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Further Enhancement of the Second-Order Nonlinear Optical (NLO)
Coefficient and the Stability of NLO Polymers that Contain Isolation
Chromophore Moieties by Using the “Suitable Isolation Group” Concept
and the Ar/Ar" Self-Assembly Effect
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Abstract: For the first time, a series of
second-order NLO poly(arylene-ethy-
nylene)s, in which an isolation chromo-
phore was introduced to enhance the
NLO coefficients, were successfully de-
signed and synthesized. Thanks to the
isolation chromophore, these polymers
demonstrated good NLO activities and
optical transparency. To further im-
prove the comprehensive performance

to subtly modify the structure of the
polymers according to the “suitable
isolation group” concept. The naphtha-
lene (Np) group was found to be
a “suitable isolation group” in this
series of polymers and polymer P3
demonstrated the highest d;; value
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(122.1 pm V™) of these five polymers.
Interestingly, polymer PS5, which con-
tained a pentafluorophenyl ring as an
isolation group, exhibited a much
higher NLO effect and stability than
polymer P2, which just contained
normal phenyl rings as isolation groups
(97.2 versus 62.5pm V™), thus indicat-
ing the advantages of the Ar—Ar" self-
assembly effect in the field of non-

of the polymers, different isolation
groups of various sizes were introduced

Introduction

Second-order nonlinear optical (NLO) materials have been
extensively studied in recent years because of their potential
applications in, for example, ultrafast optical switches, high-
speed optical modulators, and high-density optical data stor-
age. Unlike inorganic crystal materials, NLO polymers pos-
sess many advantages, such as light weight, low cost, ultra-
fast response, wide response waveband, high optical-damage
threshold, and good processability.!! To exhibit an active
NLO effect, the macroscopic arrangement of the dipoles of
NLO chromophores, which usually possess a donor—m—ac-
ceptor (D—m—A) structure with large u values, should be
noncentrosymmetric (typically achieved by using the poling
procedure; see the Supporting Information, Chart S1).
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However, the strong intermolecular dipole—dipole interac-
tions within these D—m—A structures typically make the
poling-induced noncentrosymmetric alignment of the chro-
mophores a daunting task. Thus, the major problem in NLO
research is how to efficiently translate the large S values of
the organic chromophores into high macroscopic NLO activ-
ities of the corresponding polymers.”! In an attempt to par-
tially solve this challenge, since 2006, based on the excellent
work reported in the literature!® and according to the site-
isolation principle proposed by Dalton etal.,”) we have
been investigating the preparation of different kinds of
NLO polymers, in which the size of the isolation groups in
the NLO chromophore moieties was changed from small to
large and the obtained experimental results demonstrated
that the macroscopic nonlinearity of the NLO polymers
could be boosted several times by employing a “suitable iso-
lation group” on the NLO chromophore moieties (for se-
lected examples, see the Supporting Information, Charts S2—
$6).%7 Based on these experimental results, as well as theo-
retical analysis, we proposed a new concept in the field of
NLO, that is, the “suitable isolation group” concept, which
states that, for a given chromophore moiety and a given
linkage position, there should be a suitable isolation group
present to boost its microscopic f value in order to afford
higher macroscopic NLO activities.

However, in all of the previous work in this area, the iso-
lation groups were non-polar groups that were designed to
impede the strong interactions between the chromophore
moieties. Moreover, they did not directly contribute to the
macroscopic NLO effect, but rather decreased the effective
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concentration of the NLO chromophore moieties. In 2012,
we employed one chromophore with a low uf value as an
isolation group for another chromophore with a high uf val-
ue (see the Supporting Information, Chart S7) and we found
that the chromophore with the lower uf value could impede
the strong electronic interactions between the chromophore
moieties with the higher uf value and that the isolation
chromophore itself could directly contribute to the macro-
scopic NLO effect.®] Moreover, this strategy has also been
successful in dendrimers and hyperbranched polymers.®
Thus, it is reasonable to think that the concept of a suitable
isolation group could also work in NLO polymers that con-
tain isolation chromophores (Scheme 1); if so, the macro-
scopic NLO effect should be further enhanced. Therefore,
herein, a series of poly(arylene-ethynylene)s that contained
isolation chromophores were successfully prepared (P1-P4,
Scheme 2), into which isolation groups of different sizes
were introduced. As expected, the second harmonic genera-
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tion (SHG) coefficient of polymer P3, which contained
naphthalene (Np) moieties as a suitable isolation group, was
much larger than those of polymers that individually con-
tained the isolation chromophore (P1) or the isolation
group.

On the other hand, unlike normal aromatic rings, per-
fluoroaromatic rings are electropositive, which could lead to
reversible self-assembly between the normal aromatic rings
and the perfluoroaromatic ones. For example, it was demon-
strated that the structure of a benzene/hexafluorobenzene
mixture consisted of alternating stacks of these two mole-
cules, owing to the electropositive activity of hexafluoroben-
zene, whereas pure benzene or pure hexafluorobenzene
adopted an edge-to-face structure in the solid state (see the
Supporting Information, Chart S8). This self-assembly effect
also led to a higher melting point of the benzene/hexafluor-
obenzene mixture (24°C) than benzene (5.5°C) or hexa-
fluorobenzene alone (4°C).! In 2007, by using aromatic/per-

No
H N i
HNORSE o}
: CQHa‘ E
‘ No
Isolation chromophore ~ "**r=mrr
/ Main chromophore

"Changeable "‘-‘ 0]

Main Isolation Group

Chromophore

Y

Main
Chromophore

Scheme 1. The original idea of this work.

Chem. Asian J. 2013, 00, 0-0

; 2}
: Chromophore,

Isolation sz . F o
Chromophore L2

@%@ OwNwomx@j[ "

(? ....... 7o %0

dSelf Assembly
NN

I

S0 .
CzH"s Isolation
Chromophore

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
KK These are not the final page numbers!



CHEMISTRY

AN ASIAN JOURNAL

I I 2NN .
&/\/\N/\/\ \Q\SO\/\N/\/OB(@/ o %/\/\Q/O\/‘N/\/O\(@{Vn
i j , Ne

www.chemasianj.org

Zhen Li et al.

tion and the Supporting Infor-
mation). The Supporting Infor-

PPhs Pl o © mation, Figure S1, shows the
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N, C1-C5 + L. cé _PaPPhaly :.‘ N R Y | P1-P5 FTIR spect'ra of polymers ?1—
N R N THF/Et;N } S VI PS5, in which the absorption
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Scheme 2. Synthesis of NLO polymers P1-P5.

fluoroaromatic dendron-substituted NLO chromophores
that formed through complementary Ar—Ar® interactions,
Jen and co-workers developed a new class of molecular
glass (see the Supporting Information, Chart S9) that exhib-
ited an improved poling efficiency and a much enhanced
macroscopic NLO effect,'”) owing to the reversible Ar/Ar"
self-assembly effect, which helped to align the chromo-
phores (see the Supporting Information, Chart S10). In
2012, we employed these Ar—Ar" interactions to improve
the NLO coefficients of polymers (see the Supporting Infor-
mation, Chart S11), as well as dendrimers and hyper-
branched polymers.'!! We used perfluorophenyl rings rather
than phenyl rings as the isolation group (polymer PS5,
Scheme 2) to further investigate whether these Ar—Ar" in-
teractions could be used in NLO polymers that contained
isolation groups and the results were encouraging: Polymer
P5 exhibited a much higher dy; value (up to 972 pmV™)
and better stability than its analogue with normal isolation
groups (polymer P2). Herein, we report the synthesis, char-
acterization, and properties of these polymers (P1-P5) in
detail.

Results and Discussion
Structural Characterizations and Self-Assembly Effect

The syntheses of polymers P1-P5 and monomers C1-C6 are
presented in Scheme 2 and Scheme 3, respectively. These
synthetic routes are only comprised of simple reactions, such
as azo-coupling, esterification, and Sonogashira coupling re-
actions. The as-obtained polymers were readily soluble in
common polar organic solvents, such as CH,Cl,, CHCI;,
THF, N,N-dimethylformamide (DMF), and dimethyl sulfox-
ide (DMSO); this was convenient for testing their NLO
(and other) properties.

The obtained polymers were characterized by spectro-
scopic methods and they all gave satisfactory spectroscopic
data (for detailed analytical data, see the Experimental Sec-
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1720 cm™!, respectively, thus in-

dicating that the chromophore

and isolation groups are stable

o - during the Sonogashira poly-

merization reactions. At the

same time, the absorption band

that was derived from the =C—

H stretching vibrations at about

3277 cm™! disappeared in the

spectra of polymers P1-P5,

whilst the C=C stretching vibrations (at about 2100 cm™")

were still present, thus indicating that the polymerization re-
actions were successful.

NMR spectroscopy is an especially useful tool for deter-
mining the structures of polymers. As an example, the
"H NMR spectra of polymer P2 and its corresponding chro-
mophores (C2 and C6) in CDCI; are shown in Figure 1; the
other spectra are provided in the Supporting Information,
Figures S2-S9. The chemical shifts were consistent with the
proposed structures, as shown in Scheme 2 and Scheme 3, al-
though some signal broadening was observed in the spec-
trum of polymer P2, owing to the polymerization. In the
"H NMR spectrum of polymer PS5, which contained penta-
fluorophenyl rings (Figure 2, the chemical shifts of the pro-
tons adjacent to the pentafluorobenzoic group (COOCH,)
shifted a little towards higher field (0~4.80 ppm) in com-
parison with the spectrum of chromophore C5 (0
~4.88 ppm), thus indicating that the electron-withdrawing
activity of the pentafluorobenzoic group had become
weaker and that the electron-density distribution of the per-
fluoroaromatic rings had become higher. There is only one
possible reason for this phenomenon, that is, that the self-as-
sembly effect between the perfluoroaromatic rings and the
aromatic rings in the polymer increased the electron-density
distribution of the perfluoroaromatic rings. However, there
were three more phenyl rings in polymer PS5 than in mono-
mer C5 and, thus, it was very important to confirm which of
these could form interactions with the pentafluorophenyl
rings. Therefore, two model polymers, PM1 and PM2 (see
the Supporting Information, Scheme S1), were also pre-
pared. In comparison with polymer PS5, there were no isola-
tion chromophores in polymer PM1 and the phenyl rings in
the main chain were replaced by triazole rings in polymer
PM2. As shown in Figure 3, the resonance of the methylene
protons that were linked to the ester groups (COOCH,) in
the "HNMR spectrum of polymer PM2 was not shifted
compared to the corresponding signal in the spectrum of
chromophore CS5, whereas it was shifted slightly towards

-0 F F
(PFPh)F  F
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Scheme 3. Synthesis of monomers C1-C6.
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Figure 1. '"H NMR spectra of polymer P2 and its corresponding chromophores in CDCly; the solvent peaks

and the peak for TMS are marked with asterisks (*).
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higher field in polymer PMI,
very similar to the results for
polymer P5. According to this
phenomenon, a preliminary
conclusion could be reached,
that is, in this case, a Ar—Ar"
self-assembly effect is present
between the isolation groups
and the polymer main chains.
On the other hand, owing to
there being three types of F
atoms in the pentafluorophenyl
groups, there should be three
peaks in the corresponding
YFNMR spectrum. However,
as shown in Figure 4, along with
the three original peaks, there
were some additional peaks in
the FNMR spectra of poly-
mers P5 and PM1. This result is
presumably owing to the strong
Ar—Ar"  self-assembly effect,
which may change the environ-
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* s * ment around some of the F atoms. This phenomenon is con-
sistent with the results of the '"H NMR analysis, that is, that
strong Ar—Ar" interactions exist between the isolation
F{F(:)F}f " groups and the polymer main chains.
Y The molecular weights of the polymers were determined
E by gel-permeation chromatography (GPC) with THF as an
eluent and polystyrene as calibration standards. As shown in
l cs Table 1 and the Experimental Section, the molecular
e A A

. Fé@;—f ' i Table 1. Characterization data of the polymers.
=0 Yield ML M /M, M T,
i * [%] [°C] [°C]
E P1 73.8 9900 1.76 134 268
M 'ﬂ P2 83.3 12900 1.56 131 284
P5 d P3 89.3 13200 1.70 142 262
T e e e e e P4 89.1 14900 1.99 135 269
9 8 7 6 5 4 3 2 1 0 P5 79.8 13800 1.61 161 231

Chemical shift (ppm)

Figure 2. '"H NMR spectra of polymer P5 and its corresponding chromo-
phore in CDCl;; the solvent peaks and the peak for TMS are marked
with asterisks (*).

o—__
o
Z—Q—Z
o
Sz
Q
TI:
m m

C5 Il ‘l ‘[T\%N/V%Qt
PM1
\ "y O\/ﬂa Tr
PM1 (¢}
e T e E@F
NO2 F
{‘NW WN\/\N/\_L
L e
PM2

M2 P
L ij;)L )\/O\C N:N
: T T NO, ©
5.1 4.9 4.7 4. (¢35
Chemical Shift (ppm) 2
Figure 3. Structures of model polymers PM1 and PM2 and their 'H NMR
spectra.
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Figure 4. YF NMR spectra of the polymers and chromophore that con-
tained perfluoroaromatic rings as isolation groups.
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[a] Determined by GPC in THF, based on calibration with polystyrene;

[b] glass-transition temperature of the polymers, as determined by DSC

analysis under an argon atmosphere at a heating rate of 10°Cmin";

[c] 5% weight-loss temperature of the polymers, as determined by TGA

under a nitrogen atmosphere at a heating rate of 10°Cmin ™.

weights of the polymers were within the range 9900-14 900
and the increasing trend in the tested GPC results was con-
sistent with the increase in the molecular weight of the cor-
responding nitro-based chromophores. The thermal behavior
of these polymers was studied by thermogravimetric analysis
(TGA) and by differential scanning calorimetry (DSC)
under a nitrogen atmosphere. As shown in Table 1 and the
Supporting Information, Figure S10, all of the polymers ex-
hibited similar 5% weight-loss temperatures (7,) and glass-
transition temperatures (7,), owing to their similar chemical
structures, except for polymer PS. In this case, because its
pentafluorophenyl groups were not so stable, polymer PS5
exhibited the lowest T, value. However, the T, value of
polymer P5 (161°C) was much higher than those of the
other polymers, owing to the self-assembly effect between
the phenyl and pentafluorophenyl rings, similar to our previ-
ous work."! Furthermore, considering that the stability of
the NLO effect is associated with the glass-transition tem-
perature, this higher 7, value should be beneficial for its
practical applications.

UV/Vis Spectra and Effects of the Isolation Chromophores

The UV/Vis absorption spectra of these polymers in differ-
ent solvents are shown in Figure 5 and the Supporting Infor-
mation, S11-S15, whereas the maximum absorption wave-
lengths for the m—m* transition of the azo moieties are
shown in Table 2. All of the polymers showed similar A,
values in the same solvent (Figure 5 A shows the UV/Vis ab-
sorption spectra in THF, as an example), thus indicating that
the introduction of isolation groups of different sizes, includ-
ing pentafluorophenyl groups, almost showed no effect on
the uf value of the NLO chromophore, which could allow
for a comparison of their NLO properties at the same level.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. A) UV/Vis spectra of polymers P1 (H), P2 (O), P3 (A), P4
(<), and PS5 (%) in THF (0.02 mgmL™"); B) normalized UV/Vis spectra
(as solutions in THF) of polymer P5 (M) and a mixture of its corre-
sponding chromophores (C5 and C6; (O)).

Table 2. Maximum absorptions of the polymers (A, in nm).!

THE" 1,4-Dioxane CHCl; CH,Cl, DMF DMSO Film
P1 449 (444) 447 449 451 467 470 460
P2 448 (445) 442 443 445 463 471 460
P3 450 (441) 442 441 444 464 469 463
P4 451 (442) 443 444 446 462 469 463
P5 449 (442) 443 441 448 465 467 466

[a] The maximum absorption wavelengths of the polymers (chromophore
molecules) were determined in solution at a fixed concentration of
0.02mgmL™" (2.5x10° molmL™"). [b] The maximum absorption wave-
lengths of mixtures of the corresponding small chromophore molecules
(diluted solutions in THF) are given in parentheses.

On the other hand, this phenomenon also showed that the
presence of pentafluorophenyl groups did not influence the
electronic behavior of the chromophore moieties, thus indi-
cating that there were no interactions between the phenyl
rings in the chromophore and the pentafluorophenyl rings.
Thus, a self-assembly effect should exist between the penta-
fluorophenyl isolation groups and the phenyl groups in the
polymer main chain, which is consistent with the results
from the NMR analysis.

Moreover, to determine the effect of the isolation chro-
mophores on the NLO of the polymers, the UV/Vis spectra
of the corresponding chromophores (that is, an equivalent
mixture of the nitro- and sulfonyl-based chromophores)
were also tested and the results are also listed in Table 2.
Similar to our previous work,® the UV/Vis spectra of the
polymers also showed an obvious red-shift in the absorption
peak (Figure 6B shows the spectra of polymer P5 and its
corresponding chromophores as an example; for the UV/Vis
spectra of the other polymers and chromophores, see the
Supporting Information, Figures S16-S19) in comparison
with the absorption peaks of their corresponding chromo-
phores. However, until now, the reasons for this red-shift
were not clear and further research was still needed.

Chem. Asian J. 2013, 00, 0-0
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Figure 6. A) Comparison of the di; values of polymers P1-P4; B) com-
parison of the calculated ds; values of the polymers, which were obtained
from the experimentally determined d;; values by dividing the concentra-
tions of the active chromophore moieties in the polymers; C) comparison
of the calculated dj;(c0) values of the polymers, according to the approxi-
mate two-level model; D) comparison of the @ values of the polymers.
All of these values were determined relative to polymer P1.

NLO Properties

In our previous work,"®! because the isolation chromophore
could impede the strong electronic interactions between the
main chromophores and because the isolation chromophore
itself could directly contribute to the macroscopic NLO
effect, the polymers that contained isolation chromophore
moieties, including hyperbranched polymers and dendrim-
ers, demonstrated large ds; values. Considering that the
structures of the polymers investigated herein were modified
further, it might also be interesting to investigate their NLO
activities; thus, their poled thin films were prepared. The
most convenient technique to study second-order NLO ac-
tivity is to investigate the second harmonic generation
(SHG) processes, which are characterized by the SHG coef-
ficient (ds;). The method for the calculation of the SHG co-
efficients of the poled films has been reported previously.!'?!
From the experimental data, the ds; values of these poly-
mers were calculated at a fundamental wavelength of
1064 nm (Table 3). To check the reproducibility of these re-
sults, we repeated the measurements three times.

These NLO results are encouraging and we have clearly
shown that the concept of a suitable isolation group could
still work in NLO polymers that contain isolation chromo-
phores. According to the concept of a suitable isolation
group, for a given chromophore moiety and a given linkage
position, there should be a suitable isolation group that
could efficiently boost its microscopic uf value to afford
higher macroscopic NLO activities. Thus, we introduced dif-
ferent isolation groups, from small (H) to larger moieties
(carbazole, Cz), into the main (nitro-based) chromophore to
further adjust its structure. Figure 6 A showed a comparison
of the ds; values of the polymers, by using polymer P1 (with-
out any isolation groups) as a reference. We found that the
ds; values did not always increase as the isolation groups
became larger and, for this series of polymers, the d;; value

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. NLO results of the polymers.

7.0 1 Ayl diy(00)l¥ olel NI
[°C] [pm] [pm V] [pmV~]

P1 150 0.30 36.4 75 0.07 0.673

P2 135 0.29 62.5 12.8 0.13 0.575

P3 145 0.29 122.1 24.0 0.20 0.550

P4 140 0.26 96.0 18.9 0.16 0.526

P5 150 0.27 97.2 183 0.19 0.532

[a] Optimal poling temperature; [b] film thickness; [c] second harmonic
generation (SHG) coefficient; [d] nonresonant ds; values, as calculated
by using the approximate two-level model; [e] order parameter ®=
1-A/A,, where A, and A, are the absorbance of the polymer film after
and before corona poling, respectively; [f] loading density of the effective
chromophore moieties.

reached a peak value when the isolation group was naphtha-
lene (Np), with a ds; value of up to 122.1 pm V.. This was
an interesting phenomenon. In our previous work on the

NO,

www.chemasianj.org
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di;=74.8 pm v-1
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concept of a suitable isolation group for the side-chain poly-
mers, suitable isolation groups for the nitro-based azo chro-
mophore were all larger than naphthalene (Scheme 4 shows
selected examples of side-chain nitro-based NLO poly-
mers).[! Although the polymer main chain and the position
of the isolate groups on polymer P3 were different from
those polymers, the large differences in the sizes of the suit-
able isolation groups for polymer P3 (one naphthalene
group per two chromophores) and those polymers (one car-
bazole/two naphthalenes/two aromatic rings per chromo-
phore) could not only be caused by their different polymer
main chains or by the position of the isolate groups, but also
by the effect of the isolation chromophore itself. This result
means that, to overcome the strong intermolecular dipole—
dipole interactions between the chromophore moieties in
these isolation-chromophore-containing NLO polymers,
much smaller isolation groups are needed, thus indicating

3

= -1
ds; = 58.2 pm V OCHZCHZO c—\

o .

Smaller isolation group
Larger NLO coefficient

o) o)
N [ .
p3 P 0 : ©
O\/\é O i Ne
: PN
NO; O i
d33 =122.1 pm V_1 R .
0=8=0
CzHs

Scheme 4. The effect of suitable isolation groups in different NLO polymers.
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that the dipole—dipole interactions become much smaller on
the introduction of an isolation chromophore. Furthermore,
the ds; value of polymer P3 was at least 40 pm V™' higher
than those of NLO polymers that only contained nitro-
based chromophore moieties, as shown in Scheme 4, thus
further confirming the advantages of isolation chromo-
phores.

To consider the effects of different molar concentrations
of the active chromophore moieties in the polymers, we di-
vided the experimentally determined d;; values by the molar
concentrations of the active chromophores and compared
the results with that of polymer P1 as a reference (Fig-
ure 6B). Because there may be some resonance enhance-
ment, owing to the absorption of the chromophore moieties
at 532nm,™! the NLO properties of polymers P1-P4
(ds3(0)), which were calculated by using the approximate
two-level model, should be weaker (Table 3). Moreover, we
drew curves by using polymer P1 as a reference (Fig-
ure 6 C); clearly, the trends in these curves were the same
and, in this system, the naphthalene group was a suitable
isolation group, thus confirming our previous idea.

On the other hand, the presence of pentafluorophenyl
groups could enhance the NLO activity of a polymer, similar
to the work by Jen and co-workers.'”! Owing to the Ar/Ar"
self-assembly interactions, the poling procedure was slightly
different from that of normal chromophores, as proposed by
Jen and co-workers (see the Supporting Information,
Chart S10), and the reversible Ar/Ar" self-assembly effect
could help the alignment of the chromophores to enhance
the NLO effect. In this work, both the ds; (97.2 pm V') and
d3;(c0) values (18.3 pm V™) of polymer PS5, which contained
pentafluorophenyl groups as isolation groups, were much
higher (about 1.5 times) than those of its analogue (polymer
P2), which just contained phenyl groups as isolation groups,
thus indicating that the Ar/Ar" self-assembly could also en-
hance the NLO activities of polymers that contained isola-
tion chromophores.

To further study the alignment behavior of the chromo-
phore moieties in the polymers, the order parameter (@) of
the polymers (Table 3) was also calculated from the change
in the UV/Vis spectra of their thin films before and after
poling under an electric field, according to the equation de-
scribed in Table 3, footnote [e]. Figure 7 shows the UV/Vis
spectra of films of polymers P2 and P5 before and after
poling. Clearly, the @ value of polymer P5 (0.19) is much
higher than that of polymer P2 (0.13), thus indicating
a good alignment of the chromophore moieties in the poled
film of polymer PS5 and further confirming the advantages of
the self-assembly effect in the NLO polymers. Moreover,
the @ values of the other polymers were also tested (see the
Supporting Information, Figures S20-S22). Once again, we
drew the curve, still taking polymer P1 as a reference (Fig-
ure 6D), and the trend was similar to the previous results.

The dynamic thermal stabilities of the NLO activities of
polymers P1-P5S were investigated by depoling experiments,
in which the real-time decay of their SHG signals was moni-
tored as the poled films were heated from room tempera-
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Figure 7. A) Absorption spectra of films of polymers P2 and B)P5
before (M) and after (O) poling.

ture to 160°C in air at a heating rate of 4°Cmin~". As
shown in Figure 8, all of the polymers were relatively stable
and the onset temperatures for decay in the ds; values were
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Figure 8. Decay curves of the SHG coefficients of polymers P1 (H), P2
(O), P3 (A), P4 (<), and P5 (%) as a function of temperature.

all higher than 100°C. In addition, polymer P5 showed
a much higher onset temperature (141°C) than the other
polymers. This result means that, to destroy the alignment
of the chromophore moieties in polymer P5, much more
energy is needed, thus indicating that the Ar—Ar" self-as-
sembly effect is still present after poling and that these inter-
actions could increase the stability of the NLO polymers, in
accordance with the poling procedure proposed by Jen and
co-workers (see the Supporting Information, Chart S10).

Conclusions

In summary, a new series of NLO poly(arylene-ethynylene)s
that contained isolation chromophore were successfully pre-
pared by employing Sonogashira polymerization reactions.
To further improve the comprehensive performance of the
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NLO polymers, different isolation groups were introduced
to subtly modify the structure of the polymers. Our results
showed that this “suitable isolation group” concept could
also be applied to isolation-chromophore-containing NLO
polymers and polymer P3, which contained naphthalene
moieties as isolation groups, exhibited the highest d;; value
and slightly improved stability. On the other hand, thanks to
the Ar—Ar" self-assembly effect, polymer P5 demonstrated
much larger ds; values and higher stability than its P2 ana-
logue, which only contained phenyl rings as isolation groups,
thus indicating that the Ar—Ar" reversible self-assembly
effect could help to align the chromophore moieties and en-
hance the stability of the aligned structure.

Experimental Section

Materials

THF was dried over and distilled from K/Na alloy under a dry nitrogen
atmosphere. Triethylamine was distilled under normal pressure and
stored over potassium hydroxide. CH,Cl, was dried over CaH, and dis-
tilled under normal pressure before use. The syntheses of N,N-di(4-penty-
nyl)benzenamine (S1)"*! and diazonium fluoroborates 82, 83,11 and
S6"*! were reported in our previous work. 2-(9H-Carbazol-9-yl)acetic
acid was synthesized according to a literature procedure.!'**! N-Phenyldie-
thanol was bought from Fluka and 4-iodobenzoic acid and pentafluoro-
benzoic acid were purchased from Alfa-Aesar. All other reagents were
used as received.

Instrumentation

"H NMR spectra were measured on Varian Mercury 300 or Bruker ARX
400 spectrometers by using tetramethylsilane (TMS; 6 =0 ppm) as an in-
ternal standard. FTIR spectra were recorded on a PerkinElmer-2 spec-
trometer in the range 3000-400 cm ™. UV/Vis spectra were obtained on
a Shimadzu UV-2550 spectrometer. Elemental analysis was performed on
a CARLOERBA-1106 microelemental analyzer. Gel-permeation chro-
matography (GPC) was used to determine the molecular weights of the
polymers. GPC analysis was performed on a Waters HPLC system that
was equipped with a 2690D separation module and a 2410 refractive
index detector. Polystyrene standards were used as calibration standards
for GPC, THF was used as an eluent, and the flow rate was 1.0 mLmin .
Thermal analysis was performed on a NETZSCH STA449C thermal ana-
lyzer at a heating rate of 10°Cmin~' under a nitrogen atmosphere at
a flow rate of 50 cm’min~' for the thermogravimetric analysis (TGA)
and the thermal transitions of the polymers. The thickness of the films
was measured on an Ambios Technology XP-2 profilometer.

General Procedure for the Synthesis of Chromophores CI and S4

An equimolar mixture of N,N-di(4-pentynyl)benzenamine and the diazo-
nium salt was dissolved in THF/DMF (1:1 v/v) at 0°C. The reaction mix-
ture was stirred for 12h at 0°C, treated with water, extracted with
CH,Cl,, and washed with brine. The organic layer was dried over anhy-
drous sodium sulfate. After the removal of the organic solvent, the crude
product was purified by column chromatography on silica gel.

C1: N,N-Di(4-pentynyl)benzenamine (S1, 541 mg, 2.40 mmol) and 4-ni-
trobenzenediazonium fluoroborate (S2, 568 mg, 2.40 mmol). The crude
product was purified by column chromatography on silica gel (EtOAc/pe-
troleum ether, 1:4 v/v) to afford a deep-red solid (674 mg, 75.1% yield).
'"H NMR (400 MHz, CDCl;, 298 K): 6=1.87 (m, 4H; CH,), 2.05 (s, 2H;
C=C—H), 2.29 (m, 4H; CH,), 3.58 (t, /=6.0 Hz, 4H; NCH,), 6.80 (d, /=
8.0Hz, 2H; ArH), 7.90 (m, 4H; ArH), 832 ppm (d, /J=8.0 Hz, 2H;
ArH); *C NMR (75 MHz, CDCl,, 298 K): 6=16.6, 26.2, 50.2, 69.7, 83.7,
111.7, 123.0, 125.2, 126.7, 144.0, 147.5, 151.7, 157.1 ppm; UV/Vis (THF,
1x103 mmolmL™"): 1,,=482nm; IR (thin film): #=3200 (C=C-H),
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1515, 1337 cm™" (NO,); elemental analysis caled (%) for C,,H,,N,O,:
C70.19, H 6.43, N 14.88; found: C 69.82, H 6.81, N 14.56.

S4: N,N-Di(4-pentynyl)benzenamine (S1, 901.3 mg, 4.0 mmol) and diazo-
nium salt S3 (1.19 g, 4.0 mmol). The crude product was purified by
column chromatography on silica gel (EtOAc/petroleum ether, 2:1 v/v)
to afford a deep-red solid (1.1g, 63.3% vyield). '"HNMR (400 MHz,
CDCl;, 298 K): 6=1.88 (m, 4H; CH,), 2.05 (s, 2H; C=C-H), 2.30 (m,
4H; CH,), 3.59 (t, /=6.0 Hz, 4H; NCH,), 4.00 (t, /=4.0 Hz, 2H; OCH,),
4.37 (t, J=4.0 Hz, 2H; OCH,), 6.80 (d, /=8.0 Hz, 2H; ArH), 7.72 (d, J=
8.0Hz, 1H; ArH), 7.86 (d, /=8.0Hz, 2H; ArH) 7.95ppm (m, 2H;
ArH).

General Procedure for the Synthesis of Chromophores C2-C5

Chromophore S4 (1.00 equiv), the carboxy-containing compound
(1.50 equiv), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDC, 2.00equiv), and 4-dimethylaminopyridine (DMAP,
0.20 equiv) were dissolved in dry CH,Cl, (0.1 mmolmL ™" chromophore
S4) and the mixture was stirred at RT for 3 h. Then, the mixture was
treated with a saturated solution of citric acid, extracted with CH,Cl,,
and washed with saturated solutions of citric acid and brine. After the re-
moval of the solvent, the crude product was purified by column chroma-
tography on silica gel.

C2: Chromophore S4 (499.7 mg, 1.15 mmol) and benzoic acid (211.3 mg,
1.73 mmol). The crude product was purified by column chromatography
on silica gel (EtOAc/CHCl;, 1:20 v/v) to afford a deep-red solid
(614.3 mg, 99.2% yield). "H NMR (400 MHz, CDCl,, 298 K): 6 =1.87 (m,
4H; CH,), 2.06 (s, 2H; C=C-H), 2.30 (m, 4H; CH,), 3.58 (t, J=8.0 Hz,
4H; NCH,), 4.62 (t, J=4.0Hz, 2H; OCH,), 4.80 (t, /=4.0Hz, 2H;
COOCH,), 6.74 (d, J=8.0Hz, 2H; ArH), 7.40 (t, /=8.0 Hz, 2H; ArH),
7.55 (t, J=8.0 Hz, 1H; ArH), 7.69 (d, J=8.0 Hz, 1H; ArH), 7.86 (d, J=
8.0 Hz, 1H; ArH), 7.92 (m, 1H; ArH), 8.05 (m, 3H; ArH), 8.17 ppm (d,
J=8.0Hz, 1H; ArH); C NMR (75 MHz, CDCl;, 298 K): 6=49.5, 61.7,
64.1, 67.9, 101.0, 110.2, 111.6, 117.3, 126.0, 128.7, 130.7, 137.6, 144.8,
147.0, 148.0, 150.7, 154.5, 165.7 ppm; UV/Vis (THF, 1x10~° mmolmL):
Amx=489nm; IR (KBr): #=3267 (C=C-H), 1711 (C=0), 1519,
1335 cm™' (NO,); elemental analysis calcd (%) for CyH3N,Os: C 69.13,
H 5.61, N 10.40; found: C 68.77, H 6.06, N 10.06.

C3: Chromophore S4 (152 mg, 0.35 mmol) and 1-naphthoic acid (90 mg,
0.525 mmol). The crude product was purified by column chromatography
on silica gel (EtOAc/CHCI,, 1:20 v/v) to afford a deep-red solid (199 mg,
96.6% yield). 'H NMR (300 MHz, CDCl,, 298 K): 6=1.84 (m, 4H; CH,),
2.04 (s, 2H; C=C-H), 2.27 (brs, 4H; CH,), 3.53 (brs, 4H; NCH,), 4.66
(brs, 2H; OCH,), 4.89 (brs, 2H; COOCH,), 6.67 (d, /=8.7Hz, 2H;
ArH), 7.41 (t, J=7.5Hz, 1H; ArH), 7.53 (t, J=8.0 Hz, 2H; ArH), 7.74
(d, J=8.7Hz, 1H; ArH), 7.86 (brs, 3H; ArH), 7.95 (d, /=8.7 Hz, 1H;
ArH), 8.01 (brs, 2H; ArH), 8.22 (d, J=6.6 Hz, 1H; ArH), 8.95 ppm (d,
J=8.1Hz, 1H; ArH); "C NMR (75 MHz, CDCl,, 298 K): 6=16.2, 26.0,
50.1, 63.3, 68.7, 69.8, 83.3, 110.6, 111.6, 117.6, 117.8, 124.8, 126.0, 126.4,
126.6, 126.9, 128.1, 128.7, 130.8, 131.6, 133.7, 133.9, 144.5, 147.7, 1482,
151.3, 155.0, 167.6 ppm; UV/Vis (THF, 1x10~° mmolmL™"): A,.=
490 nm; IR (thin film): #=3295 (C=C-H), 1716 (C=0), 1514, 1337 cm™'
(NO,); elemental analysis calcd (%) for C;sH;,N,Os: C71.41; H5.48;
N 9.52; found: C 71.40, H5.77, N 9.61

C4: Chromophore S4 (152 mg, 0.35 mmol) and 2-(9H-carbazol-9-yl)acetic
acid (118 mg, 0.525 mmol). The crude product was purified by column
chromatography on silica gel (EtOAc/CHCl;, 1:20 v/v) to afford a deep-
red solid (202 mg, 89.9% yield). '"H NMR (300 MHz, CDCl, 298 K): 0=
1.82-1.91 (m, 4H; CH,), 2.05 (s, 2H; C=C-H), 2.27 (t, J=6.6 Hz, 4H;
CH,), 3.55 (t, J=7.5Hz, 4H; NCH,), 4.37 (t,/=4.5 Hz, 2H; OCH,), 4.65
(t, J=45Hz, 2H; COOCH,), 6.74 (d, J=9.0Hz, 2H; ArH), 7.16-7.34
(m, 6H; ArH), 7.75 (d, /=8.7 Hz, 1H; ArH), 7.82 (brs, 1H; ArH), 7.89
(d, J=8.7Hz, 2H; ArH), 795 (d, /=8.7Hz, 1H; ArH), 8.04 ppm (d,
2H; ArH); "CNMR (75 MHz, CDCl;, 298 K): 6=16.2, 26.0, 44.9, 50.2,
63.5, 68.4, 69.8, 83.3, 108.5, 110.4, 111.7, 117.7, 119.9, 120.6, 123.4, 126.2,
126.7, 140.7, 144.6, 147.6, 148.1, 151.5, 154.8, 168.7 ppm; UV/Vis (THF,
1x107° mmolmL™"): A,.,=493 nm; IR (thin film): #=3296 (C=C—H),
1715 (C=0), 1517, 1337 cm™! (NO,); elemental analysis calcd (%) for
CyH3sNsO5: C71.12; H 5.50; N 10.91; found: C 71.55, H 5.09, N 10.98.
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C5: Chromophore S4 (499.7 mg, 1.15 mmol) and pentafluorobenzoic acid
(365.8 mg, 1.73 mmol). The crude product was purified by column chro-
matography on silica gel (EtOAc/CHCI;, 1:20 v/v) to afford a deep-red
solid (686.2 mg, 94.9% yield). '"H NMR (400 MHz, CDCl;, 298 K): 0=
1.87 (m, 4H; CH,), 2.05 (s, 2H; C=C-H), 2.30 (m, 4H; CH,), 3.58 (t, J=
8.0 Hz, 4H; NCH,), 4.56 (t, J=4.0 Hz, 2H; OCH,), 4.88 (t, /=4.0 Hz,
2H; COOCH,), 6.76 (d, /J=8.0Hz, 2H; ArH), 7.69 (d, J=8.0Hz, 1H;
ArH), 7.83 (d, J=8.0 Hz, 2H; ArH), 7.94 ppm (m, 2H; ArH); "C NMR
(75 MHz, CDCl;, 298 K): 6=15.9, 25.7, 49.9, 64.2, 67.9, 69.4, 83.0, 110.2,
111.2, 117.5, 126.3, 144.1, 147.5, 147.8, 151.1, 154.4, 158.9 ppm; UV/Vis
(THF, 1x10~° mmolmL™"): 4,,,,=489 nm; IR (KBr): #=3299 (C=C-H),
1743 (C=0), 1516, 1336 cm ™' (NO,); elemental analysis calcd (%) for
C;H,5sN,OsF5s: € 59.66; H 4.01; N 8.91; found: C 59.24, H 3.95, N 8.91.

Synthesis of Chromophore S5

N-Phenyldiethanolamine (1.08 g, 6.0 mmol), 4-iodobenzoic acid (4.46 g,
18.0 mmol), EDC (4.60 g, 24.0 mmol), and DMAP (288 mg, 2.40 mmol)
were dissolved in dry CH,Cl, (120 mL) and the mixture was stirred at RT
for 3 days. Then, the mixture was treated with a saturated solution of
citric acid, extracted with CH,Cl,, and washed with brine and a saturated
solution of citric acid. After the removal of the solvent, the crude product
was recrystallized from acetone to afford a white solid (3.80 g, 98.8%
yield). '"HNMR (300 MHz, [D,]DMSO, 298 K): 6=3.79 (t, J=5.1 Hz,
4H; NCH,), 441 (t, J=5.1Hz, 4H; OCH,), 6.63 (t, J=72Hz, 1H;
ArH), 6.88 (d, /=8.4 Hz, 2H; ArH), 7.17 (t, J=7.8 Hz, 2H; ArH), 7.63
(d, J=8.1Hz, 4H; ArH), 7.87 ppm (d, J=8.1 Hz, 4H; ArH); "C NMR
(75 MHz, [D¢]DMSO, 298 K): 6=50.4, 64.1, 103.6, 113.7, 117.9, 130.6,
130.8, 132.5, 139.3, 149.0, 167.1 ppm. MS (EI): m/z: 641.09 [M]*; caled:
641.24.

Synthesis of Chromophore C6

Compound S5 (641.2 mg, 1.0 mmol) and diazonium salt S6 (284.0 mg,
1.0 mmol) were dissolved in DMF at 0°C and the reaction mixture was
stirred for 12 h at 0°C. Then, the mixture was treated with water, extract-
ed with CH,Cl,, and washed with brine. The organic layer was dried over
anhydrous sodium sulfate. After removal of the organic solvent, the
crude product was purified by column chromatography on silica gel
(EtOAc/petroleum ether, 1:4 v/v) to afford a red solid (740 mg, 88.4 %
yield). 'HNMR (400 MHz, CDCl,;, 298 K): 6=1.30 (t, J=8.0 Hz, 3H;
CHs), 3.16 (q, 8.0 Hz, 2H; SCH,), 3.92 (t, /=8.0 Hz, 4H; NCH,), 4.55 (t,
J=8.0Hz, 4H; COOCH,), 6.95 (d, /=8.0Hz, 2H; ArH), 7.67 (d, J=
8.0Hz, 4H; ArH), 7.79 (d, J=8.0 Hz, 4H; ArH), 7.91(d, /=8.0 Hz, 2H,
ArH), 7.96-8.02 ppm (m, 4H; ArH); C NMR (75 MHz, CDCl,, 298 K):
0=17.7, 49.9, 509, 62.2, 101.4, 112.2, 123.1, 126.2, 129.2, 129.5, 131.2,
138.1, 144.6, 151.0, 156.3, 166.2 ppm; UV/Vis (THF, 1x107° mmolmL’l):
Amax =430 nm; IR (KBr): #=1716 (C=0), 1132 cm™" (SO,); MS (EI): m/
z: 837.83 [M]*; caled: 837.46; elemental analysis caled (%) for
C3,HoN;O,SI,: C 45.89; H 3.49; N 5.02; found: C 46.02, H 3.63, N 5.18.

General Procedure for the Synthesis of Polymers PI-P5

A mixture of the nitro-based chromophore (C1-C5), sulfonyl-based chro-
mophore C6, copper(I) iodide (5 mol%), triphenylphosphine (5 mol %),
and [Pd(PPh;),] (3 mol%) was carefully degassed and charged with
argon. Then, THF (5 mL) and Et;N (1 mL) were added and the reaction
was stirred for 3.5 days at about 30°C. The mixture was passed through
a cotton filter and dropped into a large volume of MeOH. The precipi-
tate was collected, further purified by several precipitations of its solution
in THF with acetone, and dried under vacuum at 40°C to a constant
weight.

P1: Chromophore C1 (749 mg, 0.20 mmol) and chromophore C6
(167.5 mg, 0.20 mmol). Polymer P1 was obtained as a red powder
(141 mg, 73.8% yield). '"HNMR (300 MHz, CDCl; 298 K): 6=1.2-1.4
(CHs;), 1.4-1.8 (CH,), 1.8-2.1 (CH,), 2.4-2.6 (CH,), 3.0-3.1 (SCH,), 3.4-
3.8 (NCH,), 3.8-4.0 (OCH,), 4.4-4.7 (COOCH,), 6.7-7.0 (ArH), 7.2-7.6
(ArH), 7.6-8.0 (ArH), 8.2-8.4 ppm (ArH); "C NMR (75 MHz, CDCl,
298 K): 0=17.9, 17.4, 26.0, 26.3, 29.8, 50.0, 50.6, 51.1, 62.2, 81.4, 92.8,
111.9, 112.3, 123.0, 123.2, 125.0, 126.3, 126.6, 128.9, 129.6, 129.9, 131.9,
132.5, 138.5, 144.0, 144.6, 147.7, 151.2, 156.4, 157.0, 166.3 ppm; UV/Vis
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(THF, 0.02 mgmL™"): Ay, =449 nm; IR (KBr): #=2100 (C=C), 1717 (C=
0), 1513, 1335 (NO,), 1137 cm™* (SO,); GPC (polystyrene calibration):
M, =9 900, M,/M,=1.76.

P2: Chromophore C2 (64.6 mg, 0.12mmol) and chromophore C6
(100.5 mg, 0.12 mmol). Polymer P2 was obtained as a red powder
(112 mg, 83.3% yield). '"HNMR (400 MHz, CDCl; 298 K): 0=1.2-1.4
(CH;), 1.4-2.1 (CH,), 2.4-2.6 (CH,), 3.1-3.2 (SCH,), 3.5-3.7 (NCH,), 3.8-
4.0 (OCH,), 4.4-4.7 (COOCH,), 4.8-4.9 (COOCH,), 6.7-6.8 (ArH), 6.8—
7.0 (ArH), 7.3-75 (ArH), 7.6-8.0ppm (ArH); “"CNMR (75 MHz,
CDCl,, 298 K): 0="7.7, 17.3, 26.3, 49.9, 50.5, 50.9, 62.1, 63.4, 68.9, 81.3,
92.7, 111.8, 1122, 117.6, 123.1, 126.2, 126.6, 128.6, 128.8, 129.5, 129.8,
129.9, 131.8, 133.3, 1381, 144.6, 148.2, 151.1, 1552, 156.3, 166.1,
166.6 ppm; UV/Vis (THF, 0.02 mgmL™"): A, =448 nm; IR (KBr): v=
1716 (C=0), 1514, 1336 (NO,), 1136 cm™' (SO,); GPC (polystyrene cali-
bration): M,,=12 900, M,/M,=1.56.

P3: Chromophore C3 (53.0mg, 0.09 mmol) and chromophore C6
(75.3 mg, 0.09 mmol). Polymer P3 was obtained as a red powder (94 mg,
89.3% yield). '"H NMR (400 MHz, CDCl; 298 K): 6=1.2-1.4 (CH,), 1.8-
2.1 (CH,), 24-2.6 (CH,), 3.0-3.1 (SCH,), 3.4-3.7 (NCH,), 3.8-4.0
(OCH,), 4.4-4.7 (COOCH,), 4.8-4.9 (COOCH,), 6.6-6.7 (ArH), 6.8-7.0
(ArH), 7.2-7.6 (ArH), 7.6-8.1 (ArH), 8.8-8.9 ppm (ArH); “C NMR
(75 MHz, CDCl,, 298 K): 0=7.7, 17.3, 26.2, 44.8, 49.8, 50.4, 50.9, 62.1,
63.4, 68.2, 81.3, 92.8, 108.5, 112.1, 117.2, 119.9, 120.6, 123.1, 126.1, 126.7,
128.8, 128.8, 129.8, 131.8, 138.1, 140.6, 144.4, 151.0, 154.8, 156.3, 158.6,
160.6, 166.1 ppm; UV/Vis (THF, 0.02 mgmL™"): 4,,,,=450 nm; IR (KBr):
7=1716 (C=0), 1514, 1335 (NO,), 1137 cm™" (SO,); GPC (polystyrene
calibration): M,,=13 200, M,/M,=1.70.

P4: Chromophore C4 (57.8mg, 0.09 mmol) and chromophore C6
(75.3 mg, 0.09 mmol). Polymer P1 was obtained as a red powder (98 mg,
89.1% yield). 'H NMR (400 MHz, CDCI; 298 K): §=1.2-1.4 (CH;), 1.8~
2.0 (CH,), 24-2.6 (CH,), 3.0-32 (SCH,), 3.4-3.8 (NCH,), 3.8-4.0
(OCH,), 4244 (NCH,) 44-47 (COOCH,), 6.7-6.8 (ArH), 6.8-7.0
(ArH), 7.1-7.4 (ArH), 7.6-8.0 ppm (ArH); "C NMR (75 MHz, CDCl,,
298 K): 0="17.7, 17.3, 26.3, 49.8, 50.4, 50.9, 62.0, 63.3, 68.7, 81.2, 92.7,
110.6, 111.7, 112.1, 117.5, 123.0, 124.7, 126.0, 126.2, 126.4, 126.6, 126.9,
128.0, 128.8, 129.5, 129.8, 130.8, 131.7, 133.7, 133.9, 138.3, 144.5, 1482,
151.2, 155.0, 156.3, 166.1, 167.5 ppm; UV/Vis (THF, 0.02 mgmL™"): A, =
451 nm; IR (KBr): #=2100 (C=C), 1716 (C=0), 1514, 1336 (NO,),
1138 cm™ (SO,); GPC (polystyrene calibration): M, =14900, M./M,=
1.99.

P5: Chromophore C5 (754 mg, 0.12mmol) and chromophore C6
(100.5 mg, 0.12 mmol). Polymer P5 was obtained as a red powder
(116 mg, 79.8% yield). '"H NMR (400 MHz, CDCl; 298 K): 0=1.2-1.4
(CHj;), 1.8-2.1 (CH,), 2.4-2.6 (CH,), 3.1-3.2 (SCH,), 3.5-3.7 (NCH,), 3.8-
4.0 (OCH,), 4.4-4.7 (COOCH,), 4.7-4.8 (COOCH,), 6.6-6.7 (ArH), 6.8—
7.1 (ArH), 7.2-7.6 (ArH), 7.6-82ppm (ArH); “"CNMR (75 MHz,
CDCl;, 298 K): 0=7.37, 17.0, 25.9, 49.6, 50.2, 50.6, 61.8, 64.2, 68.0, 80.9,
92.4, 1104, 111.4, 111.9, 117.5, 122.7, 125.9, 126.2, 128.5, 129.1, 1294,
130.9, 131.4, 137.8, 138.1, 144.2, 147.5, 147.9, 150.9, 154.4, 156.1, 158.8,
165.8 ppm; UV/Vis (THF, 0.02 mgmL™"): A,.,=449 nm; IR (KBr): v=
2100 (C=C), 1718 (C=0), 1515, 1334 (NO,), 1138 cm ™' (SO,); GPC (poly-
styrene calibration): M,,=13800, M,/M,=1.61.

Preparation of Polymer Thin Films

The polymers were dissolved in THF (concentration: about 4 wt. %), and
the solutions were filtered through syringe filters. The polymer films
were spin-coated onto indium tin oxide (ITO)-coated glass substrates,
which were sequentially cleaned with DMF, acetone, distilled water, and
THF again in an ultrasound bath before use. Residual solvent was re-
moved by heating the films in a vacuum oven at 40°C.

NLO Measurements of the Poled Films

The second-order optical nonlinearity of the polymers was determined by
in situ second harmonic generation (SHG) experiments in a closed tem-
perature-controlled oven with optical windows and three needle electro-
des. The films were kept at 45° to the incident beam and poled inside the
oven and the SHG intensity was monitored simultaneously. The poling
conditions were as follows: Temperature: different for each polymer

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(Table 3); voltage: 7.5kV at the needle point; gap distance: 0.8 cm. The
SHG measurements were carried out with a Nd:YAG laser that was op-
erating at a 10 Hz repetition rate and an 8 ns pulse width at 1064 nm. A
Y-cut quartz crystal was used as a reference.
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