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Relaxation Properties of Porphyrin, Diprotonated Porphyrin, and Isoelectronic
Tetraoxaporphyrin Dication in the S, State

I. Introduction

Porphyrins are fundamental protein components for a number
of naturally occurring processes such as oxygen transport and

storage in aerob
respiratory chai
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The fluorescence spectra of unsubstituted porphyriP{Hliprotonated porphyrin (##>"), and isoelectronic
tetraoxaporphyrin dication (TOXP) have been measured in solution at room temperature. The Sy
fluorescence has been observed, much more intense for?f@dh for HP>" and HP. In the TOxP" case,

the S — S fluorescence spectrum is remarkably sharp and shows an excellent mirror symmetry with respect
to § — S, absorption. On the contrary, the spectra qPH and HP are shifted and more extended with
respect to the absorption counterparts. The differences have been attributed primarily to the change of the
equilibrium geometry upon excitation, larger infHand HP?* than in TOxP* and in the case of }##** to

the nonplanar conformation of the macrocycle. Also the-SS, spectra of HP, H,P°", and TOxP" have

been measured and more qualitatively discussed. Tlaa& S fluorescence decays have been observed for
H4P>" and TOxP" exciting with ultrashort pulses. The ffetime of TOxP' is of the order of the temporal
resolution of our experimental apparatus, whereas that,Bf'Hs shorter. The §— S, quantum vyield of
TOxP* has been estimated to be 0.033 orders of magnitude higher than that of . It is proposed on

the basis of ab initio model calculations that excited states of #R(CRCOO ), complex with charge-
transfer character are responsible of the increased extension of theS§spectrum with respect to that of

HP.

following the photoexcitation and the increase of conformational
freedom into the Sstate, shifts to funnel geometries where S
and 9 are close in energy, thus enhancing the deactivation

; : : ; channel of internal conversid.
ic organisms, electron transfer in the intracellular . . . .
n, and electron and energy transfer in photo- Alternatively, diprotonated porphyrins may serve as simple

synthesid. In the last years, several distorted porphyrins have Yetattractive systems to investigate the influence of nonplanarity
been synthesized by substituent crowding at the periphery of o the macrocycle photophysics. In this respect, work on

the macrocycle?

with the purpose of mimicking the modulation substituted nonplanar porphyrin diacids has already appédafed.

of reactivity in biological system&® This has led us to study ~ Forinstance, in diprotonated octaethylporphyrin@&F*) and
the correlation between conformational flexibility and photo- tetraphenylporphyrin (\TPF*), the increase of the;S+ So
physical properties in nonplanar porphyrinic prosthetic grétfps. nonradiative decay relative to the neutral species was observed.
It was found that the Szzzr*) lifetimes of distorted dodecaphe- It seems however that little attention has been devoted to the
nyl- and of tetratert-butylporphyrin at room temperature in  diprotonated species of unsubstituted porphyrinP@; 2 in

nonpolar solven

ts are strongly reduced with respect to those ofFigure 1). Although no direct structural information is available,

planar tetraphenyl- and octaethylporphytifiCorrespondingly, X-ray results on closely related systéfhand recent MO/DF

a model was

proposed where the nonplanar macrocycle,ab initio calculation¥1213on HP>* give the common indication

that the lowest ground state conformation is nonplanar, i.e.,

*To whom correspondence should be addressed. E-mail: saddle-shaped wittD,q symmetry. Due to the absence of

piero.salvi@unifi.it.

T Also at Laboratorio Europeo di Spettroscopie non Lineari (LENS),

peripheral substituent® is recommended to study the effect

Universitadi Firenze, via N. Carrara 1, 50019 Sesto Fiorentino, Firenze, Of macrocycle b_are nonplana_lrity_. A previous sttyas reported
Italy and at INOA-CNR, Largo E. Fermi 6, 50125 Firenze, Italy. on the shortening of the;Sifetimes from the parent planar
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region of interest. The fluorescence spectra were measured by
means of a Perkin-Elmer spectrophotofluorimeter. The-S
S spectra ofLl—3 were corrected above 600 nm due to the low
efficiency of the emission monochromator in the red region of
the visible. To this purpose, the fluorescence spectrum of
Rhodamine 6G perchlorate & 6 x 1074 M in ethanol) was
compared with the reference spectritfmand the correction
factor was applied at each wavelength to the-SS, spectrum
of the three species.

Fluorescence lifetimes were measured with ultrashort pulses

O @ &)

Figure 1. Molecular structures of porphyrihy diprotonated porphyrin OnA .
2, and tetraoxaporphyrin dicatid® The reference system, common to (duration~ 300 fs at 1 kHz repetition ratey1 .J energy) from

the three species, is shown for conveniencelofihe a, 8 andmeso a regenerative Ti:sapphire laser system equipped with an optical
positions are indicated o2 parametric generator and amplifier (OPG-OPA). Nonlinear sum

frequency and second harmonic generation in BBO crystals

species (HP; 1 in Figure 1) to HP2*, thus at least inviting an provide tgna}ble laser pulses in.the. 24800 nm spectral range
investigation about the possible dependence. Since in the coursdhus achieving the proper excitation wavelentftiThe fluo-
of a near-resonance Raman experimen2 ardiffuse emission ~ rescence was collected through a quartz lens and focused onto
underlying the Raman peaks was obset¥eahd tentatively ~ @ photocathode of a microchannel plate photomultiplier, after
assigned as fluorescence from the Soret Bande felt elimination of the incident scattered radiation by the appropriate
motivated to undertake the study, performing fluorescence s_et_of colo_red filters. The photomultiplier signal was fed into a
experiments on the,Sstate. As a major result of this work, it~ digital oscilloscope, 1.7 GHz band-pass, grounded through a
turns out that in addition to the conformational distortion other S0 €2 resistor. The slightly asymmetric instrumental function,
factors contribute to the shape of the-S Sy spectrum, namely measyred by light scattering frqm a latex solqtlon, has a time
the shift of the $ equilibrium geometry with respect to the ~duration (fwhh) of 550 ps, highly reproducible from one
ground state and the occurrence of excited states of charge8Xperiment to another. The experimental time profiles were
transfer charact®# belonging to the complex J#2-(CFCO0),. deconvoluted taking into account the instrumental function and

In order to discuss the relative weight of these factors in Were atonce fitted to exponentials. Then, intrinsic flu'orescence
H4P2* it is convenient to make a comparison with suitable planar lifétimes were obtained. Aerated and-purged solutions of
porphyrinic systems (“normal” according to a previous clas- _:L—S’_were excited into the Sc_)ret and Q b_ands. Sqmples prepared
sificatiorf). A straightforward choice might be#R on the basis I €ither way gave substantially equal time profiles, except for
of the overall photophysical behavior in the Sate, including ~ the S — o fluorescence decay df, with time constant 10.7
the negligible shift between absorption and fluorescence origins 'S When the solution is aerated and 15.8 ns when deoxygenated
and the $ lifetimel in the range of those of essentially planar (exe = 489 Nm), in good agreement with the reported véfue.
substituted porphyring.However, this is arguable for states 1he S — So profiles were found to be independent of the
higher than S It would be desirable to rely on a normal system €Xcitation wavelength, 489 and 390 nm for544 and 370 nm
with an energy diagram of the lowestr* states paralleling as ~ for 2, and 527 and 370 nm fa.
much as possible that of J2*. It luckily happened that As to3, the § — S quantum yield was measured comparing
tetraoxaporphyrin dication (TOXP; 3 in Figure 1) fulfills the the fluorescence spectrum with that of a known standard and
requirement and moreover shows strong fluorescence from bothusing dilute solutions in order to minimize reabsorption effects,
the S and S states. As a result, TO%P has been taken as as suggestet: 1 With a 1 cmthick cell, the absorbance did
reference for a discussion of the Gata on HP?™. S, and S not exceed 0.1 for the Soret maximum3xnd for the $— S
lifetimes as well as §—~ S and $ — S quantum yields have ~ ©f the reference molecule, 9-phenylanthracene (Pé:s, =
been measured which provide the first set of photophysical data0-49, Zexc = 365 nm, cyclohexart€). In turn, the standard has

on this interesting analogue of porphyrin. been cross-calibrated with 9,10-diphenylanthracene (DPA,;
Ns—s, = 1.0, lexc = 265 nm, cyclohexart®). Keeping absor-
Il. Experimental Section bances as low as stated above, the integrated fluorescence

) ) .. intensities of the two species are linearly proportional to
Porphyrin 1 has been purchased from Frontier Scientific ,psorhances. With the same excitation wavelength and solvent,
(U.S.A)) and used without further purification. The perchlorate quantum yields are found from the simple expressigifg)

salt of tetraoxaporphyrin dicatioBy whose synthesis has been _ (ma/mg) where A and B are the two components, DPA and
reported’® has been kindly provided by Prof. E. Vogel pa andm, andme the slopes of the A and B linear plots.
(University of Kdn, Germany). The diprotonated species Cross-calibration gives 0.52 for PA and 0.95 for DPA with

_obtained in ben_zene soluti_on b_y add_ition of a small amount (5% quantum yield ratio independent &y in the range 365325
in volume) of trifluoroacetic acid which converts completély

to 2.1

Solutions of1—3 were freshly prepared using as solvents
benzene forl, benzene and trifluoracetic acid fd& and
concentrated HCIQfor 3. The fluorescence spectra were taken  A. Absorption and Fluorescence SpectraThe absorption
with sample concentration in the range 16107 M. The and fluorescence spectra of diluted solutions=(5 x 1076 M
absorption spectrum at the end of each fluorescence experimenbr less) ofl—3 at room temperature are shown in Figure42
was found to be substantially coincident with the absorption The excitation wavelengths of the fluorescence spectra shown
spectrum before experiment. No difference in the fluorescencein the Figures are 350 nm fdrand2 and 365 nm foi3. The
profiles was noticed varying the concentration within the above- absorption spectra of the three molecules have been already
mentioned limits. Each solution spectrum was duplicated by reported?142%-23 and discussed making reference to the well-
that of the solvent alone, devoid of emission bands in the spectralknown four-orbital model of porphyrin®:24 Here we add

Ill. Results
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Figure 2. Absorption (long dash, double short dash:-) and
fluorescence (full lineexc = 365 Nm) spectra 08, ¢ = 10°® M in
concentrated HCIQ) at room temperature in the 36@00 nm spectral
range. The absorbance scal (s on the left and the fluorescence
scale {, a.u.) on the right.
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Figure 3. Absorption (long dash, double short dash:-) and
fluorescence (full linedexc = 350 nm) spectra 02, c =4 x 10°°M
in benzene solution added with §gFOOH (5% in volume), at room
temperature in the 366700 nm spectral range. The absorbance scale
(A) is on the left and the fluorescence scdlea(u.) on the right.
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Figure 4. Absorption (long dash, double short dash:-) and
fluorescence (full linedexc = 350 nm) spectra of, c =5 x 10°°M
in benzene solution, at room temperature in the-3000 nm spectral
range. The absorbance scal (s on the left and the fluorescence
scale {, a.u.) on the right.

TABLE 1: Summary of Spectral and Photophysical Data on
the Lowest Excited States of +3: Absorption/Emission
Shifts AE(abs/em) (cnm?), Oscillator Strengthsf,
Fluorescence Quantum Yieldsy, Observed Fluorescence
Lifetimes z; (ns), and Calculated Radiative Lifetimeszg (ns)
from the Strickler —Berg Relation (See Ref 27)

AE(abs/em) f n T TR

1 Q 65 0.02 0.05%4 15.8 238.

Q 0.07

BBy 1210 1.18 1.9
2 Q 0.045 0.046 5.5 133.

B 1205 117 56<10% 15x 10°% 2.6
3 Q 15 0.046 0.11 7.3 100

B 285 2.0 0.035 < 0.1;0.04 11

aFrom ref 22.°From ref 14.°Estimated from quantum yield
measurements.

information pertinent to the comparison with the fluorescence
spectra, starting for the sake of convenience fildnTable 1
summarizes spectral and photophysical data collecteti-¢h

in this and padf-?? studies.

Marcelli et al.

1. TOXE'. UnderDg4, symmetryt31525the two lowest excited
states of3 may be described as minus and plus combinations
of excited configurations resulting from the promotion of one
electron from the highest occupied MO’s,,&and a,, to the
doubly degenerate;&. UMO orbital>® The § — S; and $ —

S, transitions are allowed being &nd $ of E, symmetry and
give origin to the so-called Q and B (or Soret) bands,
respectively. The first transition is weakly allowed and the
second strongly allowed because of the near equality of the
transition moments from the ground to the two excited
configurations. The observed absorption spectrum (see Figure
2) agrees well with these predictions. The Q-band is by far less
intense than the B band. The electronic origin of the Q-band is
observed as a very weak peak at 17 495 €r671.5 nm),
whereas that of the B band shows prominently at 26 865'cm
(372.2 nm) as a sharp peak with a remarkably low bandwidth,
I' (fwhm) ~ 415 cnt. The intense vibronic band 1515 cin
above the Q origin borrows intensity much probably through
Si/S; coupling. On the contrary, the Soret origin dominates
largely over the ensuing vibronic structure with intervals 865
and 1445 cm?.

Going now to the fluorescence results, two strong emissions
are observed in the range 37800 nm and 576670 nm with
a marked mirror symmetry with respect to the absorption profile.
This is a clear indication of assignment as B and Q fluorescence,
respectively. The onset of the Q fluorescence occurs at 17480
cm™! (572.0 nm), 15 cm’ to the red of the absorption origin.
This shift is even smaller than those reported for “normal”
peripherally substituted porphyrifishe B fluorescence has an
origin at 26 580 cm! (376.2 nm) with a red shift from the
absorption origin of 285 cmi. Neither $ — S nor § — S
fluorescence profiles change as the excitation is varied up to
300 nm.

2. HP%*. UnderDy symmetry312the absorption pattern of
2 is expected to be similar to that 8f(i.e., still consisting of
Q and B bands with highly different intensities), assigned as
A; — E transitions due to symmetry lowering (see Figure 3).
On the whole, spectral broadening increases going BaoR2.
The Soret band is found at 24 875 th{402.0 nm) with width
I' (fwhm) =~ 810 cn7l. In the Q-band system, a single peak is
observed at 18 310 crh (546.2 nm) and a long unstructured
tail extending beyond=16 600 cn1! (= 600 nm).

Our fluorescence spectra, relative to the-5S, and S —
S, emissions, are in good agreement with reported Halia.
the § — S spectrum, a single strong band is seen at 15 360
cm! (=~ 651.0 nm), assigned as fluorescence counterpart of
the 18 310 cm?! absorption band. The energy difference, 2950
cm~1, depends on the vibrational frequency of the excited mode
in S and S and on the gap between the absorption and
fluorescence origins. Thus, on this basis, no accurate estimate
of the absorption/fluorescence shift can be given. This parameter
however should be small since fors®EP", exhibiting a
spectral pattern similar to 42+ both in absorption and in
fluorescencé the shift is modest~ 130 cn. On the contrary,
the S — S band maximum is observed at 23 670¢n¥22.5
nm), 1205 cm! to the red of the absorption band. The spectrum
extends down to 18 200 crh(~ 550 nm), in contrast with the
relatively narrow range of the,S—~ S, absorption.

3. HyP. The absorption spectrum @&fin benzene solution is
known?2 Lowering the molecular symmetry froiy, in 3 to
D in 1, the two lowest excited states Bf symmetry species
split each into two components, oBg, and oneBy,. Accord-
ingly, the Q and B absorptions give origin to four bands, Q
(Baw) and Q (Bay) and B (Bay) and B, (Bay). Our spectrum is
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Figure 5. S, — S fluorescence spectra @f(short dash; ---)2 (long
dash, double short dash;-), and3 (full line), in the same experimental
conditions described in Figures-2.

reported in Figure 4. Experimentally,xGnd Q are well
separated with origins at 16 205 ci(617.0 nm) and at 19 230
cmt (520.0 nm). The Qtransition shows also two vibronic
additions at 17 590 and 17 720 ck 1385 and 1515 cnt from
the origin, while the Qtransition only one at 20 490 crh (~
488 nm), assigned as 19 230 1260 cntl. The Soret band
due to unresolved Band B transitions is observed with
maximum at 25 250 cmt (396 nm) and widthl" (fwhm) ~
1070 cntl.

The intense and well-structured, @ Sy emission has origin
at 16 150 cm? (619.2 nm), 55 cm to the red of the absorption
origin. An intense vibronic band is observed at 14 730 &tm
(= 679.0 nm), 1420 cmt lower than the fluorescence origin.

J. Phys. Chem. A, Vol. 111, No. 12, 2002279
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Figure 6. Observed decay profiles (full lines) for the S S (top)
and S — S (bottom) fluorescence of TOXP exciting with pulses at

The Soret fluorescence of free-base porphyrins has been rarelyp27 and 370 nm, respectively. The time constants for the- S and

observed?® According to our results, the unstructured spectrum

extends down tox 20 000 cnt! (500 nm) with maximum at

24 040 cnr! (= 416 nm, see Figure 4). The absorption/emission

shift results 1210 cmt. The S — S fluorescence spectra of
the three specied,—3, have been collected in Figure 5.
B. Fluorescence Lifetimes and Quantum Yieldsl. TOxP+.

S1 — S fluorescence are indicated. The instrumental function (dash-
dot) is also shown in the figure. A finite difference between the
instrumental function and the,S> S fluorescence decay is observed.

in the 104—10"°range, approximately-23 orders of magnitude
less tharys,—s, (TOXP?'). Upon $ excitation, fast relaxation
processes occur in metalloporphyrins due to the charge transfer

The time profiles of the B and Q fluorescences have been from the porphyrin macrocycle to the central transition metal

measured at room-temperature exciting the sample @ x
1077 M in concentrated HCIg) with 527 and 370 nm pulses.

and to the back-donation from the metal to porphy#ihis
makes plausible the large difference betwagn.s, (TOXP>*)

As it is seen in Figure 6, the Q fluorescence decay is on one side angs,—s, of metalloporphyrins on the other, S

monoexponentiaks, s, = 7.3 ns, deconvolving the temporal

S (n = 2) fluorescence has also been reported for other, mostly

line shape from the instrumental function. Exciting with 370 aromatic, molecule¥—37 In the classic example of azulene, the

nm pulses the Slifetime is substantially the same, 7.2 ns.

S, — S fluorescence was related to the anomalously lakge S

The B fluorescence evolves in a time interval comparable to S; energy gag? In the case of TOxP, the occurrence of a
that of the instrumental function (see Figure 6). The lifetime is sharp Soret band with a very high extinction coefficle(is-
shorter than 550 ps but cannot be determined with accuracy= 10M~1cm™2) far from the Q-bandAE(B-Q) = 9370 cn1?)
applying the deconvolution procedure. Reasonably, an upperand the presumable absence of intermediate states between B

limit of ~100 ps may be set to the, $fetime. On the other

and Q give the unusual result of the yield from the B state

hand,rs,—s, may be calculated knowing the radiative (R) lifetime comparable to that from the Q state. As to azulene, the

and the fluorescence quantum yield. To this purppses, has

correlation fluorescence yieteenergy gap was verified tuning

been evaluated from the plot of the integrated fluorescence the gap with azulene derivatives or by using different solvents
intensities vs absorbances, according to the procedure outlinedand observing the corresponding change of the nonradiative
in the Experimental Section, and comparing with the linear PA decay raté8 As to TOxP*, unfortunately, experimental condi-

plot. With nycio, = 1.416 andncg,, = 1.426 and for the
excitation in the spectral range 36825 nm,ys,—s, iS constant,
equal to 0.035, using the expressiopn/is) = (ma/mg)(na/
ng)?2 where A is TOxP" and B is PA. From the Strickler and
Berg relatiod” the S radiative lifetime is calculateek1.1 ns
so thatts,-s, = 7s,-sTrRs—s ~ 40 ps. For the sake of

tions such as insolubility in common organic solvents and

decomposition in waté? made other preparations not feasible.
2. H4P?+. The fluorescence time profiles ofyP# (c ~ 1076

M in benzene/CECOOH 5% v/v) are displayed in Figure 7.

Within the experimental error, the;Sifetime of 5.5 ns is

independent of the excitation wavelength, 544 and 370 nm, and

completeness quantum yield measurements have been extendesf the purging process. Combining theletime with quantum

to S. It was found#ns,—~s, = 0.11 by comparison with the
quantum yield of Rhodamine 6Gj—s, = 0.98, Aexc = 514
nm, methand¥).

The surprisingly high 5— S fluorescence yield is worth of
further comment. 5— S, fluorescence is observed in some
metalloporphyring#2%-32 For instance, in Zn, Al, Ga, and In
porphyrinst* S, — S, fluorescence was observed with a yield

yield* 7s—~s, = 0.046, the radiative lifetimerg s s, is
calculated to bex120 ns, which compares satisfactorily with
the value of 133 ns derived from the Strickler and Berg
relation?’” On the contrary, the observed decay of the B
fluorescence fully overlaps the instrumental line shape (see
Figure 7) and cannot be used for a lifetime determination. A
rough estimate ofs, s, is attempted considering the quantum
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Figure 7. Observed decay profiles (full lines) for the S S (top)

and S — S (bottom) fluorescence of {#?* exciting with pulses at
544 and 370 nm, respectively. The time constant for the-SS,
fluorescence is indicated. As te S* S, the decay process occurs in

a time below the temporal resolution of the experimental apparatus.
The instrumental function (dash-dot) is also shown in the figure.

yield for the $ — S fluorescencé? 5.6 x 10°° and the
radiative $ lifetime, calculated to be-2.6 ns. This gives a value
of ~150 fs forrs,—s,.

IV. Discussion

TOxP*" may be classified as a norrigdorphyrin analogue
on the basis of Sand $ data. Considering the;&tate, the
most significant properties are the small shift, 15énbetween
absorption and fluorescence origins, the vibronic structure of
both spectra, the ;Sifetime in the range of those of planar
substituted porphyriffisand of HP14 As to S, it should be

Marcelli et al.

TABLE 2: Observeda Core Conformations of HOEP?+ and
H,4TPP2* and Calculated (DF/B3-LYP/cc-pVDZ) Core
Conformations of 2 in Dy and C; Symmetry?

2.C (H.OEPY* 2:Dzq (H TPPR*
ICal 0.14 0.12 0.16 0.28
ICyl 0.08 0.48 0.49 0.93
|Col 0.17 0.28 0. 0.02
|Cal 0.12 0.30 0.26 0.48
IN,| 0.21 0.31 0.02 0.08
|C20Nu| 0.14 0.30 0.22 0.42

aFrom ref 11.° As defined in ref 11)Cql, |Csl, |Cml, |Czol, [N,
and|C,oNy4| are the mean absolute perpendicular displacements (A) of
thea-, -, meso-, 20-porphyrin carbons, pyrrole nitrogens and 24 core
atoms from the 24 atoms mean plane of the porphyrin.

the third, 238 cm? partially relieves the macrocycle nonpla-
narity. Since the 310 and 1384 cire; modes of HP?" correlate
with the 312 and 1352 cnt g modes of HP and the latter are
the most intenseggpeaks of the KPP Raman spectrum in the
same excitation conditioris,it is concluded that also the R
macrocycle has in Sa planar equilibrium geometry more
expanded than incSThe change of the equilibrium geometry
upon excitation is responsible of the Shift comparably in
H4P?" and in HP.

In substituted porphyrin diacidsS S broadening has been
related to the larger flexibility with respect to the planar species
and to a higher number of nearly isoenergetic structures
accessible in the ground/excited stét&xperimental data have
been reportétshowing that the conformational factor does not
affect to the same extent the spectral properties gDEF"
and HTPP* and indicate that EDEPT is less flexible than
H4TPPET. The similarity of vibronic structure in the,S> S;
and § — S spectra of HP?* and HOEP*" suggests the same
conclusion for HP?*. The result may be rationalized noting
that for diprotonated species a measure of their deviation from
planarity is the set of average absolute perpendicular displace-
ments of the ring C atoms( 3, meso C atoms, see Table 2 for
more detail) from the 24-atom porphyrin mean pladh&n the
absence of X-ray data onsF#+, we make reference to recent
MO/DF structural result§?1213H,P2* is known to adopt two
stable (i.e., corresponding to all real vibrational frequencies)
conformational structures in the ground state, one saduie (

mentioned the moderate absorption/emission shift, the clearlower) and one quasiwaveC{ upper), separated by 5:-5.3
mirror symmetry between sharp absorption and fluorescencekcal/mol, respectivehf-1213(see Figure 8). The calculated set
bands and the independence of fluorescence on the excitatiorof values for the two minima2;D,q and2;C;, are compared in

wavelength. These are good indications that the sqlake
symmetry of the ground state structt#&25is conserved in §
and $ and that the equilibrium geometries in these states do
not differ appreciably from that ofSthat is, the minima are
only weakly displaced each with respect to the other. Comparing
with TOxP**, both P and HP?* exhibit (1) increased but
approximately equal shifts between-S absorption and

Table 2 with those experimentally observedor the two

distorted diacids, fDEP™ and H,TPP". From the dispersion

of the absolute displacements it may be seen that the macrocycle

distortion increases in the ord2)C; < HOEP* < ~2;Dyqg <

H,TPP*, in good agreement with the previous conclusion.
The S — S spectrum of HP?T is more diffuse than that of

TOxP*" (see Figure 5). A combination of factors may be

fluorescence maxima (see Table 1); (2) extended and structureenvisioned for this change. Consider first the conformational

less $ — & fluorescence spectra (see Figure 5), and (3) as to
H4P?>", a shorter estimated, $fetime (see Table 1).

Going first to discuss the;Sabsorption/fluorescence shifts,
we recall that near-resonant Raman experiments giF*'H
exciting at 406.7 nm have characterized thee§uilibrium

flexibility taking into account the vibrational frequencies on
isolated TOxP" and H,P*" systemd:2 Distortion modes of a
planar macrocycle such as TGXPmay be classifie? 4! as
ruffling, saddling, doming, and waving modes and belong to
the by, bay, &y and g symmetry species, respectively, of the

geometry as more expanded and less distorted with respect tdDan group. These are the normal modes of lowest frequency in

that of the ground stafé.In fact, the Raman lines at 310, 1384,
and 238 cm?, which show the largest intensity enhancement
at this excitation wavelength, were assigned to totally symmetric
modes, the first two as combinations of,\C and G.Cs
stretchings with the CCs bending and the third as due to
pyrrole torsions® The three vibrational modes favor the
delocalization ofr electrons along the ring and, in particular

each of the above-mentioned symmetry spééigs., 58 cnr?!
(b1, 45 cnmt (byy), 100 et (apy), 121 cnTt (gy)]. None of
these modes is involved in an allowed vibronic transition of
the fluorescence spectrum. Going fr@w, to D,g, the correla-
tion table 83 by, — ap; boy — a1; &y — by ey — €; due to the
loss of the inversion symmetry. The distortion modes conserve
their character with frequencies shifted as in the followifg:
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Figure 8. Top and side view of the two stable isomers®fleft Ci and centeD,y, and of the 2;D,q)(HCOO ), complex, according to our
DF/B3-LYP/cc-pVDZ calculation. Plus and minus signs indicate qualitatively the arrangement of the pyrrole ring -apavel below ) the

mean porphyrin plane.

58 cnTt (by,) — 69 cnT? (&); 45 cnT?! (byy) — 59 cnT? (ay);
100 cni?! (ag) — 85 cnrt (by), 121 cnt? (gy) — 127 et
(e). Due to symmetry lowering, the origin and vibronig-5
transitions may be combined with the fundamental level of the
59 cnt! (a) mode giving additional allowed transitions. Upon
normal mode inspectiol¥,it is seen that the 59 crd torsion is
related to molecular flexibility, inducing the saddle-shapeg
structure to be more planar and favoring the change of the
equilibrium geometry from the ground to the excited state.
From Figure 5, it may be observed that the emissiof isf
extended over a range wider than fbrSubtraction between
the two spectra gives a band roughly centered around 486 nm

— o
s —  — —
354 °
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Figure 9. Vertical excitation energies (eV, TBEDFT/B3-LYP/cc-
pVDZ results) from the ground to the lowest excited states of

-diprotonated porphyrir2;D,g and2;C;: conformational minima2;Cs:

Two aSSignmentS have been hypothesized for this feature, i.e. shallow conformational maximum2;D2q)(HCOO),: complex with

fluorescence either from the second conforme,0%; (2;C;)

— S (2;,C), or from the lowest charge transfer state of the
complex @;D2q)(CRCOO"),, following a recent suggestidito

A reasonable indication is given on the basis of MO calculation.
By means of the Gaussian progrédfwe have performed TB
DFT calculations of vertical excitation energies £)D,q and
2;C; with the B3-LYP functional and the cc-pVDZ basis set
and promoting electrons from the higher 40 occupied MOs to
the lower 120 virtual MOs in a singly excited configuration
interaction scheme. Our results @D,y compare well with
recent calculation® predicting a first vertical transition o $A1)

— S (E), at 2.33 eV £532 nm) and a secondp A1) — S,

(E), at 3.63 eV £341 nm). UndelC; symmetry each transition
splits into a doublet (both components aof gpecies) at 2.32;2.37

two formiate ions. Energy levels of charge transfer state (i.e., with

excitation from formiate ion to the macrocycle) are denoted as CT.

Unmarked levels are associated with excited states mostly localized
on the porphyrin macrocyle.

calculation has been carried out on a simplified complex,
substituting the trifluoroacetate with the formiate counterion in
order to preserve thB,qy symmetry. The optimized geometry
of the complex 2;D24)(HCOO"), reported in Figure 8 has the
counterion in close contact with the macrocycle, the four O
-H distances being as short as 1.502 A. Two types of excited
states are found. The first includes states arising from singly
excited configurations built on MOs mostly localized on the
macrocycle ring. These aver* states approximately similar

to the § and S states of the isolated 4. Due to the

eV and at 3.63;3.70 eV. These energy values are not appreciablycounterion, vertical transitions from the ground to these states,

different from those of th®,4 conformer. A third, almost planar,
conformer ofCs symmetry lies on a shallow maximum of the
ground state surface (with a single imaginary frequencyj 122
cm™1) and has energy 5.6 kcal/mol higher th2jD,4.13 The

of E symmetry, shift to lower energies, 2.16 e¥%74 nm)
and 3.42 eV £362 nm), in close agreement with the experi-
mental absorption spectrum &f The second set of states are
described as due to electron promotion from occupied MOs

calculation has been repeated for this maximum, and the valuedocalized on the formiate counterion to virtual MOs localized

are 2.35 (A); 2.36 (A") eV and 3.63 (A); 3.71 (A) eV. Thus,
excitation energies of }P?* are not sensitive to the conforma-
tional structure, excluding the first hypothesis. The results are
shown in Figure 9, where;Sand $ indicate the two excited

on the porphyrin macrocycle. These are charge transfer (CT)
states. From our calculations, they are interspersed between S
and $ or at an energy higher than,3s it may be seen from
Figure 9. The lowest CT states, having vertical excitation

states under consideration. As to the second assignment, thenergies 2.59 eV~478 nm) and 2.62 eV~473 nm) and
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oscillator strengths=0.01, more than twice that associated with
S, (™), belong toE symmetry and are active in a fluorescence
transition. If the lowest CT states are weakly coupled with S

(tr*), the second assignment is plausible. The occurrence of

CT states between; &nd $ also justifies, on the basis of the
internal $ ~ CT conversion, the decrease of theligtime in
H4P?™ (CRCOO"), with respect to TOxP down to the
picosecond/subpicosecond time regime.

V. Conclusions

The emission properties of nonplanar diprotonated porphyrin,

planar porphyrin, and tetraoxaporphyrin dication upon photo-
excitation in the $ state have been investigated at room

Marcelli et al.
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temperature in solution. All of these molecular species fluoresce 77—94.

not only from S but also from & The S — S spectrum of

TOxP*™ has been easily observed due to peculiarities of the

system, i.e., a high¢S— S, oscillator strength, a large;SS;
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flexibility, due to low-frequency vibrational modes, and change
of equilibrium geometry betweery@nd S. As to HyP%" only,

it has been proposed that the fluorescence emission is also re

lated to charge-transfer states of the complgi2HCRCOO),.

Overall, the photophysical parameters of diprotonated porphyrin
in the S state are correlated not to a single but rather to a set

(24) Gouterman, MJ. Chem. Phys1959 30, 1139-1161.
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S, state have shown that the [Betimes of H,P?" and TOxP*
are in the range of those of planar porphyrins. Exciting into the
S, state both molecular species relax within (or comparably to)

the time resolution of the experimental apparatus. Indirect

estimates of glifetimes from quantum yield measurements and
radiative lifetimes wait corroboration from direct transient
absorption experiments actually under way in our laboratory.
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