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Figure 10. Plot of the relative intensity of the 1015-1020-cm-’ 
Raman band of 2% solutions of PVI in 0.88 M aqueous NaCl vs. 
extent of protonation. 

and 915 cm-’ shift to 1511,1096, and 945 cm-’, respectively, 
upon metal incorporation. 

B. The proton-bridged complex causing viscosity min- 
ima and double breaks in the potentiometric titration 
curves for PVI was characterized by FTIR and Raman 
spectra. 

1. FTIR of dried films shows marker bands in the 
regions 2400-2600 and 900-950 cm-’ which appear to be 
associated with H bonding upon partial protonation. The 

band shifts in the 900-950-cm-l region for protonated and 
Ni-complexed PVI suggest similar intrachain bridging or 
cross-linking in the two systems. 

2. A conformational change of the backbone upon 
protonation is supported by the Raman spectra and is 
attributed to the formation of the H-bridged complexes. 
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ABSTRACT The molecular conformation of a block polymer chain in a microphase-separated domain space 
(a confined space) was studied by small-angle neutron scattering (SANS) with a deuterium labeling technique. 
The samples studied were polystyrene-polyisoprene diblock polymers, and they have a morphology of highly 
oriented alternating lamellar microdomains composed of polystyrene (PS) and polyisoprene (PI) in bulk when 
cast from dilute solutions in toluene. Small-angle X-ray scattering (SAXS) measurements were conducted 
on the same specimens used for SANS in order to separate the scattering arising from a single chain P ( q )  
and that arising from the microdomain structure S(q). Components of the radius of gyration of the single 
deuterated PS chain in PS lamellae, parallel (Rgx or Rgy) or perpendicular (R,) to the interfaces between the 
two microdomains, were determined with the high-concentration labeling technique of SANS coupled with 
the SAXS technique. The results indicated that (i) the chain is expanded normal to the interfaces, giving 
rise to R, N 1.6RgX, (ii) the chain is contracted parallel to the interfaces, giving rise to R, N 0.7Rg,,o (l$x,o 
being a component of the radius of gyration of the corresponding unperturbed chain), and (iii) the longitudmal 
expansion is compensated by the lateral contraction, giving rise to an overall radius of gyration R, nearly equal 
to or slightly less than R, for the unperturbed chain. Conclusion (iii) does not mean at all that the chains 
in domain space are unperturbed but rather that they are strongly perturbed. The lateral contraction was 
proposed to be the consequence of the repulsive potential between the centers of block chains which are located 
in narrow interfacial regions (i.e., essentially in the twedimensional space). A residual “memory” of the repulsion 
in the bulk block polymer could be a consequence of the two-dimensionality of the space available to chemical 
junctions of the block polymers and/or an effect of repulsive potential (which existed in the polymer solution 
with a good solvent) being “locked-in” at high polymer concentrations. 

I. Introduction 
It is well-known that block polymers (e.g., AB) adopt 

a microdomain structure in the strong segregation regime 
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for which XZ >> (xZ),, where x is the Flory-Huggins in- 
braction Parameter between the constituent polymers A 
and B, is the total degree of polymerization of the AB 
diblock polymer, and (xZ), is the critical value of x.’-15 In 
this regime, A (B) polymers segregate themselves into A 
(B) microdomains with their chemical junction points 
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Figure 1. Schematic diagram showing the segregated lamellar 
microdomain structure of an AB diblock polymer. A (B)-block 
chains are d i e d  in the A (B) microdomain of thickness DA 
(D.) and the chemical junction ink of the A and B chains are 
confined in the narrow interfJ&ons (deked 88 ‘interphase”) 
of thickness t. The P component of the radius of gyration of a 
block chain (z axis being normal to the interface) is designated 
by R and the x (y) component (x (y) axis being parallel to the 
interFace) hy R, (R,) 

butadiene (SB) dihlock polymers in bulk a t  room tem- 
perature. 

Owing to the strong segregation effect between A and 
B, an A-block chain should have one end in the interphase 
(i.e., the interfacial region with a finite thickness) and all 
its segments confined in the  A microdomain 
(‘constraint-volume effect”). Furthermore, due to the 
incompregsibility of polymeric liquids, the A chain should 
have conformations satisfying the requirement of “uniform 
space filling” with the segments. These two factors, the 
constraint-volume effect and the uniform space-filling 
effect, clearly perturb the conformation of the chains in 
the domain space along the z direction, i.e., the direction 
normal to the interfaces, relative to the pure homopolymer 
conformation. The equilibrium perturbation of a chain 
and ita relationship with the domain size, DA, DE, and D, 
have been extensively studied theoretically hy Meier,3Sz6 
by Helfand?Jo and recently by Noolandi and Hong.l2J3 
Critical testa of the theories have been made hy Hashimoto 
et al.,%= Hadziioannou and Skoulios,2B and Richard and 
Thomason?’ the results of which indicate a satisfactory 
agreement between theoretical and experimental results. 
DiMarzio et aLZ8 further extended the theory for block 
polymers to the case where one block forms a crystalline 
microdomain. 
All these theories assume no lateral perturbation of the 

chains; i.e., the average chain dimensions are unperturbed 
along the .x and y directions. The validity of this as- 
sumption cannot he unequivocally tested hy experimental 
determination of the domain size D, (K = A or B) or D. 
This is hecaw the lateral chain perturhation ia essentially 
independent of the domain size DK and D. To make this 
point clear, consider two extreme cases as depicted in 
Figure 2, (a) the case where the chain is laterally expanded 
and (h) the case where the chain is laterally compressed. 
Even in these two cases, the microdomain A can have a 
given domain size DA and mass density pAo (which is 
identical with that of homopolymer A in hulk) as long as 
the surface density of the block polymer, N/S, satisfies 
eq 1-1, N being the number of block polymer chains per 
interfacial area S 

DA = 2(N/S)oA (1-1) 

DA MA/(PAPA) 

where DA and MA are, respectively, the molecular volume 
and the molecular weight of an A-block chain and NA is 
Avogadro‘s numher. Since the surface density of the block 
polymer chain is identical in both cases, the above two 
cases differ from each other only in terms of segmental 
overlap or interpenetration in lateral directions; clearly case 
a involves a much greater degree of segmental overlap than 

( a )  la tera l ly  expanded 

( b )  l a t e r a l l y  compressed 
Figure 2. Schematic &am ahowing two extreme eases of lateral 
chain dimensions: (a) the chain is laterally exandd; (b) the chain 
is laterally compressed. Domain size D A ~  mass density pAo, and 
the surfacz density of block polymer NIS are the same fos the 
two cases. 

case b. Consequently the lateral chain perturbation is 
generally independent of the longitudinal chain pertur- 
bation, and the lateral perturbation does not need to he 
considered when one is interested only in domain size and 
interfacial thickness. However, for better understanding 
of microdomain structure and hence of microphase sepa- 
ration, one needs the information on the conformation of 
a block chain in the “microdomain space” relative to that 
in “free space”, free in a sense that there is no con- 
straint-volume effect. The lateral chain perturbation may 
have an important effect on dynamical properties through 
molecular entanglements in the microdomain space, be- 
cause the entanglements should depend on the lateral 
interpenetration of the chains and hence the lateral chain 
perturbation. It may also affect the order-disorder tran- 
sition point, i.e., the point at which the microdomains are 
dissolved and formed. 

Studies on the conformation of a single chain in the 
domain space are a natural extension of conformational 
studies in hulk polymers, i.e., studies in free space. They 
may be pursued by a deuterium labeling technique in 
amall-angle neutron scattering (SANS).B,s Hadziioamou 
et al.” first reported such a study for SI diblock polymer 
having lamellar microdomains and determined the radii 
of gyration parallel to the interface; the values reported 
were much smaller than the corresponding unperturbed 
chain dimensions, with the ratio of the two ranging from 
0.78 to 0.67. On the other hand, the radii of gyration of 
a single block chain in spherical domains were reported 
to be nearly equal to those of corresponding unperturbed 
chains for SI dibloek polymer‘7 and SB diblock polymer.” 
It will he shown in this study that this phenomenon is 
merely a consequence of the contraction of a chain parallel 
to the interface being Counterbalanced by the expansion 
of the chain normal to the interface. We wil l  propose that 
we cannot overlook the strong perturbation of a chain in 
the domain space from a superficial interpretation of the 
results with the spherical domain systems (section IV-3). 

In the study reported here both R,,m the radius of gy- 
ration normal to the interface, and R,,, the radius of 
gyration parallel to the interface, have been measured. 
Two particular features of this work are worth noting. The 
labeled block polymer was prepared with a degree of po- 
lymerization almost identical with that of the unlabeled 
block polymer, and it was mixed with the unlabeled block 
polymer with weight fractions of the labeled polymer being 
0.125,0.25, and 0.50, an amount much greater than that 
used by Hadziioannou et al. The greater amount of the 
labeled block polymer mixed in the system should not 
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affect the intensity distribution of the "molecular 
scattering", which depends on the conformation of a single 
chain.3e32 It would enhance greatly the signal-to-noise 
ratio of the molecular scattering, however, since its absolute 
intensity is proportional to b(1- 4D), dD being the volume 
fraction of the labeled chain, and therefore i t  should 
provide an improved measurement of the radius of gyra- 
tion. Small-angle X-ray scattering (SAXS) was also 
measured from the same specimens used for SANS mea- 
surements to separate carefully the contribution due to 
"molecular scattering" from the net scattering as will be 
discussed in detail in sections IV-1 and IV-2. 

The experimental approach is described in section 11, 
including sample preparation, characterization, and SANS 
and SAXS optics and techniques. Section I11 is concerned 
with experimental results on the morphology of the block 
polymer studied (section 111-1) and SAXS and SANS 
scattering profiles (sections 111-2 and 111-3). Some com- 
parisons of SAXS and SANS profiles will be presented in 
section 111-4. Finally section IV is concerned with the 
extraction of molecular scattering from the net scattering 
(sections IV-1 and IV-2) and determination and inter- 
pretation of the radii of gyration Rgx,m and RgzVm. 
11. Experimental Approach 

1. Polymerization and Characterization of Block Poly- 
mers. A protonated polystyrene-protonated polyisoprene block 
polymer (HSI) and a deuterated polystyrene-protonated poly- 
isoprene block polymer (DSI) were synthesized by living anionic 
polymerization (sequential addition of monomers) with sec-bu- 
tyllithium as the initiator and benzene as the solvent. The 
deuterated styrene monomer (98+ atom % D) was purchased from 
Aldrich Chemical Co., Inc. This monomer contained deuterated 
monobromobenzene and some other substances as impurities 
which could not be removed completely by the ordinary purifi- 
cation process used for the synthesis of protonated block poly- 
m e r ~ . ~ ~  These impurities react slowly with polystyryl anion to 
terminate further propagation, resulting in a broad distribution 
of molecular weight and composition. Therefore we employed 
the thorough purification technique proposed by Matsushita et 
al.33 The deuterated styrene monomer was further purified by 
a mixture of (triphenylmethy1)lithium and lithium bromide just 
before the polymerization.34 Thus the impurities were essentially 
completely removed from the monomer. 

The polymerizations were planned so that the two block 
polymers, HSI and DSI, should have exactly the same degree of 
polymerization and molar composition. However, the molecular 
characterization of HSI and DSI turned out to show a slight 
difference. The total number-average molecular weights of HSI 
and DSI obtained by osmometry were 7.51 X lo4 and 7.76 X lo4, 
respectively. The weight fractions of polystyrene and polyisoprene 
blocks were, respectively, 0.462 and 0.538 for HSI obtained by 
elemental analysis and 0.522 and 0.475 for DSI estimated from 
the molecular weight of the deuterated polystyrene precursor. 
Therefore the degrees of polymerization of polystyrene and PO- 
lyisoprene block chains are 3.39 X lo2 and 5.84 X lo2 for HSI and 
3.62 X lo2 and 5.45 X lo2 for DSI, respectively. Although the 
degrees of polymerization do not exactly match for the two block 
polymers, the difference is less than 7 % ,  which was deemed to 
be sati_sfactory for use in this study. The polydispersity indices 
(GW/A4,J of the block polymers obtained by GPC (relative to 
polystyrene homopolymers) were 1.05 for HSI and 1.15 for DSI. 

2. Film Preparation. HSI and DSI were blended in the ratios 
50:50, 75:25, and 87.5:12.5 by weight. Films were obtained by 
casting the three kinds of blends and pure HSI and DSI from 10 
w t  70 solutions in toluene in Petri dishes. The solvent was 
evaporated slowly under a toluene vapor atmosphere with the 
temperature kept constant at 28 "C. The cast films were carefully 
removed from the Petri dishes and further dried in a vacuum oven 
at room temperature for more than 1 week. The thicknesses of 
the f i i  thus obtained were ca. 40 pm. The specimens for electron 
microscopy and SAXS and SANS measurements were cut from 
the same pieces of films. Henceforth the blend samples will be 
designated 50150, 15/25, and 87.5/12.5. 
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3. SANS Measurements. The NBS small-angle neutron 
scattering i n ~ t r u m e n t ~ ~ . ~ ~  was used for these measurements. 
Thermal neutrons from the steady-state NBS reactor are filtered 
by a liquid-nitrogen-cooled bismuth-beryllium filter to remove 
core y-rays and fast neutrons before being monochromated by 
a helical-channel velocity selector. Collimation is achieved through 
the 4.5-m evacuated flight path with either a two-aperture con- 
figuration of 27 and 12 mm or with a nine-aperture configuration,35 
the former being used for "edge radiation" and the latter for 
"through radiation" (see Figure 8) in this experiment. Wave- 
lengths of 6.0 and 5.6 k, were used, respectively. The evacuated 
sample-to-detector distance is 3.6 m. The detector is a Borkow- 
ski-Kopp type37 65 X 65 cm2 two-dimensional detector with an 
electric resolution of 5 mm (128 X 128 channels) and a spatial 
resolution of 8 mm. A dedicated DEC 11/23 minicomputer was 
used to process signals from the detector, to control the spec- 
trometer and the automatic sample changer, and to provide 
real-time imaging of the data. Complete data sets were transferred 
to a DEC VAX 11/780 through a direct link. A Ramtek color 
graphics system was used in conjunction with the VAX computer 
for interactive data analysis. 

4. SAXS Measurements. A Rigaku Denki Rotaflex Ru-Z 
rotating-anode X-ray generator with a copper target and a Rigaku 
Denki step-scan goniometer with a scintillation counter were used 
to obtain SAXS intensity profiles. A slit collimation system was 
employed, and corrections for the collimation error were performed 
when necessary. The intensity data were corrected for sample 
absorption and background scattering and were normalized for 
the sample thickness. They were also normalized to the scattering 
intensity of Lupolen, a standard sample used to correct fluctu- 
ations in the X-ray source intensity. 

111. Results 
1. Morphology. Figure 3 shows the morphology of 

microdomains observed for as-cast films of the deuterated 
(DSI) and nondeuterated (HSI) block polymers and one 
of their blends (50/50). The as-cast films were stained by 
osmium tetraoxide, ultramicrotomed into thin sections, 
and observed by transmission electron microscopy. They 
have alternating lamellar microdomains of polyisoprene 
(dark regions) and polystyrene (bright regions). The 
spacings and long-range order of these three specimens are 
almost idenical as is the case for the other blends ( 7 5 / 2 5  
and 87.5/12.5) not shown here. 

2. SAXS Profile. The degree of macroscopic orien- 
tation of the lamellar microdomains of HSI, DSI, and their 
blends and their long-range order were examined by SAXS. 
The SAXS profiles were investigated with a stack of as-cast 
film specimens about 40 vm thick by irradiating the in- 
cident X-ray beam parallel both to the film normal 
("through radiation") and to the film surfaces ("edge 
radiation"). The scattering patterns obtained with a pin- 
hole collimation of the beam and with edge radiation 
showed strong multiple-order diffraction maxima in a 
direction normal to the film surfaces as shown in a previous 
paper (see Figures 4 and 5 in ref 20), indicating a very high 
degree of lamellar orientation with the interfaces parallel 
to the film surfaces. For the through radiation the scat- 
tered intensity was weak and the profile was circularly 
symmetric around the incident beam, indicating a random 
orientation of the lamellae with respect to the film normal. 

The scattering profiles were measured more quantita- 
tively with a slit collimation. Figure 4a shows desmeared 
scattering profiles for the through radiation and Figure 4b 
shows the scattering profiles along the film normal with 
the edge radiation.38 

By comparing parts a and b of Figure 4 for HSI, DSI, 
and their blends, i t  is clear that the scattered intensity of 
the edge radiation is much higher than that of the through 
radiation by about 1-2 orders of magnitude. This implies 
that the fraction of lamellae with their normals parallel 
to the film surface is only about to l/lm of that of 
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Figum 3. Electron micrographs of (a) DSI, 6) HSI, and (c) 50/50 
films. ultramicrotamed normal ta the film surfaces, stained with 
OsO,. The lamellar interfaces are parallel to the film surfaces. 

lamellae with their normals perpendicular to the film 
surface, indicating a very high degree of planar orientation 
of lamellae in the solvent-cast films, as found in earlier 
works."*' The SAXS maxima shown in Figure 4a repre- 
sent the maxima from the small fraction of lamellae with 
their normals oriented parallel to the film surfaces; the 
maxima of each specimen correspond to the first- and 
third-order peaks from the corresponding lamellar spacing. 

The block polymers HSl and DSl and their mixture 
have a long-range order as shown in Figure 4h. They have 
almost identical long-range order, spacing, and macroscopic 
orientation. The paracrystalline disorder of the spacin 
may be characterized by theg factor, defmed hy g = ALJ/Lf 
where AD is the fluctuation of the spacing from the average 
D. According the Hosemann and Raguchi," if an nth-order 
maximum is distinguishable from the background hut the 
( n  + 1)th order is not, then 

(In-1) 

Since the profiles for the edge radiation show at least an 
eighth-order maximum, in this case 0.04 5 g S 0.044. In 
Figure 4b, each profile shows that the intensity of the 
even-order peaks is much less than that of the odd-order 
peaks, indicating that the volume fraction of each micro- 
domain is almost identical.lg For this particular case, the 

0.35/(n + 1) S g 5 0.35/n 

Figwe 4. SAXS profilea of DSI, 50/50,75/25,87.5/125 and HSI 
(a) measured with through radiation, c o d  for the collimation 
errors, and (b) measured with edge radiation. 

scattered intensity from an individual lamella becomes 
almost negligible at the scattering angles where the lattice 
f a c t ~ r  shows the even-order peaks, as will be discusaed in 
section 111-4. 

3. SANS. Figure 5 shows contour patterns for SANS 
from the mixtures of HSI and DSI as well as those from 
pure block polymers HSI and DSI. These patterns were 
taken with the edge radiation in which the film normals 
are in the vertical direction of Figure 5. The circles in the 
centers of the patterns are zero-intensity regions due to 
the f i e d  beamstop on the detector. The beam center was 
shifted toward the left side of the detector. Each sample 
shows strong scattering normal to the film surface, indi- 
cating again that a high degree of lamellar orientation 
exists with the lamellar normals pardel to the f h  normal. 
The block polymer DSI naturally has the strongest scat- 
tering power because of the greater contrast between the 
domains composed of pure deuterated polystyrene and 
protonated polyisoprene. It should he noted that even in 
the nondeuterated block polymer HSI the scattering 
maxima arising from the microdomains appear. 

Although all the SAXS profiles and the SANS profiles 
from DSI and HSI contain information only on the scat- 
tering from microdomains, the SANS profiles for the 
mixtures contain information on the molecular scattering 
from individual deuterated polystyrene chains as well. The 
scattering profiles along @ = 90° and Oo are shown in 
Figure 6, parts a and b, respectively, where @ is the azi- 
muthal angle of the watering vector q for edge radiation 
as defined in Figures 5 and 8b. These profiles were cor- 
rected for electronic background, air scattering, sample 
transmission, and sample thickness and were normalized 
to the same total number of incident neutrons. The in- 
tensity was sector averaged for the same q over an azi- 
muthal angular range of loo, q being the magnitude of the 
scattering vector defined by 

q = 2 m  (III-2) 

where 28 is the scattering angle and h is the wavelength. 
As in the SAXS profiles the multiple-order diffraction 
magima are observed at the scattering angles satisfying the 
Bragg condition 

sD = n (n = 1, 2, ... ) (111-3) 

s = 2(sin e)/x 
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EDGE-RADIATION 

50/50 7 5 / 2 5  87.5/ 12.5 

9 0" I 
f i lm 
normal 

DS I HSI 
Figure 5. SANS contour patterns of 50/50,75/25,87.5/12.5, DSI, and HSI taken with edge radiation. The film normals are in the 
vertical direction of the patterns. The definition of the azimuthal angle 0 is shown by the arrows. The beam center was shifted toward 
the left side in each pattern. 

"I EDGE- RADIATION 

EDGE-RADIATION 
@ =  0" 

3 b .  * .  0.05 ' a ' * .  0.10 ' ' ' 
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Figure 6. SANS profiles of DSI, 50/50,75/25,87.5/12.5, and 
HSI with the edge radiation (a) along @ = 90° and (b) along @ 
= Oo obtained by averaging in intensity data for the sectors of 
A@ = loo. The discontinuous part for @ = Oo is due to the 
beamstop fixed on the detector. 

THROUGH-RADIATION 5 
"p-" 
.mep DSI 
0 0 .  0 5 0 / 5 0  

0 75/25  
0 8%5/12.5 

0.05 D I O  
q & I  

Figure 7. SANS profiles of DSI, 50150, 75/25, 87.5112.5, and 
HSI obtained with through radiation by circular averaging. 

where D = DA + DB, the identity period of the lamellar 
microdomains. 

The scattered intensity a t  9 = 0" is much lower than 
that at 9 = 90°, by about 2 orders of magnitude as found 
in the SAXS data, which again indicates a very high degree 
of lamellar orientation. Figure 7 shows the scattering 
profiles obtained with through radiation. The intensity 
level of the scattering taken with the through radiation is 
not identical with that of the scattering a t  CP = Oo taken 
with the edge radiation because of the difference of the 
optical arrangement as described in section 11-2. However, 
if the difference in the optical system is taken into account, 
the intensity levels of the scattering profiles shown in 
Figures 6b and 7 become almost identical, indicating un- 
iaxially symmetric orientation distribution of the lamellar 
normals with respect to the film normal. 
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Through Radiation Edge Radiation 

SANS Potter” SANS Paitern 

Figure 8. Schematic diagram of the geometry of the samples 
(perfectly oriented lamellae) and the SANS patterns for (a) the 
through radiation and (b) the edge radiation. The white mi- 
crodomains represent the polystyrene phase and the black ones 
represent the polyisoprene phase. The molecular scattering is 
indicated by small dots and the domain scattering by large spota 
in the SANS patterns. The azimuthal angle @ is arso defined in 
the diagram. 

Table 1 
= 904) (A) of DSI, 

HSI, and Their Blends Measured by SAXS and SANS 
Bragg Spacings (Edge Radiation at 

DSI 50/50 75/75 87.5/12.5 HSI 
SAXS 400 400 400 410 420 
SANS 410 400 400 390 380 

Figure 8 illustrates schematically the relative contribu- 
tion of the scattering due to the microdomain structure, 
designated as “domain scattering”, and that due to the 
conformational characteristics of the deuterated poly- 
styrene block chains, designated as “molecular scattering”, 
to the total scattering. When the radiation is incident 
along the x: direction, parallel to the film surface, the do- 
main scattering occurs normal to the domain boundary and 
gives rise to a series of multiple-order Bragg diffraction 
peaks along the z direction as shown in Figure 8b, if the 
microdomains are macroscopically oriented with their 
normals parallel to the z direction (see Figure 8b). Su- 
perposed on this strong domain scattering is a diffuse 
molecular scattering which may be elongated parallel to 
they axis if the radius of gyration of the polystyrene block 
in the z direction (R  ) is larger than that in they direction 
(RpY! (R,  = R,). #hen the incident beam is normal to 
the interface, Le., along the z direction, and if the domains 
are perfectly oriented as shown in Figure 8a, the molecular 
scattering will make the most significant contribution, and 
its angular dependence is related to the radii of gyration 
of the polystyrene block in the plane normal to the scat- 
tering vector q, i.e., R,, and R,. 

4. Discussion. In this section the SAXS and SANS 
profiles measured on the same specimens are compared 
qualitatively. Both SAXS and SANS profiles, especially 
for the edge radiation and the profiles along CP = !No, show 
multiple-order diffraction from a single identity period D 
of the alternating lamellar microdomains. The spacings 
measured from SAXS and SANS are identical within the 
experimental error as shown in Table I. Both SAXS and 
SANS results yield an almost identical degree of lamellar 
orientation for a given specimen, a very high degree of 
orientation of lamellae with their normals perpendicular 
to the film surfaces. However, it should be noted that the 
degree of lamellar orientation varies slightly among the 
different specimens as may be seen in the variation of the 
intensity ratios for the SAXS curves taken with through 
and edge- radiations (Figures 4a,b) among the different 
specimens. This effect is also seen in the variation of the 

.- _-  
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Figure 9. Schematic illustration of the distributions of the lattice 
scattering factor 2 and the particle scattering factor ( f ) 2  with the 
reduced scattering angle SD for the cases of a high-resolution 
system (solid curves) and low-resolution system (broken curves). 

SANS contour patterns for different specimens as shown 
in Figure 5. It should be noted that the shape of the SANS 
patterns depends also upon the “effective scattering power” 
relative to the background scattering arising from inco- 
herent scattering and scattering due to thermal density 
fluctuations. The power is related to the contrast between 
the two microdomains. 

In the case of SAXS, the scattering profiles of DST and 
HSI and their mixtures are identical as long as the mi- 
crodomain structure is identical. On the other hand, the 
SANS intensity very much depends on the fraction of 
deuterated block polymers simply due to the variation of 
the scattering contrast between the two microdomains as 
shown in Figure 6 and 7. The SANS profiles for the 
mixtures of DSI and HSI depend also upon molecular 
scattering, a contribution of which does not exist in SAXS 
at all. 

The SAXS profiles show a greater number of scattering 
maxima with smaller peak widths compared with the 
SANS profiles. These effects result from the SAXS being 
measured with an incident beam having a much narrower 
spectral width and with an optical system having a higher 
spatial resolution in comparison to the SANS measure- 
ments. 

The difference in the spectral width of the incident beam 
may account also for the difference in relative peak heights 
between the SAXS and SANS profiles obtained with edge 
radiation (see Figures 4b and 6a); the SAXS profiles show 
even-order peaks being very much depressed in comparison 
with the odd-order peaks whereas the SANS profiles show 
rather strong even-order peaks. I t  should be noted that 
the two maxima at q N 0.032 and 0.047 A-’ in the SANS 
profiles shown in Figure 6a correspond to the second- and 
the third-order maxima, respectively. Figure 9 schemat- 
ically illustrates the reason why the even-order peaks are 
very much depressed for the alternating lamellae with 
equal volume fractions of the two microdomains. 

The scattered intensity I from a lamellar microdomain 
system is approximately given by a product of the lattice 
factor or the interference function Z and the particle 
scattering factor ( f ) 2  

I - ( fPZ (111-4) 

The particle factor ( f ) 2  becomes almost zero at sD = 2,4 ,  
etc., where the even-order maxima appear in Z if the 
particle volume fraction is 0.5,19 as shown by the solid lines 
in Figure 9. Hence the even-order diffraction maxima are 
much weaker than the odd-order diffraction maxima as 
seen in the SAXS profiles. However, if the spectral dis- 
tribution of the incident beam is wide, both 2 and (f)2 may 
show broader profiles as represented by the broken curves 
in Figure 9. The particle factor may not necessarily go to 
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zero at SD = 2n (n an integer), giving rise to much stronger 
even-order peaks, as seen in the SANS profiles. Hadzi- 
ioannou et al.29 attributed the enhancement of the even- 
order peaks to multiple scattering. The results presented 
here do not support this interpretation, however, because 
(a) the transmission of the samples is not very much dif- 
ferent between the SAXS and SANS measurements and 
(b) the relative peak heights are almost identical among 
DSI, HSI and their mixtures as shown in Figure 6a, despite 
the fact that the scattering power of these samples varies 
greatly. 

IV. Extraction of Molecular Scat ter ing 
1. Met hod. The high-concentration labeling technique 

has been discussed and used recently.3w32 In this paper, 
due to the imperfect orientation of the lamellae a slightly 
modified treatment has been employed. Figure 8 shows 
the geometry of the samples and the SANS patterns in the 
case where the lamellae are perfectly oriented with their 
normals perpendicular to the f i  surface. In this situation 
the observed scattering for the through radiation of the 
blend films is the sum of the molecular scattering from the 
deuterated polystyrene block chains and the net incoherent 
scattering intensity (Figure 8a). Thus, just by subtracting 
the incoherent scattering intensity from the observed in- 
tensity, the molecular scattering can be obtained and the 
lateral chain dimension in the lamellar microdomain can 
be determined. However, the scattering peaks seen in 
Figures 4a and 7 indicate that the orientation of the la- 
mellae is not so perfect as depicted in Figure 8. It is 
slightly perturbed so that the domain scattering from the 
lamellae oriented with their normals parallel to the film 
surface cannot be neglected although their fraction is much 
smaller than that of the lamellae with their normals per- 
pendicular to the film surface. Therefore the scattering 
intensity from the blend film should be written as 

I ( q )  = 4D(1 - 4D)(aH - ad2W'(q)  + S(q)  + Iin (IV-1) 

where 4D is the volume fraction of the deuterated styrene 
monomer in the polystyrene microdomain, uH is the 
scattering length of the protonated styrene monomer unit, 
uD is the scattering length of the deuterated styrene mo- 
nomer unit, P(q)  is the molecular scattering function of 
the polystyrene block chains, and S(q)  is the domain 
scattering function from the lamellae with their normals 
parallel to the film surface, which depends on d'ps, the 
volume fraction of the polystyrene domain, (PI - the 
difference of the scattering contrast between the respective 
domains, and the number of lamellae contributing to S(q).  
PI and & are defined as follows: PI is the scattering length 
density of the polyisoprene microdomain and 0s is the 
scattering length density of the polystyrene microdomain, 
Zi, is the net incoherent scattering intensity. The u and 
0 parameters were calculated from the coherent atomic 
scattering lengths of H, D, and C reported in the litera- 
ture,40 the fraction of the deuterated and protonated block 
polymers, and the density of each microdomain of the 
block polymers, assuming that the densities of the mi- 
crodomains do not differ from those of the corresponding 
homopolymers and also assuming incompressibility on 
blending. 

The SANS scattering of the blend films measured at the 
azimuthal angle CP = 0" with edge radiation should be the 
same as that with through radiation as shown in Figure 
8 and can be treated in the same manner because of un- 
iaxial symmetry in the orientation distribution of lamellae 
with respect to the film normal. On the other hand, the 
scattering a t  9 = 90" with edge radiation involves very 
strong scattering from the lamellar microdomains, within 
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which are located the deuterated polystyrene block chains 
causing the molecular scattering. In this case formula IV-1 
is applicable if S(q)  is replaced by the scattering function 
of the lamellae with their normals oriented perpendicular 
to the film surface. 

a. Evaluation of Iin. The incoherent scattering in- 
tensity does not depend on the scattering angle while the 
coherent molecular scattering intensity decays with in- 
creasing scattering angle. In Figures 6 and 7 the total 
scattered intensity I (q)  of HSI levels off a t  high q, while 
Z(q) for the samples containing deuterated polystyrene 
blocks continues to decrease. This suggest that the co- 
herent scattering intensity of HSI in the high-q region is 
negligible compared with the incoherent scattering and 
that the constant intensity values in the high-q region (q 
= 0.0938-0.1268 A-1 for the through radiation and q = 
0.1300-0.1363 A-1 for the edge radiation) can be considered 
as the Zi, for HSI. Since the chemical composition of each 
sample is known, the incoherent scattering power of each 
sample can be calculated by using reported values of in- 
coherent scattering cross sections for the constituent at- 
oms.@ Thus Ii, for each deuterium-containing sample was 
calculated from the measured values of Iin for HSI, ac- 
cording to the ratio of the incoherent scattering power. 
The same Ih values were used for the azimuthal angles CP 
= Oo and @ = 90" (edge radiation) because there is no 
azimuthal angle dependence of Ih, and the scattering in- 
tensities were obtained simultaneously for the two angles. 
The coherent scattering curves were obtained by sub- 
tracting the values of Ii, from the net scattering curves. 
b. Extraction of Molecular Scattering. The co- 

herent scattering of DSI and HSI consists of domain 
scattering only. Therefore the scattering function S(q) is 
known for both DSI and HSI. If the domain structures 
of the blends and the pure block polymers were identical, 
S(q)  for either DSI or HSI could be substituted into eq 
IV-1 directly to obtain the molecular scattering. However, 
in this experiment S(q)  varies slightly from sample to 
sample because of the inevitable small variations in the 
lamellar microdomain structure, due to the synthesis and 
film-casting techniques. The change in the domain spacing 
affects the lattice factor 2 in eq 111-4, resulting in shifts 
of the peak positions of the scattering curves. This 
problem can be easily overcome by handling the scattered 
intensities as a function of qD, D being the Bragg spacing 
of the domains, instead of as a function of q. Then the 
peaks of the scattering curves for different samples should 
appear at the same positions, i.e., qD = 1, 2,3, ..., and the 
subtraction of one scattering curve from another becomes 
possible. 

On the other hand, the change in the volume fraction 
of the polystyrene and polyisoprene domains will affect 
the particle scattering factor (f)2 in eq 111-4 and change 
the shapes of the scattering curves, e.g., the relative peak 
heights between the first-order and higher order maxima. 
In this case the determination of the domain scattering 
S(q)  for the blend of the deuterated and protonated block 
polymers is not simple. As a first-order approximation 
additivity of S(q)  on blending was assumed. This is not 
right when the difference in domain structures is great but 
may be valid when it is very small. Consequently the 
following equation was used to calculate the domain 
scattering of the blends, SB(qD) 



74 Hasegawa et al. 

ct- 1 

4 

L 

5 ZI 5 -  
e 
f 
c .- 
U - 
x 4 -  - .- 
C 
v) 

u 
C 
L - 
-1 $? 3 -  

Macromolecules, Vol. 18, No. 1, 1985 

8 8  
total  scattering . 

e m coherent scattering . e domain scattering 
0 o moleculor scattering 0 

0 .  

-8 
. ? y o @  
"30 

O m  00 
e o o c  

" I  50 /50  
THROUGH-RADIATION 

q (2'1 0.05 0.10 

Figure 10. An example showing the process of extracting the 
molecular scattering from the total SANS function for the 50/50 
sample measured with through radiation. Profiles of the total 
scattering, the coherent scattering, the domain scattering, and 
the molecular scattering are shown. 

where SB(qD) is the domain scattering function for the 
blend and (PIK - PSK) (K = B, H, or D) is the difference 
of the scattering contrast between polyisoprene and 
polystyrene microdomains, where B, H, and D designate 
the blends, HSI, and DSI, respectively. The values (P IK 
- PSK) are calculated as described above. [Ij(qD) - Ih,J 
(J = H or D) are the domain scattering corrected for the 
incoherent scattering for HSI and DSI, respectively, which 
can be measured under through radiation. cB, cH, and CD 
are the number of lamellae oriented with their normals 
parallel to the film surfaces for the blends, HSI, and DSI. 
The ratios cB/cH and cB/cD can be determined from cor- 
responding intensity ratios for the SAXS maxima mea- 
sured with through radiation. 

The domain scattering function of each blend was cal- 
culated by using eq IV-2, and the molecular scattering 
function for the deuterated polystyrene chains was ex- 
tracted via eq IV-1. An example of this process is shown 
in Figure 10 for the through radiation of the 50150 blend, 
where curves for the total scattering, I ( q ) ,  the coherent 
scattering, [ I (q)  - Ih], the domain scattering, S(q), and the 
molecular scattering, P(q),  are plotted. I t  should be noted 
that the molecular scattering and the domain scattering 
have almost the same order of magnitude in this case. 
Similar results were obtained for the through radiation of 
the other blends and for the edge radiation a t  @ = 0" of 
all three blends. This method is employed also for the edge 
radiation at 9 = 90°. Since the intensity level of the 
domain scattering is considerably higher than that of the 
molecular scattering, due to the highly oriented domain 
structure, the extracted molecular scattering function may 
contain much larger errors than those obtained for the 
through radiation and the edge radiation a t  9 = 0". For 
the edge radiation at 9 = 90°, [Ij(qD) - lh,J] (J = H or D) 
are the domain scattering corrected for the incoherent 
scattering for HSI and DSI, respectively, which can be 
measured under edge radiation a t  9 = 90°. The ratios 
cB/cH and cB/cD can be determined from corresponding 
intensity ratios for the SAXS maxima measured with edge 
radiation at 9 = goo. 

2. Results. The molecular scattering obtained in sec- 
tion IV-1 is for the anisotropic and oriented block chains. 
For such a system the Guinier relation41 between the 
scattered intensity distribution at 9 = Oo (or 9 = 90") and 
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Figure 11. Guinier plots for the molecular scattering of 50/50, 
75/25, and 87.5f12.5 obtained with the through radiation. The 
coefficient K equals to bD(1- $ D ) ( a H  - aD)2qjps. The solid straight 
lines were obtained by the least-squares fit of the data points. 
The upper limit of q2 for the Guinier approximation is indicated 
by the vertical broken line. 

I 

EDGE - RADIATION 
4 :  0" 

Figure 12. Guinier plots for the molecular scattering of 50/50, 
75/25, and 875112.5 obtained with the edge radiation at @ = 0'. 
Some data points are missing due to the beamstop fixed on the 
detector. 

the corresponding component of the radius of gyration R, 
(or Rgz) is given as 

P(q)  - exp(-q2RU2) (for 9 = Oo) (IV-3) 

where R is the radius of gyration of the coil with respect 
to the p k e  perpendicular to the y axis. Therefore the 
slope of In P(q)  vs. q2 gives RW2 (Figure 12). For the 
through radiation the Guinier approximation, eq IV-3, may 
be valid in the region where (gR,)2 S 1.32 since the seg- 
mental distribution of a single block chain projected on 
the x-y plane (parallel to the lamellar interface) is con- 
sidered isotropic, and this limit is shown by a vertical 
broken lin in Figure 11. It  should be noted that the 
limiting value 1.3 was determined for a sphere (see Figure 
38 of ref 41) and hence is not a rigorous value for polymer 
coils but it rather gives an approximate value: Within this 
limit the plotted curves show reasonably linear regions for 
each case although there are some residual peaks arising 
from small errors in the subtraction of the domain scat- 
tering. I t  is clear that R,, = R, from symmetry consid- 
erations. 

The slopes of the linear region, hence R,, and R were 
obtained by the least-squares fit within the mdicaterrange 
but ignoring the data points in the region of the first peak. 
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Figure 13. Guinier plots for the molecular scattering of 50/50, 
75/25, and 87.5112.5 obtained with the edge radiation at @ = No. 
The range of q for the least-squares fit is indicated by the solid 
lines. 

Table I1 
Comparison of Experimental and Theoretical Values of 

P ( Q  O,dn)/P(Q = 0 . h  = 0.5) 
exptl 
edge, edge, 

sample @n through @ = Oo @ = 90° theor 
87.5112.5 0.117 0.45 0.39 0.10 0.414 
75/25 0.237 0.79 0.58 0.50 0.724 

Significant nonlinear character remains in the Guinier plot 
of the edge radiation data a t  a = 90°. Because of the 
extremely strong domain scattering, any slight mismatch 
between the real domain scattering function and the do- 
main scattering function calculated from the pure block 
polymer data could result in a significant distortion in the 
curve. If the estimation of the magnitude of the domain 
scattering is correct, however, the resulting curve after 
smoothing may reasonably represent the molecular scat- 
tering. In fact there do seem to be reasonably linear re- 
gions with similar slopes for different blends as shown in 
Figure 13. The slopes thus obtained were used to calculate 

The values of R , and R,, thus obtained are shown in 
Figures 11-13. d t h i n  experimental error these values 
show no dependence on the deuterated polystyrene chain 
concentration and good agreement between R, obtained 
from the through-radiation data and that obtained from 
the edge-radiation data a t  

I t  is appropriate to test whether the straight lines drawn 
in Figures 11-13 are reasonable or not. According to eq 
IV-1, P(q) is proportional to &,(1- aD), the product of the 
fractions of the two components in the blend. Therefore 
the intensity a t  the q = 0 intercept of each straight line 
in Figures 11-13, P(q = 0,  aD), should be proportional to 
a D ( 1  - @D) if they are correct. Table I1 lists the results 
of P(q = 0, aD) /P(q  = 0, aD = 0.5) measured from the 
through radiation and edge radiation a t  C#J = Oo and 6 = 
90° and those determined from the theoretical consider- 
ations. I t  may be clear that the measured values for both 

R,. 

= Oo. 

Table 111 
Radius of Gyration of Polystyrene Block Chain in the 

Domain Space 

(Mnn)DPS Rgrf A Rgr,m/ 

- sample X Rv,m R,I,o RgI,o Rgz,m remarks 
DSI 40.5 22 i 1 30 0.71 36 i 2 this work 
SDI-7 68.9 30.8 39.3 0.78 ref 29 
SDI-12 110.7 33.6 49.9 0.67 ref 29 

the through radiation and the edge radiation at C$ = Oo are 
in good agreement with the theoretical values but that 
those for the edge radiation a t  4 = 90° are not in satis- 
factory agreement with the theoretical values. Thus the 
straight lines drawn in Figures 11 and 12 are reasonable 
in view of relative intensity level also, but those in Figure 
13 are less reliable, again reflecting the difficulty of ex- 
tracting the molecular scattering. 

3. Discussion. In Table I11 the measured x and z 
components of the radii of gyration of a single deuterated 
polystyrene block chain in the domain space, Rgx,m and 
R (see Figure €9, the measured values R,, reported by 
d iz i ioannou et al.?9 and the values of Rgx,O, the x com- 
ponent of the radius of gyration of the unperturbed chain 
in bulk free space, are listed. 

The radius of gyration of a single chain R, is defined as 
R,2 = S S S d x  dy dz ( x 2  + y2 + z2)p(x,y,z) = 

11 1 d x  dy dz x2p(x,y,z) + 11 dy dz 

y2p(x,y,z) + 1 1 Jdx dy dz z2p(x,y,z) = 

where p(x,y,z) is the segment density and R, is the radius 
of gyration of a chain along the x direction; R,, can be 
measured with the q vector parallel to the x direction. For 
a chain with a spherically symmetric distribution of seg- 
ments 

Rgx2 + R,' + RgZ2 (IV-4) 

Rgx2 = RU2 = Rg: = R,2/3 (IV-5) 

while for a chain with a cylindrically symmetric distribu- 
tion of segments with respect to z (as in a chain in the 
domain space) 

Rgx2 = Rgy2 = R,L2/2 (IV-6) 

The values R x,m and Rg,,m are the values of R,, and R, 
measured by SANS, while the values Rgx,O are calculated 
from the unperturbed dimensions in free space R,,o for the 
polystyrene block chains; i.e. 

(Rg,,o)' = (Rg,0)'/3 = (N1')/18 (IV-7) 

where N12 is the end-to-end distance given by 

For a polystyrene chain in bulk K is reported to be 0.067 
nm by Ballard et al.42 from neutron scattering experiments. 

These experimental results and those by Hadziioannou 
et alem indicate a significant amount of contraction of the 
lateral dimension of the chain in the domain space in 
comparison with the dimension of the chain in free space, 
the ratio Rgx,m/Rg,,O being about 0.7. In this work the 
values of Rgz.m from the SANS profiles taken with through 
radiation and edge radiation at CP = Oo are in good 
agreement, while Hadziioannou et al. measured the SANS 
profiles in the through radiation only. 

As far as we are aware, these results also represent the 
first attempt to measure the longitudinal dimension Rgr,m, 
although the accuracy in determining R,, is less than that 
in determining Rg,,m owing to the difficulty of extracting 
the molecular scattering from the total scattering with edge 

(N12)1/2 = K M / 2  (IV-8) 
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radiation a t  CP = 
much larger than Rgx,m 

and than Rgx,O, indicating that a strong expansion of the 
chain along the lamellar normal. 

It is worth noting that the overall radius of gyration of 
the block chain in the domain space R, is about equal to 
the overall radius of gyration R,,o of the corresponding 
unperturbed chain in the free space, since 

R,2 = 2 X 222 + 362 N 2.3 X lo3 (A2) 
R,,: = 3 X 302 = 2.7 X lo3 (A2) (IV-10) 

Thus it appears that the lateral contraction is compensated 
by the longitudinal expansion. From the lateral contrac- 
tion only, Hadziioannou et al.% suggested two models for 
the conformation of the chain: (i) random coils stretched 
along the normal to the interfaces and (ii) the chain con- 
fined to a thin, compact, wormlike tube (see Figure 7 of 
ref 29). The former possibility is first considered below. 
For simplicity consider a case in which a sphere of radius 
R (having the radius of gyration Rm) is affinely deformed 
under constant volume to a spheroid having principal axes 
X-'J2R, X-'J2R, and AR, where X is the elongation ratio. The 
deformation involves lateral contraction (by a factor X-'/2) 
and longitudinal stretching (by a factor of A). The radius 
of gyration of the spheroid R,, is given by 

The value Rg2,+ thus obtained is 

Rg2,m 1.6Rgx.m (IV-9) 

R,, = R[(2 + X3)/5] 'J2,  R,, = R(3/5)'J2 (IV-11) 

(IV-12) 

It is clear that eq IV-12 can be applied also for a deformed 
random coil. Thus the isochoric and affine deformation 
involves an increase in the radius of gyration with an in- 
crease in the stretching X; this is not the case for a system 
in which the overall radius of gyration of the chain R, is 
approximately equal to or even less than that of the cor- 
responding unperturbed chain, R,,,. Thus the overall ra- 
dius of gyration of a chain in the domain space appears 
to be smaller than the radius of gyration of a chain which 
is stretched affinely under constant volume from an ini- 
tially unperturbed coil, which, in turn, apparently reflects 
a genuine lateral contraction of the chain. In other words, 
the stretching of the random coil chain along the lamellar 
normal cannot by itself account for the amount of lateral 
contraction observed in the experiments. 

We do not feel it  necessary to invoke a particular con- 
formation confined in a wormlike tubes (model ii as de- 
scribed above) to account for the lateral contraction. 
Rather the lateral contraction simply suggests the existence 
of a repulsive interaction between the chains in the domain 
space, Le., between the chemical junctions of constituent 
block chains (or approximately between the coil center of 
block polymer molecules) which are confined in the narrow 
interfacial region. This point may be further analyzed 
from an asymptotic behavior of P(q)  a t  large q. 

Consider an asymptotic behavior of P(q)  a t  high q for 
the scattering profile obtained by the through radiation 
(Figure 14). For a Gaussian chain, it will decrease ac- 
cording to"-& 

For a chain with excluded v o l ~ m e ~ ~ ~ ~  

For a collapsed chain45 

All the molecular scattering profiles obtained experimen- 

Rg,/R,, = [(2 + X3)/3I1J2 

P(q) - q-2 (IV- 13) 

P(q)  - q-5/3 (IV-14) 

P(q) - 4-3 (IV-15) 
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Figure 14. Logarithmic plots of the molecular scattering vs. q 
for 50/50,75/25, and 81.5112.5 obtained with the through ra- 
diation. Linea with the dopea of -6/3 (for a chain with the excluded 
volume), -2 (for a Gaussian chain), and -3 (for a collapsed chain) 
are drawn for comparison. 

.__ ..... unperturbed 
- perturbed,  squeezed 

Figure 15. Schematic showing the spatial distribution of seg- 
ments in the plane parallel to  the interface for the neighboring 
two polymers. The dotted distribution curves p(x ,y )  represent 
unperturbed chains. The perturbed and squeezed chains illus- 
trated above have the narrower spatial segment density distri- 
bution about the center of the molecule as shown by the solid 
curves. 

taUy exhibit the asymptotic behavior between those of the 
ideal Gaussian and excluded-volume chain; i.e., P(q) - qn 
with -2 I n I The behavior is far from that expected 
for a collapsed chain. 

Figure 15 represents schematically the spatial distribu- 
tion of segments for the neighboring two polymers in a 
direction parallel to the interface, i.e., the xy plane in 
Figure 8. If the lateral dimension is unperturbed, the 
segments from different polymers can freely interpene- 
trate, and the spatial distribution of the polymer centers 
is uniform. The repulsive potential between the neigh- 
boring polymers would tend to create a short-range liq- 
uid-like order in the spatial distribution of the polymer 
coil centers in the two-dimensional plane associated with 
the narrow interface, and the segment density distribution 
about the center of molecule tends to be compressed, re- 
sulting in a lateral contraction. 

Polymer chains in bulk are known to be unperturbed, 
and therefore repulsive interactions between polymers do 
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not exist. In contrast, the block chains in bulk and in 
domain space are in a repulsive potential field, although 
its origin is not well understood a t  present. The chains 
in bulk homopolymer are in three-dimensional free space 
(“free” in the sense of not being confined in domain space). 
On the other hand, the centers of the block chains in 
domain space are confined to the two-dimensional space 
associated with the narrow interphase, with a characteristic 
interfacial thickness much smaller than the polymer di- 
mension. Thus the dimensionality might be one factor 
responsible for the enhanced repulsion for the chain in the 
domain space. Besides the dimensionality, there may be 
another factor associated with the history of microdomain 
formation. The microdomains are formed by solvent- 
casting from dilute block polymer solutions in a good 
solvent. The repulsive potential between the polymers 
which exists in dilute and semidilute solutions usually 
decreases with increasing polymer concentration and 
vanishes in bulk pure polymer. In the case of the block 
polymer any short-range liquid-like order which may exist 
in the solution due to a repulsive potential could be “locked 
in” a t  a particular polymer concentration, leading to a 
residual “memory” of the repulsion in the bulk block 
polymer. 

The lateral perturbation of the block chain in the do- 
main space should tend to increase the free energy of the 
microdomain, resulting in less stable microdomains. This 
may then lower the temperature and increase the con- 
centration of the order-disorder transition of block poly- 
mers (the t r a n ~ i t i o n ” J ~ ~ ~  which involves dissolution and 
reformation of the microdomains). However, this may not 
significantly affect the equilibrium domain size DA, DB, and 
D. 
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ABSTRACT The initial stages of phase separation in low molecular weight mixtures of polystyrene ( M ,  
= 2000) and polybutadiene (M,  = 1000 and 2500) have been examined by using time-resolved small-angle 
X-ray scattering. The high flux from a synchrotron source was utilized due to the rapid kinetics and the weak 
contrast at the early stages of phase separation. Over the scattering vector range studied (from q = 0.07 to 
0.97 nm-') no evidence of a scattering maximum, characteristic of a periodic variation in the concentration, 
was observed. At  the onset of phase separation, the intensity at a constant scattering vector was found to 
depend exponentially on time with an amplification factor R ( q )  that changed from positive values at low q 
to negative values at high q. According to the Cahn-Hilliard theory,'S2 these crossover points were used to 
estimate the spinodal temperatures and Flory-Huggins interaction parameters. Deviations of the scattering 
vector dependence of R ( q )  strongly suggest that thermal density fluctuations not taken into account by the 
Cahn-Hilliard theory contribute significantly to the observed scattering. 

Introduction 
The kinetics of phase separation in polymer mixitures 

is not yet understood quantitatively. In contrast to the 
numerous theoretical and experimental treatments of this 
problem (see, for example: ref 3 and 4) for small molecular 
mixtures, the polymeric analogues have received relatively 
little attention. de Gennes5 and, later, Pincus6 have at- 
tempted to theoretically treat the kinetics of demixing in 
bulk polymer mixtures by modifying the existing Cahn- 
Hilliard theory.',* Experimentally, Bank, Leffingwell, and 
Thies7 first observed the reversible phase separation of 
high molecular weight polymer mixtures in the polystyrene 
(PS)/poly(vinyl methyl ether) (PVME) system using 
differential scanning calorimetry and dielectric relaxation. 
Subsequent to this, Nishi, Wang, and Kwei6 using both 
optical microscopy and NMR5 first examined the kinetics 
of phase separation in this mixture. From their studies, 
they concluded that the phase separation process could 
be adequately described in terms of the Cahn-Hilliard 
model. Gelles and Frank,g utilizing excimer fluorescence 
to probe the changes in local concentration as a function 
of time, confirmed these findings. Recently, Hashimoto 

'Some of the materials incorporated in this work were developed 
at SSRL with the financial support of the National Science Foun- 
dation (Contract DMR77-27489) (in cooperation with the Depart- 
ment of Enerev). * Present axdress: University of Southern California, Marina 
DelRey, CA 90292. 
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and co-workers1° extended studies on this mixture by 
small-angle light scattering (SALS) and quantitatively 
interpreted their results using the de Gennes-Pincus 
modification to the Cahn-Hilliard theory. On this same 
system, Snyder et a1."J2 performed an extensive series of 
measurements using SALS. In contrast with previous 
work, they found that only the very early stages of phase 
separation could be described by the linearized theories. 
Incorporation of nonlinear terms was necessary in order 
to fully describe the process and, it may be argued, that 
the agreement between experiment and linearized theories 
was fortuitous. 

While other polymer mixtures are known to possess 
lower critical solution temperatures (LCST) the LCST of 
PS/PVME conveniently occurs at temperatures well above 
the glass transition temperature and much lower than the 
decomposition temperature of either component. Conse- 
quently, there is little information available on the kinetics 
of phase separation for other high molecular weight 
polymer mixtures. 

Phase separation in lower molecular weight polymer 
mixtures has been studied by Nojima and co-worker~'~-l~ 
using SALS. Mixtures of PS with poly(methylpheny1- 
siloxane) (PMPS) were found to exhibit upper critical 
solution temperature (UCST) behavior. As expected, the 
rates of the phase separation were more rapid than with 
the higher molecular weight mixtures. However, they did 
not find agreement with the Cahn-Hilliard theory and 
required the nonlinear treatments17-19 in order to quan- 
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