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ABSTRACT

Progress is reported on rapid methods for gelling aircraft fuels.
The most promising systems consist of amines and diisocyanates.
The properties of the gel are influenced by the structure of the amine
and isocyanate, Various types of gels can be produced. These
include particulate, viscoelastic, and dilatant gels. Gelation rates
as fast as 0.04 second were obtained. In addition, several systems
will rapidly gel fuel from -55°C to 60°C. The results show that the
various gels will retard the burning rate of the fuels and will contain
the fuel while burning. The viscoelastic and dilatant gels have ex-
cellent impact properties. The gelation of aircraft fuel will signifi-
cantly decrease the fuel vaporization rate. A comparison was made
of the various gels prepared. Some of the gels are almost as effective
at 2.5 weight percent concentration as at a concentration of 4.0 weight
percent.
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SUMMARY

This research program was concerned with the investigation of
various techniques by which hydrocarbon fuels may be rapidly solidified,
The purpose of this investigation was to develop a gelling systein that
will rapidly gel aircraft fuel and prevent fuel misting if the fuel tank
is ruptured in a plane crash,

“Previous experience has shown that two chemical systems
appeared promising for the rapid solidification of hydrocarbon fuels.
One involved the reaction of dibasic acid chlorides with amines to form
amides or polyamides. The second system consisted of reacting isocya-
nates with amines. Both systems have extremely fast reaction rates
and were considered worthy of investigation,

With respect to the ‘nvestigation of the polyamide syctem,
several dibasic acid chlorides and amines were synthesized and eval-
uated by reacting them in the presence of JP-4. The compiled data
indicate that when a specific primary monoamine is reacted with
various dibasic acid chlorides, the results obtained with respect to
the gelation of JP-4 are essentially the same. In all of the experiments,
an excess of the amine was used in order to remove the HCl formed.

In view of the aforementioned observations, a series of tests
were made in which various amines were dissolved in JP-4 and
hydrogen chloride gas was bubbled into the solution. In all instances,
the same type of gel or precipitate was obtained with the amines as
was obtained whe 1 the amines wer' reacted with various dibasic acid
chlorides. Thus the data show that the gels that were obtained were
due to the formation of the amine hydrochloride and not the amide or
polyamide formation,

The major effort during this program involved the reaction of
isocyanates and amines to produce substituted ureas. Early in the
program, experiments showed that the rate of gelation and the tvpe of
gel obtained depended on the structure of both the amine and the
isocyanate.

Several gelling systems were developed that will rapidly gell
JP-4. The rates of gelation ranged from several minutes to as fast as
0. 04 second. It was of interest to note that the majority of the more



rapid gelling systems involved the use of certain aromatic diisocyanates
and either an aliphatic amine or an alkoxyamine.

Various types of gels were also prepared by varying the
structure of the amine or isocyanate. For example, an aliphatic
diisocyanate such as hexamethylene diisocyanate and an alkoxyamine
(2-ethylhexyl-3-aminopropyl ether) converts JP-4 into a tough visco-
elastic gel. This gel has excellent impact properties in that it contains
the fuel under impact conditions.

Numerous systems were also developed that will convert JP-4
into a particulate type cf gel. This type of gel was obtained with
aliphatic, aromatic and alicyclic amines, or diamines, as well as the
corresponding isocyanates and diisocyanates. In general, the systems
producing the particulate gels had fast rates of gelation and good
burning properties in that there was little or no flow of the gel while
burning.

The use of aromatic triisocyanates and aliphatic amines or alk-
oxyamines converted JP-4 into a tough dilatant gel. An example of
this system is 2, 4, 6-toluene triisocyanate and 2-ethylhexyl-3-amino-
propyl ether. This gel had excellent burning properties in that it
significantly decreasedthe rate of burning and showed no tendency to
flow. The disadvantage of this system is that the triisocyanate is a
solid and only s'ightly soluble in JP-4 at room temperature.

It was desirable to prepare a fuel gel that would retard the
burning rate and would not melt while burning. During this program
various gelling systems were de signed that would not melt while
burning and would retard the burning rate. Some of the gels burned
as long as 15 to 16 minutes and did not melt. Under the same condi-
tions an equal weight of JP-4 burned in approximately 1. 0 minute.
The particulate type of gels displayed the best burning properties. It
was also of interest to note that those gels prepared from compounds
containing a high percentage of aromatic rings as well as halogen
substituted aromatic rings significantly retarded the burning rate.
Typical additives are the 3 - ethoxyethylamine -4, 6-dimethyl-1,
3-xylylene diisocyanate system and the 4-chliorobenzylamine-m-
xylylene diisocyanate system,

Some information was also obtained concerning the vaporization
rate of gelled JP-4 as compared to liquid JP-4. With liquid JP-4, an




air velocity of 20 liters/minute was required to reduce the hydrocarbon
vapors below the explosive limits. One of the best systems was
4-chlorobenzylamine and 4, 6-dimethyl-1, 3-xylylene diisocyanate.
These additives at a total concentration of 4. 0 weight percent retarded
the vaporization rate to the point where 2.5 liters of air/minute was
enough to decrease the hydrocarbon concentration below the explosive
limits,

A series of tests were made in an effort to evaluate the various
gelling systems. Of the numerous systems compared, some have fast
gelation rates, some have excellent burning properties (retarded
burning rate), and some have good impact properties in that they
contain the fuel under impact conditions, Examination of the results
shows that several of the additive systems received excellent ratings
in two or more of the tests; however, no additive system was developed
that excelled in all of the evaluation tests. The results obtained from
these experiments do show a trend and indicate the types of structures
that should produce the optimum gel,



CONCLUSIONS

Various amines and dibasic acid chlorides were evaluated
during the course of this program. With the compounds used and
the conditions under which they were evaluated, it is concluded that
the gels obtained were produced by the formation of the amine
hydrochloride and not by amide or polyamide formation.

The major effort during this program was spent in the
synthesis and evaluation of amines and isocyanates. It was found
that the structure of both the amine and the isocyanate influence the
rate of gelation, the burning rate, the vaporization rate, the gel
rigidity, and the properties of the gel under impact conditions.

Several gelling systems were developed that have extremely
fast rates, the fastest being 0.04 second. The structure of the
reactants significantly influenced the rate of gelation. For example,
with a specific amine, the rate of gelation was faster u.ing 4, 6-
dimethyl-1, 3-xylylene diisocyanate than it was using m-xylylene
diisocyanate. The rate of gelation was also influenced by the
structure of the amine, With the same diisocyanate, dodecenyl-2-
aminoethyl ether had a faster gelation rate than did 2-ethylhexyl-3-
aminopropyl ather.

During the course of this investigation, various types of gels
were prepared. Some of the gels were particulate, others visco-
elastic, and some displayed dilatancy.

The particulate gels were normally obtained using aromatic
diisocyanates with aromatic or aliphatic amines. The general proper-
ties of this type of gel were the good gelation rates and good burning
properties in that the burning ratc was significantly retarded. In
addition, they contained the fuel while burning, as they did not melt
or flow. The majority of the additive systems producing particulate
gels functioned over a wide temperature range; however, at the maxi-
mum ranges (-55°C tc 60°C), many of the systems lost some of the
gel strength and the gelation rate was retarded. Regarding the
impact properties, these gels did contain a high percentage of the fuel;
however, some was lost in the impact test. The gel that was thrown
from the container remained in lumps and did not form a mist.



The viscoelastic type of gel was usually obtained when either
the isocyanate or the amine contained an ether linkage. The best
viscoelastic gels were prepared using aliphatic diisocyanates and
alkoxyamines. This class of compounds rapidly gelled the fuel and
functioned exceptionally well over the entire temperature range
investigated. They significantly retarded the fuel vaporization rate
and displayed excellent impact properties. These gels contained all
of the fuel when subjected to an impact force of 580 G's. They did
have poor burning properties in that once ignited they melted and
flowed over a wide area.

The dilatant gels were obtained using aromatic triisocyanates
and certain aliphatic or alkoxyamines. These gels displayed inter-
esting properties in that they could be shaped or molded. If not
contained, they had a tendency to flow; however, when subjected to
shear they became quite rigid, and under impact conditions they
would '"bounce like a rubber ball'. If one considers the impact prop-
erties, burning properties, gel strength, and effect on fuel vapori-
zation rate, the dilatant gels are the best gels prepared to date. The
disadvantage of this system is that the aromatic triisocyanates evalu-
ated during this program are relatively insoluble solids and as such
cannot be rapidly injected into the fuel.

Various tests were made to evaluate the gels with respect to
the rate of gelation, burning properties, vaporization rate, gel
rigidity, and performance under impact conditions. F .amination of
the results shows that several of the additive systems performed
exceptionally well in two or more of the tesis; however, no additive
system was developed that excelled in all of the evaluation tests.

The results indicate that the system which will rapidly gel the
fuel, produce a gel that will contain the fuel under impact conditions
and while burning, and retard the burning rate is a trifunctional
amine and/or isocyanate containing both aromatic rings and ether
linkages.



RECOMMENDATIONS

It is recommended that the investigation of ureas as gelling
agents for aircraft fuels be continued. Evaluation of the results
obtained definitely indicates that the optimum gelling system will
consist of a trifunctional amine and/or isocyanate containing both
aromatic rings and ether linkages.

With respect to the triisocyanates, those evaluated during this
program were solids and, as a result, would not function in the rapid
gelation of fuels. However, the possibility exists that separation of
the isocyanate group from the aromatic ring by a methylene or ethyl-
ene group will produce a liquid triisocyanate having a much greater
reaction rate. This trend was observed with diisocyanates. For
example, m-phenylene diisocyanate is a liquid, but the gelation rate
was slow when reacted with an amine in JP-4. p-xylylene diisocyanate
is a solid. m-xylylene diisocyanate is a liquid having a rapid reaction
rate with amines in JP-4. In the above proposed triisocyanate, the
groups will be meta to each other and separated from the ring by a
methylene group. This compound should contain the favorable proper-
ties of the individual diisocyanates. The proposed compound is listed
below.

R
DCN —(CH,), ' (CH,),—NCO
P
(CH,) —NCO

where nis 1 or 2 and R can be H or an alkyl group. This compound
can be reacted with alkoxy amines or aromatic amines containing
halogen groups or alkoxy groups. This combination would produce a
gellant high in aromatic rings, ether groups and a triurea linkage.

Another type of triisocyanate worthy of investigation is one
containing both ether linkages and an aromatic ring. Experiments
using 2-ethylhexyl-3-a.1inopropy) ether and dodecenyl-2-aminoethyl
ether with various diisocyanates have shown that the presence of the
ether linkage significantly lowers the melting point of the amine. It
also increases the temperature range at which rapid gelation will
occur and improves the impact properties.

O am—



Two general formulas are listed below.

R
OCN—(CH,),—O O—(CH;),—~NCO
O—(CH,),—~NCO
1
R
OCN=—(CH,—CH,~0), (O—CH,—CH,),—NCO
11

In compound I, nis 1 to 4 and R is H or an alkyl group. Some
of the precursors for synthesizing this type of compound have been
prepared,

With compound II, n is 1 through 4 and R is H or an alkyl group.
With this type of compound it is known that the presence of the alkoxy
group significantly lowers the melting point. This general type of
alkoxy linkage is present in many liquid nonionic surfactants having
much higher molecular weights than proposed here.

The general type of triisocyanates discussed above can be
reacted with alkoxyamines, aromatic amines, or halogen containing
amines to produce a gelling agent high in ether linkages, aromatic
rings, and with a triurea linkage.,

The second proposed approach to the liquid triisocyanate is to
prepare an aliphatic triisocyanate containing ether linkages. Itis
believed that this type of triisocyanate will undoubtedly be a liquid
having a low melting point. The presence of the ether linkass will
increase the reaction rate, and the low melting point will increase
the temperature range over which gelation will occur.

This type of compound can be obtained from aliphatic triols or
trihalides. Two examples of the types of compounds proposed are
listed on the following page. For the purpose of illustration, trimethylol
propane is used as the aliphatic trisubstituted starting material.
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P At

?—(cuz)n—Nco
T
cua-—cuz-?-cuz-—o (CH,) —NCO
i
O—(CHz)n—NCO
94 ¢
((')—CHZ—- CHZ)n—NCO
CH,
CH3—CHZ—Cl:-CHZ (— O—CHZ—CHZ)n—NCO
CH,
1v

In compound III, n is 1 to 4; in compound 1V, n is from 1to 6. These
aliphatic ether-containing compounds can be evaluated with various
aromatic amines or halogen substituted aromatic amines.

One significant advantage of the proposed synthesis of triiso-
cyaanates is that similar triamines can be synthesized by the same
process. Since the same conditions are involved in the synthesis of
amines, the combination of synthesized additives should yield the
optimuin fuel gelation system as indicated by the results obtained
during this program,



INTRODUCTION

The objective of this program was to investigate various chemi-
cal systems that will rapidly gel hydrocarbon fuels. The purpose of
such an investigation is to rapidly gel aircraft fuel immediately prior to
an impending crash. Gelation of the fuel will prevent spillage and
eliminate misting of the fuel,

As reported previously, * a rapid fuel gelling system was
developed. This system involved the reaction of lauryl amine with
the various isomers of tolylene diisocyanate.

This program was concerned with the development of an additive
system that will rapidly gel the fuel, contain the fuel under impact
conditions, retard the rate of vaporization, retard the burning rate or
flammability of the gel, and contain the fuel while burning. Tests were
designed to evaluate the aforemen.ioned properties. In addition, a
literature search was made on the gelation of hydrocarbons.

* A Study of Rapid Solidification of Hydrocarbon Fuels, TRECOM
Technical Report 63-50, prepared by Southwest Research institute

for U.S. Army Transportation Research Command, Fort Eustis,
Virginia, October 1963,



DISCUSSION

Previous experiments have shown that the most promising
systems for investigation are the polyamides and the ureas. These
systems will form gels that fall into three general classifications.
They are particulate gels, viscoelastic gels, and dilatant gels. The
general discription of a particulate gel is one that will form a rigid
structure; however, when placed under shear, the gel structure is
broken and will not reform when the force is removed. Viscoelastic
gels are elastic when placed under stress, and wher the stress is
removed, they have a tendency to return to their original shape.
Dilatant gels show a rapid viscosity increase under stress, and under
a rapid application of force, as occurs in a plane crash, the viscosity
increase is so great that the gel performs as a solid.

AMIDES AND POLYAMIDES AS GELLING AGENTS

Previous experiments have shown that amides and polyamides
are promising gelling agents for jet fuels. The reaction between an
acid chloride and an amine is extremely rapid and should be applicable
to the problem of rapidly gelling JP-4,

To initiate this study, a series of experiments were made in
which adipyl chloride was reacted with various amines in the presence
of JP-4. The results of these tests are listed in Table 1. Of the
various amines investigated, it may be observed that the resulting
amides failed to gel the fuel.

In Table 2, a series of amines were reacted wm}e.b\gcoyl
chloride in JP-4. In run number 5-39-4, 1.5 weight percent' sebacoyl
chloride and 1.5 weight percent Alamine 21D (coco amine) converted
JP-4 into a viscoelastic gel. The gel was inferior to that obtained
with the amine-diisocyanate system but it does indicate the feasibility
of the amide system.

The aforementioned experiments and various amide systems
previously reported (TRECOM Technical Report 63-50) have shown
that, in general, the polyamides made from commercially available
dibasic acid chlorides have a tendency to precipitate from JP-4. This
is to be expected since these materials were developed for the purpose
of preparing insoluble high-molecular-weight polymers. As a result,
experiments were designed to build into the polymer a degree of hydro-
carbon solubility. To accomplish this, several dibasic acid chlorides
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were synthesized via the malonic ester synthesis, The general reac-
tions are listed below:

C('OOEt CfOOEt
1. H2 + Na —————p Ma-CH
COOEt COOEt
?OOEt ?OOE:
2. R-Cl1 + Na-CH —=——p R-CH
COOEt COOEt

The product from reaction 2 was hydrolyzed to the corresponding
dibasic acid and then converted to the dibasic acid chloride.

COOEt COOH
3 Rgn 4 HOH R-CH
COOEt éOOH
C|:OOH (EOCI
4. R-?H + PClg =——> R-CH
COOH OCl1

The first two dibasic acid chlorides synthesized were octyl
malonyl chloride and dodecyl malonyl chloride. Analysis of the octyl
malonyl chloride showed the product to be essentially pure (Chlorine
analysis: Theoretical 28.0%; Found, 27.5%). The dodecyl malonyl
chloride did contain some impurities {(Chlorine analysis: Theoretical
23.0%; Found 19.0%). Infrared analysis showed the presence of a
small amount of free acid. The possibility exists that a small amount
of decarboxylation also occurred in the '"three-step' synthesis,

With respect to evaluating these dibasic acid chlorides, Table
3 lists the results obtained from the reaction of dodecyl malonyl
chloride with various amines in the presence of JP-4, In run number
5-47-1, dodecyl malonyl chloride was reacted with Alamine 21D (coco
amine). The product converted JP-4 to a viscoelastic gel which
improved on standing, It might be noted that in run number 5-39-4 as
listed in Table 2, when sebacoyl chloride was reacted with the same
amine, the reaction product also produced a viscoelastic gel. How-
ever, this gel was somewhat firmer than the one obtained using dode-
cyl malonyl chloride., With the other runs listed in Table 3, the
product was either soluble in JP-4 or formed a flocculent precipitate.
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Table 4 lists the results obtained from the reaction of octyl malonyl
chloride with various amines in the presence of JP-4, In run number
6-6-2, coco amine (Alamine 21D) was reacted with octyl malonyl
chloride to produce a viscoelastic gel. The rigidity of this gel increased
somewhat with time. It may also be observed that when unsaturated
primary monoamines such as tall oil amine, oleyl amine, and cotton-
seed oil amine were reacted with octyl malonyl chloride, the product
was soluble in JP-4, With respect to the diamines, it might be noted
that when dodecyl inalonyl chloride was reacted with dimer diamine,
the product formeda flocculent or particulate precipitate; but whenoctyl
malonyl chloride was used, the product formed a sticky semisolid
which agglomerated into a wax-like mass.

In attempting to analyce the results obtained by reactingvarious
amines with the octylmalonyl chloride and dodecyl malonyl chloride, it
was of interest to note that when both dibasic acid chlorides were
reacted with the same primary monoamines, sirnilar results were
obtai..ed. These results were compared with previously reported
results obtained with the same amine and other dibasicacid chlorides
(Table 2, and Table 2 of the Interim Report dated October 1963). It
might be noted that several runs in the Interim Report were repeated,
This was done in order to compile previous screening tests and have
all pertinent information immediately available so that this system can
be fully evaluated. : .

In analyzing the results obtained with specific amines, it was
surprisingly noted that similar results were obtained even though the
structures of the aliphatic dibasic acid chlorides were quiie different.
For example, using Alamine 4D (lauryl amine) as the specific amine
with adipyl chloride (run number 5-38-2, Table 1), the productformed
a thin slurry; and with sebacoyl chloride {(run number 5-39-6, Table 2),
a dense slurry of voluminous solids was obtained. With the same
amine, dodecyl malonyl chloride and octyl malonyl chloride (Tables 3
and 4) formed similar products.

In an effort to elucidate the aforementioned phenomena, aseries
of tests were made in which dodecyl malonyl chloride was reactedwith
a mixture of primary and tertiary amines, Since the tertiary amines
are in general stronger bases than the primary fatty amines, it was
thiought that they would selectively react with the HC1. The resultsof
these tests are listedin Table 5. In run number 6-24-1, dodecyl
malonyl chloride was reacted with amixture of coco amine and pyridine
in JP-4. The resultant viscoelastic gel wae similar to the one obtained
using only dodecyl malonyl chloride and coco amine.
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When tributyl amine was used as the tertiary amine (run number
6-25-5), the viscoelastic gel obtained was similar to the one obtained
when the tributyl amine was omitted.

In the two preceding experiments, the results indicate that the
presence of the tertiary amine had little or no influence on the property
of the resultant sel. However, in run number 6-25-6, n-methyl mor-
pholine was mixed with coco amine and the mixture was then reacted
with dodecyl malonyl chloride in JP-4, Using this tertiary amine, no
gel was obtained,

In run number 6-25-8, tributyl amine was added to JP-4. When
dodecyl malonyl chloride is added to this mixture, a suspension of solids
is obtained. This indicates that some free HCl is present in the dibasic
acid chloride. However, when coco amine is added, 2 viscoelastic gel
is formed,

When n-methyl morpholine and dodecyl malonyl chloride is
added to JP-4, a fine precipitate is obtained (run number 6-25-9), If
coco amine is added to this mixture, the precipitate dissolves but no
gel is obtained.

PHOS PHORUS-CONTAINING DIBASIC ACID CHLORIDES AND AMINES
AS GELLING AGENTS

While investigating various dibasic acid chlorides and amines
as gelling agents for JP-4, a simultaneous program was conducted in
which phosphorus-containing dibasic acid chlorides were evaluated by
reacting them with various amines in JP-4., These materials were
investigated in an effort to build some fire retardation properties into
the gel.

The first dibasic acid chloride of phosphorus evaluated was
phenyl dichlorophosphate. This compoundwas reactedwith various
amines inthe presence of JP-4, The results of thesetests are listed in
Table 6. In runnumber 6-10-1, the phenyl dichlorophosphate was
reacted with lauryl amine, and the product produceda fine precipitate
which slowly settled. With coco amine (run number 6-10-2), a weak
viscoelastic gel was obtained,

In Table 7, p-tolyl dichlorophosphate was reacted with the same
amines. The products obtained with respect to gelation of JP-4 were
essentially the same as was obtained with the phenyl dichlorophospi.ate,
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It was most interesting to note that, as shown in Table 8, when
chloromethyl phosphonic dichloride and the same amines were reacted,
the results were essentially identical to those obtained with the other
phosphorus containing dibasic acid chlorides even though the structures
are quite different.

The compiled data indicate that when a specific primary mono-
amine is reacted with various dibasic acid chlorides, the results
obtained with respect to the gelation of JP-4 are essentially the same.
This observation has been made with a number of amines and various
dibasic acid chlorides. In zll of these experiments an excess of the
amine was used in order to remove the HCl formed.

In view of the aforementioned observations, a series of tests
were made in which various amines were dissolved in JP-4 and hydrogen
chloride gas was bubbled into the solution. In all instances, the same
type of gel or precipitate was obtained with the amines as was obtained
when the specific amines were reacted with various dibasic acid chlorides.
Thus, these data show that the gels that were obtained were due to the
formation of the amine hydrochloride and not to amide or polyamide
formation.

UREAS AND POLYUREAS AS GELLING AGENTS

During the first year's contract on fuel gelation, experiments
showed that JP-4 can be rapidly gelled using diisocyanates and amines
as reactants. The most promising system consisted of tolylene diiso-
cyanate and a fatty amine such as lauryl amine. These addit.7es formed
a particulate type of gel. The rate of reaction was fast, but the resultant
gel was not as strong as desired.

During this program a large number of mcno- anddiamines as
well as mono- and diisocyanates were synthesized and evaluated. These
compounds were synthesized in an effort to improve the rate of gelation,
increase the gel rigidity, and decrease the burning rate. It is known
that the presence of halogens on a polymeric chain will retard the rate
of burning. In order to determine the flame-retarding effectiveness of
halogen atoms in a gelled fuel, experiments were initiated to prepare
1-chloro-2, 4-benzene diisocyanate. Due to the unavailability of the
diamine derivative, it was necessary to start with l1-chloro-2, ¢
dinitrobenzene,
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This compound was reduced to the corresponding diamine and
isolated as the dihydrochloride., Some difficulty was encountered in this
separation. The dihydrochloride was then converted to the corresponding
diisocyanate by phosgenation. Preliminary experiments made while
attempting to isclate the diisocyanate indicated that this material did
not have the expected reactivity. Infrared analysis showed this material
to contain some l-chloro-2, 4-dinitrobenzene., This experiment was
repeated in order to obtain a pure product. After the l-chloro-2, 4-
dinitrobenzene was reduced, it was isolated as the free amine. This
eliminated the solubility problem encountered with the diamine dihydro-
chloride. The compound was analyzed by determining the percent NCO
present(theory, 48.0%; found 42.8%). The results of the evaluation are
listed in Table 9. In run number 6-8-1,the diisocyanate was reacted with
lauryl amine in the presence of JP-4, Immediately after the two reactants
were mixed, the product appeared to be soluble; butafter approximately
0.5 hour, the product precipitated from the fuel. This phenomenon had
not been observed before. It was not believed that the rate of reaction
was that slow because with other amines listed in Table 9, the diiso-
Cyanate reacted immediately and precipitated from the solution.

If the results listed in Table 9 are compared with the results
obtained by reacting various amines with other aromatic diisocyanates
{Interim Report, October 1963), it is noted that the presence of the
chlorine group on the aromatic ring increases the solubility of the
resultant polyurea in JP-4,

In addition to halo-containing aromatic diisocyanates, aliphatic
diisocyanates were synthesized in order to determine the types of
gels they will produce. The first aliphatic diisocyanate investigated
was decamethylene diisocyanate. This compound was prepared by
phosgenating decamethylene diamine dihydrochloride. The results of
the evaluation tests are listed in Table 10. In run number 5-49-1,
Alamine 21D (coco amine) was reacted with decamethylene diiso-
cyanate in JP-4. This system gelled JP-4, but the rate of gelation was
slower than was obtained with tolylene diisocyanate and the same amine.
In addition, the gel obtained from the decamethylene diisocyanate and
coco amine was granular and the fuel separated on standing. In run
number 5-49-2, lauryl amine and decamethylene diisocyanate produced
a firmer gel than did the above-mentioned system, but the fuel again
separated on standing.
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In an effort to increase the solubility of the resultant polyurea in
JP-4, Formonyte 608 (oley! amine manufactured by Foremost Chemical
Products Company) was reacted with decamethylene diisocyanate. A
good gel which did not separate on standing was obtained. However, the
gel is not as rigid as the one obtained from Hylene TM-65 and lauryl
amine,

In view of the results obtained with decamethylene diisocyanate
and unsaturated fatty amines, a series of tests were made in which
hexamethylene diisocyana.e was reacted with various amines in JP-4.

The results of these tests are listed in Table 11. In run number 6-2-1,
oleyl amine (Formonyte 608) was reacted with hexamethylene diisocyanate
in the presence of JP-4. The product formed a firm gel. With respect
to gel rigidity, this gel is superior to the one obtained using Hylene
TM-65 and lauryl amine.

Tetramethylene diisocyanate was likewise synthesized and eval-
uated by reacting it with various amines in JP-4. The results of these
tests are listed in Table 12, In run number 6-26-1, tetramethylene
diisocyanate and oleyl amine rapidly formed a gel when reacted in JP-4,
However, this gel was not as firm as was obtained using hexamethylene
diisocyanate., When hexyl amine was reacted with tetramethylene diiso-
cyanate as shown in run number 6-26-3, the reaction was so fast that
good mixing could not be obtained. As a result, a higher concentration
of additives was present near the surface of the fuel. A rigid gel was
obtained; however, in a few minutes the fuel exuded from the gel.

As the various diisocyanates were evaluated, a simultaneous
program was carried out in which various amines were evaluated.
Previous results had shown that the type of gel obtained as well as the
rate of gelation is greatly influenced by the structure of both the amine
and the isocyanate,

In order to determine what effect an ether linkage has on the gel,
2-ethylhexyl-3-aminopropyl ether (Amine 803) was evaluated by reacting
it with various diieocyanates in JP-4. The results of these tests are
listed in Table i3. In run number 6-27-1, Amine 803 was reacted with
Hylene TM-65. The product formed a thick gel that appeared to have
some viscoelastic properties. However, this gel was inferior to the
one obtained using lauryl amine and Hylene TM-65. In run number 6-27-2,
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Amine 803 was reacted with hexamethylene diisocyanate. The produ-t
is a tough viscoelastic gel. It was of interest to note that this same
diisocyanate when reacted with oleyl amine produced a good rigid
particulate gel. In run number 6-27-3, the total concentration of
additives was decreased to 2.0 weight percent. The resulting visco-
elastic gel was slightly weaker than that obtained at the 4.0 weight
percent level. At the 1.0 weight percent level, the gel obtained is

too weak for the intended use.

When Amine 803 was reacted with tetramethylene diisocyanate
(run number 6-31-4 as listed in Table 12), a viscoelastic gel was ob-
tained. The yel was inferior to the one obtained using hexamethylene
diisocyanate ahd the same amine. A mixture of Amine 803 and hexyl
amine when reacted with tetramethylene diisocyanate iormed a firm
gel and did not display any viscoelasticity. However, this gel was
inferior to the one obtained with hexamethylene diisocyinate and
oleyl amine,

Since the 2-ethylhexyl-3-aminopropyl ether when reacted with
aliphatic diisocyanates in JP-4 forms viscoelastic gels which should
display good properties under impact conditions, an ether-containing
aromatic diisocyanate was synthesized and evaluated. This ether-
containing diisocyanate, 4-methoxy-m-phenylene diisocyanate, was
synthesized by phosgenation of the corresponding diamine dihydro-
chloride. This compound is a solid having a melting point of 73-74°C
(literature reported a mp of 75°C). This material was evaluated by
reacting it with various amines in the presence of JP-4. The results
of these tests are listed in Table 14. Because of its low solubility in
JP-4, it was necessary to heat the fuel. It is realized that this
insolubility eliminates 4-methoxy-m-phenylene diisocyanate as a
potential fuel gellart; however, these tests were made in order to
determine the effect of the methoxy group. It can be noted that with
both coco amine and 2-ethylhexyl-3-aminopropyl ether, tough visco-
elastic gels were obtained, However, due to the insolubility of the
diisocyanate and the slow rates of gelation, nofurther work was done.
