
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry C

www.rsc.org/materialsC

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


This journal is © The Royal Society of Chemistry 2013 J. Name., 2015, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th Sep 2015 

Accepted 00th Sep 2015 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Synthesis and Optical Nonlinear Property of Novel Y-

shaped Chromophores with Excellent Electro-Optic 

Activity 

Yuhui Yang 
ab

, Hongyan Xiao 
a
, Haoran Wang 

ab
, Fenggang Liu 

ab
, Shuhui Bo

*a
, 

Jialei Liu 
a
, Ling Qiu 

a
, Zhen Zhen

 a
, Xinhou Liu 

* a 

A series of Y-shaped chromophores A1, A2, B1 and B2 based on the same thiophene π-

conjugation and tricyanofuran acceptor (TCF) but with different donors (modified 

phenothiazine and Triphenylamine) have been synthesized and systematically investigated in 

this paper. Density functional theory (DFT) was used to calculate the HOMO–LUMO energy 

gaps and first-order hyperpolarizability (β) of these chromophores. These chromophores 

showed excellent thermal stability with their decomposition temperatures all above 270 °C. 

Most importantly, the high molecular hyperpolarizability of these chromophores can be 

effectively translated into large electro-optic (EO) coefficients (r33) in poled polymers. The 

doped films-C containing 25wt % chromophore B1 displayed an r33 value of 72 pm /V at 1310 

nm, and the doped films-D containing B2 showed a value of 95 pm /V at the concentration of 

25 wt %. These values are all much higher than the traditional FTC chromophore (39 pm/V). 

High r33 values indicated that the special Y structure can reduce intermolecular electrostatic 

interactions thus enhance the macroscopic EO activity. These properties, together with the 

good solubility, suggest the potential use of these new chromophores as advanced materials 

devices. 

 

 

 

 

 

 

 

1. Introduction 

Recently, high-performance organic electro-optic (EO) 

materials have been the focal point of research among many 

organic materials research groups. This research is driven by 

the attractive potential of improving the efficiency of nonlinear 

optical (NLO) material while lowering production cost for 

applications in telecommunications, optical modulation and 

optical memory.1-4 Over the past two decades, the NLO 

materials have drawn considerable attention and have 

stimulated a research boom for materials with large EO 

activities, both at molecular level (β) and as processed materials 

(r33).
2, 5-7  In recent years, NLO chromophores with large values 

of hyperpolarizabilities (β)  have been developed. However, 

efficient arrangement of NLO chromophores has proven 

challenging. Organic NLO chromophores, especially those 

demonstrating high hyperpolarizability (β) values, typically 

have large ground state dipole moment, tend to lower the NLO 

response at higher chromophore loading levels due to 

aggregation effects. So for practical applications, one of the 

often encountered challenges in making highly efficient EO 

materials is to develop nonlinear optical (NLO) chromophores 

with large hyperpolarizabilities (β) and to reduce adverse strong 

inter-molecular electrostatic interaction among the 

chromophores molecules also with excellent thermal 

stabilities.8-10As a result, careful design of chromophores and 

control of the assembly and lattice hardening in a proper 

polymer matrix is needed.11  

Poled polymers are the most widely studied organic NLO 

materials. The macroscopic NLO response of such materials 

arises from the poling-induced polar order of 

noncentrosymmetric NLO chromophores in polymers.7 In 

general, the second-order NLO chromophore can be divided 

into three blocks: electro-donor, π-conjugated bridge and strong 

electro-acceptor, called D-π-A system.12 When under an 

applied external electric field, the donor and acceptor 

substituents can provide the requisite ground-state charge 

asymmetry, whereas the π-conjugation bridge provides a 

pathway for the ultrafast redistribution of electric charges. 

Unfortunately, in most of the poled polymers, the chromophore 

moieties which have a rod-like structure and the strong dipole–

dipole interactions between chromophores have led to 

unfavorable antiparallel packing of the chromophores, making 

the conversion from the high β values of the chromophores to 

large macroscopic optical nonlinearities (r33) a continual 

challenge.13, 14 So the most effective and facile way to improve 

the r33 values of the guest-host EO materials is the optimization 

of the push-pull chromophores.  
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Chart 1 the structure of the chromophores A1, A2.B1, B2 and 

FTC

Scheme 1 Chemical structures and synthetic scheme for chromophore A1 and 

B1

Alex K.Y. Jen et al. have done much effort in the molecular 

modification to optimize the NLO properties with large r33 

values.1,15,16 As it said, controlling the shape of the 

chromophore was proven to be an efficient approach for 

minimizing this interaction and enhancing the poling efficiency. 

In this paper, we designed a series of Y-shaped chromophores. 

The special Y structure is different from the general NLO 

chromophores showing the rod-like structure, which may have 

an obvious advantage in translating β into r33 values and thus 

increased the macroscopic EO activity. To the best of our 

knowledge, the Y-shaped chromophore rarely appeared in NLO 

chromophore before. 

Considering the mentioned advantages above, so in this 

paper, we had designed and synthesized a series of Y-shaped 

chromophores containing an identical TCF acceptor, but with 

different electron donors (modified phenothiazine and 

Triphenylamine). These new chromophores (in chart 1) showed 

great solubility in common organic solvents, good compatibility 

with polymers, and large EO activity in the poled films. 1H-

NMR and 13C-NMR analysis were carried out to demonstrate 

the preparation of these chromophores. Thermal stability, 

photophysical properties, DFT calculations and EO activities of 

these chromophores were systematically studied compared to 

the traditional rod-like chromophore FTC. 

 

2. Results and discussion 

2.1 Synthesis and characterization of chromophores 

Synthesis of A1, B1, A2 and B2 chromophores were depicted 

in scheme 1, scheme 2, respectively. The difference between 

chromophore A1 and B1 was the length of the π-bridge. 

Chromophore B1 was obtained in seven steps starting from the 

commercially available phenothiazine (Scheme 1). Compound 

3a was synthsized according to the literature.17 The compounds 

4a were synthesized by the Ullmann reaction from 3a using the 

powerful catalytic system about the combination of Pd(dba)2 

and HP(t-Bu)3BF4. The reduction with DIBAL-H followed by 

acid hydrolysis converts the nitrile group on 4a into the 

corresponding aldehyde 5a with 82% yield. The target 

chromophore A1 was obtained via Knoevenagel condensation 

reaction of the aldehyde 5a with acceptor TCF in the presence 

of a catalytic amount of triethylamine. On the other hand, the 

aldehyde 5a was condensed with 2-thienyltriphenylphosphonate 

bromide by Wittig condensation to gain 6a. As expected, after 

introduction of the thiophene bridge by Wittig condensation, 

treatment of compound 6a with n-BuLi and DMF gave an 

aldehyde 7a. The target chromophore B1 was obtained via 

Knoevenagel condensation reaction of the aldehyde 7a with 

acceptor TCF in the presence of a catalytic amount of 

triethylamine. The chromophore A2 and B2 were synthsized 

according to the literature.18 All of the chromophores were fully 

characterized by 1H-NMR, 13C-NMR, and mass spectroscopy. 

These chromophores possess good solubility in common 

organic solvents, such as dichloromethane, chloromethane and 

acetone.  
 

 
 

 

 

 

 
 

 

2.2  Thermal analysis 
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Scheme 2 Chemical structures and synthetic scheme for chromophore A2 and 

B2 

Figure 1 TGA curves of chromophores A1, A2, B1 and B2 with a heating 

rate of 10 °C min-1 in nitrogen atmosphere 

NLO chromophores must be thermally stable enough to 

withstand encountered high temperatures (>200 °C) in electric 

field poling and subsequent processing of 

chromophore/polymer materials. Thermal properties of these 

chromophores were measured by Thermogravimetric Analysis 

(TGA). As shown in figure 1 and table 1, the decomposition 

temperature (Td) of chromophores A1, A2, B1 and B2 are all 

above 270 °C, which are much higher than the traditional FTC 

chromophore (242 °C)19. These data indicate that the special Y 

structure can increase the thermal stability of the chromophore. 

All of these novel Y-shaped chromophores showed excellent 

stability and the Td of these novel chromophores was high 

enough for the application in EO device preparation.  

2.3 Optical properties 

In order to reveal the effect of the Y-shaped structure on the 

intromolecular charge transfer (ICT) of dipolar chromophores, 

UV-Vis absorption spectra of these chromophores (c=1×10-5 

mol/L) were measured in a series of aprotic solvents with 

different polarity so that the solvatochromic behavior of these 

chromophores could be investigated to explore the polarity of 

chromphores in a wide range of dielectric environments (Figure 

2). The spectrum data are summarized in Table 1. The 

synthesized chromophores exhibited a similar π→π* 

intramolecular charge-transfer (ICT) absorption band in the 

visible region. A1 shows a maximum absorption (λmax) of 599 

nm. By extending the π-bridge of the chromophore A1, the λmax 

of B1 was red shifted by 60 nm to 659 nm. The difference 

between the chromophore B1 and B2 is the donor group. 

Compared with the chromophore B1, the λmax of the 

chromophore B2 was red shifed by 71 nm to 730 nm.18This 

result indicated that the modified triarylaminopheny-based 

donor shifted the ICT absorption band of the chromophore to a 

lower energy. As shown in Figure 2, the peak wavelength of A1, 

A2, B1 and B2 showed a bathochromic shift of 52, 69, 49 and 

72 nm from dioxane to chloroform respectively. As reported 19, 

the traditional FTC showed a bathochromic shift of 55 nm. 

Chromophore A2, B2 displayed the larger solvatochromism 

compared with the traditional FTC chromophore. These results 

implied that these new Y-shaped chromophores were more 

easily polarizable than the traditional FTC chromophore. 

Besides, Chromophore A2, B2 displayed the larger 

solvatochromism compared with the A1 and B1, which 

confirmed that the modified triarylaminophenyl-based 

chromophoroe was more easily polarizable than the 

chromophore with the modified phenothiazine. These analyses 

implied that sulfur atom linking the two Benzenes rings on the 

donor part may weaken the electron-donating. 

 

Table1．Summary of Thermal and Optical Properties and EO Coefficients of Chromophores A1-B2 and FTC

Chronmoph

ore 

Td
a 

 (℃ ) 

λb
max 

(nm) 

λc
max 

(nm) 

∆λd  

(nm) 

re
33 

(pm/V) 

A1 291 599 547 52 33 

A2 276 659 590 69 47 

B1 274 659 610 49 78 

B2 289 730 658 72 95 

FTC 242 676 621 55 39 

a
 Td was determined by an onset point, and measured by TGA under nitrogen at a heating rate of 10 ℃ /min.  

b
 λmax was measured in CHCl3, 

c 
λmax was measured in dioxane.  

d
∆λ=λ

b
max-

 
λ

c
max 

e
 r33 values were measured at the wavelength of 1310 nm. 

 

2.4 Theoritical calculations 

To understand the ground-state polarization and microscopic 

NLO properties of the designed chromophores, the DFT 

calculations were carried out at the B3LYP level by employing 

the split valence 6-31 G* (d, p) basis set using the Gaussian 09 

program package. 20-22 The first hyperpolarizability (β) values 

were calculated at CAM-B3LYP level by employing 6-31G* 

basis set using the Gaussian 09 and the direction of the 

maximum value is directed along the charge transfer axis of the 

chromophores. The data obtained from DFT calculations are 

summarized in Table 2. 

The frontier molecular orbitals are often used to characterize 

the chemical reactivity and kinetic stability of a molecule and to 

obtain qualitative information about the optical and electrical 

properties of molecules.22, 23, 24 Besides, the HOMO-LUMO 

energy gap is also used to understand the charge transfer 

interaction occurring in the chromophore molecule. 24-26 In the 

case of these chromophores, Figure 3 represents the frontier 

molecular orbitals of chromophores A1, A2, B1 and B2. 

According to the Figure 3, it is clear that the electronic 

Page 3 of 11 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

distribution of the HOMO is delocalized over the donor and π-

bridge part, whereas the LUMO is mainly constituted by the 

acceptor moieties.24 

The HOMO and LUMO energy were calculated by DFT 

calculations as shown in Figure 3 and Table 2. In view of 

chromophore A1 and A2, chromophore A2 narrows the energy 

gap between the HOMO and LUMO energy with ∆E values of  

2.17 eV. By contrast, the ∆E value of A1 is 2.39 eV. When 

extended the π-bridge of chromophore A1 and A2 to 

chromophore B1 and B2 respectively, we can find similar 

results of chromophore B2 narrows the energy gap between the 

Table2．Data from DFT calculations 

Chromoph

ores 

EHOMO/ 

eV 

ELUMO/ 

eV 

∆E
a
/ 

eV 

βmax
c
/ 

10
-30

esu 

A1 -5.18 -2.79 2.39 329.90 

A2 -4.98 -2.81 2.17 458.87 

B1 -4.92 -3.06 1.86 962.94 

B2 -4.97 -3.29 1.68 1561.80 

∆E = ELUMO - EHOMO,  

a 
Results was calculated by DFT  

b 
Results was from cyclic voltammetry experiment  

c 
β values were calculated using gussian 09 at CAM-B3LYP/6-31+G* level 

and the direction of the maximum value is directed along the charge transfer 

axis of the chromophores. 

HOMO and LUMO energy with ∆E values of 1.68 eV. The 

HOMO–LUMO gaps of chromphore B2 (1.68 eV) is lowest 

and A1 (2.39 eV) is the largest. This result indicates that 

chromophore B2 may exhibit better ICT and NLO property 

than B1. As reported24, the optical gap is lower, the charge-

transfer (ICT) ability is greater and thus improve the 

nonlinearity. Chromophores A2 and B2 showed a lower optical 

gap, so it indicated that B2 may exhibit better ICT and NLO 

property than B1chromophore. Meanwhile, chromophore A2 

may exhibit better ICT and NLO property than A1.This result 

corresponded with the conclusion of UV-Vis spectra analysis. 

   Further, the theoretical microscopic β was calculated by 

Gaussian 09. The β value is related to the substituent, molecular 

configuration, and intramolecular charge-transfer. As the 

reference reported earlier, the β has been calculated at CAM-

B3LYP/6-31G* level. 27 From this, the scalar quantity of β can 

be computed from the x, y, and z components according 

following equation. 
2 2 2 1/2( )x y zβ β β β= + +

                            (1)                                            

Where 

1
( ),

3
i iii ijj jij jji

i j

β β β β β
≠

= + + +∑ , ( , , )i j x y z∈
 

Due to the extended π-bridge, chromophores B series showed a 

larger β value than A seises chromophores. Besides, due to the 

stronger electron-donating ability and better conjugated system 

(Figure 4), chromophore B2 showed much larger β value than 

the B1chromophore. (962.94×10-30 vs 1057.3×10-30 esu). This 

result is well corresponded with the conclusion of UV-Vis 

spectra analysis. 

To understand the influence of the  heteroatom on donor part 

deeply, the composition of the HOMOs and LUMOs were 

calculated using the Multiwfn program with Ros-Schuit (SCPA) 

partition.28 As shown in Table 3, the chromophores A1, A2, B1 

and B2 were segmented as donor, π-bridge, and acceptor. At 

the same time, the attributions of the sulfur atom and nitrogen 

atoms located in donor moiety were listed separately. For the 

chromophoresA1, A2, B1 and B2, the HOMO was largely 

stabilized by the contributions from donor (85.64%, 88.29%, 

Figure 2 UV-Vis absorption spectra in different solvents of 

chromophore A1, A2, B1 and B2 (c = 1×10_5 mol L_1) 

Page 4 of 11Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2015, 00, 1-3 | 5  

76.49% and 84.37%) and much less contributions from other 

segments. As the difference between the A1, A2 and B1 and B2 

is similar, we only discussed the chromophore B1 and B2 in 

detail. For chromophore B1, the contribution of the π-bridge 

was 15.06% and 39.95% to the HOMO and LUMO level 

respectively. For the chromophore B2, the contribution of π-

bridge was 10.34% and 39.60% to the HOMO and LUMO level 

respectively. However, the contributions of the three nitrogen-

atoms located in donor moiety to the HOMO of the 

chromophores were obviously different. The contribution to the 

HOMO level was 27.33% from chromophore B1, but the 

contribution was 31.22% for chrompohore B2. Besides, the 

contribution of the sulfur atom located in donor moiety to the 

HOMO of the chromophore B1 was 2.10%. This result 

indicated that the sulfur atom linked the two benzenes rings 

together showed a much weaker donatablity and the sulfur atom 

led to the donor ability of three nitrogen-atoms weakened. This 

can be explained in the figure 5, the angle bewtween the double 

benzenes rings is 131.59° and 83.0° for chromophores B1 and 

B2 respectively. The sulfur atom linked the two benzenes ring 

together made the angle between two benzenes ring much 

larger and thus weakened the donor ability. This result 

corresponded with the UV-Vis analysis and DFT results. 

   

2.5  Electric field poling and EO property measurements.   

For studying EO property derived from these chromophores, a 

series of guest-host polymers were generated by formulating 

the chromophores into amorphous polycarbonate (APC) using 

dibromomethane as solvent. The resulting solutions were 

filtered through a 0.2-µm PTFE filter and spin-coated onto 

indium tin oxide (ITO) glass substrates. Films of doped 

polymers were baked in a vacuum oven at 80 °C overnight to 

ensure the removal of the residual solvent. The corona poling 

process was carried out at a temperature of 10 °C above the 

glass transition temperature (Tg) of the polymer. The r33 values 

were measured using the Teng-Man simple reflection technique 

at the wavelength of 1310 nm using a carefully selected thin 

ITO electrode with low reflectivity and good transparency in 

order to minimize the contribution from multiple reflections. 29  

As reported earlier,30-34 the introduction of some isolation 

groups into the chromophore moieties to further control the 

shape of the chromophore could be an efficient approach to 

minimize interactions between the chromophores, so these new 

Y-shaped chromophores may have an obvious advantage in 

translating β values into r33 values and thus increased the 

macroscopic EO activity. 

The EO coefficient (r33), defining the efficiency of 

translating molecular microscopic hyperpolarizability into 

macroscopic EO activities, was described as follows: 

 

r33 =2N f(ω) β<cos3θ>/n4    
     (2) 

 

Where r33 is the EO coefficient of the poled polymer, N 

represents the aligned chromophore number density and f(ω) 

denotes the Lorentz-Onsager local field factors. The term 

<cos3θ> is the orientationally averaged acentric order parameter 

characterizing the degree of noncentrosymmetric alignment of 

the chromophore in the material and n represents the refractive 

index.5 Before poling, there is no EO activity in the EO 

material and the chromophores in material are thermal 

randomization. Electrical field induced poling was proceeded to 

induce the acentric ordering of chromophores. Realization of 

Figure 3 The frontier molecular orbitals of chromophores A1, A2, B1 and B2

Figure 4 The optimized structure of chromophore A1, A2, B1 and B2

Figure 5 The angles between the two benzenes 
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Table 3 Molecular orbital composition (%) in the ground state for 

chromophores A1, A2, B1 and B2. 

 

 A1 A2 B1 B2 

HOMO 

 (%) 

LUMO 

 (%) 

HOMO 

(%) 

 LUMO 

  (%) 

HOMO 

 (%) 

LUMO 

(%) 

HOMO 

(%) 

LUMO 

(%) 

D 85.64 43.23 88.29 44.67 76.49 15.23 84.37 16.22 

π 4.49 2.45 3.87 2.61 15.06 39.95 10.34 39.60 

A 9.87 54.32 7.84 52.72 8.45 44.82 5.29 4.18 

a
N 31.79 4.16 32.97 4.36 27.33 15.58 31.22 1.82 

b
S 2.58 0.11 --- ---- 2.10 0.04 --- --- 

a
N the three nitrogen atoms located on the donor part 

b
S the sulfur atom located on the donor part of the chromophores A1 and B1 

large electro-optic activity for dipolar organic chromophore-

containing materials requires the simultaneous optimization of 

chromophore first hyperpolarizability (β), acentric order < 

cos3θ>, and number density (N).36, 37When at low 

concentration, the electro-optic activity increased with 

chromophore density, dipole moment and the strength of the 

electric poling field. However, when the concentrations of 

chromophores increased to a certain extent, the N and <cos3θ> 

are no longer independent factors. Then 

 

<cos3θ>= (µF/5kT)[1-L2(W/kT)]                 (3) 

 

Where k is the Boltzmann constant and T is the Kelvin (poling 

temperature). F =[f(0)EP] where Ep is the electric poling field. L 

is the Langevin function, which is a function of W/kT, the ratio 

of the intermolecular electrostatic energy (W) to the thermal 

energy (kT). L is related to electrostatic interactions between 

molecules. So when the intermolecular electrostatic interactions 

are neglected, the electro-optic coefficient (r33) should increase 

linearly with chromophore density, dipole moment, first 

hyperpolarizability and the strength of the electric poling field.  

The r33 values of films containing chromophores A1 (fillm-

A), A2 (film-B), B1 (film-C) and B2 (film-D) were measured in 

different loading densities, as shown in table 4 and Figure 6, 

For chromophore A1, the r33 values were gradually improved 

from 9 pm V-1 (10 wt%) to 31 pm V-1 (25 wt%), as the 

concentration of chromophores increased, the similar trend of 

enhancement was also observed for chromophore A2, whose r33 

values increased from 13 pm V-1 (10 wt%) to 47 pm V-1 (25 

wt%). Film-C containing chromophoe B1 gained the r33 values 

from 22 pm V-1 (10 wt%) to 72 pm V-1 (25 wt%) and the 

similar trend of enhancement was also observed for 

chromophore B2, whose r33 values increased from 28 pm V-1 

(10 wt%) to 95 pm V-1 (25 wt%).18 However, as reported 

before19, the traditional rod-like FTC chromophore, whose r33 

values only increased from 12 pm V-1 (10 wt%) to 39 pm V-1. 

To our regret, when the chromophore loading density was 

increased to 30 wt%, all of these films presented a downtrend. 

Through the outcome above, we can obviously see that the 

chromophore B1 have nearly 2 times higher r33 value than the 

chromophore FTC and chromophore B2 have nearly 3 times 

higher r33 value than the chromophore FTC, illustrating that 

these novel Y-shaped structures significantly increase their 

macroscopic EO activity. Besides, from the figure 6, we can see 

that the film- D containing chromophore B2 showed higher r33 

values than the film-C containing the chromophore B1, which 

illustrating that the increased donor strength of the 

chromophores significantly increase their macroscopic EO 

activities. This result can be explained as follows: When the 

concentration of chromophore in APC is low, the 

intermolecular dipolar interactions are relatively weak. The 

film-D/APC achieved the largest r33 value probably due to its 

largest β and good polarizability. With relatively low β, the r33 

value of film-C/APC was smaller than that of film-D/APC. The 

drop in EO activity from film-B/APC to film-A/APC is mainly 

associated with the lowest β of chromophore A1 in the polar 

polymer matrix and the inefficient poling, because of its lower 

polarizability than the other chromophores.  

As the chromophore loading densities increased, the effect of 

inter-chromophore dipole–dipole interaction is becoming 

stronger. As results showed, these r33 values are almost higher 

than the traditional FTC chromophores (r33=39 pm/V).19 This 

result proved that these novel Y-shaped chromophores have an 

Figure 6 EO coefficients of NLO thin films as a function of chromophore 

loading densities 

Page 6 of 11Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2015, 00, 1-3 | 7  

Table 4 Summary of EO Coefficients of Chromophores A1-B2 and FTC at different densities 

 
a
r33 (pm/V) 

 Wt% A1 A2 B1 B2 FTC 

10 9 13 22 28 12 

15 11 21 31 45 20 

20 24 39 49 69 33 

25 31 47 72 95 39 

30 29 43 68 92 -- 

a
 r33 values were measured at the wavelength of 1310nm. 

 

obvious advantage in reducing intermolecular electrostatic 

interactions thus enhance the macroscopic EO activity. 

 

3. Experimental 

3.1 Materials and instrumentation 
1H NMR spectra were determined by an Advance Bruker 

400(400 MHZ) NMR spectrometer (tetramethylsilane as 

internal reference). The MS spectra were obtained on MALDI-

TOF-(Matrix Assisted Laser Desorption/Ionization of Flight) 

on BIFLEXIII(Broker Inc.) spectrometer. The UV-Vis spectra 

were performed on Cary 5000 photo spectrometer. The TGA 

was determined by TA5000-2950TGA (TA Co) with a heating 

rate of 10 °C / min under the protection of nitrogen. All 

chemicals, commercially available, are used without further 

purification unless stated. The DMF, toluene, 1, 4-dioxane and 

THF were freshly distilled prior to its use. The 2-

dicyanomethylene-3-cyano-4-methyl-2, 5-dihydrofuran (TCF) 

acceptor was prepared according to the literature.35 

3.2 Synthesis 

3.2.1 Compound 2a and 3a was synthesized according to the 

literature.17 

3.2.2 Synthesis of compound 4a 

In a dry Schlenk tube and under nitrogen, compound 3a (4.58 g, 

0.01mol), Pd(dba)2 (0.274 g, 0.03 mol), HP(t-Bu)3BF4 (0.145 g, 

0.1 mol), and NaOtBu (2.88 g, 0.03 mol) were dissolved in dry 

1,4-dioxane (60 mL). The reaction mixture was stirred at 70 °C 

for 5 minutes and then the dibutylaminee (2.85 g, 0.11mol) was 

added under nitrogen and the mixture was heated to 110 °C for 

24 h. After cooling to room temperature, the reaction mixture 

was diluted with ethyl acetate. The organic layer was dried over 

MgSO4 and evaporated. The residue was purified by column 

chromatography on silica gel (hexane/acetone, v/v, 50:1). 

Yellow oil was obtained (3.36 g, 61%). 
1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 8.6 Hz, 2H), 7.25 (d, 

J = 8.7 Hz, 2H), 6.93 (d, J = 8.6 Hz, 2H), 6.68 (s, 2H), 6.57 (d, 

J = 8.7 Hz, 2H), 3.32 – 3.17 (m, 8H), 1.63 – 1.49 (m, 8H), 1.41 

– 1.28 (m, 8H), 1.03 – 0.90 (m, 12H). 
13C NMR (100 MHz, CDCl3) δ 152.05, 146.67, 136.23, 133.10, 

129.19, 128.15, 120.41, 113.24, 110.98, 110.29, 100.49, 50.98, 

29.34, 20.35, 14.02. 

MALDI-TOF: m/z calcd for C35H46N4S:754.34[M]+; found: 

554.25. 

3.2.3 Synthesis of compound 5a 

To a solution of 4a (3.32 g, 6 mmol) in dry toluene (50 mL) 

was added a 1 M solution of diisobutylaluminum hydride in 

hexanes (12 mL, 12 mmol) by syringe at -78 °C with a dry 

ice/acetone bath. The reaction was stirred at -78 °C for 2 h. 

After the mixture was warmed to room temperature, NH4Cl 

solution was added to quench the reaction. The mixture was 

stirred for 1h to complete the hydrolysis. The organic solvent 

was collected and removed in vacuo. The residue was purified 

by column chromatography on silica gel (hexane/acetone, v/v, 

10/1) to yield red oil (2.74 g, 82%). 
1H NMR (400 MHz, Acetone) δ 9.59 (s, 1H), 7.47 (d, J = 8.9 

Hz, 2H), 7.18 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.9 Hz, 2H), 6.62 

(d, J = 2.8 Hz, 2H), 6.55 (dd, J = 8.8, 2.8 Hz, 2H), 3.15 (m, 

8H), 1.42 (m, 8H), 1.28 – 1.13 (m, 8H), 0.79 (m, 12H). 

13C NMR (100 MHz, Acetone) δ 204.95, 189.30, 153.55, 

146.73, 136.11, 130.99, 129.40, 128.39, 128.25, 50.61, 20.09, 

13.58. 

MALDI-TOF: m/z calcd for C35H47N3OS:557.34 [M]+; found: 

557.31. 

3.2.4 Synthesis of compound A1 

A mixture of compound 5a (0.557 g, 1.00 mmol) and acceptor 

TCF (0.22 g, 1.10 mmol) in chloroform (30 mL) was stirred at 

65 °C for 4 h in the presence of a catalytic amount of 

triethylamine. After removal of the solvent, the residue was 

purified by column chromatography on silica gel 

(hexane/acetone, v/v, 6:1). A dark solid was obtained (0.28 g, 

38%). 
1H NMR (400 MHz, Acetone) δ 7.95 (d, J = 16.3 Hz, 1H), 7.72 

(d, J=8.2 Hz 2H), 7.36 (d, J = 8.2 Hz, 2H), 7.03 (m, 4H), 6.80 

(s, 1H), 6.76 (m, 3H), 3.38 (m, 8H), 1.64 (m, 8H), 1.40 (m, 

8H), 0.97 ( m, 12H). 
13C NMR (100 MHz, Acetone) δ 176.93, 176.54, 175.46, 

174.38, 152.64, 148.13, 147.10, 139.76, 138.50, 137.43, 

131.60, 128.03, 127.75, 125.66, 117.62, 112.60, 111.74, 

110.71, 54.95, 50.71, 25.42, 20.14, 13.46. 

MALDI-TOF: m/z calcd for C46H54N6OS:738.41 [M]+; found: 

738.13. 

3.2.5 Synthesis of compound 6a 

Under N2, to a mixture of compound 5a (1.12 g, 2 mmol) and 2-

thienyl triphenylphosphonate bromide (0.97 g, 2.2 mmol) in dry 

THF (20 mL) at room temperature, NaH (0.48 g, 0.02 mol) was 

added. The mixture turned yellow and was stirred at room 

temperature for 24 h. Saturated NH4Cl was added and the 

resulting mixture was extracted with EtOAc (20×3 mL). The 

combined extracts were washed with water and dried over 

MgSO4. After filtration and removal of the solvent under 

vacuum, the residue was purified by column chromatography 

on silica gel (hexane/acetone, v/v, 10/1) to obtain a yellow 

liquid (0.99 g, 78%). 
1H NMR (400 MHz, Acetone) δ 7.51 (d, J = 8.6 Hz, 2H), 7.31 

(d, J = 3.1 Hz, 1H),7.29 (d, J = 8.6 Hz, 2H), 7.11 (d, J=11.6Hz, 

1H), 7.09 (m, 1H), 7.04 (d, J = 3.1 Hz, 1H) ,6.85 (d, J = 8.9 Hz, 

2H), 6.62 (s, 2H), 6.55 (d, J = 8.8, 2H), 6.43 (d, J = 11.6 Hz, 
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1H) , 3.15 (m, 8H), 1.42 (m, 8H), 1.28 – 1.13 (m, 8H), 0.79 (m, 

12H). 

MALDI-TOF: m/z calcd for C40H51N3OS2:637.35 [M]+; found: 

637.23. 

3.2.6 Synthesis of compound 7a 

To a solution of compound 6a (0.99 g, 1.55 mmol) in dry THF 

(20 mL) a 2.4 M solution of n-BuLi in hexane (1 mL, 2.30 

mmol) was added dropwise at -78 °C under N2. After this 

mixture was stirred at this temperature for 1 h, dry DMF (0.2 

mL, 1.86 mmol) was introduced. The resulting solution was 

stirred for another 1h at -78 °C and then allowed to warm up to 

room temperature. The reaction was quenched by water. THF 

was removed by evaporation. The residue was extracted using 

CH2Cl2 (3×30 mL). The organic layer was dried by MgSO4 

and concentrated in vacuo. The residue was purified by column 

chromatography on silica gel (hexane/acetone, v/v, 10/1) to 

obtain a red liquid (0.80 g, 78%). 
1H NMR (400 MHz, Acetone) δ 9.88 (s, 1H), 7.84 (d, J = 3.9 

Hz, 1H), 7.43 (d, J = 8.8 Hz, 2H), 7.29 – 7.21 (m, 5H), 6.93 (d, 

J = 8.8 Hz, 2H), 6.77 – 6.69 (m, 4H), 3.36 (m, 8H), 1.62 (m, 

8H), 1.41 (m, 8H), 0.97 (m, 12H). 
13C NMR (100 MHz, Acetone) δ 182.38, 152.95, 146.42, 

140.91, 137.95, 135.21, 132.80, 130.51, 127.89, 127.28, 

125.99, 117.44, 114.68, 110.63, 110.47, 50.58, 20.03, 13.37. 

MALDI-TOF: m/z calcd for C41H51N3OS2:665.35 [M]+; found: 

665.21. 

3.2.7 Synthesis of chromophore B1 

A mixture of aldehydic bridge 7a (0.67 g, 1 mmol) and acceptor 

6 (0.22 g, 1.10 mmol) in chloroform (30 mL) was stirred at 62 

°C for 4 h in the presence of a catalytic amount of 

triethylamine. After removal of the solvent, the residue was 

purified by column chromatography on silica gel 

(hexane/acetone, v/v, 5:1). A dark solid was obtained (0.31 g, 

37%). 
1H NMR (400 MHz, Acetone) δ 8.16 (d, J = 15.9 Hz, 1H), 7.68 

(d, J = 4.0 Hz, 1H), 7.46 (d, J = 8.7 Hz, 2H), 7.34 – 7.19 (m, 

5H), 6.92 (m, 2H), 6.86 (d, J = 15.9 Hz, 1H), 6.75 (m, 4H), 3.46 

– 3.30 (m, 8H), 1.90 (s, 6H), 1.63 (m, 8H), 1.42 (m, 8H), 1.03 – 

0.92 (m, 12H). 
13C NMR (100 MHz, Acetone) δ 176.49, 174.26, 152.61, 

146.31, 139.67, 138.10, 137.45, 133.20, 131.01, 127.99, 

127.35, 117.28, 112.66, 112.52, 111.41, 110.50, 98.14, 97.36, 

60.43, 59.64, 25.33, 19.99, 13.39. 

MALDI-TOF: m/z calcd for C52H58N6OS2:846.41 [M]+; 

found:846.26. 

3.2.8 Compound 1b-4b, Chromophore B2 were synthesized 

according to the previous work.18 

3.2.9 Synthesis of chromophore A2 

In a similar manner described above, chromophore A2 was 

synthesized from 4b as dark solid (41%). 
1H NMR (400 MHz, Acetone) δ 7.95 (d, J = 16.0 Hz, 1H), 7.68 

(d, J = 8.8 Hz, 2H), 7.12 – 7.03 (m, 4H), 6.97 (d, J = 16.0, 1H), 

6.81 – 6.67 (m, 6H), 3.40 – 3.29 (m, 8H), 1.84 (s, 6H), 1.65 – 

1.52 (m, 8H), 1.37 (m, 8H), 0.95 (m, 12H). 
13C NMR (100 MHz, Acetone) δ 176.95, 175.13, 154.10, 

148.37, 146.58, 133.23, 131.94, 127.98, 124.12, 116.18, 

112.79, 112.40, 112.07, 111.40, 109.33, 97.79, 93.93, 52.89, 

50.39, 25.37, 19.94, 13.26. 

MALDI-TOF: m/z calcd for C46H56N6O:708.45 [M]+; found: 

708.72. 

4. Conclusions 

In this research, two series NLO chromophores based on the Y-

shaped structure have been synthesized and systematically 

investigated by NMR, MS and UV-vis absorption spectra. The 

energy gap between ground state and excited state together with 

molecular nonlinearity were studied by UV-vis absorption 

spectroscopy, DFT calculations and EO measurements. 

Theoretical and experimental investigations suggest that by 

optimizing the structure of the chromophores can dramatically 

improve the nonlinear optical properties. These novel 

chromophores present Y shape with good thermal stability and 

large molecular hyperpolarizabilities, which can be effectively 

translated into very large EO coefficients in poled polymers. 

The doped film-D containing chromophore B2 displayed a 

maximum r33 value of 95 pm /V at the doping concentration of 

25 wt %, while film-C containing chromophore B1 showed a 

maximum r33 value of 72 pm/ V at 25 wt %. Those 

consequences indicate that the special Y structure could 

efficiently reduce the interchromophore electrostatic 

interactions and enhance the macroscopic optical nonlinearity. 

These novel Y-shaped chromophores showed promising 

applications in NLO chromophore synthesis. We believe that 

these novel Y-shaped chromophores can be used in exploring 

high-performance organic EO and photorefractive materials 

where both thermal stability and optical nonlinearity are of 

equal importance.  
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Graphical Abstract  

 

A series of Y-shaped chromophores have been synthesized and the large hyperpolarizability can be 

effectively translated into electro-optic coefficients. 
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