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Abstract

Two decades ago, the concept of molecular reinforcement of thermoplastics was advanced: it was predicted that thermoplastics of regular
flexible-coil polymers are strongly reinforced by rigid-rod polymer chains that are molecularly dispersed in the thermoplastic matrix, acting
as “molecular fibres”. However, it proved difficult to test this concept because rigid-rod and flexible-coil polymers are usually demixed.
Rigid-rod chains do not dissolve in normal thermoplastic matrices but form a separate phase. A related concept bearing more promise, i.e. the
“micellar reinforcement”, is introduced in this paper: rigid chains that are provided with flexible grafts can form reinforcing cylindric
micelles in thermoplastic matrices. The micelles of such rod-coil graft copolymers have a thickness on the submicroscopic scale, not far
above the molecular scale. This concept was explored in a polyester—polystyrene system based on rigid-chain polyesters (PES) containing
double-bond units. Graft copolymers PSgPES were prepared by a mechanism of “grafting-through” which amounts to a random copoly-
merisation of styrene and the double bonds in the PES chains. Synthetic problems were (i) achieving high molecular weights, in particular of
the PS chains, and (ii) avoiding crosslinking which occurs easily via multigrafting. After attempts with initiators in the bulk and in solution,
thermal polymerisation without an initiator yielded long-chained PSgPES graft copolymer products with only moderate shares of ungrafted
PS and PES byproducts. These graft products formed cylindric micelles of PES in a PS matrix which doubled the modul@sle98sS.
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1. Introduction 16] which keeps the rigid chains from dissolving in the
matrix (only special systems with polyionic chains,
Polymers are inherently softer and weaker than steel. prepared in solution, appear to permit a true single-chain
They are competitive only when reinforced with high- dispersion of rigid chains [17]). Therefore, instead of single-
modulus fibres. Conventional fibre—polymer composite chain composites, only “nanocomposites” have so far been
materials contain fibres, some micrometers thick and milli- developed in which rigid-rod polymers form tiny submicro-
meters long, dispersed and oriented in the polymer matrix scopic fibres that consist of many (definitely more than one)
(Fig. 1(a)). The market is dominated by glass fibres but chains [18—20]. These composites are analogues to nano-
organic fibres of rigid-chain liquid crystalline (LC) polyar- composites with submicroscopic inorganic fillers, in parti-
amides are meanwhile used as well [1,2]. In the search forcular nanowhiskers [21] and exfoliated silicate layers
novel principles of reinforcing thermoplastics, the concept [22,23].
of molecular reinforcemenbf thermoplastics has been The topic of this paper is a novel concept of reinforcing
advanced two decades ago [3—7], of which the extreme thermoplastics which is related to molecular reinforcement,
case is indicated in Fig. 1(b): rigid chains, molecularly i.e. micellar reinforcementThis concept is based on the
dispersed in the flexible-chain matrix of thermoplastics, thermodynamic stability of the nanophases of block and
can act as reinforcing fibres on the single-chain (“molecu- graft copolymers [24—-27]: rod-coil block [28—30] or graft
lar”) level. Rigid-chain polymers might be composed of copolymers consisting of rigid and flexible blocks should be
rigid-rod [8] or hairy-rod chains [9,10] that exhibit liquid able to form, in the flexible-chain matrix of thermoplastics,
crystalline (LC) order. That this concept works, in principle, anisotropic micellar structures with a hard rigid-rod core
has recently been demonstrated theoretically [11]. and a soft flexible-coil shell. This paper deals with rod-
However, the situation in Fig. 1(b) is unrealistic. Rigid- coil graft copolymers. As shown in Fig. 1(c), these copoly-
rod and flexible-coil chains are usually incompatible [12— mers should form oriented cylindric micelles of rigid-rod
chains that are tied to the matrix by a fur of flexible-coil
* Corresponding author. grafts. These micelles are high-modulus fibres on an almost
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mechanism ofjrafting-throughwas employed, the principle

2 1?5 i of which is indicated in Fig. 2(a). A vinyl monomer B is
a ? b c copolymerized with double bonds in a polymer PA, which
é leads to a X-shaped copolymer since the gPB chain runs
15} through the gPA chain. Reasonably, the longer chain, gPA
%,g or gPB, should be viewed as the backbone and the other one
% 3/ é as the graft so the resulting copolymers are either of type
PAgPB or type PBgPA.
E (% i Chain structures based on such X-shaped graft points are
shown in Fig. 2(b) and (c) where either a gPA chain
2$n z'g:m Z’E:m connects several gPB chains (Fig. 2(b)) or a gPB chain

connects several gPA chains (Fig. 2(c)). These multigraft
Fig. 1. Oriented thermoplastics, reinforced with: (a) macroscopic fibres or copolymers must be carefully designed. Combinations of
(b).(c) rodlike polymer chains in (b) molecular or (c) micellar dispersion.  the chain architectures in Fig. 2(b) and (c) lead easily to a

chain network where gPB chains run through several gPA
molecular level. Compatibility of the rigid and coiled chains chains and vice versa. Unsaturated polyester resins are
is not required. commercial systems of this network type [31]. Evidently,

The viability of this concept will be demonstrated. Graft crosslinking must be avoided when graft copolymers are

copolymers of rodlike aromatic LC copolyesters and flex- aimed at.
ible polystyrene will be discussed, first the strategy and the The polyester—polystyrene system in Fig. 3 was intro-
synthesis, then the morphologies and the mechanics. duced in Ref. [32] and is discussed in this paper:

e Copolyester (Fig. 3(a)):A rigid-chain copolyester of
2. Strategy terephthalic and 2,5-dihexoxyterephthalic acid as well
as phenylhydroquinone was chosen. This copolyester is
Most graft copolymers are prepared via the mechanisms a thermotropic main chain LC polymer with a relatively
of grafting-fromor grafting-onta Grafts (gPB) get laterally low clearing point T.; = 27C°C), due to the hexoxy and
attached to a backbone chain (gPA) so a T-shaped copolymer phenyl substituents [9]. The polymer can be dissolved at
PAgPB results. In this study, however, the less common moderate concentrations in several solvents.

B 3 ' gPA
a + 0 — +%———0 —
PA %

PAgPB or PBgPA

b C
PAgPB PBg PA

Fig. 2. Grafting-through: (a) X" shaped graft copolymers (PAgPB or PBgPA), prepared by random copolymerisation of a monomer B and double bonds in a
polymer PA,; (b),(c) multigraft architectures with a back bone (b) gPA or (c) gPB.
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)
gPES gPS

Fig. 3. Polyester—polystyrene system: (a) basic polyester; (b) double bond containing stilbene co-units for the modified polygsterd PES:: 4,4 -
dicarboxystilbene (“4.4") and 2,5-dicarboxystilbene (“2.5); (c) grafting of styrene chains through the double bonds, producing a flexibie [feRES,
but leaving PE rigid (rig).

e Copolyesters PES (Fig. 3(b))The chains of this 3. Theory of grafting-through
copolyester were provided with 4:4or 2,5-dicarboxy-
stilbene units which contain double bonds that cannot Analyzing graft copolymerisations is always difficult. It is
homopolymerize but can copolymerize with styrene (as usually impossible to arrive at an exact and comprehensive
to the abbreviations: the modified copolyesters will be picture of the complex products on the basis of experiments
referred to by “PES” and sometimes by “PESand alone. But predictions derived from theory can help. Since
“PESy", to specify the double bond unit). the theory of grafting-through processes is basically that of
e Graft copolymers PSgPES (Fig. 3(c)Fhe modified random copolymerisation, predictions are easier than for
copolyesters PEgand PES; were grafted with styrene.  other grafting mechanisms. The following statistics are
For the performance of the resulting rod-coil graft copo- especially adapted to the polyester—polystyrene system in
lymers PSgPES, it is mandatory that the grafted gPES Fig. 3.
chains be as rigid as the original PES chains. This was Grafting-through starts from a solution {S/PES} of PES
definitely the case with PESbut not entirely with PES. in styrene (S) in which styrene is copolymerized with the
Since the double bonds of the 2,5 units are laterally double bonds of PES. The product consists of three compo-
attached, grafting leaves the PE8hains rigid. But the nents, the graft copolymer (PSgPES), the homopolymer of
double bonds of the 4,4units are incorporated in the styrene (UPS) and ungrafted polyester (UPES):
PES, chains so grafting (whereby double are turned

into single bonds) introduces flexible chain links.

o Architecture of PSgPES:For competitive products i + 0 —= + + i
PSgPES, two conditions had to be satisfied, i.e. (i) long
PS chains and (i) sufficient grafting without crosslinking. PES S PSgPES  uPS uPES

The statistics of grafting-through predict that condition

(i) means that the PSgPES chains must predominantly be ~Statistically, the product has four constituents, i.e. the
built as in Fig. 2(a), like an X, with one gPS backbone subchains gPS and gPES of the copolymer PSgPES and
and one gPES graft. the byproducts uPS and uPES.
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3.1. Polyester PES where the second relation holds M6k 1. The copolymer
contains less D units than the fegd<( Y, Eq. (8)) and the

The polyesters PES (PiSnd PES;) are random copo-  conversion of D units is smaller than that of styrene:
lycondensates ES,D, of the regular units ES of the original

polyester (Fig. 3(a)) and the double-bond units D (Fig. 3(b)), ¢y = 5. (10
the composition being given by the mole fraction of D units s
Mo/Mp Although the copolymerisation is npt azeotropic (Eq.
X= (8)), the comonomer sequence order in the chains of the
Meg/Mes + Mp/Mp 1) . . .
copolymer $_,D, is, at low conversiorc, approximately
m : mass M; : molecular weight random.

Characteristic parameters for the polyester chains are the3z 3. Grafting-through product {PSgPES/UPS/UPES}
averages of the degree of polymerisatiopes and the

numberdpes of D units per chain (all statistical averages The random copolymer§D, is the grafting-through

in this section are number averages): product. More precisely, this product is a blend {PSgPES/
1 uPS/UPES} of grafted and ungrafted chains with the weight
Npes= D NP, = g 2 fraction of PES (QPES- uPES)
n
MpEs W
W= = . (11
dees= > > dpg = Txﬂ_ = XMpgs 3 m WHad=W
n d The statistics of the PS (gPSuPS) and the PES
The distribution functiorpng (gJPES+ UPES) part of this blend are calculated separately.
Characteristic parameters of the products are: (i) the
Pra = Pa(n XA = %" py= 7" - m). 4 averages of the degree of polymerisatipand the number

of graft points per chaig; of all components; and (i) the
weight fractionsw; (as to the indices: an indexdescribes
grafted and an indexi ungrafted chains while no index
describes all chains).

of the numbemn of monomers and the numberof D units

per chain is controlled by the compositinef PES (Eq. (1))
and the connectivity parameter (where (1— ) is the
share of chain ends) which is calculated from the experi-
mentally determined molecular weighitgs (i.e. fromnpgg

Eq. (2)). 3.3.1. PS=gPS+ uPS
The distribution functiom,q for the number of monomers
3.2. Random copolymerisation (n) and the number of graft pointg)(per chain (wherg is
_ _ _ _ equal to the number of double bond units D in the PS chains)
In a solution {S/PES} with the PES weight fraction is given by Eq. (4) with exchanged parameters, i.e. with the
W= MpEs ®) compositiony of S,_,D, and the connectivity parameter.
Mpes+ Ms Ong(:Y) = P, X). (12
the styrene and the D units of PES are copolymerized to a 14 degrees of polymerisation are
conversion
(Mg + mo)(t) ® tps= 3 NGy =
c=1- 7D =c=1- Y _ (5 PS= 2% = Ty
(Mg + mp)(t = 0) ms(t = 0)
The solution {S/PES} is, in fact, a comonomer mixture Z Z NOhg<0
{S/D} with the mole fraction of D units Ngps= -l — 1-ya-y ’
My Mq . Z %qngyéo A - A - wl-y) (13)
 mgMs+mp/Mp  XMp + (1 — X)Mgs”
The copolymerisation is not azeotropic. Values of the Zn:nqw,:o 1

copolymerisation reactivity ratios of stilbene (for the double uPs= T 1 ul—-v
bond units D) and styrene in the literature are [33] =

=0 rs=4 ®) The connectivity paramete¢s in Eq. (12), which is
assumed to be equal for grafted and free chains, is calculated
from the experimentally determined molecular weilyhbs

(i.e. fromnyps Eqg. (13)).

rpY’ + Y(1-Y) Y An important effect in Eq. (13) is that the grafted chains

y= rpY? + 2Y(L—Y) + rg(1 — Y)? = s’ ® gPS are longer than the average of all PS chains while the

so S is favoured over D, in the copolymef_,. The
composition of $.,D, is given by
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ungrafted chains uPS are shorter:

Nps < Ngps < 2Npg 1 <ngps< Nps 14

The number of graft points per chain is given by

y
= = ——— = VYN
Ops En Eg 90hg 1y Ylps,

D> ghgeo

_n g 1=yl —-y)  nps
Jgps = = =
ang#o
n

1=

=1+ gps
Nups

(15

wheregpsis averaged over all PS chains aggsonly over
the grafted gPS chains (note that the lipit= 0 means
gps— 0 butgges— 1).

The grafting efficiencyfgps leads to the weight fractions

Wyps andWgpg

noh
¢ Myps Z% 0 ya-ga-y)
A e R T

Wgps = fgpd1 = W)  Wyps= (1 — fgpg)(1 — W).

3.3.2. PES= gPES+ UuPES

The PES chains are a bit more complicated than the PS

chains in so far as, at a conversignonly the partcy (EqQ.

1909
corresponding tag (Eq. (12))
Png(77, CoX) = Ong(¥,Y)

and all characteristic parameters of the PES chains, i.e.

(18

Ngpes Nupes 9res YgPES ngEs Wgpes WuPES

are given by the respective Egs. (13)—(16) for the PS chains,
after parameter exchangg¢s— = andy — cpx.

3.4. Graft copolymer PSgPES

The overall molecular weight of the graft copolymer
PSgPES is approximately given by the molecular weights
of the gPS and gPES subchains and the numbers of graft
points per subchain

Mpsgres= JgredMgps T dgpMgpEs

as long agjypsandggpesdo not approach two where cluster-
ing and crosslinking take over. Sindéyes and Mgpes are
always higher thaM psandMpes(Eq. (14)), the molecular
weight of PSgPES is always considerably higher than that of
the ungrafted byproducts uPS and uPES. The internal
composition of the copolymer is

19

i _ Mgpes  fgpes W
PSgPES™ = .
fops 1—w

Myps

(20

3.5. Parameter evaluation

Those parameters of the product {PSgPES/uPS/uPES}

(10)) of all D units in the PES chains will be grafted. The that cannot be determined experimentally must be calcu-
statistics of the PES chains thus depends on the conversionjaied. The calculations are based (i) on the parameters

The distribution function

Pndg = Pna(d, 93 (1 — cp)* 7%, 17

describes the numbar of monomers, the numbed of

= g

+M,ps—>n,ps

y, w and 7, all of which are determined experimentally
before a grafting-through run starts, and (ii) on the para-
metersc and ¢y which must be extracted from the product.
The calculation proceeds as follows:

—>Mg,,s

Y—— V¥ &

> Jeps > Wepss Wps
teox 21
= Npps > M pgs (21)

+Ngps :8gPs
L /LT N > M
> M opes RpsgpEs PSgPES

oPES > WeoppssWupgs > lpsgpEs

D units and the numbeg of graft points per chain,
where p,q is given by Eqg. (4). However, only and g
are interesting. Thereforg,qycan be reduced to a functipp,

The parameter§psandfypescan be measured, via extrac-
tion of the byproducts uPS and uPES, so theory and experi-
ment can be compared. As in all graft copolymerisations,
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Table 1

Graft products prepared by methods I-Ill from the polyesters,P&® PES;: composition variableg, W andY, conversiorc, molecular weightd;, grafts per chaim; and grafting efficiencie§

faps (%) exp fopes (%0) exp

OJgPES

Ogps

Mgees(1079)

Mupes (107%)

C(%) exp Myps(107) exp  Mges(1073)

X (%) exp Mpes(10 %) exp W (%) exp Y (%) exp

PES

51

33
40
35
43

24
28
36
30
79
80

18

1.22
1.28
1.23
1.33
1.11
1.14

1.10
1.22
1.23
1.25
1.33
1.59

18
16
18
15
19
17

68
105

33
48

41
42

0.081

10

44
25

55
43

33
34
36

0.116
0.44
0.58

10

29
25
225
260

12
11

46

25

10

44

53
58
55

49

25

10
7
10

25

19
23

44
61

96
110

20

20

0.081

10
19

44
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0.116

25

very many measured and calculated parameters are involved
in Eqg. (21). A transparent discussion is difficult. Therefore,
the data will later be presented in schematic pictures (see
Fig. 5) which are more descriptive than the tables and the
text.

4. Synthesis
4.1. Copolyesters PES

Copolyesters PEg and PES (Fig.3b) were prepared
with contents of the double-bond units D of= 3%,
X= 7%, Xx=10% andx = 15%. The regular monomers of
the polyester (Fig. 3(a)) and the double-bond monomers
(Fig. 3(b)), the diacids in the form of their acid chlorides,
were copolycondensed as described in Ref. [32]. Grafting
test runs with these copolyesters revealed an optimurn of
between insufficient grafting and crosslinking. Only the
polyesters with the following optimum compositions will
be discussed:

PE,: Xx=7% PBs: x=10%

The original polyester is glassy up f§,=60°C and
liquid crystalline up to the clearing point; =270C.
Incorporation of the double bond units raises both transi-
tions slightly:

60 < T, < 100°C, < hsp sp= 0.25> 270< T,; < 300°C.

Molecular weights were determined via solution visco-
metry, using the Mark—Houwink equation in Ref. [32]. All
PES had similar molecular weights), = 20x 10°. The
number average molecular weighkd, which enter the
calculations (Eqg. (21)) are listed in Table M{= Mpg9
as obtained fronM,, with the approximation

Mpgs = M, /2. (22)

Gel permeation chromatography was useless since PS
calibration overestimated the molecular weights approxi-
mately by a factor of three, due to the rodlike shape of the
polyesters PES.

MALDI spectroscopy revealed that the comonomer
sequence in the PES chains is not entirely random. At low
conversiort, 2,6-hexoxyterephthalic acid units were prefer-
entially built into the oligomers. While this changes the
local sequence order, the entire chains can still be treated
as random copolymer chains.

4.2. Grafting-through

The grafting-through copolymerisation was carried out in
feed solutions {S/PES}, isothermally with nitrogen protec-
tion, under three different conditions (Table 3) where BPO
is dibenzoylperoxide and AIBN azobisisobutyronitrile.

[, l: Styrene was polymerized in a feed {S/PES} with a
PES content oV = 5%. The polymerisation was started
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RI | b
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[PSgPES/UPS/UPES] |

\
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PES

/
!
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S 6 5 6
10* 10 M 10 10% 10 M 10

Fig. 4. GPC curves of (a) the original PE&nd the raw graft product {PSgPES/UPS/UPES}, (b) the extracted components uPS, uPES and PSgPES.

Table 2

Graft products prepared by methods I-I1Il from the polyesters,P&fsl PES; with the compositiorx: weight fractionsw;, total molecular weighMpsgpesand
compositionipsgpesof the copolymer

x (%) Wyps (%) Wyps (%) Wypes (%) Wypes (%) Mpsgpes(%0) iPSgPES(1073)
[ 7 72 16 4 8 100 0.25
10 60 29 4 7 150 0.14
I 7 40 20 15 17 60 0.75
10 38 22 17 23 50 0.77
I 7 44 35 4 17 280 0.11
10 31 48 5 16 320 0.10
Table 3 molecular weight considerably (Fig. 4(a)). The curves of the

extracted product components of | and Il runs yielded

Medium Initiator narrow peak widths indicating good extraction [32Rut
[ Bulk BPO a broad PSgPES peak in Fig. 4(b) indicates that, unfortu-
I Toluene solution BPO, AIBN nately, the extraction was in the particularly important Il|
I} Bulk No

runs incomplete. The graft copolymer PSgPES was, after
extraction, evidently still mixed with some uPS and uPES.

either (1) by the initiator BPO (0.12 mol%) at 8D, or

(1) thermally, without an initiator at 10TC. 4.3. Mechanism

II: Afeed {S/PES} with a higher PES conteit|= 25%, ! ) L

was diluted with toluene so PES had, in the resulting . To confirm .that the reactlon. mechanlsm.|5. .|nd@edft-

toluene/styrene solution, again a concentration of N9-through(Fig. 2) and nografting-from the initiator BPO

5wt.%. Styrene was polymerized with BPO or AIBN was replaced in some runs by AIBN. Graftlng-from_poly-

(0.6 mol%) at 86C. merlsatlons are r_eadlly started only by the aggressive oxy

radicals of peroxides but not by the carbon radicals of azo

All systems turned turbid at fairly low conversion, which compound;. However, AIBN did as \./veII. as BPO, indicating
indicated phase separation. The polymerisation was stopped® Mechanism of random copolymerisation as postulated for
when the system got too viscous or started crosslinking. The (€ 9rafting-through mechanism (Fig. 2(a)).

product was precipitated with methanol; the byproducts
uPS and uPES were extracted with cyclohexane and hexa—4'4' Products {PSgPES/UPS/UPES}

fluoroisopropanol. The extracted uPS and UPES fractions g aft copolymerisation runs of type I—IIl led to products

contained only the extracted component, according to IR that are characterized in Tables 1 and 2. For the calculations,
tests, but the purity of the remaining PSgPES fraction

could not be confirmed. ) . . . ! Unfortunately, the GPC curves in Fig. 2 of Ref. [32] contain an error:
GPC curves are shown in Fig. 4. Grafting increases the “ps” points to the peak of the graft copolymer and vice versa.
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derivatives (Fig. 3(b)) could not be determined, the two
monomers being too similar.

I I Two effects that are common to all systems are observed
I in Table 1:

e Molecular weights M grafted chains are 2-3 times
g ! longer than ungrafted chains.

[J4-uPES

o Numbers of grafts;gthe majority of copolymer chains
PSgPES has th¥ shaped architecture in Fig. 2(a), with
only one chain gPS and gPES each (11§ < 1.59).
The gPS chain is always longer than the gPES chain.

uPS | PSqPEYuPES The pictures in Fig. 5 illustrate the composition and archi-
| J tecture of the products {PSgPES/uPS/uUPES} better than the
I Tables. The products from PESand PE$S being quite
‘g&\ ! similar, average pictures were designed. The weight frac-
tions of uPS, gPS, gPES, uPES and (emphasized) PSgPES
are indicated as well as the molecular weights and the
PSgPES architecture. All products consist of a longer-
chained copolymer PSgPES and considerably shorter-
chained byproducts uPS and uPES.
At the start of this study, copolymerizing {S/PES} feeds
uPS PSgPES<-uPES in the bulk with an initiator seemed the method of choice
[32]. As indicated in Fig. 5(I), the obtained copolymer

I
I chains PSgPES are mostly X-shaped (k1§ < 1.28).
But unfortunately, the PS chains are not long enough and
the grafting efficiency is disappointing. The products are
é dominated by the homopolymer uP8 ¢s= 65%).
!

This was expected. Like most rigid-chain polymers, the
polyesters PES suffer from poor solubility which, in styrene
and toluene, is limited to

Winax = 6%(25°C), = 11%80°C). (23

The {S/PES} feeds contained/= 5% PES so the frac-
tion y of D units in the copolymer S,D, and the PES
weight fractionw in the products {PSgPES/uPS/uPES}
were too small (Egs. (7) and (10)).

Alternatives to intensify grafting were increasing either
(i) the PES content in the feed or (ii) the PS chain length in
the product.

In the solution runs Il, the PES contewas increased

and so werey andw. Indeed, as shown in Fig. 5(ll), less
Fig. 5. Composition and architecture of raw products {PSgPES/uPS/uPES} & g. 5(IN

i =~ 0,
prepared by the methods I-Ill: weight fractions of all components (uPS, hom0p0|ymer uPS was Obtamedwl&s_ 40 /0)' The

gPS, gPES, UPES) as well as chain lengths of uPS, uPES and PSgPE®SYPES chains were symmetric, having gPES and gPS
(kinked: PS, pointed: PES; 1 kink or point corresponds to a molecular subchains of similar size. Unfortunately, the solution runs

weight of 3x 10°). suffered from a severe problem: the PS chains got unaccep-
tably short Myps= 13x 10°), due to the dilution effect of
the experimental parameters quoted in connection with Eq.the solvent and, perhaps, some chain transfer (similarly
21 were used as well as, for the composityoieg. (9)) and short-chained graft copolymers were prepared in Ref. [34]
the conversiomp (Eq. (10)), the copolymerisation reactivity  via a macromonomer technique).
ratio The thermally initiated bulk runs 11l were finally success-
ful, as witnessed by Fig. 5(lll). The fraction of the homo-
polymer uPS was reducedfps= 40%) as in the solution
This value yielded a fair correspondence with the grafting runs. But the PS chains grew much longer because the
efficienciesf; of | and Il runs, better thang= 4 (Eq. (8)). concentration of initiating radicals is very low in thermally
Unfortunately, rs could not be measured directly. The initiated PS systems. Molecular weights were obtained in
composition of copolymers of styrene and the stilbene the range of commercial P$1(ps= 100x 10%. As a result

I’S=3.
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2 °
L

3 %\ yy o

' 200nm

Fig. 7. Cylindric micelles of PSgPES in the gPS matrix (Fig.8a magnified):
(a) electron micrograph with points and strands; (b) schematic copy of (a).

e The chains of the PSgPES copolymer are dominated by
the long gPS chains.

For graft copolymer systems with this architecture, one
would normally predict that the gPS and uPS chains are
Fig. 6. Morphology of the product {PSgPES/UPS/UPES} from RE@®) compatible so PSgPES should form micelles of the type in
g\;ﬁ:/lge;vl;zéb\),vﬁi?géln with a co-continuous substructure of PSgPES (gPS Fig. 1@), filled Wi.th some UPES, in a matrix of uPS [24—27].

In first tests, films of the products and of the extracted
copolymers PSgPES were cast from toluene. Film casting of

of their length, a considerable part of the gPS chains polymer blends is informative because the solution is very
connects two gPES grafts (1.33g,ps<< 1.59). fluid so the polymers can arrange according to their thermo-

The morphology and mechanics of the satisfactory dynamic preferences. Unless the solvent is selective, the
products of the bulk runs Il are described in the next film morphologies reflect the minimum of the interface
section. tension.

The measured and calculated grafting efficientiagree A representative film morphology is shown in Fig. 6(a).
fairly well, in the | and Il runs, but not in the Ill runs (Table  Disappointingly, it features large domains of PSQPES. The
1). The lll runs yielded, experimentally, very high values of magnified domain in Fig. 6(b) reveals an extremely fine
fgpsandfypes But these values are misleading. Itis a general substructure of nanophases which is caused by intramole-
problem of graft copolymer products that seemingly good cular demixing of gPS and gPES in PSgPES. However, not
grafting can simply mean bad extraction of the byproducts. all PSgPES chains are agglomerated in such domains. The
Indeed, the extraction of the long uPS and uPES chains wasmatrix in Fig. 6(a) is filled with many tiny micelles which
incomplete. This is reflected in the total molecular weight are magnified in Fig. 7(a). There are white points and black
MpsgpesOf the PSgPES chains as reflected by GPC which is dashes. These are, in fact, the desired cylindric micelles. But
much smaller than predicted (Table 2). The GPC curve for Fig. 7 is a bit unsatisfactory, due to a known problem of
PSgPES in Fig. 4(b) proves this point. It has a low-molecu- electron microscopy on rodlike microphases in isotropic
lar-weight shoulder indicating that the copolymers PSgPES disorder: most cylinders are cut perpendicular to their axis
of lll runs contain still some uPS and uPES. and appear as points. Only a few cylinders are cut along
their axis and appear as dashes. It is shown later more
clearly that the graft copolymer forms really cylindric
micelles.

The coexistence of domains and micelles in Fig. 7
suggests that some of the PSgPES chains are compatible
with uPS but others, probably those with two gPES grafts
on the gPS backbone, are not. This incompatibility is
evidence for the pronounced reluctance of rods and coils
¢ The graft copolymer PSgPES and the homopolymer uPSto mix with each other.

are the major, the ungrafted polyester uPES is a minor  After the tests with cast films, the PSgPES copolymers

component. were characterized in oriented melts. A capillary rheometer
e The grafted chains gPS and gPES are much longer thanand, with more success, a microextruder (DSM Research,

the ungrafted chains uPS and uPES. 220°C, 120 rpm) were used. An oriented strand of polymer

50nm

5. Morphology and mechanics

The two products {PSgPES/uPS/UPES} of the thermally
initiated Il runs were studied morphologically and
mechanically. Products from PESand PE% behaved
similarly. These products are built as follows (Fig. 5,lII):
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Fig. 8. Oriented melts, cut percpendicular to the extruded strand: circular
microdomains in (a) the blend uPS/UPES and (b) the copolymer PSgPESFig. 10. Cylindric micelles of PSgPES: (a) electron micrograph of Fig.
from PESs. 11(b), magnified; (b) schematic picture.

was obtained that was cut, for transmission electron micro- matrix, together with uPS. At a cross-section diameter
scopy, in its perpendicular and parallel direction. For of =40 nm (Fig. 10(a)), the gPES strands are fairly thick.
comparison, a blend uPS/UPES was investigated as well. They must be filled with ungrafted uPES. Fig. 10 differs
Structures are shown in Figs. 8 and 9. Perpendicular cutsfrom Fig. 1(c) as far as the rigid chains are in PSgPES
(Fig. 8) display circular microdomains which are larger for quite short and the flexible grafts very long. But the big
the blend and finer for PSgPES. Large domains as in the castength difference of gPS and gPES is geometrically not as
films (Fig. 6) were not found anymore. obvious as one might have suspected because the long gPS
The parallel cuts in Fig. 9 demonstrate that the domains in chains are coiled while the short gPES chains are straight
Fig. 8 are indeed oriented cylinders. Even the blend uPS/rods (Fig. 10(b)).
UPES exhibits in Fig. 9(a) strands of uPES which confirms  Unfortunately, the length of the cylindric micelles in
that rigid-chain polyesters orient easily in flow fields. With Fig. 9(b) cannot be determined. The strands are
related rod-coil blends, however with stiffer chains than certainly a few micrometers long but probably much
PES, the concept of organic nanowhiskers was recentlylonger. Again, this is a problem of electron microscopy:
developed [18-20]. when one long cylinder bends a bit back and forth, leaving
The strands of the graft copolymer PSgPES in Fig. 9(b) and re-entering the ultrathin section, it appears in the picture
are much finer than those in Fig. 9(a). These micellar as a row of many short cylinders. Such rows are observed in
PSgPES strands are exactly what this study was aimed atFig. 9(b).
They are fibres on an almost molecular level. The mechanical behaviour of the graft products
As shown schematically in Fig. 10, the rigid gPES chains {PSgPES/uPS/uUPES} and a blend PS/PES of commercial
form, in the core of the cylindric micelles, an ordered LC PS and the original PES were examined in tensile tests.
like structure. A shell of gPS chains on the outside forms the The tensile strength was not improved, probably due to a

a b
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500nm

Fig. 11. Youngs modulus E: (a) PS, a blend PS/PES and the graft products
Fig. 9. Melts of Fig. 10, but cut parallel to the extruded strand: cylindric {PSgPES/uPS/uPES} from P&nd PES;; (b) presentation as a function
microstrands. of the PES weight fraction w.
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still insufficient molecular weight of the uPS chains. The [6] Hwang WF, Wiff DR, Benner CL, Helminiak TE. J Macromol Sci

graft products were as brittle as commercial PS. Phys 1323?22@23&- _— | 066.20:62
However, the stiffness was markedly enhanced (Fig. 11). g} \éng%ﬁ v A;’gesvr cﬁéﬂig]égl~a101T- Eélp olymer 1988;29:825.
As shown in Fig. 11(b), uPS has a modulustof 3 GPa, [9] Wegner G. Thin Solid Films 1992;216:105.

which is normal for thermoplastics, while the rigid-chain [10] Schwiegk S, Vahlenkamp T, Xu Y, Wegner G. Macromolecules
polyesters PES have a much higher modulus of 1992;25:2513.
E = 14 GPa. The modulus of the graft products is almost [11] Wendling J, Wendorff JH. Macromol Theory Simul 1996;5:381.

. . : [12] Flory PJ. Macomolecules 1978;11:1138.
twice that of uPS while the blend uPS/UPES has little effect [13] Flory PJ. Adv Polym Sci 1984:59:1.

(Fig. 11(a)). This highlights the effect of grafting: to transfer [14] Friedrich K, Hess M, Kosfeld R. Makromol Chem, Macromol Symp
the stiffness of PES to the PS matrix, the PES strands in Fig. 1088:16:251.

9 must be connected to the matrix, i.e. PS and PES must beg[15] Shin BY, Chung 13. Polym Engng Sci 1990;30:13.
Coup|ed ina graft Cop0|ymer PSgPES. [16] Bgllauff M. Polym Adv Technol 1990;1:109. ‘
The stifiness of the graft product {PSgPES/uPS/UPES} in [17] Eisenbach CD, Datko A, Gdel A, Hofmann J, Lehmann T, Winter

. . . ; . . D. ACS Polym Prepr 1998;39/1:715.
Fig. 11 is satisfactory: as shown in Fig. 11(b), the modulus [18] Ogata T, Sanui K, Itaya H. Polym J 1990;22:85.

of the graft product is just the weighted average of those of [19] milhaupt R, Rsch J. Polym Adv Technol 1993;5:282.
PS and PES, meaning that PES transfers its stiffness opti-[20] Taesler C, Wittich H, Jigens C, Schulte K, Kricheldorf HR. J Appl
mally to the PS matrix as predicted by the Halpin—Tsai Polym Sci 1996;61:783.

; : snfini 21] Milhaupt R, Stricker F. Kunststoffe 1997;87:482.
equation for fibres of infinite length [35]. {22} kK o e
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