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LIGHT-INDUCED TAUTOMERIZATION
IN PORPHYRIN ISOMERS
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Double proton tautomerization occurring in porphyrin and its structural
isomers represents a special case of a chemical transformation in which the
substrate and the product are formally the same. The methods used for the
investigation of this kind of processes are based on polarized spectroscopy
and high-resolution techniques, such as matrix isolation. Their combined
use results in obtaining information pertinent to the mechanism of proton
transfer, regarding e.g., the values of proton transfer rates, structure of the
tautomeric forms or the shape of the potential energy surfaces. In addi-

• tion, these procedures provide a way of obtaining spectral, photophysical
and structural data that would be otherwise difficult to gain. The exam-
ples include determination of transition moment directions, assignment of
electronic and vibrational states, elucidation of the character of the substi-
tutional replacement of the rare gas matrix atoms by the chromophore, and
the analysis of the nature of the symmetry lowering due to the matrix cage.

PACS numbers: 33.20.-t, 33.50.-j, 78.55.-m, 78.60.-b

1. Introduction

An apparently simple chemical reaction — transfer of two inner protons be-
tween the nitrogen atoms in porphyrin (1) — remains an object of intense studies,
both by theoretical and experimental methods [1-43]. The reaction was found to
proceed not only in the dark, but also , after photoexcitation. The former pro-
cess is practically stopped at around 100 K, whereas the latter occurs even at
liquid helium temperatures. Many basic questions regarding the reaction mech-
anism have not been answered, in particular those concerning the photoinduced
process. Thus, the shape of the potential energy surface remains to be character-
ized, both qualitatively and quantitatively:There is no doubt that the dominant
tautomeric species corresponds to the trans form, with protons residing on the
opposite nitrogen atoms (la in Fig. 1). However, the presence of metastable in-
termediates — the cis structures, where the protons occupy the positions on the
adjacent nitrogen atoms (lb in Fig. 1) was also postulated [21, 30]. Moreover,
the experimental data suggest that the shape of the potential energy surface need
not remain the same in different electronic states. Thus, a large difference is to
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be expected between the tautomerization rate constants in So, Si, and Ti levels.
Only the ground state tautomerization rates have been so far carefully measured
for 1 [6, 13, 15, 18, 20-22, 29-30]. The reaction proceeds in So as a thermally
activated tunnelling process, involving two successive single-hydrogen transfers.
The role of thermal activation vs. tunnelling in the photoinduced reaction remains
to be characterized. Finally, it has yet to be determined whether the movement
of the two protons in the excited state occurs in an asynchronous or a stepwise
fashion.

Fig. 1. Porphyrin in its trans (1a) and cis (lb) tautomeric forms, porphycene (2),
corrphycene (3) and hemiporphycene (4). Thus far, 3 and 4 have only been obtained
as octaalkyl derivatives.

Recent syntheses of structural isomers of porphyrin — porphycene (2) [44],
corrphycene (3) [45] and hemiporphycene (4) [46] (Fig. 1) may turn out to be
of great help in the study of tautomerization mechanisms. These new molecules,
while differing from 1 with regard to symmetry and the NH–N separation, retain
the electronic structure of porphyrin, and thus reveal its characteristic pattern
of the electronic transitions — the presence of the analogues of the Q and Soret
bands. The molecules are planar, with well-defined values of the N–N distance.
These properties make porphyrin isomers very attractive objects for studies of
tautomerization.

A unique feature of the tautomerization process in 1-3 is that it formally
transforms the molecule into itself (as long as it does not involve trans cis
interconversion). Therefore, special methods are required for the investigation of
such a reaction. In this work, the application of two experimental techniques,
polarized spectroscopy and matrix isolation, to the studies of tautomerization will
be discussed, with a particular emphasis on the spectroscopic, photophysical, and
structural information that can be extracted from such type of measurements in
addition to the data regarding the proton transfer itself.
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2. Polarized spectroscopy applied to the studies of proton transfer

2.1. Photoorientation

The phenomenon of photoselection — obtaining an anisotropic ensemble of
molecules after excitation — may be used for achieving permanent photoorienta-
tion — a long-lasting alignment of the sample. The idea is explained in Fig. 2. The
sample, consisting of molecules that may undergo a photochemical transformation
leading to a change in the position of the transition moment direction is irradiated,
preferably with linearly polarized light, in a rigid matrix. The latter requirement
ensures that the chromophore may not rotate, and the position of the molecular
skeleton is fixed in space. Though the molecular skeleton does not move, the re-
sult of a photochemical process, such as a double proton transfer that may_occur
in 1-3, is formally the same as if the molecule were rotated with respect to its
environment. Therefore, the phenomenon is called pseudorotation. For instance,
trans—trans tautomerization in 1 corresponds to a rotation by 90° about an axis
perpendicular to the molecular plane. In 2 and 3, because of lower symmetry,
this angle may be smaller, depending on the absolute orientation of the transi-
tion moment directions in the molecular plane. This is an important result, which
makes it possible to determine the transition moment directions in low-symmetry
chromophores.

Fig. 2. Schematic principle of photoorientation: left, the isotropic sample in a rigid
matrix; right, the partially aligned sample obtained after photoexcitation with linearly
polarized light, followed by the double proton transfer (DPT) reactions. Double-headed
arrows indicate the directions of the transition moment corresponding to the wavelength
of excitation. For simplicity, only those molecules are represented whose planes lie in
the plane of the drawing.
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Upon returning to the ground state, the product of the photoinduced process
reveals a different orientation of its transition moment with respect to the electric
vector of the photoexciting light. Since the probability of absorption varies as
the cosine square of the angle between the transition moment direction and the
electric vector of light, the molecules which have reacted will not absorb light to
the same degree as before. In particular, for these porphyrin molecules, which had
their transition moments parallel to the electric vector of light, the two vectors
become orthogonal after tautomerization. Such molecules will no longer absorb at
the wavelength used for phototransformation. In general, in the molecules that
have reacted the transition moment corresponding to the  ππ* excitation, and all
the transition moments parallel to it (not only those of electronic transitions, but
also, e.g., those of the vibrational oneg) will be tilted away from the electric vector
of light.

As long as the molecules do not undergo a back reaction in the ground state,
the photoorientation is permanent and may be studied, e.g., by measurements
of linear dichroism (LD). The analysis of linear dichroism of photooriented sam-
ples has been worked out theoretically [47, 48] and applied in the experimental
studies of porphyrin embedded in low-temperature rare gas matrices. An accurate
determination of the transition moment directions was possible for both vibra-
tional [31, 34] and electronic [32] spectra. Thus, photoorientation is an efficient
and elegant way of inducing alignment in a perfectly isotropic matrix. In this re-
spect, it differs from standard methods of alignment, in which the orientation of
the chromophore is due to the anisotropy of the matrices (stretched polymers,
liquid crystals, flow cells, etc.)

2.2. Luminescence depolarization and transient linear dichroism

It should be realized that for achieving permanent photoorientation, large
quantum yields of the phototransformation are not necessary. For instance, the
efficiency of phototransformation of 1 in Shpolskii matrices was estimated to be
about 1% [26]. What is needed in such cases is the patience of the experimentalist,
if a lamp is used as a light source. With a laser at hand, the effect can be observed
in several minutes, or even less. Naturally, it is essential that the dark reaction does
not occur. If it does, the tautomerization may be studied by using time-resolved
polarization techniques, such as transient linear dichroism. The same method can
be applied to the investigations of fast processes occurring in the excited states; for
this case also stationary measurements of emission anisotropy may be successful.
The principle is illustrated in Fig. 3. Again, a sample in a rigid environment is
considered. Photoselection creates anisotropic populations both in the excited and
in the ground state. If the reaction is faster than the lifetime of the transient
species, the anisotropy will be changing with the rate characteristic of the process.
Monitoring these changes by transient LD or time-resolved emission anisotropy
can thus provide the values of the rate constants for the processes occurring both
in the excited and in the ground state. For the latter, the time window available
to the experiment is determined by the rate of ground state recovery. The upper
limit for the time range of the ground state processes that can be . studied in a
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Fig. 3. Bottom left, the isotropic sample in a rigid matrix; middle, , anisotropic pop-
ulations in the excited and the ground state (top and bottom, respectively), obtained
as a result of photoselection. Right, changes of molecular orientation due to the proton
transfer reaction, resulting in the decrease in anisotropy. See caption to Fig. 2.

particular case depends on how significant is the fraction of molecules trapped in
a long-lived triplet state, and on the lifetime of the latter.

Fluorescence of 1 does not reveal depolarization. The same is true for the
octaethyl-substituted form of 4 [49]. On the contrary, the fluorescence of 2 was
found to be depolarized in rigid glasses [50, 5.1]. The same phenomenon was re-
cently observed for the octaethyl-substituted form of 3 [52]. A proof was thus ,

obtained for a rapid tautomerization occurring in the excited state of the lat-
ter two molecules. Since the fluorescence lifetimes are of the order of 10 ns, the
tautomerization rate must be faster than 108 s-1 . Recent results for porphycene
in polymer matrices indicate that at temperatures below 20 K the rate of excited
state tautomerization becomes slower than the S 1lifetime [53]. Atransform must
be involved in the process: if only the cis structures were present, even a rapid
proton transfer between them could not lead to depolarization, because it would
not change the transition moment directions. The depolarization cannot also occur
in a hypothetical symmetrical structure with the inner protons located symmetri-
cally in-between the nitrogen atoms. Thus, the possibility of such species can be
rejected.

An interesting result obtained from the study of various alkyl derivatives
of porphycene was that the rate constant for the proton transfer strongly de-
creases with the increase in the N-N distance [51]. Phototautomerization in Si

was found to occur at temperatures as low as 90 K in all but one derivative
— 2,3,6,7,12,13,16,17-octaethylporphycene, which had the largest N-N separation
among the investigated derivatives. Recent studies of the latter molecule in poly-
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mer films show that even at 293 K the fluorescence anisotropy values are not altered
by proton transfer. Thus, in octaethylporphycene the reaction rate is smaller than
108 cm-1 even at room temperature, whereas in the other porphycenes it is much
faster even at liquid nitrogen temperatures. This may explain also why no depolar-
ization of fluorescence (and thus no proton transfer) occurs in the lowest excited
singlet state of porphyrin, since the N—N distance in this case is even larger. In
turn, lack of fast excited state proton transfer in the octaethylderivative of 4 may
be due to the fact that in this molecule the two trans tautomers are not chemically
identical.

Just recently, we have found evidence of the ground state proton transfer in
porphycene isolated in low-temperature supersonic jet [54]. The origin of splitting
of spectral lines into doublets observed in the fluorescence excitation spectrum
was attributed to tunnelling. Interestingly, these results suggest that the barrier
for double proton transfer is larger in Si than in So.

Apart from yielding information concerning the proton transfer rates and
the shape of the potential energy surfaces, measurements of emission anisotropy
can lead to the determination of the electronic transition moment directions, even
in the case of low symmetry molecules, such as 2 or 3. For a fast excited state
trans—trans interconversion, assuming that the emission intensities and positions
of both trans forms are the same leads to the following formulae for the emission
anisotropy, r [51, 55]:

The angles a and ß define the position of transition moments corresponding
to the emission and absorption, respectively (Fig. 4). Equation (2) is a special
case of (1), obtained for the parallel orientation of the transition moments of the
absorbing and emitting states (e.g., for absorption into Si ).

More general expressions are obtained if one allows for the existence of both
trans and cis tautomeric forms

y and 6 are the analogues of a and inin the cis forms (cf. Fig. 4). Due to symmetry,
their values may only be 0° or 90°; g and e indicate the fractions of cis tautomers
in the ground and excited state, respectively. In Eqs. (4) and (5) it is assumed
that the interconversion between the trans tautomers is rapid in Si with respect
to the excited state lifetime (ktt > 1/r(Sl""), cf. Fig. 4) and that all species emit
with the same quantum yield. A cis—trans excited state tautomerization process
is allowed to occur in one direction only, i.e. k tc >> kct or kct>> ktc
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Fig. 4. Possible proton transfer equilibria in porphycene and the directions of transition
moments in various tautomeric forms. a and y are the angles formed by the transition
moment of the emitting state with the horizontal axis in the trans and cis tautomers,
respectively; Ę and S are the corresponding angles for the absorbing states.

For the case when the interconversion between the cis and trans forms is
very rapid as compared to the S1 decay time, i.e. ktt , kct , ktc > 1/r(S1), the
fluorescence anisotropy is given by
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Using Eqs. (1)—(5), transition moment directions in porphycene and sev-
eral of its alkylated derivatives were determined from the measured fluorescence
anisotropy values [51]. The procedure was cross-checked by comparing the re-
sults obtained from fluorescence anisotropy measurements with those provided by
standard LD measurements performed in stretched polyethylene sheets. This was
done for 9,10,19,20-tetra-n-propylporphycene, a molecule that, due to its elon-
gated shape, aligns very well in stretched sheets [55]. Both methods gave very
similar results, which also nicely agreed with the calculated transition moment di-
rections. It is interesting to mention a certain correspondence between porphyrin,
porphycene and corrphycene with regard to the transition moment directions. In 1,
the transition moments corresponding to So—S1 and So—S2 transitions are strictly
orthogonal: the former is parallel to the NH—HN axis, the latter is perpendicular
to it. In 2, this pattern is also approximately obeyed, even. though the molecule
has a lower symmetry and all directions in the molecular plane are allowed. The
initial results for octaethylcorrphycene [52] indicate that also this molecule reveals
a similar pattern of the two lowest transition moment directions.

3. Matrix isolation studies: the informational content
of the multiplet structure (or of the lack of it)

The formal identity of the two trans (or cis) tautomers in 1-3 is only valid
for the isolated chromophóres. Placing a molecule into a condensed phase may
lead to a different interaction of each form with the matrix and thus, to spectral
differences. This is indeed observed for rigid solvents which allow to observe well-
-resolved spectra: rare gases, Shpolski matrices, or polymer films. A very important
feature revealed by 1 is that at low temperatures the tautomers may be reversibly
phototransformed into each other. If the polarized light is used for the phototrans-
formation, different characteristics of linear dichroism may be produced, depending
on whether a broad or a narrow band irradiation source is used [31]. Comparison
of the LD results obtained on samples photooriented using both techniques for
achieving photoorientation provides yet another proof of the correctness of the
model and leads to more accurate determination of transition moment directions.

The site splitting due to proton transfer has a different origin than the split-
ting caused by different substitutional replacements. The two interconverting tau-
tomers occupy the same location in a matrix, but can be "pseudorotated" back and
forth by photoexcitation. In other words, the ensemble of the same molecules may
appear at different spectral locations, contrary to the standard situation, where
different spectral lines are produced by different subsets of molecules.

The analysis of the patterns observed in high-resolution spectra is very useful
for the state assignment. Porphyrin reveals a very characteristic multiplet struc-
ture in the electronic spectra, different for each electronic transition and each
matrix. A large splitting of the lines belonging to two interconverting tautomers
was obtained for the S0—S1 transition in xenon. The same pattern was detected
in phosphorescence, providing a strong ai.gument for the same orbital origin of the
Si and Ti states [33]. In order to reconcile this finding with the postulate that in
frozen alkane matrices the T1 state corresponds to S2, not to Si [56], it has to be
assumed that the two lowest triplet states of 1 lie close to each other, and that
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their ordering may be reversed by changing the environment. Given the important
role of the porphyrin triplet state in the biological processes, further studies seem
worthwhile.

A strong correlation was obtained between spectral lines observed in the elec-
tronic and infrared spectra [31, 57]. Phototransformation between the tautomers
leads to a decrease in the intensity of lines corresponding to the absorption of
the substrate and to the increase in the intensity of lines corresponding to the
absorption of the product. The same pattern is observed in the infrared spectrum.
This makes possible to obtain a single site/single tautomer spectra both in the
electronic and vibrational regions. Moreover, the magnitude and the sign of the
site splitting due to proton transfer in the infrared region are strongly dependent
on the form of the vibration and thus provide an additional tool for the assignment
of vibrational states.

Another application of the analysis of site splitting is provided by the com-
parison of splittings observed in porphyrin with those measured for metallopor-
phyrins (Fig. 5). A close similarity is obtained in the absorption spectral pattern,
but not in emission [58]. For the latter, the doublet splitting is observed in 1, but
not in its metal derivatives. The reason is that in free base porphyrin, the doublet
in absorption and emission arises because two tautomers interact differently with
the matrix, and thus have different S 0—S1 andS0—T1  transition energies. On the
contrary, in metalloporphyrins, the components of the doublet observed in the ab-
sorption correspond to So—S1 and S0—S2 transitions, respectively. Only the former
is revealed in the emission and therefore, only one line is observed in fluorescence.
The removal of the degeneracy of the So—S1 and So—S2 transitions is due to the
matrix effect, apparently very similar for free base and metalloporphyrins. The
implication is that the symmetry distortion in metalloporphyrins occurs along the
N—N axis, not along the line connecting the opposite meso carbon atoms.

Comparison of the site splitting patterns observed for porphyrin and por-
phycene (Fig. 5) reveals a much less rich structure in the latter. This may be due
to different symmetries of the two compounds, and the resulting different direc-
tions of the transition moment vectors. For xenon and krypton matrices, the cavity
required for the accommodation of 1 or 2 has an approximately hexagonal shape.
The two trans tautomers of 1 may interact to a different degree with the matrix,
whereas the two analogous forms of 2 should reveal similar interaction energies
(Fig. 6). Thus, much smaller site splitting is expected for the latter case. This
is indeed observed [59]. For the interconversion between two trans porphycene
tautomers the transition moment of the So—S1 in the substrate approximately
coincides with the direction of the So—S2 transition moment in the product, and
vice versa. In consequence, the two transitions should reveal a similar site splitting
pattern. This was observed, especially in argon, where the multiplet structure is
quite rich. Moreover, the two transitions should be strongly correlated in the line
narrowing experiments. In fact, our recent studies of 2 in a polyvinyl butyral)
sheets showed that the line narrowing effect is simultaneously observed for the
region of So—S1 and So—S2 transitions, but not for higher excited states [53].
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Fig. 5. Absorption spectra of free base, zinc and magnesium porphyrin, and of por-
phycene in the (0-0) region of the So—S1 transition in Xe matrix at 15 K.
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Fig. 6. Directions of So—S1 and So—S2 transition moments with respect to the matrix
cage of hexagonal symmetry. Top — porphyrin, bottom — porphycene.

4. Conclusions

The methodology used for studying proton transfer processes provides not
only the information concerning tautomerization itself, but also the access to spec-
tral and structural data difficult to obtain by other techniques. The actual proton
transfer can be used in this context as a very expedient tool that makes it pos-
sible to "pseudorotate" a molecule back and forth in a rigid environment by a
well-defined angle.

The methods presented in this work can naturally be extended to the studies
of other processes. Actually, it is not an exception but rather a rule that the
transition moment direction of a reaction product is located differently from the
transition moment of the substrate. Rigid phase photochemistry, coupled with the
use of polarized light, may thus become a very useful general technique.
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