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a b s t r a c t

Optical second harmonic generation (SHG) measurements coupled with�-A isotherms have been shown
to be helpful, for the following and comprehension of orientational orders and phase transitions in Lang-
muir monolayers. Using the SHG-(�-A) measurements, monolayers of 5-hexadecanoylaminofluorescein
on the water surface were examined by monolayer compression. The phase transitions were notice-
ably revealed. Dependence of the square root of the intensities polarizations quotient in the molecules
surface density, allowed establishing tilting orientation alignment phases. In addition, change in the
monolayer symmetry C∞v → C2v as it goes through the LE–LC phase transition, was clearly recognized. It
was concluded that a possible change in ˇ is taking place due to aggregate formation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Insoluble monolayers of large amphiphile molecules possessing
long hydrocarbon chains spread at the air/water interface possess
an extraordinary diversity of phases and a remarkable wealth of
structures. The main transitions characterized by the coexistence
between phases such as the G – gaseous, LE – liquid expanded, LC –
liquid condensed, S – solid, usually are determined from the (�-A)
isotherm of the layer [1,2]. However, this standard method does not
work for the continuous liquid condensed–solid and orientational
transitions.

Regardless of considerable research on these systems, our
present knowledge of the physical chemistry of these Langmuir
monolayers is still partial. While the unique geometry of the
air–water interface has allowed for measurements of some macro-
scopic properties of these, there is a significant lack of knowledge
about intermolecular interactions and lateral organization in the
films. Since the molecules are flexible to some extent, the diffi-
culty lies in how to experimentally determine both the orientational
angle and angular distribution of particular sections or parts of the
molecules in the film. Knowledge about both orientational angle
and angular distribution is important for many molecular monolay-
ers or films, even a rough estimation of angular distribution permit,
sometimes, the characterization of their properties.

∗ Corresponding author. Tel.: +58 212 6051216; fax: +58 212 6051246.
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Recently, a variety of experimental techniques coupled with�-
A isotherm measurement have been developed for exploring the
structure of monolayers. Spectroscopic techniques with submono-
layer sensitivity are extremely valuable in terms of investigation of
such complexity of molecular monolayer.

Second harmonic generation (SHG) has been developed in the
last decade as a powerful technique for probing the orientational
ordering of molecules physically or chemically deposited onto
interfaces, providing information at the fundamental level [3–9].
The reason the SHG can probe selectively the interface between
to media without being overwhelm by the response of the species
present in the bulk, is that the SHG is a second-order optical process
and thus forbidden by symmetry reasons in isotropic or centrosym-
metric media [10,11]. Due to its optical nature, this technique can
have access to embedded interfaces if the bulk media are transpar-
ent. Besides, because it is a non-invasive technique, requiring no
physical contact with interface, it has allowed probing in situ the
process occurring in the interface.

In the present paper, a second harmonic generation (SHG) tech-
nique, coupled with simultaneously measure of (�-A) isotherms,
has been applied in order to determine the phase transitions in a
monolayer of a fluorescein dye at the air–water interface. We also
present an innovative and quantitative analysis strategy for surface
SHG data, which provides detailed information for understanding
the physical picture of Langmuir monolayer.

1.1. Theory of SHG in interfaces

Second harmonic generation (SHG), from insoluble films of an
amphiphile at the air–water interface, can be thought of as coming
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from a polarization sheet created by the interaction between the
incident radiation and the molecules adsorbed in the interface.
The SHG can be depicted in terms of the second-order non-linear
polarization sheet, P(2)(2ω), induced by the fundamental radiation,
E(ω), striking the interface with the fundamental frequency ω:

P(2)(2ω) = �(2)(2ω)E(ω)E(ω) (1)

where �(2)(2ω) is known as the non-linear second-order electric
susceptibility. �(2) is a third rank tensor and determine completely
the second-order non-linear optical response of the interface.

1.1.1. Monolayer symmetry
Assuming that the adsorbed monolayer is isotropic and lays on

the xy plane (C∞v symmetry), �(2) reduce to [12]:

�(2) =

⎡
⎢⎣

0 0 0 0 �xzx 0

0 0 0 �xzx 0 0

�zxx �zyy �zzz 0 0 0

⎤
⎥⎦ (2)

where additionally �zxx =�zyy and �xzx =�yzy. Thus in this case the
tensor has only three independent components.

From the solution of the Maxwell equations, using as source the
non-linear polarization sheet it is obtained the following relation
between the SHG field, E(2ω), and the incident field, E(ω), for the
C∞v symmetry [12,13]:

Ep(2ω) = apppE2
p (ω) + apssE2

s (ω)

Es(2ω) = aspsEp(ω)Es(ω)
(3)

where the subindexes p and s stand for field’s polarizations parallel
and normal to the plane of incidence respectively, and:

appp = 8�ik[2Fx�xzx cos �inc sin �inc
+ Fz(�zxx cos2 �inc + �zzz sin2 �inc)]

apss = 8�ikFz�zyy

asps = 16�ikFy�yzy sin �inc

(4)

where Fx, Fy and Fz are related to the Fresnell’s factors for the inter-
face [13,14].

If the monolayer has a symmetry C2v, i.e. molecules align them-
selves along some direction in the plane of the monolayer, �(2) has
also the form shown in Eq. (2), but in this case �zxx /= �zyy and
�xzx /= �yzy [10,11]. However, the SHG field has exactly the same
form of Eq. (3). This means that, experimentally, it is not always
easy to distinguish between both types of monolayer symmetry.
�(2) is a macroscopic quantity, but can be related to the

microscopic properties of the molecules forming the interface
(monolayer) by the expression:

�(2) = Nsl(ω,2ω)〈ˇR(�, �, )〉av (5)

where NS is the molecules surface density, l(ω, 2ω) is a factor that
depicts local field corrections, ˇ is the second-order molecular
polarizability or first hyperpolarizability, R is a matrix that depicts
the coordinate transformation from the molecular coordinates sys-
tem (x′, y′, z′), to the laboratory coordinates system (x, y, z), by mean
of the Euler’s angles (�, �,  ), and the brackets means the average
over all possible molecular orientations in the interface. The Euler’s
angles are defined so that � is the angle between the z-and z′-axes.

The hyperpolarizability of the Fluorescein H-110 is governed by
the optical response of the system of �-electrons of the fluorescein
chromophore, especially by the strong absorption band at 490 nm.
This band is assigned to the S0 → S1 transition [15], which has a
transition dipolar moment lying in the plane of the xantene moiety,
along the molecular z′-axis [16]. This leads to a beta with a dom-
inant ˇz′z′z′ component. Thus, neglecting the contribution of the

others more weak components we can write the relation between
the components of � and ˇ as

�zzz = NSl2zz(ω)lzz(2ω)ˇz′z′z′ 〈cos3 �〉

�zyy = 1
2
NSl

2
yy(ω)lzz(2ω)ˇz′z′z′ 〈cos � sin2 �〉

�yzy = 1
2
NSlzz(ω)lyy(ω)lyy(2ω)ˇz′z′z′ 〈cos � sin2 �〉

(6)

So, by obtaining the components of � from measurement of SHG,
we can in turn obtain some estimation of the mean orientation of
the fluorescein moiety of the molecules in the interface.

2. Experimental

2.1. Preparation of Fluorescein H-110
(5-hexadecanoylaminofluorescein) monolayer

A home-built Langmuir trough made in Teflon was exten-
sively cleaned and then filled with ultrapure water. The
trough was fastened to a vibration isolated optical table. 5-
Hexadecanoylaminofluorescein, a lipophilic dye Fluorescein H-110
from molecular probes was dissolved in a mixture of ethanol and
chloroform HPLC grade to obtain a 10−4 M solution. Subsequently,
60 �L of this solution was taken with a Hamilton microliter syringe
and placed on the water surface, where the chloroform was allowed
to evaporate. A Teflon barrier, driven by a motorized translation
stage Newport-Klinger, Irvine, CA, and running linearly along the
top edge of the trough was used to control the surface area available
to the monolayer. Compression of the surface was made at a rate of
5 mm min−1. Surface pressure was measured using a tailor-made
optical Wilhelmy balance [17].

2.2. SHG setup

Fig. 1 shows the experimental setup. The source is a Nd:YAG
pulsed laser (Continuum, model Surelite I) that emits nanosecond
pulses at 1064 nm with a energy per pulse of 10 mJ. A small fraction
of the laser radiation was separated by a beam splitter, attenuated
by a neutral density filter, and directed to a photodetector to pro-
vide a reference signal. In order to have absolute energy calibration
of the photodetector, a pulse energy detector (MOLECTRON) was
placed at the monolayer position with all the optics in place and a
calibration curve of the incident energy (mJ) versus the reference
signal (mV) was obtained. The main laser beam goes through a set
of filters that remove wavelengths other than 1064 nm and then is
focused on the interface. The polarization of the incident pulses is
controlled with a half-wave plate. The transmitted SHG radiation is
directed to a Glan–Thompson polarizer to select the desired compo-
nent before arriving at the detection system. A system of filters are
arranged at the exit of the polarizer to eliminate any residual fun-
damental radiation that may contaminate the SHG signal, which is
detected by a Hammamatsu R955 photomultiplier tube (PMT), in a
small monochromator and averaged in a boxcar (Stanford Research
Instruments, SR 250).

Calibration of the PMT was carried out using the Nd:YAG
laser at 532 nm. A known portion of the laser output energy

Fig. 1. The experimental setup for SHG measurement in transmission.
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Fig. 2. Chemical formula of 5-hexadecanoylaminofluorescein (Fluorescein H-110) and the experimental geometry and coordinates. The coordinate (X, Y, Z) is fixed to the
sample trough. The compression direction was the Y-axis.

is directed into an energy meter by means of a beam split-
ter. The rest of the light was attenuated and directed onto the
monochromator–photomultiplier combination. A calibration curve
allows for conversion of PMT signal (mV) into absolute energy (mJ).

2.3. Experimental geometry

As is shown in Fig. 2, the monolayer coincides with the x–y
plane, and the plane of incidence is the x–z plane; the direction of
compression was along the y-axis. The intensity of the second har-
monic radiation generated were measured with the combination
of ingoing fundamental and outgoing SHG polarizations shown in
Table 1.

3. Results and discussion

3.1. Surface pressure-area (�-A) isotherm and SHG intensities in
Fluorescein H-110 monolayer

The monolayer was compressed step by step at 21 ◦C, reducing
the same amount of area in each step. The area was held constant
about 3 min, to assure steady state, and then � and SHG were
simultaneously measured and recorded against area by molecule.
The observed �-A isotherm is shown in Fig. 3. The features of the
isotherm may be interpreted in terms of four monolayer phases:
gas, liquid-expanded (LE), liquid-condensed (LC), and solid [18–20].
At large available areas (>70 Å2 per molecule) the monolayer is in
the gas state. At ∼70 Å2 per molecule an approximately horizontal
region in the isotherm is reached indicating the gas–LE transition. In

Table 1
Nomenclature for SHG polarizations.

SHG Intensity Ingoing polarization Outgoing polarization

Ipp p p
Ips p s
Iqs 45◦ s
Iss s s

this region the hydrophobic tail groups, which were originally lying
almost flat on the water surface, are subsequently being lifted from
that surface. At 48 Å2 per molecule the compressibility approaches
infinity, indicating a first-order phase transition from the LE to the
LC phase. At a surface area of just over 38 Å2 per molecule there is
an abrupt increase of slope. This is due to a phase change and rep-
resents a transition to an ordered arrangement of the molecules,
known as the solid condensed or solid phase. If this second linear
portion of the isotherm is extrapolated to zero surface pressure, the
intercept gives an area per Fluorescein H-110 molecule of 43 Å2; that
would be expected for the hypothetical state of an uncompressed
close-packed layer [21].

Ipp and Iqs SHG intensities versus area are also plotted in Fig. 3.
Both intensities curves follow the same pattern than the �-A
isotherm, showing that phase changes are reflected in the mono-
layer non-lineal optical response. Between 53 and 38 Å2, a plateau
region specifies the coexistence range of a first-order phase transi-
tion, LE–LC [21].

Fig. 3. �-A isotherms and � polarized input and 	 polarized output light second
harmonic intensity spectra (I�	) versus area.
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It is clearly noticeable that intensities Iss and Ips are not
detectable trough all the compression; therefore the monolayer
has a Cn symmetry axis normal to the plane surface. It can be
assumed that, at least in the gas region, the monolayer is isotropic
corresponding to a C∞v symmetry. The non-linear optical suscep-
tibility �(2) therefore have only three independent components,
�zzz, �yzy =�xzx, �zyy =�zxx. However, obeying to the compression
and the restricted symmetry of a bidimensional system, it is pos-
sible that the monolayer is condensing in an ordered structure,
while is suffering some of the phase transitions observed in the
isotherm [15,22–24]. Additionally, C2v symmetry is congruent with
an anisotropy imposed over the monolayer, through plane direction
during compression. Hence, a C∞v → C2v transition of the inter-
face symmetry has to be considered. However, since Iss = Ips = 0 in
both cases, additional experimental data and analysis is necessary
to make a distinction between both symmetries.

3.2. SHG intensities analysis

As was mentioned in the previous section, Ipp and Iqs inten-
sities follow, in general, the same behavior. However, differences
are present in the relative slopes, particularly after entering the LC
region. These differences indicate that the monolayer is undergoing
a change in its optical response, higher than would be expected from
the simple effect of the increase in molecular number density due
to the compression [22,23]. As was mentioned before, the mono-
layer molecules could exhibit a change of symmetry occasioned by
the compression. This can be better observed in Fig. 4a, where

√
Ipp

and
√
Iqs are plotted versus the molecular surface density (NS) in

Fig. 4. (a) Square root of the Ipp and Iqs SHG intensities versus molecular surface
density NS . (b) Square root of the Ipp and Iqs SHG intensities quotient versus molecular
surface density NS .

the monolayer. If we can assume an isotropic distribution in the
interface plane, then:√
Ipp ∝ rp(〈�〉)ˇz′z′z′NS,√
Iqs ∝ rq(〈�〉)ˇz′z′z′NS

(7)

where rp(〈�〉) and rq(〈�〉) are functions of the mean orientation angle
respect to the surface normal, we can conclude that this relation is
lineal only if both rj(〈�〉) and ˇz′z′z′ are independent from NS.

At low molecular densities, in the G phase, both square root
intensities follow a linear behavior that extrapolate approximately
to zero, being consistent with Eq. (7), this means that neither the
molecular orientation nor beta changes with the compression in
this region. In the LE phase transition region the curves suffer a
marked slope change, and yet it still follows a linear increase. At
the LE–LC transition region the curves become more complicated
than a simple linear function, obeying to an expected change in the
monolayer symmetry.

To take a deeper insight of this behavior, square root of Ipp and
Iqs quotient can be obtained from Eqs. (3) and (4), and expressed as√
Ipp
Iqs

=
∣∣∣∣
(
Fx
Fy

+ 1
2
Fz
Fy

)
�xzx
�yzy

+ 1
2
Fz�zzz
Fy�yzy

∣∣∣∣ (8)

where the explicit dependence in NS has been eliminated, thus
the only dependence in NS would be implicit in 〈�〉. This quotient
was plotted as a function of NS as shown in Fig. 4b. It is clear that√

(Ipp/Iqs) has almost no dependence with NS, with the evident
exception of the step occurring around the LE–LC phase transition
(when NS ∼2 × 1014 mol cm−2). This result is overly interesting and
indicates two things. Firstly, the molecular orientation with respect
to the surface normal has a very small change through the whole
compression process. This is clearly evident in the fact that the
curve has a very flat slope along the whole measurement interval,
indicating no change in 〈(�)〉. Secondly, the step in the curve at NS
∼2 × 1014 mol cm−2 indicates a change of symmetry in the mono-
layer as it undergoes the LE–LC phase transition. This symmetry
change is due to the forced reordering induced by the compression.
All the information about this symmetry change is contained in the
first term of Eq. (8).

3.3. Polarization spectra and �(2) calculations

Once the SHG field passes through a polarizer rotated by an angle
 with respect to its principal axis, it can be written as

E (2ω) = Ep(2ω) cos( ) + Es(2ω) sin( ) (9)

and its intensity, relative to the intensity of the incident radiation,
E(ω):

R = |E (2ω)|2
|E(ω)|4 (10)

Rotating the half-wave plate in an angleϕ sets the polarization angle
of the fundamental incident radiation. After passing through the
retarding device, the incident electric field polarized in the p and s
direction has the following components:

Ep(ω) = E(ω) cos(2ϕ),

Es(ω) = E(ω) sin(2ϕ)
(11)

If the analyzer (Glan–Thompson) is set to detect SH radiation
with p or s polarization ( = 0 or  = 90), we can obtain, using Eqs.
(10) and (11):

Rp(ϕ) = |appp cos2(2ϕ) + apss sin2(2ϕ)|2,
Rs(ϕ) = |aspssin(2ϕ) cos(2ϕ)|2

(12)
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Fig. 5. (a) SH intensity Is(2ω) and (b) SH intensity Ip(2ω) versus polarization angle
from different monolayer compression stages. Fourfold and eightfold symmetries
for Ip(2ω) and Is(2ω), respectively, are present.

Polarization spectra of Ip(2ω) and Is(2ω) signals from different
monolayer compression states are shown in Fig. 5. Fourfold and
eightfold symmetries for Ip and Is curves, respectively, are clearly
observed, as is expected from a monolayer with C2v or C∞v symme-
try axis. Curve fitting analysis of these data, using as model Eq. (12),
gave the absolute values of the components of the non-linear opti-
cal susceptibility tensor [12,25]. The respective values are shown in
Table 2. Although the second harmonic frequency is not quite far
from resonance, absorption at that frequency is negligible according
to the respective absorption spectra. Therefore, it can be assumed
that all susceptibilities are real.

If we suppose that in the G and LE phases the monolayer is
isotropic (symmetry C∞v) then �xzx =�yzy. When the molecules
in the monolayer rearrange themselves to a C2v symmetry then
�xzx /= �yzy and the first term of the right side of Eq. (8) changes
abruptly its value. This is one of the reasons that the curve in Fig. 4b
has a step in the transition LE–LC. This symmetry change does not
affect the orientation along the surface normal, because the com-
pression simply induces the molecules to align in the plane of the
monolayer, without affecting the inclination respect to the normal.
More specifically, as the compression is normal to the plane of inci-
dence, and curve increases after the change of symmetry, then �xzx

must increase respect to �yzy. Thus the molecules trend to align
along the x-axis, normal to the direction of compression.

3.4. Molecular orientation measurements

The mean tilt angle of the molecular dipole with the interface
normal, 〈�〉, was determined from the theoretical evaluation of ˇ
and the experimental values of the components of �(2) [26,27] for

Table 2
Components of (�(2)/10−13 e.s.u.) at different compression stages.

Area/molecule �zzz �yzy �xzx

120 0.131 0.107 0.107
100 0.169 0.138 0.138

75 0.291 0.222 0.222
60 0.543 0.359 0.359
50 0.585 0.370 0.370
40 0.594 0.372 0.483
35 0.645 0.381 0.495
30 0.683 0.407 0.529
26 0.736 0.424 0.551

Table 3
Mean tilt angle of the molecular dipole with the interface normal and full width at
half maximum values for the angular distribution, at different compression stages.

Area/molecule 〈�〉 FWHM

120 54 ± 1 8◦

100 53 ± 1 8◦

75 52 ± 1 7◦

60 50 ± 1 6◦

Fig. 6. A schematic diagram of the orientation of the Fluorescein H-110 molecule at
the air/water interface (explanations for the angles are given in the text).

each stage of the monolayer compression process. As is shown in
Table 3, 〈�〉 values change little during the compression course, from
54◦ at G phase to 50◦ at LE phase. Besides, the width of the angle dis-
tribution was determined following the procedure described in Ref.
[26], and it scarcely decreases from 8◦ to 6◦ in the same compres-
sion range. An estimated of 〈�〉 during and after LE–LC transition
becomes difficult due to the change in ˇ. However, congruently
with the argument derived from Fig. 4, an angle of 50◦ with respect
of the surface normal can be assumed for the LC and S phases, by
using the value obtained at 50 Å2 (LE phase).

It has been reported that molecules with large �-conjugated
systems capable of forming intermolecular charge-transfer, acquire
a well defined out of plane orientation at the moment that the
monolayer is spread over the interface [23,28–30]. The absence of
any orientational variation during compression indicates that 〈�〉
is basically determined by structural features of the molecule and
polar properties of the interface [21,31]. In the particular case of
Fluorescein H-110, hydrogen bond formation between polar groups
like –COOH, –CNHO, –OH, and water molecules on the surface
determines the off-plane orientation, with the polar groups point-
ing to water and the long aliphatic chain pointing to air. Thus,
xanthene ring is practically forced to acquire a 〈�〉 angle of about
50◦ as is shown in Fig. 6. By other hand, fluorescein molecules
display a tendency to aggregate over time and under certain con-
ditions. Compression at the confining air–water interface can yield
aggregate formation and the corresponding change in ˇ [15,32].
Consequently, the lack of linearity in

√
Ipp would be attributed to a

change in ˇ due to aggregate formation rather than a change in 〈�〉.

4. Conclusions

In conclusion, optical second harmonic generation (SHG) mea-
surements coupling with �-A isotherms have clearly been shown
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to be suitable for the determination of phase transitions, of the
insoluble large amphiphile molecules possessing long hydrocarbon
chains films at the air–water interface. Results obtained from SHG
signal dependencies on area per molecule are in good agreement
with those of (�-A) isotherms. The use of

√
Ipp/Iqs dependence on

NS allowed confirming, in a very easy way, that the molecular orien-
tation with respect of the surface normal of the Fluorescein H-110
molecules in a Langmuir monolayer at the air–water interface, suf-
fers a very little change through the whole compression process.
Additionally, change in the monolayer symmetry C∞v → C2v as it
goes through the LE–LC phase transition, can be clearly observed
from the same dependence. It can be concluded that a possible
change in ˇ is taking place due to aggregate formation.
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