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Microcalorimetry has been used to determine enthalpy changes for the hydrolysis of a series of oligosaccharides. High-pressure liquid 
chromatography was used to determine the extents of reaction and to check for any possible side reactions. The enzyme glucan 

1,4-a-glucosidase was used to bring about the following hydrolysis reactions: (A) tnaltose(aq)+H,O(liq) = ZD-glucose(aq); (B) 
maltotriose(aq) + 2H,O(hq) = 3D-glucose(aq); (C) maltotetraose(aq) + 3H,G(liq) = 4D-glucose(aq); (D) maltopentaose(aq) + 

4H,O(liq) = SD-glucose(aq); (E) maltohexaose(aq) + SH,O(liq) = 6D-ghtcose(aq); (F) maltoheptaose(aq) + 6H,O(liq) = 70- 

glucose(aq); (G) amylose + nH,G(liq) = (n + 1) D-ghtcose(aq); and (H) panose + ZH,O(liq) = 3D-glucose(aq); (I) iso- 
maltotriose(aq) + ZH,O(liq) = 3Dglucose(aq). The enzyme /3-fructofuranosidase was used for the reactions: (K) raffinose(aq) + 

H,O(liq) = a-D-melibiose(aq) + D-fiXClOSe( and (L) stachyose(aq) + H,O(liq) = o-a-D-galactopyranosyl-(I + 6)-a-0-~- 

galactopyranosyl-(1 + 6)-a-D-ghmop~anoSc+ D-fNCtOSe(aq). The rest&s of the calorimetric meaSurementa (298.15 K, 0.1 M sodium 

acetate buffer, pH 4.44-6.00) are: AH:= -4.55*0.10, AH;= -9.03kO.10, AH: = -13.79kO.15, AH&= -18.121tO.10, AH: = 

-22.401kO.15, AH;=-26.81k0.20, AHfi=1.46&0.40, AH;=11.4;t2.0, AH;=-15.25kO.20, and AH;=-14.93iO.20 kJ 

mot-‘. The enthalpies of hydrolysis of two different samples of amylose were IO62 f20 and 2719f 100 kJ mol-‘, respectively. These 

processes correspond to the hydrolysis of the following linkages: glucose-glucose (a,1 + 4) gluc~~egluco~e (a,1 --t 6) and glucose- 
fructose (1 j 6). The respective enthalpy changes accompanying the hydrolysis of these linkages are - 4.53, 5.8 and - 15.0 kJ mol-‘. 

Both these results and available thermodynamic data in the literature demonstrate that additivity works well in predicting the 
thermodynamics of hydrolysis reactions involving oligosaccharides. 

1. Introduction 

Earlier work by Takahashi et al. [1,2] indicated 
that additivity schemes were useful for the predic- 
tion of the enthalpy changes accompanying the 
hydrolysis of carbohydrates containing a-1,4 linlc- 
ages. Their results [1,2] seemed particularly im- 
portant because of the possibility that thermody- 
namic information on the hydrolysis of disaccha- 
rides containing various types of linkages could 

* To whom correspondence should be addressed. 

provide the basis for the estimation of the thermo- 
dynamics of processes involving oligo- and poly- 
saccharides. Thus, the available thermodynamic 
data on the hydrolysis of disaccharides [3-61 could 
prove to be extremely useful in the estimation of 
thermodynamic data for the vast multiplicity of 
carbohydrates formed as possible permutations 
and combinations of the available monosac- 
charides and their interconnecting linkages. To- 
wards this end we have (a) repeated some of the 
measurements of Takahashi et al. [1,2] on com- 
pounds containing a-1,4 and (u-1,6 linkages, (b) 
extended their measurements on substances con- 
taming (r-1,4 linkages to include the compounds 
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maltotetraose, maltopentaose, maltohexaose, and 
maltoheptaose, and (c) hydrolyzed the oligosac- 
charides isomaltotriose, raffinose, and stachyose ‘. 
The determination of the enthalpy changes accom- 
panying the hydrolysis of these oligosaccharides 
makes it possible to quantitatively test the extent 
to which additivity schemes work on carbohy- 
drates. We have also examined the available infor- 
mation in the literature which bears upon the 
generalization of additivity estimation schemes to 
include Gibbs energy and entropy data for 
carbohydrates containing various types of link- 

ages. 

2. Experimental 

The materials used in this study were obtained ’ 
from Sigma with only a few exceptions. The a-D- 

glucose was obtained from the National Institute 

of Standards and Technology, the o-fructose and 
D-galactose were from Pfanstiehl, and the sodium 
acetate was from J.T. Baker. The carbohydrates 

’ Systematic names for the saccharides considered in this 
study are: isomaltotriose, o-a-D-glucopyranosyl-(1 --t 6)-o-a- 

D-glucopyranosyl-(1 + 6)-D-ghmopyranose; panose, 0-U-D- 
glucopyranosyl-(1 + 6)-0-~~-glu~0pyran0~yl-(l --f 4)-D-glucopyra- 
nose; raffinose, o-a-D-galactopyranosyl-(1 + 6)-o-D-gl~~0py- 
ranosyl /3-D-fructofuranoside; and stachyose, o-a-D-galacto- 
pyranosyl-(1 + 6)-o-cY-D-galactopyranosyl-(l + 6)-a-~- 

glucopy- 
ranosyl B-D-fructofuranoside; and a-D-mehbiose, ~-O-U-D- 

galactopyranosyl-D-glucopyranose. Maltose, maltotriose, 
maltotetraose, maltopentaose, maltohexaose, maltoheptaose 
are [o-a-D-glucopyranosyl-(1 + 4)-l, a-D-glucopyranose, 
where n =l, 2, 3, 4, 5, and 6, respectively; amylose is a 

mixture of polysaccharides of this type where n is a large 
number. The compound 9a-D-galaCtOpymI'tOSyl-(1 -+ 6)-o-a- 
D-galactopyranosyl-(1 + 6)-a-D-ghmopyranose has no com- 
mon name. Larninaribiose, laminaritriose, and laminari- 
tetraose are [ o-p-D-glucopyranosyl-(1 + 3)-] n D-gluco- 
pyranose, where n -1, 2 and 3, respectively. Cellobiose and 
cellotriose are [G-&D-ghCOpyraIIOSy~-(1 3 4)-]‘n /3-D-ghCQ 

pyranose, where n = 1 and 2, respectively. Aqueous inorganic 
orthophosphate is abbreviated as Pi. 

* Certain commercial materials and products are identified in 
this paper to specify adequately the experimental procedure. 
Such identification does not imply recommendation or en- 
dorsement by the National Institute of Standards and Tech- 
nology. 

used in this investigation and their moisture con- 
tents in mass percent, as determined in this 
laboratory by Karl Fischer titration, are: maltose, 
6.0; maltotriose, 3.9; maltotetraose, 5.6; malto- 
pentaose, 3.9; maltohexaose, 5.4; maltopheptaose, 
4.8; panose, 0.69; isomaltotriose, 4.9; amylose 
(sample no. l), 16.3; amylose (sample no. 2), 9.4; 
raffinose, 16.2; and stachyose, 10.3. These mois- 
ture contents were applied as corrections to the 
calorimetric measurements. The determination of 
the moisture contents in the amylose samples was 
difficult due to the very slow (= 1 h) rate of 
solubilization of these samples in the formamide 
and Karl Fischer reagent. Thus, while the uncer- 
tainties in the moisture contents of the other sub- 
stances are in the range 5-10s of the values given 
above, the uncertainties in the moisture contents 
of the amylose samples are estimated to be about 
20% of the reported values. The oligosaccharides 
were found to be pure using the chromatographic 
procedures described below. 

Characterization of the two amylose samples, 
both of which originated from potato starch, was 
performed using a Spectrophysics HPLC with a 
refractive index detector. A Phenomenex Linear 
GPG Column (5 pm bead sire) thermostatted at 
60 o C was used with a mobile phase consisting of 
50% DMSO and 50% acetonitrile. Calibration was 
done using pullulan standards obtained from 
Polymer laboratories. Amylose sample no. 1 had a 
number average molecular weight 3 of 45 400 and 
a mass average molecular weight of 99900. Sam- 
ple no. 2 was found to have a number average 
molecular weight of 135 000 and a mass average 
molecular weight of 7 746 000. The uncertainties 
in these molecular weights are estimated to be 
8-10% of the stated values. 

The enzymes used in this study are glucan 
l,Car-glucosidase (EC 3.2.1.3) and fi-fructo- 

3 The number average molecular weight is equal to 
HN,M,/(XN,) where N, is the number of molecules having a 
molecular weight Mi. The mass average molecular weight is 
equal to XmkMi/(Xmi) where the mi are the masses of 
material in the different molecular weight fractions [15]. 

4 Glucan 1,4-cr-glucosidase is commonly called glucoamylase 
or amyloglucosidase. The enzyme B-fructofuranosidase is 
commonly called invertase. 
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furanosidase (EC 3.2.1.26) 4. The glucan l,Ccy-glu- 
cosidase was used for the hydrolysis of the follow- 
ing compounds: maltose, maltotriose, maltotetra- 
ose, maltopentaose, maltohexaose, maltoheptaose, 
panose, isomaltotriose, and the two different sam- 
ples of amylose. The j%fructofuranosidase was 
used for the hydrolysis of raffinose and stachyose. 
Both enzymes were in lyophilized form. 

The calorimetric and chromatographic proce- 
dures are similar to those used previously [3,6]. 
Chromatographic analyses of the reaction mix- 
tures were performed immediately following the 
calorimetric measurements. These analyses served 
to determine the extents of reaction, to check for 
any possible side reactions, and to confirm the 
stoichiometry of the reactions. For example, fol- 
lowing the hydrolysis reactions of raffinose and 
stachyose using P-fructofuranosidase the chro- 
matograms showed no evidence of side reactions. 
Mass balance checks confirmed, within the com- 
bined experimental errors of the chromatographic 

Table 1 

Enthalpies of hydrolysis of carbohydrates containing a-1,4 

linkages 

All reactions were canied out using glucan 1,4+glucosidase 
( = 4 g 1-l) in sodium acetate buffer (0.1 M and pH 4.44). The 
concentrations of the substrates in solution were: 0.013-0.016 

M for the maltose and maltotriose, 0.008~0.010 M for the 
maltotetraose and maltopentaose, and 0.005-0.009 M for the 

maltohexaose and maltoheptaose. The averages are the results 

of five to seven measurements. The uncertainties are 95% 
confidence. limits. The enthalpy change in the last column was 

obtained by dividing the enthalpy change in the third column 

by the number of (r-1,4 linkages in a molecule of the oligosac- 
charide hydrolyzed. 

Carbohydrate T (K) -AH -AH 
(kJ mol-‘) (kJ linkage-‘) 

Maltose 298.15 4.55 * 0.04 4.55 
Maltotriose 298.15 9.03 * 0.03 4.52 

Maltotetraose 298.15 13.79Ito.09 4.60 
Maltopentaose 298.15 18.12~0.05 4.53 

Maltohexaose 298.15 22.40*0.10 4.48 
Maltohexaose 304.65 22.63&0.10 4.53 
Maltohexaose 311.15 22.16f0.29 4.43 

Maltoheptaose 298.15 26.81k0.14 4.41 
Maltoheptaose 304.65 27.14zkO.29 4.52 
Maltoheptaose 311.15 26.38 f 0.29 4.40 

analyses and the moisture determinations, the 
stoichiometry of all of the processes studied herein. 
Analyses of the reaction mixtures following the 
hydrolysis of panose showed the presence of iso- 
maltose (0.75%), unreacted panose (0.03%), and 
glucose (99.22%). Similar analyses following the 
hydrolysis of isomaltotriose showed isomaltose 
(9.8%), unreacted isomaltotriose (48X), and glu- 
cose (41.5%). The values in parentheses given here 
are average mole percentages of these substances 
found on analysis of the reaction mixtures. Ap- 
propriate corrections were applied for the amounts 
of unreacted substrate and for the presence of the 
isomaltose in solution. In making the latter correc- 
tion, the enthalpy of hydrolysis of isomaltose to 
glucose was taken from our earlier work [3]. Anal- 
ysis of the reaction mixtures formed on hydrolysis 
of the series of maltose related compounds (see 
table 1) showed the presence of other disacchar- 
ides in amounts less than 0.8 mol%. Since these 
disaccharides could not be identified, it was not 
possible to make any correction due to their pres- 
ence. In the calorimetric measurements, ‘blank 
heats of - 0.14 and -0.79 mJ were determined 
for the enzymes glucan 1,4-a-glucosidase (EC 
3.2.1.3) and P-fructofuranosidase (EC 3.2.1.26), 
respectively. All of the hydrolysis reactions were 
rapid and ‘complete’ within approx. 30 min with 
the exception of the hydrolysis of isomaltotriose. 

Attempts were made to determine equilibrium 
constants for the various hydrolysis processes 
studied herein. These attempts were not successful 
due to the very large extents of reaction for these 
reactions. 

Since the amylose samples were insoluble in the 
buffer solutions used for the oligosaccharides, it 
was necessary to use a solubilization procedure 
similar to that used by Takahashi et al., [l]. Ab- 
solute ethanol (1.24 g) and distilled water (20.0 g) 
were added to an amylose sample (0.10 g). This 
solution was then mixed using a magnetic stirrer 
and concentrated sodium hydroxide (0.74 g, = 20 
M) was added slowly. Glacial acetic acid (0.79 g, 
17.4 M) was then added to bring the pH to 5.31. 
This solution is designated as the ‘amylose solu- 
tion’. In doing this, the amounts of solution added 
were carefully weighed so as to be able to prepare 
subsequently a nearly identical solution contain- 
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ing all of the aforementioned reagents but without 
any amylose. This latter solution is designated as 
the ‘synthetic buffer solution’. This solution in 
turn was used to prepare an ‘enzyme solution’ 
containing the glucan 1,4-a-glucosidase. A weighed 
amount of this enzyme solution was placed in one 
side of the calorimeter vessel and a weighed por- 
tion of the amylose solution was placed in the 
other side of the calorimeter vessel. Following 
equilibration in the microcalorimeter the two solu- 
tions were mixed and the heat was measured. The 
purpose of having two nearly identical solutions 
was to be able to minimize the heat that would be 
produced by having an imbalance in the pH 
and/or ionic strengths of the two solutions. That 
this was accomplished was demonstrated by mea- 
suring the heat produced by mixing the synthetic 
buffer solution with the amylose solution. The 
heat measured in the’se control experiments was 
- (0.63 + 1.1) mJ, while the reaction heats were in 
the range 30-50 mJ. The heat measured in these 
control experiments does not differ significantly 
from the blank heat (- 0.14 mT) measured for the 
glucan 1,4-a-glucosidase solution. Since these ex- 
periments were performed using a much more 
concentrated sodium acetate buffer solution (= 
0.57 M) containing ethanol, an additional control 
experiment was also performed in which malto- 
pentaose was used in the synthetic buffer solution 
instead of amylose. Thus, a fairer comparison 
could be made between the enthalpy changes mea- 
sured for the hydrolysis of the a-1,4 linkages in 
both the maltopentaose and the amylose samples. 

3. Results and discussion 

The processes which have been investigated 
herein are: 

maltose(aq) + H,O(liq) = 2D-glucose(aq) (A) 

maltotriose(aq) + 2H,O(liq) = 3D-glucose(aq) 

(B) 

maltotetraose(aq) + 3H,O(liq) = 4D-glucose(aq) 

(C) 

maltopentaose(aq) -t 4H,O(liq) = SD-glucose(aq) 

CD) 

maltohexaose(aq) + 5 H,O(liq) = 6D&cose(aq) 

(E) 

maltoheptaose(aq) + GH,O(liq) = 7D-glucose(aq) 

(F) 

amylose + nH,O(liq) = (n + 1) D-glucose(aq) 

(G) 

panose + ZH,O(liq) = 3D-glucose(aq) 0.0 

isomaltotriose(aq) + 2H,O(liq) = 3D-glucose(aq) 

(J) 
raffinose(aq) + H,O(liq) 

= cu-D-melibiose( aq) + D-fructose( aq) 

stachyose(aq) + H,O(liq) 

W) 

= o-cr-D-galactopyranosyl-(1 + 6)-O-OL-D- 

galactopyranosyl- (1 + 6)-cr-D-glucopyranose 

X (aq) -I D-fructose( aq) (L) 

Results of the calorimetric measurements for 
the hydrolysis of the oligosaccharides are sum- 
marized in tables 1 and 2. Based upon these 
results the enthalpy changes for the above proc- 
esses are: A Hi = -4.55 f 0.10, A Hg = -9.03 & 
0.10, AH; = - 13.79 + 0.15, AH; = -18.12 f 
0.10, AH;; = -22.40 + 0.15, AH; = -26.81 f 
0.20, AH; = 1.46 f 0.40, AH; = 11.4 + 2.0, AH; 
= - 15.25 & 0.20, and AH; = -14.93 + 0.20 kJ 

Table 2 

Enthalpies of hydrolysis of some oligosaccharides at 298.15 K 

The enzyme ,%fructofuranosidase ( * 3 g l- ‘) was used for the 
hydrolysis of raffinose and stachyose. The buffer was 0.10 M 

sodium acetate at pH 6.00. The concentrations of the raffinose 

and stachyose were in the range 0.0077-0.0081 M. Glucan 

1,4-a-glucosidase ( = 5 g l- ‘) was used for the hydrolysis of 
the panose and isomaltotriose which were present in the con- 

centration range 0.011-0.013 M. Sodium acetate buffer (0.10 
M and pH 4.44) was used for the hydrolysis experiments 
involving the panose and isomaltotriose. The averages are the 

results of five or six measurements. The uncertainties are 95% 
confidence limits. 

Carbohydrate 

Panoae 
Isomaltotriosc 
Raffinose 

Stachyose 

AH (kJ mol-‘) 

1.46*0.34 
11.4 f1.6 

- 15.25 f0.11 

- 14.93 f 0.09 
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mol-’ at 298. 15 K. The enthalpies of hydrolysis 
of two different samples of amylose (process G) 
are 1062 f 20 and 2719 f 100 kJ mol-‘, respec- 
tively. The uncertainties assigned to the enthalpy 
changes have been increased above the 95% confi- 
dence limits. This was done for the same reasons 
as in the previous study [6], namely, the possibility 
of systematic errors attributable to sample purity, 
in the determination of the extent of reaction,pos- 
sible side reactions, and the adjustment to the 
standard state. Measurements at temperatures 
other than 298.15 K were performed for both 
maltohexaose and maltoheptaose. Least-squares 
fits to this data lead to heat capacity changes 
(AC;) of - 18 and - 33 J mol-’ K-’ for processes 
(E) and (F), respectively. The standard deviations 
for these fits are 31 and 48 J mol-’ K-l, respec- 
tively. Thus, the values for these heat capacity 
changes must be considered approximate. 

The results in the last column in table 1 were 
obtained by dividing the molar enthalpy change 
by the number of a-1,4 linkages in a molecule of 
the oligosaccharide hydrolyzed. The results are 
essentially constant and they are all consistent 
with an average value of -4.53 * 0.04 kJ link- 
age-‘. Thus, a rule of additivity is found to work 
remarkably well for this series of compounds con- 
taining only (u-1,4 linkages. The issue of whether 
additivity worked was also put to a test using data 
for both isomaltotriose and panose. 

The enthalpy of hydrolysis of isomaltotriose, 
which contains two a-1,6 linkages, was found to 
be 11.4 f 2.0 kJ mol-‘. Use of the additivity rule 
and the enthalpy of hydrolysis of isomaltose of 

5.86 -t 0.54 kJ molP’ [3] leads to a predicted value 
of 11.7 kJ mol-’ for the hydrolysis of iso- 
maltotriose. For panose, which contains one a-1,4 
and one a-1,6 linkage, the measured enthalpy of 
hydrolysis was 1.46 f 0.40 kJ mol-‘. Using the 
enthalpy of hydrolysis of isomaltose and the en- 
thalpy of hydrolysis of maltose determined herein, 
leads to a predicted value of 1.31 kJ mol-‘. Thus, 
again, the additivity rule was found to hold. 

The enthalpies of hydrolysis of raffinose and 
stachyose were found to be - 15.25 + 0.20 and 
- 14.93 $ 0.20 kJ molY ‘, respectively, at 298.15 
K. The enthalpy of hydrolysis of sucrose, which 
involves the breaking of the same type of bond as 

TABLE 3 

Enthalpies of hydrolysis of amylose and maltopentaose in 

concentrated sodium acetate buffer at 298.15 K 

The hydrolysis reactions were carried out using &can 1,4-u- 
ghrcosidase ( = 3 g 1-l) in sodium acetate buffer (0.57 M and 
pH 5.31) containing ethanol. The concentration of the malto- 

pentaose was 0.0037-0.0043 M. The concentrations of the two 
amylose samples in the final reaction mixture were approx. 2 g 

I-‘. The number average molecular weights were used to 

calculate the enthalpy changes in kJ mol-‘. The average num- 

ber of linkages was taken to be the number average molecular 
weight divided by the molecular weight of a glucosyl unit 

(162.13). Thus, amylose samples no. 1 and 2 had 280 and 833 
linkages, respectively. Six experiments were performed on each 
sample. The uncertainties are 95% confidence limits. 

Carbohydrate -AH -AH 
(kJ mol-‘) (kJ linkage-‘) 

Maltopentaose 15.17kO.23 3.79 + 0.06 

Amylose (sample no. 1) 1062+ 9 3.79 * 0.03 

Amylose (sample no. 2) 2719+58 3.26 * 0.07 

in the hydrolysis of raffinose and stachyose, is 
- 14.93 f 0.16 kJ mol-‘. These three values are 
very close to being equal and the results are con- 
sistent with the rule that non-bonded interactions 
can be neglected in predicting the thermody- 
namics of these hydrolysis reactions. This rule is 
also consistent with the rule of additivity. 

A test of the issue of whether this additivity 
rule extended to polysaccharides was addressed by 
the experiments performed on the amylose sam- 
ples, the results of which are given in table 3. Here 
the results were obtained using the solubilization 
procedure described in section 2. Thus, the mea- 
surements were performed under substantially dif- 
ferent conditions than those used to obtain in the 
data in tables 1 and 2. The findings in table 3 are 
that for one amylose sample the enthalpy change 
in kJ per linkage broken is the same as in the 
maltopentaose sample hydrolyzed under similar 
conditions, while it is different for the second 
sample. A possible explanation for this difference, 
other than a weakening of the additivity rule, may 
be a lack of homogeneity in this amylose sample 
due to the presence of other types of linkages, 
including cross-linking. The generalization of all 
of these results in terms of an additivity estima- 
tion method and neglect of non-bonded interac- 
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tions will be done following a summary of rele- 
vant data from the literature. 

Jasra and Ahluwalia [7] have determined ap- 
parent molar heat capacities for aqueous solutions 
of raffinose, stachyose, and cu-D-melibiose. The 
results on raffinose and cu-D-melibiose can be used 
in conjunction with the apparent molar heat 
capacity of D-frUCtOSe [8] to calculate a heat 
capacity change of 16 J mol-’ for process (IQ the 
hydrolysis of raffinose to cu-D-melibiose and D- 
fructose. This value is consistent with the small 
heat capacity changes found on the hydrolysis of 
disaccharides [6]. The apparent molar heat capac- 
ity of stachyose cannot be used in such a calcula- 
tion in the absence of heat capacity data for the 
compound 0-a-D-galactopyranosyL(1 + 6)-M-D- 
galactopyranosyl-(1 + 6)-a-D-glucopyranose. 

Calorimetric data have been reported for the 
hydrolysis of maltose [3,10], maltotriose [l], 
amylose [l], and panose [9]. For the hydrolysis of 
maltose the earlier results [3,10] were AH” = 
- 4.02 and - 4.59 kJ mol-’ at 298.15 K, respec- 
tively. Thus, the result of -4.55 f 0.10 kJ mol-’ 
obtained herein is in excellent agreement with the 
result of Ono et al. [lo] but differs with the result 
obtained in our earlier study [3] by 0.5 kJ mol-‘, 
an amount that is just outside the range of the 
assigned uncertainties. In the earlier study [3], 
where the enzyme ol-glucosidase (EC 3.2.1.20) was 
used, the rate of reaction was very slow, i.e., the 
calorimetric experiments lasted 90-120 min, and 
the extent of reaction was not complete. In the 
current study, however, the reaction was both 
rapid and essentially complete. On this basis the 
current result is to be preferred over our previ- 
ously reported one. The result of -8.83 _t 0.13 kJ 
mol-’ for the hydrolysis of maltotriose obtained 
by Takahashi et al. [l] differs by only 0.2 kJ 
mol-l from that of -9.03 f 0.10 kJ mol-’ ob- 
tained herein. The two results are considered to be 
in agreement. Takahashi et al. [9] report a result of 
0.586 f 0.013 kJ mol-’ for the hydrolysis of pan- 
ose. In obtaining this result, Takahashi et al. [9] 
applied a mutarotation correction of 837 J mol-‘. 
This correction should not be needed since the 
hydrolysis reaction takes the glucose to the equi- 
librium amounts of (Y and B forms under these 
conditions. If this correction is not made, the 

result of Takahashi et al. [9] becomes 1.42 k 0.013 
kJ mol-‘. While their assigned uncertainty seems 
unusually small, the result is in excellent agree- 
ment with the enthalpy change of 1.46 f 0.40 kJ 
mol-’ obtained in this study. Takahashi et al. [l] 
also studied the hydrolysis of amylose and used a 
solubilization procedure like the one used herein. 
However, they were able to achieve solubilization 
of their amylose sample using a lower concentra- 
tion of sodium hydroxide. The result they ob- 
tained for the enthalpy of hydrolysis of an a-1,4 
glucosidic linkage in that amylose sample was 
-4.31 kJ linkage-‘. This result was close to that 
which they obtained [l] for the hydrolysis of this 
linkage in a sample of maltotriose, namely, -4.41 
kJ linkage- ‘. 

Enthalpies of combustion have been deter- 
mined for the crystalline forms of raffinose and 
stachyose [ll]. However, in the absence of en- 
thalpies of solution, these data cannot be used in 
the thermochemical cycle calculations to obtain 
enthalpies of hydrolysis of these sugars. There are 
no heat capacities on the solid forms of these 
saccharides and consequently no third law entro- 
pies. Also, surprisingly, there are no solubilities 
for any of these substances except maltose. Thus, 
with the exception of maltose, it is not possible to 
make any comparisons of the enthalpies or Gibbs 
energies of hydrolysis of any of these saccharides 
with data obtained on their crystalline forms. This 
comparison was made in our earlier study [3]. 

It was not possible to determine equilibrium 
constants for any of these hydrolysis reactions due 
to the very large extent to which these reactions go 
to completion in the direction of hydrolysis. Also, 
none have been reported in the literature. Never- 
theless, it is desirable to determine if the equi- 
librium constants for similar hydrolysis reactions 
change with increasing numbers of glucosidic link- 
ages in similar carbohydrates. Thus, Goldemberg 
et al. [12] studied the phosphorylation reactions of 
laminaribiose, laminaritriose, and laminaritetra- 
ose: 

laminaribiose(aq) + Pi 

= D-glucose(aq) + cu-D-glucose 1-phosphate(aq) 

(M) 
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laminaritriose(aq) + P, 

= laminaribiose(aq) 

+ a-D-glucose 1-phosphate(aq) 

larninaritetraose(aq) + Pi 

(N) 

= laminaritriose(aq) 

+ a-D-glucose 1-phosphate(aq) (0) 

The equilibrium constants they report [12] for the 
above three reactions (310.15 K, 0.04 M imidazole 
buffer, and pH 6.5) are 0.30, 0.26, and 0.36, re- 
spectively. These equilibrium constants are the 
same within their experimental error. Similarly, 
equilibrium constants have been reported [13,14] 
for the reactions: 

cellobiose(aq) + Pi 

= D-glucose( aq) + cY-D-glucose l-phosphate( aq) 

(P) 

cellotriose(aq) + Pi 

= cellobiose(aq) + ar-D-glucose l-phosphate(aq) 

(Q) 

Alexander [13] reported an equilibrium constant 
(310.15 K, 0.01 M barbital’acetate buffer at pH 
7.0) of 0.23 for process (P). Later, Sheth and 
Alexander [14] reported a value of 0.4 for the 
equilibrium constant (310.15 K, 0.01 M Tris buffer 
at pH 7.5) for reaction (Q). These values are 
approximate and can also be considered to be 
equal within experimental error and neglecting the 
application of ionization corrections to adjust the 
values to a common pH. Equilibrium constants 
for hydrolysis reactions of these saccharides can 
be calculated using the Gibbs energy change for 
the phosphorylation reaction and the Gibbs en- 
ergy change for the process: 

a-D-glucose 1-phosphate(aq) + H,O(liq) 

= D-glucose(aq) + Pi (IV 

Thus, for example, the Gibbs energy change for 
the hydrolysis of laminaritriose to laminaribiose is 
equal to (AGO, + AGo,>. Since the Gibbs energy 
changes for these phosphorylation changes are 

equal, the Gibbs energy changes for the hydrolysis 
reactions within a given saccharide series will also 
be equal. 

Based upon the above experimental evidence 
the generalization can be made that additivity will 
work in predicting Gibbs energy and enthalpy 
changes. Thus, non-bonded interactions can be 
neglected. Clearly, additivity must then also hold 
for entropy changes and most likely for heat 
capacity changes. Therefore, the molar Gibbs en- 

ergy, enthalpy, entropy, and heat capacity changes, 
i.e., the thermodynamic changes, for the process: 

(sacch). (as) + HzVq) 

= sacch(aq) + (sacch)._,(aq) (S) 

will be equal to the corresponding changes for the 
hydrolysis of the disaccharide containing the same 
linkage broken in the above process Here, ‘sacch 
is used as an abbreviation for any monosac- 
charide. This generalization regarding the en- 
thalpy has been made previously by Takahashi et 
al. [1,2]. While this rule is supported to within a 
few tenths of a kilojoule per mole by a reasonable 
body of data involving enthalpies of reaction, ad- 
ditional Gibbs energy and heat capacity data 
would be useful in determining just how precisely 
the rule holds for these latter quantities. This rule 
also has implications for the thermodynamics of 
the homologizing reaction: 

(sacch), + (sacch),, = (sacch),_, + (sacch),+r 

(T) 

Namely, the Gibbs energy, enthalpy, entropy, and 
heat capacity changes for this process are equal to 
zero. While the latter rule is implied by the ad- 
ditivity rule, the converse does not apply. It should 
also be noted that all the available thermodynamic 
data indicate the very large extent to which the 
hydrolysis reactions involving saccharides go to 
completion in the direction of hydrolysis. This is 
desirable if it is the breakdown of saccharides 
which is sought. However, it also implies that any 
efficient synthetic pathways leading to oligo- or 
polysaccharides must proceed via different types 
of reactions. 
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