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We designed and synthesized two novel fluorene monomers of DeAeD (donoreacceptoredonor) type
(M1 andM2), and their two corresponding polymers (PM1 and PM2) and a copolymer (CPM). These high
molecular weight, film-forming polymers were obtained from metal-free, superacid-catalyzed reactions
of the monomers with N-phenylisatin. The cubic NLO response (c(3)) for these new compounds, in solid
thin films, was measured through the use of third-harmonic generation (THG) Maker-Fringes technique
at IR wavelengths given values of the order of 10�12 esu from which, the corresponding second hyper-
polarizabilities (g) were estimated to be of the order of 10�33 esu for monomers and 10�31 esu for
polymers. Second hyperpolarizabilities have also been estimated theoretically at B3LYP/6-31G(d) level of
theory in gas phase and related with the electronic structure of the synthesized molecules.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

There is an enormous interest in developing fluorene deriva-
tives: molecules, oligomers and polymers for different optical
applications, such as organic electroluminescence devices (OLEDs)
and organic photovoltaic cells (OPVs) [1e10]. Other optical uses are
for two photon absorption (TPA) [11e16], and sensors [17]. These
fluorene-based compounds are of great interest since they show
a strong peelectron conjugation, i.e., large electron delocalization
and, additionally, high fluorescent efficiency. Fluorene is a suitable
arylene moiety because it is easy to substitute with solubilizing
groups at its 9-position [18].

Non-linear optical (NLO) properties have been measured for
a few fluorene systems [18,19]. It is believed that the strong
peelectron conjugation is crucial factor in attaining high optical
non-linearities and so, it is of great interest to identify or under-
stand the structureeproperty relationship. This knowledge is very
important for a rational design of new second and third-order NLO
materials based on both low molecular weight molecules and
polymers. The electronic transitions of the fluorene-based
), zolotukhin@iim.unam.mx

All rights reserved.
compounds can be readily tuned by varying the nature of the
co-units in the main chain, and the intra-chain charge transfer
between the electron-deficient and electron-excessive units can
enhance their NLO properties. Additionally, optical phenomena
in fluorene containing polymers can be controlled by the
introduction of cross-conjugated segments into the main chain. In
cross-conjugation three groups are present, two of which are not
conjugated with each other, although each is conjugated with the
third one [20].

In this work, we have designed and synthesized two novel
fluorene monomers of DonoreAcceptoreDonor type (M1 and M2)
(see chemical structures in Fig. 1), and two corresponding polymers
(PM1 and PM2) and a copolymer (CPM).

Linear (absorption and fluorescence) and NLO properties of
these new fluorene containing monomers and (co)polymers are
reported. The third-order optical susceptibility c(3) (�3u,u,u,u),
was estimated through THG Maker-Fringes technique [21].
2. Results and discussion

2.1. Synthesis of monomers and polymers

Monomers M1 and M2 have been prepared using organo metal
catalyzed arylearyl Suzuki cross-coupling (see Experimental
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Fig. 1. Chemical structures of the five analyzed fluorene monomers and polymers.
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section). The monomers were obtained in good yields; their
structural integrity and high purity were confirmed.

Polymers PM1, PM2 and CPM were obtained by superacid-
catalyzed polyhydroxyalkylation of monomers M1 and M2 (and
their mixture) with N-phenylisatin [22]. Thus, the synthesis of
polymer PM1 proceeds as electrophilic aromatic substitution
according to the following Scheme 1.

Since it is often very difficult to achieve high regioselectivity in
electrophilic aromatic polycondensation reactions, each polymer
was subjected to structural studies by NMR spectroscopy and
taking advantage of the good solubility of the polymers obtained in
CDCl3. As an example, the 13C NMR spectrum of polymer PM1 is
presented in Fig. 2a.

The spectrum is very well resolved and shows all anticipated
resonances, pointing to strictly 2,7-substituion in fluorene frag-
ments. It should be noted that resonances of protons (particularly,
in isatin and N-phenyl nuclei) are somewhat broadened and do not
allow for their correct assignment. Similarly, NMR studies of
polymers PM2 and CPM revealed high regioselectivity of polymer-
forming reactions leading to linear structures with para-substitu-
tion in the main chain. The 1H and 13C NMR spectra and the signal
assignments of polymer PM2 are given in Fig. 2b. Polymers are
soluble in common organic solvents, such as chloroform, methy-
lene chloride, tetrahydrofurane, N,N-dimethylformamide and
N-methylpyrrolidon. Transparent, strong, and flexible films could
be cast from the polymer solutions.

The obtained polymers possess a high molecular weight and
a reasonably narrow polydispersity. According to GPC data, the
molecular weights Mw and Mn for PM1, PM2 and CPM were found
to be: 1.22 � 105 and 8.47 � 104, 8.55 � 104 and 6.07 � 104,
1.55�105 and 1.05�105 g/mol, respectively. In thermo gravimetric
measurements (TGA) the temperature of 2% weight loss in air was
found to be w400 �C. DSC analysis did not reveal any thermal
transitions before decomposition of the polymer starts.

2.2. Electronic structure of a polymer chain

Quantum mechanics calculations [23] performed for a model
compound depicted in Fig. 3 has shown the presence of electronic
coupling between fluorene fragments through a sigma bridge. This
effect can be clearly seen in Fig. 4, representing the HOMO energy
level of the model compound optimized at HF/3-21G level of
theory.

As seen from Fig. 4, the HOMO level has contributions from
p-orbitals of both fluorene fragments and sigma orbitals of spiro-
tetrahedral carbon, which connects two p-systems. As a matter of
fact, this type of connections between different aromatic blocks in
the main chain proceeds through homoconjugation mechanism
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Fig. 2. a. 13C NMR spectrum of polymer PM1 (solution in CDCl3). b. The 1H and 13C NMR spectra of polymer PM2 (solutions in CDCl3).
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[20]. Therefore, these polymers should behave similarly to truly
conjugated polymers and show similar properties.
Fig. 4. HOMO of the model compound calculated at HF/3-21G level of theory.
3. Linear and non-lineal optical properties

3.1. Absorption and photoluminescence

Fig. 5 shows the normalized linear absorption and photo-
luminescence (PL) spectra for all compounds. Absorption bands
with main maxima at 316, 348, 324, 354, and 320 nm are found for
M1, M2, PM1, PM2, and CPM, respectively, that are attributed to
pep* transition of the conjugated main chain. M2 also shows
a strong peak at 309 nm.M1, PM1 and CPM show absorption bands
of moderate intensity at 415, 419 and 422 nm, respectively, which
are assigned to the nep* transition of the benzothiadiazole
building blocks.M2 and PM2 also show a weak low energy band at
454/455 nm that is associated to the nep* transition of the
fluorenone unit [24,25]. These compounds show an intense
photoluminescence (PL) and emit light of green and greenish-
yellow color (See Fig. 5b). Preliminary results give a quantum yield
close to one for some of these compounds, this parameter is being
determined by using an integrating sphere and a fluorescence
standard with known quantum yield (laser dyes). Currently, two
photon absorption (TPA) experiments are conducting. Their PL
maxima are located at 538, 573, 538, 578, and 552 nm for M1, M2,
PM1, PM2, and CPM respectively. Table 1 summarizes the absorp-
tion and PL maxima.
3.2. Cubic optical non-linearities

The cubic NLO response for these fluorene monomers and
polymers was estimated through the use of third-harmonic
generation (THG)Maker-Fringes technique [21]. The choice of using
this technique to measure c(3) is because it allowed us to measure
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Fig. 5. a. Normalized optical linear absorption of the monomers M1 and M2 and the polyme
compounds. Samples were dissolved in chloroform. A nitrogen laser (337 nm) was used as
pure electronic NLO effects (important for high bandwidth
photonic applications). For these measurements, solid state films
were prepared by spin cast. Sample thickness was between 85 and
200 nm. As an example of these experiments, Fig. 6 shows the so
called THG Maker-Fringe pattern for a PM1 film. As reference, the
figure also includes the THG pattern measured from the fused silica
substrate alone (thickness: 1 mm). These data were obtained at the
fundamental near infrared wavelength of 1200 nm (THG signal in
400 nm). From these data is estimated that the third-order
non-linear susceptibility of the PM1 film is of the order of
7.5 � 10�12 esu at such fundamental wavelength. Table 1 summa-
rizes the cubic measurements for these compounds.

From our measurements, the monomer M2 and the polymer
PM1 showed the largest cubic susceptibilities c(3): 1.0 � 10�11 esu
and 7.5 � 10�12 esu, respectively. It seems that c(3) value of M2
fragments depends strongly on conjugation within the unit. Thus,
conjugation defects frequently occur in a polymer due to globular
conformation of the chain and it may cause a decrease in the cubic
non-linearity for PM2 compared to M2. On the other hand, NLO
properties of M1 are mostly related with strongly polarisable
central fragment, not with the conjugation along the oligomer. This
could be a possible reason in increasing c(3) in PM1 compared with
M1 due to additional contribution of “isatin” unit. It is important to
mention that the absorption coefficients (a) at 400 nm for M1, M2,
PM1, PM2 and CPM are 1.7, 1.5, 6.5, 1.4 and 3.8 � 104 cm�1,
respectively, so there is not a significant difference between them
in the c(3) values through three-photon resonance (about a factor of
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Table 1
Absorbance and fluorescence maxima; absorption coefficient a and c(3) values.

Sample Absorbancea

lmax (nm)
Fluorescencea

lmax
PL (nm)

a � 104 (cm�1)b c(3) (�10�12 esu)c

M1 316 538 1.7 4.3
M2 348 573 1.5 10.0
PM1 324 538 6.5 7.5
PM2 354 578 1.4 5.9
CPM 320 552 3.8 4.6

a In solution (chloroform).
b Solid state films: At 400 nm: For THG, fundamental wavelength of 1200 nm.
c Solid state films: c(3) for fused silica ¼ 3.1 � 10�14 esu at 1200 nm.
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Fig. 6. THG Maker-fringe pattern for a 101 nm-thin polymer film of compound PM1
(filled circles) and for a 1-mm-thick substrate without a film deposited on it (open
circles). The fundamental wavelength was 1200 nm.
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<1.5 times for the largest difference on the cubic susceptibility)
when using the wavelength of 1200 nm (see Eq. (1) in the
Experimental section).

For the well known poly(p-phenylenevinylene) (PPV) polymer,
c(3) is reported to be of the order of 10�10e10�11 esu [26], while for
poly[2-methoxy-5-(20-ethyl-hexyloxy)-1,4-phenylenevinylene]
(MEH:PPV), a well known conjugated polymer with linear molec-
ular structure, c(3) is in the range between 1.5 and 3.5 � 10�11 esu
(at 1200 nm) [27]. PPV and MEH:PPV polymers are considered as
prototypes of non-linear materials for photonic applications. For
some oligomers of PV (PV-n), c(3) values are reported, measured
through THG Maker-Fringe technique, on the order of
10�11e10�13 esu [26,28]. So, the c(3) values for our synthesized
fluorene derivatives, estimated from the THG Maker-Fringe tech-
nique, are in the interval of some PV oligomers and slightly smaller
that for MEH-PPV. In regards to third-order NLO properties, the
standard techniques used to measure non-linearities include
Z-scan, DFWM, Kerr effect and Maker-Fringe (THG). It must be
observed that these techniques determine different tensor values of
c(3). In addition to these different characterization techniques, the
variety of wavelengths employed, pulse duration of the lasers and
the fact that most of non-linear characterization is performed with
solutions make that the comparison between the optical non-
linearities reported in the literature for similar molecules is not
straightforward. For example, the third-order non-linear optical
properties of fluorene polymers in CHCl3 were measured using
a femtosecond time-resolved optical Kerr effect technique obtain-
ing c(3) of the order of 10�14e10�15 esu [18]. In PPV films, by using
DFWM, c(3) of the order of 10�10 esu employing fs laser pulses at
1200e1800 nm was estimated [29].
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Fig. 7. Wavelength dependence of the third-order non-linear susceptibility (bottom and le
polymer film (Filled squares) [14]. As reference, the absorption for the films is included (to
The wavelength dependence of the third-order non-linear
susceptibility for compound PM1was also determined (See Fig. 7a).
Tomake clear themulti-photon resonance, Fig. 6 includes the linear
absorption spectrum of the film (top and right axes). Note that the
wavelength scales are arranged in such a way that the bottoms
scale is 3 times the top one. Thus, according to the absorption peak
located at 418 nm (see also Fig. 5), it is observed a slight
enhancement (about a factor of 1.5) on cubic non-linearities due to
three-photon resonances. For comparison, this figure (Fig. 7b) also
includes the dispersion measured under the same experimental
conditions on a MEH:PPV film.
3.3. Evaluation of g

Because in the literature most of molecular characterization is
performed using solutions, then the second molecular hyper-
polarizability g is more frequently reported than c(3). Static average
second hyperpolarizabilities were estimated for M1 and M2 theo-
retically. Molecular geometry was optimized at B3LYP/6-31G(d)
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level of theory in gas phase. Larger 6-311þG(d,p) was applied for
the calculation of g using B3LYP/6-31G(d) optimized geometry.
CPHF method as implemented in Jaguar 7.6 suite of programs [23]
was used for calculations. The g calculated for M1 and M2 were
found to be of 1.03 � 10�33 and 1.26 � 10�33 esu, respectively. It
seems that larger conjugated system that exists in M2 contributes
more than highly polarisable S atom of M1. This hypothesis is also
confirmed by the fact that not only second polarisabilities but
calculated linear polarisabilities and first hyperpolarizabilities are
larger for M2.

The magnitude of g calculated theoretically was compared with
the experimental values. In solid films g is given by <g> ¼ c(3)/L4Ns

where Ns is the number density of molecules in the compound film
and L ¼ (n2 þ 2)/3 is the correction factor due to local field effects
[18,30], n being the refractive index. In our case, the second hyper-
polarizabilities are estimated to have values of 0.96 � 10�33,
2.35 � 10�33, 311 � 10�33 and 240 � 10�33 esu for M1 (Mw ¼
536.23 g/mol),M2 (Mw¼ 564.25 g/mol), PM1 (Mw¼ 122,000 g/mol)
and PM2 (Mw ¼ 85,500 g/mol), respectively. These estimations were
made for a wavelength of 1200 nm. As seen, absolute values for g

(theoretical values) correlate with experimentally measured c(3)

values. It is noteworthy thatM1, having S atom shows lower c(3) and
g values compared to M2.

As we pointed out previously, it is no easy to compare cubic
non-linearities due to the different techniques and experimental
conditions used for different groups. For instance, for some fluo-
rene polymers in CHCl3 where a femtosecond time-resolved optical
Kerr effect technique was used, g values of 10�30e10�31 esu were
obtained [18]. In Ref. [31] is reported that the molecular second-
order hyperpolarizability for thin films of the thienyleneethynylene
oligomers in poly(methyl methacrylate), measured by THG Marker
fringe technique, is 2.30 � 10�33 esu. By using Z-scan technique at
800 nm with 100-fs laser pulses, in Ref. [32] an estimated g value
up to 2.5 � 10�32 esu for oligomers of PV was indicated and in Ref
[28] a g of the order of 10�32 esu by THG Maker-fringe technique
was reported. It is important to point out that effective comparisons
must be carried out with compounds tested under the same tech-
nique, i.e., measurement of non-linearities with same origin such as
g (�3u,u,u,u) or g (u,u,�u,u). In our case, the use of THG-Maker-
fringes technique at infrared wavelength assured that the
measurement of c(3) (�3u,u,u,u) has pure electronic origin, while
other methods, such as Z-scan (c(3) (u,u,�u,u)), might include
several competing contributions (for instance: thermal effects) to
the overall non-linear measurements. Nevertheless, it must be also
mentioned that although the relatively large values of g measured
through THG technique only looked at electronic effects, the
observed partial three-photon resonance (see Fig. 7) could imply
time response limitations for high bandwidth photonic
applications.

4. Conclusions

Two new fluorene monomers (M1 and M2) and two corre-
sponding polymers (PM1 and PM2) and a copolymer (CPM) were
synthesized and characterized. Transparent, strong, and flexible
films could be cast from polymer solutions. With respect to their
NLO properties, it seems that c(3) value of M2 fragments depends
strongly on conjugation within the unit. Thus, conjugation
defects frequently occur in polymers due to globular conforma-
tion of polymer chain decreasing cubic non-linearity for PM2
compared to that one for M2. On the other hand, non-linear
optical properties of M1 are mostly related with strongly polar-
isable central fragment, not with the conjugation along the
oligomer. This could be the reason in increasing c(3) in PM1 in
comparison with cubic susceptibility for M1 with the additional
contribution of “isatin” unit. This conclusion can also be sup-
ported by the theoretical evaluation of g, which to some, extent
correlates with experimentally determined c(3) for oligomers M2
and M1. From our experimental and theoretically results, it can
be induced that compounds possessing high c(3) values, not due
to proper conjugation but due to highly polarisable individual
fragments, seem to be the best candidates for incorporation into
polymer chain in order to obtain a polymer with good third-
order non-linear optical properties.

5. Experimental

Unless otherwise indicated, all starting materials were obtained
from commercial suppliers and were used without further purifi-
cation. 1H and 13C NMR data were obtained on a Bruker ARX
400-spectrometer. Chemical shifts are given in parts per million
(ppm) using residual solvent protons as internal standards. Split-
ting patterns are designated as “s” (singlet), “d” (doublet), “t”
(triplet), and “m” (multiplet). Low-resolution mass spectra were
obtained on a VarianMAT 311A operating at 70 eV (Electron Impact,
EI) and reported as m/z and percent relative intensity. FD masses
were obtained on a ZAB 2-SE-FDP. Elemental analyses were per-
formed at the University of Wuppertal, Department of Analytical
Chemistry, using a Perkin Elmer 240B. The inherent viscosities of
0.2% polymer solutions in 1-methyl-2-pyrrolidinone (NMP) were
measured at 25 �C using an Ubbelohde viscometer. The chroma-
tography systemwas equipped with threeWaters styragel columns
at 40 �C with THF as the solvent at a flow rate of 1.0 mL/min. The
SEC-MALS measurements were performed at 25 �C using a sepa-
ration system comprising two size-exclusion columns (a Waters
HSPgel HR MB-L and a HR MB-B) with a molecular weight range
from 5�102 to 7� 105 and 1�103 to 4�106, respectively. The light
scattering measurements were carried out on a Dawn Eos multi-
angle light scattering (MALS) instrument (Wyatt Technology, Santa
Barbara, CA).

5.1. Monomer syntheses

5.1.1. 2-Bromo-9,9-dimethylfluorene

Br

H3C CH3

Aqueous sodium hydroxide solution (40 mL, 50%) and iodo-
methane (31.9 g, 225 mmol) were added to a solution of
2-bromofluorene (25 g, 102 mmol) and tetrabutylammonium
bromide (9.9 g, 31 mmol) in 75 mL of DMSO at 45 �C. The
mixture was stirred at 45 �C for 2 h and then poured into water
(100 mL). The mixture was extracted two times with dieth-
ylether. The combined organic phases were washed with brine,
water and dried over Na2SO4. After evaporation of the solvent
the residue was purified by column chromatography with
hexane as eluent to receive a colorless oil, that solidified under
stirring in vacuum to yield 27.8 g (80%) of 2-bromo-
9,9-dimethylfluorene.

1H NMR (400 MHz, CDCl3): d: ppm. 7.3e7.7 (m, 6H, Ar-H), 1.49
(s, 6H, CH3) ppm.

13C NMR (100 MHz, CDCl3): d ¼ 155.7, 153.3, 138.2, 130.1, 127.7,
127.2, 126.1, 122.6, 121.4, 121.0120.0, 47.1, 27.0 ppm.

LR-MS (EI, m/z): 178 (100.0), 272 [Mþ] (93), 274 (93), 273 (45),
274 (43).
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5.1.2. 9,9-Dimethyl-2-(4,40,5,50-tetramethyl-1,3,2-dioxaborolano)
fluorene

B

H3C CH3
O

O

A flame dried 500 mL flask was charged with 2-bromo-9,9-
dimethylfluorene (15 g, 55 mmol) and sealed under argon. Dry
hexane (250 mL) and THF (50 mL) were added and the mixture
cooled to �78 �C. n-BuLi (55 mmol) was added, the mixture stirred
for 10 min and allowed to warm up to 0 �C. The solutionwas cooled
again to �78 �C, and 2-isopropoxy-4,40,5,50-tetramethyl-1,3,2-
dioxaborolane (71 mmol) added at once. The reaction mixture was
stirred at room temperature for 12 h. The mixture was poured into
water and extracted with chloroform. The solution was evaporated
to dryness and the residue purified by column chromatography
using hexane/ethyl acetate (95:5) as eluent. After removing the
solvent the remaining solid was recrystallized from hexane to
afford 12.5 g of 9,9-dimethyl-2-(4,40,5,50-tetramethyl-1,3,2-dioxa-
borolano)fluorene as a white solid in 71% yield.

1H NMR (400 MHz, CDCl3): d ¼ 7.73e7.90 (m, 4H), 7.32e7.47
(m, 3H), 1.52 (s, 6H), 1.39 (s, 12H) ppm.

13C NMR (100 MHz, CDCl3): d ¼ 154.3, 152.8, 142.2, 139.0, 133.9,
127.8, 127.7, 126.9, 122.6, 120.4, 119.3, 83.7, 46.8, 27.1, 24.9 ppm.

LR-MS (EI, m/z): 319.9 [Mþ] (100.0), 304.6 (90.0).
2,7-Dibromofluorene, 2,7-dibromofluorene-9-one, and 4,7-

dibromobenzo[1,2,5]thiadiazole are known compounds:

BrBr

BrBr

O
BrBr

N
S

N

General procedure for the Suzuki-type coupling: 9,9-Dimethyl-2-
(4,40,5,50-tetramethyl-1,3-2-dioxaborolano)fluorene (10.4 mmol),
the corresponding dibromo compound (3.25 mmol), sodium
carbonate (130mmol) and aliquat 336 (1.3 mmol) were dissolved in
a mixture of 90 mL of toluene and 60 mL of water under argon. The
Pd(PPh3)4 catalyst (0.162 mmol) was subsequently added and the
reaction mixture was stirred for 48 h at 100 �C. After cooling down
to room temperature the mixture was extracted with dichloro-
methane and washed with aqueous 2 N HCl solution, concentrated
NaHCO3-solution and brine. The organic phase was dried over
Na2SO4 and the solvent removed under vacuum. The solid precip-
itate was recrystallized from heptane/dichlormethane (1:1) to
obtain the trimeric products in 78e82% yield.

5.1.3. 4,7-Bis[20-(90,90-dimethyl)fluorenyl]benzo[1,2,5]thiadiazole
(M1)

N
S

N

H3C CH3H3C CH3

1H NMR (600 MHz, C2D2Cl4): d ¼ 8.03 (dd, 4H), 7.88 (dd, 4H),
7.79 (dd, 2H), 7.48 (dd, 2H), 7.36 (m, 4H), 1.57 (s, 12H) ppm.

13C NMR (150MHz, C2D2Cl4): d¼ 154.5,154.4,154.3,139.7, 139.0,
136.7, 133.6, 128.8, 128.4, 127.9, 127.4, 123.9, 123.0, 120.6, 120.4, 47.3,
27.6 ppm.
5.1.4. 2,7-Bis[20-(90,90-dimethyl)fluorenyl]fluorene-9-one (M2)

O
H3C CH3 H3C CH3

1H NMR (600 MHz, C2D2Cl4): d ¼ 7.98 (d, 2H), 7.81 (dd, 2H), 7.77
(d, 2H), 7.73 (dd, 2H), 7.68 (d, 2H), 7.62 (d, 2H), 7.60 (dd, 2H), 7.45
(dd, 2H), 7.34 (m, 4H), 1.54 (s, 12H) ppm.

13C NMR (150MHz, C2D2Cl4): d¼ 194.0,154.5,154.0,143.0,139.2,
138.7, 138.6, 135.2, 133.5, 127.7, 127.2, 125.9, 123.0, 122.8, 121.0,
121.0, 120.5, 120.3, 47.0, 27.3 ppm

5.1.5. Synthesis of polymers
Synthesis of polymer PM1: 4,7-Bis[20-(90,90-dimethyl)fluorenyl]

benzo[1,2,5]thiadiazole (M1) (0.416 g, 0.80 mmol) and N-pheny-
lisatin (0.179 g, 0.80 mmol) were dissolved in dichloromethane
(2.3 mL) and then trifluoromethanesulfonic acid (0.7 mL) was
added and the mixture was stirred at room temperature for 5 h.
The resulting green, viscous solution was then poured slowly into
methanol (200 mL). The precipitated, yellow fibres were filtered
off, extracted with refluxing methanol and acetone, and dried at
100 �C under vacuum. The resulting pure yellow polymer PM1
(0.562 g, 98.2% yield) had an inherent viscosity hinh ¼ 0.90 dL/g
(NMP).

The polymer PM2was obtained by the following procedure. 2,7-
Bis[20-(90,90-dimethyl)fluorenyl]fluorene-9-one (M2) (0.240 g,
0.42 mmol), N-phenylisatin (0.095 g, 0.42 mmol), dichloromethane
(1.3 mL) and trifluoromethanesulfonic acid (0.3 mL) were stirred at
room temperature for 24 h. The resulting transparent red viscous
solution was poured into methanol, and orange fibres were filtered
off, extracted with refluxing methanol and acetone, and dried at
80 �C in an oven. The resulting polymer PM2 (0.326 g, 99.7% yield)
had an inherent viscosity hinh ¼ 0.51 dL/g (NMP).

CopolymerCPMwasobtainedbyanalogous procedure. 4,7-Bis[20-
(90,90-dimethyl)fluorenyl]benzo[1,2,5]thiadiazole (M1) (0.208 g,
0.40 mmol), 2,7-Bis[20-(90,90-dimethyl)fluorenyl]fluorene-9-one
(M2) (0.226 g, 0.40 mmol), N-phenylisatin (0.179 g, 0.80 mmol),
dichloromethane (2.3 mL) and trifluoromethanesulfonic acid
(0.7 mL) were stirred at room temperature for 4.5 h. The resulting
transparent brown viscous solution was poured into methanol, and
yellowish fibres were filtered off, extracted with refluxing methanol
andacetone, anddriedat80 �C inanoven. The resultingpolymerCPM
(0.59 g, 49.4% yield) had an inherent viscosity hinh¼ 0.85 dL/g (NMP).

The structure of the polymers synthesized was confirmed by 1H
and 13C NMR analysis.

5.1.6. Optical measurements
Cubic non-linearities were studied in solid state (solid films),

M1, M2, PM1, PM2 and CPM were dissolved in chloroform. Films
were deposited on fused silica substrates (1 mm-thick) by using the
spin coating technique. The prepared films had thickness between
85 and 200 nm with good optical quality showing negligible light
scattering at visible and NIR wavelengths. Absorption spectra
of spin-coated films were obtained with a spectrophotometer
(PerkineElmer Lambda 900). Sample thickness was measured by
using a Dektak 6M profiler.

THG Maker-fringes setup is reported elsewhere [33,34]. Briefly,
it consisted of a Nd-YAG laser-pumped optical parametric oscillator
(OPO) that delivered pulses of 8 ns at a repetition rate of 10 Hz. The
output of the OPO system was focused into the films with a 30-cm
focal-length lens to form a spot with a radius of approximately
150 mm. Typical energies in our measurements were set at 1 mJ per
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pulse at sample position (corresponding to peak intensities of
w0.18 GW/cm2). The third-harmonic beam, as a bulk effect,
emerging from the films was separated from the pump beam by
using a color filter and detected with a PMT and a Lock-in amplifier.
The THG measurements were performed for incident angles in the
range from �40� to 40� with steps of 0.27�. All the experiment was
computer controlled.

In the Maker-fringes technique, the third-harmonic peak
intensity I3u from the substrate-film structure is compared to one
produced from the substrate alone. Then, the non-linear suscepti-
bility c(3) in a film of thickness Lf is determined from [35]:

cð3Þ ¼ cð3Þs
2
p
Lc;s

 
a=2

1� exp
�
aLf =2

�
! 

I3uf
I3us

!1=2

(1)

where cð3Þs and Lc,s are the non-linear susceptibility and coher-
ence length, respectively, for the substrate at the fundamental
wavelength, and a is the film absorption coefficient at the
harmonic wavelength. In our calculation we considered
cð3Þs ¼ 3:1� 10�14 esu for the fused silica substrate and Lc,s
(9 mm at 1200 nm) was calculated from tabulated values of
the refractive index [33,34]. Our samples satisfied the condition
Lf � Lc;s in which the Eq. (1) is valid.
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