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The rates of electronic energy transfer (EET) reactions
mediated by both dipole ± dipole and electron-exchange
mechanisms have long been postulated to be critically
dependent, amongst other things, on the distance and mutual
orientation between the donor and acceptor moieties.[1, 2]

Recent experimental validation of these theoretical predic-
tions comes from energy-transfer studies carried out with
rationally designed, photochemically active donor ± acceptor
(D ± A) assemblies.[3] Amongst such D ± A systems, those
based on the porphyrinoid class of chromophores are of
relevance to the present work. A number of studies carried
out with the covalently/noncovalently linked porphyrin ±
porphyrin[3b,c, 4] and porphyrin ± nonporphyrinic chromo-
phore[5] assemblies have dealt with the effect of D ± A distance
on the rates of EET reactions but, relatively less attention has
been paid to the corresponding orientation effects. In
addition, to our knowledge, orientation dependence of EET
has not been unequivocally demonstrated in a porphyrin-
based system where the donor and the acceptor subunits are
disposed at two distinctly different orientations in a given D ±
A ensemble. Here, we demonstrate the orientation depend-
ence of energy transfer in a simple, porphyrin-based, D ± A
system 3 where the donor anthracene subunits are linked both
at the axial and peripheral sites of a tin(iv) porphyrin scaffold,
Scheme 1. Fluorescence-emission and excitation spectra re-
veal that light absorbed by the ªperipheralº anthracene unit
of 3 is efficiently transferred to the porphyrin but, that
absorbed by the ªaxialº anthracene subunits is not.

The syntheses of 3 and the corresponding ªreferenceº
compounds 1 (where the anthracene subunit occupies only a
peripheral position) and 2 (where the anthracene subunits
occupy only the axial sites) are illustrated in Scheme 1. These
new porphyrins have been characterized by elemental anal-
ysis, UV/Vis, 1H and 13C NMR spectroscopy, and electro-
chemical methods. In the 1H NMR spectra, the spacer
methylene protons connecting the porphyrin and anthracene
chromophores of 1 resonate at d� 6.33, whereas the corre-
sponding axial methylene protons of 2 resonate at d� 5.65 a
result of the ring-current effect exerted by the basal porphyrin
macrocycle. In the spectrum of 3, resonances arising from the
two peripheral and the four axial methylene protons are at
d� 6.32 and 5.62, respectively. The UV/Vis spectra of 1, 2 and
3 (in CH2Cl2) are nearly equivalent to the summation of the

with amide carbonyl oxygen atoms is likely to lead to strong
mixing of the np* and pp* transitions in those amide groups.

In conclusion, some helical structures formed by simple
polypeptides in solution may have unusually short main-chain
hydrogen bonds. Our calculations indicate that the helicity of
such peptides will be over-estimated by CD analysis based on
literature calibration of helical content. Whilst much is still to
be established, if short hydrogen bonds can form under
certain conditions, the use of CD to estimate helicity will have
to be complemented by another experimental probe that is
sensitive to hydrogen-bond length.
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spectra recorded for 1:1, 1:2, and 1:3 equivalents (mole/mole)
of 5,10,15,20-tetra(p-tolyl)porphyrinato tin(iv) dihydroxide
([(ttp)SnIV(OH)2]) and anthracene (or 9-hydroxymethyl
anthracene (9-HMAn)), respectively (Figure 1 a). These spec-

Figure 1. a) Fluorescence spectra of equiabsorbing solutions (O.D.� 0.14)
of 9-HMAn, 1, 2, and 3 in CH2Cl2 (lex� 250 nm); b) fluorescence spectra of
equiabsorbing solutions (O.D.� 0.18) of [(ttp)SnIV(OH)2], 1, 2, and 3 in
CH2Cl2 (lex� 525 nm); O.D.� optical density.

troscopic data indicate that electronic communication be-
tween the porphyrin and the axial/peripheral anthracene
p ring systems in these D ± A systems is quite insignificant.
UV/Vis data additionally suggest that there is scope to
individually address the photophysical properties of the
porphyrin and anthracene chromophores of 1 ± 3 by excitation
either in the 500 ± 600 nm region or at <300 nm, respectively.

Irradiation into the porphyrin absorption band (525 nm) of
CH2Cl2 solutions of these molecular systems resulted in
fluorescence quantum yields that are close (F� 0.047 ± 0.048)
to the quantum yield of [(ttp)SnIV(OH)2] (F� 0.048� 0.004),
Figure 1 b. On the other hand, excitation at the anthracene
absorption maximum (250 nm) resulted in quenching of
fluorescence for 3 (F� 0.21� 0.01) and also 1 (F< 0.001)
compared to the fluorescence of 9-HMAn (F� 0.32� 0.02).
Interestingly, fluorescence arising from the anthracene sub-
units of 2 was largely unaffected (F� 0.29� 0.02) under
similar experimental conditions, Figure 1 a.[6] The quenching
efficiencies (%Q� {[F9-HMAnÿF1,2,or3]/F9-HMAn}100) for the
anthracene units of 1 ± 3 are estimated (�7 %) to be �99, 9,
and 34, respectively.

Fluorescence life times (�10 %) of the anthracene chro-
mophores (lex� 250 nm, lem� 400 nm) of these D ± A systems
are: 1, 0.16 ns (�100 %); 2, 2.14 ns (100 %), and 3, 0.62 ns
(31 %) and 2.28 ns (69%), the values in the parentheses are
the relative amplitudes obtained while fitting the data to one/
two exponential decay functions. The one-exponential decays
observed for tin(iv) porphyrin based D ± A systems 1 and 2 are

Scheme 1. Synthesis of the three D ± A systems investigated; py� pyridine.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2001, 40, No. 19 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4019-3623 $ 17.50+.50/0 3623

unlike those of the several free-base porphyrin ± anthracene
systems reported by us earlier.[7] The biexponential fluores-
cence decay observed for the latter systems, in which the
porphyrin and anthracene are connected by a flexible -OCH2-
linkage (at the ªperipheral sitesº), has been interpreted in
terms of the presence of two different D ± A conformers
(ªclosedº and ªextendedº) that do not equilibrate within the
life time of the fluorophore. Clearly, the single exponential
decay of the analogous tin(iv) porphyrin based systems 1 and 2
indicates that such a conformational equilibrium does not
play a significant role in these cases.[8] Based on the data of 1
and 2, the biexponential decay of 3 can be rationalized in
terms of the presence of two different ground-state D ± A
orientations (unquenched axial and quenched peripheral) in
this system.

Excitation of both 3 and 1 at 250 nm resulted in the
appearance of well-defined porphyrin emission bands in the
600 ± 700 nm region; this was not the case for 2. In addition,
overlap of the corrected and normalized excitation spectra
(emission collected at the porphyrin emission maximum,
665 nm) with the corresponding absorption spectra reveals
that fluorescence quenching is entirely a result of the energy
transfer in these two D ± A systems (Figure 2). The energy-

Figure 2. Overlay of the excitation (- - - -) and absorption (ÐÐ) spectra of
1 ± 3 in CH2Cl2 (lem� 665 nm). The excitation spectra were corrected for
the instrument response function and were normalized with respect to the
absorption spectra between 22 222 ± 25000 cmÿ1.

transfer efficiencies (%E) for 1 (99� 7) and 3 (25� 3) are
quite close to the corresponding %Q values (see above).
There was no indication of any energy transfer in 2 (see
Figure 2, %E� 5� 2) consistent with the high fluorescence
observed for this system.

Thus, energy transfer is lacking in 2 (where the donor
subunits are exclusively at the axial positions), almost
quantitative in 1 (where the donor subunit is exclusively at
the peripheral site), and is approximately 30 % in 3 (where
two donor subunits are at the axial site and one at the
peripheral position). Clearly, energy transfer to the porphyrin
is strongly favored (�100 %) from the peripheral anthracene

and is quite inefficient (�0 %) from the axial anthracene in
these D ± A systems. It should be noted here that the
peripheral anthracene subunit of 3 absorbs only one third of
the incident light at the excitation wavelength. Thus, a near
30 % quenching observed for this system amounts, actually, to
%E �100 from the peripheral anthracene to the porphyrin.[9]

Having demonstrated the orientation dependence of EET
in these D ± A systems, it is pertinent to explore the origin of
this novel effect. The Dexter�s exchange mechanism requires
the presence of electronic communication between the donor
and acceptor species (via orbital overlap).[2] However, the
1H NMR and UV/Vis data discussed above indicate that such
interaction in these intramolecular porphyrin ± anthracene
compounds is quite insignificant. Therefore, we chose to
analyze the EET in 3 by the dipole ± dipole mechanism,
according to which the rate of EET, kForster, is given by
Equation (1).[1]

kForster � [8.8� 10ÿ25k2FD JForster]/[n4tR6] (1)

In Equation (1) n is the solvent refractive index, FD and t

are the fluorescence quantum yield and the fluorescence
lifetime of the isolated donor (anthracene), JFoster is the
Forster�s overlap integral representing emission of anthracene
and absorption of the acceptor ([(ttp)SnIV(OH)2]) compo-
nents, R is the D ± A center-to-center distance, and k2 is
the so-called orientation factor. While JFoster (�1.2�
10ÿ13 cm6 mmolÿ1), FD (�0.24) and t (5.2 ns) are the same
for both axially and peripherally substituted situations, the
center-to-center distances between the tin(iv) ion and the
axial and equatorial anthracene rings in 3 are estimated to be
6.5 and 9.5 �, respectively.[10] We thus note that, assuming the
same k2 (�2/3, for a random D ± A orientation), the Forster
energy transfer to the porphyrin should, in principle, be more
conducive from the axial anthracenes than it is from the
peripheral anthracene according to Equation (1).[11] This is
clearly not the case as revealed by the %E values given above.
Thus, k2 [Eq. (2)] plays a key role in determining the
directionality of EET in 3.

k2� [cosgÿ 3cosacosb]2 (2)

In Equation (2) a and b are the angles made by the
transition dipoles of anthracene (axial/peripheral) and por-
phyrin with the line joining the centers of the transitions and g

is the angle between the two transition dipoles. While the
transition dipole of the emitting 1S state of anthracene lies on
the short axis of the molecule,[12] that of porphyrin is known to
lie along a line joining two opposing pyrrole nitrogens.[13]

Thus, the near perpendicular juxtaposition of the donor and
acceptor transition dipoles when the anthracenes occupy the
axial sites and the near coplanar situation when the anthra-
cene is linked at the peripheral site seem to be modulating the
k2 in such a way that the energy transfer is nearly absent in 2
and is almost quantitative in 1.[14] The unique behavior of
compound 3, wherein the anthracene donors are connected
both at the axial and peripheral sites is thus self explanatory.

In summary, to our knowledge, D ± A compound 3 is the
first porphyrin-based system wherein the donor species are
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connected both at the axial and peripheral positions of the
macrocycle. Energy transfer occurs only from the peripheral
anthracene to the porphyrin in this system. We believe that
realization of such an orientation dependence of EET would
amount to demonstration of unidirectionality of the energy
transfer event.[15]

Experimental Section

Materials were obtained from either Aldrich Chemicals (USA) or BDH
(India). Measurements of absorption, steady-state fluorescence and
excitation, and 1H and 13C NMR spectra (200 or 400 MHz) and also the
time-resolved fluorescence decays were carried out as detailed previous-
ly.[7, 16] Fluorescence quantum yields (F) were estimated using either
5,10,15,20-tetraphenylporphyrinato zinc(ii) (for lex� 525 nm, porphyrin
band) or anthracene (lex� 250 nm, anthracene band) as standards.

Syntheses: 1 (0.05 g, 0.05 mmol; obtained, in 82% yield, by tin insertion
into 5-(4-(9-methyloxy anthracenyl)phenyl)-10,15,20-tri(p-tolylporphyr-
in)) and 9-HMAn (0.05 g, 0.24 mmol) were dissolved in dry C6H6

(20 mL). The resulting mixture was refluxed under a nitrogen atmosphere
for 12 h. Solvent was evaporated under reduced pressure and the residue
was redissolved in minimum amount of CHCl3 and purified by flash column
chromatography on an alumina column. The purple (second) fraction was
collected by eluting with CHCl3. Evaporation of the solvent and
recrystallization from CHCl3/hexane afforded 3 in 73 % yield.

Compound 2 was synthesized by refluxing [(ttp)SnIV(OH)2] and 9-HMAn
in benzene and purified in a manner analogous to that described above for
3. Yield: 74 %.

Characterization (selected data) 3 : 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 9.25 (m, 8H, b-pyrrole), 8.58 (m, 4 H, anthracene), 8.38 (m, 8H,
anthracene), 8.18 (m, 9H, tolyl and anthracene), 8.05 (m, 6H, tolyl and
anthracene), 7.55 (m, 16H, tolyl and anthracene), 6.32 (s, 2H, -OCH2,
peripheral), 5.65 (s, 4H, -OCH2, axial), 2.75 (s, 9 H, CH3); 13C NMR
(50 MHz, CDCl3, 25 8C, TMS): 63.4 (-OCH2, peripheral), 57.2 (-OCH2,
axial); UV/Vis (CH2Cl2): lmax [nm] (loge): 607 (4.15), 565 (4.12), 525 (3.50),
429 (5.36), 255 (5.36); elemental analysis (%) calcd for: C92H66N4O3Sn: C
79.25, H 4.77, N 4.02; found: C 79.11, H 4.62, N 4.55; cyclovoltammetry: E1/2

(CH2Cl2, 0.1m TBAP (tertabutyl ammonium perchlorate); [V] versus SCE
(saturated calomel electrode)): 1.60, 1.38, ÿ0.92, ÿ1.32.

Received: March 21, 2001
Revised: July 23, 2001 [Z 16825]

[1] T. Forster, Discuss. Faraday Soc. 1959, 27, 7.
[2] D. L. Dexter, J. Chem. Phys. 1953, 21, 836.
[3] a) J. R. Lakowicz, Principles of Fluorescence Spectroscopy, Kluwer

Academic, New York, 1999, chap. 13 ± 15; b) M. R. Wasielewski,
Chem. Soc. Rev. 1992, 92, 435; c) D. Gust, T. A. Moore, Top. Curr.
Chem. 1991, 159, 103.

[4] Recent, representative examples: a) A. Ambroise, J. Li, L. Yu, J. S.
Lindsey, Org. Lett. , 2000, 2, 2563. b) E. K. L. Yeow, P. J. Sintic, N. M.
Cabral, J. N. H. Reek, M. J. Crossley, K. P. Ghiggino, Phys. Chem.
Chem. Phys. 2000, 2, 4281; c) A. Osuka, J.-Y Shin, R. Yoneshima, H.
Shiratori, T. Ohno, K. Nozaki, Y. Nishimura, I. Yamazaki, S.
Taniguchi, T. Shimizu, T. Okada, J. Porphyrins Phthalocyanines
1999, 3, 729; d) P. Brodard, S. Matzinger, E. Vauthey, O. Mongin, C.
Papamicaeel, A. Gossauer, J. Phys. Chem. A 1999, 103, 5858; e) L.
Flamigni, F. Barigelletti, N. Armaroli, B. Ventura, J.-P. Collin, J.-P.
Sauvage, J. A. G. Williams, Inorg. Chem. 1999, 38, 661; f) K. Kils, J.
Kajanus, J. Mùrtensson, B. Albinsson, J. Phys. Chem. B 1999, 103,
7329.

[5] a) S. Kawabata, I. Yamazaki, Y. Nishimura, Bull. Chem. Soc. Jpn.
1997, 70, 1125; b) R. Hermant, P. A. Liddell, S. Lin, R. G. Alden, H. K.
Kang, A. L. Moore, T. A. Moore, D. Gust, J. Am. Chem. Soc. 1993,
115, 2080; c) A. Osuka, H. Yamada, K. Maruyama, N. Mataga, T.
Asahi, M. T. Ohkouchi, T. Okada, I. Yamazaki, Y. Nishimura, J. Am.
Chem. Soc. 1993, 115, 9439; d) J. S. Lindsey, P. A. Brown, D. A. Siesel,

Tetrahedron 1989, 45, 4845; e) F. Effenberger, H. Schlosser, P. Bäuerle,
S. Maier, H. Port, H. C. Wolf, Angew. Chem. 1988, 100, 274; Angew.
Chem. Int. Ed. Engl. 1988, 27, 281.

[6] It should be noted here that irradiation (lex� 250 nm) of CH2Cl2

solutions containing 1:1, 1:2 or 1:3 (mole:mole) intermolecular
mixtures of [(ttp)SnIV(OH)2] and anthracene did not result in the
quenching of anthracene fluorescence.

[7] a) L. Giribabu, B. G. Maiya, Res. Chem. Intermed. 1999, 25, 769; b) M.
Sirish, R. Kache, B. G. Maiya, J. Photochem. Photobiol. A 1996, 93,
129; c) M. Sirish, B. G. Maiya, J. Photochem. Photobiol. A 1995, 85,
127.

[8] Note that the possibility of the presence of short-lived components,
the life times of which are within the instrument response function can
not be ruled out.

[9] This analysis implicitly assumes that singlet energy migration between
the axial and equatorial anthracenes in 3 is negligible.

[10] Molecular structures of these compounds have been modeled using
the PM3 calculations. The PM3 minimized structures reveal that, at
the axial sites of 3 (and also 2), the dihedral angle Sn-O-C-Canthracene

and the angle Sn-O-C are 165.58 and 120.88, respectively. The
corresponding dihedral angle Cmeso-O-C-Canthracene and the angle
Cmeso-O-C, at the peripheral sites of 3 (and also 1), are 104.48 and
125.68, respectively. Thus, there is a near perpendicular juxtaposition
of the porphyrin and the axial anthracene subunits in 3, probably
because the corresponding ªnonperpendicularº orientations are steri-
cally unfavorable in this crowded system. By contrast, changing the
dihedral angle between the porphyrin and equatorial anthracene can
potentially generate many energetically close rotamers that are not
sterically unfavorable.[7]

[11] Indeed, assuming that k2� 2/3, the energy-transfer rate from the axial
anthracene to the porphyrin has been estimated to be an order of
magnitude faster than it is from the peripheral anthracene (calcu-
lations were performed using PhotochemCAD: H. Du, R.-C. A. Fuh,
J. Li, L. A. Corkan, J. S. Lindsey, Photochem. Photobiol. 1998, 68,
141).

[12] G. D. Scholes, K. P. Ghiggino, A. M. Oliver, M. N. Paddon-Row, J.
Phys. Chem. 1973, 97, 11871.

[13] M. Gouterman, J. Mol. Spectrosc. 1961, 6, 138.
[14] The value of k2 estimated for the PM3 minimized structure is as low as

0.0004 for the porphyrin ± axial-anthracene pair and is quite high
(1.28) for the porphyrin ± peripheral-anthracene pair. However, given
the ªsemi-rigidº nature of the link between the two chromophores in
3, our estimation of the magnitudes of the k2 values may not be
rigorous. Nonetheless, the above analysis suggests that the direction-
ality conditions of the dipole ± dipole mechanism clearly do not favor
Forster energy transfer between the axial anthracenes and the basal
porphyrin. Notwithstanding this, other explanations (e.g. those
involving the tin(iv) center) that do not invoke the k2 dependence of
energy transfer and yet rationalize the absence of energy transfer in
the axial direction in 2 and 3 cannot be ruled out altogether.

[15] a) N. Armaroli, J.-F. Eckert, J.-F. Nierengarten, Chem. Commun. 2000,
2105; b) A. P. de Silva, T. E. Rice, Chem. Commun. 1999, 163; c) D. J.
CaÂrdenas, J.-P. Collin, P. GavinÄ a, J.-P. Sauvage, A. De Cian, J. Fischer,
N. Armaroli, L. lamigni, V. Vicinelli, V. Balzani, J. Am. Chem. Soc.
1999, 121, 5481; d) S. Serroni, S. Campagna, R. Pistone Nascone, G. S.
Hanan, G. J. E. Davidson, J.-M. Lehn, Chem. Eur. J. 1999, 5, 3523.

[16] a) L. Giribabu, T. A. Rao, B. G. Maiya, Inorg. Chem. 1999, 38, 4971;
b) M. Sirish, B. G. Maiya, J. Porphyrins Phthalocyanines 1998, 2, 327.


