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The effect of axial ligation on the photoinduced charge separation and charge recombination of a series of
covalently linked porphyrirCso dyads is investigated. Toward thimgsetetraphenylporphyrin and its zinc(ll)
derivative are functionalized at the ortho or para positions of one of the aryl groups to bear a fulleropyrrolidine
entity through a flexible ethylene dioxide bridge to probe the effect of intramolecular electron transfer
phenomena. Iro-dichlorobenzene, 0.1 M (TBA)CIQ the synthesized dyads exhibit seven one electron
reversible redox reactions within in the potential window of the solvent and the measured redox potentials
and UV-visible absorption spectra reveal chargeansfer interactions between the electron donor, porphyrin,

and the electron acceptor, fullerene entities. The geometric and electronic structures of the dyads probed by
ab initio B3LYP/3-21G(*) methods also revealed the existence of chargasfer interactions. The excited

state photochemical events are monitored by both steady state and time-resolved emission as well as transient
absorption techniques. mdichlorobenzene or in benzonitrile, the main quenching pathway involves charge
separation from the excited porphyrin to the moiety. Kaeand k., are found to depend on the type of
substitution ¢rtho or para) and the metal ion in the porphyrin cavity. Relatively long-lived charge-separated
states are observed upon coordinating pyridine axial ligands to the central metal ion of the zinc perphyrin
Ceso dyads, and this has been attributed to the electronic and geometric effects caused by the axial coordinated
ligand.

Introduction charge migration reactions along the well-tuned redox gradients.

Studies on light-induced electron transfer in covalently linked Photosynthetic reactlo_n_ centers compos_ed of_self-assemb_led
donor-acceptor systems have witnessed enormous growth in donor and acceptor entities produce Iong-l_lved, highly energeuc,
recent years mainly to address the mechanistic details of electrorfarge-separated states with quantum yields close to unity by
transfer in chemistry and biology, to develop artificial photo- USing this mechanism of charge migratign.
synthetic systems for light energy harvesting, and also to develop In the present study, we report the effect of axial ligation on
molecular electronic devicé€ Toward constructing such dyads, the photoinduced charge separation and charge recombination
fullerened and porphyrink have been utilized as important  of covalently linked porphyria-Cso dyads. Toward this, first, a
constituents owing to their rich reddxeptical® and photo- new synthetic methodology has been developed to covalently
chemicat properties. In contrast to the traditionally used two- link porphyrin and fullerene entities with flexible bonds, which
dimensional aromatic electron acceptors, the fullerene in donor allows a direct special interaction between the porphyrin and
acceptor dyads accelerates photoinduced charge separation angie fullerene entities. Herepesetetraphenylporphyrin is func-
slows down charge recombination. Imahori and Sakata  tionalized at thertho or para positions of one of the aryl groups
tributed the slower charge recombination process to the smallto bear a fulleropyrrolidine entity through an ethylene dioxide
reorganization energy ofge. The small reorganization energy  bridge (Scheme 1). Thertho andpara positions of the phenyl
of Cgo predicts thakes moves upward along the normal region  entity are primarily chosen to probe the orientation effects. The
into the top region of the Marcus curve, akg lies to be  free-base porphyrin and zinc porphyrin are selected to visualize
significantly downward into the inverted region. the effect of the free energy changes on the kinetics of

More recently, elegantly designed porphyri@iso dyads have  photoinduced charge separation and charge recombination. Next,
been synthesized to probe the effect of molecular topology and 5 series of substituted pyridine ligands are utilized to form penta-
distance and orientation effects of the donor and acceptor entities. o ginated zinc porphyrinCso dyads (Scheme 1). Here, the
on photoinduced charge separation and charge recombinatiorhxial pyridine ligands enhance the electron donor ability of
processe&. 11 Supramolecular triads, tetrads, pentads, etc. havezinc(ll) tetraphenylporphyrin and are expected to slow the

?Ssc'ze:)neseréi:gggtllesézeeirzped d Ztgd'edc'eIqoihrzséfcsfi‘;;amgléculaEharge recombination processes upon initial charge separation
Sy e Y sep accep Palls,  of the zinc porphyria-Cgo dyad by the electronic and geometric

in succession, are generated upon initial charge separation byeffects caused by the axial pyridine ligand. Time-resolved
* Wichita State University. emission and transient absorption spectral techniques have been

* Tohoku University. employed to probe these reactions.
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SCHEME 1

Fast kgg
Q
M = Zn; ortho: ZnPo~Cgq
M = Zn; para: ZnPp~Cg,
M = Hy; ortho: H,Po~Cg
M = Hy; para: H,Pp~Cgq
Fast k.

Slow kCR

R =-N(CHjy),, -OH, -H, -COCHj,

Results and Discussion

Synthesis of Porphyrin—Fullerene Dyads.Scheme 2 depicts
the procedure adopted for synthesizing the porphy@gy dyads
in the present study. This involves first synthesizing a benz-

aldehyde connected through the spacer, ethylene dioxide, to on

of the phenyl rings of thenesetetraphenylporphyrin macro-
cycle, HP—CHO, followed by condensing it with fullerene in

the presence of sarcosine according to a general procedur

developed by Maggini et &k for fulleropyrrolidine synthesis.
The porphyrins, BP—CHO, were synthesized by first preparing
5-(2 or 4-hydroxyphenyl)-10,15,20-triphenylporphyrin, fol-
lowed by treating it with 4-bromoethoxy benzaldehyde in the
presence of KCO; in dimethyl formamide (DMF). The por-
phyrins HP—CHO thus obtained were treated with;sGand
sarcosine in toluene to obtain the free-base porpkyCig
dyads, HP—Cgso. The free-base porphyrirfullerene dyads,
H,P—Cso, were metalated with zinc acet#t¢o obtain the zinc
porphyrin—fullerene dyads, ZnPCg. Generally, good yields
(20—30%) of the reaction products were obtained and the
synthesized porphyriafullerene dyads were found to be soluble
in many organic solvents. The structural integrity of the newly
synthesized compounds is deduced fr&thNMR, ESI mass

in CH,CI, matrix, optical absorption and emission, and elec-

e
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respective unsubstituted porphyrins. Absorption peaks corre-
sponding to the g are observed in the UV wavelength region.
Figure la shows the normalized absorption spectrum for the
Soret band of the porphyrins. The Soret peak positions are red-
shifted by 2 nm, and the calculated full width at half-
maximum (fwhm) values revealed slight changes suggesting
intramolecular interactions between the donor and the acceptor
entities. Extending the wavelength scan till 17100 nm revealed
less intense, new broad bands corresponding to the charge
transfer interactions in the 66000 nm region (Figure 1b).
The normalized spectrum in the Q-band region also revealed
some interesting features. That is, the spectral features @-ZnP
Cso and Znp—Cgp exhibited features distinct from the spectrum
obtained for an equimolar mixture of (TPP)Zn and 2-propyl
fulleropyrrolidine. These features along with the red-shifted
Soret band of the dyads clearly suggest the existence of
intramolecular interactions in the dyads.

The formation of penta-coordinated zinc porphy#s, dyads
by axial coordination of substituted pyridines, Py:ZfBso, was
monitored by optical absorption studies. The formation of penta-
coordinated Py:ZnPCgsowas characterized by red-shifted Soret
and visible bands and appearance of isosbestic pBidsh’s
plot of a continuous variation method also confirmed 1:1
complex formation between ZrRCso and pyridine ligands in
solution. The association constaldt,for axial coordination was
calculated from the absorption spectral data by using the
Scatchard methotf, and values are listed in Table 1. The
values for axial coordination of (TPP)Zn by pyridine ligands
are also given for comparison purposes. Rhealues in Table
1 follow the order (TPP)Zn< ZnPp—Cgp < ZnPo—Cg for a
given axial ligand. The higheK values obtained for the zinc
porphyrin—Cego dyads as compared to pristine (TPP)Zn can be
ascribed to the electron deficient ZnP macrocycle of the dyads
as a result of intramolecular charggansfer interactions
between the ZnP and thed®ntities (vide supra). From thé
values, it is also apparent that such chargansfer interactions
are slightly higher for the ortho-substituted dyad as compared
to the para-substituted dyad. For each of the ZnP derivatives,

%he K values increase in the order of substituents on pyridine;

4-acetyl- < H— < 4-dimethylamino, which is the order of
electron-donating ability of the substituents. It is important to
point out that theK values of axial coordination serve as a means
to monitor intramolecular chargdransfer interactions in co-
valently linked donot-acceptor complexes as demonstrated in
the present study.

Ab Initio B3LYP/3-21G(*) Modeling of the Dyads. To gain
insights into the intramolecular interactions and the electronic
structure, computational studies have been performed by using
density functional methods (DFT) at the B3LYP/3-21G(*) level.
The DFT method over the Hartre&ock or semiempirical
approaches was chosen since recent studies have shown that
the DFT-B3LYP method at the 3-21G(*) level predicts the
geometry and electronic structure more accuratekyor this

trochemical methods. The proton resonance peaks correspondingtudy, both of the dyads were fully optimized to a stationary
to the ethylene dioxide, the phenyl ring connected to the Pointonthe Borr-Oppenheimer potential energy surface (Figure

pyrrolidine ring, and pyrrolidine ring protons of thartho-

2) and an ultra fine integration grid was used. Energetically,

substituted derivatives revealed an upfield shift up to 1 ppm as the para-derivatized dyad is more stable by ca. 3 kcal-ol

compared to their respectiygara-substituted derivatives, and
this has been attributed to the larger porphyrin ring currents
experienced by thertho-substituted derivatives due to the
proximity effects.

UV —Visible Spectral Studies.The optical absorption spectra
in the visible wavelength region of the free-base porphyrin
Cso dyads and zinc porphyrinCgo dyads are similar to their

than the ortho-derivatized dyad.

In the optimized structure of ZrP-Cgo, the center-to-center
distance between the zinc porphyrin and thegdhtities (center
of the porphyrin ring to and center of thedSpheroid;Ro-a)
is found to be about 6.7 A while the edge-to-edge distance (zinc
to the closet carbon of theggspheroid;Reg is found to be 3.1
A, suggesting the occurrence of through space interactions.
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OH OH
//] // \\ propionic acid
+ 3 too4 _
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N
o7 H 0% "H
ortho: H,PoCHO
para: H,PpCHO
2-bromoethoxy benzaldehyde
KoCO3/DMF
Cgo + Sarcosine
B S

Zinc acetate

ortho: HyPo~Cgq
para: H,Pp~Cgq

Similarly, for the ZnRp—Cg derivative,Ry—a andReeare found

to be, respectively, 6.4 and 3.9 A, suggesting close proximity
of the two entities irrespective of the nature of the substitution
(ortho or para). For the HPo—Cgo dyad, theRp-A andRec are
found to be slightly longer than those observed for the
corresponding Zn®Cgo and are about 7.08 and 3.67 A,
respectively. As shown in Figure 2, little or no distortion of the
porphyrin ring is observed for the para-substituted derivatives,
while substantial distortion of the porphyrin ring atoms near
the substituteanesephenyl ring is observed in the case of the
ortho-substituted derivative.

The existence of intramolecular interactions between the
porphyrin ring and the g moiety is evidenced by the frontier
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) molecular orbitals. Figure 3a
shows the HOMO and LUMO for the ZpP-Cgo dyad. The
majority of the HOMO is located on the porphyrin ring while
small amounts of the HOMO are also found on thg €arbons

ortho: ZnPo~Cgg
para: ZnPp~Cgg

ring atoms. The delocalization of HOMO and LUMO over the
zinc porphyrin and g entities suggests though space charge
transfer interactions both in the ground state and in the excited
state of the zinc porphyrinCso dyads. Similar chargetransfer
interactions for the Zn®&-Cgo are observed for only the HOMO
but not for the LUMO. However, for the #Po—Cgo, because

of the larger separation between the porphyrin and tee C
entities, such effects are not observed; that is, the HOMO is
found entirely located on the porphyrin ring while the LUMO
is on the Go spheroid (see Supporting Information). The gas
phase HOMG-LUMO energy gap is found to be 1.66, 1.59,
and 1.81 eV for the Zn®-Cgo, ZNPp—Cs, and HPp—Cso
dyads, respectively.

Cyclic Voltammetry Studies. Determination of the redox
potentials of the newly formed molecular dor@cceptor type
systems is important to probe the existence of chatgmsfer
interactions between the donor and the acceptor in the ground
state and also to evaluate the energetics of electir@amsfer

located within the interacting distances, suggesting through spaceeactions. With this in mind, we have performed a systematic

interactions. Similarly, the majority of the LUMO is located
on the Go spheroid, with small amounts located on the porphyrin

study to evaluate the redox behavior of the dyads using the
cyclic voltammetric technique. The cyclic voltammograms of
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TABLE 1: Formation Constant for Axial Coordination of

1.6 oL . . . ;
Pyridine Ligands to Zinc—Porphyrin C g, Dyads in DCB at
298 K

T4 compd axial ligantl K (M-1)2
12 ZnPo—Cqg 4-acetyl pyridine 1.46¢ 10*
: pyridine 1.71x 10¢
4-dimethylamino pyridine 13.4 10

1.0 ZnPp—Cqo 4-acetyl pyridine 1.18& 10¢
pyridine 1.56x 10*

4-dimethylamino pyridine 11.& 10¢

0.8 (TPP)Zn 4-acetyl pyridine 1.08 10¢
pyridine® 0.77x 10

0.6 4-dimethylamino pyridine 5.2& 10

agrror inK values= £10%.° Because of the limited solubility of
4-hydroxypyridine in DCB, th& values for this ligand binding to ZrP
Cso could not be obtained.From ref 11g.
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Figure 1. (a) Normalized absorption spectra in the Soret region of ™ {‘
(TPP)Zn (dotted), Zn®-Cgo (solid), and Znp—Cso (dashed) in DCB. : _4/
(b) Normalized absorption spectra in the Q-band region of equimolar ,‘*.;/ ;
(TPP)Zn and 2-propyl fulleropyrrolidine (solid), ZoPCgo (dashed), ’ v

and ZnP—Cg (dotted) in DCB. /‘R

.ZnPO._CGO and HPo—Ceo as representative examples are shown Figure 2. Ab initio B3LYP/3-21G(*)-calculated geometric structures
in Flgurg 4,' and the data for all of the derivatives are (a) ZNR—Cso and (b) ZNP—Co,
summarized in Table 2.

Both free-base porphyrin and zinc porphyrin dyads exhibited more positive potential by ca. 0.2 V as compared with those of
a total of seven reversible redox processes within the accessibleZznPo—Cgp. The reduction potentials of the appended iGoiety
potential window ofo-dichlorobenzene (DCB) containing 0.1  of H,Po—Cgg are almost the same as those of 8rafZqg, while
M (TBA)CIO, (Figure 4). The first and second redox potentials the corresponding potentials for the free-base porphyrin ring
corresponding to the oxidation of the zinc porphyrin in BrP reduction shift to less negative values. The overall electrochemi-
Csoare located a;, = 0.29 and 0.63 V vs Fc/Fgrespectively. cal behavior of thepara-substituted derivatives is found to be
The reduction potentials of the appendegd @oiety are located  similar to that of theortho-substituted derivatives and revealed
at E;p, = —1.17,—1.55, and—2.07 V vs Fc/F¢, while the slight changes in the redox potential values (Table 2). A
corresponding potentials for the zinc porphyrin ring reduction comparison of the redox potential values between the differently
are located aE;;, = —1.90 and—2.29 V vs Fc/F¢, respectively. substituted dyads and their starting monomeric species, por-
The first and second oxidation potentials offd—Cg shift to phyrins and fulleropyrrolidine, shows small changes, which are
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Figure 3. Frontier HOMO and LUMO of (a) Znp—Cso and (b) Py:Znp—Cgo calculated by ab initio B3LYP/3-21G(*) methods.

in agreement with the existence of chargeansfer interactions  this compares with the electrochemical sequence of redox
as shown by the spectral and computational studies. Thereactions: porphyrin, g, porphyrin, and &p.
electrochemically measured HOM@QUMO gap, that is, the The pyridines utilized to form the penta-coordinated species
difference between the first oxidation potential of porphyrin and revealed an irreversible oxidation process locatdg,at= 0.25
fulleropyrolidine (Table 2), follows a trend similar to that V vs Fc/Fc", which is less positive than zinc porphyriB;(, =
obtained by B3LYP/3-21G(*) methods in the gas phase (vide 0.28 V), suggesting an increased electron donor ability of zinc
supra). These results indicate a smaller HOM@MO gap porphyrin when photoinduced charge separation takes place in
for the zinc porphyria-Cgo dyads as compared to the free-base ZnP—Cgo. During the titrations involving ZnPCgy and py-
porphyrin—Cgo dyads. ridines, the first and second oxidation peaks corresponding to
It is of interest to probe the sequence of the site of electron the zinc porphyrin revealed a cathodic shift of about-28
transfer in the investigated dyads as shown for Z@g, in mV (on addition of 3-4 equiv of pyridine) as a result of axial
Scheme 3 by ab initio B3LYP/3-21G(*) methods. In this regard, ligation. These results suggest that the zinc porphyrin in
our recent studies on ferrocen€gg—nitroaromatic entities Py:ZnP-Cq is slightly a better electron donor than that in
bearing molecular triads have demonstrated excellent trackingZnP—Cg,. The HOMO and LUMO orbitals generated for
of the sequence of the site of electron transfer involving the Py:ZnP-Cg revealed delocalization of HOMO orbitals over
three redox active entities by the computed HOMO and LUMO the Py:ZnP entity (Figure 3b), similar to that reported earlier
orbitals’P¢ Figure 5 illustrates the computed HOMO and for zinc porphyrin-(2-(pyridyl))fulleropyrrolidine dyad!¢ Ad-
LUMO orbitals for the Znp—Cg triad. Similar results were  ditionally, the observed partial delocalization of HOMO on the
obtained for the Zn®—Cgp and the HP—Cgo dyads. In agree-  Cgo entity and LUMO on the porphyrin entity of ZpP-Cgo
ment with the electrochemical results (Scheme 3), a majority (Figure 3a) is not seen in Py:ZpPCqo (Figure 3b). This may
of the HOMO and HOMG-1 orbitals are located on the zinc be due to the increased distance between the ZnP andsthe C
porphyrin entity while the majority of the LUMO and LUMEL entities of the dyad upon axial ligatiorrQ.5 A) and the pulling
are located on the g entities. The subsequent LUMO orbitals  of the Zn from a 0.3 A bias out of the porphyrin ring cavity
follow the order Gg, porphyrin—Cgo, Cso, porphyrin—Cso, and toward the G (in ZnPp—Cgo) to a 0.3 A bias away from the
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(a) o on Fluorescence Emission Studieg.he photochemical behavior

60 znp™® of the free-base porphyrfCso and zinc porphyria-Cgo dyads
is investigated first by using steady state fluorescence measure-
ments. Figure 6 shows fluorescence spectra of the zinc por-
phyrin—Cgso and free-base porphyritCso dyads along with ZnP
and HP used as a reference compounds. The peak maxima
corresponding to porphyrin emission of all of the dyads revealed
a red shift of 2 nm as compared to their unsubstituted
derivatives. In the case of ZpPCgg, the porphyrin emission
bands are quenched by ca. 73% while this quenching for the
ZnPo—Cg is found to be over 95% as compared with the
emission intensity of ZnP. Similar observations are made for
the free-base porphyrin dyads. The corresponding quenching
of emission of HPp—Cgso and HPo—Cgg is found to be ca. 78
and 97%, respectively, as compared t’HThese observations
suggest efficient quenching of the singlet excited state of the
porphyrins by the appended fullerene entity, and such quenching
for the ortho-substituted derivatives is higher than tpara-
substituted ones. It may also be mentioned here that changing
the solvent from DCB to a more polar benzonitrile (BN)
increased the overall quenching efficiency by anotheb%.

Interestingly, on extending the wavelength scan to a higher
wavelength, a weak emissiona#15 nm was observed in the
case of zinc porphyrin derivatives corresponding to the emission
[ TR RO R N R R of fulleropyrrolidine entity™ (Figure 6). However, the 715 nm

1 pA

ZnpP%*
Znp+2*

1.0 0.5 00 -05 -1.0 -15 20 -25 emission was usually hidden by the tail of the huge emission
. . from zinc porphyrin itself. Hence, it was difficult to confirm
Potential (V vs. Fc/Fc™) the energy transfer from the singlet excited porphyrin to the
Figure 4. Cyclic voltammograms of (a) Zn®>-Cso and (b) HPo— fullerene entity in these dyads.
Ceo in DCB, 0.1 M (TBA)CIQ:. Scan rate= 100 mV/s. Addition of Py (up to 10 equiv) to a solution of ZrCs
SCHEME 3 resulted in further red shift~10 nm) and a decrease of the
intensity of the emission bands (280%) suggesting the
ZnP?*~Cgo == ZnP"~Cgp ~— ZnP~Cgo ZnP~Cgo™ formation of a penta-coordinated complex and enhanced fluo-
’ ﬂe rescence quenching of zinc porphyrin. To further understand
the intramolecular quenching mechanism and follow the kinetics

- 2- - 2- . ) K .
ZnP™~Ceo == ZnP~Ceo of photoinduced processes occurring in these dyads and triads,

picosecond time-resolved emission, as well as subpicosecond
Ceo toward the pyridine as a result of ZiN axial bond and nanosecond transient absorption studies, have been per-

formation. The delocalization of the frontier HOMO over the formed.

axially bound pyridine ligand would dissipate the positive charge  Fluorescence Lifetimes. The time-resolved fluorescence

of ZnP** formed during initial charge separation and slow the spectral features of the dyads track that of the steady state
charge recombination process. Additionally, the slightly in- measurements. The fluorescence dedaye profiles of the
creased distance between the ZnP and thee@tities of Py: investigated dyads of ZnP (monitored at 600 nm) and® H
ZnPp—Cgp as compared to that in ZpPCg might also (monitored at 650 nm) show an enhanced decay rate as
contribute toward slowing down the charge recombination compared with those of (TPP)Zn and (TPR)iH both DCB
process. and in BN (Figure 7). In DCB, all of the investigated compounds

ZnP?~Cgp¥ m——m ZNP"~Cgp>

e

TABLE 2: Electrochemical Half-Wave Redox Potentials (vs Fc/Ft) of the Porphyrin —Fulleropyrrolidine Dyads in DCB, 0.1 M
(TBA)CIO 4

potential (V vs Fc/Ft)

compd P2t port Cod”- Coo /2 o~ Cos? 3 P2 HOMO-LUMO, V2  AG®, VP

ZnP 0.62 0.28 ~1.92 —2.23

ZnPo—Ceo 0.63 029 -117 -155  -190  —2.07 —-2.29 1.46 -0.84
ZnPp—Ceo 0.61 027 -1.18 -155  -191  -2.06 —2.25 1.45 -0.86
Py:ZNnRo—CeC 0.61 026 —-1.18  -156  —1.91  —2.07 —-2.29 1.44 -0.83
Py:ZnRp—CeC 0.60 026 -118  -156  —-1.92  —2.07 —2.26 1.44 -0.84
HoP 0.79 0.53 -1.75 —2.05

HzPo—Ceo 0.81 050 —1.18 -156 -1.73  —2.10 1.68 —0.44
HoPp—Ceo 0.80 051 —119  —-155 -1.74  —2.08 1.69 —0.44

aHOMO—-LUMO = P — Cso”. " AGe0 = Eyf(D™/D) — Epo(A/A*") — AE,—, + AGs WhereE;»(D**/D) is the first one electron oxidation
potential of the donor porphyrit,2(A/A*") is the first one electron reduction potential of the Electron acceptor\E,—, is the energy of the-60
transition energy gap between the lowest excited state and the ground stai&aeters to the salvation energy, calculated by using the “dielectric
continuum model” according to the following equatioNGs = €/4e,[(1/2R+ + 1/2R — 1/Rp-a)(1les) — (1/2R+ + 1/2R-)(1/er)]. From Figure 2,
values ofRy = 4.8 A,R- = 4.2 A Ro_a = 6.7 A for ortho andRp—a = 6.4 A for para derivatives were employeddbtained by addition of 3 equiv
of pyridine to the ZnP-Cq, dyads.d Overlap of G¢#/*~ and P2~ processes.



Covalently Linked PorphyrinrCgo Dyads J. Phys. Chem. A, Vol. 106, No. 51, 20022399

Figure 5. Ab initio B3LYP/3-21G(*)-calculated frontier (a) HOM®©1, (b) HOMO, (c) LUMO, (d) LUMO+1, (e) LUMO+2, (f) LUMO+3, (9)
LUMO++4, and (h) LUMGO*5 orbitals of Znp—Ceo.

TABLE 3: Fluorescence Lifetimes )2, Charge Separation Rate Constantsks&"9®), Charge Separation Quantum Yields
(P9, and Charge Recombination Rate Constantskg,) for Porphyrin —Cgo Dyads in DCB and BN Solvents

compd solvent ¢ (ns) (fraction %) keSinglet (s-1)b P Singletb ker (579 KedKer
ZnPo—Cgg DCB 0.33 (100) 2.6< 1¢° 0.84 5.9x 10/ 44
BN 0.26 (100) 3.4x 1¢° 0.88 1.8x 1¢° 1888

Py:ZnRo—CecC DCB 0.29 (100) 3.0¢ 10° 0.86 3.4x 10° 882
Pyd 0.23 (100) 3.9 1¢° 0.89 1.7x 1¢° 2294

ZnPpo—Cao DCB 0.70 (100) 9.5¢ 108 0.68 >6.0x 107 15
BN 0.64 (100) 1.1x 10° 0.69 3.0x 10° 366

Py:ZnR—CecC DCB 0.61 (100) 1.1 10° 0.71 5.5x 10 212
Py 0.54 (100) 1.3 10° 0.74 2.5x 10° 660

HoP—Ceo DCB 0.87 (100) 1.1x 1¢° 0.94 4.3x 107 26
BN 0.44 (60% 2.2x 10° 0.97 4.4% 107 50

H2Pp—Ceo DCB 3.33 (100) 2.3 10 0.75 1.7x 107 14
BN 2.70 (100) 3.0x 1¢° 0.81 2.3x 10/ 13

3 Thet; for reference compounds: (TPP)Zn2.1 ns and (TPP)E=13.6 ns in DCB and BNP k&9t = (1/tf )sampie— (L1/7t Jref, DMt = [(1/1¢
)sampie — (L/7¢ )ret 1/(1/75 )sample FOr biexponential fittingz: from the initial decay component was employé@btained by the addition of 0.1 mM
pyridine. 9 In neat pyridine&0.97 ns (40%).

revealed a monoexponential decay, while in BN the decay of close proximity of the porphyrin and fullerene entities in the
H.Po—Cso could be fitted satisfactory to a biexponential decay. ortho-substituted derivatives obtained from the fluorescence
Substantial quenching of the fluorescence lifetimes is observedspectral and computational methods. (i) g9 tis higher
for the investigated dyads; tleetho derivatives clearly show a  for ZnP—Cgoas compared with #P—Cgp, Which is in agreement
higher efficiency of quenching than thosera derivatives. with the electrochemical redox potentials and the calculated free-
By assuming that the quenching is due to electron transfer energy changeAG:L, for photoinduced electrortransfer
from the singlet excited porphyrin to the fullerene, the rates of reactions. This considers the reorganization eneigyd be
charge separatiorkdsn9'e) and quantum yieldsdg.sn9e) are close to theAGL values of ZnP-Cgo and thel values between
evaluated in an usual manner employed for the intra- the AGcL values of ZnP-Cgoand HPo—Cep. (iii) In agreement
molecular electrontransfer process and the data are given in with the steady state emission results, kk@n9'etand d Singlet
Table 3. An examination of Table 3 reveals the following: (i) are higher in more polar BN solvent as compared to the values
The experimentally determinddsndletand ® sndtare higher obtained in less polar DCB solvent.
for ortho-substituted derivatives as compared to thera Interestingly, upon addition of Py (10 equiv) to a solution of
substituted derivatives. This observation is consistent with the either ZnR—Cgo or ZnRp—Cso in DCB to form the penta-
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Figure 6. Fluorescence spectrum of (a) (i) (TPP)Zn, (i) 27 Cso, Subpicosecond Time-Resolved Transient Absorption Spec-
and (iii) ZnRo—Cgo in DCB (Lex = 550 nm) and (b) (i) (TPP)H (ii) tral Studies. To confirm the occurrence of a charge separation
H2Pp—Ceo, and (jii) H;Po—Cgo in DCB (lex = 515 nm). process, the transient absorption spectra were monitored during
_ _ the first 1000 ps after pulsing the samples by a 150 fs laser
coordinated species, Py:ZoPCgo or Py:ZnR—Cs, the fluo- light. Figure 8 illustrates the spectral profiles obtained for

rescence decay of ZnP revealed additional quenching while ZznPo—C, in BN as a representative example. Immediately after
maintaining the monoexponential decay. Accordingly, the the laser pulse, an intense absorption band appeared at 455 nm
calculatedk.s"* and d "9t are found to be slightly higher  (spectrum at 0 ps; immediately after 150 fs laser pulse), which
for the pyridine-coordinated dyads as compared to the corre-is attributed to the §— S, transition of the ZnP moiety. The
sponding dyads in the absence of any axial ligand (Table 3). decay rate of this Sband shown in the lower panel is about 5
These higher values &fs"9¢tand d.S"9ethave been attributed  x 10° s~1, which is slightly higher than that evaluated from

to the easier oxidation of the penta-coordinated zinc porphyrin the fluorescence lifetime measurements (8.40° s1) but are

in the dyads (vide supra). Further increases in fluorescence decayvithin the estimated experimental error. As shown in the figure
rates were observed in neat pyridine, suggesting that all of theat the 300 ps regime, the decay of theb&nd of the ZnP moiety
ZnPo—Cgo or ZnRp—Cgp are coordinated by excess pyridine, is accompanied by an appearance of an absorption band at 600
resulting in further increases iks"9et and ® &9t Further nm corresponding to the formation of ZiP In the longer
studies involving subpicosecond and nanosecond transientwavelength region, a new absorption band at 1000 nm is also
absorption technique have been performed to monitor the chargeobserved in this time interval corresponding to the formation
separation and charge recombination processes in the dyads andf radical anion of the § moiety. In DCB, weaker absorption
self-assembled triads. The forthcoming sections discuss thewas observed at the 600 and 1000 nm regions. On addition of
results of these studies. pyridines to form the penta-coordinated complex in DCB,
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Figure 9. Nanosecond transient absorption spectra obtained using 532 9

nm laser excitation of HPo—Cgo (0.1 mM) in Ar-saturated DCB. Figure 10. Nanosecond transient absorption spectra obtained using
Inset: time profiles for the 700 and 1000 nm bands. 532 nm laser excitation of ZP-Cgo (0.1 mM) in Ar-saturated neat
pyridine. Inset: time profile for the 1000 nm band.

spectral features similar to that shown in Figure 8 were observed.py:Zan_Cm the hole (cation radical of ZnP moiety) generated
For the BP—Ceo dyads both in DCB and in BN, similar transient  ,y the injtial charge separation is likely to delocalize to over
spectra were observed in the picosecond region thus confirmingihe pyridine entity, thus slowing down the charge recombination
the occurrence of charge separation from the. singlet exc'tedprocess due to an increased distance between gheadical
porphyrin to the covalently linked fullerene moiety. anion and the radical cation of Py:ZnP. The spectrum at 100 ns

Nanosecond Time-Resolved Absorption Spectra of the indicates that all of the transient species observed immediately
Dyads in DCB. The nanosecond transient absorption spectrum after the nanosecond laser light pulse decayed simultaneously
of pristine ZnP exhibited absorption peaks at 630 and 840 nm within 1.0us. As expected, charge stabilization in neat pyridine
corresponding to the triplet staté!® Similarly, pristine HP is found to be much more pronounced as revealed by the higher
exhibited transient absorption bands at 620 and 800 nm jk. values as compared with addition of pyridine in DCB
corresponding to its triplet staté!® The transient absorption  (Taple 3). Utilization of substituted pyridines as axial ligands
spectrum of 2-(4pyridyl)fulleropyrrolidine revealed a band  revealed similar observations. Smalkgrvalues were obtained
around 700 nm corresponding to its triplet sté&he anion when 4-hydroxypyridine or 4-acetylpyridine was used as an axial
radical of 2-(4-pyridyl)fulleropyrrolidine is expected to reveal ligand (1.1x 10° st or 1.4 x 10° st for Py:ZnRp—Ceo in
a band around 1000 nm, while the cation radicals gPldnd  pCB, respectively) while for 4-dimethylamino pyridine with
ZnP are expected to appear in the 6830 nm range. an electron-donating group the, values (2.2x 10° s71 for

The nanosecond transient absorption spectrunp,B6HCgo Py:Zn—C,, in DCB) were found to be almost the same as
in DCB showed a fast decaying peak of the radical anion of that obtained for pyridine in DCB.
the Gso moiety around 1000 nm in addition to a slow decaying ~ Nanosecond Time-Resolved Absorption Spectra of the
band at 700 nm corresponding to the tripleb@nd 620 and  Dyads in BN. In BN, the transient absorption spectrum of
800 nm bands corresponding to the triplet state of th® H  znPp—Cg (see Supporting Information for figure) showed a
(Figure 9)*° A part of the transient absorption band at 626 nm clear absorption band of the radical anion of thg @oiety at
also showed quick decay, and this has been attributed to the1000 nm with a longer lifetime of the ion pair state (330 ns),
formation of HP*. The decay of the 1000 nm transient band which is 20 times longer than that in DCB. Similarly, the

corresponds to the rate of the charge recombinatigh @nd lifetime of the ion pair state of Zr#>Cgin BN is found to be

the values ok thus calculated are given in the last column in 550 ns, which is 33 times longer than that in DCB. The transient

Table 3. spectrum recorded at 100 ns for the Z®%, dyads revealed
The nanosecond transient absorption spectrum obZR, the existence of a weak absorption at 620 nm, which has been

in DCB is quite similar to Figure 9 for WPo—Cgo, Showing a ascribed to the radical cation of the ZnP moiety. It is also
fast decaying peak of the radical anion of thg @&ound 1000  noticeable that the triplet state absorption of thg i@oiety at

nm (K = 5.8 x 107 s7) in addition to the slow decaying 700 700 nm decays more quickly in BN than that in DCB; the decay
nm band of the triplet €5 and 850 nm band corresponding to rates of the triplet states are also increased and are comparable

the triplet state of the zinc porphyrin. In the case of AR, to the decay rates of the ion pairs. This could be due to a mixing
the transient absorption spectra also showed the 1000 nm banaf the radical ion pair states with the triplet states, which would
(ker = 6 x 107 s71) in addition to the triplet states ofggand mean the existence of the radical ion pair character of the triplet
ZnP. A comparison between thg values in DCB suggests  state? From the similarity of thek,, values in BN to those in
lower rates for HP—Csgo dyads as compared to the ZABso pyridine, the observed longer lifetime of the radical ion pairs

dyads, indicating longer lifetimes of the charge-separated statein BN could be ascribed to the coordination of BN to the ZnP
of H,P—Cgo dyads. This suggests that th&.,° values for both moiety.
HoP—Cso and ZnP-Cgp dyads are in the inverted region and Energy Level Diagrams. The results of the present inves-
that AG° values of ZnP-Cgo dyads are near the top region of  tigation are summarized with the help of an energy level diagram
the Marcus parabola. shown in Figure 11. By utilizing the oxidation and reduction
Nanosecond Time-Resolved Absorption Spectra of the  potentials and the calculated distance between the donor and
Py:ZnP—Cgpin Py and DCB. Figure 10 shows the nanosecond the acceptor, the free energi€s®°) for light-induced electron
transient absorption spectra of Py:4nfCg in neat pyridine. transfer were estimated for constructing the energy level
For the penta-coordinated complex, the lifetime of the ion pair diagram. On the basis of the®eG° values and the reported
states increased considerably. From the oxidation potential of energies for the singlet and triplet states, the energy levels in
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Figure 11. Energy level diagrams showing the different photochemical
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Efficient charge separation and the slower charge recombina-
tion processes have been observed upon axial coordination of
pyridine to the ZnP-Cgo dyads. The higher rates of charge
separation can be attributed to the easier oxidation of the penta-
coordinated ZnP, while the slower charge recombination can
be attributed to the longer distance between radical anion and
radical cation caused by the coordinated pyridine ligand;
delocalization of ther-cation radical of ZnP to the coordinated
pyridine ligand and the longer space between them stabilizes
the radical ion pair state. More importantly, an evaluation of
thek.dk. ratio, a measure of the excellence in the photoinduced
electron-transfer systems, is more than 1000 for BrfCs in
neat pyridine or in BN.

Experimental Section

Chemicals.Buckminsterfullerene, § (+99.95%), was from
SES Research, (Houston, TX). DCB and BN in sure seal bottles,
sarcosine, pyrrole, benzaldehyde derivatives (benzaldehyde,
4-bromoethoxybenzaldehyde, and and p-hydroxybenzalde-
hyde), and pyridine derivatives (pyridine, 4-hydroxypyridine,
4-dimethylaminopyridine, and 4-acetylpyridine) were from
Aldrich Chemicals (Milwaukee, WI). Tetra-butylammonium
perchlorate, (TBA)CI@Q was from Fluka Chemicals. All
chemicals were used as received. Syntheses and purification of
(TPP)H and (TPP)Zn were carried out according to the
literature proceduré&t

Synthesis of 5-(2 or 4'-Hydroxyphenyl)-10,15,20-tri-
phenylporphyrin. The title compounds were synthesized by
reacting 2 or 4-hydroxybenzaldehyde (1.5 g, 12 mM),
benzaldehyde (3.9 g, 37 mM), and pyrrole (3.3 g, 49 mM) in
refluxing propionic acidf The crude product was purified on
a basic alumina column with chloroform/methanol (95:5 v/v)
as eluent. Yield~5%. IH NMR in CDCls: ¢ ortho-hydroxy:
8.89 (m, 8HS-pyrrole-H), 8.27 (m, 6Hortho-phenyl-H), 7.79
(m, 9H, meta andpara-phenyl-H), 8.08-7.21 (m, 4H, substi-
tuted phenyl-H), 5.35 (s, br, 1H, hydroxy-H%2.81 (s, 2H,
imino-H). para-hydroxy: 8.89 (m, 8Hj-pyrrole-H), 8.27 (m,
6H, ortho-phenyl-H), 7.79 (m, 9Hmeta andpara-phenyl-H),
8.08-7.21 (d,d, 4H, substituted phenyl-H), 5.35 (s (br), 1H,
hydroxy-H), —2.81 (s, 2H, imino-H).

events of (a) HP—Cs dyads and (b) ZnPCg dyads in DCB. The
energy of (Py:ZnpPt—Cg* state in DCB (1.22 eV) and (ZnP)-
Ceo~ state in BN (1.12 eV) is shown as open rectangles.

Synthesis of HPo-CHO and H;Pp—CHO. These were
synthesized by stirring a solution of the respective hydroxy-
derivatived porphyrins (0.1 mmol in 100 mL of DMF) and 4-(2-
Figure 11 showing the different photochemical processes of the bromoethoxy)benzaldehyde (0.5 mmol) in the presence of
tetra- and penta-coordinated dyads reveal the following. The K2COs for 12 h. At the end of the reaction, the DMF was
main difference in theégs between HP—Cgo and ZnP-Cq is evaporated and the compound was extracted in GHRIrther
the energy differences between the singlet excited state of thepurification of the compounds was carried out on a silica gel
porphyrin moiety and the radical ion pair states; the reorganiza- column using toluene and chloroform (95:5 v/v) as eluent. Yield
tion energy {) is rather neaAG.e values of ZnP-Cgo when 45%. 'H NMR in CDCl3: ¢ H,Po—CHO: 10.03 (s, 1H,
the top region of the Marcus parabola exists betwA&L aldehyde-H), 8.83 (m, 8H3-pyrrole-H), 8.16 (m, 6Hprtho-
values of ZnP-Cso and HPo—Cg. The enhanced charge phenyl-H), 7.74 (m, 9Hmeta-andpara-phenyl-H), 8.14-7.41
separation in coordinating solvents, pyridine and BN, as (m, 4H, substituted phenyl-H), 5.96 (d, 2H, phenyl-H), 5.53
compared to that in less polar DCB for the dyads is noteworthy. (d, 2H, phenyl-H), 4.21, 3.51 (t,t, 2H,2H, GHCH,), —2.84
This trend is not reasonable for ZaBs, dyads belonging to (s, 2H, imino-H). BPp—CHO: 9.90 (s, 1H, aldehyde-H), 8.84
the Marcus inverted region. The prolonged charge recombination(m, 8H, -pyrrole-H), 8.21 (m, 6Hprtho-phenyl-H), 7.84 (m,
processes observed for the radical ion pair of Z@R, dyads 9H, meta-andpara-phenyl-H), 7.76-7.12 (d,d, 4H, substituted
in BN and not for the HP—Cgo dyads may be attributed to the  phenyl-H), 4.61 (m, 4H, phenyl-H), 4.39, 3.77 (t,t, 2H,2H, £H
coordination to Zn, which renders the relative position of the CH), —2.75 (s, 2H, imino-H).
radical ion pair center apart from the radical anion centes, C Synthesis of HPo—Cgp and H,Pp—Cgo. These were syn-

In addition, in the case of ZnrPCqo dyads, the radical ion pair  thesized by refluxing a mixture of the respectivePHCHO
states are lower than the triplet states, while the radical ion pair derivatives (0.045 mmol), & (0.24 mmol), and sarcosine (0.24
state of HP—Cgo is higher than the triplet states even in BN; mmol) in 100 mL of toluene for 10 h. At the end, the solvent
thus, the charge recombination yielding the triplet states is was evaporated and the compound was purified on a silica gel
efficient for HoP—Csg. column using toluene and hexane (95:5 v/v) as eluent. Yield
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56.4 mg 680%).H NMR in CDCls: 6 HoPo—Cg: 8.76 (m, (Tsunami) and a streak scope (Hamamatsu Photonics). The
8H, -pyrrole-H), 8.16 (m, 6Hprtho-phenyl-H), 7.72 (m, 9H, details of the experimental setup are described elseviP&te

meta and para-phenyl-H), 7.9%7.14 (d,d,t, 4H, substituted subpicosecond transient absorption spectra were recorded by
phenyl-H), 5.94 (s, 4H, phenyl-H), 4.15, 3.48 (t, t, 2H,2H, £H the pump and probe method. The samples were excited with a
CHy), 4.63, 3.77 (d,d, 2H, pyrrolidine-H), 3.80 (s, 1H, pyrro- second harmonic generation (SHG, 388 nm) output from a
lidine-H), 2.34 (s, 3H, pyrrolidine NCH3), —2.77 (s.br, 2H, femtosecond Ti:sapphire regenerative amplifier seeded by SHG
imino-H). ESI mass in CkCly: caled, 1526; found, 1526.1.  of a Er-dropped fiber (Clark-MXRCPA-2001 plus, 1 kHz, fwhm
UV —visible in CHCl,: Amax 308, 326 (sh), 418, 515, 549, 591, 150 fs). The excitation light was depolarized. The monitor white
648. HPp—Csgo: 8.83 (m, 8H5-pyrrole-H), 8.19 (m, 6Hortho- light was generated by focusing the fundamental of laser light
phenyl-H), 7.75 (m, 9HmMeta andpara-phenyl-H), 8.04-7.15 on flowing D,O/H,O cell. The transmitted monitor light was
(d,d, 4H, substituted phenyl-H), 7.49, 7.06 (m, 4H, phenyl-H), detected with a dual MOS linear image sensor (Hamamatsu
457, 4.49 (tt, 2H,2H, Ch-CH,), 4.88, 4.14 (d,d, 2H, Photonics, C6140) or InGaAs photodiode array (Hamamatsu
pyrrolidine-H), 4.80 (s, 1H, pyrrolidine-H), 2.32 (s, 3H, pyr- Photonics, C5890-128). Nanosecond transient absorption spectra

rolidine N—CHjz), —2.81 (s.br, 2H, imino-H). ESI mass in GH in the NIR region were measured by means of laser flash
Cly: caled, 1526; found, 1527.1. UWisible in CHCly: Amax photolysis; 532 nm light from a Nd:YAG laser was used as the
306, 325 (sh), 418, 515, 551, 590, 647. exciting source and a Ge-avalanche-photodiode module was

Synthesis of ZnR—Csgo and ZnPp—Cgo. These were syn- used for detecting the monitoring light from a pulsed Xe lamp
thesized by metalation of the respective free-base porphyrin @S described in our previous pager.
derivatives (0.037 mmol) in CHgIby using excess of zinc
acetate in methanol. The course of the reaction was followed _ Acknowledgment. We are thankiul to the donors of the
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