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j Introduction

The purpose of this study was to define the catalytic effect of various propellant

ingredients or potential additives on the rate of reaction of a model alcohol-isocyanate

f reaction. The object was to define those species and factors which contribute to a

short pot-life in hydroxy-terminated polybutadiene (HTPB) bound propellants and to

test various means of sequestering these species or, alternatively, of removing them.

The reaction between an alcohol and can isocyanate, the reaction occurring in

the cure process of HTPB propellants, is highly susceptible to both catalytic and steric

influences. These factors have been treated in recent reviews. Research in the area

2
continues at a significant pace as evidenced from the flow of publications.

It has been known for some time that either acidic or basic compounds may

catalyze alcohol-isocyanate reactions. 1 Basic compounds supposedly attvcck at carbon

to give an activated intermediate. Of those studied DABCO is one of the best basic

catalysts known (See Eq. 1). In the second step of the reaction, the alcohol reacts

RNCO f C/oN~ !Q~.u~n++

(~ iDAI5CcQ

with the activated intermediate to displace the DABCO and form the urethane linkage.

In the absence of added catalysts, the alcohol or the product (urethane) may act as

basic catalysts resulting in kinetis which deviates from true second order. Thus for

proper treatment instead of the simple expr3ssion:

I
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r.,~
Urate =k alcohol] [isocyanateJ

the expression for the observed rate, kt, becomes:

I kt=k +k c IcatalystJ

i where k is the rate constant for the uncatalyzed reaction and k is rate constant forO C

that portion of the reaction which is catalyzed. Rate measurements are further com-

plicated by an induction period of unknown origin.

I Bronsted catalysis is not often used. Organometallic species, however, can be

powerful catalysts, and that may be occurring by the organometallic species acting

as a Lewis acid. A numbur of studies have appeared relative to the kinetics of

I catalysis where organometallic species are involved, but the mechanisri of their
1

action is not well known in many cases. There well may be different mechanisms

for different organometallic species. Studies of the steric effects operative with

ferric acetylacetonate, DABCO, and for the uncatalyzed reaction, definitely

indicate a different mechanism for DABCO and Fe(acac),. 3 The results of Komratova

et al4 and Bruenner and Oberth5 are also significant in determining the mechanism

of action. A complex mechanism is indicated and apparently the site of involvement

3-5
with the catalyst is the isocyanate oxygen and not the carbon or nitrogen.

Kinetics of Model Isocyanate/Alcohol Reactions

-I As a model reaction to use to study the effects of catalysts on the cure reaction

1in propellants, we chose n-butanol and cyclohexyl isocyanate. The reactants were

purified by distillation and stored in a desicator to prevent uptake of moisture.

1
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I
I A kinetic method was selected which made use of the absorption of the urethane

linkage and alcohol group in the near infrared region. Kogan 6 had reported using

Ithe appearance of the urethane absorption as a means of following the kinetics of

I such reactions. We found that his method was insensitive to the first portion of the

reaction. Thus, using observations made by Ortiz, 7 we decided to use the dis-

appearance of the alcohol as our means of obtaining rate data. Solvents were tested

jfor their suitability and most polar solvents were eliminated because they failed to

give a straight baseline. Carbon tetrachloride was chosen as the solvent for our

system. In this solvent the n-butanol absorption is at 1.40611 and the system follows

Beer's Law.

Initially a number of kinetic runs were made with no added catalyst to determine

the desired temperature and concentration. From runs at 50, 65, and 68.5°C,

induction periods of 15-35 minutes were observed and an activation energy of 14.95

kcal/mole was calcula.ted for the spontaneous reaction. At 30°C ihe uncatalyzed

reaction was quite slow, but trial runs with iron-containing catalysts showed short

reaction times. Thus because of the solvent chosen cnd the rates likely to be en-

countered, a temperature of 500C was selected as standard for our model reaction.

A 10cm jacketed sample cell was construct.d out of quartz materil. A Hooke

circulator was used to circulate water through the cell to maintain the temperature10
at 50.0+0.50. Leaving the infrared lamp on for about thirty minutes generates

sufficient heat to increase the temperature of the sample by about 2°C. This was

I not a problem in most runs since the lamp was only on during the measurement of



3 a kinetic point.

A major effect, casting doubt on the validity of some earlier runs, was observed

after the majority of scheduled kinetic runs had been completed. In an attempt to

I observe the effect of light on ferrocene catalysis, some runs were made with ferrocene

with the lamp off. All previous runs had been made with the lamp continuously on

since ferrocene reactions were generally complete in less than a half-hour. The

difference in light-on and light-off rates was indeed significant. The specific results

will be discussed later at an appropriate time. The result of those studies, however,

led us to discover that the basic isocyanate reaction can be photo-catalyzed by

I ultraviolet light. We were somewhat surprised to learn that the near-ir source

I emitted significant amounts of uv light and that the isocyanate reacted differently under

the influence of light. This, thus, affects all data to some extent, with the exception

of those runs made using lightfilters. Since oxygen is a retarder for the light-assisted

1 process and since most reactions were not run with continuous light, most data is still

valid. For example, the light-assisted process does not affect any of the heterogeneous

I systems since they were all run in a different reaction pot as described below.

J The cell described above was not appropriate for use with those materials found to

be insoluble in carbun tetrachloride. Thus, a new process was designed. A 1000 ml

I. reaction flasl, was fitted with an efficient stirrer and a septum for extracting samples.

The system was charged with the reactants, flushed with N, and stirred immersed in

a bath at 50.0°C.

IFor any reaction, homogeneous or heterogeneous, where a very slow reaction was

I



g observed by the near ir method, the method was checked by gas chromatography to

see that both alcohol and isocyanate still remained unreacted. This precaution

I prevents the misinterpretation of results since isocyanates are known to undergo

j dimerizatlon processes. The unreacted cyclohexyl i'ocyanate is easily observed

by gas chromatography.

The data presented here normally represents at least duplicate runs. In some

cases the average of several runs is included.

Results and Discussion of Heterogeneous Catalysts

I |The results of kinetic studies employing heterogeneous catalysts are shown in

ITable 1. From the relative rate data, it is observed that one gram of 200p AP is

more catalytic than an equal quantity of freshly ground 3p AP. Increasing the

Iquantity of 200P also causes a rate increase up to about 15 grams where stablity is

japproached. It cannot be argued that our results confirms that an increase in

surface area is the reason for the increase, since the 3. AP should have been faster

"1 than 20011 AP. Perhaps the AP was prepared differently causing a different effect.

Alternatively, the data can be explained by the presence of some acidic

present in the AP, possibly perchloric acid, which acts as an acid catalyst for the

reaction. Regardloss of the reasons, A' appears to be a rate acceleratior.

j When coated, AP acts differently. TCP, which is a rate retaider, does not

significantly affect the rate when used as a coating on AP. Alon C, which is a

I mild retarder, also produces a retarding effect in Alon C coated AP. Upon

f incrensing the amount of Alon C coated AP, the large rate increase is somewhat

surpressed.I
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Aluminum and iron oxide samples gave most unusual rate data. With most

j grades of aluminum, the reaction rate was close to that of the uncatalyzed reaction

until, after some urpredictable time interval, an extremely high rate would occur

I for a brief period after which the rat e would return to the earlier, slower level.

I With the same grade of aluminum, this higher rate might appear within an hour of

mixing or might not appear during the entire 12 hour kinetic run. Due to the

unpredictable nature of these rapid rates, accurate kinetic data could not be

I obtained and Vherefore, the rates reported are those observed during the slower periods.

The iron oxide'bs received"displayed a constant rate after a short induction period,

I but the calcined sampled behaved in a manner similar to the aluminum catalysts exeept

that the rate enhancement was not as large and the time Interval (before rapid reaction

began) the was much longer with the iron oxide sample. The effect is not really

understood, but may be caused by the exposure of catalytic sites on the metal surface

1' by the action of the reactants or by the stirrer. Rapid reaction would occur until the

catalytic sites were again deactivated.

Homogeneous Catalysis Siudies

A number of potential propellant additives were tested for catalytic activity h

the model isocyanate/alcohol reaction. In this section, those which were soluble in

CCI4 are treated, The data ,n Table 11 iss the average rate: for :o crc! .ompounds

Sor mixtures. Of interest is the fast rate shown by iron-containing compounds and

the stow rate by MAPO and MT-4 and the lack of reaction with tetramethylthiuram

disulfide present. Most of the other compounds were more or less non-catalytic. The

J ferrocene compounds cre acting as catalysts for the photo-aissisted reaction, discussed

later, as well as catalysts for the ionic reaction. Fe(acac), only catalyzes the ionic
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reaction.thus its effect shown here is real. Catacene is not as good a catalyst as

ferrocene.

Several synergistic catalyst studies were run to determine if certain cor-

pounds could act as sequestering agents for the good catalysts. These data are

summarized in Tables III and IV. Ferric chloride activity is significantly reduced

by a number of additives probably by complexc.+ion of the ferric icn, and ferr:ene

I is seqjestered best by thiuram derivatives. The terrabutyl derivative was synthesized

and tested since it is a liquid while the tetramethyl drrivatie is a solid.

Effect of Light on Reaction of Isocyanate/Alcoho& Reaction

I As mentionad earlier, the isocyanate/alcohol reaction was found to be

catalyzed by light. Through the use of certain additive3 and the use of optical filters,

the process was found to be one possibly involving the formation of a triplet isocyanate.

!1. This process should not occur in rocket motor curing. Both ferrocene and benzo-

I phenone are known photosensitizers, but only ferrocene speeds the rate of the

photoreaction possibly because insufficient light exists at higher energy to excite

benzophenone. Use of filters showed that ferrocene was still a catalyst in the absence

of light. The 650 filter (Table V) cuts out all light that ferrocene absorbs in Its

electronic spectrum, but allows the near JR light to pass. Without light catalysis,

I ferrocene still catalyzes the reaction so that It occur: about 30 times faster !;an he

uncatalyzed react e-n. When ferrocene was expo:ed to light for thirty minutes prior to

its addition and the reaction was run without uv light presenk, it was a better catalyst.

I+ Thus light sholuld be excluded from ferrocene at all stages of its handlhig. Catocene

j is not -is susceptible to light activation as ferrocene (compare, 650 filter run v.. no

I



I filter in Ta'Ae V). Without light, however, catocene, freshly purified, still

I makes the reaction go 10 times faster than the uncatalyzed reaction. Table VA

sh. -,s the effect of concentration of ferrocene on the light-assisted process.

11 Note that without a nitrogen atmosphere, the reaction is slower. -hs is duhe

to oxygen retarding the photo-assisted process.

I
I

I

I

I
I

1
I
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Degradation of Ferrocene Derivatives by AP

The possibility exists that the oxidation reaction that undoubtedly occurs in the

fuel mixture between the catocene and the large excess of ammonium perchlorate

might form a better catalyst for the cure reaction than had previously existed. The

oxidation products from the ferrocesie derivative might include only a ferricinium

derivative (Fe(II) to Fe (I1) oxidation), or might involve oxidation of the ring

positions or formation of decomposition products from the Fe(llI) compound. The

product of the reduction of the perchlorate might also prove a more active catalyst

than the perchlorate.

In order to investigate the oxidation reaction, one mole of uncoated, finely

ground (3p.) ammonium perchlorute was suspended under nitrogen at 550 for 10 days

in each of the following solutions: 0. 1 mole of sublimed ferrocene in CCI , 0. 1 mole

of deionized catocene in CCI4 , 0. 1 mole of sublimed ferrocene in xylene and

0. 1 mole of sublimed ferrocene in CCI that was 0.2M in n-butanol. in each case,
4

dark blue-green precipitates formed, indicati-e of ferrlitn;um salts, but the de-

gradation was less complete in the reaction containing butanol and still less complete

in the reaction in ,xylene. The solvent was removed under vacuum from rresent-

ctive ;liquot, of each reaction, and the residue .;cre studiod by NMR, and IR and

visible spectroscopy. The 90MH NMR spectra in rl -acetone of the residues from

the degradations in xylene and in butanol-CCI4 showed considerable broadening of the

one band in the ferrocene spectrum, but no new peaks were observed. The broaden-

ing was attributed to the formation of the paramagnetic ferricinium complex.

Extensive paramagnetic effects prevented NMR spectra from being obtained for the
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1 other two samples. The nujol-mull infrared spectra were badly obscured by the

large excess of AP present in the residues, but some undegraded metallocene

Icould be observed in each product. The visible spectrum of the residue of the

1 degradation of ferrocene (by AP in CC4 ) in water showed the same cbsorption

maximum (at 6170A) as in independently synthesized sample of ferricinium

1perchlorate.
Since the degradations were run before the light sensitivity of ferrocene wC's

completely understood, all the above reactions were run on the desk top under

normal laboratory lighting. To make certain that the ferrocene degradations

could be caused by ammonium perchlorate in the absence of light, the degradation

of ferrocene in CCI 4 by AP was repeated in a flask covered with aluminum foil.

-The dsgradation occurred at approximately the same rate.

-! All metallocene degradation products were then investigated as heterogeneous

catalysts. The results are summarized in Table VII. To provide a basis for

comparison, samples of ferrocene and ferrocre or catocene plus AP whih had not

previously been subjected to degradatio. conditions were also studied. Although

the variation in rate constant was riot large, the more extensively degraded samples

display slightly less catalytic activity. This lessened activity is presumably the

result of the limited solubility of metallocinium ion in the reaction medium. These

heterogeneous catalytic reactions were also run before the light sensitivity of

ferrocene catalysis was known, but all were ron undt.r oauivlent lighting condit-

ions. It appears from this study that ferrocene (or catocene) w;II readily be

if



I
I

I oxidized to the ferriclnium ion by insoluble AP in a nonpolar medium, such as

HTPB. Toward the cure reaction, however, the resultant compounds, have about

the same catalytic activilt as had the starting materlals.

I
I

I
I
!

!

1
!

I
I
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I Degradation of Ferrocene by Air Oxidation

Throughout this study it was noted that ferrocene and its derivatives showed

variable rates when old solutions or old samples were used. Although ferrocene

I~i is eo;ily purified, it is .asily oxidized by oxygen. Solutions prepared in carbon

1 tetrachloride begin to collect a solid residue after standing in a lighted room

for u few hours. In one experiment we exposed a carbon tetrachloride solution

j of ferrocene to the near ir source light without taking precautions to eliminate

air. After thirty minutes, a precipitate had formed in the cell and a scan of the

visible spectrum indicated that ferricinium ion was present. Thus, uv light and

oxygern., e apparently photooxidizing the ferrocene. In later kinetic runs,

oxygen was excluded to prevent this mode of degradation.

I
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I
I Summary and Recommendations

A large number of kinet;- measurements hove been made on a model isocyanate/

alcohol reaction to determine the effect that the catalysts may have on the HTPB

1 propellant pot life. It was determined that AP is catalytic but that the effect appears

T. to be other than of a surface effect. It could be impurities such as a small amount

oi perchloric acid, metallic impurities triam its preparation, or some unknown

impurity of another nature. Iron-containing compounds are generally active

-- catalysts. rhe specific activity is due to the state of purity and history of the

sample. Ferrocene derivatives are especially succeptible to degradation in the

preience of light and are highly catalytic when exposed to !ight. Fe(acac). is

fairly stable and its catalytic activity is not affected by light.

We recommend that some attention be given to he further investigation of how

} AP acts as a catalyst. We further recommend that any ferrocene derivatives used

1< should be subject to purification by deionization prior to use. After purification

they should be stored under nitrogen in the dark and not exposed to air or light

during mixing if possible.

Some of the btter sequestering agents, for example, some mixtures containing

MAPO, some thiouram derivatives, and some AP coating agents should be carefplly

screened in small motor processing to measure the effect of pot-life in actual

I motor mixes. Coatings for iron oxide may also improve pot-life since that specias

seems to act unpredictably as a ca,'alyst.

*£ We are further investigating the photoossisted reaction aside from this s4u4y

since its ti-echan;sm is intriguing.

I
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