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This review reports on the range of lateral structures which have been detected in ultrathin 
organic films using the newly-developed techniques of fluorescence microscopy and X-ray 
scattering, together with more conventional methods. A number of unusual low-dimen- 
sional ordering processes have been revealed. Hexagonal, lamellar or fractal domain struc- 
tures are observed and shown to result from an interplay of electrostatic forces due to mo- 
lecular alignment at interfaces, line energy between different phases and growth kinetics. 
On a molecular level the microstructure is distinguished by low coherence length of posi- 
tional order but long coherence length concerning the orientation of crystallographic axes. 
I t  is demonstrated that the ideas presented are also relevant to adsorbate structures at inter- 
faces and to the protein arrangement in monolayers. 

1. Introduction 

In designing a new organic material to perform a given 
function, i t  is typically necessary to link many atoms to- 
gether in the desired spatial arrangement, using well-un- 
derstood synthetic techniques. For some functions, howev- 
er, these techniques are not sufficient, as it is also neces- 
sary to orient the resulting molecules. A number of differ- 
ent solutions to this problem are known, including crystal- 
lization, stretching or extrusion of a loaded polymer, dis- 
solving the functional molecule in a liquid-crystalline ma- 
trix, and even the use of lithographically defined nm-sized 
holes. Here another technique is described, which achieves 
a very high degree of orientation of densely packed mole- 
cules. This technique, involving the principle of self-as- 
sernhly and orientation of molecules at an interface, was 
first demonstrated by Langmuir and Blodgetf.['I I t  was ex- 
tensively developed by the elegant work of Kuhn and co- 
workers who demonstrated the feasibility of building mo- 
lecular machines.I'l 

I will show that i t  is not only possible to design struc- 
tures consisting of rnultilayers of ultrathin films with indi- 
vidual thickness of about 2 nm but that the lateral organi- 
zation of molecules within these films can also be con- 
trolled. For this I will concentrate mainly on the mono- 
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layer at the air/water interface since the parameters in this 
system may be varied over a wide range, making it most 
suitable for understanding the underlying processes. These 
studies yield insight into new and interesting physics of 
two dimensions. This was possible by using the novel tech- 
niques of fluorescence microscopy and X-ray scattering LO- 

gether with established methods such as film balance an3 
surface potential measurements as well as electron micros- 
copy and spectroscopy. These techniques have become ap- 
plicable to films as thin as 25 A mainly due to the develop- 
ment of extremely sensitive TV cameras and of high inten- 
sity Synchrotron X-ray sources. 

Experimental 

Most of the experiments were performed with the phospholipids I.-(L- 
dimyristoylphosphatidic acid (DMPA) or L-cl-dimyristoylphosphatidyleth;i- 
nolamine (DMPE) (Fluka). Both lipids are highly insoluble in water and 
form stahle monolayers at the air/water interface when spread from solution 
( 3  : I chloroform/methanolj. The monolayer molecules are oriented, with [he 
hydrophilic head groups pointing towards the water surface and the aliphatic 
chains towards the air. Varying the subphase ionic conditions by adding 
NaOH. NaCl (Fluka, p.a.), CdCI, (Merck), or other divalent ion salts or hy 
binding divalent ions through addition of  sodium ethvlenediaminetetraace- 
late (EDTA, Sigma) affects the head group repulsion and thus also alter,. the 
microstructure. 

As a more simple model compound arachidic acid CH3(C112),8C'OOH 
(Fluka) was used. The charge-transfer salt N-docosylpyridinium-tetracyala- 
quinodimethane (Py-TCNQ) wa? obtained from A.  Barraud. J .  Richard. A ,  
Ruaudel-Teixier and M. Yandeqvoer at Saclay. France; the diacetylenic lipid 
1 ("Bronco") was a gift from If. RingsdorJ Mainz. The positively charged 
surfactant dihexadecyldimethylammonium bromide used for studies of [he 
adsorption of the water soluble disulfonated cyanine dye (Nippon, Kauto.  
Shikiso, N K  2012) was obtained from M. Shimumura, Tokyo. Japan. Conc.;i- 
navalin A (Con A) and destran were obtained from Sigma. Water was 5lilli- 
pore filtered. 

Fluorescence microscopy studies of the monolayer at the airlwater inter- 
face wefe performed using a dedicated film balance with an integrated mi- 
croscope. 131 Contraat i )  observed in the images leading to Figures l and 2 
(section 2) since the dye probe NBD-PE 2 (dipalmitoyl-nitrobenzoxadialol- 
phosphatidylethanolamine) incorporated into the monolayer in a molar m i i -  
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centration below 1% is less soluble in the more ordered phase than in the 
fluid one. Different solubility in different phases also yields good contrast if 
a fluorescently labeled protein is used (Fig. 6, section 5). In a third variant of  
the technique, a water-soluble dye was not incorporated into the main mon- 
olayer, but instead formed extensive two-dimensional crystalline layers, or 
J-aggregates-aggregates of strongly interacting dyes in a coplanar arrange- 
ment-adjacent to it and under its influence. These J-aggregates typically 
had a high fluorescence yield and are shown in Figure 5.  

X-ray scattering experiments with monolayers at the air/water interface 
were performed at the Synchrotron source of HASYLAB, DESY. Hamburg, 
in collaboration with K .  Kjaer and J. Als-Nielsen, Rim, Denmark. [4-71 
For measurements of X-ray diffraction with in-plane wave-vector transfer 

Q,, = - s in8  (A= 1.3815 A being the wavelength and 8 the diffraction angle) 

the beam enters the surface at glancing incidence. For studies of X-ray reflec- 
tion (normal wave-vector transfer) as a function of incidence angle a the 
height of the film balance at the sample stage of the diffractometer is varied. 
In these experiments the film balance with a pressure measuring system of 
the Wilhelmy type is embedded in a gas-tight housing. 

For the electron micrographs, microscope grids were sandwiched between 
a glass slide and a formvar film, which was coated by vacuum deposition of 
100 A carbon and 50 A S O l .  Subsequently, the monolayer was deposited by 
the Langmuir-Blodgett technique. The observed contrast was due to differ- 
ential charging of the crystalline and amorphous domains in the Philips EM 
400 microscope. IS] 

4n . 
I 

2. Domain Structure at the pm Level 

Figure 1 gives a variety of fluorescence microscopic 
images observed after compression of a monolayer at the 
air/water interface to achieve a lateral pressure above n,. 
The latter is defined from a distinct change in the slope of 
the isotherm "surface pressure as a function of area per 
molecule". It corresponds to the onset of the main phase 
transition of a lipid from a fluid to a more ordered state.''' 
The transition is of first order and involves a change in the 
two-dimensional molecular density by up  to 50%. In the 
denser phase the aliphatic tails are nearly parallel and in 
the all-trans configuration. Thus, the solubility is low for 
any impurity (e.g., the dye) and the phase appears dark un- 
der the fluorescence microscope. It is possible to observe 
coexistence of phases and to follow domain formation as a 
function of environmental pprameters and time. Until re- 
cently, the domain shapes and superstructures presented in 
Figure 1 were completely unexpected. I will show by qual- 

itative arguments that the periodic structures in Figure la ,  
b form due to long-range electrostatic forces, whereas the 
shapes in Figure Ic, d are kinetically determined. 

Electrostatic forces are a peculiar feature of this interfa- 
cial system and consist of two contributions: I .  Lipids have 
diksociable head groups and therefore the monolayer can 
be charged. The surface charge is counterbalanced either 
by ions in the subphase (e.g., divalent ions) that strongly 
bind to the head groups or  by ions in the diffuse double 
layer. Thus, considering long range forces, the monolayer 
may be viewed as a dipolar sheet. The corresponding di- 
pole moment can be calculated rather satisfactorily on the 
basis of Gouy-Chapman-Stern theory and varied via pH 
and ionic r n i l i e ~ . " ~ - ' ~ '  2. A qualitatively similar contribu- 
tion results from the dipolar nature of the surfactant mole- 
cules. As the component of the dipole moment normal to 
the surface is not compensated due to the partial molecu- 
lar alignment at the interface a total surface dipole mo- 
ment results. This contribution is very difficult to assess 
because a molecule like a phospholipid contains many po- 
lar groups and the projection of these groups on the sur- 
face normal has to be known. Furthermore, due to the 
screening by water, the position relative to the water sur- 
face is very important. E.g., comparing a polar group 
above and below the water surface and a change in the 
dielectric constant from &(water) = 80 to &(hydrocar- 
bon) = 2 the contribution of the group under water is re- 
duced by a factor of &* =6000."'] Therefore this contribu- 
tion very sensitively depends on the local surface struc- 
ture. 

Despite this difficulty in theoretically quantifying these 
contributions their sum can be measured rather easily and 
accurately by surface potential measurements. According 

Fig. 1. Fluorescence micrographs of lipid monolayers containing about 
I mol% of the dye NBD-PE 2 in the phase coexistence region of a fluid 
(bright) and an ordered (dark) phase. The size of an image corresponds to 
150 pm. a) DMPA, pH 11.3, 100 mM NaCI, I pM CaCI2, T= 1O.S"C; b) 
DMPA, I mol"/o cholesterol, pH 11.4, T =  10°C: c) DMPA, pH 5 5 ,  T=20"C; 
d)  Bronco after a stepwise pressure increase, pH 5.5, T=2O"C. 
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to the Helmholtz equation the surface potential A V  and 
the surface dipole moment are related by 

~ “ = 8 . 9  x Cz m-’ N - ’  a nd pD is the dipole density 
normal to the surface. It is also possible to measure the 
differences in surface potential of fluid and ordered 
phases and then to calculate the differences in dipole den- 
sity. These dipole density differences Ap,,, typically on the 
order of 100 mDebye nm-2 (and due to the difference in 
molecular density), enter into the calculation of long-range 
forces. To explain the hexagonal lattice of Figure l a  we 
have to answer two questions: I .  Why do individual do- 
mains repel one another over distances of several 10 pm‘! 
2. Why do these domains exhibit uniform size? 

Ad 1 : As argued above the condensed phase domain can 
be considered as a dipolar disc of radius r with dipole mo- 
ment P given by P= nr2 Ap,,. The repulsive energy of two 
such discs at a center to center distance d can be estimated 

Taking experimental numbers, it is easy to show that Wrep 
is much larger than kT ( k =  Boltzman const., T=absolute 
temperature), i.e., the repulsive energy is large enough to 
overcome any thermal motion. 

Ad 2: Usually, for domain sizes above a critical radius 
rc, the growth of larger domains is favored at the expense 
of smaller ones. This is due to the fact that the surface en- 
ergy per molecule is smaller for a larger domain. The same 
holds also for a two-dimensional system where changes in 
surface energy may be ascribed to a line tension in the 
boundary between the ordered and fluid phases. Uniform 
domain size in an equilibrium situation therefore requires 
a force favoring small domains and thus counteracting line 
tension. Electrostatic forces, being of long range, yield 
such a contribution, because the energy density of a dipo- 
lar disc increases with size due to the dipolar repulsion of 
the individual molecules. Therefore one expects an equili- 
brium domain size. The quantitative calculation of the en- 
ergy density, only logarithmically diverging with r ,  yields 
very poor agreement with e ~ p e r i m e n t . ~ ” ~  Furthermore, the 
domain dimensions can be varied via nucleation condi- 
tions indicating that they are nonequilibrium features.Ilh1 
On the other hand, these dimensions can be maintained 
over hours, and therefore the structure corresponds to a 
local minimum of free energy. 

Hence the most plausible mechanism for formation of 
hexagonal superstructures is that a certain number of crit- 
ical nuclei are formed during the initial stages of domain 
growth. These domains are of uniform size due to identical 
growth conditions, and they do not split into smaller 
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pieces due to line tension, nor do they fuse due to electro- 
static repulsion. 

An interesting aspect left for further studies is to derer- 
mine whether there is an interaction, probably inhibitory, 
between two growing domains. Electrostatic forces can 
also be considered to be responsible for formation of elon- 
gated domains. In the latter case electrostatic energy 
would be reduced since the mean distance between inter- 
acting molecular dipoles is increased. Elongation, howev- 
er, requires additional line energy and therefore the bal- 
ance between these forces determines an equilibrium 
shape. In the example shown in Figure Ib the electrostatic 
energy has been increased by increasing the pH (to 11) and 
reducing the temperature, and the line energy decreased by 
adding a small amount ( 1  mol%) of c h o l e ~ t e r o l . ~ ” ~ ~ ~ ~  Vary- 
ing these parameters, one can reversibly change the do- 
main width, which is an apparent equilibrium feature, and 
induce abrupt changes from lamellar to circular shapes. To 
understand the spiral shapes one additionally has to take 
into account molecular chirality. 

In many cases domain formation at the air/water inter- 
face leads to smooth but irregular shapes that d o  not be- 
come circular even after hours (Fig. Ic). These shapes de- 
velop from much more convoluted domains similar to 
those of Figure 2. The sharpest edges are annealed due to 
the action of line tension whereas other edges remain.”” 
The latter may be due to the presence of impurities which 
may be enriched in the areas between two protrusions of  
one domain. This locally reduces line tension, the force re- 
sponsible for reduction of the domain boundary length. 

In special cases one may also observe a pronounced an- 
isotropy of domain morphology which, like in the case of a 
three-dimensional crystal, reflects the underlying crystallo- 
graphic lattice.[201 For the case of the diacetylenic lipid 
Bronco one can show that there is a nearly orthorhombic. 

Fig. 2. Fluorescence micrographs o f  DMPE monolayers containing different 
concentrations c of  a dye prohe and at rather fast compression speed ( I  A 2  
molecule ’ s - ’ )  a)  c = b  mol%, b) c =  1.3 mol%, c)  c=0 .3  mol%. The shapes 
iormed at high c d o  not anneal, whereas they become round at  low c: see. 
e.g., Fig. 2d: c=0.7 mol% after ?Omin at constant pressure. 
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lattice and that the two axes of preferred growth corre- 
spond to diagonals of the unit cell (see Fig. Id). 

These considerations show that the surface morphology 
strongly depends on growth kinetics, and useful structures 
may result. Thus it is very important to understand and to 
control the growth process. One way of doing this is to 
quickly vary the surface pressure and measure the develop- 
mcnt of domain size, domain shape, and pressure relaxa- 
tion. Another possibility is to add impurities, of which the 
most convenient is the dye probe itself. Via analysis of the 
imdges, the impurity distribution can be r n e a s ~ r e d . ~ ' ~  2 1 1  

rypical images at different impurity (dye) concentra- 
tions are given in Figure 2. At very low dye concentrations 
highly convoluted structures are formed (Fig. 2b). These 
deielop within times (<0.1 s) too short to be observed in 
our experiments. For intermediate dye concentrations 
(1 nol%) the structures are less intricate but their forma- 
tion is slow enough to be followed (several seconds, Fig. 
2c:. For still higher dye concentrations many small do- 
mains result, again within very short times (Fig. h ) .  

in the intermediate concentration range, where the de- 
velopment of the above mentioned parameters can be mea- 
suied, the growth kinetics can be described within the 
framework of constitutional supercooling. During domain 
growth the impurities are less soluble in the ordered phase 
and are therefore enriched at the phase boundary.['91 There 
they reduce the melting temperature and thus inhibit the 
growth process. For further growth the process is con- 
trolled by impurity diffusion away from the interfacial 
area. The rate of diffusion to a protruding feature will be 
greater than that to an indentation leading to amplification 
of any initial roughness and ultimately to a highly folded 
boundary. Computer simulations on diffusion limited ag- 
gregation[221 reveal a self-similar structure with a fractal di- 
mension off= 1.5 in accordance with the value determined 
by analysis of the images obtained immediately after a 
prt s u r e  jump.[2'1fis measured and defined from the equa- 
t io i  M =  Rf, where M is the area of a domain within a ra- 
diLs R about its center. The rounding off at later times (see 
Fig,. 2d) is again due to the influence of line tension. Since 
the latter is decreased for high impurity concentrations, 
one understands that structures formed at high dye con- 
centrations never anneal within experimental times. On the 
ott-er hand, since impurities favor the formation of critical 
nu8:lei this could explain the increase in the number of do- 
mains with impurity concentrations. 

3. Microstructure at the Molecular Level 

The variety of domain morphologies presented in Figure 
1 is expected to correspond to qualitatively different crys- 
tallographic lattice structures. This has indeed been de- 
monstrated in electron diffraction experiments with mono- 
layers on solid supports. The diffraction pattern for a typ- 
ical phospholipid like DMPE shows a hexagonally sym- 

metric arrangement of rather broad spots and no second 
order diffraction peak.['2.231 It displays a hexagonal lattice 
with d , ,  spacings between 4.2 and 4.3 A typical for verti- 
cally oriented aliphatic chains. The local crystallographic 
axes are parallel within one domain. 

In the other extreme when domains with very sharp 
edges were observed, many narrow diffraction spots with 
lower than threefold symmetry are encountered. Examples 
for this are monolayers of the polymerized lipid[241 studied 
in Figure Id, of cyanine dyes,[JS1 and of the Py-TCNQL2"' 
salt presented in Figure 3. For the latter, electron micros- 
copy shows domains with straight faces and sharp edges. 
Due to charging by the intense beam applied for diffrac- 
tion studies, the circular area from which the diffracted in- 
tensity was taken could be visualized. The pattern in the 
insert of Figure 3 shows a variety of spots that are still un- 
der more detailed analysis. Apparently in this case the very 
rigid and well-ordered structure is determined by the ex- 
tended planar head groups that exhibit no flexibility. 

Fig. 3. Electron micrograph and electron diffraction pattern (insert) of a F'y- 
TCXQ bilaycr prepared by compression of a monolayer and transferred by 
the Langmuir-Blodgett technique. 

To probe in situ the monolayer structure at the airlwater 
interface X-ray diffra~t ion[ ' .~ .~l  and reflexion studies".71 
were performed with different monolayers at various sur- 
face pressures, densities, and subphase conditions. As an 
example, Figure 4 gives data for monolayers of the most 
frequently studied model compound arachidic acid. Figure 
4a gives the intensity as a function of in plane scattering 
angle on increasing the surface pressure from bottom to 
top. Considering the variation of intensity and position 
with surface pressure one clearly observes three different 
regimes: I :  For low surface pressures (high area per mole- 
cule, above A,),  the peak position is constant and the inten- 
sity increases with pressure. 11: For intermediate areas per 
molecule, A, < A <A,,  the intensity is constant but the posi- 
tion changes. 111: Decreasing the area per molecule below 
A,,  the intensity abruptly increases whereas at higher pres- 
sures the line remains virtually unchanged. 
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Fig. 4. X-ray scattering data of 
arachidic acid monolayers at the 
airlwater interpace. a) Diffracted 
intensity as a function of in plane 
diffraction angle U for arachidic 
acid monolayers in the absence of 
ions and increasing the surface 
pressure from bottom to top Indi- 
cated are also the areas per mole- 
cule A,, A,  corresponding to 
breaks in the isotherm slope seen 
i n  the insert of b). b) X-ra) rellcc- 
tivity R normalized to the Frrsvel 
reflectivity R ,  as a function of 

E . E  E . 2  E . 4  E . 6  vertical wave-vector [ r imier  

Q = -sin N, a being the retlec- 4n . 
A 

a c A - ' I -  

C '  

3 

1 2  
R/R,  

1 

0 
0 .0 0 . 2  0 . 4  0 . 6  

These regimes can be correlated with the pressure/area 
isotherm given in the insert in Figure 4b and interpreted as 
follows: I corresponds to the coexistence of an expanded 
disordered with a compressible ordered phase. One mea- 
sures diffraction of the ordered phase with area fraction 
decreasing with pressure. Regime I1 is ascribed to an or- 
dered phase where the structure varies continuously with 
surface pressure. I11 is a much less compressible phase 
normally called the solid phase."' 

I t  is especially interesting to study the structural change 
in regime I1  in more detail, and this can be done by analy- 
sis of X-ray reflection. The reflection intensity R normal- 
ized to the value R k  expected for a stepwise density change 

R , ,  as a function of incidence angle a Q = - s ina  is ( 7 )  
given in Figure 4b for various positions along the isotherm. 
The curves can be simulated using a box where 
the monolayer consists of two different slabs with defined 
density and thickness. On the water surface there is the 
slab containing the head groups (carboxy in this case); it is 
thus of higher electron density than water. A second slab 
above the first one contains the hydrocarbon tails and thus 
exhibits lower electron density. Obviously data have to be 
analyzed by a sensible combination of simulation and mo- 
lecular modeling. For a more qualitative approach, howev- 
er, one may use the fact that the first minimum in the re- 
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tion angle. The lines through !he 
measurement points were oh- 
tained from a data fit using the 
referenced box model. No ion\ in 
the subphase. pH 5.5,  T-=?O C. 
The measurements are displaced 
by 0.25 units along the ordinate 
and correspond to the poinrs indi- 
cated on the isotherm in the in- 
sert. c) Reflectivity in the absence 
and presence (concentration indi- 

I cated) of CdCI? in the bubpha\e. 

flectivity curve is due to a destructive interference of re- 
flection at the air/hydrocarbon interface with that from 
the center of the head groups. The corresponding wave 
vector em,, is therefore related to the lengths of head 
group and tail, I , ,  and I , ,  respectively, according to 

The shift of  the minimum in Figure 4b with surface pres- 
sure can therefore be understood as an increase in film 
thickness. A more detailed analysis shows that within re- 
gime I1 the electron density in the tail region is constant 
and very high.'281 This demonstrates a uniform alignment 
of aliphatic tails in the all-trans configuration. Comparing 
the film thickness determined ( I , )  with that expected for 
vertical tail orientation (1:) one may calculate the tilt an- 
gle cp with respect to the surface normal 

From the reflectivity data one then derives a continuous 
reduction of the tilt angle from about 30" to 0" in reducing 
the area per molecule from A ,  to A,. Compression of the 
monolayer therefore enforces a continuous change of the 
chain tilt and of the lattice constant. 

Anyew. Chem. 100 /19b'8, Nr.  5 



Miihwu/d/ Monomolecular Layers 

To demonstrate the high sensitivity of the X-ray tech- 
nique to monitor the electron density near the interface 
Figure 4c compares the X-ray reflectivity measured in the 
absence and presence of different concentrations of CdCI2 
in the subphase for a monolayer in the highly condensed 
state. One realizes the dramatic influence of the counterion 
ntiich is almost saturated at the lowest concentration used. 
This influence is basically due to the increase in electron 
density in the head group moiety by addition of 1/2Cd'+ 
per head group. 

From a line shape analysis one may derive the positional 
co'lerence length. Assuming a grain-like structure one may 
ca culate the grain size L / d  from the measured line width 
A iccording to L / d  = 0.443/A. 

In the example presented above one determines L / d =  
101). This is in marked contrast to the coherence length of 
cr! stallographic axes (orientational order) which is larger 
thi n IO'd, as determined from electron diffractionI2'] and 
fluorescence polarization data.'"] Similar features were 
also observed for monolayers of pho~phol ip ids l~ .~]  where 
in addition a phase transition was found with a drastic 
chmge in positional coherence length. Phases with long 
rar ge positional and short range orientational order are 
expected theoretically for two-dimensional 
T h s e  calculations also showed the strong influence of 
trapped impurities on the line shape in accordance with 
our findings. 

4. Structure Formation During Adsorption 

The ideas discussed in the preceding sections should not 
only be valid for surfactant monolayers but more generally 
for two-dimensional structures at interfaces. An example 

Fig. 5 .  Fluorescence micrographs of J-aggregates of a water-soluble cyanine 
dye electrostatically bound to a positively charged monolayer. a) Structure 
formed immediately after compression and b) about 10 min at a fixed area 
per molecule. c, d )  Second compression with highest molecular density. Dif- 
ferenf hrightncsses are due 10 the intrinsic polarization of the detection sys- 
tem p H  5 . 5 .  T=ZO"C. the image size corresponds to 150 pm. 

on this is presented in Figure 5. In  a subphase containing a 
negatively charged dye, it is possible to concentrate the 
dye near the interface by spreading a positively charged 
monolayer. If the concentration exceeds the solubility limit 
the dye crystallizes and in the present example may form 
brightly fluorescing J-aggregate~.'~' '  Varying the subphase 
and monolayer conditions various crystal morphologies 
can be prepared["' and distinguished by polarization mi- 
croscopy. On spreading and compressing a monolayer, cir- 
cular patches of nonoriented aggregates are formed (Fig. 
5a). These exhibit dimensions and superstructures similar 
to those of lipid domains. After some minutes recrystalliza- 
tion becomes observable at the boundary of these domains 
yielding much brighter linear aggregates (Fig. 5a). On ex- 
panding the film the domains disappear and on a second 
compression the linear aggregates dominate (Fig. c, d). 
These are of very homogeneous size, which is determined 
by growth conditions, and repel one another similar to the 
lamellae of Figure 1. Due to the very high order within 
these domains sharp electron diffraction spots can be ob- 
served.[721 

5. Proteins in Thin Films 

It has been shown that proteins can be arranged and dis- 
tributed in a monolayer in a similar way as staining 
dye~.~'"''I They are generally less soluble in the more con- 
densed phase and therefore concentrated in the fluid envi- 
ronment. This opens new possibilities for increasing local 
concentrations of reactants and thus to enhance reaction 
rates. One step further along this line may be to increase 
protein concentrations at boundaries. 

As an example of the latter, Figure 6 presents fluores- 
cence micrographs showing the distribution of fluores- 

Fig. 6. Fluorescence micrograph of a DMPE monolayer containing agpre- 
gated fluorescently labeled Con A. Protein patches already present in the 
fluid monolayer phase (upper left) are attracted to the fluid/solid domain 
boundary when the monolayer is in the phase coexistence range (upper right 
and lower left). On reexpansion the solid (darkest) D M P E  domains melt 
leaving strings of protein (lower right) T - 2 0 ° C .  pH 7,  1 0 0 ~ ~  MnCI:. 
100 pM CaCI2. 100 mM NaCI. 
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cently labeled Concanavalin A (Con A) in a DMPE mono- 
layer in the phase coexistence range. One clearly observes 
the condensed phase DMPE domains (dark) surrounded 
by a frame of protein patches in those images except in 
that on the top left where the complete monolayer is fluid. 
The arrangement of these patches can be understood as 
follows: According to surface potential data the protein 
has a normal dipole moment opposite to that of the lip- 
id.[3h1 Its patches are therefore attracted by the condensed 
phase domains. Due to the dense packing of the latter, 
however, they are not incorporated in these domains and 
therefore remain near the boundary. The protein boundary 
is a rather loose structure and allows lipid penetration to 
the interface, since the DMPII domains continue to grow 
on further compression. On the other hand, on expansion 
of the monolayer the DMPE domains melt, but the protein 
patches remain connected to form strings.[’71 

6.  Concluding Remarks 

It is now possible to produce ultrathin films with a peri- 
odic arrangement of functional molecules like dyes or pro- 
teins. Such control, on an almost molecular level, is a cen- 
tral requirement for any future device fabrication. New 
ways and physical principles to achieve this were de- 
scribed in this article. Our studies were performed with 
compounds similar to biological systems. The systems may 
be considered too artificial by a biologist and too biologi- 
cal by a materials scientist. Nevertheless I tried to demon- 
strate that part of the ideas presented may be applicable to 
seemingly different systems like adsorbates or to the fabri- 
cation of biosensors requiring oriented arrays of receptor 
proteins. Beyond that, there are many serious attempts to 
use this class of organic films for optical, optoelectronic, 
lubrication, lithographic and other applications, all requir- 
ing microstructure control. This report should primarily 
stimulate more elaborate experimental as well as theoreti- 
cal studies. 
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