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Abstract: Monolayers on aqueous surfaces have been prepared from positively and negatively charged synthetic surfactants: 
bis[2-(«-hexadecanoyloxy)ethyl]methyl(p-vinylbenzyl)arnmonium chloride (1), di-«-octadecylmethyl(p-vinylbenzyl)ammonium 
chloride (2), di-«-octadecylmethyl[2-[(4-vinylbenzoyl)oxy]ethyl]ammonium chloride (3), rc-hexadecyl ll-(4-vinylbenzamido)undecyl 
hydrogen phosphate (4), and dioctadecyldimethylammonium bromide (5). Surface pressure-surface area, surface potential-surface 
area, and surface ellipsometry-surface area isotherms have led to values for collapse areas (Ac) and collapse pressures (P0) 
of 35 A2/molecule and 67 mN/m, 55 A2/molecule and 40 mN/m, 70 A2/molecule and 42 mN/m, 33 A2/molecule and 54 
mN/m, and 42 A2/molecule and 50 mN/m for monolayers prepared from 1-5, respectively. Ultraviolet irradiation of monolayers 
prepared from 1-4 resulted in their photopolymerization. The Ac value decreased upon polymerization of monolayers prepared 
from 1 and 2, but it increased for monolayers prepared from 4. A similar trend was observed in the surface potential and 
ellipsometric measurements. Kinetics of photopolymerization of monolayers prepared from 1 have been investigated in detail. 
Rate constants for the photopolymerization, initiated by steady-state and pulsed-laser irradiations, have been determined at 
different surface pressures and irradiation energies. The obtained data have been analyzed in terms of a two-dimensional 
patch-polymerization model (PPM) and by the classical approach considering photoinitiation, propagation, and termination 
rates (CPM). Both models predict a first-order change of the monolayer surface area as a function of irradiation time. The 
two models predict, however, different intensity relationships. Plots of the logarithms of photopolymerization rates against 
the logarithms of light intensities should give a straight line whose slope is 0.5 for the CPM model, but a slope of 1.0 should 
result for the PPM model. Values of 0.4 and 0.95 have been obtained for the slopes of the plots of the logarithm of polymerization 
rates vs the logarithm of irradiation intensity for the photopolymerizations mediated by low-intensity steady-state and high-intensity 
laser irradiations. Apparently, the CPM model is satisfactory at low intensities of irradiation while the PPM model provides 
a better description of monolayer photopolymerizations mediated by high irradiation energies. Differences between the irradiation 
intensities also manifest in the average degrees of polymerization (Z values). Z values were found to be between 11 and 27 
if the monolayer photopolymerization was mediated by high-intensity irradiations. Conversely, at low intensities of irradiation, 
Z values as high as 314 were obtained. Photopolymerization of monolayers have been compared to those of vesicles and bilayer 
lipid membranes. 

The theoretical importance and practical utility of two- and 
three-dimensional molecular organization is increasingly recog
nized.3,4 Molecular monolayers and organized multilayers 
(Langmuir-Blodgett or LB films) have potential applications in 
active and nonlinear optics; chemical, physical, and biological 
sensing devices; and surface modification for resists, passivation, 
and wetting.5,6 Importantly, they provide matrices for molecular 
electronic devices.7 The exponential growth of research activity 
focused upon monolayers and LB films is hardly surprising.8 

Development of viable LB films requires long-term mono- and 
interlayer stabilities and controllable morphologies. Selective 
polymerization of monolayers provides a means to meet these 
requirements.9"18 Indeed, we have shown that polymerization 
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of surfactant vesicles results in their increased stabilities and altered 
permeabilities and morphologies.19"24 Advantage has been taken 
of surfactants which contain styrene in their headgroups [bis-
[2-(«-hexadecanoyloxy)ethyl]methyl(p-vinylbenzyl)ammonium 
chloride (1), di-«-octadecylmethyl(/>-vinylbenzyl)ammonium 
chloride (2), di-»-octadecylmethyl[2-[(4-vinylbenzoyl)oxy]-
ethyl]ammonium chloride (3)] or in their tail [«-hexadecyl 11-
(4-vinylbenzamido)undecyl hydrogen phosphate (4)]. Photo
polymerizations of vesicles prepared from surfactants 1-3 were 
shown to result in pulling some 10-20 aryl groups together and 
thereby creating surface clefts.20'23 Although no morphological 
information was obtained for polymerized vesicles prepared from 
4, the degree of polymerization was found to be even smaller (2-5) 
than those in 1-3.24 

Photopolymerization of monolayers prepared from 1-4 is the 
subject of the present paper. Surface pressure-surface area, 
surface potential-surface area, and surface ellipsometry-surface 
area determinations prior and subsequent to polymerizations 
provided structural information. Kinetics of photopolymerizations, 
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followed by monitoring surface-area changes, were interpreted 
in terms of previously developed models. Good agreement was 
obtained between experiments carried out at the Dipartimento 
di Fisica della Universita di Genoa, at the Centre de Recherche 
en Photobiophysique of the Universite du Quebec a Trois-Rivieres, 
and at the Chemistry Department of Syracuse University. 

Experimental Section 
Materials. Preparation, purification, and characterization of the 

surfactants 1-4 and dioctadecyldimethylammonium bromide (5) have 
been described.20"24 Spectroscopic-grade chloroform, the spreading 
solvent, was used as received. Reagent-grade NaCl was baked at 800 
0C for several hours (in Genoa and Syracuse) or extracted with CHCl3 

and baked (at Trois-Rivieres). Water was purified in Syracuse by using 
a Millipore Milli-Q filter system provided with a 0.22 Mm Millistack filter 
at the outlet. In Genoa, the water was bidistilled in a homemade quartz 
distillation unit. In Trois-Rivieres, the water used was triply distilled with 
a Heraus-based quartz unit. Specific resistivity was, typically, 18 MQ 
cm at 25.0 0C with a measured surface tension of >71 mN m*1, as 
determined by the DuNouy method. Nitrogen was high-purity dry grade 
(Union Carbide). 

Monolayer Formation. The same protocol was followed for monolayer 
formation at the three different locations. Spreading solutions were 
prepared by dissolving the monomeric surfactants in spectroscopic-grade 
chloroform at concentrations of 1-8 mg/mL. Nitrogen atmosphere in 
the trough was maintained during spreading, solvent evaporation, and 
measurements. The surface of the aqueous solution, contained in the 
trough, was cleaned several times prior to monolayer formation by 
sweeping with a Teflon barrier. The subphase was deemed clean when 
the surface-pressure increase was less than 0.2 dyn/cm upon compression 
to '/20 °f the original area and when this surface pressure increase re
mained the same subsequent to aging for several hours (criteria of min
imal aging of the surface).25 An appropriate amount of the spreading 
solutions (10-100 ^L) was carefully injected onto the cleaned, thermo-
stated, aqueous surface. Measurements commenced 5-30 min subse
quent to monolayer formation. Differences between the concentration, 
the amount, and the rate of compression of the spreading solution are 
believed to be responsible for the minor differences in the isotherms 
determined in Genoa, Trois-Rivieres, and Syracuse (vide infra). 

Monolayer Characterizations. Monolayers were characterized by 
surface pressure vs surface area, surface potential vs surface area, and 
ellipsometry vs surface area determinations. 

A commercial Lauda Model P Langmuir Film Balance was used in 
Syracuse for obtaining surface pressure-surface area isotherms. The 
compression rate was ca. (2-5) X 10"3 A2 per molecule per s. The film 
balance was vibrationally isolated by placing it on a Micro-g optical table. 
The entire assembly of the optical table and film balance was enclosed 
in a Class 100 (HEPA filter) hood. Facilities were provided for nitrogen 
inlet and illumination. The output of the film balance was coupled to 
a Zenith microcomputer and a Hewlett-Packard x-y recorder. 

(25) Mingins, J.; Owens, N. F. Thin Solid Films 1987, 152, 9-28. 

Surface Area, A 

Figure 1. Surface area-surface pressure isotherms for spreading 1 on 
aqueous 5.0 mM NaCl in Genoa (1), Syracuse (2), and Trois Rivieres 
(3). Areas (/4,) and pressures (P;) associated with the transition to a 
compressed state were taken by projecting the intersection of straight 
lines drawn to the appropriate sections of the isotherm to the surface area 
and surface pressure axes. Collapse areas {Ac) and collapse pressures 
were taken by treating that transition similarly. 

Figure 2. Surface pressure-surface area isotherms for spreading 1 on 
water (1) and on 1.7 (2), 5.0 (3), and 50 mM (4) NaCl. 

A circular, temperature-controlled film balance, equipped with a 
Wilhelmy plate (type RCM-2 Mayer-Feintecknik, Gottingen), was used 
in Genoa. The film balance was enclosed in a Faraday cage. Surface 
pressure-surface area isotherms were taken at 0.1-0.8 A2 per molecule 
per second compression. During compression, the film area typically 
changed from 340 to 40 cm2. Surface potentials were measured by a 610 
BR Keithley Electrometer, connected to an 241Am air-ionizing electrode, 
suspended at ca. 5 mm above the monolayer. Ground connection was 
provided by a Ag/AgCl electrode. 

Several home-constructed Langmuir film balances were used at 
Trois-Rivieres for obtaining surface pressure-surface area and surface 
potential-surface area measurements,26 at compression rates of ca. (2-5) 
X 10"3 A2 per molecule per second. Some of the film balances were in 
a Class 10 clean room. Construction and calibration of the ellipsometer 
used for measurements of monolayers at water-air (or N2) surfaces have 
been described previously.27 

Monolayer Polymerizations. Monolayers, formed from surfactants 
1-4, were polymerized by irradiation with ultraviolet light in a nitrogen 
atmosphere at all three sites. In Syracuse and Trois-Rivieres, a 4-W UV 
lamp was placed 2 cm above the surface of the monolayer. The light 
intensity was determined to be 10 ± 2 jtW/cm2 at 250 ± 3 nm by a 
Model 2232 UV optical power meter (Mimir Instruments Corp.).28 In 
Genoa, a 200-W mercury lamp was used to illuminate a 40-cm2 surface 
via a parabolic mirror. The light intensity was determined to be 10 ± 
3 mW/cm2 between 220 and 300 nm (the intensity between 220 and 270 
nm was very low, approximately 0.2 juW/cm2). 

Monolayers, prepared from 1, were also polymerized, in Syracuse, by 
irradiation by repetitive laser pulses. The fourth harmonic of a Quan
ta-Ray DCR IA Nd:YAG laser was used to provide 15-ns, 8.9-mJ pulses 
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Table I. Surface Pressure-Surface Area Isotherms" 

compound Ah A2 AQ, A2 Pc, mN/n P1, mN/n 

160 

Figure 3. Surface pressure-surface area isotherms for spreading 1 and 
5 on 5.0 mM NaCl. 

at a rate of 10 Hz. The laser beam was focused onto the monolayer 
surface and expanded to an area of 110 cm2 by appropriate lenses and 
mirrors. Laser intensities were measured by a Scientech 362 power 
meter. 

Results 

Isotherms for Nonpolymerized Monolayers. The surface 
pressure-surface area isotherm for 1, spread on 5.0 mM aqueous 
NaCl in three different troughs at three different times in three 
different locations, is shown in Figure 1. Considering that dif
ferent samples of 1 were prepared with chloroforms of different 
origin and that they were spread in different manners, the 
agreement between the results obtained in Genoa, Trois-Rivieres, 
and Syracuse is quite satisfactory. At low surface pressure, as 
expected, molecules lie on the water surface, occupying large areas. 
With increasing surface pressure, they begin to associate and orient 
their hydrophobic tails away from the surface. Following a 
partially and more fully condensed state, there is a transition to 
a compressed (solid) state at a transition pressure, P1 = 38 mN/m. 
The average area per one molecule occupied in this state, A1, was 
found to be 46 A2 by extrapolating the straight-line portion of 
the solid-state isotherm to zero pressure. The method of taking 
A1, Ac, P0, and P1 values for surface pressure-surface area isotherms 
is illustrated in Figure 1. The equation of state of the solid 
monolayer is characterized by a relatively small change in the area 
with increasing surface pressure. This state prevails until the 
collapse of the monolayer, characterized by the collapse pressure, 
Pc (67 mN/m, Figure 1). 

The presence of electrolytes in the subphase was found to 
profoundly influence the spreading behavior of 1. As seen in 
Figure 2, addition of 1.7 and 5.0 mM NaCl resulted in increased 
P1 and AQ values. Addition of further amounts of NaCl led to 
saturation behavior. Similar effects were observed in the surface 
potential-surface area measurements. 

It is instructive to compare the isotherms of 1 and 5. Compound 
5 does not contain the styrene moiety. From the isotherms de
termined for 1 and 5 (Figure 3), values of 35 and 42 A2/molecule 
have been obtained for AQ (Table I). Projections of CPK 
space-filling models (Ealing Corporation) lead to a headgroup 
area of 31 A2/molecule for 1. 

In Figure 4, typical surface pressure vs surface area, surface 
potential vs surface area, and ellipsometry vs surface area iso
therms for 1 on 5.0 mM NaCl are shown. Similar plots for 4 
under identical conditions are collected in Figure 5. Means of 
Ax, Ac, Pc, and P1 values determined for monolayers prepared from 
different surfactants at the three different locations are gathered 
in Table I. 

Isotherms for Polymerized Monolayers. Irradiation of mono
layers formed from 1, 2, 3, and 4 by ultraviolet light resulted in 
pronounced changes of their isotherms. After the completion of 
irradiation (typically 30 min), the monolayers were allowed to 
expand and they were then recompressed to determine the isotherm 
for the polymerized monolayer. Completion of the polymerization 
was confirmed by taking infrared spectra of a monolayer deposited 
on calcium fluoride plates prior and subsequent to exposure to 

nonpolymerized 1 
polymerized 1 
nonpolymerized 2 
polymerized 2 
nonpolymerized 3 
polymerized 3 
nonpolymerized 4 
polymerized 4 
5 

46 
54 

110 
86 

120 
120 
46 
58 
58 

35 
32 
55 
54 
70 
70 
33 
48 
42 

67 
53 
40 
25 
42 
42 
54 
29 
50 

38 

25 

"See the Experimental Section for description of spreading condi
tions. Values are the means of 18 determinations for nonpolymerized 
and polymerized 1 (error ±6%), 2 determinations for nonpolymerized 
and polymerized 3 (error ±25%), 10 determinations for non
polymerized and polymerized 4 (error ±8%), and 4 determinations of 5 
(error ±15%). At 25.0 0C, unless stated otherwise. Subphase 5.0 mM 
NaCl. Compression speed = (1-5) X 10~3 A2/molecule per second. 
See Figure 1 for definition of A1, Ac, Pc, and Pv 
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Figure 4. Surface pressure-surface area, surface potential-surface area, 
and ellipsometric angle-surface area isotherms for spreading monolayers 
prepared from 1 on 5.0 mM NaCl prior (--) and subsequent (—) to 
photopolymerization. Polymerization was carried out at 40 mN/m. 

60 

30 
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Figure 5. Surface pressure-surface area, surface potential-surface area, 
and ellipsometric angle-surface area isotherms for spreading monolayers 
prepared from 4 on 5.0 mM NaCl prior (--) and subsequent (—) to 
photopolymerization. Polymerization was carried out at 40 mN/m. 

ultraviolet radiation.29 Surface pressure vs surface area, surface 
potential vs surface area, and ellipsometry vs surface area of 
nonpolymerized and polymerized (at 40 mN/m pressure) mon
olayers prepared from 1 and 4, respectively, are compared in 

(29) Palmer, C. Unpublished work, 1988. 
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Figure 6. Surface dipole moments vs surface area isotherms using eq 1 
for monolayers prepared from 1 and 4 prior (--) and subsequent (—) 
to photopolymerization. Polymerization was carried out at 40 mN/m. 

Figures 4 and 5. Isotherms of these two surfactants undergo 
completely different changes upon irradiation by ultraviolet light. 
Irradiation of the monolayers prepared from 1 resulted in an 
appreciable decrease of the area occupied per molecule and in the 
collapse pressure. The trend is similar for the isotherms obtained 
by surface potential and ellipsometry. The voltage change (V), 
determined in the monolayer surface potential measurements, is 
related to the apparent dipole moment at the gas-liquid interface, 
M, by 

H = eo(a(V-to) U) 

where e0 is the permittivity constant of the free space, e is the mean 
dielectric constant at the gas-liquid interface, a is the area occupied 
by a surfactant molecule, and ^0 is the potential due to the electric 
double layer at the surfactant-aqueous solution interface. The 
value of i/'o was obtained from the Gouy-Chapman equation: 

sinh 
V^ 

2kT (WCt^kT)1'2 (2) 

where e is the electronic charge, k is Boltzmann's constant, N is 
Avogadro's number, T is the absolute temperature, a is the surface 
charge density, C is the electrolyte concentration in the subphase 
(5 X 10~3 M), and ew is the dielectric constant of water. In eq 
1 and 2, «is the mean of the dielectric constants characterizing 
three different regions: the hydrocarbon chains of the surfactant, 
the headgroup of the surfactant, and the oriented water molecules 
surrounding the polar headgroups of the surfactants. Uncertainties 
in knowing the boundaries of the different regions and values of 
their respective dielectric constants necessitated taking e = 1. u 
has been evaluated by assuming that each surfactant molecule 
carries a positive charge and that contribution of counterions can 
be neglected. In Figure 6, the apparent surface dipole moments 
of monolayers prepared from 1 and 4 prior and subsequent to 
polymerizations are compared. Decreases in /* upon polymeri
zation can be taken to imply molecular reorientations assuming 
that e remains unchanged. The change of surface potential upon 
polymerization can also be due to the change of the counterion 
absorption and hence to the change of surface charge density (a 
in eq 2). 

For UV polymerization of 1, the presence of a plateau in the 
ellipsometric angle vs surface area isotherm suggests the absence 
of molecular reorganization between 70 and 130 A2/molecule 
(Figure 4).30 This is based on the assumption that the trend of 
increasing ellipsometric angle with decreasing surface area oc-

(30) The "ellipsometric angle" is the phase shift 5A = A -_A where A is 
the clean surface phase change measured on film surface and A is the phase 
change on the clean surface. 

o 
S 

1120 

time, seconds 

Figure 7. A typical change of the surface area of a monolayer prepared 
from 1 at a constant pressure as a function of steady-state-irradiation 
time. The insert shows logarithmic plots used to calculate the decay times 
(T values in eq 25, Appendix) for monolayers kept at 36 (1), 26 (2), and 
21 mN m"1 (3) and il = 3.0 X 10"4; and at 26 mN nr1 and el = 1.0 X 
10"4 (4). 

S60 1120 

time, seconds 

Figure 8. A typical change of surface area of a monolayer prepared from 
1 at a constant pressure as a function of irradiation by repetitive laser 
pulses. The insert shows the logarithmic plots used to calculate the decay 
times for monolayers kept at 25 mN m_1 at 0.8 (1), 1.9 (2), 2.8 (3), and 
3.6 mW/pulse (4) energies. 

cupied per molecule is due (i) to an increase in the monolayer 
thickness in the liquid expanded state and (ii) to an increase of 
the index of refraction in the liquid condensed state. The si
multaneous presence of large fluctuations in the surface potential 
is an indication of the formation of clusters of oriented molecules. 

Irradiation of monolayers prepared from 4 did not decrease the 
area occupied per molecule at a fixed surface pressure of 400 
mN/m. Surface potential and ellipsometry changes paralleled 
this behavior (Figure 5). Values of A1, Ac, and PQ for photo-
polymerized monolayers prepared from 1-4 are included in Table 
I. 

Kinetics of Monolayer Photopolymerization. Kinetics of pho
topolymerization of monolayers prepared from 1 could be followed, 
at different surface pressures and at different light (or laser) 
intensities, by monitoring the changes of surface areas as a function 
of irradiation time. In Figure 7, a typical plot is shown for this 
change upon steady-state irradiation. The logarithmic plots of 
surface area changes vs steady-state-irradiation times are seen 
(in the insert of Figure 7) to be described by a pseudo-first-order 
process. The lifetimes of these processes depend on the surface 
pressure and light intensity. 

Irradiation by repetitive laser pulses caused similar decreases 
in the surface areas of the monolayers of 1, kept at a given 
pressure. Figure 8 shows such a typical behavior. The insert in 
Figure 8 illustrates logarithmic plots of these area changes as a 
function of the time the monolayer has been exposed to repetitive 
laser pulses. It should be pointed out that prior to the completion 
of the polymerization, initiated either by a steady-state lamp or 
by a pulsed laser, stopping the irradiation interrupts the surface 
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Table II. Kinetics of Photopolymerization of Monolayers Prepared 
from 1" 

surface 
pressure, 
mN m"1 

y 
i y 
35^ 
35*« 
11* 
21* 
36* 
45* 
26* 
26* 
26* 
26* 

25* 
25* 
25* 
25* 

irradiation 
intensity* T , SC L" • 

Steady-State Irradiations 
2.0 x ICT5 

2.0 X 10"5 

2.0 X 10"5 

2.0 X 10"5 

3.0 X 10'4 

3.0 X 10"4 

3.0 X 10"4 

3.0 X 10"4 

3.0 X 10"4 

1.1 X 10"4 

2.7 X 10"5 

9.9 X 10"6 

2220 
1875 
1500 
2220 

163 (0.990) 
205 (0.997) 

94 (0.981) 
135 (0.991) 
145 (0.982) 
333 (0.914) 
556 (0.975) 
595 (0.993) 

Laser-Initiated Polymei 
0.8 
1.9 
2.8 
3.6 

3070 
897 

1053 
980 

214 
252 
314 
214 
193 
153 
335 
223 
217 
258 
628 

1602 

•izations 

11 
17 
13 

"Ambient temperature, 5.0 X 10~3 M NaCl as subphase. 
4 Expressed as H for steady-state irradiations and mW/pulse for laser-
pulse-initiated photolysis. See ref 37 for details. 'Correlation coeffi
cients are in parentheses. ''Deterimined by means of eq 6. 
'Determined by means of eq 8. ^Experiments carried out in Genoa. 
8 Determined in monolayers prepared from 2. * Experiments performed 
in Syracuse. 

area change. Upon the restart of irradiation, the area of the 
monolayer continues to decrease at the same rate as it did before. 
In general, faster rates of photopolymerizations were observed 
at higher surface pressures. Apparent lifetimes for the photo
polymerization of monolayers, calculated from plots similar to 
those shown in the inserts of Figures 7 and 8, are collected in Table 
II. 

Discussion 
Effects of Polymerization on Two-Dimensional Molecular 

Organization. An important advantage of monolayers is that 
two-dimensional molecular organization and reactivity can be 
studied under controlled conditions.31,32 The surfactants utilized 
here differ from the usual phospholipids in two respects. First, 
they contain a quaternary ammonium (1-3 and 5) or phosphonate 
(4) headgroup and, thus, they are highly charged and have high 
surface charge densities. In contrast, the most frequently in
vestigated lipid, lecithin, is zwitterionic. Second, these surfactants 
have bulky polymerizable styrene moieties on their headgroups 
(1-3) or in their hydrocarbon tail (4). These structural factors 
are expected to influence the spreading behavior of the synthetic 
surfactants used here and their two-dimensional polymerizations. 
When 1 is spread on pure water it forms unstable films, the 
pressure-area isotherms show poor reproducibility, and the col
lapse, which is not well-defined, occurs at very small values of 
area/molecule (~ 10 A2/molecule). For 1, the observed increases 
in A1 and P-, values on spreading the surfactants on aqueous NaCl 
instead of on pure water (Figure 2) can be the consequence of 
decreased solubility in the subphase. This, in turn, is likely to 
be related to the altered surface charge densities surrounding the 
surfactant headgroups at the water-air interface. Similar effects 
of electrolytes, dissolved in the subphase, have been observed on 
the phase-transition behavior of phosphatidic acid monolayers. 
The fluid to gel transition pressure (P1) and the area occupied by 
L-a-dimyristoylphosphatidic and L-a-dilaurylphosphatidic acids 
in monolayers were found to increase with increasing monovalent 
ion concentration dissolved in the subphase.33 The salinity of 
the subphase seems to be less crucial for 4, which forms stable 

(31) Gaines, G. L., Jr. Insoluble Monolayers at Liquid-Gas Interfaces; 
Interscience: New York, 1966. 

(32) Gershfeld, N. L. Ann. Rev. Phys. Chem. 1976, 27, 349-368. 
(33) Losche, M.; Helm, C; Mattes, H. D.; Mohwald, H. Thin Solid Films 

1985, 133, 51-64. 
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Figure 9. An artist's conception of the compression and polymerization 
of monolayers prepared from 1 and 4. 

films in both water and salt solution. In 5 mM NaCl, the 
force-area curves are more expanded and the surface potential 
is higher (Figure 5). 

The surface pressure-surface area isotherm of monolayers 
prepared from nonfunctionalized surfactant 5 indicated a phase 
transition between 60 and 95 A2 per molecule and a limiting area 
of 40-43 A2 per molecule at a surface pressure of 50 mN/m 
(Figure 3). This experimentally observed limiting surface area 
corresponds well to that occupied by dialkyldimethylammonium 
halide surfactants (~40 A2/molecule).34 

The styrene moiety, present in the headgroups of 1-3, is suf
ficiently hydrophobic to be directed away from the aqueous 
subphase. Most likely, it is aligned along the hydrocarbon tails 
of the surfactants. Thus, the surface area occupied by a molecule 
of 1 (or that of 2 or 3) is expected to be larger than that taken 
up by 5. Contrary to this expectation, the collapse area of 
monolayers prepared from 1 (35 A2, Table I) is somewhat smaller 
than those made from 5 (42 A2, Table I). However, this modest 
decrease in the limiting surface area is accompanied by a marked 
increase of the collapse pressure for monolayers prepared from 
1 (67 mN/m, Table I) as compared to those obtained from 5 (50 
mN/m, Table I). These results can be rationalized by assuming 
puckered packing of the monolayers prepared from 1 at high 
surface pressure. In puckered monolayers, as seen in Figure 9, 
the surfactants are more tightly packed and, therefore, on the 
average occupy smaller areas than their nonpuckered counterparts. 
Puckering becomes more difficult, if not impossible, on spreading 
the monolayers much below the fluid-to-solid phase transition of 
the surfactant. Indeed, the surface pressure-surface area isotherms 
of monolayers prepared from 1 at 10 0C were found to be less 
condensed at low pressure, more expanded at pressures greater 
than 45 mN/m, and collapsed at about 53 mN/m. Apparently, 
at lower temperatures, the less fluid surfactants become less 
amenable to puckering. 

The polymeric film was found to undergo relaxation. For 
example, steady-state irradiation of a monolayer, prepared from 
1 at T = 35 mN/m, decreased the surface area from 45 to 33 
A2/molecules. The polymerized film was then allowed to expand 
to a surface area of 100 A2/molecules (ir = 0). On recompression 
to 7T = 35 mN/m, the surface area increased to 37 A2/molecule. 
Polymerized monolayers prepared from diacrylic ester were shown 
to undergo similar relaxation upon expansion and recompression.10 

Polymerization of monolayers, prepared from 1, results in 
decreased average areas occupied by the surfactants as a conse
quence of pulling the surfactant headgroups together at the 
water-air interface (see Figure 9). Polymerization of diacetylene 
monolayers has also resulted in decreased areas occupied per 
molecule.12"16 At high pressures, the puckered structures are likely 
to be maintained. At lower pressure, liquid-condensed polymerized 
films are formed. 

Polymerization of the styrene moiety in 4 ties some of the 
surfactant tails together. This translates into a somewhat increased 

(34) Israelachvili, J. N. Intermodular and Surface Forces with Appli
cations to Colloidal and Biological Systems; Academic Press: London, 1985. 
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effective area which the headgroups occupy. A similar situation 
has been encountered in the polymerization of octadecylfumarate35 

and in the polycondensation of amino acids on monolayers. Po
lypeptides formed from CH3(CH2)15CH(NH2)COO(CH2)21CH3 
and CH3(CH2)23CH(NH2)COO(CH2)2]CH3 were found to oc
cupy greater areas at air-water interfaces than their parent amino 
acids.36 

Mechanism of Monolayer Photopolymerization. Photo-
polymerization of monolayers, prepared from 1, at constant surface 
pressure results in the monotonic decrease of the surface area as 
a function of the irradiation time. The rate of decrease depends, 
as seen in Figure 7, on surface pressure. Assuming that every 
double-bonded monomer occupies an area aM larger than the area 
am occupied by the saturated monomer, the area of the monomer 
at irradiation time t is given by 

A(t) = aMM(t) + amm(t) (3) 

where M(t) is the number of double-bonded monomers and m(i) 
is the number of saturated monomers. Calling A0 = auMQ, where 
M0 is the double-bonded monomer number at t = 0 and recog
nizing that the polymerization does not change the overall number 
of monomers, one obtains 

A(O-A0 = / " M - " » \ / M ( ( ) -M0\ 

\ aM ) \ M0 J (4) 

Equation 4 relates the area variation with the variation of the 
monomer number as a function of irradiation time. 

The obtained data have been analyzed in terms of a two-di
mensional patch-polymerization model (PPM)20 and by the 
classical approach considering photoinitiation, propagation, and 
termination rates (CPM).37 Full derivation of these two treat
ments are provided in the Appendix in the Supplementary Ma
terial. The PPM model leads to eq 5 and 6 for steady-state 
irradiations, where T is the decay time of photopolymerization, 

A(t) • A0 aM - an 

"M 

km $JiT 

(5) 

(6) 

$ r is the quantum efficiency for radical formation, 7 is the mean 
intensity of the light source, ? is the absorption cross section of 
the monomer,38 and L is the average length of polymer chains. 

Plots of the logarithms of the left-hand side of eq 5 against 
irradiation times should yield straight lines from which the decay 
times, T values, could be obtained. Experimental data, obtained 

(35) Rabe, J. B.; Rabolt, J. F.; Brown, C. A.; Swalen, J. D. J. Chem. Phys. 
1986, 84, 4096-4102. 

(36) Folda, T.; Gros, L.; Ringsdorf, H. Makromol. Chem., Rapid Com-
mun. 1982, 3, 167-176. 

(37) Flory, P. J. Principles of Polymer Chemistry; Cornell University 
Press: Ithaca, NY, 1953; p i l l . 

(38) The value of * r has been determined to be 0.106.20 The molar ex
tinction coefficient («266 nm = 1600 M"1 cm"1) was converted to a molecular 
cross section by 

103 cm3 

nm = 1.6 X 103 M"1 cm"1 L — - — X 

= 2.7 X 10"18 cm2/monomer 

1 mol 

6.02 X 1023 monomer 

Table II gives il = Integral (X1 -» X2) of (IdX) values for steady-state-irra
diation intensities. In Genoa, due to the low reflectivity of the parabolic 
mirror, the light intensity was almost 0 up to 260 nm and it increased very 
fast from 280 to 320 nm. Under this condition, the value of absorbed light 
(i.e., the integral in dX) rapidly changed with the upper integration limit, X2. 
For example, there was a factor of 26 between X2 = 300 nm and X1 = 290 
nm. This introduced large systematic errors into the calculations of L. In 
Syracuse, this error was minimized by the use of a very narrow band path ('/2 
HBW = 5 nm) and by carrying out the integration between 243 and 250 nm 
for determining il values. The L values determined in Syracuse are considered 
to be more reliable. Nevertheless, the agreement between the L values ob
tained in Genoa at il = 2.0 X 10"5 and TT = 35 mN m_1 (Z. = 314) and that 
in Syracuse at il = 9.6 X 10"6 and -K = 26 mN m"1 (Z. = 170) is quite 
satisfactory. For the laser-initiated photolysis, E values are given in Table 
II as mW/pulse. They were converted to photons/cm2 for use in eq 37 
(Appendix) by dividing by hv. 
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Figure 10. Plots of A[n]/[n] against time (eq 50, Appendix) for the 
photopolymerization of monolayers prepared from 1 at 11 (D), 21 (O) 
and 36 (•) mN m"1. 

Figure 11. Plots of the logarithm of polymerization rates against the 
logarithm of intensities of steady-state (left-hand side) and laser 
(right-hand side) irradiations of monolayers prepared from 1. 

for the photopolymerizations of monolayers prepared from 1, could 
be best accommodated in terms of a pseudo-first order process 
on treatment according to eq 5 (see inserts of Figures 7 and 8). 

The L values, assessed from eq 6 with the obtained kinetic data, 
are also given in Table II. 

Treating the laser-pulse-initiated-polymerization data in terms 
of the PPM model results in: 

L _ _S v_ 
~ km~ <$>rtE 

(7) 

where )? is defined as the fraction of the double-bonded monomers 
consumed after the completion of the photochemical events ini
tiated by a single laser pulse. 

The L values obtained from laser-initiated photopolymerizations 
(eq 36, Appendix) are also included in Table II. 

The CPM model leads to eq 8: 

A[n] 

K 
-T In 2 (8) 

which allows the calculation of the average radical chain lifetime, 
rav, from the change of monomer concentration, A[n]. Typical 
plots of the data according to eq 50 (Appendix) are given in Figure 
10 and rav and kp/kt values are collected in Table II. 

Both the PPM and the CPM models predict a first-order change 
of the monomer surface area as a function of the irradiation time. 
The two models predict, however, different intensity relationships. 

The PPM model is governed by eq 9: 

1 - *p 
(9) 

Thus a plot of the logarithm of the photopolymerization rate 
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(/?PPM) against irradiation intensity, /, should give a straight line 
with a slope of 1.0. Conversely, the CPM model is given by eq 
10: 

KR= Vp = K p [ M ] I - I 'I1'2 (10) 

which indicates that a plot of the logarithm of the photo
polymerization rate (KR) against /should give a straight line with 
a slope of 0.5. 

Figure 11 shows such plots for the photopolymerization of 
monolayers formed from 1. The slopes obtained in the steady-state 
and laser-initiated photopolymerization were found to be 0.4 and 
0.95, respectively. Apparently, the two-dimensional patch model 
satisfactorily describes photopolymerizations at high irradiation 
intensities. Conversely, at lower levels of irradiation, the classical 
treatment is a better description of the photopolymerization of 
monolayers prepared from 1. Interestingly, sufficient data has 
been reported for the irradiation intensity dependency of diacrylic 
ester photopolymerization.10 We have plotted the published data 
in the forms of log k vs log / and obtained a straight line with 
a slope of 0.8. 

Comparison of Photopolymerizations of 1 in Monolayers, Bi-
layers, and Vesicles. The work reported here allows a fruitful 
comparison of the photopolymerization of 1 in monolayers, bilayer 
lipid membranes (BLMs),38 and vesicles.20 Uncertainties in the 
absolute value of L are, of course, recognized. Since the same 
assumptions were used in treating photopolymerizations of 1 in 
the different mimetic systems under different conditions, profitable 
comparisons of the relative magnitude of L values can be made 
between monolayers and vesicles and between irradiations of 
monolayers at different surface pressures. 

Appreciable degrees of monolayer photopolymerization is the 
most significant observation of the present work. At low-intensity 
irradiations (Genoa experiments), the average chain length (L) 
of polymers are found to increase from 214 to 314 on increasing 
the surface pressure from 5 to 35 mN/m during the steady-state 

irradiation of 1 (Table II). This is the expected consequence of 
tighter packed, puckered monolayers with increasing surface 
pressure. Greater proximity of monomers at a higher surface 
pressure allows for a more effective radical propagation at a given 
time and, thus, it leads to longer polymer units. 

Photopolymerization of BLMs prepared from 1 resulted in 
decreased trans-membrane resistances.39 This was the conse
quence of reducing the average area occupied by each 
surfactant—a situation quite similar to that found for monolayers. 

In sharp contrast to monolayers, the average degree of pho
topolymerization of surfactant vesicles, even at comparably low 
irradiation levels, was found to be much smaller (2-1O).20 For
mation of much shorter polymers is the consequence of the absence 
of puckering and of much looser surfactant packing in vesicles 
as compared to monolayers. Molecular packing and organization 
is clearly an important parameter which influences polymeriza
tion-dependent organizational changes in the different membrane 
mimetic systems. 
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