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ABSTRACT: The penetration of vapors of pure and mixed solvent into ordered thin films of symmetric, 
diblock copolymers of polystyrene (PSI and poly(methy1 methacrylate) (PMMA) was investigated by 
neutron reflectivity. In the case of cyclohexane, a marginal solvent for PS but a poor solvent for PMMA, 
only the PS layer at the surface was swollen by the cyclohexane. The underlying multilayered structure 
was unperturbed by the solvent vapors, which indicates that the first PMMA layer near the surface, 
even though it has a thickness of only -150 A, acta as an effective diffusion barrier preventing penetration 
of the solvent. In the case of a mixed solvent, in particular a 75/25 methanolltoluene mixture, where 
toluene is a good solvent for both components, the entire multilayer is swollen. However, the swelling of 
the layers is not uniform as a function of depth. In addition, the appearance of second-order Bragg 
reflections shows that the swelling of the PS and PMMA layers is not equal. 

Introduction 
There has been some effort to understand the solva- 

tion of diblock copolymers a t  a solid interface. For 
example, experiments have been performed on polysty- 
rene-poly(2-vinylpyridine) (PS-PVP) diblock copoly- 
mers adsorbed onto quartz from toluene' and polysty- 
rene-poldethylene oxide) (PS-PEO) diblock copolymers 
adsorbed onto silicon from toluene.2 In these cases, the 
copolymer is dissolved in the solvent and the solution 
is placed in contact with the solid boundary. In the 
present study, interest is focused on the interaction of 
solvent with a diblock copolymer that has ordered on 
the surface. In particular, to what extent can small 
molecules penetrate into an ordered system where the 
molecules interact favorably with either or both of the 
blocks of the copolymers? Early studies by Ionescu and 
Skoulios3 addressed this problem on bulk diblock co- 
polymers where it was found, depending upon the 
solvent, that swelling of the copolymer could occur 
volumetrically or only normal to the lamellar period. In 
these studies, the presence of the substrate and the 
perfection of the ordering of the lamellar microdomains 
with respect to the surface play a key role in the 
swelling behavior. 

The surface-induced ordering of symmetric diblock 
copolymers has been studied exten~ively.*-~ In the case 
of symmetric diblock copolymers of polystyrene (PSI and 
poly(methy1 methacrylate) (PMMA), denoted P(S-b- 
MMA), the copolymer of interest here, alternating layers 
of PS and PMMA oriented parallel to the surface of the 
substrate are found. PS is located preferentially at the 
air-copolymer interface and, in the case of an Si02 
substrate, PMMA is located at the substrate. The 
thickness adjacent to the boundaries of the layers is one- 
half that of the layers inside the film. The period of 
the multilayer is dictated by the total molecular weight 

* Abstract published in Advance ACS Abstracts, January 15, 
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of the copolymer and the interactions between the 
segments of each block. The thickness of the film at 
any point is given as (n  + 1/2)L for the case mentioned, 
where n is an integer and L is the period. If the initial 
film thickness is incommensurate with this restriction, 
then islands or holes form on the surface with a step 
height equal to L. The type of surface topography and 
the fraction of the surface occupied by islands or holes 
depend upon the initial thickness. However, the mul- 
tilayering is maintained within the topographical fea- 
tures and at least a half-layer of PS is always located 
at  the surface. Details of the morphology of the islands 
and holes, in particular the edges of these features, have 
been discussed recently by Carvalho and Thomas.lo 

The alternating structure of the multilayer presents 
a unique field for a diffusing species. It would be 
expected that a solvent that dissolves both blocks would 
easily penetrate into the multilayered structure. How- 
ever, unlike the case of a bulk sample, the presence of 
the solid substrate may present some limitations to the 
solvent penetration. In the case where the solvent is 
selective for only one block, the other block will retard 
the diffusion of the solvent. In addition, defects in the 
multilayers will provide channels through which the 
solvent can easily migrate. On one extreme, the diffu- 
sion of a homopolymer, corresponding to  one of the 
blocks, into the multilayered structure has been stud- 
ied.ll There it was found that the homopolymer did not 
diffuse into the multilayer or at least the diffusion was 
severely impeded. 

In this study, ordered multilayers of P(Sd-MMA) in 
the presence of low molecular weight solvent vapors 
were investigated by neutron reflectivity. Selective 
deuteration of either block or the solvent molecules 
provides an easy means of monitoring the penetration 
of the solvent into the multilayer. The results of the 
study show that, in the case of a toluendmethanol 
mixture, both the PS and PMMA layers are swollen. 
However, the extent of swelling was found to depend 
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upon the distance from the free surface. In the case of 
cyclohexane, a solvent for PS but a very poor solvent 
for PMMA, only the PS layer at the free surface was 
found to be swollen. There was no penetration of the 
solvent into the underlying multilayered structure. 
Consequently, even though the PMMA layer adjacent 
to the surface is only -150 A, it is still a very effective 
barrier to  diffusion. 
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Experiment 
Thin films of P(d-Sd-MMA) and P(d-S-b-d-MMA) were spin 

coated onto polished, 10 cm diameter, silicon substrates (5  mm 
thick) from solutions in toluene. The lower case d indicates a 
perdeuteration of that block. The films were annealed under 
vacuum at 170 "C for a sufficient time to produce a multilay- 
ered structure. P(d-S-b-MMA) has an M ,  = 1.2 x lo5 with 
MJM,, = 1.12, whereas P(d-S-b-d-MMA) has an M ,  = 1.15 x 
lo6 with MJMn = 1.10. Each copolymer, purchased from 
Polymer Laboratories, was Soxhlet extracted in cyclohexane 
to remove PS homopolymer impurity generated during the 
synthesis. 

Swelling studies were performed on the ordered copolymer 
films by placing the samples in a closed cell in a solvent- 
saturated environment. The films were exposed to the solvent 
atmosphere for at  least 4 h prior to measurements. Since the 
reflectivity profiles did not change with time, it was assumed 
that the solvent was in equilibrium with the vapor. In one 
set of experiments, cyclohexane was used, which is a solvent 
for the PS block but a nonsolvent for the PMMA block. In a 
second set of experiments, a 75/25 methanoYtoluene mixture 
was used. This mixture is a 0 solvent for PS homopolymer 
at  34 "C, whereas it is a 0 solvent for PMMA homopolymer 
at  26 "C.12 All reflectivity measurements were performed at  
room temperature. 

In the case of cyclohexane, the sample was mounted 
vertically above a reservoir of the solvent at  the base of the 
closed cell. Reflectivity measurements were performed on the 
BT-7 reflectometer in the reactor hall of the National Institute 
of Standards and Technology (NIST). A graphite monochro- 
mator selected neutrons having a wavelength, 1, of 2.35 A with 
M1 = 0.02. In the horizontal direction, the beam had an 
angular divergence of 0.02'. In the case of the methanol/ 
toluene mixture, reflectivity studies were performed on the 
NG-7 reflectometer located in the neutron guide hall in the 
Cold Neutron Research Facility at  NIST. Here the samples 
are mounted horizontally with a solvent reservoir at  the base. 
Neutrons of wavelength 4.1 A with M A  = 0.055 were used. 

In both geometries the specular neutron reflectivity was 
measured over a neutron momentum transfer, Q, range from 
0.005 to 0.15 A-l. Here, Q = (4d4 sin 8, where 8 is the 
incidence angle. The specimens were aligned to intercept the 
neutron beam fully at  an incidence angle 'ust below the critical 
angle which corresponded to a Q = 0.01 1-l. Background was 
measured with the detector offset from the specular position 
by f0.6". Reflectivity profiles were obtained by subtracting 
the background from the specular reflectivity data and nor- 
malizing to the incident intensity. Data analysis was per- 
formed using a recursion method, first introduced by Parratt,13 
with a least squares minimization of the error. This has been 
discussed in detail e1~ewhere.l~ 
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Results and Discussion 
Shown in Figure l a  is the neutron reflectivity profile 

as a function of the momentum transfer, &, obtained 
from a P(d-S-b-MMA) copolymer on a silicon substrate 
after annealing at 170 "C for 12 h. As shown in previous 
studies, the reflectivity profile exhibits distinct interfer- 
ence peaks resulting from a multilayered structure 
where the d-PS and PMMA lamellar microdomains are 
oriented parallel to the surface with the more polar 
PMMA located at  the substrate and the lower surface 
energy PS at  the air surface. The thickness of the film 
was 940 A before annealing. The equilibrium period, 
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Figure 1. Neutron reflectivity profiles for a P(d-S-b-MMA) 
film of thickness 940 A in air (a, top) and in the vapor of a 
75/25 methanolhluene mixture (b, bottom). The scattering 
length density profiles b N  are shown in the insets as a fundion 
of depth z,  where z = 0 is the film surface. These profiles 
yielded the best fits to reflectivity profiles shown as the solid 
lines in the figures. 

LO, of this copolymer is 388 A, with the thickness of the 
d-PS and PMMA microdomains being 202 and 186 A, 
respectively. The scattering length density profile 
shown in the inset was used to calculate the reflectivity 
profile shown as the solid line in the figure. The 
agreement between the calculated and experimental 
reflectivity profiles is quite good over the entire scat- 
tering vector range. The period obtained from this 
profile agrees quite well with the equilibrium period. 
In addition, since the initial thickness, to,  of the film 
was 940 A, this corresponds to  2.42 copolymer periods. 
Therefore, to  - (n + 1/2)L0 where n = 2. Consequently, 
for this film the surface of the copolymer was flat with 
no formation of islands or holes on the surface. This 
was confirmed by independent optical microscopy mea- 
surements and is in keeping with the scattering length 
density profile shown in the inset of Figure la .  While 
the  data shown here has been presented elsewhere, it 
does provide a basis for the subsequent swelling mea- 
surements. 

If this ordered P(d-S-b-MMA) is exposed to vapors of 
the 25/75 methanoVtoluene mixture and allowed to 
equilibrate, the reflectivity profile shown in Figure l b  
is obtained. The swelling of the ordered multilayer has 
markedly altered the reflectivity results. There is a 
clear shift in the critical angle to smaller scattering 
vectors due to  the uptake of the protonated solvent 
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as 0.67, the ratio of the as-cast to swollen film thick- 
nesses. This is only approximate and will, of course, 
vary as a function of depth. The interfacial width, UI, 
varies as x-u2. Therefore 

which has a lower scattering length density. The 
swelling has also caused the first-order interference 
maximum to shift from 0.0212 to 0.0157 A-1. The 
period, L, of the copolymer can be determined from 

(1) 

where Qobs is the observed peak position, Qc is the 
critical value of the momentum transfer, and n is an 
integer corresponding to the order of the reflection. 
Therefore, the period has increased from 388 A for the 
initial copolymer to 529 A. This represents a 36% 
increase in the period due to the uptake of the solvent. 

A second-order reflection, at Q = 0.0375 A-l, is also 
evident, indicating that the swelling of the multilayer 
has not disrupted the lamellar nature of the multilay- 
ered structure significantly. Interference fringes, char- 
acteristic of the total film thickness, are also evident in 
the data. From these interference fringes a total film 
thickness of 1.4 x lo3 A is obtained. In comparison to 
the initial film thickness of 940 A, this represents a 
thickness increase of 49%. Since the total increase in 
film thickness is not equal to the increase in the period, 
Le., 34%, then the swelling of the film by the solvent 
cannot be uniform. In fact, the swelling at either the 
air or substrate interface must be greater than that 
within the film since the interference maxima reflect 
the internal morphology of the film. 

In contrast to the unswollen film, the nonuniformity 
of the swelling within the film leads to  ambiguities in 
deriving the concentration profile. In fact, it was not 
possible to use analytic functions to define the concen- 
tration. Rather, a histogram approach was used where 
the width of each step was fixed at  10 A and the 
scattering length density of each step in the histogram 
was allowed to vary. The best fit to the reflectivity 
profile, indicated by the solid line in the figure, was 
generated using the scattering length density profiles 
shown in the inset. It should be noted, however, that 
mirror images of this profile could equally well describe 
the experimental data. Due to the ambiguity in the 
fitting process and the complexity of the scattering 
length density profile itself, it is difficult to interpret 
quantitatively the specific details of the concentration 
profile. However, qualitatively the picture that emerges 
from the profile is that the periodic structure of the 
multilayer is maintained and that the contrast between 
the layers increases as one approaches the substrate. 
In addition, the overall thicknesses of the swollen layers 
decrease with increasing depth. Both of these cor- 
respond to a situation where the solvent concentration 
or degree of swelling decreases closer to the substrate. 

The width of the interface between the PS and PMMA 
layers was found to be substantially broadened, making 
the concentration profile appear as a damped saw tooth. 
Broadening of the interface would be expected with the 
introduction of a solvent that would moderate or screen 
the interactions between the PS and PMMA segments. 
In the presence of a mutual cosolvent, the effective 
interaction parameter, x e ~ ,  can be estimated by using 
mean field arguments for a neutral s o l ~ e n t l ~ - ~ ~  where 

X e f f  = 4Px (2) 

Here #JP is the volume fraction of polymer and x is the 
segmental interaction parameter between PS and PMMA 
in the bulk. This equation would be expected to be valid 
for larger 4p.l' #JP for the studies here can be estimated 

where (ads is the interfacial width measured in the 
presence of a solvent for a system having an interfacial 
width ( u I ) ~  in the bulk. (a~)o for PS and PMMA is -40 
A in the absence of capillary waves. Thus, (a& Q 60 
A. If we assume that the amplitude and wavelengths 
of the capillary waves are the same in the swollen film, 
this contributes an additional -10 A to the interfacial 
width measured.19 Consequently, (aI)s = 70 A. While 
this broadening is substantial, the experimental results 
indicate a greater broadening suggesting that the 
amplitude of the capillary waves has increased. Given 
the reduction in the viscosity with the introduction of a 
common solvent, along with a concomitant decrease in 
the interfacial tension, relatively broad interfaces would 
be expected. In addition to this, the restraint of placing 
a junction point at the interface, representing a large 
entropic penalty, would be moderated by the introduc- 
tion of a solvent. Consequently, both entropic and 
enthalpic arguments can account for substantial broad- 
ening. 

To remove some of the ambiguity and to examine the 
effective interfacial widths more closely, the swelling 
of an ordered film of P(d-S-b-d-MMA) was investigated. 
Shown in Figure 2a is the reflectivity profile of a 1161 
A thick P(d-S-b-d-MMA) film annealed at 170 "C for 12 
h. The dominant features in the reflectivity profile are 
the Kiessig fringes arising from the total thickness of 
the film. The contrast between the d-PS and d-PMMA 
layers is small since both layers are deuterated and one 
relies only on the mass density difference between the 
d-PS and d-PMMA layers. The scattering length den- 
sity profile shown in the inset was used. Here the 
characteristic 456 A period of the copolymer is seen with 
the total film comprising 2.5 layers. As with the P(d- 
S-b-MMA) case, the surface of the film was flat with no 
surface topology. 

Upon exposing the film to the mixed solvent vapors, 
the reflectivity profile changes markedly as shown in 
Figure 2b. Distinct interferences arising from the 
multilayered structure are evident. The fact that these 
interferences are so pronounced indicates that the 
swelling of the d-PS and d-PMMA layers is not equal. 
If this were the case, then a profile similar to that in 
Figure 2a would be obtained. The interference maxi- 
mum at Q = 0.018 A-1 corresponds to a multilayer 
period of 537 A. In comparison to  the period before 
swelling, this represents an increase in the period of 
20%. This is less than the swelling found for the P(S- 
b-d-MMA), which may be due to the higher molecular 
weight of the P(d-S-b-d-MMA) or differences in the 
interactions of the solvent with the d-PS block. 

The scattering length density profile shown in the 
inset of Figure 2b yielded the best fit to the reflectivity 
data drawn as the solid line in the figure. As in the 
case of the P(S-b-d-MMA), the swelling is seen to be 
nonuniform, with the extent of swelling varying as a 
function of depth. The continuous decrease in the 
scattering length density of the d-PMMA microdomain 
and the increase in the scattering length density of the 
d-PS layer indicate that the swelling of the d-PMMA 
increases with depth, whereas the d-PS swelling de- 
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Figure 2. Neutron reflectivity profiles for a P(d-S-b-d-MMA) 
film of 1161 A thickness in air (a, top) and in the vapor of a 
75/25 methanolltoluene mixture (b, bottom). The solid lines 
are calculated for the scattering length density profiles shown 
in the insets. 

creases with depth. In fact, the swelling of the d-PMMA 
layer is only -10% at the air surface and increases to 
-17% at  the substrate. The d-PS layers, on the other 
hand, are swollen by -32% at the air surface and by 
24% near the substrate interface. Both the scattering 
length densities and the thicknesses of the d-PMMA and 
d-PS layers suggest this. Finally, the width of the 
interface between the d-PS and d-PMMA layers has 
increased substantially with swelling from 50 to over 
80 A. "his increase of the interfacial width is in keeping 
with the enthalpic and entropic arguments presented 
previously. 

Consequently, the results on the P(d-S-b-d-MMA) and 
P(S-b-d-MMA) indicate that the swelling of copolymer 
multilayers in a mixed solvent is not uniform. The 
swelling appears to decrease with increasing depth. At 
present, however, it is not known if there is a partition- 
ing of the solvent in the multilayers between the PS and 
PMMA layers. The nonuniformity of the swelling may, 
in fact, be attributed to the constraint of the copolymer 
on the substrate laterally. While swelling of the film 
normal to the surface can occur freely, the film is always 
limited laterally by the surface area of the substrate. 
This lateral constraint may, in fact, place limits on the 
extent of solvent penetration and, consequently, the 
swelling. 

The swelling of the ordered multilayers using cyclo- 
hexane is markedly different from that of the methanol/ 
toluene mixture. Cyclohexane is a near-@ solvent for 
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Figure 3. Neutron reflectivity profile for the P(d-S-b-MU) 
sample in cyclohexane vapor. The solid line was calculated 
using the scattering length density profile shown in the inset. 

Table 1. Scattering Length Densities 

e (g/cmS) b~ ( x 106 A-2) 

toluene 0.867 -0.373 
methanol 0.791 0.94 

-0.044 75/25 methanoVtoluene - 
cyclohexane 0.779 -0.278 
PS 1.05 1.43 
d-PS 1.13 6.1 
PMMA 1.15 1.0 
d-PMMA 1.24 6.8 

PS but a nonsolvent for PMMA. The reflectivity profile 
for a P(d-S-b-MMA) multilayer, comprised of 2.5 periods 
of the copolymer, in cyclohexane vapors is shown in 
Figure 3. Interferences arising from the multilayered 
structure are clearly seen in the data. In fact, the 
overall appearance of these data is quite similar to that 
in Figure l a  for the initial ordered multilayer. Shown 
in the inset is the scattering length density profile that 
yielded the best fit to the reflectivity data. The only 
difference between this scattering length density profile 
and that of the initial multilayer is that the scattering 
length density of the topmost layer of d-PS is dimin- 
ished. 

From the scattering length densities of d-PS and 
cyclohexane, given in Table 1, the concentration of 
cyclohexane in the topmost layer is calculated to be 27%, 
which corresponds to a swelling of 39%. Outside of this 
change, the scattering length density is unchanged, 
demonstrating that the cyclohexane has not penetrated 
into the multilayer. Stated differently, the 169 A layer 
of PMMA acts as a diffusion barrier preventing pen- 
etration of the cyclohexane into the interior of the 
multilayer. One feature that can be inferred from this 
is that the ordering and orientation of the multilayers 
are essentially perfect over the entire surface of the film. 
Any defects would have provided an easy pathway for 
the solvent to penetrate into the film. 

Verification of these results was obtained by swelling 
an ordered P(d-S-b-d-MMA) multilayer with cyclohex- 
ane. Since cyclohexane would be expected to swell only 
the d-PS layers, a marked enhancement in the contrast 
would be expected. Shown in Figure 4 is the reflectivity 
profile for P(d-S-b-d-MMA) in cyclohexane vapors. 
Clearly, there are no strong interferences evident in the 
reflectivity profile, which suggests that the cyclohexane 
has not penetrated into the film. Shown in the inset is 
the scattering length density profile that yielded the 
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samples where a distinct increase in the period occurs. 
While an increase in the period was found for the 
copolymers near a surface, the copolymers are confined 
laterally by the substrate. Consequently, most, if not 
all, of the swelling occurs in a direction normal to the 
surface or along the repeat period. 

In conclusion, specular reflectivity measurements on 
the swelling of P(S-b-MMA) diblock copolymer multi- 
layers in the vapor of selective and nonselective solvents 
have been performed. In the case of a good solvent for 
each block, in particular a 75/25 methanoVtoluene 
mixture, the solvent was found to penetrate into all 
layers of the multilayer. However, the swelling was not 
uniform as a function of depth and was not the same 
for each block. In the case of cyclohexane, a selective 
solvent for PS, only the d-PS block at the air surface 
was swollen, with no penetration of the solvent into the 
underlying multilayer. 
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Figure 4. Neutron reflectivity profile for the Rd-S-b-d-MMA) 
sample in cyclohexane vapor. The solid line was calculated 
using the scattering length density profile shown in the inset. 

best fit to the reflectivity data. In keeping with the 
results from the P(d-S-b-M.MA), only the scattering 
length density of the uppermost layer is depressed. 
From the scattering length density, a cyclohexane 
concentration of 22% is found, which is in good agree- 
ment with the data from the P(d-S-b-MMA). Since only 
the d-PS layer at the surface was swollen by the 
cyclohexane, one could consider this layer as a grafted 
brush where the concentration profile would be expected 
to be of the form20-22 

(4) 

Here D is the height of the brush, & is the volume 
fraction of polymer at  the grafting surface (which for 
this case is the interface between the PS and PMMA), 
and a is the “profile shape” exponent. In a good solvent, 
a = 1, while for the case here (PS in cyclohexane), we 
expect a < 0.5; then the profile will be more steplike. 
Consequently, the simple step function broadened by a 
Gaussian, as shown in the inset, was used. The actual 
shape of the concentration profile, while important, is 
not the most important finding and should not detract 
from the observation that such a thin layer of PMMA 
can act as such an effective diffusion barrier. 

The results of these studies should be compared to  
those of Ionescu and Skoulios on the swelling of bulk, 
ordered diblock copolymers. In the case of a nonsolvent 
for one of the blocks, swelling occurs parallel to the 
lamellar repeat period. In this study effectively no 
swelling was observed with the exception of the outer- 
most layer. This difference stems from the connectivity 
of the lamellar microdomains in a bulk sample where 
stacks of the lamellar microdomains are randomly 
oriented in the sample. In the case of lamellae oriented 
parallel to the surface, the perfection of the orientation 
of the microdomains and the absence of defects in the 
multilayer preclude the penetration of the solvent. In 
the case where the solvent will swell or dissolve both 
blocks, a typical volumetric swelling occurs in bulk 


