
 

 

 University of Groningen

Monolayer and thin film behaviour of stereoregular poly(methacrylates)
Brinkhuis, Richard Hendrikus Gerrit

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2006

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Brinkhuis, R. H. G. (2006). Monolayer and thin film behaviour of stereoregular poly(methacrylates). s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/0d0f0f39-72dc-4e60-8c19-b53f99d06f95


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. 



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 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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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 
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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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