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Sugar compounds (glucose, xylose, arabinose, and galactose) and their mixed solutions were examined
using the optical rotatory dispersion (ORD) measurement technique with a modified Drude’s equation.
Commonly, spectroscopic methods utilize the observation of absorption bands which are, in the case of
sugars, located in the UV-spectral range. However, the polarization method used in this study allows us
to investigate sugar samples in a convenient visible spectral range where sugar solutions are relatively
transparent. The ORD set-up can be simple and robust as we will demonstrate: the self-constructed
apparatus consists of only two linear polarizers, placed one after the other, with the angle between their
transmission axes adjusted to 45°. The sugar solution sample in a cuvette was put between the polarizers.
The set-up was connected to a sample compartment of a commercial UV-vis spectrophotometer. The
method provided us the specific optical rotation and concentration of sugar solutions with a reasonable
accuracy. In addition, the optical rotation value for mixed sugars has been found to be the average optical
rotation value of individual sugar content. Beside use in the laboratory environment, the method could
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also have industrial on-site monitoring applications, for example in bio fuel production.

© 2014 Elsevier GmbH. All rights reserved.

1. Introduction

Light polarization refers to the fundamental property of an elec-
tromagnetic wave - its electric and magnetic fields can oscillate
with in more than one direction. The polarization phenomenon is
usually described by the oscillation of the electromagnetic wave’s
electric field. When this field only operates in one plane in space
it is denoted as linear polarization. The field can also rotate as the
wave propagates (circular or elliptical polarization). The state of
polarization can be mathematically described e.g. by the Jones or
Mueller calculus [1].

Optical polarization is widely exploited in science. The Opti-
cal properties of most molecules exhibit directional dependence
and thus polarization techniques have been recognized as a pow-
erful tool among scientists in chemistry, biology, and in polymer
science to study e.g. the assignment of vibrational and electronic
transitions, optical activity of oriented molecules, molecular struc-
ture and conformation, and the structure of anisotropic media [2].
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Furthermore, light polarization is frequently used in geology to
study crystalline minerals and in astronomy to observe radiation
originating from astronomical sources. As a last example within
numerous applications, data transmission using antennas typically
relies on the polarization of an electromagnetic wave.

Light polarization has also been utilized in industry for process
control and quality inspection purposes. One traditional exam-
ple can be found in the sugar industry, where polarization based
devices, i.e. polarimeters, are used for qualitative and quantitative
measurements of sugar compounds. In the food, beverage and phar-
maceutical industries such devices are exploited in the inspection
of the concentration and purity of steroids, vitamins, antibiotics
and amino acids among others.

Optical activity refers to a phenomenon where the polarization
of light is altered as the electromagnetic wave propagates through
a medium - the chiral molecules in the medium turn the orienta-
tion of linearly polarized light. The rotation, typically denoted as
«, is expressed as degrees. Different molecules exhibit individual
rotation power, i.e. the specific rotation [«] allowing us to identify
and determine concentrations of chiral solutions by the rotation
measurement. The specific rotation value also depends on temper-
ature and wavelength. When rotation is measured as a function of
the wavelength, o =a(}), it is then the optical rotatory dispersion
(ORD) technique.
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Many optically active substances such as sugar-water solutions
possess light absorbing bands in the UV-spectral range and in the
visible spectral range they are almost transparent. In some cases,
optical measurements in the UV-range are challenging, making the
use of the visible range more preferable. In such cases, the mod-
ified Drude’s equation provides us with a suitable tool for ORD
data analysis. The equation links together the optical rotation o
and parameters k; and k, associated with molecular structure and
concentration (in the case of a liquid solution) as follows:

- k2+}\,2.

When Eq. (1) is applied to a non-absorbing spectral range, the
relationship between the optical rotation « and the right side
(parameter side) of the equation is linear. It should be noted that the
original Drude’s equation also takes into account the wavelength of
the absorption band of chiral molecules [3]. In practice, the absorp-
tion band located in a deep UV-spectral range can be difficult to
determine.

Giclii et al. [4] have shown results for sugar measurement
based on data obtained from a commercialized ORD apparatus.
They studied the properties of glucose, glutamine, and others at
a selected spectral wavelength of 400-600 nm. From a calculation
using a sample’s concentration in a modified Drude’s equation,
they found a confirmation of concentration between calculation
and actual concentration prepared. A fitting procedure has been
used to improve the accuracy of optical rotation measurement. The
work of Giiglii et al. is encouraging because the optical properties
of some sugars that absorb light with peak absorbance in the UV
region could be investigated although the performance of some
commercial equipment in the UV spectrum is limited.

The ORD set-up consisting of a modulator between two per-
pendicularly oriented polarizers has been used to characterize a
glucose sample for a diabetes mellitus disease investigation [5].
Such work was also conducted based on a glucose sensor by Ansari
et al. [6]. The ORD set up was also introduced to measure sucrose
by positioning the sample between the horizontally and vertically
oriented polarizers and comparing the results to commercial ORD
apparatus using the intensity and optical null measurement meth-
ods [7]. Such work indicated that the use of polarizers with a fixed
polarization state in the ORD set-up is appropriate for liquid mea-
surements.

The determination of the optical rotation of sugars (such as
glucose, sucrose, sacarose, galactose, etc.) is appealing as these
compounds exist in many industrial materials. The production of
biofuels is growing rapidly along with new biorefinery plants [8].In
the processes of these plants, raw material obtained e.g. from wood,
grass, and other biological waste is converted into ethanol which
is further refined to make fuel. This process involves the break-
down of cellulose into several sugars [9]. Therefore, the developing
biorefinery industry needs an appropriate apparatus to measure the
concentration of often complex sugar solutions. Optical measure-
ment such as ORD is one potential technique to meet the challenge
describe above. By using an ORD technique the optical rotation
of many sugar molecules with a chiral molecule structure can be
determined with reasonable accuracy. The accurate characteriza-
tion of material may lead to more efficient industrial processes and
reduced emissions.

In this paper we report the results of optical rotation measure-
ment applied to the modified Drude’s equation for several sugar
compounds such as glucose, xylose, arabinose, and galactose. In
addition, the study includes samples of mixed sugar compounds.
The use of the modified Drude’s equation for this application can
be considered unique. The measurement was done using a simple
and self-constructed ORD set-up integrated with a commercial UV-
vis spectrophotometer. Beside the optical rotation as a function of

a(A) (1)

the wavelength, the set-up also provides a convenient way to con-
duct the reference measurement which is often crucially necessary
in optical and spectroscopy experiments.

2. Materials and experiment

A diagram of the ORD apparatus used in this study is shown
in Fig. 1. The set-up was constructed of a liquid sample/cuvette
and two polarizers. The first linear polarizer was adjusted vertically
(to 90°), meanwhile the second linear polarizer was adjusted to an
angle of 45°. A liquid sample in a cuvette was placed in between
the two polarizers. The set-up was integrated with the sample
compartment of a commercial UV-vis spectrophotometer (Hitachi
U-3300). The spectrophotometer used Tungsten-Halogen and Deu-
terium sources to produce a UV-vis light spectrum. The detector
was a photomultiplier tube (PMT). The transmittance spectra of
sugar solutions were scanned and stored for data-analysis.

The light transmittance through the set-up can be modeled
using Jones calculus where polarized light is represented as a vec-
tor and the function of each optical component in a set-up can be
expressed by a matrix. The matrix for a linear polarizer oriented at
the angle of 6 can be expressed as [1]:

cos (9)2 cos(0)sin(8)
T(0) = . . (2)
cos(6)sin(8) sin(0)

The sample (optically active material) changes the polarization
state of the beam acting as a rotator and can be written as the Jones

matrix below.
S() = <cos(a) —sin(a)) ’ 3)
cos(a)

sin(ar)

where « is the optical rotation. Assuming that light emitting from
the light source is linearly polarized at the angle of ¢, the Jones
vector for incident light can be expressed as:

cos(¢)
In($) = (Sin( ¢)) : )

Based on these matrices and the orientation of the components,
the output of the set-up Jour is

Jout(er) = T(0 +45) - S(ex) - T(0) - Jin(). (5)

As can be seen, the Jones vector for the output is a multiplication
of all components involved in a set-up. The light intensity received
by the detector is proportional to the square of ], and depends nat-
urally on the optical rotation value (and is practically linear when
the rotation is less than a few degrees).

Using the original Drude’s equation, the optical rotation, ¢, can
be calculated as below [1].

K
aO - )\’ _ )\% k] (6)
where K is a constant and A, is the absorption wavelength. To use
this equation, the absorption wavelength must be known or deter-
mined. Unfortunately, for some materials this parameter is difficult
to obtain. In such a case, use of the modified Drude’s equation as
expressed in Eq. (1) is preferable. For solutions, the optical rotation

medium / sample

light source detector

P1 P2

Fig. 1. Schematic diagram of ORD set up. P1 and P2 are denoted as linear polarizers.
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« is linearly dependent on the concentration C and the thickness [
of the sample. The relationship is as below [4].

o = [o]CL. (7)

The total optical rotation is the sum of accumulated molecular
optical rotation within the solution.

Sugar compounds of alpha-bp(+)-glucose (99+%, anhydrous,
Acros Organics), D(+)-xylose (99+%, Sigma-Aldrich), L-(+)-
Arabinose (>99%, Sigma-Aldrich), and D-(+)-galactose (98%,
anhydrous, Sigma-Aldrich) were used for the measurement. Each
sugar was dissolved in pure water for further characterization.
First we used spectrophotometry to observe the locations of
optical absorption bands over a UV-visible spectrum through 1 cm
sample thickness. Secondly, we used the ORD set-up to obtain the
transmission spectra of individual and mixed sugar solutions. The
sugar sample was put in a 5-cm quartz cuvette corresponding to
the light propagation path length. Both the absorption and ORD
measurements and the material preparation were conducted at
room temperature.

Optical measurements are usually relative i.e. data from the
sample to be studied is compared to data obtained from a reference,
well-known material. The ORD-measurement used in this study is
also a relative technique, but it does not require a separate refer-
ence sample. By relocating the polarizer P2 in Fig. 1, the sample to
be studied can be considered as a reference sample. For the refer-
ence measurement, the P2 is moved to the space between the P1
and the liquid/cuvette.

3. Results and discussion

Absorbance measurements of glucose, xylose, arabinose, and
galactose dissolved in pure water were conducted using the spec-
trophotometer for a concentration of 30g/L (using a 1cm quartz
cuvette) and the results are shown in Fig. 2. It was observed
that absorbance for sugars occur at a UV-region of 220-290 nm.
Although the absorption bands are not sharp in shape, distin-
guishable wavelengths associated to the bands for each sugar can
be defined. Absorption peaks for glucose, xylose, arabinose, and
galactose are observed at a wavelength of ca. 235nm, 230 and
278 nm, 275nm, and 290 nm, respectively. No absorption bands
were observed for the sugars in a visible spectrum range.

As mentioned earlier, it can be difficult to determine optical
rotation when the ORD technique is used in the UV-spectral range.
Therefore, the ORD measurements were mainly carried out in the
visible spectral range, from 300 to 800 nm. First we observed the
light transmissions for a reference configuration (P1-P2-S) and sec-
ondly, the transmission for a measurement configuration (P1-S-P2).
An example of transmittances is shown in Fig. 3a. The ratio of the
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Fig. 2. Absorbance spectra for various sugars (concentration of 30 g/L).
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Fig. 3. (a) Light transmission of a sugar solution obtained from the measurement
and the reference configuration. (b) Relationship between wavelength and optical
rotaton for a glucose sample.
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Fig. 4. Relationship between optical rotation « at 600 nm and (a) Drude’s parame-
ters and (b) concentration of glucose.

measurement and reference transmissions was calculated and by
utilizing the Eq. (5) the relationship between the optical rotation
and the wavelength was obtained. Such a relationship for a glucose
sample (10g/L) is shown in Fig. 3b.

By considering the Drude’s parameters ki and k; as adjustable
parameters, the theoretical optical rotation and experimental one
may coincide. An example of such fitting is shown in Fig. 4a. A
strong linear relationship between the experiment and calcula-
tion is found and the curve gradient was almost a unity. This fact
can be used to indicate if there is something interfering with the
measurements — when gradient values differ extensively, the mea-
surement value should be rejected. It should be noted that in the
UV region, absorption will cause nonlinearity to the curve. In such
a case the ORD measurement can be used but with the original
Drude’s equation or using another form of data-analysis.

To confirm the accuracy of the ORD/Drude method, the test was
carried out using sugar solutions of various concentrations. The test
demonstrated a linear relationship between real sugar concentra-
tion and the optical rotation. The result for glucose is given in Fig. 4b.
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Table 1
Optical rotations and Drude parameters of sugars observed from the measurement at the wavelengths of 600, 700 and 800 nm.
Sugar k1 (mdeg pm?) kp (m?) a(®)
600 nm 700 nm 800 nm
Glucose 0.478 -0.016 1.389 1.008 0.766
Xylose 0.151 —0.028 0.455 0.327 0.247
Arabinose 0.908 -0.013 2.616 1.904 1.448
Galactose 0.745 —0.007 2.112 1.543 1177
Glucose +xylose 0.323 -0.017 0.943 0.684 0.519
0.908 (ave) 0.656 (ave) 0.497 (ave)
Glucose + xylose +arabinose 0.515 -0.015 1.491 1.083 0.823
1.465 (ave) 1.063 (ave) 0.807 (ave)
Glucose +xylose +arabinose + galactose 0.579 —0.005 1.633 1.195 0.913
1.574 (ave) 1.142 (ave) 0.867 (ave)
250 optical rotation of sugar contributes to the total value of optical
1o, rotation but not the summation as found for other sugar com-
14.0 Tl pounds as reported by Gli¢lii et al. [4]. The experiment has also
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Fig. 5. Specific rotations for several sugars at various wavelengths from 600 to
800 nm.

Other sugar samples showed similar linearity. The offset value of «
existing in Fig. 4b was taken into account in the calculation.

Fig. 5 shows the wavelength dependence of the specific opti-
cal rotation [«] for four sugar solutions. The curves are logical as
the decrease of [«] is followed by an increase in wavelength for
all sugar samples. Among the sugar samples, arabinose shows the
highest value of [«] and the values decrease for the subsequent
sugars, galactose, glucose, and xylose, respectively. The measure-
ment results obtained for the specific optical rotation for glucose at
600 nm resembles the results obtained by Baba et al.[10]. However,
their study concerned eye glucose monitoring using a different
measuring technique.

Measurements were also conducted to investigate mixed sug-
ars. The results (along with individual sugars) obtained from these
tests are tabulated in Table 1 for the different wavelengths of 600,
700 and 800 nm. For the sample consisting of four sugars of the
same concentration, the observed total optical rotation aror was
the average value of individual optical rotation expressed as:

(Ol luc + Oxyl + Cara + & lct)
agor = —% E a £, (8)

where agpy, 1, dara, and o, are the optical rotations of glucose,
xylose, arabinose, and galactose, respectively.

As we can see from Table 1, optical rotation for individual
sugar and mixed sugar shows good agreement between the result
obtained from the measurement and calculation by taking the aver-
age value (notated ‘ave’). Drude’s parameters (k1 and k; ) obtained
from the fitting are also given. The proposed optical rotation model
for mixed sugar molecules is considered valid by assuming that
there is no molecular interaction among the sugars. Interaction
could alter their molecular structure leading to a change in the
optical rotation value. The experiment showed that the individual

shown that the proposed model is valid for mixed individual sug-
ars with positive optical rotations and this phenomenon has not
often been considered in other research. The optical rotation model
for mixed sugars proposed in this work is encouraging as it could
be applied to bio-refinery solutions consisting of sugars [8]. Fur-
ther study could be initialized using the above results and the ORD
set-up of this study for the identification of molecules.

4. Conclusions

By using the modified Drude’s equation with the ORD polariza-
tion technique the optical rotation of sugar compounds (glucose,
xylose, arabinose, and galactose) have been determined. This study
has shown that the modified Drude’s equation is valid for use with
optically active material (such as sugars) providing that the absorp-
tion bands of such material do not exist in the wavelength range
used in the experiments. Using the specific optical rotation, sugar
sample concentration was calculated and confirmed with the con-
centration of the prepared sample. We proposed that the optical
rotation model for mixed sugars should use the average of the
optical rotation value of the individual sugars. This phenomenon
can be used to deduce and analyze any solution of many sugars
(such as bio-refinery solutions). The self-constructed ORD set-up
offers a relatively simple and cheap tool that can be embedded into
commercial spectrophotometers.
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