View Online / Journal Homepage / Table of Contentsfor thisissue
Dynamic Article Links °

Organic &
Biomolecular
Chemistry

Cite this: Org. Biomol. Chem., 2012, 10, 7527

PAPER

Theoretical insight into linear optical and two-photon absorption properties
for a series of NV-arylpyrrole-based dyes+

WWW.rsc.org/obc

Xiao-Ting Liu,”” Jing-Fu Guo,® Ai-Min Ren,** Zhong Xu,” Shuang Huang” and Ji-Kang Feng”

Received 13th May 2012, Accepted 27th July 2012
DOI: 10.1039/c20b25916h

N-arylpyrrole-based dyes possessing excellent opto-electronic properties are promising candidates for
two-photon fluorescence labeling materials. The systematic investigation of novel N-arylpyrrole
derivatives is of great importance for both fine-tuning electronic spectra and designing two-photon
absorption (2PA) materials. We thoroughly studied influences of the n-conjugated center and
N-substituted pyrrole moieties on the linear optical and 2PA properties. Our results show that introducing
N-arylpyrrole produces bathochromic-shifts of the absorption and emission bands and an enhancement of
the 2PA cross section (6,nax), demonstrating that the electron-rich pyrrole moieties can efficiently increase
intramolecular charge transfer. Substitution of fluorenyl with benzothiadiazole produces the lower energy
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gap, higher emission lifetime, red-shift of 2PA spectra and larger &,,,,x. The absorption and emission
bands are highly dependent on the nature of the active building blocks. The aromatic rings attached to
pyrrole can modulate the absorption peaks in the high energy and thus subtly modify the electronic

properties.

Introduction

Two-photon absorption (2PA) is a nonlinear optical (NLO)
process. The possibility of 2PA was first theoretically predicted
by Maria Géppert-Mayer in 1931." It is known that 2PA is
related to the imaginary part of third order nonlinear suscepti-
bility from a theoretical perspective. Only after the invention of a
laser source in 1961 was the first experimental verification of the
2PA process demonstrated.” Nowadays, the surge of interest for
synthesizing and characterizing two-photon active materials
stems from their wide applications in diverse fields, such as
microscopy,3 three-dimensional (3-D) micro-fabrications,* 3-D
data-storage,” optical power limiting,° photo-dynamic cancer
therapy,” up-converted lasing,® and two-photon excited fluore-
scence (TPEF) imaging,9 etc. This, in turn, leads to the search
for adequate functional materials with high 2PA cross sections
(6max).'® Thanks to their inherent modularity and potentially
high 2PA response, conjugated organic molecules are of
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particular interest. Most explored and efficient 2PA dyes can be
described as symmetric D-n-D, dipolar D—-n-A, quadrupolar
D-n-A-n-D (A—n-D—=n-A), and multipolar star-shaped structures
(D = Donor, A = Acceptor).""'* The 2PA cross section of a
molecule depends upon many factors such as the dimensionality
of the charge-transfer network, push—pull strength, the electronic
coupling, and the conjugation length. Some times, solvent also
plays a dominant role in deciding the net cross section value.

The theoretical and experimental techniques can provide the
2PA cross section of a compound at a desirable wavelength.
However, to the best of our knowledge, the experimental
measurement of &, is always a difficult task and the net 8.«
value depends on many factors.'”” These factors include the
experimental technique used, the chosen excitation wavelength,
spatial and temporal fluctuation of the laser beam, multiple
reflection effect and time duration of the pulsed laser source.
A slight variation of any of these factors can change d,,.x by an
order of magnitude.'® Therefore, theoretical simulations are
often viewed as important tools to evaluate the 2PA cross section
of the target molecule and in the development of more suitable
2PA materials prior to the experimental verification. This will
not only help us develop a new design strategy but also under-
stand the underlying mechanism of the 2PA activity of a
molecule.

In the past decades, the employment of m-excessive or
deficient heterocycles in the construction of novel fluorophores
has shown the result of an increased intramolecular charge trans-
fer (ICT), as well as enhanced two-photon absorption.'” 2’
Pyrrole is one of the strongest donor heteroaromatics and
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possesses attractive chemical and physical properties for the con-
struction of 2PA molecules. By introducing the electron-rich
pyrrole ring as the building block to the various types of com-
pounds, large J,.x have been obtained by the Marder
groups.'®?'™?* In the reported references, the electron-rich
pyrrole ring was functionalized at the a-position to build the
2PA conjugated chromophores, which demonstrated enhanced
second-order nonlinear optical effects in comparison with their
analogues bearing furan or thiophene groups.** Interestingly,
Li et al. have recently synthesized some new pyrrole-containing
molecules with the modification of fluorenylene and phenylene
units connected to pyrrole, and triphenylamine group together
with phenyl linked to pyrrole through the C-N single bond.*’
And these N-arylpyrrole-based chromophores exhibit excellent
opto-electronic behavior, especially high stability, high fluore-
scent quantum yields, and large 2PA cross sections, as well as
good solubility relative to their analogs, which may be ascribed
to the suspension structure facilitating multiple pathways for
intramolecular electronic and photonic transfer. Exactly, their
outstanding properties qualify them as promising biological flu-
orescent probes.” ¢ To fully realize the substantial potential of
two-photon excitation of the fluorescent probes, it is important to
know their 2PA spectra and 2PA cross sections. Here, we give an
accurate theoretical study of linear optical absorption and fluore-
scence, as well as 2PA properties for N-arylpyrrole-based dyes.
The quantum chemical calculation can in depth elucidate the
dependence of band gaps, as well as the origin of linear and
nonlinear optical properties. We believe that this detailed compu-
tational investigation performed on a series of new N-aryl-
pyrrole-based molecules will contribute to the overall understanding
of structure—properties relationships and stimulate further
research work towards obtaining the most promising 2PA bio-
logical fluorescent dyes.

Theoretical methodology

B3LYP was implemented for ground-state geometry optimi-
zations of the N-arylpyrrole-based derivatives, since it is known
to give good results for organic molecules.*' At the same level,
frequency calculations were carried out to verify the identity of
each stationary point as a minimum. Vertical singlet excitation
energies were calculated on the basis of the optimized systems
using the time-dependent (TD) formalism in combination with
the B3LYP, CAM-B3LYP** and M062X™ functionals. The
detailed data including maximum one-photon absorption (OPA)
wavelengths (1), and corresponding oscillator strengths (),
as well as the experimental data for molecules P1 and P2 are
collected in Table 1. As shown, the maximum values of UV/Vis
absorption obtained by B3LYP are longer by 100 nm than the
experimental results.””> As a consequence, the hybrid functional
MO062X and the long-range corrected functional CAM-B3LYP
can provide reasonable singlet state energies. In the present
work, the one-photon absorption and emission properties, as
well as the energies of frontier orbitals are performed at the
CAM-B3LYP/6-31G* level. The CAM-B3LYP functional used
here can better describe long range charge distribution modifi-
cations, which is important for accurately determine the charge

Table 1 One-photon absorption spectra for P1 and P2 with different
TD-DFT functionals

P1 P2
Method Ama/mm  f Ama/mm  f
B3LYP/6-31G* 551.9 3.95 551.9 3.97
MO062X /6-31G* 447.5 4.78 447.5 4.83
CAM-B3LYP/6-31G* 4445 4.82 4445 4.87
Experimental data® 447 452

transfer transitions of the investigated dyes. All the calculations
were performed by utilizing Gaussian 09 program suite.>*

The OPA properties of all molecules were also predicted by
means of the Zerner’s intermediate neglect of differential overlap
(ZINDO) program® including single and double electronic exci-
tation configuration interaction.

The 2PA process corresponds to simultaneous absorption of
two photons. The 2PA efficiency of an organic molecule, at
optical frequency w/2z, can be characterized by the 2PA cross-
section &(w). It is proportional to the imaginary part of the third-
order polarizability y(—w;0,—o,0) by:>**’

3h w?
o(w) = mﬁlmb’(*w; 0, —0,0)] (1)

where y(—o; o, —o, ©) is the third-order polarizability, %w is the
energy of incoming photons, c is the speed of light, g, is the
vacuum electric permittivity, n denotes the refractive index of
medium and L corresponds to the local-field factor. In the calcu-
lations presented here, n and L are set to 1 because of isolated
molecule in vacuum. The components of the third-order polariz-
ability ¥ can be evaluated by a sum-over-states (SOS) expression.
A general expression of y is given by ref. 38 and 39. It depends
on the transition frequencies ®;;, transition dipole moment 1,
and the coherence damping rate I; between the state i and j
state.

To compare the calculated 6(w) value with the experimental
value measured in solution, the damping factor (I'y) of excited
state K in the SOS expression is set to 0.16 eV.***' And the
orientationally averaged (isotropic) value of y is evaluated,
which is defined as

1 ..
»= EZ i + Vg + Vi) BJ=x9,2 (2)
if

Taking the imaginary part of <y> value into the expression
(1), we can obtain &(w) in comparison with the experimental
value.

In this work, the properties of electronic excited states were
obtained by single and double electronic excitation configuration
interaction (SDCI) using the ZINDO program. Moreover, the
transition energies and transition moments were also obtained.
Then, the FTRNLO program compiled by our group was used to
calculate the second hyperpolarizability and two-photon absorp-
tion cross section. The calculated 2PA cross-sections of all mo-
lecules included the contributions from 300 lowest-lying excited
states which were sufficient for the convergence of ().
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Results and discussions
Molecular design and geometry optimization

The studied molecular structures are presented in Fig. 1. We per-
formed the calculations on a series of model compounds (P1 and
P2) for dyes PL-1 and PL-2* where the aliphatic side chains
were all replaced by methyl groups for the sake of simplification.
In fact, the aliphatic side chains only improve the molecular
solubility and the simplification has little effect on electronic
spectra and nonlinear optical response.*’ Chromophores P1, P3,
P5, P6, and P9 with the same N-alkylpyrrole moiety, yet feature
fluorenylene (Flu), dimethoxyphenylene (Phl), carbazole (Car),
pyrene (Pyr), and benzothiadiazole (BTD) units as the center
moieties. Molecules P1, P2, and P8 were constructed by introdu-
cing triphenylamine (TPA), phenylene (Ph2), and boron-dipyrro-
methene (Bod) units together with phenyl linked to pyrrole
through the C—N single bond. The similar modification is made
for P3, P4, and P7. The difference between the two series is that
the former contains the Flu center and the latter possesses the
Phl moiety. In addition, the cis- and trans-isomers were taken
into account as an example of molecule P1. Among all the
studied chromophores, P1-P4 are model compounds for the
reported dyes in ref. 25, but P5-P9 are our constructed
molecules. The designed N-alkylpyrrole-based chromophores
belong to the D—n-D type, in which triphenylamine acts as the
electron donor and, the center and N-alkylpyrrole moieties as the
n-conjugated bridge. Boron-dipyrromethene and benzothiadia-
zole building blocks induced are expected to bring good 2PA
properties.

The geometric structures were fully optimized with no sym-
metry constraint using the Gaussian 09 program with 6-31G*
basis set at the B3LYP level. For the sake of confirming the stab-
ility of the optimized structures, the harmonic vibrational fre-
quencies upon the optimized structures were evaluated at the
same level, and no imaginary frequency was found. The opti-
mized ground-state geometries of all molecules are described in
Fig. 2. As shown, the central frameworks of all chromophores
remain nearly planar except for P7 and P8 featuring boron-dipyr-
romethene moieties whose central cores are slightly twisted. The
geometry changes are conceived to have a substantial influence
on the electro-optical properties.

Electronic structures

The energies of some frontier orbitals (four occupied orbitals,
four unoccupied orbitals and energy gap (AEy ) between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO)) obtained by
CAM-B3LYP/6-31G*, are shown schematically in Fig. 3. The
energy of HOMO increases with different central substitutes, that
is, P6 (=540 eV) < P1 (-5.31 eV) < P5 (-5.29 eV) < P3
(=5.22 eV) < P9 (-5.21 eV). However, the energy of LUMO is
decreased in the order of P3, P5, P6, P1, and P9. This means
that introducing pyrene in the central core leads to the reduction
of HOMO energy and the enhancement of LUMO energy and in
turn increased AEy 1. But molecule P9 features the highest
HOMO energy and the lowest LUMO energy, as well as the
lowest energy gap. This reveals that P9 is the most easily oxi-
dized by many oxidants. Replacement of triphenylamine and
phenylene with boron-dipyrromethene units makes the LUMO
energy decreased and AEy_ smaller whatever the central moiety
is a fluorenylene or dimethoxyphenylene unit.

One-photon absorption and emission properties

On the basis of the optimized geometries, the OPA properties of
all chromophores were calculated by the TD CAM-B3LYP/
6-31G* method. The detailed data involving maximum absorption
wavelengths (A°.x), and corresponding oscillator strengths (1),
as well as the experimental values are tabulated in Table 2. As
compared, the maximum values of UV/Vis absorption for P1,
P2, P3, and P4 arc 444.5, 444.5, 435.6, and 465.9 nm, which
are in good agreement with the experimental data (447, 452,
469, and 469 nm), respectively.”” For molecule P1, the OPA
properties of both its trans- (P1-a) and cis- isomers (P1) were
calculated and the results clearly suggest that the trans- and cis-
isomers possess almost the same OPA properties. Herein we will
use the cis-form of all molecules with the suspended configur-
ation in the following discussion. Moreover, to certify the
influence of the pyrrole moieties on the OPA properties, we also
calculated the A%, value of P1flu without pyrrole rings at the
n-system relative to P1. From Table 2, adding N-arylpyrrole moi-
eties produces a large bathochromic-shift of 30 nm, which

P1: Ar=Flu, R=TPA; P2:Ar=Flu, R=Ph2; (
P3: Ar=Ph1l, R=TPA; P4: Ar=Phl, R=Ph2;

P5: Ar=Car, R=TPA; P6: Ar=Pyr, R=TPA;

P7: Ar=Phl, R=Bod; P8: Ar=Flu, R=Bod;

P9: Ar=BTD, R=TPA.

Fig. 1

8 |
N i
<‘ > e (Ph2)

(TPA)

Molecular structures of all the N-arylpyrrole-based chromophores.
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Fig. 2 The optimized ground state geometries of the molecules studied.
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Fig. 3 Frontier orbital energies of fluorophores at the CAM-B3LYP/
6-31G(d) level.

demonstrates that the electron-rich pyrrole ring is efficient to
increase the intramolecular charge transfer, as well as to enhance
optical properties.

As clearly shown in Table 2, all pyrrole fluorophores exhibit
an intense absorption band ranging from 425 to 580 nm. The
result displays that the central groups, and the substitution at the
phenyl attached to the pyrrole ring can finely tune the linear
optical property. Substitution of the fluorenyl center with the

benzothiadiazole substituent produces a red-shift by 134 nm of
the absorption band with respect to P1, but for molecules P3,
P5, and P6, their absorption spectra are hypsochromically
shifted, which is just corresponding to the AEy_ above. In par-
ticular, introducing pyrene in the center leads to the largest blue-
shift of the absorption band. This implies that the 1., values
can be determined by the central core. But the peak (about
290 nm) in the absorption spectra of the five molecules P1, P3,
PS5, P6, and P9 can be ascribed to the triphenylamine groups
which was connected to pyrrole together with phenyl one
through the C—N single bond as an auxiliary donor group. Inter-
estingly, P1, P2, and P8 exhibit similar absorption maximum
wavelengths at about 440 nm. And for P3, P4, and P7 bearing
bismethoxyphenylene, their A°,,.x values were slightly different.
But in the high energy region, replacement of triphenylamine
and phenylene with boron-dipyrromethene units makes the
lOmaX value a significant bathochromic-shift. For example, the
middle peaks of P1, P2, and P8 are 295.9, 276.0, and 415.3 nm,
and the corresponding values are also predicted for P3, P4, and
P7 (292.8, 276.8, and 421.5 nm), respectively. Namely, the
spectra in the high energy range could be modulated by the
linkage of different R groups, providing another strategy to
subtly modify the electronic properties of the chromophores.
Moreover, from Table 2, it can be found that the transition
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Table 2 One-photon absorption and excitation properties (TDDFT)“

Mol. 20 ax/nm ya Transition character AL a/nm Eg/eV f E Transition character 7/ns
P1 444.5 4.82 So = Si(H) = (L)35% 488.6 2.54 4.74 S; = So(H) = (L)39% 0.76
295.9 1.21 So = So(H —2) = (L + 1)9.5% 517°
447°
Pl-a 4429 4.65 So — Si(H) — (L)35% 487.2 2.55 4.58 Si = So(H) — (L)38% 0.78
299.0 1.73 So = Sg(H — 4) = (L +2)20%
(H=-3)— (L+3)19%
Piflu 414.3 3.91 So = Si(H) = (L)38% 466.7 2.66 3.92 S; = So(H) = (L)41% 0.83
P2 4445 4.87 So — Si(H) — (L)35% 488.3 2.54 4.79 Si = So(H) — (L)39% 0.75
276.0 0.26 So— Siu(H=-2) - (L+11)13% 523"
452° H=-1) - (L+10)12%
P3 435.6 3.64 So = Si(H) = (L)39% 527.9 2.35 3.68 S; = So(H) = (L)43% 1.14
29%.8 0.76 So — Sg(H — 3) - (L +3)27% 554"
469
P4 465.9 3.84 So — Si(H) — (L)40% 527.3 2.35 3.76 Si = So(H) — (L)43% 1.11
276.8 0.24 So = SiuH=1) = (L +10)14% 551°
469° (H=2) > (L + 10)14%
P5 443.4 4.85 So = Si(H) = (L)35% 485.5 2.55 4.78 S; = So(H) = (L)38% 0.74
295.6 1.29 So = S1o(H=3) > (L+3)11%
P6 428.2 5.03 So = Si(H) = (L)33% 461.9 2.68 5.00 S; = So(H) = (L)35% 0.64
296.9 1.04 So— Sii(H = 3) - (L +3)9.4%
P7 454.2 2.36 So — Si(H) — (L +2)36% 522.7 2.37 3.04 S| — So(H) — (L +2)42% 1.35
421.5 2.54 So — S3(H — 4) - (L)23%
(H=-3)—> (L+1)21%
P8 440.9 3.48 So = Si(H) = (L +2)32% 489.2 2.53 3.72 S; = So(H) = (L +2)39% 0.97
415.3 1.78 So — S3(H — 5) —» (L)24%
H=-3)— (L+1D17%
P9 578.6 2.06 So = Si(H) = (L)44% 679.4 1.82 1.73 S; = So(H) = (L)46% 4.03
391.2 2.03 So = S3(H) — (L + 1)34%
297.0 1.48 So = Sis(H=4) - (L +3)19%

“H and L denote HOMO and LUMO, respectively. ® Experimental data.?®

character of all chromophores except for molecules P7 and P8 in
the low-energy region is from valence HOMO to LUMO. The
transitions of P7 and P8 in low-energy region cause from
HOMO to LUMO + 2 due to the presence of boron-dipyrro-
methene substituent groups. Orbital analysis reveals that the
n—m* transitions occur typically at the m-conjugated systems (cf.,
Fig. S1, ESI{). And the HOMO possesses an anti-bonding char-
acter and the LUMO shows a bonding character between the
subunits. The electronic structures present a high degree of
coplanarity in the m-system, which should be a beneficial factor
for communication between the donor and conjugated bridge.
But in the high-energy region, the electronic transition is actually
complicated. In particular, the N-alkylpyrrole moieties take part
in the intramolecular charge transfer. The contribution of the
fragments to the frontier orbitals associated with the OPA is dis-
cussed by the local density of the states (LDOS) analysis
(Table S1, ESI¥). For clarity, the molecule is divided into three
parts, namely the triphenylamine terminal groups (A), m-center
framework (B), and N-substituted pyrrole moieties (C) (cf
Fig. 1). As shown in Table S1 and Fig. S1,{ the electronic
density distribution of HOMO and LUMO for all molecules
except for molecules P7 and P§ (HOMO and LUMO + 2)
mainly locates about 80% on the n-center system. However, the
contribution of C (the N-alkylpyrrole moieties) is very little.
This further indicates that the intense absorption is determined
by the center. According to the LDOS analysis, the contribution
of A in molecule P1 to HOMO — 2 is 74.1%, while the contri-
bution of B to LUMO + 1 is 63.8%, indicative of ICT from A
(electron-donating groups) to B (the central framework). For

molecules P2 and P4, corresponding to the high energy peak
consisting of HOMO — 2 — LUMO + 10, the contribution of A
to HOMO - 2 is about 74%, while the contribution to LUMO +
10 is above 99%, giving rise to an obvious increase of electronic
density for triphenylamine groups. Remarkably, for other mole-
cules, the contribution of N-alkylpyrrole moieties to the orbitals
is above 90%, implying the substituents attached to the pyrrole
ring can modulate the optical properties in high energy region.
For the emission spectra, the calculations for molecules P1,
P2, P3, and P4 are 488.6, 488.3, 527.9, and 527.3 nm, respec-
tively. The results are in reasonable agreement with the experi-
ment data 517, 523, 554, and 551 nm, respectively. As clearly
shown in Table 2, the strongest emission peaks of all fluoro-
phores are assigned to the m—n* type, arising from S;. All tran-
sitions are caused from HOMO to LUMO, except for molecules
P7 and P§ (HOMO — LUMO + 2). All pyrrole fluorophores
emit strong luminescence in the range of 488—680 nm with the
largest oscillator strength from the lowest excited state. And the
Stoke’s shift between the absorption and emission bands ranges
from 40 to 100 nm. From Table 2, it can be found that P1, P2,
and P8 exhibit similar emission band at about 490 nm, while the
maximum emission wavelengths of P3, P4, and P7 (about
520 nm) are the same. The replacement of the fluorenylene unit
by dimethoxyphenylene results in a red-shift of 30 nm, and the
decrease of fluorescent oscillator strength. The different emission
behavior is similar to the difference in their absorption spectra.
The trend suggests although the fluorenylene moiety possesses
the larger conjugation space, the dimethoxyphenylene space is
much easier to communicate with other moieties than the

This journal is © The Royal Society of Chemistry 2012
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fluorenylene unit which may hamper its communication to some
degree. Substitution of the fluorenyl center with the benzothia-
diazole constructing block produces a red-shift by 191 nm of the
emission band and the lowest /¥, but for molecule P6 featuring
pyrene as the building block, its emission spectra are hypsochro-
mically-shifted by 26.7 nm. However, introducing pyrene in the
center leads to the largest = among all molecules. This implies
that the A%, values are highly dependent on the nature of the
active building blocks.

Table 2 also lists the emission lifetimes (7) calculated for
spontaneous emission by using the Einstein transition probabil-
ities according to the formula (in au):

3

T = 72]5
2(Ern)’f

The quantum yield (¢) is given by the following expression:**

4)

1 ke

k=- ¢=
T ¢ kr +knr

where ¢ is the velocity of light, Egy, is the transition energy, /= is
the oscillator strength, K is the rate of radiative decay, and K, is
the nonradiative decay rate. The data of Egy, 7 and f E are also
showed in Table 2. The calculated emission lifetimes of all mo-
lecules are in the same order of magnitude (ranging from 0.64 to
4.03 ns). Thus, replacement of fluorenylene by dimethoxyphenyl-
ene leads to the reduction of the emission lifetimes, such as P1
(0.76 ns) < P3 (1.14 ns), P2 (0.75 ns) < P4 (1.11 ns), and P8
(0.97 ns) < P7 (1.35 ns). According to the literature,> the
quantum yields of P1 (62.4%) and P2 (66.3%) are higher than
those of P3 (41.0%) and P4 (38.2%). In comparison with the
calculated and experimental results, we can approximately
neglect the change of the nonradiative decay rate aiming to
analyze the change trend of ¢. As displayed in Table 2, it could
be easily seen that P6 bearing pyrene shows the strongest emis-
sion and the shortest emission lifetime, indicative of its highest
quantum yield. In contrast, introducing a benzothiadiazole sub-
stituent as the building block (P9) produces the reduction of the
emission oscillator strength and the enhancement of the emission
lifetime with respect to P1. Interestingly, P1, P2, and P8 (or P3,
P4, and P7) exhibit slight differences in the emission lifetimes,
demonstrating that the aromatic rings attached to pyrrole through
the C-N single bond have little influence on the fluorescence
quantum yield.

In order to consider the effect of double electronic excitation
configuration interaction on transition energies, the OPA proper-
ties of all chromophores were also calculated by the ZINDO/
SDCI method on the basis of the optimized geometric structures.
The corresponding data are collected in Table 3. As shown, the
lomax values of compounds P1, P2, P3, and P4 obtained by
ZINDO/SDCI (469.0, 467.8, 471.2, and 479.4 nm) are well in
line with the experimental data (447, 452, 469, and 469 nm).>
That is to say, ZINDO can also describe this system very well.
This good result makes us confident for the theoretical prediction
to 2PA properties of the fluorophores by ZINDO/SOS. As shown
in Table 3, it has to be noted that the ZINDO method predicts
the similar changing trends to TD-DFT/CAM-B3LYP/6-31G*
above mentioned. Specially, the transition character analysis
of the ground and excited states for all molecules displays

that the lowest and strongest absorption band is composed of
the HOMO — LUMO electronic transition except for P7
and P8 (mainly HOMO — LUMO + 2). This is in beautiful
accordance with the transition assignment of the CAM-B3LYP
functional.

Since the solvent effect is crucial for a direct comparison
between experiment and calculation, the OPA properties calcu-
lation in THF is performed by ZINDO/SDCI via PCM as well.
As can be seen in Table 3, comparing the results in vacuum and
in THE, it is evident that the influence of the solvent is very
slight, with the largest derivation of 14 nm.

Two-photon absorption properties

The two-photon absorption cross sections of all fluorophores are
determined over a broad spectral range of 600—1200 nm by uti-
lizing the ZINDO-SOS program. The maximum 2PA cross
section (Opax), 2PA maximum wavelength (leax), transition
nature, and the experimental data are summarized in Table 3. To
provide a clearer comparison, the 2PA spectra of the chromo-
phores are presented in Fig. 4. In comparison with the experi-
mental results, it should be noticed that the &,,c values of
molecules P1 (2023.3 GM at 725.9 nm), P2 (1600 GM at
757.9 nm), and P3 (2207.4 GM at 723.4 nm) are larger by 500
GM than those of the experimental data (1354 GM, 1042 GM,
and 1716 GM at 760 nm),** respectively. Molecule P4 exhibits
slightly smaller &,,,x (1233.2 GM) at 780.8 nm than the exper-
imental value (1484 GM). It is reported that the experimental
uncertainty on J,,x is on the order of 10-15%.%° Of course,
when we consider the experimental uncertainty, the calculated
values by ZINDO/SOS almost match with the experiment.
While solvent impact on the 2PA properties was taken into
account by the PCM model, calculations of &, in THF are
carried out as well (¢f. Table 3). In general, the solvent effects on
2PA properties are very slight with respect to those in gas phase
except for P4 and P7: for instance, the strongest peaks of 2PA
wavelength are almost unchanged; the J8,,.x values are slightly
reduced or enhanced. Although the AT ax values in THF of P4
and P7 are red-shifted by 15 nm and their 6,,,x in THF are
reduced by 30% than those in gas. Nevertheless, the relative
changing rules keep almost the same both in gas phase and in
THF. Additionally, for the sake of clearer comparison, we take
molecules P2 and P4 as examples to calculate their 2PA cross
sections using the response theory at DFT/CAM-B3LYP/6-31G*
level implemented in DALTON2011.4**¢ From Table 3, it can
be observed that the maximum 2PA cross sections of the
two tested molecules are 121.4 GM and 325.7 GM at 782.2 nm
and 659.5 nm, respectively. As compared, the d,,,x values of P2
and P4 by the DFT calculation are much lower than the experi-
mental results (1042 and 1484 GM). Thereafter, the ZINDO
method is more appropriate for the studied dyes as previously
reported.*7*®

As shown in Table 3, the maximum values of 2PA spectra are
less than twice those of the one photon absorption maximum,
proving a quadrupolar character. As shown, all fluorophores
exhibit the strongest 2PA band in the near-infrared region and
the largest dpmax values in the range of 1233.2-10435.4 GM.
This indicates that the N-arylpyrrole-based chromophores can be
used as excellent two-photon fluorescence labeling materials.
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Table 3 One- and two-photon absorption properties (ZINDO)

Mol. A0 ax/nm f Transition character AT /M Omax/GM Transition channel and nature
P1 469.0 3.21 So = Si(H) = (L)60% 725.9 2023.3 So—=> S >SS, (H-1)—> (L+2)22%
468.9¢ 3.21°¢ 719.2¢ 2117.3¢ H-1)- DL)16% (H) —» (L + DH11%
321.9 1.57 So = S1o(H — 4) - (L + 3)24% 760¢ 1354¢
(H-3)— (L+4)24%
Pl-a 468.3 3.12 So = Si(H) = (L)60% 723.4 1978.0 So—=> S =S, (H-1)—> (L+2)23%
3242 1.58 So = Sio(H — 4) = (L +3)39% H-1)—- L)16% (H) —» (L + DH11%
H-3)— (L+4)25%
Pifiu 422.0 2.58 So — Si(H) — (L)68% 760.0 8438.8 So = S; = S, (H) - (L + 1)46%
H-1) - L)31%
P2 467.8 3.32 So — Si(H) — (L)61% 757.9 1600 So—= S = S;(H-1) - (L+2)20%
465.7¢ 3.32¢ 755.1¢ 1574.0¢ H-1)- L)15%
283.4 1.08 So = S33(H — 6) = (L + 3)20% 760 1042¢
(H=5) = (L +4)20% 782.2" 121.4°
P3 471.2 2.50 So — Si(H) — (L)71% 723.4 2207.4 So—= S = S;(H-1)— (L)28%
471.0¢ 2.49¢ 721.7¢ 2058.3¢ H) > L+1)20%H-1)—> L +411%
3211 0.84 So = So3(H—-2) —» (L +1)18% 760 1716
H=-3) - L)12%
P4 479.4 2.65 So — Si(H) — (L)71% 780.8 1233.2 So— S; = S; (H,H) —» (L, L)12%
471.3¢ 2.68° 796.8¢ 853.8¢ H-1)—- (L)38%
279.9 0.37 So = S34(H — 5) —» (L +4)14% 760 1484
(H-4) > L+ 1)12% 659.5" 325.7°
P5 470.8 322 So — Si(H) — (L)61% 728.5 2076.9 So—=> S > S;(H=-1)—> (L+2)16%
470.8°¢ 3.22¢ 721.7¢ 2194.8° H-1)-@L)14% (H) - (L + 1)10%
321.8 1.51 So — Sis(H —4) — (L +3)27%
H-3)—> (L+4)20%
P6 444.0 3.46 So — Si(H) — (L)56% 676.0 2207.3 So—=> S —=>S;(H-1)— (L+3)16%
442.9¢ 3.47¢ 670.2¢ 2390.4¢
312.6 1.66 So = Sso(H) = (L + 1)14%
H=-2)- L)12%
P7 448.4 323 So = S4(H) = (L +2)65% 720.8 1236.8 So—=>S;s—> Sy (H-1)— (L+2)23%
436.6° 3.31¢ 734.5¢ 789.2¢ H)->L+3)12%H-1)—> L +4H11%
P8 436.4 3.76 So = S4(H) — (L +2)56% 694.2 1360.3 So—=>S;—> Sy (H=-1)— (L+4)15%
433.5¢ 3.86¢ H-1)— (L+3)26% 695.0° 1284.5¢
P9 640.8 1.26 So — Si(H) — (L)85% 1009.7 1547.3 So—=> S =S, (H-1)— (L)63%
665.0¢ 0.92¢ 1011.3¢ 1422.6¢
446.8 1.45 So = S3(H) — (L + 1)68% 744.2 9409.3 So—=> S > S¢(H—-1)—> (L+1)29%
319.4 0.79 So = S3(H) = (L + 7)13% 747.8¢ 8872.3¢ (H,H) - (L,L + 1)19%
H=-2)—= (L+2)11% 694.2 10435.4 So— S, —» Sg(H-5) - (L)23%

“ Experimental data.*>  DFT results in the DALTON2011 code. ¢ Calculation in THF solution.

And the latter section will be devoted to discussing the influence
of structural aspects on the 2PA properties.

In general, the position and relative strength of the two-photon
resonance could be predicted with the following three-level

energy model simplified form of the SOS expression:''-44!
Mngkzn MgnAlu(z)n (5)
(Eok — E0a/2)’T" (Eon/2)'T

Here, Mj; is the transition dipole moment from the state i to j;
Ej; is the corresponding excitation energy, the subscripts 0, &,
and n refer to the ground state Sy, the intermediate state S;, and
the 2PA final state S,, respectively; Aug, is the state dipole
moment difference between S, and S,,; the damping factor I is
set to 0.16 eV. Table 4 lists some important linear absorption par-
ameters for the intermediate and final states of two-photon
absorption of studied compounds.

Effect of central core. To assess the influence of the central
moiety on the 2PA properties, we compare &, of P1 with that
of its analogs P3, P5, P6, and P9, where the fluorenylene (Flu)
moiety at the center is replaced by dimethoxyphenylene,

carbazole, pyrene, and benzothiadiazole. From Table 3 and
Fig. 4a, it is obvious that fluorophore P9 is somehow superior to
other three molecules in 2PA properties. Specifically, the .«
value of P9 (9409.3 GM) is 4.7-fold larger than that of molecule
P1 (2023.3 GM) in the near IR region as compared to P1,
following a bathochromic shift by 283.8 nm of the long 2PA
wavelength. It is attributed to the stronger ICT ability of the elec-
tron-withdrawing benzothiadiazole incorporated into the
n-center. Additionally, P9 features the lowest energy tuning term
(Eox — Eo,/2) among all molecules (cf. Table 4), which is respon-
sible for its highest 2PA cross section.

The introduction of N-arylpyrrole moieties leads to the
enhancement of the 2PA cross section. Namely, the 6,,,,x value of
P1 is 2.5 times higher than that of P1flu (848.8 GM). From
Table 4, it is noted that introducing the N-arylpyrrole moieties
can induce the enhancement of M, (the transition dipole
moment between the intermediate state and final state). The
result implies that the pyrrole moieties can efficiently increase
intramolecular charge transfer, and thereby benefit enhanced
Omax- Accordingly, the N-arylpyrrole-based derivatives are
thought to be promising candidates for the further development
of novel 2PA biomolecular labeling materials.

This journal is © The Royal Society of Chemistry 2012
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Effect of R groups. Regarding Table 3 and Fig. 4b, it is worth
noting that replacement of triphenylamine with phenylene makes
the AT values show significant bathochromic-shifts, for
instance, P1 (725.9 nm) < P2 (757.9 nm), and P3 (723.4 nm) <
P4 (780.8 nm). However, by incorporating boron-dipyrro-
methene units at the R positions, chromophore P8 exhibits a
hypsochromic shift of the 2PA band with respect to P1. When
the Onax values of the chromophores with the same core and
different N-substituted pyrroles are compared, for P1 and P2, the
Omax Of P1 is larger than that of P2, even as P3 and P4 follow
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600 700 800 900 1000 1100 1200
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-50
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1000
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Fig. 4 Two-photon absorption spectra for all the molecules.

Table 4

the same trend. This can be ascribed to the presence of tripheny-
lamine groups linked to the pyrrole moieties leading to possible
multiple pathways for intramolecular electronic and photonic
transfer. Hence P1 features the lower energy tuning term and P3
possesses the larger M,. Interestingly, by incorporating boron-
dipyrromethene units at the R positions, chromophores P8 and
P7 exhibit smaller 8, than P1 and P3, respectively. The former
should be attributed to P8 possessing the smallest M,,. The latter
can be explained by their structures. As shown in Fig. 2, P7 fea-
tures 1,4-dimethoxyphenylene and boron-dipyrromethene moi-
eties which results in the twist structure due to their close
proximity. The nonplanar structure hampers ICT and thus
decreases Omax- Moreover, the fluorenylene group possesses
larger m-electron delocalization and planar structure than the
dimethoxyphenylene group and, would increase the electron
density, thus benefit ICT between the terminal donor and
n-center moieties. In short, it would be a new design strategy to
enhance J,,,x by changing the aromatic rings attached to pyrrole
moieties through the C—N bond to modulate the molecular size
and intramolecular charge transfer.

In summary, we made structural modifications in order to
improve their two-photon optical properties and enlarge the
repertoire of their biomolecular target specificity. The present
results emphasize the highly versatile potential of P9 in terms of
molecular diversity and of bioimaging.

Conclusions

The systematic investigation of the geometric and electronic
structures as well as linear and nonlinear optical properties on
such novel N-arylpyrrole chromophores is of great significance
for both fine-tuning electronic spectra and designing 2PA fluor-
escent probes. The influence of the m-conjugated center and
N-substituted pyrrole moieties on OPA and 2PA properties was
studied in detail. Introducing N-arylpyrrole moieties produces
bathochromic-shifts of the absorption and emission bands and an
enhancement of the 2PA cross section, which implies that the
electron-rich pyrrole moieties can efficiently increase intramole-
cular charge transfer. Substitution of the fluorenyl center with the
benzothiadiazole building block leads to the lower energy gap,
red-shifts of OPA and 2PA spectra, higher emission lifetime, and
larger 2PA cross section. The aromatic rings attached to pyrrole
through the C—N single bond can modulate the absorption in the
high energy range and thus subtly modify the opto-electronic
properties. Interestingly, the presence of triphenylamine groups

Important optical parameters of two-photon absorption for the studied fluorophores

Mol. Channels Moy /D M,;,,/D M,,/D

E()/(/eV E()n/eV E()k - E(),,,/Z A,U(),,/D 5max/GM

P1 SO—)SI—)S4
SO—)Sl —>Sz
P2 SO—)S]—>S4
P3 SO—)Sl—)S4
P4 SO—)SI—)S3
P5 SO—)Sl—>S4
P6 SO—)S]—>S7
P7 SO—)S4—)Sl4
P8 SO—)S4—)SI7
P9 SO—)SlﬁSG

17.87 13.34
15.21 1.61
18.17 13.38 1.30
15.80 15.51 1.01
16.42 12.80 0.11
17.94 12.37
18.06 9.78
17.52 11.49 0.51
18.67 7.90 .
13.09 13.99 1.24

2.64 3.41
2.94 3.31

0.935 1.57
1.285 1.16
2.65 1.025 0.77
2.63 3.41 0.92 1.63
2.59 3.16 1.01 0.70
2.63 0.935 1.18
2.79 0.97 1.17
2.77 1.035 3.27
2.84 3.61 1.035 1.34
1.93 3.33 0.265 0.71

2023.3
848.8
1600
2207.4
1233.2
2076.9
2207.3
1236.8
1360.3
9409.3
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linked to the pyrrole moieties leading to possible multiple path-
ways for intramolecular charge transfer and in turn enhance Jpax-
In the present study, the structural modifications are successful to
improve the OPA and 2PA properties of the N-arylpyrrole-based
chromophores and enlarge the repertoire of their practical appli-
cations. In general, they exhibit interesting opto-electronic beha-
viors, which would be potential candidates for excellent two-
photon fluorescence labeling materials. The present work would
help guiding the synthesis towards the most promising
derivatives.
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