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Synthesis and material properties of soluble
poly(1,1'-ferrocenylene-alt-p-oligophenylenes)
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A series of poly(1,1-ferrocenylenealt-p-oligophenylenes) has been prepared via Pd-catalysed polycondensation,
i.e. poly(1,1-ferrocenylenealt-p-terphenyl-4,4ylene), poly(1,1-ferrocenylenealt-p-quinquephenyl-4/4-ylene),

and poly(1,1-ferrocenylenealt-p-septiphenyl-4,4"-ylene), which bear two solubilising-hexyl or n-dodecyl side

chains at every repeating unit. The homogeneous constitution of all soluble polymers has been proved using high-
resolution'H and**C n.m.r. spectroscopy, and the degrees of polymerization have been shown to vaPy, feohs

to 55. The material properties of the poly(tférrocenyleneslt-p-oligophenylenes) have been analysed in bulk and
solution using t.g.a., d.s.c., WAXS, g.p.c., viscosimetry and light scattering. Some of the results are contrasted with
those of measurements on p@highenylene) and poly[2,%B{phenanthrolineglt-p-oligophenylene] reference
polymers showing that the main chains of the poly(fetrocenylenealt-p-oligophenylenes) are by no means
rodlike, like those of the polgtphenylenes) but assume randomly coiled conformations. However, the coils are less
densely packed and significantly more flexible than those of the polydZs&dnanthrolineplt-p-oligophenylenes].

© 1998 Published by Elsevier Science Ltd. All rights reserved.
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INTRODUCTION some of their properties in bulk and solution. Moreover, the

Ferrocene-containing polymers are of considerable interestProPerties of polymersla are contrasted with those of

because of their excellent thermal, redox and spectroscopicfh()ly(p'?hgngyleni) (PP;) dlt_arivz':llttivés?nd 9?1 andl thosel 1°f
properties—>. Moreover, polymetallocenylengs with metal— e poly[2,9-0-phenanthrolinepit-p-oligophenylenes]

metal distances of less than approx. 7 Ar with (Scheme P8, The latter polymers have a constitution which
metallocenylene moieties linked 1-,tleteroaﬁnu|arly via isvery similar to that ofLa but have conformationally rigid

-conjugated bridges, are additionally of interest because of °-Phenanthroline residues in the backbone instead of the
their promising electronic, optical and magnetic properties N€@r1y freely rotating ferrocenylene moieties.

arising from interactions of the transition metal complexes

along the polymer chairfs*® Hence, much effort was spent RESULTS AND DISCUSSION

during recent decades to make available derivatives of theseS h
latter polymers in particular. Finally, in the early 1990s, ynt esgs 19 i

three research groups succeeded in developing efficient 1.1'-Bis(p-bromophenyl)errocene4 ™, 2,5-dialkylben-
syntheses of such materials. Mannetsl. took advantage  2ene-1,4-diboronic acidsa,b’, and thep-oligophenylene-

of the ring-opening polymerization ofifferrocenophanes diboronic acid derivative$a,b and 7a,b2.' were prepared
and prepared an impressive variety of polymetallocenylenes@ccording to synthetic procedures published recently. Subse-
in which the metallocenylenes are spaced by only a few quently, equimolar amounts of monon#eand the respective
angstrem&> Simultaneously, Rosenbluet al. published diboronic acid derivative were reacted in the heterogeneous
an elegant synthetic access to alkyl-substituted polymetal-System of toluene and 1 M aqueous N®;, using 0.1—
locenylenes in which stacked metallocenylenes are held1 mol.% of [Pd(PPY,] as the precursor complex of the
together by shortsr-conjugated naphthylene briddes* catalytically active Pd specieS¢heme )1 For the preparation
Finally, we applied the Pd-catalysed aryl-aryl coupling of samples with lower mole_qular weights, small amounts _of
reaction for the synthesis of the-hexyl substituted brpmobenzene were additionally .added to _the reaction
poly(1,1-ferrocenylengs-terphenyl-4,4-ylenes) 1la of mixtures which act as 'monofunc'uonal species and thus
homogeneous structure and high molecular weights 9enerate end groups. While polyméesband2b were found
(Scheme ). In these latter polymer&a, rigid, rod-like to remain soluble over the whole reaction time, polyngas

p-terphenylene residues alternate with flexible ferroceny- and3a,b precipitated during the polycondensation reaction.
lene moieties, a structural feature which should give rise to After the conversions were completed, bromobenzene was

examine systematically this novel class of metal-containing boronic acid functionalities into phenyl end groups. The
polymers, we have now prepared further poly(Zfgrroce- former would prevent light-scattering investigations due to
nylenealt-p-oligophenylene) derivatives such &b, 2a,b, their pronounce.d aggregation tendetfcfter precipitation
and 3a,b with longer p-oligophenylene bridges and/or of the products in methanol, all polymers exceptand3a,b
longer flexible side chainsSgcheme X In this paper, we  Were found to be readily soluble in a variety of organic

describe the synthesis of these novel polymers as well asSolvents such as toluene, chloroform and tetrahydrofurane.
Polymer 3b redissolved completely only in 1,1,2,2-

*To whom correspondence should be addressed. E-mail: rehahn@ tetrachloroethane while polymeiza and 3a were hardly
polyibm2.chemie.uni-karlsruhe.de soluble even in hot tetrachloroethane.
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The constitutional homogeneity of the soluble products or Br

product fractions was analysed usifg and *C n.m.r. O

spectroscopy. For all those polymers which remained ON

soluble over the whole time of polycondensation, only | N (HO)ZB@B@H)?

absorptions were found in the n.m.r. spectra which clearly QN

correspond to the hydrogen and carbon atoms of the inner- O

chain repeating units of the expected polymers. No evidence ‘

was found of structural defects or end groups showing that 10 | [Pd]

structurally homogeneous and high-molecular-weight poly- i

mers 1a,b and 2b were made available. As an example, v

Figure 1displays the'H n.m.r. spectra of polymefsa (A) and

2b (B) while Figure 2 shows the'*C n.m.r. spectrum of

polymer2b together with the full signal assignment. On the

other hand, small additional absorptions were detected in the

spectra of all those polymers which precipitated during the

polymer synthesis, i.e. of polyme2s, 3aand3b. By means

of tabulated increments and reference spectra, it was possible

to show that these small absorptions originate from either R C

bromine or phenyl chain termini rather than from structural

defects within the chains. Thus, in these latter cases the

formation of structurally regular but only low-molecular-

weight polymers was evident from the n.m.r. spectra. b
In full agreement with n.m.r. spectroscopy, vapour

pressure and membrane osmometry showed the soluble = n

fractions of the highest molecular weight samples of the 1

presented polymers to have average degrees of polycon-

densation oP, = 62 (1a), 43 (1b), 10 (2a), 25 (2b), 5 (38) Scheme 2

R = n-hexyl
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and 12 8b). These results demonstrate that the valué, off ferrocene monomers and of the catalytically active species led
the readily soluble polymers are in the same order of to the formation of lower oligomerd2a,b and insoluble,
magnitude as those found for many other polyaromatics presumably crosslinked products. As an examplgure 3
prepared via Pd-catalysed polycondens&fiot? On the other depicts the'H n.m.r. spectrum of the soluble fraction of a
hand, the chain growth stops immediately—or is at least polymerl2a(P,, = 9) prepared from 1,idiiodoferrocenel6
dramatically slowed down—when the growing species and 2,5-dihexylbenzene-1,4-diboronic ackh (route B,
precipitate in the oligomeric state. Consequerghguinque- Scheme B In addition to the intense absorptions of the
phenylene bridges are the longest rigid units that can be used innner-chain repeat units, signals of chain end-groups are
poly(1,2-ferrocenylenealt-p-oligophenylenes) with only two  clearly detectable. Since further optimization of the coupling
n-dodecyl side chains per repeating unit when readily soluble conditions was not possible, we stopped our efforts directed
and really high-molecular-weight materials are aimed at. towards the synthesis of polymeta.

In addition to the polymer&—3 with long p-oligopheny- To conclude, whilg-septiphenylene bridges like those of
lene bridges, we were also interested in the preparation ofpolymers3 are beyond the upper limit of the length of the
poly(1,1-ferrocenylengs-phenylenes)12a or 12b where rigid blocks for solubility reasons, a single-linked
the ferrocenylene moieties are connected by only one phenylene moiety is beyond the lower limit because of
phenylene ring. Hence, we carried out Pd-catalysed chemical restrictions—at least when the presented synthetic
polycondensation reactions using various combinations of strategy is applied. Finally, reference polym8t$ 9°° and
monomers such as those shownSoheme %¥. Unfortu- 11*® were prepared in analogy to the procedure described
nately, we did not succeed in finding reaction conditions for polymers1-3, and subsequently analysed using n.m.r.
under which the Pd-catalysed ferrocenyl-phenyl bond spectroscopy and osmometry. Their constitution was found
formation process proceeds selectively and quantitatively to be homogeneous in all cases (see, for exampleltthe
enough to give soluble, high-molecular-weight polymits n.m.r. spectrum of1 shown inFigure 4), and the degrees of
under all conditions tested, side reactions of the electron-rich polycondensation vary frorR,, = 20 to 60.

y=0
| N i
°
: ::
y=1 1296
B A’JUUL
| 1 I E— | | 1
80 70 60 50 40 30 20 10
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Figure 1 'H NMR spectra of polymeréa (A) and 2b (B), recorded in CDGJ (®) at room temperature
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Figure 2 *C n.m.r. spectrum of polymetb, recorded in CDGJ (®) at room temperature
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Figure 3 'H n.m.r. spectrum of polymei2a recorded in CDGJat room temperature; absorptions corresponding to the sol@@mind end-groups or defect
structures (*) are assigned. See text for details
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Figure 4 H n.m.r. spectrum of polymet1, recorded in GD,Cl, (®) at room temperature

Solution properties ferrocenylene moieties should allow growing chains to
An interesting first aspect concerning the conformational assume a nearly arbitrary conformation because rotation

behaviour of polymerd—3, 11 and 12 was the question  around the Cp-Fe---Cp axes (Cp= cyclopentadienyl) has

whether or not formation of cyclic oligomers occurs during a very low activation energy of only a few kJ mél Thus, a

the Pd-catalysed synthesis: on the one hand, thecertain amount of cyclic oligomers was expected to be
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formed here. The-phenanthroline moieties, on the other
hand, impose 60tilt angles into the otherwise rod-like
polymer backbones af1 and thus should also enable the
growing chains to assume a conformation allowing ring
closure Figure 5. Therefore, cyclic oligomers were
expected here as well in addition to the linear polymer
chains.

To check whether or not cyclo-oligomerization occurs,

carried out using representative product mixtures of the
readily soluble polymerda,b, 2b and11. Figure 6 shows
the g.p.c. traces of (A) a high- and (B) a low-molecular-
weight polymerla Rather unexpectedly, no peaks were
detected at high elution times which would point towards
the formation of cyclic oligomers. A completely different
behaviour was found, on the other hand, upon analysing-the
phenanthroline-based polymdrs in this case, the formation

gel permeation chromatography (g.p.c.) investigations were of cyclic oligomers was immediately evident from the g.p.c.

Figure 5 Top-view of the tilted substructures, i.e. Lferrocenylene and
o-phenanthroline, respectively, of polymeraand11

OO0
’

traces.Figure 7Ashows the g.p.c. trace of a representative
product mixture of polymed.l as received by pouring the
whole reaction solution into methanol. A distinct peak appears
at high elution times, in addition to the broad peak which
corresponds to the linear high polymeérs Extraction with
acetone allows quantitative separation of the oligomeric
fraction (Figure 7B, thus making available the pure polymer
11 (Figure 7Q. Finally, the extracted oligomeric material
could be identified using FD mass spectrometry to be nearly
exclusively the cyclic trimefl1a™®

The obvious difference in the polymerization behaviour
of the ferrocenylene- and the-phenanthroline-based
polymeric systems was rather surprising at first glance. It
might be caused by different chain conformations assumed
by these two systems under the conditions of the Pd-
catalysed polycondensation reaction. To prove this assump-
tion, we analysed the solution properties of polynfeand
11 using viscosimetry and light scattering: two series of
polymersla and 11 were prepared, with four and three
different degrees of polymerization, respectively. Polymers
lawere analysed as received and thus unfractionated but the
o-phenanthroline-based polymetd were extracted with
acetone prior to subsequent experiments to remove the
cyclic oligomers. The values dP, and M,, determined
using osmometry, are listed ifiables 1and 2: while M,
ranges from 6400 to 31900 fdra, the values ofM, of
polymers11 lies between 11000 and 22 500. The intrinsic
viscosities, §], determined using these polymers are given
in Tables 1 and 2and the Huggins plots are showrRigure
8 (1a) andFigure 9(11).

Throughout, the intrinsic viscosities of polymergwere
found to be significantly larger than those of polymétof

internal’
standard
(toluene)

\

I

\J

elution time

Figure 6 G.p.c. elution curves of (A) a high-molecular weight and (B) a low-molecular-weight polgaehe eluent was chloroform
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\

elution time

Figure 7 G.p.c. elution curves of (A) a representative product mixture of polytieof (B) the cyclic trimerlla and of (C) the high-molecular-weight
fraction of 11; the eluent was chloroform

Table1l Characterization of poly(1;¥errocenylenealt-p-terphenylenes) 55
la
Polymer M?\,OS Pnyosa Ml\jN,LS MW/Mn [7]]
(mLg™° 45 1a/4
la/l 6400 11 17.8 _
la/2 14500 25 30.1 o
1a/3 17400 30 35500 2.0 335 7 1873
la/4 31900 55 5100 1.6 40.8 =% —M/
Toluene, 36C ""%
®1,1,2,2-Tetrachloroethane, 8D & 1al2
°1,1,2,2-Tetrachloroethane, 8D 25 —|
1a/1
e 66 06— |
comparable molecular weights: while, for example, polymer 15 |
1a/3 (M, = 17 400) has a value off] = 33.2mL g’ in . 00'10 00'20 0050
tetrachloroethane at 30, polymer11/2 (M, = 184 00) has ‘ " '
an intrinsic viscosity of only+{] = 20.4 mL g under the ¢ [gmbl™]
same conditions. This result confirms the above assumptiongigyre 8 Huggins plots of polymersa/L, 1a/2, 1a/3and1a/4 measured
that the o-phenanthroline-based polymetd form more in tetrachloroethane at 30. For details see text arithble 1

POLYMER Volume 39 Number 23 1998 5833



Properties of soluble poly(1,1 -ferrocenylene-alt-p-oligophenylenes): R. Knapp et al.

26

ngpc ImLg™]

111

22 —
1172

I I
0 0.0025 0.0050

I T
0.0075 0.0100

c [gmL™]

Figure 9 Huggins plots of polymerd1/1, 11/2and11/3 measured in tetrachloroethane at@GOFor details see text arihble 2
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Figure 10 Zimm plot of the light-scattering intensities of polymia/3
recorded in tetrachloroethane at’G0

compact coils in solution than the poly(1;ferroceny-
lenealt-p-terphenylenes) 1a, causing their higher

Table 2 Characterization of poly[2,9(phenanthrolinejlt-p-oligophe-
nylenes]11

Polymer  Mj s Pf.os MI\JN.LS MM, [n]

(mLg™)°
111 11400 20 18500 1.6 14.9
11/2 18400 32 31200 1.7 20.4
11/3 22500 39 44 400 2.0 23.3
*Toluene, 30C

b1,1,2,2-Tetrachloroethane, &0
°1,1,2,2-Tetrachloroethane, 8D

of re = 13 and 11 nm were deduced for polymée3 and
11/2, respectively.

To conclude, viscosimetry as well as the light scattering
data both allow the explanation of the higher tendency to
cyclo-oligomerize in the course of the synthesis of polymers
11: as theo-phenanthroline moieties introduce bend angles
into the main chains that are fixed to precisely,@bey fold
back the attached chain segments much more efficiently
than the ferrocenylene moieties which can rotate nearly
freely. The other way round, the experiments allow the
conclusion that the average bent angle that each ferroceny-

tendency to cyclo-oligomerize. Nevertheless, it is also lene moiety imposes into its polymer chain must be
evident from the viscosimetric studies that the ferroceny- significantly larger than 60 but clearly less than 180
lene-based polymers assume a coiled chain conformation

as well. To make this point clear, we compared the
intrinsic viscosity of polymeta/3(P,= 30,M, =17 400)
with that of the really rodlike PPP derivatig(P, = 32;

M, = 17 800): while the intrinsic viscosity dfa/3is only

[7] = 33.2mLg", the PPP8 has a value of ] =
168 mL g ! under the same conditions.

To corroborate the results of the osmometric and
viscosimetric investigations, polymerka and 11 were
also investigated by light scattering (séables 1 and 2
The weight-average molecular weightdl,, thus deter-
mined were in good agreement with the values Nof
obtained using osmometry: polydispersitiedtf/M,= 1.6
to 2.0 were found for all polymers investigated by light
scattering. Moreover, the Zimm plots show the ferroceny-
lene-based polymedato have larger radii of gyration than
the o-phenanthroline-based polymet$ in all cases. As an
exampleFigure 10displays the Zimm plot of polymeta/3
(P,=30,M,,=17400), and-igure 11that of polymerl1/2
(P, = 32,M, = 18400). From these data, radii of gyration
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Bulk properties

The bulk properties of the poly(1errocenylengs-
oligophenylenes) were investigated using high-molecular-
weight samples of polymersa,b and 2b, and compared
with those of poly(2,5-dihexyp-phenylene® and poly[2,9-
(o-phenanthrolineglt-p-oligophenylene]11l. Prior to the
analysis of the thermal phase behaviour, however, we had to
determine the thermal stability of the materials under
investigation: it is well-established that the introduction of
n-alkyl side chains into aromatic polymers reduces their
thermal stability drastically. For example, unsubstituted
poly(p-phenylene) is stable up to temperatures of above
50C°C, but decomposition starts at about 250—8DWhen
aliphatic side chains are attached to these polymers. Hence,
to ensure that the following measurements are not affected
by thermal cleavage of the aliphatic side groups, thermo-
gravimetric analyses were performed. Representative t.g.a.
plots are shown irrigure 12for polymersla (A), 1b (B)
and9 (C).
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The t.g.a. curves clearly show the considerably higher WAXS pattern disappear, and intensive endothermic peaks
thermal stability of the poly(1,3errocenylenealt-p-oligo- appear in the d.s.c. curves at ¥€C0(1la, Figure 13A and
phenylenes) in comparison with the PPP reference polymer65°C (1b, Figure 13B respectively. Simultaneously, the
that does not contain ferrocenylene moieties: while weight originally brittle materials change into isotropic melts.
loss starts in the latter systems at approx.’80@lready, the When the molten materials were cooled down again,
ferrocenylene-based polymers are stable up to°@00 recrystallization could not be achieved any more, neither
Obviously, the ferrocenylenes inhibit the thermal cleavage by cooling down extremely slowly nor by annealing at
of the n-alkyl side chains and thus increase the thermal various temperatures. Throughout, brown, transparent and
stability of these materials by about Y0 Therefore, the  completely amorphous glasses were obtained (WAXS,
analysis of the thermal phase behaviour of the ferroceny- polarization microscopy). Consequently, the second heating
lene-containing polymerk-3is possible up to temperatures run gave only the glass transitions af8Qq1a, Figure 13Q
of 40C°C. In this, we started with the-terphenylene- and 30C (1b, Figure 13D. Obviously, the high melt
bridged polymersla,b and 11. All these polymers were  viscosity prevents recrystallization of the once molten
found to be semicrystalline according to d.s.c. and WAXS materials.
investigations if obtained by precipitation from solution. The poly[2,9-6-phenanthrolineglt-p-oligophenylenes]
When heated up for the first time, the weak reflexes in the 11 are also found to be semicrystalline at room temperature

when obtained by precipitation from solution. However,
their thermal phase behaviour is quite different from that of
polymersla. When heated up for the first time in a d.s.c.
L 5 experiment Figure 144, a glass transition is observed at
approx. 190C which is followed by an intensive exothermic
7 peak at 22€C which could be assigned to a recrystallization

' process by WAXS studies and polarization microscopy:
//IIIIIIIIIIIIIIII above 200C, the originally powdery material softens, but
) ‘ ///// shortly after this it resolidifies, giving a birefringent solid.

o
|

Obviously, the crystallinity is rather low in the precipitated
material and increases as soon as the chain segments reach a

' sufficient mobility for their reorganization and thus shortly
////////// above the glass transition temperature. No further phase
111 transition could be observed when the heating was
I I I I I T I T I

— continued up to temperatures where decomposition starts.

109 K ¢ / R(0)

I
1

0 188 375 563 7.50 9.38 (The weak endotherm at approx. 2Z0might be due to the
loss of coordinated water.) Thus, the thermal stability of
10" (2 + 6.590x10"" ¢) polymer11is insufficient to reach the isotropic melt. In the

second and all subsequent heating runs, the glass transition

Figure 11 Zimm plot of the light-scattering intensities of polym&t/2, at 190C is the only phase transition that could be observed

recorded in tetrachloroethane at’G0

A
B
w | -G

- . — em e e — o

T | T
0 100 200 300 400 500 600 700 [°C]

Figure 12 T.g.a. plots of polymerga (A), 1b (B) and9 (C), measured under an atmosphere of nitrogen and at a heating rate of 5K min
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Figure 13 D.s.c. plots of polymerga (first heating run: A; second heating
run: C) andLb (first heating run: B; second heating run: D), measured under
an atmosphere of nitrogen and at a heating rate of 5 K'fin | A S L ror T
0 50 100 150 200 [°C]

Figure 15 D.s.c. plots of polymegb (first heating run: A; second heting
run: B; after annealing at 130: C; after annealing at 166: D) measured
under an atmosphere of nitrogen and at a heating rate of 5 K:;m@e text
for details

at 185C (T3). In-between T2 and T3, moreover, a
A pronounced exothermic signal E is fourfdidqure 15A.

With the aid of WAXS and polarization microscopy,
endotherm T3 could be identified as the transition into the
isotropic melt. To make sure that the exotherm E between
T2 and T3 corresponds to a phase transition from a low-
temperature crystalline modification into a high-tempera-

B ture modification, various annealing experiments were
performedFigure 15CandD display d.s.c. curves obtained
after annealing at 13Q and 165C, respectively. When the

x , . : : | material is annealed at 13D and, thus, below T2, three

50 100 150 200 250 r°Cl transitions are observed in the following heating run, the
Figure 14 D.s.c. plots of polymet 1 (first heating run: A; second heating intensive endotherm T2, the exotherm E, e-md-the endotherm
run: B), measured under an atmosphere of nitrogen ana at a heating rate ofT‘?" When, on the other hand, the material is annealed at
5Kmin™ 165°C and, thus, at a temperature between T2 and T3, the
enthalpy of T2 decreases significantly in the following
heating run. Moreover, a much more pronounced enotherm
(Figure 14B, showing that the material remains semicrys- T3 is found, and exotherm E has disappeared. Based on
talline also after thermally induced recrystallization. To these observations and additional WAXS experiments, we
conclude, the experiments showed that the thermal assign endotherm T2 to the melting of the low-temperature
behaviour of the ferrocenylene-containing polymérand crystalline modification, and exotherm E corresponds to the
of their o-phenanthroline counterpattl is quite different.  recrystallization of the material in a high-temperature
As in solution, the differences can be interpreted as the crystalline modification. The occurrence of a liquid-crystal-
consequence of the considerably higher conformational |ine mesophase, on the other hand, can be excluded on the

1mW

freedom of the ferrocenylene-based polymers. basis of these experiments. Clarification of what the
A thermal behaviour which was again quite different was difference is between the low- and the high-temperature
found for the n-dodecyl substituted poly(1,¥erroceny- modification is presently under way.

lenealt-p-quinquephenylenesb. When these polymers
were heated up for the first time, an endotherm T1 was
observed at approx. 70. We interpret this transition as a CONCLUSIONS

side-chain melting process. When the material is heatedThe present work shows the preparation of readily soluble,
further, two more endotherms are found at A6@T2) and constitutionally homogeneous and high-molecular-weight
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poly(1,1 -ferrocenylenealt-p-oligophenylenes) through the a Mettler d.s.c. 30 (heating rate: 5K mi). WAXS
Pd-catalysed polycondensation reaction. While polymers measurements were performed on a Siemens D-5000
containing short p-oligophenylene bridges are readily diffractometer using CK, radiation § = 1.542 A).
soluble, neither flexible side chains nor the flexible Elemental analyses were carried out on a CHN-RAPID
ferrocenylene links guarantee sufficient solubility of the apparatus of Elementar Analysensysteme GmbH.
polymers containing more than five phenylenes in the rigid
p-oligophenylene moieties. The properties in bulk and Polymer syntheses; general procedure:
solution were analysed and compared with those of 1,1'-bis(p-bromophenyl)ferrocern(0.496 g; 1.0 mmol),
poly[2,9-(0-phenanthrolineglt-p-oligophenylene]  refer-  diboronic acid derivativéa,b, 6a,b, or 7a,b (1.0 mmol) and
ence polymers. The intrinsic viscosities and the radii of Pd[P(GHs)3]4 (1 X 107°mol) are refluxed and vigorously
gyration have been found to be smaller for tloe stirred in the heterogeneous system of toluene (5 mL)/
phenanthroline-based polymerksl compared with their  aqueous NgCO; (1 M, 7 mL) for 5 days. Bromobenzene
more flexible ferrocenylene analogka This allows an (1 mL) is added and refluxing and stirring is continued for
explanation of the experimental finding that in the course of one further day.
the polymer syntheses only the-phenanthroline-based
systems form cyclic oligomers. Obviously, the ferrocenylene  Work-up for readily soluble polymers.After the mix-
moieties introduce tilt angles greater than®@fto the ture is cooled down to room temperature, the layers are
otherwise highly rigid polymer chains. Moreover, they separated, and the organic one is washed with water
provide the chains with a considerable dynamic flexibility (2x50 mL), dried (MgSQ) and filtered. The polymer is pre-
as is evident from, for example, the low glass-transition cipitated from this solution with methanol, recovered by
temperatures of polymels,b. Thus, the presented investiga- filtration through a Buahner funnel and driedn vacuo
tions demonstrate the enormous influence of both, the degreeover P,O4,. Further purification is possible by redissolving
of flexibility and the tilt angles of the bending units on the the polymers in chloroform (10 mL) followed by precipita-
solution properties and on the thermal phase behaviour oftion in methanol (200 mL).
these novel macromolecular systems containing rodlike
moieties and bent structures in an alternating fashion. Work-up for scarcely soluble polymersin the case of
polymers which precipitate during the polycondensation
reaction, the whole reaction mixture is diluted with water
EXPERIMENTAL (200 mL) and toluene (200 mL), the aqueous layer is sepa-
All chemicals and solvents were purchased from Fluka, rated off, and the organic layer is washed with wateex(2
Aldrich, and Strem Chemical Co. in p.a. quality, and used 200 mL). The organic layer is concentrated down to about
without further purification. 1,1Bis(p-bromophenyl)ferro- 50 mL, and methanol (200 mL) is added. The precipitate is
cene4'®, 2,5-dialkylbenzene-1,4-diboronic aciés, b, p- filtered off, washed with methanol (100 mL) and dried
oligophenylenediboronic acidga,b and 7a,6?%2%, 2,9-bisp- vacuoover POy,
bromophenyl)e-phenanthrolind 0 and [Pd(PP¥) ,** were _
prepared according to the literature; Pgl@is a gift of the ~ Analytical data of soluble polymers:
Degussa Chemical Co. Polyme®8°, 9°° and 11*® were Polymerla *H n.m.r. (CDCL): 6 = 0.80 (t; 6H CH),
prepared according to the procedures described recently.  1.20 (m; 12H, CH), 1.50 (m; 4H, Ar—CH-CH»,—R), 2.61
'H and **C n.m.r. spectra were recorded on a Bruker AC (t; 4H, Ar—CH,—R), 4.26 (m; 4H, H3), 4.56 (m; 4H, H2),
400 spectrometer at 400 MHZH) and 100 MHz ¢C), 7.17 (s; 2H, H6), 7.27 (m; 4H, H8), 7.44 (m; 4H, HIJC
respectively. Chlorofornt, and tetrachloroethand, n.m.r. (CDCE): 6 = 14.04 (q; CH), 22.54, 29.35, 31.47,
(Deutero GmbH) were used as the solvents, TMS as the31.59, 32.83 (5t; ChH), 68.04 (d; C3), 70.94 (d; C2), 85.86
internal standard. Measurements were carried out & 30 (s; C1), 125.66, 129.28 (2d; C8,9), 130.85 (d; C6), 136.91
unless otherwise stated. Signal assignment is done accord{s; C10), 137.54 (s; C5), 139.74, 140.55 (2s; C4,7).
ing to the numbering of the protons and carbons given in
Figures 1-4 Membrane osmometry was done using a Elemental analy-Calcd: C82.74 H7.64
Knauer 0100 Membrane osmometer af@Gdn toluene. sis:
Knauer Y1245-membranes (regenerated cellulose) were(CaHaFeh
used. Vapour pressure osmometry was performed using a
Knauer\{apouhr pressure oshmomet(cejr"(:a&hloroform).SGeI I Polymer1b: H n.m.r. (CDCL): 6 = 0.85 (t; CHy), 1.23
B e o o 2 fan o986 i 3, (), 151 (1 4, Ar_Cri G-, 261 (1
detection (254 nm). Viscosity measurements were .cérried4H’ Ar-CH,—R), 4.20 (m; 4H, H3), 4.58 (m; 4H, H2), 7.17
; . cosity (s; 2H, H6), 7.27 (m; 4H, H8), 7.45 (m; 4H, HYC n.m.r.
out using Ubbelohde viscosimeters (SCHOTT company, L8 .
diam. = 0.5mm, type OC) with the LAUDA process (CDCly): 6 = 14.14 (qg; CH), 22.69, 29.36, 29.43, 29.59,
visco.sir_netr.y sysfem PVS 2.03. Light-scattering intensities 29.66, 29.66, 29.69, 31.56, 31.92, 32.81 (101187 88
g (d; C3), 71.11 (d; C2), 85.73 (s; C1), 125.63, 129.27 (2d;

were determined using a SOFICA-P6D-42000 apparatus ~g 9), 130.83 (d; C6), 136.91 (s; C10), 137.54 (s; C5)
equipped with a laser operating at 633 nm. All measure- 130" “140 a9 (2'3. ca 7 ' ' ' ' ' '

ments were done at 30 using tetrachloroethane as the

solvent. The refractive index incrementsnfdt) were .

measured with a Brice-Phoenix differential refractometer Silse:memal analy-Calod: © 8339 R 915

at two different wavelengths and extrapolated to 633 nm. (CsHegFe), Found: C 83.57 H9.26
Thermal gravimetric analysis measurements were per-

formed using a Mettler TG 50 and a Netzsch STA 409

apparatus under an atmosphere of nitrogen. The heating rate Polymer2b: *H n.m.r. (CDCE): = 0.85 (t; CHy), 1.23
was 5 K mim™. D.s.c. investigations were carried out using (m; 36H, CHy), 1.53 (m; 4H, Ar—-CH—-CH,-R), 2.58 (t;

Found: C82.54 H 7.59
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4H, Ar—CH,—R), 4.29 (m; 4H, H3), 4.58 (m; 4H, H2), 7.18

(s: 2H, H6), 7.41, 7.42, 7.53, 7.65 (4d; 8H, H8,9,12,13},

n.m.r. (CDCL): & = 14.14 (q; CH), 22.69, 29.37, 29.68,
31.52, 31.93, 32.60 (16t; Gi{ 67.76 (d; C3), 70.79 (d; C2),
85.66 (s; Cl), 126.30, 126.78, 129.79, 130.95 (4d; 11.
C6,8,9,12,13), 137.23, 137.56, 138.11, 139.06, 140.31,

140.77 (6s; C4,5,7,10,11,14).

Elemental analy-Calcd: C 85.30 H 8.51
sis:

(CoaH7eFeE) Found: C 85.18 H 8.63
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