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SYNOPSIS 

The compatibilizing effect of graft copolymer, linear low density polyethylene-g-polystyrene 
(LLDPE-g-PS), on immiscible LLDPE/PS blends has been studied by means of 13C CP- 
MAS NMR and DSC techniques. The results indicate that LLDPE-g-PS is an effective 
compatibilizer for LLDPE/PS blends, and the compatibilizing effect of LLDPE-g-PS on 
LLDPE/PS blends depends on the PS grafting yield and molecular structure of the com- 
patibilizers and also on the composition of the blends. It was found that LLDPE-g-PS 
chains connect two immiscible components, LLDPE and PS, through solubilization of 
chemically identical segments of LLDPE-g-PS into the noncrystalline region of the LLDPE 
and PS domain, respectively. Meanwhile, LLDPE-g-PS chains connect the crystalline region 
of LLDPE by isomorphism, resulting in an obvious change in the crystallization behavior 
of LLDPE. 0 1996 John Wiley & Sons, Inc. 

I NTRO DU CTI ON 
Recently, much attention has been paid to the study 
of using graft or block copolymers as compatibilizers 
for immiscible polymer blends because they are one 
of the simplest and most efficient means for devel- 
opment of new high-performance polymer materi- 
als.’-’’ Usually, suitably chosen graft or block co- 
polymers, whose segment may be chemically iden- 
tical with those in the respective phases or miscible 
with one of the phases, can act as “interfacial 
agents” to reduce interfacial tension and improve 
interfacial adhesion of the immiscible components. 
However, as pointed out in our previous article,” 
compatibilizers just located at  the interfacial region 
may have quite different compatibilizing effects as 
compared with those connected two immiscible 
components by different chains. The former may 
have characteristic similar to low molecular weight 
emulsifiers, decreasing the interfacial tension and 
reducing phase growth by a steric stabilization 
mechanism. The latter can not only reduce the in- 
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terfacial tension and enhance phase stability, but 
can also improve interfacial adhesion of the immis- 
cible components by the bridge effects of the com- 
patibilizer chains. As is well known, interfacial 
adhesion is a key factor affecting physical properties 
of multicomponent polymer materials with micro- 
phase separation, and hence their practical utility. 
The existence mode of compatibilizers in immiscible 
blends is the essence affecting their compatibilizing 
effects. Therefore, it is a prerequisite to exploring 
the compatibilization mechanism to detect the ex- 
istence mode of compatibilizers in blends. As far as 
we know, much attention has been paid to the mac- 
roscopic effects of compatibilizers on morphology, 
interfacial properties, and mechanical behavior of 
immiscible polymer blends. It has been assumed that 
compatibilizers usually locate at the interfacial re- 
gion between two immiscible components. However, 
only a few workers’.’’ obtained direct experimental 
evidence by electron microscopy, which supported 
the preceding assumption. Even so, the evidence 
could not tell whether or not the compatibilizers 
connected two immiscible components by the bridge 
effects of compatibilizer’ chains. Hence, the real ex- 
istence mode of compatibilizers in polymer blends 
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remains unknown due to the absence of suitable de- 
tecting techniques. 

It is well known that (NMR) techniques can pro- 
vide information about miscibility, molecular mo- 
tion, and heterogeneity (morphology) of blends on 
a molecular level. In this work, the compatibilization 
effects of linear low density polyethylene-g-polysty- 
rene (LLDPE-g-PS) with different PS grafting yield 
on immiscible blends of linear low density polyeth- 
ylene (LLDPE) and polystyrene (PS) have been in- 
vestigated by NMR and differential scanning calo- 
rimetry (DSC) techniques in order to explore the 
compatibilizing mechanism of LLDPE-g-PS on im- 
miscible LLDPE/PS blends on a molecular level. 

EXPERIMENTAL 

Graft copolymers with different PS grafting yields, 
LLDPE-g-PS, were synthesized in our laboratory. 
The characterization data of the copolymers are 
listed in Table I. 

PS ( M ,  = 1.5 X lo5, Tg = 372 K )  and LLDPE 
( M ,  = 1.0 X lo5,  T,,, = 395.8 K )  were obtained from 
Yanshan Petro-Chemical Co. and Daqing Petro- 
Chemical Co., respectively. Both polymers were pu- 
rified before use. Solution blending was used in this 
study, using toluene as a solvent and a solution con- 
centration of 5% (w/v) .  The blends with different 
compositions, dissolved in the boiling toluene, were 
precipitated by pouring the solution into ethanol. 
After filtering, the products were washed with 
ethanol for several times. The blends were dried at 
room temperature and then dried under vacuum to 
a constant weight. All the blends were annealed un- 
der vacuum at 430 K for 5 h before being used for 
NMR and DSC experiments. 

Solid-state I3C CP-MAS NMR experiments were 
performed on a Bruker MSL-400 NMR spectrom- 
eter at  298 K. The total sideband suppression 
(TOSS) method was used for suppressing spinning 
side bands. The carbon-13 resonance frequency was 
100.63 MHz, and the proton resonance frequency 
was 400.13 MHz. The dipolar decoupling field was 
about 49 kHz. I3C spectra were referred to the shifts 
of methyl group carbons of hexamethylbenzene, 
which were 16.9 ppm. 

DSC experiments were done using a Perkin-Elmer 
apparatus DSC-2 at  a heating rate of 10 K/min. 

Table I 
Copolymers LLDPE-g-PS 

Characterization Data of Grafting 

PS Grafting Yield 
in LLDPE-g-PS 

No. (wt X) M ,  X Designation 

1 2.0 8.09 GPS2 
2 2.9 1.26 GPS3 
3 3.6 0.87 GPS4 
4 13.0 2.56 GPS13 
5 17.0 - GPS17 
6 16.8 2.80 HGPS17* 
7 27.0 4.88 GPS27 

* Ethylene/PS-ally1 copolymer. 

The peak at 32.2 ppm was assigned to LLDPE 
chains in the crystalline region, and the peak at 30.0 
ppm to LLDPE chains in the noncrystalline region.12 
Figures 1 and 2 show the typical plots of logarithmic 
intensity of I3C CP-MAS spectra (peak at  32.2 ppm) 
of LLDPE and its blends with PS versus proton- 
spin-locking times. The corresponding proton spin- 
lattice relaxation times in the rotating frame, 
T1,( H ) ,  are listed in Table 11. Here we can only 
detect the TIP(  H )  values of LLDPE chains in the 
crystalline region because the TIP(  H )  values of 
LLDPE chains in the noncrystalline region are too 
small to be measured at  the same time. From Figures 
1 and 2, and Table 11, it is clearly seen that ( 1 ) there 
are two TI,,( H )  values for the crystalline peak of 
pure LLDPE and its blends; and (2 )  the addition 
of LLDPE-g-PS into LLDPE/PS blends gives rise 
to effects on the two Tip( H )  values to different de- 
grees. As is well known, a single T1,( H )  value has 
been used as a criterion for the miscibility or ho- 
mogeneity of multicomponent polymer systems.13 
The existence of two TIP( H )  values in the crystalline 
region of LLDPE suggests that there exist hetero- 
geneous domains in the crystalline region of LLDPE. 
A reasonable explanation for the existence of het- 
erogeneity in the crystalline region is that coexis- 
tence of the perfect crystalline region and the less 
perfect crystalline region occurs in the crystalline 
region of LLDPE. Generally, the species in the rel- 
atively mobile region will have a shorter TIP( H )  and 
a longer proton spin-spin relaxation time, T2 ( H )  . 
Hence, the chains with longer T, , (H)  can be as- 
signed to the perfect crystalline region, and the 
chains with shorter TIP(  H )  to the less perfect crys- 

RESULTS A N D  DISCUSSION talline region. It was found that the effect of 
LLDPE-g-PS added to the two T, , (H)  values of 

Usually, there are two peaks (32.2 ppm and 30.0 the crystalline region obviously depends on the 
ppm) l1 in the I3C CP-MAS spectrum of LLDPE. composition of the LLDPE/PS blends. The addition 
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Figure 1 Plots of logarithmic intensity of the 13C CP-MAS spectrum (peak at  32.2 ppm) 
of LLDPE and its blends versus proton-spin-locking time for (X) LLDPE, (0) LLDPE/ 
PS, (0)  LLDPE/PS-GPS4, (V) LLDPE/PS-GPS13, (A) LLDPE/PS-GPS17, and (M) 
LLDPEIPS-GPS27. The composition of LLDPE/PS-LLDPE-g-PS is 64/28/8 by weight. 

of LLDPE-g-PS into LLDPE/PS ( 7 0 / 3 0 )  blends 
makes the longer Tip( H )  become even longer and 
the shorter one almost remain unchanged. However, 
both the longer and the shorter T1,( H )  values of 
LLDPE/PS ( 3 0 / 7 0 )  blends decrease due to the ad- 
dition of LLDPE-g-PS. It was found that the 13C 

spin-lattice relaxation time, T1 ( C )  , and Tip( H )  
values of semicrystalline polymers increase with 

their lamellar thi~kness . '~ , '~  Hence, the change of 
Tip( H )  values of the crystalline region of LLDPE 
indicates that the lamellar thickness of LLDPE de- 
creases or increases, depending on the PS grafting 
yield of LLDPE-g-PS added and the composition 
of LLDPE/PS blends. This conclusion is further 
supported by the results from DSC measurements 
of the same specimens. 

L 
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Figure 2 Plots of logarithmic intensity of the 13C CP-MAS spectrum (peak at 32.2 ppm) 
of LLDPE and its blends versus proton-spin-locking time for (m) LLDPE, (X) LLDPE/ 
PS, (0) LLDPE/PS-GPS4, (0)  LLDPE/PS-GPS13, (A) LLDPE/PS-GPS17, and (V) 
LLDPE/PS-GPS27. The composition of LLDPE/PS-LLDPE-g-PS is 28/64/8 by weight. 



2268 FENG, TIAN, AND YE 

Figure 3 shows the typical DSC traces of LLDPE/ 
PS (30/70)  blends with or without LLDPE-g-PS 
of different PS grafting yield. The corresponding 
melting point (T,) and normalized heat of fusion 
( AHr)  are listed in Table 111. There are two points 
worthy to be mentioned about Figure 3: ( 1 )  The 
addition of LLDPE-g-PS into LLDPE/PS (30/70) 
blends makes the melting point of LLDPE decrease; 
and ( 2 )  a new melting peak appears due to the ad- 
dition of LLDPE-g-PS. It is well known that the 
melting point of polymer crystallite is mainly de- 
termined by its lamellar thickness.16 Therefore, the 
depression of melting point of LLDPE in the 
LLDPE/PS (30/70)  blends indicates the decrease 
in the lamellar thickness of LLDPE. The appearance 
of a new peak with a lower melting point suggests 
that some much less perfect crystallites form due to 
the addition of LLDPE-g-PS. Obviously, these re- 
sults are in good agreement with those from NMR. 

The addition of LLDPE-g-PS into PS blends not 
only affects the crystallization behavior of LLDPE, 
but also gives rise to a marked change in the mor- 
phology of the noncrystalline region of LLDPE. As 
mentioned earlier, the species in the relatively mo- 
bile region usually have a longer T2 ( H )  . Table IV 
shows the change of T 2 ( H )  values of LLDPE chains 
in the noncrystalline region with the content of 
LLDPE-g-PS added. It is found that (1) there are 
two T , ( H )  values in the noncrystalline region of 
LLDPE [the chains with longer T 2 ( H )  can be as- 
signed to the amorphous or liquidlike region, and 
those with shorter T2 ( H )  to the interfacial region 
between the crystalline region and noncrystalline 
region of LLDPE; and ( 2 )  both of the two T2 ( H )  
increase with the content of LLDPE-g-PS added. 
Meanwhile, the relative content of the shorter 
T 2 ( H )  component also increases with the content 
of LLDPE-g-PS. The increase in the T2 ( H )  of the 
noncrystalline region suggests that the molecular 
motion in this region becomes even faster, and the 
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Figure 3 DSC traces of LLDPE/PS-LLDPE-g-PS 
(28/64/8) blends for (a) LLDPE-PS, (b) LLDPE/PS- 

and (e) LLDPE/PS-HGPS17. 
GPS4, (c) LLDPE/PS-GPS13, (d) LLDPE/PS-GPS27, 

enhancement in the relative content of shorter 
T , ( H )  indicates that the interfacial region of 
LLDPE is enlarged by the addition of LLDPE-g- 
PS. Obviously, the effect of LLDPE-g-PS on the 
morphological structure of LLDPE is related to the 
content of LLDPE-g-PS added. A marked change 
on the morphological structure of LLDPE can be 
detected when the content of LLDPE-g-PS added 
is about 2 wt 5%. Moreover, it is found that the effect 
of LLDPE-g-PS on the noncrystalline region is 
much larger than that on the crystalline region of 
LLDPE, implying that most of LLDPE-g-PS chains 

Table I1 Effect of PS Grafting Yield in LLDPE-g-PS on T,,(H) (ms)" of LLDPE/PS Blends 

LLDPE/PS (64/28) (32.2 ppm) LLDPE/PS (28/64) (32.2 ppm) 

LLDPE-g-PSb Ti, (HI % TI, (HI % Tip (HI % TI, (HI % 

- 6.9 45.3 2.1 54.7 12.8 41.3 4.0 58.7 
GPS4 7.5 60.9 2.2 39.1 9.9 57.3 3.1 42.7 
GPS13 9.8 61.9 2.1 38.1 8.1 53.2 2.7 46.8 
HGPS17 9.0 73.1 1.8 26.9 11.0 48.3 3.0 51.7 
GPS27 16.9 25.9 2.5 74.1 11.2 57.0 2.8 30.0 

a Estimated error I &5%. 
The content of LLDPE-g-PS in the blends is 8% by weight. 
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Table I11 
Normalized Heat of Fusion (AH'), and Melting Range (Tmr) 
of LLDPE in LLDPE/PS Blends 

Effect of PS Grafting Yield in LLDPE-g-PS on Melting Point (Tm), 

LLDPE/PS (28/64) 
LLDPE-g-PS" T ,  (K) AHf (K) T,, (K) 

68.0 367.4-404.5 
GPS4 396.1, 391.7 73.0 343.8-402.3 
GPS13 396.3, 391.6 77.2 343.1-401.9 
HGPS17 396.9 96.7 352.8-403.3 
GPS27 395.9, 390.4 68.9 340.0-403.8 

- 397.3 

a The content of LLDPE-g-PS in the blends is 8% by weight. 

locate on the noncrystalline region of LLDPE. 
Therefore, we can conclude that the LLDPE-g-PS 
chains added really connect one component of 
LLDPE/PS blends, LLDPE, through solubilization 
of chemically identical segments or by isomorphism. 

To study the compatibilizing effects of LLDPE- 
g-PS on LLDPE/PS blends, it is not enough only 
to know the effects of LLDPE-g-PS on the mor- 
phology of LLDPE. We have to know how the com- 
patibilizers affect the microstructure of the other 
component, PS, of the LLDPE/PS blends. Figure 4 
illustrate the plots of logarithmic intensity of the 
13C CPMAS spectrum (peak at  128.0 ppm) of the 
aromatic group of PS and its blends versus the pro- 
ton-spin-locking time. Some interesting results can 
be drawn from Figure 4. First, mixing PS with 
LLDPE makes the spin relaxation of PS change 
from exponential [a  single TIP( H )  ] to biexponential 
[two Tl,,( H )  1 .  One of the Tip( H )  values of PS in 
the blends is the same as that of pure PS, and the 
other Tip( H )  is much longer than that of pure PS. 
Naturally, the PS chains in the blends with Tip( H )  
that are the same as that of pure PS can be assigned 
to the bulk PS domains, and the PS chains with 
Tip( H )  much longer than that of pure PS to the 
domains containing LLDPE and PS (i.e., the inter- 
facial region). Mixing PS with LLDPE (30 wt % ) 

has almost no effect on the Tip( H )  of the crystalline 
region of LLDPE (see Fig. 2 ) ,  but mixing PS with 
LLDPE (70 wt % ) makes the TIP( H )  of the crys- 
talline region of LLDPE change a lot (see Fig. 1 ) . 
This means that LLDPE/PS blends are partially 
miscible, and the miscibility and morphology of 
LLDPE/PS blends depends on the composition of 
the blends. Furthermore, the addition of LLDPE- 
g-PS to LLDPE/PS blends makes different changes 
in the two TI,,( H )  values of PS, depending on the 
PS grafting yield and molecular structure of 
LLDPE-g-PS. When the PS grafting yield of 
LLDPE-g-PS is smaller, the addition of LLDPE-g- 
PS into LLDPE/PS blends has an obvious effect on 
the TIP(  H )  of PS chains in the interfacial region, 
but almost no effect on the T I P (  H )  of PS chains in 
the bulk PS, suggesting that most of LLDPE-g-PS 
added locate on the interfacial region between the 
LLDPE and PS domains. With the increase in PS 
grafting yield of LLDPE-g-PS, the addition of 
LLDPE-g-PS into the blends not only influences 
the TIP(  H )  of PS chains in the interfacial region, 
but also brings about obvious change in the TIP(  H )  
of PS chains in the bulk PS. In consideration of the 
effect of LLDPE-g-PS on the crystallization behav- 
ior of LLDPE, we can conclude that LLDPE-g-PS 
really connects two immiscible components, LLDPE 

Table LV 
PS Blends 

LLDPE/PS-GPS27 T2 ( H )  % T z  ( H )  7; 

Effect of LLDPE-g-PS Content on T2 (H) (ps)* of LLDPE in LLDPE/ 

lOO/O/O 108 38.8 8 61.2 
7 0 / 3 0 / 0 107 36.6 11 63.4 
7 0 / 3 0 / 2 163 32.5 12 68.5 
70/30/6 169 27.9 12 72.1 
70/30/10 203 28.6 14 71.4 

a Peak a t  30.0 ppm, and estimated error f5%. 
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Figure 4 Plots of logarithmic intensity of the 13C CP-MAS spectrum (peak at  128.0 
ppm) of PS and its blends versus proton-spin-locking time for (m) PS, (X) LLDPE/PS, 
(0) LLDPE/PS-GPS4, (@) LLDPE/PS-GPS13, (A) LLDPE/PS-HGPS17, and (V) 
LLDPE/PS-GPS27. The composition of LLDPE/PS-LLDPE-g-PS is 28/64/8 by weight. 

and PS. Further evidence for LLDPE-g-PS con- 
necting the two immiscible components can be in- 
ferred from the change in T, ( C )  values of the same 
specimens (see Table V )  . From Table V it is seen 
that the T1 ( C )  values of both LLDPE and PS in 
the LLDPE/PS (30/70)  blends are simultaneously 
decreased by the addition of LLDPE-g-PS. An ex- 
ception is the blends with compatibilizer synthesized 
from ethylene and polystyrene-ally1 macromonomer 
due to the higher crystallizability of polyethylene. 
These results are also in accordance with those from 
DSC measurements of the same specimens. Finally, 
the domain sizes of LLDPE in LLDPE/PS blends, 
measured by proton-spin-diffusion experiments, l7 
were obviously reduced by the addition of LLDPE- 
g-PS (see Table VI ) . 

From the aforementioned results, we can draw 
the following conclusions: ( 1 )  LLDPE-g-PS is an 
effective compatibilizer for LLDPE/PS blends. The 
compatibilizing effect of LLDPE-g-PS on LLDPE/ 
PS blends depends on the PS grafting yield and mo- 
lecular structure of the compatibilizer and also on 
the composition of LLDPE/PS blends. ( 2 )  The 
possible mechanism of LLDPE-g-PS compatibiliz- 
ing immiscible LLDPE/PS blends is that LLDPE- 
g-PS connects two immiscible components, LLDPE 
and PS, through solubilization of chemically iden- 
tical segments in LLDPE-g-PS into the amorphous 
region of LLDPE and PS domains. At  the same time, 
parts of LLDPE chains free branching in LLDPE- 
g-PS connect with crystalline phase of LLDPE by 
isomorphism, which has an obvious effect on the 

Table V Effect of LLDPE-g-PS on Tl(C) (s)' of LLDPE/PS (30/70) Blends 

PS (128.0 ppm) LLDPE (32.2 ppm) 

GPS4 
HGPS17 
GPS27 

47.6 2.0 74.7 0.5 
34.4 1.9 31.2 0.4 
34.0 0.4 81.4 0.3 
38.0 1.6 41.6 0.4 

Estimated error 5 *lo%. 
The  content of LLDPE-g-PS in blends is 8% by weight. 
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Table VI 
of LLDPE in LLDPE/PS (30/70) Blends 

Effect of LLDPE-g-PS on Domain Size 

LLDPE-g-PS“ LLDPE Domain Size (nm) 

- 21.5 
GPS4 19.9 
GPS13 14.8 
HGPS17 15.3 
GPS27 17.1 

a The content of LLDPE-g-PS in blends is 8% by weight. 

crystallization behavior of LLDPE. As a conse- 
quence, the lamellar thickness of LLDPE decreases, 
and a great quantity of less perfect crystallites forms. 
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