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Abstract
Polysaccharide analysis requires identification of monomeric units, sequence, linkage
position and anomeric configuration. Conventional analysis is very tedious requiring release
of monomeric units by chemical or enzymatic hydrolysis followed by derivatization to volatile

species prior to gas chromatographic analysis. An alternative approach is thermal fragmenta-

tion which results in the formation of 1,6-anhyd: ides and 1,6-anhyd
oligosaccharides. The presence of the anhydro monomers relates information about the com-
position of monomeric isomers, the intact anhydro dimers provide information about linkage

type and anomeric configuration. In this study, various neutral polysaccharides were analysed

by oftline pyrolytic techniques, the pyrolysates were analysed by trimethylsilylation-gas

and per-O: ion high performance liquid chromatography. Pyro-
lysate identification was performed by comparison with retention times of standards as well as

confirmation by mass spectrometry in both chemical ionization and electron impact modes.
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Glossary

amu atomic mass units

B-l The benzoylated derivative of compound 1.
a chemical fonization

DCI desorption chemical ionization

EI electron impact ionization

GC gas chromatography

GC-Ms gas chromatography - spectrometry

GC-(CI)MS  gas chromatography - chemical ionization pectrometry

GC~(EI)MS  gas chromatography - electron impict mass spectrometry

HPLC high performance liquid chromatography
1s internal standard

m/e mass to charge ratio

M-1 the methylated derivative of compound |
Ms mass spectrometry

NMR nuclear magnetic resonance spectroscopy
T the trimethylsilyl derivative of compound |
TIC total fon chromatogram

T™S trimethylsilyl

R retention time
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1. Introduction
1.1. Polysaccharide Structure and Analysis

111, Polysaccharide Structure

Polysaccharides are one of the most abundant and diverse classes of natural compounds
whose functions include energy storage, structural morphology and protection. (1) Polysic-
charides are biopolymers that consist of covalently bonded monasaccharide units usually
joined by a glycosidic link between the anomeric carbon of one unit and a carbon of a neigh-
bouring residue. The monosaccharide units are bound to a rigid configuration when linked to
form a polymer, they exist as cyclic structures with one ring atom being an oxygen whilc the
remaining are carbons. These may be either a 5-membered ring referred to as a furanose, or
a 6-membered ring, a pyranose. (Fig. 1.1a and b). (2)

Tsomers are possible with various anomeric i ions at C-1. The

with the major substituent on the opposite side of the plane to the C-6 carbon is denotex

o
and the configuration with the substituent on the same side, 8. The structurces of a-D-

glucopyranose and B-D-glucopyranose are given in Figure 1.1 ¢ and d, respectively.

Each series of ides consists of i with identical formulas but

different three-dimensional arrangements of atoms. Variation in configuration in any of the
asymmetric carbons, with exception of the anomeric carbon, is denoted by the nomenclature

scheme for monosaccharides. Example structures of o-D-galactopyranose, o-D-

and a-D: are desi in Figure 1.1 ¢, fand g, respectively.
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Figure 1. Monosaccharide structures



DandL is also used to the i ion of

If the asymmetric carbon furthest from the aldehyde function is on the right of the Fischer
projection it js denoted as a D sugar, if on the left, an L sugar. In nature, generally only one
of these conformations is found for eich monosaccharide. The structures of oD-
glucopyranose and a-L-glucopyrancse are shown in in Figure 1.1 h and i respectively (1).

The nomenclature for polysaccharides must describe the monosaccharide units present,
the enantiomeric form (D or L), the anomeric configuration (a or ), the ring size and the
linkage type. The common polysaccharide, cellulose, is comprised of 8-D-glucopyranose units

linked from the anomeric carbon (C-1) of one unit to C-4 of the neighbouring unit and is

as (1-4)-8-D: Cellulose is an example of a homopolysaccharide,

that is, it contains only one type of ide unit. F ides are those

polymers containing two or more types of monosaccharide units. For these polymers the
sugar residues are listed as prefixes in alphabetical order with the exception of the unit that
comprises the backbone, this is listed last. For example, a D-galacto-D-gluco-D-mannan
would refer to a heteropolysaccharide with a D-mannose backbone with glucose and galactose
residues.

All polysaccharides are not linear, structures may also include branched and cyclic
forms. To better represent polysaccharide structures, shorthand nomenclature is used for

regular repeating functions. These forms give ide units, ring size,

and anomeric configurations and linkage positions. A D-galacto-D-mannan may be
represented as in Figure 1.2. This denotes a branched polysaccharide with a A-D-
mannopyranose backbone linked from the anomeric carbon to C-4 of a neighbour. Side chain
residues of a-D-galactopyranose units are linked from the anomeric carbon of the galactose

unit to C-6 of some mannose units. This nomenclature permits a more precise representation

of the polysaccharide shape.(3)



sl
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Figure 12, Short hand polysaccharide representation

112. Classical Methods for P ide Structure i
There are very few methods which permit analysis of intact polysaccharides. Some

promising results have been obtained with NMR and mass spectrometry, however both

require expensive instr ion and there are limitations as to the complexity of polymer
that can be analysed with these techniques. The determination of the structure of a polysac-
charide requires identification of: (1) the types of monosaccharide residues (2) the D or L

configuration (3) the degree of polymerization (4) the position of glycosidic linkages (5)

ide ring size (6) configuration of the glycosidic linkage and (7) the sequencing

of monosaccharide units (3,4).

To d ine the i of pol; harides these portions must
initially be liberated from the polymer. This is most commonly performed by subjecting the
polysaccharide to total or partial acid hydrolysis. The structural differences in the monosac-
charide units and linkages present have varied optimum hydrolysis conditions reflecting
glycosidic bond stability. The hydrolysis method used for any polysaccharide degradation
must optimize glycosidic bond cleavage while minimizing degradation of the released

monomeric units. These released monomeric or oligomeric fractions must then be separated

prior to identification, usually by gas analysis (6). Free sugars are not very

volatile at normal GC conditions and often undergo degradation in heated injector ports.

Therefore, prior to chr ic analysis, derivatization into a more volatile analyte is



=

essential. In some cases, a reduction step is included, prior to derivatization, in order to
lessen the number of isomeric products. Saccharide identification is achieved by comparison

of GC retention times with those of known standards (5).

To de ine the D or L ion of a i p the analyte
must be isolated in pure form prior to analysis by circular dichroism ahsorptivity. Com-
parison with standards or literature values permits elucidation of configuration. An alterna-
tive method employs chromium(V1) oxide oxidation to distinguish D or L configuration (4,5).

The positions of glycosidic linkages are determined by a methylation technique. Polysac-
charides are methylated prior to total acid hydrolysis. The partially methylated monosac-
charides are then reduced and acetylated prior to gas chromatographic analysis. In addition
to linkage position, this method allows distinction of monomeric ring size by positioning of

methoxyl groups at C-4 or C-5 (4).

The ordering of ide ina haride can be d ined
through chemical analysis that selectively cleaves glycosidic bonds. This may be implemented
by sequentially cleaving terminal monosaccharide residues or by employing the variation in
hydrolysis rate constants to selectively cleave specific glycosidic bonds.

To determine the anomeric configuration of a glycosidic linkage an enzymatic hydrolysis
method may be used. Enzymes specific to a particular anomer are required for this determi-
nation. Nuclear magnetic resonance spectroscopy can also be used as different anomers

experience different chemical shifts (4).

The complete elucidation of a polysaccharide structure, by these methods, is very time
consuming and sorme of the procedures are difficult to adapt to micro scalc analysis. A wide
array of high purity chemicals and instrumentation is necessary for complete structural

identification,



12. Analytical Pyrolysis
121 Introduction to Analytical Pyrolysis

Analytical pyrolysis is a technique that thermally degrades polymers into smaller frag-

ments which are more suitable to chromatographic separation and analysis (7,8). Pyrolysis

coupled with gas gas chra spectrometry or mass spec-
trometry permits rapid, direct analysis of polymeric materials.

Analyticul pyrolysis has been shown to yield characteristic and reproducible fingerprints
from the unalysis of biomass. Numerous applications of analytical pyrolysis have been
developed during the past few decades (7,10,11). Industrial studies of synthesized plastics
provide both compositional and structural detail of these new polymers. Pyrolytic fingerprint-
ing of paints and textiles has provided an effective technique for the field of forensic chemis-
try. The biological applications center around taxometric studies of fungi, yeasts and bacteria.
Biochemical uses require the structural identification of complex compounds including car-
bohydrates, proteins and amino acids. Geochemical surveys include the use of analytical
pyrolysis in composition studies of peats, coal and soils (10,11).

Early wark in the field of analytical pyrolysis presented several problems due to lack of

7 and ization of pyrolysis in
have permitted more accurate controls over some of the parameters that influence pyrolysate
composition, enabling comparison of results (11).

Many variables influence the mechanistic routes of pyrolysis and the resulting composi-
tion of products. The sample size is one of these factors; as sample size increases, the proba-
bility of secondary reactions also increases. Additionally, with larger samples thermal gra-
dients may exist and different portions of the sample are exposed to different temperatures
leading to irreproducible results (10,11). Another variable, the matrix of the sample (e.g. the

presence of neutral salts) can alter the pathway of the reaction and influence the composition



of the products (12).

The material nature of the pyrolyser may also vary pyrolysis composition ie. metallic

surfaces may catalyse various decomposition reactions. Pyrolysis chambers should be gl

quartz lined to prevent secondary reactions; this is especially crucial when analysing polar

species such as biopolymers (8). The choice of inert atmosphere will change pyrolysis results
as different gases exert varied cooling behaviour in the pyrolysis chamber, altering the range
of observed products (11). A crucial parameter is stringent control of all temperatures and
the sample exposure times to these temperatures. Ideal pyrolysis requires a rapid heating
rate, precise temperature and time control during pyrolysis, efficient heat transfer to sample,

rapid removal of the pyrolysis products from the thermal zone followed by rapid cooling,

Minor variations in any of these parameters may have a dras

ic influence on the composition
and nature of the pyrolytic products obtained (7,8,10,13).

Pyrolysis may also be performed off-line. For this technique, thermal degradation is per-
formed separately from the chromatographic step. Pyrolysis is usually performed under
vacuum conditions, ensuring rapid removal of primary products from the heated pyrolysis
zone. Products are derivatized prior to chromatographic analysis. This technique permits
analysis of larger fragments and therefore supplies more detailed structural information about

the original polymer (14,15,16,17).
122. Analytical Pyrolysis of Carbohydrates

Interest has been shown in the pyrolysis of polysaccharides for fingerprinting structural
features as well as studying the Kinetics of thermal degradation. This latter interest has been

enhanced by the attempt to understand the key influences affecting the usefulness of biom:

as a fuel source. For this reason, much of the work in this field has centered around the most

abundant natural polysaccharide, cellulose.
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A review of the developments in analytical pyrolysis up to 1979 has been detailed by
Irwin (10). Early pyrolytic studies of polysaccharides employed slow heating rates and low
pyrolysis temperatures. Analysis of low molecular weight species by gas chromatography and
mass spectrometry was used to differentiate amongst the various polysaccharide isomers
(18,19,20). These studies fingerprint polysaccharide pyrolysates by comparing yields of
alcohols, aldehydes, ketones, aromatic hydrocarbons and furans (10). These species are vola-
tile enough to be readily analysed by gas chromatography.

Off-ine analytical pyrolysis showed that 1,6-anhydro-hexoses were obtained under
vacuum conditions (21). These species were later observed with direct pyrolysis-gas chroma-
tography (22:24). The presence of anhydro monomers has been used for determination of the

sacchari ition of ol ides and

Recently, anhydro oligomers have been detected in the pyrolysates of amylose and cellu-
lose from off-line pyrolysis. These products have been proven to be primary products from
pyrolytic bond cleavage of the polymers (14-17). These species are not volatile enough for
direct chromatographic analysis, therefore derivatization is necessary to improve separation
ability and detector response. These anhydro oligomers retain the intact glycosidic linkage,

thus praviding information about the structural nature of the original polysaccharide.

13. Pyrolysis Mechanisms of Carbohydrates

13.1. Mechanism for Formation of Anhydro Sugars

The pyrolytic pathways for the formation of anhydro monomers, and more recently
anhydro oligomers, during polysaccharide pyrolysis have been studied using cellulose as a
model. Early proposals for the mechanism cited a simple unzipping reaction as the pathway

for

However, the lusive evidence for the presence of intact anhydro

oligomers as primary products has altered that theory (15).
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Recent theories propose the formation of an active cellulose as the i

tion step in the
thermal reaction. Three competing pathways then determine the evolution of the active
material into (1) low molecular weight volatiles, (2) anhydro sugars or (3)

(13).

To explain substantial amounts of anhydro oligomers

1 two step me
lated in which the initiation step is glycosidic bond cleavage followed by anhydro sugar forma-
tion (15). Studies using cellobiitol us a model for cellulose have suggested that pyrolysis
induces 4 heterolytic scission of the glycosidic linkage resulting in a glycosyl cation and a gluci-
tol anion (Fig 1.3). Intramolecular attack of 0-6 on the C-1 of the cation results in 1,0-

anhydro-6-D- called (25).

A homolytic mechanism with free radical formation has

also been proposed (20). The

pyrolysis of cellulose begins with an initial decrease in the degree of polymerization of the

macromolecule and this is followed by a chany

in functional groups (Fig. 14).
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In addition to 1,/ the ing furanose is often detected

iin the pyrolysis products of polysaccharides. The mechanism for the formation is illustrated in
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Figure 1.5 (27).

Figure 1.5, Formation of 1, (1) in ide pyrolysis (27)
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132, Chemistry of Anhydro Sugars

Anhydro sugars are derivatives formed when dehydration of an aldose results in an
intramolecular glycoside (28). These compounds may be prepared through alkaline degrada-
tion of aromatic glycosides or through treatment of an aldohexose with aqueous mineral acid.
Anhydro sugars may also be isolated from the thermal depolymerization products of mono-,
oligo- or polysaccharides. The major product from acid or thermal treatment of neutral
sugars is a 1,6-anhydrohexopyranose, a minor product is the corresponding furanose.

Chemically, these derivatives resemble methyl glycosides: they do not have reducing
properties, they are relatively stable in alkaline media and they are hydrolysed in acidic media
to give free hexoses (28). These sugars are readily crystallized, are very soluble in water, pyri-
dine and dimethyl sulphoxide and are slightly soluble in lower alcohols and acetone. Anhydro
sugars are thermally stable at temperatures close to their boiling points, providing propertics

of a reasonable analyte for gas chromatographic analysis, i.e. on-line pyrolysis-gas chromatog-

raphy.

Anhydro sugars may be polymerized either thermally (29) or by the usc of an acidic
catalyst (28). The products are oligo- or polysaccharides with various linkages, depending
upon the conditions existing during the polymerization reaction. This reaction is initiated by
the attack on C-1 by a free hydroxyl of another anhydro sugar. The result is the opening of

the anhydro bridge and formation of various linked anhydro disaccharides. By using deriva-

tized anhydro sugars and i ing catalysts this zation can be made highly selec-
tive (28). Potential repolymerization of anhydro hexose pyrolysis products during pyrolytic
analysis of polysaccharide is a major concern when the goal is to isolate the original intact oli-

gomeric anhydro sugar products (15,21).
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133. Formation of Nonanhydro Sugar Products

In addition to anhydro sugars, many furan and pyran derivatives have been detected in
polysaccharide pyrolysates. These result from dehydration of the primary pyrolysis products
(Fig. 1.6). The major dehydration products consist of a 3-deoxy-D-erythro hexosulose (III),

Shyd 2 (1V), and (V) while minor products include

furan (VI) and furfural (VII) (1330).

CH,— o0
o
HO\OH
CH,0H \
o
H, OH
HO\OH \ (34}
J OoH
H=C =0
I \ \
c=o /
1
Hee C—H HOCHz/ CHO / \ CHO
|
H~C—OH o (0)
e il ) g
1
CH,0H
m

Figure 1.6. Decomposition of levoglucosan to furan and pyrans (13,30)
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Carbonyl compounds have also been detected in the pyrolysates of polysaccharides. A
proposed mechanism for their formation is described in Figure 1.7 (27).
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Figure 1.7. Formation of carbonyl compounds during polysaccharide pyrolysis (27)
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14. Objectives and Order of Presentation

In recent years, the studies of cellulose pyrolysates have indicated the presence of anhy-
dro oligomers (15-17). The objective of this study was to determine if anhydro oligomers are
present in the pyrolysate tar of other neutral polysaccharides. These intact oligomers will
retain some of the structural integrity of the original polymer and could provide structural
identification of these compounds.

To analyse these oligomeric products, an off-line pyrolysis technique was adopted in

which the isolated were further derivatized and analyzed by tech-

niques. Much of this study’s emphasis was directed towards selection on the proper pyrolysis

conditions and high molecular weight analysis. Mass

P! ry was used exten-
sively for pyrolysate identification.

Off-line pyrolysis conditions require fast pyrolysis coupled with rapid removal of primary
products from the heated zone, if reasonable quantities of high molecular weight species are
to be obtained. The following parameters were optimized to achieve reasonable yields of both

anhydro monomers and dimers: type of pyrolysis apparatus, pyrolysis temperature and time,

carrier gas flow and vacuum. In addition, derivatization and

were. ined to provide of isomers and to maximize sensitivity.

Both liquid and gas chromatography were employed; where various derivatives, analytical

columns and separation conditions were tested.

‘When optimium conditions were developed, using amylose and cellulose as standards, a

variety of ides were examined to d the scope of off-line pyrolysis. Polysac-

charides containing different monosaccharide isomers, linkage positions and anomeric

configurations were analysed,

use of mass y and gas coupled with mass spec-

trometry was adopted in this study for identification of the olj ic species in the




offfe

products. Electron impact, chemical and direct chemical ionization modes were used. Mass
spectral fragmentation pathways of a number of derivatized carbohydrate pyrolysates are

presented to support structural elucidations.
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2. Experimental
2.1. Materials

2.1.1. Solvents and Reagents

All solvents and reagents were used as supplied. HPLC Spectro-grade acetonitrile was
purchased from Canlab (Mississauga, Ont.). Sep-Pak C-18 cartridges were obtained from
Waters (Milford, M.A.). Sephadex LH-20 was obtained from Pharmacia Fine Chemicals
(Montreal, Quebec). Silyl-grade pyridine and Tri Sil-Z were from Pierce Chemicals (Rock-
ford, 11.). Sylon TP was from Supelco (Oakville, Ont.). Hexane was purchased from BDH
(Toronto, Ont.). ACS grade chloroform was from Fisher Scientific (Halifax, N.S.). DMSO,
benzoic anhydride, d-dimethylaminopyridine, sodium hydride and methyl iodide were

obtuined from Sigma Chemicals (St. Louis, Mo.).

2.12. Carbohydrate Standards

1,6-Anhydro-g-D- 5 2: amylose, cellulose,

laminarin, dextran, nigeran, pullulan, lichenan, locust bean gum, amylopectin, 8-cyclodextrin,
methyl-6-deoxy-a-L-galactopyranose were from Sigma Chemicals (St. Louis, Mo).

Larch gum and ivory nut mannan were a gift from Dr. G. Hay, Queen’s University. 1,6-

1, and 1 were a

git from Dr. AS. Perlin, McGill University. Samples of 4-O-f-D-glucopyranosyl-1,6-

anhydro--D: 4-0-0-D 1,6-anhydro-B-D: and 4-

0-(6-0-4-D- -f-D- 1,6-anhydro-g-D- were

kindly donated by Dr. Taku Chiba of Nagoya City University.
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22. Derivatization Procedures

22.1. Permethylation

Dried pyrolysate oils were permethylated according to Hakomori’s procedure (31).
Samples were dissolved in 0.2 mL of dimethylsulfoxide in 5 mL serum vials containing a
stirrer bar and fitted with a teflon-faced silicone septum. The vial was flushed with nitrogen
prior to the addition of 0.4 mL of methylsulfonyl anion (0.4 mL of the sodium salt). The
reaction was stirred for one hour. Cold methyl iodide (1 mL) was added and the reaction

stirred for an additional four hours at room The methylated were

purified by passage through a small column of Sephadex LH-20 suspended in chloroform,
The methylated derivatives were eluted from the column with chloroform. Fractions (1 ml)
were analysed by thin layer chromatography and the appropriate portions were combined.

The methylsulfonyl anion containing solution was prepared by adding 50 mg of washed
sodium hydride (3 x 1 mL dry benzene) to a serum vial with | ml of dimethylsulfoxide. The
vial was fitted with a teflon-faced septum and flushed with nitrogen. The solution was stirred
at 50-60°C for one hour.

222, Trimethylsilylation
Trimethylsilyl (TMS) derivatives were prepared using Sylon TP or Tri Sil-Z (32). These
commercially prepared reagents are a mixture of trimethylsilyl-imidszole in dry pyridine.

Pyrolysate oils were transferred from the off-line pyrolysis apparatus to 0.5 ml reacti-vials

using small washes of pyridine. For quantitative measurement, an internal standard, methyl-
6-deoxy-o-L-galactopyranose in pyridine was added. The derivatizing reagent (150 ul.) was
added and samples were heated at 90°C for twenty minutes. The TMS derivatives were
extracted from excess reagent by the addition of 30 uL of hexane and 200 gL of water. An ali-

quot of this hexane extract was analysed by gas chromatography.
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223. Per-O-Benzoylation

of were prepared by a procedure similar to that

of Daniel (33). Pyridine (0.5 mL) containing 10% (w/v) benzoic anhydride and 5% (w/v) 4-
dimethylaminopyridine (an acylation catalyst) was added to the pyrolysate oils in a 5 mL
reacti-vial equipped with a teflon-lined septum. Derivatization was achieved by heating at 37°C
for four hours. Excess anhydride was destroyed by addition of 4.5 milliliters of water (com-
plete in thirty minutes). Excess benzoylating reagent was removed using a C-18 solid phase
extraction cartridge. Samples were applied to the cartridge, washed with four milliliters of
water and eluted with two milliliters of acetonitrile. The derivatives were evaporated to dry-

ness under nitrogen and reconstituted in acetonitrile (~ 150 mL) prior to HPLC analysis. For

an aliquot of methyl-6-deoxy-o-L-gal in pyridine, an

internal standard, was added to the pyrolysate oil prior to the derivatization.

23. Offline Pyrolysis

23.1. Furnace Pyrolysis

Polysaccharides were pyrolysed on a semi-preparative scale using a Hamilton multi-
purpose sampling system (Reno, Nevada). The furnace was fitted with a 25 centimeter quartz
pyrolysis chamber having an indentation about 10 centimeters from one end (Figure 2.1). The
sample (100-200 pg) was transferred to a 2.5 centimeter quartz tube containing a small plug of
silanized quartz wool; an additional piece of wool was placed on top of the sample to keep the
polymer in position. The quartz tube was placed at the upper end of the pyrolysis chamber.
A vacuum of 2 mm Hg was applied while a nitrogen flow of 6 ml/min flushed the pyrolysis
chamber. The apparatus was tilted to drop the tube down the chamber until it was stopped by
the indentation, about 2 cm from the end of the 450°C furnace. The pyrolysates condensed on

the acetone cooled walls of the chamber beyond the furnace and were transferred to reaction



vials using a small quantity of the solvent used in the derivatization procedure.
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Figure 2.1 Furnace Pyrolysis Apparatus
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232. Offline Pyrolysls Pyroprobe Coil with Quartz Tube

The off-line pyrolysis apparatus equipped with the Pyroprobe B platinum coil /quartz
tube pyrolyser is illustrated in Figure 2.2. The apparatus was constructed from the con-
denser of a microsublimator (Kontes Glassware $24/25 joint, #306500-000) and an Ace-
Thred thermometer adapter (Aldrich Chemicals $24/40 joist #217, 501.3). The adapter was
modified by the addition of a gas-purge side arm. The end of the sublimator was drawn oui to
a fine tip 5o as to fit just inside the quartz pyrolysis tube.

‘The polysaccharide sample (50-200 pg) was added to a quartz pyrolysis tube by position-
ing between two pieces of silanized quartz wool. The tube was placed inside the coil of a
Pyroprobe R one-quarter inch probe (Chemical Data Systems, Oxford, Pennsylvania) so that
the sample was about 0.25 cm from the tip of the sublimator. The water coolant was turned
on, a nitrogen flow of 6 ml/min and a vacuum of 2 mm Hg were applied during pyrolysis.
Pyrolysis was performed at 450°C for 10 seconds. The condensed pyrolysate oils were

removed from the sublimator by washing with a small amount of derivatizing solvent.
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Figure 22, Oft-line Pyroprobe Platinum Coil/Quartz Tube Pyrolysis Apparatus
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233. Off-line Pyroprobe Ribbon Pyrolysis Apparatus

The off-line pyrolysis apparatus shown in Fig 2.3 was constructed from a "home-made"
micro condenser equipped with a thermometer adapter (Aldrich, Milwaukee, Wisconsin).
The condenser was modified by the addition of a gas flow purge arm and a vacuum adapter.

The polysaccharide sample (~ 200-600 ug) was adhered to the ribbon of a pyroprobe
platinum ribbon probe (Chemical Data System, Oxford, Pennsylvania) with a small quantity of
methanol. The solvent was removed by preheating the filament at 150°C for 10 seconds. The
probe was positioned in the pyrolysis apparatus so that the ribbon was surrounded by the
water coolant jacket. The system was evacuated, then purged with nitrogen prior to pyrolysis.
Pyrolysis was carried out at 450°C for 10 seconds. The condensed pyrolysates were washed

from the condenser wall with a small quantity of derivatizing solvent.
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234, Curie-point Pyrolysis Apparatus
Off-line Curie point pyrolysis (Fig 2.4) was performed using a Packard Model 891 Curie
Point Pyrolyser (Downers Grove, Illinois). Sample was applied to 480°C Curie point wires by
adhering with acetonitrile and vacuum drying to remove the solvent. The wire was positioned
inside the radio frequency coil. A vacuum of 2 mm Hg was applied and a 60 second nitrogen
purge was used to flush oxygen from the pyrolysis chamber. Samples were pyrolysed for two
seconds. The pyrolysate oil was washed from the quartz liner with a small quantity of the sol-

vent used in the derivatization step.
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Figure2.4. Curie Point Pyrolysis Apparatus
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2.4. Chromatographic Methods

2.4.1. Gas chromatography

Gas chromatography was performed on a Varian 3700 gas chromatograph (Palo Alto,
California) with a flame ionization detector. Data was collected on a Spectru-Physics SP4290
Integrator and a Tandy 1200 HD personal computer equipped with a Spectra-Physics Winner
Data System (San Jose, California). A non-polar fused silica capillary column () & W
Scientific, DB-5, 1.0 um thickness, 30 m x 0.322 mm i.d.) operated at a column flow rate of 2.5
mL/min helium and a split ratio of 10:1 was used for high resolution separation of trimethylsi-
Iyl derivatives. Temperature program was: 120°C, hold 2 minutes, increase 5°C/min until
270°C, hold for 15 minutes. The injection port and detector were heated at 280°C. Trimethyl-
silyl derivatives were also analysed using an on-column injectar (I & W Scientific, Folsar, Cal-

ifornia) and a non-polar capillary column (J & W Scientif

¢, DB-5, 1.0 am thickness, 10 m x

0.25 mm i.d.) with a column flow rate of 2 mL/min. Temperature program was: 80°C, hold 2

mins, increase 8°C/min until 340°C, hold 10 mins. The detector was heated at 350°C.

2.42. High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) of per-O-benzoylated carbohy-
drates were analysed using a Varian 5000 HPLC (Palo Alto, California) equipped with
Varian Model UV-10, variable wavelength detector. Derivatives were monitored by measur-
ing absorbance at 230 nm and signals were recorded on a Varian Model 9176 chart recorder.
Reverse phase chromatography was performed on a § um Spherisorb ODS-2, 250 nm x 4.6
mm analytical column (Mandel Scientific, Quelph, Ontario). A ten microliter sample loap
was used. Gradient elution was as follows: 60% CH,CN / 40% H,0 to 90% CH,CN / 10%
H,0 in twenty minutes; these conditions were held for 10 minutes; then a lincar gradient to
100% CH,CN over the subsequent ten minutes. A flow rate of one milliliter per minute was

maintained throughout.
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2.5. Mass Spectrometry

2.5.1. Desorption Ammonia Chemical Ionization

Mass spectra were acquired with a VG analytical ZAB-EQ hybrid instrument equipped
with a VG 11-250] data system. Samples were applied onto a DCI platinum filament probe
and inserted into a combination EI-CI source in the CI mode. The source was operated at
160°C. Ammonia gas was admitted into the source until the pressure over the diffusion pump
was 7x 1075 mbar. Electrons with 100 €V energy were used to ionize the ammonia reagent
gas. A reasonably high ammonia gas pressure was obtained in this source where the ion
abundance ratios of the ammonia adducts m/z 18, 35 and 52 were measured at 2:8:5.
The samples were desorbed by ramping the platinum filament temperature for approximately
120 s, to a final desorption temperature close to 350°C. The mass spectrum was scanned at 25

per decade and the mass spectra were time-integrated.

252. GasCl Chemical Ionization Mass ry

The conditions of chromatography were identical to those used for high resolution
separation (see section 24.1), ie, 30 m column but with a reduced column flow rate. The
column outlet was led directly into the ion source of « VG 7070HS double focusing mass spec-
trometer equipped with a DS 2035 data system. Mass spectrometric detection was carried out
under chemical ionization conditions using ammonia as the reagent gas and with a combina-
tion EI-Cl source in the CI mode. The ammonia gas was admitted into the ion source until
the pressure above the diffusion pump was 6 x 10™5 mbar. The electron impact ionization
energy was set at 100 eV, the source temperature at 140°C and the column inlet temperature
at 270°C. The resulting ion abundance ratio of adducts of ammonia m/z 18 and 35 were

observed to be approximately 5 to 1. The mass spectrum was scanned at Is per decade.
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253. Gasdl -Elect Impact Mass

y

Chromatography was performed on a Hewlet Packard Model $980/A GC/MS equipped
with a 5934A data system. The mass spectrometer was a low resolution quadrupole
instrument with a mass range of S0 to 650 amu. An ionizing voltage of 70 eV was used for the
electron impact mass spectra. The gas chromatograph was equipped with a CPSil § fused sil-
ica column (033 mm x 30 m, 02 um film thickness). (Chrompack, Blenheim, Ontario). The
initial column temperature was 100°C which was held for S minutes and a linear ramp of

5°C/min raised the oven to the final temperature of 290°C which was held for 5 minutes.
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3. Optimization of OfFline Pyrolysis Techniques

3.1. Pyrolysis Instrumentation

Analytical pyrolysis involves the thermal fragmentation of polymers into smaller, charac-
teristic fragments which are more readily analysed by chromatographic or mass spectrometric
methods. Many factors influence the pathways of this degradation and instruments must be
designed so as to control these parameters and ensure reproducible pyrolysis.

Pyrolysis reactions are a series of temperature dependent, competing reactions; at low
temperatures incomplete pyrolysis may occur while at higher temperatures small, less charac-
teristic fragments may result (7). Decomposition may begin before the final temperature is
reached. To obtain pyrolysis over the same temperature range a reproducible, rapid heating
rate is necessary. Efficient heat transfer to the sample is required to avoid temperature gra-
dients across the sample and thus prevent the production of secondary products. The use of
small sample sizes has been found to markedly reduce the number and quantity of secondary
products. Once pyrolysis is initiated, rapid removal of the primary products from the heated
area is necessary to ensure primary products are collected (offline pyrolysis) o transferred to
the analytical device (on-line pyrolysis) (34).

Amylose was used as a standard for these studies to compare product distribution and
yields obtained with various pyrolytic apparatus. The instruments used include: furnace pyro-
lyser, Curie-point pyrolyser and resistively heated pyrolyser with both platinum coil and rib-

bon pyralysis probes.

3.1.1, Furnace Pyrolyser
A furnace pyrolyser is comprised of a long quartz tube positioned inside a continuously
heated furnace. The sample is dropped into the heated zone, the temperature of the sample

begins to rise and eventually, pyrolysis occurs. The temperature at which the sample is
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pyrolysed is generally lower than the furnace temperature and is not precisely known (34).
The sample travels through approximately ten centimeters of heated furnace before being
retarded by the indentation in the pyrolysis chamber. This long, variable residence time in the
pyrolysis zone presents the possibility of additional fragmentation of the primary pyrolysis
products. Large sample sizes, up to milligram quantities, are often used permitting tempera-
ture gradients across the sample that may result in secondary recombination products (34).
Amylose, a linear a-D-(1-4) linked glucan, was pyrolysed in a furnace at 450°C. The
trimethylsilyl derivative of the pyrolysate oil was analysed by on-column gas chromatography.
The two major products, peaks T-1 and T-11 of Figure 3.1, were identified by comparison of
retention times with standards and confirmed by mass spectrometry as described in Section

42. The first peak (T-I) corresponds to the tri ilyl derivative of 1,6-anhydro-g-D-

glucopyranose (1) while the second peak (T-II) is the analogous furanose, 1,6-anhydro-p-D-
glucofuranose (). The yield of products was determined by the addlition of an internal stan-
dard, methyl-6-deoxy-a-L-galactopyranose (peak 1S), prior to the derivatization step. The
yield of anhydro sugars was found to be approximately 28%.

No anhydro oligomers were observed in the pyrolysis product, these have retention
times of thirty to forty minutes. Long residence times in the hot furnace would most likely

decompose any thermally labile anhydro oligos

ccharides should they have been formed in

the primary pyrolysis step.
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Figure 3.1, On-column Gas Chromatogram of Trimethylsilyl Derivatives of Amylose Pyro-

lysate from Furnace Pyrolyser.
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3.12. Curie Point Pyrolysis

‘The Curie-point pyrolyser employs inductively heated ferromagnetic alloys. Samples are
applied to a Curie-point wire. When a radio frequency is applied the alloy absorbs eneryy

until the Curie-point, specific for each alloy, is reached (11). The temperature stabilizes at

this range. This technique offers rapid risetimes o a Jucible final tempera-
ture; a typical risetime of 10 to 100 milliseconds is attainable. Since the pyrolysis temperature
is determined by the alloys, only discrete pyrolysis temperatures are possible. A thin layer of

sample is applied to the wire so as to reduce temperature gradients, However, the potential

catalytic effect during pyrolysis of the metuls from which the ulloys are made, ic. iron, cobalt

and nickel, cannot be ignored.

Pyrolysis of amylose at 480°C using the off-line Curiepoint apparatus gives a product
yield of anhydro sugars of 42% (Figure 3.2). The anhydro monomers, 16-anhydro-g-D-
glucopyranose (peak T-1) and 1,6-anhydro-8-D-glucofuranose (peak T-11) are the major
peaks. The later eluting peak (T-VIII) is the intact anhydro dimer, 4-O-a-D-glucopyranasyl-
1,6-anhydro-g-D-glucopyranose (VIII), the yield being 8%. The anhydro dimer was identificd
by comparing retention time with the standard and by mass spectral data as described in Sce-
tion 42. The unidentified small peaks eluting afier peak T-I1 are most likely products
comprised of glucose with additional ring fragments attached.

The rapid temperature risetime obtained in this pyrolysis technique permits the recovery
of intact oligomeric units. Reasonable yields of anhydro sugar products are obtained, how-
ever, small samples (~ 100 pg) must be applied to the wire in order to obtain reproducible
results. The product distribution allows interpretation of the original polysaccharide struc-

ture, the presence of anhydro relates i ation about the ide iso-

‘mers while the anhydro oligomers provide structural information about linkage positions and

configurations.
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Figure 32.  On-column Gas Chromatogram of the Trimethylsilyl Derivative of Amylose

Pyrolysate from Curie-Point Pyrolyser.
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3.13. Resistively Heated Pyrolysers

Electric current passes through a resistive filament and transfer of power results in tem-
perature increase (34). The Pyroprobe system allows for variation in pyrolytic surface, where
the sample may be applied directly onto a platinum ribbon or placed in a quartz tube and
positioned within a platinum coil. With a platinum ribbon pyrolyser the temperature risetime
is very rapid, however, as with Curie-point possible interferences from a catalytic surface may
occur. With the platinum coil a delay of several hundred milliseconds is required for transfer
of heat from the coil to the sample in the quartz tube. This technique may also present prob-
lems due to temperature gradients across the sample. The Pyroprobe system permits pro-
grammed pyrolysis with a linear temperature ramp from one to six-hundred degrees Celsius
per second. Stepped pyrolysis may also be performed where samples are repetitively pyro-
lysed at higher temperatures (11).

Amylose was pyrolysed at 450°C on a platinum ribbon pyrolyser and the TMS deriva-
tives were analysed by GC (Figure 3.3). It is difficult to accurately transfer a weighed solid
sample to the ribbon, therefore approximate yields are calculated. The total yield of anhydro
monomers (T-1 & T-II) and dimer (T-VIII) is only about 7% with roughly equal proportions
of each. Several additional peaks with retention times less than the internal standard (IS) arc
observed. These are levoglucosan (I) degradation products such as S-hydroxymethyl-2-
furaldehyde (T-1V).

Conditions were optimized to obtain maximum yields of anhydro monomers and dimers
with the off-line platinum coil /quartz tube pyrolysis apparatus. It was determined that loca-
tion of the cold finger affected product distribution; if the cold finger was toa close to the
pyrolysis zone inhibition of gas flows occurred, if too distant primary pyrolysis products were
not obtained. The vacuum was maintained at 2 mm Hg; with high vacuum heat transfer from

pyrolysis coil to sample tube was retarded and incomplete pyrolysis occurred, at low vacuum
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products were not effectively removed from the pyrolysis zone and secondary products were

obtained.
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Figure 33.  On-column Gas Chromatogram of Trimethylsilyl Derivative of Amylose Pyro-
lysate Pyroprobe Ribbon Pyrolyser.
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‘With the platinum coil pyrolyser, a good ratio of dimeric to monomeric product was
obtained when amylose was pyrolysed at 450°C, total yields of anhydro sugars of 4% were
obtained (Figure 34). There is a lower abundance of secondary pyrolysis products (such as
product T-IT). This technique was muore easily adapted to quantitative analysis due to the ease
of sample handling, Rapid temperature risetime coupled with effective transfer of primary

pyrolysis products assist in the collection of reasonable quantities of oligomeric species.
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Figure34.  On-Column Gas Chromatogram of Trimethylsilyl Derivative of Amylose Pyro-

lysate from Pyroprobe Platinum Coil /Quartz Tube Pyrolyser.

3.1.4. Comparison of Instrumentation

In summary, both Curie-point and resistively heated pyrolysers gave reasonable quanti-
ties of oligomeric anhydro sugars. The yields and ratios of momeric to dimeric species
obtained when amylose was pyrolysed with the various pyrolysis methods is summarized in

Table3.1.



it

Table 3.1 Yields of Anhydro Sugars for Curie-point, Furnace and Resistively Heated Pyro-

lysis of Amylose
Resistively heated
Curie Point | Furnace | Ribbon | Cil
Total Yield 42% 8% % 4%
Ratio Monomer to Dimer 41 no dimer Il 21

These results can be attributed to the important design features of each pyrolysis unit. A
comparison of these parameters is reviewed in Table 3.2 (11,34).

To achieve reasonable yields of oligomeric anhydra sugars either Curie point or resis-
tively heated pyrolysers should be employed. ‘The Curie point pyrolyser has rapid, reproduci-
ble pyrolysis temperatures, however, only discrete final temperatures are possible, preventing
small variations in the analytical technique. The application of the sample to the small wirc is
difficult for non-soluble polymers. On the other hand, the resistively heated pyrolyser pro-
vides versatility in pyrolysis conditions, where minor lterations in these conditions can pro-
vide dramatic influences in pyrolysate composition. The use of the platinum coil provides
easily manipulated sample handling that is appropriate for all types of biopolymers. By kecp-

ing the sample size small, deliterious effects of thermal gradients and secondary products are

imi A di of the resistively-heated pyrolyser is the much lower yiclds of
anhydro sugar products (as shown in Table 3.1). This factor must be considered when only

small quantities of sample are available.
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Table32. Comparison of Pyrolysis i
Resistively heated

Curie Point Furnace Ribbon Coil
Temperature Rapid Slow Rapid Rapid
Rise time (10 ms) (unmeasurable) (10 ms) (200 ms)
Temperature range Discrete Continuous Continuous | Continuous
Catalytic Surface Yes No Yes No
Sccondary Reactions No Yes No No
Sample Size 100 ug mg 100 pg - 1 mg 100 pg
Thermal Gradients No Yes No Yes

3.2, Factors Influencing Pyrolysis

3.2.1. Effects of Salts

When a sample of amylose was pyrolysed using the platinum coil/quartz tube pyrolysis
apparatus a 4.5% yield of anhydro sugars was obtained with 3.9% being contributed by levo-
glucosan (1) while the remaining 0.6% was maltosan (VIII). When this sample was washed
with acid to remove the presence of trace salts, pyrolysis under identical conditions more than
doubled the yield to 9.9% with 6.3% being levoglucosan () and 3.6% the anhydro dirner, mal-
tosan (VIIT).

1t has been reported that the presence of neutral salts (such as sodium chloride) in a

carbohydrate sample will drastically influence the composition of the pyrolysis products
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(12,27,35,36). As little as 0.01% salts was found to vary the product distribution in favor of
low molecular weight compounds and significantly increase the yields of char (35). These
products are less characteristic of the original biopolymer and lend very little insight into com-
position or structure analysis.

The pyrolysis of polysaccharides proceeds by a series of competing pathways: one leads
to the formation of char and gaseous products; the second, low molecular weight volatiles and
the third, the formation of anhydro sugars (13). It has been proposed that anhydro sugar for-
‘mation proceeds by the unzipping of the free chain ends of the polysaccharide, the presence of
trace salts could result in the inhibition of this initiation step (36). Such a mechanism would
explain why the presence of minute quantities of salt can affect pyrolysis. At 0.01% sodium
chloride there is only one mole of salt for every 3000 moles of glucose molecules in cellulose,
Essig has proposed that the salt varies the dielectric constant of the solid polysaccharide
influencing the homolytic formation of anhydro sugars (35). Salts may also act as a catalyst
for the decomposition of glucosyl units to lower molecular weight species (27,35,36). Such

inhibition of depolymerization will result in the favoring of the competing ring scissi

ways.
322. Sample Size

The amount of sample pyrolysed has been shown to affect the product distribution dur-
ing analytical pyrolysis (17). With large sample sizes temperature gradients may oceur across
the sample affecting the nature of the pyrolysis reactions. As sample size increases the likeli-
hood of obtaining greater quantities of secondary recombination products also increases
resulting in reduced yields of primary products.

A large sample, approximately 200 pg, of amylose was pyrolysed using a platinum coil
pyroprobe unit. The recovery of anhydroglucose was approximately 3% while that of the

anhydro dimer was 2%. By reducing the sample weight to approximately 50 ug, recoveries of
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7% anhydroglucose and 2% anhydro dimer were achieved. With the larger sample more

peaks occur in the front of the chromatogram, these peaks result from the breakdown of levo-

glucosan molecules.

323. Pyrolysis Temperature
As previously noted, pyrolysis of polysaccharides proceeds by a series of competing
pathways. These pathways are strongly with high pyro-

lysis leading to low molecular weight fragments. Pyrolysis temperature in this study was
optimized to give good yields of both monomeric and dimeric anhydro sugars. Table 3.3
shows the pyrolysis temperature and the resultant ratio of anhydro dimer to anhydro mono-
mer for a sample of amylose pyrolysed with the Pyroprobe platinum coil /quartz tube pyrolysis

apparatus.

Table33. Comparison of Pyrolysis Temperature to Product Distribution.

Pyrolysis Ratio dimer/
400°C 4
500°C 06
600°C 02
800°C 0.1

The temperature chosen for optimum pyrolysis conditions was 450°C; this results in
significant amounts of both monomer and dimer. Lower temperatures give reasonable yields

of dimer but at the expense of reduced monomeric yields.




-43-

33. Chromatagraphic Analysis

33.1. GasCl of i i of Pyrolysates

derivatives of ide were i

alysed by gas chromatog-

raphy. Trimethylsilyl derivatives were chosen due 1o the ease of derivatization and the

enhanced response to the flame ionization detector. Several problems were initially encoun-

tered with the analysis of these derivatives. When the derivatization mixture was analysed
directly, large peaks occurred at the front of the chromatogram. These peaks were due to
excess silylating reagent, this excess reagent could be removed by extraction into hexane
without any loss of the silylated carbohydrates. Any residual water in the hexane extract
would also result in a single broad peak near the beginning of the chromatogram.

These derivatives are not stable with time and should be analysed soon after derivatiza-
tion. In addition, the reagents are not stable over long periods of time at room temperatures.
Two different commercial reagents Sylon TP (Supelco) and Tri-Sil-Z (Pierce) were used
throughout these studies. It was found that Sylon TP proved to be most suitable for these stu-
dies.

Amylose pyrolysate obtained from the Pyroprobe platinum ribbon pyrolyser was deriva-
tized using Sylon TP then analysed by gas chromatography using an on-column injector (see
Fig. 3.3). This technique avoids injecting thermally labile samples into a heated injection port.

The trimethylsilyl derivative of an anhydro trisuccharide standard, d4-O-(6-O-8-D-

4-D. 1,6-anhydro-g-D- can be cluted from the
analytical column under these conditions, however no anhydro trimer was observed in the

amylose pyrolysate. All anhydro mono- and disaccharide

s studied gave unique retention times

under these

As well, this ic technique permits resolution of the

small molecular weight fragments that oceur near the front of the chromatogram.
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Chromatographic analysis using a thirty meter column with a hot split injection gave
similar results (Fig. 3.5). Higher temperature programming must be used to elute oligosac-
charides from this longer column. It should be noted that if oligomers larger than dimers are
present there is a possibility that degradation may occur in the injection port and these species

would remain undetected.

T-I

20
Time (min.)

Figure 3.5 Hot Split Injection Gas Chromatogram of Amylose Pyrolysate from Pyroprobe

Ribbon Pyrolyser.
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332. High Liquid C of Per-O- yrolysi

Analysis of amylose pyrolysate by per-O-benzoylation followed by high performance
liquid chromatographic (HPLC) analysis was also performed. In this analysis ultra violet
absorption by the benzoy! esters provides a very sensitive mode of detection, This method
permits detection of small quantities of products not recorded in the gas chromatogram of
trimethylsilyl derivatives. Both derivatization and analysis occur at low temperatures thus
avoiding degradation of thermally labile species such as anhydro sugars. Gradient elution is
performed to enable separation of isomers within an oligome

ries, Oligosaccharides con-

taining up to nine monosaccharide units have been analysed using & similar technique

The HPLC chromatogram of a per-O-benzoylated derivative of amylose pyrolysate from
pyroprobe ribbon pyrolyser is shown in Figure 3.6. The major peaks are the benzoyl esters of

1,6-anhydro-g-D cak B-1), 1,6-anhydro-g-D. (peak B-11) and
P

4-O-a-D- 1,6-anhydro-g-D- (peak B-VIHI) and the internal stan-
dard, methyl-6-deoxy-a-L-galactopyranose (peak IS). These per-o-henzoylated pyrolysates
were identified by comparing the retention times with authentic reference standards.

It is believed that if a 1,6-anhydro trimer product was present, its per-o-benzoylated
derivative would have been observed with a retention time of about thirty-five minutes. An
authentic 1,6-anhydro trimer reference compound was used to determine its characteristic

retention time.
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Figure 36 Liquid Chromatogram of Per-O-benzoylted Amylose Pyrolysate from
Pyroprobe Ribbon Pyrolyser.
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333. Gas Chromatography of Methylated Pyrolysates

Several pyrolysates and carbohydrate standards were derivatized by a methylation tech-
nique for gas chromatographic analysis and for the purpose of performing mass spectrometry
experiments for structure identification. The derivatization procedure is very lengthy, and in
many cases, the background contamination is found to be quite large. When a standard mix-

ture,

1,6-anhydro-g-D- (I) and  4-O-a-D-glucopyranosyl-1,6-
anhydro-g-D-glucopyranose (VIII), was analysed by this procedure, several small unidentified
peaks in addition to the standard peaks were evident in the chromatogram. A cellulose pyro-
lysate collected trom the off-line pyroprabe platinum coil pyrolyser was analysed by methyla-
tion gas chromatography (Fig. 3.7). In addition to the two major pyrolysis products, 1,6+
anhydro-g-D-glucopyranose  (M-I)  and  d-O-g-D-glucopyranosyl-1,6-anhydro--D-
glucopyranose (M-1X), a background of multiple peaks of low intensity were observed. Pre-

reduction is normally on ol ides to limit d dation involving free car-

bonyl functions during methylation. The absence of this step may also contribute to the high

background (17).

33.4. Comparison of Chromatographic Techniques

All chromatographic techniques permitted resolution of the various anhydro su

encountered in this study. Major differences occur in ses

sitivity, ability o separate high

molecular weight species and in the complexity of derivatization steps.

The ion analysis was a ti ing | that resulted in high back-

ground in many of the samples. There is much mass spectral data available for the methy-
lated derivatives of carbohydrates which makes this method useful for structural analysis.

However this would not be the method of choice for routine, rapid analysis.

Tri ilylation trunsformed the car into species volatile enough for gas
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M-I

20
Time  (min.)

Figure 3.7 Gas Chromatogram of Methylated Derivative of Cellulose Pyrolysate from
Pyroprobe Platinum Coil Pyrolyser.

chromatographic analysis. Extraction of the reaction mixture with hexane provided a clean

sumple with few background peaks. The derivatized carbohydrates are not stable over an

extended period of time and should be analysed shortly after preparation, Analysis of these

derivatives with a short GC column and cool on-column injection avoids possible breakdown

of labile species and permits analysis of anhydro sugars in the monomer to trimer range.

Benzoylation followed by ultra violet detection of the liquid chromatograph eluant pro-
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vided a rapid, sensitive analysis. Derivatization occurs under mild conditions and concentra-
tion of the sample through solvent evaporation is possible without any loss of products.
Derivatives are stable for extended periods of time. The high molecular weights of these
derivatives does not easily avail them to mass spectral analysis, an important consideration for

confirmation of the identity of pyrolysate products.

The ination of s GC analysis of trimethylsilyl derivatives and HPLC
analysis of benzoylated derivatives permits a complete overview of pyrolysate composition.
The GC analysis can be a rapid screening technique that is readily adapted to mass spectral
analysis. Benzoylation-HPLC is a slightly longer procedure, however, it is extremely sensitive

and provides a better analysis of higher oligosaccharides if they are present.
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4. Mass Spectrometry of Carbohydrates

4.1, Mass Sp yof C

The interpretation of the structural detail of polysaccharides and oligosaccharides

requires idation of i as well as linkage position and
configuration. Early mass spectral studies of carbohydrates were not encouraging but recent
developments in mass spectrometers have facilitated the analysis of these biologically impor-
tant compounds and the applications of mass spectral analysis of carbohydrates have
increased rapidly in the past decades (37). Gas chromatography coupled with mass spec-
trometry (GC-MS) has become irreplaceable for the analysis of complex mixtures of carbohy-
drate compounds. GC-MS provides both retention time and mass spectra data to aid in
identification (4).

The necessary for mass sp ic and gas ch spec-
trometric analysis is the volatility of the analyte. As most carbohydrates are not highly vola-
tile, these polar species must be derivatized. Various derivatives have been used for carbohy-
drate analysis, these include: trimethylsilyl ethers, methyl ethers, alditol acetates and

trifluoroacetates. Factors influencing the choice of derivative include ease of preparation, sui-

tability for gas and mass y and the ity of the mass spe~tra
of the derivative (37). Direct derivatization often results in a mixture of anomers which
require fractionation prior to mass spectral analysis.

Reduction to non-cyclic species, prior to derivatization, results in a single peak for each
monomer. Stereoisomers give very similar electron impact mass spectra and small differences
in relative peak ratios often do not permit distinct indentification. For instance, a and 8- hex-
opyranosides give virtually identical mass spectra (38).

Mass spectrometry permits selection of various ionization techniques enabling tailoring



<51

of the analysis to fulfill the experimenter’s needs. Conventional electron impact ionization
does not produce molecular jons from derivatized sugars and extensive fragmentation often
occurs. Soft ionization techniques (chemical ionization, field ionization and field desorption)
give a large abundance of molecular ions but fragmentation indicative of fine structural detail
is absent (38). The combination of electron impact with a soft ionization technique provides

both molecular weight and structural information necessary for identification.

411 C:

The preparation of permethylated glycosides is very time consuming and harsh condi-
tions are required, The technique is difficult to adapt for micro-scale analysis. However, the
mass spectra of these derivatives have been extensively studied and some fragmentation path-
ways have been determined by the use of deuterium labelled compounds.

The major ion pathways of

| glycosides are indicated in

4.1. The molecular ion is not detected in electron impact mass spectrometry. The fragmenta-
tion routes are represented by upper case letters and subscript numbers according to the
nomenclature of Kochetkov and Chizhov (37,38). The A series of fragments result from con-
secutive losses of methanol starting with an initial loss of methoy radical to form A,. Loss of

the C-5 and C-6 portion of the molecule gives rise to the B fragment. Elimination of C-1 gives

the C, ion which is unstable and loses a methoxyl radical. rangement with transfer of

methoxyl from C-3 to C-1 carbon results in the D fragments, further degradation gives the
prominent J fragment. The E; fragment is formed when the C-6 portion is removed from the

molecular ion (37,38).
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Mass spectrometry has been used to study the various isomeric species possible. The
spectra of o and 3 isomers are virtually identical. The only variations recorded are the rela-
tive intensities of the A, and B, fragments. The o isomers exhibit a more intense A, fragment
since the C-1 methoxyl group is in the axial position promoting elimination (37). Similarly the
various momeric isomers within a series give very similar electron impact mass spectra.

Ring size r:ay also be determined from the electron impact mass spectra. The furanose
structure has unique fragments resulting from the cleavage of the C-4 to C-5 bond giving
intense peaks at m/e 161 and 89 (37). In addition to these unique fragments, furanose rings
can be identified by relative intensities of F and H fragments. Furanose compounds give a
base peak corresponding to the F fragment and a very weak H fragment. In pyranose car-
bohydrates the H series results in the base peak and F fragment occurs at lower intensity.

Mass spectrometry can aid in the determination of the size and position of the ether ring
of anhydro sugars, since this influences the fragmentation pathways. The methylated deriva-
tive of a 1,6-anhydro-hexopyranose forms major fragment ions via the C,, C,, A and E, path-
ways (37). Loss of formate ion gives the C, ion at m/e 159, additional loss of methanol from
this ion reduces the fragment to m/e 127 (Fig. 4.2). A, elimination gives an ion at 173, suc-

cessive loss of -CH,O via the E; pathway produces a fragment at m/e 143.
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37).
The derivative of a 1,6-anhyd gives unique reflecting the ring

structure (Fig. 43). The C, ion occurs at m/e 145 and loss of methoxy radical then gives a
fragment at m/e 114, A low molecular weight fragment at m/e 58 arises from the C, to C,
portion of this anhydro furanose molccule. These three unique fragments permit

differentiation of anhydro furanose and pyranose molecules (37).
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Position of the ether ring may also be determined (37). For example, a 3,6-anhydro hex-
opyranoside would have unique fragments at m/e 71, 113 and 144 with 71 being the base peak.
The corresponding hexofuranoside would exhibit many of the same peaks however, the base
peak would occur at m/e 58,

The methylated derivatives of higher saccharides may also be analysed by GC-MS to
obtain linkage position and configuration information (38). The nomenclature for EI oli-
gosaccharide fragments is denoted by lower case letters to refer to the rings or ring fragments
present in the ion as well as an upper case letter and a number Lo refer to the fragmentation
route (39). The first lower case letter denotes the ring from which the fragment arises and
the second, the intact ring, For example, abE, would refer to an fon that arises from the frag-
mentation of the a ring by the E, puthway with the b ring remaining intact.

The A- series of fragments can be used to deduce the molecular weight of the sugar resi-
dues while the B- series provides information about the linkage between sugar residues (38).

The (1-4) linked disaccharides give baB,, bB, and baF, 2 fragments; (1-2) linked disac-
1 M3 | drag

charides provide baB, and baF,? fragments while the (1—6) linked disacc

fragments (Fig. 4.4).
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4.12. Trimethylsilyl Ether Derivatives

Trimethylsilyl derivatives of carbohydrates form fragments by many of the pathways seen
for the methylated derivatives (section 4.1.1) (37). In addition, TMS derivatives readily
undergo rearrangements and these extra peaks make structural identification more difficult.
Molecular ions are often absent, however the molecular ion minus a methyl fragment (M-
CHj,), M-CH;-TMSOH and M-CH;-2TMSOH ions are usually intense and from these,
molecular weights may be deduced (40).

Several rearrangement ions are noted for TMS cthers of hexos

. The J, fragment at
m/e 191 arises from rearrangement from a C-3 to a C-1 configuration analogous to that of
methyl ethers (40). A fragment at m/e 147 also arises from rearrangement and can be attri-
buted to the TMSi-O-Si* (CH3), structure, Higher molecular weight fragments at m/e 319,
279 and 265 also arise from rearrangement reactions and have been identificd as the strue-

tures shown in Fig. 4.5.

‘The mass spectra of tril ilyl ethers of ides enable differentiation

between pyranose and furanose ring structures. In methyl ethers unique fragmentation path-
ways enable this distinction, however, with TMS derivatives variation of peak intensitics must
be employed. The relative intensities of m/e 204 and 217 distinguish trimethylsilyl derivatives
of monosaccharide pyrannse and furanoses (32). The m/e 204 ion results trom fragmentation
via the H pathway; it contains a two carbon chain with either C-2 to C-3 or C-3 o C-4. “The
fragment at m/e 217 is the F fragment containing a three carbon chain with C-2 to C-4 intact.

The pyranose ring structure exhibits a very large m/e 204 fragment and a smaller m/e 217.

With the furanose isomer, a very large m/e 217 is observed and m/e 204 is almos nt,

As with methyl ethers, fragmentation of disaccharide trimethysilyl ethers can provide
structural information. Fragmentation of the a ring provides molecular weight information

while fragments of the b ring can be used to deduce linkage configuration. Disaccharides with
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Figure4.5.  Rearrangement Fragments from TMS Derivatives of Monosaccharides (40).

a (1-6) linkage provide an abundunt fragment at m/e 583 that distinguishes this from (1-42),
(1-+3) and (1-+4) linkage configurations. This fragment shown below contains an intact a

ring and the C-5 to C-6 portion of the b ring (41).
CHOTMS
-0 .
O —CH, — CH= 0-TMS
mle = 583
TMSOQTMS
OTMS
The (1-2), (1~43) and (1-4) linked disaccharides give a B, fragment of m/e 683 with struc-

tures as illustrated below.
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CH,0TMS
+
o 0-CH=C-CH
1] m/e = 683 from
TMSOOTMS TMSO OTMS 12 ond le4
oTMS
CH20TMS -
//CH 0TMS
o o—c¢
\EH_OTMS m/e = 683
TwshOmMS from 143
oTMS

Additional peaks at m/e 668 and 578 are present in (1-2) and (1-d) linked species
differentiating these from (1—3) compounds. The intensity of fragment ions enable

differentiation of (1—2) from (1) linked oligomers.

42. Mass Spectra of Carbohydrate Pyrolysis Products

42.1. Desorption Ammonia Chemical lonization Mass Spectrometry
To confirm the presence of anhydro oligomeric species in the products of polysaccharide

pyrolysis, several pyrolysate oils were analysed by desorption ammonia chemical fonization

mass spectrometry. In addition, the methylated derivatives of some pyrolysate oils were

analysed under similar conditions.

The mass spectra of an underivatized cellulose pyrolysate from the Pyroprobe platinum
coil system (Fig. 4.6) indicated the presence of fons with moleeular weights of 100 to 504 amu.
The major ions present correspond to a series of anhydro oligomers with quasimolecular ions

of 162n + 18, where n is the number of monosaccharice units in the oligomer. In the cellu-
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pyrolysate anhydro monomer, dimer and trimer products were detected (MNH“ = 180, 342,
and 504). The small molecular weight ions are glucose decomposition products present in the
pyrolysate oil, the major ones being 14-dideoxy-D-glycero-hex-1-enopyranose-3-ulose (X)
(V) or 5-hydroxymethyl-2 (IV), both of

(MNH,* = 162) and
which have a molecular weight of 126 and could therefore be responsible for the quasimolecu-
lar ion at m/e 144. The ion at 18 mass units higher than levoglucosan i.e. m/e 198, can be
explained by the presence of glucose. The additional ions are most likely ring fragmentation
products with an intact hexose unit that contains a portion of the neighbouring unit. These

ilar ta these obtained by Pouwels for off-line Curie point pyrolysis of cellulose

results are s

(16).
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Figure 4.6.  Desorption Ammonia Chemical lonization Mass Spectra of Cellulose Pyro-

lysate.



-63-

The DCI mass spectra of the methylated cellulose pyrolysate (Fig. 4.7) showed the

corresponding anhydro oligomers with the dimer at m/e 426, trimer at m/e 630 and tetra

ner

at m/e 835. Major dil between the vatized and e oceur in
the low mass range as the anhydro monomer peak is very small in the spectrum of the methy-

lated sample but is the major peak in the spectrum of the underivatized material.
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Figure 4.7.  Desorption Ammonia Chemical lonization Mass Spectra of Methylated Cellu-

lose Pyrolysate.

Similar results are obtained from the analysis of pyrolysate oil from amylose. The
underivatized product indicated three major ions at m/e 180, 342 and 504 corresponding to
the anhydro series of monomer (o trimer. For the methylated sample quasi- molecular jons
indicating anhydro monomer to tetramer are indicated (m/e = 222, 426, 630 and 834). In the

amylose pyrolysate, a large anhydro monomeric peak was observed in the derivatized pyro-
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lysate, differentiating this from the cellulose. However, more fragmentation ions are indicated

to that of the

in the spectrum of the derivative in
analyte.
422. Gas Cl phy - Mass y of ivatives of Carbohy-

drate Pyrolysates

The methylated derivative of cellulose pyrolysate was analysed by gas chromatography-
mass spectrometry in the electron impact ionization mode. The total ion chromatogram (Fig-
ure 4.8) indicates a large unresolved background resulting from bleed from the analytical
column. The major peaks have been identified as 1,6-anhydro-2,3,4-tri-O-methyl-g-D-
glucopyranose (M-1) and 4-0-23,4,6-tetra-O-methy}-g-D-glucopyranosyl-

1,6-anhydro-2,3-di-O-methyl-g-D-glucopyranose (M-IX).

40E6
3.0E6

20E6

Abundance

1.0E6

o 20 30 40 50
Time (min.)

Figure 4.8.  Total lon Chromatogram of Methylated Cellulose Pyrolysate in Electron

Impact Mode,
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The electron impact jon pattern of the anhydro-gl derivative (Figure
4.9) is comparable to that quoted in literature (37). The fragmentation pathways are indi-
cated in Figure 4.10. The loss of formate ion (HCOO) results in u fragment at m/ 159 (C,),
subsequent loss of methanol leads to the C, fragment at m/e 127. Breakdown of the hemi-
acetal ring function leads to the ion at m/e 143. The fragments at m/e 101 and 88 are com-

mon to many carbohydrate functionalities.
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Figure49.  The Electron Impact Mass Spectea of Methylated Levoglucosan (M-1).
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Figure 4.10. The Fragmentation Pathways of 16-anhydro-2,3,4-tri-O-methyl-g-D-

glucopyranose (M-1).

The unhydro dimer has a fragmentation pathway similar to that of the monomer with

additional fons due to ring fragments attached to one of the intact monomeric units. The elec-

tron impact mass spectra of 4-0-2,3,4,6-tetra-O-methyl-g-D-glucopyranosyl 1,6-anhydro-2,3-
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di-O-methyl-g-D-glucopyranose is represented in Figure 4.1 and the fragmentation pathways
of this derivative is illustrated in Figure 4.12. The fragment at m/e 305 is comprised of the
glucose unit with a partial anhydro glucose unit combined, loss of methanol from this frag-
ment results in an ion at m/e 223. The ion at 233 arises from an intact anhydroglucose unit
with a glucose ring fragment attached. Breakdown of the glucose ring gives the fragment at
m/e 187. The additional ions at m/e 88, 127 and 173 are the same as those described for the

anhydro monomer (see Figure 4.10).
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Figre 4L Electon Impact Mass  Spectra of 4-0-234,6-tetra-O-methyl--D-

glucopyranosyl 1,6-anhydro-2,3-di-O-methyl-g-D-glucopyranose (M-1X).
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1,6-anhydro-2,3-i-O-methyl--D-glucopyranose (M-1X).
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Fragmentation Pathways of 4-0-2,34.6-tetra-O-methiyl-g-D-glucopyranosyl
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Glucose is also identified in the pyrolysate (t, = 10.776). The electron impact mass
spectra of methylated glucose is given in Figure 4.13. The fragmentation routes for this
derivative have already been described (Figure 4.1). The largest fragment detected, m/e 176,
results from the loss of the C-6 substituent from the original molecule. The D, fragment, m/e
149 results when the C-2 to C-4 fragment is removed. A fragment containing carbons two to
four is represented by the ion at m/e 131. A larger portion containing C-2 to C-6 is responsi-

ble for the ion at m/e 159. Loss of methanol from this fragment gives the ion at m/e 127.
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Figure 4.13. The Electron Impact Mass Spectra of Methylated Glucopyranose.
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A number of polysaccharide pyrolysates have been found to contain intact monomeric
units with additional ring fragments attached at the linkage position (14). The peuk with
retention time of 18.26 minutes (Figure 4.8), can be attributed to a methylated glucose unit
with an acetaldehyde function attached at carbon one (M-X1). The electron impact mass spec-
tra of peak M-X1 is shown in Figure 4.14. The molecular weight of the methylated derivative
is 278 and loss of methanol provides a fragment at m/e 246 (Figure 4.15). Loss of the C-6
functionality from the parent compound leaves a fragment at m/e 233 (E,); additional loss of
methanol is responsible for the E, fragment at m/e 201, Loss of the ring fragment at C-1 pro-

vides « small fragment at m/e 187, « fragment common to many glucose derivatives. Frag-

mentation with loss of the ring oxygen as well as C-5 and C-6 leaves & fragment jon with m/e
204; loss of C-1 from this gives a smaller fragment at m/e 145, Loss of C-1 and the ring oxy-

gen provides a fragment at m/e = 159, the C, fragment.
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we 414, The Electron Impact Mass Spectra of Methylated Glucose Acetaldehyde (M-

XI).
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The gas chromatography peak at 36.11 minutes (Figure 4.8) has been tentatively

hy i cellobiose unit with an ring fragment attached (M-XII).

assigned to a
The electron impact mass spectra of methylated cellobiose acetaldehyde is given in Figure
4.16. The large fragment at m/e 307 would be the abJ, fragment (Figure 4.17). The fragment
at m/e 215 can be assigned to the bA, fragment. Loss of 74 mass units from the abJ; frag-

ment provides a smaller fragment at m/e 233,
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Figure 4.16. The Electron Impact Mass Spectra of Methylated Cellobiose Acetaldehyde

(M:XI1),
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The mass spectra of the peak with retention time 44.51 minutes (Figure 4.18) is similar
to that of the methylated anhydro cellobiose (M-IX) (Fig. 4.11). This peak has been assigned
o the anhydro trimer, ie, 4-O-(2,34,6-tetra-O-methyl-g-D-glucopyranosyl)-
4-0-(2,3,6-1ri-O-methyl-g-D-glucopyranosyl)-1,6-anhydro-2,3-di-O-methyl-g-D-glucopyranose
(M-X111). The largest fragment in the electron impact mass spectrum (Figure 4.18), m/e 377,
results from cleavage of the glycosidic linkage between rings a and b. The fragments at m/e
= 305 and 233 are the same as those observed for the methylated anhydro dimers. Fragment

ions at m/e 187 and 155 result from the A fragmentation routes of methylated glucose units.
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Figure 4.18. The Electron Tmpact Mass Spectra of Methylated Anhydro Cellotriose (M-

XII).
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The methylated derivative of cellulose pyrolysate was also analysed by gas
chromatography-mass spectrometry in the ammonia chemical ionization mode. The total ion
chromatograph is given in Figure 4.20. The CI-MS enabled determination of the molecular
weights of the pyrolysate components. Quasimolecular fons, (M + NH,)*, of the methylated
anhydro saccharides, 1,6-anhydro-2,3,4-tri-O-methyl--D-glucopyranose (M-1), 4-0-234,6-
tetra-O-methyl-g-D-glucopyranosyl1,6-anhydro-2.3-di-O-methyl--D-glucopyranose  (M-IX)
and 4-04(2,3,4,6-tetra-O-methyl-B-D-glucopyranosyl)-4-O-(2,3,6-tri-O-methyl-g-D-
glucopyranosyl)-1,G-anhydro-2,3-di-O-methyl-g-D-glucopyranase (M-XII1), are observed with
m/e 222, 426 and 6317, respectively. Methylated glucose is also identified in the methylated
pyrolysate by the presence of the quasimolecular ion at m/e 268. The ring fragment product,
methylated glucese acetaldehyde (M-X1) is recorded as having odd number molecular weight
ion (MH*) at 279, 1t is believed that the aldehyde group is preferentially protonated. A
representative ammonia chemical jonization mass spectra, namely the mass spectra of 2,3,4-

tri-O-methyl-1,6-anhydro-B-D-glucopyranose (M-1) s given in Figure 4.21.
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Figure 421. Ammonia Chemical lonization Mass Spectra of 1,6-anhydro-234-tri-O-
methyl-g-D-glucopyranose (M-I).
Similar analysis of amylose pyroly te yielded major peaks of 1,6-anhydro-g-D-

glucopyranose () and 4-O-0-D- 1,6-anhydro-g-D: (VIII). The

glucose ring fragment molecules observed in cellulose pyrolysate were not evident in this

pyrolysate product. The electron impact mass spectra of 4-O-(2,3,4,6-tetra-O-methyl-a-D-

glucopyranosyl)- 1,6-anhydro-2,3-di-O-methyl-g-D-glucopyranose (M-VIII) (Figure 4.22) and
4-0-(2,3,4,6-tetra-O-methyl--D-glucopyranosyl)-1,6-anhydro-2,3-di-O-methyl--D-  glucopy-
ranose (M-1X) (Figure 4.11) are almost identical. The only differences noted are variations in
the ratios of abundance of fragment ions at m/e 187 and 233, The mass fragment at m/e 187
results from the aA, fragmentation scheme; this fon is more abundant in the a-anomer than in
the g-anomer, This fragment is the result of the loss of the C-1 functionality. The axial posi-
tion of this C-1 function in a-anomers is energetically less favoured and thus promotes elimi-

nation.
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Figure 422, The Electron Impact Mass Spectra of 4-O-(2,

-tetra-O-methyl-a-D-

P )-1,6-anhydro-2,3-di-O-methyl-g-D-g (M-viII).

423. Gas Cl - Chemical i - Mass y of Tri

Derivatives of Pyrolysates.

The polysaccharides from larch gum, nigeran and locust bean gum were analysed by
trimethylsilylation followed by gas chromatography-mass spectrometry in chemical ionization
mode. The quasimolecular ions of TMS pyrolysate derivatives were smaller and more frag-
mentation was evident in comparison to similar analysis of the methylated pyrolysa.c deriva-
tives. Fragmentation results from the more labile trimethylsilyl groups as well as within the

carbohydrate ring structure. Samples of trimethylsilyl derivatives of an anhydro monomer and
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dimer, namely 1,6-anhydro-2,3,4-tri-O-trimethylsilyl--D-gluicopyranose  (T-1) and 4-O-

(23,4,6-tetra-O-tri ilyl-a-D- )-1,6-anhydro-2,3-di-O-trimethylsilyl-8-D-
glucopyranose (T-VIII) were prepared and used as standards. The anhydro monomer (T-1)
was observed 1o have a quasimolecular jon (MNH,)* at m/e 396. The protonated adduct
(MH)* is observed at m/e 379, Major fragment ions result from losses of 15, 30, 73 and 90
daltons which correspond to CHy, CH,O, (CH);Si and (CHy);SIOH fragments, respectively.

The chemical ionization mass spectra of the anhydro dimer standard indicates a large
quasimolecular ion at m/e 774 (Fig. 4.23). Major fragments present result from the breaking
of the glycosidic bond leaving two monomeric units.

Larch gum

The total ion chromatogram from the GC-(CI)MS analysis of the trimethylsilyl deriva-
tive of larch gum pyrolysate, a plant arabinogalactan, indicates several peaks eluting in the
“TMS-monomeric region and one major peak in the region of TMS-dimer elution (see figure
5.26). The first major peak has been identified as 2,3,4-tri-O-trimethylsilyl-1,6-anhydro-g-D-
galactopyranose (T-XIV) giving a quasimolecular ion of m/e 396.

Three small peaks were observed to elute after this anhydro monomer. These appear to
be isomers of galactose where the quasimolecular fon (MNH, *) of the trimethylsilyl deriva-
tive was m/e 540. In this mass spectra a large fragment ion occurred at m/e 468 which
corresponds 0 MNH, 4’»(CH§)35i0H of the free sugar. Another peak was observed between
the monomeric and dimeric regions and is believed to be an acetaldehyde ring moiety
attached to a galactose unit (T-XV). The trimethylsilyl derivative (T-XV) has a molecular
weight of 510 giving rise to a quasimolecular ion of m/e 528 in the ammonia chemical ioniza-

tion mass spectra. The anhydro dimer, 3-O-234,6-tetra-O-trimethylsilyl-g-D-

I-1,6-anhydro-2,4-di-O-tri ilyl-g-D- (T-XVI) gives a

nolecular fon peak at m/e 774,
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Nigeran
Nigeran, a (1-3), (1—+4)-a-D-glucan, resulted in a less complicated chemical fonization

total fon chromatogram for the TMS derivative of the pyrolys

with only six major pe

(see figure 5.18). The first peak was found to have a small molecular ion peak (MNIL*) at

m/e 380 in the chemical ionization mass spectrum. This pyrolysis product is most likely a

product of namely  1,4-dideoxy-2,4,6-tri-O-tri ilyl-a-D-
glucos-2-en-pyranose (T-X), a structure with a molecular weight of 362.

The next peak was found to be the anhydro monomer, 1,6-anhydro-2,3d-1ri-O-

trimethylsilyl--D-glucopyranose (T-I) indicated by the quasimolceular ion at m/e 396, Two
additional monomers were observed, namely, glucose isomers. The last two peaks are the
TMS derivatives of unhydro glucan dimers, one with a (1-3) andl the ather u (i-4) glycosidic

linkage. The major differerces in the chemical ionization ma

peetra are due to variation in
ion intensities, where the (1-3) linked dimer has a smaller quasimolecular ion and more
extensive fragmentation while the (1—4) linked dimer spectrum is dominated by the molecu-

lar ion and the monomeric fragments.

Locust Bean Gum
The plant galactomannan, locust bezn gum, gave several monosaccharide and one disac-
charide peak in the chemical ionization TIC of the trimethylsilyl derivative of the pyrolysate

product (see figure 5.24). The three TMS units gave quasi ions at

m/e 396 in their mass spectrum. From comparison with retention times of trimethylsilyl
derivatives of anhydro sugar standards, these products were identified as 1,6-anhydro-2,3,4-

tri-O-tri ilyl-g-D-galactor (T-XIV), 1,6-anhydro-23,4-1ri-O-tri ilyl-p-D-

galactofuranose (T-XVII) and 1,6-anhydro-2,3,4-tri-O-trimethylsilyl-g-D-maneziyranose (T-

XVIII). The only dimer observed is produced from the pyrolysis of the mannose bickbone,



This  dimer, 4-0-2,34,6-tetra-O-trij ilyl-g-D- 1, hydro-2,3-di-O-

trimethylsilyl-g-D- mannopyranose (T-XIX) gives the quasimolecular ion at m/e 774.



5. Structural Analysis

For rapid structural analysis of pol

arides the trimethylsilyl derivatives of the off-
line pyrolysis products were analysed on a high resolution thirty meter DB-5 GC column with
high temperature programming. This approach provided unique retention times for vach

hyd id

and disaccharide isomer

. 1d of

many of the chromatographic peaks was provided by comparison of retention times of
trimethysilyl derivatives of anhydro sugar standards and from mass spectral data (Section 42).
Amylose

Amylose is a plant polysaccharide composed of u linear chain of a-D-(1-) linked glu-
can units. The average degree of polymerization of an amylose molecule is 200-350 units (42).
This polysaccharide is the principal food reserve for the plant kingdom (1). The gas chroma-
togram of the trimethylsilyl derivative of amylose pyrolysate (Figure 5.1) results in two major

peaks with retention times corr

it ing to 1 hydro-2,3,4-tri-O-trimethylsilyl-g-D-
glucopyranose  (T-I)  and  4-0-(23,4,6-tetra-O-trimethylsilyl-a-D-glucopyranosyl)-
1,6-anhydro-2,3-di-O-trimethylsilyl-g-D-glucopyranose (T-VIII). The large peaks at the front
are due to remaining silylating reagent, extraction with hexanc results in a cleaner chromato-
gram with no loss of product. The small peak before the anhydro monomer is due to an anhy-
dro glucopyranose dehydration product, namely S-hydroxymethyl-2-furaldehyde (1-1V) (Fig.
5.2). Identification of peaks was performed through comparison with trimethylsilyl derivatives
of standards as well as mass spectral analysis of both underivatized and methylated pyrolysate

oils (see section 4.2.2).
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Figure 5.1.  Gas Ct of the Tri Derivative of Amylose Pyrolysate.
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Figure52.  Structures of Amylose and its Major Pyrolysis Products.

Pcyclodextrin
B-Cyclodextrin or cycloheptoamylose (Figure 5.3) results in a pyrogram almost identical
to that of amylose. The only differences are slight variations in the relative amounts of 1,6-

anhydro-2,3,4-tri-O-trimethylsilyl-g-D-glucopyranose  (T-1)  and  4-0-(2,3,4,0-tetra-O-

hylsilyl-g-D-gl )-1,6-anhydro-2,3-di-O-tri Isilyl-g-D (1

VIII) (Figure 5.4). The monomer to dimer ratio is one for amylose and 1S for g-cyclodextrin,
4) [e-D-Glepl, - (1

Figure53.  Structure of A-cyclodextrin.
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Figure 5.4, GasCl of Trimethylsilyl Derivative of g- in Pyrolysate.
Amylopectin

Amylopectin is a branched polymer with an amylose backbone with about five percent
£1-46)-arlinked glucopyranosyl units. The average branch length consists of twenty to thirty
residues (42) (Fig. 5.5).

The of the trij ilyl derivative of

that of amylose with slig:tly lower yields of anhydro dimer. No unique anhydro dimer peaks

are detected that reflect the presence of the (1—6) linkage (Figure 5.6).
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Figure 56.  Gas Ct of the Trimethylsilyl Derivative of in Pyrolysate.
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Glycogen

Glycogen is the storage polysaccharide of animals, it is structurally similar to amylopec-
tin comprised of a (1-+4)-a-D-glucopyranose backbone and (1—6)-a-D-branch points (42).
‘The average chain length of glycogen is shorter than amylose and fewer branch points are

present (Figure 5.7).

CHZ0H

CH,OH CHz

GLYCOGEN

Figure 5.7 Structure of Glycogen.

When glycogen is subjected to thermal depolymerization analysis the resultant chromatogram
of the trimethylsilyl derivative is similar to that of trimethylsilylated amylose pyrolysate (Fig-
ure 5.8). The major peaks are 1,6-anhydro-2,3,4-tri-O-trimethylsi'yl-g-D-glucopyranose (T-I)
and 4-0-(2,3,4,6-tetra-O-trimethylsilyl-a-D-glucopyranosyl)-
1,6-anhydro-2,3-di-O-trimethylsilyl-g-D-glucopyranose (T-VIII). Several smaller unidentified

peaks occur in this chromatogram that are not detected in that of amylose pyrolysate.
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Figure 5.8.  Gas Chromatogram of the Trimethylsilyl Derivative of Glycogen Pyrolysate.

Cellulose

Cellulose is the major component of wood and the most abundant natural organic sub-
stance. It is a structural polysaccharide providing rigidity to species of the plant kingdom.
Cellulose is comprised of a linear chain of (1-+4)-g-D-glucose units with a degree of polymeri-

zation up to 10,000 units. (Fig. 5.9) (1,42).
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Figure 5.9.  Structure of Cellulose and its Major Pyrolysate Products.

Analysis of the derivatized pyrolysate resulted in two major peaks (Fig. 5.10); due to 1,6-

anhydro-2,3,4-tri-O-trimethylsilyl-g-D-glucopyranase (T-1) and the f-D-(1—d)-dimer, 4-O-

(2.3,4,6-tetra-O-ri ilyl-g-D. )-1,6-anhydro-2,3-di-O-tri ilyl-g-D-
glucopyranose (T-1X). The retention time of the g-D-(1—4) linked dimer peak was 34.5
minutes, almost one-half minute later than that of the a-D-(1-4) dimer. Identification of
peaks was through comparison of GC retetition times with authentic standards and mass spec-

tral analysis (see section 4.2.2).
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Figure 5.10. Gas Chromatogram of the Trimethylsilyl Derivative of Cellulose Pyrolysate.

Dextran

Dextrans are bacterial polysaccharides which consist of (1—6)-a-D-linked glucose units
in the backbone (43). Some naturally occurring dextrans are linear in nature while others
contain significant quantities of (1-4) or (1—3) linked D-glucose branch points (Fig. 5.11).
The pyrogram of dextran (Fig. 5.12) resulted in one major peak, 1,6-anhydro-2,3,4-ri-O-
trimethylsilyl-g-D-glucopyranose (T-1). No dimer was isolated for this (1-6) linked polymer

due to substitution at position six in the glucopyranose molecule.
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Figure 5.12.  Gas Chromatogram of the Trimethylsilyl Derivative of Dextran Pyrolysate.
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Laminarin

Laninarin is a water soluble reserve polysaccharide isolated from algae.

polymer with a degree of polymerization of about thirty-one. This polymer con
linked g-D-glucose units (Fig. 5.13) (42.44).

CHoOH CH,OH

o C )
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Figure 5.13. Structure of Laminarin and Its Major Pyralysis Products.

The pyrogram (Fig. 5.14) consists of peaks corresponding to 1,6-anhydro-2

trimethylsilyl-g-D-glucopyranose (T-I) and the (1-+3)-g-D-glucose dimer, 3-0-2,346-tetra-

O-tril ilyl-6-D-§ -anosyl-1,6-anhydro-2,4-di-O-tri ilyl-f-D:
(T-XX). This dimer is only about fifteen percent as abundant as the anhydro monomer. The
lower yield of the (13) dimer compared to the (1-4) dimers may be attributed to the stabil-

ity variations in the two linkages. The retention time for this dimer is 33.4 minutes, over one-

half minute before the (1—4)-a- and one minute before the (1-4)-G-anhydro dimers.
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Identification of the dimer was inferred through the structure of the original polymer.

TI

T-XX

L

o
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FigureS.14.  Gus Chromatograph of the Trimethysilyl Derivative of Laminarin Pyrolysate.

Lichenan

Lichenan is a gluean found in moss. The linkages are all §-D but the repeating unit is a
(1-+3) linked cellotriose (Fig. 5.15) (43). The chromatogram of the trimethylsilyl derivative of
lichenan pyrolysate reflects this structure giving major peaks corresponding to 1,6-anhydro-
2.34-ri-O-trimethylsilyl-g-D-glucopyranose  (T-I), 3-O-(2,34,G-tetra-O-trimethylsilyl-8-D-

glucopyranosyl)-  1,6-anhydro-24-di-O-trimethylsilyl- -D-glucopyranose (T-XX) and 4-O-

(2346-tetra-O- tri ilyl- p-D. 1,6-anhydro-2,3-di- O-tri ilyl- p-

D-glucopyranose (T-1X) (Fig. 5.16). The ratio of products are 3.6 to 1 for the (1-4) dimer

&
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compared to the (1-3) dimer, similar (0 the linkage ratios in the original polysaccharide.

Identification of the dimer (T-XX) was inferred from the structure of the polymer,
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Figure 5.15.  Structures of Lichenan and Its Major Pyrolysis Products.
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Figure 5.16. Gas Chromatogram of the Trimethylsilyl Derivative of Lichenan Pyrolysate

Products.

Nigeran
Nigeran is a regular linear copolysaccharide, it is an a-D-glucan with alternating (1-3)

and (14) linkages (Fig, 5.17) (42). Again, this pyrogram (Fig. 5.18) indicates a large propor-

tion of 1,6-anhydro- 2,3,4-tri-O- trimethylsilyl- A-D. (T-1) in the pyrolysate oil.

Two dimers of equal intensity occur, they are 3-O-(2,34,6- tetra-O- trimethylsilyl- a-D-

1)- 1,6-anhydro- 2,4-di-O- tri ilyl- B-D-gl (T-XXT) and 4-O-
y

(234,6- tetra-O- tri ilyl- o-D- ) -1,6-anhydro-2,3-di-O-tri ilyl-p
D-glucopyranose (T-VII1). The linkages and ratios of these products quantitatively reflect the
proposed structure for the nigeran polymer. Peaks were identified by mass spectral analysis of

the trimethylsilyl derivative of the pyrolysate (see section 4.2.3).
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Figure 5.17.  Structures of Nigeran and Its Major Pyrolysis Products,
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Figure 5.18.  Gas Chromatogram of the Trimethylsilyl Derivative of Nigeran Pyrolysate Pro-

ducts.

Pullulan

The fungal polysaccharide, pullulan, is a linear polysaccharide composed of mostly
(1-+6) linked maltotriose units with some (1-46) linked maltotetraose (Fig. 5.19). The (1-6)
linkages impose a greater flexibility than the straight chain (1-4)-o-glucan, amylose. This

added linkage ulso serves to increase the solubility of this polysaccharide (44,45).
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Figure 5.19.  Structures of Pullulan and Its Major Pyrolysis Products.

The trir ilyl derivative of the pyroly contains two major components: 1,6-

anhydro- 23,4-tri-O- trimethylsilyl- A-D-glucopyranose (T-I) and 4-O-(23,4,6- tetra-O-
trimethylsilyl- a-D-glucopyranosyl)- 1,6-anhydro- 2,3-di- O-trimethylsilyl- 8-D-glucopyranosc

(T-VIII) (Fig. 5.20). Again, no representation of u (1-6) linkage is obscrved.,
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Figure 520. Gas Chromatogram of Trimethylsilyl Derivative of Pullulan Pyrolysate.

Ivory nut mannan

Ivory nut powder is a seed polysaccharide that consists of a mannan chain with galactose
side chains. The backbone consists of (1-4) linked g-D-mannose units, the side chains are
single units of a-D-galactose attached through a (1—6) linkage (Fig. 5.21) (42}. The propor-
tion of galactose in ivory nut mannan is very small with a ratio of 1:5 for galactose to mannose

units.
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Figure 521.  Structures of Ivory Nut Powder and Its Major Pyrolysate Products.

The pyrogram of ivory nut powder (Fig. 5.22) ha

1 large peak contributed by 16-
anhydro-2,3,4-tri- O-trimethylsilyl- g-D-mannopyranase (T-XVII) and u peak about forty

percent as intense as this due to the mannan dimer 4-0-2,3,4,6- tetra-O- trimethylsilyl- g-D-

1,6-anhydro-2,3- di-O-tri ilyl- 4-D- (T-XIX). There is
no substantial amount of 1,6-anhydro galactose present in the pyrogram. The retention time of
this dimer is thirty-six minutes, one and a half minutes past the latest eluting glucan,
Identification of dimeric products was through inference of the structure of the original

polysaccharide.
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Figure 5.22. Gas Chromatogram of the Trimethylsilyl Derivative of Ivory Nut Pyrolysate.

Locust bean gum

Locust bean gum, a leguminous seed ide, is a with a (1)~

A-D-mannan backbone with a-D-galactose units linked to C-6 of approximately every fourth

mannose residue (Fig, 5.23). The ratio of galactose to mannose is 1:3 (45).
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Figure 5.23.  Structures of Locust Bean Gum and Its Major Pyrolysate Products.

The pyrolysis of locust bean gum results in three anhydro monosaceharides and one
anhydro disaccharide (Fig. 5.24). There are two peaks due to galactose; these correspand ta
the pyranose (XIV) and furanose (XVII) ring structures with the first being 1,6-anhydro-
2,3,4-tri-O- trimethylsilyl- -D- galactopyranose (T-XIV) and the second 1,6-anhydro- 2.3,4-

tri-O- trimethylsilyl- 8-D- galactofuranose (T-XVI1). The third anhydro monosaccharide, 1,6-

anhydro- 2,3,4-tri- O-trimethylsilyl- §-D- mannopyranose (T-XVII), arises from depolymeri-
zation of the mannan backbone. Partial depolymerization of the backbone produces the only

anhydro disaccharide, 4-0-2,3,4,6- tetra- O-trimethylsilyl- g-D- 1= 1,6-unhyd

2,3-di-O- trimethylsilyl- B-D-mannopyranase (T-XIX). The gas chromutographic peaks were
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identificd through mass spectral analysis of the TMS derivative of the pyrolysate ol (see sec-

tion 42.3).

20 30 %0
Time (min )

Figure 524. Gas Chromatogram of the Trimethylsilyl Derivative of Locust Bean Gum Pyro-

lysate Products.

Larch gum
Larch gum is an arabinogalactan obtained from the wood of the larch tree. It is a highly
branched polymer containing arabinose and galactose in 4 1:6 ratio (Fig. 5.25). The backbone

is made up of units of A-D-galactose joined in a (1-3) linkage (45).
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Figure 525, Structure of Larch Gum and Its Major Pyrolysis Products.

‘The chromatogram of the trimethylsilyl derivative of the pyrolysate indicates the pres-

ence of galactose through the (T-X1V) and
(T-XVII) peaks (Fig. 5.26). A peak about ten percent of these combined intensities occurs at

the beginning of the chromatogram; this peak is due to an anhydro pentose namely, 1,5-
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anhydro- 2,3-4i-O- trimethylsilyl- B-L- arabinofuranose (T-XXI1). The dimer in this instance
dutes about one minute after the mannose dimer seen in ivory nut and locust bean pyro-
Iysates, this is most likely due to the galactose dimer 3-O-(2,3,4,6- tetra- O-trimethylsilyl- 8-
D-galactopyranosyl)- 1,6 anhydro- 24-di-O- trimethylsilyl- 8-D- galuctopyranose (T-XVI).
Mass spectral analysis of the TMS derivative permiltted interpretation of the GC peaks (see

section 4.23).

T-XIV [ T-XVI

T

20
Time  (min )

Figure 526. Gus Chromatogram of the Trimethylsilyl Derivative of Larch Gum Pyrolysate

Oil.
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6. Conclusion

These preliminary depolymerization studies of neutral polysacchzrides showed promis-

ing results for the rapid screening of polymers for structural interpretation. This technique
provides interesting applications for mechanistic studies of thermal depolymerization as well
as finger printing of biopolymers and synthetic polymers. This approach to ofi-line thermal
depolymerization analysis is a rapid micro scale technique requiring approximately one hun-
dred micrograms of polymer and less than two hours for complete analysis. This experimen-
tal technique has many variables, such as choice of derivative, chromatographic technique and
separation conditions, which n.ay be selected to tailor analysis to the specific needs of the
analyst.

Structural information was obtained from the presence of individual anhydro sugars in

the pyrolysate oils. The monosaccharide building blocks of the polysaccharides could be

interpreted from the anhydro ides present in the pyrol; The unique GC
retention times of the TMS derivative of the anhydro dimers encountered in this study pro-
vided detail about both linkage position and anomeric configuration (Table 6.1).
Identification of these dimeric species was provided by comparison with standards or through
mass spectral confirmation. Semi-quantitative results may be extracted from chromato-
graphic data. The ratios of anhydro monomers and dimers closely relate to the corresponding

compositions in the structural features of the original polymer.
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Table 6.1 Comparison of Retention Times of Trimethylsilyl Derivatives of Anhydro Dimers.

Dimer Retention Time (mins)
XXI  aD-Glu-(1-3)-16-anh 330
XX p-D-Glu-(1-3)-1,6-anh-p-D-Glu 334
VIl a-D-Glu-(1-+4)-1,6-anh-g-D-Glu 341
IX  B-D-Glu-(1-4)-16-anh--D-Glu 45
XIX  B-D-Man-(1-4)-1,6-anh-g-D-Man 360
XVl §-D-Gal-(1-3)-1,6-anh-g-D-Gal 368

The identification of ring fragment products, that is a hexose unit with a portion of the

neighbouring ring attached, provides additional possibilities for structurai information and

distinction of i The ring fragment products found varied with
structural differences presenting an interest for future studies of thermal depolymerization

analysis of polysaccharides.
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