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ABSTRACT: A synthetic entry to novel dyes based on the dipyrrolo-
naphthyridinedione core was developed via the Heck reaction. These
weakly fluorescent compounds bearing double bond linkages between the
core and the peripheral units absorbed strongly in the far-red/NIR region
and possessed large values of two-photon absorption (TPA) cross-sections
(up to 5180 GM). Additionally, analogous dyes bearing triple bond
linkages were also efficient TPA materials with relatively large two-photon
absorption cross-sections (up to 2840 GM) as well as two-photon
brightness (up to 1450 GM). The centrosymmetric nature of both of these
families of dyes is responsible for the location of the maxima of two-photon
absorption being at much higher energy than the ones corresponding to
the double wavelength of the lowest-energy one-photon absorption.
Theoretical calculations clarified that the enhancement of the TPA by the
peripheral substitutions arose through different mechanisms depending on
either the electron-donating or electron-withdrawing ability of a given substituent to the ambipolar core. The change in the
electron distribution of HOMO and HOMO−1 by the push−pull effect was found to govern the strength of the lowest-energy
TPA-allowed transition. Importantly, compounds from both series possessed a beneficial ratio of σ2/MW (1.6−9.8 GM/g).

■ INTRODUCTION

Multiphoton processes have been a topic of continuous interest
since the 1960s, but the invention of two-photon fluorescence
microscopy gave the strongest impetus to this field.1

Chromophores possessing large two-photon absorption cross-
section (σ2) values combined with useful secondary features
have found many biologically-oriented applications, e.g.,
imaging of deeper-located tissues2 and mitochondria in cells,3

ion sensing,4 as well as probes for hydrogen sulfide,5 nitric
oxide,6 hydrogen peroxide,7 β-amyloid plaques,8 or biothiols.9

Two-photon absorption (TPA) has also found many
applications in various fields of science, such as photodynamic
therapy,10 two-photon-induced photopolymerization (TPIP),11

optical power limiting,12 measurement of a molecular electric
field,13 three-dimensional data storage,14 or three-dimensional
lithography.15 From a structural point of view, various
chromophores have been utilized as a core for such materials,
including stilbene,16 fluorene,17 coumarins,18 porphyrins,19

diradicals,20 and radical cations.21 Three basic structural motifs
have been employed, so-called dipolar,22 quadrupolar16b,23 or
octupolar,24 to design chromophores with enhanced σ2 in the
visible and near-IR ranges of wavelengths. Large TPA cross-
sections have also been associated with efficient π-delocaliza-
tion within an extended π-conjugated system. In this fashion,
many π-conjugated, quadrupolar-type systems containing

double or triple bond linkages between the core and either
the donor or the acceptor units have been designed and their
TPA properties have been examined.25 The selected examples
of such dyes are shown in Figure 1. In 2003, Cho’s group
described a series of quadrupolar-type anthracene derivatives
enlarged by electron-rich arylethenyl units.26 It was shown that
incorporation of an electron-accepting group (CN) into the
positions 9 and 10 caused a red shift of the TPA maxima, as
well as a 2-fold enhancement of the TPA cross-section value. A
few years later, compounds containing an electron-rich core
and electron-accepting units as the peripheral groups were
developed by Marder’s group.27 These molecules exhibited
strong TPA response in the range of 1050−1250 nm. In 2015,
we synthesized a series of quadrupolar dyes based on an
electron-poor diketopyrrolopyrrole core bearing imidazolethyn-
yl units.28 The obtained salts, thanks to a strong TPA response
in DMSO and pure water, were applied as probes for selective
staining of mitochondria in two-photon fluorescence micros-
copy.
Recently, we have introduced a completely new heterocyclic

chromophore, namely, dipyrrolonaphthyridinedione (DPND),
which can be readily synthesized in two steps from simple
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starting materials.29 DPND derivatives exhibit promising
photophysical properties: strong absorption in the visible
range and high fluorescence quantum yields. Moreover, owing
to its cross-conjugated nature, the DPND core shows
ambipolar character: it may serve both as a donor in A−D−A
quadrupolar dyes, as well as an acceptor in D−A−D
quadrupolar dyes. We envisioned, based on our previous
research devoted to quadrupolar-type diketopyrrolopyr-
roles28,30 or pyrrolo[3,2-b]pyrroles,31 that this type of skeleton
enlarged by two arylethenyl or arylethynyl units at each side
could also possess intriguing nonlinear characteristics.
Herein, we report the synthesis of several quadrupolar-type

chromophores containing the DPND skeleton via Heck
coupling. The ambipolar character of the DPND core
prompted us to perform investigations of linear and nonlinear
optical properties of the synthesized compounds, as well as
dyes that had been previously prepared bearing triple bond
linkages29 that take into consideration both electron donors

(OMe, NMe2) and acceptors (CN, NO2) as peripheral groups.
Furthermore, we also conducted the computational studies on
the two-photon absorption properties of the quadrupolar
chromophores to understand the influence of the peripheral
substituent groups and the π-conjugation linkers on the optical
properties and the mechanisms.

■ RESULTS AND DISCUSSION
Design and Synthesis. Dialkyl DPND derivatives can be

readily synthesized by the condensation of intermediate 1 with
aliphatic carboxylic acids, as was demonstrated in our previous
report (Scheme 1).29 In order to increase the solubility of the

final dyes, we decided to use lauric acid as the starting material,
which should result in DPNDs bearing n-undecyl groups at
positions 6 and 12. Hence, stirring the intermediate 129 with
lauric acid, trifluoroacetic anhydride (TFAA), and trifluoro-
acetic acid (TFA) in DCM at room temperature smoothly
yielded di-n-undecyl DPND 2, which was subsequently
brominated by means of NBS under the standard conditions.
Then, compound 3 was subjected to the classical Heck

coupling protocol [Pd(OAc)2, P(o-tolyl)3, Et3N, DMF, 100 °C,
24 h]. This reaction resulted in the formation of compound 4a
only in 10% yield (Table 1, entry 1). Conducting the reaction
at lower temperature (90 °C) and using a higher-boiling base
(N,N-diisopropylethylamine, DIPEA) led to the target
compound in 25% yield (Table 1, entries 2 and 3). A further
increase in the amounts of styrene and base led to a significant
increase in the yield of the reaction (Table 1, entry 4). Taking
into consideration the fact that the product of a single Heck
reaction can precipitate during the reaction due to intensified π-
stacking interactions, we also increased the quantity of solvent
and obtained dye 4a in 50% yield (Table 1, entry 5). The best
result was obtained for the reaction in which a large excess of
base was added, and again, a higher amount of solvent was
used; the yield of product 4a was improved to 56% (Table 1,
entry 6). Further increasing the amount of solvent slightly
decreased the yield of the desired compound (Table 1, entry 7).
However, when we used toluene as a solvent (Table 1, entry 8)

Figure 1. Examples of quadrupolar TPA dyes.

Scheme 1. Synthesis of Compound 3
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or IMes·HCl as a ligand precursor32 (Table 1, entry 9), we
obtained either only traces or no product, respectively.
After the optimal conditions (Table 1, entry 6) were

established for the desired transformation, the scope and
limitations of this approach were investigated by testing a
variety of styrenes (Table 2). Using 4-nitrostyrene or 3-

methoxystyrene as a coupling partner, we obtained the
corresponding dyes 4b and 4c in 18% and 51% yield,
respectively. The low yield in the case of 4b was caused by
the low solubility of the dye, as well as quite a complex reaction
outcome. Applying 4-methylstyrene, 4-methoxystyrene, or 4-
dimethylaminostyrene resulted in the formation of complicated
and unseparable mixtures (Table 2, entries 4−6).

Linear Optical Properties. We have performed optical
studies both for dyes 4a−4c as well as for analogous DPNDs
containing arylethynyl substituents (5a−5c) prepared earlier
(Figure 1, Table 3).29 The UV−visible absorption (i.e., one-
photon absorption, OPA) and (OPA-induced) fluorescence
spectra of compounds 4a−4c and 5a−5c are shown in Figure 2,
and the spectroscopic parameters of the linear and nonlinear
optical properties are summarized in Table 3. The absorption
spectra of DPND-based dyes 4a−4c show two pronounced
bands (similar to those of 5a−5c): a short-wavelength band
with a maximum localized in the range of 300−400 nm and a
long-wavelength band localized in the far-red region (603−621
nm). The positions of the long-wavelength absorption bands of
4a−4c were red-shifted by ∼85−125 nm in comparison with
previously described, nonsubstituted DPND29 and depended
strongly on the electron-accepting ability of the peripheral unit.
Treating m-OMe substituent as “neutral”, the absorption
maxima were more red-shifted as the electron-accepting ability
of the substituent increased, whereas, rather surprisingly, for
compounds 5a−5c this relationship was reversed. Weak
conjugation between the meta-located methoxy group and
the central core in 4c was reflected in the lowest molar
absorption coefficient (55 100 M−1·cm−1) of the long-wave-
length band, albeit the highest value of ε (60 200 M−1·cm−1)
was noted for compound 4b, highlighting the presence of
strong conjugation between the DPND core and the NO2
group. For compounds with a triple bond linkage, nitro-
substituted 5a possessed the highest value of molar absorption
coefficient (57 300 M−1·cm−1), but compound 5c, containing a
highly electron-rich peripheral unit, exhibited a comparable ε.
The fluorescence maxima of 4a−4c were located in the deep-

red region (662−699 nm) and they were bathochromically
shifted relative to those of 5a and 5b, while the emission
maxima of dye 5c was located in the NIR region (736 nm).
Dyes 4a−4c possessed moderate Stokes shift values (1500−
1800 cm−1), suggesting a small conformational change in the

Table 1. Optimization of the Heck Coupling Conditions

reaction conditionsa

entry styrene (equiv) ligand (20%mol) base (equiv) solvent temp (°C) yield of 4a (%)b

1 3 P(o-tol)3 Et3N (3) DMF (2 mL) 100 10
2 3 P(o-tol)3 Et3N (3) DMF (2 mL) 90 18
3 3 P(o-tol)3 DIPEA (3) DMF (2 mL) 90 25
4 4 P(o-tol)3 DIPEA (4) DMF (2 mL) 90 45
5 4 P(o-tol)3 DIPEA (4) DMF (4 mL) 90 50
6c 4 P(o-tol)3 DIPEA (0.1 mL) DMF (6 mL) 90 56
7 4 P(o-tol)3 DIPEA (0.1 mL) DMF (7 mL) 90 54
8 3 P(o-tol)3 Et3N (3) PhMe (2 mL) 90 6
9 3 IMes·HCl Cs2CO3 (3) DMAc (2 mL) 90 0

aPd(OAc)2 (10%mol) was used as a catalyst in all cases. bIsolated yields. cThe bold entry signifies the optimal conditions.

Table 2. Synthesis of Dyes 4a−4c

entry R product yield (%)a

1 p-CN 4a 56
2 p-NO2 4b 18
3 m-OMe 4c 51
4b p-OMe
5b p-NMe2
6b p-Me

aIsolated yields. bA complicated, unseparable mixture was obtained.
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excited state. The fluorescence quantum yields (Φfl) of 4a−4c
were significantly lower (0.022−0.041) compared to those of
compounds 5a−5c (0.17−0.51), which may be attributed to
the presence of an additional de-excitation mechanism
involving E−Z isomerization of double bonds.33 The emission
is the strongest in the case of dye 4c, bearing a meta-located
methoxy group, and the lowest in the case of dye 4b, which is in
accordance with the usual emission quenching effect of a NO2
group. In contrast, this effect did not apply for dye 5a, which
exhibited a surprisingly high Φfl of 0.51. Functional dyes
bearing nitro groups and fluorescence quantum yields on this
level have been sparsely reported in the literature.34

Two-Photon Absorption Properties. TPA spectra of the
dyes 4a−4c and 5a−5c were measured in dichloromethane
from 720 to 960 nm (Figure 3) by using the femtosecond
open-aperture Z-scan method.35,36 In Figure 3, data points of
TPA cross-section (σ2) obtained by different experimental
procedures of the Z-scan measurements are indicated with

different symbols. Data were obtained either by using a fixed
incident power or by experiments based on the power-
dependence of the incident beam, which ensured the
assignment of observed signals to the TPA process and gave
more accurate values of σ2 with experimental error. Typical
open-aperture Z-scan traces observed with various incident
powers are shown in Figures S1 and S2 in Supporting
Information.
The compounds were found to have strong two-photon

absorption in the measured spectral range. All compounds
except for 5b had σ2 values exceeding 1000 GM (where GM is
the unit of the TPA cross-section and 1 GM = 10−50·cm4·s

Table 3. Linear and Nonlinear Optical Properties of Compounds 4a−4c and 5a−5c Measured in Dichloromethane

dye λabs
max [nm] 10−3·εmax [M

−1·cm−1] λem
max [nm] Φfl

b δν [cm−1]a λTPA
max [nm] σ2 [GM] (±error) σ2·Φfl [GM] σ2/MWd [GM/g]

4a 326, 610 52.7, 56.3 671 0.022 1500 740 5100 (700) 112 9.8
4b 326, 372, 621 41.5, 31.0, 60.2 699 0.016 1800 820 5180 (670) 83 9.3
4c 312, 603 58.6, 55.1 662 0.041 1500 740 1710 (210) 70 3.2
5ac 355, 599 27.3, 57.3 633 0.51 900 720 2840 (340) 1450 5.1
5bc 302, 601 47.5, 52.4 643 0.59 1100 720 850 (150) 500 1.6
5cc 303, 645 61.0, 56.6 736 0.17 1900 860 1990 (330) 340 3.6

aStokes shift, i.e., the difference between the lowest-energy absorption band and the highest-energy emission band expressed in cm−1. bCresyl violet
was used as a reference (Φfl = 0.54 in MeOH). cThe linear optical data are taken from ref 29. dThe molecular weights were calculated by assuming
Alk = Me.

Figure 2. (Top) Absorption spectra of compounds 4a (black), 4b
(red), and 4c (blue). (Bottom) Absorption (solid) and normalized
emission (dotted) spectra of compounds 5a (green), 5b (red), and 5c
(blue).

Figure 3. (Top) Two-photon absorption spectra of compounds 4a
(black), 4b (red), and 4c (blue) in dichloromethane. (Bottom) Two-
photon absorption spectra of compounds 5a (red), 5b (green), and 5c
(blue). The data were obtained by different experimental procedures,
with the filled circles representing data obtained for a fixed incident
power and the open symbols representing data obtained by power-
dependence experiments of the incident beam.
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photon−1·molecule−1) at some wavelengths. The maximum
values of σ2 are summarized in Table 3. Interestingly, the shape
of the TPA spectra considerably differed from one compound
to another. Compound 4a (R = p-CN) showed a TPA
maximum at 740 nm and the tail extended to ca. 900 nm, while
compound 4b (R = p-NO2) showed a red-shifted, much
broader peak centered at around 820 nm. These two
compounds, having strong peripheral acceptors, were found
to have very large σ2 values (σ2 = 5100 ± 700 GM for 4a and σ2
= 5180 ± 670 GM for 4b, obtained by the power-dependence
experiments). The TPA spectra of compound 4c (R = m-OMe)
was blue-shifted compared to those of 4a and 4b, and the
maximum was located at a wavelength shorter than 720 nm.
The highest observed σ2 value for this dye was still large (σ2 =
1710 GM) but significantly smaller when compared to those of
4a and 4b. Therefore, the introduction of strong electron
accepting groups (CN and NO2) into the DPND framework
was more effective to enhance TPA in the NIR region than was
the use of weak donors (OMe), indicating better electronic
communication in DPND-based A−D−A dyes through the
strong push−pull effect over the π-conjugation. The NO2
groups of 4b can couple with the π-conjugation of the
arylethenyl arms through the DPND core. This leads to a
decrease of the energy level, resulting in a significant red shift of
the TPA band compared to that of 4a.
Two of the compounds having arylethynyl arms (5a, R = p-

NO2 and 5b, R = p-OMe) exhibited a similar spectral shape as
4c, but with broader peaks. When compounds possessing the
similar peripheral units (p-NO2 and p-/m-OMe) were
compared, the magnitude of 5a was roughly 3 times as large
as that of 5b, which is similar to the relation between 4b and 4c.
As in the case of 4b and 4c, the presence of a strongly electron-
withdrawing NO2 group led to large σ2 values due to the strong
A−D−A quadrupolar nature of the resulting chromophore. The
spectral shape of 5a can be understood as the blue-shifted one
of 4b (by ∼100 nm). The maximum value of σ2 for 5a was
2840 ± 340 GM and was smaller than that of 4b. A similar
trend was also observed for 4c and 5b, both having a OMe
group, with ethynyl-bridged dye 5b displaying a significantly
lower TPA cross-section. This behavior, i.e., a decrease in σ2
and a blue shift of the TPA maxima, obtained by changing from
arylethenyl groups to arylethynyl ones, can be explained by the
difference in the strength of π-conjugation between double and
triple bonds. As shown by Meier,37a Blanchard-Desce and co-
workers,37b and Kamada et al.,37c the ethylene linker ensures
better conjugation between various parts of the molecule,
leading typically to a stronger bathochromic shift, larger two-
photon absorption cross-section, etc. Taking into account the
expected blue shift with the triple bond, the peak wavelength
(860 nm) of the broad TPA band of compound 5c (R = p-
NMe2) can be recognized as an extraordinary red shift,
although the peak σ2 is smaller than that of 4a.
Two-photon brightness (or action cross-section, σ2·Φfl) is an

important parameter from the practical point of view in
bioimaging applications. Compounds 4a−4c have high σ2
values (1710−5180 GM), but due to low fluorescence quantum
yields (0.022−0.041), their two-photon brightness is relatively
low (70−112 GM, Table 3). On the other hand, compounds
5a−5c exhibit a high two-photon brightness of 340−1450 GM
because of the high Φfl of 0.17−0.51 and the relatively high σ2
of 950−2850 GM. The high two-photon brightness of DPNDs
5a−5c is comparable to those of π-extended diketopyrrolo-
pyrroles.28,30a

The TPA cross section value scaled to its molecular weight
(σ2/MW) is a simple but useful measure for TPA activity. High
values of σ2/MW are very beneficial from the point of view of
various applications. This fact is related to both an increase of
solubility problems and problematic cell permeability, as well as
synthetic difficulties, in cases when σ2/MW is low. In many
cases, an increase of the TPA cross-section value is strongly
connected with an enlarged π-conjugation within the molecule
and hence the increase of its molecular weight. That is why the
σ2/MW ratio usually remains almost unchanged. During our
studies we observed that compounds 4a and 4b displayed a
high factor of σ2/MW (9.8 and 9.3 GM/g, respectively). These
values, as well as TPA cross-sections of DPND-based
compounds, were in good agreement with those for
quadrupolar-type ones synthesized by Marder’s group27 (Figure
1) or Cho’s group (λTPA

max = 980 nm, σ2 = 5530 GM, σ2/MW
= 7.65 GM/g),38 although the TPA maxima of these molecules
were blue-shifted. Taking into consideration larger molecules,
similar σ2/MW factors were obtained for porphyrin tape
consisting of two porphyrin units (λTPA

max = 1200 nm, σ2 =
11900 GM, σ2/MW = 9.49 GM/g)19a or the D−π−A-type
molecule with porphyrin as a core and peripheral azulene units
(λTPA

max = 1400 nm, σ2 = 8030 GM, σ2/MW = 7.60 GM/g).39

Large TPA cross-section values for the above-mentioned
porphyrin derivatives were overcome by their high molecular
weights, therefore causing contraction of the σ2/MW ratio.
For all compounds, the observed TPA band (720−900 nm)

had a transition energy (2.75−3.44 eV) located between those
of the lowest (595−645 nm, 1.92−2.08 eV) and the second-
lowest OPA peaks (302−372 nm, 3.33−4.11 eV), as shown in
Figures S3 and S4 in the Supporting Information. These results
show that TPA and OPA bands of the compounds have
complementary behavior and that the molecules obeyed the
symmetry selection rules of the optical transition, as expected
from their centrosymmetric molecular design. Thus, the
destination states of the TPA transitions are the higher excited
states inaccessible by OPA, as also supported by the theoretical
calculations shown in the following sections.

Simulation of the TPA Spectra. To obtain deeper insight
of the relation between the structures and the TPA properties
of the π-extended DPND derivatives, we performed the
simulation of the TPA spectrum based on ab initio molecular
orbital calculation. Five types of donor/acceptor substituents in
the para position (including the nonsubstituted) for each π-
linker (ethylene and ethynylene), i.e., 4′pNMe2 (R = p-NMe2),
4′pOMe (R = p-OMe), 4′ (R = H), 4′pCN (R = p-CN), and
4′pNO2 (R = p-NO2) for the ethylene-linker system and
5′pNMe2 (R = p-NMe2), 5′pOMe (R = p-OMe), 5′ (R = H),
5′pCN (R = p-CN), and 5′pNO2 (R = p-NO2) for the
ethynylene-linker system, were calculated in addition to
4′mOMe (R = m-OMe) to investigate the substitution-position
effect. In these molecules, the long alkyl chains were replaced
with a methyl group (Alk = Me) to save computation resources.
This kind of simplification of long alkyl chains is known to give
little influence on the calculation results of optical properties.
Geometries were optimized at the CAM-B3LYP//6-31+G(d)
level of theory with the polarizable continuum model (PCM) in
dichloromethane. The Tamm−Dancoff approximation
(TDA)40 was applied for the same level of theory to calculate
the transition energy and the transition dipole moments
necessary for the spectral simulation of OPA and TPA.41

The simulated TPA spectra (Figure 4) well reproduced the
characteristic features of the experimental spectra, although
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they are blue-shifted by ∼50 nm and overestimated the cross
section in some measurements. The spectrum of 4′pCN has an
intense peak at 780 nm and a weak peak at 830 nm, resembling
the peak with a long tail on the long-wavelength side of the
experimental spectrum of 4a (R = p-CN). The spectrum of
4′pNO2 has a single intense peak at 760 nm, like 4b (R = p-
NO2). Meanwhile, 4′mOMe has two geometrical isomers by
rotation around the bond between the ethylene and phenyl
group. The isomers have the same spectrum with a weak peak
at 830 nm and the tail of another peak at the shorter
wavelength. This shape again agrees with the experimental
spectrum of 4c (R = m-OMe), which has a small peak at 850

nm and the monotonic increase at the short-wavelength side.
The similar correspondences between the simulated and
experimental spectra were also found for the ethynylene-linked
molecules. The intense peak of 5′pNO2 is blue-shifted
significantly relative to that of 4′pNO2, as observed between
5a (R = NO2) and 4b (R = p-NO2). 5′pOMe has a weak peak
like 5b (R = OMe). In addition, 5′pNMe2 has a single
moderate peak at 870 nm, matching that of 5c (R = NMe2).
The spectra having no corresponding experimental results

are also shown with a dashed curve in Figure 4. The
nonsubstituted ethylene π-linker molecule 4′ has almost the
same magnitude and peak wavelength as 4′pOMe has. The
molecule 4′pNMe2 has a blue-shifted and more intense peak at
920 nm compared to that of 4′. The peak of 4′pOMe is slightly
higher than that of 4′mOMe. The nonsubstituted ethynylene
π-linker molecule 5′ has a slightly blue-shifted and weaker peak
at 790 nm relative to that of 5c (R = NMe2). Interestingly,
unlike 4′pCN, the ethynylene π-linker molecule with a CN
group, 5′pCN, is rather weaker than 5′, although it has a strong
acceptor group. In general, the ethylene π-linker molecules (4′
series) have larger TPA cross sections than the ethylene π-
linker molecules (5′ series) have. However, they show a
complicated dependence against the donor/acceptor strength
of the substituent.
The complicated dependence can be understood in a

organized way by decomposing the overall TPA spectrum
into the constituting components by the destination excited
state (Figure 5). The calculated transition energy, symmetry,
and electronic configuration of some excited states are
summarized in Table 4. First, let us concentrate on the
molecules having the double-bond π-linker (Figure 5, top row).
The S0 → S1 transition is one-photon absorption allowed (Au-
symmetry) transition and TPA forbidden. The first (longest
wavelength) TPA peak is the S0 → S2 transition (designated by
red arrows and called here the type I transition) for all
molecules, although it is covered up by stronger S0 → S3
transition for R = p-NO2. The magnitude of the S0 → S2
transition is moderate and decreases from strong donor to
neutral (R = H) and to strong acceptor, while the peak
wavelength red-shifts by either donor or acceptor substitution
from neutral; in particular, the p-NMe2 group leads to the
largest red shift of all. The S0 → S3 transition is intense and is
the main contribution of the first distinguishable peak for R =
p-NO2 and the second distinguishable peak for R = p-CN. The
TPA transition, having the same nature as the S0 → S3
transition (named type II and designated by green arrows),
also exists as a higher excited state for the donor-substituted
and nonsubstituted molecules. The energy level lowers upon
increasing the electron-withdrawing ability and plays the
dominant role instead of the S0 → S2 transition for the
acceptor-substituted molecules. The above discussions are
applicable to the results for the molecules having the triple-
bond π-linker (Figure 5, bottom row), but the influence of the
donor/acceptor substitution is smaller even with the same kind
of substituent (for example, the blue shift of the TPA peak of
5′pNO2 from that of 4′pNO2 versus that of 5a from 4b in the
experimental spectra).
These calculation results explained why flanking the DPND

core with both electron-donating and electron-withdrawing
groups leads to large TPA cross sections. The electron-donating
substitution enhances the strength of the S0 → S2 (type I)
transition and the electron-withdrawing substitution lowers the
energy of the S0 → S3 (type II) transition. The dependence of

Figure 4. (Top) Simulated two-photon absorption spectra of
4′pNMe2 (blue), 4′mOMe(E) (green), 4′ (purple), 4′CN (black),
and 4′NO2 (red) calculated at the TDA-CAM-B3LYP/PCM(in
dichloromethane)//6-31+G(d) level of theory. The relaxation
constants are taken as 0.24 eV. (Middle) The same ones for
5′pNMe2 (blue), 5′pOMe (green), 5′ (purple), 5′CN (black), and
5′NO2 (red). (Bottom) The same ones for 4′pOMe (green) and two
geometrical isomers of 4′mOMe(E)/(Z) (red and blue). Structures
are shown in Figure S6 of the Supporting Information. The data that
has no corresponding experimental spectra are shown with dashed
curves.
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these differences in the major transition route on the
substitution rationalizes the complex shape of the TPA spectra
for these dyes.
Molecular Orbital Picture. The nature of the TPA

transitions can be understood by examining the electron
distribution of the molecular orbital (MO) relating to them.
The spectral simulation is based on the sum-overstate (SOS)
formalism with summing all intermediate states considered in
the calculation (15 excited state and the ground state). Detailed
inspection clarified that the transition path via S1 as the
intermediate state is dominant for each TPA transition (Table

S1, Supporting Information). From the electronic configuration
of the excited states (Table 4), it was found that the moderate
or weak S0 → S2 transition (type I) originates from the
HOMO−1 → LUMO transition and the intense S0 → Sf
transition ( f = 3 or higher, depending on the substitution)
originates from the HOMO → LUMO+1 transition (type II).
Hereafter, we limit the discussion to understand the
substitution effect of the type I (S0 → S2) transition to avoid
the influence of the complex configuration interaction (CI)
among MOs.

Figure 5. Decomposed TPA spectra by the destination excited state (S0 → Sn, where n indicates the excited state; spectra shown in red). Up to 10 of
the 15 excited states calculated are shown. The total TPA spectra of the 15 excited states are shown on top of each panel (blue curve). Top row, from
left to right: 4′pNMe2, 4′pOMe, 4′, 4′pCN, and 4′pNO2. Bottom row, from left to right: 5′pNMe2, 5′pOMe, 5′, 5′pCN, and 5′pNO2

Table 4. Symmetry, Transition Energy (wavelength), Electronic Configuration, and Their Contribution of the First Four
Excited States of the Model Molecules Calculated at the TDA-CAM-B3LYP/PCM//6-31+G(d) Level of Theory in
Dichloromethane

n of Sn 4′pNMe2 4′p OMe 4′ 4′pCN 4′pNO2

1 Au 1.95 eV (636 nm) Au 2.17 eV (565 nm) Au 2.16 eV (574 nm) Au 2.15 eV (577 nm) Au 2.11 eV (589 nm)
H → L 0.67629 H → L 0.68753 H → L 0.69034 H → L 0.68806 H → L 0.67671

2 Ag 2.61 eV (475 nm) Ag 2.91 eV (429 nm) Ag 2.93 eV (424 nm) Ag 2.93 eV (423 nm) Ag 2.87 eV (432 nm)
H−1 → L 0.65059 H−1 → L 0.66095 H−1 → L 0.67424 H−1 → L 0.66937 H−1 → L 0.63154

3 Au 3.49 eV (355 nm) Ag 3.75 eV (336 nm) Ag 3.76 eV (330 nm) Ag 3.56 eV (348 nm) Ag 3.23 eV (383 nm)
H−2 → L 0.6543 H → L+2 0.60784 H → L+1 −0.45684 H → L+1 0.63053 H → L+1 0.58217

H → L+2 0.46369
4 Ag 3.55 eV (349 nm) Au 3.88 eV (322 nm) Ag 3.85 eV (322 nm) Ag 3.87 eV (320 nm) Au 3.48 eV (356 nm)

H → L+1 0.4632 H−2 → L 0.60306 H → L+2 0.48763 H → L+3 0.66613 H → L+3 0.57635
H → L+1 0.44611

n of Sn 5′pNMe2 5′p OMe 5′ 5′pCN 5′p NO2

1 Au 2.13 eV (581 nm) Au 2.26 eV (548 nm) Au 2.31 eV (536 nm) Au 2.31 eV (537 nm) Au 2.28 eV (544 nm)
H → L 0.67467 H → L 0.68861 H → L 0.69193 H → L 0.68981 H → L 0.67641

2 Ag 2.78 eV (446 nm) Ag 3.00 eV (413 nm) Ag 3.09 eV (401 nm) Ag 3.10 eV (400 nm) Ag 3.06 eV (405 nm)
H−1 → L 0.67467 H−1 → L 0.66064 H−1 → L 0.6733 H−1 → L 0.66968 H−1 → L 0.63835

3 Au 3.60 eV (345 nm) Au 3.85 eV (322 nm) Au 3.84 eV (323 nm) Au 3.81 eV (325 nm) Ag 3.44 eV (360 nm)
H−2 → L 0.66641 H−4 → L 0.63212 H−5 → L 0.63311 H−3 → L 0.63581 H → L+1 0.58895

4 Ag 3.78 eV (328 nm) Ag 3.90 eV (318 nm) Ag 3.96 eV (313 nm) Ag 3.83 eV (324 nm) Au 3.64 eV (340 nm)
H → L+1 0.54903 H → L+2 0.62891 H → L+2 0.65969 H → L+1 0.61874 H → L+2 0.57655

n of Sn 4′mOMe(E) 4′mOMe(Z)

1 Au 2.1705 eV (571 nm) H → L 0.69033 Bu 2.1682 eV (572 nm) H → L 0.69012
2 Ag 2.9368 eV (422 nm) H−1 → L 0.66971 Ag 2.9371 eV (422 nm) H−1 → L 0.67014
3 Ag 3.7744 eV (329 nm) H → L+2 0.51137 H → L+1 −0.40568 Ag 3.7615 eV (330 nm) H → L+1 0.48965 H → L+2 −0.42084
4 Ag 3.8763 eV (320 nm) H → L+1 0.49119 H → L+2 0.4364 Ag 3.8579 eV (321 nm) H → L+2 0.52448 H → L+1 0.40419
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Since S1 is the dominant intermediate state, the type I
transition can be written as S0 → S1 → S2 and the
corresponding electronic transition is HOMO−1 → HOMO
→ LUMO. The transition dipole moment of S0 → S1, thus,
depends on the overlap between HOMO and LUMO while the
transition dipole moment between the excited states (S1 → S2)
depends on the overlap between HOMO−1 and HOMO. In
Figure 6, the patterns of HOMO−1, HOMO, and LUMO for

the two extreme cases (4′pNMe2 and 4′pNO2) are shown. For
4′pNMe2, a higher density of the electron distribution exists in
both substituent groups rather than in the DPND core in
HOMOs because of the electron-donating ability of NMe2
group. Contrary to this, the density is localized in the core for
4′pNO2, because of the electron-deficient nature of the NO2
group and the ambipolar character of the DPND core. The
transition dipole moment is defined as the product of the
distance from the center of the molecule and the charge, so the
large distribution at the peripheral groups gives rise to a large
transition dipole moment. It turned out that the transition
dipole moment between HOMO−1 and HOMO is larger for
4′pNMe2 (18.0 D) than that for 4′pNO2 (8.4 D). On the other
hand, the transition dipole moment between HOMO and
LUMO is almost the same both for 4′pNMe2 (17.6 D) and for
4′pNO2 (16.7 D). This is because the change of the
distribution is opposite for LUMO; i.e., the distribution is
localized in the core for 4′pNMe2 and in the substituents for
4′NO2. The opposite change of HOMO and LUMO by
changing the electron-donating/-withdrawing ability of the
substituent compensates one another. For other substituents
with the same and other linkers, the trend is the same (Figure
S5, Supporting Information). As a result, M12, the transition
dipole moment of the S1 → S2 transition (HOMO−1 →
HOMO), gradually decreases by decreasing the electron-
donating ability and increasing the electron-withdrawing ability,
while M01, the transition dipole moment of the S0 → S1
transition (HOMO → LUMO), stays unchanged. Since the
TPA cross section is proportional to |M01|

2|M12|
2 in the SOS

fomalism, the TPA peak intensity decreased from the donor to
acceptor, as found in Figure 5. The change of the energy
detuning, which is another factor contributing to the magnitude

of theTPA cross section, was negligible, as shown in Table S1
of the Supporting Information. Thus, it is concluded that the
change in the transition dipole moment between the excited
states, mostly originating from the electron distribution of
HOMOs for DPNDs flanked with substituents possessing
different electron-donating/withdrawing ability, determines the
behavior of the type I TPA transition.
As for the substituent-position effect between the meta and

para positions with the OMe group, the simulated TPA
spectrum of 4′pOMe has a slightly higher peak than that of
4′mOMe(E)/(Z) at 830 nm (Figure 4). This peak originates
from type I (HOMO−1 → LUMO) transitions (Figure 5). In
the same manner as discussed above, 4′pOMe has higher
electron density at the substituents, especially at the oxygen
atom of the OMe group, in its HOMOs than 4′mOMe(E)/
(Z), which does not have electron density on the oxygen of the
OMe groups (Figure S7, Supporting Information). This
difference in the electron distribution matches with the
resonance theory, i.e., para-substitution links the π-conjugation
between the connecting groups but meta-substitution does not.
This change of the electron distribution in HOMOs leads to
the change of the transition dipole moments between the
excited states (M12 = 13.9 D for the para isomer and 12.6 D for
both meta isomers). On the other hand, again, the transition
dipole moments of S0 → S1 (M01 = 15.7 D for the para isomer
and 15.6 and 15.5 D for the meta isomers) and the detuning
energy (0.72 eV for the para isomer and 0.70 D for both meta
isomers) are unvaried. Therefore, the higher TPA cross-section
induced by the para-substitution compared to meta-substitution
can be explained by the extended π-conjugation to the oxygen
atom in the para position through the increased M12 of the type
I transition.
In addition to the TPA properties, the results of MO

calculation also give an insight into the strange trend of the red
shift of the first OPA peak, which occurs from donor to
acceptor for the ethylene π-linker molecules, i.e., from 4c (p-
OMe) to 4a (p-CN) and to 4b (p-NO2) in Figure 2, but the
order is reversed for the ethynylene π-linker molecules, i.e.,
from 5a (p-NO2) to 5b (p-OMe) and to 5c (p-NMe2). The
first OPA peaks are assigned to the transitions to S1, having Au
symmetry. The energy level of S1 is lowered from the
nonsubstituted to the substituted with either strong donor or
acceptor, regardless of the direction because of the charge
transfer interaction in polar solvent (Table 4). However, the
same choice of substituents for the model molecules gave the
same trend565 nm (4′pOMe) ⇒ 577 nm (4′pCN) ⇒ 589
nm (4′pNO2) and 544 nm (5′pNO2) ⇒ 548 nm (5′pOMe)
⇒ 581 nm (5′pNMe2)although the most-blue-shifted peaks
exist in the middle of the donor−acceptor series. Thus, it is
naturally concluded that the strange trend observed was
eventually caused by the choice of the substituent.

■ CONCLUSIONS
The strategy of enhancing electronic communication by
introducing a double bond linkage, instead of a triple bond,
between a dipyrrolonaphthyridinedione (DPND) central core
and peripheral either electron-donating or electron-accepting
groups has been successfully realized. These novel dyes bearing
a double bond linkage generally exhibit both absorption and
emission bands that are bathochromically shifted to the far-red/
NIR region and lower fluorescence quantum yields compared
to their analogs with a triple bond linkage. We have shown that,
generally, peripheral units containing electron-withdrawing

Figure 6. Molecular orbitals related to the type I (S0→ S2) transition
of 4′pNMe2 (left column) and 4′pNO2 (right column). The numbers
between the orbitals are magnitudes of the corresponding transition
dipole moments in units of debye.
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groups are highly desirable to achieve high values of TPA cross
sections and, hence, a beneficial ratio of σ2/MW. Furthermore,
compounds bearing triple bond linkages possess high values of
two-photon brightness (σ2·Φfl), thanks to relatively high values
of fluorescence quantum yields. Theoretical calculations
revealed that the main TPA band located in the range of
720−860 nm is caused by a OPA-forbidden but TPA-allowed
transition to S2, which is a type I (HOMO−1 → LUMO)
transition and is enhanced by increasing the electron
distribution on the peripheral substituents of HOMO and
HOMO−1 by the electron-donating ability of them. On the
other hand, the high TPA cross section for the electron-
withdrawing groups is by a type II (HOMO → LUMO+1)
transition. The TPA properties (the wavelength position and
the magnitude of the peaks) of the symmetric π-extended
DPND can be comprehensively understood by the different
contributions of type I and II, depending the substituent and
the π-linker.

■ EXPERIMENTAL SECTION
General Remarks. All reagents and solvents were purchased from

commercial sources and were used as received, unless otherwise noted.
Reagent grade solvents (CH2Cl2, hexanes) were distilled prior to use.
DMF was dried over phosphorus(V) oxide and then distilled and
stored under argon. Transformations with moisture- and oxygen-
sensitive compounds were performed under a stream of argon. The
reaction progress was monitored by means of thin-layer chromatog-
raphy (TLC), which was performed on aluminum foil plates, covered
with silica gel 60 F254 or aluminum oxide 60 F254 (neutral). Product
purifications were done by means of column chromatography with
Kieselgel 60 or aluminum oxide. The identity and purity of prepared
compounds were proved by 1H NMR and 13C NMR spectrometry as
well as by mass spectrometry [HRMS (ESI-TOF) and HRMS (EI);
double-focusing magnetic sector instruments with EBE geometry were
utilized]. NMR spectra were measured on 400 or 500 MHz
instruments with TMS as internal standard. All chemical shifts are
given in ppm. All melting points for crystalline products were
measured with an automated melting point apparatus and are given
without correction. Compounds 1 and 5a−5c were synthesized as
described earlier.29

6,12-Diundecy l -5H,11H-dipyrro lo[1 ,2-b :1 ′ ,2 ′ -g] [2 ,6 ] -
naphthyridine-5,11-dione (2). 1,4-Di(pyrrol-1-yl)butane-1,4-dione29

(1) (1.08 g, 5 mmol, 1.0 equiv) was dissolved in 30 mL of dry
dichloromethane under an argon atmosphere, and the solution was
cooled to 0 °C. Trifluoroacetic anhydride (12.6 g, 60 mmol, 8.3 mL,
12.0 equiv), trifluoroacetic acid (3.42 g, 30 mmol, 2.3 mL, 6.0 equiv),
and lauric acid (6.0 g, 30 mmol, 6.0 equiv) were added, and the
resulting mixture was stirred at 0 °C for 10 min and then at room
temperature for 3 h. The reaction mixture was then poured into a
beaker containing 50 mL of saturated aqueous NaHCO3 and mixed
(CO2 gas evolved). When the evolution of carbon dioxide was no
longer observed, the layers were separated. The aqueous layer was
extracted three times with chloroform, and the combined organic
layers were washed with water and dried over MgSO4. Product was
purified using column chromatography (SiO2, n-hexane:dichloro-
methane 2:1) and recrystallized from ethyl acetate. Compound 2
(653.8 mg, 24% yield) was obtained as a red solid. Rf = 0.44 (SiO2, n-
hexane:DCM 2:1). Mp: 99−101 °C. 1H NMR (400 MHz, CDCl3): δ
7.84 (dd, 2H, J1 = 3.2 Hz, J2 = 1.2 Hz, pyrrole H), 6.87 (dd, 2H, J1 =
3.6 Hz, J2 = 1.2 Hz, pyrrole H), 6.54 (t, 2H, J = 3.6 Hz, pyrrole H),
3.30−3.26 (m, 4H, CH2(CH2)5CH3), 1.71−1.65 (m, 4H,
CH2(CH2)5CH3), 1.56−1.49 (m, 4H, CH2(CH2)5CH3), 1.39−1.27
(m, 28H, CH2(CH2)5CH3), 0.88 (t, 6H, J = 7.2 Hz, CH2(CH2)5CH3).
13C NMR (125 MHz, CDCl3): δ 158.4, 145.5, 133.2, 122.5, 116.5,
115.4, 114.4, 31.9, 31.1, 30.4, 30.3, 29.7, 29.6, 29.6, 29.5, 29.3, 22.7,
14.1. HRMS (EI) m/z: [M•+] calcd for C36H52N2O2 544.4029, found

544.4020. Anal. Calcd for C36H52N2O2: C, 79.36; H, 9.62; N, 5.14.
Found: C, 79.44; H, 9.78; N, 5.16.

3,9-Dibromo-6,12-diundecyl-5H,11H-dipyrrolo[1,2-b:1′,2′-g][2,6]-
naphthyridine-5,11-dione (3). A solution of 2 (545 mg, 1 mmol, 1.0
equiv) in 15 mL of chloroform was stirred at 0 °C (water−ice bath).
Freshly recrystallized N-bromosuccinimide (374 mg, 2.1 mmol, 2.1
equiv) was added and the obtained mixture was stirred in darkness
(protection with aluminum foil) for 16 h. During this time, the ice in
the ice bath melted and the reaction mixture warmed to room
temperature. The reaction mixture was diluted with chloroform,
washed with water three times, and dried over MgSO4. Product was
purified using column chromatography (SiO2, n-hexane:dichloro-
methane 2:1) and recrystallized from ethyl acetate. Compound 3
(386 mg, 55% yield) was obtained as a dark brown powder. Rf = 0.55
(SiO2, n-hexane:DCM 2:1). Mp: 125−127 °C. 1H NMR (400 MHz,
CDCl3): δ 6.81 (d, 2H, J = 4.0 Hz, pyrrole H), 6.58 (d, 2H, J = 4.0 Hz,
pyrrole H), 3.19−3.15 (m, 4H, CH2(CH2)5CH3), 1.70−1.63 (m, 4H,
CH2(CH2)5CH3), 1.54−1.47 (m, 4H, CH2(CH2)5CH3), 1.36−1.27
(m, 28H, CH2(CH2)5CH3), 0.88 (t, 6H, J = 7.2 Hz, CH2(CH2)5CH3).
13C NMR (125 MHz, CDCl3): δ 158.8, 143.3, 134.9, 120.5, 115.8,
115.3, 106.5, 31.9, 30.2, 30.2, 29.7, 29.6, 29.6, 29.5, 29.3, 22.7, 14.1.
HRMS (EI) m/z: [M•+] calcd for C36H50N2O2Br2 700.2239, found
700.2236. Anal. Calcd for C36H50N2O2Br2: C, 61.54; H, 7.17; N, 3.99;
Br, 22.74. Found: C, 61.69; H, 6.97; N, 4.10; Br, 22.84.

General Procedure for the Synthesis of 4a−4c. In a Schlenk
flask containing a magnetic stirring bar were placed 3 (0.1 mmol, 70.2
mg, 1.0 equiv), palladium(II) acetate (2.2 mg, 0.01 mmol, 10 mol %),
and tri(o-tolyl)phosphine (6.1 mg, 0.02 mmol, 20 mol %). The vessel
was evacuated and backfilled with argon (three times) and anhydrous,
degassed DMF was added (6 mL) followed by argonated (i-Pr)2NEt
(DIPEA) (0.1 mL) and styrene (0.4 mmol, 4.0 equiv). The vessel was
tightly closed and again carefully evacuated and backfilled with argon
(three times). The contents of the flask were stirred at 90 °C for 24 h.
All volatiles were evaporated and the product was purified as described
below.

3,9-Bis((E)-4-cyanostyryl)-6,12-diundecyl-5H,11H-dipyrrolo[1,2-
b:1′,2′-g][2,6]naphthyridine-5,11-dione (4a). The title compound
was prepared from 4-cynanostyrene (51.7 mg, 51.7 μL, 0.4 mmol).
The product was purified using column chromatography (SiO2, n-
hexane:dichloromethane 1:1 then 1:2) and recrystallized by slow
addition of methanol to a hot solution of the dye in a small amount of
chloroform. Compound 4a (44.7 mg, 56% yield) was obtained as dark
brown crystals. Rf = 0.37 (SiO2, n-hexane:DCM 1:2). Mp: 321−323
°C. 1H NMR (500 MHz, CDCl3): δ 8.50 (d, 2H, J = 13.2 Hz, CH2
CH2), 7.63 (m, 8H, Ar−H), 7.06 (d, 2H, J = 16.4 Hz, CH2CH2),
6.95 (d, 2H, J = 4.0 Hz, pyrrole H), 6.91 (d, 2H, J = 4.1 Hz, pyrrole
H), 3.27−3.24 (m, 4H, CH2(CH2)5CH3), 1.71−1.68 (m, 4H,
CH2(CH2)5CH3), 1.58−1.53 (m, 4H, CH2(CH2)5CH3), 1.42−1.40
(m, 4H, CH2(CH2)5CH3) 1.32−1.27 (m, 24H, CH2(CH2)5CH3), 0.88
(t, 6H, J = 6.5 Hz, CH2(CH2)5CH3).

13C NMR (125 MHz, CDCl3): δ
160.7, 143.3, 141.7, 138.9, 135.5, 132.5, 128.9, 127.1, 123.4, 119.0,
116.7, 115.8, 114.9, 110.7, 31.9, 30.7, 30.5, 30.3, 29.7, 29.7, 29.5, 29.4,
22.7, 14.1. HRMS (EI) m/z: [M•+] calcd for C54H62N4O2 798.4873,
found 798.4851.

3,9-Bis((E)-4-nitrostyryl)-6,12-diundecyl-5H,11H-dipyrrolo[1,2-
b:1′,2′-g][2,6]naphthyridine-5,11-dione (4b). The title compound
was prepared from 4-nitrostyrene (59.7 mg, 51.3 μL, 0.4 mmol). The
product was purified using column chromatography (SiO2, cyclo-
hexane:dichloromethane 2:3) and recrystallized twice from toluene.
Compound 4b (15.1 mg, 18% yield) was obtained as dark brown
crystals. Rf = 0.47 (SiO2, cyclohexane:DCM, 2:3). Mp: >400 °C. 1H
NMR (500 MHz, CDCl3, 50 °C): δ 8.55 (d, 2H, J = 16.5 Hz, CH2
CH2), 8.22 (d, 4H, J = 8.5 Hz, Ar−H), 7.66 (d, 4H, J = 8.5 Hz, Ar−
H), 7.10 (d, 2H, J = 16.5 Hz, CH2CH2), 6.97 (d, 2H, J = 3.5 Hz,
pyrrole H), 6.92 (d, 2H, J = 4.0 Hz, pyrrole H), 3.30−3.26 (m, 4H,
CH2(CH2)5CH3), 1.75−1.70 (m, 4H, CH2(CH2)5CH3), 1.60−1.54
(m, 4H, CH2(CH2)5CH3), 1.47−1.41 (m, 4H, CH2(CH2)5CH3),
1.34−1.26 (m, 24H, CH2(CH2)5CH3), 0.87 (t, 6H, J = 7.0 Hz,
CH2(CH2)5CH3).

13C NMR (125 MHz, CDCl3, 50 °C): δ 160.7,
147.0, 143.7, 143.4, 138.8, 135.7, 128.4, 127.0, 124.2, 124.1, 116.6,
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116.0, 115.0, 31.8, 30.6, 30.4, 30.2, 29.7, 29.6, 29.6, 29.4, 29.3, 22.6,
13.9. HRMS (EI) m/z: [M•+] calcd for C52H62N4O6 838.4669, found
838.4640.
3,9-Bis((E)-3-methoxystyryl)-6,12-diundecyl-5H,11H-dipyrrolo-

[1,2-b:1′,2′-g][2,6]naphthyridine-5,11-dione (4c). The title com-
pound was prepared from 3-methoxystyrene (53.7 mg, 55.5 μL, 0.4
mmol). The product was purified using column chromatography
(SiO2, cyclohexane:dichloromethane 3:2). The obtained fraction was
evaporated off and washed with methanol until the washings were
colorless to give a sufficiently pure compound. Compound 4c (41.3
mg, 51% yield) was obtained as a dark violet powder. Rf = 0.32 (SiO2,
cyclohexane:DCM 3:2). Mp: 173−175 °C. 1H NMR (500 MHz,
CD2Cl2): δ 8.35 (d, 2H, J = 13.2 Hz, CH2CH2), 7.30 (t, 2H, J = 6.0
Hz, Ar−H), 7.17 (d, 2H, J = 6.0 Hz, Ar−H), 7.08 (m, 4H, CH2CH2
+ pyrrole H), 6.92 (m, 4H, Ar−H + pyrrole H), 6.84 (d, 2H, J = 8.0
Hz, Ar−H), 3.85 (s, 6H, OMe), 3.27−3.24 (m, 4H, CH2(CH2)5CH3),
1.70 (m, 4H, CH2(CH2)5CH3), 1.57−1.54 (m, 4H, CH2(CH2)5CH3),
1.42−1.28 (m, 28H, CH2(CH2)5CH3), 0.88 (t, 6H, J = 5.6 Hz,
CH2(CH2)5CH3).

13C NMR (125 MHz, CD2Cl2): δ 171.9, 161.3,
160.5, 143.1, 140.0, 139.2, 135.4, 131.2, 130.0, 120.8, 119.7, 116.8,
115.9, 114.3, 113.9, 112.5, 55.6, 32.3, 31.0, 30.9, 30.7, 30.1, 30.1, 29.9,
29.8, 23.1, 14.3. HRMS (EI) m/z: [M•·+] calcd for C54H68N2O4
808.5179, found 808.5165.
Optical Measurements. For the measurements of absorption and

emission spectra, a typical UV/vis spectrophotometer and a
spectrofluorimeter were used. Dichloromethane was spectrophoto-
metric grade and was used without further purification. Quartz cells
(10 mm) were used for the measurements of absorption and emission
spectra. As a standard, cresyl violet was used to determine fluorescence
quantum yields (Φfl = 0.54 in MeOH).
Two-Photon Absorption Measurements. The Z-scan setup

used for the TPA spectral measurements was reported previously.36 A
femtosecond optical parametric amplifier (SpectraPhysics TOPAS-
Prime pumped by a Ti:sapphire regenerative amplifier operating at 1
kHz) was used as the light source (typical pulse width of 120 fs).
Different optical configurations of the optical parametric amplifier
were used depending on the wavelength regions. The second
harmonic of the signal (SHS) was used for 720−800 nm and the
second harmonic of the idler (SHI) was used for 820−960 nm. The
sample solution prepared in dichloromethane was held in a quartz
cuvette with the path length of 2 mm, which was short enough to hold
the thin-sample condition against the Rayleigh range of the setup (7−
10 mm depending on the wavelength). The observed open-aperture Z-
scan traces were analyzed by the curve-fitting procedure assuming the
spatial and temporal Gaussian distributions of the optical intensity of
the incident laser pulses.36 All sample solutions were stirred during the
measurements because the probable TPA-induced photoreaction of
the observed volume was observed. The incident power was set below
0.5 mW, corresponding to the on-axis optical intensity of 150−200
GW/cm2 at the focal position, depending on the wavelength and the
Rayleigh range. The concentrations of the sample solutions employed
were around 1 mM except for 4a, 4b, and 5a (∼0.2, ∼0.1, and ∼0.2
mM, respectively) because of the poor solubility in dichloromethane.
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