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Gas Phase and Aqueous Thermochemistry of Hydrazine and Related Radicals and the
Energy Profiles of Reactions with H and OH*: An ab Initio Study
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Ab initio calculations by a modified G2(MP2) procedure have been used to obtain bond dissociation energies,
proton affinities, and heats of formation of hydrazine{iilH,) and the related radicals and radical ions.
Bond dissociation energies and proton affinities in these species are strongly influenced by the three-electron
stabilization, which occurs in HNNjiand HNNH,**. Free energies of formation in solution were estimated

and used to examine relative stabilities of the radicals and the overall energetics of their reactions. For
example, HNNHy* is 100 kJ mot? more stable than HNN#i", and this explains the rearrangement which

has been observed experimentally. As a guide to the relative importance of possible reactions, the energy
profiles of the reactions of #INH, and HNNH3;* with H* and OH in the gas phase were also studied.

With H,NNH,, barrier heights above reactants are generally low for the H abstraction reactions of both OH
(=5 kJ mol!) and H (25 kJ mot?), which is consistent with the low activation energies observed
experimentally. For BENNH3*, reaction profiles for attack at both theMand NH™ sites were examined.

In the case of OM abstraction of H from the-NHz"™ end to form HNNHy* is preferred over production of
HNNHz't by attack at HN—. However, in solution the former mode will be inhibited by the strong bonding

of water to the charged Nfi end, and attack at both centers can be expected. Fattétk on HNNH3™,
formation of HNNH>* by H abstraction from the NH end has a very low gas phaBg but in solution
solvation effects will again interfere. Thus production afNMHs* by H addition at HN is likely to be a
competitive process. This product is expected to decomposeNoHNHs" (AGeen = —13 kJ mof?),

and complexation of water withdNINHz** was shown to lower the barrier height for that process. In the gas
phase prereaction complexes of Gite seen with both #INH, and HNNH;™, the latter being quite strongly
bound. However, competition with solvent water molecules would probably reduce the role of these in solution.

Introduction of the properties of all of these hydrazinium radicals is very
important. We have therefore carried out an investigation of
the structures and thermochemical properties of radigals

by ab initio methods. Free energies of formation in solution
and free energies of reaction of several radical reactions were
estimated. Also the energy profiles for the reactions of* OH

Hydrazine is used as a rocket fuel and as a corrosion inhibitor
for steel structures in contact with hot watér. These uses arise
from the fact that it is an endothermic compounsiH5e =
95.4 kJ mot? 3) and reaction 1 is exothermic by 580 kJ migt

N2H,(9) + O4(9) = Nx(g) + H,0(9) (1)  and H with N2Ha (1) and HNNH3* (2) were investigated in
the gas phase as a means of estimating the relative heights of
N2H4 (1) is a bifunctional base withiy, = —1 for HsNNHz2* the barriers to different reactions.

and 8.0 for HNNHz™ (2).# The main forms in agueous systems

at pH 7 are thereford and2. The HNNHs* species has ~ Methods

recently been found to be a very effective corrosion inhibitor  Computational Details. All ab initio calculations presented

in the aqueous systems of nuclear reactréJnder irradiation ~ here were performed with the Gaussian-94 molecular orbital
conditions, the principal radical species produced are the packaged? For all the species under study, the total energies
solvated electron,g)~, and hydroxyl radical, OH in roughly were effectively estimated at the G2(MP2) le¥&l.The G2-
equal numbers and smaller amounts oftdm? It is important (MP2) procedure normally includes zero-point vibrational
to note that the reaction of.g~ with Ho-NNH3", reaction 2, energy (ZPE) corrections at the HF/6-31G(D) level (scaled by
produces predominantly*tdtoms? Therefore, in hydrazinium  0.8929), a step which requires prior geometry optimization at

solutions the reactions of*Hbecome as important as QH the same level, and geometry reoptimization at the MP2/6-31G-
B N . (D) level. Because for many radical systems the Hartfemck
€aq T HNNH;" = H,NNH, + H; geometry is significantly different from that obtained by
o _ correlated procedures (MP2, B3LYP) and because the 6-31G-
AGiay = —10 kI mol* (2) procedures ( ) u

(D) basis set is also somewhat limiting for processes involving
The H and OH radicals are considered to react with the hydrogen transfers and bonding, we have determined the
hydrazine species to form HNNH(3), H,NNH»+ (4), and geometries and vibrational frequencies at the B3LYP/¢-G1
HNNHg* (5).6° The species bNNH3'+ ©6) has been  (D.P) level’* This procedure normally produces reliable
postulated to exist in low-temperature crysédigut there is ~ 9€0metries and energies but, as discussed below, may be

no information on its role in liquid water. Obviously knowledge p_roble_matic in SOME cases involving transition states. The
vibrational frequencies calculated at the B3LYP/6+&(D,P)

* Authors to whom correspondence should be addressed. level were scaled by a factor of 0.95 in considering the zero-
€ Abstract published ilAdvance ACS Abstractsune 1, 1997. point energy*®> The remaining steps in the G2(MP2) prescrip-
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TABLE 1: Ideal Gas Thermodynamic Properties at 298 k&

Armstrong et al.

Cp, JK 1 mol? S, JKtmol? H° — Hg, P kJ mol! AfH°, kJ mot? AG®, kJ mot?

NH* 33.6 194.7 9.9 188.7 (191.6} 199
NHz* 36.5 193.1 10.1 936.843.7) 966
NH3 35.5 192.6 10.1 —46.1 (—39.1) —16.5
NH,* 34.9 185.9 10.0 631.£(642.7) 682

1 NH2>—NH: 47.349.6 230.7238.5 11.121.5 95.4 (109.5) 159.4
2 NH;—NHz* 48.4 240.8 115 761 (779) 844
3 NH—NH> 44.9 238.1 11.0 225 (235) 270
4 NHo—NHz* 53.9 2425 12.4 877 (891) 940
5 NH—NHz"* 48.0 248.4 11.9 996 (1009) 1057
6 NHz3—NHz"* 76.0 276.0 15.9 749 (767) 842

2Values in bold face are experimental values from ref 3 or as stated. Valuésfare in parenthese&For H,, 8.5 kJ mot?; for Np, 8.7 kJ
mol~L. ¢ From ref 28.9 From IP in ref 28 andAHg of NHz. ¢ PA from ref 20.

tion are intended to provide an accurate description of correc- The isodesmic reaction method is expected to reduce errors
tions for higher order correlation and larger basis sets and werein AH° to <10 kJ moll Values were taken from the
adopted as originally described, namely two single-point post- isodesmic reactions or from the experimental literature, if they
HF calculations, QCISD(T)/6-311G(D,P) and MP2/6-313- existed and were supported by the isodesmic results. For ions,
(3DF,2P) (at the B3LYP/6-3&tG(D,P) geometry except as A¢H°s were calculated in accord with the “ion conventig®”.
noted), and a “high-level correction” factor. In spite of the Free energies of formation;G°, were obtained from the values
minor modification, we will refer to this level as “G2(MP2)”,  of AsH° in conjunction with the theoretical entropy data.
bearing in mind that the energies of some of the species will
not be identical to other published values because of the slightResults and Discussion
difference in the geometry and ZPE term.

Transition structures for the H abstraction reactions cdihdl
OH* with Ho,N—NH; (1) and for seven reactions of'ldnd OH
with Ho;N—NH3* (2) were located.

Selected structural features of the optimized geometries at
the B3LYP/6-31-G(D,P) level are presented in Figures4,
which also display reaction profiles. Specie®, and6 appear
) ) I as reactants in Figures 1a, 2, and 4a, respectively. Other species
Thermodynamlc_ Properties. For the eqw!lbrlum ;tructures appear as product® in Figure 1b4, 5, and7 in Figure 2. The
under study, the ideal gas thermodynamic functi@s S, ZPEs and the total energies of these species are listed in Table

andH® — Hp at 298.15 K and at 1 bar were calculated by ‘g of the Supporting Information. Thermodynamic properties
standard statistical thermodynamic methods based on the rigidare listed in $2b|6591 and 2 ' 4 prop

rotor—harmonic oscillator modéf The vibrational frequencies Equilibrium Structures. Al structures correspond o minima
calculated at t_he B3LYP/ 6'3'19([)"3) Ieve(l) wereo scaled by a on ?he potential energy surfaces as verifie% by vibrational
factor of 0.95 in such calculatior8. The H® — Hg data were frequency calculations. Except for HNHz* (3), the optimized
used for all species where procedures used gai# values species have symmetries higher than (Cs for HN—NHs*

at only one temperature. The valuesfandH® — Hg for the (2) and HN-NHa* (5), Con for HoN—NH,++ (4), Cy for HoN—
reference elements are taken from Wagman, &t al. NH, (1), andDaq for |-|3’N—|\|H3-Jr (6)). The geo,metry of BN—

Although reasonably accurate values AfH° could be NH e i . . .
: 2 (1) is similar to that found in earlier theoretical studie¥
calculated directly by the G2(MP2) proceddfahe accuracy and in good agreement with experiméhtThe N-N bonds of

can be |mprovefd. by the use of isodesmic reactidi8. Since the  radicals, HN-NH,* (3, 1.352 A) and HN—NH* (4,

the proton affinity (853 kJ mol at 298 K9 and bond 1.318 A), are shorter by about 10% than those eflHNH,
dissociation energy of ammonia (446.4 kJ maht 0 K21) are ) H2N—,NH3+ (2), and HN-NH3* (5) due to participation
well known, as are .the heats of fprmation of rele\{ant ammonia of ’the ~NH, Ione’ pair in three-electronz bonding. An
Species, the following two reactions were used in the present ,yditional consequence of this is that both species are quasi-
Instance: planar. In particular, for BEN—NHx>* (4), this represents a

N.H. 4+ NH.F = NoH. . + NH 3 substantial geometry change from the parent hydrakinbich
Zx 4 2l 3 ®) has a perpendicular orientation of the nonbonded electron pairs.

._ . On the other hand, three-electrenbonding in HN—NHz""

NoH, + NH;" = NoH, ;" + NH, ) (6) results in a substantially longer-\N bond (2.151 A¥8 The

Reaction 3 involves a proton transfer and makes use of the Structure of IN—OH (7), which is a potential product of OH
experimental PA of ammonia. It may be used directly to + H2NNHs", is planar withCs symmetry, Figure 2.

calculate the proton affinity (PA) of the hydrazine species or  1hermodynamic Properties. Cp, S’, andH® — Hg. The
AfH° of one of the species, provided tigH® of the other is valu.efs,.of these thgrmodynqmlc functions calg:ulalted from the
accurately known. Reaction 4 involves a hydrogen atom transfer @0 initio frequencies are given for all species in Table 1.
and makes use of the experimental bond dissociation energyEXPerimental data are only available for the parenfNH,
(BDE) of ammonia. It may be used directly to calculate the (1. The agreement between the _calculated and_ experimental
BDE of the hydrazine species @gH° of one of the species, values, which are in pold face in the table, is excellent.
again provided the\(H° of the other is accurately known. The Comparable accuracy is expected 0§, S’, and H® — Hg
specific process used for each hydrazine species is explainec?@mputed for the other compounds.

below. A suitable isodesmic reaction could not be found for  ArH°. Table 1 contains the values &fH° for the hydrazine-
HaNNHz"* (6). However,AH, for reaction (5) derived species and all ammonia-derived species used in the
. ’ X 1

isodesmic reactions. Experimental data (given in bold face in
(5) the table) exist for all of the ammonia species and for the parent
hydrazine {). Therefore, alA;H® values reported here f@—6
was derived from the G2(MP2) results, angH® of 6 was are with reference to those fob,bNNH; at 0 and 298 K. A¢H°
determined from that and the experimemaH°s for HsN and of 2, 3, and4 maybe derived from experimental determinations
NH5t. of the PA, N-H BDE, and ionization potential (IP), respectively,

HoNNH,™ = HN + NH,™
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SCHEME 1
HNNH3* 763
5 =5

PA
HoNNHy* 5
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4
'/ BDE,
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H,NNH3;+ <——— H,;NNH, Rxn.(4)
2 8645856

HNNH,*

for 1. However, these are subject to relatively large uncertainties
and are examined in detail below.

The steps employed in obtaining heats of formation are
explained in Scheme 1. Vertical, horizontal, and diagonal
directions correspond to the use of reactions 6, 3, and 4,
respectively.

H,NNH, + NH3'+ = H2NNH2'+ + NH, (6)
The directions of the heavy arrows indicate the path used to
obtain the heat of formation for each hydrazine species from
the HNNH; parent. The directions of light and dashed arrows
are secondary routes. IPsin eV, and BDEs and PAs in kd'mol
are given on connecting arrows with experimental values in bold
face. The PAs are at 298 K since they are only available from
experiment at this temperature. All other data are at 0 K. Apart
from their relevance to thA:H° values, the IP, BDE, and PA
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TABLE 2: Free Energies of Formation and Solution (kJ
mol-1)

species A/G°(9) AG°(soln) A:G°(aq)
H* 218 3.0 22F
NH3 -16.8 -10.00 -26.8
NHz 199 -8.0¢ 191
NH3** 966 729 178
NH,* 682 756 -79.29
OH° 3 -8 26
H.O —228.6 —18.4 —247.0
1 H,NNH; 159.4 -31..2 128.%
2 H,NNHz* 844 756 82.5
3 HNNHy 270 -31 239
4 H,NNH 940 775 198
5 HNNHz* 1057 756 296
6 HaNNHz** 842 800 125

@ From this study unless otherwise indicated. Standard states are 1
bar gas, 1 M irsolution.? Experimental from ref 3¢ From ref 40¢ From
ref 34.¢Experimental value from ref 41A¢G°(ag) andAG°(soln)
calculated fromA:G°(aq) of 3 and the experimentaliy of 4 from ref
2.

dent value forA;H3.g of 3, 226.6 kJ mot?, and subsequently,
AH§ = 237.8 kI matl. The 0 and 298 K results are close to
those derived via reaction 4. We therefore average the
theoretical (reaction 4) and experimdr@ values and adopt
for 3 A{H5 = 235 kJ mot?, from which is derivedA;H
225 kJ mot! (Table 1).

AfH° of HN=NHzt (5). The heat of formation of HN
NHz+ (5) at 0 K was calculated from the heat of reaction 4
(—0.3 kJ mot?), the BDE of ammonia, andHg of 2. The
value thus obtained fob is AH; = 1009 kJ mot?, and

o —_—
298

data are of intrinsic interest. They are therefore discussed in subsequentlyAHsgg = 996 kJ mot 2.,

separate sections after discussion ofAld® andA:G° results.
A¢H° of Hydrazine {). The experimental valueg\H; =

109.5 kJ mott andAH3g5 = 95.4 kJ mot?, were adopted and

serve as the reference for all other heats of formation derived

in the next sections. The experimental uncertainty is less thanAng

1 kJ mofL3

AfH° of the Parent lon BEN—NHy* (4). The heat of
formation of HN—NHz** (4) could be derived directly from
the experimental IP of, but this is subject to a rather large
uncertainty £14 kJ moft). A more accurate value (effectively
for the IP of1, see below) may be derived from the calculated
heat of reaction 6¢201.1+ 2 kJ mol! at 0 K), making use
of the accurately known experimental IP of jl{982.84+ 0.01
kJ mol1)?” and A;H§ of 1. The value thus obtained fa¥ is
AH§ = 891 + 2 kJ mol?, from which one may derive
AHSs = 877 + 2 kJ mol 2.

AfH° of HoN—NHz™ (2). The heat of formation of pN—
NH3* (2) at 298 K may be derived from the heat of reaction 3
(—12.0 kJ motl), A{H3eg 0f 1, and the PA of ammonia. The
value thus obtained fo2 is A{H3s = 760.9 kJ mat?, from
which may be derived\\H3 = 779 kJ mot!. The dot-dashed
arrow of Scheme 1 indicates a second pathAielg of 2
through the isodesmic reaction 7:

@)

The result thus obtained, 778 kJ myl agrees well with
A{Hg, indicating internal consistency in the results.

AfH° of HN—NH* (3). The heat of formation of HNNH,*
(3) at 0 K may be calculated from the heat of reaction-491.6
kJ mol1), the BDE of ammonia, andHg of 1. This gave
directly for 3 AH§ = 238.3 kJ mot?, and therefore/AH°®,q5 =
228.4 kJ motl. The calculated value of\Hg is in fair
agreement with the experimental value, 231.4 kJh#l but

H,NNH," + NH," = H,NNH,"" + NH,

AfH° of HaN—NHz** (6). A suitable isodesmic reaction could
not be found for INNH3** (6). However, the heat of reaction
5 was derived from the G2(MP2) results and used together with
the experimentaAsH°s for HsN and NH* to obtain for6
767 kJ mot?, from which is derived\(H3qg = 749 kJ
mol~! (Table 1). These values will have a greater uncertainty,
approximately 10 kJ mol, than the other heats of formation
reported here.

A:G°(aq) andAG°(soln). Table 2 summarizes the aqueous
solution data. The convention of settidgG°(aq) of H" =
0.000 has been followeld.This means that for positive ions:

(8)

AG°(ag)= AG°(soln)+ AG°(g) — AG°(g) of H"
where

AG°(soln)= AG°(soln— absolute)—
AG°(soln— absolute) of H (9)

The recommended value @G°(soln — absolute) of H is
—1079 kJ mot1,2% and for the ion convention used hefeGe°-

(9) of HT = 1517 kJ mot1.30 A¢G°(aq) for bNNH, (1) and
H.NNHst (2) were taken from ref 3.AG°(soln) for these
species was found from those values and the valuas®@f(g)

in Table 1, which are repeated in column two of Table 2 for
ease of reference. ThAG°(soln) values for hydrazinium
radicals were estimated in most cases from the parent species
of similar structures, e.g\G°(soln) for HNNH* (3) and HN—
NHz** (5) are taken to be the same as those eNNH; (1)
and HNNH3™ (2), respectively. AG°(aq) was then calculated
from the AG°(soln) and theA:G°(g). However,A:G°(aq) of
HoN—NH>" (4) was found from its experimentalkg? and
A«G°(aqg) of HNNH,® (3). Also, in accord with the Born theory
of ion solvation,AG°(soln) of H{NNHz't (6) was increased

the difference is larger than expected. Reaction 3, making useabove that oR in proportion to the increase in van der Waals

of A¢H3qg Of 4 and the PA of ammonia, provides an indepen-

radius obtained from the ab initio structures. The uncertainty
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(a) HoN=NH;
+ OH:

> 1.438
1

(10)

HoN—NH-
+ H;0O

\ 106.2

24.8 1.352
1.192 3
165.7

(b)

HN-NH; + H-

(11)

[IN=NH» + H,

Figure 1. Reactions of N—NH, (1) with H* and OH: reaction profiles at the G2(MP2) level and the optimized structures at the B3LYP6-
31+G(D,P) level with characteristic parameters. The large circles stand for nitrogen and the small circles represent the hydrogen atoms. The filled
circles stand for oxygen. Bond lengths are in angstroms and angles in degrees. The numbers are the relative energies.in kJ mol

in the A¢G°(aq) values for the radicals 515 kJ motf, except kJ mol* at 0 K?), an observation which is attributable to the

for H3N—NHz* where it is£20 kJ moi™. preferential stabilization of the product radicalby three-
lonization Potentials (IPs) and Proton Affinities (PAs). IP. electron bonding.
The tabulated experimental adiabatic IP of hydrazit)eq 8.1 The 0 K N-H BDEs of lbN—NHz" (2) derived from H

+ 0.15 eV2 The relatively large uncertainty probably reflects transfer reaction 4 are 446 and 329 kJ mdior the —NH;
the experimental difficulties caused by the significant difference group and the-NH3* group, respectively. Thus the BDE at
in the structures of IN—NH; (1) and HN—NHx* (4) (see the protonated site is similar to that in,RNH, (1), again
Figures 1 and 2). The IP derived from the G2(MP2) energies illustrating the effect of the adjacent lone pair in stabilizing the
of HoN—NH; and HN—NH>" is 8.11 eV, in agreement with  product radical4. No such stabilization is possible at the
the G2 value, 8.09 e¥ The value from the isodesmic reaction unprotonated site anBy—y is predicted to be essentially the
6 was 8.10 eV. On the basis of the uncertainties in the heat of same as that of ammonia. The difference in the two BDEs of
the isodesmic reaction and the IP of ammonia noted above, the2 is, of course, also the difference in tigH® of the isomeric
IP of hydrazine can be set at 8.#00.02 eV. product radicals EN—NHz* (4) and HN-NHz** (5). As a
PAs The PA of HN—NH; (1) at 298 K from isodesmic ~ matter of curiosity the BDE of NH in the HsN—NHz** radical
reaction 3 was 864.5 kJ mdl The direct G2(MP2) value was  (6) (230 kJ mot?) is significantly smaller than that in MNH..
862 kJ motl. These are both in fair agreement with experiment This very low N-H BDE is due to a combination of unstable
(856 kJ mot1 ). Since ab initio calculations give accurate PAs starting material § has one too many electrons) and stable

in general and because the PA of pil well established? we product @ is a closed shell species).

have used the 864.5 kJ miélvalue to calculaté\{H® = 761 kJ N—N BDEs The experimental value of the-A\N BDE of
mol~1 at 298 K for HN—NH3" (2). For HN—NHy* (3) the HoN—NH; (1) has recently been reported to be 274.1.7 kJ
PAs at 298 K from reaction 3 are 879 kJ mblat the mol~1,28 which is in accord with the\;HS values for NH* and

dicoordinated nitrogen (the radical center) and 763 kJ #naf HoN—NHz (1) in Table 1. Direct ab initio calculations

the other nitrogen. Therefore, compared to hydrazjmemoval previously yielded 266.9 kJ mol 32and 267.9 kJ mol.24 The

of one H somewhat increases the basicity at the radical center N—N bond in EN—NHz** (6) is very much weaker, 130 kJ

but substantially reduces it at the other N atom. mol~! from the present G2(MP2) energies and 137 kJthol
BDEs. N—H BDEs Application of isodesmic reaction 4  from the A;Hj values in Table 1. The latter agrees well with

yields Dn—y = 345 kJ mot? for H,N—NH; (1) at 0 K. The 138 kJ mot? found by Gill and Radom®

G2(MP2) energies of fiN—NH> (1) and HN=NH_* (3) directly Reaction Profiles and Aqueous Reaction Mechanisms.
yield Dy—p = 342.3 kJ mot? (343.5 kJ mot?! at the G2 level). The following subsections relate to the possible reactions of
All of the theoretical values are within the expected error range HoNNH; (1) and HhENNH3* (2) with H* and OH. For every

of the 0 K experimental value, 338 kJ méf® The N-H BDE case the underlying reactions are defined in a figure which also

of hydrazine is substantially lower than that of ammonia (446 displays the G2(MP2) gas phase reaction profiles, with energies
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&303-_5 158.3

HO- + H)NNH;3*
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(13)

107.7
1.446
—28 (14)
2 H,0 + HNNHx*
104.5
%).982 0.983 AN o=
{ \ 107.1
147.1
1.838 1301 AN 5
160.4 161.8 \\\
1.045 1.183 \\
1.414 AN
\\
C-2 TS-5 N 166 (15)

Figure 2. Reactions of N—NH3" (2) with OH*: symbols as in Figure

of activation anl 0 K heats of reaction (in kJ mol). The

H,O + H;NNHy*

118.2
119.%&
1.318
4
1.

differences between the B3LYP and MP2 results in the vicinity

reactions are discussed, and in several cases it was found thadf the transition state, single-point QCISD(T)/643G(D,P)

certain processes would be uncompetitive and could be elimi-

calculations were carried out at selected points along the MP2

nated. Possible aqueous solution reactions are then listed inntrinsic reaction coordinate on either sideT8-1. The results
identically numbered equations in the text with the free energies confirm the existence of a transition structure well ab&#&

of reaction calculated from the data in Table 2. Specific effects

but below the separated reactants, as shown in Figurd $al

of solution are considered, and the conclusions from theory arejs typical of an early transition state since the-N bond being

compared to available experimental results.

® OH® + H,NNH, (1)

Gas Phase Of the possible interactions between the two
reactants, OH+ HoNNH> (1), the H abstraction in reaction 10
(Figure 1a) was the only process examined. At the B3LYP/6-
31+G(D,P) level, a single prereaction complex was foudd,,
characterized by an OHN hydrogen bond. The G2(MP2)
energy ofC-1is lower by 23.0 kJ moft thanl 4+ OHs. While
MP2 optimization with the same basis set yielded essentially
the same structure &1, the B3LYP and MP2 potential energy
surfaces are radically different in the vicinity of the transition
state for hydrogen transfer. No transition state for dirett H
abstraction by OMcould be located at the B3LYP/6-315-
(D,P) level. Any approach by OHo anendoH of hydrazine
resulted in H atom loss without activation. A transition structure
TS-1 (Figure la) forinversion of the N atom bearing a
hydrogen in close proximity (1.707 A) to the hydroxyl was
located at this level, however. The normal mode with the
imaginary frequency suggests that N inversion may be ac-

broken is elongated by only 7% while the forming-© bond

is 50% longer than its final value in water. The gas phase
reaction between OHand HNNH; does not appear to have
been studied experimentally. It would be interesting to see
whether the formation of the compl&k«1 results in a negative
activation energy as has been observed in some other cases with
similar characteristic®

Solution Phase

OH' + H,NNH, = HNNH," + H,0;
AG°(Rxn)= —162 kJ mol* (10)

The aqueous phase reaction is exergonic by 162 k3‘mnanhd
expected to be fast. Experimentally it has been shown to be
partially controlled by diffusion with thekeac rate constant
having an activation energy of 12 kJ méF This low
magnitude is in keeping with the general profile of the reaction
in the gas phase, Figure 1a. The role of the prereaction complex
C-1, if any, appears to be minimal. In that regard it may be

companied by H atom loss since the separation between the Hnoted, based on results for NFf that the hydrogen-bonding

and O is decreased. However, the-N distance is hardly
elongated. The G2(MP2) energy ®5-1 is 11.2 kJ mot?
above the separated species. By contrast, at MP2{68D,P)
level, TS-1 (Figure 1a), a well-defined transition structure for
H abstraction by OMwas found. TS-1 is directly connected
to the H-bonded compleX;-1. The G2(MP2) energy of S-1

is 5.5 kJ mot?! belowthe reactantg and OH. In view of the

energy for the associatiorf a N lone pair with HO of HO is

20 kJ mot? and similar to that foIC-1 in Figure 1a. Hence,
formation ofC-1 would require OFto displace HO molecules
and its significance may be diminished. On the other hand
hydrogen bonding for an # lone pair with an H-N bond is
quite weak, 4-8 kJ mol1,34 and formation of the transition
stateTS-1 shown in Figure 1a would be less hampered.
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(ii) H* + H,NNH, (1) (82():HEME 2: H,O—Hydrogen Bonding to H;N—NH3"
Gas Phase Experimental studies have confirmed that the

formation of H and HNNH" (3), reaction 11 (Figure 1b), is

the only important reaction channel for H Ho,NNH,.35 As v

in the case of OM the B3LYP and MP2 potential energy oo

surfaces for the H abstraction process are radically different. .

On the B3LYP surface, the reaction proceeds without activation
while G2(MP2) energies at selected geometries along the
reaction coordinate suggest that there should be a barrier. MP2
optimization yieldsTS-2 (Figure 1b) for which the G2(MP2)
energy is 24.8 kJ mol above the reactants,*H- HoNNH; .
(1). Single-point QCISD(T)/6-3tG(D,P) calculations were
carried out at selected points along the MP2 intrinsic reaction
coordinate on either side @%5-2. The higher level calculations
confirm that TS-2 is close to the correct geometry for the

hydrogen abstraction transition state. There is no evidence of or ammonia, but these are not shown in Figure 2. On the basis
a prereaction complex. The experimental Arrhenius activation of the predicted activation energies, reaction 13 which would

energy over the range 22557 K is 10.54+ 0.2 kJ mof1.35
On correction to the transition state forr#fathis corresponds
to 10.2 kJ mot?, which is substantially smaller than the barrier
estimated on the basis of the MP2 TS structrg;2. The

produce hydroxylaminium (7) vi&S-3is clearly noncompeti-
tive and there does not appear to be any experimental evidence
for it. The alternative displacement reaction 16

experimental value of the barrier does not take into account
rate enhancement due to quantum mechanical tunneling. The
Wigner correction for tunnelingg, is given by’ was considered and found to be 80 kJ mMa&ndothermic. Both
R are theref0|_re dismis§ed from furthelr.consideration. _
]+ 1 (hL) The relative energies of the transition structures for reaction
24k T 14 (TS-4) and reaction 15T(S-5) are as expected on the basis
wherev* is the magnitude of the imaginary frequency, 2320

of the relative N-H BDEs of 2. Indeed, when one realizes
that reaction 15 is more exothermic byl120 kJ mot?, the

cm, andkg is Boltzmann’s constant. Application of eq 11to difference in activation energy seems rather small. It may be
the low and high end of the experimental temperature range rationalized as follows. One can see from Figure 2 that in the
predicts rate enhancementsiof= 10.4 (222 K) andc = 2.1 TS of reaction 14T S-4, the negative O end of the dipolar OH
(657 K), respectively. Thus, corrected for tunneling, the is directed toward the positive charge of th&lHs group. At
experimental classical Arrhenius activation energy is 14.8 kJ the same time the singly occupied orbital is properly aligned to
mol~1, in somewhat better agreement with theory. accept the H atom. On the other handTi8-5, the TS of

The reaction is strongly exothermic and passes through a veryreaction 15, the ion dipole interaction causes the®-H bond
early transition structurd;S-2. As with TS-1, one of theendo angle to be abnormally large (197 and this will add to the
hydrogen atoms is involved. Abstraction of this H is assisted barrier height. Neither of these reactions appears to have been
by involvement of the nonbonded electron pair of the other N studied experimentally in the gas phase.
atom. Solution Phase

Solution Phase

OH" + H,NNH," = H,NOH + NH,™" (16)

(11)

OH" + H,NNH," = H,0 + HNNH,™;

H® 4+ HNNH, = HNNH," + Hy; AG°(Rxn)= —60 kJ mol* (14)

AG°(Rxn)= —110 kJ mol* (12) . . "
OH" + H,NNH;" = H,0 + H,NNH,"™;
Although the HO---HN bonds are weak (see above), the o — 1
nonpolar H atom with have more difficulty than OHin AG*(Rxn) 158 kJmor™ (15)
displacing HO to form the reaction complex. Experimentally
the reaction of Mis slower than that of Ol and diffusion
control is not an important factéf. The rate constant is
described by the equatidn= 4.9 x 10'9exp —(16280RT))
dm® mol~ s1. The activation energy, 16.3 kJ mé) is thus

raised somewhat, closer to the calculated gas phase value.

(iii)

compete for access to the H atoms of the positively charged

Gas Phase In the case of bBNNH3" (2) several reaction —NHj; end. The neutral NHis further away from the charge

channels were examined. These are shown in Figure 2. Thecenter, and KO around it would be more weakly bound and
ion-dipole interaction between Okand the charged Nt is more easily displaced. Thus, from the point of view of
very strong and produces the complex2 49 kJ moi? below dynamics, the obvious preference for formationT@-5, the
OH* + H,NNH3™ (2). Reactions 13, 14, and 15 (Figure 2) can transition state for reaction 15, in the gas phase should be
therefore be regarded as unimolecular processes starting fronreduced, and the pathway for forming HNH(5), i.e. reaction
the C-2 structure, and having activation energies of 116, 62, 14, could even become preferred.
and 41 kJ motl, respectively. Each of the products,5, and The above effect can explain the observed formation of
7, forms a strong H-bonded complex with the coproduced water significant amounts of HNNEt™ (5) in aqueous solutiof.

Both reactions are clearly exergonic, and the obvious gas phase
preference for reaction 15 may be altered in solution by the
strong binding of HO molecules to the positively charged jH

end of the HNNH3* reactant, see Scheme 2. From experi-
mentaf® and theoreticdP studies on NE" and by direct
calculation (B3LYP/6-31+G(D,P)) on2---(H,0)3 (Scheme 2),

the average binding energy of water in the first layer can be

OH" + H,NNH," (2) expected to be about 70 kJ mél and OH would have to
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Figure 3. Reactions of EN—NH3" (2) with H*: symbols as in Figure 1.

However, 5 was seen to rearrange to,MNHx>* (4) on a

1.623

TS—6

(18)

Hjy + HNNH3*
S

(19)

H; + HyNNHp+
4

-163
NHy + NH;*

(17)

-230
H;3;NNH;5*
6

(20)

discussed in relation to Otand Scheme 2 above, in solution

microsecond time scale. This is expected based on the fact thathe formation ofTS-8 for reaction 19 will be inhibited by the

AfG°(aq) of4 is about 100 kJ molt more negative than that of
HNNHz"* (5) (Table 2).

It may be noted that the overall rate constant for reaction of
OH* with NoHs™ in water is (8.24 1.2) x 107 dm™3 mol~?
s 12 The activation energy is apparenty$b kJ mol1.2 That
would be in keeping with a diminished effect of the prereaction
complex. However, the reaction is relatively slow, and appears
to have a significant negativAS’(Rxn). It is obviously a
complex process, which requires further investigation.

(iv)

Gas Phase Several reaction channels were again examined,
and the results are displayed in Figure 3. No significant

H* + H,NNH;" (2)

H,0---H—N hydrogen bonds around the protonated end of
NoHs™ (2). It may be noted that this effect would be even
stronger for M than for OH, since the large dipole moment of
OH* would allow it to displace KO more easily than the
nonpolar H. This may make it possible for reaction 20 to
compete with 19 in solution and play a significant role.

The rate of M atom attack on BHs* has been found from
experiment to be relatively slow. The 298 K rate constant is
1.2 x 10° dm—3 mol—! s71,10 considerably slower than for the
reaction of OM. The activation energy has been estimated to
be 61 kJ motl, and there is a large positive entropy of
activation. Mezyk et al® point out that this is incompatible
with H abstraction (reaction 19). They suggest it could be
accounted for by an initial step involving hydrogen atom

prereaction complex was detected. The activation energy of addition followed by a breakdown to form NHNH; and H'.

reaction 17, vial' S-6 in which the H atom approaches the N
atom of the—NHj3; group, causes its inversion, and displaces
the HN-* radical, is 148 kJ mot. It is much larger than those

This would be consistent with the observation that ,Nahd
NH4*" are main products from the attack of Hn N;Hs™ in
water at neutral pH and thatqproduction from reaction 19 is

of the others, and it clearly cannot compete. Reaction 18, which much less importarit. The energy profile for the breakdown

involves H abstraction from the neutral endfs 12 kJ mot?

of H3NNHz* (6) to form NH* and NH;t is examined in the

endothermic in the gas phase and has an activation energy, vianext section. Here one may note that the experimexgilof

TS-7, of 62 kd mofl. The energy off S-7is much higher than
the transition structures of reactions IBS¢8, 27 kJ mot?)
and 20 TS-9, 45 kJ mot?) (Figure 3). Reactions 17 and 18
are not, therefore, considered further.

Solution Phase

H* 4+ H,NNH, " = H, + H,NNH,™;
AG°(Rxn) = —106 kJ mol* (19)

H* + H,NNH,; " = HNNH,™;
AG°(Rxn)= —179 kJ mol* (20)

Clearly reaction 19 is kinetically the most favorablerkaction

71 J Kt mol~ for the H + N;Hs* reaction could be explained
by reaction 20, ifS° of TS-9in solution is~260 J K1 mol~1.
This is based on solutio® values of 151 and 42 J® mol?!

for HoNNHz™ and H. S of TS-9 would definitely be greater
than that of HNNHz*+, which in the gas phase is 276 JK
mol~! (Table 1). The experimental activation energy, 61 kJ
mol™1, is too high to be associated with reaction 19 and more
comparable to the 45 kJ mdl barrier for reaction 20. The
origin of this lies in the stretching of the-NN bond.

v)

Gas Phase Previous work showed that the gas phase
activation energy for rearrangement ofNiNH3z** (6) to HoN*

HaNNH;™ (6) = H,N" + NH, "

in the gas phase, with reaction 20 second. However, asand NH,"™ was about 40 kJ motl.26 It is important to know
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Figure 4. Reaction profiles at the G2(MP2) level and the optimized structures at the B3LYPG{ELP) level for the decomposition ofzH
NNHz* (6) to H.N* and NH;*, (@) without and (b) with one water of hydration: symbols as in Figure 1.

how this will be influenced by the presence of water. Accord-  Solution Phase
ingly, the effect of bound water on the process was investigated.
The energy profiles with and without water are shown in Figure H3NNH3'+ =H,N"+ NH4+;
4 (reactions 21: Figure 4a without water, Figure 4b with water). . _ 1

The gas phase reaction profile without the presence of water AG*(Rxn) = —13 kI mol ™~ (21)
(Figure 4a) is essentially the same as that found by Gill and
Radom?® At G2(MP2) level, the transition structur&S-10,
is 34 kJ mot! above6 and the reaction is exothermic by 26 kJ
mol~t at 0 K. In TS-10, the N-N bond of 6 is essentially
broken and the transition structure has the characteristic of
NHz** in the process of transferring a proton to NHThe most
stable complex betweddand a single water molecule, structure

The electron spin resonance spectrum glNH3** has been
reported in low-temperature glasses, where it is relatively
stable!! However, as indicated in the above equation AHB°-

(aq) results in Table 2 suggest that reaction 21 is 13 kJ ol
exergonic and in solutions at the temperatures of interest{300
500 K) it should proceed at a significant rate if the activation
o . S energy is not large. The present results show that the activation
8, hasC,, symmetry as shown in Figure 4b with a binding energy will be reduced in solution. If one takes a maximum

1 iti ot
energy of 54 kJ mof. Decomposmo_n of the kNNH?’_ . value of 22 kJ mai* and a normal transition state preexponential
fragment proceeds throughS-11 in which the more acidic factor of 103s-L the half-life at 298 K would be<0.5 ns. At
NHz™"-like end has the hydrqgen bognd water moIecuT§5 the same time, one cannot eliminate the possibility that stretching
11 Ecl)ses a redqud activation barrier to the process: 22 I(‘]of the N—N bond as the H atom approaches in reaction 20 is
mpl . The transition states[S-10 and TS-11, are reached accompanied by rotation of the Nigroups. This might allow
prior to :[rhfe transfer of the proton to form the products\e aTS-104ype transition state to be formed, bypassingINHz"
and NH™ in the form of a hydrogen-bonded complés3 or (6). A distinction between these two possibilities is beyond

C'4'. Beca_luse of the charge distribution-1Q an attempt the scope of this project. Clearly, an experimental search for
to bind a single water molecule to the neutrdH3 end simply HsNNHz™+ (6) at room temperature would be of considerable
results in its migration to the other end to forifS-11 interest

However, the dir.ect product of .the reactidx4, in which the The present thermochemical results show that reaction 22 is
water remamns with the (now) " end of the product complex, oy ergonic by 102 kJ mot. Thus N radicals formed from
is 24 kJ mot? less stable than the alternative hydrated product eaq Via reactions 2, 20, and 21 can oxidizeNiHs" (2) to

complex,C-5, in which the water is at the N end. Although HoNNH,*
we did not attempt to search for structures with two water
molecules, it is reasonable to postulate that a second water, . + -
molecule situated at the NHike end of TS-11 may further NHZ" + HNNH5™ = NH; + HNNH, ™

lower the activation energy to reaction 21 since the more stable AG°(Rxn)= —102 kJ mol* (22)
product complex, akin taC-5 (Figure 4b) may be formed

directly. However, the reaction has been shown experimentally to be slow
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(kag= 2 x 10 dm 3 mol*s1?). Thus, NH* recombination
(reaction 23)

2NH," = H,NNH, (23)

may compete with it and reformANNH, (1). This could be a
factor contributing to the fact th&(—H,NNHz") in irradiated
solutions is quite low. Another conceivable factor might be
the disproportionation reaction 24

HaNNH,™ 4+ H,NNH, ™ = 2H,NNH, "
AG°(Rxn)= —158 kJ mol* (24)

which regenerates MNINH3*. However, that requires the half-
life of H3NNHz** (6) with respect to NiF formation to be in
the 105-10* s time scale, which seems unlikely from the
present findings.

Concluding Remarks

This study has provided thermochemical results which
facilitate the development of mechanisms for the reactions of
OH* and H with hydrazine. In the gas phase, barrier heights
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