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We performed nonlinear transmission measurements 
and quantum-chemical calculations on dithienothiophene 
(DTT)-based molecules to gain insight into the effect of 
acceptor and donor groups on two-photon absorption 
(TPA) properties. The TPA intensity showed dispersion 
characteristics of the single-photon absorption spectrum. 
When the molecules included an asymmetric donor-
acceptor pair, the single- and two-photon absorption 
maximum wavelengths were red-shifted more than when 
the molecules had a symmetric donor-donor structure. We 
interpreted this result as indicating that the S2 state plays 
the dominating role in the absorption process of molecules 
with a symmetric structure. The experimental TPA δ 
values at the absorption peak wavelength showed a 
dependence on the structural variations. We found the self-
consistent force-field theory and Hartree -Fock 
Hamiltonian with single configuration interaction 
formalism to be valid for evaluating TPA δ. Although the 
quantum-chemical calculations slightly underestimated the 
experimental δ values obtained from nonlinear trans -
mission measurements, they reasonably predicted the 
dependence of the δ value on the structural variations. We 
confirmed the role of molecular symmetry by observing 
that donor-donor substituted structure gave the highest 
experimental and theoretical TPA δ values and that the 
donor-acceptor substituted structure showed a greater red-
shift in the TPA absorption maximum wavelength. Overall, 
the theoretical δ values of DTT-based molecules were in the 
order of 10–46 cm4 · s · photon-1 and are higher than that of 
AF-50 by nearly two orders of magnitude. 
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I. INTRODUCTION 

Molecules can simultaneously absorb two or more photons 
to access excited states in the presence of intense laser pulses 
[1]. Since the probability of excitation by two -photon 
absorption (TPA) is proportional to the squared intensity of the 
incident light, the excitation and two -photon induced 
photochemical processes can be confined to the vicinity of the 
focal point of a beam [1], [2]. Molecules with large TPA cross 
sections (δ) can be easily applied in the fields of three -
dimensional optical memory [3], two -photon fluores cence 
microscopy [2], [4], optical power limiting [5], [6], and two-
photon absorbed photopolymerization for three-dimensional 
microfabrication [7]. However, the relatively small δ values of 
existing nonlinear organic molecules have deferred their 
practical applications. The development of molecules with 
large δ values requires more detailed studies on the structure-
property relationships for third-order nonlinear optics. 

Recently, we observed distinct roles of dithienothiophene 
(DTT); it acts  as  both an electron bridge in charge transfer of 
nonlinear optical molecules  and an electron modulator in redox 
reaction of light-emitting molecules [8]. DTT has also been 
used as the π-center of the TPA molecules, and the DTT-based 
molecules have shown a large enhancement in δ [9]. In an 
effort to get higher δ values from DTT, we synthesized DTT-
based molecules attached with various functional moieties and 
measured the TPA dispersion properties. We also theoretically 
calculated δ values to gain insight into the effect of donor and 
acceptor groups on the TPA properties of DTT-based 
molecules and report the results in this paper.  

The chemical structures of the DTT-based molecules under 
study are shown in Fig. 1. In (a) and (b) the central DTT is 
symmetrically end-capped with donor groups (9-ethylcarbazol- 
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Fig. 1. Chemical structures of the TPA molecules based on DTT
as π−center [9].  

 
3-ylmethyl and N,N-diphenyl-p-benzyl, respectively), while in 
(c) and (d) the central DTT is  functionalized asymmetrically 
with a donor and an acceptor ([2-(p-tert-butylphenyl-3,4- 
oxadiazol-5-yl)]-benzyl ) at each end [9]. 

II. MEASUREMENT OF TPA δ 

We measured the TPA dispersion properties and TPA 
coefficients for DTT-based molecules. The TPA coefficients 
were measured by direct nonlinear optical transmission in 
which the transmission of a sample was measured as a 
function of incident intensity. Measurements were made on 1-
cm path length solutions in THF with a Nd:YAG pumped dye 
laser with a pulse duration of about 7 ns at 800 nm. TPA δ 
values were obtained from the measured TPA coefficients 
with the standard expressions described in [10] for a pure 
TPA process. As Ehrlich et al. noted [10] the TPA δ values 
that we report here should be effective values because of 
contributions from higher-order nonlinearities to the 
measured TPA coefficients. 

III. THEORETICAL CALCULATION OF TPA δ 

We theoretically calculated δ values to gain insight into the 
effect of donor and acceptor groups on the TPA properties of 
DTT-based molecules. Full geometry optimizations were 

performed with the self-consistent force-field theory. The 
energies and transition dipole moments for the ground state and 
multiple excited states were calculated by combining the 
Hartree-Fock (HF) Hamiltonian with a single configuration 
interaction (SCI) formalism. The TPA δ at an optical field 
frequency is related to the imaginary part of the third-order 
polarizability Im γ(–ω ;ω,ω, –ω) by 
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where  is Planck’s constant divided by 2π, c is the speed of 
light, L is a local field factor (L = 1 for vacuum), and n denotes 
the refractive index of the medium (n = 1 for vacuum).     
Im γ(–ω;ω,ω,–ω) was calculated using the sum-over-states 
expression with a damping factor of 0.1 eV as suggested by 
Albota et al [11]. Although we considered up to twenty excited 
states, we found six excited states to be sufficient for obtaining 
the saturated values with negligible deviations. 

h

IV. RESULTS AND DISCUSSION 

We measured both the single- and two-photon absorption 
spectrums of all DTT-based molecules. The TPA intensity 
showed dispersion characteristics of the single-photon 
absorption spectrum (Fig. 2). However, as Table 1 reveals, the 
two-photon absorption maximum wavelength (TPA maxλ ) 
did not coincide with the single-photon absorption maximum 
wavelength ( maxλ ), implying that single- and two-photon 
absorption peaks are not in close relationship for these 
molecules. A fluorene derivative N,N-diphenyl-7-[2-(4-
pyridinyl)ethenyl]-9,9-di-n-decylfluorene-2-amine (AF-50) 
showed a close relationship of single- and two-photon 
absorption peaks [12]. The maxλ  and TPA maxλ  of the 
molecules including an asymmetric D/A pair (3 and 4) were 
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Fig. 2. Wavelength dependence of the TPA intensity for 1 in THF
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Table 1. Single- and two-photon absorption data of DTT-based 
        molecules. 

Molecules 
a

maxλ  

(nm) 
edgeλ  

 (nm) 
Energyedge 

(eV) 
TPA bmaxλ  

(nm) 

1 440 511 2.42 720 

2 453 537 2.31 780 

3 456 546 2.27 970 

4 446 539 2.30 940 

 
a. Single-photon absorption maximum wavelength 
b. Two-photon absorption maximum wavelength 

red-shifted more than the molecules with the symmetric D/D 
structure (1 and 2). The partial charge transfer in the excited 
state of the asymmetric molecules could have contributed to 
the red shifts. For molecules with symmetrical arrangements, 
due to the different parity selection rules between single- and 
two-photon absorption processes, the S2 state becomes the 
dominating TPA state, and hence the location of the maximum 
TPA state should be higher than that for asymmetrical 
arrangements [13]. The shift of TPA maxλ with structural 
variation may enable us to tune the TPA peak wavelength 
through the controlled modification of the chemical structure. 

We obtained the experimental TPA δ values at the peak 
wavelength (δa) from the experimental δ values at 800 nm and 
the ratio of the TPA intensity at the maximum wavelength to 
that at 800 nm. Table 2 shows that there were differences in the 
δa value of the molecules according to the structural variation. 
Although we anticipated much larger δa values for D-π-D 
structures than that for D-π-A structures, we did not find any 
particular tendencies according to the structural variation 
supporting the dominant role of DTT in the enhancement of δ. 
The largest δa value of 1 may be explained by the substantial 
 

Table 2. Calculated and experimental values of two-photon 
       cross-section for DTT-based molecules. 

Molecule 
Experimental 
δa at maxλ  

(cm4 · s · photon-1) 

Calculated 
δb 

(cm4 · s · photon-1) 

1 3.3 × 10-45 8.3 × 10-46 

2 7.9 × 10-46 3.4 × 10-46 

3 1.4 × 10-45 7.3 × 10-46 

4 3.9 × 10-46 1.8 × 10-46 

 

symmetric charge redistribution upon excitation proposed by 
Albota et al. for the D-π-D structure [11]. We expected a larger 
TPA value for 2 than for 1 because the stronger donor seemed to 
be more effective. On the contrary, the δa value of 1 was lager 
than that of 2 and this could be attributed to the better planarity of 
the CZ groups resulting in the better delocalization of π-electrons. 

Prior to applying the self-consistent force-field theory and HF-
SCI schemes to the DTT-based molecules, we calculated the 
TPA δ of AF-50 based on these schemes. The calculation gives a 
δ of 370×10-50 cm4 · s · photon-1 , which is slightly higher than 
that based on the random phase approximation response theory 
(142×10-50 cm4 · s · photon-1 ) [13] and is slightly lower than the 
experimental δ value obtained using the background-free 
fluorescence technique (658×10-50 cm4 · s · photon-1 ) [12]. This 
result suggests the validity of the calculation schemes used in this 
work. 

Table 2 lists the theoretical TPA cross sections (δb) of DTT-
based molecules calculated by HF-SCI schemes and on the basis 
of assumptions suggested by Albota et al. [11] together with the 
experimental values. The calculations slightly underestimated the 
experimental results and reasonably predicted the dependence of 
the δ value on the structural variation. The use of relatively long 
laser pulses (about 7 ns) could have contributed to the 
experimental overestimations. Considering the sensitivity of TPA 
δ on measurement conditions such as solvent, intensity level, and 
the pulse duration of the laser beam, we consider the δb values 
acceptable. The δb values of DTT-based molecules were in the 
order of 10-46 cm4 · s · photon-1 and higher than that of AF-50 by 
nearly two orders of magnitude. Very recently, Wang et al. 
theoretically examined a series of DTT-based molecules using 
the ab initio response theory. They calculated the δ value of N,N-
diphenylamine substituted DTT (TP-DTT-TP) and obtained a 
value of 1727×10-50 cm4 · s · photon-1 , which is lower than that 
of our result by 20 times. The discrepancy could have been 
caused by different calculation schemes. However, at least at 
present, it is hardly possible to judge which one is the right 
calculation scheme for lack of a standard measuring method of 
absolute TPA δ value and standard samples. The higher δb value 
of D/D paired 1 compared with that of D/A paired 4 confirms 
both the experimental result (this study) and theoretical results on 
the role of the molecular symmetry [13]. Understanding the 
contribution of sulfur d orbital associated with the enhancement 
in molecular two-photon absorption and the detailed electronic 
role of DTT as a π-center could provide us with the design 
strategies required for the development of DTT-based molecules 
with a more enhanced δ value. 

V. SUMMARY 

We obtained both experimental and theoretical TPA δ values 
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of DTT-based molecules from nonlinear transmission 
measurements and quantum-chemical calculations. The 
experimental TPA δ values at the absorption peak wavelength 
showed a dependence on the structural variations. The self-
consistent force-field theory and HF-SCI calculation schemes 
were valid for evaluating TPA δ. Although the quantum-
chemical calculations slightly underestimated the experimental 
δ values obtained from nonlinear transmission measurements, 
they reasonably predicted the dependence of the δ value on the 
structural variations. We confirmed the role of molecular 
symmetry by observing that the donor-donor substituted 
structure gives the highest experimental and theoretical TPA δ 
values and that the donor-acceptor substituted structure shows a 
greater red-shift in TPA maxλ . Overall, the theoretical δ values 
of DTT-based molecules are in the order of 10-46 cm4 · 
s ·photon-1 and are higher than that of AF-50 by nearly two 
orders of magnitude. 

REFERENCES 

[1] M. Goppert-Mayer, “Über Elementarakte mit zwei Quantens 
prungen,” Ann. Phys., vol. 9, 1931, pp. 273-295. 

[2] W. Denk, J.H. Strickler, and W.W. Webb, “Two-Photon Laser 
Scanning Fluorescence Microscopy,” Science, vol. 248, 1990, pp. 
73-76. 

[3] D.A. Parthenopoulos and P.M. Rentzepis, “Three-Dimensional 
Optical Storage Memory,” Science, vol. 245, 1989, pp. 843-845. 

[4] E.H.K. Stelzer, S. Hell, R. Stricker, R. Pick, C. Storz, G. Ritter, and 
N. Salmon, “Nonlinear Absorption Extends Confocal 
Fluorescence Microscopy into the Ultraviolet Regime and 
Confines the Illumination Volume,” Optical Comm., vol. 104, 
1994, pp. 223-228. 

[5] G.S. He, R. Gvishi, P.N. Prasad, and B.A. Reinhardt, “Two-Photon 
Absorption Based Optical Limiting and Stabilization in Organic 
Molecule-Doped Solid Materials,” Optical Comm., vol. 117, 1995, 
pp. 133-136. 

[6] J. Oberle, L. Bramerie, G. Jonusauskas, and C. Rulliere, “Optical-
Limiting Properties of a Push-Pull Diphenyl-Butadiene,” Optical 
Comm., vol. 169, 1999, pp. 325-332. 

[7] S. Maruo, O. Nakamura, and S. Kawata, “Three-Dimensional 
Microfabrication with Two-Photon-Absorbed Photopolym- 
erization,” Optical Lett., vol. 22, 1997, pp. 132-134. 

[8] O.-K. Kim, A. Fort, M. Barzoukas, M. Blanchard-Desce, and J.-
M. Lehn, “Nonlinear Optical Chromophores Containing 
Dithienothiophene as a New Type of Electron Relay,” J. Mater. 
Chem., vol. 9, 1999, pp. 2227-2230. 

[9] O.K. Kim, K.-S. Lee, H.Y. Woo, K.S. Kim, G.S. He, J. 
Swiatkiewicz, and P.N. Prasad, “New Class of Two-Photon-
Absorbing Chromophores Based on Dithienothiophene,” Chem. 
Mater., vol. 12, 2000, pp. 284-286. 

[10] J.E. Ehrlich, X.L. Wu, I.-Y.S. Lee, Z.-H. Hu, H. Rockel, S.R. 
Marder, and J.W. Perry, “Two-Photon Absorption and Broadband 
Optical Limiting with Bis-Donor Stilbenes,” Optical Lett., vol. 22, 

1997, pp. 1843-1845.  
[11] M. Albota, D. Beljonne, J.-L. Bredas, J.E. Ehrlich, J.-Y. Fu, A.A. 

Heikal, S.E. Hess, T. Kogej, M.D. Levin, S.R. Marder, D. 
McCord-Maughon, J.W. Perry, H.R.M. Rumi, G. Subramaniam, 
W.W. Webb, X.-L. Wu, and C. Xu, “Design of Organic Molecules 
with Large Two-Photon Absorption Cross Sections,” Science, vol. 
281, 1998, pp. 1653. 

[12] N. Mukherjee, A. Mukherjee, and B.A. Reinhardt, “Measurement 
of Two-Photon Absorption cross Sections of Dye Molecules 
Doped in Thin Films of Polymethylmethacrylate,” Applied 
Physics Lett., vol. 70, 1997, pp. 1524-1526. 

[13] C.-K. Wang, P. Macak, Y. Luo, and H. Agren, “Effects of Centers 
and Symmetry on Two-Photon Absorption cross Sections of 
Organic Chromophores,” J. Chem. Phys., vol. 114, 2001, pp. 
9813-9820. 

 

 

 

 

 
Myung-Ae Chung received her BS and MS 
degrees in chemistry from Ewha Womans 
University in 1986 and in 1988. She moved to 
Germany during the PhD course at Ewha 
Womans University and received her PhD 
degree in physical chemistry from Clausthal 
Technical University (TU), Germany, in 1997. 
Until 1998 she worked as a Post-Doc. in the 

Institute for Physical Chemistry at Clausthal TU. From 1998 to 1999, 
she was a Member of Research Staff in Max-Planck Institute for 
Polymer Research with Professor W. Knoll. Since joining ETRI in 
2000, she has been engaged in a research project on optical storage and 
biotechnology as a nanoparticle specialist. 
 

Kwang-Sup Lee received his BS degree in 
chemistry from Hannam University, Korea, and 
MS degree in polymer chemistry from Korea 
University, Korea in 1976 and 1980, and his 
PhD degree in polymer chemistry from 
Freiburg University, Germany, in 1984. 
Between 1985 and 1986, he was at Max-
Planck-Institute for Polymer Research as a Post-

doctoral Fellow. After returning to Korea, he worked at Korea 
Research Institute of Chemical Technology as a Senior Researcher. 
During 1990 and 1991, he was a Visiting Scientist of Department of 
Chemisty at the State University of New York at Buffalo. Additionally, 
he was a Visiting Professor at the Naval Research Laboratory in 
Washington DC in 1998. Since 1992 he has been working as a 
Professor of Department of Polymer Science and Engineering at 
Hannam University. His current research interests include polymers for 
electronics and photonics applications, liquid crystalline polymers, and 
model approach for semi-crystalline polymers. 

224   Myung-Ae Chung et al. ETRI Journal, Volume 24, Number 3, June 2002 



Sang-Don Jung received the BS degree in 
chemical engineering from Soongjeon 
University, Seoul, Korea in 1984 and the MS 
and PhD degrees in chemical engineering from 
Seoul National University, Seoul, Korea in 1986 
and 1993. He joined ETRI in 1989 and is 
currently working as a Principal Member of 
Research Staff in Basic Research Laboratory. 

His research interests are in the application of molecular nanotechnology 
in the fields of information and biological technology, such as optical 
storage based on fluorescent nanoparticles and drug delivery using 
polymeric nanoparticles. 

ETRI Journal, Volume 24, Number 3, June 2002  Myung-Ae Chung et al.   225 


