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ABSTRACT For the purpose of studying morphologies of ultra-thin adsorbed layers, novel polystyrene- 
poly(2-~inylpyridine)-polybutadiene (PS-PVP-PB) three-block polymers were synthesized with a multistep 
coupling method. First, end-chlorinated PS-PVP-Cl diblock precursors were made via termination of living 
PS-PVP- anions with a large excess of p-xylylene dichloride (XDC). Those PS-PVP-C1 precursors were 
precipitated in heptane under vacuum to reduce substantially the amount of unreacted XDC left with them 
and then were allowed to be coupled with PB precursors having diphenylethylene (DPE) anion ends. The 
desired 1:l coupling of the PS-PVP-C1 and PB-DPE- precursors was successfully achieved, and the PS- 
PVP-PB three-block polymers were obtained after fractionation. Preliminary surface measurements were 
carried out for ultra-thin, adsorbed layers of some of those PS-PVP-PB polymers. Those layers were prepared 
on mica, and were examined in their as-dried state without any heat treatment. X-ray photoelectron 
spectroscopy and contact angle measurement9 revealed that the PVP blocks were located at the bottom of 
the layers while the PS and PB blocks were at the top. Surface profiles of the top layers were examined with 
an atomic force microscope (AFM), and nodules of height = 1 nm and width z 20-50 nm were observed. 
Similar nodules were found for an adsorbed layer of a PS-PVP diblock polymer, but not for a PB-PVP layer. 
This result suggested that the nodules for the PS-PVP-PB layers were the domains of the PS blocks. 
Mechanisms of the nodule formation as well as the location of the PB blocks in the PS-PVP-PB adsorbed 
layers are discussed. 

I. Introduct ion 

One of the most prominent features of block polymers 
is formation of microdomains.' Extensive studies have 
been made on bulk block polymers in the strongly 
segregated state, and the thermodynamic origin of mor- 
phologies is well ~nderstood.~-~ The block polymer chains 
have to satisfy some contradicting requirements, e.g., an 
osmotic requirement of uniform segment distribution in 
each domain and an elastic requirement of randomized 
block conformations. In this sense, the block polymers 
are thermodynamically confined, so that they have non- 
Gaussian conformations6 and exhibit unique morphologies 
(spheres, cylinders, bicontinuous diamonds, or lamellae) 
that are determined by a balance of all those require- 
m e n t ~ . ~ , ~  Effects of this thermodynamic confinement are 
expected to be stronger for block polymers in ultra-thin 
layers (with the thickness << unperturbed dimensions of 
the constituent blocks) than in bulk systems, because the 
block polymers have very little conformational freedom 
in the thin layer and also because they interact with 
substances in contact with the layer. The resulting 
morphologies of the thin layers might be quite different 
from those in bulk and are the subject of our interest. 

Nevertheless, the block polymer morphologies in ultra- 
thin layers have been hardly investigated, partly because 
of a lack of good model systems. As a polymer that can 
form the model layers, we here consider polystyrene (PSI- 
poly(2-vinylpyridine) (PVP)-polybutadiene (PB) three- 
block polymers for the following reason. It is well known 
that PS-PVP and polyisoprene (PI)-PVP diblock poly- 
mers are adsorbed on mica to form ultra-thin layers (of 
typical thickness 2 a few nanometers) in dry  states.'^^ In 
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those layers, the adsorbed PVP blocks are located a t  the 
bottom, and the nonadsorbed PS or PI blocks are a t  the 
to~.~1* Since P B  blocks are very similar to the PI blocks, 
we expect that the PS-PVP-PB three-block polymers also 
form ultra-thin adsorbed layers on mica: The PVP blocks 
should be a t  the bottom and vertically segregate from the 
PS and P B  blocks. The PS and P B  blocks would further 
segregate either vertically or laterally in the top part of 
the dried, absorbed layer, in distinction to the structure 
of the PS-PVP or PI-PW layers having only one 
component (PS or PI) a t  the top. In some sense, the top 
part of the PS-PVP-PB polymer layers is regarded as a 
layer of a PS-PB diblock polymer with its junction being 
anchored on the substrate, and interesting structures are 
expected to be formed. 

From the above point of view, we have attempted to 
synthesize novel PS-PVP-PB three-block polymers and 
examine the structures of their adsorbed layers on mica. 
Differing from PS-PB-PVP block polymers having the 
PVP block a t  the end? we cannot make the PS-PVP-PB 
polymers with a routine method of sequential anionic 
polymerization because the living PVP anions do not 
initiate the polymerization of PS and P B  blocks.lOJ1 Thus, 
we have synthesized the PS-PVP-PB polymers with a 
newly developed multistep coupling method and have 
carried out preliminary surface measurements on their 
adsorbed layers. This paper explains the method of 
synthesis and results of the measurements. 

11. Experimental  Section 
11-1. Synthesis. PS-PVP-PB three-block polymer samples 

were prepared with the multistep coupling method explained 
below and PB-PVP and PS-PVP diblock polymers by sequential 
anionic polymerization. All reactions were carried out under 
high vacuum with glass flasks and breakable seals. Standard 
methods of purificationlOJ1 were applied to all monomers, styrene 
(S), butadiene (B), 2-vinylpyridine (VP), and diphenylethylene 
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Scheme I. Synthesis of PS-PVP-PB Three-Block Polymers with a Multistep Coupling Methoda 
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(DPE; used for end-modification of PB precursors explained 
later), solvents, benzene (Bz), tetrahydrofuran (THF), and 
heptane (Hep), and terminators, methanol and p-xylylene 
dichloride. The initiator, sec-butyllithium (s-BuLi), was made 
fromlithiummetalandsec-butylchlorideaccordingto themethod 
suggested by Fujimoto.lo 

Preparation of PS-PVP-Cl Precursor. As shown in Scheme 
I, living PS anions were first synthesized in Bz (to ensure narrow 
molecular weight distribution), the solvent was switched to THF 
via vacuum distillation, and then the PVP blocks were copoly- 
merized to obtain a PS-PVP-/THF solution (with C p ~ p ~ p  = 1-2 
w t  5%). To this solution, vigorously stirred at -78 OC, a large 
excess of p-xylylene dichloride (XDC) diluted with THF was 
added through a shower inlet. Immediately after the addition, 
the termination was completed and the PS-PVP-C1 diblock 
precursors having benzyl chloride groups PhCHzCl at the PVP 
ends were obtained. 

The resulting PS-PVP-Cl/THF solution (recovered in a flask 
under vacuum) contained a large amount of unreacted (excess) 
XDC. For removal of XDC, the PS-PVP-Cl precursors had to 
be precipitated in Hep (anonsolvent for both PS and PVP blocks) 
and then redissolved in THF. If this precipitation/redissolution 
procedure is carried out under atmospheric conditions, water 
and other impurities contaminate the precureors. Thus, we used 
an apparatus shown in Figure 1 and carried out the procedure 
under high oacuum: The PS-PW-Cl/THF solution ( ~ 1 0 0  mL 
in the flask F1) was first introduced into the flask M, and the 
whole apparatus was tilted to transfer z360 mL of pure Hep 
from the flask H to M. The resulting mixture was vigorously 
stirred for ~ 2 0  min and kept at rest until the PS-PVP-Cl 
precursors completely precipitated. Then, the apparatus was 
slowly tilted to transfer the supernatant (containing the excess 
XDC) from M to H. Finally, pure THF was drained from the 
flask T to M to redissolve the precursors, and the flask H was 
sealed off. 

The PS-PVP-Cl/THF solution left in the flask M still 
contained a small amount of XDC, but it did not significantly 
disturb the subsequent coupling reaction with living PB pre- 
cursors. The solution was transferred and sealed in the flask F2, 
divided from F2 into some ampoules, and stored in a deep freezer 
until use. 

Coupling of PS-PVP-Cl and PB-DPE Preaursors. Cou- 
pling of PB anions and the PS-PVP-C1 precursors was disturbed 
by a side reaction explained later in Figure 2. Thus, as shown 
in Scheme I, the PB anion ends were converted to DPE anions 
through a reaction with a prescribed amount of DPE monomers 
(2-4 times excess to the PB- ends). Then, the resulting PB- 
DPE- precursors were allowed to couple with the PS-PVP-C1 
precursors in a 1/1 Bz/THF mixed solvent at 226  OC for 24-48 
h. A large excess of the PB-DPE- precursors was used to enhance 
the coupling of chemically different chains. As demonstrated 
later in Figure 2, the side reaction was efficiently supressed for 
the end-modified PB-DPE- precursors. 

Fractionation. In addition to the desired PS-PVP-PB 
polymers, the crude product of the coupling reaction contained 
unreacted (excess) PB-DPE precursors, (PB-DPE)2 dimers 
formed by bimolecular termination of PB-DPE- precursors by 
XDC (left in the PS-PVP-C1 solution), a trace amount of graft- 
block polymers explained later, and unreacted PS-PVP-Cl 
precursors when coupling with a high molecular weight PB-DPE 
precursor was attempted. To remove these undesired compo- 
nents, we fractionated the crude product at 26-46 "C from Bz/ 
Hep/methanolternary solvents of composition =2/8/1. (We ale0 
mixed cyclohexane in the solvents when we had the unreacted 
PS-PVP-Cl precursors.) Because of large differences of the 
solubilities of PS, PB, and PVP blocks, the undesired components 
were rather easily removed after several fractionation steps. 

11-2. Characterization. All precursors (recovered whenever 
necessary) and the reaction products were characterized by gel 
permeation chromatography (GPC; Tosoh HLC-8) employing a 



6340 Watanabe et al. Macromolecules, Vol. 26, No. 24, 1993 

F1 
I magnetic 

stir bar 
constriction - 

= SbEIYkab‘e 

Figure 1. Schematic illustration for an apparatus used for the precipitation/redissolution procedure under vacuum. Glass flasks (600 
mL) were used for M and H and 200- or 300-mL flasks for F1, F2, and T. 

Table I. Characteristics of PS-PVP-PB Three-Block Polymers 
precursor PS” precursor PS-PVPb precursor PBO PS-PVP-PBC 

code 1pMPS (Mw/Mn)PS 1vMPVP (Mw/Mn)P%PVP 1vMPB (Mw/Mn)PB lwMPBdc (Mw/Mn)PS-PVP-PB 
PS-PVP-PB 39-57-15 38.5 1.05 57.0 
PS-PVP-PB 39-57-39 38.5 1.05 57.0 
PS-PVP-PB 39-57-89 38.5 1.05 57.0 
PS-PVP-PB 39-35-39 38.5 1.05 34.5 
PS-PVP-PB 39-180-39 38.5 1.05 180 
PS-PVP-PB 16-80-17 16.4 1.04 80.1 

a Made in Bz. Made in THF. Made in Bz/THF 1/1. 

combined refractive index (RI) and low-angle laser light scattering 
monitor (Tosoh Model LS-8OOO) and an ultraviolet (UV) ab- 
sorption monitor (Tosoh UV-8). The UV wavelength was X = 
254 nm. The elution solvent was THF, and antiadsorption 
columns (Tosoh (3-4000 HXL and G-5000 HXL) were used. 

PS Precursor. The weight average molecular weight Mw and 
the Mw/Mn ratio were determined from an elution volume 
calibration for the RI signals. Commercially available mono- 
disperse PS (Tosoh TSKs) were used as the elution standards. 

PS-PVP Precursor. The (apparent) M,/Mn ratio was 
evaluated from the elution volume calibration made with standard 
PS. The content of the PVP blocks, 4pvp, was determined from 
the UV and RI signal intensities, AM and A m .  For dilute solutions 
of the PS-PVP precursors with the concentrations C, AM and 
AUV are related to ~ P W  and dps (=1- &vp) as: 

= KRIIPPS#PS + vPVP4PVP] (la) 

Here, vx and ex are the RI increment and UV absorption per 
unit mass of the X block (X =PS or PVP), and KM and K w  are 
the instrumental constants. The products KMVPS and KWCPS 
were determined from the data for homo PS, and Kmupvp and 
Kuvepw from the data for homo PVP. Thus, applying eq 1 to 
the data for these homopolymers and the PS-PVP precursor, we 
determined 4pvp and 4pg. (The proportionality between A’s and 
C was confirmed.) The PVP block molecular weight was 
calculated as Mpvp = (~PVP/~PS)MPS, with MPS being the PS 
precursor molecular weight. 

P B  Precursor. The PB-DPE and bare PB precursors 
exhibited identical RI and LS signals because the small DPE 

1.08 14.6 1.05 15.7 1.09 
1.08 38.5 1.07 41.1 1.07 
1.08 89.1 1.06 77.0 1.06 
1.07 38.5 1.07 42.1 1.13 
1.07 38.5 1.07 31.8 1.10 
1.05 17.4 1.07 16.4 1.09 

units involved in the former had practically no contribution to 
the signale. Those PB precursors had negligibly small UV 
absorption as compared to the PS or PVP blocks. For such PB 
precursors, M, and Mw/Mn were determined from an elution 
volume calibration. Previously made and characterized mono- 
disperse PB Ramples were used as the elution standards. M, was 
alsodetednedbyLS. TheM,valuesobtainedbythemmethods 
agreed well. 

PS-PVP-PB Block Polymer. The (apparent) Mw/Mn ratio 
was evaluated from the elution volume calibration made with 
the standard PS. As done for the PS-PVP precursor (cf., eq l), 
the content of the PB block, $pa, was determined from AM and 
A w  through the relations: 

AUV = KUV’%-PVP4PS-PVPc (ePS-PVP >> EPB O) (2b) 
The PB molecular weight in the PS-PVP-PB block polymer was 
calculated as M P B ~ ~  3 ( h B / 4 p s - P v p ) M ~ p v p ,  with MPSPVP being 
the molecular weight of the PS-PVP precursor. 

Table I summarizes the results of characterization for the six 
PS-PVP-PB three-block polymers together with thwe for the 
precursors. The sample code numbers indicate Mp8 - MPW - 
MPB in unite of 1OOO. As seen in Table I, the MpadC values agree 
well with the MPB values determined independently for the PB 
precursors. This result indicates that the desired linear three- 
block polymers were successfully obtained via 1:l coupling of the 
PS-PVP-C1 and PB-DPE- precursors. 

PB-PVP and PS-PVP Diblock Polymers. As done for the 
PS-PVP precursor, the (apparent) Mw/Mn ratio was evaluated 
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Table 11. Characteristics of PB-PVP and PS-PVP Diblock 
Polvmers 

A 
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Figure 2. GPC traces obtained at various stages of the synthesis 
of a PS-PVP-PB 16-80-17 three-block polymer. The solid and 
dashed curves indicate the RI and UV signals, respectively. The 
signal sensitivities are the same for all traces a-g, and changes 
of chemical composition are visually examined through the UV/ 
RI signal ratios in the figure. The dotted and diamond-shaped 
arrows for trace b indicate the locations for the PS-PVP-Cl 
precursor and its dimer, respectively, and the thick and thin 
arrows for traces d and f those for the unreacted (excess) PB 
precursor and its dimer, respectively. 

from the elution volume calibration (made with the standard PB 
or PS), and the PVP block molecular weight from ARI, Am, and 
the molecular weight of the precursor (PB or PSI. Table I1 
summarizes the results of characterization. 

11-3. Measurements. The PS-PVP-PB 39-57-15 and 39- 
57-39 samples (cf., Table I) were adsorbed on mica from toluene 
solutions and subjected to the preliminary surface measurements 
explained below. For comparison, the measurements were made 
also for adsorbed layers of the PB-PVP 39-24 and PS-PVP 32- 
33 samples (Table 11). The mica used was Grade No. 4 ASTM 
V-2, clear and slightly stained Muscovite, ruby red mica obtained 
from Asheville-Schoonmaker Mica Co. Guaranteed grade toluene 
(Wako Chemicals) was used after filtration with 0.2-pm Millipore 
filters. 

Preparation of the Adsorbed Layers. First, freshly cleaved 
mica sheets (r1.5 cm X 1.5 cm) were immersed in r200 mL of 
dilute toluene solutions (C u 5 pg/mL) of the PS-PVP-PB, PB- 
PVP, and/or PS-PVP samples for an adequate time tab (= 1.5, 
and 10 h) at 25 "C. Then, the mica sheets were rinsed three 
times with pure toluene to remove nonadsorbed (excess) chains. 
In each rinsing procedure, the sheets were kept in u300 mL of 
toluene for 2 h. Finally, the adsorbed layers on mica were dried 
under a clean nitrogen stream for at least 12 h. All these 
operations were made in a clean laminar flow bench, and no heat 
treatment (or annealing) was made for the adsorbed layers. 
Previous work7v8 revealed that ultra-thin adsorbed layers (of 
typical thickness cz a few nanometers) are formed on mica with 
the above method. 

Contact Angle Measurements. Contact angles tl were 
measured with a goniometer (CA-DT, Kyowa) at 25 "C for 

precursoP diblock polymer* 
code 1k3Mpg or PS MdM, Io-SMpVp MdM, 

PB-PVP 39-24 38.5 1.07 23.7 1.05 
PS-PVP 32-33 32.3 1.06 32.7 1.05 

a Made in Bz with BuLi. Made after switching the solvent from 
Bz to THF (cf., Scheme I). 

Table 111. Contact Angles 0 for Water Droplets 
substrate B (den) 

PS-PVP-PB 
39-57-15 
39-57-39 

homopolymers 
homo-PB 
homo-PB 
homo-PVP 

mica 

84 
82 

98 
90 
68 

<lo 

droplets of distilled water (<50 pL) placed on the as-dried PS- 
PVP-PB layers. For comparison, 0 was measured for the water 
droplets on bare mica sheets as well as on homo-PS, homo-PB, 
and homo-PVP films of thickneeses iz 5 pm cast on glase plates. 

We found that 0 is the same for the PB-PVP-PBlayers with 
tab = 5 and 10 h. This result indicates that the adsorption was 
saturated within 5 h, in agreement with previous results.'* Thus, 
the layers with ta& = 5 h were used in the following measurements. 

X-ray Photoelectron Spectroscopy (XPS). For the PS- 
PVP-PB, PB-PVP, and PS-PVP adsorbed layers, XPS signals 
were examined at National Cardiovascular Center Research 
Institute (Suita, Japan) with a ShimazuESCA 750 spectrometer. 
Integrated intensities were measured for C1, and N1. signals at 
take-off angles 4 ranging from 90" (normal) to 15' (grazing), and 
they were normalized to their 90° values. The Siz, signal (from 
mica) was also examined as a reference. 

With decreasing 4, a path length for the photoelectron (a 
Usin 4) increases, and the XPS signal intensity from the bottom 
part of the layer decreases more rapidly than that from the top. 
Since the PVP block contains nitrogen but the PS and PB blocks 
do not, the 4 dependence of the CI,/N1, signal ratio reflects a 
distribution of the PVP block in a depth direction: This ratio 
increases with decreasing 4 if the PVP blocks are localized at the 
bottom. 

Atomic Force Microscopy (AFM). For the PS-PVP-PB, 
PB-PVP, and PS-PVP adsorbed layers, AFM observations were 
made at Toyobo Research Center (Katada, Japan) with a Seiko 
Model SFA300. Silicone nitride probe tips with a radius of 
curvature = 250 A (Olympus) were used. The scanning density 
and rate were 256 scans/pm and 3 pmls, respectively. We changed 
the force level and scanning direction and repeatedly examined 
the AFM images for the same (or sometimes wider) section of the 
surface. Those images were the same, and no effects of scanning 
was observed. 

111. Results and Discussion 

111-1. Coupling Reaction. Figure 2 shows an example 
of the GPC traces obtained at various stages of the 
synthesis of the PS-PVP-PB samples for a case with Mpg, 
Mpvp, MPB = 16.4 k, 80.1 k, 17.4 k. The solid and dashed 
curves indicate the RI and UV signals, with their sensi- 
tivities being the same for all traces a-g. (The LS signals 
are not shown to avoid complexity of the figure.) The UV 
absorption per unit mass is more than 10 times larger for 
PVP than for PS and practically 0 for PB (even with the 
DPE ends), while the RI increment per unit mass is nearly 
the same for all blocks. Thus, the UV signal is mainly due 
to the PVP blocks (if they exist in the sample), and the 
changes of the UV/RI signal ratio seen in Figure 2 indicate 
the changes of the chemical composition during the 
synthesis. 
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As seen for parts a and b of Figure 2, the GPC peak 
shifts to lower Ve side and the UV/RI signal ratio increases 
as the PVP block is copolymerized with the PS block and 
terminated with XDC. In addition to the single-chain 
termination that gives the end-chlorinated PS-PVP-C1 
chains, in principle  two PS-PVP anions could be coupled 
by XDC to yield their dimer, (PS-PVP)2.'3 However, the 
peak b is seen at  Ve for the desired PS-PVP-C1 chain 
(dotted arrow) that was calculated from Mps and the 
amounts of the S and VP monomers used,14 and no dimer 
is seen a t  the expected location (diamond-shaped arrow). 
Under the conditions of the termination step, the large 
amount of XDC (20-30 times excess to the PVP ends) 
and low temperature (-78 "C) coupling of the PVP anions 
was efficiently suppressed possibly because of their rather 
low reactivity and large steric hindrance. 

As seen for parts b and d of Figure 2, the UV peak shifts 
to lower Ve side and decreases its intensity when the PS- 
PVP-C1 precursors are successfully coupled with the UV- 
inert PB-DPE precursors. The crude product (part d) 
contains some undesired components, excess PB-DPE 
(thick arrow) and (PB-DPEh dimers (thin arrow) both 
exhibiting no UV absorption. In addition, through the 
LS signal (not shown here), we found a trace amount of 
undesired high molecular weight products (possibly graft- 
block polymers formed by a side reaction explained for 
parts f and g). Those undesired components were removed 
by fractionation to obtain the final product (part e). The 
M ~ B ~ ~ ' ~  value of this product agrees well with the MPB 
value of the P B  precursor (cf., Table I), indicating that 
the desired PS-PVP-PB polymer is obtained. 

For the six PS-PVP-PB samples (Table I), changes of 
the GPC traces were essentially the same as those shown 
in parts a-e of Figure 2. except for one case that involved 
a high molecular weight PB-DPE- precursor (with 
Mp~=89.1 k). For this case, the coupling efficiently was 
~ 7 0 %  (but the desired PS-PVP-PB polymer was suc- 
cessfully recovered by fractionation). This incomplete 
coupling is most likely due to segregation of PS-PVP-C1 
and PB-DPE- precursors in the reaction mixture that is 
enhanced for larger MPH. 

In Figure 2, we have also demonstrated why the end- 
modified PB-PDE precursors had to be used in the 
coupling reaction. When bare PB- precursors (without 
DEP end) are used, the UV peak of trace f for the coupling 
product is seen at  lower Ve as compared to the UV peak 
of trace d. This result suggests that each PS-PVP-Clchain 
reacted with more than one bare PB- chain. In fact, 
analyses on the final product (trace g) revealed that one 
PS-PVP-C1 chain reacted with six PB- chains. Among 
those six PB- chains, one should have reacted with the 
highly reactive benzyl chloride end of PS-PVP-C1, and 
the others with the 2-pyridine groups most likely via a 
mechanism reported by Tardi and Sigwalt15 and Luxton 
et aI:J'- 

As seen for part d of Figure 2, this side reaction is efficiently 

# (deg) 
90 45 30 20 15 

& 

0- 
1 2 3 4 

1 I sin $ 
Figure 3. Dependence of the C1$N1, XPS signal ratio on take- 
off angle 4 for (a) PS-PVP-PB 39-57-15, (b) PS-PVP-PB 39- 
57-39, (c) PB-PVP 39-24, and (d) PS-PVP 32-33 adsorbed layers. 

suppressed and the linear PS-PVP-PB polymers are 
successfully obtained when the bare PB- ends are con- 
verted to less reactive and more bulky DPE- ends.I7 

111-2. Surface  Structures of PS-PVP-PB Ad- 
sorbed Layers; Prel iminary Results. Table I11 com- 
pares the contact angles 0 for the two PS-PVP-PB 
adsorbed layers, the homopolymer films, and mica. 
Clearly, 0 for the adsorbed layers are much larger than 0 
for the PVP films and mica, and are reasonably close to 
0 for the homo-PS and -PB films. This result suggests 
that the surfaces of the PS-PVP-PB adsorbed layers are 
mostly covered with the PB and/or PS blocks, in harmony 
with the previous finding7 that PS-PVP layer surfaces 
are covered with the PS blocks. 

Figure 3 shows the dependence of the ClJN1, XPS signal 
ratio on the take-off angle 4 for the PS-PVP-PB, PB- 
PVP, and PS-PVP adsorbed layers. Clearly, the ratio 
increases with decreasing $ for all layers, indicating that 
the PVP blocks are always located at  the bottom. Thus, 
the localization of the PS and PB blocks near the surface 
of the PS-PVP-PB layers is also confirmed from XPS. 
These blocks should be further segregated either vertically 
or laterally, as explained in Introduction. However, the 
XPS signals were indistinguishable for PS and P B  blocks, 
and the surface structures of the PS-PVP-PB layers could 
not be specified from the data of Figure 3. For this 
problem, AFM observations provide some information. 

Figure 4 shows the perspective view for the AFM images 
for the two PS-PVP-PB layers, and Figure 5 those for the 
PB-PVP and PS-PVP layers. We note that the PS-PVP- 
PB surfaces have many nodules of typical height r 1 nm 
and width = 20-50 nm. Similar nodules are seen for the 
PS-PVP surface, but not for the PB-PVP surface: The 
PB-PVP surface is slightly wavy but is certainly much 
flatter than the PS-PVP-PB and PS-PVP surfaces. This 
result suggests that the nodules are characteristic of the 
PS blocks commonly involved in the PS-PVP-PB and 
PS-PVP layers but not in the PB-PVP layer. 

We note that the results seen in Figure 5 are consistent 
with the previous observation for as-dried, adsorbed layers 
(without heat treatment).8 On approach of two identical 
PS-PVP layers in a surface force apparatus, they first 
touched with each other a t  some surface separation before 
a flat, molecular contact was achieved, and a compressive 
load could further squeeze the layers to realize this contact? 
This result clearly indicates that the as-dried PS-PVP 
layers have rough surfaces (with nodules). On the other 
hand, for PI-PVP layers similar to the PB-PVP layer 
examined in Figure 5, adhesive, flat contact spontaneously 
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Figure 4. Perspective view of AFM images tor the PS-PVP-Ptr 58-57-15 and 39-57-39 adsorbed layers. 'The origins of the vertical 
and horizontal axes are arbitrarily chosen. (AFM detects only the surface height profile, not the layer thickness.) Note the difference 
of the vertical and horizontal scales. 
took place without any compressive load, and the layers 
could not be squeezed beyond this contact.8 Thus, the 
as-dried PI-PVP layer has a molecularly flat surface, as 
should be the case also for the PB-PVP layer. 

Structures of the as-dried layers examined in Figures 
4 and 5 must have been fixed at some point during the 
layer preparation. When the layers are placed in toluene, 

the PS and/or PB blocks (anchored on mica by PVP) 
generally form a stretched polymer-brush with relatively 
low concentrations (= a few w t  % ).8J8 As toluene 
evaporates, the concentrationincreases and, a t  some point, 
the PS blocks should be vitrified but the P B  blocks do 
not. (For the PS-PVP-PB layers, segregation of the PS 
and PB blocks should also take place at  some point.) On 
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Figure 5. Perspective new of AFM images for the PB-PVP 39-24 and PY-PVP 32-33 adsorbed layers. Note the difference of the 
vertical and horizontal scales. 

further removal of toluene, the rubbery P B  blocks can 
change their conformation to smooth the layer surface 
and reduce the surface energy, while the glassy PS blocks 
cannot. Thus, a heterogeneity of the PS concentration 
distribution just before the vitrification may survive as 
the nodules in the as-dried layers of PS-PVP-PB and 
PS-PVP. 

The location of the P B  blocks in the PS-PVF-PB layers 
cannot be specified from the AFM results. However, we 
may speculate that the P B  blocks are at the top surfaces 
because they arelesspolarandmorefavored bythesurface 
energy in the nitrogen atmosphere than the PS blocks. In 
fact, this type of localization of nonpolar blocks is known 
for surfaces of bulk block polymer films.'$ Thus, the P B  
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blocks would fill the valleys between the nodules (of 
possibly the PS blocks). If a sufficient amount of the PB 
blocks is present, they may also cover the surfaces of the 
nodules. However, a t  this moment, the adsorbed amount 
is not accurately known and the coverage of the nodules 
cannot be examined. (For completely flat layers, this 
amount can be determined from XPS analyses for the C1, 
and SizP signals.' However, this is not the case for our 
PS-PVP-PB layers having wavy surfaces.) 

As discussed above, the PS-PVP-PB dry layers most 
likely have PVP blocks a t  the bottom, PS blocks near the 
surfaces as the nodules, and the P B  blocks a t  the top 
surface (between and possibly above the nodules). How- 
ever, we have to acquire more data for the surface roughness 
and adsorbed amount to examine this structure. In this 
regard, i t  is strongly desired to experimentally distinguish 
the P B  and PS domains. For this purpose, a surface 
modification of the AFM probes may be necessary. Apart 
from these experimental issue, thermodynamic effects on 
the layer structure need to be examined in more details. 
The structure found in this preliminary study must have 
been influenced by the vitrification of the PS blocks during 
the layer preparation, and i t  is important to examine the 
effects of annealing and the polarity of atmosphere. 
Finally, it is of particular interest to examine the depen- 
dence of the structures in various circumstances on 
molecular weights of the constituent blocks. In this regard, 
a difference of the nodule sizes seen for the two PS-PVP- 
P B  layers (Figure 4) is interesting. We are now attempting 
to address these problems. 
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