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High level ab initio calculations have been performed to investigate the mechanism of the ion—
molecule reaction Ng#C,H, . Three channels, covalent complex formati@c), proton transfer

(PT), and charge transfeiCT) have been studied. Among the two pathways found for the PT
channel, one leads the reactants M&,H; to NH; +C,H(?II) through a moderately bound
complex without any barrier, and the other leadsNHC,H, to the H-atom transferred products
NH, +C,H(?S ™) with a modest barrier. These findings support the fast “stripping” mechanism
proposed by Andersoret al. As to the CC channel, several isomers ofHIN™ and the
isomerization transition states have been located. No significant barrier relative to the reactants has
been found on either the ground or th&” excited state. To rationalize the experimental fact that
no CC channel products have been observed, it is argued that the reactast€iE correlate
adiabatically to excited states of covalenyHgN™ species, whose formation requires significant
alternation of the gH, geometry and electronic structure. Therefore, the system is most likely to
follow the PT or the CT channel instead of visiting the CC channel. For the CT channel, limited
potential energy surface scans of the three electronic state$A142A”) indicate that CT at
different approach angles or between electronic states of different symmttiesA’ ,A"—A")

may produce final products of different characteristics, and might account for the two pathways
proposed by Andersoet al. © 1998 American Institute of Physids$$0021-960608)02510-(

I. INTRODUCTION lyzed. There are three product channels observed over a wide
. _ range of the center-of-magg.m) collision energy range
The potential energy surfaces for polyatomic systems argom 0.1 to 5 eV: charge transf¢€T, ND;) CT with H/D
usually very complicated, and often consist of intermediatebxchange(ND2H+) and proton transfe(PT, ND;H*). The
complexes of very different chemical natures. These comMratio of the CT and PT channels has been estimated to be
plexes may or may not be separated by large barriers depengp:20 at low collision energy, and the charge-transfer chan-
ing on the type of reorganization of atomic and electronicyg| hecomes dominant as the collision energy increases. Sur-
configurations required. Typical examples are[tHéN,C,0l  prisingly, no evidence for the formation of the stable

. .
and[H,N,C,Q]" systems, where a large number of |nterme-CZH5N+ intermediates has been observed, despite the exis-

diateg and transition states Sﬁnnecting them at different enz e of several strongly bound isomers. The H-abstraction
ergetic ranges have been founth such cases, a fundamen- channel, which was dominant at high collision energy for

tal question that often arises is how much configuration[he isoelectronic system of ,8; +CH 3 10 produce
2= 4

space the molecule visits with certain initial conditions. Can_ . X . -
one sample a particular part of the configuration space sele(t%zH3 :NHZ’ twas ?Ot obzerveq[ elthter. Itf's nothsurpr:smég that
tively by somehow altering the initial conditions? In the € charge-transier and proton transter channeis become

cases where a large barrier exists between different region@P€n for the NH system, compared to the Gldystem, due

it is clear that some special technique has to be employed £ thermodynamic reasons. However, the thermodynamic

sample the isolated territory on the potential energy surfacd’roperties for the complex channel and the H-abstraction

In the past decade or so, exciting laser techniques such ghannel are qualitatively similar for both systems. Therefore,

photodetachment have been well developed and applied ibis really intriguing why these channels have been observed

many systems to probe particular parts of the potential enéxperimentally for GH, +CH, but not for GH, +NH; over

ergy surface. In some molecular systems, however, a certaf Wide range of collision energy.

part of configuration space is rarely visited, not due to high ~ The velocity distributions of the PT channel products are

barriers around them but because of the existence of songérongly backward peaked, even at low collision energy. The

dynamic bottleneckThe system of @4, +NHs, which was ~ portion of the energy that was partitioned into product recoil

recently studied by Anderscet al,? belongs to this class.  has been estimated to be rather large at any collision energy,
In the experiment, the product ion recoil velocity distri- much larger than expected for statistical distribution into all

butions from the reaction of 205|2++ND3 have been ana- the degrees of freedom. All these observations suggest that
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PT is a direct channel with a proton-stripping mechanism. B3PW91 functional. For instance, the B3LYP/6-318G)
As to the CT channel, two different mechanisms seem tanethod predicted a nonlinear equilibrium structure for the
exist. At low collision energy, the recoil velocity of the prod- ?IIC,H, whereas the B3PW91/6-311Gp) calculation
uct ND; and NDH® are very similar and forward— gave a linear geometry which is more consistent with the
backward symmetric. This implies that the charge transfeexperimental observations and previous theoretical treat-
takes place through a complex mediated mechanism, whickents. The energetics of these critical structures have been
has a lifetime longer than-1 psec. This complex seems to further improved with the G2NMRCC?® method. The
be weakly bound, as suggested by the limited H/D scramG2M(RCC) method uses the RCC$D/6-311G(,p)
bling observed experimentally. At higher collision energy,method as the highest correlation level and calculates basis
the recoil velocity distribution shifts backward in the c.m. set corrections mainly at the MP4 level. The method is very
frame. Thus at high collision energy, the charge is transaccurate, reproducing the atomization energy for the G2 test
ferred with little momentum transfer, leaving the KIvith  set with an average absolute deviation of 1.15 kcal/mol and
near zero laboratory velocity, which is consistent with ais applicable reliably to open-shell systems, such as in the
long-range electron hopping mechanism. However, it wapresent case. Since more than one electronic state is involved
puzzling to notice that the velocity distribution of NB" is in both the CT and the PT channels, we have also used the
also very similar to that of NP at high collision energy. CASSCF/6-31G(d,p)*° method to study the part of the po-
Finally, the effect of vibrational excitation in the reactant tential energy surface where surface crossing is expected.
C2H2+ on the reaction has also been examined, as in the studphe active space used in the CASSCF calculations depends
of C,H; +CH,, where a large effect has been observ@tie  on the region of the surface studied, and will be discussed in
effect is much smaller in the present system, albeit verymore detail in Sec. lll. We have employed similar methods
mode-specific. In the PT channel, the reaction is enhanced ki the study of GH; +CH,.!* The DFT and G2M calcula-
C,H, bending and inhibited by the CC stretch over the entiretions have been carried out with tkeaussiaN94 package'?
collision energy range studied experimentally. In the CTand CASSCF calculations were carried out with the
channel, both CC stretch and bending igHg inhibit the  moLPRog6 package'
reaction at high collision energy. At low collision energy, the
reaction is inhibited by~25% by the CC stretch, but en-
hanced by~30% by the HCC bending in #&15. All these lll. AB INITIO CALCULATIONS
suggest a reaction mechanism where thelvibration in-

fl h bability of a f bl Energetics of the intermediates and transition states in-
uences the probability of a favorable reactant geometry AlYolved in the reaction are summarized in Table I. The geom-

rangement, while_the branc.hi.ng between product channels Btries of these structures are shown in Figs. 1 and 4. A sche-
determined later in the collision by factors not strongly de'matic global reaction profile is presented in Fig. 2. Scans of

pendent on t'h'e reactant V|brat|on. However, the origin of thepotential energy surfaces related to the PT and CT channels
mode-specificity observed remains unclear. are presented in Figs. 3 and 5, respectively.

To see if theoretical calculations can shed some light on -, ;0 presenab initio calculations, three reaction chan-

the issues arising from the experimental work of Andersor}1e|$ are distinguished, the proton trangle) channel, the
et al,”> we have carried ouab initio studies to investigate at covalent complex formatiofCC) channel, and the charge-
first the structures and energetics of important imermediatet?ansfer(CT) channel. We shall discuss the potential energy

and transition states involved in the system. In the past, OnI¥urface and the detailed reaction mechanism for these chan-

limited calculatlfns on the covalently boynd complexes Ofnels separately in the following sections. The intermediates
the [NH5-C,H,|" system have been carried duand very

little is Kk b h f th ol ; I d:nd transition states are labeled according to the channel,
lttle Is known about the part of the potential surface relate .g.,CC_2 and PT_TS1 stand for an intermediate in the
to the CT and PT channels.

In th K h died the alobal ._covalent complex formation channel and a transition state in
n the cfurrent_worr] ,vr\]/e avefz studie I't N gho a Ip‘?te”tr'f?‘khe proton transfer channel, respectively. Before going into
energy surface, in the hope of unraveling the relationshigy, discussion, however, we first notice that several proper-

_between the potential energy s_urfa(_:e and th? reaction dynarﬂ-es of the reactants and products such as adiabatic ionization
ics. In the present paper, we first discuss briefly the methOdﬁotentials of NH (10.20 vs 10.18 eV experand GH,
we have employed in the study. The results from our calcu(ll_42 vs 11.42 eV exper.proton affinity of NH; (8.77 vs

Iation_ will pe pres.ented in Sec. lll, and the mechanﬁsm of.thea_78 eV exped, and bond dissociation energy oftg, (5.78

r_eacthn will be dlS(_:ussed bgsgd on these result; in conjungi 5 79 ey expey.and NH; (4.60 vs 4.68 eV exper. as

tion with the experimental findings just summarized abovegp v in Table I, are in excellent agreement with experi-

Finally, we make a few conclusions in Sec. IV. mental values. This provides some criteria about the accu-
racy of the method G2KRCC)//B3PW91/6-311Gq,p) em-

Il. COMPUTATIONAL METHOD ployed in the present study.

The structures of the intermediates and transition stateé‘ Proton transfer channel  (PT)

have been obtained at the B3PW&5-311G(d,p)’ level. In the experiment, the detection of velocity distribution
The more popular method B3LYP was not employed hereof NH, (or actually its isotopomer N§H ™) indicates that the

because in some preliminary calculations we found that iproton transfer channel follows a direct stripping mechanism
gave not as satisfactory results fophCand GH3 as the at even low collision energy. No examination of the final
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TABLE |. Energetics of intermediates, transition states in the reaction of\G3H; .2

Structure State  B3PW91/I PMP4/| uccsmi PMPA4/II PMPA4/III MP2/IV G2M G2M+ZPE
NH, 1A, —5655457 —56.42803 —56.42831 —56.43432 —56.45655 —56.45059
CH ’[l, —76.90366 —76.72998 —76.73115 —76.73087 —76.76391 —76.73490 0.00 0.00
NH,+CoH 0.36 0.29 0.32 0.34 0.26 0.36 0.34 0.14
CoHy+NH; -1.25 —1.44 -1.39 -1.31 —-1.43 -1.28 -1.20 -1.22
CH+NH; -0.97 ~1.13 ~-1.12 —0.99 —1.08 ~0.52 -0.01 —0.80
D(NH,—H)® 4.73 474 4.77 4.79 4.96 5.02 4.60
I.P(NHy)" -9.98 -9.70 -9.70 —-9.86 -9.89 ~10.20 —10.25 ~10.20
I.P(C,H)P —11.24 -11.14 -11.09 -11.16 -11.31 -11.48 —11.45 —-11.42
D(C,H—-H)P 5.88 5.85 5.88 5.97 6.49 6.12 5.78
PA(NH,)" -9.43 -9.46 -9.47 -9.31 -9.34 -9.13 -9.18 -8.77
PT_1 2g -1.74 174 -1.73 —1.60 -1.72 —1.48 —-155 —1.41
PT_TS1 25, -0.70 -0.71 -061 —-0.56 -071 -0.03 —0.44 -0.45
PT_TS2 2p —1.43 -1.27 -1.26 -1.13 -1.26 -1.08 -1.08 -111
CC_1_cis 2p -3.43 -331 -3.28 -3.16 -3.34 -3.01 -3.16 -2.93
CC_1_trans 2p -352 -3.40 -3.39 -3.26 —-3.42 -3.10 -3.26 -3.01
CC_1_ex 27 -1.07 -0.89 -0.94 -0.77 -0.88 -0.69 -0.81 -0.61
cc_2 2p -5.11 4.88 —4.81 —4.73 —4.95 —4.73 —4.73 4.49
CC_2_ex 2pr —-2.93 —2.60 ~259 ~2.50 —2.67 -2.61 —-2.55 —-2.15
CC_2_ex2 2p -0.3¢°
cc_3 2p 374 —-352 -351 -3.38 —-357 —-3.25 —3.40 -3.28
CC_3_ex 2pr -2.19 -1.80 -1.83 —-1.67 —-1.84 —1.60 -175 —1.60
cc_4 2p 427 —4.00 -3.97 -3.85 —4.05 -3.92 —3.86 —3.68
CC_4_ex 2pr -0.25 -0.01 -0.07 0.12 0.03 0.36 0.10 0.14
CC_TS_ex 2pr —0.49 -0.13 -0.16 -0.01 -0.17 0.05 -0.05 0.05
CC_TS_12 2p -1.74 -153 —1.46 -1.39 - 159 —-1.06 -1.36 -1.31
CC_TS_ 12 ex  2A" -0.54 -0.21 -0.22 -0.07 -0.23 -0.06 -0.09 -0.02
CC_TS_23 2p -2.16 -1.96 ~1.86 —-1.81 —-2.02 ~1.60 -1.76 -1.72
CC_TS_24 2p —-2.76 -2.32 -231 -2.19 —2.42 -231 -2.28 —-2.18
CC_TS_34 2p -1.87 ~1.59 —-151 —1.46 —-1.70 —1.54 —1.46 —1.49

3ptimized at the B3PW91/6-3116(p) level. Total energies in hartree are shown in italics for the reactants, and relative energetics respectiveQgHyH
in eV are shown for the other structures. Basis notations are: 1-6-3LpJ5( 11-6-311+G(d,p), I1I-6-311G(2df,p), IV-6-311+G(3df,2p). No ZPE
included in the relative energetics unless specified. ZPEs are calculated at B3PW91/6:p)18(el.

bThe experimental values arB(NH,—H) 4.68, I.P(NH;) 10.18, I.P(C,H,) 11.40,D(C,H-H) 5.72, PANH,): 8.78.

°This value was obtained by adding the 4.44 eV adiabatic excitation ereitfyout ZPB, calculated at the EOM-CCSD/6-311636)//EOM-CCSD/
6-31G(,p), level to the G2M(without ZPB energy ofCC_2.

electronic state of the other productHC has been carried During the electronic structure calculations, we em-
out. According to the following theoretical analysis, we no- ployed Cs symmetry, since mosib initio programs cannot
tice that two PT channels actually exist, producingHGn handle non-Abelian point group with degeneracy. For each
different electronic states. structure, we examine both t€ andA” states, and deter-
First of all, we notice that for both the reactants andmine if the electronic state € or ?A;. Interestingly, we
products of the PT channel, close lying electronic states exhave found that two PT channels have a rather different gen-
ist. For the reactants, 8, (°IT) + NH; is doubly degenerate, eral shape of potential energy surfaces. The PT1 channel in
while the low lying GH,+NHj state has no spatial degen- the 2E symmetry does not involve any entrance or exit bar-
eracy. For the products, as shown in Fig. 2HCS ") +NH; rier, and proceeds through an intermediate compi€x 1 in
is the lowest asymptote, with the upper dissociation asympFig. 1, which resembles the productsHI?Il)+NH;. The
tote GH(?IT)+NH; being only 0.50 eV higher in energy, PT2 channel, on the other hand, proceeds through a transi-
and also lower than the reactants ofH3 +NH,. If the re-  tion statePT_TSI, also in Fig. 1} and no intermediate is
action proceeds with perfect linead—C—C framework, involved. It is interesting to note that although ft state in
which might just be the minimum energy path consideringCs;, is subject to Jahn—Teller distortion in general, the effect
the favorable geometry arrangeme@t, symmetry is then is evidently very small in the case &T_1. Although the
maintained during the reaction. InCs,, both calculation is carried out ifC5, the A’ and A" states are
C,H; (?I1)+NH; and GH(?[T)+NHj fall into the doubly de- nearly degenerate, and all the vibrational frequencies are
generatéE symmetry and are directly correlated, which will real. This is not unexpected because the structufTofl is
be denoted as the PT1 channel. On the other handjery productlike, in which the ¢i(?II) state is well known
C,H,+NH3 and GH(®%*)+NH; both fall into the?A; to be linear both experimentalfyand theoretically> The
symmetry, and are directly correlated, which will be denotedexistence of the barrier in the PT2 channel is not surprising
as the PT2 channel, although it is actually aatdmthat has either, since unlike proton transfer processes, most H-atom
been transferred. transfer reactions proceed with barriers. At the
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FIG. 1. Geometriegin A and deg of reactants, products, and structures 2]
involved in the PT channels of NHC,H, optimized at the E
B3PW91/6-311/Gq,p) level. o 5
2.5
. 2
G2M//B3PW91/6-311G(l,p) level, PT_1 lies 1.41 eV be- 56—
low C,H,+NH; and PT_TS1 lies 0.77 eV above 154 \S 0.5
C,H,+NH;. '§z‘\f— = 0.
. . . +0.5 =1
To confirm that no other stationary point has been over- 14 \\\((;;
looked on the potential energy surface in this region, and NH4++C2|.|(2;)
also to examine the stability of the DFT solutions where a 0.5 T . T T T . . .
. 2 05 1 15 2 25 3 35 4 45 5
close electronic state of the same symmetry extstsh <A, R_CH

and one component fE belong toA’ in Cg), we have
carried out two-dimension& ASSCF6-31G(d,p) scans of

FIG. 3. Contour plotgin eV, relative to NH+C,H; (?[1)] of the collinear

the potential energy surfaces for both channels, and the r@ptential energy surfaces related to the proton transfer channel scanned at

sults are presented in Figs(@B and 3b), respectively. The

NIty

. - +
N 2, CT Sax GHACID
CHOID oo - 0.00 CC_TS12_ex
3 —
= PSS P \\3 N v b0 Complex Channel

&;C_l_e/x/ 240
—

062 \
oy |
122 A

NH;
"
C3H,

—
-0.80
NI

FIG. 2. The overall potential energy profiles for the reaction ogNIB,H; .
Energies(in eV) are obtained from G2M//B3PW91/6-3110) level in-
cluding ZPE.

the CASSCF(8/70)/6-31G(d,p) level; (a) is for the?E state andb) is for
the 2A,; state. See text for details.

N-C-Cframework has been fixed, so that the scan is in one
dimension. In the CASSCF calculations, the active space
consists of the following eight electrons in seven orbitals: the
;. andz* | orbitals of GH,, lone pair on NH, and the

o and o* orbitals for the C—H bond being broken. To
achieve a balanced treatment for these states and also for
convenience of convergence, we have employed a three-
state-averaged CASSCF approach. Unlike anions, the orbit-
als of cation and neutral species are rather similar, and there-
fore the state-averaged CASSCF calculation is expected to
give qualitatively reliable results. According to Figag the

PT1 channel indeed proceeds with only one late intermedi-
ate, and no transition states are involved. In Figh)3the
position of the saddle point and no existence of exit interme-
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FIG. 4. Geometriegin A and deg of intermediates and transition states involved in the covalent complex formation channel of the reactiop-@,NH
optimized at the B3PW91/6-311@p) level.

diates in the PT2 channel have been verified by the CASSCEic reaction coordinatdRC) calculations to examine the na-
calculation. However, a shallow entrance complex seems tture of this structure. Interestingly, IRC indicates that
exist according to Fig.@®). It turned out that this well on the PT_TS2 actually connects intermediaRl_1 andCC_1, a

2\, surface comes from the fact that the fixed Ni¢ometry  covalent NHCHCH' complex which shall be discussed
used in the scan is too pyramidal, therefore the reactants ilater. The scanned potential energy surfaces which will be
the PT2 channel, NgHC,H,, are destabilized too much. If discussed in the section dealing with CT also support this
one chooses a less pyramidal configuration fo;NiHe well  result. Therefore, the PT channel and the covalent complex
on the surface disappears. Indeed, optimization for’the  channel are now connected VBT _TS2 which is only 0.30
state on the CASSCF level simply leads to the separatedV abovePT_1 at the G2M/B3PW91/6-311@(p) level.

NH; and GH,.

What happens if the molecule bends and break<the
symmetry? An immediate answer is that 8¢ state retains
a similar reaction profile since it does not interact with the  For the system of @HsN*, there are a few known iso-
2N’ states. ThéA’ states, on the other hand, will undergo mers from experiment work as well as theoretical
typical configuration mixing, and as a result the two channelsalculations’ In the work of Bouchowet al.* the structures
PT1 and PT2 also mix. Namely, both productsHCS, ™) of three isomers and the transition states connecting them
and GH(%lI), can be formed from either reactants have been obtained at the MP2/6-38G{) level. These re-
NH3+C,H; or NH§+C2H2, a typical nonadiabatic scenario. sults have been confirmed in the current work by the
In addition, we have located 2\’ transition state structure B3PW91/6-311Gd,p) method, and correspond to the struc-
in Cg, PT_TS2 as shown in Fig. 1. Judging solely from the tures CC_2 (NH,CHCH,)", CC_3 (NHCHCH,;)* and
structure and the normal mode also presented in Fig. 1, on@C_4 (NH,CCHy)*, and CC_TS_23, CC_TS_24 and
may presume that this is a proton transfer transition state lIk€C_TS_34, as presented in Fig. 4. Their relationships can
PT_TS1 Since this conjecture does not agree with otheme visualized more clearly in the schematic potential profile
calculation results just discussed, we have carried out intrinpresented in Fig. 2. The agreement in both the geometrical

B. Covalent C ,HsN* complex formation channel
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parameters and relative energetics between the current ag@iency, indicating that the arrangement of the,Njrbup in
previous calculations is good. Since this part of the potentiatC_2 is much more favorable since a conjughteC—C
energy surfaces has already been discussed in the previoggstem is formed. In other words, bifurcation of the reaction
work, we will not discuss much in detail except noting a few path has to take place somewhere betw&én TS_12 and
points. First of all, the most stable isome€C_2 cc_2. At the G2M/B3PW91/6-311G{.p) level,
(NH,CHCH,) * is in a®A” state, with the electronic configu- CC_TS_12lies 1.31 eV below the reactants of NMHC,H;
ration of (7)*(m,)". Therefore, théA’ state corresponding j.e., the height of the barrier connectif®C_2 measured

to o—, excitation from this state must be very high in from CC1_transis 1.60 eV.

energy, while the’A” state of m— m, character might be Up to now, no entrance channel barrier has been found
relatively low lying. The reason for mentioning the elec- on the lowest adiabatic potential energy surface, which
tronic excited state will become clear in a moment. The in-makes it even more mysterious that no products from the
termediatesCC_3 andCC_4 are both in théA’ state, and  covalent GHsN" complexes have been found in the experi-
have the electronic configuration ofm(_J)*(ny)* and  mental worlé To possibly understand this, one has to realize
(mn-0%(nc)*, respectively. As a result, the C—N bond in one delicate question: the covalent complex@§_1 to
CC_3 and CC_4 have larger double bond character andcC_4 correlate to NH+C,H; or NHj +C,H,? In other
shorter distances than the C—N bondd€_2. Itis expected  words, does NgHC,H, produce these complexes in their
that the?’A” excited states foCC_3 and CC_4 are of #  electronic ground states, or in their electronic excited states?
—n nature and should be relatively low in energy comparedadiabatically, this is determined by the relative energetics of
to the?A’ excited states. Judging from the symmetry of electhe two reactant limits. As seen in Fig. 2, §HC,H, at
tronic states of these three complexes, one might expect thgieir equilibrium geometries are more stable than
the transition states connecti@f_2 andCC_3, CC_2 and NH3+C,H; by ~1.22 eV at the G2M level. However, we
CC_4, should adoptC; symmetry. The located transition a|so note that Nsland NH; have very different equilibrium
state, CC_TS_24, indeed has &C; structure. The other geometries, the former has a pyramidal structure, while the
saddle pointCC_TS_23, on the other hand, has a perfect |atter is planar and becomes destabilized strongly by the um-
Cs symmetry and has only one imaginary frequeney)(  brella motion. Therefore, the relative stability of the two as-
corresponding to the H-atom transfer from the N atom to thg/mptotes, NH +C,H, and NH;+C,H; , is expected to be a
terminal C atom. This result is not contradictory to any sym-sensitive function of the Niigeometry. The situation is il-
metry rule, since one observes that the,@kbup has rotated |ystrated in Fig. &), where the relative energies of the two
around the C—C bond in the transition state, namely the C—Gsymptote®¥ are scanned at the level of RCCADY

m bond has already broken, which is exactly required durings-311G(, p) as a function of the “umbrella angleZ XNH,

the transformation fromCC_2 to CC_3. Therefore, the with X a dummy along th€, axis of NH;. The value of the
character ofCC_TS_23 is correct for being the transition , XNH is 113.03° in the equilibrium NkJ and 90.0° in the
state connectin@€C_2 and CC_3, it just happens that the equilibrium NH;. It is seen that even at the equilibrium

structure isCg. structures of NH, the reactants in the experiment,
The intermediate€C_2 to CC_4 are not directly con-  NH3+C,H; are still higher in energy than NH+C,H, by
nected with the reactant of the current systemzNB,H, . ~0.5eV. Therefore, it is most likely that the NHC,H,

To fill this gap, we have searched for and obtained two isowill adiabatically correlate to excited states of these covalent
mers of structure NECHCH', CC_1_cisitrans which  C,H:N" species. In addition, it is also seen that the energy of
seem to have been overlooked in the previous studies. Agie two asymptotes crosses wheXNH is just 4° larger
seen from Fig. 4, the complex is the product of N&ddition  than that in equilibrium NK which suggests an efficient
directly to GH,. The 7 system in the GH, is broken, and a charge-transfer process with favorable Frank—Condon over-
C—N single bond is formed, with an unpaired electron left onlap at a long range. Indeed, CT is the most dominant process
the end C atom. Botftis- and trans- structures are quite in all collision energies in the experiment of Anderssiral?
stable and lie around 3.0 eV below the reactants of Since we conclude that NHC,H, should adiabatically
NH;+C,H;. The excited?A’ state must be ofr, —x} correlate to excited states of the covalent complexes, we
type, and is expected to be very high in energy. In contrasthave carried out additional calculations for these species, and
the excited?A” state is expected to be of, —n¢ nature, the resultant structures labeled witlex’ (stands for excited
and should be relatively low in energy. statg have also been included in Fig. 4. According to the
The saddle point that connecGC_1 and the more electronic configuration analysis mentioned in the discussion
stable structureCC_2 has also been obtained, which is above, we see that for all the covalent comple&&€s 1 to
CC_TS_12, shown in Fig. 4. The structure &C_TS_12 CC_4, the?A’ excited states are all expected to be very high
is also perfectlyC, and has only one imaginary frequency in energy, while théA” excited states should be relatively
corresponding to the H-atom transfer. If the reaction prodow lying. Therefore, only’A” excited states have been cal-
ceeds inCy, CC_TS_12, a 2A’ state, cannot produce culated in the current work. F@EC_3, CC_4, andCC_1,
CC_2, which is a?A” state. Keeping the symmetry of the ground electronic states &@’, and therefore théA”
CC_TS_12, geometry optimization leads to a structin®t  excited states can be obtained at the B3PW91 level by alter-
shown) similar to CC_2, but with the NH group adopts the ing orbital occupation patterns. F&C_2, two structures
orientation like inCC_TS_12. As expected, this structure with different NH, orientations have been investigated,
has all reala’ frequencies but a larga” imaginary fre- which areCC_2_ex andCC_2_ex2in Fig. 4. Since, with



J. Chem. Phys., Vol. 108, No. 10, 8 March 1998 Q. Cui and K. Morokuma 4027

1.5 90
1 ] ) 80 2n
n
] 70 |
] f;’
. &
0.5 rd . 60
3 7 g
y
< M| & / T 50
30 — S
w ] P 40
] P <
0.5 v 30
1 | 20 _|
-1 ] T
] P o 10 _|
.1.5 -IIII LB LU LELELELI LI LELELER] LELER L D
90 0 5 0 115 120 125 2 Py 4k 5
£HNX(deg)
()
90 90
80| 80 _| \o/
70 | 2 70|
1 A’ 2 a1
= 60 60_| 2 A
o 60 —_
D [=2]
3 @
T 5 T 50
Q O
é 40 0 X 40
N N
30 30 ]
20 | 20 |
10 10 |
0 0
2 Y s 2 23 EY 4 ak 5
(A)
(d)
2 1.2
15 3 1
13 0.8 ]
0.5 3 1
< ] AO.S—
] > 1
o 04 b
IV Z 04
0.5 ] k<3 ]
] 2]
1] 0.2
15 ] 04
2 Jrrrrprer e e 0.2 4 e e e
25 3 35 4 45 5 55 6 65 7 25 3 35 45 5 55 6 65 7
R(A) R(A)
(d) (&)

FIG. 5. (a) Energies(in eV) of the two asymptotes NH+C,H; and NH; +C,H, as a function of the umbrella motion, which is characterized by/th&N X

(in deg, see text for detajls (b)—(d) Contour plots(in eV) for the potential energy surface related to the charge-transfer channel scanned at the
CASSCF(®/50)/6-31G(d,p) level. The electronic states have been labeled in the figureéBNX is fixed at 110.0°(e)—(f) Potential energyin eV) and

charge population on the NHragment of the three electronic statés22A’ and?A”) as a function oR_NX (in A) upon collinear approact. NHX is fixed

at 110.0°.

the conformation of th€C_2_ex_2, the ground state A" other hand, the B3PW91 method has been used.

and therefore itéA” excited states have to be calculated by ~ As seen in Fig. 4, the geometries of the excited state
methods other than DFT, and the EOM-CCSD/structures for the covalent species reflect clearly the change
6-311G(d,p)//EOM-CCSD/6-31Gd,p) method has been of electronic configurations compared to the ground elec-
chosen in the current work. For structuz€_2_ex, on the tronic states discussed above. For instance, the C—N dis-
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tances have stretched significantly in bdl€_3_ex and requires further theoretical as well as experimental investiga-

CC_4_ex compared to those in their ground electronic tion.

states, due to the excitation ef—n. Similarly, the C-C

distance inCC_1_ex is also stretched from that i6C_1.

For the excited state dEC_2, it is interesting to note that C- Charge-transfer channel  (CT)

even though the Nk group prefers to be in th&l-C-C Among the three channels, the charge-transfer process is

plane inCC_2, the structure with NK perpendicular to the the most difficult to characterize due to its lacking the capa-

N—-C-C plane, CC_2_ex, is much more stable than bility of pinning down a minimum on the seam of crossing

CC_2_ex_2in the excited state by nearly 2.3 eV. Evidently, (MSX) structures for states of same symmetry with highly

the lone pair on Nk prefers to be decoupled from the C—C correlated methods. Therefore, our goal here is to obtain

 system in the excited state. Therefore, even without fresome qualitative feature of the potential energy surfaces that

quency analysis foEO_2_ex_2 at the EOM-CCSD level, can be used to analyze the experimental findings. First of all,

we expect that it has one imaginary frequency. Energeticallywe recall from the previous section that the two reactant

CC_1_ex, CC_3_ex, CC_2_exare all below the reactants limits, NHs+C;H, and NH; +C,H, are very close in en-

of NH;+C,Hj, while CC_4_ex is 0.10 eV above ergy, especially with minor excitation of the NHimbrella

NHz+C,H; . mode. Therefore, a favorable FC overlap is expected at long
Furthermore, we have also calculated a few transitiof@nge, which suggests an efficient long-range electron trans-

states on théA” electronic state, where attention has beerf€l Process, as observed in the experiment.

mainly focused on the entrance barrier and the isomerization W€ have carried out potential energy surface scans for

barrier betweelCC_1_ex and CC 2_ex We hope that the the three electronic states involved in the CT channel to ex-
entrance and isomerization barriers on A& excited states 2Mine the qualitative feature of the potentials when the two

+ +)
will be high in energy, so that NH-C,H: shall mainly fol-  ragments NH(") and GHo(") interact. For the scans, a
9 9y it CoH, y hree-state-averagetwo 2A’+2A") CASSCF calculation

low other paths such as CT and PT, and the experimentaﬁ1 b ; 4 Th . for fi lect .
results can then be rationalized to some extent. Unfortu: as been periormed. 1he aclive space for five electrons in

nately, the two transition states we have obtained here at thﬂeve orbitals in the CASSCF calculation includes thg,

* ; + :
G2M/B3PW91/6-311Gd, p) level are not high in energy at andm , orbitals on C?\HZ anc_i the Io_ne pairon the Nj.—|The.
all, but rather close to the reactants. More specifically C,H, part has been fixed at its equilibrium structure obtained

CC_TS_ex, a saddle point with long N—C distance of 1.97 at the CASSCF/6-31@p) level, and the H-N distance in

: .the NH; has been fixed to be 1.0 A. This leaves three degrees
A, is found to be 0.05 eV above the reactants when ZPE i f freedom:Ry, the distance between N and the center of

included in the G2M values, and the isome_rization transitior}nass of GHy, # NXC, the angle that describes the relative
state betweerCC_1_ex and CC_2_ex 2 i.e., structure  ,eniations of NH and GH, and will be referred to as “ap-
CC_TS_12_ex is 0.02 eV below NE+CH;. Since the  0aching angles” in the later discussion; and theiNX
energy of CC_TS_ex is lower than the reactants at the \yhich characterizes the umbrella motion of the khe
B3PWO1/6-311G¢,p) level, we have also tried to locate a same as defined previously. Selected contour plots of ener-
long-range complex between Nknd GH;. However, all gies at fixedZ HNX are shown in Figs. ®)—5(d).
attempts lead to the stable complex involved in the PT chan-  The contour plots in Figs.(5)—5(d) show the qualitative
nel, PT_1. Therefore CC_TS_exmight be better described feature of the three adiabatic potentials as functions of
as the transition state connectif _1 andCC_1_ex the R_NX andzNXC with 2 HNX fixed at 110°. The shape of
?A" correspondence HT_TS2in the ZA./ symmetry. Nev-  yhe 2a” state shown in Fig. () is rather simple and coin-
ertheless, the energetics GIC_TS_ex indicates that the  ¢iges with expectation. There is one potential well along the
long-range potential of théA” state is rather attractive and |inear approach of Nitoward GH3, which is expected to
no large barrier is expected. . _ lead to the minimunPT_1 upon further C—H stretch. The
In short, we have found no barriers on either the groundystential energy surface is repulsive for large angle ap-
or the?A” excited electronic states that are significantly highproaches, which is consistent with the fact that the lone pair
in energy compared to the reactants of ;tC,H; . In fact,  on NH; disfavors them, of 2A” C,H}. The shape of the
all the structures here even in tRA” excited states are be- 12a’ state is quite interesting, as shown in Figc)5 and
low 0.1 eV (the lowest collision energy in the experiment confirms many findings mentioned during the previous dis-
relative to NH+C,H,. Although we might argue that PT cussion on the PT channels. At linear approach, the potential
and CT are more efficient due to the large exothermicity inwell is of the same character as the one or’tNesurface. It
the former channel and the favorable FC overlap at longhould be emphasized once again that this well on the’1
range for the latter, it is hard to believe that no covalentadiabatic surface can correlate to the reaction limit of
CHsN™ will be accessed at all. Furthermore, sinceNH;+C,H, as well for nonlinear configurations due to
NH; +C,H, correlates to the ground state of these covalenhonadiabatic interactions. Upon approaching 60° for
species, it seems reasonable to expect that some covalenNXC, there is another deeper minimum which is related to
C,HsH™ will be formed after the CT process, especially at CC_1. Between the two wells is a saddle point, which cor-
low collision energy~0.1 eV. Evidently, the experimental responds to the structufeT_TS2. The shape of the 2A’
results that no product from the covalentHsH™ formation  surface is repulsive for all the approaching angles, which
channel has been observed at all still remains a mystery andanifests the strong interaction between the #46 states.
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It is interesting to notice the unique situation where theC,H,(*) approach with large angles, the t%8’ states in-

two fragments approach with small angles or collinearly. Interact strongly and the 2\" adiabatic state becomes repul-
this case, the configuration mixing between the &)  sjve. Therefore, there exists a good chance of the potential
states is smaller due to the fact that they belong to differengnergy surface to cross at long separation. The charge trans-
irep. ?A; and E, respectively, in exact collinear case. fer cannot take place at very far nuclear separation, however,
Therefore, the potential curves of the three electronic stategjue to the weak interaction between the electronic states and
1,2°A’ and A" may stay rather close up to a weakly therefore a small coupling element. Consequently, to have a
avoided crossing, as illustrated in Figeb The change of good Franck—Condon factor as well as a reasonably large
the electron population on the Nifragment is also shown as coupling element, an intermediate range crossing structure is
a function ofR_NX in Fig. &f). Clearly, the switching for  desired. On the other hand, the situation is rather different
the character of the tw8' states is rather sudden. when the two fragments approach with small angles close

enough to be linear. In this case, the thW& surfaces inter-

act rather weakly due to their diabatic characters and un-
D. Relationship to experiment dergo weakly avoided crossings. As a result, the CT channel

Based on the findings we have discussed above, we cdf the linear configuration case might yield products of quite
make a few comments on the experimental observationglifferent characteristics. In addition, one may also suspect
First of all, both two-proton transfer channékctually hy- that the two charge-transfer paths come from different nona-
drogen atom transfer in the PT2 channate expected to diabatic processes, namely —A’ CT andA”"—A’ CT, re-
proceed rather easily due to the low energies of the intermeSpectively. To have more quantitative results, one needs to
diates and transition states involved, which is consistent witPPtimize the MSX structures foA'/?A’, and alsgA'/?A”,
the “stripping” mechanism proposed by Andersenal? probably as a function of relative approaching angle of the

With the information from the current study, the mystery fragments. These calculations have not been carried out in
that no product from the covalent complex formation chanthe current study.
nel has been observed in the experiment, can be rationalized Clearly, more elaborate work on the CT channel and
to some extent. We argue that NHC,H; correlates to the possibly the excited states of the covalent complexes have to
excited states of the low lying covalentizN* complexes, be carried out to further understand the experimental results
and most likely to sample the?A’ and?A” surface. As we of Andersonet al? In particular, we are still puzzled as to
have seen in Secs. Ill B and Ill C, thé?&’ surface is repul- Why no products from the covalent complex channel have
sive for all the approaching angles, and therefore reaction igeen observest all. Even these low lying complexes corre-
not expected to take place on this state. Although no barridate adiabatically with the N§+C,H,, and the CT and PT
significantly high in energy has been found in Sec. Ill B, theProcesses are very efficient; one may imagine that some
2A" surface is repulsive for most approaching angles withemount, if not much, of a complex lik€C_1 can be pro-
fixed CH,, but is attractive for the collinear arrangement of duced either on théA” excited state directly, or on the
NHj:-C,HJ . Therefore, the system is most likely to follow ground electronic state after the charge transfer has occurred.
to PT channel, since significant alternation is the geometry
and electronic configuration of 8, is required to lower the 1IV. CONCLUSIONS
energy of the path leading to the covalendHEN™ com-
plexes in theiPA” excited states. In fact, we expect that the : ) :

fstudy the mechanism of the ion—molecule reaction

complex formation channel is more likely to be accessed i .
P y NH;+C,H,. Three channels, covalent complex formation,

Z;E;ritgj]g ing as well as C—C stretch are excited in theproton transfer(PT) and charge transfefCT) have been
2 .

The fact that no H-abstraction products NHC,HS studied, and the findings can be summarized as the follow-

: . ing:

have been observed experimentally can be understood in
similar fashion, albeit without any calculation. Even the (1) Two PT channels have been characterizedCip sym-
ground state products of this channel are endothermic by metry where theN—C—Cframework is linear, the reac-
0.14 eV at the G2M//B3PW91/6-3116,p) level, and there- tants NH+C,H, lead to the proton transfer products
fore the excited state products that correlate to,NB,H; NH; +C,H(°IT). While NH; +C,H, leads to the H-atom
are expected to be very high in energy. Consequently, it is transferred products Nf#+C,H(22"). The former pro-
not surprising that the channel was not observed experimen- cess proceeds without any barrier, and only through a
tally. moderately bound complex which is much productlike.

As to the charge-transfer process, two pathways seem to The later process, however, proceeds with a barrier but
exist according to the different product recoil velocity without any intermediate. On the?A state surface, we
distribution? Although it is not totally clear from the current have also located a transition state that connects the in-
study what these two paths are, one may make some specu- termediates in the first PT channel to the covalent spe-
lation. First of all, one may imagine different crossing struc-  ciesCC_1. These findings support the fast “stripping”
tures depending on the approaching angles of the two frag- mechanism proposed by Andersehal. based on their
ments. As we have seen in Sec. Ill C, the two asymptotes, experimental results.
NH;+C,H; and NH; +C,H,, are rather close in energy at (2) Although the A’ excited state of @4sH™ is expected
the NH;+C,H, geometry. As the two fragments NH) and to be high in energy, no significant barrier compared to

High levelab initio calculations have been carried out to
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