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Abstract: The excited-state photodynamics of intrasupramolecular photoinduced electron transfer was
investigated in a series of hydrogen-bonded supramolecular complexes composed of diprotonated
2,3,5,7,8,10,12,13,15,17,18,20-dodecaphenylporphyrin (H4DPP?*) and electron donors bearing a carboxylate
group. The formation of supramolecular complexes was examined by spectroscopic measurements. The
binding constants obtained by spectroscopic titration indicate the strong binding (108—10'" M~2) even in a
polar and coordinating solvent, benzonitrile (PhCN). The crystal structure of the supramolecular assembly
using ferrocenecarboxylate (FcCOO™) was determined to reveal a new structural motif involving two-point
and single-point hydrogen bonding among saddle-distorted H,DPP?* dication and two FcCOO™ anions.
Femtosecond laser flash photolysis was applied to investigate the photodynamics in the hydrogen-bonded
supramolecular complexes. Rate constants obtained were evaluated in light of the Marcus theory of electron
transfer, allowing us to determine the reorganization energy and the electronic coupling matrix constant of
photoinduced electron transfer and back electron transfer to be 0.68 eV and 43 cm™', respectively. The
distance dependence of electron transfer was also examined by using a series of ferrocenecarboxylate
derivatives connected by linear phenylene linkers, and the distance dependence of the rate constant of

electron transfer (ker) was determined to be ker = ko exp(—fn), in which = 0.64 A1

Introduction

Porphyrin-based artificial photosynthetic systems performing
photoinduced energy and electron transfer have extensively been
studied and applied to a variety of photofunctional materials' ~°
because the photosynthetic reaction center includes the porphyrin
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derivatives, i.e., bacteriochlorophylls, which act as a light-
harvesting antenna and an electron donor in the electron-transfer
cascade. All the components involved in the sequential multistep
electron transfer are held in appropriate positions by noncovalent
interactions.'®"'" In this context, light-harvesting porphyrin-based
supramolecular assemblies built up by noncovalent interactions
such as hydrogen bonding'? 2" and electrostatic interaction®* >*
have attracted much attention because of its feasibility, compared
to linking them by covalent bonds. However, these interactions
are usually weakened in polar solvents, such as acetonitrile and
benzonitrile, which can stabilize charge-separated states pro-
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duced by photoinduced electron transfer.?® Thus, a new strategy
to construct stable supramolecular donor—acceptor systems is
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required for further development of supramolecular photofunc-
tional devices.

Another characteristic of porphyrin, especially for free-base
porphyrins (H,P), is the protonation of the pyrroric nitrogen
atoms of the porphyrin ring under acidic conditions to produce
diprotonated porphyrin dications (H;P>"). However, the research
on protonated porphyrins has been limited largely to the
spectroscopic measurements under strongly acidic conditions
because of the low basicity of commonly used planar
porphyrins.?®* 2 We have developed supramolecular assemblies
composed of diprotonated saddle-distorted dodecaphenylpor-
phyrin (H,DPP?>") based on the high basicity of H,DPP derived
from its deformed structure.** 3> H,DPP?>* forms hydrogen
bonding among the N—H protons of porphyrin and counteran-
ions, such as chloride and carboxylate.**”*° The H,DPP>" has
been revealed to act as an electron acceptor exhibiting a high
reduction potential comparable to those of fullerenes®® and
quinones,®” whereas free-base porphyrins have normally been
used as an electron donor.

A combination of a variety of electron donors with carboxyl
groups acting as hydrogen-bonding sites with H;DPP** would
allow systematic studies on structure and photoinduced electron-
transfer dynamics of porphyrin-based electron donor—acceptor
supramolecules. We report herein the construction of stable
supramolecules composed of H4;DPP?>' and electron-donor
molecules bearing the carboxylate group in a polar solvent
(Scheme 1) and photoinduced electron-transfer dynamics ex-
amined by laser flash photolysis and analyzed in light of the
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Marcus theory of electron transfer,*® focusing on the unique
characteristics of saddle-distorted diprotonated porphyrin as an
electron acceptor in photoinduced intrasupramolecular electron
transfer. The distance between the donor and acceptor units was
changed systematically by using a series of ferrocenecarboxylate
derivatives connected by linear phenylene linkers with HyDPP**
at different distances. This has enabled us to examine the
distance dependence of the rates of photoinduced intrasupramo-
lecular electron transfer for the first time.

Experimental Section

Materials. Chemicals were purchased from commercial sources
and used without further purification, unless otherwise noted.
Ferrocenecarboxylic acid (FcCOOH, (1) in Scheme 1) and ferroce-
neacetic acid (FcAcOH, (2)) were also purchased from commercial
sources and used without further purification. Chloroform (CHCl;)
and dichloromethane (CH,Cl,) used as solvents were distilled over
calcium hydride before use. Benzonitrile (PhCN) used for spec-
troscopic and electrochemical measurements was distilled over
phosphorus pentoxide prior to use. H,DPP,'! 1-bromo-1’-carboxy-
ferrocene (BrFcCOOH, (3)),*° 1-methoxycarbonyl-1’-carboxyfer-
rocene (Fc(COOMe)(COOH), (4)),*' 2-carboxytetrathiafulvalene
(TTFCOOH, (5)),** and 4-carboxyphenylferrocene (FcPhCOOH,
(6))** were synthesized according to the reported procedures.

Preparation of 4-Methoxycarbonyl-4'-ferrocenylbiphenyl
(FcbphCOOMe). A three-necked flask (100 mL) was charged with
p-bromophenylferrocene (0.3 g, 0.88 mmol),** 4-(methoxycarbo-
nyl)phenylboronic acid (0.3 g, 1.76 mmol), tetrakis(triphenylphos-
phine)palladium(0) (0.1 g, 0.087 mmol), N,N-dimethylformamide
(DMF) (50 mL), water (3 mL), and potassium carbonate (0.2 g,
1.4 mmol). The reaction mixture was heated at 65 °C under nitrogen
for 2 h and then cooled to room temperature, after which water
was added, and product was extracted with CHCl;. The orange
organic layer was washed with water, dried with Na,SO4, and
filtered. The solvent was removed in vacuo and recrystallized from
hot ethanol/water. 4-Methoxycarbonyl-4’-ferrocenylbiphenyl was
obtained as orange powder in 34% yield (0.12 g). 'H NMR (300
MHz, CDCl;, 298 K, 6 (ppm)): 8.11 (2H, d, J = 8.4 Hz, —ArH),
7.70 (2H, d, J = 8.4 Hz, —ArH), 7.57 (4H, s, —ArH), 4.70 {2H,
s, ortho-H on (1°-CsHy) }, 4.36 {2H, s, meta-H on (>-CsH,)}, 4.09
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(5H, s, 7°-CsHs). Anal. caled for CoyHFeOs: C, 72.74; H, 5.09.
Found: C, 72.96; H, 4.97.

Preparation of 4-Carboxy-4’-ferrocenylbiphenyl (Fcbph-
COOH, (7)). To a solution of FcbphCOOMe (100 mg, 0.25 mmol)
in methanol (MeOH) (200 mL) was added potassium hydroxide
(50 mg, 0.89 mmol), and the resulting slurry was refluxed for 3 h.
After cooling to room temperature, hydrochloric acid (2 mL) and
water (200 mL) were added, and resulting precipitates were
collected. FcbphCOOH was obtained as yellowish-orange powder
in 87% yield (84 mg). 'H NMR (300 MHz, DMSO, 298 K, ¢
(ppm)): 8.02 (2H, d, J = 8.1 Hz, —ArH), 7.84 (2H, d, J = 8.1 Hz,
—ArH), 7.69 (2H, d, J = 8.4 Hz, —ArH), 7.65 (2H, d, J = 8.4 Hz,
—ArH), 4.86 {2H, s, ortho-H on (>-CsHy)}, 4.39 {2H, s, meta-H
on (7>-CsHy)}, 4.04 (5H, s, 7°-CsHs). Anal. calcd for Co3H gFeO,:
C, 72.27; H, 4.75. Found: C, 71.99; H, 4.91.

Preparation of H,DPP(FcCOO),. A single crystal of ferrocen-
ecarboxylic acid salt of H,DPP, HyDPP(FcCOO),, was obtained
by two-layered recrystallization with addition of CH3;CN on the
top of a CH,Cl, solution of H,DPP (50 mg, 0.041 mmol) and
FcCOOH (50 mg, 0.22 mmol). Yield: 36 mg, 52%. Anal. calcd
for H4DPP(FCCOO)2(H20)(CH2C12) (C115H36N405C12F62)Z C, 7731,
H, 4.85; N, 3.14. Found: C, 77.44; H, 4.90; N, 3.15.

X-ray Crystallographic Measurements for HyDPP(FcCOOQ),.
A single crystal of H,DPP(FcCOO), was mounted on a glass
capillary with silicon grease. All measurements were performed
on a Rigaku Mercury CCD area detector at —150 °C with graphite-
monochromated Mo Ko radiation (1 = 0.71070 A) up to 26, =
54.7°. All calculations were performed using the Crystal Structure
crystallographic software package,* and structure refinements were
made by a direct method using SIR2004.%¢ Crystallographic data
are summarized in Table 1. Flack parameter was obtained as
0.535(17) by using 7043 Friedel pairs*” due to the twining of the
crystal.

Spectroscopic Measurements. UV —vis spectroscopy was car-
ried out on a Hewlett-Packerd HP8453 diode array spectrometer
at room temperature using 1 cm cells. The stoichiometry of
formation of the supramolecules was determined through Job’s
continuous variation experiments,*®*° where solutions with various
H,DPP/electron donor (DCOOH) molar ratios were prepared while
keeping the total molarity of H,DPP and DCOOH constant. Under
these conditions, the stoichiometry of the complex is obtained from
the abscissa at the maximum in the Job’s plot, whose (x; y) values
are given by eqs 1 and 2, where [H,DPP], and [DCOOH], denote
the initial concentration of H,DPP and DCOOH, respectively; A is

(45) CrystalStructure 3.8.2: Crystal Structure Analysis Package; Rigaku
and Rigaku/MSC: The Woodlands, TX, 2000—2008.

(46) Burla, M. C.; Caliandro, R.; Camalli, M.; Carrozzini, B.; Cascarano,
G. L.; De Caro, L.; Giacovazzo, C.; Polidori, G.; Spagna, R. J. Appl.
Crystallogr. 2005, 38, 381.

(47) Flack, H. D. Acta Crystallogr. 1983, A39, 876.

(48) Job, P. Ann. Chim. (Paris) 1928, 9, 113.

(49) Hisose, K. J. Inclusion Phenom. Macrocyclic Chem. 2001, 39, 193.
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Table 1. X-ray Crystallographic Data for HyDPP(FcCOO),

compound H4DPP(FcCOO),
formula Cl 19H84C12F62N504
formula weight 1844.53

crystal system orthorhombic
space group P2,2,2, (#19)

T, K 123

a, A 15.3688(5)

B, A 23.8539(10)

y, A 24.8502(10)

v, A3 9110.2(6)

Z 4

no. of reflections measured 73 157

no. of observations 15493

no. of parameters refined 1154

R\ 0.0693 (I > 20(I))
R 0.1922 (all data)
GOF 1.061

“R, = ZIF) — IFI/Z IF,). "Ry = [S(@(F> — FA))Zw(F,2)?".
“w = 1/[6XF2) + (0.0500P)* + 30.0000P, where P = (max(F,2, 0) +
2FA)/3.

observed absorbance; and e(H,DPP) and e(DCOQOH) are the molar
absorbance coefficients of H,DPP and DCOOH, respectively.

x = [H,DPP]/([H,DPP], + [DCOOH],) (1

y = A — &(H,DPP)[H,DPP], — &(DCOOH)-[DCOOH],
(2)

A one-step binding model with a 1:2 stoichiometry (eq 3) affords
eq 4 (see the derivation in Supporting Information), and Ay and A
are absorbance of H,DPP and H;DPP(DCOQ),, respectively.

K
H,DPP + 2DCOOH = H,DPP(DCOO0), (3)

(A — AY/(A., — A) = K(IDCOOH] — 2a[H,DPP],)’, o =
A —AYA. —A) &)

The binding constants were determined by UV—vis absorption
titrations using eq 4. UV —vis absorption titrations were performed
by adding DCOOH into the quartz cell that contained an H,DPP
solution (2.0 mL) by means of a Hamilton syringe. The UV —vis
spectra recorded during the titrations were corrected for dilution.

"H NMR spectra were recorded on a JEOL A-300 spectrometer,
and chemical shifts were determined relative to the residual solvent
peaks. The fluorescence spectra were measured by using an absolute
PL quantum yield measurement system (Hamamatsu photonics Co.,
Ltd., C9920-02) by excitation at 430 nm.

Time-Resolved Transient Absorption Measurements. Fem-
tosecond transient absorption measurements were conducted in
deaerated PhCN using an ultrafast source, Integra-C (Quantronix
Corp.); an optical parametric amplifier, TOPAS (Light Conversion
Ltd.); and a commercially available optical detection system, Helios
provided by Ultrafast Systems LLC. The source for the pump and
probe pulses was derived from the fundamental output of Integra-C
(780 nm, 2 mJ/pulse and fwhm = 130 fs) at a repetition rate of 1
kHz. 75% of the fundamental output of the laser was introduced
into TOPAS which has optical frequency mixers resulting in tunable
range from 285 to 1660 nm, while the rest of the output was used
for white light generation. Prior to generating the probe continuum,
a variable neutral density filter was inserted in the path to generate
stable continuum, and then the laser pulse was fed to a delay line
that provides an experimental time window of 3.2 ns with a
maximum step resolution of 7 fs. In our experiments, a wavelength
at 430 nm of TOPAS output, which is the fourth harmonic of signal
or idler pulses, was chosen as the pump beam. As this TOPAS
output consists of not only desirable wavelength but also unneces-
sary wavelengths, the latter was deviated using a wedge prism with

10158 J. AM. CHEM. SOC. = VOL. 132, NO. 29, 2010

wedge angle of 18°. The desirable beam was irradiated at the sample
cell with a spot size of 1 mm diameter where it was merged with
the white probe pulse in a close angle (<10°). The probe beam
after passing through the 2 mm sample cell was focused on a fiber
optic cable that was connected to a CCD spectrograph for recording
the time-resolved spectra (410—800, 800—1650 nm). Typically,
2500 excitation pulses were averaged for 5 s to obtain the transient
spectrum at a set delay time. Kinetic traces at appropriate
wavelengths were assembled from the time-resolved spectral data.

Nanosecond time-resolved transient absorption measurements
were performed using a laser system provided by UNISOKU Co.,
Ltd. Measurements of nanosecond transient absorption spectra were
performed according to the following procedure. A deaerated
solution was excited by a Panther optical parametric oscillator
pumped by a Nd:YAG laser (Continuum, SLII-10, 4—6 ns fwhm)
at A = 430 nm. The photodynamics was monitored by continuous
exposure to a xenon lamp (150 W) as a probe light and a
photomultiplier tube (Hamamatsu 2949) as a detector.

Electrochemical Measurements. Measurements of cyclic vol-
tammetry (CV) and differential pulse voltammetry (DPV) were
performed on an ALS 630B electrochemical analyzer and measured
in deaerated PhCN containing 0.1 M [(n-butyl),N]PFs (TBAPF)
as a supporting electrolyte at room temperature. A conventional
three-electrode cell was used with a platinum working electrode
(surface area of 0.3 mm?) and a platinum wire as the counter
electrode. The Pt working electrode (BAS) was routinely polished
with BAS polishing alumina suspension and rinsed with acetone
before use. The potentials were measured with respect to the Ag/
AgNO; (0.01 M) reference electrode. All potentials (vs Ag/Ag*)
were converted to values vs SCE by adding 0.29 V.>° All
electrochemical measurements were carried out under an atmo-
spheric pressure of nitrogen.

Theoretical Calculations. Density functional theory (DFT)>'
calculations were performed with Gaussian03 (Revision C.02,
Gaussian, Inc.).®> DFT calculations on H4,DPP(FcCOO), were
performed on a 32-processor QuantumCube at the B3LYP/6-31G(d)
level of theory. Graphical outputs of the computational results were
generated with the Gauss View software program (ver. 3.09)
developed by Semichem, Inc.>?

Results and Discussion

Crystal Structure of HDPP(FcCOO),. A single crystal of
the ferrocenecarboxylic acid (FcCOOH) salt of H,DPP,
H,DPP(FcCOO),, was obtained by two-layered recrystallization
with addition of CH;CN on the top of a CH,Cl, solution of
H,DPP in the presence of an excess amount of FCCOOH. The
X-ray crystal structure of HiDPP(FcCOO), is shown in Figure
1. In the crystal of H;DPP(FcCOO),, H,DPP*" and two
ferrocenecarboxylate (FcCOO™) anions were hydrogen-bonded
asymmetrically: on one side, the saddle-distorted H;DPP>* forms
two-point hydrogen bonding among two of the N—H protons
of pyrroles and two of the oxygen atoms in the carboxylate of
FcCOO™ with the interatomic (N-+++O) distance of 2.726 (5)
and 2.587 (4) A. On the other side, one of the oxygen atoms of
the carboxylate in FcCOO™ is hydrogen bonded with two of
the N—H protons of pyrroles, showing the interatomic distance
of 2.773 (4) and 2.763 (5) A as shown in Figure S1 (Supporting
Information). Both FcCOO™ anions were placed in a cleft
formed by the two phenyl groups attached to a pyrrole tilted

(50) Mann, C. K.; Barnes, K. K. Electrochemical Reactions in Non-aqueous
Systems; Mercel Dekker: New York, 1970.

(51) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C; Yang,
W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

(52) Frisch, M. J.; et al. Gaussian 03; Gaussian, Inc.: Wallingford, CT,
2004. The full reference is given in the Supporting Information.

(53) Dennington, R., II; Keith, T.; Millam, J.; Eppinnett, K.; Hovell. W. L.;
Gilliland, R. GaussView; Semichem, Inc.: Shawnee Mission, KS, 2003.
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Figure 1. Crystal structure of HyDPP(FcCOO), from different directions.
Gray, carbon; blue, nitrogen; red, oxygen; orange, iron. Hydrogen atoms
and solvent molecules are omitted for clarity.

up toward the ferrocene parts, forming CH/m interactions with
the phenyl groups. Hydrogen bonding between carboxylate and
pyrrolic N—H has so far been reported in the crystal structures
of diprotonated porphyrins, in which either a one- or two-point
hydrogen-bonding mode was observed.?”-**2%* To the best of
our knowledge, this is the first example for the asymmetric
hydrogen bonding mode in the crystal structure of protonated
porphyrins, which may result from the steric hindrance among
the congested peripheral phenyl groups of the porphyrin and
the ferrocene moieties. A packing view of HDPP(FcCOO), was
depicted in Figure S2 (Supporting Information). The HyDPP**
units exhibit intermolecular CH/m interactions among the
peripheral phenyl groups. Unlike the porphyrin nanochannel
having two independent channels in the monoclinic space group
of C2/c, whose scaffold is composed of H4DPPCI, and two
acetonitrile (MeCN) molecules,* no specific supramolecular
structure was observed in the packing structure of
H4DPP(FcCOO),. The asymmetric space group of P2,2,2; in
the crystal of HyDPP(FcCOO), was assumed to be derived from
the asymmetric hydrogen-bonding mode of FcCOO™.

Spectroscopic Studies in Solution. To examine formation of
supramolecular assemblies in solution, UV—vis titration was
carried out by addition of FcCOOH to a benzonitrile (PhCN)
solution of H,DPP as shown in Figure 2(a). Upon addition of
FcCOOH, the Soret band of H,DPP was red-shifted, and its
Q-band feature was remarkably changed, which was attributed
to formation of diprotonated H,DPP to produce HsDPP?*. In
our previous work, the use of sulfonic acid resulted in two-step
protonation of H,DPP in PhCN, whereas one-step diprotonation
occurred with use of a carboxylic acid.®® This difference is
ascribed to formation of the hydrogen bonds among N—H
protons of pyrroles and carboxylates in solution, which facilitates
diprotonation of H,DPP in contrast to the case of sulfonic acid.®
The observed one-step spectral change in the course of the
titration with FcCOOH suggests formation of the hydrogen
bonding in solution, as observed in the crystal. Since the spectral
change continued up to the addition of more than 2 equiv of
FcCOOH, we carried out the continuous variation method*®*°
to determine the stoichiometric ratio between H,DPP and
FcCOOH. Figure 2(b) shows the Job’s plot for H,DPP and
FcCOOH, in which the function y (see Experimental Section)
is plotted against the molar fraction of H,DPP. The maximum
observed at x = 0.33 clearly indicates a 1:2 stoichiometry for
the reaction of H,DPP and FcCOOH. We determined the
formation constant of the supramolecule, K, to be 9.2 x 108
M2 from the slope of the linear plot obtained by the titration
in Figure S3 (Supporting Information). We also performed

UV —vis titrations for the other donor molecules having car-
boxylate moieties in PhCN to determine binding constants as
summarized in Table 2. The binding constants obtained are
smaller than those reported in the previous work on hydrogen-
bonding supramolecules composed of HyDPP?>" and anthracene
derivatives.® This is ascribed to larger pK, values of ferrocene
derivatives than the anthracene derivatives, probably due to the
negatively charged cyclopentadienyl ring giving rise to desta-
bilization of the carboxylate anion®* and also steric hindrance
between the porphyrin and donor molecules as mentioned above.

We also conducted 'H NMR titrations in CDCl; to investigate
formation of the supramolecular assemblies. The 'H NMR
spectral change in the course of the addition of FcCOOH is
shown in Figure 3. By adding up to 2 equiv of FcCOOH, peaks
assigned to meso-phenyl protons of HyDPP?** were all down-

shift was observed by addition of more than 2 equiv of
FcCOOH. On the contrary, signals of the ferrocene moiety
exhibited upfield shifts due to shielding by the ring current of
the porphyrin ring upon addition of an increasing amount of
FcCOOH (Figure 3). The largest upfield shift was observed on
the proton adjacent to the carboxylate, indicating formation of
hydrogen bonding between pyrrole moieties and the carboxylate
group of FcCOO™ in CDCl;. No further spectral change
observed by addition of more than 2 equiv of FcCOOH indicates
the stronger binding of FcCOO™ to HyDPP?** in CDCI; than
that in more polar benzonitrile as mentioned above. Unlike the
crystal structure, we could not observe the asymmetrical
hydrogen bonding in the 'H NMR measurements, probably
because of the fast exchange of FcCOO™ in the NMR time scale.
These observations were common for other donor molecules
(Figure S10, Supporting Information).

Electrochemical Measurements. Electrochemical studies using
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were performed to determine the oxidation and reduction
potentials of the supramolecular complexes in deaerated PhCN
containing 0.1 M TBAPF;g at room temperature. CVs and DPV's
were measured for FcCCOOH (Figure S11(a), Supporting Infor-
mation) and the mixture of H,DPP (1.7 mM) and an excess
amount of FcCOOH (4.5 mM) (Figure S11(b), Supporting
Information) to obtain the supramolecular complex
(HsDPP(FcCOOQO),) in PhCN. The one-electron oxidation po-
tential of the ferrocene moiety (E,x) is changed from 0.70 V
(vs SCE) in the absence of H,DPP to 0.48 V after addition of
H,DPP. This negative shift of oxidation potential is attributed
to the deprotonation of FcCOOH (FcCOO™) as a result of
formation of the supramolecular complex, and the difference
of the oxidation potential (0.22 V) is consistent with the reported
value (0.195 V in acetonitrile/H,O (v/v 8:2)).>*" The two-
electron reduction potential (E.q) ascribed to the H,DPP**
moiety (H;DPP**/H,DPP) is determined to be —0.55 V by
DPV.** We conducted electrochemical measurements for other
electron-donor molecules (Figure S12, Supporting Information)
under the same conditions. The E,, and E.q values thus
determined are listed in Table 3. In the case of FcAcOH,
Fc(COOMe)(COOH), and TTFCOOH, their oxidation potentials
in the supramolecular assemblies were significantly cathodically
shifted (by 0.12—0.31 V) with respect to the corresponding

(54) (a) Matsue, T.; Evans, D. H.; Osa, T.; Kobayashi, N. J. Am. Chem.
Soc. 1985, 107, 3411. (b) De Santis, G.; Fabbrizzi, L.; Licchelli, M.;
Pallavicini, P. Inorg. Chim. Acta 1994, 225, 239.

(55) Medfortht, C. J.; Senge, M. O.; Smith, K. M.; Sparks, L. D.; Shelnutt,
J. A. J. Am. Chem. Soc. 1992, 114, 9859.
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Figure 2. (a) Absorption spectral change in the course of titration of H,DPP with FcCOOH in PhCN at room temperature. Inset: absorbance change at 470
nm (black line) and 500 nm (red line). (b) Job’s continuous variation plot to determine the stoichiometry of the complex formation between H,DPP and
FcCOOH: molar fraction of H,DPP is varied while keeping the total concentration constant. Dots correspond to absorbance difference (y function, see

Experimental Section) at 470 nm for various H,DPP molar fractions.

Table 2. Formation Constants (K) of H4DPP?" with Electron Donor

donor molecule K M2
FcCOOH 9.2 x 108
FcAcOH 3.1 x 108
BrFcCOOH 4.6 x 108
Fc(COOMe)(COOH) 6.9 x 10°
TTFCOOH 1.9 x 10'°
FcPhCOOH 1.5 x 10°
FcbphCOOH 3.5 x 10°

carboxylic acids as can be seen in FcCOOH, whereas the oxidation
potentials of other electron-donor molecules were slightly changed
negatively (by 0.01—0.03 V). The reduction potentials of H;DPP**
in the presence of an excess amount of the electron-donor molecules
having the carboxyl groups were varied in the range of —0.52 to
—0.71 V, indicating that the strength of the hydrogen bonding in
solution affects the energy of the lowest unoccupied molecular
orbital (LUMO) of H,DPP*".

Photoinduced Electron Transfer in Hydrogen-Bonding
Supramolecules. The fluorescence spectrum of HyDPP(FcCOO),
was measured with photoexcitation at 430 nm in PhCN in the
presence of an excess amount of FcCOOH to observe weak
emission at 814 nm derived from the H,DPP>" moiety.
Fluorescence quenching was observed as reflected in the change
in the quantum yields from H,DPP (® = 0.85%) to
H4DPP(FcCOO), (® = 0.42%). The value (O = 0.42%) of the
assembly was smaller than that of H,DPP?", as observed in the
salts of 4-pyridinecarboxylic acid and 2-anthrathene carboxylic
acid, which afforded the fluorescence around 800 nm with the
quantum yield of approximately 1% (Figure S13, Supporting
Information).***> In addition, fluorescence quenching was also

FcCOOH

H,DPP b a
|+ 1eq FcCOOH &L&—CooH
" 4 2eq FCCOOH Fe

+ 5eq FcCOOH = c

+ 10eq FcCOOH

5, ppm

Figure 3. 'H NMR spectral change of H,DPP upon addition of FcCOOH
in CDCl; at room temperature. (i) FcCOOH, (ii) H,DPP, (iii) H,DPP + 1
equiv of FcCOOH, (iv) H,DPP + 2 equiv of FcCOOH, (v) H,DPP + 5
equiv of FcCOOH, and (vi) H,DPP + 10 eqiuv of FcCOOH.
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observed using other donor molecules, suggesting that photo-
induced electron transfer occurs in the supramolecular as-
semblies. From the absorption and emission maxima (727 and
814 nm, respectively), the energy of the singlet excited state of
H,DPP?" is determined to be 1.61 eV.

The highest occupied molecular orbital (HOMO) and LUMO
of HyDPP(FcCOO), were estimated by DFT calculations using
the B3LYP/6-31G(d) basis set on the basis of the crystal
structure, indicating that the HOMO and the LUMO are
localized on the FcCOO™ moiety and the Hy;DPP?" moiety,
respectively (Figure 4). The HOMO-1 was also localized on
each FcCOO™ moiety, and the energy difference between
HOMO and HOMO-1 was small (0.05 eV). This suggests that
photoinduced electron transfer occurs from the FcCOO™ moiety
to the H;DPP*" upon photoexcitation of the diprotonated
porphyrin.

To examine the photodynamics, time-resolved femtosecond
transient absorption spectra of HyDPP(FcCOO), were measured
in deaerated PhCN. After laser excitation at 430 nm, the transient
absorption bands at 550 and 1030 nm due to the singlet excited
state of the H;DPP*" moiety,'[H;DPP?*]*, were observed at
1.5 ps as shown in Figure 5. At 10 ps after photoexcitation, the
spectrum changed to that assigned to the electron-transfer state
of HyDPP(FcCOQ),. This assignment was made by the fact that
the same absorption bands as those in Figure 5 were observed
in the transient absorption spectra in intermolecular photoin-
duced electron transfer from ferrocene to the triplet excited state
of H4,DPP(4-PyCOOQ), as shown in Figure 6. The transient
absorption of the electron-transfer state disappears at 100 ps,
and the remaining species was assigned to the triplet excited
state of HyDPP?*" by comparison with the transient absorption
spectrum of that of H,DPP(4-PyCOO), (Figure S14(b), Sup-
porting Information). Compared to the nanosecond transient
absorption spectrum of the triplet excited state of HyDPP(4-
PyCOO),, the observed absorption due to the triplet excited state
of HyDPP(FcCOO), was significantly small (Figure S14(a),
Supporting Information). Thus, the observed triplet excited state
of H4yDPP?* results from the uncomplexed HsDPP?* without
hydrogen-bonded electron donors, judging from the relatively
small binding constant in PhCN. From the time profile of the
rise and the decay of absorbance at 545 nm depicted in the inset

(56) We could not determine the rate constant of back electron transfer in
H,DPP(FcbphCOO), from the decay at 600 nm, in which the remaining
components at 3000 ps were assigned as the electron-transfer state
(Figure S17, Supporting Information).
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Table 3. One-Electron Oxidation Potentials (E,) of Electron Donors and Reduction Potentials (E.q) of HsDPP2*, Driving Forces of
Intrasupramolecular Photoinduced Electron Transfer (—AGgr) and Back Electron Transfer (—AGger), and Rate Constants (ke and Aggr) in
Supramolecular Complexes of H,DPP2?* with Hydrogen-Bonded Electron Donors in PhCN at Room Temperature

electron donor E,, V2 Epeq, V2 —AGer, eV —AGger, eV ker, 510 kger, 71

1 FcCOOH 0.48 055 0.58 1.03 (5.0 £0.3) x 10" (6.140.4) x 10°
2 FcAcOH 0.35 —0.71 0.55 1.06 (6.6 £0.3) x 10" (2.5+0.1) x 10"
3 BrFcCOOH 0.77 —0.52 0.32 1.29 (1.8 +£0.2) x 10" (22+0.1) x 10'°
4 Fc(COOMe)(COOH) 0.60 —0.50 0.51 1.10 (3.8 +0.6) x 10" (1.6 £0.1) x 10"
5 TTFCOOH 0.24 —0.61 0.76 0.85 (74 +0.7) x 10" (1.8 +0.2) x 10"
6 FcPhCOOH 0.53 —0.49 0.59 1.02 (4.5+0.5) x 10" (7.8 +£0.5) x 10°

7 FcbphCOOH 0.47 —0.50 0.64 0.97 244+0.1) x 10° <

“vys SCE. ” The rate constants of photoinduced electron transfer (kgr) and back electron transfer (kggr) were determined from both the rise and decay
time profile at 545 nm and the binary analysis of the decay time profile at 600 nm. “ Only the rate constant of intrasupramolecular photoinduced electron

transfer could be determined from the decay of absorbance at 540 nm (Figure S15(f) in Supporting Information).>®

(@) (b)

Figure 4. (a) HOMO and (b) LUMO orbitals of H,DPP(FcCOO),
calculated by the DFT method at the B3LYP/6-31G(d) level.
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Figure 5. Transient absorption spectra of H,DPP(FcCOO), (20 uM) in
PhCN at 1.5 (black), 10 (red), and 100 ps (blue) after femtosecond laser
excitation at 430 nm. Inset: A time profile at 545 nm corresponding to
intrasupramolecular electron transfer from FcCOO™ to 'H;DPP>™* (rise)
and the back electron transfer (decay).

10

-5
500 600 700 800 900 1000 1100 1200

Wavelength, nm

Figure 6. Nanosecond transient absorption spectra of HyDPP(4-PyCOO),
(12 uM) in the presence of ferrocene (1 mM) in PhCN taken at 80 us after
laser excitation at 515 nm.

of Figure 5, we determined the rate constants of photoinduced
electron transfer and back electron transfer to be 5.0 x 10!
and 6.1 x 10 s7!, respectively. The rate constants were also
determined for the supramolecules with other electron-donating

Scheme 2. Energy Diagram of Intrasupramolecular Photoinduced

Electron Transfer and Back Electron Transfer of Supramolecular

Complexes of H,DPP?* with Hydrogen-Bonded Electron Donors?
'[H,DPPT

1.61eV .
. %[H{DPP*]

143 eV

('L 430 hm) [H,DPP"}(D*CO0~)(DCOO")

[H,DPP?*](DCOO"),

“D denotes an electron-donor moiety.

molecules (Figure S15, Supporting Information), and the results
are summarized in Table 3 together with the driving forces of
photoinduced electron transfer (—AGgr, in eV) and back electron
transfer (—AGggT, in €V). The —AGgt values were determined
from the one-electron oxidation potentials of the electron donor
moieties (E,,), the reduction potential of the H,DPP** moiety
(Eq), and the energy of the singlet excited state of HsDPP?*
('E* = 1.61 eV) using eq 5

—AGgr = —e(E,, — E,,)) + 'E* 5)
The —AGggr values were determined using eq 6.
_AGBET = e(on - Ered) (6)

The energy diagram of intrasupramolecular photoinduced
electron transfer and back electron transfer in hydrogen-bonded
supramolecular complexes is depicted in Scheme 2. Intrasu-
pramolecular photoinduced electron transfer occurs from the
ground state of an electron donor unit to '[H;DPP?"]*, and the
back electron transfer affords the ground state of Hy;DPP?* rather
than the triplet excited state (*[H4DPP?*]*) because the energy
of the electron-transfer state (0.85—1.29 eV) is lower than that
of 3[H,DPP>']* (1.43 eV).>30-3

The driving force dependence of the rate constants of
intrasupramolecular photoinduced electron transfer from a series
of hydrogen-bonded electron donors to '[HyDPP?"|* (kgr) to
give rise to the corresponding electron-transfer states and those
of back electron transfer to afford the corresponding ground
states (kggr) can be analyzed by the Marcus equation of
nonadiabatic intramolecular electron transfer (eq 7)%8

)1/2 , [_ (AGgr + A)°

42k, T ™

o= (2T
S \nak,r
where V is the electronic coupling matrix element; £ is the

Planck constant; 7 is the absolute temperature; AGgr is the free
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energy change of electron transfer; and /1 is the reorganization
energy of electron transfer. The curve fit of the results for a
variety of electron donors (1—5 in Table 3) by using eq 7 is
shown in Figure 7, affording a small reorganization energy (4
=0.68 £ 0.03 eV) and a large electronic coupling matrix (V =
43 + 7 cm™'). The A value is comparable to those of covalently
linked donor—acceptor systems consisting of electrically neutral
porphyrins as electron donors (0.41—0.66 V). ® The large
electronic coupling matrix may result from the strong interaction
between H,DPP?>" and electron-donor molecules because the
HOMO of FcCOO™ extends to the carboxylate moiety as shown
in Figure 4(a).

The distance dependence of intrasupramolecular photoinduced
electron transfer and back electron transfer was also examined
by using ferrocenecarboxylic acid derivatives having linear
phenylene linker(s) between the ferrocene moiety and the
carboxyl group as shown in the inset of Figure 8, where the
distance between the electron donor and acceptor is defined as
that between the Fe atom of ferrocene and the center of a mean
plane of the porphyrin ring of HyDPP**, which was obtained
from the optimized structure calculated by the DFT calculation
at the B3LYP/6-31G(d) basis set (Figure S16, Supporting
Information). The distance dependence of the rate constant of
intrasupramolecular electron transfer (kgr) is given by eq 8

kgr = ky exp(—pr) (8)

where ky is the rate constant of adiabatic intrasupramolecular
electron transfer; r is the donor—acceptor center-to-center
distance; and f is the decay coefficient factor (damping factor),
which depends primarily on the nature of the bridging mol-
ecule.’” From the slope of the plot depicted in Figure 8, the 3
value was determined to be 0.64 A~!, which is comparable to
those of covalently phenylene-bridged multiporphyrin systems.
The distance dependence of the rate constant of back electron
transfer (kggr) was also determined to be 0.53 Al (Figure S17
in Supporting Information). This indicates that intrasupramo-
lecular photoinduced electron transfer and back electron transfer
in supramolecular complexes of H4DPP?" with hydrogen-bonded
electron donors are as efficient as covalently bonded electron-
donor systems.>® To the best of our knowledge, this is the first
example of the distance dependence of photoinduced electron
transfer in the supramolecular system.

Conclusion

Systematic investigations have been performed on formation
of the hydrogen-bonding supramolecular complexes composed
of H,DPP?* and electron donors bearing a carboxylic group and
the photodynamics of intrasupramolecular photoinduced electron
transfer and back electron transfer. The crystal structure of the
supramolecular complex of HyDPP*" with two FcCOO™ anions
has successfully been determined to exhibit asymmetrical
hydrogen bonds between the N—H protons of H;DPP?** and the
carboxylate groups of two FcCOO™ anions. Formation of the
1:2 supramolecular complexes between HyDPP** with two donor
anions was confirmed by spectroscopic measurements, and the
formation constants (108—10'° M~2) were large enough to afford
the supramolecular complexes in PhCN. Intrasupramolecular
photoinduced electron transfer from the hydrogen-bonded

(57) Closs, G. L.; Miller, J. R. Science 1988, 240, 440.

(58) (a) Osuka, A.; Maruyama, K.; Mataga, N.; Asahi, T.; Yamazaki, I.;
Tamai, N. J. Am. Chem. Soc. 1990, 112, 4958. (b) Helms, A.; Heiler,
D.; McLendon, G. J. Am. Chem. Soc. 1992, 114, 6221. (c) Pettersson,
K.; Wiberg, J.; Ljungdahl, T.; MArtensson, J.; Albinsson, B. J. Phys.
Chem. A 2006, 110, 319.
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Figure 7. Driving force dependence of log kgr (@) or kpgr (@) for
intrasupramolecular photoinduced electron transfer and back electron transfer
in supramolecular complexes of H;DPP?>" with hydrogen-bonded electron
donors (the numbers correspond to those in Table 3) in PhCN at room
temperature. The fitting to the Marcus theory of the electron transfer (eq 7)
is shown by the solid line with A = 0.68 eV and V = 43 cm™! and the
dotted lines with 4 = 0.65 and 0.71 eV and V = 43 cm™!, respectively.
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Figure 8. Distance dependence of In kgr for intrasupramolecular electron
transfer from electron donors ((1) FcCOO™, (6) FcPhCOO™, and (7)
FcbphCOO™) to' [H4DPP?*]*, where the distance between an electron donor
and an electron acceptor is defined as that between the Fe atom of the
ferrocene moiety and the center of a mean plane of the porphyrin ring.

electron donors to '[HyDPP>"]* was investigated by femtosecond
laser flash photolysis. The determined rate constants were
evaluated in light of the Marcus theory of electron transfer to
afford a small reorganization energy (0.68 eV), indicating
intrinsic small structural change of the porphyrin ring upon
electron transfer. The distance dependence of the intrasupramo-
lecular photoinduced electron transfer was investigated for the
first time by using ferrocenecarboxylic acid derivatives including
various lengths of phenylene linkers to determine the damping
factor of the rate constant of electron transfer to be 0.64 A",
Our results clearly show that the diprotonated dodecaphenylpor-
phyrin acts as a hydrogen-bonding donor in formation of
supramolecular complexes with conjugate bases of acids and
also an electron acceptor in intrasupramolecular photoinduced
electron transfer. The combination of a variety of electron donors
with carboxyl groups acting as hydrogen bonding sites with a
diprotonated porphyrin (H4DPP?") in the present study provides
a versatile strategy to construct stable supramolecular electron
donor—acceptor systems for further development of supramo-
lecular photofunctional devices.
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