
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
1/

19
/2

02
5 

9:
59

:3
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Third- and high-
aSchool of Chemical Engineering and Tech

135, 300350, Tianjin, P. R. China. E-mail: ji
bCollaborative Innovation Center of Chemic

92, 300072, Tianjin, P. R. China

† Electronic supplementary information
characterization of (TCNQ)2OPV3 and N
DOI: 10.1039/c6ra25408j

Cite this: RSC Adv., 2017, 7, 4825

Received 18th October 2016
Accepted 30th December 2016

DOI: 10.1039/c6ra25408j

www.rsc.org/advances

This journal is © The Royal Society of C
order nonlinear optical properties
of an intramolecular charge-transfer compound†

C. Wang,a C. Fan,a C. Yuan,a G. Yang,a X. Li,a C. Ju,a Y. Feng*ab and J. Xu*a

An oligo(phenylenevinylene) bridged intramolecular charge-transfer (ICT) compound, (TCNQ)2OPV3, has

been synthesized and its third- and fifth-order nonlinear optical refraction indexes have been

determined by measurement with the 4f system with a phase-object, under near-infrared excitation.
Organic p-conjugated molecules have been extensively studied
and applied in diverse elds ranging from eld-effect transis-
tors (FETs),1,2 organic light-emitting diodes (OLEDs),3,4 and
organic photovoltaic cells (OPVs),5–7 thanks to their attractive
optoelectronic properties. p-Conjugated compounds with elec-
tron donors (D) and electron acceptors (A) typically feature
a intramolecular charge transfer (ICT) process. In the solid
state, the properties of ICT compounds are determined not only
by the intrinsic features of their component moieties but also by
their molecular packing modes. Control over the relative
orientation of the component parts and subtle modulation of
intermolecular overlap are very important aspects for ensuring
desired functions. These compounds are of particular impor-
tance for applications in material science such as nonlinear
optical (NLO) materials,8–10 electrogenerated chem-
iluminescence materials,11 uorescence probes12 and dye-
sensitized solar cells.13–17 Libraries of electron donors and
acceptors have been explored for constructing such materials
systems in the past decades.18 Recently a series of novel D–p–A
molecular systems of donor-substituted tetracyanoethylene
(TCNE) and 7,7,8,8-tetracyanoquinodimethane (TCNQ) adducts
have been explored by Diederich et al.19–23 and other groups,24–31

by taking advantage of the “click-type” near-quantitative [2 + 2]
cycloadditions with appropriately activated alkynes, followed by
retro-electrocyclizations. These naturally stable, nonplanar
chromophores are ideal platforms for efficient intramolecular
charge-transfer (ICT) processes and are regarded as promising
nonlinear optical materials.19–22,32–36

In this work, we have designed and synthesized an oligo-
(phenylenevinylene) (OPV) bridged ICT compound, (TCNQ)2-
OPV3, and studied its third- and h-order optical
nology, Tianjin University, Yaguan Road
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(ESI) available: Detailed synthesis and
LO measurement of the solvent. See
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nonlinearities by a nonlinear optical imaging technique with
the phase-object (NIT-PO) at the entry of a 4f coherent imaging
system.37 The method is based on a 4f system with top-hat
beams and its theoretical model is simple Fourier optics,
which leads to many advantages such as simple optical align-
ment, very high sensitivity and insensitivity to statistical uc-
tuations of the laser beam.38 The improved technique of greater
signal sensibility can be used to measure the nonlinear
absorption and refraction at the same time. Another vital
advantage of the technique is that it can extract information
about both the magnitude and the sign of the nonlinear coef-
cients simultaneously with only one-laser-shot39 without the
necessarity of scanning of the sample as that of the Z-scan
method.40 Although the method was initially developed to
measure the nonlinear refraction index of the materials, it can
simultaneously measure the nonlinear refraction index and
nonlinear absorption coefficient of materials conveniently from
the analysis of three experiment images.41 Moreover, the results
of different sensitivity of nonlinear absorption and refraction
are given by choosing different phase shi of the phase object.42

As an efficient method, the technique of measurement has
successfully utilized to study the kinetics of photo-induced
effects by shot-by-shot measurements.43

The ICT compound (TCNQ)2OPV3 has been synthesized
following the [2 + 2] cycloaddition and the subsequent retro-
electrocyclization of TCNQ with the OPV bridged alkynes
which have been activated by electronic donating groups
(Fig. 1a and Scheme S1 in the ESI†). The compound displays two
charge-transfer (CT) bands at 470 nm and 677 nm, respectively,
in CH2Cl2 in the UV-vis absorbance spectra, resulting from the
two different D–A transitions of the compound (Fig. 1c and S1 in
the ESI†). A distinct solvatochromic effect of (TCNQ)2OPV3 has
been observed in varied solvents, which was a characteristic
behavior of the dipolar ICT molecules.19–22,44 The major CT band
at 677 nm (1.83 eV) in CH2Cl2 red-shis to 687 nm (1.80 eV) in
CH3CN and 718 nm (1.73 eV) in DMF, and blue-shis to 658 nm
(1.88 eV) in THF and 625 nm (1.98 eV) in toluene. The solvent
effect of the CT band generally follows the reported tendency of
red shi of such ICT compounds when increasing the solvent
RSC Adv., 2017, 7, 4825–4829 | 4825
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Fig. 1 (a) Chemical structure of (TCNQ)2OPV3 (top) and LUMO and
HOMO orbital plots (down) calculated from the B3LYP functional 6-
31G(d,p) optimized geometry. The dodecyl substitutes were replaced
bymethyl substitutes for ease of calculation and hydrogen atoms were
omitted for clarity. (b) Cyclic voltammogram of (TCNQ)2OPV3

measured in CH2Cl2 (+0.1 M nBu4PF6 at a scan rate of 0.2 V s�1). (c)
Normalized linear UV-vis absorption spectra of (TCNQ)2OPV3 in
different solvents.

Fig. 2 (a) The nonlinear absorption index of CH2Cl2 for different peak-
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polarity.25 Cyclic voltammetry (CV) curves of (TCNQ)2OPV3

collected in CH2Cl2 with nBu4NPF6 (0.1 M) give the information
on the redox properties (Fig. 1b). The compound shows two
well-dened reversible one-electron reduction steps with the
rst electron transfer occurring at �0.51 V to �0.35 V and the
second one at �0.38 V to �0.22 V (using the Ag/Ag+ electrode
couple as the internal standard), occurring on the C](CN)2
moieties of the molecule.20–22 The oxidation steps occurring on
the aniline moieties are irreversible, as shown in the CV curves.
Optimized geometry of the compound calculated from the
B3LYP functional 6-31G(d,p) within the DFT level45–48 shows the
greatly twisted conguration of the charge-transfer moieties
and the slight distortion in the OPV3 bridge. The HOMO and
LUMO obtained from DFT calculations show the electrons of
HOMO are relatively homogeneous and a clear electron transfer
while the electrons of LUMO are mainly distributed in the
TCNQ derivative moieties.

To study the NLO property of the compound, we use the
shunt-wound double 4f system‡ to overcome the instability of
energy and space distributing of the beam from OPG (optical
parameter generator).49 The monitor branch is replaced by
another 4f system. The theoretical model of the developed
system is the same as the traditional ones. The shunt-wound
double 4f system without material acquisition37 is only used
to calculate the linear transmittance of the material if the linear
transmittance of the material is known. This leads to simple
calculation and easy data processing processes. The main
difference between the developed 4f coherent imaging system
and the traditional one is that the reference facula is used in the
nonlinear acquisition instead of the main facula in the linear
‡ This new system is not propitious to measure lms materials with surface
inhomogeneities because the reference facula does not include the imperfect
information of the materials.55

4826 | RSC Adv., 2017, 7, 4825–4829
acquisition as the incident beam to t the main facula in the
nonlinear acquisition.

In a typical experiment, the excitation beam at 800 nmwith 21
picoseconds (ps) pulse width (FWHM) which is emitted from the
OPG pumped by a Q-switched, frequency-doubled Nd:YAG laser
(Ekspla) is expanded to 40 mm in diameter and subsequently
pass through the aperture with a phase-object (PO) (Scheme S2 in
the ESI†). The radii of the aperture and PO are Rn¼ 1.70 mm and
Ln ¼ 0.5 mm respectively. The phase shi of the PO is 4L ¼
0.266p. The 4f system of the main branch consists of two lenses
L1 and L2 with the same focal length f1 ¼ f2 ¼ 100 mm, and the
monitor branch consists of lenses L1 and L2 with the same focal
length f1¼ f2 ¼ 100 mm. The airy radius at the focal plane of lens
L1 is u0 ¼ 1.22lf1/(2Ra) ¼ 28.7 mm, giving a Rayleigh range z0 ¼
pu0

2/l¼ 3.2mm. This satises the thin sample approximation (2
mm-thick fused silica cell). The detecting system is a cooled
charge-coupled device (CCD) camera with (1040 � 1376) pixels.
The camera pixels have 4095 gray levels, and the size of each pixel
is 6.4� 6.4 mm2. Neutral lters (tf) are used to keep the CCD with
its linear response range.

The nonlinear optical property of (TCNQ)2OPV3 has been
deduced by subtracting nonlinear index of the solvent (CH2Cl2)
from its solution for picoseconds excitation at 800 nm with the
sample concentration of 8 � 10�5 M (see Fig. S2 in the ESI†).
The values of third-order nonlinear absorption index b and
third-order nonlinear refraction index n2 measured at different
peak-on-axis intensity in the sample are shown in Fig. 2a and b,
respectively. The average value of b is 0.0546 cm GW�1 with
a standard error of �13%, and the average value of n2 is 3.33 �
10�19 m2 W�1 with a standard error of �6% (Fig. 2a and b). The
comparison between the two proles of experimental nonlinear
image (in dots) and the calculated nonlinear image (in bold)
shows a very good agreement between experimental result and
numerical simulation (Fig. 2c).
on-axis intensity. (b) The nonlinear refraction index of CH2Cl2 for
different peak-on-axis intensity. (c) The result of the numerical
simulation. The comparison of profiles (in dots) and (in bold) shows
a very good agreement between experimental acquisition and
numerical simulation.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) The main facula of nonlinear image at high peak-on-axis
intensity and its corresponding fluence distribution at x ¼ 300. (b) The
main facula of nonlinear image at low peak-on-axis intensity and its
corresponding fluence distribution at x ¼ 300.

Fig. 4 (a) The nonlinear absorption index of (TCNQ)2OPV3 solution for
different peak-on-axis intensities. (b) The nonlinear optical refraction
indexes of (TCNQ)2OPV3 solution for different peak-on-axis intensi-
ties. The solid line is the theoretical fitting by the use of high-order
nonlinear model.
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The optical nonlinearity of the solution has been measured
under the same operation conditions as those for measuring the
solvent. The two different main faculae of nonlinear image and
its corresponding uence distribution at x ¼ 300 indicating two
different sign of nonlinearity (Fig. 3). The values of b and n2
measured at different peak-on-axis intensity in the sample from
9.76 to 26 GW cm�2 are shown in Fig. 4a and b respectively. The
change tendency of nonlinear absorption index b with peak-on-
axis intensity is small with an average value of �b ¼ �0.0638 cm
GW�1, showing a good reproducibility of the measurements
(Fig. 4a). The nonlinear absorption is mainly produced by the
two-photon process (a third-order NLO).50,51 From Fig. 4b, a linear
dependence of nonlinear refraction index n2 with peak-on-axis
intensity has been noticed. One can clearly see that the solu-
tion exhibits negative nonlinearity as the peak-on-axis intensity is
small (Fig. 3a), while it changes to positive when the peak-on-axis
intensity is large enough (Fig. 3b). Because the nonlinear
refraction index of the solvent is a little smaller as the peak-on-
axis intensity is large enough, this indicates the existence of
high-order nonlinearity besides the cubic term of the solute.
High order terms with opposite sign are required to compensate
the cubic term and to generate a sign change of the whole
nonlinear refraction index of the solution. This is similar to what
have been observed from quantum dot-polymer nanocomposite
lms,50,51 as determined by the Z-scan technique. We use the
cubic/quintic model given by G. Boudebs et al.52–54 Let n2 and n4
represent the third-order and h-order nonlinear refraction
indexes, respectively. The whole nonlinear refraction index
measured is an effective refraction index and can be written as

neff2 ¼ n2 + n4Im (1)

For a ¼ 3.08 cm�1 (linear absorption index) and �b ¼
�0.06382 cm GW�1, we obtain Im z 0.9103I0 (see Fig. 4a), so
eqn (1) becomes
This journal is © The Royal Society of Chemistry 2017
neff2 ¼ n2 + 0.9103n4I0 (2)

At the same time, we obtain eqn (3) by linear t to the
experimental result.

neff2 (1 � 10�19 m2 W�1) ¼ 0.1159I0 (GW m�2) � 1.6755 (3)

By comparing eqn (2) and (3), we obtain the two nonlinear
refraction indexes n2 ¼ �1.676 � 10�19 m2 W�1 and n4 ¼ 1.273
� 10�33 m4 W�2. So the nonlinear refraction index of solute can
be deduced by subtracting nonlinear refraction index of solvent
from the solution. The third- and h-order refraction indexes
have been deduced to be nsolute2 ¼ �5.01 � 10�19 m2 W�1 and
nsolute4 ¼ �1.273 � 10�33 m4 W�2 respectively.

In conclusion, the nonlinear optical properties of an ICT
compound (TCNQ)2OPV3 in the near infrared have been inves-
tigated by using a nonlinear-imaging technique with phase-
object at the entry of a 4f coherent imaging system. The third-
order and h-order nonlinear refraction indexes have been
deduced to be n2 ¼ �1.676 � 10�19 m2 W�1 and n4 ¼ �1.273 �
10�33 m4 W�2 by subtracting nonlinear refraction index of the
solvent from its solution for picoseconds excitation at 800 nm.
The picosecond third- and h-nonlinear optical properties of
the compound in the near-infrared and the new technique of 4f
coherent nonlinear-imaging system with phase-object for
determining NLO properties of the D–p–A organic molecular
systems indicate potential applications both in the basic
research eld of nonlinear optical theory and the elds of
photonic device fabrications.
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