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Excited State Relaxation Dynamics of the Zinc(ll) Tetraphenylporphine Cation Radical
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A new technique employed to study the photophysical properties of the zinc(ll) tetraphenylporphine cation
radical is reported. It employs a combination of controlled potential coulometry and femtosecond absorption
spectrometry. The fast transient lifetime of 17 ps of #ieation species originates in very efficient mixing

of the @, HOMO cation orbital that places electronic density mainly on pyrrolic nitrogens and metal d-orbitals.
That explains the lack of any emission of the cationic species. This nonradiative decay process might elucidate
the processes taking place in photosynthetic systems when an electron is removed from the porphyrinic moiety
and the hole is produced.

Introduction used without further purification. The spectrophotometric grade

Porphyrinz-cation radicals are known to play a crucial role acetonitrile and electrochemical gradert-butylammonium

in biological electron-transfer systems such as respiration andgfé(afwo'&()ph%phate (TBBA‘H_P) dhfave Reepr: _p;rchgsedAflr:?m
photosynthesié:3 In the natural photosynthetic systems, as rlcl. rgdon ggz;\(’)fs CoHtlalne rom IG ”;, us_trleg.l t
reported by Barkigia et at.chlorophylls, that are closely related wlltrje.ehectro de (99.99%, nstr?mengs,o nc.), Ptwire ( ” 'n?qm,
to porphyrins, are the main chromophoric moieties thatundergoA rich), and Pt gauze (woven rom U. 7 mm wire, A. re ).
one electron oxidation that starts the photosynthetic &f€k. were used as auxiliary and working electrc_)des, respectively, in
number of electron donetracceptor linked systems have been electrochemlstry and spectroelectrochg mistry.

designed, and their photodynamics have been examined to Instrumentation. Spectroelectrochemical measurements were

mimic photosynthetic charge separatfod? Zinc(Il) tetrapyr- carried out _by using a BAS Epsilon (bioanalytical system)
roles, which have a'd electronic configuration of the central electrochemical system. A standard three-electrode system was

metal ion and contain no axial ligands, easily undergo one employed?®"2A platinum el.ectrode.functioned as the working
electron oxidation, forming stable-system radical cation eleqt_rode, and a CHI platinum wire electrode served as an
specieds On the basis of the electronic ground state configu- auxiliary electrode. For the reference electrode, a Saturated
ration, thesr-cation radicals have been categorized into those Calomel Electrqde (SCE) was useq as th.e standarq. The
possessing 8A1, or a2A,, ground stat@:6 The two highest advantage of this approach is the minimization of the liquid
occupied molecular orbitals of metalloporphyrins@nd a.) junction potentiaf® Electrochemical oxidations and reductions
are nearly degenerate, and their relative energies are dictatedcontrolled potential coulometry) were also carried out by using
by many factors, including the nature and position of the the same system. A homemade spectroelectrochemical cell was
porphyrin peripheral substitution, the central metal ion, the US€d in the experiments. The cell consists of a 0.5 mm
identity and disposition of the axial ligand, the environment, _rectangular Screw cap spectrophotom(_etrlc cuvette that is fitted
the temperature, and the symmetry of the mole&iA&For zinc- into the bottom of a Teflon beaker. A piece of platinum gauze,
(1) meso-tetraphenylporphine, one electron oxidation proceeds 100 mesh, woven from 0.07 mm diameter wire was used as a
with an electron removal from arpaorbital. This has direct semitransparent working electrqde. The elecirode was placed
influence on the interaction between the metal d-orbitals and " & O_'5 mm spectrophotometrlc C?” and connec_ted to _the
the nitrogen orbitals of the tetrapyrrole macrocytlén this potentiostat output by a platinum wire. Th? potentlal qpplled
work, the zinc(ll) meso-tetraphenylporphine radial cation species to the electrode produceo! reduced or oxidized species that
has been formed electrochemically in situ and studied by meansdiffuse away from the semitransparent Pt electrode to saturate
of femtosecond absorption spectrometry to prove that this new (e 0.5 mm layer .Of the solution inside the spectrophotometric
technique could be used to elucidate the photophysical behaviorcell: The absorption spectra of the sample were taken as a
of open shell species. function of time until the potential induced spectral evolution
was complete. It usually took 1 or 2 min for the equilibrium to

Experimental Section establish. This time may vary with the solvent. The spectro-
Materials. Zinc(ll) meso-tetraphenylporphine (Zn(I)TPP) (raé?é::;cr);gemlcal cell filled with pure solvent was used as a

(chlorine free) was obtained from Frontier Scientific, Inc., and Electronic absorption spectra were recorded in acetonitrile
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E-mail: rodgers@bgnet.bgsu.edu. The pump-probe instrument for ultrafast transient absorption
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3.0 electrochemically reduced, all of the starting material was
! Zn(l)TPP recovered, indicating complete reversibility of the process.
25 l Femtosecond Time-Resolved Potentiostatic Transient Ab-

sorption Spectrometry. Time-resolved absorption spectra in
the Soret and Q band regions for the zinc(ll) meso-tetraphe-

= I

N 204 . nylporphine cation radical and its neutral counterpart in aceto-
8 . . \ nitrile at 298 K, acquired using 130 fs excitation flashes at 400
E 1.5 ZnUNTPP™ nm, are shown in Figure 2.

2 ] f At ~1 ps after excitation of the cation, bleaching of the

= ground state bands at 409 and 445 nm was accompanied by the

appearance of a positive absorption over the-4&80 nm range

of the spectrum (black line in Figure 2A). Over the following
several tens of picoseconds, the derivative-shaped spectrum
shifted slightly to the blue and decayed uniformly to the baseline,
reflecting complete ground state recovery, with an isosbestic
point near 470 nm (Figure 2A). The obscured features around
409 nm possibly result from pump beam interference. For

Wavelength / nm comparison purposes, Figure 2B presents the transient spectral
Figure 1. Oxidation of zinc(ll) meso-tetraphenylporphine in acetoni- ~ evolution of the neutral Zn(I)TPP species under the same
trile. TBAHP was used as a supporting electrolyte. experimental conditions prior to the application of positive

. i3 potential. The spectral profiles of the two species and their
measurements has been described previctshhe recent (o mnoral behaviors are clearly different in the presence and

improvements.to enhance signal-to-noise cha}racteris_tics haveypsence of applied voltage. The 30 ps spectrum of the neutral
been communicated elsewhéfe Spectra-Physics Hurricane/  yemained unchanged in intensity over the instrumental time
Evolution Ti:sapphire combination generated 800 nm pulses of | inqow (1.5 ns).

130 fs duration at a rate of 1 kHz. In the current experiments,
the excitation wavelength of 400 nm was derived from the
second harmonic of the Ti:sapphire fundamental using a Super
Tripler instrument (CSK Optronics). The excitation energy was
2 udlpulse.

Representative Soret and Q band region kinetic data are
shown in Figure 3. At all wavelengths, the transient signals were
fully developed within the instrument response functie2%0
fs) and the resulting temporal change was fitted with a single
exponential function added to a minor constant component
(probably arising from an excited state of a small fraction of
the parent porphyrin). The lifetimes of the transient signals

Spectroelectrochemical Studies of Zn(Il)TPP Oxidation. shown in Figure 3 were 16.5 ps (445 nm) and 17.6 ps (495
The one electron oxidation of Zn(ll)TPP in acetonitrile pro- nm). The lifetimes in the 476650 nm band showed weak
ceeded to completion at 0.8 V versus SCE with the appearancewavelength dependence ranging from 12 ps at the red edge to
of several isosbestic points in the optical spectra taken during 18 ps at the blue.
electrolysis (Figure 1).

The optical spectrum of oxidized porphyrin exhibited a sharp piscussion
Soret band transition at 409 nm and a broad and featureless
absorption in the 508700 nm region showing the-cation The spectrum of zinc meso-tetraphenylporphine cation radical
radical formation. The final (olive line in Figure 1) spectrum (Figure 1) displayed features consonant withr-gation spe-
showed no indication of the 425 nm peak characteristic of the cies32>The Soret band was slightly blue shifted and weakened
parent compound, indicating-99% conversion. The final  inintensity and the Q band region was featureless and broadened
spectrum was stable at room temperature at the applied potential(Figure 1). These bands arise from those transitions that are
When the resulting greenish solution of the cation radical was responsible for the Soret and Q band transitions of the neutral

Results
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Figure 2. Absorption difference spectra in the visible region of (A) Zn(Il)TPBnd (B) Zn(I)TPP in acetonitrile/TBAHP acquired following a
130 fs excitation pulse at 400 nm. The pulse energy was.2
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Time / ps

Figure 3. Representative kinetic data and the fits of the evolution of the absorption difference spectra of Zriflijiré&tonitrile/ TBAHP from
Figure 2A.

species, as reported by Fajer ett d&xtensive electron spin  exhibits some early time picosecond kinetics which were
resonance (ESR) and electron paramagnetic resonance (EPRassigned to vibrational/conformational relaxation processes. Our
studies of oxidized zinc porphyrin specié$>27 have shown  own observations (Figure 2B) of Zn(I)TPP showed small
that the ground electronic state hadA, configuration after  contributions of early time decays of 1.2 and 10 ps lifetime at
one electron has been removed from th€g highest occupied  wavelengths beyond 600 nm, essentially in agreement with Yu
molecular orbital (HOMO), an orbital that places electron et al33 However, since the conversion to the radical cation was
density mainly on the central nitrogens and the meso caffons. >ggoy (Figure 1) and comparing the spectral features of Zn-
However, the central metal remained indifferent to the oxidizgd (INTPP and Zn(ll)TPP* in Figure 2, it is clear that any
ligand?® and does not contribute to the ground electronic contribution of the neutral species is small and appears only as
absorption spectrum. The lack of broad bands in the-&(5D a small residual offset signal. The analysis of the bleaching peaks
nm region suggested the absence of any dimeric forms of the 3¢ 409 and 425 nm revealed similar kinetics to those for the
cationic. species and excludgd possible interference from thenegative absorption signal presented in Figure 3 at 445 nm,
supporting electrol_yte_ RF anion?® . except that the offset at 425 nm is greater, since that bleaching
| _Thez 400 nm e>_<t0|(tjat|;)r1 bea? p;]resumabl)tll poplélates a hlgh_‘er'corresponds to the very intense Soret band transition of the
r);cr;i%\ tic()J:I ’IZ s)seé(g;tiv;i)ﬁ,t\g tlfgez?re;)a(llri;e r; gt:tg \?vz'?hci)ﬁstr::pl neutral porphyrin. The vibrational relaxation process in the-470
instrument respons®.The Dy excited stz;te decayed with a 650 nm band for _the radical cati_or! showed wavelength
lifetime of ~17 ps during which the transient spectra narrowed Sheepigifrg(l:ip?;;:ees t'{ﬂgu(;%nf;in;;;;g'::roﬁcot:lzaiiﬁZﬁigvfnd t:::ar
and slightly shifted to the blue (Figure 2A), indicating a 600-650 nm region did not reveal any fast 1 ps component as

conformational/vibrational relaxation proce$g.hus, the major inth f i ing th lusion th
excited state deactivation pathway for excited radical cation In the case of parent porphyrinsupporting the conclusion that

states examined here appears to be internal conversion fromthe contriputipn ofur}oxidized porphyrin into the overall kinetics
the lowest excited doublet state )00 the doublet ground state  ©f the cationic species was negligible.

(Do). The lack of luminescence and the efficiency of the The central metal plays an important role in the deactivation
nonradiative deactivation mode presumably arise from the small of the excited state. Despite the fact that zinc has completely
energy gaps between the ground and excited states, evidencefllled d-orbitals, it provides an efficient mixing of its orbitals
by broad absorption bands in the Q band regfofis reported with thezz-system of the tetrapyrrole ring. Since the electron is
by Yu et al.23 the neutral form of zinc(Il) tetraphenylporphine removed from the & orbital that has electronic density on the
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pyrrolic nitrogens directly attached to the central metal, the
mixing is facilitated?®

(6) Sheldon, R. AMetalloporphyrins in Catalytic Oxidation®arcel
Dekker: New York, 1994.

(7) Fukuzumi, S.; Ohkubo, K.; E, W.; Ou, Z.; Shao, J.; Kadish, K.
M.; Hutchison, J. A.; Ghiggino, K. P.; Sintic, P. J.; Crossley, MJ.JAm.
Chem. Soc2003 125 14984-14985.

. . . . . (8) Okamoto, K.; Mori, Y.; Yamada, H.; Imahori, H.; Fukuzumi, S.
The potentiostatic femtosecond transient absorption techniquechem—eur. J. 2004 10, 474-483.

has been successfully used to investigate the excited state (9) Redmore, N. P.; Rubtsov, I. V.; Therien, Mldorg. Chem2002
dynamics of the one electron oxidation product of zinc por- 4% 5667570” ke, M- Araki Y - lto. O Kido. Hi o

phyrin. The deactivation pathway of the zinc(Il) meso-tetraphe- 44( 0) ltou, M.; Otake, M.; Araki, Y; lto, O.; Kido, Hinorg. Chem2005

. . ! 1580-1587.
nylporphine radical cation has been shown to be largely (11) imanhori, H.; El-Khouly, M. E.; Fuijitsuka, M.; Ito, O.; Sakata, Y.;

dependent on both the electronic and structural properties ofFu|(<u2)umi, SdJ- Phys. Chem. 2001 105 32hS—332. o

; ; 12) van der Boom, T.; Hayes, R. T.; Zhao, Y.; Bushard, P. J.; Weiss,
the tetrapyrrole macrocycles. IThe primary "?eCha“;Sm for the ¢ A" \Wasielewski, M. RJ. Am. Chem. So0@002 124 95829590,
excited state deactivation is pe ieved to be an interna CONVErsion  (13) Hayes, R. T.; Walsh, C. J.; Wasielewski, M..JR Phys. Chem. A
of the higher doublet states into the ground state facilitated by 2004 108 3253-3260.

Conclusion

the effective vibronic mixing of the d-orbitals of the central
metal ands-orbitals of the ligand framework. The ultrafast

(14) Hayes, R. T.; Walsh, C. J.; Wasielewski, M. RPhys. Chem. A
2004 108, 2375-2381.
(15) George, P.; Ingram, D. J. E.; Bennet, JJEAmM. Chem. Sod957,

relaxation process proves to be a very effective mechanism forzg, 1870.

the protection of the active chromophore in the photosynthetic
§812

center against the photodamage. Finally, the combination o

controlled potential electrolysis and ultrafast absorption spec-
trometry has interesting applications for examining the excited

(16) Vangberg, T.; Lie, R.; Ghosh, Al. Am. Chem. So@002 124,
2-8130.

(17) Czernuszewicz, R. S.; Macor, K. A. Am. Chem. S0d.989 111,
3860.

(18) OQertling, W. A.; Salehi, A.; Chang, C. K.; Babcock, G.JT Phys.

state dynamics of reduced/oxidized states of compounds thatChem.1989 93, 1311.

are thermally unstable. In one further application, we have found
the method to be useful in examining the deactivation dynamics

of excited states of iron(ll) porphyrins.
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