP)=8.00 ns,
Acxe =515 nm [24]). It has been proposed that quenching
of H,TPP by DNB involves a photoinduced electron
transfer (PET) reaction [25], and the similarity between
the k, values observed for H,TPP and I indicates that
an intermolecular PET mechanism is also operative in
the quenching of 1. Thus both metallation and bi-
molecular fluorescence quenching experiments strongly
indicate that the attached anthracene subunits do not
physically hinder the approach of small molecules such
as Zn*>* or DNB to the core porphyrin part of 1. This
situation is similar to that observed for a tetraporphyrin-
substituted tetraphenylporphyrin [7]. Finally, molecular
mechanics calculations (MMX, PCM4 model) and
Corey-Pauling-Kaftun models suggest that the an-
thracene subunits are tilted away from the face of the
porphyrin, thus avoiding mutual repulsions. The average
centre-to-centre (CTC) distance, R, between the an-
thracenes and the porphyrin is 10.5 A and the average
dihedral angle encompassing C; pheny~O-Cep—
Co.anthryr 1S 162+ 3°.

3.2. Excited state properties

In methylene chloride solutions, excitation at either
the porphyrin (420 nm) or anthracene (250 nm) band
maximum of I gives the fluorescence spectra shown in
Fig. 4. The corresponding fluorescence peak maxima
are given in Table 1. The spectral shape and band
maxima observed when I is excited at 420 nm are
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similar to the corresponding parameters for the fluor-
escence spectrum of H,TPP. However the maxima of
the fluorescence bands observed in the anthracene
emission region of I (excitation at 250 nm) are slightly
red shifted in comparison with the fluorescence band
maxima of anthracene itself. That these red shifts are
a consequence of substitution at the 9-position of an-
thracene inI, as was shown by fluorescence data obtained
during previous studies on 9-substituted anthracene
derivatives [26] and by the fact that the band maxima
of HI (392, 415 and 438 nm in CH,Cl,), a 9-substituted
anthracene, occur at red-shifted wavelengths relative
to those of anthracene (382, 403 and 427 nm in CH,Cl,).
Nonetheless, from the overlap of the absorption and
fluorescence spectra of I (see Fig. 2), the 00 spec-
troscopic transition energies (E, ) of the anthracene
moiety (3254005 eV) and porphyrin moiety
(2.02+0.05 V) of the molecule are similar to the E ,
values of anthracene [27] and H,TPP [28] respectively.

A major difference between the fluorescence data
of T and those of anthracene lies in the magnitude of
the ¢; values. Thus, although ¢, for excitation into the
porphyrin moiety of the molecule (¢,=0.11) is similar
to that for H,TPP (¢;=0.11) [29] (see Fig. 4(b)), ¢
for excitation into the anthracene moiety of the molecule
(¢:=0.012) is strongly quenched in comparison with
the fluorescence of anthracene (¢=0.24) [27] (see Fig.
4(a)). The quenching efficiency

¢{anthracene) — ¢¢(I) ()
¢danthracene)
is 95% for 1 in CH,Cl,. The fluorescence spectra of

I were also taken in hexane and CH,CN, and the
spectral data obtained in all three solvents are sum-
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Fig. 4. Fluorescence spectra of equi-absorbing solutions (optical density (OD) at A.,=0.11) of anthracene (—) and I (-~~) (A,=250 nm)

(a) and H,TPP (—) and I (---) (A.,=420 nm) (b).
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Table 1
Steady state fluorescence data of I*
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Porphyrin band excitation
(Aex=420 nm)

Compound

Anthracene band excitation
(Aex=250 nm)

Hexane CH,Cl, CH,CN

Hexane CH,Cl, CH,CN

/\em ¢f

(nm)

Aem &

(nm) (nm)

¢

'\em d)f

(nm)

4’( Acm d’f

(nm)

Aem
(nm)

H,TPP 0.11 0.11 648, 707

Anthracene

650, 713 648, 708

1 653, 713 0.11 648, 709 0.11 647, 707

0.12

0.11

377, 398, 0.24 0.35

421, 447

388, 410,
434, 462

0.27 382, 403,

427, 452

393, 413,
438, 466

379, 401,
424, 449

391, 412,
436, 465

0.02 0.01 0.005

*Error limits: A.m, 1 nm; ¢, +5%.

marized in Table 1. An inspection of Table 1 suggests
that anthracene fluorescence in 1 is quenched in all
three solvents by more than 90% and that the percentage
quenching efficiencies follow the order 99%
(CH,CN) > 95% (CH,Cl;) > 93% (hexane). It should be
noted that this quenching is not due to the competitive
absorption of incident light by the porphyrin part of
1. This is because, at 250 nm, the contribution of
porphyrin absorption is insignificant compared with the
absorption due to the anthracene moieties in the mol-
ecule (compare the absorption data of 1 and H,TPP
at 250 nm in Fig. 2).

Fig. 2 also shows a considerable overlap between the
emission of the anthracene moieties and the absorption
of the porphyrin moiety in I This suggests that the
fluorescence quenching of the anthracene moieties in
this compound may be due to intramolecular energy
transfer from the excited singlet anthracenes to the
porphyrin. Indeed, excitation of I at 250 nm results in
the appearance of porphyrin emission bands in the
600-750 nm region in all three solvents. Furthermore,
emission of both anthracene and porphyrin moieties is
independent of the concentration of I. This observation
not only shows that concentration quenching does not
occur in I, but also rules out trivial reabsorption in
this supramolecular complex.

Conclusive evidence for intramolecular singlet-singlet
energy transfer comes from the excitation spectra. When
emission is recorded at the porphyrin emission maximum
(650 nm), the excitation spectrum of I shows bands
characteristic of anthracene absorption. Fig. 5 shows
an overlay of the corrected and normalized excitation
spectra of I with the corresponding absorption spectra
in the three solvents. A comparison of the excitation
and absorption spectra in the 45.5X%10° to 37.0x10°
cm™! (220-270 nm) region suggests energy transfer
efficiencies (7o) of 76%+7%, 64%+6% and
36% + 4% in hexane, CH,Cl, and CH,CN respectively.
It should be noted here that, in each solvent, the T,

CH3CN

CH,Ci;

10* &€ (M'em™)

hexane

UV (cm™

10°

Fig. 5. Overlay of the excitation (——) and absorption (- --) spectra
of I in CH;CN, CH,Cl; and hexane (A.,=650 nm). The excitation
spectra were corrected for the instrument response function and
were normalized with respect to the absorption spectra between
16.6%10° cm™!' (600 nm) and 20.0x 10°> cm™' (500 nm).

values are lower than the Q values above and that
opposite trends are obtained for y
(CH,CN<CH,Cl,<hexane) and Q (CH,CN>
CH,Cl, > hexane) in this solvent series.
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Intermolecular energy transfer between anthracene
and H,TPP is not obvious. The addition of 0.2x10~¢
to 2X107° M of H,TPP to a 1.0x10~¢ M solution of
anthracene results in an apparent decrease (by about
5%-10%) in fluorescence (A...=250 nm) in the an-
thracene emission region and a concomitant progressive
increase in fluorescence in the porphyrin emission re-
gion. Within experimental error, the increase in por-
phyrin emission observed in the presence of anthracene
is the same as that obtained in the concentration-
dependent (0.2xX107° to 2.0X107° M) emission of
H,TPP (A..=250 nm) in the absence of anthracene.
Moreover, the excitation spectra (A.,, =650 nm) ob-
tained for 4:1 and 1:1 (mol/mol) mixtures of anthracene
and H,TPP are indistinguishable from the spectrum
obtained for H,TPP alone. Collectively, these results
suggest that the energy transfer efficiency between
anthracene and porphyrin is more efficient in an in-
tramolecular than an intermolecular situation.

Having noted the occurrence of intramolecular energy
transfer in I, it is of further interest to investigate the
possible mechanism(s) of energy transfer and to ra-
tionalize the opposite trends obtained for T, and O
values in the three solvents. In principle, singlet-singiet
energy transfer can proceed either by Forster’s di-
pole~dipole mechanism [30] or Dexter’s electron ex-
change mechanism [31]. As most experimental obser-
vations of singlet-singlet transfer reactions in porphyrin-
based D-A systems similar to I have been interpreted
in terms of Forster’s mechanism [2,4] we consider this
first.

Key parameters obtained by analysing the energy
transfer data of I using Forster’s dipole-dipole formalism
are summarized in Table 2. An inspection of this table
suggests the following.

Table 2
Energy transfer data of I*
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(1) The estimated critical enerﬁr transfer distances
(Ro) are in the range 14.4-16.0 A and the distances
are somewhat longer than the CTC distance (R) in I

(10.5 A).

R,=[8.8X10% K*¢(anthracene)n ™ Vesrsier) ° ()
where

k*=(cos y—3 cos a cos B)* 3)
and

JEorster = fl:"p(ﬁ)eA(i/)i;““dz‘/ (4)

In Eq. (3), @ and B are the angles made by the transition
dipoles of anthracene and H,TPP in I with a line joining
the centres of the transitions, vy is the angle between
the two transition dipoles and k? is the orientation
factor. The value of k* was taken to be 0.66 assuming
average orientation of the anthracenes with respect to
the porphyrin plane in the excited state of 1. We expect
that this assumption is valid for I as both 'H NMR
and structure simulation studies (see above) show av-
erage orientation of four anthracenes around the por-
phyrin. In particular, the results do not indicate the
presence of atropisomers (or rotamers) for I that are
quite common for ortho-substituted tetraphenylpor-
phyrins but not for meta-substituted tetraphenylpor-
phyrins such as I. In Eq. (4), Fp(¥) and e,(¥) are the
normalized fluorescence intensity of the donor (an-
thracene) and the molar extinction coefficient of the
acceptor (H,TPP) respectively. The estimated value of
the overlap integral (donor emission and acceptor ab-
sorption), Jessers 1S (2.64 £0.2) X107 cm® mmol .

(2) Although the Q and T, values are similar, the
T..s values are consistently lower than both of these
parameters in each solvent.

Solvent n® e o Ry’ Teu® Tons AGper® KER kS Kops” kovs— ke
% A (% (B (V) (10° s~ (10°s7)  (10°sTH)  (10° s
Hexane 1.375 1.88 93 15.6 91 76 —-0.21 21 0.65 2.7 21
Methylene chloride 1.425 8.93 95 14.4 87 64 -0.70 1.3 0.34 3.7 34
Acetonitrile 1.344 37.50 99 16.0 92 36 —0.80 23 0.11 18.7 18.6

*Error limits: Q, AGper and ko, +5%; Ro, Tew and kB3, +7%; T, and k5%, +10%.
®r and € are the refractive index and dielectric constant of the solvent respectively.

“Obtained using Eq. (1).
4Obtained using Eq. (2).
°Calculated using Eq. (5).

'Obtained from the overlay of the excitation spectrum of I normalized to its absorption spectrum (Fig. 5).

8AGper =E (0X) — E n(red) — Eo o+ AGson, Where AGs,,, =€%/2[(1/rp) + (1/ra)][(V/4reoe) — (1/4mege,)] — e*/4megeRr. E ,(0x) and E,,(red) are the
potentials for one-electron oxidation of the donor (anthracene) and one-electron reduction of the acceptor (porphyrin) moieties of I respectively,
ro (4.8 A) and r, (7 A) are the radii of the radical ions of the donor and acceptor respectively and ¢, and e are the dielectric constants of
CH,Cl, and other solvents respectively. It should be noted that the compound is insoluble in CH,CN, 0.1 M TBAP in electrochemical
experiments. It should also be noted that incorporation of solvent correction terms to low-polarity situations is rather risky and hence the
values of AGper in hexane can be taken as only a rough estimate {32].

"%En, kEn and k. Were obtained using Egs. (6), (7) and (8) respectively.
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Tear=(Ro/R)*/[1+ (Ro/R)°] )

(3) Similarly, the observed energy transfer rate con-
stants (k&) are lower than the calculated rate constants

(kER) in each solvent.

k5o = [Tos/(1 — Tops))/m(anthracene) (6)
and
&1 = (Ro/R)®/(anthracene) 7)

where r(anthracene) is the lifetime of free anthracene
(4.9, 5.2 and 5.3 ns in hexane [27], CH,Cl, [24] and
CH,CN [27] respectively). Moreover, the kg, values
that are calculated on the basis of the quenching
efficiencies are higher than both k£ and kEZ in each

solvent.

Kows=[Q/(1—Q))/r(anthracene) ®

(4) The T, (k5r) values bear no obvious relationship
with the refractive index (n) of the solvent.

The above analysis indicates that quenching of the
anthracene fluorescence in I is not entirely due to
excitation energy transfer by Forster’s dipole-dipole
mechanism. This is substantiated by the fact that the
Toos (k5o) values are consistently lower than the T,
(kD) and Q (k) values and there is no obvious
correlation between T, (kon) and n values [30]. Pos-
sibly, other mechanism(s) may also be operative in the
observed fluorescence quenching of I.

The estimated edge-to-edge approach distance be-
tween the anthracene and porphyrin in 1 is less than
6 A (MMX calculations) and this may facilitate D-A
orbital interactions, thus promoting Dexter’s exchange
process [31]. Dexter’s mechanism involves both the
lowest unoccupied molecular orbitals (LUMOs) and
highest occupied molecular orbitals (HOMOs) of the
donor and acceptor, and electron exchange can occur
in either a concerted process or via stepwise electron
transfer reactions involving radical intermediates
(D*A™, D”A™). In this regard, it can be argued that
if neither electron transfer step can occur to an orbital
at a higher energy level, the HOMO and LUMO of
the acceptor must either be isoenergetic with or sand-
wiched between the levels of the HOMO and LUMO
of the donor. The latter situation is found to hold good
for 1 as shown by the energy level diagram given in
Fig. 6(a). It can be seen that the porphyrin energy
levels (P* and P~) are sandwiched between those of
anthracene (A* and A7) and that electron exchange
energy transfer from singlet anthracene to the porphyrin
subunit in I is possible on thermodynamic grounds.
Thus both the distance and thermodynamic criteria
indicate the possibility of the involvement of electron
exchange energy transfer in I. This situation is similar
to that observed by Lindsey et al. [4] in their studies
on covalently linked porphyrin—cyanine dye dyads. This

Energy Anthracene (A) ~— Porphyrin (P) @
0)
~2:0 4 A
P
~1:0
00
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~_
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Energy
B A—p (b)
304 y 1
- —p- EnT
T 20 4 A=W
h
(V)
10
00 4 P—A

Fig. 6. (a) Energy levels of porphyrin (P) and anthracene (A) as
derived from the electrochemical redox potential data of I. The
reduction potential data of anthracene were taken from Ref. [33].
(b) Energy level diagram showing both energy (EnT) and electron
(ET) transfer reactions from the singlet excited state of the anthracene
moieties of I. The A*—P~ state positioned in the figure is in CH,Cl,
and is sensitive to a change in solvent (see Table 2).

simple concept, however, must be tested further using
a variety of D-A pairs with a prior knowledge of the
orbital interactions involved. Our knowledge of D-A
orbital interactions in I is limited at the present time.
Nonetheless, the application of Dexter’s theory does
not rationalize why T, values are much lower than
Q values for I in each solvent nor the opposite solvent
dependence shown by these two parameters.

The data given in Fig. 6 clearly indicate the possibility
of a PET reaction from singlet anthracene (A*) to the

porphyrin (P) in 1

A*-P— A*-P~ )
The free energy changes for the above PET reaction
(AGpgr) have been estimated in the three solvents used

in this work (Table 2). The AGpgr values in CH,CN
and CH,Cl, are highly exoergic and are close to the
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energy difference between the singlet states of an-
thracene and porphyrin (approximately 1.2 eV, see Fig.
6(b)). Thus, under favourable conditions, a PET reaction
can contribute to the quenching of anthracene emission
in I, generating the A*-P~ state (oxidative quenching).
Considering the charge transfer nature of the process,
¢ of the medium is expected to influence the PET
reaction efficiency. Inspection of Table 2 indicates that
the estimated PET rate constants (k,., — ks ) correlate
with e of the solvent (this analysis assumes that the
rates of the non-radiative processes of anthracene do
not alter on attachment to the porphyrin in I). Moreover,
as mentioned earlier, the O (k) and T, (kon) values
show opposite trends with e of the solvent. Collectively,
these observations can be rationalized in terms of
competition between energy transfer and electron trans-
fer reactions in I (Fig. 6(b)), the electron transfer
pathway taking over with an increase in the polarity
of the medium.

Another type of electron transfer pathway, which
involves a reductive quenching mechanism generating
an A™-P* charge transfer state, can also be envisaged
to explain the quenching of anthracene fluorescence
in I. However, there is some uncertainty involved in
obtaining an accurate ground state reduction potential
of the anthracene moiety of the molecule (Fig. 6(a))
and hence we shall not attempt to elaborate on this
mechanism. Furthermore, it is also possible that the
anthracene moieties in I may associate into a non-
fluorescent excited state complex and that the amount
of complex formation may be solvent dependent. In
principle, this possibility can explain the additional
quenching observed over and above that rationalized
solely on the basis of energy transfer in 1. Although
this mechanism secems to be an attractive proposition,
there are no spectral or other data to substantiate this
viewpoint. Therefore we believe that the oxidative
quenching mechanism described above certainly con-
tributes to the low fluorescence quantum yield observed
for the anthracene moieties in 1.

Although there are a few reports in the literature
describing the electron transfer reactions of covalently
linked porphyrin~donor systems [34-37], reports dis-
cussing both energy and electron transfer reactions in
such systems are scarce. In this regard, it should be
noted that Moore and coworkers [17,18] have recently
shown the possibility of both energy and electron transfer
reactions in their porphyrin—carotene (P-C) dyads. In-
terestingly, the direction of the PET reaction in I (i.e.
hydrocarbon — tetrapyrrole) is the same as that pro-
posed previously for chlorophyll quenching by caro-
tenoid [38,39] and that demonstrated recently for P-C
dyads [17,18]. Clearly, studies on these kinds of su-
pramolecular system are needed to obtain an under-
standing of the unexplored intricacies involved in the
photosynthetic antenna function.
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