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Seeing Phenomena in Flatland: Studies of 
Monolayers by Fluorescence Microscopy 

Monolayers formed at the interface between air and water 
can be seen with fluorescence microscopy. This allows the ' 
phase behavior of these monolayers to be determined by 
direct observation and opens up the possibility of follow- 
ing the kinetics of phase transformations in two-dimen- 
sional systems. Some unexpected morphologies have been 
discovered that provide information about the name of 
monolayer phases and have connections to pattern forma- 
tion in other systems. 

R ESEARCHERS HAVE LONG BEEN INTRIGUED THAT BY AL- 

most trivial means (1 )  one can produce a monolayer-a 
structure only a single molecule thick-at the interface 

between air and water. Monolayers formed by substances that are 
insoluble in the liquid subphase are called Langmuir monolayers. 
These are distinguished from Gibbs monolayers, which result from 
the preferential adsorption at an interface of substances that are 
soluble in the bulk, and Langmuir-Blodgett films, which are formed 
when Langmuir monolayers are transferred to solid substrates. 

The amphiphilic molecules that form Langmuir monolayers have 
hydrophilic and hydrophobic portions, and it is the balance between 
these opposing natures that keeps the molecules at the surface. 
Long-chain fatty acids are typical monolayer-formers; their carboxyl 
head groups remain immersed in the water while their hydrocarbon 
tails limit their solubility. Chains longer than about 12 carbons are 
necessary to keep the solubility low but, if the hydrophobic charac- 
ter of the chain is dominant, the substance will form a lens rather 
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than a monolayer on the surface. 
Life scientists have investigated phospholipid Langmuir monolay- 

ers in order to gain insight into the structure and properties of 
bilayers, which serve as models for cell membranes. More recently, 
the resurgence of interest in complex fluid systems that are com- 
posed of amphiphiles (emulsions, microemulsions, and lamellar 
systems) has stimulated monolayer research. (It is interesting that 
much of what was once called colloid chemistry is now seen 
regularly in the condensed-matter sections of journals such as 
Physical Review Lettevs.) 

The desire to investigate the effect of dimensionality on the 
equilibrium and dynamic properties of physical systems' has also 
stimulated monolayer experiments. I began to study Langmuir 
monolayers in order to extend my research on the kinetics of phase 
transitions in fluid mixtures to two-dimensional systems. This goal 
has not yet been realized, in part because the experimental problems 
are more significant than I had realized, but mostly because we have 
been sidetracked by the discovery of a rich variety of unexpected 
phenomena. It is these phenomena that will be the focus of this 
article. 

Phase Behavior of Langmuir Monolayers 
One prepares Langmuir monolayers (2, 3) by depositing a 

solution of an amphiphile in a volatile solvent onto a clean water 
surface; the monolayer spreads spontaneously as the solvent evapo- 
rates. If the solubility of the amphiphile in the subphase is negligi- 
ble, a monolayer can be thought of as a separate phase with 
thermodynamic properties analogous to those of three-dimensional 
(3-D) systems. The pressure p is replaced by a surface pressure T ,  

and the volume V becomes the area A.  A barrier can be moved 
across the surface of the water to change the area available to the 

SCIENCE, VOL. 249 



Fig. 1. Schematic Lang- 
muir monolayer iso- 
therm, a plot of surface 
pressure (a) against the 
area (A)  per molecule at 
constant temperature. 
The areas at which the 
changes in slope occur LC+LE 
correspond roughly to 
those found for a fatty 
acid such as PDA at 
room temperature. The 
inset shows the LE + G 20 40 60 80 
transition region at high A (A2mo~ecu~e-') 

areas. The cartoons indicate the microscopic differences bemeen the phases. 

monolayer (in much the same way that a piston can be used to 
compress a 3-D system), and one can determine the surface pressure 
by measuring the force per unit length on a float or thread 
separating the monolayer from a clean surface. 

The behavior of the monolayer may depend on properties of the 
subphase. For example, the charge on the head group may change 
when the pH or ionic strength of the water is altered. But if the 
properties of the subphase are held constant and measurements are 
carried out at constant p, there is an exact correspondence between 
the equation of state for a pure monolayer, n = n(A, T), and that for 
a one-component, 3-D system, p = p(V, T)  (where T is tempera- 
ture). 

The determination of n ,A isotherms is the most common mea- 
surement that is performed on Langmuir monolayers, and much of 
our knowledge of the phase behavior of monolayers has been 
inferred from such studies. The schematic isotherm shown in Fig. 1 
is typical of many amphiphiles. 

Langmuir monolayers are gaseous (G) where the area per mole- 
cule is large compared to the molecular dimensions. In the G phase, 
the hydrocarbon portions of the molecules make significant contact 
with the surface. (The interaction with the water surface is attractive, 
even for the hydrophobic tail.) The long plateau that arises when the 
gas is compressed is associated with a transition to a liquid phase, 
often called the liquid-expanded (LE) phase. [We expect a plateau 
because the phase rule for insoluble monolayers has essentially the 
same form as that for 3-D systems (3): when there are two phases 
present, a pure monolayer has only one degree of freedom, and 
fixing the temperature fixes n.] In the LE phase, the hydrocarbon 
chains lift from the surface but remain largely disordered. 

Further compression leads to a transition to a phase that has been 
called liquid-condensed (LC). The isotherm in this transition region 
has been drawn with a marked slope, as found in most isotherm 
measurements. The fact that the plateau is not horizontal suggests 
that the LE-LC transition is not first-order, but this view has been 
disproved by a number of recent measurements (4). 

Despite its name, the LC phase is not a liquid. In the LC phase, 
the degree of chain alignment and the number of trans conforma- 
tions are higher than in the LE phase, and there is evidence of long- 
range order. The kink in the isotherm at higher compressions is 
attributed to a transformation from the LC phase to another phase, 
taken to be an ordered, 2-D solid. In this steepest part of the 
isotherm, the area per molecule corresponds closely to the packing 
of chains found in 3-D crystals of the amphiphile. 

A T,A phase diagram can be constructed when isotherm mea- 
surements are performed at several temperatures. The schematic 
diagram shown in Fig. 2 seems to apply to many amphiphiles, with 
the T and A axes shifted to account for the energy and size 
parameters characteristic of each molecule (2). For example, the 
25°C isotherm for octadecanoic acid would correspond to one for 
pentadecanoic acid (PDA) near O°C. 

Studies of a variety of other macroscopic properties (2, 3), such as 
the surface potential and the viscosity, as well as packing arguments 
have been useful in interpreting the isotherms and characterizing the 
monolayer phases. This work has been augmented by recent experi- 
ments with new techniques, such as x-ray and neutron scattering and 
reflectivity, second-harmonic generation, and sum-frequency spec- 
troscopy, that provide more detailed information about the micro- 
scopic nature of the monolayer phases (4). 

Fluorescence Microscopy of Langmuir 
Monolayers 

None of the classical or the more modern diffraction and spectro- 
scopic methods provides direct information about the morphology 
of Langmuir monolayers. However, relatively simple measurements 
by fluorescence microscopy allow direct observation of the textures 
of Langrnuir monolayers (5-7) and open up a whole new class of 
investigations. A monolayer containing a small amount of a fluores- 
cence is prepared in a trough on the stage of a microscope. The 
fluorescent probe is excited with a laser or an arc lamp, and images 
of the monolayer are detected with a high-sensitivity television 
camera and recorded on videotape for subsequent analysis. Figure 3 
shows the images obtained when a monolayer of PDA containing 
about 1% of the probe 4-(hexadecy1amino)-7-nitrobenz-2-oxa-1,3- 
diazole (NBD-hexadecylamine) is compressed at 25°C. 

The monolayer was prepared at a molecular area of 61 A2 
molecule-'; according to the isotherm measurements, this area 
corresponds to the G-LE two-phase region. In this state, the image 
of the monolayer (Fig. 3A) consists of dark circular "bubbles" of gas 
in the white field of the LE phase. The contrast between the phases 
is attributable to the difference in density and, perhaps, to quench- 
ing of the probe fluorescence when it is in the G phase. 

If the density of the monolayer is increased, either by compression 
or by addition of PDA at constant area, the amount of gas decreases 
(Fig. 3B) until at a sharply defined area one obtains a completely 
white field (Fig. 3C). All of the monolayer is now in the LE phase. 
This one-phase region persists as the area per molecule is decreased, 
until dark circular domains of the LC phase abruptly appear (Fig. 
3D). (In this case, the difference in contrast reflects the low 
solubility of the probe in the LC phase.) The transition from LE to 

Area 

Fig. 2. Schematic temperature-area diagram. The width of the LC-LE 
coexistence region is highly exaggerated as compared to the LE-G region. 
Both coexistence curves are shown terminating in critical points, but there is 
no convincing experimental evidence that an LC-LE critical point exists. 
Horizontal lines are tie lines that connect coexisting phases. The dashed line 
represents a second-order transition that would be expected to intersect the 
coexistence curve if the LC and LE phases were not of the same symmetry. 
The arrows labeled I and I1 that extend from tielines show the paths followed 
in experiments described in the text. 
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LC phase is clearly first order. The fraction of LC phasi grows with 
increasing density (Fig. 3E), and, if the pmbe concentration is very 
low, one can detect the termination of LE-LC coexistence by the 
complete loss of the bright LE regions. 

One can explore the monolayer phase diagram by locating the 
transition points, either by compression and expansion along an 
isotherm or by heating and cooling along an isochor. By meamring 
the area fraction of each phase as a function of the average area per 
molecule, one can calculate the molecular arcas of the coexisting 
phases from the "lever rule" (8). These techniques werc used by 
Moore et al. (9) to investigate the phase diagram of PDA. 

Langmuir monolayers of PDA have been studied repeatedly and 
with unusual care (10, ll), but not without controversy. Highly 
precise isotherm mcmuments in the G-LE plateau region had 
shown (10) that there was a non-zero slope in the isotherms above 
26.3"C, meaning that there was a GLE critical point at this 
temperature but another precise. study (1 1) found that the isotherms 
were horizontal at least to WC, the highest temperature at which 
the meamcements could be &ed out. The fluorescence ex+- 
ments do not explain the reasons for the disagmment between these 
two studies but show dearly that GLE equilibrium persists to the 
higher temperature. 

A question that must be had with every probe method is, "What 
is the a c t  of the probe?" The pmbe is an impurity that does not 
have the same solubility in each phase and therrfbre must shift the 
phase boundaries. However, it can be shown for PDA that the 
changes in the phase boundaries are of the order of the uncertainties 
in the boundaries detcnnined from the isotherm measurements (9). 
There is remarkably good agreement between the isotherm and 
fluorescence data. 

The black-and-white character of the fluorescence image would 
seem to limit the utility of fluorcscenct m i m p y  to two-phase 
equilibria. By observing the evolution of htures in the image, 
however, it is possible t6 examine transitions involving more 
For example, if a PDA monolayer that is originally in the G-LE two- - - 
phase region is cooled at constkt area to a temperature below 17°C 
(the path indicated by armw I in Fig. 2), the pattern shown in Fig. 
3F is observed. New dark c i d a r  domains appear, each of which is 
ringed by small dark "bubbles"; these new features grow with time 
atthe~lrpenseoftheLEphase.Thenewdardomainscanbe 
identified as the LC phase and the bubbles as the G phase. They 
form because the monolayer has been cooled below the GLE-LC 
triple point into the G-LC two-phase region. If the system reached 

Fb. 3. (A-E) Fluores- 
M C ~  microscope images 
obtakd whcn PDA is 
c o m p d  h 61 to 
19 A2 molecule-' at 
25°C: (A) 61 A2 mde- 
cule-'; (B) 50 A2 mole- 
cule-'; (C) 36 A2 mole- 
cule-' [the line in (C) 
7 s  1cml wl; (0) 
27 A2 molecule-'; (E) 
2-4 A2 molecule-'; (F) 
&-phase cwdstencc 
obsavcdafmatempera- 
ture quench to a m n p -  
nue below the mpk 
point. The quench be- 
gan with the monolayer 
in the GLE wcxhence 
repon at an area of 51 
A molecule-', and the 
path followed is indicat- 
ed by arrow I in Fig. 2. 

equilibrium, there would be no LE phase, but the transformation 
goes to completion only vety slowly. Moore et al. have shown (9) 
that the temperature at which the LC phase first appears upon 
cooling or disappears upon heating is in excellent agmment with 
values of the triple-point temperam obtained from isotherms. 

Patterns and Dynamics: 2-D Foams 
The morphologies observed in Fig. 3 ace not remarkable. They 

ace what one might expect for the nudeation and growth of phases 
in the gravity-& environment of a monolayer. The driving force 
for coalescence of domains in the monolayer is the tendency to 
minimize surface energy by reducing interfacial length and m a -  
ture, which is weak compared, say, to the effect of gravity in 
segregating fluids of difkmt densities (12). 

We were surprised to discover (7) the existence of a Wcrent 
transient morphology in the GLE two-phase region: a random 
network structure, which has the appearance of a 2-D ham. This 
snucturc is observcd when the solvent evaporates or when there is 
rapid expansion fiom the LE phase into the GLE axxktence 
region. 

As the gas bubbles that nudeate in the LE phase grow, the fluid 
layers between them become thinner, and the droplet curvature 
deaeases. As a result., the pattern of circular bubbles is converted 
into a polygonal network of cells in which the sides meet at threefbld 
vertices (Fig. 4 4 .  Such 2-D networks ace ubiquitous: they ace 
fbund in magnetic films, in the pattern of grain boundaries on the 
surface of a metal, in geological fonnations, and in biological 
structures (13). 

Are the similarities among these network structures more than 
superficial? Despite the very Werent nature of the media in which 
the networks form, do the patterns evolve according to some 
universal laws, and ace their structures the same? To answer such 
questions we must first be able to describe the network. This can be 
accomplished (13) in mms of statistical quantities such as the 
average cell size, the probability distribution of polygons according 
to their numbers of sides, and the comelation between the number 
of sides of a polygon and the average number of sides of its 
neighbors. 
One can detexmine these charactexkics by recording the evolu- 

tion of the network on videotape and analyzing digitized images. 
Such studies (14) show that rnonolayer tbams ace in many respects 
quantitatively similar to other 2-D networks. For example, the 
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Fig. 4. (A) Network s a ~ n u r  
obtained upon expansion of 
the LE phase at constant tan- 
pemnue. (6) Buckling insta- 
bity observed when a foam 
of ethyl hepmdecamate was 
heated along path I1 shown in 
Fig. 2. 

2) Because the width of the cell sides is fixed by balance between 
the dipolar density and the line tension, if the area of the LE phase is 
to increase, it can do so only by a lengthening of the cell sides. 

3) Because the cell sides arc lacked into the foam network, the 
increase in length is initially accommodated by compressing the 
fluid until, at a critical compression, the sides lengthen by budding. 

However, the instability in the tbams is not simply a bowing of 
the sides. The change in length is accommadated by a shorter 
wavelength instability. Wavelengths shorter than half of the side 
length can arise only if there is a mechanism by which an energetic 
price must be paid for the amplitude of the instability. In the case of 
the monolayer networks, the dipole repulsion between the cell sides 
plays this role. 

To estimate this effect, we can model the network as an infinite 
array of parallel lines of dipoles. From this model, we find that the 
wavelength of the instability should be proportional to the spacing 
between the sides, which we can take as the average cell size. 
Experknts (16) confirm this dependence. 

average cell perimeter is a linear function of the number of sides. 
This relation is also found for soap foams trapped between plates, 
and for grain boundaries. It appears very likely that the properties of 
such networks are universal. 

If there were no probe, would the foam exist? It is known that in 
3-D systems, pure, one-component fluids do not foam (3). We 
believe that the network structure is intrinsic to the monolayer. A 
key requirement for the formation of such a network is the resistance 
of the cell sides to becoming so thin that they break. There are many 
examples in monolayers of the formation of stable linear structures. 
Such linear features arise because amphiphile m o l d e s  are dipolar, 
and in condensed monolayer phases they are substantially aligned 
peqxndicular to the surface and are always oriented with the head 
group at the subphase surface. 

Because of this imposed geometry, the dipoles repel each other 
and the dipolar energy can be minbked if the dipoles form 
extended linear structures. This tendency is counterbalanced by the 
line tension between the phases, which tends to minimize the 
perimeter and keeps the array intact. Calculations of the fiee energy 
of monolayer phases (15) show that the width of the linear 
structures depends on the quantity exp (ul~p*), where u is the line 
tension between the phases and A p  is the difference in dipole 
density. 

A Buckling Instability 
The evolution of the network structure shown in Fig. 4A 

occurred at constant temperature. If the temperature is raised after 
the network structure has formed (16), we may see the phenomenon 
shown in Fig. 4B. As the heating begins, the cell sides thicken 
slightly and then suddenly buckle. The explanation of this buckling 
instability ties together the structure with the thermodynamic and 
kinetic behavior of Langmuir monolayers. 

Although the budding can be explained in terms of a time- 
dependent Ginzburg-Landau theory (16), it can also be understood 
as an Euler instab'ity (1 7). This kind of instab'ity arises when a thin 
metal rod is compressed along its axis. If the compressive force 
exceeds some critical value, the rod suddenly bows. In the case of the 
monolayer, the compression is caused by a combination of drcurn- 
Stances. 

1) Because the overall density of the monolayer is greater than 
the density at the G-LE critical point, when the two-phase system is 
heated along a path indicated by arrow I1 in Fig. 2, the amount of 
the LE phase must increase in accord with the lever rule. 

Complex Patterns 
Complex patterns also appear at the LE-LC transition. When a 

fatty acid or phospholipid monolayer is driven rapidly into this two- 
phase region, either by compression or by a rapid temperature 
quench, the LC domains are no longer compact but have instead a 
d e d  morphology (Fig. 5A). These sauctures look very much 
like the fiactal patterns obtained by the process of diffusion-limited 
aggregation (18). They are not equilibrium hnns; they "heal" into 
circular domains if the compression is stopped or the temperature is 
held constant. 

It seems likely that the fractal patterns are linked to the presence of 
the probe. Studies of the growth of such patterns in the phospholip- 
id dirn~ylphosphatidy1etha~)1amine (19) have shown that they 
occur by the mechanism of constitutional supercooling. As the LC 
phase condenses, probe accumulates at the interface and diffuses 
away into the LE phase; the transition pressure increases with 
increasing probe concentration. Thus, as the monolayer is com- 
pressed, regions of the interface in which the probe concentration is 
low convert to LC phase while the regions of higher probe 
concentration are still in the LE phase. Steep concentration gradi- 
ents increase the rate of diffusion of the probe away h m  the 
interface, so these are regions in which the LC phase preferentially 
grows. - 

Although the probe may induce the instability, we may still derive 
infbnnation about the monolayer by aramining the conditions 
under which the pattern forms. we-have o&ed in ethyl and 
methyl esters of some fatty acids that the pattern changes h m  the 
open fiactal structure at high temperature to a more compact, 
dendritic form at low temperature (Fig. 5B). 

The two types of pattems grow in distinctly diftkent ways. The 
open structure grows by tip splitting, in which the tips of the arms 
split repeatedly. In the dendritic structure, the tip remains stable as 
the arm grows and branches grow along the sides. Dendritic growth 
occurs only when there is an anisotropy in line tension between the 
phases, that is, only if the line tension is different in different 
directions of growth (18). Such an anisotropy dects an underlying 
order in the LC phase, an order that is not present at higher 
temperature. 

Thus, the existence of the dendritic structure demonstrates that 
the LC phase is not an isotropic liquid. Although we do not know 
the nature of the order in these esters, x-ray scattering rneamwnents 
on LC phases in other systems (4) show that they are orientationally 
ordered but have little translational order. (The translational correla- 
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tion length is less than 100 A.) It is &&re reasonable to assume 
thatthisisthecaseinourexpiments. 
TheanisotropyoftheLCphaseincstecmon~layerscanalsobe 

demonstrated by equilibrium studies. Circular LC domains in ethyl 
heptadecanoate monolayers undergo a reversible transition to a 
hexagonal shape when they are cooled (Fig. 5C). The domains have 
the form expected fbr 2-D crysmls, which should have flat sides only 
at absolute zero. Here again, we cannot tell the nature of the 
underlying order from our maaosc~pic obsemah,  we know only 
that there is s s l d  symmeay and that the range of the order is 
about one million tirms the intermolecular separation. 

The sharp, reversible change &om circular to hexagonal domains 
and the change in the noncquilibrium pattems suggest that we are 
observing a phase transition. In hct, Lundquist (20) proposed that, 
at low temperatures, the LE phase coexists with a phase labeled bl, 
in which the chains are tilted with respect to the surface, and that, at 
high temperatures, the b' phase umkgoes a transition to the 
"super-liquid" (LS) phase, in which the chains are vertical. The 
transition temperatures that we observe are in accord with those at 
which there is a changeover from b'-LE coexistence to LS-LE 
coexhnce. 

Lundquist identified three more condensed phases in esters; 
similar phase diagrams involving half a dozen condensed phases had 
previously been iderred finm isotham studies on fatty acids (21). 
Recent x-ray studies (22) confirm the existence of five dhinct 
condensed phases in a fatty acid. It is &t that the phase diagram 
sketched in Fig. 2 is highly oversimplified. 

Conclusions 
Fluorescence microscope investigations of Langmuir monolayers 

have uncoverad a rich variety of phenomena. The film morphologies 
observed, and the way in which these morphologies evolve, can 
provide information about the nature of monolayer phases. Because 
of the uniaxial alignment of the molecules that is imposed by the 
pinning of the amphiphile head group to the subphase &ce, 
dipolar forces play an imporrant role in determining the patterns and 

Flg.5.Nomquilibriumpatrrmsin*~crmono- 
hym at dx LGLE transition. (A) Fractal patmn 
in which the growth is by up splitting, and (B) 
ckndriticpatmninwhichthcapisstabkdside 
brvldung occurs in ethyl octadecawarr monolay- 
m. (C) Equilibrium hexagonal morphology ob- 
scrvcd in ethyl hepcdemmte monolaym. 

instabiides, but the other interactions within the monolayer cannot 
be neglected. It has become ckar fiwn structural studies and 
simulahons that the van der W ~ ~ I S  interactions between chains, the 
chain confonnatiom, and the head group interactions all play roles . . in &temmq the character of the phases of these monolayers. A 
tidl understan& of Langmuir &layers will require a combiia- 
tion of many tooE, with fluorescence miamcopy among them. 
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