Technique for determining the angular orientation
of molecules bound to the surface of an arbitrary

planar optical waveguide

Sergio B. Mendes, John Thomas Bradshaw, and S. Scott Saavedra

A technique to determine the angular orientation of a molecular assembly bound to the surface of a planar
optical waveguide of arbitrary structure is described. The approach is based on measuring the absorp-
tion dichroic ratio by using the waveguide evanescent fields with orthogonal polarizations (TE, TM) and
the same mode order to probe two molecular assemblies, (i) a reference sample composed of an isotropic
orientation distribution of dipoles and (ii) a sample of interest. The isotropic sample is used to charac-
terize the waveguide structure, which then allows the orientation parameters of a molecular assembly
under investigation to be determined from a measured dichroic ratio. The method developed here is
particularly important for applications in gradient-index and multilayer planar waveguide platforms
because in those cases the extension of previously reported approaches would require a full experimental
characterization of the guiding structure, which would be problematic and may yield inaccurate results.
© 2004 Optical Society of America
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1. Introduction

Monolayer and submonolayer molecular film assem-
blies constitute an area of keen interest in many
research labs. Because of the potential applications
of these assemblies in areas ranging from molecular
electronics to bioanalytical sensors, many groups of
scientists-> have made a concerted effort to under-
stand the relationship between the orientation of
surface-confined molecules and their chemical,
physical, and biological properties. Developing a
thorough understanding of orientation—function rela-
tionships should allow the properties of substrate-
supported molecular assemblies to be manipulated to
match the requirements of a given application.
Various techniquesé—® have been employed to
study orientation in thin molecular films; they in-
clude absorbance linear dichroism measured in a
planar optical waveguide geometry, which has the
sensitivity required for probing submonolayers of
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chromophores.1-13  Mendes and Saavedral4 have
described the determination of orientation parame-
ters from dichroic ratio measurements in planar
optical waveguides composed of a single-layer, step-
index structure by use of two formalisms: the ray
optics model and the electromagnetic wave theory.
Both approaches require a complete description of
the waveguide structure, which includes the refrac-
tive indices of all media (guiding layer, substrate, and
cladding media) and the thickness of the guiding
layer. Extending these approaches to more-complex
waveguide structures, such as gradient-index and
multilayer waveguides, is cumbersome. Although
the mathematical intricacies could in principle be
overcome, the experimental data required are still
problematic. For instance, in the case of a gradient-
index waveguide a detailed knowledge of the gradient
refractive-index profile, which is experimentally dif-
ficult to determine with good accuracy,'® is required.
The multilayer waveguide case requires knowledge of
the optical constants and thicknesses of all layers.
Both types of waveguide are widely used for perform-
ing attenuated total reflection measurements of mo-
lecular thin films. Because of their ability to easily
produce low-loss gradient-index waveguides,!¢ ion-
exchange techniques have become commonplace for
fabricating waveguides of high optical quality. Mul-
tilayer waveguides are particularly important be-
cause they can provide added functionality to the



waveguide structure; one example of such a
waveguide is a multilayer electroactive integrated
optical waveguide used to perform spectroelectro-
chemical measurements of submonolayer molecular
assemblies.17:18

The research presented here provides a straight-
forward procedure for the determination of orienta-
tion parameters that does not require detailed
knowledge of the guiding structure and can easily be
applied to a variety of waveguide configurations.
The procedure involves the measurement of the di-
chroic ratio in two distinct experiments. First, di-
chroic ratio p, defined as the ratio of the linear
absorbance measured at the TE and TM polariza-
tions, p = Arg/Ary, 18 measured either for a bulk
solution whose absorbing species do not adhere to the
waveguide surface (therefore the molecular absorp-
tion dipoles are randomly oriented in the bulk phase)
or for an adlayer with absorbing dipoles that are
isotropically oriented when they are immobilized
onto the waveguide surface. The absorbance is mea-
sured by use of a guided-wave mode of a particular
mode order at the two orthogonal polarizations (TE,
TM) to produce a dichroic ratio, p;,,. Next, in a dif-
ferent experiment with the same waveguide plat-
form, dichroic ratio pgmpe is measured for a
molecular adlayer of unknown orientation by use of
the same waveguide mode order. These two inde-
pendent dichroic ratio measurements are used to cal-
culate a normalized dichroic ratio, pyorm = Psample/
Pisor As is shown below, the normalized dichroic
ratio can uniquely determine the orientation param-
eters for the sample under investigation, without any
specific information about the structure of the
waveguide platform. The derivation below shows
that, besides the normalized dichroic ratio, the only
information required is the effective refractive index
of the guided mode, which can easily be measured
from the waveguide coupling condition, and the re-
fractive index of the cladding medium. Applications
of the developed approach for an overlayer composed
of linear or circular molecular absorption dipoles are
considered, and boundary values for the normalized
dichroic ratio are established for each type of ad-
sorbed layer. Next, experimental data collected by
use of a single-mode step-index solgel glass planar
optical waveguide are used to validate the developed
theory by comparison of the calculated orientation
parameters with those calculated by an approach
that requires detailed knowledge of all waveguide
parameters.

2. Theory

Let wus consider an arbitrary planar optical
waveguide structure formed by any number of layers,
including gradient refractive-index media, with any
number of modes. As a convention, we assume that
the waveguide surface is in the x—y plane and that the
confined guided modes propagate along the x axis
with an effective refractive index N calculated for

z E, for TE
H, for TM

=

Fig. 1. General waveguide field profile. The field profile repre-
sented can be either an electric field E (z) for TE modes, or a
magnetic field H,(z) for TM modes. Note that the waveguide
surface is chosen in the x—y plane and that the x axis corresponds
to the direction of light propagation.

Cladding

=

Substrate

each polarization and mode order. For each mode
order j, the field eigenmodes can be described by

 2Tx ) R
E = Aj(z)exp( —1 ~ NTE’j) exp(iot)y (1)

for the transverse electric (TE) polarization and

27X ) )
H = Bj(z)exp( —i N NTM,j) exp(int)y (2)

for the transverse magnetic (TM) polarization. In
Egs. (1) and (2), o is the angular frequency of the
propagating light wave, \ is the vacuum wavelength,
t is time, and J is a unit vector along the y axis.
Figure 1 illustrates a field profile, either E, or H,, for
a particular mode of an arbitrary waveguide. In
general, providing a description of the field profiles,
A;(2) and B (z), across the entire waveguide (i.e., for
all values of z) can be quite challenging, as it requires
complete knowledge of the waveguide structure (re-
fractive index and thickness for each layer, index
profile for gradient-index media, or both). However,
the evanescent field that decays exponentially away
from the waveguide surface into the semi-infinite
cladding region (z > 0) can easily be described inde-
pendently of the intricacies of the guiding structure.
The exponential decay is determined by the refractive
index of the cladding medium, n., and the effective
refractive index N of the waveguide mode. Mathe-
matically,® the field in the cladding region (z > 0) is
expressed for TE modes by

Ai(z) = a; exp(— : ) ) (3)
drg
and for TM modes by
z
B;(z) = b, exp( — ) , (4)
dry

where a; and b; are constants that describe the elec-

tric and magnetic field amplitudes, respectively, at
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the waveguide—cladding interface for each mode j,
and d is the field depth in the z direction given by

A

d. .=
L,J Zw(Ni,jZ _ nCZ)l/2

(5)

for each polarization i = TE or i = TM and mode
orderj. In the analysis to follow, each mode order j
should be treated independently and identically.
Hereafter we therefore fix the analysis for a particu-
lar mode order and simplify the notation by dropping
the symbol j.

For TM modes we use Maxwell’s equation, V X
H = d(eE)/dt, to obtain expressions for the electric
field components, E, and E,, in terms of magnetic
field H,;:

—0H,/0z _ i(Nm® — n)"?

E, = H, (6)
Lwe €c
oH,/d N
E.= .y/ X _ Y H, ™
LWE €c

where e is the cladding dielectric constant and c is the
vacuum speed of light.
Now we focus on absorbance measurements by

The absorbance for each waveguide polarization
mode is given by

* * 2z
s [, = [ ol enol = 2%
0 0 TE

(8
for the TE mode and

Ay = f B + Bz = f (15 N

0 0

2
1] exp( 22>d2 9)

(ec)® "\ dny

for the TM mode, where () denotes an average over
an ensemble with a large number of molecules. The
previously defined normalized dichroic ratio, p,mm,
can be written as

- ncz) + <M22>(NTM2)]

mple A A sample
Drorm = Psample _ (Arg/Amy) pl . (10)
Piso (ATE/ Armiso

Substituting the expressions for Ay and Ay given
by relations (8) and (9) into the normalized dichroic
ratio in Eq. (10) gives us

dTM

" 2 z g 2 2 2 2 2 2z
f <|J“y )exp(— )dz/.[ K )New™ — 1) + () Nw ]exp(— )dz
0

0

hiso 22 hiso 22 ’
f P«isoz exp| — - |dz f P«isoz(ZN TM2 - ntz)exp ———|dz
0 drg 0 dry

(11)

using guided wave modes when absorbing species
either are uniformly distributed in the cladding me-
dium or form a homogeneous thin layer between the
guiding structure and the cladding medium. The
absorbance is proportional to the interaction be-
tween molecular absorption transition dipole p and
electric field E given by |u - E|>.  For chromophores
dissolved in the cladding region, the electric field
components involved in the absorbance calculations
are those already given by Egs. (1), (6), and (7).
For a thin (thickness << wavelength) layer formed
at the waveguide—cladding interface, the in-plane
components of the electric field (£, and E)) are also
those given by Eqs. (1) and (6), as the tangential
components of the electric field are continuous
across a planar interface. The out-of-plane compo-
nent of the electric field at the thin layer, E, ;, can be
derived from the value in the cladding, E,, given in
Eq. (7) by E.; = (n./n)’E,. In the calculations to
follow, we consider n, = n, (therefore E,;, = E,),
which is a good approximation for molecular films
with low surface density at the interface; otherwise
the general expression above can easily be carried
out through the derivation given below.
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where A is the thickness of the sample of interest, A,
is the isotropic sample’s thickness (for cladding bulk
absorption A;,, — »), and ., represents the transi-
tion dipole for the isotropic system in which all Car-
tesian components are equal. It is important to note
that Eq. (11) has no dependence on the terms a and b
that describe the field amplitudes at the cladding—
waveguide interface. This result is a direct conse-
quence of our choice to work with the normalized
dichroic ratio, as opposed to the sample dichroic ratio.
In general, not only may the calculations of field am-
plitudes at the waveguide—cladding interface require
elaborate numerical procedures but they also will
certainly require a complete characterization of the
waveguide structure, which can be quite problematic
for several configurations such as gradient-index and
multilayer waveguides. Therefore the addition of
an experimental measurement, p,.,, greatly simpli-
fies the analysis by avoiding complicated numerical
procedures and waveguide experimental character-
ization (e.g., determination of refractive-index profile,
thickness, and refractive index of all layers). Equa-
tion (11) can be further simplified, as for most cases it
can be assumed that Npg ~ Ny, which makes the



field depths for TE and TM modes approximately
equal (dpg =~ dqy), giving us

Pnorm = (ZZVTM2 - ncz)

il
jo TP drg

" 2 2 2 2 9 2z '
J. K ) (New™ — ne) + ()N ]exp(— dTM>dZ

(12)

When Ny =~ Npy may not be considered a good
approximation (e.g., for highly birefringent wave-
guides), it is straightforward to show that Eq. (12)
will still hold as long as the isotropic dichroic ratio p;,
is measured with an isotropic film whose thickness
h;s, is much smaller than the penetration depth of the
evanescent field. We can simplify Eq. (12) further
by noting that, for a molecular monolayer, the film
thickness is much less than the evanescent depth of
penetration, 2~ << drg 1y, Which gives us

0 _ (My2>(2NTM2 - ncz)
o <Mx2>(N TM2 - ncz) + <M22>N TM2 '

Equation (13) clearly shows that the determination of
the normalized dichroic ratio is independent of the
waveguide structure. The only required parameters
are the waveguide’s effective refractive index for the
TM mode, Ny, and the index of refraction of the
cladding medium, n.. Next we apply Eq. (13) to an
important specific case: An immobilized film that
has in-plane symmetry because molecules are ran-
domly oriented in the x—y (waveguide surface) plane.
In this case the absorption dipole components can be
described by

(13)

<|‘Lx2> = <“‘y2> = <“‘in2>’ (14)
<“’z2> = <“‘0ut2>y (15)
2<“'in2> + <“’0ut2> = “’27 (16)

where p;, and p,, are, respectively, the in- and out-
of-plane Cartesian components of the absorption di-
pole, whose strength is given by w. Under the in-
plane symmetry assumption, Eq. (13) can be used to
determine the range of possible values for the nor-
malized dichroic ratio. The results are summarized
in Table 1, where (u,,;>)/p? spanning the physically
acceptable domain {0, 1} is used as an independent
variable with which to calculate {u;,?)/pn? [through
Eq. (16)] and p,,o,r, [through Eq. (13)]. The normal-
ized dichroic ratio spans the range 0 = p,,m =
(2Npy® — n.2)/(Npy? — n.%), and an experimental
result outside this region is not consistent with pre-
vious assumptions. Furthermore, we can apply the
results of Table 1 for a molecular layer composed of
either linearly polarized absorption dipoles or circu-
larly polarized absorption dipoles. For a molecular
assembly composed of linear dipoles, where 6 is de-
fined as the angle between the absorption dipole and

Table 1. Range of Values for the Normalized Dichroic Ratio

<p~'0ut2> <p‘in2>

pnorm
p? p?
2 2
0 1/2 2Nm = ne
NTM2 - n02
1/3 1/3 1
2 2
1/2 1/4 2Nmv — e
3N — n2
1 0 0

the waveguide surface normal (z axis), we have the
following expressions for the absorption dipole com-
ponents:

<“‘in2> 1 .
o =5 (sin® 0), a7
2
mou; ) = (cos® 9). (18)

As 0 = (u,u2)/n? = 1, the normalized dichroic ratio
can span the entire range listed in Table 1. The
measurement of the normalized dichroic ratio will
uniquely determine the orientation parameter for the
molecular assembly through Eqgs. (13)-(18). For a
molecular layer composed of circularly polarized di-
poles, where 6 is defined as the angle between the
normal to the circular dipole plane and the
waveguide surface normal (z axis), we have the fol-
lowing expressions for the absorption dipole compo-
nents:

2
<“““; P L1+ (eos? o), (19)
I 4
2
o 1 ey, (20)
v 2

Therefore, for an adlayer of circularly polarized
dipoles, the in- and out-of-plane dipole components
span a smaller range (for example, 0 = (. 2)/p> =
1/2), and the normalized dichroic ratio is limited to
the range (ZJVTM2 - ncz)/(sNTM2 - nc2) = Pnorm =
(2N — 1.5/ (Npy® — n.%). Again, measurement
of the normalized dichroic ratio can be used to deter-
mine the molecular orientation parameter of the thin
film under investigation through Eqs. (13)-(16), (19),
and (20).

3. Experiment

A. Integrated Optical Waveguide Spectrometer

An experimental demonstration of the aforemen-
tioned theory was performed by use of a broadband
planar waveguide spectrometer, which is shown sche-
matically in Fig. 2 and has been described in detail
elsewhere.2 Briefly, this attenuated total reflection
(ATR) spectrometer includes a planar integrated op-
tical waveguide (IOW) fabricated by dip coating a
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Fig. 2. Optical setup for performing broadband IOW-ATR spec-
troscopic experiments. The beam path through the optical com-
ponents is as follows: L;, 48-cm effective-focal-length (efl) lens;
Ir = Iris; Ly, 8-cm efl lens; P, Glan—-Taylor prism polarizer; Ir, iris;
Lg, 43-cm efl lens. The light is focused into the SF6 prism cou-
pling corner, coupled into the solgel waveguiding layer, and out-
coupled through the glass substrate by a surface-relief grating
(grating period, 362 nm). The outcoupled light is collimated with
33-mm efl cylindrical lens L, onto a CCD camera placed at the
lens’s back focal plane. Incoupler-to-outcoupler distance for the
experiments reported herein, 10 mm.

solgel layer onto a soda lime glass substrate.2l This
waveguide layer was found to support only TE, and
TM, modes for all wavelengths in the range 454.5—
632.8 nm. A truncated right-angle (45°-45°-90°)
Schott glass prism (SF6) mounted in a Plexiglass flow
cell was used as the incoupling element. A white-
light source (150-W xenon arc lamp) was spatially
filtered, collimated, and polarized by a Glan—Taylor
prism before being focused onto the hypotenuse face
of the incoupling prism. The prism—waveguide gap
was filled with a 50-mM, pH 7, sodium phosphate
buffer solution, and pressure was applied to the top of
the prism to achieve optimal coupling.22 By placing
the IOW element on a rotary stage we adjusted the
spectrometer throughput by setting the angle be-
tween the Xe source beam and the incoupling prism
to optimize the response for both TE, and TM,, po-
larization in the region 520—570 nm, as this spectral
region encompasses the absorption bands of both
types of molecular film used in this study (vide infra).
An integral surface-relief diffraction grating fabri-
cated into the glass substrate before solgel deposition
acted as the dispersive outcoupling element. The
grating was fabricated by development of a holo-
graphic photoresist pattern followed by reactive ion
etching of the grating into the glass substrate, as
previously described.2023 We determined grating
period A to be 0.362 um by measuring the diffraction
angle at the Littrow configuration. The light beam
outcoupled by the diffraction grating was collected
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with a 33-mm effective-focal-length cylindrical lens
and directed onto a thermoelectrically cooled CCD
camera located at the lens’s Fourier plane. The sol-
gel waveguide surface used for all experiments re-
ported here was cleaned before experimentation in
accordance with previously described procedures.20

B. Molecular Films

1. Isotropic

For the measurement of the isotropic dichroic ratio, a
thin layer of randomly oriented molecules immobi-
lized at the waveguide—aqueous cladding interface
was used. This layer consisted of an adsorbed film of
dextran labeled with Rhodamine B (Rh-B) dye
(40,000 MW; Molecular Probes D-1840). According
to the supplier, this material (Rh-B dextran) is syn-
thesized by random labeling of amino dextran with
Rhodamine B (5.7 mol/mol of dextran), followed by
capping of unreacted amines, which generates a zwit-
terionic, labeled dextran.2¢ Rh-B dextran was cho-
sen to create an isotropic molecular film because of
the lack of organized secondary and tertiary struc-
ture in dextrans and because of the random nature of
the Rh-B labeling process. A reasonable assump-
tion is that adsorption of Rh-B dextran onto a glass
waveguide surface does not create a macroscopically
ordered structure. Furthermore, because 5.7 mol of
Rh-B are randomly conjugated to each mole of dex-
tran, it is also reasonable to assume that the Rh-B
absorption dipoles are isotropically oriented in the
adsorbed film. The isotropic assumption for the
Rh-B dextran film was independently tested and is
corroborated in Subsection 4.C below.

2. Anisotropic

The molecular layer chosen to be investigated as an
ordered sample consisted of 1,1'-dioctadecyl-3,3,3',3’-
tetramethylindocarbocyanine perchlorate (Dil; Mo-
lecular Probes D-282) dispersed in a lipid bilayer
composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC; Avanti Polar Lipids 850375). The molecu-
lar orientation properties of Dil incorporated into
Langmuir—Blodgett films of arachidic acid deposited
onto the surface of planar solgel waveguides were
investigated previously.!? The dipoles of the incor-
porated Dil were found to be oriented at a mean angle
of 75° from the normal of the waveguide surface
plane. Dil incorporated into a DOPC bilayer should
be similarly oriented and thus was selected for exam-
ination in this study.

Lipid dispersion was prepared by vacuum evapo-
ration of solvent from a mixture of 0.15 mol % Dil in
DOPC dissolved in chloroform. The Dil-DOPC mix-
ture was then resuspended in a 50-mM pH 7 sodium
phosphate buffer to a final DOPC concentration of 0.6
mM. A freeze-thaw process, followed by repeated
extrusion through a 50-nm polycarbonate filter
(Whatman), produced unilamellar lipid bilayer vesi-
cles.25:26  Vesicle fusion (see below) was used to form
bilayers of DiI-DOPC upon planar waveguide sur-
faces.
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Fig. 3. Experimental IOW-ATR spectra of a film of Rh-B dextran

adsorbed onto the surface of a solgel glass waveguide: absorbance
spectra for TE, (filled squares) and TM,, (solid curve) polarization.

4. Results and Discussion

A. Polarized Spectral Response

To form an isotropic film adsorbed onto a planar
waveguide surface we injected a 6-uM solution of
Rh-B dextran in a 50-mM pH 7 sodium phosphate
buffer into the waveguide flow cell and allowed it to
incubate for 15 min. The cell was then flushed with
a 50-mM pH 7 sodium phosphate buffer solution to
remove nonadsorbed material, and the spectral in-
tensity (I) in both TE, and TM, waveguide modes was
collected. A blank spectrum with the flow cell filled
with only buffer was recorded previously (Z,) for each
polarization mode, and the measured absorbance
spectra, A = —log,o(/I,), are plotted in Fig. 3. The
absorbance in the TM,, polarization is higher than in
the TE, polarization. Inasmuch as the Rh-B dipoles
in the dextran film are assumed to be isotropically
oriented, the difference in absorbance intensity is at-
tributed to differences in the effective TE, and TM,
path lengths for the particular waveguide structure
employed in this experiment.

To form an anisotropic film adsorbed to a planar
waveguide surface we injected the 0.6-mM Dil-
DOPC vesicle solution into the waveguide flow cell
and incubated it for ~10 min. During this period,
a waveguide-supported lipid bilayer was formed by
vesicle fusion and spreading.2’-2° The flow cell
was then flushed with buffer solution to remove any
nonfused vesicles, and the TE, and TM, polarized
spectra were collected. The absorbance spectra
are plotted in Fig. 4, which displays a significantly
stronger absorbance in TE, than in TM,, the oppo-
site of the data obtained on the isotropic film (Fig.
3). Because the Dil molecular dipole is thought to
be oriented in the plane of the lipid bilayer,'! its
dichroic ratio is expected to be higher than in the
isotropic case. However, there are two effects that
contribute to the difference between the TE and the
TM spectra: an anisotropic orientation distribu-
tion of Dil molecules and waveguide path-length
differences between the two polarizations. The
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0.0 : : : :
450 475 500 525 550 575 600

Wavelength (nm)

DOPC

Fig. 4. Experimental IOW-ATR spectra of Dil incorporated into
a DOPC lipid bilayer deposited by vesicle fusion onto the surface of
a solgel glass waveguide: absorbance spectra for TE, (filled
squares) and TM,, (solid curve) polarization.

sample dichroic ratio, p_ = Arg sample/ATM samples
incorporates both effects. As shown above, the
normalized dichroic ratio, p,..m, factors out the
path-length difference and provides a clear quanti-
fication of the dichroism that is due solely to the
anisotropic molecular orientation.

We used the polarized spectra acquired for the iso-
tropic Rh-B dextran film (Fig. 3) to calculate the iso-
tropic dichroic ratio, p;.,(\), at each wavelength in the
480-580-nm spectral window, which is the window
that was used for all the calculations given below.
The corresponding dichroic ratio at each wavelength
for the anisotropic Dil-DOPC film, pgymp10(N), was
obtained from the polarized spectra shown in Fig. 4.
Combining these two results provided us the normal-
ized dichroic ratio p,,m(\) over the spectral window
of analysis.

B. Molecular Orientation

Proceeding with the method described herein, we de-
termined the effective refractive index of the
waveguide structure for the TM, mode, N1y, and the
refractive index of the cladding medium, n.. We de-
termined Npy by measuring the incident angle of a
light beam impinging upon a grating coupler that
resulted in a bound TM, mode. This measurement
was performed at several wavelengths produced by
an Ar*-ion laser with the waveguide flow cell filled
with the same cladding solution (50-mM phosphate
buffer) that was used in the dichroic ratio measure-
ments. A polynomial fit to the data was used to
generate a dispersion curve approximated by Ny =
1.473 + 18,000 nm?/\2. The optical dispersion of
the cladding (buffer solution) was estimated from tab-
ulated values for the refractive index of water3° with
a Cauchy fit given by n, = 1.32384 + 3117 nm?/\%.

A planar supported lipid bilayer composed of
DOPC doped with Dil is expected to have in-plane
symmetry because of its molecular structure.
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Therefore we can use Eqgs. (13)—(16) to solve for the in-
and out-of-plane dipole moments, yielding

<“‘in2> _ 1 _ <“’0ut2>

“42 - 2 2“12

_ pnormJVTM2
(2JVTM2 - nCZ) + pnorm(]VTM2 + ncz) )

(21

We then used the measured values for p,oms N,
and n, at each wavelength (292 points equally spaced
in the 480-580-nm spectral region) to calculate
(uin?)/n? and {u,2)/w?. An average value and a
standard deviation were calculated over the specified
wavelength range with the following results: {u;,2)/
p? = 0.44 + 0.01 and (. 2)/pn? = 0.13 + 0.03. As
(in2)/(Pout’) = 3.4, the molecular absorption dipoles
show a preferred orientation toward the film plane.
In the next step, we determined a mean orientation
angle 0 by invoking the commonly used assumption of
a delta function for the molecular orientation distri-
bution. Because the Dil molecule in DOPC can be
considered an ensemble of linear absorption dipoles,
the mean angle can be solved by either Eq. (17) or (18)
by use of the calculated values for (j1;,2)/1? or (o >)/
n?, respectively. The result, 6 = 69° = 2°, agrees
well with previously published results! of 6 = 75° =
4° for Dil doped into an arachidic acid film deposited
by the Langmuir-Blodgett technique. The small
difference in mean tilt angle between Dil dispersed in

ism in molecular films. The ability to measure
broadband spectra allows dichroic parameters to be
calculated over a broad spectral range. Averaging
the dichroic response over a molecular absorption
band reduces the likelihood that artifacts associated
with performing measurements at single wave-
lengths will produce erroneous results.

C. Comparison with an Existing Method

It is interesting to compare the results obtained from
the new approach presented above with those ob-
tained by use of an approach previously applied!4 to
determine molecular orientation in films deposited
onto single-layer step-index waveguides. The ear-
lier approach requires full characterization of the
waveguide structure, including the refractive index
and the thickness of the guiding layer (n,, and ¢,,),
the refractive indices of the cladding (n.) and the
substrate (n,) media, and the waveguide’s effective
refractive index at both polarizations, N and Ny
For a single-layer step-index waveguide these quan-
tities can be determined with good accuracy. Be-
cause this simple waveguide structure was also used
to test the new approach, a comparison of the two
approaches for extraction of molecular orientation in-
formation can be made. As described in Ref. 14, the
dichroic ratio for a single-layer step index waveguide
is given by

_ <p-‘in2>(nwg2 - NTEZ)

NTM[nwg4(NTM2 - ncz) + nc4(nwg2 - NTMQ)]

LerT™

psample - NTE(ntZ _ ncg)

nc
nng(nwgz - NTM2) (NTMZ - nc2)<P~in2> + (n) NTM2<p-‘out2>
1

) (22)

i
} LetrTE

DOPC and arachidic acid films is likely due to differ-
ences in film structure and film deposition tech-
niques.?31

It is important to emphasize that the information
required for determining the absorption dipole com-
ponents and the mean orientation angle were com-
posed of (a) the measured dichroic ratio of the sample
under investigation (DiI-DOPC), (b) the measured
dichroic ratio of a randomly oriented film (Rh-B dex-
tran), (c) measurement of the waveguide’s effective
refractive index Ny, and (d) the refractive index of
the cladding medium, n,.. All these parameters are
obtainable by relatively simple experimental mea-
surements. Considering that the theoretical deriva-
tion described in Section 2 is general, meaning that it
does not assume a particular waveguide structure,
the new approach presented here provides a straight-
forward and simple procedure with which to treat
more-complex guiding configurations such as
gradient-index and multilayer waveguides for simi-
lar studies of molecular film orientation.

As a final note, we point out the utility of the broad-
band solgel IOW spectrometer for measuring dichro-
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where ¢ ¢ 1) 1S the waveguide’s effective thickness
for the TE (TM) mode. The effective refractive index
for the TE mode, N, of the solgel waveguide was
determined to follow a dispersion curve fitted by
Nrg = 1.473 + 20,700 nm?/\? (measured by use of
the grating coupling condition as described above).
We used the effective refractive indices, Nrp and
Ny, in both polarizations to determine the optical
properties (n,, ty,) of the solgel waveguide layer,
which displayed a dispersion curve approximated by
Ny = 1.53 + 25,000 nm*/\* and a thickness of 250
nm. The refractive index for the soda lime glass
substrate, n;, used for determination of Z ¢ 7 (Tn) Was
approximated by n, = 1.51, and we used the approx-
imation n, = n;. All remaining parameters in Eq.
(22) were as stated above. Using the polarized ab-
sorbance spectra for the DiI/DOPC film (Fig. 4), we
solved Eq. (22) for the molecular dipole components,
assuming in-plane symmetry, as described above.
The calculated average value for the in-plane compo-
nent was (j;,%)/p? = 0.435 = 0.005, from which an
average tilt angle of = 68.9° * 0.8° was calculated.
These values for (u;,2)/p? and 6 agree well with those



calculated by the new approach. Consistency with
the previous approach further establishes the valid-
ity of the new approach.

Finally, we emphasize an important point regard-
ing implementation of the new approach. A truly
isotropic molecular ensemble must be characterized
on the same waveguide platform that is used for mea-
surement of the film of unknown (but presumably
anisotropic) structure. Here, the use of the single-
layer step-index waveguide platform described by Eq.
(22) is useful for assessing whether a molecular film
satisfies the isotropic requirement. Using the polar-
ized spectra for Rh-B dextran film shown in Fig. 3
and solving Eq. (22), we calculated a value of {(u;,%)/
pn? = 0.33 = 0.01. This value agrees well with the
theoretically predicted value of 1/3 for a truly isotro-
pic film. These results validate the assumption of
an isotropic orientation distribution for an adsorbed
Rh-B dextran film and therefore make the procedure
described here a useful test system for characterizing
path-length differences between TE and TM modes in
an arbitrary waveguide structure.

5. Conclusions

We have developed a straightforward, simple proce-
dure for determining mean angular orientation in
thin-film molecular assemblies deposited onto the
surface of a planar optical waveguide of arbitrary
structure. Planar optical waveguides of any num-
ber of layers, including gradient-refractive-index me-
dia, and any number of modes can be treated by the
method presented here. This approach overcomes
previous difficulties in the application of many im-
portant waveguide platforms to studies of molecular
orientation in surface-immobilized assemblies.

This paper is based on research partially supported
by the National Science Foundation under grant
CHE-0108805 to S. S. Saavedra. We gratefully ac-
knowledge assistance from Eric Ross in the produc-
tion of unilamellar vesicles and a helpful discussion
with Wally Doherty.
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