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Abstract 
A series of side-chain liquid crystal polymers have been screened for successhl 
deposition using the Langmuir Blodgett method. It was found that the best 
materials had glass transitions below room temperature. The behaviour of the 
spread film of one material was studied in detail using surface isotherms, surface 
potential, X-ray and neutron reflection techniques. It was found to undergo a 
phase transition &om a thin, low density film to a thicker, more dense one as the 
surface pressure was increased. This corresponds to a reorientation of the 
mesogenic units so that about half of them point upwards. At higher pressure a 
transition to a multilayer occurs on the water surface. In the surface pressure range 
where deposition is possible, neutron reflection shows that the spread film has a 
stratum of close packed mesogenic units outermost and the total thickness (38 A) 
agrees very well with the smectic layer spacing in the bulk. This similarity in 
structure could explain the ease of deposition. 

* Author for Correspondence 
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INTRODUCTION 

The Langmuir Blodgett (LB) technique provides a method of depositing well ordered 
multilayers of suitable molecules. However LB films made from low molecular mass 
materials often suffer from lack of mechanical stability. Polymeric systems offer the 
possibility of better stability and the method has already been applied to some 
polymethacrylatesl. In this paper the possibility of using the technique to process side- 
chain liquid crystal polymers is explored for a series of siloxane based materials. A 
number of materials have been screened to see if deposition is practical and a few with 
good deposition properties have been identified. The nature of spread phases of one of 
these side-chain liquid crystals on water has been investigated using surface pressure ( x )  
vs. surface area (A) isotherms, surface potential and neutron reflection measurements. 
The nature of the deposited multilayer films has been studied using X-ray reflection and 
glancing angle diffraction. 

SIDE-CHAIN LIQUID CRYSTAL POLYMER MATERIALS 

We have screened a range of polymers, all with mesogenic side-chain units attached to 
siloxane backbones, based on the structures shown in figure 1. Their preparation and 
some of their properties are described in references 2, 3, and 4. The different materials 
are listed in table 1. They all showed smectic or nematic mesophases in bulk samples. All 
but two of them were prepared from poly-hydrogen-methyl-siloxane (PHMS) . Polymer 
2 is a random copolymer of two different mesogenic units joined to the PHMS backbone. 

FIGURE 1 Showing molecular structure of side-chain liquid crystal polymers. 
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TRANSITIONS IN A SPREAD FILM [ 1079]/439 

Polymers 10 and 11 are prepared from the copolymer poly-hydrogen-methyl-dimethyl- 
siloxane (PHMDMS) and so have a mesogenic unit attached to every other silicon atom 
in the chain as shown in figure 1. We tried Langmuir Blodgett deposition of these 
materials onto silicon substrates using a standard Joyce-Loebi trough with a pure water 
subphase. The polymers were spread from chloroform solution and deposition was 
attempted at surface pressures up to about 30 mN m-1 where the spread layer collapsed 
rapidly. Only polymers 1, 3( a racemic version of l), 10 and 11 gave reasonable 
deposition of a film. They were found to deposit onto hydrophobic silicon at a pressure 
of 20 to 30 mN m-l. Of the others, polymers number 2,4,5,6, and 8 did not produce 
monolayers that were stable enough for deposition while 7, 9 and 12 gave stable spread 
films but these appeared to be too rigid for successll deposition at room temperature. It 
was also found that the polymers 10 and 11 are the only ones studied which give 
reproducible surface pressure-surface area (n-A) isotherms which are discussed in the 
next section. 

TABLE 1 Showing side-chain liquid crystal polymers investigated 
Polymer n R backbone Tg/OC phase 

1 6 -COOCH2CH(CH3)CH2CH3 
2 614 -CN I -C5Hll 

4 11 -C5H11 
3 6 -COOCH2CH(CH3)CH2CH3 

5 3 
6 3 
7 3 
8 4 
9 5 
10 5 
11 6 

-0CH 
-CN 

-OC@ 
-CN 
-CN 
-CN 
-CN 

5 

PHMS 
PHMS 
PHMS 
PHMS 
PHMS 
PHMS 
PHMS 
PHMS 
PHMS 

PHMDMS 
PHMDMS 

-9 
- 
-25 

80(Tln) 
21 
32 
15 
26 

84(T,) 
-9 
-10 

12 6 -CN PHMS 18 SA 

Although the variations of the molecular structure are not systematic, it would 
appear that a low glass transition temperature, Tg, is an important factor in promoting 
successll LB deposition. Deposition is also unsuccessll below the melting transition 
temperature,Tm This is probably because the polymer molecule needs flexibility for 
successll deposition. The PHMDMS derivatives have low glass transition temperatures 
and so are good for LB deposition. 
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440/[ 10801 C. BOWER ET AL. 

Surface uressure-sufice area isotherms 
Most of the materials did not give reproducible surface pressure-surface area isotherms 
when spread on pure water: after compression and re-expansion of the through barriers 

the spread film would remain in a collapsed or partially-collapsed state. We will therefore 
concentrate our discussion on the isotherm for polymer 11 and a typical (room 
temperature) isotherm is shown in figure 2 below. 

As the area per mesogenic unit is decreased from its initial value of about 50 A2 
the pressure becomes measurable with our equipment at about 40 A2. There is then a 
long transition where the pressure only increases gradually. At 17 A2 the pressure begins 
to rise steeply. The area per mesogenic Unit (i.e. 15 to 17 A2) in this incompressible 
region is significantly smaller than the cross section of a single mesogenic unit (about 30 
A2) which suggests that a bilayer may be present. This bilayer would have half of the 
mesogenic units pointing into the water and half out so that two units could occupy the 
30 A2 on the surface. It seems possible that this transition is a conversion from a 
monolayer to a bilayer as shown schematically in figure 3. At areas below 15 A2 per 
mesogenic unit, a second transition takes place. All these changes are reversible although 
on re-expansion above 17 A2 the pressure would generally drop a few mN m’l below 
the compression values until areas of about 30 A2 were reached. Since deposition was 
most successfd at pressures above the first transition, we wished to determine the nature 
of the spread film in this region and the changes that take place during the two 
transitions. 

surface pressure / ( m ~  m ) (DeltaV/n)/(10-2O v 3  ) 
I 0.5 

0 

-0.5 

-1 

-1.5 

-2 

15 20 25 30 35 40 

Area per mesogenic unit / A-2 
FIGURE 2 Surface pressure and surface potential of polymer 1 1 as a finction of area 
per mesogenic unit 
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TRANSITIONS IN A SPREAD FILM [ 108 11/44 1 

SURFACE POTENTIAL MEASUREMENTS 

The surface potential was measured using an americium 241 (a source) electrode 
held above the surface during a slow compression of the spread film. The subphase was 
aqueous 0.01M sodium chloride solution and the second electrode was a simple platinum 
wire. The potential for a ciean surface varied from run to run so the high area per 
molecule value has been subtracted from each set of potentials to give AV. This has been 
divided by the number of molecules per unit area, n, for each reading during the 
compression. If the surface potential is determined by a single dipole moment (p) which 
makes an angle, 8, with the surface normal, then AV/n will be given by the formula: 

AV p o s e  - 
EOEr 

where &O and &,. are respectively the permittivity of free space and the relative 

permittivity of the medium around the dipole. Any changes in AV/n may result from 
changes in the angle or the relative permittivity. The 0.2 V m2 drop in AV/n (shown in 
figure 2) on compressing the film from 35 to 17A2 is consistent with 50% of the CN 
dipole moments (assuming 4.2 D each) either reorienting by about 180" so that the N 
atom becomes uppermost or reorienting by a smaller angle with a change in Er as the 
dipole becomes less solvated. Both these possibilities support the monolayer to bilayer 
transition scheme depicted schematically in figure 3 but they can only be regarded as 
rather indirect evidence in its favour. 

low pressure high pressure 

water water 

FIGURE 3 Schematic mechanism of transition 
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4424 10821 C. BOWER ET AL. 

X-RAY REFLECTION RESULTS 

X-ray r e f l e c t i ~ n ~ , ~  from the surface of the spread films of polymer 1 1 on water was used 
to determine whether the film had collapsed into a multilayer. It was found that at 
surface pressures below the second transition the reflectivity was qualitatively similar to 
that of a clean water surface. The small differences from the reflection from a clean 
interface indicated that the polymer had indeed formed a spread monolayer of similar 
electron density to water on the surface. However, it was not possible to derive a unique 

structure for the surface layer by analysing the X-ray reflectivity. At pressures of about 
28 mN a pseudo-Bragg peak developed at Q = 0.13 and 0.37 A-1 as shown in 

3 
0 
U - 
m 4. 
0 0 02 

0.0 0.1 1 0.22 0.33 0.44 
Q/k’ 

FIGURE 4 X-ray reflection from polymer 11 spread on water with x = 28 mN m-1 

figure 4. This indicates that a multilayer with repeat distance of 38 A is being formed on 
the surface and suggests that the second transition is a conversion into multilayers. 
Deposited films also showed this repeat distance and surface difiaction revealed that 
the layers were very well aligned parallel to the surface. h e a l i n g  such samples 
produced no change in the layer spacing which indicates that the deposited film is in its 
thermodynamically stable phase ( S A ) .  In some other siloxane based materials7, it has 
been found that there are changes on annealing the deposited film. In the next section we 
report the structure of the spread film at lower pressures which has been determined 
using neutron reflection. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
11

 1
8 

Fe
br

ua
ry

 2
01

3 



TRANSITIONS IN A SPREAD FILM [ 1083]/443 

NEUTRON REFLECTION INVESTIGATION 

Theoretical Background 
When a beam of neutrons is reflected from the surface of a liquid, a plot of the 
reflectivity vs. the scattering vector contains information on the surface structure of the 
liquid. The theory for this has been discussed in detail elsewhere879 but the reflection 
process is analogous to the reflection of light from a thin film where interference effects 
are observed. There are two important differences: 
i) The wavelength of neutrons is much smaller than visible light so they are very well 
suited to probing layers that are log, to l O O O a  thick. 
ii) The refractive index for neutrons depends on the scattering length density (SLD), p, 
of the material: 

p =  C Nibi 
i 

where Ni is the number density of the atom type i and bi is its neutron scattering length. 
A very useful feature is that it is possible to change the scattering length density (SLD) 
by varying the isotopic composition of a material, for instance by substituting deuterium 
(b = 6.671 x 10-15m) for hydrogen (b = -3.739 x lO-15m). Differences in scattering 
length density are referred to as "contrast" and tend to reflect the incident neutron beam. 

In this work we have chosen three different scattering length densities for the 
aqueous subphase. Air contrast matched (acm) water (i. e. with p = 0.0 A-2 ) has been 
used because the subphase is then invisible and so interpretation of the results is simple. 
However it is not possible to determine the position of the polymer with respect to the 
surface because there is no reflection from the air / acm-water interface. Two other 
subphase contrasts were used to determine the relative position of the water surface and 
to obtain more detail about the distribution of the polymer itself The mean scattering 
length density of pure polymer 11 has been estimated to be approximately 0.15 x lO-5A- 
2 and so reflectivity measurements were made with the scattering length density of the 
subphase adjusted to have this value by mixing H20 and D20. A layer of polymer with 
no pronounced internal structure and perhaps mixed with the subphase, would then leave 
the reflectivity the same as for a clean surface. The final subphase to be used was pure 
D20 ( p = 0.635 x 10-5 A-2) where the polymer would show up as a layer of lower 
scattering length density. Figure 5 illustrates the scattering length density profiles that 
could be anticipated with the three different choices of subphase contrast. 
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polymer 
volume fraction 

14 
water I air ACM I J z L A  z z L K L A  z z 

z Z 

FIGURE 5 Schematic diagram of scattering length density for the same 
polymer layer with different subphases. z is the distance perpendicular 
to the surface 

It has been found convenient to inspect the data as plots of RQ4 vs. Q. If a single 
uniform polymer layer, of thickness d, is present on the surface of the water, the 
reflectivity (according to the kinematic approximation which holds in the Q-range above 
the critical edge where the reflectivity is less than -0.01) is given by the formula: 

where A p i = p ~ - p ~  and Ap2=ps-p~ and PA, p~ and pAare the scattering length 
densities of the air, film and subphase respectively. For an acm-subphase the kinematic 
approximation is exact and the relationship becomes: 

It can be seen that a plot of RQ4 vs. Q will have a sinusoidal form with period 2x/d from 
which the thickness, d, can be estimated if both the contrasts (i. e. the Ap's ) are non- 
zero. The phase of the sine wave will depend on whether Ap1 and Ap2 .have the same or 
opposite signs. These RQ4 vs. Q plots were very useful methods for making an initial 
interpretation of the neutron reflection data but the final analysis was done using a full 
optical matrix calculationlo of the reflectivity The structure was defined as one or more 
strata each having a scattering length density ,a thickness and possibly some diffuseness 
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TRANSITIONS IN A SPREAD FILM [ 108511445 

of the interface with the next stratum. The best values of these parameters were 
determined by fitting the calculated reflectivity to the measured data. For the acm- 
subphase it is simple to use this fitting method to determine p~ and d for a single stratum 
model and relate them to the area per mesogenic unit, A ,  using the formula : 

I 

where the total scattering length of a mesogenic unit (Cb) is 9.25 x 
1 1 .  

m for polymer 

Neutron Reflection Experiments 
The neutron reflection experiments were done using the CRISP reflectometerl at the 
Rutherford Appleton Laboratory, Oxon. This reflectometer has a "white" beam and a 
fixed angle of incidence of 1 So was used. The absolute scaling of the reflected intensity 
was determined by measuring the intensity from a pure D20 / air interface. The data 
were corrected and reduced to reflectivity vs. scattering vector, Q, using standard 
programs. 

The instrument was fitted with a NIMA computer-controlled Langmuir trough for 
this experiment. The aqueous subphase was kept at 2OoC during the experiment. Surface 
pressure vs. surface area isotherms were recorded on the spread films before the neutron 
refection measurements. The isotherm was very similar to that shown in figure 2 except 
that the 6rst transition plateau extended from about 18 to 52 mN m-l. This results from 
a slightly different temperature. Neutron reflection measurements were made at pressures 
of 4 and 8 mN m-l which are at areas above the plateau region, at pressures of 14 and 
19 mN m-1 which correspond to either end of the plateau and at 26 mN m-l which is 
approaching the second transition. 

Neutron Reflection Results 

Figure 6 shows the neutron reflectivity of a spread film of polymer 11 on an air- 
contrast-matched subphase. These data have beem analysed by fitting a single layer model 
with the scattering length density, p ~ ,  and thickness, d, as variable parameters. The 
interfacial difheness was modelled by an error hc t ion  profile whose standard 
deviation was held fixed at 3 A which is a typical value for an air-water interface but 
which has little effect on the reflectivity at Q < 0.15 A-1.. This simple model gave a 
satisfactory fit to the data for sufice pressures up to 14 mN m-l but at higher pressures 
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15 

n 

f 10-  
5 - 

I 
0 
c 

some deviations were apparent suggesting that the layer is no longer uniform across its 
thickness. 

i 

19 

W 

\ 

(1L 

* 
0 5 .  - 

14 

1 

14 1 
01 I I 

0.00 0.05 0.10 0.1 5 
Q / A-’ 

FIGURE 6 Showing reflectivity from the air-contrast-matched subphase with a spread 
film of polymer 1 1. The numbers indicate the surface pressure in mN m-l. The lines 
are the fits of the single layer model. 

TABLE 2. Results from single layer fits to data from air-contrast-matched 
subphase 

x / ( m ~  m-1) d l A  p~ I (1 O3 A2) Area@) I A2 Area( X-A) I A2 
4 18 0.084 62 61 
8 17 0.093 59 55 
14 28 0.094 35 37 
19 * 30 0.150 20 19 
26 * 35 0.140 19 17 

* Single layer model is not a satisfactory fit. 
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I I 

1 15 

t *- ' 1 0 -  5 
- 

I l 9  + 
\ + 
- 
0 
7 
W 

41 + * a 5 -  - 

+ cr 

I 

V I "  ' * t o + +  + (" t 
B:... + +  

14' " 
0 

FIGURE 7 showing reflectivity from polymer-contrast-matched subphase 
with spread film of polymer 11. The numbers indicate the surface pressure 
in mN m-lwith 0 representing the clean surface. 

0.00 0.05 0.10 0.1 5 

FIGURE 8 showing simultaneous fit to spread film of polymer 11 at 19 mN 
m-l on three different subphases with spread film of polymer 1 1. The numbers 
indicate the surface oressure in mN m-lwith 0 reoresentina the clean surface. 

Q / i-' 
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The layer thicknesses shown in table 2 are accurate to about 10% whilst the area 
per mesogenic unit is accurate to 5%. These results show that as the transition is crossed 
from the high area side, the layer thickness increases from about 17A to about 30A. The 
areas per molecule derived from the reflectivity are also in good agreement with those 
expected fiom the pressure - area isotherm that was recorded during the experiment. It 
is also interesting to note that the scattering length density increases dramatically at 
pressures above the transition which suggests a denser, more ordered packing of the 
mesogenic units. 
Discussion of Neutron Reflection Results 
It seems clear hom the results presented above that at a surface pressure of 14 mN m-1 
and below the polymer film is 17 to 28 A thick and has a rather open structure indicated 
by the low scattering length density. At a pressure of 26 mN m-1 there is a possibility 
that multilayer formation was starting. We have therefore concentrated on analysing the 
19 mN m-1 results to determine the structure of the polymer film above the transition in 
more detail. - 

Y 
9 
' 6  0 

\ 

5 

- 2  

m c 
(u 

m 
C .- 
L 

a it- 

0 20 40 60 
Distance / Angstrom 

FIGURE 9 showing scattering length density profile corresponding to fits 
in figure 8 

We have found that all three data sets, with different subphase scattering length 
densities, can be fitted by a three-strata model of the polymer layer. The scattering length 
density and thickness of each stratum was allowed to vary and the interfacial diffuseness 
was modelled by a 3 A error fknction profile. It was possible to fit data from all three 
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TRANSITIONS IN A SPREAD FILM [ 1089]/449 

subphases with this model and the result is shown in figure 8. The fits are not perfect at 
high Q which may indicate some detail of the model is not quite correct or that the 
polymer film was not in exactly the same state for the different subphases. 

The corresponding scattering length density profiles are shown in figure 9. The 
scattering length density of the outer layer was found to be 0.2 x 10-5 A-2 which is in 
fair agreement with that expected from close packed mesogenic units (0.25 x A-2). 
The next layer has a lower SLD (0.1 x 10-5 A-2) which is expected if it contains a 
substantial fraction of siloxane backbone and hydrocarbon spacers which have a SLD of 
0.0 x A-2. The inner layer is more surprising. Its SLD might be expected to be the 
same as the outer one but it appears that it is also about 0.1 x 10-5 A-2. This value is 
similar to that found for the polymer film at lower pressures and suggests that the inner 
layer is rather open and disordered whereas the outer one is made up of close packed 
mesogenic units. Any attempt to change the model by incorporating some of the aqueous 
subphase in the inner layer gave a much worse fit which confirms the expectation that the 
polymer does not significantly penetrate into the water (i.e. by less than 4 A). 
total distance from the subphase/polymer interface to the polymedair interface is 38 A. 
The hlly extended distance from the tip of one mesogenic unit to the tip of another on 
the opposite side of the backbone as estimated using CPK models is about 48 A which is 
about 10 A more. However the total thickness of the polymer film on the aqueous 
subphase is in very good agreement with the repeat distance in 'both a deposited 
multilayer and the bulk smectic A phase. 

The data from the polymer film spread on "polymer-contrast matched" water (i.e. p 

= 0.15 x A-2) gives some further insight into the nature of the transition. These 
reflectivity data are shown in figure 7. It can be seen that at surface pressures up to 14 
mN m-l the reflectivity is essentially the same as that of the clean subphase. This 
suggests that the polymer film is internally disordered so that it has a uniform scattering 
length density which very similar to that of the subphase. This is expected since PF =0.09 

x 10-5 A-2 was determined from the analysis of the reflectivity from the acm subphase. 
Above 14 mN m-1 there is a marked deviation from the reflectivity of the clean interface. 
This also suggests that the polymer forms a film with well ordered strata so that there is 
a stratum formed by mesogenic units (with a higher scattering length density) separated 
from the subphase by a stratum containing the polymer backbone and the flexible spacers 
(with a lower scattering length ) 

This suggests that the discrepancy between the layer thickness and the model tip- 
to-tip distance is due to a tilt of the mesogenic units rather than interdigitation with those 
in the next layer. It also offers an explanation as to why the polymer deposits 
successfully at surface pressures around 25 mN m-1.At these pressures the spread 
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polymer layer has approximately the same structure as the bulk material so deposition is 
a simple laying down of one layer on another without the need to interdigitate the 
mesogenic units. 

CONCLUSION 

It has been found that the side-chain polymers with mesogenic units on about half of the 
silicon atoms have a low Tg. give reproducible behaviour as spread films and can be 
deposited successfully by the LB method. For polymer 11, we have shown that at surface 
pressures above the first transition a spread film has a stratum of close packed mesogenic 
units pointing away from the water. This supports the surface potential evidence that the 
transition is a rearrangement into a bilayer. The appearance of Bragg reflections means 
that the second transition is a reversible collapse into a multilayer. It appears that there is 
little rearrangement of the layers on deposition (from spread films at pressures between 
the two transitions) since the spread polymer layer has the same total thickness as the 
repeat distance in the deposited material. 
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