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Abstract

A combined experimental and theoretical study of the two-photon absorption properties of a series
of quadrupolar molecules possessing a highly electron-rich heterocyclic core, pyrrolo[3,2-
b]pyrrole is presented. In agreement with quantum-chemical calculations, we observe large two-
photon absorption (2PA) cross-section values, oopa ~ 102-103 GM (1GM = 10°0 cm* s photon™1)
at wavelengths 650-700 nm, corresponding to the 2-photon allowed but 1-photon forbidden
transitions. The calculations also predict that increased planarity of this molecule via removal of
two N-substituents leads to further increase in the opa Values. Surprisingly, the most quadrupolar
pyrrolo[3,2-b]pyrrole derivative bearing two 4-nitrophenyl substituents at positions 2 and 5
demonstrates very strong solvatofluorochromic effect, with the fluorescence quantum yield as
high as 0.96 in cyclohexane, while the fluorescence vanishes in DMSO.
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Introduction

The pioneering studies performed in 1990-ies put forward two basic designs for organic
compounds with enhanced two-photon absorption cross-sections in the vis and near IR range
of wavelengths.[!] The first class possesses centrosymmetric structure, where the highest
2PA cross-section (oopa), corresponds to the 2-photon allowed but 1-photon forbidden
transition. It was observed that the maximum 2PA cross-section, increases with increasing
quadrupolar character of the chromophore, [10:2] which is related to the increase of excited
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state transition dipole moments. The second class comprises dipolar molecules, where the 2-
photon and 1-photon transitions are simultaneously allowed,[28] and the maximum oopa
value correlates with the change of the permanent electric dipole moment in the transition
from ground- to the final excited state.[3] In recent years, a variety of quadrupolar
chromophores possessing different electron-donating and electron-accepting groups linked
in a specific manner (so-called A-D-A and D-A-D structures) have been synthesized and
studied, 4] although some octupolar architecturesl®] have also been investigated. Materials
based on porphyrins,[®] multi-annulenes,[’] radical-cations(®] and diradicals[®] have also been
extensively explored. Although the arrangement of electron-donating and electron-
withdrawing groups is crucial for modulating the non-linear response, the actual electron
density of the A, D moieties may also guide the increase of the two-photon absorption cross-
section. Recently we discovered a new and efficient methodology for the synthesis of
pyrrolo[3,2-b]pyrroles,[1% the most electron-rich heterocycle among aromatic two-ring
systems.[11] It became tempting to utilize this scaffold in the construction of even stronger
quadrupolar A-D-A chromophores and to study their two-photon absorption properties. In a
preliminary study, we found that for a series of TetraAryl-1,4-dihydroPyrrolo[3,2-b]Pyrroles
(TAPPs), the two-photon absorption cross-sections reach values of o,pa~700 GM at 700
nm, limited by the wavelength tuning range of the laser system.[190.12] Tetra- and hexa-
substituted pyrrole[3,2-b]pyrroles are centrosymmetric, while the pentasubstituted
compounds are nominally non-centrosymmetric, even though their backbone structure still
behaves in a centrosymmetric manner. The remaining uncertainty concerning the location
and values of 2PA maxima and the potential use of dyes possessing large non-linear
responses at wavelengths shorter than 700 nm in areas such as two-photon excited
polymerization[3] and optical limiting[*4! prompted us to undertake a more detailed study of
the origin of the one- and two-photon absorption characteristics of these molecules. Here we
present a comprehensive investigation of the nonlinear optical properties of the TAPPs as a
function of the electron-withdrawing strength of peripheral groups using both experimental
and established quantum chemical computational techniques.[°!

Design and synthesis

Tetra-, penta- and hexa-substituted pyrrolo[3,2-b]pyrroles bearing electron-withdrawing
groups of different strengths were designed for this study. Depending on the actual number
of aryl substituents on the core, one can expect different levels of conjugation between these
units, which should have a huge impact on the optical properties (both linear and non-
linear).

The majority of designed compounds was synthesized as described earlier employing an
optimized synthesis of TAPPs together with a direct arylation methodology (Figure 1).[100]
Two new key compounds 6 and 7 bearing 4-nitrophenyl- and 4-trifluoromethylphenyl
substituents at position 2 and 5 were synthesized for this study from the corresponding
aldehydes 1 and 2, primary aromatic amines 3 and 4 and diacetyl (5) (Scheme 1). These
compounds have been obtained in 36% and 35% yield, respectively. In order to get insight
into the molecular structure of the TAPP derivatives, we have grown crystals of compound 9
suitable for X-ray crystallography.
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It is noteworthy to emphasize that this is the first example of a TAPP X-ray structure (Figure
2). The molecular structure reveals that the dihedral angle between the aryl rings
(originating from an aldehyde) and the pyrrolopyrrole core is 35.6 degrees in the ground
state. This is a moderate value, allowing for a certain overlap of the molecular orbitals of the
different parts and hence for a conjugation pathway across the different molecular parts,
providing a highly polarizable link between the peripheral electron withdrawing groups
through the pyrrolopyrrole core (A-D-A quadrupole). The dihedral angle between the N-aryl
rings and the pyrrolopyrrole core is 45.8 degrees.

Linear spectroscopic characteristics

The structure of the synthesized TAPPs consists of the central electron donor framework and
two terminal electron acceptor parts. Consequently, changing from nonpolar to polar
solvents should influence the optical properties of these dyes, as polar solvents tend to
stabilize the intramolecular charge transfer (ICT) state.l16] In fact, linear optical properties
for TAPPs 6 and 7 are very different. Compound 7 displays a sharp absorption band (e=
31000-42000 M~1.cm™1) and its Ay is hardly sensitive to the change of the solvent
polarity (Table 1). In the emission spectrum, the position of the fluorescence maxima for 7
varies in the relatively small wavelength range explored, indicating that the excited-state
geometry shows only moderate dependence on the solvent polarity. The fluorescence
quantum yields are very high in the majority of the solvents, with the exception of the
nonpolar cyclohexane where fluorescence efficiency is somewhat lower (in the CCly
solution, compound 7 rapidly decomposed). The difference in the fluorescence quantum
yield can be explained by the fact that in polar solvents compound 7 tends to fluoresce more
efficiently from the ICT state.[17]

In contrast to 7, the optical properties of compound 6 are non-typical for known TAPP
molecules0-12] a5 6 is remarkably affected by the solvent polarity. The absorption bands
are bathochromically shifted as a consequence of the stronger polarization of the electronic
structure of 6 compared with 7. Meanwhile, the position of the absorption maxima in the
different solvents varies in the narrow spectral range investigated, and compound 6 shows a
strong solvatochromism of the fluorescence bands (Figure 3). In non-polar toluene
compound 6 still demonstrates strong emission though the fluorescence quantum yield is
somewhat decreased compared to both cyclohexane and CCl,. When changing the solvent to
1,4-dioxane and THF the fluorescence response falls dramatically and in CH,Cl, solution
the fluorescence signal becomes undetectable. For the typical dipolar solvents (CH3CN,
DMSO), no fluorescence is observed (Table 1).

Compound 6 also features unusual optical properties compared to other functional dyes as
the molecule contains two nitro groups, yet displays strong fluorescence, and this prompted
us to perform an in-depth analysis of their linear and nonlinear optical properties.

Whereas the trifluoromethyl groups in compound 7 influence the electronic structure mainly
through inductive effects, the nitro group also possesses a strong mesomeric effect. In
nonpolar solvents such as cyclohexane and carbon tetrachloride, the contribution of the
neutral limiting form (Figure 4, form A) is much higher. In this state, the aryl substituents
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are most likely non-coplanar with the central framework, and the mesomeric effect of the
nitro group is thus quenched. As a result, compound 6 in cyclohexane and CCl, solutions
emits very efficiently. Although there are examples of nitro derivatives possessing
fluorescence properties, they are rather rare in the literature,[16:17.19.20] and to the best of our
knowledge no nitro derivatives with almost 100% fluorescence quantum yield have been
reported. When increasing the solvent polarity, the single bonds at positions 2 and 5 adopt a
partial double-bond character in favor of the ICT state (Figure 4), form B), resulting in a
more planar structure quenching the fluorescence as is typical for the nitro group.[2]

In their breakthrough paper Terenziani, Painelli and Blanchard-Descel[?2] explained the
phenomenon of solvatofluorochromism of quadrupolar molecules (observed earlier) via
introducing the concept of symmetry breaking in the excited state.[23] Such phenomenon
was later observed and confirmed by other groups.[24] It has to be emphasized that although
a relaxed (symmetry broken) excited state is possible due to the interactions of the excited
structure with solvents molecules, the quadrupolar charge distribution cannot induce a
uniform reaction field at the location of the solute. The larger solvatofluorochromism
compared to solvatochromism for centrosymmetric chromophore (which puts these
compounds into class | chromophores according to Terenziani classification) can arise only
from two phenomena: large change in electronic distribution[2%] or symmetry breaking in the
relaxed excited state.[23] In analogy to platinum complexes described by Cooper and co-
workers[258] the strongly electron-withdrawing nitro group acts as game-changer and it
induces symmetry breaking in the S1 state.

Two-photon absorption

Femtosecond two-photon absorption (2PA) spectra were measured in the excitation
wavelength range 570-900 nm using two-photon excited fluorescence (2PEF) and non-
linear transmission (NLT) methods (see Experimental Section for details of the methods).
The quadratic dependence of the 2PEF signal on the incident power was confirmed with an
accuracy of 2.00 £ 0.05 within the considered range (for the 2PEF method). At wavelengths
shorter than 570 nm, the power exponent declined from the strict quadratic dependence due
to an increasing contribution from the accompanying one-photon absorption process (1PA).

Figure 5 shows the 2-photon absorption spectra of compounds 6-14 in cyclohexane. In case
of 10 and 14, which showed nearly vanishing fluorescence in all solvents, the measurements
were performed using the NLT method (filled symbols) in the 570-800 nm range. For all
other compounds the 2PEF method was used in the 570-1000 nm range. In addition, due to
the poor solubility of compound 6 in cyclohexane, the NLT measurement was performed for
6 in dichloromethane. The 2PA spectral shapes obtained by the two alternative methods
were in good agreement, indicating that excited-state absorption is relatively insignificant.
Linear absorption spectra in cyclohexane (solid line) are shown for comparison.

The 2PA spectrum of 8 was reported earlier in the 700-900 nm range, and our values
correlate well with these previous measurements.[122] In the 570-900 nm range, the two-
photon absorption spectra show a dominant band with peak wavelengths in the range 640—
800 nm. The corresponding maximum 2PA cross-section varies from the lowest value of
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130 GM in 10 to the highest value 530 GM in 8. Table 2 summarizes the measured peak
wavelengths and peak cross-sections. In all nine compounds studied, the lowest-energy
dipole-allowed Sy—S; transition occurs at about 50-70 nm longer wavelengths from the
dominant two-photon peak, which most likely means that the latter belongs to a different
excited state, probably a higher singlet state S,,. With the exception of 6, which shows a
bump at about 920 nm, the 2PA spectrum at the Sg—S; transition shows no distinct features
in the series of compounds, whereas the 2PA cross-section stays below 5-10 GM in all
systems. These observations are in accordance with the alternate parity selection rule for
centrosymmetric chromophores, as is also confirmed by our theoretical calculations (vide
infra). Compounds 8 and 9 are structurally rather similar, which is reflected in the fact that
both the 1PA and 2PA spectra display only a slight blue shift and reduction of the
corresponding peak cross-sections due to the addition of the two peripheral Br atoms.

The two-photon spectrum of compound 6 follows the same bathochromic shift compared to
the rest of the series as was observed in the one-photon absorption. The 2PA spectra also
show some features that are not discernible in other compounds, most likely due to 6 having
less line broadening which might be due to 6 possessing two partially conjugated 4-
nitrophenyl groups, which are the strongest electron acceptors among all the substituents
considered. Interestingly, 14 also has two NO, groups attached, but here these effects are
less prominent.

Table 2 compares the experimental and calculated values for the maximum two-photon
transition wavelength and the corresponding peak two-photon cross-section of 6-9, together
with the linear optical characteristics of the whole series.

Theoretical modeling

Two-photon absorption

A computational study using density functional theory has been carried out for six
molecules. Compounds 7-10 and 15 were studied using the structures shown in Figure 1.
Compound 6 has been studied in a slightly modified version; to avoid too strong
conformational flexibility and to reduce the computational cost, the octyl chains in TAPP 6
have been replaced by methyl groups. We will refer to this species as 6a in the following.

The calculations have been carried out using the CAM-B3LYP and PBEO density
functionals. The choice of functionals was based on several studies. Nayydar, Masunov and
Tretiak have found that PBEO reproduces experimental values of 2PA cross sections very
well.[26a] However, in comparisons with coupled cluster calculations the CAM-B3LYP
functional has proven to be very reliable in the treatment especially of charge-transfer
excited states[26°] while other studies have shown that CAM-B3LYP results are lower than
results from coupled cluster.[27] We therefore decided to use both density functionals. Our
results are listed in Tables 3 and 4 (comparison between two methods). We note that the
excitation energies differ strongly between CAM-B3LYP and PBEO with the energies from
CAM-B3LYP being always higher and the values from PBEO always being lower than the
experimental values. This is in line with the known behavior of CAM-B3LYP.[28] |n
contrast to this the 2PA cross sections from these two functional are extremely similar. We
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only note some deviation in the order of the states. While in 7 and 10 the 2PA active states
in both cases are the S3 and the S5 states, respectively, in 8 and 9 the 2PA active state is the
S3 state in PBEO and the S2 state in CAM-B3LYP. For 6a and 15 the S2 state shows the
highest 2PA cross section in all cases. Using the CAM-B3LYP functional calculations on 8
and 9 have been carried out using C, point group symmetry. In these cases the 2PA active
state is the second highest in an energetic order and the first one with B symmetry.
Comparing the computational cross sections, we note that they increase in the order 07 < 019
< 09 < 0g < 0gg < 015.

For all molecules the lowest state in energy has been found to be nearly dark in 2PA but to
show a strong one-photon absorption (1PA). In the following the behavior of the 1PA- and
2PA active states will be discussed in more detail using results from the CAM-B3LYP
calculations. In all cases the 1PA-active state has been found to correspond to the HOMO-
LUMO excitation and the HOMO and the LUMO have very similar characteristics for all
molecules: The largest part of the HOMO is located at the pyrrolo[3,2-b]pyrrole backbone,
whereas the largest contributions to the LUMO are a p-orbital in para-position to the
electron-withdrawing group on the rings in position 2 and 5 and the w-bond between these
rings and the electron withdrawing group. We will refer for this state as the “1PA state” in in
the following.

The 2PA-bright states also always have the same characteristics and corresponds to the
transition from the HOMO to an orbital which is the LUMO+1 in 6a, 7, 8, 9 and 15 and the
LUMO+3 in 10. In 10, there are MOs located at the SF5 groups that lie in-between the
LUMO and the LUMO+3. The main part of the relevant virtual orbital for the 2PA-state is
always similar to the LUMO but has additional nodal planes. Plots of all three orbitals
involved are shown in Figure 6. Another state with strong one-photon absorption has been
identified above the 2PA-state. This state can always be correlated with an excitation from
the HOMO-1 to the LUMO.

The strong alternation in the behaviour of the 1PA- and the 2PA state is typical for
centrosymmetric molecules for which symmetry dictates the 1PA and 2PA selection rules.
Although the optimized structures are not centrosymmetric, the deviations from
centrosymmetry are small. All molecules have a rather low permanent dipole moment with a
centrosymmetric pyrrolo[3,2-b]pyrrole. The molecules can thus be considered “pseudo-
centrosymmetry” which allows us to study them using a simplified few-state model[2% for
which the contribution of permanent moments will be negligible.[39] This few-state model is
an approximation to the sum-over-states approach where transition properties are expressed
in terms of transition dipole moments and excitation energies. In our simplified version of
this model, the elements of the two-photon transition moment tensor S; (from which the
two-photon absorption cross-section can be obtained[3]) are

1ot

Sii= Equation 1

h w; — wo1

where i,j are spatial components of the electric field, 0 is the electronic ground state, 1 is an
intermediate excited state and 2 is the final excited state. ;12 is the i-component of the
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transition dipole moment between states 1 and 2, w; the frequency of perturbation i and wg;
the excitation energy from the ground state to state 1. This is not the expression used in our
calculations, but it captures the main driving forces for the observed 2PA cross-sections.
Indeed, when using this formula we reproduce the dominating two-photon transition
moment tensor elements of 6a, 7, 8, 10 and 15 with an error of less than 15% when we use
the 1PA-state as state 1 and the 2PA-state as state 2.

Looking at the orbitals in Figure 6, we note that although the whole molecule is not
centrosymmetric, the main part of the HOMO is centrosymmetric and ungerade with respect
to inversion at the center of the backbone. The LUMO and the LUMO+1 show some
pseudo-centrosymmetry and comparing them we note that the LUMO can be considered to
be pseudo-gerade and the LUMO+1 is pseudo-ungerade with respect to inversion. This
explains the strict 1PA- and 2PA-specificity of these two states as normally observed in
centrosymmetric molecules.

Eqg. 1 shows that there are three contributions to the two-photon transition matrix element:
The transition dipole moment from the ground state to the 1PA-state, the transition dipole
moment from the 1PA-state to the 2PA-state and the denominator which depends on the
difference between the energy of the incident photons (which is half the excitation energy of
the 2PA-state) and the excitation energy of the 1PA-state. In Table 3 we have listed the
characteristics of these relevant states for all molecules considered. These data show that
there is a good correlation between the 2PA cross-section and the denominator in Eq. 1, in
particular the order of the denominators is the same as the order of the 2PA cross-sections.
This indicates that 2PA can be tuned by designing substitution patterns of the pyrrolo[3,2-
b]pyrrole backbone that aligns the energy of the 1PA-state as close as possible to half the
energy of the 2PA-state.

For our class of molecules, this suggests that a key principle for the design of new
chromophores is to lower the excitation energy of the 1PA state. This is well illustrated
when comparing the excitation energies for the two molecules with the largest 2PA cross-
sections, 6a and 15. The excitation energies of the 2PA-states are nearly the same in both
molecules (337 and 334 nm, respectively) whereas the energies of the 1PA states differ more
(394 and 405 nm, respectively). This results in a higher denominator and a strong boost of
the 2PA cross-sections.

The top panel in Figure 7 shows the correlation between the measured and calculated peak
wavelength values of the dominant two-photon allowed transition. Besides a constant ~80—
100 nm blue shift, which is typical of most vacuum quantum-chemical calculations, the
predicted wavelength maxima are in very good agreement with the observed substituent-
dependent behavior, which again confirms the two-photon allowed and one-photon
forbidden origin of this transition.

On the other hand, as shown in the bottom panel of Figure 7, the agreement between the
calculated and measured peak 2-photon cross-sections is less satisfactory. The calculations
tend to overestimate the peak 2PA cross-section values substantially, by a factor of 2-3 or
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even more. This could be due to the known limitations in the quality of DFT calculations!27]
as well as the lack of solvent effects in our calculations.

Solvatochromism

In addition to our experiments we have carried out calculations on the solvatochromism of
molecule 6 in four different solvents: cyclohexane, methylene chloride, acetonitrile and
dimethyl sulfoxide. The wavelengths and oscillator strengths obtained from these
calculations are listed in Tab. 5. The results of our calculations show the same trend as in the
experiment. We note that the oscillator strength of the lowest excited state is about the same
in all solvents and just deviates slightly for the vacuum. The difference between the
experimental and the calculated excitation wavelength is between 18 and 30 nanometers and
the order of the wavelengths is the same as in experiment apart from the pair methylene
chloride and acetonitrile. This more or less systematic shift shows the robustness and the
reliability of the CAM-B3LYP functional.

Conclusions

We have shown that the centrosymmetric nature of the tetra-, penta- and hexa-substituted
pyrrolo[3,2-b]pyrroles leads to HOMO-LUMO+1 and HOMO-LUMO+3 transitions that are
the only non-dark state in the two-photon spectra. Moreover, such design based on the
presence of various aromatic moieties linked by biaryl linkages leads to the maxima of 2PA
cross-section at a strikingly high-energy part of the spectra. Quantum-chemical calculations
gave further insight into the excitation behavior of the molecules, where the molecules with
the largest 2PA cross-sections being characterized by near-resonance conditions with the
1PA-active lower-energy S; state. This gives structural guidelines for the tuning of the two-
photon absorption behavior of this class of molecules through changes in the substitution
patterns of the parent pyrrolo[3,2-b]pyrrole backbone. The combination of unusually strong
donor with very strong acceptor (NO,) made it possible to break symmetry of the excited
state, and in consequence leads to unusually pronounced solvatofluorochromism for this
quadrupolar compound. Moreover we have shown that in this very special group of
molecules it is possible to obtain compounds possessing near unity values of fluorescence
quantum yield. As such, this family of compounds holds great potential for use as active
materials in two-photon fluorescence microscopy, two-photon excited polymerization and
optical limiting processes.

Experimental Section

Synthesis

All chemicals were used as received unless otherwise noted. All reported 1H NMR and 13C
NMR spectra were recorded on 500 MHz spectrometer. Chemical shifts (& ppm) were
determined with TMS as the internal reference; J values are given in Hz. Chromatography
was performed on silica (Kieselgel 60, 200-400 mesh). All photophysical studies have been
performed with freshly prepared air-equilibrated solutions at room temperature (298 K).
Spectral and physical properties of compounds 8-14 have been compared to previously
published data.[10b]
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General procedure for the synthesis of TAPPs 6—7—In a 25 ml round-bottom flask
equipped with a reflux condenser and magnetic stir bar, 5 mL glacial acetic acid was placed
followed by the addition of arylamine (6 mmol), aldehyde (6 mmol) and TsOH (0.6 mmol).
The mixture was stirred at 90 °C for 30 minutes. After that time butane-2,3-dione (3 mmol)
was slowly added via a syringe and the resulting mixture was stirred at 90 °C for 3 hours.
The reaction mixture was then cooled to room temperature. The precipitate of the dye
obtained was then filtered off and washed with cooled glacial acetic acid. Recrystallization
from AcOEt and drying under vacuum gave the pure product.

2,5-Bis(4-nitrophenyl)-1,4-bis(4-octylphenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole
(6)—Red solid; yield 782 mg (36%); m.p. 248-249°C; 1H NMR (500 MHz, CDCl3, 25°C,
TMS) 8.05 (dd, 3J(H,H) = 9.0 Hz, 4J(H,H) = 0.9 Hz, 4H), 7.31 (dd, 3J(H,H) = 9.0

Hz, 4J(H,H) = 1.0 Hz, 4H), 7.23 (dd, 3J(H,H) = 8.3 Hz, 4J(H,H) = 0.8 Hz, 4H), 7.18

(dd, 3J(H,H) = 8.3 Hz, 4J(H,H) = 0.9 Hz, 4H), 6.52 (s, 2H), 2.66 (t, 3J(H,H) = 7.7 Hz, 4H),
1.66 (m, 4H), 1.32 (m, 20H), 0.89 ppm (t, 3J(H,H) = 6.8 Hz, 6H); 13C NMR (125 MHz,
CDCls, 25°C, TMS) § 145.5, 141.9, 139.6, 136.8, 135.2, 134.1, 129.6, 127.6, 125.3, 123.7,
96.4, 35.5, 31.9, 31.3, 29.4, 29.34, 29.26, 22.7, 14.1 ppm; HRMS (ESI-TOF) nvz calcd for
CagH5oN204: 724.3989 [M]*; found: 724.3986.

2,5-Bis(4-(trifluoromethyl)phenyl)-1,4-bis(4-methylphenyl)-1,4-
dihydropyrrolo[3,2-b]pyrrole (7)—Pale yellow solid; yield 600 mg (35%); m.p. 288-
290 °C; IH NMR (500 MHz, CDClg, 25°C, TMS) & 7.45 (d, 3J(H,H) = 8.3 Hz, 4H), 7.30
(d, 3J(H,H) = 8.2 Hz, 4H), 7.20 (dd, 3J(H,H) = 8.3 Hz, 4J(H,H) = 0.9 Hz, 4H), 7.16

(dd, 3J(H,H) = 8.3 Hz, 4J(H,H) = 0.9 Hz, 4H), 6.43 (s, 2H), 2.39 ppm (s, 6H; CH3); 13C
NMR (125 MHz, CDCl3, 25°C, TMS) 8 137.06, 136.97, 136.1, 135.0, 132.7, 130.0, 127.9,
127.8, 127.6, 125.2, 125.1 (quartet), 95.4, 21.0 ppm; HRMS (ESI-TOF) m/z calcd for
574.1844 [M]*; found: 574.1820.

Optical measurements

Spectroscopic samples were prepared in 2 mL 1 cm path length quartz cuvettes for both 1PA
and 2PA measurements. Cyclohexane (FisherChemicals, UN 1145, HPLC grade, 99.9%)
and dichloromethane (OmniSolv, UN 1593, DX 0831-6, 99.96%) were used. Linear
absorption measurements were performed with a PerkinElmer UV/VIS/NIR Lambda 950
spectrometer. For relative quantum yield measurements (for the 2PEF measurements) a
luminescence PerkinElmer LS 50B spectrometer was used. The sample concentrations used
in the 2PEF measurements were ~1 pM, while for the NLT measurements higher
concentrations ~ 1-4 mM were required. For samples with high quantum yields (samples 6—
9,11-13) the relative 2PA spectra were obtained using the 2PEF method. A Ti:Sapphire
femtosecond laser system (Coherent, Libra) operated at 1 kHz repetition rate and producing
pulses with duration ~100 fs pumped an optical parametric amplifier (1PA) (Light
Conversion, OPerA Solo). The 1PA output wavelength was tuned in the wavelength region
570-900 nm with 2 nm steps. The approximate 1PA pulse spectral width was ~ 15-35 nm.
For detection of the fluorescent signal, a grating spectrometer (Jobin-Yvon, Triax 550)
combined with a CCD detector (Spectrum One) was used. Bis-diphenylaminostilbene
(bDPAS) diluted in dichloromethane was used as the reference standard for the 2PEF
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measurements.[32] The fluorescence quantum yields of compounds 10 and 14 were too low
for reliable 2PEF measurements, and thus the femtosecond NLT method was used to
determine the 2PA cross sections in a range of 570-800 nm.[33] Briefly, for the NLT
measurements, the same laser setup was employed, but the pulse repetition rate was reduced
to 100 Hz. The 1PA beam was additionally collimated using a series of apertures and lenses.
To detect the change in the transmission, a set of silicon photodetectors (Thorlabs, DET
36A) was employed. Bis-diphenylaminodistirylbenzene (-DPASDSB) diluted in
tetrahydrofuran (OmniSolv, UN 2056, TX 0279-1, 99.9%) was used as the reference
standard for the NLT measurements.

Calculations—The solvatochromism calculations have been carried out on geometries that
have been optimized using the B3LYP[34] density functional and the TZVPEB3] basis set
(using the TURBOMOLE program packagel3¢]) together with the polarizable continuum
model (PCM)B37] as implemented in the Gaussian program.[38] The excitation energy and
oscillator strength calculations have been carried out using the Dalton program, the CAM-
B3LYP density functional,[39] the aug-cc-pVDZ basis setl4%l and the PCM approach. The
corresponding PCM cavities have been constructed using van-der-Waals radii of 1.7 a.u. for
carbon, 1.6 a.u. for nitrogen and 1.5 a.u. for oxygen. Hydrogen atoms did not get own van-
der-Waals radii but were described together with the carbon atoms they were attached to.
For a methyl group the radius was increased to 2 a.u. while for a CH group a radius of 1.8
a.u. was used.

The two-photon absorption calculations were carried out using two different computational
approaches: Calculations with the CAM-B3LYP functionall39] have been carried out using
the DALTON program.[41] Apart from 8 and 9 which have been treated using C, symmetry,
all molecules were treated in the Cq point group. For calculations with the PBEO
functionall42] an open-ended recursive response theory code has been used which has been
developed by two of us.[4344] In all calculations the aug-cc-pVDZ basis set has been
used.[40] The bromine atoms in 9 have been treated with the aug-cc-pVDZ-PPI45] basis set
and ecp-sdd-DZ effective core potentials to account for scalar relativistic effects. The two-
photon absorption cross-sections in GM have been obtained using the following procedure:
The two-photon transition moment tensors M which were obtained from the Dalton program
are averaged rotationally according to ref. 31.

1
D= E Z (J\'I(Ll)]\'[bb+2]‘[(Lb]‘[ab)

The rotationally averaged transition strengths are then converted to Géppert-Mayer units
according tol46]

83 aadw?
UGM:Mg(&u,wO,F)D
c

where « is the fine structure constant, o is the circular frequency of the incident light, a is
the Bohr radius and c is the speed of light. The term g(2w,00,I") is a function which
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accounts for the broadening of the spectral line. Here we use a Lorentzian function which is
centered at the excitation energy 2w with a full width of 0.1 eV at half maximum.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
X-ray structure of compound 9 (hydrogen atoms omitted for clarity) CCDC 1404494,
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Absorption (a) and normalized emission (b) spectra of TAPP 6.
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Postulated limiting forms of compound 6.
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J J

Figure 6.
HOMO (up), LUMO (middle) and LUMO+1 (lower panel) of compound 15. The orbital

plots have been generated from a CAM-B3LYP calculation using the aug-cc-pVDZ basis
set.
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Correlation between measured and calculated 2PA peak wavelengths (top panel) and peak
2PA cross-sections (bottom panel).
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Scheme 1.
Synthesis of pyrrolopyrroles 6 and 7.
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Table 5

Calculated data of solvatochromism of compound 6 in various solvents.

Solvent  Exc. hexc  Oscilator

energy [nm] strength
[eV]

vacuum  3.147 394 1.352

CeHiz 2925 424 1.579

CH.Cl, 2775 447 1.608

CHiCN  2.761 449 1.619

DMSO 2.718 457 1.637
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