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Mediated Energy Transfer in Covalently Linked Porphyrin Dimers
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Donor—acceptor systems where the rate of radiationless electronic energy transfer is influenced by the electronic
structure of the intervening medium are studied. In this paper we report the observation of mediated energy
transfer in a series of geometrically well-defined porphyrin dimers. The dimers consist of a free base porphyrin
(5,15-diphenyle.,5-octaalkylporphyrin, HP) and the corresponding zinc porphyrin (ZnP) as acceptor and
donor, respectively, connected by aryl chromophores with varying energies of the lowest excited states.

Introduction be suppressed. This is done by methyl substitution on the
porphyrin rings at theg-position adjacent to the phenyl rings
(Figure 1). The steric effect of the methyl group causes the
porphyrin and phenyl planes to be nearly orthogonal, which is
important in order to preserve the identity of the donor, acceptor,
and bridge chromophores. The dihedral angle between the
porphyrin plane and the adjacent phenyl was estimated to be
90 + 25° from AM1 optimized structures of the phenyl-
substituted porphyrin® (iii) The relative orientation of the
two porphyrin planes should be well defined. An almost
uniform angular distribution is obtained by the use of acetylene
connectors in the bridging chromophore. This simplifies the

Long-range electronic energy transfer, EET, is a very
important photophysical proceslt is usually understood in
terms of models: the Fster and Dextet models for very weak
coupling between the acceptor and donor or the exciton coupling
model for the so-called weak coupling cd&sén the very weak
coupling limit, the excitation is localized on either the acceptor
or the donor and the energy transfer is incoherent (hopping). In
the weak coupling model, the excitation is delocalized and the
energy transfer is coherehtlt is expected to find systems which
are not well described by either of these models but are

intermediate in their coupling strength. In these intermediate theoretical treatment in general and the comparison with the

cases, the donor and acceptor are well-separated chromophores.. ; : " . -
that experience enhanced coupling through virtual states of thgéprster model in particular. In addltlon, this flexbility, toge.ther
with the presence dert-butyl groups, increases the solubility.

intervening mediuni. The mediation of EET has recently been :

treated theoreticalfon the basis of the so called through bond 1€ donor-acceptor systems were assembled by a palladium-

or superexchange mechaninsuggested for intramolecular ~ Catalyzed cross-coupling reactiim a building block approach.
¢ The donor and acceptor were introduced at different points in

electron transfer. There are several reports in the literature o : : PUi
the synthesis to secure the precise state of metalation in the

long-range intramolecular EETand electron transf& medi- X PO :
ated through rigido-bond spacers, but the influence of low- SyStems. Solutions~3 x 107® M in CHxCl) of the dimers

lying electronic excited states of the spacer groups has not yetznP_BB_HZPv an—NB__HZP’.Or ZT‘P‘AB_HZP (l_:igure 1
been systematically investigatét. We believe that this is ~ Were prepared along with 1:1 mixtures of their reference

important for the understanding of the natural photosynthetic S0mpounds ZnPBB/H,P, ZnP-NB/H,P, and ZnP-AB/H.P.
light-harvesting systerd&and for the future construction of ~ 1h€ absorption spectra of ZRBB—H,P and ZnP-NB—H.P

artificial photosynthetic complex&sand molecular photonic ~ ¢ould approximately be described as a 1:1:1 spectral mixture
devicest6 of their components ZnP/BBAR and ZnP/NB/HP, respec-

tively, or equally well as a 1:1 spectral mixture of their reference
Results and Discussion compou_nds ZnPBB/H,P and ZnPNIB_/HgP. Likewise, the
o ) __absorption spectrum of ZrPAB—H,P is the spectral sum of

The present porphyrin dimers are designed to answer specificjig components or reference compounds in the Q-band region
questions about if and how the electronic structure of the bridge (A > 500 nm), but significant deviations are observed in the
plays a role in the EET process. Therefore, other parametersgget bandsA(~ 400 nm) of the porphyrins. This is expected
that influence the rate of EET have been held constant in the gjnce in ZnP-AB—H,P the Soret bands of the porphyrins
series of donoracceptor systems. The general structure of our gyerlap with the lowest absorption band of the bridging
porphyrin dimers is shown in Figure 1, where ZnP is the donor, chromophore, AB, making the situation for electronic coupling
H,P the acceptor, and X is the central aromatic unit in the perfect.
bridging chromophore, XB. A number of designing principles g6 2 shows fluorescence emission spectra of the dimers

hgve been used in the construction of these dimers. (i) TheZnP—BB—HZP, ZnP-NB—H,P, and ZnP-AB—H,P compared
distance between the donor and acceptor should be constag{

th hout th . The dist bet the d o the emission from a 1:1 mixture of ZrfBB and HP. The
roughout the series. 1he distance between the donor an optical density at the excitation wavelength of all samples were
acceptor centers is estimated from MMbptimized structures

oo . : hed i facili i i ison. Th ,
10 be 25.3 A7 (i) Simple conjugation between the donor and matched in order to facilitate immediate comparison e donor

: . nP, dominates the emission between 550 and 600 nm while
the bridge as well as between the bridge and the acceptor shoul he acceptor, bP, dominates the emission above 680 nm. It is

: : clearly seen in Figure 2 that the donor emission decreases and
* Author to whom correspondence is to be addressed. Phone: 46-31- g . .
772 3044. Fax: 46-31-772 3858. E-mail: balb@phc.chalmers.se. the acceptor emission increases in the covalently connected
€ Abstract published ilAdvance ACS Abstractddarch 1, 1997. porphyrin dimers when compared to the 1:1 mixture of ZnP
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Figure 1. Structure of the studied doneacceptor systems. The systems are denoted-ZB>-H,P, and the corresponding reference compounds
are denoted ZnPXB. XB is the bridging chromophore, where X is the central aromatic unit, which is either benzene, B, naphthalene, N, or
anthracene, A.

TABLE 1: Observed Donor Fluorescence Lifetimes %),
Intensities (1), Calculated EET Efficiencies E), and Rate
Constants Keer)

compound ?ns IreP/au E° keer®/nst
ZnP—BB 1.30 18.2
2 ZnP—-BB—H,P 0.76 10.7 0.41 0.54
g ZnP—NB 1.30 17.3
2 ZnP—NB—H,P 0.74 9.9 0.43 0.58
£ ZnP—AB 1.21 15.7
ZnP—AB—H,P 0.57 6.6 0.55 1.0

aZnP fluorescence lifetimes. The samples were excited at 530 nm,
and emission was collected through a 540 nm cutoff filter. The
observed demodulations and phase shifts were fitted to a biexponential
model for the dimers were one component was essentially constant
and corresponded to the free base emission decay (9.1 ns), and the
other was interpreted as the ZnP fluorescence decay. All the reference
Figure 2. Steady state fluorescence emission spectra of the bridged €0MPounds had single-exponential decays. The goodness-of-fit was
porphyrin dimers (ZNPBB—H.P +++, ZnP-NB—H,P - - -, ZnP-AB— evalua_ted by comparlng_the flt_of the model to the measgred data points.
H.P —-—) compared to a 1:1 m,ixture of ZrBB ar;d HP () b Relative fluorescence intensity observed at 579 nm with excitation at

Measurements were performed at 2D in CH,Cl, solution, and the 538 nm.¢ Average values calculated from the decrease in donor
optical densities of all samples were matched at the excitation uorescence lifetime and intensity.
wavelength, 538 nm.

where for all three dimerd = 3.1 x 107 M~1 cm3 is the

X . 8 ;
BB and HP. This is consistent with intramolecular EET as spectral overlap "?tegraR = 25.3x 10_ cm (253 A) is the
donor-acceptor distancE,n = 1.42 is the solvent refractive

the source for donor emission quenching. It should be noted . dex?! 42 — 5. is th ientation factrand ko —
that the donor emission is more efficiently quenched inznP " /ex,_/czg 61'(5)7 f}le_lvetrhage (()jr_letn a |or; ac ;?n tk]E’ _th
AB—HyP than in either of the other two dimers indicating a ¢oltp = 2.3 X S__ IS the radialive rate constant for the
more efficient energy transfer process in the former one. donor fluorescence. The EET rate constant is, within thistEo

. . . orster __
The lifetime?® of the donor fluorescence was also measured @PProximation, the same for all three dimekgg; ™ = 4.9 x
for the dimers and the reference compounds. The EET 1 sL. This value agrees with the observed rate constants for

efficiencies E, were calculated from the steady state and lifetime e dimers with benzene or naphthalene bridging chromophores
measurements &= 1 — I/lp = 1 — /7o, wherel andl, are but not for the dimer with the anthracene bridging chromophore.
the donor emission intensities of the dimers and the 1:1 mixtures 1 iS indicates that the EET is of “normal”Fsier type in the

of the reference compounds, respectively, amhd o are the former two and that the coypl[ng is enha_mced in the latter.
corresponding fluorescence lifetimes. The EET rate constants 11€ lowest singlet excitation energies of the benzene,
are calculated dger = E/ro(1 — E). These results are compiled naphthalene, and anthracene brldg|r_19 chromophores are 31 000,
in Table 1. Both steady state emission spectra and the kinetic2/ 500, and 21 600 cm, respectively. These should be
measurements clearly show that the rate of EET is about two compared to the lowest singlet excitation energies for ZnP (17

times higher in the dimer with the anthracene bridging chro- 200 ¢n?) and HP (16 000 cm?). The energy splitting
mophore, ZnP-AB—H.P, compared to the dimers with the between the donor and bridge chromophores and between the

naphthalene or benzene bridging chromophores. bridge and gcceptor_chromophor_es is expected to be an important
As a comparison the EET rate constant was estimated from Parameter in modeling the mediated EEHere it suffices to
the Faster theor§ stress that the splitting is large enough to prevent stepwise
transfer ZnP— XB — H,P at room temperature, which would
”e kDKZJ ) be a trivial cause for the enhanced EET. Furthermore, it should

be noted that the triplettriplet energy transfer could be

F'=18.79x 10 =
n‘Re substantial from the ZnP donor to the anthracene bridging
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chromophore but not to the benzene or naphthalene bridgingB. A.; Geller, G. G.; Hopfield, J. J.; Beran, P. 8.Am Chem Soc 1984

chromophores because the triplet state of anthracene (14 70%

06, 6090-6092. (e) Hush, N. S.; Paddon-Row, M. N.; Cotsaris, E.;
evering, H.; Verhoeven, J. W.; Heppener, ®hem Phys Lett 1985

cm )2 s close in energy to the lowest triplet state of ZnP (14 177 g—171. (f) Ohta, K.; Closs, G. L.; Morokuma, K.; Green, NJJAm

000 cntl). However, this is not expected to contribute to the

Chem Soc 1986 108 1319-1320. (g) Closs, G. L.; Calcaterra, L. T.;

observed singletsinglet EET, since no delayed fluorescence Green, N. J.; Penfield, K. W.; Miller, J. R. Phys Chem 1986 90, 3673~

3. (h) Verhoeven, J. W.; Paddon-Row, M. N.; Hush, N. S.; Oevering,

68
fr_om ZnP has been Obse_r\{ed ‘T’md we have I’_]Ot observed a”fu.; Heppener, MPure Appl Chem 1986 58, 1285-1290. (i) Oevering,
difference in the EET efficiencies between air-saturated and H.; Paddon-Row, M. N.; Heppener, M.; Oliver, A. M.; Cotsaris, E.;

argon-bubbled solutions.

In this paper long-range EET has unequivocally been shown

to increase due to mediation through a chromophore that doe

Verhoeven, J. W.; Hush, N. 8. Am Chem Soc 1987, 109, 3258-3269.
(13) Donor-acceptor systems linked with aromatic spacers have been
reported. See, for example: (a) Osuka, A.; Yamada, H.; Maruyama, K.;

SI\/Iataga, N.; Asahi, T.; Ohkouchi, M.; Okada, T.; Yamazaki, |.; Nishimura,

not take part as an intermediate excitation site. This effect is Y. J. Am Chem Soc 1993 115 9439-9452. (b) Seth, J.; Palaniappan,
presumably related to the energy gap between the lowest excited/.; Johnson, T. E.; Prathapan, S.; Lindsey, J. S.; Bocian, D.Am Chem

state energies of the donor/acceptor and the bridging chro-

mophore. As such it might be possible to selectively tune the
rate of energy transfer and possibly to build “molecular

Soc 1994 116 10578-10592. (c) Hsiao, J.-S.; Krueger, B. P.; Wagner,
R. W.; Johnson, T. E.; Delaney, J. K.; Mauzerall, D. C.; Fleming, G. R.;
Lindsey, J. S.; Bochian, D. F.; Donohoe, R.JJAm Chem Soc 1996

118 11181-11193. (d) Seth, J.; Palaniappan, V.; Wagner, R. W.; Johnson,

switches” based on rapid changes in mediation potential of the IizE(-)??Li”dseY’ J. S.; Bocian, D. B. Am Chem Soc 1996 118 11194~

bridging medium.
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