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Using evanescent-wave cavity ring-down spectroscopy (EW-CRDS), we monitored the change in the absorbance
of a thin film of methylene blue (MB) at an air/fused-silica interface while varying the polarization of the
incident light (600 nm). We derived the average orientation angle of the planar MB molecules with respect
to the surface normal and observed that the average orientation angle decreases as the surface concentration
increases. At low surface concentrations, the MB molecules lie almost flat on the surface, whereas at higher
surface concentrations the molecules become vertically oriented.

Introduction

Organic thin films have unique chemical, optical, electronic,
and mechanical properties that have been applied to such areas
as light-emitting diodes,1,2 solar cells,3-5 and chemical sensors.6,7

These molecular characteristics are affected by the way mol-
ecules assemble on the surface: that is, the interactions between
the adsorbed molecules with each other and with the substrate.
Thus, the characterization of the interfacial ordering of mol-
ecules, such as the average orientation angle, is of much interest.

Over the past twenty years, many spectroscopic techniques
have been utilized to investigate the average molecular orienta-
tion at the interface, such as second-harmonic generation,8-11

fluorescence,12 attenuated total internal reflection,12,13 linear
dichroism,12,14,15and photoacoustic spectroscopy.11

Recently, cavity ring-down spectroscopy (CRDS) has also
been used to carry out molecular orientation studies. Pipino16

first implemented CRDS for this application in 2000 with the
aid of a monolithic folded resonator to probe the molecular
orientation of I2 molecules adsorbed onto a curved surface.
CRDS is a relatively new absorption technique for the measure-
ment of weak optical transitions. This technique was first
demonstrated in its present form by O’Keefe and Deacon17 in
1988. A simple CRDS setup consists of a coherent light source,
an optical resonator formed by two highly reflective mirrors
facing each other, and a photodetector. When a pulse of light
enters the cavity through the back of one mirror, it bounces
back and forth inside the cavity, leaking out a small amount of
light at each mirror. The photodetector records the decay of
light intensity from behind the second mirror. The envelope of
this decay is an exponential function, commonly referred to as
the ring-down profile. The decay function for the light intensity
is I(t) ) Ioe-t/τ, whereτ is the ring-down lifetime and depends
on all losses of light within the optical cavity. The value ofτ
can be calculated from the expressionτ ) l/c(Λo + Λa), where
l is the path length of the cavity,c is the speed of light in the
cavity medium (assuming the refractive index is near unity),
Λo is the light loss caused by the mirrors and other optics within
the empty cavity, andΛa is the light loss induced by the absorber
placed in the cavity. A comparison of ring-down lifetimes for
an empty cavity and for one containing an absorber allows for
the extraction of the absorbance of the analyte in a very simple
manner.

The benefit of using CRDS over other absorption techniques
is twofold. First, the intrinsically long path length increases the
sensitivity of the technique. Second, the rate of the exponential
decay does not depend on the initial light intensity, so that CRDS
is relatively insensitive to fluctuations in laser pulse intensity.
This technique has been used in gas-phase,18,19solid-phase,20,21

and liquid-phase22-24 studies. Pipino et al.21 developed a
variation of CRDS known as evanescent-wave cavity ring-down
spectroscopy (EW-CRDS) to probe species at the air-solid
interface. In this technique, a prism is placed in the optical cavity
so that light undergoes total internal reflection at the prism
surface, forming an evanescent wave. The electric field ampli-
tude of the evanescent wave decays exponentially with distance
from the surface. The penetration depth of the evanescent wave
is on the order of a few hundred nanometers, depending on the
wavelength of the incident light, the relative refractive index
of the two median21 ) n2/n1, and the incident angle at the prism
surface.

Evanescent-wave cavity ring-down spectroscopy is a very
sensitive and surface-specific technique. Although EW-CRDS
has been demonstrated using a variety of systems, to date there
has been no systematic concentration-dependent molecular
orientation study with this technique. For this purpose we chose
to examine the concentration-dependent behavior of a planar
molecule, methylene blue (MB), adsorbed to a fused-silica
surface. Figure 1 shows the structure of the MB molecule and
the UV-vis bulk absorption spectrum of 10µM MB in
methanol. As evident in the absorption profile, two major peaks
appear, one near 600 nm and the other near 655 nm, both of
which are attributed to the MB monomer under these conditions.
It is known that MB dimerization or aggregation occurs not
only in aqueous solution25 but also on a surface.26,27 Figure 2
shows the UV-vis absorption spectrum of a thin film of MB
at a surface concentration of 1× 1014 molecules/cm2, which
represents approximately full surface coverage. According to
Ohline et al.,26 H-type dimers (sandwich-type dimers) with an
absorption peak around 600 nm is the dominant form of
dimerization up to a surface concentration of 6.6× 1014

molecules/cm2. Beyond this concentration, J-type (bent) dimers
appear, which weakly absorb around 690 nm. In our study, the
surface concentration ranged from 1× 1012 to 6 × 1014

molecules/cm2 and the wavelength was set at 600 nm. Thus,
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the absorbance we measured is primarily that of MB monomer
and H-type dimer.

The transition dipole moment of the MB molecule for both
monomer and H-type dimer28,29 lies along the main molecular
axis; therefore, the absorbance depends on the polarization of
the incident light with respect to the orientation of the molecular
axis for both species. Our system is able to measure small
absorbances on the order of 10-5 absorbance units, which
enables us to measure the polarization-dependent variation in
the absorbance at a small fraction of a monolayer. We measured
the absorbance while the incident light was changed from
p-polarization tos-polarization. By fitting the absorbance data
with the aid of a theoretical model described below, we obtained
the average orientation angle of the MB molecule (monomer
and H-type dimer) with respect to the surface normal. We
recorded polarization data for MB thin films whose thickness
ranges from less than one-fiftieth of a monolayer to multilayers.
We find that as the film thickness increases, the average
orientation angle decreases.

Experimental Methods

EW-CRDS Apparatus. Figure 3 shows a schematic diagram
of the experimental configuration employed in the EW-CRDS
measurements. The pulsed (20 Hz) green light (532 nm) from
a Nd:YAG laser (Spectra Physics) pumps a dye laser containing
rhodamine 610, resulting in less than 2 mJ of 600 nm light with
a pulse duration of 10 ns. The light passes through a vertically
oriented linear polarizer to givep-polarized light. The polariza-
tion of the light incident on the optical cavity is controlled by
a half-wave plate. The light leaking from the back of the second
mirror is detected and amplified by a photomultiplier tube

(R4632, Hamamatsu Corporation). The signals are then trans-
ferred to a LeCroy oscilloscope (LT342) and processed by a
PC.

Instead of using a linear optical cavity, we constructed a ring
cavity formed by two highly reflective mirrors (Newport, 1 m
radius of curvature), each at a 20° angle, and a triangular fused-
silica prism (Rocky Mountain Instrument); see Figure 3. The
reflectivity of the mirrors is at least 99.97% over the broad
wavelength range from 583 to 663 nm. The prism is specially
designed in the shape of a 40° isosceles triangle. The two faces
of the prism for which the light enters and exits have 600 nm
antireflection coatings withR < 0.00667% for one side andR
< 0.01241% for the other side. The top of the prism is polished
to a flatness ofλ/20 with a roughness of less than 0.4 nm rms.
The evanescent wave is formed at this surface. The relative
refractive index isn21 ) 1/1.46 and the incident angle within
the prism is 70°, resulting in an evanescent field penetration
depth of approximately 148 nm.

This design reduces optical losses while allowing for the
polarization to be changed. At the same time, the polarization
of light inside the cavity is well maintained because possible
polarization changes caused by the mirrors or the prism are not
detectable under our experimental conditions. The ring cavity
has a round-trip time of 3.54 ns and a ring-down lifetime of
1.6 µs or longer, corresponding to an intrinsic loss ofΛo )
0.0022 or less. We average 20 individual ring-down lifetimes,
resulting in a shot-to-shot variation in the ring-down lifetime
(σ/τ) of 0.01. Thus, the minimum detectable absorption30 is
(Λabs)min ) x2 × Λo × (σ/τ) ) 3 × 10-5 absorbance units.

Molecular Orientation Measurements.The relative differ-
ence in the absorbance values obtained fromp- ands-polarized
light in an empty ring cavity was less than 1%. These absorbance
values constitute the background. Solutions of MB were
prepared in anhydrous methanol with concentrations ranging
from 1 to 600µM. For each data set, 10µL of MB solution at
a particular concentration was placed on the top surface of the
prism. After the methanol had totally evaporated, a process that
takes approximately 5 min, a self-assembled film of MB was
formed with a surface area of 6( 0.3 cm2. The absorbance of
the methylene blue thin film was measured while changing the
linear polarization of the light. Different MB solutions were
examined with concentrations in the order from low to high.
The prism surface and sides were carefully cleaned with
spectroscopic-grade methanol and acetone before each experi-
ment, and the background was remeasured for each experimental
run.

Results and Discussion

The transition dipole moment of the MB molecule is along
the main axis as shown in Figure 4. The experimental axes are
also shown in Figure 4: thex and y axes are parallel to the
prism surface, thez axis is perpendicular to the prism surface,
and thexzplane is the plane of incidence. Because the surface
of the prism is isotropic, a rotational symmetry in the distribution

Figure 1. Structure of methylene blue and the UV-vis bulk absorption
spectrum of 10µM MB in methanol.

Figure 2. UV-vis absorption spectrum of MB at the surface
concentration of 1× 1014 molecules/cm2.

Figure 3. EW-CRDS experimental setup.
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of the orientation angle with respect to the surface normal is
assumed; that is, thex andy axes are equivalent.

The electric field of the evanescent wave at the prism surface
has only one component in they direction for s-polarized
incident light, whereas it has two components forp-polarized
incident light: one along thez direction and the other along
the x direction. The difference in the responses resulting from
this anisotropy is measured to determine the orientation of
molecules on the prism surface.

The electric field amplitude of an evanescent wave at the
surface in the rare medium is given by Harrick,31 assuming a
unit amplitude of incident light for boths- andp-polarization,

whereR is the incident angle andn21 is the relative refractive
index of the two media. The absorbance measured in the
experiment is

whereg and e are the states involved in the dipole moment
transition; a is the absorption coefficient;pj is the transition
dipole moment; andEh is the electric field vector. This equation
can be written

where θ is the orientation angle,f(θ,æ) is the orientation
distribution function, andEx,y is the total electric field at the
surface. Because the molecules are symmetric about the surface
normal, f(θ,æ) can be written as (1/2π)f(θ). Therefore, the
interfacial absorbance becomes

where 〈cos2 θ〉 ) ∫0
π/2 cos2 θ f(θ) sin θ dθ. Here 〈cos2 θ〉

represents the mean value of cos2 θ and is a measure of the

mean orientation angle of the molecule. Forp-polarized incident
light, the absorbanceAp can be written as

and for s-polarized incident light, the absorbanceAs can be
written as

Thus, we obtain the expression

from which it follows that the average orientation angle of the
MB molecule is given by

Please note that〈θ〉 * θh, whereθh ) ∫0
π/2 θ f(θ) dθ.

Figure 5 presents the average orientation angle〈θ〉 of the
absorber, which is primarily monomer and a small contribution
from H-type dimer MB molecules, versus the surface concentra-
tion Ctotal. We interpret our data to apply only to the MB
monomer, as we cannot measure separately the contribution
from the H-type dimer. The value ofCtotal is calculated from
the product of the solution concentration and the volume (10
µL) divided by the film area (∼6 cm2). The average orientation
angle decreases monotonically as the surface concentration of
MB increases. At the lowest surface concentration in our
experiment, which corresponds to a thickness of one-fiftieth of
a monolayer, the average orientation angle is as high as 83°
with respect to the surface normal. We conclude that the MB
molecules lie almost flat on the fused-silica/air interface in the
low-coverage limit. As the surface concentration increases,
however, the average orientation angle gradually decreases. This
trend implies that the MB molecules stand up and become more
compact as the surface concentration increases instead of piling
up on each other while maintaining the same orientation angle.

When the distribution of orientation angles is very large,〈cos2

θ〉 approaches the value of 1/3, corresponding to an average
orientation angle of 54.7°, also known as the magic angle.32

Under these circumstances, we cannot distinguish between a
distribution in which the molecules are all nearly oriented at
the magic angle and a distribution in which the orientation angles

Figure 4. Schematic of a MB molecule adsorbed to the prism surface.

Ex )
2(sin2 R - n21

2)1/2cosR

(1 - n21
2)1/2[(1 + n21

2) sin2 R - n21
2]1/2

Ex ) 2 cosR
(1 - n21

2)1/2

Ez ) 2 sinR cosR
(1 - n21

2)1/2[(1 + n21
2)sin2 R - n21

2]1/2
(1)

A ) a|〈g|pj‚Eh|e〉|2 (2)

A ) a∫0

π/2
sin θ dθ ∫0

2π
dæ f(θ,æ)(pEzcosθ +

pEx,y sin θ cosæ)2 (3)

A ) a(〈cos2 θ〉Ez
2 + 1

2
(1 - 〈cos2 θ〉)Ex,y

2) (4)

Figure 5. Trend of the average orientation angle〈θ〉 of MB molecules
as a function of surface concentrationCtotal.
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are uniformly distributed. In our experiment, the smallest
average orientation angle is about 70°, far away from the magic
angle. This behavior suggests that the distribution of the
orientation angles in our experiment is quite narrow for
concentrations ranging up to full surface coverage.

Figure 6 shows how the absorption coefficient,a, varies with
the total surface concentrationCtotal. According to Ohline et al.,26

the surface concentration in our study is low enough that there
is almost no higher order aggregation beyond that of the dimer.
Thus, we need only consider the following equilibrium:

whereM stands for monomer,D stands for dimer, andK is the
equilibrium constant.

Conservation of mass allows us to write the relationship
between the total surface concentrationCtotal and the monomer
and dimer concentrations as

At relatively low surface concentrations, monomer is the primary
species on the surface. The absorption coefficient,a, increases
linearly with surface concentration up to the total surface
concentration of 1× 1014 molecules/cm2. When the total surface
concentration is above 1× 1014 molecules/cm2, the slope of
absorption coefficient versus total surface concentration de-
creases. This behavior may indicate that the concentration of
H-type dimers becomes appreciable. The smaller slope is
consistent with the fact that the extinction coefficient of the
dimer is about 6 times smaller than that of the monomer at 600
nm.26,29

In our experiment, we used an evaporation method to coat
the prism surface and form the MB film. We also tried the drop-
and-drag coating method and obtained similar results. Because
of the prism geometry, other coating methods such as dip-
coating and spin-coating cannot easily be applied to our system.
We believe that the average orientation angle for methylene

blue at the air/fused-silica interface is not affected by the coating
method employed.

The present results are not surprising; instances have been
reported in the literature where the average orientation changes
with surface coverage.9,14 What is presented here is a new
technique for obtaining sensitive measurements of the orientation
of molecules at an interface.
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