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ABSTRACT A series of poly(N-acylethylenimines) with hydrocarbon and fluorocarbon side chains varying 
in length from 6 to 17 carbon atoms were prepared by cationic ring-opening polymerization of 2-oxazolines. 
The behavior of monolayers of these materials at the air-water interface was studied in a Langmuir trough, 
and multilayer Langmuir-Blodgett (LB) films were prepared. Both monolayer behavior and LB f i i  formation 
were strongly dependent on the size and nature of the side chains. Polymers with short hydrocarbon side 
chains (6-11 carbon atoms) form fluid liquidlike condensed monolayers in which the polymer backbone is 
at the water surface and the side chains are tilted toward the air. They can be easily transferred onto solid 
substrates, and uniform LB fiis can be prepared. Their thickness depends on the length of the polymer 
side chains. Polymers with longer side chains form only rigid monolayers which tend to crystallize after the 
initial compression, and LB films of these materials can be prepared only with difficulty. Similar behavior 
was observed for polymers with fluorocarbon side chains, with the only difference that the same effeds are 
observed at shorter side-chain lengths (usually 3 less carbon atoms). 

Introduction 
Polymeric Langmuir-Blodgett (LB) films have been 

receiving increasing attention in recent years due to their 
superior mechanical and thermal stability over films of 
low molecular weight amphiphiles. Due to the possibility 
of making ordered structures, these films are finding more 
and more applications especially in the fields of electronics 
and optics.lI2 

The simplest method to fabricate polymeric LB films 
is by deposition of monolayers of preformed polymers.3~~ 
This method has the advantage that further processing of 
the films is not necessary, as opposed to polymerization 
of LB films prepared from amphiphilic monomers.M 
Although many classes of polymers have been studied at 
the air-water interface, only certain types can be used 
successfully for the fabrication of LB films. One of these 
types is comblike polymers with well-defined hydrophilic 
and hydrophobic groups which resemble low molecular 
weight amphiphiles.s-20 Monolayer formation and LB film 
preparation in these polymers are determined by the 
balance of hydrophilic and hydrophobic interactions. Most 
comblike polymers studied are amphiphilic materials 
which have hydrophilic backbones and hydrophobic side 
chains. Although problems exist in the organization and 
transferring of monolayers of this type of polymer, some 
have been solved by the introduction of strong hydrophilic 
head groups and hydrophobic side chains placed regularly 
along the polymer chain,lOJ8 as well as by the introduction 
of flexible spacers to decouple the motions of the backbone 
from the side chains.llJ4 

Besides varying the hydrophilicity of the backbone in 
comblike polymers, the hydrophobicity of the side chains 
can also be easily varied. One approach is to change the 
size of the alkyl side chains. Increasing their length 
increases the hydrophobicity of the polymer although it 
may also affect the packing of the side chains. Even though 
many polymers with different sizes of alkyl side chains 
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have been investigated, there are very few systematic 
studies13J618 in the literature about the effect of side- 
chain length on monolayer formation. In addition to 
influencing the behavior of monolayers, it also determines 
the incremental thickness in LB fiis prepared from them, 

Another approach to change the hydrophobicity of the 
side chains in these polymers is to change the nature of 
the side chains. Substituting hydrocarbon side chains by 
fluorocarbon accomplishes this. In general, fluorocarbons 
are more hydrophobic and rigid than their hydrocarbon 
analogs and usually are not miscible with them. Due to 
these unique physical properties, low molecular weight 
amphiphiles containing fluorocarbon moieties have been 
studied at the air-water i n t e r f a~e .~ I -~~  However, there 
are only a few reports in the literature about monolayers 
and LB films of comblike polymers with fluorocarbon side 
chains.2628 

In a previous publication29 we have shown that poly- 
(N-acylethylenimines) with hydrocarbon side chains form 
stable monolayers at the air-water interface and that 
uniform LB films can be easily prepared from them. The 
N-acylethylenimine backbone is well suited for monolayer 
formation since it is very hydrophilic and highly regular. 
The side chains are attached to the backbone on every 
third atom, which is a nitrogen, and tend to alternate on 
both sides of the main chain.30 Furthermore, these 
polymers are prepared by cationic ring-opening polym- 
erization of 2-0xazolines~~ which is a living polymerization 
and allows better control of the polymer architecture. 

In this paper we describe the effect of varying hydro- 
carbon side-chain length on monolayer formation and LB 
film preparation of this type of polymer. The effect of 
replacing hydrocarbon side chains by perfluorinated side 
chains is also presented. 

Experimental Section 
Techniques. Pressure-area (FA)  isotherms were measured 

with a computer-controlled Lauda film balance FW-2 (Lauda 
GmbH, Germany), while preparation of LB films was carried out 
in a two-trough deposition system (KSV 5000; KSV Instrumenta, 
Finland) at 20 * 0.1 "C. Both troughs were mounted on vibration 
isolation tables and inside laminar flow hoods. Deionized water, 
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paseed through a Barnstead NANOpure I1 system, with resistivity 
higher than 17 MQ cm was used as the subphase. Spreading 
solutions of the polymers with hydrocarbon side chains were 
prepared in HPLC-grade chloroform with concentrations between 
0.5 and 1.0 mg/mL. Solutions of polymers with fluorocarbon 
side chains were prepared in chloroform or trichlorotrifluoro- 
ethane (Freon 113) containing 1-5% (by volume) hexailuor- 
oisopropyl alcohol. Appropriate amounts (20-200 pL) were 
spread on the water surface, and the formed monolayers were 
then compressed at  speeds ranging from 0.05 to 0.50 nm2/repeat 
unitamin. Normally several PA curves were measured using 
different compression speeds and different spreading volumes 
to ensure reproducibility. 

LB films were prepared by the vertical deposition method. 
Monolayers were transferred onto 25 X 50 mm silicon wafers 
(Semiconductor Processing Co., Type P; resistivity 15-25 Dcm, 
orientation 100). Usually the first layer was deposited in the 
upward trip at  2 mm/min while subsequent layers were deposited 
at speeds ranging from 5 to 20 mm/min. Film thickness was 
determined by ellipsometry with an automatic Rudolf Research 
AutoEL I11 instrument. Refractive indices of 1.46 and 1.30 were 
used for polymers with hydrocarbon and fluorocarbon side chains, 
respectively. Normally the average value of 40 points was taken. 

Differential scanning calorimetry (DSC) was performed with 
a DuPont 9900 system at 10 "C/min under a nitrogen atmosphere. 
Molecular weights of polymers were determined by gel permeation 
chromatography (GPC) in a Waters HPLC 150C. Polymers with 
hydrocarbon side chains were run in THF using PS standards 
for calibration. Polymers with fluorocarbon side chains were 
run in hexafluoroisopropyl alcohol (HFIP) against PET stan- 
dards. 

Monomer Synthesis. 2-Alkyl-2-oxazolines were prepared 
either from alkanenitriles or from the corresponding acid 
derivatives as described in the literature.31~32 2-(n-Perfluoro- 
alkylethyl)-2-oxazolines were prepared from 3-perfluoroalkyl- 
propionitriles. The following example illustrates the preparation 
of one of these monomers. 
2-(n-Perfluorooctylethyl)-t-oxasoline. A total of 186 g 

(0.393 mol) of 3-(n-perfluorooctyl)propionitrile, 2.6 g (0.008 mol) 
of cadmium acetate dihydrate, and 200 mL of n-butanol were 
charged into a 1-L round-bottomed flask equipped with a 
thermometer, reflux condenser, dropping funnel, inert gas inlet 
and outlet, and magnetic stirbar. The flask was placed into an 
oil bath at  120 "C, and 28.5 g (0.466 mol) of ethanolamine was 
added dropwise. A slow flow of argon was maintained to carry 
off the ammonia formed during the reaction. The reaction 
mixture was stirred under these conditions for 48 h. At the end 
of the set reaction time the brown solution was cooled to room 
temperature and transferred to a 500-mL distillation flask 
attached to a Vigreux column and a distillation head. The butanol 
and excess ethanolamine were removed first by distillation under 
reduced pressure (water aspirator). Then the 2-oxazoline mono- 
mer was distilled off at  69 "C and 0.015 mmHg. A total of 165 
g of a clear liquid which solidifies upon standing at  room 
temperature was obtained. The monomer was further purified 
by dissolving it in 800 mL of chloroform and passing the solution 
through a column with basic alumina After removal of the solvent 
in a rotary evaporator, the product was distilled again under 
high vacuum. Final yield 157 g (77%). lH NMR (CDCls): 6 
2.4-2.6 (m, E+CH&Hr), 3.85 (t, 4H2N-1, 4.28 (t, GH20-1. 
Elem anal. Calcd for ClaHa1,NO C, 30.19; H, 1.56; N, 2.71; F, 
62.45. Found C, 30.58; H, 1.75; N, 2.98; F, 62.52. 

Polymerizations. Polymerization of fluorinated monomers 
was carried out using N-methyl-2-(n-perfluorooctylethyl)-2- 
oxazoliiium triflate as initiator while 2-alkyl-2-0xaz0line poly- 
merizations were initiated with N-methyl-2-methyl-2-oxazolin- 
ium triflate. These initiators were synthesized by the reaction 
of the corresponding oxazoline with methyl trifluoromethane- 
sulfonate and were stable at  room temperature if stored under 
an inert atmosphere. The following example illustrates their 
preparation. 

N-Met hyl-2- (a-Perfluorooct ylet hyl)-2-oxamlinium Tri- 
flate. Into a dry 1-L round-bottomed flask equipped with a 
thermometer, dropping funnel, and magnetic stirbar and under 
an argon atmosphere were placed 50 g (0.305 mol, large excess) 
of methyl trifluoromethanesulfonate and 300 mL of anhydrous 
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Table 1. Characterization of Poly(N-acylethylenimines) 
with Hydrocarbon Side Chains - (CH&H2N)nm 

I c=o 
I 
A 

Tmb A H m b  monolayer 
polymerR awn ano ("C) (J/g) thicknessC(nm) 

44OOO 32800 161 37 10 
nC&7 48300 35000 156 37 13 
nC&l 48400 19100 151 36 16 
nC11Hm 68400 34900 152 33 18 

nClsHn 45600 19600 146 32 26 
nClJ& 49700 25600 139 30 
nC&1 104OOO 48400 142 27 
nCi& 48400 31900 133 25 

nCi2Ha 74400 36700 145 31 20 

By GPC in THF against polystyrene standards. b By DSC at 10 
"C/min. By ellipsometry on LB films. Monolayers deposited at 30 
mN/m. 

ethyl ether. The solution was cooled to 0 "C in an ice water bath, 
and 25 g (0.048 mol) of 2-(n-perfluorooctylethyl)-2-oxazoline was 
added slowly dropwise. A white precipitate forms during the 
addition, and the reaction is mildly exothermic. After the 
addition the reaction was allowed to stir and warm up to room 
temperature slowly. The precipitated product was fiitered under 
an argon atmosphere, washed with anhydrous ethyl ether several 
times in the filter, and dried under vacuum. A total of 32 g (97% 
yield) of white crystals was obtained. 'H NMR (CDaCN): 2.64 
( t o f t  W H r ) ,  3.04 (t, -CH&NO-), 3.30 (8, CHsN-), 4.15 (t, 
-CHsN-), 4.90 (t, -CH20-). 
All polymerizations were carried out in bulk under an argon 

atmosphere with monomer to initiator ratios varying from 100/1 
to 500/1. The reactions were usually started at  80 "C and kept 
at this temperature until the polymerization mixture became so 
viscous that it could not longer be stirred. Then the temperature 
was gradually raised to 130 "C to finish off the polymerization. 
A typical example follows. 
Poly[2-(n-perfluorooctylethyl)-2-oxazoline], Into a 50- 

mL single-neck, round-bottomed flask equipped with a magnetic 
stirbar were placed 5 g (0.0097 mol) of 2-(n-perfluorooctylethyl)- 
2-orazoline and 0.0132 g (O.OOOO2 mol) of N-methyl-P-(n- 
perfluorooctylethyl)-2-oxazolinium triflate initiator. The flask 
was filled with argon and stirred in an oil bath at  80 "C. After 
1.5 h the polymerization mixture was a white solid. The 
temperature was raised to 130 "C, and the reaction was continued 
for an additional 3.5 h. After cooling to room temperature the 
polymer was dissolved in hexafluoroisopropyl alcohol, precipi- 
tated into methanol, fiitered off, washed, and dried under vacuum 
at 80 OC overnight. A total of 4.33 g of a f i e  white powder was 
obtained. 

Results and Discussion 
Poly (N-acylethylenimines) with Hydrocarbon Side 

Chains. Table 1 lists the polymers with hydrocarbon side 
chains prepared along with their molecular weights and 
DSC characterization. The polymers were of moderate 
molecular weights, and their melting temperatures de- 
crease as the length of the side chain increases. Most of 
them have been reported in the The molecular 
weights reported, although they were determined by GPC 
and are relative to other polymer standards, are generally 
lower than expected from the monomer to initiator ratios. 
Also the molecular weight distributions are rather broad 
(1.3-2.3). This is due to the fact that polymerization of 
2-alkyl-2-oxazolines under the conditions used (e.g., in 
bulk) is usually accompanied by extensive chain transfer.= 
However, we have shown previously that the  behavior of 
this type of polymer at the air-water interface is inde- 
pendent of molecular weight at degrees of polymerization 
higher than about 
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Figure 1. n-A isotherms of 2-alkyl-2-oxazoline monomers. 

Some of the 2-alkyl-2-oxazoline monomers themselves 
form monolayers at the akwater interface. Figure 1 shows 
the surface pressure-area (PA)  isotherms for some of these 
materials. Monomers with less than 12 carbon atoms in 
the side chain do not form monolayers as they are too 
soluble in water. This behavior is typical for hydrocarbon 
amphiphi1es.a 2-Tridecyl-2-oxazoline forms an expanded 
monolayer which collapses at about 40 mN/m with an area 
per molecule at collapse of 0.25 nm2. This indicates that 
even at collapse the side chains are not closely packed, 
since a value of 0.18-0.20 nm2/molecule is usually found 
for close-packed monolayers of hydrocarbon amphiphiles.s 
The monomer with C14 side chains forms a slightly more 
stable monolayer which exhibits a similar u-A isotherm. 

The isotherm for the C15 monomer shows formation of 
an expanded monolayer as the monomer is compressed to 
about 22 mN/m. At this point a transition region starts 
and eventually a condensed monolayer is formed. It then 
collapses at 47 mN/m with an area per molecule of 0.19 
nm2, indicating well-packed hydrocarbon chains. The C17 
compound forms only condensed monolayers which col- 
lapse at about 55 mN/m and 0.19 nm2/molecule. As 
expected, increasing the length of the hydrocarbon chain 
in these monomers increases the tendency to form more 
stable condensed monolayers with higher collapse pres- 
sures. 

Attempts to prepare LB films of these monomers on 
hydrophilic silicon substrates were not successful. A single 
monolayer is deposited on the upward trip upon with- 
drawing the substrate through the monolayer. However, 
on the downward trip the monolayer is removed from the 
substrate. 

Contrary to the monomers, all poly(N-acetylethylen- 
imines) prepared form stable monolayers at the air-water 
interface. Even polymers with six carbon atoms in the 
side chain formed monolayers. The behavior of these 
monolayers depends strongly on the length of the side 
chains, and in general three different types of isotherms 
were observed. Figure 2 shows typical u-A isotherms for 
the polymers with 6,8, and 10 carbon atoms in the side 
chains. All curves exhibit a "knee" and a "plateau" region. 
The average area occupied by each polymer repeat unit 
at the knee is 0.23-0.24 nm2 for the three materials. This 
is larger than the cross-sectional area of an alkyl chain, 
indicating that the alkyl chains are not densely packed at 
or below the knee pressures and the monolayer is in a 
liquidlike state. 

Compression-expansion of these monolayers shows that 
for pressures below the knee the isotherms are perfectly 
reversible and there is no hysteresis. However, on com- 
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Figure 2. n-A isotherms of poly(N-acylethylenimines) with 
hydrocarbon side chains of 6,8, and 10 carbon atoms. 
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Figure 3. n-A isotherms of poly(N-acylethylenimines) with 
hydrocarbon side chains of 11,12, and 13 carbon atoms. 

pression to areas smaller than at the knee, excessive 
hysteresis is observed. When the film is compressed 
beyond the knee, it collapses. When compression is limited 
to areas within the plateau region, the monolayer respreads 
on decompression. This is often referred to as reversible 
collapse of the monolayer.% However, when the monolayer 
is compressed beyond the plateau region, irreversible 
collapse occurs. 

The behavior of this type of monolayer was found to be 
independent of the polymer molecular weight and has been 
explained before.29 It was suggested that at low surface 
pressures the polymer molecules lie flat on the water 
surface with the side chains tilted toward the air. As the 
pressure increases, the side chains tilt further away from 
the water. At the knee the side chains are roughly 
perpendicular to the interface. At areas below the knee 
the polymer backbones must be partially lifted from the 
water surface, producing irregular and partially collapsed 
film structures. The extent of the collapse will determine 
whether or not the monolayers will reform upon decom- 
pression. 

Figure 3 shows the u-A curves obtained for polymers 
with 11,12, and 13 carbon atoms in the side chains. Unlike 
those of polymers with shorter side chains, the isotherms 
do not show a plateau region. The curve for the C11 
polymer is very similar to those of the previous polymers 
up to the knee point. It is perfectly reversible and indicates 
formation of a liquidlike monolayer. It collapses at about 
54 mN/m (higher than the knee pressure for monolayers 
of polymers with shorter side chains) and 0.20 nm2/repeat, 
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Figure 4. P A  isotherms of poly(N-acylethylenimines) with 
hydrocarbon side chains of 14, 15, and 17 carbon atoms. 

indicating also a tighter packing of the hydrocarbon side 
chains at this point. 

The polymer with C12 side chains shows an isotherm 
corresponding to a more condensed monolayer. Two 
different regions can be seen. They resemble the liquid- 
condensed (up to about 30 mN/m) and solid (up to collapse 
at 58 mN/m) states of monolayers of low molecular weight 
amphiphiles,N although the transition point is not assharp 
as the one seen for these compounds. However, this is 
expected for high polymers because they usually form more 
viscous monolayers. 

Monolayers of the C13 polymer show, in addition to the 
condensed phases observed for C12, an expanded phase 
below 5 mN/m. As the monolayer is compressed above 
this pressure, there is a transition to a condensed phase, 
and finally above approximately 15 mN/m a solidlike 
monolayer which collapses at  about 52 mN/m is obtained. 
Isotherms for both C13 and C12 polymers are reversible 
and show little or no hysteresis. Both show at high surface 
pressures average areas of 0.184.19 nm2/repeat unit, 
indicating tightly packed alkyl side chains in these solid 
phases. 

Isotherms for monolayers from polymers with longer 
side chains are shown in Figure 4. All these materials 
form very rigid, condensed monolayers which collapse 
above 60 mN/m. The area per repeat unit at collapse 
indicates that the alkyl side chains are closely packed at  
this point. Even though, at lower pressures, the isotherms 
look like those of more expanded monolayers, this is only 
so during the initial compression. Figure 5 shows com- 
pression-expansion curves for one of these polymers. After 
the first cycle to 50 mN/m, the compressibility of the 
monolayer changes and the following cycles show only a 
very steep rise in pressure characteristic of solidlike 
packing. This behavior has been attributed before to 
rearrangements in the monolayer.35 Probably when the 
monolayer is initially spread at the air-water interface, 
the polymer molecules are uniformly distributed on the 
surface with their backbones a t  the interface and the side 
chains tilted toward the air. As the pressure increases 
during the first compression, the side chains tilt further 
away from the water and start packing tightly like in the 
previous cases. However, since the side chains are now 
longer, they can crystallize and after releasing the pressure 
they do not respread to the same state. Instead they could 
remain on the water surface as islands of crystallites. 

From these results, the effect of the side-chain length 
upon monolayer formation in this class of polymers can 
be clearly seen. When the side chains are short (6-10 
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Figure 5. Compression-expansion isotherms of poly(N-penta- 
decanoylethylenimine). 

carbon atoms), the polymers form liquidlike compressible 
monolayers in which all segments of the backbone are 
lying in the water surface and the side chains are tilted 
toward the air but not closely packed. As the length of 
the side chain increases and there are stronger hydrophobic 
interactions between them, more condensed phases start 
to appear and solidlike monolayers are formed at high 
surface pressures (C12 and C13). Polymers with even 
longer side chains (C14 and above) form only rigid solid 
monolayers which tend to crystallize after the initial 
compression. 

Fabrication of LB films of all these polymers was 
attempted by depositing their monolayers onto silicon 
wafers using the vertical deposition method. Monolayers 
of polymers which show a plateau in their P A  isotherms 
(C6, C8, and C10) can be easily deposited onto the solid 
substrate at pressures below the knee point. Y-type 
multilayers are normally obtained, but Z-type films of 
equal quality can also be prepared using a two-trough 
deposition system: in the downward trip the substrate is 
passed through pure water and in the upward trip through 
the monolayer. Deposition ratios are usually 1.0 f 0.1 in 
either case. Ellipsometry shows that these fiis are 
uniform across the entire substrate area. Even films 
consisting of 100 or more monolayers show thickness 
variation of less than 1 nm. 

Monolayers of the C11 polymer can also be easily 
deposited at  any pressures below collapse to give very 
uniform films. Figure 6 shows the plot of thickness of LB 
films from this polymer, measured by ellipsometry, versus 
the number of monolayers in the films. As can be seen in 
the figure there is a very good linear correlation of film 
thickness with the number of layers. 

As the length of the side chain increases, LB film 
preparation becomes more difficult. Monolayers of C12 
can still be deposited easily, but monolayers of C13 are 
already too rigid at high preasures and the transfer mode 
seems to change. With even longer side chains (C14, C15, 
and C17) a single monolayer could be easily transferred 
onto silicon, but afterward transfer deteriorates rapidly 
and uniform LB f i i  with a large number of layers could 
not be obtained under the experimental conditions in- 
vestigated. 

The thickness of monolayers in the LB films of all these 
materials was measured by ellipsometry, as is also shown 
in Table 1. As expected, it increases as the side-chain 
length increases. However, the increment does not cor- 
respond to that expected for a fully extended hydrocarbon 
chain perpendicular to the film. It is actually larger. This 
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Figure 6. Thickness versus number of monolayers for LB fiis 
of poly(N-dodecanoylethylenimine) . Monolayers deposited onto 
silicon wafers at 5 mmlmin and a surface pressure of 30 mN/m. 

Table 2. Characterization of Poly(N-acylethylenimines) 
with Fluorocarbon Side Chains - (CHzCYN),"" 

c=o I 
I 
CHZ 
I 

R( 

7 4 2  

polymer& MWa a n a  Tmb ("C) mmb (J/g) 
41300 27800 179 34 "' C818 54800 42100 193 27 

CBF11 42000 21600 214 27 
ClOFZl 226 27 
Ciah 236 38 

a By GPC in HFIF' against PET standards. By DSC at 10 OC/ 
min. 

suggests that the side chains in these LB films are tilted 
from the normal to the substrate and that the tilt angle 
probably decreases as the side-chain length increases. This 
also agrees with the fact that the T-A isotherms for these 
materials indicated the formation of more tightly packed 
phases, hence less tilted side chains, as the side-chain 
length increases. 

It is apparent from all the data that side chains of 10-12 
carbon atoms present the best compromise in terms of 
monolayer stability and LB film formation for this type 
of materials. Polymers with shorter side chains form 
monolayers which collapse at lower pressures while 
monolayers of those with longer side chains are too rigid 
for the preparation of uniform LB films. 
Poly(N-acylethylenimiimines) with Fluorocarbon Side 

Chaine. 2-Oxazolines with perfluoroalkyl groups directly 
attached to the heterocycle ring have been reported.32~~ 
However, due to the strong electron-withdrawing effect of 
the perfluoroalkyl groups, the monomers are not very stable 
and much less nucleophilic than 2-alkyl-2-oxazolines. 
Therefore, they do not polymerize as well and give lower 
molecular weights. In this work we used 2-(n-perfluoro- 
alkylethyl)-2-oxazolines which have a two methylene 
spacer between the oxazoline ring and the fluorocarbon 
chain to avoid these problems. A brief account of the 
preparation of these monomers was published by us 
recently.37 

Table 2 lista the polymers prepared along with their 
molecular weights and DSC data. They all are white 
crystalline solids of moderate molecular weights. Their 
melting temperatures are much higher than those of the 
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Figure 7. FA isotherms of 2- (perfluoroalkylethyl)-2-oxazolines. 

corresponding poly (N-acylethylenimines) with hydrocar- 
bon side chains of the same length, and unlike them, the 
melting points increase as the side-chain length increases. 
This behavior reflects the effect of the fluorocarbon chains 
which are more rigid than hydrocarbons and melt at higher 
temperatures. The polymers are insoluble in most com- 
mon organic solvents. The ones with shorter side chains 
(4, 6, and 8 perfluorinated carbons) are soluble only in 
hexafluoroisopropyl alcohol (HFIP) and mixtures of 
chloroform, methylene chloride, or trichlorotrifluo- 
romethane (F113) with HFIP or trifluoroaceticacid (TFA). 
Polymers with longer side chains are soluble only in TFA. 

T-A isotherms for the perfluorinated 2-oxazoline mono- 
mers which form monolayers are shown in Figure 7. 
Monomers with side chains containing CJ?g and C813 do 
not form monolayers at the air-water interface. This is 
in agreement with literature data for perfluorinated 
alkanoic acids21 which form stable condensed monolayers 
only when the fluorocarbon segment contains seven or 
more carbon atoms. The isotherm for the monomer with 
a C81, side chain shows initially the formation of an 
expanded monolayer. It does not show a clear collapse 
point. As the monolayer is compressed and the pressure 
rises there is a gradual transition which must correspond 
to collapse of the monolayer since the areas per molecule 
at these pressures are smaller than expected for fluoro- 
carbon amphiphiles (0.28-0.33 nm2/molecule-). In 
addition, the monolayer is not stable. It shows large 
hysteresis in compression-expansion experiments and the 
curves shift to smaller areas in each cycle, suggesting partial 
collapse. 

Monomers with ClOF21 and C12F25 side chains both form 
stable monolayers. The isotherm for the C l f l ~ l  monomer 
shows formation of a condensed phase at low surface 
pressures and a transition to a solidlike packing at 25 mM/ 
m. At higher pressures the monolayer is basically in- 
compressible and collapses at about 58 mN/m. In this 
region the area per molecule is 0.28 nm2 which agrees very 
well with that measured for other fluorocarbon am- 
phiphiles that form condensed monolayers.39 The mono- 
mer with the longest side chain (C12Fx) also forms 
condensed monolayers which have collapse pressures and 
areas per molecule similar to the previous one. 

As with the 2-alkyl-2-oxazoline monomers, increasing 
the length of the side chain increases the stability of the 
monolayers. However, shorter chains lengths are needed 
for the fluorocarbon monomers than for the hydrocarbon 
ones to form a stable condensed monolayer due to the 
higher hydrophobicity of fluorocarbons. 

Monolayers of polymers with fluorocarbon side chains 
were obtained by spreading solutions of the polymers (in 
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Figure 8. P A  isotherms of polymers with fluorocarbon side 
chains. 

chloroform or F113 containing 1-5 vol 96 of HFIP) on the 
water surface. Only the polymers with short side chains 
formed monolayers which gave reproducible isotherms. 
Polymers containing C1821 and C12F26 side chains were 
not soluble enough in this mixture to obtain reproducible 
data. No solvent was found that could be used to spread 
monolayers of these polymers on the water surface. 

Figure 8 shows the a-A isotherms for monolayers of 
these polymers. The polymer containing CJ?g in the side 
chains shows a u-A curve similar to those of poly(2-alkyl- 
2-oxazolines) with 6,8, and 10 carbon atoms in the side 
chains. It has a knee and plateau region at about 40 mN/ 
m. At  low pressures a rather expanded liquidlike mono- 
layer exists. As it is compreased there is a transition close 
to 11 mN/m to a more condensed monolayer. At  the knee 
point the observed area per repeat unit is 0.31 nm2. This 
is still larger than that found for a solidlike monolayer of 
fluorocarbon amphiphiles (0.28 nrn2)% but indicates that 
they are well packed at this point. Compression-expansion 
experiments show totally reversible isotherms with no 
hysteresis for pressures below the knee. On compression 
to areas smaller than that at the knee, the same behavior 
as in the case of polymers with C6, C8, and C10 hydro- 
carbon side chains is observed. That is, reversible collapse 
occurs on compression of the monolayer to areas in the 
plateau, while irreversible collapse takes place if com- 
pression is beyond the plateau region. 

The polymer with C#13 in the side chains exhibits a 
more condensed monolayer at low pressures than the 
polymer with C4Fg in the side chains. A rather sharp 
transition is observed at 38 mN/m and 0.30 nm2/repeat, 
and at higher pressures the isotherm is very steep, 
suggesting a solid phase. It fiially has a collapse point at 
60 mN/m. The area at collapse is 0.28 nm2/repeat unit, 
indicating a tight packing of the fluorocarbon side chains 
in this phase. Compreesion-expaneion experimenta show 
that the isotherm is perfectly reversible with no hysteresis. 
This behavior is somewhat analogous to that of hydro- 
carbon polymers with C12 and C13 side chains. It seems 
to be the transition point between fluid and solid mono- 
layers as the length of the side chains increases. 

The s-A isotherm for the polymers with C$I, in the 
side chains shows that this polymer forms condensed 
monolayers at all pressures. They collapse at about 52 
mN/m with areas per repeat of 0.27-0.28 nm2, indicating 
close packing of the fluorocarbon chains. Compression- 
expansion expermenta show some hysteresis after a large 
rearrangement in the first cycle, just like the poly(N- 
acylethylenimines) with long hydrocarbon side chains 
(C14, C15, and C17). 

Monolayers of all these polymers can be transferred 
onto silicon substrates to prepare LB films. In the case 
of the polymer with C4Fg side chains, deposition can be 
made at pressures below the knee point in the isotherm. 
Y-Type deposition is normally obtained. Z-Type films 
can also be prepared in a two-trough system as described 
before. Monolayers deposited at 35 mN/m in the normal 
Y-mode give very uniform LB films with a thickness of 1 
nm per monolayer as measured by ellipsometry. This is 
the same value as obtained for monolayers of poly(N- 
heptanoylethylenimine), the corresponding polymer with 
hydrocarbon side chains of the same length. 

Monolayers of the poly(2-oxazoline) with C813 in the 
side chains also give very uniform LB films. Monolayers 
deposited at 35 mN/m (below the transition point to a 
solid monolayer) give films with a thickness of 1.1 nm per 
monolayer, while films prepared at 45 mN/m have a 
thickness of 1.25 nm per monolayer. This suggests that 
some of the orientation of side chains developed in the 
monolayer by compressing to smaller areas might be 
preserved during the deposition and in the films. The 
polymer with the longest side chains (C&?l,) forms only 
rigid monolayers which can also be transferred to solid 
substrates but with much difficulty. The LB films 
obtained are not very uniform in thickness. 

The same trends observed for the polymers with 
hydrocarbon side chains in terms of monolayer formation 
and LB film fabrication are also seen for these materials 
with semifluorinated side chains. Polymers with short 
side chains form liquidlike compressible monolayers which 
can be easily deposited onto solid substrates to prepare 
uniform LB f i h .  As the length of the side chains increases 
and the hydrophobic interactions between them also 
increase, more condensed and stable monolayers are 
obtained which can still be transferred onto solid sub- 
strates. After reaching a maximum in stability (optimum 
side-chain length), increasing the length of the side chains 
leads only to the formation of very rigid condensed 
monolayers which cannot be transferred onto solid sub- 
strates without destroying their organization and give films 
that are not as uniform in thickness. 

The whole process of monolayer and LB f i i  formation 
in these comblike polymers depends on the balance of 
hydrophobic and hydrophilic interactions. If the side 
chains are too short, the interactions of the hydrophilic 
groups with water are too strong and the polymer dissolves 
in water. If, on the other hand, the side chains are too 
long the hydrophobic interactions among them are stronger 
and the hydrophilic inteactions with water decrease so 
that the organization of the polymer at the air-water 
interface is controlled by the side chains. 

Conclusions 
Poly (N-acylethylenimines) with short hydrocarbon side 

chains (6-11 carbon atoms) form very fluid liquidlike 
condensed monolayers in which the polymer backbone is 
at the water surface and the side chains are tilted toward 
the air. They can be easily transferred onto solid sub- 
strates, and both Y and Z-type LB films consisting of 
hundreds of layers can be prepared. The films are very 
uniform across the substrate area, and their thickness 
depends on the length of the polymer side chains. 
Poly(N-tridecanoylethylenimine) represents a shift in 

the behavior of monolayers of these polymers. Ita isotherm 
shows a transition point to a phase with solidlike packing. 
Uniform LB films of this polymer can still be obtained at 
low surface pressures. Polymers with hydrocarbon side 
chains longer than 13 carbon atoms form only rigid 
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monolayers which tend to crystallize after the initial 
compression. LB f i i  of these materials can be prepared 
only with difficulty, and they are not as uniform. 

Polymers containing perfluoroalkylethyl side chains 
with 4-12 fluorinated carbon atoms were also prepared 
and characterized. They are highly crystalline materials 
with limited solubility. Their melting points are higher 
than those of the corresponding polymers with hydro- 
carbon side chains, and they increase with the length of 
the side chains. Polymers with C4Fs and C&13 in the side 
chains form condensed monolayers which can be easily 
deposited onto solid substrates to make uniform LB films. 
The polymer with C$1, in the side chains forms only rigid 
monolayers that transfer with difficulty. Materials with 
even longer perfluorinated side chains are soluble only in 
solvents which cannot be used to spread them on the water 
surface. The overall behavior of these materials at the 
air-water interface is very similar to that of the polymers 
with hydrocarbon side chains, the major difference being 
that the same effects are observed at shorter side-chain 
lengths. This is expected from the hydrophobicity and 
rigidity of the fluorocarbon chains. 
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