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We present here a study of multistep electron transfer mechanisms within donor-bridge-acceptor arrays
consisting of functionalized aromatic imide and diimide donors and acceptors arranged in rodlike linear
structures and in U-shaped folded structures on xanthene scaffolds. Femtosecond and nanosecond transient
absorption spectroscopy is used to explore the relative efficiency of through-bond and through-space electron
transfer in these molecules. The magnitude of the electronic coupling between the oxidized donor and the
reduced acceptor is probed specifically by direct measurements of the sitngikst splitting, 2], within the

radical ion pairs using magnetic field effects on the yield of triplet states resulting from radical ion pair
recombination. These data are used to quantitatively assess the effects of both energetics and electronic coupling
on the electron transfer mechanism. Through-space electron transfer is found to be a viable mechanism in the
U-shaped structures when reduction of the acceptor that is folded back toward the donor is energetically
more favorable than reduction of the acceptor directly bonded to the donor.
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mimic elements of the complex series of electron-transfer
these proteins that differs from most model systems is the fact
that none of their energy or electron transport cofactors are

covalently linked to one another. The protein structure provides Lo Lo N /ﬂm\m ' N
specific distances and orientations between the cofactors as well
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as an electronic environment that is critical to proper functioning 2(=1) 4 o) 6 (1) 8 (=1}

of the system. Thus, it is important to understand electron
transfer between donors and acceptors that are not covalently o
linked to one another as well as the more typical situation in ©

superexchange interactién® A corollary to the noncovalent L., /@Q@ /(j;aj;i
case is electron transfer using the orbitals of solvent molecules 'B" . -
or nonbonded protein functional groups positioned between the 9 10 " 12 13
donor and the acceptérl® The possibility that the highly ~ Figure 1. Structures of the doneracceptor arrays.
efficient electron-transfer reactions in the reaction center may
involve all of these mechanisms has motivated the synthesis
and study of a host of model compounds designed to probe the
relative efficiency of such mechanisms under specific structural
and environmental conditiorfs8-20-28

We present here a series of donor-bridge-acceptor arrays,
Figure 1, designed to explore the effects of both energetics and
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which they are covalently linked by a bridging molecule. In NH &E ?g Q

the noncovalent case, electron transfer occurs by the interaction " A, , ot L

of the molecular orbitals of the electron donor with those of ‘ o 17"

the acceptor, whereas in the covalent case, the interaction oo ﬁ g{

involves participation of the orbitals of bridging molecules in a @ o y
Ly

electronic coupling on the pathway utilized for electron transfer.
These arrays consist of functionalized aromatic imide and
diimide donors and acceptors arranged in rodlike structures and
in U-shaped structures on xanthene scafféfdshe xanthene
scaffold provides a means of folding the structure so that specific
electron acceptors are spatially proximate to the electron donors,
yet have many covalent bonds between them. Since electron
" Part of the special issue “Gerald Small Festschrift’ transfer via the long through-bond pathway is expected to be
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acceptor in the folded leg of the structure. Specifically, radical maintained between 0.3 and 1.0 at 416 n¢gaN|, 416 nm= 7000
ion pairs (RPs) are created in these systems through a series ofm~1 M~1).28 Femtosecond and nanosecond transient absorption
rapid, nonadiabatic charge separation reactions starting from thedata, as well as MFE experiments were obtained with apparatus
lowest excited singlet state of their common chromophor&\-4-(  described elsewhefé#6:475For the femtosecond experiments,
piperidinyl)naphthalene-1,8-dicarboximide (6ARKf)The through- cuvettes with a 2 mm path length were used and the samples
space and through-bond charge separation and recombinatiorwere irradiated with 80 fs, 400 nm G-3.0 uJ laser pulses
mechanisms between the donor and the acceptor vary throughoufocused to a 20@m diameter spot. The optical density at 400
the series. nm was typically 0.40.8. The total instrument response

The 6ANI molecule serves as the photoexcited chromophore function (IRF) for the pumpprobe experiments was 130 fs.
within all of the donor-acceptor arrays presented here. In some For the nanosecond experiments, samples were placed in a 1
arrays*6ANI is the primary electron donor, whereas in others, cm path length quartz cuvette equipped with a vacuum adapter
it is the primary electron acceptg-Methoxyaniline (MeOAn), and subjected to five freezpump—thaw degassing cycles prior
acts as the primary or secondary electron donor, whereasto transient absorption measurements. The samples were excited
naphthalene-1,8:4,5-bis(dicarboximide) (NI) and pyromellitimide with 5 ns, 1 mJ, 416 nm laser pulses focused & mmdiameter
(PI) are primary or secondary electron acceptors. The NI and spot and the IRF was 7 ns. Between 50 and 80 shots were
Pl acceptors are covalently linked to 6ANI either directly using averaged for each kinetic trace with a LeCroy 9384 digital
a N—N single bond or 2,5-dimethylphenyl (dmp) or 4,5- oscilloscope and sent to a microcomputer, which calculated the
disubstituted xanthene (xan) spac&rsEnergy minimized AA. Kinetic analyses were performed at several wavelengths
ground-state structures calculated using the semiempirical AM1 using a nonlinear least-squares fit to a general sum-of-expo-
method show that the systems of the NI and Pl acceptors nentials using the Levenberg/larquardt algorithm accounting
adopt a nearly cofacial arrangement when they are linked for the presence of the finite instrument response.
through their imide bonds to the 4 and 5 positions of the For the MFE experiment, the sample cuvette was placed
xanthene spacer i5—8, 12, and13.3! Direct linkage of 6ANI between the poles of a Walker Scientific HV-4W electromagnet
toNlor Plin1, 3,5, 7, and10—13 using N—N single bonds powered by a Walker Magnion HS-735 power supply. The field
at their imide groups results in a near perpendicular orientation strength was measured by a Lakeshore 450 gaussmeter with a
of their respectiver systems, minimizing electronic com- Hall effect probe. Both the electromagnet and the gaussmeter
munication, whereas linkage of 6ANI to NI or PI through the were interfaced with the data collection computer, allowing
dmp spacer in2, 4, 6, and 8 results in a nearly coplanar measurement and control of the magnetic fieldtbx 105 T
arrangement of their systems. The nature of the amino group during data acquisition. Kinetic traces at the characteristic
functionality within 4-diakylaminonaphthalene-1,8-dicarbox- wavelength of the localized triplet state were taken at each
imides is known to play a critical role in the photophysics of magnetic field, which was changed by a constant increment
this chromophoré? The conformational effects of 4-cycloalkyl-  depending on desired resolution. Due to the length of the sample
amino rings on the photophysics of 6ANI derivatives in Debye runs (5 h), a small amount of sample degradation was
solvents has been explored in dedilAll molecules in this observed, resulting in a decrease in the triplet yield at zero field,
series have either piperidine or piperazine derivatives attachedAA(B = 0), over the course of the experiments. To compensate
to the 4-position of the naphthalene-1,8-dicarboximide to for this, the magnetic field was resetB= 0 mT every five
produce the 6ANI chromophore, so that conformational effects kinetic traces for increments of 5 mT and every three kinetic
on the electron-transfer rates will be similar across the set.  traces for increments of 0.5 mT and 1 mT akd(B = 0) was

The electron transfer dynamics in the molecules presentedplotted and fit with a polynomial or series of polynomials. These
here are investigated in both nonpolar toluene and polar functions were used to calculate the relative triplet yield as a
2-methyltetrahydrofuran (MTHF). Charge separation and re- function of applied field strength. The relative triplet yield is
combination rates are measured using femtosecond and nanothus
second transient absorption spectroscopy. In addition, the
magnitude of the electronic coupling between the oxidized donor T AA(B)
and the reduced acceptor is probed specifically by direct ﬂ—m )
measurements of the RP singlétiplet splitting, 2], using
magnetic field effects (MFEs) on the yield of triplet states
resulting from radical ion pair recombination. The MFEs are
due to the radical pair intersystem crossing {R®C) mech-
anism, which is well-known to account for triplet production

The results presented are an average of two or more experiments
conducted on separate days with freshly prepared samples.

within photosynthetic reaction centéts®® and has been de- Results
scribed in detail elsewhefg:48 The photophysics of rodlike doneacceptor arrays contain-
) ) ing the 6ANI chromophore have been characterized previously
Experimental Section in detail?8 The oxidation potential of 6ANI (1.2 V vs SCE) is
The synthesis and characterization of compouhd 2,28 similar to that of piperidine, whereas its reduction potential

3,384,469,28 10,49 11,59 and13?° have been reported previously, (—1.4 V vs SCE) is similar to that of naphthalene-1,8-
and those 0of5—8 and 12 can be found in the Supporting dicarboximide. The oxidation potential of the MeOAn electron
Information. Characterization was performed with a Gemini 300 donor (0.79 V) is substantially less positive than that of 6ANI
MHz, Varian 400 MHz, or INOVA 500 MHz NMR and a PE  due to resonance stabilization of the aniline radical cation by
BioSystems MALDI-TOF mass spectrometer. All solvents were the p-methoxy group. Greenfield et & found that attachment
spectrophotometric grade or distilled prior to use. Immediately of the MeOAn electron donor to 6ANI via a piperazine bridge
before use, the 2-methyltetrahydrofuran was additionally purified results in strong quenching of the 6ANI emission, consistent
over a basic alumina column. with the rapid electron-transfer reaction: MeOABANI —
Absorption measurements were made on a Shimadzu (UV- MeOANn™-6ANI—. The reduction potentials of the NI and PI
1601) spectrophotometer. The optical density of all samples waschromophores are-0.5 and—0.79 V vs SCE, respectiveff.
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TABLE 1: Reorganization Energies &) and AG's for Each Electron Transfer Step in Toluene and MTHF2
toluene MTHE
is* j~CSla j~C52b j-CR AGCSl AGCSZ AGCRS AGCRT AS* ACSla j-CSJJ /‘LCR AGCSl A(3(252 AGCRS

0.08 074 1112 054 -053 -036 -—191 0.12 110 164 119 156 -0.78 —-0.43 -151
0.09 019 034 055 —-032 -047 -201 0.02 119 093 0.69 1.65 -041 -0.76 —1.60
0.08 0.19 0.40 0.61 -032 -028 —-220 —-0.15 110 0.89 0.67 163 -0.41 —-051 -1.85
0.09 019 041 079 -032 -018 -230 —-025 119 093 0.76 1.72 -0.41 -0.47 -1.89
. 074 1112 054 -053 —-041 -1.86 0.17 110 164 119 156 -0.78 —-0.48 —1.59
0.09 019 034 055 —-0.32 -050 —1.98 005 120 093 0.70 166 -041 —-0.81 —-1.55
0.08 0.19 0.40 0.61 -032 -035 -213 —-0.08 110 0.89 0.67 1.63 -0.41 -058 -—-1.78
0.09 019 034 055 —-0.32 -053 —-1.95 0.08 1.18 093 0.68 164 -041 -0.82 -—-1.54

CoOo~NOUR~AWNE
o
o
[e5]

0.06 0.19 0.29 -0.32 —2.48 0.81 0.93 1.24 -0.41 —2.36
10 0.07 0.74 1.05 -0.56 —2.24 101 164 1.99 —-0.83 —1.94
11 0.07 0.81 112 -0.27 —2.53 101 171 2.06 —0.54 —2.23
12 0.07 0.74 1.05 -0.62 —2.18 101 164 1.99 —-0.88 —1.89
13
(P1) 0.07 o081 112 -0.33 —2.47 1.03 1.73 2.08 —0.61 —2.16
(NI) 0.08 0.75 1.06 —0.55 —2.25 1.07 1.70 2.05 —0.86 —1.91

aAll values are in eV. Charge recombination in MTHF takes place too fast for RP intersystem crossing and so all CR is from the singlet RP.
The methods and schemes used to calculate the reorganization energies, denoted by superscripts a, b, and c in the table entries, are provided in the
Supporting Information.
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Figure 2. Femtosecond transient spectra for compo@nd toluene Time (ns)
illustrating through-space electron transfer; inset: kinetic trace of
compound8 at 480 nm. 104 B — «— MeOAN-6ANI-sp-NI (2)
— e+ — MeOAN-6ANI-sp-PI (4)
Redox potentials for all relevant chromophores within com- 0.8 T A AN a1 (6
poundsl—13can be found in Table S1. The electronic spectra
of all NI-containing compounds in toluene, Figure S1, exhibit 0.61
a broad charge transfer (CT) absorption centered near 400 nm < 041
in both toluene and MTHF due to the 6ANI chromophore, and = [ [ % = ThggSely,
a second band displaying vibronic structure at 343, 363, and 0.2
382 nm arising from ar-7* transition of the NI acceptor. The y 4
ground-state absorption maximum of PI occurs at 307 nm and 0.0
overlaps higher energy absorption bands of 6ANI. The charge i
separation and charge recombination free energiedfdr3, 02 0 200 400 600 800 1000
calculated using the spectroscopic method outlined by Greenfield Time (ns)
et al.28 which is based on the Weller’s dielectric continuum _. . o ) .
treatment for the energy of an RP in an arbitrary solvéuats Figure 3. Norm.allzed nanosecond.klnetlc traces at ra_dlcal anion peaks
(480 nm for NI* and 720 nm for P1*) for compounds in toluene, (A)

well as the solvent reorganization energies calculated for the 1 3 5 and7: (B) 2, 4, 6, and8.

various electron-transfer reactions using the Marcus formula-

tion,>* are listed in Table 1. Internal reorganization energies, characteristic of Ni*.5” The inset to Figure 2 shows the transient

A1, calculated from DFT-energy minimized structures of both kinetics at 480 nm. Figure 3 shows the corresponding nano-

the neutral and charged donors and acceptors are given in thesecond transient kinetics fdr-8 in toluene monitoring either

Supporting Information, Table S1. NI~ at 480 nm or P1* at 720 nm. The transient absorption
Figure 2 illustrates the time evolution of the transient spectra kinetics show a single-exponential decay component followed

observed following photoexcitation & in toluene and is by a residual low amplitude absorption which decays on a much

representative of similar data obtained 16r13. At early times longer time scale. This long-lived absorption is due to formation

the transient bleach at 500 nm is due to stimulated emissionof *6ANI in molecules having only a PI acceptor afilll in

from *6ANI and is followed by rapid formation of an absorption those that have a NI accepf§iThe transient absorption kinetics

band at 520 nm due to the formation of MeOAGANI—. The for 1—-13 are summarized in Table 2.

520 nm feature is due principally to MeOAP>56 At longer The data in Figure 4 show the relative triplet yields resulting

times, the 520 nm feature persists and is accompanied byfrom radical ion pair recombination fat—8 in toluene as a

formation of an intense band with maxima at 480 and 610 nm function of applied magnetic field. These MFE plots exhibit
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Figure 4. MFE plots for compounds in toluene: (&)inset: 1; (b) 6, inset: 2; (c) 7, inset: 3; (d) 8, inset: 4. The value of 4 is given by the field
at which the maximum triplet yieldT{To) is achieved.

TABLE 2: Charge Recombination Time Constants and in donor-acceptor electronic coupling to the rate of charge
Toluene and MTHF recombination within these systems. The compounds with
7cr(nS) toluene Ter(PS) MTHF MeOAn donors attached to the 6ANI chromophdte-§) have
1 28 150 2J values within the range measurable by our magnet
2 210 57 (0—1.2 T), but for those where 6ANI serves as the electron
3 18 280 donor (L0—13), the stronger coupling between the radical cation
4 73 53 and radical anion spins results in a short-lived RP and
2 g;o é;o presumably a ST splitting that is much larger than 1.2 T.
; %‘310 %&;0 Discussion
9 5.0 52 In the following discussion, the influence of reaction free
ﬂ 152) %gg energy, reorganization gnerg.y,.and electr.onic coupling on the
12 o1 88 electron-transfer dynamics within the multiple dorarcceptor
13 12 (NI) 250 (NI) arrays 1—8 are examined by focusing on the competition
10 (PI) 250 (PI) between (1) reduction df6ANI by the adjacent MeOAn donor
a 7eq i for recombination from the MeOARGANI- ion pair. and oxidation ofl*GANI by PI or NI acceptors in the primary
charge separation step, (2) secondary charge separation and
TABLE 3: Singlet—Triplet Splitting (2 J) and Full Width at primary RP charge recombination, and (3) through-bond and
Half Maximium of the 2J Distribution for Compounds with through-space charge separation/charge recombination pathways.
MeOAn Donors (0.2 mT) Compound9—13 serve as reference molecules that allow us
2] A2Jrwim 2] A2J5wihm to dissect the contributions of competing electron-transfer
1 48mT 12mT 5  44mT 22 mT processes to the overall charge separation and recombination
2 1mT <1imT 6 <1imT <1lmT within 1—8. The free energies for the electron-transfer reactions
3 66mT 48 mT 7 63mT 48 mT are changed by using acceptors with different reduction
4 219mT  157mT 8 <lmT  <1mT potentials, NI and PI, as well as solvents having different
resonances whose maxima directly give the singiéplet polarities, toluene and MTHF. The doreacceptor electronic

splitting of the RP, 2. The magnitude of 2changes consider-  coupling is altered by changing both the distance and orientation
ably as the electronic coupling between the radical ions within between the donor and acceptor. Scheme 1 outlines the primary
the RPs varies as a function of molecular structure. The valuescharge separation steps and, depending on the compound, either
of 2J measured fod—8 in toluene are listed in Table 3 along the subsequent secondary charge separation step or the charge
with the full width at half-maximum of the resonances. As has recombination of the primary RP far-13, as discussed below.
been discussed previous4’ the strength of the magnetic  Table 1 gives charge recombination time constants for the RPs
superexchange interaction between the spins of the RP, adormed in these systems.

indicated by the position of theJZesonance in the MFE plot, Primary Charge Separation. Following photogeneration of
Figure 4, is a good gauge of the overall contribution of the 6ANI in 1—8, a competition occurs between oxidation of
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SCHEME 1: Primary and Secondary Charge Transfer
Steps for Compounds *+13 in Toluene (Black) and
MTHF (Red)?

0.7 ps 1.3 ps D*-C-A"

o —_ +- -
1 D-C-A 05ps D-C™-A 0.5ps
410 ps D*-C-A
9.8 ps . >
2 DCA 3G, DO > D-C-A
57 ps
. 24 ps A"
3 D-C-A QBL.D“_(:-_A —p+D-CA
10os 4.0 ps
~5ns D*-C-A
4 D-C-A 3.1 ps D*-C-A — D-CA
5 D-C-A1-A2 04ps  ,peraraz O9PS | D'-C-A1-A2
D*-C-A1-A2
0.8 ps
7.1ps 27008 , p*-C-A1-A2
6 D-C-A1-A2 —>—» D*.C-A1-A2 o
1.6 ps (50), 54 ps
6.3 ps (50)
22ps . .
7 D-C-A1-A2 3105 4 prciat.az 222 prc.atAz
1.1ps 4.7 ps
10.6 ps 360 ps _
g D-C-A1-A2 _p_’ D*.C-A1-A2 —* D'-C-A1-A2
1.5 ps (50), > D-C-A1-A2
7.5 ps (50) 53 ps
1.5 ps (30)
o DC 1M4ps(70) .,
1.8 ps (60),
6.2 ps (40) D D
0.7ps .
10 c-a ——— C"-A —
1.5ps
c c
1 Cc-A "‘iﬁ_’ C'-A
11 ps —
1.0 ps . nan A A1
12 C-A1-A2 —— C-A1-A2
0.7 ps
ar —
1.5 ps (30), C™-A1-A2
7.6 ps(70)
13 C-A1-A2 e a—
3.2 ps C -A1-A2°

aD = MeOAn andC = 6ANI andA, A1, andA2 refer to acceptors
in the positions indicated in the diagram.

T"6ANI by NI or Pl and reduction of"6ANI by MeOAnN.
Electron transfer from"6ANI to NI to form MeOAN-6ANI-
NI~ occurs in<1 ps in toluene within MeOAN-6ANI-NI )
and MeOAnN-6ANI-NI-xan-P1 %), as noted by observing the
formation of NI"*, which matches the time constant for charge
separation in the model compound 6ANI-NIQj. Formation

of the initial RP is followed by electron transfer from MeOAnN
to 6ANI™ to yield the final RPs, MeOAfr-6ANI-NI~* (1) and
MeOAN™-6ANI-NI ~*-xan-PI §), in 7cs= 1.3 ps. Measurements
on reference molecul® show that the time constant for the
alternative process MeOAHS6ANI-NI — MeOAN™-6AN| -

NI should be about 11 g¥,which is therefore not kinetically
competitive with the initial reduction of NI by*6ANI. The
Marcus energy gap ld®states that the electron-transfer rate is
fastest wher-AG for the reaction is equal t, the total nuclear
reorganization energy. Calculations &G and A for these

J. Phys. Chem. B, Vol. 108, No. 29, 20040313

must therefore conclude that the errors in our calculations of
AG and/ are too great to predict the observed mechanism in
this case, where one mechanism is not significantly energetically
favored over the other. When the same experiment is carried
out in MTHF, the data for compoundsand5 show that the
formation of MeOAn* and NI* both occur with the same time
constants €1ps), so that both reactions occur simultaneously.
In MTHF, —AG ~ /2 for both mechanisms, so that both
reactions are in the normal region and should have similar rates.

All other compounds2—4 and6—8, show exclusive forma-
tion of MeOAN™-6ANI~ as the initial RP with time constants
given in Scheme 1. This includésand 7 in which 6ANI is
covalently bound directly to Pl using an-NN bond. The
formation of MeOAr-6ANI—* in both3 and7 in toluene occurs
with —AG = 0.32 eV, whereas is only 0.19 eV, Table 1, so
that the reaction lies near the maximum of the Marcus rate vs
free energy profile. On the other hand, the data for reference
moleculell shows that AG = 0.27 for electron transfer from
"6ANI to Pl is comparable to that for the oxidation of MeOAn,
yetA for the reduction of Pl is 0.81 eV, resulting in a relatively
slow rate of PI reduction compared to the rate of MeOAn
oxidation. The energy gap law is therefore most likely respon-
sible for determining whethet'6ANI is either oxidized or
reduced by the adjacent acceptor or donor, respectively, in these
compounds.

Secondary Charge Separation vs Primary RP Recombi-
nation. As discussed abovd, and 5 within the series1—8
generates a primary RP in which 6ANIforms. This implies
that the secondary electron-transfer step for these two molecules
MeOAN-6ANI**-NI~* — MeOAN**-6ANI-NI~* must compete
with charge recombination within MeOAN-6AKHENI~*. For
both 1 and5, the charge shift reaction is more than 10 times
faster than the charge recombination of 6ANNI"*, as
indicated by the data for reference molecdl@ Scheme 1,
leading to a high yield of the distal RP MeOARGANI-NI .

In addition, following photogeneration of the primary RP,
MeOAN**-6ANI~* in 2—4 and6—8, secondary charge separation
from 6ANI~ to the adjacent NI or Pl acceptor competes well
with charge recombination within the primary RP. The data for
reference molecul® in toluene show that the charge recom-
bination reaction, MeOAft-ANI—* — MeOAN-6ANI, occurs
with 7cr = 5 ns. As a consequence of the relatively long lifetime
of this RP in toluene, secondary charge separation from 6ANI
to NI or PI, for2—4 and6—8 in toluene, even for the slowest
case fcs = 410 ps for7), occurs with>90% yield. In contrast,
the secondary electron transfer does not occur at all in MTHF
for the compounds having the dmp spacer between 6ANI and
the acceptor 3, 4, 6, and 8), because it cannot compete
kinetically with charge recombination of the primary RP, which
occurs in 53-57 ps, closely matchingcg = 52 ps for model
compound9. However, the secondary charge shift reaction in
MTHF is competitive with charge recombination of the primary
RP within the compounds in which 6ANI is directly linked to

reactions (see Table 1 and the Supporting Information) show N| or PI via a N-N bond (, 3, 5, and 7). Once again, the

that the reaction MeOAA*6ANI-NI — MeOAN™-6ANI—-NI
in toluene is in the Marcus inverted regionAG = 0.32 eV>
A =0.19 eV), whereas the opposing reaction, MeG26ANI-
NI — MeOAN-6ANI**-NI~*, is in the normal region{AG =
0.53 eV < 1 = 0.74 eV). Neither mechanism is conclusively

slowest time constant for the secondary electron transfer is 4.7
ps (7), which implies that the yield of the secondary RP-80%

in 1, 3, 5, and7. The solvent reorganization energies for the
electron-transfer reactions in these molecules, 0.8<e}s <

1.2 eV, in MTHF € = 6.97% are much larger than those in

favored based on these calculations. However, electronictoluene, 0.06 eV< As < 0.09 eV. In addition, the RP is
coupling is most likely not responsible for the preference to stabilized in the more polar solvent, which makes the charge
reduce NI because, in general, the Pl acceptor, having greaterecombination reaction of MeOAR-6ANI~* lie much further

torsional freedom around the imigénide linkage, is more

in the Marcus inverted region in toluene than in MTHF resulting

strongly coupled to 6ANI than NI (see Table 3 and ref 46). We in a much slower recombination rate in toluene.
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Through-Space vs Through-Bond Electron Transfer.The pathways, plus the equilibrium constant. From model compound
folded donor-acceptor molecule§—8, 12, and 13 offer the 6ANI-PI (11), we know that formation of the radical pair
possibility of competitive through-space electron transfer to a 6ANI**-PI™* occurs in 11 ps in MTHF. This is significantly
second adjacent NI or PI that is part of the folded leg of the slower than the rate of radical anion formatiori®) indicating
xanthene structure. The term “through-space” is meant to that the formation of the radical anion is dominated by a fast
encompass both a direct transfer from 6ANto the distal NI through-space rate. The situation is similar in toluene, though
or Pl as well as a superexchange interaction involving toluene the charge separation i8is biphasic, with a 1.5 ps component
or MTHF positioned between them. We have presented evidence(30%) and a 7.6 ps component (70%). This may represent a
previously implicating aromatic solvents in such an interaction separation of the observed rates into intrinsic rates, but assign-
in related molecule® In both toluene and MTHF, the electron- ment of the components to particular processes is difficult.
transfer dynamics of MeOAN-6ANI-NI-xan-PbYand MeOAN- Again, through comparison with the reference compolhdt
6ANI-PI-xan-NI (7) are very similar to those of the linear model is appears that the dominate electron-transfer pathway is
compounds, MeOANn-6ANI-NIY) and MeOAn-6ANI-PI 8), through-space.

respectively. There is no evidence of through-space electron Charge recombination can also occur via these two pathways,

transfer to the “opposite-side” acceptorsr{Pl) and7 (NI). ~ and therefore, the observed charge recombination rates are
In addition, there is no evidence of a charge shift equilibrium composite rates. In MTHF, both radical anion signals decay in
between NI and PI attached to the xanthene scaffold. 250 ps, which is very similar to the 230 ps time constant

Comparing the results for MeOANn-6ANI-dmp-NI-xan-m) ( observed inll for the decay of PI*. This indicates that the
to those for the linear model compound MeOAN-6ANI-dmp- covalent pathway is the major recombination route. In toluene,
NI (2), the formation of the primary RPs occur with similar however, the recombination time constani8is approximately
time constants, whereas the secondary charge separation fromi1 ns for both anions, which is significantly shorter than the
6ANI~ to NI across the dmp spacer is somewhat faste6for 19 ns recombination time constant seetInThis may indicate
than it is for2. There is no evidence for electron transfer to Pl that a faster through-space recombination pathway is accessible

in any of the electron-transfer dynamics @fln MTHF, the in toluene and not in MTHF. However, the MFE indicates that
primary RP recombines in only 57 and 54 ps6nand 2, covalent pathway must still be important. In compow@dhe
respectively, so that secondary electron transfer to NI does notvalue of 21 decreases sharply as the through-space pathway is
occur. utilized. In compound.3, no magnetic field effect was observed,

The situation is more interesting in the case of MeOAn-6ANI-  indicating that the strongly coupled through-bond pathway is a
dmp-Pl-xan-NI 8) in toluene, where the secondary charge Major component of the overall recombination process.

separation results in formation of Mlwith tcs = 360 ps. In Electronic Coupling. The charge recombination reactions
fact, there is no evidence of formation of P&t any time during within 1—8 take place in a single kinetically resolvable step in
the electron-transfer dynamics leading to MeOAGANI-dmp- both toluene and MTHF. We have shown previously that the

Pl-xan-NI. The corresponding data for model compouhd  overall charge recombination process is dominated by the
shows that electron transfer from 6ANIto Pl across the dmp  electronic coupling matrix element for recombination to the
spacer does in fact occur, albeit slowly withks = 5 ns. Thus, lowest excited triplet state of the system in other compounds
the reduction of NI in8 is more than 10 times faster than the of this type?6 so that that the singlettriplet splitting within
reduction of Pl in4. It is unlikely that the energetically the RP, 3, accurately reflects the relative electronic coupling
accessible MeOA-6ANI-dmp-PI*-xan-NI intermediate isa  for charge recombination. The magnitude od Aepends
precursor to NI reduction because the formation of this exponentially on distance, so that as mentioned earlier, the short
intermediate would be rate limiting, which is not consistent with distances between the RPs generated wahih3result in larger

the observed rapid formation of Nl Thus, the formation of  values of 3 than we can measure. However, values b
NI~ in 8 most likely occurs by through-space electron transfer readily obtained forl—8 in which the distances between the
either directly from 6ANT* to NI or through a superexchange radical ions in the final RPs are a minimum of 13.5 A, Table
interaction involving the orbitals of solvent molecules between S2. The insertion of the dmp spacer between the 6ANI
6ANI~ and NI. The free energy for electron transfer from chromophore and the NI or Pl acceptor greatly increasg$o
6ANI— to NI within 8 is more negative by 0.35 eV than that an average of about 18 A resulting in a sharp decreasé iim 2
for transfer to PI, Table 1. Even though the energetics favor all cases, Table 3. The value ofl oes from 48 mT for
through-space electron transfer from 6ANLo NI in 8, the MeOAN*™-6ANI-NI— (1) to <1 mT for MeOAn™-6ANI-dmp-
electronic coupling matrix element for this process should be NI~ (2) and MeOAn*-6ANI-dmp-NI—*-xan-Pl @), within
smaller than that for through-bond transfer to PIl. Nevertheless, which NI serves as the only acceptor. The value dfdfops

the dominance of electron transfer to NI implies that the from 66 mT for MeOAn*-6ANI-PI— (3) to either 2 or 19 mT
electronic coupling between 6AN1 and NI cannot be signifi- for MeOAN*-6ANI-dmp-Pi (4) depending on the conforma-
cantly smaller, otherwise the free energy advantage for thetion of the 6ANI piperazine ring® The values of2J are

reduction of NI would be canceled out. exquisitely sensitive to changes in RP structure which, in turn,
In the reference compound 6ANI-Pl-xan-N13), spectro- modulate the electronic interaction between the two radical ions.
scopic signatures of both Pland NI are observed. We will  For example, comparing the data fbend3, the larger value

discuss the MTHF case first, where these features develop withof 2J for 3 relative to that ofl most likely results from the
the same time constants= 3.2 ps. Formation of the radical ~ greater torsional freedom of Pl around the imide-imide linkage
anion can occur via two pathways: 1) direct electron transfer With 6ANI as compared to Ni®

through the covalent bonds to form®hknd 2) through-space The values of 2 observed for the MeOAn-NI—* and
electron transfer to form Nt. The electron can then move back MeOAn*™-PI~* RPs within 5—7 are very similar to those
and forth between the NI and PI, resulting in detectable observed in the corresponding linear model compouhe3.
populations of both radical anions. The rate observed is mostThis is reasonable given that the transient kinetic data shows
likely a composite rate consisting of all electron-transfer that the electron transfer rates, RP intermediates, and final RP
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products are essentially the same for a given demaaceptor measurements of the RP singlétiplet splitting, 2], using

array in both the linear serie$;-3, and the folded serie§;-7. magnetic field effects (MFEs) on the yield of triplet states
Once again, MeOAn-6ANI-dmp-PI-xan-N8) proves to be the resulting from radical ion pair recombination. These data were
exception. The value dlJ observed for the MeOAMN-6ANI- used to quantitatively assess the effects of both energetics and
dmp-Pl-xan-Nt* RP within8is < 1 mT, significantly less than  electronic coupling on the electron transfer mechanism. Through-
the 2 or 19 mT interaction observed for MeOAfANI-dmp- space electron transfer was found to be a viable mechanism in

Pl (4) (please see ref 46 for a detailed discussion of this double the U-shaped structures when reduction of the acceptor that is
resonance and an additional MFE plot for this compound), folded back toward the donor is energetically more favorable
consistent with having the electron strongly localized on NI as than reduction of the acceptor directly bonded to the donor.
indicated by the transient absorption data. Future work will focus on developing a better understanding

Structural Effects of the Xanthene Spacer on Electron how residual structural motions, such as rotations about single
Transfer. Finally, it is important to comment on the potential bonds joining the donors and acceptors influence the electron-
effects of single bond rotations within these structures on the transfer reactions, as well as elucidating the role of potential
observed electron-transfer reactions. Attaching the bulky xan- “antennae” in electron-transfer processes, e.g., the alkyl chain
thene-acceptor moiety to the linear doneacceptor segment  attached to the opposite-side acceptor in the xanthene molecules.
containing 6ANI most likely changes the torsional motions of Preliminary rate and coupling measurements suggest that the
the Pl or NI acceptor on the linear segment. This may change alkyl chains may play a role in mediating through-space electron
the electronic coupling matrix elements for the various electron- transfer in these molecules, a result that could clarify long-
transfer reactions, altering the reaction rates. The kinetic datastanding speculation regarding the contribution of the phytyl
in Table 2 show that the presence or absence of the xanthene chain of the bacteriochlorophyll in the initial charge separation
acceptor moiety attached to the linear donacceptor segment ~ events of photosynthesis.
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