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ABSTRACT

Forest decline has caused great concern in North America. In recent years, the
relationship between environmental stress and the concentration of certain organic
compounds in plant leaves, e.g., carbohydrates, phenolics and tannins, has been
recognized. Traditional methods for the determination of organic constituents in leaves
are very difficult as well as time-consuming. As an alternative method of analysis,
Pyrolysis-Gas Chromatography-Mass Spectrometry (PY-GC-MS) can be a rapid and
comprehensive method to profile the chemical composition of biomaterials.
Furthermore, enhanced structural information of biomolecules containing acidic
functional groups has been obtained by a modification of direct pyrolysis --
simultaneous pyrolysis methylation (SPM). Initial investigations were focused on the
characterization of important classes of biomarkers (e.g., tannins, phenoli_cs) in leaves,
and, optimization of sample preparation procedures and pyrolysis conditions. Finally,
the pyrolytic techniques were examined as a tool to quantify the compositional changes
in leaves of trees which have been subjected to different environment stresses. Results
will be reported for three field applications 1) the effect of thinning on balsam fir trees
2) the effect of fertilization on kalmia plant 3) and the effect of ozone on white pine
trees. It was found that certain pyrolysates of carbohydrates, tannins and of a
dihydrochalcone where good indicators of fertilization and water stress. Two unique
pyrolysate bio-markers were discovered in white pine needles as indicators of ozone
fumigation levels and ozone damage.
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CHAPTER 1

INTRODUCTION

1.1. Overview of Organic Constituents in Plant Leaves

1.1.1. Introduction to Phytochemistry

Phytochemistry is a science between natural product organic chemistry and plant
biochemistry. As described by Harborne (1), "Phytochemistry is concerned with the
enormous variety of organic compounds that are elaborated and accumulated by plants,
and deals with the chemical structures of these compounds, their biosynthesis, turnover
and metabolism, their natural distribution and their biological functions." This science

of Phytochemistry has shown considerable growth in recent years.

The most important difference between plant and animal metabolism is a plants'
ability to convert carbon dioxide and water to carbohydrates, and inorganic nitrogen to
organic nitrogen. In the plant metabolism, in addition to carbohydrates and amino acids,
a large variety of other organic compounds take part in metabolic reactions, and are
called metabolites. Some metabolites are ubiquitous among plants, while others are
confined in only certain species or in certain parts of plants. Nevertheless, all the
compounds are believed to play certain roles in plant metabolism.
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Most metabolites are derived from the five main biosynthetic routes in plants,
namely sugar metabolism, the acetate-malonate pathway, the acetate-mevalonate

pathway, the shikimic acid pathway, and amino acid metabolism (2) (Figure 1.1).

The chemical compounds in plants can be characterized in different ways.
Usually, classification is based on biosynthetic origin and the presence of certain
functional groups. Thus, the organic compounds in leaves can be divided into phenolics,
terpenoids, steroids, organic acids, lipids, carbohydrates, amino acids and proteins,
nucleic acids and derivatives, alkaloids, and porphyrins (1). Several major constituents

in leaves, which are phenolics, lipids, and carbohydrates, will be described further.

1.1.2. Plant Phenolics

Phenolics include a wide range of plant compounds possessing an aromatic ring
with one or more hydroxyl groups. Much interest has been drawn to plant phenolics for
the last 200 years due to their potential for revealing the systematic and evolutionary
relationships of plants, and also to their biological functions in plant defense systems
against herbivores and phytopathogens. The major groups of phenolics are listed in
Table 1.1 (3). Limited by the scope of this project, only three groups, phenolic acids,
tannins, and lignin, which are often viewed as important bioindicators of environmental

change, are described in more detail.
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Table 1.1 The Major Classes of Plant Phenolics

Names Examples
Phenols and phenolic acids oH OH OH
Phenol Catechol
COOH
=OH, protocatechuic acid
R=H, p-hydroxybenzoic acid
R R=0CH,, vanliic acid
H
R R=R'=H; p-coumaric acd
R=0OH,R'=H; caffeic acid
H=CH—COOH

Coumarins

Anthocyanins

Flavonols

Flavones

Flavanoids

Xanthones

Stibenes

Tannins

Lignin

OH
HO o ‘
Ol I
OH O
OH
o on L)
OR ©
HO O OH
ool
o)

R=0CH,, R'=H; ferulic acid
R=R'=0CH,; sinapic acid

R=H, umbeliferone
R=0OH, aesculetin
R=0OCH,, scopoletin

Pelargonidin

R=H, lkaempferol
R=0H, quercetin

Apigenium

R=H, phloretin
R=Q glucose, phloridzin

Emodin

Lunularic acid



Phenolic Acids

Two families of phenolic acids are commonly found in leaves, a range of
substituted benzoic acid derivatives (C¢-C,) and those derived from cinnamic acids (C,-
C,) which are very widespread. Both types of phenolic acids usually occur in

conjugated or esterified forms (1, 3).

Among the benzoic acids, p-hydroxybenzoic, vanillic and syringic acids occur
in vast amounts as combined forms in lignin which may be released by alkaline
hydrolysis. In addition, protocatechuic acid is similarly widespread but the
corresponding tri-hydroxy acid, gallic acid, is only found as a constituent of tannins or
as its dimer ellagic acid, which is the dilactone of hexahydroxydiphenic acid (see Figure

1.2).

Only four cinnamic acids, p-coumaric, caffeic, ferulic and sinapic acids, are
well known in leaves and among these acids, p-coumaric is by far the commonest. The
natural occurring cinnamic acids are the more stable trans isomers. However, the

isomers are easily interconvertible under the action of light.

Phenolic acids also form a large range of phenolic glycosides in leaves by
connecting to sugars through sugar-aglycone linkages, usually B-linked. Rhamnosides
and arabinosides are the exceptions where the aglycones are a-linked.

o



Tannins

Tannins have been known as preservatives of animal skins for a long time.
Because of their ability to combine with proteins and other polymers such as
carbohydrates, alkaloids and gelatin, tannins can transform raw animal skins into
valuable leather (4). This ability also gives tannins very important roles to play in plant
defense systems, microbial decomposition and other plant physiological processes,

although questions about their roles still exist (5, 6).

Tannins are very common in leaves. They can be classified into two major
groups: hydrolysable and condensed tannins. Hydrolysable tannins are esters of sugars,
usually glucose with either gallic acid or hexahydroxydiphenic acid (Figure 1.2 a). The
condensed tannins are polyflavanoids which consist of chains of flavan-3-ol units. The

most common is the polymer of catechin or its isomer epicatechin (7) (Figure 1.2 b).

Lignin

Vascular plants synthesize lignin in the lignifying tissues to provide rigidity to
the cell walls. Lignin represents the second most abundant natural product after
cellulose in the cell walls of higher plants. It is a highly branched and polyphenolic
molecule of complex structure formed by polymerization of substituted cinnamyl

alcohols (Figure 1.3).



One of the most serious obstacles in the chemistry of lignin as a macromolecule
is its insolubility and its association with polysaccharides in plant cell walls. Because
of lignin's resistant nature, it is difficult to ascertain if lignin fractions extracted by

various techniques represent anything like native lignin (8, 9).

1.1.3. Carbohydrates

Carbohydrates are the first complex organic compounds formed in the plant by
photosynthesis. They serve as a major source of respiratory energy and provide a means
of storing (as starch) and transporting(as sucrose) energy. They are also the building
blocks of cell walls (cellulose). In addition, sugars have other important biological

functions in the form of plant glycosides and nucleotide sugars (1, 10).

Carbohydrates can be divided into three groups on the basis of their molecular
sizes. They are simple monosaccharides (e.g. glucose, fructose) and their derivatives,
oligosaccharides formed by condensation of two to eight monosaccharides (e.g.
sucrose), and polysaccharides (e.g. cellulose, starch), which are composed of even more
monosaccharide units (1, 10). The major carbohydrates in leaves are displayed in Figure

1.4.
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1.1.4. Fatty Acids

Lipids are one of the major organic groups in plant leaves, and they carry out
multiple functions. Some are used for energy storage, but a larger fraction of lipids
occur as structural components in cell membranes. They are also present in the cuticular
layers that protect cells and prevent excessive water loss. Based on their chemical
structures, lipids can be divided to fatty acids, glycerides, phospholipids, glycolipids,

and waxes (fatty acid esters).

Among the lipids, fatty acids and their esters are the major group found in
leaves. Although all aliphatic carboxylic acids may be described as fatty acids, the term
is usually restricted to the longer chain members of the series which are practically
insoluble in water but soluble in organic solvents. Free fatty acids or their salts are
much less common than their esters. Most fatty acids found in nature have an
unbranched carbon chain consisting of an even number of carbon atoms. The common
fatty acids in plants are either saturated or unsaturated compounds of C16- or C18-chain
length (Table 1.2). Palmitic acid, the primary metabolite of the acetate-malonate
pathway (Figure 1.1), is the major saturated fatty acid of the leaf lipids. Unsaturated

acids, such as oleic, linoleic, and linolenic acids are widespread in leaves (1, 2, 10).



Table 1.2: Typical Fatty Acids in Plants

Carbon chain Trivial name Formula
Saturated acids

Cia Myristic CH,(CH,),,CO,H

Ci Palmitic CH,(CH,),,CO,H

Cis Stearic CH,(CH,),,CO,H

Cy Arachidic CH,(CH,),;CO,H

Unsaturated acids

Cis Palmitoleic
Cis Oleic

Cis Linoleic
Cpi Linolenic

CH,(CH,);CH=C(CH,),CO,H

CH,(CH,),
CH=CH(CH,),CO,H

CH,(CH,),CH=CHCH,CH=CH
(CH),CO,H

CH,CH,CH=CHCH,CH=CH

CH,CH=CH(CH,),CO,H

1.2. Environmental Effects on the Organic Composition of Plant Leaves

Plants in the natural environment are subject to many environmental stresses

during their annual growth cycles. These environment stresses or factors can be divided

into five major groups described in Table 1.3 (11).
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Table 1.3 Classification of Environmental Factors

Climatic factors

temperature, light intensity, moisture and
seasonal effects

Edaphic factors

macronutrients (N, P, K, S, Mg, Ca);
microbes, micronutrients (Cu, B, Mn) in
soil.

Unnatural pollutants

O,, industrial gases and gasoline fumes

Animals

symbiosis, herbivores

Competition from other plants

competition for nutrients,light and moisture

Biochemical response of plants to environmental stresses involves changes in

biochemical compositions and metabolism of cells. These changes help maximize the

utilization of the internal and external resources of plants, and minimize the damaging

effect of environmental stresses on plants (12).

Environmental stresses are sensed primarily by leaves since many regulatory

systems of plants, e.g., carbon allocation system, are present in the leaves. The changes

of concentration of organic constituents in leaves, to some extent, may reflect plants'

responses to various stresses. The environmental effects on the levels of secondary

metabolites have received high attention because of their important functions in plant

defense systems (12).

Forest decline has become a worldwide phenomenon. Atmospheric pollutants,



as well as other environmental factors, such as nutrient deficient soil and drought, are
believed to be mainly responsible for the decline. These environmental factors have
caused great concern and their impact on the organic compositions in leaves have been

studied extensively (13).

Gaseous Pollutants

Gaseous pollutants in ambient air are considered a prime suspect for forest
damage. Pollutants, including ozone, sulphur dioxides, hydrogen peroxide, fluorides,

and nitrogen oxides, can impair plant health either singly or in combination (14, 15).

Ozone is a major pollutant in many parts of the world. It is known that ozone
oxidizes the sulhydryl groups of proteins, and attacks biological membranes by
peroxidation of unsaturated lipids (16, 17). Alteration of fatty acids has been observed
in a number of studies (18-20). The membrane breakdown may result in increased
polyphenoloxidase activity, thus affecting tannins and total phenolic content (15). Early
observations showed that ozone enhanced the levels of anthocyanin pigment in Rumex
leaves (21), and of caffeic acid in bean leaves (22). Recently, increased tannin content
was observed in loblolly pine leaves fumigated by ozone (23). Evidence of lignin
damage by ozone was detected in beech leaves (92). In another study, changes in
carbohydrate concentrations were shown in shortleaf pine needles exposed to ozone
(24).



Sulphur dioxide is another major pollutant, especially in developing countries.
It has been demonstrated that sulphur dioxide can significantly reduce the levels of
various lipids in pine needles (25). Exposure to sulphur dioxide usually leads to an
increase in soluble sugars (25), possibly due to a breakdown of polysaccharides. In
Pinus banksiana needles, it has been found that sulphur dioxide decreased the content
of two major organic acids, namely quinic and shikimic acid, and increased the content
of syringic acid (26). Also observed was the decrease of tannin content in Japanese

cedar exposed to sulphur dioxide (27, 28).

Nutrient Stress

The most important nutrients that are required by plants from soil are nitrogen,
potassium and phosphorus. It is proposed that where light is non-limiting, but plants are
nitrogen stressed, protein metabolism demands little carbon from carbohydrates,
allowing excess carbon-based secondary metabolites to be produced (29). An inverse
relationship between total phenolic and nitrogen in the soil was observed in the leaves
of several plants (30-33). It was shown that potassium fertilization reduced the phenol
and carbohydrate contents in chili pepper leaves (34). A number of publications
reported that the deficiency in nitrogen and other major nutrients generally increased
the production of secondary metabolites (29, 35, 36). It is indicated that the chemical

defense system of plants is enhanced under the conditions of nutrient stress.
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change, it is important that the drying operation is carried out under controlled
conditions. When choosing a method for extraction and isolation, the properties of
compounds being isolated and the compositions of plant materials must be taken into

consideration (1).

The separation and purification of plant constituents are mainly carried out using
one or more chromatographic techniques. The chromatographic fractions are further
identified by ultraviolet (UV), nuclear magnetic resonance (NMR) or mass spectroscopic

(MS) measurements (39). A brief description of these techniques will be given below.

1.3.2. Chromatographic Techniques

Plant constituents can be separated by chromatographic techniques, including
paper chromatography (PC), thin layer chromatography (TLC) gas chromatography
(GC) and high performance liquid chromatography (HPLC). The suitable range of
compounds to which these chromatographic techniques can be applied and their

advantages are summarized in Table 1.4 (1, 33).
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stability of the molecular ions in EI mass spectra (41-43).

Derivatization processes usually involve tedious work and often leads to multiple
substitution. In many cases, HPLC does not require sample derivatization and has
therefore become a very important and versatile method for the study of natural
involatile compounds. Further advantages include the availability of both analytical and
preparative modes. When phenolic acids and flavonoids are investigated,
chromatography is usually carried using a reversed phase mode. Polar flavonoid
aglycones and flavonoid glycosides have also been successfully analyzed by reversed
phase liquid chromatography on octadecylsilyl-bonded columns with methanol-water
solvent (44). A similar reversed phase column and a mobile phase of acidified water -
methanol gradients were employed in the separation of phenolic compounds in spruce
trees (14). The disadvantage of HPLC relative to PC and TLC is the requirement of

higher cost equipment and more expensive detectors, such as fluorescence detectors.

1.3.3. Spectrophotometric Assay

Spectrophotometric assay (using visible or UV) is usually employed to do

quantitative analysis in ecological studies of plants. Several methods have been

established for the analysis of total phenolic and tannins.
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The Folin-Dentis (45) and Hagerman-Butler (4) methods are used for quantifying
total phenolics. The former is based on a redox reaction between the
phosphomolybdic/phosphotungstic acid reagent and phenolics to produce a colour

change. The latter makes use of the complexation reactions of phenolics with iron.

Two methods are available to measure condensed tannins; one through the
formation of coloured complexes with vanillin (46) and the other by measuring

anthocyanidin production through acid hydrolysis (47).

Hydrolysable tannins can be quantified by nitrous acid (48) or iodate methods
(6). These two methods are based on the reaction of hexahydroxydiphenic acid with

nitrous acid, and the reaction of gallotannin with potassium iodate, respectively.

The above spectrophotometric methods have been studied for their relative
merits (49-51). It was found that the techniques for total phenolics measurement
correlate well. However, there is considerable discrepancy between the methods
examined for condensed tannins. Futhermore, the methods for measuring hydrolysable
tannins can not be used with confidence when they are compared with chromatographic

analysis.

The spectrophotometric techniques available all have drawbacks and are subject
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to many errors (51). For example, it is difficult to relate the results of total phenolic
content of plants which may have evolved specific adaption to single phenolic

compounds or groups of compounds.

1.3.4. Mass Spectrometry

The development of mass spectrometry (MS) in recent decades has
revolutionized biochemical research. Only micrograms of sample is needed for this
technique. Both molecular weight and ion fragmentation patterns which characterize a
particular compound can be obtained from a simple sample injection. MS is usually
combined with GC (GC-MS) and HPLC (HPLC-MS). The GC-MS technique has wide
application in biochemistry research. The extreme sensitivity and selectivity of this
method make it particularly advantageous for the analysis of plant phenolics with
molecular weight less than 300 (52). Compounds in a complex sample can be positively
identified by comparing the obtained mass spectra with that of authentic compounds,
or, more tentatively, with a mass spectral library. When authentic compounds are not

available, careful interpretation of the mass spectra is needed.

A great deal of progress has been made in recent years in the area of
instrumentation for HPLC-MS, notably in the area of interfaces and ionization sources.
years. Different HPLC interfaces and ionization sources are available. The technique has
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proved very successful for the analysis of high moleculat weight analytes. For example,
the structure of the complicated anthocyanidins in plant tissues was characterized using

on-line HPLC/electrospray mass spectrometry collision-induced dissociation (53).

In many cases, electron-impact mass spectrometry (EIMS) of underivatized
phenolics and especially their glycosides do not produce measurable molecular ion
peaks. This has been circumvented by field-desorption (FD), chemical ionization (CI)
and fast atom bombardment (FAB) mass spectrometry. These "soft" ionization
techniques are capable of analyzing fragile or non- volatile organic compounds. For
example, FAB-mass spectrometry can detect the molecular ions of plant phenolic

glycosides whose O-glycosidic moiety are usually lost in EI mode (54).

1.3.5. Nuclear Magnetic Resonance Spectroscopy

During the last two decades, very rapid progress has been made in nuclear
magnetic resonance spectroscopy (NMR) in both instrumentation, with the introduction
of high magnetic fields and computerised Fourier Transform (FT) spectrometers, and
the theory, with the development of one-dimensional and two-dimensional pulse
sequences. Early NMR data of organic compounds were obtained with proton NMR (‘H
NMR) by measuring the magnetic moments of their hydrogen atoms. Recently advances
in FT-NMR has led to very rapid development of Carbon-13 NMR (**C NMR) which
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compared with those of authentic samples by "fingerprint” matching.

In order to achieve quantitative results, reproducibility of pyrolysis is essential.
Several parameters should be carefully controlled, among which sample size,
temperature, and gas velocity used are the most important ones (62, 63). As the sample
size increases, the probability of secondary reactions increases since heat transfer is
slower in large samples. The mode and temperature characteristics of pyrolysis steps
also affect pyrolysis. Usually, samples of relatively high volatility are pyrolysed with
low ambient temperature and a short temperature rise time. In PY-GC, a high gas
velocity within the pyrolyzer is required in order to ensure fast removal of pyrolysates
and to prevent high boiling products from condensing in pyrolysis zone. However, the

carrier gas should be controlled so as not to affect the temperature-time profile of

pyrolysis.

Due to the variety of pyrolysis instrumentation, inter-laboratory reproducibility
is still a problem for both PY-GC and PY-MS, although pyrolysis can be highly
reproducible in a single lab with strictly controlled conditions. If all the steps are tightly
controlled, and similar pyrolyzers are used, inter-laboratory reproducibility can be

achieved (64).

A notable feature of analytical pyrolysis is its versatility in various applications.
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formation of quaternary N-methyl ammonium salt by deprotonation of the acid with a
strongly basic quaternary N-methyl ammonium hydroxide, and 2)thermal decomposition
of the salt, upon injection into the hot injector of the chromatograph to yield a tertiary
amine byproduct and the methyl derivatives of the acid. Both carboxylic acids (pk, 4-5)
and phenols (pk, 9-12) can be deprotonated quantitatively in the liquid phase and

subsequently methylated upon heating.

Challinor (71) modified this technique to on-line PY-GC using
tetramethylammonium hydroxide (TMAH) as a derivatizing reagent and defined the
technique as simultaneous pyrolysis methylation (SPM). It was demonstrated that the
polybasic acids, polyhydric alcohols, complex esters in drug formulations, natural
waxes, kerogen and proteins can be identified by SPM (72). Recently, SPM was
reported to be very useful in analyzing diterpenoid carboxylic acids in natural resins and
resinates, which have been proven very difficult to analyze by other means (73, 74). By
this technique, resin acid methyl esters do not undergo significant thermal degradation
or isomerization. In-source pyrolytic methylation mass spectrometry using TMAH has
also been successfully applied to the analysis of p-coumaric acid and lignin in plant

materials, allowing discrimination between phenolic acids and phenolic alcohols (84).

Despite the great utility of this technique, it also has shortcomings (70). Under
the conditions of high alkalinity and high temperature that are employed, certain base-
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and heat-sensitive pyrolysates can be lost. Some unusual N-containing side-products
were observed when both hydroxy and carbonyl-containing methyl esters undergo side

reactions with the N-containing methylating reagent (39).

1.6. Pyrolysis of Plant Leaves

Direct chromatography is not feasible for many organic polymers in plants, such
as tannins, lignin and polysaccharides. Pyrolysis breaks down polymer molecules into
smaller, volatile, more easily identified fragments. Plant materials such as grass, wood,
pollens, forest litter and plant leaves have been successfully characterized using a
variety of analytical pyrolysis methods and MS ionization techniques (75-78). In our

study, emphasis is placed on the pyrolysis of leaf constituents.

Pyrolysis products are usually derived from the thermal degradation of the main
constituents of leaves such as carbohydrates, lignin, lipids and proteins (79-83). Primary
building blocks of these biopolymers form pyrolysis products characteristic of different

sources of leaves.

Under pyrolysis conditions, phenolic acids usually decarboxylate (84, 85). P-
coumaric acid and ferulic acid pyrolyse to their decarboxylated fragments vinylphenol
and vinylguaiacol, respectively.
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CHAPTER 2

EXPERIMENTAL

2.1. Materials

2.1.1. Chemicals

Tetramethylammonium hydroxide (TMAH), tannic acid, gallic acid, catechin,
epicatechin, p-coumaric acid, quinic acid, shikimic acid, arbutin, kaempferol, quercetin,
a-phenylglucoside, B-phenylglucoside, phloretin, and cellulose were purchased from
Sigma Chemicals (St.Louis, Mo.). Trimethylanilinium hydroxide (Methylute) was

purchased from Pierce (Rockford, II.).

2.1.2. Leaf Samples

Oak Leaves

Northern red oak (Quercus rubra) leaves were donated by Dr. Caroline Preston,

Forestry Canada, Pacific Region. They were air-dried and ground to a fine powder.

Tannin Extracts
The tannin extracts of oak (Quercus rubra) leaves, balsam fir (Abies balsamea)
needles and kalmia (Kalmia angustifolia L.) leaves were also from Dr. Caroline Preston.

The procedure for tannin extraction is described elsewhere (95).






Thinned/Unthinned Balsam Fir Leaves

Leaves from thinned/unthinned balsam fir (4bies balsamea) which had
previously been analysed for nitrogen content as part of a moose browse study (129)
were obtained from Dr. B Titus. The thinning reduced stem density from 3000 stems/ha
(unthinned) to about 200 stems/ha (thinned). The leaves from balsam fir trees were air-
dried and ground to a fine powder. Five gm of needles were collected from each tree;
from two trees which were classified as unthinned (U) and from five other trees

classified as thinned (T) .

Ozone Fumigated White Pine Leaves

Needles from white pine fumigated with increasing ozone dosages were
obtained from Dr. Roger Cox, Forestry Canada, Maritimes Region. Selected white pine
(Pinus strobus) were approximately 50 feet tall. Four branch chambers were placed
over selected branches at the top of the canopy of each tree. Figure 2.1 shows the
chamber for branch ozone fumigation system. Air of controlled ozone concentration was
delivered up the tree from a trailer on the ground through a gas supply system. On each
tree, four treatments were applied to the chambers covering the branches. One chamber
delivered charcoal filtered (C.F.) air and three delivered simulated ozone "events" with
peak concentrations of 80, 120, and 160 ppb, respectively. Ozone fumigations were
started on 28 July, 1992. Both current year and second year needles were collected on
26 August, 1992. The accumulated ozone dosages were calculated from ozone

concentration and the exposure time of trees. The needles were air-dried and ground .
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Figure 2.1 Schematic of the Chamber Used for Branch Ozone Fumigation
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2.2. Sample Pretreatment for Pyrolysis

The samples were prepared for pyrolysis in two different ways. In one method,
the fresh leaves were air-dried, then ground to a fine powder. In the other method, the
fresh leaves were homogenized in a minimum amount of water, then freeze-dried. The
pyrograms of leaves prepared by both methods did not show any significant difference
in pyrolytic analysis. The method of grinding after air drying was adopted for all

samples due to its simplicity.

2.3. CDS Pyroprobe 120

The Pyroprobe 120 (Chemical Data Systems, Oxford, Pa.) consists of a probe
fitted with a platinum coil. The sample was placed in a quartz tube or a small quartz
boat, and then inserted into the centre of the coil. The coil was heated resistively to a
preset temperature and pyrolysates were swept by the GC carrier gas at a flow of 13
ml min’' from the pyrolysis zone into the interface zone and finally into the GC
injection port. The interface zone was maintained at 250°C for direct pyrolysis, and at
200° C for SPM. The pyroprobe was attached to the GC injection port by a 3 cm long

stainless steel Universal Needle Assembly, supplied by Chemical Data Systems.
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2.4. Pyrolysis Methods

2.4.1. Direct Pyrolysis

About 20 pg for chemical standards, or 400 pg + 20 ug for leaf samples was
used for pyrolysis. Each sample was weighed into a small precleaned quartz-tube using
a Perkin Elmer Autobalance, model AD-2Z. All samples were pyrolysed at 500°C for

20 seconds. Maximal heating rate (ramp off) was used.

2.4.2. Simultaneous Methylation Pyrolysis (SPM)

Sample sizes for SPM were about 10 ug for the chemical standards, about 50
pg for the tannin extracts, and 200 pg + 10 pg for other leaf samples. Each sample was
weighed into a small pre-cleaned quartz-boat using the autobalance. A small piece of
quartz wool was placed in the centre of the boat to hold both the sample and the
reagent within the centre of the boat. A 10 pl aliquot of methylating reagent was added.
Two methylating reagents, tetramethylamonium hydroxide (25% w/v in deionized
water) and trimethylanilinium hydroxide (0.2 M in methanol) were investigated. The
loaded boat was inserted in platinum coil and pyrolysed at 400° C for 20 seconds, using

maximal heating rate.



2.5. Pyrolysis-Gas Chromatography

The CDS Pyroprobe 120 was attached to the injection port on a Varian 3700 gas
chromatograph equipped with a flame ionization detector. The injection port and
detector were maintained at 280° C. For direct pyrolysis experiment, a Cp-sil8 capillary
column (25 m x 0.25 mm, 1.2 pm film thickness; 95% dimethyl, 5% phenyli;
Chrompack, Middelburg, The Netherlands) was used. For simultaneous pyrolysis
methylation, a BP 1 column (20 m x 0.22 mm, 0.25 pm film thickness; dimethyl
siloxane; SGE, Austin, Te.) was used. The temperature program settings were as
follows: 100°C, held for 2 minutes, increasing at 5°C per min until 270°C, then held
for 10 minutes. The split flow was 12 ml/min with column flow rate of approximately

1.2 ml/min.

The chromatograms were recorded using a Spectra-Physics SP 4290 integrator via
a Labnet interface. Chromatographic data was stored on a Tandy 1200HD personal
computer, and controlled using a Spectra-Physics Winner data software system (San

Jose, Ca.).
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