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ERRATA 

l. p.iv -line 17- 11 eluant 11 should read 11eluent 11
• 

2. p.4 -line 23- 11 saacharinic 11 s'hould read 11 saccharinic". 

3. p.31 -line 14- 11 similtaneous 11 should read "simultaneous". 

4. p.35 -line 14- "consistant" should read "consistent". 

5. p.36 -line 5- "practiced" should read "practised". 

6. p.44 -line 7- "LeMieux" should read "Lemieux". 

7. p.55 -line -26- "similtaneously" should read "simultaneously" • . 

8. p.57 -line 16- "aperature" should read "aperture"_. 
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ABSTRACT 

Rate constants for the isomerization, epimerization and 

degradation reactions occurring in the glucose-sodium hydroxide-

water system were calculated in systems using each of the three 

expected carbohydrate products (glucose, fructose and mannose) in 

tum separately as starting material. A study of the dependence of 

the rate constants prevailing in the glucose reaction system on base 

concentration was accomplished by calculating these rate constants 

at four different sodium hydroxide concentrations, 0.49, 4.02, 6.07 

and 8.08M. Only the magnitude of the fructose to degradation products 

reaction pathway was found to demonstrate a strong dependence on base 

concentration. 

The materials of interest in the reaction systems were re­

solved by column chromatography using an anion resin in the borate 

form. Separation and elution of the carbohydrates required about six 

hours using a graded eluant. Elution began with 0.12~ H
3

Bo 3 at pH 

8.50 by adjustment with KOH and ended with 0.15~ K2B4o7• The column 

effluent was monitored continuously and analyzed colorimetrically 

using automated Technicon equipment. Absorbance was measured at 420 nm 

using orcinol/H2so4 as the color forming reagent. 

Graphical and numerical techniques were used to estimate the 

rate constants at each sodium hydroxide concentration. These estimates 

were then refined by a non-linear least squares analysis utilizing an 
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IBM 360, Model 44 digital computer to give the best-fit to experi­

mentally determined carbohydrate concentration vs reaction time 

curves. 
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INTRODUCTION 

THE PROBLEM 

The kinetics and mechanisms of the chemical reactions of 

carbohydrates are of important interest, from several points of view. 

Carbohydrates and their derivatives play a major role in the metabolic 

processes of man. While the chemical transformations occurring within 

the body are likely enzyme controlled, an understanding of the enzyme's 

role may well be improved through the study of less complex systems. 

The reactions of carbohydrates, particularly in alkaline systems, are 

important in the several major industries based on cellulose. About 

forty percent of the weight of all wood consists of cellulose, long 

chains of anhydro-glucose units, and another twenty percent consists 

of other carbohydrate material. Much of the chemical wood pulp used 

in the pulp and paper industry, and other cellulose based industries, 

is produced by alkaline processes. 

In alkali, two general types of carbohydrate reactions are 

known to occur. Through epimerization or isomerization, other neutral 

carbohydrates may be formed. In this study, this type of reaction will 

be termed a transformation reaction. Transformation reactions are 

accompanied by other base-catalyzed reactions including a-eliminations 

to form a-dicarbonyl compounds which subsequently undergo benzilic­

acid type rearrangements. Fragmentation reactions resulting in aldonic 

acids having fewer carbon atoms than the starting carbohydrate are 

also observed in alkali. These reactions will be termed the carbo-

hydrate degradation reactions. 
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From a more theoretical viewpoint the transformation reactions 

of carbohydrates in alkali are of interest. An enolization mechanism 

for the transformation reactions, proposed by Wohl and Neuberg 0, has 

won acceptance. This mechanism will be detailed in the next section 

of the report, but it involves the abstraction by base of a proton from 

the carbon located alpha to the carbonyl group of a carbohydrate. This 

a-hydrogen abstraction type of mechanism is proposed in other reactions 

of carbonyl compounds in base, for example, aldol condensations of 

aldehydes and ketones in dilute alkali. Thus a study of the factors 

affecting transformation reactions of carbohydrates in alkaline systems 

may serve to shed light on carbonyl consecutive electron displacement 

reactions in general. 

MacLaurin ' G:) concluded, after an extensive review of the 

literature, that because of the lack of reasonable procedures for assay 

of the reaction systems, little kinetic data were available for carbo­

hydrate isomerization, epimerization, and degradation reactions occur­

ring in aqueous alkaline systems. Because of the important theoretical, 

physiological, and industrial implications of these reactions, it 

appeared useful to have kinetic data on them. MacLaurin © was able 

to design an experimental and analytical system for the generation of 

kinetic data from which the related rate constants prevailing in the 

reaction system could be derived with an accuracy of± 2-3%. The 

development of this general scheme made possible a comprehensive study 

of these carbohydrate transformation and degradation reactions from a 

kinetic viewpoint. 
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MacLaurin suggested that "a program of research involving 

variation of such parameters as temper ature, base concentration, cation 

type, additional inorganic anions, enzymes, and the structure of the 

starting molecule should yield kinetic data which could be a penetrating 

* insight to these interesting and important reactions." The present 

research was a study of the effects on various reaction rate constants 

in the homogeneous system, glucose-sodium hydroxide-water, caused by 

varying sodium hydroxide concentration. Transformation products (glu­

cose, fructose, and mannose) were monitored using the techniques developed 

by MacLaurin (~), and the rate constants were derived, using the computer, 

from the kinetic data generated at four different base concentrations. 

LOBRY DE BRUYN-ALBERDA VAN EKENSTEIN TRANSFORMATIONS AND 
DEGRADATION REACTIONS IN ALKALI 

Under the influence of alkali, free carbohydrates undergo an 

aldose-aldose or an aldose-ketose interconversion known as the Lobry de 

Bruyn-Alberda van Ekenstein transformations. These carbohydrate isomer­

ization and epimerization reactions are named in honor- of the Dutch 

workers (l) who originally reported these reactions. For the sake of 

brevity these reactions are termed simply the "transformation" reactions. 

The proposed mechanism of the transformation and degradation 

reactions appeared to be the result of speculative inference from the 

observed products. Evidence in support of the proposed reaction pathways 

was limited. However, since 1967 some evidence has been presented which 

lends support to the original proposals, which invoked an enediol inter­

mediate for the transformation and degradation reactions in basic media. 

* D. J. MacLaurin, personal communication 
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The proposed mechanism (9 for the transformation reactions is as 

follows: 

The initial and fast stage occurring when an aldohexose(l) is 

treated with sodium hydroxide (see Figure 1) is the reversible formation 

of the 1,2-enediolate ion(2). This ion could form the 2-epimer(3) of 

the original aldose, or by a proton shift to the ion(4), form the 

2-ketose(5). Once formed, the 2-ketose undergoes enolization to form 

the 2,3-enediolate ion(6) and thus gives rise to a 3-ketose(7) by a 

proton shift, or (6) can give the 3-epimer(8); and so on down the carbon 

chain. The products expected from a 2,3-enediol intermediate have not 

been reported to accumulate more than to a very small concentration in 

any reaction system studied to date. This has been explained (,:0 by 

examining the 2,3-enediolate ion(6). Undoubtedly, the steric hinderance 

between the two l arge C-<.-6 substituents present in (6) would be much 

greater than wh~n one of the substituents is hydrogen as in the 

1,2-enediolate ion(2). Thus the 2,3-enediolization process would be 

expected to be a slower process than 1,2-enediolization. 

By the mechanism of saccharinic acid formation proposed by 

Isbell (5), the enediol intermediate(2) can also undergo S-elimination 

of the hydroxyl (see Figure 2) to an enol(9) which can rearrange to an 

a-dicarbonyl intermediate(lO). The dicarbonyl intermediate could then 

undergo a benzilic-acid type rearrangement initiated by hydroxyl ion 

attack to give one of the isomeric saacharinic acids. Hydroxyl ion 

attack at the aldehydic carbonyl of (10) (see Figure 3) followed by 

rearrangement would give the metasaccharinic acid(ll). Depending which 

~-hydroxyl group is eliminated, it is possible to form saccharinic(l2) 
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Figure 1. Possible Lohry de Bruyn-Alberda van Ekenstein transformations from an 
aldohexose in alkali. In the reaction system of the present study: 
(1)= D-glucose, (3) = D-mannose, (5) = D-fructose, (8) = D-psicose. 
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Figure 3. Metasaccharinic acid formation in alkali via a 
benzilic-acid type rearrangement 



and isosaccharinic acids(l3) (see Figure 4). The group which migrates 

in the benzilic-acid type rearrangement is that which is attached to 

the carbonyl group which undergoes hydroxyl ion attack. 

Supporting evidence (_§__) for the S-elimination mechanism of 

Isbell was found in the fact that isosaccharinic aci d formation was 

promoted when the C-4 substituent was -OR, (R;H). This substitution 

resulted in a better leaving group than a hydroxyl group at the C-4 

position. Similarly saccharinic acid formation was promoted by C-1 

substitution, and metasaccharinic acid formation was promoted by C-3 

substitution. 

Alkaline degradation of D-glucose in sodium hydroxide leads 

mainly to D-glucometasaccharinic acid formation, whereas, in limewater, 

D-glucose yields D-glucosaccharinic acid (Z_). The relative amounts of 

the two acids formed is likely determined by the relative rates for 

elimination of the C-3 and C-1 hydroxyl groups respectively. Apparently 

the calcium ion can catalyze either the elimination of the C-1 hydroxyl 

group or the formation of the 2,3-enediolate ion, which is the precursor 

of the elimination of the C-1 hydroxyl group · @.). 

Although the transformation and degradation reactions of carbo­

hydrates in base are discussed here as base-catalyzed reactions, they 

are found to be acid-base catalyzed · (~). However, in acid solutions, 

the degradation reactions are not analogous to those in base. In acid 

solutions, the degradation product of hexoses is found to be 5-(hydroxy­

methyl)-2-furaldehyde(l4) rather than saccharinic aci ds. 

Shaw et al. · (_2_) isolated several products from the acid­

catalyzed degradation of D-fructose, but those present in major 
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Saccharinic and Isosaccharinic acid formation 
from hexoses in alkali via a benzilic-acid type 
re arrangement. 
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quantities were (14) and 2-(hydroxyacetyl)-furan(l5) which were consid­

ered to be dehydration products resulting from simple combinations of 

enolization and dehydration steps (see Figure 5). That the degradation 

reaction in acidic media went through the 3-deoxy-hexosone intermediate 

was considered to be supported by Doering and Urbanrs findings (.!2) 

that 3-deoxy-hexosones are converted quantitatively to (14). 

Vicinal dicarbonyl compounds which were capable of undergoing 

benzilic-acid type rearrangement (to saccharinic acids) could also undergo 

rupture between the carbonyl groups by an oxidative mechanism, giving 

rise to two shorter-chain carboxylic acids (11,12). The cation employed 

in the alkali seemed to play an important part. Divalent cations such 

as calcium and barium gave the highest yields of rearrangement products, 

whereas monovalent cations, such as sodium and potassium favored frag­

mentation of the carbon chain. Kenner and Richards (13) have speculated 

that this was due to an internal complex-formation with divalent cations. 

Thus the d·icarbonyl intermediates gave two distinct degradative reactions 

with alkali: (a) rearrangements to isomeric saccharinic acids, and (b) 

oxidative chain-cleavage to aldonic acids. 

Fission products have also been observed in reaction mixtures 

of hexoses in alkali. Formaldehyde(l6) and glycolaldehyde(l7) were 

isolated from D-glucose by Komoto (14). His proposed mechanism was that 

shown in Figure 6. Kenner (15) detected lactic acid(l8) from the action 

of alkali on substituted D-glucose and substituted D-fructose. His 

proposed mechanism was that shown in Figure 7. 

In general, the recent literature has complemented the obser­

vations and hypothesis of the past concerning the formation of transfor­

mation and degradation products from carbohydrates in alkali. Rowell 
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et al. (16) studied the alkaline degradation of cellobiose under a 

variety of conditions, and concluded that by introducing oxygen at 

various concentrations in the reaction system, the oxidation reac-

tions to aldonic acids predominated. These oxidation reactions were 

effectively eliminated when oxygen was excluded from the system. They 

also observed that in air barium cations favored the benzilic-acid 

type rearrangement reaction, whereas sodium cations favored the frag­

mentation of the carbon chain. 

Rowell and Green (Q) then studied alkaline degradation of 

3-deoxyaldosuloses, the dicarbonyl intermediate proposed in the forma­

tion of isomeric saccharinic acids, in the presence of o2 and of N2 . 

The results of their experiments in the specific case of the alkaline 

degradation of 3-deoxy-D-erythro-hexosulose showed that the benzilic­

acid rearrangement to D-glucometasaccharinic acid was the preponderant 

reaction, even in the presence of oxygen. The carbon-carbon bond 

cleavage to 2-deoxy-D-erythro-pentonic acid was eliminated by excluding 

oxygen, and only D-gl ucometasaccharinic acid was formed. Degradation 

of 3-deoxy-D-threo-hexosulose in the presence of o2 demonstrated that 

the C-4, C-5 and C-6 substituent configuration exerts no stereochemical 

influence on the rearrangement to D-glucometasaccharinic acid. However, 

the greatest proportion of fragmentation product was found in the 

presence of o2 and the divalent barium cation. Rowell and Green have 

noted that this contradicts previous findings (11,12), and that further 

work is required in that area. 

Feather (18,19,20) has been active in the study of the mechanism 

of conversion of D-glucose and D-fructose into their degradation products 
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in base and acid, namely D-glucometasaccharinic acid(ll) and 5-(hydroxy­

methyl)-2-furaldehyde(l4) respectively. By conducting deuterium-labelling 

experiments, Feather and Harris (1-2._) have concluded that the route to 

formation of (14) in acidic deuterium oxide solution (see Figure 8) does 

not include the 3-deoxy-D-erythro-hexosulose intermediate(lO) known to 

yield glucometasaccharinic acid in alkaline deuterium oxide solution. 

Rather, (14) was formed from the enolic intermediate(9) by a direct, 

irreversible route. Completely analogous results were found by Feather 

(20) for a pentose and a hexuronic acid in acidic deuterium oxide solu­

tions. 

All reaction mechanisms reported (4,8,21) are illustrated as 

involving the acyclic form of the carbohydrate. Many studies have shown 

that the acyclic form with its free carbonyl group is present in aqueous 

solution to only a very small extent. For example, only~ 2% of D­

fructose (~) is present in acyclic keto form in aqueous solution. The 

pyranose or furanose hemiacetal ring structure predominates in solution. 

No attempt was made (4,8,21) to explain the initial stages of the reaction, 

i.e. formation of the enediol from the cyclic form of the carbohydrate 

by some ring-opening mechanism. This would be necessary if these trans-

formation and degradation reactions are to occur to any extent. Isbell 

et al. (23) have proposed the formation of enediol intermediates from 

pseudo-acyclic intermediates arising from transition states in the muta­

rotational reaction pathway of the cyclic conformers (see Figure 9). 

Presumably, then, the alkaline rearrangement of a carbohydrate 

could begin with the formation of a pseudo-acyclic intermediate by the 

mutarotation reaction, and will be followed by the formation of an enediol. 
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Figure 8. Glucometasaccharinic acid and 5-(hydroxymethyl)-2-furaldehyde 
formation from a 1,2-enediol. 
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These pseudo-acyclic intermediates will lead to mixtures of isomeric 

enediols characteristic of the parent carbohydrate. By removal of the 

C-2 hydrogen atom through enolization, the pseudo-acyclic intermediates 

formed from a-D-glucopyranose and S-D-mannopyranose should yield the 

same W-enediol. Similarly, the same .tll.a.Y!.6-enediol will be formed 

from S-D-glucopyranose and a-D-mannopyranose. The principal enoliza­

tion for D-fructose would be between C-1 and C-2, but because of the 

presence of two hydrogen atoms at C-1, the enolization would give both 

isomeric 1,2-enediols. Formation of a 2,3-.tll.a.Yl.6-enediol should also 

be possible by removal of the C-3 hydrogen atom. Consequently, both 

an aldose and a ketose may yield mixtures of W- and .tlz.a.M-enediols, 

the proportions of which being determined by the parent carbohydrate. 

It should be pointed out that Isbell's proposal (23) of W­

and .tlz.a.M-enediol intermediates formed from different carbohydrates was 

not new to the literature. Topper and Stetten(24) had explained the 

C-2 epimerization reaction of D-glucose-1-d to D-mannose in saturated 

calcium hydroxide solution by a W-enediol--D-fructose--.tlz.a.M-enediol 

mechanistic scheme. Isbell, did, however, provide a mechanism for ring 

opening which would allow formation of these W- and .tll.a.Yl.6-enediol 

intermediates from the cyclic form of the carbohydrate. 

From a comparison of enolization rates studied by carbohydrate 

tritium (3H) exchange in basic water-t solutions, Isbell et al. (23) 

were able to compare the relative enolization rates of several carbo­

hydrates. In general, it was found that the rates of hydrogen-tritium 

exchange for ketoses is appreciably higher than those for aldoses. With 

D-glucose as the standard (relative enolization rate= 1), D-mannose 
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and D-fructose were found to have rates of 0.5 and 10.7 respectively. 

Kort (21) reviewed the reactions of free carbohydrates with 

aqueous ammonia. Low temperatures and short reaction times were found 

to give transformation and degradation products, whereas, high temper­

atures and long reaction times were found to give products containing 

nitrogen. 

In addition to the work of Maclaurin (l), two other kinetic 

studies of carbohydrate transformation reactions appear in the liter­

ature. An early paper by Bamford, Bamford and Collins (£) detailed 

a kinetic study of the degradation and interconversions between glucose 

and fructose in alkaline solutions. The change in carbohydrate con-

centration was followed by electrometric titration of the main degra­

dation products, lactic and saccharinic acids, at an alkali concentration 

which was varied between 1 and 5N. The results were analyzed according 

to the following kinetic scheme: 

lactic+ saccharinic acids --- glucose ~fructose--~ lactic+ 
saccharinic acids 

and were taken to indicate that all the reactions which occur are first 

order with respect to carbohydrate concentration. 

to study interconversions to mannose. 

No attempt was made 

A very recent paper by Garrett and Young(~) was a kinetic 

study of alkaline transformations among glucose, fructose, and mannose 

at low sodium hydroxide concentrations, 0.001-0.60M. The kinetic para­

meters of the aldose-ketose transformation were obtained by measuring 

the ultraviolet absorption of the acid derived hydroxymethylfurfural 

which was ·found to be proportional to the concentration of fructose in 
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alkali with time. The kinetic model used to evaluate the results 

differed from that proposed by MacLaurin (~) in that the authors 

assumed that no mannose was produced from either glucose · or fructose, 

and that the only pathway to degradation products was from fructose. 

This recent paper will be considered more fully when the results of 

this present study are discussed in a following section of this thesis. 
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EXPERIMENTAL RESULTS 

The objective of this research, as stated earlier, was to deter­

mine the reaction rate constants prevailing in a homogeneous glucose­

sodium hydroxide-water system at a variety of base concentrations. The 

implications of these rate constants and their relationship to base 

concentration could then be considered. 

Neutral carbohydrates arising in any amount greater than 0.5% by 

weight from D-glucose are expected to be limited to D-mannose and 

D-fructose only. This conclusion is well supported by theoretical con­

siderations and experimental observations of others. Also, no peaks of 

significance other than the three carbohydrates monitored are observed 

on the chromatograms produced in this research. 

Each of the carbohydrates known to be present in the glucose 

reaction system was used as starting material in a series of reaction 

runs at varying base concentration. The concentration of each of the 

three carbohydrates present in the reaction system after various reaction 

times was determined through resolution of a prepared sample of the 

reaction system by column chromatography and colorimetric analysis of 

the column effluent. A detailed description of the materials and solu­

tions used is given in Appendix I and of the apparatus and procedures 

used in Appendix II. In brief summary, the procedures used were as 

follows. 

The reactions were carried out in screw-capped pyrex tubes using 

25 ml of the sodium hydroxide solution and one ml of the carbohydrate 

solution. Reaction solutions were o2-free and were kept in the dark. 

The starting molarity of a carbohydrate was about 0.002. Hydroxyl ion 
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concentrations used were: 0.49 M, 4.02 M, 6.07 !'.!, and 8.08 M. The 

relative quantities of carbohydrate and base used in a reaction system 

assured essentially no change in hydroxyl ion concentration during the 

consumption of at least half of the starting carbohydrate. Thus the 

expected production of acidic degradation products would have very little 

affect on the hydroxyl ion concentration. The reaction was quenched at 

the desired time interval by addition of an aliquot of the reaction 

mixture to a prepared amount of Amberlite IR-120-H cation-exchange resin. 

An aliquot from the quenched system was prepared for chromatography by 

admixture with a buffered boric acid solution. The carbohydrates were 

resolved in 5-6 hours by anion-exchange resin chromatography. The column 

effluent was monitored continuously with a Technicon Auto-Analyzer 

system using an orcinol/sulfuric acid reagent for colorimetric analysis. 

The analytical results were recorded on a quantitative strip chart 

chromatogram. Control chromatograms of a prepared mixture of the three 

carbohydrates of interest arising in a glucose system and chromatograms 

from reactions of the three different starting materials at the four 

sodium hydroxide concentrations used in this study are shown in Figure 

10. These chromatograms show the acceptable shape of the peaks, the 

clear-cut resolution of the three carbohydrates, and the precision of 

reproduction of peak times. 

The complete chromatography data for all the reaction run series 

are given in Appendix III. Also found in that appendix are tables of 

relative molarities of the three carbohydrates present in reaction systems 

at various reaction times. From these data the reaction rate constants 

were calculated using a non-linear least squares curve-fitting computer 
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program . Details of the derivation of the rate constants from the 

experimental data are given in Appendix IV. 

Analysis of the experimentally obtained data was based on the 

kinetic model diagrammed in Figure 11. A listing of the computer pro­

gram used is given in Appendix V. The plots of concentration -~ reac­

tion time given in Figures 12 through 14 were drawn from the computer 

output of the calculated relative molarity values for each experimental 

reaction time point. The experimental data points are plotted to demon­

strate the curve fit to experimentally determined points. 

The rate constant "triangles" derived by the computer are given 

in Figure 15. The computer calculated rate constants and their calcu­

lated standard error estimates (discussed in the following section of 

this thesis) at the four base concentrations are tabulated in Table I. 

Figure 16 compares the computer calculated rate constant "triangles" 

for the 0.5~ NaOH system when the data is analyzed by three independent 

approaches. Plots of the rate constants for the various reactions ·vs 

hydroxide ion activity are given in Figure 17. 

The validity of these experimental results is discussed in the 

following sections of this thesis along with inferences and conclusions 

it seems possible to draw from them. 
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Fi gure 12. Glucose i n NaOH at 25°c 
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TABLE I 

RATE CONSTANTS IN THE SYSTEM 0.002M GLUCOSE 
IN SODIUM HYDROXIDE AT 25°C 

Reaction Rate -1 Rate Constant Value, hr , at indicated NaOH concentration 
Pathway Constant 0.49M 4.02M 6.07M 8.08M 

G--F 0.051±0.001 0.039±0.001 0.036±0.001 0.038±0.002 

G--M 0.001±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

G--B 0.011±0.002 0.011±0.001 0.010±0.002 0.013±0.002 

F--G 0.053±0.001 0.059±0.001 0.062±0.001 0.073±0.002 

F--M 0.007±0.0 0.013±0.0 0.017±0.001 0.033±0.001 

F--A 0.047±0.003 0.223±0.004 0.420±0.008 0.736±0.012 

M--G 0.004±0.0 0.002±0.0 0.002±0.0 0.003±0.0 

M--F 0.016±0.0 0.019±0.0 0.022±0.001 0.029±0.001 

M--C 0.0±0.0 0.004±0.001 0.005±0.001 0.016±0.002 
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DISCUSSiON OF THE EXPERIMENTAL RESULTS 

THE EXPERIMENTAL DESIGN - AN EVALUATION 

Automated anion-exchange chromatography in borate buffers has 

proven to be a most useful tool in the separation and identification of 

carbohydrates (mono- and disaccharides). This, when coupled with auto­

matic analysis of the column effluent by a Technicon Auto-Analyzer 

system, has improved the precision and accuracy of quantitative analysis 

over that offered by quantitative paper chromatography. Paper chromato­

graphy is limited because of the relative insensitivity of the techniques 

in the detection of materials present in amounts below about 5% of the 

material present in greatest amount. The analytical technique used by 

Maclaurin(~ appeared to be limited only in the detection of materials 

present in amounts lower than 0.5% of the starting material . 

It now seems that the rate constants for the several similtaneous 

reversible reactions occurring in the 11monomer triangle 11 can be separated 

out by moving in from every corner of the triangle. In retrospect, the 

experimental design developed to quantitatively analyze this complex 

reaction system seems adequate. 

ACCURACY AND PRECISION OF THE RATE CONSTANT DATA 

The overall accuracy of the reaction rate constants and an estima­

tion of their precision will be the cumulative result of combining the 

accuracy and precision of the basic chromatography data, the conversion 

of those data to relative molarities, and the fitting of the experimental 

rate data with computed rate curves. Each step in this sequence will now 

be considered. 
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Accuracy and Precision of the Chromato graphy Data 

The accuracy of the chromatography data depends on two factors: 

(a) the purity of the carbohydrates used, and (b) their quantitative 

measurement. As discussed in Appendix I, the chromatographic purity of 

the carbohydrates was established to at least 1 in 500. One of the 

least accurate operations in all the weighing and volumetric operations 

used was the measurement of the volume of the sample delivered by micro­

syringe to the column for chromatography. Another operation which was 

potentially a source of large error was the quenching procedure using a 

cation-exchange resin which necessarily had an indeterminate water 

content. 

Extensive calibration of the microsyringe used in this research 

indicated a delivery accuracy of at least± 0.002 ml for any volume in 

the range 0.100 to 2.000 ml, delivered from any portion of the total 

volume in the syringe. Thus by using a sample volume of from 0.200 to 

1.500 ml, an accuracy of at least 1 in 100 was obtained for this opera­

tion. During the use of the microsyringe, extreme care had to be 

observed to eliminate all air bubbles in the liquid sample within the 

syringe before delivery of a sample to the column for chromatography . 

. A procedure for preparing the reaction quenching resin was found 

and checked for reliability. Details for the procedure for the resin 

preparation are given in Appendix II. A series of five repeat reactions 

of mannose in 8 M NaOH for a zero hour reaction period were carried out 

to test the validity of the quenching procedure. The absorbance value 

found for the peak produced from the same volume of sample applied to 

the column had a precision of± 0.005 or 2-3 in 100. It was thus con­

cluded that this reaction quenching procedure was satisfactory for the 
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purposes of this study. 

Because of the straight-line form of the absorbance vs weight 

relationship, as discussed in Appendix III, it follows that the sensi­

tivity and hence measurable precision of the chromatography data for 

a given carbohydrate will improve with an increase in the slope of this 

line. The shape, and hence height of chromatogram peak for a given 

quantity of material are affected by a number of factors outlined by 

MacLaurin (2). Essentially the same conditions for chromatography as 

those used by MacLaurin have been adopted in this research. The only 

changes were the adoption of a somewhat steeper elution gradient, and 

a smaller quantity of resin. Both changes were designed to reduce 

separation times on the column. The acceptable shape of the peaks 

obtained in this research is clearly demonstrated in Figure 10. 

In this study, a change in peak height of the smallest readable 

amount on the chart (about 0.001 absorbance) was equivalent to~ 0.1 µg 

of carbohydrate for glucose and mannose and~ 0.3 µg of carbohydrate 

for fructose. By selecting an amount of sample for chromatography con- . 

taining 20-30 micrograms of the key carbohydrate, the precision of the 

readability of the chromatogram for that carbohydrate became about 1 in 

200. 

The precision of the chromatography data was to the major extent 

dependent upon the overall stability of the chromatography--Auto-Analyzer 

system. The short life of the acidflex tubes on the peristaltic propor-

tioning pump, their changing performance during their life, and the lot 

to lot differences in these tubes contributed significantly to run to 

run variability. It appeared, however, that this system instability 
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results in a precision scatte r about the best line fit of about± 2-3% 

for single value determinations of weight of carbohydrate in a given 

s ample . All values given in this study are single values. Replication 

of the data would, of course, give average values of higher precision. 

Precision of the Conversion of the Chromatography Data to Relative 
Molarity Data 

Precision of the converted data could also be affected by a long 

term drift in calibrations. However, it appears from the recalibration 

data for the analytical system over the five month period that the main 

body of kinetic data was collected that any drift in calibration of the 

system was slight. Hence, it is concluded that precision of the data 

w-s lesa affected by long term factors than by short term factors. 

Precision and Accuracy of ·t he Computer Curve~Fitting Step 

A non-linear least squares analysis does not permit a simple 

description of the accuracy and precision of each computer calculated 

rate constant. However, by examining the scatter to changes in the rate 

constants, it is possible to reduce the problem to one of a linear 

* approximation in order to arrive at standard error estimates. This 

approximation will fail if these estimated standard errors are large in 

comparison to the rate constants. These estimates can then be used to 

calculate the usual confidence limits and hypothesis tests in a similar 

manner ·to the treatment of a measured standard deviation. The standard 

* A useful discussion concerning this problem was contained in Statistics 
in Physical ·Science, Hamilton , N.C., Ronald Press Co., New York, 1964. 
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error estimates cal culated by the computer are tabulated with the rate 

constants listed in Table I. 

If the least squares minimum for a parameter, in this instance a 

rate constant, lies in a "well" rather than at a point, the relative 

magnitude of the calculated standard error estimate as compared to the 

calculated rate constant will appear large. This, however, is an indi­

cation that data scatter is affecting the program "hunt" for the least 

squares minimum in a "well11 rather than the failure of the program to 

find a unique solution to the kinetic model. 

An examination of the magnitude of the computer calculated 

standard error estimates given in Table I reveals that the estimated 

standard error for the large rate constants is less than 5% of the rate 

constant, as opposed to~ 20% for the small rate constants. These 

findings are consistant with the fact that small rate constants are 

calculated from "flat11 curves and are expected to be less sensitive to 

changes because of data scatter about the best-fit line . From an 

examination of the standard error estimates it is evident that the 

dominant rate constants prevailing in the system have been adequately 

determined. 

BASE CONCENTRATIONS USED 

Since the major objective of this study was to determine the 

rate constants prevailing in the system, D-glucose--D-fructose-­

D-mannose, at a variety of sodium hydroxide concentrations, a discussion 

of the reasons for choosing the base concentrations used would be 

appropriate. The carbohydrate transformation reactions reported in 



the literature are mostly for systems of low basicity. Therefore it 

seemed desireable to study these reactions at somewhat higher base 

concentrations. 

Alkaline extraction as a stage in the bleaching and purifica­

tion of wood pulp has been practiced for many years by the pulp and 

paper industry. Wood pulps were refined to an alpha-cellulose content 

of 90-93% by means of a mild caustic (0.5-6% NaOH) extraction at ele­

vated temperatures. However, the viscose rayon industry required pulps 

of very high alpha-cellulose content (97-98%). Extraction of wood 

pulps with cold concentrated caustic (up to 17.5% NaOH) was found to 

yield pulps of this desired alpha-cellulose content. For this reason 

a sodium hydroxide concentration of 4M was chosen as one of the concen­

trations for study. 

Kenner and .Richards (28) found that the degradations of methyl­

fructose, glucose and fructose in dilute limewater gave D-glucosaccharinic 

acids, whereas Nef (29) found mainly D-glucometasaccharinic acids and 

some D-glucoisosaccharinic acids from glucose in 8N sodium hydroxide. 

Since there appeared to be a change in mechanism leading to different 

degradation products at high base concentration, it was decided that a 

kinetic study in 8!i sodium hydroxide could prove useful. 

The lower concentration limit of the experimental design was 

0.25-0.5!:'!. sodium hydroxide. In this region pseudo first-order assump-

tions remained valid. Consequently, one series of reactions was carried 

out in 0.5!:'!. sodium hydroxide, where the transformation reactions, 

especially between glucose and fructose predominate over the degradation 

reactions. 
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Finally a reaction series was carried out at a sodium hydroxide 

concentration intermediate between 4 and 8M since it appeared from a 

preliminary examination of the experimental data obtained f or the reac­

tion runs in 0.5, 4 and 8M sodium hydroxide that the greatest change in 

carbohydrate half-life for glucose and mannose occurred between 4 and 8M. 

Consequently, a final reaction series was carried out in 6M sodium hydrox­

ide. 

RESIN QUENCHING 

The absorbance vs quantity of carbohydrate calibration line (dis­

cussed in Appendix III) for mannose did not give a straight line when 

reactions at high base concentration were quenched with hydrochloric 

acid. This was the reaction quenching procedure used by MacLaurin (~). 

The high concentration of chloride ion in a quenched reaction sample for 

reaction runs at high base concentration probably disrupted the separa­

tion of the carbohydrates during the anion-exchange resin chromatography 

employed by the automated analytical scheme . However, only the resolu­

tion of mannose was affected because it had the shortest retention time 

on the column. Once chloride ion was eluted by borate buffer from the 

column, separation proceeded normally . Fructose and glucose were thus 

unaffected on the column by the presence of chloride ion. 

To overcome this problem, reactions were quenched with a cation­

exchange resin in the hydrogen ion form, as discussed in Appendix II . 

The resin preference for sodium ions allowed quenching of highly alkaline 

systems without introducing foreign anions, which could disrupt chromato­

graphy, to the quenched reaction solutions. 
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CONCLUSIONS 

The rate constants prevailing in the homogeneous system 

glucose-sodium hydroxide-water have been measured at four different 

base concentrations, 0.49, 4.02, 6.07 and 8.08M. Derivation of the 

rate constants based on the kinetic model illustrated in Figure 11 

was accomplished through the use of a digital computer. 

The validity of the derivation of the rate constants must be 

examined. Any valid mathematical technique to solve the differential 

equations (see Appendix IV) which describe the first order reaction 

system is expected to yield a unique solution to the rate constant 

"triangle" (Figure 11). This has been adequately demonstrated by 

MacLaurin (_~_) and Garrett and Young (26). Thus it should be possible 

to calculate all rate constants of the "triangle" from the concentra­

tion vs time curves produced from any one of the carbohydrates as 

starting material . In other words, rate constant data generated from 

any corner of the "triangle" should be similar. This is demonstrated 

in Figure 16, which shows the rate constant "triangle" for reactions 

in 0.49M NaOH calculated from an analysis of the experimental data 

for the glucose decay curve and mannose and fructose appearance curves 

when glucose is the starting carbohydrate (Figure 161), and the 

"triangle" derived from the equivalent treatmet].t when fructose is the 

starting carbohydrate (Figure 1611). For comparison purposes, the 

rate constant "triangle" obtained from an analysis of all of the 

experimental data (nine curves) is also shown (Figure 16111). Further 

support for both the uniqueness of solution to the "triangle" and the 
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consistency of the experimental data with the proposed kinetic model 

(Figure 11) is found in the fact that an analysis of all of the 

experimental data produces a good fit of computer calculated concen­

tration vs time curves to experimental data. 

The rate constant data computed from an analysis of all of 

the experimental dat a is expected to minimize errors. Consequently, 

conclusions which it now seems possible to formulate will be based on 

the computer-fitted concentration~ time curves (Figures 12 through 

14) and the computer calculated rate constants (Table I and Figure 15), 

all of which are calculated from an analysis of the total of the 

experimental data. 

Since MacLaurin (~_) had not detected any other transformation 

products in more than trace amounts, this study was confined to an 

analysis for glucose, fructose and mannose only. As is evident in 

Figure 10, the chromatograms of fructose and glucose as starting 

materials in 0.49M NaOH for 48 hours display one or two shallow peaks 

in that region of the chromatogram between the fructose and glucose 

peaks. Further work in systems of low alkalinity would be necessary 

to attempt an identification of these peaks which likely represent 

only trace amounts of other neutral carbohydrates. Chromatograms pro­

duced in this research at base concentrations above 4,!i NaOH gave little 

indication of other neutral carbohydrates as reaction products. 

A preliminary examination of the' carbohydrate decay curves 

(Figures 12 through 14) reveals that mannose is the most stable of the 

carbohydrates in sodium hydroxide at all base concentrations studied. 

Its stability is relatively constant in the sodium hydroxide concen­

tration range 0.5~6M (half-life of~ 25-30 hours) but alkali sensitivity 
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increases sharply in the concentration range 6-8!:!, the half-life in 

8M Na0H being reduced to 14 hours. Glucose stability in sodium 

hydroxide appears to be independent of alkali concentration. A 

16-fold increase in the base concentration produces almost no change 

in the half -life f or glucose (13-16 hours at all base concentrat ions). 

Fructose is the least stab le of the carbohydrates to alkali attack, 

and in fact, the preferred reaction pathways are those leading from 

fructose in all systems, and especially at higher base concentrations. 

A 16-fold increase in the sodium hydroxide concentration produces a 

decrease in the half-life for fructose of a similar magnitude. 

MacLaurin (~) observed that the forward and reverse reactions 

between carbohydrates had rate constants of similar magnitude. It 

appears from this research (Figure 15) that f or the gluco-manno and 

fructo-manno reaction pathways that this observation is somewhat valid 

at all base concentrations studied. MacLaurin also observed that the 

gluco-fructo pathway had approximately equal rate constants. This is 

confirmed in this research only at the lowest base concentration 

studied, but Garrett and Young (l§_) also found approximately equal 

-1 
rate constants for the gluco-fructo path (G-F, 0.067 hr ; F-+G, 

0.070 hr-1) for reactions in 0.20M NaOH at 25°C. Thus the equality 

of the rate constants in the gluco-fructo pathway may not be fortuitous 

at sodium hydroxide concentrations of l!:! or less and at low temperatures 

(20-25°c). 

Another observation made by MacLaurin (~) was that the magni­

tudes of the rate constants for the reversible pathways fall into three 

· levels, a very low level for t he gluco-manno system, a higher level for 
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the manno-fructo system and the highest value for the gluco-fructo 

pathway. This observation is applicable to all base concentrations 

studied in this research as well. The isomerization pathways must 

have a much lower energy barrier compared to the epimerization path­

way. 

From the very small magnitude of the gluco-manno epimerization 

rate constants, it is apparent that mannose formed from glucose arises 

via the "detour" route through fructose at all base concentrations 

studied. The "direct" route to formation of mannose from glucose is 

perhaps important only during the initial stages of reaction when 

fructose quantities are small. 

The degradation pathway leading from fructose (F-rA) is ·the 

most significant of the three degradation pathways (see Table I and 

Figure 15) and, particularly at the higher base concentrations, this 

reaction pathway dominates the entire system. This finding was expected 

since Isbell et al. (Q) f ound that the enolization rate for fructose 

was considerably higher than that for glucose or mannose. At high 

sodium hydroxide concentrations the formation of 2,3-enediols and 

their related degradation products such as isosaccharinic acids from 

fructose must be more significant. As well , degradative reactions via 

a 1,2-enediol are expected to be prevalent since fructose can form both 

the W and -Vl.an.-6-1,2-enediols (see Figure 9). 

Garrett and Young(~) based their analysis of the glucose­

fructose-mannose system on a kinetic model which had been simplified 

from that proposed by MacLaurin (~). Simplifying assumptions made were: 

(a) that negligible ammounts of mannose are formed from either glucose 
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or fructose, ::. , 1 that the gluco-fru:: 

to the degr~--~i on to other products, 

pathway to degradation products was f r 

this research that these assumptions ar 

concentrations up to 0.5-0.6,!i only. A' 

validity of all of the assumptions is qu 

equilibrium is fast compared 

j (c) t hat the only allowed 

fructose. It appears from 

~lid for sodium hydroxide 

er con cent rations the 

0nable. Consequently, it 

is evident that MacLaurin's proposed kine ~ _ model (see Figure 11) 

most accurately describes the kinetics of ~ e system at all sodium 

hydroxide concentrations to 8_!i. 

In apparent contrast to Garrett an ~ ~oung's findings (~) that 

all of the first-order rate constants were negative functions of 

hydroxide ion activity, a0H-' except that for the fructose degradation 

route, in a low so dium hydroxide concentration range, it appears from 

t he results of this research (see Figure 17) that some of the reaction 

pathways show either no hydroxide dependence, only a little, or a 

high degree of dependency. The reaction pathways from glucose have 

relatively consistent rate constant values throughout the entire base 

concentration r ange studied here . These values are k
12

(G-rF):~0.04-

0.05 hr-1 , k
13

(G-+M):negligible, and k
15

(G-+B):~O.Ol hr-1 . Two of the 

reaction pathways from mannose have rate constant values which demon­

strate some hydroxide ion activity dependence. The rate constant values 

for the mannose to fructose pathway (k
32

) vary from 0.016 t o 0.029 hr-l 

over the sodium hyd.roxide concentration range, and those for the mannose 

to degradation products pathway (k36 ) vary from a negligible value to 

-1 
0.016 hr in 8M NaOH. The rate constant for the third pathway from 

' -1 
mannose, i.e. mannose to glucose (k

31
), has a constant value of ~0.003 hr • 
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The reaction r ate constant va lues for the pa thways from fructose all 

demonstrate a definite dependence on hydroxide ion activity. These 

-1 
values are k21 (F-+-G):~0.05 to 0.075 hr , k23 (F-+-M):~0.005 to 0.030 

1 -1 hr- and k24 (F-►A):~0.05 to 0.75 hr . 

Corbett and Kenner(_§_) have postulated that metasaccharinic 

and isosaccharinic acids are formed from fructose in strong base by a 

pathway involving divalent and trivalent enediolate anions . These 

anions are formed from fructose by the removal of protons from hydroxyl 

groups as well as hydrogens attached to carbons which are located alpha 

to the carbonyl group. The large hydroxide ion activity dependence 

demonstrated by the fructose to degradation products pathway (F-rA) in 

this research perhaps reflects the increasing ease of removal of protons 

from hydroxyl groups by hydroxide ion to form di- and trivalent anions 

as the. hydroxide ion concentration increases. 
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APPENDIX I 

MATERIALS AND SOLUTIONS 

CARBOHYDRATES 

The glucose, fructose, and mannose used in this research were 

from commercial sources . The glucose and mannose samples were supplied 

by Dr. D. J. MacLaurin and had already been tested for chromatographic 

purity ( I) . The commercial ly available fructose was purified before 

use. At no time did a chromatogram of the fructose used as a calibration 

standard show even a minor impurity peak (greater than 1%) although 

chromatographed at least one dozen times, and at differing elution 

gradients. 

D-glucose: 

Baker AR Dextrose, anhydrous powder. Found to be~ 99.9% pure 

and dry as received. Used as received. 

D-fructose: 

Fisher Scientific, crystals. Recrystallized twice from 95% 

ethanol. Used after drying over Drierite. 

D-mannose: 

Matheson, Coleman and Bell, anhydrous powder. Recrystallized 

from methanol-isopropanol and ethanol-acetone. Used after drying 

over Drierite. 
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SOLUTIONS 

0 .12 M H3Bo
3

, pH 8 .50 

30.00 ± 0.01 g H
3

Bo3 (Matheson, Coleman and Bell)+ 4000 ± 1 ml 

distilled w~ter + nominal 12 !!_KOH (~ 10 ml) to pH 8 . 50 ± 0 . 05 . 

Solution filtered through 2 Whatman GF/A, 5.5-cm glass f ilter 

papers supported on a Millipore sintered disk- and-funnel unit . 

Stored at room temperature (R.T.) in bulk quantities c~ 20 l) in 

a clear glass bottle. The pH of the solution was checked occasion­

ally, but no change occurred ove r a 1-2 month period. 

0 . 15 M K2B4o
7

, pH 9 . 4 

184 . 0 ± 0.05 g K
2

B4o7 .4H2o (Allied Chemicals)+ 4000 ± 1 ml 

distilled wate r and filtered as above . Stored at R.T. in bulk 

quanti ty (~ 20 l) in a clear glass bottle. 

0 .50 M K2B4o7 , pH 9 .7 

611.0 ± 0.5 g _K2B4o7 .4H20 (Allied Chemicals)+ 4000 ± 1 ml 

distilled water and filtered as above . Stored at R.T. in a clear 

glass bottle . 

Orcinol/70% H2so4 

95 . 5- 96 . 5% , sp . gr . 1 .84, H2so4 (Allied Chemicals ) slowly added 

with external cooling to 300 ± 0.5 ml distilled water in a 1-liter 

volumetric flask and to 60 ± 0.1 ml distilled water in a 200-ml 

volumetric flask . The addition of the final 1-2 ml of H2so4 to 

the calibration line was done after the well-mixed aqueous H2so4 

solution had stood at least 12 hours at R.T. The 1200 ml of 70% 

H2so4 was slowly poured onto 2 . 10 ± 0. 001 g of orcinol monohydrate 
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(K and K Laboratories, used as received) in a 2-liter wide mouth 

brown glass bottle. The orcinol/H2so4 was stirred for½ hour 

with a magnetic stirring bar to complete solution of the orcinol. 

Solutions were not used until all traces of orcinol had dissolved. 

No solutions more than 12 hours old were used for quantitative 

work, since the solution color deepens with time. This volume of 

color reagent was sufficient for two consecutive 6 hour chromato­

graphy runs or~ 14 hours of operation. 

Na0H Solutions 

In a teflon beaker, 500 g Na0H (Fisher, pellets) was dissolved in 

500 ml of freshly prepared, boiled, N2-saturated distilled water. 

This "lye oil" (~ 20 Min Na0H) was let stand under N2 in a thick­

walled, 1-liter, tightly capped polypropylene bottle at R.T. for 

at least 2 weeks prior to use to allow Na2co
3 

to settle out. Ali­

quots of the clear supernate were transferred by pipet to the 

required amount of freshly prepared, boiled, N2-saturated, distilled 

water in a polyethylene bottle in which the stock Na0H solution 

was to be stored. The Na0H solution was standardized against 

HKC8H4o4 (Mallinckrodt Primary Standard) to a phenolpthalein end­

point. Using this procedure, MacLaurin ·c I) found the carbonate 

content of Na0H solutions prepared in this way to be entirely 

satisfactory. 



APPENDIX II 

APPARATUS Al'l'D EXPERIMENTAL PROCEDURES 

CONSTANT -TEMPERATURE BATH 

A Colora Ultra-Thermostat Constant-Temperature Bath and Circulator was 

used . The water level was kept at a constant level by a feed line 

which would add water to the bath when the water level fell below the 

desired level. Cold tap water was run at a low flow rate through the 

cooling coil of the bath at all times during operation. This assembly 

maintained the temperature with a precision of± 0. 1°c . 

RESIN COLUMN CHROMATOGRAPHY AND AUTOMATED ANALYTICAL EQUIPMENT 

A schematic diagram showing the equipment and its arrangement as used 

for the chromatographic separation and quantitative analysis of the 

compounds of interest in reaction mixtures is shown in Figure 18. All 

· components and accessories except the Haake type FJ constant-temperature 

circulator were supplied by the Technicon Corporation, Tarrytown, N.Y. 

REACTION RUN PROCEDURES 

A separate small reaction batch was run for any given reaction 

time. The procedures used were: 

A 1 . 000 ± 0,001-ml volume of an aqueous solution (boiled, N2-

saturated, distilled water) of the chosen starting carbohydrate 

(1.000-1.010 ± 0.0001 g/100.0 ml) was delivered under nitrogen by 

micro-syringe to a 200 mm x 25 mm pyrex tissue-culture tube which had 

a Teflon-lined black plastic screwtop. Onto the carbohydrate solution 
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was then de l i vere d by pipe t under nitrogen, 25.00 ± 0.01 ml of the sodium 

hydroxide soluti on. The tube cap was screwed on snugly_ and the sys tem 

mixed by shaking . The tube was then wrapped in several layers of alum­

inum f oi l and marked f or ident i f ication. The wrapped tube was suspended 

by wi res into the cons t an t-tempe r a ture ba th where it was f ree to be gently 

r ocked by t he swirling waters in t he bat h. The time at which the first 

NaOH hit the carbohydrate s olution was taken as the zero of reaction time. 

The reaction was quenched at the end of the desired reaction period, and 

a sample was prepared for column chromatography as described in the next 

section. 

REACTION RUN CHROMATOGRAPHY SAMPLE PREPARATION 

A 5.00 ± 0.01-ml (25°C) volume of a reaction mixture was delivered 

by pipet onto the required amount of Amberlite I -120-H cation-exchange 

resin for quenching (See Table II). The stopping time of the reaction 

was defined as when the last of the 5-ml reaction sample entered the 

vigorously stirring slurry of resin. Within 5 seconds complete quenching 

had occurred and the resin slurry was then cooled in the constant~temperature 

bath. 

The resin for the quenching of each reaction mixture was prepared 

as follows. Approximately 50 grams of bulk resin stored in distilled water 

was vacuum filtered through a Millipore sintered disk-and-funnel unit. A 

35 gram portion of the filtered resin was then placed in a large centrifuge 

tube and spun at high speed for 5 minutes. Excess water was displaced to 

the bottom of the centrifuge tube . The required amount of resin f~r quench­

ing a particular reaction mixture was then weighed into a beaker from the 
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top half of the centrifuge tube . This ensured a quantity of resin of 

constant water content. To t he we ighed sample of resin in the beaker 

was added 10.00 ± 0.01-ml (R . T. ) of distilled water. This enabled the 

resin slurry to be stirred with a magnetic stirring bar to reduce quench­

ing time. 

A 5.00 ± 0. 01- ml (25°C) aliquot of the slightly acidic quenched 

reaction mixture was combined in a capped glass vial with 5.00 ± 0.01-ml 

(R.T.) volume of 0.24 !i_ H3Bo3 , pH 8.0. This gave a solution, pH~ 8, 

0.12 Min H3Bo 3. The H3Bo 3 concentration was thus the same as at the 

beginning of the subsequent elution. 

Table II 

NaOH Concentration Weight of I R- 120-H resin 
used for quenching 

0.5 M 10.00 ± 0.05 g 

4 M 15.00 ± 0.05 g 

6 M 20.00 ± 0.05 g 

8 M 25 .00 ± 0.05 g 

CHROMATOGRAPHY AND AUTO-ANALYZER CONDITIONS 

The f ollowing conditions were established for column chromato­

graphy and Auto- Analyzer operation. 

Column: 

3 mm i . d . x 750 mm water-jacketed glas s tube col umn. Resin bed 

length of 690 mm . 
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Aminex A-15, Bio-Rad Laboratories, Richmond, California. 

Spherical beads. Particle size: 17 .5 ± 2 µ . The resin was 

cleaned before use by the following sequence of treatments with 

various reagents. The resin was vacuum filtered and rinsed 

thoroughly with distilled water between reagent treatment steps. 

Sequence: 

1 . distilled water 

2. acetone 

3. methanol 

4. 0.2 M NaCl 

5. ~ 1 ~ HN03 , let stand in a gently boiling water bath for 

several hours. 

6. 0.5 M potassium tetraborate 

7. distilled water 

Column Temperature: 

30.0 ± 0.1°C, measured in the Haake circulator bath. 

Eluent Flow Rate: 

A Positive Displacement Pump setting of 20.0, which gave a flow 

rate of~ 0.5 ml/min . The precision of the flow rate was found to 

be± 0.01 ml /min and was independent of the column back pressure. 

This pump setting gave a maximum pressure drop of about 800 p.s.i.g. 

across the column, which occurred during column washing with 0.5 M 

. I 
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Elution System: 

In the nine-chambered , rectangular-form Autograd : 

Chambers 1- 2 , each 100 ml of 0.12 M H3Bo3, pH 8.5 

Chambers 3-5, each 100 ml of 0. 15 M K2B4o7, pH 9.4 

Chambers 6-9, empty 

Proport i oning Pump Tubing : 

cola code - orange , Tygon, 0 .0 35 

color code - black, Tygon , 0.030 

in. i.d. 

in . i.d. 

Sample from column 

Air Supply 

Orcinol/H2so4 reagent 

From colorimeter cell 

col or code - green, Acidflex, 0.073 in. i.d. 

color co e - blue, Acidflex, 0.065 in. 

Micropipet: 

Gilmont Ultraprecision Microsyringe : 2 .5 ml capacity, CANLAB, 

Toronto, Ontario . 

CHROMATOGRAPHY RUN PROCEDURES 

i.d. 

The top column fitting was unclamped with the posi t i ve displacement 

pump off. The pump was then started on 0. 12 M H
3

Bo
3

, pH 8.50, and the 

top fitting was slowly ejected until it could be lifted free . Pumping 

was continued with the column fitting inverted until all air was removed 

from the fitting. The fitting was then clamped in the inverted position 

while a sample was being applied to the column. 

The liquid was then removed with a disposable pipet down to the 

resin bed surface . This could be easily done without disturbing the resin. 

The flange seat and wide area above the resin bed was wiped with a facial 

tissue before application of a column sample. The reaction sample , 

generally 0.200-1.500 ml, was then delivered slowly 'to the column with 
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the microsyrlngc . TIie syr inge needle was placed agains t the column wall 

during t h i s ope r a tion. The liquid above the r esin was then forced into 

the r esin wi th n i trogen a t 50 p.s . i . g . The ni trogen supply was shut off 

when the liquid was about 1/4 inch above the resin bed, and the pressure 

was released slowly by unclamping the nitrogen fitting , and manually 

e asing it off jus t as the liquid met the resin bed surface. About 0 . 3 ml 

of 0 . 12 M H
3
Bo

3
, pH 8.50, was then delivered to the co lumn above the 

resin in such a manner t hat the column inner walls were thoroughly rinsed . 

This liquid was also fo r ced into t he resin with nitrogen as before . The 

column was then filled to near overflowing with 0.12 M H
3

Bo
3

, pH 8.50, 

and the top column fitting was inverted, being careful to leave a drop 

hanging from the fitting. This drop was meshed with the convex liquid 

surface at t he top of the column in such a manner that air would be 

excluded from t he column system. The column fitting was then forced into 

the column against a significant back pressure. Extruded liquid as a 

result of this operation was caught with a facial tissue . The back 

pressure was so strong , if air had not been entrained in the system, that 

it was necess ary to use a vinyl-coated column clamp to fo r ce the fitting 

completely into the column. Once the fitting was in place and the 

pressure had dropped below 100 p . s.i . g . , the vinyl- coated clamp was 

repositioned, and a second clamp was placed in position over the coated 

clamp . The positive displacement pump suction line was then connected 

to the Autograd. The Autograd stirrer was switched on, and the inter­

chamber valves opened in s equence, beginning with the one farthest from 

the outlet chamber . The positive displacement pump, and the recorder 

"chart drive" were then switched on similtaneously, and approximately 
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one minute later, the Auto-Analyzer sample line was connected to the 

bottom of the column when the system pressure was greater than 600 p . s . i . g . 

It was f ound t hat although no obvious air bubbles appeared in the 

positive displacement pump inlet line, occasionally there was a pressure 

drop during the first hour of pumping . This was indicative that air 

bubbles were trapped in the pump head. The situation could be quickly 

remedied by the f ollowing procedure. The pump and recorder "chart drive" 

were switched of f, and the outlet valve of the Autograd was closed. The 

pump outlet line was removed and the end immersed in 0 . 12 M H3Bo3 , pH 8 .50. 

The Autograd outlet valve was then lifted and closed immediately . This 

operation forced any trapped air through he pump head , but occasionally 

the Autograd valve needed to be opened and closed two or three ttmes more 

to remove all air . With the outlet of the pump full to near overflowing, 

the outlet line was reconnected, then the Autograd outlet valve was re­

opened, and the pump and recorder "chart drive" were switched on again . 

Upon completion of a run, the column was immediately washed f or 

1/2 hour with 0 . 5 M K2B4o7 and then for 1/2 hour with 0.12 M H2Bo3 , 

pH 8.50, by pumping through to the drain with the positive displacement 

pump . 

AUTO-ANALYZER PROCEDURES 

The Auto-Analyzer was started about 45 minutes prior to being 

connected to the column. The re corder "instrument" switch and the colori­

meter "power" switch were turned on. Then the proportioning pump sample 

line was placed into a 0.12 M H3 o3 , pH 8 .50, solution and the reagent 

line into the freshly prepared orcinol/H2so
4 

solution. The proportioning 
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pump manifold tubing array end block was placed in position on the pump 

platen alignment pegs and the tubing checked for correct positioning . 

The roller assembly was swung down into place and checked f or firm latch­

ing . Then the proportioning pu..~p switch was turned on . In about 35 

minutes , liquid progressed trough the Auto-Analyzer system to the color­

imeter . "When a constant liquid flow through the colorimeter was established, 

the colorimeter flow cell was then cleared of entrained air by manually 

pinching off the line from the flow cell to the proportioning pump at a 

point close to the flow cell. The pinch was suddenly released after f our 

or five s lugs of air had passed the cell. Occasionally the pinching pro­

cedure had to be repeated several times . The recorder "chart drive" was 

then turned on (the chromatography· set-up was i n operation at this point) 

and the photoelectric circuitry was adj usted to 95% transmit tance with 

the "%T" control. A blank (O) aperture was inserted between the light 

source and t he colorimeter flow cell , and the recorder pen w_as adjusted 

to infinite absorbance (2 %) with the "zero" control. The blank aperature 

was then removed. 

After 1 hour of operation a final baseline adjustment to 98% trans­

mittance was made, and the i nfinite absorbance setting was rechecked. 

At the comple tion of a run, the recorder "chart drive", "instrument", 

and colorimeter "power" swit ches were turned off . The sample line was 

disconnected from the column and placed into distilled water. The reagent 

line was removed from the orcinol / H2so
4 

solution, rinsed with distilled 

water, wiped with a tissue, and i mmersed in a separate container of dis­

tilled water. Distilled water was allowed to pump through the entire 

system for 15 minutes . The line e s were then· taken out of the distilled 
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water, and pumping was cont i nued un til t he system was pumpe d free of 

wa ter (a further 10 minutes). The pr oportioning pump was switched off, 

and then the rolle ~ as sembly was unlatched and le f t in a vertical position . 

The end block a t the suction end of t he t ub i.g manifold was lifted from its 

positioning pegs and laid on the pump platen to permit the tubes to relax 

under no tension . A set of platen manif old tubing was replaced due to 

slight de terioration (cracking and splitting) after every 20 column runs . 
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APPEl\1DIX III 

THE CHROMATOGRAPHY DATA FROM THE REACTION RUNS 

AND CONVERSION OF IT TO CONCENTRATIONS OF CARBOHYDRATES 

CHROMATOGRAPHY DATA FROM REACTION RUNS 

Twelve series of reaction runs were made for the generation of 

final kinetic data using the materials and solutions described in 

Appendix I, and the procedures detailed in Appendix II. Reaction series 

A, Band C with glucose, fructose, and mannose respectively as starting 

materials were completed at one base concentration before beginning a 

reaction series at a different base concentration . Four base con.centra­

tions for each of the series and the chromatography data obtained are 

given in Tables III through XIV . 

CALIBRATION OF ABSORBANCE AGAINST WEIGHT 0~ CARBOHYDRATE 

Calibration of chromatography data against weights of carbohydrate 

materials of interest in the sample applied to the column (and hence 

concentrations in the corresponding reaction system) was done as follows . 

Kesler · ( 30) and MacLaurin '( !_) had shown that the Lambert-Beer's law 

applied for the color reaction between various carbohydrates and orcinol 

in H2so4 . Using the equipment and procedures of this research, rectangular 

plots of absorbance against quantity of the color producing material gave 

straight lines through the origin. This straight line relationship was 

found to be true below a 40 mi crogram (µg) sa ple of any of the carbohy­

drates analyzed for . Accordingly , chromatography data was calibrated and 

converted to concentrations of carbohydrates in the reaction systems in 
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this study . Typical data obtai ed f or an absorbance vs µg of carbohy­

drate plot is given in Table XV, and is plotted i n Figure 19. 

Chromatograms f or calibration of kinetic data were run from solu­

tions (boiled , N2- saturated , di s tilled water, and 0 . 12 M H3Bo
3 

at pH 

8 .50) containing a single carbohydrate or all t hree carbohydrates each 

at 0 . 0050-0. 0100 ± 0 . 00005 g/ 100 .0 ml . Large scale plots (500 mm x 

450 mm) of absorbance vs µg carb ohydrate were made from the calib r ation 

data generated by chromatographing the standard carbohydrate solutions. 

The best-fit (visual) straight lines were then drawn through the origin 

and the experimental points . Each time the platen manifold tubing on 

the proportioning pump was replaced, the sys t em was recalibrated by 

chromatographing the standard carbohydrate solutions at i n tervals through­

out the twenty column run life- time of the tubing. 

From the bsorbance vs µg carbohydrate plots , the weight of each 

carbohydrate present in a reac t ion mixture could be read off . These 

weight values were conver ted t o the r elative molar data given in Tables 

XVI through XXVII by comparing the ratio of the weight of carbohydrate 

in a reaction mixture divided by the volume of sample applied t o the 

column to t he ratio of the weight of carbohydrate used as starting mater­

i a l f or that particular series in a 0.0 hr reaction system di vided by 

the volume of sample applied to the column; i . e . 

Relative Molarity% 

= molarity of carbohydrate (product, x hr reaction t ime) X 100 
mo l arity of carbohydrate (starting material , zero hr reaction time) 

= µg (product) X 10- 6 /180.16 X vol of column sample in ml X 10-3 X 100 
µg (s tarting material) X 10 - 6 / 180 . 16 X vo l of . co lumn sample in ml X 10-3 

= µg (product)/ml (column sample) x 100 
µg (starting material) / ml (column sample) 
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The rela tive molar data of Tables XVI t hrough XXVII were used 

to generate reaction rate constants as described in Appendix IV, and 

to obtain the plots of relative molarities~ reaction time shown as 

Figures 12 through 14 in : e main body of this thesis . 



TABLE III. 

REACTION SERIES A (GLUCO SE ) - CHROMATOGRAPHY DATA 

[G] = 0, 00215 ; [OH-] = 0.49 M; T, 0 c = 25 ± 0.1 
0 0 - -

Abs orb ance (Abs .) measured at 420 nm 

MANN OSE FRUCTOSE GLUCOSE 

Reaction Column Volume Peak Peak Peak 
Time, Run of Time Abs. µg M Time Abs. µg F Time Ab s . µg G 
hr No, SamE_ le hr :min h r:min hr:min 

0.00 158 0,400 -- o. -- -- o. -- 5: 15 0. 218 24 . 1 
I 

4.03 161 0.600 2:36 0.003 0,2 3:2 8 0.021 5.1 5: 11 0. 260 28.8 
0--
N 
I 

7,75 162 0. 800 2:36 0.009 0.7 3:27 0.043 10.6 5:09 0. 280 31.0 

11 . 85 163 0,900 2:35 0.015 1. 2 3:27 0.054 13.2 5:09 0. 271 30.0 

16,00 165 1.000 2:36 0.023 1.9 3:27 0.06 4 15.6 5 :0 8 0. 263 29.1 

19 . 95 167 1.100 2:38 0.030 2.4 3:29 0.069 17.0 5:10 0. 252 27. 8 

24.0 8 170 1.200 2:36 0.037 3.0 3:27 0,06 4 15.6 5:08 0. 228 25.2 

30,00 169 1. 200 2:33 0 -.038 3.1 3:26 0.054 13.2 5:07 0. 193 21. 3 

36.05 168 1.200 2: 35 0.041 3.3 3:27 0.045 11. 0 5:07 0.15 3 17.0 

47.50 159 1,200 2:36 0.050 4.0 3: 28 0.036 8.8 5:09 0.132 14 . 7 



TABLE IV. 

REACTION SERIES B (FRUCTOSE) - CHROMATOGRAPHY DATA 

- 0 [F] = 0.00214; [OH ] = 0.49 M; T, C = 25 ± 0.1 
0 0 - -

Absorbance (Abs .) measured a t 420 nm 

MANNOSE FRUCTOSE GLUCO SE 

React ion Column Volume Peak Peak Peak 
Time Run of Time Abs . µg M Time Abs. µg F Time Abs . µg G 
hr No. Sampl e hr: min h r : mi n hr : min 

0.00 129 0.400 -- 0 -- 3:30 0.096 23.2 -- 0 

3. 98 132 0.500 2:38 0.008 0. 6 3: 29 0.076 18.3 5: 11 0.041 4.5 

7. 97 134 0. 600 2:38 0.015 1. 2 3:29 0.0 83 20.0 5:12 0.070 7.6 I 
0-, 
l.,..l 

10. 88 135 0.750 2:36 0.022 1.8 3:27 0.0 68 16.5 5: 09 0.095 10.3 I 

15.87 136 1.000 2:36 0.037 2.9 3:28 0.061 l lf. 8 5:10 0.132 14.3 

19.92 137 1.200 2:37 0.046 3.7 3:28 0.058 14.0 5:11 . 0.149 16.2 

23.90 142 1.200 2:38 0.061 4.8 3:29 0.053 13.1 5:12 0.15 3 16 .5 

30.02 143 1.200 2:38 0.069 5. lf 3:28 o.ou 10.2 5:10 0.133 14.3 

36.00 145 1.200 2:38 0.050 3.9 3:29 0.034 8.5 5:10 0.115 12 .4 

47.98 130 1. 200 2:38 0.047 3.7 3:29 0.026 6.3 5:13 0 .085 9 . 3 



TABLE V. 

REACTI ON SERIES C (MANNOSE ) - CHROMATOGRAPHY DATA 

- 0 Absorbance (Abs . ) meas ured at 420 nm [M] = 0 . 00214; [OH ] = 0 . 49 M; T, C = 25 ± 0.1 
0 0 - -

MANNOSE FRUCTOSE GLUCO SE 

React i on Column Volume Peak Peak Peak 
Ti me Run of Time Abs. µg M Time Abs . µg F Time Abs . µg G 

hr No . Sample hr : mi n h r : min hr: mi n 

0 .00 141 0. 400 2: 37 0 . 306 23 . 9 -- 0 -- -- 0 

3 .93 148 0. 500 2 : 37 0. 338 26 . 3 3:27 0. 006 1. 6 5: 11 0. 005 0 . 6 

7 . 93 149 0 .600 2: 40 0. 355 27. 6 3: 30 0. 010 2 . 5 5:12 0 .010 1.1 
I 

0\ 
-P-

11. 92 150 0.700 2: 38 O. 384- 29 . 8 3:29 0.015 3 .8 5: 11 0 . 019 2 . 1 I 

16 .05 151 0. 800 2:3 7 0. 389 30.2 3: 27 0 . 020 5. 0 5 :09 0. 028 3. 1 

19 . 73 153 0. 800 2: 38 0.3 75 29 . 1 3: 29 0 .021 5.3 5:10 0. 035 3 . 8 

23 . 97 154 1. 000 2: 36 0. 444 34 . 6 3: 27 0. 031 7.7 5: 09 0. 05 8 6 . 2 

31 . 15 155 1.000 2: 38 0.385 29.9 3: 27 0.034 8. 5 5:11 0. 060 6.5 

35 . 86 15 7 1. 000 2: 36 0. 362 28 . 1 3:2 7 0.031 7. 7 5 : 11 0. 066 7 . 1 

48. 02 146 0. 800 2:38 0.2 49 19 . 4 3:29 0.023 5 .7 5 :10 0. 057 6 . 2 



TABLE VI. 

REACTION SERI ES A (GLUCOS E) - CHROMATOGRAPHY DATA 

- 0 Absorbance (Abs . ) measur ed at Lf20 nm [ G] = 0.00215; [OH ] = 4. 02 M; T, C = 25 ± 0.1 
0 0 - -

MANNOSE FRUCTOSE GLU COSE 

Re act ion Column Volume Peak Peak Peak 
Time Run o f Time Abs . µg M Ti me Abs . µg F Time Abs . µg G 
hr No . Sample h r : min hr:min hr : min 

- -

0.00 185 0.500 -- 0 - - -- 0 -- 5 :04 0. 245 27 . 5 

3.00 188 0. 600 2:34 0.00 2 0.1 3: 27 0.009 2. 2 5:09 0.2 62 29.3 
I 

°' 5. 93 190 0.750 2:34 0 .004 0.3 3:23 0.014 3. 5 5: 06 0. 276 31.0 Vl 
I 

9. 13 191 0.900 2:33 0. 00 7 0.5 3:22 0. 019 4.8 5: 05 0.340 38 . 0 

11. 97 193 1.000 2:35 0.009 0. 7 3: 23 0.019 4 . 8 5 : 07 0. 294 32 . 9 

14.95 1% 1.100 2: 3Lf 0.011 0.9 3: 23 0.020 5.0 5: 04 0. 282 31. 5 

18.08 196 1.200 2:36 0.014 1.1 3:25 0.018 4.6 5: 0 7 0. 274 30. 6 

20. 97 197 1.500 2:43 0.0Lf5 3 . 6 3:32 0.045 11 .3 5 . 13 0.304 34 .0 

23.97 187 1.500 2:36 0.02 4 1.9 3:27 0.020 5.0 5:08 0.269 30 . 1 



TABLE VII . 

REACTION SERIES B (FRUCTOSE ) - CHROMATOGRAPHY DATA 

[F] = 0.0021h; [OH-] = 4.02 M; T, 0 c = 25 ± 0.1 
0 0 - -

Absorb an ce (Abs .) mear Jred at 420 nm 

MANNOSE FRUCTOSE GLUCOSE 

Reaction Column Volume Peak Peak Peak 
Time Run of Time Abs. µg M Time Abs . µg F Time Abs . µg G 
hr No . Sample hr : min · hr: min hr: min 

. -

o.oo 172 0. 500 -- 0 -- 3:29 0.100 24.5 -- 0 

1.00 174 o. 750 2:35 0.006 0.5 3:27 0.113 27.8 5:08 0. 016 1.8 
b 
°' 2.02 175 1.000 2:35 0.012 1.0 3: 27 0.110 27.0 5:09 0.034 3.7 I 

3.03 177 1.200 2:35 0. 020 1. 6 3:25 0.098 24 .1 5:06 0. 060 6.6 

3.98 178 1. 200 2:35 0.024 1.9 3:25 0.077 19 .3 5:07 0.069 7.7 

5. 95 179 1.500 2:35 0.035 2 .8 3:26 0.058 14.6 5:08 0.098 11.0 

7. 98 181 1.500 2:39 0.035 2,8 3:30 0.032 8.0 5:10 0.098 11.0 

10.07 182 1.500 2:36 0.034 2,7 3:24 0.019 4.7 5:10 0.095 10 . 6 

12.00 173 1.500 2:35 0.030 2.4 3:26 0.015 3.7 5:08 0.081 9 .0 



TABLE VIII . 

REACTION SERIES C (MANNOSE ) - CHROMATOGRAPHY DATA 

[HJ = 0.00214; [OH-] = 4.02 M; T, 0 c = 25 ± 0.1 Absorbance (Abs. ) measured at 420 nm 
0 0 - -

MANNOSE FRUCTOSE GLU COSE 

Reaction Column Volume Peak Peak Peak 
Time Run of Time Ab s . µg M Time Abs. µg F Time Abs . µg G 
hr No. Sample hr:min hr:min hr: min 

0.00 198 0.500 2:34 0.316 26.0 -- 0 -- -- 0 

3.00 200 0.600 2:37 0.336 28.0 3: 21 0.004 1.2 5:04 0.004 0.5 I 

°' -..J 

6.05 252 0.700 2:32 0.37 8 33 .0 3:15 0.006 1. 6 4:55 0.006 0.7 I 

8.95 204 0.700 2:35 0.344 28.5 3:23 0.0065 1.9 5:02 0.010 1.2 

11.98 253 0.800 2:32 0.370 32.2 3:15 0.008 2.3 4:57 0.013 1.5 

15.17 205 0.900 2:34 0.373 31.1 3:20 0.009 2.6 5:00 0.019 2.3 

18.00 206 1.000 2:32 0.396 33.1 3:17 0.010 2.8 4:58 0.0 24 2.8 

24.00 199 1.500 2:37 0.530 46.6 3:21 0.013 3.6 5:06 0.038 4.5 

29.47 207 1.000 2:35 0.311 25.6 3:21 0.008 2.3 5:03 0.02 4 2.8 



TABLE IX. 

REACTION SERIES A (GLUCOSE ) - CHROMATOGRAPHY DATA 

- 0 Absor bance (Abs .) measured at 420 nm [G] = 0.00215; [OH] • 6.07 M; T, C = 25 ± 0.1 
0 0 - -

MANNOSE FRUCTOSE GLUCOSE 

Reaction Column Volume Peak Peak Peak 
Time Run of Time Abs . µg M Time Abs . µg F Time Abs . µ e G 
hr No . Samp le hr: min hr: min hr :min 

0. 00 226 0.500 -- 0 -- -- 0 -- 5:01 0.225 27.0 

3.00 228 0.600 2:32 0.001 0.1 3:22 0. 004 1.1 5: 03 0.2 26 27.1 I 

°' co 
I 

5 .93 229 0.600 2:30 0.00 4 0.3 3:21 0.006 1.7 5: 01 0. 207 24. 8 

9.02 231 0.750 2:30 0.005 0. Lf 3: 19 0 .009 2.5 4 : 59 0. 230 27.6 

12.00 233 0. 900 2:31 0.007 0.6 3:20 0.009 2.5 5:00 0. 243 29.2 

14.95 234 1.000 2:30 0.008 0.7 3:19 0.010 2.8 5:00 0 .236 28.3 

18.08 235 1.200 2:32 0.010 0.9 3:21 0.008 2.4 5:02 0.241 28.9 

21.02 236 1.200 2:40 0.010 0.9 3:24 0.007 2. 0 5:05 0.209 25.0 

23 . 98 227 1.200 2:32 0.012 1.1 3:21 0.007 2.0 5:00 0. 185 22 .2 



TABLE X. 

REACTION SERIES B (FRUCTOSE ) - CHROMATOGRAPHY DATA 

[F] = 0.00214 ; [OH-] = 6.07 M; T, 0 c = 25 ± 0.1 
0 0 - -

Abs orbance (Abs .) measured at 420 nm 

MANNOSE FRUCTOSE GLUCOSE 

Reaction Column Volume Peak Peak Pe ak 
Time Run of Time Abs. µg M Time Abs . µg F Time Abs . µg G 
hr No. Samp l e hr:min hr : min h r :min 

0.00 215 0.500 -- 0 -- 3:21 0.091 25.1 -- 0 

1.00 217 0.750 2:29 0.008 0.8 3:18 0.083 23.0 5:00 0.016 1.9 I 

°' \.D 
I 

2. 0 3 218 1.000 2:30 0.016 1.4 3: 21 0.068 18.7 5:03 0.031 3.6 

2.92 219 1.200 2:30 0.020 1. 7 3:21 0.049 13.5 5:02 0.043 5. 2 

3.98 220 1.200 2:29 0.019 1. 6 3:19 0.029 8.0 5:00 0.048 5.8 

4.97 221 1.500 2:29 0.024 2.1 3:19 0.025 6.9 5:00 0.061 7.4 

6.02 222 1. 500 2:31 0.023 2.0 3:21 0.015 4.2 5:01 0.064 7.6 

8.00 223 1.500 2:29 0.020 1. 7 3:16 0.007 2.0 4: 59 · 0.05 8 7.0 

10. 25 216 1.500 2:34 0.019 1. 7 3:21 0.005 1. 4 5:01 0.056 6.8 



TABLE XI . 

REACTION SERIES C (1-1Ai\fNOSE ) - CHROMATOGRAPHY DATA 

- 0 Absorb ance (Abs .) meas ured at 420 nm [M] = 0.00214; [OH ] = 6.07 M; T, C = 25 ± 0.1 
0 0 - -

MANNOSE FRUCTOSE GLUCOSE 

Reac tion Column Volume Peak Peak Peak 
Time Run of Time Abs. µg M Time Abs. µg F Time Abs . µg G 
hr No. Sample hr:min hr :min hr :min 

0.00 238 0.500 2:33 0,276 24.0 -- 0 - -- 0 

2.98 241 0. 600 2:31 0.300 26.1 3:15 0 .002 0. 6 4:57 O. OOLf 0.5 I 
'-.l 
0 

5.97 242 0. 600 2:34 0.2 81 24.4 3:17 0. 00Lf 1.1 4 : 58 0.005 0.6 I 

9 . 23 244 0.750 2:34 0.315 27.4 3:17 0. 005 1.4 4:58 0. 009 1.0 

11. 95 245 0. 800 2:34 0.326 28.4 3:17 0.006 1. 6 L1: 59 0.011 1. 3 

14.62 247 0.900 2:33 0.341 29.7 3:17 0 .006 1. 6 4:57 0.014 1.6 

17.88 248 1.000 2: 3_4 0. 3L14 30.0 3:18 0.006 1 .6 4:5 8 0.016 1.9 

23. 92 250 1.100 2:34 0.317 27.6 3:17 0.005 1.4 4:58 0.021 2.5 

29.57 240 1.200 2:33 0.283 24.6 3:17 0.005 1.4 4:58 0.023 2.7 



TABLE XII. 

REACTION SERIES A (GLUCOSE ) - CHROMATOGRAPHY DATA 

[G] = 0.00215 ; [OH-] = 8 .08 M; T, 0 c = 25 ± 0.1 
0 0 - -

Ab sorbance (Abs .) measured at 420 nm 

MANNOSE FRUCTOSE GLUCOSE 

ReacU on Column Volume Peak Peak Peak 
Time Run of Time Abs. µg M Ti me Abs. µg F Time Abs . µg G 

hr No. Sample hr: min h r :mi n hr: min 

0.00 102 0. 500 -- 0 -- -- 0 - 5:08 0. 223 23. 8 

0.5 3 103 1 . 000 2:35 0.001 0.1 3:25 0.002 0. 6 5:17 0. 413 44 .2 I 
-..J 
I--' 

0.9 8 113 0. 500 2:39 0.0015 0 .15 3:25 0.003 0.7 5 :09 0. 211 43.0 I 

2. 02 105 1 .000 2:34 0.00 2 0. 2 3: 27 0.006 1.5 5:08 0.367 39 . 2 

3.00 106 1.000 2:34 0.003 0.25 3:23 0.007 1. 75 5:05 0.358 38.4 

5.9 7 109 1.000 2:36 0.004 0.3 3:27 0.006 1.5 5:09 0.322 34 ,Lf 

8. 98 110 1.500 2:37 0.008 0.6 3:26 0.008 2.0 5:08 0. 400 42.6 

12.02 111 1.500 2:38 0.008 0.6 3:25 0.008 2.0 5:09 0.361 38 . 4 

14.73 107 1.000 2:36 0.006 0.5 3:25 0.004 1.1 5:08 0 .215 23.0 

18. 87 112 1.500 2:39 0.011 0.8 3:25 0.006 1.5 5:09 0.25 4 27.3 



TABLE XII I. 

REACTION SERIES B (FRUCTOSE) - CHROMATOGRAPHY DATA 

[ F] = 0.00214 ; [ OH-] = 8. 08 M; T 0 c = 25 ± 0.1 
0 0 - -

Absorbance (Abs. ) measured a t 420 nm 

MANNOS E FRUCTOSE GLUCOS E 

Re ac t i on Column Volume Peak Peak Peak 
Ti me Run of Time Abs . µg M Ti me Abs . µg F Time Ab s . µg G 
hr No . Sampl e hr : min h r : min hr : min 

0. 00 87 0. 600 -- 0 -- 3: 26 0. 109 27 .1 -- 0 

0 .50 88 0. 600 -- -- 3:24 0.075 18. 7 
I 

0. 50 92 1.800 2:31 0.023 2. 2 -- -- 5 :06 0. 024 2.5 
-i 
N 
I 

1.00 89 0 . 600 -- -- 3: 23 0.050 12 . 4 

1. 00 93 1. 800 2: 29 0.034 3.3 -- -- 5 :02 0 .039 4 . 1 

1. 50 90 1.800 2: 31 0.037 3.6 3: 23 0.101 25. 2 5 :08 0. 047 4. 9 

2. 10 91 1.800 2:32 0.036 3. 4 3:25 0.064 15.9 5:06 0. 055 5 .8 

2. 48 94 1. 800 2:30 0.0 34 3.3 3: 21 0.040 10. 0 5:04 0. 05 6 5. 9 

3. 10 95 1.800 2:29 0.032 3. 1 3:19 0.027 6.7 5: 03 0. 063 6. 6 

3.97 96 1.800 2:32 0.024 2.3 3:23 0.012 3.0 5 : 06 0.059 6. 2 



TABLE XIV . 

REACTION SERIES C (MANNOS E) - CHROMATOGRAPHY DATA 

[M] = 0 . 00214; [OH-] = 8.08 M; T, 0 c = 25 ± 0.1 
0 0 - -

Absorb an ce (Abs . ) measured at 420 nm 

MANNOSE FRUCTOSE GLUCOSE 

Reaction Column Volume Peak Peak Peak 
Time Run of Time Abs. µg M Time Abs. µg F Time Abs. µg G 

h r No . Sample hr :min hr: min hr:min 

0 .00 120 0.500 2:40 0. 290 22.6 - 0 -- -- 0 

1. 48 118 0 .500 2:39 0.2 87 22.4 3: 27 0.002 0.5 5 :11 0.002 0.3 I 
-..J 
Lu 
I 

2.95 117 1.000 2:38 0. 472 36. 8 3: 25 0.004 1.0 5: 11 0. 007 0.7 

4.48 121 1. 000 2:37 0.45 8 35. 8 3: 26 0.005 1.2 5:07 0.007 0. 8 

6.03 122 1.000 2:38 0. 429 33 .4 3: 26 0. 005 1.2 5:09 0 .009 1.0 

8.63 123 1.000 2:38 0. 372 29.0 3: 25 0.005 1.2 5:09 0.011 1.2 

12.03 125 1.000 2:38 0.320 25.0 3: 26 0.006 1.5 5: 09 0.013 1.5 

14.97 126 1. 500 2:36 0.40 2 31. 3 3:24 0.005 1.2 5:08 0.0 21 2.3 

18.00 127 1.500 2: 38 0.35 8 27.9 3:23 0,004 1.0 5:08 0.022 2.5 

24.47 114 1.500 2:35 0.284 22 .1 3:27 0.004 1.0 5:08 0.027 2.9 



Col umn Run 
Number 

79 

85 

80 

84 

79 

82 

80 

81 

79 

78 

80 

83 

-74-

TABLE XV . 

TYPICAL ABSORBi\NCE VS WEIGHT DATA 
FROM CH~OMATOGRAPHY CALIBRATION STUDIES 

Wt . 

GLUCOSE 

Appli ed 
µg 

10 .4 

5.6 

20.8 

26 . 0 

FRUCTOSE 

10 . 8 

15 . 6 

21.6 

31.2 

MA.L'lliOSE 

10 . 6 

12 . 5 

21.2 

25 . 0 

Abs . 
420 nm 

0 . 108 

0.150 

0 . 199 

0.239 

0.042 

0.061 

0 . 088 

· 0 . 127 

0 . 135 

0 . 166 

0 . 258 

0 . 332 

Peak Time 
hr: min 

5:09 

5:07 

5:04 

5:08 

3:27 

3:23 

3:21 

3:24 

2:39 

2:33 

2: 36 

2:38 
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00 I 

Figure 19 . Typical Calibration Plots 
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TABLE XVI. 

REACTION SERIES A (GLUCOSE) -
RELATIVE CARBOHYDRATE PERCENT MOLARITIES 

[G] = 0 . 00215; [OH- ] = 0 . 49 M; !, oc = 25 ± 0. 1 
0 0 -

Reaction Gl ucose, Mannose, Fructose 
Time , hr % M G % M G % M G - 0 0 0 

0 . 00 100.0 0.0 0 . 0 

4 . 03 79 . 7 0 . 6 14 . 1 

7 . 75 64.3 1.5 22 . 0 

11.85 55 . 3 2. 2 24 . 3 

16 . 00 48 . 3 3. 2 25. 9 

19 . 95 41.9 3 . 6 25 . 7 

24 . 08 34 . 9 4.1 21.6 

30. 00 29 . 5 4 . 3 18 . 3 

36.05 23 . 5 4 . 6 15. 2 

47. 50 20 . 3 5 . 5 12 . 2 
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TABLE XVII . 

REACTION SERIES B (FRUCTOSE) -
RELATIVE CARBO YDRATE PERC JT MOLARITIES 

[F] = 0 . 00214; [OH-] = 0 . 49 M; !., oc = 25 
0 0 

Reac tion Fructose, Mannose , 
Time , hr %M F %M F - 0 - 0 

0.00 100 .0 0 .0 

3 . 98 63 . 1 2 . 1 

7. 97 57.5 3.4 

10. 88 37.9 4 . 1 

15 . 87 25 . 5 5.0 

19.92 20 .1 5.3 

23.90 18.8 6 . 9 

30 . 02 14.7 7.8 

36 . 00 12 . 2 5 .. 6 

47.98 9 .0 5.3 

± 0.1 

Gl ucose, 
%MF - 0 

0.0 

15. 5 

21.8 

23.7 

24.6 

23.3 

23 .7 

20 . 5 

17.8 

13.4 



[M] = 
0 

Reaction 
Time , hr 

0 . 00 

3 .93 

7. 93 

11.92 

16 . 05 

19.73 

23 . 97 

31.15 

35 . 86 

48. 02 

-7 8-

TABLE XVIII . 

REACTION SERIES C (M..tillNOSE) -
RELATIVE CARBOHYDRATE PERCENT MOLARITIES 

0.00214 ; [O I-] = 0. 49 M; ! , oc = 25 
0 -

Mannose , Fructose , 
%M M %M M - 0 0 

100.0 0.0 

87 .9 5.3 

76 . 9 7.0 

71.2 9 . 1 

63 .1 10 . 4 

60.8 11.1 

57.8 12.9 

50 .0 14.2 

47. 0 12 . 9 

40 .5 11.9 

± 0. 1 

Glucose , 
%M M 

0 

0.0 

2 . 1 

3 . 1 

5.0 

6 .5 

7.9 

10.4 

10 .9 

11.9 

13.0 
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TABLE XIX . 

REACTION SERIES A (GLUCOSE) -
RELATIVE CARBOHYDRATE PERCENT MOLARITIES 

[G] = 0.00215; [OH- ] = 4 .02 M· !, oc = 25 ± 0.1 
0 0 

_, 

Reaction Glucose , Mannose, 
Time , hr %M G %M G - 0 0 

0. 00 100 .0 0. 0 

3.00 88 . 8 0.3 

5.93 75.2 0 .7 

9. 13 76 .7 1.0 

11.97 59.8 1.3 

14.95 52.1 1. 5 

18 . 08 46 .4 1. 7 

* 20.97 41.2 4.4 

23.97 36 .5 2.3 

* These values were not included as data for 
computer least squares curve fitting. 

Fructose, 
%M G - 0 

0.0 

6.7 

8 .5 

9.7 

8.7 

8.3 

7.0 

* 13.7 

6.1 



[F] = 
0 

Reaction 
Time , hr 

0 .00 

1.00 

2 . 02 

3 . 03 

3 . 98 

5 . 95 

7 . 98 

10 . 07 

12 . 00 

-80-

TABLE XX . 

REACTION SERIES B (FRUCTOSE) -
RELATIVE C RBOHYDRATE PERCENT MOLARITIES 

0 . 00214; [OH- ] = 
0 

4 .02 M; .!, oc = 25 

Fructose, Mannose , 
%MF %MF - 0 - 0 

100.00 0 . 0 

75 . 6 1.4 

55 . 1 2 . 0 

41.0 2 . 7 

32 . 8 3 . 2 

19 . 9 3 . 8 

10 . 9 3 . 8 

6 . 4 3 . 7 

5.0 3 . 3 

± 0.1 

Glucose, 
%MF - 0 

0 . 0 

4 . 9 

7 . 6 

11 . 2 

13 . 1 

15 . 0 

15 . 0 

14 . 4 

l2 . 2 
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TABLE XXI . 

REACTION SERIES C (MANNOS E) -
RELATIVE CARBOHYDRATE PERCENT OLARITIES 

[M] = 0.002 4; [OH-] = 4.02 X; !, oc = 25 ± 0 . 1 
0 0 

Reaction Mannose , Fructose , 
Time, hr %M M %M M - 0 - 0 

0 . 00 100 . 0 0.0 

3 . 00 89 . 7 3.8 

6 . 05 90.7 4 .4 

8.95 78.3 5.2 

11.98 77 . 4 5 . 5 

15.17 66.5 5.6 

18 . 00 63. 7 5.4 

24 . 00 59 . 7 4 . 6 

29 . 47 49 . 2 4.4 

Glucose, 
%M M 

0 

0 . 0 

1.6 

1.9 

3 . 1 

3 . 6 

4 . 9 

5.4 

5.8 

5 . 4 
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TABLE XXII . 

REACT ION SERIES A (GLUCOSE) -
RELATIVE CARBOHYD.~TE PE.CENT MOLARITIES 

[G] = 0 .00215; 
0 

Reaction 
Time , hr 

0 . 00 

3 . 00 

5 . 93 

9 . 02 

12 . 00 

14 . 95 

18 . 08 

21 . 02 

23 . 98 

[O - ] = 6 . 07 M; _!, 0 c = 25 ± 0 . 1 
0 

Glucose, 
%M G 

- 0 

100 .0 

83 .6 

76.5 

68 . 1 

60 . 1 

52 . 4 

44 . 6 

38 . 6 

34 . 3 

Mannose , 
%M G 

0 

0 . 0 

0 . 3 

0 . 9 

1.0 

1.2 

1.3 

1.4 

1.4 

1.7 

Fructose, 
%MG 

0 

0. 0 

3.4 

5 . 2 

6 . 2 · 

5 . 2 

5 . 2 

3. 7 

3. 1 

3 . 1 
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TABLE XXIII . 

REACTION SERIES B (FRUCTOSE) -
RELATIVE CARBOHYDRATE PERCENT MOLARITIES 

[F] = 0.00214; 
0 

[OH- ] = 6 . 07 M; T 0 c = 25 ± 0 . 1 
0 

Reaction 
Time, hr 

0.00 

1.00 

2.03 

2 . 92 

3 . 98 

4 . 97 

6 . 02 

8. 00 

10. 25 

Fructose, 
%MF 

- 0 

100 . 0 

61.1 

37.3 

22 . 4 

13.3 

9 . 2 

5.6 

2 . 7 

1.9 

Mannose, 
%MF 

0 

0. 0 

2 . 1 

2 . 8 

2 . 8 

2 . 7 

2 . 8 

2 . 7 

2 . 3 

2 . 3 

Glucose, 
%M F 

0 

0.0 

5 . 0 

7 . 2 

8 . 6 

9 . 6 

9 . 8 

10 . 1 

9. 3 

9 . 0 



-84-

TABLE XXIV. 

REACTION SERIES C (MANNOSE) -
RELATIVE CARBOHYDRATE PERCE T MOLARITI S 

[M] == 0 . 00214 ; 
0 

Reaction 
Time, hr 

0.00 

2 . 98 

5 . 97 

9.23 

11 . 95 

14 .62 

17 . 88 

23 . 92 

29 .57 

Mannose , 
%M M 

- 0 

100 .0 

90 . 6 

84 .7 

76.1 

74 . 0 

68 . 8 

2 . 5 

52.3 

42 .7 

Fructose , 
%M M 

0 

0.0 

2 . 1 

3 . 8 

3.9 

3.7 

3. 3 

2.7 

2 . 4 

Glucose , 
%M M 

0 

0.0 

1.7 

2 . 1 

2. 8 

3.4 

3.7 

4. 0 

4 .7 

4.7 



- 85 -

TABLE XXV . 

REACTION SERIES A (GLUCOSE) -
RELATIVE CARBOHYDRATE PERCENT MOLARITIES 

[G] = 0.00215; 
0 

Reaction 
Time, hr 

0 . 00 

0.53 

0 . 98 

2 .02 

3 . 00 

5 . 97 

8 . 98 

12 . 02 

14 .73 

18 . 87 

Glucose, 
%M G 

- 0 

100 . 0 

92 .9 

94 .5 

82 . 4 

80.7 

72 . 3 

59 .7 

53 . 8 

48 . 3 

38.2 

Mannose , 
%M G 

0 

0 . 0 

0 . 2 

0 . 3 

0.4 

0 . 5 

0 . 6 

0 . 8 

0 . 8 

1.1 

1.1 

Fructose, 
%M G 

0 

0.0 

.3 

2 . 9 

3 . 2 · 

3 .7 

3.2 

2 . 8 

2 . 8 

2 . 3 

2 . 1 
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TABLE XXVI. 

REACTION SERIES B (FRUCTOSE) -
RELATIVE CARBOHYDRATE P CENT MOL RITIES 

[F] = 0.00214; 
0 

Reaction 
Time , hr 

0 . 00 

0 . 50 

1.00 

1.50 

2 . 10 

2 . 48 

3 .10 

3 . 97 

Fructose, 
%M F 

- 0 

100.0 

69 .0 

45 . 8 

31.0 

19.6 

12 .3 

8 . 2 

3 . 7 

Mannose, 
%MF 

0 

0.0 

2 .2 

3 .3 

3 . 6 

3 . 4 

3 . 3 

3 . 1 

2 . 3 

Glucose, 
%M F 

0 

0.0 

3.1 

5 . 0 

6 .0 

7.1 

7. 3 

8 . 1 

7.6 
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TABL, XXVI I . 

REACTION SERIES C (MANNOSE) -
RELATIVE CARBOHYDRATE P RCENT MOLARITIES 

[M] = 0 . 00214; 
0 

T 0 c = 25 ± 0 .1 -' 

Reaction 
Time, hr 

0.00 

1. 48 

2 . 95 

4 . 48 

6.03 

8 . 63 

12 . 03 

14 . 97 

18.00 

24 . 47 

* 

Mannos e, 
%M M 

- 0 

100 .0 

* 99.1 

81.4 

79. 2 

73 . 9 

64 . 2 

55 . 3 

46 .2 

41.2 

32.6 

Fructose, 
'%M M 

0 

0.0 

2.2 

2.7 

2.7 

2.7 

3.3 

1. 8 

1.5 

1.5 

This va lue was not included as data f or 
comput er least squares curve fitting . 

Glucose, 
%M M 

0 

0.0 

1.3 

1.5 

1.8 

2 . 2 

2.7 

3.3 

3 . 4 

3.7 

4.3 
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APPENDIX IV 

DERIVATION OF THE REACTION RATE CONSTANTS 
FROM THE EXPERIMENTAL DATA 

MacLaurin (_~_) demonstrated that the several reactions involv­

ing the starting carbohydrate in 1M sodium hydroxide were pseudo first 

order. Plots of the logarithm of the relative concentration of the 

starting material against time gave quite good straight lines during 

the early stages of the reaction, and the experimental design was such 

that there was essentially no change in concentration of the base dur­

ing the disappearance of at least half of the starting material. 

For the reaction system (refer to Figure 11) with first order 

reactions, the following equations apply. 

It ·can be shown that the time dependent concentrations G, F 

and M can be expressed as: 

G 

F 

M 

- X 

(1) 
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where w1 , w2 , and w3 are the roots of the characteristic equation: 

>.-a k21 k31 '. 

k12 >.-b k32 ; = 0 

,. k13 k23 ,,.,.,. >.-·c . 
... 

The X matrix is given by the six indepen.dent equations: 

and by 

w -a i 

k12 

k13 

the 

G 
0 

F 
0 

M 
0 

k2.1 k31 

w -b ... i k32 

k23 w -c i 

three normalizing 

= X 

xli 0 

x2i - 0 i -

x3i 0 

equations: 

1 

1 

1 

1,2,3 

where G , F, and M are the initial concentrations. For glucose as 
0 0 0 

the starting carbohydrate, F = M = 0, and G was determined by the 
0 0 0 

computer program, i.e., G was not set equal to 100, but ·was instead 
0 

calculated. Fructose and mannose as the starting carbohydrate were 

treated similarly. 

A useful paper concerning the mathematics necessary to solve 

the rate constant "triangle" was that by Matsen and Franklin (31). 

A general linear search subroutine, VA04A, proved efficient 

at adjusting initial approximations of rate constants so that (1) gave 

a good fit to experimental data. When provided with a set of parameters 

and a subroutine which calculates a function, F(x), from the parameters, 

VA04A refined the parameter set to find the minimum value of F(x). 
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F(x) was made to be the sum o f squares of weighted residuals, thus 

giving a non-linear least squares so lutio 

In . tial approximations of the nine rate constants prevailing 

in the chosen reaction system of glucose in aqueous sodium hydroxide 

were made as fo llows. T.e slopes of plo t s of the logarithm of the 

0 the starting material and products in 8M 

aO~ vs tiue for the initial stages of the reaction gave approxima­

t i ons of the nine rte constants applicable to that system. Since it 

was expected t hat the st dy would be one of mass effect by hydroxide 

ion, it was t hought that multiplication of the computer refined rate 

constants for t he 8E'.! NaOH system by the base concentration ratio would 

give approximat ions of the rate constant s prevailin g in other NaOH 

systems. Thus, multiplication factors o f 1/2 and 3/4 gave adequate 

initial guesses for the 4M and 6M NaOH sys tems respectively. The rate 

constants determined by MacLaurin (~_) for glucose in 1M NaOH at 22°c 

were use d as initial guesses for the 0.5M NaOH system of this research 

since the experimental data appeared similar. 

Details of the computer program used in t his research are 

found in Appendix V, 
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APP ENDIX V 

THE COMP UTER PROGRAM 

Initial val ues f or t he rate cons tants in the rate equations 

were obt ai ned by a combination of graphical and numerical means as 

discussed in Appendi x IV . 

These initial values were refined by an iterative proces s on 

an IBM 360, Model 44 digi tal compute r . The Fortran IV program was 

wr itten by Dr. A. Wilkinson of this department, an utilized availab e 

subroutines o r efine the initial approximations of the rate constants 

at each base concentration . The program also gave a calculated value 

for the relative molarities of eac carbohydrate at each reaction time 

point. As well, an estimate of the exactness of fit t o the experimen-

al data was given . 

A test of the validity of the computer program used in this 

study was conducted by employing MacLaurin 's data for glucose in 1M 

0 
NaOH at 22 C (I) . First the rate constants determined by a cLaurin 

were not refined by the computer program an d t he curves generate by 

the t wo computer programs were compared . All curve s appeared identical . 

Next the rate constants determined by MacLaur in were allowed to be 

refined by the minimization sub r outine . The rate constan ts proved t o 

be only a little changed , and MacLaurin ' s conclusions based on the rate 

constants remained completely valid . It was thus concluded that the 

mathematical and iterative appro~ch us ed in obtaining a solution to 

the kine i c model (se e Figure 11) was correct. The fac · that the s ame 

solution was faun by two different approaches (that used by MacLaurin 
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(l) and the one used int is study) was supporting evidence that the 

kinetic model does have a unique solution . 

In retrospect, it appears that the direct numerical s olution 

via matrix algebra and employment of a least squares analysis offers 

little improvement to the approach used by MacLaurin (_~_), but it is 

less tedious in terms of man- hours spent in converting raw experimen­

tal data to rate constant data . 

A des cription of VA04A , t he minimization subroutine , i s given 

immediately following . This i s then followed by a comple te compute r 

program listing . 



PURP OSE: 

ARGUMENT 
LIST: 
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V. O4A 

To f ind a minimum of a f unct ion of several variables . The 

procedur e i s iterat i ve and the user must supply i nitial 

app roxi mat i ons to the values o f the variables at the minimum , 

and a subroutine to evaluate t he func t ion f or any values of 

the variab les . Derivatives are not requi r e d . 

CALL VAO4A (X, E, N,F,ESCALE,IPRINT,IC¢N, MAXIT,CALCFX) 

All arguments except F must be set before VAO4A is called . 

On re turn a r guments X and F will have been changed. 

N 

X 

E 

ESCALE 

he numb er of var iab l es 

a one-dimensional array, of length Nat least, such 

that X(I) contai ns t he i nit ial approximation t o the 

I t ·. variable on en r y to the subroutine . On return 

X(I ) will contai n the value of r th va riable at the 

mi nimum pos ition to t he required accuracy . 

a one- dimentsional array, of length at least N, such 

that E(I) is se t to t he absolute accuracy required 

on t he r th var · able X(I ). It is assumed that the 

E(I ) are r ough ly proportional to the X(I) . 

s e t by the user t o limit the length of step taken 

by the subroutine at each iteration . X(I) wi l l be 

changed by not more t h an ESCALE * E( I ). This para-

me t er is us e t o prevent the s ubroutine moving away 

f r om t he required mi nimum and possibly converging 

t o a neighbouring one . 
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IPRL. T 

IC¢N 

WCIT 

F 
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controls printing from the subroutine as follows : 

IPRINT = 0 

IPRINT = 1 

lPRINT = 2 

no printing 

the varia les and value of the func­

tion are printed at every search along 

a line (approximately every other 

function value ) 

v:.1 r l:-ible · ,:m <l value of U1c functlon at 

ever y iteration i.e., every (N+l) 

searches along a line 

set to 1 or 2 to control the ultimate convergence 

criterion (see below). Normally IC¢N will be set 

to 1 , but if a more thor ough check on the ultimate 

convergence is required (at the expense of computa­

tion time!) set IC¢N = 2. 

the subroutine will return to the calling program 

regardless af er MAXIT ·terations have been made. 

will be set by VA04A to the minimum value of the 

function. 

See M. J . D. Powell, Computer Journal, 1965, Vol . 7, No. 4 . 

The minimum will almost never be found in less than N itera­

tions, each itera~ion using at leas 2N values of t e func­

tion. The iteration is such that each i~era i on causes he 

func ion to de crease, except w - the ultimate convergence 

criterion is being applied wi IC¢. = 2 . 



USER 
SUB OUTINE 
CALC FX : 

ULTIMATE 
CONVERGENCE 
CRI 'E ~I o : 

PRINTING: 
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SUBROUTINE C LCFX (N, X, F) 

This subrout i ne mus t be supp l i e by the us er and s et F to 

the v lue of he f unction whe values of t he variables are 

supplied in X. C LCFX m s t be specified in an EXTERNAL 

sta tement i n the program which calls VA04A. 

The convergen ce cri t er i on wi l l normal ly be s a tisfactory, 

i.e., IC¢N is s et to 1 . owever, if low accuracy is 

required, or if it is s uspected t hat the required accuracy 

is not being ach ieved, IC¢N sh oul d be set to 2 . In .this 

case a more t horough check will be made, possibly increas ­

ing the computat i on time by as m ch as 30% . 

With IC¢ = 1 convergence will be assumed when an iteration 

changes each variable by less than 10% of the required 

accuracy. 

With IC¢N = 2 such a point is found and it is t hen displaced 

by 10 times t he r equir ed accuracy in each variable . Minimi­

zation is then con tinued from t he new point until a change 

of less than 10% is again made by an iteration . The two 

estimates of t he minimum are then compared . 

Apart from the printing requested via the parameter IPRINT , 

t he only ou pt wi l be relevant diagnostics if i t is 

believed that the minimum has not been f ound to the required 

ace r acy . 
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The first element in C¢MM¢N must be an array of 

length N(N+3) t o be used by VAO4A as working space . 

_ RECOMMENDATIONS: (1) Set ESCALE as large as is reasonable , remember­

i ng that it should prevent the maximum step 

j ping from one "v l ley" to another . 

2) Set the required accuracy s o that ESCALE>lOO . 

(3) If the results a pear unreasonable, t ry with 

ifferent i itial values of the vari ables X(I ). 



C 
C 
C 
C 
~ 
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CALL 1,G pµ,., ; KA~ TO USE Vl 04A Ft:R LI AST SOUAMS 
UC - l( 1S F~V ED - CALC ULI T•O J VAL u1· 
~ - A( CL,~ACY K(~ Ul >- f-ll f OH , AC H P• ~ M 'f TEK 

FSC ~L E - ~i •I~ll~ STt PS l lt CC~T RL L 
IPKJ1T - CC1T RO LS PM J'<Tl '<G h Y VIJ4A 

. ...:.UJJ.L'<u·------~ - ---,---=--------------- ------ c- ---l - -~ ~P,~l rll 1' r~ IPP Rn • EVt~ Y StC(NU CALC ULATI ON OFF 
C 7. - P~ ( 'II S < y C,{Y ( N+I JT H <V ,lL llA II O~ 
C 1cn, - IF. :;[~ HI ·( CC'W ER c,f'<C IF l Ull f '< ll f tr I 
C HAi lT - ~L KnlR ~F IT E~ ATI O•S 
C OU ~ - ~C ~~ l '<G JECTC~ FO~ VIO\h 
C F - FL ~C TI CN VhLUE P~ OVIOE C hY CALCfX 
C N~ - cc ~ r Mn LS PMl'<TI NG IN C•Ltrx . VALU E .T RUE . AL LOWS PK I NTI NG ~------cE---- . '.1Jf!fl.Ll_(;f _.J.l!,Glil.U .. l1f __t..8.E._EUJJ'Ll.15.fLJ 'LlliIB~.LI l l NG CU FF I C I • ' T 

0054 
005 5 
005 6 

0057 
005 8 
00 5'1 
0060 
006 1 

_ 0 062._ 
0 06J 
0064 
0065 
0066 

C 

· c 

The Comp uter Program 



0() 0 1 <,t.,Fn t :Ul l 'I I. (. \1 ,.r xis~ , F) 
, 00 02 I ''F LI C II ~ ~A L•: ( h-H , C-l l 
000 3 L! JGl( hL<t, \~ 
000 4 t: l~ c , ~ 1c , r,l' f \ ( •11 
0005 u 1n '1~ 1ci (.(S ( l.), ' ( ',l , ~rr T,t (l), K(f! r(( j ), P ( q ) 

-Z [t •J ~ SU H(U fl ,, ·: CA L(IJLA TFS TW , l,,' l• f .~U~,{rs i:r w'c l f. H[l rj"i\TIT£ifj7;"[57iNi.; urr_-- ---
c 'iLfl, tCLT l ~E'. -: 1.; ,, 11, . r. ',l ~c F ~•'.~ T•tt SCl(\I TI I-- I C SU l ,H, UTl ,f: l'AC~~,1;f: ( l' UT l 'I 
C llCt: '•Lf P~'(1; 1;_; .1 f ,! •(V ) 
C y - ce , C>< VH lfJ" , 
C X - I ~ )t Pc,II L 'H V-\ ~. l h ~Lr 
C YC - CtL ~U L•T rU Y V~ LUE 
C " - " E I •,II T - - -------+- ---~ -- ~-d~f:Yff'1:r~fr~AHtL,1f ~l~\-, ~r~!{ffi-J1"s-r-f!'{ -hVl p~n n GCT 

7'l1iol,-
00 0 1 
CO OR 
0009 

c P1 ; 1 - s ~ ·-:~ r l <I ': v, 1 : JX t-- LR r1 r;H, 
C P, ,lK - o r i~ _v ,_r ,. ss , I.I:. R·:\ T[ Ll ;:,;1t. :1r:; 
C f.X , • f - EJr; ~r.v c"c r ,J,<S .1r rqK, ·io q >< ALl!AT I UN U~ I N,; I NITIAL c o r,CE ll,1 ,<Hl l.'1S 
C ~C - ( Ev ?( KA ~ Y S I C~AGt FO~ LX 
C H - l~III AL CC\(': ·'I I KATl n\lS F( ik ~ ,~ c I NP LT A·JC I H"J UiRl'A LIZI NG cnNSTANTS 
C ,-· 1,,. 2 , s, - [:1 1,.- "J V.\ LUt:S ,<t' TU,\i, Fri l• Y C I GF '\ 

- ·- rrnvACl' 1 -~ r-~~:rr:7 
tJ (W E•\IS ICI x 1 , ,·, c 1, Yl l 0!l l,•l ;' CC. l,Y C ( lC 1 l, C ( l ,1l,~I J , l l 

2.i1 ~~ ~~ 15iJi-U ( ~ : r:~ '. ~c : t : ~ :~.;:-'. ~ \-t 'll , o E ( 1 , l l 
C CO"IS T~ UL T S Y• ~ o T C( C ~Al ~ IX 
( TR~ll ;,tG A fl Ve ,: U l co •,S [A iJT:; ,. s l l1l lUG l1 TH E Y A!{c POS ITIV E 

001 0 'l(=I'.: 

~ ------- -W.H--g~~ I: \ --------
0011 >;(=~X + I ' 
0014 9 l' l ~~l =Cl •l:, ( ,U (l.lt- \C , I P,CCC ll 
0015 P (ll =-F (ll -P ( 4 ) -P (I) 
001 6 P ( S J =- 0 ( 21-l' l ~ l- ~ I B l 
0017 Pl <i l =-F (ll-P(l, l - P (ll 

C H NIJ <I GE~ \ r. u ;r:s ~:-I ll L: \l ·'lCK~h LI ZI- G u..;r.~v ~CT OP S 
00 I 8 H ! 41 = l .r - 8~0!!--t-19- -------+~c--if-,'!HI-=~-"-+.( ¢f.-r( .-,I) ♦ "c-,(- ,..,lc-:+car>'"(,--,•1-rlrl,-----------

0 2 0 0 ( 2 l = P ( I l • r> ( i l • o ( , l • P ( 9 l + P ( I l t P I ·n - ? I 2 l • P I 4 l - r I 6 l • P ( 8 l - P I 3 l • P I 7 l 
00 2 I ll I I l = r> I I l • P ( 6 l ~ P ( c l • P I 5 l • r I 3 l • P I 7 l • P ( ~ l • P ( 7 l v ? ( 4 l - 0 I '• l • r ( 8 l • P ( 3 l 

•- r I 7 l *P I & l •P ( <' l - 1' ( l l •r ( 5 l • P ( J l 
0022 CA LL PCL .lT ( B, Cr. F ,J, ,HJL: rn , RCO Tl,l hl l 
0073 IF(l ~R . ~ ~ . Cl ·; e TC l l1 

002 4 HI = P (2 l - " ( l l 
0022 65 C l = FI J l---,-,------------------------00 Al= P 4,-1'"1 o 
00 2 7 C7= P(6l 
0028 Cfl 11 I = l ,3 
0029 IH ~CC TIIIJ. •,T.1. o c - 1 2 1 GrJ Tl.) i 2 
003 0 WL=R OU I R (ll 
0031 Al =P ( 1) -~1. - P { Jl 
0032 H7= F( , l- ~L-P l ~ l 

--8£-j"-"2-,--------~~,..,l-:....,7,.~-~,--c!,_,t,-;"'"~~• u~1 ~~•-i-.,..-~~l ~, ~7-;.~2--- ------------------
0035 Xl = (A 2• Cl-Al•C ! l/ Xl 
0036 f Xl3•{1-ll ♦ ll = <I 
0037 EX ( ] ♦ (l - ll+ l l = X 2 

0038 II E XIJ•(l-ll ♦ ll = l. 0- XI-X7 
0039 Wl =ROU I P (ll 
0040 Wl=R OO TRl2 l 
0041 Wl=il CO TR ( J l 

C CALCLLAT E ~IJ~ CF SCIJA ,US - S TA .C T Uf LCOP 
-,0,-,0,,.-4~2e----------~=,c_._c_ ________ _ 
0043 CU f. I RE~C= l,I 

C PREP ARE TC [INC NO~M AL ll l NG c u~~ TA 'IT S FMnM l "II TI I L CONO ITI C'I S 
, 0044 11 = C 
0045 12= 1 
0046 I F ll >< t AC. cC .ll 11 = 1 
00~7 11 =11•1 
0048 I F II RE AC . ::C.: . ll ll =2 
~g"'g~~,-_g~------~luf~:~iu~--H· +;-y,-~ a ,: t r 2 , 1 -• E nT,7FTITIT;JT ______________ _ 
0051 A 2 = 6 t I 1 1 , :1 l H l: ( I 7 , I l -A E ( 1 1 , I l • At I I 2 , I l 
0052 Al=A E (ll,ll• !lt: (1 2 , 2 l- AE (ll, 2 l • AE l l? ,l l 
0053 Al=Al/A, 
0054 A/ =A? /A ~ 
0055 S I =C . C 
0056 S Z= C. O 
g0s1 "Jr1 058 I ~ ! KE AC . -.t .ll Nl=VPT 5TTTITI,l:"=--TTTT 
0059 on 2 1 IF i'l.JU = l, l 
0060 Nl =~ 2 •1 
0061 N 2 =~PTS ((l l\l'-C - ll ~l ♦ l l' ,WL l 
0062 Cf: 2 C ~, ='l l , '<7 
0063 A 3= A I*~ E ( I PR e n , I l ~o Ex r ( w I• XI ,\ /4 J l ♦ h ?. * M ( I P i'l.lJ O , 7. I • of. XP ( w 2 • X ( N X l J • 

* A E l I P KC [ , J l • C, Xi> I w "l • X I N X l l 
_JJ.lll,!t__ l_;-5..U_A ' • h l ~ LN.LJ_ 0065 _____ _,s l= S 2+ ~~ ~ Y(T x~ ----------------------------
0066 20 CU~ TI NLf 
006 7 71 CO ~ TI 'l LE 
0068 t\j =S 2/ S I 
0069 Blll =A!O I 
007 0 Al 2 l = A!4~ , 
0071 8 ( J l =A! 

-ffiH3 1ffi KE L. '<E . l l Nl=NPT'>"""rrTRT,\T.=-TT-,-,-------- ----- ·--------
00 H n C 6 I Ft< r· 0 = l , } 

C FIN ~ ~ G~ ~tl l l ~a cr.~ ~FILIE NTS FC~ fftL H ~RrOUC T 
0075 Al =ft E (lf- ~C: l.: ,ll • i<l ll 
0076 ft l= AE ( I F >< •;C , J l • ~ l l l 
0077 ft 3=A E I I H 1;r. , ll •P ( J l 

og1a ro /Cl 

C f' l: T CLT U G•_,\ Vfl li l< S ft ND ,\IO~f' All l"O ~ I GLNVEC TCKS ,.HFN NI' I S TRUF 

C 

l ~ l~ ~l ~ ~ lT t:,_~ I P~OIJ 1 t1 1, ~ l,AL !J!~3 ,n J _ _ 
15 H .APATTT7"oIT. <l."l . •, n , = ----r;Tll . o , Flr.'T', FTI-:"li,"' ....,.- 0 , 21 • + 

* ',Fll. t ,' fH' i', F I C . 6 ,' • Tl 'll 
CA LCLL tlH " ' [ GHlfll SUM ; OF sr.u ,,·,rs 

0080 Nl =~ ? •I 
0 0 8 I N 2 = ~ P T S I ( I -: L ·\ L - I l • l + I P ~ G 1; l 
0082 Cll t i> X = 'l I, N.' 
008 3 Y C ( ~ ( l = t I > rl ( P ( t,, I • X ( N X l l • ft ;o • I c ~ P·( ~ 2 • X I N X l l + ft 1 •CE X P ( W l* K { 'IX l J 

__fil!-)(8-,14_______ F =F • ( ( V ( '<( ) -YC ( ' , K J l .. ? l *'• ( \IX l 
7f085 6-C~V--

00 8 6 ~ UL K1' 
00 8 7 l(t nKI Hleo7l l c .C 
0088 7 f (; Q~.\T I' OPC L~ f G I 'l~S tRR C~ llt: TUHN ', I I l 

00 89 GC f C I I 
0 090 12 ',, ,UI E l t , e l tC CLl H , 1\ CO TI 
0 09 1 A FOR ~AT( ' O',i"lN Kr tll KO G T - '//( t,~ , 11 :?0 . 5 )) 
0 ')92 13 Ch LL EX[I 
OO'JJ f ·\I C 
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0 001 SUB~O UTINE VA04A( x .E.N.Ft ESC AL E .IPRtNT,[CON,MAXtT ,CALC FX) 
oor2 '"PLICIT RF AL•8 (A-H,0-Z) 
OCC3 011.l ENSION X( 1 0 ) , F ( 10) 
OOC4 CC,.MON W ( I "10 l 
0 0 0 ~ 1000 OO~AG =O,l• ESC AL F 
0 00<, SCF. R- 0 , 0 5 / E SCA LE 
OO C7 JJ - N•N+N 
o c-c e JJJ:c JJ+~ 
Ol' C'l K=N+ I 
0010 NFCC = I 

--ao tt INO= I 
0012 INN=! 
001 3 00 I 1=1,N 

--;g..,g.,:,,~i----- ---- iiS'iY~i<--.~'==t-:~'~·~N~----
001 6 tF( I - J)4,:l,4 
0017 3 W(Kl = OABS ( E(lll 
OOIA W( I ) = F.:<;C AL F. 
~ll[q 4 K= K+I 
00 20 2 CONTI NU F. 
002 ) I CONT I NU E 
00 22 IT F. RC - t 
0023 t SGRA O:c2 
00 24 CALL CALCFX ( X, F) 
00 25 NFCC=NFCC ♦ t 
0026 FKF.EP =OAeS(F) ♦OARS(FI 
0027 5 !TON E= ! 
00 2 11 FP=F 
00 2Q SUM = O• 
00 30 IXP~JJ . 
0~:?2 I XP= I XP ♦ l 
0 0~3 W(I XP ) : X ([) 
00 ~4 6 CONT I NUE 

-co :?s tOIRN = N+l 
00 ~6 ILI NE= t 
Or. 37 7 OMAX = W(ILI NF. ) 

-;g.,g;:.._:;,;g;;----- ----.;;g,;,~,.;~~g;.,;,.;;,g~~~r-----------------------
0040 0MAG= OMAX 1(0M AG t 20.•0ACC J 
0041 ODMAX = lO,•OMAG 
004?. GO TO (70,70,71), tTONE 
004 3 70 OL=O , 
0044 O=OMAG 
004 5 FPR E V :c F 

• 004 6 t 5:5 --,.,-,,-..--.--------,,-,._ 
004 8 
oo•q 
00 5 ~ 
00 5 1 
00 ~2 
00 5:l 
00 5 4 

00 56 
00 ~7 
00 58 

00 5q 
00 6 0 
0061 
oo e2 
00 6"1 
oo e4 
OOE S 
oo e6 
00 67 
00 68 
0 0 6 9 
0070 
0071 
007 2 
O b 7 J 
0074 
007!'i 
0 0 76 

- 0077 
OC7 4 
0079 
oo eo 
00B1 
ooe 2 
ooe, 
ooe• 

-oo e5 
oo e6 
oo e 1 
OOP8 ooeg 
OO QO 
00 9 1 
OOG2 

-oon 
OOG• 
OO Q~ 
OOG6 

00G B 
OOG 9 
0101 
0101 
010 2 
011' ) 
ot~4 

01 06 
01 07 
01 011 
1)1 ~() 
~11 0 
0111 
0112 

0 I I• 
011 !: 
011 6 

CA=DL 
~ DD=O-DL 

DL=O 
58 K= IDIRN 

00 9 l=l ,N 
X( l l = X( I ) ♦OO•W(K) 
K = ~+l 

CALL CALCFX(X,FJ 
NFCC z: NFCC+ l 
GO TO ( I O , l l • t 2 • I 3, 1 4 • Q 6 ) , t S 

14 IF(F - FA)15tl6,24 
16 ( F ( C'ABS (Ol-0 ,.AX) 17, 17, 18 
17 O=O ♦ O 

GO TO A 
18 PRINT 1q 
19 FORMAT(5X ,44HVA 04A "AXIMUM CHANG E OOF.S -1i9..!_& TER FUNCTION! 

GO TO 20 
15 FB=F 

08=0 
GO TO 21 

'?4 FB:FA 
OB= DA 
FA=F 
CA=O 

21 CO TO tSJ,231,t SGA""Xt> 
23 O =O0♦ 0B-OA 

I S= ! 
GO TO 8 

83 O= O, S• ( OA+D A- ( FA-FB )/( OA-ORII 
I 5=4 
I F ((OA- Ol•(O-OBll25,8,8 

25 I S= I 
IFtOA BS(O- CB J- DOqxx, e • • 

26 O=OB+OStGN(OOMAX,08-0A) 
15= 1 
OO~AX :OO~AX ♦OOM~X 
OOMAG = OOMAG+DDMAG 
tF(OOMAX-OMAX) S , 8 , 27 

27 OO"'IAX = OMAX 
GO TO II 

il t F( F-F l J2~ , 23 , 23 
2!1 FC=FB 

DC=OB 
2Q FB=F 

OA=O 
GO TO 30 

12 tF(F-F8) 2 8 , 28 , ~I 
JI F A=F 

GO Tn 30 
It tF(F-FB)32,IO,IO 
Ji? FA= FA 

DA= 0 8 
GO TO 29 

71 DL=I , 
OO"'4AX :E5 • 

OA = - 1 • 
FB=FHOL O 
OB x O, 
'):I• 

10 FC= F 
OC=O 

~O A= ( DO-OCl• IFA-FC) 

tF((A ♦ A) * ( OA-OC))33 ,3 3 , 34 
'13 FA=FA 

O A= OB 

0117 F B=FC 
0118 OB=OC 
Ollq GOT0 26 
01 20 3 4 O= l'l . ~ •tA• ( OA+OC)+ B•(oA+nc , )/(A ♦ O ) 
0121 0 1 : 0 (' 

---g+,-~,,-------7j~~~(n~.-l8it-::-,,-n ,4a4:-:,, 4r.4, ,:C4.,-] ______________ ______________ _ 
0124 , 4l Ol =DC 

I nt 25 Ft :: F C 
0126 44 GO T n (A 6 ,e 6 , R5 ),ITO P~ E 
'> 127 A 5 t T ONE= ? 
t) I 2A Gn TO 4 5 
0 I zq R', OUM'4Y: f)A BS ( n-o 11 

--=0~1~3~n _______ __,:D=U~M-=.:=~ . o~ • o ~~S ( O) 
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0 1 ~1 r r ( OU "'t.!V-'l ... CC ) 41,4t . Q'1 
01~? Q' t F ( OU"'t.tv-ouu 1 •t.41.4 5 
Ol:!l , s t r= cc n-.-oc t•c nc-o ,, 47.4 6 ,4 6 
0 l ~4 4 6 F A, :FH 
01 3~ 04: 0A 
01~6 F~ =FC 
t')J~7 OA = OC 

g: ~".,-----~T- ~~°= ; ~ 25 ______ .,.. __ _ 
Ot4n fF (COR-D )•(O-OC )) 48 , 8 , A 
0141 4 q I S = :\ 
014? Gn TO A 
01 4) 4 t F :::F I 
01•4 0 =: 0 (- 0L 
~145 OO =OSOQ T((OC-OR)*(OC-OA )*( O h -OA J/(A ♦ B )) 
0146 01) 4'l t = t, fl ·,n-. Xll 1·:-< n l HHwll r, nrn f - -- · -· - ---·-
0 I 4 ~ W( I O IRN) = OO*W ( ll'llRN) 
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0l4 Q t D I RN ::: IOI RNt- 1 
01 s n 4 9 CC NT I NUF 
01 ~ I W( lLINf ) :: W( ILI NF )/00 
01~ 2 ILt Nf= tLINE +l 
01 ~ 1 IF( JPR t NT- 11 5 1 . s o . 5 1 
01~4 a;t') PDINT 52 .t TFRC.NFCC,F.(X( I ).f ::,; I .N) 

..-i,T!" Z°1'0flM1'T7:l rx ;•rn tTFR·•TTON;-"{',,t 15 ,l 61CFUl<C Tt o-t,YlLlJcS-. __________ _ 
lt ~ K.:\HF = • f2 1.14/(SE? 4,t4}) 

01 ~ 6 GO TO ( "' I , 5 "'\I .f PO JNT 
01 5 7 5 1 GO TO ( 55 , 1qJ, t TONF. 
Ol~R 5~ I F ( F P ~FV-F-~UM) Q4.95,9S 
OJ ~q 9 ~ ~U~ : FPP[V-F 
Ott~ JtL: I LINF 

- .,,o ... ,~'..,'------;~-~~-i~Ei~;:~~~ ,;;,~• ~4- -- -· - - ----·-- --------------
01t1 9 FHnLO=F 
Ol f 4 r c;=6 
01 f5 t ~P :;:. JJ 
01611', DO 5 0 t z- 1,N 
0167 IKD: f KP +t 
OlfA W( IXPl :X (l) - W( f XP ) 

- .,,oy,,'~q~-----'~~q-.:.c~: T.,..,.!~N~U~E _________ _ 
n111 GO ro SA 
017 2 Q6 GO TO ( 112. 9 7) .t NO 
0173 11 2 IF ( FP-F I ~7 ,Ql.Ql 

0174 q1 0:2 .•(rP ♦F-2 .•FHOLO )/CFP-F J•• 2 
0175 IF ( O•fFP-F~OLO- ~u~,-•2-su~, 87 ,J7,J7 
0176 e1 J : JtL• N +l 
0177 IF (J-JJ) 6n , 60 . 6 1 
0178 60 00 62 t == J,JJ 
~179 K: f -N 
Ot BO w (K - w 
01,1 6 2 CON TINUF 

, 018?. DO 97 t = JIL,N 
01 ,J W(t - l) =W (I) 
0t e 4 . c;7 CON TINUE 
Ol e!i 61 I OU~N= I O IRN-N 
Ot e6 JTONE=J g: ;~ tx~!'i_ _____ _ ------------- --------------
Ot e9 AAA :::0 , 
0 l QO DO 65 t = l , N 
01 Q t I XP= tX P +I 
OlQ '- W(Kl = V( tXDI 
Ol~J t F ( AAA-C AOS(W ( K)/ F. (t))) 66 , 67 , 67 
Ol c; .t 6 6 AAA=- OABS (V( K J/E ( t. )) 
01 95 67 1(:1( ♦ 1 
0 I Gb 6 S CIIITTl1'1tr.------ --------
O I c;7 OOMAG : t, 
Ol e;~ W(N) .::E SCALF/AAA 
Otc;q ILINE:::N 
02CO GO TO 7 
0 20 1 J7 f'l(P "E JJ 
0 2~2 AAA =O , 
02CJ F =F►tOLO 
02'h4 ---0-~ 
02<'5 1 XP:: f )(D ♦ I 
02 06 Xfl) :: X(l) - W(IKP) 
02 0 7 I F (AAA *OAAS ( E (t))-OARS (W(IKP)I) 98,Q9,9Q 
0208 Q~ AA A-=OAAS (W( tX P ) /E( 11) 
02r Q Q9 CCNTINUE 
0210 GO TO 7 2 
0211 l 8 AAA :::.AA A•Cl. ♦ 0 1) 
0212 cu - ,11--rr2 . 1'fi"l , ,-:rn------
0213 7 2 I F ( I DQf"'IT-2 ) SJ . so . so 
1'?t• 53 GO TO f 1 09 , aq ), I NO 
0215 I OQ I F" (AliA-0.1) R9 . A9 .76 
021~ ~q GO TO ( 20 ,11 6 ),t CON 
0217 11 6 1 "'10=2 

I 0218 GO Tfl (1 00 ,101),I NN 
0 2 19 1 01') INN:::2 

-,rz;,•- ------- l(r,,-J.J - -: --·----- ------------
0 22 1 on 10 2 1 .:: 1,N 
0222 t( :c l(+ I 
0223 W(K) : X(t) 
0224 X(t, ==X (IJ+IO,* F. Ct) 
0225 Fl( f.EP.::F 
02 26 1 02 CONTINUE 
0227 C•LL CALCFX (X. F ) 

---o-72 - FCC •1------ - -- - - ------·---------------
0 22 0 oo~•G::,;n . 
02~(i GO TO 1 oe 
~~ t 71-J IF (F-FP) J5 ,78 .7R 

02:!::? ?R P i:- INT 80 
1 0233 er, FOR~AT ( 5X ,37HV• o• A ACCURA CY Ll~llEO AV ERRORS IN Fl 

0 2:?• GO TC'I 20 
02 :?'5 'IA t NO= t 
02~~ 15 o o ~•G =O ·••nsoQ T( FP-F J 

-.g;-;~..;~.,;;~----~. 0~§-,.: "f"G"'~•ml;.,,,,-♦.,I ------- ----- ------------------
0 2 :? q IF (lTE RC-Mf\X I T) 5 . 5 ,81 
0?.t () 1111 PRINT A 2 ,M AX IT 
02•t 82 F~QMAT (t 5 ,10H IT FR ATIOSS ~OMPL ETF O "y v~o••· 
0 2 • ? 1F ( F - rKFEP ) 2n . 2n ,11 0 
0 2 4, 11r, F ==FKFEP 
o;,•4 on 111 t = t, N 
0 2 •5 JJJ : JJJt- l ~-------- n,:wo:r,,---
0;:, •1 111 CONT(NUt 
r, 24A GO ro ?O 
O?• q l~l J ! L = t 
0 :?!(') FP $"FKf(" O 
0 2~ 1 IF (F-FK FFO ) 1n s . 1a . t o• 
02~~ 1 04 J fL =-? 

~ ~;.;2;,~;.,1,i-- - ----.....,F ~-~f'!~yr __ _ __ 

~ 2!~ , ,,~ r x~= Jj 
r ;,5,; ori 113 t= l, N 
0 2~ 7 I 'l(O:: f XP4· l 
1') 2 '5 8 l("'"fXO ♦ "'I 
Cl2 5 Q Gf"JT n (tl4.11 -; l,Jt L 
02 f0 11.t W( I KC> ) ::W ( K ) 

~,-;',,;'~--- -rrrW,{~,-}~ in 
02f"1 Jt( 1 ) :W ( K ) 
'" ' ~4 ll 'l CON T f NUF ,u~ JtL ~2 
0 2ft, G'1 Tn a;, 
t)2~7 tl) 6 t F (A /1/1-0. t l 20 , -,t') ,1 (17 
fl 2f~ >0 ~FTUfHI 
O;>~q \ /"17 t ~N= I 

--nn . tn7 n rn ·,~ 
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I )O Q I 

)002 
lO Ol 
)0 0 4 

C 
P~ I 0450 
I'~ I 0 46 G 

rR r oq , 
PRI 0'1 6fl C 

C 
C 

H I J •;IJJ AL VhlL ~S PRI 0910 
P R I 09 80 

1024 
1025 

45 XO• . oo~c ' J , ~ I PRT 09 </0 
YC•C . ll l( •1o1 t •1 t PRT 1 000 

C lER( I N! Tl hl VhU JS CCL J\H rn PRT 102 0 

~1.._g ... ~ ... ~~---- - s~o,........,.~ ~j·-!.c---- ------- -·--- ----------- ------{-N-l-8~g---·--
PR T 1060 C 

C 
C 

INCW E>H.' •H l ,H IIAL VALL ~S M ;O CGII NT£• PRT 1070 

1028 
l029 

. C 

xu• - 10 . c•v c 
Y0• -1 0 . C•X 

1030 X • )( 
1031 Y• YC 
1032 ll'l • I N+I 
l03l GO TG 5 ~ 
10l4 55 I F II • I 
1035 XP~ • X 

~ I-D-3-b~---r;---~ll h T( I l l YN(. ~ 
1037 59 I CT• C 
103 8 60 II.<•( . Q 
1039 UY • C. U 

104 0 V •C . ll 
IOU Yl • C. C 
104 2 XT • I. C 
1043 U=CCFl~<ll 

PRT 1 08 0 
PRT 1090 
PRT 11 0 0 
PRT II 1(1 
PRI 11 20 :TJ'(;---

PRT 114 0 
PRT 11 ~0 
PRT 11 60 
PR T 11 70 
PRT 11 ~O 
PRT I 1'10 
m -H-~a:..0~--­
PRr I 24 C 
PRT 12 sn 
PRT 12 6C 

PRT 127 0 
PRI l? BC 
PRI 12 '10 
PR T 13 'J0 
PRT 131 0 1044 IH Ll t~ ,l l0 , u5 

JO .. •~s~ -----b~S_DCLlCL.E.L,"~------------
104 6 L •~-I• I - -----------~~+-l-M8----
1047 TE~ ~•CCF Ill 
1048 X1 2• X*Xl-Y•Y T 
1049 Y 12 • X•Yl +Y•X I 
10 50 U=L•TE•F•X l 2 
10 5 1 V=~• I E•F*Yl l 
105 2 Fl • I 

10 54 u~* H -! v ! 1
· ~P 

1055 XT•XT 2 
1056 70 Yl • YI Z 
10 5 7 su• s c • L) •ux +UY •uv 
10 58 IFI SU•-SCI 7~ ,ll 0 ,7 ~ 
1059 75 c x , 1v • u- u • 11 01 s1J~S 
1060 X=X• CX 

~2 --- e!~i-rWL.Y.!.'L!ll~~~---------- - -
101,3 1~ IFI CA P. S l tl Yl• ~ h •S ( CX )-l. 0 0-t Cl 

C 
C 
C 

S I EP I TEl{1 r I C'I COIJJ\,IE R 

1cr , Rc , ec 

PRI 1 340 
PRT 13 50 
PRI 13 1>0 
PRT 13 70 
PRI 13 80 
MT I H C' 

----------C.p~+-l ~~8----
PR T 14 20 
PRT 14 1 0 
P~T 144 0 
PRT 14 50 
PRT 14 60 
PR T 14 10 
P R T I ~-1;10 ___ _ 

PRT 151 0 
PRT 15 20 
PRT \5j Q 

IOM 80 ! Cl• It!• I PRT 1 540 
1065 IF(l CT-~ 0 0 1 ~ 0 , H'> , R5 PRT 1 5~0 

-ffi"6"'1!---------gHHH ~W ;E ~ ; : ~ ~,--- ------ -h~---
c SEI f ~l((I( ClC( I IJ PRT 15'1 0 

10 68 95 l ~R• 3 PRT 1 610 
1069 GO ID 2C PRT 162 0 
107 0 I IJO Cli t u; L• l, N~X PR T 163 0 
1011 n •~ Jl-L+I PRT 1 640 
107 2 l ~ ~ P•XCCF ( l< II PRT 1650 

_J.llJ..l X C CF LMJ.J..s..Cil PR T I 6 60 )074 105 ccFlU•fc~P -~~----------------- -------- --1»ff76, 
1075 I T~•P=J\. PQT l l> dO 
1076 N= J\.X P~T l 6q0 
1077 ~X• I TE~F Pl(l17ll0 
)07 8 IHl flll 17 0 , '>5 ,l ~C P~T L71 C 
1079 11 0 IFII F lll ll~, 5 C,1l 5 P~ T 1 7? 0 
)08 0 11 5 X•XO Q PRT l7J O 

-t&-tt---- - - 1 loi fH+c -{:H-H.;~0----
)0 83 I ll IH CAHS I Yl - 1. l'C - l t QAn S tXll ) j 5, 12 '•,l l > PRT 17 60 
)084 12~ AL<~A = <• < rRT 17 / (l 
)08 5 S~ • SC • HX ♦ Y*Y r R T 11 sr 
10 86 li• \ -2 PRT 17 '1 0 
1087 GG 11 , (< ') PoH 1 8flll 
)08 8 11 0 X• C. 11 PRT 1 8 I C 

_)J)_8 PQI l 82C 
109/J P RI I R I 
) Qq l I Vi PQ T l € 4 C 
lO 'lZ PRT 1 8 5 0 
)0 93 P l'\..T le b(' 
) 0'14 
)09 5 
) O'lb 
) 097 
)0 98 

_J.!l.9.9 
)1 00 
J 1n 1 
JI O? 
)1 0 3 
)1 0 4 
01 0 5 
J\ 06 

....1LO.J 
01 r8 
OIOQ 

N• ~- I 
l4 C C. UF I ll • CoJF 12 1 HL ,' h• • c. c • Ill r R 1 I r .~o 

l f t r-. .L " . ?l r.~ r r t 10 
14 5 co l > IJ L•2 , J\. r .u I A'l(l 
150 CLFI L+ l l •C ( HL•ll ♦ hL r1- HCCf lll -, I J ~• :;c•CU FIL-l I PRT l 9C O 

----'-~~{J-}-}\~~x ---------------------------~*~}~ ---
~ 2 • ~ ? +I r~l 19J C 
IF ('.l.• '. C I lt, C ,1 •· 5 , l t,t PR T l 94 C 

l6 U Y • -) r Rr 19 ,u 
~U ~ S~ =( 11 PR I 1~6 0 ~= Tl I i PRl 19 70 

11i 1J , ,..,~ , ;,_ , 1c , 1, .. 1 P'tr t 9H c 
- .. --1 7Q fiP·Jclt '.~I 13 l• •U' f- .l•l ~ f( '2 l- 5L~~r;• c. u F (ll 

•~c rq1 1 gqc 
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0 001 su eR □ U TI~ E CLIRRE L ( P,E,F ) 
00 02 I MPL I CIT ktA L ¢<8 ( /\ - H,0 - Z l 
0 0 0 3 C m.i I" 0 : ~ C ( 11 ,-, ) , u ( '1 l 
0 0 0 4 n I 1'I f: '~ S I C '·J P ( JI , F ( ' J l 
0 005 I X=C 
QQC,6 _ - ----· J \1(-j_L_ ____________________ _ 
000 7 OlJ 3 I = I , 'J 
000 8 [ l =P-iC~' C!\ :\ '.:i ( c ( I )l 
0 009 P ( I l =P ( Il-1: [ 
0 010 C~LL ChL CrX ( P ,F Nl 

Ol l P (Il =P(I l +2*U 
00 12 CALL C1L Crx ( r,fP ) 
0 01 3 r-\J =(r-P tF ,~-?.o C'.'l'F ) / ( J::P[I l 

_O_ ()J_I; _______ _.}_lJJ :-J- P ____ _ _ ____ _______ _ _ __ ___ _ 
0 0 1 ', ;) tl 1 J = l , I 
0 01 6 I X= I X+ l 
0 0 1 7 I F ( I • !: C • J l G •l r Cl 2 
0 018 EJ= I NC*[QGS ( [ (J ) ) 
0 0 1 9 P ( J ) =P ( J ) +b J 
0 020 CALL CftLC~X ( P,FC l 
0 0 2 l C ( [ X ) = ( F + r C - F P - 0 ( J l l / ( E l '~ F J l 
0 022 P (J) =l'(J ) - LJ ----------------- ----------
00 ?. 3 --- l C!1 \TI"JLE 
0 02 ~ 2 ~(T) =r ( I l- ~ I 
00 ?5 3 C(I Xl =F~ 
0 0 2 6 C I\ L L l) S I ' l V ( C , · J , 1 • 0 E - 1 2 , l E-: R ) 

0 2 7 I F ( I f: I{ • r, 1-: • C ) G C T C 4 
02 8 I ~=C 

0 0 2 9 fJ Cj 7 I = 1 , <J 
3.o_ _________ .1 f lC (I X ±-lJ _g~ f .,_ 0 l _GJJ_ I D 9 

0031 C(T X+ Il=l .C 
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