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Abstract A series of new asymmetric chromophores
containing aromatic substituents and possessing the ex-
cellent 7t-extension in space were prepared through
multi-steps routes. One-photon and two-photon spectral
properties of these new chromophores could be tuned
by these substituents finely and simultaneously. The lin-
ear correlation of the wave numbers of the one-photon
absorption and emission maxima to Hammett parameters
of these substituents was presented. Near infrared two-
photon absorption emission integrated areas of the target
chromophores were correlated linearly to Hammett con-
stants of these substituted groups.
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Introduction

Organic chromophores with two-photon absorption (TPA)
properties receive considerable attentions due to the great ap-
plication potentials in various fields such as two-photon imag-
ing [1, 2], two-photon data storage [3, 4] and two-photon sen-
sors [5, 6]. Furthermore, two-photon properties of organic pho-
tosensitizers make it feasible to perform two-photon photody-
namic therapy (PDT) by near-infrared (near-IR) laser [7, 8],
which possesses various advantages such as low energy, deep
penetration and negligible damage to the normal life cells.

TPA properties of the organic chromophores can be altered
by varying the electron-donating/withdrawing substituents or
the structures, which influences the ground and excited states
of'the target molecules. As a result, the introduction of various
substituted groups or the construction of branched structures
was utilized to increase TPA cross sections of the target mol-
ecules [9, 10]. However, because there is great difference be-
tween one-photon excitation and two-photon excitation, it is
still a great challenge to tune finely one-photon absorption
(OPA) and TPA optical properties of new organic chromo-
phores. This means that the ground and excited states of the
organic chromophores must be tuned subtly and simulta-
neously. Hammett parameters (o) of the various substituents
play significant roles in the interpretation and prediction of the
electron-donating/withdrawing effect of the substituents [11,
12]. So, the finely tuning the ground and excited states of the
organic chromophores means that it is possible to obtain the
linear correlation between one-/two-photon spectral properties
and Hammett parameters of the substituents.

It is well-accepted that the aromatic substituents affect the
molecular geometry of the organic chromophores more great-
ly than the smaller substituents such as cyano and nitro
groups. Hence, it is not easy to establish a linear correlation
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between one-/two-photon optical properties and Hammett pa-
rameters of aromatic substituents. So far, only few successful
efforts on the linear correlation two-photon optical properties
to Hammett constants of the large aromatic substituents in
porphyrins were reported [13, 14]. It is considered that the
entire molecular geometry of porphyrins cannot be altered
greatly by the aromatic substituents because the porphyrin
molecular structure is symmetric, coplanar and robust. This
in turn suggests that it is more difficult to achieve the linear
correlation between one-/two-photon optical properties and
Hammett parameters of the aromatic substituents in asymmet-
ric fluorescent chromophores.

This communication proposes that if an asymmetric chro-
mophore with great 7t extension in three-dimensional space is
chosen as the parent central core, the aromatic subsituents could
not lead to the remarkable alteration on the entire molecular
geometry. Thus, to this organic molecule, the intramolecular
charge transfer can be the main factor association with one-
photon spectral and two-photon optical properties. As a conse-
quence, the linear interrelationship between one-/two-photon
spectral properties and Hammett constants of the large aromatic
substituents in some asymmetric molecules could be realized.

It is well-known that triphenylamine and diphenylketone
display the excellent geometry extension in space, and they
are used widely in various fields such as non-linear optical,
optoelectronic and photopolymer materials [15, 16]. In this
work, the mt-extended triphenylamine-based organic chromo-
phore containing phenyl keto segment was utilized as the parent
core. 4-Nitro-phenyl, 3-nitro-phenyl, phenyl, 4-methyl-phenyl,
phenylethyleneyl and 4-methoxy-phenyl were attached sepa-
rately to the core to prepare the target chromophores.

This work presented firstly the linear interrelationship be-
tween one-/two- photon optical properties and Hammett con-
stants of the large aromatic substituents of these new organic
chromophores. The molecular geometry optimization compu-
tation revealed preliminarily the fundamental reason on the
linear correlation.

Experimental
Reagents and Materials

The commercially available organic solvents were further puri-
fied by the standard methods [17]. The new asymmetric organic
chromophores (C1~C6) were shown in Scheme 1, in which C1
is 4-nitro-phenyl-phenyl-4'-((4')’-phenyl-benzoyl-
phenylethyleneyl-phenyl)-4"-phenyl-amine, C2 shows 3-nitro-
phenyl-phenyl-4'-((4’)" -phenyl-benzoyl-phenylethylene-yl-phe-
nyl)-4"-phenyl-amine, C3 is 4-phenyl-phenyl-4'-((4")’-(phenyl-
benzoyl-phenylethylene-yl)-phenyl)-4"-phenyl-amine, C4 de-
notes 4-methyl-phenyl-phenyl-4'-((4")’-phenyl-benzoyl-
phenylethylene-yl-phenyl)-4"-phenyl-amine, C5 represents 4-
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phenyl-ethyleneyl-phenyl-4'-((4")’-(phenyl-benzoyl -
phenylethylene-yl)-phenyl)-4"-phenyl-amine and C6 shows 4-
methoxy-phenyl-phenyl-4'-((4")’-phenyl-benzoyl-
phenylethylene-yl- -phenyl)-4”-phenyl-amine. The new chromo-
phores were synthesized through multi-step routs shown in
Scheme 1. The preparation detail of the precursors and the target
molecules were provided in the Supplementary Materials.

Chemical Structural Characterization

Bruker 400 and 500 MHz nuclear magnetic resonance (NMR)
apparatus were employed to determine the 'H & '*C NMR
spectra of the precursors and target molecules in deuterated
solvents at room temperature. The 'H & '°C chemical shifts in
NMR spectra were measured by using tetramethylsilane
(TMS) as the internal standard. The elemental analysis was
obtained by CE440 elemental analysis meter obtained from
Exeter Analytical Inc. The melting points of the target mole-
cules were detected by Beijing Fukai melting point apparatus.

One-Photon Spectral and Two-Photon Spectral
Measurements

The UV/visible absorption spectra of the samples were mea-
sured by a TU1901 spectrophotometer of Beijing PUXI Gen-
eral Equipment Limited Corporation, while the one-photon
emission spectra were determined by Shimadzu RF-531PC
fluorophotonmeter. Rodamin 6G in ethanol (®, 0.94) was
used as the reference to measure the fluorescence quantum
yields of the samples [18]. The optical density at the excited
wavelength for the determination of the fluorescence quantum
yields of the samples was below 0.1 in order to remove self-
quenching of fluorescence emission. The fluorescence quan-
tum yields of the samples were calculated based on the fol-
lowing equation [19]

n(z)AO/If()\f)d)\f

n24 / IS(\p)dA¢

Dp = D

(1)

wherein ny and n show the refractive indices of the solvents,
Ay and A represent the optical densities at excitation wave-
length, ®; and <I>f0 are the fluorescence quantum yields, and
the integrals are the fluorescence emission spectral areas of the
reference and the sample respectively.

The two-photon excited fluorescence spectra of the target
molecules were performed by the pumped Ti:sapphire femto-
second laser (Spectra-Physics Ltd., Tsunami mode-locked,
80 MHz, <130 fs, average power <700 mW) in the range of
700~880 nm, and the spectra were recorded by Ocean Optics
USB2000 CCD camera with the detecting range of 180 to
880 nm. The TPA cross-section (0) was determined by up-
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Scheme 1 Synthetic routes of the target molecules C1 to C6

conversed fluorescence method by using 5x 10~ mol/L fluo-
rescein in 0.1 mol/L NaOH solution as the reference sample
[20]. The all determined samples were bubbled by nitrogen
gas for 15 min to remove oxygen molecules before the mea-
surements. The TPA cross sections of the samples were cal-

culated by the following equations [21]:
oTPE

- @

g =

TPE _ _TPECcal lleal S (3)

o
cal c n Scal

wherein o is the TPA cross sections, o' "= represents the two-
photon excited cross sections, ¢ denotes the concentration of

reference and sample molecules, n is the refractive index of
the solvents, and S shows the integration areas of two-photon
up-converted fluorescence spectra of the sample molecules,
cal is used as the reference.

Molecular Geometry Optimization

The molecular geometry optimization was performed by
Gaussian 09 program package. The geometry optimization
in the ground electronic state (Sy) was carried out by HF level
(Hatree-Fock) basing on the B3LYP method [22-24], while
the geometry optimization in the excited electronic state (S;)

@ Springer



1562

J Fluoresc (2015) 25:1559-1566

was done by CIS (configuration interaction single exCitation)
method [25]. Benzene was adopted as the organic solvent.

The energies of the geometries in Sy or S; states of the
target molecules were commutated by DFT//HF or TDDFT//
CIS correspondingly (wherein the method represents single
point calculation //optimization method, DFT is density func-
tional theory, and TDDFT is time-dependence density func-
tional theory).

Results and Discussion

Correlation Between One-Photon Optical Properties
and Hammett Constants

OPA spectral properties of the target chromophores were de-
termined in various solvents. It was noticed that the absorption
and emission maxima of the target chromophores were red-
shifted greatly in strong polar solvents (such as the emission
maxima of C1, in benzene, 478 nm, in THF, 519 nm, Table 1,
Figure S1, Supplementary materials). The results suggest that
the maximal absorption and emission peaks of the target mol-
ecules were from the intramolecular charge transfer [26].

It is well-known that the increase in Hammett constant (o)
of a substituted group shows that its electron-accepting ability
increases. In other words, the decrease in Hammett constant of
the substituent means the increase in its electron-donating
strength. Hammett constants of 4-nitro-phenyl, 3-nitro-phe-
nyl, phenyl, 4-methyl-phenyl, phenyl-ethyleneyl and 4-
methoxy-phenyl groups are 0.26, 0.20, —0.01, —0.03 —0.07
and —0.08 correspondingly [27]. These parameters show that
4-nitro-phenyl and 3-nitro-phenyl groups display greater
electron-accepting nature than the other substituents, while
phenylethyleneyl and 4-methoxy-phenyl groups possess more
electron-donating ability than phenyl and 4-methyl-phenyl
groups. The spectral determination showed that normalized
OPA absorption and emission maxima showed the red-shift
with the increase in the electron-donating of aromatic substit-
uents (normalized spectra are shown in Fig. 1, also can see the
actual spectra in Figure S2). This further demonstrated that
OPA absorption and emission maxima of the target chromo-
phores were from the intramolecular charge transfer.

Because the electron-withdrawing or donating ability of the
substituent can be shown by its Hammett constant, we ana-
lyzed the correlation of OPA spectral properties of the target
molecules to Hammett parameters of the aromatic substitu-
ents. Plots of the wave numbers of one-photon absorption
and emission maxima to Hammett constants of the substitu-
ents in the target chromophores in various solvents are given
in Fig. 2. The linear plots demonstrate that the properties of the
ground state and excited state are shown the remarkable de-
pendence on the electron-donating/accepting properties of ar-
omatic substitutents in the target chromophores. The linear
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Table 1  The spectral parameters of the target molecules in various
solvents, A, ,qc: the absorption maximum, nm, My, the emission
maximum, nm. €,,,,, the maximal molar coefficient extinction,
mol 'ecm?, &, the fluorescence quantum yields

Chromophores Solvents
Benzene  THF CHxCl, CH3;CN o,
Cl 1075 ¢ 0.376 0432 0.480 0.443 0.26
Aa max 389.1 390.5 3929 396.8
o 0.125 0.113  0.101 weak
At max 478 519 529 546
C2 107°¢ 0.148 0274 0367 0.2 0.20
Aa max 394.5 395.8  396.2 401.2
o 0.175 0.168  0.170 weak
Afmax 485 532 540 559
C3 107 0.371 0.388 0342 0.361 —0.01
Aa max 403.8 406.1 4089 4122
o 0.351 0.243  0.092 weak
Afmax 497 544 552 571
C4 107 ¢ 0.269 0.301 0356 0.316 —0.03
Aa max 407.2 408.8 4108 4143
¢ 0.321 0.371  0.401 0.335
Atmax 498 550 560 573
C5 10°¢ 0.405 0452 0477 0.489 -0.07
Aa max 4104 412.1 4132 416.5
o 0.322 0.248  0.121 weak
At max 500 553 561 576
C6 107 ¢ 0.331 0.358 0383 0.429 —0.08
Aa max 4112 4139 4162 4193
® 0.184 0209  weak weak
Afmax 502 557 564 577

plots indicate that HOMO-LUMO energy gaps of the target
chromophores could be correlated to Hammett constants of
the aromatic subsituents linearly in both the ground and excit-
ed states. Figure 2 shows that the maximal OPA absorption
and emission wavelength maxima of the target chromophores
exhibited the bathchromic shift with the diminishment of
Hammett constants of the aromatic substituents.

It is accepted that the intramolecular charge transfer in an
organic molecule can be reflected by its dipole moment
changes between the ground and excited states. Hence, we
further calculated the dipole moment change of the target
chromophores based on Lippert equation [28].

2
R () .
C(VabsVem) = P f + const 4)
e-1 n*—1
Af = <2<€+ 1 22+ 1) )

wherein V¢ - V., means the Stokes shift, V,pe, Ve, are the
wave numbers of the absorption and emission maxima
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Fig. 1 Normalized OPA absorption and emission spectra of the target chromophores in THF, the absorption, C=1x10"> mol/L, the emission C=5x

107% mol/L

respectively. h represents Planck’s constant; ¢ shows the speed
of light, ¢ is the static dielectric constant of the solvent, and n
is its refractive index; p., Mg are the permanent dipole
moments of the excited and the ground states of the
fluorophore respectively; a denotes the radius of the
cavity in the solvent to place the fluorophore, Af is
the orientation polazrizability.

The plots of the Stokes shifts to the orientation polarizabil-
ity (Af) of solvents for the target chromophores were obtain-
ed (figure S3 in Supplementary materials). The line plots sug-
gest that the internal charge transfer plays significant role in
the ground and excited states of the target molecules. The
results show that the dipole moment change of target mole-
cules increases with the decrease of Hammett constants of the
large substituents. (C1, 2.98 debye, C2, 3.50 debye, C3, 5.51
debye, C4, 6.32 debye, C5, 7.29 debye, C6, 7.51 debye). It
demonstrates that intramolecular charge transfer in the excited
state of the target chromophores is improved by the electron-
donating properties of aromatic substituents. These results are
interpreted that OPA absorption and emission maxima of C1
and C2 were remarkably blue-shifted comparing with the oth-
er target molecules, and the fluorescence quantum yields were
lower in various solvents.
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Correlation Between Two-Photon Optical Properties
and Hammett Constants

The TPA optical properties of these chromophores were mea-
sured by utilizing near-IR Ti:sapphire femtosecond laser
tuning the excitation wavelength from 700 to 880 at 20 nm
step. The target chromophores showed great TPA upconverted
fluorescence emission under near-IR laser excitation (shown
typically in Fig. 3). It was observed that TPA emission max-
ima of the chromophores are irrespective of the excited near-
IR laser wavelengths (Table S1, Supplementary material),
which suggests that the excited states formed in TPA process
was insensitive to near-IR laser excited wavelength. The TPA
emission maxima of the target molecules are longer than OPA
emission maxima, which can be ascribed to the reabsorption
of the shorter wavelengths in the emission spectra [29].
Since the OPA optical properties of C1~C6 are dependent
on the electron-donating/accepting properties of the aromatic
substituents, it is considered that TPA optical nature can be
correlated to Hammett constants of these substituted groups as
well. While unlike one photon excitation process, the wave
numbers of TPA emission maxima of the target chromophores
did not exhibit the linear correlation to the Hammett
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Fig.2 Plots of the wave-numbers (um ') of OPA maxima (a) and one-photon fluorescence maxima (b) versus Hammett constants of the substituents of

C1~C6 in various solvents
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Fig. 3 Typical TPA emission of C1~C6 in benzene under 800 nm
femtosecond laser irradiation

parameters of the aromatic substituents. However, the linear
relationship was obtained between Hammett constants of the
large aromatic substituents and the TPA emission integrated
areas under the same near-IR irradiation (Fig. 4). It indicates
that the TPA cross sections of the target molecules were af-
fected greatly by the intramolecular charge transfer effect of
these substituents. The negative slopes indicate that the TPA
emission integrated areas of C1~C6 increased with the de-
crease of the electron-accepting ability of the aromatic substit-
uents [30]. The results show that it is the electron-donating/
accepting nature that makes the major contribution to TPA
optical properties of the target molecules. This is mainly due
to the significant influence of the aromatic substituents on the
intramolecular charge transfer in the ground and excited states
of the target chromophores.

We further determined the TPA cross sections of the mol-
ecules according to the TPA fluorescence methods. C6
showed the largest TPA cross sections under the most of
near-IR laser wavelength excitation among C1~C6 (~1100
GM at 820 nm, Fig. 5). The electron-withdrawing effect can
be the main reason for the smaller TPA cross sections of C1
and C2 comparing with the other molecules.

It is noticed that the TPA emission integrated areas of these
molecules under different power near-IR laser followed the

TPF Intergrated Area (a. u.)

0.1 00 0.1 02

Fig. 4 Plots of TPA emission integrated areas of C1~C6 to Hammett
constants of the substituents under various near-IR laser wavelength
excitation in benzene
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Fig. 5 TPA cross sections of C1~C6 under various excited near-IR
wavelength (700~880 nm), 1 GM=10">° cm* s/photon

square law well, and the slope around 2.00 showed typical
TPA process. (shown typically in Figure S4, Supplementary
materials).

The molecular geometry optimization was performed to re-
veal the correlation of OPA and TPA optical properties to Ham-
mett constants of the aromatic substituents. It was found that the
geometry of the target molecules exhibited neat space extension.
Although the electronic cloud density distribution was mainly
distributed around N core of triphenylamine in HOMO to these
target molecules, while in LUMOs of the target chromophores
without nitro group, the electronic cloud density were mainly
located at the branch containing carbonyl group. The electronic
cloud density distribution in LUMOs of C1 and C2 is different
from that of the other chromophores, indicating the properties of
the frontier orbitals can be altered by the aromatic subsitutents.
(figure S5, Supplementary materials).

The energy level of HOMO and LUMO, and the energy gaps
of HOMO-LUMO gaps showed linear correlation to the Ham-
mett parameters of the substituents (Fig. 6). It is interpreted as the
linear correlation between the wave-numbers of one-photon ab-
sorption and emission maxima of the target molecules to Ham-
mett parameters of the substituents. Figure 6 indicates that the
HOMO-LUMO gaps of the target chromophores increased with
enhancement of the electron-accepting strength of the
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Fig. 6 Plots of the orbital energy levels (HOMO and LUMO) of C1~C6
to Hammett constants (o)
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substituents. In other words, the HOMO-LUMO gaps of the
target molecules lowered with the increase of the electron-
donating effect of the substituents. Therefore, the OPA absorp-
tion and emission maxima of the target chromophores were
shifted hypsochromically with the increase of electron-
withdrawing ability of the large substituents.

The edge-to-face interactions for either axially or facially
substituted benzenes are theoretically studied, which shows
that the effect of the small substitutes (NO,, CN, Br, Cl, F)
on the aromatic ring could be very complex [31]. The first one
is in the case of axially substituted aromatic systems, the elec-
tron density at the para position is considered as a significant
stabilizing factor. As a consequence, the stabilization/
destabilization by substitution is highly correlated to the elec-
trostatic energy, and in the subsequent correlation with the
polarization and charge transfer. The other cases are the facial-
ly substituted aromatic system depends on not only the
electron-donating ability responsible for the electrostatic ener-
gy but also the dispersion interaction and exchange repulsion.

To our work, the target molecules are much similar to the
first case one that the para-aromatic substitution plays the
important role in the stabilizing molecular geometry, and fi-
nally the polarization and charge transfer could be much re-
lated to Hamment constants of these aromatic substitutes.
Since our target molecules possess much greater chemical
size, and the 7-extension of these target molecules is more
remarkable, the substitution effect could be correlated to the
m-aggregation. In order to confirm the aggregation effect in
the common pure organic solvents, we did the determination
in lower concentration (10~’ mol/L) and higher concentration
as (107*~107 mol/L) of these target molecules. However, the
results are consistent with those mentioned above surveyed in
this work. As a matter of the fact, the only addition of the
insoluble water to organic solvents, the nano 7-aggregation
could be formed [32]. In our further experiments, the nano
aggregation of the target molecules could be formed in binary
solvents such as DMF/H,0 or MeOH/H,0. But in pure or-
ganic solvents, none of nano aggregation could be obtained.
Additionally, the aggregation size and shape did not exhibit
significant variation with these aromatic subsitutents. All the
aggregation of the target molecules shows the cubic shape
with ~500 nm. This shows that the experimental results in
pure organic solvents in our manuscript are not related to the
m-aggregation. Although the intramolecular charge transfer
effect of the aromatic substitutes could be indirectly indica-
tion, it is more reasonable to explain the experimental phe-
nomena in this work.

Conclusions

In this work, the linear correlation of OPA and TPA spectral
properties to Hammett constants of the large aromatic

substituents in 7t-extended asymmetric was achieved at the
same time firstly. These results also demonstrate that a fully
m-extended geometry in three dimensional space is favorable
for tuning finely the ground and excited states of the asym-
metric chromospheres by varying the large size electron
donating/accepting substituents. The results suggest that the
electron-donating/withdrawing effect of the substituents plays
the key roles in the OPA and TPA optical properties to these
chromophores. It was further confirmed by the linear correla-
tion of the energies of HOMO, LUMO and HOMO-LUMO
energy gaps to Hammett parameters of the large substituents.

To be summarized, the OPA and TPA spectral properties in
these new asymmetric chromophores can be tuned efficiently
by varying the electron donating/withdrawing substituted
groups. The results presented in this work would be greatly
beneficial for the preparation of various functional 7-extended
asymmetric chromophores with large TPA cross sections in
the future.
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