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ABSTRACT Chain configurations in ordered symmetric poly(styrene-b-methyl methacrylate) diblock 
copolymers were examined by neutron reflectivity. In a thin-film geometry the copolymers organize into 
lamellar microdomains oriented parallel to the substrate surface. The copolymers were synthesized with 
small fractions of deuterated segments at  either the chain ends or centers. This selective labeling permitted 
characterization of the spatial distribution of chain ends and junction points normal to the plane of the film. 
From the reflectivity analysis, the junction points are found to be confined to the PSIPMMA interfacial 
regions. The chain ends, however, are well distributed through their respective domains, exhibiting only a 
weak maximum in concentration at  the center of the domains. 

Introduction 
Over the past 2 decades a wealth of literature has 

appeared on the subject of A-b-B diblock copolymers and 
their equilibrium microdomain morphologies in the bulk.' 
At present, four ordered microdomain structures have been 
established experimentally as stable phases of pure 
copolymer melts in strong segregation,213 and a fifth 
equilibrium morphology has been suggested for weakly 
ordered dibl~cks.~J' Until recently, transmission electron 
microscopy and small-angle X-ray scattering techniques 
served almost exclusively as tools for characterization of 
the various microdomain morphologies. These techniques 
are well suited for determining the structure and peri- 
odicity of the ordered phases as well as the average 
thicknesses of the copolymer microdomains. However, 
both methods are relatively insensitive for describing the 
interfacial region between A and B domains. Moreover, 
the spatial configuration of the copolymer blocks within 
the domains can only be inferred from the results, typically 
by comparing the observed dimensions of the micro- 
domains with the Gaussian coil dimensions of the copol- 
ymer blocks. Along these lines, numerous studies have 
shown that copolymer blocks in strongly segregated 
domains are extended in the direction normal to the 
interface. 

To gain more detailed information on chain configu- 
rations in ordered copolymer morphologies, several groups 
have performed small-angle neutron scattering on selec- 
tively deuterated copolymer systems.68 Hadziioannou et 
aL6 analyzed the lateral extension of polystyrene blocks 
in lamellar poly(styrene-b-isoprene) morphologies by 
adding dilute concentrations of diblocks with perdeuter- 
ated styrene segments to unlabeled copolymers of roughly 
equal molecular weight. The polystyrene chains were 
found to be contracted in the plane of the lamellae relative 
to their random coil dimensions. More recently, Mat- 
sushita et aL8performed SANS on ordered symmetric poly- 
(styrene-b-2-vinylpyidine) copolymers in which portions 
(20-3676 of the styrene blocks were labeled with deu- 
terium. In systems which were labeled adjacent to the 

copolymer junction points, the results were adequately 
modeled by assuming complete localization of the deu- 
terated material near the PS/PVP interface. Similarly, 
for end-labeled copolymers the data were fit by assuming 
that the deuterated chain ends were perfectly centralized 
within the polystyrene domains. Although some local- 
ization of junction pointa and chain ends is certainly 
expected, the ability to describe the data using these coaree 
models of the concentration profiles suggesta that SANS 
is somewhat insensitive to the true label distribution. 
Nevertheless, the results of Mataushitaet al.8qualitatively 
indicate that the copolymer junction pointa and chain ends 
are to some degree localized within ordered lamellar 
domains. In the present study, neutron reflectivity is used 
to examine this question more quantitatively for symmetric 
poly(styrene-b-methyl methacrylate) copolymers in which 
a small fraction (&lo%) of either block hae been deu- 
terated at the chain end or adjacent to the PS/PMMA 
junction. 

In previous studies, neutron reflectivity has demon- 
strated remarkable sensitivity to the scattering length 
density distribution normal to the surface in thin films of 
selectively labeled symmetric P( S-b-MMA) copolymers9JO 
and copolymer/homopolymer blends11 on silicon sub- 
strates. Through a preferential interaction of the PMMA 
blocks with the substrate and the PS blocks with the 
surface, a near-perfect orientation of the lamellar domains 
is established parallel to the Si surface. For copolymers 
consisting of fully deuterated PS or PMMA blocks, neutron 
reflectivity has provided detailed information on the 
average domain sizes and interfacial widths ae a function 
of copolymer molecular weight.lo In the present study, 
selected portions of the PS or PMMA blocks are deuterated 
to reveal a quantitative picture of the spatial distribution 
of labeled segmenta within the ordered domains. In 
qualitative agreement with Mateushita et al.? localization 
of center labels and end labele is observed. Quantitatively, 
however, the spatial distributions of the labels obtained 
here differ significantly from those determined from the 
SANS analysis of PS-b-PVP. 
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Experimental Section 
Polished silicon substrates 10 cm in diameter and 0.5 cm thick 

with (100) crystal planes parallel to the surface were purchased 
from Semiconductor Processing Co. Substrates were submerged 
in Chromerge overnight, rinsed thoroughly with deionized water, 
and air-dried. Prior to use, subatrates were immersed in sulfuric 
acid and Nochromix for 5 min, rinsed with deionized water, 
exposed to 2-propanol vapor for 5 min, and subsequently dried 
at 110 OC. 

The copolymers were synthesized using standard anionic 
techniques. Cyclohexane (Phillips Petroleum) was stirred over 
sulfuric acid for 1 week and then distilled from calcium hydride. 
Tetrahydrofuran (Fisher) was distilled from sodium benzophe- 
none ketal. Dibutylmagnesium and sec-butyllithium were used 
as received from Lithium Corp. of America Triethylaluminum 
(Aldrich) was used as received. Methyl methacrylate (Aldrich) 
and methyl methacrylate-ds (Cambridge Iaotope Labs) were 
purified by treatment with triethylaluminum and were subse- 
quently distilled under vacuum.l* Styrene (Aldrich) and per- 
deuterated styrene (Cambridge Isotope Labs) were paased 
through an alumina column to remove inhibitors, then titrated 
withdibuty~~umtoeliminateimpuritiea,andfinallypaesed 
throughanactivatedaluminacolumntoremovemagneeiumsalts. 
1,l-Diphenylethylene (Kodak) was purified by the reaction of 
impurities withsec-butyllithium followed by vacuum dmtillation. 

The block copolymer syntheeie was carried out in round-bottom 
flash, equipped with septa, wing magnetic stirring under a 
nitrogen atmosphere. Typically 20% eolutions of styrene in 
cyclohexane were prepared along with 1 % by volume tetrahy- 
drofuran. The styrene blocks were initiated withsec-butyllithium 
and allowed to grow for 15 min, at  which time further quantities 
of purified perdeuterated styrene or styrene monomers were 
added to grow the desired sequences of labeled segmenta. The 
styryllithium chains were capped with 1,l-diphenylethylene to 
produce a more sterically hindered carbanion. This carbanion 
has been shown to initiate methyl methacrylate polymerization 
without the undesired addition to the carbonyl that occu2% with 
8tyryllithi~m.l~ The reactions were diluted with purified tet- 
rahydrofuran to minimally 75 vol % THF and were then cooled 
to -78 O C .  Purified methyl methacrylate or deuterium-labeled 
MMA was then added dropwiae to the polymerization. It is 
neceseary to add the monomer slowly to maintain the reaction 
temperature below -60 O C  to avoid side reactions. The MMA 
polymerization is extremely rapid, and the polymerization of 
MMA monomer under thew conditions is essentially complete 
within 60 8. Five minutes was allowed for complete monomer 
consumption, and the buildup of MMA-b-d-MMA sequences was 
accomplished bythesequentialadditionascteeired. The polymer 
solutions were precipitated into a 10-fold excem of methanol and 
vacuum-dried. Soshlet extraction with cyclohexane was found 
to be efficient at removing any free polystyrene homopolymer 
which resulted from killing of the first block. 

Molecular weighta and molecular weight distributions were 
determined by size exclusion chromatography with Ultrastyragel 
columns of 103-, 104-, and 106-A porosities in tetrahydrofuran. 
The volume fraction of styrene segments in the copolymer was 
determined wing 1H NMR after correction for the number of 
labeled segmenta in the chain. To determine the composition of 
the hydrogenous components (styrene and methyl methacrylate 
segmenta), 'H NMR epectra were recorded on an IBM Instru- 
menta AF300, operating in an unlocked mode at a 'H frequency 
of 46.3 MHz. Spectra were collected wing a 16-pa pulse width, 
corresponding to a BOo excitation -€e, with typically 600 
digitized into 8K data pointa. A 15-8 relaxation delay between 
scans, more than 6 times the longeat 2'1 in the sample, ensured 
all rBBonencea wera fully relaxed before each acquisition. Both 
the polymer solution in the NMR tube and the calibrant solution 
in the conxial insert tube were vertically poeitioned so as to be 
within the 2H rf coil during the NMR experiments, ensuring 
equivalent rf excitation and detection for both eolutions. An- 
thracene& (97.9% atom aH) wau p " i  from MSD Isotopes; 
the NMR shift reagent Dy(f0d)S was obtained from Aldrich 
Chemical Co. 
Thin f i b  of the copolymers were prepared by spin casting 

from toluene solutions of approximately 3 wt/vol % . Samples 
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Figure 1. 2H NMR spectrum of 50 mg of P(d-S-b-S-b-MMA) 
in CHzClz and a tube insert containing 3.5 mg of anthracene& 
and 8 mg of Dy(fod)a dissolved in CHCl3. Integration of the 
anthracene vs polymer resonances yields 1.88 mg of d-PS present 
in the solution; hence 2.4% of the monomers are deuterated. 

were cast onto silicon substrates a t  2000 rpm to give f i i  
thicknesses between 1300 and 1600 A. Film thickneaaea were 
measured by ellipsometry prior to annealing. Specimens were 
annealed under vacuum at  160 O C  for 10 days to achieve ordering. 

Neutron reflectivity measurementn were performed on the 
BT-7 instrument at the National Institute of Standards and 
Technology. The experimental setup and sample alignment 
procedure have been described in detail elsewhere.+ll A graphite 
monochromator was used to deliver neutrons of wavelength X = 
2.37 A and AVh = 0.01. Reflectivity curves were generated by 
rotating the w p l e  8 and the detector 28 degreea with reference 
to the incident beam. Data pointa were taken in step of O.0lo 
in 8 out to 1.5O or 0.07 A-l in neutron momentum, k . 0  = (2r/X) 
sin 8. Background intensities were obtained by offsetting 28 by 
+0.25O. Background was taken in 0 . 0 5 O  steps in 0 and extrap- 
olated linearly between points, After background subtraction 
the net intensity was divided by the main beam intensity to 
produce the reflectivity profiies. 

Deuterium Content 
A quantitative determination of the deuterium label 

content of the block copolymer was accomplished by 
solution 2H NMR, which is capable of furnishing accurata 
relative mole fractions of mixtures. When saturation 
effecte are avoided, the area of a peak in the spectrum 
faithfully reporta the relative amount of nuclei corre- 
sponding to that specific resonance.14 A h l u t e  amounta 
of nuclei in a sample can be determined by measuring the 
peak area of a known amount of added material which 
serves as a calibrant for the other resonances of intereet. 
However, this approach is problematical for 2H NMR of 
labeled polymers, since the 2H NMFt line widths for 
macromolecules are typically large enough to contribute 
to the whole diamagnetic region of the 2H NMR spectrum, 
thus preventing resolution of polymer psaks from those 
of the added calibrant molecules. 

This problem was avoided by physically separating the 
polymer solution from the added calibrant by placing a 
solution of the latter in a glarur tube inserted into an NMR 
tube containing the polymer solution. An NMR ahift 
reagent, E)y(fod)a, waetbenaddedtothecalibranteoluti~ 
to shift the calibrant NMR resonatma dodield,  well 
away from the  polymer reaonanc86.16 The resultant NhaR 
spectrum of thie system yialded two seta of resonenm, 
those arising from the polymer and thoee arising from the 
shifted calibrant molecules. A typical result is shown in 
Figure 1, where the insert tube contained 3.5 mg of 
anthracene-dlo and Dy(fod)a and the solution in the N M R  
tube contained 50 mg of the  partially deuterated copol- 
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Table I 
Characteristics of Copolymers 

deuterium content 
copolymer M W  M w . / M n  f ~ , N M R  f PS,NR b 'He 2H3CCld A' ffNMR f i R  

P(d-S-b-S-b-MMA) 180K 1.21 0.46 0.48 3.1 2.5 2.4 2.3 2.2 
P(S-b-d-S-b-MMA) lOOK 1.13 0.42 0.43 2.6 2.7 2.7 2.7 2.6 
P(S-b-MMA-b-d-MMA) 70K 1.13 0.48 0.47 7.0 6.2 5.6 6.0 5.2 
a PS volume fractions from 1H NMR corrected for deuterium content. * PS volume fractions from fits to the neutron reflectivity profiies. 

c 2H NMR percentage of labeled monomer with respect to the total number of monomers obtained by using deuterated chloroform. d *H NMR 
number percents using deuterated chloroform and Dy(fd)3. e 2H NMR number percents using deuterated anthracene and Dy(fod)3. Volume 
fraction of labeled material calculated from anthracene 2H NMR results. 8 Volume fraction of labeled material from fits to the neutron 
reflectivity profiles. 

Table I1 
Scattering Length Densities of Components 

material density (a/cm3) (b/V) (XI@ A-2) 

PMMA 1.15 
d-PMMA 1.24 
PS 1.06 
d-PS 1.14 
Si 2.32 
Si02 2.20 

1.0 
6.8 
1.43 
6.1 
2.08 
3.48 

ymer. The anthracene resonances were shifted d o d i e l d  
to 19 ppm, while the polymer resonances appeared in the 
region 8 to 0 ppm. The anthracene and polymer resonances 
were then easily integrated, with the anthracene integral 
corresponding to the 2H present in 3.5 mg of labeled 
anthracene. The ratio of integrals yielded the amount of 
2H present in the polymer solution. The amount of 2H- 
labeled polystyrene was then obtained, and hence the 
fraction in the copolymer sample. Results for the four 
copolymer samples are presented in Table I. Additional 
composition results for these polymers were calculated by 
using CZHCb in place of anthracene-dlo and by adding 
directly a known amount of deuterated solvent to the 
polymer solution and then obtaining the polymer/solvent 
ratio by deconvolution of the resultant NMR spectrum. 
Table I shows all three methods to be in good agreement. 

Model Reflectivity Profiles 
In specular reflectivity, radiation incident on a surface 

at a glancing angle 8 is detected at a corresponding angle 
8 from the surface after undergoing reflection, thereby 
recording the momentum transfer perpendicular to the 
surface. The coefficient of reflectivity at an interface 
between two media depends upon the neutron refractive 
index of each medium, which is given by 

where (b/  V ) j  is the scattering length density of the medium 
j .  Scattering length density values for materials relevant 
to this study are provided in Table 11. If the scattering 
length density varies through the thickness of a film, the 
reflectivity can be approximated by dividing the film into 
j layers of an arbitrary thickness dj and scattering length 
density (b/V)j. For each layer the reflection coefficient 
can be determined exactly. By use of recursion formulas 
based on Fresnel optics the reflectivity R can be calculated 
as a function of incident neutron momentum, kZp, to 
compare with the experimentally obtained profile.16 

For cases where either the PS or PMMA blocks are 
fully deuterated, the reflectivity for ordered P(S-b-MMA) 
copolymer films is well deacribed by model composition 
profiles which consist of alternating domains of PS and 
PMMA with hyperbolic tangent concentration profiles 
acrose the interfaces. In the present study, however, the 
copolymers contain only small fractions of deuterated PS 

or PMMA segments. Thus, the systems are effectively 
composed of three components, and the labeled segment 
distribution must be deconvoluted from the distribution 
of PS and PMMA using the known volume fractions for 
the three components. For chain-end labeled systems, 
label distributions were modeled by dividing the corre- 
sponding copolymer domains into incremental layers of 
-7 A in thickness. The (b /V)  value for each layer was 
calculated assuming a normal distribution of the labeled 
material about the center of the domain, decaying to some 
base value at the domain boundaries. In the two extremes 
for this model, the end labels can be either entirely confiied 
to the domain center, represented by a sharp Gaussian 
distribution, or uniformly distributed through the domain, 
such that the scattering length density across the domain 
is uniform. For center-labeled systems a similar model 
was used with the hydrogenated rather than deuterated 
material centrally distributed in the domains. For both 
cases, hyperbolic tangent interfacial profiles were used to 
describe the interface between PS and PMMA domains. 
Model parameters, including the full-width half-maximum 
and base value of the scattering length density in each 
domain, the domain widths, and the interfacial thicknesses, 
were determined using an iterative fitting procedure to 
minimize the difference between the calculated reflectivity 
curves and the experimental data. The interfacial thick- 
nesses were restricted within limits consistent with the 
average values for copolymers of comparable molecular 
weight having fully deuterated blocks of PS or PMMA.11 
For each system, the relative fractions of PS, PMMA, and 
labeled PS or PMMA in the calculated volume fraction 
profiles are consistent with the composition characteristics 
of the copolymers as shown in Table I. In all cases, a 
10-20-&thick oxide layer on the silicon surface was 
incorporated into the model scattering length density 
profiles. 

Results 
Figure 2 shows the reflectivity profile for an end-labeled 

P(S-b-MMA-b-d-MMA) block copolymer containing 5.0 
f 0.5 vol 9% labeled material. The open circles represent 
the experimental data, while the solid line indicates the 
model reflectivity generated by the scattering length 
density profile inset in the figure. (Error bars in the 
experimental data have been omitted for purposes of 
clarity.) The decrease in the reflectivity for angles below 
the critical angle is a consequence of the finite sample 
size. The Bragg reflections obeerved in the profile indicate 
a high degree of ordering parallel to the substrate. The 
low peak intensities, however, reveal significant inter- 
mixing between the unlabeled and labeled PMMA seg- 
menta. The model scattering length density profile 
indicates 4.5 copolymer layers are present in the film. The 
depression in the scattering length density in the first 
copolymer layer, i.e., adjacent to the air, is attributed to 
the presence of holes on the film surface which result from 
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Figure 2. Neutron reflectivity aa a function of the neutron 
momentum for a P(S-6-MMA) symmetric, diblock copolymer 
where a fraction of the MMA end of the copolymer waa labeled 
with deuterium. The solid line was the beet fit to the data (open 
circles) using the scattering length density profile shown in the 
inset. 
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Figure 3. Same data as in Figure 2 but where the calculated 
profiles are for the case where the chain ends were assumed to 
be more centralized to the lamelk domains (lower curve) and 
for a uniform distribution of chain enda in the domain (upper 
curve). The profiiea have been offeet for clarity. The model 
scattering length density profiles and shown in the inset. 

finite film thickness constrainte. Earlier studies found 
that P(S-b-MMA) copolymer f h  on Si substrates order 
such that the equilibrium thickness of the system is 
quantized to (n + 1/2)L, where n is an integer and L is the 
period of the diblock ~opolymer.~~J* If the thickness of 
the film when originally cast does riot closely correspond 
to n + 1/2 periods, the system satisfies this constraint by 
the formation of islands or holes on the film surface; the 
height of each satisfies the (n + 1/2)L condition. This 
phenomenon hae been extenaively studied by Coulon and 
c o - w o r k e r ~ ~ ~ ~ ~  using optical and atomic force microscopy. 

When a hole concentration of -15% is taken into 
account at the surface, the label distributions within the 
PMMA domains ere quite "parable throughout the 
thickness of the film. The model (bf V) profile indicates 
some centralization d t h e  labeled en& within the PMMA 
domains. The sensitivity ofthe refledivity prdiles to the 
labeldis~butionisdemonetratedinFigure3, whichehows 
calculated reflectivity curves aeeuming a more centraliaed 
chain-end distribution in the PMMA domains (lower 
curve) and a uniform chain-end distribution (upper curve). 
Both models give notably worse fita than that shown in 
Figure 2, although the model WV) profiles differ only 
slightly. 

0.2 
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0 500 lo00 1500 

(A) 
Figure 4. Volume fraction of the styrene, methyl methacrylate, 
and labeled methyl methacrylate chain ends aa a function of 
depth normal to the surface. Them volume fractions were derived 
from the scattering length density profile shown in the inset of 
Figure 2. 

To convert the scattering length density profile in Figure 
2 to a volume fraction profile, the interface between PS 
and PMMA domains must be assumed. Since the reflec- 
tivity for this system is quite insensitive to the width and 
position of the interfacial regions, the interfacial widths 
were fued between 45 and 55 A as determined in previous 
studies?JO while their positions were set by the ratio of PS 
to PMMA + d-PMMA in the copolymer. Figure 4 shows 
the volume fraction profile consistent with the scattering 
length density profile inset in Figure 2. The PS and 
PMMA block distributions are represented by the solid 
anddaahedcurves,respe&ively. ThelabeledPMMAchain 
ends, indicated by the dotted curves, are well distributed 
through the PMMA domains, with a small concentration 
maximum occurring in the domain centers. The PMMA 
chain ends appear to penetrate well into the interfacial 
regions. At the interface between the film and the 
substrate, the distribution of labeled material in the 
PMMA half-layer is quite similar to that in the internal 
PMMA domains. This implies that no significant deu- 
teration effect is observed at this film boundary; i.e., there 
is no preferential segregation of the deuterated chain ends 
to the substrate. Moreover, the confiiations of the 
PMMA chains within this layer do not seem to differ 
significantly from the chain configurations in interior of 
the film, irrespective of the hard-wall constraint at the 
substrate. It should be noted that the scattering length 
density of Si02 is between that of the Si substrate and the 
PMMA. Thieleadetosome~b~~indefiningprecieely 
the chain-end distribution at the Substrate. Consequently, 
a more quantitative statement cannot be made. 

With reduced labeling content, a quantitative inter- 
pretation of the reflectivity profile becomea more difficult. 
Figure 5 shows the reflectivity curve obtained for an end- 
labeled P(d-S-b-S-b-MMA) copolymer with 2.3 f 0.5 vol 
% labeling. For this system the higher order Bragg 
reflections are hard to distinguish from thickneee fringes, 
and the primary reflection is ale0 extremely weak. Al- 
though the system is well ordered, ee evidenced by hole 
formation observed on the film surface by optical mi- 
croBcopy, the contrast between PS and PMMA domains 
is extremely low. The lack of features in the reflectivity 
profile is an immediate indication that, as seen for the 
previous sytem,the labeledchain enda are welldistributed 
throughoutthePS do"tatheathanbeingconcentratad 
in the domain centers. These resulta contrast those of 
Mateushita et aL,8 which suggest that complete -tion 
of labeled chain en& to the domain centers occurs. The 
volume fraction profile which oorragpondetotheacatfaring 
length density model in the inset of Figure 5 is shown in 
Figure 6. Similar to what is seen in Figure 4, the 
distribution of PS chain ends is slightly centralized within 
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Figure 7. Neutron reflectivity as a function of the neutron 
momentum for a P(S-b-MMA) symmetric, diblock copolymer 
where the styrene segments adjacent to the junction points were 
labeled with deuterium. The scattering length density profile 
shown in the inset yielded the best fit to the data indicated by 
the solid line. 
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Figure 5. Neutron reflectivity as a function of the neutron 
momentum for a P(d-S-bS-b-MMA) copolymer where a fraction 
of the styrene units at the chain ends was labeled with deuterium. 
The solid line was the best fit to the data using the scattering 
length density profiie shown in the inset. 
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the PS domains in the film's interior. However, less 
penetration of the chain ends into the interfacial regions 
is indicated, presumably because the block molecular 
weight is substantially higher (18OK versus 70K), while 
the fraction of labeled material is much lower. The 
presence of holes (or islands) on the surface of the 
copolymer leads to a reduction in the Scattering length 
density of the layer adjacent to the air surface in the model 
calculations.1* Consequently, within the PS half-layer at 
the film surface, the label distribution could not be 
characterized adequately. 

For the two systems studied above, placement of the 
labeled copolymer chain ends within the corresponding 
domains is apparently dominated by entropic consider- 
ations. Chain ends are found to sample the whole width 
of the domains, rather than just the domain centers, as 
one might anticipate for highly stretched chains. By 
comparison, placement of the copolymer junction points 
should be controlled by s trong energetic restrictions which 
favor their confiement to the interfacial regions. In 
Figure 7, the reflectivity profile for a center-labeled P(S- 
b-d-S-b-MMA) copolymer containing 2.7 f 0.6 vol ?G 
labeled material is shown. In contrast to the data in Figure 
5, strong reflections are evident in the reflectivity profile 
for this system, indicating significant localization of the 
deuterated chain centers. The model scattering length 
density profile inset in the figure clearly show maxima 
in the label distribution near the PS/PMMA interfaces. 
The volume fraction profile consistent with this model is 
given in Figure 8. The majority of the d-PS (dashed curve) 
is localized within the interfacial regions (the regions of 

Figure 8. Volume fraction of the styrene, labeled styrene, and 
methyl methacrylate segments as a function of distance from the 
surface derived from the scattering length density profile shown 
in the inset of Figure 7. 

overlap of the solid and dotted curves). An asymmetric 
distribution of the labeled material (dashed curve) is 
indicated. Considering that the label distribution doea 
not represent a single junction point but a finite length 
chain (-25 segments) of d-PS, this asymmetry is not 
surprising. 

The observed localization of the chain centera to the 
interfacial regions agrees qualitatively with the conclusions 
of Matsushita et ale8 However, we again find discrepancies 
in the quantitative resulta of the two studies. In the 
previouestudy, thedatawerefitassumingtotalsegregetion 
of the center labels at the interface with a scattering length 
density characteristic of the pure deuterated material. In 
the present study, the d-PS segments adjacent to the 
junction points are clearly intermixed with PMMA and 
unlabeled PS units. 

Conclusions 
In this study neutron reflectivity has been used to gain 

very detailed descriptions of the segment distributions in 
ordered symmetric copolymers not obtainable by other 
techniques. For end-labeled copolymers, the labeled 
material is shown to be well distributed within the 
corresponding domains, with small maxima in the label 
distributions occurring at the domain centers. With 
poseible implications to ordered symmetric A-B-A tri- 
blocks, this result suggests that looped center-block 
configurations are poseible in addition to B configurations 
which bridge the two adjacent A domains. For center- 
labeled polymers, the label distribution ie observed to be 
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more localized and asymmetric. In both c m ,  the results 
from neutron reflectivity, although qualitatively confi i -  
ing the results of Matsushita et al.? are in quantitative 
disagreement. The discrepancies between the two studies 
may arise from several factors. First, the previous study 
analyzed system with a significantly higher label content 
than the system discussed here. Second, the PS-b-PVP 
is more strongly segregated, with sharper interfaces and 
more highly stretched copolymer blocks than the PS-b- 
PMMA systems studied here. In principle, this would 
increase the localization of both the chain ends and chain 
centere. Having mentioned this, it is most likely that 
reflectivity is simply more sensitive to the fine details of 
the distribution that can be obtained by other scattering 
techniques. Reflectivity arises from gradients in the 
refractive index whereas scattering techniques measure 
correlations in the refractive index. Thus, the scattering 
measurementa incorporate interferences not related to the 
problem of interest which must be removed from the data 
prior to analysis. Reflectivity measurements currently in 
progress21 on thin f i i  of PS-b-PVP symmetric, diblock 
copolymers should shed new light on the effect of x in 
defiiing the spatial distribution of the copolymer chains 
in the multilayered, lamellar morphology. These studies 
will be directly comparable to the small-angle neutron 
scattering studies of Matsushita et al.8 In addition, a 
quantitative comparison between the sensitivity of neutron 
reflectivity and small-angle scattering can be made which 
should aid in future comparison of results from both 
techniques. 
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