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Two recently synthesized derivatives of porphycene, 2,7,12,17-tetramethyl-3,6-13,16-didenzof-
porphycene and 2,7,12,17-teteat-butyl-3,6-13,16-dibenzeflemndporphycene, were studied by stationary

and time-resolved spectroscopy and quantum chemical calculations. Both compounds were found to be
nonluminescent even at low temperatures. Picosecond transient absorption studies performed in solution at
293 K and in solid nitrogen matrices at 15 K revealed a rapid recovery of the ground-state bleaching. The
rate of this process remains very high even at low temperatures. Possible reasons for this photophysical
behavior are discussed, including nonplanarity and a fast excited-stateacis NH tautomerization. Electronic
transitions of dibenzoporphycenes may be correlated with those of porphyrin and porphycene. However, an
“intruder” state lies between the analogues of the Q and Soret bands.

Introduction by analogy to the parent porphycene chromophore. The second
. ! . purpose was to look for presence of cis and trans tautomeric
The synthesis of porphycenthe first tetrapyrrolic isomer species (Chart 1). The possibility of the presence of both forms
of porphyrin—and its derivatives initiated intense studies of the was suggested by a very small distance between the nitrogen

chemicilgand spectral properties of this new class of com- 5yqmg¢2 (2.49 Ain1and 2.51 A in2, compared with 2.63 A in
pound_s. ) mepar|sor) of the isomer W,'th porphyrin revealed porphycend. For such a small NN separation, a third form
both similarities and differences. For instance, NMR results can also be envisaged: a symmetrical structure with inner

proved that cis and trans NH tautomers are present in the ground, . :ons Iving halfway between two nitrogen atoms.
state of solid porphycerfeyhereas in porphyrin only the latter dp ying y g
form is observed. A rapid double proton transfer has been
detected in the lowest excited singlet state of porphyééne,

while in porphyrin such a process occurs with a low efficiency ~ The synthesis and purification df and 2 were described
and involves either a triplet or a hot ground st&teThe basic elsewheré? Absorption spectra were recorded on a Shimadzu
pattern of the electronic spectra is similar for the two com- yv 3100 spectrophotometer, equipped with a Beckmann
pounds: two weaker transitions observed in the red portion of attachment for variable-temperature measurements. Attempts
the visible region are followed by two strong bands in the UV to register fluorescence were made with a Jasny spectrofluo-
range. However, significant differences are noticed in regard rometer!3 All solvents used were of spectral grade.
to the intensity ratio of the visible to the UV bands, energy  ror transient picosecond studies, a home-built picosecond
separation of the two lowest transitions, or the magnetic circular spectrometer, described in detail previoudlyas used. A
dichroism parameterd. The importance of spectral studies is  mode-locked N&-YAG laser (EKSMA/EKSPLA) produced
not purely academic: porphycene has already been shown toyises of 25 ps fwhm, which were then amplified, and the third
be a very promising compound in photodynamic therapy. harmonic (355 nm) was used to excite the sample. The pico-
In this work, we investigate the spectroscopy and photophys- second continuum, generated in@by the beam of funda-
ics of two recently synthesized derivatives of porphycene, 2,7,- mental frequency and delayed with respect to the excitation
12,17-tetramethyl-3,6-13,16-dibenzdgmndporphycene 1) beam, was used as a probe. The transmitted pulses were spec-
and 2,7,12,17-tetreert-butyl-3,6-13,16-dibenzefigmndpor- trally resolved and detected by photodiode array polychromators.
phycene ). The first goal of this study was to follow the The cryogenic matrices were prepared using a closed-cycle
spectral changes caused by the addition of two ethylene b”dgestwo-stage Displex 202 (Air Products) refrigerator. The com-
into the porphycene skeleton. In particular, it seemed interesting pounds, heated to about 413 K, were mixed with the stream of
to find out whether the spectral properties can still be interpreted nitrogen and deposited onto the sapphire window attached to
the cold finger (15 K) of the cryostat. The background pressure
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CHART 1: Trans (a) and Cis (b) Tautomeric Forms of e (a)
2,7,12,17-Tetramethyl-3,6-13,16-dibenzoflemnq]- 1

porphycene (1) and 2,7,12,17-Tetraert-butyl-3,6-13,16- €10*
dibenzofcdemno]porphycene (2) 4 JU

(b)
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a 2 b Figure 1. Absorption spectra at 293 K: (tofd in n-hexane (a),
acetonitrile (b), and tetrahydrofuran (c); (botto&)n n-hexane (a),
molecular mechanics (MMX force field, PCMODE) or the acetonitrile (b), anch-propanol (c). The ordinate scale refers to the

PM3 method® For the latter, the UHF formalism was chosen, lowest traces. Curves a and b have been shifted along #xes.
since the RHF procedure yielded a distorted geometry of the
parent porphycene (a similar phenomenon was reported also
for porphyrint”). The resulting geometry was used in the input (@)
for the calculations of excited-state properties. Calculations
were also performed using the crystal geométrybowl-

shaped” for1, planar for 2. Excited-state energies were (b)
computed using the INDO/S meth&@with up to 460 singly (
excited configurations taken into account in the CI procedure. 1 4

Results and Discussion

Figure 1 shows the room-temperature absorption spectra of
1 and?2 in solvents of varying polarity. The spectra of both

compounds are very similar. Two moderately strong electronic @
transitions, located around 13 000 and 17 000 cmespectively, § 0.5
may be distinguished in the visible range. On the red edge of £
absorption, at around 11 000 cha weak shoulder is observed. §

<

Its intensity does not decrease upon lowering of temperature
(Figure 2). Therefore, it cannot be attributed to a hot band.
We assign this feature to a separate electronic transition, in

agreement with the results of calculations (vide infra). In the 0.0
UV region, a strong, broad band is observed at around 27 000 10 15 20 25 30 35
cm™1, evidently consisting of several transitions. v (0

The correlation of such a spectral pattern with the one ob- Figure 2. (Bottorn) Absorotion spectra @@ in EPA (ethv ether/
served in porphycen(? IS not st_ral_ghtforward._ Although por- isgpentanegethanol)5:5:2) r[t)acordegl as a function of tt(empyerature: 293,
phycene and porphyrin reveal similar absorption featuthe 43, 213,173, 143, 113, 91, and 89 K. (Top) Numerical resolution of
sequence of two Q transitions in the visible region and two Soret the low-energy part of the absorption spectrum at 293 K (curve a) into
transitions in the near-U¥in 1 and?2 at least three electronic ~ four bands. Curve b is the result of the fit.
transitions are detected in the visible range. The spacing
between the two stronger bands, located around 13 000 andtautomeric form is dominant in the ground state. Most probably
17 000 cn?, respectively, is much larger than in porphycene, itis the trans tautomer, a form that should have a smaller dipole

where the Q bands are separated by less than 1000. cin moment (or no dipole moment at all if the structure is planar).
turn, the gap between the first and the second electronic Figure 2 presents the absorptionfecorded as a function
transitions (the former originating at around 11 000 énthe of temperature. Except for a sharpening of some peaks and
latter with @ maximum around 13 000 c#) is about 1006 the overall intensity increase due to larger concentration at lower

2000 cnt?, but if these two transitions are treated as analogues temperatures, no changes are observed in the spectrum upon

of the Q bands, then the intensity ratio is very different from changing the temperature from 293 to 89 K. This again points

that observed in porphycene. In any case, there is an “intruder”to the presence of only one form.

state in the low-energy region. As discussed below, its presence Both compounds revealed no fluorescence, neither at 293 K,

is correctly predicted by calculations. nor even at liquid nitrogen temperature. Considering the
The absorption spectra of both compounds are practically sensitivity of our instrument, the upper limit for the fluorescence

insensitive to the solvent polarity. This indicates that one quantum yield may be estimated as40Lack of fluorescence
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energy one (with the maximum at 12 300 cthnsee Figure 2)

§ 02 was integrated. This led to a small valuelef= 2.6 x 10°
® s 1. For the former case, the upper limit for the fluorescence
'g o quantum yield is 3.% 1073, well within the capabilities of the
2 ' spectrofluorometer. For the latter case, however, it is only 8.7
< x 1075 below the sensitivity of our instrument and thus
0.0 consistent with the experimental observation that no fluorescence
500 550 500 650 700 750 could be detected even a.t low temperature.
e e 10 .The 9—S:1 energy gap inl and 2 is reduced by a quarter
Io,z 20 with respect to porphyrin and porphycene. According to the
R N e e energy gap lav#? this should increase the internal conversion
WW 30 rate by about 1 order of magnitude. Experimentally, a much
a BP0 0 larger enhancement is observed. Thus, the explanation of the
o 50 rapid internal conversion process only in terms of the energy
> e N A e 60 gap law is not sufficient, and other factors must be invoked.
T A T N T Efficient internal conversion from the; State has already been
ey T0 observed in various porphyrin derivatiésand assigned to
— 80 nonplanarity of the structure. The same source for the photo-
physical behavior may be postulated in the present case. The
T e - 110 L2
ground-state optimizations performed fband2 converge to

500 540 580 620 660 700 740 nm “ruffled” or “domed” conformations. The crystal structure of
1 confirms that the molecule is nonplanar and has a “bowl-

10 like” shape. On the other han@,was found to be planar in
28 the crystal, perhaps owing to intermolecular interactions. The

differences in crystal structures obtained for two very similar

500 540 580 620 660 700 740 nm molecules show that dibenzoporphycenes are rather floppy with
Figure 3. (Top) stationary absorption; (middle) picosecond transient respect to out-of-plane distortions. The lack of rigidity could
absorption of2 in a nitrogen matrix at 15 K; (bottom) transient  enable the molecule to reach the region favoring the efficient
absorption in tetrahydrofuran at 293 K. The numbers on the right S, deactivation without a significant energy barrier.

indicate the delay in picoseconds. The samples were excited at 355 . .
nm. Table 1 presents the results of calculations of the excited
singlet states ol in both trans and cis tautomeric forms. An

is in sharp contrast to porphycene and its alkyl derivatives, which id€alized, planar structure was assumed as a starting point
either show strong emission already at room temperature or(MOSt geometry parameters, however, were taken from the

recover the radiative properties as the temperature is lowered X-ray data). Repeating the calculations for a bowl-like structure

To determine the nature of the radiationless process respon\With €xact X-ray geometry did not change the predicted

sible for the fast depopulation of the lowest excited singlet state, Ebsorptlon pattern mucg.b F;]gure 4fpre|ser|1ts_ the corr]nparlson
transient picosecond absorption was measured in the visiblePEWeen experiment and both sets of calculations. The agree-
range. Room temperature solutions showed a very weak Mment is quite satisfactory. Most important is the fact that, in

bleaching of the ground-state absorption, which lasted only for ahccordanci Witzthe obs_erva_tior;]s, the_kt):lalculationﬁ_ﬁredict morfe
several tens of picoseconds (see Figure 3). After that, recoveryt an two allowed transitions in the visible range. € cause o
such behavior is that, contrary to porphyrin and porphycene,

of the ground state was complete: no longer-lived species was . ,
g P g P one of the low-lying excited states df nad 2 cannot be

detected. - . : ;

Essentially the same behavior was observed for Iow-temper-descnbed in terms of the “four-orbital modé&k which takes
ature samples. Figure 3 shows the results of transient absorptio Eteo tev?ﬁ%nr:equgézheg%?ggz gzgﬂfg\?vggf::ggéi;)g;t:igg Iving
mz?ris; re\r/r;er;t?agte rri:)cr:)nveedrya;fl ‘:_’hlg g):)ia%sggénn?ar;ﬂg)egggen Since this procedure has been very popular and useful for

y - : . . comparing positions and shifts of electronic states in various
The temporal resolution of the instrument |s_about 30 ps; one orprr)lyringdrc)arivatives we checked how well it works in the
can estimate that the ground-state repopulation takes no Ionge'Eresent case. The an,alysis of the Cl matrix shows that the three
the_lrr;]thlst;]/aluit hvsi fthe | ¢ ited singlet stat fallowed low-energy transitions df (1, 2, and 4 of the trans
1 :Z the pho opdyslcs 0 efov;/ets exc et smgde S ade Ot form in Table 1) contain not only configurations involving the
- andz IS governed by a very last temperature-independen highest and second-highest occupied orbitals but also large
internal conversion process, the rate of which is larger than 3 admixtures of the fourth HOMBLUMO. and even sixth
x 101057 ASS“W'”Q the rate of Intersystem crossing similar HOMO-LUMO configurations. The magr’1itude of the squares
to that of porphyrin and porphycene, i.e., about &8, leads of relevant CI coefficients may be used as a gauge of the Q or

. , . - o .
to tk;e_estm;]ated trlpletl fc;rmat;cm e{fl.mlergcyt/ Itower tlr;an 1/3' -[h'sk Soret band character of the computed transitions. As a measure
exprains why no popuiation ot the triplet state IS observed. Lack o qaiation from the four-orbital model, we define the
of fluorescence, in turn, provides another argument for the coefficientr:

assignment of the lowest excited singlet state to the weak band
observed on the absorption red edge. We have estimated the

S, radiative rate constant using the Stricki®erg formulal® z Cij2

Two cases were considered. First, the whole absorption curve r= =12 1)
was integrated between 9000 and 16 000 &myielding k. = 2

1.1 x 10® s Next, the absorption in the same region was Z Cu

numerically resolved into four bands, of which only the lowest
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TABLE 1: INDO/S Calculated Sy—S, Transitions for 1

trans tautomer cis tautomer
E (10° cm b symn? leading config E (10 cmh)a symnt! leading config
1 11.50 (0.11) B 0.67 (1-1) 1 11.52 (0.08) B 0.81(1-1)
2 14.46 (0.30) B 0.69 (2—1) 2 13.97 (0.22) A 0.86 (2—1)
3 16.76 (0.00) A 0.96 (3—1) 3 16.39 (0.12) B 0.81 (3—1)
4 18.95 (0.06) B 0.85 (4—1) 4 21.77 (0.01) B 0.91 (4-1)
5 24.10 (0.00) A 0.84 (6—1) 5 23.37 (0.00) A 0.63 (5—1)
6 26.06 (1.16) B 0.68 (1-2) 6 25.78 (0.92) A 0.77 (1-2)
7 26.76 (0.10) A 0.91 (7-1) 7 26.30 (0.12) B 0.84 (8—1)
8 27.38 (0.95) B 0.53 (2—2) 8 26.63 (0.32) B 0.49 (1-3)
9 27.43 (0.15) B 0.51 (2—-3) 9 26.76 (0.29) A 0.73 (7-1)
10 28.05 (0.00) A 0.71 (1-3) 10 28.79 (0.08) A 0.75 (2—-3)
11 29.73 (0.00) A 0.63 (2-3) 11 28.96 (0.76) B 0.60 (1-3)
12 29.93 (0.09) B 0.66 (8—1) 12 29.96 (0.38) A 0.78 (3-2)
13 30.53 (0.00) A 0.58 (3—1) 13 30.10 (0.00) B 0.55 (6—1)
14 31.06 (0.00) A 0.70 (6—2) 14 31.27 (0.00) A 0.60 (6—2)
15 31.73 (0.09 Ag 0.74 (9-1) 15 32.40 (0.40) A 0.75 (4—2)
16 31.98 (0.71) B 0.62 (8—1) 16 33.51 (0.13) B 0.81 (8—2)

a Oscillator strengths in parenthese€,, assumeds HOMO = 1, SHOMO= 2, LUMO = —1, sLUMO = -2, etc.9 C,, assumed, witlz and
y as in-plane axes.Nonzero oscillator strength due to slight deviations from “ideal” symmetry.

= o m 1 . TABLE 2: Values of r Calculated for Several (za*) Excited
(a) L v = E cis Singlet States of 1, Porphycene, and Porphyrin
g : = : N n trans 1 porphycene porphyrin
= trans cis trans cis trans cis
(b) y B ! v i@ & g cis = 08 1 072 1 097 1 097 1 096 1 0.96
n ] n 2 0.96 2 09 2 098 2 097 2 098 2 0.97
g B . | t 4 024 3 026 3 053 3 025 3 071 3 057
v v v rans 6 084 6 073 4 085 4 031 4 094 4 061
10 15 20 25 30 35 8 052 8 025 8 054 6 073 5 0.30
11 0.34 8 0.53
aLabeling refers to thaith lowest calculated excited singlet state.
porphycene, while the third, located around 17 000 %rshould
be assigned to an “intruder” state.
For the UV transitions, the situation is more complicated.
For the trans tautomer df, the candidates for Soret bands are
10 15 20 25 30 35 two transitions labeled 6 and 8 in Table 1. Thealues are

vV (10%cm™) 0.84 and 0.52, respectively. Hence, only one of these transitions

Figure 4. INDO/S calculated energies of the lowest excited singlet has a good Counter_pa}rt n the four-orbital m_odel. For_the cls
states ofl: (a) “idealized”, planar structure (cf. Table 1); (b) bowl- tautomer, the description in terms of four-orbital model is even
like structure, corresponding to the X-ray geometry. The transitions Worse. The only UV transition with approximately four-orbital
with oscillator strengthf] larger than 0.05 are indicated as bars, of characteri(= 0.73) is the sixth calculated excited state. Other
which the area is proportional foArrows mark transitions for which  transitions calculated in this region reveatalues of about 0.3.
0.01 < f < 0.05. Transitions witlf < 0.01 are not shown. (Bottom) | other words, configurations from the four-orbital model are
Experimentally measured absorption spectrun of acetonitrile. “spread” over several electronic transitions. It may be seen from
The summation in the denominator occurs over all the singly Table 2 that such a pattern is not unique for porphycene
excited configurations used by the program (in our case, 460 and even the cis tautomer of porphyrin show similar behavior.
lowest energy ones). Actually, since the sum of squares of CI  The reason that the low-lying excited states described by
coefficients is normalized to 1, the value rofs obtained just configurations from outside of the four-orbital model appear in
from adding four terms in the numerator, which describe the 1 and2 can be found in the topology. Dibenzoporphycenes
four configurations used in the four-orbital model. By defini- can formally be obtained by adding two ethylene bridges to
tion, r = 1.0 if the four-orbital model (i.e., % 2 basis) isused.  porphycene. Interaction of porphycene with the ethylene units
When a large Cl basis is applied, a value afose to 1 indicates  leads to shifts of orbital energies, of which the magnitude and
that a given transition is still well described by this simple direction may be predicted from the properties of porphycene
approach. orbitals. The orbitals affected are those that have large LCAO

We have calculated the valuesrdbr the trans and cis forms  coefficients at the positions of substitution and that possess
of 1, porphycene, and porphyrin. The results are shown in Table symmetry appropriate for bonding or antibonding interactions.
2. For the trans form of, the contributions of the four-orbital ~ An example is provided by the LUMO of porphycene in both
model configurations are 0.86, 0.96, and 0.24 for the first, the trans and cis forms. The energy of this orbital energy should
second, and fourth calculated transitions, respectively. For thebe lowered upon interaction with antibonding ethylene orbitals
cis tautomer, the corresponding values are 0.72, 0.96, and 0.2§Figure 5). The second LUMO, which has a very small electron
for the first, second, and third calculated transitions. Thus, the density at the position of substitution, should practically not be
first two observed transitions of dibenzoporphycenes, lying at affected. By the same mechanism, some occupied orbitals of
around 12 000 and 13 000 cf; respectively, may be safely  porphycene will be destabilized after interaction with bonding
considered as analogues of the Q bands of porphyrin andethylene orbitals. The positions of the two highest occupied
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Figure 5. lllustration of energy stabilization of the LUMO of

porphycene after bridging with two ethylene groups, which leads to

dibenzoporphycene.

TABLE 3: INDO/S Calculated Energies (in eV) of the
Frontier Orbitals in 1, Porphycene, and Porphyrin

Dobkowski et al.

PT coordinate

Figure 6. Schematic representation of radiationless deactivation
involving cis—trans tautomerization: PT, proton transfer; BPT, back

! - porphycene- porphyrin - proton transfer. Dashed lines indicate energy changes of the cis form
trans CIs trans CIs trans cis with varying degrees of planarity. Since they were calculated to be
—4 0.91 0.85 0.64 0.60 0.90 0.76 much stronger for the cis than for the trans structure, only the former
-3 -0.29 -0.29 0.16 0.17 0.02 0.09 are shown.
-2 -102 -102 -116 —118 —-158 -161
-1 -242 -239 -211 -209 -182 -178 for several strong transitions in the UV range. Since no red
1 -666 —-6.65 —6.70 —6.73 —6.56 —6.63 shifts are observed in solvents of higher polarity, we conclude
% —g-gg —g-zg —g-gg —g-g; —g-gg —g-gg that the trans tautomers dominate the ground statésaafi2,
A 77> _799 —004 —904 -898 —892 while the presence of cis as well as symmetrical forms is less

orbitals remain unchanged, but their separation from lower lying
ones becomes much smaller than in porphycene itself. Table

3 shows that in the trans form af the four highest occupied
orbitals lie within the energy range of 1 eV, while for the

corresponding tautomeric form of porphycene, the energy
spacing between two pairs of highest occupied orbitals was
larger than 2 eV. It is now clear that dominant configurations

in the wave functions describing low-lying transitions will
involve electron promotions from all four occupied orbitals.
Inspection of Table 1 proves this is really the case.

In view of the above, it is quite remarkable that the low-
lying electronic states of dibenzoporphycenes can still be very
well described as analogues of the Q transitions of porphyrin
and porphycene. We conclude that although the third observed

transition in1 and2, observed around 17 000 cf) corresponds
to an “intruder” state, the first two transitions, located at aroun
12 000 and 13 000 cm, respectively, can be referred to as Q

probable. The situation is thus analogous to that observed in
solutions of porphyrin and porphycene, even though the distance
between the hydrogen-bonded nitrogen atoms is much smaller
in both investigated dibenzoporphycenes.

The presence of cis tautomers in the excited state cannot be
excluded, however. We have noticed an interesting result while
calculating the excited-states pattern for nonplanar, domed, or
ruffled structures ofl. In the trans tautomers, the calculated
transition energies were rather insensitive to the assumed
geometry. On the other hand, the calculatgedS& transition
energy in cis forms strongly varied with changes in the input
structure. For several geometries, the calculated excitation
energies were much smaller than those of the trans tautomers.
The source of different transition energies in the two tautomers
was the fact that in the cis form a much stronger destabilization
of the HOMO orbitals and stabilization of a LUMO orbital was

d observed upon variation of the molecular geometry.

This result suggests the interesting possibility of a radiation-

less deactivation of the lowest excited singlet state of the trans

similar to that observed in porphycehahile the intensity ratio ~ tautomer (Figure 6). After excitation, rapid proton transfer,
resembles that of porphyrin. followed by internal conversion and back proton transfer, would
On the sole basis of calculations, it would not be possible to bring the molecule ir_lto the initial state. For such a case, the
decide whether the observed spectra correspond to the cis or tgroton transfer coordinate would be strongly coupled to the low-
the trans form, since quite similar absorption patterns are frequency large amplitude vibrations, which effectively distort
predicted for both tautomers (Figure 4). Moreover, the calcu- the molecule. Interestingly, for this mechanism to be efficient,
lated ground-state energies of the two forms are also very closeNonplanarity is again a crucial factor, similarly as in the
to each other. We think, however, that the observed lack of €xplanation of the fast internal conversion discussed before. This
spectral response to the solvent polarity is a strong argumenttime, however, nonplanarity is just a prerequisite for a sequence
favoring the trans form, for which such behavior may be of radiationless depopulation processes involving two chemical
expected on the basis of the lack of a dipole moment in the channels-proton shifts and a “purely” photophysical nonradia-
planar form, or, at most, small dipole moment changes upon tive step, $ < Sy internal conversion in the cis form.
excitation in a nonplanar trans structure. In contrast, the It should be noted that the above mechanism of radiationless
calculated changes of the dipole moment upon excitation of the deactivation is unique for dibenzoporphycenes, since the
cis tautomer are very significant for several electronic transitions stabilization of excitation energy in cis vs trans tautomers has
and should lead to readily observed absorption shifts. For its origin in the behavior of molecular orbitals involving the
instance, the dipole moment value calculated for the third lowest ethylene bridges. Further studies of the process could be based
transition is 6.98 D, while that of the ground state is 0.87 D. on custom-designed substituted dibenzoporphycenes, with a
The increase of dipole moment upon excitation is also predicted well-determined distorted geometry.

bands. Their energy separation, 186@D00 cnTl, is quite
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