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SUMMARY

Because of health hazzards associated with the previous method for the

manufacture of the important liquid rocket fuel component, l,l-dimethylhydrazine

(UDMH), studies were carried out to determine the kinetics of formation of

UDMH by an alternative process, the choramination of dimethylamine. The

kinetics of undesirable side reactions which lower UDMH yields in the

chloramination method were also investigated. The reaction between chloramine

(NH2 Cl) and Jimethylamine gives UDMH. Chloramine can react with the UF I

formed to give a variety of subsequent products, chiefly formaldehyde

dimethylhydrazcne. A stopped flow reaction system was assembled and used to

measure the rate of formation of UDMH in anhydrous organic solvents (chiefly

chloroform) in the temperature range 15°-300 C. Reaction rates and an activation

energy of 9.8 kcal/mole were derived from these measurements. Bench-scale

and modeling experiments showed thif, i ;he reaction rate for the formation of

the hydrazone is about OUO times that for the formation of UDMH at O°C. The

second order kinetics model for these consecutive reactions indicated and

experiment showed that the concentration of UDMH quickly reaches a steady-state

value while the yield of the hydrazone steadily increases with chloramine

addition. The large-scale production of UDMH in anhydrous organic solvents

by chloramination of dimethylamine does not appear feasible at practical

temperatures because of thelow ratios (<.3) UDMH to hydrazone obtained in

these experiments.
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Introduction:

Unsymmetrical dimethyihydrazine (UDMH) is an important fuel component of

some liquid propellants used in military and space agency rockets. Some typical

fuels which contain UDMH arel:

Aerozine 50: 50.0% UDMH

50.0% Hydrazine

MAF-I: 39.0% UDMH

49.9% Diethylenetriamine

10.1% acetonitrile

1.0% water

MAF-4: 60.0% UDMH

40.0% Diethylenetriamine

Until recently, UDMH had been economically produced by the nitrosation

of dimethylamine and hydrogenation of the nitroso intermediate to UDMH.
HNO 2 H2 /Pd•

(CH3 ) 2 NH HN02 > (CH3 ) 2 NNO P> UDMH
H2 0 H2 0

The ;oncentra•ion of UDMN in the final solution is 20-40% and it is distilled

from this solution in the presence of sodium hydroxide. The overall yield

is good. The favorable economics of this process are due, in part, to the

high concentration of UDMH obtained which makes distillation costs relatively

low. Unfortunately, the intermediate, N-nltrosodimethylamine, has proven to be

very toxic and a probable human carcinogen. Accordingly, its use and worker

exposure has been severely limited by the Occupational Safety and Health

Administration. These restrictions hav: led to the abandonment of the nitroso

process for the manufacture of UDMH. In the search for a new manufacturing

process, investigators have examined a process developed by Sisler and co,;;

workers 2 8 which involves the chloroamination of amines as summarized in the

followirng equations:

2NH 3 (g) + C12 (g) > NH2 Cl(g) + NH4 CI(s) (1)

NH2 Cl + 2(CH3 ) 2NH - (CH3 ) 2 NNH 2 + (CH3 ) 2 NH2 Cl (2)

I I I - -, .. . Jl ,.d ,. .. . . . ' '" "
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Yields as high as 71% UDMH have been realized in neat dimethylamine

(DMA) at low temperatures and at low chloramine (CA) concentrations. As the

chloramine concentration (or moles of chloramine added) increases there is a

marked decrease in product yield due to a rapid reaction between UDMH and

chloramine which leads to a number of undesirable side products.

(CH3 ) 2 NNH 2 + NH2 CI > side products + HCI (3)

These side products are mainly:

tetramethyltetrazene, (CH3 ) 2 N - N = N - N (CH3 ) 2 (TMT),

2,2-diimethyltriazanium chloride (CH3 ) 2 N(NH 2 ) 2+ CI- (DMTC) and

Formaldehyde dimethylhydrazone (CH3 ) 2N-N = CH2 (FDMH).

Tetramethyltetrazene is believed to arise from oxidation of UDMH to form

a diazene (DMZ) intermediate which quickly dimerizes.

(CH3 ) 2 NNH 2 + NH2 CI > (CH3 ) 2N N + NH4 CI (4)

+ -
2(CH3 ) 2N- N > (CH3 ) 2N - N = N - N(CH 3 ) 2  (5)

The mechanism for the formation of formaldehyde dimethylhydrazone is

still under scrutiny but is believed to be the rearrangement of diazene according

to the equation:

2(CH3 ) 2N N -- > (CH3 )2 =N -CH3 + CH3 - N =N (6)

-H+ +H +

* CH3  V

N - N = CH2  {CH 3 - N = N - HI

CH

CH4 + N2

2
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2,2-Dimethyltriazanium chloride can be visualized as a simple nucleophilic

attack on chloramine by the disubstituted nitrogen of UDMH.

(CH3 )2 NNH2 + ClNH2  -- > (CH3 ) 2N(NH2 )2 Cl (7)

During 1974 and 1975, the Propellant Chemistry Branch, of the White Oak

Laboratory, Naval Surface Weapons Center, made an extensive investigation of the

experimental conditions for the best yield for Reactions 1 and 29. This work

showed that the hydrazone was a particularly troublesome by-product since this

product can occur in relatively large amounts and cannot be separated from

UDMH by conventional distillation procedures. It was further shown that low

concentrations of chloramine, low reaction temperatnres, well-stirred reaction

solutions, large excesses of dimethylamine and low final roncentrations of

UDMH all favor the elimination of this contaminant.

D~iring 1974-1975, the Martin-Marietta Corporation, Denver Division, made

an extensive study of the Sis>er chemistry and its application to the production

of hydrazine fuels. Of particular significance to our studies, they measuved

the reaction rates of Equations (2) and (3) under anhydrous conditions. In

these experiments, dilute ammonia solutions of chloramine were added to liquid

dimethylamine or UDMH at low temperatures (-46o to -60 0 C) and at low chloramine/

amine mole ratios (DMA/CA n1000 to 4000, UDMH/CA '%500 to 700). The rate of

reaction of chloramine was determined frow the rate of increase of conductivity

due to the formation of chloride ions. Pseudo first order reaction rates were

obtained as functions of temperature. These data yielded the important result

that the a'ctiation energy of Equation (2) (9.6 kcal/mole) is less than that

of (3) (14.5 kcal/mole) and therefore the undesired reaction (3) becomes

increasingly significant with increasing temperature. Under their conditions,

the two rate constants were found to be about equal at -70°C.

It is evident that reaction variables in the Sisler process for the synthesis

of hydrazines will need to be carefully optimized if the process is to be

successfully applied to the large-scale production of UDMH or monomethyl hydrazine.

3
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In or'er to provide the reaction rate and mechanism data needed for the

selection of proper conditions for scale-up, a joint program between the

University of Florida and the Naval Surface Weapons Center, White Oak

Laboratory was initiated in September 1975. The main thrust of the NSWC/WOL

effort has been to determine the rates of reactions (2) and (3).

In order to measure the rates of reactions (2) and (3) at temperatures of

practical importance, a stopped-flow apparatus was designed and assembled.

In this device. two reactant solutions can be ve2ry rapidly mixed (mixing time

<10 msec) and the concentrations of reactants and products subsequently measured

as functions of time by a fast-response infrared non-dispersive spectrometer.

This report describes the application of the stopped-flow apparatus to

reacticn (2) and the results of a series of reactions which were carried out

on a bench scale in order to determine final reaction products and the relative

rates of reactions (2) and (3).

Results and Discussion:

Over thirty runs of the chloramine dimethylamine reaction in chloroform

have been made at chloramine concentrations in the range 0.1 - 0.4M and at

temperatures from 150 to 300 dimethylamine/chloramine ratios varied from 5.2 to

17.6. For all runs, changes in concentrations with time were determined by

measuring the infrared intensity at 1590 cm- 1 . Figure 1 shows the measured

transmittance data at 1590 cm-1 as a function of time for a typical run. While the

512 data points digitally recroded for this experiment show high noise, it is

evident that a well-defined smooth curve can be drawn through them.

All reactants and products of reaction '2) contribute to the change in

absorption at 1590 cm- 1 (A1590) according to the equation:

A1590 = ln(lo/I) = 1 x (8.47{ADMA} + 15.13 {ACA} + 49.5 {UDMH}

+ 49.1 {DMACl}) (8)

Where 1o is the transmission at time zero, I the transmission at any

subsequent time, 1 is the cell length, {DMACl) and {UDMH} are the concentrations

of the products, dimethylammonium chloride and UDMH, and {ADMA} and {ACA) are the

changes in the concentrations of the reactants, dimethylamine and chloramine.

4
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The coefficients of the concentrations are the molar absorption

coefficients in M-1 cm-I. Assuming that the measured A1 5 9 0 is proportional

to the rate of change of the chloramine concentration, i.e. that the reaction

is pseudo-first order, we have determined the rate constants of Table I from

a set of measurements at various temperatures. The activation energy derived

from these rates is 9.8 kcal/mole. This result compares favorably with the

9.6 kcal/mole found by the Martin-Marietta workers.

Table I

Pseudo-First Order Reaction Rates

Run No. Temperature (°C) Rate (sec-l) tl/2 (sec)

18 27.7 .500 1.4

22 20.2 .352 2.0

23 15.4 .246 2.8

As will be discussed below, the yields of UDMH were very low in these

reactions and the change in absorbance was effectively a measure of the

concentration of the hydrochloride salt. The yield of dimethylammonium chloride

determined from the absorbance was about the theoretical based on chloramlne

and agreed with the yields obtained in the bench-scale experiments. The nature

of the species causing the change in absorbance at 1590 cm- 1 is not important

for first order analysis. All we need to assume is that the change in absorbance

is a measure of the rate of the reaction between chloramine and dimethylamine

and that this reaction controls the rate of formation of the salt.

We had based our design of the kinetics experiments on reaction rates for

reactions (2) and (3) which were estimated from the low temperatures experiments

of the Martin-Marietta workers. From their activation energies the estimated

ratio of the reaction rates is 22.5 at O°C and the estimated UDMH to side-

product final yield ratio is about 1.6 at DMA/CA = 8.5.

However in the final products flushed from the fast reaction cell, we

noted some gas bubbles (CH4 ) but were unable to detect any UDMH. These findings
led us to carry out a series of larger scale reactions at the bench in order to

6
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measure final product concentrations. At low UDMH yields, the final absorbances

in the kinetics measurements give only the yield of dimethylammonium chloride.

Other products need to be measured in separate experiments. These experiments

generally involved the reaction of DMA in solution with a less concentrated

solution of CA at O°C and then analysis of the final products by gas

chromatography.

In one such experiment, Experiment A, 3.75 mmoles of CA in 15 cm3 of

chloroform were added in 0.125, 0.25 or .5 mmole increments to a 15 cm3 chloroform

solution containing 49.5 mmoles of DMA. After the equilibration of each

addition, a sample was withdrawn for gas chromatographic analysis. The yields

of FDMH and UDMH so measured are given in Figure 2. Note that the yield of

UDMH rises to a maximum value quite early in the addition sequence while the

concentration of FDMH increases nearly linearly with chloramine added. The

fall-off of the yields of UDMH and decrease of the rate of increase of UDMH

yield will be discussed later. They are results of some subsequent slower

decompositions presumed to be not related to the chemistry of (2) - (6).. If

we then neglect these later effects, Figure 2 shows that UDMH quickly reaches

a steady-state concentration, while FDMH steadily increases with addition of

chloramine. This behavior is typical of consecutive reactions in which a

product of the first becomes a reactant in the second. Quite evidently, the

steady-state concentration of UDMH is independent of the final DMA/CA ratio and

depends only the relative rates of (2) and (3).

In order to determine the relative reaction rates from these data,

reaction rates equations were set up for reactions (2), (4), (5), (6)

and for:

(CH3 )2 NH + HCI -> (CH3 )2 NH2 Cl (7)
33

Reaction (2), the formation of UDMH and reaction (4), the formation of the

intermediate subsequent product are assumed to be the rate controlling reactions

for the formation of UDMH and Side products.

7
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1he equations yi eld the fullowi nj rate equatLiuns:

d(DMA}/dt = -kl f[)MA} x KCA} - k5tIJMA} x {HII } (1O)

dfCA}/dt = -kIf•MA} x {CAI k2fUDMII} x {CA} (II)

d{UDMHJ/dt = k1fDMA} x {CA} - k2 {J)MIII x (CA) (12)

dtDMZ}/dt k2fUDMII} x (CA) (13)

d{IlCl}/dt +k{UDMA} x {CA} + k2 {UIMII) x {CA)

- kSfDIMAJ x {IICH I (14)

d{DMACII/dt * k5 {DMA) x tIIClI (1b)

d{TMTI/dt k3 (0M}12  (11,)

d{DruMal/dt k4 {DMZV2 (17)

At time zero, all concentrations are zero excupt (CA and (IMA) which aru,
of course, known from analysis. A soluliun i4 nut known fur th• gnuirual 04l,0,

involving second order consecutive reactiuns such as (2) and (4). CunwiduraLiun

of the other reactions makes the matheMatics uvuH mope intractoblu, Huwuvur,

equations (10)-(17) are easily integrated numurically to U ivo valueos Nur a1ll

concentrations at any time.

Our objective was to model experimenLs such an A in order to ustimatle

k2/kI. Equations involving the other rate constants k3 , Q and kb have boon

included to control the stoichiumetry. These rates arce assummed to he last

enough so that they do not affect k2/kI, With these assuil•p•liph,, we havo

integrated this set of simultaneous first order differenLIal equatioluns with a

modified Runge-Kutta procedure for various k2 /kI ratios. The results fur

Experiment A are compared in Figure 2 to the measured yields of ULIMII and OUMhI.

The agreement is good during the earlier phases of the reaction. Note that

both the model and the experimental data show that signiflicant amounts of the

hydrazone are produced even in the early phases of the reaction. The raLiu

of k2 /kl which best fits this experiment is about 600/1. Fur cumparl'.on,

9
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I ~juiv 3 I s the u1cl c product yielidsi for this Pxperf ment when the
k,/k 1 rattu as ustlimatud fromr the Mdrtin-MaricLta datta are used.

A !.orie~ i ul xperlimonits wore cirricd out in dioxanc as well as chlor-oform in
Wh110h tho cot) re diiiurdiifne solution (10 ml) was rapidly added to DMA
lbul ultiuc (10 iiii) vatthor than WWIllI '11ruTHients' as in Expriierimet A. Those
vxpci'Iiikei' were Ulu bumch-scalc aiialo~ucs of the ~stopped-flow experiments.
1 hu vvu`ults of thesue xporhi imuis are Ui yen Ili Tabi e HI. The rapid mixi ng
eQiXIiimii0L!s whIIh wiTU carried out, Ili chloroform sol ution gjave no dutectabi a
atmuwis c I UJMIi aiid low yiuld4 ofI' [M11. The yield of TM1 was comparable to the
yiuld4 i~btu.n tilld ol.l wi~ voit sluts, . lhpuiLed analyses of" thu reaction mixture
altr compl1 itinol of, OIhu ruacLI ium shtmud. it -tuady ducreaso In rDM11 concentration
4111 dIn `11041 ill Inu tmiu mlnoul .' an wmi deniv lied product . Rapi d mixi ng

vI~poiiilwod Lil In 4-d/udiM oxiOV ~pVe vy low yiolds ci' UDMI! but lbout theoreti cal
yluckd~ ui' I lMli. li, vor ctictib Ill diuxatie, the finial concentration of" [DM1 was
61,tab10 itwihi L`1me1 a4 W01 we 11 PutecnUn L nIt Li ciis o' (OMI I and TMT'. The lauc han ismi
of kyatimlii (6i) iuqo I iui tho I orwat~iui of' a owl e of' iiutLiave fur every mule
ui IIDM11 lui med, Mutliaii wa-i duLec ted ili Vclud yi ci d ill the cUilS CIWoiiiatOqrdphl`Ic
unit fYONI of the 014 Iil icactic, Solution, bJUt accurate 'sl SUtS Could not be
cila loud %fiiI, mcdiitiýu tolldi~ to Vol atLl c rivu-l thu Sul utiun . However, the
yt oILi c mci jill iiUwit 1 d l~uimhiog d Wo bJO comf11i nitbi to that ci' the hydriA o n
bokLhi i i ce ll OlI~kim 411iid dlam Io4ui ~luLiuii!. . 111his !,uIpor'L- the iiiecUL1ni1 smOf'

14i11tCiuii (10 tus thu ju1wl ill p OUuLLI fur thu i'urmiiia Lofi cIT[M1. Ili Lxporiiuiut A,
tic yfel d-, ul mufLhimiii w. dLtcimloud f rom Uhu Uj! chumciatuyrailiiis Were

ploj~li, i illa C hu yield'. of H LMII u4 a I'unct'lci o1' the aiii'uuot, of' chiorunliilne

addu~d 041101 I ll~y dIUi'iij HUiir 01 cl'111 iuhiu.uW, 0' thLu racti cii.

Nc to that. Iil labuh 11 I, thu yield ci' [D)M11 W t~he dloxiAtt i S above tlieorctical)

(1 o.e 1/4 x CA\). Netswi.vimdovl 0 hja4 postulalted that, the hIdh yields of FDMII res;ult
iie fro i'uii thudiii mluh I sn c Lqiiil.1iiii' (4) aiid (6u) hut frulm thu full owll nySequence

hld;,UJ I I IN (CI I ),,!l~N(fl) II(l

Ni~L1 IIN(ClH~ ((llI3 ),,NGi N1l 3
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"Table II

Reactants and Yields in Rapid Mixing Experiments

Run Solvent DMA CA UMIAH FDMH TMT Temp.
(mmoles) (mmoles) (mmoles) (mmoles) (minoles) °C

B Dioxane 25.5 3.71 -.. 002 1.54 .07 0

C Chloroform 32 1.55 0 .06 .008 28

D Chloroform 32 1.55 0 .025 .02 0

E Dioxane 25.5 2.99 %.004 .91 .026 5

r

12 " I

S...... . I 'I,.- '-



R16:GBW:sdm

(CH3 ) 2 NCI - CH2 = N-CH 3 + HCI

CH2 = N-CH3 + H2NN(CH 3 ) 2 -----> CH2 - NN(CH 3 ) 2 + CH3NH2

This mechanism was supported by the detection of methylamine (no

experimental details given). We were unable to test for methylamine as it

is not separated from dimethylamine on our column.

The Neiswander mechanism requires only 2 moles of CA for each mole of

FDMH formed and yields no methane. Our high yields for FDMH in the dioxane

experiments may be indirect evidence for this reaction sequence. However, our

estimation that the methane yield is comparable to the FDMH yield suggests

that the mechanism of Equations (4) and (6) is the dominant one for the

formation of FDMH. In any event, In the Neiswander reactions, the rate of

formation of FDMH is proportional "o the concentration of UDMH and the

scheme Equations (10) - (17) would hold generally even if both reaction routes

were followed. Among the many reactions involving the synthesis of UDMH done

by the Martin-Marietta workers, three was similar to ours in that they were

done in an anhydrous organic solvent. In these e;xperiments, chloramine from

the generator was collected in xylene and the resultant solution slowly added

to liquid DMA at 00 - 20 C. Their DMA/CA mole ratios varied from II to 22.

For these experiments, the final UDMH/FDMH ratios were in the range 0.3 to

0.4 and the yields of UDMH based on chloramine about 3%. At a DMA/CA ratio

of about 22, Figure 3 shows a UDMH/FDMH ratio of about C.3. This result also

indicatesa different rate of formation of FDMH in anhydrous organic solvents

from that estimated from the rate at low temperatures in the liquid amomia-

DMA solvent system.

Experimental:

Chemicals: Dimethylamine, ammonia, chlorine and nitrogen (Matheson,

stated purity 99.0% min) were used without further purification. 1,1-dimethyl-

hydrazine (UDMH) (Matheson Coleman and Bell, stated purity 99%) was distilled

trap-to-trap, in a vacuum system before use. A gas chromatogram showed the

purity to be at least 99.5%. Dioxane (Fisher certified) was used without

further purification. Alcohol-free chloroform was obtained by treating reagent

grade chloroform (Fisher) with concentrated sulfuric acid followed by

successive washings with distilled water. The chloroform was finally dried over

13
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anhydrous calcium chloride and distilled. The distillate proved to be alcohol-

free by virtue of its infrared spectrum and could be stored in the dark for about

10 days with no noticeable decomposition.

General Procedures: The 1H and 1 3 C nuclear magnetic resonance spectra were

determined at 28 0 C in a Jeol JNM-PS-100 spectrometer in appropriate solvents

using tetramethylsilane as an internal standard. The infrared spectra were

recorded by menas of a Perkin-Elmer 421 grating spectrometer. Liquid samples

were prepared as neat films between salt plates or dissolved in the appropriate

solvent and analyzed in solution cells. Gas chromatographic measurements were

performed at 80 0 C with a Perkin-Elmer Model 3920 instrument equipped with a

flame ionization detector and a'12 ft x 1/8" O.D. stainless steel column packed

with 5% KOH, 15% carbon wax 20M and 80% chromosorb P (NAW 30/60 mesh) 1 1 UDMH was

identified qualitatively by the following tests.

(a) A sample solution was acidified with 6N hydrochloric acid. Potassium

iodate (O.IN) was added dropwise. A dark brown discharge indicated the presence

of a reducing agent.

(b) Several drops of 1% sodium pentacyanoammine-ferroate solution were

added to one drop of the neutral test solution. The appearance of a cherry

red color indicated the presence of UDMH 12 .

Kinetic Measurements:

Apparatus: The need to study rapid reactions near and below room

temperature leads to two requirements: A reactor is needed in which the reactants

can be mixed in a time short compared to the reaction time and an analytical method

is required which can follow the rapid concentration changes in real-time. The

recent literature on the kinetics of fast reactions details several methods

whereby the first requirement can be met 1 3 . For these solution kinetic studies

on the Sisler process reactions, a reactor of the stopped flow typel4,15 seemed

best suited. The design and operation of the reactor assembled for the UDMH

studies is indicated schematically in Figure 4. In this reactor, the two

solutions to be reacted are placed into the two filling syringes and are then

loaded into the driven syringes. A force is abruptly and simultaneously applied

to both syringes by the pneumatic cylinder. This forces the two solutions through

the mixing section and the optical absorption cell into the stopping syringe

14
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ýwhich forces the piston of the syringe upward. When the stopping piston hits

the stop, the flow is suddently arrested, a freshly mixed solution exists in

the optical cell and the absorption measurements of the concentrations of the

reactants and products begin. The flow rate is at a maximum just before the

sudden stop so that the age of the mixed solution depends on this peak velocity

and the volume of tChe system between the point of mixing and the cell . In our

apparatus, at the driving rates used so far, the age of the mixed solution is

about 10 msec or less based on the time to travel from the first mixing Tee

to the center of the cell. The upper limit to the driving rate has not been

determined. Because of finite mixing rates, the mixing may not be complete until

quite near the cell. This effect of course reduces the age of the mixed

solution but introduces some uncertainty in the average age. The five syringes

are housed in a large aluminum block that can be heated or cooled over the range

-40 to +1000C. The cooling is achieved by passing a stream of cold nitrogen

gas through the block and infrared cell holder and then through a copper coil

surrounding the block. The block and holder are insulated with styrofoam.

Because of the high heat capacity of the apparatus relative to the nitrogen

stream good temperature regulation can be achieved by manual control of the

nitrogen flow rate. The cold nitrogen is obtained from liquid nitrogen boil-

off. To prevent moisture condensation on the cell and cell holder, the nitrogen

stream is vented into the sp ectrometer to maintain a dry atmosphere around the

moisture-sensitive parts. Heating is achieved by a circulating constant

temperature fluid.

For reasons of sensitivity, selectivity and availability, an infrared

spectrometirc method was chosen for the real-time analysis of the reacting

mixtures. A spectrometer which had previously been set up for some air pollution

studies and modified for this work is shown skematically in Figure 5. The major

change required was an increase in the chopping 'frequency from 50 hz to 1250 hz to

give the instrument the needed faster response. This spectrometer scans the

spectrum by rotation of a circular variable band-pass filter wheel. While the

resolution of the instrument is low (X/AX = 65), the energy throughput is high

and the instrument has a very good signal/noise ratio. With the time constant

of the electrical filtering in the amplifier at 30 msec, the signal-to-noise
ratio in the 1600 cm-1 region is better than 300:1. Thus low concentrations

or small absorption changes can be measured more accurately than on a conventional

spectrometer. Two variable filters are available-one covering the range

16
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4-8pjm (2500-1250 cm-I) and the other 8-14.5pm (1250-690 cm' 1 ). When

measuring concentrations, the filter can be held fixed at an absorption

frequency and the time-rate of change of absorption monitored.

Figure 6 shows the circuits for the spectral and timing signals. The

chopped infrared radiaition is received by a pyroelectric detector of the high

sensitivity glycine sulfate type (Barnes Engineering Corp., Model T-300). The

AC signal from the detector is demodulated without preamplific.'tion by a lock-

in amplifier (Princeton Applied Research Model 122) whose reference frequency

is generated by a LED-phototransitor system at the chopper blade. Some noise

is generated by oscillations in the angular velocity of the belt-driven chopper

but this noise can be minimized by careful tuning of the lock-in amplifier

using an oscilloscope.

The demodulated amplified output of the lock-in amplifier is fed to

an analogue-to-digital converter on an PDP/8E minicomputer. When the -topping

syringe piston hits the stop, a switch is closed and the signal from this

switch is also digitized to indicate the starting tim2 of the reaction. A

displacement transducer of the linear variable differential transformer type

is connected to the stopping syringe piston. The signal from this transducer

is digitized to give the velocity of the piston. The three channels of data

are acquired, stored on magnetic tape cartridge and printed out under the

control of a machine language program. The data are subsequently read back

in for analysis by various BASIC language programs.

Spectral considerations: The kinetics of the reaction between dimithylamine

and chloramine was followed by measuring the time-rate of change of

absorbance of the product concentrations, Equation (8). Since concentration

measurements in the 1% range were needed a thick absorption cell (0.5 mm) was used.

For studies in the 0-3% range three infrared absorption frequencies (1590,

1305 and 1050 cm-I) of 'JDMH ordimethylammonium ',chloride were located which

could be used depending on the choice of solvent. Three solvents, chloroform,

carbon tetrachloride and tetrachloroethylene were surveyed for spectral

consideration. All bands are readily measurable in tetrachloro-thylene and all

but the 1590 cm" 1 band in carbon tetrachloride. The 1590 cm- 1 is readily

measurable in chloroform and useful measurements can be made at the 1305 cm- 1

18
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band despite some obscuration by the solvent. Interference from reactants

and side products was also considered (Equation (8)). Dimethylammonium

chloride is vertually insoluble in carbon tetrachloride and tetrachloroethylene.

Formation of an insoluble salt in the absorption cpll could give use to

light scattering leading to erroneous results. For this reason chloroform

was chosen as the solvent.

Preparation of Chloramine: Chloramine was prepared by the reaction of

ammonia and chlorine in a flow reactor (Figure 7) similar to that of Sisler

and others2 ' 8 ' 9 '1 0 . The chlorine is first mixed with nitrogen and this stream is

then mixed with ammonia. Typical gas ratios are 1:4:4 = C12 :N2 :NH 3 . The

reacted gas stream is filtered through glass wool to remove ammonia chloride

formed during reaction and bubbled through solvent. Excess ammonia is

removed by application of vacuum to the solution.

Analysis of ClNH2 /HCCl 3 Solutions: A known volume of chloramine solution

was dissolved in 20 ml of distilled water in a 125 ml erlenmyer flask. The

test solution was acidified with 20 ml of 6N hydrochloric acid then treated

with 15 ml of 10% potassium iodide solution. The liberated iodine was

titrated with O.lN sodium thiosulfate that had been standardized against

NBS potassium dichromate. When the yellow color of the iodine became faint,

5 ml of starch solution was added and titrated until the blue color

disappeared.

Stability of Chloramine in Chloroform: During the preparation, storage

and handling of ClNH2 /HCCI 3 solutions, a marked decrease in chloramine

concentration was observed with the formation of insoluble NH4CI Since it

is essential to know the chlcramine concentration at the start of a kinetic

run, the extent of chloramine decomposition was determined over an extended

period of time. The CINH 2 /HCCI 3 solution was titrated at convenient time

intervals and the results shown graphically in Figure 8. The initial

decomposition is quite rapid yielding a cloudy suspension of insoluble

NH4 Cl. This instability presents two problems: (1) change in CINH2

concentration prior to and during data collection, (2) the possible blockage

of tubing by precipitated ammonium chloride in the stopped-flow apparatus.

20
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During initial runs syringes containing ClNH2 and reaction products had a

tendency to stick between barrel and cylinder interface because of ammonium

chloride formation. If chloramine solutions were allowed to remain in the

system for extended periods of time difficulties were encountered in obtaining

fast mixing rates and short stop times during collection of kinetic data.

The ammonium chloride problem is alleviated by filtration immediately
before loading of the chloramine solution into the syringe and by not allowing

the chloramine solutions to remain in the stopped-flow system for prolonged

periods of time.

Preparation of Dimethylamine Solutions: Aknown volume of anhydrous
dimethylamine (Matheson, 99% min) was passed through a trap containing solvent

at ambient temperature. Prior to use the amine solution was treated with excess

standard hydrochloric acid and back titrated with standard sodium hydroxide to
the methyl red end-point. Concentrations approaching 4M dimethylamine were

obtained.

Preparation of formaldehyde dimethylhydrazone: The formaldehyde

hydrazone of UDMH was prepared by dropwise addition of UDMH to a well-stirred

aqueous solution of paraformaldehyde and hydrogen chloride (10%) cooled in an

ice bath. Excess KOH pellets were added to the reaction mixture and the

hydrazone distilled through a short column (b.p. 700C). A gas chromatogram

showed only a single peak. The proton decoupled C13 NMR showed two peaks in

the ratio of 2:1 which is consistant with the formula (CH3 )2 N-N = CH2 .

Preparation of tetramethyltetrazene: Tetramethyl-2-tetrazene was prepared

by the oxidation of l,l-dimethylhydrazene with mercuric oxide at OoCl 6 ,17 . Ten
(10) ml (7.914g; 0.131 mole) of l,l-dimethylhydraztne (Matheson-Coleman Bell)

was diluted with 25 ml of anhydrous ether in a 100 ml three-necked round

bottomed flask fitted with a stirrer and a reflux-condenser and immersed in

an ice bath. Yellow mercuric oxide (28.52g; 0.131 mole) was added slowly over

a half hour period. The solution began to reflux in a few minutes and allowed

to cool before more oxide was added. After 1 1/2 hours the reaction ceased

imparting a yellow tinge to the resulting solution., After warming to room
temperature with stirring the ether was separated from the aqueous layer which

was extracted with ether. The etheral solutions were combined and the etherA

removed under vacuum leaving a light yellow liquid which distilled at 950C

and 210 mm Ng. The infrared and C1 3 NMR spectra were consistant with the

formula (CH3 )2 NN - NN(CH 3 ) 2.
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Preparation of 2,2-dimethyltriazanium chloride 1 8 ,19 : UDMH (2.4 ml;

31 mmoles) was dissolved in 100 ml of chloroform in a 250 ml three necked round

bottom flask fitted with stirrer, water condenser and additional funnel.

Fifty (50) ml of 0.62M ClNH2 /HCCl 3 solution was added dropwise with stirring

at O°C. A white precipitate formed during addition oft.the ClNH2 . The resulting

solution was allowed to warm to room temperature with stirring. The precipitate

was filtered and digested for 10 minutes in 30 ml of absolute ethanol.. 90 ml

of acetone was added and the mixture boiled for an additional 15 minutes.

300 ml of anhydrous ether was added and the solution allowed to cool overnight.

White hydroscopic crystals were filtered and dried under vacuum. A positive

test with KI and a melting point of 135°C-d characterized the product as
2,2-dimethyltriazanium chloride, (CH3 )2N(NH 2 )2 +CIV.

In an attempt to better understand the chemistry of the reaction sequence
under investigation a series of bench top experiments were conducted in
conjunction with the kinetic study. The experimental details for these reaction

follow.

Reaction between dimethylamine and chloramine in chloroform: Dimethyl-
amine in chloroform (30 ml, 3.MM) was placed in a 100 ml three necked round
bottom flaskfitted with stirring bar, reflux conderiser,additional funnel and

dry N2 flow. 30 ml of a 0.197 M chloramine/chloroform solution were added

slowly with stirring at 300 C. The solution became warm and gas evolution was
observed. After removal of solvent under vacuum the residue was distilled at

ambient pressure and the fraction distilling at 620C was collected. The
distillate was mainly chloroform and one or possibly more unidentified :side

products, according to the infrared spectrum. Absorption bands did not

correspond to any of the predicted side products. The residue was dissolved

in 10 ml of chloroform then treated with 125 ml of ether producing 0.57g of a

white crystalline compound. The infrared spectrum is identical to that of

dimethylammonium chloride.

In a similar experiment 100 ml of 3.76M dimethylamine in chloroform

was placed in a 500 ml three-necked round bottom flask fixed with stirring

bar, reflux condenser, addition funnel and dry nitrogen flow. The flask was
cooled at -300 C by means of a dry-ice/isopropanol bath and 100 ml of 0.414M
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chloramine/chloroform solution was added dropwise with stirring. Stirring

was continued for an additional half hour resulting in a clear solution. No

precipitate was observed. The resulting solution gave a positive KI test

and a negative KI0 3 test. The same test results were obtained after an

additional hour of stirring at -30 0 C. Solvent and volatile products were removed

by distillation at 600C. The distillate give a positive KI test but on standing

overnight it gave negative KI and K10 3 tests. The residue was filtered,

washed with ether and dried producing 4.00 g of dimethylammonium chloride.

An attempt was made to isolate the reaction product by treating the

resulting clear solution from the reaction between'dimethylamine and chloramine

with 6N hydrochloric acid. The aqueous layer was treated with. 3N KOH until

basic. The resulting solution was analyzed by gas chromatography but failed

to show any of the expected reaction products.

In a milder treatment of the resulting solution, solvent and volatile

products were removed under vacuum at room temperature. Infrared analysis

of volatile products showed no evidence for an appreciable concentration

of UDMH. In a control experiment a solution of dimethylamine/chloroform/

UDMH analyzed clearly for UDMH as low as 0.03 M UDHM.

Inorder to simulate the mixing process in the stop-flow reactor for

final product analysis, equal volumes of dimethylamine in chloroform and

chloramine in chloroform were syringed simultaneously into a flask fixed with

stirring bar and dry nitrogen flow. The resulting solution was immediately

analyzed by gas chromatography (these are runs B-E of Table II). Similar reactions

were carried out using dioxane as the solvent.

In a separate experiment, Experiment A, 15 ml of 3.3M dimethylamine

in chloroformwere placed in a 50 ml three-necked flask fixed with stirring

bar addition funnel and dry nitrogen flow. The flask was cooled to 00C,

nitrogen flow stopped and 15 ml of 0.25 M chloramine in chloroform was added

in 0.5 ml increments over a two (2) hour period. The contents of the flask

was analyzed after each addition by GLC.

Reaction between UDMH and chloramine in the presence of dimethylamine

and dimethylammoniurmi chloride: Dimethylammonium chloride (5.4 g, 66 mmoles),
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75 ml of 3.76 M dimethylamine/chloroform and 5 ml (66 mmole) of UDMH were
placed in a 100 ml three-necked round bottom flask fitted with a dropping funnel,

a condenser and a stirring bar. Chloramine (75 ml of 0.888M in chloroform,

66 mmoles) was added dropwise with stirring at room temperature. No
precipatate was observed but the solution became warm with gas evolution.

After the final addition of chloramine a clear solution was obtained which

gradually turned yellow.

Reaction between UDMH and chloramine in the presence of dimethylammonium

chloride: Dimethylammonium chloride (2.1%, g, 26.6 mmoles) and UDMH (2.02 ml,
26.6 mmoles) were dissolved in 30 ml chloroform in a 100 ml three-necked

round bottom flask fitted with a dropping funnel, a condenser and a stirring
bar. Thirty (30) ml of (1.88M chloramine/chloroform was added dropwise with

stirring at room temperature resulting in an exothermic reaction with the
formation of a white precipetate.

In order to facilitate solvent removal and aid in product identification,

the reaction between dimethylamine and chloramine was carried out in diethylether.

Reaction between dimethylamine and chloramine in diethylether: Twenty

(20) ml of 2.3N dimethylamine in diethylether was placed in a 100 ml three-
necked round bottom flask fitted with stirring bar, condenser, addition

funnel and dry nitrogen flow. The flask was cooled to -40 0C with dry ice/

isopropanol . Twenty (20) ml of' 0.77M ClNII 2 in diethylether was added dropwise
with stirring. The mixture was stirred for 30 minutes at -400 C and allowed to
warsiw to room temperature. Spot tests were negative for UDM11. The IR showed

no bands characteristic of UUMI1. A white precipatate characteristic of

(C1I 3 )2 N1I2+Cl" was observed but was not isolated. The solution was filtered

and the ether distilled at 350 C, with a bath temperature not exceeding 420 C.

The residue remaining after solvent removal was analyzed by IR but no bands
characteristic of, UDMI!, FUMII or TMI were observed. The proton NMR showed one

major peak characteristic of N-CII 3.

Conclusions:

1. The activation energy of formation of UDMII from chloramine end A

dimethylamine is 9.8 kcal/mole in agreement with earlier work.
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2. The rate of formation of formaldehyde dimiethylhydrazone is very high

(%600X) compared to that of UDMH in anhydrous organic solvents at 00 C.

3. Comparison of our finding with those of other workers indicates that

the relative rates of formation of these two products is much more favorable

in aqueous or liquid ammonia solvent systems than in anhydrous organic solvents.

4. Since methane is produced concurrently with the hydrazoneour results support

the mechanism of FDMH formation proposed by Sisler.

5. The alternative mechanism of FDMH proposed by Neiswander is supported only

indirectly by our results. However, this mechanism cannot be ruled out as a

concurrent route with a lower yield than the Sisler mechanism.

6. Both UDMH and FDMH are unstable in the reaction mixture when chloroform

is used as a solvent.

7. If anhydrous organic solvent systems are used in the Sisler synthesis of

UDMH, only low yields of UDMH and high yields of the hydrazone will result

at least in the temperature range OC. and above.

8. As a consequences of the consecutive reaction scheme for the formatiun

of UDMH and FDMH and of the high ra'tio of the formation rate constant of

FDMH to that of UDMH, the yield of UDMH will reach a low constant value

early in the reaction. Any further additions of chloramine do not increase

the UDMH yields.
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