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Abstract

The kinetic energy dependence of the reactions 6(%g *F) with NDs, FeNH" with D,, and FeNH with Xe are studied in a guided ion
beam tandem mass spectrometer over the energy range of 0—10 eV. Only two products, both formed in endothermic processes, are observed i
the former system, FeNDand FeD. By using both dc discharge/flow tube and surface ionization sources, state-specific reaction cross sections
for these products are obtained. In the reaction of FeiNtth D,, four ionic products, Fe FeENHD', FeND;*, and FeD, are observed. The
latter three products are formed in endothermic reactions, whereas exothermic formatib bfHH®, is shown to occur via a reaction barrier
of 0.27+0.05eV. Analyses of the various endothermic reactions are used to obtain bond energiés-kirdfef 2.88+0.12 eV and for
Fe'—NH of 2.76+ 0.09 eV. Combining these various results permits a fairly complete experimental evaluation of the potential energy surface for
ammonia activation by FeThe experimental information obtained is compared to calculated energetics and potential energy surfaces obtained
using density functional theory (B3LYP/6-311++G(3df,3p)//B3LYP/6-31146d CCSD(T)/6-311++G(3df,3p)//B3LYP/6-3111&s well
as previous experimental and theoretical results in the literature. Implications for the bond energy dfdfe@ldo discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction recently we have examined the energetics of adsorbing these
species to iron cluster catioffi3,3]. This thermochemistry,
The interaction of ammonia with iron is important in un- some of the first experimental data for molecular fragments
derstanding the catalytic synthesis of ammonia frograNd bound to metal surfaces of any size, is needed to fully under-
H,, the Haber process, which utilizes an iron oxide cata- stand such catalytic processes.
lyst with small amounts of AlO3 and K;O and sometimes Because of the complexity of the electronic states of metal
other oxides added as promotdi. Ammonia is known clusters, detailed studies (both experimental and theoretical)
to adsorb to iron surfaces nondissociatively at low tempera- of the potential energy surfaces for a reaction like ammonia
tures, whereas at higher energies, stepwise dissociation ocactivation are difficult. However, such studies are tractable for
curs yielding a stable adsorbed NH intermediate, clearly a the atomic iron system, which should provide a foundation
key intermediate in the production of NHrom N, and H. for a better understanding of the interactions of ammonia
Energetics for the various intermediates, H, N, NH A\N&hd with more complex iron species. In particular, the ability to
NH3, adsorbed to iron surfaces have been estimdfeénd experimentally study the state-specific chemistry &f(F®,
4F) with ND3 and the reverse reaction of FeNvith D>
- _ should yield valuable insight into ammonia activation and
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of Arkansas, USA. the present investigation also augments previous systematic
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studies of reactions of atomic transition metals with EHg, iron atoms occurs on the filament. If the ions reach equilib-
NHs, and KO [4-7]. Although experimental studies of the rium at the filament temperature, this method should produce
reactions of ammonia with many of the first row transition abeam with a Maxwell-Boltzmann distribution of states. The
metal ions, St, Ti* [8], V* [9], Co', Ni*, and Cd [10], have validity of this assumption has been discussed previdagly
been completed (and examined theoreticflli~13)), such and verified for C6 by van Koppen et al[28]. At the fila-
studies are not available for Feeven though state-specific ment temperature used, 208A00K, F¢ is produced in
studies of its reactions with 4H{14], CH4 [15,16], and O a distribution containing 824 1.0% 6D, 17.7+ 1.0% “F,
[17] have been performed, as well as related studies of theand <0.2+ 0.1%“D electronic states, which have energies
“reverse” reactions of FeCGH + H [16], FeO' + H, [17,18], of 0.052, 0.300, and 1.032 eV, respectively, for a statistical
and FeS+H, [19]. State-specific studies of the FeNH3 average of all spin-orbit leve[29].
system would be particularly valuable as Chiodo et al. have  To produce FeNH, we first form Fe® by reaction of F&
theoretically compared the potential energy surfaces for re- with N2O introduced upstream in the flow tube of the DC/FT
action of Fé& with CH4, NH3, and HO [20]. In the present source. Then Fereacts with NH introduced downstream
study, we extend our work of understanding first row transi- in the flow tube to form FeNHin an exothermic process
tion metal reactivity towards ammonia by studying the state- [22]. The flow conditions used in this ion source provide
specific reactivity of F&in both its groundD state and first  in excess of 1 collisions between an ion and the buffer
excited*F state. To further elucidate the potential energy gas, which is assumed to thermalize the ions rotationally and
surface of the FeNkt system, we also study the reaction of vibrationally. During our analysis of the data for reactions of
FeNH" with D, as well as the collision-induced dissociation FeNH", we assume that the ions produced in this source are in
of the FeNH molecule. The former results can be compared their electronic ground state and that the internal energy of the
with previous ion cyclotron resonance (ICR) studies of this FeNH" species is well described by a Maxwell-Boltzmann
reaction at thermal energi¢al]. In combination with theo-  distribution of ro-vibrational states at 300 K. Previous work
retical work, the present study provides a complete theoreticalfrom this laboratory has shown that these assumptions are
and experimental investigation of the bond energies and thegenerally valid30-35]
reaction potential energy surface, which can be compared to lons produced in the sources are extracted, accelerated,
literature thermochemistry valuga0—24] and focused into a magnetic sector momentum analyzer for
mass analysis. Mass selected ions are decelerated to a de-
sired kinetic energy and focused into an octopole ion guide,

2. Experimental and computational section which traps the ions in the radial directi¢@6]. The oc-
topole passes through a static gas cell containing the reac-
2.1. Experimental methods tant neutral gas, NB) Dy, or Xe, at relatively low pressures

((5-30)x 108 bar). Product ions and remaining reactant

Cross sections for reactions of interest are measured usingons drift to the end of the octopole, where they are focused
a guided ion beam tandem mass spectrometer that has beeimto a quadrupole mass filter for mass analysis and detected
described in detail elsewhej25,26). Fe' ions are produced by a secondary electron scintillation detector using standard
in both a surface ionization (SI) source and in a direct cur- pulse counting techniques. lon intensities are converted into
rent (dc) discharge/flow tube (DC/FT) source. In the DC/FT absolute cross sections as described previg2SlyAbsolute
source, Fé is made using a dc discharge source consisting uncertainties in cross section magnitudes are estimated to be
of an iron cathode held at high negative voltage (1.5-3kV) +20%, and are largely the result of uncertainties in the pres-
over which a flow of approximately 90% He and 10% Ar sure measurement and the length of the interaction region.
passes. Arions created in the discharge are accelerated to- Relative uncertainties in the cross sections are approximately
ward the iron cathode, sputtering off ionic and neutral metal +5%.
atoms. The high-pressure environment in the DC/FT source lon kinetic energies in the laboratory frame of reference,
creates Feions primarily in theit®D ground state, as deter-  Ejap, are converted to energies in the center-of-mass frame,
mined in previous studied6,17] There, we characterized Ecm, using the formuld&em = EjapmV/(m+ M), whereM andm
this beam as containing about 9%®.2 and 92 1%°D and are the masses of the ionic and neutral reactants, respectively.
0.8+ 0.02 and 2.8 1%“F states, with variations depending All energies reported below are in the center-of-mass frame
on the exact source conditions, which are unfortunately not unless otherwise specified. The absolute zero and distribution
systematic as they apparently involve the concentrations ofof the ion kinetic energies are determined using the octopole
minor contaminants in the reactant and flow gases. The Slion guide as a retarding potential analyzer, as previously de-
source is used to produce a beam containing a known dis-scribed[25]. The distribution of the ion kinetic energies is
tribution of excited state Peions. In this source, Fe(C@) nearly Gaussian, with a FWHM typically between 0.5 and
is passed through a water-cooled inlet line into an evacuated0.7 eV (lab) for these experiments. The uncertainty in the
source chamber and over arhenium filament that is resistivelyabsolute energy scale4s0.05 eV (lab).
heated to 2008 100 K, as measured by optical pyrometry. Pressure dependent studies were performed on all cross
Dissociation of the Fe(C@)and ionization of the resultant  sections to determine the presence and magnitude of any
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effects resulting from multiple collisions that may influ- 2.3. Threshold analysis and thermochemistry
ence the shape of the reaction cross sections. Data free
from pressure effects is obtained by extrapolating to zero  Threshold regions of the reaction cross sections are mod-

reactant pressure, as described previoi8%]. Thus, re- eled using Eq(1)
sults reported below result from single bimolecular collisions ;
exclusively. o(E) =00 Z gi(E+ Ee+ E; — E0)'/E 1)
_ whereo is an energy dependent scaling fackthe relative
2.2. Computational procedures translational energy of the reactarffs the energy threshold

thouah th il ; for th . forreaction of the ground electronic and ro-vibrational state,
Although the potential energy surfaces for the reaction g he electronic energy of the reactant ion, arid an ad-

of Fe" with NHg have been studied theoretically before ,ciapie parameter. The summation is over the ro-vibrational
[_20]' these studies foc_used on the dehydrog_enatlon reaC-tates of the reactaniswhereE; is the excitation energy of
tion. In order to examine the alternate reaction channels oo state ang is the population of those states)g = 1).
observed here, calculations on all possible products andIn the Fé +ND3 system, strong competition between prod-
the potential energy surfaces involved were conducted us- ¢t channels is evident from the energy dependence of the
ing the Gaussian 98 suite of prograf$]. Geometry op-  ¢nsq sections, such that these were analyzed using a sta-

timizations and frequency calculations utilized the B3LYP tistical model for competition detailed elsewhd#dd]. The
hyb_”d density functpnal mgtho@9—41] with a 6-311+G assumption that products formed at threshold have an inter-
basis set, a level slightly higher than previous w@ZR]. nal temperature of 0 K has been described and tested in detail
Single point energies were calculated using both B3LYP ;0 iqsiy[31,45] Treating all forms of energy in the reac-
and CCSD(T) methods with a 6-311++G(3df,3p) basis set, {55 (yibrational, rotational, and translational) as capable of
levels higher than previously perform¢20]. In all cases, ., jing to the dissociation coordinate has been shown to
the_ thermochemistry reported _here IS corr_ected for Zero g4 to reasonable thermochemistry. The threshold energies
point energy (ZPE) effects (with frequencies scaled by ¢ yissociation reactions, as determined by analysis with Eq.

0.989) [42]. For simplicity, these calculations will be re- (1), are converted to bond dissociation energies (BDEs) by
ferred to as B3LYP//B3LYP and CCSD(T)//B3LYP values. assuming tha, represents the energy difference between re-

For many of the species, calculations of excited states were, 4 nts and products. This assumption requires that there are
obtained by explicitly moving eIeCFrons _|nto other orbitals no reverse activation barriers in excess of the endothermic-
to create states of alternate configuration and/or symme-j, ot gissociation, which is generally true for ion-molecule

try. Optimizations of the geometry were then carried out o4 tiong hecause of the long-range ion-induced dipole and
in the usual way. In all cases, frequency calculations veri- piqper order interactior@6], although exceptions are found

fied the identity of the energy minima and first order saddle i, e hresent system and carefully characterized. Because all
points. sources of reactant energy are included in the threshold anal-

The experimental spli_tting between thRD(4s'3c) ysis, the BDEs determined correspond to the thermodynamic
i7
ground state antF(3d") excited state of Feis 0.248eV, cal- |1 65 at OK.

culated as the average difference between properly weighted
spin-orbit components of tiRD (0.052 eV above thé€Dg,
ground level) andF (0.300 eV above th#Dg,, ground level)
terms[29]. The calculated splitting is inverted at the B3LYP
level, 0.218 eV using the 6-311+®asis and 0.212 €V us- 3.1. F¢ +ND3

ing the 6-311++G(3df,3p) basis set, whereas CCSD(T)/6-

311++G(3df,3p) calculations find the right order and an 1,4 jonic products are formed according to reactions 2
excitation energy for théF state of 0.502eV. These re- and 3
sults can be compared to tHE excitation energies calcu-

lated in the literature as0.45 eV (B3LYP/DZVP)—0.18eV ~ Fe" +ND3— FeND;* +D (2)
(B3LYP/TZVP+G(3df,2p)), 0.54 (B3LYP/DZVE), where

DZVPqp: indicates an Fe basis set optimized to yield the — FeD" +ND; (3)
correct splitting for the atomic state§}0], and 0.23eV  The cross sections for reactions 2 and 3 obtained from the
(CCSD(T)/TZVP+G(3df,2p)}43]. Because our calculations  DC/FT and Sl sources are showrFiig. 1L FeND;* is also ob-

do not explicitly include spin-orbit interactions, all calcula- served at low energies, but pressure dependent studies show
tions involving an asymptote including Fare referenced  thatthis species is formed by collisional stabilization. Extrap-
to the average energy of the spin-orbit components of the olation of these data to single collision conditions yields no
D term at 0.052 eV. To properly compare to experimental residual cross section for adduct formation. Despite a care-
values, which refer to the energy of tABg/» ground state  ful search for FeND and FeN product ions, no evidence

at 0.0eV, the calculated values must be corrected for thisfor their formation is observed, suggesting they have cross
asymptotic energy. sections below~10-1°cn?. The FeNDR™ (SI) and FeNR*

3. Results
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Energy (eV, Lab) tions clearly differ,Fig. 1 The FeD (SI) cross section rises
o 10 2 3 more rapidly with increasing energy and has a lower apparent
threshold than does FEDC/FT). Thus the threshold region

] Fe*+ ND { . . . .
Rk e R o of the FeD (SI) cross section is dominated by reaction of the
14512000 K) —= _ FeD 2 4F state ions.

-
o

N

3.2. State-specific cross sections fot D) and
Fe' (*F) +ND3
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Cross Section (107" cm?)

The Sl and DC/FT cross sections displayedrig. 1 can
be used to derive state-specific cross sections for reaction of
Fe"(°D) and Fé(*F) with NDs. As explained above, from a
. : comparison of the lower energy features in the FeN&oss
EHEEY SM} 8 b sections for the DC/FT and S| data, we estimate*thetate

' population in the DC/FT source as H8.2%. Assuming
Fig. 1. Variation of product cross sections for reaction of Niith Fe* the contributions of higher lying excited states to the reaction
produced inthe surface ionization (SI, closed symbols) and dc discharge/flow are negligible, the remaining 98.2% of the ions are inflhe
tube (DC/FT, open symbols) sources to form FeIND; (triangles) and state. Thisresultis comparable to the 92.2.2 and 94 1%
FeND;* +D (circl_es) as a function of kinetic energy in the center-of-mass g mount of®D state determined in previous studj@s,17]
frame (lowenc-axis) and laboratory frame (uppeaxis). State-specific FeNPJ and FeD cross sections are obtained
by solving the simultaneous equatiog@d$ and (5)

(DC/FT) cross sections exhibit two cross section features. 4 6
One starts between 1 and 1.5eV (at lower energies, the datd = 0.18(°F) + 0.820(°D) (4)
shown corresponds to the noise Ieyel for_the_se gxperiments)GDC/FT — 0.020(4|:) + 0.980(6D) (5)
and peaks near the onset of reaction 3 indicating competi-
tion between the two reactions. The low energy feature in o> ando®</FT are the total cross section for a given prod-
the FeND* (DC/FT) data has a magnitude about a factor uct, FeNQx* or FeD, generated under the S| or DC/FT
of 10 smaller than that in the FeND(SI) data. The high- ~ source conditions, respectively. State-specific reaction cross
energy feature in the FeND cross section is most obvious ~ Sections obtained for F€D) and Fé(*F) states are shown
in the DC/FT data, but is clearly present in the Sl data as in Fig. 2 On the basis of these state-specific cross sections, it
well. The absolute magnitudes of the high-energy featuresis clear that théF state is about six (FeDand 20 (FeNB*)
are comparable for Feproduced in both sources. At higher times more reactive than the grouf state in the reac-
energies, formation of FeDdominates the reactivity as is  tion with ND3. Similar reactivity differences for these states
typical for reactions of transition metal ions with GF5—7], were observed in reactions with,8 and CH, with dif-
NH3 [8-10], and HO [17]. The relative magnitudes of the ~ferences of about 5-25 (depending on the prodéi)17]
two high-energy features in the FeiNDcross sections indi-

=

<

&
aal

o
n
ES

cate that this feature must result from the reaction ofibe Energy (eV, Lab)

state (97—-99% of the DC/FT beam and 82% of the S| beam). 9 L 2 30
Likewise, the relative magnitudes of the two low energies 10°] Fe™ + NDg —= ' i
features are consistent with the increa&edtate population & . f FeD" (from *F)

in the SI generated beany {8+ 1%) compared to the pop- 5 FenDe Fa
ulation of this state generated in the DC/FT source (1-4%). = 1o ‘fmm\? K ‘f e e 1
Indeed, the factor of 10 ratio between these cross section fea- = O ‘* FeR fram R |
tures in the present system indicates that the DC/FT source 5 ““ 5 ‘s .

in this study yields 1.8 0.2%4F state, consistent with the ) 10 . = Y .. |
previous characterizations. Considering that the conditions 2 '.; P PR ™ E
of the DC/FT source (discharge voltage, precise distribution 8 . = _ﬂ,_._,..:-"" .

of the flow gases, presence of contaminants) can all affect the o m&*’ (from ®D)

detailed distribution of states, the agreement between studies 0 5 4 5 8 10
taken over a decade apart is quite good. Thus, between 1 and Energy (eV, CM)

4 eV, the FeNDR" cross section is dominated by tfie state,
whereas above 5eV, the cross section is dominated by theFig. 2. State-specific cross sections for the reaction of ammonia withse
groundGD state in both the SI and DC/FT data. function of kinetic energy in the laboratory frame (upgexxis) and center-

of-mass frame (lowexk-axis). Solid symbols show product cross sections
Althoth the Changes observed for the Felata channel for reaction of F&(*F) and open symbols show product cross sections for

between Sl and DC/FT data sets are not as striking as thoSgeaction of F&(°D). Triangles show the FeDr ND; product channel and
observed for the FeNP data channel, the FEéxross sec-  circles show the FeNJ + D channel.
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Table 1
Summary of parameters used in Ed) for fitting cross sections
Product 00 n Ey (eV)
Fe'(°D) + ND3z — FeD' + ND, 0.02+ 0.02 1.9+ 0.2 3.0+ 0.3
0.01+ 0.01 2.3+ 0.2 28+ 0.3
Fe"(*F) + ND3 — FeD" + ND, 1.9+ 0.3 12+ 0.1 2.78+ 0.05
0.6+ 0.3 1.0+ 0.1 2,57+ 0.1¢%
Fe'(°D) + NDz — FeND;* + D 0.002+ 0.001 1.9+ 0.2 21+ 0.3
Fe'(*F)+ ND3s — FeND,* + D 0.3+ 0.1 1.6+ 0.2 1.84+ 0.19
FeNH" + Xe— Fe" + NH 16+03 1.3+ 0.2 3.04+ 0.15
FeNH' + D, — Fe' + NHD> 04+0.1 21+01 0.27+ 0.05
FeNH' + Dy — Fe' + NH + D 15+ 0.6 1.2+ 04 3.1+£03
FeNH' + D, — FeNHD' +D 0.5+ 0.1 26+ 04 0.38+ 0.05
FeNH" + Dy, — FeND;* +H 01+01 26+ 04 0.35+ 0.10
FeNH" + D, — FeD" + NHD 0.2+ 0.1 1.1+0.1 1.2+ 0.2

@ Competition with reaction 2 is considered during the threshold modeling.
b values are the same whether competition with reaction 3 is considered or not.

The rationale for this strong state dependence is discussedields a threshold of 3.04 0.15 eV. This threshold could be

below. larger than the thermodynamic threshold as we have observed
These state-specific cross sections are analyzed for threshthat CID of strong covalently bound species often gives a high
olds using Eq(1) and provide the parameters giveTable 1 threshold because the efficiency of collisional energy transfer

Given theEg values of 0.052 and 0.300eV for RED) may be limited in such systen7,48]. Hence the threshold
and Fé(*F), respectivel\j29], the sextet and quartet states obtained this way should be a good upper limit to the-FéH
yield OK thresholds of 3.8:0.3 and 2.78: 0.05 eV, respec- BDE.

tively, for reaction 3 if competition with reaction 2 is not

considered. As discussed below, formation of FeND; 3.4. FeNH +D,

and FeNDR* + D must evolve from the same-IFe"—ND>

intermediate and therefore compete with one another. Such  FeNHF reacts with B to yield four ionic products corre-
competition can inhibit observation of the product with the gponding to reactions 7-11

higher threshold (here, Fél leading to a competitive shift

to higher energies. Statistical methods for describing com- FeNH" 4+ D, — Fe' 4+ NHD; @)
petition have been devisg¢d4] and when these are used to N
simultaneously analyze the cross sections for reactions 2 and — Fe"+NH + D 8

3, theEyp thresholds for reaction 3 with tH® and?F states

changeto 2.& 0.3and 2.5 0.10 eV, respectivelyfiable 1 — FeNHD"+D ©)
Asthese threshold values are within experimental error of one
another, they help confirm the state assignments of the cross Energy (eV, Lab)
section, especially as the next possible stiBj {s 1.032 eV o AR AT LA L
higher in energy29]. Similarly for reaction 2, the thresholds o FeNH' + Xe —= Fe" + NH + Xe o9 ° o
(both with and without competition included) are 210.3 g ‘e’ 4
and 1.84+ 0.15 eV for thé’D and*F cross sections, respec- 2 ) i
tively, again within experimental error of one another. =] '
S
3.3. CID of FeNH 3
o 0.5 5
(2]
Cross sections for collision-induced dissociation (CID) of g
FeNH" with Xe are shown irFig. 3. FeNH" dissociates by 2
cleaving the FeN bond to produce Feand NH in reaction o
6 0 2 4 6 8 10

Energy (eV, CM)
FeNH" + Xe — Fe" +NH + Xe (6)

Fig. 3. Cross sections for collision-induced dissociation of FEMith Xe
however, observation of a FENH product channel would as a function of kinetic energy in the laboratory frame (uppexis) and
be difficultin our instrument because of mass overlap with the center-of-mass frame (loweraxis). The bestfitto the Felata using Eq(1)
. . . . with parameters iffable 1lis shown as a dashed line. The solid line shows
mUCh more intense reactant ion S|gnal. The ér@ss section this model convoluted over the kinetic and internal energy distributions of
rises slowly from a threshold near 3 eV and starts to level off the neutral reactant and ion. The arrow shows the threshold energy derived

above 6 eV. Analysis of the Fecross section using Eql) from this analysis, 3.04 eV.
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Fig. 4. Variation of product cross sections for reaction of FéNth D, to

form Fe" (open triangles), FeNHD(solid circles), FeENR* (open circles),

and FeD (solid squares) as a function of kinetic energy in the center-of-mass
frame (lowerx-axis) and laboratory frame (upperxis). The line shows the
LGS collision cross section times 0.002.

— FeND" +H (10)

— FeD' +NHD (11)

as shown inFig. 4 The Fé product shows two features

in its cross section that can be attributed to reactions 7
and 8. Reaction 7 is lower in energy as it forms the stable
NHD, molecule, whereas reaction 8 corresponds to sim-

ple CID of the reactant FeNHmolecule to F&+ NH. At
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Data analyses of the cross sections for reactions 9 and 10 find
thresholds of 0.38 0.05 and 0.33-0.10 eV, respectively,
Table 1 The small differences can be attributed to the zero
point difference for the two products. Using the vibrational
frequencies calculated here, this zero point energy difference
is calculated to be 0.08 0.01 eV in favor the FeNp' prod-

uct, consistent with the 0.680.11 eV difference measured.
The least efficient process is reaction 11, which must be com-
peting with reaction 9. The threshold for the Feproduct

ion is measured as 1:20.2 eV, Table 1 It seems likely that
FeH" and FeND would also be formed, but neither were
observed despite looking for them. The efficiency for forma-
tion of FeH" compared to FeDproduction should probably
mimic the relative cross sections for reactions 9 versus 10.
Consequently, the anticipated maximum magnitude of the
FeH" cross section is less than 0.220 ¢cn?, close to

the noise limit of these experiments. Formation of FEND
also expected to be inefficient for reasons discussed below,
and in addition, this product would be difficult to observe
as it lies in between the very intense reactant ion beam and
the FeNHD product ion. Because of the proximity to these
other ions, we conservatively estimate that the cross section
for FeND' lies below 1017 cn?.

4. Thermochemical and theoretical results

Bond energies forDgo(Fe"—H), Do(Fe"'—NH), and
Do(Fe"—NH>) can be obtained from thresholds for reactions
2, 3, 6-11 with the help of the thermochemistry listed in

the lowest energies (<0.2eV), there is also evidence for Tap|e 2and zero point energy corrections taken from the cal-

a small amount of exothermic reactivity. In this region,
the cross section declines BsY/2, consistent with the en-

culations performed her&able 3lists the final bond energies
determined here along with literature values for comparison.

ergy dependence of the collision cross section predicted by ca|culated vibrational and rotational frequencies are listed

the Langevin—Gioumousis—Stevenson (LGS) mo#ie], but
having a magnitude 0.00H50.0007 times this prediction.

Threshold analysis of the first endothermic feature (after sub-

tracting 0.0015:0.000% gs) gives an average threshold
value of 0.2 0.05 (Table J). As noted above, we presume
that the reactants have a Maxwell-Boltzmann distribution of
internal energies at 300K, and if so, then 0.3% of the re-

in Table 4 The following sections describe the experimen-
tal thermochemistry derived in this fashion for each of the
ionic products along with our theoretical characterization of
these specieslable 5summarizes the calculated energies
and zero point energies for the various species discussed be-
low. Table 6andFig. 5 characterize the geometries of these
species.

actants have energies exceeding 0.27 eV, more than enough

to explain the very small exothermic feature observed here

presuming that these ions react with an energy dependencegpe 2

like o gs (i.e., thenvalue in Eq.(1) changes to 0.5 for these
ions). After subtracting a model for this lower energy fea-

ture from the total cross section, the second feature can beh_H

analyzed and gives a threshold value of-8.0.3 eV, consis-
tent with the CID threshold obtained in reaction 6 with Xe
above.

It is clear that the cross section for the*Reroduct starts

decreasing around 1.5 eV, and this decrease correlates Wit

an increase in the FeNHDproduct cross section. This is an
indication of competition between these two reaction path-
ways. The chemically analogous product, FeNDs also
observed but is formed much less efficiently than FeNHD

Bond dissociation energies for Ntnd ND, species at 0 K

Bond Do (eV) Bond Do (eV)
4.4781+ 0.0001 D-D 4.5563+ 0.0001
N—H 3.419+ 0.010 N-D 3.4744+ 0.010
HN—H 3.949+ 0.015 DN-D 4.033+ 0.015
DN—H 3.963+ 0.015 HN-D 4.018+ 0.015
HaoN—H 4.632+ 0.011 DN—D 4,752+ 0.011
N—H; 4,103+ 0.011 DN-D2 4.229+ 0.011

2 Heats of formation for most species are taken from [&f. Those for
NH and NH, are from[55]. Values for deuterated species are adjusted from
the perprotio species using molecular constants given in[B8}, except
for the NHD species which utilizes values calculated here at the B3LYP/6-
311+G level.
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Table 3
Bond dissociation energies (eV) of FeNHy (x=1-3) and Fé&—H at 0K
Experiment Theory
This work Literature This work Literature
D(Fe'—H) 2.15+0.10 2.12£0.08 2.10 (2.02) 2.0% 2.2¢'
2.13 (2.27§
D(Fe"—NH) 2.76+0.09 >1.78, <3.51 2.40 (2.43) 254,259
2.78+0.09 (2.99+ 0.09Y
2.65+0.22
D(Fe'—NHy) 2.88+0.12 >2.38,<3.43 2.94 (2.89) 3.2
3.20+0.10
D(Fe"—NHa) 1.90+0.12 1.76 (1.85) 2.09, 1.9

a CCSD(T)/6-311++G(3df,3p)//B3LYP/6-311+GB3LYP/6-311++G(3df,3p)//B3LYP/6-311+Gelative to the F&(*F) asymptote) values from this work

including zero point energy corrections.
b Refs.[45,50]
¢ Ref.[51].
4 Ref.[20].
€ Ref.[52].
f Ref.[22].
9 Ref.[21] as revised in the text. Originally cited value in parentheses.
h Photodissociation value from Ref&2,24]
I Ref.[45].
I Ref.[57].
kK Ref.[56].

4.1. F¢—H

The most reliable value fdbg(Fe"—H), 2.124+0.06 eV,
has been determined previously from the reactions ¢f Fe
with Ho and D [45,50] Using this BDE, a ZPE differ-
ence for FeH versus FeD of 0.030eV[50], and the re-
lationship Eg(3) =Dg(ND>—D) — Dg(Fe'—D), the predicted
0K threshold for the FeDproduct in the ammonia reaction

process without considering the competition with reaction 2,

the values are higher than the predicted value, 2085 eV

for the #F state and 3.8 0.3 eV for the®D state, Table 1

When the competition with reaction 2 is included, we find a

threshold of 2.57 0.10 eV for the*F state and 2.8 0.3 eV

for the®D state, which agree well with the expected value.
Previously, Schilling et a[51] and Pettersson et 4562]

have characterized the low-lying states of FeBloth studies

3is 2.60+ 0.06 eV. When the thresholds are measured for this find a®A ground state with a valence electron configuration

® O

1.579
FeH" (°A)

FeNH." (°Az) FeNH," (FA”)
1.726 1.725 1.020
145.9 180.0
FeNH* (*A”) FeNH" (°z*)

Fig. 5. Geometries for low energy states of FelfeNH*, and FeNH
calculated at the B3LYP/6-311+Gevel. Bond distances shown areAn
and angles are in

of 0283?01, whereory, is the bonding orbital, thé andm
orbitals are largely metal-based 3d orbitals, and ¢her-
bital is a nonbonding orbital. Schilling et al. find that the
late metal ions have bonding orbitals with metal character of
74% 4s, 12% 4p, and 14% 3dwhereas results of Pettersson
et al., in which the 3d-3d correlation energy is better han-
dled, suggest more 3d character, 51% 4s, 13% 4p, and 36%
3do. Schilling et al. also found low-lyingT1(628%m3a)
and °x*(028%w%0?) states lying only 0.091 and 0.434 eV
higher in energy. Schilling et al. find these states to have
bond lengthsrg) of 1.653, 1.641, and 1.66% respectively,
whereas Pettersson et al. find a ground state bond length of
1.603A (1.598,& including relativistic effects). Pettersson et
al. suggest that the difference in bond lengths between their
work and that of Schilling et al. is a consequence of neglect-
ing the correlation energy associated with the d orbitals in the
latter work. In agreement with these results, our calculations
find these three states with bond lengths of 1.579, 1.561, and
1.635A, more like those of Pettersson et al., and excitation
energies of 0.0, 0.104 eV (0.162), and 0.479eV (0.733), re-
spectively, for the CCSD(T)//B3LYP (B3LYP//B3LYP) cal-
culations, in agreement with Schilling et al.

The ground state bond energies calculated in each of these
studies are 2.0fp1] and 2.13 eV (2.27 eV after approximate
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Table 4
Rotational constants and vibrational frequencies calculated at the B3LY P/6-31dve®
Species State B (cm1) o (cm1)
Ha Ing* 60.78 4394
D Ixg?t 30.41 3108
NH Sy- 16.51 (2) 3259
ND Sy- 8.811 (2) 2379
NH, ’B; 23.74,12.73, 8.286 1567, 3340, 3434
ND, 2B 13.37,6.372, 4.315 1152, 2413, 2527
NHD °B; 20.11, 7.992, 5.719 1376, 2468, 3389
NH3 a; 10.02 (2), 6.214 1059, 1736 (2), 3475, 3604 (2)
ND3 n; 5.166 (2), 3.112 806, 1201 (2), 2483, 2657 (2)
FeH" 5A 6.830 (2) 1875
S 6.988 (2) 1858
5% 6.371 (2) 1735
FeD" 5A 3.478(2) 1338
FeN 5A 0.520 569
59,5 0.546 687
FeNH" Eou 0.432 (2) 325(2), 723, 3535
p” 58.96, 0.440, 0.436 317,712, 3473
'Y 46.70, 0.440, 0.436 390, 709, 3458
X 343.6,0.377,0.376 130, 622, 3518
2A 0.417 (2) 383 (2), 524, 3402
’% 0.438 (2) 395 (2), 504, 3444
6A/ 25.77,0.260, 0.258 258, 453, 3297
o 0.256 (2) 266, 540, 541, 3320
4%~ 0.245 (2) 280, 533, 550, 3322
FeND' 6% 0.378 (2) 248 (2), 702, 2593
FeNH* SA1 11.99, 0.378, 0.367 489, 644, 678, 1573, 3499, 3592
57 11.98, 0.380, 0.369 260, 653, 692, 1574, 3500, 3593
5A; 11.99, 0.380, 0.369 —398, 651, 695, 1573, 3501, 3594
3A 12.18, 0.359, 0.348 499, 655, 686, 1626, 3437, 3533
3B, 12.12, 0.345, 0.335 471,526, 587, 1585, 3444, 3531
SA; 12.14,0.358, 0.348 480, 675, 746, 1625, 3430, 3510
5B, 12.07,0.273, 0.266 325, 511, 947, 1586, 3392, 3486
3B, 11.87,0.392, 0.379 685, 705, 775, 1604, 3486, 3581
5B, 12.08, 0.259, 0.253 327,514, 763, 1584, 3386, 3484
5A; 12.15, 0.244, 0.239 308, 481, 711, 1578, 3387, 3483
5A; 12.15, 0.244, 0.239 306, 476, 703, 1577, 3385, 3482
FeND,* Sa” 6.00, 0.325, 0.308 202, 491, 649, 1177, 2530, 2650
FeNHD* SA7 8.255, 0.351, 0.335 238, 540, 685, 1398, 2587, 3549
FeNH* Ay 6.314,0.281 (2) 422,697 (2), 1393, 1725 (2), 3439, 3525 (2)
5 6.259, 0.248 (2) 346, 608 (2), 1369, 1710 (2), 3424, 3517 (2)
5A 6.277,0.229 (2) 303, 567, 584, 1339, 1716, 1742, 3439, 3529, 3542
FeNDs;* A1 3.159, 0.233 (2) 395, 520 (2), 1059, 1248 (2), 2463, 2593 (2)
TS1 A 4.907, 0.370, 0.365 —691, 423, 625, 874, 897, 1615, 1672, 3462, 3552
X 4.915, 0.304, 0.301 —898, 453, 556, 772, 779, 1402, 1575, 3433, 3536
5A 5.057, 0.296, 0.293 —1168, 425, 571, 810, 988, 1414, 1589, 3427, 3530
HFeNH* v 4.331, 0.386, 0.376 268, 434, 653, 725, 731, 1582, 1792, 3445, 3536
6a 6.242,0.355, 0.318 382, 424, 526, 650, 671, 1601, 1846, 3454, 3539
'Y 4.279, 0.385, 0.375 —510, 367, 492, 651, 756, 1573, 1753, 3451, 3483
X 9.586, 0.254, 0.248 176, 390, 532, 577, 661, 1600, 1910, 3423, 3508
TS2 A 3.062, 0.423,0.383 —1288, 485, 565, 664, 760, 1128, 1435, 1974, 3391
Y 3.664, 0.397, 0.358 —1850, 524, 604, 677, 813, 1044, 1616, 1735, 3494
X 3.723,0.337,0.309 —1796, 495, 531, 570, 890, 996, 1596, 1681, 3475
d?-TS2 A 1.683,0.414, 0.341 —939, 385, 522, 624, 701, 903, 1020, 1414, 3391
(H2)FeNH" 6A; 55.94, 0.342, 0.339 270, 272, 444, 481, 688, 720, 996, 3544, 3908
4By 56.90, 0.342, 0.340 87,126, 232, 556, 664, 741, 862, 3529, 4021
4B, 56.85, 0.343, 0.341 40, 45, 191, 567, 666, 751, 870, 3531, 4016
6B, 56.44, 0.303, 0.301 110, 146, 325, 424, 607, 682, 929, 3526, 3966
B, 57.23, 0.302, 0.301 —104, 147, 258, 422, 621, 673, 814, 3531, 4063
4A, 53.38, 0.338, 0.335 224,254, 677, 734, 821, 829, 1339, 3563, 3605
5A; 60.64,0.197,0.196 25,14, 42,117, 218, 578, 592, 3306, 4380

2 Degeneracies in parentheses.
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corrections for relativistic effects, correlation, and basis experimental value. At the B3LYP//B3LYP level where the
set incompletenesgp2]. Chiodo et al.[20] calculate a relative energies of theD and“F states of Feare inverted,
value of 2.26 eV at the B3LYP/DZV{; level. The present  our calculations yield a bond energy of 2.02 eV if the calcu-
CCSD(T)//B3LYP resultis 2.10 eV, which includes ZPE cor- lation is referenced to tHéF asymptote and corrected by the
rections and an adjustment for the spin-orbit level SfEB). experimental excitation energy of 0.300 eV, whereas refer-
Allthe theoretical values are in reasonable agreement with theence to th€D asymptote leads to a bond energy of 2.48eV,

Table 5
Calculated energies and zero point energies (hartrees) for fedfi¢cies and fragmefits
Species State ZPE(un&c) B3LYP/6-311+G B3LYP/6-311++G(3df,3p) CCSD(T)/6-311++G(3df,3p)
Fe' 5D —1263355874 —1263356816 —1262289117
4F —1263363893 —1263364594 —1262270661
H 2s —0.502156 —0.502257 —0.499818
Hy Iyg* 0.010010 —1.176632 —1.180028 —1.171050
N 4s —54.600723 —54.600723 —54.512703
NH S 0.007426 —55.237638 —55.243286 —55.139406
NH2 2By 0.019002 —55.892955 —55.904654 —55.792298
NH3 n; 0.034662 —56.572824 —56.586798 —56.471426
FeH" SA 0.004272 —1263953510 —1263956212 —1262872268
St 0.004234 —1263947481 —1263950250 —1262868437
5% 0.003955 —1263926658 —1263929281 —1262854656
FeN' 3A 0.001297 —1318042926 —1318047612 —1316741925
50,51 0.001565 —1318017771 —1318022646 —1316848584
FeNH" byt 0.011184 —1318704681 —1318711900 —1317520361
X 0.010258 —1318699596 —1318708190 —1317517131
“n 0.010380 —1318699037 —1318707800 —1317517127
6A” 0.009727 —1318684497 —1318691807
2A 0.010691 —1318679523 —1318686154 —1317468893
2yt 0.010797 —1318642434 —1318651516 —1317429175
.Y 0.009129 —1318555938 —1318563871 —1317.399682
4 0.010631 —1318507201 —1318513447
4x- 0.010675 —1318436387 —1318443079
FeNH* 5A; 0.023866 —1319381170 —1319391441 —1318195998
5A” 0.023400 —1319379429 —1319389986 —1318196034
3A 0.023735 —1319350292 —1319359089 —1318145895
3B, 0.023111 —1319345458 —1319354330 —1318161766
3A1 0.023845 —1319339931 —1319349245 —1318152976
5By 0.023344 —1319313771 —1319322411
3B, 0.023504 —1319308227 —1319318984
5B, 0.022913 —1319212726 —1319221232 —1318145036
5A 0.022666 —1319208103 —1319216457
5A; 0.022620 —1319203575 —1319212205
FeNH;* Ay 0.039066 —1320024599 —132Q0034809 —1318831502
5 0.038289 —1320004666 —1320014732 —1318830372
5A 0.038184 —1319989284 —1319999529
TS1 4A 0.029895 —1319937648 —1319951147 —1318752662
6A 0.028494 —1319900199 —1319911583 —1318707356
5A 0.029059 —1319895426 —1319906946 —1318709768
HFeNH* v\ 0.029993 —1319944806 —1319957407 —1318750706
.Y 0.029831 —1319941364 —1319952497 —1318748407
A 0.028536 —1319941984 —1319954325
6A 0.029109 —1319925529 —1319935830
TS2 4A 0.023700 —1319863709 —1319881471 —1318680742
.Y 0.023937 —1319862961 —1319878931 —1318678742
6p 0.023360 —1319841321 —1319856631
(H2)FeNH* 5A; 0.025791 —1319904749 —1319918476 —1318716382
4B 0.024646 —1319896083 —1319910960 —1318702571
“B, 0.024324 —1319894986
6B, 0.024409 —1319881990 —1319895834
6B, 0.023987 —1319880548 —1319894351
4A, 0.027445 —1319860895
5A; 0.021066 —1319727159 —1319739050

a Geometries of all species calculated at the B3LYP/6-3T1le@el.
b Unscaled zero point energies.
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Table 6

Theoretical geometries forgiNH (x=1-3), FeH, and FeNK* (x=0-3}

Species State r(FeN) r(FeH) r(NH) r(HH) /HFeN /FeNH ZHNH /HFeNH

Ha Ing* 0.742

NH Sy~ 1.042

NH» 2B 1.029 (2) 103.9

NH3 1A, 1.014 (3) 108.0 (3)

FeH 5A 1.579
51 1.561
5 1.635

FeN' 3A 1.701
5¢ 511 1.660

FeNH* B 1.725 1.020 180.0
v\ 1.726 1.025 145.9
A 1.731 1.026 141.1
6A7 1.858 1.022 166.5
2A 1.756 1.030 180.0
2yt 1.711 1.028 180.0
7\ 2.292 1.043 125.2
1 2.269 1.038 180.0
4y~ 2.323 1.038 180.0

FeNH* 5A1 1.806 1.017 (2) 124.8 (2) 110.4 180.0
SA” 1.801 1.017 (2) 124.7 (2) 110.4 176.8
A, 1.854 1.023 (2) 125.9 (2) 108.2 180.0
3B, 1.893 1.023 (2) 125.7 (2) 108.6 180.0
SA; 1.856 1.023 (2) 125.8 (2) 108.4 180.0
5B, 2.142 1.027 (2) 125.9 (2) 108.2 180.0
3B, 1.774 1.017 (2) 124.4 (2) 111.2 180.0
5B, 2.201 1.028 (2) 125.9 (2) 108.1 180.0
5A, 2.267 1.028 (2) 126.1 (2) 107.7 180.0
5A1 2.270 1.028 (2) 126.2 (2) 107.7 180.0

FeNHs* 4Aq 2.040 1.021 (3) 113.0 (3) 105.7 (3)
5 2.185 1.022 (3) 112.5(3) 106.3 (3)
SA 2.275 1.021 (3) 112.6 (3) 106.2 (3)

TS1 A 1.802 1.601 1.020 (2), 1.760 &1 121.4,121.3 108.6 +71.9
I\ 1.992 1.698 1.023 (2), 1.794 57 125.0 (2) 109.3 +84.6
SA 2.020 1.715 1.023 (2), 1.741 B 125.0, 125.2 108.8 83.4,83.8

HFeNH* v\ 1.769 1.531 1.022 (2) 88 119.0 (2) 109.0 +68.6
'\ 1.875 1.590 1.021, 1.022 13 129.2,122.0 108.8 0, 180
A 1.770 1.559 1.022 (2) 83 119.2 (2) 109.5 +69.3
5A” 2.153 1.581 1.025 (2) 156 127.4,124.4 108.1 0, 180

TS2 A 1.751 1.861, 1.812 1.032, 1.472 0.932 &g67 125.4 101.9 90.6, 83.5
7\ 1.788 1.756, 1.760 1.023, 1.422 1.046 24819 176.3 118.4 180.0
6A7 1.952 1.758, 1.834 1.025, 1.441 1.042 61482 176.0 120.7 180.0

(H2)FeNH" 6A1 1.736 1.907 (2) 1.020 0.773 1682) 180.0 0, 180
4B, 1.712 2.001 (2) 1.021 0.767 1692) 180.0 0, 180
4B, 1.711 2.001 (2) 1.020 0.767 1692) 180.0 0, 180
6B, 1.861 1.956 (2) 1.021 0.770 1682) 180.0 0, 180
6B, 1.854 2.006 (2) 1.020 0.765 1692) 180.0 0, 180
‘A, 1.762 1.838(2) 1.018 0.792 1612) 180.0 0, 180
5A, 1.878 4.100 (2) 1.039 0.743 1842) 180.0 0, 180

a Bond lengths inA. Bond angles iff. All geometries are calculated at the B3LYP/6-3114&/el. Degeneracies in parentheses.

well in excess of the experimental value. In the foIIowing and 2.940.15eV from the®D and *F cross sections,
discussion, B3LYP//B3LYP values will all be treated in the respectively, values within experimental error of one an-

former manner as this yields thermochemistry in better agree-other. These values are also nicely consistent with a value

ment with the experiments and CCSD(T) calculations. obtained from the reaction F&+ND3 — FeND,* + FeD,
2.88+ 0.18 eV[2].1 Using vibrational frequencies calculated
4.2. Fé—NH, here,Table 4 we can correct the weighted average of the lat-

ter two values for zero point energy effects (0.020 eV) to find
Do(F€'—ND,) can be obtained from the thresholds DPo(F€'—NH2)=2.88+0.12eV. This value agrees well with

for reaction 2 by using the relationshipo(Fe*—ND>) =
Do(ND2>—D) — Eg(2). This yieldsDg(Fe'—ND,)=2.7+0.3 1 This value has been adjusted to 0K thermochemistry.
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the bracket established by Buckner and Freiser using chemi-(B3LYP//B3LYP) calculations. The low-lyingB, state has
cal reactivity studies, 2.38 <igg(Fe"—NH>) <3.43 eV[22]. an electronic configuration of (3 (1a)2(2by)(4a ), con-
These values are somewhat below a preliminary value from sjstent with a FeN double bond, but correlates with Fe its
our group, 3.26£ 0.10eV[45], but a reexamination of the  4F excited state and has less exchange energy than the ground
previous data (both Sl and DC/FT) shows them to be com- state. We also located several excited quintet st2Bas®Bo,
parable to the present data but with much more scatter. In5A,, and5A; having excitation energies of 1.864, 4.606,
addition, it was believed at the time that iron ions cooled in 4,729, and 4.844 eV calculated only at the B3LYP//B3LYP
the flow tube were in the F¢°D) state with little or no*F level. The relatively low-lying’B1 state has an electron con-
state present, a result that the present analysis clearly showsiguration in which the electron in the Zborbital of the®A;
is incorrect. Thus the difference between the present and preground state is promoted to a;5arbital, the antibonding
liminary values corresponds closely to the @) excitation orbital.
energy.

The only previous calculation on the FelHspecies 4.3. F&—NH
appears to be the B3LYP/DZ\R calculations of Chiodo
et al.[20], however, these authors provide only energetics  The Do(Fe'—NH) bond energy can be obtained from
and no structural information. They find a bond energy of the CID reactions 6 and 8, where the desired BDE equals
3.23eV, whereas our ground state has a bond energy ofthe threshold observed. These reactions have thresholds
2.94eV (2.89) at the CCSD(T)//B3LYP (B3LYP//B3LYP) of 3.04+0.15 and 3.1%0.3eV, in good agreement with
levels (including corrections for zero point energies and one another. However, CID of strongly bound, small
the spin-orbit levels of the Feasymptote). The latter molecules often provides thresholds in excess of the true
values are in good agreement with the present experimentabond energy because collisional energy transfer is inefficient
value. Qualitatively, we expect that NHan bond to F& in such systemdg47,48] Fortunately, the FeNH bond
by forming a covalent bond and then augmenting this energy can also be derived from reactions 9 and 10, which
by donating the lone pair of electrons on nitrogen to the interrelate the thermochemistry for FeNkind FeNH",
metal center[45]. Because all of the metal orbitals are and also reaction 11, which couples the bond energies of
at least singly occupied, this leads to an effective bond FeNH' and FeD. For example, the threshold for reaction
order of 1.5, consistent with the relative bond energies 10 is given by the relationshifg(10) =Do(Fe'—NH) —
of Fe"—H and Fé—NH,. Consistent with this qualitative = Dg(F€"—ND2) + Dg(N—H) — Do(N—-D3). Using Dg(Fe*
picture, our calculations find a quintet ground state with —ND2)=2.90+£0.12eV derived above and the literature
SA1 and®A” states essentially degenerate (calculations atthermochemistry inTable 2 this gives Do(Fe"—NH) =
the B3LYP/6-311+G and B3LYP//B3LYP levels find that ~ 2.78+0.16 eV. An analogous sequence for reaction 9 yields
the °A; state is lower by 0.035 and 0.027 eV, respectively, Do(Fe'—NH)=2.73+0.13eV. These two values presume
whereas the CCSD(T)//B3LYP calculations givA” as that the thresholds of reactions 9 and 10 are the thermody-
the ground state by 0.014 eVable 5. The °A; state has namic thresholds and not limited by a barrier in excess of the
Coy symmetry and a valence electron configuration of productasymptote, an assumption thatwill be checked below.
(1ag)?(1bp)2(2a1)%(1b1)2(3a)%(1a) (2by) L (4a ) (2by ")1, If this assumption is unwarranted, then ##9) andEy(10)
where the 1aand 1b are the NH bonding orbitals, the 2a values are upper limits to the true thermochemistry, meaning
and 1y are the FeN ¢ and bonding orbitals, the 3aand that the derived FeNHbond energies are also upper limits.
1a are the 38 (x*—y? andxy) nonbonding orbitals, the 2b For reaction 11, the endothermicity is given Bg(11) =
is the 3dr (x2) in-plane orbital (essentially nonbonding), the Dg(Fe€"—NH) — Do(Fe"—D) + Dg(D2) — Do(HN—D), which
4ay is a 45-3d () hybrid orbital (essentially nonbonding), leads to Do(Fe'—NH)=2.81+0.21eV. All three values
and the 2" is the 3dr (y2) out-of-plane antibonding orbital.  are in good agreement and have a weighted average of
The SA” state moves an electron from the;3a the 1a 2.76+0.09 eV, considerably below the CID values.
orbital (both nonbonding 3dorbitals), which explains why Both the 2.76:0.09 and 3.040.15eV values for
these states are nearly degenerate, although the differenc®q(Fe'—NH) agree with the rather broad bracket estab-
does lead to distorting froi@,, symmetry (dihedral angle of  lished by Buckner and Freiser using chemical reactiv-
176.8, Table §. ImposingCy, symmetry on theA” state ity studies: 1.78 < Bgg(Fe'—NH) <3.51 eV [22], but only
does not change the energy appreciably (<0.001eV at thethe former value agrees with the photodissociation value
B3LYP/6-311+G level), but the umbrella motion (260 crh of 2.65+0.22eV [22,24] Probably the best value in
in the °A” state) becomes imaginary-898 cnt1) for the the literature comes from a measurement byriBtrup
SA, state,Table 4 It seems possible that higher levels of et al. of the Fe® + NHz = FeNH" + H,O equilibrium
theory would lead to a minimum at ti@&, geometry. in which AHogg~ AGpgg=—0.2240.03 eV was obtained

A number of triplet excited states were also found with [21]. They reported Byg(Fe'—NH) =2.9940.09 eV, which
symmetries of°Bp, 3A;, 3Bj, and 2A; and excitation  agrees well with the present CID values, but the deriva-
energies of 0.967 (1.220), 1.181 (0.877), 1.357 (0.990), tion of this value appears to utilize older thermochemistry
and 1.400eV (1.148), respectively, for CCSD(T)//B3LYP for the NH radical. Here we correct their 298 K enthalpy
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of reaction to a 0K value oAHy=-0.24+0.04€eV us-
ing Hogs—Hg values of 8.87, 10.04, 10.99, and 9.90 kJ/mol
for FeQ', NH3, FeNH, and HO, respectively. Values
for NHz and KO are taken from the JANAF tables so similar; however, emptying a single2orbital allows the

[53] and those for FeDand FeNH are calculated us-  molecule to bend in this direction. If bothr? orbitals are

ing molecular constants calculated as described above. Usemptied, the resultarfa, (10)%(20)%(1)*(18)3(30)2, and

ing Do(FeO")=3.47+0.06eV (the value that Bnstrup 23+ (10)2(20)2(1m)*(18)%(30)!, states return to linear ge-

et al. also used]54], Do(O—H2)=5.034+0.001 eV [53] ometries. As calculated by Bnstrup et al[21], the potential

and Do(NH-H2) =4.103+ 0.011eV (able 3, we obtain  energy surfaces for bending the molecule in all of these states
Do(F€"—NH) =2.54+ 0.06 eV-AHo=2.78+0.09€eV. This  are quite shallow. Note that the bond orders of the quartet and
is in excellent agreement with the values obtained from re- doublet states are 2.5 and 3, presuming theital is non-
actions 9-11 and with the photodissociation value. Note that honding. These states still lie higher in energy than the sextet
this agreement is consistent with the thresholds of reactionsstate with a lower bond order presumably because of favor-
9 and 10 being the true thermodynamic values, which helps able exchange energy and the need to couple with an excited

tions of (10)%(20)2(1m)*(18)3(30)1(2m")?! before distortion
from a linear geometry and are distinguished by whiglott
bital is doubly occupied, explaining why the geometries are

confirm the relative energetics of FeNtnd FeNH* de-
rived here.

Theoretical calculations by Bnstrup et al. (B3LYP/6-
311+G geometry optimizations followed by single point
calculations at the MR-ACPF/CASSCF levéPl] and our
studies agree that the ground state of FéNE-PT*. Chiodo
et al. (B3LYP/DZVRyt geometry and single point energy
calculations)[20] report the ground state to &', but no

state of Fé&.

Our calculations find a bond energy for *Fé&NH of
2.40eV (2.43), in reasonable agreement with the value ob-
tained by Bonstrup et al[21] of 2.51eV (2.46¢eV if cor-
rected for the spin-orbit levels of the RED) state). Using
B3LYP/DZVPgpt, Chiodo et al[20] calculate a threshold of
1.34eV for the reaction Fet NHz — FeNH' + H,. These
authors do not report any auxiliary thermochemistry for am-

details of the geometry are presented and it seems likely thatmonia, so we combine this energy with our B3LYP/6-311+G

they simply did not converge this geometry @y,. Our
calculations Table § reproduce the ground state geometry
reported by Bonstrup et al.[21], re(Fe—NH)=1.725A,
re(FeN-H)=1.020A, and /(FeNH)=180, as well as
those for the %A’ excited state,ro(Fe-NH)=1.731A,
re(FeN-H) = 1.026A, and /(FeNH)=14%. We ob-
tain a somewhat different geometry for te\ excited
state, re(Fe-NH)=1.756A, re(FeN-H)=1.0304, and
Z(FeNH) =180, compared to values of 1.723 1.028A,
and 180 obtained by Bonstrup et al[21]. We also located a
4A” state withre(Fe-NH) = 1.726A, re(FeN-H) = 1.025A,
and Z(FeNH)=146 (which is very similar to the*A’
state), and a2t state with re(Fe-NH)=1.711A,
re(FeN-H)=1.028A, and /(FeNH)=180. Excitation
energies for théA”, 4A’, 2A, and?x* states are found to
be 0.06 (0.08), 0.07 (0.09), 2.47 (0.69), and 3.27 eV (1.59),
respectively, at the CCSD(T)//B3LYP (B3LYP//B3LYP)
levels, Table 5 The B3LYP calculations agree reasonably
well with the excitation energies reported bydBstrup et al.
[21],0.14 and 0.51 eV for theA’ and? A states, respectively.
Bronstrup et al.[21] discuss the bonding in FeNH
in some detail, but it is worth noting the valence elec-
tronic configuration here. Th&=* ground state has a
(10)2(20)%(1m)*(15)%(30)1(2mr")? configuration where the
1o is NH bonding, the @ and 4w are Fe-N bonding, the &
is Fe(3d) nonbonding, theo3is a nonbonding Fe(4s—3)l
hybrid orbital, and the " is Fe-N antibonding. Note that
this means that the effective bond order in this molecule is
approximately 2. Like th&A; ground state of FeN}t, the

(a comparable level of theory) value fBp(NH—H>) to find
aDo(Fe'—NH) bond energy of 2.51 eV (which again should
probably be lowered by 0.05 eV for the spin-orbit splitting in
Fe"). All the theoretical values are in reasonable agreement
with one another but lie somewhat lower than the experimen-
tal values of 2.76: 0.09 (present study) and 2.#80.09 eV
(revised equilibrium value). Note that theory agrees better
with these lower experimental values than with the values
near 3eV.

4.4. Bond energy—bond order correlation

Further understanding of the FelHand FeNH bond
energies can be obtained by comparing these to the
bond strengths of organic analogues, specifically;iSHp
(Do =3.61€eV)[55] and CHNH (D =6.55eV)[21], respec-
tively. To calibrate these comparisons, we also include the
singly bonded species FeH and Fé—CHj3 versus CH—H
and CH—CHgs, as well as the doubly bonded=eCH, and
Fe'=0 versus CH=CH, and CH=0. These various bond
energies are compared ig. 6. As previously pointed out
by Bronstrup et al[21], the Fé—NH bond energy is weaker
than the isovalent Fe-CH, and Fé—O bond energies by an
amount proportional to the bond energies of £NH versus
CH,—CH; and CH—0. In some respects, this is surprising
as the ground state FeNHPx") species is linear, implying
formation of a triple bond, but the double occupation of the
27" antibonding orbitals reduces the effective bond order to
2 (see above). The low-lyintA” and*A’ excited states have

exchange energy of the high spin state is more favorable thanbent geometries, consistent with formation of a double bond.

not populating the antibonding obitals, but the energetic

Although the CH—L bond energies for£H, CHgz, and NH

trade off is close, such that the quartet states have low excita-are all comparable, consistent with analogous single cova-

tion energies. Th&A’ and*A” excited states have configura-

lent bonds, the bonds of these species tikerease from H
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4 . . . a similar trend, i.e.Do(Fe*—ND>) exceedDg(Fet—D) by
CHz an average of 0.& 0.1 eV forx=2-6[3], in good agreement
NHs 0 with the 0.72+ 0.16 eV difference found here far= 1.

CHQ . NH
5. Potential energy surfaces and reaction mechanism

5.1. Potential energy surfaces

Fe*.L Bond Energies (eV)
n

The potential energy surface for the reaction of Reth
ammonia has been discussed previously by Chiodo et al.
0 & 5 x z z [20], but is worth revisiting in light of the state-specific

GH, L Bond Energies (eV) expenmental information available here. Quahtatlvely, the
potential energy surface calculated by Chiodo et al. agrees

with that found here, but the present calculations are per-

Fig. 6. Correlation of experimental FeL (L=H, CHz, NH2, NH, CH;,

and 0) bond energies with organic analogues, specificallg-€Hor the formed at a higher level of theory. Energies relative to the

first three ligands and CH-L for the latter three. ground state Fg®Dg),) + NH3 reactants at several levels of
theory are provided iffable 7and calculated from informa-

to CHs to NH,. As discussed previous[@#5], the F€—CHjs tion in Table 5 Fig. 7 shows the overall surfaces calculated

bond energy is enhanced relative td Fe by the larger polar- ~ atthe CCSD(T)/6-311++G(3df,3p)//B3LYP/6-311+@vel.
izability of the methyl ligand compared to a hydrogen atom. Table 6andFig. 8 provide details of the geometries of the
This work also points out that Nl-bonds to transition metal  intermediates and transition states along both the sextet and
ions can be enhanced by donation of the lone pair of electronsquartet surfaces.

on the amine to orbitals on the metal ion, thereby forming  All calculations agree that interaction of Feavith am-

a dative bond45]. Periodic trends in the enhancement ob- monia initially leads to a strongly bound FeNHadduct
served for other metal ions find an average enhancement offormation, Fig. 7. One anticipates that the excited F&F,
1.24+0.28 eV for a full dative bond. For metals ions to the 3d’) ion should be able to bind ammonia more strongly than
right of the periodic table, the acceptor orbital on the metal ground state F&®F, 483d°) because the empty 4s orbital

is singly occupied, such that the enhancement is observedorovides a much better acceptor for the nitrogen lone pair of
to be approximately half this value. The value determined electrons. Most levels of theorJable 7 find that the*A;

here by comparindq(Fe"—CHs) versusDo(Fe"—NH>) is state is the ground state, but the CCSD(T)//B3LYP calcula-
0.51+0.13eV, in good agreement with this prediction and tions find that théE state lies only 0.01 eV higher in energy,
comparable to the differences observed fd-H; versus and the MCPF calculations of Langhoff et §6] find a
M*—NH, bond energies with MCo, Ni, and Cu45]. We 6E ground state lying 0.22 eV below*a, state. (This state
have also found that the bond energies for iron clusters showspecification seems odd as s, p, and d orbitals do not have

Table 7

Calculated energies (eV) for [Fe,N,3Hleactants, intermediates, transition states, and prdtucts

Species State B3LYP/6-3114G  B3LYP/6-311++G(3df,3p) CCSD(T)/6-311++G(3df,3p) BsLYP/DZA,gP Exp

Fe" + NHs 5p 0.518 Q512 Q052 Q00
4F 0.300 Q300 0554 054

FeNHs* 4A, —-1.972 —1.851 —-1.760 —-2.02 —1.90+£ 0.12
5E —1.451 —1.326 —1.751 —1.81

TS1 A 0.146 Q179 Q138 —-0.17
5A” 1.128 1218 1333 as1

HFeNH," AN —0.046 Q011 Q194 —0.28
7Y 0.044 Q140 Q252 —0.24

TS2 A 1.992 1908 1928 160 1.60+ 0.09
'\ 2.018 1984 1989 178

(H2)FeNH* 6A1 0.931 0957 1015 a78
4By 1.136 1131 1360 Q97

FeNH' + H, 6y* 1.445 1556 1571 134 1.34+ 0.08
.Y 1.559 1623 1619 164

FeH" + NH, SA 2.449 2457 2234 213 2.51+ 0.06

FeNH* +H SA” 1.497 1607 1509 142 1.75+ 0.12
5A; 1.462 1580 1523

a Geometries of all species calculated at the B3LYP/6-311k@el. Energies include zero point energy corrections calculated at the B3LYP/6-311+G
level.
b Ref.[20].
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CCSD(T)/6-311++G(3df,3p)//BILYP/6-311+G*
FeH" + NH, ] 1.021 1.022

r — 1
[ 14 2.040 2.185
2F FeNH*(*A") 1
[ fpo
L e ] 113.0 112.5

1E _\ [ JFeNH*(G 713
(H)FeNH"  +Ho ] FeNH.* (*A;) FeNHs* (°E)

Energy (eV)

109.3

Fe*(NHj)

_2' —

1.992

Reaction Coordinate

TS1 (°A™)

Fig. 7. Theoretical potential energy diagram for interaction éf\with am-
monia obtained atthe CCSD(T)/6-311++G(3df,3p)//B3LYP/6-311e@el
of theory. Solid lines show surfaces of quartet spin, whereas the dashed lines
show those of sextet spin. Bold lines indicate experimental valissd 7.

1323 1220
a symmetry in theCgy point group.) In all cases, the cal- ' s 1.875
culated energy of the ground state species is in reasonable : 1.021
agreement with the experimental bond energy for-féH3 1.022
[57], Table 7 It can also be noted that the diabatic (spin- HFeNH," (‘A”) HFeNH," (°A")

conserving) bond energy calculated at the CCSD(T)//B3LYP
level for the?A state is 2.31 eV (=1.760 + 0.55%able 7,
which corresponds to an adiabatic bond energy of 2.01 eV
if the Fe'(*F) + NH3 asymptotic value is adjusted to the ex- L2k
perimental value of 0.30 eV. The geometries calculated here
for both stateskFig. 8 and Table § are comparable to those
found by Chiodo et al.re(Fe-N)=2.322 and 2.018 and 1.751 1032
Z(FeNH)=112.5 and 11221for 8E and*A1, respectively; 1254
as well as Langhoff et alrg(Fe-N) = 2.186 and 2.084 for TS2 (‘A) 82 (°A)
6E and*A,, respectively.

Reaction with ammonia proceeds by oxidative addition of 2001 _1.712 _1.021 1.907 1.736
an N-H bond to Fé. Calculations indicate that the energies 8 8 .=‘=O
of the transition states (TS1) for this process differ apprecia- -z~ 1800 (773 180.0
bly on the sextet and quartet surfadeig,. 7. This can be un- (Ha)FeNH" (B,) (Ho)FeNH" (A,)
derstood using simple molecular orbital (MO) arguments that
have been detailed elsewh@te 7]. These arguments demon-  Fig. 8. Geometries for all intermediates and transition states involved in the
strate that the difference in reactivity of #eD) and Fé& (*F) reaction of F&(°D, *F) with ammonia calculated at the B3LYP/6-311+G
can be attributed to the electron configurations of these states!evel- Bond distances shown areArand angles are in.
48'3d® and 3d, respectively. The 4s is the largest orbital
on the metal ion and therefore the first to interact with an Indeed, although the energy of the quartet transition state is
NH bond in ammonia. This 4s orbital mixes with taéNH) calculated to lie above the ground statefl¢"*—NH, interme-
bonding orbital to form bonding and antibonding MOs. Be- diate by 0.19 eV atthe B3LYP level where the geometry opti-
cause thes(NH) orbital is doubly occupied, the bonding MO  mizations are performed and 0.17 eV at the B3LYP//B3LYP
is doubly occupied and the occupation of the antibonding level (values comparable to the 0.10 eV obtained by Chiodo
MO tracks with the population of the 4s orbital. When the etal.), itis lower by 0.06 eV atthe CCSD(T)//B3LYP level of
4s is occupied (as fdiD), the antibonding MO is occupied, theory,Fig. 7 andTable 7 Presumably, geometry optimiza-
leading to a repulsive interaction that yields the high lying tions at this higher level of theory would restore the energy of
TS1 €A”) transition stateFig. 8. In contrast, in reaction of ~ TS1 to be higher than the intermediate, but clearly the barrier
the F&(*F) state, the antibonding MO remains unoccupied relative to the intermediate is small. Despite this large differ-
leading to a much more favorable interaction such that at ence in energy, the structures of theand®A” TS1 species
the CCSD(T)//B3LYP (B3LYP//B3LYP) level of theory the are qualitatively similar, although the F& and Fe-H bond
TS1 (*A) transition state lies 1.20 eV (1.04) lower in energy lengths are appreciably longer in the sextet state. Chiodo et al.
than TS1§A”) (0.98 eV in the calculations of Chiodo et al.).  find a similar result at their B3LYP/DZVP level of theory, but

0.932

1.472
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the Fe-N bond lengths are identical at the B3LYP/DZy/P
level.

Calculations indicate that the Hfe"—NH> intermedi-
ate is a ground state quartéA(’) but the analogous sex-
tet state §A’) is low-lying, 0.06eV (0.13) higher at the
CCSD(T)//B3LYP (B3LYP//B3LYP) level, whereas Chiodo
etal. find a difference of 0.04 eV. P\” state was also found
lying 0.56 eV above théA” state at the B3LYP//B3LYP
level.) The geometries of the two spin states differ dramat-
ically, Fig. 8 in agreement with the results of Chiodo et al.
Although both species hav@s symmetry, in the!A” state,
the Fe-H bond lies perpendicular to the NHgand, whereas
the®A’ and®A” states are planar. It is interesting to note that
the *A” state has a FéN bond that is actually shorter than
that in the FeNH* (°A”) species, and the Fél bond is
shorter than in FeH(°A). Apparently, this species can be
viewed as binding the hydrogen ligand to one of thé Br-
bitals of FeNH* (°A”), which thereby removes antibonding
character from the FeN bond. In contrast, the high spin of
the®A’ and®A” states requires that the hydrogen atom add
its electron to a high-lying unoccupied antibonding orbital
of FeNH* (°A”), leading to longer FeN and Fe-H bonds
than in FeNH* and FeH.

The HFeNH* intermediate is clearly the gateway to three
different products: FeH FeNH*, and FeNH. FeH" and
FeNH* can be produced by simple bond cleavage from this
intermediateFig. 7, which explains the strong competition
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lated to lie lower in energy than tH#B; state by 0.34eV
(0.17) at the CCSD(T)//B3LYP (B3LYP//B3LYP) levels of
theory, comparable to the difference found by Chiodo et al. of
0.19eV. Several other staté®,, B4, 6B», *A,, 6A,, were

also investigated at the B3LYP/6-311+@vel of theory and
were foundto lie 0.23to over 4.7 eV higherin enefgble 5
Elimination of H, from the (H,)FeNH' intermediates occurs
without a barrier to form the FeNH+ H, products on both
sextet and quartet surfaces. This requires energies of 0.56 eV
(0.60) on the sextet surface and 0.26 eV (0.49) on the quartet
surface at the CCSD(T)//B3LYP (B3LYP//B3LYP) levels of
theory. Chiodo et al. calculate values of 0.56 and 0.66 eV for
the sextet and quartet surfaces, respectively.

5.2. Reaction mechanism — comparison to experiment

Given the potential energy surface fig. 7, the state-
specific reactivity of F&®D, 4F) with ammonia and the re-
verse reaction of FeNHwith D, can be understood. Reaction
of Fe'(*F) can form both the FéNH3) and HFeNH" inter-
mediates exothermically. From the latter, endothermic forma-
tion of FeNH," + H begins promptly at the thermodynamic
threshold, as does Fé&H NH». Because these two chan-
nels share the common HFeNHntermediate, they compete
strongly with one another. The FéH NH, channel domi-
nates at higher energies because angular momentum is con-
served more easily for these products than for the F&NHH

between these two channels observed experimentally. Theproducts[8—10,58,59] (Briefly, this is primarily because

dehydrogenation reaction forming FeR@@x*) +H, also
must occur through this intermediate by way of transition

the reduced mass of the FeH+H channel, 1.0amu, is
much smaller than that for the F& NH3 reactants, 13.0 amu,

state TS2. The quartet and sextet surfaces parallel one anotherhich is comparable to that for the FEMNH, products,
in this region of the potential energy surface such that the 12.5amu.) Note that calculations indicate that the barrier to

CCSD(T)//B3LYP calculations find TSZA) lies 0.06 eV
above TS2 1A). Our B3LYP energies are comparable to
this, Table 7 whereas Chiodo et al. calculate a difference

of 0.18 eV. In both cases, a four-centered transition state in-

volving an incipient H-H bond is formedFig. 8 as also
found by Chiodo et al. Clearly the geometries of the FeNH

FeNH" + H, formation, TS2, actually lies above the energy
calculated for the FeNyt + H channel, although experimen-
tal information [Tables 2 and Bsuggests that the barrier cor-
responding to TS2 is 0.150.15eV below the asymptotic
energy of the FeNpt" + H product channelTable 7 In ei-
ther event, TS2 is a tight transition state that is entropically

portion of the TS2 transition states are consistent with the much less favorable than the loose transition state leading

guartet and sextet states of the FéNsoducts Table 6and
Figs. 5 and 8Significantly, TS2¢A) is located 0.36 eV (0.35)
(CCSD(T)//B3LYP and B3LYP//B3LYP) above the energy
of the FeNH +H, products, whereas Chiodo et al. find a
difference of 0.26 eV. In other words, theory predicts that
there is barrier to formation of the FeNH H, products from
Fe" + NHs in excess of the endothermicity of this channel.
Once over TS2, the system forms gJReNH" intermedi-
ate, which is a dihydrogen adduct of the FeNptoduct ion.

to FeND* + D, such that FeND+ D5 is not observed as a
product in the reaction of Fewith ND3, Figs. 1 and 2

Reaction of ammonia with F¢°D) is much less efficient
than with Fé(*F), Fig. 2, an observation that has also been
made in the state-specific reactions of" Feith CH4 and
H,0[15,17] Cross sections for formation of F&from both
states have comparable shapes and thresholds displaced by
the appropriate energy difference between the reactant states,
Table 1 but the magnitude is about a factor of six smaller for

The geometries of these species on the quartet and sextet suthe 6D state compared to tH& state. An even larger dif-

faces are similafFig. 8 which is somewhat surprising as both

ference is observed for the FeldDproduct cross sections

species have a linear FeNH bond angle, in contrast to the ge-where the peak in the cross sections differ by a factor of about

ometry of the FeNH (*A”) state Fig. 5 However, Bbnstrup
et al. calculate that the distortion energy for bending FENH
to a linear species on the quartet surface is only 0.0R&y

20, but in addition, théD cross section rises much more
slowly, indicating a much less efficient process. This change
in the cross section shape suggests that FéN®formed

Presumably, this distortion leads to the higher energy of the primarily by crossing from the sextet to the quartet surface,
quartet state compared to the sextet state, which is calcu-which introduces an energy dependence of approximately
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E~12 [60] and leads to the slower onset of reactivity. This the F&(NHD,) intermediate. Second, formation of FepD
seems reasonable because the energy of ¥&1) (s not requires a hydrogen/deuterium scrambling process as this
much lower than that for FeNF + H: 1.333 eV (1.283) ver-  species is not directly formed from the-Be"—NHD inter-
sus 1.523eV (1.580) above the'f®) + NHs reactants as  mediate. Two possible mechanisms can be envisioned: (a)
calculated at the CCSD(T)//B3LYP (B3LYP//B3LYP) levels the system passes back over TS2 to form (HD)Fé&Nihich
of theory. The observation that the FeBross section does  then returns over TS2 to yield-Hre'—ND», which can elim-
not exhibit the same slow onset as FeNEnay indicate that  inate H, or (b) the system proceeds on td (RHD;) and
this high-energy product is also accessible via more direct re-then activates the NH bond to form-fe'—ND,. The failure
action pathways, e.g., a collinear interaction of €®) with to observe FeND, which could easily be formed from the
an ND bond. (HD)FeND' intermediate, may suggest the latter mechanism
Results for the reverse reaction of FeNHD,, Fig. 4, is favored. In either case, the scrambling requires additional
can also be addressed in detail utilizing the potential en- steps that become increasingly less likely with increasing en-
ergy surface ofig. 7. Although formation of F&+ NHD, ergy because of the decreasing lifetime of the initially formed
is exothermic, this product is not observed until a barrier D—Fe"—NHD intermediate. As can be seen filg. 4, the
of 0.27+0.05eV is first surmountedlable 1 The zero ratio of the magnitudes of the FeNHand FeNDB* cross
point energy correction to this barrier heigffiable 4 is sections is about 4 near threshold and increases to about 10
0.01eV, such that the barrier for the [Fe, N, 3Hys- at the peak near 3eV. Note that in contrast to the results
tem is 0.26+ 0.05eV. This energy is in reasonable agree- for reaction of F& with ND3, the ratio of the Feb and
ment with values calculated here, 0.36eV (0.35) at the FeNHD' cross sections favor the iron amide cation. As noted
CCSD(T)//B3LYP (B3LYP//B3LYP) levels, or by Chiodo et  above, angular momentum constraints limit the production of
al., 0.25 eV, presuming the barrier corresponds to T8 (f FeND,* inthe former system, whereas here the reduced mass
the system remains on the sextet surface, the calculated barrief the FeNHD + D channel, 2.0 amu, is comparable to that
ers are slightly higher at 0.42 (0.43) and 0.43 eV, respectively. for the FeNH + D, reactants, 3.8 amu, such that the ther-
Similar barriers in the reverse reaction have been reported formodynamically favored product dominates over the higher

the related isoelectronic systems, FefD,, ~0.6 eV[17],

and FeCH* + D,, ~0.4 eV[16]. For these two systems, the
theory of Chiodo et al. predicts barriers of 0.15eV (0.46
if spin conserving) and 0.46 eV (both adiabatic and spin-
conserving), respectively, whereas calculations by Musaev
et al.[61] overestimate this barrier height in the g8l/stem:
~0.9eV.

The calculations indicate clearly that the barrier for re-
action 7 corresponds to the four-centered transition state
TS2, which is surmounted in order to form the Be"—NHD
intermediate. Clearly, this intermediate can decompose into
FeNHD" + D as well as FeDb+ NHD, which experiment in-
dicates occur at their thermodynamic thresholds (see dis-
cussion above). Thus, experimentally, it is found that the
energy of the FeNp' +H asymptote must lie above but
very close to TS2 (i.e., the threshold for formation of
FeNHD" + D is 0.1140.07 eV higher than the barrier lead-
ingto F& + NHD», Table 1. Note that both the present theory
and the results of Chiodo et §20] find the TS2 barrier has
an energy in excess of the FeMNHasymptoteTable 7 This
appears to be primarily a limitation in the ability of theory
to properly calculate the energetics of FeNgnd thus its
related adduct and transition state), as the bond energy fo
this species is underestimatdaple 3

Further information can be gleaned from a careful consid-
eration of the results shown Fig. 4. First, as noted above,
the formation of F& + NHD, appears to decrease above about
1.5eV because of competition with the FeNHBPD prod-

r

energy FeD + NHD products.

6. Conclusion

The potential energy surface for the interaction of iron
cations with ammonia is studied both experimentally and
theoretically. State-specific reactions of ', F) with
ND3 and the reaction of FeNH+ D, are both studied as a
function of kinetic energy. Combined with previous exper-
imental results for the bond energies of PeJ45,50] and
Fe'—NH3 [57], energies of key products (FéH-eNH', and
FeNH*), intermediates, and the rate-limiting transition state
(TS2) are quantified. This information is compared to theo-
retical potential energy surfaces calculated here at several
levels of theory and those of Chiodo et [@0]. We find that
Fe'(°D) is much less reactive than HéF), which can be
explained using simple molecular orbital arguments that are
supported by the theoretical potential energy surfaces. Unlike
early transition metal ions (3eV™) [8,9], but comparable
to late ones (Cb-Cu') [10], F€" does not dehydrogenate
ammonia, which is shown experimentally and theoretically
to be the result of a barrier in excess of the endothermicity
of this process attributable to a four-centered transition state,
TS2. This system is prototypical for understanding the de-
tails of how ammonia interacts with iron clust§?$ and iron
surfaceq1].

uct channel. This naturally occurs because these processeacknowledgments

share the BFe"'—NHD intermediate, and the competition
indicates that elimination of D at higher kinetic energies is
entropically favored compared to passing over TS1 to form
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Appendix A. Implications for the bond energy of
FeOH*

A referee notes that the bond energy fofF&H, derived
here introduces a potential dichotomy with respect to previ-
ous work in the literature that relates the FeCGiid FeNH*

bond energies through reaction A1, as first observed by Buck-

ner and Freisei22]

FeOH" + NHz — FeNH™ 4+ H,0 (A1)
Subsequently, Bmstrup, Schider, and Schwarz quantified
this process as having a rate constant of>21®10cm?
molecules!s~1 and an efficiency of 0.162]. The reverse
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formation of FeOD +D from Fe'(*F) formed by surface
ionization at 2300K was measured as 1438.22eV.
Given Do(DO-D)=5.212+0.003eV [53] and Eg
(2300K)=0.284eV, we obtain Do(Fe"—OD)=3.55+
0.22eV, which can be adjusted for zero point en-
ergy differences (0.007eV as calculated here for the
SA’ ground state at the B3LYP/6-311%Glevel) to
Do(Fe'—OH)=3.54+0.22eV. The average of this
value with that adjusted from the Michl TCID study is
3.57+0.14 eV, which we take as our recommended value.
Note that if our preliminary value of 3.780.12eV is
lowered by the FE“F) excitation energy of 0.30eV, the
resulting value is in good agreement with this recommen-
dation. Further, Sckder and Schwarf63] cite several
other experimental values, including 340.13eV [65],
3.3+0.2eV [65], 3.34+0.26¢eV [66], and 3.9-0.3eV
[67]. None of these seems particularly definitive, but the
latter three values are all within the combined experimental

process can also be observed and has a higher efficiency ogrror of 3.574+0.14 eV. Unlike Schider and Schwarz, we

0.26, indicating that reaction Al is endothermic. Although

choose not to include the CCSD(T) calculated value of

a true equilibrium cannot be established between these two3 69 eV from Irigoras et al[43] in our average, largely

ions in the presence of bothyB® and NH;, presumed to be

because our own calculations of this species, performed

because of competing association channels, the authors sughere at the levels discussed above, provide lowérBéi

gest that the endothermicity of the reaction must be within
thermal range. Takin@o(Fe'—OH)=3.724+0.10eV[63],
Do(HO-H)=5.121+0.003eV [53], and Do(HaN-H)=
4.6324-0.011 eV {Table 2, we find Do(Fe'—NH>) should

be somewhat less than 3.23.10eV. A Do(Fe"—NH>) =
2.88+0.12 eV value would give an exothermicity for reac-
tion 12 of 0.35+0.16 eV, which is too large to give a near
thermal equilibrium.

Given the results for reaction Al, this means that the
bond energy for FeOHdeserves additional scrutiny. The
value cited in[63] is the average of a CCSD(T) calcula-
tion (3.69+£0.09eV) [43], a threshold collision-induced
dissociation (TCID) value (3.7820.13eV) [64], and a
preliminary value from our laboratory (3.290.12eV)
[45]. The TCID work of Michl and coworkers was one of

bond energies of 3.53eV (CCSD(T)//B3LYP) and 3.35eV
(B3LYP//B3LYP). Note that the CCSD(T) values calculated
here forDg(Fe"—NH,) andDg(Fe'—OH), 2.94 and 3.53 eV,
respectively, agree very well with our experimental values
of 2.88+£0.15 and 3.5& 0.14 eV, respectively.

Finally, given these experimental values, we find that
the endothermicity of reaction 12 is 0.20.21 eV, within
experimental error of being close to thermoneutral, as ob-
served by Bonstrup et al[62]. The bond energy for FeN#i
determined here is also supported by the thresholds for
reactions 9 and 10, which provide self-consistent ther-
mochemistry relatingDo(Fe"—NH3) =2.884+0.15eV and
Do(F€"—NH)=2.7640.09 and 2.780.09eV[21]. Like-
wise the discussion (Sectigh4) of the periodic trends in
the bond order and the relationship with the/¥e,>" bond

the earliest threshold studies and did not incorporate a full energies are less consistent if the value of 3.2eV is used.
analysis of the thermal energy content of the ions. Values Therefore, we think it likely that the literature value for

obtained in this study for TIOH VOH*, CrOH*, MnOH",
and CoOH average 0.18-0.05eV higher than 0K values
from our laboratonf45] and values for ScOHand NiOH"

fall lower than our values by 1.36 and 0.60 eV, respectively.
Thus, a value of 3.6840.14eV is a more reasonable
value from this study. The 3.720.12 eV value from our
laboratory comes from a preliminary analysis of the kinetic
energy dependence of the FeCH3OH — FeOH' + CHjs
reaction. This study, which is still not published, appears
to suffer from the same difficulties as the preliminary
work on the F&+ NHg reaction noted above, specifically
that the Fé& state distribution may have been improperly
characterized. A potentially more reliable value comes
from our published work on the state-specific reactions
of Fe'(®D, 4F) with D,O [17], directly analogous to
the present work with ammonia. There the threshold for

Do(Fe"—OH) should be adjusted downwards somewhat, with
a recommended value of 3.570.14 eV. This deserves fur-
ther study.
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