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Abstract

A series of side chain liquid crystal polyurethanes@eP) with even-numbers of methylene units in the spacer was synthesised by the
addition polymerisation ofx-[bis(2-hydroxyethyl)aminol-(4-methoxyazobenzené-éxy)alkanes (@OMe-diol) with hexamethylene
diisocyanate. The thermal and structural properties oOKleP were determined by means of polarising optical microscopy (POM),
differential scanning calorimetry (DSC) and X-ray diffraction. C2- and C40MeP showed a completely amorphous nature, while C6—
C120MeP exhibited a bilayer smectic structure. Polyurethane backbones have a high tendency to crystallise. Crystallisation is closely
related to hydrogen bonding between polyurethane groups. Short spacers favour an amorphous nature, while longer ones tend to lead to
crystallisation. In order to obtain further information concerning backbone crystallisation, Fourier transform infrared spectroscopy (FT-IR)
studies of @OMeP polyurethanes were carried out at different temperatures focusing on the H-bonds between the N=8 grals of
the polyurethane backbon®.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction Side chain liquid crystal polyurethanes have not been

investigated extensively, at least not as systematically as
As the first liquid crystal polymers were synthesised, their side chain liquid crystal polymers with acrylic, methacrylic

chemical structure—property correlations were investigated and siloxane backbones [14]. To our knowledge the first two

extensively. In particular, liquid crystal polymers have series of side chain liquid crystal polyuretanes with spacer

promising potential applications ranging from the produc- lengths varying from 2 to 12 methylene groups have been

tion of high strength fibres (main chain liquid crystal poly- published only recently [15,16].

mers) to their use in optical devices (side chain liquid crystal  This article reports on the synthesis and the mesomorphic

polymers) [1-3]. By varying individual structural parts (in properties of hard segmented side chain liquid crystal poly-

the case of side chain liquid crystal polymers, the polymer urethanes (80MeP) containing methoxyazobenzene

backbone, the spacer and mesogenic unit), polymer molarmesogenic units prepared by the addition polymerisation

mass, polydispersity and tacticity, liquid crystal behaviour of  «-[bis(2-hydroxyethyl)aminojw-(4-methoxyazoben-

can be successfully controlled [4—10]. Some general quali- zene-4-oxy)alkanes (@OMe-diol) with hexamethylene

tative rules on how the above mentioned individual vari- diisocyanate (HDI).

ables influence the liquid crystalline properties were

determined. For instance, in side chain liquid crystal poly-

mers, glass transition temperatures decrease with increasing

spacer length, short spacers tend to lead to nematic phases. Experimental

while longer ones favour smectic phases. These general

rules have been widely discussed in the literature [11-13]. 2.1. The synthesis of monomers (CnOMe-diol) and the

Nevertheless, although the qualitative rules are well estab-corresponding polyurethanes (CnOMeP) (Scheme 1)

lished, it is impossible to predict any detailed quantitative

information concerning the mesomorphic behaviour of 2.1.1. Monomers (CnOMe-diols)

newly synthesised mesomorphic polymers. a-[Bis(2-hydroxyethyl)amino]e-(4-methoxyazoben-
zene-4-oxy)alkanes (@OMe-diols) were synthesised
* Corresponding author. according to the procedure described in our previous papers
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on the synthesis ofx-[bis(2-hydroxyethyl)aminol»-(4- 4'-oxy)alkanes and a-[bis(2-hydroxyethyl)amino}-(4-
cyanoazobenzene-éxy)alkanes and a-[bis(2-hydroxy- nitroazobenzenelbxy)alkanes, published in our previous
ethyl)amino]w-(4-nitroazobenzene~bxy)alkanes, respec- papers [15,16]. Therefore, they are given for the represen-
tively  [15-17].  «-[Bis(2-hydroxyethyl)aminojw-(4- tative example of C100OMe-diol only.
methoxyazobenzené-éxy)alkanes are denoted as C100Me-diol. 6: 7.85 (crossed doublets, 4H,9.0 Hz,
CnOMe-diols. n is the number of methylene units in the H1, H4), 7.01 (crossed doublets, 44H.0 Hz, H2, H3), 4.02
alkyl chain = 2, 4, 6, 8, 10 and 12). Scheme 1 shows (t, 2H, J 6.5 Hz, Hw), 3.88 (s, 3H, OCH), 3.61 (t, 4H,J
the sequence of reactions leading temQdD/Je-diols and 5.4 Hz, Hb), 2.79 (bs, 2H, OH), 2.65 (t, 48,5.4 Hz, Ha),
corresponding polyurethanesr{@MeP). The structure of  2.51 (t, 2H,J 7.4 Hz, Hx), 1.80 (p, 2H,J 7.0 Hz, CH2),
the synthesised diols was confirmed by elemental analysis1.22—1.54 (mp, 14H, CH2).
(Table 1), NMR spectroscopy and FTIR spectroscopy.

H-NMR spectra of @OMe-diols (300 MHz, CDG 2.1.2. Polyurethanes (CnOMeP)

TMS, 25C, & (ppm),J (Hz)) CnOMe-diols were polymerised by addition polymerisa-
H1 H2 H3 a4

H,CO N=N O CHy(CHy........CHy CH, N (CH, CH OH),
H1 H2 H3 H4 Ho CH2  Ho Ha Hb

The chemical shifts and coupling constants of the tion with hexamethylene diisocyanate (HDI) to correspond-
aromatic protons (H1-H4) are the same for aliGb/e- ing CnOMeP polyurethanes. OMe-diol (0.002 mol),
diols, while those of alkyl chains are basically the same as hexamethylene diisocyanate (0.002 mol), DMF (10 ml) as
of «-[bis(2-hydroxyethyl)aminoj-(4-cyanoazobenzene- a solvent, and dibutyltin dilaurate (0.2% with respect to the

Table 1
Elemental analysis af-[bis(2-hydroxyethyl)aminol-(4-methoxyazobenzené-éxy)alkanes (@OMe-diols)

n Formula Mol. wt. %C %H %N
Calc. Found Calc. Found Calc. Found
2 CigH25N304 359.42 63.49 63.65 7.01 7.27 11.69 11.85
4 Cy1H29N30, 387.48 65.10 65.17 7.54 7.81 10.84 10.97
6 CysH33N50;4 415.53 66.48 66.68 8.00 8.45 10.11 10.11
8 CysH3/N3O,4 443.59 67.69 67.66 8.41 8.71 9.47 9.59
10 CG7H41N30, 471.64 68.76 68.75 8.76 9.11 8.91 9.00
12 CogHasNz0, 499.69 69.71 69.71 9.08 9.41 8.41 8.58
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Table 2

Elemental analysis, weight-average molar magkgs and polydispersitieéM,,/M,,) of CnOMeP polyurethanes

n Formula Mol. wt. %C %H %N M,, x 10 %(g/mol) M,,/M,

Calc. Found Calc. Found. Calc. Found

2 (CoH37NsOg)x (527.62) 61.46 61.33 7.07 7.35 13.27 13.18 106 3.8
4 (Ca9Ha1N5Og)x (555.67) 62.68 62.62 7.44 7.80 12.60 12.50 57 3.0
6 (Cs1HasN50g)x (583.73) 63.79 63.35 7.77 8.13 12.05 11.93 24 3.2
8 (Ca3HagN5Og)x (611.78) 64.79 64.41 8.07 8.41 11.45 11.38 44 3.9

10 (GssHs3N506)« (639.83) 65.70 65.44 8.35 8.77 10.95 10.79 44 3.9

12 (Gs7H57N506)« (667.89) 66.54 66.26 8.60 9.02 10.49 10.38 32 35

diol) as catalyst were placed into a 50 ml round-bottomed sample was placed into a DSC heating cell &3&ooled

flask. All the reagents as well as the solvent were weighed in to —50°C, maintained at-50°C for 3 min, heated to 15C,

a dry box to avoid water contamination. The reaction maintained at 15@€ for 3 min, cooled to—50°C, main-
mixture was stirred by a magnetic stirrer at’C0for 3 h. tained at—50°C for 3 min and reheated once again. The
Polyurethanes were precipitated in ethanol, purified by scanning rate was 10 K/min.

dissolution in DMF and reprecipitation in ethanol, subse-

quently they were air-dried. Polyurethanes were denoted as2.2.5. Polarising optical microscopy

CnOMeP (Scheme 1), whereis the number of methylene Optical textures were obtained by using a Carl Zeiss
units in the spacer. Their composition was examined by polarising optical microscope Stemi SV6 equipped with a
elemental analysis (Table 2). Weight-average molar massesmicroscope camera MC 80 and a Mettler Toledo FP82 hot
(M) and polydispersitiesM,,/M,) as measured by size- stage. The sample was pressed between a glass slide and
exclusion chromatography (SEC) are given in Table 2. cover slip and observed in the LC-temperature range.

2.2. Characterisation methods 2.2.6. Fourier transform infrared spectroscopy

2.2.1. NMR spectroscopy Infrared spectra at various temperatures were obtained by

The 'H-NMR spectra were recorded at°g5on a Varian @ Perkin—Elmer FT-IR 1725 X spectrophotometer equipped

VXR 300 spectrometer at 300 MHz using TMS as an inter- With a Spectra-Tech heating cell. The resolution was
nal standard. CDGlwas used as a solvent. Pulse length: 4 €M . The sample was pressed between two NaCl crystal
9.9 ms, acquisition time: 3.75 s, delay time: 2.0 s, number plates and heated to the desired temperature in the heating

of scans: 32. cell.
2.2.2. Elemental analysis 2.2.7. X-ray diffraction
Elemental analyses were carried out on a Perkin—Elmer  X-ray diffraction patterns were taken on a Siemens D-
analyser, model 240 C. 5000 diffractometer using CyKradiation { = 1.54 A) in
0.02 steps from 1-30 (in 26) with 20 s (Figs. 5 and 6) or
2.2.3. Size-exclusion chromatography 2 s (Fig. 4) per step. X-ray measurements were carried out

Average molar masses and molar mass distributions were
determined by SEC on a modular Perkin—Elmer liquid chro-
matograph equipped with a UV detector. A precolumn, a PL
gel column Mixed C (30 cnx 7 mm, particle size 4—pm
with a linear working range of molar masses between 500
and 5x 10° g/mol, Polymer Laboratories) and THF as an
eluent (1 ml/min) were used. The calibration was performed
with polystyrene standards (Toyo Soda Manufacturing) in
the molar mass region of 500—3x<710° g/mol.

2.2.4. Differential scanning calorimetry .
Thermal characterisation was carried out by a Perkin—
Elmer DSC 7 differential scanning calorimeter. The given
values of Ty, transition temperatures and corresponding
enthalpies, were average values of at least two measure-

ments taken at the second heating and cooling cycle, respeceig. 1. The schlieren texture of C8OMeP polyurethane obtained on fast
tively. All samples were treated in the same way. Each cooling of the isotropic phase.

¥ 4
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Fig. 2. The normalised second heating DSC scans\afi@eP polyurethanes (10 min™%): g — glassy phase, s — smectic phase, ¢ — crystal phase, i — isotropic
phase.

on free-standing unoriented films approximately 0.5 mm at 12C (AC, = 0.70Jg*K™) followed by a faint
thick prepared by moulding the polymers at 160 endotherm at 2% because of a mesophase to isotropic
transition. Polyurethane backbones of C8—C120MeP have
a high tendency to crystallise. Heated DSC scans of
3. Results and discussions CnOMeP polyurethanes taken after annealing the samples
at room temperature for seven days are shown in Fig. 3. The
The liquid crystalline properties off@©MePs were deter-  thermal properties of C60OMeP strongly depend on its ther-
mined by means of differential scanning calorimetry, polar- mal history. A DSC scan of the annealed C60MeP exhibits
ising optical microscopy (POM) and X-ray diffraction. Fig. an endothermic transition at 32 (AH = 22.1 J g 1), which
1 shows an optical texture of C8OMeP, which is a combina- is attributed to the side chain melting. However, DSC scans
tion of a schlieren texture and an arced focal-conic-texture. of annealed C2—, C4—, C8—C120MeP (Fig. 3) are the same
The texture was obtained on fast cooling of the isotropic as those carried out on the second heating (Fig. 2), indicat-
phase. The rapid cooling was important in order to prevent ing that their thermal properties are not highly sensitive to
crystallisation. A similar optical texture was observed for their thermal history as it is usually expected for polyur-
C60MeP, but the texture was not as clear as that obtainedethanes because of their semicrystalline nature. The DSC
for CBOMeP polyurethane. However, we were not able to scan of CBOMeP evidenced a faint exothermic peak &€ 65
obtain clear optical textures for C10- and C120MeP (AH = —4.1Jg ") and two partially overlapping endother-
because of their high tendency toward crystallisation. mic peaks at 8 and 99C (AHoyerat = 55.7 3 gY). The
Fig. 2 shows the second heating DSC scansri®KleP endothermic transition at 83 is ascribed to the isotropisa-
polyurethanes. C2- and C40MeP exhibit a glass transition attion of mesogenic units, while the transition at°@9is
12C (AC, = 0.65Jg'K™) and 17C (AC, = attributed to the main chain melting. A DSC scan of
0.60J g*K™) respectively, because of their amorphous C100MeP exhibited an endothermic transition afG2
nature. A DSC scan of C60MeP shows a glass transition (AH = 28.4 J g ), which is related to the disappearance
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Fig. 3. The normalised heating DSC scans of0®eP polyurethanes taken after annealing the samples at room temperature for seven days: g — glassy
phase, s — smectic phase, ¢ — crystal phase, i — isotropic phase.

of the layer structure, cold crystallisation at°65(AH = layers, while the sharp signal at the periodicity of 39A
—5.6 J g 1) and melting at 9% (AH = 42.3 J g}). Similar might be because of interchain distances of the side chains
thermal behaviour was observed for C120MeP, which (side chain crystallisation). In the small-angle region, X-ray
exhibited an endothermic peak at®69(AH = 15.0Jg*) scattering curves of C8—C120MeP polyurethanes consist of
followed by cold crystallisation at 7C (AH = —22.1J g% at least two sharp signals as a consequence of the lamellar
and main chain melting at 165 (AH = 68.4J g ). structure. As can be seen in Fig. 5, for the C80MeP Bragg
X-ray diffractograms of C2- and C40MeP are consistent reflections of the third and fourth order were observed, for
with their amorphous nature. They show a diffuse signal C100MeP Bragg reflections of the third, fourth and fifth
only with the maximum Bragg reflection at a periodicity order were observed, while for C120MeP Bragg reflections
of 4.3 A, because of the disordered lateral arrangement of were observed from the second to the fifth order. Pseudo-
the mesogenic units (Fig. 4). In the small-angle region (Fig. symmetry might be the reason why Bragg reflections of the
5), a diffractogram of C60MeP has three Bragg reflections first and second order were not detected. The main periodi-
of the first, second and third order corresponding to the cities (smectic layer spacingd)f of C8—C120MeP calcu-
smectic layer spacingdf 31.5 A which is 1.6 times the lated from higher order Bragg reflections are 35.20k
length of the fully extended mesogenic unit together with C80MeP, 38.4 Afor C100OMeP and 40.8 Aor C120MeP
the spacer (trans-planar conformation) indicating the (Table 3). In the wide-angle region, diffractograms of C10-
partially interdigitated bilayer structure of the smectic and C120MeP have two strong sharp signals which are
phase. In the wide-angle region, a diffuse signal at the peri- related to the high degree of order within smectic layers
odicity of 4.3 Aanda sharp signal with the maximum Bragg (Figs. 4 and 6). The maxima of Bragg reflections correspond
reflection at the periodicity of 3. 9 mvere observed (Fig. 4).  to a periodicity of 5.0 and 3. 7 fespectively. The nature of
The diffuse signal for the periodicity of 4. 3Was ascribed  the signal for the periodicity of 3.7 As not completely
to the lateral disorder of mesogenic units within smectic clear, it can be ascribed either to the two-dimensional lattice
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Fig. 4. X-ray diffractograms of C2—-C100MeP polyurethanes at room temperature.

in smectic layers (together with a signal at the periodicity of temperatures are shown in Fig. 6. The layer structure of
5.0 A) with a symmetry differing from a hexagonal one, or C120MeP, probably with the mesogens in an orthorhombic
to the interchain distances of side chains (side chain array within smectic layers, is stable up t69The disap-
crystallisation). Diffractograms of C120MeP at different pearance of the layer structure was detected by a DSC as an

C120MeP
12.8A 98A
ol
® C100MeP
s
£
C80MeP
C60MeP

1 2 3 4 5 6 7 8 9 10 11 12
26 ()

Fig. 5. X-ray diffractograms of C6—C120MeP polyurethanes in small-angle region at room temperature.
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Table3 _ o their long axes. Freidzon et al. reported a similar X-ray
Layer spacingsd) obtained by means of small-angle X-ray diffraction and  {iffraction pattern for a liquid crystalline polyacrylate. As

the theoretically calculated length)(of fully extended mesogenic unit with - . N
spacer, the spacings of diffuse signalg {n the wide-angle region and the the dlﬁraCtOgram did not correspond to any known IquId

interchain distances of side chaimlsy, as well as the lateral spacinghu, crystalline structure they suggested for it the new code letter
darz) Of mesogenic units within the smectic layers fon@VeP polyur- Ng [18].
ethanes To establish the role of hydrogen bonding in mesophase

formation, as well as crystallisation, Fourier transform

LA 4@ dal® W) A de® infrared spectroscopy (FT-IR) studies of the synthesised

C20MeP  15.0 4.3 polyurethanes were carried out at different temperatures
C40MeP 17.4 4.3 focusing on the H-bonds between the N—H amedgroups
C60Mep 198 315 43 3.9 of the polyurethane backbone. IR spectra aOMeP differ
C8OMeP 222 35.2 42 in the N-H (3200-3500cil) and GO (1600
Cl00MeP 246 384 50 37 in the B\ (3200-3500 cm) and G-O (1600-
C120meP 263 408 5.0 3.7 1800 cm ) stretching regions as well as in the amide I

region (1470-1570 ci), as can be seen in Fig. 7. The
dissociation of the H-bonds of the polyurethane groups for
endothermic transition at 88 (Fig. 2). In the temperature C2—-C60MeP took place evenly in the temperature range
range where the smectic phase is stable, the thickness of théetween 38C and 150C (Fig. 9). The frequency values of
smectic layers (40.8 Adid not change with increasing the band maxima of the=€0 stretching vibrations of the
temperature. Above 7@, C120MeP polyurethane shows above mentioned polyurethanes evenly shifted from
a high degree of crystallisation (strong multiple reflections approximately 1690 cnt at 30C toward 1724 cm'® at

in wide-angle region, as shown in Fig. 6), which is closely 15C°C. The dissociation of the H-bonds of C8—C120MeP
related to hydrogen bonding between the polyurethaneis closely related to the melting of the polyurethane back-
groups of the polyurethane backbone (Fig. 8). As can be bone. H-bond dissociation took place in the temperature
seen in Figs. 2 and 6, the polyurethane backbone of range of main chain melting. For instance, for C120MeP
C120MeP melts above 1800 and shows rather unusual the frequency value of the band maxima of the@stretch-
diffractograms with no reflections in the small-angle region ing vibration is almost constant (1688 cfin the tempera-
and a sharp signal in the wide-angle region with the maxi- ture range between 30 and 100C (Figs. 8 and 9). Above
mum Bragg reflection at a periodicity of 4.8 Ahis signal 100°C in the narrow temperature range the frequency value
may be because of the hexagonal arrangements of mesoef the band maximum jumped from 1689 cirat 100C to
genic units, although without any order in the direction of 1724 cm® at 120C. This quick jump of the frequency
value is accompanied by the endothermic transition detected
by DSC measurements (Fig. 2). A comparison of DSC

measurements, IR spectra and X-ray diffractograms at
130°G different temperatures, provides evidence that the backbone
melting of hOMeP is closely related to the dissociation of
120°C H-bonds between€0 and N-H groups, as can be seen in
48A Fig. 9.
110°C
100°C 4. Conclusions
& 90°C Hard segmented mesomorphic side chain polyurethenes
2 80°C (CnOMeP) with spacer lengths of 2, 4, 6, 8, 10 and
2 12 were synthesised by the addition polymerisation of
s e a-[bis(2-hydroxyethyl)aminol-(4-methoxyazobenzene-
102A 82A 4'-oxy)alkanes (@OMe-diol) with hexamethylene di-
136A 60°C isocyanate. Their mesomorphic behaviour was examined
50°C by means of POM, differential scanning calorimetry and X-
A0°C ray diffraction. The spacer length plays an important role in
the thermal behaviour of @©MeP not only in that it influ-
25C ences mesophase formation but also in that it determines the

degree of crystallisation as well. C2- and C40MeP were
amorphous while those with longer spacers had a high
tendency toward crystallisation, which was found to be kine-

Fig. 6. X-ray diffractograms of C120MeP polyurethane at different tically controlled, especially for C60MeP. For C6—
temperatures. C120MeP polyurethanes, bilayer smectic structures with

5 7 9 11 13 15 17 19 21 23 25 27
20 ()
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Fig. 7. IR spectra of C120MeP polyurethane at different temperaif€s.

layer spacings ranging from 31.5far C60OMeP to 40.8 A
for C120MeP were found.

A careful examination of the FTIR spectra oh@MeP in
the G=0 stretching (1600—1800 crf) and N—H stretching

melting and H-bonds dissociation ohOMeP. Not only the
temperature dependence but also the influence of the spacer
length on the formation of H-bonds was found. The dissocia-
tion of the H-bonds of the polyurethane groups for C2—

(3200—3500 crit) regions recorded as a function of increas- C60MeP took place evenly with increasing temperature,
ing and decreasing temperature, together with DSC measurewhile C8—C120MeP behaved differently. The frequency
ments, revealed the close connections between the main chaiwvalues of the band maxima of the=O stretching vibrations

0.540 _

0.50 ]

0.45 |

0.40 |

0.100 |

T(110)-

- T(120)

1750.0 1740 1730 1720 1710

1700 1690 1680 1670 1660 1650.0
cm-1

Fig. 8. IR spectra of C120MeP polyurethane in theQstretching region recorded as a function of increasing temper&{i€g in the temperature range

between 38C and 150C.
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Fig. 9. Shifts of the band maxima offOMeP polyurethanes: A — for the=@© stretching vibration, B — for the N—H stretching vibration as a function of
temperature.
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