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Nitromethyl radical 1) was generated in the gas phase by collisional electron detachment from the stable
anion CHNO,~ (17) and characterized by neutralizatiereionization mass spectrometry. Radidalvas

stable on the 3.7s time scale. Laser electron photodetachment was also used to genenatgrobe it by
collisional reionization and mass spectrometry in a new experiment denct&RasIS. The heat of formation

of 1 was obtained by G2(MP2) and G2 calculations of enthalpies of atomization, isodesmic, and dissociation
reactions as 126 kJ n1dl in excellent agreement with the value from CCSD(T)/aug-cc-pVTZ calculations,
AH® 29¢(1) = 127 kJ mot™. The dissociation energy of the-& bond in nitromethane was calculated as
425 kJ mot™. No stable structure was found for singlet catibnin accord with complete dissociation of
vertically ionized1". Several anionic, radical, and cationic isomers of the general formula,]}T,®] were
identified by ab initio calculations and investigated experimentally,@¥O (2) was generated transiently
from the stable catio®" and found to dissociate completely to @Hand NO on the 3.%s time scale.
Radical2 is bound by only 2 kJ mol. Gas-phase deprotonation of methyl nitrite atiydroxyformamide,

and fluoride anion-induced desilylation of (@sBICH,ONO produced anions with the - @CH=N—OH"

(47) and/or G=CH—NH—-0O" (57) structures that were used to generate stable radiaaisl/or5. Collisional
neutralization of stable ©C—NH—-OH" (6%) formed transiently radicé that dissociated exothermically to

CO and HNOH. Cations4* and6" were found to partially interconvert following collisional ionization of
radicals4 and6.

Introduction x 10715 s), the neutral intermediates are initially formed with
the structure of the precursor ion. Following a few microseconds,
the surviving neutral intermediates and products of their
unimolecular dissociations are ionized by another collision and
analyzed by mass spectrometry. The neutral intermediates can

Se probed by collisional activatidi;? photoexcitatior, pho-
toionization!? and their dissociation kinetics can be determined
by variable-time measuremenrfsin addition, product mass
analysis is achieved readily at unit mass resolution following

Transient alkyl radicals bearing functional groups have been
of interest to both experimentali$@nd computational chemists.
In particular, the nitromethyl radicall has been considered
as a transient intermediate in gas-phase reactions in flame
resulting from hydrogen atom abstraction from nitrometh@ane.
The stable nitromethyl aniori{)* was used by Neumark and
co-workers to generate nitromethyl radicals by electron photo-

detachment and measure the electron affinityl diy photo- collisional ionization thus allowing for efficient product iden-

electron spectroscopyin addition, laser photofragmenation of tification by mass spectrometry. Several elusive molecules and
1 was studied by the same group and some of the products have y P Y-

; - . . . radicals containing NO and NQyroups have been generated
been identified following momentum selectibnlsomeric . . 20
. ; - 3 and characterized previously by NRM5:
radicals of the [C,HN,O,] family are possible intermediates Inth Kd ibed h wudied the f i f radical
in reactions of nitrogen oxides with organic molecules, although nine work described here we studied the formation ot radica

the structures and stabilities of such elusive intermediates have1 by femtose_cond collisional electron e I_n addition, we
not been established. report experimental and computational studies of several

Neutralization-reionization mass spectrometig a method isomeric radicals of the general formula [G,N,O,]. We were

that allows one to generate transient neutral species from stablémereSted In preparéng the tr_adltczzlls tl:]nambégucl)us:yg_rlqtr_n stablg
cationic or anionic precursors. Briefly, a stable ion precursor is lon preécursors and Investigate € radical stablities an

generated by the methods of gas-phase ion chemistry andunimoleculardissociations. High-level ab initio calculations were
accelerated to a high velocity (typically 100 66200 000 m used to provide ion and radical energies to assess the dissociation
s71).7 The fast ions are selected by their mass to chamya) ( and isomerization enthalpies in the gas phase.

ratips; and .a~l—10% fraction are discharged by gllarllcing Experimental Section

collisions with an atomit® or molecular target¢ The remaining

ions are deflected electrostatically to provide a fast neutral beam. Méthods. Measurements were made on a tandem quadrupole
Owing to the short duration of the neutralizing collision-2 acceleratior-deceleration mass spectrometer described previ-
ously?! The instrument was equipped with a Coherent-Innova

* Corresponding author. Tel: (206) 685-2041. Fax: (206) 685-3478. 90 argon ion laser that was operateédaV/ CW power output
E-mail: turecek@chem.washington.edu. at the main visible lines (488 and 514.5 nm). Precursor cations
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Neutraliza(t:io“h /—ﬂReionization ool quadrupole mass filter was floated &79 V to achieve unit
° 1 Mass Filter mass resolution. Several scans with laser on and laser off were

Conduit j—‘ Deceleration Lens //
Acceleration
Lens

B
wa

acquired and the scans were subtracted to compensate for the
contribution of radicals formed by collisional neutralization. The
spectra obtained by neutralization of cations followed reion-
ization to cations are denoted BiNR* and represent averages
of 30—50 repetitive scans. The spectra obtained by neutralization
— of anions followed by reionization to cations are denoted by
ﬂLaier “NR* and represent averages of-5000 repetitive scans. The
spectra obtained by neutralization of anions followed by
reionization to anions are denoted bWR~ and represent

_—%—1- o averages of 5001000 repetitive scans.

- "\% o Materials. Nitromethane, nitrometharg; dimethyl disulfide,

’ N-hydroxyurethane (all Aldrich), benzene (Fisher), nitrogen
o trifluoride (Air Products), and nitrous oxide (Matheson) were
Figure 1. Electrostatic potential settings for laser photodetachment |50 as received. Methy! nitrite and ethy! nitrite were prepared
experiments. according to a literature procedure by dropping 20% sulfuric
acid to stoichiometric mixtures of methanol and ethanol,
respectively, and sodium nitrite af @ .22 The escaping gaseous
nitrites were passed through a solution of sodium hydroxide,
dried with solid calcium chloride, and trapped-at8 °C. The
nitrites were stored at20 °C in 1 L glass ampules that were
wrapped in aluminum foil to prevent photolysis, and trap-to-
trap redistilled before use. Trimethylsilylmethyl nitrite was

+8kV _8kV
+8 kV

were generated by dissociative ionization in an electron ioniza-
tion (EIl) ion source, or by ionmolecule reactions in a tight
chemical ionization (CI) ion source. Typical El source conditions
were as follows: emission current 0.5 mA, sample pressti& 5
10 Torr, electron energy 70 eV, temperature 280 Typical

Cl source conditions were as follows: emission current 1 mA,

sample pressure {12) x 1074 Torr as measured at the diffusion . : : :

X prepared analogously by nitrosation of trimethylsilylmethanol
pumop intake, _eleptron energy 100 eV_, and tempgrature—250 (Aldrich), dried, and purified by trap-to-trap distillation. Mass
300°C. N_egatlve ions were generated in the negative Cl source spectrum vz, relative intensity): 133 (M, absent), 118 (0.4),
(NC.I) using a variety of reagent gases as .sp.ecmed below. 88 (13), 75 (12), 74 (9), 73 (100), 61 (4), 60 (2), 59 (7), 58
Typical NCI conditions were as follows: emission current 1 (13) 57’ (2), 55 (’2) 45 (’24) 44 (4)’ 43 (13’) 42 (35 30 (4)' 29

4 , , , , , : , :

”?A’ s_ample pressure {2) x 10 Torr as measured at the (4). N-Hydroxyformamide was prepared from hydroxylamine
diffusion pump intake, electron energy 200 eV, and temperature and ethyl formate according to a literature proced@ndlass
250-300 _C' ) spectrum vz, relative intensity): 61 (M, 70), 45 (2), 44 (6),

Stable ions were extracted form the ion source, acceleratedys (25), 42 (5), 33 (100), 32 (41), 31 (6), 30 (11), 29 (69), 28
by a potential drop of 8160 V to a high kinetic energy and (98), 27 (6), 26 (1), 17 (6), 16 (11), 15 (2).
discharged by collisions in a floated collision cell. For cations, ~ cgjculations. Standard ab initio calculations were performed
neutralization was achieved by collisions with dimethyl disulfide using the Gaussian 98 suite of prograthSeometries were
that was admitted at pressures to achieve 70% transmittance OBptimized at two levels of theory. Density functional calcula-
the precursor ion beam. Poisson distribution predicts that under;jgngs employed Becke’s hybrid functional (B3LY®)and the
these conditions-83% of colliding ions undergo single colli- 6-31+G(d,p) or 6-313-G(2df,p) basis sets. In addition, all
sions. Anions were discharged by collisions with & 70% structures were reoptimized using the 6+&3(d,p) basis set
ion transmittance. The radical intermediates and dissociation ity perturbational MgllerPlesset calculatioRtruncated at
products were allowed to drift 60 cm to reach a down-beam gecond order and employing excitations of all electrons, MP2-
reionization collision cell in 3.74s. Collisional activation of (FULL). Comparison of B3LYP and MP2(FULL) optimized
neutral intermediates was achieved by admitting helium in the geometries was useful for detecting possible cases of pathologi-
differentially pumped drift region to allow for 50% or 70% ¢4 behavior of either approximation. Stationary points were
transmittance of the fast beam. Reionization to cations was characterized by harmonic frequency analysis as local minima
carried out by collisions with &that was admitted at pressure (| frequencies real) or first-order saddle points (one imaginary
allowing 70% ion transmittance. Reionization to anions was frequency). The B3LYP frequencies were scaled by 9@8r
carried out by collisions with benzene vapor at 70% ion other scaling factors see refs-291). Single-point energies were
transmittance. calculated on both sets of optimized geometries using the

Laser photodetachment experiments were conducted in thecomposite Gaussian 2 (MP2)scheme that consists of a
drift region in which electrostatic potentials were adjusted as quadratic configuration interaction calculation, QCISD(T)/6-
shown in Figure 1. Precursor anions were accelerated to 8240311G(d,p)3® and a basis set expansion through MP2/6-311G-
eV and transmitted to the drift region that was pumped 010 (d,p) and MP2/6-31+G(3df,2p) calculations. In addition,
Torr. The region was maintained at8160 V to allow coupled-clusters single-point enerdfe¥were calculated with
unimpeded transmission of anions, and the ion beam wasCCSD(T)/6-311G(d,5f and used in the G2(MP2) scheme. A
coaxially irradiated with the light beam from the Ar ion laser. somewhat higher level of theory consisted of Gaussian 2
The laser beam had a focal point between the deceleration lenscalculationd’ that used basis set expansion through MP4-
and the quadfupole mass analyzer and ov_erlapped with ca. 409%SDTQ)/6-311G(d,p), 6-3HG(d,p) and 6-311G(2df,p) single-
of the fast anion peam. T.he precursor anions were stopped bypoint energies, which were combined with the MP2/6-8GE
a —8240 V potential applled_ to the reionization ce_II, yvhgreas (3df,2p) and QCISD(T) or CCSD(T) single-point energies as
neutral products passed unimpeded. Collisional ionization to described” Finally, at a yet higher level of theory a few selected
cations occurred in the reionization cell, and the_ lons were systems were treated with CCSD(T) single-point calculations
decelerated to ca. 80 eV kinetic energy, energy-filtered, and using Dunning’s correlation-consistent tripiebasis set aug-
mass analyzed by the quadrupole mass spectrometer. Thenented with diffuse functions on all atoms, aug-cc-p\FfZ.
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Results and Discussion 60

lon Preparation. The generation of transient neutral inter-
mediates by femtosecond collisional electron transfer mandates
that the ion precursors be prepared with well-defined structures.
The nitro, nitroso, and nitrite groups substantially affect ion
stabilities, so that a combined approach utilizing cations or
anions is necessary to generate precursors for radical intermedi-
ates. lon structures and relative energies were deduced from ab

58

initio calculations.

A logical precursor for the nitromethyl radical was the stable

nitromethyl anion, CENO,~ (17), which is readily prepared
by gas-phase deprotonation of nitromethéme a gas-phase

base we used the fluoride anion that was generated frogn NF
under negative chemical ionization (NCI) conditions and

provided excellent yields of iorl™.5> Proton transfer from
nitromethane to Fis 57—64 kJ moi! exothermic according
to the experimental and calculated gas-phase aciditilg()®°
of nitromethan#®—42 and HF*3

In contrast, the CED—NO™ anion @) apparently does not

arise by gas-phase deprotonation of methyl nitrite that was

reported to result in isomerization to form GICH,—O~ (37)
instead! Our attempts to generate anian by desilylation with
F~ of (CH3)3Si—CH,ONO (Scheme 2) resulted in an ion that

SCHEME 1

H, H,

.
-CH
c NO c NO 3
/ \.y
H3C/ o HaC o

e

SCHEME 2

HiG CHs _ ~ H3C\
F :
Si ONO — H,C==0----NO | + ___-Si__
ey ohy ] F CH,
2°(?7)

SHe

was identical with the product of deprotonation of methyl nitrite,
which, however, was no3~ but 4~ and/or5-, as discussed
below. Interestingly, the N—NCI mass spectrum of (G-
Si—CH,ONO was similar to the self-NCI spectrum and both
showed a prominent [C4N,O;]~ ion atm/z 60 (Figure 2). The
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Figure 2. Negative chemical ionization (NCI) mass spectra of {gH
SiCH,ONO: (top) ionization with NE/F~; (bottom) self-NCI.

= 1469-1473 kJ mot1)*4 as a gas-phase base that was assumed
to react selectively with the NH bond of AHaciq = 1433 kJ
mol~1 to form the more stabld—, while the less acidic ©H
bond of AHqcia = 1479 kJ mot? should be unreactive. However,
under HS—NCI conditionsN-hydroxyformamide underwent a
variety of ion—molecule reactions that co-formed CO&nd
CH:NS™ that overlapped withd~ at m/z 60 and represented
major contaminants.

other ions observed in the spectra were the precursor anion A cation isomer with the ©N—C—0 bond connectivity§*")

radical atm/z 133, (CH)3SiO™ at m/z 89, OCNO™ at m/z 58,
and CNO atm/z 42 (Figure 2). However, an ionic precursor
of CH,ONO' (2) was generated by dissociative ionization of
ethyl nitrite that provided the C#0—NOT cation ") in high

yield (Scheme 1Y that was used to generate the corresponding

transient radical. Deprotonation dFhydroxyformamide with
F~ was used to generate anions with the l0-C—O frame-

work.#* From the calculated anion relative stabilities and topical

gas-phase acidities, deprotonation withvirFas expected to occur
exothermically at either N or O to form a mixture of isomeric
anions4- and5-, eqs 1 and 2.

O=CH-NH-OH + F — O—CH=N—OH™ + HF
4)
AH, 505= —122 kI mol™* (1)
— O=CH-NH-O" + HF
5)
AH, ,45= —75.5 kI mol* (2)

Selective deprotonation was attempted using i&Hacid(H2S)

was generated by dissociative ionization of ethyhydroxy-
carbamate (Scheme 3). The high-resolution mass spectrum of

SCHEME 3

O.
J
Ho. )Q -CoHsO
~n O/\ —_—
H

90%

.
-HCO,
10%

the m/z 60 cation showed that the loss of the ethoxy radical
from ethylN-hydroxycarbamate was accompanied by elimina-
tion of an HCQ radical that produced a,8¢NO™ cation that
had the same nominal mass6isand could not be resolved in
NRMS measurements. Thé&")/[C,HsNO"] abundance ratio
from high-resolution measurements was 90/10.

Attempts were also made to generate the most stable
carbamate aniod0~ as a precursor for radicdl0. Gas-phase
deprotonation with F of carbamic acid, which in turn was
produced by vacuum sublimation of ammonium carbamate,

]
HO. J +
\N
H
6+

+
C,HgNO
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Figure 3. Optimized structures df-—3~. Bond lengths in angstroms,
bond and dihedral angles in degrees. Top roman numerals: B3LYP/
6-311+G(2df,p) parameters. Bottom roman numerals: B3LYP/6-
31+G(d,p) parameters. ltalics: MP2(FULL)/6-3G(d,p) parameters.

formed a weak anion a/z 60. Unfortunately, the low intensity
of the m/z 60 ion beam and its instability prevented us from
obtaining NR mass spectra. Another attempt on preparation of
10~ was made by gas-phase addition of Nkb CO,. However,
the latter ior-molecule reaction is so exothermic that the
intermediate aniorl0~ undergoes further isomerization and
dissociation to &C=N~ and HO 4546
In summary of ion synthesis, ions with structufes 2+, (4~
and/or57), and6™ were prepared by ioamolecule reactions
or dissociative ionization to be used for collisional neutralization.
Anion Structures and Energetics.Several anions were found
by B3LYP and MP2(FULL) calculations to be local minima
on the potential energy surface. The optimized structures of
17—3" are summarized in Figure 3. The B3LYP and MP2-
(FULL) geometries agreed closely for most anion structures. A
notable exception was the structuresyir2- for which MP2-
(FULL) predicted a substantially longer-ND bond than that
from B3LYP calculations. (Figure 3). Interestingly, no substan-
tial difference in the optimized geometries was found for the
anti-rotamer anti-2- (Figure 3). Basis set effects on the
optimized geometries were checked for and 3~ and found
to be small as the B3LYP/6-3#1G(2df,p) structures resembled
closely those from B3LYP/6-3tG(d,p) optimizations (Figure
3). The optimized structures df —11~ are shown in Figure 4.
The anion relative energies are summarized in Table 1. The
carbamate aniohO~ was by far the most stable structure within
the [C,H,N,O;]~ family of isomers. Regarding the nitromethyl
anion of interest, Table 1 shows that isomerizationlofby
methylene group migration to one of the oxygen atoms is 157
kJ mol~! endothermic to formanti-2~. In contrast, further N
— C migration inanti-2~ is 162 kJ mot! exothermic to form
3~ which is nearly thermoneutral with. A cyclic intermediate
for the isomerizationd™ — anti-2~ and anti-2~ — 3~ was
sought but found to collapse & by N—O bond dissociation.
A transition state for one-step isomerizatibn— 3~ was also
sought by B3LYP and MP2(FULL) calculations. The potential
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Figure 4. Optimized anion structures. Bond lengths in angstroms, bond
and dihedral angles in degrees. Roman numerals: B3LYP#8531
(d,p) parameters. Italics: MP2(FULL)/6-35(d,p) parameters.

energy profile showed a 13844 kJ mol? increase upon
stepwise shortening of the-ND bond distance from 2.3 A in

3 to 1.4 A in 0.1 A steps. However, frequency analysis at
several points along the reaction coordinate showed positive
curvature of the potential energy surface which did not converge
to a saddle point. This indicated that at the present level of
theory, using single-determinant reference wave functions,
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TABLE 1: Relative Energies of [C,H,,N,O,] Anions

relative energy

B3LYP/ QCISD(T)P CCSD(T)F
ion 6-31+G(d,p) 6-3114-G(3df,2p) 6-3114-G(3df,2p)

CH2N027 (1) 0 0 0
synCH,ONO™ (syn2-) 132 132 (128) 134
anti-CH,ONO™ (anti-2°) 157 158 (157

OCHNO™ (3) 9 —4 (-5)0 —4
synsynOCH=NOH" (4ss’) —160 —180 (-180)' -181
syn-antiOCH=NOH" (4sa) —-129 —144 (—144y

O=CHNHO" (5) -128 —133 (133

O=CNHOH" (67) -8 —25 (—24y —26
ant-HC=N(OH)O" (7°) 151 135 (136)

anti-HOCH=NO- (87)¢ -52 —65 (—64Y

transHOC=NOH" (9°) 2 —21 (—20y

H.NCOO™ (107) —378 —401 (—401) —402
HNCOOH (11°) —317 —343 (-342) —343

a|n units of kJ mot? at 0 K. ? Effective energies based on MP2(FULL)/6-8&(d,p) optimized geometriesE[QCISD(T)/6-31H-G(3df,2p)]|=
E[QCISD)T)/6-311G(d,p)H- E[MP2/6-311G(3df,2p)]— E[MP2/6-311G(d,p)H- ZPVE. ¢ Effective energies based on MP2(FULL)/6-8&(d,p)
optimized geometriesE[CCSD(T)/6-31H1-G(3df,2p)]= E[CCSD(T)/6-311G(d,p)} E[MP2/6-31HG(3df,2p)]— E[MP2/6-311G(d,p)l- ZPVE.
d Effective energies based on B3LYP/6-8G(d,p) optimized geometriessynHO—CH=N—O" rearranged spontaneously4ss upon attempted
geometry optimization.

TABLE 2: lonization Energies and Electron Affinities of

anionsl™ and3~ are not interconnected on the singlet potential [C.H2N.O;] Radicals

energy surface. Although the potential energy barrier for the

isomerization ofl~ to 3~ was not obtained, the properties of energy

the potential energy surface indicated a substantial barrier which B3LYP/ QCISD(T)Pe

we estimate at-140 kJ mot?L. A yet another isomerization of 6-31+G(d,p) 6-311+G(3df,2p)

1~ by hydrogen migration to form the stable idrl~ was radical EA IE£ EAC IE: IE,
calculated to be 135 kJ mdl endothermic and must have 1 258 2.40 10.84
included an additional activation barrier becali$e was a local 2 —0.22 8.40 —0.66 8.23

energy minimum. Hence, the relative energies of structurally 3 g

related anion isomers indicated that unimolecular isomerizations ~ 4ss 2.43 12.47 2.40 11.93

of 1~ required substantial activation energies that could not be g igg ?-gg 1-25 ?-gi 699
acquired by the anions prepared by mild gas-phase deprotonation 7 238 967 539 054 )
of nitromethane. This leads to the conclusion thaprepared ) 161 1.63

from nitromethane was pure. 9 2.03 2.01

In contrast,syn2- andanti-2~ were relatively high-energy 10 311 4.00
structures whose isomerizations 30 were exothermic and % 2.80 911 2.79 8.64
could provide sufficient energy to promote further highly ' ’
exothermic isomerizations by hydrogen atom shifts to form ions  ®In units of electronvolt at 0 K? From effective single-point energies
4" ands, For example, the overall lsomerizatisyn2 — 5.5 G0 S0 o e onization energies are 0,131

: : : i .© initi ionizati i .
4S§. Was Calcqlated to t.)e 312 kJ .mél'exothermlc YVhIChJS eV greater than the effective QCISD(T)/6-3ELG(3df,ng) values.
sufficient to drive stepwise isomerizations, esyn2- — 3 d Electron affinities € Adiabatic ionization energie§Vertical ionization
(AHro = —136 kJ mot?), 37 — 8~ (AH;o = —61 kJ mot?), energies? Radical3 is unstable.
and 8~ — 4ss (AH;p = —115 kJ mof?). Although the
mechanism for such anion rearrangements has not been elucifailed. A planarC,, structure was obtained by B3LYP geometry
dated here, theNR~ mass spectra shown and discussed below optimizations that was a second-order saddle point, while a
indicated that anioné™~ and/or5~ were formed upon attempted  twisted Cy, structure with perpendicular GHind NG groups
preparation o2~ was a first-order saddle point for degenerate ring opening in

It is interesting to note that aniorsyn and anti-2~ are the cyclic cation13" (Scheme 4). A high-energy triplet was
metastable with respect to electron detachment, as judged fromSCHEME 4
the calculated negative adiabatic electron affinities (Table 2).

However, vertical ionization, afyn2~ was calculated to require © - o ot
1.40 eV, while the spin-allowed dissociation to &M and :”“ég—N%‘“g —_— N gl
(*=")NO~ was 51 kJ moi! endothermic. This indicates that

1

syn2- exists in a shallow potential energy well with respect to

spontaneous electron detachment, a situation similar to the 1

metastability of C@~.47 iy
Cation Structures and Energies Since [C,H,N,0,] " cations Mie=o + f=o - 2 o T v

served as precursors for radicals and appeared as intermediates o Yo ©

of collisional reionization in"NR™ and "NR* spectra, the anti-2* 13*

relevant cation structures and relative energies were also of

interest. The optimized structures are given in Figure 5, the found for1* that was a local energy minimum (Figure 5). lon
relative and dissociation energies are summarized in Table 3.(°B;) 1+ was metastable with respect to highly exothermic, spin-
Attempts to locate a potential energy minimum for sindlet forbidden, dissociation to Ci + (:=T)NO™ but stable against
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TABLE 3: Relative and Dissociation Energies of
[C,H2,N,O,]" Cations

relative energy

B3LYP/ QCISD(T)P
cation 6-31+G(d,p) 6-311+G(3df,2p)
1t (°By) 502 534
2+ 39 33
4ss 170 157
daat 176 179
5t 96 89
6" 0 0
TS(6" — 4aat) 266 272
7t 458 460
12+ 233 223
13+ 285 278
Franck-Condon Energy
4ss— 4ss 61
4ss — 4ss 171
5—5* 57
6— 6" 143
7—7F 127
=T 228
Dissociation Energy

2t — CH,=0 + NO* 144 93 (95y
1+ (V) — CH=0 + NO* —325
1+ (VI)f —13* —173
7t — HC=N=0" + OH* 19 45 (52§
12" — CH,=0 + NO* —50 —97 (—89y
13" — CH,=0 + NO* —102 —152 (—145y
1t (®B1) — CH=0 + (:=")NO* -319 —408
1t (°B;) — CH=0 + (3Z)NO*" 356 306
6t — CO + HNOH" 179 153 (153
6%(VI)f — CO+ HNOH* 23
4ss" — CO + HNOH* 9 —4(1y
4ss (VI)f — CO+ HNOH* —58

a|n units of kJ mot?, 0 K values.? Effective G2(MP2) enthalpies
including B3LYP/6-31-G(d,p) zero-point correction§ Defined as a
difference between the single-point energy of the cation at the geometry
of the radical or anion and the single-point energy of the cation
equilibrium geometry? Ho products— Ho,reactants € 298 K enthalpies lon
formed by vertical ionization of radical.

Figure 5. Optimized cation structures. Bond lengths in angstroms, cyanate and a hydroxy radical was mildly endothermic requiring

bond and dihedral angles in degrees. Roman numerals: B3LYP/6- 52 kJ mot!
31+G(d,p) parameters. ltalics: MP2(FULL)/6-3G(d,p) parameters.

an endothermic, spin-allowed dissociation toCHF (3Z7)NO™
(Table 3). Formation of singlet* by vertical ionization of

at 298 K. However, FranckCondon effects in
vertical ionization of radicaV resulted in catiorv* acquiring
127 kJ mot* which was sufficient for dissociation. Two-electron
oxidation of 7~ resulted in a yet higher FraneiCondon energy

radical 1 is predicted to result in exothermic ring closure to being deposited i7" (228 kJ mot?, Table 3). Therefore, ion

13" followed by dissociation of hot3" to CHO and NO'.
Overall, the dissociatiod™ — CH,O + NO* was calculated

to be 325 kJ mol® exothermic (Table 2).

The cyclic cationsl2™ and13* (Figure 5) can be viewed as
topomeric cycloadducts of G to NO'. Interestingly, the

7 is predicted to dissociate when formed by vertical electron
transfer.

Four cations with the ©C—N—0O framework were found
to be local energy minima, e.gdss, 4aaf, 5%, and6", that
differed in the positions of the hydrogen atoms (Figure 5). While

head-to-tail [2-2] adductl2" was somewhat more stable than 6" was the most stable cation among those studied, isomeriza-

the head-to-head addut8t, although both represented rela-

tion to 6 by hydrogen migration in the less stable isortaa"

tively high-energy species that were metastable with respect torequired a 93 kJ mol potential energy barrier, so that the less

cycloreversion (Table 3). The different stabilities B#" and
13" are probably due to bond polarities that favor addition of
the negatively charged oxygen atom in £+0 to the positively

charged nitrogen atom in NO

A ring opening in 12" and 13" was calculated to be
substantially exothermic to yield cati@1. The latter structure
was bound with respect to dissociation to £#0 + NO™ which
required 95 kJ mol* at 298 K (Table 3). Hence, when formed
by dissociative ionization of ethyl nitrite (vide supra), i@n
should be stable and not isomerize to cyclic structures.

stable ion should exist as an isolable species in the gas phase.
When formed by vertical ionization of radicéss ion 4ss" was
calculated to acquire ca. 60 kJ mélinternal energy through
Franck-Condon effects. Hence this excitation alone should not
be sufficient to drive isomerization to iodi". However, two-
electron transfer4ss  — 4ss— 4ss", was calculated to result

in large Franck-Condon effects (171 kJ mol), so that the
vibrational energy in thus formediss™ was sufficient to drive
isomerization t". Note that the isomerization barrier féss"

— 6% is 112 kJ mot! above the energy threshold for

The most stable cation structure having the nitro group was dissociation to CO and HNOH* (Table 3), so that iomdss

ion 7t (Figure § Table 3). Dissociation o™ to hydrogen

undergoing isomerization will dissociate rapidly.
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10 15 20 25 30 40

Radical Formation and Relative Energies. Collisional
neutralization of aniorl™ followed by reionization gave rise
to "NR~ and "NR" spectra shown in Figure 6. THeNR™
spectrum showed a prominent survivor ion ratz 60 that
provided evidence of the kinetic stability of the intermediate
radical1. The "NR~ spectrum further showed peaks of NO
(m/z 46), NCO™ (m/z 42), OH (m/z 17), and O (n/z 16), in
addition to a few other minor fragments (Figure 6a). ThE&R™
spectrum ofl~ was dramatically different (Figure 6b). The
survivor ion atm/z 60 was absent, and the spectrum was
dominated by the NOpeak ain/z 30. The absence of a survivor
cation in the"NR* spectrum is entirely due to the instability
of 1t (vide supra). The major dissociation pathway occurring
after reionization consisted of an isomerization of the unstable
singlet1™ by cyclization to form hotl3" that underwent ring
cleavage forming transientgnti-2*, which finally dissociated
to CH,O and NO (Scheme 4). The driving force for the
dissociation was provided by the high energy of vertically
formed1*, which was 173 kJ mol abovel3*, 418 kJ mot?
above2", and 325 kJ mol* above the products. This energy
acquired by ionization was evidently sufficient to overcome both
the activation barrier for the exothermic isomerizati8t —
anti-2*, and the dissociation energy in the latter ion (Table 3).
Interestingly, tB;) 1 was predicted to be bound and its spin-
allowed dissociation to C¥D and gZ~)NO was calculated to
be 306 kJ moi! endothermic. The absence of survivbr in
the "NR* spectrum indicated that the triplet ion either was not
produced by collisional ionization ol or underwent fast
intersystem crossing followed by highly exothermic dissociation
to CHO and {Z")NO* (Table 3).

Thermochemistry of 1. Since radicall is a stable species

J. Phys. Chem. A, Vol. 105, No. 8, 2001377

e.g., hydrogen atom abstraction from nitromethane. The heat
of formation of1 can be inferred from a thermochemical cycle
involving proton abstraction from nitromethane and electron
detachment from aniod~ (eq 3). Out of the terms in eq 3,
EA(2) is known accurately from an electron

AH® 505(1) = EA(1) + AH,;{CH3;NO,) +
AHof,zgs(CHsNoz) - AHof,zgs(H+) (3)

photodetachment measurement (EA238.8 kJ mot?),5 and

the heats of formation of C#O, and H™ are also well-
known#* However, a large uncertainty in eq 3 originates from
the gas-phase acidity of nitromethane which has been reported
to range between 1491 and 1498 kJ ndolith uncertainty
limits as large as-921 kJ moi1.40-4244\We used the calculated
enthalpies of two isodesmic reactions (eqs 4 and 5), dissociation
to CH,O and NO (eq 6), and heats of atomization to evaluate
the heat of formation ofl without involving anion1™. By
comparison, thé\Haci CHsNO,) was calculated by G2(MP2)/
QCISD(T) as 1498 kJ mol. The relevant energies were
calculated at the G2(MP2), G2, and CCSD(T)/aug-cc-pVTZ
levels of theory, as summarized in Table 4.

CH, + 1— CH,’ + CH,NO, @)
C,Hg + 1 — C,H," + CH,NO, (5)
1— CH,0 + NO (6)

The calculated\H®; 295(1) showed consistent mean values with
scatter within 3.0 kJ mol taken as one standard deviation.
The mean from the composite G2 and G2(MP2) calculations
(126 kJ mot?') was practically identical with that from the
highest-level CCSD(T) calculations (127 kJ m®l This
suggestAH 295(1) = 126.5 kJ mot! as the best estimate at
the present level of theory. When combined with the heat of
formation of nitromethan#! the C—H bond dissociation energy
was calculated as BDE(H) = 425 kJ mof?! at 298 K. By
comparison, CCSD(T)/aug-cc-pVTZ calculations of the 298 K
heat of reaction CENO, — 1 + H gave BDE(C-H) = 421 kJ
mol~! while the G2 and G2(MP2) values were 42480 kJ
mol~L. Previously reported values for BDE(EH) were 450 kJ
mol~1 from experimerff and 384 kJ mol® from MP2/6-31G-
(d,) calculationg?

Hydrogen atom abstraction in GNO, by OH radical (eq 7)
was studied previously by Lin and co-workérsand so the
reaction thermochemistry was also of interest. Our calculations
indicate that reaction 7 is 68 kJ mélexothermic. The reaction
enthalpy that was based on the experimental heats of formation
of nitromethane, water, OH radical, and the calculated

CH,NO, + OH— 1 + H,0 @

AH —69 kJ mol'?

rxn,0 =
AH, 205= —68 kI mol*

AH% 298(1) WwasAHn 208 = —74 kJ molL. Both enthalpies are

in very reasonable agreement with the previous vattigd(kJ

mol~1) that was obtained at an unspecified level of the¥bry.
Direct dissociations of by loss of P)O atom to form Cht

NO®% and by loss of H atom to form triplet nitrocarbéhavere

both substantially endothermic (Table 6). The exothermic

in the gas phase, its thermochemistry is relevant for evaluating dissociation to CHO and NO requires a skeletal rearrangement,

the enthalpies of reactions in whidtoccurs as an intermediate,

e.g., endothermic cyclization &8 followed by exothermic ring
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TABLE 4. Heat of Formation of 1

Polaek and Turéek

reaction method AHorxnvzgs AHofvzgg (1)
1— (P)C+ 2(S)H+ (“S)N+ (°P)O G2(PMP2)/QCISD(T) 2000.2 123.5
G2(PMP2)/CCSD(T) 1996 127.7
G2/QCISD(T) 1999.3 124.5
G2/CCSD(T) 1995.1 128.6
CH; + 1 — CHgz + CH:NO; G2(PMP2)/QCISD(T) —14.0 125.8
G2(PMP2)/CCSD(T) —-14.0 125.8
G2/QCISD(T) —13.8 125.9
G2/CCSD(T) —-13.8 125.9
CCSD(T)/aug-cc-pVTZ —-13.3 126.5
CoHg + 1 — CoHs® + CH3NO, G2(PMP2)/QCISD(T) -0.3 123.4
G2(PMP2)/CCSD(T) 0.2 123.9
G2/QCISD(T) -0.4 123.3
G2/CCSD(T) 0.1 123.8
1— CH,O + NO G2(PMP2)/QCISD(T) —155.5 129.9
G2(PMP2)/CCSD(T) —155.6 130.0
G2/QCISD(T) —155.0 129.4
G2/CCSD(T) —155.1 129.5
CCSD(T)/aug-cc-pVTZ —152.3 126.7
meanAH®; 295(1) G2(PMP2)/QCISD(T) 126 3.0
G2(PMP2)/CCSD(T) 124 2.6
G2/QCISD(T) 126+ 2.6
G2/CCSD(T) 12A4-2.6
CCSD(T)/aug-cc-pVTZ 127
best value 127
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Figure 7. Photodetachment (488 nm)/reionization,(@0% transmit-
tance) mass spectrum df. Positive peaks indicate enhanced ion
currents upon laser irradiation.

opening, which are likely to overcome activation energy barriers.
Attempts to locate with B3LYP and UMP2(FULL) calculations
the transition state for the ring closute—~ 13 were unsuccessful

and led to cusps on the potential energy surface. A multicon-

Electron Photodetachment from I". The electron affinity
of 1 (2.475 eVy makes the anion a suitable target for electron
photodetachment using the blue line of an Ar ion laser at 488
nm (2.54 eV). Laser electron photodetachmentlin was
combined with collisional ionization of the radicals formed to
cations; these experiments are denoted &R'MS. The
“PR'MS of 17, corrected for background from collisional
electron detachment, is presented in Figure 7. Positive peaks in
Figure 7 indicate an increase in the reionized ion intensity upon
laser irradiation, while negative peaks indicate a decrease. The
spectrum shows a decrease of the relative intensities of NO
(m/z 46, minor), NCO (mVz 42, minor), NO (m/z 30, major),
and an increase of the peaks of CH@z 29, major) and O
(m/z 16, minor). Interpretation of thePR' spectra is compli-
cated by cation dissociations following collisional ionization,
while collisional ionization by electron capture to form stable
anion1~ was much less efficient than ionization to cations and
could not be used in combination with laser electron photode-
tachment. The difference between tHéR™ and~PR" spectra
probably reflects different internal energy distributionslin
formed by collisional and photoinduced electron detachment.

figurational approach appears necessary to map the potentialThe presumably less energetic radichlproduced by nearly

energy surface for the cyclization.

TABLE 5: Radical Relative Energies

resonant photodetachment do not have enough internal energy

relative energy

B3LYP/ G2(MP2)P G2p G2(MP2)f G2F
radical 6-31+ G(d,p) QCISD(T) QCISD(T) CCSD(T) CCSD(T)
1 0 0 03 0 0 0
syn2 —137 —164 —166 —164
4ss —174 —-177 —179 —-177 —176 —176
4sa —159 —156 —160 —156
5 —217 —209 —209 —209 —209 —209
6 —129 —132
anti-7 133 136 136 135 139 138
syn7 138 144 145 142 146 144
8 —145 —138
9 —49 —55 —-57
10 —326 —241 —245 —243 —241 —243
11 —294 —305 —305 —306 —305 —306
13 42 44 40 46 46 a7

2|n units of kJ mot?! at 0 K. ® Relative energies using QCISD(T)/6-311G(d,p) single-point calculatfdRelative energies using CCSD(T)/6-
311G(d,p) single-point calculationsFrom single-point energies on B3LYP/6-8G(d,p) optimized geometries.
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Figure 9. *NR' mass spectra of (a, top) GENO", (b, bottom) CDQ-
ONO".

structures are summarized in Figure 8, the relative energies are
given in Table 5. Attempts were made to prepare [KN;0;]
radicals for which there were ionic precursors and which were
relevant to the chemistry df.

Radical2 has a stable cationic counterpa2t( Table 3) so
that the*NR* spectrum can be used to estimate the radical
stability with less destructive interference from ion dissociations.
The "NR* spectrum of2™ showed complete dissociation to
CH,O and NO (Figure 9a). These nominally isobaric fragments
were distinguished by deuterium labeling that shifted the mass
of CD,O to m/z 32 and proved that both GD and NO were
produced (Figure 9b). The instability of radi@ivas predicted
by calculations that indicated very weak bonding inOH-

NO (2 kJ mof?, Table 6) that can be readily overcome by the
thermal content of the precursor ion or Franckondon energy
(Erc) acquired upon vertical neutralization. Indeed, the calcu-
latedErc = 68 kJ moi™ (Table 6) alone was sufficient to drive

a fast dissociation of vertically forme2l

Radical3 was expected to be formed from the corresponding
anion3~ which was postulated by Thomas et al. to be produced
by negative chemical ionization of methyl nitritélhe "NR™
spectrum of3~ showed no survivor cation (Figure 10a). In

Figure 8. Optimized radical structures. Bond lengths in angstroms, contrast, the NR™ spectrum clearly indicated a stable radical
bond and dihedral angles in degrees. Roman numerals: B3LYP/6-intermediate that gave rise to an abundant survivor anion (Figure

31+G(d,p) parameters. Italics: MP2(FULL)/6-3G(d,p) parameters.

to dissociate which explains the decrease of the ht@ensity.
The increase of the CHQntensity is due to cation dissociations
following collisional reionization and its relation to electron

photodetachment is therefore less clear.

[C,H2,N,0;] Isomers. Several structures were obtained for

10a, inset). An interesting feature of th&lR™ spectrum was
the presence of a fragmentratz 32. The latter was identified

as [N,H,O]" (HN=OH" or the more stable #iN\=0")52 by a
mass shift tan/z 34 [N,D,,0%] when the precursor anion was
generated from CEDNO (Figure 10b)-NR* and"NR™~ spectra
that were very similar to those of the above anion of presumed
structure3~ were also obtained for the/z 60 anions produced

[C,H2,N,O,] radicals that were local energy minima as charac- from (CHg)3SICHONO (Figure 11a) and, somewhat unexpect-
terized by harmonic frequency analysis. The optimized radical edly, HO-NH—CH=O (Figure 11b). In sharp contrast to the
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TABLE 6: Radical Dissociation Energies

reaction

1— CH,NO" + (3P)0
1— (3A) HCNO, + H*
2— CH,0 + NO*

2 (VN)*— CH,0 + NO*

3(VN)!—CH,O + NO
4ss— O=CHN=0 + H*
4ss— O=C=NOH + H*

5— HC=0" + HN=0
5— O=CHN=0+ H*
6— CO+ HNOH'

6 (VN) — CO + HNOH"

6— HN=C=0 + OH"
8—HC=NO + + OH
10— CO, + NHy*

11— HN=C=0 + OH

energy
B3LYP/ QCISD(T)P
6-31+G(d,p)  6-311+G(3df,2p)
250 262
465 464
0 2
—65
—201
293 258 (259
211 188 (187
244 232
339 292 (292
-2 —27
-137
205 200
222 207
7 —105 (~109%
371 373

a|n units of kJ mot? at 0 K. ? Effective energies using B3LYP/6-
31+G(d,p) optimized geometriesRadical produced by vertical elec-
tron capture in the catiod.Radical produced by vertical electron
detachment from the aniofEffective energies using MP2(FULL)/6-

31+G(d,p) optimized geometries.
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Figure 10. —NR" mass spectra of (a, top): [C,O;]~ from methyl
nitrite and (b, bottom): [C,BN,O;]~ from methylds nitrite. Insets show
the survivor ion regions in theNR™ mass spectra.

experiment, MP2(FULL) and DFT calculations failed to locate

an energy minimum for radicaB, which upon attempted

geometry optimizations underwent exothermic dissociation to

CH,0 and NO. Moreover, radic&8 formed by vertical electron

detachment fronB8~ represented a high-energy point on the
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Figure 11. "NR' mass spectra of [CAN,0;]- from (a, top)
trimethylsilylmethyl nitrite and (b, bottonY-hydroxyformamide. Insets
show the survivor ion regions in theNR™ mass spectra.
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Figure 12. *NR* mass spectrum of ©C—NH—-OH" from N-
hydroxyurethane.

The corresponding radicads(either rotamer) and/ds were
intrinsically stable, as judged from the optimized geometries
(Figure 8) and dissociation energies that were substantially
endothermic (Table 6). Hence, electron detachment #roemnd/
or 5° could give rise to nondissociating intermediates, as
indicated by the survivor ion in theNR™ spectrum. The
calculated energies indicated thétcould rearrange by 1,2-
hydrogen atom migration t6, and the exothermicity of the
isomerization could drive further dissociation to CO and-NH
OH. To test this hypothesis, we generated radida} collisional
neutralization of the stable catidt and compared itsNR*
spectrum with the NR™ spectra o#4 and/or5 (Figure 12). The
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repulsive potential energy surface and was expected to dissociatespectra showed qualitative differences in the relative abundances
exothermically (Table 6). The intrinsic instability 8forecludes
structure3~ for the survivor anion in theNR~ spectrum. This
result also indicates that the [GN,O]~ anion generated from
methyl nitrite, (CH)3;SICH,ONO, and HG-NH—CH=0 was
not 3~ but a different species, presumatdy (either rotamer)
and/or5-, formed by anion rearrangement.

of several fragments. In particular, loss of OH to forrrO=

NH (m/z 43) and formation of COnyz 28) and HNOH vz

32) were prominent in the spectrum 6f consistent with the
radical structure, while thewvz 43 and 28 peaks were weak in
the spectra o#/5 which instead showed prominent peaks of
CHO' atm/z 29. An attempt was also made to prepare the stable
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anion6~ (Figure 4, Table 1) and compare it&lR™ spectrum
with those of4 and/or5. However, NCI ofN-hydroxyurethane,
a logical precursor 06~, did not yield an anion atvz 60 with
an intensity that would be sufficient for a good qualityR™
spectrum. Nevertheless, the very differée™R*™ and "NR™
spectra indicated that radicadg5 did not rearrange to large
extent to the more stabi
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Spectrom1989 24, 669.
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Frank, A, J.; Sadilek, M.; Ferrier, J. G.; Turecek, .Am. Chem. Soc.

On the basis of the NR spectra and calculated energies, thel997 119, 12343.

absence of survivor cations fa/5 can be assigned to post-
reionization dissociations. Table 3 shows that exothermic
isomerization oflaa" to 6" requires only a moderate activation
barrier (272-179 = 93 kJ mofi1) that can be provided by the
Franck-Condon energy accompanying the conversioAofo

4% (171 kJ mot?). The isomerization form&™ with a large
excess of vibrational energy that is more than sufficient to drive
dissociation to CO+ HN—OH* which is only slightly endot-
hermic (Table 3). Hence, the dissociations4of5+ observed
upon NR are to a large extent caused by Frar€endon effects

on collisional electron transfer.

Conclusions

The nitromethyl radicall is a stable species when formed
by collisional electron detachment from anidn in the gas
phase. The photodetachment-reionization spectrudr ofias
different from the"NR* spectrum which indicated different
internal energy distributions in the intermediate radicals. The
chemistry observed orNR™ is dominated by cation rearrange-
ments and dissociations following collisional reionization.
Several radicals of the [C#N,0;] group of isomers were
characterized by a combination of positive ion and negative ion
neutralization-reionization mass spectra and ab initio calcula-
tions.
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