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ABSTRACT: The interaction and boundary phase structure between poly(methyl methacrylate) 
(PMMAJ/poly(hydroxypropyl ether of bisphenol A) (PHPE) blend (PMMA/PHPE blend) and 
polyamide substrate were studied by using the PMMA/PHPE blend composite reinforced with 
short Kevlar® fiber and the PMMA/PHPE film formed on nylon-6 plate in relation to the 
stereoregularity of PMMA. The interaction between the matrix and reinforcement is estimated to 
be weaker for the composite made with isotactic (i-) PMMA/PHPE blend compared with 
composites made with syndiotactic (s-) PMMA/PHPE and atactic (a-) PMMA/PHPE blends from 
the mechanical dispersion data. The boundary phase in contact with the substrate is comprised of a 
mixture of PMMA and PHPE for the i-PMMA/PHPE and s-PMMA/PHPE blends from the X-ray 
photoelectron spectra. The boundary phase of a-PMMA/PHPE blend is composed of almost 
PMMA alone as reported previously. These differences of the interaction and boundary phase 
structure can mainly be attributed to differences of such a molecular characteristic of PMMA as 
overall molecular conformation or degree of constraint on the rotation of molecular chains and the 
difference of the compatibility of PM MA with PHPE. depending on the streoregularity of PM MA. 

KEY WORDS Poly(methyl methacrylate) / Poly(hydroxypropyl ether of 
bisphenol A) Blend / Stereoregularity / Polyamide Substrate / Substrate­
Polymer Interaction / Boundary Phase Structure / Mechanical Dispersion / 
X-Ray Photoelectron Spectroscopy Molecular Conformation 
Compatibility / 

It is generally known that the structures of 

blend polymers are not always the same with 

that of the bulk at the surface region in contact 

with the air and at the boundary phase in 

contact with a substrate. For composite ma­

terial, adhesive bonded and paint coated sub­

stances, above all, the boundary phase have a 

vital effect on their performance, and interest 

has been directed to the explanation of the 

relation between the structure and properties 

of the boundary phase by many workers. Our 

previous work 1 on the study of the boundary 

phase structure between blend polymers and 

polyamide substrate was also a trial to obtain 

insight into the problem. The boundary phase 

structure can be considered to be formed 

depending on the balance of the miscibility of 

blend polymers and interactions between the 

substrate and polymers. 
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The purpose of this work is to correlate the 

interaction between polyamide substrate and 

poly(methyl methacrylate) (PMMA)/poly(hy­

droxypropyl ether of bisphenol A) (PHPE) 
blend (PMMA/PHPE blend) with the bound­

ary phase structure formed in contact with 

the substrate in relation to difference of tac-
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ticity of PMMA. The mechanical dispersion 
is measured for the PMMA/PHPE blend re­
inforced with short fiber of Kevlar® 49 
(Kevlar) and the nonreinforced polymers to 
estimate the interaction between the poly­
amide and PMMA/PHPE blend and the 
compatibility of blend polymers. The X-ray 
photoelectron spectrum (XPS spectrum) is 
measured for the PMMA/PHPE blend film 
formed on nylon-6 substrate (Nylon), which is 
usable as a model compound for Kevlar, 1 to 
probe the boundary phase structure. A pre­
liminary report was made in our previous 
short note2 on the XPS spectrum of atactic 
PMMA/PHPE blend film formed on Nylon. It 
was reported in previous papers1 •3 - 5 that the 
boundary phase structure between polyamide 
substrate and stereoregular PMMA or PHPE, 
probed by the XPS spectrum, is well correlated 
with the interaction between the polymer and 
substrate, investigated by mechanical disper­
sion. 

EXPERIMENT AL 

Afaterial 
The PMMA samples used in this work were 

obtained from Polymer Laboratories Inc. and 
used as received. The characterizing data of 
these polymers from supplier are shown in 
Table I. PHPE used in this work was obtained 
from General Science Co. and used as re­
ceived. The molecular weight is reported to be 
32000 from the supplier. Kevlar was obtained 
from du Pont de Nemours Co., Inc. and used 
as a cut fiber of 5 mm long. Nylon (Novamide 
1010) was obtained from Mitsubishi Chemical 

Table I. Characterization data for PMMA samples 

Tacticity. 0~triads 
Sample M.x10- 3 Mw!M. 

mm mr rr 

Isotactic 302 10.2 90 6 4 
A tactic 140 I. I 7 40 53 
Syndiotactic 262 2.6 6 18 76 
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Industries. 

Specimen for Measurement of Mechanical 
Dispersion 
The PMMA/PHPE mixture at a 1/1 ratio 

by weight was dissolved in tetrahydrofuran to 
obtain a 5% solution and Kevlar fiber was 
added to this solution and dispersed uniformly 
by stirring. The mixing ratio of PMMA/PHPE 
was selected as the interaction with the sub­
strate was maximized in the vicinity of this 
blend ratio. 6 This matrix-reinforcement mix­
ture was cast onto a glass plate. After removal 
of the solvent, the composite specimen was 
obtained by compressing at 250, 260, and 
275'C for the composites made with isotactic 
(i-) PMMA/PHPE, atactic (a-) PMMA/PHPE 
and syndiotactic (s-) PMMA/PHPE, respec­
tively, under a pressure of 3.9 x 107 Pa. Thus, 
the specimen prepared in this work was a 
discontinuous fiber-reinforced composite 
made with random in-plane fiber orientation. 
The volume fraction of the reinforcement in 
the composite was estimated at 0.08 by con­
sidering the density ( 1.45 g cm - 3 ) of Kevlar. 
The specimens of nonreinforced blend poly­
mers were also prepared by compressing 
the cast material at 200, 240, and 250°C 
for i-PMMA/PHPE, a-PMMA/PHPE, and s­
PMMA/PHPE, respectively. The film of non­
reinforced polymers thus obtained was slight­
ly turbid, but the clarity of i-PMMA/PHPE 
and s-PMMA/PHPE films was superior to 
that of a-PMMA/PHPE. 

Specimen for Measurement of XPS Spectrum 
The PMMA/PHPE mixture at a 1/1 ratio by 

weight was dissolved in tetrahydrofuran to 
obtain a 2% solution. The plate of Nylon with 
a thickness of ca. I mm, obtained by compress­
ing the material under a pressure of 3.9 x I 07 

Pa at 200 C between two flat metal plates, was 
dip-coated with the solution at a thickness of 
ca. 0.5 mm by repeated coatings, and the sol­
vent was removed in a vacuum oven at ele­
vated temperature. The film formed oil' Nylon 
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was carefully separated from the substrate 
after 1 week so as not to damage the film 
surface. Leaving the coated specimen for I 
week in the air made it easy to separate the film 
from the substrate. 

Measurement 
The mechanical dispersion was measured 

on a Rheovibron DDV-11 (Toyo Boldwin 
Instrument Co.) at 11 Hz. 

The XPS spectra were obtained with a VG 
HB 5OA scanning electron microscope 
equipped with an XPS option. The X-rays 
source was an aluminum anode source pro­
ducing AIKa X-rays at 1486. 6 eV and operat­
ing at 12kV and 2OmA. An instrumental vac­
uum of at least Ix 10- 6 Pa was used for all 
analyses. The sample film was mounted on 
double-stick tape. The data were analyzed on 
the high-resolution spectra of the C18 region 
after background subtraction. The overlap­
ping peaks of the C18 spectra were resolved 
into their individual components by assuming 
a Gaussian-type symmetric function 7 •8 with 
respect to the photoelectron intensity versus 
binding energy relation. The resolution was 
tried three times for several spectra. The value 
of relative peak area of each individual com­
ponent obtained for the second and third trials 
did not differ more than ± I 0% from that 
obtained for the first trial. Where binding 
energy assignments for component Gaussian 
curves were made, the peak for the hydrocar­
bon component was used as the reference and 
was assigned a value of 285.0 eV to com­
pensate for charging effects. 

Angular-dependent XPS measurements 

Figure 1. Schematic of the sample preparation for 
measurement of XPS spectrum. 
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were carried out by tilting the surface of 
sample so that the effective sampling depth 
would decrease with decreasing take-off angle 
of photoelectron (0), which is the angle be­
tween the surface of the sample and electron 
analyser axis. 

The XPS spectrum was measured for the 
separated film from Nylon substrate on both 
surfaces, that which had faced the air (air­
facing side) and that which had faced the 
Nylon plate (Nylon-facing side), as shown 
schematically in Figure 1. The Nylon-facing 
side of the film can be considered to have a 
structure similar to the boundary phase of the 
composite. 

RESULTS 

Mechanical Dispersion 
The storage modulus E' and loss modulus 

E" versus temperature curves of the com­
posites made with i-PMMA/PHPE, s-PMMA/ 
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Figure 2. E', E" vs. temperature curves for 1-

PMMA/PHPE blend polymers (e) and i-PMMN 
PHPE blend polymers reinforced with Kevlar (&). 
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Figure 3. £', £" vs. temperature curves for s-PMMN 
PHPE blend polymers (e) and s-PMMNPHPE blend 
polymers reinforced with Kevlar (•)-

PHPE, and a-PMMA/PHPE as matrix are 
shown in Figures 2 to 4 together with those of 
the nonreinforced blend polymers. (For the 
composite made with a-PMMA/PHPE and the 
nonreinforced polymers, the mechanical dis­
persion is reported in the previous paper,6 but 
the samples used in that work were prepared by 
using the material and processing conditions 
differing from those of this work.) In the first 
place, Figures 2 to 4 show the phase separation 
of the nonreinforced blend polymers. That is, 
three dispersions can be observed in the 
figures (dispersion temperature is indicated by 
vertical short line on E" curves) for the cases 
of i-PMMA/PHPE and s-PMMA/PHPE. The 
lower temperature dispersions of i-PMMA/ 
PHPE and s-PMMA/PHPE appear almost at 
the same temperature as the primary disper­
sion of i-PMMA and PHPE,3 ·5 respectively. 
The second dispersions, which appear at the 
intermediate temperature between the primary 
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Figure 4. £', £" vs. temperature curves for a-PMMN 
PHPE blend polymers (e) and a-PMMNPHPE blend 
polymers reinforced with Kevlar <•)-

dispersion temperatures of the blend com­
ponents, can be considered to arise from mu­
tual solubilization of PMMA and PHPE. The 
highest temperature dispersions of i-PMMA/ 
PHPE and s-PMMA/PHPE, which can only 
be observed as shoulders, nearly correspond 
to the primary dispersions of PHPE and s­
PMMA, 3·5 respectively. For the case of a­
PMMA/PHPE, two dispersions can be ob­
served. The lower and higher temperature dis­
persions almost coincide with the primary dis­
persions of PHPE and a-PMMA,3 ·5 respec­
tively. 

For the cases of the composite, one broad 
dispersion (primary dispersion) appears over 
the dispersions of the nonreinforced blend 
polymers, showing apparent increase of the 
compatibility of the blend components by 
reinforcement. Though only a dispersion ap­
pears for the case of i-PMMA/PHPE-Kevlar, 
additional dispersion appears at the higher 
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Figure 5. XPS spectra for i-PMMA/PHPE films. 
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temperature side of dispersions for the cases 
of s-PMMA/PHPE-Kevlar and a-PMMA/ 
PHPE-Kevlar. The additional dispersions of s­
PMMA/PHPE-Kevlar and a-PMMA/PHPE­
Kevlar appear almost at the same temperature 
as those of s-PMMA reinforced with Kevlar 
and a-PMMA reinforced with Kevlar,5 re­
spectively. The appearance of the former, 
however, is somewhat ambiguous compared 
with that of the latter. These additional dis­
persions can be attributed to the boundary 
phase formed in the vicinity of the reinforce­
ment by the strong interaction with matrix, 
and show subtle change in magnitude and 
shape depending on the degree of interaction 
as reported previously.9- 12 Furthermore, the 
decrease in E' with increase of temperature 
is substantially larger for i-PMMA/PHPE­
Kevlar compared with the cases of other com­
posites, though the degree of decrease in E' 

is slightly larger for s-PMMA/PHPE-Kevlar 
than for a-PMMA/PHPE-Kevlar. From 
these experimental results it can be said that 
the interactions of the blend polymers with 
Kevlar are weaker in the order of i-PMMA/ 
PHPE-Kevlar, s-PMMA/PHPE-Kevlar, and 
a-PMMA/PHPE-Kevlar. 

XPS Spectrum 
In Figures 5 and 6, the observed C15 spectra 

(dotted curve) and resolved components (bro­
ken curve) are shown for both the air-facing 
and Nylon-facing sides at various take-off 
angles for i-PMMA/PHPE and s-PMMA/ 
PHPE. The spectra of a-PMMA/PHPE are 
shown in our previous short note.2 > The re­
solved components C1 , C2 , and C3 in Figures 5 
and 6 can be assigned to CHx, (;-0, and 
0-(; = 0, respectively. As the component C3 

comes from PMMA alone, C3 can be ust;d as a 

Table I. Relative peak areas (%) 

Sample 

i-PMMA/PHPE 
air-facing 
side 

i-PMMA/PHPE 
Nylon-facing 
side 

s-PMMA/PHPE 
air-facing 
side 

s-PMMA/PHPE 
Nylon-facing 
side 

" Observed value. 
b Re-estimated value. 
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0 

n 

90 
70 
50 
30 

90 
70 
50 
30 
10 

90 
70 
50 
30 
IO 

90 
70 
50 
30 
10 

C1 

Obs." Obs. 

80.5 12.3 
80.9 12.2 
79.1 13.6 
80.7 11.4 

80.0 13.2 
79.2 12.7 
80.9 11.5 
80.4 13.0 
83.5 12.0 

76.7 8.1 
75.2 10.2 
74.2 12.4 
74.9 II.I 
76.2 10.7 

85.4 10.5 
83.2 11.2 
86.1 IO.I 
87.2 8.0 
88.0 9.1 

C2 c, 

Re-est.b Obs Re-est. 

21.4 7.2 12.5 
21.7 6.9 12.2 
22.1 7.3 11.8 
20.0 7.9 13.9 

22.4 6.8 11.5 
20.7 8.1 13.2 
20.5 7.5 I 3.4 
22.5 6.6 11.4 
24.7 4.5 9.2 

14.0 15.2 26.0 
16.5 14.6 23.5 
19.2 13.4 20.8 
17.7 14.0 22.3 
18.0 13.1 22.0 

24.5 4.0 9.4 
22.6 5.6 11.3 
24.6 3.8 9.3 
21.2 4.8 12.7 
25.7 2.9 8.2 
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measure of the behavior of PMMA in the 
blend. 2 The relative peak areas of C,, C2 , and 
C3 components are tabulated in Table II and 
plotted against the take-off angle (sin 0) in 
Figure 7 for i-PMMA/PHPE. The numbers of 
CHx, C-0, and 0-C = 0 in a chemical repeat­
ing unit of PMMA are 3, I, and I, respectively, 
and those in the case of PHPE are 13, 5, and 0, 
respectively. Therefore, the atomic % of CHx, 
C-0, and 0-C = 0 anticipated from the 
chemical structure and composition for the 
PMMA/PHPE blend can be calculated at 66.1, 
23.9, and 10%, respectively. The observed 
relative peak area of C1 is larger than the value 
anticipated from the chemical structure and 
composition. This is probably due to the in­
crease in relative peak area of the C1 com­
ponent on account of the hydrocarbon con­
tamination layer deposited on the sample dur­
ing measurement.13 {Our XPS instrument de­
tects the component corresponding to C1 at ca. 

15% or more even for poly(ethylene oxide),1 
which does not contain CHx in the chemical 
structure.} By assuming simply the relative 
peak area of C1 , which is free from the hy­
drocarbon contamination (q"1), to be 66.1 % 
in the range of sine measured at both the air­
facing and Nylon-facing sides (that is, the 

100.---------------, 

;e 80 

0 

. 
c,----------------

C2 --- t> ---.t; - e, 

n 
C3-- - -

0.2 0.4 06 08 

Sin0 

(al 

-
1.0 

effect of hydrocarbon contamination was as­
sumed to appear only on C, component), the 
relative peak areas of C2 and C3 were re­
estimated (C2e-est and c;e-est) from the observ­
ed values (Cobs) according to the relations: 

C re-est(0/)= (1OO-C, ant). C2 obs 
2 /o Cz obs+ C 3 obs ' 

The re-estimated values of C2 and C3 as tabu­
lated in Table II and plotted in Figure 7 come 
close to those anticipated from the chemical 
structure and composition compared with the 
observed values at both the air-facing and 
Nylon-facing sides. 

The results for s-PMMA/PHPE are also 
tabulated in Table II and plotted in Figure 8. 
The observed C3 becomes somewhat larger 
than the observed C2 at the air-facing side. 
This means enrichment of the PMMA com­
ponent at the air-facing side. Therefore, the 
relative peak areas of C2 and C3 were re­
estimated from the observed values by assum­
ing the relative peak area of C1 to be 60%, 
which is the value anticipated from the chemi­
cal structure of PMMA free from the hy-
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Figure 7. Relative peak area vs. electron take-off angle relations for observed values (C1 , e; C2 , .&; C3 , 

•). re-estimated values (C2 , L:,; C3 , D) and anticipated values from chemical structure and composition 
for PMMA/PHPE blend at 1/1 ratio by weight(----). (a) and (b) are the results of air-facing side and 
Nylon-facing side of i-PMMA/PHPE samples, respectively. 
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Figure 8. Relative peak areas vs. electron take-off angle relations for observed values (C1, e; C2 , .&; C3 , 

a). re-estimated values (C2 , ,I',; C3 , D), anticipated values from chemical structure for PMMA (-~~)and 
anticipated values from chemical structure and composition for PMMA/PHPE blend at 1/1 ratio by 
weight (----). (a) and (b) are the results of air-facing side and Nylon-facing side of s-PMMA/PHPE 
samples, respectively. 

drocarbon contamination, according to the 
above relations. The re-estimated values of C2 

and C3 as shown in Table II and Figure 8 come 
close to the relative peak areas of C2 and C3 

anticipated from the chemical structure of 
PMMA homopolymer. This means that the 
air-facing side is composed of almost PMMA 
alone. At the Nylon-facing side, the relative 
peak areas of C2 and C3 were re-estimated 
from the observed values by assuming the 
relative peak area of C1 to be 66.1 % as in the 
case of i-PMMA/PHPE. The re-estimated val­
ues of C2 and C3 come close to those antic­
ipated from the chemical structure and com­
position as for the case of i-PMMA/PHPE. 

DISCUSSION 

The boundary phase of a-PMMA/PHPE 
sample consists almost of a-PMMA alone as 
reported previously2l, and the a-PMMA/ 
PHPE blend polymers can be said to be com­
prised of nearly pure PHPE and a-PMMA 
phases as shown in Figure 4. Nylon and PHPE 
are known to self-associate through strong 
hydrogen bonding. 14 - 16 Therefore, the non­
self-associated a-PMMA in a-PMMA/PHPE 
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blend tends to concentrate on the substrllte ex­
clusively, and may give rise to the prominent 
boundary phase dispersion at the same tem­
perature as that of a-PMMA reinforced with 
Kevlar as observed. 

As mentioned above, both PM MA and 
PHPE components can be found from XPS 
spectra at the Nylon-facing side for i-pMMA/ 
PHPE and s-PMMA/PHPE samples in con­
trast to the case of the a-PMMA/PHPE sam­
ple. The mechanical dispersion, however, 
shows that though the boundary phase disper­
sion arising from the interaction of s-PMMA 
with the substrate can be found for s-PMMA/ 
PHPE-Kevlar, such dispersion cannot be 
found for i-PMMA/PHPE-Kevlar. From these 
facts it can be said that though the interactions 
between the substrate and the blend polymers 
differ with each other, the boundary phase 
structure ofi-PMMA/PHPE probed by XPS is 
similar to that of s-PMMA/PHPE. 

As mentioned above, the phase comprised 
of mutually solubilizing PMMA and PHPE 
components is found in i-PMMA/PHPE and 
s-PMMA/PHPE blends at considerable frac­
tion. The presence of this phase and the superi­
or clarity as mentioned in experimental sec-
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tion suggest the higher degree of compatibility 
and uniformity of the blends as a whole com­
pared with the case of a-PMMA/PHPE blend. 
If so, i-PMMA/PHPE and s-PMMA/PHPE 
blends may be deposited on the Nylon-surface 
at nearly the same composition as the bulk 
composition, contrary to the case of a-PM­
MA/PHPE blend. Nonself-associated PMMA 
in contact with Nylon-surface may cause spe­
cific interactions with the substrate. The inter­
actions of s-PMMA itself with the substrate 
is stronger than that of i-PMMA itself on ac­
count of differences in the chain conforma­
tion or constraint on the rotation of the mo­
lecular chain,5 and the interaction of s­
PMMA/PHPE with the substrate also be­
comes stronger compared with the case of i­
PMMA/PHPE That is, the interaction of the 
substrate with PMMA in the PMMA/PHPE 
blend mainly depends on the molecular char­
acteristic of PMMA itself. {PHPE itself can 
also cause interactions with the polyamide 
substrate, and consequently boundary phase 
dispersion around 135cc. 6 For the composite 
made with PMMA/PHPE blend polymers, the 
boundary phase dispersion assigned to PHPE, 
however, could not be observed.} A somewhat 
ambiguous boundary phase dispersion of s­
PM MA/PHPE-Kevlar compared with that of 
a-PMMA/PHPE-Kevlar can mainly be attri­
buted to the smaller concentration of s­
PMMA on Nylon-surface. 

The compositions at the air-facing side of i­
PMMA/PHPE and a-PMMA/PHPE samples 
are nearly the same with the bulk composition. 
But the surface region of s-PMMA/PHPE is 
almost composed of s-PMMA alone. The sur­
face region is generally enriched with the lower 
surface energy component for two component 
systems. 17 •18 The surface energy of i-PMMA is 
smaller than that of s-PMMA according to 
contact angle data19 (the surface energy of 
PHPE is larger than that of PMMA accord­
ing to correlation of the solubility parameter 
with the critical surface tension20 •21 ) and thus 
the segregation of s-PMMA at the air-facing 
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side cannot be explained by the general trend 
only. The apparent solubility coefficient of s­
PMMA for oxygen and nitrogen gases are 
substantially larger than those of i-PMMA 
and a-PMMA.22 Though this may be a factor 
for the segregation of s-PMMA, comprehen­
sive discussion is necessary for a consistent 
explanation of this behavior. 
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