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By this process the crystal size and specific surface
are controlled by varying the formaldehyde concentration. Thus,
from solutions containing 0.3% to 1.3% formaldehyde there is a
continuous decrease in crystal size and 1ncrease in specific
surface from 2 x 25 microns and 28,000 cm /cm to less than
1 x 4~8 microns and 70,700 cm /cm respectively.
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The problem may be divided according to the following use
A product which can be employed as a phlegmatizer for
high explosives.

A product which can he used as a binder in burning mix=
tures.,

A product which can be used to give crystalline high ex
plosives a fluidity suitable for shsell=-pouring and which

sets to form a rigid mass,




HISTORICAL INTRODUCTION

The roots of the chemistry of high polymers go back to the

middle of the last sentury. Organic chemists have come acros
high polymeric substances innumerable times in the course of their
studies on low molecular compounds. However, since high polymers
do not orystallize‘and are difficult to characterize they wer
justly regarded as unsuitable objects of research and were no
extensively examined. During the past decade however, the number
of papers on the deliberate preparation of high polymers has in-
creased particularly, and at presént, as is shown by a survey;or
the literaturs, a large number of papers on the subject of poly-
reactions is published annually. While our knowledge of the gyn=
thesis of polymers was gradually increasing during the last t%enty
years, there was one natural product which particularly arous%d
the interest of the chemists, namely: c¢ellulose. The combined
efforts of orgaﬂic chemists the world over have finélly sucoe%ded
in establishing a satisfactory structural principle which is huc-
cessfully applied to other natural and synthetic high polymbrs.
All experimental facts point in the direction that the high poly-
mers, natural and synthetic, consist of large molecules which con=
tain several hundreds and thousands of atoms bound together by
normal homopolar covalences.

The literature on high polymers is widely scattered and exw-
tends largely into technical and patent publications., Due to the
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commercial nature of the products of polyreactions, particulaLly
polycondensation reactions, the present situation is such thafg,

though the number of publications is extremely large, their pu-

pose is mainly to determine and explore the conditions under
which products of definite and desired properties canvbe mad%.
They show  less interest in speculations regarding the mechanﬁsm

of the reactions. However, the interest of industry is incr#asing
rapidly along with a desire to understand these reactions which
are responsible for many excellent and valuable synthetic products

~of modern technology.

The Nature of Polymer Formation }
In addition to cellulose, rubber, proteins, and certain}other
natural products, the organic high polymers include substances
which may be synthesized. The initial substances must consi&t of
molecules of rather low molecular weight which are capdble o%
uniting with at least two other molecules. Such substances are
described by Carothers (1) as bi-functionel. The transforma%ion
of various low molecqlgr weight compounds into complex derivetives
is usuelly termed polymerization, ﬁﬁt in polymerization two very
distinet types of reaction can be distinguished. Many bi-func-
tional molecules are capable of reacting without undergoing any
change in percentage composition, and the reactants are marked
by a large degree of unsaturation; in this case we speak of addi-

‘tion polymerizetion. In others, combination 1s accompanied by

the elimination of simble compounds such as water. This tyﬂe of

|
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polymerization is known as condensation polymerization,

Classification of Addition and
Condensation Polymerization.

i

A. Addition Polymerizetion:- Homo-polymerization is a species

in whioch the polymer is built uﬁ by additive combination of like
monomer groupings. The process may be shown schematically ass

ni (A, or ".....Sh-A~A-A-...... |

where n represents the number of monomerie groups and A the

monomeric unit., e.g.t o |

n CH=CH, —|CH=CHy or eoo=CH— CHZ—CH—-cﬁz-..
RN

Co-polymerization is the term applied when two or more substaﬂces
polymerize at the same time. The process may be shown sohemaﬁ
tically as: ‘ |

nB+nC ——(BC), or +esee=B=C=B=C~B-C~....,
eg: cIJ:.H=CH2 + CHeCHy — .....-CH-'CHz-?H-CHz—?H-CHa-.

c1 0-CO~CHg ~cl 0COCHg C1

Hbtero-polymerizgtion is a special case of co-polymerization
which involves the combination of a polymerizable i.e. an unsa=
turated substance and another unsaturated substance which by it=
self does not readily polymerize. Though maleic anhydride does
not ordinarily polymerize, it will combine with stilbene in

boiling xylene (2) The structure has been represented as

OOO-CH CH CH CH’\OOO
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The kinetics of polymerization of the additive type are
clearly given in K.H, Meyers' discussion of synthetic high poly-

mers in "High Polymers", Vol. IV, p. 93, (1942), Interscience ﬁ

Publishefs, New York, N.Y.

Broadly speaking, any unsaturated grouping, such as the
acetylenic~, ethylenic~, nitrile~, imino- or carbonyl-group, f
acts as a polymerizing factor.. The capacity for polymerization
is determined however, not only by the grouping itself, but also
by external factors such as heat, light, pressﬁre and catalysts.

With regard to the catalysts, there are two distinct groups..

They are: (a) those such as oxygen and peroxides that give
free radicals, andA(b)Athose such as acids that function through

an ionic mechanism,

If all the unsaturation is on a single atom,

J6=c=Q ,

~
,C0=C=Ne~ , ~N=C=N= |
the tendency for polymerization is greater. Conjugation of the

N 7
- Jc=c=c{ ,

groupings is even more effective,

Additional conjugation further increases the tendency toward

polymerization.

- ‘l ] l_/ \_l I_l l_ '\_ l_/
No=bug=teb=c{ ,  Jc=6-C=t-(=0 , /c-é-ﬁ-c—c\
0



B. Condensation Polymerization:- This type takes a variety of

forms. in the same manner as the additive type. Single condensa«~
tions do not yield a polymeric substance, In order to build *p
" a large molecule, the reacting molecule must have more than onhe

grouping to allow a multicondensation to take place.

D, + D, —— D-y-D* + z |

8.8.% CHﬁCOOH + CH3zC00H — CHzC0-0-C0-CHs + H50

In this instance, a condensation has taken place, but no poly#er
results, With two reacting groups, or as they are more usually

termed, functional groups,' several reactions may take place.;

(a) Intramolecular condensation:
. |

X Dy — Dy + Z B ‘

8.8 HOOC=0Hp=0Hp=COOH ——» CO=CHp=CHy=C0-0 + Hy0 |

i
1
|

(b) The reaction may be intermolecular to build up a long

chain and then become intramolecular:

X=D=x — x(D-y-D-y-D-y)n-x —_— [jD-y):lm

~{c) The reaction may be wholly intermolecular and yield a
linear polymer:
x~D=x — x=D-y-(D-y) ~D-x

Analogous types of multicondensation to homo~ and co-poly=-
merization of additive type may be expressed as follows:
X®D=y ————-‘x-Drz-D—z~D-z—D-y
and x-E-x‘+ y-F-y ————-‘x-Eéz-F-zuE-z-F~y
An example of the different types of condéhsation can b

seen in the formation of polyesters. The hydroxyi- and’carb'xyl-

rAline matw aviat in +tha cama mnanlannla and 1anad tn a8 homo-aondensa-
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tion or the hydroxyl-groups may exlst in one molecule and the
carboxyl-groups in another., In both instances, esters will be

formed but they will differ in arrangement,

eg. HOOC~R~0H l HOOC-R-0H |
Hooc-n-o-c-R-o-ﬁ-R-o-ﬁ—o-R-oa
0 0 0
HOOG;R-C-O-R—O-C-R—?-O-R~OH
Il TR
0 0 0
HOOC-R-COOH t HO-R-0H

Numerous other types of condensation polymerization exist.
For example, long chain paraffins can be built up by the action
of sodium on the polyethyléne bromides, followed by reduction

in order to replace the terminal halogens by hydrogen (3).

Br~(0H2)10~Br + 2 Na + Brf(CHé)lo-Br

Br=(CHy)yg= |(CHp)yo| =(CHp)yg-Br £2%« H(CH,),-E
x
A bi-functional Friedel and Crafts reaction (4) leading to
the formation of & polymerized material, can be seeh in the

sction of aluminum chloride on benzyl chloride:

n@-CPIz—Cl+A1 Cly — @cna @cmz CH5C1

n-2

Two and Three Dimensional Polymers

It is evident that bi~functional molecules can unite only'

to form chaein molecules (linear polymers). If on the other hand,
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the molecules are able to react with more than two molecules,
(tri-, tetra= and poly-functional molecules) the polymerizing
molecule is capable of linkage and growth in more than one di-j

mension,
Chain branching may occur., This refers to & long chain

molecule which is not straight buﬁ has several branches as

shown:
. ¥- _J__

Polymeric networks may be formed by eross-linking, 1In

this case straight or branched chains with more than one main

valence bridge are formed as shownt

In the case of chain branching, the single molecule still
remains isolated from all surrounding molecules as far as chem~
ical covalent bonds are concerned. A cross~linked polymer may
in some cases be regafded as a single molecule, since, as a
result of éross4'link1ng, iSolated chain molecules are no
longer present. The prodﬁet is no longer an assemblage of long
molecular threads which may be separated by solvents or caused

to slip over each other by mechanical deformatian.
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Linkage may also be brought about after polymerization by
means of a reaction independént of the polymerization process.
Included in this category of cross-linked materials which ha;den
on curing (or heating) are phenolic- and-urea-formaldehyde pian
tics or resins, v |

The following properties may be regarded as generally }
characteristic for chain molecules (5): | |

(a) An unlimited faculty for sweiling and gradual formation
of homogeneous solutions in suitable liquids.

(b) A more of less definite softening-zone below which the

. méterial possesses the properties of an amorphous solid,
while above this region it may be considered to be a
viscous liquid. Thé,existende of a reproducible
softening-zone»is of great technical importance 1n.thé
use of linear polymers, becauss in the case of plasti ]
it permits the application of the extrusion method.

(¢) Dilute solutions of linear polymers display all the
properties of a molecularly dispersed system.

(d) Chein polymers are capable of reactions in the swollen
state., They can undergo esferification, chlorination
and various other reactions without apprediably chan~
&ging the structure of the polymef.

The most significant features of éross-linked molecules
are the following: |

!(a) A llmited capacity to swall in a few solvents and the

material never goes into solution,
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(b) There is no definite softening-zene; thay stért to softén
only at high temperatures with slow decomposition. j
(¢) They usually exhibit a greater resistance to abrasion,
vimpacﬁ and heat than. linear polymers. - |
(d) With increasing oross-linking the possibility of reac- |

tions decreases and eventually disappears completely.

Structure of Polymers

The interest in such substances as resins, rubbers and fie
brous materials such as cellulose has brought divergent views
concerning their structure. These ecompounds can be represented

very simply by the empirical formulas:

(CBHB)# - polystyrene

(CgHglp - rubber (polyprene)

(CgHo05)y =~ cellulose
where n indicates hotvonly an unknown magnitude, but also én une
known quality or kind oflaggregation by which the units are
united.

At least three different oohoepts have beenutilized in an
attempt to explain the manner in which these basal or structural
units are bound., The first, with which Staudinger's name is as=-
gociated (6), is that the strﬁctural units are bouhd together
by primary (homopolar) valences. Opposed to this theory are
those of Hess and Pringsheim (7), and of Bergmann (8). They
are known as the association and the co-ordination theories

respectively. Hess and Prihgsheim believe that the unit
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structures are monomeric or dimerie and are held together by
secondéry valence forces or by association. Bergmann's theory

1s that the structural unit is co-ordinated in the solid state

and the unit, as such is incapable of free existence in solu=

tion. .Tha structurallunits are associated in the large mole= |

| cules by supermoleculaf affinities similar to that of moleoulaﬁ
inva crystal lattice and, as in the crystal, the‘unit loses its
independence and individuality as such within the larger aggre=~
gate.

Following theresﬁablishﬁent, by X-ray analysis of definite
periodicity in rubber, cellulose (9) and polyoxymethylene, (10)
Mark and Meyer (11) proposed theif 'micellar!’ theory.where-thé
high moleculdr weight organic compounds are considered to be |
linked togefher iﬁto chains by primary valence forces. Bunlea
of these chains are associated 1gterally by secondary valenceé
to form micelles which act as entities and are responsible for
the colloidal properties.

The primary valencé_theory is very usefui in predicting
propertieé. According to Staudinger, the molecules are thread=
like chains of the monomerio groups linked together by primary
valence bohds. As the degres of.polymefization becomes greater,
the molecular weight increaées and the length of the chain
likeyiéeuincreases. The chain is in effect a single molecule
and the properties of the polymer depend on the length, When
the length of the chain is relatively short, hemicolloids are

obtained. Longer chains lead to eucolloidal properties
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In hemicolloids, the mean molecular weight varies from
aooo-lo,ooo and the single molecule consists of approximatelm
50-100 monomeric units., Solutions of hemicolloids show rela=
tively low viscosity and after the solution has been’heated,
the viscosity is not altered. The thermal softening=point is
relatively low and the substancé tends to be precipitated as
an amorphous powder from solution upoﬁ the eddition of a none
solvent, u

Eucolloids (12) eoﬁsist of moleeules which are much longer
than those of hemicolloids. The mean molecqlar weight varies
from,l0,0bO to well above 100,000 and the chain may consist of
as many as 3,000 monomeric units. The thermal softening-point of a
eucolloid is high and the substance, in contrast to hemicoll@ids,
is precipitated from solution as a material of a more or les%
fibrous nature. In solution, eucalloids have a high viscosit&—-
a propérty which may be lowered by heat treatment. At the higher
temperatﬁre, the longer chains are'unspable and decompose into
shorter ones.

 Homologous Polymeric Series
and Mixtures of Polymeric Homologues

From compounds of low molecular weight to high polymers
there is a continuous transition through compounds of medium
size. Lourenco (13) demonstrated this as early as 1863 and
showed that the boiling=-point and viscosity increased with in=

creasing molecular weight, He obtained a series of polyethers
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from the polymerization of ethYlene oxides Such a series is now
-deéeribed as a homologous polymeriec sériea. Curtius (14) also
showed a regular change in the vgricua physical properties with
' moleculaf.weight in homologous poiymeiic series,

At the present time a large number‘of homologous’polymeriu
vsériés is known., In the preparation of synthetic high poly=
mers it is poésiblé, according to the eonditioms, ﬁc_obtain
products of medium, high, or very high molecular weight., 1In
fect the preparations obtained from natural products as well as
those made By polyreactions are never uniqum i.ef, they are a
mixture of homologous polymers.

The preparation of chgmioaliy ﬁure substances (that is,
substancaé compéSad'of exactly identical»molacules)'from such
mixtures of large chain molecules is not yet possible in the
present state of technique (15). The~purification of prepara=
tions is limited to obtaining mixtﬁres of moleculeé of similar
chain length by fractionation, ' |

‘Since, in general, chemically pure preparations are not
dealt with in this field, the idea of chemical purity should
not enter into the formulation of conceptsg into the statement

of problems for solution or into the experimsntal treatment,

The Molecule and Molecular Weight

The term molecule denoted originally the group of atoms

which persisted as a group in the gaseous state or in solution,
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and whose aize could be determined in these states by the usu#l
methods adopted for the determination of molecular weight,
However, the opinion (16) that high molecular substances are 8l=
ways present as free maoromoLecules is not supported by experT-
ment and is too narrow a viewpoint for the explanation of the
great number of facts in this field. Association by means of:
residual valences plays an important role in the chemistry of
high polymers; here, the value of the moleecular weight obtained
from osmotic data représents not always the weight of the cheﬁr
ical molecule, but that of the'group af associated moleoulea‘}

On theoretical grounds one would expect the associated molecuqes

to dissocliate into chemical molecules at high dilution; but the

i

required dilution is so high that in practice one is dealing
with associated molecules, | ' ' |
Methods are available for the determinétion, by extrapolaL
tion, of the weight of particles present in solutions of most
high polymers at infinite dilution, and hence for the determinae=
tion of the chemical molecular weight. It is certain that
only mean values are obtained since the preparations are mixtures.
For the exact characterization of any particular preparation,
it would be necessary to have data on the distribution of the
molecules of different molecular weight about tﬁe mean molecular
weight.
According to Meyer, the knowledge of the molecular weight
of homologoué polymerie mixtures is not of the same importance

here as in the case of homogeneous substances. In general it
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will suffice to have data indicating merely the order of the
molecular weight, or one may even'dispense completely with
such figures, and use direectly certain physical properties
which depend on the molecular weight, for example, the visQ
cosity or the golubility for the characterization of poly-
meric préparations-.

Molecular Weight or Chain Length and Solubility.

By physlcal,chemical cansiderations (17,18,19 20) it is
shown that the solubility of a chain polymer is dependent on
the length of ﬁhe chains, If a precipitant such as & nonsol-
vent is added to a solution‘of a high polymer, when & certain
‘conoentrationpis reached, the homogeneous liquid separates in-
to a mobile, liquid phgae and a jelly. If a ﬁixtureﬂqf chains
_ differing in length is present, it is possible by cautiously
adding the precipitant, to produce a kind of fractionetion in
such a way that the most highly polymerized fraction is pregi-
pitated first, while the shorter chains remain in solution and
are induced to flocculate only by the addition of more preci-
pitent. In this way & solution of a high'pdlymeric substance
can be separated into fractions of similar chain length or
molecular weight,

The Morphological Approaeh to the
Chemistry of High Polymers

Since most natural high polymers occur in the so0lid state
and since synthetic high polymers are used in the so0lid condi-

tion, it is necessary to pay more attention to this state of

aggregation,
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The mechanical properties are to & very large extent di-

pendeht on the type of aggregation or the texture, that is,;the
size, shape and arrangement of certain regularly built struc- .
tural units, so that similar propertieg are encountered in
substances differing in chemical constitution but similar in

|
texture.

In the case of metals and silicates, the crystallites of
which the sample is composed are often microscopically visiile,
so that the texture is relatively easy to investigate, In most
organic high polymers, however, the largest regularly built'
structural units (mostly referred td as crystalline micellss)
lie beyond the 1limit of resolution by thé microscope.

In order to obtain as complete & picture of the whole i'
structure as possible, it 1s desirable in the first place té
investigate the spatial arrangement of the atoms within the‘mole-
cules; next, the arrangement of the molecules to form micelles
- must be considéred,‘and lestly, that of the micelles in the ﬁi-
croscopic solid body.

The linear polymeric representétions of synthetic materials
have lent definite support to similar structures assigned to
natural products. This has already been partly shown in the
case of rubber. Other naturel products which have been analogous-
ly treated are cellulose, wool, silk end other proteins., As evi=
dence continues to accumulate, there appears to be & most in=

timate relation between resins, rubber-like products end fiber

structures.
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Much of the work which has been carried out on rubber and
on fibrous strﬁctures is of immense impartance in the field |of
synthetic resins, Rubber at low temperatures is hard and brittle
and it may be that rubber has its chief virtue in the lucky|cir-
cumstance of being eléstic at raom temperature. At high tempera-
tures, rubber on treatment with air can be converted into a
resin (21). On the other extreme, certain of the highamelting.
resiné approach at high temperatures the rubber-like state; e.ge
autopolymerized styrene behaves like raw rubber'above 65°C. | (22)

von Weirmarn'(zsl has called attention to the fact tha$ ”
linear polymers such as rubber, silk, resins, and lubricating
0ils may exist in mesomorphic state of matter.

von Weimarn (34) has succeeded in obtaining an unstabls

rubber-like substénoe from elementary sulphur, By pouring hot

liquid sulphur at 400°C. in a thin stream into liquid air, msolid
and brittle threads are obtainedi on warming, the threads ac=
quire a high elasticity similar to that of rubber but the proper=
ty disappears after a short time whereupon the sulphur beoomea
translucent and changes over\to the normal viscous state,

Due to the rapiad temperature drop of approximately 600‘0.,
some of the molecules become orientated whereas others forq a
highly disperse glass, As the temperature rises, the glaé%
melts into a viscous liquig, Y1elding a system with the hiéhly
elastic properties of rubber.

Just what exact relation exists between fibres, resins and

rubber is at present hypothetical. Resins may be & mixture of
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rod forms witiout any special attraction or repulsion in any one
direction. 1In case of fibres these same rods might be arraﬁged
parallel with the attractive forces at the end of the rods,iwhere-
as in elastic substances thers could be repulsive forces at the
end of the chain so that they would attach themselves at right
angles to one another: In such a stage any deformation woulld
cause the substance to réturn to its undeformed condition (25).

Astbury and Woods (26) have deduced from X-ray investiga-

tion that fibres may exist in fully extended molecules in such
compounds as cellulose, natural silk and stretched rubber.
Folded or coiled molecules exist in unstretched rubber. The ex~
tended molecules lack elasticity, and fibres built up from ssuch
molecules extend through internal slippage.
Resins |

A resin may be defined as a solid or éemi-solid, oomp%ex,
amorphous mixture of organic substances, having no definite

melting-point and showing no tendency to crystallize, A resin is

characterized by such physical properties as a typical luster and

a conchoidal fracture rather than by any definite chemical compoe
sition (27). | i
The remainder df this discussion will consider-only sjntheb
tic résins. A synthetic resin is simply a resin formed byisyn~
thesis using_non-resinous materials as reactants, |
Synthetic resins are often referred to as plastics, tﬂus de=

noting that one of their uses is as a molding material. The

term plastic is applied to anything which possesses plasti?ity,

|
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" that is, anything which can be deformed under mechanical Stress
without losing its =§eherence, and is able to keep the new form
given iﬁ. It is obvious that materials which are plastic at
ordinary temperatures will not form useful molded articles,
Hence substances are used which are either thermoplastic or
thermosetting.

A thermoplastic substance is one which is adequaﬁely ri-
gid at normal temperatures and under ordinary conditions of
stress, but is capable of deformation under heat and pressure.
This property is permanent in a thermoplastic substance, that
is, the process of deformétion under these conditions can be
repeated., In contrast to this is the term thermosetting., A
thermosetting substance is one ﬁhich posseases initially the
properties of a thermoplastic but which under the influence of
heat undergoés chemical qhange 80 that it is no longer thermo-
plastic but is permanently infusible. Thié type of plastic of

course consists of the space polymers pfeviously discussed (28).

The Resinous State

The nature of solids and liquids is perplexing and com=
plicated save in idealized cases. Between the solid and the
-1iquid there-are a number of transitions which are of a puzzling'
character, A great number of name§<has been used to distinguish
these intermediary statea, They have been called gels, glasses,
plastic, mesomorphic and amorphic states (29).

By considering matter as being divided into two classes, (30)
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it is possible to avoid some of the ambiguity. In the crys~
talline state, mattef is arranged in a definite erder acoord-
ing to the laws of lattice structure. In the amorphous state,
matter is in complete disqrder. |

Certain solid materials when dissolved in a volatile sol-
vent. and the selvent allowed to evaporate; instead of depos&ting
as crystals, precipitate ae an amorphous mess; or no solid:sepa-
rates but the solution becomes more viscous,‘yielding a solid
as a vitreous=- or glassy-masss In the formation of crystalg
there is such a directing force between the molecules that at
the point of crystallization the molecules beoome erranged in
a’latticeﬂstructure and solidification takes place rapidly. In
the formation of amorphous materials, however,vthe attractive'
~forces do not necessarily disappear, but no onse force'predo-
minates and no regular lattice can be formed. |

The formation of a glassy-mass cah be observed not only
when a solild is dissolved in a liquid, but also in the case of
a pure substance. If a pure molten compound 1is coeled below its
melting=-point, the'melt begins to erystallize at one or several
points and at a few degrees ‘belovx-r the me;l.ting-point, 1t is’ &l-;
most impossible to prevent the tendency to cryStallization. Ir
one quickly passes through this range or temperature, the tenden=—
ey toward‘crystallizetion decreases and the melt may become vise
cous and solidify to a glass. In other words the rapid forma-
tion of the'glassy?solid has prevented the atoms ffom arranging

themselves in an orderly fashion. The general physieal-charac-



22,

teristics of a glass are shown by many brittle synthetic re%ins,
and according'to Ellis, the lines of demarkation are exceedingly
ill-defined. Tammann(31) performed various experiments that
shoﬁed the structural siﬁilarity between resins and glasses‘
Berger (32) considers the formation of a glaés as a conti-
nuation process; taking place through a viscous supercooled
state to the brittle state.' Accordingly a break occurs in the
property - teﬁperature curve ét the transition from the super-
codled liquid. According to Tammagnthis is displayed similar-
ly in resins over a range of temperature. Brittle glassis, ac-
cording to this concept, not merely a supercooled liquid, but
represents a definife state of matter. According to a theory

of the vitreous state developed by Rosenhain (33) glass is an

-

assemblage of atoms in which certain molecular-groupings majy

oceur. Kven in irregular assemblageé of molécules, there
are tendencies toward some aggregation eveh though most of
the linkage bonds are unsatisfied,

Zechariasen (34) maintains that the étoms in glass are
linked together by forces which are essenfially that-kind_ 1
which exist in crystals. _The mechanical properties of a
glassvare difebtly comparabie to»thoée of crystals, in fact,
the strength of glass may excel that of the corresponding'crys-
talline form, In glass,.however; the atoms oscillate around
definite equilibrium positions over large ranges of temperature

and, even though one may consider a three dimensional netwgrk

in glasses as in crystals, the‘network is not periodical and
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symetrical. The arrangement can not be entirely one of ran-
domness, however, inasmuch as the internuclear distances do |not
sink below a given minimum value. The principal difference
between the network in a cerystal and that of glassa is the sym=-
| metry and periodicity in the first instance and the absence of
these properties in the latter. Each unit cell in a crystal
must contain an integral.number of stoichiometric molecules

because all the unit cells are alike. In glass and resins,

however, the unit cell is infinitély lafger. As 1n crystal ;.
the transparency of glasses and resins can be éxplained on the
basis of an extended network,

Plasticity

Plasticity as well as viscosity both imply the meaning| to
flow, but it is generally conceded that soft solids do not he=

have in the same manner as viscous liquids, Because of over-

lapping of solids and liquids, differences in interpretation
varise and no one definition can satisfactorily account for_éll
of the conflicting phenomena, One of the most satisfactory
‘definitions (35) is as follows: plasticity is the susceptibi~
lity to and the retention of deformation.

Part of the anomaly in plasticity can be avoided by the
- use of the classification of Polanyil, namely: that there are
two forms of solid matter, crystalline and amorphous., In the
ordered state are included metals and salts, whereas in the
amorphous state are such substances as glass, varnishes and
the like. Thesé substances differ markedly with respect to

plasticity. . When amorphous materials change their form, the
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molecules alfer thelr positions. Increasing the temperature
causes an increase in the mobility of the molecules. The
plasticity of amorphous substances, therefore, is greatly
dependent on temperature, In therﬁally plastic substances (glass,
piteh, éhellac, etc, ) whereAplasticity depends dn'heat motion,

one would expect that at absolute zero the piasticity would
disappear.(36).-_ln crystalline substances, the plasticity even
at high temperatures (i.e. below the meltihg-point) changes but
véry little,due'to the fact that the molecules are bound and
cannot aiter their positions (37).

The viséousvlayer between the particles, and the surface
.reaqtion'i.e. the attraction between the liquid and the solvent
phases is an important consideration since, substances which
are wetted by a suitable liqﬁid will fofm plastic masses (38).
"This type of plasﬁicity has heen fermed "colloidal" because the
meSt important féctor appears to be the developmenﬁ of an
active surface.

A phenomenon closely related to particle size and to
loose packing is known as "thixotropy"®. A material 1s consi-
dered thixotropic when at rest it becomes solid but liquefies
~again on agitaticn, The phenomenon requires é sufficient thick=
ness of liquid layers between the particles and also demands some
sort of atfractive forces between the solid particles, These
same forces ihfluence the consistency of plastic'massea.‘ Freund-
lich (39) emphasizes that plasticity and thixotropy exist when
packing is not too close. |

When the particles are of a decidedly non-spherical shape,
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they display characteristic streaks on stirring showing a per-
sistent layering-effect. Substances which are intrinsically
lemellar in structure will display this streaking-effect (4%).
Plastic materials can be formed by disintegration.of pré-
existing aggregates by crushing. The re-aggregation to form a
plastic substance occurs between rod~like particles, which set
into chains, If the disintegration is carried to a stage &t
which the rod-iike particles themselves are broken down, the
chain structufea do not form so readily; The elastic proper-
ties of plastics, therefore, depend more on their condition of
orientation, which is determined by the treatment fhey receive
’prior to hardening or setting than on the initial chemiéal con-
densation; This theory has been called the ®*principle of con-
formation by assemblage® (41). )

Colloidal Phenomena

It has been noted that in an amorphous substance, a gradual

transformation occurs between the solid and the liquid states.
At a certain temperature, therefore, the forces between certain
molecules will haie been 6vercome whereas other molecules will
still cohere‘to the so0lid mass. The result is a mixture of
‘"liquid" and "™solid" particles and may be considered an “iso-
colloid"; in other ﬁords, there are freely moving molecuies
present near fixed ones, Moreover, if under the influence of
heat, molecules of a liquid can combine ehémieally with one
another (either by addition or condensation polymerization)

with the formation of larger molecules, complexes will evéntual-

ly be formed where thermal agitation ceases. Whenever there
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are freely moving molecules (i.0. liquid molecules) éo- j
existent with fixed molecules (i.e. solid molecules), an "igo-
colloid™ is again formed (42,43). ‘
Reéins, as a rule, are not composed of single entities
but consist of macromolecules of varying size. Resins can
thus be considered as gels of highly polymerized organic sub-
stances where the disperse phase consists of a highly poly-
merized form of the materlial composing the continuous phase,
There are algo resins which consist of particles of essentially
the same siie. If all the molecules were of the same size,
then one Would_be dealing with liquids. Inasmuch as it is

necessary to assume that in these liquids‘the particles are

of colloidal dimensions, such liquid resins must be considered
as sols (43). The particles of such resins which are forme
(43) 1n a 11quid medium will then be solvated by the medium
Another‘classification‘ﬁhich haé been made of thesé hiéh
molecular weight organic cqmpounds, is to call them xerogels.
(An xerogel 1s one which has been formed by drying; it consists
of the residﬁe remaining after the removal of most of its exter-
nal or liquid phase.) They are poor in liquid, but are ne#@r-
theless coherent (44). The term has been applied to both

natural and synthetic resins,

Urea-Formeldehyde Resins

The various condensation products of urea and formeldehyde
heve been studied since 1919 the world over in endeavors to
find products of technical value such as glues, impregnantsl

and molding compositions.
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Usually the reaction 1s carried out in agqueous solhtion,
and the first result is the production of a hydrophilic colloid,

which on further condensation, becomes a hydrophobe. It is|

b |

possible té check the condensation at the hydrophilic {wate
"soluble") stage and thus produce adhesives and impregﬁantss
The hydréphobe is, of course, ordinarily used for meking mold-
ings. In this case the procéss of thermosetting is carried
out by heating at a temperature betwsen 1300 and 140°c.,
Some typical examples of the preparation of urea-formal-

dehyde'condensation products are as follows;

ing

John (45) prepared a glue by reacting urea and an excess
of formaldehyde at a relatively high temperature without ad

a condensing agent. Thus five parts of 40% formalin are hemnted
~with one'part of urea until nearly ﬁalf of the liquid has bEen
removed by distillation.. The glue obtained is .highly adhesive.
The reaction product can be hardened by heating at 80°C,

Goldschmidt and Neuss (46) found that the proportion of fore
maldehyde necessary toAprdduce clear resins is reduced by the-
addition of acid éondensing agents; Thus, by heating one hun-
dred grams of 30% formalin with twenty‘grams of urea and 0,013
gram of hydrochloric acid at 100°C., a trénsparent product which
hardens on prolonged heating is obtained.

- On heating one mole of urea with three or more moles of for~
maldehyde in the presence of a small amount of hydrochloric acid,
‘Rothera, Blythen and Gillespie (47) obtained a gelatinous liquid
which solidified when cooled.

Mittasch and Ramstetter (48) found that clear resinou?

products could be prepared by heating a solution of urea in at
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least 2,4 moles of formaldahyde in the presence of dilute aciLs
(e.g, nitric, phosphoric, or acetic acids). If water was the
femoved'by evaporation at a temperature bélow 509C., the solu
tion ecould be considerably concentrated without premature gél -
tion. The product ma& be hardened at 60-80°C. As an examplﬁ
of the.use of this mefhod a warm concentrated solution of siﬁ
parts of urea, contﬁining the condensing agent, is slowly
pbured intb twenty~five parts of boiling 30% formaldehyde soiu-
tion. The product is evaporated in vécub, at’a temperature
below 50°C., to a syrupy consisteney, containing 10-15% water;
and is stable for a considerable time;' It can then be hardened
by continued heating. | ‘ |

Pollak (49) described the use‘of alkaline‘condensation :
catalysts, using weak bases sueh.ds pyridine, ammoniae, and
héxamethylenetramine.' In.the-presenoe of these substances
as catalysts, urea, heated with three moles of formaldehyde,i
gives’aftér partial svaporation, a syrup which sets at 75°C.
to a hard, transparent mass, which is insoluble in both alka-
~1lies and acidas. | .

According to Ripper (50) the first stage of condensation
may occur in neutral soiution 8.8+ by adJusting the pH to a
‘value of seven, Should the acidity rise above this value,
white precipitates are produced which lead 1nevitably to the
ultimate formation of a clouded or opaque resin., At a pH of
: sevén, however, a water-clear solution is obtained. On cooling,
‘¢cloudy solutions are fbrmed whioch clear on heating and on pro=

longed boiling yield viscous masses which harden to oleaf
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resins. In working by this procaess, either acid-freé formalde=-
hyde may be used or ordinary formaldehyde may have its formile
acid neutralized by addition of & base. The polymerization jof
the condensed substance may be brought‘abdut by lengthy heating,
or more expeditiously, by addition of surficient acid to réisa
the pH to about three. The acidity during polymerization should
not rise above a pH of about 2.6 since gelation occurs forming a
hard white brittle material (containing all the water) and which
on standing readily crumbles to a powder.
By this process, thirty parts of urea are condensed by re-
fluxing for a short time with oﬁe hundred parts of neutral 30%
formaldehyde. Five parts of boric acid.dissolved in a littlle
water are added and the mixture is converted into a moderatgly
viscous solution which does not become cloudy on cooling, and

which marks the polymerization of intermediates (methylolurges)

into a colloidal hydrophilie sol. This may be hardened by
evapofating‘most of the water, oasting into molds and heatiﬂg
at 60-100°C. to give a transparent final product, More pro=
longed boiling of the mixture carries the polymerization further,
the clear, hot solution depositing on cooling a white, slimy1
jelly from which the supernatant liquid may be decanted. The
Jelly which is opaqus, due to adsorbed water, may be dried in
vacuo, thereby being rendered transparent. it’may be then
cast in molds énd cured. | | |

A process for the coagulation of the primery condensation
product, described by Ripper (51) depends on the floceulation
of the substance from dilute solution by further addition of
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solvent or by the use of flocculents such as albumin precipi-
‘tants like phosphotungstic acid. No gelatinization occurs,
but the meterial is obtained as a white amorphous powder which
may be molded by heat and pressure. The powder is insoluble
in water.

In general, concentration of the reacting mixture is.na-
cessary at some stage in order to remove the large excess of
water in which condensation takes place. The reaction may,
however, be carried out in more concentrated media, solutions

containing up to 75% of solid matter (52).being made by dissole

ving urea in the reageht obtained by the-dissolution of the
solid formaldehyde polymers in ammonlia or alkaline formates.
The formaldehydé content of the solution may exceed 40%. Op
boiling these concentrated reaction_mixtufes in an open w
vessel, viscous condensation products are obtained, curing

at 100°C. to clear, glassy-masses.,

The nature of the chemical reactions taking place durihg
these condensations and during the thermal hardening is ex- ‘
tremely complicated, and numerbus controls‘are required in
order to establish the conditions necessary for the making of
resins which can be converted into molded articles.

Empirical observation played -an important part in the
development of urea resins, Industrial preparations and tech=-
niques, such as those just listed, advanced far more rapidly
than the work on the chemistry of the process. It 1s only as

a result of more recent work that much information concerning
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the course of the various reactions occurring, has been ob-
tained and structures poStulated for the polymerized products.

The Chemistry of the Urea-Formaldehyde Condensation,

The general reaction bétween formaldehydé and amino-groups
entails the formation of methylolamines; these are unstable|l and
lose water forming higher products derived from methylensamines

(53).

R-NHp + CH;0 — R-NH~CH,O0H

FR-N=CHPJ + X HpO

Pulvermacher (54) observed that in aoid solution, formal

x R-NH-CHyOH

dehyde reacted with benzamide according to the equationt

CHy0 + ZHZN-?CO-CGHs — CgHg=CO~NH~-CH,~NH-CO=CyHg |
Einhorn (55) 1solated a different .crystalline product,
CgH5=CO-HN-CH50H, which he obtained in acid medium, |

The methylol type of structure has sipce attained greap
importance in the chemistry of urea resins. Recent sﬁudies (56)
have shown fhat the Pulvermachef structuré is also often‘formed;
However, 1t is generally agreed that the methylol compounds are
the first condensation products when substances contdning amino-
groups react.with formaldehyde to produce resins.

Eiqhorn and Hamberger (57) were the first to thoroughly in-
vestigate methylol compounds. They showed that the composiﬁion
of the condensation products varied considerably.with the etndi-

d

tions of condensation, but that the methylolureas were 1inde

the first condensation products. Using barium hydroxide as
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condensing agent, and neutralizing with carbqn dioxide imme-
diately after the initial reaction,diémethylolurea, CO(NH?CHbOH)z,
was isolated as a crystalline, easily soluble body. The compound
gives a white amorphous precipitate on standing with dilute ?
mineral acids. |
_ Scheibler, Trostler and Scholz (58) isolated mono-methy#ol—

urea, NHQ-CO—NHFCHQOH, when urea was reécted-with neutral~fo#mal~
dehyde solution, At an acidie pH a high molecular weight pred-
uct was obtained instead. ‘ ' ‘

Both of the methylolureas gave off formaldehyde on heating
or boiling with water or mineral acids.

A different substance hed been obtained from the same |
materials by Holzer and Lidy (59,60,61) in the form of methyr'ne-

urea, 02H4N20. This compound”was formulated in two differen

. |
ways namely: |

| NHy » NQ\
o:c// and 0=C/// - CHp
N\ | N
N=CHp NH
Hglzer ' Lady

While the urea-formaldehyde resins have received consi~w
derable scientific study, the reaction of their formation isi
still not completely understood. It is now generally believéd
that urea and formaldehyde react réversibly in the presence af
acidic and basic catalysts to produce mono-methylol« and diﬁ-j

methylolurea, PFurther heating of either of these products

results in polymer formation.
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The further stages of ocondensation were investigated bf Schei=
bler, Trostler and 8eholz (62) with the result that the pr‘lin
minary formation of,mono~me£hyiolurea was confirmed. This was
found to be transformed by a trace of hydrochloric ecid int
a high molecular weight product of the same composition. How-
ever the polymer is not considered as consigting of methylo
- units, but rather unité of methyleneurea, each containing one
firmly bound molecule of water,

r - RN=CHp J
0=c +H0 i
NHp |

n

On the other hand, when mono-methylolurea was treated with
glacial acetlic acid, two well charaoteriéed modifications o
methyleneurea were obtained. Of the two compounds so produ ed
one-is soluble in glacial acetic acid and contains one mole of |
acetic'acid in combination with an average of twelve moles br
methyleneurea, whereas the other contains one mole of water(;n
combination>with'an average of twelve molea of methyleneursa

units and is insoluble in acetic acid. Thust

} - [ ’ 1

N=CHgy . N=CHg
o= . *CHzCOOH  and 0=C | *Hy0
NHg | | NHg
12 18

When symmetrical dimethyl urea was condensed with formale=

dehyde a monomethylol derivative was obtained (63) 1



NH-CHg
o= I
y-CHEOH
GHﬁ' .
No cyoclization or polymerization occurs in this case, a fact
which could be interpreted as indicating that the (N=CH2)
group is the one which is involved in the polymsrizatidn of
methyleneurea. Furthermore, the polymerization of methyleng~
urea may then ba‘readily conceived as a process analogous to

that which takes place in the formation of polyoxymethylene

long-chain molecules (64) e.g.:

o NR N |
=0 <|3=o c=0 .
l.OOO-N—CHZ_N;cHa-;N-;CHz-..0.0 ‘

From this formula it may be sesn how a moleoﬁle of acetie a%id
or a molecule of water might add to the free valencies at the
end of the chains, forming the acetic acid soluble and insoiu-
ble compounds already mentioned.
In a similar manner, halogens may add to the pclymethy}ene-
urea chains. Such substances formsd in glacial acetie acidjsoluw
tions, according to Scheibler, Trostler and Scholz (65) aré not
very stable, but»give ub their halogen oﬁ standing in the apr,
or on slight warming., The loose bromine compound formed in‘this
way contains too little bromine to be a bromamine or bromemide,

but corresponds to the bromine addition eompound of a trimeric

methyleneurea:
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cl:io =0 =0 |
Br-N— CHy— N— CHj N—CBp=Br |

Insoluble compounds are not obtained when dkmethylolurJa
is disaolved in cold acetic .acid, but upon additlon of an aqetic
\
acld solution of bromine, a bromine addition product precipitates.
|

Analysis'for bromine indicates that this compound contains #hree

di=methyleneurea residues:

H~1EI=GH§ H-IiI=C Hy H-N=CHp
ci'=o | |=° | tf=o‘
Br=N — CHp N —CHp N — CHg=Br

G;A. Redfarn (66) bases his discussion of the importance of
maintaining a definite pH during the resin formation upon the
fact that aéueous 40% formaldehyde solution almost exclusivély
used in the menufacture of these resins, contains_regularly‘
0.02 to 0.03% formic acid. He assumes that the succeeding phases
of the reaction proceed via the difmethylolurea and di-methylene-
urea stages, the latter polymerizing to form chain-like strﬁctures.
During the hardening process, the chains are supposed to close

into cyclic systems:
NH«CHgOH N—CHg
0= \\
NE~CH, 0H \\!-CHz

~CH GHiz—CHy ?Ha_?Hz Hg—QHe

eee*N— CO—N—N—-CO0—N—"N—CO—N——N—CO=...
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Ellis claims that if the polymerization be considered a
"~ proceeding through the methylolureas, the possible produoct,
starting with mono-methylolurea, will be either A ar B, ac~-

' cdrding as the primary or secondary amido-nitrogen is the more

reactive:
0 . .‘..Ii]’—CHa—IiT_cHa..“.
] ' .
;.,“HN—C-NHECHE-... » . ?=0 ?=0
E o .
x NHé_- NHZ‘ X
A i B

The mixed type-c is‘also possible if both nitrogen atoms par-
ticipate in the polymerization. o _

-
0

|
: ve ."NH“C“NH‘CHz"'IiI - CHa“o .o
| ] 6=0 | w
’ o Wy | o
B f = , . {
|
|

|

If on the other hand, polymerization proceeds through initiml

c

loss of water leading to the formation of methyleneurea, the

product could only be of the type B: ‘
|

o -

B-N —CHgOR X= Oy | ...'-II\T—cHa—IIv—CHz-;.J “
T G0 —ex 60— <I;=,o" c|:=‘o"
NH, NE, NE,  NH
| i x
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i

In the case of di-methylolurea, the nature of the prod=
uots»énd general considerations indicate that the conditions
are essentially similar. Chain-formation in this case may be

conceived as taking place in two possible ways to yield D and

Es

. ..-Il\T— GHE—IIJ——+CH2-...
C=0 c=0

I I
H-N-CH,0H N-CH,0H

X
I J
D
i 7
¢+ =N — G~ NE-CHy-§— C-NE-Off~....
CHEOH | CH?OH
x
B

——

or possibly miied types as before. Since branohing may ocour

at every methylol-group, the formestion of long, straight-chain
polymers is improbable. If_now, the remeaining methylol=-groups
eliminate water giving mefhylene groups as in F, a redistribu~

tion of valencies gives the double-~chain G2

.o .-IIq—CHg —r|¢~0112-. .o ! I -1?—032—1;1-. ‘o
c=0 ¢=0 <l3=o <|:=o
II\I-‘-CHa ~1|\I=CH2. |-+ ~N-CHgN-...

| IR | I *
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-In the actual condensation process chain.branching is 1nev1La-
ble, so that the cured resin, if perfectly orientated, could

be represented in the simplest case by the formula:

~CHp—N—CHge - —N—GCHg~
| , c|:=o o <|:=,o
N Ol N— Oy~ N—CH,— Ilr—'cgg— 1i14— CHz— 1|\r—c§rg~
=0 €=0 C=0

I | |
c=0 '?=o - | c|:=o
I
-CHp —II\I— CH, —N—CHz—IiI—CHa —N—CHp—N—CH, —N~

c;,=o c|:=o‘ ci=o
~N— CHg —N—CHg—N—CHg —N—CHg—N— CHp —N—

6=0 . 6=0 - I=o
~CHp—N—CHy—N—CBy— N~ CBy— N —0l —N~
| c|:=o ci:=o
: ~N— CH, —N— CHy,—N~-
N=Clp _, C 2

Tpe outer unsaturated valencies would be attaohed, in the case
of the nitfogen atoms to hydrogen, and in the case of methylene-
groups, to hydroxyl-groups. It may-be that the acid or basie
radicals of catalysts or fillers are chemically.attached to‘the
bonds, | |
Research on the mechanism of the urea formaldehyde res@»
nification was also done by G, Walter and his co-workers (68),

He ascertained that the principal factors controlling the

- progress of the reaction are, the hydrogen ion concentration,
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the temperature and the quantitative proportion of the compo=~
nents. In general, hydrogen ion concentrations between 10-5
and 10~% and high temperatures were required. The reaction
‘was followed by determining the wéter given off during the
condensation and by eatimating the free formaldehyde., The
results obtained indicate, according to Walter, that the clear
resin consists either of a mixture of monomeric methylene-,
dimethylene~ and methylene- methylol OOmpounds,'or more propa-
bly, of urea residues interlinked by methylene bridges and
still containing free methylol groups. Assuming a regular
type of structure and normal reaction conditions, Waelter con-
cluded that there existed an approximately threeQmembered;
one-dimensional "ring chain" darrying one ffee methylol group.
The reaction type 1s conceived of as a gradually proceeding

condensation of methylolurea, not as a'polymerization leading

through methyleneureas.,

In a later publication (69), Walter states that.the‘aqid
acting as a condensation agent is largely combined'at the ﬁe-
ginning of the condensation and then released again, so thﬁt
the hydrogen ion concentration rises to its initial valué.i

Walter concluded that the condensation of urea énd fo#-
maldehyde can, according to the conditiqns of coﬁdensationJ
lead to simple low molecular crystallized products, e.g.: |
mono»methyldl- and di-methylolurea, to amorphous powders, Juch
as methyleneurea, CgHyONp (Meth. A) or C5H1005N4 (Meth. B)

and to resins, He obtained one monomeric Meth. A and one
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|
Meth. B; by fractionation. Further fractions contained 6n1y J

polymers of low molecular Weight (dimers and trimers)

HpN-CO-N=CHp

monomeric Meth. A.

HoN=CO-NH-C Hg=NH=C 0-N=CHp
dimeric Meth. A.

~ CHgy
HgN-CO-NE N —>N~CO-NH3

CHp—0—CHp

monomeric Meth, B.

According to Walter, Meth. A exists in both soluble and/in»
soluble. form. The latter is produoed at high hydrogen ion c4n~

_centrations and'has the following proposed structure:

HgN c\o p,

. 1
Walter assumes that the most important constituent of the ing
- \
soluble and infusible final product of the condensation is &

polymer of di-methyleneurea, He formulates one-dimensional

ring chains such ast

and latticed molecules:
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¢+ +N—00—N—CH —J}lr—cq—N;CHa—liI—co—liT—cgz—. oo |
T L O
}—00—N—0fp —N—00—N—CHp—N—00—N—CHg. ..

(|3H2 ' | -'?H

ialter adds that these products also contain Meth. A4, Meth. B
and strongly combined water. | ‘

Following the work by Walter, Professor K.H. Meyer (70)
maintained that the reactions between urea and formaldehyde
ouéht to be considered ffom a more general standpoint, without
introducing Spécifiq formulae. Urea being dibasic, he regands
Dixon's water insoluble condensation product (71) férmed by |

acid condensation as a somewhat high molecular polymer having

the simple regular formula:

] 1

=+« +CHg —NH—C — NH— CHp —NH— C—NH=. . .

By condensation in the presence of a high proportion of formale
dehyde polymers are obtéined which dissolve in water, forming
very viscous solutions. According to Meyer, it is reasonable
to suppose that the solubility in water is promoted by aldehyde~
groups attached in such a way to the chains to form.polyvaleﬁt
alcohols of the type:
0 0 0
I I ]
...-C——?——CHE——?—-C-—NH—-CHé-—NH——C——T —eeee
CHp CHso CHg
éH éH &H
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On evaporation glass-like, insoluble masses are obtained, which

may be supposed to contain 3-dimensional nets such as:

0]
’ ]
-?——CHE——NH——C——?—
0 (e o M2
—G—N—'-CHE—II\I—C—N—
GHy

C.S. Marvel (72) claims that the polymerization proceeds by
a stepwise loss of wéter betwean the molecules of methylol« and
di-methylolurea. Methylolurea liberates formeldehyde on heating,
and this may combine with more methylolurea to give di-methylol-
urea. Hence the polymer produced from pure methylolurea as a
starting material will still be very complex.

Marvel warns that no strictly accurate scheme for the poly=
'merization reaction can be written, but the following may be
considered a possible route from methylol- and di-methylolurea.

to the final cross-linked polymer,

...............

HO~CHp=IE H—IiI-CHg-f%gg“ H-f-liI-—H
H-N-CHp{OH  HiN+H | H-N-CHgOH
e » _
EN-H H—lI\TeCHa—i-OH lch HyOH

_,$=o , ?= ?:0
H-N-CHp$OH  H¢N-CHp+OH  HN-H

.
¢
L
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~CHyNE IiIH-Cﬂz-l\IT-H
¢=0  ¢=0  C=0
HN—CHg —1!I HN-CHp~
| Cl}Hz |
-N-HE HN  Hy-CHp=
s =0 c::=o

Although the reaction between urea and formeldehyde ha?
received considerable study and wide industrial use, according
to Marvel, so far no structure of the pblymeric product is don—
sistent with the fact that urea reacts with formaldehyde to give
a polymer whereas none of the substituted ureaé will do so.

It has recently been suggested (73) that two principal re-
actions are involved in the formatioh of urea-formaldehyde ?on—
densation products. Urea shows many properties of an amino#mide.
If one of the -NH, groups is consideredAto be a primary amine
and the other -NH, group an amide, then their respective reéc—
tions with formaldehyde might be predicted as Schiff's base
formation and formation of a methylené—bis-amide. Most lOWj
molecular weight Schiff's bases trimerize readily. If thesé
., reactions occur in the condensation of urea and formhldehyde,

the structure of the polymer should be:
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a4 R
...-CHg-NH?CO-? T-CO—NH&CH@%NH—CO-T ?-CO-NH?...
CHs CHa CHz CH2
N , N ]
| I |
Cc= ?:o
I
TH NH
I
CHg .
| .
If the cyclic intermediate forms first, it leaves three

reactive amido-groups to react with formaldehyde. Terminal (
amino=methylol units would interact on further heating to

cause the heat hardening which is characteristic of the prodw

I

uct,. ‘The known nitrogen content of the polymers agrees with

this view of the structure.
The refusal of substituted ureas to give polymeré can

readily be understood if this structure is accepted. A sub~
stituent on the basic nitrogen prevents Schiff's base forma-
tion and subsequent trimerization and a substifuent on the i
amido-nitrogen prevents formation of methylene-bis-amide, (
Hence substitution of any kind in urea‘will prevent the forﬂa“

tion of three-dimensional polymeric products in the reaction

with formeldehyde. ‘

de Chesne (74) found that the intermediate stages of tﬁe
polymerization form highly viscous solutions, which according to
de Chesne, display the properties of a highly solvated micelle~ |
colloid. Thus the high viscosity of the solutions is diminiéhed
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|
greatly on heating, and returns to its former value on cooling,

whereas molecular colloids show relatively loﬁ temperature
variation of viscosity. The conclusion is drawn by de Chesie
’ that urea~formaldehyde resins consist of micellular aggregates
of linear thread-like molecules of varying degrees of poly-
merizetion, which form highly solvated hydrophilic colloids
possessing the property of irreversible gelation after curing.
In conelusion, it may be said that the reactions of di;
basic urea during ocondensation with formaldehYde, and also
during heat-hardéning are extremely complicated. The many
possibilities of reaction render research on the mschani sm
and also on the optimum conditions of the technical process

most difficults, The ease with which di-methylolured is formed,

if sufficient formaldehyde is present, alone'explains the rea=
son for the number of complications which arise. Di-methylole
urea can be considered a tetra~functional molecule which is
capable of chain=branching and formation of polymeric networks..
Attention may also be drawn-to the ease of polymerization |
either with or without loss of water and finally the readinéss
with which eyelic structures are formed in the polymsrizatiqn
proceas. |

Al though research workers havelnot investigated the
mechanisms of the reactions, formaldehyde reacts with substances
related to urea to give useful polymeric producté. Ebf example:
Guanidine thiocyanate and guanidine carbonate give amorphous
resins that may be pressed (75) and dieyandiemide, which is

capable of functioning as the urea derivative cyanoguanidine

NHp~C(NH)-NH=CN has been condensed with formaldehyde to give
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polymeric products (76,77,78). Pahl (79) was able to isolat

the primary condensation product, mono-methyloldicyandiamide:

which was found to be a very unstable compound, losing for-

- maldehyde on warming in water solution. | ‘ ’

The Chemistry of Nitroguanidine

Nitroguanidine differs from urea in having a nitro-group
in place of a.hydrogen atom and an imino=group in place of oky—
gen. Thus:

NHNO

/// 2

HN=G_

NHp :

Nitroguanidine is a powerrul explosive remarkable for %he
fact that it 1s exceptionally cool. It exists in two crYs-y
talline forms (80). The «_-form is obtained when guanidine |ni-
trate is dissolved in concentrated sulphurio acid ahd the sglu-
tion drowned in water. The « -form is the product used in ﬂhe
explosives industry. It crystallizes from water in long, tQIn,
flat, flexible needlss which are ‘difficult to pulverize;
N, = 1.518, N, = a little greater than 1.668, N, = grea&er
than 1.768; double refraction 0,250, /3 -nitroguanidine is§pro~
duced by the nitration of a mixture of guanidine sulphate amd
ammonium sulphate which results from the hydrolysis of-dicyAn-
diemide by sulphuric acid. It crystallizes from water in férn-
like,clusters of small, thin, elongated plates; No = 1l.525,
[, =(not determined), N;v = 1l.710; double refraction 0.185;
It is converted into « -nitfoguanidine by dissolving in con-

centrated sulphuric acid and pouring the solution into water,
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Neither form can be converted into the other by solution in
water.

Both X = and & ~<nitroguanidine,.1f dissolved in hot con-
centrated nitric acid and allowed to crjstallize, yield the
same nitrate, thick, rhomb-sh&ped prisms which melt at 147°C.
with decomposition., The nitrate loses nitric acid slowly. in
air and gives o -nitroguanidine when reerystallized from watér.

Both forms yield & hydrochloride which crystallizes in .
needles when recrystallized from concentrated hydrochloric acid.
They lose hydrogen chloride rapidiy in air and give -nitroT
guanidine when recrystallized from water.

The two forms are identical in all their chemical reactions,
in their derivatives and color reactions. Both forms'melt at
25206. if the temperature is raised with moderate slowness, but

by varying the rate of heating, melting-points ranging betwee?

220°C. and 2350°C. may be obtained.

S8olubilities of nitroguanidine: TIn water at 1000C., |
10.366 g. per 100 ml. In methanol z'and'ethanol, very slightly."
soluble. In benzene, ether chloroform, carbon disulphide and car-
" bon tetraehloride, insoluble. )

Meny of the reactions of nitroguanidine, particularly 1t$
decomposition by heat and the reactions which ocecur in aqueous
and in sulphuric acid solutions, follow directly from its de-
arrangements (81).

Nitroguanidine de-arranges in two ways (8l), as follows:
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1) N-G(NH) —_— NHz-Noz + HNCNH ——— NHpON
~ cyanamide

NOg

/
N\
H

' NO
C(NH)-N/(

2) ——= NHz + HNCH=-NOp ——= NH-C

nitrocyanamide

On heating, a solution of nitroguanidine in concentrated
sulphuric acid comports itself as if the nitroguanidine had
de-arranged into nitroemide and cyanamide. Nitrous oxide con-

taining a small amount of nitrogen comes off first (from the

dehydration of the nitroamide), and carbon dioxide (from the
hydrolysis of the eyanamide) comes off later and more slowly.
Long continuéd heating at an elevated'temperature produces

carbon dioxide and ammonia according to the equation:
NHp~C(NH)-NHNOg + Hg0 —2504 o Ng0 + (NHg)p S04 + COz

A solution of nitroguanidine in concentrated sulphurie
acld, after standing for some time, no longer gives a preci-
pitate of nitroguanidine when it is diluted with water.

H.S. Fry and J.F. Treon (82) found that the decomposi-
tion of nitroguanadine with sodium hydroxide is quantitative

according to the equation:

ENaOH + NHa—C(NH)“NH-'NOz — NesC03 + 2NHz + NpO
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In aqueous solution nitroguanidine de-arranges in both of
the above modes, but the tendency toward de-arrangement is a¢a11
unless an acceptor for the product of the de-arrangement is i
present, Therefore nitroguanidine is quite stable in aqueou
" solution; but after numerous bolilings and recrystallizations
the same solution becoﬁes‘ammoniacal. Ammonia being elkaline,
tends to promote the decomposition of nitroamide in aqueous
solution. Further, because of its mass action effect, 1t tends
to inhibit de—arrangement in the second mode which produces pm-
monia. If nitroguanidine is heated with an agueous solution|
of ammonium carbonate, nitrous oxide comes off rapialy, the
ammonia combines with the cyanamide from the deuarrangementJ
TeL. Davis and R.C. Elderfield (83) showed that de-arr%n—
gement of nitroguanidine and substituted nitroguanidine in-
creases as the pH increaseé. Increasing hydrogen ion concen-
tration has the property of inhibiting the de—arrangement.
In the presence of a priméry aliphatic amines, nitrogua=
nidine in aqueous soiution de-arranges in the second of the.

above indicated modes, ammonia is liberated and the nitrocysana=-

mide combines with the amine to form an alkyl nitroguanidine.

HNCN-NOg + CHz=NHp ————’CHSaNHbC(NleNH%NOQ
nitrocyanamide methyl nitroguanidine

The structure of the N-alkyl, N'-nitroguanidine is demonstrated
by the fact that it yilelds thse amine and nitrous oxide by hy-
drolysis, indicating that the alkyl group and the nitro group
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are attached to different nitrogen atoms,

The same N~alkyl, N*-nitroguanidines are produced by the
nitration of the alkyl gﬁanidines. Davis and his co-workers
(83,84) showed that whereas in substituted nitro-ureas the
sﬁbstituent group may be attached to the seame nitrogen atom
as the-nitro-gfoup, in substituted nitroguanidines the sub-
stituent is alwayé on the non nitrated amino-group.

Nitroguanidine, warmed with an aqueous solution of hy=-
drazine, ylelds N-amino-, N'-nitroguenidine (85). Philips
and Williams were able to isolate a condensatioﬁ product of
nitroaminoguanidine and formaldehyde accdrding to the folloﬁﬂngx

NHNOg NHNOo
NH=C + HCHO — NH=C | + Hs0
NE-NHy B-N=CHp
This methylene nitroaminoguanidine crystallized out by allowing
a saturated solution of nitroaminoguanidine to stand with a 37%
formaldehyde solution.

Nitroguanidine deoomposes immediétely upon melting and
cannot be obtained in the form of é liquid, as can urea and di-
cyandiamide, A small quantity heated invahﬁes%-tube yields
ammonia, water vapour, & white sublimate in the upper part of
the tube, and a yellow residue of melloﬁ. The products which
are formed are those which would be expected from the de=~
arrangement (86) namely, water and nitrous oxide (from nitro~
amide), cyanamide, melamine (from polymerizatioﬁ of cyanamide),
ammonie, nitroué oxide again and cyanie acid (from nitro-cyanemie

de), cyanuric acid (from the polymerization of cyanic acid),
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. |

- ammeline and ammelide (from the co-polymerization of cyanic
acid and eyanaﬁide) end from the intaraction and decomposition
of these substances, carbon dioxide, urea, melam, mellon, f
mellem, nitrogen, prussic acid, cyanogen and paracyanogene. All

I
of these substances have been detected in, or isolated from,

the products of the decompoSifion of nitroguanidine by strong
heating.

Plcrates have long been favorite derivatives for the
characterization of nitrogen bases. Mitchell and Bryant (BVQ
have prepared picrates of such amines as RgNH, R-NHQ, R4N+,
(CHz)gNy, RgN-CgHgOH and guanidine. Kopeller (88) formed the
picrate of guanidine and dicyandiamidé for identification.
Guanidine~piorate was once used e&s & projectile explosive (89).
Davis and Rosenguist (90) have prepared picrates of many deﬁi-
vatives of guanidine. Nitroguanidine picrate can be prepared
using ammonium picrate solution saturated with guanidine pi=
crate as a solvent for nitroguanidine., Davis says that it is
less likely that the acid in nitroguanidineAsalts is attached

to the nitrated amino-group than to the more basic one.



THEORETICAL INTRODUCTION

The Colloldal Nature of High Polymers

Attention is often ealled to the lyophilic-colloidal na-

-h

ture of certain high polymers. Examples of éuqh polymers are
the hydrophilic sols of linear urea-formaldehyde condensation
products (before thermal hardening); proteins, such as gelatin

and albumin; saccharocollolds, such as starches and gums; and

organophilic sols, such as rubber in benzens, vinyl acetate
and nitrocellulose in various organic media., These polymeriq
substances have the common property of being cbmposed df chain
molecules, and we have seen that such linear polymers can inieed
be distinguished from cross-linked polymers by the fact that
solutions of chain molecules display the properties of a soli
Further the discussion on the colloidal nature of resins ind#-
cated that this polymeric state can be considered as a gel, and
since the formation of gels is characteristic of lyophilic cplu
ioids, it is therefore possible to regard resins as lyophili#-
colloidal systems in which the internal-phase particles and gi-
ternal phase are intimately associated.

For these reasons it would be advisable to study in some
detail, lyophilic colloids and the properties which such sys-
tems would be expected to exhibit, and to stfess the colloidal

nature of resins for the elucidation of the arrangement of the

molecules in this state.
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The viscositj 6f lyophilic systems is much greater than J
that éf the dispersing medium (91,92)s. The reason for this
behaviour lies in the fact that lyophilic colloids, as distindt
from lyonhobic colloids, are without exception substances
which become solvated with the dispersing medium. The molecules
of the lyophilic colloids are complicated}and large énd‘becom
solvated as single molecules or as small groups of molecules 1o
form lyophilic micelles. The solvated character of lyophilie
micelles, in.whioh some ofAthé molecules of the external phas
are ciosgly and intimately affixed, accounts for the viscosit
of lyophilic-colloidal systems, As a result of this intimacy
of phases, lyophilic systems do not possess the property of
scattering light (the Tyndall effect) to so pronounced a degree
as lyophobic systems (93).

While the. stability of lyophobic sols depends essential
upon the existence of surface charges that have a mutually rﬁ-
pelling'action when the particles collide, the stability of #ybf
philic sols depends essentially on the solvated character ofjthe
colloid, in whieh the adsorbed solvent forms a protective layer
about the particles, In many instances the removal of this |
protective layer is sufficient to cause coagulation of the de=-
solvated particles, |

The protective action of the solvation of particles is ¢lear=-
ly 1ndicated bj the experiments of Kruyt and his co-workers ‘94).
When dehydrating agents such as alcohol are added to an agarfsol,
the viscosity of the sol decreases. As a result the sol be#aves
| |
|
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samewhat like a lyophobic sol; for example: in addition to a aL-
crease in viscosity, the optical properties become like those ﬂ&
a lyophobic sol; theagar sol becomes bluish and the 1ndistinct}
Tyndall cone of the original’lyophilic sol changes to a well- ‘
defined picturs. | |

Often it is possible to produce a gel by adding, graduall
to a lyophilie-colloidal sol, a second solvent in which the lyo¢-
philic colloid is much less soluble, though if the process is
carried out too rapidly, a precipitate instead of a gel is like=-
ly to result (95). The action of any such second solvent in
causing gelation is regarded as desolvation of the lyophilie
colloid, resulting in the formation’of internal-phase particles
possessing sufficient surface to adsorb the molecules of the
liqﬁid medium, k |

The formetion of gels is characteristic of lyophiliec col

loids, When such conditions a8 concentration and temperature[are

favourable, the lyophilic systems are said to change from a sél
|

to a gel. This change is evidenced by the formation of a semt«

solid gelatinous-mass rich in external phase. The term, plasto-
gel has been offered by Wagner (96) for a gelatinous system pLs-
sessing plasticity. When the external phase of a lyophilice
colloidal system, such as a sol or a plastogel, is removed by
evaporation or desiccation to leave a dried residue an xerogql is
said to have been formed (97). The term xerogel has been applied
td resins, They are gels which are extremely poor in external

phase since most of the dispersing medium has been removed, yet

they maintain their plasticity and remain coherent.
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Many such lyophiliec systems become "fluid" when their tem-
perature is increased above a certain raﬁge an& gel again when
the temperature is reduced below this range. ‘Sudh gels are said
to be heat-reversible. Wagner (96) suggests that the térm visco=-
gel be applied to those which when "ﬁelted" yield a sol of hig
viscosity; for example: gelatin is a héat~feversible viscogel.

Many geis will ebsorb appropriate liquids, with the resul
that they increase in voluma until eventually they go into solu=-

tion., This phenomenon is called swelling,

If swelling is unlimited in this fashion, it may be conecl
ded that the solvent penetrates-between the free chains or mi
celles foreing them apart until complete solution is brought gbout.
In some instances it is necessary to add a quantity of a
éuitable peptiiing agent, which is usually a polﬁr medium, to
effect sélution‘ In these cases, the chains are said to be f
held together by strong van der Waal's forces, that is, they 5
are held together by associated dipoies or by hydrogen bonds kQB).
In other cases primary valence bridges are presen? between
neighboring chains and the polymer is cross-linked. When such
is the case, swelling is limited and solution can only be‘efs
fected by destroying these cross-links by chemical methods.
Freundlich and Juliusburger (99) call attention to another
phenomenon of lyophilic colloids called rheopexy, i.é., when a
colloidal system consists of internal-phase particles of a 1§minar
or fibrillar shape, gelation is greatly hastened by slow but pro-
nounced elliptical stirring. Such motion apparently brings about
|

l
{
|
i
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|
a parallel alignment of the internal-phase particles that aids

gelation. |

In a lengthy series of experiments, Katz (100,101) studieF

the effect of swelling of many gels by means of the X-ray spec

trum. Were the swelling process one of taking up the liquid
intermolecularly, that is, ﬁ solubility process; the dimensions

of the lattice as shoWn by the X-ray spectrum would be increasged.
On the other hand, if the liquid taken up were intermicellularly
dispersed, the dimensions of the lattice as shown by the X-ray
patterns would remain unchanged. Katz found that no change i‘

the X-ray-spectrum occurred on swelling, an indication that ii—

: : 1
stead of the liquid ©being taken up intermolescularly, it was

takenvup intermicellularly. This fact seems to prove that th?
structure of gels is micellular in‘naturé., ‘

Meyer (102) claims the formation of the framework in gelg
is due to a kind of crystallization. According to Meyer, in All
reversible gels which have been studied as yet, the specific
heat increases considerably in the region of temperature over
which gelation or alternatively liquefaction occurs. On gelaF
tion, therefore, latent heat is set free~--degrees of freedom Ere
frozen. It is further claimed that X-ray analysis has demon=-
strated the presénce of ultramicroscopic crystallites in many
gels.

Gerngross, Hermann and Abitz (103,104) claim that the
"molecules®™ taking part in crystallizations are only portions

of chains; other portions remain amorphous or, more correctly,

dissolved, that is, surrounded by solvent to give what are termed

"fringed" micelles.
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The theory that the formation of gel or the transformation
of a sol to a gel 1s a sort of crystallization that produces gj
lattice or network wherein the crystalline threads are associa&ed
with the dispersing medium is heid by a number of other invest}~

gators (105,106). Others regard the colloidal particles as |

being linked togéther or agglomerated to form a filamentous
structure not ne§essariiy crystalline in nature (107).

Regardless of the exact character of the internal phase,
that 1is, Whether it is crystalliné or'amorphous, the data avail-
able lead to the conclusiqn that the structure of gels is fi-
briller or micellﬁlar in nature,

Syneresis, which may be defined as the exudation of the f
liQuid constituent of geis irrgspective of the vapour pressur#,
is a commoh occurrence; in fact, all gels will synerize to soﬁe
extent on standing., As a result, the gel undérgoes a'dertainf
emount of shrinkage. However, the total volume of the systemz
remains the same since the volume of exuded- liquid is found t$
beequal to the loss in volume of the gel " (108),

Since the total volume remeins the same, the exuded liquid
must result from the release of liquid held in the fibrous net-
work of the gel, and regardless of the extent of exudation with
respect to gel concentration, it can be said that syneresis'is
- a continuétion of the gelation process in which the fibres or
micelles come more closely associated resulting in a decrease
of the active surface,

In the same way, the trensformation of & sol to a plastogel

then to an xerogel or resin, may be regarded as a continuation -
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_of ﬁhe gelation process. During this transformation the fibrous
or micellular structure is4probably grdwing through aggregatio
with a continuous decreasé in active surface for the adsorptio
of external phase.

In conclusion it mey be said that :esins have a dompact

fibrous or micellular structufe in which there is relatively

l1ittle surface for the adsorption of the fluid medium.




EXPERIMENTAL

pPH Limitations in the Nitroguanidine-
Formaldehyde Reaction

Early in the investigation it was found necessary to main-
tain a pH control when nitroguanidine-formaldehyde reaction
products were formed in water solution. The degree of acidity

or alkalinity of the reaction mixture, as:well as the duration -

of heating markedly affected the type of oondensation product
The following will introduce the experimental section anj
will serve to show the necessity of forming nitroguanidine=- ;
formaldehyde high polymers in an acid medium. §
A mixture of 52 g. (0.5 mole) nitroguanidine and 122 g.
(1.5 mole) formaldehyde (as 37% formélin) in 122 ml. water wa
refluxed at 96°C., for 20 minutes, during which all of the ni-
troguanidihe wentkinto solution, The pH of the reaction mixe

ture was 3.67 before heating, due to formic acid present in

the formalin. The reaction solution was cooled to room templ
perature and a white condensation product crystallized out iﬂ
short platy crystals,

The crystalline condensation product could not be recryd-
tallized from warm solvents without decomposition. After washing .
with cold 10% aqueous methanol and drying to constant vapor

pressure over caldium sulphate, this compound was analysed in the

Microchemical Laboratories of the University of Toronto with the

following results:
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Calcd. for CpHgOzN,t C, 17.81; H, 4.44; N, 41.4%
Found: ©, 18.4, 18,3; H, 4.41, 4.42; N, 41.8, 4l.1%.
This condensation product was later shown to be mono=

methylolnitroguanidine.,

/VHNOZ

NH-CHg OH

HN=C

In other runs, the hot reaction solution was cooled to
room-temperature; the pH was ad justed to 2.6 with chloracetic
or phosphoric acid, and heating wes continued for 4 hours. The
solution was then evaporated, by removing the reflux condenser),
until a viscous syrup was obtained, which could be cured at 9,00‘
to a white, opaque, thermoplastic resin. |
Partial evaporation gave a solution which was poure& int
cold water to precipitate the polymer as a white amorphous |
powder. After washing with water ahd drying in a desiccator,f
the powder was found to be moldable, ;
The final produet in both cases burned rapidly and vigor+
ously when ignited and left a charred residue, {
Several attempts were made to mold this polymeric powder
into buttons, using a hydraulic plastic press and an electricFlly
heated die., The softening-point of the powder was determined in
a melting-point tube, and at 126°C. the material began to flow.,
Experiment showed that the best molding temperature was
between 110°C, and 14500.; below 110°C. the powder would not
flow and above 145°C. it flowed too freely. Pressures ranging
from 1,000 to 4,000 1bs./sq. in. were applied from one to five
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minutes. In all moldings the powder tended to stick do the die

and producé rough, brittle grains., The use of "fillers" such as

pyroxylin, ®plasticizers"™ such as camphor, and high-temﬁeratufs
lubricants such as cangﬁﬁa wax failed to overcome the defects?

Extrusion through a die at temperatures ranging from 120+
165°C. and pressures ianging from 3,000 to 5,000 1lbs./sq.in. |
‘produced cords which exhibited good burning qualities; but were
brittle and rough in texture.

Samples of the molding powder were anelysed in the Micro~
chemical Laboratories of the University of Toronto with the
following results: | -

Caled. for (CgHgOgNg) : C, 17.81; H, 4.44; N, 41.4%
Found: C, 18.3, 18.0; H, 4.13, 4. 51; N, 41.2, 41.5%. |

"It can be seen from the analytical results that the finiFhed
polymer, insofar as percentage composition is concerned, is iden-
tical with the primary condensation product, mono-methylolnitro-
guanidine. It is difficult to account for a polymer with units
of the same élementary composition as mono-methylolnitroguanihine.
However, the polymer was not considered as consisting of methylol
units, but rather of units of methylenenitroguanidine containing
one firmly bound moleculs of water:

[ NENO, |
m=¢. +Hy0
 N=CH;

n

This consideration is analogous to the structure given to a
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polymer from mono-methylolurea, obtained by Scheiblef, Trostler
and Scholz (62) under similar conditions. ' ‘
‘Ripper (109) also obtained ﬁnder similar conditions aythte
polymeric product from urea and formaldehyde‘containing all t%e
water‘originally present, :
H&drogen ion concentrations less than 10-3 caused decompésia
tion of nitroguanidine during the four hours-continued heating
of the reaction solution; the more basic the solution the more
extensive the decomposition. PFor example: after four hours |
heating under reflux at pH 4-5, evaporation,of the reaction
solution gave a viscous syrup which set to an opaque gel on
cooling. Microscopic examination showed the presence of some
short platy crystals which were probably mono-methylolnitro-
guanidine. At 90°C. the gel was converﬁed to a brittle, clear,
yeliow-biown resin having a strong amine odour and which burned
very poorly after difficult ignition;
At pH 7-10, evaporation of the reaction solution after four
hours heating under reflux, gave a viscous syrup which cured to
a dark brbwn‘resin, smelling strongly of ammonia end cyanide,
The cured product would not ignite. It was observed that consie-
" derable gassing of the reactlion solution took place at hydrogen
-ion concentrations less them 107,
De-arrangement of nitroguenidine was considered to have
taken place at these pH values. According to Davis (81), nitro-
gugnidine de-arrangement is particularly noticeable the more al=

kaline its solution or if an acceptor for the products of de=

arrangement is present, Several substances capable of reacting
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with.formaldehyde can be obtained by interaction of de-arrang%-
ment products e.g. melamine cyanamide and dicyandimmide. 1In this
way, formeldehyde was considered to act as an acceptof for th
products of de-arrangement to form resins during the prolenge
heating period, in which the nitro-group of nitroguanidine wa

no longer present.

Primary Condensation Products

It is now generally agreed that the two factors which mogt
vinfluénce the course of reactions between formaldehyde and meme
bers of the urea family are: (a) the pH of the condensing medium
and (b) the ratio of formaldehyde to the bther component, j

Attention may be drawn especially to the tendency to foﬁm

. |
methylol compounds to which all subsequent reaction products can

\

be related, |

By analogy it i1s to be expected that the nitroguanidine=-
formaldehyde reaction would be similarly conditioned and thaq the
primary condensation product would be a methylolnitroguanidiﬁe.
' For this reason it was decided to attempt analyses of the
simplest products formed during the earliest stage of reaction.
‘Accordingly one mole of nitroguanidine was reacted under staﬁdard
conditions with 37% formaldehyde solution containing 0.5, one, two,
three and four moles of formaldehyde. The pH of the four solu-
tions was constant, the temperature.was‘constant and the volume
of each solution was made constant by adding 10% aqueous methanol;

thus the concentration varied.

In each case the reagents were introduced into a one-litre
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three-necked flask equipped with a mercury-seal-stirrer, a reflux
condenser and a thermometer. All joints were ground-glass. The
reaction mixture was refluxed until a clear solution resulted;
then about 15 ml. methanoi were added to assure the stability of
excess formaldehyde, and the contents were allowed to cool to

room-temperature. In esach case white platy crystals were precl-

pitated and were filtered offs After washing with a small quan=
tity (ca. 150 ml.,) of cold 10% aqueous methanol, the predipita;
.te was dried to a constant vapour pressure in a desiccator over
calcium sulphate, This technique of purification was the only
one possible, since 1t was found that the material was extremely
unstable; on dissolving in warm water formaldshyde was evolvéd,
and on recrystallization from methanol several times, only
needles of nitroguanidine were obtained.

Formeldehyde and ammonia analyses were carried out on the
reaction products according to the method of Connor et al (110},
and the results-are given in Table I below.

Thus from the analytical results it would seem that the
first condensation product of one mole 6f nitroguanidine with |
two, three and four moles of formaldehyde is mono-methylolnitro-

guanidine;
NHNGo
=C\ ‘ '
$~GH20H
b

where the theoretical requirements of ammonia and formaldehydﬁ

are 12,6% and 22.4% respectively. No other simple product ofl
\
|



TABLE I

Nitro=- CHig0 Temps Time of Initial Final - Approx.

Run guanidine 1in in solution pH of pH of Yield
No. 1in moles moles °c, in min, solution solution in g. NHz in % CHs0 in %
1 1l 1 96 80 3.75 3.75 65 14,1 14.0 13,1 13.1
la 1 1 96 60 3.75 3.75 70 13.1 13.9 1l2.1 11.8
2 1 2 06 25 3.65 3.65 50 12.2 1l.8 24.7 26.0
3 1 3 96 20 3.6 3¢6 40 12,86 12,5 23.3 23.3
4 1 4 96 15 3.6 3.6 40 12.4 12.4 23.3 23.1
5 1 0.5 96 (a) 3.7 4,1 .o 15,5 14.9 1l4.1 14,6

(a)

incompléte after'240; unreacted nitroguanidine filtered off

before cooling.

ogg
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condensation, considered as possible, approaches the analyticsl
figures listed above, The formation of methylolnitroguanidinj
is, moreover, to be expected in view of the known, simple,

methylol compounds of urea, thiourea, dicyendiamide and other

members of the urea family.

However, when only one mole of formaldehyde is present 1ﬁ
would seem that another product is obtained. The yield 1is :
greater indicating less solubility in the medium, and the forf
meldehyde content is significantly lower. Here it was tenta-
tively concluded that two equivalents of nitroguanidine had re-
acted with one equivalent of formaldehyde to produce methylene-
bis=-nitroguanidine

OgN-HN-CéNH-CHg-NHéﬁ-NHHNOz

Jll\IIH CNH

where the theoretical requirements of ammonia and formaldehyde
are 15.5% and 13.7% respectively. Under these conditions of
reaction where the concentration of formaldehyde is much less
than in runs Nos. 2, 3 and 4, it is possible that mono-methylelni-
troguanidine is first formed, followed by loss of water with &
molecule of nitroguanidine to give methylene-bis-nitrogueanidine.
This would eecount for the increased yileld, since methylene-bis-
nitroguanidine would bs expected to be iess soluble than methyl-
olnitroguanidine, in the medium. Moreover, this structure is
enalogous to the Pulvermacher structure for reaction producté
obtained from the reaction between benzamide and formaldehyde,
and uree and formaldshyde.

Elementary analyses for carbon, hydrogen and nitrogen were

|



67.

.carried out in the Microanalytical Laboratories of the NationLl
Research Council, Ottawa, and the results are in reasonably gbod
agreement with the proposed structures for mono-methylolnitro‘
guanidine and methylene-bis-nitroguanidine considering that
scrupulous purification was not possible. »
Methylene~bis~nitroguanidine: »
Calcd. for CzHgOsNg: C, 16.20; H, 3.64; N, 51.90%.

Found: C, 16.07, 16.00; H, 4.57, 4.52; N (Dumas) 47.28, (HI)
44.84%. o

Mono-methylolnitroguanidine:
Calcd. for CgHgOzNg: G, 17.81; H, 4.44; N, 41.40%.
Found: (CHgO: nitroguanidine::2:1) C, 18,15, 18.29; H, 4.96, 4.83;

| | N, 41.09%.

(CHg0: nitroguenidines:3:1} C, 18.40, 18.40; H, 4.97, 4.84;
N, 40.62%.

(CHgO0: nitroguanidine::4:1) €, 18.87, 19.08; H, 4.91, 4.70;
| N, 39.91%.

In reporting these values, G. Barker, of the National Re=-
search Council, states in part .."™ws have éncountered & great
deal of diffioultj in the nitrogeﬁ analyses, and although we
have tried both the recognized methods we have been unable to
obtain satisfactory results®.

Molecular weight deterﬁinations according to the method of
Clark (111) were carried out at room-temperature in 100% formic
acid as solvent. The technique developed for the prep&rationjof
absolute formic acid was vacuum distillation of the acid affter

standing in a closed system over boric anhydride. Reagent fore=

1
|
|
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mic acld contains approximately 10% water after treatment with
anhydfOus calcium sulphate. The final traces of water, however,
are too firmly held to be rémoved by ordinary drying agents;
boric anhydride was found to be efficient for this purpose, and
was prepared .by heating boric acid in a platinum crueible to |
800°C. in an electric furnace.

Molecular weight values for methylene-bis—nitroguanidine
were obtained as follows:

Caled., for CzHgOyNg: mol. wt. 210; Found: 183, 186, 189,

The molecular weight values of the first reaction product
of nitfoguanidine in the présence of two moles (or more) of fof-
maldehyde‘agree well with the molecular weight calculated for
mono-methylolnitroguanidine:

Calcd. for: CgHsOglN,: mol. wt. 134; Found: 138, 138,

Thus it would appear definite that when nitroguanidine
ocondenses with formaldehyde in aqueous medium at a pH of about
3.6, elther methylene-bis-nitrpguanidine or mono-methylolnitro~
guanidine are first formed, depending on the relative propor-
tions of the reactants; but that mgno-méthylolnitroguanidine is

indeed the first condensation produot,
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Polymerization of Mono-methylolnitroguanidine
in the Presence of Picric Acld ‘

A study-of various acid ocondensing reagents, in the prepara-
tion of urea-formaldehyde resins, was made by Ellis (112), and it
was found that acids have a tendency to form resinous complexes
by combining with the condensation product. For this reason it
weas decided, that 1h the preparation of explosive polymers fron
nitroguanidine and formaldehyde, the use of highly nitrated acids
would impart adventageous properties, Picric acld was found td
be a suitable condensing agent for these preparations, |

The separation of moﬁoimethylolnitroguanidine in the soligd
form is not necessary in the formation of a nitrogﬁanidine—formalde-
hyde polymer. It is possible t6 effect preliminary condensatian
'as far as methylol formation, then to polymerize this condensa=
tion product by the addition of picrie acid.

The first stage of the reaction must occur at a pH of about
3.6 and at a temperature of 96°C.. Commercial, 37% forﬁalin .
usually contains enough férmic acid to give this pH value. Should
the acidity‘fall much below this value, decomposition of nitroe-
guanidine takes place, which, as already polnted out, leads to
the ultimate formation of a resin of poor burning qualities,
At a pH of 3.6, however, a water-clear solution of mono«methylol=
nigroguanidine is obtained with not less than 2 moles of formal-
dehyde present per mole of nitroguanidine, Polymerization of
.the mono-methylolnitroguanidine is brought about by the addi-
tion of sufficient picric acid to lower the pH to at least 2.5,
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- By this process, a mixture of 104 g. (1 mole) nitroguani=-
dine, 246 g. 37% formalin (3 moles formaldehyde) and 82 g.
water was introducedvinto a one-litre, three-necked-flask, 1
equipped with a mercury-seal stirrer, a reflux condenser and &
thermometer. All the joints were ground-glass. The reaction
mixture was refluxed at 96°C. for 25 minutes, at which time &
water-clear solution resulfed; then 20 g. (0.088‘mole) picric
acid were introduced and_the mixture refluxéd»for a further |
period. After three hours the reaction mixture was converted
into a cleaf, orange, "moderately™ viscous solution which, on
cooling depasited an ofange, hydréphobic plastogel, from which
the supernatant liquid was decanted. The neme N.G.F.P. was given
to this reaction product. On drying at 100°C. N.G.F.P. gave &

clear, brittle, glass=like mass or resin.

Properties of N.G.F.P.

Thermoplasticity

Cured N.G.F.P. was found to be a thermoplastic resin and
hence a chain polymer. The ™softening-* or *meltingM-point was§
determined as the temperéturé at which é saméle of tﬁe resin
began to flow in a constriction of a large melting-point tube,
at atmospheric pressure.

By this procedure the "softening®-point was found to riss
from 25°-30°%C. to l50°~155°é. during 6uring at 100°Cc. for 10 hours,
The process of curing in this instance was oﬁe of heating %o &

maximum "softening™-point. Thus, continued heating failed to
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raise the "softening"-point beyond the value of 150-155°C. Thé
curing treatment eon@erted the soft N.G.F.P., gel to a clear,
brittle, orange resin.

In an attempt to raise the "softening™-point or to impert
thermosetting properties to N.G.ﬁ.P., a small amount of urea
(4.2 g; 4% by weight of nitroguanidine) was added to the prepa-
ration. The resultant polymer was similar to N.G.F.P. in physi-
cal properties; however, 1ts "éoftening"-point ﬁaé\raised to
165-170°C. on curing. »

Explosive Power

A sample of cured N.G.F.P. was examined in the Beloeil
Works of Canadian Industries Limited and the following results
reported.

When a 10-g. sample was fired with a No, 8 cap in the bal-
listic mortar, detanation was complete, some fumes weres evolved
and a deflection of 13.2° was recorded, equivalent to 61% that
of T.N.T. .

>,A IO-g. sample of the polymer which had its "softening™e
point raised to 165-170°C. by the addition of ure;, gave in;
complete detonation, fumes were evolved and some unexploded
material remained in the chamber.

No detonation was occasioned in the Fall-Hsmmer Test using
a8 torpedo at a vertical height of 180 cm. on either of the above
polymers.

It was deduced that little or no de-arrangement of the ni-
troguanidine occufred during the preparation of N.G.F.P., since!

the ballistic mortar gave an explosive force 0.61 times that of
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T.N.T., which cannot be accounted for on the basis of picrioc
aclid, retained as a resinous complex, alone,

In order to ascertain whether N.G.F.P. contained any tree |
picricAacid, a small amount (ca. 10 g.)-of the pulverized resin
was extracted with 150 ml. ethanol in a Sohxlet apparatus for
18 hours. Upon eveporation of the solvent to dryness, no
trace of pieric acid could be found. It was thus conecluded -
that pleric acid had entered into a resinous complex, such as
ﬁllis foﬁnd when using acid condensing agents in the prepara-
tion of urea-formaldehyde resins,

Solubility

N.G.F.P, was found to be insolubls in water and ether; but .
acetone, nitromethane and concentrated hydrbchlorio acid solu-
tion could be made of varicus concentrations and viscosities.

It was found that the solubility in acetone and nitromethane be=
came increasingly difficult as the "softening"-point was raised
from 25-30°C. to 150-155°C.; N.G.F.P, of "softening"-point 25=
300C, dissolved at roomrtemperatufe by stirring, whereas if the
®"goftening"-point was 150~155°C. several hours of refluxing were.
required to effect solution. In concentrated hydrochloric acid,
N.G.F.P._was dissolved at room~temperature by stirring regardlesg
of the "softening"-point, |

Anlacetone sblution of N.G.F.P, was evaporated to a syrupy
consistency and was found to be highly adhesive to glass surfaces,

A viscous solution of the resin in acetone was spread on twé
sheets of glass at 30~40°C. with a spatulas The two sheets were

then placed together, so that the coated surfaces faced each other,
|
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After standing fbr»saveral days the glass sheets wefe firmly held
together.

Picric acid was found to be exceédihgly soluble in N.G.F.P.
In a viscous solution of N,G.F.P: in acetoné, picric acid was
 dissolved up to 50% by weight of cured N.G.F.P. The solution
was extremely sticky, and cured to a clear brittle resin at
100°C. Examination under & microscope showed no orystals of
picric acid. - This phenomenon’was taken as evidenee for the ten-
dency of picric aeid to enter into e resinous complex. -

Moldability

Cured and pulverized N.G.F.P. was found to be & suitable
- powder for molding operations. This material was extruded through
a 3[16 in, orifice at a tempsrature of 140°C, and a pressure of
8,000 1bs /sq.in. to give cords of good burning qualities. The
cords were smooth and hard, of uhiform diameter and exhibited
an inherent streaking éffect. Streaking was also observed when
highly concentrated N,G.F.P. solutions were stirred with & gless~-
rod. This,phenomenon waé interesting to note since Freundlich
pointed out that plastic masses composed of decidedlj non-spheri-
cally shaped particles display characteristic streaks bn sfirring,
showing a persistent layering effect. |

Cured and pulveriéed N.G.F.P., was also press;molded‘into
buttons boﬁh in the cold and at eleﬁated temperatures, depending
on the degree of curings. Thus, the resin cured to a "softening"-
point of 80-85°C. was molded at room-temperature and 3,000 lb./sé.in.
whereas the resin cured to its meximum "softening"-point of 150~

155°C, was molded at %000 1b./sq.in,; but a molding temperature
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of 130°C. was required..

A heavy-bodied solntion of N.G.F.P, in acetone was ocast
‘,into small’gless cups. The caeting was allowed to cure at 5000;
for 3 days, at which time a solid, brittle, clear thermoplastic
resin was obtained, somewhat resembling rosin, The molded prod%
uct, when struck nith a hammer gave a eonchoidal‘fraoture. |

Colloidal Properties

The remainder of this section will be devoted to a qualita¢
- tive desoription_of some of the eolloidal phenomena observed
-during experimental work on N.G.F.P. which showed that this
material was a lyophilic- -colloidal system, '

- The viscosity of a 5% solution of N.G.F.P. in acetone was
much greater than that of the pure solvent, The acetone of
such & sol was evaporated slowly at 30°C, Ae the system became;
inecreasingly poor 1n external phase, the viscosity increased @
until finally the sol became so heavy~bodied that it set to a
plastogel. | | '

A small parallel beam of eunlight was passed through a 5%
‘solution of N.G.F.E.-in acetone. At first a very indistines |
Tyndall-effeot'was observed; but after a small quantity of
ether (in whidh N.G.F. P, is insoluble) was added earefully, so
that the stability of the sol was not disturbed, the Tyndall
effect became quite pronounced and the sol turned bluish, The
increase in the clarity of the Tyndall effect is no doubt due
to a partial "de-acetonation™ of the lyophilic colloid by etherq

‘This demonstration of the colloidal nature of N.G.F.P, in-

dlicates that the polyreaction between nitroguanidine and formal=-
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dehyde hgd prqceeded to a degree where 1arge.molecules were
formed, and a high molecular weight must be assumed.

At this point it should be recalled that during the N.G.
F.P. preparation the reaction mixture became "moderately" vis-
cous, This must have been due to the growth of molecules to
colloidal dimensions and éubsequent solvation of the maoromoleL
cules by the reaction medium, Thus it may be said, that at re=-
action temperature (9600.) N.G.F.P. was a hydrophiliec oolloid,l
soluble in the aqueocus medium, On cooling, however, the hydro«
phile separated as a plastogel. |

This gel was heated in a distilling flask at 100°C. end
water and excess formaldehyde driven off over a perliod of
10 hours, during which the plastogel was converted to a thermo=
plastic resin or xerogel of ®goftening"-point 150-155°C., The
plastogel obtained by gonceniration of an N.G.F.P. - acetone sql
wes similarly cured at 100°¢C. to a thermoplastic resin or xerow~
gel of "softening®"™=-point 150-~155°C,

Thé N.G.E.P.'plastogel was found to be readily dispersed
in acetone orlnitromethane at room—temperafure by stirring with
a glass-rod; whereas the xerogel was dispersed with difficulty,}
requiring several hours of reflux. In concentrated hydrochlofic
acid, however, both types of gel were dispersed with ease at
room4temperature by stirring.

The N.G.F.P. plastogel was found to flow at a temperature
of 25-30°C., and gel again on cooling below this renge. The xero=
gel flowed at a temperature of 150-155°C., and gelled again when:

cooled below this range. The ™melted™ gels in both cases were
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highly viscous. Accordingly they may be termed heat-reversiblg
viscogels. |

Viscous N.G.F.P., -~ acetone sols exhibited the phénomenon
known as rheopexy since gelation was greaﬁly hastened by slow §
but pronounced elliptical stirring. The gels formed in this
way exhibited a silky, streaking effect which was no doubt due .
to the parallel alignmentvof N.G.F.P. éhain molecules,

A plastogel was separated by the careful addition of 100 ml,
- ether to 100 ml. 10% solutien of‘N.G.F.P. in acetone. When the

" ether was added rapidly an amorphous powder precipitated which
~could be redispersed in acetons. The action of the ether in
producing this effect was probébly due to the desolvation of
the colloidal pa#ticles since N.G.F.P, is insoluble in ether.

A 10-g. sample of the plastogel formed by the addition of
ether to an N.G.F.P. - acetone sol was allowed to stand for 48?
hours 1n‘a étoppered test-tube. After this time the gel had
shrunk considerably and hed liberated ean acetone - ether solu-

_ tion which had constituted part of the external phase.

Swelling was observed when acetone; nitromethane or cone=
centrated hydrochloric acid was mixed with the N.G.F.P. plasto-
gel ., although it was more pronounced and rapid when concentra=
ted>hydrochloric acid was used, Swelling and solution of the
xerqgei was slow whén acetone or nitromethane was used. How-

ever, the xerogel swelled and dispersed rapidly in concentrated

hydrochloric acid,
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The @hamistry of N.G.F.P. Formation

It is apparent in the reaction between nitroguenidine and
formaldehyde that there has been a transformation of a low
molecular weight compound into a complex derivative of high
molecular weight.

In any polyreaction, from compounds of low mdlecular weight
to high polymgrs there is a continuocus transition through coms |
pounds of medium size, and a regulaf change occurs in the vario?s
| physical properties as the molecular weight increases. The folL
lowing'section contains a study of such a transition in the N.G.
F.P. polyreaction.

The complexity surrounding the determination of accurate
figures for molecular weights of high polymers was mentioned in
a previous section. Although methods are available for their
determination, such a specific study'was considered unnecessarf
for the purposes of this research. Instead, the reaction prod-%
uct was divided into three fractions'"A”, "B" and "C"™ of de-
ereasing average molescular weight. ?ﬁe‘raiemcf fofmétion of
these fractions was studied relative to one another, tsing
various physical properties for their characterization.

Seven N.G.F.P. reactions were carried out according to ﬁhe
following scheme.

& mixture of 104 g. (1 mole)} nitroguanidine, 246 g. 37% formalir
(3 moles formaldehyde) and 82 g. water was introduced
into a one-litre three-necked-flask equipped with a mercury-seal-
'stirrer, a reflux condenser and a thermometer. All the joints

were ground-glass. The reaction mixture was refluxed at 96°cC.
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for 25 minutes, at which time a water-clear solution of mono=-
methylolnitroguanidine was obtained. At this point 57.3 g.
(0.25 mole) picric acid were introduced and the mixture re-
fluxed for a further period:

Run No. 1 was refluxed for 15 minutes;

‘Run No.

2 was refluxed for 30 minutes;
Run No. 3 was refluxed for 45 minutes;
Run No. 4 was refluxed for 60 minutes;
Run No. 5 was refluxed for g0 minutes;
Run No. 6 was refluxed for 120 minutes;
Run No. 7 was refluxed for 180 minutes,

At the conclusion of each of these periods, the hot, clear
reaction solution was filtered to remove any impurity. The
viscosity and hence the degree of polymerization of these solu~
tions increased from.Run No.'l to Run No. 7. The filtrates
were placad in 500-ml. stoppered flasks and allowed to cool to
15°¢.

Fractionation of the reaction product in each case was
carriéd out in the following manner,

On cooling, the reaction solutions spontaneously deposited
a plastogel from which the supernatant liquid was decanted and
set aside for further fractionation. A certain quantity of
ploric acid weas precipitated along with this plastogel which
was removed by reprecipitation of the gel. Accordingly, ether
wés carefully added to a dispersion of the gel in acetone and |

the plastogel "A"™ reprecipitated leaving the picric aclid in
solution. Evaboration of the solution yielded the picric acid,

|
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The original supernatant liquid was fractionated according
to the foilowing procedure.

Cold water was carefully added, with stirring, until a subf
sequent precipitation was complete. The quantity of water thus?
required was recorded. The mixtures, éomposed of a voluminous
milky precipitate suspended in a liquid medium, was placed in
an ice box at 15°C. and allowed to stand. After 12 hours a
clear liquid was decanted from a plastogél "B"®, This superna=-
tant liquid was evaporated in a vacuum.appafafus over a steam- %
cone, to a viscous syrup which set to a plastogel on cooling.
This plastogel "C" was redeposited from an acetone dispersion
by the eddition of ether.

It will be observed that, the order of solubility of the
three fractions ™A™, "B" and nge decreases from "C"™ to "A";
fraction "A" was sboﬁfaﬁeousl& éeposited when thé feactioﬁ solu%
tion was coéled;‘fraction "B" was deposited upon the addition of
watarito the supernatant liqﬁid, leaving the most soluble frace-
tion "C" in solution.

it»was assumed that the three bolymeric fractions consisted
of chain molecules. ‘This assumption was considered to be justi=
fied however, in view of certain properties already observed
which are characteristic for linear polymers or chain molecules.

Mention has already been masde of the solubllity dependence
of chain molecules on the length of the chain. In brief, ﬁhe
solublility decreases with rise in chailn lengtﬁ. ‘Thus the N.G.F. P

homologous series has been separated into three fractions of dif=
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ferent average chain length; the average ochain length increasing
from "C" to "Aw,

This cohsideration was supported by other physical proper-
ties, nemely, viscosity and plasticity. |

The viscosity of the "melted" gels markedly increased from
wC™® to ™A™, Since viscosify incréases with the length of the
moieculé {115) the degree of polymerization also 1lncreases from
"Cr to mAR,

Thé plasticity (L.e. the abllity to retain a shape on de-
formation) of the gels markedly increased from "C"™ to "A",
Since plasticity increases with the length of tﬁe‘moleéuie (1149
the degree of polymerization also increases from n"en o mAT,

For the sake of simplicity the fractions A", "B® and "C"
were considered to be composed of "long"®, “intérﬁedia%e", ahd‘
"short™ chain molecules respectivéiy; - N

Results are given in the following table and graph.

The general nature of the results indicated in Fig. 1 show:

that a type of consecutive reaction is involved:

Mono-methylolnitroguanidine — "x®* — wQW® wB® —, "A®

The significant role of picéié acid>1$ dembgsérated~iﬁ the
rapid accumulation of "C". Upon the addition of pieric acid,
mono-methylolnitroguanidine probably disappears almost 1mmedi§tély
by‘transformation into & high concentration of activated mole=

cules, represented by the theoretical curve "x". The formation

of these activated molecules gives 1mmediate.rise to the rapid
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Amount of
pptd. picriec
acid
in g

Time '

of Yield Yield Yield Vol. of 0

Run Reflux of mAw of »B" of nCn to ppt. "B"

No. in min, in g . in ge- in g, . in mls .
1 15 0 15 111 385
2 30 2 28 108 240
3 45 5 33 105 165
4 60 16 40 93 100
5 a0 54 34 59 150
6 120 96 15 44 2285
7 180 141 5 9 500

34
25

10
S
1l
0




120

NGEP Po|ym‘éric Tronsirion

A:Long C‘m.ins

| B :Inl’erme&iofe Choins |

C :Shorr C l\ains

Tim‘e In min.
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accumulation of their produect "C" (molecules af "™short®™ chain-‘
length). The amount of m™C" inéréases rapidly, bﬁt as it accu-
mulates its disappearancé becomes greater and it passes through
an early maximum, The amount of "C" then decreases steadily, |
since it disappears in en exponeniiél manner, irrespective of
the fate of its product "™B"™ (molecules of "intermediate™ chain{
length). The amount of "B® increases at first, and similarly !
passes‘through a maximum; éhen steadily disappears and finally
of course approaches zero., As the amount of "B" slowly accu-
mulates, its product ™A" (molecules of'"long"'cﬁain_length)
~slowly begins to form; ﬁassing through an induction period corr%-
sponding with the maximum concentration of "B"™. The amount of ;
®A"™ then steadily accumulates as "B" disappéafs, until ultie ’
mately it approaches its maximum.ﬁhich of course corresponds }
with the initial concentration of reactant "x".

It must be borns in mind, however, that none of the frac- 7
tions ™A™, "B™, or "C" is to be_coﬁsidered as being composed
of chains of équal ieﬁgth, but rather each fraction is to be
viewed as consisting of a continuous transition of chain-lengths
in itself. Theoretically, by an exceedingly refined fractia:ma-1
tion technique, a complete series of these curves would be ob-
tained, from the disappearance of reactant *x" to the forma-
tion of the longest chain., o

Thus from mono=methylolnitroguanidine to ®long®™-chain
molecules, by a series of consecutive reactioné, thére is a
continuous transition through ®"short™ and "intermediate™ chain

lengths,
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The disappearance of precipitated picric acid from the
cooled reaction solution and the high yields of polymer indicatied
the consumption of the acid. However, the esssntial role of
picric aeid must be considered as catalytic since it was found‘
not to enter the basic structure of the polymer chains., The
following qualitetive analysis of N.G.F.P. was carried out,

A small amount of N.G.F.P. (ca. 10 g.) was dispersed in
50 ml, ¢old concentrated hydrochioric acid and the dispersion
extracted ten times with 75-ml. portions of ether. Evapora=
tion of the ether extract yielded picric acid; Addition of
water or ethanol to the remaining hydrochloric acid solution
caused the deposition of a colorless gel which cured to a ther-:
moplastic resin softening at 135-140°C,

In another experiment the hydrochloric acid solution, re-
maining after ether extraction of picric acid, was heated to
10000; and evaporated to small volume over a Bunsen flame.
During thisrprocedure'formaldehyde was givén off and white
needles crystallized out which, after recrystallization from
water solution, melted at 235°C. A mixed melting-point with
nitroguanidine gave no depreassion.

The results of these experiments may be summarized as

follows:

o) . Colorless thermoplastic

’/)Lﬁgjﬂﬁ>"'resin.and picric acid
()
N_‘ Gl F‘ PQ

¥
(c + HN=
°nc') CHzO HIV: G\

NH,
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This evidence indicated that the structural units of N.G.FlP.
ohain'molecules were joined by hydrolizable methylene bridges and
that picriec acid was held to the chain molecules by salt forma-
tion. |

Cold hydrochloric acid being a stronger acid is apparantly§
capable of releasing the picric acid without decomposing the |
basic polymeric structure. Hot hydrochloriec acid, however,
causes hydrolysis of the chain molecules with evolution of forﬁ%
maldehyde and formation of nitroguanidine. Since the transformﬁ-
tion to N.G.F.P. chain molecules occurs by the catalytic ection

of picric acid on mono-methylolnitroguanidine, the most obvious

structural unit is methylenenitroguanidine,

]
//NHNOB |
—[— N‘CHg "’-—

Further research showed that a resin was formed when equi«~’

moleoular quantities of mono~methylolnitroguanidine and pieriec
acid were fused at 100°C.

An intimate mixture of 2.29 g. (0.0l mole) picric acid and
1.34 g. (0.01 mole) mono-methylolnitroguanidine was heated to |
10000. for 10 minutes, during which time water vapour was evolved
and collected in a dry-ice bath and a N.G.F.P. resin was formed.
At the end of the experiment ﬁhe welght lost by the mixture in
forming the resin corresponded»to 0.17 g. (0,0095 mole) water.
It thus appeared that one mole of water was eliminated per mole

of resin formed and that the picric acid caused the mono-methylolw
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guanidipe to form a polymer by this loss of water.

This view was supportedAby an experiment in which esterifi=-
cation of mono-methylolnitroguanidine was attempted. i

A small quantity (13,4 g.; 0.1 mole) mono-methylolnitrogui-
hidine was dissolved ih hot, pure acetic acid. Upon the addition
of about 28 g, (0.2 mole) benzoyl chloride to the cooled solution,
e white crystalline compound precipitated which was filtered oéf.
When ether was added to the filtrate a milky precipitate was
formed which settled to form a gel, Recrystallization of the
crystalline precipitate from ether solution gave white crystals
melting at 121°C. and a mixed melting-point with benzoic acid
cauéed no depression., When benzoyl chloride was added to pure
acetic acid no reaction occurred.

From this experiment it is evident that the transition fro#
mono-methylolnitroguanidine to large molecules, as evidenced by%
the formation of a gel, occurred by the loss of water. This was
presumably a result of the catalytic action of acetic aoid. Since
benzoyl chloride did not hydrolize when added to pure acetic acid,
the formation of benzoic acid, upon its addition to a purs acet#c
acid solution of mono-methylolnitroguanidine, must have ocgurred
by reaction with liberated water.

A similar gel was formed by the addition of ether to a pure
acetic acid solution of mono-methylblnitroguanidine whether or
not it had previously been treated‘with acetyl chloride, thus

bearing out the contention that the loss of water was occasioned

by the catalytic action of acetic acid.
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It is evident that the loss of water from mono-methylol-

. hitroguanidine will give methylenenitroguanidine

NHNOg | | NHNOg }
n HN=C | acid =0
\II-CH20H 4N N-CHy
H |
e L n |

In another experiment 15 g. mono-methylolnitroguanidine
were dissolved in 100 ml. 20% bromine solution in glacial ace-
tic acid. Upon the eddition of éther a reddish-brown sticky
material separated as a gel. After decanting the supernatant
liquid, the material was repsatedly washed with glacial acetioc -
acid and ether, but the reddish-brown color persisted. waever}
the substance was regarded as a polymer containing a large amou?t
of loosely held bromine since on curing to a resin, bromine was,
ééntinuously evolved and the substance lost most of its color,.
Further, a White.amorphous powdef was obtained entirely free of,
a bromine odour after several depositions of the material from
acetone solution by the rapid addition of ether.

The problem of purifying polymeric substances prepared in
the above ﬁays is a difficult one and although scrupulous puri=-
fication of these substances is not possible by ordinary means,
elementary analyses of the amorphous powder, obtained:in the
previous experiment, gave results which no basic structural unit
other than methylensenitroguanidine approached:

Caled. for: H-—{02H402N4}———-Br: C, 20.14; H, 3.39; N, 47,013

26 Br, 2.58%
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Found: C, 19.14, 19.35; H, 3.76, 3.67; N, 48.82, 48,45; Br. 2;58,
| 2.58%. (&) |

Assuming 100% accuracy for the bromine analyses, the fol--i

|
|
|

lowing structure best fits these figures:

HN=C

~ W~CH, +—Br

26

On the basis of the preceding experlments, the recurring

unit in N.G.F.P., chain molecules was postulated as methylenew

nitroguanidine. This postulate is in complete accord with the
property of methylolamines in general to form methyleneamines

by loss of water in the formation of higher products.

Applications of N,G.F.P.

N.G.F.P., Burning Mixtures

\
|
|
|
|
The Standard Composition, used in the 17 pounder A.P. shell
at Cherrier, Que., was found to be inadequate for use in the

40-mm, A.A. shell because a longer burning-time (ca. 15 secs.) was

- e G ws e ws em A Er an ar e En G @ W@ S e AN Em M AR e B mr @ o @ @ e am e e e

(a) The carbon analyses were carried out at the Division of
Industrial and Cellulose Chemistry, McGill University,
Pulp and Paper Research Institute of Canada, Montreal,

The nitrogen and bromine analyses were carried out in ‘
the Microanalytical Laboratories of the National Research
Council, Ottawa.
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required in these shells, and it could not be obtained Withouﬁ
excessive quantities of the Standard Composition. Thus a newi
tracer composition Was‘desired which waould give fhe longer
b&rning-time with the same lumihosity and yet occupy a volume
no larger than the thfee 1,3-gram pellets then in use.

Experiments were cdnduqted, a@&ing various oxygen carrierk
to samples of cured N.G.F.P. in order to improve its burning
qualities. |

If the repeating unit in N.G.F.P. is indeed the fragment

postulated:

~ NENG
HN=C

N-CHs{—
H% .

then for complete combustion to carbon dioxide, water and nitrg
gen, 116 g. polymer would require 96 g. oxygen, of which 32 g.
is already available; or 100 parts of polymer would require 535,

parts added oxygen., .In this speculative calculation, the plerie

‘acid has been omitted.

2

Mixtures of N.G.F.P. with various amounts of potassium

chldraté, calcium nitrate and potessium nitrate were prepared

and burned in sn open dish, as loose powders, with the results

listed in Table III.



TABLE III !
- Burning |
Amount - Time !

Oxygen in g. in g, in _ :

Carrier N.G.F.P., Carrier geconds Remarks
K’Clo5 2,5 2.5 045 Extremely brilliant
flame; cloud of ‘

white smoke.
Ca(ONOg) 5 2.5 2.5 15.6 Hot orange-red flamel,
KONO, 2.5 2.5 30.0  Sputtering flame and

difficult ignition,

Thus 1t would seem that control of the burning-rate can
be achiefed by 6hoosing a suitable oxygen carrier,

Since greatervvisibility is imparted to burning-mixtures
by the addition of compounds which give a colored flame, such
as barium nitrate in aireraft signals which imparts & green [
color to the flame, and stronfium nitrate which is generally
used in tracer compositions to give a red trace (1l15), samples;
of a mixture containing N.G.F.P., potassium,chlofate’and stronL
tium nitrate were made end pelleted at Canadian Car Munitions,i
Cherrier, Que. It was found that the burning-time was constan#
and it was suggested that N.G.F. P might be of use in a tracer;
composition,

Further mixtures were investigated in the laboratory sub=
stituting potassium perchlorate for potassium chlbrate and add«

ing magnesium powder to increase the brilliance of the flame,

The following proportions were found to give a red flame with
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high luminosity, when burned as a loose powder in the labora= -
tory: 5.8 parts N.G.F.P., 6.8 parts KC104, 2.5 parts Mg pow-
der and 4.2 parts Sr(NOgz)s. |

In agresement with Marshall (116) it has been found that_ ?
addition to these mixtures of a small amount of calomel (1 g. |
calomei to 20~g. mixture) both decreases the rate of burning
and enhances the intensity of flame color. The latter is probably
due to formstion of strontium chloride which’has a red spectrum.

| Ten mixtures conteining N.G.F.P. and Qarious oxygen car-
riers were made up, pelleted end cqmpared with respect to
(a) burning time and (b) lumindsity, against the Standard
Tracer Composition used in the 17 pdunder A,P. shell at cheré
fier, Que.

The mixtures pelleted well and were presséd into 17
pounder A.P. shells and sealed against moisture without any
trouble. The burning~times were good and it can be sean from
the results arrangad.in Teble IV that a mixture burning for
15 sec. was obtained. 'waever; the luminosity results were
uniformly and exceptionally low despite the fact that to the
naked eye the flames produced appeﬁred to be as brilliant as
those obtained from the Standard Composition. Relativé lu-

'minosity wes measured using & standard light-meter containing

a green filtar, and, since the mixtures investigated burn with
" an iﬁtense crimson flame, it can be presumed that much of the |
light was absorbed before entering the instrument. Standard |
Tracer Composition burns mostly with a white light and thereforé



TABLE IV

Burning
' (110,:) (30,) By
Mixture N.G.F.Ps Sr{NO BA(NO KC10 Mg HgCl in ‘
No. in % in %3 2 in % s'a in %4 in % in % sece Luminosity
1 28.4 51.6 0 0 5.0 15.0 11 2
2 32.2 44,8 3.2 0 0 20,0 14 6
3 20.2 44,0 0 o] 10.8 25.0 15 8
4 24,4 45,6 0 0 5.0 25.0 19 4
5 3l.2 48,0 0 5.4 3.4 15.0 21 2
6 35.8 36 .6 Q0 13.6 0 15.0 31 1
7 35.2 41.6 0 8.2 0 15.0 33 1
8 33.8 41 .6 9.6 0 0 15.0 36 . 1
1} 31.8 29.6 0 13.6 0 25.0 - 39 1
10 31l.2 35.6 Q 8.2 C 25.0 40 1
70 .

Standard Tracer Composition 8

*26
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the basis of comparison is invalid. The presence of the_greeL
filter does not seem to be necessary and this point was referted
to the Ammunition Filiing Division of the Depaftment of Muni~i'
tions and Supplies. 7 t

A1l thq.N.G.F.P. mixtures were balanced theoretically wiph
respect to oxygen. Calomel wes added both to‘increase the bu#n—

|

1ng-tihe and to enhance the intensity of the red color. ‘
Following these trials, five more mixtures based on N.G.} P.
were worked out, Ten-gram samples of these new tracer composﬂ-

|

tions wére ignitedbeleetrioally as a loose powdef, and the burn-
ing-time and luminosity recorded in the laeboratory using e |
white-1light meter (i.e. without a green fiiter as previously dis=
cussed).

The Standard Tracer Composition was used_as a reference
and the results assembled in Table V clearly show that a 1ongew
burning-time can be obtained'Without decreasing the luminosity

These experimental compositions were pelleted and tested y
for burning-time and luminosity in 17 pounder A.P. shells at
Cherrier, Que. The light-meter used toAdeterm;ne luminosity
contained no green filter and the compoéitions were compared
with Standard Tracer Composition.

From the results giveh in Téblé VI it is evident that the
burning rates at high deusity afe much‘slower than_those ob~
tained at low density (i.é., in powdered form). The discrepan-

¢y between these relative luminosities and those in Table V were

not readily accounted for until it was learned from the National



TABLE V

Burning
Time
’ : in
Sample Asphalt N.G.F.P. Sr.(N03)2 Mg Al HgCl sec., Luminosity
No. in % in % in % in4 in% in % .

-Standard 9.1 0 - 45,5 22,7 Q. 22.7 5.0 15.0
1 0 g.1 45,5 22,7 Q 22.7 6.0 15,0
2 Q 10.2 46.6 18.2 Q 25.0 6.0 18.0
3 0 10.2 48.2 9.1 7.5 25.0 8.0 15.0
4 o) 13.5 42.3 6.0 4.9 33.3 11.0 12.0
5 0 8.1 49.0 9.1 8.8 25.0 12.0 14.0

*%6
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Defense Research Committee of the Office of Scilentific Reseath

and Development (117) that U.S. Army surveillance tests found
that raw powdered magnesium corrodes very rapidly in such mix*
tures containing nitrates and on exposure to atmospheric humi+
ditys | | .

The magnesium,uséd in Standard Tracer Composition was pré-
coated with linseed o0il; whereas the maggesium used in the
preparation of N.G.F.P. tracer compositions waé untreateds }

_The N.G.F.P. tracer compositions listed in Table V were \
tested immediétely after preparation, and those iisted below @
in Table VI were not pelleted and sealed against moisture in
the 17 pounder A.P. shell until two weeks after preparation.
Thus the difference in luminosities can be presumed to be par«
tially due to deterioration of magnesium, However, it appears
that magnesium is the critical oompoﬁent in the production of i
luminosity as tested by & white-light meter. The N.G.F.P.
tracer compositions produced a much more intense red flame
and much less luminescent white light than the Standard Tracer.
Composition. This view was substantiated by a report from the
Explosives Research Laboratory (118) which states that magne=
sium is less effective in producing a red color than other re-i
ducing agents because of the masking effect or.the white lu=-
minescence of burning magnesium,

An increase in the proportion of magnesium seems to de-

crease the burning-time and substitution of aluminium for

magnesium seems to glive much lower intensities.



 TABIE VI

Burning
.( ) Time
Sample  Asphalt N.G.F.P., - Sr(NOz)s Mg Al  HgCl in
No, in % - in % in % in%. in% in % sec. Luminosity
1 4] 9.1 45,5 22.7 0 22,7 11,0 9.0
Check ' ‘ : 10.2 9.0
2 0 10.2 45,6 18,2 0 25,0 14.0 6.0
Check 16.0 6.0
3 0 10.2 48.2 9.1 75 25.0 17.8 1.8
Check 18,0 1.8
4 o} 13.5 42,3 6.0 4.9 3363 26.0 0.6
Check 26.0 Ge6
5 0 8.1 49.0 g.1 8.8 25.0 18.0 340
Check ' 19.6. 3.0
Standard g.1 o 45,5 22,7 G 22.7 7 12.0
Check 8 15.0

*98
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‘Thus it appears that these N.G.F.P. tracer compositions
have a greater burning-time, a greatér intensity of red 1light,

but less luminescent white light.

!
It should be pointed out that the figures given in these |

tables represent static burning-times, that is, the shells were
not spun along their axis with a blast of air blow past them
to simulate ballistic tests. | |

High Explosive Phlegmatization and
Fillings Using N.G.F.P,

It was found that R.D.X. could be dissolved in N.G.F.P. by
solution in acetone or nitromethane followed by evapbration of?
the solvent., Using the method of preparation described below, é
resin containing 14.8% R.D.X. was made., This material was named
N.G.R.

To 100 g. 30% N.G.F,P, - acetons solution, in & 250-ml.
beaker, R.D.X, was added in smell quantities, allowing each por%
tion to dissolve after each addition, until a total of 5 g. was
added. It was necessary on occasion to break up conglomerates
with a stirring-rod.

After the R.D.X. was dissolved, the beaker was covered with
a.wétch—glass and warmed on the steamwcone for one hour, after
which the watch~glass was removed and the acetone évaporated ofk.
Finally the syrup was heated until it set to form a plastogel oﬁ
cooling. .

.On further heating a cured resin was obtained which gave a
brittle material, suitable for grinding.

No crystals were detected either in the resin or in the

ground‘molding powder, even when these were cooled to -60°C. 1ni
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& Dewar-flask.

The calorific value of N.G.R. was determinedgin a closed’
bomb by Defence Industries Ltd. at Nobel, Ont. and the values
of 515 and 514 cal./g. were obtained, | | :

vIt was proposed to name other N.G.F.P.-R.D.X. preparatioﬁs
by enclosing the percentage of R,D.K. in a bracket following |
the letters N.G.R. eg N.G.R.(14).

N.G.R.(14) was tested by M.C. Fletcher in the Explosives
Laboratory of the Department of Mines and Resources,'Ottawa. |
It was found to be less sensitive than T.N.T. When fired in i
the ballistic mortar an average value of 0.86 x T.N.T. was ob?
tained. There was no evidence of indent in the,steel-plate-te%t.

N.G.R;(14J was pressed into time-rihg—ques by Dr. Wrighﬁ

at Toronto, and the material was found to burn poorly et high

denéity. ,

It was found that the R.D.X, coﬂtent of N.G.R. could be
determined quantitatively by fuming-off the material with 70%
“nitric acig. | |

A sample of N.G.R.CIS) was examined microscopically by |
Dr. W.C. MoCrone Jr, and the presence of a few R.D.X, crystals,
was demonstrated by fusionAanalysis.

Samples of N.G.R. containing up to 90% R.D.X. were pre-
pared. In all cases the syrup increased steadily in viscosity%
dﬁring cﬁring, until a yellow, brittle resin was obtained whicﬂ
could be-ground. |

Observations under the polarized microscope, kindly carri@d

out by Professor Fitz Osborne, of the Department of Geology,
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McGili University, have shown that the higher the R.D.X. con- }
tent of N.G.R., the less dispersion of'R.D.X. throughout the
polymer or, the higher the R.D.X. content, the higher the amou?t
of anisotropic material embedded as minute R.D.X. crystals |
throughoﬁi the polymer. Professor Osborne estimated the amount
of crystalline R.D.X., in a sample of N.G.R.(30) to be between
4 and 12%. | ‘

A wide range of N.G.R. samples was sent to Canedian Indusl
tries Ltd., McMasterville and theAUniversity of Toronto for sen?
sitivity determinations and to -the Explosives Teéting Laboratory,
Ottawa, for sehsitivity and explosive force measurements., Sam-

ples were prepared with British R.D.X. amd R.D.X.(B) coarse, fine,

and recrystallized from acetone. Absolute agreement was not ob=
tained throughout but in general terms it can be sald that (a)i
N.G.R. 1s less sensitive than R.D.X,, (b) as the R.D.X. content
of N.G.R. inereases; the sensitiVity also 1ncreéseé, (c)as the
R.D.X, content of N.G.R. increasas, the explosive forée also

increagses. These results are recorded in Tabls VII,

Friction Impact Sensitivity Determinations were carried outb
at thé Bxplosives Testing Laboratory, Ottawa, These tests were
run using a serrated anvil and e 6-pound shell which had the
pointed nose réunded off, leaving a net weight of 5 1b, 11 0z,
The angle of slide was 30° and the sample was covered with a
small piece of fine sandpaper‘before firing, The results are

given in Table VIII,



TABLE VII

Sensitivity

McMaster-

ville '
2kg. weight Toronto Ot tawa
50% height 50% height 50% height

Ballistic Morter

Material Remarks - in cm, in cm. in ems T.N.T. 1 T,N.T. 1 Remarks
N.G.R.(10) R.D.X.(B) 66 0.88 0.14 TIncomplete detona=
N.G.R.(15) R.D.X.(B) 58 1.00 0.14 tion

N'GOR. CZO) R.D‘x. (B) 60 0096 0.38 dO
N.G.R.(ES% R.D.X.(B} 48 1.21 0.81

N.G.R.(30) R.D.X.(B 50 1.16 0.87

N.G.R: (50) R.D.X. (fine) 75 200 51 1.1

N.G.R. (50} R.D.X. (coarse) 88 160 34 1.8 1.15 )

N.G.R.(50) -R.D.X. (recrys.) 85 185 22 2.7 1.16 }

N.G.R.{50) British 88 180 34 1.8 No. 6 cap used
N.G.R.(50) plus KNOgz 73 150 40 1.5 1.03 ;

N.G.R.(75) R.D.X.(B) 60 . 175 24 2,5 1:58% throughout
N.G.R.(80) R.D.X. 60 210 38 1.6 1l.41

N.G.R.(90) British 65 150 26 2.3 1.43 )

R.D.X. British 100 32 1.9

R.D.X.(B) : 36 1.7
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TABLE VIII
- Friction Impact
- McGill Material | . cm. Height

N.G.R. (50) R.D.X. fine 135 NEG (Max. Ht.)

d n i coarse 135 = ‘

" " " recryst, 135 @

bhd d " British 135 = .

" " plus KNO5 _ 78 " YVery positive
N.G.R.(75) R.D.X.(B) 60 cm. Pos. (minimum)
NoG’oRo (80 LA : . ’ 65 r " . r
N.G.R.(90) British 55 = n g
R.D.X. .- 42 . " " -
R.D.X.(B) R 40 " R

At Toronto, Friction Impact Sensitivity determinations were
also carriéd out. In these'determiﬁations a 6-pound projectile,
a smooth anvil and an angle of slant 30° was used; under these
conditions British R.D.X. shoots at 200 cm. Nd detonations
with any sample of N.G.R. was obtained.

The McMasterville report reads in part ..."These materials
are all less sensitive than tetryl, but more sensitive than
T.N.T.™. |

Thus a definite phlegmatization of R.D.X. by N.G.F.P, had
been obtained, | -

Several P.i.A.T. bombs were filled with N.G.R,(90). The
filling operaﬁion was accomplished smoothly, after whidh the
bombs were easily assembled. The preparation of N.G.R.(90)=
bomb-filling and the method of filling were as follows,

To 1,000 g. 5% N.G.F.P., - acetone solution, in a steam-
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Jacketed 2000eml aluminium beaker, R.D.X., was added in small
quantities, with stirring, until a total of 450 g. was added.
The acetone was evaporated slowly while the mixture was stirred,
until a heavy-bodied plastic mass was obtained, which became
hard on cooling.

The werm plaestic N.G.R. was ladled into the cup of the
P.I.A.T. bomb; the Munroe cone was inserted and pressed into
the filling and the bomb was sealed.

Information was received that, since the P.I.A.T. bomb
functions on the Munroe principle, it was necessafy>fop the
filling to closely adhere to the cone and walls for its suc-
cessful operation.

A split P,I.A.T, bomb was filled in the above manner and
opened 48 hours later. The N.G.R, (90) casting was smooth, hard,
end well formed. There ﬁas no evidence of fissures or cracks,
however, the castihg had shrunk about 0,05 ocm. from the walls
of the bomb, so that by inverting the bomb, the smooth casting
slid oﬁt; This defeot could not be overcoms by this method
of 'filling due to the continued gelation and consequent shrinke
ege of the N.G.F.P. in N.G.R. after the bomb was filled,

Since the N.G.R. (90) castings were of a good Quality they
were successfully cemented in the bomb using a rubber adhesivae.
It was therefore suggested that a suitable phlegmatized R,.D.X.
P.I.A.T. bomb filling would be obtained by precasting N.G.R.(90)
in P.I.A.T. molds and cementing the pured casting in the bomb.

A similar moldeble product was obtained, if instead of
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evaporating the acetone from the N.G.R, (90) preparation, it was
removed by pouring the mixture into cold water. The N.G.R.
separated as a heavy-bodied pléstio mass from.which the super-
natant liquid was decanted, The product confained about 6%

by weight of water as determiﬁed by loss of welght on drying,
and could be worked in the hands or pressed into shape while

 warm and cured at 50°C. for 5 hours to a hard, solid mass,



DISCUSSION

"A Theoretical Consideration of Activation
Effects in the Urea and the Nitroguanidine Molecule

It is wéll known that a molecule muét be activated before
it can react. This activation involves a shift of electrons bF-
fore reaction, that is, an increase in electron density occurs
in one portion of the molecule and a corresponding decrease oc~-
curs 1n another portion of the molecule, |

The ure& molecule consists of two amino-groups attached to

a carbonyl-group:

©)
HoN —*%C LS")—NHZ
©) <)

The carbonyl=-group is permanently polarized due to a "posi=
tive" electromeric effect (a) aﬁd is thué a potential.elecfronp
accebtor center, -

In thé bonds uniting the carbonyl-group to the amino-groups,
there are two electron displacement effects operating, one against
the other; namely: a m"positive" inductive effect (b) and a "nega=-
tive™ electromeric effect (c).

'The urea molecule is therefore internally compensated. The
ecceptor center, i.e., the carbonyl=-group, greatly enhances the
"negative™ electromefic effects (c) and the "positive™ inductive

effects (b) become negligible. Thus the eleétromeric‘shift of
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electrons from the carbon- to the oxygen-atom (a) is compen#ated
for by the electromsric shift of electrons from the amino-groups,
thereby de-activating the carbonyl-group and activating theltwo
emino=-groups. |

The validity of this reasoning is seén in the formation of
'di-methylolurea, in the urea-formaldehyde reaction since the
formation of di~methylolﬁrea implies that both amino-groups are
active,

The electronic effects operating in the nitroguanidine

molecule are more complex, due particulerly to the presence pf

a nitro-group:

The imino=-group in nitroguanidine like the carbonyl-group
in urea is permanently polarized, and again due to internal qom-
pensation (a) and (b), the amino-group becomes activated. Al-

though the power of the imino-group to withdraw electrons fﬁom
the amino-group is less than that of a carbonyl-group, the hﬂghly
electronegative character of the nitro-group will compensate Eor
this weakness.

The nitro-group is itself an internally compensated system,
and the incipient positive charge on the nitrogen atom will esta=-
blish a strong "positive™ inductive effect (c), which augmented by
theWpositive"eléctromeric effect (d).will fésult in 8 decreased

electron denéity on’the’nitroamino-nitrogen atom. This decreased'
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electron density, supplemenéed by the "positive™ inductive effect
(e) will ve sufficient to revefse the hormal "négative" electro-
meric effect and cause a "positive® electromeric elect;on dig=
placement (f) and an over-all withdrawal of electrons from the
carbon-atom and hence from the amino-group.

Both the imino-group and the nitroamino-group will tend to
become de-~activated by their withdrawael of electrons from the
amino-~group and the amino-group will become activated.

This reasoning is consistent with the_fact that a substi-
tuent always enters the non-nitrated amino-group in the forma-
tion of substitutéd nitroguanidine (119,120) and by fhe forma-
tion of mono-methylolnitroguanidine in the nitroguanidine =

formaldehyde reaction, even when an exéess of four moles of for-

maldehyde is present.

A Discussion of the Mechanisms Involved
in the N.G.F.P. Polyreaction

Forﬁaldehjde is usually considered fo react in aqueous -
solution as methylene glycol: HO-CHp~OH (121). However, since
formaldehyde can form normal'carbonyl reaction products (122,
123,124) it would aeppear that it contains at least a potential
reactive carbonyl-group. Further, formaldehyde can be replaced
by other aldehydes such as acetaldehyde (125), furfuraldehyde
(126), aldol (127), and benzaldehyde (128} or certain ketones (129)

in the formation 6f urea-formaldehyde resinous condensation

products.
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In view of these facts, the carbonyl~group will be considered
to be the activefcomponeht of formaldehyde in these polyreactions,.
It is known that the electrophilic carbonyl-double-bond will
add such substancés as water, alcohols and amines reversibly, and
its high degree of activity is considered to be due to its per=
| mﬁnent palarization.

Since addition reactions involving the carbonyl-double=bond
are characteristically reversible, the formation of methylene
glycol can be explained as a reversible addition reaction of
water to the carbonyl bond of formaldehyde; for example

'H ‘ H 0H
>§’55 + HoH T—= >c/
H H \\OH

The addition of amines to the carbonyl-double-bond is also &
freely reversible reaction and 1is subject to acid catalysis.
Since the carbon-nitrogen linkage in mono-methylolnitroguanidine
is formed by an electron pair contribufed by the nitroguanidine
amino group, the catalysis must depend upon an attack of the acid
on the carbonyl compound. Such an attack will decrease the elec-
tron density on the carbonyl-carbon which will favouf the forma=-
tion of the carbon-nitrogen bond; an attack on the amino-group of
nitroguanidine would decrease the electron density on the nitro=
gen which would be unfavourseble to reaction.

The formation of mono-methylolnitroguanidine may be consi~

dered to proceed according to the following addition mechanism

at an acid pH of 3.6:
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NENOg [ ymNos ]
WG 4 Ros0 + B T |m=s g —
ll\THa H-blr-....c':.....o.....H-.....A .
]
[ THNOZ =1+ ?HNOQ |
=C . —— HN=C +
H-IEI-CHZOH A 11T-CH20H+H
IEI | 1‘{

This mechanism would explain the necessity for the presence
of an excess of formaldehyde in order to isolate the addition
product. The presence of two moles of formaldehyde per mole of
nitroguanidine will shirf this equilibrium sufficiently tothe
right to pefmit this operation. In warm water, however, the
equilibrium moves far to the left and the mono-methylol compound
decomposes; formaldehyde is evolved and nitroguanidine is re-
covered, )

In the preparation of N.G.F.P,, the higher acid concentra-
tion, obtained by the addition of picric acid to the hot rsac-
tion solution containing mono-methylolﬁitroguanidine, resulted
in the transformation of mono-methylolnitroguanidine to a poly~-
mer. A simlilar transformation was observed by solution of mono=
methylolnitroguanidine in pure acetic acid. It was further
'demonstrated that this polyreaction was accompanied by the

loss of water and that the polymeric structural unit was probably

methylenenitroguanidine,



108.
'That the N.G.F.P. polymer is composed of chain molecules
there can be little doubt since the characteristics of linear
. polymers were evidenced by such properties as thermoplasticity

and unlimited swelling in suitable solvents, as well as othér

U'
'

colloidael phenomena. Further, it is reasonable to regard mon
methylolnitroguanidineVas a2 bi-functional molecule which could
lead only to chain molecules.,

The rate study of N.G.F.P. formation indicated that upon

the addition of picric acid; the mono-methylolnitfoguanidine in
the reaction solution, almost immediately disappeared with the
formatién of a polymerization factor which rapidly formed a high
concentration of'“short" chain molecules, The data from this
study further deménstrafed that the reaction proceeded by a
series of consecutive reactions by which "long" chain molecules
were formed. _ u |

It is well known that the kihetios are often complicated
in mahy reactions involving the addition of amines to carbonyl
compounds, because wéter may be eliminated and the product sta-
bilized in another manner. Further the elimination‘of water
from such addition products is known to be rapid. This elimina=-

tion of water is pictured as occurring in the following menner:

Do P f.*
I\IT-CHgoH + HA H-IFT—CHZOH + A H-N=CHp 4 Hz0"

H H

From the -known facts regarding the N.G.F.P. reaction it is

reasonable to presume that upon the addition’ of picric acid to

i
I
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the reaction solution, water is eliminated and methylenenitro-
guanidine formed. Such an unsaturated moiecule is a potential
polymerizationvfactor which may stabilize itself by addition
polymerization. This reaaqning is in complete accord with the
known properties of unstable methylol-amines. The mechanism

may be considered to be the following:

' (- 1+ — —-
II\THNOg NOg : 1|\THNOz NOg
::(|3 + HO@NO 2 < HN=(II + 0 NOp
N~CHo0H - NOj H-LII-CHZOH NOg
it " | B -
il - A i 1
NHNOp | | NENOg
. I . |
—— |H=C | + 50— HN:(I:
N=CHp 1T—N—CHp1-

The actual polymerization reaction ié regarded as proceed-
ing by an ionic mechanism by acid catalysis similar to the acid
catalysed'carbonium,ion mechanism for the polymsrizatidn of ole=
fina (130,131,132).

The mechanism postuiated for the polymerization of methylene-
nitroguanidine is as foilows: picric acid attacks a molecule of
methylenenitroguanidine to form methylenenitroguanidiniumpicrate,
A, The methylenenitrogueanidinium ion then reacts with a molecule

of methylenenitroguaenidine to form B. Thus:



_ _ — L
B Tm«og NOg NHNO3 NOz
HN=C HO Nos ___, |m=Cc 0 NOs
rr — | _il + | D |
N=C NO N NO
i : | L=
g o —
- - — - |
- 1+ [ o - 1+ |
tlmmg IiTHNO:g Tmoa liIHI\IOz |
_ - _ o
S Y T i D L e 1 B
i R S S 1
L H H g H H |

The product, B, is still an ion; if it further reacts with
another methylenenitroguanidine molecule to form C, the system

is well on its way toward long~chain polymerization.

[ ymvog IIQHNO 2 liTEI\IO:g +
E]_\I:? HN:? HN=C
|
H-N CHp N —— CHy N CHp

Thus by a series of consecutive reactions there is a conti-
nuous:transition from methylenenitroguanidine through "short®™
and "intermediate™ chains to "long"-chain molecules, ~ '

As polymerizétion proceeds, cﬁain molecules are formed
which displey the properties of internal-phase particles of a
lyophilic colloid. The colloidal particles thus formed are

solvated, with the reaction-medium at reaction-temperature
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(96°C.) either as molecules or as micelles. When "long"
dhains are formed they are deposited, on cooling, as a blasto-
gel which can be converted to an xerogel or resin of thermal
"softening"”-point 1500-155°C, by drying (curing).

The color of the scattered light in the Tyndall experi-
ment on an N.G.F.P. sol was seen to be predominantly blus.
. With this point in mind, attention may be brought to the fact
that, when such scéttered light is predominantly blue, the
magnitude of the infernal-phase particles is of thé order of
the wave~length of light'(155,134). Since the wave-length of
the visible spectrum.is 4,000~-7,000 X, the length of the |
carbon-nitrogen bond is of the order of 1.41 £ and the sum
of the atomic weights of the repeating unit--methylenenitroa

guanidine--is 116, it is evident that chains of such a magni-i

tude would give a molecular weight of the order of 200,000~
400,000. However, Staudinger (12) has shown that colloids in
solution precipitate as amorphous powders, upon the addition
of a non-solvent, when the‘molecular welght is between 2,000 and
10,000 andvas fibrous material when the moleculer weight is
between 10,000 and well above 100,000. It will be reealléd

that when ether was rapidly added to an N.G.F.P. - acetons sol,
the subétance was precipitated from solution as an amorphous
powder which would indicate, according to Staudinger's find-
ings, a chain-molecular weight of 2,000-10,000. Thefefore,

in agreement with the ™micellar" theory of Mark and Meyer (11),

bundles of N,G.F.P.~chain molecﬁles are considered to be asso=
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ciated laterally, by secondary valence forces, to form micelles
which act as entities and which are responsible for the colloidal
properties, Thus the figures 200,000-400,000 may be considered
to be the order of the micellular weight, rather then the or@er
of the molecular weight, |

- The formation of the N.G.F.P. plastdgel may be regarded
as an aggrégation of N.G.F.P. micelles resulting in the forma-
tion of a fibrillar-gel structure. The formation of an xerogel
or resin (by drying) may then be a continuation of this gel
process, in which the micellular aggregates are brought close
together and result in relatively little active surface for
adsorpﬁion or solvation by liquids., The transparency of the
N.G.F.P. resin can be explained by formation of an extended
network in which the micelles are held together by van der
Wall's forces. |

Tﬁe N.G.F.P, xerogel or resin was found to be more diffi-

cult to bring into soluﬁionkin organic solvents than the
plastogel. This may be accounted for by the presence of picric
acid which was found to be retained, most probably by salt
formation, but which does not enter the basic polymeric structure.
The picric acid so retained may participate in holding the mis+
oelies more firmly by the establishment of associated dipoles
or hydrogen bonds as the fibrillar gel structure becomes more
compact in resin formation. Cold, concentrated hydrochloriec
acid, however, appears to be readily capable of disrupting

thess secondary valence forces, dispersing the N.G.F.P, micelles
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and of releasing the picric acid from the polymsric structure.



SUMMARY AND CLAIMS TO ORIGINAL RESEARCH

~ An explosive polymer of resin type was prepared by a
picric acid~catalysed polyreaction between nitroguanidine and
formaldehyde, having an explosive force of 61% that of T.N.T.

An unstaeble intermediate, mono—methyiolnitroguanidine,1s
formed by a freely feversible reaction requiring an excess of
formaldehyde for its formation.

In the presence of added picric acid, mono-methylolnitro-
| guanidine is transformed into a pdlymeric gel which cures to a
thermoplastic resin,

Solutions of the polymer display the properties of a mi-
cellular, lyophilic-colloidal system. |

The polymer is composed of lohg-chain molecules of repsat-
ing structural unit, methylenenitroguanidine.

Picric acid is retained as a resinous complex, but does
not enter the basic polymeric structure.

The rates of formation of fractions containing "short",
"intermediate™, and "long" chains were studied relative to‘one
another. The.data indicate that upon the addition of picriec
acid, mono-methylolnitroguanidine almost immediately disappears
with the formation of a polymerizing factor which is probably
methylenenitroguanidine. From this polymerizing factor there
is an apparént continuous transition through "short™ and "inter-

mediate™~ to "long"-chain molecules by a seriés of éonsecﬁtive

reactions.
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The cured, pulverized resin can be press-molded into but=
tons or extruded into cords, and viscous solutions of the resin
can be cast and cured in molds.

-The cured, pulverized resin burns extremely vigofbusly wifh
a brillient fleme when the oxygen content is balenced by mixing
with various oxygen carriers., By choosing suitable oxygen
carriers, the rate of burning can be controlled. Burning mixe
tures can be-pelleted which contain various proportions of strpn-
tium nitrate-oxygen balanced resin, magnesium powder and calomel.
They have a longer burning~time and burn with a greater intenéity'

of red light and less luminescent-white light than the Standard

Tracer Composition used in the 17 pounder A.P. shell.
High explosive plastic-masses can be made from the polymé%

conteining up to 90% R.D.X. which can be cast-molded to give 8,

smooth,>coherent casting, These materials are less sensitive

than R.D.X. and Tetryl but more sensitive than T.N.T.
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B.

(a)

Crystal Size-Reduction of Nitroguanidine
'(Picrite(a)) by Acidic Aqueous
Formaldehyde Solution

Due to the industrial nature of this
problem, the industrial name, picrite,
will be used interchangeably with nitroe-
guanidine, _ ’
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INTRODUCTION

Picrite is used in the preparation of rlashlass-cordites
and its state of subdivision is known to have an important
bearing on the manufacture and physical properties of the
cordite, The normal process of manufacturing picrite does
not lend itself to the production of crystals beyond a cer~
tain degree of fineness. In view of this limitation it
was desired to develop a method for fhe manufacturing of |
ultra-fine picrites and thereby obtain & finer and more unie ‘
form product, This type of pierite is particularly desirable
in flashless~cordites for larger guns in order to maintain
the density of the cordites and to improve the regularity of
ballistics.

Techniques have been developed whereby supersaturation
of solutions can be controlled to deposit crystals of a unie
form end desired size on erystallization (1). The formetion
of needle-shaped crystals 15 said to be favbured by supersa-
turation, especially by local supersaturation arising from
local currents éround growing crystals or from local cooling
effects (2). v : .

The use of protective agents for controlling the partic;e
size during recrystallization from solution is a well known
principle 1h industrial practice. In general the adsorption

of dissolved protective agents or fdreign materials (inorganic
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or organic) either as ions or as polar molecules can hinder the
formation of large crystals. It has long been known (3,4,5,6)
that simple fo£ms of orystals which originate from a solution :
can vary when the solution contains certain dissolved foreign
materials,

Supersaturation may be imagined as & molecular condition
in which the uniformly spaced molecules of a substance in solu=-
tion, being like distanceé apart, exert equal attractions oﬁ

each other in all directions, so that no two can come closer

tdgether than others. They all may become gradually cleser a
‘concentration 1ncreases; say by cooling, without disturbing the

equilibrium of attractive forces. Anything that will deatroy‘
this will permit the molecules ta cluster together. The grea#er
the intermolecular tension, the quicker the reaction and thé |
greater the nﬁmbef of clusters of molecules, that is, the gredter
the number of centers toward which molecular condensation will.
take place. The greater the number of centers of orystalliZa}
tion,4the greater the number of crystals in a given volume and
the smaller their size (?). |

In crystallizetions, smaller crystals are obtained (8)
when the surface tension between the solid and the liquid is
small, because nuclei form more easily and copiously when the
surface tension is smaller. The adsorption of a dissolved
foreign substance‘on a solid,‘from solution, diminishes the

‘surface tension between the liquid and the solid and accordingly

smaller orystals are deposited from solutions containing such
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forelgn substances, ,

When adsorption takes place in the orjstal iattioa of the
tiny e;ementary orystals, it is called inner sdsorption; when
adsorption occurs upon the crystal lattice, it is called outer
'adéqrption and suech adsorptien by ecrystals ié very similar in
nature to that of a colloid (9} |

The use of agents fof oénﬁrolling_piorite particle size
during recrystallization from aqueous solution has been investi-
gated intermittently aver a pa&iod,of 12 fa 15 years and numerous
agents (oalléd protective agenta) for restricting orystal growth
have been examined. | v

'Ra;earch carried out at the Armament Research Department
(10) showed that ammelide, gelatin and methyl cellulose caused
a oertain restriction of crystal growth in piocrite. Ammelide
caused_a'reduction of the crystel width but the length was al-
most unaffeeted. On the other hand, gelatin and methyl cellu=-
lose decreased the length of the crystals but the width was
little affected. | '

" The Ameriean éyanamid Co, claimed (11) that ethylene dia=
mine produced a marked effect. A series of expériments.wag
- made at Woolwich ﬁsing ethylene diamine in aquecus solution in
various concentrations, to give a finer product than had pre-
viously been obtained. Using ethylene diemine as a protective
agent, the Welland Chemical Works, Niagara Falls, Ont. were
éb%&:;q broduce'a picrite, the average dimehsiana of which were

2,0 x 33,2 microns. (Welland picrite by normel manufacture has
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average dimensions of 3 x 70 microns). _

A large number of amino- and other nitrogen compounds
which have been tried at Woolwich include ammelide, gelatin,
ammeiide‘plus gelatih, cyeanuric acid, dicyandiamide, urea,
oxamide, amidol, nitrodicyandiamidine, m- and p-phenylense-
diemine, guanidine, nitrophenyltriethanolamine, methylemine,
diethanolamine, triethanolamine, phenyltriethanolamine, hexa-

mine, melamine.

Only fwo such materials gave.size4reduotion of the'same

orderlaé ethylene diemine, viz.: methylamine and'ethylémine.j

. Iﬁ_was pointed out that theése emines appareﬁtly produce :
simultaneous restriction of growth at all crystal faces, sinc¢
there was no observed change in crystal habit.

Tanberg and Kramer (12) found thaf picrite could be ob- |
tained in finely divided form by dissolving nitroguanidine.inf
water under superatmospheric pressure, at a temperature above}
1000C.; this solution is then discharged into a cold liguid
medium such as water to effect precipitation of the nitroguani-
dine. By this method a product was obtained of average crystal
dimensions, 3 x 20 microns.

The effect of rapid crystallizetion of picrite from
-aqueoﬁs formaldehyde solutions up to 5% concentration, by
pourihg the hot~solution onto chopped ice, was investigated
at the Armement Research Department (13),

According to a report on this investigétion, the crystal

size decreases progressively with increase in concentration
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of formaldehyde up to 1%; but thereafter no marked change is
. produced. A 0.5% formai@ahyde solution gives a mean crystal
size of 1.5=2 x 40-50 microns.

The presence of small amounts of ammonia (0.1% solution)f
in cohjunctien with tha‘formaldehyde is reportéd to have a
marked effect in enhancing the degree of size-reduction. ThuL
a solution conteining 0.5% and 0.1% of formaldehyde and ammonia
respectively gives a meanhcrystal size of 0.5«1 x 10 microns

and a specific surface of approximately 80,000 em®/cmS, A4 1
solution at least of methylamine is required to prdduce a"pi¥

crite of similar size: on a weight basis, therefore, formal=-
dehyde has more than double the efficiency of]methylamine for
this purpose. |

It is further reported that, from solutions of 0.75% anq
higher of formaldehyde in the presence of amﬁonia, picrife
orystallizes in a new formA(spherulites) consisting of spherical
particles about lo'microna in diameter.“ This type of picrite
is said to be smsandy to the touch and crushed with difficulty
to give fine particles., These spherulites are reported to be
characterized, under groséed nicol-prisms by a black crass
which intersects the whole spherulite; In the presence of ammo-
nia and amines such as methylamine the pérticles of size-
reduced picrite are reported, in many instanceé, colored yeilow
- and brown and containing yellow gelatinous lumps,
In summﬁry it may be said that those materials whioh‘modify

the orystal dimensions of pierite during its deposition from
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aquecﬁs solution are: : |
(a) Those which produce alteration of the crystal habit |
» by causing restriction of crystal growth along cer-
tain parallel planes. |
This may result in the formation of orystals of a
*platy" nature where the restriction is at right angles
to the‘erystal length, as is the case with ammelide or of
much shortened broad needles as with'gelatin or methyl
cellulose.

The effect is, therefore, not one of true size-

raduction; although one dimgnsidn is reduced the other
two are inoreased or but little different from those ob= g
tained in the absence of any such agent. ;
(b) Those which cause no alteration in the orystal habit}
but produce restriction of growth simultaneously on i
all crystal faceas |
These are to be regarded as true size-reducing agentés
Into this class fall the agents, formaldehyde, methylamine
and othér amines, _

The features asqpoiate& with.thesg sgents are: (a) Theyj
have the common property of readily reacting with yicrite‘ta
give éompcunds;‘ (b} They ha#e the common property of being
polar molecules as is picrita itselr,

Sulphuric acid also falls into this group, It has long
been known that nitroguanidine, precipitated from solution in

concentrated sulphuric acid, gives a fairly fine product, and
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it has been reported (14) that nitroguanidine forms a sulphate
with sulphurie acid which is readily decomposed by drowning in

water,

It has alsc been reported (15) that methylamine and other

anmines react with nitroguanidiné ta give compounds with evolu-

tian of ammonia.

In this laboratory it was found that rormaldahyde and nitro-

guanidine underga a reversible reaction in aqueous solution,

under acidic conditiens, to give monofmethylolnitroguanidine (16},
The isolation of this material.requires the presence of at le+st'
two moles of formaldehyde per mole of nitroguanidine, It is a
very unstable compound; heating the orystalline farm or its ‘
aqueous solution causes decompasition with evolution of forma}
dehyde ‘and recovery of nitroguanidine.

The choice of aize-reducing agenta for picrite is thereftze
t

less random when restricted to the examination of campounds t
readily react with it, and are of a polar nature; The e:rect‘ia
presumAbly related to the‘adsorptien‘at all.crystal‘races of a
molecular film of polar molecules or a film of ions which inter=
fere with the deposition of layers on the‘orystal faces. Brou-
okeras (17) says that whan ions of one charge are adsorbed, the
ions of opposita charge are held by alectroatatio attraction,

In the case of commanly known protective eagents such as
gelatin, preferential adsorption of the egent, along certain
faces qnly, would appear to accurs

The yellow and brown coloration and the presence of yellow
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A |
gelatinous lumps, obtained at the Armament Research Dopartmenﬁ,
when size~reduction of picrite was obtained by orystallization
from dilute formaldehyde solutions in the presence of ammonia
is considered, in this laboratory, to have resulted from prodycts
of nitroguanidine déuarrangemant in hot aqueous solution. This
de-arrangement is catalysed by the presence of ammonia (18); |

For this reason it wes decided, in this laﬁoratory; to in=-
vestigate the production of ultra fine picrite crystals by.ren

orystallization from dilute formaldehyde solutions in conjunction

with acidic protective agents.



EXPERIMENTAL

I. Preliminqu Laboratory Experiments

It was found that small quantities of sulphuric acid uqed‘
in cohjunction with dilute formaldehyde solutions gav; a marked
effect in enhancing the degree of piorite size-reduction.

In pfoductien practice the method of pierite orystalliza-
tion is shock-~cooling by the spray method., In the following

experiﬁents, shock~cooling was obtained by répid pouring of

the hot picrife solutions onto orushed ice with vigorous mechanical

stirring. i

1

Experimental Procedure . o |

The standardized procedure for these investigations was QB
folloﬁs: 3 g. pierite were added to 50 ml, watqr in a 4004m14
beaker. The mixture was heated until a clear solution was ob%
tained, The protective agent (or agents) was then introduced and
the solution heated %o boilinguand maintained for a specified time
at the boiling=point, after which the solution was shock-cooled
by rapidly pouring the contents of the beaker onto a bed of
ocrushed ice 2-2,5 in., deep contained in a 400-ml. beaker. Vigor=
ous mechanical stirring was mainteined throughout the latter opera-
tion to reduce the possibility of cryatal growth. Short periods

of heating were chosen, as it is obviously undesirable in produce

tion practice to prdlong the spraying cycle unduly and to reduce
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any de-arrangement of picrite which may occur on prolonged
heating,

Microscopic estimates of crystal size and relevant remnrkk
are contained in TablesI, II, and III.

The source of picrite-ﬁsed in these experiments was the

finished product No. 3 &s shipped from the Welland Ghemical
Works, Niagara Falls, Ont. It was composed entirely of needles
covering a very-wide range of‘size, 4-9 x 22-180 microns. Th
mean crystel size wes approximately 5 x 110 microns. |

| When forméldehyde was used alone as the protective agent
the fine picrites gave gelatinous precipitates which did not |
readily separate from the mother~-liquor, but were readily sepdra-
ted on Whetman No. 1 filter paper, in a Buchnar’fuﬁnel with sdo-
tion supplied by a water pump. | |

When formaldehyde was used in conjunction with sulphuriej
acid, curdy precipitates were obtained whieh separated rapidl&
from the mother-liquor and were retained on a Whatman No., 1 f%l-
ter paper in a Buchner funnel with auotion supplied by a wateﬁ
pump.

The solubility of piorite is noticeably increased in forw
maldehyde solution and increases as the concentration of formgl-
dehyde is increased. This fact was observed from the tempera+
tures at which-solutioh of the picrite oocﬁrred.

The time elapsing between pouring of the hot solution onto
ch0ppéd ice and the first general appearance of & precipitate

inereases as the concentration of sulphuric acid is increased.



TABLE T

Variation of Picrite Crystal Size with Formaldehyde Concentration

(Concentration of Picrite Solution throughout: 3 g./50 cc.)

Mean Picrite
Crystal Size

Remarks

Cones of
Run Protective Time of
No. Agent Heating
1l ' 1.0% 5 min.
2  0.5% 5 mine

2x18 microns

2x36 microns

A gelatinous preeipitate which preci-
pitated immediately on shock=cooling.
Composed entirely of needles of falr-
ly uniform dimensions,

A gelatinous precipitate which precie
pitated immediately on shock=-cooling.
Composed of needles not as uniform in
size as those in Run No, 1.

Heating of the 1% formaldehyde solution of picrite for a shorter period
of time did not give a maximum.decrease in crystal size, e.g.,

3. 1.0% 2.5 min.

2x27 microns A gelatinous precipitate which preci-‘

piteted immediately on shock-cooling.
Composed of needles of fairly uniform
dimensions,

1% CHp0 means 0.58 mole per 1.0 mole picrite
0.5% CHo0 means 0.32 mole per 1.0 mole picrite

‘TT
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TABLE 1III

Variation of Pierite Crystal Size from 0.5% Formaldehyde Solutions
with Concentration of Sulphuric Acid

(Concentration of Picrite Solution threoughout: 3 g./50 ce.)

Conac. Cone.

Run of of Time of Mean Picrite
No. CH;0 Hésc4 Heating Crystal Size Remarks
7 0.5% 5.0% 5 mine 1.0 x 7 Very curdy precipitate appearing 15
mierons seconds after shock-cooling. Composed
— of grains or spherulites of mean diame-
ter 9 microns which break up feirly
easily to give the needles.
8 0,54 = 1.0% 5 min. 2 x 27 ; Somewhat gelatinous precipitate appear—
. microns ing 4 seconds after shock-cooling,
Composed of needles of not very uniform
dimensions.

1% CH,0 means 0.58 mole per 1.0 mole of picrite
0.5% CHpO means 0,32 mole per 1,0 mole of picrite

o1
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In the absence of sulphuric acid very little supersaturation
occurs and precipitation is almost immediate.

It has been observed that with concentrations of formal~f
dehydé higher than 1%, the time elapsing between ahook-coolin%
and precipitation becomes ﬁotioeable. Further, the yield of |
picrite with concentrations of formaldéhyde higher than 1% is
decreased, presumably because of the higher solubility af'pi-

crité in the solutiona. The spherulites under crossed nicol=
prisms show up as white sﬁheres infersected by a black cross.
Upon close microscopic examination these spherulites appear
to be of a fibréus nature, made up of exceedingly fine radigl
needles radiating from an aggregate oehter.
From these results it appears that the picrite‘crystal
- 8ize decreasas as the formaldehyde concentration inereasss,
end that the use of.dilute sulphuric acid, in conjunction with
the formaldehydp, brings about a further decregse in erystal
size; increasing the sulphuric acid concentration causes the
crystals to pass to a stage where small spherulites are formad.
It appears that by suitably choosing the concentrations
of the protective agents, formaldehyde and sulphuric acid, a
choice of crystal sizes may 56 obtained in needle-form or
spherulitic form as,desireé.
The refractive index along the length of these size-
reduced pierite orystals was 1.52 and the melting~point was 252-
238°C, Thus, these materials are indeed picrite.

In another experiment, 3 g. picrite were dissolved in 50 ml.
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- water. After heating and immediately before reorystallizatioﬂ,
formaldehyde was edded to give & 1% solution. The solution was
immediately shock=cooled in the described manner to give picrite
crystals of abdut 2 x 50 microns, |

This prooedurevuould make formaldehyde available for adﬂj

sorptien but would not allow appreciable reaction to take place

between the picrite and formaldehyde.

It was seen that when the heating time was increased from
2,5 tq 5 minutes (Runs Nos, 1 and 3) a finer product was ob= ‘
tained upon crystéllizgtion. This phenomenon was also obaervéd
with increasing concentration of sulphuric acid used in con~- |
Junction with formaldehyde and is no doubt related to the ex—j
tent of interaction of the protective ageht and picrite since.
it is known that formaldehyde and»nitroguanidine react to give
mono-methylolnitroguanidine in acid medium, |

The sulphuric acid mey piay a dual role: (a) of acting as
e catalyst in the formation of mono~methylolnitroguanidine aend
(b) of forming e reaction product itself with nitroguanidine,
i.s. nitroguanidiﬁe sulphate. |

Picrite crystallized from.diiute formaldqhydg in the
presence of sulphuriec acid gives a greater reduction in crystal
size for the same pericd of heating than does formaldehyde alone.

Two further experiments were carried out in which mano-
methylolnitroguanidine was substituted for plcrite and'rormalr
dehyde in the following manner:

(a) In 50 ml. water, 3.87 g. mono-methylolnitroguanidine
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were dissolved. After 5 minutes of heating at the boiling-point
the solution was shbek-oooled in the described manner,

(b} In 50 ml. water, 3.87 g. mono-methylolnitroguanidine ‘
were dissolved. Sulphurie acid was added to give a 1% aoluti?n.
After 5 minutes of heating at the boiling-point the solution |
was shock-cooled as previocusly describeda !

In both of these experiments picrite crystallized out :
after shock=-coolings Microscopio estimates of crystal size aﬁd
relevant.remarks are contained in Table IV,

The amount of mono-methylolnifroguahidihe corresponds, ‘
upon hydrolySis, to a larger concentration of formeldehyde th&n'
1%, and since the startiﬁg material, in these experiments, is
the reaction product of formaldehyde and picrite, a much finex
product might be expécted upon shock-recrystallization., The
presence of sulphuric acid gaie a further reduction of orystal
size which also might be expected Since it can form a water-
decomposable compound with piorite. These results indicate
that the reaction product, mono—methyiolnitroguanidine, plays
a major role in the reduction 6f pierite crystal size by fore
maldehyde solution,

.In general, the action of formaldehyde in restricting
crystal growth of piecrite is probably due to:
| (a) The efféct of shock-cooling and supersaturation .

of picrite solutions which causes a rapid formation of

a large number of centers of crystallization.

(b) A reversible reaction between formaldehyde and picrite



TABLE IV

Piecrite Crystal Size after Shock-Cooling Solutions of
Mbng—methylolnitrogugnidine

(Concentration of Mono-methylolnitroguanidine solution: 3.87 g./50 ce,)

Conc. of

Run  Sulphuriec Time of Mean Picrite
No, Acid Heating = Crystal Size . Remarks
9 0% 5 mine 1.0 x 7-9 A curdy precipitate precipitated 210
, microns .seconds after shock-cooling, Composed
of a mixture of fine needles and soft
agglomerates giving spherulites of mean
diameter © microns when broken down by
rubbing on a slide.
10 1.0% 5 min. Spherulites Composed entirely of tiny spherulites
: 4,5 x 4.5 | of very uniform diameter of 4.5 microns
microns which were very difficult to break down.
(a) This run gave a very curdy preeipitate

after 35 seconds from shock=-coolings

(a) The spherulites formed in thesé two experiments showed & black
cross under crossed nicol-prisms and on closer microscopic examina-
tion appeared to be composed of radial needles: '

A
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and subsequent adsorption of formaldehyde molecules by the

elementary picrite crystals.'

.
N\

NHNO,
+ CHp0 —— HN='c/ o
NH, - | \1.}1-01120}1
H

Although this dynamic equilibrium will be far to the léft
in these dilute solutions, the close proximity of formaldehyde
and picrite molecules will probably enhanece the orientation and
eétablishment of an adsorbed protective layer of polar formal-
dehyde molecules which will restrict further vectorial arrange-
ment of picrite crystéls on the centers of erystalliz&tionc‘
This effect is pfobably further enhanced by adsorption of the

sulphuric acid catalyst. -

II, Pilot Plant Experiments

Introduction

The following is an outline of the normal processing of
plerite, at the Welland Chemical Works, Niagara Falls, Ont.
with a brief description of the operations which are pertinent
to the problem of picrite size-reducticﬁ.

The operations in the order of their occurrence are:

(1) Nitration (This is the plant name for this operation.
It would be more eppropriately named dehydration)

(i1) Dilutien or Quenching.
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(iii) Cooling.
(iv) PFiltration and Washing.
(v) Resolution.
(Qi) Recrystallization.
(vii) Refiltration and Drying. f
(1) Nitration. The function of this step is to convert guanihine

nitrate (product No. 2) ta nitroguanidine (product No. 3).by the

removal of water with concentrated sulphuric acid at a'temperarure

of 38-40°C, | |

/NH3 * NO, /NHNOZ»
HN=C -  HpS04 m=c\ 4 Hy0

(ii) Dilution, The function of this step is to quench the nitra-

tion solution with water or mother-liquor. Because nitroguanidine
is quite insoluble in weak sulphuric acid, the bulk of the prod=-
.uct 1s precipitated out at this point.

(iii) Cooling, The function of this operation is to cocol the

quenched nitration solution to 10°C. at which more picrite is
orystallized out due to difference in solubility.
(iv) PFiltration and Washing. The function of this operation

“is to éeparate the nitroguanidihe crystals from the weak sulphuriec
acid and to wash out soluble impurities with & minimum loss of
picrite.

The cooled slurry 1s filtered on a vacuum filter at a pres-

sure of 22 1b. per sq. in. The resultant orude-cake contains

about 60% moisture and 0,5% éulphuric acid after washing.
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(v) Resolution. . The function of this operation is to redissolve

the crude-csake, préparatory to crystallizing it in proper oryse-
tal size. : :

The erude-cake, containing esbout 60% moisture and 0.5% sul-
phurio acid is mixed with water, 1n such propartiona as to re¢u1t
in epproximately a 7.5% solution, and heated to 100°C. by ateq.m.
After complete.solution the pH is adjusted to 5.5 with sode agh
to retard corrosion of the tanks, té precipitate &ny iron that
may be in solution and to meet specifications as to pH of the
\finished product. The solution is not retained any langer th*n
is necessary due to slow decomposition which is evidenced by an
inecrease in pH an@ the evelution of ammonia, If the pH is aliowed
to rise above 7, decompoéition is accelerated ﬁnd_ammonia may be
noticed in the vapour coming off and it becomes necessary to add
acid. Clarification of the solution may be.required if iron
hydratg is precipitated in the pH adjustiment.

(vi) Recrystallization, The function of this aperation is to

shock-cool the aolutien invsgch & way as to form orystals
averaging 3 miorons in diameter by 70 microns in length, end a
speciric surface of 15,000 em®/cm%;

" The hot soldﬁian.is_aprayed through noziles of 1/8 in,
inside diameter. The slurry formed leaves at 35-40°C. Any
final ad justments of pH ﬁre made in the alurry'sinoe tests showed
that pH adjustments made hefe will change the pH of the crystals
which is no doubt due to outer adsorption. Iﬁ is necessary that
the cerystals be kept in constant circulation to prevent crystal

growth,
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(vii) Refiltration and Drying. The funetion of this operation

is td separate the cryatéls from ﬁhe mother-liquor and %o divide
the filter-cake into wafers and dry the product in a circulating
air drier. ' _

The specifieétion; for pH of the finished ﬁroduet ranges
from 5-7.5, Normally this is met. However, during & shut~-dowam,
slight deeoﬁpasition of the preoduct may ocour with a}rise in pH,

It was felt at the Welland Chemical Works that the averagé
orystél size could be reduced with amaller(apray orifices and
'an inereased spraying pressure, but this would have required
new or mbre equipment. In view of this limitation it was oconsi=-
dered advantageous to aévelap a method of manufacture of ultra»’
fine picerite that would not réquiré any mechanical change in the
normal preduction method. o |

It was found (19) thet re~spraying of Welland picrite does
not give as fine a préduct aé_tﬁat resulting from spraying
Holton Heath picrite.

This difference is probably an illustration of the value
of prdteetive agents in the spraying process, since it is most
eaaiiy explainable in terms of contaminants. Crystals of WEIIand
pierite are known to have a rhombic tranaverse‘saction, in
'ganeralg altheugh‘ooeasionally development of other corystal faces
gives five~ ar six-asided crystals, but the_relative lengths of
the sidgs differ only slightly. Helton Heath piérita on the
other hand possessss'a six*aided'figure resembling e flﬁttened
hexagon i.e. with one pair of parallel faces greatly exceeding

the remainder in length.
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This différence is ascribed to the presence of certain
.rohction by-products in Holton Heath picrite since the Welland
product is of high pu¥ity; furthermore, it can be tranSforﬁsd ;
into the Holton Heath type of crystal by addition of small
amounts of cdntaminants.such as ammelideg

If it is the case that thé spray process can differentiate
between two picrite solutiona>ona of which contains trases of j
proteqﬁive agent, it is evident that the introduction of smallj
amounts.of formaldehyde will have & remarkable effect. ‘

Accordingly, it was decided to carry out all further experi-
ments of picrite size-reduction on a semi-pilot plant scale And
to simuléte actual plant_conditions of shock-cooling by the spray
method, | |
Expérimental Procedure
' The standardized procedure for these trials was as follows.
An 8000~gram solution composed of 480 g, (6%) picrite, various
concentrations of protective agents and uﬁter was rormad; énd
heated in a reaction vessel at 100°C. for a specified time,

The reaction vessel consisted of a 2-gallon, stainless-steel
kettlé equipped with a ateam'jacket, motor-driven stirring paddles
and & thermometer. hA thermal geuge, to détarmine the quality of
steam supplied, was interposed between the kettle and the steam
inlota> | | _

At the conclusion of the heating period, a valve at the
ﬁottom of the kettle, was opened and the hot éolutian discharged
into a steam-jacketed 1/2-in. pipe to which was attached a short
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pieece of heavy rubber tubing fitted with a spray nozzle. (The‘
spray ndzzle wes méde by drawing a 3-in: piece of 12-mm, giéss
tubing to a spray orifice of 3mm, inside diameter, which was

- designed to give a 9-min, spraying time of the vessel contents
and a slurry temperature of 5600. on a control run.) The hot |
dischﬁrging solution wes sprayed by hand against ﬁhé inside
surface of a 20-gallon, stainless~steel, slurry tank the out-

- side surface of which was cooled by contact with cotton aprons
over which water aﬁ a temperature of approximately 10°C., was run,

During the spray procedure, the inside surface of the slurry
tank was continuously sceraped with a rubber péddle in order to
remove any recrystallized picrite that tended to stick and 10;@:_‘
thé efficiency of éhook-caoling; also the resultant slurry in the
bottom of the tank was oonstantly agitated to'prevent ocrystal
growth. |

After the total charge.had,beeh.sprayed, the slurry was
brought ta a pH of 6~7, and the piorite separated ffom the mother—
| liquor by'filtration.and washed with cdld water. The picrite was
retained on a Whatman's No., 1 filter_paper in a Budhnar fﬁnnel
with suction supplied<by a water pump, The resultant filter-
cake was broken up and dried on cloth tréys in a ciroculating-air
drier at 450C., for 24 hours.

The effeet of crystal-size and orystal form on filtration
was carried out on many typical runs by measuring the volums of
filtrate obtained in 15 sec. at 22 1b./sq.in., using a filter»
leaf supplied by the Welland Chemiocal Works which was designed
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to give results comparable with those in plant filtration.

The orystal form was determined under the microscope and
the pfedaminating erystal size estimated after projection on a
sereen at 1000 magnification, 8Specifie surface measurement was
'made by the Drafﬁ Method (20}.
Spraying Experiments with Formaldehyde Solutions
of Welland Finished Produot Na. 3 Acidified with

Sulphuriec, Nitrie, p~Tcluene Sulphonic and Ben~
zene Sulphonic Acids.. - -

Eaeh.aﬂoo-gram charge in this saries of runs was mede up as
follows: 480 g; Wellend finished product No. 3 were dissolved
in 6.5 litres water which had previously been heated ta 90-959C.
in the kettle: A known quantity of acid, dissolved in the remain=
der of the water, was run in and the solution brought to a tempera~
ture of 100°C., after which a known quantity of formaldehyde (as
40% formalih) was introduceds

Each éolution was heatéd for a known period of time after
the addition of formaldehyde, and sprayed.

The filter-cakes of Runs Nos, 8, 3, 4 and 8 were washed and
reslurried ﬁith cold water to a pH of 6-7. The pH of the cold
slurries of Runs Nos. § and 6 was'adjuated from less than 2 to 6-7
with emmonia, and those of Runs No. 7 and 9 with potassium hydroxide,
before filtration. All pH values were determined with universal
indieator.
| Run No: 1 was used as & control; no protestive agents were
used and no treatment of the slurry was made, ,

From the results assembled in Taﬁle V it is evident that
extreﬁely fine picrite can be obtained by spraying, using a

suiteble concentration of acid and formaldehydes



TABLE V

Spraying Experiments with Formaldehyde Solutions of Welland Finished Product No, 3
Acidified with Sulphuric, Nitric, p-Toluene Sulphonic and Benzene Sulphonic Acid

(Concentration of picrite solution throughout: 480g,/8000g, solution)

Cone, of Heat= ___Crystal :
Protective ing Size Specifiec
Agents Time (predomina~ Surface
Run in ¢4 in ting) 2, 3 -
Nos. CH,0 H;80, min, Form in microns Cm“/om | Remarks
1 o 0 5 needles 4 x 100 15,600 Lumpy slurry. Filtration very fast;
(control) range: 1000 ml,./15 sec., 22 1lb./sq.in.; dry cake
70-500 and no coracking. :
2 0.5 0.5 7 needles 1-8 x 16 36,600 Gélatinous slurry; needles appeared to be
laminated with splayed ends. Filtration:
760 ml,/15 sec., 22 1lb./sq.in.; fairly dry
cake and little cracking.

3 1, 1. 5 inei= 12-15 diam, Slightly curdy slurry; incipient spheru-
pient 59,000 lites of loose structure, broken down
spheru~ _ easily by rubbing on slide to give needles
lites(a) 3-5.44long. PFiltration: 570 ml./15sec.,

22 1lb./sq.in.; slow drying and some cracking
of cake,

4 1. 1. 5 ditte 12-16 " 63,000 ditto

(continued on page 26)



PTABLE ¥V (continued)

Spraying Experiments with Formaldehyde Solutions of Welland Finished Product No. 3
Acidified with Sulphuric, Nitrie, p-Toluene Sulphonic and Benzene Sulphonic Acid

(Concentration of picrite solution throughout: 480g./8000g. solution)

Concs of Heatw Crystal
Protective ing : Size Specifiec
: Agents Time (predomina= Surface
Run in % in ~ ting) .
No. CH0 HNOz min. Form in microns cm%/om® , Remarks
5 1. 0.5 5 needles 1 (or less) 62,300 Slightly curdy slurry; most incipient
‘ and x 5-6 : spherulites which were broken down fairly
incti- easily by rubbing on slide to give needles
pient ' , 5-6 ¢ long., Filtration: 600 ml,/15 sec.,
spheru- 7 diam, 22 1b,/sq.in.; .feir drying and slow cake
lites cracking.
e 1. 0.75 6 needlee 1 (or less) 60,200 Very similar to above run except that ine
and x 4~5 ' cipient spherulites appeared to be a
inci-~ little more numerous, better developed and
pient more difficult to break down.
spheru- 7 diam; '
lites
7 1. 1.25 5 ineci- 36,300 Very curdy slurry; mostly true spherulites.
pient Filtration: 850 ml./15 sec., 22 1b./sq.imn.
& true Slow drying but little cake cracking
spheru- 12 diams,
lites

*98

(coantinued on page 27)



TABLE V

(concluded)

Spraying Experiments’with'Formaldehyde Solutions of Welland Finished Product No, 3

Acidified with Sulphurioc, Nitrie, p-Toluene Sulphonic and Benzene Sulphoniec Ae¢id

(Concentration of picrite solution throﬁghout: 480g./8000g. solution)

Cone. of
Protective
Agents
in 4% Hea t- Crystal
H$ - ing Size Specific
Time (predomina«= Surface
Run in ' ting) 5, 3 ,
Nos CHg20 min, Form in microns om“/em"” Remarks
OzH -

8 1 1 5 needles 1l or less 65,100 -Slightly curdy slurry} mostly needles; in=
& inci= x 11 cipient spherulites of loose texture and
pient easily broken down by rubbing on slide;
spherulites Filtration: 580 ml./15 sec. 221b./sq.in.

CH%O |
soaﬂ ’
) 1 1 5] ditto 1-2 x 18 56,000 Very similar to above run except incipient

.

spherulites appeared to be more numerous
and better developed. Filtration: 640 ml/
15 sec., 22 1b./sq. in. . , _

* )2

(a) Incipient spherulites appear to be a stage intermediate between needle and true spherulite
_ formation where the needles radiate symmetrically from the center of the aggregate.
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Ieight for weight, these acids appear to be of the same
order of effectiveness in reducing piocrite crystal size when
used in conjunetion with a 1% formaldehyde solution, picrite
erystals of incipient sphergiitig strueture being formed. With
increase in acid concentration if would appear that true spheru-
litic formation sets in with a corresponding drop in aspecifiec
surface,

Supersaturation was quite noticeable with the higher con-
centrations of proteetive agents, as determined by the time
elapsing between contact of the hot solution with the cold sur-
face of the slurry tank and the first general appearance of
prscibitations

Tests carried out by the Welland Chemical Works indicated
that nitric acid was the least corrosive of these acids but
that in general, acids of these concentrations would probably
be tao corrosive for use in their staihless-steel equipment.
Further, the pH values of the crystals in these runs were found
to be too acidic to meet specification, which was no doubt due
to inner adsorption of acid sinece the outer crystal pH was ad-~
justed to 6-7 in the slurry tank. |

Laboratory experiments, in which hot 6% aqueous picrite
solutions containing small amounts of emmonium sulphate and
- formaldehyde were shock-cooled by pouring onto cracked ice,
showed that avconsiderﬁble size-reduction had been occasioned.

Solutions containing 0.5% ammoniﬁm.aulphate and 1% formal-

déhyde gave needles of average dimensions 1 x 12-14 mierons.
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Solutions containing 1% ammonium sulphate and 1% formale
dehyde gave true spherulites 5=-7 microns in diameter;

Similar results were obtained with ammonium nitrate and
formaldehyde. No further effect was obtained by a heating
period 1longer than 10 minutes.,

It was reasoned from these results that ammonia neutrali-
zation of the sulphuric acid in a solution of Welland crﬁda
filter-cake would effect & size-reduction if used in conjunction
with formaldehyde.

By this procedure pilot-plant runs were carried out,

Spraying Experiments with 1% Formaldshyde
Solutions of Welland Crude-Cake with Ammo-
nia Neutralization of Cake Acidity, and
Related Experiments.

Each 8,000-gram charge in this series of runs was made up
as follows:. 1,215 'g. Welland crude-cake, containing 60% moisture
and approximately 0,5% sulphuric acid, were dissolved in 6 litres
water which had previously beeﬁlheated to 90-95°C. in the kettle.
The pH was adjusted from less than zlto 6-7 with ammonia and the
remainder of the water run in, after which the solution was
brought to a temperatﬁre of 100°C. and formaldehyde introduced
(as 40% formalin) to give a 1% solution.

Upon the addition of formasldehyde the pH dropped to 5 and
remained at this value throughout the heating period.

Each solution wés heated for 10 minutes after the addition
of formaldehyde, and sprayed.

The filter-cakes were each washed with 2 litres of cold

water,
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411 pH velues were determined with universal indicator,

The results are assembled in Table VI, and it is evident
from,these figures that exeaedingly fine piorite is occasioned
by 1% formaldehyde solution and spraying, using Welland crude=
cake the acid content of which is neutralized by’ammonias
| It is probable that both ammonium and sulphate ions as well
as formaldehyde molecules are adaqrbed by the pierite crystal
faces in producing this remarkable size-reduction with corre-
sponding high speeific surface.

The concentration of ammonium.aulphaté does not appear to
be quite sufficient to cause general true spherulitic forma-
tion., The variation of Runs Nos. 14 and 15 was ascribed to a
small differenoa in cake a&cidity sinece & different batoh of
Welland crude-cake was used in these t&ovruns. '

In an attempt to produce true sphefulites.by.the above
procedure 16 g. (0.2%) ammonium sulphate and 16 g. 1ess watar
was added after ammonia neutralizetion of the erude-ceke acidity.
Again the pH dropped to 5 upen the addition of formeldehyde and
remained at this wvalue throughout the heating period. The
results are assembled in Table VII. ‘ |

From these figures it is evident thet ammonium sulphate -

- does indeed have a‘profound effect on pierite size~reduction

- by rormaldehyde solution, It appears ﬁhat with inereasing am=-
monium sulphate concentration, in a 1% formaldehyde solution,
inscipient spherulitic structure becomés more developed and

true spherulitic formation sets in with a corresponding drop in

specific surface. .



TABLE VI

Spraying Experiments with 1% Formaldehyde Solutions _
of Welland Crude-Cake and Ammonia Neutralization of Cake Acidity

(Concentfation of picrite solutibn'througﬁout: 480 g./8000 g solution.)

Heat~ ’ _ Crystal .
ing Size Specific
Conc. Time _ (predomina- Surface
Run of in - ting)
No, CHy0 min, Form in mierons  em?/em® Remarks
10 1% 10 needles 1 (or less) 79,000 Gelatinous slurry, mostly needles;
& incie x 6 - some incipient spherulites of loose
pient texture and needle clusters whicl are
spheru~ . 12-15 diam, broken down easily by rubbing on slide.
lites : Filtrationt 450 ml./15 sec,, 28 1b./
sq.in. :
11 1% 10 do 1 (or less) |
| x 5=~10 .77,200 - ditto
12 1% 10 do 1 (or less)
x 5-10 77,200 ditto
13 1% 10 do 1 (or less) |

x 3-8 81,000 ditto

(continued on page 32)
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TABLE VI (continued)

Spraying Experiments with 1% Formaldehyde Solutions
of Welland Crude-Cake and Ammonia Neutralization of Cake Acidity

(Concentration of picrite solution throughout: 480 g./8000 g.“solution.)

Heat- Orystal
ing Size Specifiec
Concs Time (predomina~ Surface

Run of in ting)

Nos CHpO0 min. Form in microns om?/cm® Remarks

14 1% 10 needles 1 (or less)
& inci- . x 3-5 86,400 Similar to Runs Nos. 10 to 13 but
plent more incipient spherulites,
spheru~
lites

15 1% 10 needles; 1 {(or less) 88,200 Slightly curdy slurry; soft agglo«
ineci- x 3~-4 -merates of mixture; very few true
pient spherulites, Filtration: 580 ml./15 sees.,
spheru- 3-8 diam. 22 1b./sq.in. .
lites .
plus some
fine . 1 (or less)
material .diam,

-3



TABLE VII

Spraying Experiments with 1% Formaldehyde Solutions of Welland
Crude»Cake and Ammonia Neutralization of Cake Acidity plus 0.2% Ammonium Sulphate

(Concentration of picrite solution throughout: 480 g./8000-g. solution)

Crystal
Heat~ .
ing Size Specifie
Conc, Time (predomina~ Surface
Run of in ting)
No. CHO min, Form 1in microns - cm®/om® Remarks
16 1% 10 True 61,800 Very curdy and thin slurry. Filters
spheru= 5=7 diam, fast until some ceke cracking., Mostly
lites & : true spherulites; a small amount of
fine fine partiecles.
particles ca. 1 diam.
17 1% 10 do do 56,400 ditto
18 1% 10 do do - 59,4700 ditto

‘ee
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Specimens of 1nhibited spherulitic :ormation were captured
on a glass slide in the followiné manner,

A microscope slide, which had previously been cooled to‘o°c..
was rapidly coated on one side with a film of the above hot solu=-
tion, By this procedure the picrite almost ihstantly crystallized
out in essentially two dimensions to give a restricted spheruli-
tic growth,

The photomicrographs (Figs. 1 and 28) indicate that apheruli-
tie férmatibn consists of the growth of radial needles from an
aggregate ecenter. Both specimens shown were formed on the same
slide and probably show different stages in spherulitie develop-'
ment, | |

- The use of ammonia for sulphuric acid neutraiization or as
its sulphate dées.not seem to cause decomposition of nitroguani-
dine; no yellow coloration or yellow gelatinous lumps were in
evidence. Such is not the case when ammonia is used in the ab=
sence of'sulphuric acid as shown by the following run.

An 8000-gram charge was made up using 480 g. Welland'fin-
ished produet No. 3, which is acid=-free. After aqueous solution
was effected and brought to & temperature of 100°C, in the usual
manner, ammonia and'formaldehyde were run in to give a 0.1% and
a 1.4% concentration respectively.

The solution was heated for 5 min. at 10&90. after the
ammonia and formaldehyde addition, and sprayede‘

The filter-cake was washed and reslurried with ocold water

to a pH of 6~7 determined by universal 1hdioatoro



Inhibited Spherulitic Formation

PIGURE 1
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Inhibited Spherulitic Formation

FIGURE 2

56,
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Frqm the results assembled in Table VIII it appears that
nitroguanidine de-arrangement occurs when émmonig is used alone
in conjunction with formaldehyde as a protective agent, as evi%
denced by yellow coloration and yellow gelatinous lumps in the‘
product,

The effect of hexamine, which contains potential formalde~
hyde énd ammonia, as a picrite size-reductant was determined by
the following three runs.

In Run No. 20, 4éolg. (6%4) Welland finished product No. 3 was
used in meking up the &Ooo-gram charge. After its aqueoué solu=
tion was effected and brought to a temperature of 100°C, in the
usual manner, 111 g. (1.38%) hexamine was added and the solution
heated for 10 min. at 100°C., and sprayed.

In Run No., 21, 1215 g. Welland crude-cake containing 60%
moisture and 0}5% sulphuric acid, was used to make up the 800¢~
gram charge containing 6% picrite. After its aqueous solutioﬁ
was effected and brought to 10000., 111 g. (1L38%) hexamine wa
introduced and the solﬁtion heated for 10 min. at lOOOC., and
sprayed.

In Run No. 22, 1215 g. Welland crude-cake was similarly ;
used &8s in Run No. 21; but before addition of 11l g. (1l.38%) ‘
hexamine at 100°C., the orude-ceke acid was neutralized ﬁithf
ammonia, The total 8000-gram charge was then heated for 10
min, at 10000., and sprayed.,

The pH of each solution after the heating pericd was apﬂrexi-

mately 7 as determined with universal indicator.



TABLE VIII

Spraying of a Solution of Welland Finished Product No. 3
Containing 1,4% Formaldehyde and 0.1% Ammonia

(Concentration of picrite solution: 480 g./8000-g. solution)

Conc, of Heat= Crystal
Protective ing Size Specific
Agents Time (predomina~ Surface
Run in % in ting) 5, 3
No, OCHgO NHz min. Form in microns cm“/enm Remarks
19 l.4 0.1 5 needles, 1 (or less) 29,000 Curdy slurry. PFiltered fast; slow
: ineipient x 3-5 ‘ drying. Yellow coloration and some
and true yellow gelatinous lumps,
spheru-  5-10 diam. ,
lites

*8¢g
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Upon complete hjdrolysis 1.38% hexamine would give approxiw-
mately 1% formaldehyde and 0.04% ammonia in solution. However,
from the results listed in Table IX it is apparent thaet in the
absence of sulphuric acid (Run No. 20) or in the presence of
emmonia-neutralized sulphurie acid (Run No. 21), under these
experimental conditions, very little hexamine hydrolysis occurs.
On the other hand, in the presence of free sulphuric acid (Run No.
22), hydrolysis takes place and a considerable size-reductioﬁ of
plorite is effected. o

Under the same oconditions of Run No. 21 a glucose concentra-
tion of 1% brought aboﬁt no observable size-reductionj; d specific
surface of 17,000 was obtained. '

‘Tests carried out at the Welland Chemical Works showed that
traces of melemine are usually present in their'picrite and, that
when pH ad justments aré mede with emmonia, the ammonium sulphate
formed breaks down on drying in the presence of melamine to form
melamine sulphate and free ammonia. This phenomenon is obviously
undeeirable on the basis of crystal pH specifications and indeed
determinations on the products of Runs Nos. 10 to 22 showed that
the crystal pH values weré generally between 7 and 8.

»Soda-aéth ad Justments are successfully used in the produc~
tion of Welland picrite to meet pH specifications of the crystel,
Accordingly it was decided to effect size-reduction by heating
the sulphuric acid containing crude-cake in dilute formeldehyde
solution and after 10 minutes of reaction to neutralize the acid
with soda-ashvinstead of ammonia, immediately'before sprayling.

.



TABLE IX

Spreying Experiments with Welland Picrite Solutions
Containing 1,38% of Hexamine

(Concentration of picrite solutions throughout: 480 g./8000-g. solution)

Heat- Crystal
; Size Specific
Conc, of Time (predomina~ Surface

Run Hexamine in ting) ‘ v

No. in % min. Form in microng em2/cm® Remarks

20 1.38 10 needles 2 x 40,7 17,700 Lumpy slurry. Filtration very fast;

ranges dry cake; no eracking. Very similar
- X 5=-500 to control Run No. 1.
- Welland finished product.

21 1.38 10 needles 1 x 11.8 56,600 Gelatinous slurry. Very uniform
crystal size. Odour of CHgQ during
spray. Filtered slowly with some
cracking; slow drying.

Welland crude~cake,
22 1,38 10 needles 2 x 34 27,900 Lumpy slurry. PFiltration fast: $80

ml,/15 sec., 22 1lb,/sq.in,; dry cake
and..no craeking, '
Welland orude-cake plus ammonia

neutralization,

tig
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The following series of runs was made by this procedure
using different concentrations of formaldehyde as a controllof
crystal size, and an efficient crystal size-reduction success+

fully obtained.

Sprajing Experiments with Dilute Formaldehydé
Solutions of Welland Crude-Cake and Soda-Ash
Neutrelization of Cake Acidity after Reaction.

Bach 8000-gram charge in this series of runs was made up%
as follows: 1215 g, Welland crude-cake, containing 60% moistire
and approximately 0.5% sulphurie acid, were dissolved in 6 liﬁres
water which had previously been heated to 90-95°C. in the ketﬁle‘
A known amount of formaldehyde (a8 40% formalin) was run in after
the remainder of the water had been added and the solution bropght
to a temperature of 100°c¢.

Bach solution was heated for 10 min. after the addition of
formaldehyde, At the conclusion of the heating period the pH

of the solution was adjusted from less than 2 to 6, and sprayed.
The pH of the slurries wes approximately 6 in each case,

The filter-cakes ﬁere each washed with 2 litres of cold
water, |

A1l pH values were determined with universal indicator.

From the results essembled in Table X it is evident thet
ultra-fine picrités are obtained by this procedure. The crys=-
tal size progressively decreases as the fdrméldehyde conocentrae
tion increases, with a corresponding increase in épeoific sur-

face which continues during the formation of loose incipient



TABLE X

Spraying Experiments with Dilute Formaldehyde Solutions of Welland Crude-Cake
and Soda-Ash Neutralization of Cake Acidity after Reaction.

- (Concentration of picrite solution throughout: 480 g./8000-g:. solution)

Heat= crys“?l
ing Size Specifiec
Conce Time (predomina~ Surface

Run of in ting)

No. CHg20  min. Form in microns em?/cm® Remarks

23 0.3 10 needles. 2 x 85 28,000 Lumpy slurry. Filtered fast: 900 ml./
15 sec., 22 lb./sq.in.; good drying and
no cracking of cake, ‘

24 0.3 10 needles 2 x 21 28,000 ditto

25 0.5 10 needles 1-2 x 18 32,900 Somewhat gelatinous slurry., Filtered

' . fairly fest; no cracking and fast dry-

ing of cake.

26 0.5 10 needles 1-2 x 17 ces ditto

g7 0.5 10 needles 1l=2 x 18 34,9800 ditto

28 Q.7 10 needles 1-2 x 16 40,600 - Gelatinous slurry. Filtered fairly fast
but showed some cake cracking,.

29 0.7 10 needles 1-2 x 15 45,100 - -ditto

(Continued on page 43.)
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TABLE X (continued)

Spraying Experiments with Dilute Formaldehyde Solutions of Welland Crude-Cake
and Soda-Ash Neutralization of Cake Acidity after Reaction

(Concentration of picrite solution throughout: 480 g./apoo-g. aolution)

Heat- Crystal |
ing . Size . Specifie
‘Conc. Time (predomina~ Surface

Run of in ting) _ 3 ‘ _

Nos. CHp0 min, Form in microns .cm?/om Remarks

360 0.7 10 needles 1-2 x .15 45,100  Gelatinous slurry., Filtered fairly

‘ : fast but showed some cake cracking.

31 0.8 10 needles 1 (or less) Gelatinous slurry but thinner then

: x 10 50,500 previous runs. Filtered more slowly
than previous runs;

32 ¢.2 10 needles 1 (or less) .

’ X l?. [ W ' ditta

35 1.0 10 needles cee 55,300 = Very similar to Runs 31 and 32’but

filtered less quickly.

34 1.1 10 needles 1 (or less) Gelatinous slurry; only a few incie
& inoci= x 5-10 = 65,400 pient spherulites of very loose tex-
plent : ture. Filtered fairly slowly with
spheru- cake cracking.
lites

(Continued on page 44.)
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TABLE X (Continued)

Sprayiﬁg Experiments with Dilute Formal@ehyde Solutions of Welland Crude~Cake
and Soda-Ash Neutralization of Cake Acidity after Resction

(Concentration of picrite solution throughéut: 480 g./8000-g. solution)

Heat= Crystal
ing Size Specific
Conc. Time (predomina~ Surface
Rup of in ting) 5 3
No. CHz0 min. Form in microns ecm“/em

Remarks

35 l.1 10 needles
~ & inei-

pient
Spheru=

lites

36 1.2 10 needles

' ' & ineci-
pient
spheru-
lites

37 1.3 10 do

1 (or less) 57,800
x.5~10 ‘

1 (or less) 66,000
x 3-10

5-10 diem,

1 (or less) 69,300
X 4«8 - '

Gelatinous slurry; only a few inci=-
plent spherulites of very loose tex=~
ture. PFiltered fairly slowly with
cake cracking,

Similar to Runs Nos. 34 and 35 but
more incipient spherulites and more
cake cracking,

Gelatinous slurry; mostly incipient
spherulites of loose texture which
readily broke up to needles by rub-.

bing on slide.

(Continued on page 45.)
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TABLE X

(Goncluded)

Spraying Experiments with Dilute Formaldehyde Solutions of Welland Crude-cake
and Soda-Ash Neutralization of Cake Acidity after Reaction

(Concentration of picrite solution throughout:

480 g./8000-g, solution)

Hoate Crystal
ing Size Specific
Conc. Time (predomina~ Surfacse
Run in ting)
No, CHgO min, Form in microns cm2/cm® Remarks
38 1.3 10 needles 1 (or less) Gelatinous slurry; mostly inocipient
& inci=- x 4-8 70,700 spherulites of loose texture which
pient ’ readily broke up to needles by rube=
spheru+~ bing on slide,
lites
39 1.5 10 do 1 (or less) Slightly curdy slurry. Filtered
: X. 4~8 . 65,200 slowly: 500 ml,/15 sec., 22 1lb./
sq.in, with cake .cracking, Incipient
. spherulites appeared to be slightly
more developed than in previous ruans,
and harder to break down on slide,
40 1.5 10 do 1 (or less) ditte
41 1.5 10 do 1 (or less) ditte
x 4~8 65,600

'Sy
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spherulites. When the incipient spherulites become a little'
more daveloped‘there is a slight decrease in specific surfaoce,

Further Considerations of 8ize=~Reduced
Picrite by Pilot-Plant Spraying

- The speocific surface of Welland finished produet Nos 3
ranges'from 10,000 om?/cm3 to 18,000 omz/om3 and averages approxi-
mately 15,000 cmzlcmz in plant productigh by the normal process.
The specific surféce of the picrite obtained in.the control run
(Run No. 1)} was seen to be 15,600 om®/om®s Thus it is apparent
that the spraying method, developed in the pilot plaht, compares
favourably in efficiency with aoctuel plant spraying.

The photomicrographs (Figs. 3 to 7 of 200 magnification)
illustrate how the control sample, in the absence of any proteof
tive agent compares with samples of picrite recrystallized by
pilot-plant spraying piocrite solutions which have been heated wﬁth
small quantities of formaldehyde_under acidie conditions.,
| In general terms it may be said that, as the concentration
aof prdtective agents increases, the crystai size decreases and
then passes through a stage of incipient spherulites where the
needles radiate symmetrically from the center of the aggregate.
Beyond this, true spherulitic formation sets in. Also, as the
crystal size decreases, the specific surface inofeases; This
incerease in specific surface continues-in the formation of
loose incipient spherulites uﬁtil they become more developed
and then decreases as true spherulitic formation sets in.

During the course of these experiments, various degrees

of incipient spherulitic formation were obtaineds, The forma~
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tion appears to progress with increase in protective agent con-
centration, from loose clusters of needles to fairly compact
radial aggregates beyond which true spherulites are obtained.
The black cross which intereects these spherulites, under a
polarizing microscope, becomes more clearly seen until in the
case of true spherulites it is very distinct. (See Fig: 7)

Spherulitic formation appears to be & knowﬁ pheﬁomenoh
of rapid crystallizetion in the presence of foreign material.
It is known to occur in geologieal formations, where rapid
cooling of magmes has taken place and it is therefore often
found in rock glasses. The spherulites thus formed appear to
consist of priemoid or tabular crystals radiating from a point
(21)i The photomicrographs (Figs. 1 and 2) of inhibited spheruli-
tic formation, obtained by a‘method previously dasoribed, indi=
cate that a similar radial structure exists in picrite spheru-
lites.

Under & polarizing mioroscope, & needle of pierite he-
comes extinet along its length every 900, as the stage 1s ro=-
tated. Thﬁs in a compact spherulitie structure, consisting of
needles radiating from an aggregate center,.those needleé whiph
lie in the positions of extinction will appear dark, and quar=
ter the spherulite by & black cross. As the stage is rotated,
other needles move into the positions of extinction and the
cross should remain stationary. This is indeed the case,

Therefore, sinece it is evideﬁt thet picrite spherulites

are cdmposed of tiny needles, their formation is not regarded



as esgentially an alteration of crystal habit. .As in the
formation of ultra-fine needles of picrite, the proteotive
agents are considered to be adsorbed by all the faces of
‘the elementary crystals during shock-recrystallization to
effect true size-réduction.

These picrite pértieles in the form of fine spheres are
1nterésting in that they may prove of importence for the
menufacture of certain types of propellent, Batches prepar?d
in the pilot plant are now being investigated for their beha-
vior in cordites by C.A.R.D.E., Val Cartier, Que. | |

A study of the photomicrograph (Fig. 3) of the relatively
large needles obtained in the control run will show that tiny ‘
bubbles have been occluded in the picrite orystals, Such oce
clusions are likely to trap impurities ﬁhen reorystaliizatian
ocours in solutions conteining protective agents. It is kno&n
thet a certain amdunt of crystal breakage takes plaée during
the incorporation of picrite into ooidites. Thererore, be=
cause of these occluded bubbles and beoause of inner adsorp=
tion which probably occurs, it is evident that ?H ad justment
should be made in picrite solutions before recryétallization
in order to meet erystal pH specifications;

Soda-ash has been fouhd to be a successful agent for
this purpose in acidic picrite solutions and this is the proe«
cedure used when crystal size-reduction has been brought about
by reorystallization of pierite from acidic dilute solutions of

formaldehyde (Runs Nos., 23 to 4l}.



49,

Thus, a method for the production of ultra-fine picrites
was developed, which is superior to previous methods, By this
procedure, no decomposition seems to 6ocur, pH control for
crystal specifications is possible and no alteration of the
~sequence of plant production is required., Addition of formal«
dehyde and the heating period followed by soda~ash neutraliza-
tion is permitted in the normal resolution stage just previous

to spraying.
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Specific Surface - 15,600 cm®/emd

FIGURE 3 (Control)
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Specific Surface - 65,600 em®/cm®

FIGURE 4
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Loose Incipient Spherulites

Specific Surface - 60,200 cm.a/cm:3

FIGURE 5
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True Spherulites

Specific Surface = 30,300 cm®/em®

FIGURE 6
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True Spherulites Showing Black Cross Intersecting
the Whole Spherulite Under Crossed Nicol=Prisms

FIGURE 7



SUMMARY AND CLATMS TO ORIGINAL RESEARCH

Ultra-fine nitroguanidine crystals were prepared by shock-
recrystallization, after heating in dilute acidic formaldehyde
solutions,

Shock=recrystallization was obtained by a semi-pilet plant
adaptation of the known spray method used in the normal manu-
facture of nitroguanidine.

The acidic components used in conjunction with formaldehyde.
include: nitric, p-toluene sulphonic, benzene sulphonic, and
sulphuric acids, and ammonium sulphate,

Formaldehyde in the presence of acidic agents causes a
greatér restriction of crystal growth than formaldehyde alone,

From laboratoryVSXPeriments, the restriction of crystal
growth appéars to be due to (a) the rapid formetion of a large
number of centers of crystaliization and (b) the adsorption of
8 film of protective agenfs which is related to a reversible
reaction between nitroguanidine and formaldehyde.

As the concentration of formsldehyde and écidic agent in-
creases, the crystal size decreases with & corresponding increase
in specific surface. Beyond this the crystals pass through &
stage of inoreasing spherulitic development from incipient to
true spherulites.

Experiments showed that the nitroguenidine spherulites are

composed of compact needles radiating from an aggregate center.
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On the basis of crystal pH specification and application
to plant production the most satisfactory method 1s by heating

dilute formaldehyde solutions of crude, acid-containing nitro»L

guanidine and adjusting the pH with soda-ash immediately befor

spraying.
By this process the crystal size and specific surface ars

controlled by varying the formaldehyde concentration. Thus,

from solutions containing 0.3% to 1.3% formaldehyde there is a!

continuous decrease in crystal size and increase in specific :
|

surface from 2 x 25 microns and 28,000 cm?/cms to less than

1 x 4-8 microns and 70,700 cm?/cm® respectively.‘
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