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ABSTRACT: A series of new polyisobutylene (PIBI-toughened poly(methy1 methacry1ate)s (PMMA) consist 
of PIB domains covalently bonded to a PMMA matrix. The broad maxima observed in the small-angle X-ray 
scattering (SAXS) profiles indicate microphase-separated materials containing PIB microdomains dispersed 
within a PMMA matrix. SAXS was used to determine the effect of PIB molecular weight (Mn) and weight 
percent (wt ?6 ) on the long period (L, repeat distance of electron density variation) in the materials. L and 
the maximum intensity of the scattering peak were found to increase with increasing an and wt % PIB, 
indicating larger dispersed PIB microdomains. The good agreement between measured and calculated values 
of the mean square electron density fluctuation, <q2> normalized with respect to the 18K5 sample, indicates 
that the overall compositions of the PMMA-I-PIB networks are close to targeted values. 

Introduction 
The goal of this research was to study the effect of 

polyieobutylene (PIB) &n and wt % on the microstructure 
of PIB-modified poly(methy1 methacrylate)s (PMMA)s. 
Living carbocationic polymerization of isobutylene132 per- 
mits precise control of PIB &,, which in turn influences 
mechanical properties. Three different &n methacrylate 
telechelic PIBs (6600, 18 OOO, and 37 OOO g/mol) were 
prepared. The functionalizations were effected by an 
established reaction ~equence~-~  to prepare methacrylate- 
terminated tritelechelic PIB macromomoners [PIB- 
(MA)3]. The copolymerization of PIB-(MA)s with methyl 
methacrylate (MMA) to form new PMMA-Z-PIB semisi- 
multaneous interpenetrating networks (semi-SINS) along 
with their characterization was reported in paper 1 of this 
series.6 Because of the simultaneous formation of the 
network and PMMA homopolymer portions, PMMA-l- 
PIBs are ~emi-SINs.~ Since the polymerizations of the 
twocomonomers [PIB-(MA)3andMMAl are not mutually 
exclusive, two-component PMMA-Z-PIB networks, to- 
gether with PMMA homopolymer, are formed. Therefore, 
these materials represent a new type of semi-SIN. 

For the study of the effect of w t  % PIB on L, a series 
of semi-SINS composed of 5, 10,20, and 30 wt % PIB- 
(MA)3 of Mn = 18 OOO g/mol and PMMA were analyzed 
by SAXS. To determine the effect of Icl, on L, samples 
containing 20 wt % PIB of three PIB-(MA)3s (i.e., M,, = 
6500, 18 OOO, and 37 OOO g/mol) were employed. 

Experimental Procedures 
The synthesis and characterization of PMMA-I-PIB semi-SINS 

have been SAXS experiments were conducted at 
Oak Ridge National Laboratories using a 10 M SAXS system 
coupled with a two-dimensional position-sensitive detector for 
rapid analysis of multiphase samples. A 12-kW Rigaku X-ray 
generator equipped with a copper target was operated at 80 mA 
and 40 kV. The sample to detector distance was 5.12 m to cover 
the scattering range 0.08-1.2 nm-’. For the calculation of <+, 
a constant electron density within each of the two phases (PIB 
and PMMA) was assumed, with phases separated by sharp 
boundaries. Q, the scattering invariant (for calculation of 
measured values of <$>, was determined by computer inte- 
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gration of the area under the Lorentz corrected scattering curve? 
The materials studied are listed in Table I, with identification 
codes according to PIB Rn and wt 9% in the sample. 

Results and Discussion 
After having synthesized new PMMA-I-PIB semi-SINS, 

it was of interest to determine the effect of PIB Mn and 
wt % on L and to correlate this quantity with mechanical 
properties. The tensile properties of these materials have 
been thoroughly investigatedq6 

Figure 1 illustrates the two-dimensional scattering 
pattern for sample 6K20. The lighter areas indicate 
maximum scattering intensity. The scattering ring sug- 
gests microphase se aration and random orientation. To 

corrected scattering profiles of samples 6K20,18K20, and 
37K20 are shown in Figure 2. The Lorentz corrected 
scattering profiles of the 18K series containing various 
amounts of PIB are illustrated in Figure 3. The scattering 
profiles exhibit a scattering peak or, in the case of 18K5 
and 18K10, a broad shoulder characteristic of a periodic 
variation of electron density. The average repeat distance 
of this variation can be estimated from the peak position 
by Bragg’s laws 

X = 2L sin 8 (1) 
where L is the repeat distance of the electron density 
variation, 28 the scattering angle, and X the wavelength of 
the X-ray radiation (1.54 A of the Cu Krr line). The 
scattering vector (q, wavenumber) is determined b g  

q = [ 4 ~ / h I  sin 8 (2) 
The quantity qmax is determined from the maximum of 
the Lorentz corrected plot of q21(q) vs q and is used to 
determine the repeat distance by8 

show the effect of R n on the microstructure, the Lorentz 

L = (2*)/qmax (3) 
The L values obtained in thia manner qdtativelyindicate 
the scale of the electron density variation. 

Table I1 provides L values determined in this manner. 
Figures 4 and 5 illustrate the effect of PIB f i n  and wt % 
on L. Th_e scattering profiles indicate a strong dependence 
of L on Mn. Increasing PIB Ici, results in a decrease in 
qmar and therefore an increase inL. However, the increase 
in L with increasing PIB w t  % is subtle relative to that 
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Table I 
Sample Identification codes 

6K2O 6 500 20 
37K20 37 OOO 20 

q mi' 
Figure 3. Lorentz corrected SAXS profiies of 18K series of 
PMMA-1-PIB semi-SINS. 

Table I1 
L, <I?>. and Q As Obtained by SAX9 

sample L(nm) Q(nmd) <+>e.pt 

18K5 29.92 0.14 1.ooO 1.ooO 
18K10 34.91 0.29 2.071 1.895 
18K20 33.07 0.51 3.643 3.368 
18K30 40.54 0.10 5.wo 4.421 
6K20 15.32 
37K20 62.18 

G6ti20 
Figure 1. Two-dimensionalscatteringpattem forGK20PMMA- 
I-PIB semi-SIN. 
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Figure 4. Variation of long period with PIB Kfn (measured with 
20 w t  % PIB samples). 
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Figure 2. Lorentz corrected scattering profiles of 6K20.18K20, 
and 37K20 PMMA-1-PIB semi-SINS. 

with i%. Two models may be invoked to account for the 
effect of PIB M. and wt % on the observed SAXS peak. 
One possibility is the core-shell model proposed by 
MacKnight andco-workersgfor ionicpolymers where ionic 
spheres (clusters) are surrounded by nonionic chains. In 
view of the synthesis technique used? the PIB domains 
may he viewed to consist of an aromatic ring surrounded 
hydiphaticPIB chains (see Figure 1 in ref6). Theelectron 
density contrast between the aromatic core and PIB shell 
may give rise to a SAXS peak. These concentric core- 
shell spheres are dispersed in the continuum of cross- 
linked PMMA matrix. Depending upon how these PIB 
domains are distrihutedin the PMMAmatrix,interparticle 
interferences could occur, leadingtoan interference SAXS 
peak. In thismodel, theelectron density contrast between 
the PIB domain and the PMMA matrix would give rise 
to the SAXS intensity. The interpretations of L for the 
core-shell model and for the interparticle interference 
modelarevastlydifferent. In theformer,Listhediameter 
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Figure 5. Variation of long period with w t  % PIE (measured 
with 18K series). 

of the concentric core-shell, whereas in the latter it 
represents the interdomain distance. 

When PIB M,, increases, the dmeter  of the PIB 
domains increases, and therefore L would ala0 increase. 
Correspondingly, the center-to-center mass distance be- 
tween PIB domains could increase with increasing &&,. 
However, the amount of the aromatic center relative to 
the PIB domains and the PMMA matrix is insignificant, 
so that the core-shell model alone may he inadequate to 
account for the large increase in I (integrated scattered 
intensity). 

With increasing PIB content L incream gradually but 
nonlinearly. A simple "domain insertion model", where 
the domain population increases with increasing PIB 
content, would predict a decrease inL. Altematively, the 
core-shell model would predict L to remain constant with 
w t  % PIB provided that the Mn of PIB remains constant, 
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which is contradictory to the observations. As pointed 
out in a preceding paper? the 30 wt 76 PIB specimen is 
slightly opaque, suggesting the existence of structures 
comparable to or larger than the wavelength of light; thus, 
it is beyond the resolution of SAXS. 

Aggregation of PIB domains is a possibility, although 
no direct evidence was obtained by transmission electron 
microscopy. A significant drop-off in tensile strength and 
toughness is noted above 20 wt % PIB, which may be due 
to increased PIB domain aggregations or, possibly, the 
onaet of a usemicon~inuouB" PIB phaae.8 Thus, aggregation 
of PIB domains may follow the interparticle interference 
model at greater than 20 w t  % PIB. 

The effect of PIB& and wt % on the scattered intensity 
( I  integrated intensity) has been examined. As pointed 
out previously, the volume fraction of the aromatic center 
of the PIB domains is too small to account for the large 
increase in the scattered intensity. We therefore adopt 
the pseudo-two-phane made1 (neglecting the aromatic core 
of the PIB domains) in which PIB domains are dispersed 
in a PMMA matrix. 

The 18K aeries was analyzed in terms of calculated and 
measured <q2> values. The calculated values were 
determined bye 

<v2> = 4142(p1- P J 2  (4) 
where 41 and 42 are the volume fractions of the matrix and 
PIB, reapectively, and p1 and p2 the electron density of 
PMMA and PIB, respectively. A constant electron density 
within each of the two p b e s  is assumed, with phases 
separated by sharp boundaries. Values of <q2> were 
normalized with respect to sample 18K5. 

The measured <q2> value was then determined by 
calculating Q, the scattering invariant, from the integration 
of the area under the Lorentz corrected scattering curves 
according t o 8  

Q = SI(q)q2dq (5 )  

where Z ( q )  is the scattering intensity as a function of 
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wavenumber. Once Q is known, <v2> can be obtained 
from8 

Q = 27r2ZeV<v2> (6) 
where I ,  is the scattering from one electron (Thompson 
scattering) and V the illumination volume. Both exper- 
imental and calculated <v2> values were normalized with 
respect to the 18K5 specimen. Results obtained for Q 
and <72>expt are listed in Table 11, along with <q2>ealcd. 

The good agreement obtained between the calculated 
and m d  < q 9  values indicatea that the compositions 
(wt  % PIB) of the PMMA-l-PIB semi-SINS are very close 
to targeted vduea. The overall appearance of the scat- 
tering profiles indicetes that the product0 are microphase- 
separated. The PIB domain size increaaeo primarily with 
increasing PIB a, and by increasing the PIB content to 
120  wt %. 
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