
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

a.
 Beijing National Laboratory for Molecular Sciences (BNLMS), Key Laboratory of 

Photochemistry, Institute of Chemistry, Chinese Academy of Sciences, Beijing 

100190, People’s Republic of China. E-mail: andong@iccas.ac.cn. 
b.
 Department of Chemistry, National University of Singapore, 3 Science Drive 3, 

Singapore 117543, Singapore. E-mail: chmcc@nus.edu.sg. 

†Electronic Supplementary Information (ESI) available: additional details of solvent 

effects and spectral properties, the optical structures and molecular orbitals, 

decomposed transient absorption in selected time delay, kinetics at selected 

wavelength from transient absorption spectra. See DOI: 10.1039/x0xx00000x 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Photophysical Properties of Octupolar Triazatruxene-

Based Chromophores 

Guiying He,
a
 Jinjun Shao,

b
 Yang Li,

a
 Jiangpu Hu,

a
 Huaning Zhu,

a
 Xian Wang,

a
 Qianjin Guo,

a
 

Chunyan Chi
b,

* and Andong Xia
a,
*

 

The photophysical properties of three octupolar chromophores containing planar triazatruxene (TAT) as the central electron 

donor with different electron-withdrawing groups in the tribranched arrangement have been systematically investigated by 

means of steady state and transient spectroscopy. The multidimensioned intramolecular charge transfer (ICT) properties of 

these tribranched chromophores related to the observed two-photon absorption (TPA) properties are explored by estimating 

the TPA essential factors ( geM  and geµ∆ ). Besides the large Stokes shift between steady state absorption and fluorescence 

spectra in different polar solvents, photoinduced ICT was further demonstrated by quantum-chemical calculations and 

transient absorption measurements. Both quantum calculations and spectral experiments show that a multidimensional ICT 
occurs from electron-rich core to the electron-deficient periphery of these TAT derivatives. The results of solvation effects 

and the dynamics of the excited states show that the excited states of these three chromophores tend to exhibit an excitation 

localization on one of the dipolar branches, which is beneficial to achieve large geM  and geµ∆ , thus leading to enhanced 

TPA properties.

Introduction 

In recent decades, electronic push-pull chromophores with 

tunable spectral properties have been extensively studied 

because of their potential applications in a large number of 
areas, such as organic light-emitting diode (OLED),1 organic 

solar cells,2-4 and two-photon excitation fluorescence imaging.5-

7 The typical organic push-pull chromophores consisting of 

electron donors and acceptors connected by a π-conjugated 

bridge (D-B-A) have been extensively developed because their 
absorption spectra and energy gaps can be easily tuned by 

controlling the ICT from electron donors to electron acceptors. 

In comparison with the conventional dipolar molecules, 

octupolar molecules connecting three ICT moieties through a 

conjugation bridge have several advantages, while the 

multidimensional intramolecular charge transfer (MDICT) 
between core and peripheries in octupolar systems gives rise to 

many special electronic properties.8 For example, considering 

the first hyperpolarizabilities, octupolar molecules is shown 3-8 

times larger than that of the corresponding dipolar branches.9,10 

The interaction between branches can lead to enhancement of 

two-photon absorption with high fluorescence quantum yield.11-

16 A great number of works have done on building π-conjugated 

octupolar molecules with π-centers and functional groups of 

electron-donating or electron-withdrawing groups at the 

terminal sites.17-19 With different kinds of D-B-A structures, the 

TPA cross sections can be achieved from  hundreds up to larger 

than 10000 GM.7,15,20-23 Compared to those octupolar molecules 

with three-dimensionally twisted cores, octupolar molecules 

with a planar, extended π-conjugated core are expected to 
afford better performance because of the rigid and planar 

conjugation core.24-27 For example, triazatruxene (TAT) could 

be a good candidate as a conjugative core with a planar, 

extended π-conjugated geometry.17,26 TAT resembles truxene, 

as a trimer, in which three carbazole units are sharing a benzene 

ring, leading to an extended π-conjugated coplanar geometry 
with strong electron-donating ability, where the acceptor groups 

could be extended along trimeric branches at the terminal sites 

to further improve photophysical properties. Such types of 

structures have shown increasing interest in the design and 

application of the TAT derivatives for two-photon excitation 

fluorescence,24,26,28 bulk heterojunction solar cells and 

OLED.29-31 In our previous work, we have successfully 

synthesized several types of TAT-based octupolar molecules, 

all chromophores (1-6) showed high two-photon absorption 

(TPA) cross sections ranging from 280GM to 1620 GM, in 

which TAT-T-Bz and TAT-T-PhCN (see Scheme 1) exhibit 
the best performance for two-photon excitations.17 

Based on the Frankel exciton model, octupolar systems such 

as the TAT series of chromophores with 3C  symmetry could be 

regarded as three arms with a dipolar donor-acceptor pair in 

each arm. Within the sum-over-states approach,14,32,33 the TPA 

cross-section ( )TPAδ  into lowest-energy absorption can be 

expressed as 

2 2

ge ge

TPA

M µ
δ

∆
∝

Γ
                                     (1) 

where geM  and geµ∆  are the transition dipole moment and the 

change in the dipole moment from ground to excited states, 

respectively; and Γ  is the damping factor. It is important to 

note that the TPA cross-section (
TPAδ ) value is strongly 
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depended on the values of geM  and geµ∆ . To realize the direct 

correlation of 
TPAδ  with geM  and geµ∆ , we report the 

comparative study of the solvent-dependent spectral properties 
of three tribranched donor-π-acceptor (octupolar) 

chromophores (DA3) with TAT as a planar, conjugated-core. 

Here, TAT-Bz, TAT-T-Bz and TAT-T-PhCN (the molecular 

structures are shown in Scheme 1) were chosen for the 

investigation of the effect of extended conjugation with the 

same electron-donating but different electron-withdrawing 

abilities, where TAT-Bz and TAT-T-Bz have the same donor-

acceptor pair but different π-bridge lengths, whereas TAT-T-

Bz and TAT-T-PhCN have the same planar electron donating 

core and conjugated length, but different electron-withdrawing 

groups at the terminal sites. Since the donor-acceptor related 
spectral properties of multidimensional molecules are strongly 

depended on the surrounding environments, such as polarity of 

matrix or solvents, we are curious to know how much the exact 

environmental effect on excitation delocalization/localization in 

multibranched push-pull chromophores can be expected for the 

planar, π-conjugated octupolar molecules core. 
In this work, spectral measurements and quantum chemical 

calculations are carried out to reveal how the multidimensioned 

ICT in these tribranched chromophores related to the TPA 

properties by estimating the TPA essential factors ( geM  and 

geµ∆ ). The results of solvation effects and the dynamics of the 

excited states show that the excited state of these three 

chromophores tend to exhibit an excited localization on one of 

the dipolar branches, which is beneficial to achieve large geM  

and geµ∆  to achieve the high TPA properties. 

Scheme 1. Molecular Structures of Tribranched Chromophores. 

 

Materials and Methods 

Materials 

The synthesis and characterization of star-shaped octupolar 

TAT-based chromophores were reported previously.17 The 
chemical structures and purities are identified by 1H NMR, 13C 

NMR spectroscopy, mass spectrometry, and elemental analysis. 

For the spectroscopic measurements, purified TAT-Bz, TAT-

T-Bz and TAT-T-PhCN were dissolved in aprotic solvents. 

Absorption and Fluorescence Measurements 

UV-vis absorption spectra were carried out by a Hitachi U-

3010 spectrophotometer. The steady-state fluorescence 
measurements were recorded on F-4600 (Hitachi) fluorescence 

spectrometer. 

Fluorescence excitation anisotropy spectra were recorded 

with the same fluorescence spectrophotometer (F-4600, 

Hitachi) by passing the excitation and emission light through 

two polarizers, respectively. Experimentally, the anisotropy (r) 
is given by the following equation: 

2

VV VH

VV VH

I GI
r

I GI

−
=

+
                                     (2) 

Here the two subscripts are the orientation of the excitation and 

emission polarizers, respectively. G (
HV HHG I I= ) is the 

geometric factor of the fluorescence spectrometer which is 

easily measured by the ratio of the sensitivities of the detection 

system for vertically and horizontally polarized light. 

Computational Details 

The ground-state structure optimizations were done by density 

functional theory (DFT) at the B3LYP/6-31G(d,p) level as 

implemented in the Gaussian 09 package.34 For the sake of 

simplicity, the dodecyl solubilizing groups were replaced with 

methyls. All optimized structures were characterized by an 

analytical frequency analysis and were shown to be the minima 

without imaginary frequencies. On the optimized ground-state 

structure, time-dependent DFT (TDDFT) at the same level were 
carried out to calculate the vertical transition from ground state 

to excited states. Structures and orbitals were visualized using 

GaussView version 5.0, which was also used to generate charge 

difference density contours. 

Femtosecond Transient Absorption Measurements 

The femtosecond transient absorption measurements with time 

resolution about 90 fs were conducted using a homemade 
femtosecond broadband pump-probe setup detecting in visible 

region.35-39 For the current pump-probe measurements, every 

spectrum was measured using magic-angle polarizer conditions. 

Concentration of the tribranched chromophores was adjusted to 

an absorbance of ~0.3 OD at 400 nm in a 1 mm path length 

quartz cuvette. 
The original time-resolved spectra are corrected for stray 

light and for the group velocity dispersion of the white light 

(chirp), which was done by fitting a polynomial to the cross 

phase modulation signal of the pure solvent under identical 

experimental conditions. Then data analysis was performed 

with the global and target analysis program Glotaran based on 
the statistical fitting package TIMP.40, 41 In the case of a 

sequential model, each evolution-associated difference 

spectrum (EADS) corresponds again to one exponential decay 

that also constitutes the population for the subsequent decay.42-

44 

Results and Discussion 

Steady Absorption Spectra and Transition Dipole Moments 

Figure 1 shows the normalized UV-vis spectra of the 

tribranched chromophores in toluene, chloroform, 

tetrahydrofuran (THF) and dichloromethane (DCM), 

respectively. The detailed spectral parameters are presented in 

Table S1 (Supporting Information). Each of these 
chromophores exhibited two major absorption bands. The high-

energy absorption bands, which are in the same region around 

330 nm, correspond to the localized 
*π π−  transition of the 

conjugated TAT core,17,26,45 while the low-energy bands in the 

visible region result from the ICT transitions. The characters of 

ICT are also demonstrated from quantum-chemical calculations 

of the investigated tribranched compounds (see Figure S2 and 

Figure 5). It is found that the HOMO orbitals are delocalized 

over the TAT core and parts of branches, whereas the LUMO 

orbitals mainly located on the accepting peripheries. 
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Furthermore, as shown in Figure 1, the absorption spectra for 

each investigated chromophore in different polar solvents have 

no obvious changes, indicating the nearly net zero dipole 

moments of ground states because of rigid and planar TAT core 

with symmetric ground structure. However, for TAT-Bz and 

TAT-T-Bz with the same donor-acceptor pair but different π-

bridge lengths, lengthening the π-conjugation bridges by the 
introduction of conjugated thienylene vinylene unit for TAT-T-

Bz results in obvious bathochromic shifts of both ICT 

absorption and fluorescence, where the absorption spectra (see 

Figure 1a and b) show large red-shifts of absorption spectra 

from 400 nm for TAT-Bz to 450 nm for TAT-T-Bz. Moreover, 
in the case of TAT-T-PhCN with the same electron donating 

core but less strength of the electron acceptor groups relative to 

TAT-T-Bz, a slight blue-shift of absorption around 440 nm for 

TAT-T-PhCN is observed relative to the absorption around 

450 nm for TAT-T-Bz, indicating strong electron withdrawing 

ability leads to the enhanced intramolecular charge transfer. 

The same trends are also observed in the fluorescence spectra 

as shown in Figure 1, where the red-shift is less pronounced in 

fluorescence with different electron acceptors (TAT-T-Bz and 

TAT-T-PhCN), but more pronounced with different 

conjugated lengths (TAT-Bz and TAT-T-Bz or TAT-T-

PhCN), indicating the large geometry-dependence changes of 
dipole moments of the excited states, which will be discussed in 

detail in the next section of “Fluorescence Spectra and 

Solvation Effects”. 

 

 
Figure 1. Normalized absorption and fluorescence spectra of TAT-Bz (a), TAT-T-

Bz (b) and TAT-T-PhCN (c) in different solvents: toluene (black), chloroform (red), 

THF (green) and DCM (blue). 

According to the description of equation (1),14,32 the TPA 

cross-section ( )TPAδ  of lowest-energy absorption is directly 

corresponding to the transition dipole moments (
ge

M ), which is 

an essential factor for the tribranched chromophores. To obtain 

the transition dipole moments (
ge

M ), we have estimated the 

absorption transition moments from steady-state electronic 

absorption measurements according to the formulas used in the 

literature,33,46 

1
221500( c) ln10

( )d
ge ge

A ge

M
N E

ε ν ν
π

 
=  
  

∫
h

                   (3) 

where 
AN  is Avogadro’s number, ( )

ge
ε ν  is the extinction 

coefficient (in 1 1M cm− −
• ) at the wavenumber ν , in 1cm−  , and 

the integral is performed over the first absorption band. Table 1 

list the corresponding parameters about steady-state absorption 

and transition dipole moments ( )
ge

M as well as two-photon 

absorption cross sections of the investigated chromophores in 

THF. It is found that, those chromophores with larger 

conjugation and stronger electron-withdrawing ability show 

better performance in the TPA cross sections because of larger 

ge
M . 

Table 1. Photophysical parameters of the investigated chromophores in THF 

 (nm)a
abs
λ

 

1 1
(cm M )

aε − −
•

 

(D)b
ge

M

 

(D)
c

geµ∆

 

(GM)d
TPA
δ

 

TAT-Bz 400 86000 12.1 19.0 1110 

TAT-T-Bz 454 142700 17.8 23.9 1600 

TAT-T-

PhCN 

441 133000 16.4 23.1 1410 

a. 
abs
λ and ε  are the absorption peak and molecular extinction coefficient. The 

results are consistent with the previous report. b. 
ge

M is the transition dipole 

moments obtained by the equation (3). Errors in the determined 
ge

M  are about 

10%. c. geµ∆  is obtained from Lippert-Mataga relationship. d. 
TPA
δ  is from our 

previous work.
17

 

Fluorescence Spectra and Solvation Effects 

As shown in Figure 1, the red-shift of fluorescence is less 

pronounced for those chromophores with different electron 

acceptors but more pronounced with different conjugated 

length, this could lead to large correlation with excited state 

dipole moments. According to the aforementioned equation (1), 

the TPA cross-section ( )TPAδ  for the TPA compounds is also 

dependent on the change ( geµ∆ ) in the dipole moment between 

the excited and ground state. To estimate geµ∆ , the solvation 

effects are further conducted for these three compounds. As 
discussed above, there is no obvious solvatochromism for these 

compounds in different polar solvents observed from 

absorption spectra because of the C3 symmetry which leads to 

nearly net zero permanent dipole moment of ground state. In 

contrast to less shifted absorption spectra, the fluorescence 

spectra are much sensitive to the solvent polarity. When the 
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solvent was changed from non-polar cyclohexane to polar 

acetone (i.e. with an increase in the polarity of solvents), as 

shown in Figure 1 and Table S1, the fluorescence maxima 

shifts from 460 nm to 534 nm for TAT-Bz, from 504 nm to 598 

nm for TAT-T-Bz and from 492 nm to 581 nm for TAT-T-

PhCN, respectively. This further proves the strong ICT from 

electron-donor core to electron-acceptor peripheries, indicating 
the polar nature of the excited states of these chromophores. 

The ICT effect facilitates good electronic communication 

functionality and contributes to the red-shifted fluorescence 

spectra of chromophores upon solvation. In Figure 2, the 

absorption and fluorescence peaks of TAT-Bz, TAT-T-Bz and 
TAT-T-PhCN are plotted as a function of the polarity of 

different solvents (from cyclohexane to acetone, in the form of 

Reichardt parameters).47 These plots are clearly demonstrated 

that solvent-induced red-shift is pronounced in fluorescence 

spectra than in absorption spectra.  

 
Figure 2. Absorption (open) and fluorescence (filled) band peaks as a function of 

solvent polarity. Squares, TAT-Bz; circles, TAT-T-Bz; triangle, TAT-T-PhCN. 

In order to estimate the dipole moment difference ( geµ∆ ) 

between the excited- and ground-state dipole moments, we 

employed an alternative method by Lippert and Mataga to 

correlate the Stokes shift with the orientational polarizability of 

each solvent to further determine the solvent effects on the 
polar nature of the excited states of these chromophores.48,49 

The fact that both solvent-independent absorption spectra and 

solvent-dependent fluorescence spectra strongly indicate that 

the excited state of these tribranched compounds could 

dramatically enter a strongly polar excited ICT state from the 

initial Franck-Condon state. The relationship between Stokes 

shift and the polarity of solvent can be simply described by the 

Lippert-Mataga equation49-51 

( )2

3

2
abs em ge

f
const

hca
υ υ υ µ

∆
∆ = − = ∆ +              (4) 

where, υ∆  is the Stokes shift, absυ  and 
em
υ  are the absorption 

and emission energy in wavenumber, respectively and h  is the 

Planck constant, c is the light speed, a  is the Onsager cavity 

radius52, geµ∆  ( ge e gµ µ µ∆ = − ) is the difference between the 

excited- and ground-state dipole moments. f∆ , known as the 

solvent polarizability, which can be captured using the 

dielectric constants ( )ε  and refractive indices ( )n  of the solvents 

by the following equation: 

( )
( )

( )
( )

2

2

11

2 1 2 1

n
f

n

ε

ε

−−
∆ = −

+ +
                            (5) 

Figure 3 shows the plots of υ∆  versus f∆  for three 

chromophores. Linear regression fits yield 2 32 /ge hcaµ∆  from 

the slope, which is the key output from the Lippert-Mataga 

analysis. The slopes of TAT-T-Bz and TAT-T-PhCN are 

nearly identical but larger than that of TAT-Bz, indicating that 

the conjugated length has the stronger impact on polar degree 

of ICT relative to the electron accepting ability. The good and 

linear fit of Lippert-Mataga plots suggests that the emitting 

state most likely arise from the charge localization on one 
branch.11,16 To quantitatively determine the polarity of the ICT 

state, we examined the dipole moment change ( geµ∆ ) between 

the excited-state and ground-state based on the equations (4) 

and (5). We use the Onsager cavity radius (7.30 
o

A  for TAT-

Bz, 8.09 
o

A  for TAT-T-Bz and 7.97 
o

A  for TAT-T-PhCN) to 

calculate the effective dipole moment changes, which are 19.0 

D, 23.9 D, 23.1 D for TAT-Bz, TAT-T-Bz and TAT-T-PhCN, 

respectively. Here, the Onsager cavity radius ( a ) is estimated 

from the quantum-chemical calculations using density 

functional theory method at the B3LYP/6-31G(d,p) level. 

Compared to TAT-T-Bz and TAT-T-PhCN with longer 

conjugation, as shown above, geµ∆  of TAT-Bz (19.0 D) is a 

little smaller, which could be attributed to the shorter 

conjugation. The deduced geµ∆  values from Lippert-Mataga 

analysis for these compounds are in agreement with the 

observed TPA cross sections as shown in Table 1. Particularly, 

since the dipole moments in ground states are nearly zero for all 
these three compounds, the fact that no obvious shifts of 

absorption but large much more red-shift of the fluorescence 

spectra in various solvents are observed, indicating that the 

obtained dipole moment changes are almost contributed from 

the excited states. Such a positive solvatochromism was 

commonly observed for many push-pull chromophores due to 

intrinsic C3-symmetral ground states and photoinduced ICT 

from the planar core to the periphery, leading to the ICT 

localization on one arm of the emitting state, especially for the 

those push-pull chromophores with long conjugation like TAT-

T-Bz and TAT-T-PhCN14,53,54 because of symmetry-broken 

excited states upon excitation. 

 

Figure 3. Lippert-Mataga plots showing the Stokes shift versus the solvent 

polarity function for tribranched chromophores TAT-Bz (black), TAT-T-Bz (red) 

and TAT-T-PhCN (blue), respectively. Solid lines are the fitted results. 
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Fluorescence Excitation Anisotropy Spectra 

To estimate the nature of localized emission and symmetry-

broken excited state upon excitation in the investigated 

chromophores with 3-fold symmetry, we performed steady-

state fluorescence excitation anisotropy measurements on the 

tribranched molecules.14,39 In order to avoid the rotation of 

molecules during excited state relaxation, all the investigated 

compounds are doped in an isotropic polystyrene film. Figure 4 
shows the fluorescence excitation spectra and fluorescence 

excitation anisotropy spectra of these chromophores. The 

excitation spectra were measured by monitoring the red-side of 

fluorescence at 510, 570 and 550 nm for TAT-Bz, TAT-T-Bz 

and TAT-T-PhCN, respectively. The redistribution of the 
excitation energy among the three spatial transition dipoles lead 

to the limiting anisotropy should reach 0.1 for these tribranched 

chromophores.39,54,55 It is found that the anisotropy of these 

three chromophores follows the similar trends. The anisotropy 

is around 0.1 at the higher energy side, and gradually increases 

with the decreased excitation energy at the low energy region, 

and then reaches an anisotropy limit around 0.4. Without 

rotation, this anisotropy changes could be explained by an 

energy transfer mechanism among three branches with these 

chromophores, indicating that the localized excited state in one 

of the three branches is generated because of symmetry-broken 

excited state upon excitation.14,39,56 The excited states of each 
branch can be excited by different excitation wavelength in the 

ICT region, where the exergonic energy transfer result in an 

anisotropy decrease of the high-energy ICT state. The energy 

transfer with excitation at the lower energy side, an endergonic 

process to other branches, is less effective. As a result, the 

anisotropy is expected to be ~0.4 at the low-energy side. To 

gain deeper insight to the nature of ICT state, the following 

charge difference density (CDD) calculations were carried out, 

where CDD means the difference in electron density upon 

vertical transition between ground state and excited states. 

 
Figure 4. Fluorescence excitation anisotropy spectra (solid lines) and normalized 

fluorescence excitation spectra (dashed lines) of chromophores TAT-Bz, TAT-T-Bz 

and TAT-T-PhCN in an isotropic polystyrene film at room temperature. 

Computation Studies 

Geometrical optimization calculations were performed with 

B3LYP/6-31G(d,p) level of theory for these three tribranched 

chromophores in the ground state. The discotic structures along 
C3-symmentry (shown in Figure S2) were obtained by 

optimization without imaginary frequencies. The optimized 

structures reveal that the substituted electron-withdrawing 

groups attached to the ends of chromophores are nearly 

coplanar with the TAT backbone. Thus, the delocalization 

between the arms cannot be ignored in ground states. However, 

the optimized lowest excited states (by TDDFT method) do not 

retain their symmetries. The dipole moment of ground state is 

almost zero, while that of the lowest excited state is very large. 

The planar structure of chromophores is beneficial to enhance 

the TPA cross section. Upon excitation, charge localization on 

one branch is better for obtaining a strong dipolar excited state. 

The relative ordering of frontier molecular orbitals could 

provide a reasonable qualitative indication of the excited state 
properties. The contour plots of important frontier molecular 

orbitals of the three chromophores are shown in Figure S2. To 

clearly verify the charge transfer pathway in the three 

compounds, the visualized charge difference density (CDD) 

based on TDDFT methods at the same level were performed. 

Figure 5 shows the visualized CDDs of 
1 0S S−  transition, 

presenting direct evidence of intramolecular charge transfer 

from the inner core to the peripheral groups, where the 

triazatruxene core acts as electron-donor and benzothiazol or 4-

cyanophenyl moieties act as electron acceptor. As shown in 

Figure 5 the CDD of TAT-Bz still maintains C3-symmentry to 

some extent because of the planar core which keeps the 
structural rigidity with the acceptor via short π-conjugated 

bridge, whereas the CDDs of TAT-T-Bz and TAT-T-PhCN 

show clearly localization because of longer conjugated bridge 

between donor and acceptor groups. As mentioned above, the 

nature and the charge transfer degrees of the ICT states are 

strongly influenced by the polarity of the surrounding solvents, 

where the larger the dipole moment changes ( geµ∆ ) in the 

excited state are, the stronger the solvation is. Femtosecond 
transient absorption measurements can thus provide more 

insight about the correlation of solvation with the dipole 

moment changes ( geµ∆ ) between the ground and the excited 

states by determining the solvent-dependent dynamics of the 

excited ICT states. 

 

 
Figure 5. Density difference between the lowest charge-transfer and ground 

states of chromophores. From left to right, the molecule is TAT-Bz, TAT-T-Bz and 

TAT-T-PhCN, respectively. The green and red represent the hole and electron, 

respectively. 

Transient Absorption Spectroscopy 

For a detailed understanding of the excitation delocalization, 

charge localization, and the polar nature of ICT state in these 

TAT derivatives, femtosecond transient absorption 

measurements have been carried out to provide more insight 

about the correlation of solvation with the dipole moment 

changes ( geµ∆ ). The samples were excited at 400 nm, and the 

resulting absorbance differences were recorded in a visible 

spectral region between 425 nm and 780 nm. Since without 

specific solute-solvent interaction (such as H-bond dynamics, 

which may cause an extra dynamics in the observed spectra57), 

the dynamics of aprotic solvents reorganization around the 

excited solute molecule is mainly determined by solvent 

polarity and the polar dipole moment of excited solute 

molecules. Here in THF, a medium polar solvent as an 

example, the dynamics of these three investigated 

chromophores are associated with the polar degree of the 

excited state, which is an essential factor to the photophysical 
properties. The transient absorption spectra at different time 
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delays from 300 fs to 20 ps and a long delay time (500 ps) for 

TAT-Bz, TAT-T-Bz and TAT-T-PhCN in THF are shown in 

Figure 6. According to steady absorption and fluorescence 

spectra as shown in Figure 1, the ground state bleaching (GSB) 

and stimulated emission (SE) over the whole spectral region, 

are corresponding to the positions of absorption and 

fluorescence, respectively. For TAT-Bz, there is a strong, board 
excited states absorption (ESA, positive absorption signal) from 

500 to 780 nm and a weak ESA (at around 450 nm) with the 

negative GSB and SE band, which seems below zero. The 

shapes of transient spectra of the extended π-conjugation 

systems (TAT-T-Bz and TAT-T-PhCN) are similar, but very 
different from that of TAT-Bz. For TAT-T-Bz and TAT-T-

PhCN, GSB and SE are slight shift to the longer wavelength 

because of the more extending conjugation. There are two ESA 

peaks, where the decay of the strong ESA located above 700 

nm occurs together with the increase of the weak one between 

500 nm and 550 nm. This process may correspond to the 

solvation-dependent structural relaxation.16,21,33,39,54 It has been 

reported for the TPA tribranched chromophores that the 
relaxation from the initially populated Franck-Condon state to 

the charge-localized ICT state happened much fast in several 

hundred femtoseconds.16,21,39 Then the polar ICT state shows 

pronounced solvation in sequential decay. 
 

 

 

Figure 6. Evolution of femtosecond transient absorption spectra. The spectral evolution is separated in two time domain 300 fs -3 ps (top), 3-20 ps and 500 ps 

(bottom). The dashed lines in each panel are guides to the eye for identifying the red-shift of SE peak. 

 

As shown in top panels of Figure 6(a, c, e), the vertical 

dashed lines were positioned at the wavelength of the initial SE 

bands (around 300 fs). It is obviously found that the transient 

spectra of these chromophores mainly consists of a red shift of 
the SE band in the first few picoseconds. Noticeably, for each 

compound, the shape of spectra from 5 ps to 20 ps is almost 

same, which means that the solvation process is over. In order 

to estimate the excited state deactivation, the dynamic Stokes 

shift is extracted from the corresponding transient absorption 

spectra by decomposing the transient absorption spectra with 

Gaussian peaks39,58-61 (see Figure S3, Supporting Information). 

The time dependent peak shift from the position at 0.2 ps can 

thus be calculated from the Gaussian peak at different delay 

times. The results are shown in Figure 7(a). Relaxation 
functions for these tribranched chromophores are compared in 

Figure 7(b), where normalized values 

(t) ( (t) ( )) / ( (200fs) ( ))C ν ν ν ν= − ∞ − ∞  are shown.62 The 

exponential fitting parameters of relaxation dynamics are 
shown in Table 2. 
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Figure 7. (a) Peak shift dynamics; (b) peak-frequency relaxation, normalized to 1 at t = 200 fs and 0 at long delay time while solvation ended, respectively. 

 

 

Table 2. Summary of the solvation time deduced from the red-shift of SE band and 

global lifetimes of excited states of tribranched chromophores in THF 

 Solvation time Lifetimes by global fitting 

 τ  (ps) 1τ  (fs) 2τ  (ps) 3τ  (ps) 

TAT-Bz 1.75 ± 0.15 450 ± 20 5.6 ± 0.6 ~ 910 

TAT-T-Bz 1.05 ± 0.1 465 ± 30 4.5 ± 0.3 ~ 900 

TAT-T-

PhCN 

1.42 ± 0.1 460 ± 20 5.0 ± 0.5 ~ 840 

 

Furthermore, a clear isobestic point is observed with the 

evolution of the transient spectra, indicating a new transient in 

the region around 500 nm formed with a decay of ESA at the 

red region. This is a solvent stabilized ICT state (ICT’) 

conformationally from the initial excited states as reported in 

many similar push-pull molecules before.16,21,33,39 The dynamic 
evolution of the three chromophores are further better 

visualized by inspecting the evolution associated difference 

spectra (EADS) obtained by global analysis, using a sequential 

kinetics scheme with increasing lifetime.40,41 The good quality 

of the fit is testified by a very low value of the root-mean-

square error (RMS), which is less than 0.001, and the results of 

fitting were shown in Figure 8 and Table 2. A fast vibrational 

relaxation from Franck-Condon state takes place in a few 

hundred femtoseconds. Then the vibrationally relaxed ICT state 

decays with a lifetime of several picoseconds to yield a final 

relaxed ICT state. Finally, the stabilized ICT state decays with a 

lifetime of around one nanosecond, which is close to the 
lifetime of fluorescence.16,21,33,39 

It can be seen in Table 2 that the solvation time constants (~1 

ps) are consistent with the previous reports, indicating that the 

localization of the excited state of tribranched 

chromophores.35,60 The observed solvation times about 1.05 ps 

and 1.42 ps are faster in the case of TAT-T-Bz and TAT-T-

PhCN when compared to TAT-Bz (1.75 ps) in the same polar 

solvent, which is related to geµ∆  upon excitation. Since the 

nearly net zero dipole moments of ground states for all these 

three compounds because of rigid and planar TAT core with 
symmetric ground structure as mentioned above, the initial 

excited ICT state could be a dipole and as the long conjugation 

TAT-T-Bz and TAT-T-PhCN is much more polar than TAT-

Bz. In such a case, the dipole moment of the excited states 

would be the main contributing factor for geµ∆ . Therefore, the 

formation of the solvent-stabilized ICT state is mainly 

influenced by the degree of polar excited state. The fitted time 

constants of 2τ  reflects the solute-solvent interaction of the 

investigated system. For the same polar solvent, the time 

constants mainly depend on geµ∆ , this is all contributed from 

the dipolar excited states becasue of nearly net zero dipole 

moments of ground states for all these three compounds. Thus 

the results of femtosecond transient absorption agree well with 

the estimation of geµ∆  by Lippert-Mataga relationship 

mentioned above. Typically, the solvation for TAT-T-Bz is 

faster compared to TAT-Bz, indicating that extended 

conjugation by introduction of thienylene vinylene is an 

efficient method to obtain high geµ∆  and to enhance the TPA 

properties. As mentioned in the equation (1), several parameters 

determine the TPA cross section of molecules. Based on the 

sum-over-states method, both geM  (obtained by the steady state 

absorption) and geµ∆  (obtained by the solvation of the excited 

state) are the essential factors of the TPA cross section, thus the 

rigid and planar structures of the TAT core could be a good 

alternative by improving higher geM  and geµ∆ to achieve the 

higher TPA properties compared with the twist structures.16,21 
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Figure 8. Global analysis of the transient absorption spectra. EADS obtained using a sequential relaxation model for TAT-Bz (a), TAT-T-Bz (c) and TAT-T-PhCN (e) in 

THF. The associated population evolution curve of the EADS components as a function of time for TAT-Bz (b), TAT-T-Bz (d) and TAT-T-PhCN (f). Kinetics at selected 

wavelengths for showing the good quality of global fitting for chromophores in Figure S4-S6.  

 

Conclusions 

In summary, the multidimensioned ICT properties of three 

organic octupolar chromophores containing planar TAT as the 

central electron donor with different electron-withdrawing 

groups at the terminal sites, have been comparatively 

investigated in order to understand the structure-properties 

relationship of electronic push-pull chromophores. The 

transition dipole moments (
ge

M ) and the change of dipole 

moments ( geµ∆ ) between ground and excited states, which are 

essential factors for TPA properties, were determined by steady 

state spectra, transient absorption measurements and quantum 

chemical calculations. It is found that the intramolecular charge 

transfer in the excited states plays an important role in 

improving the TPA properties. As results that for the electron 

donor-acceptor system, the strategies by introduction of 

thienylene vinylene to enhance the TAT donor ability and 

modifying the strength of the electron-withdrawing-groups as 
well as the length of the conjugation, are possible to increase 

the TPA cross section ( )TPAδ . Following the same trends of 
ge

M  

and geµ∆ , TAT-T-Bz and TAT-T-PhCN exhibit larger TPA 

cross section than TAT-Bz because of the extended 

conjugation. This current work provides deeper understanding 

of the correlation between the TPA properties and the octupolar 
molecular structures, which could be helpful to the judicious 

design of the star-shaped compounds with better photophysical 

properties. 
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The intramolecular charge transfer properties of tribranched 

chromophores related to their TPA properties are explored by 

estimating the TPA essential factors. 
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