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Ab initio G2M(MP2)//MP2/6-31G** and density functional B3LYP/6-31G(3df,2p)//B3LYP/6-31G**
calculations for various reactions in the/N,/BeO and N/H,/FeO systems show that beryllium and iron
oxides can catalyze \ydrogenation and the reaction mechanism involves a facile addition tf khetal

oxide to form HMOH, which reacts with nitrogen through Msertion into the M-H bond. The insertion
barrier decreases from 125.2 kcal/mol for the-NH; reaction to 68.9 and 45.3 kcal/mol for, N HBeOH

and N + HFeOH, respectively. After the formation gf-N,(H)MOH intermediates, H atom can migrate
from O to N with barriers of 59.2 and 50.7 kcal/mol leading to th&ifO complexes of metal oxides with
diazene. The MOt H, + N, — N;H;MO reactions in the gas phase can easily occur providing that the
chemically activated HMOH species formed at the first step do not dissipate their energy before they collide
with the N, molecule. The second and third stages of nitrogen hydrogenation in the presence of a metal oxide
have been investigated taking BeO as a model. The results indicate that the gas-gtdeONt H, —
N.H,BeO and NH,BeO + H, — 2NH; + BeO reactions can be facile because they exhibit the highest
barriers of 10.4 and 13.4 kcal/mol, respectively, relative to the reactants.

Introduction Our recent ab initio G2M(MP2)//MP2/6-31G** calculatidhs

The reaction of nitrogen molecule with molecular hydrogen of potential energy surfaces for these three reactions have shown
yielding ammonia is one of the most important processes of thaf alllrea;]ctlon steps are slowh0W|hng to high barner_; for the
the chemical industry The heterogeneously catalyzed reaction Mo'€cular ydrogen additions. The three-center lyddlitions

was proposed by Fritz Haber, who received the Nobel Prize in @€ cléarly preferable as compared to the four-center 1,2-
chemistry in 1918. The search for more efficient catalysts is 2dditions. With respect to the initial 2N+ H reactants and the

an active field of research, but only a little progress has been Most stable isomers of diazeneH, and hydrazine, bHq, the
made since Mittasch suggested iron oxide catalysts, which arehighest barriers on the reaction pathways for the addition of
still in use today: Until now, most heterogeneous catalysts the first, second, and thirdHnolecules were found to be 125.2,
applied in the industry have been developed by trial-and-error 57.5, and 65.5 kcal/mol, respectively. Thus, the addition of the
experiments. In recent years, there has been a growing interesfirst H. was demonstrated to be the rate-determining stage of
on the part of theorists to the catalyst design for the ammonia nitrogen hydrogenatio.
synthesis. It has been shown that the catalytic activity of metal  The goal of the present study is to investigate how the reaction
surfaces correlates with their nitrogen absorption energy becausenechanism, thermochemical parameters, and barrier heights for
this energy is related to the activation energy ferdiésociation  nitrogen hydrogenation change in the presence of a metal oxide,
on the surfacé; which is considered to be the rate-limiting MO. Here, we have chosen two different metals, M, an alkaline-
step®>6 Plane wave density functional calculations have been earth metal, beryllium, and a transition metal, iron. FofHy/
applied to obtain K absorption energies at various metal BeO, which can be considered as a simpler model system, we
surfaces (pure, bimetallic, or precovered by adsorbates), andinyestigate the entire reaction pathway fromthl NHs, that is,
on the basis of the calculated energies, predictions have beenpe whole N + 3H, + BeO — 2NHs + BeO reaction. It is
made on the efficiency of different metals for the catalytic \yell-known that beryllium oxide can readily react with molec-
synthesis of ammonia® ular hydrogen producing HBeOH:12 Moreover, our recent
Meanwhile, it is also important to understand the elementary study of the CO/H/BeO system demonstrated that the addition
reaction mechanism of nitrogen hydrogenation. Without a of molecular hydrogen to carbon monoxide with its conversion
catalyst, the reaction of Nixation and its reduction to Nkiis to formaldehyde can be significantly enhanced in the presence
thought to take place in three consequent steps: of BeO13 A similar effect could be also expected for the H
addition to N, NoHz, and NHa.
N, +Hy = NH, @) Because the addition of the first hydrogen molecule is

N,H, + H, — N,H, @) expected to be the rate-determining step both without and with

the presence of a metal oxide, in the/NL/FeO system, we

NpH, + H, = 2NH, ®3) investigate only the first step of nitrogen hydrogenatiop N
H, + FeO— N2H,FeO. The iron oxide molecule is considered
t Tamkang University. both in the ground electronic quinted state (g-FeO) and an
* Academia Sinica. excited lowest triple=~ state (t-FeO).
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Although catalytic processes usually occur in solution or in splitting between théA and 3=~ electronic states of FeO is
a solid state, an approach to understanding their reactioncomputed to be 27.9 and 24.7 kcal/mol at the B3LYP and MRCI
mechanisms can start from the study of these reactions in thelevels, respectively, with the 6-3%1G(3df,2p) basis set. Here,
gas phase. For such study, ab initio calculations of PES representhe internally contracted MRCI calculaticdiig® were carried
an invaluable tool. Once the gas-phase reaction mechanismsut for FeO with the full valence (14,10) active space, and the
are understood by means of theoretical and experimental studiesPavidson correction for quadruple excitations was taken into
a comparison can be made between the reactions in the gasiccount. Because we do not expect to achieve chemical accuracy
and condensed phases and the role of condensed-phase effecfsr the N/H,/FeO system, the effects of spinrbit coupling
can be better comprehended. Thus, the gas-phase studies provideere not included in the present calculations. These effects are
first steps toward a more detailed understanding of the role of believed to be larger in isolated atoms than in molecules. For
electronic structure in the more complex systems involved in the iron atom in its grounéD state, the energy splitting due to
condensed-phase chemistry. In addition, the gas-phase reactionthe spin-orbit coupling reaches 978 cri° that is, only 2.8
of neutral metal oxides can be studied experimentally using the kcal/mol. An effect of this size does not exceed the anticipated
matrix isolation infrared or Fourier-transform infrared (FTIR) accuracy of the present calculations, so we have chosen to
spectroscopy, and in this view, theoretical calculations of PES neglect the spirrorbit coupling corrections at this stage.
give valuable information concerning the reaction mechanism, To make a comparison between the'i#/BeO and N/H,/
energetics, and vibrational spectra of the species involved, whichFeO systems possible, we additionally carried out B3LYP/6-

can guide future experiments. 311+G(3df,2p) calculations for the N+ H, + BeO —
N2H2BeO reaction. Most of the ab initio calculations described
Computational Methods here were performed employing the Gaussian 98 packaaye]

o for some of them, we used the MOLPRO 2000 progfam.
Full geometry optimizations were run at the MP2/6-31G**

!evel of theor§k4 to Ioo_:fate various stationary points (reactants, Results and Discussion
intermediates, transition states, and products) on the ground
singlet electronic state PES of the/N,/BeO system. Harmonic N2/H2/BeO SystemZPE-corrected relative energies of vari-
vibrational frequencies were obtained at the MP2/6-31G** level ous species in the #H,/BeO system calculated at the MP2/6-
to characterize the stationary points as minima (number of 31G**, MP2/6-311G**, CCSD(T)/6-311G**, MP2/6-31tG-
imaginary frequencies NIMAG-= 0) or first-order saddle points  (3df,2p), G2M(MP2), and B3LYP/6-311G(3df,2p) levels of
(NIMAG = 1), to obtain zero-point vibrational energy correc- theory are listed in Table 1. Table 2 presents unscaled MP2/
tions (ZPE), and to generate force constants needed for intrinsic6-31G** calculated vibrational frequencies. The potential energy
reaction coordinate (IR@&calculations. To predict more reliable  diagram along various reaction pathways computed at the G2M-
ZPE, the raw calculated ZPE values were scaled by 0.967 to(MP2) level is shown in Figure 1, in which the panels a, b, and
account for their average overestimati§ihe IRC methotP c correspond to the Be® H; + Ny, NoH2BeO+ Hy, and NH4-
was used to track minimum energy paths from transition BeO + H, reactions, respectively. The optimized geometries
structures to the corresponding minimum. A step size of 0.1 of various compounds along the predicted reaction pathways
amu’2 bohr or larger was used in the IRC procedure. The are depicted in Figure 2.
relative energies were refined using single-point calculations N, + H, + BeO— N;H,BeO ReactionBeryllium oxide can
with MP2/6-31G**-optimized geometry employing the G2M-  easily react with molecular hydrogen initially forming without
(MP2) method,” a modification of G2(MPZF~21 in which a barrier the HBeO molecular complex stabilized byl6 kcal/
QCISD(T)/6-311G** calculations are replaced by the coupled mol relative to the reactants and then rearranging to the HBeOH
cluste?? CCSD(T)/6-311G** calculations. Such G2M(MP2)//  molecule via a low barrier with a transition state lyingl2
MP2/6-31G** approach should provide reliable structures of kcal/mol below BeO+ H,.12 According to our most accurate
the reactants, products, intermediates, and transition states, a&2M calculations, HBeOH resides 88.2 kcal/mol lower in
well as their chemically accurate energies (withid.1 eV)17-21 energy than the reactants. BeO can also form a strong complex
For the N/H,/FeO system, geometries of various species were with N> bound by 26.3 kcal/mol at the G2M level and by 30.0
optimized using the hybrid density functional B3LYP ap- Kkcal/mol according to MP4/6-311G(2df,2pd)//MP2/6-31G**
proach?24with the all-electron 6-31G** basis set. Calculations calculations by Frenking et &.However, the NNBeO+ H,
of vibrational frequencies and IRC calculations were carried — N2 + HBeOH reaction is highly exothermic, so molecular
out at the same B3LYP/6-31G** level of theory. Relative hydrogen is likely to replace Nn the complex. Indeed, NNBeO
energies were then refined by B3LYP computations with a large can react with Hvia transition state TS1 with a low barrier of
and flexible all-electron 6-31G(3df,2p) basis set, which can 9.1 kcal/mol, and the reaction leads to the—®Be(H)OH
be more correctly designated as 6-313(3fg) for the Fe atom  complex. The latter is very weak and is bound with respect to
because it includes three polarization f functiond argy function HBeOH + N3 only by ~0.2 kcal/mol.
in addition to valence and diffuse s, p, and d functions. It is  The next reaction stage is insertion of iNto the H-Be bond
well-known that multireference MRCI calculations with large of HBeOH proceeding to ais-?-N,(H)BeOH intermediate via
active spaces and basis sets are the most reliable way to providéransition state TS2a. The transition state lies 19.3 kcal/mol
chemical accuracy for the molecules containing transition metal below the initial BeO+ N» + H; reactants and only 7.0 kcal/
atoms. Unfortunately, such calculations are extremely demand-mol higher in energy than NNBe@ H,. The cis-5?-Ny(H)-
ing computationally and are not feasible for the/l/FeO BeOH readily isomerizes ttrans#2-Nx(H)BeOH by rotation
system. According to the literatuf&,?’ the DFT B3LYP around the single BeO bond through TS3 with a low barrier
approach is a viable alternative method, which can give relative of 1.5 kcal/mol. At the next reaction step, the second H atom
energies of various structures at least with semiquantitative of trans#,2-N,(H)BeOH migrates from oxygen to the hydrogen-
accuracy. For instance, the B3LYP-calculated bond strength in free nitrogen through a planar five-member ring transition state
the FeOfA) molecule, 91.7 kcal/mol, closely agrees with the TS4. The process leads to the formation ofHdNBeO, a
experimental value of 92.9 3.0 kcal/mol?® Also, the energy molecular complex of beryllium oxide anttansHNNH.
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TABLE 1: ZPE and ZPE-Corrected Relative Energies (kcal/mol) of Various Species in the MH,/BeO System Calculated at the
MP2/6-31G**, MP2/6-311G**, CCSD(T)/6-311G**, MP2/6-31HG(3df,2p), G2M(MP2), and B3LYP/6-31H-G(3df,2p) Levels of
Theory?

MP2/ MP2/ CCSD(T)/ MP2/ B3LYP/
6-31G** 6-311G** 6-311G** 6-311+G(3df,2p) G2M(MP2)  6-311+G(3df,2p)
species ZPE rel energy rel energy rel energy rel energy rel energy rel energy

BeO+ H; + Nz 11.69 0.0 0.0 0.0 0.0 0.0 0.0
HBeOH+ N, 16.05 —82.63 —85.22 —88.44 —85.02 —88.25 —90.64
NNBeO+ H 13.92 —27.04 —28.00 —28.38 —25.91 —26.29
TS1 16.34 —15.27 —16.73 —16.74 -17.21 —17.22
N,—Be(H)OH 16.91 —83.29 —86.21 —89.30 —85.31 —88.40
TS2a 16.99 0.65 —-2.57 —14.29 —7.62 —19.34 —27.80
cis-5>Ny(H)BeOH 21.6 —41.13 —42.88 —50.21 —45.82 —53.15 —57.78
TS3 20.93 —39.47 —40.98 —48.11 —44.55 —51.68 —56.00
trans77%-No(H)BeOH 21.72 —41.91 —43.54 —50.74 —46.3 —53.50 —57.42
TS4 20.18 17.09 17.55 10.02 13.25 5.71 —0.03
TS2b 20.05 57.58 57.28 49.97 53.55 46.23
N.H,BeO 23.21 6.91 5.56 —1.06 5.73 —0.88 —7.74
BeO+ transHNNH 20.00 57.75 58.23 52.67 54.42 48.86
N.H,BeO+ H, 29.8 6.91 5.56 —1.06 5.73 —0.88
HBeOH+ transHNNH 30.95 —24.88 —26.99 —35.77 —30.60 —39.39
TS5 32.44 19.50 17.57 11.51 15.59 9.53
HNN(H)Be(H)OH 34.69 —42.89 —45.87 —54.43 —47.94 —56.50
TS6 34.12 —4.15 —7.05 —16.00 —11.09 —20.04
H,NN(H)BeOH 37.38 —63.24 —67.35 —71.87 —73.65 —78.17
TS7 36.02 1.37 0.74 —1.45 —6.29 —8.48
N.H,BeO 39.54 —21.45 —24.25 —27.28 —26.07 —29.10
BeO+ NoH, 36.12 40.54 40.58 37.25 33.79 30.46
N.H,BeO+ H, 46.13 —21.45 —24.25 —27.28 —26.07 —29.10
HBeOH+ N2H4 47.07 —42.09 —44.64 —51.19 —51.23 —57.79
TS8 48.91 —10.62 —-12.81 —16.07 —19.05 —-22.31
N.H4Be(H)OH 50.57 —62.24 —66.19 —72.47 —70.49 —76.77
TS9 46.63 6.23 1.79 —-11.16 —2.77 —15.72
H.NBe(NH;)OH 51.26 —130.17 —135.07 —137.89 —143.22 —146.03
NH3; + H,NBeOH 47.78 —107.06 —112.98 —115.92 —121.50 —124.43
TS10+ NH; 46.94 —41.15 —41.96 —42.71 —51.40 —52.15
HsNBeO+ NH3 50.35 —64.58 —67.51 —68.75 —71.06 —72.29
BeO+ 2NH; 46.49 —3.04 —4.23 —5.64 —14.37 —15.78

a All relative energies are given with respect to B&ON, + nH, with n =1, 2, or 3.

Although the hydrogen shift depicts a barrier of 59.2 kcal/mol mol relative to the initial reactants. Thus, the reaction is likely
relative totransn?-Ny(H)BeOH, TS4 lies only 5.7 kcal/mol  to produce the BH,BeO complex if the energy of chemically
above BeO+ N, + Ha. activated HBeOHt N is not dissipated.

An alternative reaction mechanism leads from HBe® N, As seen in Table 1, relative energies of various intermediates
directly to NbH,BeO by a concerted dihydrogen transfer via a and transition states of the,N+ H, + BeO — NyH,BeO
late transition state TS2b. This process cannot compete withreaction calculated at the B3LYP/6-3tG(3df,2p) level agree
the three-step mechanism described above because the calculatedith those obtained at the most reliable G2M(MP2) level within
barrier at TS2b relative to HBeOH N is as high as 134.4  2—8 kcal/mol. The largest deviation is found for TS2a, for which
kcal/mol. The NH,BeO complex can dissociate to Bedtrans the B3LYP energy underestimates the G2ZM(MP2) value by 8.5
HNNH with an energy loss of 49.8 kcal/mol and without an kcal/mol. For the transition states, we also carried out B3LYP/
exit barrier. However, as will be seen in the subsequent sec-6-31G** geometry optimization, but their B3LYP/6-31G-
tion, N.H,BeO serves as an initial reactant for the second stage (3df,2p)//B3LYP/6-31G** energies differ from the B3LYP/6-
of nitrogen hydrogenation and can react with a second H 311+G(3df,2p)//MP2/6-31G** energies by less than 6.2
molecule. kcal/mol.

The considerable reduction of the barrier for theaddition N2H2BeO+ H, — N;H4BeO ReactionThe reaction of hHa-
to Nz in the presence of BeO can be attributed to the fact that BeO with H, produces a HNN(H)Be(H)OH intermediate as the
in the N, + H; reaction the nitrogen molecule has to insertinto BeO fragment inserts into the +H bond of molecular
a very strong H-H bond (103 kcal/mot*33 but in N, + hydrogen. This process occurs via TS5 and has a low barrier of
HBeOH the insertion occurs into an one-half as strong-Be only 10.4 kcal/mol. Alternatively, HNN(H)Be(H)OH, which is
bond (53 kcal/mol in BeHd). The N, + H, + BeO— NyH,- a molecular complex of diazene with HBeOH, can be formed
BeO reaction in the gas phase could be facile if BeO first reacts in the barrierless HBeOH- transHNNH reaction exothermic
with molecular hydrogen and then hot, chemically activated by 17.1 kcal/mol. At the next step, the hydrogen atom bound
HBeOH reacts with B Alternatively, BeO can initially react  to Be in HNN(H)Be(H)OH migrates to the nitrogen téns
with N and then NNBeO can react with,HT his also leads to HNNH via a four-member ring transition state TS6 (20.0 kcal/
the formation of chemically activated HBeOHN, pair because mol below the reactants) to produce g\t(H)BeOH molecule.
the complex between them is very weak. On the contrary to The other hydrogen bound to oxygen in,NN(H)BeOH
the ~49 kcal/mol endothermic N+ H; — transHNNH migrates to the second nitrogen to give asHhBeO complex
reaction, N + H, + BeO— N;H,BeO is slightly exothermic again through a four-member ring TS7, which resides 8.5 kcal/
(0.9 kcal/mol) and the highest barrier at TS4 is only 5.7 kcal/ mol lower in energy than M,BeO + Ha.
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TABLE 2: Vibrational Frequencies (cm~?) of Various
Compounds in the N/BeO/H, System Calculated at the

MP2/6-31G** Level

species frequencies
NNBeO 129, 129, 382, 382, 422, 1518, 2162
TS1 806i, 97, 127, 252, 279, 389, 1010,
1072, 1377, 2113, 2189, 2525
N.—Be(H)OH 41,57,59, 160, 217, 437, 571, 634,
1187, 2177, 2242, 4042
TS2a 1177i, 173, 201, 244, 464, 487, 539,

cis-n?-Ny(H)BeOH
TS3
trans7?-N,(H)BeOH
TS4

TS2b

N2H,BeO

TS5

HNN(H)Be(H)OH

TS6

HNN(H)BeOH

TS7

N,H4BeO

TS8

N;H,Be(H)OH

TS9

H,NBe(NH;)OH

H,NBeOH

TS10

HsNBeO

721, 1450, 1533, 2020, 4051

275, 288, 324,527, 601, 669, 821,
1366, 1410, 1503, 3318, 4009

353i, 270, 308, 489, 508, 607, 818,
1365, 1412, 1491, 3303, 4070

278, 287, 358, 538, 591, 709, 826, 1360,
1414, 1501, 3329, 4003

1524i, 364, 433, 623, 737, 767, 1390, 1432,
1451, 1571, 1920, 3429

365i, 176, 189, 294, 533, 1221, 1404, 1466,
1501, 1610, 2427, 3205

92, 192, 441, 540, 610, 1315, 1374, 1536,
1586, 1620, 3427, 3501

860i, 100, 155, 239, 350, 587, 606, 880,
1136, 1328, 1357, 1414, 1590,
1611, 2018, 2452, 3370, 3497

101, 160, 335, 432, 560, 561, 669, 702,
834, 1143, 1345, 1347, 1600,
1609, 2026, 3372, 3488, 3984

709i, 166, 324, 420, 455, 591, 643, 798,
970, 1213, 1280, 1336, 1369,
1573, 1825, 3457, 3479, 3969

123, 183, 280, 308, 452, 522, 606, 674, 972,
1159, 1323, 1411, 1517, 1709, 3547,
3652, 3695, 4018

1557i, 182, 291, 335, 525, 763, 811, 978,
1174, 1301, 1358, 1394, 1486, 1709,
2122, 3548, 3561, 3660

96, 186, 258, 405, 546, 751, 938, 1148,
1214, 1324, 1417, 1568, 1696, 1726,
3514, 3569, 3616, 3688

766i, 107, 138, 184, 327, 453, 558, 688,
937,971, 1071, 1176, 1208, 1317,
1379, 1462, 1684, 1736, 2055, 2604,
3348, 3544, 3627, 3640

38, 211, 257, 279, 373, 487, 539, 669, 728,
804, 995, 1121, 1158, 1172, 1327,
1512, 1669,1729, 2011, 3515, 3540,
3613, 3632, 3995

778i, 174, 218, 251, 303, 422, 482, 584, 636,
689, 761, 789, 929, 1017, 1037,
1202, 1585, 1607, 1714, 3460, 3499,
3590, 3679, 3988

26, 193, 198, 266, 297, 334, 433, 486, 602,
688, 697, 722, 937, 1254, 1279,
1638, 1698, 1706, 3554, 3673,
3705, 3711, 3772, 3985

264, 290, 314, 335, 619, 709, 715, 1489,
1622, 3693, 3797, 4015

1597i, 429, 549, 726, 768, 875, 1387, 1432,
1605, 2120, 3632, 3748

207, 208, 536, 749, 749, 1337, 1567, 1701,
1701, 3542, 3678, 3679

The gas-phase M,BeO + H, — NyH;BeO reaction is
expected to be facile and more efficient than tfess HNNH

+ Hz — NNH2 + H; — NyHy4 reaction, because the highest
barrier for the former is only 10.4 kcal/mol with respect to the

reactants, as compared to 57.5 kcal/mol for the |&ttésH.-

BeO can dissociate to hydrazine and beryllium oxide without

an exit barrier and with endothermicity of 59.6 kcal/mol.
However, NH4BeO can react with another,Hnolecule and
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serves as a precursor for the third stage of the nitrogen
hydrogenation reaction.

NoHsBeO+ H; — 2NH; + BeO ReactionThe addition of
H» to NoH4BeO depicts a relatively low barrier of 6.8 kcal/mol
located at TS8 and results in the;H\Be(H)OH molecular
complex of HBeOH with hydrazine. The dissociation energy
of the complex to HBeOHt N2H4 is computed as 19.0 kcal/
mol. N,H4Be(H)OH undergoes a 1,3-H migration from Be to a
nitrogen atom in MH,4 through TS9, which lies 13.4 kcal/mol
above the initial reactants,,NsBeO+ H,. The hydrogen shift
is accompanied with the break of the-INl bond so that the
reaction product is an #iBe(NH;)OH complex bound through
a Be—N bond, which decomposes teNBeOH -+ NH3 without
an exit barrier. The ENBeOH species can in turn undergo
another 1,3-H migration from the O to N atom producinga H
NBeO complex via TS10 (23.1 kcal/mol below:iy,BeO +
H>), which finally can dissociate to Nd-H BeO. For the gas-
phase NH, + HBeOH reaction, the highest barrier on the
reaction pathway, 13.4 kcal/mol, is found at TS9 and the
activation energy required to form the final Be® 2NHj3
products is 13.3 kcal/mol.

The overall pathway of the N+ 3H, — 2NHj; reaction
catalyzed by beryllium oxide can be summarized as follows:
BeO+ Hy + N — NNBeO + H; (—26.3)— TS1 (-17.2)—
N,—Be(H)OH (—88.4)— TS2a (-19.3)— cis-#2-Ny(H)BeOH
(—58.2) — TS3 (-51.7) — trans#?-N,(H)BeOH (—53.5) —
TS4 (5.7)— N2H2BeO (—0.9), NbH,BeO + H; (—0.9)— TS5
(9.5)— HNN(H)Be(H)OH (—56.5)— TS6 (—20.0)— H,NN-
(H)BeOH (—78.2)— TS7 (—8.5)— N,H4BeO (—29.1), NH.-
BeO+ H; (—29.1)— TS8 (—22.3)— N,H4Be(H)OH (- 76.8)

— TS9 (—15.7)— HaNBe(NHs)OH (—146.0)— H,NBeOH +

NH3 (—124.4), HNBeOH (—124.4)— TS10 (-52.2) — Hs-
NBeO (~72.3)— BeO+ NHg3 (—15.8), where the numbers in
parentheses show relative energies (in kcal/mol) of various
species with respect to the initial reactants.

No/H,/FeO SystemZPE-corrected relative energies of vari-
ous species in the H,/FeO system calculated at the B3LYP/
6-31G** and B3LYP/6-31%G(3df,2p) theoretical levels are
collected in Table 3, while Table 4 shows unscaled B3LYP/6-
31G** calculated vibrational frequencies. The potential energy
diagram along various reaction pathways computed at the
B3LYP/6-31HG(3df,2p)//B3LYP/6-31G**+ ZPE(B3LYP/6-
31G**) level is shown in Figure 3, and the optimized geometries
of various compounds along reaction pathways are depicted in
Figure 4.

N2 + Hy + FeO— trans-NH, + FeO Reaction in Quintet
Electronic Stateln general, the mechanism of the M H, +
FeO reaction is similar to that with beryllium oxide, but the
energetics and some details differ. As was found eaflizon
oxide in its groundPA electronic state reacts with molecular
hydrogen to produce gq-HFeOH (here and below, the prefixes
“gQ” and “t” denote quintet and triplet electronic state species,
respectively) overcoming a barrier of 423 kcal/mol. The
addition of B to FeO was calculated to be 46.3 kcal/mol
exothermic at the B3LYP/6-3#1G(3df,2p) leveR” Next, g-
HFeOH can react with the nitrogen molecule producingcisg-
7%-N(H)FeOH intermediate via transition state g-TSla. The
reaction occurs by insertion of Nnto the Fe-H bond with
formation of new N-H and Fe-N bonds. In contrast to the
N2/H2/BeO system, where the transition state TS2a exhibits a
three-center character, g-TS1 has a four-member ring structure,
in which the newly formed N-H and Fe-N bonds involve two
different nitrogen atoms. The calculated barrier at g-TS1, 45.3
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(b)
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©

Figure 1. Potential energy diagrams of various reactions in th#MBeO system calculated at the G2M(MP2)//MP2/6-31G** level of theory:
() BeO+ H, + N2 — N;H:BeO reaction; (b) BH.BeO + H, — N,H,BeO reaction; (c) BH,BeO + H, — BeO + 2NHjs reaction. All relative
energies are given in kcal/mol.

kcal/mol, is significantly lower than the barrier forMsertion — cis-72-N,(H)BeOH process, 32.9 kcal/mol at the same level
into the Be-H bond in HBeOH, 62.8 kcal/mol at the same of theory. The structures of gis-;7%-N,(H)FeOH andcis-;?
B3LYP level. This result can be rationalized by the fact that Ny(H)BeOH differ; in the latter, the Be atom is bound to both
the Fe-H bond (43 kcal/mo?) is somewhat weaker than the  nitrogens forming a BeNthree-member ring and there is no
Be—H bond (53 kcal/mof® and also by a less-strained interaction between Be and H, while in the former, only one
character of the four-member ring transition state g-TS1 as Fe—N bond is present and the iron atom additionally interacts
compared to the three-center TS2a for the N HBeOH with nitrogen’s hydrogen. This agostic +&l bonding interac-
reaction. The M-+ g-HFeOH— g-cis-;7?-N,(H)FeOH reaction tion typical for transition metals is characterized by a relatively
step is computed to be 42.8 kcal/mol endothermic, which is short Fe-H distance of 2.000 A and elongated—N bond,
somewhat higher than the endothermicity of thetNHBeOH 1.131 vs 1.021.04 A for a regular N-H bond. Due to the
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Figure 2. Geometries of intermediates and transition states of various
reactions in the piH,/BeO system optimized at the MP2/6-31G** level
of theory. Bond lengths are in A and bond angles are in deg.

presence of the FeH bond, geis-7?-N,(H)FeOH acquires the
four-member ring geometry.

The next reaction step is theaip-;72-No(H)FeOH— g-trans
n?-N(H)FeOH isomerization occurring via transition state
g-TS2 with a relatively low 6.0 kcal/mol barrier. The isomer-
ization in the N/H,/FeO system is a more complicated process
than that for N/H,/BeO because, in addition to the rotation
around the single FeO bond, it involves rotation around the
N—N bond leading to the rupture of the agostic+ bond
and formation of the second F& bond and a three-member
FeN cycle in girans#2-Nx(H)FeOH, so the barrier increases
by 4.2 kcal/mol as compared to the corresponding value for
the Ny/Ho/BeO system. As the agostic &l bond is replaced
by a stronger FeN bond, the cgis-7?-Nz(H)FeOH— g-trans
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TABLE 3: ZPE and ZPE-Corrected Relative Energies
(kcal/mol) of Various Species in the NWH,/FeO System
Calculated at the B3LYP/6-31G** and B3LYP/
6-311-G(3df,2p) Levels of Theory

B3LYP/6-31G** B3LYP/6-31HG(3df,2p)

species ZPE rel energy rel energy
g-FeO+ Hx+ N; 12.52 0.0 0.0
g-HFeOH+ N> 14.20 —49.54 —46.30
g-TS1 15.07 —13.22 —-1.04
g-cis-n?-Ny(H)FeOH 17.45 —13.38 —3.47
q-TS2 16.41 -5.93 2.48
g-transn?-Np(H)FeOH 18.36 —24.45 —13.03
gq-TS3 17.50 25.63 37.71
g-N;H.FeO 20.71 10.58 25.13
g-FeO+ trans—HNNH 20.36 45.28 47.08
t-FeO+ Hy+ N3 12.16 22.16 27.91
t-HFeOH+ Nz 14.65 —21.60 —15.60
t-NoFe(H)OH 17.04 —40.98 —23.57
t-TS1 1535 -5.79 8.60
t-52-No(H)FeOH 19.25 —23.11 -9.41
t-TS3 17.74 43.45 54.34
t-NzH,FeO 20.39 21.27 34.69
t-FeO+ transHNNH  20.00 67.44 74.99

TABLE 4: Vibrational Frequencies (cm~1) of Various
Species in the WH,/FeO System Calculated at the B3LYP/
6-31G** Level of Theory

species

frequencies

783i, 114, 133, 191, 407, 562, 569, 585,
752, 1433, 1897, 3894

110, 123, 152, 323, 450, 544, 731, 764,
1369, 1612, 2096, 3935

434i, 97, 136, 155, 375, 473, 540, 752,
1249, 1447, 2347, 3906

87, 120, 166, 344, 459, 496, 520, 753, 1374,
1575, 3035, 3916 g-TS31497, 198,
223, 434, 606, 646, 849, 1326,
1442, 1572, 1755, 3193

107, 109, 287, 470, 517, 977, 1086, 1241,
1359, 1591, 3337, 3404

120, 193, 237, 323, 431, 524, 679, 757,
831, 1930, 2013, 3883

1486i, 120, 148, 272, 347, 417, 486, 777,
940, 1523, 1779, 3929

107, 155, 337, 413, 535, 553, 572, 775,
1183, 1529, 3375, 3932

g-TS1
g-cis-7?-Na(H)FeOH
g-TS2

g-transn?-Ny(H)FeOH

q-NszFeO
t-N,Fe(H)OH
t-TS1

t-5%-No(H)FeOH

t-TS3 1588i, 154, 325, 468, 636, 642, 872, 1340,
1475, 1544, 1785, 3170
t-NoHFeO 52, 158, 285, 408, 617, 906, 975, 1194,

1319, 1543, 3360, 3445

7?>-Ny(H)FeOH reaction is calculated to be 9.5 kcal/mol
exothermic, on the contrary to the nearly thermoneutisa;?-
N,(H)BeOH — trans-;2-N,(H)BeOH process.

From gtrans#n?-Ny(H)FeOH, the reaction proceeds to a
g-N2H2FeO molecular complex by hydrogen migration via a
five-member ring transition state g-TS3. The structure of the
planar g-TS3 is similar to that of TS4 in the/N»/BeO system.
The calculated barrier height at g-TS3 is 50.7 kcal/mol, 6.7 kcal/
mol lower than the barrier for thieans#;?-Nx(H)BeOH— NH,-
BeO reaction, in line with the fact that the latter is more
endothermic [by 49.7 kcal/mol at B3LYP/6-31G(3df,2p)] as
compared to the ¢rans#?-Nz(H)FeOH— N;H,FeO isomer-
ization process (38.1 kcal/mol). The decomposition of thid N
FeO complex taransHNNH + FeO proceeds with an energy
loss of ~22 kcal/mol but without an exit barrier.

The calculated barriers for individual reaction steps on the
pathway from q-HFeOH- N to g-N;H,FeO are 45.3, 6.0, and
50.7 kcal/mol, that is, they are lower than the barriers in the
N2/H,/BeO system, 62.8, 1.8, and 57.4 kcal/mol, except for the
least critical second reaction step. Also, the highest barrier
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Figure 3. Potential energy diagram of the Fel©OH, + N, — FeO+ transHNNH reaction in quintet and triplet electronic states calculated at the
B3LYP/6-31H-G(3df,2p)//B3LYP/6-31G**+ ZPE(B3LYP/6-31G**) level of theory. All relative energies are given in kcal/mol.

high. On the other hand, the gas-phase g-Re®, + N, —
N2H-FeO reaction proceeding through initial formation of
g-HFeOH and without collisional deactivation of the latter
before it meets Nshows the highest barrier of 37.7 kcal/mol
relative to the initial reactants (at g-TS3), which is higher than
the highest barrier for the Be® H, + N, — N,H,BeO reaction.
This difference owes to the deep potential well at HBeOH, 90.6
kcal/mol relative to BeOt+ Hy, vs 46.3 kcal/mol for g-HFeOH
relative to g-FeOt+ H,. The last reaction step, dissociation of
the NbH,MO complex totransHNNH and metal oxide, exhibits

a lower energy loss for M= Fe than for M= Be. Similarly to
the N/H,/BeO system, we can expect that theH¥eO
complex can react with a second; Hinolecule eventually
producing NH4FeO and the reaction of the latter with a third
H, would lead to 2NH + FeO.

N, + H, + FeO — trans-NH;, + FeO Reaction in Triplet
Electronic State.As can be seen in Figures 3 and 4, the
mechanism of the N+ H, — transHNNH reaction in the
presence of iron oxide in th&~ electronic state has much in
common with that for quintet FeCPA). t-FeO reacts with
molecular hydrogen producing t-HFeOH via a barrier~d
kcal/moF” and with exothermicity of 43.5 kcal/mol. In contrast
to the quintet state reaction, t-HFeOH and molecular nitrogen
can form a t-NFe(H)OH complex bound by 8.0 kcal/mol.
Figure 4. Geometries of intermediates an_d tra}nsitiqn states of ;he FeO Hydrogen migration from Fe to N in the complex leads i+-

+ Hy + N, = FeO + transHNNH reaction in quintet and triplet ' \ee OH via a 32.2 kcal/mol barriers13 kcal/mol lower

electronic states optimized at the B3LYP/6-31G** level of theory. Bond ; . T

lengths are in A and bond angles are in deg. than the corresponding barrier on the quintet state PES. We
have found only one nonplanar conformer oftN,(H)FeOH,

relative to g-HFeOHt+ N (at g-TS3), 84.0 kcal/mol, is lower  with the geometry similar to that of slans;?-Nx(H)FeOH, that

than the barrier at TS4 relative to HBeOH N, 90.6 kcal/ is, with a three-member FeNing and without agostic FeH

mol. On the basis of these observations, g-HFeOH should bebond. In the triplet state, the t-HFeOH Ny — t-17%-Na(H)-

more efficient in transformation of molecular nitrogen to diazene FeOH reaction step is much less endothermic (6.2 kcal/mol)

than HBeOH, although the computed barriers are still rather than that in the quintet state (33.3 kcal/mol). The H migration

=Ny H FeO), )
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in t-72-N(H)FeOH via a five-member ring transition state t-TS3 kcal/mol lower in energy than the initial reactants. The second
results in the t-BH>FeO complex. For this step, the barrier in  hydrogen in HNN(H)BeOH undergoes a 1,3-shift from O to
the triplet state, 63.7 kcal/mol, is 13.0 kcal/mol higher than the N giving the NH4,BeO complex via a transition state, which
barrier at g-TS3 on the quintet PES. The complex of diazene lies 7.6 kcal/mol below hH,BeO + H,. Therefore, the highest
with FeO@Z"), t-N,H,FeO, is bound by 40.3 kcal/mol. barrier on the MH,BeO + H, — N,H4BeO reaction pathway
The calculations show that although the ground quintet and is 10.4 kcal/mol for the initial step. The third stage occurs
excited triplet PESs in the H,/FeO system may cross each through the NH4BeO + H; reaction, which overcomes a 6.8
other in the vicinity of g-TS2 and t-TS1, the existence of the kcal/mol barrier and leads to the formation of the complex of
excited triplet state is not expected to enhance the HF¢OH HBeOH with hydrazine, bH4Be(H)OH. A 1,3-H shift in the

N, reaction because of the high barrier at t-TS3. latter results in the ENBe(NHs;)OH molecule via a barrier of
13.4 kcal/mol relative to PHsBeO + H,. Next, HNBe(NH;)-
Conclusions OH eliminates ammonia losing 21.6 kcal/mol, and then a 1,3-H

i ) . . shift in H,NBeOH leads to the formation of the;NBeO
Ab initio and density functional calculations of PESs for the complex via transition state located 23.1 kcal/mol lower in

No/H2/BeO and N/H,/FeO systems show that beryllium and energy than dH4BeO + H,. Finally, H;NBeO can dissociate
iron oxides can enhance the reactions of nitrogen hydrogenation., NH; and beryllium oxide without an exit barrier, and the
The mechanism for both reactions involves addition of the (451 endothermicity of the pH.BeO + H, — 2NH; +BeO
hydrogen molecule to metal oxide to form the HMOH species. e4ction is 13.3 kcal/mol. Thus, the highest barrier for the third
This process depicts no barrier relative to the reactants fotB8eO stage of BeO-catalyzed nitrogen hydrogenation is 13.4 kcal/
and a relatively low 1213 kcal/mol barrier for Fe®’ At the mol. These results indicate that theHYMO and NH,MO

next step, HMOH reacts with molecular nitrogen through N complexes can react withHnolecules eventually leading to
insertion into the M-H bond. Due to the relative weakness of 4 2NH; + MO products.

the M—H bonds as compared to-HH, the insertion barrier
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