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ABSTRACT 

A general kinetic expression is presented for the rate of alkaline degradation of 
linear polysaccharides in terms of mono- and di-anionic species formed from the 
reducing end-groups. Specific rate constants have been determined for the end-wise 
depolymerization of the (1+3)-j?-D-glucans, laminaran, laricinan, and pachyman, 
and compared with similar data for amylose degradation. The rate constants of 
degradative chain-propagation via the mono- and di-anion intermediates have been 
shown to be essentially equal. The effect of the type and concentration of base on 
the mechanism of end-wise degradation is described for both (l-+3)-linked and (1+4)- 
linked polysaccharides. Inhibition of alkaline degradation is discussed in terms of 
chain branching and blockage of reducing end-groups. 

INTRODUCTION 

The alkaline lability of (l-+3)-@-D-g1 ucans has been observed during investiga- 
tions of the properties and utilization of marine polymersl. (1+3)+-D-Glucans are 
widely distributed in NaturezV3, occurring within the marine environment as leucosin 
or chrysolaminaran in diatoms4*‘, as paramylon in the Euglenophyta6, and as 
laminaran in the Phaeophyta’. They also are often substantial constituents of marine 
particulate matter’. 

The Phaeophycean product, laminaran, has been extensively investigated and 
is therefore the best defined of this class of polymers. Two less well defined but readily 
available terrestrial (l-+3)-B-D-glucans are pachyman, from the fungus Poria cocosg, 

and laricinan, which has recently been isolated from the cell wall of Larix Zaricina 

compression wood by Hoffman and Time11 3. These three materials were therefore 
selected as typical representatives in a kinetic examination of the alkaline degradaticn 
of (1+3)-linked polysaccharides. 

*Enquiries should be directed to K. V. Sarkanen. 
fPart of the Ph. D. research of R. A. Young. 
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Although the mechanisms of alkaline degradation of (l-3)- and (1+4)-linked 
polysaccharides have been extensively clarified lo, kinetic data are available only for 
the latter polymers 11*12. Both the (l+3)-linked’3 and (l-+4)-linked polymers 
undergo degradation by p-alkoxy elimination via an enolate ion intermediate. A 
notable difference, however, is the occurrence of ate rmination or “stopping” reaction 
in (1+4)-linked polysaccharides that involves end-group conversion into a metasac- 
charinic acid moiety ’ 1S14*1 ‘. Since no analogous mechanism of termination is known 
for the degradation of linear (1+3)-linked polysaccharides, these polymers should 
exhibit the total end-wise depolymerization illustrated by the sequence of reactions 
in Fig. 1. Nonetheless, inhibition of total degradation can result from (a> modification 
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Fig. 1. Mechanism of the alkaline degradation of a (l-+3)-linked polysaccharide illustrated for a 
reducing end-group; R represents the rest of the polysaccharide molecule. 

of end-groups during isolation, as exemplified by oxidation to aldonic acid groups, 
(b> blockage of the reducing end-groups through the presence of glycosidic alditol or 
phenol ether bonds, and or (c) branching. For example, the endwise depolymerization 
of laminaran ’ 3 ceases after a polysaccharide weight-loss of only 40%. This inhibition 
of total degradation was explained first, by the presence of end-units blocked by 
glycosidically linked mannitol in a proportion (W%) of the laminaran chains 
(M-chains)‘, and secondly, by the occurrence of a small proportion of (1 -&)-linkages 
in the chains which are not terminated with a mannitol unit (G-chains). Branching of 
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this type generates stable oligomers having glucometasaccharinic acid end-groups 
(Fig. 2). Alditol end-groups seem to be absent in pachyman and laricinan, the other 
two materials used in this study, although branching may occur to some extent in 
both cases. 
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Fig. 2. Effect of C-6 branches on the degradation of (I-+3)-&cans. G, GR and MSA represent 
D-glucose-, reducing end-, and glucometasaccharinic acid residues, respectively. 

THEORY 

The probable reaction sequence leading to end-group elimination of reducing 
polysaccharides can be represented by the scheme illustrated in eqn. (I). This represen- 
tation is supported by the results obtained from the alkaline degradation of amylose’ ’ 
and may be valid for base-catalyzed degradations of polysaccharides in general. A 
more detailed reaction sequence is shown for (1-*3)-linked polysaccharides in Fig. 1. 
(1+4)-Linked polysaccharides undergo, of course, end-group rearrangement to 
ketose groups prior to the formation of the relevant anionic species. 

(Polys.)-Gr &F’olys.)-Gr- +H+&‘olys.)-Gr2- +H+ (I) 
k11 ‘z1/ O\ 

Endwise degradation Endgroup stabilization 
(chain termination) 

In eqn. (I) it is presumed that the reaction occurs only via the anionic species, 
in this case the mono- and di-anionic forms of the end-group’671 ‘. Thus, in alkaline 
solutions, it is likely that an equilibrium is approached between neutral, mono- and 
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di-anionic end-group species, characterized by the equilibrium constantsKI and &. 
Both mono- and di-anions are reactive towards peeling, whereas end-group stabilize- 
tion, which occurs in (144)Jinked polymers only, is achieved via the di-anionic 
species by conversion into a metasaccharinic acid end-group’ I_ 

For an interpretation of the foregoing scheme (eqn. I), the assumption is made 
that the reaction sequence from the anionic species to the peeled-off unit can be 
adequately represented by one rate constant, such as k, , rather than by a series of rate 
constants representing each transformation (e.g. glucosedfructose) as determined 
by MacLaurin and Green’ * for a number of sugars and disaccharides. This assumption 
is implicit in previous kinetic derivations for the alkaline degradation of polysac- 
charides’1*‘2. 

From the reaction scheme (eqn. I), degradative chain-propagation and chain- 
termination are expressed by equations (26) and (2b). 

d[Ge]/dt = k,[Gr-]+k,[Gr’-] = dL/dt (2a) 
-d[Gr]/dt = k3[Grz-] (-%I 

where t represents the reaction time; L, the weight fraction of polysaccharide degraded 
after time t; [Gel, the mole fraction of peeled-off end-groups at time t; [Gr], the total 
mole fraction of remaining end-groups at time t; [Gr-] and [Gr’-1, the mole fractions 
of relevant mono- and di-ionized end-groups; while k,, k2, and k, are the rate 
constants for the reactions depicted in the scheme (eqn. I). 

From reaction sequence (I) it follows that the first and second ionization 
constants, KI and K2, can be represented by: 

K1 = [Gr-][H+]/([Gr]-([Gr-]$-[Gr*-n} (3) 
and K2 = [Gr’-][H+]/[Gr-1, respectively. (4) 

Elimination of the term [Gr2-] from eqn. (3) by using eqn. (4) shows that 

[Gr-] = K,[Gr][H+]/([Hf12+K1[H+]+K,K,). (5) 

Similar elimination of the term [Gr-] from eqn. (4) by using eqn. (5) 
indicates that [Gr’-] = KIKJGr]/([H+]2+KI[H+] C&K,). (6) 

Combination of eqns. (5), (6), and (2) yields the rate expression 
dL/dt = [Gr]((k,K,[H+]tk,K,K,)I([H+]‘+K,[Ht]fK,K2)). (7) 

Then ifs = KI/@H+]2+KJH’] +K,K,), eqn. (7) becomes 

dL/dt = s[Gr](k,[H+J+k,K,). (8) 

Thus, from eqns. (6, and (2), the rate of chain termination can be written as 
-d[Gr]/dt = sk,K,[Gr] which, on integration, becomes 

[Gr] = [Gr10 exp (--sk,K,t), (9) 

where [Gr10 represents the mole fraction of end groups at zero time, and hence from 
eqns. (8) and (9) 

Curbohycf. Res., 21 (1972) 111-122 



ALKALINE DEGRADATION OF POLYSACCHARIDES 115 

dL/dt = s(k,[H’]+k,K,)[Gr], exp(-sk,K,t), W) 

which is a general expression for the rate of alkaline degradation of linear polysac- 
char-ides. Evaluation of eqn. (IO) by integration demonstrates that 

L = (s(k,[Hi]~k,K,)[Gr],){l-exp(-sk~K~t)~/sk3K, (10 
and so at infinite time 

L, = CG4&~il + WGWdG 3 (14 
where L, is the weight fraction of polysaccharide degraded after an infinite time. 
For (l-+3)-linked linear polysaccharides, k3 = 0, L, = 1, [Gr] N [G&, and eqn. (IO) 
becomes 

dL/dr = s(k,lH+] +k2Kz)[Grjo. (13) 

IF,, ,,, ,,,, ,, ,,~ 
6 18 30 42 54 66 78 90 102 114 

Time (minutes1 

Fig. 3. Degradation of laminaran in 0.1~ NaOH at 56”, monitored by two separate methods. 

DISCUSSION AND RESULTS 

Fig. 3 illustrates the percent of laminaran (water-insoluble form) degraded as 
a function of time in 0.1~ NaOH at 56”. The extent of degradation was determined 
by two complementary methods; titrimetry and the phenol-sulfuric acid reactionlg. 
The phenol-sulfuric acid reaction, which measures the total residual undegraded 
carbohydrate, has been used for the analysis of alkaline degradation of disacchar- 
ides20*2’. Moreover, Lindberg et aL21 demonstrated that, in these cases, the sac- 
charinic acid products did not interfere with the color reaction. The titrimetric method 
detects the acids formed from peeled-off units. The ratio of one equivalent of acid 
per mole of peeled-off D-glucose was established, in full agreement with the work of 
Corbett and Kenner’ 3 where it was found that laminaran was degraded predominantly 
to glucometasaccharinic acids in oxygen-free lime-water. Because of convenience of 
application and the small sample size necessary, the phenol-sulfuric acid reaction 
was used for the analysis in the majority of the kinetic runs. 

The effect of alkali concentration on the degradation of laminaran at 56” is 
shown in Fig. 4. The experimental rate-constants were obtained from these plots. 
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42~ 0 0.1 N NoOH c 

_ 6 5.ON NaOH 
34-‘ . 0.1 N Sr (OHlz 

6 18 30 42 54 66 78 90 102 114 126 
Time ( minutes 1 

Fig. 4. Efiect of hydroxide-ion concentration and base on the extent of degradation of laminaran 
at 56”. 

TABLE I 

DISSOCIATION C0N.LXANT.S FOR GLUCOSE AND GLUCANS* 

Sample Temp (“C) Kl x 10” Ki x 1Ol4 Reference 

D-Giiucose 2s 5.25 22 
25 7.76-8.13 1.41-1.50 16, 23, 24 

a-D-Ghtose 2s 3.45 26 

‘I9-D-GIUCOse 25 6.75 26 
Amylose (reducing end-groups) 300 2.0 11 

*For the over-all dissociation constants of amylose and cellulose, see ref. 27 and 28. 

At one-half the maximum rate for degradation of laminaran, the pK, value for the 
first ionization to monoanion was determined as 12.2. This number is in good agree- 
ment with pK, values determined by previous investigators (Table 1) for formation 
of a monoanion with both D-glucose and glucans. For D-glucose and amylose, the 
pKs value for the dissociation to dianions is about 13.8 (Table 1). The second dis- 
sociation-constant for laminaran end-groups could not be estimated from the 
experimental data, but is expected to be of similar magnitude. 

The experimentally determined rates for degradation of laminaran at 56” are 
plotted in Fig. 5 and are compared with a theoreticai plot derived from eqn. (13). 
The approximate magnitudes of the dissociation constants Kr and Kt were obtained 
from the foregoing pK values. These empirical data were employed to estimate the 
rate constants k, and k,. Since there was no increase in the rate in the upper pH range 
where the dianionic species is the major reaction intermediate, it was concluded that 
the rate of &elimination from both mono- and di-anions was essentially the same. 
Thus, the rate constants kl and k2 must be nearly equal, and were calculated for a 
single value of the experimental rate at 56”. The satisfactory agreement between the 
experimental points and the theoretical curve confirms this assumption. The equality 
of k, and k, is probably also valid for most (1+4)-linked polysaccharides, since the 
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Fig. 5. Comparison of experimental rate-data with a curve derived from the following assigned 
values: kl = kz = 10.9 h-l, Kl =6.76x 10-13, and K2 = 1.58 x 10-14. 

rate of degradative propagation of amylose shows’l, like laminaran, no inflection 
in the rate plot above a pH of approximately 13. 

The situation for (l-+4)-linked polysaccharides is different, however, since the 
additional effect of end-group stabilization via the dianion must be taken into account, 
as illustrated in reaction sequence (1) and eqn. (9). As a result of this “stopping” 
reaction, the extent of degradation is dependent on the concentrations of alkali. 
Above pH values of 13, the polymer will be degraded at a constant initial rate but, 
as a result of enhanced termination, the maximum extent of degradation (L,) will 
decrease with increasing alkalinity. However, at lower alkali concentrations (less 
than O.M), where the monoanion is the predominant species, the termination process 
may be insignificant, allowing the peeling process to proceed to completion’ ‘_ 

It should be noted at this point that the termination reaction is initiated by 
p-elimination of a hydroxide ion (from C-3), in contrast to the degradation reaction 

in which the leaving /?-group is a glycosyloxy anion. The latter is a better leaving 
group, which explains why the elimination process is possible for a monoanionic 
species. The release of a hydroxide ion requires, apparently, additional coulombic 
assistance from a second anionic group in the molecule. Similar effects have been 
observed in the reaction of D-glucose with alkali”, where the degradation to gluco- 
metasaccharinic acid requires a high enough alkalinity (- 8~) to convert the D-glucose 
to its dianionic form. Whereas the mechanism of termination finds a satisfactory 
explanation from this rationale, the lack of a difference between the rates of elimina- 
tion of glucoside anions from mono- and di-anionic end-group species still remains 
obscure. 

For comparison of the rate constants (k, and k,) for laminaran and amylose it 
is importaqt to realize that these constants are associated with slightly different steps 
for (1+3).-linked and (144)~linked poIysaccharides. In Fig. 1, which represents the 
currently i accepted mechanism of aIkaline degradation of (l-+3)-linked polysac- 
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char-ides ’ OS1 3* ’ 7*30-32, it can be seen that the j?-elimination occurs directly to yield 
the unsaturated species (3ab). The end-groups of (1+4)-linked polysaccharides, in 
contrast, must rearrange to the ketose form before B-elimination can take place. 
Previous work on disaccharides’ *v3 3 suggests that the rate of formation of the ketose 
intermediate may be comparable to the rate of the &elimination step. As a conse- 
quence, the rate of the actual @elimination must be faster than the observed rate of 
degradation, represented by the constants k, and k,. In spite of such differences in 
the mechanisms of degradation for (l-+3)- and (1+4)-linked polysaccharides, the 
calculated rate-constants differ by only a factor of two. For example, at 56”, k, = 
k z = lG.9 h-l for the (1+3)-linked laminaran, whereas kl = k2 = 5.95 h-l for the 
(l-+4)-linked amylose (Table II). 

TABLE II 

CALCUL.AlZD VALUES OF RATE CONSTANTS FOR GLUCANS DEGRADED IN SODIUM HYDROXIDE SOLUTIONS 

GIucan Temp. (“C) NaOH 
concen2ration (ht) 

J& D.p. kI = k2 h-’ ks h-’ 

Amylose 56 1.25 0.21 820 5.95 0.53 
100 0.1 323 

1.0 0.45 298 1.33 
Laminaran 78 0.1 0.42 25 74.2 

56 10.9 
40 2.10 

Laricinan 56 0.1 0.30 165 11.5 
Pachyman 56 0.1 0.45 700 29.6 

6 18 30 42 54 66 78 90 102 114 
Time t minutes 1 

Fig. 6. Effect of temperature on the degradation of laminaran in 0.1~ NaOH. 

The effect of temperature on the rate of degradation of laminaran in 0.1~ 

sodium hydroxide is shown in Fig. 6. From a plot of the corresponding rate-constants 
with temperature, an activation energy of 20.9 kcalmole- 1 for the peeling-off reaction 
was calculated. This value is almost identical with the activation energy” of the 
peeling-off reaction of amylose (21.2 kcalmole- I). 
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So far only the effect of the monovalent bases on polysaccharides have been 
considered. It is important, however, to consider divalent bases in investigations of 
this type, since it has been shown that divalent cations have a promotional effect on 
chain termination of (1+4)-linked polymers’2,34*35 and enhance the rate of peeling 
in the case of (l-+3)-linked carbohydrates3’. 

In the present study however, it was found that the rate of degradation of the 
(l-3)-linked polysaccharide (laminaran) was identical for both sodium and strontium 
hydroxide at the same concentrations (Fig. 4). This apparent discrepancy is probably 
due to the low alkali concentration (0.05N) used in Kenner and Richard’s experi- 
ments3’. At alkali concentrations below 0.1~ there is not sufficient ionization for the 
monoanion to reach the maximum rate [see Fig. 5 and eqns. (I) and (lo)]. However, 
by the addition of divalent cations, the small amount of dianion formed may be 
stabilized”. The effective anionic concentration is thereby increased through a shift 
of the equilibrium of reaction sequence (I) to the right. The rate is consequently 
increased as shown by eqn. (2). 

A comparison of the rate of degradation of the three (1-3)~/3-D-glucans with 
amylose at 56” in 0.1~ sodium hydroxide is shown in Fig. 7. The data are plotted as 

0 2 4 6 8 IO 12 14 16 18 20 21 
Time (hours 1 

Fig. 7. Comparison of the degradation of (1+3)-j-D-glucans with that of amylose (d-p. ~820), in 
0.1~ NaOH at 56”. 

percent of total degradation. The differences in the rate of degradation of the three 
(1+3)+D-glucans are primarily due to differences in degrees of polymerization (d-p.). 
For example, laminaran’, having a d-p. of only 25 shows a higher rate compared to 
laricinan36 (having a d.p. of 165), which in turn, is higher than that of pachyman36 
of d-p. 700. To eliminate the effect of d-p., aiproximate rate-constants for the (l-+3)- 
/3-D-glucans calculated from eqn. (23) are shown in Table II. The rate constants for 
laminaran (10.9 h- ‘) and laricinan (11.5 h- ‘) at 56” in 0.1~ sodium hydroxide are 
approximately equal. However, pachyman exhibits a much higher rate-constant 
(29.6 h-l) under these conditions_ While no definite conclusions can be based on a 
difference of this magnitude because of uncertainties in the determination of d-p., 
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the higher rate for degradation of pachyman may be real, and derive from the extent 
and position of branching in the structure of the polymer_ For example. Kenner and 
Richards3’ have shown that substitution of the Ghydroxyl group with an O-methyl 
group in both 3-O-methyl- and 4-U- methyl-D-glucose enhances the rate of degradation. 

The maximum degradation was independent of alkali concentration, and 
amounted to 42% for laminaran (in accordance with earlier work13), 45% for 
pachyman, and only 30% for laricinan. Alditol end-groups have not been identified 
in either pachyman or laricinan, and blockage of reducing end-groups by alditol 
glycosides is therefore unlikely. Some stable aldonic acid and-groups may be present 
in the laricinan preparation that was isolated from chlorite holocellulose of larch 
wood, but similar groups are not likely to be present in pachyman. Consequently, 
branching is presently the most probable factor causing incomplete degradation of 
the two polysaccharides. 

Branches attached to the 4- and 6-positions of chain units would not be likely 
to disrupt the degradation of the main chain, but the side chains themselves would 
obviously remain undegraded in peeling. Branches at the 2-position may behave in 
the same fashion, judging from the behavior of an analogous compound, 2,3-di-O- 
methyl-D-glucose in lime-water 38 It was found that, after a normal &elimination, . 

the Zmethoxyl group remained attached to the resulting a&unsaturated derivative. 
In fact, Hoffmann and Timellj have postulated a branched structure for larici- 

nan and Time1136 has found evidence for branches at the 2-positions of pachyman. 
Thii hypothesis is further supported by the increased solubility of all of these polymers 
when compared with the linear (1+3)-/&n-glucan, callose3g*40, which is totally 
insoluble in all non-degrading solvents except 20% dinitrogen tetraoxide in NJV- 
dimethylformamide. 

FXPEFUMENTAL 

Preparations. - Insoluble laminaran from Laminaria doustoni frond was 
purchased from Pierce Chemical Co., Rockford, Ill. (carbohydrate contentig, 9 1% ; 
glucose, 97% ; mannitol, 2% ; fucose4’ less than 2% ; [a]: - 10” in very dilute alkaline 
solution). Samples of purified pachyman and laricinan were kindly supplied by 
Professor T. E. Timell, State University of New York College of Forestry. 

Kiitetic runs. - Distilled water was boiled to remove dissolved oxygen and 
carbon dioxide prior to the preparation of all solutions. The polysaccharide (5 mg) 
was dissolved in the appropriate base in a volumetric flask (25 ml). Aliquots (1 ml) 
of the alkaline polysaccharide solution were transferred to ampoules, thoroughly 
deaerated with nitrogen gas, sealed, and immersed in a constant temperature bath, 
as described previously”. At intervals, ampoules were removed from the bath, 
cooled rapidly, and opened. The alkaline polysaccharide solution was neutralized 
quickly with the appropriate concentration of hydrochloric acid (1 ml). The carbohy- 
drate content of two or three samples (1 ml) of the neutralized solutions was then 
determined by using the phenol-sulfuric acid reactionlg. Calibration curves were 
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prepared by using anhydrous D-glucose in solutions containing the appropriate 
amount of sodium chIoride. The experimental rate-constants were obtained by 
determining the initial sIopes of the poIysaccharide-degradation curves. The initial 
contents of end-groups [Gr], were estimated from number-average molecular weight 
values determined by Professor T. E. Timeli. 

A kinetic run was also made wherein periodic samples (1 ml) of alkali-degraded 
laminaran (0-1~ NaOH, 56”) were treated with sodium borohydride (50 mg), kept 
for 12 h, acidified with 1.5~ sulfuric acid (1 ml), and analyzed by the phenol-sulfuric 
acid reaction. No significant degradative differences were noted as a consequence of 
of this borohydride reduction. 
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