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Preface

The second International Conference on Pure and Applied Chemistry (ICPAC
2012) was held from 2 to 6 July 2012 at Hilton Mauritius Resort and Spa, Wolmar,
Flic en Flac, in Mauritius. The theme of the conference was “Chemistry: The Key
for our Future”. ICPAC 2012 was attended by 150 participants from 25 countries.
The conference featured 80 oral and 80 poster presentations. The keynote address
was given by Prof. Robert Huber, the 1988 Chemistry Nobel Prize winner.

The participants of ICPAC 2012 were invited to submit full papers. This book is
a collection of the papers selected during a subsequent peer review.

The book consists of 25 chapters covering a wide range of topics from funda-
mental to applied chemistry.

We would like to thank all those who submitted full manuscripts for consider-
ation and the reviewers for their timely help in assessing these manuscripts for
publication.

We would also like to pay a special tribute to all the sponsors of ICPAC 2012.

We hope that this collection of papers will serve as a useful resource for
researchers.

Department of Chemistry M. Gupta Bhowon
University of Mauritius, Réduit, Mauritius S. Jhaumeer-Laulloo
June 2013 H. Li Kam Wah

P. Ramasami
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Chapter 1

Elastomeric Actuators Based
on Ethylene-Vinyl Acetate
and Carbon Nanotubes

Klaudia Czanikova, Maria Omastova, Igor Krupa, Peter Kasak,
Ewa Pavlova, and Dusan Chorvat Jr.

Abstract The development of new types of visual-aid tablet for visually impaired
people requires the development of cheap, but still very effective photoactuating
materials. This requirement can be satisfied by the use of new kind of elastomers
filled by nanofillers, such as carbon nanotubes. Nanocomposites based on commer-
cial ethylene vinyl-acetate (EVA) copolymer and multiwalled carbon nanotubes
(MWCNT) were prepared by casting from solution. The non-covalent surface
modification of MWCNT was carried out by special, newly synthesized
compatibilizer cholesteryl 1-pyrenecarboxylate (PyChol). In order to mimic Braille
character, special home-built silicone punch and die moulds were used. The Braille
element based on EVA/MWCNT-PyChol composite displays reversible, multiple
changes of dimension in the direction of the irradiation during/upon illumination by
red and blue light-emitted diode (LED). Transmission electron microscopy (TEM)
showed a good dispersion of the MWCNT-PyChol within the matrix. The Braille
element behaviour under illumination was analysed by atomic force microscopy
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(AFM) and by nanoindentor. Nanoindentor, even if the purpose of its original use is
different, can be effectively applied for the determination of the actuation stroke, the
sample dimensional changes in the direction of irradiation.

1.1 Introduction

Revolutionary technologies are needed to improve the lives of visually impaired
and blind people. Current haptic representation in refreshable displays is techni-
cally inadequate and very expensive, thus limiting their use in daily life [1]. Reso-
lution, scalability to larger displays, and portability are deficient [2—4]. Mechanical
actuation by optical excitation is a much-sought after technology [5]. The devices
which utilise an effective photoactuating material are able to convey information in
the form of Braille text, maps and graphics to the visually impaired to improve their
mobility and quality of life [1, 6]. Part of the 7 RP Nano-Optical Mechanical
Systems (NOMS) project was to prepare photo-actuators which must not display
fast actuation response during illumination, but have to provide fully reversible
actuation. The main disadvantage of available electronic Braille devices is that they
show only a single line of text and cannot display graphical images, mathematical
equations, maps, music, and so on [7]. The typical Braille cell is illustrated in
Fig. 1.1. It has to be pointed out that in the proposed design not only embossed
points are displayed, as it is in the cases of printed Braille characters. In this case, all
six points are potentially displayable. The required Braille character is then formed
by moving the individual Braille elements up.

So far various prototype electronic Braille cells have been constructed using
conjugated polymers such as polypyrrole [8], ionic polymer-metal composite
bending type actuators [9], or electrostrictive elastomers [10]. However, according
to the best of our knowledge, commercially available devices work on the basis of
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Fig. 1.1 (a) Two Braille characters, each one consisting of six raised dots arranged in two
columns containing three elements, (b) cross-section of the two Braille characters and (c) example
of Braille symbol — Braille glyph for letter C (raised elements at positions 1-4)
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piezoelectric phenomenon. The following parameters have been reported for
standardization of Braille devices — the pin matrix density should be up to
1 cell/mm?, actuating speed have to be more than 50 Hz, and energy density
about 10 W/cm? [11, 12]. New type of Braille display was presented based on
dielectric elastomer. The tactile display is organized with a dual-layer array of
tactile cells which generates vertical motion of the Braille pins. The elastomer
actuator is compressed in the thickness direction while it is expanded in the lateral
direction when a voltage is applied [13-20]. In another study the Braille tablet made
by two adjacent Braille cells (consisting of six stimulating pins arranged ina 3 x 2
array format) were read by the visually impaired persons. The data for two types of
recognition rates were obtained as Hit Recognition Rate (HRR) and Number
Recognition Rate (NRR). The HRR corresponds to the rate movement of the Braille
dots and NRR correctly reading of the Braille dots. The results represented at
actuating frequency of the Braille pins was 15 Hz and HRR increases up to about
80 % and the NRR indicates a maximum of 41 %. The obtained results are much
better than originally expected [21]. Carpi et al. [22] described the developing
push—pull hydrostatically coupled dielectric elastomer actuators. Silicone
elastomers membranes filled with oil created bubbles with diameter of 6 mm and
were driven up to a voltage of 2.25 kV, applied across a silicone film with a
thickness of 42 pm. Specific interest to miniaturize such kind of actuators was
motivated by an intention to develop a novel tactile display.

Commercially available refreshable tactile display providing access to high-
resolution graphics (pictures, graphs, tables, diagrams etc.) and more than two
lines Braille texts are still missing. Only Braille displays using piezoelectric
elements work very reliably but on the other hand these displays are still very
expensive and noisy [7, 23]. Revolutionary technologies are needed to improve the
lives of blind and partially sighted people in order to increase the change of
obtaining more information. The nanotubes-polymeric materials are potential
candidates for creating new type of actuator because of expected decreased
manufacturing costs and true photo-actuation which can be used for construction
of haptic display for visually impaired people. The photomechanical actuation is
preferred to electromechanical transduction due to the following reasons: wireless
actuation, low noise, easy scaling up and down.

The main aim of NOMS project was to develop the prototype of a high resolu-
tion, refreshable, tactile visual-aid tablet and demonstrate its capability to depict
Braille text and basic graphical information. This tablet have several features, such
as full text and graphical capability, fully integrated electronic circuitry, capability
to connect to a PC, rapid refresh rate, portability, manufacturability and low cost.
Two fundamental requirements are height raise and force output. The minimum
stroke height is 0.25 mm and force/pressure about 0.2 N [24]. The promising
solution is the use of actuators based on carbon nanotubes-polymeric materials
that can be activated by light.

Smart materials can react to a stimulus such as light, temperature, pH, mechani-
cal stress, etc. Dimensional changes in polymers can happen reversibly, depen-
dently on intensity and time of illumination with light [25]. The reversible shape
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change can be achieved by conformation changes in the case of photochromic
molecules, for example, azobenzene undergoes a trans—cis isomerization controlled
by the polarization of the light [26].

Liquid-crystal elastomers inherently possess photo-actuating behaviour due to
the photoisomerization conformational changes of rod-like dye molecules when
small amounts of nanofillers-carbon nanotubes were incorporated into the matrix.
The photo-actuation mechanism in the case of liquid-crystal elastomers filled with
multiwalled carbon nanotubes (MWCNT) composites containing very low content
of MWCNT was explained by the absorption of light in the UV-vis or near IR
region, and the light was rapidly converted into local heat. The local heat is then
efficiently transferred to the stretched polymer chains near the MWCNT.
Subsequent contraction of the stretched polymer chains leads to the photo-
mechanical actuation [27, 28].

Ethylene vinyl acetate (EVA) is a commercial elastomer whose properties
depend on the ethylene/vinyl acetate ratio [29]. The domain structure of EVA
copolymers consists of partially crystalline polyethylene blocks and flexible vinyl
acetate blocks [30]. This is mainly focused on EVA containing non-covalently
modified multiwalled carbon nanotubes by newly prepared surfactant, arbitrarily
here called PyChol and on their photo-actuation response. The composites were
prepared by casting from solution due to better dispersion of MWCNT-PyChol
within the dissolved polymeric matrix against the mixing with molten polymer
[31]. The cast composite foil was used to prepare Braille element using specially
designed moulds. The height of the Braille element temporarily increases after
illumination and this process is fully reversible. After switching off the light, the
Braille element returns to its original shape and height. New developed methods,
namely the method using the atomic force microscopy (AFM) and nanoindentor
were used to investigate the photo-actuation behaviour of the prepared composites.
As far as we know, these methods for characterisation of photoactuation were not
reported in literature till now. Here it must be mentioned, that almost all the
reported results which can be found in literature are based on the characterisation
of photoactuating behaviour of materials in the form of strips. For this
characterisation, various setups, usually home-made ones were created, utilising
the measurements of the force change at the fixed length during illumination
[32-36]. The reports on the testing of photoactuation of Braille characters are
very rare, the newest papers in this field have been presented by Camargo et al. [37].

1.2 Methodology

1.2.1 Materials

Tetrahydrofuran (THF, POCH S.A. 99.5 %, Poland) was dried and freshly distilled
from sodium/benzophenone. A commercial ethylene-vinyl acetate copolymer
(EVA, Levapren 500, Lanxess, Germany) containing 50 wt% of vinyl acetate was



1 Elastomeric Actuators Based on Ethylene-Vinyl Acetate and Carbon Nanotubes 5

Ah =250 pm

U=0V U=28V
I[=0mA [=300mA

Fig. 1.2 The prepared two Braille characters and detail of the Braille element based on an EVA
composite filled with non-covalent modified carbon nanotubes

used as a matrix. MWCNT (Nanostructured & Amorphous Materials, Inc.;
Houston, TX 77084, USA) were used as the filler. The purity of the MWCNT
was 95 %, the outside diameters were in the range of 60—100 nm, the lengths were
in the range of 5—15 pm and the surface area was 64 m?/g.

1.2.2 Preparation of Composites

The EVA/MWCNT nanocomposites were prepared by casting from solution.
Non-covalent surface modification of MWCNT was done using special compatibilizer
cholesteryl 1-pyrenecarboxylate (PyChol). The weight ratio MWCNT/Py-Chol was
chosen as 1/5 after first testing with lower amount of modifier. The used amount of the
carbon nanotubes was selected according to the published results [5]. The solution was
sonicated for 2 h at amplitude of 20 % (~35 pm, ~60 W/cmz, Hielscher 400 S) and a
duty cycle of 100 %. After sonication, 10 g of EVA was added and the final solution
was stirred and subsequently poured into a Teflon-coated Petri dish and allowed to dry.
The sample was dried in the oven and additional drying was performed in a vacuum
oven for 6 h at 70 °C. The EVA/MWCNT-PyChol composite foil was prepared by
compression moulding (Fontijne SRA-100, The Netherlands) for 15 min at a pressure
of 2.4 MPa and temperature of 60 °C. Special custom-made punch/die moulds
were applied to the EVA/MWCNT-PyChol nanocomposite to achieve the shape of
a Braille element [38].

The composite material was placed between punch/die moulds and loaded by
200 g weight in the oven at 60 °C and subsequently cooled down in ice water in
order to freeze the structure. The final shape of the two Braille characters and also
one Braille element are shown in Fig. 1.2.

1.2.3 Transmission Electron Microscopy (TEM)

TEM was performed with a Tecnai G2 Spirit Twin 12, FEI, and thin samples were
prepared by ultramicrotome (Ultracut UCT, Leica) under cryo-conditions (the
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sample and knife temperatures were —70 °C and —45 °C, respectively). The
ultrathin sections were transferred to a microscopic grid, covered with a thin carbon
layer to improve their stability under the electron beam and observed in a TEM
microscope. All micrographs are bright field images taken at an accelerating
voltage of 120 kV that show dark carbon nanotubes in the light polymer matrix.

1.2.4 Photo-Actuation Study of Prepared Braille Element
by Atomic Force Microscopy and by Nanoindentation

In this paper we present two newly developed methods for characterisation of the
photoactuation behaviour of nanocomposites. Despite the fact that both utilised
equipment are commonly used for totally different types of material characterisation,
they can be also adapted for the characterisation of the photoactuating behaviour.

The first of these methods, the Atomic Force Microscopy (AFM), is a well-
established tool for the study of structural and physical properties of macromolecules
at the surface, as well as high-precision 3D topography. It allows characterization of
the surface both in dry and wet conditions with nm resolution, depending on the size of
tip. Here, we applied AFM in contact mode (Smena Solver P47H, NT-MDT, Russia)
to study the deformation changes of Braille element under illumination using light-
emitted diodes (LEDs). However, it must be pointed out that this method enables only
the qualitative characterisation of the photoactuation process. Simply said, we can
obtain only the information whether the material is photoactuating or not. This fact is
caused by the restricted amplitude of the cantilever movement, as can be seen later.

Two types of LEDs were used - red LED (Philip Luxeon, A = 627 nm) and blue
LED (Philip Luxeon, A = 470 nm) at applied current of 150 mA or 300 mA. A Si
cantilever (length 100 pm and width 35 pm) with a force constant of 11 N-m~" and
a tip curvature of 10 nm (NT-MTD, Russia) was used. The changes in the position
of the AFM tip in the vertical direction were recorded and plotted against time. The
hole in alumina foil is used for focusing the light to the Braille element illumina-
tion, where the CNT are aligned in order to achieve the actuation. Scheme of a AFM
setup is shown in Fig. 1.3.

Nanoindentor Hysitron TriboLab® Nanomechanical Test Instrument equipped
with a Scanning Probe Microscope (SPM) and a Berkovich probe was used for the
characterisation of the photoactuating behaviour of materials. The actual use of
nanoindentor is the characterisation of mechanical properties of the surfaces.
However, similarly as in the case of AFM, it can be adapted for the photoactuation
measurements. The TI 750 Ubi nanomechanical test instrument is a dedicated
scanning nanoindentor. The principal components in a nanoindentation experiment
are the sensors and actuators used to apply and measure the mechanical load and
indentor displacement, and the indentor tip. The latter component is conventionally
made of diamond, formed into a symmetric shape. The force and displacement are
recorded as the indentor tip is pressed into the test material’s surface (in our case on
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_AFM tip (contact mode)
Si cantilever

Braille element
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—> cooling support
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Fig. 1.3 Sketch of the setup for AFM measuring height changes for Braille element during
illumination by red LED

the Braille element) with a prescribed loading and unloading profile. For our
purpose, we only used the fact that it is possible to determine accurately the height
of the Braille element on the top before and after illumination. This gives us the
information about total actuation deformation of the material, and, what time is
needed to reach that maximum. In this case we do not obtain the whole dependence
deformation versus time, as it was possible in the case of AFM measurement.

1.3 Results and Discussion

1.3.1 A Dispersion Study of Carbon Nanotubes Within
Polymeric Matrix

The proposed non-covalent surface modification of carbon nanotubes (CNT) is
based on the van der Waals interaction between the nanotubes and various
molecules that consist of aromatic rings through n-n stacking. The main advantage
of this procedure is that CNT are not broken during treatment as well as it does not
disturb delocalized & electrons and thus, it does not change the inherent electrical
conductivity of CNT. Moreover, this kind of non-aggressive treatment does not lead
to the breaking of nanotubes, as it usually happens during modification by strong
acids [39].

Specially developed surfactant, based on pyrene molecules and long alkyl or
cholesteryl groups, was used for CNT surface modification to ensure affinity and
good compatibility of the CNT surface with polymeric matrix and good filler
dispergation. For better dispergation of CNT we modified the carbon nanotubes
non-covalently using PyChol surfactant.
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1 pm i 00 n

Fig. 1.4 TEM images of the Braille element based on an EVA composite containing 0.1 wt%
MWCNT

Table 1.1 The power of the red LED, illumination and relaxation times (T, and T,.;,,) height
changes of the Braille element based on an EVA/0.1 wt% MWCNT-PyChol composite at two
different applied currents

Applied current (mA)  Power of LED (mW) Titem ) Tretac (S) Height changes (pm)

150 35 35 65 2.52
300 6.6 6 30 2.54

The extent of MWCNT dispersion within the EVA polymeric matrix was
characterized using TEM. Figure 1.4 depicts a good dispersion of carbon nanotubes
due to cholesteryl 1-pyrenecarboxylate compatibilizer used for CNT non-covalent
surface modification. Single carbon nanotubes and a minimal amount of their
agglomerates were observed, but also a small amount of amorphous carbon nano-
tube impurities were detected within EVA matrix. The dispersion study of the
nanocomposite with unmodified MWCNT was also done by TEM (not shown
here), in this case worse dispersion was obtained compared to nanocomposite
prepared with compatibilizer.

1.3.2 The Photo-Actuation Study of Braille Element
by AFM and Nanoindentation

The photo-actuation response during/after illumination of the Braille element was
investigated by AFM method. Two Braille characters were prepared using special
titanium punch and die moulds, as depicted in Fig. 1.2. The Braille characters were
cut to individual Braille elements for characterization of photo-actuation response.

Using red LED diode when the applied current was set to 150 mA (power
3.5 mW) the original height of Braille element (BE) was increased about 2.52 pm
after 35 s of illumination. After switching off the light, the time for the BE
relaxation to original shape was 65 s (Table 1.1). A faster response was obtained
when the power of the red LED was increased to 6.6 mW (300 mA). In this case, the
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Fig. 1.5 An AFM recording of the height changes over time for a Braille element based on an
EVA/0.1 wt% MWCNT-PyChol composite (a) upon illumination (red LED, at an applied current
of 300 mA) and (b) after switching off the red LED

Braille element grew to 2.54 pm within 6 s and then BE returned back to its original
position after 30 s. Figure 1.5 depicts the actuation during illumination with red
LED at applied current of 300 mA (a) within 6 s, and after switching off the light-
emitting source (b) the Braille element relaxed to the original height.

Table 1.1 summarized the results obtained during AFM study of BE illumination
by red LED at 150 mA and 300 mA applied currents, illumination and relaxation
times, measured height changes (pm) of the Braille element based on an
EVA/0.1 wt% MWCNT-PyChol composite. The original height of the Braille
element was 0.138 mm.

In the next study, the photo-actuation response of the Braille element was
measured using a blue diode (A = 470 nm) at applied current of 300 mA, see
Fig. 1.6.

In the case of blue LED at 300 mA applied current the power of this LED is
9.6 mW. Figure 1.6 depicts the measured photo-actuation response of Braille
element during illumination by blue LED. The results show high reproducibility
of photo-actuation. Figure 1.6 represents 19 cycles of reversible actuation of the
characterized BE as an example of BE behaviour during illumination. The maxi-
mum deformation of BE observable by AFM due to cantilever movement upon
illumination was obtained after 6 s of illumination in both cases when the applied
currents were set 150 mA or 300 mA. As can be seen in Fig. 1.6, the Braille element
returned to its original position after 15 s (b), which means that the relaxation time
was approximately half of that measured after illumination using red LED at the
same set current of 300 mA. The main advantage of using blue LED with high
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Fig. 1.6 An AFM recording of the height changes over time for a Braille element based on an

EVA/0.1 wt% MWCNT-PyChol composite (a) upon illumination (blue LED, at an applied current
of 300 mA) and (b) after switching off the blue LED

power was faster actuation and relaxation responses. The photo-actuation measure-
ment by AFM was realizable only over a range of —3.0 pm to +3.0 pm, which is the
maximum amplitude of the cantilever movement. AFM method was used here to
observe the photo-actuation responses of new types of prepared composites and to
obtain information about the rates of actuation and relaxation for prepared Braille
elements. On the other hand, it was not possible to determine the maximum
amplitude of the actuation and relaxation for these samples due to the limited
amplitude of the cantilever movement.
Due to this limitation, the method based on the nanoindentor was introduced to
determine the maximal deformation changes under illumination for the Braille ele-
ment. As mentioned above, this method could not determine the dimensional profiles
over time like AFM, but it could give us information about the real height changes of
the Braille element before and during illumination. In this case, the Braille element
was illuminated from the bottom using (as depicted in Fig. 1.3) ared or blue LED. One
Braille element was illuminated and the surrounding area of Braille element was
shielded with alumina foil. The photo-actuation response of the Braille element under
illumination was measured at various current settings. An appropriate photo-actuation
of the composite material was observed. An expansion was obtained during illumina-
tion. The results are presented in Table 1.2 for the Braille element measured at 200 and
300 mA following illumination with red or blue LEDs.
A maximum deformation change upon illumination using blue LED about
15.2 pm was obtained at applied current of 300 mA. This deformation was much
higher than that following illumination of the Braille element using a red LED
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Table 1.2 The power of the red and blue diodes, height changes of the Braille element based on
an EVA/0.1 wt% MWCNT-PyChol composite as measured by nanoindentation at different applied
currents

Applied current  Power of red LED  Height changes Power of blue LED Height changes

(mA) (mW) (pm) (mW) (pm)
200 4.4 6.4 5.8 9.8
300 6.6 9.7 9.6 15.2
Fig. 1.7 Power outputs 10
(mW) against different A red LED, » =627 nm °
applied current (mA) for red 1 @ blue LED, A =470 nm
LED (. = 627 nm) and blue g
LED (A = 470 nm) °
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These data were also in good agreement with the faster actuation and relaxation
responses previously observed by AFM when using a blue LED instead of a red
one. The power (mW) for both diodes was measured at different applied currents
(mA) as depicted in Fig. 1.7.

Higher actuation obtained with blue LED diode (Table 1.2) is associated by
increased scattering and by higher absorption at lower wavelength [40] compared
with red LED diode (at applied current of 300 mA) by nanoindentation technique.
The same effect by AFM method was obtained, as faster relaxation speed was
investigated when driven by blue LED (9.6 mW) than red LED one (6.6 mW) at
applied current of 300 mA. Information about the rates of actuation and relaxation
times were investigated by AFM. The precise, actual height changes of Braille
element during illumination were obtained by nanoindentation method. The height
of the Braille element temporarily increases after illumination and this process is
fully reversible as shown by AFM study. After switching off the light, the Braille
element returns to its original shape and height. The photo-thermo-mechanical
actuation mechanism is explained by presence of carbon nanotubes in elastomeric
nanocomposite, which convert light to heat and increase the heat transfer efficiency.
It is caused by inherent high conductivity of carbon nanotubes that originates from
their delocalized w-bonded skeleton [41]. The accumulated heat from CNT is
released to polymeric matrix and triggering the actuation. Even by AFM study it
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was not possible to determine the maximum amplitude of the actuation and relaxa-
tion, but it showed that prepared nanocomposite is perfectly stable, and fully
reversible actuation was determined after hundreds of cycles. The new developed
nanocomposites based on EVA copolymer and well dispersed carbon nanotubes are
promising materials for creation of actuators which are activated by light. Therefore
photoactuation study of nanocomposites is in progress in our laboratory and other,
more complex methods will be used in the near future for detailed characterization
of Braille element prepared from EVA and carbon nanotubes.

1.4 Conclusions

The EVA/0.1 wt% MWCNT-PyChol composites were prepared by casting from
solution. The reason for the selection of this filler content was motivated by the
works published very recently, where this filler content was reported as sufficient
for the evocation of photoactuating effect, maintaining the properties of a neat
polymeric matrix. To improve the dispersion of carbon nanotubes within the EVA
polymeric matrix, newly synthesized cholesteryl 1-pyrenecarboxylate compati-
bilizer (PyChol) was used. The ratio CNT/PyChol equal to 1/5 was determined
from the optimisation process, testing the dispersibility and the dispersion stability
over long time in the low molecular solvents. Very good dispersion of modified
fillers within the EVA matrix was demonstrated by TEM. The photo-actuation
behaviour of Braille element prepared from nanocomposite was investigated by the
newly developed methods, utilising commercial devices such as AFM and
nanoindentor, which are originally employed for different types of character-
isations. However, after a small adaptation, these methods were able to characterize
the photoactuation response of investigated materials upon illumination by red and
blue LEDs. An expansion was detected upon illumination of the bottom of the
Braille element. AFM method was chosen to determine the actuation and relaxation
times, both of which depended on the type and power of the LEDs used. This
method is very simple and offers fast information about qualitative behaviour of
materials under irradiation. As for the characterisation by nanoindentor, this one
provided information about the total deformation amplitude of material.
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Chapter 2

Identification of Volatile Compounds
from Flowers and Aromatic Plants:
How and Why?

A. Bialecki and Jacqueline Smadja

Abstract When working on volatile compounds from plants, the objectives are
multiples and can be summarized in four points: (1) Research of bioactive molecules,
(2) Chemotaxonomic studies, (3) Applications in perfume industry, (4) Plant-insect
interactions. Each of these four points will be discussed and illustrated by one or
several examples of research projects conducted in the Chemistry Laboratory of
Natural Substances and Food Sciences. The first two points exclusively concern
volatile compounds generated by essential oils extracted from endemic or indigenous
plants of Reunion, Mauritius and Madagascar islands. The two last points are
dedicated to volatiles found in the airspace (headspace) surrounding flowers. This
paper will also present a selection of sampling methods for volatile compounds that
range from conventional, inexpensive, solvent-free, quick sampling methods to
innovative methods, as well as an overview of detection and identification methods
of volatiles including GC-FID and GC-MS.

2.1 Introduction

Aromatic plants are often confused with medicinal plants because they secrete
chemicals which sometimes have pharmacological effects. But rigorously, aromatic
plants are considered as plants which secrete volatiles by, at least, one vegetative or
reproductive organ, often leaves but also roots, stems, bark, seeds, fruits and flowers.
These volatiles may act as aroma and flavour molecules due to their interactions with
human receptors. The primary functions of these compounds released into the atmo-
sphere are to defend plants against herbivores and pathogens or to provide a reproductive
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advantage by attracting pollinators and seed dispersers [1]. Today, a total of 1,700
volatile compounds have been described from more than 90 plant families [2]. These
volatiles constitute about 1 % of plant secondary metabolites known to date and are
typically classified into four major categories: terpenoids, phenylpropanoids/benze-
noids, fatty acid and amino acid derivatives [3]. Knowledge of the identity and relative
amounts of the volatile substances released by plants is of great importance to several
fields of basic and applied research in biology, chemistry and many other disciplines.
Obtaining this knowledge requires overcoming many analytical challenges posed by
these complex mixtures, because they present large variations in component amounts,
chemical structures and functionalities.

After a short presentation of the functions of plant volatiles, the chemical
compounds classes in plant volatiles, and a discussion on Sect. 2.3, this chapter will
cover several practical approaches to plant volatiles analysis: isolation techniques,
separation and detection techniques, and compound identification procedures. A few
examples will be presented next, to highlight some of the research topics focused on
plant volatiles and developed by the Chemistry Laboratory of Natural Substances and
Food Sciences (LCSNSA).

2.2 Plant Volatiles

2.2.1 Functions of Plant Volatiles

It is recognized that these compounds stored in specialized secretory structures such
as glandular trichomes or resin ducts [4, 5] are not only emitted by plants in
response to abiotic stress such as light and temperature changes, flooding and
drought, ultraviolet radiation and oxidants, but they are also used as a sophisticated
“language” by plants to have a dialogue with other organisms: microbes, animals,
and even other plants [1, 3, 4, 6-10].

Some compounds may attract beneficial insects such as pollinators, whereas
others are involved in different modes of defense: direct defense, indirect defense
and inter-plant priming.

Direct defense involves the production of compounds that inhibit microbial
growth, also kill or repel herbivores. Indirect defenses involve the production of
compounds that minimize infestations of herbivores by attracting natural enemies
preying upon or parasitizing herbivores according to the proverb “The enemy of my
enemy is my friend”. Finally, chemical volatile signals released from injured plants
not only affect herbivores and pathogens but may also signal alarm to neighbouring
plants by triggering defense responses. This is called inter-plant priming.

Many of these compounds have been referred to as “secondary metabolites” to
distinguish them from the “primary metabolites” required for the growth of plants.
These secondary metabolites however, are likely to be essential for successful
competition or reproduction.
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2.2.2 Chemical Compounds Classes in Plant Volatiles

The volatile compounds emitted by plants are generally lipophilic and belong to
several different classes but are united by their low molecular weight (from 30 to
300 amu) and vapour pressure sufficient to be released and dispersed into the air
under normal pressure and temperature. In aromatic and scented plants, they
originate from four categories of chemicals: terpenes derivatives, aromatic
derivatives, fatty acid derivatives and amino-acid derivatives. Other groups seem
to be more sporadic [3, 4, 10—13].

Terpenes Derivatives

Terpenes derivatives, also called isoprenoids, are defined as materials derived from
the head-to-tail linkage of the isoprene moiety (2-methylbutane). The isopropyl part
of 2-methylbutane is defined as the head, and the ethyl residue as the tail. Depen-
ding on the number of isoprene subunits one differentiates between hemi- (Cs),
mono- (Cjp), sesqui- (C;s), di- (Cy), sester- (Cys), tri- (Czq), tetraterpenes (Cyp)
and polyterpenes (Cs), with n > 8. In mono-, sesqui-, di- and sesterterpenes, the
isoprene units are linked to each other from head-to-tail; tri- and tetraterpenes contain
one tail-to-tail connection in the centre (Fig. 2.1).

Sometimes skeletal rearrangements occur and fragmentation or degradation
reactions can reduce the number of carbon atoms so that the empirical formula
does not contain a simple multiple of five carbons, thus providing irregular
terpenes. Nonetheless, the natural product chemist quickly recognizes the charac-
teristic terpene framework of the structure.

Terpenes encountered among the volatile compounds from plants are exclu-
sively mono-, sesqui- and diterpenes, as well as irregular ones.

Monoterpenes. These substances can be further divided into three groups
depending on whether they are acyclic (e.g. myrcene), monocyclic (e.g. limonene)
or bicyclic (e.g. a-pinene). Within each group, the monoterpenes may be simple
unsaturated hydrocarbons (e.g. limonene) or may have functional groups and be
alcohols (e.g. a-terpineol), aldehydes (e.g. citronellal), ketones (e.g. carvone),
esters (e.g. linalyl acetate) (Fig. 2.2).

Sesquiterpenes. Like monoterpenes, the sesquiterpenes fall chemically into
groups according to the basic carbon skeleton; the common ones are either acyclic
(e.g. a-farnesene), monocyclic (e.g. y-bisabolene) or bicyclic (e.g. a-guaiene)
(Fig. 2.3). However, within each group there are many different compounds
known. Today, several thousands sesquiterpenoids with well-defined structures,
belonging to some 200 skeletal types, are listed.

Diterpenes. Very few diterpenes are reported in floral scents; this may be due to
their general low volatility (Fig. 2.4).

Irregular terpenes. The irregular terpenes include compounds varying in the
number of carbon atoms from 8 to 18. Among these are apocarotenoids, which are
biodegradation products of carotenoid compounds (Cy4g) like p-carotene. Ionones
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Fig. 2.1 Parent hydrocarbons of terpenes (isoprenoids)

such as dihydro-f-ionone, 6-methyl-5-hepten-2-one and geranyl acetone are the
compounds the most often cited (Fig. 2.5).

Aromatic Derivatives

The second category of volatile organic compounds, aromatic derivatives also
named as phenolic compounds or benzenoids, are mainly synthesized via the
shikimate pathway. This pathway got its name from shikimic acid, which is the
key step in the formation of the aromatic compounds. Examples of these include:
acetophenone, ortho-vanillin, cinnamyl alcohol (Fig. 2.6).
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Fig. 2.2 Chemical structures of some monoterpenic compounds

Fatty Acid Derivatives

Fatty acid derivatives are often associated with green leaf odour emitted immedi-
ately following the breakdown and lipoxygenation of lipid membranes after
mechanical damage. However, these green leaf volatiles are sometimes also pro-
duced by flowers. Among the fatty acid derivatives, both saturated and unsaturated
hydrocarbons are fairly common, the majority having between 2 and 17 carbon
atoms (Fig. 2.7). Aldehydes, alcohols and ketones are also common. Free acids are
less common, whereas esters encompass the largest number of different chemical
structures. Special mention should be made of the six carbon-compounds known as
“green-leaf” volatiles like (Z)-3-hexenyl acetate found in vegetative as well as
floral scents of numerous plants. This compound probably plays a role in plant
defense [1, 7, 8].

Amino Acids Derivatives

Many plant volatiles including aldehydes, alcohols, esters, acids and nitrogen- and
sulfur containing compounds are derived from amino acids such as alanine, valine,
leucine, isoleucine and methionine, which play an important role in plant defense
by recruiting the natural enemies of the attacking herbivore. Amino acids on
de-amination form a-keto acid, which in turn forms formaldehyde, acids, alcohols
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Fig. 2.3 Chemical structures of some sesquiterpenic compounds

and esters on decarboxylation, reduction, oxidation and esterification. Methionine
and cysteine have been found to be the precursor of sulfur containing volatiles such
as methanethiol, dimethyl disulfide and thioesters responsible for the odour of
garlic, onions and boiled potatoes (Fig. 2.8).

2.2.3 Variation in Plant Volatiles

The presence, yield and composition of secondary metabolites in plants, in particu-
lar volatile compounds, can be affected in a number of ways, from their formation
in the plant to their final isolation. Factors affecting volatile compounds production
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Fig. 2.4 Chemical structures of some diterpenic compounds

include: (1) physiological variations such as organ development, pollinator activity
cycle, type of plant material (leaves, flowers, etc.), type of secretory structure,
seasonal variation, mechanical and chemical injuries; (2) environmental conditions
like climate, pollution, diseases and pests, edaphic factors; (3) geographic varia-
tion; (4) genetic factors and evolution; (5) storage [14].

2.3 Why Investigate Plant Volatiles?

Knowledge of the identity and relative amounts of the volatile substances emitted
by plants is of great importance to several fields of basic and applied research
mainly in chemistry and biology. So, they are studied for different purposes.

The first one is purely economic as plant volatiles can be used in a wide variety
of consumer goods such as detergents, soaps, toilet products, cosmetics,
pharmaceuticals, perfumes, confectionery food products, soft drinks, distilled alco-
holic beverages (hard drinks) and insecticides.



