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I. INTRODUCTION

Hydrazine, a common ingredient in liquid propellants, has been
extensively investigated over the past seventy years. 1 The kinetics
and mechanism of reactions involving hydrazine are of interest in under-
standing the ignition and combustion of such propellants and also in
under.tanding reactions that might lead to reduced shelf life.

In 1949 Gordon 2 measured the kinetics of the reaction between hydrogen
pe-roxide and hydrazine in aqueous solution. The reaction rate was first-
o-der in both hydrazine and hydrogen peroxide, and the rate of the reaction
at 25*C was relatively slow. For nearly equal molar solutions of hygrapine 1
and hydrogen peroxide the rate coefficient was reported as 4.1 x 10- 4 sec

In 1961 Corey reported that the cis - hydrogenation of olefins was
possible in -%-he presence of hydrazine, hydrogen peroxide, and trace amounts
of copper(If). Interestingly, he reported that the reaction occurred "instant-
aneously." Thus the rate of reaction in the presence of copper(II) would
have to be much faster than the one studied by Gordon in 1949. In addition
Corey argued that the reactive species involved in the olefin hydrogenato 9
was diimide, N2H2. This w-- confirmed and further studies on N2 H2 ensued.-

'W. C. E. Higgilson, 'Recent Apects of the Inorganic Chenistry of Nitrogen"

Special Publication No. 10 of the ChenicaZ Society, London (1957).

-A. S. Gordon, "The React .on Between ydrazine and Hyd'ogen Peroxide in
the Liquid Phase," Third Combustion Symposiwi, Williams and Wilkins Co.,
Baltimore, MD, 1949.
3E. J. Corey, W. L. Mock, and D. J. Pasto, "Chemistry of Diimide. Sane
New Systoms for the Hydrogenation of Multiple Bonds," Tetrahedron Letters
11, 347 (1961).
4E. J. Corey, D. L. Pasto, and W. L. Mock, "C&,ristzt of Diimide iI. Stereo-
chermistry zf Hydrogen Transfer to Carbon-Carbon Mkltiple Bonds," J. Am:. Ch.
Soc., 83, 29"17 (1997)1

"E. van --.a-Zen, R. S. Dtzr, M. F. Lease, and W. H. Pirkle, "Selectivity
and Mechanism ." &imule Rections," J Am. Che m. Soc. 83, 4302 (1961).
6=s. Bmi, H. . ,'-.-er, and W. Thier, "The Ch,=str- of Diifine," An
Ciwnie (Int'l Ed.),_, 7 (1965).
7C. Willis and R. A. 1-zek, "Diimide: Some Physical and Chemical Properti.es,
and the Kinetics and ScyZcJianetry of the Gas-Phase Decomosition," Can J.
Chem., 51 3605 (1P;3).
8S. K. Vidyarth:. C. Willis, R. A. Back, and R. 4. MeKitrick, "The Reaction
of Diirride with Olefins in the Gas Phase," J. Am. Chem. Soc. 96, 7674 (1974).

9D. B. Paul, "The Apparent Intervention of Diimide &Arirg a Pyred2zine
Synthesis. A Re-exzination of the Reaction Between Hydrazine and Pyrazine-2-
3-Dicarboxylie Acid Derivatives," Aust. J. Chem._, 27., .1331 (1974).

0H. Erlemeyer, C. FZierZ, am: H. Sigel, "Zur C 2+ katatysierten Reaktion
zoischen Wsserstoffperoxide und ydrazin bzw. HydroxyZmin," Chimia, 22-
433 (1968).
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Despite this attentio, to N If as a hydrog-tating agent, the kinetics
and mechanism ofa the copper(I)- yrazine-hy' jgen peroxide reaction has
niot been elucidated. Siegel and co-workers 0'-l examined the kinetics
of the oxidation of hydrazine by hydrogen peroxide in the presence of
copper(ll)-2, 2'-dipyridyl complex, but were not able to measure the

= kinetics in the pre-sence of hydrated copper(II) because copper oxide pre-
ciplitated. In this report the kinetics have been successfully measured
by using sufficiently small quantities of copper(ll) to avoid precipita-
ticn of oxide.

II. EXPERIMENTAL

A. Reagents

Anhydrous hydra:ine, 97% solution, was obtained from Matheson, Coleman,
and Bell, Norwood, 011. Hydrogen peroxide, 90% solution, was obtained from
the Becco Chenical Division, F.9C Corp., Buffalo, NY. A 4-molar stock sol-
uition of each reagent was prepared with cold double distilled water. The
stock solutions were stored in a refrigerator when not in use. All metal
zalts used in these experiments were reagent grade.

8. Procedure

The experiments were intially conducted in a 125 ml Erlenmeyer flask
eqipped with a side-arm that led to a gas bubbler and gas buret for
measuring and collecting tne evolved gas over mercury. The neck of the
123 ml reaction flask was firmly fitted with a silicone rubber stopper
that contained a 15 ml buret for the addition of 4-molar hydra~ine and
an inlet tube for the introduction of helium or argon to deaerate the
reaction nixture. The reaction flask temperature uzis controlled by
;=rersing in a thercostatted water bath at the desired reaction temperature-
Vieg'rous stirring was maintained with a teflon coated magnetic stirring
har. After adding the desired amount of coppei-(Il), hydrogen peroxide.
And double distilled water, the reaction flask was placed in the constant
tempnerature water bath. The reaction flask's contents were deaocrated
for at least 15 minutes by bubbling helium or argon through the solution

~;ssrs~Fierz, 2and H zidaz bS.te.L-'riCfw4It 7ticen pe&io~Iroaer.e zmode ! ith~ Hbdazine :zc Chi-a,

Erlenmeyer, C. Fieand F. 5iget3 "Onf th~e xvne-~.s and Plechi ;-zt,
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while stirring vigorously. The flow of inert gas was stopped and the
desired amount of 4-molar hydrazine introduced as a "slug" through the
altered buret tip. The timer was started and the reaction product gas
collected in the 100 ml gas buret. The gas was maintained at atmospheric
pressure with the leveling bulb of the gas buret. The time elapsed for
the collection of every 10 mls of gas was recorded.

I A rnumber of experiments were conducted in the 125 ml reaction flask
using a total constant volume of 50 als. From tihese runs the order of
reaction with respect to the total concentration of copper(II) increased
as the concentration of copper(II) increased. This was found to be caused
by the high enthalpy of reaction (196 Kcal/mole) which raised the tempera-
ture of the reaction during tne course of a run. In all subsequent experi-
ments the reaction flask contents were monitored with a 10 ail copper-

constantan thermocotple enclosed in a thin-wal! pyrex tube inserted through
the silicone rubber stower and immersed in the reaction solution. The
analog signal received was displayed on a strip-chart potentiometric
recorder. In this manner it was possible to determine the experimentalIconditions required to minimize the effect of the heat of reaction on
the rate. In order to keep the temperature constant throughout the kinetic
run, the reaction solution was inrreased to 300 mls and the concentrations
of hydrogen peroxide and of hydrazine were halved.

The stock solutions of hydrazine, hydrogen peroxide, and copper(II)
were analyzed by standard iodimetric procedures.12,13

Ill. RESULTS

The stoichiometry of the reaction was reported by Grahain14 as

N2 4 + 2H202 N2 +4H0. ()

The stoichiometry was confirmed by measuring the total -mount of -as
produced.

The rate law was determined by measuring the initial rate of

12H. H. WiZlard, N. H. Fwraan, and C. E. Bricker, EZ.rrtents o Quntitative

AnaZysis-Theopn and Practice, 4th edition. D. Van Nostrand Co., Inc.,
Ne York, 1956, pp 255-2?6.
13

N . H. Fwzan, ed., Standard Methods of Chemicat Analyusis, Vol. 1
The Element, 6th edition, D. Van Nostrand Co., Inc., New York, 1962
p 404.14 4 4

D. P. Graham, "Prowrwer Action in Reactions of Oxidation Conconzitant
with the Cataly tic Decmposition of Hydrogen Peroxide. I. The
Oridation of ydrazine, J. Am. Chem Soo. 52, 303$ (1930).

7



reaction. The p11 of the reaction solution was estimated from equation

(2) (2

where K1 and K, are the acid dissociation constants for H1202 and '2 HS+,
respectively. A derivation of e uation (2) is included in the Appendix.
The pKa's for K1 and K~, are 11. 616 and 8.07.10

The results for the runs in which the concentration of copper(II)
was kept the same is shown in Table 1. In Table II the results with
varying copper(II) concentrations are shown. In Table III some selected
runs were made with copper(lI) acetate and copper(II) pcrchlorate instead
of copper(II) sulphate to demonstrate that the rate is independent of
the anion. From these results it is clear that the rate law may be
represented as

d I~.~

dt - obs QIO,.)T (CUUlI)T (3)

where (H2O0. and (Cu(II)) stand for the total concentrations of hydrogen
Peroxide and copper(II). Tn addition the rate is independent of pH
within the limited range examined here.

iv. DISCUSSION

The rate law indicates that the rate-determining step for the reaction
involves copper ion and hydrogen peroxide. Since copp~er(II) has been
shawn to react slowly with hydrogen peroxide,5',10 the miore likely mechanism
consists of a copper-hydrazine complex reacting with hydrogen peroxide.
Such a scheme is shown below

K I
Cu + N2 H4  'm- Cu N 2H 4  rapid pro-equilibrium. f4)

rI. Amdzhir and G. G. Rwm-4se, Chemrical Kinevics-?rincip'es and Selecte'
Tonics, IffeGraw-HZEill Book Co., Inc., New Yqrrk, 1966, Pp 9-10.

J'. Schuibert., V. S. Sha=, E. R. White, L. S. Bergelson, "Catalytic
Dc'--O3sitio of iPydrogen Peroxide by Copper Che bates and Mixed Lioand

':o=,Zexes of E:isuziine in the Presence of Phosphalre -ofr the ?ieutra.
PHiRegion', 4. Am. Chem. Soc.., 90 4476 (1068).



TABLE 1.

Determination of the Reaction Order of

Hydrazine and Hydrogen Peroxidea~

Mx 2 i2 N/iic
x10 H ' Rate, mls N mn pH

1.64 6.54 7.3 9.5

3.27 6.54 7.4 9.7

6.54 6.54 7.4 9.8

13.1 6.54 7.4 10.

3.27 3.27 3.6 9.8

3.27 6.54 7.4 9.7

3.27 13.1 15 9.5

1.64 3.27 :0.6 9.7

3.27 6.54 7.4 9.7

6.S4 13.1 15 9.7

aTotal volume equal to 300 =Is, T =298K

bCopPer(II) sulphate concentration 1.23 x 10-6M

CCuite from equation (2).

9



TABLE II.

Determination of Reaction Order of

Copper(II) Sulphate ab

Copper(II), M x 107 Rate, mls N2/min

3.29 1.95

6.57 4.1 -

9.86 6.2

13.2 8.3

16.4 10.4

24.6 16.2

aTotal volume of solution is 300 ml, T = 298 K

b[N2H4] =0.033N., [H202]= 0.0654M, pH= 9.7

10
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TABLE III.

Comparison of Reaction Rate for

Different Copper(II) Saltsa,b

5 c .d

Copper(II) x 10 ,millimoles Rate, mis/min Rate, mis/min

5 -- 0.5

10 -- 1.0A

is -- 1.5 5
20 -- 2.1

25 2.6--

31 --- 3.1

40 -- 4.1

s0 5.1 5.1

aTotal volume solution equal to 300 mls, T =298K

b[(H 3=007,[H102 0.033M, pH =9.7

copper (II) perchiorate

d( 1 1r(I) acetate



CU NH +HO0
2 4 2 2 s intermediate products (I.P.) + 2H 20. (5)

T.P. + H22 2 N2 + CuI + 2H20. (6)

The rate law for this mechanism is then

d(N2) k1 K(N2H4) (H2 02 ) (CullT

dt I + K(N2H4 ) (7)

where (Cu 1)T represents the total concentration of copper(II) in solu-
tion. If K x (NAH) is greater than unity, then (7) reduces to theexperimentally observed rate law, equation (3). For Cu2+ and N2H4, log

K was reported as 4.2.10 Even if the reactive copper(II) complex is
CuII(oH) (NAH) which should have a somewhat smaller value of K, the

product K x (N2H4 ) is most certainly greater than unity. At the pH of
these kinetic runs, the predominate form of the copper(II) is Cu0H+ since
the pKa for hydrated copper(II) is 8.0.17 The intermediate products in
equation (5) are not required by the rate law, but are put into the
mechanistic scheme, since N2H2 has been inferred to be present by Corey
and others.

To obtain enthalpy and entropy of activation for this reaction,
additional runs were made at 150C and 350C. The rate of reaction was
recast into M-1 sec -1 by converting the volume of nitrogen evolved into
moles of nitrogen evolved. The results of these runs are shown in
Table IV.

The activation parameters were computed from a non-linear least-
squares fit of equation (8)

kT -AH*/R AS*/R (8)
k h e RTe

?F. Basolo and R. G. Pearson, Mechanism of Inorganic Reactions. WiZey
and Sons, Inc., NY, 1958, p 387.

12
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where

k1 = rate coefficient,

k = Boltzmann's constant,

h = Planck's constant,

T = temperature,

AH* = enthalpy of activation,

AS*= entropy of activation,

R = gas constant.

The non-linear least squares fit was performed with a Los Alamos program18
in which temperature was the independent variable, the rate coefficient
was the dependent variable, and the AH* and AS* were the two parameters

to be fit. The results of the calculation are shown below including
the standard deviation of each activation parameter

A = 5.8 ± 0.2 Kcal/mole,

AS* = 28 ± 1 cal/mole-K.

The rate coefficients at 288, 298, and 308 computed from the best-fit
values are 142, 206, and 293 M-Isec-1, respectively.

A comparison among the rate coefficients at 25°C for the uncatalyzed
oxidation of hydrazine and hydrogen peroxide, and this reaction catalyzed
by hydrated copper(II) and the copper(II)-2, 21-dipyridyl complex is shown
below which demonstrates the efficacy of the copper catalyst.

catalyst kl-l sec -1  Reference

none 1.8 x 10-  2

copper(I) 210 This work

2.
Cu _2,2i-dipyridyl 127 11

R. H. Moore and R. K. Ziegler, "The Solution of the General Least
Squares Problem with Special Reference to High-Speed Computers,"
Los Alamos Scientific Laboratory Report LA-2367, March 2960.

14



A glance at the first two rate coefficients shows why Corey and

co-workers needed a trace of copper(II) in order to hydrogenate olefins
at room temperature. Presumably the increased reactivity of hydrazine

coordinated to copper ion arises from a shift in electron density from
hydrazine toward the positively-charged copper(II) that facilitates re-

mnval of a hydrogen atom from each nitrogen.

V. CONCLUSION

Copper(If) accelerates the rate of the oxidation of hydrazine by

hydrogen peroxide through formation of a copper(II) - hydrazine complex.

15
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APPENDIX A.

CALCULATION OF THE VH OF AN A(W1EOIJS SOLUTION

HYDRA71NE AND HYDROGEN PEROXIDE.

The appropriate equations are

1 [H202 ] A - (1)

[H I IN2 4
2

[N2 H5 1 A - (2)

(H ( 9 5 J=[H 2 ]1 A - (3)L from (1) and (3)

~i(H0 2 =(H) )((H+) .(NPH') A (4)

from (2) and (4)

I (H20 2) (H) (H + H(N 2H4 )~ A- (5)

2 /

K K2( 2 2 D K2(H) 2) H)2O 6

2 1 2 (H202 )
= A -(7)

K2 + (N2 4

K+ (N H4) A-(8)

2 224
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