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Abstract

Phototautomerism in the excited states of free-base 5, 10, 15, 20-tetrakis(4-sulfonatophenyl) porphyrin (HZTPPS4_) has
been investigated combining, for the first time, advanced Electron Paramagnetic Resonance (EPR) with fluorescence and
Raman spectroscopy. Triplet EPR spectroscopy, performed in protic and deuterated solvents and in the presence of photo-
selection, confirms the occurrence of phototautomerization and additionally suggests the formation of the cis tautomer as a
minor component. The zero-field splitting parameters and triplet sublevel populations indicate that the process is slow in the
triplet state. The results obtained by EPR combined with photoselection and fluorescence anisotropy have been interpreted
within a model which accounts for a fast trans—trans tautomerization promoted by a spin-vibronic coupling mechanism for
intersystem crossing, with an even distribution of the two trans tautomers at liquid nitrogen temperatures for H,TPPS*".
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1 Introduction

Porphyrins are macrocycles with a central cavity that offers
four nitrogen atoms and is open to coordination to a wide
variety of metal ions. They are present in different classes
D Antonio Barbon of biologically active macromolecules, for example in the
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Scheme 1 a Molecular struc-
ture of free-base porphyrins
and schematic representa-

tion of the trans-trans and
trans-cis tautomerization
processes; in the case of the
free-base 5,10,15,20-tetrakis(4-
sulfonatophenyl) porphyrin
(H,TPPS*") R= p-phenyl-SO;~,
b orientation of the Q, and Q,
transition dipole moments and
the principal directions of the
zero-field splitting (ZFS) axes
(X and Y) taken from ref.s [6]
and [7], under the assumption
that E<O0, for H,TPPS*~ when
no tautomerization takes place
in the excited states, ¢ orienta-
tion of the ZFS axes assumed
for the cis tautomer in light

of its molecular symmetry for
H,TPPS*"

trans

For these reasons, a wide and continuously expanding litera-
ture can be found on this class of biomolecules.

In the absence of a coordinated metal, the free-base mac-
rocycle is doubly negatively charged and in the absence of
substituents is named free-base porphine. This ion is stable
in aprotic solvents or in protic solvents in basic conditions,
while at neutral or acidic pH, two or four protons are bound
to the internal nitrogen atoms and the macrocycle is either
neutral or doubly positively charged [5]. The symmetry of
the neutral porphine is D,,, but rarely its derivatives can
retain such a high symmetry; if non-linear substituents are
symmetrically attached to the peripheral carbon atoms, the
molecule possesses a C, axis or a mirror-symmetry element
at most. In both situations, differently from the metallopor-
phines, the Q-bands are not degenerate.

The photophysics of the excited states of the porphine
molecule and its derivatives is quite complex due to the
presence of a series of states with rather close energy.
The absorption spectrum, in the range between 400 and
650 nm, exhibits two groups of electronic transitions bands,
labelled as Soret (400—450 nm) and Q-bands (500-650 nm),
each characterized by two perpendicular transition dipole
moments (TDMs) [6—8] and often displaying a series of
vibronic progressions. In the case of the Q-bands, in mole-
cules with symmetry lower than D, two transition moments
are present, 0, and Q,, normally ordered for increasing
energy. Although the corresponding fundamental transi-
tions and some vibronic progressions are visible, we wish to
point out that the deconvolution of absorption bands at room
temperature and high-resolution low-temperature Shpol’skii
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spectra show a number of different transitions contributing
to them [9, 10], in line with DFT vibronic calculations. Nev-
ertheless, for the two fundamental (0, 0) transitions and for
the two different TDMs, we expect small, if at all, admixture
with vibrational states [11].

The photophysics of porphine and its derivatives have
been investigated by different groups, focusing on the
excited singlet states. A series of basic and advanced spec-
troscopies like transient absorption and femtosecond fluo-
rescence spectroscopy [12-14], also with pulse-train excita-
tion [15], have been used. Zewalil et al. and Kim et al. [12,
14] have shown that very fast relaxation mechanisms lead
to the decay of the emission from hot states with typical
times of 100-200 fs and, at the same time, the setting up of
the fluorescence emission from the Kasha state occurs in
less than 100 fs. The Kasha state is the one directly popu-
lated by excitation of the 0 ,(0,0) transition. While most of
the fluorescence occurs from this state, emission from high
energy states is detected as residual emission bands, due
to fast intramolecular vibrational energy redistribution or
solvent interactions inducing relaxation [12]. To gain knowl-
edge about the fast dynamics in the excited singlet states,
Waluk’s group acquired the information on both steady-state
and time-resolved fluorescence anisotropy of a free-base tet-
raphenylporphyrin (H,TPP) upon photoexcitation of the dif-
ferent vibronic transitions of the Q-bands [13].

N-H tautomerism is a relevant process for the tetrapyr-
rolic structure of free-base porphyrins and it consists in the
transfer of the inner protons of the macrocycle cavity among
the four nitrogen atoms. In Scheme 1, we depict both the
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trans—trans tautomerization, where both protons switch their
position; the movement of a single proton, instead, produces
a metastable cis tautomer [16]. The tautomerization occur-
ring in the ground states of free-base porphine and in some
analogues has been investigated in detail both in solution and
in solid state by NMR techniques [16, 17].

So far, limited information is available for tautomerism in
the excited states. The first evidence of a trans—trans photo-
tautomerization was provided by Solov’ev et al. [18]. Pho-
totautomerism has been invoked to interpret results obtained
from optical spectroscopies: UV—-Vis absorption [11], IR
[19], fluorescence [20] and/or fluorescence anisotropy [21].
Phototautomerization has also been predicted theoretically
[22], as result of the coupling of excited electronic states and
vibrational modes. In chlorins, which are hydroporphyrines
containing a partially reduced pyrrole group, beside the pres-
ence of the trans—trans tautomerization, also the trans—cis
process has been documented [23]. Other porphyrin isomers
have also been investigated by optical techniques [24]. Tau-
tomerization in the photoexcited triplet state, which is popu-
lated by intersystem crossing (ISC) from the corresponding
excited singlet state, has been studied by light-induced EPR
techniques in porphycenes, which are tetrapyrrolic structural
isomers of porphyrins, proving that the magnetic properties
are sensitive probes if the process occurs in the EPR time
scale [25, 26].

Although the intramolecular proton transfer is apparently
without consequences for the molecule, tautomerization is
a non-innocent process, as a change of the electronic distri-
bution accompanies each proton jump. The impact of the
trans—trans tautomerization on the molecular properties can
be understood considering its equivalence with the rotation
of the molecule (pseudorotation) by 90° [16, 19, 21]. This
can have implications on several molecular aspects, like the
transition dipole moment orientation [27] or the reactivity
[28]. Therefore, it is mandatory to have clear information on
this simple process which can happen in different electronic
states.

In a recent report, we performed a comprehensive study
of the triplet state of the free-base 5,10,15,20-tetrakis(4-sul-
fonatophenyl) porphyrin (H,TPPS*") by combining light-
induced advanced EPR techniques, best-suited for the triplet
state investigation, and state-of-the-art computational meth-
ods. There, we interpreted some of the spectroscopic results
as a consequence of the presence of an efficient phototau-
tomerization [7]. Magnetophotoselection (MPS) experi-
ments, realized by performing time-resolved EPR (TR-EPR)
with excitation with linearly polarized light, were used to
derive preliminary information on the process.

In the present work, we have examined in detail photo-
tautomerism and its impact on the molecular properties of
H,TPPS*". To provide more solid evidence, MPS experi-
ments have been performed in a deuterated solvent, enabling

the exchange of the inner macrocycle protons to obtain
DZTPPS4_, to slow down the exchange rate via the isotopic
effect [29]. Furthermore, we have combined the EPR investi-
gation with fluorescence anisotropy measurements to inves-
tigate at which stage phototautomerization occurs.

2 Materials and methods
2.1 Sample preparation

HZTPPS“_ was purchased from Sigma Aldrich. Samples
were obtained by dissolving the powder in the chosen sol-
vent at a concentration of 60 uM, determined by optical
absorption spectroscopy. Deuteration of the exchangeable
central cavity protons (D,TPPS*") in samples for TR-EPR
spectroscopy was fulfilled by dissolving the powder in
d,-methanol (MeOD). Samples were degassed into quartz
EPR tubes (3 mm i.d.) by freeze and thaw cycles and sealed
under vacuum. The glass vitrification of the samples was
obtained by flash-freezing samples in liquid nitrogen.

2.2 EPR measurements and data analysis

Experiments were recorded at X-band on a Bruker Elexsys
E580 spectrometer, equipped with a 6.5 MHz preamplifier.
The TR-EPR spectra were recorded in direct detection mode
with the time traces sampled with a LeCroy 9360 oscillo-
scope. A Bruker ER 4117X-MDS5 dielectric cavity inside
a CF900 cryostat was used. The microwave power for the
experiments was set at about 0.2 mW. The time resolu-
tion of the spectrometer was estimated to be less than 1 ps.
Excitation was performed with an Nd:YAG laser (Quantel
Rainbow) equipped with an optical parametric oscillator
(OPO) pumped by the third harmonic module, with a 10 Hz
repetition rate. Laser pulses were 5 ns long, with energies
of 2-2.5 mJ/shot. MPS experiments were performed excit-
ing the sample with linearly polarized light. The orienta-
tion of the polarization was controlled using a half-wave
plate followed by a linear polarizer. Care was used to pre-
pare transparent glasses without cracks. In a clear glass,
the MPS effect is maximized, while a cracked and opaque
glass favours scattering processes and, consequently, depo-
larization of light. Light linearly polarized either parallel
(par) or perpendicular (perp) to the magnetic field was
used. Consequently, molecules with the TDMs either paral-
lel or perpendicular with respect to the magnetic field are
prevalently excited in each mode. For an isotropic distribu-
tion of molecules in the ground state, the probability that a
molecule is excited depends on the direction of the TDM
(drpy» rigidly fixed in the molecular frame) and on the
direction of the polarization of the light (%, fixed in the
laboratory frame). Therefore, the excitation probability for
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a single molecule as a function of its relative orientation is
pff;/p”p(a, B.7) = (@iypy * ip)° /N, where N is a normaliza-
tion factor and a, f, y the Euler angles relating the laboratory
and the molecular (ZFS) frame. We generally assume that
the orientational distribution function is conserved after the
ISC to the triplet state, which is valid if no processes (such
as a tautomerization) alter the relative orientation between
the molecular and ZFS frame. The shapes of TR-EPR spec-
tra obtained exciting a transparent glassy solution with
polarized light are thus altered with respect to the profile
obtained with non-polarized, or isotropic, excitation: some
components are reinforced, whereas others result reduced,
depending on the relative orientation between the TDM and
the ZFS axes. An insight on these aspects can be found in
Ref.s [7, 30-32]. A careful reproduction of the lineshape of
the TR-EPR spectrum obtained with light polarized parallel
or perpendicular to the magnetic field allows the determi-
nation of the direction of the TDM with respect to the ZFS
frame.

The experimental TR-EPR spectra as a function of the
magnetic field were extracted at a fixed delay time of about
1.2 s after pulsed laser excitation, near the maximum of the
spectra intensity. TR-EPR data were then processed by sub-
tracting the baseline offset before the trigger event. Isotropic
spectra, corresponding to excitation with non-polarized
light, were calculated as the sum I, + 21 where [ . and

L., are the EPR intensities obtafned w?tfflight polparized
parallel and perpendicular to the magnetic field, respectively,
in analogy to optical polarization measurements [7].
Simulations were performed using a home-written MAT-
LAB program for triplet powder spectra described in Ref.s
[7, 30, 33]. The “esfit” routine [34] was employed to extract

the best-fit parameters.

2.3 Optical emission measurements

Optical emission measurements were obtained either in cells
or directly in the EPR tubes by using a FLS100 Edinburgh
photoluminescence spectrometer equipped with polariz-
ers. Excitation was obtained by a Xe lamp. For cooling of
quartz cells, a Peltier plate was used near room tempera-
ture, while a quartz cold finger, filled with liquid nitrogen,
allowed cooling to 77 K. H,TPPS*~ was dissolved in a mix-
ture (3:2) of ethanol/methanol and in non-protic solvents
(dimethylformamide/2-methyltetrahydrofuran/dichlorometh-
ane and dimethylformamide /acetonitrile); DZTPPS4_ sam-
ples were obtained by dissolving H,TPPS*~ in MeOD; 2%
of deuterated water was added to favour the formation of an
optically clear glass.

Fluorescence anisotropy (r) was estimated at every wave-

o . Gl ~1,
length of excitation from the ratio r = Z=—, where I;
w vh b

refers to the intensity of emission with a given polarization
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of the excitation (i) and of the emission (j), while v and A
stand for vertical and horizontal polarization, respectively.
The experimental G-factor was automatically recorded from
the spectrophotometer as G = I, /1.

2.4 Raman measurements

The Raman spectra of H,TPPS*~ and D,TPPS*~ pow-
ders placed in sealed NMR tubes have been recorded with
the Nicolet NXR9650 FT-Raman equipment (Nd-YVO4
1064 nm laser excitation, 4 cm™! resolution, laser spot size
50 pm, power at the sample 1W). Density functional theory
calculations of the off-resonance Raman spectra have been
carried out with the B3LYP/6-31G (d,p) method by using
the Gaussian software [35]. We have considered models of
H,TPPS*~ and D,TPPS*" interacting with Na* ions placed
in correspondence of the four —-SO;~ groups. To ease the
comparison between experimental and simulated spectra, a
uniform scale factor of 0.98 has been applied to the wave-
numbers computed by DFT.

3 Results

In our previous work on the triplet state of H,TPPS*~ in an
ethanol:methanol 3:2 mixture, we found that, when perform-
ing MPS with linearly polarized laser excitation, the MPS
effect of the triplet was reproduced with an apparent excita-
tion of both the Q. and Q}, bands with equal contributions,
irrespective of the wavelength used; indeed, to simulate the
MPS TR-EPR spectra an equal contribution to the orien-
tational distribution function (see Materials and Methods)
from the Q, and O, TDMs was required [7]. This result was
discussed in terms of a fast phototautomerism, in the EPR
time scale, occurring in the excited singlet state, which pro-
vides the same distribution function as that obtained from
excitation of both transitions. To gain further evidence and
obtain a detailed description of the process, we decided to
perform the EPR experiments in deuterated solvent and
integrate the experimental findings on the triplet state with
the investigation on the corresponding excited singlet state
by optical spectroscopy. The purpose of using a deuterated
solvent is to selectively exchange the central protons, poten-
tially involved in phototautomerism, and to seek for the pres-
ence of an isotopic effect affecting the process.

We obtained TR-EPR spectra with photoselection for
both HZTPPS4_ and D2TPPS4_ in an optically clear glassy
solvent near liquid nitrogen temperatures. As a further
step in the characterization, the molecules were photoex-
cited with polarized light at the maximum of each of the
four visible Q-bands, labelled as 0,(0,0), 0.(0,1), Qy(0,0),
0,(0,1) (ordered by increasing energy, the electronic absorp-
tion spectrum is reported in Fig. S1). The aim was to detect
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Fig. 1 a Isotropically excited TR-EPR spectrum of the triplet state of »
D,TPPS*" in deuterated methanol; b isotropically excited TR-EPR
spectrum of the triplet state of H,TPPS*~ in an ethanol:methanol 3:2
mixture; ¢ isotropically excited TR-EPR spectrum of the triplet state
of H,TPPS*" in an ethanol:methanol 3:2 mixture with the addition
of KBr. Experiments were performed at X-band at 80 K, exciting at
640 nm, within the Q,(0,0) absorption band. Experimental data are
shown in black and simulations are reported in blue; the two compo-
nents that give rise to the H,TPPS*" spectrum simulation in (b) are
shown in red (triplet 1) and green (triplet 2). Simulation parameters
are reported in Table 1. The turning points of the spectrum (for D >0,
E <0) are indicated. A=enhanced absorption, E=emission

possible differences in the MPS effects due to either the
excitation of transitions with orthogonal orientation of the
TDMs (see Scheme 1b) or in the presence of vibronic cou-
pling, which could induce a reorientation of the TDMs [36].

Initially, we had to face a complication deriving from
the difference between the isotropically excited TR-EPR
spectra of H,TPPS*~ and D,TPPS*~ upon excitation on the
lowest energy Q,(0,0) absorption band. The difference is
better observed by inspection of the region between the X
and the Y turning points of the triplet spectrum, as reported
in Fig. la, b, and it cannot be reproduced by simulation by
varying the ZFS parameters or the populations of the ZFS
states upon deuterium exchange. We attribute this differ-
ence to the presence of a second minor species (triplet 2),
beside the dominant triplet (triplet 1) characterized by an
orthorhombic ZFS tensor [7, 37]. This triplet 2 is tentatively
assigned to a cis tautomer based on various experimental
evidence, i.e. the variation of the relative weight between
the two triplets with the excitation wavelength, with isotopic
substitution of the central protons and with external heavy
atom effect on the weights. Additionally, the MPS behaviour
of triplet 2 is in line with what is expected for a cis isomer.
A detailed discussion is reported below.

Simulations using two triplet contributions gave a satis-
factory fitting of the spectra and the parameters are reported
in Table 1. The ZFS parameters and relative populations
of triplet 2 differ from those reported in the literature for
H,TPPS*~. By varying the excitation wavelength, in the case
of H,TPPS*", the triplet 2 contribution changes and becomes
negligible when exciting on the 0 (0,1) and Qy(O,l) bands,
while in the case of D2TPPS4_, triplet 2 is only observed
when exciting on the Q},(0,0) transition and is character-
ized by a much lower intensity (see Fig. S2). We note that
the presence of this second species has been found also in
samples deriving from different preparation batches, with
the same wavelength-dependent behaviour, and in a related
parent molecule (H,TPP, unpublished data), allowing us to
exclude that this may depend on the presence of impurities.

To get an insight into the minor triplet component and
its generation mechanism, we exploited the external heavy
atom effect to enhance the ISC rate by adding a bromine salt
to the solution of H,TPPS*~ in a 1:100 ratio. The resulting
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isotropically excited TR-EPR spectrum on the Q,(0,0) band
does not show any contribution from triplet 2, as reported
in Fig. lc. This has been found when exciting any of the
four absorption bands (see Fig. S3). The final assignment of
triplet 2 derives from detailed analysis of MPS, as described
below.
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Table 1 Simulation parameters for the TR-EPR spectra of H,TPPS*"
and D,TPPS*~ with isotropic light excitation: ZFS parameters
D=- 37Z/2 and E=(Y-X)/2 (+5 MHz), relative populations of the

triplet sublevels p; (+0.01). For each band, k, (+5%) is the weight of
each of the two normalized triplet state spectra S, in the simulation,
obtained as S =k, « S| +k, * S,

DI(MHz)  [EI(MHz)  py Py Pz k, (%) Q0,00  k, (%) Q0.1) Kk, (%) Q00)  k, (%) Q0,1

H,TPPS* 80 K

Triplet 1 1182 227 030 063 007 75 100 80 100

Triplet2 1100 120 038 055 007 25 0 20 0
D,TPPS*~ 80 K

Triplet 1 1182 227 027 063 0.0 100 100 95 100

Triplet2 1100 120 038 055 007 0 0 5 0
D,TPPS*~ 105 K

Triplet 1~ 1182 227 027 063 010 / / / 100

MPS measurements provide the orientation of the
TDMs in the ZFS tensor frame for the different excitation
bands [30] and, in the case of free-base porphyrins, they
allow precise investigation on phototautomerism, as dem-
onstrated in ref. [7]. Figure 2 reports the TR-EPR spectra,
obtained with linearly polarized light parallel and perpendic-
ular to the magnetic field, with excitation in correspondence
to the Q. (0,1) and Q (0,0) bands, for both H,TPPS*~ and
D,TPPS*". Analogous spectra obtained with excitation
within the two Q, bands are reported in Fig. S4. All the TR-
EPR spectra with photoselection exhibit enhanced X and
Y triplet features when linearly polarized light excitation

Fig.2 Triplet state TR-EPR
spectra of H,TPPS*~ in
ethanol:methanol 3:2 mixture
(top, a and b) and of D2TPPS4‘
in deuterated methanol (bot-
tom, ¢ and d), exciting with
linearly polarized light within
the Q,(0,1) (left, a and ¢) and
Q,(0,0) (right, b and d) absorp-
tion bands. Experiments were
performed at X-band at 80 K.
The spectra obtained with light

Normalized EPR Intensity

is parallel to the magnetic field and enhanced Z transitions
when it is polarized perpendicular to it.

Fitting of the EPR spectra with MPS was performed by
fixing the triplet magnetic parameters and weights of the two
triplet components, as derived from the simulation of the
isotropically excited spectrum, while varying, only for triplet
1, the weights of the two TDMs (%TDMg, and %TDM,).
The orientation of the Q, and Q, TDMs was fixed paral-
lel to the ZFS X and Y axes, respectively (see Scheme 1b),
as derived from DFT calculations [7]. For triplet 2, in the
hypothesis that it is a contribution from the cis tautomer, we
fixed the direction of the TDMs at 45° (+10°) with respect
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M ——t—> >

Normalized EPR Intensity

Q,(0,0)

polarized parallel and perpen-
dicular to the magnetic field
are reported, in black and grey,
respectively; the correspond-
ing simulations are shown in
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order. Simulation parameters
are reported in Tables 1, 2. A
enhanced absorption, E emis-
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to the in-plane X and Y principal directions of the ZFS ten-
sor. The symmetry for cis is lowered from a D,, to a C,,,
where the C, symmetry axis passes through two opposite
meso carbon atoms. One of the principal axes of the ZFS-
tensor is expected to be oriented along this C, symmetry
axis, while the other principal axes are in the perpendicu-
lar plane. On the basis of the cis tautomer symmetry (see
Scheme 1c¢), the corresponding ZFS tensor is rotated of 45°
from the ZFS frame of the trans tautomers and both the Q.
and O, TDMs are oriented at 45° with respect to the in-plane
principal directions since the absorption occurs in the trans
conformation. The photoselected TR-EPR spectra have been
nicely reproduced in this orientational frame and we can
then assert that the triplet 2 spectral contribution is fully
compatible with the cis tautomer. We cannot distinguish the
formation as occurring in the singlet or in the triplet state. As
from DFT calculations [22], the energy difference between
the cis and trans forms is calculated to be 0.4 eV, on the
other hand, the authors state that “the transfer of a single
proton, which occurs in the lowest singlet excited state, is
energetically more favourable than the concerted double
proton transfer”.

As already mentioned, in order to obtain a satisfactory
fit of the triplet 1, contribution to the spectrum from both
Q, and Q, TDMs were considered for excitation at all
wavelengths. For HZTPPS4_, the weight of each compo-
nent (%TDMQy and %TDM,),) is equal and it is conserved
while changing the wavelength, whereas for D,TPPS*", the
relative contributions are not equal. It is worth noting that
when exciting DZTPPS4‘ within the Q,(0,0) transition, the
larger weight corresponds to TDM,,,, and the analogous
observation occurs for excitation within the Q(0,0) transi-
tion for TDMQy. First of all, this implies that the TDMQy
is oriented along the X ZFS axis and similarly, that the
TDMQx is oriented along the Y ZFS axis, as obtained from

DFT calculations (see Schemel ) [6]. Secondly, the dif-
ferent weight is compatible with a slowing down of the
tautomeric process due to the isotopic effect. As for exci-
tation within the other bands, the relative weights of the
two contributions are also different, but in this case, the
TDM orientation is not known and a reorientation of the
TDM probably occurs, likely due to vibronic effects (see
fluorescence anisotropy showing very different r values).

For each simulation, an orientational distribution func-
tion deriving from excitation of two TDMs have been
used. The orientational axis was taken along the indicated
principal direction of the ZFS (D >0 and E < 0 have been
assumed); %TDM, (+2) is contribution as a percentage rel-
ative to each TDM (see Scheme land Supporting Informa-
tion). The simulations account for a small depolarization
with a relative contribution of the isotropic contribution
Ciao (%) (2).

The triplet spectra were recorded also at higher temper-
ature to have indication of a possible thermal activation of
the process. Figure 3 shows a comparison between triplet
EPR spectra obtained for the D,TPPS*~ with parallel and
perpendicular excitation on the Q,(0,1) transition, at 80 K
and 105 K. The corresponding simulation parameters are
reported in Table 2. While at 80 K the ratio %TDM,,:
%TDMy,, is 34:66, increasing the temperature leads to a
ratio of 53:47 at 105 K, much closer to the even weight,
that is found for H,TPPS*~ at 80 K. We note that the mag-
netic parameters are not affected by the temperature and
are indicative of the absence of an effective exchange
between the two trans conformers within the triplet state.
The most sensitive parameter is the ZFS parameter E,
which should average to zero in the case of dynamical
average of the in-plane X and Y triplet components: the
ZFS tensor is orthorhombic and does not change in the
temperature range under investigation.

(b)
2 2
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Fig.3 Triplet state TR-EPR spectra of D,TPPS*  in deuterated
methanol, exciting with linearly polarized light within the Q (0,7), at
80 K (a) and 105 K (b). Experiments were performed at X-band. The
experimental traces obtained with light polarized parallel and perpen-

Magnetic Field (mT)

dicular to the magnetic field are reported, in black and grey, respec-
tively; the corresponding simulations are shown in red and orange, in
the same order. Simulation parameters are reported in Tables 1, 2. A
enhanced absorption, E emission
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Table 2 Parameters of the
simulation for the main

Excitation band

triplet component (triplet 1) Ciyo (%) 0,(0,0) 0.0,1) 0,(0,0) 0,(0,1)
of the TR-EPR spectra with
magnetophotoselection effect H,TPPS*~ 80 K 10 %TDMg, 50 50 50 50
and excitation within the four %TDM, 50 50 50 50
Q-bands D,TPPS*~ 80 K 24 %TDM,, 34 54 65 36
%TDM, 66 46 35 64
D,TPPS*~ 105 K 24 %TDM, / / / 47
%TDMg, |/ / / 53

Further information on the process was sought perform-
ing experiments of both static and dynamic fluorescence
anisotropy of the excited singlet state. To isolate the poten-
tial contribution to the depolarization due to phototautomer-
ism, the effect produced by molecular reorientational motion
was first considered. At room temperature, in some typi-
cal low viscosity solvents, the fluorescence anisotropy for
HZTPPS4_ was found to be practically zero as measured on
the (0, 0) emission band at 650 nm (data not shown). This
is expected for molecules with a fast orientational diffusion
dynamics as compared with their lifetime (see Fig. S5 for
the fluorescence decay of D,TPPS*~ in deuterated metha-
nol at room temperature and 77 K). Then, in order to get
rid of the reorientational motion contribution, we dissolved
H,TPPS*~ in a viscous glycerol solution (with 10% of water
was added in order to obtain an optically transparent solu-
tion) and cooled the system down to 255 K to obtain a rigid
glassy matrix. The maximum value for the fluorescence ani-
sotropy was obtained for the 0,(0,0) band (r=0.15 at 255 K,
see Fig. S6). As values of »=0.2+0.3 were previously found
for parent porphyrins [38, 39] in a regime where motional
depolarization should be ineffective, measurements at even

lower temperatures (77 K) were performed in frozen glassy
solutions, using different protic and aprotic solvents mix-
tures. Care was used to obtain optically transparent glasses
and several attempts were conducted to verify the reproduc-
ibility of the results. In Fig. 4a, a representative example
is displayed where the fluorescence anisotropy, detected at
650 nm, is reported as a function of the excitation wave-
length. Positive r values are displayed for excitation on the
Q, vibronic bands: the maximum r value close to 0.25 for
the Q,(0,0) transition, in agreement with the r value reported
in the literature for H,TPP [38, 39], a negative r value for
excitation in correspondence of the Q,(0,0) band and a small
positive value for the Q,(0,1) transition. Detection of the
fluorescence anisotropy at 717 nm reveals analogous trends
but characterized by generally lower values. Similar behav-
iour is displayed also in other selected solvent mixtures, with
differences comparable with the noise level.

To gain further information, fluorescence anisotropy
was also followed in time with excitation on the Soret
band, where an anisotropy characterized by lower values
is expected due to the scarce resolution of the different
absorption bands. The signals, reported in Fig. 4c, show an

(a) Q01 Q01 (b) —_—
0.4- Q,(0,0) Q«(0,0) .
0.3 450 500 550 60D 650 -
Wavglength (nm)
2 021 640 630 720
g Wavelength (nm)
0
@2 (c)
f: 0.1 a 0.2
\\ [ S
=
[H | IR I S B <
-0.1 T T T T T T 0.0+ T T T T J
350 40 450 500 550 600 650 5 10 15 20 25
Wavelength (nm) Time (ns)

Fig.4 a Fluorescence anisotropy at 77 K for H,TPPS*~ in an
ethanol:methanol 3:2 mixture detecting the emission at 650 nm (red).
An excitation profile is provided for reference, with the attribution
of the transition bands; b fluorescence spectra at room temperature
and at 77 K, with set excitation at 512 nm; ¢ time-dependence of the
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fluorescence anisotropy at 77 K, with excitation set at 403 nm and
emission at 660 nm, for H,TPPS*~ in protic and aprotic solvents:
ethanol/methanol 3:2 (blue), d,-methanol/deuterated water 98:2
(green), dimethylformamide/2-methyltetrahydrofuran/dichlorometh-
ane (orange) and dimethylformamide/acetonitrile (red)
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initial value below »=0.15 followed by a fast decay in a time
scale compared with the instrumental response function of
ca. 0.4 ns. After that, the anisotropy reaches a plateau at
values near r=0.10, which are stable in a time window of
20-25 ns corresponding to twice the lifetime. The plateau
values slightly differ between protic and aprotic mixtures.

We collected and compared the FT-Raman spectra of
H,TPPS*~ and D,TPPS*~ (Fig. 5) to get information on the
vibrational modes coupled to the n-conjugated electronic
transitions and verify the possible involvement of isotopic
effects on vibronic couplings. Upon deuteration we observe
just small variations in the FT-Raman spectra. This is con-
sistent with the fact that only two hydrogens out of 26 are
subject to isotopic substitution. Therefore, the perturbation
induced on the vibrational structure is minor, producing its
effects mainly in the region between 1250 and 1470 cm™!.
DFT simulations of the Raman spectra of H,TPPS*~ and
D,TPPS*~ display the most evident variations in the same
spectral region. Moreover, the peak shifts and intensity
redistribution in the simulated spectra follow the experi-
mental observation. Remarkably, the observed minor shift
of peak A (Fig. 5a) is well reproduced by DFT calcula-
tions. The shift of this peak upon deuteration is justified by
the presence of a sizeable NH bending contribution in the
normal mode (Fig. 5b). Based on the Raman data, we may
expect that vibronic couplings are just weakly affected by
deuteration.

4 Discussion and conclusion

The aim of this work is to investigate in detail the phototau-
tomerism in free-base porphyrins, with a specific focus on
H,TPPS*~, based on preliminary results obtained by MPS
[7]. Optical techniques, complementing EPR spectroscopy,
have been exploited to gain insight into the process, while

Fig.5 a Experimental and (a)

simulated FT-Raman spectra 2+ —— H,TPPS* (FT-Raman)
—— D,TPPS* (FT-Raman)

of H,TPPS*~ and D,TPPS*~;
the peak marked with the letter
“A” is assigned to the normal
mode reported in panel (b), as
computed by DFT on the fully
hydrogenated molecule, and the
arrow indicates the direction

of its shift after deuteration; b
representation of the marked
normal mode (1494 cm™', 0 km/
mol, 1431 A%amu), where the
vectors of the nuclear displace-
ments are indicated by red

lines, and the bonds drawn with 0

-

—— H,TPPS* (DFT)
—— D,TPPS* (DFT)

Normalized Raman Intens. (

o o o o
N A OO
:

performing MPS experiments; they have been performed
also in a deuterated solvent, enabling the exchange of the
inner macrocycle protons to obtain D,TPPS*~.

Phototautomerism was early observed for H,TPP by
Zalesskii et al. [39] and by Volker et al. [11]. An elegant
proof of its occurrence was provided by studying the absorp-
tion/emission of the molecules included in a n-octane
Shpol’skii matrix at 77 K, where different tautomers occu-
pying different inclusion sites are characterized by slightly
different absorption spectra. To interpret the results Volker
et al. invoked the presence of a proton libration around the
out-of-plane axis involved in the vibronic-induced mixing
of singlet and triplet states, so that the ISC occurs to an
unrelaxed and distorted triplet structure, where the pyrrole
protons are displaced toward the complementary pyrrole
nitrogens. The nuclear relaxation of this structure populates
the triplet state of both zrans tautomers. It is well established
that in free-base porphyrins the ISC is greatly enhanced in
the presence of molecular distortion and a spin-vibronic
coupling mechanism for ISC has been invoked [40]. This
mechanism has been corroborated by relatively recent quan-
tomechanical calculations [22].

H,TPP and H,TPPS*" can be expected to behave simi-
larly, as the sulphonate groups exert a modest effect on the
optical transitions. Indeed, the Q-band absorption spectra
of H,TPP and of H2TPPS4‘ are almost overlapping in terms
of maxima position and intensities, and the same holds for
their emission spectra and for the fluorescence anisotropy
measurements. Our measurements support the interpretation
by Volker et al. [11]. Using MPS, we complete the picture by
showing that an even distribution of the two trans tautomers
is found at 77 K for H2TPPS4_, and the interconversion is
slow within the relaxed triplet state. For D,TPPS*~ slightly
different weights are found. As for the role of the excited
singlet state in the phototautomerization, information has
been obtained from fluorescence anisotropy measurements.

(b)

TEgs
youe

green (blue) lines are stretching 1000 11 bO 1260 13‘00

(shrinking)

1400 1500 1600 1700

Wavenumber (cm™")
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We have shown that, for H,TPPS* in frozen solution, the
anisotropy of the emission at 650 nm has its maximum value
(r=0.25) upon excitation of the Q,(0,0) band. Based on this
result an efficient trans—trans phototautomerization in the
excited singlet state, previously suggested to explain the
MPS experiments [7], has been ruled out, as it would lead
to r=0.1. Combining the outcome of MPS and fluorescence
anisotropy, excluding the direct involvement of the singlet
excited state and of the corresponding triplet state, the cen-
tral role of the spin-vibronic coupling mechanism for ISC in
the phototautomerization is confirmed. In Fig. 6, we propose
a scheme summarizing the model describing the photophysi-
cal/photochemical behaviour of H,TPPS*~ with the focus on
the trans—trans tautomerization process.

For H,TPP in viscous solvent, in the absence of reori-
entational motion, Weigl [38] and Zalesskii [39] presented
very similar r values, while the group of Waluk reported a

Fig.6 Schematic representation of the trans—trans phototautomeri-
zation process for H,TPPS*~, promoted by a spin-vibronic coupling
mechanism for ISC (SVC-ISC) and excitation of the Q, transition
(TDM represented by the solid yellow arrow). The vibrational motion

@ Springer

value just below r=0.3, in time-resolved mode (2 ps after a
fs laser pulse), for excitation and emission near 650 nm [13].
However, in the same work, an inconsistency can be found
with respect to the steady-state measurements, which were
apparently obtained at room temperature in non-viscous
solvent, showing a maximum value of 0.4 for the Q,(0,0)
excitation [13]. The inconsistency is even stronger consider-
ing that for the bulkier derivative of H,TPP, i.e. HZTPPS4_,
which is characterized by a smaller rotational diffusion coef-
ficient, we did not observe any fluorescence anisotropy at
room temperature in analogous non-viscous solvents. It has
been shown [38] that a high viscosity is required in order
to exclude rotational depolarization in bulky porphyrins.
Therefore, we raise doubts that a maximum value r=0.4
can obtained for free-base porphyrins at room temperature.

To complete the critical analysis of the experimental data,
we state that in the specific case of direct excitation of the

of the inner protons (see Fig. 5b) is indicated by the green—blue
arrows (the colours refer to the in-phase movement of the protons).
The relative orientation of the TDM giving rise to photoselection
(yellow dotted arrow)
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0.,(0,0) transition, the small depolarization effect observed
(r=0.25) is consistent with the presence of nearby vibronic
states, having different directions of the TDM [41], that can
be excited concomitantly to the Q,(0,0) transition. We pro-
pose that the trans—cis tautomerization in the singlet excited
state might be also responsible for some fluorescence depo-
larization. Indeed, the cis tautomer has been observed by
TR-EPR as a minor component in the triplet spectrum. The
spectral assignment to the cis tautomer is based on MPS
simulations and on molecular symmetry reasoning, as
reported in the result section. In the presence of an exter-
nal heavy atom effect, this triplet is not observed anymore,
supporting our hypothesis that the trans—cis tautomeriza-
tion competes with the ISC and occurs in the singlet excited
state. Moreover, our time-resolved fluorescence anisotropy
exhibit a small decay that might be compatible with a kinetic
process, not a quantum mechanical process.

As for the phototautomerization within the triplet state,
instead, it can be demonstrated that the process is slow. The
trans—trans tautomerization, where a switch of the position
of the protons/deuterons between the occupied and vacant
nitrogen positions happens, formally corresponds to an in-
plane rotation by 90°. In the case of a fast process, the ZFS
components along the X and Y axes would be completely
averaged, therefore, the triplet state should be characterized
by an orthorhombic tensor in the presence of molecular
D,,, symmetry in the slow interconversion regime and by
an axial tensor in case of higher D4, symmetry in the fast
interconversion regime. The analysis of the TR-EPR spectra
for both H,TPPS*~ and D,TPPS*~ shows that the ZFS tensor
is orthorhombic (E #0), as determined for other free-base
porphyrins [42], and the relative population rates of the X
and Y triplet sublevels differ, which is consistent with a pre-
served D,;, symmetry for the molecule in the triplet state. We
deduce that tautomerism in the excited triplet state occurs
in the slow-motion regime both at 80 K and 105 K, which
represents the upper temperature limit that we could reach
to be able to work with a frozen solution while maintaining
a good optical glass. Electron-Nuclear Double Resonance
experiments on H,TPPS*~ and on other free-base porphyrins
are consistent with the TR-EPR results, confirming a D,
symmetry in terms of proton hyperfine tensors [7, 43, 44]. A
quantitative analysis of the data, reported in the Supporting
Information, allows us to deduce that the first-order inter-
conversion rate constant in the triplet state is k; < 3 « 10*s~".

Detailed analysis of the MPS experiments provides
final confirmation on the phototautomerization process in
free-base porphyrins. In our previous work [7], we have
demonstrated that that a bimodal orientational distribution
of the photoexcited molecules is required to obtain satis-
factory simulations of TR-EPR spectra: the orientational
distribution function is a sum of two orientational distri-
bution functions, equally weighted, having each its own

polarization axis, with the TDM parallel to the X and Y
ZFS axes, respectively (see Fig. 6). This result is apparently
inconsistent with the selective excitation of a single TDM
during the TR-EPR experiment with polarized light, unless
phototautomerization is invoked to explain the outcome of
the simulations. After deuterium exchange of the central pro-
tons in DQTPPS4_, the ratio between the two TDM contribu-
tions in the orientational distribution changes and becomes
uneven. In the first place, the isotopic substitution does not
affect the quantum mechanical properties of the absorption
processes, i.e. the electronic energy levels and the TDMs.
Raman measurements provide very similar spectra for the
two isotopically substituted molecules in the CC stretching
region. Hence, it appears unlikely that the different TDM
weights in H,TPPS*~ and D,TPPS*~ are correlated to exci-
tation mechanisms of the & electrons that involve signifi-
cantly different vibronic couplings for transitions near the
fundamental Q,(0,0). Nevertheless, the variation of the ratio
between the two TDMs contributions depends on the tem-
perature, which indicates the presence of a dynamic process
sensitive to isotopic exchange. We assumed that the ISC pro-
cess is assisted by a distortion of the structure that involves
H (or D) displacements (Fig. 6). Such displacements are
expected to be sensitive to the isotopic mass, which is indeed
confirmed by the selective effect of the isotopic substitu-
tion on the Raman A peak that is assigned to the NH (ND)
in-plane bending coupled with a collective CC stretching
mode. This observation supports the interpretation of the
MPS experiments in terms of phototautomerization.

It is worth to note that the weights of the TDMs contribu-
tion for D2TPPS4_, as obtained from MPS simulations, are
coherent with the values obtained for the stationary fluo-
rescence anisotropy: excitation on the Q,(0,0) and Q,(0,1)
bands, where r was found to be positive, corresponds to a
higher contribution from the @, TDM in the simulation. On
the other hand, we obtained r=— 0.1 upon excitation on the
0,(0,0) band and correspondingly a higher contribution of
the O, TDM is required in the MPS simulation. An almost
50:50 ratio is required when exciting on the Q,(0,1), where
r = 0 was found.

As a concluding remark, this spectroscopic work, aiming
at the study of the phototautomerization of free-base por-
phyrins, has provided a model describing the photophysical/
photochemical behaviour of H,TPPS*~. MPS is an impor-
tant spectroscopic tool in the characterization of porphyrin
excited states [45, 46] and a synergic approach based on
magnetic and optical spectroscopy, with the aid of isotopic
substitution, can provide a complete picture, linking together
the first excited singlet state and the corresponding triplet
state. We have proven that the trans—trans phototautomeri-
zation does not occur either in the excited singlet state or
in the corresponding geometrically relaxed triplet state and
our results support the interpretation that a spin-vibronic
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coupling mechanism for ISC is responsible of the popula-
tion of the two frans tautomers. As for the trans—cis photo-
tautomerization, we have documented the formation of the
cis conformer as an ancillary process in the singlet excited
state. The results obtained for H,TPPS*~ can be extended
to the entire class of free-base porphyrins and provide key
information on the excited state electronic structure, with
important implications in terms of photochemical stability
and reactivity. Unravelling the details of the photophysics/
photochemistry of porphyrins is a fundamental requisite to
improve biomimetic systems based on this important class
of molecules.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-023-00413-5.
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