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We report on the synthesis of core-fluorinated phenylene- and biphenyldianilines, which was accom-
plished by diazotization reaction of diamines followed by coupling of the obtained diazonium salts with
2-[ethyl(phenyl)amino]-ethanol. Two types of core-fluorinated aromatic units were used in a molecular
design of azo-chromophore monomers with enhanced second order nonlinear optical (NLO) properties:
octafluorobiphenyl (OFB) and tetrafluorobenzene (TFB) ones. Polymerization of the monomers was

performed to obtain polyurethanes with azo-chromophores in the main chain. Comparison of physical
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and optical properties of these polymers reveals that the main factor influencing the observed NLO
activity of the latter is the inherent isomery of the macromolecular chains rather than a variation of the
structure of electron-accepting groups.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Polyurethanes (PU) containing azobenzene chromophore
groups represent an interesting class of nonlinear optical (NLO)
polymers [1,2]. Such azo-polyurethenes (APU) have an advantage
over other polymers with chromophores like azomethine or
methine groups in their optical second harmonic generation co-
efficients [1—3]. They are also characterized with an enhanced ra-
diation stability, high optical nonlinearity and transparency, low
dielectric constant. Relative simplicity of their synthesis, post-
treatment and modification makes such polymer materials an
attractive alternative to traditional inorganic systems [2—7]. High
glass transition temperature prevents fast dipole relaxation of the
chromophore fragments at elevated temperatures. Therefore, the
APUs are promising systems for creation of polymer NLO media
with enhanced time and temperature stability [8—10].
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Azo-chromophore groups can be introduced into the polymer
chain in two different ways: as side groups or as a part of the
backbone. Moreover, the way of their attachment will influence the
final NLO properties of such polymers [1,2]. APUs with side chain
chromophores have better chances to be aligned by an external
electric field (poling process) to obtain an asymmetric arrangement
of chromophore groups required for the second order nonlinearity.
On the contrary, APU with the same chromophores incorporated in
the backbone typically have a developed network of intermolecular
hydrogen bonds, leading to higher T, and higher time and tem-
perature stability of their NLO properties [8,11,12].

The same initial bifunctional hydroxyl-containing azomonomer
compounds (like bis-diols and bis-phenols) can be used both for the
synthesis of side chain [3,9,13—15] and main chain polyurethanes
[16—22]. Acommon feature for the monomers of this type is their D—
T—A structure, where donor (D) and acceptor (A) groups are cova-
lently bound to opposite ends of a fragment with extended r-electron
conjugation [1—3,23—25]. One of a typical monomer of such kind is a
chromophore Disperse Red-19 (DR-19, 2,2’-({4-[(E)-(4-Nitrophenyl)
diazenyl] phenyl}imino)diethanol)) and its derivatives. There are also
some reports on application of chromophores with more complex
architecture: (D),—m—A (Y or T type chromophores) [9—11,26,27],


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:valshevchenko@yandex.ru
mailto:valery_petr@i.ua
mailto:yak@hq.macro.ru
mailto:vladimir@mse.gatech.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2013.09.053&domain=pdf
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2013.09.053
http://dx.doi.org/10.1016/j.polymer.2013.09.053
http://dx.doi.org/10.1016/j.polymer.2013.09.053

V.V. Shevchenko et al. / Polymer 54 (2013) 6516—6525 6517

(D)—m—(A)2 (4-type chromophores) [28], and D—m—A—m—D (V-
type chromophores) [29].

A natural way of preparation of APUs with enhanced NLO
properties is usage of monomers with high values of (¢ for their
synthesis. The molecular design of such compounds is based on
optimization of the electron structure of chromophores via varia-
tion of electron-donor and electron-acceptor substituents [30—35],
changing a position of functional groups [32], or extension of the
conjugated structure [3,36]. However, this strategy comes across
some obstacles. They are, first of all, related to a strong coupling
between neighboring polar chromophore groups. As a result, an
asymmetric orientation imposed by the poling process of chro-
mophores is unstable and has a trend to relax towards a more
stable symmetric arrangement, deteriorating the NLO properties of
the polymer material [7,37].

To control intermolecular interactions between chromophores
and to preserve their asymmetric orientation, the spatial architecture
of APU has to be adjusted without changes in their electronic
configuration. This can be accomplished, for instance, via incorpora-
tion of additional chemical groups in order to screen the interaction
between neighboring chromophores (so-called suitable isolation
groups or SIG groups) [30,38—40]. As an additional advantage of such
approach, the SIG groups provide an opportunity to tune up finely the
NLO properties of APU via a special choice of their chemistry as well as
of their chemical attachment within the PU monomer.

We have developed an approach to the synthesis of azo-
containing monomers of various nature based on electron-
acceptor core-fluorinated phenyl or biphenyl fragments with
different isomery of substituting groups. Application of such
monomers for the synthesis of PU makes it possible to prepare
polymers with optical and NLO characteristics depending on the
isomer type. Due to their chemical composition (presence of fluo-
rinated phenyl rings with extended conjugation), these new poly-
mers are expected to have also enhanced thermal stability and
useful optical properties (reduced refractive index and optical los-
ses). Because of a strong influence of the type of isomer fragments
on the structure and properties of polymer materials, one can
expect an asymmetric arrangement of chromophores required for
the system to possess NLO properties. In other words, one can
expect that the isomeric configuration of the chromophore will
play a role similar to that of SIG’s group with its possible accom-
plishment at the macromolecular level.

Therefore, the aim of this study was to synthesize new mono-
mers having isomer core-fluorinated azo-fragments of V-type (with
D—m—A—m—D electron configuration) as well as to investigate the
structure and NLO properties of polymers based on them,
depending on the isomer configuration of the NLO chromophore.

2. Experimental
2.1. Materials

2-[ethyl(phenyl)amino] ethanol (96%, “Acros Organics”), NaNO,,
HCI (36%), NayCO3; and NaCl were received from different
commercial sources and used without further purification. 4,4'-
Methylenebis(phenyl isocyanate) (MDI) (99%, “Aldrich”), N,N-
Dimethylformamide (DMF) (99%, “Aldrich”) were purified by
distillation under reduced pressure before use.

2.2. Monomers

4,4'-[(2,3,5,6-tetrafluoro-1,4-phenylene)-bis-(oxy)]dianiline
(DA-I), 3,3'-[(2,3,5,6-tetrafluoro-1,4-phenylene)-bis-(oxy)]diani-
line (DA-II), 2,2'-[(2,3,5,6-tetrafluoro-1,4-phenylene)-bis-(oxy)]
dianiline (DA-INI), 4,4'-[(2,2,3,3',5,5,6,6'-octafluorobiphenyl-4,4’-

diyl)bis(oxy)]dianiline (DA-IV), 3,3'-[(2,2,3,3,5,5',6,6'-octa-
fluorobiphenyl-4,4’-diyl)bis(oxy)|dianiline ~ (DA-V) u  2,2/-
[(2,2',3,3',5,5',6,6’-octafluorobiphenyl-4,4’-diyl)bis(oxy)]dianiline
(DA-VI) were synthesized according to [41].

2.3. Synthesis of diamines (GDA-I—GDA-VI)

2.3.1. 2,2'-{(2,3,5,6-tetrafluoro-1,4-phenylene )bis[oxy-1,4-
phenylene(E)diazene-1,2-diyl-1,4-phenylene(ethylimino)]}diethanol
(GDA-I)

A solution of sodium nitrite (5.5 mmol) in 2.2 ml water was
added dropwise with stirring to a cooled solution of 4,4'-[(2,3,5,6-
tetrafluoro-1,4-phenylene)-bis-(oxy)]dianiline  (DA-I) (1.0 g,
2.7 mmol) dissolved in 3.0 ml concentrated hydrochloric acid 18%
(16.5 mmol) at a temperature between 0 and 5 °C for 2 h. The
resulting diazonium salt was coupled with 2-[ethyl(phenyl)amino]
ethanol (0.91 g, 5.5 mmol) dissolved in 5.8 ml hydrochloric acid
1.8% at a temperature between 0 and 5 °C over 2 h. Then sodium
acetate was added, the solution was left in an ice bath for 1 h,
additional sodium acetate was added, and the reaction mixture was
left for 30 min. After the temperature increased to room temper-
ature, sodium hydroxide solution was added until the pH of the
solution reached 6 and the mixture was stirred at room tempera-
ture for 1 h. The obtained monomer was washed with water and
recrystallized from ethanol. This general procedure was used for all
the obtained diamines. Yield: 0.71 g (65%). Melting point (m.p):
180—183 °C. 'H NMR (DMSO-dg): 7.82 ppm (d, 4H, ] = 8.82 Hz, Ar—
H), 7.78 ppm (d, 4H, ] = 8.82 Hz, Ar—H), 7.4 ppm (d, 4H, ] = 8.82 Hz,
Ar—H), 6.84 ppm (d, 4H, J = 8.82 Hz, Ar—H), 4.83 ppm (t, 2H,
J=4.67,0H), 3.61 ppm (q, 4H, ] = 4.67, CH3), 3.5 ppm (m, 8H, CH3),
1.15 ppm (t, 6H, ] = 6.75 Hz, CH3). '>F NMR: —156.65 ppm (s, 4F, Ar—
F). IR (KBr): 3371 cm™! (OH), 3072 cm™! (C—H), 2966 cm™! (CH3),
2926 cm~! (CH,), 2872 cm~! (CH3), 1392 cm™~! (CH), 1601, 1512,
1489 cm™! (Ar), 1005, 991 cm ™! (C—F). UV—vis: Amax = 432 nm.

2.3.2. 2,2'-{(2,3,5,6-tetrafluoro-1,4-phenylene )bis[oxy-1,3-
phenylene(E)diazene-1,2-diyl-1,4-phenylene(ethylimino)]}diethanol
(GDA-II)

Yield 85%. Melting point (m.p): 185—188 °C. 'H NMR (DMSO-dg):
7.78 ppm (d, 4H, ] = 7.33 Hz, Ar—H), 7.59—7.55 ppm (m, 6H, Ar—H),
7.29 ppm (s, 2H, Ar—H), 6.84 ppm (d, 4H, ] = 6.36 Hz, Ar—H), 4.79 (s,
2H, OH), 3.61 (s, 4H, CH>), 3.51 (m, 8H, CH), 1.16 (s, 6H, CHs). '°F
NMR: —155.56 ppm (s, 4F, Ar—F). IR (KBr): 3292 cm~' (OH),
3067 cm~! (C—H), 2965 cm™ ! (CH3), 2924 cm ™! (CH3), 2870 cm ™!
(CH3), 2854 cm™! (CH;),1394 cm ™! (CH), 1601, 1512, 1499 cm ™! (Ar),
1018, 993 cm ™! (C—F). UV—vis: Apax = 440 nm.

2.3.3. 2,2'-{(2,3,5,6-tetrafluoro-1,4-phenylene )bis[oxy-1,2-
phenylene(E)diazene-1,2-diyl-1,4-phenylene(ethylimino)]}diethanol
(GDA-HI)

Yield 82%. Melting point (m.p): 147—150 °C. 'H NMR (DMSO-dg):
7.58 ppm (m, 6H, Ar—H), 7.34 ppm (t, 2H, ] = 6.36 Hz, Ar—H), 7.26 (t,
2H, | = 6.85 Hz, Ar—H), 715 ppm (d, 2H, J = 6.36 Hz, Ar—H),
6.74 ppm (d, 4H, ] = 5.38 Hz, Ar—H), 4.83 ppm (s, 2H, OH), 3.58 ppm
(s, 4H, CHy), 3.47 ppm (m, 8H, CHy), 111 ppm (s, 6H, CH3). '°F
NMR: —156.78 ppm (s, 4F, Ar—F). IR (KBr): 3393 cm~! (OH),
3072 cm~!' (C—H), 2972 cm™~! (CH3), 2926 cm ™! (CHa), 2874 cm ™!
(CH3), 1394 cm~! (CH), 1600, 1512, 1501 cm ™! (Ph), 1003, 995 cm ™!
(C—F). UV—vis: Amax = 442 nm.

2.34. 2-[ethyl(4-{(E)-[4-({4'-[4-((E)-{4-[ethyl(propyl)amino]
phenyl}diazenyl)phenoxy]-2,2',3,3',5,5',6,6'-octafluorobiphenyl-4-
yl}oxy )phenyl]diazenyl}phenyl)aminoJethanol (GDA-IV)

Yield 74%. Melting point (m.p): 169—171 °C. 'H NMR (DMSO-dg):
7.83 ppm (d, 4H, ] = 8.31 Hz, Ar—H), 7.77 ppm (d, 4H, J = 8.31 Hz,
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Fig. 1. Synthetic route and chemical structure of core-fluorinated diamines containing main azobenzene groups.

Ar—H), 741 ppm (d, 4H, J = 8.8 Hz, Ar—H), 6.84 ppm (d, 4H,
] = 8.8 Hz, Ar—H), 4.83 ppm (t, 2H, | = 4.89 Hz, OH), 3.61 ppm (q,
4H, ] = 4.9 Hz, CHy), 3.5 ppm (m, 8H, CHy), 1.15 ppm (t, 6H,
J = 6.85 Hz, CHs). F NMR: -136.53 ppm (d, 4F Ar—
F), —153.73 ppm (d, 4F, Ar—F). IR (KBr): 3383 cm~! (OH), 3072, cm ™"
(C—H), 2972 cm~! (CH3), 2930 cm™! (CH,), 2876 cm™~! (CH3),
1394 cm ™! (CH), 1599, 1514, 1487 cm ™! (Ph), 1003, 980 cm ™! (C—F).
UV—vis: Amax = 418 nm.

2.3.5. 2-[ethyl(4-{(E)-[3-({4'-[3-((E)-{4-[ethyl(propyl )Jamino]
phenyl}diazenyl)phenoxy|-2,2',3,3,5,5',6,6'-octafluorobiphenyl-4-
yl}oxy )phenyl]diazenyl}phenyl)amino]ethanol (GDA-V)

Yield 93%. Melting point (m.p): 174—177 °C. 'TH NMR (DMSO-dg):
7.77 ppm (d, 4H, | = 5.87 Hz, Ar—H), 7.62—7.57 ppm (m, 6H, Ar—H),
7.32 (s, 2H, J, Ar—H), 6.84 ppm (d, 4H, ] = 6.84 Hz, Ar—H), 4.83 ppm
(s, 2H, OH), 3.6 ppm (s, 4H, CH3), 3.5 ppm (s, 8H, CH3), 1.15 ppm (s,
6H, CH3). °F NMR: —137.46 ppm (d, 4F, Ar—F), —153.11 ppm (d, 4F,
Ar—F). IR (KBr): 3400 cm~! (OH), 3071 cm~! (C—H), 2957 cm™!
(CHs), 2928 cm™! (CHy), 2874 cm™! (CH3), 1396 cm™! (CH), 1599,
1514,1489 cm ™~ (Ph),1001,980 cm ™! (C—F). UV—Vis: Amax = 426 nm.

2.3.6. 2-[ethyl(4-{(E)-[2-({4'-[2-((E)-{4-[ethyl(propyl)amino]
phenyl}diazenyl)phenoxy|-2,2',3,3,5,5',6,6'-octafluorobiphenyl-4-
yl}oxy ))phenyl]diazenyl}phenyl)aminoJethanol (GDA-VI)

Yield 84%. Melting point (m.p): 145—148 °C. "TH NMR (DMSO-dg):
7.58 ppm (m, 6H, Ar—H), 7.35 ppm (t, 2H, ] = 7.34 Hz, Ar—H),
7.26 ppm (t, 2H, ] = 7.34 Hz, Ar—H), 7.16 ppm (d, 2H, J = 6.36 Hz,
Ar—H), 6.74 ppm (d, 4H, ] = 5.87 Hz, Ar—H), 4.82 ppm (s, 2H, OH),
3.58 ppm (s, 4H, CHy), 3.47 ppm (m, 8H, CH3), 1.11 ppm (s, 6H, CH3).
19F NMR: —136.74 ppm (d, 4F, Ar—F), —151.31 ppm (d, 4F, Ar—F). IR
(KBr): 3390 cm~! (OH), 3072 cm~' (C—H), 2970 cm~' (CHs),
2928 cm™~! (CHa), 2874 cm~! (CH3), 1394 cm™! (CH), 1599, 1516,
1489 cm~! (Ph), 1001, 982 cm ™! (C—F). UV—vis: Anax = 434 nm.

2.4. Polymer synthesis

APU-I to APU-VI polymers were synthesized by the reaction of
equimolar ratios of the corresponding hydroxyethylated diamine

(GDA-I-GDA-VI) with MDI under an inert atmosphere with
vigorous stirring for 24 h in DMF at 120 °C. The concentration of the
reactants was 15%. After completion the reaction, the reaction
mixture was precipitated into methanol. The resulting product was
filtered and washed with water.

APU-I. 0.2 g (0.28 mmol) GDA-I, 0.07 g MDI (0.28 mmol). Yield
0.22 g (81%). IR (KBr): 3317 cm™! (NH), 2923, 2853, cm™ ' (C—H),
1705 cm™! (CO0), 1670, 1232 cm™! (C—0—C).

APU-IIL 0.2 g (0.28 mmol) GDA-II, 0.07 g MDI (0.28 mmol). Yield
0.24 g (90%). IR (KBr): 3400 cm~' (NH), 2926 cm~! (C—H), 1730,
1713 cm™! (CO0), 1659, 1229 cm™~! (C—0—C).

APU-IIIL. 0.2 g (0.28 mmol) GDA-III, 0.07 g MDI (0.28 mmol).
Yield 0.21 g (80%). IR (KBr): 3331 cm~! (NH), 2931, 2857 cm™! (C—
H), 1732 cm~! (CO0), 1652, 1539, cm™~! (C=0), 1223 cm™~! (C—0—C).

APU-IV. 0.2 g (0.23 mmol) GDA-IV, 0.058 g MDI (0.23 mmol).
Yield 0.2 g (80%). IR (KBr): 3325 cm™" (NH), 2935, 2858, 2797 cm ™!
(C—H), 1728 cm™~! (C00), 1647, 1585 cm ™! (C=0), 1245 cm™~ ! (C—0O—
Q).

APU-V. 0.2 g (0.23 mmol) GDA-V, 0.058 g MDI (0.23 mmol).
Yield 0.24 g (95%). IR (KBr): 3305 cm~' (NH), 2939, 2920, 2851,
2797 cm~! (C—H), 1728 cm~! (CO0), 1643, 1539 cm~! (C=0),
1230 cm ! (C—0—C).

APU-VLI. 0.2 g (0.23 mmol) GDA-VI and 0.058 g MDI (0.23 mmol).
Yield 0.2 g (75%). IR (KBr): 3306 cm™" (NH), 2939, 2958, 2797 cm ™!
(C—H), 1728, 1705 cm~! (COO), 1647, 1535 cm~! (C=0), 1222 cm™!
(C—0—C).

2.5. Instrumentation

'H and '°F NMR spectra were recorded using a Bruker Avance
DRX 500 spectrometer with tetramethylsilane (TMS) and CFCl3 as
internal standards, respectively. UV spectra were recorded with a
Specord 210 (Analytikjena) spectrometer using DMF solutions of
compounds. Fourier-transform infrared (FT-IR) spectra were stud-
ied in the range of 400—4000 cm~! using a “TENSOR 37" spec-
trometer and polymer samples pressed in KBr pellets.

Glass transition temperatures of the polymers under study were
determined, using an Q-2000 TA Instruments (USA) differential
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Fig. 4. UV-vis spectra of core fluorinated GDA-I-GDA-VI compounds.

scanning calorimetry (DSC) equipment. The rate of heating was
20 °C~ L. Thermal stability of the samples was studied by thermo-
gravimetric analysis (TGA). For this aim, a Du Pont instrument
951TGA was applied with a heating rate 20 °C~! on air. A Woolam
M2000U spectroscopic multi-angle ellipsometer coupled with a
WVASE32 modeling software was applied to characterize optical
constants of the samples in the range of wavelengths from 245 to
1000 nm under three incidence angles 65, 70, and 75°. The effective
thickness of samples was estimated using a multilayer model with
a SiO; glass substrate by an independent fit of three sample pa-
rameters: the refractive index (n), the absorption coefficient (k),
and the film thickness. The fitting procedure was repeated for each
of three used incident angles.

NLO properties of the polymers under study were measured for
thin spin-coated films with the thickness d in the range of 0.17—
0.62 pm as measured with ellipsometry (Woolam M2000). The
films were obtained from polymer solutions (5—10% in DMFA) us-
ing a rotation speed of 600—3000 rpm. The samples were dried for
8 h on air at 50—70 °C and then for 4 h in vacuum at 120 °C after
their deposition by spin-coating.

Poling of the samples was accomplished with a homemade
corona discharge device under application of high voltage (6.5 kV)

to a sharp tungsten needle located at 1 cm distance above the
surface of the sample. The discharge current has not exceeded 2 nA
during the process. The poling time was varied from 40 to 60 min at
the temperature in the range of 150—200 °C. In the applied poling
process, a polymer sample on a glass substrate was first heated to a
desirable temperature, then the high voltage was applied, and,
finally, the sample was cooled to room temperature while the
external electric field still switched on. In accordance to the pro-
cedure, the dipole moments within the sample were aligned under
the applied field and then frozen at temperature below T.

NLO properties of APUs samples have been studied by second
harmonic generation technique using incident light from a pulsed
Nd3*: YAG laser (1 = 1064 nm, pulse duration 15 ns, and light
power density on the sample surface 10 kwW/cm?). The intensity of
the second harmonic was measured using an automated spectro-
photometer and a flat (X-cut) a-quartz sample as a standard.

3. Results and discussion

Synthesis of chromophores was accomplished by diazotization
reaction of appropriate diamines (DA-I-DA-VI) followed by
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Fig. 5. Synthesis of NLO main-chain core-fluorinated azo-polyurethanes (APU-I—APU-VI).

coupling of the obtained diazonium salts (DS-I-DS-VI) with 2-
[ethyl (phenyl) amino]-ethanol (Fig. 1).

The progressing of the coupling reaction of diazonium salts (DS-
I-DS-VI) with the azo-component can be monitored by disap-
pearance of the band corresponding to NH,-group protons in 'H
NMR spectra of GDA-I-GDA-VI, which could be observed in the
initial diamine compounds (DA-I-DA-VI), and by appearance of
signals corresponding to hydroxyl protons (4.79—4.83 ppm),
methylene (3.58—3.51 ppm) and methyl (1.11-1.15 ppm) groups
(Fig. 2).

19F NMR spectra of GDA-I—-GDA-III contain one singlet of four
equivalent fluorine atoms in TFB fragment, whereas the spectra
GDA-IV—-GDA-VI contains two doublets corresponding to four
fluorine atoms in the meta- and ortho-positions to the OBF
fragment.

Infra-red spectra of the synthesized monomers show broad
absorption bands in the range of 3292—3400 cm™', which corre-
spond to hydroxylic groups. The presence of methyl and methylene
groups can be confirmed by the observed bands in the range 2952—
2972, 2862—2882, and 2926 cm~!, respectively. Perfluorinated
fragments have a signature in the IR spectra in the range 1000—
1010 cm~! (Fig. 3).

APU-I

100 ~
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Fig. 7. Thermogravimetric curves of synthesized polyurethanes: APU-I (1); APU-II (2);
APU-III (3); APU-IV (4); APU-V (5); APU-VI (6).
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Fig. 6. IR spectra of core-fluorinated isomer forms of polyurethanes APU-I-APU-VIL
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Fig. 8. DSC thermograms of fluorinated polymers APU-I — APU-VIL.

On UV spectra of GDA-I-GDA-VI, the absorption maximum
(Amax) is observed at 418—442 nm, which corresponds to T—m*
electron transitions in trans-form azobenzene chromophore units
(Fig. 4).

Synthesized products (GDA-I-GDA-VI) are colored powders
with a good solubility in DMFA, dimethylacetamide, dimethylsulf-
oxide and dioxane.

By reacting hydroxyethylated diamines (GDA-I—-GDA-VI), con-
taining TFB or OBF fragments in the structure, with 4,4’-diphenyl-
methane diisocyanate (MDI), PUs with azo-groups in the backbone
were obtained (APU-I-APU-VI) (Fig. 5).

The synthesized polymers are colored powders with a good
solubility in DMFA and dimethylacetamide. Therefore, thin uniform
films of the polymers were spin-cast for further optical
characterization.

IR spectra of the synthesized APU-I-APU-VI have a broad band
at 3300 cm™! characteristic of valence vibrations of NH urethane
groups as well as so-called “amide I” band at 1730 cm ™! as a typical
signature of the carbonyl group (Fig. 6). For the most of the poly-
mers under study, the characteristic “amide II” NH deformation
band could not be identified due to its overlap with the benzene
ring vibration band. All studied APUs possess an intensive band at
1150 cm™!, which can be assigned to anti-symmetric stretching
vibrations of C—O0—C bonds within the urethane group. Also, sym-
metric and anti-symmetric stretching vibrations of CH in methyl
and methylene groups can be found at 2962, 2872, 2926, and

2853 cm~ . CF bound vibrations appear as two intensive bands in
the range 1000—1010 cm ™" on IR spectra (Fig. 6).

Thermogravimetric analysis reveals that all the polymers under
study are characterized by a two-step weight loss under heating
(Fig. 7). The phenomenon was reported to be common for azo-
containing polymers [42]. The first step, corresponding to the
weight reduction, occurs in the range 260—295 °C and is assigned
to thermal decomposition of urethane and azo-groups. The second
degradation stage, a more rapid one, takes place above 500 °C and
is due to both decomposition of the ester group bonds and scission
of the polymer backbone.

According to the DSC results, polymer compounds under study
have an amorphous structure (Fig. 8). Only glass transitions are
observed, which appear as steps on the DSC scans at 112 °C, 116 °C,
66 °C and 114 °C, 141 °C, 104 °C for APU-I to APU-III and APU-1V to
APU-VI correspondingly. These data show explicitly that intro-
duction of the isomeric fragments into the polymer backbone af-
fects significantly their glass transitions. Regardless on the fluoro
component, the highest T; can be found for polymers having azo-
groups in metha-position (APU-II and APU-V) and the lowest
ones for the polymers with azo-groups in ortho-position (APU-III
and APU-VI). An increase in T, with the number of fluorine atoms
on going from phenylene-type to biphenyl electron-acceptor aro-
matic fragments should also be noted. Thus, APU-IV, which con-
tains OFB aromatic part, has higher T; in comparison with APU-I
with less bulky TFB fragments. Similar trend can be observed

2.00 , 0.50
<n> (65.00, 70.00, 75.00°)
1.90 —{ <k> (65.00, 70.00, 75.00°) —0.40
Model -
1.80 '
A
g
1.70
1.60
1.50

200 400 600

Wavelength (nm)

Fig. 9. An example of dispersion curves determined for APU-II from spectroscopic ellipsometry data at three incident angles 65, 70, and 75°. <n> and <k > are real and imaginary

parts of the complex refractive index, respectively.
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Table 1
Optical characteristics of core-fluorinated APU-I-APU-VI.

V.V. Shevchenko et al. / Polymer 54 (2013) 6516—6525

Sample Amax, M k «(10*cm™) 1 (Amax.) e Nmax. (at A nm) n (600 nm) n (800 nm) n (1000 nm)
APU-I 425 0.40 1.18 1.63 2.66 1.92 (490) 1.63 1.55 1.55
APU-II 440 0.24 0.69 1.66 2.76 1.82 (500) 1.67 1.58 1.55
APU-III 435 0.32 0.92 1.63 2.66 1.85(510) 1.65 1.56 1.55
APU-IV 430 0.38 1.11 1.67 2.79 1.91 (475) 1.68 1.62 1.60
APU-V 445 0.30 0.85 1.62 2.62 1.84 (490) 1.55 1.55 1.48
APU-VI 440 0.55 1.57 1.60 2.56 2.0 (490) 1.65 1.60 1.61

comparing APU-V versus APU-II, and APU-VII versus APU-III pairs
with the same isomeric substitution.

Based on our DCS results as well as literature data [43,44], we
can predict that the polymers under study should have stable
nonlinear optical properties (particularly, second harmonic gener-
ation coefficient) within the range of temperatures not exceeding
their Tg.

Ellipsometry is as a relatively simple technique to measure op-
tical parameters of polymer films such as film thickness (d),
refractive index (n), and extinction coefficient (k). In our case, the
values of n(4) and k(1) were found from spectroscopic ellipsometry
data, simulating light reflection in a three-layer model: glass sub-
strate/polymer film/air (see Fig. 9 and Table 1). As follows from the
data, the absorption maximum can be found in the range of 425—
445 nm for the APU polymers under study. The observed bath-
ochromic shift of the absorption maxima in comparison to corre-
sponding monomer chromophores corresponds to T—7"* electron
transitions in azobenzene fragments covalently inserted into a
polymer chain.

The values of the imaginary part of the complex refractive index
k were calculated to be in the range of 0.24—0.55 for the APU
polymers. Then, their molar extinction coefficients could be
determined using an equation a = 47 Kmax/Amax-

There are two characteristic values of the refractive index
depending on the wavelength, which should be mentioned in the
context of our study. The refractive index goes through a maximum
at a certain A. These maximum values (nmpax in Table 1) spread in the
range of 1.82—2.0 depending on the polymer structure. There are
also refractive index values corresponding to the absorption
maximum n(Amax). These are also relatively high and fall the range
of 1.60—1.67 for APU polymers.

The dielectric constant e can be also determined based on the
ellipsometry data as the squared refractive index at zero frequency,
ni. Assuming Lorentz function for weakly interacting oscillators
(chromophores), one can consider ny = n(Amax) (i.e., at the wave-
length of the absorption maximum) and therefore & 1%(Amax)-

One of the common parameters used to characterize NLO
properties of polymers is their second harmonic generation coef-
ficient d33 [45]. This parameter is summarized in Table 2 for poly-
mers under study and shows that all of them have relatively high
NLO activity. The only exception is polymer APU-III where the
value of d33 could not be determined due to a low stability of this
polymer under intensive laser beam during NLO measurements.

Table 2

NLO characteristics of APUs polymer films.
Sample Film thickness, (um) ds3, (pm/V)
APU-I 0.35 10.0
APU-II 0.62 2.0
APU-III 0.33 -
APU-IV 0.17 1.0
APU-V 0.55 3.5
APU-VI 0.22 5.0

According to the data of Table 2, the highest NLO activity among
the APU polymers with TFB fragments in their chromophores is
observed for APU-I (d33 = 10.0 pm/V) — i.e., a polymer based on
GDA-I unit with azo-groups in para-position. Among the APUs with
OFB electron-accepting groups the highest SHG coefficient was
found for APU-VI (d33 = 5.0 pm/V) — i.e., for the case of azo-groups
in ortho-position. Also, in the series of considered polymers, SHG
coefficients tend to increase when going from APU-IV to APU-VI
(see Table 2).

High hyperpolarizability of molecular chromophores is a
necessary but not sufficient condition for macroscopic second-
order NLO properties. A proper design of polymer materials with
high macroscopic quadratic nonlinearity requires a non-
centrosymmetric arrangement of NLO chromophores, which is
typically achieved by means of the poling process as described
above. Naturally, the stability of the induced alignment of chro-
mophores depends on the polymer T, and the strength of dipole—
dipole interactions of the chromophore fragments. Post-poling
relaxation (disorientation of the of the NLO chromophores) can
significantly reduce the “real” NLO properties of a polymer material
[1].

In a summary, we have synthesized two sets of new core-
fluorinated isomeric azo-containing bis-diols of V-type with TFB
or OFB electron-accepting fragments.

Based on these azo-chromophores, polyurethanes were syn-
thesized, incorporating the NLO chromophores in the polymer
backbone. Our study of physical, chemical, optical and nonlinear
optical properties of the synthesized polymers shows that their
NLO properties are mainly dependent on the isomeric nature of the
polyurethane backbone rather than on the electron-accepting
properties of the azo-chromophore fragments. We demonstrate
also high thermal stability of the synthesized polymers and
possible variation of their SHG coefficients in the range of 1.0—
10.0 pm/V by modifications of the chemical structure and isomeric
form of their fluorinated fragments.
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