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Chapter I. 

Introduction 

Over the past decades, the behaviour of polymers in restricted geometries has 
received an increasing amount of attention from polymer scientists, both from an 
experimental as well as from a theoretical point of view. In this respect, a major 
research effort has been made pertaining to the behaviour of polymers, in solution 
and in the melt, at various surfaces and interfaces (e.g. attractive or repulsive hard 
walls, surface air (vacuum) interfaces, polymer-polymer interfaces). The behaviour of 
polymers in thin jilms (thin with respect to the unperturbed radius of gyration) also 
falls in this category. The motivation for these studies is not only academic; it is 
obvious that these systems are of utmost importance with respect to a whole range of 
applications, involving thin films, or interfaces in general: lubrication and tribology, 
adhesion, composites, biocompatibility, lithography, compatibilization of polymer 
blends, biosensors, and electro-optic applications of thin films. 
The behaviour of polymers in thin films can e.g. be studied using a surface forces 
apparatus as developed by Israelachvili (I) ,  with which forces exerted by the 
polymers in the direction perpendicular to the plane of the film are measured as a 
function of film thickness. Lowering the film thickness even further, we enter the 
twodimensional monolayer regime. For studying monolayers at the air water inter- 
face, the Langmuir Blodgert technique has proven its usefulness over the last century: 
with this technique, the forces exerted within the plane of the monolayer are 
measured as a function of the surface concentration. 

Langmuir Blodgett monolayers. 

The interest for the behaviour of amphiphilic molecules on the water surface dates 
back to the eightteenth century (2); the first detailed scientific reports (including 
surface pressure measurements) on these systems were published by Pockels and 
Rayleigh 100 years ago now (3, 4, 5, 6). The technique for studying these mole- 
cular monolayers was perfected by Langmuir and Blodgett (7, 8) in the first de- 
cades of this century. Typical molecules that were studied (and still receive most 
attention) are low molecular weight substances with a clear amphiphilic character, i.e. 
a hydrophilic head group, in combination with a long hydrocarbon tail forming or- 
ganized structures on the water surface upon compression. A unique feature of these 
Langmuir Blodgett systems is the fact that these organized monolayers can be 
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transferred to solid substrates in a controlled way, depositing the molecules layer by 
layer, and building nearly perfect, well defined multilayer systems with a high degree 
of order, both within the layers as well as in terms of the layer spacing. In more 
recent years, the behaviour of polymeric amphiphiles received more and more 
attention, especially because of the higher stability of the transferred multilayer 
systems. Lando (9) was the first author to use this technique for the preparation of 
highly ordered, thin polymer films. Since then, a lot of work has been performed, 
with extensive contributions originating e.g from the groups of Ringsdorf (10, 
11, 12, 13) and Wegner (14, 15, 16, 17). 

The Langmuir Blodgett technique provides a versatile tool for building well defined 
thin films, that have great potential with respect to numerous application fields. 
Transferred monolayers may be useful in changing the wettability of a substrate 
surface (18), changing the tribological properties of this substrate surface (19), 
forming thin separation layers in sensor systems (20), or building very thin films 
for applications in fields like nanolithography (21, 22, 23). Moreover, the Lang- 
muir Blodgett technique offers the possibility for including functional molecules in 
thin films in an organized manner. In this respect, Langmuir Blodgett films have 
proven to be useful for the preparation of biosensor systems (by the incorporation of 
biologically active molecules) (24, 25, 26), modifying the biocompatibility of a 
substrate surface (27), preparing systems with a fast pyroelectric response (28), 
preparing thin films with non-linear optical (13, 29) or with anisotropic conductive 
characteristics (30), or for preparing thin films applicable for data storage (31). 
Apart from these (potential) applications, the Langmuir Blodgett technique is very 
powerful in providing model systems with respect to many scientifically interesting 
issues. In this respect, the well defined layer thickness is very useful in preparing 
spacer layers (which can be used e.g. in studies of the optical behaviour of dyes in 
thin films (32), or for determining the surface sensitivity of various analytical 
techniques (33, 34, 35)). The thin films prepared also provide model surfaces, 
for instance for studies in the field of biocompatibility of materials (27), or e.g. for 
STM or AFM techniques (36). Langmuir Blodgett layers can also be used to 
prepare biomimetic systems, simulating biological membranes, e.g. with incorporated 
bio-active substances (37). Finally, Langmuir Blodgett monolayers are probably the 
best approximation of a twodimensional system that can experimentally be studied, 
and can also be used in order to verify theoretical predictions made for twodimen- 
sional behaviour, a subject that will also be addressed in this thesis. 



Introduction 

Characterization. 

Information about the Langmuir Blodgett monolayers can be obtained both from the 
monolayers on the water surface, as well as from multilayers on solid substrates after 
transfer. The number of techniques that can be used, is limited due to the extremely 
low amount of material involved. 
At the air water surface, the most important source of information is the surface 
pressure measured as a function of the available area pro molecule (or monomeric 
unit). Other techniques that are useful in this situation, include surface potential 
measurements (38), determination of the viscoelastic properties of the monolayers 
(39, 40), and several reflection techniques (ellipsometry (41), X-ray (42) or 
neutron reflection (43)). In the case of very thin amorphous monolayers, the 
usefulness of these latter techniques is still limited by the extremely small amount of 
material probed. For dye containing monolayers, extra information is available 
through the absorption or fluorescence behaviour of these molecules (44,45). 
Following transfer, the multilayer systems can also be studied with improved 
sensitivity using ellipsometry, X-ray or neutron reflection techniques, e.g. to deter- 
mine layer thicknesses. In the case of dyes, spectroscopic data can provide very 
valuable information. Finally, the infrared absorption characteristics of the mul- 
tilayers, as deposited on solid substrates, can yield a wealth of information. This 
latter technique is probably the most versatile and has been used by many workers, 
especially since the commercial introduction of FT-IR instruments. Infrared spectros- 
copy has the capability to reveal various conformational features of the molecules 
under consideration, and can also be used to determine the orientation of parts of the 
molecules directly. Several IR techniques can be used to investigate thin films 
prepared by the LB technique. External reflection spectroscopy (also referred to as 
grazing incidence reflection or reflection-absorption spectroscopy) is commonly used 
for characterizing thin films on metal substrates. Since Francis and Ellison studied 
metal stearate films using this setup (46), and Greenler discussed the optics in- 
volved (47), many authors have used this technique to study LB films. Since upon 
reflection on a metal surface, the resulting electrical field is strongly elliptically 
polarized, with only a significant contribution of the component perpendicular to the 
interface, the orientation of the molecules with respect to the substrate can be 
inferred Other IR techniques that can be used to deduce the orientation of the 
components in the thin film, include transmission experiments on IR transparant 
substrates (48, 49, SO), and attenuated total reflection experiments as used 
e.g. by Takenaka (Sl), using polarized IR radiation A completely different ap- 
proach to elucidate the orientation of LB films was reported by Chatzi et al. (52), 
using a photoaccoustic technique with He and Xe coupling gases. In this thesis, IR 
measurements will play a prominent role in identifying the processes taking place in 
the Langmuir Blodgett monolayers. 



As mentioned earlier, the monolayer behaviour of polymers has received an in- 
creasing amount of attention. For a large part, this attention is focused on comb-like 
polymeric analogues of the classical long tail amphiphilic substances, as e.g. poly- 
(octadecylmethacrylate); in these cases, the monolayer behaviour is still strongly 
dominated by the long hydrocarbon tails attached to the backbone. In this thesis we 
will also address the monolayer behaviour of poly(methacrylates), but we will limit 
ourselves to those members of this family with only short side chains, so that the 
polymer backbone may play a more important role in determining the monolayer 
behaviour, and so that we may better approach an actual twodimensional polymer 
system. 
Poly(methacrylates) have already received a lot of attention over the years, these 
polymers being easy to synthesize, and exhibiting good spreading characteristics due 
to the intrinsic amphiphilic character, with rather hydrophilic ester groups, without 
being water soluble: the polymers all assume a horizontal (backbone) conformation 
on the water surface, with all monomer units in contact with the substrate. Crisp 
(53), in 1946, already reviewed the behaviour of a series of polymeric substances, 
including poly(methacrylates), and proposed water surface conformations for these 
materials. Since then, a lot of work has been done on these materials, especially on 
PMMA, being a standard polymer. Still, as I hope to demonstrate in this thesis, many 
intriguing aspects have been overlooked, especially with respect to the behaviour of 
stereoregular polymers. 
Thin films of poly(methacrylates), especially of PMMA, are used for various ap- 
plications, the most important being that as a lithography resist material, or in optical 
applications as a highly transparant matrix material. Our interest was mainly raised 
by the possibility of using the Langmuir Blodgett technique as a model system, both 
for preparing model thin films and model surfaces, as well as a model (pseudo) 
twodimensional system. 

In chapter 2 of this thesis, we will specifically address the effect of the tacticity of the 
poly(methacry1ate) backbone on its monolayer behaviour, an aspect that has received 
little attention in the literature so far, and try to relate the strong differences 
observed to the different structural characteristics of these polymers. 
In chapter 3, the monolayer behaviour of isotactic PMMA will be discussed, especial- 
ly with respect to a pressure induced monolayer crystallization process that is found 
to take place upon compression. The mechanism of this crystallization process will be 
investigated, and it will be shown that these crystallized monolayers can be used to 
prepare highly oriented thin films upon transfer. 
In chapter 4, the usefulness of these crystallized monolayers as surface crystallization 



nuclei for amorphous thin films of isotactic PMMA will be discussed, this approach 
offering an easy way to prepare fairly thick (several micrometers) uniaxially oriented 
crystalline films, i.e. in a thickness regime that is inaccessible for the normal techni- 
que of building LB multilayers. 
In chapter 5, it will be demonstrated that it is possible to induce stereocomplexation 
in mixed monolayers of isotactic and syndiotactic PMMA, involving the formation of 
similar double helical structures as discussed in chapter two for crystalline isotactic 
PMMA, these monolayers being able to give almost uniaxially oriented thin films 
upon transfer, with melting points of close to 190°C. 
In chapter 6, the phase behaviour in mixed monolayers will be explicitly addressed; it 
will be shown that is is possible to extract information based on the crystallization 
processes of isotactic PMMA as they occur in the mixed monolayers, or based on the 
stereocomplexation processes between isotactic and syndiotactic PMMA. With respect 
to this latter process, complications arising from an incomplete miscibility of the 
materials in the monolayer will be discussed; methods for compatibilization of these 
mixtures are discussed in chapter 6, and also in chapter 7, explicitly dealing with the 
behaviour of partially hydrolyzed syndiotactic PMMA, and its ability to form 
stereocomplexes with i-PMMk 
Finally, in chapter 8, the behaviour of monolayers of mixtures of PMMA and 
poly(isobutylmethacrylate) will be reported on; these mixed monolayers are charac- 
terized by the possibility of mixing, induced by favourable interactions between the 
PiBMA and the PMMA chains in the monolayer. Specific aspects of this mixing 
phenomenon pertaining to the twodimensional character of the system, as well as to 
the relation between the stereoregularity of the samples and their mutual interactions 
in the monolayer will be discussed. 

Parts of this thesis have been published (54, 55, 56, 57), have been accep- 
ted (58) or have been submitted for publication (59). 
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Chapter /I. 

Influence of the tacticity on the monolayer 
beha viour of poly(methacry1a tes) 

ABSTRACT. In this chapter, the monolayer behaviour of some 
poly(methacry1ates) with short ester side chains (methyl, ethyl and iso- 
butyl) is studied as a function of the tacticity. In all cases, the isotac- 
tic polymers are observed to form expanded monolayers, whereas the 
syndiotactic materials yield more condensed monolayers. These obser- 
vations were attributed to differences in the lateral cohesive interac- 
tions of the segments in the monolayer, which again can be correlated 
to the difference in spatial orientation of the ester groups with respect 
to the backbone and the air water interface. The anomalous tempera- 
ture dependence o f  the isotactic polymers (a contraction of the mono- 
layers at higher temperatures) can be interpreted in terms of an 
enhancement of these lateral cohesive interactions. Surface potential 
measurements yield results which appear to be in agreement with the 
interpretation of the monolayer isotherm data. Isotactic polyfmeth- 
acrylic acid) is observed to form stable monolayers on a pure water 
subphase, in contrast to syndiotactic PMAA. 

INTRODUCTION. 

The monolayer behaviour of poly(methacrylates) has been extensively studied in the 
last 50 years. This standard class of polymers can easily be spread on the water 
surface to give well defined monolayers, due to the amphiphilic character of the 
materials, the polar parts of the ester groups representing the hydrophilic part, and 
the backbone, the a-methyl groups and the ester alkyl side chains composing the 
hydrophobic part. Crisp already reviewed the behaviour of these materials in 1946 
(1). Since then, a lot of effort has been dedicated to the investigation of the mono- 
layer behaviour of all kinds of poly(methacrylates), with the ester side chains ranging 
from methyl up to octadecyl groups (2, 3, 4, 5), including aromatic (6, 7) and 
branched (8, 9) substituents, and incorporated dye functionalities (10). 
With all this work on these poly(methacrylates), the matter of the tacticity of the 
polymers has hardly been addressed. Beredjick and Ries (11, 12, 13) pu- 
blished isotherms of isotactic, syndiotactic, and atactic and PMMA 30 years ago: the 



Tacticin, e m  

pressure-area isotherms of the isotactic polymer proved to be quite different from 
those of the atactic and the syndiotactic samples. No adequate explanation was given 
at that time. Sutherland and Miller (14) also reported isotherms for isotactic 
PMMA, but since then monolayers of isotactic PMMA have not received much 
attention in the literature. Very recently, Henderson and Richards also published 
isotherms of isotactic PMMA (15). Sutherland and Miller also reported isotherms 
of several polymeric tert-butyl esters of varying tacticity: the observed differences 
were explained in terms of a different packing efficiency of the segments in the 
monolayer (14). Schouten (16) recently reported on the monolayer behaviour of 
atactic and isotactic poly(octadecylmethacrylate) (PODMA): no significant effects of 
the stereoregularity were observed. 

In this chapter, we will discuss the monolayer behaviour of some stereoregular 
poly(methacry1ates) with rather short ester side chains: poly(methylmethacrylate), 
poly(ethylmethacry1ate) and poly(isobutylmethacrylate). The short side chains can be 
expected to result in a clearly observable effect of the backbone stereoregularity, 
without this effect being overshadowed by the behaviour of long hydrocarbon tails 
(as is the case for PODMA). For these materials, we hope to be able to interpret a 
stereoregularity effect in terms of the conformational structure of these materials at 
the air water interface. The results and discussion section first deals with the 
isotherm data obtained from these monolayers, subsequently with surface potential 
measurements on these monolayers, and finally with infrared data collected from 
transferred LB layers. At the end of this chapter, we will shortly address the effects 
of the tacticity on the monolayer behaviour of poly(methacry1ic acid). 

EXPERIMENTAL. 

The LB troughs used to monitor the monolayer behaviour, are described in appendix 
1. All materials were spread from approximately 0.3 gl l  chloroform solutions, except 
for the poly(methacry1ic acid) samples (insoluble in pure chloroform), which were 
spread from DMFJCHCI, (35:65 vlv) mixtures. A description of the characteristics of 
the samples used can also be found in appendix 1, as well as a description of the 
apparatus and procedures used to acquire infrared data on the transferred mono- 
layers. Surface potential measurements were camed out at the Max Planck Institut 
fiir Biophysikalische Chemie in Gottingen, BRD, in collaboration with Prof. D. 
Mobius. Experiments were performed using the vibrating plate technique (17), 
with simultaneous recording of the surface pressure using a Wilhelmy plate. 



RESULTS AND DISCUSSION. 

Area  repeating uni t1  

Figure 2.1. Pressure area isotherms of syndiotactic (#m45, solid line, s), atactic 
(#m31, dashed line) and isotactic (i) poly(methylmethacry1ate) (#m8) at 22°C. 

A. Monolayer isotherms. 

Figure 2.1 shows pressure area isotherms of syndiotactic, atactic and isotactic PMMA, 
recorded at room temperature. It can easily be seen that the isotactic polymer has a 
distinctly different monolayer behaviour as compared to the atactic and the syn- 
diotactic samples. As mentioned in the introduction, the first authors to report 
pressure area isotherms of isotactic PMMA were Beredjick and Ries (11, 12, 13). 
Beredjick interpreted the isotherm as consisting of at least three distinct parts (0-8 
mNlm, 8-18 mN/m, and the region of even higher surface pressures) and determined 
characteristic limiting areas for all these regions by extrapolation to zero surface 
pressure. The structural nature of the deviating monolayer behaviour of isotactic 
PMMA was not addressed in detail. The linear extrapolation of the low pressure part 
of the isotherm is quite arbitrary, since there appears to be no actually linear part in 
the isotherm in this region. Instead, the isotherm is very similar to those of expanded 
type monolayers as poly(viny1acetate) (18, 19) and poly(methylacry1ate) (20), 
exhibiting a surface pressure build up even at large areas because of the geometric 
constraints (which limit the number of available conformations and thus the entropy) 
imposed on the twodimensional coils formed by these polymers at the air water 
interface. A comparison of the monolayer behaviour of stereoregular poly(ethy1- 



methacrylate) and poly(isobutylmethacry1ate) (figure 2.2 and 2.3, respectively) 
indicates similar trends as observed for poly(methylmethacry1ate): in all cases the 
isotherms of the isotactic polymers are characterized by a long tail extending to large 
areas, indicating an expanded condition of the monolayer, whereas for the syndiotac- 
tic polymers pressure area isotherms suggest a more 'condensed' monolayer, charac- 
terized by a contracted chain conformation and a high segment density. 
The transition at approximately 20 klmonomeric unit observed in the compression 
isotherm of i-PMMA will be discussed in chapter 3. 

Figure 2.2. Pressure area iso- 
therms of syndiotactic (solid line, 
s), atactic (dashed line), and 
isotactic (i) poly (ethylmethacry- 
late) at 22°C. 
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Figure 2.3. Pressure area iso- % 
therms of syndiotactic (#b6, solid 5 - 
line, s), atactic (#b3, dashed L" 

line), and isotactic (i) poly(iso- 
butylmethacrylate) ( #b l )  at 22°C. 
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Monolayer thermodynamics: isotherm fitting. The thermodynamics of monolayers 
of polymeric substances have been described by various authors For the evaluation 
of the monolayer behaviour of the stereoregular poly(methacrylates), we have chosen 
to use the equation of state theory as formulated by Matuura and Motomura (21). 
They used a twodimensional lattice model for polymeric monolayers similar to 
Singer's original approach (22), but in their calculation of the equation of state 
they explicitly took into account both the entropic constraints due to the limited 
available area, as well as the enthalpic effects due to the area dependent number of 
intersegmental contacts on the lattice. Enthalpic effects due to cohesive lateral 
interactions are not accounted for in Singer's original theory. Gabrielli and Huggins 
(23) later developed and used a more elaborate thermodynamic model, in which 
more parameters are used to describe relevant physical quantities. We have chosen to 
use the approach of Matuura and Motomura because of the low number of para- 
meters that have to be fitted. 
In the treatment of Matuura and Motomura, the surface pressure of a polymer 
monolayer (11) is described in terms of the actual ('hard') area occupied by a segment 
(Ad,  the fraction of lattice sites occupied, the lattice coordination number Z, the 
number of segments per chain r, the temperature, and the contact enthalpy for two 
segments on adjacent lattice sites W. 

kT r r Z r r  Z $+2v-1 a=-%(--(--1))--h(--(--1)~)--h- 
A, q v 9  2 9 9  2 v(P+l) 

I 

with: 

with v and u as the fraction of empty and occupied sites on the lattice, respectively. 
Favourable enthalpic interactions are represented by a positive value for W. In 
contrast to Singer's original theory, the exact value of Z is not essential for a good fit 
to be obtained In examples discussed by Matuura and Motomura, a coordination 
number of 4 was used, which appears to be a realistic value for a twodimensional 



system. In Singer's treatment, for condensed monolayers, very low Z values close to 2 
must be used (so as to lower the contribution of the conformational entropy), which 
do not seem to have a direct physical meaning. In the calculations we performed, a 
standard value of 4 was used; with this value, the effect of the molecular weight is 
small for reasonable values for r. In our fits we substituted the experimentally 
determined degree of polymerization F n  for r. The area pro monomeric unit A, and 
the interaction parameter W were varied so as to produce the best fit with the 
experimental data from the isotherms. 

0 -1.0 
20 30 40 13 14 15 16 17 18 19 20 

area (AP/monomeric un i t )  area (A2/monomeric unit)  

Figure 2.4. Fit o f  experimental isotherm data (22°C): a: i -PMMA; b: a-PMMA. 

The model proves to give satisfying results in fitting the surface pressures up to about 
6 mN/m: the values obtained from the fit procedures appear to be useful at least for 
mutual relative comparisons. In figure 2.4a, the pressure area isotherm of isotactic 
PMMA, as calculated by the procedure described above, is drawn together with the 
experimental data. The fit parameters A, and WIkT can be varied only over a rather 
narrow range to produce acceptable fits: for A, the fit uncertainty is only some 
tenths of k/monomeric unit, with an accompanying variation in the value for W/kT 
of several hundredths. 
If we compare the values obtained for isotactic PMMA with those derived from the 
isotherms of a predominantly syndiotactic PMMA (figure 2.4b), we see that the value 
for the intersegmental cohesion energy W is much higher for the latter materials 
(table I); the value for A, is somewhat lower. The fact that the simulated curve for 
syndiotactic PMMA drops to give negative values for the surface pressure, whereas 
the experimental curve does not, is a consequence of the fact that the pressure is 
calculated for a 'homogeneous' system, whereas in the real monolayer, phase 
separation can occur. The concentrated phase should then correspond to the point 



where the calculated curve crosses the zero pressure line, that is, where the free 
energy of the system has a minimum (II=6F/6A=0). Experimental indications for 
such macroscopic phase separation phenomena include patchy structures observed 
with dark field illumination microscopy (I), ellipsometry (24) and surface potential 
measurements as discussed later in this chapter. Poupinet (25) reported negative 
second virial coefficients for atactic PMMA monolayers, illustrative of attractive 
interactions between the twodimensional polymer coils. 

Table I. Fit results. 

sample # tacticity WIkT & (AZ) 
i h s  

m8 >97 0.29 13.7 
m25 90 8 2 0.37 13.6 
m26 81 15 4 0.43 13.2 
m28 66 28 6 0.62 13.0 
m3 1 3 34 63 1.35 12.2 
m45 1 14 85 1.38 12.1 

The isotherms of a series of PMMA samples of varying tacticities were analyzed 
using this approach: the results are reported in table I. The calculated cohesive 
energy parameter (WIkT) is plotted as a function of the diad tacticity in figure 2.5. 
Starting from the highly isotactic material, the value extracted for WIkT increases 
rapidly as the meso diad content decreases. 

Figure 2.5. Interaction 0 . 5  
parameter WIkT as a 
function of meso diad 
fraction of PMMA.  
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It should be emphasized that the absolute significance of the fit parameters is ob- 
viously subject to the limitations of the lattice model; e.g. possible pressure induced 
changes in the lateral cohesive interactions related to varying orientations of the 
segments cannot be accounted for, possible effects of variations of the persistence 
length of the polymers are not considered, details of local segmental correlations are 
neglected because of the mean field nature of the approach, and the exact nature of 
the segment-segment interactions cannot be taken into consideration Especially for 
the condensed monolayers, a lattice model with one value for the interaction 
enthalpy will be gross oversimplification, and the experimental isotherms will strongly 
depend on the details of the segments that are in so intimate contact Vilanove and 
Rondelez (26) derived scaling exponents for monolayers of atactic PMMA, sugges- 
ting that the polymeric monolayers are best characterized as being in a surface (sub)- 
theta state. Since they also used the steep part of the isotherm to calculate the scaling 
exponent, without taking into account the monomer-monomer interactions, this result 
is subject to similar criticism; in a later publication, the scaling exponent was deter- 
mined from the low surface concentration regime, yielding similar values (25). 

Structural interpretation. The cohesive interactions between the segments at the 
air water interface may contain several contributions Apart from forces associated 
with the non-polar parts of the segments, there may be significant contributions from 
the dipolar interactions originating from the polar parts of the ester groups, if the 
chains can approach each other closely enough (ie. unless they are held far apart by 
steric interactions of bulky side groups). These latter interactions of the polar 
moieties will be strongly affected by their interaction with the water subphase. 
To explain the apparently strong differences in cohesive interactions in the mono- 
layer, it is important to discuss the conformational characteristics of isotactic and 
syndiotactic PMMA. Calculations on the various possible conformations of isotactic 
and syndiotactic PMMA have been carried out by Vacate110 and Flory (27), and by 
Sundararajan (28, 29). For isotactic PMMA, the dominant backbone confor- 
mation corresponds to (slightly twisted) trans-trans conformations of successive C-C 
bonds; other conformations may contribute significantly, since the energy differences 
are not very large: the backbone of isotactic PMMA is quite flexible. Syndiotactic 
PMMA has a much stronger preference for an all-trans backbone conformation: the 
energy of deviating backbone conformations is much higher, resulting in a strong 
domination of all trans backbone sequences. At the air water interface, the energy of 
these macromolecules will of course be strongly affected by their asymmetric 
environment, but the intrinsic energy of the polymer itself can be expected to provide 
extra boundary conditions for the conformational characteristics 
For isotactic PMMA in this favourable nearly all trans conformation, the ester groups 
are all more or less on the same side of the polymer backbone: the polymer has a 
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clear overall amphiphilic character (figure 2.6). This may allow this part of the chain 
by a simple rotation to orient itself favourably with respect to the water subphase 
similar to a low molecular weight amphiphile, with the hydrophilic part (the ester 
groups) oriented toward the water phase, and the more hydrophobic part (the main 
chain and the a-methyl groups) more or less on the air side. Furthermore, the 
flexibility of the isotactic PMMA backbone easily allows for small conformational 
adjustments so as to optimize this amphiphilic orientation, which may well extend 
over a large number of segments. Such sequences of oriented segments can be argued 
to stabilize the orientation of the individual segments, since a segment cannot rotate 
completely independently from its neighbouring segments, suggesting that some kind 
of cooperative effect may be responsible for maintaining such an amphiphilic 
segment orientation. In contrast, for syndiotactic PMMA, a complete alignment of its 
ester groups on the water side would require very strong deviations from the all-trans 
backbone conformation, which will be impeded by the low backbone flexibility. 

Figure 2.6. Schematic drawing of isotactic (i) and syndiotactic (s) PMMA in an all- 
trans conformation; carbon atoms coloured dark, oxygen atoms light. Note the am- 
phiphilic architecture of the isotactic chain. 

These suggested differences in ester group orientation in isotactic and syndiotactic 
PMMA may affect the lateral cohesive interactions between the segments in the 
monolayer. In isotactic PMMA the ester groups will tend to point downward toward 
the water phase, instead of inevitably more or less sideways as in syndiotactic PMMA 
(figure 2.6). The dipolar interactions between the ester groups can be screened by the 
water phase more effectively in the case of isotactic PMMA, whereas in syndiotactic 
PMMA these dipolar interactions may contribute significantly stronger to the lateral 
cohesive forces in the monolayer, since a selective submersion of its hydrophilic parts 
is not efficiently possible: submersion of the ester groups would be accompanied by a 
submersion of more hydrophobic parts of the molecule, which, if it were to occur, 



would cause strong hydrophobic interactions to contribute to the lateral cohesive 
interactions. The cohesive forces due to the polar ester group interactions may even 
have a self-enhancing character: the proximity of other segments may induce 
orientation and conformation changes so as to optimize their mutual interaction. 

The stereoregularity of the backbone has a similar effect on the monolayer behaviour 
of PEMA and PiBMA, which can be explained through analogous orientational 
differences as discussed for PMMA. In the case of PiBMA, the importance of the 
large ester side chain may be higher relative to the backbone in terms of determining 
the interactions with neighbouring segments. For this material we can observe 
significant differences between the conventional atactic and the highly syndiotactic 
polymer, more than for PMMA and PEMA: the isotherm of the atactic polymer 
shows a pressure onset at significantly higher areas than that of the syndiotactic 
material, and a higher compressibility in the low pressure regime. In this case it is 
conceivable that, next to the cohesive interactions, the packing efficiency of the large 
side groups plays a role, this efficiency being higher for the more stereoregular 
polymer. In general, with increasing dimensions of the ester alkyl groups, the effect 
of the stereoregularity of the backbone becomes smaller, the behaviour being 
dominated more and more by these side groups, the backbones (and ester moieties) 
being held further apart. In the case of poly(octadecylmethacrylate), no significant 
effect of the stereoregularity was observed, as reported by Schouten (16), the side 
chains completely dominating the monolayer behaviour. 

Temperature dependence. Figure 2.7 shows the isotherms of isotactic PMMA as a 
function of temperature. The low pressure part of the isotherms reflecting the 
behaviour of the monolayer in the expanded state exhibits a rather surprising 
temperature dependence: the surface pressure associated with constant area pro 
monomeric unit decreases with increasing temperature, opposite to what can be 
expected for an entropy associated surface pressure. A negative value for the 6I116T 
is seldom found, and other expanded type polymeric monolayers like e.g. poly- 
(methylacrylate) (20) and poly(viny1acetate) (19) exhibit an expansion with increasing 
temperatures. Isotactic PEMA and (to a less extent) isotactic PiBMA exhibit the 
same temperature dependence as isotactic PMMA: at higher temperatures the 
monolayers become less expanded (figures 2.8 and 2.9). 
The unexpected temperature dependence of the surface pressure of the monolayers 
of isotactic poly(methacry1ates) in the expanded condition can be explained by 
assuming temperature dependent lateral cohesive interaction energies. In poly(me- 
thylacrylate) and poly(vinylacetate), the low level of the cohesive forces leading to an 
expanded monolayer for the atactic polymers may be caused by a higher degree of 
submersion in the subphase due to the absence of an extra hydrophobic methyl 
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Figure 2.7. Pressure area isotherms of CPMMA. a: lCPC; b: 22°C; c: 32°C; d: 41°C. 

group, leading to a more effective shielding of the cohesive forces. For these latter 
polymers, we find that the monolayers expand at elevated temperatures, which is to 
be expected if the pressure is mainly determined by the entropy of the chains, 
without a strong variation in the segment contact enthalpy. 
In contrast, we suggest that the low level of lateral interactions in isotactic PMMA is 
strongly related to the onentational effects described above. The order required to 
align the ester groups of isotactic PMMA (or PEMA or PiBMA) toward the water 
phase and to minimize the lateral interactions, is likely to be disturbed by the thermal 
motions of the polymer chain as the temperature is raised, leading to higher (possibly 
self-enhancing) cohesive forces; this is reflected in a higher value for W necessary to 
fit the experimental surface pressure data (table 11), evidently overcompensating a 
first order entropy effect Surface potential measurements, discussed later on in this 
chapter, give additional indications for variations of the segmental orientation 
characteristics with temperature. 

Monolayers of poly(ethy1ene oxide) exhibit a temperature dependence similar to that 
of isotactic PMMA, although the effect is somewhat less pronounced (30). PEO is 
a water soluble polymer, that, at higher surface concentrations, adsorbs at the 
interface in a loop-tail structure, extending far into the subphase, up to distances 
comparable to the radius of gyration of the polymer in solution (31); at lower 
surface concentrations, the behaviour is probably more monolayer like (32). The 
monolayer behaviour of isotactic PMMA cannot be described following a similar 
model, since this polymer is not water soluble like PEO (an argument which is even 



Table 11. W vs. T for CPMMA. 
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stronger for isotactic PEMA and PiBMA). Still, the negative value of 6I1/6T 
observed for PEO may have a similar origin as for the isotactic poly(methacrylates): 
it is known that upon raising the temperature, the solvent quality of water with 
respect to the PEO segments is lowered (33), leading to an effectively stronger 
cohesion between the PEO segments adsorbed at the interface. 

The temperature dependence of the syndiotactic materials is different from that of 
the isotactic materials (figure 2.10): upon raising the temperature the main effects 
observed are a higher compressibility of the monolayer and a slightly higher limiting 
area, especially for PiBMA. These effects are probably related to the temperature 
dependent segment packing characteristics in the highly condensed monolayers. 

Area lA2/repeating uni t1  Area (A2/repeating unit1 

Figure 2.10. Pressure area iso- 
therms for s-PMMA (a), s-PEMA 
(b) and s-PiBMA (c) at IBC (solid 
lines) and 41°C (dashed lines). 
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B. Surface potential measurements. 

More information about the conformation of the poly(methacry1ates) at the air water 
interface can be inferred from surface potential measurements. Crisp (1) already 
reported surface potential measurements for a series of (atactic) poly(methacry1ates). 
Although exploited for a long time, the measurement of the surface potential of a 
monolayer still suffers from difficulties in the quantitative interpretation of the data. 
This is due to the fact that the monolayer is not easily captured in an adequate 
model, and that the contribution of phenomena like e.g. the reorientation of the 
subphase molecules due to the presence of the monolayer is not well understood 
(17). The dipole moments deduced from the surface potential measurements are 
invariably too low compared to values known from bulk or solution measurements. 
Still, the values obtained appear to be very useful for mutual comparisons. Alexander 
(34, 35) tried to interpret the surface potential data in a more quantitative way, 
extracting rather detailed orientations of functional groups at the air water interface, 
using more or less empirically determined group contributions for this purpose. 
Mobius more recently applied a similar approach, distinguishing contributions from 
the monolayer water interface and the monolayer air interface (36). It is clear that 
such detailed analyses should be used with caution, especially in cases (such as the 
poly(methacry1ates)) where there is probably not one single orientation, but where 
the surface potential is simply an average of a great variety of conformations present 

The best way to discuss the surface potential measurements is in terms of the p,, the 
projection of the dipole moment of the repeating unit along the axis perpendicular to 
the interface. This value can be calculated from the surface potential data by the 
relation (17): 

with: p,: the surface dipole moment per segment (in mD), 
A: the molecular area in k per repeating unit, 
AV: the surface potential in millivolts, 

Since upon pressure build up, the monolayers yield a decreasing value for the dipole 
moment due to deformations that may occur, the most useful quantity to discuss in 
terms of the undisturbed monolayer is the value for p, extrapolated to zero surface 
pressure. 
A typical example of a surface potential measurement is given in figure 2.11: the 
surface potential is measured simultaneously with the surface pressure. The gradual 
increase of the surface potential upon compression is the direct consequence of the 



increasing surface concentration of monomer units; at low surface concentrations, the 
surface dipole moment per segment falls slowly upon compression. The results for 
the values of p , ,  are summarized in table 111. 

Table 111. I A . , , ~  fin D). 

Material 10°C 21°C 32°C 

PMMA 

isotactic 
atactic 

syndiotactic 

PEMA 

isotactic 
atactic 
syndiotactic 

PiBMA 

isotactic 0.52 0.505 0.485 

atactic 0.46 0.455 0.46 

syndiotactic 0.42 0.42 0.42 

Recording the surface potential of monolayers of syndiotactic (and atactic) PMMA 
and PiBMA yields non-reproducible, fluctuating results up to close to the onset of the 
pressure build up, probably due to the fact that these monolayers do not cover the 
surface homogeneously, but tend to form large patchy structures, unlike the expanded 
monolayers of the isotactic materials. Still, in all cases the dipole moments could be 
determined with an accuracy of a few percent From the results listed in table 111, we 
can see that for PMMA as well as for PEMA and PiBMA, the values for the isotactic 
polymers are significantly higher than for the syndiotactic materials, with values for 
the atactic material close to those of the syndiotactic polymers. At the same time, the 
values for the dipole moments increase with larger ester alkyl substituents (as was 
observed already by Crisp (I)) ,  not only for the syndiotactic samples, but also for the 



isotactic polymers. Remarkable is the temperature dependence of the p,,: for the 
syndiotactic polymers, there appear to be no significant variations in the temperature 
range studied, whereas for the isotactic polymers a consistent trend is observed of 
decreasing p, values with increasing temperature. 

Area (A2/repeating u n i t )  

Figure 2.11. Surface potential (solid line), p~ (dashed line) and surface pressure for 
a ~onolayer of i -PMMA at 1CPC. 

For the interpretation of these results, it is important to discuss the dipole charac- 
teristics of the poly(methacry1ates). The dipole moment of these materials is mainly 
associated with the ester side group (37), and the value found for p, will be lar- 
gely determined by the spatial orientation and the conformation of this ester group. 
Relevant variables include: 
-the angle of the C(backbone)-C(=O) bond with respect to the water surface: this 
angle is subject to restrictions imposed by the tacticity of the backbone as discussed 
in the previous section. 
-the angle of rotation over this bond: the dipole moment of the ester group makes an 
angle with this bond, being close to parallel to the C=O bond 
-the position of the ester alkyl group with respect to the C(backbone)-C(=O) bond; 
for a trans conformation, the absolute value of the dipole moment is lower than for a 
cis conformation. The direction of the dipole moment vector within the ester group is 
also different for these two conformations: in the cis conformation this vector makes 
a larger angle (-15") with the C=O bond than in the trans conformation. 
The segments at the air water interface will tend to orient themselves as favourably 
as possible, trying to accommodate their polar parts toward the water phase. Simul- 
taneously, a conformation is favoured such that the dipole moment perpendicular to 



the interface is high (1). At the same time, the monolayer itself will influence the 
force field that the segments experience, this effect being especially strong in the case 
of high (local) surface concentrations. 
For isotactic PMMA, at low surface concentrations, the segments have a large degree 
of freedom so as to attain a favourable conformation of their ester groups: the 
backbone will not impose important restrictions, as discussed in the previous section. 
Also, because of the expanded nature of the monolayer, cohesive forces will be low, 
so that the optimal orientation of the ester groups is determined mainly by the water 
subphase, and not by interactions with neighbouring segments (apart from those to 
which they are covalently connected). The syndiotactic polymers, on the other hand, 
will experience strong lateral cohesive interactions, which will compete with the air 
water interface in determining the spatial orientation and conformation of the ester 
groups. As suggested before, the backbone of the syndiotactic polymer will probably 
force the ester groups to point more or less sideways; still, this is not a direct 
inhibition for the ester groups to orient their dipole moment toward the interface, 
since this is oriented more along the C=O bond than parallel to the C(backbone)- 
C(=O) bond. An efficient orientation of the dipole moment is still possible by a 
suitable rotation over this latter bond, leading to interface structures as proposed by 
Crisp (1). The projection of the dipole moment along the z-axis will be very sensitive 
to variations in this rotation angle though. The strong cohesive forces in the s-PMMA 
monolayer are very likely to affect this orientation: the orientation that is optimal for 
the segment's interaction with the interface, will not be the most favourable with 
respect to the interaction with the neighbouring segments which are very close: e.g. a 
high value of the parallel dipole moments of two neighbouring segments may give 
rise to an unfavourable contribution to their interaction energy. Apart from this, the 
orienting influence of the water subphase on the s-PMMA segments may have been 
less pronounced to begin with because of the unfavourable (less amphiphilic) chain 
architecture. The overall orientational and conformational characteristics of the s- 
PMMA monolayer will therefore be the result of the competing forces exerted by the 
interface and the surrounding segments in the monolayer. It can easily be seen that 
this may lead to deviations in the rotation position of the ester group, in the position 
of the methoxy group (a significant amount of trans conformers present (strongly 
dominating in bulk PMMA (38))), and maybe also in the orientation of the ester 
group with respect to the backbone. Evidently, the average p, will be lowered due to 
these cohesive interactions. This effect is comparable to the lowering of the p, due 
to pressure effects: the strong cohesion induces analogous deformation effects. 

For the materials with longer ester alkyl chains, higher values for p ,  are observed. 
These large alkyl groups can be expected to cause several effects. In the first place, 
the growing unfavourable interaction between the water and this hydrophobic side 
chain will restrict the structural variation, since the rotational energy profile will have 
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a more pronounced minimum. This is probably the reason for the increase in the 
dipole moment for the isotactic series. For the syndiotactic materials an extra effect 
will be steric hindrance caused by the large side groups. This causes the backbones 
(and the polar parts of the ester groups) to be further apart in the condensed state, 
leading to smaller influences of the cohesive interactions on the ester group orien- 
tation and conformation. The p~ of the syndiotactic materials exhibits a stronger 
dependence on the length of the alkyl group than the isotactic materials, which may 
be due to this additional effect. The values found for the s-PiBMA samples are 
comparable to values that can be calculated based on Alexander's functional group 
contributions and monolayer structures as those suggested by Crisp ( I ) ,  with domina- 
ting cis ester conformations. 

The p, temperature dependence observed provides useful clues for the interpretation 
of the monolayer behaviour. For the syndiotactic materials, in the condensed state, 
no significant variations are observed For the isotactic polymers in the expanded low 
cohesion condition, we do observe variations of the dipole moment with temperature, 
indicating variations in the orientation or conformation of the polymer segments. 
Higher temperatures probably lead to higher mobilities and more structure variations: 
the decrease in amphiphilic orientational order may thus be responsible for the lower 
dipole moments observed. These data correlate well with the observed increase in 
cohesive interactions in the monolayers of the isotactic materials. 

C. Infrared experiments. 

All polymers described in this chapter can be transferred to substrates to build mul- 
tilayers, which can be studied by IR techniques in order to gain some insight in their 
orientational or conformational charcteristics. Figures 2.12 and 2.13 show reflection- 
absorption IR spectra of gold supported multilayers of syndiotactic PMMA and syn- 
diotactic PiBMA, respectively. These spectra may contain information on the 
orientation of the functional groups because of the fact that when using parallel 
polarized radiation, only vibrations associated with dipole transition moments with a 
component perpendicular to the substrate can absorb IR-radiation. We can see that 
the spectra of the as-deposited multilayers deviate somewhat from the spectra of the 
same films after a heat treatment above their Tg. The most significant differences are 
found in the ester vibrations in the 1000-1300 cm-' region, especially for the PiBMA 
films. Transmission spectra of multilayers on ZnS show opposite deviations, in- 
dicating that the observed difference~ are indeed orientation effects. 
For these films, surface potential measurements indicate that the carbonyl group has 
to point more or less downward towards the water phase. If this orientation were to 
be retained upon transfer, we would expect to find a relatively strong C=O ab- 



sorption peak in the reflection spectrum of the as-deposited multilayer compared to 
the isotropic film. This is not observed in the infrared spectra: on the contrary, the 
carbonyl band appears to be even slightly lower relative to the rest of the spectrum 
in the as-deposited film. Naito (9) already reported similar phenomena in transferred 
layers of atactic PiBMA, an observation which lead him to propose a structure with 
the ester groups located more or less at the air side of the backbone, with the 
carbonyl groups lying almost parallel to the water surface. It is clear that such a 
structure is contradicted by the surface potential results, which demand a more 
perpendicular orientation of the carbonyl groups, as e.g. suggested by Crisp (1). 

Figure 2.12. Grazing incidence reflection ZR spectra of s-PMMA transferred to a 
gold substrate (transfer pressure 7 m N l m ) ,  before (a) and afrer (b) annealing at 
140°C. 

The apparent contradiction of the infrared results and the surface potential measure- 
ments suggests that the structure of the multilayers may not be identical to that of 
the monolayer on the water surface. This is not surprising: upon transfer, the 
monolayer loses its contact with the water surface and thus the driving force for the 
alignment of the carbonyl groups perpendicular to the interface. Since the monolayer 
is not fixed in any kind of crystalline order, we can expect that the monolayer 
structure is subject to relaxation processes. All syndiotactic materials studied have 
glass transition temperatures far above room temperature, so that extensive backbone 
motions are unlikely. In contrast, rotation of the ester group around the bond with 
which it is connected to the backbone, is feasible: this rotational motion is usually 
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Figure 2- 13. GIR spectra of s-PiBMA transferred to a gold substrate (transfer 
pressure 7 m Nl m), before (a) and after (b) annealing at I W C .  

associated with the 5-relaxation observed in mechanical and dielectric measurements 
of these materials. At deformation frequencies of 1 CIS, this (broad) relaxation band 
has its maximum at 30°C (39) for PMMA. The 5-relaxation process is rather insen- 
sitive to changes in the alkyl side group, and mobilities can be expected for PEMA 
and PiBMA (39). Since upon transfer, the monolayer will no longer feel the forces 
exerted by the subphase, the original monolayer structure will become unstable (due 
to the unfavourable parallel alignment of the ester dipoles), and will relax by rotation 
of the ester group. The result will be that the average angle of the carbonyl group 
with respect to the substrate is altered. This relaxation process will not lead to an 
isotropic structure, since it does not involve the polymer main chain: the average 
angle of the link between the backbone and the ester group may largely be retained. 
The anisotropic orientation of the ester group can still be inferred from the orien- 
tation effects in the ester vibrations in the 100&1300 cm-' region; unfortunately, these 
absorption bands are all associated with coupled or delocalized vibrations, and the 
direction of their dipole transition moments with respect to the ester group is not 
clear (40), prohibiting detailed structural interpretation. 
The spectra of syndiotactic PMMA show smaller deviations between the as-deposited 
and the isotropic films, since the structure of the monolayer will already be deformed 
by the high cohesive forces, as argued earlier on, and as can be deduced from the 
surface potential measurements. It is interesting to see that multilayers transferred at 
higher surface pressures yield spectra which are closer to the isotropic spectra, 



indicating a higher degree of deformation in the monolayer, with the structure being 
less and less determined by the water subphase (figure 2.14). 

Figure 2.14. GIR spectra of s- 
PMMA transferred at 2.5 mNlm 
(dotted), 12 mNlm (dashed), and 
after annealing at 140°C (solid 
line). 

IR spectra of isotactic PMMA are reported in chapter 3: it is observed that upon 
transfer from the expanded condition, multilayers are formed yielding spectra which 
do not deviate significantly from isotropic spectra (41). In this case, we can ima- 
gine that backbone relaxation is possible upon transfer, since in the expanded state 
the segments can be expected to possess a high degree of mobility. 

Poly(methacrylic acid). 

Poly(methacry1ic acid) (PMAA) can be spread from DMF/chloroform mixtures onto 
the water surface. In the case of syndiotactic (or conventional) PMAA, spreading on 
a pure water subphase does not result in a stable surface film: the polymer is 
dissolved in the subphase, and no pressure is detected upon compression. Isotactic 
PMAA on the other hand, forms well-behaved monolayers, instantaneously stable 
upon compression, with a collapse pressure of approximately 12 mN/m (figure 2.15); 
the tacticity evidently has a very strong effect on the stability of the molecules at the 
air water interface. 
As for the poly(methacrylates), the differences in the monolayer behaviour of the 
stereoregular PMAA's can be traced back to the structural differences of the back- 
bone. The acidity of the carboxyl groups in isotactic PMAA is somewhat less than 
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Figure 2.15. Pressure area isotherms of isotactic poly (merhacrylic acid). a: 10°C: b: 
21°C; c: 41°C. 

that of s-PMAA (42, 43), but this effect is small (several tenths of a pK, unit), 
and cannot be responsible for the extreme differences observed. More relevant is the 
fact that, due to the more amphiphilic character of the isotactic material, its interac- 
tion with the air water interface will be more favourable, following the same ar- 
guments as given for the poly(methacry1ates). Parallel to this effect, the water solubi- 
lity is lower. Isotactic PMAA is known to be sensitive to hydrophobic association 
processes at low degrees of ionization (for a<0.35 (42, 44)). The effects of these 
hydrophobic association processes are stronger for the isotactic polymers than for the 
syndiotactic polymers, as can be inferred from the results of Barone (42) or Naga- 
sawa (43), a phenomenon that is probably also directly correlated with the more am- 
phiphilic architecture of the isotactic chains. In this context, the air water interface 
can be imagined to act as an infinite, strongly hydrophobic wall for adsorption of 
isotactic PMAA from solution, a process for which s-PMAA is less susceptible. 
Since isotactic PMAA is water soluble, it is tempting to compare its monolayer 
behaviour with that of poly(ethy1ene oxide), another water soluble material. The 
sharp collapse transition for both materials marks the surface concentration in 
equilibrium with the dissolved polymer: further compression simply drives the 
polymer into solution. As for PEO (30), the collapse pressure increases with increa- 
sing temperature, opposite to the behaviour of the poly(methacry1ates). This obser- 
vation for i-PMAA can be understood, if we consider the adsorption process to be 
caused by hydrophobic association type phenomena. Since hydrophobic association is 
entropy driven (45), adsorption can be anticipated to be stronger at higher tempe- 
ratures, leading to higher collapse pressures and higher equilibrium surface coverages. 



CONCLUSIONS. 

The monolayer behaviour of the polymethacrylates studied is strongly dependent on 
the tacticity of the backbone. In all cases, the isotherms of the isotactic polymers are 
characterized by an expanded tail extending to large areas, whereas monolayers of 
the syndiotactic polymers exhibit a more condensed character. The latter materials 
have a smaller dipole moment perpendicular to the water surface. The differences 
can be explained by the different spatial orientation of the ester and methyl side 
groups with respect to the backbone and the air water interface, leading to stronger 
cohesive interactions in the syndiotactic polymers than in the isotactic polymers, the 
isotactic polymers being able to assume a more natural amphiphilic orientation. The 
effects of the tacticity of the backbone become, less pronounced with increasing 
length of the ester alkyl side chain. 
Infrared measurements of multilayers of the syndiotactic polymers cannot be used to 
deduce the water surface orientation of the polymers, since relaxation processes with 
respect to the rotation angle of the ester group appear to be operative. 
Isotactic poly(methacry1ic acid) forms stable monolayers on pure water subphases, in 
contrast to syndiotactic poly(methacry1ic acid). 

REFERENCES. 

D. J. Crisp, J. Colloid Sci. 1,  161 (1946). 
T. Nakahara, K. Motomura, R. Matuura, J. Polym. Sci. Part A-2 4,649 (1966). 
T. Nakahara, K. Motomura, R. Matuura, Bull. Chem. Soc. Jpn. 40,495 (1967). 
G. Duda, A.J. Schouten, T.A. Amdt, G. Lieser, G.F. Schmidt, C. Bubeck, G. 
Wegner, Thin Solid Films 159, 221 (1988). 
P. Baglioni, L. Dei, G. Gabrielli, Colloid Polym. Sci. 264, 241 (1986). 
G. Caminati, G. Gabrielli, E. Ferroni, Colloid Polym. Sci. 266, 775 ( 1988). 
G. Caminati, G. Gabrielli, M. Puggelli, E. Ferroni, Colloid Polym. Sci. 267,237 
(1989). 
S. Wu, J.R. Huntsberger, J. Coll. Interface Sci. 29, 138 (1969). 
K. Naito, J. Coll. Interface Sci. 131,218 (1989). 
H. Ringsdorf, B. Schlarb, J. Venzmer, Angew. Chem. 100, 117 (1988). 
N. Beredjick, R.A. Ahlbeck, T.K. Kwei, H.E. Ries, Jr., J. Polym. Sci. 46, 268 
(1960). 
N. Beredjick, H.E. Ries Jr., J. Polym. Sci. 62, 864 (1962). 
J.C.H. Hwa, H.E. Ries, Jr., J. Polym. Sci. Polym. Lett. 2, 389 (1964). 
J.E. Sutherland, M.L. Miller, J. Polym. Sci. Polym. Lett. 7 ,  871 (1969). 
J.A. Henderson, R.W. Richards, Polym. Prepr. 31(2), 83 (1990). 
A.J. Schouten, G. Wegner, Makromol. Chem., in press 



G.L. Gaines, 'Insoluble monolayers at liquid-gas interfaces', Interscience 
Publishers, New York (1966). 
M. Kawaguchi, M. Sano, Y. Chen, G. Zografi, H. Yu, Macromolecules 19,2606 
(1986). 
K.H. Yoo, H. Yu, Macromolecules 22, 4019 (1989). 
J. Llopis, J. A. Subirana, J. Colloid Sci. 16, 618 (1961). 
K. Motomura, R. Matuura, J. Colloid Sci. 18, 52 (1963). 
S.J. Singer, J. Chem. Phys. 16, 872 (1948). 
G. Gabrielli, E. Ferroni, M.L. Huggins, Progr. Colloid Polym. Sci. 58, 201 
( 1975). 
B.B. Sauer, H. Yu, M. Yazdanian, G. Zografi, M.W. Kim, Macromolecules 22, 
2332 (1989). 
D. Poupinet, R. Vilanove, F. Rondelez, Macromolecules 22, 2491 (1989). 
R. Vilanove, F. Rondelez, Phys. Rev. Lett. 45, 1502 (1980). 
M. Vacatello, P.J. Flory, Macromolecules 19, 405 (1986). 
P.R. Sundararajan, Macromolecules 12, 575 (1979). 
P.R. Sundararajan, Macromolecules 19,415 (1986). 
D. J. Kuzmenka, S. Granick, Macromolecules 2 1, 779 ( 1988). 
A.R. Rennie, R.J. Crawford, E.M. Lee, R.K. Thomas, T.L. Crowley, S. Roberts, 
M.S. Qureshi, R.W. Richards, Macromolecules 22, 3466 (1989). 
M. Kawaguchi, A. Yoshida, A. Takahashi, J. Coll. Interface Sci. 102, 356 (1984). 
P. Gregory, M.B. Huglin, Makromol. Chem. 187, 1745 (1986). 
A.E. Alexander, J.H. Schulman, Proc. Roy. Soc. (London) A161, 115 (1937). 
A.E. Alexander, Proc. Roy. Soc. (London) A179,776 (1942). 
V .  Vogel, D. Mobius, J.  Coll. Interface Sci. 126, 408 (1988). 
A. Kuntman, I. Bahar, B.M. Baysal, Macromolecules 23, 4959 (1990). 
P.R. Sundararajan, P.J. Flory, J. Am. Chem. Soc. 96,5025 (1974). 
N.G. McCrum, B.E. Read, G. Williams, 'Anelasic and dielectric effects in 
polymeric solids', Wiley & Sons (1967). 
I. Lipschitz, Polym. Plast. Technol. Eng. 19(1), 53 (1982). 
Chapter 3 of this thesis. 
G. Barone, V. Crescenzio, F. Quadrifoglio, Ric. Scient. 35(2), 1069 (1965). 
M. Nagasawa, T. Murase, K, Kondo, J. Phys. Chem. 69,4005 (1965). 
J.C. Leyte, H.M.R. Arbouw-van der Veen, L.H. Zuiderweg, J. Phys. Chem. 76, 
2559 (1972). 
E.M. Kosower, 'An introduction to physical organic chemsistry', Wiley, New 
York (1968). 



Chapter Ill. 

Monolayer crystallization of isotactic PMMA 

ABSTRACT. The transition observed at approximately 8 m Nlm in 
pressure area isotherms of isotactic PMMA is attributed to the for- 
mation of crystalline double helical structures from the amorphous 
expanded condition of the monolayer at lower surface pressures. The 
monolayer crystallization process is suggested to be characterized by a 
nucleation stage, followed by a onedimensional growth of the mono- 
layer crystallites, and is in many respects analogous to corresponding 
melt crystallization processes. The crystalline monolayers can be 
transferred to solid substrates to yield (upon annealing) highly crystal- 
line .films with pronounced orientation characteristics: the helical 
structures are oriented parallel to the substrate and possess a clear 
preferential orientation in the X Y  plane. This lateral orientation is 
shown to be a function of monolayer crystallization conditions and 
sample molecular weight, and can be explained in terms of the rheo- 
logy of the monolayer in the flow associated with the transfer process. 
The ,fact that a helical orientation can be induced perpendicular to the 
dipping direction, suggests that the monolayer crystallires behave as the 
rigid structures in the monolayer, rather than the individual helices. 

INTRODUCTION. 

Sofar, the behaviour of the poly(methacry1ates) at low surface pressures was dis- 
cussed in terms of the behaviour as a twodimensional solution. The characteristic 
transition that is observed in the pressure area isotherms of isotactic PMMA (as 
reported in the previous chapter) at higher surface pressures was not addressed in 
this context; this chapter will be completely devoted to the interpretation of the 
nature of this transition. 
Clear transitions observed in pressure area isotherms have been attributed to a range 
of causes: a very characteristic transition is that from the expanded to the condensed 
state in monolayers of amphiphilic molecules with long hydrocarbon tails (1). This 
transition in fact corresponds to a crystallization process, with the hydrocarbon chains 
assuming some type of hexagonal packing in the monolayer; in the 'flat' region of the 
isotherms, the expanded phase and the condensed phase coexist Other phenomena 
that can be associated with a clear transitions in the pressure area isotherms, include 
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monolayer to bilayer transitions (e.g. observed for some helical substances (2, 3)), 
or collapse processes, with the monolayer material being pushed into the subphase or 
into an overlayer no longer in contact with the interface; in the latter case the 
monolayers no longer stabilize beyond the transition. 
In order to elucidate the nature of the transition discussed in this chapter, surface 
pressure and surface potential measurements of the monolayers at the air water 
interface are used; an important role will also be played by infrared measurements 
on transferred monolayers. As discussed in the chapter 1, FT-IR is a versatile techni- 
que, capable of giving more than compositional information: the spectra may contain 
conformational signatures, and if an appropriate experimental setup is chosen, they 
may also carry orientational information (4). In the characterization of multilayers 
of isotactic PMMA, we will encounter both of these aspects of the IR technique. 

EXPERIMENTAL. 

A description of LB apparatus and procedures can be found in appendix 1, which 
also contains the characteristics of the materials used. FT-IR experimental infor- 
mation can also be found in this appendix, whereas the calculational procedures for 
the simulation of IR spectra are elaborated on in appendix 2. 

RESULTS AND DISCUSSION. 

A. Monolayer behaviour. 

Compression isotherms. The transition observed at about 8 mNlm in the pressure 
area isotherms of monolayers of isotactic PMMA (figure 2.1 of chapter 2) is charac- 
teristic for this material: monolayers of syndiotactic (or atactic) PMMA exhibit no 
such phenomenon. The isotherm of isotactic PMMA shows another inflection point at 
about 20 mN/m; above this surface pressure, the monolayer no longer becomes 
stable so that this must probably be attributed to a collapse phenomenon Monolayers 
of isotactic PMMA become stable in the expanded regime, up to surface pressures of 
5 mN/m, as well as at 12 mN/m, before and beyond the monolayer transition respec- 
tively. At low pressures the monolayer is instantaneously stable when compression is 
paused; in the latter case the time required for complete stabilization is about 3040 
minutes. 



In figure 2.7 of chapter 2, the isotherms of isotactic PMMA are reported as a 
function of temperature. The aforementioned transition can be seen to shift to higher 
surface pressures upon raising the temperature, suggesting a negative entropy change 
to be associated with the transition process involved. 

area (A2/monomeric unit) 

Figure 3.1. Pressure area isotherms of i -rMMA (#m8,  T=22"C). Compression speed 
0.25 (a). 0.67 (b), 2 (c), 4 (d)  and 12 (e) A2/monomenc unifminute. 

A pronounced effect of the compression speed on the shape of the pressure area 
isotherms can be observed (figure 3.1). As the compression rate is lowered, the 
pressure where the transition becomes evident in the isotherm drops significantly. At 
the same time, a 'dip' (a drop in the surface pressure as compression proceeds just 
past the onset of the transition) remains observable even at very low compression 
rates. The strong compression speed dependence clearly indicates that the monolayer 
transition is associated with a relatively slow process, with the conversion speed 
dependent on the surface pressure. The 'dip' observed in the isotherms is a more 
puzzling phenomenon. If a simple phase transition was to take place between two 
phases, with the transformation speed only dependent on the surface pressure, one 
would anticipate the pressure to remain constant or in fact rise slowly during the 
transition process. An interpretation of the pressure dip in terms of an 'overshoot' 
mechanism cannot explain the fact that it remains clearly observable even at low 
compression speeds, down to 0.2 k /monomeric unit minute. 
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Hysteresis. From hysteresis experiments we learn that the monolayer compression is 
perfectly and instantaneously reversible as long as the monolayer is compressed up to 
an area corresponding to a point in the isotherm before the transition, up to pres- 
sures of 5 mN/m. When the monolayer is compressed beyond this transition (figure 
3.2), the decompression isotherm does not follow the compression isotherm: the 
surface pressure drops sharply at the start of the decompression, and approaches the 
compression isotherm only at relatively large areas: the monolayer compression is not 
instantaneously reversible beyond the transition. Upon recompressing the same 
monolayer (starting from 40 Az/monomeric unit), the surface pressure perfectly 
follows the same isotherm as in the first compression run; evidently, no irreversible 
changes have occurred in the monolayer during the first compression run: upon 
decompression, a condition is eventually reached identical to that before compression. 

area (A2/rnonomeric u n i t ]  

Figure 3.2. Hysteresis experiments for I-PMMA (#m8,  T=22"C, compression and 
decompression speed 2 R2/monomenc unit.minute). 

Molecular weight effects. Although in several publications (1, 5, 6) it is argued 
that the molecular weight is not important in determining the pressure area isotherms 
of polymeric substances, varying the molecular weight of isotactic PMMA yields 
interesting results (figure 3.3). Whereas the expanded regime appears to be unaf- 
fected by changes in the molecular weight, a striking observation is the fact that, at 
22°C and using a compression speed of 2 A2/monomeric unitminute, starting from 
molecular weights of approximately 25.101, the transition phenomenon in the 
compression isotherms becomes less and less pronounced with decreasing molecular 
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Figure 3.3. Compression isotherms of i-PMMA of various narrow molecular weight 
,fractions (22°C). &fn (.103) indicated in jigure; isotherms are cut oif at 20 mNlm. 

weights; in the isotherms of samples #m20 and #m21 ( R n  4.103 and 2.8.103 respec- 
tively), the transition is no longer detectable and the monolayers appear to remain in 
the expanded condition until they collapse. The fact that the stereoregularity of the 
lowest molecular weight samples is somewhat less perfect than that of the higher 
molecular weight samples, cannot be held responsible for the complete suppression of 
the transition, since for higher molecular weight fractions of similar tacticities, the 
transition can still clearly be observed. The lower stereoregularity may be an 
additional cause for the suppression of the transition in these samples, though, since 
upon further lowering the tacticity of higher molecular weight samples (down to 66% 
isotactic triads), the transition in the isotherm is observed to become less pronounced 
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The extent of the transition observed in isotherms of materials with 'borderline' 
molecular weights (5.103-25.1@) is very sensitive to variations in compression speed 
and temperature. Under conditions that are more critical for the monolayer transition 
to be observed (higher temperatures, less perfect tacticities, higher compression 
speeds), the critical molecular weight regime can be observed to extend up to even 
higher molecular weights. 
For samples with molecular weights above 25.16, up to more than one million, the 
pressure area isotherms are effectively identical. 

Table I. Typical transfer ratios for i- PMMA. 

5 mN/m 12 mN/m 
Molecular weight down up  down up 

low ( <20.103) 0.2 -0.3 1.0 
intermediate 0 - 0.3 1.0 0.4 1.0 
high (>200. 10') 0.4 1.0 - 0.6 

The nature of the  transition: an  I R  study. In order to elucidate the nature of the 
transition in the isotherm of isotactic PMMA, multilayers built by transfer of isotactic 
PMMA monolayers at surface pressures below (5 mN/m) and above (12 mN/m) the 
transition pressure, were studied with FT-IR techniques. Transfer ratios, characteristic 
for transfer to gold substrates, are listed in table I. 

Grazing incidence reflection infrared spectra of Langmuir Blodgett layers of isotactic 
PMMA, transferred to gold substrates at surface pressures of 5 mN/m, are shown in 
figure 3.4c, together with an isotropic bulk transmission spectrum (figure 3.4a), a 
calculated GIR spectrum based on optical constants derived for isotropic amorphous 
isotactic PMMA (figure 3.4b, the calculation procedure is described in appendix 2), 
and the GIR spectrum of a thin layer of i-PMMA that was heated to above 170°C 
(above Tg and Tm) in order to remove all possibly remaining order and orientation 
(figure 3.4d). Because of the high absorption coefficients of PMMA, the GIR spectra 
are severely distorted with respect to the normal bulk transmission spectra (as is 
evident from a comparison of figure 3.4a and 3.4b), which makes it necessary to 
calculate the reflection spectrum of a film of isotropic amorphous i-PMMA so as to 
have a reference spectrum to compare with the experimental spectra. Comparing the 
experimental GIR spectrum of the multilayer transferred at 5 mN/m, with the 



Chapter 3 

simulated spectrum for an amorphous isotropic sample, we observe that these spectra 
are almost identical. We can conclude that there are no indications that the structure 
of the multilayer deviates significantly from the amorphous bulk structure in terms of 
orientation or conformation. A thin film of isotactic PMMA, heated to above 170°C 
and assumed to be completely amorphous and isotropic, also yields a GIR spectrum 
practically identical to the 5 mNlm as-deposited multilayer and the calculated 
amorphous spectrum. Probably, during transfer at low surface pressures, the mono- 
layers are deposited in a more or less random segmental conformation, the polymer 
chains being rather flexible in the expanded condition of the monolayer. 

Wavenumbers 

Figure 3.4. IR spectra of isotactic PMMA: (A) Bulk transmission spectrum of 
amorphous CPMMA; (B) calculated GIR spectrum of amorphous i-PMMA on gold; 
(C) GIR spectrum of an as-deposited multilayer of CPMMA, transfer pressure 5 
m Nlm; (D) GIR spectrum of a thin film of i-PMMA on gold after heating to 170'C. 
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The GIR spectrum recorded from a multilayer transferred at 12 mN/m, on the other 
hand, deviates significantly from the spectrum calculated for isotropic amorphous i- 
PMMA (figure 3.5a). The features that distinguish this spectrum from the calculated 
amorphous spectrum include in the first place a strong difference in the intensities of 
the partially overlapping bands at 1265 and 1255 cm", which have been reported to 
be conformation sensitive (7, 8, 9, 10). Other deviations include a shoulder e- 
merging at 1296 cm", a narrowing (and a shift) of the broad band at 1154 cm-', some 
changes in the C-H bending vibrations around 1440 cm-' and in the a-methyl and 
methylene C-H rocking vibrations around 950 and 840 cm-I, respectively. The C-H 
stretching region (2800-3100 cm-', not shown in figure 3.5) also exhibits some 
differences. For a list of assignments of the absorption bands in the spectrum of 
isotactic PMMA, we refer to table I of appendix 3. 

1500 1300 1100 900 
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Figure 3.5. (a) GZR spectrum of an as-deposited multilayer of i-PMMA, transfer 
pressure 12 mNlm (solid line); calculated GZR spectrum for a thin $film of amorphous 
i-PMMA on gold (dashed line); (b) calculated GIR spectrum for an isotropic thin film 
of crystalline CPMMA on gold. 



For all the observed deviations indicated in the previous paragraph, similar discre- 
pancies can be observed when comparing a bulk spectrum of amorphous isotactic 
PMMA with a spectrum of crystalline i-PMMA. This is illustrated by figure 3.5, in 
which simulated GIR spectra based on optical constants derived from amorphous and 
crystalline i-PMMA are shown. When using (partially) deuterated samples of isotactic 
PMMA (a-methyl CD,, ester methyl CD,, backbone CD, and perdeuterated MMA- 
D,), it can be seen that the grazing incidence reflection spectra of multilayers 
transferred at 12 mN/m also deviate from the calculated amorphous spectra, and 
again the differences can be traced back to similar differences between the bulk 
transmission spectra of amorphous and crystalline samples of these materials For the 
a-CD, and the ester methyl CD, materials, this is illustrated in figure 3.6 and 3.7, 
respectively. On the basis of these data, it can be concluded that the structure of 
isotactic PMMA in these multilayers must have definite crystalline characteristics. 

Figure 3.6. GIR spectrum of a multilayer of i-PMMA-OCD, transfer pressure 12 
mNlm (solid line), and a calculated GIR spectrum for an amorphous thin jilm of this 
material (dashed line). 

The crystal structure of isotactic PMMA has been subject of some debate, but is now 
generally accepted to be a 10, double helix ( 1 1 ,  12). The similarity between the 
infrared characteristics of the multilayers transferred at 12 mN/m and the crystalline 
bulk samples strongly suggests that during the transition, analogous double helical 
structures are formed in the monolayer at the air water interface upon compression. 
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Wavenumbere 

Figure 3.7. GZR spectrum of a multilayer o f  i-PMMA-a-CD,, transfer pressure 12 
mNlm (solid line), and a calculated GZR spectrum for an amorphous thin film of this 
material (dashed line). 

When recording the surface potential of the monolayers upon compression, we see a 
very clear discontinuity in the trend of a rising potential upon compression, exactly at 
the onset of this phase transition (chapter 2, figure 2.11): the average dipole moment 
per segment starts to fall rapidly. This is in agreement with the idea of helical struc- 
tures being formed, implying that all segments can no longer be in amphiphilic 
contact with the interface (and thus contribute fully to the surface potential), since 
the conformation of the chains is fixed in the helical structure. 
The interpretation of the monolayer transition in terms of a double helix formation 
process will prove to be adequate in explaining the observed monolayer and mul- 
tilayer behaviour discussed in the rest of this chapter. 

Limiting a r e a  Calculating the area pro monomeric unit that a 10, double helix, 
lying flat on the water surface, would occupy on the basis of the crystal parameters 
reported in literature (helix diameter 12.5 A, pitch 21.1 A), yields a value of 13.2 
Az/monomeric unit (11, 12). Considering the post transition region of an isotherm 
that was recorded stepwise, with the film being allowed to stabilize after each 
pressure step so as to eliminate kinetic effects, we find upon extrapolation to zero 
surface pressure a limiting area of approximately 14.5 klmonomeric unit (figure 
3.8), which is not far from the value calculated for the double helical structure. The 
deviation of the extrapolated value to the high area side can easily be caused by the 
presence of a small fraction of 'amorphous' material with a high compressibility. 
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Figure 3.8. Specific area o f  an i-PMMA monolayer .following stabilization, as a 
function of surface pressure. 

Another helical structure that was originally proposed for crystalline isotactic PMMA 
(a 5, single helix) (13), was later dismissed, when the concept of the double helix 
was introduced A helix structure such as that can easily be seen to occupy a sig- 
nificantly larger area pro monomeric unit at the air water interface, as compared to 
the values calculated for the 10, double helix, and as compared to the experimentally 
determined limiting areas. Analogous arguments were used to reject the single helix 
hypothesis for the threedimensional crystal structure: no ways were found to ac- 
comodate four of these helices in the unit cell. 
In literature, several polymers have been reported to retain a helical conformation, 
present in the spreading solution, at the air water interface (3, 14, 15, 16, 
17), but isotactic PMMA appears to be the first example of a polymer that ac- 
quires such a structure as a result of the surface pressure build-up during compres- 
sion. As far as we know, no other synthetic materials assuming a double helix 
structure at the air water interface have been reported. In chapter 5, another example 
of a double helical structure formed at the air water interface will be discussed. 

Monolayer thermodynamics Having identified the structural nature of the 
isotherm transition, we can try and use this (double) helix formation hypothesis to 
explain the monolayer behaviour of isotactic PMMA. At large areas, isotactic PMMA 
tends to form an expanded phase, with all segments in contacts with the interface. 
This conformation will have a lower free energy than a helical structure of the 
chains, mainly because of the higher entropy of the system. When the monolayer is 
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compressed, the entropy is lowered When the entropy difference between the 
expanded phase and the alternative helical conformation of the chains becomes so 
small that it no longer compensates for possible differences in internal energy and 
the gain in free energy as a result of the decrease in occupied area upon transfor- 
mation to the helical structure (the IIAA contribution to the free energy of transition, 
AA being negative), a transition takes place from the 'amorphous' expanded confor- 
mation to the 'crystalline' (double) helical conformation, these helical structures 
oriented parallel to the water surface. The temperature dependence of the transition 
also points to a negative transition entropy: at higher temperatures, the transition 
shifts to higher surface pressures, and at 50°C, it is completely suppressed. Evidently, 
we are in the regime where the crystallization rate is determined by the free energy 
gain upon crystallization rather than by transport phenomena, the mobility of the i- 
PMMA chains in the expanded monolayer being high. 

The double helix hypothesis can also successfully be used to explain the remarkable 
molecular weight effect with respect to this transition For the lowest molecular 
weight materials this helix formation was observed to become less favourable (figure 
3.3): this effect can be rationalized in terms of a critical chain length phenomenon. 
The concept of critical chain lenghth phenomena is well known e.g. from studies of 
polymer-polymer complexes (18, 19). Next to free energy contributions that are 
proportional to the number of segments involved (and thus to the length of the 
helical sequences formed), the helm formation can be expected to be associated with 
an initial entropy loss (e.g. the loss of translational entropy when two chains combine 
to form a double helical structure), which is not proportional to the length of the 
helix structure formed: 

where N represents the number of segments actually in the helix conformation. 
Short chains will only be able to form relatively short helical sequences and the free 
energy gain upon helix formation will consequently be lower for these short chains: 
the loss in entropy upon complexation or crystallization is relatively higher than for 
the higher molecular weight samples. For the lowest molecular weight fractions, the 
second term may not be large enough to overcome the initial entropy loss. At higher 
surface pressures, the critical chain length can be expected to become smaller since 
the second term of the expression for the thermodynamic driving force will be larger; 
a shift of the transition pressure to higher values can be expected, and is observed for 
these low molecular weight materials. 
In melt crystallization experiments (reported in chapter 4), a similar suppression of 
the crystallization of low molecular weight samples of i-PMMA was observed, a 
phenomenon that can be explained using similar arguments as given above. 



Transition kinetics. The fact that the pressure area isotherm of isotactic PMMA 
shows a drop in surface pressure upon compression during the suggested helix 
formation process, may seem puzzling at first sight Apparently, at the onset of the 
helix formation (at surface pressures just over 5 mNlm), the rate is slow and the area 
generated by this transition from the expanded conformation to the helical confor- 
mation cannot compensate for the decrease in area due to the mechanical compres- 
sion, so that the surface pressure keeps rising, which in turn causes the transition 
process to accelerate. When the area created per time unit by the transition process 
equals the (constant) area consumed by the compression, the slope of the isotherm 
will be zero: the 'top' of the isotherm. After this point, the helix formation rate 
evidently increases even further, instead of remaining constant, leading to an actual 
increase of the relative area available for the non-helix phase and thus to a drop in 
the surface pressure. If the conversion rate would only be determined by the surface 
pressure, it can be anticipated that the isotherm will bend to an almost zero slope at 
a surface pressure, where compression speed and transition rate are matched. In 
reality, the transition to the helix conformation must have an autoaccelerating 
character to be able to produce the observed pressure drop. This autoaccelerating 
character of the process is clearly demonstrated by isobaric stabilization experiments 
at surface pressures close to the transition pressure, as shown in figure 3.9. The 
decrease of the area as a function of time is directly correlated to the conversion of 
the crystallization process in the monolayer. 

Figure 3.9. Isobaric stabi- 
lization experiments of mo- 
nolayers of CPMMA (#m8, 
T=22"C). Surface pressure 
a: 6.8 mNlm; b: 6.5 mNlm; 300 
c: 6.1 mNlm. 0 20 40 60 80 

Time [min) 
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We can explain the observed phenomena, if we consider the helix formation process 
as an actual twodimensional crystallization process analogous to the normal three- 
dimensional crystallization of isotactic PMMA. If we consider the helix formation as 
the result of an activated nucleation mechanism, followed by a lamellar type growth 
of the stable nuclei formed, an autoaccelerating effect can be anticipated. 
Polymer crystallization kinetics in normal three dimensional systems can be studied 
using Avrami-analyses of the conversion-time plots. Gabrielli (20) already reported 
using an Avrami type approach to describe the kinetics of the collapse of PMMA 
monolayers at high surface pressures; in this case, the use of the Avrami analysis was 
probably not correct, since the fall of the surface pressure was monitored at constant 
areas; in doing so, the thermodynamic driving force was not constant during the 
experiment The well known expression that Avrami proposed to describe the time 
dependence of the crystalline fraction during isothermal crystallization is (21): 

where a represents the fraction of crystalline material, K is a constant, t represents 
time and n is the so called Avrami exponent Using isobaric and isothermal mono- 
layer crystallization conditions (to ensure a constant thermodynamic driving force), 
this equation may be expected to apply also to the helix formation process in 
monolayers of isotactic PMMA at the air water interface. The conversion can be 
estimated from the area lost referenced to the beginning of the process, divided by 
the area loss associated with the completed process, when the monolayer has become 
stable. The results of the Avrami analyses are shown in figure 3.10. The conversion 
of the crystallization processes is characterized by straight lines in the Avrami plots 
for all surface pressures studied, up to conversions of about 75%. The Avrami 
exponents that can be calculated from the slope of these lines, range from 1.8 to 2.0, 
indicating that the twodimensional monolayer crystallization of i-PMMA may be 
described either by an instantaneous non-activated nucleation stage followed by a 
twodimensional growth of the crystallites, or by an activated nucleation mechanism 
followed by a onedimensional growth. This latter possibility is the most likely when 
we consider the fact that we are dealing with helical structures being formed 

An isolated helix will lack stabilization due to lateral contacts with neighbouring 
helices in the monolayer. During the crystallization process, the helices will probably 
line up next to each other so as to optimize these lateral contacts, lowering the free 
energy per helix: the lateral cohesive interactions in the monolayer can be expected 
to be significantly stronger for the helical structures than for the segments in the 
expanded monolayer. It is likely that there will be a critical nucleus size required to 
render the nucleus stable; growth of the nucleus can then be expected to occur 
principally in the direction perpendicular to the helix direction, the newly formed 



Figure 3.10. Results of Avrami analyses of isobaric stabilization experiments. 
Surface pressure 6.1 (0). 6.3 (U), 6.5 ( A ) ,  6.8 (0) and ZI p) mNlm. 

helices being lined up parallel to the existing helices in the monolayer crystallite, 
analogous to a lamellar growth mechanism; this is illustrated by figure 3.11. This 
model is in agreement with the value found for the Avrami exponent, and is sup- 
ported by experimental results presented later in this chapter. 

Figure 3.11. Schematic representation of the suggested crystallization process in 
monolayers of i-PMMA. 
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Stability of the crystalline monolayer structure. Now that we have established 
that the monolayer exhibits an actual crystallization process, in many respects 
analogous to a regular melt crystallization, we may try and interpret the hysteresis 
curves from this point of view. Upon decompression, the surface pressure falls and 
the crystallites become unstable with respect to 'melting', returning to the expanded 
conformation. The decompression curve does not follow the compression curve in the 
transition region, the crystallites melting at lower pressures than those at which they 
were formed (figure 3.2). This phenomenon is completely analogous to that of 
regular melt crystallized samples, exhibiting melting points higher than the crystal- 
lization temperature. Following this analogy, the decompression curve is comparable 
to a DSC temperature scan. The decompression isotherm is not strongly dependent 
on the decompression speed, indicating that it is mainly determined by the ther- 
modynamic stability of the crystallites. 
Bearing this in mind, we can attempt to interpret the differences in the decompres- 
sion runs shown in figure 3.12. The experiments reported in this figure differ in speed 
of compression, and thus in the surface pressure during the monolayer crystallization 
process. In both cases, the monolayer crystallization has been completed to a large 
extent, the difference being that for the fast experiment the crystallization has 
effectively taken place under conditions of a high thermodynamic driving force (high 
surface pressure), whereas for the slow experiment only a mild thermodynamic 
driving force was operative. In the first situation, the critical nucleus size (and 
lamellar thickness) are expected to be small, resulting in smaller crystallites than in 
the monolayer crystallized at low surface pressures Upon decompression, the 
crystallites will 'melt' when the surface pressure is so low that they are no longer 
thermodynamically stable. Figure 3.12 indicates that the decompression isotherm of 
the monolayer crystallized at high surface pressures follows a higher path than the 
monolayer crystallized at low surface pressures, and returns to the expanded confor- 
mation at higher surface pressures (3.5 mN/m vs. 2 mN/m). The stability of the 
monolayer crystallites is clearly determined by the crystallization conditions, an effect 
which is completely analogous to the effect of the crystallization temperature in 
regular melt crystallization experiments: samples crystallized at higher degrees of 
undercooling (a higher thermodynamic driving force) are less stable than crystallites 
formed at lower degrees of undercooling. 

The results presented sofar clearly indicate that there is a strong analogy between the 
monolayer crystallization process and regular melt crystallization processes. An 
important difference is the fact that the monolayer process can be completed in a 
matter of minutes, whereas the melt crystallization process of i-PMMA is extremely 
slow and usually requires annealing periods of weeks (22). The cause for this dif- 
ference probably lies in the higher mobility of the polymer chains in the monolayer 
condition, relative to the viscous polymer melt 
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Figure 3.12. Hysteresis experiments on monolayers of i-PMMA. Compression speed 
10 (a), and 0.2 (b) Rz/monomeric unit.minute, decompression speed I0 Rz/monomenc 
unit.minute. 

High molecular weights do not seem to impose any significant restrictions on the 
monolayer crystallization process: the isotherms of all samples with molecular weights 
of 25.101 up to over one million are effectively identical. Here the analogy with the 
regular melt crystallization process of i-PMMA definitely does not apply any longer: 
as discussed in chapter 4, the melt crystallization becomes strongly suppressed when 
using higher molecular weight samples, the viscosity being a severe limiting factor, 
almost inhibiting crystallization of the highest molecular weight fractions. In the 
monolayer, high molecular weight samples crystallize with similar rates as samples of 
lower molecular weights, indicating that the crystallization rate is mainly determined 
by the local segmental mobility. The reason for this intriguing observation is probably 
that because of the twodimensional nature of the monolayer the chains do not form 
extensive entanglement networks, as in the threedimensional melt situation (23). 
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B. Multilayer behaviour. 

GIR experiments. In figure 3.5, it was shown that the spectra obtained from mul- 
tilayers built at 12 mN/m clearly exhibit crystalline characteristics. Still, the reflection 
spectrum of the 12 mNlm multilayer is not identical to a calculated reflection 
spectrum based on optical constants derived from isotropic crystalline i-PMMA 
(figure 3.5b). Partly, this is caused by the fact that the Langmuir Blodgett structures 
are oriented with respect to the substrate, which causes dichroic effects to become 
evident in the GIR spectra because of the anisotropic orientation of the electrical 
field probing the film in this set-up (appendix 3); we will elaborate on this subject 
later in this chapter. Apart from dichroic effects, the crystalline features are also less 
pronounced in the as-deposited multilayer spectrum compared to the spectrum of 
bulk crystalline materiaL This may be caused not only by a significant fraction of 
amorphous material present (the area occupied by the monolayer suggests that the 
monolayer crystallization has reached a high conversion, but there is no guarantee 
that upon transfer the degree of crystallinity is completely retained), but also by the 
absence of a threedimensional crystalline packing of the helical subunits. A crystalline 
packing will be very difficult to achieve directly, depositing rigid structures from the 
water surface onto the substrate, especially since these monolayers do not exhibit a 
perfect X, Y or Z type transfer. The 'loose' structure anticipated (experimental 
indications are discussed later on) may well have less pronounced crystalline IR 
characteristics compared to a real crystalline packing. 

Annealing above Tg. When the high surface pressure multilayers are heated to 
above the glass transition temperature of i-PMMA (approximately 50"C), the 
anomalous crystalline-like features do not disappear from the GIR spectra: the 
deviating conformation evidently does not relax by heating it to above the normal Tg, 
which is another strong indication that we are dealing with crystalline structures. 
What we do see upon annealing above Tg, is a decrease in the absorption intensity of 
the film over the whole spectrum, equally affecting all absorption bands: this is 
illustrated in figure 3.13. This decrease in absorption intensity may be related to 
variations in the density of the as-deposited film upon annealing (as discussed in 
appendix 2), and can be rationalized as the result of a significant densification of the 
film upon annealing above Tg: the loose structure of the as-deposited multilayer 
starts to collapse due to the enhanced mobility in the film. Ellipsometry experiments 
yield anomalously low values for the refractive index of the films, also indicating a 
low density of the as-deposited films relative to the normal bulk density. 
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Figure 3.13. GZR spectra for an as-deposited multilayer of i -PMMA (transfer 
pressure 12 m Nlm) f...), afrer heating to 5O"C for I4 h (---), and after heating to 70'C 
for 2h (solid line). The spectra are shown on the same scale. 

Post-crystallization. When we anneal the multilayers, as-deposited at 12 mNIm, at 
120"C, we observe a rapid change in the GIR spectra: the crystalline features become 
more and more pronounced, to a similar extent (or even stronger) as in bulk spectra 
of crystalline i-PMMA (figure 3.14); the pseudo-crystalline structure of the Langmuir 
Blodgett multilayer is converted into a real threedimensionally packed crystalline 
structure. The relative band ratios in the GIR spectrum of the crystallized multilayers 
are still not identical to those in the GIR spectrum calculated from the optical 
constants of an isotropic crystalline sample; in fact, the deviations are quite strong 
(figure 3.15). The intensities of e.g. the C=O stretching vibration (1740 cm"), the a- 
methyl symmetric bending vibrations at 1390 cm-', and the absorption bands at 2958 
and 1255 cm" are too high relative to the simulated spectrum, whereas e.g. the bands 
at 3000 and 1265 cm" are too low. The dichroic effects are qualitatively similar to 
those observed in the spectra of the as-deposited films, only much more pronounced. 
The dichroism exhibited by the films is in agreement with helical structures oriented 
parallel to the substrate. Such an orientation is to bq expected, considering the fact 
that the helices are transferred layer by layer from a horizontal orientation at the air 
water interface. Appendix 3 gives a short discussion of the dichroic effects that can 
be calculated for this situation. Assuming a 4 (the angle between the transition dipole 
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Figure 3.14. (A) GZR spectrum of an as-deposited multilayer o f  i-PMMA (transfer 
pressure 12 mNlm); (B) GZR spectrum of the same film after annealing for 3 days at 
120°C. 

moment and the helix axis) larger than 55" for the C=O stretching vibration and the 
a-CH, symmetric bending vibration, as is indicated by the structure proposed by 
Bosscher et aL (12), a relative increase of the absorption bands associated with these 
vibrations can indeed be anticipated. The rotation position of the ester groups within 
the helical structure has not been completely elucidated beyond doubt so far, based 
on X-ray results and energy minimalization studies; there are e.g. differences between 
the structures as proposed by Kusanaga (11) and Bosscher (12). A more elaborate 
comparison between these proposed structures and the infrared dichroic results is 
discussed in appendix 3. 
The enhancement of the dichroic features of the crystallized i-PMMA films upon 
post-crystallization may be caused by an increase of the helix content of the film, or 
by an enhanced orientation of the helices present in the film along the common 
average direction of the helices in order to attain an efficient packing, but also by the 
fact that a threedimensional packing of the helices, which is probably not attained 
until the annealing process at 120"C, may force the side groups into a fixed position 
and orientation with respect to the helix If the absence of a crystalline packing of 
the helices were to allow a higher side group mobility, this would tend to diminish 
the dichroic effects observable in the GIR spectra. 
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Figure 3.15. GIR spectrum of a crystallized multilayer (solid line), and a calculated 
GIR spectrum for an isotropic thin film of crystalline i-PMMA of the same thickness 
(--). Spectra are shown on the same scale. 
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Figure 3.16. Intensity of o 
the C=O stretch absorbance 1 
as for a multilayer of i- 
PMMA as a function of 
annealing time at 12CPC. m: .OO 
value after melting at 171PC. 
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The post-crystallization of the multilayer is a relatively rapid process, compared to 
the bulk crystallization kinetics of isotactic PMMA. Already after 5 minutes of 
annealing at 120 "C, significant changes toward the real crystalline structure are 
observable in the GIR spectrum. The processes in the film upon annealing at this 
temperature can be monitored e.g. using the absorption intensity of the C=O 
stretching vibration (figure 3.16). The t=O value corresponds to the as-deposited mul- 
tilayer. Upon annealing, the absorption intensity first drops sharply (approximately 
25%) due to the collapse of the loose, as-deposited structure into a more dense 
packing, as discussed before. Subsequently, the intensity of the 1740 cm" band starts 
to increase rapidly, and levels off in a few hours' time. When the film is heated to 
170 "C, the GIR spectrum loses its crystalline features and the film attains an 
amorphous isotropic structure with a corresponding significantly lower value for the 
C=O stretching absorption. 

The observation that isotactic PMMA, deposited at these high surface pressures, 
easily attains a highly crystalline structure, is especially striking when it is compared 
to the normal melt crystallization characteristics of this material As mentioned 
before, i-PMMA crystallizes notoriously slowly in the melt, even at 120°C, which is 
considered to be the optimal crystallization temperature. Even for the most fa- 
vourable molecular weight fractions, it may take days for any crystallization to be 
observed by IR or DSC. The ease of crystallization of isotactic PMMA films pre- 
pared by the LB technique becomes even more remarkable, when it is compared to 
the behaviour of amorphous thin films with similar thicknesses up to several hun- 
dreds of Angstroms. Because of the restricted geometry of the thin film, crystal- 
lization will be severely suppressed with respect to infinitely large bulk samples (as 
elaborated on by Billon (24)), resulting in the observation that thin films of amor- 
phous i-PMMA (transferred at low surface pressures, or heated to above 170°C) do 
not show any sign of crystallization even after one month at 120°C. With increasing 
molecular weights of the i-PMMA, the melt crystallization rate is even suppressed 
further rapidly, and the crystallization of these samples is extremely time-consuming 
(25). In contrast, LB layers of high molecular weight samples of isotactic PMMA 
(up to one million), deposited at surface pressures of 12 mN/m to form a multilayer, 
easily crystallize. The spectrum of as-deposited films of i-PMMA transferred in the 
crystalline monolayer conformation, does not vary with the molecular weight of the 
sample: multilayers of the materials with very high molecular weights yield identical 
spectra as those prepared from materials with molecular weights of approximately 
20.10'. Upon annealing, there are no strong differences in the rate of the post- 
crystallization process, although the highest molecular weight fractions can be 
observed to yield slightly lower limiting crystallinity levels than the lower molecular 
weight samples. 
As expected, the lowest molecular weight i-PMMA samples, which did not exhibit a 
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crystallization process in the monolayer, also did not exhibit crystalline features upon 
transfer at 12 mN/m, and transferred multilayers built from this material could not 
be crystallized. 

Melting behaviour. The melting behaviour of the crystallized multilayers was 
studied by alternately heating the film up to a certain temperature and subsequently 
recording the GIR spectrum in order to evaluate the level of crystallinity. In order to 
compare the melting behaviour with that of a normal melt crystallized sample, IR 
transmission spectra were recorded of a 2 pm thick film of melt crystallized i-PMMA 
on KBr after simultaneous heat treatments The melting region of the 'bulk' film was 
thus found to extend somewhere from 155 up to 164"C, in good agreement with DSC 
results. The crystallized LB multilayer starts to lose its crystalline features at much 
lower temperatures, the melting region extending from under 140°C up to 15S°C, 
varying somewhat with the layer thickness For the thicknesses studied (up to 300A) 
the melting region was significantly lower than that of the corresponding melt 
crystallized control samples 
The cause for the relatively lower melting points may be found in the first place in 
the fact that in the multilayers, crystallites are formed starting from a situation which 
is totally different from an amorphous melt The extremely high 'nucleation' density, 
which can be expected for the crystallized multilayer due to the high number of 
potential 'nuclei' (the helix structures as transferred from the water surface), may 
initially lead to small crystallites in the layer, smaller than the more extensive, 
lamellar structures which result from a regular melt crystallization process (26). On 
the other hand, the lateral dimensions of the crystallites may also be restricted by the 
film thickness. An indication that this latter restriction may be important is illustrated 
by the observation that extremely thin films (thickness less than approximately 60A, 
assuming a normal density), transferred at 12 mN/m, do not attain a crystalline 
packing upon annealing at 1200C, but instead lose the pseudo-crystalline features 
present in the as-deposited layer (figure 3.17). Evidently, these films are too thin for 
crystallites to be formed with lateral dimensions large enough to be stable at the 
crystallization temperature. When studying the melting region of thin films of varying 
thicknesses (above the apparent crystallization threshold), the melting range was 
observed to shift somewhat to higher temperatures upon increasing the film thickness. 
The monolayer history of the crystallized monolayers is not very significant in 
determining the melting region: films built from monolayers crystallized at low 
surface pressures (suggested to be characterized by more extensive lamellar structures 
in the monolayer) did not exhibit a significant shift in the melting region with respect 
to films based on monolayers that were crystallized at higher surface pressures, 
indicating that extensive reorganization processes are probably operative during the 
annealing process (25). 
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Figure 3.17. GZR spectrum of 
a 50A multilayer of i-PMMA 
(#m8, transfer pressure 12 
m Nlm): as-deposited (a), after 
annealing at I2VC for 2h (b). 1300 1 2 0 0  1 1 0 0  
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Lateral orientation. Apart from the GIR experiments reported earlier in this 
chapter, we also performed transmission experiments on multilayers transferred to IR 
transparant substrates like ZnS and hydrophobized silicon This allows the film to be 
probed by an electrical field parallel to the substrate, with the possibility of distin- 
guishing the dipping (transfer) direction from the direction perpendicular to it, by 
using polarized radiation The polarization parallel to the dipping direction will be 
referred to as CP, and the polarization perpendicular to this dipping direction as 90". 

When transmission spectra are recorded from a 300 A thick multilayer of isotactic 
PMMA ( a n  36.101) on a ZnS substrate, transferred at 12 mNlm, the transmission 
spectra, recorded using non-polarized IR radiation, confirm the dichroic effects 
deduced from the GIR spectra, the relative band ratios being oppositely affected. 
Performing these experiments with polarized IR radiation, we observe that the 
spectrum obtained using 0" polarization is different from that obtained using 90" 
polarization (figure 3.18). Dichroic effects are observed, qualitatively similar to those 
in the GIR spectra: the same bands are consistently affected, e.g. the 1732 cm" C=O 
streching absorption is e.g. stronger in the 0" spectrum than in the 90" spectrum. 
For the GIR spectra we argued that the relatively high intensity of the carbonyl band 
was caused by the fact that the angle of the C=O stretching vibration dipole 
transition moment with the helix axis is larger than 55" in crystalline i-PMMA, 
resulting in a higher absorption value for IR radiation polarized in a direction 
perpendicular to the helix axis than for a polarization parallel to this axis (appendix 
3). The observation that light polarized perpendicular to the dipping direction is 
absorbed more strongly by the carbonyl dipoles than radiation polarized parallel to 
the transfer direction, indicates that the helices must be oriented preferentially in the 



dipping direction. A similar orientation of helical structures in the transfer direction 
has been reported by various authors (3, 14, 17, 27). The lateral orientation of the 
isotactic PMMA helical structures must be caused by the flow that occurs at the 
meniscus between the substrate and the water surface as the monolayer is transferred 
onto this substrate, and the shear forces accompanying this process. A 90" rotation of 
the substrate with respect to the movement direction of the moving bamer yields the 
same results, indicating that the lateral orientation observed in the multilayers is 
caused by the transfer process itself, and not by a preferential orientation of the 
helices in the monolayer on the water surface due to the direction of the moving 
barrier during compression. In chapter 4, we will address this latter possibility. 
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Figure 3.18. Polarized transmission spectra of an as-deposited multilayer of i- 
PMMA (Mn 36.1@, transfer pressure I 2  mNlm), and the difference spectrum. Polari- 
zation direction is indicated. All spectra are shown on the same scale. 

In order to quantitatively discuss this lateral orientation effect, we introduce a lateral 
orientation parameter L defined as: 

in which I, and I ,  represent the absorption intensities of band x using radiation 
polarized perpendicular and parallel to the transfer direction, respectively. For the 
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Figure 3.19. Polarized transmission spectra of the jilm from figure 18, after 
annealing for 3 days at IZffC,  and the difference spectrum. All spectra are shown on 
the same scale. 

situation that all helices are oriented parallel to the substrate, in the XY plane, this 
value can vary between -1 and +1, these values only being able to be reached in the 
case of perfect orientation by absorption bands associated with dipole transition 
moments with +=O" or +=W, intermediate values of 4 leading to smaller absolute 
asymptotic values (appendix 3). For the C = 0 stretching vibration, with 4>5S0, 
positive values for this parameter indicate a preferential orientation of the helical 
structures parallel to the transfer direction, negative values a preference for the 
direction perpendicular to the transfer direction. For the spectra of figure 3.18, a 
value of 0.07 can be calculated for LC=,. 
When the as-deposited multilayer is heated to 7VC, above Tg, we observe, as in the 
GIR experiments, that the anomalous crystalline features are retained. The LC=, 
value increases slightly (from 0.07 to 0.09). Upon annealing at 120"C, the effect of 
the (post-)crystallization process can also be followed in the transmission spectra 
(figure 3.19). The crystalline features in the spectrum become much more pro- 
nounced than in the as-deposited spectrum, and, as in the GIR spectra, the dichroic 
effects are strongly enhanced upon annealing at 120 T. The LC,, value for the 
crystallized film is 0.26, already indicating a fairly strong preferential orientation of 
the helices in the original dipping direction. The spectrum obtained by digitally 
subtracting the 9 0 h n d  the 0" spectra illustrates the dichroic effects observed; the 



agreement with the dichroic effects observed in the GIR spectrum can easily be 
verified. When the crystallized multilayers are heated to 170"C, all crystalline features 
and all dichroic effects in the transmission spectra vanish. 

An increase of the dipping speed from 4 to 16 mmlmin did not significantly affect 
the lateral orientation in the transferred multilayes: both the as-deposited as well as 
the crystallized films yield similar LC,, values for both dipping speeds. 
When a multilayer is built by transferring low molecular weight i-PMMA (Wn 2.8.10', 
not being able to crystallize at the water surface) at the same surface pressure, 
neither the as-deposited multilayers, nor these films after annealing at 120"C, exhibit 
any lateral orientation effects. For all molecular weights, Langmuir Blodgett layers 
transferred from the water surface at low surface pressures from the expanded 
amorphous conformation also did not show any significant differences between the 0" 
and the 90" transmission spectra. 
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Figure 3.20. LC=, values as a function of molecular weight (Mn). (v) as-deposited, 
stabilization at 12 mNlm; ( A )  same films following post-crystallization; (0) as- 
deposited, stabilization at 6.5 mNlm; (0) same Plms following posr-crystallization. 
Transfer pressure 12 m Nlm. 



Monolave . . r crvstallzzatron o f  lsotactic PMMA 

I I I I I I I I 

3200 2600 2000 1700 1400 1100 800 

Wavenumbers 

Figure 3.2 1. Polarized transmission spectra of a multilayer of i- PMMA (Mn 770.1 Q, 
transfer pressure 12 mNlm, annealed for 3 days at 12QC), and the difference 
spectrum. Polarization direction is indicated in the figure. All spectra are shown on the 
same scale. 

Variation of the lateral orientation. The lateral orientation observed in the 
multilayers transferred at 12 mN1m exhibits remarkable variations with the mono- 
layer crystallization conditions and the molecular weight characteristics of the 
isotactic PMMA samples used. Figure 3.20 summarizes experimental data for both as- 
deposited, as well as post-crystallized thin films. 
The first observation we can extract from this figure is that in all cases the lateral 
orientation is strongly enhanced by the post-crystallization process. With increasing 
molecular weights, the value for the lateral orientation parameter Leo increases 
consistently, both for the as-deposited as well as for the annealed films. The use of 
the highest molecular weight samples results in multilayers in which the preference 
for the dipping direction becomes very strong, especially following after post crystal- 
lization at 120°C. For the crystallized films of the highest molecular weight samples, 
this results in values for L=, close to 0.45; the spectra for this film are shown in 
figure 3.21. The dichroic effects observed in the 90" spectrum are of a similar 
magnitude as those observed in the GIR spectrum indicating that the preference for 
an orientation parallel to the dipping direction is similarly strong as the preference of 
the helices for the plane parallel to the substrate. The dichroic effects in these 
spectra appear to be even stronger than those observed in the polarized IR spectra of 
isotactic PMMA, uniaxially crystallized after being stretched up to draw ratios of 10- 



15, as reported by Dybal and Krimm (28). 
Lowering the molecular weight of the i-PMMA results in a decrease of the LC=, 
value, which becomes zero at molecular weights of about 15.103. For these materials 
there appears to be no overall preference for either direction within the XY plane. 
Lowering the molecular weight even further (clearly into the critical regime, without 
entering it so far that the helix formation is completely suppressed), we observe 
negative values for the orientation parameter, indicating a preference of the helices 
for an orientation perpendicular to the transfer direction. A similar reversal of the 
preferred helix orientation is observed when a monolayer of i-PMMA with an 
intermediate molecular weight ( R n  36.1@) was stabilized at the water surface at a 
relatively low surface pressure (6.5 mNlm), allowing the helix formation to take 
place slowly under mild conditions, with a low thermodynamic driving force relative 
to the original procedure, which featured a compression of the monolayer with a 
compression speed of approximately 5 k/repeating unitminute, the crystallization 
taking place at surface pressures of 9 mN/m and higher. Upon completion of the 
monolayer crystallization process at 6.5 mN/m, the monolayer was further com- 
pressed to a surface pressure of 12 mNIm, and subsequently transferred to the 
substrate; the resulting multilayers also yield a negative value for the LC,, again 
indicating a preferential helix orientation perpendicular to the transfer direction. 
The observation that monolayers of i-PMMA can be transferred in such a way as to 
give rise to an orientation of the helices perpendicular to the dipping direction cannot 
be explained if we consider the monolayer as a collection of individual helices being 
oriented in the direction of the flow, and is also unique in the sense that such a flow 
induced perpendicular orientation was never reported for other helical substances at 
the air water interface. Isotactic PMMA differs from these other substances by the 
fact that the helical structures are formed in a monolayer crystallization process, 
rather than being spread at the air water interface as helical structures. In this 
respect, 1-PMMA was suggested to be organized in monolayer crystallites, as a result 
of a lamellar growth process. If we assume that the lateral coherence between the 
helices within the crystallites is very strong, we can imagine that the rigid structures, 
behaving as the rheological entities and being oriented in the flow direction, are not 
the individual helices, but rather the crystallites that the helices are part of. 
Accepting the idea of the crystallites being oriented rather than the helices themsel- 
ves, it may be clear that an orientation of these crystallites parallel to the dipping 
direction may imply a preferential orientation of the helices perpendicular to the 
transfer direction, if the aspect ratio of the crystallites is such that the longest axis of 
the crystallites is oriented perpendicular to the helix axes within the crystallite. This 
possibility is illustrated by figure 3.22. Following this argumentation, the aspect ratio 
of the crystallites will be a very important parameter in determining the lateral orien- 
tation. 
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Figure 3.22. Schematic representation of the jlow induced orientation of the crystal- 
lites as a function of the aspect ratio. Arrows indicate the direction of the helix axes in 
the crystallites. 

The aspect ratio will be determined by the crystallization process, which was 
suggested to feature a onedimensional crystallite growth. If the crystallites have the 
opportunity to grow extensively before running into another growing crystallite (i.e. a 
low nucleation density), broader crystallites can be imagined to result compared to a 
situation in which crystallite growth is limited by a high nucleation density. The 
experimental results also suggest a correlation between the monolayer nucleation 
density (and indirectly the crystallite aspect ratio) and the observed lateral orien- 
tation. If the monolayer crystallization is to occur at low surface pressures (e.g. 6.5 
mNlm), the critical nucleus size will be relatively large because of the low ther- 
modynamic driving force for helix formation Therefore the nucleation density will be 
low, leading to large crystallites to be formed: because of the onedimensional 
character of the growth, this will correspond to broad crystallites, broader than the 
crystallites formed during crystallization at higher surface pressures. These arguments 
can be used to explain the difference in lateral orientation between the 6.5 mN/m 
stabilized monolayers of the R n  36.103 material, and the monolayers of the same 
material that were rapidly compressed to 12 mN/m. 
For the materials with lower molecular weights, in the critical regime, the nucleation 
process can be expected to be suppressed relative to the high molecular weight 
samples, since these samples approach the critical chain length for helix formation 
under these conditions: the gain in free energy upon helix formation will be lower 
than that of higher molecular weight samples under identical conditions, leading to a 



Chapter 3 

larger critical nucleus size, and consequently to a lower nucleation density. Again, the 
lower nucleation density may eventually lead to broader crystallites and a helix 
orientation perpendicular to the transfer direction, as is experimentally observed. 
Mixing of i-PMMA fractions of intermediate molecular weights (e.g. R n  36.10') with 
a oligomeric fraction ( R n  2.8.10-', not being able to crystallize itself) also yields 
deviating values for L,,: using mixtures with 26 and 45% oligomeric material, 
multilayers can be built in which the preference of the helices for the dipping 
direction has disappeared, and even small negative values are observed. Probably, in 
these mixtures, we are also dealing with a suppressed nucleation rate (as will be 
elaborated on in chapter 6) due to the presence of the low molecular weight com- 
ponent, lowering the thermodynamic driving force for crystallization through the 
demixing process that has to take place upon crystallization. 

The correlation of the lateral orientation with the anticipated aspect ratio of the 
crystallites works quite well for the effects discussed above, although it should be 
emphasized that considering the crystallites as isolated units being oriented in the 
flow direction may still present a somewhat oversimplified model, neglecting e.g. 
possible effects due to tie molecules connecting different crystallites, which may 
considerably complicate the picture. Especially when using high molecular weight 
samples, these tie molecules may play an important role in determining the rheo- 
logical behaviour. The consistent increase of the lateral orientation observed with 
increasing molecular weights up to one million, can no longer be correlated with 
differences in the aspect ratio of the crystallites, but must be caused by the increased 
viscosity, related to the presence of such tie molecules. In this respect it is interesting 
to note that when a high molecular weight sample (Mn 250.10') is transferred 
following a monolayer crystallization process at 6.5 mN/m, a preferential helix 
orientation parallel to the transfer direction is observed (although less strong than for 
the monolayer crystallized at higher surface pressures (figure 3.20)), in contrast to the 
R n  36.10' material, which exhibited an inversal of the preferential orientation This 
difference may be caused by complications due to a stronger contribution of tie 
molecules for the higher molecular weight sample. 

Summarizing, we see that the lateral orientation of the crystalline structure in the 
mulitilayers can be controlled by the molecular weight composition as well as by the 
monolayer crystallization surface pressure. An important conclusion is that, unlike 
other helical substances, the (double) helices of isotactic PMMA are not oriented 
individually, but as organized crystallites. The reason for this difference must be the 
lateral coherence of the helices within the crystallites, probably enhanced by their 
(speculative) lamellar nature, maybe with tight folds inhibiting their mobility. The 
alignment of the helices in the crystallites is clearly of another nature than a simple 
alignment of the helices with a local nematic type ordering, which may be expected 
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for other types of helical substances (29). In this last case, during flow, the helices 
may still be oriented individually due to the lack of lateral coherence. The typical 
behaviour of isotactic PMMA may have an analogy in the rheological behaviour of 
liquid crystalline materials: for mesogens exhibiting a nematic ordering (without 
strong specific lateral interactions), an orientation in the flow direction is usually 
observed, whereas for layer-like smectic phases (with the mesogens laterally or- 
ganized), an orientation of these smectic layers in the flow direction is observed, the 
mesogens oriented perpendicular to it (30, 31). 

CONCLUSIONS. 

In this chapter we demonstrated that monolayers of isotactic PMMA exhibit a 
crystallization process upon compression, analogous to the melt crystallization 
process. The process was described in terms of an activated nucleation stage with a 
subsequent onedimensional (lamellar type) growth of the crystallites, these crystallites 
consisting of one monolayer of double helices parallel to the air water interface. 
Remarkable differences with the melt crystallization process include the time scale 
associated with the crystallization process and the insensitivity of the monolayer 
process for high molecular weights; this latter aspect was rationalized in terms of the 
absence of entanglements in the monolayer. 
These crystallized monolayers can be transferred to solid substrates to give highly 
crystalline films following a short annealing procedure. Without this LB technique, 
the preparation of very thin films of crystalline 1-PMMA would be extremely time 
consuming The crystalline thin films formed were shown to have distinct orien- 
tational characteristics, the crystalline helices oriented parallel to the substrate, but 
also with a clear preferential orientation within the XY plane. The crystallization 
conditions and the sample characteristics provide good handles to control these 
lateral orientational characteristics, which can be changed from parallel to, to perpen- 
dicular to the transfer direction. The almost uniaxially oriented thin films that can be 
prepared this way, may be interesting because of the easily controllable anisotropy of 
various properties. 
The indications for the suggested crystallization process are fairly consistent, although 
admittedly indirect: more direct evidence may be obtained using high resolution 
imaging techniques as AFM or STM, which may be able to prove the existence of the 
speculative monolayer crystallites, and to yield quantitative information about their 
dimensions. 
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Chapter IV. 

Epitaxial ctyststallizattion in thjn fims of isotactic 
PMMA using crystalline LB films 

ABSTRACT, In this chapter, a procedure is introduced using mono- 
layer crystallized films of isotactic PMMA to induce crystallization in 
amorphous films of i-PMMA. The use of the LB films as surface 
crystallization nuclei permits the preparation of highly crystalline films 
with thicknesses up to the micron regime, not effectively accessible for 
the conventional technique of building multilayers layer by layer. The 
orientation of the nucleating overlayers is observed to be copied by the 
newly crystallized film, and extends up to microns from the surface. 
Anisotropic crystallization of the thin films was observed to result in 
severe deformations, with a rugged surface relief developing. Even 
monolayers were shown to be sufficient to induce an oriented epitaxial 
growth; local variations in the orientation of the as-deposited mono- 
layers could be visualized by the orientation of the induced crystal- 
lization process, permitting some speculations about the original 
monolayer orientation on the water surface. 

INTRODUCTION. 

As indicated in chapter 1, the Langmuir Blodgett technique provides a very powerful 
tool for building well-defined thin films up to thicknesses of approximately 1000 A. 
Some important application areas require films with thicknesses in the order of mag- 
nitude of one to several microns, though. PMMA films in this thickness regime are 
relevant e.g. as microlithography resists and as waveguides in optical applications. 
The conventional Langmuir Blodgett deposition technique is not very well suited to 
prepare these kinds of relatively thick films, since the building process would be 
extremely time consuming. This practical restriction with respect to the film thickness 
presents a severe limitation of the LB technique in terms of its application potential. 
In this chapter, we will discuss an alternative approach, using the LB technique for 
preparing highly ordered, oriented thin films with thicknesses extending up to the 
micron regime, without having to build them monolayer by monolayer. 
Langmuir-Blodgett monolayers have been reported to nucleate crystallization of low 
molecular weight compounds dissolved in the subphase, if the crystal lattices of the 
monolayer and of the subphase solute match (1, 2). Alternatively, monolayers of 



long chain alcohols have been observed to induce ice formation in the water 
subphase, again by a monolayer induced nucleation (3). In this chapter, following a 
similar concept, we will discuss our attempts to use transferred Langmuir Blodgett 
layers of isotactic PMMA, crystallized in the monolayer according to the process that 
was extensively discussed in the previous chapter, as surface crystallization nuclei for 
amorphous thin films of i-PMMA in order to induce a controlled crystallization 
process in this film. The low spontaneous nucleation density observed in I-PMMA 
during annealing at the optimal crystallization temperature suggests that it may be 
possible to cover relatively large distances from the surface using this approach. 

EXPERIMENTAL. 

Amorphous thin films of isotactic PMMA on solid substrates were prepared by 
solution casting (for films thicker than 0.1 pm) or by LB deposition, with subsequent 
annealing at 185°C to ensure that the films were completely amorphous. The sub- 
strate materials were either silicon or ZnS (for the IR experiments), or glass (for the 
microscopy experiments). The samples were standardly analyzed at positions at least 
5 mm from the edges of the substrate and 10 mm under the top meniscus line. Micro- 
scopy was performed with a Zeiss Axiophot instrument The atomic force microscope 
was a home-built IBM instrument equipped with a fiber-optic interferometer (4). 

RESULTS AND DISCUSSION. 

In figure 4.1, the concept of the surface nucleation approach is drawn schematically. 
Starting with a thin film of amorphous isotactic PMMA, and depositing several mono- 
layers of crystalline isotactic PMMA on top of it (A), we anticipate that upon 
annealing at the crystallization temperature, an epitaxial crystallization will result, 
nucleated by this LB overlayer (B) (5). 

In order to test whether the surface nucleation idea was feasible, a 300A thick film of 
isotactic PMMA, heated to 185°C to remove all order present, was covered with an 
approximately 70A overlayer of monolayer crystallized i-PMMk Without this 
crystalline overlayer, a similar 300A film did not exhibit any detectable crystallization 
upon annealing at 120°C due to the combination of the low spontaneous nucleation 
density and the extremely low film thickness (6). With the overlayer present, the 
film rapidly crystallizes as illustrated by figure 4.2: using favourable molecular 
weights, crystallization is essentially complete within 15 minutes. The method of 
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Figure 4.1. Schematic re- 
presentation of the surface 
nucleation concept. An amor- 
phous thin film of i-PMMA 
is covered by a crystalline LB 
overlayer (A), and is subse- 
quently crystallized at 120°C 
(B). 

LB layer 

preparation of the amorphous thin film is not important: solution cast films, spin- 
coated films and melted films, originally built by the LB deposition technique, are 
equally susceptible to the nucleating effect of the crystalline overlayers. 
The deposited overlayer is responsible for the nucleation of the crystallization process 
and thus also controls the orientation of the newly crystallized material: since the 
Langmuir Blodgett overlayer exhibits a clear preferential orientation, not only 
parallel to the substrate, but also within the XY plane parallel to this substrate, as 
was extensively discussed in chapter 3, the entire film can be expected to adopt these 
same orientational features during crystallization. This orientation transfer is actually 
observed, as is evident in figure 4.2: the overlayer used for this experiment was 
highly oriented with the helix axes parallel to the transfer direction. Similar orien- 
tation processes induced by surface layers have been reported for liquid crystalline 
materials (7, 8). 
The strategy described above clearly allows for a very efficient way to prepare thin 
films with controlled orientational characteristics, since the orientation of the 
overlayer can easily be regulated through the proper choice of the molecular weight 
of the monolayer material and the monolayer crystallization conditions (9). LB 
layers transferred under conditions leading to an orientation of the helices parallel to 
the dipping direction (as in figure 4.2), induce a crystallization with similar orien- 
tation characteristics; LB layers transferred with the helix axes oriented perpendicular 
to the transfer direction can be observed to induce a crystallization process with 



perpendicular orientational characteristics. 
In the rest of this chapter we will refer to monolayers of high molecular weight 
isotactic PMMA (mn 770. lo3), crystallized on the water surface by rapid compression, 
as the nucleating overlayers, unless stated otherwise. These monolayers exhibit a 
strong orientation in the transfer direction upon transfer, as was extensively discussed 
in chapter 3. The dipping speed was invariantly 4 mmlmin. 

Wavenumbers Wavenumbera 

Figure 4.2. Polarized trunsmission IR spectra of a 300 amorphous thin film of i- 
PMMA (Hn 13.10'). covered with a 70 overlayer of i-PMMA ( a n  770.10'), trans- 
ferred at 12 mNlm. a: as-deposited; b: after annealing at 120°C for 2 hours. Polari- 
zation direction is indicated in the figure. 

Overlayer thickness. In figure 4.3, we have plotted the LC=, value (9) as a function 
of the overlayer thickness for a substrate thin film of 300A amorphous i-PMMA (mn 
13.103), following annealing at 120°C for 5 days, the overlayers deposited according 
to the specifications given above. We can see that there is a saturation limit at about 
50A: thicker overlayers do not lead to better orientational characteristics of the 
resulting structure. In this regime, the LC=, values are similar to those of a multilayer 
film built completely from transferred LB layers of the same material as used for the 
overlayer. Lowering the thickness of the overlayer to under 50A leads to gradually 
less perfect orientational characteristics. Still, even for an overlayer corresponding to 
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Figure 4.3. LC=, as a function of overlayer thickness, covering an approximately 300 
A" amorphous thin film of i-PMMA (Mn 13.10'), after annealing at 12(PC for 5 days. 

one monolayer (12A), a significant induced orientation is detectable in the crystal- 
lized film. The causes for the apparent decrease in the ability of these extremely thin 
overlayers to impose a lateral orientation will be addressed later in this chapter. 

Thickness of the  amorphous film. In order to study the depth to which the nuclea- 
ting and orienting effect can extend into the film, the L,,,,,,, is plotted in figure 4.4 
as a function of the thickness of the amorphous film to be crystallized. The value for 
L8(,,,,, was used instead of LC-, because for the thickest films, the absorption values 
for the C = O  stretching vibration are too high to be determined accurately. The cu- 
CH, symmetric bending vibration at 1388 cm" exhibits dichroic characteristics 
qualitatively similar to the C = O  stretching vibration (appendix 3). Figure 4.4 
indicates that oriented crystalline thin films can be produced up to thicknesses of 10 
pm, although there is a tendency for the crystallization front to slowly lose some of 
its orientational information upon progressing far into the subfilm, leading to a 
gradual decrease of the orientation parameter with increasing thickness. From 
microscopy experiments, we learn that competition by spontaneously nucleated 
spherulitic structures is negligibly small, even for the thickest samples, so that the 
cause for the loss of orientational information must be the accumulation of defects in 
the crystallization front upon growth over large distances. 
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Figure 4.4. L,,,,,, vs. the thickness of the amorphous film to be crystallized (Mn 
13.10'). Overlayer thickness 70 A, all samples annealed at IZPC for 5 to 8 days. 

Growth kinetics. We followed the kinetics of the growth of the crystalline structure 
into a fairly thick amorphous film (3pm), nucleated by an oriented overlayer, by 
alternately annealing the film for 2 hours at 120°C, and recording polarized transmis- 
sion spectra. In figure 4.5, the absorption intensity difference of the 1388 cm.' a-CH, 
symmetric bending vibration absorption in the 90" and the 0" spectra is plotted. Only 
the fraction of the film that has been crystallized will contribute to this difference. 
An almost straight line from the origin is observed in the beginning of the process, in 
agreement with the model of a crystallization front progressing through the film 
starting from the surface. The characteristic combination of an instantaneous nucle- 
ation followed by a onedimensional growth, corresponding to an Avrami exponent of 
1, is also observed for the crystallization in melts of polypropylene at low degrees of 
undercooling, nucleated by an interfacial region in the film that was oriented by 
strong shear forces, as reported by Eder et aL (10); the resulting crystalline layers 
are characterized by a laminar texture. A similar process was reported by Thomason 
( l l ) ,  describing the growth of the transcrystalline boundary layers in fiber rein- 
forced polypropylene, following a shear force induced fiber surface nucleation. 
The growth rate of the crystallization front can be determined from the time required 
to reach the saturation zone (approximately 20 hours in figure 4.5, when the crystal- 
lization front has completely traversed the film). This value (1500 A per hour) 
corresponds very well with the value determined for the linear growth rate of spheru- 
litic structures for this temperature and this molecular weight (table I). The growth 



mechanism is evidently the same: from the birefringence of the spherulitic structures 
we can infer that the helices are oriented tangentially with respect to the spherulite, 
and parallel to the spherulitic growth front, a situation that is also to be expected for 
the overlayer growth front in the thin films. The melting range of the surface 
nucleated films is identical to that of spontaneously nucleated 1-PMMA. 
There is a slight tendency for curvature in the 0-20h region of figure 4.5, the curve 
being slightly less steep at the end of this regime than at the onset of the crystal- 
lization process. Careful analysis of difference spectra (between various stages in this 
initial 'linear' regime) indicate that this is not the result of a slowing down of the 
crystallization rate, but rather of a continuous loss of the original orientational 
characteristics of the newly formed crystalline phase upon progress of the crystal- 
lization front, a phenomenon that was also suggested by figure 4.4. 

Figure 4.5. Difference in absorption intensity of the 1388 cm-' band of the 91P and 0' 
polarized transmission spectra, as a function o[ annealing time at 120°C. Film 
thickness 3 pm, Mn 13.10'. Overlayer thickness 70 A. 

Varying the crystallization temperature between 100 and 135°C does not lead to 
spectacular variations in the effectiveness of the nucleating and orienting capabilities 
of the overlayers. The annealing temperature of 120°C was reported to correspond to 
the maximal crystallization rate (12). 



Molecular weight dependence. Upon variation of the molecular weight of the 
amorphous film to be crystallized, we can observe that this molecular weight does 
have an influence on the resulting orientation parameters. In figure 4.6, values for 
LC=,, obtained after annealing a 300W film with a 70A nucleating overlayer for 5 days 
at 120"C, are plotted as a function of the molecular weight of the amorphous layer, 
illustrating this effect The highest value is obtained for sample #m15, R n  11.10', 
with LC=, values even higher than for a film completely built of LB layers of the 
same type as used for the overlayers. Evidently, the explanation for this fact must be 
found in a higher level of crystallinity in the low molecular weight material relative 
to the (post-crystallized) high molecular weight overlayer material. 

Log Inn) 
Figure 4.6. LC=, values for a 300 amorphous film of i -PMMA, nucleated by a 70 
overlayer, annealed at 120"C, versus rhe molecular weighf of the amorphous .film 
material. 

For a more extensive discussion, let us first focus on the characteristics of the normal 
melt crystallization and the influence of the molecular weight of the isotactic PMMA. 
The melt crystallization rate is found to be strongly dependent on the molecular 
weight: the linear spherulitic growth rate at 120"C, listed in table I, falls off rapidly 
with increasing chain lengths. The variation with molecular weight is stronger than 
that e.g. reported by Lemstra for isotactic polystyrene (13). 
When studying melt crystallized samples of I-PMMA with DSC, we can observe that 
the melting endotherm for higher molecular weight samples has a different shape 
compared to that of the lower molecular weight samples: the endotherms are clearly 
broadened to the low temperature side, indicating that somewhat less perfect 
crystallites are being formed (figure 4.7). In general, a lower (limiting) heat of fusion 



Table I. Linear sherulitic growth rates at 120°C. 

sample t IQW (10') G (102 A/h) 

is found for higher molecular weight fractions. For samples with molecular weights 
under 12.1@, the peak of the endotherm is observed to shift to lower temperatures, 
and upon lowering the molecular weight even further, crystallization is found to be 
severely suppressed, or completely inhibited for this annealing temperature. Follow- 
ing the arguments presented in chapter 3, this is probably caused by critical chain 
length effects: at 12WC, a minimum length is required for the helical sequences per 
chain in order to compensate for the initial entropy loss and to yield thermo- 
dynamically stable crystalline structures; for the lowest molecular weight samples, the 
entropy loss upon crystallization cannot be compensated. 
For all molecular weights, the melting peak can be observed to change upon an- 
nealing: with longer annealing times (even after the film has reached a saturation 
level of crystallinity) the contribution of material melting at higher temperatures 
becomes more and more important (figure 4.8), an effect that was also reported by 
other authors (14, 15). Evidently, extensive reorganization processes following 
the initial crystallization process are responsible for defect elimination or lamellar 
thickening of the crystallites. 

Figure 4.7. DSC ther- a 3 
..-, mograrns of z-PMMA .,- 

crystallized at 120°C for 2 LI rn 

weeks. Mn =13.10' (solid), 
ul 
s 

36.10' (dashed), 95.10' 
(dotted). Endotherms are 
not plotted on the same 
scale. 
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Returning to the overlayer induced crystallization processes, we observe that for all 
molecular weights, the observed crystallization rate is in good agreement with the 
linear growth rate determined for the spherulitic structures. For all samples, the 5 
days allowed for the crystallization should suffice for the crystallization front to 
traverse the entire film. For higher molecular weights, the resulting crystalline 
material behind this crystallization front can be expected to have a significantly lower 
level of crystallinity. This is probably the cause for the lower values observed for the 
orientation parameter (figure 4.6). If we compare the spectrum of a low molecular 
weight matrix crystallized by one monolayer with that of a high molecular weight 
matrix crystallized by a thicker overlayer, we can conclude that in the latter case, the 
level of crystallinity is lower, but that the orientation of the crystalline material itself 
must be higher (leading to similar LC=, values for both spectra, figure 4.9). 
When the high molecular weight samples are annealed for a long time after the 
crystallization front has completely traversed the film, we observe a signiticant 
increase in the overall orientation of the sample with time, due to (slow) reorgani- 
zation processes in the crystallized film (figure 4.10). The fact that the lamellar 
structures may be less perfect in the case of higher molecular weight samples, does 
not prevent thicker films to be effectively crystallized using the overlayer approach. 
For films of several microns thickness, similar orientation values can be reached for 
molecular weights up to  200.103 as for more favourable molecular wei&ts, indicating 
that the orientation information of the crystallization front is not lost more rapidly. 
For these higher molecular weights, the process does become very time consuming 
Using very low molecular weight i-PMMA (mn 4.103), the overlayer approach is not 
effective (figure 4.6) because of the inability of this material to crystallize under 
these conditions. 



Wavenumbers  

Figure 4.9. a: Polarized transmission spectra of an approximately 300 A amorphous 
film of i-PMMA ( R n  13.10'), covered with a 12 A nucleating overlayer, annealed for 
5 days at 120°C. b: Polarized transmission spectra of an approximately 300 ld amor- 
phous thin film of i-PMMA ( a n  770.10'), covered with a 70 A nucleating overlayer, 
annealed for 5 days at 120°C. 
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Film morphology. When iln amorphous film of iwlaotic PMMA, with a thirknecs in 
the micron range, is crystallized following nucleation by a highly orientcd overlayer, 
we can ohscrve that the film develops a distinct surface ctructuro. A 'hucklin~' of ihe 
film is the result of' the highly anisotropic crystallization process. Tlic surtace rclicf i x  
best characterized as a set nf wrinkelu. with a correlation lcngrh of scvcral tens of 
microns, and an orientation always p~rp~ndicular to I he hrection ot the hctices in the 
crystaIliaecS structure. An tllustratiun is given by figure 4.1 1 ant1 4.12. The rlevelop- 
ment of t h i ~  surl'ace htracrure Is characteristic for the overlayer crvstallized film?: the 
qcattering caused by t h e  surface can a l ~ o  he observed in I R  enperlments, or even with 
the hare eye. The depth of the surface valleys is  nf the same order nf magnirude a s  
the film thicknew, as can be deduced from AFM experiments (figure 4.12): a 2 prn 
ruughnesq was observed for a 4 /im thick film. Thicker films yield a more rugged 
surtacc structure. The wrinkling of the film must clearly he  caused by the strc%\es 
developing in the film duc to the anisotropic crystallitation shrinkage: this is; also 
suggested bv ohsetvations that a 'dcfect' in the film qurface le,g. a dust particle) leads 
to a htgh concenlration of wrinkek originating I'rorn it (tigure 4.13). drce 10 the con- 
cenlration of the ?tress in the film near this defect. This wrinkling et'tect ~5 \ornewhat 
less pronounced when using highcr molecular weight sarnptes or lowct crystallization 
temperatures. hul cannut easily he completely suppressed. Upon meltrng. Ihe surface 
structure ~mmed~ately disappears. 

Figure 4.1 1- R~flwrion rnirrscop~ phoru~rriph of on appro,r~marrlv 5 pm rhick f i lm 
of I-PMMA {Hrt 13.10'). rpsrni i iz~d ar f20"C, nur.liwrrtd by u 60 A ovcrlayrr. 
Wrinkks are orirnrrrl p ~ r p ~ n t l i c u l ~ ~ r  ro r h ~  r m n ~ f ~ r  dirpnien. 



Figure 4.12. A F M  picrsrw of the surface of an appro.vimure1v 4 p m  thick ,#ilm of i- 
P-MMA (mn 13. lb), c~sralLized at IZffC, nuckar~d hy a 70 ov~rEuv~r. Wnnk l~s  
are oriented p~rpendicular m transfer direction. Area prohpd 30 x -30 pm. 

Figure 4.13. Wrinkles nri~inating ,from a Jlm deffc! neur rdgr of nverlu~er rnverrd 
urm. 



Monolayer nucleation. In the rest of this chapter we will focus on the effect of 
monolayers as nucleating overlayers. In figure 4.3, the orienting effect of monolayers 
was observed to be less pronounced than that of thicker overlayers. Several explana- 
tions can be given for this effect In the first place, the thickness of the overlayer 
associated with a saturation of the orienting effect, is similar to the thickness required 
for a multilayer on a gold substrate to give a stable crystalline structure: films thinner 
than approximately 60A melt upon annealing at 120°C (9). These data cannot be 
directly translated to the monolayers forming the nucleating overlayer, since in this 
situation, the LB layers are in contact with a substrate of i-PMMA: the interface 
energies will be completely different, and so may be the stability of a thin crystalline 
film. Even if a monolayer would not be stable, it is still possible that metastable 
nuclei grow before melting, enough to acquire dimensions large enough for stability 
(some time is required for the film to actually reach the crystallization temperature 
when placed in an annealing oven). If this would be the case, the monolayer would 
not induce a perfectly continuous crystallization front, but instead nucleate the film at 
random points at the surface, which may lead to a less perfect transfer of the 
orientation from the monolayer to the film. 
Secondly, in the case of a thicker overlayer film, the structures in this overlayer may 
first reorganize into a more efficient packing (leading to a better orientation of the 
helices into a common average direction), prior to inducing crystallization in the 
amorphous film. In this context, it is useful to note that the first monolayer trans- 
ferred to the substrate may well have less pronounced orientational characteristics 
compared to subsequent layers, since the orientation must be induced by the flow 
associated with the transfer process, and this process may not be instantaneously 
effective (as we will discuss later on). In this case, the layers transferred following 
the first monolayer may still have a significant effect on the orientation induced in 
the film, if these layers can also enhance the orientation of the helices in the first 
monolayer. This scenario may be plausible if the orientation of the various layers is 
somewhat similar, so that a reorganization into a common crystalline packing is 
feasible. In an experiment in which a monolayer was transferred with the helices 
oriented in the transfer direction, followed by several layers with an orientation 
perpendicular to that in the first layer, it was observed that the induced orientation 
was fully determined by the first monolayer: the subsequent layers were not able to 
invert the orientation of this first layer. 

Heterogeneity of the induced orientation The orientation induced in a thick film 
on a transparant substrate can be easily assessed qualitatively by the birefringence 
observed using a polarization microscope (and also by the local direction of the 
wrinkle structure of the film). Since the orientation of the crystalline film is directly 
correlated with the orientation of the monolayer used to induce the crystallization, 



this provides a unique tool to  visualize the lorn1 nriknrarion of thc transferred 
monolayer. something whrch would hc very hard to study in any other way. 

Fignre 4.14. I n h o m o g ~ n ~ o w  onentation observed in a cm~ralllne rhin Jilm nuclrul~d 
by one rnonolayer, using c r o . ~ s ~ d  pn1anz~r.s. Cry.~rallization fpmperarure 120". 

Flrst. we conader the case of a substrate of isotact~c PMMA which was crystallized 
after one monolaycr was deposited during one dipping cycle (during the L'irsr 
downstroke, hardly any transfer is observed). Under the microscope we see [hat the 
orientation induced is nor homogeneous: close to the meniscus line, there is even a 
slight preference for the helices perpendicular to the dipping direction, and only the 
'lower' parts of the film, several millimeters from the top menlscus line, are crydak- 
lized with a clear orientation in the transfer dtrection. In general. and especially in 
the intermediate regiwn, the film exhibits a domain-like structure (figure 4. Id), wilh 
small domains (several microns in diameter) of varying orientation. The overall 
orientation is not very clear, and the local orientation in the various doma~ns varies 
considerably. The domains appear to be too large to he a~sociated with indivillual 
rnonolayer crystallites as transferred from the water surface. The dumain like 
structure may either indicate a melting of the werlayer film upon anneal in^. as 
discussed above, with rnetastahlt: nuclei inducing the crystatlization without heing 
ahle lo form a continuous front or, alternatively, may reflect an ordering of  the 
anisotropic rnonolayer crystallites in larger nematically organized dorna~ns un the 
water surface ( 1  6). The observation that upon using highcr crystallization tempera- 
tures following the overlayer depnsitirm, the average domain size found i s  somewhat 
larger than when using lower temperatures, appears to argue In favour of  the first 



mechanism. Films nucleated by thicker overlayers have a more homogeneous 
appearance. 

For a monolayer, deposited after the monolayer was crystallized during compression 
with the substrate partially under water (across the interface, the substrate parallel to 
the moving barrier, with the amorphous i-PMMA film facing this barrier, the 
monolayer being transferred during the upstroke movement), we see a different 
pattern of local orientations: in this case the region, close to the meniscus line, with a 
clear orientation perpendicular to the transfer direction is much more pronounced, 
and extends further down the substrate, up to 12 mm from the top meniscus line in 
the central part of the sample. In figure 4.15, the distribution of local orientations of 
the film (and originally in the as-deposited monolayer) is drawn schematically. 
Before the monolayer is transferred, the helical structures evidently possess a 
preference for an orientation parallel to the substrate located in the monolayer across 
the air water interface. This local alignment of the rigid structures in the monolayer 
may be caused by the direction of the flow caused by the moving barrier upon 
compression. The substrate acts as a 'dam' in this flowing monolayer, modifies the 
flow characteristics (17), and causes the structures to line up parallel to this extra 
bamer (figure 4.16). This original alignment on the water surface is maintained in 
the beginning of the transfer process: the monolayer flow due to the transfer process 
itself becomes the dominating factor in later stages and causes the observed inversal 
of the preferential orientation direction The influence of this transfer associated flow 
may well extend up to some distance into the monolayer on the water surface, 
leading to some amount of monolayer transferred required for this effect to saturate. 
Also, the original orientation in the monolayer will be less pronounced with increa- 
sing distance from the substrate, the contribution of this effect decreasing after the 
start of the transfer process The 'new' parallel orientation becomes visible first (ie. 
closer to the meniscus line) at the edges of the sample. The reason for this may be 
twofold: in the first place, the original orienting influence of the substrate barrier 
may be less pronounced near the edges of the substrate, and secondly, the shear 
forces in the monolayer upon transfer can be expected to be highest near these 
edges. 
If the monolayer is compressed without a substrate present across the interface, we 
observe a similar effect, albeit much smaller. In this situation, the fmed measuring 
barrier may act in a similar manner, its influence extending weakly over the entire 
trough surface. In accordance with this interpretation, when transferring a monolayer 
to a substrate, with this substrate oriented perpendicular to the direction of the 
moving bamer (facing the side of the trough, and not present in the interface during 
the initial compression), we do not observe an initial region in the transferred 
monolayer with an orientation perpendicular to the transfer direction An interesting 
observation is that if we perform the same experiments, but this time not transferring 



When a substrate is present in the interface during the monolayer compression, 
oriented parallel to the direction of flow in the monolayer (figure 4.17), we again 
observe a region under the meniscus line with a perpendicular orientation following 
transfer of the monolayer. Also in this case, the original monolayer orientation on the 
water surface can be argued to be responsible. When the monolayer is pushed along 
the substrate, we are probably dealing with a laminar type flow. Such a flow profile 
will also cause rigid structures to line up parallel to the substrate wall, eventually 
leading to observations similar to the experiment with the substrate parallel to the 
moving barrier. 

Figure 4.17. Schematic representation of the orientation process in the monolayer at 
the air water interface upon compression with substrate present across the interface, 
oriented parallel to the compression direction (indicated with arrow). 

CONCLUSIONS. 

In this chapter, it was demonstrated that it is possible to use Langmuir Blodgett 
layers of crystalline isotactic PMMA as surface nucleating agents for amorphous thin 
films of i-PMMA. This method can be used to rapidly produce crystalline thin films, 
which adopt the orientation of the nucleating overlayers. This method allows for a 
way to efficiently produce highly oriented films of considerable thicknesses (up to the 
micron regime), that cannot be reached by the conventional technique of building 
thin films layer by layer. The idea of inducing oriented crystallization following this 
approach can be imagined to be also applicable to other systems. 



Unfortunately, the anisotropic crystallization leads to strong deformations of the film, 
with a characteristic surface structure developing, a phenomenon which is of course 
highly undesirable from the point of view of any possible application. Another 
disadvantage of this technique is the fact that its practical use is limited to i-PMMA 
samples with favourable molecular weights, high molecular weights requiring very 
time consuming annealing procedures. 
The nucleating effect can be used to visualize the local orientation of an as-deposited 
monolayer. Following this approach, information can be obtained about the original 
orientation of the helices in the monolayer on the water surface. This original water 
surface orientation was observed to be clearly affected by the presence of the 
substrate in the interface during the initial compression 
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Chapter V. 

Stereocomplexation of isotactic and 
syndiotactic PMMA at the air water interface 

ABSTRACT, Under the proper conditions, a transition can be ob- 
served in compression isotherms of mixed monolayers of isotactic and 
syndiotactic PMMA, which is shown to correspond to a pressure 
induced stereocomplexation process involving both the isotactic and 
syndiotactic components, analogous to similar processes in solution or 
melt mixtures. The identity of the double helical stereocomplex struc- 
tures is confirmed by the distinct 2:l (s:i) stoichiometry observed, the 
tacticity dependence of the process and by I R  characteristics of trans- 
ferred multilayers. Details of the process pertaining to the kinetics of 
the complexation process and the stability of the structures formed are 
also addressed. In many situations, only an incomplete conversion is 
attained, which can be attributed to immobilization effects in com- 
bination with the fact that the monolayer blends are not mixed at the 
segmental level. The monolayer stereocomplex structures can be trans- 
ferred to solid substrates to yield almost uniaxially oriented thin films. 
Following annealing treatments, these films are shown to melt at 
temperatures close to 1WC. 

INTRODUCTION. 

In the preceding chapters we discussed the rapid crystallization process that can take 
place in a monolayer of isotactic PMMA at the air water interface upon compression, 
and the possibilities to use these crystallized monolayers to build highly oriented 
crystalline thin films of this material. Bearing in mind that this transition involved the 
formation of double helical structures, the question arises whether it is possible to 
induce an analogous process in monolayers of mixtures of isotactic and syndiotactic 
PMMA to form stereocomplexes (another example of a double helix structure) 
through a similar monolayer compression. 
Stereocomplexation is known to occur in mixtures of i- and s-PMMA in the melt and 
in solution, and has been subject of research for more than 25 years (1, 2, 3). The 
PMMA stereocomplexes are now believed to consist of double helical structures, with 
a syndiotactic strand winding around an isotactic strand, the stoichiometry being 2:l 



Monolaver stereocom~lexatron 

(s:i) at the monomeric unit level (4, 5). On the basis of the structures proposed for 
the stereocomplex (5, 6), these stereocomplexes can be anticipated to occupy a 
smaller area, lying flat on the water surface, than a simple additive mixture of 
syndiotactic and isotactic PMMA in their 'normal' interface conformations, so that a 
favou~able IIAA contribution to the free energy of the formation of such a structure 
can be expected, as was the case for the crystallization of isotactic PMMA. 

A stereocomplexation process analogous to the isotactic PMMA monolayer crystal- 
lization with the possibility of building thin films of these structures would be 
interesting for various reasons. The melting range of stereocomplexes can extend up 
to temperatures over 2WC, so that structures with a very high thermal stability could 
possibly be built Compared to isotactic PMMA, the crystalline stereocomplex 
structures are known to be organized in rather small crystallites (3, 6, 7), which 
would cause less light scattering than the more extensive lamellar structures in 
crystalline i-PMMA (important with respect to optical applications). The solubility 
characteristics of the stereocomplexes are also different from those of the individual 
components, this solubility being relevant with respect to applications of PMMA as 
resist material in micro- or nanolithography (8). 
Next to these features associated with thin stereocomplex films on solid substrates, 
the monolayer behaviour itself may be very interesting from a more academic point 
of view: information may be obtained specifically pertaining to the phase behaviour 
in the monolayer, which in this case can be considered as a twodimensional polymer 
mixture. The phase behaviour of polymer mixtures in two dimensions has received 
quite a lot of attention in recent years, especially from a theoretical point of view, 
because of the strong excluded volume effects, which are predicted to result in e.g. a 
segregation of the individual polymer chains in an athermal mixture (9). This aspect 
of polymer mixtures in monolayers is more specifically addressed in the next chapter. 
A final interesting parameter is the spreading solvent: PMMA mixtures spread from 
complexing solvents may behave differently compared to monolayers spread from 
solutions in non-complexing solvents. 

EXPERIMENTAL. 

The characteristics of the materials used are listed in appendix 1, as are the ap- 
paratus and experimental routines used for the recording of the pressure area 
isotherms and the thin film infrared spectra. Unless stated otherwise, spreading was 
done from approximately 0.3 gll solutions of the pure components or their mixtures 
in chloroform, chloroform being a non-complexing solvent for mixtures of i- and s- 
PMMA, so that no preformed stereocomplex structures are present 



RESULTS AND DISCUSSION. 

Before we present the results obtained for mixtures of isotactic and syndiotactic 
PMMA, let us begin with recalling what we know about the monolayer behaviour of 
the individual components In chapter 2, we discussed the completely different 
behaviour of the two stereoregular forms of PMMA at low surface concentrations 
(submonolayer coverage). Isotactic PMMA experiences 'good solvent conditions' in 
the monolayer, characterized by only weak cohesive forces between the segments 
(10). Monolayers of syndiotactic PMMA, on the contrary, are characterized by 
strong intersegment interactions, leading to a twodimensional subtheta or collapsed 
conformation for the polymer chains. What should we expect for mixtures of these 
polymers at the air water interface? 
Polymers in monolaye* at the air water interface can be considered as forming a 
(pseudo-)twodimensional system, if the interaction of the segments with this interface 
is so strong as to allow few defects (as polymer chain crossovers, and in general any 
significant looping either into the water phase or into a 'bulk' phase not in contact 
with the air water interface). For PMMA, being insoluble in water and having a fairly 
good amphiphilic interaction with the interface, this assumption probably holds for 
low surface concentrations (low surface pressures). For athermal twodimensional 
polymer systems, de Gennes (9) already predicted that due to dominating excluded 
volume effects the individual polymer chains will tend to segregate, instead of inter- 
penetrating as in the threedimensional situation. This prediction was confirmed in 
several Monte Carlo studies (11). In twodimensional polymer blends, similar 
segregation phenomena can be expected, unless a very favourable x parameter for 
mixing is chosen; in this last case (in combination with rather low molecular weights), 
interpenetration is predicted to occur (12). 
For the actual mixture under consideration, a segregation of the chains should 
therefore be anticipated, unless the interactions between the isotactic and syndiotactic 
PMMA segment sequences would be very favourable, an assumption for which there 
is no a pnori justification. This tendency for segregation becomes even more 
probable, if we take into account the fact that upon spreading the polymers at low 
surface concentrations, we are in fact dealing with a ternary system, the empty 
surface sites (not occupied by segments of either component) acting as solvent 
molecules from a thermodynamic point of view. These surface sites act as a good 
'solvent' for the twodimensional isotactic PMMA chain, and as a subtheta solvent for 
syndiotactic PMMA (as illustrated by the negative second virial coefficient observed 
(13)); clearly, under these low surface concentration conditions, the propensity for 
segregation of the i- and s-PMMA chains may be even stronger: the isotactic and the 
syndiotactic components cannot be expected to be intimately mixed at the monomeric 
unit leveL In chapter 6, we will further elaborate on complications concerning the 
twodimensional phase behaviour in polymer monolayers. 
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Figure 5.1. Pressure area isotherms of isotactic PMMA (#m13, i), syndiotactic 
PMMA (#m42, s), and a mixture (s:i=2:1, solid line); a: 22°C; b: 45°C. 

Compression isotherms of the mixed monolayers In figure 5.la, the room 
temperature pressure area isotherms are given for syndiotactic PMMA, isotactic 
PMMA and a mixture of these two polymers (base mole ratio 2:l (xi), R n  9.1@ and 
13.10' respectively). The compression speed was 2 Az/monomeric unitminute for the 
syndiotactic PMMA and the s-i mixture, and 4 &/mmu.minute for isotactic PMMA 
(14). The monolayer behaviour of the mixture clearly deviates from what would be 
expected for perfect additivity: a transition can be observed, its onset at significantly 
lower surface pressures than the crystallization transition observed in the isotherm of 
pure isotactic PMMA, and the specific area in the part of the isotherm directly 



beyond this transition is significantly lower than that of either of the individual 
components. At the same time, the original i-PMMA crystallization transition has 
completely disappeared. The situation is even clearer when we consider the isotherms 
of the same samples, but now recorded at 45°C (figure 5.lb). For this temperature, 
the picture is not complicated by the possibility of monolayer crystallization of 
isotactic PMMA, since this is thermodynamically prohibited. In the isotherm of the s-i 
mixture, the same transition can be observed as in the isotherm recorded at 22"C, and 
even more clearly so. The apparent onset of the transition has shifted to lower 
surface pressures, and the plateau region is longer, leading to smaller specific areas, 
and a stronger deviation from the additive value, suggesting a higher 'conversion' to 
the newly formed structure. At both temperatures, the isotherm of the mixture 
reflects an approximately additive behaviour at low surface pressures, preceding the 
transition region, which is to be expected for a mixture in which the number of i-s 
segmental contacts is low due to a tendency of the chains to segregate. 
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Figure 5.2. Surface potential (solid line), p, (dashed line), and surface pressure of a 
2:l mixture of s-PMMA (#m42) and i-PMMA (#ml3). T=32"C. 

Surface potential measurements. Additional information about the monolayer 
behaviour of these mixtures of isotactic and syndiotactic PMMA can be obtained 
from surface potential measurements. These experiments were performed at 32"C, 
because of practical limitations of the apparatus used with respect to operating at 
elevated temperatures. The results are shown in figure 5.2 
When the mixtures of s- and i-PMMA (base mole ratio 2:l) are spread on the water 
surface, the surface potential rapidly stabilizes, with no indication of macroscopic 
heterogeneities (on a scale larger than the area probed (about 1 cm2)), as observed in 



monolayers of pure syndiotactic PMMA. The surface potential at low surface 
concentrations (corresponding to the regime in the isotherm where the surface 
pressure exhibits approximately additive behaviour) is equal to the value calculated 
as the weighted average of the individual components. The dipole moment projection 
per repeat unit p , = +  (for a discussion, see chapter 2) is calculated to be 0.26 Debye, 
with the values for the individual components being 0.225 and 0.315 Debye for 
syndiotactic and isotactic PMMA respectively. 
The surface potential abruptly stops to rise further upon compression just at the 
onset of the transition in the isotherm: during the transition, p,  falls rapidly. This 
situation is analogous to the rapid fall of the dipole moment observed during the 
crystallization of isotactic PMMA, when the initial amphiphilic orientation of the 
segments is exchanged for a double helical structure (10, 15). The similarity bet- 
ween the surface potential behaviour during the two transition processes suggests 
that, also for the s-i mixtures, a helix formation process (e.g. a stereocomplexation) 
may be responsible for the monolayer transition observed. 

Stoichiometry. So far, we only discussed the 2:1 s:i PMMA mixtures. In figure 5.3, 
isotherms are given for a range of mixing ratios at 45°C. We can clearly see that the 
transition observed in the 2:l mixture is evident for all mixing ratios, except for the 
pure components. The surface pressure associated with the onset of the transition is 
independent of the composition; the plateau region appears to be longest for the 
already discussed 2:l s:i mixture, which also yields the lowest area pro monomeric 
unit directly past the transition region. Furthermore, for this stoichiometry, we no 
longer see clear indications of the inflection points associated with the collapse of the 
individual components beyond this post-transition region; for other mixing ratios, 
there is still some evidence of one of these inflection points. 
The monolayers can be stabilized in the post transition regime: for a surface pressure 
of 12 mN/m, approximately an hour is required for complete stabilization. In figure 
5.4a and 5.4b, the limiting areas upon stabilization at 12 mN/m are plotted as a 
function of the mixture composition, at 22 and 45°C respectively. At 45°C the specific 
area exhibits a very distinct minimum at a mixing ratio of s:i=2:1, and the curve is 
characterized by two more or less linear regions from the values of the individual 
components to the value observed for this 2:l mixture. This behaviour is in agree- 
ment with a new phase being formed with a stoichiometry of exactly 2:l (s:i), 
characterized by a high chversion up to the point where one of the two components 
is used up. At 22"C, the minimum is broad and corresponds to higher values for the 
limiting area, reflecting an incomplete conversion: still, the monolayers do become 
stable at 12 mN/m within an hour. Also at this lower temperature, the minimum is 
clearly located asymmetrically with respect to both components, and is shifted to the 
syndiotactic rich side. 
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Figure 5.3. Pressure area isotherms o f  mixtures o f  s-PMMA (#m42) and i-PMMA 
(# m13). T=45"C, compression speed 2 A"'lmmu.minute. Fraction s-PMMA 0.33 (a), 
0.5 (b), 0.67(c). 0.86 (d). 

f r a c t i o n  s-PMMA f r a c t i o n  s-PMMA 

Figure 5.4. Specific area upon stabilization at 12 mNlm for mixtures of s-PMMA 
(#m42) and CPMMA (#m13), as a function of composition. Compression speed 1.5 
A"'lmmu.minute, T=22"C (a), 45°C (b). 



The stoichiometry of the PMMA stereocomplcx structure has been subject of 
confusion and debate for many years, especially since maximal effects due to ste- 
reocomplexation may be observed for mixing ratios not necessarily corresponding to 
the stoichiometry of the actually complexed sequences, e.g. due to dominating kinetic 
effects (3). The structural stoichiometry at the monomeric segment level was quite 
convincingly demonstrated to be 2:l (s:i) (4), which is in perfect agreement with the 
results shown in figure 5.4. The distinct minimum obscrvcd in figure 5.4b strongly 
suggests that we are dealing with a pressure induced stereocomplexation process in 
the monolayer, with high conversions being reached at 45°C. At 22"C, the limiting 
stereocomplex conversion appears to be lower. 

Limiting area. An important consideration in order to tentatively identify the mono- 
layer transition as an actual stereocomplexation process, concerns the limiting area on 
the water surface observed for this 'stereocomplex' conformation. In tigure 5.5, 
isotherm data are plotted of the 2:l monolayer mixture at 45°C- the isotherm 
recorded stepwise, allowing the monolayer to stabilize at each measured surface 
pressure. From an extrapolation of the linear part (12-18 mN/m) of this isotherm to 
zero surface pressure, we obtain a value of approximately 10.5 A2/monomeric unit. 
This value should be considered with some caution, since, if the conversion is not 
complete, it may be significantly too high. The data under 12 mNlm, on the other 
hand, suggest an even higher limiting area, possibly due to an incomplete conversion. 
The limiting areas are significantly lower than those obtained for crystalline i-PMMA. 

Figure 5.5. Specific area ob- 
tained upon stabilization at va- 
rious surface pressures for a 2:1 
mixture of s-PMMA (#m42) 
and I-PMMA (#m13). T=4YC. 
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Unfortunately, it is not easy to determine exactly which value we should expect for 
the stereocomplex helices, since the crystal structure, and especially their packing 
characteristics, have not been determined beyond doubt. Based on X-ray data and 
energy minimalization calculations, Bosscher (6) proposed a 30, double helical 
structure for the stereocomplex, without discussing the packing of these helices. The 
double helix suggested has a diameter of approximately 15 A and a pitch of 18.4 A. 
If we consider the helix as a hard impenetrable cylinder, we can calculate a limiting 
area of approximately 12 &/monomeric unit On the other hand, the suggested 
double helix structure shows clear 'grooves' (similar to e.g. the DNA double helix, but 
unlike the double helix proposed for crystalline isotactic PMMA). Therefore, the 
assumption of the helix acting as a hard cylinder may not be correct: an efficient 
packing is likely to involve some kind of 'interpenetration' of these grooves, leading 
to smaller values for the area occupied on the water surface, or at least to a higher 
value for the compressibility at low surface pressures, a region for which no ex- 
perimental data are available. 
Using better X-ray diffraction data, Schomaker (5) more recently proposed a 9, 
double helical structure for the stereocomplex This structure is characterized by an 
even larger diameter (21-22A), and an even more pronounced groove structure. The 
packing of these structures in a unit cell was not addressed. Again, an assumption 
that the helices pack as impenetrable hard cylinders (which leads to a limiting area of 
14-15 &/monomeric unit) will not be correct: the density of such a cylinder would 
only be 0.7 g/cm3, which is evidently far too low to be stable. It is obvious that the 
helical structures must strongly overlap in order to fit into the suggested unit celL 
The actual Limiting area of these structures on the water surface will be determined 
by this overlapping packing, and will be much lower than the 14-15 A2/monomeric 
unit suggested above. 
An alternative approach to estimate the limiting area of these structures is to use the 
thickness of a monolayer of these helical structures, and to assume that the overall 
density in the non-deformed condition has a 'normal' value. In this case, it can easily 
be seen that there will be a relation between the volume per segment (assumed to be 
approximately constant), the area per segment and the layer thickness d, (assumed 
to be equal to the helix diameter): 

For isotactic PMMA, a helix diameter of 12.5 19 leads to a calculated specific area of 
13.2 Az/monomeric unit From the stereocomplex structures proposed, we can 
estimate the diameter to be about 15-20 A. Assuming a similar density in these 
monolayers as in the monolayers of crystalline isotactic PMMA, a limiting area of 8.3 
to 11 &/monomeric unit is suggested. This (admittedly very rough) estimate appears 
to be in good agreement with the experimental results shown in figure 5.5. 



Summarizing, we can state that the observed values for the limiting areas do not 
contradict the stereocomplex identity of the post-transition structure, but that the 
uncertainties are too high to use it as positive conclusive evidence. 

Area [X2/repeating unit] 

Figure 5.6. Pressure area isotherms of 1:2 mixtures of i-PMMA (#m13) with s- 
PMMA #m42 (95% s, a), #m41 (90% s, b), #m48 (86% s, c), and #m33 (64% s, d). 
T=4S°C, compression speed 2 A2 1 mmu.minute. 

Effect of the stereoregularity. For a stereocomplexation process between isotactic 
and syndiotactic PMMA, a strong influence of the stereoregularity of the components 
on this process can be expected. In figure 5.6, we have plotted the isotherms of 
mixtures of isotactic PMMA ( #m13, >97 % isotactic triads) with syndiotactic PMMA 
of varying tacticities; in figure 5.7, the isotherms of mixtures of highly syndiotactic 
PMMA (#m42) with isotactic PMMA samples of varying tacticities are reported. In 
all these cases, stereocomplexation between the two components can be observed, 
and in all cases, the region preceding this transition is characterized by an approxi- 
mately additive behaviour. Lowering the tacticity of the syndiotactic component leads 
to higher surface pressures associated with the onset of the stereocomplexation: 
because of the many defects in the syndiotactic helix, the free energy of the stereo- 
complex will be relatively higher, requiring a higher IIAA contribution to the free 
energy of the transition. Still, stereocomplexation does take place up to rather high 
conversions, even for a conventional atactic PMMA sample (#m33, 64% syndiotactic 
triads). In stereocomplexation in melt or solution, the process has been observed to 
have a high tolerance for defects, and also under these conditions, atactic PMMA can 
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Figure 5.7. Pressure area isotherms of a 2:1 mixture of s - P M M A  #m42 and i- 
PMMA # m 1 3  (>97% i, a), #m26 (81% i.  h) and # m 2 9  (66% i ,  c). T=4S'C, 
compression speed 2 A"'lmmu.minute. 

form (defect rich) stereocomplex structures. Schomaker (5) extensively discussed the 
ability of stereocomplex structures to cope with defects occurring in the double 
helical structure. The large grooves in the stereocomplex structure allow for two 
possible ways of intertwining the two chains, the tolerance for defects being high by 
the possibility of an easy shift from one position to the other. Also, in the suggested 
structure, both ester and a-methyl groups of the syndiotactic chain point outward, so 
that tacticity defects do not strongly disturb the helical sequences. 
Lowering the tacticity of the isotactic component also leads to an increase in the 
surface pressure required to induce stereocomplexation, and also in this case, 
stereocomplexation is not prohibited. The effect of the stereoregularity of the 
isotactic component is even less pronounced than that of the syndiotactic component. 
The reason for this may he found in the asymmetric stoichiometry, in the fact that 
the free energy of the expanded conformation may also be affected by the lower 
tacticity of the isotactic component, or in another mechanism to deal with defects in 
the stereocomplex structures. Changes in the ester group of isotactic PMMA are 
known to inhibit stereocomplexation (in contrast to changes in the ester group of 
syndiotactic PMMA (16)), the stereocomplex structure being very sensitive to these 
type of variations. Tacticity defects in the isotactic strand, on the other hand, may 
well be dealt with efficiently, as was pointed out by Schomaker (5): in the case of a 
racemic diad, a torsion of only two backbone bonds of the rather flexible isotactic 
PMMA backbone suffices to retain the overall helix structure. 



Monolaver stereocomplexation 

The effects of the stereoregularity on the monolayer process allow us to positively 
identify the nature of this process as the stereocomplexation of isotactic and syn- 
diotactic PMMA. In the rest of this chapter, more indications for the validity of this 
hypothesis will be encountered, e.g. in the IR characteristics of transferred layers. 
Now that we have established the nature of the process, we will focus on the details 
of the monolayer process itself. 

Compression speed dependence. The isotherms of the 2:l mixture of syndiotactic 
and isotactic PMMA, recorded at 45°C at various compression speeds, are shown in 
figure 5.8. The surface pressure associated with the plateau region of the stereocom- 
plexation process is significantly higher for higher compression speeds, indicating that 
we are dealing with a rather slow process, with the transformation rate directly 
correlated with the surface pressure. A similar effect of the compression speed was 
observed for the crystallization process in monolayers of pure isotactic PMMA (15). 
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Figure 5.8. Pressure area isotherms of a 2:l mixture of s-PMMA #m42 and i- 
PMMA #m13. T=45"C, compression speed 0.67 (a), 2 (b), 6 (c) ~'lmmu.minute.  

Temperature dependence. The temperature dependence was already shortly 
indicated in figures 5.1 and 5.4. In figure 5.9, isotherms are given for the mixed 
monolayers as a function of temperature. Evident from these isotherms is that: 
- at higher temperatures, the onset of the stereocomplexation can be observed at 
lower surface pressures; 
- at lower temperatures, the conversion of the stereocomplexation process upon 
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Figure 5.9. Pressure area isotherms of a 2:1 mixture of s-PMMA #m42 and i- 
PMMA #m13. Compression speed 2 Rz/mmu.minute, T= 1QC (a), 22°C (b), 3QC (c), 
38°C (d) and 45°C (e). 

compression appears to be lower than at higher temperatures. Stabilization ex- 
periments (e.g. figure 5.4) also suggest an incomplete limiting conversion for these 
low temperature experiments. 
The lowering of the transition surface pressure with increasing temperatures, as 
observed in the isotherms, is opposite to the effect observed for the monolayer 
crystallization of isotactic PMMA (15), in which similar double helical structures are 
formed, and opposite to what might be expected for this complexation process: one 
would anticipate a negative complexation entropy. Although it is not impossible that 
at higher temperatures, the non-complexed condition of the mixed monolayer has a 
relatively higher free energy than at lower temperatures, an alternative explanation 
may be that, especially at lower temperatures, the transition rate is to a large extent 
controlled by the mobility of the segments and thus by a transport term, rather than 
by the free energy gain upon complexation. Stereocomplexation at low surface 
pressures can be thermodynamically more favourable at low temperatures, but the 
segmental mobility may be too low for a reasonable rate of complexation to be 
observed in the monolayer. This situation is analogous to a melt complexation or 
crystallization process at low temperatures: in this regime, the rate is also dominated 
by the segmental transport process, leading to higher conversion rates with increasing 
temperatures. The difference with the i-PMMA crystallization process may be caused 
by the condensed character of the s-PMMA component. 
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Figure 5.10. Hysteresis isotherms for a 2:l mixture of s-PMMA #m42 and i-PMMA 
#m13. Compression speed I R~mmu.minure, T=4YC. (1) Brst, (2) second hysteresis 
cycle. 

Hysteresis. Hysteresis experiments on the 2:l monolayer mixture indicate that the 
stereocomplexation is to a large extent not reversible: upon decompression, the 
surface pressure rapidly falls to zero, and upon recompressing the layer after a 
decompression to 40 &/monomeric unit, the isotherm strongly deviates from the 
original compression isotherm in the region before stereocomplexation takes place: 
evidently, even at zero surface pressure, the stereocomplex structures did not 
completely decompose (figure 5.10). At higher surface pressures (beyond the 
stereocomplexation transition), the recompressed film occupies a similar area as in 
the first run, indicating that no irreversible threedimensional collapse has occurred. 
The transition observed upon compression clearly does not reflect thermodynamic 
equilibrium, and can indeed be controlled by the segmental mobility, as suggested 
above. This behaviour of complexed structures not 'melting' at surface pressures 
comparable to the pressure at which they were formed, is analogous to the hysteresis 
phenomena observed in the monolayer crystallization process of isotactic PMMA, and 
e.g. to stereocomplexation phenomena in the melt, the complexed structures melting 
at higher temperatures than the complexation temperature: the complexation process 
behaves as a onedimensional crystallization (3). 
Performing the same experiments with i-PMMA #m29 (66 % isotactic triads), instead 
of the sample of high stereoregularity, also leads to an incomplete decomplexation 
upon decompression, although the second compression isotherm follows the original 
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Figure 5.11. Hysteresis isothe!ms of a 2:l mixture of a-PMMA #m33 and i-PMMA 
#m13. Compression speed 2 A21mmu.minute, T=45"C. First cycle solid line, second 
cycle dashed line. 

isotherm closer than in the case of the mixture based on the highly isotactic sample. 
A mixture of highly isotactic PMMA (#m13) and a conventional atactic PMMA 
sample (#m33, 64% s-triads) also exhibits a large hysteresis cycle, but in this case, 
complete decomplexation is attained at zero pressure: upon recompression, the 
isotherm follows an identical curve as the first compression isotherm (figure 5.11). 
The lower stereoregularity evidently lowers the stability of the stereocomplexes. 

Immobilization effects. The low limiting conversion of the stereocomplex mixtures 
at lower temperatures remains to be explained. For this explanation, it is important 
to stress the fact that we cannot expect the isotactic and syndiotactic PMMA to be 
intimately mixed at the monomeric unit level: as we have already indicated, due to 
the twodimensional nature of the monolayers, a tendency for segregation of the 
individual chains is to be expected. Stereocomplexation obviously requires the 
proximity of an isotactic strand and a syndiotactic strand: in a chain segregated 
monolayer, not all parts of the chains will actually have neighbours of the comple- 
mentary polymer. For a high conversion to be attained, it is necessary that reor- 
ganizations can occur during the stereocomplexation process, so that the parts of the 
chains initially 'hidden' from contact, become exposed. At high temperatures, it 
appears that this can be done effectively: at low temperatures, the monolayer phases 
appear to be somehow immobilized during the stereocomplexation process, and at 
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some point, extensive reorganizations evidently become prohihited. 
Considering the free energy change upon formation of a complexed section: 

the first term representing unfavourable contributions from e.g. an initial loss of 
conformational or translational entropy and the 'surface free energy' associated with 
the end of the helical sequences, we see that there will be a critical complexation 
length, involving N segments, the value for N depending on the complexation 
conditions. For conditions under which the free energy gain pro length of the 
complexed sections is high (e.g. at high surface pressures), complexation can he 
limited to many isolated short sequences. Such a high concentration of short links in 
a monolayer can be imagined to effectively immobilize the system, much more 
rapidly than in a situation where a lower concentration of more extensively com- 
plexed sections is formed. Complexation at low temperatures takes place at higher 
surface pressures than complexation at higher temperatures, leading to a higher 
concentration of shorter sequences and consequently to a stronger immobilizing 
effect, effectively prohibiting monolayer reorganizations. Similar immobilization 
effects were also suggested by Schomaker (17) for the stereocomplexation process 
in melt mixtures of isotactic and syndiotactic PMMA at low complexation tempera- 
tures (a situation also characterized by low mobilities combined with a high ther- 
modynamic driving force). Monolayer reorganizations may also be hindered at higher 
pressures due to the smaller fraction of free area available. 

Having established the nature of the incomplete conversion in the monolayer 
mixtures at low temperatures, we can now understand the results of an experiment, 
performing several hysteresis cycles on the same monolayer at 22°C. The results of 
the first 4 cycles are shown in tigure 5.12. We see that in the compression run, the 
stereocomplexation only reaches a low conversion: subsequent stabilization at 12 
mN/m does not lead to a much higher conversion, since the system is effectively 
immobilized and extensive reorganizations are no longer possible. Upon decompres- 
sion, the stereocomplex structures formed do not melt, but the immobilization con- 
straints may be partially lifted: the larger available area allows for some re- 
organizations, leading to fresh areas of contact between free parts of the syndiotactic 
and isotactic chains, which were locked in during the first compression run. Conse- 
quently, in the second compression run, the monolayer attains a higher limiting 
conversion. This process can be repeated for a number of times, each new cycle 
leading to a slightly higher conversion. For experiments up to seven cycles, conver- 
sions were eventually reached approaching that of a 45°C compression experiment. 
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Figure 5.12. Four subsequent hysteresis isotherms for a 2:l mixture of s-PMMA 
#m42 and I-PMMA #m13; compression speed 2 R'/mmu.minute. T=22"C. Subse- 
quent cycles are alternatingly shown by solid and dashed lines. 

Conversion versus compression speed  The immobilization effect discussed above, 
is also responsible for the variation of the limiting conversion upon stabilization at 
22°C and 12 mN/m, with varying initial compression speeds. The results of these 
stabilization experiments are reported in figure 5.13. At all compression speeds, the 
monolayers are observed to completely stabilize at 12 mN/m within an hour, but the 
specific area attained is a function of the compression speed: for higher compression 
speeds a higher limiting area is found, indicating a lower conversion. As illustrated in 
figure 5.8, the transition surface pressure associated with the stereocomplexation 
process strongly depends on the compression speed; in monolayers compressed 
rapidly, the surface pressure during complexation is higher, leading to a higher con- 
centration of short complexed sections and a more effective immobilization of the 
chains in the monolayer, than in monolayers being compressed slowly, which can 
reach a higher conversion. A similar, but less pronounced effect was observed for the 
same monolayers compressed at 45°C. 
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Figure 5.13. Specific area upon stabilization at 12 mNlm as a function of compres- 
sion speed (in R2/mmu.minute), for a 2:l mixture of s-PMMA #m42 and i-PMMA 
#m13. T=22"C. 

Molecular weight effects: high molecular weights. In figure 5.14, isotherms are 
reported for a series of 2:l mixtures of syndiotactic PMMA (#m42), with i-PMMA 
samples of molecular weights (Mn) varying from 13.1V to 770.101. The molecular 
weight clearly has a strong influence on the shape of the isotherms. In all cases the 
onset of the stereocomplexation can be detected at approximately the same surface 
pressure, but the efficiency of the transition process following this onset is clearly 
different: high molecular weights only attain a low limiting conversion upon compres- 
sion compared to low molecular weight materials. For these high molecular weight 
samples, a strong dependence of the conversion on the compression speed is found in 
stabilization experiments. 
At first sight, it may be argued that higher molecular weights lower the overall 
mobility of the chains, and that an increased viscosity is responsible for the lower 
conversion rates. This argument is probably not valid, though. In the monolayer 
crystallization of isotactic PMMA, we observed that high molecular weights did not 
significantly limit the crystallization rate, in contrast to the analogous process in the 
melt, which was rationalized by the absence of entanglements in the monolayer. The 
crystallization rate appeared to be mainly determined by the local segmental mobility, 
even though lamellar structures are probably formed, requiring some kind of 'reeling 
in' process of the chains. Stereocomplexation processes in the melt exhibit an effect 
of the molecular weight only in the regime where lamellar type crystallites are being 
formed (ie. high complexation temperatures); at low temperatures, resulting in only 



short complexed sections, even in the melt no significant effect of the molecular 
weight was ohserved. Schomaker (17) explained this by a 'kink-nucleated' mechanism 
in which two contiguous chains can form a double helix (or actually simultaneously 
two douhle helical structures), without requiring the involvement of a chain end, and 
without requiring extensive chain motions. Such a mechanism is also conceivable for 
the monolayer process. If we consider these facts, it appears unlikely that the mole- 
cular weight of iwtactic PMMA would directly influence the segmental mobility in 
the monolayer, especially since the  conditions under which the stereocomplexation 
takes place as reported in figure 5.14, imply fairly short complexed sequences heing 
formed, these conditions heing beyond the lamellar growth regime (as will be 
discussed later on). 
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Figure 5.14. Pressure area isotherms for 2:1 mixtures of s-PMMA #m42 and i- 
P M M A  #m13 (Hn 13.10', a ) ,  # m l l  (21.10'. h), #m8 (36.10', c) ,  # m 5  (95.1@, d ) ,  
#m2 (770.10q, e). Compression speed 2 A2 /mmu.minute, T=4Y'C. 

A more likely candidate for the actual cause of the conversion limitation in the 
mixtures with high molecular weight i-PMMA may be  the tendency for chain 
srgrqation suggested for these monolayer mixtures. For such segregated chains, 
higher molecular weights will lead to  larger domains, with relatively less contacts 
between isotactic and syndiotactic strands and less possibilities for extensive reor- 
ganizations. This implies that the stereocomplexation process will be less effective, 
and will lead t o  large parts of the chains locked in upon immobilization of the 
system. This is in agreement with the pronounced effect of the compression speed on 
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the limiting conversion and the observation that repetitive hysteresis cycles lead to 
higher conversions. The problem associated with the high molecular weights may not 
be an intrinsic problem in the formation of double helical structures involving a high 
molecular weight polymer strand, but may be related to the phase behaviour and the 
chain segregation phenomena in the monolayer. 

In figure 5.15, isotherms are shown for mixtures of (low molecular weight) 1-PMMA 
with a series of narrow molecular weight fractions of syndiotactic PMMA with similar 
tacticities. Raising the molecular weight of the syndiotactic PMMA again leads to a 
suppression of the rate of stereocomplexation, with the onset pressure of the process 
remaining approximately invariant, indicating that the thermodynamic driving force is 
not significantly different As for high molecular weight i-PMMA samples, the cause 
for the observed effects may be found in the limited accessibility of the chains in a 
chain segregated mixture, and the resulting low number of s-i interchain contacts. The 
effect of the molecular weight of the syndiotactic component is even more dramatic 
than that of the isotactic component: a molecular weight of 46. lo3 results in an almost 
complete suppression of the stereocomplexation, whereas for molecular weights for 
the isotactic PMMA of up to one million, the effects of the onset of stereocomplexa- 
tion can still clearly be seen in the isotherms. We will discuss these phenomena more 
extensively in the next chapters. 
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Figure 5.15. Pressure area isotherms of 1:2 mixtures of CPMMA #m13 and s- 
PMMA #m48 (Hn 18.10: a),  #m47 (25.1@, b), #m46 (32.1@, c) and #m45 (46.10'. 
d). Compression speed 2 R2 /mmu.minute, T=45"C. 
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Figure 5.16. Pressure area isotherms of a 2:l mixture of s-PMMA #m42 and i- 
PMMA #m13 (Hn 13.101, a), #m18 (7.101, b). #m20 (4.101, c) and #m21 (2.8.101, 
d). Compression speed 2 R2 /mmu.minute, T=45"C. 

Molecular weight effects; low molecular weights Studying monolayers of 
isotactic PMMA, we observed that low molecular weight materials exhibited a 
suppression of the crystallization process, which was attributed to critical chain length 
effects: if a chain can only form short helical sequences, the contribution of the initial 
loss in free energy upon formation of these structures becomes an important factor. 
The negative effects were already observable for molecular weights under approxi- 
mately 25. I@, depending on the conditions used. The stereocomplexation process can 
be expected to be subject to similar critical chain length effects (18, 19). 
Figure 5.16 gives the compression isotherms for mixtures of syndiotactic PMMA with 
isotactic PMMA of various low molecular weights. Indeed, we see that upon lowering 
the molecular weight under 10.103, the surface pressure associated with the stereo- 
complexation increases: for lower molecular weights, a higher IIAA contribution is 
required to compensate for the relatively higher contribution of the initial loss in free 
energy. The lowest molecular weight samples used have a somewhat lower stereo- 
regularity (appendix 1); still, when comparing the effects observed with effects due to 
a less perfect isotacticity (figure 5.7), it is clear that the low molecular weight must 
play an additional role in raising the transition pressure. In all cases, stereocorn- 
plexation is observed up to high conversions, indicating that at these higher surface 
pressures the process is no longer hindered by critical chain length effects, with only 
very short complexed sequences being formed, short relative to the chain length. 
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Figure 5.17. Isobaric stabilization plots for a 2:1 mixture of s-PMMA #m42 and i- 
PMMA #m13. T=4YC, lI=2.7mNlm (a), 4.0 mNlm (b). 

The results of these experiments indicate that the critical chain length effects are less 
pronounced than in the monolayer crystallization of isotactic PMMA, due to the 
lower complexation length required to give stable stereocomplex structures. 

Monolayer stereocomplexation kinetics. In order to obtain information about the 
growth mechanism of the stereocomplex structures, isobaric stabilization experiments 
were performed both at 22°C and at 45°C. 
At 45"C, attempts to stabilize the mixed monolayer at pressures clearly under the 
transition pressure observed in the compression isotherms, fail: even at low pressure 
(e.g. 2 mNlm), the monolayer appears to exhibit a very slow stereocomplexation. At 
these low surface pressures (<3.0 mNIm), the stabilization plot shows some cur- 
vature, with the transition rate accelerating somewhat with time (figure 5.17a): a 



similar autoaccelerating character was found for the monolayer crystallization of 
isotactic PMMA. For the monolayer stereocomplexation process, we are in the 
regime of a low thermodynamic driving force, probably requiring a lamellar rype 
growth, similar to the melt behaviour at high complexation temperatures (17). These 
lamellar structures grow only after a nucleation stage, responsible for the induction 
period: similar induction periods are found in melt stereocomplexation processes 
under lamellar growth conditions (17). The autoaccelerating nature is less pro- 
nounced than that in the monolayer crystallization behaviour of isotactic PMMA; for 
the stereocomplexation process, there may be a significant contribution of newly 
formed complexes to the overall conversion rate, instead of a clear dominance of 
structures growing from a stable nucleus. Moreover, diffusion processes may also be 
rate determining with respect to the growth of stereocomplex nuclei. At higher 
surface pressures, the behaviour changes into a linear growth in the initial stages of 
the process, with only a slowing down observed at higher conversions, as in a simple 
first order process. At these higher surface pressures, we are probably no longer 
dealing with a strong contribution of growing lamellar structures, but instead only 
with isolated short complexed sequences being formed, the rate of formation of these 
sequences being simply proportional to the amount of non-complexed material 
(figure 5.17b). 
At 22"C, isobaric stabilization experiments have to be carried out at higher surface 
pressures in order to observe any stereocomplexation at all. Even at the lowest 
surface pressures used (implying very slow transition rates, comparable to the lowest 
studied at 45"C), only linear conversion plots were found in the initial stages of the 
process: evidently, we are already operating beyond the regime of the lamellar 
growth mechanism. This is another indication that the higher surface pressure 
required for stereocomplexation at lower temperatures has its origin in a limited 
segmental mobility, rather than being related to a lower free energy of complexation. 

Stability of the monolayer stereocomplexes. In chapter 3, we discussed the effect 
of the crystallization surface pressure on the stability of crystallites of i-PMMA upon 
decompression. The results indicated that more stable crystallites were formed, when 
the crystallization process was carried out under more subtle conditions (lower 
surface pressures). For the stereocomplexation process, similar effects can be expec- 
ted: at low surface pressures, structures consisting of relatively large complexed 
sections can be anticipated to be more stable than the short complexed sequences 
formed at higher surface pressures This effect is demonstrated in figure 5.18, which 
shows isotherms recorded after a stabilization experiment was performed at low 
pressure (3.0 mNlm) with subsequent compression to 12 mNlm, and after a stabiliza- 
tion experiment in which the monolayer was immediately compressed to 12 mN/m. 
In both cases, following stabilization at 12 mN/m, the monolayers were decom- 



pressed: the subsequent compression isotherms are shown. The complexes formed in 
the monolayer in which stereocomplexation took place at low surface pressures, are 
apparently more stable than those in the monolayer in which complexation occurred 
at higher surface pressures: in the latter case, a larger fraction of stereocomplex 
structures 'melted' upon decompression. The limiting conversion in the first ex- 
periment was slightly higher, but not enough to account for the difference observed. 
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Figure 5.18. Compression isotherms (T=45"C, compression speed 2 R21mmu.minute) 
of a 2:1 mixture of s-PMMA #m42 and i-PMMA #m13, after complete decom- 
pression jollowing stabilization at 3 mNlm (with subsequent compression to 12 
m Nl m)(solid line), and at 12 m Nl m (compression speed 4 AZl mmu.minute)(dashed). 

The stability of the stereocomplexes upon decompression can also give us infor- 
mation about the thermodynamic stability of the complexes at different temperatures. 
As already mentioned, the stereocomplexation process itself may he strongly affected 
by kinetic factors, and information about the thermodynamic stability cannot easily 
be extracted directly from compression isotherms. In order to study the decomplexa- 
tion behaviour, we first compressed the monolayers under identical conditions at 
45"C, so as to ensure an identical formation history of the complexes, and decom- 
pressed the monolayer either at 45"C, or after cooling to 22" during the 45 minutes 
pause time. For this experiment, a mixture of isotactic PMMA and conventional 
PMMA was used, which completely decomplexates upon decompression. The 
decompression isotherm exhibits a much steeper fall upon decompression at lower 
temperatures (figure 5.19), suggesting a somewhat higher stability of these stereo- 
complexes at low temperatures. Still, also at these temperatures, complete decom- 
plexation is attained, as is confirmed by a subsequent compression run. 
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Figure 5.19. Hysteresis isotherms of a 2:l mixture of a-PMMA #m33 and i-PMMA 
# m17. Compression speed 2 R2 1 mmu.minute, T=45"C. Pause time 45 minutes. 
Decompression speed 2 R2/mmu.minute. Dashed line: decompression at 4YC; solid 
line: decompression at 22% after cooling during pause time. 

Spreading from complexing solvents Up to now, we only discussed the monolayer 
behaviour of mixed monolayers of PMMA, spread from solutions in chloroform, a 
non-complexing solvent The observation that stereocomplexes formed in the 
monolayer can be stable at zero surface pressure, appears to offer the possibility of 
spreading preformed stereocomplexes from a complexing solvent In order to test the 
feasibility of directly spreading stereocomplex monolayers, we used a solution of i- 
PMMA #m13 and s-PMMA #m41 (ratio 1:2) in toluene. Toluene is a solvent that is 
classified as intermediate between type A and type B, strongly and weakly com- 
plexing solvents respectively (2). Spreading of the solutions of the individual com- 
ponents in toluene yields identical isotherms compared to spreading from chloroform 
solutions. In figure 5.20, isotherms are shown of monolayers spread from this 
solution, stored for various times at room temperature after heating to 100°C (in 
order to start from a non-complexed solution). An isotherm of the same components 
spread from chloroform solution is given for reference. It is evident from the 
isotherms that the state of aggregation in the solvent strongly affects the monolayer 
behaviour. It is also clear that upon progress of the stereocomplexation process in 
solution, incomplete spreading is observed, not resulting in well-defined monolayers 
of stereocomplex structures. Evidently, threedimensional aggregates are formed in 
toluene solution, that are stable at the air water interface and do not spread to form 
a monolayer. Solutions in benzene exhibit a similar behaviour. 
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Figure 5.20. Pressure area isotherms of a 2:l mixture of s-PMMA #m41 and i- 
PMMA #m13, spread from toluene solution, as a function of complexation time in 
solution. a: 30 min; b: 14 hr; c: 4 days; d: 7 days ; e: 20 days; f: 4 months. Dashed 
line represents an isotherm of a similar mixture spread from chloroform solution. 

Multilayers: an IR study. Monolayers of mixtures of isotactic and syndiotactic 
PMMA can be transferred to solid substrates (gold, ZnS, hydrophobic silicon) in the 
suggested stereocomplex conformation. Characteristic transfer ratios at 45 "C are 0.3 
(downstroke), and 1.0 (upstroke). The multilayers built this way can be studied with 
standard infrared techniques as grazing incidence reflection (for gold substrates), or 
polarized transmission (ZnS substrates). 
An important feature of the PMMA stereocomplex is the appearance of an 860 cm" 
band in the IR spectra next to the 843 cm" band observed in amorphous mixtures of 
s- and i-PMMA. The band appears to be associated with the close to all-trans back- 
bone conformation of the syndiotactic chain in the stereocomplex and in (probably 
also double helical) self-aggregates this phenomenon was extensively studied by 
SpeviEek and Schneider (2, 20, 21). Another spectral feature that may be as- 
sociated with this conformation, is a splitting of the carbonyl band, with an extra 
absorption band emerging a few wavenumbers higher than the normal ('amorphous') 
band: this feature was only explicitly reported for self-aggregated s-PMMA structures 
and was attributed to mutual dipolar interactions of the ester groups in the organized 
aggregates (21, 22, 23). 
Figure 5.21a shows a part of the grazing angle infrared spectrum of a 2:l mixture of 
isotactic and syndiotactic PMMA, transferred to the gold substrate at 45 "C, using a 
transfer pressure of 12 mNlm, the monolayer being in the suggested stereocomplex 
conformation. A clear shoulder at 860 cm" is visible next to the 843 cm" band. The 
reference spectrum given is a simulated GIR spectrum, calculated on the basis of the 
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Figure 5.21. GIR infrared spectrum of a multilayer built from a 2:l mixture of s- 
PMMA #m42 and CPMMA #m 13, in the proposed stereocomplex conformation (a); 
calculated GIR spectrum for un amorphous isotropic thin film of this mixture (b); 
polarized trun~mission IR spectrum of a similar as-deposited multiluyer on ZnS, 
polarization 90" (c), O" (d). Transmission infrared spectrum of a multilayer of a 
mixture of s-PMMA #m44 and i-PMMA #m6, transferred at 5 mNlm at 22°C (e, no 
monolayer stereocomplexation). 

optical constants derived from an amorphous mixture of the same materials (24). 
Figure 5.21 also gives transmission spectra of a similar as-deposited monolayer, with 
polarizations of the electrical field along (0") and perpendicular to (90") the transfer 
direction; again, the 860 cm-' band is clearly visible, positively identifying stereo- 
complex structures in the thin film. Thin films of this same material, heated to 210°C 
to remove all order present, do not exhibit this band; neither is it observed in 
multilayers of mixtures of i- and s-PMMA built by transfer of monolayers in the non- 
complexed condition (figure 5.2 1 e). 
A shift of the carbonyl band to higher wavenumbers can be observed in the spectra 
of the as-deposited thin films with respect to an amorphous film (figure 5.22): this 
effect is analogous to the extra band observed for the self-aggregated s-PMMA 
structures (in which the s-PMMA presumably has a conformation very much like in 
the stereocomplex), although it was not explicitly reported for the stereocomplex 
conformations. When studying thin films of mixtures of s- and i-PMMA annealed at 
135°C for 48 hours, starting from an amorphous mixture, a similar shift in the 
carbonyl band was observed, indicating that it may also be characteristic for the 
stereocomplex structures. 
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Figure 5.22. a: GZR spectrum of an as-deposited multilayer of a 2:l mixture of s- 
PMMA #m42 and i-PMMA #13, in the proposed stereocomplex conformation (solid), 
and afrer melting at 210°C (dashed). b: Polarized transmission spectrum of a similar 
multilayer on ZnS, polarization 90" (solid). 0" (dashed) (spectra shown on same scale). 

The IR spectra of the as-deposited stereocomplex multilayers also differ from the 
simulated amorphous spectra in the 1000-1500 cm-I region, and especially in the 
overlapping bands at 1240-1270 cm", as can be seen in figure 5.23. These differences 
can be attributed to dichroic effects. Dichroic effects can also be observed in 
polarized transmission spectra: the band ratios are significantly different for different 
directions of the electrical field vector with respect to the transfer direction (figure 
5.23~ and 5.23d). The carbonyl band (figure 5.22) and the bands in the aforemen- 
tioned 840-860 cm" range (figure 5.21) also exhibit dichroic effects. In all these cases 
the dichroic effects are qualitatively similar in the GIR spectra and the 90" transmis- 
sion spectra, with the opposite effects being observed in the 0" transmission spectra. 
In the first case, relatively higher absorption intensities are found for the C=O 
stretching vibration (in particular at the high wavenumber side), the 1073 cm-' band, 
the 1387 cm'l band and the 1240 cm-' band; in the latter case, stronger absorption 
intensities are observed for the 1436 cm" band, the 1270 cm" band, the 1150 cm-' 
band and the characteristic 860 cm" vibration. 
These observations suggest a more or less uniaxial orientation and are compatible 
with helical structures with a preferential orientation parallel to the substrate and 
parallel to the transfer direction, similar to what was observed for multilayers of 
crystalline isotactic PMMA under most conditions. The dichroic effects exhibited by a 



band are directly determined by the angle of the dipole transition moment with the 
helix axis, as discussed in appendix 3. We will not attempt to give a detailed inter- 
pretation of the dichroic effects in terms of the structure suggested for the stereo- 
complex, because the contributions of the isotactic chain and the syndiotactic chain 
are difficult to separate, and the uncertainty with respect to the details of the 
proposed structures is too high. 
The orientation of the helical structures in the transfer direction is the direct result of 
the anisotropy of the rigid helical stereocomplex structures formed, and the flow that 
is caused in the monolayer by the transfer process: the helices are oriented in the 
dipping direction. A digital subtraction of the two polarized transmission spectra 
yields a difference spectrum which deviates significantly from similar difference 
spectra of multilayers of crystalline i-PMMA, confirming that the dichroic effects are 
not caused by crystalline i-PMMA present in the thin film. 
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Figure 5.23. GZR spectrum of an as-deposited mulrilayer of a 2:l mixture of s- 
PMMA # m42 and i- PMMA # m 13, in the proposed stereocomplex con formation (a); 
calculated GZR spectrum for an amorphous, isotropic jilm of this mixture 0); 
Polarized transmission spectra of a similar multilayer on ZnS, polarization W (c), Q 
(d), and the difference spectrum (e). 

When annealing the as-deposited multilayers at temperatures from 120 to 160°C 
(above the Tg of either component), we can see that the multilayers retain the ano- 
malous spectral features indicated above, the dichroic effects becoming even more 
pronounced (figure 5.24). In the GIR spectra, a small overall drop in absorption 
intensity is observed, which can be attributed to a densification of the loose, as- 
deposited multilayer structure, as is discussed in appendix 2, and as was also observed 
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Figure 5.24. Polarized transmission spectra of the jilm of jigure 5.23, afrer annealing 
at 12CPC for 16 h, polarization 9(P (a), 0' (b), and the difference spectrum (c). 

for multilayers of crystalline i-PMMA. 
Multilayers built from monolayers that were complexed at low surface pressure (3 
mNlm) did not exhibit an orientation of the complex helices perpendicular to the 
dipping direction, as was observed for monolayers of i-PMMA crystallized under 
analogous conditions. In the latter case, this phenomenon was attributed to the 
presence of extensive rigid lamellar type structures, which are probably not formed to 
a similar extent in the monolayer stereocomplexation process (even under the con- 
ditions used). Also in the corresponding melt processes, the lamellar structures 
observed for the stereocomplexation are limited to much smaller dimensions than in 
the crystallization of isotactic PMMA (3, 7). 

Melting range. The melting range of the stereocomplex multilayers was estimated 
by alternately heating the film to various temperatures, and subsequently recording 
an IR spectrum after cooling to room temperature. This procedure permits reor- 
ganizations to take place during the annealing process, so that it should be recognized 
that the results obtained are also determined by the exact thermal history. 
When we perform this experiment starting from a 250a multilayer (i-PMMA #m13, 
s-PMMA #m42, ratio 1:2, initially annealed for 16 hours at 12VC), recording the 
spectra after annealing the film for a period of one hour at various temperatures with 
an interval of 8-10"C, we observe the disappearance of the stereocomplex features at 
approximately 165-170T, which is a very reasonable value for fringed-micellar type 
small scale structures (17). If the experiment is repeated with an initial annealing 



period of 24 hours at 155"C, and with subsequent annealing periods of three hours at 
various temperatures with intervals of g°C, we see that the stereocomplex features 
and the dichroic effects are completely retained up to temperatures of close to 190°C. 
Evidently, upon annealing for longer periods at higher temperatures, the stereo- 
complexed sections reorganize into more stable (lamellar) structures, a phenomenon 
that was also reported by Schomaker (17) for relatively low molecular weight melt 
mixtures. During these reorganization processes, the overall orientational features 
appear to be retained 
Summarizing, we can conclude that upon building multilayers from monolayer 
stereocomplex structures, followed by an appropriate annealing treatment, uniaxially 
oriented thin films can be prepared with a high thermal stability. 

CONCLUSIONS. 

In this chapter, we demonstrated that it is possible to prepare stereocomplex 
structures of isotactic and syndiotactic PMMA in a monolayer at the air water 
interface, this process being induced by the surface pressure build-up upon compres- 
sion The process is in many aspects analogous to the monolayer crystallization of 
isotactic PMMA, in the first place since it involves the formation of double helical 
structures at the air water interface, although in some respects clear differences can 
also be observed. The stereocomplexation exhibits a distinct 2: 1 (xi) stoichiomeuy at 
the monomeric unit level and is most effectively conducted at elevated temperatures; 
this latter observation appears to be attributable to a dominating effect of the 
segmental mobility. An important feature of monolayer blends of s- and i-PMMA is 
the fact that the components are not intimately mixed at the monomeric segment 
level due to a tendency for chain segregation that can be anticipated for the pseudo- 
twodimensional system formed by the monolayer. This segregation makes the stereo- 
complexation process extra susceptible towards immobilization effects, which become 
effective at higher surface pressures; the limiting effect of high molecular weights on 
the conversion can be explained along the same lines. 
The rate of the stereocomplexation process is strongly dependent on the surface 
pressure. At relatively high surface pressures initially linear conversion curves 
indicate a mechanism of isolated small complexed sections being formed, whereas at 
low surface pressures at high temperatures, a tendency for autoacceleration appears 
to suggest a significant contribution of growing lamellar structures. In general, the 
monolayer stereocomplexation behaviour is analogous to that of the mixtures in the 
melt. 
Using these stereocomplex monolayers, multilayers can be built on solid substrates. 
These multilayers exhibit more or less uniaxial orientation characteristics, in agree- 
ment with the helical nature of the complexes, these structures being oriented in the 



dipping direction upon transfer. Following annealing at elevated temperatures, these 
multilayers can be observed to be stable up to 190°C; the thermal stability is higher 
than that of multilayers built from crystalline i-PMMA (as discussed in chapter 3). 
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Chapter Vl. 

Monolayer phase behaviour in relation to 
crysta/lizatjon and stereocomplexation 

ABSTRACT, The monolayer stereocomplexation process, as intro- 
duced in the preceding chapter, appears to be only efficient when using 
low molecular weight samples. This phenomenon can be explained by 
an increasing tendency for phase separation upon using higher mole- 
cular weight samples, leading to larger domain sizes and a limited 
mutual accessibility: especially the use of high molecular weight s- 
PMMA appears to result in strong aggregation processes of these 
chains. This hypothesis is corroborated by the observation that ad- 
dition of stereoblock PMMA strongly enhances the efJTciency of the 
stereocomplexation process, this material acting as a compatibilizer, 
dispersing the s-PMMA chains in the monolayer. 
The behaviour of isotactic PMMA in monolayers of mixtures with a 
non-crystallizable component was also investigated. The monolayer 
crystallization process in mixtures with high molecular weight con- 
densed type polymers as s-PMMA can be completely explained on the 
basis of additive behaviour, as expected for monolayers with large 
domains present. When i-PMMA is mixed with non-crystallizable 
diluents forming expanded monolayers, the monolayer crystallization 
of the i-PMMA component is shown to be a function of molecular 
weight of the diluent. Whereas for high molecular weights crystal- 
lization takes place as in undiluted monolayer, low molecular weights 
of the diluent give rise to a suppressed monolayer crystallization, pre- 
sumably the result of a demixing process accompanying crystallization. 

INTRODUCTION. 

In the preceding chapters, we discussed the crystallization and stereocomplexation 
processes that can take place in monolayers of isotactic PMMA and mixtures of 
isotactic and syndiotactic PMMA, respectively. In this chapter, we will focus on the 
relation between these processes and the phase behaviour in mixed monolayers. Both 
processes can be expected to be sensitive to this phase behaviour, and thus to present 
a handle for obtaining information about i t  
The behaviour of monolayers of polymer mixtures has been the subject of many 
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reports in the literature. Especially the group of Gabrielli has dedicated much effort 
to studying mixed monolayers (1, 2, 3, 4, 5, 6); Kawaguchi recently also ad- 
dressed the monolayer behaviour of a series of polymer mixtures (7), and many 
more authors reported on the miscibility behaviour of polymers in monolayers. Most 
of these studies assess the miscibility of two components on the basis of deviations 
from addivity of the specific areas or the compressibility, or on the basis of the 
collapse behaviour of the mixed monolayers. The first approach may not be very 
sensitive in many cases, since often the effects are quite small; the latter approach 
gives information only about the collapse regime, and the results are not always 
unambiguous. In most cases, the mixtures are either classified as miscible or non- 
miscible; more detailed information is usually not extracted Phenomena as the extent 
of segregation of the individual coils, limited interpenetration and molecular weight 
effects have not been addressed in detail in these experimental studies; a direct 
correlation with theoretical results on the behaviour of twodimensional polymer 
mixtures is not often given. 

Langmuir Blodgett monolayers of polymers can be considered as a pseudo-twodimen- 
sional system; especially for the poly(methylmethacrylates), with rather favourable 
amphiphilic interactions of the segments with the interface combined with insolubility 
of the segments in the subphase, the monolayers can be expected to have a clear 
twodimensional character at low surface concentrations. Although 'defects' such as 
polymer chain crossovers cannot be completely excluded, their influence may not be 
very strong. Since the poly(methylmethacry1ates) do not have long sidechains, the 
interaction between the segments can also be expected to be limited to a very thin 
layer; reorganizations of long side chains into the third dimension do not disturb the 
picture of a twodimensional monolayer. 
The phase behaviour of twodimensional polymer systems has received quite a lot of 
attention from a theoretical point of view. De Gennes (8) already predicted that in 
twodimensional polymer systems, the individual polymer coils will tend to be 
segregated. Because of the twodimensional topological constraints, crossovers and 
entanglements will not occur. In contrast to their threedimensional analogues, the 
polymer chains do not readily interpenetrate; the only way to do so would be through 
a partial alignment of the chains, which would cost a substantial amount of confor- 
mational entropy, and is only feasible when compensated by strong enthalpic effects 
(e.g. in a mixture with strongly favourable interactions between the components) 
(9). Monte Carlo simulations have proven extremely useful in studying these 
twodimensional polymer systems (10, 11, 12), and confirmed the tendency of 
the individual coils to segregate. The number of interchain segment-segment contacts 
is found to be clearly lowered with respect to intrachain contacts, relative to what 
would be expected for a random Flory-Huggins type mixing of the segments (13). 
In polydisperse systems with short chains present in the system, penetration of the 



coils formed by long chains by these short chains may be possible; in the case of 
extremely short chains (in the limit of solvent molecules), this is trivial. In simulations 
of twodimensional polydisperse polymer melts, the presence of short chains was also 
argued to result in an effective swelling of the longer chains (9, 14). 
The results mentioned above apply to athermal melts; in simulations of homopolymer 
mixtures with strongly favourable interactions between unlike segments, swelling and 
interpenetration was observed to occur (13, 15). It should be noted though that 
these results were obtained for fairly short chains (N=20). Using moderately 
favourable interaction enthalpies, Van Vliet and Ten Brinke (16, 17) also ob- 
served an anisotropic swelling of twodimensional polymer coils; still, the tendency for 
chain segregation had not completely disappeared. Mixtures of chains of higher 
molecular weights exhibited a more pronounced influence of this remaining chain 
segregation effect In general, the limitations for chain interpenetration are probably 
stricter for longer chains, the contribution of chain ends being less important. 
Interpenetration by only the chain ends can be imagined to be feasible without a high 
entropy cost Summarizing, we can say that in twodimensional polymer mixtures, a 
domain structure is to be anticipated (the domains corresponding to the segregated 
individual chains), unless strong favourable interactions (andlor low molecular 
weights) are chosen 

For polymer mixtures with an unfavourable interaction energy, an additional effect, 
apart from a segregation of the individual coils, may be the aggregation of chains of 
similar segments, eventually leading to a macroscopic phase separation, in order to 
minimize the number of contacts between unlike segments. This phenomenon was 
observed in Monte Carlo simulations (13), which were also used to investigate the 
kinetics of spinodal decomposition in these systems (18, 19). 
The thermodynamic conditions for such macroscopic phase separation in two 
dimensions, have been addressed by Van Vliet and Ten Brinke (16). For athermal 
mixtures, and certainly for mixtures of polymers with an unfavourable segment- 
segment interaction enthalpy, the polymer chains will tend to be strongly segregated, 
without significant interpenetration. Using this assumption of complete chain 
segregation, Van Vliet and Ten Brinke applied a Flory type mean field approach to 
describe the free energy of mixing of the segregated chains, considering these chains 
as separate impenetrable particles: 

where +,,, represent the 'area' fractions of both components, and I',, is an exchange 
interaction parameter. This expression applies to the free energy of mixing of the 
segregated chains, and not to the mixing of the segments of these chains. I',, is not 



equal to the segment-segment interaction parameter, but represents the interaction 
between contiguous chains: this parameter will be determined not only by the 
strength of the segment-segment interactions, but also by the number of segments in 
contact Since these contacts will be limited to the perimeter of the segregated chains, 
I',, will scale linearly with the number of segments in this perimeter, ie. as N". This 
implies that a critical value for r,, with respect to phase separation is more likely to 
be reached for higher molecular weights of the components, for a given segment- 
segment interaction energy. Unfavourable segment segment energies that can be 
tolerated before phase separation occurs, will scale as N4 (16). Mixtures of long 
chains will therefore exhibit a stronger tendency for phase separation (beyond the 
segregation of the individual chains) than mixtures of short chains. 
This mean field approach assumes a random distribution of the chains in the mixed 
state; in reality, this distribution will be affected by the interaction energies, e.g. 
leading to a higher number of contacts between unlike chains for favourable inter- 
action energies, as was demonstrated by Van Vliet and Ten Brinke (16). Alter- 
natively, unfavourable interactions may lead to deviations from random mixing and 
to local aggregation of chains of the same components, even before macroscopic 
phase separation takes place, following similar arguments as those used to describe 
deviations from random mixing on the segmental level due to enthalpic interactions 
(20). 
In the 'real' systems under consideration, the LB monolayers, the fact that we are 
dealing with an excess surface area for low surface concentrations requires additional 
'voids' or solvent sites to be taken into account: the system is best described as a 
concentrated twodimensional solution, so that a polymer mixture should in fact be 
treated as a ternary system, which considerably complicates the picture. It implies 
that the cohesive interactions, as well as the interactions between unlike segments, 
become important, e.g. distinguishing between condensed and expanded type mono- 
layers. Even a monolayer with only one component must be described as a two 
component system: this is done e.g. in the approach of Matuura and Motomura in 
their analytical description of polymeric monolayers, as used in chapter 2 (21). In 
these systems, macroscopic phase separation is predicted to occur in case of strong 
cohesive energies in condensed type monolayers. The tendency for phase separation 
is dependent on the molecular weight: the critical cohesive energy that can be 
tolerated before phase separation occurs, is less for longer chain lengths (21), 
analogous to the predictions for twodimensional polymer mixtures described above. 

In this chapter, we will discuss the phase behaviour in monolayer blends of stereo- 
regular PMMA on the basis of stereocomplexation processes occumng in these 
monolayers (to which the fmt part of this chapter is devoted), or based on the 
crystallization process of the isotactic PMMA component in mixed monolayers 
(discussed in the second pan of this chapter). 



EXPERIMENTAL. 

Characteristics of the materials used are listed in appendix 1. Mixed monolayers were 
spread from mixed solutions of the components in chloroform. LB apparatus and 
procedures are described in appendix 1. A standard compression speed of 2 A*/- 
monomeric unitminute at 45'C was used for stereocomplexation experiments, and at 
22°C for the 1-PMMA monolayer crystallization experiments, unless stated otherwise. 

RESULTS AND DISCUSSION. 

Molecular weight effects In the previous chapter, we extensively discussed the 
characteristics of the stereocomplexation process in mixed monolayers of isotactic 
and syndiotactic PMMA. In doing so, we already encountered the fact that the 
segments of the isotactic and syndiotactic chains are probably not intimately mixed, 
but are subject to a segregation of the chains, as discussed in the introduction This 
segregation may be responsible for the fact that, in many cases, the conversion of the 
stereocomplexation process is limited due to a limited accessibility of the 'internal' 
regions of the domains formed by the segregated coils; this effect was observed to 
become more and more pronounced with higher molecular weights (22). Stereo- 
complexation requires two contiguous strands of isotactic and syndiotactic PMMA, so 
is essentially limited to the periphery of the individual chains, where the two 
components may be in direct contact Upon stereocomplexation, the isotactic and 
syndiotactic chains may be screened by the newly formed complex structure; for a 
further progress of the stereocomplexation (either by a lamellar growth of the 
complex already formed, or by the formation of an independent new complexed 
section) some reorganization of the system is required in order to generate some 
fresh contact 'area'. These reorganizations will be possible up to a point where the 
system becomes immobilized due to a high concentration of short complexed sections, 
formed at high surface pressures. For higher molecular weight materials, segregating 
to form larger domains, the stereocomplexation efficiency is lower due to the limited 
contact between isotactic and syndiotactic chains (the number of contacts per chain 
will scale as N*, but the relative number of segments in contact as N*), and the 
immobilization stage is reached locally along the domain boundaries long before 
complete conversion is attained, inhibiting further reorganizations. 
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Variation of the molecular weight of the isotactic PMMA (for a constant (rather low) 
molecular weight of the syndiotactic component) results in a behaviour that, at first 
sight, appears to  be compatible with this interpretation (chapter 5, figure 5.14). When 
varying the molecular weight of the syndiotactic component with constant (low) 
molecular weight of the isotactic component, we see that the restrictive effect of the 
molecular weight is even more pronounced than for high molecular weight isotactic 
PMMA (chapter 5, figure 5.15). Raising the molecular weight from 18.1V to 46.103 
(only a factor 2.5) results in an almost complete suppression of the stereocom- 
plexation process, much stronger than the analogous effect for i-PMMA in com- 
bination with low molecular weight s-PMMA. In the system of low molecular weight 
i-PMMA with the 46.10' syndiotactic material, we do no longer see a clear onset of 
the stereocomplexation process, prior to an immobilization of the system, as we did 
for the reversed combination. The behaviour of the syndiotactic component upon 
raising the chain length is clearly different from that of the isotactic component, and 
cannot be completely explained simply based on chain segregation phenomena. 

Two differences are obvious with respect to the syndiotactic and the isotactic com- 
ponents in the stereocomplexing system: the segmental stoichiometry (s:i=2:1) and 
the cohesive interactions between the segments, these being much stronger for s- 
PMMA than for i-PMMA. The stoichiometry will probably not be very relevant: both 
components occupy a similar area at the surface pressure associated with the onset of 
the stereocomplexation process The strong cohesive interactions in syndiotactic 
PMMA are more likely to form an important factor, since they may cause a tendency 
for the syndiotactic chains to aggregate in the monolayer, increasing the dimensions 
of the domain structure. The very favourable segment-segment interactions for the 
syndiotactic chains will cause a high free energy to be associated with segments, not 
in contact with other syndiotactic segments, but with isotactic segments or with 
'empty' sites in the monolayer. The interfacial energy (or for the twodimensional 
monolayer preferably: the 'perimeter' energy) of the syndiotactic chains will be much 
higher than that of the isotactic chains, implying a much higher susceptibility for 
chain aggregation processes for this material The tendency for aggregation is also 
reflected in the clearly negative values for the second virial coefficient in monolayers 
of atactic PMMA, as reported by Poupinet (23). 
As discussed in the introduction, the propensity for chain aggregation will be stronger 
for higher molecular weights. Considering the segregated chains as separate particles 
with normal translational degrees of freedom, the interactions between two neigh- 
bouring s-PMMA chains will be stronger for higher molecular weights because of the 
higher number of interchain segmental contacts pro chain This molecular weight 
dependent tendency for s-PMMA chain aggregation (which may eventually lead to a 
macroscopic phase separation, but can also be imagined to be responsible for local 
aggregation phenomena on a smaller scale) will result in larger domain dimensions in 



the monolayer, the number of contacts between isotactic and syndiotactic chains 
being lowered beyond an initial chain segregation effect, and thus responsible for the 
almost complete inhibition of the stereocomplexation when using a 46.103 s-PMMA 
sample. Chain aggregation effects can be argued to be stronger for higher molecular 
weights, but may also be operative for the lower molecular weight samples of s- 
PMMA. Considering this, the situation for the monolayers of this material with i- 
PMMA of various molecular weights may be more complex than suggested before: 
the extent of aggregation of these syndiotactic chains can be imagined to be indirectly 
affected by the molecular weight of the i-PMMA, shorter chains suppressing this 
effect more (due to a more favourable entropy of mixing) than longer chains; the 
phase behaviour may thus be determined by the molecular weights of both com- 
ponents. It may also explain the rather large effect observed when raising the 
molecular weight of the isotactic component from 13.10' to 36.10' (figure 5.14, 
chapter 5). Support for this hypothesis will be presented further on in this chapter. 
Apart from determining the domain dimensions, the molecular weight may also be 
relevant with respect to the susceptibility towards immobilization effects, and the 
efficiency with which domain reorganizations can be conducted in the monolayer. 

Additivity a t  low surface pressures. A routine check for the monolayer phase 
behaviour is the additivity of the isotherms with respect to both components in the 
region preceding the stereocomplexation process. For this purpose, we measured the 
areas associated with constant low surface pressures at 22"C, in the regime before any 
stereocomplexation has taken place. In figure 6.1, the results are given for a range of 
compositions for a system of two low molecular weight components (i-PMMA #m17 
and s-PMMA #m42) and for mixtures of two components of intermediate molecular 
weights (i-PMMA #m6, s-PMMA # m u ) .  For the latter system (not exhibiting any 
significant stereocomplexation upon compression), we observe that the specific areas 
are located exactly on the additive line, i.e. the behaviour is identical to what would 
be expected for a completely phase separated system, with a negligible amount of s-i 
contacts that may disturb additivity. For the mixture of the low molecular weight 
materials (exhibiting an efficient stereocomplexation process upon compression), we 
see that the mixtures also follow the additive line closely, although in this case, a 
small deviation towards lower areas is found for the mixtures, possibly due to a 
significant number of s-i contacts. Still, it may be clear that the effects are so small 
that this approach is limited in giving significant information; the stereocomplexation 
process itself appears to be a more sensitive indicator of the monolayer phase 
behaviour. 



fraction i-PMMA fraction i-PMMA 

Figure 6.1. Specific areas (n=3 m N l m )  of  mixtures of a: s-PMMA #m44 (Hn 
270.101) and i-PMMA # m 6  ( H n  63.10'); b: s-PMMA #m42 ( a n  9.10') and i-PMMA 
#m17 ( a n  8.1@), a s  a function of  composition. T=22"C. 

Bimodal molecular weight distributions. Considering mixed monolayers based on 
2:l s:i mixtures, with the syndiotactic component consisting of two narrow molecular 
weight fractions (one of low molecular weight, and one of higher molecular weight), 
we can observe that the behaviour of the mixtures upon stereocomplexation is not 
additive with respect to both these fractions, as illustrated in figure 6.2. If no s- 
PMMA chain aggregation phenomena were operative in the monolayer, a more or 
less additive behaviour can be expected, each chain contributing individually to the 
stereocomplexation process. Instead, we see that addition of high molecular weight s- 
PMMA to the low molecular weight s-PMMA leads to a limited stereocomplexation 
conversion, this effect being significantly stronger than what is to be expected on the 
basis of the composition. Evidently, the high molecular weight s-PMMA chains 
present tend to aggregate, and to include a fraction of low molecular weight chains in 
these larger domains. The short chains themselves are not able to initiate the 
formation of extensive aggregated phases, but with the longer chains present, they 
may simply distribute themselves over the two phases present: the large aggregated s- 
PMMA domains, and the 'mixed monolayer'. Only the short chains in this latter 
phase are well exposed to the isotactic component and will contribute significantly to 
the stereocomplexation process. 
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Figure 6.2. Pressure area isotherms of ternary mixtures o f  i-PMMA #m13 (Mn 
13.10') with s-PMMA #m42 (Hn 9.10') and s-PMMA #m44 (Hn 270.10'). Overall 
stoichiometry s:i=2:1. Ratio s-PMMA #m44: s-PMMA #m42: 0:l (a), 0.16:0.84 (b), 
0.3:0.7 (c). 1:O (d). T=45T.  

Compatibilization. 

It is clear that the suggested aggregation of the syndiotactic chains severely limits the 
possibilities for stereocomplexation in the monolayer, restricting useful materials to 
low molecular weights. It is an interesting challenge to attempt to change the phase 
behaviour of the monolayers, enhancing the miscibility of the isotactic and syndiotac- 
tic PMMA components. 
There are several strategies that can be used to achieve this goal, analogous to those 
used for compatibilization of conventional threedimensional polymer blends. A first 
approach would be to modify the syndiotactic and isotactic chains so that strongly 
favourable interactions between the two components are operative; it is difficult to 
see how this can be done without losing the possibility for stereocomplexation. 
Another approach would be to induce strong unfavourable interactions within the s- 
PMMA chains, making aggregation less favourable (analogous to the 'copolymer 
effect' (24)). This concept is pursued in the next chapter. 
Finally, addition of 'surface active' (or better 'perimeter active') compounds to lower 
the interfacial ('perimeter') energy of the s-PMMA domains could result in a 
suppression of the aggregation processes in the monolayer and a better dispersion of 
the components. For conventional threedimensional blends of two components, di- 
blockcopolymers of both components, segregating to the interface of the domains, 
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Figure 6.3. Pressure oarea isotherms of stereoblock PMMA. a: T=22"C; b: T=45"C. 
Compression speed 2 A2/mmu.minute. 

may be used for this purpose (25). The projection of this approach onto mixed 
monolayers of syndiotactic and isotactic PMMA would be the use of stereoblock 
PMMA, with each chain consisting of one syndiotactic and one isotactic block 

Stereoblock PMMA. The stereoblock material we used, is a diblockcopolymer 
characterized by a narrow molecular weight distribution, the syndiotactic block 
approximately twice as long as the isotactic block, corresponding to the overall 
stoichiometry of the mixtures studied. The block lengths are relatively short. 
Compression isotherms of the stereoblock PMMA are shown in figure 6.3. The 
characteristic stereocomplexation transition is clearly present in the isotherm; the 
onset of the transition is associated with surface pressures a little higher than that 
observed e.g. in figure 5.1 of chapter 5. This is probably due to the non-perfect 
stereoregularity of the blocks (26) and to their relatively short length, in the re- 
gime where critical chain length effects may raise the stereocomplexation surface 
pressure (22). The characteristics of the stereocomplexation process in the stereo- 
block monolayers are similar to those of the mixed homopolymer monolayers: the 
transition shifts to lower surface pressures at higher temperatures, and is not 
completely reversible upon decompression. It is interesting to note that Beredjick and 
Ries (27) already reported anomalous isotherms for a PMMA material, which they 
claimed to have a stereoblock character; the material was not well characterized, 
though, and stereocomplexation was not mentioned as a possible cause for the 



observed deviations, an omission which can hardly be held against the authors, since 
at that time the concept of stereocomplexation was not yet introduced. 
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Figure 6.4. Pressure area isotherms of a: a 2:l mixture of s-PMMA #m45 (Mn 
46.1lY) and i-PMMA #m13 (Mn 13.10'); b: the same mixture with 30 wt% stereo- 
block PMMA. Dashed line represents pure stereoblock PMMA. T=45"C. 

Stereoblock PMMA as compatibilizer. The effect of mixing the stereoblock 
polymer with mixtures of syndiotactic and isotactic homopolymers, is shown in figure 
6.4. A syndiotactic component was chosen with a molecular weight of approximately 
46. lo3, exhibiting an almost complete suppression of the stereocomplexation process, 
presumably due to the aggregation of the chains in the monolayer. Upon adding the 
stereoblock polymer, we can see that the resulting monolayer exhibits an efficient 
stereocomplexation process, the isotherm transition being much clearer than what is 
to be expected on the basis of additive behaviour; the three component mixture 
shows a more pronounced transition than either the pure stereoblock monolayer, or 
the mixture without the stereoblock added Clearly, stereoblock PMMA, segregating 
to the 'interface' of the domains, functions as a compatibilizer, dispersing the 
syndiotactic chains into smaller domains, which are better accessible for stereo- 
complexation. When varying the amount of the stereoblock PMMA added, we see 
that the compatibilizing effect is optimal for a content of approximately 3096, higher 
concentrations not leading to a further improvement of the situation (figure 6.5). The 
large amount of stereoblock PMMA needed reflects the small domain sizes necessary 



for an efficient stereocomplexation process. For s-PMMA samples with a somewhat 
lower molecular weight, smaller amounts of stereoblock PMMA suffice to achieve a 
maximum efficiency; in case of a combination of low molecular weight s- and i- 
PMMA, addition of stereoblock PMMA only has an adverse effect 
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Figure 6.5. Pressure area isotherms of ternary mixtures of s-PMMA #m45 (h?n 
46.10'). i-PMMA #m13 (Hn 13.10'). and stereoblock PMMA. Overall stoichiometry 
s:i=2:1. Stereoblock content 0% (a, dashed), 16% (b, solid). 30% (c, solid), 46% (d, 
dashed). T=45"C. 

The stereoblock material appears to effectively suppress the aggregation of the 
syndiotactic chains, but will probably not be able to alter the segregation of the 
individual coils: the domain size probably has an intrinsic bottom limit defined by the 
molecular weight of the materiaL In figure 6.6, the effect of the addition of stereo- 
block PMMA is shown for a series of mixtures with varying molecular weights of the 
syndiotactic PMMA component Upon raising the molecular weight of the s-PMMA, 
the stereocomplexation process becomes less effective, even after addition of 
stereoblock PMMA, possibly due to the higher intrinsic domain size. 
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Considering mixed monolayers of rather low molecular weight s-PMMA with i- 
PMMA of an intermediate molecular weight (36.10'), we observe that also in this 
case, the addition of stereoblock PMMA enhances the efficiency of the stereocom- 
plexation process; this is illustrated in figure 6.7. This experiment indicates that also 
for these mixtures, chain aggregation effects (next to chain segregation effects) were 
important in limiting the stereocomplexation efficiency, as was suggested before, the 
higher molecular weight i-PMMA being less effective in suppressing the s-PMMA ag- 
gregation. Addition of the stereoblock PMMA disturbs this aggregation process, 
resulting in a more intimate mixing (a better dispersion) of the isotactic and the 
syndiotactic components. Using even higher molecular weight i-PMMA samples (with 
similar amounts of stereoblock PMMA added), the efficiency of the stereocom- 
plexation is observed to decrease, as was found for high molecular weight s-PMMA. 

It is interesting to note that when using highly stereoregular polymers, with a possible 
onset of the stereocomplexation process at lower surface pressures than the stereo- 
block component, the onset pressure in the compatibilized mixture is determined by 
the highly stereoregular components, rather than by the stereoblock materiaL 
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Figure 6.7. Pressure area isotherms of a 2:I mixture of s-PMMA #m41 (Hn 11.101) 
and i-PMMA #m8 (Mn 36.1U). before (n) and after (s) addition of 26 wt% stereo- 
block PMMA. Dashed line represents pure stereoblock PMMA. T=45"C. 



Chapter 6 

Conclusions. 

Summarizing, we can conclude that the mixtures of syndiotactic and isotactic PMMA 
are probably subject to phase separation processes (if not macroscopic, then at least 
aggregation on a local scale), due to the strong cohesive interactions of the syndiotac- 
tic component, an effect that strongly affects the efficiency of the stereocomplexation 
process This aggregation process is responsible for the fact that when studying 
mixtures of i-PMMA with a blend of high and low molecular weight s-PMMA, these 
mixtures are observed not to behave according to what would be expected on the 
basis of additivity, with all s-PMMA chains contributing independently. 
Addition of stereoblock PMMA, as a 'perimeter active' agent, suppresses this ag- 
gregation process and enhances the efficiency of the stereocomplexation process in 
the mixed monolayers, thus exhibiting a clear compatibilizer function. This latter 
observation strongly supports the hypothesis that phase separation processes are 
responsible for the observed limitations of the stereocomplexation process when using 
higher molecular weight samples. 

Next to the stereocomplexation process, the monolayer crystallization of isotactic 
PMMA can also be expected to be sensitive to the phase behaviour in polymer 
mixtures When isotactic PMMA is mixed with a polymer that does not exhibit this 
crystallization process, a simple additive behaviour can be expected if large domains 
are present with respect to the average crystallite size to be formed. In the case of 
interpenetration of polymer chains, resulting in mixing up to close to the segmental 
level, the crystallization process can be anticipated to be affected: this mixing process 
would be associated with a favourable free energy of mixing (otherwise mixing would 
not occur). Crystallization of the crystallizable component will necessarily result in a 
demixing process, so that the overall free energy of the crystallization process will 
contain an unfavourable contribution from the free energy of demixing. Kinetic 
factors due to the necessary diffusion processes of the non-crystallizable components 
during crystallization may also play a role. 
For a situation in which we do not have complete interpenetration of the chains, but 
a domain structure (e.g. due to segregated chains) with the domains being of the 
same order of magnitude, or smaller than the average size of the crystallites to be 
formed, the overall crystallization rate may also be affected. In this case, kinetic 
restrictions can contribute: for a relatively low nucleation density, many growing 
crystallites will be stopped by domain boundaries, whereas, in a continuous mono- 
layer of isotactic PMMA, they would continue to grow. This limitation of the overall 



crystallization rate due to geometric constraints is analogous to e.g. the suppression of 
the threedimensional crystallization in very thin films, the film thickness being small 
with respect to the average crystallite size determined by the nucleation density 
(28). From the arguments above, we can conclude that the average crystallite size 
will be an important parameter, about which, unfortunately, we do not have direct 
information. In chapter 3, we suggested that the nucleation density (and thus the 
crystallite size) will be a clear function of the surface pressure. The orientation 
characteristics of the monolayers following transfer indicated that, for the compres- 
sion speeds used, the average crystallites were not very large, their long axes coin- 
ciding with the helix axes. More extensive crystallites were suggested to be formed 
during stabilization at lower surface pressures. 

To assess whether deviations from additivity occur in mixed monolayers, we must 
first define what we can expect on the basis of additive behaviour. Additive be- 
haviour cannot be deduced from a simple superposition of the isotherms of the 
individual components because of the sensitivity of the isotactic PMMA crystal- 
lization process with respect to the compression speed. In chapter 3, the effect of a 
variation of the compression speed on the isotherms of i-PMMA monolayers was 
extensively discussed; the mechanism of the crystallization process, requiring a 
nucleation stage and subsequent crystallite growth, with a thermodynamic driving 
force strongly dependent on the surface pressure, is responsible for the strong kinetic 
effects observed in the isotherms in the transition region. In order to compare the 
isotherms, it is essential that the compression speed for the isotactic PMMA com- 
ponent is approximately equal. 
In mixed monolayers, even in the case of complete macroscopic phase separation, the 
effective compression speed that the isotactic PMMA domains experience, is not equal 
to the overall compression speed imposed on the mixed monolayer, but will also be 
determined by the compressibility of the complementary component. The reason for 
this is that in a monolayer blend, the surface pressure in the domains of the different 
components will necessarily be equaL If the components have different compres- 
sibilities, the effect of the area consumed by the mechanical compression will not be 
divided equally over the domains, but instead in such a way that the rise in surface 
pressure due to the effective compression of both domains is identical for both 
components. 
If we consider two components A and B, with base mole fractions x, and x, oc- 
cupying specific areas A, and A,, in a completely phase separated monolayer, we can 
see that: 



Upon compression, we find: 

The total area decrease upon compression is divided between the two components: 

in such a way that the rise in surface pressure is equal for both components: 

relating the effective compression speed to the mole fractions and compressibilities of 
the two individual components. These expressions can be used to deduce a relation 
for the effective compression speed that one of the components experiences in a 
mixture, as a function of the overall compression speed and the compressibilities of 
both components. This relation is: 

with K,, representing the 'compressibility' of the components at a given surface 
pressure: 

When isotactic PMMA is mixed with another component with a lower compressibility 
(characterized by a steep isotherm, e.g. s-PMMA), the effective compression speed 
that the isotactic component experiences will be higher than the overall compression 
speed; this effective compression speed will increase with higher fractions of the 
other component present, so that the crystallization transition can be expected to shift 
to higher surface pressures. When isotactic PMMA is mixed with a component of 
similar compressibility, the effective compression speed will be similar to the overall 
compression speed. It may be obvious that the compressibilities at surface pressures 
in the region of the onset of the crystallization process are the most relevant. 
The argumentation given above applies mainly to the initial stages of the crystal- 
lization process, to the surface pressure where the transition will become visible in 
the isotherm. During the transition itself, additional effects cause further deviations 
from a first order additivity: the fact that the overall crystallization rate is limited to 
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the domains of the isotactic PMMA, makes the absolute rate that is achieved lower 
with respect to monolayers of pure i-PMMA; the amount of area 'generated' by the 
crystallization process will be lower, so that the drop in surface pressure exhibited by 
a monolayer of pure i-PMMA, experiencing the same initial effective compression 
speed, will be more pronounced than in a mixed monolayer. 
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Figure 6.8. Pressure area isotherms of mixtures of i-PMMA #m6 (Mn 63.101) and 
s-PMMA #m44 (Mn 270.lV) as a function of composition. Fraction isotactic 
PMMA: I (a), 0.70 (b), 0.50 (c), 0.28 (d), and 0 (e). Overall compression speed 2 
R2/mmu.minute. T=22"C. 

Mixtures of syndiotactic and isotactic PMMA. As argued above, in mixed 
monolayers of isotactic and syndiotactic PMMA, the isotactic PMMA can be expected 
to experience a relatively higher compression speed, leading to higher surface 
pressures associated with the onset of the crystallization process. In figure 6.8, 
isotherms of mixtures of isotactic and syndiotactic PMMA with varying compositions 
are given, the molecular weights of both materials relatively high, so that a phase 
separation in large domains can be expected, causing negligible interference from 
stereocomplexation phenomena. We see that the crystallization transition is observed 
at progressively higher pressures as the fraction of syndiotactic PMMA is raised; the 
rise in surface pressure observed for the onset of the crystallization is in perfect 
quantitative agreement with an increase in the effective compression speed of the 
isotactic component, as calculated from the relations given above, and with the 
picture of a strongly phase separated monolayer. It can also be seen that the drop in 
the surface pressure upon crystallization becomes less and less pronounced, il- 
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Figure 6.9. Pressure area isotherms of mixtures of i-PMMA #m8 (Mn 36.101) with 
oligomeric i- P M M A  # m21 (Rn 2.8.101). Fraction low molecular weight component: 0 
(a), 0.26, 0.45, 0.69, 1 (e). Compression speed 12 R2 lmmu.minute, T=22"C. 

lustrating the last argument from the previous paragraph. Mixtures of isotactic 
PMMA with syndiotactic poly(ethylmethacry1ate) exhibit a similar additive behaviour. 

Mixtures of isotactic PMMA with expanded monolayer type polymers. In the 
rest of this chapter, we will address monolayers of isotactic PMMA, mixed with other 
expanded non-crystallizable components: i-PMMA oligomers, poly(methylacrylate), 
and poly(viny1 acetate). For these monolayers, we observe that the compressibilities 
do not differ strongly in the 5-9 mN/m regime, so that the effective compression 
speed which the isotactic PMMA experiences in an additive mixture will be ap- 
proximately equal to the overall compression speed. The effect of the absolute 
conversion rate being lower in a mixed monolayer, resulting in a less pronounced 
pressure drop upon crystallization, remains operative though. For these expanded 
monolayers, all components are characterized by low cohesive interactions and low 
'perimeter energies', so that no large scale phase separation effects are to be 
expected a priori. For all combinations studied, area vs. composition plots at low 
surface pressures reflect an approximately additive behaviour. 

The first system that we will take up, is a mixture of a crystallizable isotactic PMMA 
sample, with i-PMMA of low molecular weight, far under the critical chain length, 
not able to participate in the crystallization process. In figures 6.9 and 6.10, the 
isotherms are shown for a series of compositions with compression speeds of 12 and 
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Figure 6.10. As figure 6.9, compression speed 2 A"'lmmu.minute. 

2 A2/monomeric unitminute, respectively. We can clearly see that addition of low 
molecular weight i-PMMA results in a severe suppression of the crystallization 
process. The oligomeric i-PMMA chains do not participate directly in the crystal- 
lization process: this can be inferred from stabilization experiments at 12 mN/m, 
which eventually yield an approximately additive value for the specific area. The 
crystallization of the longer chains in the mixed monolayer is hindered by the 
presence of the oligomeric chains: the onset of the crystallization is clearly shifted to 
higher surface pressures, although the compressibilities of the crystallizable and the 
non-crystallizable component are approximately equal. The molecular weight (Rn)  of 
the long chain component was 36.10'; if this component is replaced by a sample with 
a very high molecular weight (1.2 million), the effects are practically identical. 
Evidently, in this case, we are dealing with a mixing of the long and the short chains, 
leading to a situation in which domains of the crystallizable component with dimen- 
sions large with respect to the those of the crystallites formed during the experiment 
do no longer exist: for crystallization of the high molecular weight component, the 
oligomeric chains will have to be 'squeezed out'. Considering the analogous effects 
observed for the 36.103 and the 1.2 million molecular weight materials, and the high 
nucleation density (and small crystallites) anticipated for the high compression speeds 
used, it is probable that the mixture is characterized by an extensive chain inter- 
penetration, or rather, a penetration of the long chains by the oligomers. The free 
energy of the demixing process associated with crystallization contributes unfavoura- 
bly to the overall free energy of crystallization. As noted in the introduction, the 
chain segregation restriction may be less severe in the case of short chains; in the 



limit of a solvent-like molecule, a complete swelling of the long chains by these small 
molecules is obviously not restricted by the twodimensional character of the mono- 
layer. 
The lowering of the thermodynamic driving force for crystallization results in a 
relatively low nucleation density and consequently broader crystallites, an effect 
which is illustrated by an orientation of the crystallite helices perpendicular to the 
dipping direction upon transfer to solid substrates; the underlying mechanism for this 
phenomenon was extensively discussed in chapter 3. 
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Figure 6.11. Pressure area isotherms of i-PMMA #m6 (Mn 63.101), pure (a), and 
mixed with poly (methylacrylate) of low molecular weight (# 1, Mn 4.1.1U) (b), or high 
molecular weight (#2, iiTn 1100.lQ) (c), in an approximately 1:1 (base mole) ratio. 
Compression speed 2 R2 /mmu.minute. T=22"C. 

The monolayer behaviour of mixtures of isotactic PMMA with poly(methylacry1ate) 
and poly(viny1acetate) was also investigated. With mixtures of a sample of isotactic 
PMMA with samples of PMA or PVAc of relatively high molecular weights in an ap- 
proximately 1:l (base mole) ratio, we see that the onset of the crystallization process 
is observed at surface pressures similar to that in the pure i-PMMA monolayer 
(figures 6.11 and 6.12). Probably, in this case, no extensive chain interpenetration 
takes place, the segregation of the individual chains leading to fairly large domains, 
large relative to the average crystallite size to be formed under the conditions of the 
experiment, so that locally, the isotactic strands do not feel the effect of the presence 
of the non-crystallizable component. In this situation, the effect of the entropy of a 



demixing process would be low anyway, due to the high molecular weight of the non- 
crystallizable component, so that this experiment cannot serve as absolute proof for 
the absence of chain interpenetration. Still, in case of such extensive chain inter- 
penetration, kinetic effects associated with the demixing process would be expected 
to lead to deviations from additivity, especially at high crystallization rates. 

Area [A2/repeating unit) 

Figure 6.12. Pressure area isotherms of CPMMA #m6 ( a n  63.10'). pure (a), and 
mixed with poly(viny1acetate) of low molecular weight ( # I ,  Hn 1.7.10') (b), or high 
molecular weight (#2, Hn 73.1@) (c), in an approximately I:I W e  mole) ratio. 
Compression speed 2 A2 lmmu.minute, T=22"C. 

If an isobaric stabilization experiment is performed with these mixtures at low 
surface pressures (6.7 mN/m), we do observe that crystallization (related to the 
amount of i-PMMA present) is somewhat slower than in a pure i-PMMA monolayer 
(figure 6.13). Under these more subtle conditions, this lowering of the crystallization 
rate does not necessarily have a thermodynamic origin; an interpretation in terms of 
a kinetic suppression due to the constraints of the domains limiting the growth of the 
crystallites formed is also possible. The nucleation density will be significantly lower 
under these conditions than during the recording of the compression isotherms. 
Replacing the high molecular weight PMA and PVAc in the mixtures with low 
molecular weight samples of the same materials, and performing the same compres- 
sion experiments, we now observe that the onset of the monolayer crystallization 
clearly shifts to higher surface pressures, similar to the mixtures of i-PMMA with its 



own oligomers (figures 6.9 and 6.10). Probably, the long chains of isotactic PMMA 
can swell in these short chains of PMA and PVAc present in the monolayer, the 
entropy of mixing associated with this process responsible for suppressing the 
crystallization of the i-PMMA. The fact that the isotherms of the mixtures containing 
the PMA oligomers exhibit a smaller surface pressure shift than those of the mixtures 
containing the PVAc oligomers, is probably related to the lower molecular weight of 
the latter material and the resulting higher entropy of mixing. 
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Figure 6.13. Isobaric stabilization experiments for pure i- PMMA #m6 (Mn 63.10) 
(a), and mixed with high molecular weight PMA (#2) (b), or PVAc (#2) (c). Mixing 
ratio 1:l. T=ZZ"C, I7=6.7 mNlm. 

Conclusions. 

From the experiments presented in the second part of this chapter, we learned that 
mixtures of isotactic PMMA with high molecular weight s-PMMA and s-PEMA 
samples exhibit an approximately additive behaviour, in agreement with a picture of 
large domains being present in the monolayer. For mixtures of isotactic PMMA with 
oligomeric non-crystallizable components (i-PMMA, PMA or PVAc), also exhibiting 
an expanded monolayer behaviour, we observe a strong suppression of the crystal- 
lization of the isotactic PMMA, suggesting extensive chain interpenetration, or rather 
a swelling of the longest chains, with the short oligomeric chains almost behaving as a 
twodimensional solvent Chain interpenetration probably does not occur on a similar 
scale when using high molecular weight non-crystallizable diluents; in this case, upon 
compression, the behaviour is approximately additive, with deviations only being 
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observed during isobaric stabilization experiments at low surface pressures. 
The monolayer crystallization process of isotactic PMMA in mixed monolayers may 
thus provide information about the miscibility with other substances, which cannot 
easily be obtained e.g. from conventional area vs. composition plots; this approach 
can easily be extended to mixtures of i-PMMA with other polymeric or low molecu- 
lar weight substances, offering an extra tool to assess their monolayer miscibility. 
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Chapter VII. 

Stereocomplexation in mixed monolayers of 
i- PMMA and partially hydrolyzed s-PMMA 

ABSTRACT, In an attempt to jind a monolayer stereocomplexing 
system, in which phase separation phenomena are less restrictive than 
for the s-PMMA Ii-PMMA couple, the monolayer behaviour of par- 
tially hydrolyzed s-PMMA was studied. For low carboxyl group 
contents the behaviour of these materials is similar to that of the 
parent material, with an extra contribution of repulsive Coulombic 
forces due to ionized carboxyl groups when using basic subphases. The 
partially hydrolyzed materials are shown to retain their ability to 
exhibit a pressure induced stereocomplexation in mixed monolayers 
with i-PMMA. When using higher molecular weight materials for the 
syndiotactic component, aggregation processes were observed to be 
suppressed in mixtures based on the partially hydrolyzed samples, due 
to the aforementioned repulsive Coulombic forces, overcompensating 
the attractive cohesive interactions between the MMA segments, 
resulting in a high stereocomplexation efficiency. This efficiency is 
observed to depend strongly on the subphase pH, which regulates the 
degree of ionization of the incorporated acid groups. 

INTRODUCTION. 

In the previous two chapters, we discussed the stereocomplexation process that can 
take place in mixed monolayers of isotactic and syndiotactic PMMA upon compres- 
sion. In doing so, a complication pertaining to the phase behaviour of these mixed 
systems was encountered: the monolayers exhibited a tendency for phase separation, 
especially for higher molecular weight s-PMMA samples, a phenomenon implying a 
significant impediment of the stereocomplexation process. In chapter 6, the possibility 
of compatibilization of the monolayer mixture was already addressed; in that chapter, 
an approach using stereoblock PMMA additives to achieve a better dispersion of the 
s-PMMA chains in the monolayer was shown to be efficient 
An alternative approach would include a modification of the interactions between the 
chains, which are responsible for the tendency for phase separation in the first place. 
These complications can specifically be attributed to the strong cohesive interactions 
between the segments of the s-PMMA chains. The challenge we face here, is to try to 



modify the polymers in such a way that a better mixing is attained, without losing the 
possibility for stereocomplexation. 
This latter boundary condition is fairly restrictive: modification of isotactic PMMA, 
e.g. by (partly) varying the ester group side chains, has been shown to effectively 
prohibit stereocomplexation (I), since the methyl ester groups appear to play a 
crucial role in the subtle balance of interactions leading to the formation of the 
complex structures. The composition of the syndiotactic component allows for 
somewhat more flexibility: in this case, stereocomplexation was still observed upon 
exchanging the methyl ester group for ester groups with larger alkyl substituents, e.g. 
an isobutyl group (1). Kitayama et al. (2) summarized a series of syndiotactic poly- 
(methacrylates) with ester group substituents, branched at the 8-position, which were 
observed to exhibit stereocomplexation processes in mixtures with isotactic PMMA. 
The ester groups of the syndiotactic chains have been suggested to point outward in 
the double helical structure, resulting in a high tolerance for variations (1). In chapter 
8, we will pursue this line to try and find alternative stereocomplexing systems. 
Syndiotactic poly(methacrylic acid) (s-PMAA) was also reported to form stereocom- 
plex structures with i-PMMA: this system was extensively studied by Lohmeijer (3). 
Mixtures of s-PMAA and i-PMMA exhibited complexation phenomena in DMF 
solutions, although the complexing ability appeared to be low relative to the s- 
PMMAIi-PMMA couple. The complex structures obtained exhibited X-ray diffraction 
patterns similar to those obtained from the s-PMMAIi-PMMA system, indicating that 
similar (double helical) structures were being formed (4). Partially hydrolyzed 
syndiotactic PMMA was also investigated (5): these materials also exhibited stereo- 
complexation phenomena in mixtures with i-PMMA, the characteristics of this 
process gradually changing with the composition of the copolymer. 

Carboxyl groups along the polymer chains (as in partially hydrolyzed s-PMMA) 
would present a very versatile handle for changing the interactions in the monolayer. 
In the first place, the composition of the material can easily be varied, the modifica- 
tion procedure being fairly simple. Secondly, even more important, the effect of these 
acid groups will depend strongly on their degree of ionization, which in turn can 
easily be varied through a variation of the pH of the subphase. The effect of the 
presence of ionized acid groups can be imagined to be very strong, adding long range 
Coulombic type interactions to the extensive set of more short range forces already 
operative in the monolayer. These Coulombic forces may also be changed by the 
ionic strength of the subphase, adding another tunable parameter. Finally, these 
materials are interesting since the acid group provides an easy handle for further 
modification of the structure. 



Chapter 7 

EXPERIMENTAL. 

The synthesis route for obtaining the partially hydrolyzed s-PMMA samples, and a 
list of the sample characteristics can be found in appendix 1. The monolayer be- 
haviour was studied using apparatus and procedures as described in appendix 1. 
Spreading was done from 0.3 g/l  solutions of the materials in 35/65 (vlv) DMFIchlo- 
roform mixtures. This mixture was chosen as the spreading solvent, because it 
combines solubility for poly(methacry1ic acid) as well as for the poly(methy1meth- 
acrylate) and the partially hydrolyzed PMMA samples, with a good water surface 
spreading behaviour. The pH of the subphase was adjusted by adding either a HCl or 
NaOH solution to pure Milli-Q water; no extra salts were added to the subphase. 

RESULTS AND DISCUSSION. 

The presence of charged groups in monolayers is known to affect the behaviour of 
these monolayers; much work has been done using ionized acid or amine group 
containing low molecular weight substances An exact description of the effects of the 
charges on the monolayer behaviour has proven to be extremely difficult (6), 
because of the uncertainties with respect to the nature of the ionic double layer 
which is formed at the air water interface. Davies (7) has tried to  calculate the 
effect of the charges on the surface pressure on the basis of a (very simple) model 
for this ionic double layer, proposed by Gouy and Chapman (8). In this model, the 
surface is considered as a uniformly charged plane, with ions present in the subphase 
behaving as point charges. The potential in the surface plane can then be described 
as a function of the temperature, the charge density in the monolayer, and the 
concentration of ions in the subphase. The result is an extra contribution to the 
surface pressure, based on the Coulombic type forces: upon compression, the charges 
in the monolayer will come closer together, without being screened completely by the 
water molecules or the ions present in the subphase, leading to an increase of the 
free energy of the system, and thus to the aforementioned contribution to the surface 
pressure. Using the Gouy-Chapman model, Davies calculated this extra contribution 
of the Coulombic forces to the surface pressure as: 

with K being a constant, c representing the concentration of ions in the subphase, and 
A being the area available per unit charge in the monolayer (6). This expression 



describes the increase of the surface pressure due to the Coulombic interactions upon 
compression (through A), or due to an increasing content of charged species in the 
monolayer. As stated before, this expression is based on a very simple model for the 
ionic double layer, that may not describe the actual situation accurately: penetration 
of subphase ions into the surface monolayer may disturb the model situation, and in 
reality, the nature of the counterions present in the subphase proves to be important 
in many cases (6). For charged groups imbedded in condensed polymer chains in the 
monolayer, the assumption of a homogeneous charge distribution may not be correct 

It is clear that the degree of ionization will be very important for the monolayer 
behaviour of the partially hydrolyzed PMMA samples: more ionization will imply a 
higher contribution of repulsive Coulombic interactions to the surface pressure. The 
degree of ionization can be regulated through the pH of the subphase. 

Monolayer behaviour of partially hydrolyzed s-PMMA. 

The monolayer behaviour of the partially hydrolyzed s-PMMA samples was inves- 
tigated as a function of the degree of hydrolyzation, and as a function of the pH of 
the subphase. For this purpose, a series of samples (#I-3) was prepared from the 
same parent material (s-PMMA #m41). The monolayer behaviour of the non- 
hydrolyzed parent s-PMMA exhibited no effect of the subphase pH. 

" 
0 10 20 30 

Area (i2/repeating unit) 

Figure 7.1 Pressure area isotherms of s -PfMMA-co-MAA)  #1, subphase pH 4.5 (a), 
9.4 (b) and 11.4 (c). Dashed line represents parent s-PMMA. T=22"C. 



Figure 7.1 shows isotherms for s-P(MMA-co-MAA) sample # 1 (carboxyl group 
content approximately 5%) for various pH values of the subphase. For pH values up 
to 7, the isotherms are very much similar to the isotherms of the non-hydrolyzed 
material. At subphase pH 9.4, a slight tail becomes visible, extending to the high area 
side in the isotherm. Increasing the pH even further results in a strong enhancement 
of the contribution of this tail to the surface pressure; still, even at pH 11.4, the steep 
part of the isotherm (as present in the non-ionized monolayers) remains almost unaf- 
fected. The interpretation of these effects may be obvious: at low pH values, the 
degree of ionization and the contribution of Coulombic interactions is low, with the 
polymers behaving very much similar to the polymers with no carboxyl groups, 
forming thin 'pancake' like condensed structures located at the air water interface. 
Using a basic subphase, the acid groups become ionized, and the chains will start to 
feel the repulsive Coulombic forces even at large available areas, resulting in a 
surface pressure build up. The segments of the chains remain all located in a very 
thin film at the interface, not much different from the non-ionized monolayers, 
eventually leading to a steep pressure build up when complete monolayer coverage is 
attained, at similar areas as observed for the s-PMMA parent matenal.The s- 
P(MMA-co-MAA) samples # 4 and 5, characterized by higher molecular weights 
than sample # 1, but with comparable COOH contents (5%),  exhibited a similar 
monolayer behaviour. 
The deprotonation of the acid groups in the monolayer evidently occurs at fairly high 
values for the pH of the subphase. In this context, it is important to note that the 
degree of ionization will be determined by the local pH at the surface, instead of the 
bulk pH. The local pH at the surface will be different from this bulk pH due to the 
deviating local potential: a negative potential (e.g. due to the presence of already 
ionized acid groups) will attract H' ions and lower the effective surface pH (6): 

with e as the unit charge, and $ as the potential difference between the subphase 
bulk and the surface layer. Apart from charges in the monolayer, the dipole moment 
of the monolayer will also contribute to the effective potential experienced at the 
surface: this was e.g. demonstrated by Mobius et al. (9). For a monolayer of mainly 
MMA segments, this contribution will also lead to a lowering of the surface pH (the 
dipole characteristics of s-PMMA monolayers were discussed in chapter 2). The 
deprotonation of the partially hydrolyzed s-PMMA samples is observed in a similar 
pH range as e.g. the ionization of monolayers of stearic acid (6). 
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Figure 7.2 Pressure area isotherms of s-P(MMA-co-MAA) #2, subphase pH 4.0 (a), 
9.2 (b) and 11.3 (c). Dashed line represents parent s-PMMA. T=22"C. 

Increasing the carboxyl group content to approximately 30% results in isotherms as 
shown in figure 7.2. The isotherms for values of the subphase pH up to pH 7, are 
practically identical, with a small surface pressure tail extending to higher areas; this 
tail becomes somewhat more pronounced at a subphase pH of 9, due to an increasing 
contribution of the repulsive Coulombic forces, this effect being stronger than for the 
material with a lower fraction of incorporated acid groups. On subphases with a bulk 
pH value of 11, this tail has become the dominant factor in the isotherm, extending 
up to areas of far over 100 klmonomeric unit; in this case, we do no longer observe 
the steep pressure build up at approximately 14 klmonomeric unit, characteristic for 
the s-PMMA chains, and also observed for this material at lower degrees of ioniza- 
tion; instead, the monolayers remain highly compressible up to very low values for 
the specific area Evidently, upon compression, parts of the polymer chains are 
pushed into the subphase, the solubility being higher due to the high content of COO- 
groups present along the chain. 
When the tail of the isotherms at high pH values is analyzed according to the expres- 
sion as deduced by Davies, and as discussed above, we only observe a moderate 
agreement The behaviour deviates somewhat from that predicted by this formula in 
that the experimentally observed surface pressure build up upon compression falls 
behind with that predicted theoretically. It is easy to speculate about explanations for 
this effect, e.g. the neglection of the contribution of the cohesive forces between the 
MMA segments, a partial submersion of the monolayer during compression, or a 
lowering of the degree of ionization upon compression. 



The monolayer behaviour of sample #3  is strongly deviating: with the hydrolysis 
completed to a high conversion (95 %), the monolayers only exhibit a pressure build 
up at very low areas pro monomeric unit (figure 7.3). Pure syndiotactic PMAA 
spread from the DMFIchloroform solvent mixtures did not yield stable monolayers, 
not even when spread on acidic subphases. This observation stands in contrast with 
claims in the literature about monolayers of PMAA on acidic subphases being stable 
at low surface pressures (10); this discrepancy might be due to the different sprea- 
ding procedure. The 95% hydrolyzed s-PMMA (#3) still forms some kind of mono- 
layer although the resulting films are only stable at low surface pressures. A pressure 
build up is observed at higher areas in the case of spreading onto an acidic subphase, 
as compared to a neutral subphase; no stable film can be observed on (even weakly) 
basic subphases. It appears that even on neutral or acidic subphases, considerable loss 
of monolayer material into the subphase has occurred during spreading: the areas 
associated with a pressure build up remain very small when compared with the 
literature reports for PMAA. The difference observed between the neutral and acidic 
subphases is probably the result of such loss processes in the spreading stage: 
injection of concentrated acid into an almost neutral (pH 6) subphase under a 
monolayer of this material did not result in a film expansion. 
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Figure 7.3 Pressure area isotherms o f  s-P(MMA-co-MAA) #3. subphase pH 6.3 (a), 
1.9 (b). Dashed line represents parent s-PMMA. T=22"C. 
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Stereocomplexation of i-PMMA with partially hydrolyzed s-PMMA. 

The repulsive Coulombic forces which are caused by the partially dissociated acid 
groups, may be advantageous with respect to the stereocomplexation processes in 
monolayers of mixtures of these materials with i-PMMA. If the repulsive interactions 
are large enough to overcome the cohesive interactions between the MMA segments 
in the syndiotactic copolymers, it is conceivable that the aggregation processes of the 
syndiotactic chains (as discussed in chapter 6) can be suppressed. In the rest of this 
chapter, this possibility will be investigated. 

In the first place, it is necessary to check whether stereocomplexation is still possible 
following the introduction of a significant amount of COOH groups in the polymers. 
As mentioned in the introduction, Lohmeijer (5) already studied the complexation 
behaviour of syndiotactic copolymers of methacrylic acid and MMA, and observed 
that stereocomplexation with i-PMMA was still feasible at all compositions. 
In figures 7.4 and 7.5, the compression isotherms are given for mixtures of low 
molecular weight (partially hydrolyzed) s-PMMA with a rather low molecular weight 
sample of isotactic PMMA. The molecular weights of the i-PMMA and the s-PMMA 
parent material were chosen so as to have no significant problems with phase 
separation phenomena, as discussed in chapter 6. It can easily be seen that in the 
isotherms of the mixtures of i-PMMA with s-P(MMA-co-MAA) samples #1 and #2 
the stereocomplexation transition is still clearly observable, similar to the mixture 
based on the non-hydrolyzed parent material. The onset pressure shifts to slightly 
higher surface pressures with an increasing COOH content; this is evidently the result 
of the slightly better interaction of these segments with the subphase, which has to be 
overcome for the double helix formation to take place, and the presumably lower 
extent of intrinsic stabilization of the stereocomplex For these compositions, 
monolayer stereocomplexation still takes place efficiently. A similar mixture based on 
sample # 3  did not yield an isotherm with a clearly identifiable stereocomplexation 
transition. 
An effect of the subphase pH on this stereocomplexation transition becomes visible 
only when basic subphases are used; as with the isotherms of pure monolayers of 
samples #1 and #2, no effect is observed up to a pH of 7. At higher pH values, the 
stereocomplexation transition is observed to shift to higher surface pressures, as is 
illustrated by the isotherms in figures 7.4 and 7.5. This effect may be ascribed to the 
fact that upon stereocomplexation, the average distance between the charged groups 
will decrease, or to the effect of the enhanced interaction of the segments with the 
subphase in the amorphous conformation Sample #2, containing 30% COOH groups, 
does no longer exhibit a clear stereocomplexation process when the subphase pH is 
raised to 11: in this case the affinity of the water subphase for the highly ionized 
polymer chains is evidently too high. 
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Figure 7.4. Pressure area isotherms o f  a 2:I mixture of s-P(MMA-co-MAA) #I and 
i-PMMA (#m13, Mn 13.1 Cf), subphase pH 6.0 (a), 11.0 (b). Dashed line represents a 
mixture based on parent s-PMMA. T=22"C, compression speed 2 R2/mmu.minute. 
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Figure 7.5. Pressure area isotherms of a 2:1 mixture of  s-P(MMA-co-MAA) #2 and 
i-PMMA (#m13, Mn 13.10'), subphase pH 6.2 (a), 11.0 (b). Dashed line represents a 
mixture based on parent s-PMMA. T=22"C, compression speed 2 R2/mmu.minute. 
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Figure 7.6. Pressure area isotherms of a 2:l mixture of s-P(MMA-co-MAA) #4 and 
i-PMMA (#m13, Mn I3K). subphase pH 1.7 (a), 9.2 (b), 11.1 (c). Dashed line repre- 
sents mixture based on parent s-PMMA. T=22"C, compression speed 2 A"'lmmu.- 
minute. 

Having established that stereocomplexation is still possible for s-PMMA samples 
containing up to moderate levels of COOH groups, we will now focus on the 
aggregation effect operative in mixtures with high molecular weight syndiotactic 
components 
In figure 7.6, compression isotherms are shown for mixtures of i-PMMA #m13 (Rn  
13.1V) with s-PMMA #m45 ( R n  46.1@), and with a fraction of this latter material 
hydrolyzed up to approximately 5%. The isotherm of the mixture with the non- 
hydrolyzed material clearly shows the effect of the stereocomplexation being 
suppressed by aggregation phenomena (11); the behaviour of this mixture does not 
change with variations of the subphase pH. In contrast, the monolayer behaviour of 
the mixtures of the partially hydrolyzed s-PMMA with i-PMMA is strongly dependent 
on the subphase pH. On neutral subphases, stereocomplexation is still effectively 
possible, in contrast to monolayers containing the non-hydrolyzed material. Upon 
lowering the pH of the subphase, we observe that, for the partially hydrolyzed s- 
PMMA, the efficiency of the stereocomplexation process is also lowered, although, 
even at pH 1.7, the transition is still more clearly observable than in the mixture 
based on the parent material. The efficiency of the stereocomplexation process 
appears to be highest for a subphase pH of approximately 9; a stronger basicity leads 
to a suppression of the process similar to that observed for the low molecular weight 



materials in figures 7.4 and 7.5. The fraction of charged segments in the chain for the 
optimal stereocomplexation conditions is quite low: the fraction of hydrolyzed ester 
groups was only 5%, and the fraction of these groups that is deprotonated at a 
subphase pH of 9 is still limited. 
In figure 7.7, the same experiments are reported, but now for a syndiotactic parent 
material of even higher molecular weight (270.103). Also in this case, at favourable 
subphase pH values, stereocomplexation is observed to occur up to high conversions. 
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Figure 7.7. Pressure area isotherms of a 2:l mixture of s-P(MMA-co-MAA) #5 and 
i-PMMA (iYm13, Mn 13.10)), subphase pH 1.9 (a), 9.3 (b). 11.0 (c). Dashed line 
represents mixture based on parent s-PMMA. T=22"C, compression speed 2 R2/mmu.- 
minute. 

The presence of a small amount of ionized COOH groups in the polymer chains is 
evidently responsible for the compatibilization of the monolayer mixtures. The 
repulsive Coulombic forces, resulting from the negatively charged deprotonated 
carboxylic acid groups in the monolayer, are strong enough to prevent the aggre- 
gation of the syndiotactic chains, which would be favourable from the point of view 
of the cohesive interactions between the MMA segments of the syndiotactic chains. 
Lowering the pH of the subphase lowers the average charge per chain and thus the 
repulsive interactions between the chains, a process resulting in a higher degree of 
aggregation, and consequently a lower efficiency of the stereocomplexation process. 
Apart from the suppression of the aggregation of the individual chains, an additional 
effect may be the deformation of the shape of the individual monolayer coils. An 
isolated coil that is characterized by strong cohesive interactions and a high 'peri- 
meter energy' (11) can be imagined to assume a shape so as to minimize its border- 
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line, an effect that will also be unfavourable with respect to its susceptibility for 
stereocomplexation. With the presence of a number of negatively charged groups 
within this coil, the mutual repulsion of these groups may lead to a deformation of 
the coil in order to accomodate the charged segments at relatively large average 
distances. Such a deformation may lead to a longer perimeter line over which the 
syndiotactic component can be in contact with the isotactic component When using 
stereoblock additives to compatibilize the mixtures, we saw that this approach was of 
limited efficiency for high molecular weight materials due to the fact that the domain 
sizes associated with the segregated individual coils became the limiting factor. The 
hydrolysis approach may also be able to partially overcome this latter effect due to a 
deformation of the individual coils. The high efficiency of the stereocomplexation 
process observed in figure 7.7, despite the high molecular weight used, may be an 
indication for this last argument. 
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Figure 7.8. Pressure area isotherms of a 2:l mixture of s-P(MMA-co-MAA) #I and 
i-PMMA (#m4, Hn 160.10'), subphase pH 1.9 (a), 9.3 (b), 11.3 (c). Dashed line 
represents mixture based on parent s-PMMA. T=22"C, compression speed 2 R2/mmu.- 
minute. 

When studying mixtures of a low molecular weight s-PMMA sample with a fairly high 
molecular weight i-PMMA sample, we also observed that stereocomplexation was 
hindered (although not to the extent of the reversed combination). In chapter 6, we 
discussed this effect in terms of the tendency of the chains to segregate, the high 
molecular weight of the isotactic PMMA imposing a rather large domain size, not 
competing with the tendency of the s-PMMA chains to aggregate. In this situation, 



extensive penetration of the i-PMMA chains is enthalpically unfavourable, and will 
not occur. If we replace the low molecular weight s-PMMA sample with a partially 
hydrolyzed sample ( # I ) ,  we can observe that this effect can be overcome: this is 
illustrated by figure 7.8. Upon partial ionization, the repulsive Coulombic forces 
between the syndiotactic chains result in an aggregation of these structures being very 
unfavourable; from the isotherms in figure 7.8, we can deduce that under these 
conditions, a fairly intimate mixing of the isotactic and the syndiotactic components 
can be achieved. Again, we observe a clear effect of the pH of the subphase on the 
monolayer behaviour, illustrating the fact that this behaviour is dominated by the 
Coulombic repulsive forces. A combination of a high molecular weight i-PMMA 
sample with a high molecular weight partially hydrolyzed s-PMMA sample is less 
susceptible to the compatibilizing effect of the Coulombic interactions. 

The enhancement of the miscibility of a mixture due to internal repulsive interactions 
within one component of the mixture is of course well known from studies of conven- 
tional threedimensional blends, and is sometimes referred to as the 'copolymer effect' 
(12). The approach described here is based on an analogous concept, but with one 
remarkable difference: the 'copolymer effect' is usually related to unfavourable 
interactions between different groups within the chains of one of the components, 
whereas in the case discussed here, internal repulsive interactions between similar 
functional groups are responsible for the enhanced miscibility. 

CONCLUSIONS. 

Partial hydrolysis of s-PMMA results in a material whose monolayer behaviour can 
be controlled by the COOH content and the degree of ionization of these groups, 
which is directly regulated by the subphase pH. For low levels of ionized COOH 
groups, the polymer chains form monolayers with a behaviour comparable to s- 
PMMA; upon ionization of the carboxyl groups, the Coulombic interactions between 
the charged groups in the monolayers give rise to a surface pressure tail in the 
isotherms extending to large areas. 
The partially hydrolyzed materials are still susceptible to stereocomplexation 
processes in mixtures with isotactic PMMA. Compared to regular s-PMMA, ag- 
gregation processes in high molecular weight materials can be suppressed by choosing 
the subphase pH such that the Coulombic repulsive forces overcompensate the 
cohesive interactions between the MMA segments, resulting in an effective stereo- 
complexation process upon compression, even for molecular weight combinations 
that, for the unmodified materials, lead to phase separation phenomena suppressing 
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the complexation process. The effects observed strongly support the suggestion that 
the phase separation phenomena in the monolayer are responsible for the suppres- 
sion of the stereocomplexation process when using unfavourable molecular weights. 
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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. 



0.0 0.5 1 . O  1 .5  2.0 

Area (m2/mg) 

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 
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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- 
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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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Appendix 1. Experimental section 

Materials, 

Svnthesis, Highly stereoregular isotactic PMMA samples were synthesized in toluene 
solution, using either phenylmagnesiumbromide as initiator at room temperature (I ) ,  
or tert-butylmagnesiumbromide as initiator at -80"C, according to the procedure 
suggested by Hatada (2). Standard workup procedures were used for purification of 
the polymer samples. If necessary, polymers were fractionated using critical acetone l- 
water solvent mixtures. The tacticity of some of the lowest molecular weight fractions 
was found to be slightly less perfect, as determined from the NMR spectra. 
Less perfectly isotactic PMMA samples (#m25-m29) were purposely prepared by 
anionic polymerizations of MMA in toluene solutions, using t-BuLi (or n-BuLi) as 
initiator at various temperatures (-80, -50 and -25°C). The samples obtained this way 
were fractionated in at least seven narrow fractions The tacticities observed for the 
subsequent fractions were practically identical, except for the lowest and highest 
molecular weight fractions. The triad tacticity distribution did not deviate strongly 
from normal Bernoullian statistics, indicating that the samples consisted of chains 
with a tacticity close to the reported value, rather than reflecting a stereoblend type 
composition. The characteristics of the isotactic samples used in this thesis are listed 
in table I. 
The samples referred to as 'atactic', are prepared by convential radical polymeri- 
zations (AIBN initiator, 70°C) (table 11). 
Syndiotactic PMMA samples were prepared either by a Ziegler Natta type polymeri- 
zation (#m44-m48) (3), or through a living anionic polymerization in toluene at -90 
"C, using a tBuLi/tri(n-octyl)aluminum (or tri(ethy1)aluminum) (15) initiator system 
(#m40-m42) (4). Sample #m43 was the methylated product of a radiation polymeri- 
zation of methacrylic acid in isopropanol (5). Characteristics of the syndiotactic 
PMMA samples used in this thesis, are listed in table 111. 

- 

Stereoblock PMMA was kindly provided by Prof. Th. Hogen-Esch, USC. The 
synthesis procedure is described in ref. 6. The stereoblock PMMA used has a 
molecular weight (Mn) of 10.101 (D= 1.12), and a triad tacticity (i:h:s) 29:12:59. 

Partially deuterated methylmethacrylates (CD2C(CH3)(C02CH3), CH,C(CD,)(CO,CH,) 
and CH,C(CH,)(CO,CD,)) were prepared according to procedures already reported 
in literature (7, 8, 9). For the preparation of the isotactic polymers, the t-BuMgBr 
synthesis route was used (2). Sample characteristics are included in table I. 



Table I. Zsotactic PMMA characteristics. 

sample # i h s an (10)) D 

m 1 
m2 
m3 
m4 
m5 
m6 
m7 
m8 
m9 
m10 
m l l  
m12 
m13 
m 14 
m15 
m16 
m17 
m18 
m19 
m20 
m21 
m25 
m26 
m27 
1x128 
m29 

Table 11. Atactic PMMA characteristics. 

sample # i h s Rn (I@) D 



Table 111. Syndiotactic PMMA characteristics. 

sample # i h s 

Partially hydrolyzed syndiotactic PMMA. 

Svnrhesis. Syndiotactic PMMA was partially hydrolyzed by dissolving it in 96% 
sulphuric acid, followed by stirring for a period of time at room temperature 
(samples 1, 4 and 5: 10 hr, sample 2: 72hr) or at 45 "C (sample 3: 6 days). The 
solution was precipitated in an ice water mixture, filtered, dissolved (or at low 
degrees of modification: suspended) in water with excess KOH, and heated to 100°C 
for 45 minutes in order to remove anhydride functionalities Concentrated HCl was 
added (to pH I), and the resulting precipitate was extensively dialyzed with pure 
Milli-Q water. After this procedure, the product was reprecipitated from DMF 
solution into ether, washed and dried. The procedure used was suggested by Loh- 
meijer (10). 

The carboxyl group content of the products was estimated from 'H NMR and 
infrared experiments. The degree of polymerization is assumed to remain unaffected 
by the modification procedure. The modification of s-PMMA has been reported to 
result in a more or less random structure, in contrast to i-PMMA, for which this 
modification procedure leads to a more block like character of the resulting co- 
polymer (11). Sample characteristics are summarized in table IV. Remarkable is 
the fact that sample #3 appears to be hydrolyzed up to 9596; this value obtained 
contrasts with claims in literature (13) that only a limiting conversion of 85 % can be 
attained using this procedure. IR spectra indicated that the resulting polymers did not 
contain any significant amount of anhydride groups. 



Table IV. Partially hvdrolvzed s-PMMA. 

sample # parent s- % MAA 
PMMA 

Synthesis. PiBMA sample characteristics are listed in table V. Atactic (conventional) 
PiBMA was synthesized following a normal radical polymerization procedure at 70°C, 
using 50 % solutions in toluene with AIBN as initiator. Iso-butylmethacrylatelmethyl- 
methacrylate copolymers were prepared according to a similar procedure, with three 
different monomer feeding ratios. These polymerizations were stopped at less than 
20% conversion. The composition of the resulting polymers was determined with 'H- 
NMR. The poly(n-butylmethacrylate) sample used in chapter 8, was also synthesized 
using this procedure. 
Syndiotactic PiBM A was synthesized either using a Ziegler-Natta type polymerization 
(3) (samples #b4 and bS), or according to the procedure suggested by Hatada (12), 
using a tBuLiltri(n-octy1)aluminum (15)  initiator system in toluene at -90°C (sample 
#b6). If necessary, samples were fractionated from critical acetonelwater mixtures 
Isotactic PiBMA originated from a synthesis using a phenylmagnesiumbromide 
initiator in toluene at room temperature. 

Table V. PiBMA characteristics. 

sample # i h s Wn (10') D 



Table VI. PnBMA characteristics. 

sample # i h s P n  (I@) D 

nbl n. d. 28 1.51 

The origin of the conventional, syndiotactic and isotactic PEMA samples was similar 
as described for the PiBMA series: the syndiotactic PEMA sample was synthesized 
using the Ziegler Natta type polymerization Characteristics are listed in table VII. 

Table VII. PEMA characteristics. 

sample # i h s P v  (10') D 

- 

*: Mv determined in butanone. 

Poly(methylacry1ate) and poly(viny1acetate). 

The PMA and PVAc samples used were all products of regular conventional radical 
polymerizations. Molecular weights are listed in table VIII and IX. 

Table VIII. PMA characteristics. 

sample # i h s Rn(10') D 



Table IX. PVAc characteristics. 

sample # i h s a n  (16) D 

Isotactic poly(methacrylic acid). 

The isotactic PMAA sample used in chapter 2 was the product of the hydrolysis of 
isotactic PMMA, mn 36.103, D=1.18. The remaining ester group content was 
estimated to be 2.5 %. 

Characterization, 

Triad tacticities of the samples were determined either with 'H NMR (using the a- 
CH, peaks), or with "C NMR, using the carbonyl region of the spectra. Molecular 
weights were determined with a Waters 150-C GPC, equipped with Styragel columns, 
after universal calibration with monodisperse polystyrene standards. 

Monolayer behaviour. 

Monolayer properties were studied using a computer controlled Lauda Filmbalance 
FW2. The surface pressure was measured with an accuracy of about 0.05 mN/m. 
Normally, the subphase was pure water, purified by double destillation (or reverse 
osmosis) and subsequent filtration through a Milli-Q purification system. No sig- 
nificant surface pressure could be detected upon compressing the area to 2.5% of its 
initial value. 
Unless stated otherwise, polymers were spread from chloroform solutions (Uvasol 
quality, typical concentration 0.3 g/l). If not explicitly mentioned, a standard com- 
pression speed of 2 R2/repeating unitminute was used for the recording of the 
isotherms. 

Surface potential measurements were camed out at the Max Planck Institut fur 
Biophysikalische Chemie, Gottingen, BRD, in collaboration with Prof. D. Mobius. 
These experiments were done using the so called 'vibrating plate technique' (13); 
apparatus is described in ref. 14. The surface pressure was simultaneously recorded 
using a Wilhelmy plate. 



Infrared measurements. 

Infrared measurements were performed with a Bruker 1FS88 FTIR spectrophoto- 
meter equipped with a MCT-A D-313 detector. A germanium Brewster angle IR 
polarizer was used for both grazing angle reflection and transmission experiments. 
Grazing angle reflection spectra were recorded in a 80" specular setup, with light 
polarized parallel to the plane of incidence, and referenced against the reflection 
spectrum of a clean gold substrate. Transmission spectra, recorded from multilayers 
on IR transparant substrates, were also referenced against the transmission spectrum 
of a bare substrate. 
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Appendix 2. Infrared spectral simulations 

Infrared spectroscopy can be a very powerful technique for studying substrate 
supported thin polymer films. However, a quantitative interpretation of the spectra 
obtained in not always completely straightforward: the observed absorption intensities 
are in many cases not merely determined by the product of the amount of material 
probed and the absorption coefficient of the vibration studied. Complications arise 
when contributions due to reflection from, or interference in the polymer films 
become important: in this case, the refractive index of the material, and e.g. its 
variation with wavelength, become relevant Quantitative interpretation of the IR 
spectra then requires a more rigorous theoretical analysis. 

Theory. The optical behaviour of an isotropic medium can be completely described 
in terms of the complex refractive index, n, which combines both the regular ('real') 
refractive index n, and a value related to the absorption characteristics of the 
material, k. 

with: 

with a! as the conventional absorption coefficient (1). The complex refractive index 
varies with wavelength, not only its complex part, but also the real part n. The 
variation of the real part of the refractive index is especially strong upon traversing 
an aborption band, and can be calculated using the Kramers-Kronig relation: 

yielding a value for the real part of the refractive index at wavenumber 7; n, is the 
value for the refractive index at a wavelength far from any absorption band. 
When the complex refractive indices are known, the reflection and transmission 
characteristics at an interface can be expressed in terms of the Fresnel coefficients 
(I ) ,  which are a function of angle of incidence, polarization, and the aforementioned 
optical constants of the materials at either side of the interface. The use of the 
Fresnel coefficients allows for an easy way to calculate the fraction of light reflected 
and transmitted at the interface. 



Infrared spectral sim ulations 

For more complex systems (e.g. multilayered media, with several relevant interfaces) 
the transmission and reflection characteristics can be exactly calculated using a matrix 
formalism, originally proposed by Abelks (2). This method assumes a series of 
infinite, planparallel interfaces, and requires knowledge of the optical constants (the 
complex refractive indices) of all media present, as well as the polarization of the 
incoming light and its angle of incidence in the first medium: the (sometimes 
complex) angles of incidence in the subsequent media can be calculated using Snell's 
Law. This calculational procedure provides an exact solution, taking into account 
transmission, (multiple) reflection, refraction and interference effects. 

Experimental. An important requirement for the calculation of the spectra is the 
knowledge of the optical constants of the materials under study over the whole 
spectrum. Determination of the optical constants of a polymer (e.g. PMMA) in the 
IR range can be done using an iterative procedure, as suggested by Graf et aL (3). 
This approach requires an input spectrum of a freestanding film of the polymer, with 
a thickness in the order of magnitude of several microns. The interference fringes, 
characteristic for these freestanding films, provide a handle to estimate the n, and 
the film thickness, on the basis of the amplitude of the interference fringes (dete- 
rmined by n,) and their periodic spacing (determined by the product n,d). 
Once n, and d are known, the optical constants are estimated based on an absorption 
spectrum, converting the absorption coefficient to k values using the relation as given 
above, and subsequently calculating the n-spectrum from this estimated k-spectrum 
using the Kramers-Kronig relation. For the calculation of the integrals for this latter 
purpose, the odd-even method based on Maclaurin's formula (4) was used to avoid 
the singularity. On the basis of the optical constants acquired this way, the spectrum 
of a freestanding film (similar to that used to record the input spectrum) is calculated 
and compared to the experimental input spectrum. Deviations between these spectra 
are translated in a proportional modification of the k values (similar to an approach 
suggested by Hawranek (5) ) ,  after which a new n-spectrum is calculated on the basis 
of these adjusted k-values This procedure is repeated several times, until experimen- 
tal and calculated spectrum are well matched. 
An alternative, less accurate approach involves an input spectrum of a polymer film 
of known thickness on a KBr substrate (with a low degree of distortions), and a 
direct conversion of the observed absorption coefficients to k-values, with the n- 
values being calculated according to the Kramers-Kronig relation. In this case, the 
value for n, must be estimated from other sources. 
The values for the optical constants of the substrate materials were taken from 
literature. Values used were 2.2 (ZnS), 3.8 (Si) and 9.5-30i (gold) (6). For gold, 
more accurate values over the whole spectrum are also available (7). 



The calculation of reflection and transmission spectra was performed using the matrix 
procedure described above, assuming isotropic media, infinite planparallel interfaces 
and complete phase coherence. For transparant substrates with thicknesses in the 
order of millimeters, this approach yields useless spectra due to dominating effects of 
interference in the substrate; in the experimental spectra, these are not observed due 
to a limited instrumental resolution, and/or phase incoherence in the substrate. For 
the simulation of transmission spectra of thin films on thick substrates, a procedure 
was followed, calculating the spectra by averaging over all possible values of the real 
part of the phase change in this substrate (7). 

Figure A2.1. Wavelength dependence of the real pan of the refractive index, n, for 
isotactic PMMA. 

Results. 

An example of the dispersion of the refractive index with wavelength is given in 
figure A2.1. It can be seen that the difference in refractive index on both sides of the 
strong absorption bands in this material is quite large. Consequences of this variation 
of the refractive index are illustrated e.g. by figure 3.4 of chapter 3, showing the 
distortions of the grazing incidence reflection spectra with respect to the normal 
transmission spectra. Severe distortions can also be calculated for ATR spectra, 
transmission spectra of freestanding films in the micron range, and especially for 
reflection spectra from bulk polymer samples or from thin films on non-metallic 
substrates. It may be clear that caution should be used when directly interpreting the 
GIR spectra from strongly absorbing thin polymer films. 



Interesting results can be obtained when the optical constants determined for the 
pure materials under normal conditions can be adjusted so as to simulate situations 
like an anomalous density, or a mixture with another material. 

Variations of the density of thin films can be taken into account in the spectral 
simulations by a simultaneous adjustment of the layer thickness and its optical 
constants. The film thickness is adjusted so that the total amount of material in the 
film remains constant: the thickness is assumed to be inversely proportional to the 
density. The optical constants of the material with a deviating density were estimated 
using the Lorentz-Lorentz equation (8): a linear relation between the density and 
the polarizability per unit volume was assumed. The optical constants can then be 
calculated according to: 

with p and p. representing the densities under actual and 'normal' conditions, 
respectively, and with n and n, being the complex refractive indices under actual and 
'normal' conditions, respectively. 
The reflection spectra of films deposited on gold substrates, and also the transmission 
spectra of thin films on IR transparant substrates can be calculated to be sensitive to 
changes in the density of the film. For grazing incidence reflection spectra on gold 
(80" angle of incidence, specular setup, parallel polarization) the major effect of a 
changing film density will be a change in absolute intensity observed over the whole 
spectrum: lower densities result in significantly higher absorption values (note that 
the total amount of material in the film has been kept constant). The shape of the 
spectrum (relative peak heights, peak positions), however, does not change very much 
upon varying the density. In figure A2.2, the calculated maximum intensity of the 
carbonyl stretching vibration (GIR on gold, 80" angle of incidence, parallel polari- 
zation, 'normal' film thickness 200 A at a standard density of 1.2 glcm3) is shown as a 
function of the film density. This variation of the thin film absorption with film 
density may imply an important complication for a direct quantitative interpretation 
of GIR spectra, which appears to have been ignored in many literature reports sofar. 
For transmission experiments of thin polymer films on ZnS or Si substrates, an effect 
of the film density can also be anticipated: in contrast to the GIR experiments, the 
films with the higher densities will absorb IR radiation more strongly as compared to 
films with lower densities, the total amount of material probed being equaL The 
density effect on the absorption is not as strong as for the reflection experiments. 



d e n s i t y  (g/cm3) 

Figure A2.2. GIR absolption intensity of the C = O  stretching vibration for a 200 
film of i-PMMA on gold, upon variation of the density (normal 1.2 g/cm3). 

In several chapters of this thesis, it was noted that the GIR absorption intensity of as 
deposited multilayers of polymethacrylates decreased over the whole spectrum, 
involving all bands, upon annealing at high temperatures, illustrating a densification 
of the structures as the loose structure resulting from the transfer process, collapses 
to give a more efficiently packed film. Strong effects (up to 25 %) were observed e.g. 
in multilayers of monolayer crystallized 1-PMMA (figure 3.13 and 3.16, chapter 3). 

The spectral simulations are also useful when following interdiffusion processes in 
bilayer thin films. The optical constants of polymer mixtures can be interpolated from 
the values known for the pure components, using a similar approach: 

with x. and x, as the volume fractions of materials a and b. This approach assumes 
that the mixtures have additive densities, and that there is no change in the absorp- 
tion characteristics due to specific interactions between the components. It allows for 
spectral simulations to be performed for any assumed diffusion profile, for any setup, 
once the optical constants of the pure components are known. Useful setups for 
studying interdiffusion processes include attenuated total reflection, grazing incidence 



reflection on metallic substrates using s-polarized radiation (9) and other reflection 
experiments for films on various substrates like glass or silicon; this last situation is 
especially useful for studies using surface grafted polymers (10). 
The elucidation of diffusion profiles on the basis of 1R spectra is somewhat trouble- 
some, since we are dealing with a situation for which we can easily translate any 
profile to an 1R spectrum, whereas the inverse translation cannot be performed 
directly. In this respect, this technique is similar to that of neutron reflection of thin 
films, which deals with exactly the same problem: the calculational procedures are 
identical. The depth resolution of the infrared technique is not as good as that of 
neutron reflection, but, on the other hand, the IR technique has some clear ad- 
vantages over the neutron reflection technique: it does not require the use of 
deuterated materials, the apparatus is easily available, and the technique is very 
versatile, allowing for many useful setups. Whereas neutron reflection techniques 
usually vary either the angle of incidence or the wavelength, the infrared technique 
can provide data as a function of wavelength, angle of incidence and polarization 
direction, with the possibility of combining experiments on different substrates, with 
completely different sensititivies towards the characteristics of the diffusion profiles 
as a function of the experimental setup (10). The amount of raw information that can 
be extracted also compares favourably with that using ellipsometry techniques (1 1). 
Some limitations that need to be recognized, include the assumptions underlying the 
interpolation of the optical constants based on the Lorentz-Lorentz equation, which is 
not rigorously correct, and the neglection of scattering phenomena due to non-perfect 
interfaces. 

Conclusions. The amount of information that can be extracted from infrared 
spectra of polymeric thin films is enhanced by using spectral simulations to evaluate 
the experimental spectra. This approach allows for a careful evaluation of distortion 
effects that become important under many conditions when using strongly absorbing 
polymer samples, but can also predict e.g. strong effects due to variations in the 
density of thin films, that are encountered when studying polymeric Langmuir 
Blodgett films. Finally, the spectral simulations may be very helpful for a quantitative 
interpretation of spectra of interdiffusing bilayer films, opening the opportunity to 
study diffusion profiles in detail with infrared techniques. 
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Appendix 3. Helix dichroism 

Theory. The amount of IR radiation absorbed by a vibrating dipole ( I )  is known to 
be proportional to the square of the inner product of the electrical field E and the 
dipole transition moment, associated with the vibration, p: 

I - (E.K)' - cos2 0 

with 8 being the angle between the electrical field and the dipole transition moment 
If we consider a vibration localized in a functional group, fned in a helical structure, 
the average value <cos20> can easily be evaluated by assuming that the dipole 
transition moments will be distributed along the helices in a cilindrically symmetrical 
way, so that cos28 can be averaged over all positions obtained after rotating the helix 
axis over an arbitrary angle (figure A3.1). In doing so, <code> can be expressed 
in terms of the angle between the dipole transition moment and the helix axis, 6, and 
the orientation of the helix axis with respect to the electrical field vector of the IR 
radiation (making an angle a): 

For a situation, in which the helix axes are oriented along the X-axis, the absorption 
intensities for electrical fields polarized along the principal axes are: 

If the dipole transition moment makes an angle of 54.7" with the helix axis, the value 
for <cosZ8> is equal to the isotropic value, 113, irrespective of the orientation of the 
helix axes with respect to the electrical field. 
Experimentally, thin films on solid substrates can be probed by electrical fields 
polarized along the principal axes, using the GIR technique (for the Z-direction, with 
metallic substrates and radiation polarized parallel to the plane of incidence (1)) or 
in the transmission mode, using light polarized in either the X- or the Y-direction. 
For helices perfectly oriented parallel to the substrate, the L parameter (as defined in 
chapter 3, to be calculated from the polarized transmission experiments) can be 
expressed as: 



Figure A3.1. Schematic representation of the assumed distribution of the dipole 
transition moments in a helical structure. 

with a representing the angle of the helices with respect to the transfer direction. 
The largest dichroic effects can be found for vibrations with 4=O or 90". 

Dichroism of crystalline isotactic PMMA. As argued above, the sign and mag- 
nitude of the dichroic effects observed for helical structures like crystalline i-PMMA 
is completely determined by the angle of the dipole transition moment of the 
vibrations with respect to the helix axes, and the orientation of the helices. It is 
interesting to make a quantitative comparison between the experimentally observed 
dichroic effects and those predicted on the basis of the structures as proposed in the 
literature. 
When trying to extract information from the experimentally observed dichroic effects, 
it should be kept in mind that a perfect orientation of the helical structures is not 
realistic, whereas for a crystalline thin film of i-PMMA, there will also be a con- 
siderable amount of (isotropic) amorphous material present next to the crystalline 
helical structures Because of these uncertainties, the observed L, values cannot be 
interpreted directly in terms of an angle 9. The value of 9 can be estimated, relative 



with respect to the 'critical' angle (557,  and relative to the angle 4 associated with 
other vibrations. This kind of information can be useful, as we will show later. 
Furthermore, an important limitation for a detailed interpretation is the fact that the 
spectra of isotactic PMMA contain many bands that either strongly overlap with 
other bands, or that are associated with delocalized or coupled vibrations, for which 
the direction of the dipole transition moment with respect to the structure is not 
clear. The assignments of the most important bands, as reported in literature (2), 
are given in table I. Two bands that can be unambiguously assigned, and that do not 
suffer from severe overlap with other bands, are the C=O stretching vibration at 
1734 cm", and the a-methyl symmetric bending vibration at 1388 cm-', with dipole 
transition moments along the C=O bond and the C-CH, bond, respectively. The 
identity of this latter band is confirmed by its disappearance when using a-CD, 
substituted i-PMMk 

Table I. Assignment of absorption bands of i-PMMA. 

band (cm-') assignment 

a C H ,  asym str., 0CH3 asym. str. 
a-CH, sym. str., OCH, sym. str. 
CH, str. 
C=O sym str. 
a-CH, asym. bend 
0CH3 asym. bend 
CH, scissor bend 
OCH, sym. bend 
a-CH, sym. bend 
delocalized, containing mostly backbone and methylene 
vibrations (2); characteristic for crystalline i-PMMA. 
out-of-phase asym C-C-0 str., coupled with CH, 
in-phase asym. C-C-0 str., coupled with CH, 
no clear assignments; possibly C-0-C str. 
combination of delocalized modes of various ester 
vibrations and CH, rocking modes. 
OCH, rocking 
a-CH, rocking 
not clear; probably CH, rocking 



Considering polarized infrared spectra obtained from highly oriented samples, 
obtained after crystallization of amorphous i-PMMA following nucleation by some 
highly oriented LB overlayers (3), we can observe that the C=O stretching vibration 
is very strongly oriented, suggesting a 4 larger than 55". The dichroic effects of this 
band (as reflected in the L parameter) are somewhat stronger than that of the 1388 
cm-' band, which is also characterized by a 4 larger than 55", e.g 0.44 for the first 
band versus 0.38 for the latter. This obse~at ion is absolutely significant and repro- 
ducible, and can also be made when using partially CD, (backbone) deuterated 
samples, which results in an elimination of the shoulder under this 1388 cm-' band; 
furthermore, spectral simulations indicate that optical effects due to the larger ab- 
sorption coefficients of the 1734 cm-' band relative to the 1388 cm" band (and the 
accompanying larger variation in the refractive index) did not enhance the dichroic 
effects. The conclusion that can be drawn from these results is that the angle of the 
C=O bond with respect to the helix axes must be larger than that of the C-CH, bond 

Two double helical structures have been proposed for crystalline isotactic PMMA, 
both on the basis of X-ray diffraction data and energy minimalization calculations: 
the first by Kusanaga et al. (4), the second by Bosscher et al. (5). Both publications 
suggest a 1011 double helix, but some differences exist in the details of the structures, 
e.g. with respect to the rotation position of the ester group. Kusanaga used one set of 
segmental conformational parameters, whereas Bosscher used two sets of parameters 
for alternating segments along the helix. Table I1 gives the angles of the C-CH, and 
the C=O bonds with respect to the helix axes, which can be calculated upon recon- 
struction of the helices according to the literature data for both proposed structures 
For the C-CH, bond, linked directly to the backbone, the reported 4 values agree 
reasonably well, ranging from 80 to 85 degrees, in accordance with the strong, but not 
maximal dichroic effects observed for this vibration. More variations are seen with 
respect to the predicted orientation of the C=O bond Even if the backbone confor- 
mation is fixed, the C=O bond still has a degree of freedom in contrast to the C-CH, 
bond, by rotation along the C-C(=O) bond. The experimental data indicate that the 
C=O bond must have a 4 larger than that of the C-CH, bond, implying a value of 
close to 904 The structure proposed by Kusanaga predicts a 4 of 61°, much too low 
relative to that of the C-CH, bond, but also with respect to the absolute values 
observed: even in the situation of 100% crystallinity and a perfect orientation, a 
limiting value for &_, of 0.238 can be calculated for this 4 value, whereas ex- 
perimentally values up to 0.5 are observed. 
The structure proposed by Bosscher yields two values for the orientation of the C=O 
bond with respect to the helix axes, one close to the magic angle of 547,  the other at 
an almost perpendicular angle. The combination of these angles again yields LC,, 
values lower than expected, both relative to the L,,,, as well as compared to the 
absolute values observed. The observed dichroic effects for the carbonyl band 



strongly suggest an orientation almost perpendicular to the helix axis, as predicted 
e.g. according to the second set of segmental conformational parameters suggested by 
Bosscher. Neither of the proposed models completely agrees with the experimental 
observations as far as the carbonyl band is concerned 

Table 11. t#~ values for proposed structures. 

author: 9 (a-CH3) 9 (c=o) 

Kusanaga 
Bosscher 

Degree of crystallinity. On the basis of the dichroic effects observed for i-PMMA, 
it is also possible to estimate the minimum degree of crystallinity of the thin films. If 
we assume the amorphous material present to have isotropic characteristics, with 
absorption coefficients similar to those in the crystalline material (an assumption 
which holds for the vibrations under consideration), <cos%> can be expressed as: 

with x, as the fraction of crystalline material present 
In case of a perfect uniaxial orientation of the helices of the crystalline fraction, and 
in case of 4=9W for the carbonyl band, the value for LC=, can be calculated as: 

The maximum LC=, values that were experimentally observed (3) were approximately 
0.5; using this value and the expression given above, we can estimate the minimum 
fraction of crystalline material to be 57%, any deviations of 4 from W, or from a 
perfect orientation of the helices leading to higher values for the level of crystallinity 
required to produce the observed effects. 
For the materials, for which these high values for the LC,, were observed (those with 
molecular weights around 10 to 15.103), DSC results indicated a maximum heat of 
fusion of approximately 39 J Ig, upon crystallization following annealing at 120°C for 



Appendix 3 

several weeks. In literature, several values have been reported for the heat of fusion 
of i-PMMA, extrapolated to 100% crystalline material: these values range from 38 
J/g (Konnecke (6)) ,  to 50 J/g (Kusy (7)), up to 96 J/g (O'Reilly (8)). The first 
value is evidently too low in view of the experimental values obtained for the heat of 
fusion; the last value is probably too high, since it cannot be reconciled with the 
minimum degree of crystallinity of 57%, calculated on the basis of the dichroic 
effects. The value of 50 J/g, reported by Kusy, appears to agree best with the 
experimental results discussed here. 
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S A M E N  VA TTZNG. 

In dit proefschift wordt het gedrag besproken van Langmuir Blodgett monolagen van 
een serie stereoregulaire poly(methacry1aten) en hun mengsels op het waterop- 
pervlak, alsmede de eigenschappen van multilagen gebouwd van deze systemen. 
Na een introductie in hoofdstuk 1 is hoofdstuk 2 gewijd aan het monolaaggedrag van 
verschillende stereoregulaire poly(methacry1aten) met korte ester zijketens (methyl, 
ethyl en isobutyl) en van poly(methacrylzuur); de tacticititeit van de hoofdketen van 
deze materialen blijkt een belangrijke rol te spelen. De isotactische poly(methacry- 
laten) vormen 'expanded' monolagen: de polymeren ondewinden 'goede oplosmiddel' 
condities in de tweedimensionale monolaag. De syndiotactische polymeren vormen 
'condensed' type monolagen, gekenmerkt door sterke cohesiekrachten tussen de 
polymeersegmenten in de monolaag. Deze verschillen kunnen worden gecorreleerd 
aan de verschillende ketenarchitectuur en de hieruit voortvloeiende verschillende 
orientatie van de zijgroepen ten opzichte van het wateroppervlak 
Hoofdstuk 3 behandelt de overgang die waargenomen kan worden in de isothermen 
van i-PMMA monolagen op het wateroppervlak Aangetoond kon worden dat deze 
overgang correspondeert met de vorming van kristallijne structuren in de monolaag 
onder invloed van de opgebouwde oppervlaktedruk, waarschijnlijk in de vorm van 
soortgelijke dubbelhelices als gevonden voor de normale 'bulk' kristalstructuur. Het 
overgangsproces vertoont een sterke analogie met het conventionele smeltkristal- 
Lisatieproces van i-PMMA en kan worden beschreven door middel van een kiemvor- 
mingsstadium, gevolgd door een eendimensionale (misschien lamellaire) groei, met de 
dubbelhelices parallel georienteerd aan het wateroppewlak De monolagen, gevormd 
in dit opmerkelijke tweedimensionale kristallisatieproces, kunnen worden over- 
gedragen naar vaste substraten en blijken, na annealen, hoogkristallijne dunne films 
te geven. Deze dunne films kunnen sterk georienteerd zijn, met de helices parallel 
aan het substraat, maar ook met een duidelijke anisotropie in het XY vlak Dit 
laterale orientatie-effect kan worden ge'interpreteerd als het gevolg van de orientatie 
van stijve structuren in de monolaag onder invloed van de stroming die optreedt bij 
het overdrachtsproces. De waarneming dat onder sommige omstandigheden mul- 
tilagen gebouwd kunnen worden met een helixvoorkeursrichting loodrecht op de 
transfemchting, kan worden verklaard door aan te nemen dat de stijve eenheden die 
door de stroming georienteerd worden, niet zozeer de afzonderlijke helices zijn, als 
we1 de monolaagkristallieten waar zij deel van uitmaken 
In hoofdstuk 4 wordt een procedure ge'introduceerd waarmee op een efficiente wijze 
sterk georienteerde films geprepareerd kunnen worden in een dikteregime dat niet 
eenvoudig toegankelijk is voor de conventionele techniek, waarbij multilagen laag 
voor laag worden opgebouwd In de voorgestelde aanpak worden kristallijne mono- 
lagen overgedragen op amorfe films van i-PMMA; tijdens annealen fungeert deze 
overlaag als kristallisatiekiem, waarbij het kristallisatiefront, ge'induceerd vanaf dit 
oppervlak, de oorspronkelijke orientatie van de kiemlagen blijkt over te nemen. Zelfs 



monolagen zijn voldoende om dit effect te veroorzaken. 
In hoofdstuk 5 is het gedrag van gemengde monolagen van isotactisch en syndiotac- 
tisch PMMA behandeld. Deze systemen vertonen een oppemlaktedruk-ge'induceerde 
overgang, gekenmerkt door een duidelijke 2:l (xi) stoechiometrie. Bij dit als stereo- 
complexering ge'identificeerde proces worden dubbelhelix structuren gevormd aan het 
lucht-water grensvlak, net als in het eerder genoemde kristallisatieproces van i- 
PMMA. Het stereocomplexeringsproces op het wateroppervlak vertoont een duide- 
lijke analogie met smelt- en oplossingsprocessen. Het feit dat de componenten in de 
monolaag waarschijnlijk niet gemengd zijn op het niveau van de monomere een- 
heden, blijkt tot onvolledige conversies te kunnen leiden, mede doordat immobili- 
satie-effecten een belangrijke rol spelen. Vooral bij gebruik van hoge molekuul- 
gewichten wordt dit aspect van het tweedimensionale fasegedrag erg belangrijk 
Het fasegedrag van gemengde monolagen is meer expliciet besproken in hoofdstuk 6. 
In dit hoofdstuk wordt gesuggereerd dat aggregatieprocessen van de syndiotactische 
ketens (gekenmerkt door sterke cohesieve interacties) in de monolaag belangrijk zijn, 
en tot een volledige onderdrubking van de stereocomplexering kunnen leiden bij 
gebruik van hoge molekuulgewichten. De efficientie van het stereocomplexerings- 
proces kan worden verhoogd door toevoeging van stereoblok PMMA, dat kan 
fungeren als een tweedimensionale 'compatibilizer', en dat verantwoordelijk is voor 
een betere dispersie van beide componenten in de monolaag. Hoofdstuk 6 behandelt 
ook de monolaagkristallisatie van i-PMMA in gemengde monolagen met andere 
polymeren als functie van de monolaageigenschappen van deze andere component 
Een alternatieve aanpak om de mengbaarheid van i- en s-PMMA in de monolaag te 
verhogen, wordt besproken in hoofdstuk 7. Bij gebruik van licht gehydrolyseerde (ca. 
5%) s-PMMA monsters in combinatie met een licht basische subfase, blijken de 
afstotende Coulombische interacties tussen de syndiotactische ketens, veroorzaakt 
door de gedeeltelijk ge'ioniseerde zuurgoepen, te leiden tot een betere menging met 
de isotactische component en zo tot een meer efficiente stereocomplexering dan in 
de gemengde monolagen op basis van het niet gehydrolyseerde s-PMMA. 
Tenslotte, in hoofdstuk 8, wordt het gedrag van gemengde monolagen van stereo- 
regulair PMMA en poly(isobuty1methacrylaat) onderzocht. Hoewel i-PMMA en s- 
PiBMA stereocomplexen geven in oplossing en smelt, en de isothermen van deze 
mengsels een overgang vertonen die sterk lijkt op de stereocomplexeringsovergang in 
gemengde monolagen van i- en s-PMMA, blijkt toch geen stereocomplexering op te 
treden in de monolagen van het eerstgenoemde mengseL De waargenomen overgang 
kon worden toegeschreven aan een druk-ge'induceerde menging, waarvoor geen hoge 
stereoregulariteit vereist is. De gunstige interacties tussen de PiBMA en de PMMA 
componenten werden verklaard op basis van de mogelijkheid voor de hoofdketens 
om elkaar dicht te naderen, relatief weinig gehinderd door sterische repulsies. 


