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Singlet excitation energy transfer is governed by two defmceptor interactions, the Coulombic and exchange
interactions giving rise to the FFster and Dexter mechanisms, respectively, for singlet energy transfer. In
transfer between colliding molecules or between a donor (D) and acceptor (A) connected i loftoige—

acceptor (B-B—A) system by an inert spacer (B), the distinction between these two mechanisms is quite
clear. However, in B-B—A systems connected bysaconjugated bridge, the exchange interaction between

the donor and acceptor is mediated by the virtual low-lying excited states (unoccupied orbitals) of that bridge
and, as a consequence, becomes much more long-range in character. Thus, the clear distinction to the Coulombic
mechanism is lost. This so-called superexchange mechanism for singlet energy transfer has been shown to
make a significant contribution to the energy transfer rates in severBHDA systems, and its BA distance

as well as D-B energy gap dependencies have been studied. We here demonstrate that in a series of oligo-
p-phenyleneethynylenéOPE) bridged porphyrin-based BB—A systems with varying B'A distances the

Forster and through-bond (superexchange) mechanisms both make considerable contributions to the observed
singlet energy transfer rates. The donor is either a zinc porphyrin or a zinc porphyrin with a pyridine ligand,
and the acceptor is a free base porphyrin. By comparison to a homologous series where orii3 thiedbgy

gaps varies, a separation between the two energy transfer mechanisms was possible and, moreover, an interplay
between distance and energy gap dependencies was noted. The distance dependence was shown to be
approximately exponential with an attenuation fagter 0.20 AL, If the effect of the varying B-B energy

gaps in theéOPE series was taken into account, a slightly highemlue was obtained. Ground-state absorption,
steady-state, and time-resolved emission spectroscopy were used. The experimental study is accompanied by
time-dependent density functional theory (TD-DFT) calculations of the electronic coupling, and the experimental

and theoretical results are in excellent qualitative agreement (same distance dependence).

Introduction as an inert spacer. In 1961 McConrRMllerived the superex-
o . change theory for electron transfer which also has been applied
Excitation energy transfer has been studied for many years, gnergy transfer. According to the superexchange theory the

with the long time goal of developing molecular scale gjaqronic coupling between donor and acceptor can be ex-
electronic$™ and construction of artificial photosynthesis pressed as

system&° To systematically study energy transfer molecular

donor-bridge—acceptor (B-B—A) systems have been devel- VpsVaa

oped and energy transfer rates as a function of bridge léfigh, Vpa = AE. (1)
conformationt® and electronic propertiés?! have been inves- DB

tigated.

. . that is, both the electronic couplings between the bridge and
Th_e electronic coupling for energy transfer can _be aP- the donor and the acceptoVds and Vsa) and the energy
proximated as the sum of two terms, one that describes theSpIitting between relevant states of the donor and bridd&g)

Coulombic interaptiopzsand one that describes the electron 5¢ involved. Similar to other phenomena related to the exchange
exchange mteracua%?. The two terms are active at different  jnteraction, the superexchange coupling is believed to decay
length scales; the electron exchange interaction, which is exponentially with distance:

described by Dextef requires an orbital overlap and is
therefore active at distances less than 10 A. The Coulombic B
interaction, which is described by EBoer2”-28is active at longer Voa = Ao €XP— ERDA) )
distances up to 100 A. In both theories the bridge is considered
HereRpa is the distance between donor and acceptor/arsd
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Figure 1. Structures of the dimeZnP—nB—H,P andZn(Py)P—nB—H,P compared to the structures of the earlier studle®—RB—H,P and
Zn(Py)P—RB—H_P dimers. In the energydistance diagram theB andRB bridges are positioned at its correspondikifios — Rpa coordinates.
AEpg is the energy splitting between the singlet excited states of donor and bridgesaigdthe edge to edge distance between the donor (D) and
acceptor (A).

(AEpg).2%2t We have developed two sets of porphyrin-based = 11 600, 8600, and 3900 crh respectively, substantially
systems, on&ZnP—RB—H,P, where the electronic properties enhanced the rate and showed a systematic variation with the
of the bridges are varied and the length of the bridges are keptbridge-donor energy gap.

constant, and onZnP—nB—H,P, where the bridge length is Now we want to thoroughly investigate the length and the
varied; see Figure 1. These two systems have one bridge inbridge energy dependence by studyingZn®—RB—H,P and
common, namelyBB; this gives us the possibility to study the theZnP—nB—H,P systems at the same time. Both photophysi-
bridge energy and length dependence simultaneously for thecal experimental results and time-dependent density functional
first time. Our long time goal is to understand how the bridge theory (TD-DFT) calculations will be discussed.

influences the interaction between donor and acceptor for

different transfer mechanisrm30-31 Materials and Methods
The D—B—A systems consist of a zinc(ll) 5,15-diaryl-2,8,-
12,18-tetraethyl-3,7,13,17-tetramethylporphyr#nP) or the All measurements were made at room temperature. All

corresponding zinc porphyrin with a pyridine ligand solvents toluene, chloroform (CHg!and butyronitrile (GH-
(Zn(Py)P) as donors and the corresponding free base porphyrin CN) were of analytical grade and used as purchased. The
(H-P) as the acceptor. The fouRB bridges are 1,4-bis-  sSyntheses of thEnP—nB—H,P systems as well as the relevant
(phenylethynyl)bicyclo[2.2.2]octan©@), 1,4-bis(phenylethy-  reference compounds are described elsewHdrse Zn(Py)P—
nyl)benzenedB), 1,4-bis(phenylethynyl)naphthaler¢g), and nB—H.P systems were prepared directly before the spectro-
9,10-bis(phenylethynyl)anthracen&R). ThenB bridges are a  Scopic measurements by adding pyridine to the corresponding
series of oligop-phenyleneethynylenédPE) bridges, namely ZnP—nB—HP solution. Full conversion frordnP to Zn(Py)P
2B—-5B, wheren = 2—5 represent the number of phenyl units. Was obtained in an approximage2 M pyridine solution as

It has been shown for tHenP—RB—H,P and theZn(Py)P— judged from the changes in the absorption spectra (Figure 2).
RB—H,P systems that the rate constant for energy transfer ~Ground-state absorption spectroscopyvas performed with
varied within the serie®32 The differences of the measured a Cary 4 Bio spectrophotometer or a Jasco V-530 spectropho-
energy transfer rates could be attributed to the “mediation effect” tometer. A ground-state absorption spectrum of all samples was
of the bridges, because the rBter contributions were equal  recorded prior to all other measurements to establish the quality
within the series as the center to center distances were constan©9f the sample and to determine its absorbance.
Rec = 26.5 A33 This “mediation effect” was assigned to the Steady-State Fluorescence Spectroscopyhe fully cor-
superexchange mechanism because it was concluded that theected emission spectra were recorded with a SPEX Fluorolog
rate constant for bridge mediation was strongly correlated to 3 or a SPEX Fluorolog?2 spectrofluorometer. The absorbance
the inverse squared energy splittiddsog (eq 1)2° For instance, at the excitation wavelength was kept low, approximately 0.05
the OB bridge with the largest energy splitting between the (corresponding to a concentration of approximately 2\f),
singlet excited states of the donor and brid&pg = 17 600 to avoid inner filter effects and intermolecular interactions. The
cm™1, did not enhance the energy transfer rate; that is, the ratesystems were excited at the maximum of the donor Q-band
constant was almost equal to the calculatédfen rate constant.  absorption (537551 nm, depending on solvent and coordinat-
Whereas the other three bridg&8, NB, andAB with AEpg ing species).
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400 500 600 700 in detail elsewheré> The sample was held in a static 1 or 2
25 ' ' ' mm path length cuvette, and the optical density at the excitation
20 wavelength 545 nm) was kept at 0-41.
Quantum Mechanical Calculations. The electronic cou-
151 pling, Vpa, was calculated for symmetrical model systems by
c using time-dependent density functional theory (TD-DFT). The
S 104 electronic coupling calculations are based on the approximation
g‘ 5 in which the exciton splitting in a symmetrical dimeXE, is
2 quantitatively related to the electronic couplinga:
%: of
I Vpa = AE/2 3)
g 201
<Z’3 154 In this approach the lowest excited singlet state energy splitting
is taken as measure of the electronic coupling, and it has been
101 shown to be quite successful at predicting long-range bridge-
mediated interaction®:3” The energy splitting was obtained
54 from TD-DFT vertical $—S excitation energies.
0 f All DFT calculations were performed using the Gaussian 98
400 500 600 700 (revision A. 9) suite of progran®$.The geometries were obtain-
A/ nm ed using Becke’s three-parameter hybrid functional referred to
Figure 2. (a) Absorption spectra dn(Py)P—4B (—), ZnP-4B (---), as B3LYP and either the 3-21G or 6-31G(d,p) basis sets. The
andH2P () in CHCL. Inset: Q-band region magnified. (b) Absorption  vertical singlet-state excitation energies were calculated using
spectra  of Zn(Py)P—5B—H.P (=), Zn(Py)P—4B—HP (---), the time-dependent density functional response tffatythe

Zn(Py)P—3B—H,P (—), and Zn(Py)P—2B—H,P (~-) in CHCl.

) B3LYP/3-21G level. A number of vertical excitation energies
Spectra are normalized at 550 nm.

were calculated at a higher level of theory, B3LYP/6-31G(d,p),

. . to check that there was no essential basis set dependence.
Time-resolved fluorescence spectroscopyas carried out

using the time-correlated single photon counting (TCSPC) Results

method. An optical parametric oscillator (KTP-OPO, GWU)was  Thjs section is divided into two major parts; first experimental
pumped by a picosecond Ti:Sapphire oscillator (Tsunami, resyits such as the ground-state properties, emission properties,
Spectra Physics) that in turn was pumped by a continuous-wavetne Faster energy transfer contribution to the donor emission,
frequency-doubled diode pumped Nd:YVO4 laser (Millennia gnq the estimation of the rate constant for excitation energy
Pro, Spectra Physics). The 82 MHz output from the KTP-OPO ransfer are presented. Second we present computational estima-
was acousto-optically modulated to 8 MHz by a pulse selector tjons of the electronic coupling for singlet energy transfer and
(Spectra Physics) and frequency doubled in a BBO crystal. The syydies of the relationship between the total electronic coupling
excitation wavelength was kept at 551 nm where the donors, and the dihedral angel between the porphyrin ring and the first

ZnP or Zn(Py)P, dominate the absorption. The sample response pheny| unit of the bridge as well as the bridge conformation.
was recorded through a polarizer at the magic angle and a

monochromator set at 58593 nm (depending on solvent and ~ Experimental Results
coordinating species) to record the doZmP/Zn(Py)P emis- Ground-State Absorption Properties. In Figure 2a the
sion and at 695698 nm (solvent dependent) to record the ground-state absorption of the reference compouimis—4B,
acceptorH,P emission. The photons were collected by a Zn(Py)P—4B, andH,P are shown. Adding pyridine, which
microchannel plate photo multiplier tube (MCP-PMT R3809U- binds to the zinc porphyrin, to ZnP solution red-shifts the
50, Hamamatsu) and fed into a multichannel analyzer with 4096 porphyrin spectra and changes the relative intensities of the
channels. A diluted silica sol scattering solution was used to Q-bands (456650 nm region); see inset in Figure 2a. All the
collect the instrument response signal. Further, the collectednB bridges absorb below 400 nm, and the resulting influence
crude decay curves were iteratively convoluted and evaluatedon the porphyrin spectra is seen in Figure 2b. The sums of the
using the software package F900 (Edinburgh Instruments). Thereference compounds absorption spectra are identical with the
time resolution after deconvolution was about 10 ps (fwhm). dimers absorption spectra, which indicate that the chromophores
The decays were first fitted to a single-exponential model. The are electronically separated; that is, the donor, bridge, and
goodness of fit was evaluated ky?, the residuals, and visual — acceptor identities are preserved in the dimers. The compara-
examination of the fitted decay. If the single-exponential decay tively high excitation energies of the bridges result in denor
was not satisfying, a second exponential decay and possibly abridge energy differences in excess of 8000°¢if1 eV) which
third exponential decay were used to fit the data. In toluene the prevents contribution from a hopping (via the bridge) mecha-
decay curves of th&nP—nB and Zn(Py)P—nB systems and nism. The energy splittindEpg is defined as the difference in
the 4B- and5B-bridged dimers could be fitted satisfactorily to  excitation energy between the bridge and donor chromophores.
a single exponential. For th@B- and 3B-bridged dimers Experimentally the excitation energies for both @RE bridges
biexponential expressions were required. The second timeand the porphyrin chromophores are determined as the energy
constant had a small preexponential factor and was equal toat the crossing point of the normalized emission and the
the unquenchednP time constant. For the CHgmeasure- absorption spectra.
ments an extra time constant was used, probably due to minute Emission Properties.As parts of theZznP andH,P emission
impurities in the solvent. In all TCSPC experiments the spectra are well separated, it is possible to follow the donor
absorption at the excitation wavelength was set tc-0.2. emission decrease and the acceptor emission increase due to
For femtosecond transient absorptionmeasurements the the energy transfer process. The donor emission quenching is
pump—probe technique was employed. The setup is describedstudied at the highest energ@nP emission peak, around 590
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600 650 700 750 The rate constant is 3.4 10° s for ZnP—2B—H,P and

' ' ' ' decreases 2 orders of magnitude to %210" s 1 when the
bridge length is increased by 20 ZfP—5B—H,P); see Table

1. Compared to th&nP—nB—H,P systems the rate constants
for theZn(Py)P—nB—H,P systems are always smaller. For the
2B-bridged dimers it is possible to follow the build up and decay
of the acceptoH,P emission; see Figure 4. The buildup time
is the same as the fluorescence lifetime of the donor, and the
decay time {9 ns) is comparable with the acceptor fluorescence

3 lifetime.
~ Femtosecond transient absorption was used to investigate if
c . . .
K] electron transfer contributed to the donor quenching in any of
2 the investigated systems. The dimer with the largest possibility
UE_, for electron transfer, that is, the most quenched systaf—
2B—H>P, was studied in toluene and the more polar solvent
C3H/CN. It was found that electron transfer can be ruled out as
a major deactivation mechanism in these dimers because no
evidence of radical peak&iGP*+ or H,P*~) could be detected
0 - 00 o 700 750 in the transient absorption spectra (not show).
Forster Energy Transfer. The rate constant for energy
A/nm transfer according to Fster i$7:28
Figure 3. (a) Steady-state emission spectraZf(Py)P—4B (—),
ZnP—4B (- --), andH,P (=) in CHCls. (b) Steady-state emission spectra 9000 In 10 q)DKZJ
of Zn(Py)P—5B—HP (=), Zn(Py)P—4B—H:P (---), Zn(Py)P—3B- arster = 5 - (7)
H,P (=), and Zn(Py)P—2B—H,P (---) in CHCL. All samples are 1287°N, rDRgcn

excited at 551 nm.
The quantum yield®p, and the lifetimegp, of the donor are

12000 both defined in absence of the accepthi is Avogadro’s
number n the refractive index of the solvent, afg. the center
» 8000 ' i to center distance between donor and acceptor. The orientation
= factor, «2, describes the relative orientation of the donor and
8 4000 acceptor transition moments, that is, the two interacting dipoles.

It has been shown thaf varies between 2/3 and 1 for the

: different configurations of the porphyrin planes of this particular
e — donor—acceptor system and therefore the dynamic average of
00051015 10 20 30 40 5/6 is used fok?2in the calculationg®32Further,J is the Faster

] Time / ne ) spectral overlap integral defined as
Figure 4. Fluorescence decay tracesaf(Py)P—2B—H,P in CHCls

at 593 nm, where the donor emission dominates, and at 695 nm, where “E (Ne (4 dA
the acceptor emission dominates. The solid lines are exponential fittings. J= ﬁ) p(A)ea(d)

IRF is the instrument response function. I

Jo Fo(d) da
nm for Zn(Py)P and around 580 nm faZnP, and the acceptor
emission increase at the lowest energy peal #f around 700 whereFp(A) is the fully corrected fluorescence intensity of the
nm (Figure 3a). The fluorescence decay traces monitored at theselonor andea(1) is the acceptor molar absorptivity.
two peaks are shown in Figure 4. The donor emission decreases The rate constants predicted from thaster theory are given
and the acceptor emission increases as the bridge lengthin Table 1. The Frster contribution to the energy transfer rate
decreases, as can be seen in Figure 3b, where the emissiois 1.5 x 1(° s! for the ZnP—2B—H,P system and decreases
spectra of theZzn(Py)P—nB—H.P series are compared. To with R% to 3.2 x 10’ s for ZnP—5B—H,P. The Faster
obtain quantitative results of the donor emission quenching, the energy transfer rates are significantly smaller forZn¢Py)P—

lifetimes of the dimersypga (eq 4), and reference compounds, nB—H,P system as the spectral overlap between donor emission
7ps (€Q 5), are compared, and acceptor absorption is much smaller for these systems; see

Table 1.
TpBa = (kIC + kisc + kf + k)71 (4)

0

(8)

Computational Results

Top = (K + ke T k) ™ ) To theoretically model the energy transfer reactions, the
) electronic coupling\{pa) is calculated for the model compounds
The quenching rate constakt(eq 6) can be calculated by iy Figure 5. To simplify the calculations, symmetricB—D
assuming that the intrinsic rate constants of the donor, such as;,g A-B—A models of the studied BB—A systems were
intersystem crossingtc), internal conversionk), and fluo- used. By use of a requirement of the molecule to have at least
rescencel), are _un_changed wher_1 the acceptor is introduced. gpe symmetry element (rotation axis or symmetry plane), the
The assumption is likely to hold, since the structure ofZh® calculation is performed at the avoided crossing geometry and,
absorption and emission spectra does not change in the presencgys, the electronic coupling could be estimated from half the
of HaP, energy splitting between the relevant singlet state (see Materials
1 1 and Methods). Tables S1 and S2 (Supporting Information) show
k= (tpga) ~ — (7ps) (6) the electronic couplings calculated for planar bridging chro-
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Figure 5. Structure of symmetric dimeznP—nB—2ZnP (M = Zn) andH,P—nB—H,P (M = H, H;x=0, 1, 2, 3, and 4 fon= 2, 3, 4, 5, and
6). w is the dihedral angel between the porphyrin and phenyl rings.

¢=0°

Figure 6. Two extreme conformations &nP—5B—ZnP with o fixed at 60 and rotation of the adjacent phenyl groups an anglelative to
each other. That isp = 0° means a planar bridge agd= 90°

means that adjacent phenyl groups are perpendicular to each other.

TABLE 1: Fluorescence Lifetime (r) of the Compounds in the ZnP-nB—H,P Series and the Reference Compounds ZnfB as

Well as the Corresponding Pyridine Complexes in CHG2

7 (ns) EP k(s1) Keerster (S1) Kmed (571) Red (A) R (A) AEpge (cm™)
ZnP—2B 1.27+0.02
ZnP—2B—H,P 0.2440.01 0.81 3.4¢ 10° 1.5x 10° 1.9x 10° 12.7 19.7 15 800
ZnP—3B 1.29+ 0.02
ZnP—3B—H,P 0.804+ 0.02 0.38 4.7 108 25x 108 2.2x 108 19.6 26.5 11 600
ZnP—4B 1.28+0.02
ZnP—4B—H,P 1.08+0.01 0.16 1.4¢ 108 6.2 x 107 8.2 x 107 26.5 334 9700
ZnP—5B 1.28+ 0.02
ZnP—5B—H,P 1.20+ 0.01 0.06 5.2 107 2.0x 10° 3.2x 107 334 40.3 8800
Zn(Py)P—2B 1.19+ 0.02
Zn(Py)P—2B—H,P 0.284 0.01 0.76 2.7 10° 4.0x 108 2.3x 10° 12.7 19.7 16 100
Zn(Py)P—3B 1.19+ 0.02
Zn(Py)P—3B—H,P 0.8440.10 0.29 3.5¢ 108 6.8 x 107 2.8x 108 19.6 26.5 12 000
Zn(Py)P—4B 1.19+ 0.02
Zn(Py)P—4B—H,P 1.09+ 0.03 0.08 7.5 107 1.7 x 107 6.0 x 107 26.5 334 10 000
Zn(Py)P—5B 1.18+ 0.02
Zn(Py)P—5B—H,P 1.12+0.02 0.05 4.5¢ 107 5.5x 10° 4.0x 107 33.4 40.3 9100

@ The Efficiency for the donor emission quenchirtg),(donor emission rate consta),(Forster energy transfer rate constakiyéie), mediation
rate constantifeq, edge to edgeReq), and center to centeR{) distances as well as the energy difference between the singlet excited states of the
donor and bridgeAEpg). " E = 1 — tppa/Tos. ° Kmea = K — krarster 9 Distances determined from the DFT B3LYP/6-31G*-optimized structures; see
Eng at al® ¢ The energy splittingAEpg, is determined from the difference in excitation energy between the bridge and donor chromophore.

mophores of different lengths. As has been noted befovg, E?n?(le_rEZ%:P Elﬁétioznni% C(:guglgg% (V\\z?ﬁ)g?ﬁggnstyé?irggéric

depends strongly on the dihedral angle,between the bridge  conformations (¢) Calculated at the TD-DFT-B3LYP/3-21G
and porphyrin planes. The experimentally investigated systemsLevel

have methyl groups at the carbons which cause the average Voa (€M)

dihedral angle between the porphyrin and phenyl plane$ o (d B B 1B B B

be close to 990 (Figure 1). At room temperature, estimations (deg)

based on a ground-state-calculated (B3LYP/6-31G*) potential 0 82.3 54.0 38.4 28.1 19.9

surface for twisting the phenyl plane (i.e. the bridge) relative 30 65.5 36.3 23.9 13.4 9.6
. . . 60 37.3 15.8 8.9 3.8 2.2

to the porphyrin plane show that conformations witlhetween 20 30.2 9.9 5.0 24 11

60 and 120 are thermally accessible. To quantitatively compare  average 53.8 200 19.0 11.9 8.2

the electronic coupling for the computationally and experimen-

tally investigated systems, an averaging procedure needs to be The calculated electronic coupling also depends quite strongly
employed where the different conformations should be weighted on the bridge conformation as seen in Table 2. When there is
with their Boltzmann factors. In addition, the electronic coupling rotation of either a single phenyl group of the bridge or several
also depends on the conformation of the bridge (i.e. phenyl at the same time always keeping at least one symmetry element
phenyl dihedral angles), and consequently, these degrees ofFigure 6), the value 0¥pa varies between a maximum for the
freedom need to be averaged as well. Rather than going througlplanar bridge ¢ = 0°) to a minimum value for a bridge
the quite tedious algebra for the averaging procedure in this conformation where all phenyls are orthogonal £ 90°).
paperi! we will make comparisons with individual conforma-  Again, to reach a quantitative result these degrees of freedom
tions and the absolute magnitude of the coupling will not be need to be averaged with respect to the Boltzmann distribution,
discussed thoroughly. As will be seen below, qualitative results but since it is known from both experiments and quite accurate
such as the distance dependence could be captured with thisalculations that rotation of a phenyl unit in th€3BE-bridges
strategy. only requires about 1 kcal/mol, we have at this point made the
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simplifying assumption that all bridge conformations are equally 2]
probable??43 Using this approximation leads to the average
coupling listed at the end of Table 2.

slope =-5.9

‘_’(; 204
Discussion = 19
£ 48]
Energy Transfer as the Dominant Deactivation Channel. 18
Several methods independently of each other confirm that singlet 171
energy transfer is the major deactivation channel of the excited 28 30 32 34 36 38
donor. First, the acceptor emission enhancement (700 nm), in In(R_/A)

all dimers, seen in the steady-state measurements (Figure 3bj;q e 7. ogarithmic plot ofk versus the center to center distance
is an excellent indication of energy transfer. Second, the time (R, for the Zn(Py)P—nB—H.P series in CHG. The solid line is a

constant for formation of the acceptor excited state is equal to linear fit with slope—5.9.

the fluorescence lifetime of the donor, as judged from the time-

correlated single photon counting measurements (Figure 4).overlap between the donor emission and the acceptor absorption.
Third, there is no evidence of radical peaks in the femtosecond For theZnP—RB—H P systems, we have shown that the dimer
transient absorption spectra, which would be expected if electronwith the OB bridge (largesiAEpg) has a rate constant almost

transfer was a major deactivation channel. equal to the Fster energy transfer rate. Changingpg but
Comparison with Other Systems Similar to ZnP-2B— keeping other properties constant enhances the rate due to bridge
H,P. There are examples in the literature where 2Bebridge mediated energy transfer (superexchange). The total rate

is used with other types of zinc and free-base porphyrins as constants for th&nP—nB—H,P andZn(Py)P—nB—H,P series
donor—acceptor pairs, but the energy transfer rates vary largely. are larger than the ‘Fster energy transfer rate constant for all
Lindsey and co-workers and later also Osuka and co-workersbridges; see Table 1. Still it is interesting to test thasker
concluded that the variation is correlated to the HOMO orbitals theory on the data by plotting lkversus InR... If the energy

on the specific porphyri&’-44In symmetric porphyrins the two  transfer is explained by Fster theory, the slope should be&
highest occupied molecular orbitals are nearly degenerate andaccording to the Fster equation (eq 7). Interestingly, as seen
belong to the irreducible representationg, And A, (in the in Figure 7, the fitted line has a slope 665.95 Because we

Dan point group). Even if the formal symmetry of the porphyrin - know that the superexchange mechanism is involved, the slope
is lower, the near degeneracy of these orbitals remain but theirof —5.9 is a coincidence. This illustrates that obtaining a slope
relative energy order depends on the peripheral substitutionof —6 in a Ink versus InR plot is not a reliable proof of the
pattern. The A, is the HOMO orbital in tetraphenylporphyrins  Ferster mechanism.

and has electron density at theesecarbon where the bridge

¢ =Bk e Superexchange Coupling: Bridge Mediation of Energy
is attached, whereas the; A which is the HOMO orbital in

i o Transfer. To investigate the superexchange energy transfer rate
octaalkylporphyrins, has a node at timesoposition. Accord- dependence on length amEps, the Faster energy transfer

ingly, the electronic coupling through the superexchange mech- o0 is sybtracted from the total rate constant giving what we

anism is expected to be larger for porphyrins with electron ..o chosen to call the mediation rate constant
density at the bridge attachment site,(A and consequently, '

the rates are enhanced compared to porphyrins with an A K oq= k — ket 9)
HOMO orbital. For example, a rate of 4:2 10° s™* has been ed orster

reported for a molecule similar tdnP—2B—HyP with oc- . )

taalkylporphyrin A, HOMO orbitals and 10 times higher rate  Sinceé energy transfer was shown to dominate the donor
(4.2 x 101 s9) for a tetraphenylporphyrin & HOMO q_uenchmg, the mediation rate constd@iq includes contrlt_)u-
orbital 1744 These results can be compared to our measured rateuons_from energy tran_sfer processes that are not described by
for ZnP—2B—H,P (3.4 x 10° s°%), which has A, HOMO the dlrectdlpo_ledlpole interaction (Fusf[er)._From the observed
orbital. However, the fact that the electronic coupling is very €nergy and distance dependence (vide infra), we suggest that
sensitive to the bridgeporphyrin dihedral angle offers an this mediation contnb_utlon is dominated by the through-bc_md
alternative explanation to this difference. All systems reported Superexchange coupling. Other Coulomb terms such as higher
to have “SIOW" energy transfer have an a|ky| group at the mu|tlp0|e and through-bl’ldge-l‘e|ayed CoulombIC Intel’acﬁéns
a_carbon next to thenesecarbon which causes the average m|ght influence the rate, but the estimations based on the
dihedral angle between the bridge and the porphyrin donor/ quantum mechanical calculations shown below suggest they
acceptor to be close to 9@nd according to Table 1S to have have little influence. It has been shown for #eP—RB—H-P

a minimal electronic coupling. In contrast, the systems with System thakneqis inversely proportional to the quadratic energy
“fast” energy transfer do not hawe-carbon substituents and Spllttlng between the Singlet excited states of the donor and
the average bridgeporphyrin dihedral angle is close to 65  bridge (AEpg) in accordance with the superexchange mecha-
giving raise to conformations that are predicted to have much hism. It was also shown that the magnitudekaéawas similar
larger electronic coupling. This difference in the ground-state for each bridge unit in th&nP—RB—H2P andZn(Py)P—RB—
potential surfaces for the differently substituted porphyrins along H2P series; that is, a given bridge molecule adds a constant
with the sensitivity of the electronic coupling can easily explain contribution to the total energy transfer rdteThe same

the observed differences in energy transfer rates. conclusions holds for thEnP—nB—H,P andZn(Py)P—nB—
Coulombic Contribution to the Energy Transfer: Fo'rster H2P systems, and the magnitude kifeq for a given bridge

Energy Transfer. The Faster energy transfer contributes Molecule is similar; see Table 1.

approximately 46-50% of the total rate constant for all the Damping Factor f as an Empirical Parameter. The

ZnP—nB—H2P systems but only 1620% in theZn(Py)P— electronic coupling for superexchange is approximately decaying

nB—H,P systems. The large differences in'rB@r energy exponentially with distance; thus, the rate constauit (V|?) is
transfer rate are explained by the differences in the spectralgenerally described with the following expression (cf. eq 2):
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k= AexppRoa) (10) mechanism. Equation 11 gives the approximate rate expected
for excitation energy tunneling through a rectangular barrier with
Heref is the attenuation factor ariRba is the center to center  height AEpg and widthRpa.
or edge to edge donemacceptor distance. Fitting a linear The attenuation factor is usually regarded to be a bridge
function to Inkmed VS Ree (€dge to edge distance) yielfis—= specific parameter, and it could be interesting to compare the
0.20 A% see Figure 84 However, since we know that the magnitude of$ found in this study with those for similar
rate of singlet excitation energy transfer also has marked donor z-conjugated bridges. Others have reported for energy transfer
bridge energy gap dependence, it is interesting to investigate = 0.32 AL andf = 0.33 AL for phenylene bridge®15 3
how this might affect the transfer rate in the series with varying = 0.17 A-1for alkyne bridges?and = 0.11 A1 for dialkoxy-
length. To compensate for the varying energy gap in a series of substitutedOPE bridgest® When we compare thegkvalues,
D—B—A molecules a simple extension of eq 10 is suggested it must be remembered that they have not been “compensated”
(cf. egs 1 and 2) for the donor-bridge energy dependence and a comparison is
therefore only meaningful for BB—A system with similar
K= ‘12 exp(ARon) (11) donor—brio_lge energy gaps. _ _
OB Calculations of the Electronic Coupling for Singlet Energy
Transfer: Porphyrin —Bridge Conformations. The distance
where the preexponential factor has been made bridge energydependence of the calculated electronic coupling could be
dependent according to the experimentally verified superex- analyzed in the same way as the experimental distance
change mechanism for the systems with constanflistance dependence. In Figure 9 the logarithm\vgfa2 for planar bridges
(the RB series). In Figure 8b a linearized version of eq 11 is is plotted against the edge to edge distarig, As expected,
plotted against the edge to edge distance (the experimentallythe electronic coupling shows an exponential falloff with
determinedAEpg values are found in Table 1) and fitted to a distance with a slope that is independent of the briclge
line with slopes = 0.25 A1 and intercept Irw = 43.5. The fit porphyrin dihedral angley. The attenuation factof, is 0.10
compared to Figure 8a is not improved much but enables aA~1 for theZnP—nB—2ZnP series and 0.12 & for the H,P—
comparison with the results from a fit in the energy gap nB—HP series. Thesg-values are substantially smaller than
dimension. In Figure 8c the energy transfer rate constants fromthe experimentally determined ones, and there are two obvious
measurements on tmP—RB—H,P andZn(Py)P—RB—HyP reasons for this discrepancy. First, the bridge in reality is not
seried0 are plotted againskEpg~2 and fitted to a straight line,  planar but adopts many nonplanar conformations. Second, the
which from eq 11 is expected to have a slopeiaxp(— SRo), calculated porphyrirbridge energy gapa\Epg, are consistently
whereRy = 19.6 A is the constant doneacceptor separation ~ smaller than the experimental gaps, which also are expected to
in the RB series. Now, if we us@ = 0.25 A1 as found from yield smaller attenuation factors. Both these factors are discussed
fitting the nB series data, it is possible to calculate the parameter below.
o also from the slope in Figure 8c, and this yieldsir= 42.2. Calculations of the Electronic Coupling for Singlet Energy
This is a quite reasonable result when comparing the two setsTransfer: Bridge Conformations. The electronic coupling has
of measurements giving strength to the assumptions behind edgoeen shown to be strongly dependent on the bridge conformation
11. It should be noted that the energy in eq 11 is different from in a number of studied BB—A systems®’47 It is therefore
the constant energy gap normally discussed in the superexchangenportant to analyze how the distance dependence is influenced

10 15 20 25 30 35

a
22 = 0.20 A"

10 15 20 25 30 35
R, /A

Figure 8. (a) Semilogarithmic plot okmeq Versus the edge to edgR.f distance for th&nP—nB—H,P (B) and theZn(Py)P—nB—H,P (O) series
in CHCL. The solid line shows the best linear fit to eq 10. (b) Semilogarithmic plokef(AEps?) versus the edge to edge.f distance for the
ZnP—nB—H,P (M) and theZn(Py)P—nB—H,P (O) series in CHG. The solid line shows the best linear fit to eq 11. (c) Plokafsvs AEps?™
for theZnP—RB—H,P (W) andZn(Py)P—RB—H:P (O) series in CHG. The solid line shows the best linear fit to eq 11 WRby = Ry = 19.6
A (adopted from ref 20).
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Figure 9. Semilogarithmic plot of TD-DFT-B3LYP/3-21G-calculated
Vpa? versus the edge to edge doraicceptor distanceR() for different
dihedral anglesd). The bridge is kept planar. Key: (a) symmetric
ZnP—nB—2ZnP dimer; (b) symmetridd,P—nB—H,P dimer.

10 15 20 25 30 35 40 45
R, /A

Figure 10. Semilogarithmic plot of the TD-DFT-B3LYP/3-21G-
calculatedVpa? versus the edgeedge donor acceptor distance for the
symmetricZnP—nB—ZnP dimer with @ = 60° and with different
bridge conformationg = 0° (diamonds) ang = 0.10 A%, ¢ = 30°
(circles) and3 = 0.14 A1, ¢ = 60° (squares) ang = 0.21 A2, and

@ = 90° (triangles) angd = 0.23 A%, The averaged electronic coupling

assuming equal weight of all bridge conformations yigids: 0.14
AL
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relative contribution to the total coupling (less than 1% at all
distances). The explanation to this is, however, quite straight-
forward. In the TD-DFT calculations the magnitudes of the
electronic transition dipole moments for the porphyrins are
dramatically underestimated, which leads to the leading dipole
dipole contribution to the Coulombic interaction being under-
estimated? In our qualitative analysis this is actually beneficial
since we want to compare the exchange part of the electronic
coupling to the non-Fwster rateskmes Of course, if the absolute
magnitude of the electronic coupling for singlet energy transfer
is required, both the direct Coulombic and exchange contribu-
tions must be correctly calculated. In summary, direct Coulom-
bic interaction effects could not explain the weak bridge
conformation dependence on tfidactor (Figure 10).

The second obvious difference between the experimental and
computational systems was that the energy gaps were under-
estimated in the calculations. This is easily removed by
“normalizing” the rates (squared couplings) with the relevant
energy gaps as was suggested in eq 11 and demonstrated in
Figure 8b. If the logarithm of the calculat&s? x AEpg? is
plotted against the edge to edge distance, nice linear fits are
obtained for all bridge dihedral angles (Figure S1, Supporting
Information) with slopes corresponding fevalues 0.21 A!

(¢ = 0°), 0.25 A1 (¢ = 30°), 0.32 A1 (¢ = 60°), and 0.35
A-1 (p = 90°). The agreement with the experimentally
determined8 = 0.25 A1 is excellent, which shows that the
dominating difference between experiments and calculations in
this case lies in the donebridge energy gap difference.

Conclusions

We have studied the donoacceptor distance and doror
bridge energy dependence of singlet energy transfer in a series
of D—B—A systems. Both experimental and theoretical methods
have been used, and a consistent description of the energy-
transfer process emerges from the study. In condensed form
the following has been learned: (1) Singlet energy transfer
occurs with both a Coulombic (Fster) and through-bond
superexchange mechanism in theé3BE-bridged porphyrin
D—B—A systems. The contribution from the two mechanisms
is approximately of the same magnitude, and the relative
contributions do not vary with the BA distance. (2) To
understand both the-bPA distance and B-B energy difference
dependencies at the same time requires that the bridge energy
variations are accounted for in the model. (3) The through-bond

by allowing the bridge to adopt nonplanar conformations. In coupling for singlet energy transfer was shown to decay
Figure 10 the calculated electronic coupling is shown for four approximately exponentially with an experimentally determined
representative bridge conformations. It is clearly seen that the attenuation factor ofy = 0.20 A™L. (4) The decay of the
pB-factor varies systematically with the dihedral angte, The theoretically calculated electronic coupling was shown to be
nonplanar bridges show a faster falloff than the planar with independent of the bridgeporphyrin dihedral angle but sig-
p-factors varying between 0.107A (planar) and 0.23 At nificantly dependent on the bridge conformation (planar vs
(orthogonal phenyl planes). This is a smaller variation than has nonplanar). (5) If both the experimental and theoretical rates/
been noted before in calculations of electron transfer through couplings are normalized with the-EB energy gap (eq 11),
OPE bridge$” and also for triplet energy transf&The small very good agreements between the attenuation factors were
variation inf between planar and nonplanar bridge conforma- obtained.

tions might be due to direct Coulombic contributions to the

calculated electronic coupling which is possible for long-range  Acknowledgment. This work was supported by grants from
singlet energy transfer but not for triplet energy transfer or the Swedish Research Council (VR), the Knut and Alice
electron transfer. Therefore, the direct Coulombic interaction Wallenberg Foundation, and the Hasselblad Foundation.
between the porphyrins in the model compounds was estimated

with the same computational method. By removal of the bridge  Supporting Information Available: Calculated electronic
and keeping the porphyrins at the same distance and orientationcouplings for th&ZnP—nB—2ZnP andH,P—nB—H,P series as

an accurate estimate of the Coulombic contribution is expected.a function of dihedral angle calculated at different TD-B3LYP
This direct mechanism is, somewhat surprisingly when compar- levels and semilogarithmic plots of the TD-DFT-B3LYP/3-21G-
ing to the experimental reality, calculated to make a very small calculatedAEpg?Vpa? versus the edge to edge donor acceptor
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distance for the symmetriznP—nB—2ZnP dimer withw =
60° and with different bridge conformations. This material is

available free of charge via the Internet at http://pubs.acs.org.
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