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B. With Ferric Oxide.—A similar experiment conducted
with a mixture prepared from 7 g. of glycolide, 7 g. of chloro-
acetic acid, 28 g. of naphthalene and 50 mg. of ferric oxide
yielded 5 g. of less pure acid, m.p. 108-110°.
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The preparation of partially substituted starch carbamates both in anhydrpus pyridine and jn aqueous medium is described.
Gelatinization-resistant starches result when as little as one hexamethylenedicarbamyl cross-link for each 500 anhydroglucose
units is introduced. Many of the starch carbamates still show the cross under polarized light and are microscopically in-

distinguishable from untreated corn starch.

In our recent publications the preparation and
properties of completely substituted carbamate
esters of several polysaccharides with phenyl
isocyanate and with a-naphthyl isocyanate have
been described.? The general lack of information
concerning the reactions of isocyanates with amy-
laceous polysaccharides also was indicated. This
paper reports the reaction of starch with hexa-
methylene diisocyanate, 2,4-tolylene diisocyanate,
and with quantities of phenyl isocyanate such that
less than complete substitution occurs.

Experimental

Materials.—The corn starch used was a high-grade com-
mercial product. The potato starch was extracted at this
Laboratory with distilled water from No. 1 commercial-
grade Michigan potatoes. Phenyl isocyanate was East-
man Kodak Company white label grade used without fur-
ther purification. The difunctional isocyanates were ob-
tained from E. I. du Pont de Nemours and Company and
were redistilled under reduced pressure before use. Their
purities, determined by the method of Stagg,* were between
95 and 100%,. Commercial pyridine (2° boiling range) was
dried for several weeks over solid sodium hydroxide pellets
and redistilled before use.

Preparation of Starch Carbamates in Pyridine.—Starch
was usually dried by distilling pyridine from it until no more
pyridine-water azeotrope could be removed. More anhy-
drous pyridine or other solvent was then added when de-
sired, followed by the isocyanate, and reaction was carried
out in an oil-bath, maintained at 100° for 6 hours. The
product was isolated by pouring the reaction mixture into
ethyl alcohol, washing the carbamated starch several times
with ethyl alcohol, and drying. Analysis for nitrogen was
by the Kjeldahl procedure.

Reaction of Starch with Isocyanates in Aqueous Medium.
—To a stirred mixture of 100 g. of starch (asis basis) in 400
ml. of water, adjusted to the desired pH, was added the de-
sired quantity of isocyanate. The suspension was allowed
to stir for 2 hours, following which the product was sepa-
rated by filtration, washed three times with water by alter-
nate suspension and filtration, and finally allowed to air dry.

Measurement of Extent of Swelling of Products.—The
amount of swelling undergone by starch carbamates in hot
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water was measured as follows: Two grams (as-is basis) of
the substance, contained in a graduated 40-ml. centrifuge
tube, was suspended in sufficient water to make a total
volume of 40 ml. and the mixture was stirred for 20 minutes
in a steam-bath. The voltme of the swollen granules was
read after a 24-hour settling period.

Results

Reaction of Starch with Phenyl Isocyanate.—
When 0.03 to 0.5 mole of phenyl isocyanate per
base mole of starch was used, substantially all of
the added reagent combined with the starch (see
Table I). As the degree of substitution increased,
progressively greater granule damage was evident.
While sample C still appeared microscopically like
unchanged starch, some of the granules in D showed
an enlargement of the hilum. In E and F increas-
ing amounts of amorphous material were noted
although many granules containing the cross in
polarized light were still present.

TaBLE I

ReacTiON OF 25 G. (AIR-DRY Basis) CORN STARCH WITH
INSUFFICIENT AMOUNTS OF PHENYL ISOCYANATE FOR COM-
PLETE SUBSTITUTION (100°, 6 HOURS)

Mole CsHsNCO/ Degree of
anhydroglucose N content substitution,
Product unit of product® acyl per Cs
A 0.03 0.25 0.03
B .07 .45 .05
C .13 .48 .06
D .27 1.56 .21
E .40 2.51 .37
F .53 3.28 .53

s Corrected for 0.03%, N in the original starch.

A progressive change was also noted in the X-ray
diffraction patterns of these materials. Sample C
had a typical “A” X-ray diffraction pattern. In
D the “A” pattern was still present but the back-
ground was appreciably stronger and a ring close
to the so-called 16 A. ring of the “B’’ starch pattern
appeared. This new ring became stronger in E,
and in F it appeared to have the same intensity as
the strongest line of the “A” part of the pattern.

All of the above materials had a hydrophobic
surface, evidenced by their tendency to float on
water and to become wetted only with difficulty.

- Products A through C pasted in hot water, although
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starch; 2, product B, Table II;
product J, Table II.

3, product P, Table IT;

less smoothly than did the original starch. The
granules in products D, E and F swelled consider-
ably but readily settled on standing. The swollen
granules from 2 g. occupied 16, 13 and 11 ml., re-
spectively.

The carbanilate grouping possessed no toxicity
to cultures of Aspergillus oryzae, Penicilliunv ex-
pansum and A. niger, all of which grew well on a
medium containing the modified starches C and D
as carbon sources, in the presence of a suitable
inorganic salt mixture.

A starch carbanilate having a degree of sub-
stitution of 1.43, and showing a minimum amount
of granule damage was obtained by use of a reaction
medium consisting of pyridine and diamyl ether
(1:4 by volume) and containing 6 moles of phenyl
isocyanate per mole of starch (24 hours at 100°).
This product was incompletely soluble in any or-
ganic solvent tried, although it dissolved partially
in pyridine, morpholine, dioxane, acetone, ethyl
acetate and diethyl cellosolve. Approximately half
of the granules still showed the cross under polar-
1zed light. In the swelling test described above the
granules occupied a volume of 10 ml.

Substantially no reaction occurred between
starch and phenyl isocyanate in toluene, triethyl-
amine, or dimethylbenzylamine as replacement
reaction media for pyridine. Since the reaction of
aromatic 1socyanates with aliphatic alcohols is
base catalyzed,>® the failure of the other tertiary
amines to effect reaction indicates a specific acti-
vating effect of pyridine, which places the starchina
favorable condition for reaction. Lohmar and
Rist” have observed a similar phenomenon in
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Fig. 1.—Appearance of gelatinization-resistant starches (2 g.) after heating in water
for 20 minutes at 100° and allowing to settle for 24 hours: 1, control, unmodified corn
4, product E, Table II; 5,
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studies on the acetylation and
phosphorylation of starch.

Reaction of Starch with
Difunctional Isocyanates in
Anhydrous Media.—Experi-
ments on the reaction of
starch with hexamethylene
diisocyanate and toluene 2,4-
diisocyanate are summarized
in Table II. During the
course of the reaction the
starch granules either re-
mained unchanged in appear-
ance or became slightly swol-
len. The products, however,
after treatment with ethanol
were free-flowing, white pow-
ders which were microscopi-
cally indistinguishable from
the original starch.

It is evident from the data
of Table I1 that, in the lowest
ranges of substitution, the
— nitrogen analyses are too high
since the substitution indi-
cated by that analysis ex-
ceeds the amount that it was
possible to introduce (con-
sidering the amount of re-
agent added). This is undoubtedly due to traces of
adsorbed pyridine, or to inaccuracies of the micro-
Kjeldahl analyses in this low range. Of the prod-
ucts treated with hexamethylene diisocyanate,
only A and K formed hydrogels in 59, concentra-
tion. Thus, for this derivative approximately 1
cross-link per 500 anhydroglucose residues is suffi-
cient to inhibit complete granule gelatinization.
With 2,4-tolylene diisocyanate a much higher
degree of substitution is needed to confer water

TABLE II
REACTIUN OF STARCH WITH DIISUCYAN ATES IN Dry Pvyri-
DINE
Glucose residues
per cross bridge
Wt.
starch N Caled. from
- content, N re-
Prod- air-dry Re- % dry con- agent
uct basis agent? MI. basis tent addedd
A 125 HD 0.1  0.15 114 1150
B 25 HD .05 .19 91 448
(¢ 25 HD ! .24 71 224
D 25 HD 2b .33 50 89
E 25 HD o] .43 38 46
F 25 HD 1.0 .67 25 22
G 25 HD 2.0 1.15 14 11
H 25 HD 2.0 0.65 25 11
] 25 HD 10.0 2.31 6.5 2
K 25° HD 5.0 0.08 213 4.5
L 125 TD 0.25 0.17 101 403
M 125 TD 2.0 0.32 53 50
N 25 T 2.0 1.15 14 10
P 75 TD 10.0 2.38 6 6
R 25° TD 5.0 0.08 213 4

¢ HD = Hexamethylene diisocyanate; TD = 2, 4-tolyl-
ene diisocyanate. ? Potato starch used in this experiment.
¢ Toluene used as reaction medium. ¢ Assuming complete
reaction.
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resistance since even product M, having 50 chain
units per cross-link, formed a gel in the standard
swelling test. Perhaps the hexamethylenedicar-
bamyl cross-link fastens the starch chains into a
more rigid position than the 2,4-tolylene bridge.
Also, some of the 2,4-tolylene diisocyanate may
react unifunctionally. Larger quantities of iso-
cyanates confer a graded increase in the water
resistance of corn starch as shown in Fig. 1. The
granules in product J were swollen only a negligible
amount in water at 100° and very little additional
swelling occurred in an autoclave at 120°.

Under identical reaction conditions potato starch
was substituted only ome-half as much as corn
starch by hexamethylene diisocyanate. The num-
ber of hydroxyl groups in the granule available for
this reaction is thus variable for these two starch
varieties.

Reaction of Corn Starch with Diisocyanates in
Aqueous Medium.—Although isocyanates nor-
mally react with water to form substituted ureas,
reactions have in some instances been carried out
between isocyanates and amines in aqueous solu-
tion.! It was found that the gelatinization of
starch could be profoundly modified by reaction
with a diisocyanate in water. The effect of differ-
ent reaction variables on the gelatinization be-
havior of corn starch is shown in Table III. From
these data it can be seen that hexamethylene diiso-
cyanate is more efficient than 2,4-tolylene diiso-
cyanate in rendering starch swell-resistant.
Equally good products can be obtained by use of
reaction time periods from 5 minutes to 2 hours
and temperatures from 5 to 50°. No advantage
accrues from using 5%, as much reagent as starch
instead of 19,. The pH of the reaction mixture is
important, the optimum effect being obtained at
pH 10.5. These reaction products are not as uni-

TaBLE III
REACTION OF CORN STARCH WITH DIISOCYANATES IN WATER
pH of
suspen- % N in
Di- sion Re- Settling prod-
iso- when action vol. in uct,
cya- Amount, reagent time, Temp., swelling dry
nates®  ml. added min. °C. test basis
TD 1 10.6 120 Ambient 33.5 0.26
HD 1 10.5 120 Ambient 12 .17
HD 1 10.5 5 Ambient 14 .16
HD 1 10.5 120 5 14 .15
HD 1 10.5 120 50 11.5 .18
HD 0.1 10.5 120  Ambient 34 .06
HD 5 10.5 120 Ambient 17 .71
HD 1 2.0 120 Ambient 35 .09
HD 1 4.0 120 Ambient 26.5 .12
HD 1 11.8 120 Ambient 31 .15

¢ HD = hexamethylene diisocyanate; TD = 2,4-tolylene
diisocyanate.
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formly swell-resistant as are the starches treated
in anhydrous pyridine, since the supernatant
liquids are always cloudy after settling of the
swollen granules from a heated aqueous suspension.
It is probable that on treatment of starch with
hexamethylene diisocyanate in aqueous medium
two types of reaction occur. There is some reaction
of the reagent with the starch to form carbamate
ester grouping and some coating of the starch
granules by polyurea formed by the interaction of
the diisocyanate with water. It was demon-
strated that the swell-resistance of the treated
starch was due at least partly to polyurea by ex-
tracting a treated sample with o-cresol, a known
solvent for the urea. The swell-resistance of the
treated starch was diminished, although not greatly
so. The major reaction appeared then to be car-
bamate ester formation.

Discussion

It is well known that cross-linking of a high
polymeric material converts it to an insoluble,
infusible state. It is particularly interesting in the
case of starch that these cross-links are formed
without disturbing the ordered arrangement of
polysaccharide macromolecules in the starch gran-
ule (no change in X-ray diffraction pattern).
Failure of the treated material to gelatinize may be
a result of the insolubilization effected.

One theory of gelatinization® is that certain
hydrogen bonds are broken by dissociated water
molecules during the process. If the diisocyanates
reacted at those sites, forming primary valence
bonds where the weaker hydrogen bonds formerly
existed, the resulting network could no longer be
forced apart by the seepage of water between
chains and a structure resistant to deformation
would result. This may be an alternative explana-
tion to the resistance to gelatinization of our prod-
ucts.

The diisocyanate-treated starches showed very
limited swelling in 909, formic acid, 4 M calecium
chloride, zinc chloride, or ammonium thiocyanate
solutions, or in 0.5 N sodium hydroxide, all of
which completely gelatinize untreated starch.

The use of trade names in this paper does not
necessarily constitute endorsement of these prod-
ucts nor of the manufacturers thereof.
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