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Chapter VIII, 

Monolayer behaviour of mixtures of PMMA and 
po~sobutylmethacrylate) 

ABSTRACT, In search of an alternative stereocomplexing system, 
monolayers of mixtures of isotactic PMMA and syndiotactic poly (iso- 
butylmethacrylate) (s-PiBMA) were studied. An anomalous transition 
observed in the isotherms of these mixtures was shown nor to cor- 
respond to a stereocomplexation process, but rather to a pressure 
induced mixing, which is responsible for a suppression of the crystal- 
lization of the i-PMMA component in the monolayer. Miscibility is 
also observed (even without a required surface pressure build up) for 
mixtures of s-PiBMA and s-PMMA. The large effects observed 
indicate that mixing must occur up to close to the segmental level. The 
locally parallel alignment of the chains, which is more or less imposed 
on the system by its twodimensional character, appears to be favour- 
able with respect to the adhesive interactions, as illustrated by the fact 
that random copolymers exhibit smaller deviations than homopolymer 
mixtures. In the case of the mixtures of s-PiBMA and i-PMMA, clear 
molecular weight effects are found, both with respect to the kinetics of 
the lateral interdiffusion process upon mixing as well as in terms of 
the thermodynamics of the mixing process. 

INTRODUCTION. 

In the previous three chapters, the possibilities for stereocomplexation of isotactic 
and syndiotactic PMMA in mixed monolayers were addressed. Sofar, we limited 
ourselves to mixtures of i- and s-PMMA, with the exception of the partially hydro- 
lyzed s-PMMA that was shown to form monolayer stereocomplex structures with 
isotactic PMMA in chapter 7. In an attempt to find other systems exhibiting stereo- 
complexation processes at the air water interface (and thus to broaden the scope of 
the characteristics that can be introduced in thin films using this approach), we will 
address the couple isotactic PMMA 1 syndiotactic poly(isobutylmethacrylate) (s- 
PiBMA) in this chapter. 
Syndiotactic poly(isobutylmethacrylate) was reported to engage in stereocomplexation 
processes in mixtures with isotactic PMMA. The first report was published by 
Bosscher et al. (I),  a more elaborate study was later published by Kitayama et aL 
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(2). In the latter publication, stereocomplexation was claimed to occur both in 
solution as well as in melt mixtures of these materials. The stereocomplex structure 
itself is probably strongly related to that of the s-PMMAIi-PMMA system, the bulky 
ester side groups of the syndiotactic component pointing outward from the double 
helical structure without disturbing it (1, 3,4). 
The monolayer behaviour of syndiotactic poly(isobutylmethacrylate) was discussed in 
chapter 2. The isotherms reported in that chapter indicate a significantly higher area 
pro monomeric unit associated with the s-PiBMA materials, compared to s-PMMA. 
The resulting larger separation of the polymer backbones may imply a lower level of 
cohesive forces between the segments: if stereocomplexation were to occur in 
monolayers of mixtures of s-PiBMA and i-PMMA, problems due to aggregation of 
the syndiotactic component in the monolayer (a direct result of these strong cohesive 
interactions, as discussed for s-PMMA in chapter 5 and 6) may be less restrictive. 

EXPERIMENTAL. 

The monolayer behaviour of the mixtures was studied using procedures and ap- 
paratus as described in appendix 1; polymers were spread from dilute (mixed) 
chloroform solutions. Unless stated otherwise, a standard compression speed of 2 
&/monomeric unitminute was used Synthesis procedures and characteristics of the 
materials used in the experiments reported in this chapter are listed in appendix 1. 

RESULTS AND DISCUSSION. 

In figure 8.1, pressure area isotherms are shown of monolayers of isotactic PMMA 
(#m10, Mn 24.1@), syndiotactic PiBMA (#b6, Mn 16.10.') and a mixture of these two 
materials in an approximately 1:l (base mole) ratio. From these isotherms, it may be 
evident that the monolayer of the mixture does not exhibit additive behaviour: only 
up to a surface pressure of about 3 mNIm, the isotherm appears to follow an 
additive curve, until an anomalous transition is observed. Beyond this transition, the 
specific area of the mixed monolayer is clearly lower than the average value for the 
monolayers of the two individual components. The isotactic PMMA monolayer 
crystallization transition (5) is no longer visible in the isotherms, and appears to be 
completely suppressed. The collapse pressure of the mixed monolayers is slightly 
lower than that of pure s-PiBMA. 
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Figure 8.1 Pressure area isotherms o f  i-PMMA #m10 (m, dashed), s-PiBMA #b6 (i, 
dashed) and a mixture of these materials (weight fraction s-PiBMA 0.57, base mole 
fraction 0.49) (solid line). T=22"C. 
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Figure 8.2 Pressure area isotherms of a mixture of i-PMMA #mIO and s-PiBMA 
#b6, composition as in jigure I .  T=22"C (dashed line), and 41°C (solid line). 



Temperature dependence. Figure 8.2 shows pressure area isotherms of the mono- 
layer mixture from figure 8.1 as a function of temperature. The anomalous behaviour 
observed at room temperature is also evident in the isotherms at other temperatures. 
Over the entire temperature range studied, from 10 to 41°C, the monolayer crystal- 
lization of the isotactic PMMA component is suppressed, and the anomalous low 
surface pressure transition can be observed. The onset of this transition shifts to 
lower pressures at higher temperatures. Sofar, these phenomena are strongly 
reminiscent of the behaviour of the stereocomplexing mixtures of isotactic and 
syndiotactic PMMA discussed in chapter 5. 

Area lm2/mg) 

Figure 8.3. Pressure area isotherms for mixtures of i-PMMA #m10 and s-PiBMA 
#b6, weight fraction s- PiBMA (base mole fraction) 0.38 (0.30) (a), 0.57 (0.49) (b) and 
0.76 (0.69)(c, dashed line). T=22"C. 

Stoichiometry. Varying the composition of the i-PMMAIs-PiBMA mixtures results 
in pressure area isotherms as reported in figure 8.3. For all mixing ratios, a transition 
can be seen at low surface pressures, the onset pressure being independent of the 
monolayer composition. Only for the mixture with a (base mole) mixing ratio of 2:l 
(i-PMMA:s-PiBMA), there is a slight inflection detectable in the isotherm that may 
reflect the 'normal' i-PMMA monolayer crystallization process; in the other mixtures, 
this process has not left any marks in the compression isotherms. 
In the low surface pressure regime of the isotherms, the mixtures exhibit additive 
behaviour, as is illustrated by figure 8.4, representing the specific areas associated 
with constant low surface pressures as a function of mixture composition. The 
compressibility of the monolayers also follows the additive line in this pre-transition 
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Figure 8.4 Specific area (lT=1.6 Figure 8.5 Specific area (LI=8.5 
m N l m .  T=22"C) for mixtures of i- m N l m ,  T=22"C) for mixtures of i- 
PMMA #m10 and s-PiBMA #b6, PMMA #m 10 and s-PiBMA #b6. 
as a function of composition. as a function of composition. 

region closely. Additivity was also observed for these parts of the isotherms at other 
temperatures. The specific areas directly beyond the transition clearly deviate from 
the additive line (figure 8.5): from the mixtures studied, the one with the 1:l (base 
mole) composition exhibits the largest deviation. This apparent 1:l stoichiometry 
marks a first discrepancy with the behaviour of the i-PMMAls-PMMA monolayer 
mixtures. 

Compression speed dependence and hysteresis. The isotherms of the s-PiBMAIi- 
PMMA mixture, reported in figure 8.1, surprisingly do not exhibit a clear compres- 
sion speed dependence in the surface pressure regime up to the collapse of the 
monolayer. The monolayer is instantaneously stable when compression is paused, 
even in or beyond the transition region of the isotherm. Hysteresis experiments 
(figure 8.6) indicate that the monolayer compression is perfectly reversible, even if 
the monolayer is compressed beyond the transition region: the decompression 
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Figure 8.6 Hysteresis experiment with a mixture o f  I-PMMA #mlO and s-PiBMA 
#b6, composition as in figure 1. Compression and decompression speed 2 ,?lmmu.- 
minute, T=22"C. 

isotherm exactly follows the compression isotherm, and so does a second compression 
isotherm following decompression. The monolayer appears to remain in thermodyna- 
mic equilibrium during compression, without kinetic effects being significant during 
the monolayer transition, using a compression speed of 2 A2/monomeric unitminute. 
Only when the isotherm is recorded at low temperatures, a small hysteresis loop can 
be observed, which disappears upon lowering the compression speed. The behaviour 
of these mixed monolayers stands in sharp contrast with that of monolayers of s- 
PMMAli-PMMA mixtures, or of pure i-PMMA, in which during the stereo- 
complexation or the i-PMMA crystallization process, respectively, kinetic effects 
proved to be very important, and in which strong hysteresis effects were observed, 
for the PMMA stereocomplexation process even resulting in an incomplete melting of 
the complexed structures upon decompression (5, 6). 

Surface potential measurements. An experiment performed on a mixture of i- 
PMMA and s-PiBMA, in which the surface potential of the monolayer was recorded 
simultaneously with the surface pressure, yields information as shown in figure 8.7. 
At low surface pressures, the dipole moment pro monomeric unit ( P , ~ ~ )  that can be 
extracted from the surface potential data, yields a perfectly additive value (0.38 
Debye versus 0.35 D and 0.415 D for i-PMMA and s-PiBMA respectively). During 
the transition, evident in the pressure area isotherm, no discontinuity in the surface 
potential or the slope of the surface potential curve is observed. In both the water 



surface crystallization of isotactic PMMA, as well as in the monolayer stereocom- 
plexation in mixtures of i- and s-PMMA, the onset of the double helix formation 
process was accompanied by a sudden stop in the rise of the surface potential upon 
further compression (with a corresponding onset of a sharp fall of p,) (5, 6). For 
these systems, this effect is illustrative for the conformation change in the monolayer 
from a more or less amphiphilic orientation to a helical conformation, characterized 
by a lower value for ~c , .  For the mixed monolayers of i-PMMA and s-PiBMA, the 
initial amphiphilic orientation does not seem to be changed drastically during the 
transition, the surface potential remaining at an approximately additive value. 
Considering these data, a stereocomplexation process as the cause for the isotherm 
transition for mixtures of i-PMMA and s-PiBMA appears unlikely. 

Area lm2/mg1 

Figure 8.7. Surface potential (solid), p, (dashed) and surface pressure upon 
compression of a monolayer of a mixture of i-PMMA #m13 and s-PiBMA #M, 
weight fraction s- PiBMA 0.59, base mole fraction 0.51. T=22"C. 

Infrared experiments. In order to obtain more information about the nature of the 
transition observed in these isotherms, infrared spectra were recorded from LB layers 
of these mixtures, transferred to solid substrates at surface pressures corresponding to 
the situation before and beyond the isotherm transition (25 and 8 mN/m, respec- 
tively). The mixed monolayers can be easily transferred to ZnS and gold substrates, 
with typical transfer ratios of 0.3 (downstroke) and 1.0 (upstroke). The multilayers 
built this way were studied by IR transmission and grazing incidence reflection 
techniques. 



Figure 8.8. Transmission IR 
spectra of multilayers on ZnS, 
built from a mixture of i- 
PMMA #mIO and s-PiBMA 
#b6 (composition as in jigure 
I); a: as-deposited, transfer 
pressure 2.5 mNlm; b: as- 
deposited, transfer pressure 8 
mNlm; c: a fer  annealing at 
7WC for 2 hours. 

Figure 8.9. Grazing in- 
cidence rejlection IR spectra 
of multilayers on gold sub- 
strates, built from a mixture 
of CPMMA #mIO and s- 
PiBMA #b6 (composition as 
in jigure I); a: as-deposited, 
transfer pressure 2.5 m Nlm; 
b: as-deposited, transfer pres- 
sure 8 mNlm; c: after annea- 
ling at 70°C for 2 hours. 
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The spectra obtained for the as-deposited multilayers are reported in figures 8.8 and 
8.9 (transmission and GIR spectra, respectively). In both figures, the spectra are 
shown for the same i-PMMAls-PiBMA mixture, transferred at two different surface 
pressures. The similarity between the spectra related to the pre- and post-transition 
condition of the monolayers is striking; no clear differences can be observed. There 
are differences between the transmission spectra and the GIR spectra, indicating that 
there is some kind of orientation difference between the X and Y directions in the 
plane of the substrate on one side, and the Z direction perpendicular to the substrate 
on the other side. These spectral differences are qualitatively similar to those 
observed in monolayers of pure s-PiBMA (reported in chapter 2), and are indicative 
of a remaining amphiphilic orientation in the as-deposited multilayers. It appears 
that, upon traversing the transition region of the isotherm, this amphiphilic orien- 
tation of the segments is simply retained, a conclusion that can also be drawn from 
the surface potential measurements discussed in the previous paragraph A more 
detailed interpretation of these spectra is difficult to give, since it is hard to separate 
the contributions from the i-PMMA and the s-PiBMA components. 
When using polarized IR radiation to probe the samples in the transmission mode, no 
preferential orientation in the XY plane can be detected: the spectra obtained with 
the electrical field vector parallel to, or perpendicular to the transfer direction are 
identicaL Both for multilayers built from water surface crystallized LB layers of 
isotactic PMMA, as well as from the stereocomplex structures formed in monolayer 
mixtures of s- and i-PMMA, a clear anisotropy within in the XY plane parallel to the 
substrate was observed (5, 6). For these systems, this lateral orientation is the result 
of the flow associated with the transfer process in combination with the presence of 
anisotropic rigid structures, that are susceptible to being oriented in the flow direc- 
tion. The fact that no such effect is obsemed in mixed monolayers of i-PMMA and s- 
PiBMA, is another indication against the presence of helical stereocomplex structures 

When the as-deposited multilayers are heated to 70°C (just above the glass transition 
temperature of either component), the amphiphilic orientation of the PiBMA 
segments can be observed to disappear and the multilayer attains isotropic charac- 
teristics (figure 8 . 8 ~  and figure 8.9~); again, there is no indication for the presence of 
crystalline structures with higher melting points. 

Tacticity dependence. A final check before definitely rejecting a stereocom- 
plexation process as the cause for the isotherm transition must be a study of the 
effect of the tacticity of both components on this process: in the case of stereocom- 
plexation, lower tacticities must be observed to result in a suppression of this tran- 
sition or in a shift to higher surface pressures (as was found for the s-PMMAIi- 
PMMA monolayer stereocomplexation process in chapter 5). 
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Figure 8.10 Pressure area isotherms of a-PiBMA #b3 (i, dashed). i-PMMA #m10 
(m, dashed), and a mixture of these materials (weight fraction PiBMA 0.59, base mole 
fraction 0.51) (solid line). T=22"C. 

Figure 8.10 shows the pressure area isotherm of a mixture of isotactic PMMA with 
'atactic' (conventional) PiBMA (sample #b3). The isotherm of this mixture is very 
similar to that of the mixture based on the highly syndiotactic material (figure 8.1): 
again, additive behaviour is observed at low surface pressures, followed by a tran- 
sition in the isotherm and a subsequent region characterized by specific areas, 
significantly smaller than the additive value. The onset of the transition is observed 
at a similar surface pressure as in the isotherms of the analogous mixture based on 
highly syndiotactic PiBMA. Evidently, a high stereoregularity of the PiBMA com- 
ponent is not required for the transition process 
Variation of the tacticity of the PMMA component in the mixtures yields interesting 
results. In figure 8.11, the isotherms are shown of a mixture of s-PiBMA with i- 
PMMA #m26, triad tacticity 81 %, and of the individual components of this mixture; 
in figure 8.12, the same is done for a mixture of s-PiBMA with i-PMMA #m28, with 
an even lower triad tacticity of 66%. In both cases, it can be seen that the isotherm 
recorded for the mixture deviates significantly from that calculated for additive 
behaviour, with lower specific areas observed The transition is less clear in these 
isotherms because it appears to have shifted to lower surface pressures, so that no 
clear regime of additive behaviour preceding such a transition can be observed in 
these mixtures, in contrast to the mixtures with the highly isotactic samples. The shift 
of the transition to lower surface pressures indicates that the post-transition condition 
of the monolayer becomes relatively more favourable compared to the condition 
reflecting additive behaviour upon lowering the stereoregularity of the i-PMMA 



component, clearly opposite to what would be expected for a stereocomplexation 
process. 
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Figure 8.1 1. Pressure area isotherms of s-PiBMA #W (i, dashed), i-PMMA #m26 
(81 % i-triads, m, dashed), and a mixture of these materials (weight fraction PiBMA 
0.58, base mole fraction 0.50) (solid line). T=2PC. 
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Figure 8.12. Pressure area isotherms of s-PiBMA #M (i, dashed), i-PMMA fm28 
(66% i-triads, m, dashed), and a mixture of these materials (weight fraction PiBMA 
0.61, base mole fraction 0.52) (solid line). T=22"C. 
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Figure 8.13 Pressure area isotherms of s-PMMA #m42 (m, dashed), s-PiBMA #b6 
(i, dashed), and a mixture of these materials (weight fraction PiBMA 0.55, base mole 
fraction 0.46) (solid line). T=22"C. 

When the i-PMMA samples are exchanged for predominantly syndiotactic PMMA 
samples, we also observe that the behaviour of mixtures with s-PiBMA clearly 
deviates from what is to be expected for additivity. Both with conventional atactic as 
well as with highly syndiotactic PMMA, the mixtures form condensed monolayers, 
but with specific areas deviating significantly from the additive values. Especially at 
low surface pressures, the monolayers can be observed to occupy a smaller surface 
area; the experimental isotherms are also steeper than hypothetical additive iso- 
therms (figure 8.13). The influence of the composition on the specific areas in mix- 
tures of s-PiBMA and s-PMMA is illustrated by figure 8.14. As in the mixtures with i- 
PMMA, we observe that a maximum deviation from the additive line is attained for 
an approximately 1:l (base mole) ratio. For mixtures of conventional a-PiBMA with 
a-PMMA, these data are included in figure 8.17, and yield identical conclusions The 
specific areas obtained for the 1:l mixtures are of a similar magnitude as those 
observed for the post-transition region of the mixtures of s-PiBMA and i-PMMA. 
Similar deviations of the monolayer behaviour, leading to smaller values for the 
specific areas relative to the additive value, have been reported for mixtures of 
conventional PMMA with poly(n-butylmethacrylate) (7), and with poly(propy1- 
methacrylate) (It), two polymers which are fairly similar in structure to the poly(iso- 
butylmethacrylate) studied here. Therefore, the observations reported here may not 
be limited to the PiBMA-PMMA system, but may apply to a broader range of poly- 
mers In figure 8.15, an isotherm is reported for a mixture of i-PMMA with poly(n- 
butylmethacrylate). Indeed, also in this mixture, a deviation from additive behaviour 



Figure 8.14 Specific areas 
(ll=5.0 mNlm, T=22"C) for 
mixtures of s-PMMA #m42, 
and s-PiBMA #b6, as a func- 
tion of composition. 0.6 
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Figure 8.15 Pressure area isotherms of PnBMA (n, dashed), i-PMMA #mlO (m, 
dashed), and a mixture of these materials (weight fraction PnBMA 0.59, base mole 
fraction 0.51) (solid line). T=22"C. 

is observed, characterized by smaller values for the specific areas and a complete 
suppression of the crystallization of the i-PMMA component, similar to the mixtures 
with PiBMA; the onset of the departure from additivity is not as clear as in these 
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latter mixtures. The collapse characteristics of the PnBMAIi-PMMA mixed mono- 
layers are also different from those of pure PnBMA monolayers. 

From the results reported sofar, we can definitely conclude that the transition 
observed in the mixtures of i-PMMA and s-PiBMA is not associated with a stereo- 
complexation process. Instead, it appears that PMMA and PiBMA tend to form 
monolayers that are intimately mixed, with a high number of MMA-iBMA segment 
contacts and an orientation of the segments with respect to the water phase which is 
not strongly different from that in a non-mixed situation. We will first address the s- 
PMMA Is-PiBMA mixtures. 

Mixtures of s-PMMA and s-PiBMA. As reported, mixtures of s-PMMA and s- 
PiBMA (or poly(propylmethacrylate), or poly(n-butylmethacrylate)) form condensed 
monolayers, which occupy an area that is significantly lower than that calculated as 
the average of the areas of the two individual components in non-mixed monolayers, 
even at zero surface pressure. The only way to explain these strong deviations, is to 
assume that there are strong favourable interactions between the MMA and the 
iBMA segments, which induce a contraction of the monolayer with respect to a 
situation with only contacts between identical segments; the number of contacts must 
be high in order to be able to cause deviations as large as those observed. This 
implies that the polymers must be mixed at a scale close to the segmental level The 
first aspect that needs to be clarified, is the nature of these favourable interactions: 
why is the interaction between the MMA segments and the iBMA (or PMA or 
nBMA) segments more favourable than the combination of the interactions between 
the segments of the same component, and why does this result in a lower area oc- 
cupied by the chains in the monolayer? 

The interactions between the segments in monolayers of PMMA and PiBMA were 
already discussed in chapter 2. Monolayers of syndiotactic PMMA are characterized 
by very strong cohesive interactions between the segments, an effect that was 
attributed to the unfavourable architecture of the syndiotactic backbone. The 
polymers are very closely packed in the monolayers, the backbones close together to 
optimize these interactions. The interactions in monolayers of PiBMA will be strongly 
affected by the presence of the bulky isobutyl groups. These groups may contribute 
favourably to the cohesive interactions at large backbone separations, but will also 
prevent a close approach of the backbones. The result is that PiBMA occupies an 
area per monomeric unit that is almost twice that of PMMA, reflecting the sig- 
nificantly larger backbone separation; the backbone-backbone interactions may be 
frustrated by this large separation, imposed by the steric hindrance between the large 
side groups. This argument is also valid for poly(n-butylmethacrylate) and poly(pro- 



Figure 8.16 Schematic representation of the suggested interaction between s-PiBMA 
and s-PMMA strands. 

pylmethacrylate): in all cases, the monolayer packing will be determined by a balance 
between the repulsive forces resulting from the steric hindrance from the ester alkyl 
substituents, and the attractive backbone-backbone interactions (including the 
contributions of the polar parts of the ester groups): a closer packing in the mono- 
layer would require unfavourable deformations involving the side groups. 
Let us now consider the situation in which we have a strand of PiBMA located on 
the water surface, parallel to a neighbouring strand of PMMA. If we imagine the 
strands to be separated by a distance which is the average of the distances in the 
individual components ('additive' behaviour), it is not difficult to see that the balance 
of the repulsive forces and the attractive forces is not necessarily zero. The steric 
repulsion effects between the chain with the isobutyl groups and the chain with the 
short methyl side groups will probably not be as strong as in the case of two con- 
tiguous PiBMA chains, whereas the attractive forces between the backbones may be 
higher as a result of the smaller separation The result of the unbalance in forces 
anticipated following these arguments will be an effect in which the backbones are 
brought closer together until a situation is reached in which the steric repulsive forces 
between the PMMA and the PiBMA chain again balance these attractive interactions 
This process can also be imagined to be accompanied by a variation in the degree of 
submersion of one of the polymers, e.g. a slight 'lifting' of the PiBMA chain in order 
to accomodate the approaching PMMA chain more efficiently. As a net result, the 
PMMA may be 'shoved' under the 'umbrella' formed by the isobutyl groups of the 
PiBMA chain. This speculative mechanism is illustrated in figure 8.16; it may 
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rationalize the fact that contacts between the segments of PMMA and PiBMA are 
enthalpically favourable, especially with respect to the interactions in pure PiBMA 
monolayers, and that they lead to an effective contraction of the monolayer and to a 
relatively higher density within the monolayer. This explanation can also simply be 
used for the analogous effects observed in mixtures with PPMA and PnBMA. 
Moreover, it predicts a 1:l stoichiometry on the monomeric unit level to be optimal 
for the contraction process (since for both PiBMA and PMMA, the length pro 
monomeric unit of the chains at the water surface will be similar), a ratio that can 
indeed be deduced from the experiments reported here. The observation that the 
compressibility of the mixed monolayer is lower than expected for additivity, can also 
be explained along these lines. 
When the syndiotactic or conventional PiBMA is replaced by isoracric PiBMA, we do 
not observe this type of mixing: up to the collapse regime, the monolayers exhibit 
approximately additive behaviour in mixtures with s-PMMA; this observation is in 
agreement with the aforementioned interpretation Isotactic PiBMA forms an 
expanded type monolayer (in contrast to its syndiotactic counterpart), the contribution 
of the backbone interactions to the segmental cohesion being weak (chapter 2). It 
may be clear that in this case, the idea of the backbone interactions being frustrated 
by the steric repulsions of the side chains will not be valid; at low surface pressures, 
the distance between the backbones tends to be larger than that associated with the 
steric repulsion of the side chains. 

As was stated several times before in the previous chapters, the Langmuir Blodgett 
monolayers can be considered to form a pseudo-twodimensional system. This 
twodimensional character may have some restrictive implications with respect to 
mixing processes; this was extensively discussed in chapter 6. In hidimensional 
polymer mixtures, a random mixing of the segments, as conceivable for a threedimen- 
sional system, cannot be expected due to the topological constraints of the mono- 
layer. For athermal mixtures (or for mixtures with an unfavourable interaction 
energy), the individual polymer chains will tend to be segregated to form isolated 
coils (9), since interpenetration of the coils would cost a large amount of confor- 
mational entropy. In the case of strongly attractive interactions between the segments 
of the different components, Cifra et aL (lo), using Monte Carlo simulations, 
demonstrated that interpenetration of the polymer coils can occur. In this case, the 
mixtures are characterized by locally parallel contiguous strands of both components. 
The mixture cannot be described in terms of randomly mixed segments: a random 
mixing is not feasible, since this would require an unprohibited crossing of the chains 
in the twodimensional layer. 
The results reported by Cifra apply to fairly short chains; in the case of longer chains, 
interpenetration may become less easy (11). In the present case, when using high 
molecular weight samples of syndiotactic PiBMA and PMMA instead of the rather 
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low molecular weights used so far, mixing is still observed, to a similar extent as for 
the low molecular weight samples. In this context, it is important to note that in the 
actual monolayer under consideration, escape routes are available to relieve the 
effects of the chain segregation: if the contact enthalpy gain is very high, crossovers 
may be allowed to some extent so as to optimize the number of contacts. 

iBMA/MMA copolymers. As outlined in the previous paragraph, the segment 
mixing in the PiBMA/PMMA mixed monolayers cannot be expected to have a 
random character, but may be more properly described in terms of a locally parallel 
alignment of the chains, causing favourable interactions over some length along the 
parallel chains. In this respect, it is interesting to study the behaviour of monolayers 
of random copolymers of isobutylmethacrylate and methylmethacrylate, for which a 
more or less random mixing of the segments must be anticipated Figure 8.17 shows 
the areas occupied by these copolymers, and by mixtures of conventional PMMA and 
PiBMA homopolymers, as a function of the overall monolayer composition. In this 
plot, we can clearly see that the copolymers occupy significantly larger areas com- 
pared to the homopolymer mixtures of the same overall composition, with only small 
deviations from additivity. Random segmental mixing in the monolayer is evidently 
less favourable than the type of mixing involving two homopolymers. 
The explanation for this intriguing observation can be found in the fact that for two 
parallel homopolymer strands in contact, some sort of cooperative mechanism may be 
effective in optimizing the interactions between the chains: e.g. for the optimization 
of the contact interaction, an entire strand may be moved into a position with respect 
to the other chain (both in terms of the lateral backbone-backbone distance, as well 
as in terms of the degree of submersion), that is most favourable for the interaction 
of all segments along this strand. In contrast, in more or less random copolymer 
chains, such a cooperative motion of two strands with respect to one another is not 
effectively possible: if an optimization of the interaction between an iBMA segment 
with a neighbouring MMA segment would require a closer approach of these 
segments, or a different degree of submersion of one of the segments, this would be 
accompanied by a similar translation of the segments to which they are covalently 
connected: the segments cannot independently assume the most favourable position. 
In this case, it is very likely that a specific relocation of one segment can be disturbed 
by the neighbouring segments within the same copolymer chain If a close approach 
of an iBMA and an MMA segment would also require a closer approach of two con- 
tiguous iBMA segments, it is easy to see that the steric repulsions of the latter 
segments may prohibit the approach of the first two segments In this respect, the 
interactions in the homopolymer mixtures may be described as more or less coopera- 
tive. 
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Figure 8.17 Specific areas 
(LI=5.0 mNlm,  T=22"C) for 
mixtures of a-PiBMA #b3 
and a-PMMA #m33 (A) ,  and 
f o r  a t a c t i c  copo lymers  
P(MMA-co-iBMA) (0). as a 
function of composition. 
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Mixtures of PiBMA and i-PMMA. If we now return to the mixture that we 
initially started to investigate, syndiotactic PiBMA and isotactic PMMA, we see that 
mixing does not occur at low surface concentrations: the mixture is characterized by a 
low level of MMAIiBMA contacts, without extensive chain interpenetration, with 
possibly some kind of aggregation of chains of the same component (12), leading 
to additive behaviour. 
As discussed in chapter 2, isotactic PMMA experiences 'good solvent conditions' in 
the monolayer: the cohesive interactions between the segments are low. This results 
in an expansion of the twodimensional polymer coils in the available surface area, an 
expansion which is entropically favourable. In mixtures with s-PiBMA, at low surface 
concentrations, the formation of a condensed mixture with a high number of 
MMAtiBMA contacts is not as favourable as for the s-PMMAIs-PiBMA system, 
since this would require the isotactic PMMA to give up its favourable expanded 
conformation, something that is evidently not compensated enough by an enthalpy 
gaia  The adhesive interactions in these mixed monolayers of CPMMA and PiBMA 
may be less strong than in the case of the s-PMMAIs-PiBMA mixtures: here, the 
same arguments may apply as for the cohesive interactions in i-PMMA monolayers, 
the contribution of the polar ester groups being less strong due to the more am- 
phiphilic orientation of the polymer (13). 



When the mixed monolayers are compressed, a surface pressure builds up due to the 
restriction of the expanded i-PMMA chains to smaller areas. Upon further compres- 
sion, the expanded condition for the i-PMMA chains becomes less and less fa- 
vourable, until the chains will start to interpenetrate and form a more condensed 
mixed monolayer with a high number of MMAIiBMA contacts, as in the s-PMMAIs- 
PiBMA mixtures. The free energy of this transition is strongly determined by the 
IIAA contribution, which becomes more and more important upon compression; we 
are dealing with a pressure induced miscibility. An interpretation of the isotherm 
transition along these lines appears to be in agreement with the absence of large 
conformational changes, as illustrated by the surface potential and the IR ex- 
periments, and e.g. by the observed 1:l stoichiometry and the deviating collapse 
characteristics. The nature of the mixed phase can be assumed to be similar to that of 
the mixtures with syndiotactic PMMA, the i-PMMA chains located to some extent 
under the isobutyl groups of the PiBMA chains. 

The nature of the mixing transition is completely different from the crystallization 
type phenomena in monolayers of i-PMMA, or the stereocomplexation phenomena in 
mixed monolayers of s- and i-PMMA: in this situation, there is no critical nucleation 
stage, the transition almost instantaneously follows thermodynamic equilibrium, and 
no hysteresis is observed. In the mixed condition, the isotactic PMMA is no longer 
able to crystallize. This behaviour is different from that of mixtures of i-PMMA with 
low molecular weight, non-crystallizable polymers forming expanded monolayers 
(discussed in chapter 6). In this latter situation, where mixing merely has an entropic 
origin, crystallization can still occur, albeit at higher surface pressures, by a squeezing 
out of the oligomeric non-crystallizable component. In the mixtures with PiBMA, no 
such process occurs: the i-PMMA in the condensed mixture is stabilized by the 
favourable enthalpic interactions with the PiBMA strands. Moreover, crystallization 
would be accompanied by an unfavourable IIAA contribution to the free energy. 

A lowering of the tacticity of the isotactic PMMA results in a higher level of cohesive 
interactions (13), which can also be expected to be more favourable with respect to 
the interactions with the PiBMA chains in the mixed condition Simultaneously, the 
tendency for these polymers to be in the expanded state is lowered (the 'solvent 
quality' of the unoccupied sites at the water surface has decreased), so that the 
transition from the non-mixed expanded state into the mixed condensed state can 
take place at lower surface pressures, as was observed experimentally. 
An effect that remains to be explained is the observation that in monolayer mixtures 
of i-PMMA and s-PiBMA, the mixing transition shifts to lower surface pressures 
upon raising the temperature (figure 8.2). A first argument that may be raised is the 
fact that the entropy of mixing will be positive, and could be responsible for this 
effect The overall entropy change associated with the mixing process is hard to 



PiBMA I PMMA mixed monolava 

predict though, since it may also contain negative contributions from the fact that in 
the mixed conditions, some kind of ordering in terms of a parallel alignment of the 
chains is required, and because the expanded, non-mixed condition was favoured at 
low surface pressures for entropic reasons in the first place. An important effect may 
be the promotion of the lateral forces exerted by the i-PMMA segments at higher 
temperatures, in chapter 2 suggested to be the result of a disturbance of the am- 
phiphilic orientation. In this respect, raising the temperature has the same effect as 
lowering the tacticity and can thus also result in a shift of the transition to lower 
surface pressures. 

It is interesting to compare the miscibility behaviour of s-PiBMA with stereoregular 
PMMA in the monolayer with that in bulk mixtures. In the monolayers, at low 
surface pressures, s-PiBMA appears to be intimately mixed with s-PMMA, and not 
with I-PMMA. In contrast, for bulk mixtures, s-PiBMA was reported to be miscible 
with i-PMMA (I ) ,  whereas DSC results indicate that blends with s-PMMA are phase 
separated. The correlation between bulk and monolayer miscibility, suggested by 
Kawaguchi (14), does not hold for this system. 

Molecular weight effects. For mixtures of PiBMA with predominantly syndiotactic 
PMMA, we have already noted that high molecular weights do not appear to disturb 
the mixing process, the adhesive interactions being very strong. Mixtures of PiBMA 
with isotactic PMMA, in which the mixing process is the result of a more subtle 
balance between various effects, do exhibit variations in their monolayer behaviour 
with variations of the molecular weight of the components. The effects of the 
molecular weight with respect to the mixing transition can be attributed to causes of 
both kinetic and thermodynamic origin. 

During the mixing transition, the monolayer changes from a situation without exten- 
sive chain interpenetration, into a situation in which the polymer chains are mixed 
close to the segmental level. In order to achieve this, a lateral interdiffusion process 
must take place within the monolayer. For the combinations of the rather low 
molecular weight samples discussed so far, this interdiffusion process was almost 
instantaneous. The use of high molecular weight samples of either component 
introduces kinetic effects in the monolayer isotherms: in this case, small hysteresis 
phenomena are observable for compression speeds of 2 Az/monomeric unitminute, 
and the transition region of the isotherms varies somewhat with this compression 
speed: the interdiffusion process does no longer take place instantaneously on the 
time scale of the experiments. In the isotherms, recorded with compression speeds of 
2 &/monomeric unitminute, there is even some evidence of i-PMMA crystallization 
in the monolayer. The surface pressure associated with these crystallization pheno- 



Area  (m2/mgj 

Figure 8.18. Pressure area isotherms for a mixture of i-PMMA #m10 (Mn 24.10') 
and s-PiBMA #b6 (Mn I6.1#) (dashed line), and for mixture of i-PMMA # m l  (Mn 
1200.101) and s-PiBMA #b4 (En 450.101) (solid line). Weight fluetion s-PiBMA 0.57. 
base mole fraction 0.49. Compression speed 2 R2/mmu.minute, T=22"C. 

mena is similar to that observed in monolayers of pure i-PMMA, indicating that it is 
limited to the remains of the initial larger phases of i-PMMA in the monolayer blend 
(figure 8.18). 
At higher temperatures, this interdiffusion process is much faster, resulting in a less 
pronounced (or absent) hysteresis effect Mixtures of isotactic PMMA with high 
molecular weight samples of s-PiBMA appeared to be more strongly affected by the 
limited interdiffusion rates than those with samples of conventional a-PiBMA of 
comparable molecular weights, probably due to the fact that the initial packing of the 
segments in the monolayer of the syndiotactic polymer is better that that of the 
atactic polymer (13), which may be responsible for a higher activation energy for the 
diffusion process. The kinetic problems associated with the mixing process of the high 
molecular weight samples are somewhat similar to those observed in the stereocom- 
plexation of syndiotactic and isotactic PMMA. 
In figure 8.19, an example is shown of the effect of the molecular weight of the 
isotactic PMMA on the thermodynamics of the mixing process. With a constant 
molecular weight of the s-PiBMA component, the onset of the mixing transition in 
the isotherm is a function of the molecular weight of the isotactic PMMA: upon 
lowering the molecular weight, this onset shifts to lower surface pressures. This 
observation is not related to kinetic phenomena as discussed in the previous para- 
graph, since upon decompression, the same effect is observed. An explanation for this 
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effect of the molecular weight can be found in a higher favourable entropy of mixing 
contributing to the transition free energy for short chains, whereas the fact that an 
interpenetration of the polymer chains in the mixture is easier to achieve for lower 
molecular weight materials, requiring a smaller sacrifice of conformational entropy, 
as discussed in chapter 6, may also play a role. 
The variation in the transition pressure upon variation of the molecular weight of the 
isotactic PMMA stands in contrast to the absence of such an effect in the stereocom- 
plexation processes in mixed monolayers of i- and s-PMMA (6) (with only the 
opposite effect being observed for very low molecular weights). In this case, the 
transition pressure is only related to the local formation of a small complexed section 
and does not refer to the twodimensional mixing of the complete chains. 

Area (rn2/rng) 

Figure 8.19. Hysteresis isotherms of a mixture of s-PiBMA #b6, with i-PMMA # m l  
(Mn 1200.1@) (a), and with i-PMMA #m13 (Mn 13.1U) (b), weight fractions s- 
PiBMA 0.61, base mole fraction 0.52. Compression and decompression speed 2 
R2/mmu.minute, T=22"C. 

CONCLUSIONS. 

In this chapter, we discussed the monolayer behaviour of mixtures of poly(isobuty1- 
methacrylate) and poly(methylmethacry1ate). For mixtures of s-PiBMA and i-PMMA, 
monolayers were found to exhibit a characteristic transition, reminiscent of the 
stereocomplexation process observed in mixed monolayers of i- and s-PMMA. The 
transition was shown not to correspond to  such a stereocomplexation phenomenon, 



but instead to reflect a pressure induced mixing of the components of the mixture. 
Stereocomplexation does not take place in the monolayer, an observation that may 
be explained the fact that the large hydrophobic side chains of PiBMA will extra 
stabilize the normal more or less amphiphilic orientation, relative to a conformation 
in a helical structure, which would be characterized by a rather hydrophobic shell in 
contact with the water subphase. 
Monolayer mixtures of PiBMA and predominantly syndiotactic PMMA can also be 
characterized as mixed on a scale close to the segmental leveL In general, there 
appears to be a strong favourable enthalpy of mixing in these monolayers, something 
which was speculatively attributed to a relatively low level of steric repulsions 
between the PiBMA and PMMA chains, resulting in an enthalpically favourable 
dense packing of the backbones. The interactions between the chains appear to be 
extra favourable due to a local parallel alignment of the strands of the homopolymer 
chains; random MMA liBMA copolymers, characterized by a more random mixing of 
the segments in the monolayer, exhibited smaller deviations from additivity. 
The characteristics of the mixing process of i-PMMA and s-PiBMA vary with the 
molecular weight of the components; kinetic effects (related to the necessary surface 
diffusion processes) become important using high molecular weights, whereas the 
molecular weight of the components also has an effect on the thermodynamics of the 
process. 
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