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A two-dimensional ultrathin film was defined as being a film thinner than the dimension of an unperturbed 
Gaussian chain in the three-dimensional state. The segment density of an unperturbed chain in equilibrium 
in the two-dimensional solid state was investigated using a Monte-Carlo simulation. When the film thickness 
exceeds 30% of twice the radius of gyration of a three-dimensional unperturbed chain, the segment density 
is not particularly high in comparison with the three-dimensional state. This means that a polymer chain 
will behave as a two-dimensional unperturbed chain in the equilibrium state of a two-dimensional ultrathin 
film, as in a three-dimensional solid state. Therefore, the excess expansion of a polymer chain in a 
two-dimensional ultrathin polystyrene film with a thickness comparable to twice the radius of gyration of 
a three-dimensional unperturbed chain might arise from non-equilibrium characteristics. In addition, the 
relaxation behaviour of a two-dimensional ultrathin film of a styrene-butadiene-styrene (SBS) triblock 
copolymer was investigated by transmission electron microscopy. The two-dimensional ultrathin SBS film 
contracted and decomposed into two phases (polystyrene and polybutadiene) from the one phase 
right after the film preparation. This indicates that the two-dimensional ultrathin film was in a 
distinct non-equilibrium state right after spreading a solution on the water surface. 

(Keywords: ultrathin polymeric film; Monte-Carlo simulation; SBS triblock copolymer) 

I N T R O D U C T I O N  

A flexible polymer chain in the three-dimensional 
amorphous bulk state behaves as an unperturbed ideal 
Gaussian chain 1-3. Thus, it is very important and 
interesting to study the case in which the film thickness 
is smaller than the dimension of an unperturbed chain. 
This is because a polymer chain in such a case is restricted 
to a small spatial dimension perpendicular to the film 
surface and, therefore, the conformational entropy of an 
individual chain is smaller than that in the three- 
dimensional solid state ¢'5. Therefore, it is expected that 
the aggregation structure and mechanical properties of 
such an ultrathin film will be quite different from those 
of the three-dimensional amorphous, solid, thick film. In 
order to distinguish a film thinner than the dimension of 
an unperturbed chain from that of a three-dimensional 
solid film, we have defined the former as a two- 
dimensional ultrathin film. 

The conformation of an isolated polymer chain in the 
two-dimensional state has been investigated theoretically 
and numerically for the case in which a polymer chain 
was confined between two plates s-9. In the case of an 
unperturbed Gaussian chain which has no excluded 
volume, the segment density distribution in one direction 
(e.g. parallel to the plate) is independent of that in the 
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other direction (e.g. perpendicular to the plate). This 
means that the segment density distribution in the 
direction parallel to the plate does not change, even if 
the polymer chain is restricted to a small spatial 
dimension perpendicular to the plate. Thus, the radius 
of gyration of an unperturbed chain in the direction 
parallel to the plate should be equal to that of an 
unperturbed chain in the three-dimensional state. On the 
contrary, when a perturbed chain with an excluded 
volume exists in the two-dimensional state, the perturbed 
chain dimension in the direction parallel to the plate 
becomes larger than the perturbed chain dimension in 
the three-dimensional state, due to the difference between 
the excluded volume effects in the direction perpendicular 
to the plate to that in the direction parallel to the plate, 
because of the restriction of the excluded volume effect 
to the region perpendicular to the plate. 

In contrast to these isolated polymer chain systems, 
the conformation of a polymer chain in a two- 
dimensional ultrathin film, in which the polymer chains 
are aggregated in an entangled fashion, has not been 
investigated. The present authors have previously 
reported the aggregation structure of a two-dimensional 
ultrathin polystyrene (PS) film prepared by a water 
casting method x°'11. Neutron and small-angle X-ray 
scattering analyses revealed that the radius of gyration 
in the direction parallel to the film surface was larger 
than the radius of gyration of the three-dimensional 
unperturbed chain. It was inferred from this that the 
excess expansion of a PS chain in the two-dimensional 
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ultrathin film mainly originated from the following two 
causes. First, the excluded volume effect is greater in the 
two-dimensional than in the three-dimensional state 
because of the higher segment density of the chains in 
the former. The high segment density is due to the 
restricted dimension of the polymer chains which causes 
a decrease in the apparent volume of the chain and an 
increase in the number of contact segments in the chain. 
The second reason is the freezing of the expanded chains 
during film formation, resulting from both the expansion 
of the solution and the rapid dissipation of the solvent 
from the thin film surface. This means that the 
two-dimensional ultrathin film is in a non-equilibrium 
state. The details of these speculations will be explained 
below. 

The purpose of this paper is (1) the numerical 
estimation of the segment density in an unperturbed 
Gaussian chain in the two-dimensional solid state, which 
is strongly related to the excluded volume effect, and (2) 
the demonstration of the non-equilibrium characteristics 
of a two-dimensional ultrathin film composed of a 
polymer chain which can relax into the equilibrium state, 
even if the two-dimensional ultrathin film is in a 
non-equilibrium state. The number of contacts between 
two segments in a chain (corresponding to the segment 
density) was estimated by a Monte-Carlo simulation. The 
relaxation behaviour of a two-dimensional ultrathin film 
of a styrene-butadiene-styrene (SBS) triblock copolymer 
was also investigated by transmission electron micro- 
scopy in order to confirm the non-equilibrium character- 
istics of a two-dimensional ultrathin film prepared by a 
water casting method. 

EXPERIMENTAL 

Estimation of  the number of  contacts between two seyments 
in an unperturbed chain based on a Monte-Carlo simulation 

An unperturbed freely jointed chain, which had the 
same statistical characteristics as an unperturbed 
polystyrene chain, was used as the model for a polymer 
chain. The statistical segment length of an unperturbed 
PS chain was calculated to be ~ 2 . 0 n m  from the 
characteristic ratio ((R2)°'5: nb 2, where (R2)  °5, n and 
b are the root mean square of the end-to-end distance of 
the unperturbed chain, the number of C C bonds in the 
main chain and the length of the C-C bond, respectively), 
is equal to 10.6 for a PS chain 12. The number of segments 
in the model chains were 50, 100, 500, and 2000, which 
corresponded to PS chains with weight-average molecular 
weights of ~ 40 000, 80 000, 400 000 and ! 600 000, 
respectively. Fixture 1 shows the model chain for the 
Monte-Carlo simulation and the binary cluster integral, 
fl, corresponding to the effective excluded volume of a 
segment. The binary cluster integral should be equal to 
eight times the effective volume of a segment. The volume 
of a segment can be calculated from the binary cluster 
integral in an athermal solvent. On the basis of 
perturbation theory, the value of the binary cluster 
integral of PS was estimated to be ~ 0 . 3 n m  for 
each monomer 13, the radius of the sphere corresponding 
to the volume of a statistical segment was estimated to 
be -,-0.4 nm by using this value for the binary cluster 
integral. However, a more accurate value of the binary 
cluster integral cannot be evaluated from perturbation 
theory. Thus, in order to investigate the effect of the size 

of the segment on the segment density, values of 0.2, 0.4, 
0.6 and 0.8 nm were used for the radius of a segment 
volume for the model chains used in this study (as 
described above). 

Figure 2 shows a schematic representation of the 
Monte-Carlo simulation process. The process is as 
follows: 

( 1 ) An unperturbed Gaussian model chain was generated 
in two-dimensional free space, confined within two 
plates separated by a distance, t (referred to as the 
~thickness of the two-dimensional state' in this paper). 
First, one of the ends of the chain was determined at 
a random position along the direction perpendicular 
to the plate. The chain was then grown step-by-step 
along a random direction in the allowed two- 
dimensional space. 

(2) The number of contacts between two segments of the 
model chain (N) was counted. In this case, it was taken 
that the segment of the model chain had a volume 
corresponding to the volume of a segment in a real 
polymer chain. The end-to-end distance, and the 
projected length of the end-to-end distance onto the 
xy plane (the film surface), Rp, of the model chain 
were also estimated. 

In this calculation 10000 chains were generated for 
each condition of N and t, and then the average number 
of contacts between two segments of the model chain 
was estimated as a function of t. A large number of 

, 

Real Polymer 
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Figure i A model chain having the same statistical characteristics as 
an unperturbed polystyrene chain, used for the Monte-Carlo simulation 
(top and middle), and the binary cluster integral, fl, (bottom) with the 
latter corresponding to the effective excluded volume 
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Figure 2 Schematic representation of the Monte-Carlo simulation: (1) 
generation of an unperturbed chain; (2) counting of the number of 
contacts between two segments 

contacts between two segments of the model chain would 
indicate that real polymer chains do not behave as an 
unperturbed Gaussian chain. 

Estimation of the relaxation behaviour of a two-dimensional 
ultrathin SBS film prepared by a water casting method 

Micro-Brownian motion does not occur in the PS solid 
state at room temperature because the glass transition 
temperature, Tg, of PS is ~ 380 K. On the contrary, 
micro-Brownian motion occurs in the polybutadiene (PB) 
solid state at room temperature, because the Tg of PB 
is ~ 180 K. The polymer chains in a film prepared from 
styrene-butadiene-styrene triblock copolymer (SBS) will 
be able to relax to the equilibrium state owing to the 
micro-Brownian motion of the PB chain if the film is in 
the non-equilibrium state immediately after preparation. 

The samples in this study were prepared using 
commercially available SBS with a number-average 
molecular weight, M.,  of 91 000 and a styrene/butadiene 
weight ratio of 1.5 (Japan Synthesis Rubber Co.). The 
two-dimensional ultrathin film was prepared by a water 
casting method, i.e. by carefully spreading a single droplet 
of polymer solution onto a water surface 1°. The polymer 
solution spreads spontaneously. The solvent evaporated 
and the remainder of the polymer then dissolved in the 
water for a few seconds. A dried thin film was then formed 
on the water surface. Cyclohexanone solutions of 1.0 and 
2.0 wt% were spread onto the surface at 293 K. 

In order to estimate the relaxation behaviour of a 
two-dimensional ultrathin film, the holding-time depen- 
dence of the film dimension was estimated. Figure 3 shows 
the estimation method used to determine the film 
dimension ratio, L(TH)/L(O), of the two-dimensional 
ultrathin SBS film induced by the relaxation of SBS chains 
on the water surface, where L(TH) is the film dimension 
at the holding time of TH. Small metal pieces were put 
on the film surface as markers immediately after the 
formation of the two-dimensional ultrathin SBS film on 
the water surface. In order to estimate the L(TH)/L(O) 
ratio of the two-dimensional ultrathin SBS film, the 

marker  positions were measured using a cassette meter. 
After holding the thin film on the water surface for periods 
of 0, 1, 3 and 48 h at 293 K, the two-dimensional ultrathin 
film was transferred onto an electron microscope grid. 
Figure 4 shows a schematic representation of the dyeing 
apparatus that was used. In order to hold the aggregation 
structure without relaxation, the samples were main- 
tained in a sample holder cooled by liquid nitrogen. 
Osmic acid vapour  was then introduced into the sample 
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Figure 3 Schematic representation of the estimation method used to 
determine the film dimension ratio, L(TH)/L(O) of the two-dimensional 
ultratbin SBS film held on the water surface 

.% 

dry N2 

_--Osmic Acid 

JPlastic Vessel 

I Vessel 

pie 
id N2 

Figure 4 Schematic representation of the technique used for dyeing 
with osmic acid; the sample was cooled by liquid nitrogen in order to 
freeze the aggregation structure of the film 
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holder for 4 h in order to stain the butadiene segment 
positively. Bright field images were taken with a 
transmission electron microscope (Hitachi, H-7000) in 
order to analyse the microphase separated structure. 
Fourier transform patterns of the bright field images were 
also obtained using an imaging analyser. 

RESULTS AND DISCUSSION 

Possible origins of the polymer chain expansion in 
two-dimensional ultrathin .films 

In the two-dimensional ultrathin films prepared by the 
water casting method, the radius of gyration of the PS 
chain in the direction parallel to the film surface was 
larger than the radius of gyration of a three-dimensional 
unperturbed chain 1°'~. When the polymer chain is in 
the unperturbed state, the polymer chain dimension 
parallel to the film surface in two-dimensional space is 
equal to that in the three-dimensional state. Thus, we 
concluded that the PS chain in the two-dimensional 
ultrathin film was not in an unperturbed state. Why would 
the polymer chain behave as a non-ideal chain in the 
two-dimensional ultrathin film? Our aim in this paper is 
to consider the origin of the excess expansion of the 
PS chain in a two-dimensional ultrathin film. 

The real situation concerning the aggregation structure 
is very complex, since many non-ideal chains are 
interacting with each other in two-dimensional space. 
Thus, it is not possible to completely discuss the 
two-dimensional aggregation state of a polymer chain 
with all its interacting factors with other polymer chains. 
Therefore, we concentrated on the main factors 
concerning the excess expansion of polymer chains in a 
two-dimensional aggregation state. Before we discuss 
these, it will be useful to draw a distinction between two 
antagonistic situations, namely the equilibrium and 
non-equilibrium states of the two-dimensional solid state. 
The equilibrium two-dimensional state denotes the state 
in which an individual polymer chain has the minimum 
free energy as a two-dimensional polymer chain. If a 
two-dimensional ultrathin film is in the equilibrium state, 
we should consider the origin of the excess expansion 
of a polymer chain in the two-dimensional aggregated 
polymer system to be unrelated to the film formation 
method used. If a two-dimensional ultrathin film is in a 
non-equilibrium state we may consider the reason for the 
non-equilibrium aggregation structure, with an excess 
expansion of the chain, to be due to the film formation 
method that is employed. 

When a two-dimensional ultrathin film is in the 
equilibrium state, the origins of the excess expansion of 
the polymer chain were thought to be the following. The 
first is the excluded volume effect caused by the high 
segment density of a polymer chain. An individual 
polymer chain in the three-dimensional amorphous solid 
state behaves as an unperturbed Gaussian chain because 
the excluded volume is screened by the surrounding 
segments of the other chains. This concept is supported 
by the fact that the segment density of an unperturbed 
Gaussian chain in a three-dimensional state is very low 14. 
However, in the two-dimensional state, the segment 
density of an unperturbed chain is high because the chain 
is restricted to a small spatial dimension which causes a 
decrease in the apparent volume of the chain and an 

increase in the number of contacts amongst segments in 
the chain. The high segment density of a two-dimensional 
unperturbed chain may not cause a real polymer chain 
to behave as an unperturbed chain, but will make a real 
polymer chain expand in the direction parallel to the film 
surface, even in the aggregated solid state. The second 
explanation is the interaction between the polymer chain 
and the water surface. When an isolated polymer chain 
is attracted to the water surface (e.g. a polymer with 
hydrophilic group), the individual polymer chain has a 
tendency to lie on the water surface and expand 15. 
However, in the case of a PS chain which has no 
interaction with the water surface, the individual PS chain 
collapses to monomolecular particles and its lateral size 
becomes smaller than the unperturbed chain dimension16. 
Thus, it is considered that the PS chains will shrink rather 
than expand through an interaction with the water 
surface, even if the polymer chains aggregate in the 
two-dimensional state. 

Therefore, if the two-dimensional ultrathin film is in 
the equilibrium state, we believe that the origin of the 
excess expansion of the polymer chain is mainly due to 
the excluded volume effect, resulting from the high 
density of the segment. This problem is too complex to 
be discussed here completely. As a first step for the 
investigation of the excluded volume effect in the 
two-dimensional aggregation state, the number of 
contacts between two segments of corresponding segment 
density was estimated on the basis of a Monte-Carlo 
simulation. A large number of contacts between two 
segments in the chain means that the allowed 
conformation of the polymer chain is too small to behave 
as an unperturbed Gaussian chain. 

If the two-dimensional ultrathin film is in a 
non-equilibrium, two-dimensional solid state form, the 
origin of the excess expansion of the polymer chain lies 
in the preparation process of the non-equilibrium 
aggregation structure of the polymer chains. A 
non-equilibrium aggregation structure may be formed by 
the rapid dissipation of the solvent during the water 
casting process and the freezing of the expanded chains. 
In this case, it is important to clarify that the 
two-dimensional ultrathin film is in a non-equilibrium 
state. In order to demonstrate the non-equilibrium 
characteristics of the two-dimensional ultrathin film, the 
relaxation behaviour of a two-dimensional ultrathin film 
of styrene-butadiene-styrene (SBS) triblock copolymer 
was investigated on the basis of results obtained by using 
transmission electron microscopy. 

Number of contacts between two segments of an 
unperturbed Gaussian chain in the two-dimensional state 

We investigate the segment density of an unperturbed 
Gaussian chain in the two-dimensional state by the 
estimation of the number of contacts between two 
segments on the basis of a Monte-Carlo simulation. The 
high segment density of a two-dimensional unperturbed 
Gaussian chain may not cause a real polymer chain to 
behave as an unperturbed chain, but will make a real 
polymer chain expand in the direction parallel to the film 
surface, even in the aggregated solid state. 

The parameter representing the two-dimensionality of 
the system will be considered below. In the three- 
dimensional state, the representative dimension of a 
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Figure 5 Schematic model of Rp, being the component length of the 
end-to-end distance in the xy plane (top), and the two-dimensional 
parameter, D, dependence of Rp shown for different values of the 
segment number, N (bottom) 

polymer chain is regarded to be twice the radius of 
gyration. Therefore, a parameter D (=t/(2(S2)°i~)) was 
defined as being the ratio of the thickness, t, of the 
two-dimensional state to twice the radius of gyration, 
($2) °'5, of an unperturbed Gaussian chain in the 
three-dimensional solid state. The magnitude of D 
corresponds to the degree of deformation of the polymer 
chain in the direction perpendicular to the film surface 
if the magnitude of t is comparable to, or smaller than 
twice the radius of gyration. The magnitude of D can 
therefore be used as an indicator of the degree of 
two-dimensionality of the film. A decrease in D 
corresponds to an increase in two-dimensionality, with 
the perfect case being one in which all polymer chains 
prefer to be lying in a plane. 

Figure 5 shows a schematic model of the projected 
length of the end-to-end distance onto the xy plane (the 
film surface), Rp, and a plot of the root mean square of 
Rp vs. D for different values of N. The value of Rp for an 
unperturbed Gaussian chain in the two-dimensional state 
should be equal to that in the three-dimensional state, 
because the segment density distribution parallel to the 
xy plane is independent of the z-direction, as mentioned 
above. In all cases of N, the magnitudes of Rp in the 
region where D < 1 agree well with those of Rp in the 
three-dimensional state of (D>> 1). However, the magni- 
tude of Rp for the case where D ~ 0 is slightly larger than 
that of the three-dimensional unperturbed chain. This 

indicates that the fraction of segments lying along the xy 
plane increases slightly because the thickness, t, of the 
film is smaller than the segment length (a=2.0 nm). 
However, this influence of the segment vector is not that 
remarkable. Therefore, it is reasonable to conclude that 
the unperturbed Gaussian chain was also generated in 
the two-dimensional state, since the magnitude of Rp was 
independent of the thickness of the system. 

Figure 6 shows the D dependency of the ratio of the 
number of contacts between two segments of a model 
chain in a two-dimensional state to that in a 
three-dimensional one, as a function of the radius of the 
segment. In all cases of both N and the radius of the 
segment, the number of contacts between two segments 
remains almost constant in the region where D > 0.3. On 
the other hand, the number of contacts between two 
segments increased drastically with a decrease in D in 
the region where D<0.3. Figure 6, therefore, indicates 
that the segment density of an unperturbed Gaussian 
chain in the two-dimensional state for D>0.3 is 
comparable with that in the three-dimensional state. 
Thus, the degree of the excluded volume effect in the 
two-dimensional state for D>0.3 should be equivalent 
to that in the three-dimensional state. Therefore, the 
excluded volume effect caused by the restricting condition 
of a narrow layer space may not be so remarkable in the 
region where D>0.3. This indicates that the excluded 
volume effect of a PS chain in the region where D>0.3 
may be screened by the monomers of surrounding chains 
which exist in a similar fashion to that in the 
three-dimensional solid state, as mentioned in a previous 
section. Since D--0.3 is a rough critical value which 
indicates whether a polymer chain behaves as an 
unperturbed chain in the two-dimensional solid state or 
not, it cannot be directly considered that the polymer 
chains will expand in the direction parallel to the film 
surface in the region where D < 0.3. 

As reported previously 1°'11, the PS chain in the 
two-dimensional ultrathin film was expanded in the 
direction parallel to the film surface, even in the case 
where the film thickness was twice the radius of gyration 
(D= 1). Comparing the experimental results with the 
simulated results shown in Figure 6, the excess expansion 
of the PS chain in the two-dimensional ultrathin film 
prepared by the water casting method should not be due 
to the high segment density of the chains. As mentioned 
above, it was speculated that the origin of the excess 
expansion of the polymer chain in the two-dimensional 
ultrathin film was mainly the excluded volume effect when 
it was in the equilibrium state. Thus, it was inferred that 
the two-dimensional ultrathin film prepared by the water 
casting method was not in the equilibrium state. What 
can be said is that the possibility of the excess expansion 
of the polymer chain dimension being caused by the high 
segment density of the chains is almost negligible. In the 
next section, the non-equilibrium characteristics of the 
two-dimensional ultrathin film will be discussed on the 
basis of the relaxation phenomena of the two-dimensional 
ultrathin SBS film. 

Relaxation behaviour of the two-dimensional ultrathin SBS 
film prepared by the water casting method 

The thickness of the two-dimensional ultrathin SBS 
film could not be evaluated because the thickness changed 
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Figure 7 The holding-time dependence of the film dimension ratio, 
L(TH)/L(O), of the two-dimensional ultrathin SBS and PS films on the 
water surface 

with the holding time of the film on the water surface. 
On the basis of an X-ray interference method, the 
thicknesses of the two-dimensional ultrathin PS films 
prepared from 1.0 and 2.0 wt% solutions were estimated 
to be 19 and 29 nm, respectively 1°. Since the spread area 
of a SBS solution on the water surface was equal to that 
of a PS solution, it can be assumed that the thickness of 
the two-dimensional ultrathin SBS film was comparable 
to that of the corresponding PS film prepared from a 
spreading solution of the same concentration. Therefore, 
the thickness of the SBS films immediately after 
preparation from spreading solutions of 1.0 and 2.0 wt% 
were assumed to be 19 and 29 nm, respectively. Since the 
radius of gyration of an unperturbed SBS chain with a 
molecular weight of 91000 was calculated to be 

10.2 nm from the characteristic ratio of the P S  12 and 
PB ~7 chains, the two-dimensional parameter, D, of the 
films with thicknesses of 19 and 29 nm were ~ 0.9 and 1.4, 
respectively. 

Figure 7 shows the film dimension ratio, L(TH)/L(O), 
for the two-dimensional ultrathin SBS films and PS film 
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Figure 8 shows electron microscope bright field images 
of the two-dimensional ultrathin SBS films at holding 
times, TH, of 0, 1, 3 and 48 h on the water surface. The 
SBS thin films were cooled in liquid nitrogen in order to 
prevent further relaxation. The black portions in the 
bright field images represent the PB phase, since the 
double-bond groups of the PB chains are selectively 
stained positive by the osmic acid is. In the bright field 
image of the film with a TH of 0, the microphase 
separated structure was not distinctly observed. On the 
other hand, in the case of the bright field images obtained 
for TH values of 1, 3 and 48 h, the microphase separated 
structures of locally aligned layers were observed. Figure 
8 indicates that a non-equilibrium mixed phase at a TH 
of 0 gradually changed to the equilibrium microphase 
separated structure after holding on the water surface at 
293 K. A PS chain in the two-dimensional ultrathin film 
at 293 K is frozen in a non-equilibrium state because this 
temperature is much lower than the Tg of PS. 

Figure 9 shows the Fourier transform patterns of the 
bright field images shown in Figure 8. The Fourier 
transform pattern at a TH of 0 does not show any peak. 
On the other hand, the Fourier transform patterns at 
TH values of 1, 3 and 48h showed the broad arcs 

Figure g Electron microscope bright field images of the two- 
dimensional ultrathin SBS films after dyeing with osmic acid; black 
portions correspond to the polybutadiene phase 

on the water surface as a function of the holding time. 
The size of the two-dimensional ultrathin PS film did not 
change with holding for a period of 40 h. On the other 
hand, the sizes of both of the two-dimensional ultrathin 
SBS films decreased after film formation and reached an 
equilibrium size after a holding time of 30 h at 293 K. 
This may indicate that the expanded polymer chains of 
the SBS thin film shrink immediately after film 
formation owing to a conformational relaxation of the 
chains because the subphase (water) temperature is much 
higher than the Tg of the butadiene segments of the SBS 
chain. The contraction ratios, (L(O)/L(oo)-l)xlO0, 
compared with the equilibrium states for the two- 
dimensional ultrathin SBS films with thicknesses 
of 19 and 29 nm, were 15 and 11%, respectively. These 
values of the contraction ratio were comparable to the 
degrees of expansion of the PS chains in a two- 
dimensional ultrathin film in the direction parallel to the 
film surface 1°. The fact that larger contractions were 
observed for thinner films supports the idea that a 
decrease in the film dimension is mainly caused by the 
relaxation of individual chain conformations. 

Figure 9 Fourier transform patterns of the bright field images of the 
two-dimensional ultrathin SBS films shown in Figure 8 
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Figure 10 Schematic representation of the formation process of a 
two-dimensional ultrathin film by the water casting method 

corresponding to the long periods of the microphase 
separated layered structures of SBS. The intensities of 
the broad arcs increased and the arcs became sharper 
with an increase in TH. Therefore, Figure 9 indicates that 
the periodic layered structure is more distinctly formed 
with an increase in the holding time on the water surface. 
The structural periods estimated from the peak positions 
in the Fourier patterns where TH is 1, 3 and 48 h were 
46, 37 and 37 nm, respectively, as shown on Figure 9. In 
the three-dimensional bulk stage, as prepared by the 
solvent casting method, the structural period was 37 nm. 
These results indicate that the structural period in the 
two-dimensional ultrathin films decreases during the 
microphase separation process and reaches the same 
period as that observed in the three-dimensional bulk 
state. Generally, the structural period remains almost 
constant, or increases slightly, owing to the non-Gaussian 
to Gaussian conformational change during the microphase 
separation process ~9"2°. Therefore, the decrease of the 
structural period during the phase separation process of 
the two-dimensional ultrathin SBS film is characteristic, 
and thus may be mainly due to a relaxation of the 
expanded polymer chain to the same dimension as the 
polymer chain in the three-dimensional bulk state. 
Therefore, the relaxation of the expanded polymer chain 

may cause the contraction of the film dimension as shown 
in Figure 7. 

From the relaxation behaviour of the two-dimensional 
ultrathin SBS film held on the water surface, it was 
confirmed that the two-dimensional ultrathin film 
prepared by the water casting method was in a 
non-equilibrium state immediately after film formation. 
Of course, the thermodynamic forces of the microphase 
separation will affect the conformation of the SBS film, 
so, therefore, its relaxation behaviour cannot be 
considered to be completely equivalent to that of the PS 
film. However, it is useful to recognize that the SBS film 
immediately after film formation was in a non- 
equilibrium state and that the PS film was prepared by 
the same water casting method. Thus, we may say that 
the expanded PS chain is in a non-equilibrium state and 
will relax to an equilibrium state if micro-Brownian 
motion occurs in the two-dimensional ultrathin PS film. 

It is inferred that the film formation process of water 
casting led to formation of a non-equilibrium two- 
dimensional ultrathin film in which the polymer chain 
was expanded. A non-equilibrium state should arise from 
the film formation process as follows. In the case of water 
casting, a polymer chain is expanded or stretched owing 
to the rapid spreading of the solution on the water surface, 
after which it is then frozen in an expanded state due to 
the rapid dissipation of the solvent. Figure 10 shows a 
schematic representation of the formation process of a 
two-dimensional ultrathin film by the water casting 
method. The film formation process consists of the 
following stages: 

(1) solution spreading with an initial dissipation of the 
solvent; 

(2) formation of a condensed solution layer with 
expanded polymer chains; 

{3) rapid solvent dissipation from the condensed solution 
layer, due to the remarkably large surface/volume 
ratio; 

(4) formation of the dried film in a miscible state of the 
PS and PB phases with the fixation of an expanded 
polymer chain. 

The chain conformation in the two-dimensional 
ultrathin film is unstable owing to the small conform- 
ational entropy and the characteristic aggregation 
structure formed during the film formation process as 
described above. The conformation of the polymer chains 
has a tendency to change into that of the three- 
dimensional unperturbed Gaussian chain. Therefore, in 
order to use the two-dimensional ultrathin films in 
functional engineering applications, it must be important 
to stabilize the conformation of the polymer chains in the 
two-dimensional ultrathin film. 

CONCLUSIONS 

The parameter D representing the two-dimensionality, 
was defined as the ratio of the thickness of the 
two-dimensional state to twice the radius of gyration of 
the three-dimensional unperturbed Gaussian chain. On 
the basis of a Monte-Carlo simulation used for estimating 
the number of contacts between two segments of an 
unperturbed Gaussian chain in a two-dimensional state, 
the aggregation structure of the equilibrium two- 
dimensional ultrathin film was classified by D. In the 
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region where D > 0.3, the excluded volume effect caused 
by the restricted dimension was not unexpected, since 
the segment density of an unperturbed Gaussian chain 
is comparable to that of the three-dimensional state. 
Therefore, the polymer chain dimension parallel to the 
film surface should be equal to that of an unperturbed 
Gaussian chain in the region where D>0.3 ,  which is 
equivalent to that in the three-dimensional solid state. 
In the region where D<<0.3, the polymer chains might 
have a tendency to not behave as unperturbed chains. 

A PS chain in a two-dimensional ultrathin film 
prepared by the water casting method expanded in the 
direction parallel to the film surface, even in the case for 
D,-~ 1. This characteristic aggregation structure should 
indicate that the two-dimensional ultrathin PS film 
prepared by the water casting method was in a 
non-equilibrium state. 

By holding the two-dimensional ultrathin SBS film on 
the water surface, the following features were observed: 

(1) the film dimension decreased; 
(2) the homogeneous state immediately after formation 

of the film changed into the microphase separated 
state; 

(3) the structural period of the microphase separation 
decreased. 

These phenomena may be due to a relaxation of the 
expanded polymer chain. It was concluded that the 
two-dimensional ultrathin SBS film immediately after 
formation was in a non-equilibrium state, and then 
changed into a stable state. 

In the two-dimensional ultrathin film prepared by the 
water casting method, the radius of gyration in the 
direction parallel to the film surface was larger than the 
radius of gyration of a three-dimensional unperturbed 
chain. This characteristic aggregation structure of the 

two-dimensional ultrathin film may be caused by the 
fixation of the polymer chain conformation in the 
spreading solution stage, owing to a rapid dissipation of 
the solvent during the water casting process. Of  course, 
other possible causes may be found in the future. We 
expect that a complete theory for the aggregation 
structure of two-dimensional ultrathin films will 
eventually be developed. 
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