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Copolymerization of phenylacetylene and 1-hexyne using Ziegler—Natta
and metathesis catalyst systems: copolymer compositions and reactivity
ratios by 'H n.m.r. spectroscopy
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Abstract

Phenylacetylene (PA) and 1-hexyne (HX) were copolymerized in solution using two kinds of Ziegler—Natta catalysts, Ti(On-Bu)4-AlEt;
and Fe(acac);-AlEts, in toluene and by metathesis with the WClg-Ph,Sn initiating system in toluene and 1, 4-dioxan. The compositions of
copolymers, obtained under various monomer charge ratios in the range of 5-95 mol% of PA or HX, were determined from their 200 MHz
'H n.m.r. spectra. The experimental data processed according to the Kelen—Tiidés approach and, for comparison, by using a non-linear least
squares curve-fitting procedure indicated that, for the four investigated systems, the copolymerization process of the PA/HX-pair can be
adequately described by the terminal-unit model. The reactivity ratio values calculated from both methods were the same. Based on these
findings, the relative reactivity of two acetylenic monomers was discussed. Interestingly, the results obtained with the Ziegler—Natta catalysts
showed that the propagation step mechanisms changed greatly not only with the type of transition metal compound [Ti(On-Bu), and
Fe(acac);], but also with the chemical nature of ligands bonded to transition metal [Fe(acac); and Fe(propionate);]. On the other hand,
the reaction promoted by W-containing metathesis initiator was found to be strongly dependent on the polymerization solvent. The number-
average molecular weights of copolymer samples and the number-average sequence lengths of PA and HX-units were also reported. © 1998

Elsevier Science Ltd. All rights reserved.
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1. Introduction

The polymerization of acetylenic monomers, alternatively
called alkynes, has been widely investigated since Natta et al.
[1] described for the first time in 1958, the synthesis of stereo-
regular polyacetylene with the soluble catalyst formed by
mixing titanium (IV) n-butoxide [Ti(On-Bu),] and triethyl-
aluminium (AlEt;). In the three last decades, many
researches [2-6] have been carried out with various
kinds of monosubstituted (terminal) or disubstituted
(inner) acetylenes, among which phenylacetylene was
probably the most studied, by using a great variety of
catalytic systems. This was in order to develop new
polyconjugated polymeric systems especially in view of their
potential applications as electrically conducting materials
[4,7-9] and in the field of membrane separation processes,
i.e. gas permeation [10—12] and pervaporation [13,14].
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Monosubstituted alkynes are known to polymerize, yield-
ing high polymers with number-average molecular weight
(M,) ranging from 10000 to 100000 gmol™" in the
presence of Ziegler—Natta catalysts only in the case of
uncrowded monomers bearing primary or secondary
aliphatic groups [15-18]. The reactivity of acetylene
derivatives decreases with the enhancement of the steric
hindrance [19]. On the other hand, the polymerization of
bulky group-containing acetylenes, like tert-butylacetylene
or disubstituted alkynes, produces high molecular weight
polymeric materials with M, above 100000 g mol " in the
presence of W- and Mo-based metathesis initiators such as
WClg and MoCls used alone or sometimes with a cocatalyst,
for example tetraphenyltin (Ph,Sn) [5,20,21].

However, perusal of the literature shows that few studies
have been reported about the alkyne copolymerization. Some
investigations were devoted to the radical copolymerization
of acetylenic derivatives and methacrylic or conjugated
diene monomers [22-26]. Several works were concerned
with the metathesis copolymerization involving different
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kinds of terminal or inner alkynes[27-32]. Otherwise, it
must be stressed that we found little information concerning
the polymerization of alkyne pairs using Ziegler—Natta type
systems [2,33-37].

Some reports have appeared on the quantitative estima-
tion of the geometrical structure cis/trans of acetylenic
polymers [38-43], but there is to our knowledge no
publication dealing with the copolyalkyne microstructure,
in terms of the chain regularity, i.e. head-to-tail, head-to-
head and tail-to-tail monomer junctures and sequence
distributions. In general, the stereochemical configuration
of monomeric units as well as their arrangement along the
macromolecular chains are factors of great significance to
the physico-chemical properties and industrial applications
[44-46].

The foregoing remarks encouraged us to pursue
exhaustive research on this topic with the aim of obtaining
quantitative data on the microstructure of copolyalkynes.
In the present paper, we report and compare results
pertaining to the copolymerization of phenylacetylene
(PA) and 1-hexyne (HX) by using either Ziegler—Natta
initiating systems such as Ti(On-Bu),-AlEt; and
Fe(acac);-AlEt; (acac = acetylacetonate) or metathesis
catalyst like WCl4-Ph,Sn. PA and HX have been chosen
as the starting comonomers because they are convenient
for estimating accurately, by n.m.r. spectroscopic method,
the compositions of the resulting copolymer samples
from which were calculated the monomer reactivity
ratios, and subsequently the number-average sequence
lengths, characterizing the kinetic scheme of the
propagation step.

2. Experimental
2.1. Materials

Catalyst components: AlEt; (Merck, purity: 96%)
was used without further purification and diluted in
anhydrous toluene. WClg (Aldrich, purity: 99.9%) was
employed as received and handled in a glove-bag under
an argon atmosphere. Fe(acac); (Acros, purity: 98%)
and Ph,Sn (Fluka, purity: 99.8%) were recrystallized
from toluene and chloroform, respectively. Ti(On-Bu),
supplied from Aldrich was refined by reduced-pressure
distillation under a slow argon bleed and used as a toluene
solution.

Monomers: 1-hexyne (Janssen Chimica, purity: 99%) and
phenylacetylene (Aldrich, purity: 98%) were dried by
refluxing in inert atmosphere over CaH, and then
subjected to vacuum distillation on cold condensing
surface. These monomers were kept under argon at
—20°C and over 4 nm-type molecular sieves in the case of
1-hexyne.

Solvents: toluene (Aldrich, purity: 99.8%) was refluxed
over and distilled from CaH,. 1, 4-dioxan (Aldrich, purity:

99.9%) was first allowed to stand several days over
potassium hydroxide pellets and distilled from LiAlH4.
Both solvents were stored under argon over molecular
sieves (4 nm-type).

2.2. Procedure

Polymerization reactions were performed on the
basis of several procedures previously described in the
literature, i.e. Ti(On-Bu)4-AlEt; [47,48], Fe(acac)-AlEt;
[20,49,50,51,52], WCl¢-Ph,Sn [21,29,52]. The runs were
carried out under dry nitrogen in jacketed Pyrex reactor
equipped with a magnetic stirring bar. When Fe(acac),,
WCl¢ and Ph;Sn were used as catalysts, they were
introduced first. The required amounts of liquid reagents
were added by syringe. After ageing at the desired tem-
perature the two-component catalyst solution, was charged
the monomer mixture. Detailed experimental conditions,
including concentration data, are summarized in Tables 1
and 2 for Ziegler—Natta and metathesis processes,
respectively. The copolymerizations were quenched by
adding a few ml of methanol containing hydrochloric acid
(ca 5% wt/v). In the case of the Ziegler—Natta catalysts
only, the reaction mixtures were washed successively with
saturated NaHCOQOj; solution and several times with water.
All the copolymer samples formed were isolated by
precipitation into a large amount of methanol. The crude
products were purified by dissolving in chloroform followed
by filtration through a Sartorius 0.2 ym filter in order to
remove any insoluble materials, e.g. catalyst residues or
microgel, after which they were reprecipitated in
methanol and vacuum dried at 50°C to constant
weight. Most copolymers were prepared to lower than
10 wt% conversion, measured by gravimetry, except the
set of samples synthesized in toluene using WClg-Ph,Sn
as catalyst because of the very high rate of the corresponding
reactions.

2.3. Characterization

The copolymer compositions were determined by 'H
n.m.r. spectroscopy. The spectra were run using
about 0.025 gml™' solutions of ‘the samples in CCl, at
ambient probe temperature and recorded on a Bruker
AC 200 P spectrometer operating at 200.13 MHz.
CF;COOH-d served to provide the deuterium lock
frequency. Proton chemical = shifts were quoted
relative to tetramethylsilane (TMS) and the resonance
signal areas were evaluated by the integration curve
technique.

The number-average molecular weights (M,) were
obtained by size exclusion chromatography (s.e.c.) in
tetrahydrofuran (flow rate: 1mlmin~') at 25°C on a
Waters high-pressure instrument (Model 510 pump, linear
ultra-styragel columns, Waters 410 RI detector) using
polyisoprene and polystyrene calibrations.
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Table 1
Copolymerization of phenylacetylene (PA) with 1-hexyne (HX) by Ziegler—Natta catalysts in toluene solution

Ti(On-Bu) ;~AlEt} Fe(acac);-AlEt}

Sample  f%a P(PA)  Reaction  Conversion M Sample £ %a P, (PA)*  Reaction  Conversion M¢
time (h)  (Wt%) (g mol ™" time (h)  (wt%) (g mol ™)
Ti 1 0.1 0.022 0.75 9.6 3317 Fe 1 0.05 0.225 6 7.7 3000
Ti 2 0.2 0.052 1 13 2200 Fe 2 0.1 0.302 6 10 2780
Ti 3 0.3 0.075 1 11.6 1650 Fe 3 0.2 0.430 75 10 2460
Ti 4 0.4 0.115 3 7.5 1540 Fe 4 0.3 0.501 75 10 3180
Ti 5 0.5 0.175 3 8.5 — Fe 5 0.4 0.540 15 13 2020
Ti 6 0.6 0.226 3 105 1250 Fe 6 0.5 0.640 8 12 1831
Ti 7 0.7 0.330 1 92 — Fe 7 0.6 0.690 8 8.5 1650
Ti 8 0.8 0.438 1 7 1010 Fe 8 0.7 0.730 7 11 1466
Ti 9 0.9 0.599 1 11 860 Fe 9 0.8 0.800 6 9 1055
Ti 10 0.95 0.738 0.75 8.7 500 Fe 10 0.9 0.875 5 9.5 980
Fe 11 0.95 0.940 5 7 850

“[PA} + [HX]} = 2 mol I ! [Ti(On-BU),] = 10 mmol 17'; [Al)/[Ti] = 5; ageing time and temperature of catalyst system: 15 min at 25°C; polymerization
temperature: 25°C.

b [PA] + [HX] = 2 mol 17"; [Fe(acac);] = 35 mmol 17"; [Al}/[Fe] = 3; ageing time and temperature of catalyst system: 30 min at 50°C; polymerization
temperature: 50°C.

“ Mole fraction of PA in monomer feed.

4 Mole fraction of PA in copolymer determined by 'H n.m.r. spectroscopy.

¢ Number-average molecular weight measured by s.e.c.

3. Results and discussion
3.1. Copolymer compositions

In Fig. 1(A) and (B) are shown, as examples, representative
'H n.m.r. spectra at 200 MHz of poly(1-hexyne) (PHX),
polyphenylacetylene (PPA) and PA-HX copolymers
containing 17.5 and 43 mol% of PA-units, obtained using
the Ziegler—Natta catalyst Ti(On-Bu)4-AlEt; and by the
WCl¢-Ph,Sn metathesis initiator system in 1, 4-dioxan,
respectively. Spectra of homologous materials achieved by
the catalytic systems based on Fe(acac); and WClg in

detail by several workers [3,38,42,53]. Second, one discerns
the four resonance signals, at 0.8, 1.3, 2.1 and 5.9 ppm,
earlier assigned for PHX synthesized with various transition
metal-based initiating systems [52,54]. The analysis of
homopolymer spectra supports the expected polyene
structure indicating that there is no loss of unsaturation
due to side reactions such as cyclization and/or cross-linking
in the course of the polymerizations. The comparison
between the spectra of the copolymers and those of the
corresponding homopolymers reveals no new peak. On
the basis of the signal attributions quoted in Fig. 1, the
copolymer compositions have been calculated by com-

toluene solution are quite similar. First, one recognizes the
typical shapes of PPA-spectra previously described in great

paring the cumulated area (H,) of the aliphatic proton
resonances (0.5-2.5 ppm) with those (H, + Hp) of the

Table 2
Copolymerization of phenylacetylene (PA) with 1-hexyne (HX) by metathesis catalyst in toluene and 1, 4-dioxan solution

WClg-Ph,Sn/toluene” WCls-Ph,Sn/1, 4-dioxan®

Sample o P, (PA)° Reaction Conversion M? Sample Fha P,(PA)°  Reaction  Conversion M9
time (min) (wt%) (gmol™) time (h)  (wt %) (gmol ™)

MT 1 0.114 0.040 10 19 19750 MD 1 0.106 0.050 22 15 30400
MT 2 0222 0.097 35 16.6 20100 MD 2 0.202 0.110 23 4 29500
MT 3 0336 0.167 25 17 21210 MD 3 0.303 0.150 19 4 31200
MT 4 0.434 0.216 25 19 21900 MD 4 0.402 0.245 18 3 36300
MT 5 0.537 0.320 5 16.2 25150 MD 5§ 0.509 0.320 17 9 38300
MT 6 0.630 0.445 5 19.7 25500 MD 6 0.606 0.430 16 6.5 39400
MT 7 0.728 0.530 7 20.7 28300 MD 7 0.709 0.510 15 8 46500
MT 8 0.820 0.707 3 29.6 30350 MD 8 0.804 0.690 14 7 —
MT 9 0.913 0.866 2 445 35620 MD 9 0.903 0.840 8.5 9 62400
MT 10 0.956 0.938 1 47.7 36600 MD 10 0.951 0.920 6 9 65500

@ [PA] + [HX] = 2 mol 17!; [WCl¢} = [Ph,Sn] = 10 mmol I *'; ageing time and temperature of catalyst system: 15 min at 30°C; polymerization temperature:
30°C.

® Mole fraction of PA in monomer feed.

° Mole fraction of PA in copolymer determined by 'H n.m.r. spectroscopy.

4 Number-average molecular weight measured by s.e.c.
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Fig. 1. 200 MHz 'H n.m.r. spectra, in CCl,, of polyphenylacetylene (PPA), poly(1-hexyne) PHX and PA-HX copolymer. (A) synthesized, in toluene, by the
Ti(On-Bu),-AlEt; Ziegler—Natta catalyst (Ti 5: 17.5 mol% of PA in copolymer). (B) Synthesized, in 1, 4-dioxan, by the WCl4-Ph,Sn metathesis catalyst (MD

6: 43 mol% of PA in copolymer).

signal area due to olefinic and aromatic hydrogens,
appearing in the range 4.5-8 ppm.

By assuming, like in the case of homopolymers, that there
is no loss of unsaturation in the studied copolyalkynes, their
compositions in terms of molar fractions of PA- and
HX-structural units, denoted P(PA) and P,(HX) according
to the notations of Ito and Yamashita [55], may be evaluated
by using the following expressions:

_9-»
Py(PA) = 575, (1
Pi(HX) =1-P,(PA) @
where
p=H,/(H,+H,) 3)

In Tables 1 and 2 are summarized the data thus obtained
together with the M, values for the four series of PA—HX
copolymers samples synthesized in this work.

3.2. Determination of reactivity ratios
A thorough examination of the literature shows that most

copolymerization systems have been successfully treated
[56] by using the well-known differential equation of

Mayo-Lewis [57], alternatively called the terminal-unit
model, which postulates that only the active chain end of
a growing polymer enchainment affects the addition
probability of each comonomer. This classical kinetic
scheme is described by two copolymerization parameters,
i.e. the monomer reactivity ratios, denoted rp, and ryx for
the PA/HX-pair investigated in the present work. There are
various reasons for evaluating the r-parameters with the
highest possible precision, among other things to predict
accurately copolymer composition and monomer sequence
distribution for any starting mixture. The determination of
these structural data is of paramount importance for tailor-
making materials with required physicochemical properties
and in evaluating the end applications of copolymers.

To determine the reactivity ratio values from the com-
position of monomer feeds and those of the resulting
copolymers formed at low conversions, several procedures
based on the linearization of the instantaneous copolymeriza-
tion equation have been developed. Among them, we have
used the method proposed by Kelen-Tiidos (K-T) [58,59],
which provides the best estimate of r-parameters obtainable
by linear least-squares calculations. The K-T equation is:

77=<rPA+ r%)f—r%( 4
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Table 3
Reactivity ratios for the copolymerization of phenylacetylene (PA) with 1-hexyne by Ziegler—Natta catalysts
Method Ti(On-Bu)4-AlEt; Fe(acac);-AlEt;
Fpa THX FpArHX r'pa rux palHX
K-T 0.15 = 0.025¢ 4.80 *+ 0.23° 0.72 0.78 = 0.06° 0.13 = 0.04° 0.10
NLLS 0.14 = 0.015¢ 447 * 0.30° 0.63 0.79 = 0.02¢ 0.15 = 0.015° 0.12
4959 confidence interval.
with metathesis in toluene solution) and the NLLS procedure,
the values of reactivity ratios rps and ryx were calculated
x(y—1) X fi P,(PA) ot .
n= Y . E= 5 X= PA__ y= ! for the four sets of copolymerization systems examined. The
ay+x* ay+x 1—foa 1 —P,(PA) results obtained are compiled in Tables 3 and 4 together
5) with error estimations.

where fpa is the mole fraction of PA in the initial charge and
« is a positive arbitrary constant defined by the following
relation:

(6)

whose both factors stand, respectively, for the highest and
the lowest values of the variable x*/y. This method allows
one to plot a straight line where the experimental data are
uniformly and symmetrically displayed on the variation
interval of £(0, 1). Therefore, it is possible better to
appreciate the linearity of the distribution and thus to be
sure that the incorporation of comonomers only results
from the terminal effect. The K-T equation is obviously
suitable for low conversion data, but the upper limit is
dependent upon the system being studied. In most cases
up to levels of 5-10 wt%, the fluctuations of initial feed
concentration can be neglected. However, it has been
shown that this approach can be successfully applied to
systems with rather high conversions of at least up to
about 50 wt% without much loss of precision with respect
to the values of copolymerization parameters [60]. In the
‘extended’ Kelen-Tiidés method, an average monomer
composition is assigned to the corresponding copolymer
composition for computation purposes.

For the sake of comparison, we have also applied another
more elaborate treatment by using a non-linear least squares
(NLLS) curve-fitting procedure involving iterations on rpa
and ryx.

Thus, by processing experimental data listed in Tables 1
and 2 according to the K-T Eq. (4) (or the extended K-T
method in the case of the PA/HX-pair polymerized by

o= [(le)))max (xz/y)min]”2

Table 4
Reactivity ratios for the copolymerization of phenylacetylene (PA) with 1

As shown in Fig. 2, the K-T method gives rise to straight
lines on the whole composition range, clearly indicating that
the terminal-unit model provides an appropriate description
of the copolymerization for all investigated systems. The
values computed using the NLLS approach agree within
the limits of experimental precision (Tables 3 and 4). It
follows that, as illustrated in Fig. 3, experimental data
coincide well with the theoretical composition diagrams.

It is not possible to compare these reactivity ratio
values with literature since these are reported for the first
time, except the two parameters corresponding to the
samples (denoted MT in Table 2) obtained by metathesis
copolymerization in toluene solution. In a previous study on
the same system, Masuda et al. [29] found the reactivity
ratios rpy = 0.28_ * 0.05 and ryx = 4.27 = 0.27, fairly
near of our own results, i.e. rpy = 0.54 * 0.05 and ryx =
3.26 * 0.23. The variation is attributed to the dependence of
reactivity ratios on copolymerization conditions and/or
evaluation techniques.

3.3. Copolymerization by Ziegler—Natta catalysts

Fig. 3(A) and (B) shows composition curves for the
copolymerization of PA and HX with Ti- and Fe-based
initiating systems, respectively. The shape of the plot
in the case of titanium-containing catalyst suggests that
1-hexyne is randomly copolymerized with phenylacetylene
and much more reactive than it. The product rparyx < 1
(0.72) with rgx > 1 (4.80) and rpa < 1 (0.15) is consistent
with a slight tendency towards alternating copolymerization
and propensity to formation of long HX-homosequences.
Table 5 shows the number-average sequence lengths Npy

-hexyne by metathesis catalyst

Method WCl4-Ph,Sn/toluene WCl4-Ph,Sn/1, 4-dioxan

Tpa Yux palHX Ypa FHx TpArHX
K-T® 0.54 + 0.05° 326 + 0.23° 1.76 0.58 = 0.005° 236 * 0.10° 1.37
NLLS 0.50 = 0.08° 3.155 = 0.44" 1.58 0.57 + 0.01° 243 + 0.30° 1.38

¢ Extended K-T procedure for runs in toluene solution.
?95% confidence interval.
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Fig. 2. Kelen—Tiidos plots for the Ziegler—Natta and metathesis copolymerizations of phenylacetylene (PA) with 1-hexyne (HX). (A) Ti(On-Bu)4-AlEts/
toluene catalyst (o = 8.390). (B) Fe(acac);-AlEty/toluene catalyst (o« = 0.811). (C) WCl¢-Ph Sn/toluene catalyst (« = 4.702). (D) WCl4-Ph,Sn/1, 4-dioxan

catalyst (o = 2.958).

and Nyx representing the mean numbers of structural units
PA and HX that form the PA- and HX-sequences in
copolymer chains. These quantities, for the terminal
model, are related simply to the reactivity ratios and feed
compositions in the following manner:

Npa =1+ rpa(foalfux) (7

Nux =1+ rux(fux/fea) (8

From Table 5, it is obvious that the number of 1-hexyne
units strongly decreases in copolymers obtained from the
Ti-containing catalyst, as the mole fraction of 1-hexyne in
monomer feed diminishes. Noteworthy in the results of
Table 5 is the very rapid build-up of HX-units in copolymer
beyond 60 mol% (sample Ti 4) of hexyne in the monomer
charge.

It is reasonable to assume that the great discrepancy in
relative reactivity of these alkynes should come from their
structural difference. First, the phenyl group exerts a larger
steric hindrance than the butyl-substituent, thus contributing
to the decreased relative reactivity of PA compared to HX
[29]. Second, the resonance effect of phenyl group brings
about an electron deficiency in acetylene moiety resulting in
a lower reactivity at the electron-deficient active species

formed by reaction between Ti(On-Bu), and AlEt;. On
the contrary, in the case of 1-hexyne, the electron-releasing
butyl group increases the electron-density of the acetylene
moiety resulting in a much higher reactivity of HX than PA
towards the active sites for the copolymerization.

On the other hand, the curve (Fig. 3(B)) and data (Table 5)
describing the behaviour of the PA/HX-pair polymerized
with the iron-containing catalyst are very different and
disclose that in this case, the reactivity of PA is higher
than that of HX. According to the value of rparpx <
1(0.10) with both reactivity ratios below unity (Table 3),
the propagation mechanism appears to be somewhat
alternating as evidenced by the shape of the composition
diagram (Fig. 3(B)) and also by the N-values compared in
Table 5 with the ones calculated for titanium-based catalyst.
Fig. 3(B) shows that when the PA-content in the initial
charge is high, about 80 mol%, the composition curve is
very close to the diagonal of the square diagram. This fact
indicates that the reactivity of HX towards PA propagating
end is similar to that of PA (1/rp, = 1.28). The system
exhibits an azeotropic composition corresponding to
Pl(PA) =pr = 080

Furthermore, it should be pointed out that previously
we reported results involving another Fe-based
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Fig. 3. Composition curves for the Ziegler—Natta and metathesis copolymerizations of phenylacetylene (PA) with 1-hexyne (HX). (A) Ti(On-Bu)4-AlEts/
toluene catalyst. (B) Fe(acac)s-AlEts/toluene catalyst (ffx = 0.8: azeotropic composition). (C) WCl¢-Ph,Sn/toluene catalyst. (D) WClg-Ph,S1/1, 4-dioxan

catalyst. (O) Experimental data; (
rux = 3.26 (C); rpa = 0.58, ryx = 2.36 (D).

Ziegler—Natta catalyst consisting of iron tripropionate and
triethylaluminium [37]. This initiating system affords
results, i.e. rp, = 0.11 and ryx = 4.21, nearly the same as
those obtained with the titanium tetrabutoxyde-based cata-
lyst. Therefore, it can be argued that the chemical nature of
ligands of ferric derivatives plays a very prominent part in

Table 5

) curves calculated from terminal-unit model with rpy = 0.15, rgx = 4.80 (A); rpa = 0.78, rux = 0.13 (B); rpa = 0.54,

the copolymerization mechanisms in terms of competitive
coordination of alkyne monomers to iron-atom of the
propagating sites.

We have not as yet completely interpreted all experimental
findings but we are further investigating these systems in
order to try to explain the diverse copolymerization behaviour.

Number-average sequence lengths (N) of phenylacetylene (PA) and 1-hexyne (HX) units in PA-HX copolymers synthesized by Ziegler—Natta catalysts”

Ti(On-Bu) ;~AlEt

Fe(acac);-AlEt5

Sample  f%a Npa Nux Npa:Nux  Distribution®  Sample £ %, Nea Nux Npa:Nux  Distribution®
Ti1 0.1 1.02 442 1:44 Fe 1 0.05 1.04 347 1:3 -PHHHP-
Ti 2 0.2 1.04 202 1:20 Fe 2 0.1 1.09 2.17 122
Ti 3 0.3 1.06 12.2 1:12 Fe 3 02 1.20 1.52 1:1
Ti4 0.4 1.10 8.2 1:8 Fe 4 0.3 1.33 1.30 1:1 -PHPH-
Ti s 0.5 1.15 5.8 1:6 Fe 5 0.4 1.52 1.20 1:1
Ti 6 0.6 1.22 42 1:4 PHHHHP-  Fe 6 0.5 1.78 1.13 21 PPHPP-
Ti 7 0.7 1.35 3.06 1:3 Fe 7 0.6 2.17 1.09 21
Ti 8 0.8 1.60 2.20 2:2 PPHHPP- Fe 8 0.7 2.82 1.06 3:1 -PPPHPPP-
Tio 0.9 235 1.53 21 Fe 9 0.8 4.12 1.03 411
Ti 10 0.95 385 1.25 4:1 PPPPHPPPP- Fe 10 0.9 8.02 1.01 8:1

Fe l1 0.95 15.82 1.00 16:1

“ For experimental conditions: see Table 1.
" rea = 0.15; rux = 4.80.

“rea = 0.78; ryx = 0.13.

¢ Mole fraction of PA in monomer feed.

 Only some cases are illustrated; P and H denote PA and HX-units, respectively.
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Table 6
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Number-average sequence lengths (V) of phenylacetylene (PA) and 1-hexyne (HX) units in PA~HX copolymers synthesized by metathesis catalyst®

WCl¢-Ph,Sn/toluene”

WCl-Ph,Sn/1, 4-dioxan®

Sample f tl]’A NPA Nm NPA:NHX Distribution® Sample f ‘;’A NPA NHX NPA:NHX Distribution®
MT 1 0.114 1.07 24.46 1:24 MD | 0.106 1.07 21.0 1:21

MT 2 0.222 1.16 11.67 1:12 MD 2 0.202 1.15 10.3 1:10

MT 3 0.336 1.29 6.97 1:7 MD 3 0.303 1.25 6.43 1:6 -PHHHHHHP-
MT 4 0.434 1.46 4.83 1:5 -PHHHHHP- MD 4 0.402 1.39 4.51 1:5

MT 5 0.537 1.68 3.57 2:4 -PPHHHHPP- MD 5 0.509 1.60 3.28 2:3

MT 6 0.630 2.02 2.73 2:3 -PPHHHPP- MD 6 0.606 1.89 2.53 2:3

MT 7 0.728 2.66 2.06 32 -PPPHHPPP- MD 7 0.709 241 1.97 2:2

MT 8 0.820 392 1.60 4:2 MD 8 0.804 3.38 1.57 3:2

MT 9 0.913 8.40 1.24 8:1 MD 9 0.903 6.40 1.25 6:1 -HPPPPPPH-
MT 10 0.956 15.50 1.12 15:1 MD 10 0.951 12.26 112 12:1

“ For experimental conditions: see Table 2.
" roa = 0.54; ryx = 3.26.

“rea = 0.58; ryx = 2.36.

4 Mole fraction of PA in monomer feed.

“ Only some cases are illustrated; P and H denote PA and HX-units, respectively.

3.4. Copolymerization by metathesis catalyst

The composition plots for the copolymerization of PA
with HX by WClg-Ph,Sn in toluene or 1, 4-dioxan
(Fig. 3(C) and (D)) are of same kind. Their shapes are
very similar to that relative to the reaction promoted by
Ti-based catalyst indicating that random propagations are
taking place. However, in these cases the reactivity ratios,
given in Table 4, show that 1-hexyne is less reactive and
phenylacetylene more reactive when compared to their
respective behaviour with the Ti(On-Bu),-AlEt; system.
This is in favorable agreement with the results of the homo-
polymerizations. Therefore, as evidenced by comparing
data summarized in Tables 5 and 6, the PA-HX copolymers
prepared using metathesis catalyst contain both longer
PA-blocks and shorter HX-sequences than the homologous
materials achieved with Ti-catalyst.

In addition, it is interesting to note the very great
influence of polymerization solvent. Thus, when 1, 4-dioxan
was employed as a solvent instead of toluene, the yield as
well as the rate of reaction decreased considerably,
whereas the number-average molecular weight (M,) of the
copolymer increased by a factor of about 1.5-2 (Table 2).
Similar tendencies, previously reported [17,53,61] in
various oxygen-containing solvents, were ascribed to the
molecular interactions between tungsten of the active
species and lone pair electrons of oxygen atoms.

4, Conclusion

The copolymers of phenylacetylene with 1-hexyne were
synthesized in solution by Ziegler—Natta and metathesis
initiating systems. 'H n.m.r. spectroscopy can be con-
veniently used for accurate determination of copolymer
compositions. The reactivity ratios were computed by
both the Kelen-Tiidos method and a non-linear least

squares curve-fitting procedure. The values thus obtained
were in good agreement and indicated clearly that the
terminal-unit model was quite suitable to describe the
copolymerization behaviour for the four systems investigated
in this work.

In the case of runs performed using Ziegler—Natta
catalysts, i.e. Ti(On-Bu)4-AlEt; and Fe(acac);-AlEt;, low
molecular weight materials, up to M, values of the order
of 3000 g mol ™!, were obtained. The relative reactivity of
two acetylenic monomers during the copolymerization was
found to be drastically dependent upon the chemical nature
of transition metal compounds as well as that of ligands
linked to metal atom, e.g. iron triacetylacetonate and iron
tripropionate.

As expected, the W-based metathesis catalytic system
produced copolymers whose M, were remarkably higher
compared to those observed for the homologous materials
recovered by using the Ziegler—Natta catalysts. Moreover, it
was evidenced that the polymerization solvent, e.g. toluene
and 1, 4-dioxan, had a very prominent effect on the average
molecular weights of synthesized copolymers, the yield and
the rate of reaction.

Some results presented above are still too scanty for any
sound conclusion concerning all observations reported in
this paper. In view of this goal, further studies are now in
progress.
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