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ABSTRACT 

The thermal transformatrons and rearrangements of /3-cellobrose and trehalose 
have been mvestrgated by dynannc thermal analysis and parallel, Isothermal, chenucal 
methods The reducmg drsaccbande showed concurrent meltmg and thermal anomer- 
rzatron, followed by condensatron and ultrmate decomposrtron. The non-reducmg 
drsacchande showed dehydratron, meltmg, polymenzatron, and decomposrtron 
The polymenc matenals formed on Isothermal heatmg of cellobrose and trehalose 
were shown to be randomly lurked glucans contamng pyranord and furanord nngs 
and unsaturated components 

INTRODUCTION 

Pyrolysrs of cellulosrc matenals IS of ccnsrderable technologrcal Interest because 
rt leads to the formatron of volatrle degradation products whrch control the flammg 
combustion of a vanety of natural products1-3 In thrs laboratory, the pyrolytrc 
reactions are being mvestrgated to develop a better understandmg of the chemrstry 
of combustron and flameprootig of celhrlos~c materrals Smce these reactions are 
hrghly complex and comphcated, a variety of model compounds, mcludmg reducmg 
sugars4 5- glycosrdes’-’ O, and 1,6-anhydro-j?-D-ghrcopyranose (levog&osan)’ ‘-’ 5, 
have been used to sho\v how the glycosrdrc bond IS cleaved and the sugar molecule 
1s decomposed These studres have shown that heatmg of the monosacchande derrv- 
atrves results 111 three drfferent types of thermal transformatron At lower temperatures, 
dehydration, meltmg, and a variety of other physrcal transitions usually occur At 
the mtermedrate high temperatures above the melting point, free sugars show ano- 
menzatron and inter- and mtra-molecular condensatron, whereas the glycosrdes and 
anhydro sugars grve inter- and mtra-molecular transglycosylation products, mcludmg 
the free aglycon Further heatmg results m the thermal decomposrtron of the sugar 
moiety 

Combmatron of the dynanuc thermal analysis (d t s ) and parallel isothermal 
chemical methods provrdes a powerful system for mvestrgatmg the nature of the 
complex thermal reactrons and therr products 

Tlus artxle reports on the thermal analysrs of a non-reducing drsacchande, 
trehalose, and a reducing disaccharide, cefiobiose, which serve to bridge the gap 
between the polysaccharides and the related monosaccharide model compounds 
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RESULTS AND DISCUSSiON 

The thermal analysrs of cellobrose is Ahrstrated m Fig 1, m which the d t a. 
curve shows a major endothernnc peak at 248”, correspondmg to the melting pomt 
of the sample The peak for the melting pomt overlapped with a small, broader 
endotherm to form a shoulder at 260” and IS followed by another endotherm at 330” 
The last two endotherms are accompanied by a sharp weight-loss, shown by the 
t g a curve The d t g curve shows the rate of weight-loss, whch reaches peaks at 
262” and 333”, corresponding to the last two endotherms 

Temperature (degrees) 

Fig 1 Thermogram of &celIoblose 

It IS generally known that reducing sugars seldom display a sharp mehmg- 
pomt, and hterature values often cover a wde range Thermal analysrs of a-D- 
xylopyranose has shown that the broad mehmg-range IS due to the eqmhbratton of 
the a- and /I-D forms which takes place smmltaneously with the formation of the 
hqmd phase5 Although /?-celloblose 1s reported’ 6 to melt at 225”, its thermal anal- 
ysis showed a broad meltmg-endotherm (cf. Figs 1 and 2), indrcatmg a simultaneous 
transformanon The course of thrs transformatron was mvestrgated by tnmethyl- 
srlylatron and g 1-c analysis of samples heated at temperatures corresponhg to 
different stages m the development of the melting-endotherm m Frg 1 Since the 
meltmg-endotherm overlaps wnh another endotherm, that 1s accompamed by welght- 
loss, the resultmg g 1 c data presented m Table I not only show the anomenzatron 
of cellobrose but also a gradual disappearance of the molecule However, although 
most of the celloblose sample disappears upon heatmg to 260”, the bulk of the sugar 
moiety can be recovered as n-glucose after acid hydrolyses (see Table I) Thus, the 
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endotherm at 260” could be assigned to the condeusatron of cellobiose molecules 
The condensatron reactrons are m turn accompamed by a subsequent decomposrhon 
of the sugar morety Decomposltron of the condensatron products, which IS accom- 
pamed by a raprd werght-loss, reaches a maximum rate at 333” and ultrmately leaves 
25 5% of a relattvely stable, carbonaceous resrdue at 400” 

l0lA 100 150 350 400 

Temperature (degrees) 

Fig 2 Thermogram of trehalose 

Trehalose, as shown in Fig 2, has thermal propertres that are entirely drfferent 
The compound 1s known to crystalhze wrth two molecules of water17S18 The loss 
of the water of crystalhzatton at N 100” has been generally recorded as Its meltmg- 
point However, dependmg on the ambrent vapor pressure, loss of water and hque- 
factron could take place at Merent temperatures The dehydratron product forms 
anhydrous crystals whxch melt at 215” The complex dehydratron and recrystalhza- 
non charactenstrcs of trehalose wrll be drscussed elsewhere 

The meltmg of trehalose, as seen m Fig 2, IS followed by only one major 
endotherm that 1s accompamed by a substantral weight-loss reachmg the maximum 
rate (d t g curve) at 313” and leaving a carbonaceous char of -22 5% at 400” 
Although the substantial we&t-loss and charrmg represent the degradatron of the 
sugar moiety, g 1 c analysts of sugar samples heated to various temperatures cor- 
respondmg to different stages of the final endotherm mdlcated that the decompose- 
tion reactions are preceded by condcnsatron and polymenzatron of trehalose As seen 
m Table I, although trehalose raprdly disappears on heatmg at temperatures above 
260”, even at 300” substantral quantrtres of the D-glucose resrdues could be recovered 
by hydrolyses of the heated sample These observations on the thermal behavior of 
cellobiose and trehalose are in hne wnh the prevrous results obtamed on thermal 
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anomenzatron, condensatron, and decomposihon of reducmg sugars, as compared to 
the transglycosylahon and decomposrhon of the glycosrdes at relahvely hrgher 
temperatures 

Further mformatron on the nature of thermal polymer-matron products and 
reactrons was obtained through structural analysrs of the polymenc matenals formed 
by Isothermal hestmg of cellobrose and trehalose at 240” and 260”, respectrvely 
The resultmg nuxture, after extractron wrth methanol, was fractronated by gel 
fikrahon on Sephadex G-25 to grve the etutron patterns shown m Fig 3; these show 
that both cellobrose and trehalose produce a fractron (A) of higher molecular werght 
which accounts fcr N 1 l-16% of the angmal sample The physrcal and chermcal 
properties of thrs product and subsequent frachons (B, C, and 0) of lower molecuhn 
we&t are summa=ed m Table II 

08 
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E 02 

8 
w 

Ii, 

A 8 c D 

% 50 60 70 80 90 100 110 120 130 140 

Elutmn volume (ml) 

Fig 3 Gel-filtratron pattern of the thermal polymenzatron products of cellobrose (Ij and tre- 
halose (II) A, polysacchande fractron, B, ohgosacchande fractron, C and B, &saccharrdes 

The t 1 c analysis of fractron A, denved from both celloblase and trehalose, sho- 
wed that It IS a completely munobrle polysacchande Fraction B was a mrxture of ohgo- 
saccharides because rt showed contmuous stnps on t 1 c and contamed no startmg mate- 
rral on g 1 c The subsequent fractions C and D contamed mamly the startmg mate&s 

Acid hydrolyses of the polysacchande fractron gave D-glucose, as the only 
identifiable product, m relahvely low yrelds of 53 5 and 45 6% for cellobrose and 
trehalose polymers, respectrvely; thus mdrcates the presence of other units m the 
polymer The presence of substances other than D-glucose in the polymenc frachon 
was further confirmed by the observatron that the polymer became partrally msoluble 
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after the acid treatment. The msoluble residue probably results from further reac- 
tions of unsaturated groups in the polymer. 

Further evidence for the presence of non-glucose umts was provided by the 
observation that the polymers showed an 1 r. carbonyl absorptxon band at 1710 cm-‘, 
U.Y. absorption maxima at 220 and 275 mn, and a free-radical signal, detected by 
e s r. spectroscopy. Sumlar carbonyl absorption bands have been observed for the 
products of acid polymerization of D-xylose’g-21, and for the products of thermal 
polymenzatlon of D-xylose and 4-O-methylglucuronoxylang. Ongmally, they were 
attnbuted to the presence of acychc umts denved from the reducmg sugar lgm2 l. How- 
ever, smce the same bands are observed for the products formed from non-reducmg 
carbohydratesg, and m wew of the considerable evidence for thermal dehydration 
and rearrangement rea&ons4-’ ’ and zdent&ation2 2 of a %deoxy-D-erythro- 
hexosulose from the pyrolysis of D-glucose and cellulose, it has been suggested9 that 
the carbonyl absorption could be due to the mcorporatlon of 3-deoxyglycosulose 
molecules m the polymer or the dehydration and rearrangement of the glycosyl 
umts Umts of this type could also account for tFle U.V. absorption 

The ohgosacchande fraction was completely soluble and produced a much 
higher yield of D-glucose (8045%) after acid hydrolysis. 

The specfic rotations of the polysacchandes, from celloblose (+ 68 1“) and from 
trehalose (+72 O”), were sinular to those of synthetic glucose polymers2’ havmg a 
high content of cx-D-glycosldlc hnks These data indicate that I,Banhydro sugars could 
form the mtermedlate transglycosylatlon products It 1s also interesting to note &St, 
when the pyrolysis of celloblose and trehalose was camed out under vacuum, sub- 
stantial yields of levoglucosan were obtamed 23 because removal of the intermediate , 

compounds from the reaction zone stops further transglycosylation and polymenza- 
non reactions. 

End-group analysis, mvolving reduction and acid hydrolysis of the poly- 
saccharides,,“› gave a ratio of D-glucose to D-glucitol of 25-30 1 It should be noted 
that this value does not represent the true degree of polymenzation, smce these 
polymers contam non-glucose umts and, possibly, conslderable branching and 
anhydro end-groups24 Agam, as e,,pected, the ohgosaccharide frachon (B) had a 
lower ratio (10-12 1) of D-glucose to D-glucitol 

Further mformatlon on the molecular structure of these polysacchandes and 
oligosacchandes was obtamed by periodate oxidation Frations A and B each 
consumed N 1 6 moles of penodate per “anhydro-D-glucose” umt As in acid hydrol- 
ysis, fraction A gave an msoluble residue after the oxidation G 1 c of products 
obtamed on acid hydrolysis of fractions A and B, after successive penodate orudation 
and reduction with borohydnde, showed the presence of D-glucose, D-xylose, glycerol, 
erythntol, ethylene glycol, and trace amounts Of D-ghICltOl, as summarized m Table III. 
The relative propotions of these products were sumlar for dtierent fraaons of the 
celloblose or trehalose polymer, but were qmte different for the two types of 
polymers Celloblose polymers gave D-glucose as the major product of Srmth degrada- 
tion, whereas trehalose produced more D-xylose. 
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FormatIon of unoxzdlzed D-glucose reflects the presence of (l-+3)-hnkages or 
multiple-lmked umts such as (142 14 4)-lmkages A reducmg end-group w& the 
latter type of lmkages would be responsible for the formatlon of D-glucltol Smce the 
startmg materrai had no D-xylose residues, tbs sugar could be formed from gluco- 
furanose umts m whch HO-S and HO-6 were free and HO-2 or HO-3 was blocked 
Furthermore, glycerol 1s formed when HO-3 and HO-4 are free, and erythntol 1s 
formed when HO-2 and HO-3 are free and HO-4 IS blocked The formation of 
ethylene glycol from normal polysacchandes 1s rather unusual because It should 
ongmate from an acychc umt substituted at HO-6 but, m tis case, it could have 
been derived from a decomposltlon product 

Vanous products formed on Smith degradation, and the hgh propotions 
of D-xylose and unoxrdlzed D-glucose shown m Table III, mdIcate that the polymenc 
matenals are randomly hnked and hghly branched 

The above data confirm the results obtamed from thermal investigation of 
D-xylose”’ g and a variety of glycosrdes,‘-’ ’ and extend the concepts that have been 
developed for carbohydrate compounds m general As noted before, heatmg of free 
sugars results m thermal polymenzatlon through the reaction of the reducing end- 
group, whereas heatmg of the glycosrdes Ieads to the formation of the free aglycon 
and condensation of the glycosyl moiety through a transglycosylatlon reaction Thus, 
on heatmg, celloblose, trehalose, levoglucosan, and cellulose25 all provide a mixture 
of randomly linked, polymenc mater& These matenals consume w 1 5 moles of 
penodate, and are quahtatively smular but quantltatlvely somewhat dtiertint For 
instance, the ratio of D-xylose to D-glucose produced by 3nuth degradatxon was 
0 3 1 for celloblose and cellulose, 0 6 1 for levoglucosan, and 5 1 for trehalose This 
vanatlon could be explained by the fact that Inter- and mtra-molecular transglycosyla- 
tlon of trehalose should result m the formation of a free sugar, snmlar to the formation 
of the free aglycon on thermolysxs of glycosldes Under the pyrolytic condltlons, the 
free sugar could undergo Merent types of Isomenzatlon, mcludmg the formatlon of 
furanold forms that are subsequently condensed and Incorporated m the polymenc 
structure” 25-27 Since condensation of the reducing end-group m celloblose takes 
place ahead of transglycosylatlon, as shown by the thermal analysis data, the latter 
reaction could not lead to the formatlon of a free sugar from celloblose, nor from 
levoglucosan or cellulose However, the formation of an intermediate 1,4-anhydro 
compound, such as 1 &anhydro-rx-D-ghicopyranose or 1,6-anhydro+D-gluco- 
furanose25, could account for the lesser proportlon of furan-rmg structures and D- 
xylose formation. 

EXPERIMENTAL 

Anal'tzcal methods - The thermal analysis, u v spectroscopy and g 1 c of 
carbohydrates, and the Srmth-degradation processes were carried out by the met- 
hods and eqmpments described before’-’ The t 1 c was carried out on s&a 
IB-F (Bakerfiex), using l-butanol-pyndme-water (6 4 3) The thermal analysis was 
programmed at the rate of 15”/mm 
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Thermal degradktzon of cellobzose and trehalose. - Samples of cellobrose and 
trehalose were obtained from @ma Chemical Company Small amounts (-2 mg) 
of the drsaccharides were heated, in the d.t a cell, to various temperatures corre- 
sponding to the meltmg or decomposrtion endotherms, at the rate of lY’/min The 
heated samples were tnmethylsrlylatsd2’ and analyzed for the monomenc compounds, 
levoglucosan, D-glucose, and the startmg mater&, cellobrose or trehalose, by g 1 c 
The results obtained are grven m Table I 

Thermal condensatzon of cellobiose and trehalose - A sample (1 g) of cellobrose 
or trehalose was placed in a 100~ml flask, which was then flushed wrth mtrogen and 
heated m an oven at 240” and 260”, respectrvely, for 30 mm. The resultmg werght- 
loss was then recorded and the heated mrxture was extracted with methanol for 4 h 
The extracted resrdue (0 6 g) was drssolved m water (5 ml) and chromatographed on 
column (1 5 x 125 cm) of Sephadex G-25 at room temperature wrth a flow rate of 
- IO ml/h. The eluate was collected in fractxons of 5-10 ml, and the amount of carbo- 
hydrate matenal m each fractron was determmed by the phenol-sulf&c acrd method2’ 
to give the elutron patterns shown m Frg 3 The appropnate fractrons were combined 
to give three or four major fractions, as mdrcated m the chromatograms The mate- 
nals m each fraction were obtained by concentration of the solutron to a small 
volume followed by freeze-drymg Table II summarizes the yields, and phystcal and 
chenncal propertres of the dfierent fractrons 

Arzaz’yszs of the polymerzc materzals - Samples (5 mg) of the polymenc mate- 
nals were hydrolyzed wrth borhng M hydrochlonc acid (2 ml) for 8 h. D-Glucrtol 
(5 mg) was used as the internal standard_ The sohrtions, after neutrahzation wrth 
Amberhte IR-45(HO-) resm, were Gltered and evaporated to dryness The resrdues, 
after tnmethylsrlylatron28, were analyzed by g 1 c Small amounts of fractron A 

polysacchande became insoluble after acrd treatment 
For determinatron of the end-groups, samples (5 mg) of the polymenc mate&s 

were drssolved in water (5 ml) contammg sodmm borohydnde (20 mg). After 48 h 
at room temperature, the excess reagent was decomposed by Amberhte IR-12O(H+) 
resin and the filtered solutton was evaporated to dryness The bone acrd m the residue 
was removed as the methyl ester, by repeated evaporatron wrth methanol under 
dmunrshed pressure. The resrdual matenal was then hydrolyzed and analyzed by 
g 1 c , as prevrously described 

For penodate-oxidatron expenments, solutrons of samples (8.0 mg) of each 
fraction m 15mhr sodium metapenodate (10 ml) were kept rn the dark The periodate 
consumptron was determmed on abquots (0.5 ml), which were Grst drluted to 100 ml 
with distrhed water and then analysed by the spectrophotometnc method3 O. Penodate 
consumption reached a constant value after 4-5 days The oxrdatron products were 
rdentrfied by usmg the procedure of Alfes and Bishop31. 

As in the acrd hydrolyses, small amounts of fraction A polysaccharide became 
insoluble after the oxtdatron. This insoluble resrdue was also collected and analyzed 
for the oxrdation products 
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