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to Pyromellitic Diimide as an Axial Ligand
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Electron transfer (ET) reactions from the &d $ states of some porphyrins and phthalocyanines to the
axial ligand have been investigated by means of femtosecond laser flash photolysis. As the axial ligand,
which acts as an acceptor, we synthesized an asymmetric pyromellitic diimide (Pl) compound that has an
alkyl chain and a pyridine ring on N and toms, respectively. The pyridine ring of Pl can coordinate to Zn

of tetrapyrrole macrocycles. The coordination was confirmed by-Mi¥ and'H NMR spectra. ET from the

S, state of Zn tetraphenylporphyrin (ZnTPP), Zn octaethylporphyrin (ZnOEP), Zn phthalocyanine (ZnPc),
and Zn naphthalocyanine (ZnNc) to Pl was confirmed with transient absorption spectroscopy by observing
PI-. ET from the $ state occurred at the rate constant of (8.6 ps) (78 ps)?, and the yield was almost

unity. Furthermore, ET from the,State of ZnTPP and ZnPc to Pl was confirmed. ET from thst&te of

ZnPc was observed for the first time. The ET rate from thst&te was faster than that from thes$ate. In

the case of ZNOEPPI and ZnNe-PI complexes, ET from the,State was not observed.

Introduction natural photosynthesis system, bacteriochlorophylls are arranged
in a specific configuration by interactions with surrounding

Photosynthesis is one of the most important reactions in peptides. The BChl exists as the pentacoordinated complexes

chemistry. In photosyrjthe5|s, light-harvesting complex captur.es with the imidazole moiety of histizine as an axial ligand.
photon and transfers its energy to the chlorophyll (Chl) special

pair of the photosynthesis reaction center. The energy transfer Ve report here ET from the;Saind $ states of some Zn
and following electron transfer (ET) in the photosynthesis tetrapyrrole macrocycles coordinated with pyrqmellmq diimide.
system are very efficient. Their quantum yields are almost unity. 't 1S well known that the N atom of a pyridine ring can
Mimicking the natural photosynthesis is an important subject coordinate to the Zn atom of ZnTPF.he pyromeliitic diimide

to achieve the artificial photosynthesis and also to develop novel €omPound (P1) that we synthesized has the pyridine ring (Figure
electronic devices. Because ET is the primal reaction in the 1), @nd it can coordinate to the Zn atom of ZnTPP, ZnOEP,

reaction center, many research groups have put a lot of effortZ"P¢, @nd ZnNc. Pl has low reduction potential and fias

into achieving efficient and long-lived charge-separated state @ intense absorption peak at 720 nm, so Pl is a useful
using donoracceptor dyad, triad, and so &0 realize the chromophore as an electron acceptor. Figure 1 shows the

efficient ET, ET from the higher excited-state such as the S structure of the ZnTPPPI complex as arep.resentative. Bepause
state has to be also considered. Even for the deacceptor the distance between donor and acceptor in the complex is short,

dyad in which ET cannot occur from the State, excitation to ~ E IS €xpected even in the; State with very short lifetime.

the S state makes ET energetically possible in some cases.

Tetrapyrrole macrocycles, such as tetraphenylporphyrin (TPP), Experimental Section

octaethylporphyrin (OEP), phthalocyanine (Pc), and naphtha- . . .

locyanine (Nc), are known as good model compounds of Chl Materials. 5,10,15,20-Tetraphenyl-2123H-porphine zinc

because of their stability. Various research groups have reporteo(znTPP)’ 2,3,7,8,12,13,17,18-octaethyl-22.3H-porph|ne zine

about their energy transfer and ET from thes&te? ET from (ZnOEP), zinc 2,9,16,23-tettart-butyl-23H,31H-phthalocya-
nine (ZnPc), and zinc 2,11,20,29-teteat-butyl-2,3-naphtha-

the S state of ZnTPP derivatives in which an acceptor was locyanine (ZnNc) were purchased from Aldrich Chemical Co.

connected at meso- gi-position has been reportédviataga - I
et al. reported free energy dependence of ET rate from she S and used without further pur[flcatlon. Toluene (spectral grade)
was purchased from Nacalai Tesque Inc.

state3@ Wasielewski et al. reported 6 times faster ET from the ) ; -
S, state than ET from the ;Sstate®® Although the $ state ‘Synthesis ofN-(2-Ethylhexyl)-N'-(4-pyridyl)-pyromellitic
properties of OEP, Pc, and Nc have been repdtted, from Diimide. 2-Ethylhexylamine (1.84 g, 14.3 mmol) and 4-ami-
their S state has not been reported yet; they still have enough NoPyridine (2.68 g, 14.3 mmol) in 50 mL of dimethylformamide
room to study more. (DMF) were added to 150 mL of DMF |ncIud|.ng pyromellltlc
To mimic the natural photosynthesis reaction, the self- dianhydride (4.25 g, 19.5 mmol). The reaction mixture was

assembled supramolecular systems seem to be a good candidafimed overnight at room temperature. After filtration, the

as a model compound of the reaction center, because in theMixture was evaporated. Acetic anhydride was added to the
residue and stirred fdl h at 100°C. After filtration, the solvent

*To whom correspondence should be addressed. E-mail: (M.F.) Was removed. The crude product was pu_rified by column
fuji@sanken.osaka-u.ac.jp; (T.M.) majima@sanken.osaka-u.ac.jp. chromatography (EtOAc/CiEl; (1/10)). The yield of PI (770
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Figure 1. Structure of ZnTPPPI complex. Figure 2. UV—vis absorption spectra observed during the complex-

ation of Pl and ZnTPP in toluene at room temperature. 4, 15, 20, 50,
mg) was 9.7%H NMR (CDCl): ¢ 8.80 (d,J = 4.86 Hz, and 200uL of PI solution (9.6 mM) was added to ZnTPP solution
2H): 8.41(s, 2H); 7.62 (d) = 4.86 Hz, 2H); 3.67 (dJ = 7.29 (3.1 uM). The inset shows the Scatchard plot of absorbance at 423
Hz, 2H): 1.87 (m, 1H); 1.25 (m, 8H); 0.90 ppm (m, 6H). FAB- "™

MS: 407 (405.2, calcd). at 426 and 555 nm (Figure 2). These spectral changes are clear

General Method. In the transient absorption measurements, o iqence for the generation of pentacoordinated ZnSEHat
complexes were prepared using excess amount of PI. Judgings 'p| js coordinated to central Zn as illustrated in Figure 1,

from the association constant (vide infra), almost all tetrapyrrole po.ose these spectral changes were also observed for the

macrocycles were in the complex form. . complex of pyridine (Py) and ZnTPP. Similar spectral changes
Apparatus. The steady state absorption and fluorescence \are confirmed for ZnOEP and ZnPc. In the case of ZnNc

spectra were measured using Shimadzu UV-3100PC andgompex, Q-bands were blue-shifted (see Supporting Informa-
Hitachi 850, respectively*tH NMR spectra were measured in tion).

CDCls or CeDsCD; at room temperature using a JEOL JMN From the absorption spectral data, the association constant,

LA-400. . ) Ka was estimated by using the Scatchard methokhe
The subpicosecond transient absorption spectra were meagygtimateck, values are listed in Table 1. From these values, Pl
sureql _by t_he pump and_probe method using a regener ativelycan coordinate to the Zn atom of tetrapyrrole macrocycles easier

amplified titanium sapphire laser (Spectra Physics, Spltflre.Pro than Py except for ZnP&:10 As indicated in the Experimental

F, 1 kHz) pumped by a Nd:YLF laser (Spectra Physics, gection, pI was added to tetrapyrrole macrocycles by a factor
Empower 15). The seed pulse was generated by the titaniumgt 18 for the transient absorption measurements. Under this
sapphire laser (Spectra Physics, Tsunami 3941-M1BB, full width condition, >96% of tetrapyrrole macrocycles are in the penta-
at half-maximum (fwhm) 80 fs, 800 nm). The second harmonic 44 qinated form.

oscillation (400 nm, 130 fs fwhm, BJ pulse™) of the output For all macrocycles, when Pl was added to tetrapyrrole
of the regeneratively amplified titanium sapphire laser was used macrocycles, intensities of fluorescence from the sBate

as the excitation pulse. Exqitation pulse at 540, _5_70’ and 680 yoreased compared to the complexes with Py. Decrease of
nm was generated by optlcgl parametrlc amplifier (Spectra fluorescence intensity was also confirmed forflBorescence
Physics, OPA-800CF). A white continuum pulse, which was ¢ 7 1Pp. This implies that ET from macrocycles to Pl
generated by focusing the residual of the fundamental light to occurred.

a flowing water cell after a computer-controlled optical delay, 14 NMR Spectra. Another evidence for the complexation

was divided into two parts and used as the probe and the s ghtained fromH NMR spectra as shown in Figure 3. The
reference lights, of which the latter was used to compensate gnecira revealed that the peaks due to H of Pl were shifted when
the laser fluctuation. The both probe and reference lights were p| tormed a complex. Thé values of the H of Pl were 8.80
directed to a rotating sample cell with 1.0 mm of optical path (Ha), 8.41 (H), and 7.62 (i) ppm in CDCh. When ZnTPP

and were detected with a charge-coupled device detectorynq py formed the complex, the peaks were shifted to lower
equipped with a polychromator (Solar, MS3504). The pump fieiq |n the case of ZnTPPPI, when 0.46 equiv of Pl was

pulse was chopped by a mechanical chopper synchronized to,y4ed to ZnTPP in CDGI Hy was observed ai = 6.34 ppm

one-half of the laser repetition rate, resulting in a pair of the (Figure 3B). When 6.7 equiv of Pl was added, theatds shifted
spectra _With and without the pump, from which absorption ;5 = 752 ppm (Figure 3G). Other protoné also showed the
chang_e |_nduced by the pump pulse was estimated. peak shift, especially 5 Hp, and H, which showed a relatively
Optimized structures of ZnTP#PI, ZnOEP-PI, ZnPc—PI,. large shift, indicating the complexation at the pyridine ring of
and ZnNC—'PI were estimated at the B3LYP/6-31G* level using Pl to ZnTPP. ZnOEP in CDGland ZnPc in @DsCDs showed
the Gaussian 03 package. similar results, but ZnNc did not show clear spectra because of
its low solubility (see Supporting Information).
Molecular Orbital Calculation. Structures of the complexes
Absorption and Fluorescence SpectraWwhen Pl in toluene were estimated by molecular orbital calculation. The optimized
was added dropwise to toluene solution of ZnTPP, steady statestructure of ZnTPPPI is shown in Figure 4. The optimized
absorption showed obvious changeSoret and Q-bands were  structures of the other complexes were shown in Supporting
red-shifted by 6 and 11 nm, respectively, with isosbestic points Information. Figure 4 indicates that highest occupied molecular

Results and Discussion
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Figure 4. Structure of the complex of ZnTPP and PI. Optimized structures of the complex were estimated at the B3LYP/6-31G* level with the
Gaussian 03 package. HOMO was shown in (A) and LUMO in (B). Alkyl group of Pl was reduced to methyl group.

TABLE 1: The Absorption Peaks and the Association ConstantsK,, in Toluene Obtained from the Scatchard Method at Room

Temperature
Ama{nNM Ka/ M1
without complexation complex with Py complex with PI Py PI
ZnTPP 423, 550, 587 429, 562, 601 429, 561, 600 1000 2400
ZnOEP 405, 533, 570 415,542, 577 414,542,576 2200 2500
ZnPc 349, 611, 677 352,611, 678 —2 611,678 51000 8400
340, 684, 730, 767 —3a, 685, 730, 769 9100 86000

ZnNc 340, 686, 731, 769
@ The data was not obtained because the absorption of macrocycles was overlapped with the absorption of PI.

orbital (HOMO) is localized on ZnTPP, donor, and lowest From the optimized structure, LUMO was also localized on the
unoccupied molecular orbital (LUMO) on PI, acceptor. Thus, carbonyl groups of PI. The distance between the O atom and

when the complex is excited, ET from ZnTPP to Pl might occur. macrocycle plane was 7.27.30 A, independent of macro-
cycles. With the formation of the pentacoordinated Zn ion, Zn

process. by 0.38-0.53 A. These structural parameters are summarized
From the optimized structure of ZnTPI, the center-to- in Table S1 of Supporting Information.
center distance of donor and acceptor was 10.2 A. For other Electrochemistry. To estimate the driving force{AG) for
the ET from the $and $ states, the oxidation potentials of the

complexes the center-to-center distance was-1023 A. This
implies that the distance is almost the same. The electron densitycomplexes with Py as model compounds were measured by the
cyclic voltammetry. The redox potentials are summarized in

LUMO is localized on the pyromellitic diimide and not on the
pyridine ring. Thus the pyridine ring acts as a spacer in the ET ion is slightly pulled out from the tetrapyrrole macrocycle plane

of donor and acceptor has important effects on the ET3pafe.
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Figure 5. (A) Transient absorption spectra of ZnTPPI complex in toluene excited at 570 nm. (B) Time profile at 720 nm. The red line is the

fitted curve.

TABLE 2: The Data of Redox Potential and Driving Force, —AG, for ET in the Complex with PI

EadVVs SCE  Eof/VVSSCE  En(S)eV  Ex(S)leV  —AG(S)eV  —AG(S)eV  —AG(CR)eV
PI -0.83

ZnTPP-Py 0.57 1.88 2.81 0.83 1.76 1.05
ZnOEP-Py 0.61 2.13 2.83 1.04 1.74 1.09
ZnPc-Py 0.57 1.79 2.72 0.74 1.67 1.05
ZnNc—Py 1.15 1.82 2.30 0.19 0.67 1.63

aThe redox potentials were obtained using cyclic voltammetry in 50 mM TEA@IE€hloromethane. Scan rate was 100 mV. 8These values

were estimated from the absorption tail of the Soret band.

Table 2. The-AG values were estimated from egs 1 arld 2

—AG=E— B+ Eppt AGs (1)
[ty 1)1 _¢€
AGs=e (ZrD + ZrA) (es er) el @

whererp andra are the effective radii of the dortdr and

acceptor ions and are reported to be 5 (ZnTPP) and 3.5 A

(pyromellitic diimide), respectiveli? ; is the dielectric constant
of CH2Cl, and thees is that of toluene. The is the center-to-
center distance. The energy levEed, was estimated from the
peak of fluorescence spectra exceptigy(S;) of ZNOEP-Py,
ZnPc-Py, and ZnNe-Py. Because of the absence of-S
fluorescence, theilEgy(S;) values were obtained from the

For ZnOEP-PI and ZnNe-PI, CS from the $state was also
confirmed (Figure S10 and S11 of Supporting Information). The
CS rate constants were estimated by subtraction of radiative
and internal conversion rates from the apparent rate. CS and
charge recombination (CR) rates are summarized in Table 3.
The lifetime of the $state of ZnTPP, ZnOEP, ZnPc, and ZnNc
was reported to be 2.4, 2.0, 3.6, and 2.4 ns, respectifédyl?
From these values, it is revealed that the ET from thet&te
occurred very efficiently in all cases. The quantum yields of
ET from the g state (Dcsy) were almost unity in all cases (Table
3). Because time profile of ZnPc transient absorption at 720
nm did not show substantial decay within our instrumental
measurable range at 720 nkar of ZnPc may have some error.

In Figure 7, observed CS and CR raté&sy, were plotted

absorption tail of the Soret band. Thus, these values might have@dainst the driving force. Roughly saying, Figure 7 suggests

some error. It is reported that eq 2 gives too larg@s in
nonpolar solvent, such as toluene. The calculated value3af
was decreased to 0.35 eV as indicated in ref 12. TheA&
values indicate that ET is possible both from the&d $ states.
Charge Separation (CS) from the $ State. The photoin-
duced process of ZnTPHPI in toluene was investigated by

that ET from the $state occurred on a similar Marcus parabola
except for CR in ZnNe-Pl complex. Although CR processes
have a larger driving force, CR rates were slower than CS rates.
This implies that CR processes were in the Marcus inverted
region. The reorganization energy will be 8A.8 eV. In Figure

7, a tentative Marcus parabola is drawn by assuming 0.5 eV

excitation of the sample with a 570 nm laser pulse that excites ahd 30 cm* of reorganization energy and coupling matrix

the Q-band of ZnTPP generating the Sate of ZnTPP. The
obtained transient absorption spectra and time profile of PI
at 720 nni® of the ZnTPP-PI complex are shown in Figure 5.
At 5 ps after excitation, a spectrum of-8xcited ZnTPP was
observed. After that, P1 (720 nm) showed maximal concentra-
tion around 70 ps and disappeared with (690 psf the time
constant.

Photoinduced process of ZnPBI upon excitation to the:S

element, respectively. The results show that the ET from the
S, state occurred in Marcus top and normal region resulting in
very efficient ET. Opened symbols are the ET rate from the S

state (vide infra).

CS from the S, State.When the ZnTPPPI was excited to
the S state by 400 nm laser pulse, the peak of Rippeared
obviously faster than the;®xcitation (Figure 8 and Supporting
Information.). This implies that the ET occurred from the S

state in toluene was investigated by excitation of the sample state in this complex. The apparent rate of ET from thet&te
with 680 nm laser pulse. The CS was confirmed by appearancewas estimated to be (4.8 p3$) The CS rate constant was

of PI'~ (720 nm) and ZnP¢ (850 nm) (Figure 6}* The peak
of PI'~ appeared at (82 ps), and its lifetime was in nanosecond
order.

estimated by the similar manner to that from thestate (Table
4). It was 5.5 times faster than ET from the Sate. Because
the S-fluorescence lifetime of ZnTPP is reported to be-234
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Figure 6. (A) Transient absorption spectra of ZnPRlI complex in toluene excited at 680 nm. (B) Time profile at 720 nm excited at 680 nm. The

red line is the fitted curve.
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Figure 7. The plots of rate constant&er, against—AG. Opened
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Figure 8. Time profiles of ZnTPP-PI complex in short time scale.

Excitation wavelength: 400 nm (circle) and 570 nm (square). The black

and red lines were fitted curves.
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Figure 9. Time profiles of ZnPe-Pl complex in short time scale.
Excitation wavelength: 400 nm (circle) and 680 nm (square). The black
and red lines were fitted curves.

TABLE 3: Summary of Transient Absorption and Kinetic
Data of ET from the S; State®

compound  Aex/nm  Apg/nM  7csdps  TcrlPS Dcsd%
ZnTPP-PI 570 720 18 690 99
ZnOEP-PI 540 720 9.0 360 100
ZnPc-PI 680 720 78 6100 98
ZnNc—PI 680 980 8.6 510 100

@ lex and Apr are excitation and probe wavelengths, respectively.
7cs1 and zcr are the rate constants of CS from theskate and CR,
respectively.

TABLE 4: Summary of Transient Absorption and Kinetic
Data of ET from the S, State?

compound Aex/nm  ApgnM  7csdpS  TcsdPS  Tcr/PS  Pcsd%

ZnTPP-PI 400 720 1.8 22 650 63
ZnPc-PlI 400 720 28 78 4100 33

2 lex and Apr are excitation and probe wavelengths, respectively.
Tcs1andresz are the time constants of the CS from thestate and the
S, state, respectively, whilecr is the time constant of CRCalculated
with the assumption that the lifetime of ZnTPR Sate was 3 p¥

ps) and (82 ps)! (Figure 9 and Supporting Information).
When the complex was excited at 680 nm, the peak of PI

psl5the CS is not an efficient process due to the other deacti- appeared at (82 ps). So ET from the gstate of ZnPc occurred
vation processes such as internal conversion. Thus the quantunat (42 psy™. It was 2.0 times faster than ET from the Sate.

yield of ET from the $ state is as low as 0.63 (Table 4).
The ET from the $state was also confirmed for ZnPel.
When the complex was excited to the<$ate by 400 nm laser

Because the lifetime of the,State of ZnPe Py was estimated
to be 14 ps (Supporting Information), the quantum yield of ET
from the S state was estimated to be 0.33. Thus, CS from the

pulse, the peak of P1 appeared with two components of (42 S, state is also a minor process in &cited ZnPe-PI.
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Figure 10. (A) The rate constant&er, were plotted against AG under the assumption that ET from thgs$ate was on another Marcus parabola
from ET from the $ state. The red curve was drawn with larger reorganization enérgy2.0 eV). (B) The energy level diagram of the complex
including the hot CS state. (C) The rate constakis, were plotted against AG under the assumption that ET from thgs$ate has smalle®AG.

In the cases of ZNOEPPI and ZnNe-PI, PP~ appeared in rate will be <100 fs because the transient absorption spectra
almost the same time scale as theeScitation. From the results,  attributable to the hot CS was not observ&dlvhen the plots
ET from the $ state was not obvious, probably because internal of ET from the $ state were shifted to the Marcus parabola of
conversion from the Sstate to the Sstate occurred rapidly. In ET from the S state,—AG(S;) was decreased to 0-®.9 eV
the case of ZnOEP, the,State lifetime was reported to be and the energy difference between the hot CS state and the CS
<1072 ps!é The lifetime of the $ state of ZnNe-Py was state can be estimated 6:8 eV. From the absence of
estimated to be 1.6 ps (Figure S15 of Supporting Information). corresponding electronic transition both in ZnTPand Pt~

In addition, that ZnNc complex has lowerAG for CS the higher vibration state of the complexes should be included
compared to the other complexes. Thus, CS from thet&e in the CR process. To distinguish these possibilities, detailed
was difficult to observe. study on free energy dependence of the electron-transfer rates

Mataga et al. observed ET from the Sate of Zn porphyrin is needed. Such a study will be done in the next stage of our
to pyromellitic diimide directly linked at meso position. The Work.
rate constant of ET from the,State was larger than (0.5 p$) )
because the dyad has a very short center-to-center distance, sucgonclusions

as 3.5 A% Wasielewski et al. reported ET from the Sate of For the supramolecular dyad of tetrapyrrole macrocycles, CS
ZnTPP to covalently bound PI. The rate constants for the dyad f,om the S state was confirmed. The CS occurred in the Marcus
linked by a phenyl ring at the meso position ghgbosition of normal and top regions, and the CR in the Marcus inverted
ZnTPP dyads were (1.3 ps)and (0.63 ps)', respectively. The  region. We also revealed the ET from the Sate of ZnTPP
quantum yields were 0.46 and 0.64, respectively. The difference gnq znpc to PI. Although the ET from the State occurred
between the rate constants of CS caused from the difference Ofvery efficiently, the ET from the Sstate was not so efficient
the electron density at meso afigpositions® Thus, one of  phecause of their short lifetime of the States. ET from the S

the reasons for the slow ET in our supramolecular dyads shouldstate of znPc was observed for the first time. These results also
be longer distance between donor and acceptor. The absencgggest that two types of ET can occur in these complexes,
of HOMO density on the Zn atom also decreases the ET rate. 5nq it depends on excitation wavelength.

In Figure 9, the ET rate from the,State was also plotted
against driving force. It is clear that the ET rate from the S Acknowledgment. This work has been partly supported by
state was not on the Marcus parabola for ET from thet&te. a Grant-in-Aid for Scientific Research (Project 17105005,
This is a quite unique feature for ET from the Sate. As a 19350069, and others) from the Ministry of Education, Culture,
reason for this behavior, the following two possibilities can be Sports, Science, and Technology (MEXT) of the Japanese
pointed out. First, ET from the,State was not on the Marcus  Government.
parabola for ET from the Sstate. To explain the ET rate from
the S state, Marcus parabola with larger reorganization energy  Supporting Information Available: UV-vis spectral changes
should be considered. Because solvent reorganization energybserved during the complexation with Pl in toluelg;NMR
may not depend on excited state, internal reorganization energyspectra, molecular orbital calculation, transient absorption
varies to much extent. That is, when the complexes were excitedspectra, and evaluation ok State lifetimes. This material is
to the S state, their structures might change larger than S available free of charge via the Internet at http:/pubs.acs.org.
excitation. By assuming = 2.0 eV, Marcus parabola can be
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