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The doublet potential energy surfaces involved in the decomposition of the nitromethane radical
anion (CHNO, ) have been studied by using the multistate extension of the multiconfigurational
second-order perturbation metha®S-CASPT2 in conjunction with large atomic natural
orbital-type basis sets. A very low energy barrier is found for the decomposition reaction:
CH3;NO, —[CH3NO,]”—CH;+NO, . No evidence has been obtained on the existence of an
isomerization channel leading to the initial formation of the methylnitrite anion ;@ND")

which, in a subsequent reaction, would yield nitric ox{t). In contrast, it is suggested that NO

is formed through the bimolecular reaction: £HNO, —[CH;0-N-O]” —CH;O™ +NO. In
particular, the CASSCF/MS-CASPT2 results indicate that the methylnitrite radical anion
CH;ONO™ does not represent a minimum energy structure, as concluded by using density
functional theory(DFT) methodologies. The inverse symmetry breaking effect present in DFT is
demonstrated to be responsible for such erroneous prediction200@ American Institute of
Physics. [DOI: 10.1063/1.1772357

I. INTRODUCTION tion [MBPT(2)], and electron-attached equation-of-motion

Electron attachment to the ground state of nitromethan&°UPIed-ClustefEA-EOMCC) theories. They found that the
(CH3NO,) may form a dipole-bound state or a conventionallowest dipole-bound state of nitromethane radical anion ex-
(valence-bounganionic staté:2 The Rydberg electron trans- hibits a structure very similar to neutral nitromethane, while
fer collision experiments of Lecomtet al? indicate that the geometry of the valence-bound ground-state radical an-
both forms of nitromethane radical anion are not connectePn shows a tetrahedral arrangement of the nitrogen atom.
by a substantial barrier, but are readily interconverted. Thé&xperimentally, the electron affinitie€EA) related to the
dipole-bound anion would be considered as a doorway statealence- and dipole-bound states were measured as 0.26
to form the conventional anich. +0.08 eV and 123 meV, respectively. Contradictory re-

An important issue controlling the electron attachmentsyits were however obtained at different levels of theory.
mechanism is the dipole moment of the system. Fermi angkegarding the calculation of EA for the valence-bound an-
Teller predicted that a fixe¢honrotating dipole should bind ion, the MBPT2) method failed to yield a bound structure

in elecéror:mwhgn thg 2‘)0'2 momt()alpthsdlarger than 1|'62? Dror the system, while coupled-cluster methods were found to
ater, Crawtford an arrettestablished that a molecule o extremely dependent on the selection of the one-electron

should permanently bind an electron when its dipole momeng _ .
was higher than=2.5 D. The dipole moment of neutral ni- basis set. A usually accurate approach suchGEST)]

tromethang3.46 D° is well above this lower limit. Indeed, proQuced errors close to 0.3 eV even using large and diffuse
the nitromethane radical anion (GNO;) can be formed paS|s sets. Instead, DFT/BSLYP results were preferred-, yield-
from the neutral molecule (C#NO,) by different experi- "9 & value of 0.22 eV, in close agreement with experiment.
mental methods(i) electron impact;” (ii) collisions with N contrast, calculations on EA for the dipole-bound state
atoms in highly excited Rydberg state&or (iii ) collisions ~ Were found to be converged with the diffuseness of the basis
with alkali atoms’® Gruzdkov and Guptd have also pro- set at different levels of theory. A value of 13 meV was
posed that CENO; is an intermediate in the decomposition obtained with the EA-EOMCCSD method, a result which
of amine-sensitized nitromethane shocked to 12—17 GPaicely agrees with the experimental value, 12 me\ater,
peak pressures. Gutsev, Jena, and Bartl¥tstudied the valence-bound meth-
Both valence- and dipole-bound anionic states ofyinitrite radical anion (CHONO™) with similar methods.
CH;NO, have been studied by Gutsev and Bartfettith  Two stable isomergérans andcis) were characterized at the
the density functionalDFT/B3LYP), many-body perturba- MBPT(2) level. A remarkable result of their work was the
anomalous long distancg1.95 A) predicted for the
dElectronic mail: arenas@uma.es CH30-NO™ bond. The computed adiabatic electron affinity
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Laos NO =1.222
c %_& r=1432° c 152 F180.0° o _
: s 1.267 FIG. 1. Optimized geometries at the CASSCF level on
@ © .,0‘ the_A dc_)ublet and singlet potentia_l energy surfaces of the
anionic and neutral species of nitrometha(ae Doublet
NO=1.277 116.4° minimum of the radical anion of nitromethar(®) TS1,
1.931 doublet transition state leading to GHNO, ; (c) TS2,
c — (h) doublet transition state leading to @B +NO; (d)
o van der Waals type complex formed by the methoxy
() ©=559i 1.942 NO- =1.202 anion (CHO™) and nitric oxide(NO); () singlet mini-
c I'=151.6° mum of nitromethaneff) singlet transition state for
) e NO =1.321 neutral nitro-to-nitrite‘ i@merizgtiprﬁg) singl(ft mini-
c 2687 NO’=1274 ' 1.202 mum of transmethylnitrite; (h) nitrite ion (NG, ); and
! ) r=650° 6 o=108i .;Ox. (i) nitrogen dioxide (N@). I' is the ONO-C dihedral
NO =1.376 | angle. The arrows in the structures correspond to the
1634 NO? <1174 133.9 imaginary mode for the transition states. All the mo-
© o=1233i R ) lecular structures in this work have been plotted with
£15 W [=1800° O the program MacMolPI{Ref. 33.
c 1356 NO’=1.158 NO =1.438
T Pp®us T80 G

@ ®

(0.60 eV at the DFT/B3LYP levglfor CH;ONO was some- though smaller basis sets and the addition of more diffuse
what higher than that of CHNO,. uncontracted functions were tested in order to check the con-
In the present work, several processes involving the nivergence of the obtained results.
tromethane (CENO,) and its valence-bound radical anion Calculations were initially performed at the complete ac-
(CH3NO,) have been studied at the CASSCF and MS-tive space self-consistent fiel@ASSCH level of theory as
CASPT2 levels of theory. Our goal was to establish accuraténplemented in themMoLcAS 5.4 program:® Hereafter,
dissociation paths leading to the formation of N@r NO.  CAS(Ne,Mo) means the active space built by distributNg
Only valence-bound anionic states will be addressed. Firsglectrons inM orbitals. After optimization, the stationary
the dissociation channel yielding the nitrite anion and pro4oints (minima and saddle pointswere characterized by

ceeding via doublet potential energy surfaces and related teir CASSCF analytic harmonic vibrational frequencies
the reaction computed by diagonalizing the mass-weighted Cartesian

B B force constant matrix, i.e., the Hessian matiix
CH3NO, —CH;+NO;, Additionally, the energies of all the critical points have
was studied. Second, the nitro-to-nitrite rearrangement ~ been recomputed with the multistate extension of the
_ B multiconfigurational ~second-order perturbation theory
CH;3NO, —CH;ONO (MS-CASPT2.2® The CASSCF wave functions were there-
was also analyzed. This process would explain the observdore used as reference in the second-order perturbation treat-
tion of O atoms in collisions of alkali atoms with ment, freezing the 4 electrons of the carbon, oxygen, and
nitromethan@ or in electron impact experimentss it will nitrogen atoms as determined in the CASSCF calculations.

be shown, no evidence of the existence of the isomerizatioh© minimize the contamination of the pertubated wave func-

channel toward CEDNO™ was obtained. In contrast, it is tion by intruder states, the technique of the imaginary level

found that the bimolecular process yielding methylnitrite Shift'” has been introduced when necessary.

radical anion is an alternative path which actually leads to ~ Whereas the theoretical treatment of dipole-bound an-

nitric oxide (NO) formation ions represents a serious challenge for the conventional

_ B B methods of quantum chemistry, the valence anions can be

CH;+NO; »[CH;0-N-0] " — CH;0™ + NO. treated with usual methods, provided that the stability of the
Additionally, the present study demonstrates that the motesults with the one-electron basis set is checRed.

lecular arrangement of GJONO™ predicted by the DFT DFT calculations have been carried out with the B3LYP

methods as an energy minimum is a spurious result obtaine@onlocal exchange correlation functional as implemented in

because of the inadequate treatment of the charge distribthe GAUSSIAN 98 set of program in conjunction with the
tion at long internuclear distances. cc-pVDZ andcc-pVTZ basis set? supplemented with dif-

fuse functions on all the atoms.

Il. METHODS OF CALCULATION Ill. RESULTS AND DISCUSSION

dﬁ‘ Electronic structure of the valence-bound state

Generally contracted basis sets of atomic natural orbit X : :
of nitromethane radical anion

(ANO) type obtained from C,N,O(59p4d3f)/H(8s4p3d)
primitive sets® the so-called ANO-L basis sets, were usedin ~ The symmetry of the optimized valence-bound ground
all the calculations. The final results were computed usingtate of the nitromethane radical aniorGg, with a tetrahe-
the C,N,Q4s3p2d1f]/H[3s2pld] contraction scheme, al- dral arrangement at the nitrogen atpRig. 1(a)]. The occu-
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TABLE I. MS-CASPT?2 energies of the doublet and singlet potential energy surfaces of nitrom&thane.

Geometry w§ MS-CASPT2 ZPE AE (eV)?
Anion [Fig. 1(a)] 0.83 —244.626 40 0.13 —-0.18
TS1[Fig. 1(b)] 0.82 —244.584 05 0.12 0.96
TS2[Fig. 1(0)] 0.8% —244.580 68 0.12 1.05
VdW [Fig. 1(d)] 0.84 —244.609 26 0.12 0.27
CH3;+NO; 0.83 —244.593 19 0.10 0.70
VEA 0.8 —244.604 98 0.12 0.46
NitromethangFig. 1(e)] 0.86 —244.620 22 0.14 0.0

(0.86° (—244.620 2F

TSY [Fig. 1(f)] 0.85 —244.509 62 0.13 3.00
Methylnitrite [Fig. 1(g)] 0.86 —244.612 28 0.14 0.21
CH;+NO, 0.83 —244.521 16 0.11 2.66

@ANO-L basis sets, CAS (¥110).

PWeight of the CASSCF reference wave functi@).

Zero point energy in eV.

‘YRelative energy referred to neutral nitromethane, ZPE correction is included.
flmaginary level shift appliedLS=0.1).

fElectron affinity must be read with the sign reversed.

pied Hartree—Fock molecular orbitals of the neutral moleculeEA=E4(N) + ZPEy— E¢(A) — ZPEx=AE ¢+ AE ¢, (1)
in its ground state are.
VEA=E(N)+ZPEy— E¢(N™)—ZPEy-

=AEq+AEn, (2

150,150,15N;15¢,250,250 , T cHs 2SN s TNO s TTNO s TNO 5

OcH,0cH,N00,0cN,NTo

where the subscripts indicate the dominant character of eactilereN and A refer to the minimum energy geometries of
orbital. the neutral and anion species, respectively, BgeN ™) rep-

The selected molecular orbitals of the radical anion in-f€S€nts the electronic energy of the anion computed at the

cluded in the active space were those arising from all th@&ometry of the neutral molecul®ig. Xe)] -
molecular valence orbitals plus their corresponding anti- !N order to compute the ZPE correction ®° (a
bonding orbitals, with the exception of thes Drbitals on nonstationary point the. V|brat|on§1I frequencies are _obtalned
oxygen and the three(CHs) orbitals. Therefore, the active 2&fter the energy gradient, rotations, and translations were
space comprises 11 molecular orbitals and 15 electrons. Thgrqect;d out of the geometrical Hessian according with
choice is coincident with the previous one we used in théed- (3)
neutral moleculé,l’zzwhich was able to prevent the symme-  pjp_ (1 _py(1-p), 3
try breaking of the wave function. At the employed levels of
theory, the extra electron of the valence anion occupies thehereH is the 3N x 3N Hessian matrixHF is the projected
mrno(A) orbital which corresponds to the LUMO orbital of force constant matrix, anél is the projector, a B 3N ma-
the neutral molecule. trix, which in turn is the sum of seven matrices built from the
At the CASSCEF level, the energy of radical anions tendaunit vector that points along the mass-weighted gradient and
to be overestimated with respect to that of the correspondinthe six IN-dimensional unit vectors that correspond to infini-
neutral molecules, although the results represent, howeveesimal rotations and translatioffs The discussed energy
well-localized solutions for valence-bound states indifferences will include hereafter the vibrational zero-point
anions?3~2° Therefore, the usual computational strategy ofcorrection.
obtaining optimized geometries at the CASSCF level and As displayed in Table I, a negative vertical electron af-
performing fixed-geometry CASPT2 calculations can befinity for nitromethane of-0.40 eV is computed at the MS-
used safely, considering that has proved its accurac€ASPT2 level. The attachment of an electron to the neutral
beforeZ® Prior to the discussion of the reaction paths leadingsystem is therefore not favored in these conditions. In con-
to the breaking of the C—N bond in nitromethane radicaltrast, the “adiabatic” result EA yields a positive value 0.18
anion or to its isomerization to methylnitrite radical anion eV and, consequently, the valence anion is proved to be more
(CH3;0ONQO™), all stationary points on the doublet potential stable than the neutral compound. The computed value is in
energy surfaces are present&iy. 1). For the sake of com- good agreement with the measured datum 8268 eV}
parison, the geometries of the corresponding neutral comdnlike previousab initio results[MBPT(2) and CCSDT),
pounds are also included. see the discussion in the introductjothe MS-CASPT2
The CASPT2 energies of all the species studied in thizvalue proved to be stable with respect to changes in the ANO
work are collected in Table I, as well as the zero-point en-one-electron basis set. For instance, removing polarization
ergy (ZPE) correction to each structure. The electron affinity functions from the basis set$ on C, N, and Qjust reduces
(EA) and vertical electron affinitfVEA) of CH;NO, are the EA to 0.16 eV. On the other hand, several tests were
computed according to Eg&l) and (2), respectively, performed in which the diffuseness of the basis functions
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-244.480 CAS(1e,10). (3) The final dihedral angle between the re-
-244.500 CH, +NO," CAy) spective planes containing the gnd NG radicals is 90°.

A small exit barrier for CHNO, decomposition into
CH; and NG (*A,) is observed in the interpolation curve
[Fig. 2@]. In contrast, the dissociation of the neutral com-
pound[Fig. 2(b)] takes place without any exit barrier. Actu-
CH, + NO-('A) ally, we were able to locate the doublet transition sfa®1,

Fig. 1(b)] leading to the dissociation of GNO, into CHs

A i | | | | and NG, (ground states of methyl radical and nitrite jon

15 20 25 30 35 40 45 TS1 is placed 18 kcal/mol above the minimum of {HD,
dENA and 14 kcal/mol above the computed vertical electron affin-
FIG. 2. CASPT2 potential energy curves of the valence-bound state of thity (Table ). Therefore, the valence-bound anion is stabilized
nitromethane radical aniorf4’) and neutral nitromethané4’) leadingto  against dissociation.
dissociation into CHand NG, or NO,, respectively(a) Doublet potential In addition, the heterolytic C—N bond-breaking of ni-

energy surface, the starting point is the minimum of the anion and the finab, . . )
point is the arrangement corresponding to noninteracting methyl radical a 'omethane has been StUd[&jg‘ 20)] by forcing the disso

nitrite ion fragmentsyb) singlet potential energy surface, the starting point ciation fragments to reach the methyl cation @'.)Hand ni-
is the minimum of the neutral molecule and the final point is the arrange{rite anion (NQ') at their respective geometries. The final
ment corresponding to non-interacting methyl radical and nitric oxide frag-e|ectr0nic structure for these molecular arrangements corre-

ments; and(c) singlet potential energy surface, the starting point is the . .
minimum of the neutral molecule and the final point is the arrangemenISpond(':'d instead to the neutral fragments. Accordingly, we

corresponding to noninteracting methyl radical and nitrite ion fragments;,consider that heterolytic dissociation in the gas phase has to

however, the electronic structure of the N@agment corresponds to the be ruled out.
radical not to the anion.

-244.520+
CH, +NO, (A,
244,540
-244.560 —

-244.580

Energy (a. u.)

-244.600 —
-244.620 -

was increased, just with the purpose of checking the stabilit)? Does an isomerization channel for CH -~ sNO,

. . 0 CH3;ONO™ exist?
of the results. When uncontracted diffuse functions were
added at the charge centroid of the molecule, different be- The first question rising in this section is, Does the ni-
havior was found for the states of the anion. Starting withtrite anion isomer CEONO™ actually exist? DFT/B3LYP
exponents of the primitives similar to those typically used toresults[Fig. 3(d)] seem to support the hypothesis, yielding an
compute Rydberg stat®gfrom 0.024 to 0.000pand scaling optimized minimum structure with an anomalous long
by different factors: 0.5, 0.1, and 0.01, the stabilization of theO—NO distanc&1.890 A), similar to that obtained with pre-
MS-CASPT2 results could be analyz&dThe lowest solu-  vious EA-EOMCCSD and MBP[®) results*?
tion, clearly the dipole-bound state, proves to be extremely In contrast, the structure optimized at the CASSCF level
dependent of the employed exponents. On the contrary, tHéig. 1(d)] should not be considered as the energy minimum
valence-bound anionic ground state remains stable withief a conventional molecule, but more likely to be a van der
0.05 eV. The use of flexible and balanced ANO-type basigVaals-type complex. Several features of the system support
sets is behind this behavior. They have proved to be accuratbis assumption(i) the distance between the centers of both

to deal with valence-bound anionic states in differentfragments is quite largeé~4 A); (i) the vibrational analysis
systemg>=2° shows very low frequencies for several modes; @inglthere

B. Dissociation of the radical anion into methyl Is a perfect charge separation between both fragm®(s
- o _ and CHO), i.e., NO is neutral while the methoxy fragment
radical (CH3) and nitrite ion (NO3) h
as charge-1.

Figure 2 displays the CASPT2 potential energy curves In order to solve this apparent discrepancy, we have
(Cs symmetry for the dissociation of the ground electronic computed the dissociation curve of th@nsmethylnitrite
states of the radical anion and the neutral molecule, yieldinganion” [CH;ONO™, Fig. 3d)] at the DFT/
as final products N® plus CH; in the doublet statéFig. B3LYP/aug<cc-pVDZ level (Fig. 4). The electronic energy
2(a)] and NG plus CH; on the singlet surfacgFig. 2(b)], increases as the molecule approaches the dissociation chan-
respectively. These curves have been obtained via interpolael, that is, there is no tendency to reach an asymptotic limit.
tion between the stationary geometries of Fige) br 1(e) In the inset of the same figure, the charge on the NO frag-
and those corresponding to the isolated fragments, NO ment is represented along the interpolation path. An unphysi-
[Fig. 1(h)] or NO, [Fig. 1(i)], and CH. Additionally, the cal behavior is observed: The emerging products are ab-
following restrictions have been imposed) In all the in-  surdly charged at the dissociation limit (B~ +NO”~,
terpolations the final C—N distance is 4.5 A. This choice isé+y=+1). In fact, both observations are two well-known
based on two criteria fulfilled in the ground state of the neu-flaws of the DFT methods due to the so-called inverse sym-
tral molecule(i) there is no significant gradient of energy at metry breaking effect, a term coined by Bally and S&Stry
this distance andii) the charges of the resulting fragments who reported it. The name of this spurious effect comes from
are already zerd?2) The geometry of CKlat the end of all the fact that the charge localization of the density functional
the interpolations is always the optimized structure of itsmethods contrasts with that obtained from some self-
ground state as obtained by performing a ROHF calculationconsistent-field results(sSCFH methods when symmetry
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1.463 - NO =1.252 (1.259)
. (1.467) NO =1.301 (1.306) . Fiaes .
5 T =147.7 (146.4) ! NO’ =1.314 (1.317)
(}:;9)2) s FIG. 3. Optimized geometries on the doublet potential
@=0221 energy surfaces of the nitromethane radical anion at the
(@) (0.0 6V); EA = 0.38 6V © (118 eV) DFT/B3 LYP/augcc-p\(TZ Iev_el. (@) Doublet mini-
# mum of the radical anion of nitromethan®) TS1per,
doublet transition state leading to @HNO, ; (c)
TS2ye7, doublet transition state for the bimolecular re-
1367 action [Eq. (5)]; and (d) “minimum” of trans
2.158 NO=1221¢1257) (1.373)_ 1.890 methylnitrite anion. Relative energiés electron volt$
(2"75)_& o o0 referred to the minimum of the radical anion. In paren-
4 T =B S o’). 1199 theses, DFT/B3LYP/augc-pVDZ values.
(1.208)
©=295i
®) 0.83¢eV) @ (-0.10 eV)

breaking is present. While the symmetry breaking deficiencyenergetically and structurally to TS2. Starting at FS2
of the SCF methods localizes the charge in one of the dissceig. 5 displays an intrinsic reaction coordinate profile com-
ciating fragments, inverse symmetry breaking favors an inputed at the DFT/B3LYP/augec-pVDZ level. The forward
correct delocalized electron density distribution. Xieal®*®  direction would lead to formation of the methoxy anion,
have pointed out that this effect may be an intrinsic defect oCH,0~ plus NO, while the reverse path would end at the
the non-Hartree—Fock exchange functionals, yielding ajissociation products (CGH-NO,). In the same figure, the
physically incorrect picture of the potential energy surfacesCASPT2 linear interpolation is represented as an inset, start-
Inverse symmetry breaking has been reported as a commafg at the CASSCF TS2 transition stdf&ig. 1(c)] and lead-
phenomenon appearing in the dissociation of radical ionsng to the van der Waals type complEsig. 1(d)], precursor
with two equivalent fragments:*’ Recently, we have found of the dissociation CED~ +NO. Consequently, the previous
the effect in the dissociation of neutral nitromethane intoresults indicate that TS2 is the transition state for the bimo-
methyl radical and nitric oxidé In fact, it is well known |ecular reaction
that present-day functionals yield erroneous results for
highly charged systems, charge transfer situations, molecules
including atoms with higlZ, or for cases which are not well
described by a single reference wave functlb?f

Once established that the methylnitrite radical anion We must conclude that methylnitrite radical anion
DFT structure represents a spurious solution, we have carg&H,ONO ™ is not stable and represents a transition state
fully searched on the doublet potential energy surface in thetructure. Previous characterizations performed for the same
expected region of the nitromethane-to-methylnitrite radicakpecies at the MBR®) level of theory should be questioned
anion “isomerization.” The only transition structure found in pecause of the intrinsic inaccuracy of the methodology in
this domain of the potential energy surface was that we lathis type of systems. For instance, the nitromethane radical
beled TS2[Fig. 1(c)]. This geometry is found at the DFT anion is not bound at all at the MBIZ level, and the errors
level as well TS2per, Fig. 3(c)], and it is quite similar both  in the adiabatic electron affinities are larger than 0.4 eV.

CHy+NO, —[CH;-0-NO]~—CH;0™ +NO.

-245.045 ‘
,,(' 5% -245.020
-245.050 |
-245.030 —|
g -245.055 _ v
E g 245000 é i
S 245060 = Voo o o
2 B .
] B -245.050 —| e [ ,.
A 245065 2 ; }; g [ ,6\. 8
-245.060 —|* . [
-245.070 - 244,535, o
1 .89 o s o 2 wse— R
Y O’. . -245.070 1 I T 1 1 T
-245.075 { { 1 4 3 ) | 0 1 2 3 4
0 5 10 15 20 Reaction Coordinate
Interpolation Step
FIG. 5. IRC starting at the TSRy transition state
FIG. 4. Interpolation curve at the DFT/B3LYP/aug-pVDZ level leading (DFT/B3LYP/augec-pVDZ). Forward direction ends at the methylnitrite
from cis-methyinitrite to dissociation into methoxy anion (gBf") and “minimum.” Backward direction ends at the dissociation products. The en-
nitric oxide (NO). The charge on the NO fragment along the interpolation ergy profile for the TS2 to VdW geometries at the CASPT2 level is repre-
path is represented in the inset. sented in the inset.
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