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Theoretical study on the relationships between second---order NLO properties and the
structures of triarylamine based chromophores.
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We calculated the second-order hyperpolarizability (B) of a series of triarylamine (TAA) based donor-

bridge-acceptor (D-n-A) push-pull type nonlinear optical (NLO) chromophores with different electron

donor moieties and the same thiophene n-bridge and dicyanovinyl electron acceptor using a time-
dependent Hartree-Fock (TDHF) approach within the software package MOPAC 2012. NLO
chromophores with various quantities and positions of methoxy groups in the TAA donor moiety were

investigated. The relationship between NLO properties and the electronic or geometric structures of the

TAA donor subunit is discussed through the calculation results. Both substituent and conformational

effects affect the delocalization of the nitrogen lone pair into the aryl rings, leading to a dramatic

influence on the nonlinear optical properties. Introduction of methoxy groups at the ortho positions of the

TAA moiety has a larger influence on the molecular hyperpolarizability and dipole moment than the

introduction of methoxy group at the para or meta positions. Our calculation results demonstrate how to

improve the NLO properties of TAA based chromophores while meeting practical device requirements.

Introduction

Organic second-order nonlinear optical (NLO) materials have
attracted a lot of attention due to their potential ultrafast
switching or modulation of light in telecommunications, optical
computing, and optical information processing applications.'™

s These practical applications require thermally and chemically

robust materials with a high enough electro-optic (EO) coefficient
(r33) value.™® EO materials with ultrahigh nonlinear optical
(NLO) response have been achieved, >"'"*'> however, the thermal
stability after poling of current EO materials still cannot meet the
requirements for practical applications. Practical EO materials
must withstand high manufacturing temperatures (250 °C or
higher) for a prolonged time.'" 2

One class of NLO chromophores with a triarylamine (TAA)
donor and a thiophene-bridge exhibits the highest thermal
1316 which seems to be the
best candidate for the active EO materials in a practical device.
However, compared to their alkyl counterparts, TAA based
chromophores usually exhibit reduced hyperpolarizabilities due
to delocalization of the nitrogen lone pair into the two phenyl
rings which do not connect with the bridge ® and a lower EO
coefficient, which may be due to m-m stacking interactions and
charge transport between chromophores.'®'* This encouraged us
to modify TAA based chromophores to improve their
hyperpolarizabilities and thus overcome their drawbacks while

s maintaining high thermal stability. In order to optimize NLO

chromophore hyperpolarizability, significant theoretical and

5

5

6

6.

7

3

by

3

By

=)

experimental efforts have been focused on modifying conjugated
bridges '7?* and the structure of electron acceptors.”” However,
very little experimental and theoretical efforts have been directed
to the investigation of the electron donor moiety.'® 2% To the
best of our knowledge, a detailed understanding of the
relationship between NLO properties and the electronic and
geometric structures of the TAA donor subunit of chromophores
is lacking.

In this paper, we present a systematic computational study of a
series of model chromophores with different numbers and
positions of methoxy groups in the TAA donor moiety. All
designed model chromophores have the same thiophene-bridge
and a simple dicyanovinyl electron acceptor. Our results reveal
that the substituent and the molecular conformation of the TAA
donor moiety in NLO chromophores dramatically affect their
nonlinear optical properties. In a properly designed system,
significant enhancement in the hyperpolarizability of TAA based
NLO chromophores can be achieved compared to unsubstituted
TAA chromophores.

Background

Earlier experimental and theoretical studies on the structure of
triarylamine molecule afford several significant observations.**?
Firstly, the delocalization of the nitrogen lone pair into the phenyl
rings is strongly influenced by the molecular conformation and
electronic character of the three phenyl rings.***® Secondly, the

structure of the central NCCC moiety is planar or near planar.

This journal is © The Royal Society of Chemistry [year]
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(Fig. 1-I) Introduction of one or multiple substituent groups in
the different positions of the phenyl ring does not influence the
planar conformation of the central NCCC moiety significantly.’>
3 Thirdly, the three phenyl rings are symmetrically twisted from
the central NCCC plane and present a compromised structure
between two opposing forces. Those are the energy-lowering
conjugation between the n-electrons of the phenyl groups and the
central lone pair of nitrogen, and the energy-increasing repulsion
between hydrogen atoms of neighbouring phenyl rings.*® Each
phenyl ring forms a certain torsion angle with the central
reference plane. The experimental data shows this torsion angle is
41-44° in gaseous phase.*' Our calculations show this torsion
angle is appropriate 35°. The torsion angle is a key
conformational parameter and provides us with quantitative
information on the molecular conformation of TAA donor
moieties. Finally, the di-ortho substituted TAA molecule has a
dramatically different molecular conformation compared to the
natural TAA.*® The observed structure of ortho-substituted TAA
shows the unsubstituted phenyl ring lies close to the central
trigonal plane, while the other two substituted phenyl rings are
almost orthogonal to the central reference plane. (Fig. 1-1I)

4
@:%Nfcg - N\

Fig.1 The structure of TAA with three rotatable phenyl rings (I) and an
important molecular conformation of triarylamine. (II)

In second-order NLO materials, the second order polarizability
is associated with intramolecular charge transfer (ICT) from the
nitrogen lone pair to the acceptor through a mn-conjugated bridge.
The ICT is influenced by the character of the lone electron pair
on the N atom. Increasing the electron density of the electron
donor enhances the hyperpolarizability. Previous studies show
that introduction of methoxy groups on the para positions of the
TAA donor moiety can increase the election density of the donor
and enhance the hyperpolarizability.'>'® However, other positions
for substituted groups in the TAA moiety of NLO chromophores,
especially the ortho position, have not yet been studied.
Moreover, due to the character of the lone electron pair on the N
atom being strongly influenced by the molecular conformation,
we hypothesize the molecular conformation should strongly
affect the hyperpolarizability, which also has not yet been
studied.

Structure entry and computational methods

The structures of the molecules were sketched using the
ChemDraw Ultra 12.0 program in ChemBiooffice2012.*” By
comparing with previous experimental crystal structures, the
three-dimensional (3D) geometries were preoptimized by running
the MM2 energy-minimization and manually changed by the
rotation of acceptor, thiophene ring, and ethylenic moieties in the
Chem3D Pro program to ensure that low-energy conformations
were obtained. The resulting geometry of each structure was
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so converted into a MOPAC input file. Geometry optimizations

were performed using the AM1 Hamiltonian in the MOPAC2012
software package. Each final optimized structure was verified as
an energy minimum on the potential energy hypersurface by
calculation of the harmonic vibrational frequencies; no imaginary
frequencies were discovered. The second-order average
hyperpolarizabilities () were calculated at 1907 nm (0.65 V) for
the AMI1 optimized geometries using the default Time-
dependent-Hartree-Fock (TDHF) method.*® In order to
understand the structure-property relationship, important
parameters such as the average dipole moment (p), total energy
(E), static and frequency dependent average polarizability (o),
second-order average hyperpolarizability at 1907nm (Bjg7),
highest occupied molecular orbital (HOMO) and lowest
occupied molecular orbital (LUMO) energies, three C-N bond
lengths, and three torsion angles of the three phenyl rings with the
central plane of the NCCC moiety (LA, £B, and £C) were
calculated, respectively. The TDHF method is considered reliable
in predicting trends in hyperpolarizability, but the absolute
magnitude of the computed hyperpolarizabilities should not be
thought of as being highly accurate or directly comparable with
experimental data.'® %

Visual Molecular Dynamics (VMD)* was used to visualize the
molecular coordinates and subsequently calculate the torsion
angle values. The torsion angle between two separate planes
within a molecule was determined by selecting three atoms from
each plane. The three atoms from each plane were then used to
determine a unit normal vector for each plane. The minimum
angle between the two unit normal vectors was then determined
and taken as the torsion angle, such that the torsion angle lies in
the range from 0 to 90 degrees.

The molecular geometries of several model chromophores
originally came from the MOPAC calculation and were fully
optimized at the density functional B3LYP/6-31G (d) level using
the Gaussian 03W *° package. Isosurfaces of the HOMO and

s LUMO for these model chromophores were calculated with

B3LYP/6-31G (d).

Results and discussion
Understanding several basic facts of NLO chromophores

Previous theoretical studies showed that the different rotational
isomers of NLO  chromophores exhibited different
hyperpolarizabilities.*' We first investigated this observation in
order to find the rotational isomer with the highest
hyperpolarizability. The geometry optimized structure of
chromophore 3 is shown in Fig. 2. Three rotational chromophore
isomers 1-3 (Scheme 1) were created by rotating the single bonds
between the thiophene and vinyl groups in the backbone, and
their hyperpolarizabilities were then calculated. Our calculation
results were consistent with previous studies showing that the
relative conformations of vinyl and thiophene groups affect the
hyperpolarizabilities of EO chromophores. These three isomers
have almost identical total energy, and display a small difference
in dipolar moments (i.e. 1 <2 < 3) and hyperpolarizabilities (i.e.
1 < 2 < 3). Chromophore 3 has the highest hyperpolarizability
among these three conformational isomers, where all model

10s chromophores we study have the same conformation between the

thiophene and vinyl groups as chromophore 3.

2 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]
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Scheme 1. The structures of three conformational isomers and several reported TAA based NLO chromophores. “Numbers in parentheses are 997 value

in units of 107" esu
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Fig. 2 The geometry optimized structure of model NLO chromophore 3.
Three conformational isomers can be created by rotation of the single
bonds between the vinyl groups and the thiophene ring in the backbone.

Several published TAA based EO chromophores used for our
tests are illustrated in Scheme 1. They have the same thiophene
n-bridges. Unsubstituted, mono-methoxy para-substituted, and
di-methoxy para-substituted triarylamines are chosen as electron
donors. Four different electron acceptors, dicyanovinyl (4),
barbituric acid (BBA, 5), 2-(3-cyano-4,5,5-trimethyl-5H-furan-2-
ylidene)-malonitrile (TCF, 6) and 2-dicyanomethylene-3-cyano-
4-methyl-5-trifluoromethyl-5-phenyl-2,5-dihydrofuran (CFs-
phenyl-TCF, 7-9) are shown. The hyperpolarizability  values of
chromophores 4-9 have been measured in solvent.'* '® The EO
coefficient (r33) values of chromophores 7-9 in the guest and host
systems have been measured.'* The average second-order
molecular hyperpolarizability S values calculated at 1907nm
(0.65 eV) by the AM1 / TDHF method are listed in parentheses in

a

2

S

2s Scheme 1, with all other details provided in the ESI.

Our calculations show the NLO chromophores with a di-
methoxy substituted TAA donor group display larger
hyperpolarizabilities than their analogues with an unsubstituted
TAA donor group (cf. 3 vs 4, and 7 vs 8). The di-methoxy para-
substituted TAA based chromophore has a larger f value than the
mono-methoxy para-substituted analogues. Increasing the
number of methoxy groups on the para-position of the TAA
donor moiety will yield an increase in hyperpolarizability (cf. 8
vs 9). These trends in hyperpolarizability predicted by our

s calculations are consistent with previous experimental results. '
16

3

=3

w
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EO chromophores with stronger electron acceptor groups
display larger hyperpolarizabilities than their analogues with
weaker electron acceptor groups. In the di-substituted TAA-
thiophene series, hyperpolarizabilities increase in the order of 4 <
5 < 6 < 9. This trend in hyperpolarizability predicted by our
calculations is consistent with experimental results and the trend
in the strength of electron acceptor groups.

The absolute magnitude of hyperpolarizabilities from quantum
s calculations carried out in the gas phase is not considered

accurate or directly comparable with experimental data which are

measured in solvent, such as CHCl;. For example, our calculation
of the f# value at 1907 nm in vacuum for chromophore 9 is only

357 x 107" esu and the experimental § value at 1907nm in CHCl;
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is 3456 x 107 esu.'* However, our calculation results are

considered reliable in predicting trends in hyperpolarizability.

The predicted trends in hyperpolarizabilities from calculation

results and from available experimental data are compared in the
s ESL.

Substituted triarylamine moieties

model substitutents Bioo7
107 esu

3 none 121
10 X = OMe (para) 131
11 Y = OMe (ortho) 131
12 Z = OMe (meta) 104
13 Y," = OMe (ortho) 69
14 Z" = OMe (meta) 127
4 X =X'=0Me 147
15 Y, =Y,'= OMe (trans) 172
16 Y, =Y,'= OMe (cis) 159
17 Y,"=Y,"= OMe 43
18 Z=7'=0Me 111
19 Y,=Y,=Y,'=Y,'=OMe 183
20 X=X'=Y,=Y,'=0Me 185
21 X=X'=Y,=Y,=Y,'=Y,=0Me 199
22 X=X'=Y,=Y,=Y,'=Y,'=Z"=0Me 216
32 | Xx=x=NCH),Y,=Y,=v'=Yv,=Z"=OMe| 247

Scheme 2 The structures of methoxy and hybrid substituted TAA based
o NLO chromophores and their 997 values.

It was reported that introduction of methoxy groups into para
positions of the TAA moiety of EO chromophores increases their
hyperpolarizability. However, the influence of the position and

s number of methoxy groups in TAA donor moieties on the
hyperpolarizabilities of NLO chromophores have not been
studied yet. In this study, a variety of model chromophores
containing triarylamine moieties with different numbers and
positions of methoxy groups and the same thiophene bridge and
dicyanovinyl electron acceptor are designed. The average second-
order molecular hyperpolarizability values calculated at 1907nm
(0.65 eV) by the AM1 / TDHF method are listed in Scheme 2,
with all other details in the ESI.

The key findings revealed in Scheme 2 are: (1) introduction of
methoxy groups on the ortho positions of TAA donor moieties
dramatically impacts the molecular conformations of the TAA
donor moieties, the hyperpolarizabilities, and the dipole
moments; (2) introduction of additional methoxy groups on para
and ortho positions of ring B and ring C in the TAA donor
o moiety results larger hyperpolarizabilities; (3) the

hyperpolarizability and dipole moment were enhanced by simply
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introducing a methoxy group on the meta position of the phenyl
ring connected to the bridge; and (4) the influence of substitution
at the different positions on the molecular conformation of the
TAA donor moiety increases in the order: ortho > para > meta.

Model chromophores (10-14) with only one methoxy
substitutent at five different positions on the TAA moiety were
investigated. The three phenyl rings are labelled using three
letters: A, B, and C. Phenyl ring A conjugates with the n-bridge
and the dicyanovinyl electron acceptor. Our calculation results
show that introduction of a methoxy group on ring B or C in a
position para- or ortho- to the amine N centre improves
hyperpolarizabilities of EO chromophores whereas in a position
meta- to the amine N centre slightly decreases
hyperpolarizabilities. Introduction of a methoxy group on ring A
in a position ortho- to the central N atom dramatically decreases
the hyperpolarizability. Introduction of a methoxy group on ring
A in a position meta- to the amine nitrogen centre yields a small
increase in the hyperpolarizability and an obvious increase in the
average dipolar moment. In summary, hyperpolarizability 997
values are in the trend of 10 = 11> 14 >3 > 12 > 13.

For chromophore 10, para-substitution has a slight influence on
the molecular conformation of the TAA donor moiety because
the torsion angles of the three phenyl rings change very little
compared to that of the unsubstituted TAA moiety. The enhanced
hyperpolarizability largely comes from the electron donor effect
by m-interaction with the oxygen lone pair.

For mono-ortho-substituted chromophore 11, the molecular
conformation of the TAA donor moiety changed significantly and
dramatically affected the m-interaction between the oxygen lone
pair and central N lone pair. The torsion angle between ring B
and the central reference plane is 78°, which dramatically
decreases the delocalization of the nitrogen lone pair into ring B
(enhanced 997 value) and reduces the electron donor effect from
the oxygen lone pair through m-interaction (decreased 97 value).
The small decrease in torsion angle between ring A and the
central reference plane causes slightly better delocalization of the
nitrogen lone pair into ring A. Overall, chromophore 10 (B997 =
131 x 107° esu) and chromophore 11 (Bjo07 = 131 x 10730 esu)
display similar Pi99; values, however, the ortho-substituted
chromophore 11 has a larger dipolar moment value (cf. 10, p =
6.6 D vs 11, p = 8.4 D). The conformation of the TAA moiety
affects the average dipolar moment of the chromophore.

The torsion angles of the three phenyl rings of meta-substituted
chromophore 12 are similar to those of nonsubstituted
chromophore 4, which shows that the molecular conformation of
the TAA donor moiety does not change. Because the methoxy
group is located at the meta position to the central N atom, no
electron donating effect from zn-interaction with the oxygen lone
pair occurs. An induced effect from the higher electronegative
oxygen causes a small decrease in hyperpolarizability.

Introduction of a methoxy group on the ortho position of ring A
in chromophore 13 forces ring A to rotate out of the central
reference plane. The torsion angle between ring A and the central
reference plane increases to 51°, which reduces the delocalization
of the nitrogen lone pair into ring A and causes a large decrease
in hyperpolarizability and dipole moment. The longer N-Cyipg a
bond length (1.422 A) also supports this conclusion.

Introduction of a methoxy group on the meta-position of ring A

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]
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yields a small increase in hyperpolarizability (cf. 14 vs 3), and an
obvious increase in dipole moment (cf. 14, p=8.5D vs 3, 1 =6.9
D). This enhanced hyperpolarizability and dipole moment by
introducing an extra electron donor group in the meta-position of
ring A is consistent with previous studies.”® In the geometry
optimized structure of chromophore 14, we find the oxygen atom
in the methoxy group forms a hydrogen bond with the vinyl
hydrogen. (Fig. 3, the O---H distance is 2.29 A) This hydrogen
bond may stabilize the vinyl bond conformation, which may also
contribute to the increase in hyperpolarizability and dipole
moment.

Fig. 3 The geometry optimized structure of chromophore 14. The
hydrogen bond between the oxygen atom in the methoxy group and the
vinyl hydrogen has an O---H distance of 2.29 A.

To further understand the structure and NLO property
relationship, di-methoxy substituted TAA derivatives were
investigated. Di-methoxy para-substituted chromophore 4
displays a higher hyperpolarizability and larger dipole moment
than monomethoxy para-substituted chromophore 10, which is
consistent with previous studies. To our surprise, the di-methoxy
ortho-substituted chromophore 15 (Bigg7= 172 x 10" esu, p=9.9
D) displays a larger hyperpolarizability and dipole moment than
those of di-methoxy para-substituted chromophore 4 (B1997 = 147
x 10 esu, p = 8.1 D). Chromophore 15 and chromophore 4 have
similar electron factors; however, they have an obvious
difference in the molecular conformation of the TAA donor
moiety. In ortho-substituted chromophore 15, the torsion angles
of ring B and ring C increase to 85° and 90°, respectively. Ring B
and ring C are almost orthogonal to the central NCCC plane (Fig.
4). Ring A lies almost in the central plane of the NCCC moiety,
with the torsion angle of ring A being just 3°. Again, in this
conformation, the lone electron pair of the central N atom favours
delocalization into the electron acceptor through ring A and the

s thiophene bridge, with minimal delocalization into the other two

phenyl rings. Furthermore it has a minimal electron donor effect
from the oxygen lone pair through n-interaction. This
conformational effect mainly contributes to the large difference in
hyperpolarizability and dipole moment between chromophore 15
and 4.

By carefully controlling the preoptimized structures, the
geometry optimized structures of two conformational isomers of
the di-ortho methoxy-substituted chromophore, 15 and 16, are
achieved. For chromophore 15, the two methoxy groups adopt a

s “trans” geometry, that is, the two methoxy groups are located on

different sides of the NCCC plane (Fig. 4). For chromophore 16,
the two methoxy groups adopt a “cis” geometry, that is, the two
methoxy groups are located on the same side of the central
NCCC plane (Fig. 4).*° The hyperpolarizability of “trans”
chromophore 15 (Bigp; = 172 x 10'30) exceeds that of “cis”
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chromophore 16 (907 = 159 x 102% due to the difference in
molecular conformation. For chromophore 15, the lone electron
pair of the central N atom has more delocalization into the
electron acceptor through ring A and the thiophene bridge and
less delocalization into the other two phenyl rings. The structure
of the TAA moiety in chromophore 15 is similar with the crystal
structure of the di-ortho methoxy-substituted triarylamine
molecule.*®

"‘\t “ 15(172)

Fig. 4 The geometry optimized structures of di-methoxy ortho-substituted
isomers, chromophore 15 (“frans” conformation) and chromophore 16
(“cis” conformation). Numbers in parentheses are 1997 values in units of
107 esu.

16 (159)

Introduction of two methoxy groups at both ortho positions of
ring A (cf. 17 vs 13) causes ring A to twist out of the central
NCCC plane. The torsion angle of ring A is 86° in chromophore
17, which shows that ring A is almost orthogonal to the central
NCCC plane (Fig. 5). In this conformation, the electron lone pair
of the central N atom minimally delocalizes into ring A and the
electron acceptor, which yields a large decrease in the
hyperpolarizability and dipole moment. From the relative 997
values of chromophore 17 (Bigoy = 43 x 10°° esu) and
chromophore 13 (Bio07 = 69 x 1030 esu), we can conclude that
larger torsion angles of ring A yield larger decreases in
hyperpolarizability.

Side View

17 (43)

Fig. 5 The geometry optimized structure of chromophore 17 with di-
methoxy ortho-substituted ring A. The number in parentheses is the P90
value in units of 10 esu.

Di-methoxy meta-substituted TAA chromophore 18 and mono-
methoxy meta-substituted TAA chromophore 12 have subtle
differences in hyperpolarizability and dipole moment. The
torsion angles of the three phenyl rings and other parameters of
chromophore 18 and chromophore 12 are similar to each other.
Introduction of two methoxy groups on the meta positions of the
TAA donor moiety does not have a substantial influence on
hyperpolarizability.

For chromophore 19 (Fig. 6), all four ortho positions of ring B
and ring C were substituted by methoxy groups. Chromophore 19

o has a similar molecular conformation with chromophore 16.

This journal is © The Royal Society of Chemistry [year]
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Introduction of two more methoxy groups on the ortho positions
of the TAA donor moiety yields a clear increase in molecular
hyperpolarizability (cf. 19, Biog7 = 183 x 107" esu vs 16, Brop7 =
159 x 107" esu) and dipole moment (cf. 19, p=12.4 D vs 16, ju =
9.8 D). Introduction of more methoxy groups on the ortho
positions of ring B or ring C has a large influence on both
hyperpolarizability and dipole moment.
For chromophore 20, two methoxy groups are on ortho positions
and two methoxy groups are on para positions of ring B and C of
10 the TAA donor moiety, respectively (Fig. 6). Chromophore 20
has a similar molecular conformation with chromophore 15.
Introduction of two more methoxy groups on the para positions
of the TAA donor moiety yields an obvious increase in molecular
hyperpolarizability (cf. 20, Biog7 = 185 x 107" esu vs 15, Brog7 =

15 172 x 107° esu) and a slight increase in dipole moment (cf. 20, p
=10.3Dvs 16, L=9.9 D).

Y

20 (185)

Fig. 6 The geometry optimized structures of tetra-methoxy substituted
isomers, chromophore 19 and chromophore 20, show two different

20 conformations of the TAA moiety. Numbers in parentheses are o7
values in units of 107 esu.

The electronic effect mainly contributes to the enhanced

hyperpolarizability of the two pairs of chromophores. (cf. 3 vs 4
and 15 vs 20) The difference in 197 value between chromophore
4 and chromophore 3 is 26 x 107 esu. The difference in Broo7
value between chromophore 20 and chromophore 15 is 13 x 10~
esu. The main difference between these two pairs of
chromophores is the molecular conformation of the TAA moiety.
Increasing the torsion angle between the central NCCC plane and
ring B or ring C reduces the electronic donor effect.
Chromophore 21 with all para and ortho positions substituted
with methoxy groups on ring B and ring C in the TAA donor
moiety has a similar molecular conformation with chromophore
19. The enhanced hyperpolarizability comes from the electron
donor effect of two extra methoxy groups on the para position of
ring B and ring C. Para substitution has a minor effect on
molecular dipole moment.

Chromophore 22 with all para and ortho positions substituted
with methoxy groups on ring B and ring C and a methoxy group
on the meta-position of ring A in the TAA donor moiety gives the
highest dipole moment (n) and hyperpolarizability (B;97) values

2;
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3
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3

G
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of all methoxy substituted model chromophores, with a
dramatically enhanced 997 value compared with nonsubstituted
4s chromophore 3 (increase of about 79%). Both electron donor
substituent and conformational effects play an important role in
determining the hyperpolarizabilities of EO chromophores.
Several EO model chromophores with different numbers and
positions of dimethylamino groups in the TAA donor moiety
so were also designed and studied. We observed effects similar to
the methoxy group. The dimethylamino group has a better
electron donor effect on para positions. However, introduction of
dimethylamino groups on the ortho positions of the TAA moiety
has a diminished conformational effect compared to that of
ss methoxy groups. Taking advantages of both methoxy and
dimethylamino groups, chromophore 32 with two dimethylamino
groups on the para positions of ring B and ring C, four methoxy
groups on the ortho positions of ring B and ring C, and one
methoxy group on the meta position of ring A gives the highest
0 P1og7 value and dipolar moment of all designed model molecules
(see ESI for details).

Frontier molecular orbits

LUMO (3)

HOMO (3)

P
HOMO (4) LUMO (4)
¥
HOMO (15) LUMO (15)
e
HOMO (16) LUMO (16)
‘J b
HOMO (20) LUMO (20)
“
HOMO (22) LUMO (22)

Fig. 7 The frontier molecular orbitals (HOMO and LUMO) of model
NLO chromophores 3, 4, 15, 16, 20 and 22.
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To visually understand the relationship between the NLO
properties and the structures, the frontier molecular orbitals of
model chromophores 3, 4, 15, 16, 20, and 22 were calculated.
The molecular geometries of these model chromophores
originally came from the MOPAC calculation and were fully
optimized at the density functional B3LYP/6-31G (d) level using
the Gaussian 03W package. Chromophore 3 with a
nonsubstituted TAA moiety has the lowest torsion angles
between ring B and ring C and the central NCCC reference plane.
Di-methoxy substituted chromophore 4, 15, and 16 have different
torsion angles between ring B or ring C and the central NCCC
reference plane. Chromophore 20 has a similar conformational

&

3

groups on phenyl ring B and ring C. The main reason is that the
conformational factor effectively reduces delocalization of the
lone pair of the O atom of the two methoxy groups. Only the
conformational ~ factors  contribute to the enhanced
hyperpolarizability, and there is no contribution from electron
donor effects. In the HOMO of chromophore 16, the two ortho-
substituted methoxy groups adopt a “cis” geometry, and there
exist contributions from the lone pair electron of oxygen atoms.
In the HOMO of chromophore 20, there is no or little
contribution from oxygen atoms of methoxy groups on the ortho
positions of ring B and ring C, and some contribution from
oxygen atoms of methoxy groups on the para positions of ring B
and ring C. In the HOMO of chromophore 22, there exist

Page 8 of 10

contributions from the lone pair electron of oxygen atoms in all
substituted positions in the TAA moiety. Furthermore the torsion
angles between the central NCCC moiety and phenyl rings B and
C of chromophore 22 are larger than those of unsubstituted
chromophore 3. Both an electron-donating effect from oxygen
atoms and a conformational effect from steric factors contribute
to the larger increase in hyperpolarizability. Chromophore 22 has
the highest Bg9p; value of all methoxy substituted model

5.

by

structure of the TAA moiety with chromophore 15. Chromophore
22 has the highest hyperpolarizability and maximal numbers of
methoxy groups on the TAA moiety.

As shown in Fig. 7, isosurfaces of the HOMOs and LUMOs for
model chromophores 3, 4, 15, 16, 20 and 22 were plotted. The
HOMO electronic cloud is condensed around the central NCCC
moiety. Increasing the torsion angles between ring B or ring C

a

3

2 and the central NCCC moiety leads to less delocalization of the chromophores.
HOMO over both phenyl rings B and C. Chromophores 3 and 4
have smaller torsion angles and display the largest delocalization Conclusions

of the HOMO over phenyl rings B and C. Chromophore 15 has .
maximal torsion angles and displays minimal delocalization of

2s the HOMO over phenyl rings B and C. For chromophore 20, the
electron donor effect from two extra methoxy group on para
positions of ring B and ring C mainly contribute to the enhanced
hyperpolarizability compared to chromophore 15. The LUMO
electronic cloud is condensed mostly on the thiophene bridge and

s electronic acceptor.

In order to better understand the relationships between the
structures and nonlinear optical properties of TAA based EO
chromophores and overcome some drawbacks of this type of
chromophore, we utilized the MOPAC package combining AM1
and TDHF methods to directly compute molecular
hyperpolarizabilites at 1907 nm (Bj997) and dipole moments of
previously reported chromophores and carefully designed model
chromophores.

The special structure of TAA, a three-bladed propeller structure
with a planar or nearly planar central NCCC moiety, and the
flexible rotations of the three phenyl rings, affords many design
variants to test. A series of model chromophores with different
numbers and positions of methoxy groups in the TAA donor
moiety were systematically studied. Our calculation results show
both substituent effects and conformational effects impact the EO
properties of the chromophores. Electron donor substituent
effects can increase the electron density of the substituted phenyl
rings of the TAA moiety. The conformational factors
significantly impact the n-n interactions among the lone pair of
the central Nitrogen atom, the p orbitals of the phenyl rings, and
s the lone pair of oxygen atoms in substituent groups. Frontier
molecular orbital analysis reveals that a larger torsion angle
between phenyl ring B or ring C and the central NCCC plane
results in a reduced delocalization of the lone pair of the central N
atom into phenyl ring B or ring C, which enhances the
hyperpolarizability of the chromophore. On the other hand, with
an increase of the torsion angle between phenyl ring B or ring C
and the central NCCC plane, the delocalization of the lone pair of
oxygen atoms in electron donor groups into the central N atom
decreases, which reduces the electron donor effect. Chromophore
15 and 20 have the largest torsion angles between phenyl ring B
or ring C and the central NCCC plane, which results in no or little
electron donor effect from oxygen atoms of ortho-substituted
methoxy groups.

Ortho-substitution  dramatically  affects the molecular
10 conformations of the TAA moiety by steric effects and has a

By

7

=)

7

o

=3

Model 15 Model 20 ¥

%
&

Model 16 Model 22

El

3

Fig. 8 Isosurfaces of the HOMO for phenyl ring B or phenyl ring C in the
TAA moiety of model NLO chromophores 15, 16, 20 and 22.

The HOMO distributions on the substituted ring B or ring C of
35 chromophore 15, 16, 20 and 22 are shown in Fig 8. Chromophore
15 has a similar molecular conformation of the TAA moiety with
chromophore 20, and chromophore 16 has a similar molecular
conformation of the TAA moiety with chromophore 22. To our
surprise, in the HOMOs of model chromophore 15 and
40 chromophore 20, there are no or little contributions from the lone
pair electron on the oxygen atoms in ortho-substituted methoxy

9;

b3
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larger influence on hyperpolarizabilities and dipole moments of
NLO chromophores than does para-substitution. Previous studies
showed that compounds having methoxy groups in the ortho
positions of ring B and ring C exhibit reduced charge-transport
properties with respect to compounds containing methoxy groups
in para positions of ring B and ring C."* Ortho-substituted TAA
chromophore can overcome some drawbacks of this class of
chromophore. Introduction of additional methoxy groups in the
ortho and para positions of ring B and ring C of the TAA moiety
give higher hyperpolarizability values. Introduction of methoxy
group on the meta position of ring A also can increase the
hyperpolarizability and dipole moment.

Combining all our discoveries, chromophore 22 with a total of
seven methoxy groups substituted on all ortho and para positions
of ring B and ring C and on one meta position of ring A in the
TAA moiety gives the highest B,997 value of all designed methoxy
group substituted model molecules, which is 79% higher than its
nonsubstituted analogue 3. Both electron donor substituent effects
and steric conformation contribute to this large increase in
hyperpolarizability. Further increases in both hyperpolarizability
and dipole moment were achieved by replacing methoxy groups
with better electron donor dimethylamino groups, on the para
positions of chromophore 22.

Our calculation results give a theoretical basis to understand

s the relationship of structure and nonlinear properties of TAA

based NLO chromophores. With careful consideration of steric
and electronic factors, we can design and synthesize novel TAA
based chromophores that overcome the current drawbacks and
maintain high thermal stability to meet practical device
requirements.
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