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ABSTRACT: Two porphycenes, substituted at the meso positions with two and four methyl groups,
respectively, reveal similar absorption spectra, but their photophysical properties are completely different.
9,20-dimethylporphycene emits fluorescence with about 20% quantum yield, independent of the solvent. In
contrast, fluorescence of 9,10,19,20-tetramethylporphycene is extremely weak in nonviscous solvents, but it
can be recovered by placing the chromophore in a rigid environment. We propose a model that explains
these differences, based on calculations and structural analogies with other extremely weakly emitting
derivatives, dibenzo[cde,mno]porphycenes. The efficient S1 deactivation involves delocalization of two inner
cavity protons coupled with proton translocation toward a high-energy cis tautomer. The latter process leads
to distortion from planarity. The probability of deactivation increases with the strength of the intramolecular NH···N hydrogen
bonds. The model also explains the observation of biexponential fluorescence decay in weakly emitting porphycenes. It can be
extended to other derivatives, in particular, the asymmetrically substituted ones. We also point to the possibility of using specific
porphycenes as viscosity sensors, in particular, when working in single molecule regime.

■ INTRODUCTION

Arguably, the majority of optical-sensing techniques are based
on luminescence, fluorescence, in particular.1,2 These techni-
ques are widely used in various areas, ranging from biology,
medicine, and pharmacology to materials and environmental
sciences. Fluorescence sensors exploit the sensitivity of the
emission to the environment characteristics, such as temper-
ature, viscosity, and polarity,3−6 or to the presence of specific
analytes, for example, metal ions.7 Obviously, a rational design of
a sensor must be preceded by thorough characterization and
understanding of its photophysical properties. In this work, we
describe a series of compounds based on porphycene which
seem to be a very good candidate for applications as viscosity
sensors.
Porphycenes, structural isomers of porphyrins, have been the

objects of intense investigations since the synthesis of the parent
compound reported in 1986.8 Among these studies, particularly
important in terms of possible applications are those devoted to
spectral and photophysical properties.9,10 Porphycenes are very
promising as sensitizers in photodynamic therapy,11 the main,
but not the only theme of numerous patents. Other areas of
possible use of porphycenes based on interaction with light
include photoelectrochemical devices,12 near-IR absorbing and
emitting fluorophores,13−15 preparation of new electrochro-
mic,16 liquid crystalline,17 and elastomeric18 materials. However,
comparative research on the photophysical properties of
different porphycenes has been rather limited. Most of
porphycenes studied until now reveal quite large fluorescence
quantum yields and nanosecond decay times. A noteworthy
exception is that of meso-tetraalkyl-substituted porphycenes,

9,10,19,20-tetramethyl-, and tetrapropyl-derivatives.19 Room-
temperature fluorescence of these molecules is extremely
sensitive to solvent properties, in particular, viscosity. In low-
viscosity solvents, fluorescence is extremely weak (quantum
yield of 10−4 to 10−3), whereas it dramatically increases in
paraffin and even more (by about 3 orders of magnitude) for
molecules embedded in polymer films. It was demonstrated that
the ultrafast deactivation of the excited state is due to S0 ← S1
internal conversion, and the triplet state is not populated.19

Moreover, specific interactions with the solvent could also be
eliminated as a possible origin of this effect, because the
deactivation is equally efficient in nonpolar, polar protic, and
polar aprotic solvents, as long as the viscosity remains similar.
The data accumulated so far strongly suggest a link between

the photophysical and tautomeric properties; the latter have
been extensively investigated for porphycenes in various
environments, ranging from liquid and solid condensed
phases,20−28 supersonic jets,29−32 and helium nanodroplets,33

to the regime of single molecules probed by fluorescence,34−37

Raman,38 and scanning probe microscopies.39−45

We have proposed the explanation of the unusual photo-
physical behavior of meso-alkylated porphycenes using a model
which assumes that the species responsible for very efficient
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nonradiative S1 depopulation is a rare cis2 tautomeric form
(Scheme 1).46 In contrast to the other tautomeric species of
porphycene, such a structure is nonplanar. The observed
viscosity dependence can be understood by realizing that a
large amplitude molecular motion resulting in distortion from
planarity along the trans−cis2 tautomerization path is required
to initiate rapid excited-state deactivation. Assuming that the
deactivation rate is proportional to the trans(S1)−cis2 energy
difference, the calculations predicted that the efficient
deactivation should increase in the order: parent porphycene,
9,20-dimethylporphycene, 2,3,6,7,12,13,16,17-octamethylpor-
phycene, 9,10,19,20-tetramethylporphycene. This prediction
was experimentally confirmed for the parent, tetra- and octa-
substituted porphycenes, but the doubly substituted derivative
was not known at that time. This motivated us to obtain and
study 9,20-dimethylporphycene. In this work, we compare the
spectral and photophysical properties of this compound (2) and
a related, 2,7-tetra-t-butyl-10,19-dimethylporphycene (3), with
the data obtained, on the one hand, for the parent porphycene
(1), its mono- (6), di- (7), and tetra-β-substituted (8)
derivatives, and, on the other hand, with the characteristics of
meso-tetramethyl (4) and meso-tetrapropylporphycene (5)
(Scheme 2). A spectacular finding is that removing two out of
four meso alkyl substituents leads to a complete change in

photophysics and tautomerism. In contrast to 4 and 5, both 2
and 3 strongly fluoresce, irrespective of solvent viscosity.
Moreover, only one tautomeric (trans) form is detected, in
contrast to the case of meso-tetraalkyl-substitued porphycenes,
where both trans and cis species are present. This behavior can
be rationalized on the basis of calculations, which reveal very
different geometry changes along the trans−cis2 pathway in 2 as
compared to 4. For the latter, a rather unusual pattern of out-of-
plane bending which accompanies the trans to cis2 tautomeriza-
tion is obtained. A refinedmodel is proposed that postulates that
a small distance between the H-bonded inner nitrogen atoms
leads to delocalization of inner hydrogen atoms, which is
responsible for efficient nonradiative S1 depopulation. This
model seems to be general, as it can also explain the
biexponential fluorescence decay profiles observed in 4, 5, and
several asymmetric porphycenes. It also accounts for the lack of
fluorescence and ultrafast, temperature-independent S1−S0
internal conversion observed in both, planar and nonplanar
dibenzo[cde,mno]porphycenes.

■ EXPERIMENTAL SECTION

Syntheses of 1,8,47 2−3,21 4−5,48 6−7,49 and 850 were carried
out according to the procedures described in the literature.

Scheme 1. Tautomeric Forms of Porphycene with All Possible Transition States Linking Them Indicateda

aFor several patterns of symmetric substitution, A and B variants of some forms can be undistinguishable, and then, the A and B indices are
redundant. Note that cis2 species is nonplanar.

Scheme 2. Investigated Porphycenes
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Electronic absorption spectra were measured on Shimadzu
UV 3100 and 2700 spectrophotometers. Fluorescence spectra
were recorded using FS 900 CDT or FS5 spectrofluorometers
(Edinburgh Instruments). The FS5 instrument was used for
determination of fluorescence quantum yields of 1 in various
solvents, applying a recently developed SAFEmethod.51−53 The
quantum yields were calculated with respect to rhodamine 6G
water solution (QY = 0.92).54,55

The solvents used for the fluorescence measurements were of
the highest available purity. Acetonitrile, n-hexane, dimethyl
sulfoxide, methanol, ethanol, 1-butanol, toluene, liquid paraffin,
and dichloromethane were acquired from Merck (Uvasol grade
solvents). Dodecane, tetradecane (both with purity >99%), and
methanol-d1 (monodeuteromethanol, 99 atom % D) were
purchased from Aldrich.
Fluorescence lifetimes were obtained on homebuilt setups

using time-resolved single photon counting. Picoquant LDH-D-
C-375 laser (379 nm, 60 ps pulse) or Fianium FemtoPower
1060 supercontinuum laser (6 ps pulses, tunable wavelength)
were used as excitation sources. After passing through either (i)
Digikröm CM 110 monochromator or (ii) Digikröm CM112
monochromator, the emission was detected by (i) Becker &
Hickl PMC 100-4 photomultiplier and PicoQuant TimeHarp
100 PC card or (ii) Hamamatsu 3809 MCP photomultiplier or
an HPM-100-40 Becker & Hickl hybrid detector and Becker &
Hickl SPC-830 time-correlated single-photon-counting module.
Fluorescence decays were analyzed using FAST Advanced
Analysis of Fluorescence Kinetics software (Edinburgh Instru-
ments).
Alternatively, fluorescence lifetimes were also obtained using

a Becker &Hickl Simple-Tau 150 module. The emitted photons
were collected by means of a multiwavelength detection system:
a polychromator and a 16 channel TCSPC detector (PML-16,
Becker & Hickl), which registers 16 individual fluorescence
decays spanning a 200 nm spectral range (12.5 nm per channel).
PicoQuant 375 nm laser diode (LDH-D-C-375) with a PDL
800-D controller was used for excitation. The impulse response
function signal measured for this setup was 130 ps fwhm. The
data were collected using SPCM software. The analysis of
fluorescence decays was performed using SPCImage 5.0
package.

■ CALCULATIONS

Quantum chemical modeling of the ground and the lowest
excited states was performed at the density functional theory
(DFT) and time-dependent DFT (TD-DFT) levels, respec-
tively. The hybrid B3LYP functional was used. For the excited
states, we used also its long-range-corrected CAM-B3LYP
version,56 because it provides a better description of excited
states with a charge-transfer character. The 6-31+G(d,p) basis
set was employed.
Tautomerization reaction paths were obtained using gener-

alized internal coordinates (GICs). The difference between
distances of a moving hydrogen atom from donor and acceptor
nitrogen atoms (rNH−rHN) was specified as the only one fixed
and scanned coordinate. Transition states were fully optimized
with TS or saddle = 2 keywords. All calculations were carried out
using Gaussian 0957 or Gaussian 1658 suites of programs.

■ RESULTS AND DISCUSSION

Absorption and emission spectra of unsubstituted, parent
porphycene 1,meso-dimethyl derivative 2, andmeso-tetramethyl

substituted porphycene 4 are shown in Figures 1−3. The spectra
were measured in solvents of different polarity, proticity, and

Figure 1. Room-temperature absorption and emission spectra of 1 in:
(a) n-hexane; (b) acetonitrile; (c) methanol; (d) paraffin. The arrows
mark the origins of two lowest energy electronic transitions.

Figure 2. Room-temperature absorption and emission spectra of 2 in:
(a) n-hexane; (b) acetonitrile; (c) methanol; (d) paraffin.

Figure 3. Room-temperature absorption and emission spectra of 4 in:
(a) n-hexane; (b) acetonitrile; (c) methanol; (d) paraffin.
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viscosity. For each compound, solvent dependence of the band
shape and position is very weak, both in absorption and
fluorescence. As could have been expected, the spectra are
somewhat better structured in nonpolar solvents.
Alkyl substitution at the meso position results in a moderate

red shift that scales in the approximately linear fashion with the
number of substituents. Thus, the S0−S1 transition energy in 2
lies about 400 cm−1 lower than in 1, whereas the difference
between 4 and 1 amounts to ca. 800 cm−1. These trends are
correctly predicted by TD-DFT calculations.
The additivity breaks down completely with respect to the

photophysical parameters (Table 1). Double meso substitution
leads to approximately 50% reduction in fluorescence quantum
yield and lifetime. In contrast, upon adding two more methyl
groups fluorescence intensity decreases dramatically. For
instance, the quantum yields of 1 and 4 in n-hexane or
acetonitrile differ by 3 orders of magnitude. We have previously
reported very low fluorescence quantum yield of 4 and 5 and
detected that the emission of meso-tetraalkyl-substituted
porphycenes is crucially dependent on solvent viscosity.19 In a

rigid environment, obtained by freezing the solution or,
alternatively, by embedding the chromophore in a polymer
matrix at room temperature, fluorescence intensity and lifetime
largely increase, reaching the values comparable with those
obtained for 2. On the other hand, Table 1 shows that the
emission of the doubly substituted porphycene 2 does not
exhibit any viscosity dependence, revealing the same quantum
yield in nonviscous n-hexane and in viscous paraffin.
We have also synthesized another derivative, 2,7-tetra-t-butyl-

10,19-dimethylporphycene (3), bearing four alkyl substituents
in a different arrangement than in 4 and 5: two at the meso and
two at the β positions. The photophysical properties of 2 and 3
are practically the same (Table 1): both molecules show quite
strong fluorescence, not sensitive to solvent viscosity, polarity,
and proticity.
Similar photophysical behavior has been observed for

porphycenes substituted with one, two, and four tert-butyl
groups at the β positions (molecules 6, 7, and 8, respectively).
All these porphycenes fluoresce nearly as efficiently as

Table 1. Photophysical Parameters Obtained for Different Solvents at 293 K

Φfl
a τfl

b [ns] kr
c [107 s−1] knr

d [107 s−1] solvent

1 0.44 9.9 2.4 5.7 n-hexane
0.45 10.8 2.3 5.1 acetonitrile
0.50 9.8 2.4 5.1 DMSO
0.41 10.4 2.3 5.7 MeOH
0.49 11.6 2.4 4.4 MeOD
0.43 10.3 2.3 5.5 EtOH
0.43 10.0 2.2 5.7 BuOH
0.49 9.6 2.3 5.3 toluene
0.46 10.7 2.2 5.1 THF
0.49 8.9 2.8 5.7 dichloromethane
0.44 9.9 2.2 5.7 dodecane
0.43 10.0 2.1 5.7 tetradecane
0.39 10.2 1.8 6.0 paraffin

2 0.22 5.4 2.2 12.6 n-hexane
0.26 6.8 2.1 10.9 acetonitrile
0.25 5.8 2.5 12.9 methanol
0.18 5.5 1.8 14.9 paraffin

3 0.19 4.5 2.3 18.0 n-hexane
0.21 5.0 2.3 15.8 acetonitrile
0.18 3.8 2.7 21.6 methanol
0.19 4.9 1.8 16.5 paraffin

4 2.9 × 10−4 0.003/0.017e 1.4 9997 cyclohexane
3.4 × 10−4 acetonitrile
6.0 × 10−4 butanol
1.5 × 10−3 DMSO
4.2 × 10−3 0.20/0.40f 0.9 331 paraffin

5 5.4 × 10−4 0.008/0.036f 1.2 4543 cyclohexane
8.1 × 10−4 0.006/0.030f acetonitrile
5.3 × 10−4 methanol
3.5 × 10−3 DMSO

0.5/1.1f paraffin
6 0.37 10.7 1.9 5.9 n-hexane

0.43 10.2 2.4 5.6 acetonitrile
7 0.43 10.3 2.3 5.5 n-hexane

0.39 10.5 2.1 5.8 acetonitrile
8 0.38 8.4 2.5 7.4 n-hexane

0.44 9.3 2.6 6.0 acetonitrile
aFluorescence quantum yields at room temperature. bFluorescence decay times at room temperature, estimated accuracy ±0.2 ns. cRadiative
constants of S1 depopulation, including n2 correction. dSum of nonradiative depopulation constants. eReference 66. fReference 19.
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porphycene 1 (Table 1). As in the cases of 2 and 3, no significant
solvent dependence could be detected.
These results imply that the huge decrease of fluorescence

intensity observed for 4 and 5 is an effect specific for meso
substitution. What needs to be explained, however, is the
complete lack of additivity: the drastic reduction of fluorescence
intensity is only observed for porphycenes with four alkyl
groups, but not when two such substituents are present at the
meso positions.
As mentioned in the Introduction section, calculations based

on the model of deactivation involving the role of the nonplanar
cis2 tautomer predicted that the fluorescence should decrease in
the order 1 > 2 > 4.46 However, because only the stationary
structures were considered, the reaction path leading from the
initially excited form to the species that is rapidly deactivated

remained unknown. We have, therefore, attempted to carry out
calculations aiming to elucidate the mechanism of photo-
induced tautomerization, in order to understand the completely
different photophysics of doubly and quadruply meso-
substituted porphycenes. The goal was to compare trans−cis1
and trans−cis2 paths in dimethyl-substituted porphycene 2 and
tetramethyl derivative 4. The results of calculations are
presented in Table 2 and Figure 4.
The obtained trans−cis1 tautomerization profiles are similar

in the two molecules, both in S0 and S1. In contrast, a dramatic
difference was revealed for the trans−cis2 conversion. Figure 5
compares geometry changes calculated for the ground state of 2
and 4 along the trans−cis2 tautomerization path. A completely
different picture is obtained for the twomolecules. The dimethyl
derivative 2 remains planar until the moving hydrogen is

Table 2. (TD-) (CAM-)B3LYP/6-31+G(d,p) Calculated Energies (E), DipoleMoments (μ), Inner Cavity Sizes (Nx−Ny), andNH
Stretching Frequencies (νNH) of Different Tautomeric Forms and Transition States of 1−8 in the Ground and Lowest Excited
Electronic States (nπ* and ππ* for the cis2 Form if Possible)

aTautomeric form, see Scheme 1, and its symmetry. bZero-point vibrational energy corrected values in brackets (scaling factors 0.964 and 0.952 for
B3LYP and CAM-B3LYP, respectively). cRelative energies. dVertical energies. eSee Scheme 2 for nitrogen atoms lettering. fSymmetric and
asymmetric stretching modes for symmetrical systems; for asymmetrical ones, the letters indicate NH nitrogen atoms. Negative values correspond
to imaginary frequencies characterizing transition states.
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transferred to the other nitrogen atom. Then, as expected, two
pyrrole rings assume an out-of-plane conformation, with the two
NHbonds pointing upward and downward, respectively (cf. also
Scheme 1).
In contrast, while the optimized cis2 form of tetramethylpor-

phycene 4 has essentially the same structure as in 2, the path
leading to it from the trans species is completely different.
Already at the initial stage of hydrogen transfer, the molecule
becomes strongly nonplanar, assuming a saddle-like shape
(Figure 5).
The trans−cis2 energy profile calculated for 2 in S1 is similar

to that obtained for S0 (Figure 4). On the other hand, the full S1
tautomerization profile could not be obtained for 4 because the
energy was not converging, even before reaching the maximum
along the reaction path. The molecule was becoming strongly
bent, and its ground-state energy was going strongly upward,
leading to a very small S0−S1 energy gap. This behavior,

suggesting the presence of S1−S0 conical intersection, which
TD-DFT calculations are not able to handle properly, could
have been expected. It should also be noted that the S1−S2
energy gap in meso-tetraalkylporphycenes is very small (<700
cm−1 compared to ca. 1000 cm−1 in parent porphycene59). The
situation can be evenmore complicated: the orbital nature of the
optimized form of cis2 in the lowest excited state of 4 was found
to correspond to an nπ* transition, of which the energy
significantly decreases as the hydrogen atom migrates from the
trans to the cis2 tautomer. This close proximity of several
electronic transitions, combined with the size of the molecule,
makes the computational task of finding the structure
responsible for efficient S1−S0 deactivation extremely challeng-
ing, if not impossible. Our future plans include search for conical
intersections using such methods as, for example, computation-
ally relatively inexpensive spin-flip TD-DFT.

Figure 4. Potential energy profiles calculated for trans−cis1 and trans−cis2 tautomerization reactions of 1, 2, and 4 in S0 (B3LYP), S1, and nπ* (CAM-
B3LYP) states. Solid lines/full symbols correspond to energies of the optimized state, while dashed lines/open symbols are vertical excitation energies.
Stars mark first points on trans and cis2 sides of the trans−cis2 S1 optimized curve for 4 for which the TD-DFT approach breaks down because of near
degeneracy of S0 and S1 states. See also Figure 5 for the geometries along the trans−cis2 path.
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In terms of explaining the nature of the ultrafast depopulation
of excited meso-tetraalkylporphycenes, the most significant
result is the nonplanar structure of 4 along the trans−cis2
tautomerization path. Close inspection of the nonplanar
geometry reveals structural similarity to 3,6-13,16-dibenzo-
[cde,mno]porphycene (Figure 6), of which two derivatives,
2,7,12,17-tetramethyl- and 2,7,12,17-tetra-tert-butyl-, have been
experimentally investigated in our laboratory.60,61 Both were
found to be nonemissive, not only at room, but also at cryogenic
temperatures. Picosecond transient absorption studies revealed
that the recovery of the ground-state population via S1−S0
internal conversion occurs in 10−20 ps in a rigid argon matrix at
27 K. Interestingly, dibenzoporphycene substituted with four

methyl groups is not planar, but the tetra-tert-butyl analogue is.
This indicates that the nonplanarity is not a necessary
requirement for efficient excited-state deactivation. What
matters is the very small distance between the nitrogen atoms,
which results in a very strong hydrogen bond and, finally, proton
delocalization. Indeed, while the calculations performed for
dibenzoporphycenes predict a double minimum potential with
extremely small barriers for trans−trans, cis1−cis1, and cis1−
trans conversions (Table S1), inclusion of zero-point energies
results in delocalization of both inner hydrogen atoms.
Based on the above experimental and theoretical findings, we

propose that delocalization of inner hydrogens is responsible for
the efficient S1 deactivation in porphycenes. Once the structure

Figure 5. Calculated geometry changes that accompany trans−cis2 tautomerization in the ground electronic state of 2 (top) and 4 (bottom). The
numbers below each structure indicate relative energies with respect to the ground state of the trans form. The top row (in red) corresponds to the S1
state. See Figure 4 for energy profiles.

Figure 6. Top, optimized structures of trans, cis1, and cis2 forms of dibenzo[cde,mno]por-phycene. Bottom, nonplanar geometry of 4 calculated along
the path of trans−cis2 conversion in S0 (left, see also Figure 4) and the optimized cis2 form.

Figure 7. Tautomerization processes in S1, leading to efficient excited-state depopulation.
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with delocalized inner hydrogens has been achieved, the
molecule undergoes fast S0← S1 radiationless transition (Figure
7). The probability of obtaining the appropriate geometry is a
strong function of the NH···N distance and is the largest in
dibenzoporphycenes, for which this distance is the shortest
(2.51 Å). In this case, the ground-state geometry, planar or not,
ensures rapid S1 depopulation. Therefore, lowering of temper-
ature and/or placing the molecule in a rigid environment has no
effect on the emission, which is weak under any conditions. In
contrast, in meso-tetraalkylporphycenes, NH···N separation is
slightly larger (2.53 Å) and, in order to reach the “delocalized”
geometry, distortion from planarity is required (cf. Figure 5).
Because this distortion represents a large amplitude motion, one
can expect viscosity dependence, exactly as observed exper-
imentally.
Our model can explain another, rather intriguing finding:

observation of biexponential emission decay in 4, with the
lifetimes increasing from picoseconds to nanoseconds upon
passing from solutions to a rigid environment. We can now
propose that these lifetimes reflect the times required to reach
the point of efficient S1 depopulation from the initially excited
trans and cis1 species. Naturally, as the solvent is getting more
viscous, the probability of reaching the nonplanar configuration
decreases.
The proposed scheme of S1 deactivation is similar to the

model put forward by Nonell and co-workers in order to explain
the photophysics of asymmetric porphycenes.24,62 Analyzing the
properties of 9-substituted n-propyl and methoxyethylporphy-
cenes, they came to the conclusion that “tautomerization is
coupled with an efficient deactivation pathway”.24 The cis2
tautomer was postulated as the species responsible for efficient
S1 deactivation.

62 Our present results indicate that deactivation
may occur along the trans−cis2 tautomerization coordinate
before reaching the relaxed cis2 structure. Such a process is
resemblant of fluorescence quenching by “unsuccessful” or
“aborted” chemical reaction, a theoretical model proposed by
Olivucci and co-workers.63

One should note that hydrogen delocalization, which we
postulate to be crucial for S1 deactivation, occurs between trans
and cis1 forms, which can be illustrated by the vertical
movement of one of the protons in Scheme 1, but the efficient
radiationless transition is triggered by the proton movement
toward cis2, that is, in the horizontal directions. Such situation is
not unusual. It has been demonstrated by calculations that the
proton density in hydrogen bonds may have a disc-like shape,
with the plane of the disc perpendicular to the H-bond axis.64

■ SUMMARY AND CONCLUSIONS
Experimental and theoretical results clearly indicate the link
between the unusual photophysical behavior and tautomeric
properties of porphycenes, as illustrated by the scheme of
excited scheme tautomerism in meso-tetraalkylated porphy-
cenes, as shown in Figure 7. We demonstrated earlier that in the
electronic ground state of 4 and 5, trans and cis1 tautomers
coexist in about 4:1 ratio.19 In the same work, it was found that
(i) the excited state decay is slower than trans−trans conversion
(picoseconds vs 100 fs or less, respectively) and that (ii) no
equilibrium between trans and cis1 is established in S1, as
demonstrated by bi-exponential fluorescence decay. These
observations were explained by the multidimensional character
of the tautomerization coordinate, involving the rotation of the
alkyl moiety. We now refine this model, postulating that the
probability of rapid S1 depopulation should, in general, increase

with the strength of intramolecular H-bonds and therefore need
not be substituent-specific. In fact, efficient deactivation can be
expected for any substituent that modifies the inner cavity
dimensions in a way that leads to a stronger H-bond. This
hypothesis is experimentally confirmed by our ongoing research
on mixed meso aryl/alkyl as well as halogenated porphycenes.
In the present model, the distance between the H-bonded N

atoms seems to be a crucial parameter that determines the
probability of fast excited state deactivation. We note, however,
that low fluorescence quantum yields (albeit about an order of
magnitude higher than in 4 and 5) have been found also for
porphycenes substituted with eight alkyl groups on the pyrrole
rings. In these molecules, the NH···N distances are significantly
larger than those in “normally” emitting porphycenes, 2.80
versus ca. 2.60 Å10 (see also Table S1). However, the octaalkyl
derivatives were found to be nonplanar in S0. Moreover, the
“horizontal” N···N distance is now smaller than that in other
porphycenes. These factors can partially compensate the effect
of weak H-bonds.
The two fluorescence decay times observed in 4 and 5,

assigned to the decay of trans and cis1 forms, indicate that these
tautomeric forms are not in equilibrium. This strongly suggests
that the excited-state trans−cis1 tautomerization path cannot
bypass the molecular geometry responsible for the efficient
internal conversion to S0. If this were to be the case, the trans−
cis1 equilibrium would be established for the overwhelming
majority of excited molecules in the time much shorter than the
experimentally measured fluorescence decays, in particular,
those obtained for viscous solvents.
Unfortunately, it was not possible to safely assign each of the

decay components in 4 and 5 to a specific form by selectively
exciting and probing at specific wavelengths because both
absorption and emission of trans and cis1 lie at practically the
same energies (calculations predict a difference of only 100 cm−1

for S0−S1 transitions in the two tautomers).
The scheme presented in Figure 7 is quite general. We believe

that it can be applied for both symmetrically and asymmetrically
substituted porphycenes. For the latter, it is natural to assume
that the trans−trans tautomerization occurs in a stepwise
fashion with the cis1 intermediate, because the two intra-
molecular NH···N bonds have different strengths. Also, in
symmetric derivatives, the stepwise mechanism should be
favored at high temperatures, as demonstrated recently by
nuclear quantum dynamics calculations.65

In order to further test the present model, it would be
instructive to find other arguments for proton delocalization. As
of now, we note a significant difference in the absorption spectra
of 4 recorded in the Q region for two isotopomers: the
nondeuterated molecule and the species with two inner protons
replaced by deuterons.19 The spectra are much broader and less-
structured in the former. For parent porphycene, such an effect is
not observed. Another relevant feature is the activation energy of
the process responsible for temperature dependence of
fluorescence determined for 4 and 5 in the MeOH/EtOH and
MeOD/EtOD mixtures. For both molecules, a larger value was
obtained for deuterated solvents.19

Finally, we consider a possibility of using custom-designed
porphycenes as viscosity sensors. It may at first appear
unrealistic because the fluorescence quantum yields of
viscosity-sensitive porphycenes are quite low. However, when
single molecule fluorescence sensors are considered, the crucial
factor is not the emission quantum yield, but the yield of triplet
formation and the triplet lifetime. Amolecule trapped in the dark
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“OFF” state does not emit fluorescence. Because the triplet
lifetimes are of the order of several hundred microseconds under
typical conditions of single molecule experiments (thin polymer
film at room temperature), the number of photons emitted per
time unit is drastically reduced for chromophores with
considerable yields of triplet formation. It is instructive, in this
context, to compare strongly emitting 1 with weakly emitting 4
and 5. Parent porphycene 1 has the fluorescence quantum yield
of ca. 50% and a similar yield of triplet formation, whereas 4 or 5
emit fluorescence with quantum yields of ca. 10−3, but they
exhibit negligible triplet formation yields. It can be readily
simulated (assuming the triplet lifetime of 200 μs, a value we
know from the experiment) that the number of photons emitted
per time unit in the single molecule regime will be orders of
magnitude larger for seemingly “weaker” luminophores. An
additional advantage of these molecules may be higher
photostability, because photodecomposition usually involves
the triplet state.
Other obvious advantages of porphycenes are: (i) large scale

of fluorescence intensity changes with solvent viscosity; (ii)
insensitivity to temperature (similar intensities and lifetimes for
low temperature glasses and room temperature polymer
matrices); (iii) insensitivity to solvent polarity (although this
may not be true for certain porphycenes); (iv) strong absorption
in the convenient spectral region; (v) emission located in the red
part of the visible range. Initial studies indicate that porphycene
4 fulfills all the above criteria. A particularly attractive variant
may involve combining two porphycenes, such as, for example, 2
and 4, that differ dramatically in the dependence of fluorescence
quantum yield on viscosity, otherwise being very similar. Such a
sensor could work in the ratiometric mode, enhancing sensitivity
and accuracy.
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(48) Vogel, E.; Köcher, M.; Lex, J.; Ermer, O. Steric modulation of the
porphycene system by alkyl substituents: 9.10,19,20-Tetraalkyl-
porphycenes. Isr. J. Chem. 1989, 29, 257−266.
(49) Czerski, I.; Listkowski, A.; Nawrocki, J.; Urbanśka, N.; Piwonśki,
H.; Sokołowski, A.; Pietraszkiewicz, O.; Pietraszkiewicz, M.; Waluk, J.
The long and winding road to new porphycenes. J. Porphyrins
Phthalocyanines 2012, 16, 589−602.
(50) Lausmann, M.; Zimmer, I.; Lex, J.; Lueken, H.; Wieghardt, K.;
Vogel, E. μ-Oxodiiron(III) complexes of porphycenes. Angew. Chem.,
Int. Ed. Engl. 1994, 33, 736−739.
(51)Nawara, K.;Waluk, J. Improvedmethod of fluorescence quantum
yield determination. Anal. Chem. 2017, 89, 8650−8655.
(52) Nawara, K.; Rana, A.; Panda, P. K.; Waluk, J. Versatile approach
for reliable determination of both high and low values of luminescence
quantum yields. Anal. Chem. 2018, 90, 10139−10143.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c02155
J. Phys. Chem. A 2020, 124, 4594−4604

4603

https://dx.doi.org/10.1039/c7cp02938a
https://dx.doi.org/10.1039/c7cp02938a
https://dx.doi.org/10.1021/acs.inorgchem.5b02129
https://dx.doi.org/10.1021/acs.inorgchem.5b02129
https://dx.doi.org/10.1021/acs.inorgchem.5b02129
https://dx.doi.org/10.1002/chem.200700125
https://dx.doi.org/10.1002/chem.200700125
https://dx.doi.org/10.1002/chem.200700125
https://dx.doi.org/10.1002/ejoc.201901497
https://dx.doi.org/10.1002/ejoc.201901497
https://dx.doi.org/10.1002/ejoc.201901497
https://dx.doi.org/10.1021/ja105353m
https://dx.doi.org/10.1021/ja105353m
https://dx.doi.org/10.1021/acs.jpclett.5b02482
https://dx.doi.org/10.1021/acs.jpclett.5b02482
https://dx.doi.org/10.1021/jp506150r
https://dx.doi.org/10.1021/jp506150r
https://dx.doi.org/10.1039/c0cp02654a
https://dx.doi.org/10.1039/c0cp02654a
https://dx.doi.org/10.1142/s1088424612500526
https://dx.doi.org/10.1142/s1088424612500526
https://dx.doi.org/10.1142/s1088424612500526
https://dx.doi.org/10.1002/chem.201002931
https://dx.doi.org/10.1002/chem.201002931
https://dx.doi.org/10.1002/chem.201002931
https://dx.doi.org/10.1002/chem.201201432
https://dx.doi.org/10.1002/chem.201201432
https://dx.doi.org/10.1002/chem.201201432
https://dx.doi.org/10.1002/chem.200802428
https://dx.doi.org/10.1002/chem.200802428
https://dx.doi.org/10.1021/ar0680365
https://dx.doi.org/10.1021/ar0680365
https://dx.doi.org/10.1021/jp505553z
https://dx.doi.org/10.1021/jp505553z
https://dx.doi.org/10.1063/1.4802769
https://dx.doi.org/10.1063/1.4802769
https://dx.doi.org/10.1063/1.4802769
https://dx.doi.org/10.1021/ja054745m
https://dx.doi.org/10.1021/ja054745m
https://dx.doi.org/10.1021/ja054745m
https://dx.doi.org/10.1016/s0009-2614(98)01085-9
https://dx.doi.org/10.1002/cphc.200900022
https://dx.doi.org/10.1002/cphc.200900022
https://dx.doi.org/10.1002/cphc.200900022
https://dx.doi.org/10.1021/ja043265c
https://dx.doi.org/10.1021/jz4022602
https://dx.doi.org/10.1021/jz4022602
https://dx.doi.org/10.1021/jp809840a
https://dx.doi.org/10.1021/jp809840a
https://dx.doi.org/10.1021/acs.jpclett.8b00299
https://dx.doi.org/10.1021/acs.jpclett.8b00299
https://dx.doi.org/10.1039/c5nr08627b
https://dx.doi.org/10.1039/c5nr08627b
https://dx.doi.org/10.1038/nchem.1804
https://dx.doi.org/10.1038/nchem.1804
https://dx.doi.org/10.1038/nchem.1804
https://dx.doi.org/10.1103/physrevlett.111.246101
https://dx.doi.org/10.1103/physrevlett.111.246101
https://dx.doi.org/10.1021/acs.nanolett.5b04092
https://dx.doi.org/10.1021/acs.nanolett.5b04092
https://dx.doi.org/10.1039/c6cp07955e
https://dx.doi.org/10.1039/c6cp07955e
https://dx.doi.org/10.1039/c6cp07955e
https://dx.doi.org/10.1021/acsnano.5b02147
https://dx.doi.org/10.1021/acsnano.5b02147
https://dx.doi.org/10.1038/nchem.2552
https://dx.doi.org/10.1038/nchem.2552
https://dx.doi.org/10.1021/jacs.7b06905
https://dx.doi.org/10.1021/jacs.7b06905
https://dx.doi.org/10.1021/jacs.7b06905
https://dx.doi.org/10.1021/jp905306f
https://dx.doi.org/10.1021/jp905306f
https://dx.doi.org/10.1142/s1088424607000692
https://dx.doi.org/10.1142/s1088424607000692
https://dx.doi.org/10.1002/ijch.198900035
https://dx.doi.org/10.1002/ijch.198900035
https://dx.doi.org/10.1002/ijch.198900035
https://dx.doi.org/10.1142/s1088424612500733
https://dx.doi.org/10.1002/anie.199407361
https://dx.doi.org/10.1021/acs.analchem.7b02013
https://dx.doi.org/10.1021/acs.analchem.7b02013
https://dx.doi.org/10.1021/acs.analchem.8b02751
https://dx.doi.org/10.1021/acs.analchem.8b02751
https://dx.doi.org/10.1021/acs.analchem.8b02751
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c02155?ref=pdf


(53) Nawara, K.; Waluk, J. Goodbye to quinine in sulfuric acid
solutions as a fluorescence quantum yield standard. Anal. Chem. 2019,
91, 5389−5394.
(54) Brouwer, A. M. Standards for photoluminescence quantum yield
measurements in solution. Pure Appl. Chem. 2011, 83, 2213−2228.
(55) Magde, D.; Wong, R.; Seybold, P. G. Fluorescence quantum
yields and their relation to lifetimes of rhodamine 6G and fluorescein in
nine solvents: improved absolute standards for quantum yields.
Photochem. Photobiol. 2002, 75, 327−334.
(56) Yanai, T.; Tew, D. P.; Handy, N. C. A new hybrid exchange-
correlation functional using the Coulomb-attenuating method (CAM-
B3LYP). Chem. Phys. Lett. 2004, 393, 51−57.
(57) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G. A.; et al. Gaussian 09, Revision B.01; Gaussian, Inc.:
Wallingford CT, 2010.
(58) Frisch, M.; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M.;
Cheeseman, J.; Scalmani, G.; Barone, V.; Petersson, G.; Nakatsuji, H.;
et al.Gaussian 16, Revision B.01; Gaussian, Inc.: Wallingford CT, 2016.
(59) Waluk, J.; Müller, M.; Swiderek, P.; Köcher, M.; Vogel, E.;
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