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A simple, low cost, liquid-core waveguide polarimeter is presented. The rotation of polarized light
was measured after passing through a hollow fiber containing the chiral solution of interest.
Sensitivity was found to scale with fiber length. For compactness, the fiber can be curled into a
right-angle figure 8 configuration and this eliminated any phase effects that would otherwise be
introduced. The limit of detection was 0.3 mM for both �S�-�−�-limonene and �R�-�+�-limonene
using a 220.8 cm long fiber with a run time of approximately 30 s and a core volume of 38.9 �l.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2404591�

The rotation of polarized light is considered to be the
defining physical property of chiral molecules. These nonsu-
perimposable mirror images will rotate polarized light in op-
posite directions and this has historically been important in
recognizing the excess of one enantiomer over the other in
scalemic mixtures. As a quantitative method, however, polar-
imetry suffers from serious drawbacks. Optical rotation is
typically a very weak effect and this leads to poor sensitivity
and the need to increase interrogation path lengths and, con-
sequently, sample volumes in order to compensate. Further-
more, the general lack of selectivity limits its applicability
when chiral contaminants are present in solution.1

This has lead to the development of a series of alterna-
tive approaches to enantiomeric screening which span most
areas of analytical chemistry.2 However, polarimetry has far
from been abandoned and recent demonstrations of gas
phase cavity ring-down polarimetry,3,4 frequency domain
polarimetry,5 and measurements of nanoliter volumes using
capillary interferometry6 illustrate the continued appeal of
the technique largely due to its conceptual simplicity and its
applicability to all chiral molecules.

In this letter we present an approach yet to be taken: a
polarimeter built using liquid-core waveguides. The optics of
these waveguides are not different from those of conven-
tional optical fibers: light propagates through a high-index
core that is surrounded by a cladding of lower index. This is
the well-known phenomenon of total internal reflection.7

Here, the cladding is a low transmission loss hollow fiber
and the core is a solvent of higher index containing the ana-
lyte of interest. In a conventional polarimeter, linear polar-
ized light rotates as it passes through a cuvette containing the
sample under study.8 In a liquid-core waveguide, rotation
would occur as light propagates through the core; therefore,
in a sense, the hollow fiber is analogous to the cuvette and,
likewise, the core is no different from the sample that fills it.
With this system, measurements could be taken by coupling
light in at one end of the waveguide and determining the
rotation at the opposite end. The advantage of this would be
that, similar to other liquid-core waveguides, the scalability
of path length allows for large sensitivity enhancements with

little or no increase to instrument size or cost.9 Furthermore,
by their very design, these waveguides are readily incorpo-
rated into rapid screening systems. Injection and pumping
are required during the filling process and this can easily be
automated to handle a large series of samples.

A hollow core fused silica fiber with a 150 �m inner
diameter and a 363 �m outer diameter �TSP150375, Polymi-
cro Technologies, Phoenix, Arizona� was mounted into the
setup shown in Fig. 1. Light from a cw linearly polarized
He–Ne laser of either �=543.5 nm �Research Electro-Optics,
0.5 mW� or �=632.8 nm �Research Electro-Optics,
12.0 mW� was coupled into the waveguide with a micro-
scope objective �10�, numerical aperture=0.25, f
=16.5 mm, Newport�.

The emerging polarization was measured using one of
two setups: the beam splitter arrangement shown in Fig. 1 or,
alternatively, with a computer-controlled rotating polarizer
that scanned through 180° generating a Malus curve �this
required only one detector and the beam splitter was re-
moved from the optical train�. Typically, this second setup
was used �i� to ensure that the light propagating through the
fiber was linear before other experiments were run and �ii� to
investigate other polarization effects besides optical rotation
that may occur in the fiber. However, once the fiber had been
well characterized, the beam splitter arrangement was more
advantageous mainly because it allowed for simple correc-
tions to intensity fluctuations that may have occurred as light
propagated through the fiber and, therefore, sped up data
analysis.

To understand how this is accomplished, first consider
the propagation of light in Fig. 1 using the following Jones
calculus representation:10

a�Author to whom correspondence should be addressed; electronic mail:
smittler@uwo.ca FIG. 1. Experimental setup of polarimeter.
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sin �
�E0, �1�

where � is the angle of rotation that results from optical
activity present in the core, � is the angle of the linear po-
larizer that follows the quarter plate, and E0 is the time de-
pendent amplitude of the field emerging from that polarizer.
The limitation of Eq. �1� is that it cannot be applied to fibers
where phase effects, such as retardation caused by a stress-
induced birefringence, are present. A second possible limita-
tion would be the presence of linear turning effects that are
artifacts of the fiber itself. This can easily be overcome, how-
ever, by comparing all measurements to a reference �e.g., a
measurement made with a nonoptically active core�.

Since the two detectors measure intensity, Eq. �1� must
be multiplied by its complex conjugate to be useful. This
yields an equation that relates rotation to what is physically
measured,

�Ix

Iy
� = �cos2 � cos2 � − 2 cos � cos � sin � cos � + sin2 � cos2 �

sin2 � cos2 � + 2 sin � cos � cos � sin � + cos2 � sin2 �
�I0. �2�

The convenience of Eq. �2� is that when it is represented in
the following form:

Ix − Iy

Ix + Iy
, �3�

simplification allows for rotation to be solved easily as a
function of the two measured intensities and the entrance
angle �;

cos�2� + 2�� =
Ix − Iy

Ix + Iy
. �4�

Furthermore, the denominator on the right side of Eq. �4�
normalizes for any intensity fluctuations that may occur as
the light propagates through the fiber.7

In order to explore how optical activity affects the rota-
tion of polarized light in our liquid-core waveguide, several
chiral compounds with different optical activities were stud-
ied. �R�-�+�-limonene, �S�-�−�-limonene, �R�-�−�-carvone,

�S�-�+�-carvone, �1R ,5R�-�+�-�-pinene, and �1S ,5S�-�−�-�
-pinene were all purchased from Sigma-Aldrich and prepared
as serial dilutions in toluene.

Optical rotation was measured at the wavelengths of
543.5 and 632.8 nm and the specific rotation, ����

25 °C, was
calculated using

����
25 °C =

�

lc
, �5�

where � is the observed rotation in degrees �from Eq. �4��, l
is the path length in dm, and c is the concentration in g/mL.
However, a more convenient form of Eq. �5� is

����
25 °C =

107�

l�c�MW
, �6�

where l� is the path length in cm, c� is the concentration in
mM, and MW is the molecular weight in g/mol.

For reference, a conventional polarimetry experiment
was performed using the neat chemicals in 1 cm path length
UV/vis cells. This experiment simply involved measuring the
rotation of linear polarized light after passing through the
cell with the polarization sensitive cube setup described
above. These values are listed in Table I.

Differences in the optical constants calculated at the two
different wavelengths arise due to optical rotatory dispersion.
Additionally, �R�-�+�-limonene consistently showed an opti-
cal constant greater than that of �S�-�−�-limonene. This is
related to the purity of the chemicals themselves, not the
polarimetry technique.

The results for running the chiral solutions through a
linear, 26.3 cm long fiber are shown in Fig. 2 and Table I for
both laser wavelengths. These not only indicate the expected
linear relationship between rotation and concentration but
also show that the path length term in Eq. �5� can simply be
replaced by fiber length when calculating optical constants.

This second result, the equivalence of path length to fi-
ber length, highlights the potential for using a liquid-core
waveguide in polarimetry: as the length of the capillary is

TABLE I. Specific rotations and limits of detection �LOD� �calculated using 2� / slope, � was determined over
20 measurements� for chiral species at the wavelengths of 543 and 632.8 nm and fiber lengths of 26.3 and
220.8 cm �Curled in a RAF8 configuration with two loops of equal radii�. The 1 cm cell constants were
determined with a conventional polarimetry experiment and are listed here for reference. All measurements
were made at 25 °C.

Specific rotation ��� �10−1 cm2 g−1� LOD �mM�

1 cm
cell

26.3 cm
fiber

220.8 cm
fiber

26.3 cm
fiber

220.8 cm
fiber

�=543.5 nm
�R�-�+�-limonene 147±1 148±3 145.0±2.4 3 0.3
�S�-�−�-limonene −129±1 −122±5 −130.4±1.3 3 0.3
�R�-�−�-carvone −75±1 −65±3 −65.9±1.5 5 0.6
�S�-�+�-carvone 76±1 74±5 66.5±1.4 5 0.6
�1R ,5R�-�+�-�-pinene 59±1 66±3 61.9±0.7 6 0.7
�1S ,5S�-�−�-�-pinene −58±1 −57±2 −59.9±0.7 7 0.8

�=632.8 nm
�R�-�+�-limonene 104±1 105±2 103.8±1.0 5 0.7
�S�-�−�-limonene −92±1 −100±2 −93.2±0.5 5 0.8
�R�-�−�-carvone −52±1 −51±2 −44.8±0.5 9 1.4
�S-�+��-carvone 53±1 50±3 46.1±0.3 9 1.4
�1R ,5R�-�+�-�-pinene 44±1 41±2 43.1±0.3 13 1.6
�1S ,5S�-�−�-�-pinene −41±1 −46±4 −42.8±0.1 11 1.6
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increased, sensitivity should increase proportionally. Further-
more, because light propagates through total internal reflec-
tion, there should be little variation in the intensity of the
transmitted beam. In addition, the small diameter of the cap-
illary means that the volume of sample required to fill the
fiber will always be very small compared to conventional
cuvettes. For a fiber length of 26.3 cm, the volume of the
core is 4.65 �l; for 220.8 cm, it is 38.9 �l. Using a peristal-
tic pump �EV 500, Autoclude, 60 ml/min�, the fill times for
these two fibers were less than a second and around 30 s,
respectively. Finally, the small changes to the refractive in-
dex of the core that occurred while running samples of dif-
ferent compositions and concentrations did not appear to in-
fluence the observed rotation.

Extending the fiber to longer lengths will eventually re-
quire that it be curled. It is well known that such an action
introduces a birefringence in the form of perpendicular “fast”
and “slow” planes.7 This effect is most easily seen when the
angle of polarized light entering the fiber is varied while the
optical activity of the core remains constant �Fig. 3, double
loop plot�. These periodic deviations will obscure the true
rotation of polarized light by any optically active species
present in the fiber core and a fiber curled in this manner
would be difficult to use in any practical application without
extensive data analysis and calibration. However, by curling
the fiber into two loops at right angles to each other and
creating a right-angle figure 8 �RAF8� configuration, these
deviations will be eliminated as the fast and slow planes will
effectively cancel each other out over the total distance of the
two loops �Fig. 3, RAF8 plot�.

For chiral solutions run through a 220.8 cm fiber curled
in a RAF8 configuration, the sensitivity was, again, found to
be proportional to the fiber length; this resulted in an ap-
proximately eightfold gain over the 26.3 cm fiber �Table I�.

With our simple experimental setup, observing changes
as small as 90 mdeg ��=632.8 nm� and 70 mdeg ��
=543.5 nm� were found to be possible �the deviation, in mil-
lidegrees, over 20 measurements�. This resolution, however,
should not be used as a figure of merit when attempting a
comparison to other polarimeters. Only a limit of detection
�LOD� that takes into account the additional factors of the
optical constant of the sample, the wavelength of light, and
the path length of the polarimeter should be used for this

type of evaluation. Clearly, path length is the inherent advan-
tage of our polarimeter, but as the technology matures im-
provements to the area of resolution should be possible. Us-
ing techniques not employed here �e.g., lock-in amplifiers�,
resolutions comparable to those of commercially available
instruments �typically on the order of microdegrees� should
be attainable and, consequently, a LOD of a few orders of
magnitude greater than what has been reported here can be
expected.
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FIG. 2. Rotation angle vs concentration of three enantiomeric pairs
��R�-�+�-limonene, �S�-�−�-limonene, �R�-�−�-carvone, �S�-�+�-carvone,
�1R ,5R�-�+�-�-pinene, and �1S ,5S�-�−�-�-pinene� in a linear fiber of
26.3 cm in length ��a� for �=543.5 nm and �b� for �=632.8 nm�.

FIG. 3. Angle of polarization after passing through a fiber vs the angle of
polarization entering a fiber for �=632.8 nm using a fiber length of
239.7 cm filled with toluene. The fiber was curled into either a double loop
or a RAF8 configuration �see insets�. The angle of 0° is defined as being
perpendicular to the plane of the first loop. The radii of all loops are equal
�17 cm�.
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