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The fundamental principle underlying the selective catalytic reduction (SCR) @ft?N®; is the promotion

of reactions of reductant with N@ver competing, and thermodynamically preferred, reactions with a large
excess of @ A similar competition between N@nd Q exists in the noncatalytic, thermal reduction of NO

with NHs. In this work, density functional theory calculations are used to elucidate the origins of the remarkable
selectivity in thermal deN© Thermal deNQis initiated by the conversion of NHnto the active reductant,

NH. radical. NH radical reacts with NO at rates typical of gas-phase radical reactions to produce a relatively
strongly bound ENNO adduct that readily rearranges and decomposes; tand HO. In contrast, NH
radical reacts exceedingly slowly with,Othe HIN—OO adduct is weakly bound and more readily falls
apart than reacts to products. The pronounced discrimination ofaddidinst reaction with ©is unusual
behavior for a radical but can be understood through comparison of the electronic structures M@ H

and BNOO radical adducts. These two key elements of thermal gel&luctant activation and kinetic
inhibition of reactions with @—are similarly essential to successful catalytic leanyM&luction, and are
important to consider in evaluating and modeling N&LR.

Introduction In the selective catalytic reduction (SCR) of N®ith NHs,
NOy, including nitric oxide (NO) and nitrogen dioxide (N bzfse. metal o>é|de clatalystrs] are used to mcreas;edﬁ?/erspn
is a key precursor in the formation of tropospheric ozone and €'M¢'€NCY an¢ to lower the temperature range of maximum
acid rain, and thus NOremoval from combustion sources convc_a!rsmn?.v The precise stoichiometry vanes_wnh_reacuon
remains a high priority for environmental protectibr.Highly conditions and catalysts, bgt the overall chemistry in general
effective NQ conversion to M can be achieved with “three- follows the pattern of reactions 1 and 2. In both the thermal
way catalysts*® as are now nearly universally applied for deINQ_ ‘"?m(i SCNR processgs, the EIHeducLaEft ﬁXh'b'ts high
automotive exhaust after-treatment. The effectiveness of these>® ect]:wty ort Qllover Q Iespétet efmuc g d er concent;a-
catalysts is limited to exhaust from stoichiometric combustion, 10" Of Oz (typically several orders of magnitude greater than
which contains only small amounts of interfering. @ffective the NQ, concentration) a_nd the large inherent the_rmodynamlc
catalysis for NQ control in the presence of a large excess of greference for const:}mﬁmn_gf r_eductaat by Bea(r:]tmr;]s 1and
O,, as arises from diesel, lean-burn gasoline, and many types must compete with Niioxidation, either to M (the thermo-

of stationary combustion sources, remains an outstandingdynamically preferred product)
challenge. .

One method for “lean” NQcontrol from stationary sources ANH, + 30,7 2N, + 6H,0 (3)
is the thermal deNQprocess, by which NQis selectively and
noncatalytically reduced to Nwith NH3 reductanf=° NH3
(or urea as an Nflprecursor) is injected directly into an ex- 4NH, + 50, — 4NO + 6H,0 (4)
haust gas stream where it homogeneously titrates. NGe

thermal deNQ process can be described by the following net The thermal deN@process relies on the inherent preference

or to NO (the kinetically preferred product)

reactions®’ for NH3 to react with NQ over Q;; in SCR, the catalyst must
4NO + 4NH; + O, — 4N, + 6H,0 (1) maintain or enhance this selectivity. While the thermal and
catalytic chemistries likely differ in detail, an understanding of
2NO + 4NH,; + 20, — 3N, + 6H,0 (2) the origins of selectivity in the thermal system should shed light

NO conversion to N competes with NHl oxidation, with the on the much less well-understood chemistry underlying selective
result that useful conversion is found only in a relatively narrow catalysis.

temperature window around 12008R.A key observation is In thermal deNQ chemistry, the amino (N#) radical is the
that thermal deN@ consumes @ as part of the reduction reductant that reacts directly with NO to ultimately produce
chemistry. N2. These NH radicals are generated in chain reactions that

involve O atoms and OH radicals, and as a consequenég O
* To whom correspondence should be addressed. E-mail: wschnei2@ a necessary ingredient in the thermal deN@ocess:!!

ford.com. Telephone: (313) 323-2064. Fax: (313) 322-7044. Competition between NO and ,Cfor the “activated” NH
T Arizona State University. . . . .
* Ford Motor Company. reductant is thus inherent to the overall chemistry. The reactions
8 CFD Research Corporation. of NH; with NO and Q have been studied extensively both
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theoretically and experimentalky:48 S
207 — HNO+0
HN, +OH aH 4
NH, + NO — Products (5) oo Methe o N +0, 1 _*ﬂ’- 2
I. ,J'I % ’:;-" TS7
NH, + O, — Products (6) E97 3 st / RNOD ok ;
ki i T { i
: S : . L I W A O 0 i
Fortunately for the practical application, reaction 5 is observed & O O T 1
to be many orders of magnitude faster than reaction 6. Reactions ©7  H&=r0 g } b
5 has a negative apparent activation energy (or negativeg -0 ?. i
temperature dependence) overall, with second-order rate constar |~ HN+NO ] HN+O; ND+H,0
decreasing from 10! at room temperature to I& cm? . © o | "

molecule? s~1 at 2000 K12:23.24.35:3644z\t the low-temperature _ K _
end, this rate is within an order of magnitude of the gas kinetic Figure 1. BLYP-calculated potential energy surfaces_, for reacthns @)
collision limit. In contrast, the most recent estimates of the rate NH2 + NO and (b) NH2+ O2. HNXOH (X = N, O) isomerization
! 1 details hidden for clarity.
constant for reaction 6 are on the order of 2@&m® molecule

s1 at room temperatur€;27.31.32454%r 10 orders of magnitude
less than reaction 5. This large difference for these seemingly 40 - e
similar reactions can be contrasted with the rate constants for _ oo e
reactions 7 and & E /o — i
= 20 / in i / oHt,
g Il N, A
CH; + NO — Products (7) 5 / —'\N_,(OJ— b — bl
CH, + O, — Products (8) oo = N = T
3 2 Z ¥ o oW ‘_
. . o . & H'"J d " W M_N R
Reaction 7 is isoelectronic with reaction 5 and at room tem- 20 @ ®)

perature has a comparable rate constant of approximatehf 10
cm® molecule’! s™1. Reaction 8 is isoelectronic with reaction 6
yet has a rate constant of 78 cm® molecule* s72, or 9 orders
of magnitude greater than that of 6. The distinctly lower rate of . o . . . i
reaction 6 compared to reaction 8 persists to higher temperature,SUperf'C'a”y similar reactions. In this paper, we provide the first

and is clearly an anomaly with rather fortuitous consequences. COMPlete, side-by-side comparison of the potential energy
Despite their distinctly different rates, reactions 5 and 6 surfaces of these two reactions using a consistent level of density

proceed through topologically similar microscopic reaction functional theory (DFT). We find, consistent with earlier ana-

channels. The primary and key secondary channels of reaction!ySis:** that the key discriminator between the two is the much
5 are12.15-18,21,38 greater stability of the initial INNO adduct relative to EINOO

radical, and that after this first association step, the potential

Figure 2. BLYP-calculated potential energy surfaces for isomerization
of (a) HNNOH and (b) HNOOH.

NH, + NO— N, + H,0O (9) energy surfaces for the two reactions are remarkably similar.
We show that this binding energy difference can be understood
— HN, + OH (10) through comparison of the computed electronic structures of

—N,O+ H, (11) HoNNO and BNOO radical, and this comparison allows us to

rationalize kinetic trends in other R NO vs R+ O, reactions.
The last of these is observed to be unimportant under conditionsFurther, we use these results to infer mechanistic requirements
relevant to thermal deNQwhile channel 10 is a minor but  for NOy selective catalytic reduction, in particular illustrating
crucial channel because it is chain brancHifitfurther reactions  that inhibition of reactions of reductant with,@ as critical as
of the HN, and OH radical products generate two Niddicals promotion of reactions with NO for effective catalysis.
for every one consumed. ChannéP & exothermic in the gas
phase by—125 kcal mol! while channel 10 is approximately
thermoneutral® The branching ratio of channels 10 to 9 is a ] A
key parameter controlling thermal def@nd increases from ~ Density Functional (ADF) packad€.Molecular structures,
approximately 0.1 at room temperature to 0.5 at 1608#. vibrational frequencies, and energies were determined with-

The reaction 6 analogues to channels 9 and 10 are the following:in the spin-polarized BLYP approximatidf.>® A valence
double¢ plus polarization Slater-type basis was used on all
NH, + O,— NO + H,O (12)

atoms. Integration parameters were chosen to ensure that
— HNO + OH (13)

Computational Method
DFT calculations were performed with the Amsterdam

numerically evaluated integrals were accurate to five significant
digits. With these integration mesh parameters, total energies

and are exothermic by 82 and—12 kcal mot™, respectively? are converged te 0.1 kcal mof* and geometries are converged

In addluor-]l a th|rd’ endothern'"c Channe| may Compete Wlth to < 0001 A V|brat|0na| frequenCIeS were Calculated by two-
thesé2.19 sided numerical differentiation of analytical energy gradients

and were used with standard statistical mechanical formulas to
calculate 298 K enthalpies. The optimized and transition state
structures are characterized by zero and one imaginary vibra-
tional frequency.

NH,+ O,— H,NO+ O (14)
All of these reactions of Nklwith NO and Q are both known
to begin with reactant association and to proceed by internal H
rearrangements to yield products. Results

Although reactions 5 and 6 have been studied separately in Figures 1 and 2 summarize the key potential energy surface
detail, there has been less attention paid to understanding theesults for reactions 5 and 6, and details of the calculated
molecular origins of the very different kinetics of these structures are included in Figures 3, 5, 6, and 7. Tables 1 and



TABLE 1: Comparison of BLYP-Computed Reaction Energies with Previously Reported Values for NH + NO Reaction Steps (Energies in kcal mot)

CASSCF/ CASSCF/
reaction step BLYP B3LYP PMP48 CCSD(T)® G2M(CCly8 GVB-CI%® BAC-MP4>7 MP4SDG” SCF-CP ICCI16
NH; + NO — H,NNO —53.5 —44.3 —38.2 —39.1 —47.0 —-29.1 —48.4 —-375 —-35.1 —44.0
H,NNO — trans,cisHNNOH 1.8 1.5 1.1 -1.2 0 —-2.0 1.0 1.0 —2.0 —2.1
trans,cisHNNOH — cis,cisHNNOH 1.1 1.0 1.9 2.0 0.9 1.1 2.2 2.0 1.1 1.2
trans, cisHNNOH — trans, transHNNOH 4.7 6.0 6.0 7.0 5.9 8.1 6.2 6.8 6.8
cis,cisHNNOH — cis,transHNNOH -2.1 -1.0 -2.1 -1.0 0 -1.3 -1.9 —-2.0 0 0
trans, transHNNOH — cis, transHNNOH -5.7 -6.1 —-6.0 -7.0 -6.1 -9.2 -6.3 -7.2 -5.8
cis, transHNNOH — N, + H,O —69.8 —-72.2 —80.2 —79.1 —78.0 —91.8 —-77.0 —-77.1 —84.0 —79.0
NH; + NO — N, + H,O —-125.4 —-115.0 —-118.0 -117.7 —-123.9 —-124.0 —-124.3 —-113.0 —120.2 —124.1
TABLE 2: Comparison of BLYP-Computed Energy Barriers with Previously Reported Values for NH, + NO Reaction Steps (Energies in kcal mott)
CASSCF/ CASSCF/
reaction step BLYP B3LYP PMP4# CCSD(TY)® G2M(CCly8 BAC-MP47 MP4SDG” SCF-CP ICCI6
H2NNO — trans,cisHNNOH 30.0 31.8 30.0 31.1 32.3 28.0 34.5 35.0 30.1
trans, ciSHNNOH — cis,cisHNNOH 104 9.8 10.1 10.0 9.2 10.3 9.0 10.1
trans, cisHNNOH — trans,transHNNOH 31.4 35.7 41.1 42.1 39.0 43.8 41.8
cis, CisHNNOH — cis, transHNNOH 27.8 32.4 37.2 38.2 36.1 39.2 41.0 39.2 37.1
trans, transHNNOH — cis,transHNNOH 3.8 4.1 4.1 3.0 3.5 1.1 3.1
cis, transHNNOH — N, + H,O 20.4 22.8 21.0 24.3 21.2 22.1 28.4 26.3 24.0
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TABLE 3: Comparison of BLYP-Computed Reaction
Energies with Previously Reported values for NH + O,
Reaction Steps (Energies in kcal mott)

reaction step BLYP B3LYP MP2® QCISDY
NHz+ O, — H2NO, —-14.7 —-2.8 5.8 —-0.2
H,NO,; — H,NO + O 25.2 32.6 24.6 27.3
HoNO,; — HNOOH 4.1 0.7 —-2.3 0.1
HNOOH — NO+ H,0 —65.4 —84.8 —75.4
NH; + O, —H,O+ NO —81.5 —80.3 —75.5

TABLE 4: Comparison of BLYP-Computed Energy
Barriers with Previously Reported Values for NH, + O,
Reaction Steps (Energies in kcal mott)

BLYP B3LYP MP2¥® QCISD"

reaction step

NH; + O, — H,NO, no barrier 5.8 6.2 7.9
H,NO, — HNOOH (1) 29.4 335 29 33.6
HNOOH (I) ~HNOOH (II) 1.2

HNOOH (1) — HNOOH (Ill) 2.0
HNOOH (Ill) -~ NO +H,0 5.2

Sun et al.
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Figure 3. BLYP-calculated structures of (a);NNO and (b) HNOO
radical adducts.

bonding level, the nonbonding, O-centered orbital that is the
highest occupied orbital, and the high-lying, unoccupied\N
antibonding level. Complementing the system are NN 7
bonding and antibonding orbitals formed from overlap of the

3 compare computed BLYP energetics with other reported unhybridized NH 2p level and the out-of-plane component of
theoretical results for both reactions. A similar comparison for the NO 2r system. Double occupation of the bonding orbital

activation energies is shown in Tables 3 and 4. In general, produces a net &N double bond. Again, thist system is
BLYP-calculated reaction enthalpies corrected to 298 K and modified by interactions with the NOz orbitals, but the

1.0 atm agree well with experimental data for both reactfdns.

qualitative picture is unchanged. Thebonding accounts for

The reported results are also in good agreement with previousthe planarity of HNNO and imposes a large barrier to rotation
literature values for geometries (not shown for brevity). The about the N-N bond. Bonding results in a net charge transfer
energetics are generally in good qualitative and semiquantiative of 0.23 electrons from the NHo the NO fragment, as measured
agreement with the range of previous theoretical values, andpy Mulliken population analysis, consistent with the dative
the BLYP calculations provide a good basis for drawing g/covalentr bonding picture.

qualitative comparisons between the two reaction potential The strong HN—NO bond stands in sharp contrast to the
energy surfaces. Significant differences are the following. (1) H,N—OO bond in the aminoperoxy! radical formed from the
For NH, + NO, the first step has a somewhat larger reaction association of Nkiand G. As shown in Figure 3, the BLYP-
enthalpy, and the last step has a somewhat smaller reactionoptimized HNOO radical is nonplanar, with an-ND bond
enthalpy. However, the net reaction enthalpy agrees well with |ength (1.41 A) comparable to a typicaHD single bond (1.40
other theoretical and experimental data. (2) For,NHO, the A)56 and O-0 bond length only slightly perturbed from that
first step is somewhat more negative than other reports, but theof molecular Q.1° These structural features reflect the absence
last step is somewhat more positive. The net reaction enthalpyof & bonding between the NHand G fragments, and suggest
agrees well with other theoretical and experimental results. In that even thes bond between the two is weak. The BLYP-

the following we consider in more detail analogous reaction calculated association energy-d5 kcal mot?, again slightly

steps for both reactions.

HoN—XO (X= N, O) Adduct FormationBoth reactions 5
and 6 begin with reactant association to foragNXO adducts,
where X= N and O for the NO and &reactions, respectively.
The structure of the INNO adduct is shown in Figure 3 and
compares well with that reported previousyThe adduct is
closed-shell and planar, with-\N (1.35 A) and N-O (1.24

overestimating the QCISD-calculated bond strerd§th.

The G molecule readily combines with many radicals so it
is interesting that the #N—0OO bond is so weak. £has one
more electron than NO; if theNIOO radical retained the planar
structure of HNNO, this additional electron would reside in
the strongly antibonding NN zz* orbital second from the top
in the molecular orbital scheme shown in Figure 4a. To reduce

A) bond lengths both characteristic of partial double bonds. The this unfavorable interaction, the,NOO radical relaxes to a

short NN separation is consistent with the formation of a
strong HN—NO bond. The BLYP-calculated bond energy is
—54 kcal motl, somewhat higher than that calculated using
explicit electron correlation methods.

The origins of the strong #N—NO bond can be understood
by reference to the qualitative molecular orbital diagram in
Figure 4a. (One should note that, for simplicity and clarity,

nonplanar conformation in which rotation about the ™ bond

is essentially unhindered. Figure 4b shows a schematic molecular
orbital diagram for the nonplanar,NOO radical in one €
conformation. The BNNO x bond clearly separates into an
N-centered lone pair and a singly occupiedO 7* state that

is destabilized by unfavorable nonbonded interactions with the
NH, fragment. The impact on the manifold is subtler, but

bonds that are distributed among several canonical orbitals, suchpoor orbital overlap between the N-centeredrbital and the

as the N-N o bond, are idealized as belonging to a single
orbital.) The chemistry of the NO radical is dominated by the
singly occupied 2 orbitals, which are polarized toward the N

O, 27 state further contribute to the weak bonding. As with
H2NNO, the net direction of charge transfer is from the Néi
the G, fragment in forming the weak bond; as suggested by

center and which make NO both a good electron donor and the MO diagram, essentially all the unpaired electron spin

acceptor. The NHradical has an occupied in-plane-) orbital
that overlaps well with the in-plane component of the N© 2
system to form thes component of the NN bond. This
interaction is further enhanced by hybridization with the NO
50 level (and to a lesser extent by the in-planedtbitals, not
shown in Figure 4 for simplicity) to yield the low-lying NN

density is localized on the Gragment.

Within the BLYP approximation, formation of both,NXO
adducts proceeds without activation barrier, and more sophis-
ticated electronic structure calculations support this conclusion
for the more exothermic # + NO reactiont® Gradient-
corrected DFT methods are well-known to underestimate energy
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Figure 4. Schematic molecular orbital diagrams of (a\NNO and (b) HNOO radical.

£ HIOPO'M: 4 6
£ HMNO'CE: 1436

(b)

Figure 5. BLYP-calculated structures along (a)®NO — HNNOH and

barriers, and in fact more sophisticated hybrid DEQCISD1®
and empirically corrected MP4 calculatidnhall predict a small
barrier to association of Nffadical and Q (Table 4).

HoNXO — HoNX + O (X = N, O) DecompositionOnce
formed, the HNXO adducts face three possible fates: decom-
position back to reactants, direct reaction to products, and
internal H rearrangements leading to products. The only signif-
icant direct reaction pathway for,NOO radical is O atom loss

H,NOO—H,NO+ O (15)
Reaction 15 is calculated to be 25 kcal moéndothermic (see
Figure 1), comparable to that reported previoud8lfhis exit
channel is slightly higher in energy than theN+H- O, reactants
and thus is a minor competitor to decomposition to reactants.
In contrast, the comparablesNNO reaction to HNN and O is
highly endothermic (124 kcal mol) and of no importance. As
seen in Figure 4a, NO x* states are depleted in ;NNO,
leading to a shortening and strengthening of theQNbond.

HoNXO (X= N, O) — HNXOH 1,3 H-TransferAdduct

(b) HNOO — HNOOH pathways.

paths are quite similar. Both H-transfer reactions are slightly
exothermic and proceed with comparable barriers through four-
membered-ring transition states. The calculated energy barriers
with respect to adducts are both 30 kcal mplin good
agreement with previous theoretical evaluations of 28 kcal
mol~t for the HLNNO6-18.22 and 31-34 kcal moi? for Hy-
NOO radical*® H-transfer is accompanied by shortening of the
N—X and lengthening of the XO bonds. From BENNO to
HNNOH the N—N bond length decreases from 1.35to 1.23 A,
a value typical of an KN double bond (1.25 Aj® while the
N—O bond lengthens from 1.24 to 1.35 A. Some amount of
bonding is retained in the NO bond, as the HNNOH molecule

is planar, and as discussed below, rotations about thid Bind
N—O bonds produce four unigque conformations. Similarly,
along the path from ENOO radical to HNOOH the NO bond
length decreases from 1.52 to 1.32 A and the @ bond
increases from 1.33 to 1.44 A, again ending in a planar product
with partial double bond character within the#®—0O back-
bone. The four-electrom system in HNNOH is isoelectronic
with that in the well-known allyl anion (§4s-); planar HNOOH

rearrangement and reaction begins with 1,3 H-transfer, in eachhas a five-electromr system that exhibits substantial confor-

case breaking one NH and creating one ©H bond. This
similarity is more than superficial: the energetics (Figure 1)
and structural modifications (Figure 5) along the two reaction

mational variability, as discussed below.
HNX—OH (X= N, O) Homolytic Cleaage.Channels 10 and
13 are completed by homolytic cleavage of the HNOIH and
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Figure 6. BLYP-calculated structures for isomerization of (a) HNNOH and (b) HNOOH radical.

HNO—OH bonds, as shown in Figure 1. Both reactions yield conformations, while theis,transisomer is slightly preferred.
metastable products slightly higher in energy than the NH H-transfer from HNNO initially produces théranscisHNNOH
XO entrance channels. The former cleavage reaction is highly conformer, which must isomerize into tlés,trans conformer
endothermic and proceeds without barrier to Hahd OH preceding the second H-transfer. Two isomerization paths are
products. The existence of this minor channel is crucial for possible depending on the sequence of distortions about the
thermal deNQ chemistry, as HMradical readily decomposes N—N and N-O bonds (Figure 6a). Isomerization about the
to N, and an H atom; two radicals (H and OH) are thus N—O bond occurs by simple rotation with relatively little
generated that can ultimately convert Nifolecules into activation energy (11 kcal mot from transcis to transtrans
reaction-sustaining Nitadicals® The HNO-OH bond is long 4 kcal mol ! from the less stableis,cisto cistrans). Conversion
and weak, and cleavage occurs with small activation barrier to of the stereochemistry about the more double-bond-likeNN
HNO and OH radical products. bond has larger activation energy and occurs by bending of the
HNXOH (X= N, O) Conformational Isomerizatio@ompet- HNN fragment rather than rotation. The activation energies with
ing with the homolytic cleavage channels is formation of the respect to the more stable endpoint are approximately 35 kcal
energy minimizing reaction products NX and®lvia a second  mol™1, in good agreement with previous evaluatidhi18.22
1,3 H-transfer step. Preceding this step, the HNXOH must rotate The rate-limiting barrier in either pathway is approximately the
into a conformation that places the transferring H atom in prox- same, and the order of these distortions is irrelevant to the
imity with the O center. Figure 2 shows the calculated potential subsequent H transfer reaction.
energy surfaces for HNXOH conformational isomerization,and ~ HNOOH has more intriguing conformational variability

Figure 6 shows the structural details of these processes. arising from rotations about the-ND and O-O bonds and that
HNNOH exhibits double bond character about botkM has not been studied previous|y_ Like HNNOH, p|anmn5,-

and N-O bonds, and as a result can exist in four distinct cisHNOOH radical is the product of H-transfer frompMOO

conformational isomers 22 As shown in Figure 6a, the NN radical. However, none of the other planar conformations of
, HNOOH are minima within the conformational space, and scans
i e over the entire conformation space reveal only two other stable
H— H H N . . . .
N\ > \0 // rotational conformers (each existing as two isoenergetic stereo-
N4 N isomers). The principle isomers are shown in Figure 6b, along
trans,cis-HNNOH civ,cis-HNNOH with the transition states that connect them. UnlikeNNO,

conformational changes about the-® and O-O bonds are

: concerted and produce significant changes in both bond lengths,

b—Hg ”\ /ORH with the N—-O length decreasing and-D increasing substan-
N—H N=—N tially. These large changes reflect unusually strong coupling
trans, trans-HNNOH cis.rans-HNNOH between conformation and electronic structure that would

be of interest for further study in there own right. From a
bond is essentially constant in all conformations while theQN reactivity perspective, the activation energies for all the distor-
bond is somewhat more variable, ranging from 1.35 to 1.41 A. tions are small and all conformers are close in energy, the most
Nonbonded repulsions between H atoms destabilizeifhes stable one leading being at the entrance to the second 1,3
conformer by several kcal mol with respect to the other  H-transfer.
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sz
Figure 7. BLYP-calculated structures along (a) HNNGH N, + H,O and (b) HNOOH— NO + H,O pathways.

HNXOH (X= N, O) — NX + H,O 1,3 H-transfer.Once TABLE 5: Comparisl(?n of 298 K R—NO and R—0O; Bond
. . Strengths (kcal mol?; all values experimentally
properly oriented, 1,3 H-transfers from HNXOH occur with the  getermined® unless otherwise noted)

breaking of N-H and X—0O bonds and formation of the second

O—H bond. As with the first H-transfer reactions, the activation R-NO R-0 A
energies and transition state structures are similar along the two H 47 49 -2
paths, and both reactions proceed through four-membered-ring ~ CHs 40 33 7
transition states (labeled TS2 in Figure 1). Both reactions are "(C:f:';“ i; 33; g
exothermic and, as shown in Figure 7, have early transition HO 49 b 42
states: the N-X bonds are shortened and—0O bonds are CH:O 42 —4e 46
lengthened, but the 4@ product is highly distorted from its F 57 13 44
final structure. The calculated activation energies are 20 and Cl 38 6 33
18 kcal mot! for X = N and O, respectively. NH; 4854 0¥/15 ~40-50

) ) 2 Calculated, ref 61° Calculated, ref 62¢ Calculated, ref 63¢ Cal-
Discussion culated, ref 18¢ Calculated, ref 19 Calculated, this work.

The mechanistic origins of the NO selectivity that underpin alone accounts for the much different rates of the;,NHNO
thermal deN@ are readily apparent from Figure 1. Niself and NH + O; reactions.These two reactions are an example
is unreactive toward NO andQOrather, NH is activated for of the more general phenomenon of kinetics controlled by
reaction by removal of an H atom to produce Nkadicals. intermediate energetics.

NH. radical forms a relatively strongly bond (460 kcal mot? It is interesting to consider the generality of this difference

from the best available calculations, Table 1) adduct with NO. in reactivity between NO and OTable 5 compares the-RNO
Particularly favorable electronic interactions produce strang and R-O, bond dissociation energies for a number of common
and r bonds (Figure 4) that are reflected in the molecular alkyl and heteroatomic free radicals R for which data are
structure of HNNO. In contrast, NH radical forms a very available. NO is found to readily bind to all the radicals within
weakly bound adduct with £{approximately 0 kcal mof from this sample set: bond strengths range from around 40 to less
the best available calculations, Table 3);; flas one more than 60 kcal mot?, with the strongest bonds tending to beto
electron and less accessibleg acceptor levels than NO, and donor radicals, such as NHor OH radical. For practical
HoNOO radical has neither the stromgnor oz bonds of H- purposes NO does not thermochemically discriminate within
NNO. As seen in Figures 1 and 2, beyond the adduct formation this set, and consistent with the behavior typical for free radical
step the potential energy surfaces for the two reactions arecombination reactions, the corresponding-RIO high-pressure
superficially quite similar. The paths to the thermodynamic limiting rate constants are larggypically within an order of
products involve a sequence ofHransfer, isomerization, and  magnitude of the gas-kinetic linfit. O, presents an interesting
decomposition steps, the most highly activated of which is the contrast. Within the H and alkyl radical group, the-R, and
initial H,NXO — HNXOH H-transfer. These steps compete with R—NO bond strengths are comparable and the difference
backward decomposition to reactants, and the balance betweetbetween the two is uniformly small. Consistent with this, the R
forward and backward steps controls the overall reaction rate. + O, reaction rate constants are comparable to those fér R
For strongly bound ENNO, the forward reaction steps are all NO, and thus these R exhibit little inherent selectivity in
at lower energy than the reaction entrance energy, and essentiallyeactions with NO over ¢ i.e., neither CH radical nor H

all H,NNO formed reacts forward to products in what is in effect  radical will selectively combine with or reduce NO in the
a single elementary stefIn contrast, weakly bound OO presence of @

radical is shifted upward in energy such that the forward reaction =~ The heteroatom (halogen, O, and N)-centered radicals behave
channels involve energy barriers greater than the energy tomuch differently. Here the RO, bond energies are very small
decompose back to reactattsand only at high temperatures  so small that accurate experimental determination is difficult,
do any of the forward reaction channels occur at an appreciableand the most reliable estimates tend to come from first-principles
rate?0 Remarkably, then, the difference in initial adduct stability calculations. While there are uncertainties in some of these
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Redudtant Reductant Once reductant is converted to an activated form, a second

a"”f""’””"‘ed udclation limked general requirement of a successful SCR system is inhibition
of further reaction with @ Under practical conditions the

oxidation reactions are thermodynamically favored, so the
kinetic inhibitors to reaction must be substantial. As shown
above, it is the amazing lack of reactivity of Mkadical toward
O, that enables thermal deNQUseful catalysts must exhibit
the same propertythe ability to activate reductants without
catalyzing their complete oxidation. Hydrocarbon SCR using
supported precious metal catalysts illustrate this tradeoff well:
activity toward NQ reduction requires temperatures great

NQ, > N, aciiviy

> enough to initiate hydrocarbon activation, but activity rapidly
Temperature degrades with temperature as complete hydrocarbon activation
Figure 8. Schematic representation of N@onversion efficiency to out competes NO reduction reactidis.
N2 as a function of temperature in thermal deNO These concepts can be cast in terms of the following very

simple mean field model of the competition between NO and
R—0, bond energies, what is not uncertain is that the bonds O, for reductant on a catalyst surface. In this model, S represents
are on the order of 40 kcal mdl weaker the RNO ones. a catalyst active site,-9\O and S-O, represent adsorbed NO
Because these are association reactions, the relative bondind Q, respectively (whether Ois treated molecularly or as
energies dominate the relative reaction rate constants, and thejissociated into two SO has no bearing on the qualitative
corresponding R- O, reactions are similarly much slower than  conclusions), and R is a generic reductant that reacts with O
the R+ NO ones® (Precise reaction rate comparisons are on the catalyst surface to form activated R*:
complicated by the existence of multiple reaction channels, large

sensitivities to pressure, temperature, and diluent, and the limited S+ 0,<S-0, (16)
availability of data for the slow R- O, reactions.) Thus, these
heteroatomic radicals are not inherently selective for reactions S+NO<S-NO (17)

with NO but rather are inherently selectiggainstreaction with
O,. While we have only considered in detail the Nkadical
case here, it is likely that the slow reactions of the other
heteroatomic radicals with ave similar explanations in terms S—NO + S—R* —2 S+ l/2 N, + oxidation products (19)
of 7z repulsions and poar bonding. Any of these heteroatomic
radicals will selectively combine with NO in the presence of S—0, + S—R* — 2 S+ oxidation products ~ (20)
O2; NH; radical is particularly useful because it reacts with NO
ultimately to produce M In reactions 19 and 20, R* is oxidized by NO op © produce

A complete description of thermal deN©hemistry would (possibly different) gas-phase oxidation products. Assuming R*
require inclusion of many more than just the N#H NO and is formed on the surface irreversibly and is at steady state, the
NH, + O, reactions described here, but the behavior of these rate of NO conversion to Nis given by the following
two alone parallels and provides a useful framework for expression:
understanding general features of the heterogeneous selective

S-0,+ R< S—R* (18)

catalytic reduction of NQ Like thermal deNQ the SCR of d[N,] (llz)klseoz[R]
NOy to N is generally most effective in a relatively narrow i 0 (21)
temperature window for a given cataly8tAs shown schemati- 1 (@)( Oz)
cally in Figure 8, the activity is limited at low temperature kio/\Ono

largely by the kinetics of Nk radical production, i.e., by

conversion of the Nkl reductant into an activated form via  where brackets indicate gas-phase concentrationgaiglthe
reactions with @238 At higher temperatures selectivity toward surface coverage of X. From the numerator of reaction 21, the
N2 rapidly declines as the NHt+ O, reactions become faster NO conversion rate depends directly on the rate of activation
and the NH + NO reaction becomes reversible, i.e., as H of R to R*, which scales with the concentration of reductant
NNO back decomposition competes more effectively with and the surface coverage of.0Ohe denominator captures the
forward reaction. Similar features dominate N&CR chemistry. competition between adsorbed @nd NO for activated reduc-
Thus, one general function of an SCR catalyst is to facilitate tant. Rapid NO conversion is favored by a small rate constant
reductant activation by reducing the intrinsic barriers to the ratio (kxo/kig << 1) and low Q coverage relative to NOO6,/
activation process and/or by providing a site at which the {6no < 1}). The G coverage thus has competing influences
activated reductant can bind and be stabilized. As with the on the NO conversion rate; further, the much greater concentra-
thermal chemistry, activation can involve reaction with @ tion of O, than NO under practically interesting conditions{[O
O,-derived species (such as BP0, is well-known to promote > [NOJ) limits the extent to which NO conversion can be
NOy SCR in many systen’s'® Of course the precise composi- controlled through @ coverage alone. Thus, as in thermal
tion of the activated reductant will depend both on the catalyst deNQ, the critical factor in promoting selective NO conversion
and the introduced reductant; for NFSCR over vanadia is throughkaokig, i.e., through the relative rate constants for
catalysts, adsorbed NHs a plausible candidate, and in fact ultimate consumption of reductant by Gompared to NO. This
H.NNO itself has been proposed as an intermediate in this rate constant ratio is on the order of 20for thermal deNQ
catalytic chemistry264 For hydrocarbon-based SCR the range which gives a sense of the selectivity that must be achieved for
of plausible candidates is much greater, but substantial evidenceeffective NQ SCR.

exists for partially oxidized alkanes as key intermediates on  While this is clearly a highly idealized model, the general
base-metal catalys£8. conclusions regarding NO and,@ompetition are robust and
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reinforce conclusions derived from thermodynamic analysis of ~ (9) Lyon, R. K. Enwiron. Sci. Technol1987, 21, 231.

NO reductior” The inherent competition between é1d NO (10) Busca, B.; Lietti, L.; Ramis, G.; Berti, Appl Catal. B: Eniron.

is an important concept frequently overlooked in attempts to 1998 18, 1. ) ) . )

derive molecularly detailed mechanism of NECR chemistry. yy{ichad o1 hip:wwwost goviiovideer2001 deer200duksp il
If t_he homogeneous, thermal d_eNGhem'S_try can serve as a (12) Dean, A. M.; Bozzelli, J. W. iGas-Phase Combustion Chemistry
guide, the absence of accessible reaction channels betweemardiner, W. C., Jr., Ed.; Springer: New York, 2000; pp +281.
activated reductant and,@s at least as fundamental to NO (13) Wolf, M.; Yang, D. L.; Durant, J. LJ. Phys. Chem. A997, 101,
SCR as is the existence of reaction channels with NO, and is 6243. ' _

an important property both to be probed experimentally and to (%) Abou-Rachid, H.; Pouchan, C.; Chaillet, i@hem. Phys1984

be captured in molecular-level models. (15) Vandooren, J.;, Bian, J.; Van TiggelenJPCombust. Flam&994

: 98, 402.
Conclusions (16) Walch, S. PJ. Chem. Phys1993 99, 5295.
Any useful system for catalytically reducing Nan lean (17) Harrison, J. A.; Maclagan, R. G. A.; Whyte, A. &.Phys. Chem.

1987, 91, 6683.

exhaust must have as its basis very high selectivity for reactions (18) Diau, E. W.-G.. Smith, S. G. Chem. Phys1997 106, 9263,

of reductant with NQover G, both to counterbalance the large L .

thermodynamic prcéferen?e for oxidation reactions andg to (19) Sumathi, R.; Peyerimhoff, S. . Chem. Phys1998 108 5510.
- S : (20) Bozzelli, J. W.; Dean, A. MJ. Phys. Chem1989 93, 1058.

overcome the large disparities in concentration betwgen small (21) Marcy, P. T. Heard, E. D.; Leone, R. $.Phys. Chem. 2002

amounts of N@and large amounts of background. ®Vithin 106, 8249.

a limited range of conditions, this selectivity is achieved without  (22) Gilardoni, F.; Weber, J.; Baiker, A. Phys. Chem. A997, 101,

catalysts in the thermal deN@rocess. NHradicals generated =~ 6069.

in situ from NH; are many orders of magnitude more reactive ~ (23) Park, J; Lin, M. CJ. Phys. Chem. A997 101, 5.

toward NO than @ NH, radicals form a strong bond with NO cﬁﬁﬁgggig’ 2T 45R-? Hanson, R. K.; Kruger, C. Proc. 11th Int. Symp.

to produce HNNO, which provides an entrance into rearrange- 25) P.ark - Liﬁ M. CJ. Phys. Chem1996 100 3317

ment channels ultimately yielding the desired producisahd 26) Takéya'&a T ,'v“ya'ma |_|'3u” Chem. Soc me965 38 8

H,O. What is unusual in this system, though, is not the fast v : I W o

X h . i (27) Michael, J. V.; Klemm, R. B.; Brobst, W. D.; Bosco, S. R.; Nava,
rate of the NH + NO reaction-in fact, this reaction proceeds p. F.J. Phys. Chem1985 89, 3335.

at rates comparable to those of other raditaNO reactions. (28) Fuijii, N.; Miyama, H.; Koshi, M.; Asaba, TSymp. Proc. 18th Int.
Rather, the key feature that underpins thermal dei@e very Symp. Combus981, 873.
slow reaction of NH radical with Q. The HNOO adduct is (29) Hack, W.; Horle, O.; Wagner, H. Gg. Phys. Chem1982 86,

weakly boqnd, an.d fragmentaﬂoq back to regctants competes (30) Baulch, D. L.; Cobos, C. J.: Cox, R. . Phys. Chem. Ref. Data
very effectively with channels ultimately leading to NO and 1995 21 411.

H.0. Th_is weqk binding and_slow_reaction is characteristic of  (31) Tyndall, G. S.: Orlando, J. J.; Nickerson, K. E.Geophys. Res.
O, reactions with heteroatomic radicals, such as F, OH, o5, NH 1991 96, 20761.

but not of reactions with H or carbon-centered radicals. Its  (32) Sarkisov, O. M.; Cheskis, S. G.; Nadtochenko, VA#&ch. Combust.

origins lie inz repulsions and weak bonding between ©and 1984 4, 111.

electron-rich radicals. (33) Duan, X.; Page, M. Mol. Struct. (THEOCHEM}995 333 323.

These observations offer a different perspective on the (2? 'I‘D/'_i”er'EJ' VC'ff'aff’:f\’/' Pint. JMC:eg‘: Ei”eltﬂlgég S’; 75C7'h
selective catalytic reduction of NQvith NH3 or hydrocarbons. 19s(94 %,8 fgé4_' - YU, Tovagner, M. A G Lin, M. G4 Fhys. Lhem.
Effective catalysts clearly must be able to bind and activate 36y pean, A. M.; Hardy, J. E.; Lyon, R. KProc. 19th Int. Symp.

reductants and to maintain or enhance selectivity in reductantCombust1982 97.

reactivity between NO and OWhile mechanistic emphasis (37) Hennig, G.; Klatt, M.; Spindler, B.; Wagner, H. Ggunsen. Ber.
tends to be placed on understanding the reactivity of, Nit Phys. Chem1995 99, 651.
absence of reactivity with Ois at least as important to (38) Votsmeier, M.; Song, S.; Hanson, R. K.; Bowman, CJTPhys.
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