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Orientational fluctuations in long chain molecules at the air/water interface were detected by second-

harmonic spectroscopy.

The fluctuations depend on the polarization of the incident (@) and detected

(2w) light showing that the fluctuations are orientational rather than density in origin. The phenomenon
is attributed to an orientational phase transition that is dependent on chain length, head group, and

charge.

Scaling experiments based on increasing the laser beam area indicated a correlation length

(domain size) greater than 6 um near the transition point.

PACS numbers: 68.10.—m

We wish to report the coverage-dependent orientational
fluctuations of lipid molecules at the air/water interface,
which we attribute to a heretofore unknown orientational
phase transition. These lipid fluctuations were detected
by the time-dependent variations (fluctuations) in the
second-harmonic signal. They were shown to be orienta-
tional by the observations that the fluctuations depended
on the polarization of the incident light field and that of
the second-harmonic light field that was measured. The
experimental results of this study bear on the organiza-
tion of lipid molecules at the air/water interface, a sub-
ject that has been and remains one of intense experimen-
tal and theoretical activity [1]. A range of techniques has
been used to study the various equilibrium phases and
phase transitions of insoluble lipid monolayers. They in-
clude surface pressure, interface electric potential [2],
light scattering [3], ellipsometry [4], fluorescence micros-
copy [5], x-ray and neutron diffraction, and reflection [6].
There have been a number of experimental and theoreti-
cal studies concerning orientational ordering [7] and
orientational phase transitions [8]. However, it remains a
difficult task to experimentally explore the relative impor-

tance of orientational and density ordering parameters, |

0 =3N, [f(/;;,i(};, %2,;,911/)+a(2) {cosO],
1D =4N, [f(a(?‘) %Zv,a,;zme,v/)+a;;,(cosﬂ)] ,

where

e ahatio
6 is the angle between the molecular symmetry axis » and
the surface normal z, and y is the rotation angle of the
molecule about its symmetry axis . From Egs. (1) and
(2) we see that zfz))( and ;5‘2) differ only in the nonlinear
polarizability coefficients of {(cosf), namely, Oz and
a

The SH signal corresponding to these two elements,
22 and z2) [Egs. (1) and (2)], were measured as a
function of time using a synchronously pumped pi-
cosecond dye laser and a single-photon-counting detection
system [12]. At sufficiently low lipid densities, e.g.,
greater than 38 A2 the system is in the liquid-gas coex-
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especially since they can be coupled, in lipid phase transi-
tions. The technique we have used in this research,
second-harmonic generation (SHG) [9], is a relatively
new technique sensitive to both the interface molecular
density and molecular orientation. The surface sensitivity
of SHG is a result of the fact that it is electric dipole for-
bidden in a centrosymmetric medium, such as a bulk
liquid or gas, but allowed in the interfacial region where
the symmetry is broken [10].

In this work we report on our studies of p-
hexadecylaniline, [CH;-(CH;);5-C¢HsNH,l, a long
chain aniline where the aniline head group has C», sym-
metry. Neglecting local field effects the second-order sus-
ceptibility tensor ¥ @ can be related to the molecular
nonlinear polarizability a® by 1(2)=N_;(a(2)), where N
is the lipid surface density (molecules/cm?) and the
brackets refer to an average over molecular orientations.
For an interface that is isotropic in the surface plane, i.e.,
is rotationally invariant with respect to the interface nor-
mal, populated by molecules of C,, symmetry the explicit
relation between y® and a @ yields the following expres-
sions for two of the x® elements that we will be con-
cerned with [11]:

)
)

O,y)= (2)<c05051n20)—(a(2) +2a(2) ){cos@sin?Osin’y) ,

[

istence region as seen in the surface pressure (7-4) phase
diagram, Fig. 1. In this density region the fluctuations
are density fluctuations and are therefore independent of
the polarization of the incident light and that of the SH
light measured le we find the fluctuations are the same
for all of the ¥ @ elements [12].

On further compression to densities above 37 A2 non-
Poisson fluctuations were observed for 2}, Fig. 2(b).
However, for )(ff,)( the fluctuations observed were very
close to a Poisson distribution, Fig. 2(a), thereby indicat-
ing that the fluctuations are due chiefly to photodetection
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FIG. 1. Surface pressure (dyn/cm) vs area per molecule

(A?) isotherm on water or water solution subphase. Curve 1,
C16 phenol over water; curve 2, C16 aniline over water; curve 3,
C18 phenolate over 2N KOH; curve 4, C16 anilinium over 1N
HCI.

noise and not due to molecular fluctuations at the inter-
face. We therefore conclude that we are detecting a
polarization-dependent and hence an orientational fluc-
tuation. It should be noted that there is no indication
from the n-A4 phase diagram, Fig. 1, of a phase transition
in this density region of the liquid phase.

Further support that the observed fluctuations at densi-
ties =37 A? are orientational was obtained from the
simultaneous measurement of the s and p components of
the SH signal for incident light polarized at 45°. This
was achieved by using a polarizer to separate the s and p
components of the SH light. Using C16 aniline at a sur-
face coverage of 34 A2, we found that the s-component
fluctuations were much greater than those for the p com-
ponent. The large difference in the magnitude of s and p
fluctuations results in a fluctuation of the polarization of
the SH field, i.e., arctan(E2“/E2*). From the magnitude
of the fluctuations we estimate the fluctuation in polariza-
tion to be between 50° and 70° from the surface normal.
It should be noted that the E; component arises from the
Zxzx component whereas the E, component arises from
several of the susceptibility elements that cancel each
other partially leading to a decrease in the magnitude of
fluctuations. From the observed fluctuations in xg))( and
the fluctuations in the polarization of the second-
harmonic field we conclude that we are observing orienta-
tional fluctuations. On compressing the monolayer fur-
ther we find that fluctuations decrease and at 28 A? the
fluctuations are approximately Poisson in character. We
were unable to go to higher coverages because of the col-
lapse of the monolayer below 28 A2,

We now consider the basis for the orientational fluctua-
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FIG. 2. Autocorrelation function of AI(t) and probability
density function of SH signal counts of C16 aniline at 34 A2
(a) Wlth s-polarized input and p-polarized output corresponding
to 2822; (b) with 45°-polarized input and s-polarized output cor-
responding to xm

tions. Since the SH signal is due chiefly to aniline, we
note that the fluctuations that we observe must be due to
the fluctuations in the orientation of the aniline head
group. However, one cannot conclude from this that the
driving force for these fluctuations is due only to head
group interactions, e.g., via a dipole-dipole coupling be-
tween the head groups. It is quite reasonable that chain-
chain interactions at these relatively high densities play
some role in driving the head group orientational phase
transition. We know that the chain-chain interactions
cannot be the sole factor, however, since we do not ob-
serve any orientational fluctuations for an equal-chain-
length lipid with a head group, having a similar dipole
moment to aniline, namely, p-hexadecylphenol (n-
C6H;33-C¢HsOH).

Let us now consider the orientation of the aniline head
group. Noting that the tWISt angle y is present only in
the common function f(a2, a2 (2) 6,y) for both y2)
and y{2), Eqs. (1) and (f?f’cgg;e that the {(cos0) term is
responsible for the fluctuations, since it is only this term
that differs for szx and sz))o In the common f term the
6 dependence appears as {cos@sin26). Thus as @ fluctu-
ates about some average value there would be a much
smaller fluctuation in {cos@sin26) than in {cos@) since as
0 increases the cos® part would decrease and the sin26
part would increase. From theoretical estimates a2, is
much larger than @2}, for aniline [13]. This could result
in a2){cosh) being appreciable in x2), whereas the
a2 (cos0) could be small relative to the f term in y<2).
‘lflfi(: would explain why we readily observed orientational
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TABLE 1. Correlation time z.(sec) dependence of area per
molecule and observation spot size.

36 A2 34 A2 32 A? 30 A? 28 A?
3 um 9+2 14+2 16+2 17%3 <15
6 um 5+2 6+2 12+3 17%3 <15

fluctuations in the yZ) element and not in the y{2) ele-

ment.

In order to examine the spatial range of the orienta-
tional fluctuation we varied the laser beam area by a fac-
tor of 4 from a radius of 3 to 6 um. The results of auto-
correlation times for the two beam areas for various
monolayer coverages are given in Table I. At 36 A?
there is a large decrease in the autocorrelation time for
the larger beam radius. At 36 AZ2, which is away from
the transition point (~30 A?), the orientational domains
would be expected to be smaller. As the laser spot size is
increased the number of domains viewed increases, and
therefore a more rapid decorrelation would be expected.
As the transition point is approached the domains in-
crease in size and the decay of the autocorrelation func-
tion would be slower, though still showing a change with
spot size. This is seen to be the case at 36, 34, and 32 A2,
At 30 A? the system is near the transition point and the
domains are very large, becoming larger than the beam
size. This is seen in the result that the same decay time is
observed for the 3- and 6-um-radius beams, which indi-
cates that the orientational correlation length is greater
than 6 um. If the transition were second order then this
correlation length would diverge at the transition point.
At the coverage of 28 A? the fluctuations have decreased
in magnitude to the extent that the distribution ap-
proaches Poisson and it is difficult in these initial experi-
ments to extract a reliable autocorrelation decay time.
We roughly estimate that the decay time is less than 15
sec for both beam radii. Based on the scaling experi-
ments at the various coverages, which indicate a long
correlation length, we infer that the phase transition is
likely to be weak first order if not second order [14].

As alluded to earlier, the importance of chain-chain in-
teractions on the observed orientational fluctuations is
seen in the strong dependence of the SH fluctuations on
the chain length of the aniline lipid. We find that the
shorter-chain anilines have shorter correlation times and
distributions closer to Poisson, thus indicating a more
homogeneous surface on the time scale of our measure-
ments. In fact, C12 aniline does not show any deviation
from Poisson fluctuation for the experimental sampling
time scale of 0.5 sec that we use. This could be due to a
correlation length that is much smaller than the laser
beam area (3-um radius), and/or a relaxation that is
much faster than the 0.5-sec sampling time. It is perhaps
not surprising for the longer-chain anilines to effect a de-
crease in the orientational motion of the head group since

both packing and attractive interactions are stronger.
However, the expected difference in chain-chain interac-
tions is not reflected in the surface-pressure-area phase
diagram for these various anilines; they are the same for
the C12, C14, and C16 anilines.

To examine the effect of the head group on these orien-
tational fluctuations we studied C14, Cl16, and CI18
phenols. Although phenol and aniline have similar dipole
moments, and the chain lengths were the same for both
the aniline and phenol lipids, we observed no orientational
fluctuations for any of the phenols. Perhaps the interac-
tions of the head groups with the surrounding water mol-
ecules is an important factor, recognizing that the
hydrogen-bonding properties of the aniline versus phenol
are different [15].

A very interesting example of the necessary balance be-
tween the various forces, chain-chain, hydrogen-bonding,
and electrostatic, involved in the orientational phase tran-
sition is our observation that the charged lipid C18-
phenolate (C18-C4HsO ~) manifests orientational fluc-
tuations similar to the C16 aniline. The charged anilini-
um lipids (C16-CcHsNH;%) and as noted earlier the
neutral phenol lipids do not show orientational fluctua-
tions.

In conclusion, unexpected fluctuations in the second-
harmonic signal were observed in the monolayer liquid
phase region of p-substituted long-chain anilines (C14
and C16) and C18 phenolate. The fluctuations depended
on the polarization of the incident light and that of the
second-harmonic light detected, as demonstrated by
measuring different elements of the second-order suscep-
tibility. It is inferred from these results that the signal
fluctuations are due to fluctuations in the orientation of
the head group rather than fluctuations in the density.
This phenomenon is attributed to an orientational phase
transition of the head group which strongly depends on
interfacial interactions (monolayer-substrate, dipole-
dipole or charge-charge, and chain-chain). Scaling ex-
periments based on increasing the beam area by a factor
of 4 showed that the decay time of the second-harmonic
autocorrelation function was longer for the smaller laser
beam area and that the correlation length (domain size)
was greater than 6 um near the transition point region
(30 A%). From these observations it was concluded that
the phase transition is second order or weak first order.
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