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a b s t r a c t

The static second-order nonlinear optical susceptibilities (b0) of a series of macrocyclic thiophene-based
derivatives with strong donor/acceptor (D/A) substituents were studied in detail on the basis of the sta-
bility of the equilibrium geometries calculated at density functional theory (DFT) level. The research
results show that the type of substituent, the pair number and the position of D/A group all have impor-
tant influence on the value of b0. The molecule 4A1–4D5–8 with four pairs of electron donor (ANH2) and
acceptor (ACN) located at contraposition has larger value of b0 (�338.88 � 10�30/esu), which is close
to 50 times larger than that of SII. And the absolute value of b0 enlarges as increasing the ring size or
the pair number. Moreover, the effects of BLA and charge transfer are analyzed to explain the significant
enlargement of b0 for the molecules with stronger D/A group, besides the influence factors of f , Dl and W
in the two-level approximation formula. In addition, it indicates an approximately proportional relation-
ship between the values of b0 and dmax for most studied molecules.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Over the past two decades, the development of materials with
outstanding nonlinear optical (NLO) properties has continued to
be in the limelight [1,2]. In particular, organic molecules have
many advantages, such as easy chemical modifications for struc-
tural diversity, easy fabrication, mechanical flexibility, and low
cost. The prospective applications of NLO materials include optical
data-manipulations, data-storage, data-transmission and electro-
optic modulators for optical telecommunication [3]. Materials with
large hyperpolarizabilities will be good candidates for the use in
optoelectronics, optical-switching devices and signal-processing
devices [4–9].

Recent years, the major interest lies in the organic materials
duo to their larger second-order NLO polarizability, high laser
damage thresholds, low dielectric constants, fast NLO response
times and so on [10]. Till now, a significant amount of work has
been carried out on organic materials with different conventional
strategies to enhance the NLO response [11–14]. As we know,
increasing the length of chain-like molecules or increasing the
number of branch for branch-like molecules can remarkably

enhance the second-order polarizability (b) duo to the cooperative
enhancement of the charge transfer. However, organic materials
have several disadvantages, for example, the enhancement of the
NLO efficiency with low energy transitions during the UV–Vis
region will result in a trade-off between nonlinear efficiency and
optical transparency, and the thermal stability will reduce simulta-
neously [15]. Therefore, it is extremely important to search for
suitable organic materials with larger NLO response, excellent
optical transparency and thermal stability.

It is well known that the NLO property can be enhanced through
adopting suitable design strategies, such as donor–p-bridge–accep-
tor structure (D–p–A), donor–p-bridge–donor structure (D–p–D)
and acceptor–p-bridge–acceptor structure (A–p–A) [16]. In our
previous researches [17,18], a series of macrocyclic thiophene-
based derivatives were investigated in theory, and the influence
of the ring size, the type of substitution, the substituted position
and the pair number on the one- and two-photon absorption
properties were analyzed in detail. The results indicate that the

one-photon absorption (OPA) wavelength maxima kð1Þmax

� �
of the

designed molecules with D or A group show red-shifts compared
with original molecule SII. And the values of two-photon absorption
(TPA) cross-section (dmax) increase with increasing the number of
D/A pair. The dmax values of D–p–A type of molecules are close to
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that with A–p–A structure, and larger than that with D–p–D struc-
ture and SII molecule. Moreover, the molecules show larger values
of dmax when electron donor and acceptor located at contraposition.
In summary, the previous researches have provided a useful guide-
line for the design of novel D–p–A molecules with large TPA cross-
section via enhancing the strength, enlarging the number and
changing the position of electron donor and acceptor substituents
based on the circular p-conjugated skeleton, besides enlarging the
ring size.

In this way, what about the second-order nonlinear optical
properties with regard to the designed macrocyclic molecules with
stronger push–pull group? In this work, systematic studies on the
static second-order nonlinear polarizabilities (b0) of the series of
macrocyclic thiophene-based derivatives will be investigated in
theory. And the influences of the type for the substitution, substi-
tuted position and pair number on their NLO properties will be
analyzed in detail. Moreover, the effects of BLA and charge transfer
are investigated to explain the significant enlargement of b0 for the
molecules with stronger D/A group, besides the influence factors of
f , Dl and W in the two-level approximation formula. In addition,
the relationship between the values of dmax and b0 will be pre-
dicted in the end.

2. Theoretical methods

A quantitative description of molecular NLO response is derived
from a power-series expansion of the molecular polarization upon
interaction with an external electromagnetic field by Eq. (1)

Pi ¼
X

j

aijEj þ
X
j�k

bijkEjEk þ
X
j�k�l

cijklEjEkEl þ . . . . . . ð1Þ

where Pi is the molecular polarization induced along the ith axis; Ej

is the jth component of the applied electric field; a, b and c denote
the linear polarizability, the first hyperpolarizability or the second-
order polarizability, and the second hyperpolarizability or the third
order polarizability, respectively.

a, b and c describe the susceptibility of the molecule to an electro-
magnetic perturbation and are constants for a given molecular
geometry and external electromagnetic field. And b and c are respon-
sible for the second-harmonic and third-harmonic generation.

The SOS expression for the individual components of the sec-
ond-order polarizability tensor has been given by perturbation the-
ory [19,7,20,21]:

where the summations are over the complete sets of eigenstates
|ni and |n0i of the unperturbed molecular system. The quantities
ri

gn0 g ri
�� ��n� �� �

and ri
nn0 n ri

�� ��n0� �� �
are matrix elements of the position

operator ri (along the ith coordinate axis) between the unperturbed
ground state (g) and excited states (n), or between the two excited
states (n, n0), respectively; Dri

n ¼ ri
nn � ri

gg is the dipole moment dif-
ference between the excited state (n) and ground state (g).
Although all 27 components of the b tensor can be computed, only
the vector component in the dipolar direction (bl) is sampled by

electric-field-induced second-harmonic generation experiments.
And bl is given by:

bl ¼ ðlxbx þ lyby þ lzbzÞ ðl2
x þ l2

y þ l2
z Þ

1=2
.

ð3Þ

where

bi ¼ biii þ 1=3
X
i–j

ðbjii þ biji þ biijÞ i; j 2 ðx; y; zÞ ð4Þ

The ZINDO program was employed to provide the transition
dipole moment and the transition energy needed in Eq. (2) on
the next step, since the reliability of ZINDO–SOS method has been
proven for the description of molecular NLO property [7,22]. In our
previous work, the second-order and third-order NLO polarizabili-
ties have been reported for dozens of molecules [23–28]. In this
study, the configuration interaction (CI) active spaces include 20
highest occupied and 20 lowest unoccupied p-orbitals in single
CI, and 5 highest occupied and 5 lowest unoccupied p-orbitals in
double CI. There are in all 826 configuration states in the CI calcu-
lation using ZINDO program.

During the computation of b value with the SOS expression in
ZINDO program, the truncation problem should be considered. As
clearly seen in Eq. (2), the summation is over the complete sets
of eigen states |ni, |mi and |gi of the unperturbed system. And
the denominator of each term includes xng and xn0g, which will
increase gradually as the energy differences between the ground
state and the excited states increase through enlarging the values
of n and n0. It means that the higher excited state will make less
contribution to the value of b. As the values of n and n0 reach cer-
tain ones, the higher excited states will be neglected. Namely, the
calculated b value will reach a limiting value as the number of the
excited states increases gradually. Usually, the summation over
25–400 excited states is adequate for the convergence of b value
[29–31]. With regard to the macrocyclic thiophene derivatives
reported in our previous work, 300 excited states were considered
for the calculation of b0 values, which converge when the number
of excited states exceeds 290 [32]. So that 300 excited states were
chosen to the ZINDO-SOS calculation for the molecules studied in
this paper.

In the SOS formula of bijk shown in Eq. (2), if only considering an
important excited state which possesses a low-energy excited state
with large oscillator strength, and combining with Eqs. (3) and (4),
two-level approximate formula Eq. (5) [7,19,33] will be gained,

which is still a good model in chemical interpretation of NLO
response.

bl ¼
3e2�h2

2m
WfDl

W2 � 2�hxð Þ2
h i

W2 � �hxð Þ2
h i ð5Þ

where x is the frequency of the laser field, and W = ⁄x1g is the tran-
sition energy from ground state to the excited state; f is the oscilla-
tor strength for the transition; Dl is the difference of the dipole
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