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Abstract: The rational design of molecular photonic devices requires a thorough understanding of all factors affecting
electronic communication among the various constituents. To explore how electronic factors mediate both excited-
and ground-state electronic communication in multiporphyrin arrays, we have conducted a detailed static spectroscopic
(absorption, fluorescence, resonance Raman, electron paramagnetic resonance), time-resolved spectroscopic (absorption,
fluorescence), and electrochemical (cyclic and square-wave voltammetry, coulometry) study of tetraarylporphyrin
dimers. The complexes investigated include both zinc-free base (ZnFb) and bis-Zn dimers in which the porphyrin
constituents are linked via diphenylethyne groups attiesopositions. Comparison of dimeric arrays containing
pentafluorophenyl groups at all nonlinkimgesopositions (BeZnFbU and ByZn,U) with nonfluorinated analogs
(ZnFbU and zgU) directly probes the effects of electronic factors on intradimer communication. The major findings

of the study are as follows: (1) Energy transfer from the photoexcited Zn porphyrin to the Fb porphyrin is the
predominant excited-state reaction isgpEnFbU, as is also the case for ZnFbU. Energy transfer primarily proceeds
via a through-bond process mediated by the diarylethyne linker. Remarkably, the energy-transfer rate is 10 times
slower in BeZnFbU ((240 ps)?) than in ZnFbU ((24 ps)Y), despite the fact that each has the same diphenylethyne
linker. The attenuated energy-transfer rate in the former dimer is attributed to reduced Q-excited-state electronic
coupling between the Zn and Fb porphyrins. (2) The rate of hole/electron hopping in the monooxidized bis-Zn
complex, [ReZn U], is ~10-fold slower than that for [Z#tJ]*. The slower hole/electron hopping rate in the former
dimer reflects strongly attenuated ground-state electronic coupling. The large attenuation in excited- and ground-
state electronic communication observed for the fluorine-containing dimers is attributed to a diminution in the electron-
exchange matrix elements that stems from stabilization of theaphyrin orbital combined with changes in the
electron-density distribution in this orbital. Stabilization of the porphysjroabital results in a switch in the HOMO

from &y in ZnFbU to a,in FspZnFbU. This orbital reversal diminishes the electron density at the peripheral positions
where the linker is appended. Collectively, our studies clarify the origin of the different energy-transfer rates observed
among various multiporphyrin arrays and exemplify the interconnected critical roleg/&f, arbital ordering and

linker position in the design of efficient molecular photonic devices.

I. Introduction cerns the extent of electronic communication that is mediated
by the linker.

Recently, we prepared a variety of synthetic multiporphyrin
arrays that include prototypical photon funneélwjres? and

Understanding electronic communication is essential for the
rational design and construction of functional nanoscale photonic

assemblies. Electronic communication underlies both energy-_gates,? These arrays are all built around a semirgitiaryl-

and charge-transfer processes. The benchmarks for high ef ) : - .
- . ethyne linker that mediates efficient through-bond electronic
ficiency of both of these phenomena are provided by the antenna C o 10 T :

. : . communicatior’=1% To characterize in detail the through-bond
and reaction center pigmenprotein complexes of photosyn-

thetic organism3. The pigments in these proteins are tetrapy- ~ (2) For reviews, see: (a) Boxer, S. Biochim. Biophys. Actd983
rroles that are noncovalently linked and are organized by the 726 265-292. (b) Gust, D.; Moore, T. ASciencel989 244, 35-41. (c)

i i A i~ Borovkov, V. V.; Evstigneeva, R. P.; Strekova, L. N.; Filippovich, E. I.
protein macromolecular strupture. Numerogs artificial photonic Russ, Chem. Fe 1089 58, 602-619. (d) Gust. D.. Moore. T. ATop.
assemblies based on multiporphyrin architectures have beenc . chem 1991 159 103-151. (¢) Wasielewski, M. R. I&hlorophylls

designed with the goal of achieving efficient energy and charge Scheer, H., Ed.; CRC Press: Boca Raton, FL, 1991; pp—288. (f)

transfe? These synthetic assemblies typically utilize a covalent Wasielewski, M. RChem. Re. 1992 92, 435-461. (g) Gust, D.; Moore,

. . . . . T.A.; Moore, A. L.Acc. Chem. Re4.993 26, 198-205. (h) Gribkova, S.
linker that joins the constituents and determines the three-di- . Evstigneeva, R. P.; Luzgina, V. Russ. Chem. Re1993 62, 963

mensional architecture. In these assemblies, a major issue cong79. (i) Kurreck, H.; Huber, MAngew. Chem., Int. Ed. EngL995 34,

849-866.
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Chart 1. ZnFb Dimers with Identical Linkers but Different the linker. In particular, ZnFbU has hydrogens at each of the
Energy-Transfer Rates eight 5-pyrrole positions and has an aryl group at each of the
four mesopositions, while Osuka’s dimer has alkyl groups at
all g-pyrrole positions and only twmesearyl substituents.

The substitution pattern at the periphery of a porphyrin can
alter the ordering of the two nearly degenerate HOMQs, (a
aw).r® Themesearyl substitution pattern on ZnFbU results in
a HOMO of g, symmetry, whereas thg-alkyl substitution
pattern on Osuka’s dimer should result in a HOMO g@f a
symmetry. These two porphyrinic molecular orbitals exhibit
very different nodal patterns. The,eorbital has substantial
electron density on thmesecarbon atoms, where the linker is
appended. In contrast, thg,arbital has nodal planes through
these atoms. We wondered whether electronic factors arising
Kirans = (24 ps)™! ZnFbU from the difference in orbital ordering could be the principal

source of the different energy-transfer rates in ZnFbU versus

pairwise interactions that occur in the multiporphyrin arrays, Osuka’'s dimer. To test this hypothesis, we prepared a ZnFb
we also examined a variety of diarylethyne-linked porphyrin dimer (RsoZnFbU) bearing pentafluorophenyl groups at all non-
dimersé-11 The effects of torsional constraints on the electronic linking mesopositions while leaving the diphenylethyne linker
communication were assessed by studies of singlet excited-statédentical with that of ZnFbU (Chart 2). Two principal reasons
energy transférand ground-state hole/electron hopyirig motivated the choice of thesZnFbU molecular architecture.
dimers containing diphenylethyne @methyl-substituted diphen-  First, the strong electron-withdrawing effects of the nonlinking
ylethyne linkers. For the zinc-free base (ZnFb) porphyrin dimer mesepentafluorophenyl groups significantly stabilize the a
with an unhindered diphenylethyne linker (ZnFbU), the rate of orbital with respect to the ,a orbital. In metallo mese
energy transfer from the photoexcited Zn porphyrin to the Fb tetrakis(pentafluorophenyl)porphyrins;MTPP), this stabiliza-
porphyrin is~(24 ps)!, while in the ZnFb dimer having methyl ~ tion is sufficiently large that the ;a orbital becomes the
groups at each of the ortho positions on the linker (ZnFbB- HOMO%17 Thus, replacement of thieesephenyl substituents
(CHs)s), the energy-transfer rate is slowed 44115 ps)L.12 with mesepentafluorophenyl groups elicits a large change in
The energy-transfer yields in these dimers are 99% and 95%,the electronic factors for energy transfer. Second, preservation
respectively. Hole/electron hopping studies, performed on the Of the same diphenylethyne linker ingZnFbU and ZnFbU
monocations of the bis-Zn analogs of the same diarylethyne- should minimize any differences in linker-associated vibrational
linked dimers, revealed that this ground-state procesl30- ~ Motions that modulate the energy-transfer rate. Accordingly,
fold slower than the excited-state energy migration. Taken comparison of the excited-state energy transfer in ZnFbU versus
together, these studies constitute a first step toward understandFsoZnFbU and ground-state hole/electron transfer in the cations
ing the role of the diarylethyne linker in mediating electronic ©f the corresponding bis-Zn complexes gZnand FoZnzU)
communication. provides a direct probe of how electronic factors derived from

A particularly noteworthy characteristic of our diarylethyne- 2ev/au Orbital ordering mediate electronic communication.
linked porphyrin arrays is their rapid, highly efficient energy
transfer. In contrast, a far slower-(417 psyl) and less
efficient (78%) energy transfer process was observed by Osuka A. Synthesis of the Porphyrin Building Blocks and
et al’3 in a dimer structurally similar to ZnFbU (Chart ¥).  Arrays. Porphyrin building blocks bearing a functional group
The 17-fold attenuation in the energy-transfer rate is striking (iodo, ethynyl) at one of the foumesopositions provide the
considering that ZnFbU and Osuka’s dimer have identical basis for constructing the dimeric arrays. ThegB porphyrin
diphenylethyne linkers. Given that energy transfer is so rapid building blocks can be obtained through mixed aldehyde
and essentially quantitative in ZnF8J?the faster rate in this  pyrrole condensations by using the two-step one-flask room
complex relative to that in Osuka’s dimer cannot originate in temperature synthesi8. The unhindered diphenylethyne linker
competing pathways of depopulating the photoexcited Zn is ultimately derived from 4-iodobenzaldehyde (commercially
porphyrin. Instead, the faster energy-transfer rate must reflectavailable) and 4-[2-(trimethylsilyl)ethynyl]benzaldehydeThe
significantly greater intradimer electronic communication. The method of mixed aldehydepyrrole condensations affords a
differences in energy-transfer rates in the two dimers must mixture of six porphyrins. The separability of mixtures of
ultimately derive from the nature of the porphyrins rather than porphyrins by adsorption chromatography depends on the facial

© Fisiao, 5. Kiueger, B. P Wagner, R, W. Delangy, 1. K. encumbrance due mrtho sub.stituents and the.different polgri-
Mauzerall, D C IEIeming, G’. R.'; Linsey, J. S Bocia{ﬁ, D.F; D’onc;hoé’, tle_S (_)f all of the aryl substituentS. The desired porphyr_ln
R. J.J. Am. Chem. S0d.996 118 1118111193. building blocks, ksFbl and ksZnU (Chart 2), were readily

(9) Seth, J.; Palaniappan, V.; Wagner, R. W.; Johnson, T. E.; Lindsey, separated from their respective mixtures by column chroma-

J. S.; Bocian, D. FJ. Am. Chem. Sod996 118 11194-11207. " : .
(10) Li, F.; Gentemann, S.; Kalsbeck, W. A.; Seth, J.; Lindsey, J. S; tography on silica. The Zn chynylpqrphyrlrllsznu was .

Holten, D.; Bocian, D. FJ. Mater. Chem1997, 7, 1245-1262. prepared by deprotecting the trimethylsilyl-protected porphyrin
(11) Wagner, R. W.; Johnson, T. E.; Lindsey, JJSAm. Chem. Soc. (F15ZnU) with tetrabutylammonium fluoride on silica.

1996 118 11166-11180.

Kirans = (417 ps)’ Osuka's dimer R = CgHia

Il. Results

(12) The previous value for the energy-transfer rate for ZnFbBj$&H (15) Gouterman, M. InThe Porphyrins Dolphin, D., Ed.; Academic
kirans= (88 ps) L, has been remeasured by transient absorption spectroscopyPress: New York, 1978; Vol. Ill, pp4165.
over a longer time frame. The revised valudgig.s= (115 ps)?, which is (16) Fujii, H. Chem. Lett1994 1491-1494.
used throughout this paper. (17) Spellane, J. P.; Gouterman, M.; Antipas, A.; Kim, S.; Liu, Y. C.
(13) Osuka, A.; Tanabe, N.; Kawabata, S.; Yamazaki, |.; Nishimura, Y. Inorg. Chem.198Q 19, 386-391.
J. Org. Chem1995 60, 7177-7185. (18) Lindsey, J. S.; Wagner, R. W. Org. Chem1989 54, 828-836.
(14) This energy-transfer rate has been calculated by using the formula  (19) Austin, W. B.; Bilow, N.; Kelleghan, W. J.; Lau, K. S. ¥. Org.
krans= (Tzn*) 1 — (t3n+) "1 and the lifetimes reported by Osuka = 326 Chem.1981, 46, 2280-2286.

ps, 720+ = 1.5 ns). The energy-transfer rates reported by Osuka apparently ~ (20) Lindsey, J. S.; Prathapan, S.; Johnson, T. E.; Wagner, R. W.
use the incorrect formulyans = (tzn*) 1. Tetrahedron1994 50, 8941-8968.
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Chart 2. Structures of the Dimeric Arrays and the Porphyrin Building Blocks

My Mo, cmpd
CoFs CoFs Zn H, H FaoanbU
H, H HH F3oFboU
O—0O o
Zn Zn Fsoznzu
CeFs CeFs Cu Cu F39CugU
Zn H, H ZnFbB(CH3)4
Zn H, H ZnFbU
H,H H,H FboU
Cu Cu CuyU
M X cmpd
H H -1 F15FbI
CeFs ’
Zn -C=CTMS Fy5ZnU
CeF's X H/H -C:CH  FysFbU’
CeFs Zn -C=CH FysZnU'
Scheme 1. Synthesis of Dimeric Arrays in 81% yield, with no detectable impurities §9%) based on
Zn ethynylporphyrin  +  Fb iodoporphyrin integrated peak area in the analytical SEC.
The bis-Zn dimer gpZn,U was prepared in quantitative yield
Pdy(dba)s | Toluene/EtsN by treatment of the correspondingsEnFbU dimer with
AsPhg 35°C methanolic zinc acetate. The bis-Cu dimers AQuF3,CuU)
o were prepared by treating the corresponding, Flimers
ZnFb porphyrin dimer (obtained by direct synthesis or by demetalating the ZnFb dimers
A Zn(OAG) 2H,0 with trlfluoroacetlg amd) with methanolic cupric .acetate.(Scher.ne
1). These metal insertions also were quantitative. This building
block approach provided ready access to small quantities of the
Fb, porphyrin dimer Zn, porphyrin dimer various dimers.
B. Physical Properties of the Neutral Complexes. (1)
Cu(OAc);2H,0 Absorption Spectra. The absorption spectra of selected mono-
meric and dimeric fluorine-containing porphyrins are shown in

Figure 1. The general spectral features of all the compounds
(strong B and weak Q bands) are similar to one another and
The preparation of the dimeric arrays relies on Pd-mediated similar to those we have previously reported for other arrays
coupling reactior® of ethynylporphyrins and iodoporphyrins  and their building block81° In particular, the absorption spectra
(Scheme 1). The reaction of the Fb iodoporphyrigHBl and of the dimers are approximately a superposition of the absorption
the Zn ethynylporphyrin 5ZnU’ with Pd,(dba) and triphen- spectra of the Zn and Fb porphyrin constituents, indicating the
ylarsine in toluene/triethylamine (5:1) at 36 under argon for relatively weak interactions between the porphyrins. The spectra
2 h afforded the diphenylethyne-linked dimepEnFbU. The of the fluorine-containing Zn porphyrins resemble those of their
crude reaction mixture consisted of small amounts of higher nonfluorinated counterparts. In contrast, the strength of the
molecular weight material (uncharacterized), desirgdfbU, Q«(0,0) absorption band of the fluorine-containing Fb porphyrins
monomeric porphyrins, and reagents. The progress of the(e.g., ksFbU in Figure 1) is reduced approximately 6-fold
reaction could be assessed by silica TLC or by analytical SEC. relative to that of nonfluorinated Fb porphyrins such as TPP.
For preparative purification, a flash silica column with hexanes Integration of the Q1,0) and @0,0) region of ksFbU
CH.CI; (1:1) removed triphenylarsine and left the Pd residue indicates that the less intensg(@0) band of this complex
on the top of the column. Passing the resultant mixture over a corresponds to 40% reduction in the oscillator strength of the
preparative SEC column in THF (twice) removed the unwanted ground-state—~ Q-state transition relative to that of TPP. The
higher molecular weight material and porphyrin monomers. The same is true for the Fb component ofoEnFbU and for
fraction containing the desire¢d&ZnFbU dimer was then passed F,TPP. The change in absorption profile alters the spectral
over a silica column eluting with hexane€H,Cl, (2:1). overlap between the absorption of the Fb component and the
Fractions were assessed by analytical SEC at all stages of theemission of the Zn component o§@nFbU by less than 2-fold
purification process. This method afforded 92 mg eZiRFbU relative to that for ZnFbU.

(21) Wagner, R. W.; Johnson, T. E.; Li, F.; Lindsey, JJSOrg. Chem. (2) Fluorescence Quantum Yields and Lifetimes. The
1995 60, 5266-5273. fluorescence yields and lifetimes o§nFbU, ZnFbU, and a

Cu, porphyrin dimer
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monomers in toluene indicates that, in this nonpolar solvent,

X 10 there is insignificant charge-transfer quenching of Fb* by the
g Zn porphyrin in BeZnFbU. Charge-transfer quenching (to form
FaoZn,U Zn"Fb~) appears to occur to a more significant extent in the

polar solvent DMSO. This process is indicated by the observa-
tion that the Fb* lifetime for BpZnFbU is reduced somewhat
in DMSO relative to that in toluene (when normalized to the
F,sZnU' lifetime of the appropriate monomer building block). The effect
is slightly larger in BeZnFbU than for the analogous nonflu-

)
orinated ZnFbU (Table 1310
(3) Time-Resolved Absorption Spectra. The Zn* lifetime
and the energy-transfer rate from the excited Zn porphyrin to

the Fb porphyrin in jpZnFbU were monitored with ultrafast
absorption difference spectroscopy. Representative data are
shown in Figure 2. The 582-nm excitation flash excites both
Zn and Fb porphyrins. Therefore, the absorption difference

o - spectra acquired shortly after excitation contain features char-
8 acteristic of Zn* in those arrays in which the Zn porphyrin was
b excited and features characteristic of Fb* in those arrays in

which the Fb porphyrin was excited. The latter point is clearly
seen in the absorption difference spectra acquired 1 ps after

Fa0ZnFbU

&
o
/> 419 /;425 /; 423 /;425

& FisFoU excitation of BeZnFbU (Figure 2, solid trace). The dip at 515
® nm imbedded on the broad excited-state absorption arises from
3 3 bleaching of the ¢1,0) ground-state absorption band of the
Fb porphyrin. The dip at 550 nm represents mostly bleaching
3 500 650 of the Q(1,0) band of the Zn porphyrin, but it also contains a
Wavelength (nm) contribution of Fb porphyrin bleaching. The trough at 650 nm
Figure 1. Absorption spectra in toluene at room temperature of the contains overlapping contributions of bleaching and/or stimu-
monomeric building blocks and dimeric arrays. lated emissioff (i.e., fluorescence stimulated by the white-light

pulse) from the Zn and Fb porphyrins while the dip at 715 nm

number of monomeric building blocks are collected in Table is the Q(0,1) stimulated emission characteristic of the Fb
1. The emission from fZnFbU comes predominantly from  porphyrin.
the photoexcited Fb porphyrin (Fb*) independent of whether  The changes in the spectra that occur between 1 and 800 ps
the Zn or Fb porphyrin is excited. This observation is indicative for F3pZnFbU reflect the decay of Zn* and the formation, via
of fast and highly efficient energy transfer from the photoexcited energy transfer, of Fb* in the fraction of dimers in which the
Zn porphyrin (Zn*) to Fb, a process that is quantitated from Zn porphyrin was excited. Between 1 and 800 ps, there is a
the time-resolved absorption data (vide infra). decay of the Zn porphyrin bleaching at 550 nm and increases

Although the focus of this investigation concerns energy in both the Fb porphyrin bleaching at 515 nm and the Fb*
transfer from Zn* to Fb in the ZnFb arrays, we also examined stimulated emission at 715 nm. The fact that the disappearance
the fluorescence properties and excited state lifetimes of the of Zn* is accompanied by the appearance of Fb* demonstrates
fluorinated Fb porphyrins (Table 1). Unlike the Zn porphyrins, that energy transfer, Zn*Fb> ZnFb*, is a key pathway for
fluorination has a distinct effect on the shape of the emission decay of the photoexcited Zn porphyrin in the dimers. In fact,
spectra of the Fb porphyrin ingiZnFbU, the ksFbU building energy transfer is the primary mode of Zn* decay in these arrays
block, and RTPP. The spectral changes mirror those observed (vide infra). The absorption difference spectrum observed fol-
in the absorption spectra. In particular, the ratio of thE(D) lowing complete decay of Zn* (e.g., 800-ps spectrum) is
and Q(0,1) emission bands (like the ratio of thg(@0) and assigned to Fb*, which is produced either by energy transfer
Qx«(1,0) absorption bands) is reduced relative to the ratio in from Zn* or via direct excitation of the Fb porphyrin (depending
nonfluorinated complexes. Again, these spectral changes deriveon which component of the dimer is excited).

from an attenuated oscillator strength for ground-state (23) In all of these fluorine-containing porphyrins, the reduced oscillator
Q-excited-state transitions in the fluorine-containing Fb por- strength of the fluorescence transition affects the Fb* lifetimjea(d the
phyrins. Accordingly, the natural radiative rate foggFPP fluorescence yield®s) according to the relationships= (ki + kic + kisc) ~*

' N ’ . 2 and®s = k. In these expressionk;,is the natural radiative (fluorescence)
(~(200 nsy!) is reduced substantially from that for TPP rate constant an#; andkisc are the rate constants for two nonradiative
(~(120 nsy1). A similar effect is observed for 5FbU and decay pathways of the excited singlet state, namely internal conversion to
for the Fb porphyrin in keZnFbU. the ground state and intersystem crossing to the excited triplet state.

. . Assuming, as a starting point for the analysis, that the nonradiative rate
The reduced radiative (fluorescence) rate of the Fb porphyrin constantsk. and k. are not significantly affected by fluorination of the

in F30ZnFbU and its monomeric building blocks relative to the phe?éll ringis, the redu%ed neiural r)adi?jtive rate fgﬂ'Pﬁ relative to TPPId

; i _would result in a significant{60%) reduction in the fluorescence yie
nonﬂuor.mated analf)gs can accqunt for the diminished fluores (from 0.11 to 0.07) but only a smalM5%) increase in the measured Fb*
cence yields of Fb* in the fluorinated compounds (Table 1). jitetime (from 13.2 ns for TPP to 13.8 ns). Indeed, the measdedf
Fluorination may also have small effects on the fluorescence FxTPP (0.049 obtained here and 0.07 previotilis consistent with the
yields and Fb* lifetimes via changes in the rate constants for view that the reduction in yield (relative to 0.11 for TPP) is due to a

. . . " iminished radiative rate constatt)( Additionally, the measured lifetime
the internal conversion and intersystem crossing decay pathway 11.2 ns) for KeTPP is only slightly shorter than that for TPP, indicating

of Fb*.23 Another potential decay pathway of Fb* that could that the small increase in lifetime expected from the altered radiative rate
be influenced by fluorination of the phenyl rings is charge- may be counterbalanced by a correspondingly small opposing electronic
transfer quenching by the Zn porphyrin. However, the similarity or steric effect of the fluorinated phenyl rings on the nonradiative rates.

. * L = - Similar effects on the Fb* emission yield and lifetime are observed for

in Fb* decay parameters for the fluorine-containing dimer and g, Fhu and ReznFbU (Table 1).

(24) Rodriguez, J.; Kirmaier, C.; Holten, 0. Am. Chem. Sod. 989
(22) Seybold, P. G.; Gouterman, Nl. Mol. Spectroscl969 31, 1-13. 111, 6500-6506.
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Table 1. Singlet Excited-State Lifetimes and Fluorescence Yfelds

Zn porphyrin Fb porphyrin
porphyrin solvent 7 (ns) [of 7 (ns) Dy
dimers
FsoZnFbU toluene 0.21 <0.002 12.9 0.057
DMSO 0.14 6.9 0.050
ZnFbU toluene 0.0260.022 <0.002 13.7,12.8 0.13
DMSO 0.023 <0.002 4.3, 4.8 0.05¢
monomers
FisZnU toluene 1.7 0.025
FisZnU' toluene 1.6 0.022
DMSO 2.0 0.027
FooZnTPP toluene 1.4 0.019, 0.;14
ZnTPP toluene 2.2, 290 0.033
FisFbU toluene 13.3 0.060
DMSO 14.0 0.089
FooTPP toluene 11.2 0.049, 0907
TPP toluene 13.2,1145 0.11

aData were collected at295 K. The excited-state lifetimes were determined by time-resolved fluoresce@é) (in degassed solutions,
except for lifetimes of the excited Zn porphyrins in the dimers, which were measured by using transient absorption specttd686pyThe
values reported are derived from dual exponential fits to the data (see Figure 2) with the longer component fixed at the Fb* lifetime determined via
fluorescence decay.For ReZnFbU in DMSO, the time constant obtained in the Soret-region transient absorption4@8hm) is somewhat
longer (160 ps) than that obtained in the region of the Q-band bleachings$500nm, 115 ps). An average of the time constants determined in
the two regions is reported. Further studies in other polar solvents are required to ascertain the origin of this wavelength dependence, which could
derive from inhomogeneities associated with differing states of metal ligation in DNMIB&ference 10¢ Reference 8. Note that the fluorescence
yields of the Zn porphyrins were scaled from those in that paper by a factor of 0.033/0.030 to account for a revised value (sef fufdainete
fluorescence yield of the ZnTPP standat&®eference 17.The yield of 0.033 for ZnTPP was used as the reference for the Zn porphyrins and the
yield of 0.11 for TPP was used as the reference for the Fb porphyrihs.

T T T T T _ -1 o -1
F4,ZnFbU 515 nm ktrans_ (TZn*) - (TZn*) (1)
000 1:=210ps‘ o
q)transz ktransTZn* =1- th*/ Tzn* 3
-0.08 } Here,zzn is the measured lifetime of the excited Zn porphyrin

andzzp is the Zn* lifetime of the relevant monomer in toluene
(Table 1). This analysis assumes that the inherent rate constants
for the fluorescence, internal conversion, and intersystem
crossing decay pathways of Zn* have the same values in the
dimer as in the corresponding monomer, and that the dramatic
: reduction in the Zn* lifetime in the dimer exclusively reflects
500 600 700 energy transfer to the Fb porphyrin component. One potential
Wavelength (nm) process that could compete with energy transfer from Zn* to
Fb is charge transfer. However, as was noted above, we see

of FsoZnFbU in toluene at room temperature with a 0.2-ps flash at 582 no evidence in the transient aE_)SOEptIOH dzita ior_the production
nm. The spectra were acquired with time delays of 1 (solid traces) or of the charge-separated state Eb (or _Zn Fb") in toluene. .
800 ps (dashed traces). Note that the data in the red region were acquiredVe reached the same conclusion previously for the nonfluori-
with a sample concentration10-fold greater than that used for the ~nated dimers ZnFbU, MgFbU, and ZnFbB(gk1° Along
blue region. Consequently, a quantitative comparison of the absorptionthese lines, the observed Zn* lifetime is not appreciably different
changes in the two regions should not be made. The inset shows afor FspZnFbU when the solvent is changed to DMSO, further
representative kinetic trace at 515 nm. The curve through the kinetic indicating that charge transfer is not a significant decay pathway
data is a fit to a dual exponential, which takes into account both the of 7zn*, However, we cannot rule out a smak 10%) contri-
fast decay of Zn* (energy transfer) and the slow decay of Fb* (largely 1, ;tjon of charge transfer to the excited-state photodynamics.
by intersystem crossing and internal conversion). The Fb* lifetime —;qinq 645 1 and 2 and the lifetimes in Table 1, the rates and
was fixed at the value obtained from the fluorescence lifetime . " .
measurements (Table 1). The time constant for the decay of Zn* is yields of energy transfer froml Zn* 1o Fb inseZnFbU are
210+ 15 ps. calculated to béans= (240 psy and_(btransz 87%. Because
the calculated energy-transfer rate is nearly equal to that of the
The inset in Figure 2 shows representative kinetic data and observed excited-state decay rate ((210 Ps)this analysis
fits in the region of the Fb porphyrin Q1,0) bleaching for shows that energy transfer to the Fb porphyrin indeed domi-
FsoZnFbU in toluene. The fitted time constant is 23015 ps nates the decay of Zn*. Although the energy-transfer yield in
for FsoZnFbU. The same time constant is obtained in other FzpZnFbU is high, the rate is nonetheless significantly decreased
regions of the spectrum where there are sufficiently large from that of ZnFbU, which exhibitkyans= (24 psy?* and®yans
changes inAA as a function of time. The time constant is = 99%. We attribute the slower Zn*Fb> ZnFb* energy
assigned as the lifetime of the photoexcited Zn porphyrin. transfer in BoZnFbU to reduced electronic coupling.
Subsequent decay of Fb* occurs with a time constant of 12.9 (4) RR Spectra. The high-frequency regions of the B-state
ns, as determined via the fluorescence decay profile (vide excitation fexc = 457.9 nm) RR spectra ofspZnFbU and
supra). FsoZn,U are shown in Figure 3. The scattering characteristics
The intrinsic rate constanks,d and quantum yield®ang of the porphyrin skeletal modes of the fluorine-containing arrays
for energy transfer from photoexcited Zn porphyrin to the are similar to those observed for other arylethyne-linked arrays
ground-state Fb porphyrin (Zn*Fb> ZnFb*) were obtained and are generally unremarkaldlg. The key spectral feature
from the kinetic data by using the following relationships: shown in the figure is the ethyne stretching magesc,”° which

| L . . .

Figure 2. Transient difference spectra acquired following excitation
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Figure 3. High-frequency regions of the B-state excitation« =
457.9 nm) RR spectra oiZnFbU and BeZn,U at room temperature.
The bands marked by asterisks are due to solvent.

is observed at-2215 cnt! and exhibits substantial RR intensity
(relative to the porphyrin ring modes) for all the fluorine-
containing dimers. The substantial RR intensity observed for
the ve=c modes indicates that the excited-state electronic
coupling between the ethyne group and thsystem of the
porphyrin ring (which dictates the relative RR intensities of the
ve=c versus porphyrin skeletal modé is appreciable for all

of the arrays.

The substantial ethynegporphyrin excited-state coupling
present in the fluorine-containing arrays is, at first glance,
surprising considering the relatively slow energy-transfer rate
observed for pZnFbU ((240 ps)Y). In this context, previous
studies on ZnFbU, ZnFbB(G, and two other dimers which
each contain twa@-methyl substituents on either the Zn or Fb
porphyrin unit of the linker (designated ZnFbP(§and
ZnFbD(CH),, respectively) have shown that the RR intensity
of the vc=c mode monotonically decreases as the extent of
torsional constraint in the linker increases. This decrease
reflects a diminution of the excited-state electronic coupling
between the ethyne group and thesystem of the porphyrin
ring. Concomitantly, the energy-transfer rate monotonically

Strachan et al.
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Figure 4. RR spectra of fCwU (left panel) and CzU (right panel)
obtained with B-stateitx. = 457.9 nm) and Q-statdd,. = 568.2 and
530.9 nm) excitation at room temperature.

arylethyne-linked arrays, B-state excitation was utilized because
it yields high-quality spectra and avoids interference from
fluorescence inherent in Q-state-excitation RR studies of ZnFb
or bis-Zn porphyring:® Nevertheless, the energy transfer in
the arrays involves the Q- rather than B-excited state. The
fidelity of the B-state-excitation RR intensity of thre=c mode

as an indicator of the relative energy-transfer rates in any group
of arrays requires that the relative magnitude of the ethyne
porphyrin electronic coupling in the Q- versus B-excited states
remains relatively constant among the members of the group
and that only the absolute magnitude of the coupling (in both
the Q- and B-states) varies among the members of the group.
This requirement is satisfied for the torsionally constrained
arrays, ZnFbU, ZnFbP(Chp, ZnFbD(CH),, and ZnFbB(CH)4,
wherein the substituents on both the linker and other aryl rings
are methyl group%® In contrast, this is clearly not satisfied
for FaoZnFbU.

To gain further insight into correlation between the RR
intensity of theve=c mode, ethyneporphyrin excited-state
coupling, and the energy-transfer rates, RR spectra were
obtained at a number of other excitation wavelengths which

decreases across the series of torsionally-constrained dimerspan both the Q- and B-state absorptions. The studies of the

(unhindered~(24 ps)y! > monohindered;,~(46 ps)* > bis-
hindered~(115 ps)1).812 In the case of kZnFbU, the linker

is unhindered and identical with that of ZnFbU. This archi-
tectural feature is consistent with the relatively intemgec
modes in the RR spectra of boteeEnFbU and ZnFbU. Yet,
the energy-transfer rate is ten times slower 45ZRFbU ((240
ps) 1) than in ZnFbU (24 ps)?).

fluorine-containing Zpand ZnFb arrays could not be extended
to the Q-state region owing to interference from fluorescence;
therefore, complete sets of RR spectra (B- and Q-state excita-
tion) were instead acquired for the corresponding bis-Cu
complexes, which exhibit little or no emission in the Q-state
region. To make a more direct comparison with the RR spectra
of F3CwU, B- and Q-state excitation RR spectra were also

The absence of apparent correlation between the RR intensityobtained for the Cu(ll) analog of the unhindered arrays we have

of the vc=c mode and the energy-transfer rate igpdhFbU

previously studied,Cu,U.

suggests that this vibrational signature may not be a universally Figure 4 shows the high-frequency regions of the RR spectra

valid monitor of the rate. It must be noted, however, that the
RR spectra shown in Figure 3 were obtained with excitation
on the red edge of the B-state absorption bahg. & 457.9

nM; Agmax ~420 nm). In these and our previous RR studies of

of F3oCwU (left panel) and CilU (right panel) obtained at
different excitation wavelengths in the B- and Q-state regions.
The absolute RR intensities observed at the different excitation
wavelengths cannot be compared directly because the sample
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Table 2. Half-Wave Potentiafsfor Oxidation of the Porphyrins of latter compounds contained either unsubstituted phenyl groups

the Various Arrays or phenyl groups with mildly electron-donating substituents
Zn porphyrin Fb porphyrin (methyl or methoxy). The large, positive shift in the redox
EuAl) Eva2) Eval) Eva2) potential observed for the fluorine-containing, arylethyne-

substituted porphyrins parallels that observed for other heavily

Eﬁ;ﬁﬂ 0.97 1.23 117 141 fluorinated porphyrins such asffPP2627 This shift reflects

FaZNFbU 0.97 1.08 117 1.41 the cumulative effect of the large number of strongly electron-

FaoZn,Ue 0.97 1.23 withdrawing fluoro substituents.

aObtained in CHCI, containing 0.1 M TBAH Ey» vs Ag/Ag™; Ex Ot_her than Fh_e shift in _potentials_, the redox behgvior of the
of FeCp/FeCp*t = 0.22 V; scan rate= 0.1 V/s. Values are-0.01 V. fluorine-containing dimeric arrays is generally similar to that

b Values are approximate due to overlap of Zn and Fb porphyrin waves. we have previously reported for other arylethyne-linked arfdys.

¢ The redox waves of the two Zn porphyrins are not resolved by cyclic | particular, for BeZnFbU, four overlapping redox waves are
voltammetry. observed, two each for the Zn and Fb porphyrins. The redox
potentials of the Zn and Fb constituents of the dimer are
essentially identical with those of the monomeric fluorine-
Eontaining porphyrins. For Zn,U, two redox waves are
observed whose peak-to-peak separations-@@mV. Quan-
titative coulometry confirms that each wave corresponds to the
removal of two electrons. Differential pulse and square-wave
voltammetry on BpZnyU fails to resolve peaks due to the
individual one-electron oxidations; however, the peaks exhibit
asymmetries which indicate small inequivalences between the
redox potentials of the individual Zn porphyrins (50 mV or less).
Thus, the redox characteristics do not indicate any significant
ground-state interaction between the porphyrin and arylethyne
group z-systems. Indeed, such porphytiarylethyne group
interaction is not anticipated because Hig value for oxidation

of diphenylethyne is 1.64 V vs SCEand its absorptiomax
occurs at~300 nm? indicating that the highest occupied and
lowest unoccupied molecular orbitals of diphenylethyne span
those of the porphyrins. Collectively, the redox characteristics
of both RpZnFbU and kZn,U are indicative of relatively small
ground-state electronic interaction between the porphyrin con-
stituents.

(2) Absorption Spectra. The UV—vis absorption charac-
teristics of the mono- and dications of the fluorine-containing
arrays (not shown) are typical of those of other porphyrin
m-cation radicals, namely weaker, blue-shifted B-bands and very
weak, broad bands in the visible and near-infrared regiehs.
The absorption spectra of the oxidized complexes appear to be
a superposition of the spectra of the neutral and cationic species
of the different porphyrin units. This observation is consistent
with weak interactions between the constituent porphyrins (as
also indicated by the electrochemical studiés§*

concentrations required to obtain reasonable quality Q-state
spectra are higher than those necessary for B-state studies. Th
RR data do, however, provide a means of comparing the
intensities of the’c=c mode relative to the porphyrin modes at
the different excitation wavelengths. The RR data obtained for
both B,CwU and CyU show that thevc=c mode exhibits
appreciable RR intensity with excitation in the B-state region
(Aexc = 457.9 nm). This behavior parallels that observed for
the fluorine-containing bis-Zn and ZnFb arrays. On the other
hand, BRoCwU exhibits no discernible enhancement of thec
mode with excitation resonant with the Q-state absorptigg (
= 568.2 or 530.9 nm). In contrast, thre=c mode of CuU is
clearly visible with Q-state excitation. It is not possible to
quantitate the relative Q-state-excitation RR intensities of the
ve=c modes of EgCwU versus CulJ, because this mode could
not be detected for the former complex even when the sample
concentration was increased substantially. The relative RR
intensities of thezc=c modes of kECwU vs CuyU indicate that
the Q-excited-state electronic coupling between the ethyne group
and ther-system of the porphyrin is much weaker for the former
complex than for the latter. This observation is in accord with
the significantly attenuated energy-transfer rate observed for
FsoZnFbU versus ZnFbU (vide supra).

Hence, the data on the bis-Cu porphyrins demonstrate that
the relative intensity of thec=c mode in the Q-state RR spectra
is a reliable indicator of the strength of the electronic com-
munication and correlates with the energy-transfer rate in the
arylethyne-linked porphyrin arrays. On the other hand, the
relative intensity of therc=c mode in the B-state RR spectra is
not a good predictor of the energy-transfer efficacyjsZRFbU
wherein the electronic communication between the porphyrins
is substantially different in the B- versus Q-excited states. This ™ ;5 ) Felton, R. H. InThe Porphyrins Dolphin, D., Ed.; Academic
difference in electronic communication must ultimately derive Press: New York, 1978; Vol. V, pp 53126. (b) Davis, D. G. InThe
from differences in the electron density distributions in the two POfo%’_ngzDolphin, D., Ed.; Academic Press: New York, 1978, Vol. V,
excited StaFeS (vide mf_ra)' o pp(26) Collrﬁan, J. P.; Hampton, P. D.; Brauman, J.lIAm. Chem. Soc.

C. Physical Properties of the Oxidized Complexes.The 199Q 112, 2986-2998.
rationale for investigating the oxidized arrays was to gain insight _ (27) (a) Barzilay, C.; Sibilia, S. A.; Spiro, T. G.; Gross, Zhem.-Eur.
into the effects of changes in the relative energies of the J: 1993 1. 222-231. (b) Gross, Z.; Barzilay, GAngew. Chem., Int. Bd.

. ; Engl. 1992 31, 1615-1617.
porphyrin a, and a, orbitals on the rates of hole/electron (28) Ghosh, AJ. Am. Chem. S0d.995 117, 4691-4699.

hopping?® These rates are of interest because no independent (29) Cariou, M.; Simonet, I. Chem. Soc., Chem. Comma89Q 445
; ; 46.

assessment of the rates of charge transfer is a}vallable for the? (30) Armitage, J. B.: Entwistle, N.: Jones, E. R. H.. Whiting, M..C.

neutral arrays. Although the hole/electron hopping rates in the chem. soc1954 147-154.

ground electronic states of the cations are not expected to be (31) Heath, G. A.; Yellowlees, L. J.; Braterman, P.J5.Chem. Soc.,

equal to the charge-transfer rates in the excited states of theChem. Commuri981, 287-289.

neutrals, they at least provide some measure of the factors which75£?é?) Elliot, C. M.; Hershenhart, Bl. Am. Chem. S0a982 104 7519~

control this type of process. (33) Edwards, W. D.; Zerner, M. @an. J. Chem1985 63, 1763
(1) Electrochemistry. The Ey, values for oxidation of the 1772

fluorine-containing dimeric arrays and their monomeric building Sﬁ;éa)cﬁg%kg%sMggD%rzngg’ '\(Ab)KBg%nh%heoehR'J‘]:;gﬁrtzé va_v.

blocks are summarized in Table 2. The t&g, values listed  DeaArmond, M. K.; Wertz, D. WSpectrochim. Acta986 424 233-240.
in the table correspond to the first and second oxidations of the (c) Tait, C. D.; MacQueen, D. B.; Donohog, R. J.; DeArmond, M. K.; Hanck,

in ring25 ; iynifi K. W.; Wertz, D. W.J. Phys. Cheml986 90, 1766-1771. (d) Donohoe,
porphyrin ring? The redox potentials are significantly more R R.: Tait, C. D.: DeArmond, M. K. Wertz, D. Wi, Phys. Chem1986

positive (~0.4 V) than those of the other arylethyne-substituted g 3923-3926. (e) Donohoe, R. J.: Tait, C. D.; DeArmond, M. K.: Wertz,
Zn and Fb porphyrins we have previously examif€dThese D. W. J. Phys. Chem1986 90, 3927-3930.
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Figure 5. EPR spectra of [EZnU']* and [RoZnU] ™ obtained ( =

1, 2) at 295 and 100 K (solid lines). The additional traces shown
for [F1sZnU']* and [ReZnU]T at 295 K are simulated spectra. For
[F1sZnU']*, the simulated spectrum was obtained with the following
parametersia(*Hg) = 1.52 G anda(**N) = 0.36 G; Lorentzian fwhm

= 1.32 G. For [ReZnU]*, two simulations are shown. One simulation
is the same as that shown for;fEnU']* (dotted line) and the other
was obtained by reducing the hyperfine splittings by a factor of 2,
doubling the number of interacting nuclei, and holding the line width
constant (dot-dashed line).

(3) EPR Spectra. The EPR spectra of the oxidation products
of F1sZnU" and ReZnpU in CHLCl at 295 and 100 K are shown
in Figure 5. The EPR spectra of all of the cations were exam-
ined as a function of sample concentration. No changes in hy-
perfine splittings or line shape were observed for the concentra-
tions used for the EPR studies@.05 mM). Consequently,

the differences observed in the spectral features of the various

complexes are intrinsic and cannot be ascribed to intermolecular
interactions.

The liquid solution EPR signal observed for EnU']* is
relatively narrow 5.2 G) and exhibits no resolved hyperfine
splittings. Similar spectral characteristics are observed in frozen
solution; however, the signal is somewhat broade6.7 G).

The general appearance of the EPR signal qf4RU']* is
similar to that previously reported for §iZnTPP}.2” The
ground electronic state of the latter cation?#s,,*6-2” unlike
mostmesearyl-substituted porphyrins, which typically exhibit
2A,, ground state®® The altered ground electronic state of
[F20ZnTPP}" is due to the significant energetic stabilization of
the @, molecular orbital (which is typically the HOMO for
mesearyl-substituted porphyrid afforded by the presence of
the strongly electron withdrawing pentafluorophenyl grotfos.
Although RsZnU' contains three, rather than four, pentafluo-
rophenyl groups, the energetic stabilization of thenaolecular
orbital is sufficient to elicit a ground electronic state that is also
solely, or mostly2A,, in character. This is clearly revealed by
simulations of the EPR spectrum offZnU']* (Figure 5, top
left panel) which indicate that good quality fits can only be
obtained by including substantial hyperfine splittings from the
eight S-pyrrole hydrogen atomsa(*Hg) = 1.52 G) and very
small splittings from the four pyrrole nitrogen atonag'(N) =
0.36 G). This hyperfine splitting pattern is consistent with that
expected from &Aj-like porphyrinz-cation radical because
the a, orbital has appreciable electron density onfhgyrrole
carbon atoms and nodal planes through the pyrrole nitrogen
atoms (andmesecarbon atoms)®

(35) Fajer, J.; Davis, M. S. InThe Porphyrins Dolphin, D., Ed.;
Academic Press: New York, 1979; Vol. IV, pp 19256.
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The liguid solution EPR spectra of {&Zn,U]* and
[FsoZnU]2 are similar to one another and similar to that of
[F1sZnUT*. In particular, both [EeZnU]* and [FeZnUJ2+
exhibit relatively narrow signals+4.9 and 4.3 G, respectively)
with no resolved hyperfine structure. The frozen solution EPR
spectra of [BeZnU]™ and [FzeZnU]?+ are also similar to one
another and similar to that of {ZnU']*. As is the case for
the latter cation, the EPR signals of bothsdEn,U]* and
[F3oZnpU]%" are broader in frozen solution-6.7 and~5.5 G,
respectively) than in liquid solutiom{@.9 and 4.3 G, respec-
tively). In the case of [kZn,U]?", there is no evidence for
EPR signals characteristic of a triplet state in either liquid or
frozen solutior#® The latter observation indicates that the spin
spin interactions in this biradical are weak. This behavior
parallels that observed for the dications of other arylethyne-
linked arrays’.®

The EPR characteristics observed fortAg,like [FsoZnU]™+
and [ReZnU]?* cations in both liquid and frozen solution are
dramatically different from those observed for the cation radicals
of all the other bis-Zn arylethyne-linked dimers we have thus
far investigated:® These latter arrays (which include Zhand
Zn,B(CHy),) all exhibit 2A,-like ground states regardless of
their linker architecture. [For convenience, we will refer to this
entire class of arrays as ZD and designate their corresponding
monomers as ZnO.] The EPR characteristics observed for the
cations of ZnO and Zi© are as follows: (1) The liquid solution
EPR line widths of both [ZsO]" and [ZrpO]?+ are much
narrower than those of [Zn®] The line narrowing observed
for [Zn,O]" is due to hole/electron hopping between the two
Zn porphyrins whereas that observed for J@i?+ is due to
exchange coupling between the two spin centers in the biradi-
cal”® The frequency of both the hole/electron hopping and
exchange processes is at least an order of magnitude greater
than the largest hyperfine coupling(¥N) ~ 4.5 MHz). (2)
Upon freezing the solution, the EPR signals of {@i" broaden
and become comparable in width to those of [Zh@jhereas
the signals of [ZeO]?" exhibit additional narrowing. These
spectral changes occur because the rate of hole/electron hopping
is significantly attenuated and the magnitude of the exchange
coupling is increased in frozen solutiéA.

The observation that the liquid solution EPR signals of both
[F30ZnU] T and [RzeZnpU]?+ are comparable in width to those
of [F1sZnU']* suggests that frequencies of both the hole/electron
hopping or exchange processes are significantly attenuated in
the fluorine-containing arrays relative to those in @i or
[Zn,0]2". The fact that the line width for feZn,U]2" increases
rather than decreases upon freezing the solution is further
indicative of the attenuation of the exchange interactions. The
assessment of attenuated hole/electron hopping @ ifizU]™
is exemplified by the results of EPR spectral simulations for
this cationic array (Figure 5, bottom left panel). If the hole/
electron is localized on one of the Zn porphyrins of the dimer
on the EPR time scale, the number of interacting nuclei and
magnitude of the hyperfine couplings should be nearly identical
with that of the monomer. In contrast, if the hole/electron is
delocalized, the number of interacting nuclei is twice that of
the localized system whereas the hyperfine coupling constant
for each of the interacting nuclei is half that of the localized
system®® In the case of [fZn,U] T, the observed signal cannot
be adequately accounted for by using parameters commensurate
with either a completely localized or delocalized hole/electron
system. However, the spectra predicted using the parameters
for the localized system are generally closer to the observed

(36) (a) Wertz, J. E.; Bolton, J. Electron Spin Resonance: Elementary
Theory and Practical ApplicationdMicGraw-Hill: New York, 1972; pp
223-257. (b) Carrington, A.; McLachlan, A. Dntroduction to Magnetic
ResonanceHarper and Row: New York, 1967; pp 11831.
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Table 3. Through-Bond vs Through-Space Energy-Transfer Rates and Efficiencies for Various ZnFb®imers
€ss’ ®°  r(nsp  JemPmmor)d ki (pS)  Puand  Krs(pS) kg (pS) s xrs

€ 510b

ZnFbuU 19000 7800 0.035 2.38 2.9410° 1 24 0.99 745 25 0.96 0.04
FsoZnFbU 21000 3100 0.022 1.7 1.8810° 240 0.87 1326 292 0.82 0.18
ZnFbB(CH)4 22000 8900 0.032 2.26 3.5310° 1 115 0.95 644 140 0.82 0.18

a All data were obtained in toluene at room temperatiReak extinction coefficients in M cm™. ¢ For the Zn porphyrin in the absence of a
Fb porphyrin. The Faster spectral overlap term (J) is computed using selected monomers which best approximate those units in the dimer.

e Calculated from eq 4.Previously we used an average valuek@j‘ = 720 ps for the ZnFb dimers.

line shape. The results obtained fordEn,U]™ can be con- transfer’” [Dexter (electron-exchange) mediated energy transfer
trasted with those obtained for [#B]*. The EPR line shapes also has a TS component; however, this component is negligible
observed for the latter dimeric arrays are in all cases well relative to the TS Fster contribution due to the substantial
accounted for by using the parameters commensurate with aseparation between the porphyrin units in the arrays.] The
delocalized hole/electron system, indicating rapid hole/electron results of the calculations forgZnFbU are compared with those
hopping on the EPR time scalé. obtained for ZnFbU and ZnFbB(G}4 in Table 3. The Frster
calculation was performed as described previously with a point-
dipole approximatiod. The spectral overlap ternd)(for these

The rational design of molecular photonic devices requires a porphyrin arrays is generally in accord with those obtained for
thorough understanding of all factors that affect electronic other porphyrin systeni$3 The conclusion from these
communication among the various constituents. The studiescalculations that the TS mechanism makes a negligible contribu-
of the fluorine-containing porphyrinic arrays reported herein tion to the overall energy-transfer rate is consistent with previous
have permitted exploration of how electronic factors mediate experimental results on torsionally-unconstrained and -con-
both excited- and ground-state electronic communication be- strained arrays such as ZnFbU and ZnFbB{GA Furthermore,
tween the constituents in dimeric architectures. In the sectionsthe point-dipole model provides an upper bound on the TS
below, we first summarize the salient observations of our studies energy-transfer rate insZnFbU versus ZnFbU. This is so
and their implications for both excited- and ground-state because the electron-withdrawing pentafluorophenyl groups
electronic communication. We then discuss the molecular basisredistribute electron density toward the outer periphery (away
for the control of electronic communication. Finally, we from the linker) of the two porphyrin constituents of the dimer.
consider the implications of these results for the design of Thus, higher-order treatments, such as those using distributed
molecular photonic devices for efficient energy- and charge- monopoles, would predict weaker TS electronic coupling for
transfer processes. FsoZnFbU relative to that predicted by the point-dipole model.

) A'. General .Fe"?““res of Electronic Commumca’uon. The Inspection of Table 3 reveals that the TS energy-transfer rates
firstimportant finding of the present study is that energy transfer for all three dimers are relatively slow and differ by less than

from the photoexcited Zn porphyrin to the Fb porphyrin is the o.f o
. ) L A ~2-fold. FeZnFbU exhibits the slowest TS rate ((1326 P$)
predominant excited-state reaction ispEnFbU. This finding owing to the low fluorescence yield of the Zn porphyrin and

is in concert with the resylts of our previous studies on other the diminished oscillator strength of the groundQ-excited-
arylethyne-linked ZnFb dimers. However, the energy-transfer . . . .
rate is 10-times slower ingZnFbU ((240 ps)?) than in ZnFbU state absorption transition of the Fb _porphynn. lThe res_ultlng
((24 ps)yY), despite the fact that each dimer contains the same ;Sthevcg;g);grﬂg ﬁfgg&)agf?é Isto(ti?zeﬁzjrg;yartlgég‘ser
diphenylethyne linker. W i hasize that transf : : L
phenyletnyne in«er. WWe again empnasize that energy frans erAccordmgly, the TB energy-transfer rate+sl2-fold slower in

in ZnFbU is extremely rapid and essentially quantitative. Thus, bU than | b hould b d that the reduced
the slower dynamics observed fojEnFbU can only be attrib- FsoZnFbU than in Zr_]F U. lts ould be noted that the reduce
spectral overlap, which also contributes to the TB mechafism,

uted to attenuated energy transfer and not to the onset of com- Nl
peting processes associated with fluorination of the phenyl rings. €0 Only account for 1520% of the attenuation in energy-
[The latter processes would only yield faster apparent energy- fransfer rate in kZnFbU versus ZnFbU. This is due to the
transfer rates than observed for ZnFbU.] The attenuated energy-Sfact that the spectral overlap integrals for this process, like
transfer rate in fZnFbU is attributed to reduced Q-excited- those for the TS mechanism (Table 3), differ by less than
state electronic coupling between the Zn and Fb porphyrins in 2-fold 39

the dimer. The second important finding of the present study is that

Although the energy-transfer rate is considerably slower in pentafluorophenyl groups at the nonlinkingesopositions of

F3ZnFbU than in all the other arylethyne-linked ZnFb dimers
we have investigate#l the mechanism of energy transfer in Lar(r?;)aLaAmoAla'Tﬁ'r rﬁ- "\T%neégg’sTflift‘::géi;?geQﬁ:\:‘vic\(m(mfgggmistfy
this array remains prgdominantly through-bond (T_B) rather than (38) (a) Anton, J. A.. Loach, P. A.. Govindjghotochem. Photobiol
through-space (TS) in nature. This assessment is based on theg7g 28, 235-242. (b) Brookfield, R. L.; Ellul, H.; Harriman, A.; Porter,
following analysis. The observed energy-transfer rate is as- G. J. Chem. Soc., Faraday Trans.1B86 82, 219-233. (c) Osuka, A.;

sumed to be due to the additive effects of through-baag) ( gﬂgagHSZS)r”guﬁ-t: Yamazak, | Tamal, ihem. Phys. Letl990 165 392-

and through-spacek{s) processes (eq 3)1-‘_3 T_he fractional DeGraziano, J. M.; Ma, X. C.; Makings, L. R.; Lee, S-J.; Trier, T. T;
amounts of the TByrg) and TS f+s) contributions can then Bittersmann, E.; Seely, G. R.; Woodward, S.; Bensasson, R. V.; Rouge
; _ .; De Schryver, F. C.; Van der Auweraer, N. Am. Chem. So0d.991
be estimated (eqgs 4 and 5). The TS energy-transfer rate can b%"la 3638.3049. (e) Sessler. J. L. Wang, B.. Harriman, AAm. Chem.
Soc.1995 117, 704-714.

I1l. Discussion

ktrans= kTB + kTS (3) (39) Regardless, the spectral-overlap contribution to the TB energy-
transfer rate in porphyrinic systems is not a vibrational (nuclear) effect for
%18 = Kra/Kians 4) the following reasons: (1) The oscillator strength of the Q(0,0) transition
is determined almost exclusively by the energetic separation between the
X18 + Yrs = 1 (5) &y and a, orbitals and not to FranekCondon effects. (2) The oscillator

strength of the Q(1,0) transitions is derived from Herzb€Fgller coupling
) . of the Q and B transitions and not from FrardBondon overlaps and is
calculated by using the "Fster theory of resonance energy essentially constant among porphyrifis.
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the porphyrins result in significant attenuation of the ground- position. The absence of electron density at itiesecarbon
state electronic communication between the constituents in theatom, which appends the diphenylethyne linker of the fluorine-
dimeric arrays. The attenuated ground-state communication iscontaining arrays, should naturally lead to a significant attenu-
manifested in the significantly slower hole/electron hopping rates ation of the electron-exchange matrix element that couples the
observed for [EpZn,U]™ compared with the monocations of all  ground states of the two constituents of the dimer. The exact
other bis-Zn arylethyne-linked dimers studied to dateThe magnitude of the matrix element depends on the detailed
hole/electron hopping rates in these latter dimers have beencomposition and energetics of the ground-state wave function.
estimated to be-10” s7! (or somewhat faster). In the case of At this time, high-level theoretical calculations on the dimeric
[F3oZnoU] ™, this rate must be-10-fold slower (comparable to  arrays are not available which might address this issue.

or somewhat less than the largest hyperfine couplaf{gH) The orbital composition of the Q-excited state of porphyrins
~ 4.35 MHz)) to account for the characteristics of the EPR is more complicated than that of the ground electronic state. In
line shape. the four-orbital model, the Q-excited state is comprised of a

B. Effects of Orbital Energetics and Characteristics on configuration-interaction (Cl) admixture of @y and aue;.**In-
Electronic Communication. The extent of ground-state hole/ Poth Fb and metalloporphyrins, both of these configurations
electron hopping and excited-state energy transfer between thesontribute substantially to the Q-state. In the metallo complexes,
constituent porphyrins in the dimeric arrays is determined by the Cl admixture is near 50/50. The optical signature of the
the electronic and vibrational matrix elements mediated by the Near 50/50 admixture is the low oscillator strength of the Q(0,0)
linker. In the case of &ZnFbU and ZnFbU (and their bis-Zn transition. (The exact value of the oscnlato_r stre_ngth depends
analogs), which have identical linkers (and thereby similar O the energy gap betweeng and a.e, configurations.) The
vibrational contributions associated with this structural element), fluorination-induced stabilization of the.@, configuration
the electronic contribution to intradimer communication is Would alter the Cl admixture in the Q-state(s) of both the Zn
preeminent. The magnitude of the electronic contribution and Fb forms. _Thls _alteratlon woulo_l increase the contribution
depends critically on the nature and electron-density distribution ©f té a8 configuration to the Q-excited state(s). The changes
of the molecular orbitals that mediate the coupling between the I ©Ptical spectra of the Fb forms of the various fluorine-
states of the constituent porphyrins. For ZnFbU, as for most containing porphyrins reflect this change in configurational
porphyrins bearingnese but not 5-pyrrole substituents, the ~ MXiNg. !n this respect, the S|m|Iar|ty.of the optical spectra Qf
HOMO has a, symmetry!5 This molecular orbital has the fluorine-containing and nonfluorinated Zn porphyrins is

substantial electron density at thesacarbons, including those  fortuitous and suggests only that the energy gap between the
where the linker is appended. In contrast, fgpanFbU, the a8y and a& C‘?”f'gu'fé‘“ons IS s_lmllar to that in Zn_TPP, .bUt
pentafluorophenyl groups stabilize thg, arbital with respect with a f?"‘?r?a' In relatlye energies of the two co_nflguratlons.
to the g, orbital117 This latter molecular orbital has nodal The'dlmmlshed contnbu"uon of th.Q‘.@g conflgurgtlon to the
planes at themesecarbon atoms. The LUMOs of all the Q-excited state of the fluorine-containing porphyrins would tend

o . to diminish the electron-exchange matrix element and, hence
porphyrinic systems haveyeymmetry D, notation). These ! ’
latter orbitals also have substantial electron density atrtbss the energy-transfer rate between the Zn and Fb units of the

carbon atoms and are stabilized by the pentafluorophenyl groups.d'mer' Nevertheless, the very large attenuation in energy-

The fluorination-induced energetic stabilization of theabital tr_ansfer rate in fpZnFbuU S SOF“GW“"?“ difficult to rat|onal|z_e

is sufficiently large that thesg orbital becomes the HOMO for given th‘?‘t the ag configuration still ma'“?s a substanual
the Zn unit, as is evidenced by the EPR signature of the con'_[r'lbutlon to the Q-state(s)' of the p.orphyrlns.' Accordlngly,
monocations. Complete reversal of thg-kke and a.like additional factors must come into play in attenuating the excited-
orbitals is less certain for the Fb uRfthowever, significant state coupllng. One plausible factor is re_d|str|b_ut|on of the elec-
energetic stabilization of thealike orbital is clearly apparent tron density from thenesecarbon atoms (including those bear-

from the optical characteristics of this porphyrin (vide infra). ing the linker) in the g, and q orbitals of the fluorine-containing

An additional consequence of the extremely strong electron- porp_hynns towa_rd the pentafluorophfenyl rings. Again, a
withdrawing nature of the pentafluorophenyl groups is redis- detailed accounting of the factors that influence the electronic

tribution of electron density from th@esecarbon atoms of the coupling between the Zn and F.b constituents qf the dimer must
2, orbital onto the pentafluorophenyl rings. No accurate await the results of accurate, high-level theoretical calculations.
u .

. N . . . The studies of the fluorine-containing porphyrins reported
information is currently available on the magnitude of this ef- . . . : .
. o herein point to a logical explanation for the exceptionally slow
fect. Nevertheless, the optical characteristics of the pentafluo- . o ;
. o : . . energy-transfer rate observed in Osuka'’s diphenylethyne linked
rophenyl-substituted porphyrins in conjunction with the energy-

transfer rates suggest that this effect is important (vide infra). g'srogenrlz(b%hj:‘dl)z'nggs zpee(rgi/_?t r;;)s(fzeiorz;gsl Ign(gs(gzap;?'mer'

The altered energetics/characteristics of thev@rsus & regpectively. We attribute the very slow energy-transfer rate
molecular orbitals of the fluorlne-_contamlng porphy_rms and Fhelr in Osuka’s dimer to a combination of predominantly electronic
effect on the ground- and excited-state properties provide afactors augmented by steric effects, rather than to steric factors
reasonable explanation for the significantly attenuated electronic 5jgne40 | particular, the eighp-alkyl substituents and two
coupling between the constituent units in these dimeric arrays. mesearyl substituents on Osuka’s dimer should yield ap a
The altered electronic coupling in the ground electronic state is HomQ, thereby diminishing the contribution of thee
more easily rationalized than that in the Q-excited states. configuration to the Q-excited state. In addition, the diphenyl-
Consequently, we will first discuss the former state and then ethyne linker is sterically constrained from rotation toward
proceed to the latter. coplanarity by the methyl groups at the flankifigpyrrole

The orbital composition of the ground electronic state of the positions of the porphyrin macrocycle. Inhibited rotation toward
monocations is to a very good approximation derived from the coplanarity decreases the conjugation of the aryl unit of the
HOMO of the porphyrin. Thus, théA;, ground state of the linker with the porphyrin thereby diminishing electronic com-
oxidized Zn porphyrin in [BZnU]* is characterized by an  munication’® Indeed, the studies reported herein indicate that
absence of (or minimal) electron density at tinesecarbon (20) Kuciauskas, D- Liddell, P. A Hung, S. C.. Lin, S.. Stone, S.- Seely
atoms whereas théA,, ground state of the oxidized Zn g R Moore, A. L.: Moore, T. A.: Gust, DJ. Phys. Chem. B997, 101,
porphyrin in the other arrays exhibits large density at this 429-440.
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the electronic coupling modulated by the nature and electron tion1541 Accordingly, the analysis presented here indicates that
density of the HOMOs can account for at least-a2-fold these pigments should be attached through linkers at the
reduction in the TB energy-transfer ratefEnFbU (292 ps)! B-pyrrole carbons upon incorporation in molecular photonic
versus ZnFbU (25 ps}], whereas the electronic coupling devices to achieve the largest electronic coupling matrix element
modulated by steric factors can account for-eb4fold reduction for that orbital ordering. In addition, efficient coupling requires
[ZnFbB(CHg)4 (140 ps)* versus ZnFbU (25 ps}]. Together, attachment of the linker at one of th&positions of the
these factors are more than sufficient to account for~i&- unsaturated rings because no appreciable density resides on the
fold reduction in overall energy-transfer rates in Osuka’s dimer pB-positions of the saturated rings. However, as noted above,
[(417 psYY) versus ZnFbU ((24 psY]. Indeed, the differences  the electron density at thg-position in @, orbitals is low

in electronic coupling must be larger than the 17-fold difference compared with the electron density at thesopositions in a,

in energy-transfer rates in the two types of dimers when the orbitals. Hence, it remains to be determined whether shorter
effects of spectral overlap are considered. In particular, the Or more transmissive linkers joining chloripyrrole positions
spectral overlap between Zn and Bealkyl-substituted por- will be required to achieve the same TB energy-transfer rate as
phyrins is much larger than that for Zn and Rhesearyl- obtained in porphyrins joined via thmesopositions. Further-
substituted porphyrins due to the much larger oscillator strength more, the greater oscillator strength of the long-wavelength
of the Q(0,0) bands of the Zn units of tifealkyl-substituted transition in chlorins relative to porphyrins should com-
porphyrinst® Thus, the increased spectral overlap alone should mensurably enhance TS energy transfer. Model compounds
increase, rather than decrease, the rates of both TB and TSnust be prepared to assess the effects of positional connectivity
energy transfer iB-alkyl-substituted arrays such as Osuka’'s and the resulting TS versus TB contributions to the overall
dimer relative tomesearyl-substituted arrays such as ZnFbU. €nergy-transfer rates and efficiencies in hydroporphyrin-based
Accordingly, the difference in electronic communication must Molecular photonic devices. Few covalently-linked hydropor-
indeed be substantial to account for the 17-fold attenuation of Phyrin-containing structures have been prepared for studies of
the energy-transfer rate in Osuka’s dimer versus ZnFbU. Again, intramolecular energy transfér*2 Nevertheless, it is clear from
our studies suggest that such a difference in electronic com-the s’gudle_s p_reS(_ente_d herein that orbital ordering and the e_Iectron
munication can be accounted for by the porphyiifea, HOMO density distribution in the macrocycle are central determinants
reversal plus steric constraints on the porphyrin-linker overlap. Of the electronic communication mediated by the linker, and
Collectively, the above assessments exemplify the critical thereby the efficiency of the energy- and charge-transfer rates
importance of electronic structure, steric environment, and N multiporphyrin arrays. Hence, the overall combination of

connectivity for achieving efficient electronic communication. macrocycle type, substituent pattern, and linker position, together
C. Implications for Design of Photonic Devices.The with orientation and other variables, must be considered in

studies reported herein bear directly on the design of efficient optimizing eIectromc coupllng and the rates of energy and
. . : . ? charge transfer in these architectures.
photonic devices based on multiporphyrin architectures. In
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