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Abstract Organic material with high intensity of two-photon
absorption (TPA) induced fluorescence can be used as the fre-
quency up-converter materials for improving efficiency of the
solar cells. In this work, the organic molecular structures were
designed by symmetrically grafting two elongated conjugated
linkers on a conjugated core and then adding donor groups at
both terminals. Fluorene derivatives as a core acceptor, phenyl-
ethynyl as the conjugated linker and diphenylamino or methyl-
9H-carbozole as the donor end groups were selected. Quantum
mechanical modeling techniques were applied to investigate the
molecular electronic structure and properties. Absorption prop-
erties of these novel π-conjugated organic molecules were stud-
ied. The TPA cross-sections of these derivatives were calculated
using few-states models, respectively. The effects of donor and
acceptor groups on the TPA behaviors of these designed mole-
cules were investigated. The up-conversion efficiency of
designed molecules was also calculated.
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Organic conjugatedmaterials . Quantummechanics
modeling . Two-photon absorption . Up-conversion efficiency

Introduction

Solar cells incorporate a p-n junction and their efficiency
depends on the absorption properties of photoactive materials.
For high efficiency, such materials should absorb photons in a
broad range of the solar spectrum. Due to the Shockley-
Queisser limit [1], sub-bandgap photons get lost and that, in
turn, lowers the efficiency of the solar cells. To overcome this
limit and to improve the efficiency of solar cells, up-converter
based solar cell systems are being studied.

Two-photon absorption (TPA) induced emission is the
frequency up-converter process which occurs due to the
electronic excitation of a molecule induced by the simulta-
neous absorption of a pair of photons of the same energy. In
1931, Maria Goppert-Mayer [2] first explored the theoretical
basis for two-photon quantum transitions (absorption and
emission) in atoms. Though, her work was a major contri-
bution in the field of nonlinear optics, it was not confirmed
until the advent of the laser in the 1960s. In 1961, Kaiser, et
al. made the first experimental observation of optical TPA
processes [3]. Since then, many research works were stim-
ulated to enter into the field of nonlinear optics [4–9].

Before the 1980s, the TPAwas used as a spectroscopic tool
to study the fundamental structural properties of different
organic molecules. In the late 1980s, the real application of
the TPA started to develop in various fields, such as three-
dimensional optical data storage, photodynamic therapy, two-
photon optical power limiting, two-photon three-dimensional
micro-fabrication, two-photon excited laser scanning fluores-
cence microscopy, etc., in addition to the applications in
photovoltaic cells for energy conversion [10–21].

Since organic molecules are less expensive to synthesize,
flexible, lightweight, disposable and nontoxic; they can be
customized at the molecular level to possess favorable prop-
erties. In recent years TPA properties have been studied

Z. Hu (*) :D. W. Galipeau :X. Yan
Applied Photovoltaic Center, College of Engineering,
South Dakota State University,
Brookings, SD 57007, USA
e-mail: Zhong.Hu@sdstate.edu

V. S. Khadka
Department of Mathematics and Statistics, College of Engineering,
South Dakota State University,
Brookings, SD 57007, USA

W. Wang
Department of Mechanical Engineering, Binghamton University,
State University of New York,
Binghamton, NY 13902, USA

J Mol Model (2012) 18:3657–3667
DOI 10.1007/s00894-012-1378-3



experimentally and theoretically for many organic mole-
cules [21–40]. The research results showed that the value
of TPA cross section (σ) determines the TPA properties and
highly depends on the molecular structures. The conjugated
length, structures of core, donor or acceptor of the molecules
have great effects on its TPA properties. Organic molecules
with various electron-donor (D) and electron-acceptor (A)
attached symmetrically or asymmetrically to a conjugated
bridge (π-center) are possible to have large σ values
[30–36]. Varying D or A end groups, varying π conjugated
center and varying effective conjugated length have been
proved to be efficient ways for the design of molecules for
finding large TPA cross section. However, the search for
new compounds that possess the combined desirable prop-
erties, such as large TPA cross section with appropriate
absorption spectrum (in the range of near-IR) for up-
converter materials remains a big challenge.

In this work, several new organic molecules were
designed by symmetrically grafting two elongated conjugat-
ed linker on a conjugated core and adding donor groups at
both terminals. Fluorene derivatives show unique chemical
and physical properties because they contain a rigid planar
biphenyl unit, and the facile substitution at the remote C9

position of fluorene can improve the solubility and process-
ibility of luminescent materials without significant increase
in steric interactions in the luminescent material backbone.
Therefore, modified fluorene segments are used as a conju-
gated acceptor core [30, 37–40]. Phenylethynyl as the con-
jugated linker and diphenylamino or methyl-9H-carbozole
as the effective electron-donor end groups were selected [41,
42]. Quantum mechanical modeling techniques were ap-
plied to investigate the molecular electronic structure and
properties. The TPA cross-sections of these derivatives were
calculated. The effects of donor end groups, conjugated
acceptor cores, and conjugated linkers on the TPA behaviors
of these designed molecules were investigated. Quantum
mechanics modeling can be expected to develop new
structure-property relations in these specific structures and
provide insight for the design of up-converter materials.

Theory

TPA process

TPA is a nonlinear optical phenomenon. A simplified TPA
process is shown in Fig. 1 [30]. TPA occurs in two ways
[43–45]. The electron of molecule can be excited from ground
state |0〉 to excited state | f 〉 (final state) by the simultaneous
absorption of two photons via a virtual level (as shown in
Fig. 1a). The so-called virtual level is not real an intermediate
level; its existence is allowed by quantum mechanics. The
excited state can also be reached by stepwise TPA, which

includes two distinctive one-photon absorption (OPA) pro-
cesses (as shown in Fig. 1b). The electron is firstly excited
from ground state to a real intermediate state |i〉 by the absorp-
tion of one photon with energy of hω1, and then it is excited
from this intermediate state to final state by the absorption of
another photon with energy of hω2. Such a nonlinear process
is related to the second hyperpolarizability of molecule.

TPA cross section

The details of the electronic and structural description are refer
to in [30]. The efficiency of TPA process can be characterized
by the TPA cross section [30–32, 43–47]. The TPA cross
section is related to the imaginary part of the third-order
susceptibility (or the second hyperpolarizability),

σ ¼ 8p2hw2

n2c2N
Imðcð3ÞÞ ¼ 8p2hw2

n2c2
ImðgÞ ð1Þ

where ħ is Plank constant divided by 2π;5 is the frequency of
photon; n is the refractive index; c is the speed of light; and N
is the number density of molecules. The TPA cross section can
be obtained by evaluating the two-photon transition matrix
elements, Sαβ, from the sum-over-state (SOS) expression [30,
47–51]. It is defined as [30, 31, 47, 52, 53]

Sab ¼
X

i
h0 μa ijj i i μb fj��� �

ΔEi
þ 0 μb ij��� �hi μa fjj i

ΔEi

� �
ð2Þ

where ΔEi ¼ �hwi ��hwf 2= ; μα and μβ are the Cartesian
components of the dipole moment operator μ, and α, β ∊ (x, y,
z). The summation runs over all the intermediate states|i〉, the
ground state|0〉, and the final state | f 〉.

Using the two-photon transition matrix elements, Sαβ,
which depend on transition dipole moments and excitation
energies, the TPA transition probability, δtp, related on the
polarization of the laser beams is given by [31]

dtp ¼
X

ab F � SaaS
�
bb þ G� SabS

�
ab þ H � SabS

�
ba

h i

ð3Þ
where the coefficients F, H, and G are related to the polar-
ization of the radiation sources and the summation goes over
the molecular x, y and z axes. The values of F, H, and G are
2, 2, and 2 for a linearly polarized and -2, 3, and 3 for a
circularly polarized monochromatic beam, respectively [31].
Eq. 3 is expanded to calculate the TPA cross section excited
by a linearly polarized monochromatic beam as

dtp ¼ 6 Sxx þ Syy þ Szz
� �2

þ 8 S2xy þ S2yz þ S2zx � SxxSyy � SyySzz � SzzSxx
	 


ð4Þ

where Sxx, Syy, Szz, Sxy, Syz, and Szx are the two-photon
transition elements obtained from Eq. 2.
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Few-states model for TPA cross section

However, the SOS method for calculating individual two-
photon transition matrix elements uses many states which
will often go beyond the computational capabilities of the
hardware such as processor speed and memory. On the other
hand, for some special molecular systems, such as mole-
cules with symmetric structural configuration, the optical
properties are found to be dominated by a few electronic
states. In this case, the SOS expression only needs to include
a few dominating states. The so-called few-states model [31,
47, 54–57] not only brings the SOS approach to a manage-
able extent, but also provides a better understanding for the
revealed structure-to-property relations.

The three-states model

A simplified form of the SOS approach, was obtained from
Eq. 2 when the excitation scheme is dominated by two
major transitions, i.e., from the ground state |0〉 to the final
excited state |2〉 via the intermediate state |1〉. The equation
developed for calculating two-photon transition matrix ele-
ments Sαβ using a three-states models can be expressed [56]

Sab ¼
h0 μa 1jj i 1 μb 2j��� �

ΔE
þ 0 μb 1j��� �h1 μa 2jj i

ΔE

� �
ð5Þ

whereΔE ¼ �hw1 ��hw2 2= , μ is the dipole moment operator,
and α, β ∊ {x, y, z}.

The four-states model

For molecules where the excitation scheme was not com-
pletely dominated by two transitions, the four-states model
equation was developed for calculating two-photon transi-
tion matrix elements Sαβ [56]

Sab ¼
h0 μa 1jj i 1 μb 3j��� �

ΔE1
þ h0 μb 1j�� i 1 μa 3jjh i

ΔE1

� �

þ h0 μa 2jj i 2 μb 3j��� �

ΔE2
þ h0 μb 2j�� i 2 μa 3jjh i

ΔE2

� �
ð6Þ

where ΔE1 ¼ �hw1 ��hw3 2= , and ΔE2 ¼ �hw2 ��hw3 2= .
The four-states model was obtained from Eq. 2 which in-
cluded two intermediate states |1〉 and |2〉 along with the
ground state |0〉 and the final state |3〉.

TPA up-conversion efficiency

The TPA cross section is related to nonlinear absorption
coefficient (β) which in turn determines the up-conversion
efficiency (η). Up-conversion efficiency of an up-converter
based on the TPA cross section (σTPA) is given by [58]

η ¼ I0 � I

I0
� 100 %ð Þ ¼ 1� e�bI0L

� �� 100 %ð Þ ð7Þ

Where I is the output light intensity (GW/cm2), L is the
sample length (cm), β is the nonlinear absorption coefficient
(cm/GW), and I0 is the input light intensity (GW/cm2). The
nonlinear absorption coefficient (β ) is calculated as

b ¼ σTPANAC � 103

hc l=
� 10�56 GW cm2

� � ð8Þ

Where σTPA is the TPA cross section in GM,NA is Avogadro’s
Constant, C is concentration (mol/liter), h is Plank’s Constant,
c is speed of light (m/s), and l is the wavelength of light (nm).
The input light intensity is calculated as

I0 ¼ Pin

pw2
0

� �
ntp

� 105 GW cm2
� � ð9Þ

Where ω0 is radius of focus (μm), Pin is input power (mW), τp
is pulse width (fs), and ν is pulse frequency (MHz).

Results and discussion

Molecule design

In order to design π-conjugated organic molecules with
large TPA cross section, the first step was to find the π-
conjugated framework of electron-withdrawing (acceptor)
and/or electron-donating (donor) end groups, which pos-
sesses a highly polarizable electron cloud. The general
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Fig. 1 Two-photon absorption
process
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structural guideline of donor-π-donor usually referred to as
push-push systems was a better structure for amplifying the
TPA properties [59]. So, the donor–π-donor symmetric mo-
lecular structure was obtained by symmetrically grafting
two elongated π-conjugated linker onto a π-conjugated
acceptor (A) core and then adding donor (D) end groups.
The conjugated linkers were used as linking group between
acceptor and donor groups to assist intramolecular charge
transfer between the electron-withdrawing and electron-
donating groups, as shown in Fig. 2. Such molecules can
be experimentally fabricated by means of Sonogashira or
Heck coupling [59].

The second step was to find donor and acceptor groups
having high electropositivty and electronegativity, respec-
tively, and their combination in the molecular systems for
getting high TPA cross section. Fluorene derivatives were
selected as a core acceptor as they were successfully used in
the design of multiphoton absorption [39, 40]. Phenyle-
thynyl (PE) was selected as the conjugated linker to conduct
the charge transfer from the end group to the core. For the
donor (D) groups, diphenylamino, which is twisted shaped,
and methyl-9H-carbazole, which is a planar shaped, com-
pounds were selected [41, 42], see Fig. 3.

Molecules #1 to #4 were donor end group of methyl-9H-
carbazole based and molecules #5 to #8 were donor end
group of diphenylamino based, as shown in Fig. 4. These
molecules show symmetry in structures and were grouped to
compare their significance for TPA amplification. In each
comparable group, the molecules have the same donor end
group and linker (bridge), only change the acceptor cores.

Computational details

The software package Gaussian 03W is used to calculate
molecular electronic structure and properties throughout this
theoretical work [60], such as transition energy, wavelength,
transition dipole moment and oscillator strength. These prop-
erties were then used to calculate the TPA cross-section. The
geometric structure of each molecule was optimized at the
Hartree-Fock level. Configuration Interaction Singlets (CIS)
method was applied for investigating the important parame-
ters of the excited states. These include excitation energies,
transition dipole moments between the ground and excited
states, transition dipole moments between different excited
states, and the dipole moment difference between the ground
and excited states. All calculations were carried out by using

Gaussian 03W quantum chemistry program, in which
Hartree-Fock theory using a medium-sized basis set of 6-
31G(d) (HF/6-31G(d)) was used for geometry optimization
calculation. To make sure that all the optimized structures are
minima for their potential energy, a vibrational frequency
analysis was accomplished automatically by specifying both
Opt and Freq within the route section for a submitted job.
Furthermore, the configuration interaction with single excita-
tions (CIS) method was used for obtaining other electro-
optical data. The three-states and the four-states models
(Eqs. 5 and 6) based on SOS formulas which involve the three
and the four lowest excited states, respectively, were applied
for calculating the TPA cross-section of each molecule.

HOMO, LUMO, and charge transfer

The simulated contour plots of the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the designed molecules are shown in
Fig. 5, which indicated the charge transfer directions. From
Fig. 5 it can be clearly seen that molecules #2, #3, #4, #6,
#7, and #8 have significant difference of molecular orbital
distributions between HOMO and LUMO, especially mole-
cule #8. The HOMO are distributed mainly on donor end-
groups or donor to linker segments, and the LUMO are
distributed mainly on the core acceptors, so that the charges
are clearly transferring from the donors to the acceptors with
the aid of the bridge (π-linker). On the other hand, mole-
cules #1 and #5, which have no core acceptor, have much
less difference of molecular orbital distributions between
HOMO and LUMO and give no clear charge transferring
directions.

TPA cross section parameters by the few-states model

Table 1 listed the calculated TPA cross section parameters of
the designed molecules by using the three-states model,
such as excitation energy (ΔE), the resultant transition di-
pole moments between the ground to the first excited states
(μ01) and the first excited to the second excited states (μ12),
the resonant two-photon transition matrix element (Sαβ),
and the TPA cross section (σTPA). Each transition dipole
moment between energy states had x-, y-, and z-axis com-
ponents. So the two-photon transition matrix element Sxy
was calculated by summing the product of x-axis transition
dipole moment μ01 and y-axis transition dipole moment μ12,

π-conjugated 
acceptor core 

A 

π-conjugated 
linker 

π-conjugated 
linker 

Donor 
D 

Donor 
D 

Fig. 2 Block diagram of
organic up-converter molecular
system

3660 J Mol Model (2012) 18:3657–3667



and the product of y-axis transition dipole moment μ01 and
x-axis transition dipole moment μ12, and then dividing the
sum with the excitation energy (ΔE) as described in Eq. 5.
Based on the probability and orientation of different transi-
tion dipole moments, the two-photon transition matrix ele-
ments such as Sxx, Sxy, Sxz, Syx, Syy, Syz, Szx, Szy, and
Szz were calculated and then used to calculate the TPA cross
section (σTPA) using Eq. 4.

Table 2 listed the calculated TPA cross section param-
eters of the designed molecules by using the four-states

model, such as excitation energies (ΔE1 and ΔE2), the
resultant transition dipole moments between the ground
to the first excited states (μ01), the first excited to the
third excited states (μ13), the ground to the second ex-
cited states (μ02), and the second excited to the third
excited states (μ23), the resonant two-photon transition
matrix element (Sαβ), and the TPA cross section (σTPA),
as described in Eq. 6. The four-states model differs from
the three-states model as it has one more (two) interme-
diate states (the first and the second excited states) which

π spuorgdneronoDreknildetagujnoc-

Phenylethynyl

Methyl-9H-carbazole
Diphenylamino

π-conjugated acceptor cores

Fluorene 9H-fluoren-9-one 9H-fluoren-9-ylidene

Fig. 3 Structures of π-
conjugated linker, π-conjugated
acceptor cores, and electron-
donor end groups

NN

Molecule 1: (1,2-bis(4-(9H-carbazol-9-yl)phenyl)ethyne) Molecule 5: (1,2-bis(4-(diphenylamino)phenyl)ethyne) 

Molecule 2: (2,7-bis((4-(9H-carbazol-9-yl)phenyl)ethynyl)-9H-
fluorene)  

Molecule 6: (2,7-bis((4-(diphenylamino)phenyl)ethynyl)-9H-
fluorene)  

Molecule 3: (2,7-bis((4-(9H-carbazol-9-yl)phenyl)ethynyl)-9H- 
fluoren-9-one)  

Molecule 7: (2,7-bis((4-(diphenylamino)phenyl)ethynyl)-9H-
fluoren-9-one) 

Molecule 4: (2-(2,7-bis((4-(9H-carbazol-9-yl)phenyl) ethynyl)-
9H-fluoren-9-ylidene)malononitrile)  

Molecule 8: (2-(2,7-bis((4-(diphenylamino)phenyl)ethynyl)-9H-
fluoren-9-ylidene)malononitrile)  

(a) Designed molecules with methyl-9N-carbozole 
donor end group 

(b) Designed molecules with diphenylamino donor end 
group 

Fig. 4 Eight newly designed symmetric organic π-conjugated molecules
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resulted in a ground to the third excited state transition.
For molecules #1, #2, and #6, the three-states model
gave the larger TPA cross sections than the four-states
model did, indicating that the excitations of these mole-
cules were dominated by two major transitions from the
ground state to the second excited state via the first
excited state. For molecules #3, #4, #5, #7, and #8, the
three-states model gave smaller TPA cross sections than
the four-states model did, indicating that the excitations
of these molecules were not completely dominated by
two transitions. So, the four-states model gave the larger
TPA cross section for these molecules.

The data show that a large transition dipole moment yields
a large two-photon transition matrix element, and in turn a
large TPA cross section, such as molecules #8 and #6. On the
other hand, a small transition dipole moment yields a small
TPA cross section, such as molecules #1 and #5. Therefore,
enhancement of the TPA cross section stemmed from the
increased value of transition dipole moments between energy
states.

It should be notice that CIS-computed transition energies
are much larger than the corresponding experimental data
and that of computed results obtained by the complete active
space multiconfigurational second-order perturbation

1eluceloMfoOMUL1eluceloMfoOMOH

2eluceloMfoOMUL2eluceloMfoOMOH

3eluceloMfoOMUL3eluceloMfoOMOH

4eluceloMfoOMUL4eluceloMfoOMOH

5eluceloMfoOMUL5eluceloMfoOMOH

6eluceloMfoOMUL6eluceloMfoOMOH

7eluceloMfoOMUL7eluceloMfoOMOH

8eluceloMfoOMUL8eluceloMfoOMOH

Fig. 5 HOMO and LUMO of
the designed molecules
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(CASPT2) method. In some cases (particularly related to
nucleic acid bases) some scaling factor (about 0.72) was
suggested for CIS computed transition energies in order to
compare with experimental data [61–66].

TPA cross section

The maximum TPA cross-section, the energy-gaps (the en-
ergy difference between HOMO and LUMO orbitals), the
TPA wavelength, and the emission wavelength of the
designed molecules are summarized in Table 3. These data
were used to analyze the potential of these novel molecules
as up-converter in photovoltaic devices based on their
energy-gaps, emission spectra, and the TPA cross section.
The maximum TPA cross section of each molecule
corresponding to its TPA wavelength is shown in Fig. 6.
The computed TPAwavelengths of the designed molecules,
except molecule #3, are in the range of 480 to 690 nm, and
they are falling into the visible part of the light spectra,
which will be directly absorbed by most of the common
photovoltaic cells. However, the TPAwavelength of molecule

#3 is in Near-IR range which cannot be absorbed by the solar
cells, and its TPA cross section is relatively large, making it
useful as the up-converter material.

Effects of acceptor cores and donor ends

It is noticed that adding acceptor cores will significantly
improve the TPA cross sections, e.g., molecules #1 and #5
are formed without acceptor cores, and their maximum TPA
cross section are 0.22 and 7.45 GM, respectively, which
have the lowest values in each comparable group (group
one of molecules #1 to #4 with methyl-9N-carbozole donor
end group, and group two of molecules #5 to #8 with
diphenylamino donor end group). Among the three acceptor
cores of fluorene, 9H-fluoren-9-one, and 9H-fluoren-9-yli-
dene, the acceptor of 9H-fluoren-9-ylidene results in a very
large TPA cross section when it is incorporated with diphe-
nylamino donor end group, e.g., molecule #8 having TPA
cross section of 493.52 GM (the largest value among all the
eight designed molecules). The acceptor of fluorene may
also result in a large TPA cross section when it is

Table 2 TPA cross section parameters of the designed molecules using the four-states model

Name Excitation energy Resultant transition dipole moment Resonant TP transition matrix TPA cross-section

E1(eV) E2(eV) μ01 (D) μ13 (D) μ02(D) μ23 (D) Element Sαβ (AU) σTPA(GM)

Moleulce-1 2.29 2.79 9.28 0.24 2.12 1.33 SXX00.1746 4×10-4

Molecule-2 1.46 2.17 14.29 0.007 2.26 0.044 SXZ0-8.739 0.004

Molecule-3 0.78 1.09 5.65 2.48 5.0×10-4 9.3×10-3 SXY075.45 73.74

Molecule-4 1.31 2.42 5.64 3.36 5.19 0.86 SXY0-68.69 68.37

Molecule-5 2.04 3.04 9.24 0.98 0.27 0.22 SXZ0-16.53 7.45

Molecule-6 1.61 2.21 14.11 0.28 2.23 2.05 SXY019.33 7.19

Molecule-7 1.57 1.83 9.32 2.19 2.5×10-4 0.03 SXY054.84 44.5

Molecule-8 1.25 2.30 6.14 4.27 13.3 0.86 SXX0-216.0 493.52

Table 1 TPA cross section parameters of the designed molecules using the three-states model

Name Excitation energy Resultant transition dipole moment Resonant TP transition matrix element TPA cross-section

ΔE (eV) μ01 (D) μ12 (D) Sαβ (AU) σTPA (GM)

Molecule-1 2.29 9.28 0.19 SXZ0-3.39 0.22

Molecule-2 1.73 14.29 0.94 SXX065.67 47.62

Molecule-3 1.38 5.65 0.037 SXZ00.12 0.002

Molecule-4 1.31 5.64 0.59 SXX0-21.57 5.04

Molecule-5 2.04 9.24 0.055 SXZ0-0.929 0.023

Molecule-6 1.90 14.11 2.06 SXX0-129.22 193.47

Molecule-7 1.88 9.32 0.06 SXZ0-1.29 0.01

Molecule-8 1.29 6.14 3.41 SXY068.09 62.82

J Mol Model (2012) 18:3657–3667 3663



incorporated with diphenylamino donor end group, e.g.,
molecule #6 having TPA cross section of 193.47 GM (the
second largest value among the eight molecules). However,
the three acceptors may result in relatively large values of
TPA cross sections without significant difference when they
are incorporated with Methyl-9H-carbazole donor end
groups, e.g., molecules #2, #3, and #4 having TPA cross
sections of 47.63 GM, 73.74 GM, and 68.37 GM,
respectively.

Up-conversion efficiency

Table 4 lists the up-conversion efficiency data of the designed
molecules under 700 mWof input power and 1 mole per liter
concentration calculated using Eqs. 7, 8 and 9, assuming using
a Ti:sapphire femtosecond laser beam focused on a sample to
induce fluorescence [29]. In the calculation, the pulse frequen-
cy ν is 86 MHz, the radius of focus is 8.089 μm, and the pulse

width is 57 fs. The data shows that larger TPA cross section
yields higher up-conversion efficiency when all other param-
eters are constant.

Among these eight novel molecules, molecule #3 would
be a good candidate as it has the smallest energy-gap of
3.0837 eV and large TPA cross section of 73.74 GM. Fur-
thermore, as an up-converter, it can absorb two photons of
1.54 eV (804.1 nm) simultaneously and emit a photon of
2.16 eV (575 nm). So, it appears to be suitable as an up-
converter in aluminum arsenide and copper gallium selenide
solar cells which have an energy-gap of 1.7 eV (730 nm).
Such solar cells cannot absorb photons smaller than 1.7 eV
(wavelength greater than 730 nm). Therefore, when useing
molecule #3 as an up-converter, it can absorb photons from
1.7 eV to 1.54 eV (730 nm to 804 nm) and up-convert them
to a higher energy level above the energy-gap (1.7 eV).
These higher energy photons will be reemitted back to the
solar cells to be absorbed by the solar cells.

Table 3 Summary of maximum
TPA cross-section, energy gap
between HOMO and LUMO,
TPA wavelength, and emission
wavelength of the designed
molecules

Name Max TPA
cross-section (GM)

Energy gap (eV) TPA
wavelength (nm)

Emission
wavelength (nm)

Molecule-1 0.22 5.0918 487.0 (Blue Band) 348

Molecule-2 47.63 4.1859 592.4 (Orange Band) 423

Molecule-3 73.74 3.0837 804.1 (Near IR Band) 575

Molecule-4 68.37 3.7434 662.4 (Red Band) 473

Molecule-5 7.45 5.0973 486.5 (Blue Band) 347

Molecule-6 193.47 4.4126 562.0 (Green Band) 401

Molecule-7 44.50 4.0270 615.8 (Orange Band) 440

Molecule-8 493.52 3.6473 679.9 (Red Band) 486
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sections of designed molecules
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ASTM G197-03 reference extraterrestrial solar spectrum
was used to predict the solar efficiency of 1.1 eVenergy-gap
solar cells and found it to be 44% as predicted by Shockley
et al. [1]. Using the same method, the predicted efficiencies
of aluminum gallium arsenide and copper gallium selenide
solar cells were found to be 35.95%. When molecule #3 was
used as an up-converter in such solar cells, efficiencies was
found to be 43.22%. So, the maximum up-conversion effi-
ciency by molecule #3 was 7.26%. Based on the TPA cross
section, the up-conversion efficiency of molecule #3 under
700 mW input power and 1 mole per liter concentration was
found to be 6.014% as listed in Table 4. Therefore, using
TPA cross section and band width of up-converted frequen-
cy of molecule #3, the possible up-conversion efficiency
achieved was 0.436% (≈6.014% of 7.26). Of course, the
TPA cross section of this molecule could be further im-
proved so that makes it feasible in the application with
higher efficiency.

Molecule #8 would be another good candidate since it
has a very large TPA cross section of 493.52 GM and a
relative smaller energy-gap than all the molecules except
molecule #3. If the TPA wavelength could be expended
longer that would be closer to the application purpose.

Conclusions

Novel π-conjugated organic molecules to promote charge
transfer and enhance TPA were designed based on the gen-
eral structural guideline of donor-π linker-acceptor- π
linker-donor symmetry. Fluorene derivatives as a core
acceptor, phenylethynyl as the conjugated linker and diphe-
nylamino or methyl-9H-carbozole as the donor end groups
were selected. Quantum mechanical modeling techniques
were applied to investigate the molecular electronic struc-
ture and properties. The following conclusions have been
reached.

Donor-acceptor combination on organic π-conjugated
molecules can improve charge transfer and increase the
transition dipole moments between energy states and in turn
contribute to the enhancement of TPA cross section in a π-
conjugated molecular system.

The electronic and optical data from modeling can be
used to calculate the TPA cross section.

Molecules without the acceptor cores have negligible
TPA cross sections and therefore need to have both donor
and acceptor groups to be good two-photon absorbers.

Molecules with 9H-fluoren-9-one as the acceptor core, phe-
nylethynyl as conjugated linker, and methyl-9H-carbazole as
the donor end group can be suitable as up-converters in alumi-
num gallium arsenide and copper gallium selenide solar cells
because of the small energy-gap.

Molecules with fluorene as an acceptor core, phenyl-
ethynyl as conjugated linker, and diphenylamino or
methyl-9H-carbazole as the donor end group can be suitable
as up-converters in high energy-gap solar cells like silicon
carbide.

Molecule with 9H-fluoren-9-ylidene as an acceptor core,
phenylethynyl as conjugated linker, and diphenylamino as
the donor end group can achieve very large TPA cross
section, if the structure could be further optimized to lower
the energy-gap, it would be a good candidate as an up-
converter in aluminum gallium arsenide and copper gallium
selenide solar cells.

The TPA process can be feasible if the power of the
incident light is high enough, so that up-conversion efficiency
will be high enough to improve the total efficiency of the solar
cells.
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Table 4 Efficiency of the designed molecules as up-converter materials in photovoltaics

Name Input power (mW) TPA cross-section (GM) Concentration C (mol/liter) Io (GW/cm2) β (cm/GW) Efficiency (η) %

Molecule -1 700 0.221 1 6.9440E+01 2.6770E-06 0.018

Molecule -2 700 47.62 1 6.9440E+01 5.7682 E-04 3.926

Molecule -3 700 73.74 1 6.9440E+01 8.9321E-04 6.014

Molecule -4 700 68.37 1 6.9440E+01 8.2817 E-04 5.588

Molecule-5 700 7.45 1 6.9440E+01 9.0242 E-05 0.624

Molecule -6 700 193.47 1 6.9440E+01 2.3378 E-03 15.018

Molecule -7 700 44.5 1 6.9440E+01 5.3903 E-04 3.6738

Molecule -8 700 493.52 1 6.9440E+01 5.9780 E-03 33.973
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