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SUMMARY

Recent work by Barker, et al. (l) indicated that a high yield of nondialyz-
able material (i.e., material retained by a dialysis membrane) could be obtained
by -irradiating deaerated agueous solutions of glucose with gamma-réys from a
cobalt-60 source. As a result of several chemical tests conducted on the mater-
ial, they suggested that the nondialyzable material was a polymer of gluconic acid
linked together by carbon-carbon bonds. No indication of the size and shape of

the molecules was given.

In this thesis, 1.0% aqueous glucose solutions were irradiated with high
energy electrons. The yield of polymer, measured as either nondialyzable material
or ethanol precipitate, increased with both the dose and the dose rate. This
would be expected in view of Barker's proposed mechanism which involves hydrogen
abstraction from the sugar molecules followed by coupling of the resulting sugar
free radicals., Increasing the dose rate would be expected to increase the con-
centration of hydrogen and hydroxyl free radicals, which in turn would increase
the concentration of sugar free radicals and thus increase the liklihood of

radical coupling.

The weight average molecular weights of the whole polymers isolated by
ethanol precipitation were measured by light scattering in water solution. The
molecular weights ranged from 9800 to 5,000,000, and hence are much larger than
previously imagined. .Measurement of the number average molecular weight of one
of thé.polymers by -osmometry established an Ew/ﬁn.ratio of 4.9, thus indicating

a broad distribution of molecular weights within the polymer.

The polymers exhibited intrinsic viscosities in the range of 0.02 to 0.26
dl./g. in water at.30.000 + 0.005°C., and are therefore thought to be very highly

branched.




o

A marked polyelectrolyte'effect was encountered in osﬁometry, a slight
effect in light scattering, and no apparent effect in viscosity measurements.
The results can be explained on the basis of a highly branched, weak polyelectro-
lyte. Apparently, the molecule is too highly branched to allow the charges to
expand the molecule upon dilution, thus preventing the usual polyelectrolyte

effect in viscometry.

In order to gain insight into the structure, one polymer was fractionated
on a column of Sephadex, and the chemical -composition of the fractions compared.
Fractionation by molecular weight was demonstrated by molecular weight determin-
ations on the fractions by light scattering and osmometry. The carboxyl content
of the fractions, measured by titration with dilute sodium hydroxide, increased
regularly with molecular weight. The carboxyl groups are therefore thought to
be the result of secondary oxidative attack which takes place on the molecule
as it grows in size. This is opposed to the earlier hypothesis that the repeat-

ing monomer unit in the initial stages of polymerization was gluconic acid.

Infrared absorption spectra of the fractions showed a single cérbonyl peak
at 1760 cm._l for the low molecular weight material and peaks at 1760 and 1720
cm:_l for the higher molecular weight material. The peak at 1760 cm._l was

attributed to lactone formation and that at 1720 cm‘,_l to carboxyl formation,

Elemental analysis of the fractions showed that the composition of the low
molecular weight material was similar to that of gluconolactone,. Despite the
increase in carboxyl conteht, the hydfogen and oxygen content decreased with
molecular weight. To account for the loss of oxygen, it is proposed that, as
polymerization proceeds; oxygen-rich fragments such as carbon dioxide or formic

acid are lost from the polymer.




Ultraviolet absorption spectra indicated that unsaturated chromophoric
groups are formed as the polymer increases in molecular weight. These groups

are possibly of the enediol type proposed by preceding workers.
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INTRODUCTION

HISTORICAL BACKGROUND

This thesis was undertaken as a sequel to the work of Barker, Grant, Stacey,

and Ward (1), who reported the production of nondialyzable material (i.e., mater-

ial retained by a dialysis membrane) upon irradiation of deaerated aqueous solu-

tions of certain sugars and organic acids.

Barker, et al. irradiated 0.1%

solutions with gamma-rays from a 200 curie cobalt-60 source, and found the amount

of nondialyzable material to vary with both the compound irradiated and the

conditions of irradiation.

Substrate

Maltose

Glucose

Glucose
1,4-Gluconolactone
Lactic acid
Glycolic acid
Glycolic ' acid
Glycolic acid

Glycolic acidb

aA rad is defined as the absorption

This is shown in Table I.

TABLE I (1)

YIELDS OF POLYMERS

Dose Rate, Dose,
rad. /min,? megarad
610 7.10
610 2.3h
610 7.10
2280 7.26
2280 7.26
2280 7.26
610 S 1.L6
610 6.88
610 14.8

irradiated. A megarad is 10~ rads.

Yield, %
nondialyzable

1.h
1.3
b5
51
L.8
L.5
0
2.2

6.4

of 100 ergs of energy per gram of material

b‘I'he concentration of this solution was 0.15%,the balance were O.10%.
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Although no molecular weights were obtained, the authors assumed the material
was polymeric, and devoted most of their work to a chemical characterization of
the material. The work on the polymer formed by the 7.10 megarad (Mrad) treat-
ment of glucose is of particular interest to this thesis, and may be summarized
as follows:

a. The material was acidic, having an equivalent weight of 328, or a

carboxyl content of 13.7%.

b. The polymer had an aldehyde content of 16.0%, as measured by alkaline
hypoiodite.

c. The polymer was resistant to acid hydrolysis. In fact, most of the
polymer precipitated in hot acid. The precipitate had an infrared
absorption spectrum similar to that of the original polymer, and the
soluble portion showed no mobile components with paper chromatography.

3. The polymer contained 51.91% carbon and 5.07% hydrogen.

&. The polymer exhibited absorption at approximately 265 mu in the ultra-
violet.

f. The polymer reacted with sodium metaperiodate; about one-third of the

material remained nondialyzable.

From the above information, the authors concluded that the polymeric linkage
was neither that of a glycoside nor an ester. Instead, they proposed a carbon-
carbon linkage similar to that formed upon irradiation of alcohols (g,Az). The
proposed mechanism involved the production of H- and -OH radicals from the water,
which in turn abstracted a hydrogen atom from the carbohydrate substrate. Coupl-
ing of the sugar free radicals was theﬁ thought to produce the polymer. A
similar mechanism has been used to explain polymer production from mannose (5),

sorbitol (5), and glycolic: acid (6). 1In all cases, the presence of an excess of
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oxygen inhibited polymerization, as would be expected by the proposed free radical
mechanism. ' ‘ S oo o

Since a high yield of gluconic acid was obtained in another gtudy-(Zj, and
a high yield of polymer was obtained from 1-4 gluconéléctone, Bérker,id¥§nt,
Stacey, and Ward suggested that the main route of polymerization was through
gluconic acid. In a later paper, Barker, Lloyd, and Stacey (8) proposed that,

in the early stages of polymerization, the repeating unit was gluconic acid, as

shown in Fig. 1.

COOH
—+OH
HO —H
H — OH
H— OH
H—OH

Figure 1. Proposed Monomer Unit (g) '

On further irradiation, this unit would undergo radiation damage, and the

chemical composition of the polymer would be expected to change.

Up %o this time most of the work on radiation-induced polymers. of carbo-
hydrates had been chemical analyses of the polymer. Nothing was known aboqt the
physical properties, such as size and shape, of the molecules. This thesis repre-
sents what the author believes is the first contribution which concerns the
molecular size and shapg.pf polymers produced by high energy radiation of carbo-
hydrate solutions.‘ It also represents the first time such a polymer_has been
fractionated by molecular weight, followed by the study of the chemical composi-

tion of the fractions to yield information on the structure of the polymer.



-7-
"CHOICE OF SUGAR AND RADIATION SCURCE

Although the radiation-induced polymerization of any -carbohydrate would be
of interest from a purely scientific viewpoint, glucose was chosen because of
the prior work of Barker, et al. (l), and because of its relationship to cellu-
lose and the broader problem of crosslinking of cellulosic materials. Several
authors (2~;l) have reported the crosslinking of cellulosic materials by radia-
tion, but the chemistry of the process is not understood. Since the crosslinking
mechanism in this case is believed to be similar to that of the polymerization
of the monomer, it seems logical to first study the simpler case of the polymer-

ization of glucose.

Electrons were chosen rather than gamma-rays mainly because of the higher
dose rates available with electrons. Irradiations that would have taken weeks
with conventional gamma-ray sources such as cobalt-60, were conducted in a
matter -of hours. Also, the use of electrons extended the work .into an area of
dose rates never used before for the polymerization of glucose. One final
advantage of electrons was that the actual irradiation procedure was simpler
because the accelerator could be shut off and approached while the samples were
handled by the operator. Penetration was the main problem encountered with

electrons, but this was overcome by proper design of the sample container.
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THE EFFECT OF RADIATION ON MATTER
IRRADTATION OF MATTER IN GENERAL

The passage of a gamma-ray through a material produces one or more fast
electrons and a phqton of lower energy. Since the ejected electrons then cause
subsequent ioniza£ion and excitation of molecules, the net chemical effect 1is
considéred'tq béléimilar for gamma-rays and high energy electrons (;g). In fact,
the effect:isvcoﬁsidered to be similar for all types of ionizing radiation (alphé
particiéé, p%ofons,lx—rays, gamma-rays, etc. ) except for the penetration of the |
radiation and the aensity and distribution of fhe ions and excitea molecules
produced by the radiation. Since electrons were used in this thésis, this dis-
cussion will deal specifically -with the interaction of electrons with matter.

The information has been taken largely from Charlesby (12), Chapiro (13),

Hollaender (l&), and a bulletin from the High Voltage Engineering Corporation

(15).

The penetrating ability of electrons varies directly with the energy of
the electrons and indiréctly with the density of the material being irradiated,

as shown in Fig: 2:

5...
bi‘ . A WATER
5 I
Z s T
S O L ALUMINUM
3]
4
o i J
Ll 0 5 10

BEAM ENERGY, MEV.

Figure 2. The Penetration of Electrons (15)
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While the total beam energy is all delivered within the range shown in Fig.
1, the dose is not uniform at all depths. Several factors contribute to cause

the characteristic dose-depth relationship shown in Fig. 3.

)
F -
d?lNDO
n
0
(a]
w
2
<
i
« 0
o I 2 3 4

DEPTH OF WATER, CM.

Figure 3. Dose-Depth Curves for Electrons (13)

After scattering of the incident beam, the electrons are, on the average,
moving obliquely to the forward direction of the beam and thus leave more energy
behind in a thin layer normal to the beam direction. Also, the rate of energy
loss pef unit lehgth of path, gg/gﬁ, increases as the electrons slow down, as

shown by the following equation (12):

dE _ one’ NZ

where N is the number of atoms of atomic number Z per cubic centimeter, V is

B (1)

the velocity of the electron, e and m are the charge and mass of the electron,
and B is ﬁhe stopping number of the medium. After a depth of about one-third
the total range, most of the electrons have been scattered, so the dose starts
to fall off again, and at a depth about two-thirds the total range, the dose ié

equal to that at the surface. This particular depth is significant because it is
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the optimum thickness of sample to use.. Here the best balance is obtained be-

tween minimizing overdosage and méximizing the total use of the beam's penetration.

A further complication involved in trying totirradiate a sample uniférmly is
that the electron beam produced by the accelerator is circular in cross section
with the most intense portion in the center. To remedy this, the target is
scanned by magnetic deflection of the beam. Thé result is a thin slot-shaped

beam of nearly uniform intensity, as shown in Fig. L,

RELATIVE
INTENSITY

| BEAM WIDTH
' Figure 4. Scanned Electron Beam (15)

In paséing_through'a specimen each electron loses energy by reaction either
with the orbital electrons or with the nuclei of the atoms encountered. Since
the masses of the electron and the nucleus are so different, oﬁly a sméll per-
centage of the electron's energy is transferred to the nucleus, and the main
effect of electron-nucleus interaction is simply the scattering. it causes the
incident beam. Eiectrons lose most of their énergy by. reacting with orbital‘
electrons. The primary eleétron is deviafed and the bound‘eléctron may either
be given sufficient eneréy to leave its parent atom completely (ionization) ér
move into an 6rbit of highér energy (excitation). In the forﬁer case adsecondéry,
or & eleétron,_is p}éduced which canjin turn cause fufther ionization aﬁdlexcita—
tion. For lack of défini£e knowledge, it is geﬁérally assumed that.thé energy

lost through ionization equals that lost through excitation.
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The path of the charged particle as it passes through a condensed medium is
believed to-be similar to that observed in a gas by means of the Wilson Cloud
Chamber. The size of the track would, of course, be reduced aécording to the
relative densities of the liquid and gas. The track of an electron may therefore

be pictured as a string of randomly spaced spurs, as shown in Fig. 5.

Figure 5. Schematic Diagram of the
Track of a Fast Electron (13)

Since the frequency of the spurs depends on the speed and charge of the
particle, the spurs become more closely spaced as the particle slows down. For
1 million electron volt (Mev.) electrons it .is estimated that an elastic colli-
sion occurs at about every micron along the path of the electron in most solids
and liquids. Branching -off from the main string of spurs are other strings
caused by d electrons. Secondary electrons are believed to dissipate most of

their energy within 10 A. of their point of origin in most solids and liquids.

Initially each spur contains only the primary'products of irradiation,
but the nature and concentration of the active species soon changes due to

chemical reaction and diffusion.

The species produced in the primary event (ions, excited molecules, and

secondary electrons ) react with each other in the spurs or with nearby normal
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molecules. The ions may react with other molecules, but more commonly they react
with electrons or negative ions according to the following reactions (lé):

a.- Ion — electron recombination.

AB" + 7 ——— > AB¥ - (2)
where AB¥ is an excited molecule.

b. Positive ion — negative ion interaction.
AB* + CD” ———} AB¥ + CD¥ (3)

The excited molecules generally dissociate as follows (;2):

a. Dissociation into free radicals.

AB¥ —— %A+ + B (4)

b. Dissociation into molecular products.

AB*.— —)c +D (5)

Some authors have also suggested that excited molecules react with nonexcited

molecules, but little is known about such reactions.

The eventual fate of the electrons after they lose their ability to ionize
and excite molecules has been the subject of much speculation. It seems to be
generally agreed that they probably become attached. to neutral molecules or com-

bine with positive ions as shown (;2):
AB + e” — 3 AB" | - (6)

ABY + & —— 3 AB¥ - (T7)
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Although other active species such as ions are responsible for some specific
effects, the predominant radiation-chemical changes are believed to be caused by
free radicals. The radiation induced polymerization of carbohydrates -is there-

fore most likely due to free radicals produced in the solution.

When a single substance is irradiated, all the reactions must be due to
primary ionizations and excitations of the substance itself. If a substance
is irradiated in solution, though, the question arises as to whether the re-
actions are due to direct hits on the solute molecules or to hits on the solvent
molecules which then react with the solute. The first is referred to as direct
action and the second as indirect action. The proportion of solute molecules
affected by a given dose will be independent of their concentration if the action
is direct, but the actual number of affected molecules will be proportional to
the concentration. If the action is indirect, however, the number of solute
molecules reacted is independent of the concentration, and consequently the
relative number reacted decreases as the concentration is increased (16). In
other words, if the action. is direct, the per cent yield should be independent
of concentration, but if the action is indirect, the per cent yield should fall

off as the concentration increases.
TRRADIATION OF SPECIFIC CCMPOUNDS

In the preceding section, the interaction of radiation with matter was
discussed in a general sense. In this section, the effect of radiation on

molecules of specific interest to this thesis will be discussed.
WATER

‘BEarly work on the radiolysis of water indicated that hydrogen and hydrogen

peroxide are decomposition products. Upon-long exposure, oxygen is also formed,
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but this has been shown to be a secondary product formed upon decomposition of

the hydrogen peroxide (17, 18).

Although the net result of the irradiation of water is very simple, namely,
the production and recombination of hydrogen and hydroxyl radicals, the different
steps leading to these products ‘are very complex. The preceding section, though,

provides a;guide for understanding the phenomenon.

In the initial step, a primary or secondary electron ionizes or excites a

water molecule according to one of the following eguations (19):
B0 +eT —— H20+ +e] +e'" (ionization)  (8)

H20-+ em — 'HEO*‘ +e'” (excitation) (9)

where eg is a secondary electron and e'™ is simply a lower energy state of the
electron e”. This initial step is often referred to as the physical stage, and

15

has a .duration of 10 ~ sec. or less (20).

,Iﬁ the secona sfage,~theAions, secondafy,electrons, and excited molecules
formed-in-the priﬁéry act react with each other in the spurs or with nearby
neutral water molecules. The iogs formed may react by -ion — electron recombina-
tion, positive ion — negative ioh interaction, or ion — molecule reéctions (13)

according to the following equations:

H20+ + e} ——> H 0% (10)
H20+ + O ————> H,0% + :OH (11)

H20+ + B0 —— H§0+ + < OH (12)



-15-

‘where ey is a thermal electron. The thermal electron occupies the lowest posi-

tion in the energy scale e > e'” > e; > e%, and hence represents the last stage
before the electron disappears by reaction with_other_active species in solution.

The excited water molecule dissociates -immediately:
H,0% ——» H- + -OH (13)

The secondary electrons continue to .ionize and excite water molecules until
they are reduced to thermal electrons. At this time they react with neutral
water molecules or positive water -ions (13). The equations are given as

e *H0 ——e : (14)

- + ¥
ey + H,0 —> H0 _ (15)

where e;q is the hydrated electron. The hydrated electron is simply -an electron
with one or more water molecules associated with it. The positive ends of the
polar water molecules tend to line up toward the electron, thus creating a shell

or cage of water molecules ‘around. the electron.

This second stage, in which the energetically unstable species undergo a
series of transformations, establishes thermal equilibrium in the system and
is referred to as the physical-chemical stage (gg). It -lasts about'lO_ll sec.-
(gg). The net result of the first two stages -is, therefore, the production of H'

and *OH radicals, with perhaps small amounts of H30+ and e_ .

In the third, or chemical stage, the hydrogen and hydroxyl radicals react
with each other or diffuse out of the spurs and react with other -solvent mole-
|
cules to eventually establish chemical equilibrium. The duration of this stage

is lON8 sec. or--longer (gg). At the start of this stage the spurs are 20 to
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50 A. in diameter and consist of ‘2 to 12 radicals (20), which can take part in

any of several reactions. Some of these reactions are given (19):

B o+ B ——H, : ‘ (16)
*OH + -OH ————>H202 (17)
H- .+ -OH —)Heo (18)
"OH + By ——»HO0 + 'H ‘ (19)
H + H,0, — -OH + H,0 (20)
"OH + H,0, ——)HEO + HO, - (21)
2 HO,, — > H,0, + 0, (22)
HO, . + Hzog—;—-) H,0 + 0, + -OH (23)

'The hydrated electron has a half life of only 16 microseconds, but is
believed to be an important intermediate in the radiolysis of aqueous solutions.
For example, the water ion and a -secondary electron may produce hydrogen and

hydroxyl radicals by the following processes (19):

:H20+ + H,0 —— 1-130+ + -OH (24)
HO + el ———>e . (25)
e;qA » H- + OH” (26)
OH™ + H.30+ —— 2H,0 (e7)

The net reaction is:

+ - T ) ‘
H,0" + e —3 H + :0H (28)
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In order for the radicals to react with solute molecules they must diffuse

out of the spurs. Typical reactions with organic solute molecules are given:

H + RCH,0H —> RCHOH + H, (29)
H + HCHO ————3 HCO  + H, (30)
+ OB+RCH, 08 ———— RCHO + B,0 : (31)
- OH+HCHO ——— 3 CHO + H,0 , (32)

:ALCOHOLS

The effect of ionizing radiations on alcohols is to cause fission of one of
the alpha carbon — hydrogen bonds to give a hydrogen atom and a radical which can
elther give a dimer or be oxidized to give a carbonyl compound. This patterﬁ
seems to apply to irradiation of either the pure alcohol or solutions of the

alcohol (2, 3, 21-2k).

McDonell and Newton (2) irradiated several liquid, air-free, aliphatic
alcohols with 28 Mev. alpha particles (helium ions) and obtained aldehydeé and
glycols from primary alcohols, and aldehydes, ketones and glycols from secondary
alcohols and ketones with minor amounts of glycols from tertiary alcohols. Water,
carbon monoxide, hydrogen, and saturated hydrocarbons of one less carbon atom
than the parent alcohol were also formed. Principal bond rupture was at the
carbinol carbon atom, with the reactivity of the carbinol groups exhibiting the

ord. H> C.H > CH,.
rder ol H3

Burr (g) irradiated several deuterated ethanols -and proposed the following
mechanism to account for the products butane-2,3-diol,. butane-1, h=diol, . acet;

aldehyde, diethyl peroxide, l-hydroxyethyl ethyl ether, and 2-hydroxy ethyl ether.
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CHCH, OH ———)CHB.CHOH + H (100%) (33)
H- +,C}I3CHéOH —> H, + CHBCHQO' (80-96%) (34)
H + CH;CH,0H —— H, N .C'JHECHQOH ’-:,(10_20%) (35)
2 CHBCHOH _> (0}1501+10H)2 (36)
2 CHBE:HOH — (C}IBCHOHj | (37)

2
\“ B (38)

2 CH5CH20- ———>CH3CH0 + CHBCHEOH

Jayson, .Scholes, and Weiss (23) and Allen, Hayon, and Weiss (24) irradiated
agueous solutions of ethanol and obtained acetaldehyde and butane-2,3=4iol with
deaerated solutions. With oxygen-saturated solutions, no butane-2,3-diol’. was
obtained. The mechanism postulated involved hydrogen abstraction from the «

carbon atom as shown:

H,0 ———>H + -OH (39)
CH5CH20H + ‘OH ——> CH3CHOH + H0 (40)
CH3CH20H4_ + H — CH50HOH + 1, (41)

-In the absence of oxygen, the ethanol radicals react:

2 CH,CHOH ——— C - cc ho)
% o, & <
C%éHQH + +OH ————)CHBCHO + H,0 (43)

In the presence of oxygen, they react:
O

CH5(.3HOH . 0, ——.~->CH'5-<':HOH S Lo (L)
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H + 0, ——HO,’ (45)
.?2
CHBCHOH + HO" ———)CHBCHO + H,0, +0, (L46)
: :
2 C}%CHOH —_— c%g;{o-o-g(}:IH + 0, (47)

CARBOHYDRATES

Work other than that of Barker, et al. described in the introduction will
be discussed in this section. Phillips (25) gives a summary of the work done

up to 1960 in Advances' in Carbohydrate Chemistry.

The precise nature of the products of irradiation has been studied in consid-
erable detail for carbohydrates in agueous solution. The presence or absence of
oxygen in the solution is important, so precautions must be taken to maintain
either evacuated or oxygenated systems. Apparently, the predominant chemical
reactions are oxidation and scission of carbon-carbon bonds. This is indicated
by the fact that the following compounds have been reported as decomposition
products of glucose by. one or more authors (1, ggfgg): gluconic acid, glucdsone,
arabonic acid, arabinose, erythrose, 1,3-dihydroxy acetone, glycol aldehyde,
glyoxal, formaldehyde, carbon dioxide, and carbon monoxide. . In addition, 2-
oxogluconic acid, lyxose, oxalic acid, and formic acid have been obtained from

mannose (22,,29)-

Yield-dose curves for the products are used to distinguish the primary
products-from the secondary products. -Phillips and Griddle (ég) showed that
-irradiation of deaerated agueous mannose solutions gave mannonic acid, .glucosone,

and two, three, and four-carbon aldehydic fragments as primary products. -In
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the presence of oxygen, though, scission between Cl and 02 took place to give

formaldehyde and arabinose as primary products instead of glucosone (gg).

.Reductones have been proposed as products to account for the absorption
at 265 to 275 mu commonly observed with irradiated carbohydrate solutions (Z,-

21, ég). The proposed mechanism involves hydrogen abstraction:

Oxc—R O~ —R Ox o —R 0 R
H—_%:-OH H- or -OH 'C:J—OH H- or -OH V:C=o\_—_¥ (E-OH |
H-C- OH W H-C- OH ? H-C - OH C - OH

R R | k. R

The most likely reductone formed from glucose would be xyloascorbic acid, although
any enediol structure would likely give the observed absorption in the ultraviolet.
Coleby (32) isolated xyloascorbic acid as a product of the irradiation of glucono-

lactone.

Reduction is generally not reported, but apparently it is possible because
Michelakis (33) reported small amounts of methane and ethane in the gas produced

upon irradiation of an aqueous solution of glucuronic acid.

In an attempt to find the position on the pyranose ring most favorable for
dimerization, Bailey; Barker, .Lloyd, and Moore (34) measured the rate of dimeri-
zation of model tetrahydropyranols. The conclusion reéched was that dimerization
proceeds much more .readily through a primary hydroxyl group than a secondary
hydroxyl group. A similar study (ég) indicated that the rate of_polymerigation
was still greater if a carbonyl group was attacheQ to C6 instead of a primary )
alcohol group. If a secondary hydroxyl group occupied the reducing position of
a pyranose ring, though, polymerization progegded readily{ipresumably'due to the

ready oxidation of this site to the lactone or acid.
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"EXPERIMENTAL METHODS
RADIATION SOURCE

All irradiations were conducted by the High Voltage Engineering Corporation.
Most of the work was done at their Rockford, Illinois laboratory, but one run

was made at their Burlington, Massachusetts ‘laboratory.

A Linac Mark I accelerator, built by Appliéd Radiation Corporation, Oak
Creek, California, was used at Rockford. This is a linear accelerator which is
capable of producing .l to 12 million electron volt (Mev.) electrons. 8.5 Mev.
electrons were used ‘in all the work with this machine, but certain details
differed among -irradiations. For example, a diffused beam was used for the
second irradiation and a scanned beam was used for the fourth irradiation.
These variables could not be avoided, but it is felt that they did not affect
the nature of the product formed to any great extent. . They were simply the
result of a series of'improvéments made on the radiation facilities by the High
Voltage Engineering Corporation personnel. The details of each irradiation are

given in Appendix I.

A series of belts made up the conveyor system at Rockford, as shown in
Fig. 6. The belt which runs under the accelerator-cpuld either be used as part
of a continuous system, or could be used as a reversible cbnveyor; In the latter
case, the samples were'placed on the reversible belt, and passed back and forth
under the beam until the desired dose was built up. Both the continuous and

‘reversible systems were used.

A Van de Graaff "GS" accelerator was used at Burlington. The major differ-

ence between this machine and the linear accelerator is that it produced a .steady
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beam of 1.5 Mev. electrons instead of a pulsed beam of 8.5 Mev. electrons. The

details of this irradiation are also given in Appendix I.

ACCELERATOR

- >
REVERSIBLE BELT

L.

SAFETY WALL SAMPLES ;
: ARE TRANSFERRED

Figure 6. Conveyor Belt at Rockford

High Voltage personnel conducted the dosimetry for each irradiation. Cobalt
glass dosimetry, .which had previously been calibrated by Argonne National ILabora-
tories, was used at Rockford. Blue cellophane, polyvinyl chloride, and the Faraday

cup were used at Burlington.
PREPARATION OF SOLUTIONS FOR IRRADIATION

The two types of containers used for the solutions were polyethylene bags
and glass tubes. These are shown in Fig. 7. No difference was noticed in the

results obtained with the two types of container.

The polyethylene bags were used for most irradiations because they enabled
treatment of a large volume of solution at a minimum sample thickness. . Since
the polyethylene bags are known to be somewhat permeable to oxygén, the glass

tubes were used in the study of the effect of oxygen on the yield of polymer.
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POLYETHYLENE BAG "PILLOW"

GLASS TuBE

Figure 7. Containers for Irradiation

The deaerated glucose solutions were preﬁared by boiling 1.0% glucose
soluﬁions at 100°C. for about 5 min. The flasks were stoppered, cooled to
room temperature, and then placed in a nitrogen box. Oxygen was removed from
the-atmosphere of the nitrogen box until it gave an Orsat analysis for oxygen
of approxiﬁately zero. The polyethylene bags, which had previously been placed
in the nitrogen box, were each filled with 400 ml. of solution and closed by
heat sealing. This gave a ”piliow" measuring approximately 5 by 7-1/2 by 3/L
inches., The bags were stored in the nitrogen box-until the night before the
trip to Rockford, at which time they were sealed in larger polyethylene bags
and removed from the box. Thié provided an atmosphere of nitrogen around the
small bags and therefore cut down the rate of diffusion of oxygen into the solu-

tions during the trip to Rockford.

Just before the bags were removed from the nitrogen box, one bag was opened,
and the oxygen content of the solution measured. The oxygen content was measured

by the short Theriault modification of the Winkler test (éé). ‘Since the presence
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of glucose interfered slightly with the test, a calibration curve was determined

R

to correct the oxygen contents. The correction was small.

The glass tubes were made from 25 by 250 mm. test tubes. Afper alternately
evacuating and filling the glass tubes with nitrogen 3 timeslifhey-were filled
with about 75 ml. of deaerated glucose solution. ¥Finally, the tubes were sealed

off in a gas flame. When the tubes were placed on their side, the solution depth

was about 3/L inch.

One irradiation was conducted with 1.5 Mev. electrons at Burlington, Massa-
chusetts, so this required some modifications. in. sample preparation. Since lower
energy electrons were used, only 100 ml. of solutlon were put into the polyethy—
lene bags. This presented a depth of about l cm. of solutlon to the electron
beam, The bags were packed in 5- gallon druns whlch were~llned with large poly-
ethylene bags.' The drums were. flushed w1th nltrogen before being loaded with
bags of solution, and then after-loading, the large polyethylene bag liners
were heat.sealed shut. The drums ﬁere then seeled and shipped to Burlington

by alr express.
ANALYSIS OF WHOLE IRRADIATED SOLUTIONS -

After irradiation, the solutions were analyzed for pH and solids content.

Solids contents were determined by evaporating a 5sml. aliduot of solution to

dryness at'SO°Cv in vacuo. pH was measured on & Beckman'model H 2 glass elec-

trode pH meter.

Paper chromatography of the irradiated solutions was run in ethyl'acetate —
pyridine — water (8:2:1, v/v) and butanol — acetic acid — water (4:1:5, v/v).

The spots were revealed by dipping the chromatograms in silver nitrate according
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to the method of Trevelyan, .Proctor, and Harrison (21)- Streaked chromatograms
were obtained, but a spot for unreacted glucose and for polymer, which stayed on

the starting line, could generally be detected.

To determine the yield of nondialyzable material, twenty-five milliliter
aliquots of the irradiated solutions were placed in bags made of Fischer dialyzer
tubing (seamleSS'éellulose tubing: Fischer Scientific Company). All dialyzer
tubing was taken from the same roll to minimize the variation of poré size be-
tween pieces of tubing. The bags were immersed in approximately 300 ml. of water
which was changed daily. .Paper chromatography of the solutions in the bags re-|
vealed thét 5 days were sufficient to complete dialysis. The amount of nondi-

alyzable material was found by evaporating an aliquot of the solutions in the

bags to dryness.,

ISOLATION OF POLYMERS

(

The polymers were isolated for characterization by precipitation with ethanol.
The same procedure, .with minor variations, was used for each polymer, so the de-

tailed procedure will be given only for Polymer No. 11.

Five hundred milliliters of whole Solution No. 11 were evaporated almost to
dryness on a rotary evaporator. Compiete dryﬁess was not obtained, since it was
feared that difficulty would be encountered in redissolving the polymer. Another
500 ml. of whole solution were added to the flask, and the evaporation process
repeated. After evaporation again, it was estimated that about 1 ml. of water
remained with the solids. Nine more milliliters of water were added to give a
sirup, and then 450 ml. of absolute ethanol added to precipitate the polymer.

The 45/1 ratio of ethanol/water is quite large, but this was used to maximize

the yield of polymer without precipitating out glucose. The resulting flocculent
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precipitate was separated by centrifugation and then washed twice with 20 ml. of
each of the following: 45/1 ratio of ethanol/water solution, absolute ethanol,
absolute diethyl ether, and low bolling petroleum ether. A few drops of hydro-
chloric acid were added to aid precipitation during the washing steps. With
Polymer 9 the electrolyie was required to get the initial precipitation of polymer
from the ethanol solution. 'Finally, the precipitate was dried ig vacuo ét 50°C;
The absence of simpie sugars in the isolated polymers was verified by paper

chromatography. A yield of 10.2% was obtained for Polymer No. 11.
ANALYSIS OF POLYMERS
"LIGHT SCATTERING

Choice of Solvent

The solubility of Polymer 9 was studied in & number of sol&ents in an
attempt to find a suitable one for light—scattering measurements. The acetate
of Polymer 9 was also made’ by the pyridine — acetic anhydride method of Heyne
and Whistler (§§) and described by Koleske (22), The results of the solubility
tests on the polymer and its acetate are given in Appendix- -IIL. All solutions of
the acetate were so dark colored though,.that they could not be used for light-
scattering measurements. Diﬁethyl sulquide,.formamide, pyridiﬁe,‘and water
dissolved the unacetylated polymer, but the pyridine‘and formamide éolutions
were considerably darker iﬁ color than those of water and dimethyl sulfoxide.
‘Water was chosen over dimethyl sulfoxideAfor most‘of the work because dimethyl
sulfoxide is very hygroscopic and‘wéuld Be exﬁeéted toiﬁick up - -water from the
atmosphere during measurements, thus introduciné poséible.solvent éompiications”‘
(EQ)° 'One run was méde, howeyer,_in 98%idimé;h&i sﬁlfoxide té check the péssiF

bility of aggregation. Two per cen£ water was added”iﬁ an éﬁtempt to reduce the
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‘rate of moisture pickup from the air. Goring &nd Timell (&;) used this technique

with hemicelluloses.

.Although the aqueous solutions of the polymers were amber colored, they
were well within the limits of absorption allowed without having to apply an
absorption correction (53)- This is illuétrated in Fig. 8. Since the most con-
centrated solution of 9 used for light scattering was about 0.1% instead of 0.69%,

.this polymer was also well within the absorption: limits,

50} - NO CORRECTION FOR
' ABSORPTION NECESSARY

@)
| 70 POLYMER 7

Q69 % POLYMER 9

TRANSMITTANCE, %o

20
CORRECTION
FOR ABSORPTION
NECESSARY
|o/ |
(o) ] 1 1 1
o - 10 . 20 30- 40 50 -

' CELL LENGTH, CM.

Figure 8. Transmittance Requirements for
Light Scattering (42)
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Clarification of ‘Solvent

As 1s well known, the removal of dust particles from water is a diffiéult
task. The procedure finally adopted in this work was repeated filtration Qf
‘distilled water through a 2500 A, Polypore filter. A Polypore pressure filtra-'
tion funnel was used to filter the water about 12 times, aftér which it was |
collected in a small separatory funnel. For the highest molecular weight mater-
ial, the solvent exhibited a turbidity of less than 1% of the value for a 0.1%
solution. For the lower molecular weight materials, the turbidity of the solvent
was a larger percentage since the scattering of the solutions was less. Usually
the solvent exhibited a turbidity of roughly 6% that of a 1.0% solution of
Polymer 11. The dissymmetry of the clarified water was generally in the range
of 1.2 to 1.8. Alth&ugh this 'is rather high, it spparently did not effect the

dissymmetry measurements on the polymer which lay in the range 1.05 to 1.20.

Clarification of Solutions

Solutions of the polymers were made up to approximately 1.0% in distilled
water and then centrifuged in a laboratory centrifuge eqﬁipped with.a high-speed
head* which produced a centrifugal force of about 12,000 g. The solutions were
carefully removed from the centrifuge cells with a syringe, énd placed in the
Polypore filtering apparatus. The solutions were filtered through 4500 A.
pore size Polypore filters 5 times, with the last filtration being made directly
into the light-scattering cell. A sample of the last filtrate was taken for a

solids content determination.

In some cases the solvent was filtered directly into the light-scattering

cell, and the solution into the small separatory funnel, When this was done,

¥International -Equipment Company part No. 296, 4 place, 40° angle head. .Maximum
radius 6.4 cm., minimum radius 2.5 cm., average radius 4.95 cm.
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solution was added to the solvent for light-scattering measurements instead of
the solvent being added to the solution. The methods were found to be equally

satisfactory.

Light-Scattering Apparatus

Light-scattering'measurqments were made on.a Brice—Phoenix Photometer (Series
1937). Since the poiymer'solutions exhibited very high abéorption with light of

436 mu wavelength, measurements were made with 546 mu wavelength light.

The light-scattering instrument was calibrated earlier by'Swgnson (43) and
other workers (39, 44). As a further check, the Rayleigh ratio, 590 = (3T/l6n),
was determined for benzene, where 7 1s fhe turbidity exhibited by benzene. - A
velue of 16.9 x 10—6 was obtained for 590, ﬁhich checks favorably with the iiter-
ature (45). As another check, the molecular weié£t of McCormick's B-3 poly-

, styrene (&é) was measured in toluene. The data, given in Apﬁendix ITI, gives

a molecular weight within 10% of the value reported by McCormick.

Calcuiations

Molecular weights were calculated by Debye's method of dissymmetry (4o, L2,

47, L48) which employs the equation:

(48)

where M is the weight average molecular weight, T the excess turbidity due to
the dissolved‘polymer, ¢ the concentration of Polymer in g./ml. and Ae'the second
virial coefficient. _fe is a correction factor which depends on the size and shape

of the particle as well as the angle of observation, 6, and H is a constant given

by the following equation for 546 mp light:
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H = 6.18 x 1077 ni (dn/dc)2 . (L49)

where Eo is the refractive index of the solvent and dn/gg_the refractive index

gradient. The apparent turbidity of the solutions was calculated from:

G )
7 =1.21 (n°Rv/Re) a F 629 = (50)
: o]
where 990/90 is the ratio of galvanometer deflections for the light scattered at

90° and O°;'EAis the product of the transmittances of the neutral filters used

in determining the scattering ratio; a is a constant relating the working standard
to the opal glass reference standard; n is the refractive ipdex of the solvent,
'BE/BS~iS an experimentally determined correction for incomplete compensation of
refraction effects, and r/r' is a calibration factor relating the small light-
scattering cell to the large cell. The excess turbidity, upon which the molecuj
lar weight depends, is the apparent turbidity of the solution minus that of the

sqlvent.

To determine the molecular weight, EE/T is plotted against ¢ and the y inter-
cept equated to l/MBQ. For 90° scattering, -then, the apparent molecular weight is

calculated from:

1 1
M= intercept X P9O (51)

A value for l/g90 is determined from the dissymmetry of scattering,.Z, which is

the ratio of scattering intensities at 45 and 135°. Dissymmetry was calculated

G G
4 7 - 0 /solution o0 /solvent
= = =
G 155> 6 153
G G .
0 solution 0 solvent

from the equation:

\n

[p]

(52)
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Since Z is a function of concentration, it must be extrapolated to zero concentra-
tion to get the intrinsic ‘dissymmetry [Z]. Beattie and Booth (49) have tabulated
values of 1/290 as a function of [Z] for different shaped particles. For values
of [2] less than 2.0, there is very little difference in 1/1_390 for coils, rods,
spheres, or disks. The tables of Beattie and Booth (49) are for monomolecular
solutions, ‘but in another publication (50) they treat polymolecular systems of
‘coils. For values of [Z] less than 2.0, the values of 1/29O for monomolecular
and most polymolecular systems differ by less than 10%. Therefore, in this
thesis, values of l/__90 were taken from Beattie and Booth's values for mono-
molecular spherical molecules. The reason for choosing a spherical shape will

be apparent later.

If appreciable fluorescence is present, turbidities and molecular weights
will be too high unless the scattering ratios are corrected for fluorescence.
Brice, et al. (51) developed a method for correcting the scattering ratio for
fluorescence. If the ratio of the horizontal component to the vertical component
of the scattered light is approximately equal to the ratio for the fluorescent

light, the corrected scattering ratio, CSR, may be calculated from the equation:

G G
CSR = 0.5 F—gg - F_QQ
o’ a’
o /solution o/ solvent

solutlon solvent

solution < 90>solven1 AR

(53)
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where gg indicates measurements taken with an auwxilary cut off filter and placed
between the cell and the phototube, and H and V represent the horizontal and
vertical components of the light. The horizontal and vertical components are
measured by placing a Polaroid lers between the cell and the'photometer tube.

The corrected scattering ratio replaces 990/90 in Equation (51).

In the absence of fluorescence, the llght scattered at 90° will be completely
,polarlzed in the vertlcal plane if the partlcles are 1sotrop1c 4‘For anlsotroplc
partlcles,.however, in which the polarlzabllltles along various dlrectlons in the
particle are not equal the scattered llght will not be perfectly polawlzed in the
vertical direction, but will exhibit a weak component in the horlzontal direction.

The depolarization factors were calculated by the equation:

"~
G
_ 9
GH
solutlon " No ‘“solvent

= (54)
90 : - [p=20
v GV
o /solution o “solvent

i

Values of p, were extrapolated to- zero concentration, to give (pﬁ)o,.which

enabled calculation of the Cabannes factor, C,s by the following Equation (48):

c —'6-7(%)@ ' (55)

¢

The apparent'molecular weight is multiplied by the Cabaﬁnes factor to obtain
the true molecular-ﬁeight. The Cabannes_féctor generally has a value greater
than 0.9, and thus imparts a correctioniof less than_lo%_to'phe molecular weight.
Although the Cabannes‘fector Was not . intended for use with solutions that exhibit

fluorescence, the correction was applied-to the data on .Polymer 11. Results were
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obtained which were similar to those obtained on the same polymer by applying

the fluorescence correction alone, thus supporting the accuracy of Brice's method.

A1l calculations were carried out with the aid of the I.B.M. 1620 computer.

Refractive Index Gradieqt

.The refractive index gradient, gg/QE, was measured, in most cases, on a
Rayleigh interferometer (Baird.Associates, Cambridge, Mass.) at 546 mp. Inter-
ference fringes were matched at several concentrations, and QQ/QE calculated from

the relation (39):

dn/dc = [(D-Do)/lw] AJe L (56)

where
D = instrument drum reading for the solution
Po = instrument drum reading for the solvent
A = wavelength of light used; 5.46 x 107 cm.
é = solution concentration, g./ml.

L = cell length; 1.00 cm.

Plots of (D - Qo) versus ¢ were made and a straight line drawn through the
points. In cases where the straight line did not pass through the origin, a
parallel line was drawn through the origin and points taken from this line for

use in the above equation. A sample calculation is given in Appendix IV.

Tbe solutions of Polymer 9 in water and dimethyl sulfoxide possessed enough
color éo that itvwas difficult to match the fringes on the Rayleigh interferometer.
In these cases, the refractive index of several solutions of different concen-
tration was measured with a Bausch and Lomb dipping refractometer, and 99/99
obtained from a plot of refractive index versus concentration. White.light was

used as a source, and the temperature was held at 25°C. by means of a circulating
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water bath. The A prism was used with the water solution and the D prism with

the 98% dimethyl sulfoxide solution. The data are given in Appendix IV.
OSMOMETRY

Osmometer

A Mechirolab ModeI 501 High'Speed-Membrane:Osmometer was used for all osmotic
pressure measuremenﬁs.'iThis is a dyndmic method, and the principle of operation
is shown in ‘Fig. 9. Solvent flow through the membrane is detected by focusing an
optical system on the section of capillary where a small bubble has been intro-
duced. The light intensity changes éharply with movement of the air bubble. With
aqueous solutions it is necessary toAcoat the capillary with a small amount of
wetting agent to obtain smooth movement of the buﬁbie (Eg). Pluronic L-62
(Wyandotte Chemical Company) was. used in.this work. The change of light intensity
activates a servo motor which adjusts the pressure on the bottom of the membrane
by adjusting the height of the elevator. A counter reads the position of the
elevator, and the osmotic pressure is the difference between the reading for the
solution and the pure solvent. A Sargent Recorder S-T72150 was used to record the

position of the ele&ator.

Dynamic measurement of osmotic pressure offers advantages over the static
method. In addition to greatly increasing the speed of measurements, it increases
the accuracy of measurement where molecules are present which can permeate the
membrane (éi),. This is because measurement is made before the molecuies have
that a measﬁrement should be made as soon as possible after putting the solution
into the osmoﬁeter.' The pressure ébéerved will be less than the theoretical
osmotic pressure, because of the Staverman effect (53, 58, 59), but will be closer

to the theoretical pressure.than values obtained by the static method. The
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Staverman effect is the observation that molecules capable of permeating the
membrane do not contribute their full share to the osmotic pressure even if they

have not permeated the membrane at the time of measurement.

. —SERVO DRIVEN ELEVATOR

h o OSMOTIC PRESSURE

l :,AMPLIFIER
~SOLUTION
V///

<— MEMBRANE

BUBBLE SOLVENT

OPTICAL
DETECTOR
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, munnnnnnnunnnnununnnn.nnnnunuunnnnnnnnnunnnnunn

Figure 9. Mechrolab High Speed Membrane Osmometer.
(Courtesy of Mechrolab, Inc., Mountain View, Cal.)
Solutions
In order to reduce the polyelectrolyte effect (60-62) the polymers -
were dissolved in 0.33N potassium chloride and neutralized to approximately pH

T with a few drops of 0.1N potassium hydroxide. All solutions were made up by

weight.
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Membranes

After some exploratory work with S & S 0-7, 0-8, B-19, and B-20 membranes
(Schleicher and Schuell Company, Keene, New Hampshire) the B-20 membrane was
chosen. The B series membranes are recommended for aqueous solutions, and B-20

has an average pore size of 50 A.

Calculations

The concentration dependehce of the osmoticgpreséure is represented by the
series:

7

LS %% (1 + Ac + Be® + cens) (57)

where n is the osmotic pressure in g./sq. cm., ¢ the concentration in g./cc.,
R the gas constant, T the absolute temperature, M the molecular weight, and A
and B the second and third virial coefficients. The molecular weight 'is calcu-

lated from the equation:

RT 8.315 x 10/

L L .
M —= = X . (58)
(ﬂ/c)odlg 980.7 (n/dj@dl
where 91 is the density of the solvent and g is the acceleration due to gravity.

The subscript zero indicates that the value n/c must be taken at zero concen-
tration. The equation can be simplified by making up the solutions by weight

(i;e., c is in g./kg.). For a temperature of 37°C., the simplified equation

becomes:
M = 26 300
- Znicio -
VISCOMETRY

Viscosities were measured at SO.dOOTi 0.0bfdc.\iﬁ'é Ubbelohde viséometer,

Cannon size 50, of the small volume type. The specific viscosity, nsp, was

calculated from the efflux times by the equation:
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where t is the efflux time for the solutien and Eo that for the solvent. The
intrinsic viscosity [n], was obtained by extrapolation of a plot of TEP/E
versus ¢ to zero concentration, according to the following definition of in-
trinsic viscosity:

In] = 1im (nsp/C) (60)

c?»0

where ¢ is the concentration in grams per deciliter.

Since the difference in efflux time between the solutions and‘solvent was
a mere 2 to 3 seconds for most solutions, there was some scatter to the data.
The scatter was minimized, though, by plotting (nsp/g) versus ¢ on semilogarithmic
graph paper, as is often done. It was not felt tﬂgt going to a size 25 viscometer
wou}d increase the difference in efflux times between the solvent and solution -
enough to justify the expected increase'in difficulty in maintaining a clean
viscometer. Reproducible data could be obtained with the size 50 viscometer only
if it was cleaned scrupulously with alcohollic potassium hydroxide followed by
hydrogen peroxide — hydrochloric acid cleaning solution before each measurement.
Each concentration was made up separatély by weight, and the measurement made in

a clean viscometer.

The kinetic energy correction was calculated by the following equation from

Timell (63) and Schulz (64):

+ 1 (61)

where nsp is the apparent specific viscosity,1]ip the corrected value, t the

efflux time of the solution in seconds, and Eo the efflux time of the solvent.

Eo is calculated from the formula:
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M4 -V
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F

(62)

where m, the kinetic energy coefficient, is-given the value unity, 90 is the
density of the solvent, V-the volume of the viscometer bulb in cec., ﬂo the vis-
cosity of the solyeﬁt in poises,~_§o the efflux time of the solvent in seconds,
and L the length. of the capillary in cm. Since the kinetic correctien changed

the value for the specific viscosity by less than 0.5%, it was neglected.
CHEMICAL MEASUREMENTS

Elemental analyses were performed in duplicate by the Geller Microanalytical
Laboratories, Charleston, West Virginia. Carbon was measured as COE’ hydrogen as
HEO’ and oxygen by difference. The analyses were corrected for ash where appli-

cable.

Carboxyl groups were measured by potentiometric titration with 0.0lN sodium
hydroxide. Nitrogen was passed over the solutions during titration to preven?
any reaétion,with carbon dioxide in the air. The end poinf was taken as the'y
position of maximum slope in the pH versus ml. of titrant curve. The pH at tﬁe-
end point varied from about 6.5 to 7.5, depending on the particular polymer
titrated. 'Polymer-9 gave such a poor titration curve that the carboxyl content

could not be determined.

‘Infrared absorpticn spectra were run on a Perkin-Elmer Model 21 recording
spectrophotometer. Sodium chloride optics were used, and the samples were run in

s0lid potassium bromide pellets.

Ultravielet absorption spectra were measured in'aqueous solution on =

Beckman DK-2 recording spectrophotometer.
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FRACTIONATION

Fractionation Procedure

Fractionation was perfo;med on Sephadex, manufactured by AB Pharmacia,
Uppsala, Sweden. Sephadex is a cross-linked dextran gel which has been used to
succes;fully fractionate proteins (QEFQZ):4';~. oligosaccharides (éé);'and poly-
saccharides (§2). It comes in several pore sizes, and the proper pore size is
selected according to the molecular weight range of the material to be fractionated.
A column chromatographic procedure’is generally employed in which the lbﬁer
molecular weight molecules diffuse selectively into the smaller pores of the
Sephadex, and hence take a longer time to reach the bottom of the celumn. The
larger meolecules are excluded from the small pores and come out in the early
fractions. Molecules which are excluded from all the pores come out in the void
volume of the column. The void volume is usually determined by measuring the
elution volume for a high molecular weiéht solute which is known to be completely

excluded from the gel.

Sephédex was chosen over precipitation for fractionation because exploratory
work with precipitation indicated that difficulty would be encountered in obtaining
~an even welght distribution among the fractions. Sephadex also has the advantage
that, if free of adsorption effects, it comes close to separating molecules on the
basis of size alone. Precipitation depends on solubility which is also affected
by ‘the chemical composition and physical form of the material. The use of eluents
containing salts has been found to improve the separation of acidic oligosaccharides
(éé). Exploratory work with Polymer 11, though, indicated that similar results

were obtained in the presence and absence of salt.

About 2 g. of Polymer 11 were dissolved in 100 ml. of water and subjected

to the clarification procedure described in the light-scattering section. Some
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dilution of the sample was necessary to avoid sample loss during clarification.
A 100-ml. aliquot of the solution containing 1.5550 g. of polymgr was placed on
a h-l/2 by 15 in. column of Sephadex G525, and elution started with distilled
water. ©Since the solute was colored, it was easy to follow its progress as it
passed down the column. Soluté started to“afpear in the effluent afte£'1260 ml.
had been coellected. This is clese to the veid volume figure of 1300 ml.Awhich
was quoted for this particular coluﬁn (Zg). Two hund?ed milliliter fractions

were collected until a tetal of 10 fractions had been collected. This accounted

for 95.4% of the solids placed on the column.

The supernatant liquid left from the ethanol precipitatien eof Polymer 11 was

also fractienated on the column of Sephadex G-25. A similar precedure was used.

Analysis of the Fractions

The pH of each fraction was measured, and the solids content determined by
evapofation of an aliquot to dryness. The polymers in éach fraction were iso-
lated by freeze-drying and the molecular weights measured by light scattering and
osmemetry. Elemental*analyéés, infrared and ultraviolet abserption spectra, and

carboxyl content were also determined on each fraction.
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RESULTS AND DISCUSSION
THE EFFECT OF DIFFERENT CONDITIONS OF IRRADIATION

DOSE

The yield of polymer, measured as either the amount of nondialyzable
material, the amount of ethanol precipitate, or the amount of immobile material
on s paper chromatogram, increased with dose. The effect of dose on the amount

of nondialyzable material and ethanol precipitate is shown in Fig. 10.
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Figure 10. The Effect of Dose on Yield of Polymer. Data
are on Samples 5, 6, and 7

It also appears that the average molecular weight of the polymer increases
with dose. The above data on the yield of hondialyzable material suggests that
the molecules grow in size as they receivé a higher dosage. A large increase in
nondialyzable material is obtained in going frem 20 to 4O Mrads, as if this
represents a threshold at which many more molecules become large enough to be
stopped by the dialysis membrane. Work on some of the other polymers isolated
by ethanol precipitation indicated that, as a general rule, the average molecular

weight increased as the yield of ethanol precipitate increased. This is shown

in Table III.
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Infrared absorption spectra, given in Fig. 11, show the total carbonyl
absorption in the region 1760 - 1720 cm.;l to increase with dose. The two poly-
mers were formed under idéﬁtical conditiogs except}fhat one received a dose of
20 Mrads and the other 40 Mrads. In a later section the absorption in this
region will be shown to be due to at least two types of carbonyl, the absorption

of which both increase as the polymer grows in size.
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Figure 11. Infrared Absorption ‘Spectra of Polymers 10 and 11
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DOSE RATE

The effect of different dese rates on the yield'of polymer is shown in

Table II.
TABLE IT
THE EFFECT OF DOSE RATE ON YIELD
Total Dese: 20 Mrad
Sample No. Dose Rate Nondialyzable Material,_%
10 1 Mrad/pass; 1 pass/5.5 min. 0.8
6 1 Mrad/pass; 1 pass/0.78 min. 2.7
8 4 Mrad/pass; 1 pass/3.12 min. 2.8
Total Dose: 40 Mrad
Dose Réte
11 1 Mrad/pass; 1 pass/5.5 min. 3.8
12 2 Mrad/pass; 1 pass/5.5 min. 3.2
7 1 Mrad/pass; 1 pass/0.77 min. 21.3
13, 2 Mrad/pass; 1 pass/0.6 min. 28.7
.9 1 Mrad/pass; 1 pass/0.64 min. - 60.0

aIrradiation conducted at Burlington on the Van de Graaff accelerator; all
others at Rockford on the linear accelerator.

It can be seen that, in general, increasing the dose rate increased the
yileld of polymer. When the fregquency of the passes under the beam was increased
(compare Samples 10 and 6 or 11 and.7), a larger yield was obtained. The apparent
inconsistencies between Samples 6 and 8 and between 11 and 12 are thought to be
due to the shortcomings of dialysis as a measure of polymer yield. Increasing
the dose rate would tend to increase the concentration of hydrogen and hydroxyl
free radicals in solution, which in turn would tend to increase the concentration
of sugar free radicals. This would make coupling of the free radicals more
likely, and hence .increase the yield of polymer. The high yield of polymer from

the Burlington treatment can be accounted for by a similar explanation. The
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steady beam at Burlington would tend to give a higher concentration of free
radicals than a pulsed beam, and also the rate of energy loss per unit path length
is greater for the 1.5 Mev. electrons used at Burlington than for the 8.5 Mev.

electrons used at Rockford [see Equation (1)].

The other factor that must be considefed in analyzing the effect of dose
rate is that the heat built up in the samples was greater at the higher dose
rates. All irradiations were conducted at ambient temperature, with no temper-
ature control. Higher temperatures would be expected te increase the mobility

of the sugar radicals, and thus make coupling more likely.

The molecular weights of three polymers each made at 4O Mrad but different
dose ratesare given in Table III. The same explanation used for the effect on

yield can be used to explain the effect of dose rate on molecular weight.

TABLE IIT

THE EFFECT OF DOSE RATE ON YIELD AND MOLECULAR WEIGHT

Total Dese: 40 Mrad

Yield, % Light -Scattering

Polymer Dose Rate ethanol ppt. Molecular Weight
11 1 Mrad/pass; 1 pass/5.5 min. 10.2 9,800
T 1 Mrad/pass; 1 pass/O.7T7 min. 16.6 140,000
9 1 Mrad/pass; 1 pass/0.64 min. 41.8 5,000,000

The effect of dosé rate found in this work is exactly oppesite to the effect
reported for more' conventional free radical polymerizations. For example,
Collinson and Swallow (21), report that increésing tHe dose rate lowers the rate
of polymerization of styrene bécause it increases the rate of chain termination
by initiating radicals. Increasing the tempersture ‘of a convehtional free radical
polymerizatior also usually lowers the molecular weight due to an increasé in the

rate of chain termination (60):- "However, the ‘proposed mécharism for radiation-induced
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polymerization of glucose is the very mechanism by which the more conventional
free radical polymerizations are terminated — i.e., by free radical coupling.
The data on the effect of dose rate, therefore, support the proposed mechanism
of hydrogen abstraction from the carbohydrate followed by coupling of free

radicals.
OXYGEN CONTENT OF THE SOLUTIONS

The effect of small amounts of dissolved oxygen on the yield of polymer is

given in Table IV.

TABLE IV

THE EFFECT OF OXYGEN

Sample No. Oxygen Content, p.p.m. Nondialyzable Material, %
1 0.6 1.2
L 7.8 2.9

Both samples were irradiated to 20 Mrads in glass tubes. The low yields of
Table IV are typical of the 20-Mrad treatment. The difference in yield between
the two samples is thought to be due to variation in pore size between pleces of -
dialyzer tubing rather than to the effect of oxygen. The fact that polymer was
obtained in the presence of oxygen is surprising since other workers (l—ig) using
gamma -rays have found the presence of oxygen to inhibit polymerization. Appar-
ently, at the high doses and dose rates employed in this work, the small amounts
of dissolved oxygen are used up early in the process, and subsequent reactions

occur as if oxygen were absent.
GLUCOSE CONCENTRATION

From Table V it can be seen that the per cent yield of polymer dropped by a

factor of roughly 10 when going from a 1.0% to a 10.0% glucose solution.
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TABLE V

THE EFFECT OF GLUCOSE CONCENTRATION

Nondialyzable
Sample No. Concentration, % ~ Material, %
1 1.0 1.2
3 : 10.0 0.09
Both.irradiations were to 20 Mrad at 1 Mrad/pass and 1 pass/.782

min.

This is the result predicted for an indirect mechanism where the radiation
decomposes the solvent molecules, and the resulting products attack the solute

molecules (16).
THE PHYSICAL NATURE OF THE MOLECULES

The molecular weights and intrinsic viscosities for three of the polymers

formed at 40 Mrads are summarized in Table VI.

TABLE VI
MOLECULAR WEIGHT AND VISCOSITY DATA ON WHOLE POLYMERS

Molecular Weight,

Polymer @g/@g Z light scattering (nl, dl./g.
11 0.166 1.1 9,800 ' 0.02k4
7 0.200 1.6 140,000 0.026
9. 0.215 2.35 5,000,000 0.205
9 -0.135 1.7 2,500,000

Measured in 98% dimethyl sulfoxide; all others in water.
MOLECULAR WEIGHT

Light-scattering measurements on the‘polymers indicated that they were of
much higher molecular weight than previously imagined. Barker, Lloyd, and Stacey
(T1) suggested that, on the basis of viscosity measurements, their polymer had a

molecular weight in the range 1200 to 4000. This was a very rough approximatien,
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for, as they pointed out, no reliable constants were available for estimation of
molecular weight from viscosity data. The molecular weights given by Barker, et

al. would correspond to a degree of polymerization of 6 tc 22, and would hence
border on the range of an oligosaccharide rather than a true high polymer. .Light-
scattering measurements on Polymers 11, 7, and 9 in water and 9 in 98% dimethyl
sulfoxide indicate that the materials are truly high polymers. The light-scattering

data are presented in Fig. 12 through 16.

Vérf‘ioﬁ second virial éoefficieﬁts were obtained for the polymers in water,
thus indicating very little polymer — solvent interaction (Eg). The polymer is
apparently on the threshold of precipitation as evidenced by the negative second
virial coefficients noticed for Polymers 11 and 9. Other authors (43, 72) have
attributed negative second virial coefficients to éggregation effects, and
Tanford (73) presents a theoretical discussion which predicts negative coefficients
where aggregation takes place. The fact that a molecular weight of 2,500,000 was
obtained in 98% dimethyl sulfoxide in comparison to 5,000,000 in water indicates
that although some aggregation did occur in water, the polymer is indeed of very
high molecular weight. The higher second virial coefficient obtained in 98% di-

methyl sulfoxide indicates a more highly solvent-swollen molecule in this solvent.

The values for gg/gg in Table VI increase with molecular weight, reflecting
a change in the chemical composition of the molecules with molecular weight. The
same result was found with the fractions of Polymer 11, which will be discussed in

a later section.

A test fér fluorescence on Polymers 7 and 9 indicated a negligible amount of
fluorescence. However,. Polymer ll,zthe lowest molecular weight polymer,
exhibited a great deal of fluorescence. Therefore, for Polymer 11 the 90°
scattering ratios were corrected for fluorescence by the method of Brice, et

al. (2;). For comparison purposes, plots of gg/T versus c are given using
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both the coerrected and unéorrected scattering ratios. The fact that Polymer-11
exhibited fluorescence and Polymers T and 9 did not is puzzling. The only major
difference between the three appears to be molecular weight. However, Moacanin,
et al. (74) noticed that fluorescence was greater for low molecular weight ligno-
sulfonate molecules than for higher molecular weight ones. The same thing appéars‘

to be true for the system studied in this thesis.

The number average molecular weight of Polymer 11, measured on the membrane
osmometer, was 2000. The accuracy of this value was confirmed by measurements on
a vapor-pressure osmometer, as described in Appendix VI. Since the welght average
molecular weight was 9800, this gives an ﬁ%/ﬁﬁ ratio of 4.9, which is quite
reasonable for branched melecules. For a ;ér;;l distribution of linear polymers,
a ratieo of 2.0 would be expected, but as the disfribution gets broader, a larger
ratio is expected (Zz), In fact, Flory (ég) and Erlander and French (ZZ) have
applied a statistical analysis to the molecular weight distribution of branched
molecules and concluded that the ratio E%/Eh becomes very large for broad dis-
tribution of highly branched molecules s;éh—és amylopectin and glycegen. Data on

the weight average and number average molecular weights on polymers in the 1it-

erature is presented in Table VII, along with that for Polymer 11.

TABLE VIT

COMPARISON OF WEIGHT AND NUMBER AVERAGE MOLECULAR WEIGHTS

% b e B
Polymer Light Scattering Osmometry '
‘Polymer 11 9,800 2,000 4.9
Polyacrylonitrile-pelyvinyl ‘
acetate copolymer (76) 435,000 40,800 10.6
Branched polyethylene_(ZZ) 350,000 32,000 10.9

Starch amylepectin (78) 80,000,000 300,000 267
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It appears then, that the melecular weight distribution of Pelymer 11 is
broader than a normal distribution, but. is sharper than many branched pelymers

reported in the literature.
EVIDENCE FOR BRANCHING

Although the polymers had high light-scattering molecular weights, they had
very low intrinsic viscesities. This is shown in Fig. 17. The possibility of a
“high moelecular weightlcompound with a low intrinsicjviscoéity is Quite reasenable
when tﬁe properties of highly branched molecules are considered. Highly branched
molecules retain low intrinsic viscosities even'at‘high.molecular weights. Fo;
example, Goring (125 obtained an intrinsic viscosity eof 0.08 dl./g{ for a. dioexane-
hydrochloric acid lignin molecule of 50,000 melecular weight in pyridine. Simi-
larly, Greenwoed and ﬁobertson (§9) report an intrinsic viscesity of 0.10 dl./g.
for glycogen of 4,800,000 molecular weight in 1.0N potassium hydroxide. Methyl-

ation studies on this material indicated that there were approximately 2500

branches per molecule (i.e., a branch every 10 anhydreglucose units).
. t ’ ¢ '

Goring's (Zg, §£) conception of the lignin molecule is that of a molecule
so highly branched that it assumes a spherical shape in solution. For hard,

nonswelling spheres, the intrinsic viscosity is given by

(n] = 0.025 V

where i is the specific velume of the material. The intrinsic viscosity is seen
to depend only on the specific velume and not the size of the spheres. When the
sphere 1s a macromolecule cemprised of a porous, solvent-swollen network, ?

becomes the volume of the swollen macromolecule per unit weight of solute. Thus,

f, and hence [n], increases with the swelling of the melecule in the solvent.
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The results on polymers formed by irradiation of glucoese solutions suggest
that the configuration of the molecule lies somewhere between that of a hard
sphere and a random coll. The low second virial coefficients obtained in the

light -scattering work are consistent with this hypethesis.
THE POLYELECTROLYTE EFFECT

Osmomet ry

A marked polyelectrolyte effect was encountered in the osmotic pressure
measurements, as shown in Fig. 18. 1In one case the polymer was dissolved in
water to give a solutien of pH 2.5; in another case it was dissolved. in 0.33N
potassium chloride and partially neutralized; and in the third case it was
dissolved in 0.33N potassium chloride and neutralized to pH 7.3. It can be seen
from the figure that negative slopes were obtained unless the polymer was run in
the presence of salt and also neutralized. The curve for the waﬁer solution is
below the others because a more porous membrane was used which apparently led to
diffusien and a.large Staverman effect. In water, apparently hydrogen ions
dissociate from the carboxyl groups as dilution proceeds and thus act as separate
osmotic species to-cause spurious results. If the polymer is neutralized and run

in the presence of salt, normal results are obtained.

Other authors (§9,’§l, 62) have also found it necessary to run polyelectrolytes
in the presence of salt., For example, Strauss and Foss (él) found the ratie of
ﬁ/g to increase with dilution when poly—h—vinyl-E-E—butylpyridinium bromide was
run in 93% ethanol solution. The explanation given was that at the more dilute
concentrations the bromide ipns diffused awgy from the pelymer and acted as a
separate osmotic species. The addition of lithium bromide sﬁppressed the
dissociation, and gave results similar tb those for a neutral polymer. In
addition to producing a slightly positive slope, the addition of the salt shifted

the curve to slightly lower osmotic pressure valués.
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Light Scattering

It. is customary to dissolve polyelectrolytes in salt solution for light-
scattering measurements (40) to reduce the interaction between solute molecules.

Because of the electrostatic repulsion of like charges, the distance of closest

approach of two ionized molecules in solution is greater than that of twe molecules.

in the nonpolar systems. This restriction places some degree of order on the
system, and there is a decrease in the extent of concentration fluctuations.
Since the theory of light scattering is based on refractive index fluctuations,
and hence concentration fluctuations, the scattering of interacting molecules is
less than the theoretical value. For example, Guinand, et al. (82) found the
intensity of the 90° scattering of polyacr&lic acid to be l/SOth the value for
the unionized. acid. Doty and Steiner (gé, §£) developed a theory for charged
macromolecules, and found it to fit qualitatively the light-scattering measure-
ments taken on bovine serum albumin. The latter ié a protein which carries s
charge of about 50 protons per molecule. The authors found the gg/T versus ¢
plot for bovine serum albumin to rise steeply from the intercept at zero concen-
tration, then bend over and gradually become horizontal at higher cencentrations.
In addition, the dissymmetry fell sharply from unity at zero concentration,
passed through a minimum, and then rose slowly at higher concentrations. When
the material was dissolved in salt, interaction between the solute molecules was

reduced and normal light-scattering results were obtained.

Light -scattering measurements were taken on Polymer 11, Fraction 2 under
three conditions: (1) dissolved in water, (2) dissolved. in 0.33N potassium
chloride, and (3) dissolved in 0.32N potassium chloride and neutralized to pH

7.8. The results-are given in Fig. 19 through 21. The data points based on
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the scattering ratio corrected for fluorescence were rather erratic, as seen in
Fig. 19. The maximum devigtion in gg/T in Fig. 19 is such that the molecular
weights differed. by about 25%. Plots of EE/T versus ¢ using the uncorrected
scattering ratio typically gave plots with little deviation. It can be seen
from Fig. 19-21 that the peculiar results obtained by Doty and Steiner were not
obtained for the polymer in water. Greater negative slopes were obtéined in the
EE/T versus ¢ curves in the presence of salt, suggesting that more aggfegation

. occurred under these conditions. Anacker, et al. (§2) found the degree of
aggregation of dodecyltrimethylammonium bromide to increase in the presence of
salt. The molecular weights calculated from the corrected scattering ratios

are given for Polymer 11, Fraction 2 in Table VIII.

TABLE VIII

THE EFFECT OF SALT ON LIGHT SCATTERING

Conditions of Measurement Molecular Weight
Dissolved in water; pH 2.5 12,000
Dissolved in 0.33N KCl; pH 2.7 22,000
Dissolved in 0.33N KC1; pH. 7.8 19,000

Since the peculiar results noted by Doty and Steiner were not obtained, and
since the degree of aggregation appeared to be greater in the presence of salt,
no more light-scattering work was done in the presence of salt. It is believed
the salt had littie effect on the light-scattering results because the charge
per molecule was much less than that for the bovine serum albumin. Titration
data indicated the maximum number of carboxyl groups expected per molecule was

about 19 for Polymer 11.
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Figure 19. Light-Scattering Data on Polymer 11, Fraction 2 in Water
PH = 2.5

Viscometry
Usually, with polyelectrolytes, the charges on the molecules cause them to

expand in dilute solution, thus giving a viscosity larger'than would be expected

~ for the molecule in the absence of charge,(ég)."The ratio nsp/g often increases

with dilition 1 such a manner that the curve appears asymptotic to the ordinate
axis. The addition of salf to the system usually stppressés the effect, and

normal curves are obtained.

As seen from Fig, 17, although no attempt was made to suppress the poly-
electrolyte effect with salt, the linear plots suggest that polyelectrolyte effects
upon viscosity were negligible. Apparently, the molecules are too highly branched

and compact to expand significently during dilution.
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FRACTTIONATION

The solids distribution obtained upoﬂ fractionation of Polymer 11 is shown
in Fig. 22. The manufacturers of Sephadex claim that, as a general rule, mole-
cules larger than‘ 5,000 in moiecular Veight should be excluded from G-25 gel and
hence come out in the void volume of the célumn, which in this case was 1300 ml.
If a dilution factor of 2/1 is assumed, Fraction 1 would be expected to be of
molecular weight greater than 5,000, Fraction 2 about 5,000, and Fraction 3 slightly
less than 5,000, etc. Too many other factors are involved to apply the rule strict-
ly, but it may be used as a rough approximation. The fact that the diagram is
skewed toward the early fractions indicsates that most of the material was of higher

molecular weight.
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Figure 22, Fractionation of Polymer 11 on Sephadex G-25. Void Volume
of the Colum = 1300 ml,
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The molecular weights of the fractions were measured by light scattering
and osmometry. The results are sqmmarized in Table IX. The osmometry data are
given in Fig. 23. Since the light-scattering plots for the fractions are similar

to those already presented, they are glven in Appendix V.

TABLE IX

MOLECULAR WEIGHT DETERMINATTIONS ON FRACTIONS OF POLYMER 11

o —

M M
Yield, ¥, -4,
Fraction g. gg/QQ (2] light scattering osmometry
1 .3100 .185 S 1.10 13,000 4,900
2 .L260 167 1.25 12,000 3,800
3 .32k0 . 165 1.05 " 4,200 - 2,900
i .17ko! .16% 2.00 21,000 :
5 .0780 2,200
whole
polymer 166 1.10 9,800 2,000

The fractions after Fraction 5 contalned too little materisl for molecular
weight determinations, but they would be expected to follow the same trend
established in thé first five fractions. The high dissymmetry found for Fraction
4 indicates that dust was probebly present in this sample, so the high light-
gcattering molecular weight for Fraction U4 should be discounted. Such high
sensitivity settings for the photometer were required with these low molecular
velght materials that the readings vere exceptionally sensitive to small amounts

of dust.

The values for @g/@g were determined very carefully, as shown by the sample
calculation in Appendix IV, As was the cese with the whole polymers, dn/de in-
cresses with molecular weight, thus indiecating a variation in chemiecal composition
among the fraetions., Any of the chemleal changes that occur in the molecule ag it
grows in size could account for the.change iﬁ ég/ég. 'fhese changes will be dis=

cussed later.
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The value of 2,000 for the molecular weight of the whole polymer determined
by osmometry is reasonable when it is recalled that 10 fractions were taken, and
that the number average molecular weight is very sensitive to small amounts of

low molecular weight material.

The osmometry data of Table IX clearly indicate that fractionation by
molecular weight was obtained on the Sephadex column. The ratios of E%/Eﬁ
for the fractions range from about 1.4 to 3.2, and are therefore less fhan the

ratio of 4.9 for the whole polymer. As expected, the fractions are apparently

less polymolecular than the whole polymer.
THE CHEMICAL NATURE OF THE MOLECULES
COMPARISON OF THE POLYMERS WITH THOSE OF BARKER ET AL.

Since the net effect of the passage of gamma-rays and electrons through
matter is considered to be similar, the polymers produced in this thesis would
be expected to be similar in over-all nature to those produced by Barker, et al.
(1). An indication of this is the fact that the results of an attempted acid
hydrolysis were 'similar to those reported by Barker, et al. Polymer 2 was
treated with 1N hydrochloric acid-at 100°C. for three hours, during which time
the solution darkened and a brown precipitate gradually formed. The infrared
absorption spectrum of the precipitate is shown in Fig. 24, and can be seen to
be similar to that of the original material except for a slight decrease in.the
intensity of the carbeonyl absorption. Paper chromatography of the neutralized
supernatant liquid in ethyl acetate — pyridine — water (8:2:1 v/v) indicated
a large spot of immobile material. No glucose was found, but a very light
streak was present indicating the possiﬁle presence of trace éméﬁnts of mobile

material.
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The fact that the polymers produced in this work are similar to those of
‘ Barker, et al. is conclusively demonstrated by examination of the infrared ab-
sorption spectrum of-a sample of Dr. Barker's pelymer (7l) shown in Fig. ok,
The spectrum is similar to that of Polymer 2 except for a slight difference in

intensity of carbenyl abserptien.

For comparisen purposes,"curves for glucose; cellulese, and starch areApre—
sented in Fig. 25. It can beAseen that the absorption spectrum for the radiation-
induced pelymer is less detailed than those for glucose, cellulose, and starch,
which indicates that it is chemically more complex than the naturally occurring
materials. Perhaps more than one monomer is incorporated into the polymer, and
perhaps more than one type of pelymeric linkage is involved. From the. carbonyl
absorption at approximately l7é0 cﬁ.-l, the radistion-induced polymers appear to
be more highly oxidized than the naturally occurring polymers. The carbonyl band
is quite broad, suggesting thé'presence of more than one kind of carbonyl group.

This was shown to be the case by fractionation of Polymer 11.

The infrared absorption spectrum can be used to reveal information on the
possible presence of unsaturation in the radiation-induced polymer. In contrast
to the strong carbonyl absorption in the infrared, thé c=C sﬁretching vibration
gives rise only to a weak band in nonconjugated compounds (88). The pesition of
this band is generally 1680-1620 em. r. In considering carbon-carbon double
bonds it is often helpful to look in the region 690-970 cm.-l for C-H out-of -
plane deformatioq bands. The exact position of absorption in this region depends
on the substitution at the double bond, and as the degree of substitution in-
creases, the numbér of characteristic frequencies is reduced. Unsaturation in

completely substituted elefins of the nature RlREC::CR3RM is very difficult to
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detect, as the only remaining characteristic frequency is the C=C stretching mode,
the intensity of which is considerably reduced by the symmetry around the double

bond.

Polymer 2 can be seen to absorb weakly at 1630 cm._l, but this is also the
region of absorption of water, which is very likely present in trace amounts.
Examination of the 690-970 cm.m--l region eliminates all double bonds except the

completely substituted type,. of which an enediol would be the most likely.

Free OH stretching gives rise to a sharp absorption band in the region
3650-3590 cm.-l. Intermolecular hydrogen bonding decreases the frequency to
3400-3200 em. T and broadens the absorption peak. As seen from Fig. 24 and 25

1

all the compounds considered exhibit broad absorption at approximately 3370 cm. s

indicating intermolecular hydrogen bonding.
ANALYSIS OF FRACTIONS

The chemical properties of the fractions of Polymer 11 were studied in an
attempt to further elucidate the structure of the polymer. A necessary assumption
in this analysis is that the high molecular weight materiasl is formed from the
low molecular weight materisl. Since all evidence points to the fact that a more
severe radiation treatment gives a higher molecular weight product, this assump-

tion seems reasonable.

Carboxyl Content

The carboxyl content of the fractions is plotted in Fig. 26. The fraction
numbers are plotted in reverse order so that the molecular weight increases in
the plot from left to right. The carboxyl groups are seen to be associated mainly

with the higher molecular weight material, and hence are thought to be the result




-T1-

of a secondary reaction which takes place on the molecule as it grows in size.
If the polymer was a polymer of gluconic acid as postulated by Barker, et al.
(l, §), the carboxyl content of the fractions would be expected to be about the

same.

COOH, %o
w
l

o
o IR T N N B R
o 9 8 7 6 5 4 3 2 |

FRACTION NUMBER (M. W.—»)

Figure 26. Carboxyl Content of the Fractions of Polymer no., 11
(Fractions 10 and 4 Were Not Measured Because of Insufficient Semple)

Infrared Absorption Spectra

The infrared absorption spectra, glven in Fig. 27, show that as the molecular

welght of the polymer increases, the carbonyl absorption band increases in intensity
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and gradually splits into two peaks. Since the carboxyl content increases with
molecular weight, it would be expected that the peak at 1720 cm.-l was due to

the carboxyl group. This falls into the range of 1725-1700 cm._l quoted by
Bellamy (88) for saturated aliphatic acids. The peak at 1760 cm.'l, though, is
too high to be in the normal aldehyde or ketone range, but is in the range of
esters and lactones. Bellamy gives l7h0-l720 and 1725-1705 cm."l as the position
for saturated aldehydes and ketones, respectively, and 1750-1735 and 1780-1760
cm.-l for & and 7 lactones, respectively. The lactone is considered more likely
than an ester because the polymer is resistant to acidic and alkaline hydrolysis
(1), and because Barker, Lloyd, and Stacey (8) found evidence of lactone formation
in the polymer. Sodium borohydride reduction by the method for lactones (Qg) re-
duced the intensity of the pesk at 1760 cm.-l, but left a peak at 1730 cm.-l.

The pesk at 1620 cmx._l is due to the salt of a carboxylic acid.

Ultraviolet Absorption Spectra

The absorption of the fractions in the ultraviolet i1s shown in Fig. 28.
The spectra show a maximum at 264 mp, which is within the region of 2607270 my
reported by Barker, et al. (l). The fact that the absorption extends out intb the
visible region of the spectrum suggests the presence of a doublé bond conjugated
with the carbonyl group. Carbonyl groups in themselves do not cause absorption

in the visible region.

The specific extinction coefficient at 265 mu was calculated for each
fraction and‘is plotted in Fig. 29. If the absorption ét 265 mp is due to an
enediol struéture as suggested by Grant and Ward (7), the production of the
enediol Increases with molecular weight; most likely this is the result of radical

attack on the polymer molecule as it grows in size.
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Figure 28. Ultraviolet Absorption Spectra fﬁr'Fractions of Polymer 11
(Concentration = 1.8 x 10-% g./ml.)

Elemental Analyses

The results of the elemental asnalyses on the fractlions are glven in Table

X and Fig. 30. For comparison purposes, the elemental compositions of some per-

tinent carbohydrates are given in Table XI.
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Figure 29. The Specific Extinction Coefficient at 265 mu for Fractions
of Polymer 11

The elemental analyses of the low molecular weight fractions come closeét
to fitting the composition of gluconolactone. Surprisingly enbugh the okygen
content of the fractions decreases with molecular weight in spite of the fact
that the carboxyl content increases. At the same time the carbon content in-

creases probably as a result of the loss of hydrogen and oxygen.
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TABLE X

ELEMENTAL ANALYSIS OF POLYMER 11

Fraction Carbon, % Hydrogen, % Oxygen, %%
1 46.13 5.42 48.41
2 Lk, 53 5.54 49.93
3 45,19 5.64 9,17
5 L 32 5.65 50.03
6 Ly, o5 5.61 50.14
7 Ly, 82 5.27 49,91
8 o, ok 5.56 52.21
9 41.75 5.76 52.80
10 41.35 5.80 52.85

aBy difference.

TABLE XTI

ELEMENTAL COMPOSITION OF CARBOHYDRATES

Compound c, % H, % 0, %
Glucose Lo.o 6.7 53%.3%
Gluconic acid 36.7 6.1 57.1
Gluconolactone L4o.h 5.6 5%.9

If the ratio of moles of hydrogen per mole of carbon and the ratio of
moles of oxygen per mole of carbon are plotted against the fraction number, the
results shown in Fig. 31 are obtained. The only way the loss of oxygen can be
accounted for is by the loss of hydroxyl groups or oxygen-rich fragments such as
carbon dioxide or formic acid. Dehydration could account for some of the oxygen
loss, but not all of it. If dehydration alone were taking place, the slope of
the plot for the loss of oxygen would be one-half that for the loss of hydrogen.
" If carbon dioxide were lost from gluconolactone, the carbon content would increase

to 4k.8% and the oxygen content would decrease to 47.T%.
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The elemental analysis and infrared data both appear to be consistent with
the hypothesis that gluconolactone is incorpoerated into the polymer in the early
stages of formatien. Although>neither gluconic acid or gluconolactone were iso-
lated as products of irradiation in this study, other workers (Z) gz) have es-
tablished gluconic acid as a product. Also, it may be recalled that Barker, et
al. (}) obtained slightly a larger yield of polymer from gluconolactone than from

glucose.
FRACTIONATION OF THE SUPERNATANT FROM ETHANOL PRECIPITATION

The supernatant left from the ethanol precipitation of Polymer 11 was
fractionated on the column of G—é5 Sephadex. An approximately nermal distri-
bution of selids was obtalined among the 20 fractions taken. Paper chromatography
showed that unreacted glucose appeared in Fraction 7 and lasted through Fraction

14, A low molecular weight acidic material appeared in Fractions 8 through 17.

The polymers in Fractions 1 through 6 showed the same trends in carboxyl
content, elemental analyses, and ultraviolet and infrared absorption spectra as
noted for the polymers precipitated by the ethanol. The molecular weight of
Fraction 1 was estimated by osmometry to be about the same as that for Fraction 4
of the ethanol precipitate. The original ethanol precipitation apparently did

not give a sharp fractionation on the basis of molecular weight alone.
MISCELLANEOUS NEW CHEMICAL INFORMATION

During the course of the thesis several miscellaneous chemical tests were
run on the polymers. The results of these tests do not contribute to the main

theme of the thesis, but should be reported for the benefit of other workers in
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the field. This work may be considered supplementary to the more extensive chemi-

cal analysis by Barker, et al. (1).

Molisch Test

Glucose and Polymers 9 and 7 were each subjected simultaneously to the
Molisch test for carbohydrates. The test employs a-naphthol in the presence of
sulfuric acld, and gives a pink.color with monosaccharides, oligosaccharides,
and many polysaccharides. The color is due to condensation products between Q-
naphthol and furfural or hydroxymethyl furfural. Functional derivatives, such

as acids, do not give a test.

Polymers 7 and 9 gave negative tests. This is not surprising though, when
it is recalled that the polymer 1s resistant to acid hydrolysis, thus preventing

the formstion of furfural or hydroxymethyl furfural.

Optical Rotation

Polymer 7 exhibited no detectable optical rotation when a 0.26% agueous
solution was examined with sodium light on a Zeiss Winkel polarimeter., This is
somewhat surprising since the naturally occurring peolysaccharides are usually
optically active. For examﬁle, soluble starch and glycogen have specific ro-
tations of + 375 and 366°, respectively, in aqueous solution (90). Cellulose has
a specific rotation of -46° in a 1:1 mixture of water and Triton B (90). It may
be that the polymer is heterogeneous enocugh that the optical rotations of different

portions of the molecule cancel each other, and the net effect is no rotation.

Treatment with Hydrobromlc Acid

The treatment used by Hough, Jones, and Wadman (2;) to demethylate methylated
sugars was tried on Polymer 11. The polymer was dissolved in h?% hydrebremic acid

and heated on a bolling water bath for 2 hours. During the heating a dérk brown
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precipitate formed similar to that noted upon treatment with 1N hydrochloric acid.
After neutralization, paper chremategraphy of the supernatant liquid revealed a
trace of material which was apparently glucose. The yield, estimated by visual

observation, was about 0.2%.

The results suggest the presence of a small number of ether linkages in the
polymer. Since the yield was very low, though, most of the linkages are still

thought to be carbon-carbon bonds.
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CONCLUSIONS

Irradiation of aqueous glucose solutions with high enérgy electrons pro-
duces a highly branched, high molecular weight, acidic polymer. Molecular
weights can be produced which are much higher than previously expected, and are

definitely in the high polymer range.

A wide range of molecular weights may be produced, depending on the con-
ditions of irfadiation, For example, the weight average molecular weights of
the polymers produced in this thesis ranged from 9,800 to 5,000,000. Increasing
either the dese or the dese rate appears to increase the molecular weight of the
product. As would be expected, the distribution of molecular weights within a
given product is quite breoad. For instance, the pelymer which had a 9,800 weight
average molecular weight had a number average molecular weight of 2,000, thus

giving a ﬁ%!ﬁg_ratioyof'h.9.

In addition to being heterogeneous with respect to melecular weight, the
polymers are heterogeneous in chemical composition. The carboxyl content in-
creases with molecular weight and is therefore thought to be the result of
secondary attack on the molecule which takes place as it grows in size. This
is opposed to the earlier hypothesis that the repeating monomer unit during the
initial stages of pelymerization was gluconic acid. Infrared spectroscopy and
elemental analysis data are consistent with the hypothesis that gluconolactone is
incorporated into the polymer in the early stages of formation. Secondary attack
then results in the formation of carboxyl groups, enediol groups, and the loss

of oxygen-rich fragments.
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SUGGESTIONS FOR FUTURE WORK

A tremendous amount of work remains to be done befere the system is fully
understood, but the most immediate work that is needed is a more thorough
chemical analysis of the fractions of the polymer. Hydroxyl and carbonyl content
and periodate oxidation data would contribute significantly to the knowledge of

the nature of the changes that take place in the molecule as it grows in size.

All the experimental facts pointing toward a carbon-carbon bond in the
polymer are negative evidence (i.e., resistance to hydrelysis, etc.). In order
to pinpoint the nature and location of the polymeric bond, dimers will have to
be isolated and studied. Brooks (gg) has suggested that periodate oxidation of

dimers formed from L-mannose might shed some light in this area.

In interpreting the results of the analysis of the fractions, it was
necessary to assume that fhe high molecular weight material was derived from
the low molecular weight material. A check on this would be to irradiate a
solution of lew molecular weight polymer to see if & high molecular welght
polymer is formed. Analysis of the solution feor lew molecular weight fragments

would indicate the nature of the radiation-induced degradation.

Temperature control of the solutions during irradiation would enable one to
separate this variable in the effect of dose rate on the molecular weight of the
product. A series of irradiations at different temperatures and different dose

rates would be necessary to establish the effect of each variable.




During the course of the laboratory work, the solutions and polymers were
each given a hyphenated number.
research notebook on which the sample was first described, and the second
number referred to the particular sample on that page.

ferred to Sample 5 on page 67. TFor the written thesis the polymers are re-

numbered as follows:

01d Number

67-5
67-9
68-1
70-1
71-1
71-2
T1-3
T1-k
125-1

341
3h-2
34-3
3L -4

_8h-

POLYMER NOMENCLATURE

Research
Notebook
No. 2101

Research
Notebook
No. 2215

The first number referred to the page of the

New Number

\O O~ W\ =\ O =

11
12

13

For example, 67-5 re-
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APPENDIX I
TRRADIATION DATA:"

SAMPIES 1, 2, 3, 4, 5, 6, 7, AND 8

Solution concentration: 1.0% except 3 which was 10.0%.

Containers: glass tubes for 1, 2, 3, and 4; polyethylene bags for 5, 6, 7, and 8.
Oxygen content of the solutions: 0.6 p.p.m. for all except 4 which had 7.8 p.p.m.
Date of irradiation: October 22, 1962.

Location: Reckford, Ill.

Type of machine: Linac Mark T.

Energy of electrons: 8.5 Mev.

Average beam current: 4O pa.

Width of beam: 6 inches; diffused

Pulse rate: 120 p.p.s.

Distance of samples from beam window: 14-3/L in.

Dose rate: 1 Mrad/pass except for 8 which was 4 Mrad/pass

Dosimetry: cobalt glass

Conveyor speed: 31 in./min, except for 8 which was 7.75 in./min.

Distance of conveyor travel before reversing directions: 24 in.

Dose: Sevecveoscscooscsossosasssoscocoaasas .10 Mrad

1, 3, 4, 6, and 8........ Cheeeeeas 20 Mrad

2 ANA Teverrrrornnnseonosooenoonsns 4O Mrad
SAMPLE 9

Solution concentration: 1.0%
Containers: polyethylene bags
Oxygen content of solutions: 0.8 p.p.m.

Date of irradiation: March 1, 1963
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Location: .Burlington, Mass.

Type of machine: . Van de Graaff "GS"

Energy of electrons: 1.5 Mev.

Beam current: 1.0 ma.

Width of beam: 13 inches; scanned

Distance of samples from beam window: 6 in.

Dose rate: 1 Mrad/pass

Dosimetry: MSC 300 blue cellephane, polyvinyl chloride, and Faraday Cup
Conveyor speed: 93 in./min.

Distance of conveyer travel before reversing directien: 24 in.

Dose: LO Mrad
SAMPLES 10, 11, 12, AND 13

Selution concentratien: 1.0%

Containers: polyethylene bags for 10, 11, and 12; glass tubes for 13.

Oxygen content. of solutions: 1.8 p.p.m. for 10, 11, and 12; 0.6 p.p.m. for 13.

Date of irradiation: June 14, 1963

Location: Rockferd, Il1l.

Type of machine: Linac Mark I

Energy of electrons: 8.5 Mev.

Average beam current: 35 pa. for 10, and ll; 70 ua; for 12 and 13.

Width of beam: 18 inches; scanned.

Pulse rate: 60 p.p.s. for 10 and 11; 120 p.p.s. for 12 and 13.

Distance of samples from beam window: 7 inches for 10, 11, and 12; 5.5‘inches -
for 13.

Dose rate: 1 Mrad/pass for 10 and 11; 2 Mrad/pass for 12 and. 13.
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A continuous conveyor system was used for 10, 11, and 12 with the samples
travelling at 31 in./min. and passing under the beam every 5.5 min. The
reversible cenveyor, which traveled at 31 in./min. and reversed direction
every 18 in. was used for 13.

Dosimetry: cobalt glass

Dose: 10.:ccoococoscoscnoccscosess 20 Mrad
11, 12, and 13...ccccccosa. 4o Mrad
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APPENDIX IT

SOLUBILITY STUDIES

An attempt was made to dissolve Polymer 9 and its acetate in several sol-

vents. The results are given in Table XII.

TABLE XII

SOLUBILITY OF POLYMER 9 AND ITS ACETATE

Solvent o) Reference Polymer 9 Acetate
Water 23,4 (93) S I
Pormamide 20.5 (93) S S
Ethanol 12.7 (93) I I
Nitromethane 12.6 (93) I I
Dimethyl sulfexide 12.6 (93) S
Acetonitrile 11.9 (9%3) I T
1,3-Dichlore-2-prepanol 10.8 (9k) P P
Pyridine 10.7 (93) S S
o-Chlorophenol 10.6 (9k) P P
Tetrachloroethane 10.2 (39) I I
Acetone 10.0 (93) I I
Ethyl lactate 10.0 (39) P I
Dimethyl formamide 9.6 (39) P S
2-Butanone 9.4 (oL) I I
Chloroform 9.3 (93) I I
Diethyl ether 7.5 (93) I I
3-Bromo-1-propanol 5.6 (ok) P P
Trifluorocethanol T I S
Tetrahydrofuran I
Diglyme I
S = soluble
P = partially soluble
I = insoluble

The tests were performed by placing a pinch of the solute in a 10 by 75-mm.
test tube and adding about 1 ml. of the solvent. The selute was judged insoluble
if it remained undisselved and there was no appreciable coloration of the solvent.

When soluble, the material dissolved completely leaving no residual precipitate.
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If, after standing overnight, part of the polymer had dissolved but swbllen pieces
remained, the material was listed as partially soluble. Also listed in Table

XIT are the solubility parameters, ©O. The solubility parameter is a measure of
the cohesive energy of the solvent and is calculated from the energy of wvapori-
zation at zero pressure and the molar volume of the liquid (22). As seen from
Table XII, there does not seem to be any correlation between the solubility
parameter and the solubility of the acetate. This was also noted by Koleske

(22) in his work with guaran triacetate. There does, however, seem to be a larger
number of solvents for the original polymer among solvents with a high selubility
parameter. In order to dissolve the acetate in trifluoroethanol, it was necessary
to use the freshly prepared acetate. If allowed to stand for a period of time, it
became resiétant‘to solution. Also, after a month or so, the dry unacetylated
polymer became resistant to solution in water, presumably due to infermolecular

hydrogen bonding.
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APPENDIX ITI
LIGHT-SCATTERING DATA ON B-3 POLYSTYRENE

The performance of the light -scattering apparatus was checked by determining
the molecular weight of B-3 Polystyrene in toluene. The data give a molecular
weight of 234,000 (Fig. 32) which is within 10% of the value of 214,000 obtained

by McCormick (46) by sedimentation velocity experiments.

14—
12—
«%2 10}
x -
v .
\_
I sl—
| /4.65 X 10~6 = 215,000
6
p I I U I I B
0 2 4 6 8 10 12
CONCENTRATION X 103 G./ML.
1.5
N [z} =113
215,000 X 1.09 = 234,000 -
o [ OoT 0010l | |

0 2 4 6 8 10 I2

CONCENTRATION X 103 G./ML.
Figure 32. Light—Scattering Data on B-3 Polystyrene in Toluene
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APPENDIX IV

REFRACTIVE INDEX GRADIENT DATA

The refractive index gradient data measured with the dipping refractometer

is given in Fig. 33 and 3L4.

O
1.33400—
1.33350—
g
1.33300
1.33250F | ‘ | | | l A
0 I 2 3 4 5 6 7
CONCENTRATION, G./I00 ML.
Figure 33. Determination of dn/dc for Polymer 9 in Water
1.43950
-

1.43900

1.43850

RS I W N TR I TN U DA M S
0 .2 4 6 8 1.0 1.2

CONCENTRATION, G./I100 ML.
Figure 34. Determination of dn/dc for Polymer 9 in 98% Dimethyl Sulfoxide
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A sample calculation is given for the determination of gg/QE with the Rayleigh

interferometer. ‘ -
200
V)
Z
E% I50H—
w
0 d
2
o |
ral 100
-
)
2
50—
()“’ l 1 l 1 | 1 l ] l 1 l [l

o .2 .4 6 8 1.0 1.2
CONCENTRATION X 103 G./ML.
Figure 35. Rayleigh Interferometer Readings for Fraction 1 of Polymer 11
in Water
Since the line through the data points did not pass through the origin, a
parallel line was drawn through the origin. This line was used for the cal-
culation. |

- Net drum reading x wavelength of light
de 47 x concentration

92 x 5.46 x 10~
47 x 0.58 x 1077

= 0.185
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APPENDIX V

LIGHT-SCATTERING DATA ON FRACTIONS OF POLYMER 11
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o 2 4 6 8 - 10
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Figure 36. Light-Scattering Data on Fraction 1 of Polymer 11
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Figure 37. Light-Scattering Data on Fraction 2 of Polymer 11
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Figure 39. Light-Scattering-Data on Fraction 4 of Polymer- 1l
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APPENDIX VI

DETERMINATION OF MOLECULAR WEIGHTS WITH THE VAPOR PRESSURE OSMOMETER

Samples of whole Polymer 11 and Fraction 2 of Polymer 11 were sent to
Mechrolab, Inc., Mountain View, Cal. for determination of molecular weight on
their Model 301A Vapor Pressure Osmometer. In this osmometer, a sample of
solution and pure solvent are introduced into a temperature-controlled enclosure
which is saturated with solvent vapor.. Since the vapor pressqre of the solution
is lower than thaf of the solvent, solvent vapor condenses on the solution, caus-
ing its temperature to rise. The change in temperature is measured by a thermistor,
and the molecular weight of the solute calculated from the Clausius-Clapeyron

equation.

The molecular weight of the whole polymer was measured in water by Mechrolab,
and a value of 1600 obtained. The value obtained on the membrane osmometer fdr

this sample dissolved in 0.33N potassium chloride and neutralized was 2000.

Insufficient material was available to run more than one concentration of
Fraction 2 of Polymer 11 on the vapor pressure osmometer, but the molecular weight
calculated from the one data point was 2300. The value obtained on the membrane

osmometer was 3800.

The conclusion reached by Mechrolab, Inc., was that the molecular weights

obtained for the polymers on the membrane osmometer were very realistic.



