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Excited States of Porphyrin Macrocycles
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S1 — S, spectra of porphyrin, diprotonated porphyrin, and tetraoxaporphyrin dication have been measured in
the energy range 2—3 eV above S; at room temperature in solution by means of transient absorption
spectroscopy exciting with femtosecond pulses. Highly excited szz* states not active in the conventional Sy
— S, spectrum have been observed. The experimental data are discussed on the basis of the time dependent
density functional theory taking advantage of large scale calculations of configuration interaction between
singly excited configurations (DF/SCI). The DF/SCI calculation on porphyrin has allowed to assign g states
active in the S; — S, spectrum. Applying the same calculation method to tetraoxaporphyrin dication the Sy
— S, spectrum is reproduced relatively to the Q and B (Soret) bands as well as to the weaker E, bands at
higher energy. According to our calculation the S; — S, transient spectrum is related to states of g symmetry
mainly arising from excitations between doubly degenerate st and 77* orbitals such as 2e, — 4e,. In the case
of diprotonated porphyrin it is shown that the complex of the macrocycle with two trifluoroacetate anions
plays a significant role for absorption. Charge transfer excitations from the anions to the macrocycle contribute
to absorption above the Soret band, justifying the intensity enhancement of the So — S, spectrum with respect

to the other two macrocyclic systems.

I. Introduction

Due to the role of porphyrins in fundamental biological
functions, such as oxygen transport and storage in aerobic
organisms' and conversion of solar to chemical energy in
photosynthetic reaction centers,?? the relaxation dynamics and
assignment of porphyrin excited states are issues which have
attracted over the years interest in chemical investigations on
these macrocycles.* Much work was concerned with the
characterization of the lowest szr* states,>™!3 traditionally
denoted as Q.;Q, and B,;B, in planar D, porphyrins and Q,B
in Dy, metalloporphyrins.” Recently, results on the primary
decay channels from these states following the excitation in the
Soret band by femtosecond light pulses have been reported in
detail.'#~2! For instance, in tetraphenylporphyrin and unsubsti-
tuted porphyrin the (B\;B,) — Q, and Q, — Q. internal
conversion processes take place in the ultrashort time domain
of tens/hundreds of femtoseconds.'*” !¢ The decay becomes
slower in zinc porphyrins owing to the wider energy gap AE(B-
Q) with respect to porphyrins.!7~1?

On the other hand, srzr* states of porphyrins higher than the
B,;B, pair have been also observed in a number of experi-
ments' 1222726 taking advantage of the different selection rules
of one- and two-photon absorption spectroscopies for planar
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macrocycles with Dy, symmetry.?” In the gas phase spectrum
of unsubstituted porphyrin the broad absorption features at 4.25,
4.67, and 5.50 eV, known as L (the first two) and M bands,?®
were correlated to Bz, and B, ;tt* states.?? The nature of these
states in terms of excited configurations has been discussed on
the basis of accurate ab initio calculations using different
theoretical approaches.?*~3¢ On the contrary, the nearly mono-
tonic increase of the two-photon cross section in tetraphenylpor-
phyrin above the Soret band was attributed to two-photon
allowed g states,? in reasonable agreement with predictions
about a series of g parity states in the range 3.5—4.5 V.’ Q,
— S, absorption of gerade nature, approximately at energies
2.5—2.9 eV above Q,, shows also in the transient spectrum of
octaethyl- and tetraphenylporphyrin.'! More recently, g states
of free base tetratolylporphyrin have been observed in the region
of the Soret band exciting into the Q,;Q, bands and probing
with near-infrared pulses.38

Following these considerations, in this paper we wish to
provide additional information on excited states of porphyrin
macrocycles investigating on two systems, diprotonated por-
phyrin and tetraoxaporphyrin dication (see Figure 1, 2 and 3,
respectively), which are isoelectronic with porphyrin (1 in Figure
1) and whose structures present interesting differences with
respect to 1, i.e., distortion from planarity in the first case and
replacement of inner nitrogen atoms and N—H groups with
oxygens in the second. Ruffled and saddled nonplanar confor-
mations3*~#! are well-known macrocycle geometries of several
porphyrin-type cofactors of proteins.*>~# Thus, distorted por-
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Figure 1. Molecular structures of porphyrin 1, diprotonated porphyrin
2, and tetraoxaporphyrin dication 3. The reference system, common to
the three species, is shown for convenience on 1.

phyrins constitute basic structural units to study the biological
effects of conformational flexibility in terms of reduced
fluorescence lifetimes and quantum yields and of perturbed
excited-state energetics with respect to the neutral planar
species.®~*® Computational results on the diprotonated porphy-
rin*7>! indicate that the lowest energy conformer of 2 in the
ground-state is nonplanar, saddle-shaped with D,; symmetry
because of the steric hindrance between the four hydrogen atoms
of the N—H groups. Tetraoxaporphyrin dication has on the
contrary a highly symmetrical planar Dy, structure.’' 3 For both
molecules ground and excited-state absorption spectroscopies
give information on states of different symmetry species.?’ In
fact, starting from the ground-state the final one-photon active
states of stsr* character are doubly degenerate, of E/E, symmetry
for 2/3. Conversely, in a experiment with Q(E/E,) as initial state
or* states of Ay, A, By, and B, symmetry are reached in the case
of 2 and of Ajg, Ay, By, and By, symmetry in the case of 3.

The purpose of the present paper is therefore 2-fold. First,
experimental data are reported on excited states of 1—3 not
available from conventional Sy — S, spectroscopy. Second,
computational results on these states, which have been obtained
performing large scale density functional calculations of con-
figuration interaction between singly excited configurations (DF/
SCI),>* are discussed. These calculations complement the
information so far provided?*=3% on the excited states of 1
and 2 and represent a further attempt to characterize the excited
states of 3.5

II. Experimental Section

The chemical preparation of 2 and sample processing for 1—3
have been described elsewhere.’!% Sg — S, spectra of 1 (from
Frontier Scientific, USA; used as received; benzene/cyclohexane
(1:10) solution), of 2 (prepared adding trifluoroacetic acid to
the benzene/cyclohexane (1:10) solution of 1), and of 3 (received
as perchlorate salt from Prof. Vogel, University of Koln,
Germany) in concentrated HClO4 were measured on a Cary 5
spectrophotometer at room temperature. The solution concentra-
tions were in the range 107#—107> M. Also, as reported in the
synthetic study,* the solvent choice for 3 was dictated by the
fact that the perchlorate salt has good solubility in strong mineral
acids while decomposes in water.

Excited state spectra were measured with the excitation/probe
technique using the transient absorption instrumentation as-
sembled in our laboratory.>’ Pulses of ~100 fs duration and
500 u J energy are generated at 800 nm by a Ti:sapphire laser
system at 1 KHz repetition rate and regeneratively amplified.
Excitation pulses of approximately equal time duration and ~0.8
w J energy are emitted either at 400 nm doubling the funda-
mental or at 370 nm thanks to the fourth harmonic of the 1480
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nm pulse which is in turn generated by parametric amplification
pumping a BBO crystal with the fundamental beam. Spectrally
broad pulses (“white continuum”) are produced focusing a small
portion of the fundamental into a thin CaF, crystal. The white
continuum beam is divided by a 50:50 beamsplitter into two
components of equal intensity, probe and reference. Excitation
and probe + reference beams enter the sample, kept under
constant stirring in a 2 mm quartz cell, by means of a parabolic
mirror in order to minimize spherical and chromatic aberrations.
The diameter of the excitation beam before the parabola is half
the probe diameter so that the probe overlaps completely the
excitation beam inside the sample in an almost collinear
arrangement. The original 1 KHz repetition rate is reduced to
100 Hz by means of a synchronized chopper in order to
minimize heating effects of the solution. As the probe reaches
the sample at delay time 7 after excitation, the transient
transmittance is measured at any wavelength 4 as T(t,A) = I(t,4)/
Io(A) where I(t,A) and Iy(A) are the transmitted intensities of
the probe beam with and without the excitation pulse. In order
to measure weak transient signals the instrumental sensitivity
must be high, i.e., the excitation and probe pulses stable as much
as possible. The excitation beam has typical pulse-to-pulse
intensity fluctuations of about 0.5%, compensated by averaging
over several hundreds shots, usually 500. Fluctuations of the
white continuum are more difficult to deal with since they are
related not only to the overall pulse intensity but also to the
relative intensity of the different spectral components. To this
purpose two measurements are performed, taking advantage of
the fact that the reference pulse enters temporally the sample
before excitation. In the first, with probe + reference beams
only, Ip(A) and I,(1) intensities are acquired while in the second,
with both excitation and probe + reference beams, /(z,4) and
I,(A). The transient transmittance may be therefore expressed
as [I(t,)/T(A)][I{A)/Io(A)] and the transient absorbance AA as
[1 — T(r,4)]/2.303 in the limit of small variations of 7(z,1).
We have frequently checked the baseline stability /(1)/Io(4) and
observed that three runs of 500 shots each give an essentially
flat baseline with a resolution in AA of 4= 0.001 over the spectral
range 400—650 nm. The detection system for this measurement
as well as for our transient absorption experiments consists of
a flat-field spectrometer and a back-illuminated 1100 x 330
CCD camera having optimum spectral response in the range
400—650 nm.

III. Results

So — S» Absorption. The absorption spectra of 1—3 in the
region of the highly excited mzr* states, i.e., beyond (and
including) the Soret band, are shown in Figure 2. The Q,,Q,
and Soret bands of 1 have known oscillator strengths.?® As to
2 and 3, the oscillator strengths (f) of the Q and B bands have
been redetermined with respect to previous data.*® Since f of
strongly allowed transitions?® is ~1, the f = 1.2 value for the B
band of 3 has been related to additional intensity contributions,
for instance absorption of close lying g states through vibronic
mixing with B. The oscillator strengths of the weak bands above
Soret were determined by fitting with Voigt profiles the spectrum
expressed as a function of wavenumber. The results are reported
in Tables 1—3.

Considering first the dicationic species 3, two weak bands
are observed at 4.10 and 4.48 eV with oscillator strengths 0.05
and 0.02, respectively, that is only few percent the Soret strength.
The large intensity difference may be justified recurring to the
cyclic polyene model and to the associated selection rule, as it
has been proposed since longtime for the intensity ratio between
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Figure 2. Absorption spectra of 1—3 solutions (¢ = 4 x 1073, 1.7 x
1073, 107 M, respectively) in the region above (and including) the
Soret band at room temperature. Solvents: benzene/cyclohexane for 1,
benzene/cyclohexane and trifluoroacetic acid (5% volume) for 2 and
concentrated HCIO 4 for 3.

visible and Soret absorption in porphyrins.?$8 In fact, consider-
ing the macrocycle as a circular ring, one-photon transitions
are allowed only if the angular momentum about the axis of
the ring changes by just one unit, i.e., only promoting one
electron between the appropriate components of the doubly
degenerate HOMO and LUMO orbitals.?® Qualitatively, this
agrees with the occurrence of one absorption band almost 2
orders of magnitude stronger than all others. In striking contrast,
the corresponding absorption of 2 consists of a broad and
unstructured band centered around 3.80 eV and extended from
~ 3.35 eV to &~ 4.50 eV with oscillator strength 0.35,
comparable, though smaller, to that of the Soret band. Additional
comments are relative to the neutral species 1. The Soret peak
observed at 3.33 eV in the spectrum of the gaseous molecule?
shifts to 3.13 eV in the solution phase. Similarly, the weak band
with maximum at 4.25 eV in the gas phase shifts to 4.09 eV in
solution. Two bands, observed in our spectrum at 3.47 and 3.66
eV, have probably as gas phase counterpart the 3.65 eV
shoulder,?? identified as N band.’® Gas and solution data are
summarized in Tables 1-3.

B. Q. — S, Absorption. The molecules 1—3 are excited in
the Soret band (400 nm, 1 and 2; 370 nm, 3) and probed at
delay times as large as 1.5 ns. With excitation energy ~ 0.8 u
J/pulse, corresponding to a power density of ~50 GW/cm?2, no
multiphoton process is observed, as it results from the linear
dependence of the transient signal on the excitation intensity at
half and 1/4 the original intensity. In fact, it has been reported!!
that two-photon absorption contributes to transient signal in
porphyrins and metalloporphyrins at power densities three times
100 GW/cm?. Thus, under our excitation conditions direct two-
photon absorption is safely excluded. The observed transient
spectrum of 1 after a delay time of 1.5 ns is shown in Figure 3.
Since the Q, lifetime is much longer than 1.5 ns*® while the
relaxation processes to the S; origin, including vibrational
cooling and solvent rearrangement, are completed within few
tens of picoseconds,'® Q. is steadily populated in the time regime
of the first few nanoseconds and the ground-state depleted. The
spectrum has been therefore assigned not only to vertical Q, —
S, transitions starting from the (0—0) level of the Q, state but
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in addition to the ground-state bleach, which shows prominently
in the region of the Q, and Q, bands, between 600 and 475 nm,
and more weakly at the onset of the Soret band, below 410
nm. The bleach allows a direct estimate of the number of
molecules promoted and relaxed to the Q, state, ~25% of the
total number of molecules when the comparison is made
between transient and static absorbances at the maximum of
the Q, bleach, 486 nm. Since the ground-state concentration of
our porphyrin solution is 4 x 1073 M, the detection capability
of the experimental setup in terms of absorption coefficient has
been estimated to be =500 M~! cm™! with a cell thickness of
2 mm. Comparing the bleach signal at 486 nm with the transient
signal at 410 nm (see trace ESA + B in Figure 3) the excited-
state extinction coefficient at 410 nm has been estimated ~2 x
10*M~Tem™!, being 1.5 x 10* M~ cm™! at 486 nm.>° The Q,
— S, absorption above 420 nm has been resolved comparing
the transient spectrum measured at 1.5 ns with the static So —
S, spectrum, as indicated in Figure 3. This procedure has been
applied also to the transient spectra of 2 and 3 where the ground-
state bleach is equally evident.!® The Q, — S,, spectra, collected
in Figure 4, show absorbance signals significantly above the
estimated uncertainty £0.001. For convenience, the baseline of
the transient spectrum of 1 has been reported in the Figure.

No band of sizable intensity is observed for porphyrin
between ~2—3 eV above the Q, origin. Two weak transient
bands are seen on a smoothly rising background intensity,
roughly centered 2.58 and 2.72 eV above Q. A third broadband
occurs with maximum tentatively located around 2.25 eV. Also,
the increasing absorbance beyond 3 eV suggests the occurrence
of a transient band at higher energy. This band however could
not be observed due to the combination of reduced white
continuum intensity with Soret bleach whose result is a series
of progressively noisy transient signals in the 3 eV region. On
the contrary, the dicationic species 2 and 3 exhibit intense and
well resolved peaks at 2.82 eV, as to 2, and at 2.90; 3.07 eV,
as to 3, above the respective Q origins, being these energy
maxima sufficiently far from the Soret bleach. An additional
weak band of 3 is at ~2.60 eV. The bleaching intensities of
the transient spectra'® have been useful as internal references
to estimate excited-state extinction coefficients and oscillator
strengths. From the transient absorbances'® and the ground-state
extinction at the bleach wavelength,” the coefficient of the
transient band of 2 was estimated ~ 6.2 x 10* M~ cm™.
Applying the same procedure to 3, the transient coefficients at
2.90 and 3.07 eV are 5.6 x 10* and 3.1 x 10* M~ ! cm™!,
respectively. These values are consistent with those measured
in the linear excitation regime.!! Provided that no decay channel
other than the B — Q internal conversion is effective for the
relaxation dynamics of 2 and 3,'%!8 the same number of particles
is responsible of the bleaching and of the excited-state contribu-
tion to the transient spectrum. The fo—s, strengths have been
obtained from fs,—q times the ratio of excited-state intensities
to bleaching intensities. The calculated values are 0.13 for the
transient band of 2 and 0.10 for each component of the 3 pair.
All the spectral data on the transient absorption of 1—3 are
collected in Table 4.

IV. Discussion

Ab initio density functional calculations of vertical So — S,
excitation energies were performed within the singly excited
configuration interaction scheme (DF/SCI) by means of the
Gaussian 03 suite of programs® using the B3-LYP exchange-
correlation functional and the cc-pVDZ basis set. The excitation
energies of 1—3 were calculated promoting electrons from
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TABLE 1: Vertical Sy — S, Excitation Energies and Oscillator Strengths (AE, eV; f) of Free Base Porphyrin 1 to the Lowest

Excited States, 777+ unless Otherwise Specified?

Exp DF/SCI TD/DFT CASPT2
2as sol

AE AE I AE b ass. AE 7 AE b
1.98 Q. 2.01 0.020@ 226 <107 1Bj, 2.24  0.0002 1.63 0.0004
242 Q, 2.38  0.07@ 241 <107 1By, 2.39 0.00004 2.11 0.002
533 BB, 813 1159 330 042 2By, 3.27  0.40 3.08 091
347 063 2By, 345 0.61 312 0.70

3.39 1B,

3.57 24,
sis N 347  0.19 373 051 3By, 370 0.55 342 046
3.66  0.14 3.83 078 3B, 379 0.82 3.53  0.83

4.01 2By,

4.03 - 1A (na™)

4.05 1Bgy (n*)

4.09  0.001 1By, (nz*)

4.09 1Bgg (nm*)

4.22 3By,

4.23 - 34,
425 L, 409 017 433 012 4By, 429 012 B96(Ly) 031
4.04(Ly)  0.20

4.41 - 4A,

465 L, 444 011 4By, 440 0.11

4.65 4By,

4.80 54,

550 M 514  0.14 5By,

@ From ref 29, the 1.15 value corresponds to the sum of the oscillator strengths of the two states. ” Exp: gas-phase data from ref 22 and our
solution data. Calculated values under all other headings: DF/SCI, our results and assignment (reference system as in Figure 1); TD/DFT,

results from ref 35; CASPT2, results from ref 34.

valence orbitals (57 in the three cases) to all virtual orbitals
(325, 335, and 315 for 1—3, respectively). The ground-state
equilibrium geometries, which are the reference structures of
the energy calculations, have been determined for 1 and 3 with
the same ab initio procedure®’ and found in excellent agreement
with X-ray diffraction data on these species.’>%! The two
molecular structures belong to D, and D4, symmetry groups,
respectively. The reference geometry of 2 is the saddled
conformation of D,,; symmetry®! whose occurrence has been
reported®? for its tetramethyl and tetraphenyl derivatives. The
saddle-shaped conformer is more stable than the second
conformer, a quasi-wave C; structure, by ~0.22 eV according
to calculations. %!

As a preliminary check of the quality of our computational
approach, the excitation energies of 1 are presented in Table 1
and compared with experiment and results from recent com-
putational studies.’*35 It is easily verified that an overall
agreement occurs among these calculations from which the
assignment of the observed So — S, bands higher than Soret is
derived. The 3B3,/3B,, pair of states calculated at 3.83 and 3.73
eV correspond to the unresolved gas phase N band at 3.65 eV
and to the N,/N, pair of solution bands at 3.47 and 3.66 eV.
The gas phase bands observed at 4.25 and 4.65 eV and denoted

L, and L, are assigned to the 4B,, and 4B3, states with calculated
excitation energies 4.33 and 4.44 eV.

In Table 4 the assignment of the transient spectrum is
proposed in terms of vertical excitation energies from (0—0)Q,
to states of g symmetry. Adding to the transient bands of 1 the
Q.—So energy gap,>® 2.01 eV, excited-state levels are found at
4.73,4.59, and 4.26 eV above Sy. Due to non adiabaticity, these
excitation energies, associated with the Q, equilibrium geometry,
are in principle different from those calculated ab initio, which
refer to the ground-state geometry. However, the absence of
strong progressions in the absorption and fluorescence spectra®>%*
and the small Stokes shift between the two spectra®® support
the view that the equilibrium geometry does not undergo a large
difference going from the ground to the Q, state.%5 The
calculated Sy — S, energies may be considered sufficiently
accurate for a discussion of the transient spectrum. As a second
point, it is evident that close-lying bands, such as those falling
at 2.58 and 2.72 eV, could be assigned either to different
electronic states or, alternatively, to a single state, the second
band as a vibronic addition to the first. This difficulty indicates
the degree of uncertainty encountered in the assignment of the
upper excited states probed by transient absorption. Table 1
shows that the vertical excitation energies to 4B, and 5A,,
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TABLE 2: Vertical Sy — S, Excitation Energies and Oscillator Strengths (AE, eV; f), of Diprotonated Porphyrin 2¢

Exp PHIT PHZT(HCOO™),

AE f AE f Assign.; main config. AE f Assign.; main config.

2.08 0.032 2.29  0.0005 1E; 12by —21c, 9b; —21c¢ 2.10  0.003 1E;18by —26e, 10b; —26¢
2.57  0.017 2E; 17hy —26e, CT
261 0.005 3E: 19a; —26e, CT
2.637 0. 1A,; 25e—26e
2.638 0. 1B;; 25e—26e
2.643 0. 2A1; 25e—26e
2.644  0.007 1B, 25e—26e

2.86  0.002 4E; 8ag —26e, 9b; —26e, CT

2.90  0.004 5E; 8ag —26¢, Yb; —26¢, CT

3.08 0.8 3.59 1.25 2E; 12by —21e, 9b; —21e 3.33 0.68  6E;18by —26e, 10h; —206e
3.839 0. 1A5; 20e — 21e
3.69 0. 2B; 18hy —9ay
3.843 0. 1By; 20e — 2le
3.73 0. 2A,; 2de — 26e
3.80 0. 3By; 18hy —9%as
3.96  0.001 1B3: 20e — 21e,9b; — 8as
3.87  0.0007 2Bgy; 24e — 26e
3.94 0. 3A;; 24e — 26e
3.98 0. 2A1; 20e — 2le
3.86  0.003 3E;13a; »2le 3.95 025 T7E;16by > 26¢,18a; > 26¢
3.80 0.35
4.03 0.07 4F; 116y — 21e 4.01 0.08 8L;16by — 26e,18a; — 26¢
4.423 0. 2By; 12by —8ay
4.11  0.008 3Bs; 10h; —9%9
4.424  0.003 2B9; 9b) —8as
427 0. 3A5; 19a; —0%as, CT
446 0. 24,; 19 — 2le
4.30  0.004 9E; 25¢ — 9aq

@ Exp: solution data. PH,>" and PH4** (HCOO™), headings: calculated DF/B3-LYP/cc-pVDZ/SCI values of AE and f with assignment (see
Figure 5 for MO labels). CT indicates excited states of PHy>" (HCOO™), with charge transfer character.

calculated at 4.65 and 4.80 eV, satisfactorily match the transient
bands observed at 4.59 and 4.73 eV, a result clearly in favor of
the first choice, though not conclusive. On the other hand, the
transient band at 4.26 eV, quite far from the two above-
mentioned, is assigned to either 3By, or 3A, (or both), the two
states being calculated almost accidentally degenerate at 4.22
and 4.23 eV. The comparison with the transient data on the
tetratolyl derivative of porphyrin®® is also rewarding. Allowed
Q, — S, transitions have been reported at 2.80, 3.2—3.25 eV
and >3.7 eV, i.e., 0.16 eV below and 0.24—0.29 eV and >0.74
eV above the Soret band at 2.96 eV and correlated with g states
of porphyrin.3® In the DF/SCI calculation on the free base
vertical excitation energies to the lowest g states, 1Byg, 2A,,
and 2B, are predicted at 3.39, 3.57, and 4.01 eV. The energy
spacings with respect to the average value of the Soret doublet
(Bsu, 3.30 eV; By, 3.47 eV; see Table 1) are not far from those
observed on tetratolylporphyrin.

A. Excited States of Tetraoxaporphyrin Dication. Let us
consider now tetraoxaporphyrin 3. In D4, symmetry excited 7zor*

states behave symmetrically under reflection with respect to the
molecular plane and therefore belong to Ajg, Asg, Big, Bo,, and
E, species. The only states showing one-photon Sp — S, activity
are those of E, character among which Q and B are included.
The vertical excitation energies So — S, (E,) (n = 1, ..., 4)
calculated at 2.34, 3.75, 4.28, and 4.56 eV fit satisfactorily the
experimental values on 3, as shown in Table 3, and are in good
agreement with recent results.’> The calculation describes these
states in terms of linear combinations of a relatively small
number of singly excited configurations. In the MO energy
diagram of Figure 5 the two top filled s orbitals, HOMO and
HOMO — 1, are quasi degenerate and classified as 3ap, and
la;, while LUMO and LUMO + 1 are the doubly degenerate
orbitals 4e,, and 4e, , respectively, whose nodal properties have
been already examined.®®%7 According to our results, the Q and
B states are mainly represented by means of the four excited
configurations 3al, 462,#, lal, 462,,1,, 3al, 46:;,,;,, and 1lal, 462,,,,.
For instance, the x components of the doubly degenerate B and
Q states are (3a§u 46;,,;, + lal, 46;,,1), respectively. Since the
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TABLE 3: Vertical Sg — S, Excitation Energies and
Oscillator Strengths (AE, eV; f) of Tetraoxaporphyrin
Dication 3 to the Lowest #r* Excited States®

exp calc
AE f AE f

217 0.042 234 0.0005
333 1.2 3.75 1.56

assign.; main config.

1E,; 3a, — 4eg, laj, — 4e,
2E,; 3ay, — 4e,, laj, — 4e,

414 0 1Azg; 3e; — deg

421 0 2A,4; 3¢y — 4dey

4.24 0 1By,; 3e, — 4e,
4.10 0.05 4.28 0.027 3E,; 2by, — 4e,

4.28 0 1By, 3e, — 4e,, lay, — 2by,
448  0.02 4.56 0.0004  4E.; 2ay, — 4e,

4.63 0 2B2g; 2a2u - Zb]”

4.636 0 ZBIg; 2alu - Zblu

4.75 0 2A54; 20, — 4e,

4.97 0 3A1g; 26, — 4de,

4.98 0 3Blg; 3aZu e 3b2uv Zeg - 4eg

5.09 0 3B2g; lalu - 3b2uv Zeg - 4eg

5.80 0.0002  SE,; 1by, — 4e,

5.82 0 4B2g; lam - 3sz,

5.88 0 4B g 3ay, — 3ba,

@ Exp: solution data. Calc: DF/B3-LYP/cc-pVDZ/SCI results and
assignment. With reference to Figure 5, the most significant
configurations contributing to excited states are detailed.

0.054

0.004

T Ll T T T
400 450 500 550 600 650
Wavelength (nm)
Figure 3. Transient spectrum of 1 experimentally observed at 1.5 ns

delay time (ESA + B), from which the static S — S, spectrum is
subtracted, gives as a result the Q, — S, spectrum.

transition moments from So to the 3al, 4e§,;, and 1lal, 462,,‘,
configurations are large and almost equal, these moments add
constructively for the B state and destructively for the Q state,
making the two intensities strongly different. Of course, an
analogous result holds for the y components of the same states.
Due to the increased energy gap between the 2b,, and 2ay,
orbitals, which are HOMO — 5 and HOMO — 6 in Figure 5,
the next two states, 3E, and 4E,, are approximately represented
by the configurations 2bl, 46;,;) and 2aj}, 46}3,;,, as to the x
component, and by 2bl, 4ei,,a and 2aj, 4e§,a, as to the y
component. The oscillator strengths of the Sy — S3 (E,) and Sy
— S, (E,) transitions are calculated much weaker than that of
the B state, as observed.

Going to the transient Q — S, spectrum, Az, Az, Big, and
By, m* states are responsible of the observed activity. Our
DF/SCI results indicate that several states of g symmetry occur
between 4.10 and 4.30 eV and between 4.60 and 5.10 eV above
So. The next g states are predicted at 5.82 and 5.88 eV with a
wide gap with respect to the previous states. The transient
spectrum of Figure 4, with absorption bands at 5.07 and 5.14
eV once the Q—S energy gap of 2.17 eV is taken into account,
is in reasonable agreement with g states in the range 4.60—5.10
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Figure 4. Q./Q — S, absorption spectra of 1 —3 solutions (¢ = 4 x
1075, 1.7 x 1073, 107> M, respectively) in the region 2—3 eV above
the lowest excited state (Q , for 1 and Q for 2 and 3) observed after
1.5 ns delay. The femtosecond pulse excites 1 and 2 at 400 nm and 3
at 370 nm. The baseline trace is shown along with the spectrum of
porphyrin.

TABLE 4: Q, — S, Transient Spectrum of 1 (Left) and Q
— S, Transient Spectra of 2 and 3 (Right) in the 2—3 eV
Region®

1 3
obs calce obs cale
AE@) AE  Assign. AE®) fo— S AE  Assign.
422 3By,
4.26 (2.25) ’ 4.77 (2.60) 475 24y
4.23 34,
497 34,
4.59 (2.58) 465 4By, 5.07 (2.90) 0.10 ‘
498 3By,
4.73 (2.72) 480 54, 5.14 (3.07)  0.10 5.00 3By,
2
obs calc®
490 (2.82) 0.13 4.83 5By

“The Q,/Q origins of 1 and 3 have been reported at 2.01 and
2.17 eV while the origin of 2 has been estimated at 2.08 eV (see
Tables 1—3 and ref 56).  Vertical excitation energy calculated for
the diprotonated porphyrin complex with the formiate anion. Other
excitation energies of the complex calculated in this energy region
are at 4.57 eV (5A)), 4.57 eV (4B,), 4.95 eV (5B)), 5.21 eV (6B,).
“The excitation energies with respect to Sy (AE, eV) and excited
state oscillator strengths fo—s, are reported; in parentheses the
experimentally observed excitation energies as shown in Figure 4.
The spectral assignment follows from calculation data of Tables
1-3.

eV,i.e., 3Ay,, 3B, and 3By, as proposed in Table 4. It should
be reminded, however, that in absence of more information the
assignment of the two bands to only one of these states with
one vibronic addition cannot be excluded.

B. Excited States of Diprotonated Porphyrin. Above the
Soret band the absorption spectrum shows a single broad and
relatively intense band centered at 3.80 eV in place of the weak
and structured profiles of 1 and 3. The calculated excitation
energies of 2 in Dy, symmetry match reasonably the observed
values while the oscillator strengths of the So — 3E and Sy —
4E transitions are exceedingly small, as it is seen from Table
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Figure 5. Energy diagram showing the highest occupied and lowest
virtual molecular orbitals of tetraoxaporphyrin dication (TOxP?*), of
diprotonated porphyrin (PH4>") and of the complex with the formiate
anion [PH4>"(HCOO™),]. The molecular orbitals are classified according
to the Dy, and D,, molecular symmetries of TOxP>* and PH4>t, PH,>*
(HCOO™),, respectively. Dashed energy levels along the PH4**
(HCOO™), diagram are relative to molecular orbitals of the complex
mostly located on the formiate anion. Vertical arrows indicate singly
excited configurations contributing to one-photon So — S, absorption.

2. Following the indications of studies on the decay kinetics of
diprotonated porphyrin derivatives***8 and of 2,'%% here it is
proposed that the discrepancy depends on the occurrence in
solution of a species closely related but different from 2, i.e.,
the complex of PH,>" with the trifluoroacetate anion, PH4>"
(CF 3 COO™),. The structures of PH42" (CF;COO™), and of
the second complex generated by proton transfer, formally
(PH,)(CF;COOH),, were optimized. The equilibrium geometries
of the two complexes are shown in Figure 6. In the first, the
CF;COO™ counterions along the z axis above and below the
PH,>* ring are bound to the macrocycle, with all the four closest
O--+H distances between oxygen atoms and hydrogen of the
NH groups equal to 1.572 A. In the second, two hydrogen atoms
of adjacent NH groups (one above and one below the average
macrocycle plane) migrate approaching the oxygen atoms at
1.024 A while the other two move away to a distance 2.132 A.
Two equivalent (PH,)(CF3COOH), structures (A; and A; in
Figure 6) are obtained by simply interchanging the pairs of
hydrogens atoms. The PH42"(CF;COQO™), structure (B in Figure
6) is therefore the transition state between them with an
activation barrier of only 0.05 eV (1.2 kcal/mol). As the barrier
is easily surmounted at room temperature, the molecular
complex may be effectively modeled as one having on the
average the symmetrical arrangement of B. For a better
correlation between results on the complex and on the isolated
macrocycle we decided to retain the D, symmetry taking into
consideration the complex with the formiate anion, PH,**-
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Figure 6. Complex of diprotonated porphyrin with trifluoroacetic acid
according to DFT/B3-LYP/cc-pVDZ calculations. A;, Aj: (PHa)-
(CF;COOH), tautomers. B: (PH,2")(CF;COQ™), transition structure.
For the sake of clarity, the four central hydrogen atoms are evidentiated
as violet balls for the three structures and their distances (A) from the
closest oxygen atoms are indicated. Bottom: schematic diagram of the
potential energy relating A; and A, through the transition structure B
with an energy barrier of 0.05 eV.

(HCOO™),. The optimized structure of PH,*"(HCOO™), is
substantially similar to that of PH4>"(CF;COO™), with a small
decrease of the O+++H distance to 1.502 A.56 The DF/B3-LYP/
cc-pVDZ/SCI calculation has been performed on this complex
with a configuration interaction scheme as large as possible,
i.e., including all single electronic excitations from valence (75)
to virtual (405) orbitals of the complex. The results are reported
in Table 2, where the Soret state of the complex is classified as
6E. Two points of our calculation are noteworthy; (i) excited
states localized on the macrocycle (1A,, 1B, 1B,, and 2A)) as
well as CT states (2E,..., 5E) fall in the energy range between
1E and 6E contributing through internal conversion to the non
radiative decay from the Soret to the Q state and, for the purpose
of the present work, (ii) the So — 7E transition has a relatively
high oscillator strength at excitation energy close to the observed
3.80 eV maximum. This transition corresponds to the very weak
So — 3E of the isolated PH4** species. The two states, 7E in
the case of PH42"(HCOO™), and 3E in the case of PH,2", are
described by excited configurations, 16b426e! and 18al26¢! for
the former system and 13aj2le! and 11bi21e! for the latter,
which may be easily correlated from inspection of the MO
energy diagram of Figure 5. From this point of view no
substantial difference exists between the two states. However,
due to the strong interaction of the macrocycle with the formiate
counterions, 7E has also a new significant contribution from
CT excitations such as 17bi26e!. The increase of the oscillator
strength may thus be attributed to the partial CT character of
the 7E state, plausibly causing an appreciable charge displace-
ment during the electronic excitation.

V. Conclusions

In this work we have investigated about highly excited states
of porphyrin, diprotonated porphyrin and tetraoxaporphyrin
dication by means of transient S; — S, spectroscopy and
reconsidering the Sp — S, absorption spectrum. The comparison
with DF/B3-LYP/cc-pVDZ/SCI calculation results on the three
molecular species has allowed to draw the following conclusions:

(1) The lowest ztr* excited states of porphyrin up to 5.50
eV have been assigned combining one-photon gas-phase?? and
solution data with our transient absorption results as well as
with those from a second source.?
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(2) The Sp — S,, absorption spectrum of tetraoxaporphyrin
conforms satisfactorily to the cyclic polyene model and is
assigned to the lowest four E, states of the dication. Transient
S — S, bands in the energy range 4.60—5.10 eV above S are
due to transitions from S; to dark states of g symmetry.

(3) The Sp — S, absorption intensity of 2 above the Soret
band has been related to the occurrence in solution of the
molecular complex of 2 with the trifluoroacetate anion, for which
excited states of charge transfer character are relevant.
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