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ABSTRACT 

Thermogravimetry was used to monitor the loss of weight of a series of reducing 

disaccharides during a heating process. The resulting heating-curves provide a kinetic 
fingerprint for the individual ccmpounds. It was shown that the configuration of the 
disaccharides and the nature of the glycosidic bond zffect (a) the shape of the heating 
curve, and (b) the temperature at which a given disaccharide loses a fixed percentage 
of its weight.~There is also a positive correlation between the thermogravimetric data 
and the acid-catalyzed hydrolysis of the disaccharides in solution; the disaccharides 
that lose water at the lowest temperatures are those having the largest rate-constants 
of acid hydrolysis_ Examination of the products of heating indicate polymerization 
and an intramolecular loss of water, followed by cleavage to form 1,6-anhydro- 
aldohexopyranoses. 

INTRODUCTION 

The reducing disaccharides lose water when they are heated. This weight loss 
is part of a process of bond cleavage and bond formation in which such products as 
polymers1-3 and anhydro sugars are formed 4- ‘. The mechanism of formation of the 
1,6-anbydroaldopyranoses has been postulated as involving attack of the oxygen 
atom of the primary hydroxyl group on the anomeric carbon atom, followed by loss 
of a molecule of water per molecule5*6. When the carbohydrates are subjected to 
higher temperatures, some of the primary products, such as the anhydrohexoses, 
are converted into secondary products. Shafizadeh and his colleagues’, in elegant 
work, have identified some of the more exotic of these secondary products (such as 
levoglucosepone, 1,6-anhydro-3/l-dideoxy+ - D -gZycero-hex - 3 - enopyranos-2-ulose) 
that are products of the acid-catalyzed pyrolysis of carbohydrates. 

.h this laboratory, interest has centered on thermogravimetric analysis in tfie 
early stage of the heat treatme&at which time the weight loss is small, and the only 
volatile Rroiiuct is water. Previous thermogravimetric studies demonstrated that the 
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configuration of a D-aldohexopyranose residue is a factor in the polymerizationsSg. 
The purpose of the present investigation was to examine the infiuence of the type of 
glycosidic-bond and the physical state of the molecules on the thermogravimetric 
behavior of some disaccharides in the absence of a catalyst. 

The disaccharides melibiose hydrate, maltose hydrate, anhydrous lactose, 
lactose hydrate, and anhydrous cellobiose were selected for study. The weight losses 
associated with the thermal reactions were measured quantitatively, in an inert 
atmosphere under dynamic conditions, with a thermal, semimicro balance, and the 
products of the reaction were analyzed by paper chromatography, and end-group 
analysis. 

EXPERIMENTAL 

Equipment. - An Ainsworth Model RU-AU-I automatic, semimicro, recording 
balance was used in all of the thermogravim&ric measurements. A complete descrip- 
tion of the apparatus has been published’. 

Materials. - All of the disaccharides were reagent-grade compounds. They 
were further purified by passage of an aqueous solution through a charcoal-Celite 
column, the effluent concentrated, and the compound crystallized, and examined 
for purity by paper chromatography. 

Methods. - The initial sample used in all of the thermogravimetric measure- 
ments was 556 pmol. The furnace was flooded with argon prior to initiation of the 
heating process. The temperature was raised at a uniform rate of 6.5”.mi11-~, under 
a constant flow of argon at a rate of 0.08 ft3.min-‘. 

Descending paper-chromatograms on Whatman No. 1 paper were developed 
with 6 :4 : 3 (v/v) l-butanol-pyridine-water, with detection by the alkaline silver 
nitrate method of Trevelyan et d.“. 

The calorimetric procedure of Nussenbaum and Hassidl’ was used in the 
reducing end-group analyses. 

RESULTS AND DISCUSSION 

A. Comparison of thermogravimetric curves 

The thermogravimetric curves are shown in Fig. 1; two of the most interesting 
are those for lactose hydrate and anhydrous lactose. If a weight loss of 4 mg is taken 
as an arbitrary basis for comparison, it is found that this weight loss occurs at m 235 o 
for both of these reactants, and their thermogravimetric curves are quite similar up 
to this temperature (if allowance is made for the water of hydration in the former); 
lactose hydrate melts on heating, whereas the anhydrous compound remains solid. 
Apparently, the water of hydration and the physical state of these disaccharides have 
little effect upon their thermal reactivity as indicated by thermogravimetric measure- 
ments. 

Fig. 1 shows a large difference in the thermogravimetric curves of maltose 
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Temperature (‘Cl 

Fig. 1. Thermogravimetric behavior of melibiose, maltose, lactose, and cellobiose. [Anhydrous 
basis; initial amount of sample, 556 pmol; the samples were heated at 6.5”.min-1 in an atmosphere 
of argon. Key: -..-*.-, maltose hydrate; -.-.---, melibiose hydrate; -, lactose hydrate; 
. . . . . . . . . . , lactose (anhydrous); and ----------, cellobiose (anhydrous).] 

hydrate and cellobiose. Again using the 4-mg weight-loss (on the basis of the anhydrous 
disaccharides) as the basis of comparison, this weight loss occurs at 190” for maltose, 
and at 245” for cellobiose. Puddington I2 had also noted this difference, and he 
attributed the higher stability of the cellobiose to the &glycosidic bond present in this 
molecule. Gardiner6 suggested that the mechanism of pyrolytic cleavage of glycosidic 
bonds may be similar to the mechanism of the acid-catalyzed hydrolysis of the same 
bonds. The fact that the rate constant for the acid-catalyzed hydrolysis of maltose 
is over twice that for cellobiose l3 lends credence to his suggestion. 

Lactose [O-j3-D-galactopyranosyl-(l-,4)-D-glucopyranose] and cellobiose 
[0-j3-D-glucopyranosy1-(1+4)-o-gl ucopyranose] also constitute an interesting pair 
for comparison. The 4-mg weight-loss for lactose occurs at 235 O, - 10” below that 
observed for cellobiose, and is probably attributable to the D-galactopyranosyl group 
in lactose. Both CY- and j?-D-galactose had previously been shown to lose the 4-mg 
reference-weight at temperatures below those found for the anomers of D-glucose. 
These results again sustain Gardiner’s theory6 that the mechanisms of pyrolytic 
cleavage and acid-catalyzed hydrolysis are similar; the rate constant for the acid 
hydrolysis of lactose is almost twi-e that of cellobiose. 

The behavior of melibiose [U-a-D-galactopyranosyl-(l-%6)-D-glucopyranose] 
is more difficult to interpret, because a (1+6)-glycosidic bond is involved; the other 
disaccharides in this study have (l-+4)-bonds. If the 4-mg loss in weight is again used 
as a reference, it is found that melibiose undergoes this loss at - 223 O, compared with 
235 o for lactose. The loss at the lower temperature for the @-D-linked melibiose seems 
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to be consistent with the results of comparison of maltose and cellobiose, in which 
case, maltose lost the weight at a temperature well below that of the B-D-linked 
compound. 

The comparison of the thermogravimetric curve of melibiose with that of 
maltose [O-a-D-glucopyranosyl-(1 +4)-D-glucopyranose] is more difficult to explain. 
As both of them contain a-D-glycosidic bonds, the presence of the D-galactopyranosyl 
group in melibiose might have been expected to have caused it to lose weight at the 
lower temperature. An explanation is possible if the analogy to acid-catalyzed hydro- 
lysis is again used. The rate constant for this acid hydrolysis of maltose is over three 
times that of its (1+6) analog isomaltose [O-cc-D-glucopyranosyl-(l-,6)-D-gluco- 
pyranose], suggesting that (1 46)-bonds are more resistant to cleavage. 

B. Exanzination of the products cf heating 

The samples examined by paper chromatography were heated to a temperature 
N 20 o higher than the reference temperatures shown in Fig. 1. These new temperatures 
were so chosen as to be high enough to afford an increased yield of some of the initial 
products, but not so high as to give any significant proportion of the secondary, or 
more extensively degraded, products. 

The results of paper chromatography for three of the disaccharides are shown 
in Table I; maltose formed an insoluble gel at the more elevated temperature. The 
respective starting-material constitutes one of the fractions visible in all of the 
chromatograms, and this was to be expected; even the elevated temperatures used 
for these samples is not high enough to cause extensive pyrolysis during a short 
exposure. All of the chromatograms show some 1,6-anhydro-D-aldohexopyranose 
fraction, having RGlc values considerably greater than 1.0. Such fractions had previ- 

TABLE I 

CHROMATOGRAPFIIC EXAMINATION OF REACTION PRODUCXS’ 

RGW value.sb 

Melibiose Cellobiose Luctose 

1.6 m 1.6 w 1.7 m 
1.0 s l.Oms 1.0 w 
0.88 m 0.63 vs 0.88 w 
0.69 w 0.50 w 0.54 w 
0.45 vs 0.39 m 0.02 s 
0.29 s 0.31 m 
0.17 s 0.20 ms 
0.07 vs 0.06 ms 

aStandards: D-glucose, 1.0; D-gahtose, 0.88; cellobiose, 0.65; lactose, 0.50; and melibiose, 0.44. 
J&znsity of component: m, medium; s, strong; v, very; w, weak. bR~~a refers to the distance from the 
origin relative to D-glucose as unity. 
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TABLE II 

COMPAFUSON OF OBSERVED AND ESTIMATED PERCENTAGE OF REDUCING END-GROUPS IN THE DISACCHARIDE 

REAClTON-MXTURES 

Disaccharide upper Percentage of reducing 
temp. end-groups 

WY Estimateda Observed 

Lactose hydrate (Calbiochem) 234 61 81 
Lactose (anhydrous) 236 61 86 

260” 0 8 
Cellobiose 245 61 100 

26Ob 13 60 
Melibiose 223 61 92 

230b 40 43 
Maltose 193 41 94 

aEstimated from thermogravimetric measurements by assuming that, for every molecule of water 
formed, one end-group reacted. bData taken from Table I_ All other numbers refer to Fig. 1. 

ously been identified in heated disaccharidez?. The presence of D-glucose is evident 
in all of these analyses, and D-galactose in the appropriate ones. Also present are 
fractions having RGlc values suggestive of tri- and tetra-saccharides and larger 
polymers. 

The percentage of reducing end-groups remaining in the reaction products 
obtained from the experiments shown in Fig. 1 and Table I are given in Table II. 
These are compared with the reducing end-groups remaining, as estimated by assuming 
that the weight loss shown in Fig. 1 is water that results from the intermolecular 
condensation and intramolecular 1,6-anhydride formation of the disaccharides. In 
an earlier study8 with the monosaccharides, it was shown that the reducing end- 

groups are involved in the intermolecular and intramolecular reactions that involve 
the loss of water. 

Previous work with monosaccharides had demonstrated good agreement be- 
tween observed and estimated percentages of reducing end-groups. As would be 
expected, the agreement for the disaccharides in Fig. 1 is not so good. Evidently, 
the extent of formation of polymer and of 1,6-anhydrohexopyranose is balanced 
by enough simple cleavage of the disaccharides to raise the value found by end-group 
analysis. The results are slightly better for the higher-temperature data taken from 
Table I, but, even in these cases, the formation of polymers and of 1,6_anhydrohexoses 
is balanced to some extent by the formation of the monomers (D-glucose and D- 
galactose), which tends to increase the reducing-group value found by analysis. 
Interestingly, lactose, which shows only small proportions of D-glUCOSe and D- 
galactose in the heated sample (see Table II), also shows the best agreement between 
the estimated and the observed values for reducing end-groups. 
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