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| In this paper, the equilibrium geometries, one-photon, two-photon absorption properties and the transition nature of three thiophene |
derivatives have been theoretically studied by applying density functional response theory. Our calculated results have confirmed that the

| one-photon and two-photon absorption are enhanced and bathochromically shift with the increase of the strength of the D end-groups as |

| well as the length of the conjugated system. The nonlinear optical phenomenons of the derivatives under investigation, originating from |

| the intramolecular charge transfer within the T-conjugated system. |

| |
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INTRODUCTION

Multi-photon absorption is a nonlinear optical process
where a molecule absorb two or more photons, simultaneously,
exciting from ground state to an excited state. Multi-photon
absorption is currently the focus of intensive research efforts
because of their potential civilian and military applications in
the fields of multi-photon fluorescence imaging, 3D optical
data storage, optical limiting, photodynamic therapy and
microfabrication. Numerous investigations have been taken
on organic materials both experimentally and theoretically,
showing that, in general, increasing the planarity, prolonging
the m-bridge length and strengthening the donor and/or
acceptor ability, will enhance the nonlinear optical effect'®.

A stream of conjugated organic units with a structure of
D(A)-n-D(A) and D(A)-nt-D(A)-n-D(A) attracted increasing
attention, having been designed and synthesized as novel multi-
photon absorption materials where D and A denote electron
donating and accepting groups, such as triphenylamine™®,
fluorene’"!, efc. Amongst them, donor-acceptor (D-A) type
conjugated system have been paid much attention as efficient
nonlinear optical materials, which has been regarded as an
effective method to reduce the band gap'?. Thiophenes and
their derivatives are of special interest among the D-A type
conjugated systems, experimental and theoretical studies
revealed that such compounds are strong candidates for
potential use in non-linear optical materials". Studies show
that thiophene derivatives are versatile building blocks for the

synthesis of donor-acceptor substituted -conjugated systems
for several optical applications, however, only scarce examples
of (oligo-) thiophene derivatives have been investigated for
two-photon'*". Investigations indicate that the introduction
of proper electron donating and withdrawing entities can
enhance the optical nonlinearity of such compounds.

Keeping this in view, we report the theoretical study of
three thiophene derivatives with different end capped groups,
methyl, ethyl and phenyl, whose structures are sketched in
Fig. 1. A state-of-the-art computational method which applies
first principles calculations has been employed to study the
one-photon and two-photon absorption properties of the
compounds. The comparison among the three thiophene
derivatives will be discussed in details. Moreover, we will try
to highlight different response behaviors between different
processes. Here we will challenge to present: (1) systematic
studies on one-photon absorption and two-photon absorption;
(2) discussions on the different optical responses between diffe-
rent nonlinear optical; (3) a detailed comparison of theoretical
one-photon absorption and two-photon absorption properties
between the compounds.

COMPUTATIONAL DETAILS

All geometries of the three derivatives investigated were
optimized at Becke's three-parameter Lee- Yang-Parr (B3LYP)
level, in gas phase, by employing the Gaussian 09 program'’.
The properties calculations of both one-photon absorption and
two-photon absorption of the derivatives were performed at
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Fig. 1. Molecular structure of the three thiophene derivatives with different
end capped groups, methyl, ethyl, and phenyl

B3LYP level. In our calculation, the properties of one-photon
absorption were obtained from a normal TDDFT calculation
by Gaussian 09, while two-photon absorption has been done
by using the parallel implementation of the quadratic® response
module implemented in Dalton?'. All the calculations is perfor-
med with 6-31++G(d,p) basis set, including the geometries
and properties calculations of all the compounds under inves-
tigation.

One-photon absorption: For one-photon absorption (OPA),

the extinction coefficient can be written as'®'’,

2m)* x XN,
3% 1000 % In(10) X fic, x (4me, )

where N = Avogadro's number, ¢, = speed of light in vacuo
and &, = vacuum permittivity ® = circular frequency of the
laser. The Cartesian (o = X, y, z) component of the transition

Eopa () =

Sl )

o =X,y,z

electric dipole moment from the initial state | g> to the final

state |f) is evaluated explicitly as

wee = (glu|f) )

The last row of eqn. (1) yields the one-photon absorption

observable in unit of L mol” ¢cm™ starting from circular fre-

quencies and transition dipole moments given in atomic units.

In present paper, we also report the oscillator strength
defined as:

— ngf

opa _?Zu

Two-photon absorption (TPA): The two-photon
absorption cross section Grpa (for m;, 0, = M), is given by the
expression'’

2
o
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Here o is the fine structure constant, o Bohr radius and

the orientationally averaged two-photon probability &, ()
is given by"®

37 ()= Y (Fsee S + Gx P + HxsPsh) (5)
of

where ng is the two-photon transition matrix element, which
is defined by the sum-over-state (SOS) expression as

9 (@) - % 5 (eluelK) (k) X (i) ()

" 0, - ® 0, - O

F, G and H assume values of 2, 2, 2 for linearly and -2, 3, 3 for
circularly polarized beams, respectively.

The resulting unit of Grea is cm* s photon” molecule™
(10™° cm* s photon™ molecule” = 1 Goppert-Mayer, 1 GM)
starting from a, and co given in CGS units and circular
frequencies and two-photon transition probabilities given in
atomic units.

RESULTS AND DISCUSSION

The one-photon absorption spectra of the three thiophene
derivatives calculated with the density functional-B3LYP in
gas phase are compared in Fig. 2. The Lorenztian lifetime
broadening is set to 0.10 eV. Table-1 collects the excitation
energies Ey (both in eV and nm), one-photon absorption
oscillator strengths 8opa and the corresponding transition
natures of the system.
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Fig. 2. Calculated one-photon absorption spectra for the three derivatives
in gas phase obtained at B3LYP/6-31++G(d,p) level, by summing
over the first 6 excited states, convoluted with a Lorentzian
broadening lifetime of 0.1eV

Fig. 2 showed that all the three derivatives are predicted
with one evident absorption peak, with taking 6 excited states
into consideration. The spectra as well as the wavelength of
the absorption peak are red-shifted, when the end capped
groups vary from methyl to ethyl, to phenyl. The strength of
one-photon absorption is in the order of phenyl > ethyl >
methyl, as clearly indicated in Fig. 2. That is clear, since the
increase of the length of the conjugated system as well as the
strength of the D end-groups allows to increase the ability of
charge-transfer®.

By looking into Table-1, we can inspect into the details
under the broadened spectra. It is easy to find that the first
(S1) excited state is the strongest one-photon absorption state
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of all the molecules investigated in this system, with the largest
one-photon absorption oscillator strength of 0.7975, 0.8858,
1.6935 respectively, for compounds a, b and c. The electron
transition is originated from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO), though the derivatives are designed with different
end capped groups (Table-1). For example, for methyl, the
main excited state S1 originates from HOMO to LOMO,
involving charge transfer within the m-conjugated system, as
show in Fig. 3.

Two-photon absorption: The explicit use of sum-over-
state expression [eqn. (6)] is the direct way of modeling a

two-photon absorption spectrum, in which all intermediate
states should be included. By solving a set of linear matrix
equations, the two-photon absorption cross section can be
implicitly got within the response theory.” The calculated two-
photon absorption cross sections at B3LYP/6-31++G(d,p)
level, obtained assuming linearly and circularly polarized laser
beam, respectively, are collected in Table-2. The cross sections
are for the first 6 excited states and corresponding to the
maximum value with Lorenztian lifetime broadening set to
0.10 eV, in conformity to the assumptions for one-photon
absorption in present study. The corresponding two-photon
absorption spectra of the derivatives are plotted in Fig. 4.

TABLE-1
EXCITATION ENERGIES E,(eV), CORRESPONDING WAVELENGTH A; (NM), OSCILLATOR STRENGTHS &5, AND
DOMINATING TRANSITION NATURE FOR THE MAIN EXCITED STATES OF COMPOUNDS A, B
AND C IN GAS PHASE, OBTAINED AT B3LYP/6-314++G** LEVEL

Compound State Ey Sopa Transition Coefficient
S 3.7294 332.45 0.7975 HOMO — LUMO 0.70480
! S, 4.4492 278.66 0.0007 HOMO — LUMO+1 0.62484
b S1 3.6753 337.35 0.8858 HOMO — LUMO 0.70409
S2 4.4076 281.30 0.0013 HOMO — LUMO+1 0.63178
. S1 2.8803 430.46 1.6935 HOMO — LUMO 0.70820
S2 3.5167 352.55 0.0032 HOMO — LUMO+1 0.61596
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Fig. 3. Molecular orbitals for compounds a, b, and ¢ optimized at B3LYP/6-31++G(d,p) level in gas phase
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TABLE-2
CALCULATED TWO-PHOTON ABSORPTION CROSS SECTIONS FOR THE FIRST 6 LOWEST EXCITED STATES OF COMPOUNDS a, b
AND c IN GAS PHASE, OBTAINED BY USING RESPECTIVELY LINEARLY AND CIRCULARLY POLARIZED LASER BEAM, AT
B3LYP/6-31++G**LEVEL. LORENTZIAN LIFETIME BROADENING OF 0.1 eV

Compound a Compound b Compound ¢
State ; ; ; ; ;

Orpa Opa Orpa O'rpa Orpa O'pa
S1 0.03 0.04 0.10 0.43 0.64
S2 156.41 108.07 287.66 189.97 1677.86 1121.74
S3 0.02 0.03 0.74 362.51 245.21
S4 0.11 0.16 5.59 14.19 21.28
S5 0.01 0.02 52.45 27.37 5.60 3.70
S6 2.34 3.52 0.68 0.00 0.00

that for methyl (156 GM). However, the strongest one-photon
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Fig. 4. Calculated two-photon absorption spectra for the thiophene

derivatives in gas phase obtained at B3LYP/6-31++G(d,p) level,
taking the first 6 excited states into consideration, convoluted with
a Lorentzian broadening lifetime of 0.1 eV

Compound a gives a strong absorption in the range of
250-300 nm, however, for ethyl and phenyl, two absorption peaks
can be seen in the wavelength of 250-300 and 250-400 nm,
respectively. It should be stressed that there might be other
large absorption bands above the predicted wavelength,
corresponding to electronic states higher than 6, out of the
present range under investigation. The spectra indicate that
two-photon absorption is much red-shifted and increased for
phenyl, with respect to methyl and ethyl. This can be under-
stood due to the fact that ethyl has stronger electron-donor
strength than methyl, which can build up stronger charge transfer
and possess larger two-photon absorption cross section. It is
worth to mention that the conjugation of the system also play
an important role in enhancing two-photon absorption, since
stwo-photon absorption of compound c (end-group of phenyl)
is much larger than the other two derivatives.

One is easy methods to find that the second excited state
(S,) associated with the combined transition from HOMO —
LUMO + 1 is the dominant contribution to the major absorp-
tion peak for the three derivatives (Table-2). The corresponding
charge transfer nature can be seen from Fig. 3. It can be noticed
that the two-photon absorption cross section for phenyl is the
largest one in the derivatives under investigation. Taking the
values for the linearly polarized lights as an example, the
maximum two-photon absorption cross section of phenyl (1678
GM) is 5.8 times of that for ethyl (288 GM) and 10.8 times of

absorption state S; have very weak two-photon absorption
intensity, with ¢'™ of only 0.03, 0.06 and 0.43 GM for methyl,

TP

ethyl and phenyl, respectively due to different selection rules.

For the state responsible for the highest peak, i.e. Sy, the
two-photon absorption cross sections for linearly polarized
light are larger than those for the circularly polarized light.
For instance, the ratio of ¢! /oSy, is around 1.4 for methyl,
which can be understood since for this state, Syx dominate the
two-photon absorption cross section. However, not for all the
states investigated share the same rule. For example, S, for
methyl, is larger than the corresponding G, , since for this
state, the two-photon absorption cross section is mostly
determined by the two-photon transition matrix component

S,y (and Syy).
Conclusion

In this contribution the one-photon and two-photon
absorption properties of three thiophene derivatives have been
investigated. Our calculations have confirmed that the increase
of the electron-donor strength as well as the conjugation will
benefit the one-photon and two-photon absorption. Such
enhancement of the one-photon absorption and two-photon
absorption responses is associated with a predominant intra-
molecular charge-transfer character within the m-conjugated
system, larger charge transfer within the molecules will certainly
lead to enhanced nonlinear optical responses. In addition,
increasing the electron-donor strength as well as the conju-
gation will lead to a significant bathochromic shift of both
one-photon and two-photon absorption in present system. The
three thiophene derivatives under investigation in this present
system are all promising nonlinear optical materials.
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