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Molecular Orientation Study of Methylene Blue at an Air/Fused-Silica Interface Using
Evanescent-Wave Cavity Ring-Down Spectroscopy
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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 The benefit of using CRDS over other absorption techniques
is twofold. First, the intrinsically long path length increases the

ensitivity of the technique. Second, the rate of the exponential
ecay does not depend on the initial light intensity, so that CRDS

Organic thin films have unique chemical, optical, electronic,
and mechanical properties that have been applied to such areag

as light-emitting diode$2 solar cells*~5 and chemical sensofs. . ; . - : . ) .
|is relatively insensitive to fluctuations in laser pulse intensity.

These molecular characteristics are affected by the way mo ) ) X .
ecules assemble on the surface: that is, the interactions between NS téchnique has been used in gas-ph&stsolid-phasé? !
and liquid-phas®-2* studies. Pipino et &' developed a

the adsorbed molecules with each other and with the substrate™ ™ " p K o ring-d
Thus, the characterization of the interfacial ordering of mol- variation of CRDS known as evanescent-wave cavity ring-down

ecules, such as the average orientation angle, is of much interestSPectroscopy (EW-CRDS) to probe species at the-sofid
Over the past twenty years, many spectroscopic techniques'nterface' In this technique, a prism is placed in the optical cavity

have been utilized to investigate the average molecular orienta-SO that light undergoes total internal reflection at the prism
tion at the interface, such as second-harmonic gener&tién surface, forming an evanescent wave. The electric field ampli-
fluorescencd? attenuated total internal reflectid?3 linear tude of the evanescent wave decays exponentially with distance
dichroism!214.15and photoacoustic spectroscopy. from the surface. The penetration depth of the evanescent wave

Recently, cavity ring-down spectroscopy (CRDS) has also is on the order of alfev.v hundred nanomete;rs, depen_ding on the
been used to carry out molecular orientation studies. Pipino wavelength of.the incident light, the .relatlve refractive |ndex
first implemented CRDS for this application in 2000 with the ©f the two median,, = nz/ny, and the incident angle at the prism
aid of a monolithic folded resonator to probe the molecular Surface.
orientation of  molecules adsorbed onto a curved surface.  Evanescent-wave cavity ring-down spectroscopy is a very
CRDS is a relatively new absorption technique for the measure- sensitive and surface-specific technique. Although EW-CRDS
ment of weak optical transitions. This technique was first has been demonstrated using a variety of systems, to date there
demonstrated in its present form by O’Keefe and Deaton has been no systematic concentration-dependent molecular
1988. A simple CRDS setup consists of a coherent light source, orientation study with this technique. For this purpose we chose
an optical resonator formed by two highly reflective mirrors to examine the concentration-dependent behavior of a planar
facing each other, and a photodetector. When a pulse of light molecule, methylene blue (MB), adsorbed to a fused-silica
enters the cavity through the back of one mirror, it bounces surface. Figure 1 shows the structure of the MB molecule and
back and forth inside the cavity, leaking out a small amount of the UV—vis bulk absorption spectrum of 1@M MB in
light at each mirror. The photodetector records the decay of methanol. As evident in the absorption profile, two major peaks
light intensity from behind the second mirror. The envelope of appear, one near 600 nm and the other near 655 nm, both of
this decay is an exponential function, commonly referred to as which are attributed to the MB monomer under these conditions.
the ring-down profile. The decay function for the light intensity It is known that MB dimerization or aggregation occurs not
is 1(t) = l,e Y7, wherer is the ring-down lifetime and depends only in aqueous solutidh but also on a surfac&:?” Figure 2
on all losses of light within the optical cavity. The valuewf  shows the UV-vis absorption spectrum of a thin film of MB
can be calculated from the expressior |/c(A, + Ag), where at a surface concentration of>d 10 molecules/crfy which
| is the path length of the cavity,is the speed of light in the  represents approximately full surface coverage. According to
cavity medium (assuming the refractive index is near unity), Ohline et al2® H-type dimers (sandwich-type dimers) with an
Ao is the light loss caused by the mirrors and other optics within absorption peak around 600 nm is the dominant form of
the empty cavity, and\, is the light loss induced by the absorber dimerization up to a surface concentration of 6:6 10
placed in the cavity. A comparison of ring-down lifetimes for molecules/cri Beyond this concentration, J-type (bent) dimers
an empty cavity and for one containing an absorber allows for appear, which weakly absorb around 690 nm. In our study, the
the extraction of the absorbance of the analyte in a very simple surface concentration ranged from x 102 to 6 x 104
manner. molecules/crh and the wavelength was set at 600 nm. Thus,
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00 : . . . (R4632, Hamamatsu Corporation). The signals are then trans-
400 500 600 700 800 ferred to a LeCroy oscilloscope (LT342) and processed by a
Wavelength (nm) PC.
Figure 1. Structure of methylene blue and the BVis bulk absorption Instead of using a linear optical cavity, we constructed a ring
spectrum of 1«M MB in methanol. cavity formed by two highly reflective mirrors (Newport, 1 m
radius of curvature), each at a°28ngle, and a triangular fused-
0.004 silica prism (Rocky Mountain Instrument); see Figure 3. The
reflectivity of the mirrors is at least 99.97% over the broad
— 0.003- wavelength range from 583 to 663 nm. The prism is specially
3 designed in the shape of a“48osceles triangle. The two faces
g of the prism for which the light enters and exits have 600 nm
£ 0.0021 antireflection coatings witfR < 0.00667% for one side arid
g < 0.01241% for the other side. The top of the prism is polished
% to a flatness ofl/20 with a roughness of less than 0.4 nm rms.
0.001+ The evanescent wave is formed at this surface. The relative
refractive index isnp; = 1/1.46 and the incident angle within
0.000 . . . . the prism is 70, resulting in an evanescent field penetration
400 500 600 700 800 depth of approximately 148 nm.

Wavelength (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

the absorbance we measured is primarily that of MB monomer detectable under our experimental conditions. The ring cavity
and H-type dimer. has a round-trip time of 3.54 ns and a ring-down lifetime of

The transition dipole moment of the MB molecule for both 1.6 us or longer, correspondmg to an intrinsic 'OSS".’J -
monomer and H-type dim&?°lies along the main molecular 0.0022 or less. We average 20 individual ring-down lifetimes,
axis; therefore, the absorbance depends on the polarization ofzilssltg;go'gf S#,(Lt:();ﬁgortn\iﬁ::gﬁn dlgt;r;?aglgg:bzv;? p{(';;e.’;'me
the incident light with respect to the orientation of the molecular o f ’ 1) — 5 absorb -
axis for both species. Our system is able to measure small(Aabdmin = V2 x Ao x (0f7) = 3 x 107> absorbance units.

absorbances on the order of -F0absorbance units. which Molecular Orientation Measurements. The relative differ-
. ence in the absorbance values obtained fpe@nds-polarized

enables us to measure the polarization-dependent variation in>" ~* ; )
the absorbance at a small fraction of a monolayer. We measured'9Nt in @ empty ring cavity was less than 1%. These absorbance

the absorbance while the incident light was changed from Values constitute the background. Solutions of MB were
p-polarization tos-polarization. By fitting the absorbance data PrePared in anhydrous methanol with concentrations ranging
with the aid of a theoretical model described below, we obtained from 1 to 600uM. For gach data set, 14l of MB solution at
the average orientation angle of the MB molecule (monomer & partlcular concentration was placed on the top surface of the
and H-type dimer) with respect to the surface normal. We Prism. After tr_]e methanol_had totally evaporatec_i, a process that
recorded polarization data for MB thin films whose thickness takes apprommately S min, a self-assembled film of MB was
ranges from less than one-fiftieth of a monolayer to multilayers. formed with a surface. area of6 0.3 cnt. The apsorbancg of
We find that as the film thickness increases, the average the methylene blue thin film was measured while changing the
orientation angle decreases. Imear_ poIan;ann of the I_|ght. _leferent MB solutions were
examined with concentrations in the order from low to high.
. The prism surface and sides were carefully cleaned with
Experimental Methods spectroscopic-grade methanol and acetone before each experi-

EW-CRDS Apparatus. Figure 3 shows a schematic diagram ment, and the background was remeasured for each experimental

of the experimental configuration employed in the EW-CRDS "M
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  The transition dipole moment of the MB molecule is along
a pulse duration of 10 ns. The light passes through a vertically the main axis as shown in Figure 4. The experimental axes are
oriented linear polarizer to give-polarized light. The polariza-  also shown in Figure 4: thg andy axes are parallel to the
tion of the light incident on the optical cavity is controlled by prism surface, the axis is perpendicular to the prism surface,

a half-wave plate. The light leaking from the back of the second and thexz plane is the plane of incidence. Because the surface
mirror is detected and amplified by a photomultiplier tube of the prism is isotropic, a rotational symmetry in the distribution

Figure 2. UV—vis absorption spectrum of MB at the surface
concentration of 1x 10" molecules/crh

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

of the orientation angle with respect to the surface normal is
assumed; that is, theandy axes are equivalent.

The electric field of the evanescent wave at the prism surface
has only one component in thg direction for s-polarized
incident light, whereas it has two components fepolarized
incident light: one along the 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 Harrfékassuming a
unit amplitude of incident light for botls- and p-polarization,

2(sirf o — ny,?)"?cosa

(@ - AV + n, D) sifa — g2

2 coso.
(1= )"

E =

_ 2 sino. cosa
(L= N YL + nysind o — ny M

@)

Z

wherea is the incident angle andy; is the relative refractive
index of the two media. The absorbance measured in the
experiment is

A= a|l[gp-Elelf )

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

7T/2

. 271
A=a[""sin6do [ dg f(6,¢)(pE,cos +

PE,, Sin 6 cosg)’ (3)

where 6 is the orientation anglef(6,¢) is the orientation
distribution function, ancE,y is the total electric field at the
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Figure 5. Trend of the average orientation angh&of MB molecules
as a function of surface concentratiGqyar.
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mean orientation angle of the molecule. Bguolarized incident
light, the absorbancé, can be written as

A= el 0E7 +5(1 - RoSODE]  (5)

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

A= a(% (1 - o GIZﬂEyZ) )
Thus, we obtain the expression
20 (2
o< 6= 5%~ E5A 7

2EA+ E/A, — E/A

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

= cos * v/ [Gos 60

Please note thab= 6, wheref = /7% 6 f(6) db.

Figure 5 presents the average orientation angleof the
absorber, which is primarily monomer and a small contribution
from H-type dimer MB molecules, versus the surface concentra-
tion Cya. 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 @4 is calculated from
the product of the solution concentration and the volume (10
ulL) divided by the film area{6 cn¥). 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

(8)

surface. Because the molecules are symmetric about the surfac&end implies that the MB molecules stand up and become more

normal, f(6,p) can be written as (1/2f(0). Therefore, the
interfacial absorbance becomes

A= a(@o§ OE2+ % 1-eodonE, ] ()

where [tog 90= fg’z cog 0 f(0) sin 6 do. Here [dog OO
represents the mean value of €dsand is a measure of the

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 larfges
O0approaches the value of 1/3, corresponding to an average
orientation angle of 5477 also known as the magic angt.
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
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0124 blue at the air/fused-silica interface is not affected by the coating
= 0.101 } method employed. o
e The present results are not surprising; instances have been
5 0.08 t reported in the literature where the average orientation changes
g i with surface coverag®!* What is presented here is a new
5 0.061 i technique for obtaining sensitive measurements of the orientation
3 0.04 - of molecules at an interface.
=
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