Kinetics and Catalysis, Vol. 42, No. 4, 2001, pp. 490-495. Translated from Kinetika i Kataliz, Vol. 42, No. 4, 2001, pp. 543-548.

Original Russian Text Copyright © 2001 by Denisov, Kobeleva, Shestakov.

A Kinetic Study of the Effect of Water
on the Nitrogen-Fixing Ability of the Mg(OH)—V(OH), System

N. T. Denisov, S. |. Kobeleva, and A. F. Shestakov

Institute of Problems of Chemical Physics, Russian Academy of Sciences, Chernogolovka, Moscow oblast, 142432 Russia
Received August 12, 1999

Abstract—An increase in the limiting oxidation number of V?* ions in the presence of nitrogen in the
Mg(OH),—V (OH), system was found. This phenomenon was interpreted from the standpoint of the existence
of acritical size of vanadium clustersin anion layer of the mixed hydroxide. The attainment of thiscritical size
is necessary for the reduction of N, and the release of H,. This hypothesis also explains the specific activity of
the system as an extremal function of the concentration of vanadium(l1) at a constant Mg : V ratio. The effect
of solvent (methanol—water) composition on the rate of nitrogen reduction supports the idea that the concentra-
tion of freewater in the system playsadecisiverolein thisprocess. Anincreasein theintensity of H/D exchange
in the presence of nitrogen, which is similar to that observed in biological systems, was found.

INTRODUCTION

The magnesium—vanadium hydroxide systemisone
of the best studied systems used for the reduction of
molecular nitrogen in protic media under mild condi-
tions[1]. A study of the effects of various parameterson
the rate of nitrogen reduction demonstrated that the
structure of active centersin this system exhibits some
specia features. The coprecipitation of Mg?* and V*
ions by an excess of an alkali isrequired for the forma-
tion of asystem highly active toward nitrogen (reaction
rate constant k ~ 10° | mol-' s! [1]). The magnesium
ions affect the occurrence of al conceivable reactions.
Thesefactsindicate that in this case a double hydroxide
isformed (rather than a mechanical mixture of hydrox-
ides), which exhibits almost no activity in the reduction

of nitrogent. The appearance of an orange color at the
instant of mixing solutions of the reactants at [Mg?*] >
[V?*] isindicative of the formation of double hydrox-
ide. Thelife span of this color increased with an excess
of magnesium ions, and the color was retained at
reduced temperatures (~270 K) for ~1 min. This color
is not due to individual hydroxides because Mg(OH),
is white and V(OH), is black. It is reasonable to sug-
gest that this color results from the initial formation of
a metastable mixed hydroxide phase, in which vana-
dium ions are statistically distributed and that these
ions primarily occur as mononuclear species. Data on
the magnetic susceptibility of the freshly precipitated
hydroxide support this idea: as the Mg : V ratio was
increased up to 50, the magnetic moment L approached

L1t is well known that under similar conditions magnesium ions
form substitutional solid solutions with Ni2* and Co?* ions[2, 3],

whose ionic radii, as well as the ionic radius of V2*, are close to
the ionic radius of magnesium (r = 0.74, 0.78, 0.74, and 0.72 A

for Mg?*, Co?*, Ni%*, and VZ*, respectively).

the Bohr magneton value 3.8, which is close to the
magnetic moment of V(OH), [4]. It islikely that, even
in a considerable excess of magnesium ions, the initial
mixed hydroxide is thermodynamically unstable and
can decompose to Mg(OH), and V(OH), phases. The
diffusion mobility of ions is responsible for the phase
separation; however, aging processes, which result in
theformation of fragments of three-dimensional crystal
lattices, terminate the decomposition at the stage of the
formation of [V(OH),],, clusters incorporated into the
lattice of Mg(OH),. Evidently, the value of n depends
on the ratio between the ions and on other conditions of
precipitation.

Studies performed by electron microscopy and elec-
tron diffraction demonstrated that even 30 s after precip-
itation magnesium hydroxide developed a crystal struc-
ture; however, in the presence of only 10 mol % V?*, it
remained amorphous to X-rays for 3 min. Thus, the
addition of vanadium ions prevents Mg(OH), microc-
rystalsfrom growing to >40 A.. The association of vana-
diumionsin primary hydroxide globulesis also indic-
ative of a deceleration in the structural ordering of
Mg(OH),.

Likeanumber of bivalent metal hydroxides, crystal-
line magnesium hydroxide contains a hexagonal close-
packed lattice of OH-ions (a=3.116 A; c=4.78 A),
and metal cations are arranged in the octahedral cavi-
ties of the lattice. It is believed that the main structural
unit of the double magnesium and vanadium hydroxide
is a fragment of the cation layer of magnesium ions
with alinear dimension of 15-20 A with incorporated
vanadium ions; the vanadium ions tend to accumulate
in separate layers of the double hydroxide. The associ-
ation of vanadium ions was completein 1 to 2 min at
293 K, asfollows from experimental data on the reduc-
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tion of nitrogen to hydrazine on varying the time of
nitrogen admission to the system after itsformation [5].

The following data are indicative of the progressive
increase in the average size of the hydroxo clusters
of V(II) with time: only the two-electron reactions
N2H4 I 2NH3 and C2H2 —— C2H4 occur |mmaj|'
ately at a high Mg : V ionic ratio, whereas the occur-
rence of an induction period istypica of the four-elec-
active vanadium center with n = 4 isformed during this
induction period. Thus, it is reasonabl e to suppose that
initially formed magnesium—vanadium hydroxo poly-
mers, in which metal atoms are joined by bridging
OH groups, undergo conversion into disordered micro-
crystalline particles of magnesium hydroxide in the
subsequent processes of aging. In these particles, sepa-
rate groups of Mg?* ions in the cationic layers are
replaced by vanadium(l1) ions. The size of these clus-
ters primarily depends on the initia ratio between the
metal ionsand on theinitial concentration of vanadium
ions.

A very interesting special feature of the magne-
sium—vanadium system is the weak effect of methanol
additives on this system. This feature, which remains
unexplained, differentiates the above system from other
nitrogen-fixing systems. Whereas the addition of meth-
anol to al of the systems studied previoudy increased
their activity by afactor of 5-10, the yield of products
in the magnesium—vanadium system increased by only
~20-30% as compared with the yield in a purely aque-
ous medium [7]. Studies of the effect of water on the
rate of hydrazine formation in protium and deuterium
solvents were favorable for an understanding of the
mechanism of the action of molybdenum nitrogen-fix-
ing systems [8], Cr(OH), [9], and Nb(OH); [10].

Thiswork, which is a continuation of these studies,
was devoted to the effect of water concentration in alka-
line water—methanol solutions on the rates of formation
of hydrazine and hydrogen and to the H/D exchangein
the Mg(OH),—V(OH), system.

EXPERIMENTAL

The reduction of nitrogen was performed in a two-
chamber glass vessel placed in an autoclave according
to the previously published procedure [11]. The auto-
clave was thoroughly purged with nitrogen, a pressure
of 40.5 x 10° Pa was adjusted, and the autoclave was
cooled to 284 K. Thereafter, the water—methanol solu-
tions of MgCl,—~VCl, and KOH were mixed. The reac-
tion was performed with vigorous shaking. The reaction
rate was determined by the yield of reaction productsin
1 min because under these conditions the kinetic curves
of product formation were linear [5]. The solutions had
the following concentrations. [VC1,] = 1.5 x 1072,
[MgC1,] = 7.5 x 102, and [KOH] = 4 mol/I.

Thetotal amount of oxidized vanadium(Il) (Vs) was
determined by titration with ammonium vanadate in an
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argon atmosphere in the presence of phenylanthranilic
acid. The amount of vanadium(I1) that took part in the

reduction of nitrogen (V) was calculated from the

total reaction products (hydrazine and ammonia), tak-
ing into account stoichiometric coefficients. The
amount of vanadium(ll) that took part in the formation

of hydrogen was found by the difference V—V\..

Hydrazine was determined by photocolorimetry using
the reaction with para-dimethylaminobenzaldehyde,
and ammonia was determined by the indophenol
method [11].

Deuterium exchange was performed in atwo-cham-
ber Rittenberg vessel; degassed components of the
reaction mixture were introduced into the chambers.
The degree of exchange was evaluated by the mass-
spectrometric analysis of a gas phase. The background
HD concentration in the initial D, was 0.37 + 0.01%,
and the results of deuterium exchange are given below
with consideration for this value. The experimental
conditionswere asfollows: temperature of 313 K, reac-
tion time of 15 min, [V>*] =1.5 x 102 mol/l, [KOH] =
4 mol/l, [H,0] =40 mol/l, Mg?>* : V>* = 20, and Pp, =

0.4 x 10° Pa.

RESULTS AND DISCUSSION

All nitrogen-fixing hydroxide systems are almost
completely inactive in the absence of water. As water
was added, the activity increased and reached a maxi-
mum value at a certain concentration of water. The
effect of water concentration in alkaline water—metha-
nol solutionsin the range of 17 to 55 mol/l ontheinitial
rate of hydrazine formation in the magnesium—vana
dium system was studied in detail. This study demon-
strated that maximum activity was attained only at
[H,O] = 45-48 mol/l and this maximum was preceded
by aplateau at [H,0] = 25-40 mol/I (Fig. 1).

According to our ideas [8-10], the rate of nitrogen
reduction significantly depends on the concentration of
free water in the system, that is, water unincorporated
into the tightly bound solvate shells of cations and
anions. According to published data, the numbers of
water molecules in the strong solvate shells of K* and
OH- ions are equa to 4 and 3, respectively. Conse-
guently, a deficiency in free water appears when the
total water content of the CH;OH-H,0-KOH system is
lessthan 7[KOH]. Theroleof thiscircumstanceisillus-
trated in Fig. 1, which compares the nitrogen-fixing
activities of various hydroxide systems as functions of
water content. Although concentrations of the akali in
these systems differ by afactor of eight, the total con-
centrations of water in these systems at the maximums
are close to each other and deviate from the values of
7[KOH] (the corresponding positions are indicated by
arrowsin Fig. 1) by afactor of no morethan 1.6. More-
over, the shapes of activity curves at [H,O] > [H,0],,,.x
are approximately identical for all of the systems. Thus,
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Fig. 1. Relative rates of nitrogen reduction to hydrazine as
functions of relative water contents of hydroxide systems:
(1) Mg(1)=V(I1), [KOH] = 4 mal/l, 284 K; (2) Mg(ll)—
Ti(l1)-Mo(I11), [KOH] = 0.5 mol/l, 293 K; (3) Nb(IlI),
[KOH] =1 mol/l, 288 K [10]. Arrows indicate the positions
that correspond to the concentrations [KOH] x 7 in different
systems.

it isbest to evaluate the nitrogen-fixing activity of aque-
ous and water—al cohol systems at water concentrations
from [H,0],,,, to 55 moal/l, that is, on going from a
water—alcohol medium with a maximum activity to a
purely agueous medium. The wider the range between
[H,0],,.« and 55 mol/l, the more dramatically the activ-
ities differ.

A shift of the activity maximum of the magnesium—
vanadium system to higher water concentrations in
comparison with other systems results from the higher
alkali concentration in this system (higher by afactor of
5-8 than that in the Mo-containing system) [7]. At the
same time, the region of low concentrations of free
water ([H,0] < [H,0],,...), in which asufficient number
of alcohol molecules are replaced by H,O in areaction
center, is strongly extended in the case of the magne-
sium—vanadium system. In other systems, the activity
increases within a very narrow range of water concen-
trations, so that this phenomenon practically cannot be
studied experimentally.

The process of hydrogen liberation competes with
the reaction of nitrogen reduction. This process can be
represented schematically as follows:

2V¥ +2H,0 —» 2V>" + H, + 20H".

In this study, we found that, at [V (I1)] = const, mag-
nesium ions exert different effects on the degrees of
nitrogen reduction and hydrogen liberation, which
were evaluated by the amounts of consumed V(II). It
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Fig. 2. Characteristics of reactions occurring in the
Mg(OH),—V(OH), system as functions of theMg: V ratio:

(2) fraction of V(Il) consumed in nitrogen reduction for
10 min, (2) fraction of V(I1) consumed in hydrogen liberation
for 10 min, (3) degree of overall reaction in the presence of
nitrogen for 10 min, (4) degree of overal reaction in the
absence of nitrogen for 10 min, and (5) the same for 24 h [14].

can be seen in Fig. 2 that, asthe Mg : V ratio increased
from O to 20, the fraction of the reductant oxidized in
the reaction with nitrogen increased by a factor of 11,
whereas that in the parallel reaction of hydrogen liber-
ation increased by afactor of only two. A comparison
of these results with analogous data that a changein the
Mg :V ratio from 0to 20 in the oxidation of V(II) inan
Ar atmosphere [4] decreased the degree of reaction of
H, liberation from 100 to 18% isindicative of the oppo-
site effects of magnesium ions on the degrees of both
reactions under consideration.

Inthiscase, asfollowsfrom Fig. 2, magnesium—vana
dium hydroxide of the same composition (Mg : V > 1)
can consume more electronsin the simultaneous reduc-
tion of nitrogen and water for 10 min than in the reduc-
tion of only water. The shape of curve 5 inFig. 2, which
correspondsto the liberation of hydrogenin 24 hiinthe
absence of nitrogen, suggests that the inactive V(I1)
ions accumulated in the system as the Mg : V ratio
increased. If only single V(1) ions, which lack the
required amount of electrons, in the lattice of magne-
sium hydroxide belonged to these inactive ions, the
degree of reaction in the presence of two substrates
(water and nitrogen) could not be higher than that in the
presence of only water. Thus, we believe that only
vanadium clusters, the number of metal atomsin which
is at least as great as a critical value of n,, can reduce
both of the substrates. Then, taking into account the sto-
ichiometry of hydrazine and hydrogen formation,
which regquire 4 and 2 equiv of areducing agent, respec-
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tively, we may expect that active centers will lose more
electrons in the combined reduction than in the reduc-
tion of only water to hydrogen. If these centers are pre-
dominant in the system, the degree of reaction can
increase because a four-electron process is added to a
two-€lectron reduction process.

On the one hand, the hypothesis of the existence of
acritical cluster size is consistent with an increase in
the reduction potentia of the system as the number of
atomsin acluster increases[13]. Onthe other hand, this
hypothesis makesit possible to use the hydride mecha-
nism of nitrogen reduction and hydrogen liberation,
which was proposed for other hydroxide systems [8—
10]. It is reasonable to suppose that the formation of a
hydride intermediate

[LV, (H,0)]™ — [LV H]™ "+ OH",

which is the same for the reactions of nitrogen reduc-
tion and hydrogen liberation, is thermodynamically
possible only after the clustersreach acertain size. This
is supported by data on isotope exchange. The forma
tion of 0.28% HD was detected when the reaction of
hydrogen liberation was performed in a protium sol-
vent in the presence of D, (0.4 atm). After the addition
of 0.56 atm nitrogen under the same conditions, 2.36%
HD was formed. Such an increaseintheyield of HD in
the presence of nitrogen in other hydroxide systems
was not detected previously in analogous experiments.

It is likely that the anticymbatic effects of the con-
centration of magnesium ions on the degrees of nitro-
gen reduction and hydrogen liberation reactions can be
associated with a number of causes. On the one hand,
the concentration of water in the system is high, as
compared with the concentration of nitrogen. There-
fore, the hydrogen liberation reaction occurs at a higher
rate, al other factors being the same, because of alow
concentration of active centers and diffusion limita-
tions. With the incorporation of magnesium ions into
the nitrogen-fixing active centers, they can exert acom-
bined electrophilic effect, for example, because of the
direct interaction between the N atom and Mg?* (com-
plexes of this kind are known [15]). Evidently, this
electrophilic effect of magnesium ions facilitates
hydride-ion transfer to the coordinated nitrogen mole-
cule. Because of this, the ratio between the times of
reactions of an active hydride complex via the two
routes

N=N
H /N
Vv (i) AYan
H
ON-N
and o vamvan o vanv(n
H

V(1) + H,0 —= V(I1)(OH) + H,,
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can be changed significantly. Indeed, the latter reaction
of hydride-ion transfer to the solvent proton is respon-
sible for the formation of ionsin the system and, hence,
for an increase in the energy of rearrangement of the
medium, as compared to the energy of intramolecular
hydride-ion transfer.

For theoretical modeling, let us consider a simpler
case when the total concentration of metalsis changed
at afixed ratio between magnesium and vanadium ions.
It can be seen in Fig. 3 that this results in a nonlinear
relationship between the activity of the system and the
V(I1) content. The absolute concentration of V(II)
affects the nitrogen-fixing ability of the magnesium—
vanadium system because the size-distribution function
of vanadium(ll) clusters in the cationic layer of the
magnesium hydroxide lattice is changed. Under condi-
tions of rapid hydrolysis of magnesium and vanadium
salts by the action of an excess of an alkali, a single
amorphous V(OH),-Mg(OH), phase is formed,
athough it is thermodynamically unstable. This cir-
cumstance makes the V-V ion association more favor-
able than the Mg-V ion association, which, in turn,
depends on the ratio between the ions in the system.
Therefore, clusters containing no less than four vana
dium(ll) atoms are formed in a sufficient amount even
at a great excess of magnesium ions. This is evident
from a relatively high yield of hydrazine (at a purely
statistical distribution, the fraction of these clusters
would be 1/X*, where X = Mg : V, i.e, negligible). In
this case, an amount of nonreactive single vanadium(l1)
ions is present in an amorphous lattice. Thisis evident
from adecreasein the limiting yield of hydrogen asthe
Mg?* : V2 ratio increased.

We use a universal distribution function for quanti-
tatively describing the size distribution of clusters. A
study of the growth of associates in terms of the model
of diffusion-limited aggregation of particles [16] dem-
onstrated that the size distribution of associates at dif-
ferent times could be adequately described by the uni-
versal function

x, = =000

i Loy

where = Znx,(t)/Zx,(t) is the average associate size
a timet.

Function f can be approximated by the expression
f(y) = 1.9846y'21%exp[—(0.9419y)?]. In this approxi-
mation, the size distribution of vanadium clusters
depends on the sole parameter L] which depends on
the concentration of vanadium.

In the consideration of the nitrogen-fixing activity
of the system, it should a so be taken into account that
vanadium clusters become capable of reducing molec-
ular nitrogen to hydrazine only starting from a critical
size of n, = 4. Thus, an extremal character of the exper-
imental dependence of specific activity on the Mg : V
ratio can be explained naturally because the fraction of
clusters with n > n, is small at alow concentration of
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Fig. 3. Initial rate of nitrogen reduction to hydrazine as a
function of vanadium concentration under the following
conditions: Mg : V = 20, [KOH] = 5 mol/l, temperature of
293 K, and 20% CH30H [14].

vanadium(l1), whereas the total number of clusters
begins to decrease at a high vanadium concentration
when n> n, for the majority of clusters. Thus, theinitial
rate of reaction can be described by the expression

Woznz

nxn,

k (g n [f
m(c)f Hm(C)

where C = [ V], k, isaconstant, and the activities of all
clusterswith n > n, are taken to be equal for simplicity.
We describe the initial dependence of [M(C)Uon the
concentration of vanadium by the simplest two-param-
eter function M(0)[/n, = a + bCP, where p = 4, as dem-
onstrated by analysis. With consideration for al exper-
imental data, an optimization of constants a and b at
n, = 4 gave the values a = 0.544 and b = 0.283 x
1078 I1*/mol*. Figure 4 compares the calculated and
experimental data.

The above consideration demonstrated that the non-
linear character of the effect of vanadium concentration
on the nitrogen-fixing ability of the Mg-V system can
be explained by a change in the ratio between active
centerswith different numbers of nuclei. It islikely that
the active center of a critical size contains four V(I1)
atoms. Hence, it follows that at high Mg : V ratios,
when it is reasonable to neglect the concentration of
V(I1) clusters with n > n,, the limiting degree of reac-
tion of nitrogen reduction can be twice as high as the
limiting degree of reaction of hydrogen liberationin the
absence of N,. Experimental data (see Fig. 2) demon-
stratethat thisproportionisalmost validat Mg : V = 20.
However, an interesting phenomenon was observed in
this case: the degree of vanadium(ll) oxidation with
water with the liberation of hydrogen in the presence of
nitrogen was higher than in the absence of nitrogen.

DENISQV et al.
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Fig. 4. Specific activity (A) of the Mg(OH),—V(OH), sys-
tem in the reaction of nitrogen reduction as a function of
vanadium concentration. Points indicate the experimental
data, and the curve represents the cal culated data.

This observation correlates with an increase in the
intensity of H/D exchange in the presence of nitrogen,
asisaso the case in biological systems[17]. The sto-
ichiometry of the process, which takes place in nitroge-
nase [17],

D,+2H" +2e — 2HD

corresponds to the reductive hydrolysis of hydrogen in
the presence of nitrogen. The reason for this effect of
nitrogen is not completely understood. It is believed
that, on the coordination to a polynuclear vanadium
cluster, the nitrogen molecule, as a potential multielec-
tron oxidant, induces a decrease in the electron density
of the active center and this decrease is sufficient for
initiating a redox process of electron transfer from the
neighboring low-nuclearity vanadium(l1) clusters with
n < n,. For example, the coordination of anitrogen mol-
ecule to a cluster containing n, + 1 ions of V2* results
in electron transfer from a neighboring cluster contain-
ing n,—1ionsof V2*. Inturn, an electron is also trans-
ferred to the latter from another low-nuclearity cluster
within the lifetime of the nitrogen complex. Under
these conditions, an excessive electron remains on the
(ny + 1)-nuclear cluster upon the dissociation of the
nitrogen complex. Then, after hydrogen formation in
the reaction of a hydride derivative with a solvent, an
electron will be deficient for the reduction of nitrogen.
It may be assumed that this deficiency is compensated
for in the course of the subsequent coordination of the
nitrogen molecule by the same mechanism because of
the above el ectron processes. The idea of the concerted
processes of hydrogen liberation and nitrogen reduc-
tion can also explain the fact that the degrees of these
reactions as functions of the Mg : V ratio are symbatic
in an excess of Mg ions.
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Thus, new data on an increase in the limiting oxida
tion state of V2* ions in the Mg(OH),—V(OH), system
in the presence of nitrogen were obtained in this work.
It is our opinion that these data are indicative of the
existence of a critical size of V,, clusters in the ionic
layer of the mixed hydroxide. This critical size is
required for the combined occurrence of the processes
of N, reduction and H, liberation. An increase in the
intensity of H/D exchange in the presence of nitrogen
was found. The dependence of the rate of nitrogen
reduction on the composition of asolvent supported our
previous idea of the crucial importance of the concen-
tration of free water for this process.
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