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Abstract: The photosynthetic apparatus of green sulfur bacteria, the chlorosome, is generally considered
as a highly efficient natural light-harvesting system. The efficient exciton transport through chlorosomes
toward the reaction centers originates from self-assembly of the bacteriochlorophyll molecules. The aim of
the present work is to realize a long exciton diffusion length in an artificial light-harvesting system using
the concept of self-assembled natural chlorosomal chromophores. The ability to transport excitons is studied
for porphyrin derivatives with different tendencies to form molecular stacks by self-assembly. A porphyrin
derivative denoted as ZnOP, containing methoxymethyl substituents ({ meso-tetrakis[3,5-bis(methoxymethyl)-
phenyl]porphyrinato} zinc(Il)) is found to form self-assembled stacks, in contrast to a derivative with tert-
butyl substituents, ZnBuP ({ meso-tetrakis[3,5-bis(tert-butyl)phenyl]porphyrinato} zinc(ll)). Exciton transport
and dissociation in a bilayer of these porphyrin derivatives and TiO, are studied using the time-resolved
microwave conductivity (TRMC) method. For ZnOP layers it is found that excitons undergo diffusive motion
between the self-assembled stacks, with the exciton diffusion length being as long as 15 + 1 nm, which is
comparable to that in natural chlorosomes. For ZnBuP a considerably shorter exciton diffusion length of 3
+ 1 nm is found. Combining these exciton diffusion lengths with exciton lifetimes of 160 ps for ZnOP and
74 ps for ZnBUP yields exciton diffusion coefficients equal to 1.4 x 107 m?/s and 1 x 107 m%s, respectively.
The larger exciton diffusion coefficient for ZnOP originates from a strong excitonic coupling for interstack
energy transfer. The findings show that energy transfer is strongly affected by the molecular organization.
The efficient interstack energy transfer shows promising prospects for application of such self-assembled
porphyrins in optoelectronics.

Introduction An alternative efficient exciton transport pathway can,
The occurrence of photosynthesis is crucial for life on earth, NOWeVer, also be present in systems that lack a protein matrix;
The first essential step in photosynthesis is the capture of @1 €xample is the chlorosome, the photosynthetic system in
sunlight. To absorb sunlight efficiently, photosynthetic organ- 9réen photosyntheu'c bacter!a. The chlorosome is an ellipsoidal
isms are equipped with light-harvesting systems. These light- Shaped organelle with a typical size of 15 80 nm x 100
harvesting systems are typically based on ring-like bacterio- nm,? based on self-assembled bacteriochloropleylti, or e
chlorophyl-protein complexes. The proteins determine the molecules organized by bactenochIoroph}bh_cterlochlorophyll
three-dimensional structure of the light-harvesting complex. The "ather than by bacteriochlorophyiprotein interaction$?*2
main function of the bacteriochlorophyll molecules involves the  (4) kihibrandt, W.: Neng Wang, D.; Fujiyoshi, Wature 1994 367, 614

absorption of sunlight. Absorption of a photon results in the 621. _ _

. . (5) McDermott, G.; Prince, S. M.; Freer, A. A.; Hawthornwaite-Lawless, A.
formation of a strongly bound electreimole pair, also referred M.; Papiz, M. Z.; Cogdell, R. J.; Isaacs, N. \Wature 1995 374, 517—
to as an exciton. Due to the specific mutual orientation of 521.

. K . 6) Oijen, A. M. v.; Ketelaars, M.; Koler, J.; Aartsma, T. J.; Schmidt,Science
adjacent bacteriochlorophyll molecules, excitons are transported " 1999 285, 400-402.

el i _ i (7) Roszak, A. W.; Howard, T. D.; Southall, J.; Gardiner, A. T.; Law, C. J.;
e_ff|C|entIy through one or more light-harvesting corr_lplexes over Isancs. N. W Cogdell, R. WEcience2003 302 1969. 1972,
distances of typically 1620 nm toward the reaction center,  (8) Liu, Z.; Yan, H.; Wang, K.; Kuang, T.; Zhang, J.; Gui, L.; An, X.; Chang,

i i iation i ; W. Nature 2004 428, 287—292.
where exciton dissociation into charged species takes pidce. (9) Staehelin, L. A: Golecki, J. R.: Fuller, R. C.: Drews, A&ch. Microbiol.
1978 1193), 269-277.

T Delft University of Technology. (10) Holzwarth, A. R.; Griebenow, K.; Schaffner, K. Naturforsch199Q 45
* Utrecht University. (3—4), 203-206.
(1) Amerongen, H. v.; Valkunas, L.; Grondelle, R.Rhotosynthetic excitons (11) Hildebrandt, P.; Griebenow, K.; Holzwarth, A. R.; Schaffner, XK.
World Scientific: Singapore, 2000. Naturforsch.1991, 46 (3—4), 228-232.
(2) Kihlbrandt, W.; Wang, D. NNature1991 350, 130-134. (12) Psencik, J.; Ikonen, T. P.; Laurinmaki, P.; Merckel, M. C.; Butcher, S. J.;
(3) Krauss, N.; Hinrichs, W.; Witt, I.; Fromme, P.; Pritzkow, W.; Dauter, Z.; Serimaa, R. E.; Tuma, RBiophys. J2004 87 (2), 1165-1172.
Betzel, C.; Wilson, K. S.; Witt, H. T.; Saenger, Wature1993 361(6410), (13) Balaban, T. S.; Holzwarth, A. R.; Schaffner, K.; Boender, G. J.; Degroot,
326-331. H. J. M. Biochemistry1995 34 (46), 15259-15266.
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Essential for self-assembly of the bacteriochlorophyll molecules can be prepared by spincoating. For several free-base and zinc
in the chlorosome are (a) the coordinative bonds between mesetetrakisphenylporphyrin derivatives, the introduction of
electron-donating side groups and the electron-accepting Mgappropriate alkyl substituents has been reported to affect the
center of the molecule and (b) the-x interactions between  molecular organization and consequently the exciton diffusion
the bacteriochlorophyll macrocyclé$!11418 Excitons are length30=33 The introduction of octyl side chains has been
transferred through the self-assembled stacks over distances obbserved to result in the formation of molecular stacks along
typically 10-15 nmi?to a bacteriochlorophyh containing base ~ which excitons can undergo intrastack diffusion with = 9
plate, connected to the chlorosomal vesicle, and further toward 4+ 3 nm3! In contrast, exciton diffusion between stacks has been
a reaction center. Energy transfer between adjacent bacteriofound to be considerably less efficiefit3! The latter is proble-
chlorophyll molecules within one self-assembled stack occurs matic, since for optoelectronic applications efficient exciton
extremely rapidly, typically on a time scale of 100 fs, corre- transport through the organic layer toward an active (e.g.,

sponding to an energy transfer rake equal to 163 s~1,19-21 electron-accepting) interface has to be directed perpendicular
If we assume an exciton to be localized on one bacteriochlo- to this interface, while the molecular stacks tend to align parallel
rophyll molecule, the exciton diffusion coefficierid£) follows to a substraté?34Recently, we have reported a lower limit for
from Ag in the direction perpendicular to a TiGubstrate of 12 nm
for a system based on nematically organized, homeotropically
De = kerRop’ (1) aligned mesetetrakis(4n-butylphenyl)porphyrin molecul€s.

However, the favorable molecular organization has only been
where Rpa presents the center-to-center distance between obtained for layers thinner than 35 nm, which can be an
adjacent bacteriochlorophyll molecules. Combination of the important limitation for application in practical devices.

exciton diffusion coefficient with the exciton lifetime) yields The aim of the current study is to achieve efficient energy
the exciton diffusion lengthAg), according to transfer toward an active interface using the concept of self-
assembled chromophore molecules. Numerous reports deal with
Ag = /Dgte (2) the synthesis and structural characterization of self-assembling

mimics of bacteriochlorophyll molecules, such as the robust and

The center-to-center distance of 6.&24and the energy relatively easily available porphyrin and chlorin derivatife<s
transfer rate of typically 8 s™* result in an exciton diffusion So far, no experimental demonstration of long-range exciton
coefficient of about 5< 10~° m?/s. Hence, during the lifetime gitfusion for such systems has been published. In this work the
of typically 50 pg? an exciton can make on average<510? relationship between self-assembly and the ability to transport
hops, andAg is on the order of 15 nm. This length is close to  excitons is studied for two porphyrin derivatives, nan{etese
the average distance between the location of exciton fOVmaﬁontetrakis[S,5-bis(dimethylaminomethyl)phenyl]porphyrir}aﬁiuc-
and the bacteriochlorophyéi containing base plateso that (1) (znNP) and{ mesetetrakis[3,5-bis(methoxymethyl)phenyl]-
almost all photogenerated excitons arrive at the reaction center.porphyrinatd zinc(l) (ZnOP). The chemical structures of these

In contrast to natural systemAg in molecular organic dye  porphyrin derivatives are shown in Figure 1A. Self-assembly
layers is typically on the order of only a few nanome#&rs? is accomplished by the formation of coordinative bonds between
For a few molecular dye systems, exciton diffusion lengths of pe electron-accepting Zn atom and the electron-donating
several tens of nanometers have been realized in vacuum thermaﬂ,enzynC heteroatoms at the 3- or the 5-position of these
deposited layer&™ The expensive and elaborate deposition pheny rings of an adjacent molecule. A close analogue of ZnOP
method makes these layers, however, less attractive for applicaamj“,ing Br atoms at the para-positions of the phenyl groups
tion in molecular devices. In this context, porphyrin derivatives (ZnOPBY) has recently been observed by single-crystal X-ray
are of great interest, since thin films of this class of materials crystallography to self-assemble as shown in Figuré®liEince
ZnNP and especially ZnOP possess equivalent electron-donating

(14) Rossum, B. J. v.; Steengaard, D. B.; Mulder, F. M.; Boender, G. J.;
Schaffner, K.; Holzwarth, A. R.; Groot, H. J. M. @&iochemistry2001,

40, 1587-1595. (30) Kroeze, J. E.; Koehorst, R. B. M.; Savenije, TAdv. Funct. Mater.2004
(15) Balaban, T. S.; Linke-Schaetzel, M., et @hem=—Eur. J. 2005 11 (8), 14 (10), 992-998.

2267-2275. (31) Donker, H.; van Hoek, A.; van Schaik, W.; Koehorst, R. B. M.; Yatskou,
(16) Overmann, J.; Cypionka, H.; Pfennig, Nimnol. Oceanogrl992 37, 150— M. M.; Schaafsma, T. J. Phys. Chem. B005 109 (36), 17038-17046.

155. (32) Huijser, A.; Savenije, T. J.; Kroeze, J. E.; Siebbeles, L. DJAPhys.
(17) Frigaard, N. U.; Chew, A. G. M.; Li, H.; Maresca, J. A.; Bryant, D. A. Chem. B2005 109 20166-20173.

Photosynth. Re2003 78(2), 93-117. (33) Huijser, A.; Savenije, T. J.; Siebbeles, L. D. Fhin Solid Films2006
(18) Frigaard, N. U.; Bryant, D. AArch. Microbiol. 2004 182, 265-276. 511-512 208-213.

(19) Prokhorenko, V. |.; Steensgaard, D. B.; Holzwarth, ABephys. J200Q (34) Piris, J.; Debije, M. G.; Stutzmann, N.; van de Craats, A. M.; Watson, M.
79 (4), 2105-2120. D.; Mullen, K.; Warman, J. MAdv. Mater. 2003 15 (20), 1736-1740.
(20) Psencik, J.; Polivka, T.; Nemec, P.; Dian, J.; Kudrna, J.; Maly, P.; Hala, J. (35) Huijser, A.; Savenije, T. J.; Kotlewski, A.; Picken, S. J.; Siebbeles, L. D.

J. Phys. Chem. A998 102 (23), 4392-4398. A. Adv. Mater. 2006 18, 2234-2239.
(21) Savikhin, S.; Zhu, Y. W.; Lin, S.; Blankenship, R. E.; Struve, WJS. (36) Jesorka, A.; Balaban, T. S.; Holzwarth, A. R.; SchaffneAkgew. Chem.
Phys. Chem1994 98 (40), 10322-10334. Int. Ed. 1996 23—24, 2861-2863.
(22) Holzwarth, A. R.; Schaffner, KPhotosynth. Resl994 41, 225-233. (37) Tamiaki, H.Coord. Chem. Re 1996 148 183-197.
(23) Wohrle, D.; Tennigkeit, B.; Elbe, J.; Kreienhoop, L.; SchnurpfeilMal. (38) Miyatake, T.; Tamiaki, H.; Holzwarth, A. R.; Schaffner, Kelv. Chim.
Cryst. Lig. Cryst.1993 230, 221—-226. Acta 1999 82 (6), 797-810.
(24) Kerp, H. R.; Donker, H.; Koehorst, R. B. M.; Schaafsma, T. J.; Faassen, (39) Balaban, T. S.; Goddard, R.; Linke-Schaetzel, M.; Lehn, J.Mm. Chem.
E. E. v.Chem. Phys. Lettl998 2984—6), 302-308. So0c.2003 125 (14), 4233-4239.
(25) Kroeze, J. E.; Savenije, T. J.; Warman, J.MPhotochem. Photobiol. A (40) Balaban, T. SAcc. Chem. Re®005 38 (8), 612-623.
2002 148 49-55. (41) Kunieda, M.; Tamiaki, HJ. Org. Chem2005 (70), 820-828.
(26) Peumans, P.; Uchida, S.; Forrest, S.Nature 2003 425 (6954), 158- (42) Kunieda, M.; Tamiaki, HEur. J. Org. Chem2006§ 10, 2352-2361.
162. (43) Huber, V.; Lysetska, M.; Wurthner, Bmall2007, 3 (6), 1007-1014.
(27) Peumans, P.; Forrest, S. Ropl. Phys. Lett2001, 79 (1), 126-128. (44) Zhou, Y. S.; Wang, B.; Zhu, M. Z.; Hou, J. @hem. Phys. Let2005
(28) Peumans, P.; Yakimov, A.; Forrest, SJRAppl. Phys2003 93(7), 3693 403 (1-3), 140-145.
3723. (45) Elemans, J.; Lensen, M. C.; Gerritsen, J. W.; van Kempen, H.; Speller, S.;
(29) Stubinger, T.; Brutting, WJ. Appl. Phys2001, 90 (7), 3632-3641. Nolte, R. J. M.; Rowan, A. EAdv. Mater. 2003 15 (24), 2076-2073.
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ZnNP R = CHz-N-(CHa)z, X = H
ZnOP R = CHz-O-CHs, X = H
ZnOPBr R = CHz-O-CHs, X = Br
ZnBuP R = C-(CHa)s, X = H

(B)

ZnOPBr

Figure 1. Chemical structures of the porphyrin derivatives investigated
(A) and a part of the one-dimensional self-assembled stack formed by
ZnOPBr molecules (B). Hydrogen atoms and phenyl side groups that are
not involved in the self-assembly are omitted for clarity.

and electron-accepting groups, comparable self-assemblin
behavior is expected, as also proposed edfland validated
below. ZnOPBr is not included in the current study on exciton

energy in, e.g., photocatalytic applications, sensors, and
photovoltaicst®-51

Experimental Section

Synthesis of Porphyrin Derivatives. The porphyrin derivatives
ZnOP, ZnNP, and ZnBuP were synthesized as described in ref 46.

Sample Preparation. Thin smooth anatase TiOfilms with a
thickness of ca. 100 nm, prepared by chemical vapor deposition onto
1 x 12 x 25 mn? quartz substrates, were purchased from Everest
Coatings, Delft, The Netherlands. Porphyrin films were prepared by
spincoating, either from a solution in CHC(Anhydrous, 99-%,
Aldrich, in case of ZnOP, ZnOPBr and ZnBuP) or from a solution in
toluene (Anhydrous, 99.8%, Aldrich, used for ZnNP) at 2500 rpm under
N, atmosphere. The ZnNP solution was filtrated using a Q3P TFE
filter with polypropylene housing. Prior to film deposition, the quartz
and TiQ substrates were annealed in air at 48D for 1 h. After
porphyrin film deposition, the samples were annealed at’#200nder
a N, atmosphere for 15 min. Porphyrin film thicknesses were
determined using a Veeco Dektak 8 Stylus Profiler.

Optical Characterization. Optical transmission and reflection
spectra were recorded using a Perkin-Elmer Lambda 900 UV/vis/NIR
spectrometer. The optical densi®D), the fraction of absorbed light
(Fa), and the extinction coefficienkt) were determined as described
in ref 52. The wavelength depende@D and Fa are denoted as the
absorption spectrum and the optical attenuation spectrum, respectively.
Steady-state and time-resolved fluorescence spectra were recorded with
a Lifespec— ps setup using a 405 nm excitation source (Edinburgh
Instruments). Polarized Optical micrographs of the porphyrin films were
recorded between crossed polarizers using a Nikon Eclipse E600
Polarizing Optical Microscope.

X-ray Diffraction Analysis. X-ray diffraction (XRD) measurements
were performed in the BraggBrentano mode on a Bruker-AXS D8

Yadvance powder X-ray diffractometer, equipped with automatic

divergence slits and a Vantec-1 detector and using a Co anpgde=(
1.790 26 A) operated at 30 kV and 45 mA. The X-ray diffraction

transfer, since the heavy Br atom leads to significant intersystemintensity found for a bare substrate was subtracted from the intensity

crossing from singlet to triplet excited statésyhich will be
the topic of another study. To substantiate the impact of self-
assembly on the exciton diffusion length, also a porphyrin

observed for a porphyrin-coated substrate.
Photoconductivity Experiments. The TRMC method and experi-
mental setup are described in refs 25 and 53. The porphyria/TiO

derivative that is expected not to self-assemble is studied, namelyoilayers were mounted in an X-band microwave cavity at a position of

{mesaetetrakis[3,5-bigert-butyl)phenyl]porphyrinatzinc(ll) (Zn-
BuP). The benzylic substituents of ZnBuP possess a similar
steric bulk to that of the CHDCH; and CHN(CHzs)2 groups

but lack the electron-donating ability.

The molecular organization in spincoated films of the
porphyrin derivatives investigated is studied using optical
techniques and X-ray diffraction. Exciton transport and dis-
sociation in a bilayer of the porphyrin derivatives and smooth
TiO, are studied using the time-resolved microwave conductivity
(TRMC) method. Excitons are formed by illumination with a

nanosecond laser pulse. Those excitons that are able to reach

the interface with TiQ@can undergo interfacial dissociation into
separate charge carriers. The electrons injected into the TiO
layer are monitored by measuring the microwave conductivity.
The exciton diffusion length and the interfacial electron injection
yield are determined from fitting an analytical model to the
experimental microwave conductivity data. The energy transfer

rate between adjacent molecules is strongly affected by molec-

ular self-assembly. This offers promising prospects for use of

these materials to convert solar energy into chemical or electrical

(46) Suijkerbuijk, B. M. J. M.; Tooke, D. M.; Lutz, M.; Spek, A. L.; Koten, G.
v.; Klein Gebbink, R. J. MChem. Asian J2007, 2, 889—-903.

(47) Gouterman, MThe Porphyrins, Volume IllAcademic Press: New York,
1978; Vol. 3.

maximum electric field strength and illuminated either from the side
of the TiO, substrate (backside) or from the side of the porphyrin film
(front side). The illumination intensity was varied betweert!ldnd

10'3 photons/cr per pulse. The data analysis has been described in
detail previously??52 Briefly, formation of mobile charge carriers due

to illumination with a nanosecond laser pulse (3 ns fwhm) leads to an
increase of the photoconductancAQ@), followed by an eventual
decrease due to decay of charge carriers. The increase in photocon-
ductance is related to the normalized change in reflected microwave
power (AP/P) according to

AP _

5= —KAG() ©)

The sensitivity factoK was determined as described in ref 54 and
equals 7x 10* S™. From the maximum oAG during time, the incident

(48) Gerdes, R.; Wohrle, D.; Spiller, W.; Schneider, G.; Schnurpfeil, G.; Schulz-
Ekloff, G. J. Photochem. Photobiol. 2997 111 (1-3), 65-74.

(49) lliev, V.; Mihaylova, A.; Bilyarska, LJ. Mol. Catal. A2002 184 (1-2),
121-130

)

(50) Grazel, M. Nature 2001, 414, 338-344.

(51) Gust, D.; Moore, T. A.; Moore, A. LAcc. Chem. Re001, 34, 40—48.

(52) Kroeze, J. E.; Savenije, T. J.; Warman, J. MAm. Chem. So2004
126, 7608.

(53) Haas, M. P. d.; Warman, J. Nbhem. Phys1982 73, 35-53.

(54) Savenije, T. J.; Haas, M. P. d.; Warman, J Aditschrift fur Physikalische
Chemie-International Journal of Research in Physical Chemistry &
Chemical Physic4999 212 201—-206.
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Figure 2. Optical density spectra of the porphyrin derivatives in solution (A) and deposited on quartz (B). The data in Figure Al have different offsets. Left
panels show the fulDD spectrum; right panels show the normalize® for a limited spectral region.

photon to charge separation efficiendPCSE was determined, as  on quartz. The absorption bands of ZnBuP on quartz are only
described in ref 32. broadened as compared to ZnBuP dissolved in GHThe
Results and Discussion absencg of a red-shift and a more intensg lowest Q-baqd iq the
absorption spectrum shows that most likely no coordinative
Structural Characterization. In case the formation of a  bonds are present in the film, indicative of the absence of self-
coordinative bond between the electron-accepting central Zn assembled ZnBuP molecules. In contrast, the absorption spectra
atom and an electron-donating side group of an adjacentof ZnOP and especially ZnNP on quartz show a considerable
molecule leads to a change in optical features, the occurrencered-shift and a more intense lowest Q-band as compared to
of self-assembly can be determined using optical absorption andznBuP. This is attributed to the presence of coordinative bonds
fluorescence spectroscof{?>>éFigure 2A shows the absorption  between the electron-accepting Zn atom and the electron-

spectrum of ZnBuP monomers dissolved in pure GH®@hich donating oxygen or nitrogen atoms in the side groups. The red-
is found to be similar to the absorption spectra of ZnOP and shift in absorption and increase of the intensity of the lowest
ZnNP in pure CHG. The transitions from thegSo the § level Q-band are less pronounced for ZnOP than those for ZnNP,

and a higher vibrational mode give rise to the two Q-bands that which might originate from the stronger coordinative bond in
peak at 589 and 550 nm, respectively. The-S, transition the case of the lattéf:59The Soret absorption band of the ZnOP
results in a strong absorption band that peaks at 423'ffhe film shows a more pronounced split than that for ZnNP. This
data in Figure 2A show that addition of 24 of pyridine leads  is attributed to a stronger excitonic coupling between self-
to a red-shift of the absorption bands (peaks at 605, 565, andassembled ZnOP molecules in a stack, possibly caused by a
431 nm) and a more intense lowest Q-band. These changes irsmaller center-to-center distance between adjacent molétules
optical features are attributed to the formation of one-to-one |eading to a larger excitonic splitting. In terms of the peint
complexes of pyridine with the ZnBuP molecule, resulting in a dipole approximation for the excitonic couplifigithe absence
penta-coordination of the Zn atoth? The absorption spectra  of a significant exciton splitting in the less intense Q-bands can
of ZnOP and ZnNP in CHGlpyridine are observed to be similar  be attributed to the lower transition dipole moments of the
to that of ZnBuP in CHGJpyridine. Hence, the difference in  corresponding transitions as compared to the S transition
benzylic substituents does not affect the absorption spectra. that gives rise to the Soret absorption band.

Analogous to the changes in monomer absorption due to  Figure 3A shows the fluorescence spectra for ZnBuP, ZnOP,
coordination of the central Zn atom by pyridine, molecular self- and zZnNP on quartz. In agreement with the results discussed
assembly in solid films can be monitored by a red-shift in above, ZnOP and especially ZnNP exhibit red-shifted fluores-
absorption and a more intense lowest Q-b&iféigure 2B shows  cence bands as compared to ZnBuP, indicative of molecular
the absorption spectra of ZnBuP, ZnOP, and ZnNP depositedself-assembly of the first two. Figure 3B shows the fluorescence

- decays of the ZnBuP, ZnOP, and ZnNP films on quartz. Fitting
(55) Shermook: & l_cheRrﬁ_mFEﬁ;s_“L-‘et{"g”g%%%zz(s;‘i’:”f"2"2&?szf“'ga’ A-M: a monoexponential function convoluted with the instrumental
(56) Lee, S. J.; Mulfort, K. L.; O'Donnell, J. L.; Zuo, X. B.; Goshe, A. J.;  response function to the decays yields exciton lifetimes of 74,

Wesson, P. J.; Nguyen, S. T.; Hupp, J. T.; Tiede, D.Giem. Commun.
2006 (44), 4581-4583.

(57) Fleischer, E. B.; Shachter, A. Mhorg. Chem1991, 30(19), 3763-3769. (59) Nardo, J. V.; Dawson, J. Hnorg. Chim. Actal986 123 (1), 9-13.
(58) Summers, J. S.; Stolzenberg, A. M.Am. Chem. Sod 993 115 (23), (60) May, V.; Kthn, O.Charge and Energy Transfer Dynamics in Molecular
10559-10567. Systems. A Theoretical Introductiowiley-VCH: Berlin, 2000.
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& 15 t t t parallel planes with an interplanar distandgéqual to 14.8 A.

= @) T 2h0P o e This distance agrees with the diameter of a self-assembled stack
; 0 = ZnNP on quartz of about 15 A or, equivalently, with the distance between
s 7 T adjacent self-assembled stacks. Since only a periodic structure
8 directed perpendicular to the substrate can give rise to a
§ 054 1 diffraction peak, this would imply the alignment of the propaga-

2 tion direction of the self-assembled stacks parallel to the
’g . substrate. In previous work on ZnOPBr crystals, the center-to-
< 0.0+ —i center distanc&pa between ZnOPBr molecules within a self-

550 600 650 700 750 assembled stack has been found to be 8.75 A, while the distance
wavelength (nm) between the ZnOPBr macrocycles equals only 3.47 lA.case

} ' } the ZnOPBr molecules in a crystal and in a thin film self-
o InoPongat  100pe assemble in a similar way and the propagation direction of the
ZnNPonquartz 400 ps self-assembled stacks in a film is parallel to the substrate, the
angle between the ZnOPBr macrocycles and the substrate equals
23° as shown schematically in Figure 4.

The polarized optical micrograph and XRD pattern of ZnOP
on quartz, also shown in Figure 4B, are observed to be similar
to those for ZnOPBr. The first- and second-order X-ray

S . - diffraction peaks are only slightly shifted toward higher angles.
0.0 0.5 tim;-?ns) 15 20 These peaks correspond to an interplanar distance equal to 14.01
. s H e (A) and d B) of th b A. The slightly smaller interplanar distance as compared to
dgrlil\fgtivés inl\j(e)rs?if_:;zggeo: %ica:?z,(re)cg%ed Eﬁagici(tazio?m at iogorz?n.y;lﬂe ZnOPBr and less intense diffraction peaks are a“”bgt‘?d _to _the
fluorescence decays are detected at the maximum of the lowest fluorescenc@bsence of the Br atoms. Both ZnOPBr and ZnOP exhibit similar
band. Fits of a monoexponential function convoluted with the instrumental birefringent domains between crossed polarizer and analyzer.
response function to the fluorescence decays and the resulting lifetimes arepq birefringence is caused by an anisotropy of the index of
included. refraction, leading to a splitting of the linearly polarized incident
beam into two components with polarizations perpendicular to
each other. As a consequence, part of the transmitted light beam
can pass through the crossed analyzer, leading to a bright
appearance of the film. The observed birefringence indepen-
dently confirms the presence of molecular order in the ZnOPBr
The differences in optical features between ZnBuP films on and ZnOP films. The birefringence is observed to be comparable

one side and the ZnOP and ZnNP films on the other side arefor IgyersSSepo&.ted on T@and quartz, as glsq observed
attributed to the presence of coordinative bonds for the latter prebwtoutsly, _?EOW'ZQ a (sjlr(rjnlar molehcular o;gaplzlanon onﬁtt)L%th
two, indicative of molecular self-assembly. To obtain further su ;)ra es. d € (z:].ekre on;aérg)s aveTE ypica areslp X
insight in the molecular organization, polarized optical micros- #m and a thickness of im. 1he comparable A-ray
copy (POM) and X-ray diffraction (XRD) studies are performed. diffraction patterns and polarized optical micrographs suggest
Figure 4A shows the polarized optical micrograph and the X-ray similar mutual orientations for the individual molecules in a
diffraction pattern of ZnBuP on quartz. The ZnBuP film appears self-assembled stack and for the alignment of the stacks with

dark between crossed polarizer and analyzer and remains darl{fSpef:t tof thhe sul?strate. Jh:js Zlm([)):;es thst t he pr(;piagatlﬁn
on rotation of the sample around the axis perpendicular to the |r§ctlon 0 t : ie -asslerrl]) ed 2n h Séa%; IS paralle lto t ed
plane of the film. This implies that the polarization of the substrate, with the angle between the Zn macrocycies an

incident light beam does not change upon transmission throughthe substrate equal to 23

the ZnBuP film. As a consequence, the transmitted light cannot ~ Figure 4C shows the polarized optical micrograph and the
pass through the crossed analyzer, resulting in a dark appearanc&-ray diffraction pattern of ZnNP on quartz. The ZnNP film

of the film. The observed findings indicate an isotropic film appears to possess both dark and birefringent domains between
structure with respect to rotation around the axis perpendicular crossed polarizer and analyzer, corresponding to a combination
to the plane of the film. This could be either due to an isotropic Of disordered and ordered regions, respectively. The X-ray
|ayer structure or due to a homeotropic molecular a|ignment diffraction peak observed for the ZnNP film COI‘I’eSpondS in case

(molecular planes aligned parallel to the substrate). The absencéf first-order diffraction to an interplanar distance equal to 16.6
of a diffraction peak in the XRD pattern excludes the latter A, which is attributed to the distance between adjacent self-

possibility and leads to the conclusion that the ZnBuP film lacks assembled stacks. The fact that only the ordered domains can

any molecular organization. contribute to the observed diffraction peak explains the lower
The X-ray diffraction pattern of ZnOPBr deposited on quartz, intensity of this peak as compared to that observed for the ZnOP

shown in Figure 4B, differs significantly from that of znBuP ~ film.

on quartz. The pronounced peaks in the XRD pattern observed Determination of the Exciton Diffusion Length. Quanti-

for ZnOPBr originate from a well-developed periodic structure fication of the exciton transfer dynamics allows determining

directed perpendicular to the substrate. The two peaks observedhe impact of molecular order on the ability to transport excitons

can be explained by first- and second-order diffraction by efficiently. Exciton diffusion is studied using the time-resolved

fluorescence (arb. units)
o
a

160, and 400 ps. The fits are included in Figure 3B. These
lifetimes are significantly lower than the 1.3 ns lifetime observed
for these porphyrin derivatives dissolved in CH@Yridine (data

not shown), which is most likely due to enhanced radiationless
decay in solid films.
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Figure 4. Polarized optical micrographs obtained between crossed polariz

10 12 14 16 18 20

)

er and analyzer (left panels), X-ray diffraction patterns (middle panels), and fil

structures (right panels) of the porphyrin derivatives investigated on quartz. The X-ray diffraction intensities of the porphyrin films omejoanteced

for the signal obtained for bare quartz.

microwave conductivity (TRMC) techniqu&>3 Figure 5A

The incident photon to charge separation efficienBCSE

shows the photoconductance transients obtained on pulseds determined fronAG as described in ref 32. Figure 5B shows

illumination at the absorption maximum of ZnBuP, ZnOP, and
ZnNP films on TiQ. The samples are illuminated through the
TiO; layer, resulting in a high initial exciton concentration near
the TiOJ/porphyrin interface. Those excitons that are able to
reach the interface with Ti©can dissociate by injection of an
electron into the Ti@layer. Since the mobility of electrons in
TiOy®1 largely exceeds the mobility of holes in porphyrfas,
the observed change in photoconductan®@)(mainly results
from an increase of the number of mobile electrons in.TiO
The initial rise time of AG largely exceeds the laser pulse
duration and is determined by the 18 ns response time of the
microwave cavity. It follows from Figure 5A that illumination
of a bilayer consisting of the self-assembled porphyrin deriva-
tives ZnOP or ZnNP on Ti@results in a larger change inG

as compared to a bilayer of nonassembled ZnBuP and. TiO
This effect is most pronounced for ZnOP on }jandicative

of the most efficient photoinduced charge separation.

(61) Bak, T.; Nowotny, J.; Rekas, M.; Sorrell, C. L Phys. Chem. Solid¥03
64 (7), 1069-1087.

(62) Checcoli, P.; Conte, G.; Salvatori, S.; Paolesse, R.; Bolognesi, A.;
Berliocchi, A.; Brunetti, F.; D’Amico, A.; Di Carlo, A.; Lugli, P. tSynth.
Met. 2003 138 (1—2), 261—266.
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the IPCSEas function of wavelength of ZnOP on TiOThe
IPCSE spectrum follows closely the optical attenuation spec-
trum, also presented in Figure 5B, which demonstrates clearly
photosensitization of Ti@by the porphyrin derivative. The
IPCSEat the absorption maximum equals 16%, comparable to
the efficiency of the system based on nematically organized
homeotropically alignethesetetrakis(4n-butylphenyl)porphy-
rin molecules on Ti@Qwe have studied recentfy An important
advantage of ZnOP as compared to that system involves the
absence of any observed sensitivity of the molecular organiza-
tion to the thickness of the porphyrin layer, which is highly
beneficial for application in molecular optoelectronics. Figure
5C shows thdPCSEas a function of incident light intensity.
At illumination intensities below 2« 10'2 photons/crépulse
no significant influence of the intensity on th®CSE is
observed. This indicates that exciteexciton annihilation and
bimolecular charge recombination processes are insignificant
under these illumination conditions.

The exciton diffusion lengthXg) can be deduced by applying
an analytical model for the photoinduced charge separation
efficiency to describe the experimental TRMC data, as discussed
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Figure 6. IPCSH(1 — Fg) as a function of the porphyrin layer thickness
20 t t (L) for ZnBuP on TiQ (A) and ZnOP on TiQ (B). Dots represent back-
(€) ZnOP on TiO, side illumination, and triangles, front-side illumination. The curves through
16+ ®e o . + the data points represent the fits of egs 4, A3, and A4 to the experimental
Q o . data; fit parameters are shown in the insets.
< 124 1
N . .
? 8 almost all excitons formed are able to reach the exciton-
Q dissociating interface. Since the number of excitons formed is
a4t 1 insensitive to the side of illumination, theCSEvalues on back-
side and front-side illumination are expected to be comparable.
0 " » " " IncreasingL to values less thang leads to an increase of the
10 10 10 10 IPCSE both for back-side and for front-side illumination, since
I, (photons/cm™/pulse) ) ) ] ]
more light is absorbed as the porphyrin layer becomes thicker.

Figure 5. Photoconductance transients obtained on pulsed excitation (at |n the case of backside illumination. a further increase dbes
430 nm for ZnBuP, at 440 nm for ZnOP and ZnNP, witht2photons/ t Iti dditi li ,f HRCSE b inl
cnm?/pulse) of the porphyrin derivatives on Ti®A) and thelPCSEand notresu '.n an addinona .Inc.:rease. 0 E ecau_se mainfy
fraction of absorbed lightHu) as a function of wavelength for ZnOP on  those excitons formed within a distande from the interface
TiO2 (B). Part (C) shows th#?CSEas a function of illumination intensity. can undergo interfacial charge separation. On the contrary, on

. . - front-side illumination increasing results in a lower concentra-

3
pLe\;'o:SIiﬁ tTiherIF;CStEgetE) er:gs g.r; th; fra;:r?onn Or;'g]cr'defm tion of excitons near the porphyrin/TiOinterface. As a
photons that Is retiected by the biay dl, the nu ero consequence théPCSE decreases with increasing and
excitons that reaches the porphyrin/Eilbterface normalized
T . . eventually becomes zero.
to the number of incident photonS)( and the interfacial electron . . )
Figure 6 shows théPCSEdivided by (1— Fg) as a function

injection yield relative to all modes of interfacial exciton X e M .
deactivation ¢i;) according to of L on back-side a_nd front-side illumination for Z_nBuP on 7iO0
(A) and ZnOP on TiQ(B). The reason for presenting tHeRCSE
IPCSE= (1 — Fp) - Sa,L,Ap) - iy * 100% (4) divided by (1 — Fg) involves the difference irFr between
various samples. The experimental data presented in Figure 6
The factorSdepends on the exponential absorption coefficient exhibit a layer thickness dependence that agrees with the
(o), the porphyrin layer thicknesd), and Ag. Analytical expectations discussed above. Fitting egs 4, A3, and A4 (see
equations forS on back-side $g, from the side of the Ti@ Appendix A of the Supporting Information) to the experimental
substrate) and front-sidé&z, from the side of the porphyrin  data obtained for ZnBuP on TiQesults inAg = 3 & 1 nnf®
film) illumination can be derived by solving the classical andg¢inj = 0.35+ 0.05. Combining an exciton diffusion length
diffusion equation for steady-state conditions and are given in of 3 nm with an exciton lifetime of 74 ps yields an exciton

Appendix A (see Supporting Informatiof.65 diffusion coefficient of 1x 10~7 m?s, as follows from eq 2.
Accurate values for botlpi,; and Ag can be obtained by ~ Assuming a center-to-center distanBga between ZnBuP
varying the thickness of the porphyrin layer. In case: Ag, molecules of 15 A (diameter of a ZnBuP molecule) and using

eq 1 yield an energy transfer rate equal te 40'° s~1. Within

(63) Kroeze, J. E.; Savenije, T. J.; Vermeulen, M. J. W.; Warman, JJ.M.
Phys. Chem. R003 107 (31), 7696-7705.

(64) Simpson, OProc. R. Soc. London, Ser. 1957 238 402-411. (66) Note, that the root-mean-square diffusion distadeg is related taje by
(65) Salergren, S.; Hagfeldt, A.; Olsson, J.; Lindquist, S.JEPhys. Chem. Ob = +/(20) - dg with ¢ as the dimensionality. The one-dimensiodal in
1994 98 (21), 5552-5556. the direction perpendicular to the TiGubstrate, hence equal& - d¢.
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Table 1. Parameters Characterizing the Energy Transfer in
Isotropic ZnBuP Films, in Self-Assembled ZnOP Films, and in
Natural Chlorosomes

light-harvesting ~ Ag e De Roa Ker Ter

system (hm)  (ps) (m?s) A (ps7Y) (ps) Te* Ker
ZnBuP 3 74 1x 1077 15 0.04 23 3
ZnOP 15 160 1.4 10° 1401 0.72 14 10
chlorosome ~15 ~50° 5x10°% 6.8 10 0.1921 5 x 1(?

its lifetime of 74 ps an exciton can hop on average only 3 times
between adjacent ZnBuP molecules.

The significantly largeAG and highedPCSEobserved for
ZnOP and ZnNP on Ti@are indicative for more efficient
exciton transport through films that consist of self-assembled
stacks. The relatively poor solubility of ZnNP in toluene,
however, does not allow preparing films thicker than 20 nm.
The IPCSEdivided by (1— Fg) as a function ofL on back-
side and front-side illumination is therefore only determined
for ZnOP on TiQ. Fitting egs 4, A3, and A4 to the experimental
data shown in Figure 6B results ive = 15 + 1 nnf® and ¢in;
= 0.60 £+ 0.05. Combining an exciton diffusion length of 15
nm with an exciton lifetime of 160 ps gives an exciton diffusion
coefficient equal to 1.4 10-% m?/s. Since the self-assembled
stacks are aligned with their propagation direction parallel to
the substrate, exciton motion in a direction perpendicular to the
TiO, substrate occurs by interstack rather than by intrastack
energy transfer, as shown schematically in Figure 4. The value
of Rpa between an exciton-donating and -accepting ZnOP mole-
cule is therefore taken equal to the interstack distance of 14.01
A, determined by X-ray diffraction. Using eq 1, this distance
and the found exciton diffusion coefficient yiekgr = 7.2 x
10 s~1, Within its lifetime of 160 ps an exciton can on average
make 16 hops before decay to the ground state occurs.

Origin of the Enhanced Exciton Diffusion Length. Table
1 summarizes the parameters involved in energy transfer in films
of the porphyrin derivatives investigated, together with literature
values for natural chlorosomes. Comparison of the energy
transfer parameters for ZnBuP and ZnOP shows that self-
assembly of the latter strongly enhances the exciton diffusion
length. This is due to a longer exciton lifetime and a larger

overlap integral. The definition and evaluation of the spectral
overlap integrals for ZnBuP and ZnOP are specified in Appendix
B (see Supporting Information). The experimental absorption
and fluorescence spectra yield comparable valuedsfoequal

to 1.5 x 108 J71 for ZnBuP and 1.8x 10 J-1 for ZnOP.
Hence, the much highdgr found for ZnOP is mainly due to a
larger value ofVpa. Using eq 5 with the experimentally
determined values foker and Jpa yields excitonic couplings
Vpa of 36 cnT1 for ZnBuP and 1.3x 10?2 cm™1 for ZnOP. The
value of Vpa equal to 1.3x 10 cm™! observed for ZnOP
indicates a strong excitonic coupling between adjacent self-
assembled stacks, which must originate from a favorable mutual
orientation of molecules in adjacent stacks. Quantum-chemical
calculations on excitonic couplings are underway in order to
establish to which extent the value for interstack excitonic
coupling can be understood on the basis of the molecular
organizations deduced above and whether exciton transfer can
be further improved.

Conclusions

This work involves a study of the relationship between
molecular self-assembly of porphyrin derivatives and the ability
to transport excitons efficiently to an active interface. ZnBuP
films are found to have a disordered structure, in which the
exciton diffusion length equals 3 1 nm. In contrast, ZnOP
molecules self-assemble via coordinative bonds between adja-
cent molecules. This leads to the formation of molecular stacks
aligned parallel to a Ti@substrate. The diffusion length for
exciton transport between the stacks is as long as% 115nm.

The large exciton diffusion length originates from both a long
exciton lifetime and a strong excitonic coupling for interstack
energy transfer. The difference in exciton diffusion length
between ZnBuP and ZnOP demonstrates the importance of
molecular self-assembly leading to efficient interstack exciton
transport. The efficient interstack energy transfer has promising
prospects for application of such self-assembled porphyrins in
optoelectronics.
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In the limit of weak intermolecular excitonic coupling, the
motion of excitons can be considered as diffusive with an
intermolecular hopping ratket given by7:68

27
Ker= W|VDA|2‘]DA %)

The factorVpa denotes the excitonic coupling between the
energy donor and acceptor, adga represents the spectral
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