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Direct Observation of Hydrogen Atom Adducts to Nitromethane and Methyl Nitrite. A
Variable-Time Neutralization —Reionization Mass Spectrometric and ab Initio/RRKM Study
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Variable-time neutralizationreionization mass spectrometry was used to generate elusive radiGNOGH

(1), CH3O(H)—NO (2) CH3O—N(H)—0Or (3), and CHO—N—OH* (4) that represent hydrogen atom adducts

to nitromethane and methyl nitrite, respectively. Radidal3, and4 were stable species on the 3.3 time

scale of the experiment. Radic2aldissociated completely to GBH and NO. The major unimolecular
dissociations ofl formed CHNO + OH* and CH* + NO,H, whereas loss of Hto form CHNO, was
insignificant. Gaussian 2(MP2) and density functional theory calculations provided the structures and bond
dissociation energies df—4. The relevant parts of the potential-energy surface were used for RRKM and
transition-state theory calculations of unimolecular dissociation kinetics. The calculated branching ratios for
1 were in accord with experiment. The unimolecular chemistry of radital4 formed by femtosecond
collisional electron transfer can be accounted for by the properties of the ground electronic stiatds of

Introduction ionization (El) was used to generate cation radicalsXiBy ™™,
NO,", CHzOH** CHzOD**, CDsOH**, and CQOD™ . Typical

El conditions were as follows: electron energy 70 eV, source
temperature 286300 °C, and sample pressure-8 x 107°

Torr. Stable precursor ions were passed through a quadrupole
mass filter operated in the radio frequency-only mode, acceler-
ated to the total kinetic energy of 8250 eV, and neutralized in
the collision cell floated at-8170 V. The precursor ion lifetimes
were 30-40 us. Dimethyl disulfide (DMDS) was admitted to
the differentially pumped collision cell at a pressure such as to
achieve 70% transmittance of the precursor ion beam. The ions
and neutrals were allowed to drift to a four segment corfluit,
where the ions were reflected by the first segment floated at
+250 V. The fast neutral species were reionized in the second
collision cell by collision with oxygen at a pressure adjusted
such as to achieve 70% transmittance of the precursor ion beam.
The ions formed in the second collision cell were decelerated,
energy filtered, and analyzed by a quadrupole mass filter
operated at unit mass resolution. The instrument was tuned daily
' to maximize the ion current of reionized €8 Typically, 30
repetitive scans were accumulated per spectrum, and each
spectrum was reproduced at least three times over a period of
several weeks. Variable-time measurements were carried out
as described previousfy.

Collisionally activated dissociation (CAD) spectra were
measured on a JEOL HX-110 double-focusing mass spectrom-
eter of forward geometry (the electrostatic sector E precedes
the magnet B). Collisions with air were monitored in the first

Methods. Measurements were carried out on a tandem field-free region at pressure to achieve 70% transmittance of
quadrupole acceleratierdeceleration mass spectrometer de- the ion beam at 10 keV. The spectra were obtained by scanning
scribed previously? Precursor ions were generated in a tight E and B simultaneously while maintaining a constant B/E ratio
chemical ionization source. Typical ionization conditions were (B/E linked scan).
as follows: electron energy 100 eV, emission curren InA, Materials. Methane (Matheson, 99.97%), ¢RCambridge
temperature 286300°C, ion source potential 80 V. CHCDs,, Isotope Laboratories, 99% D), methanol (Aldrich), I+
CH30OH, CHOD, CD;OH, CD;OD, and BO were used as (Aldrich, 99% D), CHOD (Cambridge Isotope Laboratories,
reagent gases at pressures-11(b x 10 Torr as read on an ~ 99% D), CQ3OD (Cambridge Isotope Laboratories, 99.8% D),
ionization gauge located at the diffusion pump intake. Electron dimethyl disulfide (DMDS, Aldrich), nitromethane (Aldrich,

The complex chemistry of flames involves a multitude of
radical and ion intermediates that have been extensively stldied.
In particular, nitromethane served as a model for hydrogen atom
trapping in flames, and the bimolecular kinetics of the;CH
NO, + H* reaction has been investigated by several gréups.
radical intermediate, C#NO,H" (1), has been postulated to play
a role in the formation of reaction products, €H NO,H and
CH3NO + OH-.2 However, intermediatel has never been
detected and the thermochemistry of its dissociations is un-
known#

We now report the first generation and detection of isolated
1 in the gas phase. We use neutralizatioeionization mass
spectrometr§/to generate the radical by femtosecond electron
transfer to a stable cation GNO,H* (1*). The kinetics of
purely unimolecular dissociations af is investigated by
variable-time measuremerftscormation of excited electronic
states ofl is probed by laser photoexcitatiéiWe also report
the generation of elusive radicals derived from methyl nitrite
CH3O(H)—NOr (2), CH;0—N(H)—0Or (3), and CHO—N—OH*
(4). Gaussian 2 (MP2) ab initfeand density functional theory
calculations are used to provide relative energies of the radicals
and ions under study. Unimolecular kinetics of radical dissocia-
tions is treated by RiceRamspergerKasset-Marcus (RRKM)
theory’ using the G2(MP2) potential energy surface.

Experimental Section
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99%) and CNO, (Aldrich, 99% D) were used as received. 30
Methyl nitrites CHONO and CRONO were synthesized 100 7
according to a literature proceddtdy dropwise addition of 804 a 45
20% sulfuric acid to a stoichiometric mixture of appropriate
methanol and sodium nitrite. The escaping gas was washed by
a solution of sodium hydroxide and dried by passing through a
tube containing anhydrous calcium chloride. Trap-to-trap distil- 20 4 15
lation was used before the product was stored in the dark at 0
—38 °C. The purity was verified by mass spectrometry. 0
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Standard ab initio and density functional theory calculations
were performed using the Gaussian 94 suite of progfdms.
Geometries were optimized using Becke’s hybrid functional
(B3LYP)!2 and the 6-33+G(d,p) or 6-31%G(3df,2p) basis sets.
For selected species and dissociation pathways, geometries were 2o |
also optimized with perturbational MgllePlesset theory} QQ A
MP2(FULL)/6-31-G(d,p)*® Basis sets of this quality have been 0 o s 25 o 40
shown previously to give mostly reliable equilibrium geometries

for neutral molecules and ioA% Spin-unrestricted calculations 1907
(UB3LYP or UMP2) were used for open-shell systems. Spin c
contamination in UMP2 calculations was substantial for
[C,H4,N,0O;] radicals and transition states and it was partially
corrected using Schlegel’s projection metidédhe optimized -
structures were characterized by harmonic frequency analysis  ,, | l
as local minima (all frequencies real) or first-order saddle points Q
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(one imaginary frequency). The B3LYP/6-8G(d,p) frequen- 0

1 45 60

cies were scaled by 0.961 (ref 18, for other scaling factors see

ref 19) and used to calculate zero-point vibrational energies Figure 1. Neutralization (CHSSCH, 70% transmittance)-reionization
. . X (0} -
(ZPVE) and enthalpy corrections. The UMP2(FULL)/643%- (Og, 70% transmittance) mass spectra of (a, tbp)oy protonation

(d,p) frequencies were scaled by 0.931 which provided t_he bestyith CHs*, (b, middle) 1 by protonation with HO*. (c, bottom):

match for ZPVE calculated by B3LYP and MP2(FULL). Single-  Neutralization (CHSSCH, 70% transmittance)collisional activation

point energies were calculated at the Gaussian-2(MP2) level of (He, 50% transmittance)eionization (Q, 70% transmittance) mass

theory® This consisted of MP2/6-3#1G(3df,2p), MP2/6-311G-  spectrum ofl* by protonation with Clg". Them/z regions not shown

(d,p), and QCISD(T)/6-311G(d#) calculations which were  in the spectra contained no peaks.

combined to provide effective QCISD(T)/6-31G(3df,2p) . .

energies which were corrected for the ZPVE and the number Cally?> and the microscopic rate constank¢E,J,K) were

of valence electrorsNote that most relative energies calculated Boltzmann-averaged over the thermal distribution of rotational

in this work refer to isoelectronic systems in which the empirical J and K states pertaining to the ion source temperature. Thermal

corrections cancel out. The calculated total energies are availablgate constants were calculated using the standard transition state

as Supporting Information. theory formulas?_.3 The activat!c_)n energ?es were taken from G2-
The G2(MP2) total energies were much less sensitive to spin (PMP2) calculations, the partition functl_ons were calculated from

contamination; the G2(PMP2) and G2(UMP2) energies were the B3LYP/6-31G(d,p) moments of inertia and scaled har-

all within 0.7 mhartree (1.8 kJ mol). The only exception was ~ Monic frequencies.

the G2(MP2) energy of CHNO,™ when based on a B3LYP/

6-31+G(d,p) optimized geometry that was encumbered by very

large spin contamination which could not be corrected by spin  Formation and Dissociations of CHNO,H* and CHzNO,H".
projection (see Supporting Information). However, G2(UMP2) The precursor catiod™ was generated by exothermic proto-
and G2(PMP2) single-point energies based on a MP2(FULL)/ nation of nitromethane under conditions of chemical ionization.
6-31+G(d,p) optimized geometry were within 0.5 mhartree and From the proton affinity of CENO,, PA = 755 kJ mot?,24
provided an accurate ionization energy for nitromethane and protonations with Cit* (PA(CHs) = 544 kJ mot1)24and HO™
an acceptable dissociation energy for the cation radical. (PA(H20) = 691 kJ mot1)24 were 211 kJ mol! and 64 kJ
Franck-Condon energies in vertical neutralization and reion- mol~! exothermic, respectively. Collisional neutralizatiorlof
ization were taken as absolute differences between the totalwas performed with dimethyl disulfide (DMDS, JE= 8.96
B3LYP/6-31H-G(3df,2p) energies of fully optimized ion or eV?4 as an electron donor. From the calculated vertical
neutral structures and those in which an electron has been addedecombination energy dft (7.3 eV, vide infra) vertical electron
to an optimized cation structure or subtracted from an optimized transfer from DMDS was~1.7 eV endoergic.
neutral structure. No zero-point corrections were applied tothe  The NR mass spectrum dft produced by protonation of
calculated FranckCondon energies. nitromethane by Ckt showed an abundant survivor ionrafz
RRKM calculations used Hase’s progrénthat was recom- 62 corresponding to 11% of the sum of NR ion intensities (%
piled for MS-DOS and run under Windows N Vibrational SInr) (Figure la). Less exothermic protonation withyQt
state densities were obtained by direct count of quantum statesresulted in an increased relative abundance of surdvdf1],
in 2 kJ mol steps for internal energies up to-8020 kJ mof?! 17%ZIng, Figure 1b). Similar effects of precursor ion internal
above the threshold. The rotational states were treated adiabatienergy have been observed previod8yhe primary fragments

m/z

Results and Discussion
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Figure 2. Neutralization (CHSSCH, 70% transmittance)-reionization

(Oz, 70% transmittance) mass spectra of (a, topkMBLD ™ and (b,

bottom) CBNO,H*. Thenvzregions not shown in the spectra contained

no peaks.

in the NR mass spectra were gNO™ (m/z 45, 23%3IyR),
OH*' (m/z 17, 2% Zlng) and CH*' (m/z 15, 6% Zlyg). The
NO,H"* ion (m/z 47) that was complementary to @Hwas not
detected. NO (m/z 30) was the most abundant ion in the NR
mass spectra (36 and 34%ngr, respectively, Figure la,b).
Collisional activation with helium at 70%, 50%, and 30%
transmittance of intermediaferesulted in a sequential decrease
of [1] and [CHNO]™ while the relative abundances of NO
and OH" increased (Figure 1c).

The NR spectra of deuterated ions £HD,D™ (1a") and
CD3NOyH* (1b™) showed dissociations similar to thoseldf
(Figure 2a,b). In particular, the label remained confined in the
original functional group, e.g., ODfrom 1a" and CQ3* from
1b™. No hydrogen exchange between the OH and; Gidups
was observed upon NR.

To identify consecutive neutral and ion dissociations follow-
ing NR, we obtained reference collisionally activated dissocia-
tion (CAD) spectra ofl™ and NR mass spectra of the presumed
or observed primary dissociation products IofCAD of 1+
produced, in the order of decreasing abundance’ K&ss of
CH30H, 45%ZIcap), CHsNO™* (loss of OH, 28%Xlcap), CHz-
NO* (loss of HO, 12% Zlcap), NO;t (loss of CH, 4.4%
Slcap), and CHNG™ (loss of HO + H, 4% Zlcap). Note that
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Figure 3. Neutralization (CHSSCH, 70% transmittance)reionization
(02, 70% transmittance) mass spectra of (a, top) HONGY proto-
nation of NQ, (b, middle) NQ™, and (c, bottom) CENO, ™. Them/z
regions not shown in the spectra contained no peaks.

to give the cation-radical of nitrous acid, HONO NR of
HONO** yielded a very weak survivor ion at'z 47 and major
fragments NO and OH' (Figure 3a). This indicated that HONO
formed by dissociation df would be difficult to detect because
of lack of signature peaks in the spectrum. Preparation of
HONO™ by electron ionization of stable neutral HORQvas
not attempted because of large predicted Frai@éndon effects
(vide infra).

NR of NO," gave a stable survivor ion a¥z 46 in addition
to NO*, O*, and N (Figure 3b). Finally, NR of the nitro-
methane cation-radical5{*) yielded a weak but detectable
survivor ion atm/z 61 and fragments N£ (m/z 46), CHNO™
(m/z 45), NO", CHO", CO**, O, CHs™, etc. (Figure 3c), in
agreement with the Xe/ANR spectrum reported previously by
Egsgaard et &8

Variable-Time Measurements. Dissociations of neutral
and reionized1* were distinguished by variable-time NR
spectré The time-dependent relative intensities of reionized

the complementary stable neutral fragments from CAD (metha- 1+, CH;NO™, OH*, and CH* were fitted into kinetic equations
nol and water) did not give rise to appreciable peaks in the NR to yield unimolecular rate parameters for neutral and ion

spectrum ofL* (Figure 1). This strongly indicated that collisional
electron transfer from DMDS was not accompanied by ap-
preciable CAD.

NR of CHsNO™ provided a moderately strong survivor ion
at m/'z 45 and major fragments due to formation of N@nd

CHs*. These were due to a combination of neutral and post-

reionization dissociations of GNO, as reported previoushy.

NR of NOH™ was measured for an ion prepared by
protonation of NQ with CHs". According to the calculated
topical proton affinities in N@ (vide infra), protonation with
CHs™ can occur exothermically only at one of the oxygen atoms

dissociations. Least-squares fits were obtained for bimodal
exponential decay in the neutral channel including one fast (

> 10" s71) and one slowky = 10*—10° s71) dissociation and

a single-exponential decaig)in the ion channel. Solving the
equations required estimates of the reionization cross sections
(o) for CH3NO, OH and CH relative to that ofl. These were
obtained from the FitchSauter atomic increment schethe
assuming that collisional reionization followed rules similar to
those governing electron ionization. From the atomic increments
for C, H, N, and O, we calculated(CHsNO)/o(1) = 0.779,
o(OH)/o(1) = 0.348 ando(CHg)/o(1) = 0.567.
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Figure 4. Difference NR spectra from photoexcitation bfat 488
and 514.5 nm.

The formation of CHNO and OH showed predominant
contribution from neutral dissociations, e ky(CHsNO) = (4.8
+ 0.3) x 10° s andky(OH) = (5.4 4 0.9) x 1(° s7%, from

three measurements. The rate parameters correlated for both

observation channels, which provided unequivocal evidence for
a dissociation originating from the same neutral precli#sbhe

rate parameters for ion dissociation in reionizédvere smaller,
e.g.,k(CHsNO*) = (2.5+ 1.1) x 10° s7%, k(OH") = (-0.1

+ 0.6) x 1° s7, and the values did not correlate because of
different ionization energies of the produétsBest fits forky
were obtained for single-exponential kinetic model, which
indicated that the dissociation dfoccurred on as time scale.

For the C-N bond rupture inl producing CH* and HONO,

only one observation channel was available because of the lack

of HONO™* peak in the spectrum (vide supra). The correspond-
ing rate parameters were obtainedkgfCHz*) = (5.3+ 0.9) x

1P st andk(CHz™) = (0.1 £ 0.2) x 1C° s~1 that favored the
neutral dissociation.

Photoexcitation of CHsNO,H". Irradiation of the neutral and
reionized ion beam with the combined 488 nm (2.54 eV) and
514.5 nm (2.41 eV) lines from the Ar-ion laser resulted in small
changes of the relative intensities of several ions (Figure 4). In
particular,1* decreased from 9. 0.1% to 8.44 0.3%=lyR,
and CHNO™* decreased from 19.F 0.4% to 18.9+ 0.6%
Sl\r as a result of interaction with the laser light. The changes
in relative intensities of the other ion species were within the
reproducibility limits. The laser-induced depletion bf and
CH3NO** can be due to photofragmentation of either neutral
intermediates or ions, or combination thereof.

Formation and Dissociations of CHO(H)—NO™ and
CH3O(H)—NO*. The precursor catio®t was generated by
chemical ionization of methyl nitrite with C¥DH,*/CH3;0H.
Under CI conditions a sequence of iemolecule reactions took
place. Self-protonation of methanol (eq 1) was followed by
proton transfer to methyl nitrite (eq 2). According to calculations

CH;OH™ + CH,OH— CH,OH," + CH,OH" (1)

CH,0—NO + CH,0H," — CH,O(H)-NO" + CH3OI—(|2

(vide infra), the proton affinity of methyl nitrite, PA= 799 kJ
mol~—1,24 favors protonation at the inner oxygen atom. The
topical proton affinities of the nitrogen atom and terminal
oxygen were calculated as 703 and 698 kJThakspectively
(vide infra)). Thus, CHOH," (PA = 754 kJ mot1)?* can
protonate methyl nitrite exothermically only at the inner oxygen
to produce stable catiok™. However, ion2* further reacted
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Figure 5. Neutralization (CHSSCH, 70% transmittance)reionization
(O3, 70% transmittance) mass spectra of (a, ®p)b, middle) CHO-
(D)—NO*, and (c, bottom) CBD(H)—NO*. Them/zregions not shown
in the spectra contained no peaks.

35 45 65

the ion source. This hidden reaction was made obvious by
deuterium labeling. For example, @D(H)—NO™ formed by
proton transfer from CEOH," to CD;ONO according to eq 2
further reacted with CEOH by NO' transfer to produce almost
exclusively CHO(H)NO" (eq 3).

CD,O(H)—-NO" + CH,0H — CH,O(H)—NO" + coao(g

Hence, deuterium labeled cations £LD)—NO* (2a"), CD;0-
(H)—NO™ (2bt), and CRO(D)—NO™ (2c™) were prepared from
CH30ONO according to reactions—13 using CHOD, CD;0OH,
and CDOD, respectively.

The NR mass spectrum @f showed no survivor ion. The
dominant species were methanol that, following collisional
ionization, was characterized by ionsratz 32, 31, 29, and
NO which gave the ion atvVz 30 (Figure 5a). Since C}OH™
dissociates to form CHD*™ at m/z 30 which was not resolved
from NOt, the contributions of methanol fragments and NO
were deconvoluted through mass shifts in the spectraadf
and 2b* (Figure 5b,c). We also obtained reference NR mass
spectra of CHOD and CROH. Interestingly, methanol cation-
radicals formed by dissociation of neutral 2a, 2b, and 2c
followed by reionization showed remarkably less dissociation
due to the loss of H or D than did those sampled directly for
NR.22 For methanol cation-radicals prepared by electron
ionization, the ratios in the corresponding NR spectra werg{CH
OHJ**/[CH,OH]" = 0.39, [CD;OH]™*/[CD,OH]" = 0.36, [CH:-
OD]™/[CH,OD]* = 0.44, and [CROD]™/[CD,OD]* = 0.43.

In contrast, when CkOH, CH;OD, and CROH were generated

with neutral methanol which was the most abundant species inby NR of 2*, 2a*, 2b*, and2c*, respectively, the corresponding
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Figure 6. Neutralization (CHSSCH, 70% transmittance)-reionization 0083 ” 05 19
(O3, 70% transmittance) mass spectra of (a, ®p) 4 by protonation ° . .
with CHs*, (b, bottom) CRO—NH=O* + CD;O—N—OH' by TS(1* — 4% TS(B" — 4%) (Cy)
protonation of CRONO with CH;*. Them/z regions not shown in the Hs 1os
spectra contained no peaks. 9‘10757‘ "
ratios were 0.65, 0.69, 1.04 and 0.98, respectively. This showed H \‘?ﬁ'g o e
o 4 8.7 2960 SN
that methanol molecules formed by NR 2f, 2a", 2b*, and ascc. oo 1787
. . 27 1-N =
2ct had somewhat lower internal energies than those formed 1551 01%;36 HyC-OpN = 620
by collisional neutralization of methanol cation-radic#sit N 114107 Ho
should be noted that witlat, 2bt and 2c*, the relative 1148
abundances of fragment ions were affected by isotope effects. Oe
Despite some peak overlaps mfz 30 (NO", CH,O*™, and TS(1* — 24

CDO"), andmz 14 (N, CH;™*, and CD), the NO/methanol Figure 7. B3LYP/6-314+G(d,p) optimized structures df*-4+ and
ratios were estimated from the sums of+|on intensities af OAl’tra?nsition states. Bond Ienétf’lg)in l;ngstroms, bond and dihedral angles
0.42, 0.44, and 0.41 for GB(H)-NO", CDsO(H)—-NO", in degrees. Roman numerals: B3LYP/6+33(d,p) optimized struc-
CH30(D)—NO* and CRXO(D)—NO™, respectively. Considering  tures. Italic numerals: B3LYP/6-3#1G(3df,2p) optimized structures.
the different ionization energies of methanol (10.85 eV) and

NO (9.25 eV), the NO/methanol ratios strongly suggested that 45, Figure 6a) which were absent in the NR spectrunof
these fragments were not formed by dissociation of reionized The NR spectrum of [CBDNO + H*] showed a survivor ion

2% which would strongly prefer N© By contrast, dissociation  at m/z 65 and fragments due to losses of QHvVz 48), CD;

of neutral CH;O(H)—NO* to CH;OH and NO followed by (m/z47), and a small peak of NO® or CD,NO™ (m/z 46, Figure
reionization should yield Ck¥DH'™ and NO" according to their 6b). In addition, a peak at/z 31 indicated formation of [NOH]
ionization cross sections. The latter can be estimated from or [NHO]™. The latter ions were not due to dissociation of£D
electron ionization cross sectiofis?as [NO'/[CH30H'] = OH**, as verified from reference NR mass spectra of;GD
0.52-0.72. This ratio was somewhat greater than the NO/ (H)—NO* and CQ3OH*". The dissociations were compatible
methanol ratios measured form the NR mass spectra, indicatingwith isomeric precursor ions protonated at the terminal oxygen
an additional source of methanol. This could be provided by atom, CHO—N—OH" (4%) or nitrogen, CHO—NH=O" (3%),
CAD of the precursor ior2* concomitant with neutralization.  which upon collisional electron transfer gave rise to fractions

Comparison of the NR measured and predicted {NCH s- of stable radical8 and/or4.

OH*] ratios gave an estimate for the competing collisional lon Energies. The NR mass spectra clearly indicated that

processes as 68% neutralization and 32% CAD. This was radicalsl and3/4 were stable species whiwas not. A more

consistent with the fact that CAD with GBSCH; is typically guantitative insight into the cation and radical energetics was

an inefficient process. obtained by ab initio and density functional theory calculations.
Formation and Dissociation of CHHFO—N—OH* and CH3;0— The B3LYP/6-31-G(d,p) optimized structures of iords —4"

N(H)—Or. In contrast to the selective protonation of methyl and transition states for ion isomerizations are shown in Figure
nitrite with CHsOH,™ that formed2*, a highly exothermic 7, the ion relative energies are given in Table 1. Struciure
protonation of CH" was expected to form a mixture af, 3%, was unexceptionadf Structures8™, 4™ showed long €O bonds
and 4*. The NR mass spectrum of GHprotonated methyl (Figure 7). A conspicuous feature of struct@rewas the very
nitrite showed substantial differences from the spectrurg’of ~ long O—N bond, so thaR*™ resembled a complex of GAH
(Figure 6). In particular, the NR spectrum showed a survivor with NO* (Figure 7)3 From G2(MP2) calculation2™ was

ion and fragments due to loss of @H{m/z 47) and OH (m/z the most stable ion isomer followed Wy, 3*, and4". The
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TABLE 1: [C,H 4N,O;]" Relative Energies
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energy
species B3LYP/6-3tG(d,p) B3LYP/6-311G(3df,2p) G2(MP2)
CHsNOH* o° 0 0
o° 0 0
CH;O(H)—NO* —20 —29 —34
—16 —25.5 —30
CH;0—N(H)=0" 485 50 50
48 50 50
CH30O—N=0H" 49 51.5 54
49.5 52 54.5
2In units of kJ mot. P At 0 K. ©At 298 K.
TABLE 2: Topical Proton Affinities in Nitromethane and Methy! Nitrite
energy
molecule ion B3LYP/6-3+G(d,p) B3LYP/6-311#G(3df,2p) G2(MP2) exptl
CH3NO, CH3sNOH™* 739 739 742
740 745 747 756, 753
CH;ONO CH;O(H)NO* 764 780 781
766 782 783 797 805
CH;ONO CH;O—N(H)=0" 696 700 697
702 706 703
CH;ONO CH;O—N=0OH* 695 699 693
700 704 698
NO, HONO** 539 548 554
545 554 560 591 586
NO, H—NO,* 429 430 368
434 435 373
NO NO—H* 457 460 460
462 465 464
NO H—NO* 517 525 527
522 530 532 532

an units of kJ mof™. P At 0 K. ¢ At 298 K. 9 Reference 35¢ Reference 24.

topical proton affinities of nitromethane and at the nitrogen atom,

methoxy, and RO groups in methyl nitrite were calculated as
747, 703, 783, and 698 kJ md] respectively. The G2(MP2)
and B3LYP calculated PA's for nitromethane (Table 2) were in
excellent agreement with the experimental PA (750 kJ%#

but showed somewhat greater deviation from the newly
tabulated value (755 kJ n1d)).2* The calculations showed that
the methoxy oxygen was the most basic site in methyl nitrite
in agreement with the recent MP4 calculations of Aschi and
Grandinetti23 However, both G2(MP2) and B3LYP gave proton
affinities (Table 2) that were significantly lower than the
experimental value (797 kJ md) obtained by ion-cyclotron
resonance bracketing measureméhihe difference was even

kJ mol® at 0 and 298 K, respectively. Thus, i@ was only
weakly bound against dissociation. The less stable isofifers
3™ and 4" were separated by substantial barriers to hydrogen
or methyl migrations (Figure 8). The lowest threshold for
dissociation oflt was calculated for elimination of water to
form CH,=N=0O" (Figure 8). However, elimination of water
was a minor dissociation dft on CAD (vide supra). Hence
the reaction must be disfavored kinetically by a substantial
activation barrier. Loss of methanol frofrt must proceed by

a rate-determining isomerization2d. The isomerization barrier
was 200 kJ moi! abovel™ (234 kJ mot?! above2* and 137

kJ mol! above the products (Figure 8). Hence, structures
and 2" were completely separated and could not isomerize

greater for the recently adjusted and tabulated value (805 kJwithout dissociatiorf® Large energy barriers were also obtained

mol~1).24 Aschi and Grandinetti calculated PA(@BINO) = 782
kJ mol~! using the full Gaussian 2 methé#which was in close

for isomerizationsd ™ — 4+, 2+ — 3%, and3" — 4" (Figure 8)
that separated these ion isomers. Simple dissociations-@i C

agreement with the present calculations but at odds with theand N-O bonds in1*, 3", and 4" were all substantially
experimental data. Mixed agreement was obtained for proton endothermic (Figure 8).

affinities of NO and NQ (Table 2). The calculations predicted
preferential protonation on nitrogen in NO in excellent agree-
ment with the tabulated PA value (Table 2). N@as predicted

Radical Energies.Three local energy minima were found
by B3LYP/6-3H-G(d,p) geometry optimizations, e.g., structures
1, 3, and4 (Figure 9). RadicaR dissociated exothermically to

to be protonated on oxygen, but the calculated PA's were CH3OH and NO upon attempted geometry optimizations with
substantially lower than the tabulated value. The reasons for B3LYP/6-314+G(d,p), UMP2(FULL)/6-3%G(d,p) and B3LYP/
the discrepancies in the experimental and calculated PA's are6-311+G(3df,2p). Hence, structutzis predicted to be unbound
not clear. It may be noted that the cations corresponding to at the present level of theory. The G2(MP2) potential energy

protonated methyl nitrite and nitrogen dioxide are weakly bound
(Table 3) and prone to dissociation or temolecule reactions
that may cause difficulties in proton affinity measurements.

diagram for radical dissociations and isomerizations is shown
in Figure 10. Radicall was the most stable species followed
by 4 and 3.

Of interest to the present study were the dissociation energies Dissociations by simple bond cleavages were investigated for

of 1*-4" and the barriers to ion isomerizations. The G2(MP2)
energies 80 K are shown in a potential energy diagram (Figure
8). Loss of CHOH was the lowest energy dissociation2f;

the dissociation energy of the-N bond in2* was 97 and 99

1. Investigation with B3LYP/6-3+G(d,p) of the G-H bond
cleavage showed a transition staf&() atd(O—H) = 1.80 A.
The G2(PMP2) potential energy barrier wis= 188 kJ mot™
to form nitromethane and a hydrogen atom. The activation
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TABLE 3: lon Relative Stabilities and Dissociation Energies
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energy
reactant products B3LYP/6-31G(d,p) B3LYP/6-31#G(3df,2p) G2(PMP2) exptl
CHaNOH* — CHzO(H)—NO* —2C° -29 —34
(5} —16 25 -30 —47
CH3;ONOH*" 49 52 54
50 52 55
CH3;ON(H)=0% 48 50 50
48 50 50
CH3NO+ + H* 488 488 503
487 487 502 500
CH;z* + HONO 292 298 300
299 304 306 308
CHg* + HONO™ 423 415 435
430 422 442
CH3NO** + OH° 268 268 282
275 275 289
CHNO* + H,0 61 48 51
69 55 59
CH:O(H)—NO* — CH;OH + NO* 147 136 98
2% 149 137 99 125
CH;ONO"* + H* 459 460 473
461 463 475 495
CH3ON(H)=0O" — CHs" + H-NO, 272 276 284
(3% 278 282 291
CHg* + H—NO,** 485 483 571
492 491 578
CHzO* + H—NO** 330 326 339
336 332 345
CH;ONOH?" — CHzO* + NOH* 389 390 403
4 395 395 409
CHsNO, ™ — CHz™ + NO7 116 117 115
122 123 120 139
CHg* + NO,* 135 110 89
140 115 93 134
CHsNO™ + (°P)O 208 212 194
212 216 198
CHsNO, ™ — CH;ONO™ —50 —57 —64
—50 —57 —64 —52
CH;ONO*™* — CHz;O* + NO* 100 89 52
104 93 56 65
HONO™ — NO" + OH* 61 52 4
67 58 11 <47
HONO™ — H*+ NO;" 201 182 156
205 187 160 <215
H—NO,* — H*+ NO," 90 64 -30
95 76 —26

a1n units of kJ mof™.  From reference 24.0 K energies in upper lines, 298 K energies in lower lines.

502 —_—

CH.O + NOH' _\453 CHNOL s HE

CHe + NO,H = 300
CHNG ™+ OH' =——283

.
CHp=N=0 +H,0 /

— 5

Figure 8. G2(PMP2) potential energy diagram for ion isomerizations
and dissociationsta® K in kJ mof2.

energy for the reverse addition of MWas substantiak, = 28
kJ molL. The path for the ©H bond dissociation was also
investigated with UMP2(FULL)/6-3tG(d,p) calculations which

found an earlier transition state d(O—H) = 1.565 A. The
G2(PMP2) potential energy barrier at this TS was 200 kJ ol
giving the activation energy for the reverse H atom addition as
38.5 kJ mot?. The energy barriers for H atom addition had an
effect on the reaction kinetics at the high-pressure limit as
discussed below.

Cleavage of the €N bond inl also required a barrier in a
transition state {S2) which was 116 kJ mol abovel. The
reverse addition of Cki to the nitrogen atom in nitrous acid
hadE, = 25 kJ motL. The reaction coordinate for the cleavage
of the N—O bond was investigated up to 2.9 A separation and
showed continuously rising energy. Beyond 2.9 A we encoun-
tered severe convergence problems with both UHF and B3LYP
calculations. Although the presence of a small activation energy
above the dissociation threshold (131 kJ mait 0 K) cannot
be excluded completely from the present data, there is substantial
evidence that OHadditions are typically barrierle$$.The
radical relative and dissociation energies as calculated at various
levels of theory are summarized in Table 4.

The potential energy diagram in Figure 10 also shows the
Franck-Condon energiesc) in vertical neutralization of *—
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Figure 9. UB3LYP/6-31G(d,p) optimized structures df 3, 4, and

transition states. Bond lengths in angstroms, bond and dihedral angle

in degrees. Roman numerals: B3LYP/6+33(d,p) optimized struc-
tures. ltalic numerals: UMP2(FULL)/6-31G(d,p) optimized structures.
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CH4ON + OH" ==
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CHO'+ NOH ===,
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= SOH
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0 CHyO

3" 4" . o/
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CHs0 — CH,; +NO,

", 91
'—— CH,0H + NO

Figure 10. G2(PMP2) potential energy diagram for radical isomer-
izations and dissociationg @ K in kJ mol™.

4", The Erc in 1 was moderate (47 kJ nid) and alone
insufficient to promote radical dissociation. TBec in 3 and4
were also moderate (55 and 64 kJ molrespectively) and
brought the vertically formed radicals close to the dissociation
limits (Figure 10). Vertical neutralization 2™ formed an

Polaek and Turéek

unbound radical whose energy was 93 kJ Thalbove CHOH
+ NO (Figure 10).

Dissociation and Addition Kinetics. The calculated transi-
tion state energies were used for RRKM calculations of
unimolecular rate constants for simple-bond dissociatiorts in
at the low-pressure limit (Figure 11). As expected from the
calculated activation energies, loss oftiy O—H bond cleavage
was slower than the cleavages of the €and N-O bonds by
several orders of magnitude at all relevant internal energies of
1. In contrast, the latter two dissociations were competitive. The
loss of methyl had a lower onset energy but a shallower log
k(E) curve which crossed with that for loss of Okt 142 kJ
mol~1. Hence, radicald with internal energies below 142 kJ
mol~t will dissociate preferentially by loss of GHto form
HONO whereas a fraction with internal energies above 142 kJ
mol~* will form CH3NO and OH. Note, however, that the slopes
of the logk(E) curves for these two dissociations did not differ
dramatically, so that both reactions can be expected to occur in
competition over a relatively broad range of internal energies
(Figure 11). The RRKM calculations were in good overall
agreement with the NR spectra @fand the variable time
measurements. Loss of Hfom 1 was insignificant whereas
the rate parameters for the formations of {8l + OH* and
CHz* + HONO were very similar. It should be noted that the
variable-time rate parameters average over a range of unimo-
lecular rate constants and do not represent threshold-energy
dissociations only.

The transition state energies were also used to calculate the
thermal rate constants for hydrogen atom addition to nitro-
methane and dissociations bt the high-pressure limit using
standard transition-state theory (TST) formwag&oth the H
atom addition and dissociation showed linear Arrhenius plots
(r2=0.999) over a broad range of temperatures. The addition
hadEarm = 29.7 kJ mot! and logA = 12.84, the dissociation
had Earn = 193.1 kJ mot! and logA = 14.29. The addition
was fast even at 298 Ky agq = 4.02 x 107 cm® mol~! s71,
whereas the loss of H was negligibly slow. However, the
calculated rates of H-atom addition were lower than the

£xperimental values measured in the 3600 K range? This

discrepancy originated from the different activation energies
derived from the kinetic measurement, & 15.6 kJ mot?)
and G2(PMP2) calculation€{ = 27.1 kJ mot?), while the
log A terms were similar (12.67 and 12.84, respectively). The
G2(PMP2) activation energy which was based on the MP2-
(FULL) transition state showed even poorer agreement with
experiment. It may be noted that the B3LYP/6-313(3df,2p)
activation energy for the H atom addition (12 kJ mlgave,
perhaps fortuitously, the best fit with the experiment although
B3LYP overestimated the ©H bond dissociation energy ih
by 19 kJ mot? (Table 3).

The rate constants for high-pressure dissociatiorisyfloss
of H (kn,dis9, OH (Kon,dis9, and CH (kchzdisy are plotted in
Figure 12. Relevant to hydrogen atom capture in flames, the
data showed that if formed by H atom addition to nitromethane
and thermalized by collisiond, will dissociate rapidly K =
10* s71) to CHz* + HONO and CHNO + OH* at temperatures
above 600 K. The branching ratio for these two channels slightly
favored formation of Ckt + HONO below 1100 K, while the
other dissociation should be faster above 1100 K. Both reactions
are therefore predicted to occur in the range of temperatures
characteristic for hydrocarbon flames.

Discussion

The ion and neutral energy data now allow us to discuss the
formation and occurrence of dissociation products in the NR
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TABLE 4: Radical Relative Stabilities and Dissociation Energies

energy
reactant products B3LYP/6-315(d,p) B3LYP/6-31%G(3df,2p) G2(PMP2) exptl
CH3NOyH* — CH;ONOH 38 37 32
1) 3% 38 34
CH;ON(H)-O 39 39 43
39 39 43
CHsNO; + H* 189 181 160
194 186 165
16X 162
167 167
TS(O--H) 198 193 188
200
CH3NO + OH* 144 143 131
150 149 136
TS(N---O) (126} (128) (122)
CHz + NOH 104 99 91
110 105 97
TS(C-*N) 120 117 116
CH3OH + NO* —62 -71 -91
—57 —66 —87
CHs + NO —14 —22 —17
-8 —-16 —12
CHsON(H)—O* — CHz"+H—-NO; 94 87 83
?3) 99 93 88
CH3O* + H—NO 114 112 124
119 117 129
CH;ONOH — CHz;O* + NOH 199 201 224
(4) 203 205 228
CH3;ONO + H* 161 155 133
165 159 137
CHz + HONO 67 61 59
71 66 63
CH3NO, — CHs + NO2* 228 224 247
234 230 254 254
CH3NO + (°P)O 382 394 384
388 399 389 394
CH;ONO 10 11 5
10 11 5 8
CHsONO — CH;O + NO 152 151 170
157 156 175 173
NO,H — NO* + OH° 191 192 206
198 198 210 210

2In units of kJ mot®. » From reference 24.0 K energies in upper lines, 298 K energies in lower lirfe82(PMP2) relative energies using
UMP2(FULL)/6-31+G(d,p) optimized geometries and ZPVE correctidrBnergies at the kinetic bottleneck.

14 4 15 -
13 :
124 g e
1 10 |
10 4 -
« £
& 9 R
8 2
7] ©  KHadd
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6 0 1 O koHdiss
& KcHadiss
5 A
4 T T T T )
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Energy (kd moi1) 100 400 700 1000 1300 1600 1900 2200
. . . L. T(K)
Figure 11. RRKM unimolecular rate constants for dissociationd.of . . . o
at the low-pressure limit. Squares: dissociation of theHDbond: Figure 12. Addition and dissociation rate constants from TST
Diamonds: dissociation of the -NO bond. Circles: dissociation of  calculations at the high-pressure limit. Circles: addition of H atom.
the C—N bond. Squares: dissociation of the-® bond. Diamonds: dissociation of

) ) ) the N—O bond. Triangles: dissociation of the-®l bond.
mass spectra. The nitromethane molecule and cation-radical are

both substantially stable to be detected if formed by neutral or Condon energy in vertical ionization of nitromethane (34 kJ
ion dissociations (Tables 3 and %4)In addition, the Franck mol™Y) is insufficient to drive ion dissociations (Table 3). Hence
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the absence of C#O,™ in the NR spectrum ofi* means
unambiguously that loss of H did not occur frdnor 1*. The
dissociation ofl to HONO and CH* did not give rise to an
abundant peak of reionized HONO Table 3 shows that
HONO™ was only weakly bound toward dissociation to NO
and OH. In addition, vertical ionization of HONO was accom-
panied by 50 kJ mol Franck-Condon energy which was suf-
ficient to promote ion dissociation. Remarkably, NR of HONO
prepared by protonation of NQyielded a weak survivor ion.
This could not be due to an isomer;#O, ™, which was sub-
stantially less stable than HON®and metastable with regard
to dissociation to N@" and H (Table 3). The small fraction of
survivor HONO™ can be attributed to reionization of vibra-
tionally hot HONO in which the FraneckCondon energy was

Polaek and Turéek

should be noted that the observation of both survigorand
HONO™* indicated that the intermediate radic&land4 were
formed with a wide range of internal energies, as expected from
the combination of exothermic protonation and FranGlondon
effects?5a

Similar arguments can be used to discuss the dissociations
of 1. The upper bound for the internal energy in vertically
formed ground electronic state &fwas estimated at 225 kJ
mol~! from a combination of nitromethane thermal energy (15
kJ molt at 523 K), 80% of the protonation exothermicity
deposited in the iof (169 kJ mot?) and the FranckCondon
energy in vertical neutralization of" (47 kJ mof?). This
exceeded the dissociation thresholds for theNCand N-O
bond cleavages, but not the barrier for isomerizatiofh @@igure

diminished by an improved geometry match between the higher 10). The logk(E) curves in Figure 11 showed that the-@&

vibrational states of HONO and the ground vibrational state of
HONO™.38

The methyl nitrite cation-radical was weakly bound toward
the lowest-energy dissociation to @&t and NO™ (Table 3).

The dissociation energy can be almost entirely supplied by

Franck-Condon effects in vertical ionization (55 kJ mé). It
should be noted, however, that methyl nitrite gives a268%
fraction of stable molecular ions upon electron ionization, while
the Xe/Q?8 and CHSSCH/O, NR spectra of CHONO™ did

not yield a detectable survivor ion. Hence, the absence of a

[C,H3,N,O,] ™ peak corresponding to GONO in the NR
spectrum of2* alone did not exclude that a fraction @&f
dissociated by loss of H. However, there is no doubt from both
experiment and theory that the major dissociatiof pfoceeded

to form CH;OH and NO.

The less stable isomes™ and 4™ were formed by highly
exothermic protonation of methyl nitrite but were not distin-
guished by the NR spectra. Table 3 shows that Botand4™
required high energies for bond dissociations a200 kJ mot?t

bond cleavage was not competitive Ineven at the above
internal energy limit. The branching ratio for the formations of
CH3NO + OH* and CH* + HONO depended on the internal
energy distribution in the dissociatirg(Figure 11).

Conclusions

Radical 1 corresponding to the hydrogen atom adduct to
nitromethane was prepared for the first time in the gas phase
and characterized by neutralizatioreionization mass spec-
trometry and ab initio calculations. Radidaas stable on the

us time scale. The dominant unimolecular dissociations were

cleavages of the €N and N-O bonds that were distinguished
by variable-time measurements. The unimolecular chemistry of
1 can be explained by the properties of the ground electronic
state. The hydrogen atom adducts to methyl nitrite differed in
their stabilities. Hydrogen atom addition to the inner oxygen
atom was predicted to produce an unbound sped@gsli
keeping with the theoretical prediction, radicafformed by
collisional neutralization of its cation dissociated without a

potential energy barriers to isomerizations (Figure 8). Such parrier to methanol and nitrogen oxide. Hydrogen atom addition
energies could be supplied by neither the protonation exother-tg the nitrogen and terminal oxygen atoms in methy! nitrite was

micities®® nor Franck-Condon effects on vertical ionization
which were 116 and 73 kJ nidl for 3 and4, respectively. By
contrast, the protonation exothermicity in the formatior2of
AH; = PA(CH;)O-NO) — PA(CH,) = 261 kJ mot?, even when
scaled by~80% energy partitioning into the iof,exceeded
greatly the dissociation energy of the-® bond in 2" and
should cause very rapid ion dissociation of an estiméggd>
102 s71, Itis therefore likely that thetableion population that
were sampled for collisional neutralization did not contain
and consisted mainly &* and4+.

The neutral isomer8 and4 differed in the dissociation ener-
gies of the O-CHs; bonds, which was more facile i (Table
4). In addition, the FranckCondon energy in vertical neutral-
ization of 3™ and4+ (55 and 64 kJ mot, respectively) exceeded
the C-O bond dissociation energy #but not in3. Hence it
can be concluded that vertically formdddissociated while3

did not, so that the survivor ion observed in the NR mass spec-

trum of the mixture must belong t®". In contrast to the loss
of methyl from1, those fron3 and/or4 gave rise to a detectable
peak of H-NO,** and/or HONO", respectively. This can be
explained as follows. From the protonation/neutralization en-
ergetics for the formation ", 3, 4+, and4, it can be inferred
that fractions of the radicals were formed with up to 200 kJ
mol~! internal energy? Dissociation by methyl loss of these
hot radicals formed HONO and/or HN@vith up to 126-140

kJ moitinternal energy which resulted in significant population
of excited vibrational states. Vertical ionization of these can
produce a fraction of stable HON®as discussed above. It

predicted to produce stable radica3sand 4, respectively.
Radical 3 was detected following neutralization of a cation
mixture and reionization. Radicdlwas predicted to dissociate
due to a combination of ion internal energy and FranClndon
energy upon collisional neutralization.
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