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1 Introduction

Physical Chemistry Chemical Physics

Excited-State Localization and Energy Transfer in Pyrene Core
Dendrimers with Fluorene/ Carbazole as Dendrons, and Acetylene
as Linkages

Linyin Yan,**® Yan Wan,?® Andong Xia,”® ShengHien Lin*¢ and Ran Huang®

A multi-leveled theoretical investigation combining TD-DFT(B3LYP and CAM-B3LYP) methods and semi-empirical method
has been conducted to determine the structure-related spectral properties for T-series dendrimers composed of nearly
hundreds of atoms, which has been carried outbased on the proposed molecular model. Both one- and two-photon
absorption spectra of these dendrimer molecules have been well reproduced. The “antenna effect” in the dendrimers
molecule has been theoretically studied. The process of excitation energy localization from chromophores in branches to
the pyrene core before the fluorescence emission is visualized by using the contour of charge different density (CDD)
between electronic states. The conclusions based on the theoretical model have been drawn to the observed
photophysical properties of T-series dendrimers: a). increasing a generation of branch would enhance the absorption of
photons with wavelength below 430 nm; b). enlarging the conjugation of branches would enhance the coupling among the
chromophores and lower the excitation energy; c). the existence of inter-molecular coupling among the “antenna”
chromophores in conjugated branches and the pyrene core would significantly promote two photons absorption.

electronic delocalization, degree of molecular planarity,
cooperative enhancement between chromophores, and so on”
58,10, 1831 Hereon, theoretical models for dendrimers should
be built to quantitatively describe the structure-property

The dendritic structure is considered as one of the promising
structures to design two-photon absorption (2PA) materials
with large 2PA cross section and highly efficient two-photon
excited fluorescence (TPEF)Hz. Two mainly unique features of
the dendritic structure, called “antenna effect” and “shell
effect”, guarantee outstanding photophysical
properties . In order to design and determine structure-
dependent 2PA properties of dendrimers, both the theoretical
and applied researches related to dendrimers have been
mushrooming in recent years. Great efforts have been taken to
synthesize new dendrimers and modify the existing ones*® '
Y Theoretical investigations have also been carried out to
explain the experimental results, and a number of factors have
been found to have effects on the 2PA of dendrimers, such as
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relationship, and effectively guide the dendrimer designing.
Unfortunately, since many dendrimers reported to have
excellent 2PA properties contains hundreds of atoms® 1% 14 3%
34, the large size of dendrimer molecules makes the single-
scaled modeling with TD-DFT calculation not applicable.
Exciton models or other models should be employed to divide
the dendrimer molecule into several parts, so that the
theoretical method for smaller molecules could be applicable
for large dendrimers.**2 3542

In order to obtain a comprehensive understanding of the
structure-related properties of the excited states in
dendrimers and their impact on the molecular photophysical
properties, in this paper, a multi-leveled theoretical
investigation contains compatible TD-CAM-B3LYP and ZINDO
calculation have been conducted on a series of T-series
dendrimers (the molecular structures of T1-T4 are shown in
Scheme 1)43. A multi-scaled accurate theoretical model has
been established, which could quantitatively reproduce one-
and two-photon absorption properties, and the corresponding
new designing strategies for such type of dendrimers are
proposed.
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Scheme 1. Molecular Structures of T-series Dendrimers.

2 Computational Methods
2.1 Calculation of One and Two-photon absorption

In the single-beam linearly polarized one color (the angular
frequency of a)) 2PA process, the time-dependent wave
equation can be described as*

HY =in(o¥ /o) a

where the Hamiltonian operator is written as:
I:I=I:10—p~EOcoswt

=H,—e|E,|(R-1)cos ar 2)

where P is the electronic transition dipole moment and Ris
the corresponding spatial vector, * is polarization vector of the
radiation, and Fo is the amplitude vectors of incident sinusoidal
electric fields.

According to ref.’, in the low-temperature case, the 1PA

absorption can be written as:
471' a)
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represents the Lorentzian-shape function, "7 is the electronic
transition dipole moment between state f and state i, v’ is the

0. .
where K v is Franck—Condon factor,

corresponding vibration quantum numbers of state f.
The orientation-averaged 2PA transition rate can be written as
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The corresponding 2PA cross section becomes
2
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where [ is the light intensity,

1,

b (6)

2.2 Calculation of Fluorescence Excitation Anisotropy Spectra

The anisotropy (r) was calculated with
_I,-GI,
T 1,+26GI,

(7)

where [, and /, are the polarized fluorescence intensities parallel
and perpendicular with excitation polarization, respectively; G (G =
1. /1)) is the geometrical factor of fluorescence spectrophotometer
when the excitation is vertically polarized.s‘ 6
angle (8,) between absorption and emission transition moment can

Furthermore, the

be approximately calculated from corresponding anisotropy (ry)
using equation (8),47‘ 8,

., :2[30052 ﬁo—l]
5 2 (8)

Anisotropy excitation spectra were calculated according to Equation

(7). T and !+ are the results of two independent measurements of
fluorescence intensity for polarized excitation beams. According to

Francesca Terenziani et al's work, I and !+ could be calculated
efficiently using the following expression47
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where A (Ze) is the absorbance from the ground state to the jth

nonadiabatic excited state at the excitation wavelength l«-w; Fy(Z.)

is the fluorescence intensity from the emitting state towards the jth

% is the angle between

state, the fluorescence wavelength is /1(,”,'
the transition dipole moments from ground state to ith and jth

1L, (As 4

excited states. To calculated excitation anisotropy, i Pen) and

1, (A Ben) are calculated independently, summed according to the

normalized probability and substituted into Eq. (7).

2.3 Computational Methods

In this paper, two-scaled model has been built to determine
the optical properties for the T-series dendrimers. For 2 nm
scale molecular model for the basic chromophores, the
molecular geometries at ground and the excited states were
optimized employing B3LYP, CAM-B3LYP and corresponding
TD-B3LYP, TD-CAM-B3LYP methods with a basis set of 6-
31G(d,p)23‘ 49,30, Frequency analysis was also carried out at
corresponding level. The Huang-Rhys factors at each
vibrational mode were also figured out, with which the
fluorescence and the absorption band of S; have been
simulated. Then, for the 10 nm scale model, the ground state
geometries of molecules T1 to T4 were optimized by using
PM6 method. The electronic excited states were computed by
ZINDO method with the corresponding ground state optimal
conformations. The 1PA and 2PA spectra were calculated using
the transition dipole moments obtained from calculation result

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 10



Page 3 of 10

Physical Chemistry Chemical Physics

of excited states. The excited-state properties of the molecules
were also characterized and investigated with the three-
dimensional cube representation of the charge difference
density (CDD),g‘ *153 \which shows the distribution of net
change in electron and hole densities as the results of
electronic transitions. The consistency of ZINDO and TD-CAM-
B3LYP method was testified. All computations were performed
with the Gaussian 09 program package54.

3 Results and Discussion
3.1. The Molecular Geometry

Core-shell structures are the basic structure feature of stiff T-
series dendrimers (T1, T2, T3, and T4, shown in scheme 1). In
all of these dendrimers, pyrene is chosen as the dendrimer
core, because of its excellent photoluminescence efficiency
(®¢=0.60 in cyclohexane)ss’ % Fluorenes are chosen as the
major chromophores in branches, as their capability of
extending the conjugation structure®®. Carbazoles are chosen
as the terminal or the junction chromophores connecting the
branches in the first and second generation, since the three-
six- and nine- position could be easily modified””" 2. Acetylene
linkers are chosen as the m-conjugated connection structures
of all the chromophores mentioned above™ Long alkyl
groups would not contribute to the absorption and emission,
but they are necessary spacer in dendrimers that prevent the
aggregation and self-quenching of nearby chromophores7’ o1,
In a word, the specific dendritic structure is expected to be one
of the most remarkable structural motifs for the T-series
dendrimers in this article, simultaneously with large 2PA cross
section and high TPEF quantum yield“' % 62 The optical
properties of T-series dendrimers are determined by two main
chromophores: the polycyclic aromatic pyrene core, and the
branch chromophores composed of conjugated fluorene and
acetylene (phenylethynyl) linkages combined together. They
are the basic structural foundation for the electronic
properties.

As a macromolecule, the spatial distribution and the
arrangement of chromophores in dendrimers would affect the
optical properties significantly. In T-series dendrimers, the
number of chromophores is much more than nine, and the

distance between two chromophores would not exceed 10 nm.

When the dendrimers is excited in light field, the excitation
energy transfer and the coupling between chromophores
could not be ignored. Moreover, the unique molecular
geometry of T-series dendrimers would promote the coupling.
In all of these T-series dendrimers, the most obvious character
of molecular geometry is the large conjugated planar system
which consists of pyrene, fluorene, benzene and the rigid
acetylene linkers, and has been reported to be able to increase
the m-electron delocalization and enhance the coupling of
chromophores among the branches®" 3 4% &3, Furthermore,
both the increase of the m-electron delocalization and
enhancement of the coupling of chromophores have been
reported to be able to enhance the 2PA cross section®" 34183,

This journal is © The Royal Society of Chemistry 20xx

In short, the size of T-series dendrimers has far exceeded
the range which precise DFT/TD-DFT methods could easily
handle. Besides, the T-series dendrimers contain large
conjugation sections, and the organization form of the
chromophores is not random distribution, and it would
inevitably affect the optical properties. Therefore, an overall
consideration of multiple chromophores is of crucial
importance. Fortunately, the PM6/ZINDO method could be a
practical method for such macromolecules system, except that
detailed information, such as the information of the molecular
structures of the excited states and the vibrational modes, is
not available®” ®>. Combine the advantage of both DFT/TD-DFT
PM6/ZINDO methods, a multi-scaled theoretical
investigation was carried out. At 2 nm scale, based on DFT/TD-
DFT calculation result, fine molecular models were built for the
element chromophores. At 10 nm scale, based on semi-
empirical calculation, global models were built for the
dendrimers molecules.

and

3.2. Photophysical Properties of Element Chromophores

In such macromolecule with abundant conjugation sections as
T-series dendrimers, chromophores might not be distinctly
separated. To build fine molecular models, the element
chromophores should be carefully chosen. The proper element
chromophores should be able to represent the basic
photophysical properties of the global dendrimer significantly.
As the primary step, in the molecular models, we divide the
dendrimer into two parts with key element chromophores in
the branches (Chromophore B) and the core (Chromophore C)
of the T-series dendrimers (shown in Figure 1).
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Figure 1. The Molecular Model for (a) Chromophore B and (b)
Chromophore C, and the Corresponding Molecular Orbitals Involved in
So—S; Transition.
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Furthermore, in order to give full consideration of the
conjugations and linkages among chromophores, not only the
acetylene linkers but also benzene rings are included in the
models. The HOMOs and LUMOs of the chromophores
contribute most to the transition from the ground state (Sy) to
the lowest excited singlet state (S;), which correspond to the
absorption (shown in Figure 1). The detailed descriptions of
the transitions including the molecular orbitals and the
corresponding coefficients are listed in the supporting
information (Table S5 and S6). The results of different
calculation methods are similar to the pattern shown in
Figurel. The HOMOs are m orbitals distributed on the
carbazole or pyrene chromophore and the acetylene linkers,
while the LUMOs are the corresponding m* orbitals. The
vertical (Franck-Condon) and adiabatic (0-0) transition energies
from the ground state to the low-lying singlet states are listed
in Table 1 and Table 2. Among them, the adiabatic transitions
are more relevant to the measured spectra. The excitation
energies of the adiabatic transition obtained by CAM-
B3LYP/TD-CAM-B3LYP is 3.28 eV for Chromophore B, and 2.48
eV for Chromophore C, respectively. It is found that these
results are very close to the experimental results® ®®. For the
semi-empirical method, the optimized structures of the
excited states are not available. Therefore, corresponding
excitation energies for the adiabatic transition and the precise
description of absorption band are yet not available. However,
the excitation energies obtained by PM6/ZINDO are 3.32 eV
for Chromophore B, and 2.59 eV for Chromophore C,
respectively, which are also very close to the experimental
results.

The orbitals and the excitation energies determine the
positions of the absorption bands, while the charge
distributions and their response to the optical field determine
the intensity of the bands. Figure 2 shows the calculated
charge difference densities (CDD), which describe the change
in charge distribution as a result of the Sy-S; transition as
shown in references® **®3. The electron and hole density
contours shown in Figure 2 agree well with the vacuum
molecular orbitals shown in Figure 1. The molecular orbitals
and the CDD contours indicate that in Chromophore B and C,
the Sy-S; transitions belongs to m-m* transition, and that the
conjugation structures in Chromophore B and C are large
enough to represent the photophysical properties of the
element segment in dendrimers. Moreover, from Figure 2, it is
found that the calculated CDD contours and the transition
dipole moments obtained by TD-CAM-B3LYP calculation agree
well with that obtained by ZINDO calculation. It is also found
that the CDD contour for the S4-S; transition of Chromophore
C is very close to that of the T-series dendrimers (shown in
Figure 4 a). What is more, the CDD contour for the Sy-S;
transition of Chromophore B is also very close to those
distributed in the branches of the T-series dendrimers. Taking
the consideration of the good agreement of calculated and
experimental excitation energies, the reliability of the chosen
calculation method could be confirmed, and the consistency of
ZINDO and TD-CAM-B3LYP/6-31G(d,p) methods in the system

4| J. Name., 2012, 00, 1-3

of T-series dendrimers and Chromophore B and C is also
proved.

Table 1. The Excitation Energies for Chromophore B and Chromophore
C.

Excitati
XCI, ation Method Franck-Condon | Adiabatic
Energies (e.V.)
CAM-
3.80180 3.28418
B3LYP
Chromophore B | g3 yp 3.23938 2.89351
ZINDO 3.31650
CAM- 2.87067 2.47641
B3LYP
Chromophore C B3LYP 2.37045 2.15194
ZINDO 2.59843

Table 2. The Excitation Energies for T-series dendrimers T1 to T4.

Eni)::izti(zr.]v.) Method Band 1 Band 2
ZINDO 2.49908 3.12981

™ Exp. 2.50980 3.16290
ZINDO 2.49450 3.02651

T Exp. 2.50980 3.11520
ZINDO 2.50109 3.11510

T Exp. 2.5098 3.1791
ZINDO 2.50701 3.08672

T Exp. 2.5098 3.0996

*Band 1 represent the absorption band in visible spectral region,
which correspond to the n-it* transition of single chromophore core,
Chromophore C, while Band 2 represent the absorption band in visible
spectral region, which correspond to the m-t* transition of multiple
chromophores in branches, Chromophore B.

Figure 2. Calculated Excited States Charge Difference density (CDD) of
So-S1 transition by (a,c) TD-CAM-B3LYP/6-31G(d,p) and (b,d)ZINDO. The
negative density (blue) represents the hole, and the positive density
(red) represent the electron. The red arrows represent direction of

corresponding transition dipole moments.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Normalized absorption of Chromophore B (blue), Normalized
absorption (black) and Fluorescence (red) of Chromophore C. To
better mimic the detected spectra, Lorentzian line shapes with
different FWHMSs have been used of absorption and emission bands.
For the absorption band, FWHM = 1000 cm'l, and for the emission one

FWHM =500 cm™.

Based on the optimized structures and vibrational modes of
Chromophore B and C, we have simulated the absorption and
fluorescence spectra (shown in Figure 3). Vibrational modes
and corresponding Huang-Rhys factors are listed in the
supporting information (Table S3 and S4). The shape of the S,-
S, absorption band of Chromophore B is determined by the
stretching mode at 1556.7cm™ with a Huang-Rhys factor of
0.61769, which is similar with the reported results in the
carbazole system67' % The simulated So-S; absorption band of
Chromophore B is very close to the observed absorption bands
of T1 to T4 in the 330nm-430nm regions' e, Meanwhile, the
stretching mode of Chromophore C at 1714cm™ with a Huang-
Rhys factor of 0.27436, determines both the shape of Sy-S;
absorption band and the fluorescence, which is close to the
reported results on the pyrene chromophoreeg'n. The
simulated Sy-S; absorption band (in the 430nm-550nm region)
and the fluorescence spectrum of Chromophore C are identical
with the experimental results of T1 to T4 (see Figure S9 and
S10 in supporting information)s' % s very likely that in T-
series dendrimers, Chromophore B in branches mainly
determine the absorption in the 330nm-430nm region, while a
single Chromophore C in the core determines the absorption
in the 430nm-550nm region and the fluorescence.

3.3. The Excited States Distribution and Transition Dipole
Moments

The modeling of T1 to T4 in 10 nm scale was carried out to
obtain an overall understanding of the inter-chromophore
effects and energy transfers. Based on the models, the
simulated data should be agreed with the experimentally
detected ones. As detailed information is not directly available
by calculation employing ZINDO method, the molecular

This journal is © The Royal Society of Chemistry 20xx

models of element chromophores at 2 nm scale were a solid
supplement. As mentioned in the previous section, the fine
molecular models of element chromophores (Chromophore B
and C) were built, the rationality of the models were testified.
As in 2 nm scale, the consistency of calculation result from
ZINDO method and TD-DFT method has been testified, the
consistency of calculation result at 2 nm and 10 nm by ZINDO
calculation has become a crucial factor of the problem.

In visible spectral region, with the identical absorbance and
the similar band shape, the absorption bands of T1 to T4 are
almost the same. According to the calculation, for all of these
molecules, only the S; state is located in the region above 430
nm. As mentioned in previous sections, the molecular
structures of T1 to T4 are unique at the core (Chromophore C).

CDD contours of the Sy-S; transitions in T-series molecules
indicate that S; states locate mainly in the center
chromophores. These CDD contours of T1 to T4 are identical
not only with each other, but also with the Chromophore C
(see Figure2, Figure 4 and Table S3 S4 in supporting
information). The effect of coupling among these
chromophores in dendrimers on the optical properties could
be quantitatively described in the variation of transition dipole
moments. For all the T-series dendrimers from T1 to T4, the Sy-
S, transition corresponds to the m-mt* transition of elections in
the pyrene core. As these transitions take place in the identical
molecular structure, not only all of the corresponding
excitation energies are very close to 2.5 eV, but also all of the
amplitude of the corresponding transition dipoles are identical,
whose oscillator strength are about ~2.0, with negligible
difference. Furthermore, the vibration mode and frequencies
are unique for Tl to T4. These characters of molecular
structure are further affirmed by the identical fluorescence
spectra of T1 to T4.

With excitation energy higher than 2.75 eV, the conjugated
fluorene and acetylene in branches would be excited. Different
from the region above 430 nm, for the region from 330nm to
430nm, the absorption involves the excitation of several
delocalized chromophores (shown in the Figure 4 and Table S1
and S2 in supporting information). As the dendrimer contains
large number of conjugated fluorenes and acetylenes, the
couplings among them have generated large transition dipole
moments. The overall transition dipoles of these
chromophores should be taken into consideration so that to
describe the Sy-S, transition and the absorption. From the
amplitudes of transition dipoles and oscillator strengths
mentioned above, it is also found that the absorptions
attributed to the branches is stronger than that attributed to
the pyrene core. Besides the overall transition dipoles, the
contribution of each chromophore was also marked in the
Figure 4.

As shown in the Figure 4 b, the orientation of the
Chromophore C center and the overall molecule is not
completely overlapped, therefore, there is an angle of about
20° between the overall transition dipole and the minor axis of
the Chromophore C. Comparing the absorption band of T1 and
T3 at this region, it is found that the shifting of absorption
peaks is insignificant, because the types of chromophores and

J. Name., 2013, 00, 1-3 | 5
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conjugation extent of chromophores in T1 and T3 are similar.
Meanwhile, as T3 has one more generation of branches than
T1, it contains three times the chromophores, the absorption
intensity of T3 is much (about three times) stronger than T1.
Comparing the CDD contours of T1 and T3 (shown in Table S1
and S2 supporting information), it is found that high energy
photons (wavelength shorter than 400 nm) are mainly
absorbed by chromophores from the outer branches, and
therefore, one more generation of branch in the dendrimer
would enhance largely the absorption below 400 nm in the
spectra.

2 5)‘4; 4
) N > 34
Y b NS
(g 4 S 9 el
BAY 2 A:‘s 2
) 99
g A3
Pay -

Figure 4. Calculated Excited States Charge Difference density (CDD) of
T, for Transitions (a)So-S1, (b) So-Ss and (b) So-Se. The negative density
(blue) represents the hole, and the positive density (red) represents
the electron. The density data shown in this figure were obtained by
using ZINDO method. The green arrows represent the transition dipole
moments of each individual chromophore and the black ones
represent the overall transition dipole moments.

6| J. Name., 2012, 00, 1-3

Comparing with the absorption band of T1, we find that the
absorption band of T2 is significantly broadened, red-shifted
and strengthened. This is because, the conjugation length of
the branch chromophores in T2 is larger than that of T1, and
the increase of the conjugation length would bring about
lower excitation energy, larger delocalization extent of the
excited states and larger transition dipole moments, which in
turn enhance the intensity of absorptions. Comparing the CDD
contours of T1 and T2, it is found that the increase of
conjugation length in branches not only enhance the
delocalization feature of excited states distribution but also
lower the excitation energy. Two extra molecule models were
also made: Molecule Model 1 (M1, shown in supporting
information Figure S7) is the T1 molecule without the ending
Carbazole; Molecule Model 2 (M2, shown in supporting
information Figure S8) is the M1 molecule without the ending
benzene ring. Calculation and analysis similar to these done on
T1 to T4 had been also carried out on M1 and M2, results are
show in supporting information (Figure S11, S12 and Table S7).
Similar to the tendency from T2 to T1, the calculated results
from M1 and M2 further prove that the reduction in
conjugation length causes not only the loss of excited states
distribution area but also the blue shift and decrease in the
absorption. Similarly, in the case of T3 and T4 (shown in Table
S2 supporting information), we find that, even for the second
generation branches, it is true that the increase of conjugation
length in branches lowers the excitation energy, leading to a
broader, more intense, and red-shifted absorption spectra.

Generally, from the CDD contours and the simulated
absorption and emission spectra, it is found that the lowest
excited state (S;), from which state the fluorescence is emitted,
is localized in the pyrene core, while the excited states with
higher energy are delocalized overall chromophores
distributed in branches. When the conjugated fluorene and
acetylene in branches are excited, the excitation energy would
be eventually transferred to the pyrene core before the
fluorescence emission as a result of the “antenna effect”, and
that the “antenna effect” could be largely enhanced by
introducing new branches into the molecular system.

3.4. Fluorescence Excitation Anisotropy Spectra.

The feature of 10 nm scale molecular models had been
introduced in previous section and the consistency with the 2
nm scale ones is testified. However, to verify the correctness
of the 10 nm scale molecular models, quantitative
experimental evidence is indispensible. The excitation energies
and the transition dipoles among electronic states are two
types of such quantitative parameters figured out from the
molecular models. Hereon, these data were testified by
experimental measurements. Fluorescence excitation
anisotropy spectrum is quite sensitive to the change in the
transition dipole moments, and hence it's an effective
measurement for excitation energy transfer in
chromophored systems' 47,7477, According to equation (8), the
angle between absorption and emission could be determined
from the fluorescence excitation anisotropy spectra data.

multi-

This journal is © The Royal Society of Chemistry 20xx
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Figure 5 shows the calculated fluorescence excitation
anisotropy spectra of T1-T4 , which is in agreement with the
experimentally observed fluorescence excitation anisotropy
spectra®.

As shown in Figure 5, at the red side of the first absorption
band in the region of 430 nm to 550 nm, where the absorption
is dominated by the m-it* transition of the only pyrene core,
the absorption and emission transition dipoles are unique and
parallel, therefore the anisotropy is relatively high (close to 0.4,
the theoretical maximum from the Equation (8)). In the region
of the second absorption band between 350 nm and430 nm,
where the absorption is controlled by numerous
chromophores overall the branches, the angle between the
absorption and emission transition dipoles is relatively large.

In the case of T1, as shown in Figure 5, the angle reaches
about 70°, therefore, the anisotropy is relatively low down to -
0.1. In the region below 350 nm, the anisotropy rises up a little,
as the angle between the transition dipole moments of Sy-Sg
and Sy-S; is relatively small (as shown in Figure 5a). In the case
of T2 to T4, the similar trend could be seen (find the data
Table S1 and S2 in supporting information).

In general, in the region of the first and second absorption
bands, the calculated fluorescence excitation anisotropy
spectra agree well with the experimental data®. It means that
not only the amplitude but also the direction could be
successfully described, and the calculated transition dipole
moments as well as the excitation energy agree with the
practical system very well. Unfortunately, due to the lack of
consideration of high energy excited states, the simulated
spectra deviate from the experimental results at the blue side.
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Figure 5. Simulated fluorescence excitation anisotropy spectra (blue)
and absorption spectra (black) obtained by ZINDO calculation. (a) The
anisotropy spectra and absorption spectra of T1. The red arrows
represent direction of corresponding transition dipole moments. (b)
Comparison of the anisotropy spectra and absorption spectra of T1 to
T4.
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3.5 Two-Photon Absorption

Hereto, most of the quantitative parameters figured out from
the multi-scaled molecular models have been testified by
experimental data. The excitation energies were verified by
absorption spectra. The molecular structures and vibrational
modes were verified by the band-shapes of absorption and
emission spectra. The excitation energy distributions and
amplitudes and directions of transition dipole moments from
ground state to the excited states were verified by the
absorption and fluorescence excitation anisotropy spectra. Still,
transition dipole moments among excited states are
unconfirmed from experimental data. Using the nonlinear
optical measures, these data could be solved. To acquire a
comprehensive understanding of the system of T-series
dendrimers, two-photon absorption (2PA) spectra are
simulated to evaluate the transition dipoles among excited
states, and testify the molecular model. Furthermore, owing to
the potential applications of these dendrimers in three-
dimensional microfabrication, photodynamic therapy, high-
density optical storage, frequency up-converted lasing, and
bio-imaging, the nonlinear optical process of 2PA has rapidly
grown into an area of intensive research in the recent decades,
and much effort has been made to design and synthesize
molecules with high 2PA efficiency8'31' 36,41,45,66,78 The design
and synthesize of the T-series dendrimers is exactly one of
these attempts. To further investigate the mechanism how
inter-molecular coupling contribute to the enhancement of
2PA cross section, the ground state and the lowest 30 excited
states and the transition dipole moments between each two
states are taken into consideration, the transition energy and
transition dipoles between excited states and ground states
are calculated as follows.

From the calculation results of 2PA cross sections by Sum-
Over-States method, we found that in the region of 610-850
nm, a three state model covers all of the important
contributions. According to equation (5) and (6), the main
contributions to the 2PA cross sections in the region of 610 nm
to 850 nm band (corresponding to the 1PA band from 305 nm
to 425nm) are from the term: "f'"'"’”"/(w’”“_w), where™ and
M0 are the transition dipole moments from the state m to the
final state f and the from the ground state to the state m,
respectively, “m is the excitation energy from ground state to
the excited state m, and w is the wavelength of the photon
absorbed. To obtain the maximum of B B! (@ =@ , the
state m should be S; or S, so that “» ™% could reach the
minimum, and meanwhile, the transition dipole moments M
and P should be large and collinear. The dentrimer
structures of T1-T4 make it possible to acquire especially large
2PA cross sections. Firstly, the excitation energy of the S; state,
which distributed in the pyrene core, is much lower than the
other excited states, and therefore the value “w~% js
considerably reduced, which brings about enhancement in 2PA.
Secondly, large conjugation system would promote the charge
delocalization, and increase the transition dipole moments,
leading to the enlargement of 2PA cross section. Then the
cross linked branches bring about more probability for the
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collinear of transition dipole moments, which again enhances
the 2PA. Therefore, understanding these structure-properties
of dendrimers could be much helpful for synthesis of such kind
of photo-functional materials with large TPA cross sections.
Figure 6 shows the two-photon absorption spectra of T-
series dendrimers. For comparison, the corresponding one-
photon absorption spectra are also shown in Figure 6. It is
found that in a broad band from 610 nm to 870 nm, these T-

series dendrimers have very intensive two-photon absorptions.

Since the one-photon and two-photon excitations follow
different selection rules, the shapes of 2PA spectrum is quite
different from the corresponding 1PA spectrum of the
corresponding molecule®.

As to T-series dendrimers mentioned here, the high energy
excited states (with excitation above 3.55 eV) have the most
intense 2PA band at around 650nm, and yet, the relatively
lower excited states (with excitation 2.88eV to 3.55eV) have
the most intense 1PA. Unfortunately, as a result of the lack of
consideration of high energy excited states with excitation
energies above 3.55 eV, the strong 2PA bands of T3 and T4
could not be correctly described, the calculated 2PA spectra of
T3 and T4 are not included in Figure 6.
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Figure 6. The experimental (a)® and simulated (b) two-photon
absorption (2PA) spectra (red) of dendrimers. Corresponding 1PA
spectra (black) are also shown for comparison.
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4 Conclusions

In this work, a practical multi-leveled theoretical investigation
is established to determine the structure-related spectral
properties for T-series dendrimers based on the proposed
molecular model. In 2 nm scale, the molecular models were
built for basic chromophores which determine the excitation
energies and the absorption and emission band-shapes of the
T-series dendrimers. Based on the molecular models and CAM-
B3LYP and TD-CAM-B3LYP calculation results, the molecular
structures, vibrational properties and electronic densities of
these basic chromophores were figured out, and the
experiment absorption and emission spectra were successfully
reproduced. In 10 nm scale, the overall molecular models were
built for dendrimers T1 to T4. ZINDO was employed to
simulate electron properties of the whole dendrimers. Based
on the molecular models, the experimental data of absorption
spectra, fluorescence excitation anisotropy spectra and 2PA
spectra were all accurately emulated. Therefore, the
correctness of the models was verified. Moreover, the
calculation result from 2 nm scale molecular models and those
from 10 nm ones aligned fairly well.

As results, the “antenna effect” in the dendrimer molecules
are theoretically studied and visualized by using the contour of
charge different density (CDD) between electronic states. It is
found that the excitation energy is localized from
chromophores in branches to the pyrene core before the
fluorescence emission. Furthermore, according to the
calculation results, it is found that increasing a generation of
branches would enhance the absorption with absorption
wavelength below 430nm, and enlarging the conjugation of
branches would enhance the coupling among the
chromophores the excitation energy. The
investigation of 2PA spectra also proved that the existence of
inter-molecular couplings among the “antenna” chromophores
in conjugated branches and the pyrene core would
significantly promote two photons absorption. Therefore,
these structure-properties of dendrimers explored here could
be used as suitable designing strategy for synthesis of
advanced materials with large 2PA cross sections. The straight
forward strategy as creating a large conjugation plane or
adding branches would be helpful in local adjustment, but as

and lower

the whole spectra from dendrimer, effect of inter-
chromophore interactions should be comprehensively
considered.
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