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ABSTRACT
The structure of a monolayer of pentadecanoic acid at a water-air
interface has been studied through its gas, liquid and condensed phases
using a very sensitive ellipsometry technique. The results clearly
show the presence of two coexistence regions on the isotherm and a

nonuniform film at full coverage.
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Monolayers of long chain molecules spread at a water-air interface
are of great interest because of their relevance to molecular
electronics,! biological membranes,? and because of the fundamental
interest in two-dimensional phase transitions.3 At low densities they
often exhibit a two-dimensional gas (G) behavior',u whereas at higher
densities transitions to the so-called liquid-expanded (LE), liquid-
condensed (LC) and possible solid (S) phases oceur .3

The nature of the different phase transitions has long been
controversial due to the limiting experimental probes (surface tension
and potential measurements). Recently, progress has been made through
the development of new techniques, probing the microscopic features of
the transitions and by improvement of the older techniques. The LE-LC
transition has been shown to be of first order.> By using optical
second harmonic generation,6 the reorientation of the molecules upon
compression has been shown experimentally and recently the ordering of
the hydrocarbon chains has been measured using infrared-visible sum-~
frequency generation.7

In this paper we will show how we can use a very sensitive linear
ellipsometry technique to obtain additional informafion about the-
structure of a monolayer of pentadecanoic acid [PDA, CH3(CHp)q3COOH] in
its G, LE and LC phases. The results show that both the G and LE and
the LE and LC phases are separated by coexistence regions on the
isotherm, consistent with a first order character of both transitions.
The LE phase is shown to be homogeneous whereas at full monolayer
coverage, the film appears not to be uniform but rather consists of
domains. The results do not support the distinction between a LC and S

phase.



A monolayer at an interface between media 1 (air) and 2 (water) can
be considered as an infinitely thin dielectric sheet represented by an

induced polarization
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where B is the electric field at the interface (z = 0) and Xs 1s the
surface susceptibility yxg = xg8(z), for simplicity here taken as a
scalar, i.e. the monolayer is assumed to be isotropic. With the light
incident from medium 1, the s- and p-polarized fields radiated by this

dipole layer back in to medium 1 are given by
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where ko = w/c. The total reflected field will be the sum of E! and
the bulk reflection. From this the reflection coefficients for both s-

and p-waves can be derived as:
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where rg(p) represent the coefficients for the bare interface. The

expression for the phase retardation is then obtained as:
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From Eq. (4) it follows that A¢ is linearly proportional to the surface
susceptibility yxg. For a monomolecular 1ayef and in the absence of .
local field effects xg can be related to the molecular polarizability

a(1) by:
Xs = Ng<all)>, | (5)

where Ng is the surface density of molecules and the angular brackets
indicate an orientational average. Thus, A¢ is linearly proportional
to Ng.

As an alternative approach, one can consider a monolayer as a
dielectric film of thickness d and bulk dielectric constant e = 1 +

wam.B In that case the reflection coefficients have the form

e 2ezikmzd
r = n (6)
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where rij is the reflection coefficient between media i and j and the

subscript m indicates the monolayer. One can easily show that in the

limit d » O but dx, = xg = finite; this leads to exactly the same ’

result as Eq. (4). 9‘
Monolayers of PDA were prepared by spreading a solution of PDA in

petroleum ether on a thoroughly cleaned water surface (pH = 2). The

trough was made out of glass and the edges were coated with paraffin.
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The surface density of molecules was controlled by a movable teflon
barrier and the surface tension 1 was measured by a Wilhelmy plate.9
For the ellipsometry measurements we used a weak He-Ne laser at 632.8
nm incident on the water surface at 8; = 75°. The phase shift A¢ was
measured by a standard high resolution ellipsometry technique.1o The
accuracy in A¢ was ~ 10~% rad.

Figure 1 shows some typical ellipsometry data obtained at three
different parts of the phase diagram of a monolayer of PDA on water at
21°C., Figure 2 summarizes the results of both surface pressure and
ellipsometry measurements. For 0.13 < Ng < 1,9 x 10" en™2 the
horizontal plateau in the n-Ng curve indicates the coexistence region
between the G and LE phase. The corresponding measured A¢ appears to
fluctuate very strongly (see Fig. 1a). Plotted in Fig. 2b are the
peak-to-peak amplitudes of the fluctuating ellipsometry signal at a
given density (with the present sensitivity of ~ 1074 rad the signal in
the pure G phase for Ng < .13 x 10'% em™2 was too small to be
detected). For 1.9 < Ng < 2.5 x 104 em™2 the monolayer is in the pure
LE phase, characterized by an increasing w and a stable A¢ (see Fig.
1b), that is linearly increasing with Ng, the latter in accordance with
Eqs. (4) and (5). For Ng > 2.5 x 10'% em™2, the LE-LC transition point
as indicated by a kink in the pressure curve, the fluctuations appear
again (see Fig. tc). When the density reaches a full monolayer at Ng =
No = 5 x 101“ cm'2, the amplitude of the fluctuations decreases but
remains finite.

These results can be understood as follows., A first order phase
transition, like the condensation of a liquid from the gas phase, is

characterized by the appearance of high density phase domains



coexisting with the low density phase. As a function of the average
density, the domains will grow at the expense of the low density phase
until a full condensation has taken place. Consequently, the observed

phase shift in such a coexistence region is expected to be

bg- < A < Ads (7 T

where A@_(+) indicates the phase shift of the lower (higher) density
phase. In the practical situation of a monolayer on a water substrate,
the convective motion of the water will move the domains in and out of
the fixed probe area causing the observed ellipsometry signal to
fluctuate in time (see Fig la-c). The experimental results clearly
indicate the existence of two coexistence regions on the isotherm,
indicating a first order character of both the G-LE and LE-LC
transitions, in agreement with surface potential observations.!!
Knowing the size of the probe area (~ 0.5 mmz), an estimate of the
domain size can be made by looking at the A¢ data (Figs. 1 and 2b). 1In
the G-LE region, the signal fluctuates more or less step-wise even at
very low Ng, i.e. A¢ is either at its maximum or minimum value. This
indicates that this region of the phase diagram is chéracterized by a
few, but quite large (>> .5 mm2), domains. On the other hand, in the
LE-LC region A¢ fluctuates much more rapidly and with a relatively
smaller amplitude indicating the presence of many but smaller domains
(< .5 mm2). (Note: the peak-to-peak amplitude in this region would 4
vary from run to run.) In both cases, the domain sizes are much larger
than those observed in lipid systems (um2) where one uses a dye

fluoresence technique to make the domains visible.'2 Electron
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microscopy pictures of PDA monolayers transferred onto a substrate in
the LE-LC phase also show much smaller domain sizes.!3

A quantitative analysis of the fluctuations can be given as
follows. If c(t) is the fraction of the domains in the probe area at

time t, the time dependence of A¢ is given by

Ap(t) = [1 = c(t)IAo-. + c(t)rdy . (8)

On the other hand, the fraction x of domains at any intermediate

density N. < Ng < Ny is

x = (Ng - N.)/(Ny - N2) : : (9

where Ny(-) indicates the density of the high (low) density phase.

Experimentally x can be obtained from a time averagé'over an interval T

much larger than the fluctuation time:

"T
J Ad(t)dt - Ao
(o]

- Yy .. | (10)
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For the G-LE regions, A¢- corresponds to the G phase (i.e. Ap~ Z 0) and
Ad, to the value at the beginning of the LE phase. Similarly for the
LE-LC region. However, here, because of the finite f;uctations at even
a full monolayer (N = 5 x 104 em~2), we used Ady = <AP(t)>o = time

averaged value at N,y. The thus obtained results are plotted in Fig. 1c
o)



and appear to agree very well with the calculated values for x
according to Eq. (9) (dashed lines).

As mentioned above, the ellipsometry signal still fluctuates at
full monolayer coverage. However, by further compressing the molecules
the fluctuations would disappear for w > 21.4 dynes/cm and A¢ would
have a value anywhere within the range of the fluctuation amplitude at

No. After stogping compression at =

25 dynes/cm, 7 would drop with
"A¢ remaining constant. As soon as 7w £ 21.4 dynes/cm, the fluctuations
would reappear. This was completely reproducible, with only a possible
change in the amplitude size.

These results show that the LE and LC phases are very different:
whereas the LE domains merge into a homogeneous phase, the LC phase is
characterized by an ensemble of domains that do not Want to merge, i.e.
they repel each other. This can simply be understood from the
difference in structure of the two types of domains. The LC domains
consist of closely packed aligned molecules6’7 giving rise to a net
dipole moment that causes the domains to repel each other.1u'15 This
does not happen for the LE domains because of the random molecular
orientation of this liquid-like phase. ThisArepelling force will also
cause the surface pressure to increase with increasing average
density. At full coverage this repulsion can be overcome by
overcompressing the monolayer (w > 21.4 dynes/cm aﬁ 21°C) and
"freezing" it in a given configuration. The ellipsometry signal will
then depend on the domain fraction fixed in the probe area at that
moment, which explains the experimental observation of a signal
anywhere within the fluctuation amplitude. However, such an

overcompressed film is not stable and, presumably, due to film
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collapse, the pressure will drop again and the fluctuations reappear.

Due to the fact that monolayer phase diagrams are usually measured
by continuously compressing the monolayer while monitoring the surface
pressure, tﬁis "freezing point" can easily be mistaken for another
phase transition (LC » S). Instead, from our observations we can
conclude that the LE » LC transition never does get totélly completed
as a result of the domain repulsion.

As mentioned earlier, the observed A¢ varies linearly with Ng in
the LE phase, in accordance with Egqs. (4) and (5). The same is true
for the average behavior of A¢ - Ng in the G-LE and LE-LC regions (see
Fig. 2b). However, linear extrapolations of those data show that their
slopes S increase from the lower to the higher density regions: Sg-1g <
SLE < Syg-Lce This indicates that Eq. (5) is only approximately true:
at higher densities, the molecular polarizabilities cannot simply be
added due to molecule-molecule interactions.

These local field effects will also be reflected in the values for
the indiées of refraction ny = /Z; that can be calculated using Eq.
(6). Because in this macroscogic approach A4 is determined by npd, the
thickness d of the monolayer must be known. For the close packed LC
domains we take d = dy = 18.8 & = length of a PDA molecule.'® From the
maximum observed phase shift this yield npc = 1.455 + 0.002. For the
LE phase, assuming an average thickness d = doNg/N, one obtains njp =
1.420 + 0.005. This shows that the LE » LC transition is accompanied
by a small jump in the index of refraction of the monolayer. 1In
addition, these results give an experimental justification for the
macroscopic description of a monolayer as a thin dielectric sheet with

a bulk index of refraction ny: the values found for np are in good



agreement with bulk values of similar hydrocarbons.17

In conclusion, by using a very sensitive ellipsometry setup
together with a surface balance we have been able to study the
appearance and average growth of domains in the G-LE and LE—LC
coexistence regions for a monolayer of PDA on water. The G-LE region
is characterized by fairly large (>> .5 mm2) domains that merge into a L4
homogeneous LE phase. In the LE-LC region, the domains are smaller and
do not merge into a uniform phase, but rather form an aggregate. The
first order LE » LC transition is accompanied by a small jump in the
index of refraction of the monolayer. The results do not support the
distinction between a LC and S phase.

This work was partially supported by the Director, Office of Energy
Research, Office of basic Energy Sciences, Materials Sciences Division

of the U.S. Department of Eenrgy under Contract No. DE-AC03-76SF00098.
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Fig. 1

Fig. 2

Figure Captidns
Some typical ellipsometry data for three different parts of the
phase diagfam of a monolayer of PDA on water.
(a) Surface pressure 7, (b) observed phase shift A¢, and (e)

domain fraction x for a monolayer of PDA on water at 21°C.
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