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Synthesis and static light scattering studies of hairy rod polymers containing
1,3,4-oxadiazole rings in the repeating units
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Three new ‘hairy’ polymers containing 1,3,4-oxadiazole rings in the repeating units have been prepared and
investigated by static light scattering. The two polymers of rod-like structure of the main chain show evidence of the
same aggregation phenomena as other well known hairy rod polymers. The dimensions of the aggregates increase with
increasing the polarity of the solvent. No aggregation occurs in the solution of the third polymer whose spacers,
connecting the conjugated segments, are longer. This probably is determined by the increased flexibility of the polymer
backbone. The third polymer, though hairy, has no rod-like structure of the main chain. Obviously, the rod-like

structure is the determining factor for the aggregation observed.
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INTRODUCTION

Hairy rod polymers, unlike the flexible random
coil polymers, exhibit unique behaviour due to
which nowadays they have often been investigated.
These novel materials have good prospects for
scientific and technological applications [1, 2]
Wegner and co-workers [3—5] have synthesised
poly(p-phenylenes) with a large variety of side
groups and investigated their properties. One of the
major problems in the molecular characterisation of
these polymers is their tendency to aggregate in
solutions [6].

Most of the hairy.rod polymers are substituted
poly(p-phenylenes). It is well known however that
the 1,3,4-oxadiazole ring exhibits the same
electronic . properties as  the benzene ring [7].
Polymers, containing 1,3,4-oxadiazole rings, linked
with unsaturated building units exhibit the typical
properties ‘of conjugated polymers [8]. Polymers
with these rings have the advantage, however, to be
more easily prepared than the corresponding
polymers containing benzene rings.

The aim of this paper was to prepare a new class
of hairy rod polymers containing 1,3,4-oxadiazole
rings in the main chain and to investigate the
influence of the length of the conjugated segments
and their spacers on the aggregation phenomena.
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EXPERIMENTAL
General methods

N-methylpyrrolidone (NMP) and N,N-dimethyl-
formamide (DMF) (both from Fluka) were dried
over phosphorus pentoxide and vacuum distilled.
LiCl (Fluka) was dried at 130°C for 3 hrs. Tere-
phtaloyl chloride and hydrazine sulphate (both from
Fluka) were used without any further purification.
10% solution of phosphorus pentoxide in methane-
sulphonic acid (PPMA) was prepared from AR
purity reagents (Fluka). All new polymers were
characterised by 'H NMR, FT-IR and elemental
analysis. The 'H NMR spectra were recorded on a
Bruker 250 MHz instrument. Chemical shifts are
reported in ppm using tetramethylsilane as an
internal standard. The FT-IR spectra were taken as
KBr pellets on a Bruker Vector 22 spectrometer.
Gel permeation chromatography measurements we-
re performed on a Waters 244 instrument. The
number average molecular weight M, was deter-
mined using monodisperse polystyrene standards.
Columns of Ultra-Styragel were used with pore
sizes of 100 and 500 A at 45°C, eluent THF.

Static light scattering (SLS)

The refractive index increments (dn/dc) of poly-
mer solutions in DMF were measured by using a
Brice-Phoenix Differential Refractometer BP-2000-
V.
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Brice-Phoenix Universal Photometer 2000 with
light source, high-pressure mercury vapour lamp (4
= 578 nm) was used for the static light scattering
experiments. Scattering intensities were measured
with photomultiplier over an angular range between
45 and 135°, at three temperatures, 25, 40 and 55°C.

The same measurements were carried out on a
multi-angle laser light scattering detector DAWN
DSP Laser Photometer (Wyatt Technology Corp.).

Synthetic procedures

Dihydrazide of hexadecylmalonic acid. To 6.38 g
(16.6 mmol) diethylester of hexadecylmalonic acid
(obtained acc. [9]), dissolved in 10 ml n-butanol,
was added slowly a solution of 2.08 g (41.5 mmol)
hydrazine hydrate. The mixture was heated under
stirring at 100°C for 4 h. After cooling, the crystals
were filtered and recrystallised from ethanol. Yield
4.90 g (83%). M.p. 128—130°C.

'H NMR (C,D,Cls, ppm): & = 8.82 (s, 2H, NH);
4.22 (s, 4H, NHy); 2.93 (t, 1H, CH); 1.67 (m, 2H,
aCH,); 1.21 (m, 28H, CH,); 0.90 (t, 3H, CHj3).

Anal. calc. for C9H4N4O, (%): C, 64.00;
H, 11.32; N, 15.71; Found: C, 64.11; H, 11.61;
N, 15.33.
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Scheme 1. Synthesis of polymer 1.

Synthesis of polymer 1. (Schemel). A mixture of
3 g (8.43 mmol) dihydrazide of hexadecylmalonic
acid, 28.1 ml N-methyl-pyrrolidone and 1.45 g LiCl
was stirred at room temperature under nitrogen to
complete dissolution. The solution was then cooled
to 0°C and 1.71 g (8.43 mmol) terephtaloyl chloride
were added in portions. The stirring was continued
at this temperature for 1 h and at room temperature
for another 6 h. The clear viscous solution was
poured slowly in water under stirring. The
precipitated polymer was filtered, washed with
water and dried. It was dissolved then in 30 ml
PPMA and stirred with heating under argon at 90°C
for 3 h. After cooling the reaction mixture was
poured in water. The precipitate was filtered,
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washed with water and dried. Yield 3.8 g (94%). M,
= 6900, M,, = 9800.

'H NMR (C,D,Cly, ppm): & = 8.11 (s, 4H, ArH);
2.78 (t, 1H, CH); 2.37 (m, 2H, aCH,); 1.16 (m, 28H,
CH,); 0.84 (t, 3H, CHj3).

Anal. calc. for (Cy7H3sN4O,), (%): C, 71.96; H,
8.50; N, 12.43; Found: C, 70.82; H, 8.81; N, 12.09.

N—N
PPMA // \
HZNHNOC_?H—CONHNHZ B _C\ /C— H—
(o)
(?H2)15 ($H2)15
CHs CHs

Polymer 2
Scheme 2. Synthesis of polymer 2.

Synthesis of polymer 2. (Scheme 2) 3.00 g (8.43
mmol) dihydrazide of hexadecylmalonic acid and
1.2 g (0.009 mmol) hydrazine. sulphate were
dissolved in 90 ml. PPMA. The solution was stirred
for 30 h at 80°C, then cooled and poured in water.
The polymer was filtered, washed with water and
dried. Yield 3.00 g (93%). M, = 2450, M,, = 3200.

'H NMR (C,D,Cly, ppm): & = 3.05 (t, 1H, CH);
1.67 (m, 2H, aCH,); 1.22 (m, 28H, CH,); 0.85 (t,
3H, CHa).

Anal. calc. for (C9H34N;0), (%): C, 74.46; H,
11.18; N, 9.14; Found C, 74,11; H, 11.59; N, 8.95.
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Scheme 3. Synthesis of polymer 3.

Synthesis of 2,5-dihexyloxyterephthalyc acid
diethyl ester. 1t was prepared by Kossmehl and co-
workers [10].

Synthesis of 2,5-dihexyloxyterephthalyc acid
dihydrazide. 8.6 g (0.02 mol) 2,5 dihexyloxy-
terephthalic acid diethyl ester dissolved in 40 ml
ethanol were added dropwise for 2 h, with stirring at
80°C to 8.7 ml hydrazine hydrate (0.18 mol)
dissolved in 65 ml ethanol. Heating was continued
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for another 6 h. After cooling a white solid preci-
pitated. It was recrystallised from water- ethanol
(1:1) mixture, M.p. 98°C. Yield 5.8 g (73.6%).

'H-NMR (DMSO-dg, ppm): & = 9,22 (s,2H,
CONH); 7,33 (s,2H, Ar H); 4,577 (s,4H, NH,); 4,05
(t, 4H, OCH,); 1,7 (m, 4H, OCH,CH,);1,32 (m,12H,
CH,); 0,87 (t, 6H, CHj3).

Anal. calc. for CH3N4O4 (%): C, 60.89; H,
8.69; N, 14.20; Found C 60.45; H, 8.67; N, 13.91.

Synthesis of polymer 3 (Sheme 3). 1.86 ml (0.008
mol) sebacoyl chloride were added slowly with
stirring to ice-cooled solution of 2.5 g (0.0063 mol)
2,5-dihexyloxyterephthalic acid dihydrazide in 42
ml N-methylpyrrolidone. The mixture was stirred
for 6 h and poured in water with stirring. The
precipitate was filtered, washed with water and
dried. It was dissolved then in 30 ml PPMA and
stirred with heating under argon at 75°C for 24 h.
After cooling, the solution was poured in water. The
polymer was filtered, washed and dried. Yield 2.72
g (86.8%). M, = 150 000, M,, = 162 000.

'"H-NMR (CDCl;, ppm): & = 7.67 (s, 2H, ArH);
4.10 (t, 4H, OCH,); 2.90 (t, 4H aCH,); 1.87 (m, 4H,
OCH,CH,); 1.34 (m, 24H CH,); 0.89(t, 6H, CH,).

Anal. calc. (%) for (C30H44N4O4),: C, 68.67; H,
8.45; N, 10.68; Found: C, 68.90; H, 8.22; N, 10.33.

RESULTS AND DISCUSSION

Three new polymers (1-3) with structure
designed for our investigations have been prepared.
The polymers contain 1,3,4-oxadiazole rings in their
repeating units. The conjugated segment in polymer
1 consists of one benzene and two 1,3,4-oxadiazole
rings. The segments are connected with very short
spacers (CH-group). The conjugated segment in
polymer 2 consists of only one 1,3,4-oxadiazole
ring. Here the spacer is the same (CH-group).
Consequently, the. macromolecules of polymer 1
differ from the macromolecules of polymer 2 in the
length of the conjugated segment. Due to the very
short spacer in polymers 1 and 2 their macro-
molecules represent typical rigid rods. In order to
increase their solubility, side chains are attached to
the main polymer chain, therefore, these polymers
belong to the class of hairy rod polymers. Polymer 3
contains conjugated segments connected by long
flexible spacers with eight methylene groups. This
polymer has the same conjugated segments as
polymer 1. In order to get solubility the benzene
rings are substituted in this case. We prepared this
polymer especially since it is ‘hairy’, but its main
chain has not rod-like structure.

Polymers 1-3 were prepared via two different
synthetic procedures. For polymers 1 and 3 we

applied the two-step method for 1,3,4-oxadiazole
ring preparation proposed by Frazer et al. [11, 12].
First we prepared polyhydrazides, which were then
cyclised to 1,3,4-oxadiazole ring containing poly-
mers. Frazer et al. performed the cyclisation in poly-
phosphoric acid. We used instead a reagent made by
dissolving 10% of phosphorus pentoxide in methane-
sulphonic acid since Ueda et al. [13] have shown
that it exhibits similar chemical reactivity as
polyphosphoric acid but with higher effectiveness.
Polymer 2 was prepared according to the direct
method of Iwakura et al. [14].

The characterisation of polymers 1 and 2 was
done in dilute solutions in DMF using static light
scattering (SLS) measurements. The results of the
SLS measurements were compared to the SLS
measurements of the segmented polymer 3 whose
repeating unit differs from the repeating units of the
other two_polymers in the length of the spacers
connecting the conjugated segments.

The refractive index increments dn/dc of
polymers 1-3 in DMF at 578 nm wavelength of the
incident light are given in Table 1.

Table 1. Refractive index increment dn/de (ml-g™') of
polymers 1-3 in DMF.

Polymer 1 14 2 3

Index 0.1107 0.0745 0.0875 0.1535

a - Refractive index increment of polymer 1 in DMF + 3% LiCL

Static light scattering was used to determine the
weight average molecular weight M,,. Zimm plots
were constructed making use of the Rayleigh-Gans-
Debye equation [15]:

R, M, 3
with
2 2 2

k- (o] @)

N, 4, \dc

47n 0
=——sin—, (3)

=77

0

where the Rayleigh ratio Ry depends on the intensity
of scattered light at different scattering angles 6, c¢ is
the polymer concentration, ¢ — magnitude of the

scattering wave vector, <Rg2 > — the mean square
radius of gyration of the particles, 4, — the second
virial coefficient, n — the refractive index of the

solvent, 4y — the wavelength of incident light in a
vacuum, and N, — the Avogadro constant.
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The problem of SLS measurement in coloured
solutions was solved by correction of the Rayleigh
ratios Ry of measured intensities of scattered light
using the method proposed by Brice and co-workers
[16].

One of the ways to analyse the results of the SLS
is by using the Zimm plots. With this method, we

1/2
can obtain the values of<R§ > , M, and 4, in a

single chain. But when the polymer solutions
represent complex systems, which, besides unimers,
contain aggregates larger than the usual Zimm plot
can provide, only the information of the polymer
mixture, containing both the unimers and the aggre-
gates could be obtained. Therefore, the appearance
of aggregation phenomena in both hairy rod
polymers 1 and 2 was studied through the acquired

)\ 1/2 ) )
values of M, and <Rg> of the particles in the

system.
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Fig. 1. Zimm plot of polymer 1 in DMF at 25°C.

Figure 1 shows one of the constructed Zimm
plots for polymer 1 from which the values for

1/2
<Rg2 > , M, and A, have been calculated and are

given in Table 2 together with the values of these
parameters for polymer 2. The values for M, and

1/2
<Rg2 > for both polymers are high and point to the

presence of large aggregates.

Similar results have been obtained from the SLS
measurements on poly (p-phenylenes) made by
Fytas and co-workers [17]. These authors support
the idea that rigid rods are aggregated into small
units, probably trimers, under these conditions. With
the increase of temperature the solvent quality also
increases, which can be seen from the values of A4,
for both hairy rod polymers, which suggests that this
system becomes more strongly interacting as the
temperature is reduced. These interactions in the
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system enable the dimensions of the aggregates to
decrease with the temperature increase, which can

1/2
be seen from the values for M, and <Rg2> .

Table 2. Weight average molecular weights M, radius of

gyration < R é >1/2 of the particles and second virial coeffi-

cient 4, of polymers 1-3 at different temperatures.

Polymer T, M, \1/2 Ay x 104,
<Rg> ’ ’

°C kg'mol nm mol'ml-g”

1 25 37.8 310.9 2.1
40 355 193.9 2.6
55 32.9 121.9 11.1
40 76.3¢ 83.0¢ -0.1¢

2 25 75.2 114.3 5.7
40 66.4 124.1 10.7
55 56.2 135.7 11.6

3 25 157.7 140.2 1.9
40 150.1 150.4 9.7
55 1554 151.5 16.8

a - Results of polymer 1 in DMF + 3% LiCL

1/2
Comparing the values for M, and <Rg2> for

polymers 1 and 2 it can be concluded that polymer 2
forms larger aggregates in its solutions than the
aggregates present in polymer 1 solutions. Most
probably this phenomenon is determined by the
higher rigidity of its molecular backbone compared
with that of polymer 1. This is also confirmed by the
fact that the size of the aggregates in polymer 1
increases with the increase of the polarity of the
DMF solvent caused by adding 3% LiCl. Also in
this system the second virial coefficient 4, (Table 2)
has a negative value. These results suggest that the
solvent quality is not good.
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Fig. 2. Zimm plot of polymer 3 in DMF at 25°C.

Unlike polymers 1 and 2, polymer 3 does not
form aggregates in diluted DMF solutions. This can
be seen from the shape of the constructed Zimm
plots. One of these is shown in Fig. 2. Also, the
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1/2
acquired values for M,, and <Rg2 > at all three

temperatures in Table 2 correspond to values of a
single chain. The values of the second virial coeffi-
cient 4, are positive and show that DMF is a good
solvent for this polymer.

In conclusion, apart of the fact that polymer 3
contains the same conjugated segment in the
repeating unit as polymer 1, it does not aggregate.
This is obviously due to the longer flexible spacers.
In this polymer by bending the flexible spacers
enable approaching of the conjugated segments [18].
Here the flexibility of the macromolecule is
enhanced also by the higher molecular weight.
Polymers 1 and 2, however, obviously due to the
short spacers, have aggregation specific for the hairy
rod polymers. The cause for this aggregation is not
only the presence of the flexible side chains but the
rod-like structure of the polymer backbone.

CONCLUSIONS

Polymers 1 and 2 containing 1,3,4-oxadiazole
rings in their repeating units exhibit the same
aggregation phenomena as other well known hairy
rod polymers [6]. The dimensions of the aggregates
increase with increasing the polarity of the solvent.
No aggregation occurs in the solution of the third
polymer whose spacers, connecting the conjugated
segments, are longer. This probably is determined
by the increased flexibility of the  polymer
backbone. The third polymer, though hairy, has not
rod-like structure of the main chain. Obviously, the
rod-like structure is the determining factor for the
aggregation observed.

Acknowledgements: The authors would like to
acknowledge Wyatt Technology Corporation (Santa
Barbara, CA, USA) for the gemerous loan of the

DAWN-DSP/Optilab light scattering system to the
Institute of Polymers.

REFERENCES

1. G. Wegner, K. Mathauer, Mater Res. Soc. Symp.
Proc., 247, 767 (1992).

2. 1. S. Miller, Adv Mater., 2, 601(1990).

3. M. Rehan, A. D. Schliiter, G. Wegner, Polymer, 30,
1060 (1989).

4. A. D. Schliiter, G. Wegner, Acta Polym., 44, 59

(1993).

5. C. Heldmann, M. Schulze, G. Wegner,
Macromolecules, 29, 4686 (1996).

6. T. Liu, R. Rulkens, G. Wegner, B. Chu,

Macromolecules, 31, 6119 (1998).

7. 1. Sauer, R. Huisgen, H. J. Sturm, Tetrahedron, 11,
241 (1960).

8. L. Schopov, M. Vodenicharova, Macromol. Chem.,
179, 63 (1978).

9. Buu-Hoi; P. Cagniaut, Bull. Soc. Chim. Fr., 10, 477
(1943).

10. Th. Schleeh, G. Kossmehl, G. Hinrichsen, Macromol.
Chem., 191, 1075 (1990).

11. A. H. Frazer, F. T. Wallenberger, J. Polymer Sci.,
2A, 1147 (1964).

12. A. H. Frazer, W. Sweeny, F. T. Wallenberger, J.
Polymer Sci., 2A, 1157 (1964).

13. M. Ueda, T. Kano, Macromol.
Commun., 5, 833 (1985).

14. Y. Iwakura, K. Uno, S. Hara, Macromol. Chem., 94,
103 (1966).

15. M. B. Huglin, Light Scattering from Polymer
Solutions, Academic Press, London and New York,
1972.

16. B. A. Brice, G. C. Nutting, M. Halwer, J. Am. Chem.
Soc., 75, 824 (1953).

17. G. Petekidis, D. Vlassopoulos, G. Fytas, N.
Kountourakis, S. Kumar. Macromolecules, 30, 919
(1997).

18. 1. Schopov, V. Sinigersky, Macromol. Symposia,
121, 35 (1997).

Chem. Rapid

301



CUHTE3A U U3CJIEJIBAHE ChC CTATUYHO CBETJIOPA3CEMBAHE HA OKOCMEHU
[MPBYKOBUHU ITOJIMMEPHU, CBIBbPXAILMN 1,3,4-OKCAJNA30JIOBU ITPBCTEHHN B
[TOBTAPAILIUTE CE 3BEHA

Xp. CraceBcka'™*, A. AHZ[OHOBCKI/IZ, Xp. Ep’b‘{KOB3, C. CToﬁKOBa3, P. KaJ‘II/IHOBa3,
B. Cunmrepcku’, M. Illonos’

1 "
Daxynmem no e1eKmMpoUHICEHEPCNBEO U UHGOPMAYUOHHY mexHoao2uu, Yuusepcumem ,, Ce. Kupun u Memoouii*
1000 Cronue, Penyonuxa MakeOooHus

<

2 Daxynmem no nayku u mamemamuxa, Yuusepcumem ,, Cé. Kupun u Memoouii* 1000 Cxonue, Peny6auxa Maxedonus
? Hnemumym no nonumepu, Bvaeapcka akademus na naykume, yi. ,, Axao. I'. Bonues* 6n. 103, 1113 Cogpus

Iocrenmna Ha 25 despyapu 2008 T.; IIpepadorena Ha 3 mapt 2009 T.
(Pestome)

CuHTe3UpaHy ca TPU HOBH ,,0KOCMEHH * MOJIMMEPH, ChIbpKay 1,3,4-0kcaana3onoBy NPHCTEHH B OBTAPSILIUTE UM
C€ 3BEHA U Ca M3CJEABAHU ChC CTATUYHO CBETIIOpasceiiBaHe. JlBaTa monuMmepa ¢ MPbUKOBHIHA CTPYKTYpa Ha IJaBHATa
BEpHUra MoKa3BaT ChIIOTO SIBJICHUE HA arperupaHe KakTo U Jpyrd 100pe U3BECTHH OKOCMEHHU NPBHUYKOBUIHU ITOJIUMEpH.
Pa3mepure Ha arperatuTe HapacTBaT C YBEJIMYaBAHE Ha IOJIAPHOCTTa HAa pas3TBOpuUTens. B pastBopa Ha Tperus
MOJIMMEp, Ha KOTOTO CIIEHChPUTE, CBBP3BAIIM CIIPETHATHTE CETMEHTH Ca NO-IBJTH, HE NMPOTHYa arperupane. Tosa
BEPOSITHO CE ONpenesisi OT yBENW4eHaTa 'bBKABOCT Ha Ta3W IOJIMMEpHA Bepura. TpeTHAT MmoJuMep, Makap U OKOCMEH,
HSIMa MPBUYKOBUIHA CTPYKTYpa HA IMlaBHaTa Bepura. O4eBHAHO NPHUKOBUAHATA CTPYKTYpa € ONpeAessiuys GpakTop 3a
Ha0JIF0OTaBaHOTO arperupaxe.
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