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Single-Step Electron Transfer on the Nanometer Scale: Ultra-Fast Charge
Shift in Strongly Coupled Zinc Porphyrin—-Gold Porphyrin Dyads

Jérome Fortage,"”! Julien Boixel,"”! Errol Blart,"” Leif Hammarstrom,*™™!
Hans Christian Becker,*" and Fabrice Odobel*®!

Abstract: The synthesis, electrochemi-
cal properties, and photoinduced elec-
tron transfer processes of a series of
three novel zinc(IT)-gold(III) bispor-
phyrin dyads (ZnP—S—AuP*) are de-
scribed. The systems studied consist of
two trisaryl porphyrins connected di-
rectly in the meso position via an
alkyne unit to fert-(phenylenethyny-
lene) or penta(phenylenethynylene)
spacers. In these dyads, the estimated
center to center interporphyrin separa-
tion distance varies from 32 to 45 A.
The absorption, emission, and electro-
chemical data indicate that there are
strong electronic interactions between
the linked elements, thanks to the
direct attachment of the spacer on the
porphyrin ring through the alkyne unit.
At room temperature in toluene, light
excitation of the zinc porphyrin results

charge shifted state ‘tZnP—S—AuP”,
whose lifetime is in the order of hun-
dreds of picoseconds. In this solvent,
the charge-separated state decays to
the ground state through the inter-
mediate population of the zinc porphy-
rin triplet excited state. Excitation of
the gold porphyrin leads instead to
rapid energy transfer to the triplet ZnP.
In dichloromethane the charge shift re-
actions are even faster, with time con-
stants down to 2 ps, and may be in-
duced also by excitation of the gold
porphyrin. In this latter solvent, the
longest charge-shifted lifetime (7=
2.3 ns) was obtained with the penta-
(phenylenethynylene)  spacer.  The
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charge shift reactions are discussed in
terms of bridge-mediated super-ex-
change mechanisms as electron or hole
transfer. These new bis-porphyrin
arrays, with strong electronic coupling,
represent interesting molecular systems
in which extremely fast and efficient
long-range photoinduced charge shift
occurs over a long distance. The rate
constants are two to three orders of
magnitude larger than for correspond-
ing ZnP—AuP* dyads linked via meso-
phenyl groups to oligo-phenyleneethy-
nylene spacers. This study demon-
strates the critical impact of the attach-
ment position of the spacer on the por-
phyrin on the electron transfer rate,
and this strategy can represent a useful
approach to develop molecular photon-
ic devices for long-range charge separa-
tions.

in almost quantitative formation of the
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Supporting information for this article (synthesis of compounds,
"H NMR spectra of the dyads D1-D3 and of the compounds 25, 27,
29, 31, 32 and 33, spectroelectrochemical data, and additional transi-
ent absorption data) is available on the WWW under http://www.che-
mistry.org or from the author.
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Introduction

The development of molecular systems for long-range
charge separation has attracted considerable attention over
the past decades. One driving force for the growing interest
in this area is the realization that such molecular devices
can be used for a variety of applications, ranging from solar
energy conversion (artificial photosynthesis and photovolta-
ic) to molecular electronics.

Generally, the devices designed for light-induced charge
separation are composed of donors and acceptors covalently
linked via a molecular spacer.””! The development of ap-
propriate spacers to promote electronic coupling is an im-
portant issue from the viewpoint of keeping a high rate of
electron transfer while increasing the distance between the
donor and the acceptor. Extensive theoretical analyses have
been devoted to this problem,[>® but surprisingly there are
few molecular devices for photoinduced charge separation
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that rely on the utilization of long conjugated spacers to
connect the active units. Relevant examples are the para-
(phenylenevinylene) spacers used to connect a tetracene
sensitizer to a pyromellitimide acceptor described by Wasie-
lewski and co-workers.”! More recently the use of a similar
spacer was reported by Guldi and co-workers to prepare
fullerene-based dyads.”

In the present work, we extend a concept that we have
previously reported, which involves anchoring the spacer di-
rectly on the porphyrin core to promote, in a single step, a
long-range photoinduced electron transfer between porphy-
rin units.'*" In a previous investigation, we showed that
the bis-ethynylenequaterthiophene spacer is suitable for
promoting fast energy transfer from a zinc porphyrin to a
free base porphyrin.? We are now interested in testing
whether this concept is appropriate for photoinduced elec-
tron transfer with oligo(phenyleneethynylene) spacers. To
this end, we replaced the free base porphyrin with a gold
porphyrin, because the couple ZnP/AuP* is well suited for
photoinduced charge separation. Pioneering work by Sauv-
age and co-workers!'¥ with elegant rotaxane type architec-
tures, and more recently the groups of Albinsson and co-
workers,|*™ and Fukuzumi and co-workers,”) have shown
that efficient charge separation generally occurs in porphy-
rin arrays composed of zinc and gold porphyrins. Besides
this, the system ZnP—S—AuP* offers the possibility to study
the influence of the electronic properties of the spacer on
the charge separation by photoexcitation of either the zinc
or gold porphyrin, since both are known to bring about a
charge separation. In each case, the role of the spacer can
differ because the rate of the electron transfer, by a through
bond mechanism, is highly dependent on the energy match-
ing and the degree of overlap of the frontier molecular orbi-
tals of the photoexcited chromophore and the spacer.?516]
Furthermore, the utilization of long conjugated spacers

would inevitably cause a decrease of the HOMO-LUMO
gap that would therefore create an accessible m—n* state lo-
calized on the bridge. As a consequence, energy transfer
from the photoexcited porphyrin to the bridge, which is in
close proximity to it, could compete with electron transfer
between the porphyrins. To circumvent this potential para-
site reaction, phenyleneethynylene spacers appear to be
better suited than oligothiophenes if one envisions using
very long spacers. para-(Phenyleneethynylene)s are linear,
relatively rigid m-conjugated molecules, and they exhibit rel-
atively high-lying electronic excited states, even when they
contain a large number of repeating units.!"”!

In this work, para-(phenyleneethynylene)s were substitut-
ed by electron-withdrawing groups such as esters (D1), or
by electron-donating groups such as alkoxy chains (D2, D3)
(Scheme 1). These substituents were used not only to in-
crease the solubility but also to tune the electronic proper-
ties of the bridge.

This paper focuses on the synthesis, and the electrochemi-
cal and photoinduced electron transfer of novel dyads of
particular relevance to the above discussion. We show that
the properties of the dyads D1-D3 are not simple additions
of those of their molecular components, since electronic in-
teractions are clearly manifested in the ground and excited
states. We show that attachment of a para-(phenyleneethy-
nylene) spacer directly on the meso position of the porphy-
rin via a triple bond is an effective strategy to promote very
fast light-induced charge separation in a single step between
the porphyrins, over very long distances up to 45 A. Indeed,
light excitation of the zinc porphyrin in dyads D1-D3 in di-
chloromethane leads to an almost quantitative electron
transfer reaction from ZnP to AuP* on the picosecond time
scale.
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Scheme 1. Structures of the dyads at the focus of the present study.
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Electron Transfer in Porphyrin Dyads

Results and Discussion

Synthesis of the dyads: The preparation of dyads D1-D3
was accomplished according to a stepwise modular approach
in which the appropriate spacer is first linked to a zinc por-
phyrin and then to a gold porphyrin via a Sonogashira cross-
coupling reaction (Scheme 2). The key building blocks for
the synthesis of dyads D1-D3 are the zinc iodo porphyrin 4,
the differently protected bis-ethynyl spacer 18, 23, and 20
and the gold halogeno porphyrin 7, 8 (Scheme 2).

FULL PAPER

quantitative yield.'"”! The iodoporphyrin 3 can be metallated
by zinc in a 94 % yield using classical conditions. Iodo gold
porphyrin 6 was obtained in a modest yield (32%) using
[Au(tht),]SbF, in refluxing chloroform in presence of luti-
dine (tht=tetrahydrothiophene).” The low yield of this re-
action prompted us to test the classical conditions (HAuCl,
in AcOH 4+ AcONa)! but they did not give the expected
porphyrin 6, but a mixture of different decomposition by-
products. Alternatively, the porphyrin 2 could be brominat-
ed with N-bromosuccinimide (NBS) and then submitted to
gold metalation using HAuCl,
in refluxing acetic acid with
sodium acetate. During the re-
action, the bromo group was
partly substituted by a chloro
group, leading to an equimolar
mixture of two porphyrins 7
and 8 in overall 75% yield.
These two porphyrins were not

Ar Ar . separated, but used as a mix-
_| ture in the next step since
their reactivities proved to be
Ph I+  TMS—== =—TIPS + X Ph high with respectp to the next
Sonogashira cross-coupling re-
Ar 4 S 7:X=Br Ar action.
8:X=Cl

Scheme 2. Retrosynthetic strategy for the stepwise synthesis of dyads D1-D3.

Preparation of the porphyrin building blocks: Starting with
the known diaryl porphyrin 1, the third aryl group was intro-
duced according to Senge’s methodology by nucleophilic
substitution of one meso porphyrin proton by an excess of
phenyl lithium (Scheme 3).1%! This procedure presents the
advantage of being simpler than our previous methods!*!?
and offers a high yield for the preparation of trisaryl por-
phyrin 2. The resulting porphyrin 2 is then iodinated using
bis(trifluoroacetoxy)iodobenzene at room temperature in a

Preparation of the spacers:
para-(Phenyleneethynylene)

spacers 19 and 21 were pre-

pared according to the synthetic route reported in

Scheme 4. 1-Ethynyl-4-triisopropylsilylethylenyl benzene 11

was easily obtained through two successive Sonogashira

cross-coupling reactions starting from commercially avail-

able para-iodobromobenzene 9.?? 1-ethynyl-4-trimethylsily-

lethylenyl benzene 14 was synthesized from para-bromoben-

zaldehyde 12 starting with a Sonogashira cross-coupling re-

action with trimethylsilyl acetylene followed by a Corey-

Fuchs reaction with overall 71 % yield.” Dibromoterephtal-

ic acid was esterified with octa-

nol catalyzed by PTSA (para-

Ar toluenesulfonic acid) in 87%

Ar
yield. The last step of the syn-
i) thesis consists of a double stat-
Ph 1 —- Ph 1 .. .

Ar Ar ) istical Sonogashira cross-cou-
}' pling reaction between the bis-
" by 3 Ar \ 4 Ar halogenophenyl units 16 or 17
Ar A Tl and one equivalent of each
\’3 acetylenic derivative 11 and 14.

A A i
Ty T, Ph B . o N The separation of th.e thre.e
products, formed during this
reaction, was easily achieved
Ar 6:X=1 Ar by column chromatography
5 Zé:g and afforded the desired

Scheme 3. Synthesis of the porphyrin building blocks. Reagents and conditions: i) 6 equiv PhLi, THF, —78°C,
then H,O and DDQ (92%); ii) I,, (CF;CO,),IPh, CHCl; (99 %); iii) Zn(OAc),, CH,Cl,, MeOH (94%);
iv) [Au(tht),]SbF,, 2.6-lutidine, CHCl; (38%); v) NBS, CH,Cl,, —20°C to RT. (90%); vi) HAuCl,-3H,0,
NaOAc, CH;CO,H, 120°C (75 %). DDQ =2,3-dichloro-5,6-dicyano-1,4-benzoquinone.
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spacers 18 and 20 in about
50 % isolated yield.

Finally, the preparation of
the long spacer 23 is described
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16 :R= CO2C3H17, X=Br
17:R= OC]2H25, X=1

Scheme 4. Synthesis of the para-tris(phenyleneethynylene) spacers 19 and 21. Reagents and conditions

18: R = COQCgHw, Y=TMS
19:R = C02C8H17, Y=H

. 20: R = OC]szg, Y=TMS
i) 21:R - OC,Hys, Y=H

ix)

: 1) trimethylsilylacetylene, PPh;, Cul, [Pd,(dba);]-

CHCl;, THF, Et;N, iPr,NH, 0°C, 1 h (98 %); ii) triisopropylsilylacetylene, PPhs, Cul, [Pd,(dba);]-CHCl;, THF, Et;N, iPr,NH, 80°C, 1 h (72 %); iii) K,CO;,
MeOH, CH,CL,, RT, 1 h (90%); iv) trimethylsilylacetylene, PPh;, Cul, [Pd,(dba);]-CHCl;, THF, Et;N, iPr,NH, 90°C, 15h (73%); v) CBr,, PPh;, Zn,
CH,Cl,, RT, 15h (100%); vi) LDA, THF, —80°C, '/, h then aqueous NH,CI, RT, 24 h (98 %); vii) n-OctOH, APTS-H,0, toluene, 110°C, 20 h (87 %);
viii) PPh;, Cul, [Pd,(dba);]-CHCL;, THF, Et;N, iPr,NH, 80°C, 24 h (41 % for 18 and 55% for 21); ix) K,CO;, CH,Cl,, MeOH, RT (100 % ).

in Scheme 5. The iodo dimer partner 22 was obtained by the
coupling of 14 with 17 and could be separated from the sym-
metrical trimer which inevitably formed during this reaction.
The elongation of the trimer 21 was then realized by anoth-
er Sonogashira cross-coupling with 22 in 70% yield after
column chromatography.

The trimethylsilyl protecting group of the spacers 18, 20,
and 23 was cleaved with potassium carbonate in a quantita-
tive yield (Scheme 6 and 7).

Assembly of the building blocks: The final steps of the syn-
thesis involve connecting the porphyrins to the spacer in a
stepwise manner. The zinc iodoporphyrin was first coupled

to the spacer, because we observed that the cleavage of the
triisopropylsilyl (TIPS) group in presence of the gold por-
phyrin leads to the formation of by-products, which was not
the case with the zinc porphyrin. Most probably, the nucleo-
philic fluoride anion could react with the electron-deficient
gold porphyrin.?! The zinc iodo porphyrin 4 was therefore
reacted with the appropriate spacer using different catalytic
systems (phosphine ligands such as tBu;P, (oTol);P, AsPh;),
but the best conditions found were essentially those initially
described by Lindsey and co-workers (Scheme 6).>!

The deprotection of the triisopropylsilyl group was carried
out with tetrabutylammonium fluoride, and the resulting
acetylenic derivatives were subjected to the final Sonoga-

OCq2Ha2s OC12H2s
= ) =
C12H250 C12H250
17 14 22
. OC12Hzs OC12Has
n — pr— — — =\
L — — — / \ —_— — - —_
nin g PS—=\N7/7— N\ 7/ — \/ — /7 — /v "
C12H250 Cy2H250
23: Y=TMS
i 24: Y=H

Scheme 5. Synthesis of the spacers 29. Reagents and conditions: i) PPh;, Cul, [Pd,(dba);]-CHCL;, THF, Et;N, iPr,NH, 80°C, 1 h (25%); ii) PPh;, Cul,
[Pd,(dba);]-CHCl,, THF, Et;N, iPr,NH, 80°C, 12 h (70 % ); iii) K,CO;, CH,Cl,, MeOH, RT (100 %).
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Ar
TIPS—____ H+ 1
19 : SPACER=51
21 : SPACER=S2 A
24 : SPACER=S3 r 4
Ar Ar
i)
- Ph =1 |I—=
Ar Ar

Scheme 6. Synthesis of the dyads D1-D3. Reagents and conditions: i) AsPh;, [Pd,(dba);]-CHCIL,, toluene, Et;N,
60°C (19-36%); ii) BuNF, THF, RT (99%); iii) equimolar 7:8, Cul, [Pd(dppf)CL], Et;N, DMEF, 40-60°C

(50%)

shira cross-coupling reaction with the mixture of halogeno-
gold porphyrins 7 and 8. Classical Sonogashira conditions
and Lindsey conditions were not suitable for this coupling
since they did not afford the expected coupled product.!
Such phenomena were previously observed with a gold por-
phyrin substrate by Martensson and co-workers.®® We
found that a [Pd(dppf)Cl,] catalyst (dppf=diphenylphosphi-
noferrocene) with copper iodide in a mixture of triethyla-
mine and dimethylformamide proved to be particularly effi-
cient for this coupling, since the two porphyrins 7 and 8
were completely consumed after 5 h at 50°C and the expect-
ed dyads D1-D3 were formed with 50 % yields. During the
course of this work, Martensson and co-workers reported
that the classical catalyst [Pd,(dba);]—-CH;Cl (dba=trans,-
trans-dibenzylideneacetone) with AsPh; is active for this
type of coupling provided that the polarity of the medium is
sufficiently high to ease the deprotonation of the terminal
alkyne proton.”’® However, these new conditions were not
tested, since they appeared in the literature after the com-
pletion of the synthesis of D1-D3. It is worth noting that
the ester groups of spacer 19 tend to hydrolyze during the
desylilation and the Sonogashira reactions explaining, thus,
the lower yields obtained with the spacer S1.

The spacer-AuP* systems 31-33 were also prepared as
references (Scheme 7). The synthesis of these molecules

TIPS —= — H + X
19: SPACER=81 ~
21 : SPACER=S2 Ar
24 : SPACER=S3

pn D2 SPACER=S2

FULL PAPER

relies on a Sonogashira cross-
coupling reaction of the halo-
genogold porphyrin with the
appropriate spacer S1-S3 using
the proper catalytic conditions

==

: SPACER=81 R=TIPS
: SPACER=81 R=H discussed above (Scheme 7).
Sﬁﬁgggfgg STEPS The porphyrin center-to-
- SPACER=S3, R=TIPS center distance in the dyads
: SPACER=83, R=H

was estimated by molecular
mechanics calculations to be
32 A for D1 and D2 and 45 A
for D3 (see Supporting Infor-
mation for synthetic proce-
dures).

D1: SPACER=81

D3 : SPACER=S83

Electronic absorption spectra:
The UV/Vis absorption spectra
of the dyads D1-D3 along
with those of the zinc and gold
tetraaryl porphyrins are shown
in Figure 1 and 2. Table 1 sum-
marizes the absorption data of the porphyrin systems de-
scribed in this work.

Qualitatively, the spectra of these series of dyads differ
from those of the reference tetraaryl porphyrins ZnTdBPP

[N
|

ex 103/ mlem™

1

00—
300 400 500 600 700
Alnm

Figure 1. UV/Vis absorption spectra of D1-D3 (black, green, red, respec-
tively), along with those of the tetra(3,5-diterbutylphenyl) zinc(II)
(ZnTdBPP; blue) and tetra(3,5-diterbutylphenyl) porphyrin gold(III)
(AuTdBPP*; magenta) recorded in dichloromethane.

TIPS

(acn ) =

31: SPACER=81
Ar 32 : SPACER=S2
Br 33 : SPACER=S3

Scheme 7. Synthesis of the reference porphyrin systems 31-33. Reagents and conditions: i) equimolar mixture of 7 and 8, Cul, [Pd(dppf)CL,], Et;N, DMF,

40-60°C (40%).
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Figure 2. UV/Vis absorption spectrum of D3 (red) along with those of its
components ZnP-S3 (29; black), S3-AuP* (33; blue), and S3 (24; magen-
ta) recorded in dichloromethane.

Table 1. UV/Vis absorption data of the compounds recorded in dichloro-
methane. ZnTdBPP =tetra(3,5-diterbutylphenyl) zinc(II) and
AuTdBPP* =tetra(3,5-diterbutylphenyl)porphyrin gold(III).

Compound Ay, [nm]/e [M~'em™]

S2:20 256 (3.63x10%); 275 (2.14x 10%); 323 (6.98 x 10*); 384
(7.24x10%

ZnP-S2:27 323 (8.01x10%); 380 (6.04 x 10%); 446 (5.04x 10°); 570
(2.34x10%); 620 (4.96x 10%)

AuP-S2:32 320 (4.59x 10%); 384 (5x10%); 424 (1.91x10°); 540
(1.63x10%); 587 (2.22x 10%)

D2 317 (2.52x 10%); 447 (1.86x 10%); 545 (1.12x 10%); 586
(1.69% 10%); 619 (2.18 x10%)
S1:18 268 (3.61 x10%); 326 (4.21 x 10%); 373 (5x 10%)

ZnP-S1: 25 262 (1.2x10%); 323 (1.45x10%); 367 (1.31x 10%); 447
(1.04x10%); 567 (4.8x10%); 620 (1.09 x 10*)

AuP-S1: 31 328 (3.25x 10%); 384 (4.16x10%); 427 (8.9x 10%); 440
(9.84x10%); 543 (1.14 x 10%); 585 (1.56 x 10*)

D1 315 (2.77x10%); 382 (2.93x 10%); 446 (2.29x 10°); 543
(1.28x10%); 582 (2.07x 10%); 620 (2.28 x 0%)

S3:23 314 (2.39x10%; 330 (2.58 x 10%); 398 (4.33 x 10%)

ZnP-$3:29 325 (6.05x 10%); 400 (8.35x10%); 450 (2.97 x 10°); 534
(4.9x10%); 570 (1.36 x 10%); 620 (2.93 x 10%)

AuP-S3:33 330 (5.2x10%); 413 (1.41 x10%); 424 (1.54x10%); 489
(2.65x10%); 542 (1.33x 10%); 590 (1.91 x 10*)

D3 280 (7.39 x 10%); 294 (8.65x 10%); 324 (3.6 x 10%); 427
(1.54x10%); 447 (2.41 x 10%); 545 (1.29x 10%); 586
(2.03x10%; 618 (2.38 x 10%)

ZnTdBPP 423 (3.13x 10°); 550 (1.32x10%); 590 (4.3x 10%)

AuTdBPP* 416 (2.57x10°); 524 (1.26x10%); 564 (shoulder)

and AuTdBPP* by a red-shift of the maximum absorption
positions of the Soret and Q-transitions and a broadening of
the Soret band in particular (Figure 1). The direct attach-
ment of the bridge to the meso-position extends the porphy-
rin ;-conjugation, leading to a lower HOMO-LUMO gap
and bathochromic absorption shifts. Interaction with the
spacer in the ZnP-SX and AuP-SX mono-porphyrinic com-
pounds broadens the Soret band, presumably by splitting
the degeneracy of the x- and y-transitions as observed for
other meso-ethynyl substituted porphyrins.”'"'>272 The ab-
sorption spectra of the dyads above 400 nm are in good
agreement with a sum of the ZnP—SX and AuP—SX compo-
nents, indicating that the spectrum is not strongly affected
by inter-porphyrin interactions. Also, the length of the
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spacer and the nature of its substituents (alkoxy or ester)
have little effect on the electronic transitions of the porphy-
rin, since the spectra of all three dyads are quite similar in
the Soret and Q-bands regions (Figure 1). This indicates
that the average conjugation length of the phenyleneethyny-
lene in the ground state is not longer than three ethynylphe-
nylene units. It is important to note that the spacer unit of
all the dyads D1-D3 show m—n* absorptions that are blue-
shifted relative to the Soret band of the zinc and gold por-
phyrins (Table 1). This characteristic eliminates the risk of
energy transfer from the porphyrin to the spacer.

Electrochemistry: The half-wave redox potentials were de-
termined by square-wave voltammetry (frequency 15 Hz) in
dichloromethane and they are collected in Table 2.

Table 2. Redox potentials of the compounds prepared for this study. The
electrochemistry was recorded in dichloromethane with 0.15m of
Bu,NPF; as supporting electrolyte and all potentials are reported versus
the saturated calomel electrode (SCE). When limiting values are given
the process occurred outside the limit of the electroactivity of the electro-
lyte in our conditions.

ZnP*/  ZnP**/  S*/S AuP*/  AuP/  S/S”

ZnP ZnP* [V] AuP’ AuP~ [V]

[V] (V] [V] [V]
S1: 18 >1.6 -1.39
ZnP-S1: 25 0.77 1.20 >1.5 <-13
AuP-S1: 31 >1.5 —0.56 —1.06 <-14
D1 0.76 1.16 >1.5 —0.58 —1.05 —1.28
S2:20 1.30 <-1.6
ZnP-S2: 27 0.76 1.18 1.32 <-13
AuP-S2: 32 1.34 —0.56 —1.08 <-14
D2 0.74 1.18 >1.4 —0.58 —1.05
S3:23 1.26 <-1.6
ZnP-S3: 29 0.73 1.14 1.27 <-15
AuP-S3: 33 1.28 -0.57 —1.06 <-15
D3 0.74 1.14 1.30 —0.56 -1.05 <-15
AuP ref —0.59 —1.15
ZnP ref 0.68 1.03

The zinc porphyrin unit of all new compounds exhibits
two oxidation processes that are located around 0.75 V and
1.16 V, respectively. They correspond to the formation of
the radical cation and dication on the m-porphyrin ring.”’]
The gold porphyrin unit displays a first metal-based reduc-
tion at around —0.6 V followed by a porphyrin-based reduc-
tion around —1.1 V. The spacers $2 and S$3 bearing the
alkoxy substituents are relatively electron-rich and display
similar potentials for oxidation around 1.3V (Table 2),
while their reductions occurred outside the solvent electro-
activity window. Conversely, the more electron-deficient
spacer S1 could not be oxidized below 1.6 V, while its poten-
tial for reduction could be determined as —1.39 V. Com-
pared to the tetraaryl porphyrins the attachment of the
spacer induces an increase of both zinc porphyrin potentials
and the second potential of the gold porphyrin. The poten-
tials for oxidation of the spacers in dyads D2 and D3 are
also anodically shifted by 40 mV compared to the isolated
bridges 20 and 23. These results are consistent with a stabili-
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zation of the HOMO and LUMO orbitals of the porphyrin
and of the spacers, which is caused by the extended m-conju-
gation between the spacer and the porphyrins. On the other
hand, the negligible shift of the first reduction potential of
the gold porphyrin is in agreement with a metal-based pro-
cess that is naturally less affected by the appended bridge.*”)

Steady-state fluorescence spectroscopy: The steady-state
fluorescence spectra of the dyads D1-D3 and the parent
compounds ZnP-Spacer 25, 27, and 29 were recorded with
identical absorbance at the maximum absorption Q-band of
the zinc porphyrin.

Both the fluorescence and phosphorenscence spectra are
red shifted in the compounds with the spacer attached, com-
pared to zinc and gold tetraaryl porphyrins, in analogy to
the absorption spectra. Again, the number of ethynylpheny-
lene units and the nature of the substituents on the spacer
play a minor role on the energy of the excited state of the
porphyrin units. The zinc porphyrin phosphorescence maxi-
mum could not be clearly determined and the triplet energy
was estimated to lie 0.46 eV below the corresponding sin-
glet, as for zinc tetraaryl porphyrin. It is noteworthy that the
zinc porphyrin fluorescence in all the dyads D1-D3, is
almost completely quenched by the appended gold porphy-
rin independently of the interporphyrin separation distance
(Table 3). In the current dyads, the fluorescence quenching
of ZnP originates from intramolecular electron transfer with
the gold porphyrin (see below).

Table 3. Emission characteristics of the porphyrins.

Aem(’ ZnP¥) Em(l ZnP¥) 'lem(SMP*) Eon(BMP*) q)em[e]
[nm][“] [eV][b] [nm] [e] [eV][d]
ZnP-S1:25 635, 689 1.97 n.d. .sp
AuP-S1: 31 768 1.61
D1 634, 691 1.97 0.01
ZnP-S2:27 636, 687 1.97 n.d. s
AuP-S2: 32 768 1.61
D2 634, 687 1.97 0.02
ZnP-S3:29 634, 687 1.97 n.d. @.sn
AuP-S3: 33 769 1.61
D3 633, 686 1.97 0.04
AuP ref. 1.821el
ZnP ref. 600, 650 2.10 1.641!

[a] Recorded in dichloromethane at room temperature. [b] Determined
from the average of the 0-0 band maxima for absorption and fluores-
cence. [c] Recorded in ethanol (ZnP) and 2-methyl THF (AuP*) at 77 K.
[d] Determined from the phosphorescence band maximum recorded at
77 K. [e] ®.r,: ZnP fluorescence yield in the dyad relative to that of the
parent ZnP-SX, in dichloromethane at room temperature. [f] Estimated
(see text). [g] From Ref. [13a]

Calculation of the reaction free energy for photoinduced
charge separation in the dyads: The redox potentials along
with the emission data allow for the determination of the
free energy changes of the photoinduced electron transfer
from the zinc porphyrin singlet excited state to the gold por-
phyrin (AG®,,), of the photoinduced hole transfer from the
gold porphyrin triplet excited-state to the zinc porphyrin
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(AG®y), and finally of the subsequent back electron transfer
to reform the ground state reactants (AG®,) As these are
charge shift reactions with one uncharged unit in both the
reactant and product states, the simplified Rehm-Weller
equation (Equations (1)-(3)) could be used (the columbic
interaction term equals zero).!

AG°p; = e(E(ZnP* /ZnP)—E’(AuP* / AuP)—Ey('ZnP))

1)
AG 41 = e(E*(ZnP" /ZnP)—E’(AuP" /AuP)—Ey(* AuP™))

@)
AGger = e(E°(AuP' /AuP)—E*(ZnP* /ZnP)) (3)

Also, the driving force should be independent of solvent po-
larity for an ideal system in a dielectric continuum, with
compensatory charge redistributions on the two porphyrin
units. In practice, there may be small differences due to dif-
ferences in solvation of the ZnP*+" and AuP*" species.””

Time-resolved fluorescence: The fluorescence decays of
ZnP references and ZnP/AuP™* dyads were recorded using a
streak camera/spectrograph combination (Hamamatsu,
<5 ps fwhm) and 400 nm, 100 fs excitation pulses (see Fig-
ure S20 in the Supporting Information). Excitation with
620 nm light yielded the same ZnP lifetimes, but because of
the small Stokes shift scattered light contaminated the
decays. The fluorescence lifetimes are summarized in
Table 5. It should be noted that the measured lifetimes for

Table 4. Free energy for electron transfer, hole transfer, and back elec-
tron transfer in the dyads D1-D3, calculated from Equations (1)—(3).

Dyad AG°gr AG°yr AG gy
[eV] [eV] [eV]
D1 —0.63 —0.28 -1.34
D2 —0.65 -0.29 -1.32
D3 —0.67 —0.31 -1.30

dyads D1 and D2 are comparable to the instrument
FWHM, and may possibly be shorter (see transient absorp-
tion results below). Compared to the ZnP—SX references,
the ZnP emission lifetime in the dyads is strongly reduced
in both toluene and dichloromethane. This is consistent with
the low relative emission yields in Table 3. A minor compo-
nent of longer-lived emission is also present, which we tenta-
tively attribute to small quantities of ZnP lacking the AuP
moiety remaining after purification, or having formed
during irradiation. By combining the fluorescence yield and
lifetime data we can conclude that the level of fluorescent
impurity is <2 % in all dyads.

Femtosecond transient absorption spectroscopy: Transient
spectra after Q-band excitation of the reference compounds
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ZnP—S1 and S1—AuP in toluene and dichloromethane are
shown in Figure 3. The spectra for the other references are
virtually identical to those shown, and the dynamics are

3 —— 1000 ps

-50x107° — L _50x107

— 40

= 20

vv

I~ -80

-40x10”° - T -100x10"
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Figure 3. Transient absorption spectra of ZnP-S1 (top) and AuP-S1
(bottom) in toluene (left) and dichloromethane (right). The pump wave-
length was 620 nm for ZnP-S1 and 580 nm for AuP-S1.

very similar. The initially populated 'AuP™ state of gold por-
phyrins is known to convert to the lowest >AuP™ state on a
sub-picosecond time scale.>* We observe small-amplitude
dynamics on the time scale of a few picoseconds for both
the 'ZnP and *AuP states, tentatively attributed to vibration-
al and solvent relaxation, but apart from this, the transient
spectra decay cleanly. As is typical for Zn-porphyrins, the
main decay pathway of the ZnP singlet excited state is inter-
system crossing to the long-lived (> 10 ns) ZnP triplet with
an observed singlet lifetime of around 2ns. The Q-band
bleaches are distinctly different for the two chromophores,
with bleach minima at approximately 565 and 620 nm for
ZnP-S1 and at 545 and 585 nm for S1—-AuP*. Also the
Soret bleach occurs at somewhat shorter wavelengths for
the AuP chromophore. These signatures are useful for inter-
preting the transient spectra of the dyads below. In line with
the thermodynamics for charge and energy transfer, there
are no indications that the bridge is involved in any electron
or energy transfer reactions in these reference compounds.
Interestingly, the *AuP state is significantly more long-lived
(7-10 ns) in toluene than in dichloromethane (/2 ns). Also,
the magnitude of transient absorption above 600 nm is much
larger compared to the other features in dichloromethane
than in toluene, which was seen also in the dyads below.

In the dyads D1-D3, we observe multi-exponential transi-
ent absorption kinetics following excitation of the ZnP unit
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as well as the AuP™ unit, both in toluene and dichlorome-
thane. We analyzed the transient absorption data using a
global fitting strategy. The wavelengths were chosen to rep-
resent significant spectral features in the bleaching and ex-
cited state absorption regions, and to minimize contributions
from the solvent. Light-induced electron transfer from the
!ZnP unit and hole transfer from the *AuP* unit were ob-
served, both leading to the charge-shifted (CSh) product
ZnP*—SX—AuP", as well as subsequent back electron trans-
fer. Kinetic data for these processes are summarized in
Table 6.

Table 5. Fluorescence lifetimes of dyads D1-D3 and the corresponding
ZnP-SX references.

Dyad Solvent 7; [ps] (t; ZnP-SX)
D1 CH,Cl, 7 (1800)

D1 toluene 3 (1800)

D2 CH,Cl, 6 (1800)

D2 toluene 7 (1800)

D3 CH,Cl, 40 (1600)

D3 toluene 390 (1600)

To estimate the expected transient spectrum of the ZnP'*
—SX—AuP’ state, spectroelectrochemistry difference spectra
for oxidation of ZnP—SX and reduction of SX—AuP* were
recorded (see Figure S21 in the Supporting Information).
These show mainly bleaching of the ZnP and AuP* absorp-
tions. Some new, broad absorption bands appear, due
mainly to the ZnP't species around 480 and 690 nm, but
also a narrow difference absorption feature around 460 nm
due to the formation of AuP’. These additional absorption
features are very similar to the excited state features, which
is typical for this type of porphyrin.'®) However, inspection
of the transient absorption decays reveal the formation of
intermediates in the dyads. The spectral changes in the
Soret- and Q-band regions show that the intermediate in
both ET and HT pathways involves the porphyrin moiety
that was not excited (ZnP for HT, AuP* for ET pathways).
Moreover, the ET intermediate has a transient absorption
around 460 nm that is somewhat blue-shifted compared to
any of the locally excited states observed, consistent with
the CSh state spectrum. Finally, comparison with 'ZnP emis-
sion lifetimes allows us to kinetically identify the ET pro-
cess. Transient absorption traces for D1 ZnP and AuP exci-
tation are shown in Figure 4, and the associated transient
absorption spectra in Figure 5. Additional data is shown in
the Supporting Information.

ZnP excitation—high polarity: Electron transfer can be ach-
ieved with high selectivity by exciting the ZnP moiety at
620 nm. Careful analysis of the transients obtained for dyads
D1 and D2 reveals the formation of an intermediate, attrib-
utable to the CSh state, with a time constant of 2 ps for both
dyads, similar to that for the fluorescence decay (see also
Figure S20 in the Supporting Information). The somewhat
slower kinetics deduced from the fluorescence experiments
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Figure 4. Transient absorption decays for D1. Top traces are for excita-
tion of the ZnP unit (620 nm pump), lower traces are for excitation of
predominantly the AuP™ unit (580 nm pump), left traces are in toluene,
right traces in dichloromethane. Violet: 422 nm blue: 440 nm, dark green
(toluene only): 465 nm, light green: 490 nm, red: 690 nm. Solid lines are
best global bi- or triexponential fits to multiple wavelengths. See Sup-
porting Information for corresponding traces for D2 and D3.

can be attributed to the limited temporal resolution of the
streak camera. The Soret band bleach recovers partially on
this time scale, as expected from the spectral differences of
the 'ZnP and ZnP'* species. On the blue side, however,
there is no recovery because also the AuP?* transition be-
comes bleached. Also at the AuP* Q-band positions a fur-
ther bleaching appears. Concomitantly, the absorption fea-
ture around 470 nm blue-shifts, and a weak but significant
absorption increase is seen at 690 nm, all consistent with for-
mation of the charge-shifted state. Subsequently, the transi-
ent features of the CSh state decay with time constants of
90 ps (D1) and 80 ps (D2), consistent with back electron
transfer to reform the ground state reactants. In addition we
observe a residual 2-3 ns transient, with a spectrum resem-
bling that of the ZnP triplet, although the lifetime is shorter
than expected. The photostability is lower in dichlorome-
thane than in toluene (see below), and the presence of the
nanosecond component can be due to degradation. We note
that the degree of fluorescent ZnP impurity in the freshly
prepared solutions was very low (see above) and cannot ac-
count for these signals. Finally, also in the longer dyad D3
we observe very rapid ET with a time constant of 90 ps, in
this case over a 45 A center-to-center distance. The subse-
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Figure 5. Transient absorption spectra for D1. Top spectra are for excita-
tion of the ZnP unit (620 nm pump), lower spectra are for excitation of
predominantly the AuP™ unit (580 nm pump), left spectra are in toluene,
right spectra in dichloromethane. Black: —10 ps, light blue: 0.6 ps, vio-
let:5 ps, green:50 ps, red: 500 ps. The 0.6 ps spectrum is chirp-corrected.
See Supporting Information for corresponding spectra for D2 and D3.

quent back electron transfer is slower, with a time constant
of 2.1 ns.

ZnP excitation—low polarity: The results obtained with se-
lective ZnP excitation in toluene are initially very similar to
those in dichloromethane. Thus, an intermediate attributable
to the CSh state is formed with approximately the same
time constant as the fluorescence decay, namely 8 ps for D1,
and 7 ps for D2. This is only slightly slower than in the more
polar solvent. For the subsequent back electron transfer the
results are instead qualitatively quite different. The CSh
state disappears with time constants of 240 ps (D1) and
130 ps (D2), but the product has the clear spectral character-
istics of the *ZnP state and shows no decay on the time
scale of experiment (6 ns). The rise and decay behavior of
the signal at 440 nm (Figure 4, top left panel) illustrates
clearly the dynamics of the reaction sequence 'ZnP — CSh
— *ZnP, showing that the triplet is indeed formed via the
CSh state. By comparison of the 'ZnP—ZnP absorption dif-
ference in the dyad and the reference ZnP—SX, we conclude
that the *ZnP formation is approximately quantitative. Thus
the rate of back electron transfer to form the ground state is
much slower than the observed reaction leading to the trip-
let state, and much slower than the back electron transfer in
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dichloromethane. Formation of a long-lived *ZnP state is ob-
viously direct evidence that this state is lower in energy than
the CSh state, at least in toluene. In the dyad D3 the ET re-
action is somewhat slower, with a time constant of 370 ps,
similar to the fluorescence decay time. As for D1 and D2
this is about four times slower than the corresponding pro-
cess in dichloromethane. The lifetime of the CSh state in D3
is also comparatively long, around 12 ns. In contrast to the
shorter dyads, back electron transfer seems to reform both
the ground state and the *ZnP state in ratio of approximate-
ly 2:1 (judging from the *ZnP signal amplitude).

AuP™ excitation—high polarity: Although not as selective
as ZnP excitation, pumping at 590 nm predominantly targets
AuP?. This is expected to result in HT from the excited
AuP™ to ZnP. Since the singlet excited !AuP* undergoes in-
tersystem crossing in a few hundred femtoseconds,*! the
HT rates cannot be determined by our fluorescence meas-
urements. Fortunately, the transient absorption spectra of
D1 show the decay of *AuP™* and formation of an intermedi-
ate species with time constants of 2 ps in both cases, fol-
lowed by its disappearance with time a constant of 170 ps.
The identification of the intermediate as the CSh based on
spectral changes is less obvious than with ZnP excitation,
partly because the less selective excitation gives some ZnP
bleach features already from the beginning. Nevertheless,
the blue shift of the 460 nm absorption is seen. As we ob-
serve almost total reformation of the ground state much
faster than in the SX—AuP™ reference, the dynamics cannot
be explained solely by the fraction of ZnP-excited dyads.
Also the faster kinetics compared to the reference shows
that the reaction of the AuP*-excited dyad involves the
ZnP moiety. Finally, this intermediate is observed only in
the dyads, it is spectrally different from the ZnP triplet, and
the spectra at 20-50 ps are identical to those obtained with
ZnP excitation. Thus we assign it to the CSh state formed
by HT from *AuP*. The decay traces on the >100 ps time
scale are very similar to those after 620 nm excitation, show-
ing that back electron transfer is rather independent on
whether the CSh state was formed from a singlet or triplet
excited state (see below). Also, the residual 2-3 ns transient,
attributed to partial decomposition, appears just as upon
620 nm excitation above.

In contrast, for D2 and D3 we see only small transient
amplitude changes with a 2 ps (D2) or 23 ps (D3) time con-
stant, at least partially due to the fraction of ZnP excitation,
but no clear evidence for a CSh state formed from *AuP™.
Instead the spectrum is very similar to the initial *AuP*
state and decays with a time constant of about 2 ns, very
close to the life time of the SX—AuP™ reference. We see
substantial degradation of these dyads with electron-rich
bridges during measurements with 590 nm excitation in di-
chloromethane. Thus, we cannot determine the HT time
constants in these cases.

AuP* excitation—low polarity: In toluene the *AuP* is con-
verted to the ZnP state with a time constant of 170 ps (D1)
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or 130 ps (D2). As in dichloromethane, some dynamics due
to ZnP excitation were also observed, but no other inter-
mediates were observed. The magnitude of the *ZnP signal
formed is consistent with quantitative, direct triplet energy
transfer from *AuP™* to ZnP.

In contrast, no energy transfer is observed in the long
dyad D3 in toluene. Only small amplitude dynamics with a
roughly 400 ps time constant was observed, attributable to
ET from the fraction of 'ZnP created. The main transient
appears to be due to the *AuP* state decaying with a life-
time of several nanoseconds as in the SX—AuP* reference.

Discussion of the of charge shift processes: A simplified
state energy diagram is given in Figure 6. Formation of the
CSh state in dichloromethane is an exergonic process both

197 eV 5 o

161 eV, » EmmCT(to)

1.51 eV 3z,p

LY crpem)

Figure 6. Energies of the excited and charge-shifted states in toluene (tol)
and dichloromethane (DCM).

via ET and HT mechanisms, and the *ZnP state clearly lies
above the CSh state. From the discussion around the data in
Table 4 one would expect the energetic situation to be very
similar in toluene, and it has even been reported that the
CSh states of ZnP—AuP* dyads are stabilized in non-polar
solvents.’” In contrast, we see back electron transfer in tolu-
ene that quantitatively forms the *ZnP state. Thus the CSh
state must lie at least 0.2V higher in toluene than in di-
chloromethane. The reason could possibly be ion pairing of
the AuP?* in toluene so that the effective charge actually in-
creases upon reduction, which would decrease the reduction
potential. As the *ZnP state is estimated to lie only
100 meV below the AuP* state, the lack of HT from the
latter in toluene may be because the process has a very
weak driving force or is even endergonic.

The very rapid ET and HT processes over several nano-
meters are remarkable and they are clearly mediated by the
bridge. In the super-exchange mechanism virtual states in-
volving the bridge increase the electronic coupling.>51%
This can involve either the HOMO or LUMO of the bridge,

Table 6. Time constants from transient absorption experiments. Note
that the main product of back electron transfer in toluene is the *ZnP
state, while it is the ground state in dichloromethane.

Dyad Solvent ZnP excitation AuP* excitation
TET TBET THT TBET
[ps] [ps] [ps] [ps]

D1 CH,Cl, 2 80 2 170

D1 toluene 8 240 (1701

D2 CH,Cl, 2 90 [b] [b]

D2 toluene 7 130 (13012

D3 CH,Cl, 85 2100 [b] [b]

D3 toluene 370 ~12000 [b] [b]

[a] Time constant for excitation energy transfer from *AuP?* to *ZnP.
[b] Not observed (see text).
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thus defining HT and ET, respectively. Figure 7 shows a rela-
tive orbital energy diagram involving the bridges. This is
based on the pairing theorem, stating that the HOMO-

0.34-0.39 eV II s =% S3§f
LUMO — 0.97-1.02 eV
2.88 eV
1.97 eV A
1.61 eV
3.05 eV 30eV
HOMO ——,
0.54-0.74 eV 111 3 %—
92, 0.27-0.47 eV
ZnP S AuP

Figure 7. Relative orbital energy diagram of the donor, bridge, and ac-
ceptor calculated from redox data in dichloromethane and corresponding
E, values.

LUMO energy difference of an organic molecule is equal to
the first excitation energy.” Thus, for each porphyrin and
bridge unit the relative energy for either the HOMO or
LUMO is given by the potential for either the first oxidation
or first reduction. The other frontier orbital energy is then
given by adding or subtracting the singlet excitation energy.
This is an approximate procedure, used before for ZnP—
AuP* dyads.'**! The electrochemical potentials give equilib-
rium free energy differences for relaxed states, while virtual
bridge states are never populated and the relevant energy
should be for the geometry of the neutral bridge. Neverthe-
less, the diagram should be useful to discuss the differences
between the dyads and the different processes. First, the dia-
gram shows that charge shift via electron or hole hopping
onto the bridge is unlikely, as the bridge states lie approxi-
mately 0.3-0.4 eV higher in energy than the electron and
hole donor states. Indeed, we measured the activation
energy of ET in D3 in dichloromethane, where the energet-
ics are most in favor of hopping. From the fluorescence life-
time at temperatures between 7 and 34°C we calculate the
activation energy to be very small, only 0.028 eV, which is
clearly too low for a hopping mechanism. Since the shorter
links disfavor hopping we can conclusively say that ET
occurs via superexchange in D1-D3, and that this probably
also holds for HT in D1.

For a single-step reaction such as these the rate constant
(kgr) should follow a Marcus equation for non-adiabatic
electron transfer,®* as given in Equation (4), where A is the
reorganization energy and V), the electronic coupling. The
coupling is mediated by the bridge, and is inversely propor-
tional to the energy difference between the donor and
bridge states.>>51°

4m? —(AG® + 1)?
Kpp = ——0 1y, [Pex (7) 4
= i T P T kT @
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The estimated ZnP-bridge LUMO gap in the present series
varies only from 0.34 to 0.39 eV between the electron-rich
and electron-deficient bridges (Figure 8). This can explain
why we observed no difference for ET in D1 and D2. Also
the AuP*-bridge HOMO gaps are similar, and is in fact
largest in D1 where we did observe a very rapid HT. Thus,
in the absence of sample decomposition and parallel excita-
tion of the ZnP unit, we would have expected to observe a
similarly rapid HT process in D2.

We estimate the reorganization energy two ways. First, it
is given by Equation (5),* where we take the inner reor-
ganization energy A, to be 0.2 eV.[13-d-620]

e 1 1 1 1 1
A=ditd, ZMMO(m*m*m)(W*g)
Q)

For the dyads D1-D3, using R,=R,=4.8 A, R.-=33 A for
D1 and D2, and R-=45 A for D3, in dichloromethane we
estimate the total reorganization energy to be about 1.2 eV.
For the charge shift via the ET mechanism in D3, AG’=
—0.67 eV. From these values we predict an activation energy
of 58 meV, which is close to the observed value of 28 meV
above. Starting instead from the experimental activation
energy and driving force, Equation (4) gives a value of A=
1.0 eV Using the value of 28 meV in Equation (4) we esti-
mate the electronic coupling to be about 150 cm™ for ET in
D1 and D2, and about 20 cm ™' in D3.

It may be surprising that the rates of ET and HT for D1
in dichloromethane are very similar, as the driving force for
HT is much smaller, AG’°=—0.28 eV. The close similarity in
rate is however typical for ZnP—AuP* dyads."™® As the reor-
ganization energy is not expected to be significantly differ-
ent for ET and HT, this implies that a stronger electronic
coupling for the HT process compensates for the smaller
driving force. However, the origin of stronger coupling is
not easily rationalized by inspection of frontier orbitals, (see
Ref. [14b]). With 1=1.0-1.2eV the predicted activation
energy for HT is 0.13-0.18 eV, and Equation (4) implies a
coupling that is four to ten times that for ET. While this is
not impossible, we note that already the coupling strength
estimated for ET puts this reaction on the limit of an adia-
batic reaction. For a solvent-controlled adiabatic electron
transfer reaction the pre-exponential factor of Equation (4)
should be replaced by (16mk,T/A)"*/r;, which for A~1.0 eV
at room temperature becomes ~1/7;.[*! Thus, the reaction
rate is then controlled by the longitudinal relaxation time of
the solvent rather than by the electronic coupling. We note
that the time constants for ET and HT in D1 are very close
to the solvent relaxation times obtained by dynamic Stokes
shift measurement: <7 >=0.56 ps for dichloromethane and
<1>=2.72ps for toluene.’ Finally, the rapid ET and HT
reactions in D1 and D2 occur on a time scale comparable to
relaxation observed in the reference compounds. To con-
clude, Equation (4) may not be perfectly valid in these
cases, which may explain why the difference in driving force
for ET and HT does not result in significantly different rates.
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With this in mind, the somewhat slower ET in toluene
than in dichloromethane could be due to slower solvent dy-
namics, and/or due to a higher free energy of activation. The
reorganization energy should be very small in toluene as n’
~ £ ([Eq. (2)]) so that ET occurs in the Marcus inverted
region, but at the same time the driving force is smaller
than in dichloromethane. We can not estimate these param-
eters for toluene with meaningful precision, but as the acti-
vation energy is very small in dichloromethane it is likely to
be higher in toluene.

Back electron transfer (BET) is much slower than solvent
controlled and should follow the non-adiabatic Equation (4).
It is slower in toluene than in dichloromethane, and as the
main product is *ZnP, BET to the ground state is even
slower. This is most readily explained by the low reorganiza-
tion energy in toluene that puts BET to the ground state far
into the inverted region. In dichloromethane instead BET to
the ground state should be near activationless, based on the
parameter estimates above. BET to form a triplet excited
chromophore is a phenomenon observed also in photosyn-
thetic reaction centers, and it has been investigated and suc-
cessfully exploited in a series of papers by Wasielewski and
coworkers.™” This opens up the possibility of controlling the
product formation, and also the lifetime, of the product,
using the polarity of the medium in which the photoinduced
reaction takes place. One application could be to use the
long-lived ZnP triplet as a reservoir for photon energy if the
energy levels can be tuned so that the triplet-charge-shift
gap is small. Unfortunately, the solubilities of the dyads pre-
clude a more comprehensive investigation of the solvent de-
pendence in the present dyads.

While ET would result in a singlet CSh state, HT from
SAuP* should form the corresponding triplet state. While
the subsequent BET in D1 is somewhat slower upon AuP*
excitation (170 ps, versus 80 ps after ZnP excitation) the dif-
ference is not dramatic and given the complexity of data
analysis perhaps not significant. Thus, it seems that the pres-
ence of the heavy gold ion induces sufficient singlet-triplet
mixing in the CSh state to make spin effects negligible, as
has been observed before.

It is further interesting to compare the rate constants for
ET and back electron transfer (BET) in this strongly cou-
pled system with data from other ZnP—AuP* dyads. The
rate constant for ET in D1-D3 is 20-40 times larger than for
BET, which is a favorable property for efficient and yet
long-lived photoinduced charge separation, and is a long-
standing target of artificial photosynthesis. These values
seems to be typical for a range of published ZnP-AuP*
dyads with very different bridges and geometries, which all
give a kgy/kppr ratio of 10-100."%'4 The strong coupling ob-
tained by direct coupling of the ethynyl group to the por-
phyrin meso-position obviously gives a similar effect for the
excited state ET and HT reaction as for the ground state
BET.

Albinsson and co-workers have made extensive, quantita-
tive investigations of bridge-mediated electron transfer in
bis-porphyrins.*'*l In Figure 8 we plot the rate constants for
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Figure 8. Distance dependence for ET and BET in the present dyads (cir-
cles) and those of reference [14b] (squares). Solid lines are best linear
fits, with slopes (-f) of —0.31 (ET) and —0.39 (BET). Filled symbols: ET
from 'ZnP to AuP™; open symbols: BET from the charge shifted state to
form the ground state. Dashed lines are a visual aid.

ET and BET as a function of distance in a series of ZnP—
AuP™ dyads, linked by oligo-ethynylphenylene bridges via a
meso-phenyl group of the porphyrins.'*! For comparison,
we also plot our data for the present series of dyads in di-
chloromethane. The important structural difference between
the series is that D1-D3 are linked with an ethynyl group di-
rectly on the porphyrin core. The effect on the observed
rate is dramatic, with rates three orders of magnitude larger
for both ET and BET in D1-D3. As Albinsson and co-work-
ers estimated activation energies very similar to ours, the
effect is due to a much stronger electronic coupling in our
dyads. Rotation of the cylindrically symmetric mt-system of
polyethynyls should not alter the electronic coupling. Thus,
the main mechanism for reducing the coupling in oligo-ethy-
nylphenylenes is probably rotation of the phenyls. If we
compare data for dyads of the two series in Figure 8 that
have the same number of phenyl groups between the por-
pyrin cores (that is, D1 and D2 with the points at 26.5 A in
the lower series, and D3 with the points at 40.3 A) we still
find that the rates are about two orders of magnitude higher
in D1-D3. A possible rationale for this is the hindered rota-
tion of meso-phenyl groups in the weakly coupled system,
which for steric reasons prefer to be oriented orthogonally
to the porphyrin plane.!*°l This is probably the main de-
coupling factor as rotation of the other phenyls should be
unhindered. It is obvious from the perturbed ground state
properties that the direct ethynyl link couples the bridge
very strongly to the porphyrin, and the excited and radical
states are most likely partially delocalized onto the
bridge.'122%1 As discussed above, however, the ground
state perturbation does not seem to extend beyond three
ethynylphenylene units. In line with this observation, the
rate constants for ET and BET decrease about as steeply
with distance between D1/D2 and D3 as in the more weakly
coupled series of Reference [14b]. This may suggest that
while ET in the shorter dyads is on the adiabatic limit, ET
in D3 and BET in all dyads follow the exponential decrease
of rate with distance as expected for weakly coupled systems
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(non-adiabatic reaction). With only two data points, and ET
rates similar to those for excited state relaxation, we refrain
from reporting [ values for our systems.

It has recently been pointed out that OPE linkers are not
as rigid as they may appear.’ However, even in view of
these results, thermal fluctuations at room temperature
should change the end-to-end distance of the bridge by less
than 10%. Since the donor—acceptor coupling at these dis-
tances is entirely through-bond, rotation of the phenylene
and pophyrin planes are likely to give a much larger effect.
In principle the bending fluctuations will also affect the
energy of the bridge, but as the D-B and B-A energy gap is
much larger than kT we believe that the effect is negligible.

Conclusions

We have reported the synthesis of three new porphyrin
dyads consisting of a zinc porphyrin linked to a gold porphy-
rin via a long and rigid conjugated spacer anchored directly
on the meso position through an ethynylene group. These
new systems exhibit strong porphyrin-bridge electronic cou-
pling as evidenced by absorption and emission spectra and
electrochemical potentials. This leads to very rapid electron
and hole transfer processes upon light excitation of one of
the porphyrin units. The rate constants for these processes
are two to three orders of magnitude higher than for very
similar ZnP-AuP™* dyads linked via meso-phenyl groups.
These results give evidence for highly efficient electron
transfer mediation by the oligo(ethynylphenylene) spacers
when they are directly connected to the porphyrin ring via a
triple bond, since very rapid electron transfer can be ach-
ieved over distances as long as 45 A. Wel''! and others?”
have previously reported ET from ethenylphenylene-bridg-
ed Zn-porphyrin-acceptor systems, but although the bridge
was much shorter the rates were slower than for D1 and D2
of the present study. Our results also underscore the utility
of connecting a conjugated spacer directly on the porphyrin
core to develop porphyrin arrays for long-distance photoin-
duced charge separation (see Ref [7]). This result opens up
new design strategies for vectorial electron transfer over
very long distances with porphyrin systems, with a view to
applications for solar energy transformations and molecular
electronics.
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